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ABSTRACT 

Sukumar, Poornima 

ROLE OF AUXIN AND ETHYLENE IN ADVENTITIOUS ROOT FORMATION IN 

ARABIDOPSIS AND TOMATO 

Dissertation under the direction of Gloria K.Muday, Ph.D., Professor of Biology 

 

 Adventitious roots emerge from aerial plant tissues. Although important for clonal 

propagation of commercially important crop species, few studies have explored the 

mechanisms driving the development of these roots. This thesis research explored the 

hormonal controls and molecular mechanisms of adventitious root formation in 

Arabidopsis thaliana (Arabidopsis) and Solanum lycopersicum (tomato). Removal of the 

hypocotyl base and root from Arabidopsis seedlings enhanced the frequency of 

adventitious root formation. ACC treatment and mutations that cause enhanced ethylene 

synthesis reduced adventitious root formation in Arabidopsis, but enhanced adventitious 

root formation in tomato, with opposite effects found in ethylene insensitive mutations. 

These results are consistent with ethylene oppositely regulating adventitious root 

formation in these two species, while auxin has a similar stimulatory effect on 

adventitious root formation in both. Root excision increases both adventitious root 

formation and auxin transport.  Additionally, local increases in auxin induced reporter 

expression after excision precede adventitious root formation and predict the position of 

root formation. These results indicate that local auxin accumulation due to changing 

transport may drive adventitious root formation. Moreover, the auxin transport proteins 

ABCB19 and PIN1, are required for efficient adventitious root formation. Transcript 



 x

levels of PIN1 increased with root excision in hypocotyls, while neither ABCB19 

transcripts nor pABCB19:GFP fluorescence was found to change. In contrast, 

pABCB19::ABCB19:GFP fluorescence was increased in excised Arabidopsis hypocotyls, 

suggesting an increase in protein accumulation through post-transcriptional mechanisms. 

A protein phosphatase inhibitor decreased ABCB19 accumulation, reduced auxin 

transport and accumulation, and altered location of adventitious root formation, 

suggesting that phosphorylation might modulate the ABCB19 protein abundance and/or 

activity. In addition, ethylene inhibits basipetal auxin transport in hypocotyls of 

Arabidopsis in an ABCB19 dependent manner. Excision and elevated ethylene levels 

enhanced the accumulation of transcripts encoding the flavonoid biosynthetic enzyme 

chalcone synthase, as well as flavonoids metabolites, which have previously been shown 

to regulate auxin transport.  The tt4 mutant, which lacks flavonoids, had altered 

adventitious root formation and was insensitive to ACC treatment. These identify 

changes in auxin transport, through altered accumulation of transport proteins and 

transport regulators, as critical events for the excision and ethylene regulation of 

adventitious root formation. 
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CHAPTER I 

INTRODUCTION 

The architecture of roots is defined by a primary root and secondary or lateral 

roots, which develop as branches off the primary roots. In addition, adventitious roots are 

aerial borne roots formed post embryonically from shoot tissues of some plants. These 

aerial roots serve numerous functions in plants including nutrient and water uptake, 

providing mechanical support, and in vegetative propagation. Because these roots can 

perform all the functions of primary and secondary roots, induction of adventitious roots 

have been used agriculturally to propagate commercially important species from stem 

cuttings (reviewed in De-Klerk et al., 1999).  This technique allows clonal multiplication 

of ideal varieties and propagation of species that have poor seed set or germination. 

Though adventitious root formation is widely used in agriculture, the development of 

these roots, the mechanism that drive development, and the signals that control this 

process are much more poorly understood than for primary and lateral root development.  

 

Environmental factors regulate adventitious root formation 

Many environmental factors dictate the root architecture of plants (Furuya and 

Torrey, 1964; Lovin, 2009). The majority of the published experiments on adventitious 

root formation focus on the effects of environmental factors. Growth of plants in red light 

produced the maximum number of adventitious roots in beans and birch, and yellow light 

induces adventitious roots in cherry, while blue light inhibits the formation in all species 

(Fletcher et al., 1965; Pinker et al., 1989; Fuernkranz  et al., 1990). Light quantity is also 

an important factor, as there is a reduction in adventitious roots formation in maize under 
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shaded conditions, with plants having altered root/shoot biomass allocation (Hebert et al., 

2001). In Arabidopsis, the light hypersensitive argonaute 1 (ago1) mutant had reduced 

adventitious root formation (Sorin et al., 2005). Moreover, a species-specific effect of day 

and night temperature on development of adventitious root formation was observed in 

Eucalyptus, with temperatures lower than 15o C and higher than 40oC  inhibiting 

adventitious root development (Correa and Fett-Neto, 2004). Situations of stress in the 

environment, such as wounding and flooding, also induces the formation of adventitious 

roots in many plants, perhaps as an adaptive strategy (Mergemann and Sauter, 2000; 

Visser et al., 1996). 

Root development is extremely sensitive to available nutrients. Effects of nitrates, 

phosphates, and sulphates on lateral root formation and elongation have been well 

documented (reviewed in Lopez-Bucio et al., 2003; Walch-Liu et al., 2006), while fewer 

reports have examined nutrient effects on adventitious root development. When apple 

stem cuttings were treated with suboptimal levels of rooting media, sucrose was found to 

enhanced the formation of adventitious roots (Calamar and de Klerk, 2002). Elevated 

sucrose concentrations also enhance the formation of adventitious roots in rose stems, 

with higher sucrose to nitrogen ratios leading to the greatest induction (Hyndman et al., 

1981). Furthermore, adventitious root number and length in Eucalyptus were found to be 

affected by mineral nutrient concentrations, with some nutrients including zinc and 

calcium, had a positive effect, while other nutrients, such as iron and manganese, had a 

negative effect (Schwambach et al., 2005). Phosphorus deficiency reduces adventitious 

root elongation, but not the number of roots that formed (Schwambach et al., 2005). 

Moreover, some of the effects of mineral nutrients were specific to the stage of 
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development of adventitious roots (Schwambach et al., 2005). In addition to external 

factors, age and ecotype of plants also affected adventitious root formation in pine and 

Arabidopsis (Diaz-Sala et al., 1996; King and Stimart, 1998). These results indicate that 

adventitious root formation involves a complex interaction of external factors. 

 

Development of adventitious roots 

Root development follows a precise developmental program, although the 

initiation of this process is plastic. The development of lateral roots along primary roots 

begins when pericycle cells become activated to undergo a precise series of cell divisions 

to form root primordia which then differentiate into emerged lateral roots (Malamy and 

Benfey, 1997). In cereals, lateral roots can also emerge from the endodermal layer of 

roots (reviewed in Peret et al., 2009). Similar to lateral roots, adventitious roots originate 

from pericycle cells of the hypocotyl which progress through similar stages of division 

and development as lateral root primordia (Falasca and Altamura, 2003; Chapter 2). In 

addition, adventitious roots can develop from alternate tissues under certain conditions. 

When treated with exogenous auxin, cells of the root endodermis and cortex were found 

to contribute to the formation of adventitious roots, with longer treatments resulting in 

adventitious root development from callus (Falasca and Altamura, 2003). In some woody 

species such as apple, adventitious roots emerge from cambium cells (as reviewed in De-

Klerk et al., 1999) while, under in vitro tissue culture conditions, Arabidopsis thin cell 

layer (TCL), consisting of epidermis and cortex, can produce adventitious roots when 

treated with IBA (indole 3-butyric acid) (Falasca et al., 2004). These reports indicate that 

adventitious root formation is complex in its development and that a number of factors 
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may regulate their formation, yet generally adventitious roots share developmental origin 

and progression of growth in common with lateral roots. 

 

Auxin transport, synthesis, and signaling regulates lateral root development 

 Auxin synthesis, signaling and transport are the key components involved in the 

regulation of root development (reviewed in Peret et al., 2009). Synthesis of auxin 

involves two pathways with tryptophan dependent and tryptophan independent pathway 

(reviewed in Woodward and Bartel, 2005). Auxin can be inactivated thorough 

conjugation and oxidation (reviewed in Woodward and Bartel, 2005). Mutant analysis 

have identified some of the enzymes and components of these pathways, yet our 

understanding of this complex pathway is still limited (Strader and Bartel, 2008). 

Increased auxin concentration through exogenous application or genetic manipulations 

has been shown to result in enhanced lateral root formation (reviewed in Malamy, 2005). 

In addition, the Arabidopsis mutants, superroot and rooty, which have high endogenous 

levels of IAA, exhibit a proliferation of lateral and adventitious roots (Boerjan et al., 

1995; Celenza et al., 1995).  

Auxin is synthesized in the shoot apex and young leaves and then transported 

towards the root shoot junction uni-directionally through the stem (Sieberer and Leyser, 

2006). In the roots, auxin moves in two directions in two distinct tissues. Basipetal 

movement occurs from the root tip in epidermal and cortical cells, while acropetal 

transport occurs from the root shoot junction towards the root in cells of the central 

cylinder (reviewed in Muday and DeLong, 2001). Cell to cell movement of IAA is 

mediated by transport proteins located in the plasma membrane. These IAA transport 
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proteins include influx carriers such as AUX1 (AUXIN RESISTANT 1) and LAX (LIKE 

AUX) (Bennett et al., 1996; Swarup et al., 2008), and efflux carriers such as members of 

the PIN (PIN FORMED) and ABCB/MDR/PGP (ATP BINDING CASSETTE 

B/MULTIDRUG RESISTANCE/P-GLYCOPROTEIN) protein families (Galweiler et al., 

1998; Noh et al., 2001; Teale et al., 2006; Zazimalova et al., 2010). The asymmetric 

localization of PIN proteins have been suggested to play a critical role in defining the 

polarity of IAA transport (reviewed in Muday and DeLong, 2001). Plants with mutations 

in the genes encoding these proteins were utilized to explore the roles of specific auxin 

transport proteins in adventitious root formation, as described in Chapter 2. 

Auxin transport is also required for initiation and elongation of lateral roots as 

judged by chemical, physical and genetic methods to block auxin flow (Reed et al., 1998; 

Casimiro et al., 2001). Defects in AUX1, LAX , PIN1, and ABCB19/PGP19/MDR1 

reduce initiation and/or elongation of lateral roots due to reduced movement of auxin 

(Marchant et al., 2002; Swarup et al., 2008; Wu et al., 2007; Benkova et al., 2003). 

Lateral root development has been shown to require complex changes in expression of 

PIN proteins in developing primordia (Sauer et al., 2006; Benkova et al., 2003). 

Examination of PIN3- and PIN7-GFP fusions in roots bent to initiate lateral roots has 

revealed that the expression of these proteins is reduced in the roots below the point of 

the bend, while AUX1-YFP is increased at the point of root formation, creating auxin 

maxima that drives primordia formation (Laskowski et al., 2008). These results suggest 

that regulation of carrier protein-mediated auxin transport plays an important role in 

lateral root development.  
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Auxin signaling begins with the binding of auxin to the TIR1 (TRANSPORT 

INHIBITOR RESPONSE 1) receptor. TIR1 is an F-box protein, part of ubiquitin ligase 

E3 complex (reviewed in Parry et al., 2009). Binding of auxin to the receptor complex 

promotes its interaction with AUX/IAA proteins, which are repressors of auxin signaling, 

and targets them to be degraded by the 26S proteasome (Kepinski and Leyser, 2002). 

This results in the release of auxin response factors (ARFs), transcription factors that then 

lead to auxin induced gene expression (reviewed in Leyser, 1998). In Arabidopsis, there 

are 22 known ARF proteins and 29 AUX/IAA proteins (Remington et al., 2004). The 

model for the function of these transcriptional regulation is that sets of these proteins 

interact to lead to tissue and developmental patterns of gene expression (Weijers et al., 

2005; Santner and Estelle, 2010).  

The roles of several of the ARF and AUX/IAA in regulating development in 

Arabidopsis have been examined through mutant analysis, though overlapping expression 

and function of these proteins make it difficult to deduce the complex pattern of 

interaction and functions of these proteins (reviewed in Reed, 2001). Several studies have 

identified the roles of genes encoding auxin signaling proteins that reduce lateral root 

formation including the auxin receptor, (TIR1), auxin response factors (ARF), and auxin 

induced genes (IAA/AUX) (reviewed in Casimiro et al., 2003). These mutants were 

utilized to understand auxin signaling required for adventitious root formation as 

described in Chapter 2. As auxin transport, signaling, and synthesis are important for root 

development, understanding these complex phenomena helps in dissecting the 

mechanisms of root development. 
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Positional specificity of lateral root formation 

Despite all the studies examining the progression of development of root lateral 

organs, the signals that define the longitudinal position along roots or hypocotyls from 

which roots originate are still unknown. Auxin not only regulates the development of 

roots but some studies have suggested a role for auxin in regulating the position of 

formation of lateral roots (Dubrovsky et al., 2008). When an auxin biosynthetic enzyme 

was randomly activated through Cre/Lox system that lead to localized auxin synthesis, 

the pattern of position of formation of lateral roots was altered (Dubrovsky et al., 2008). 

Primary roots wave when grown on hard agar medium at an angle, with lateral roots 

emerging from convex sides of the waves (De Smet et al., 2007). This formation was 

altered in auxin transport defective mutant aux1 (De Smet et al., 2007). Additionally, 

fluctuation of auxin accumulation was found to modulate the spacing of development of 

lateral roots (De Smet et al., 2007). Altered expression of the auxin signaling proteins 

IAA12 and ARF5, was shown to mislocalize lateral roots (De Smet et al., 2010). The 

triple mutant  pin2pin3pin7 which is defective in auxin transport proteins not only has 

increased lateral root density but at times these lateral roots emerged fused together 

(Laskowski et al., 2008). In roots bent to initiate lateral roots, the expression of PIN3 and 

PIN7 proteins reduce while expression of  AUX1 increases, creating an auxin maximum 

that drives primordia formation (Laskowski et al., 2008). These results suggest that auxin 

transport, synthesis and signaling are involved in defining the position, and the formation 

of, the lateral roots. 
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Ethylene signaling and synthesis regulates root development 

In addition to auxin, another major plant hormone involved in regulation of root 

development is ethylene. The ethylene signaling pathway is mediated by a receptor 

family that includes ETR1 (ETHYLENE RESISTANT 1) (reviewed in Kieber, 1997). 

Binding of ethylene to these receptors inactivates CTR1 (CONSTITUTIVE TRIPLE 

RESPONSE 1), which encodes a kinase that is implicated in a MAPKKK cascade 

(reviewed in Bleecker and Kende, 2000). Both receptors and CTR1 negatively regulate 

this pathway  (Kieber, 1997). Downstream of CTR1 is EIN2 (ETHYLENE 

INSENSITIVE 2), a Nramp metal ion transporter, which is required for ethylene 

signaling (reviewed in Bleecker and Kende, 2000). EIN3 (ETHYLENE INSENSITVE 3) 

and EILs (EIN3 LIKE) are transcription factors that regulate the expression of ethylene 

induced genes (reviewed in Bleecker and Kende, 2000). Ethylene biosynthesis begins 

with formation of ACC (Aminocyclopropane-1-carboxylic acid) by the enzyme ACC 

synthase (ACS), which is then converted to ethylene by the enzyme, ACC oxidase 

(Argueso et al., 2007). ACS is modulated by ETO (ETHYLENE OVERPRODUCER), 

which regulates its protein stability (Chae et al., 2003). Plants with mutations in ethylene 

signaling or synthesis genes have provided valuable insights into the physiological 

proceses mediated by ethylene. 

In Arabidopsis, etr1 and ein2 have enhanced lateral root formation, while eto1 

and ctr1 have reduced formation of lateral roots (Negi et al., 2008). Similarly, the tomato 

NR (Never ripe) mutant, which has a defect in a gene encoding an ethylene receptor, 

exhibits enhanced formation of lateral roots (Negi et al., 2010). Auxin and ethylene were 

shown to oppositely modulate lateral root development (Negi et al., 2008; Ivanchenko et 
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al., 2008). Furthermore, ethylene enhances auxin transport, while it inhibits the formation 

of lateral roots in Arabidopsis and tomato (Negi et al., 2010; Negi et al., 2008).  The 

ethylene effect on lateral root formation  is lost in auxin transport mutants, suggesting 

that the effect acts through these auxin transport proteins (Negi et al., 2008). These 

results indicate that ethylene is an important regulator of plant growth and development 

and that several of these physiological processes require complex interaction of auxin and 

ethylene.  

 

Treatment with exogenous hormones alters adventitious root formation 

  The role of plant hormones in adventitious root formation has been examined in 

numerous studies with a range of species, doses, growth, and treatment conditions 

(reviewed in Li et al., 2009). Because of these variables, the effects of different hormones 

from these reports are in many cases contradictory, as summarized in Table I-I. The two 

hormones for which the data are the most clear are auxin and ethylene. In most species, 

ethylene has a positive effect on adventitious root formation (Roy et al., 1972; reviewed 

in De-Klerk et al., 1999; Clark et al., 1999; Negi et al., 2010), but in few cases ethylene 

has been shown to inhibit (Coleman et al., 1980; Nordstrom and Eliasson, 1984) or have 

no effect (Batten and Mullins, 1978) on adventitious roots formation. Genetic tools are 

now available to study this process in at least two species, Arabidopsis and tomato. 

Chapters 3 and 4 of this thesis focus on examining the regulation of this process by 

ethylene.  

 Many internal and external pathways of regulation culminate at one central point 

to regulate physiological process. For adventitious root formation, this underlying signal 
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Table I-I: Effect of application of different hormones on adventitious root formation. 

Hormone Effect Species Reference 

Abscisic acid Positive Beans  

Tomato 

Tari and Nagy, 1996  

Basu et al., 1970 

Abscisic acid Negative Rice Steffens et al., 2006 

Cytokinin No effect Arabidopsis Kuroha et al., 2006 

Cytokinin Positive Centaurium erthraea Subotic et al., 2009 

Cytokinin Negative Arabidopsis Pernisova et al., 2009 

Gibberellic acid No effect Rice Steffens et al., 2006 

Gibberellic acid Positive Peas  

Tomato 

Coleman and Greyson, 1977 

Hansen, 1975 

Brassinosteroids Positive Soybean Steffens et al., 2006 
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 might be the plant hormone auxin. Auxin has been commercially used to induce 

adventitious root formation in stem cuttings of many species (reviewed in De-Klerk et al., 

1999). Most commonly, one of the natural forms of auxin, IBA (indole-3-byutric acid), is 

used because of its greater stability than IAA (indole-3-acetic acid), even though IAA is 

more abundant than IBA in plants. Several studies have compared the effects of IAA and 

IBA in inducing adventitious roots and find that in most cases IBA induces adventitious 

roots to a greater extent than IAA (Eliasson and Areblad, 1984; Riov and Yang, 1989). 

This is not true in Arabidopsis, where IAA was found to induce a greater number of 

adventitious roots than IBA (Chapter 3).   

Auxin is the central point of regulation of adventitious root formation by 

environmental factors such as temperature, light and nutrients as well as cross talk with 

other hormones (Correa and Fett-Neto, 2004; Fletcher et al., 1965; reviewed in De-Klerk 

et al., 1999). In contrast to other hormones, in most species auxin positively regulates 

adventitious root formation (reviewed in De-Klerk et al., 1999; Chapter 2). To our 

knowledge, one study has suggested a negative effect of one form of natural auxin; 

indole-3-acetic acid (IAA) at lower concentrations (Eliasson and Areblad, 1984). This 

suggests that auxin positively regulates adventitious root formation consistently across 

species. The goal of the work described in chapter 2 of this thesis was to explore the 

mechanisms by which auxin enhances adventitious root formation using the genetic tools 

available in Arabidopsis. 
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Positional specificity of adventitious root formation 

Very few studies have looked at mechanisms that define the longitudinal position 

of adventitious root formation. Excision-enhanced adventitious roots seem to develop at 

1-2 mm above the site of excision, which coincides with positions of auxin accumulation 

in hypocotyls of Arabidopsis (Chapter 2). Additionally, treatment with the protein 

phosphatase inhibitor, canthardin, results in reduced auxin transport and delocalization of 

adventitious root formation along the hypocotyls (Chapter 2). These results indicate that 

auxin transport and local gradients might be involved in determining the position of 

adventitious root formation, similar to formation of lateral roots.  

 

Auxin-ethylene cross talk in adventitious root formation 

  Auxin-ethylene crosstalk has shown to be important in modulating diverse 

physiological processes, including root growth and lateral root development (Ruzicka et 

al., 2007; Stepanova et al., 2007; Negi et al., 2008).  This mechanism for cross talk has 

been explored by some studies, which found an interdependency of auxin and ethylene in 

synthesis, movement, and signaling of both hormones. Auxin treatments in stems of 

Rumex palustris under flooded conditions, and mung-bean, have been found to enhance 

the production of the ethylene precursor, ACC (1-aminocyclopropane-1-carboxylic acid), 

and ethylene, respectively, resulting in induction of adventitious roots (Riov and Yang, 

1989; Visser et al., 1996). But in peas, in which ethylene inhibits adventitious roots, low 

dose of IAA were found to enhance ethylene production, resulting in inhibition of 

adventitious roots, which were rescued by application of high doses of auxin (Nordstrom 

and Eliasson, 1984). Conversely, ethylene has been shown to induce auxin synthesis in 
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root tips of primary roots (Ruzicka et al., 2007; Stepanova et al., 2007). Additionally, 

ethylene-enhanced auxin sensitivity has been shown to increase adventitious root 

formation in Rumex palustris under flooded conditions (Visser et al., 1996). Consistent 

with this, the response of ethylene-insensitive mutants to auxin treatments is altered in 

tomato and Arabidopsis (Chapter 4; Clark et al., 1999).  These results suggest cross talk 

between auxin and ethylene occurs at multiple levels in a species specific manner. 

 

Use of genetics to study adventitious root formation 

 Genetic approaches to understand the mechanism of auxin-ethylene cross talk is a 

valuable tool to understand the physiology and mechanisms driving adventitious root 

formation.  Altered expression of auxin response factor and auxin transport proteins were 

found to reduce formation of adventitious roots in rice (Liu et al., 2005; Xu et al., 2005; 

Liu et al., 2009).  In Arabidopsis, mutants defective in initiation, development, and 

elongation of adventitious roots have been isolated that are temperature sensitive, a few 

of which had defective auxin signaling (Konishi and Sugiyama, 2003). In tomato, the 

Never Ripe (NR) mutant has been shown to have reduced sensitivity to auxin-induced 

adventitious root formation (Clark et al., 1999). Though some studies have revealed a 

cross talk of auxin and ethylene using mutants, the mechanism of regulation at the level 

of signaling, synthesis, and transport are still unknown.  

This thesis utilized mutants and transgenic lines available in Arabidopsis to 

analyze the components of auxin signaling, synthesis, and transport required for 

adventitious root formation, as detailed in chapter 2. Additionally, these experiments 

explored possible cross talk between auxin and ethylene at the level of signaling, 
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synthesis, and transport during adventitious root formation in both Arabidopsis and 

tomato as detailed in chapters 3 and 4, respecitvely. The results suggest that auxin 

transport and local auxin accumulation drives adventitious root formation in Arabidopsis. 

Ethylene negatively affects both these processes, but has opposite physiological effects in 

Arabidopsis and tomato, reducing the formation of adventitious roots in Arabidopsis and 

enhancing the formation in tomato. The results from this thesis provide insight into the 

components of auxin and ethylene signals which regulate adventitious root formation. 
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Abstract 

 Adventitious roots emerge from aerial plant tissues and although the induction of 

these roots is essential for clonal propagation of agriculturally important plant species, 

little is known about the mechanisms that control this type of root formation. We have 

utilized Arabidopsis thaliana and its widely available genetic and molecular tools to 

dissect the molecular mechanisms by which auxin controls this process. We developed a 

system to induce adventitious root formation in Arabidopsis by manipulating growth 

conditions and by excising roots from hypocotyls. We find that root excision is 

accompanied by an increase in auxin transport and local changes in AtGH3:GUS reporter 

above the site of excision, correlating with auxin accumulation. These changes precede 

development of adventitious roots. Examination of auxin transport mutants revealed that 

abcb19 and pin1 mutants have reduced adventitious root formation. Quantification of 

relative transcript levels detected an increase in PIN1, but not ABCB19 transcripts upon 

excision. However, pABCB19::ABCB19:GFP levels were higher in excised hypocotyls 

compared to intact plants, suggesting post transcriptional regulation of ABCB19. 

Additionally, the phosphatase inhibitor, canthardin, which has been previously shown to 

regulate auxin transport in roots, reduces auxin transport and fluorescence of the 

pABCB19::ABCB19:GFP. Canthardin also affects the location at which adventitious 

roots emerge, in a partially ABCB19 independent manner. Thus, a change in protein 

phosphorylation state of ABCB19 may be a mechanism by which excision- induced 

adventitious root development occurs. Together, these results suggest that polar auxin 

transport mediated by ABCB19 and PIN1 regulate adventitious root formation in 

Arabidopsis. 
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Introduction 

The root structure of plants includes a primary root from which lateral roots form, 

and may often include adventitious roots that form from the hypocotyl. While primary 

roots are formed during embryogenesis, lateral and adventitious roots are formed post 

embryonically (Malamy and Benfey, 1997). Both types of root branches function to 

increase nutrient and water uptake and anchor plants in soil. Lateral roots emerge from 

pericycle cells of the primary root and undergo a precise series of developmental stages 

before they emerge through the primary root (Malamy and Benfey, 1997). The ability of 

stems to initiate adventitious root formation may depend on many environmental and 

physiological factors (reviewed in De-Klerk et al., 1999). Induction of adventitious roots 

using excision of stem segments has been widely used in the field of agriculture 

(reviewed in De-Klerk et al., 1999). This technique allows clonal propagation of ideal 

varieties of various agriculturally-important crop species (reviewed in Li et al., 2009). 

Use of auxins to increase the frequency of formation of adventitious roots is common 

practice. Even though this technique of using stem cuttings has been used for many years 

to propagate plants, the mechanism by which auxin induces adventitious root formation 

after excision is unknown. While many studies have explored the development of lateral 

roots (reviewed in Peret et al., 2009), few studies have utilized the genetic tools available 

in Arabidopsis to examine the mechanisms that control adventitious root formation.  

Auxin synthesis, transport, and signaling all positively regulate lateral root 

formation (reviewed in Peret et al., 2009). Increased auxin concentration through 

exogenous application or genetic manipulations has been shown to result in enhanced 

lateral root formation (reviewed in Malamy, 2005). In addition, the Arabidopsis mutants, 
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superroot and rooty have endogenously high levels of IAA and a proliferation of lateral 

and adventitious roots (Boerjan et al., 1995; Celenza et al., 1995). Defects in the genes 

encoding auxin signaling proteins reduce lateral root formation including the auxin 

receptor, TRANSPORT INHIBITOR RESPONSE 1 (TIR1), auxin response factors 

(ARF), and auxin induced genes (IAA/AUX) (reviewed in Casimiro et al., 2003). 

Moreover, auxin transport is required for initiation and elongation of lateral roots as 

judged by chemical, physical and genetic methods to block auxin flow (Reed et al., 1998; 

Casimiro et al., 2001). Auxin movement is mediated by influx proteins such as AUX1 

(AUXIN RESISTANT 1) and LAX (Like AUX), which helps auxin enter cells (Marchant 

et al., 1999; Swarup et al., 2008), and efflux proteins such as PIN and ABCB/MDR/PGP 

proteins, which are required for auxin to exit from cells (Galweiler et al., 1998;Noh et al., 

2001; Teale et al., 2006). Defects in AUX1, LAX , PIN1 (PIN FORMED1), and 

ABCB19/PGP19/MDR1 (ATP BINDING CASSETTE B 19/P-GLYCOPROTEIN 

19/MULTIDRUG RESISTANT 1) reduce initiation and/or elongation of lateral roots due 

to reduced movement of auxin (Marchant et al., 2002; Swarup et al., 2008; Wu et al., 

2007; Benkova et al., 2003). Additionally, lateral root development has been shown to 

depend on complex changes in expression of PIN proteins in developing primordia 

(Sauer et al., 2006; Benkova et al., 2003). Examination of PIN3- and PIN7-GFP fusions 

in roots bent to initiate lateral roots has revealed that the expression of PIN3 and PIN7 

proteins is reduced in the roots below the point of the bend, while, AUX1-YFP is 

increased at the point of root formation, creating auxin maxima driving primordia 

formation (Laskowski et al., 2008). These results suggest that regulation of carrier 

protein-mediated auxin transport plays an important role in lateral root development.  
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Although the primary and lateral root phenotypes of auxin transport and signaling 

mutants have been reported, the adventitious root and other hypocotyl phenotypes are not 

well characterized. ABCB19 is expressed in cotyledons, shoot apical meristem and 

vasculature of light grown seedlings, and it is expressed throughout the hypocotyl tissues 

of dark grown seedlings (Blakeslee et al., 2007; Lewis et al., 2009). abcb19 mutants have 

reduced basipetal hypocotyl transport and hyper-gravitropic stems (Noh et al., 2003), 

while pin3 mutants show reduced hypocotyl gravitropism and phototropism (Friml et al., 

2002). The auxin efflux protein PIN1 is expressed in shoot apical meristem and 

vasculature of stem tissues (Galweiler et al., 1998;Blakeslee et al., 2007). Additionally, 

pin1 mutants have pinformed inflorescence stems, associated with reduced auxin 

transport in these tissue (Okada et al., 1991). Changes in PIN protein localization have 

also been reported to be involved in apical hook opening (Zadnikova et al., 2010). More 

research is needed to understand the function of these proteins in other physiological 

processes in the hypocotyls. 

Similar to lateral roots, auxin is an endogenous factor thought to regulate 

adventitious root formation. Yet, few studies have explored the importance of auxin in 

modulating adventitious root formation in the model system Arabidopsis. The mutant 

superroot (sur) has defects in the auxin synthesis pathway and forms many adventitious 

roots at random positions along the stem (Boerjan et al., 1995), while the mutant 

argonaute (ago1) forms fewer adventitious roots than wild type (Sorin et al., 2005). The 

defect in ago1 was traced to over accumulation of an auxin response factor, ARF17, 

which negatively regulates auxin induced genes (Sorin et al., 2005). Additionally, protein 

profiles of ago1 and sur identified factors that are linked to auxin synthesis and supply as 
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candidates for regulation of adventitious root formation (Sorin et al., 2006). Transcription 

factors involved in auxin signaling, ARF6 and ARF8, were found to regulate positively 

adventitious root formation (Gutierrez et al., 2009). Studies characterizing seedlings of 

the gain of function mutant shy2/iaa3 (short hypocotyl 2) show decreased adventitious 

root formation (Tian and Reed, 1999), while axr3/iaa17 (auxin resistant 3) mutants show 

increased formation of adventitious roots (Leyser et al., 1996). Variation among different 

ecotypes of wild type Arabidopsis in adventitious root formation in response to auxin 

suggests that adventitious root formation is a highly plastic process regulated endogenous 

and environmental factors (King and Stimart, 1998). Taken together, these studies 

suggest an important role for auxin in the regulation of adventitious root formation.    

A few genetic studies have examined the mechanisms by which auxin signaling 

and transport regulate adventitious root formation. One study isolated temperature 

sensitive mutants in Arabidopsis that are defective in initiation, development and 

elongation of adventitious roots, a few of which were caused by defective auxin signaling 

(Konishi and Sugiyama, 2003). In rice, the adventitious root less (arl1) mutant results in 

reduction of the number of adventitious roots, due to a defect in an auxin response factor 

gene that acts as an auxin dependent transcription factor (Liu et al., 2005). Consistent 

with auxin transport being important for development of adventitious root formation, 

OsPIN1 RNAi lines in rice exhibited reduced adventitious root formation (Xu et al., 

2005). Additionally, mutations in the guanine nucleotide exchange factor for ADP-

ribosylation factor (OsGNOM1) reduced the formation of adventitious roots in rice, 

possibly due to altered localization and targeting of PIN proteins (Liu et al., 2009).  Even 

though the importance of auxin in inducing adventitious roots is well known, the 
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components of its signaling, synthesis, and transport involved in the regulation of 

adventitious root development are largely unknown, beyond these isolated examples. 

  Our study utilized Arabidopsis hypocotyls as a model system to understand the 

basic mechanisms driving adventitious root formation. Arabidopsis seedlings, when 

grown under low light conditions, form elongated hypocotyls that can be induced to form 

adventitious roots by excision. We have utilized a wide array of mutants and reporter 

constructs available in Arabidopsis to identify underlying processes driving adventitious 

root formation. Furthermore, we have examined the expression of auxin transport 

proteins to dissect the mechanisms driving this process and utilized inhibitor treatments 

to understand the possible involvement of protein phosphorylation during adventitious 

root formation. These results help uncover the underlying mechanism and developmental 

processes that control the formation of adventitious roots. 
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Results 

Root excision from hypocotyls increases adventitious root formation 

  To examine adventitious root formation, Arabidopsis seedlings were grown under 

low light intensity (3-5 µmol m–2 s–1) to induce hypocotyl elongation and then transferred 

to high light conditions (85-100 µmol m–2 s–1) on the 5th day after sowing. The number of 

adventitious roots formed as a function of time after transfer to high light is shown in 

Figure II-1A. Intact hypocotyls form few adventitious roots with an average of less than 

one per plant by the 8th day after transfer.  The excision of the basal half of the shoot and 

the root system (from here on referred to as root excised hypocotyls) induces a 

significantly greater number of adventitious roots. Adventitious roots began to form in 

root excised hypocotyls 3-4 days after excision and continued to increase in number for at 

least 8 days. Adventitious roots formed at middle  intact hypocotyls, as shown in Figure 

II-1B. In contrast, adventitious roots formed after root excision reproducibly form at a 

position 1-2 mm above the site of excision. Root excised hypocotyls were used as a 

model to study the role of auxin in adventitious root formation, as they formed 

substantially greater numbers of adventitious roots.   

 

Adventitious roots emerge from the central tissues of the hypocotyl 

 Lateral roots emerge from the pericycle cells of root tissue. We asked whether 

adventitious roots emerge from similar tissue in the hypocotyl using DIC (Differential 

interference contrast) light microscopy images of primordia and emerged adventitious 

roots in cleared hypocotyls. Figure II-2A shows adventitious roots at a number of 

developmental stages that parallel the stages of lateral roots. The development of  
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Figure II-1: Removal of basal portion of hypocotyl and root increases adventitious root 

formation in Arabidopsis. 

(A) The number of adventitious roots was determined in the intact hypocotyl or 

hypocotyls excised at 0.5-0.75 cm from the apex. The average and SE of 20-30 seedlings 

are reported.  

(B) Adventitious root formation on intact (left) and excised (right) cleared hypocotyls is 

shown after 7 days. Arrow points to adventitious root in the intact hypocotyl, and arrow 

head points to site of excision. Scale bar is 5 mm. 
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Figure II-2: Adventitious roots emerge from pericycle tissues of the hypocotyl. 

(A)& (B) DIC images of various stages of primordia development in cleared hypocotyl. 

(C) Images of pericycle marker J0121::GFP with emerged adventitious roots taken using 

confocal laser scanning microscope using channel setting. Scale bar is 50 µm. 
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adventitious roots close to the vascular tissue is evident in Figure 2B. Additionally, we 

used the enhancer trap line J0121, which expresses GFP in pericycle cells of the 

hypocotyl and root (Laplaze et al., 2005), to understand the tissue origin of adventitious 

roots. J0121 seedlings were grown under the above mentioned conditions and were 

excised to induce adventitious root formation. Images of emerging and elongating 

adventitious roots were taken using a confocal laser scanning microscope, using channel 

settings as shown in Figure II-2C.  GFP fluorescence was observed in pericycle tissue, 

while the fluorescence seen in epidermal tissue is due to chlorophyll auto-fluorescence. 

Thus, like lateral roots, adventitious roots develop from pericycle tissue in Arabidopsis 

and show similar developmental progression, as lateral roots. But, unlike lateral roots, in 

which other roots are inhibited near the site of root formation, adventitious roots seem to 

emerge very close and at times adjacent to each other as seen in Figure II-2A and II-2C. 

These images suggest that adventitious and lateral roots arise from pericycle cells, and 

exhibit a similar development program but have unique regulatory mechanisms defining 

spatial patterning.   

 

Mutants scr1 and shr1 have reduced adventitious root formation 

scr (scarecrow) and shr (short root) mutants were isolated for their altered root 

and shoot radial organization phenotypes (Scheres et al., 1995; Fukaki et al., 1998). They 

are defective in transcriptional factors involved in tissue development and radial 

organization (DiLaurenzio et al., 1996). These mutants lack normal endodermis and 

cortical layers and were also identified in a separate screen for defective shoot gravitropic 

responses, tied to the absence of the starch statolyths containing cell layer in which 
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gravity is perceived and which basipetal and lateral auxin transport occurs (Fukaki et al., 

1998).  Even though these mutants have a normal pericycle layer, lateral root formation is 

reduced (data not shown). We asked if these mutants were defective in adventitious root 

formation. The number of adventitious roots formed seven days after root excision was 

quantified in scr-1 and shr-1, as reported in Figure II-3A.  scr-1, but not shr1, forms 

statistically significantly fewer adventitious roots than wild type. This result suggests a 

role for the cortex of the hypocotyl either directly or indirectly affecting auxin 

distribution influencing adventitious root formation.  

In addition, we examined the expression pattern of SCR during adventitious root 

formation, using the transgenic line pSCR::GFP, as shown in Figure II-3B. pSCR::GFP 

expression was increased by 30% after excision in the endodermis tissue layer and also 

was found to be expressed in developing primordia. This suggests that, in addition to 

modulating radial tissue differentiation, SCR is expressed in tissue from which 

adventitious roots form, with enhanced expression associated with conditions in which 

there is an increase in root formation. 

 

Auxin from the shoot apex is required for adventitious root formation 

We asked if adventitious root formation is dependent on auxin transport in an analogous 

manner to lateral root formation. Root excised hypocotyls were treated with 10 µM of the 

IAA efflux inhibitor 1-N-naphthylphthalamic acid (NPA) added to the agar upon which 

plants were grown, or their shoot apices were removed, to eliminate the source of auxin. 

The number of adventitious roots formed in response to these treatments was quantified 

on the 7th day after treatment, as shown in Table II-I. Both treatments prevented 
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Figure II-3: Effect of scr1 and shr1 mutations on adventitious root formation.  

(A) Low light grown wild type and scr1 and shr1 mutant seedlings were excised at 5 days 

and the number of adventitious roots formed 7 days after excision was determined. The 

average and SE of 32-50 seedlings are given.  * Indicates p≤ 0.05 between genotypes as 

determined by Student’s t-test. 

(B) pSCR::GFP expression were observed in excised hypocotyls using confocal laser 

scanning microscope. Numbers on the bottom correspond to average GFP fluorescence 

relative to intact hypocotyls. Scale bar is 50 µm. 
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Table II-I: Auxin from the shoot is important for adventitious root formation. 

Shoot apex Treatment Number of 

adventitious roots 

Present None 5.8±0.4 

Present 10µM NPAa 0±0c 

Absent None 0±0c 

Absent 100µM IAAb 4.8±0.4 

Absent 100µM IAA+100µM NPAb 1.1±0.3c 

 

      Seedlings were grown for 5 days in low light with or without their shoot apex. 

Values are average and SE from 18-20 seedlings. 

a. Seedlings were treated globally. 

b. Seedlings were treated locally with agar containing these compounds applied at 

the shoot apex. 

c. Values are significantly different from control with, p<0.05, as determined by 

Student’s t- test. 
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 adventitious root formation, suggesting that polar transport of IAA derived from the 

shoot apex and/or cotyledons is necessary for adventitious root formation.  

To further confirm that apex-derived auxin is essential for adventitious root formation, 

the shoot apex of root excised hypocotyls was removed and the resulting hypocotyl 

segments, or explants, were given a localized IAA treatment as an agar line at the apical 

end of the hypocotyl (Table II-I). Local application of exogenous IAA (100 µM) to the 

apical end of upright hypocotyls was able to restore adventitious root formation in these 

hypocotyls. Additionally, application of 100 µM NPA locally below the site of 

application of IAA reduced the induction of adventitious roots, indicating that auxin 

movement from the shoot apex is required for adventitious root formation.  

 

Induction of adventitious roots by exogenous IAA is dose dependent 

 To test whether various levels of auxin regulate the degree of adventitious root 

formation, we treated 5 day old excised and intact hypocotyls with a range of 

concentrations of IAA added to the agar medium upon which the seedlings were grown. 

The number of adventitious roots formed under different treatments was quantified 7 

days later and is reported in Figure II-4A.  IAA treatment of intact hypocotyls and root 

excised hypocotyls formed more adventitious roots than untreated hypocotyls at 

concentrations ranging from 0.1µM to 25µM IAA, suggesting that IAA positively 

regulates this process. The magnitude of induction of root formation by IAA was 1.6-fold 

in root excised hypocotyl and was greater in intact hypocotyls (13.5- fold) as there are 

fewer roots in untreated controls. With a global application of 100µM, there was 

inhibition of root formation (data not shown), as opposed to the local application of this  



 41

 

                                  

Figure II-4: The effect of IAA on adventitious root formation. 
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(A) The number of adventitious roots formed in control or seedlings treated with a range 

of concentration of IAA.  The average and SE for 10-31 seedlings are reported.  

(B) Images of cleared wild type hypocotyls; control and treated with 25 µM IAA, 7 days 

after root excision.  

(C) Hypocotyls of AtGH3:GUS transgenic seedlings were stained 9, 18, 24 and 48 hrs 

after root excision. Arrow head points to field of view in insets.  

(D) Root excised hypocotyls of AtCYCB1;1:GUS transgenic seedlings were stained after 

9, 18, 24 and 48 hrs. Arrow heads point to positions of GUS expression.  

Scale bars are 1 mm. 
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dose which stimulates adventitious root formation. The adventitious roots that emerged 

from global IAA treatments were distributed all along the hypocotyls, as shown in Figure 

II-4B. This result suggests that adventitious root formation is positively regulated by IAA 

treatment and that hypocotyls are capable of forming adventitious roots in response to 

auxin at multiple positions.   

 

Local increases in auxin-induced GUS expression occur after excision at position of 

adventitious root formation. 

We hypothesized that the effect of excision is to increase local auxin signaling at 

the base of the hypocotyl which then drives adventitious root formation. Root excised 

hypocotyls of Arabidopsis plants transformed with an auxin responsive promoter-GUS 

fusion, AtGH3:GUS (Li et al., 1999), were excised every hour for 9 hrs and at 24 and 48 

hrs, as shown in Figure II-4C. No expression was detected 1-8hrs after excision (data not 

shown). The earliest time at which AtGH3:GUS expression was detected 9 hrs after 

excision. The expression appeared above the point of excision. AtGH3:GUS was also 

expressed in the apex of developing adventitious roots (data not shown).  

Additionally, we examined the initiation of cell division at similar time points 

after excision in a reporter line with the cyclinB1 promoter driving GUS, which is only 

expressed in actively dividing cells, AtCYCB1;1:GUS (DiDonato et al., 2004). We find 

that AtCYCB1;1:GUS expression is detected at 18hrs-24hrs (Figure II-4D), which is 

much later than AtGH3:GUS. When the time line of expression of GH3- and CYC- GUS 

expression are analyzed, the results suggest that local auxin induction precedes cell 

division.  
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As there are changes in auxin-induced gene expression after excision, we asked if 

there were also changes in the level of free IAA with excision. 5 day old seedlings were 

left intact or were root excised, and free IAA level was quantified in the entire hypocotyl 

at 0 hrs, 24 hrs, and 48 hrs after root excision and compared to intact seedlings, as shown 

in Supplemental Figure II-S1. The levels of free IAA in both intact and excised tissues 

increased during the treatment period. There were slight, but not significant, increases in 

free IAA levels with excision. Although we expected elevated free IAA after excision to 

parallel the local AtGH3:GUS increases, it is likely that free IAA only changes locally, 

not in the entire hypocotyl used for these measurements of free IAA.  

 

Adventitious root phenotype of auxin signaling mutants 

 Several auxin signaling mutants including tir1, axr1, axr4, iaa14, arf7, and arf19 

have defective lateral root formation, indicating a role of  auxin signaling during 

induction of cell differentiation and cell division in post embryonic organ development 

(reviewed in Casimiro et al., 2003). We asked if adventitious root development is 

regulated by similar auxin signaling proteins in these mutants. The average number of 

adventitious roots in these mutants was compared to wild type, 7 days after root excision, 

as shown in Figure II-5A. The tir1 and axr1 mutants have defects in an auxin receptor 

complex, but we find that these mutants produce a similar number of adventitious roots to 

wild type. iaa3, iaa14, and iaa17 are defective in members of the AUX/IAA family of 

auxin induced genes  (Fukaki et al., 2002, Leyser et al., 1996), and while iaa14 and iaa17 

mutants form wild type numbers of adventitious root formations, iaa3 has reduced 

development of adventitious roots. A previous characterization of iaa17/axr3-3 mutant 
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Supplemental Figure II-1:  Free IAA levels were quantified in hypocotyls using IAA 

extraction followed by detection using GC-MS. Average and SE are given, but no 

significant differences between intact and excised samples were detected.  
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Figure II-5: Auxin signaling and transport are required for adventitious root formation. 

 (A) The effect of mutations in genes encoding auxin signaling proteins was determined 

for 9-34 root excised seedlings with average and SE presented. 

(B)  The effect of mutations in genes encoding auxin transport proteins with average and 

SE for 10-31 root excised seedlings are reported.  

(C) Hypocotyl basipetal IAA transport was measured in intact and root excised seedlings 

and is normalized relative to intact seedlings. Average and SE of 18-20 seedlings are 

reported.  
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(D) The effect of 35S-ABCB19 on auxin transport and root excision was compared, 2 or 

7 days after excision, respectively. Average and SE are given.  

* Indicates p≤ 0.05 as determined by Student’s t-test, with comparisons in panel A, B, D, 

between indicated genotypes and wild type, and in panel C, intact and excised seedlings 

are compared.
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had reported increased adventitious root formation relative to wild type (Leyser et al., 

1996), but we did not observe this increase under our growth conditions possibly because 

of differences in the way plants were grown. Auxin response factors (ARFs) are 

transcriptional regulators of auxin induced genes. We found that the arf7 mutant has 

increased adventitious root formation. Additionally, the arf7-arf19 double mutant has 

reduced adventitious root formation, even though the arf19 single mutant did not show a 

phenotype. The auxin resistant mutant, axr4, has defective root and shoot branching, 

defective leaf morphology and apical dominance (Hobbie and Estelle, 1995). However, 

axr4-2 had slightly increased numbers of adventitious roots relative to wild type.   

To understand whether the relative effects of these mutations is due to their 

expression pattern in hypocotyls, we examined previously published microarray data 

using the GEO database, as shown in Supplemental Figure II-S2 (Van Hoewyk et al., 

2008). All of the genes for which we examined mutant lines, except PIN2, were 

expressed in the hypocotyls, but there was variability in the level at which they were 

expressed. The absence of correlation between phenotypes and expression patterns in the 

signaling mutants is not surprising, due to the complex gene families encoding these 

proteins and redundant functions of family members. But for many of these signaling 

mutants, hypocotyl phenotypes have not been reported, suggesting that alternative 

signaling molecules may function in hypocotyl tissue and regulate adventitious root 

formation. 

 

Excision increases auxin transport 

We examined auxin transport in intact and root excised hypocotyls to see if there are 
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Supplemental Figure II-2:  Transcript abundance of IAA signaling and IAA transport 

genes from previously published microarray data (Van Hoewyk et al., 2008). 
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changes in auxin transport after root excision that might drive adventitious root  

formation. Intact and root excised 5 day old, low light grown seedlings were transferred 

to control plates, their cotyledons and shoot apices were removed, and radioactive IAA 

was applied locally in an agar line at the apical end. Radioactive IAA transport in 

hypocotyls after 3 hrs of application was quantified using a 3 mm section taken from the 

basal end of root excised hypocotyls or sections at similar position in the hypocotyl of 

intact plants. Figure II-5C compares the IAA transport in intact hypocotyls and hypocotyl 

explants in wild type plants and shows that basipetal IAA transport increases 2.5- fold in 

the hypocotyls after excision. This result is consistent with removal of the root portion of 

the plant leading to increase in auxin flow, which might lead to local auxin accumulation, 

driving adventitious root formation.  

 

Mutants defective in IAA efflux carriers have reduced adventitious root formation  

 Because root excision increases auxin transport and thereby drives adventitious 

root formation, we asked which auxin transport proteins are involved in this process. 

Auxin transport mutants aux1, pin3, pin7, and abcb19 have lateral root defects (Marchant 

et al., 2002; Laskowski et al., 2008; Wu et al., 2007). We tested whether AUX1, PIN1, 

PIN2, PIN3, and ABCB19 mediated auxin transport are necessary for adventitious root 

formation. For this, low light grown wild type and aux1, eir1-1 (a pin2 allele), pin3-4, 

mdr1-1 (an abcb19 allele), pin7 and pin1-1 hypocotyls were root excised and their 

adventitious root formation was quantified 7 days after excision, as shown in Figure 5B. 

As the abcb19 mutant is in the Ws background, pin1-1 in Ler, and all other mutants are in 

Col, the result is reported relative to the appropriate wild type control.  aux1-7 and pin2 
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showed no significant difference in adventitious root formation, while pin3-3, but not 

pin3-4 (data not shown), showed slight but significant reduction.  pin7 showed a 

significant 20% reduction in adventitious root formation. In contrast, abcb19 and pin1-1 

formed 50% fewer adventitious roots than wild type (p< 0.05). This suggests that 

adventitious root formation in hypocotyls depends strongly on ABCB19 and PIN1 

regulated auxin transport.   

Previously published microarray data shows that AUX1, ABCB19, and PIN3 are 

the transport proteins most highly expressed in hypocotyls (Van Hoewyk et al., 2008, 

supplemental figure II-S2). Mutations in genes encoding two of these auxin transport 

proteins, ABCB19 and PIN3, have adventitious root phenotypes, while AUX1 had no 

phenotype. This is not surprising, when one considers that AUX1::YFP is expressed only 

in the epidermal cells of hypocotyls, a tissue layer not tied to adventitious root 

development (data not shown). The low level expression of PIN1 is consistent with the 

absence of a detected PIN1:GFP signal in this tissue, except at the shoot apex (Heisler et 

al., 2005).  This result suggests that the role of PIN1 in this process may be highly local, 

rather than along the whole hypocotyl.  

 

ABCB19 over-expression increases adventitious root formation 

 To confirm the role of ABCB19 in auxin transport required for adventitious root 

formation, we quantified adventitious root numbers in an ABCB19 over-expression line, 

35S-ABCB19 seedlings (Wu et al., 2007), as shown in Figure II-5D. Even without 

excision, over expressing lines of 35S-ABCB19 formed approximately 3-fold more 

adventitious roots than intact wild type. We examined basipetal auxin transport in intact 
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seedlings of wild type and 35S-ABCB19, as shown in Figure II-5D. It is has been 

previously reported that hypocotyls of abcb19/mdr1 mutant have reduced basipetal auxin 

transport (Noh et al., 2001). Consistent with the overexpression of an auxin transport 

protein 35S-ABCB19 had a significant 3-fold greater transport than wild type. This 

suggests that ABCB19 mediated auxin transport drives adventitious root formation.   

 

pABCB19:ABCB19:GFP fluorescence increases after excision 

 PIN1 and ABCB19 are required for wild type levels of adventitious root 

formation and IAA transport is increased with root excision, suggesting that PIN1 and 

ABCB19 expression may be increased by excision. 5 day old low light grown 

pPIN1::PIN1:GFP, and  pABCB19::ABCB19:GFP seedlings were transferred to high 

light conditions with or without excision. Although the PIN1 transcripts were detected in 

this tissue, PIN1:GFP signal was not detected in hypocotyl tissue (data not shown), 

possibly due to a less intense GFP construct. Images of pABCB19::ABCB19:GFP intact 

and excised hypocotyls were captured 48 hrs later using laser scanning confocal 

microscopy, under identical settings as shown in Figure II-6A. GFP fluorescence was 

quantified in images of intact and excised hypocotyls using line profile along the 

longitudinal sides of cells in the Zeiss Zen software. In hypocotyls, root excised 

pABCB19::ABCB19:GFP had enhanced signals compared with intact hypocotyls, as 

shown in Figure II-6A and Table II- II. In 6 out of 9 experiments, average GFP intensity 

of excised hypocotyls was significantly more than in intact controls. Among the 

experiments that showed significant increase at 48 hrs, 83% of excised hypocotyls had 

enhanced ABCB19:GFP fluorescence relative to intact hypocotyls (Table II-II). 
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Figure II-6: PIN1 transcription and pABCB19::ABCB19:GFP protein accumulation is 

enhanced with excision. 

(A), (B) Confocal images of intact and root excised hypocotyls of 

pABCB19::ABCB19:GFP 48 hrs (A) or 6 hrs (B) after root excision. Images of intact and 

excised hypocotyls were taken with identical settings. Scale bars are A:50 µm, B: 200 µm. 

 (C) Fold changes in relative transcript levels of PIN1 and ABCB19 in hypocotyls, 6 hrs 

after root excision compared to levels in hypocotyls at the time of excision, determined 

using qRT-PCR. 
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(D) Confocal images of intact and root excised hypocotyls of pABCB19::GFP 6hrs after 

root excision. Images of intact and excised hypocotyls were taken with identical confocal 

settings. Scale bar is 50 µm. 
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Table II-II: Root excision alters ABCB19:GFP fluorescence 

GFP construct used Treatment Intensity relative to 

control (%) 

 

pABCB19::ABCB19:GFP Excision 160.6 ± 11.2a,c 

 

pABCB19::GFP Excision 87.5 ± 3.7a 

 

pABCB19::ABCB19:GFP Excision & 

10µM Canthardin 

66.0 ± 4.3b,c 

 

Quantification of intensity performed using linear profile on the lateral sides of cells,  

with the values normalized relative to indicated control and are average and SE from 12- 

21 seedlings. 

a. Controls are intact hypocotyls.  

b. Controls are untreated excised hypocotyls.  

c. Values are significantly different from controls with p<0.05, as determined by Students 

t test 
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 This increase was observed as early as 6 hrs after excision (data not shown). This 

suggests that pABCB19::ABCB19:GFP expression may be enhanced in excised 

hypocotyls, consistent with the role of ABCB19 in regulating auxin transport necessary 

for adventitious root formation.  

 Additionally, we asked if the changes in pABCB19::ABCB19:GFP observed were 

local or global in relation to site of excision. Images of intact and excised hypocotyls 

were captured 6 hrs after excision using the tile scan setting of the laser scanning 

confocal microscope, which takes multiple pictures horizontally and vertically adjacent to 

each other at a given magnification, as shown in Figure II-6B. We found that the increase 

in pABCB19::ABCB19:GFP expression occurred throughout the hypocotyl and was not 

localized to any particular site in relation to excision, suggesting that an overall change in 

ABCB19 protein accumulation drives the increased auxin transport after excision. 

 

Excision increases PIN1 but not ABCB19 transcription  

 To further test if there is increase in expression of PIN1 and ABCB19 after 

excision, we examined the relative transcript levels of PIN1 and ABCB19 after excision 

using qRT-PCR. Total RNA was extracted from root excised hypocotyls at the time of 

excision (control) or 6 hrs after excision. cDNA reactions were performed, followed by 

qRT-PCR, results of which  are shown in Figure II-6C. There was a 2-fold increase in 

PIN1 messages in excised hypocotyls, compared to control. Although this response was 

not statistically significant, this increase was found in four separate samples, due to 

variability in the magnitude of the PIN1 changes in response to treatments. These results 
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suggest that enhanced PIN1 synthesis plays a role in excision induced increase in auxin 

transport and adventitious root formation.  

Surprisingly, no differences were detected in relative expression of ABCB19, 6 

hrs after excision in 3 separate experiments. To test if the changes in transcripts occurred 

earlier or later than 6 hrs, other time points after excision were examined, but no 

significant changes were detected after 2, 4, 9, 18, 24, or 48 hrs after excision (data not 

shown). Since we did not observe significant changes in transcripts of ABCB19, 

pABCB19::GFP; a transcriptional fusion, was examined to ask how excision affected 

ABCB19 expression. There was no change in intensity of fluorescence 6 hrs after 

excision, compared to intact hypocotyls in 5 day old seedlings as shown in Figure II-6D 

and Table II-II.  Increases in ABCB19 as suggested by pABCB19::ABCB19:GFP 

fluorescence changes after excision, together with consistent ABCB19 transcripts levels 

suggests  a possible post transcriptional modification in ABCB19 protein which enhances 

its accumulation, controlling auxin flow needed for adventitious root formation.  

 

Protein phosphatase activity regulates auxin transport and localization of adventitious 

root emergence 

 We asked if protein phosphorylation could be involved in post translational 

regulation of ABCB19 function. Wild type seedlings treated with 10µM canthardin, a 

broad spectrum phosphatase inhibitor, were examined for adventitious root formation, as 

shown in Figure II-7A. Surprisingly, in canthardin treated wild type hypocotyls, 

adventitious roots emerged from locations distributed along the entire hypocotyl in 

contrast to the localized formation in untreated seedlings, as shown in Figure II-7B. This 
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Figure II-7: Phosphorylation regulates localization of adventitious roots. 
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(A) Wild type and abcb19 seedlings were treated with or without 10 µM canthardin for 7 

days and the resulting cleared images are shown.  Numbers at the bottom right corner 

indicate the % of seedlings with that particular phenotype. Scale bar is 1 mm. 

(B) The number of adventitious roots formed at 7 days, or IAA basipetal transport at 48 

hrs, after root excision, in control and seedlings treated with 10 µM canthardin are 

presented relative to untreated controls. Average and SE are given. * Indicates significant 

differences with and without cantharidin treatment as determined by Student’s t-test with 

p<0.05. 

 (C) Confocal images of pABCB19::ABCB19:GFP seedlings treated with or without 10 

µM canthardin, 6 hrs after root excision. Images of control and treated were taken at 

same settings. Scale bar is 50 µm. 

(D) Root excised hypocotyls of AtGH3:GUS transgenic seedlings were treated with or 

without 10 µM canthardin, and were stained 72 hrs later. Scale bars are 1 mm. 
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phenotype was seen in 90% of canthardin treated wild type seedlings. Additionally, only 

50% of abcb19 mutants showed this phenotype, suggesting that the abcb19 mutation  

causes partial insensitivity to canthardin induced de-localization of adventitious root 

emergence. No changes were observed in the absolute number of adventitious roots 

formed in any of the treatments compared to wild type. These results point to the 

involvement of protein phosphorylation in defining the position of adventitious root 

emergence through modification of ABCB19 protein function. 

 To test if changes in localization of adventitious roots during cantharidin 

treatment are due to changes in auxin transport, hypocotyl basipetal transport was 

measured in wild type low light grown seedlings transferred to high light conditions for 

48hrs and treated with canthardin, as shown in Figure II-7A. Canthardin treatment caused 

a reduction in basipetal transport compared to wild type. Consistent with this, we saw a 

reduction in pABCB19::ABCB19:GFP fluorescence 6 hrs after excision when treated 

with canthardin, compared to untreated, as shown in Figure II-7C and Table II-II. This 

suggests that protein dephosphorylation reduces auxin transport, which regulates the 

position of adventitious root formation, and these changes might partially occur thorough 

ABCB19. 

To test if the changes in local auxin accumulation seen 9hrs after excision were 

affected with canthardin treatment, we looked at AtGH3::GUS expression with and 

without canthardin treatment as shown in Figure II-7D. At 72hrs after excision, untreated 

seedlings show GH3::GUS expression above the site of excision, while no such 

expression was seen in canthardin treated seedlings. The GUS expression seen in 

canthardin treated hypocotyls was more diffused and closer to the shoot apex than control. 
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This suggests that the effects of canthardin on longitudinal auxin transport may prevent 

the formation of local auxin maxima at the base and lead to auxin distribution along the 

hypocotyl, thereby altering the position of adventitious root formation. 
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Discussion 

Plants form two types of post-embryonic roots, lateral and adventitious roots, 

which arise from two different tissues, but share substantial structural similarities.  

Lateral roots form as branches along a primary root, while adventitious roots form from 

shoot or other aerial tissues.  Both types of root structures serve important functions in 

plants providing an extensively branched network that absorbs moisture and nutrients and 

provides additional support to keep plants upright. Despite the apparent structural 

similarities between adventitious and lateral roots, much less is known about the 

mechanisms by which adventitious root development and initiation occur.  The 

developmental sequence (Malamy and Benfey, 1997), environmental (reviewed in 

Malamy, 2005), and hormonal controls (reviwed in Casimiro et al., 2003) of lateral root 

formation are well studied in Arabidopsis thaliana, yet the low frequency of adventitious 

root formation (with only 1 to 2 adventitious roots forming per plant) in Arabidopsis has 

limited the studies of this process (Gutierrez et al., 2009).   

These experiments explored the developmental sequence and hormonal controls 

of adventitious root formation in Arabidopsis.  We manipulated the growth of 

Arabidopsis to maximize adventitious root formation through growth of seedlings under 

low light followed by excision of the lower half of the hypocotyl (termed root excision) 

and transfer to high light. Adventitious roots form with 10-fold higher frequency when 

the primary root and lower half of hypocotyls have been removed as compared to intact 

controls. This root excision also alters the position of adventitious root formation from a 

random localization along intact hypocotyls to a single position localized to 2-3 mm 

above the site of excision. This enhanced root formation after root excision facilitates 
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study of this process and is consistent with induced root formation by root excision used 

for vegetative propagation of horticultural plant species (reviewed in De-Klerk et al., 

1999). We have examined adventitious root development under our growth and induction 

conditions and found that like the well characterized process of lateral root formation, 

adventitious roots emerge from hypocotyl pericycle cells that are expressing the pericycle 

marker J0121.  This finding is consistent with a previous study that used histological 

analysis and suggested adventitious roots initiate from pericycle cells (Falasca and 

Altamura, 2003). We examined the development of primordia in multiple developmental 

stages using DIC light microscopy images and find that they follow a similar 

developmental progression as lateral roots. Unlike lateral roots, adventitious roots emerge 

close together with no apparent position-specific inhibition of primordia formation. We 

also examined the role of the SHR and SCR genes in this process, as these genes are 

involved in regulating radial patterning of both shoot and root tissue, and whose mutants 

have reduced lateral root formation (data not shown).  The scr mutant, which has a defect 

in radial pattern in the root and hypocotyl lacking normal endodermal and cortical layers, 

has reduced adventitious root formation. Additionally, we find enhanced expression of 

SCR-GFP in excised seedlings in the endodermal layer compared to the expression in an 

intact hypocotyl. This finding is consistent with a previous study which found that 

SCARECROW- like GRAS transcription factors were induced by auxin in rooting 

competent stem cuttings of Pinus radiata and Castanea sativa  (Sanchez et al., 2007).  

We examined the role of auxin in adventitious root formation, as this hormone has 

been shown to have an essential role in initiation and development of lateral root 

formation.  Adventitious root formation is dependent on shoot derived auxin, as removal 
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of shoot apex or treatment with NPA inhibits adventitious root formation. Additionally, 

we have found that exogenous IAA treatment enhances adventitious root formation in 

both intact and root excised seedlings. To define the mechanisms by which auxin controls 

this process, we examined the adventitious rooting phenotype of a number of mutants 

altered in auxin signaling, with a particular focus on mutants that alter lateral root 

development. A surprisingly large number of mutants showed no defect in adventitious 

root formation (tir1, axr1, iaa14, iaa17, and axr4).  The most profound phenotypes were 

found in the iaa3, arf7, and arf19 mutants. These mutants, particularly iaa3 and arf7, 

have been isolated for their strong shoot phenotype, altered hypocotyl growth, and altered 

shoot gravity response, respectively (Tian and Reed, 1999; Stowe-Evans et al., 1998). 

These adventitious root phenotypes suggest that these auxin signaling components are 

involved in additional aspects of hypocotyl physiology. 

Our finding that auxin regulates adventitious root formation is consistent with the 

few studies looking at adventitious root formation in Arabidopsis and the large amount of 

research in other species (reviewed in Li et al., 2009). The Arabidopsis mutants 

argonoute and superroot have reduced and enhanced adventitious root formation, 

respectively, due to altered auxin signaling and enhanced IAA synthesis (Sorin et al., 

2006; Sorin et al., 2005). Additionally, adventitious root formation was found to be 

regulated by a network of auxin response factors (ARFs), as  arf17 mutant has enhanced, 

while arf6 and arf8 mutants have reduced development of adventitious root formation 

(Gutierrez et al., 2009). Moreover these auxin response factors were regulated through 

miRNA mediated post transcriptional modifications. These results indicate that 
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development of adventitious root formation is controlled by a complex network of auxin 

signaling.  

We asked if the mechanism by which excision enhanced root formation is to 

change auxin distribution and/or signaling. Induction of adventitious root formation after 

root excision is preceded by enhanced expression of auxin induced reporters with 

temporal and spatial resolution that suggests a role in root formation.  This localized 

auxin induced gene expression is above the position of root excision and at the location 

of adventitious root formation.  Moreover, IAA transport increased after removal of roots 

compared to intact hypocotyls and this change preceded initiation of adventitious roots. 

We did not see an overall change in free IAA levels with excision.  These results are 

consistent with auxin transport and local accumulation mediating formation of 

adventitious roots. 

To understand the mechanisms for excision increased auxin transport, we used a 

genetic approach to identify auxin transport proteins that provide the auxin needed for 

adventitious root formation after root excision. The abcb19/mdr1/pgp19 and pin1-1 

mutants have reduced adventitious root formation indicating that ABCB19 and PIN1 

mediate auxin transport required for adventitious root formation. Over-expressing lines of 

ABCB19 had enhanced auxin transport and adventitious root formation, consistent with 

ABCB19 mediating auxin transport required for adventitious root formation.  On the 

other hand, aux1, pin2, pin3, and pin7 mutants did not show any reduction in adventitious 

root formation, suggesting a limited role of these transport proteins in development of 

adventitious roots. We also find that root excision leads to an increase in transcript 

abundance of an auxin transport protein PIN1, while ABCB19 transcript levels were 
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unaltered. Only one report has implicated a specific auxin transport protein in regulation 

of adventitious root formation, with a pin1 mutant in rice showing reduced number of 

adventitious roots (Xu et al., 2005). 

The finding of a specific role for PIN1 and ABCB19 in adventitious root 

formation is consistent with genetic studies of lateral root formation that have identified 

specific auxin transport proteins that regulate this process.  aux1 mutants, defective in an 

influx carrier, have reduced number of lateral roots while an increase in AUX1 

expression in pericycle cells drives formation of lateral roots (Laskowski et al., 2008). 

Additionally, localized auxin-induced expression of LAX3 has been shown to drive 

emergence of lateral root primordia (Swarup et al., 2008). Defects in efflux carriers have 

been shown to affect lateral root formation as mutants pin2, and pin3 have altered lateral 

root density (Laskowski et al., 2008).  These results suggest that changes in expression of 

IAA transport proteins modulate primordia formation in roots. 

To further understand the mechanism of enhanced IAA transport after excision, 

we looked at pABCB19::ABCB19:GFP, a protein GFP fusion, and found that it was 

expressed more in the cells of hypocotyls of excised seedlings than in intact hypocotyls. 

This enhanced expression of this protein fusion was not associated with parallel changes 

in ABCB19 transcript levels, as judged by qRT-PCR or by fluorescent measurements 

with a pABCB19::GFP transcriptional construct, suggesting a possible involvement of 

post-transcription stabilization of ABCB19 protein during adventitious root formation. 

We examined the role of protein phosphorylation in development of adventitious roots 

using inhibitor treatments, and found that treatment of wild type with the phosphatase 

inhibitor, canthardin, delocalizes emergence of adventitious root formation without 
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altering the absolute numbers of roots formed relative to untreated wild-type. Consistent 

with this, wild-type hypocotyl transport is reduced with canthardin treatment. But no 

effect on adventitious root formation was seen with treatment of the kinase inhibitor 

staurosporine, and in the pid-9 mutant defective in protein kinase (Bennett et al., 1995) 

(data not shown), or in the rcn1 mutant defective in the phosphatase 2A subunit, which 

regulates hypocotyl growth and gravity responses (Deruere et al., 1999; Muday et al., 

2006) (data not shown).  The absence of cantharidin effects in the abcb19 mutant 

suggests that this protein may be a target of dephosphorylation. Consistent with this 

hypothesis, pABCB19:: ABCB19:GFP fluorescence was reduced with canthardin 

treatment. This suggests that dephosphorylation might activate ABCB19, which then 

drives auxin transport required for localized auxin accumulation above the site of 

excision, resulting in formation of adventitious roots above the site of excision.  

Our results are consistent with the previously established role of protein 

phosphorylation in regulation of auxin transport and related physiology (Friml et al., 

2004; Rashotte et al., 2001; DeLong et al., 2002). The pid 9 and rcn1 mutants have 

decreased and increased root basipetal transport, respectively, and altered gravity 

response (Sukumar et al., 2009; Rashotte et al., 2001). Additionally, treatments that 

inhibit kinase and phosphatase activities alter auxin gradients required for gravity 

response (Sukumar et al., 2009). Furthermore, kinase inhibitor treatments and PID 

mutations  resulted in enhanced accumulation of PIN2 in endomembrane structures, 

without altering the PIN2 polarity (Sukumar et al., 2009), while in several studies over- 

expression of PID9 has been shown to alter polar localization of PIN1 (Friml et al., 2004; 

Michniewicz et al., 2007; Sukumar et al., 2009; Zhang et al., 2010). Triple mutants of 
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rcn1pgp19pgp1 show severe defects in development suggesting that phosphorylation 

may also regulate activity of ABCB transport proteins (Mravec et al., 2008). Moreover, 

both PIN and ABCB proteins have possible phosphorylation sites in their sequences 

(reviewed in Titapiwatanakun and Murphy, 2009; Zhang et al., 2010). Additionally, 

transcripts homologous to protein phosphatase 2A were found during IBA induced 

adventitious root formation in Arabidopsis hypocotyl explants (Ludwig-Muller et al., 

2005). Moreover, characterization of PID over-expression lines in rice have revealed that 

theses lines have delayed formation of adventitious roots (Morita and Kyozuka, 2007). 

Absence of the rcn1 mutation showing an effect on adventitious root formation suggests 

that other phosphatases or its subunits might be involved in regulation of adventitious 

root development in our system. In essence, our experiments have uncovered an 

additional role for protein phosphorylation of auxin transport proteins regulating auxin-

dependent growth physiological processes, yet the precise protein target of this 

modification remains unknown.  

These results give information on the mechanistic aspects by which root excision, 

a horticulturally important process, induces adventitious root formation. We have 

dissected the components of auxin signaling, accumulation, and transport driving this 

process. Excision-induced adventitious root formation is regulated by enhanced auxin 

movement mediated by PIN1 and ABCB19 and by localized changes in auxin 

accumulation. Additionally, we have found that post-transcription regulation of ABCB19 

modulates auxin transport as well as the location of adventitious root development. 

Together these results reveal a new role for ABCB19-mediated auxin transport in 

regulating root formation from hypocotyls. 
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Methods 

Plant materials and chemicals 

 Columbia and Wassilewskija ecotypes were mainly used in this study. scr-1, shr-

1, pSCR::GFP were generously provided by Philip Benfey (Scheres et al., 1995; 

Helariutta et al., 2000). Seeds of abcb19, pin1-1, 35S-ABCB19, pABCB19::GFP, and 

pABCB19::ABCB19:GFP were kindly provided by Guosheng Wu and Edgar Spalding 

(Wu et al., 2007). AtGH3-2GUS line19 was provided by Gretchen Hagen (Li et al., 1999). 

AtCYC B1;1:GUS was provided by Maria Ivanchenko (DiDonato et al., 2004). pin7 

seeds were provided by Marta Laskowski (Laskowski et al., 2008). arf7, arf19, arf7-

arf19, and iaa3 were provided by Jason Reed (Wilmoth et al., 2005;Tian et al., 2002). All 

the other mutants were received from the ABRC stock center. 

 IAA was purchased from MP Biochemicals (Solon, Ohio). [3H]IAA (24 and 20 Ci 

mmol–1) was purchased from Amersham or American Radiolabeled Chemicals. NPA was 

purchased from Chemical Services (West Chester, PA). 5 Bromo-4chloro-3indoyl-β-D-

Glu UA cyclohexylamine salt was purchased from Gold biotechnology (St. Louis, MO). 

RNA isolation kit was purchased from Qiagen (Qiagen plant RNeasy kit). Components of 

RNAse treatment, and cDNA synthesis were purchased from Invitrogen (Carlsbad, CA). 

Reagents for DNAse treatment was purchased from Promega (Madison, Wisconsin). 

SYBRgreen reagent was purchased from Applied Biosystems. All other chemicals were 

purchased from Sigma (St. Louis, MO).  

  

Plant growth conditions and quantification of adventitious roots 

Seeds were sterilized by soaking in 95% ethanol (v/v) and 20% Bleach (v/v) with 
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10% Triton X-100(v/v) for 5 min each and then washed 5 times with sterilized water. 

Seeds were then plated in sterile agar medium containing 0.8% (w/v) Type M agar (A-

4800, Sigma), 1× MS nutrients (macro and micro salts), vitamins (1 µg⋅mL−1 thiamine, 1 

µg⋅mL−1 pyridoxine HCl, and 0.5 µg⋅mL−1 nicotinic acid), 1.5% (w/v) sucrose, 0.05% 

(w/v) MES, with pH adjusted to 5.8 with 1N KOH before autoclaving. Plates were placed 

in racks in a vertical orientation under light intensity of 3-5µmol m–2 s–1 for 5 days to 

induce hypocotyl elongation.  

Five day old low light grown seedlings were used in the experiments with or 

without excision using Neuro clipper scissors (Fine Science Tools) at a position 5-7.5 

mm from shoot apex excision. They were allowed to grow for 7 more days under a light 

intensity of 85-100 µmol m–2 s–1. Adventitious roots were quantified on the 7th day unless 

otherwise indicated using a dissecting microscope. DIC images of developing 

adventitious roots were taken using a Zeiss Axio observer inverted microscope. 

 

Fixing and clearing 

 Seedlings were fixed in a solution containing 10% (v/v) formaldehyde, 5% (v/v) 

acetic acid and 50% (v/v) ethanol, overnight at 4 0C. Then clearing was done using 

chloral hydrate:glycerol:water solution (8:1:2, w:v:v), at room temperature, as described 

in Fukaki et. al (1998). Cleared seedlings were mounted in 95% ethanol and visualized.  

 

β –Glucuronidase staining 

AtGH3:GUS or AtCYCB1;1:GUS transgenic seedlings were incubated in 2 mM 

GUS substrate (100 mM sodium phosphate buffer, 0.5% Triton X, 2 mM X-gluc salt, 0.5 
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mM ferricyanide and 0.5 mM ferrocyanide) at 37o C overnight. Samples were then 

washed with 100mM sodium phosphate buffer, pH 7 and stored in 95% ethanol.  The 

samples were cleared, and analyzed for localization of GUS staining using an Epi-

Fluorescent Stereomicroscope (Leica MZ16 FA). 

 

Applications of IAA, NPA, canthardin, and staurosporine 

10mM stocks of IAA and NPA were made in ethanol and DMSO, respectively.  

For global treatment, IAA or NPA were added to the agar growth medium cooled to 50o 

C at indicated concentrations. All experiments involving IAA treatments were placed 

under fluorescent lights with yellow filters (Stasinopoulos and Hangarter, 1989)  to 

prevent white light induced degradation of IAA.  For local applications, indicated 

chemicals were added in 1% agar in 5mM MES, pH 5.5 at 50o C and placed in 

scintillation vials. 1mm agar cylinders were obtained by using sterile plastic transfer 

pipettes to cut cores from the solidified agar. Localized application of NPA was done as a 

second agar cylinder below the agar cylinder containing IAA. Observations on position 

and number of emerged adventitious roots were performed after 7 days using a dissecting 

microscope.  

10mM stock solutions of canthardin and staurosporine were made in DMSO. 

Canthardin or staurosporine was added to the agar growth media cooled to 50o C at 

indicated concentrations for 48hrs and 7days to measure IAA transport and adventitious 

root formation, respectively. 
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Confocal Microscopy 

GFP fluorescence was observed using Zeiss LSM710 Meta fluorescence laser 

scanning confocal microscope using either the GFP channel (J0121:GFP, SCR::GFP) or 

lambda scanning (ABCB19 lines) at 494-649nm, with samples mounted in deionized 

water. Chloroplast and GFP signals were separated using linear unmixing settings of 

Zeiss Zen software. Quantification of GFP signals were performed using linear profiles 

through the longitudinal sides of the cells using Zeiss Zen software. Tile scanning of 

hypocotyls were done using 3 vertical and 7 horizontal setting in the Zeiss software. All 

pictures within an experiment were taken under similar settings, unless indicated 

otherwise.  

 

Auxin transport  

 Auxin transport measurements in the hypocotyls were done by modifying a 

previously published method (reviewed in Lewis and Muday, 2009). 5 day old low light 

grown seedlings; either intact or excised, were transferred to control plates and their 

shoot apex was removed. An agar cylinder or agar droplets with tritiated IAA with 

approximate concentration of 100nM was applied at the shoot end and incubated in the 

dark for 3 hrs. 3mm sections were removed from the basal end from the excised (and at a 

similar position from the intact) hypocotyls after 3 hrs and were used for quantification 

using a Beckman LS 6500 scintillation counter. 

 

RNA isolation and Quantitative Real time PCR measurements 

Low light grown seedlings were transferred to high light conditions for 6hrs. 
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Hypocotyl tissues were harvested from excised seedlings and were frozen in liquid 

nitrogen. As controls, intact seedlings were excised and were frozen immediately. Total 

RNA was isolated using Qiagen plant minieasy kit, after homogenization of tissue 

samples. DNAase treatments were performed and RNA samples were equilibrated. 

cDNA reactions were performed followed by RNAase treatment. cDNA samples were 

run in 96 well plate in a real time PCR machine (Applied Biosystems 7600-fast thermal 

cycler) using target specific primers, deionized water, and SYBR green reagent. 

Transcript levels were calculated relative to actin in each sample using the standard curve 

meghod.    

The primers used were ABCB19- Forward: CAGGAAATGGTTGGTACTCGAGAT, 

Reverse: GAATGGCTCAAACGGGTT. PIN1-Forward: 

ATCACCTGGTCCCTCATTTC, Reverse: CCATGAACAACCCAAGACTG. Actin-

Forward: TGAGAGATTCAGATGCCCAGAA, Reverse: 

GCAGCTTCCATTCCCACAA. 

 

Supplemental Methods: 

Quantification of free IAA 

For quantification of free IAA levels, 5 day old low light seedlings were 

transferred to high light conditions with or without excision, and hypocotyl tissues were 

harvested at various time points and frozen in liquid nitrogen. About 50-80mg of frozen 

tissues were homogenized using 150µl of homogenization buffer (65% isopropanol, 35% 

0.2M imidazole, pH 7), incubated with internal standard (13C6)- IAA, followed by 

centrifugation at 10,000g for 8 min. Free IAA was extracted by running through two 
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automated successive columns followed by methylation, drying and redissolving in ethyl 

acetate (Barkawi et al., 2008). Quantification was done using GC-SIM-MS through 

isotope dilution analysis and values are reported relative to fresh weight in ng/gFW. 
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Abstract 

While studies in agriculturally important species of plants have provided 

contradictory evidence on the role of ethylene in adventitious root formation, the genetic 

tools in Arabidopsis thaliana (Arabidopsis) have not been exploited to provide insight 

into this process. We examined the role of ethylene in adventitious root formation using 

mutants in ethylene signaling or synthesis, and find that treatment with the ethylene 

precursor ACC (1-aminocyclopropane-1-carboxylic acid) or the eto1 (ethylene over 

producing1) mutation led to fewer adventitious roots. In contrast, the ethylene insensitive 

mutants, ein2-5 and etr1-1, had increased number of adventitious roots. Consistent with 

their adventitious root phenotypes, eto1 had reduced auxin transport, while ein2-5 had 

enhanced transport, suggesting that ethylene negatively regulates hypocotyl auxin 

transport and adventitious root formation. Additionally the fluorescence of an auxin 

efflux carrier protein fusion, pABCB19::ABCB19:GFP (ATP BINDING CASSETTE 

TYPE B), was reduced by ACC treatment. Moreover, abcb19 mutants were insensitive to 

reduction of adventitious roots with ACC treatment, indicating ABCB19 levels regulated 

this ethylene response. Excision enhanced accumulation of flavonoids, through increased 

expression of the gene encoding the flavonoid biosynthetic enzyme, chalcone synthase 

(CHS). We find that the tt4-2 (transparent testa 4) mutant, which has a defect in CHS, 

exhibits partial insensitivity to excision-induced adventitious root formation and elevated 

auxin transport and ACC inhibition of both processes. These results suggest a possible 

auxin-ethylene cross talk regulating adventitious root formation in Arabidopsis, with 

ethylene regulating auxin transport and accumulation, through modulating flavonoid 

accumulation and ABCB19 protein levels.  
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Introduction 

 Ethylene is a gaseous plant hormone that regulates various development processes 

such as ripening and senescence and whose synthesis is induced upon wounding, 

pathogen attack, and other situations of stress, including flooding (reviewed in Bleecker 

and Kende, 2000). Recent studies have examined the effects of ethylene on lateral root 

development, with ethylene inhibiting lateral root formation in both Arabidopsis and 

Solanum lycopersicum (tomato) (Negi et al., 2008; Negi et al., 2010). The effect of 

ethylene on adventitious root formation is less clear with ethylene promoting adventitious 

root formation in some species, while in other species ethylene decreases adventitious 

root formation  (reviewed in De-Klerk et al., 1999; Clark et al., 1999; Coleman et al., 

1980; Nordstrom and Eliasson, 1984). No studies have utilized the genetic tools available 

in Arabidopsis to identify mechanisms by which ethylene acts in this process.  

The pathways of ethylene signaling and synthesis have been identified through 

genetic approaches in Arabidopsis. The ethylene signaling pathway is mediated by a 

receptor family including ETR1 (ETHYLENE RESISTANT 1) (Bleecker et al., 1988). 

Binding of ethylene to its receptor inactivates  CTR1 (CONSTITUTIVE TRIPLE 

RESPONSE 1), which encodes a kinase that is implicated in a MAPKKK cascade 

(Kieber et al., 1993). Both receptors and CTR1 negatively regulate this pathway  (Kieber, 

1997). Downstream of CTR1 is EIN2 (ETHYLENE INSENSITIVE 2), an Nramp metal 

ion transporter, which is required for ethylene signaling (Alonso et al., 1999). EIN3 

(ETHYLENE INSENSITVE 3) and EILs (EIN3 LIKE) are a group of transcription 

factors that regulate the expression of ethylene induced genes (Chao et al., 1997; 

Bleecker and Kende, 2000; Potuschak et al., 2003). Ethylene biosynthesis begins with 
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formation of ACC (Aminocyclopropane-1-carboxylic acid) by the enzyme ACC synthase 

(ACS), which is then converted to ethylene by the enzyme ACC oxidase (Argueso et al., 

2007). ACS is modulated by ETO (ETHYLENE OVERPRODUCER), which regulates 

its protein stability (Chae et al., 2003). Plants with mutations in ethylene signaling or 

synthesis genes have provided valuable insights into the physiological processes 

mediated by ethylene. 

One such process tied to ethylene signaling is the triple response, which was 

exploited in the isolation of mutants altered in ethylene signaling and synthesis. The triple 

response consists of reduced elongation of the root and shoot, swelling of the stem, and 

exaggerated hook formation in etiolated seedlings treated with ethylene (Bleecker et al., 

1988; reviewed in Bleecker and Kende, 2000; Knee et al., 2000). This ethylene mediated 

hypocotyl growth regulation is not only involved in growth of plants in the dark, but also 

while growing in light and is shown to occur through crosstalk with auxin in some, but 

not all, studies (Smalle et al., 1997; Collett et al., 2000). Additionally, light induced 

changes in ethylene sensitivity were shown to be important in opening of hypocotyl 

hooks (Knee et al., 2000). Therefore numerous aspects of hypocotyl growth and 

development are ethylene regulated. 

Ethylene is also involved in regulating root elongation and development. Root 

elongation is synergistically inhibited by auxin and ethylene (Ruzicka et al., 2007; 

Stepanova et al., 2007; Swarup et al., 2007). Auxin and ethylene promote root hair 

formation in an interdependent manner requiring both auxin and ethylene signaling 

pathways for this induction (Rahman et al., 2002). Additionally, auxin and ethylene were 

shown to oppositely modulate lateral root development (Negi et al., 2008; Ivanchenko et 
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al., 2008). In Arabidopsis, etr1 and ein2 have enhanced lateral root formation, while eto1 

and ctr1 have reduced formation of lateral roots (Negi et al., 2008). Similarly, the tomato 

NR (Never ripe) mutant, which has a defect in a gene encoding an ethylene receptor, has 

enhanced formation of lateral roots (Negi et al., 2010). Moreover, in tomato, NR mutants 

had reduced formation of adventitious roots (Negi et al., 2010). Consistent with a 

promotive effect of this hormone, treatment with the ethylene precursor ACC, caused 

enhanced formation of adventitious roots (Negi et al., 2010). Moreover development of 

adventitious roots has been shown to involve auxin-ethylene crosstalk (Negi et al., 2010). 

In Rumex plants, flooding induced adventitious root formation is mediated by ethylene 

enhanced auxin sensitivity (Visser et al., 1996). These results indicate that ethylene is an 

important regulator of plant growth and development and several of these physiological 

processes requires complex interaction of auxin and ethylene.  

Few studies have examined the mechanisms by which ethylene-auxin crosstalk 

occurs at the level of signaling, synthesis, and/or transport of these hormones. Defects in 

auxin signaling and transport render roots less sensitive to the inhibition of root 

elongation via ethylene treatment  (Rahman et al., 2001). Conversely, defects in ethylene 

signaling can alter root development in response to auxin (Negi et al., 2010; Negi et al., 

2008; Clark et al., 1999). Auxin accumulation is enhanced with ethylene precursor 

treatments in roots and seedlings (Stepanova et al., 2007; Swarup et al., 2007). Moreover, 

the weak ethylene insensitive mutants, wei1 and wei7, defective in ethylene inhibition of 

root elongation, have mutations in genes encoding enzymes involved in auxin 

biosynthesis (Stepanova et al., 2005). Additionally, auxin can induce ethylene 

biosynthesis during adventitious root formation (Riov and Yang, 1989; Visser et al., 
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1996). Furthermore, ethylene enhances auxin transport, while it inhibits the formation of 

lateral roots in Arabidopsis and tomato.  The ethylene effect on lateral root formation  is 

lost in auxin transport mutants, suggesting that the effect acts through these auxin 

transport proteins (Negi et al., 2008). One mechanism by which ethylene regulates auxin 

transport is through enhanced accumulation of flavonoids (Buer et al., 2006; Lewis et al., 

in review). Flavonoids negatively regulate auxin transport and alter root gravity response 

and lateral root formation (Buer and Muday, 2004; Buer et al., 2006; Brown et al., 2001). 

These results suggest that flavonoids are important in auxin-ethylene cross talk. The 

diversity of Arabidopsis mutants with altered ethylene and auxin signaling, synthesis, and 

transport can be used to identify mechanisms of auxin-ethylene cross talk driving 

adventitious root formation. 

Our previous research has revealed the role of auxin in regulating adventitious 

root formation in Arabidopsis (Sukumar and Muday, in review). Moreover, research from 

other species of plants suggests that ethylene might also be involved in regulation of 

adventitious root development (Clark et al., 1999; reviewed in De-Klerk et al., 1999; Li et 

al., 2009). The purpose of these experiments is to understand the role of ethylene in 

regulation of development of adventitious roots and to uncover possible cross talk 

between the two plant hormones auxin and ethylene. These studies use a method to 

induce adventitious root formation (Sukumar and Muday, in review) and have examined 

this phenotype in mutants defective in ethylene signaling or synthesis. Using these 

mutants, a role for ethylene in this process has been identified. We have observed 

changes in auxin transport in these mutants and have identified ethylene-induced changes 

in abundance of an auxin transport protein and flavonoids, endogenous auxin transport 
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regulators, which are required for maximal development of adventitious roots. Together 

these results have provided new insights into ethylene regulation of auxin transport and 

accumulation driving the formation of adventitious roots. 
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Results 

Ethylene negatively regulates adventitious root formation 

 We have utilized the genetic tools in Arabidopsis to ask if ethylene regulates 

adventitious root development. Arabidopsis seedlings were grown under low light 

conditions (5-10 µmoles/m2/min) for 5 days and were transferred to high light conditions 

(80-100 µmoles/m2/min) on media with or without ACC.  At the time of transfer, the 

basal half of the shoot and the root system were excised (from here on referred to as root 

excised hypocotyls), as this regime was found to enhance adventitious root formation 10-

fold relative to intact hypocotyls (Sukumar and Muday, in review). The number of 

emerged adventitious roots on control media and media with the indicated concentrations 

of the ethylene precursor, ACC, was quantified after seven days of growth, as shown in 

Figure III-1A. At concentrations of 10 and 25 µM, ACC significantly reduced 

adventitious root formation (p< 0.005), suggesting a negative role of ethylene on 

development of adventitious roots. The magnitude of the inhibition was approximately 

25%, consistent with significant endogenous ethylene present in these seedlings. 

 To confirm the effect of ACC on adventitious root formation, we examined the 

adventitious root phenotype in ethylene signaling and synthesis mutants; the ethylene 

insensitive mutants: ein2-5 and etr1-1, the ethylene over producer: eto1-1, and the 

constitutive ethylene signaling mutant: ctr1-1, as shown in Figure III-1B. The ein2-5 

mutant had significantly greater number of adventitious roots (1.4-fold increase), while 

eto1-1 and ctr1-1 had significantly fewer adventitious roots, with 20% and 50% 

inhibition, respectively (p< 0.005). These effects are consistent with endogenous ethylene 

negatively regulating adventitious root formation in Arabidopsis.  
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Figure III-1: Ethylene negatively affects adventitious root formation and is induced with 

excision. 
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(A) Adventitious root formation was quantified in root excised seedlings treated with the 

indicated concentrations of ACC. Average ± SE of 15-69 seedlings are given. Values are 

compared to untreated controls by Student’s t test.  *p≤ 0.05. 

(B) Adventitious root formation was quantified in root excised seedlings of ethylene 

mutants. Average ± SE of 19-30 seedlings are given. Values are compared to wild-type 

by Student’s t-test. * p≤ 0.05. 

(C) Quantification of adventitious root formation, 7 days after excision, in wild type, 

ein2-5, eto1-1, and ctr1-1 mutants with canthardin treatment. Average ± SE of 9-31 

seedlings are given. Values are compared by Student’s t-test.  *p≤ 0.05. 

(D) Images of wild type, ein2-5, and eto1-1 mutants with or without canthardin treatment 

taken using a stereomicroscope. Arrows point to the site of excision and arrow heads 

point to the uppermost emerged adventitious roots relative to shoot apex. Scale bar is 1 

mm. 
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 When roots are excised from seedlings grown under these conditions, adventitious 

roots emerge clustered together, 1-2 mm above the site of excision, as evident in Figure 

III-1D. We asked if ethylene alters the localization of excision induced adventitious root 

formation, in addition to its effect on the number of adventitious roots. To test this, we 

examined the adventitious root formation in the ethylene mutants: ein2-5, eto1-1, ctr1-1, 

and wild type treated with and without 25µM ACC, as shown in Figure III-1Cand D. In 

all these seedlings, adventitious roots emerged approximately 1-2 mm above the site of 

excision, as detected in cleared hypocotyls, suggesting that altered ethylene signaling or 

synthesis does not affect the position of adventitious root formation. 

 Furthermore, the position of adventitious roots in root excised hypocotyls is de-

localized if seedlings are treated with the protein phosphatase inhibitor canthardin 

(Sukumar and Muday, in review). We examined the adventitious root formation in 

ethylene mutants ein2-5, eto1-1, ctr1-1, and wild type treated with and without ACC, in 

the presence and absence of canthardin, to ask if altered ethylene signaling or synthesis 

would affect this canthardin effect, as shown in Figure III-1C, 1D. Interestingly, the de-

localization effect of canthardin was seen in all of the ethylene mutants, as well as wild 

type treated with ACC. The number of adventitious roots formed with canthardin in all 

the mutants, except ein2-5, was similar to their respective untreated controls (Figure III- 

1D), consistent with our previous observation that canthardin does not alter the number of 

adventitious roots (Sukumar and Muday, in review). ACC reduced adventitious root 

formation in wild type, and a combined treatment with canthardin and ACC neither had 

an additional reduction beyond ACC alone in number of adventitious roots nor did this 

combination change the longitudinal position of root formation relative to canthardin 
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alone. These results suggest that the canthardin altered position of adventitious root 

formation occurs independently of ethylene synthesis or signaling. 

 

ACC reduces auxin induction of adventitious root formation 

 Previous results have shown that auxin positively regulates adventitious root 

formation in Arabidopsis. We asked whether there are interactions between ethylene and 

auxin during adventitious root formation using two endogenous auxins: indole-3-acetic 

acid (IAA) and indole-3-buytric acid (IBA). Although IAA is the most abundant naturally 

occurring auxin in plants (reviwed in Woodward and Bartel, 2005), IBA is commercially 

used for induction of adventitious roots, due to its greater stability (reviwed in De-Klerk 

et al., 1999). For this experiment we used intact hypocotyls, as our previous experiments 

have shown a greater fold enhancement of adventitious root formation with auxin 

treatment of intact hypocotyl than of root excised hypocotyls (Sukumar and Muday, in 

review). Five day old low light grown hypocotyls were transferred to media with either 

IAA, IBA, or ACC or a combination of these compounds. Adventitious roots that 

emerged 7 days later in these intact seedlings were quantified and are reported in Figure 

III-2A. ACC treatment slightly reduced adventitious root development in intact seedlings, 

which form few adventitious roots. Both IAA and IBA alone significantly increased the 

number of adventitious roots (p< 0.005), while a combined treatment of IAA and IBA 

produced the greatest number of adventitious roots. With a combined treatment of IAA 

and ACC, the number of adventitious roots emerged were intermediate relative to the 

single treatments, with a 55% reduction in adventitious roots compared to IAA treatment. 

Surprisingly, an ACC and IBA combined treatment did not significantly change the 
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Figure III-2: Ethylene can inhibit auxin induction of adventitious root formation. 

(A) Adventitious roots formed in intact seedlings treated with IAA, IBA or ACC or 

combination of IAA or IBA and ACC. Average ± SE of 10-30 seedlings are given.  

 a- Indicates significant difference as determined by Student’s t-test between untreated 

and treated with p< 0.05. 
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b- Indicates significant difference as determined by Student’s t-test between auxin only 

and combined auxin and ACC treatments  

c- Indicates significant difference as determined by Student’s t-test between ACC only 

and combined ACC and auxin treatments  

d- Indicates significant difference as determined by Student’s t-test between single IAA 

or IBA and combined auxin treatment 

(B), (C) Adventitious roots formed in intact (B) or root excised (C) in wild type and, 

ein2-5 treated with the indicated concentrations of IAA or IBA. n=9-32 
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number of adventitious roots relative to IBA added alone. ACC with IAA and IBA 

induced a statistically significant 40% reduction in hypocotyls relative to IAA and IBA 

treatments (p< 0.05). These results suggest the surprising finding that ethylene can inhibit 

the IAA, but not the IBA induction of adventitious root formation in Arabidopsis 

seedlings. 

 

Ethylene insensitive mutants are hypersensitive to auxin induction of adventitious root 

formation 

 We further explored auxin-ethylene cross talk by examining the effects of IAA 

and IBA on adventitious root formation in the ethylene insensitive mutant ein2-5 in both 

intact and root excised hypocotyls. 5 day old low light grown hypocotyls of wild type or 

mutants were transferred to media with various concentrations of IAA or IBA. 

Adventitious roots that emerged 7 days later were quantified and are reported in Figure 

III-2B,C. There was no difference in the formation of adventitious roots between IAA 

and IBA in wild type intact hypocotyls, while IAA induced more adventitious roots than 

IBA in wild type excised hypocotyls. In both intact and excised hypocotyls, ein2-5 

produced a greater number of adventitious roots than wild type at most concentration of 

IAA and IBA. Additionally at lower concentrations, IAA had more profound effects than 

IBA in both intact and excised ein2-5. Identical results were found with ethylene resistant 

mutant etr1-1, as shown in Supplemental Figure III-S1. These results indicate that 

ethylene insensitive mutants are hypersensitive to auxin induction of adventitious roots, 

particularly IAA, and suggest that the ethylene responsiveness may inhibit the 

effectiveness of auxin induction of adventitious root formation. This result is consistent  
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Supplemental Figure III-1: Adventitious roots formed in intact (S1A) or root excised 

(S1B) in wild type and, etr1-1 treated with various concentrations of IAA, or IBA. 
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with ethylene reducing the positive effect of auxin, with interaction between ethylene and 

IAA being greater than interactions with IBA, as determined by both exogenous 

treatments and examination of an ethylene insensitive mutant. Although IBA can be a 

precursor to IAA (reviwed in Woodward and Bartel, 2005), appears to act independently 

and be transported by a different set of proteins (Rashotte et al., 2005; Poupart et al., 

2005; Strader and Bartel, 2009). In parallel, IAA and IBA were found to have different 

kinetics for inducing ethylene accumulation in stem cuttings of mung bean (Riov and 

Yang, 1989). The very different interactions between ACC and these two auxins reported 

here suggests that differences between IAA and IBA transport and signaling may lead to 

these different interactions with ethylene.  

 

Ethylene negatively regulates basipetal auxin transport in hypocotyls 

 To test if ethylene affects hypocotyl auxin transport, we examined basipetal IAA 

transport in root excised hypocotyls of wild type, ein2-5, and eto1-1. Agar droplets with 

3H-IAA were applied at the shoot apical end of root excised hypocotyls, and the amounts 

of 3H-IAA moving into basal sections of the hypocotyls were measured 3 hrs later and 

are reported in Figure III-3A. While ein2-5 had significantly increased transport 

compared to wild type, eto1-1 had significantly reduced transport relative to wild type 

(p< 0.005). This suggests that ethylene negatively modulates IAA hypocotyl basipetal 

transport. The enhancement and reduction of IAA transport in these mutants, respectively, 

are consistent with their adventitious root phenotype. As a previous study showed that 

auxin transport from the shoot apex is essential for adventitious root formation and that 

enhanced root formation after root excision increased auxin transport and adventitious  
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Figure III-3: Ethylene inhibits IAA transport and free IAA levels in hypocotyls. 

(A) Quantification of basipetal IAA transport in ein2-5 and eto1-1. Average ± SE of 18-

37 seedlings are given. Values are compared to wild type by Student’s t-test. * p≤ 0.005. 

(B), (C) Free IAA levels were quantified in wild type, wild type treated with ACC, ein2-5 

and  eto1-1 using extraction and quantification using GC-Mass spec. Values are 

compared to wild type by Student’s t-test. * p≤ 0.005. 

(D) Hypocotyls of wild type DR5:GUS and ein2-5 DR5:GUStransgenic seedlings were 

stained after 48hrs after root excision. Arrow head points to region of GUS product 

formation. Scale bars are 1mm.  
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root formation (Sukumar and Muday, in review), these results suggest that the 

mechanism by which ethylene reduces adventitious root formation may be to reduce 

auxin transport.  

 

Mutants with altered ethylene signaling or synthesis have altered free IAA levels in 

hypocotyls 

 Ethylene has been reported to increase free IAA accumulation in root tissues 

(Swarup et al., 2007). We asked if ethylene alters free IAA levels after excision in 

hypocotyls. Free IAA levels were measured in root excised seedlings treated with 10 µM 

ACC or 25 µM ACC for 48 hrs, as shown in Figure III-3B. There was no significant 

change in the free IAA levels at either dose of ACC. We also examined the free IAA 

levels in intact and excised hypocotyls of the ethylene insensitive mutant ein2-5 and 

ethylene over producer mutant, eto1-1, and these levels are compared to wild type in 

Figure III-3C. Root excised and intact hypocotyls of eto1-1 mutants had reduced free 

IAA levels, but the difference was significant only for root excised samples (p< 0.005). 

Surprisingly, ein2-5 had a similar trend in free IAA accumulation, with reduction in 

levels compared to wild type, with significant reduction detected only in root excised 

hypocotyls (p< 0.05).  The reduction of free IAA levels observed in both eto1-1 and ein2-

5 may be due to the differences in size of the seedlings used in the assay. The eto1-1 

mutant has smaller hypocotyls relative to wild type, while ein2-5 mutants have slightly 

longer hypocotyls. This might have resulted in a greater number of eto1-1 seedlings than 

ein2-5 at a similar mass of tissue. The reduction in free IAA levels in eto1-1 contrast with 

previous results that ethylene increases IAA accumulation in root tips (Swarup et al., 
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2007). Our results from hypocotyls suggest the ethylene might regulate IAA 

accumulation differently in stem and roots. Alternatively, there might be differences in 

measurement techniques, growth conditions, or tissue used in these experiments. These 

results indicate that the free IAA levels do not change in a consistent way with the 

frequency of adventitious root formation. No significant changes in free IAA levels were 

observed in most of the treatments suggesting that the regulation of ethylene might be 

more significant at the level of auxin transport required for adventitious root formation, 

which changes in a consistent way with adventitious root phenotype. 

 

Ethylene negatively regulates root excision induced local auxin induced gene expression 

 Our previous experiments have indicated that there are localized increases in 

auxin accumulation driving adventitious root formation above the site of excision, as 

judged by the expression of an auxin responsive promoter-GUS constuct (Sukumar and 

Muday, in review). We asked if those changes in local auxin accumulation are altered in 

the ethylene insensitive ein2-5 mutant, by examining the effect of 48 hrs of excision on 

DR5:GUS accumulation in wild type and ein2-5, as shown in Figure III-3D. DR5:GUS 

(an alternative auxin responsive reporter construct) expression above the site of excision 

was enhanced in ein2-5 compared to wild type, suggesting that ethylene insensitivity 

increases local auxin expression. These results are consistent with ethylene negatively 

regulating auxin transport in hypocotyls, thereby reducing the auxin accumulation above 

the site of excision, which drives the formation of adventitious roots. 
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Flavonoids are induced with excision and regulate auxin transport and adventitious root 

formation. 

 Flavonoids have been shown to regulate auxin transport in roots and inflorescence 

stems and to be induced with ACC treatment (Brown et al., 2001; Buer et al., 2006). We 

tested whether root excision would increase flavonoid accumulation, as visualized by a 

confocal laser scanning microscope after staining excised hypocotyls with DPBA 

(diphenylboric acid 2-aminoethyl ester), a molecule that fluoresces upon binding to 

flavonols. Figure III-4A, B show that excised hypocotyls had flavonoid accumulation at 

and near the site of excision, while intact hypocotyls showed minimal DPBA 

fluorescence. The accumulation of flavonoids after excision was limited to approximately 

1-2 mm above the site of excision. This suggests that flavonoids accumulate below the 

position of development of adventitious roots and at locations sufficient to drive auxin 

accumulation.  

To identify the mechanism for excision induced flavonoid accumulation, we used 

qRT-PCR to examine the transcript levels of the gene encoding the first enzyme of 

flavonoid synthesis, chalcone synthase (CHS). There was a 2.5-fold increase in CHS 

message accumulation in hypocotyls relative to actin, an internal standard, at 6 hrs after 

excision, as shown in Figure III-4C. This increase in CHS accumulation at 6 hrs preceded 

flavonoid accumulation with excision shown at 18 hrs after root excision. Additionally, 

fluorescence of a pCHS::CHS:GFP construct expressed in the tt4-11 background (Lewis 

et al., in review), was found to be enhanced at 18 hrs after root excision compared to 

intact seedling, as shown in Figure III-4D and E. This further confirms that accumulation 

of flavonoids observed using DPBA staining is not due to increased uptake of the stain  
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Figure III-4: Flavonoids are induced with excision and negatively regulates adventitious 

root formation. 

(A) Tile scan images of DPBA stained intact and root excised hypocotyls, taken using 

confocal laser scanning microscope. Arrow head shows predicted position of auxin 

accumulation and adventitious root formation. Scale bar is 200µm.  

(B) Images of DPBA stained intact and root-excised hypocotyls captured using confocal 

laser scanning microscope. Scale bar is 50 µm. 

(C) Relative transcript levels of CHS in hypocotyls at the time of excision and 6 hrs later, 

quantified using qRT-PCR. Values are compared to wild type by Student’s t-test. * p≤ 

0.01. 

(D) Tile scan images or (E) high magnification image of intact and root excised 

hypocotyls of pCHS::CHS:GFP transgenic seedlings captured by a confocal laser 

scanning microscope. Channel settings for GFP and chlorophyll were used to separate the 

two signals. Scale bars are 250µm (D) and 50 µm (E) 

(F) Fold induction of adventitious root formation (n=22-25) in tt4-2 and wild type root 

excised seedlings compared to intact seedlings of respective genotype. Average ± SE are 

given.  

* Indicates significant differences within genotypes as determined by Student’s t-test, p≤ 

0.01.  

#  Indicates significant differences between genotypes as determined by Student’s t-test .  

p≤ 0.01. 
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through cut ends of the stem, as staining immediately after excision is identical to 

staining of intact seedlings (data not shown). The difference between DPBA and CHS  

expression is in their localization pattern. While CHS is induced along the whole 

hypocotyl, DPBA accumulates at the site of excision, possibly because other enzymes in 

the flavonoid pathway have greater spatial localization. Alternatively, intermediates of 

this pathway may be mobile, as reported previously (Buer et al., 2007).This suggests 

flavonoid accumulation is increased upon excision through the increased synthesis of 

enzyme in the flavonoid biosynthetic pathway. 

Since flavonoids have been shown to regulate auxin transport and dependent 

physiological processes including lateral root formation (Brown et al., 2001; Buer et al., 

2006) and flavonoid accumulation was induced upon excision, we asked if the flavonoid 

deficient mutant tt4 had altered adventitious root formation with root excision. 5 day old 

tt4-2 seedlings were root excised and were transferred to high light conditions and fold 

induction of adventitious roots that emerged seven days later were compared to intact 

seedlings within genotype, as shown in Figure III-4F. tt4-2 mutants showed significant 6-

fold induction of adventitious roots (p< 0.005) upon excision as compared to intact 

seedlings. This induction is less than the 10-fold induction seen in wild type. This 

suggests that localized flavonoid synthesis is part of the mechanism by which excision 

enhances adventitious root formation.   

Additionally, we asked if tt4-2 mutants have altered hypocotyl auxin transport 

with root excision, when grown under these conditions. Basipetal IAA transport was 

measured in hypocotyls of intact and root excised wild type and tt4-2, 48 hrs after 

excision. The percentage increase in transport due to excision was compared to intact 
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Figure III-5: Ethylene induces flavonoids in hypocotyls and effect of ethylene on 

adventitious root formation is partially dependent on flavonoids. 

(A) Basipetal hypocotyl IAA transport (n=26-29) in tt4-2 and wild type root excised 

seedlings compared to intact seedlings of respective genotype. Average ± SE are given.  

* Indicates significant differences within genotypes as determined by Student’s t-test, p≤ 

0.01.  

#  Indicates significant differences between genotypes as determined by Student’s t-test .  

p≤ 0.01. 
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(B) Free IAA levels quantified using GC-Mass Spec in wild type and tt4-2 seedlings at 

the time of excision, and 48 hrs in intact and excised hypocotyls. Average ± SE are given. 

Values are compared to untreated (#) by Student’s t-test. p≤ 0.05. 

(C) Relative transcript levels of CHS in hypocotyls of wild type and eto1-1 at the time of 

excision and 6 hrs later, quantified using qRT-PCR. Values are compared to wild type by 

Student’s t-test. * p≤ 0.05. 

(D) Adventitious root formation in flavonoid deficient mutant tt4-2 with or without 25 

µM ACC treatment, quantified 7 days after root excision. Average ± SE of 31-32 

seedlings are given. Values are compared to untreated controls by Student’s t test.  

* Indicates significant differences within genotypes as determined by Student’s t-test, p≤ 

0.05.  

# Indicates significant differences between genotypes as determined Student’s t-test p≤ 

0.005. 
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seedlings within genotype as shown in Figure III-5A. Even though there was a 

significantly greater level of basipetal IAA transport in intact hypocotyls of tt4-2 

compared to wild type (data not shown), the root excised hypocotyls of tt4-2 did not 

exhibit the same magnitude of increase in IAA transport after excision as observed in 

wild type (p< 0.005). This result is consistent with the weaker effect of root excision on 

adventitious root formation found in tt4-2, as compared to wild-type.  These results 

suggest a model by which localized flavonoid accumulation blocks auxin efflux from 

hypocotyls driving adventitious root formation above the point of excision.  

To test if flavonoids alter auxin accumulation in hypocotyls, we measured free 

IAA levels in tt4-2 in intact and excised hypocotyls 48 hrs after excision, as shown in 

Figure III-5B. There was no difference in the levels of free IAA in tt4-2 compared to wild 

type, suggesting that flavonoids may not affect the overall free IAA levels. Although 

there was a significant increase in free IAA levels in root excised hypocotyls of tt4-2 

compared to intact tt4-2 (p< 0.05), these results do not indicate that flavonoids lead to 

global changes in free IAA in hypocotyls, but rather locally inhibit IAA transport leading 

to local sites of auxin accumulation. 

  

The ethylene  alters flavonoid accumulation after excision 

 Ethylene increases flavonoid synthesis through induction of transcription of genes 

encoding flavonoid enzymes (Lewis et al., in review). Since we saw that ethylene and 

flavonoids are induced with excision, we asked if flavonoid accumulation is ethylene 

dependent. We examined CHS transcript accumulation in the eto1-1 mutant using qRT-

PCR. The accumulation of CHS relative to actin was compared in excised seedlings, 6 
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hrs after excision to excised seedlings at 0 time point, as shown in Figure III-5C. eto1-1 

had increased CHS accumulation, indicating that increased ethylene production may 

increase flavonoid biosynthetic activity. 

 Ethylene and flavonoids interact in modulating root growth and gravitropism 

(Buer et al., 2006).  Therefore we asked if flavonoids are necessary for ethylene 

inhibition of adventitious roots, by examining the effect of ACC treatment on 

adventitious root formation in flavonoid deficient tt4-2 mutants, as shown in Figure III-

5D. Although ACC treatment reduced slightly, but significantly, the formation of 

adventitious roots in root excised tt4-2 hypocotyls (p< 0.05), the magnitude of reduction 

was less compared to the ACC-induced reduction in wild type hypocotyls (p< 0.005). 

This suggests that tt4-2 is less sensitive to the inhibitory effect of ACC on adventitious 

root formation and that ACC may act in part through flavonoid synthesis.  

 

Ethylene decreases ABCB19 protein accumulation 

 Our previous research has shown that excision increases PIN1 transcription, and 

pin1-1 mutants have reduced number of adventitious roots, consistent with PIN1 having a 

role in mediating auxin transport required for adventitious root formation (Sukumar and 

Muday, in review). We asked if this enhancement of PIN1 transcription is altered in 

ethylene mutants to see if that is one cause of altered auxin transport and adventitious 

root formation. Transcript levels of PIN1 relative to an internal standard actin, were 

measured in eto1-1 seedlings, 6 hrs after excision and compared to wild type, as shown in 

supplemental Figure III-S2. There was no difference in the relative transcript levels of 

PIN1 between eto1-1 and col. This suggests that ethylene does not affect auxin transport  
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Supplemental Figure III-2: Relative transcript levels of CHS in Col and eto1-1 

seedlings measured using qRT-PCR  
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through altering transcription of PIN1. 

abcb19 mutants have reduced adventitious root formation and 

pABCB19::ABCB19:GFP fusion protein accumulation has been shown to increase with 

root excision (Sukumar and Muday, in review). We asked if abcb19 mutants are 

responsive to ethylene induced reduction of adventitious root formation, to test if 

ethylene might affect auxin transport or accumulation through ABCB19. Adventitious 

roots formed 7 days after excision were quantified in abcb19 mutants treated with and 

without ACC and were compared to wild type, as shown in Figure III-6A. abcb19 

mutants were insensitive to ethylene as there was no further reduction in number of 

adventitious roots formed with ACC treatment. This suggests that the effect of ACC on 

root formation is ABCB19-dependent. 

 Additionally we tested if ethylene alters pABCB19::ABCB19:GFP protein 

accumulation, as our previous experiments have shown that fluorescence of an 

ABCB19:GFP fusion protein is enhanced upon excision (Sukumar and Muday, in review). 

We examined the effect of ACC treatment on pABCB19::ABCB19:GFP fluorescence 

using confocal microscopy, as shown in Figure III-6B. ACC treatment resulted in 

significant 30% reduction in pABCB19::ABCB19:GFP fluorescence, 3 days after root 

excision (p< 0.05). Furthermore, there was no change in the fluorescence level of 

transcriptional construct pABCB19::GFP with and without ACC treatment, suggesting 

that ethylene might not affect transcription of ABCB19 consistent with previous 

experiments that excision effects on ABCB19 are post transcriptional (data not shown) 

(Sukumar and Muday, in review). These results suggest that ethylene reduces ABCB19 

protein stability, indicating that ethylene reduction of auxin transport might act through  



 115

 

WT abcb19In
du

ct
io

n 
of

 a
dv

en
tit

io
us

ro
ot

s 
w

ith
 e

xc
is

io
n

0
2
4
6
8

10
12
14
16

Intact
Excised

Col abcb19N
um

be
r o

f a
dv

en
tit

io
us

 ro
ot

s

0

1

2

3

4

5

6

7

Control
25µM ACC

A

* #

B

C

#*

*

 

 



 116

Figure III-6: Ethylene regulation of auxin transport proteins mediating auxin transport 

required for adventitious root formation. 

(A) Adventitious roots formed in Col and abcb19 seedlings treated with 25µM ACC, 

quantified 7 days after root excision. Average ± SE of 31-45 seedlings are given. Values 

are compared using Student’s t test.  

* Indicates significant differences within genotypes as determined by Student’s t-test, p≤ 

0.005.  

# Indicates significant differences between genotypes as determined Student’s t-test p≤ 

0.005. 

(B) Images of  pABCB19::ABCB19:GFP with or without 25µM ACC treatment, taken 

using confocal microscope after lambda scanning and linear unmixing. Scale bar is 50 

µm. Numbers on the image correspond to Average ± SE of relative GFP fluorescence. 

(C) Fold induction of adventitious root formation (n=41-60) in abcb19 and wild type 

compared to intact seedlings of respective genotype. Average ± SE are given.  

* Indicates significant differences within genotypes as determined by Student’s t-test, p≤ 

0.001.  

# Indicates significant differences between genotypes as determined Student’s t-test p≤ 

0.001. 
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reducing ABCB19 accumulation. 

Furthermore, similar to tt4-2 mutants, we find that abcb19 mutants exhibit 

reduced induction of adventitious root through root excision, as shown in Figure III-6C. 

While wild type had a 12-fold increase in adventitious root formation, abcb19 had 

significantly lower 2-fold induction with root excision (p< 0.01). This effect of the 

abcb19 mutation is greater in magnitude than in the effect of tt4-2 on root excision 

induced adventitious roots. These results indicate that change in ABCB19 protein and 

flavonoid accumulation may account for the ethylene effects on auxin transport and 

adventitious root formation. 
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Discussion 

 Although ethylene regulates many aspects of plant development, recent 

experiments have demonstrated a role for this hormone in controlling root branching. In 

particular, genetic approaches have been used to show that ethylene negatively regulates 

lateral root development in Arabidopsis and tomato (Negi et al., 2010; Negi et al., 2008). 

Few studies have utilized the tomato ethylene signaling mutant NR to determine that 

intrinsic ethylene positively regulates adventitious root formation in tomato (Clark et al., 

1999; Kim et al., 2008). We have identified an opposite and inhibitory role of ethylene in 

adventitious root formation in Arabidopsis and have used the genetic tools available in 

this species to identify the mechanism by which ethylene modulates this process.  

We examined the role of ethylene in regulating adventitious root formation in 

Arabidopsis, by using low light grown seedlings with elongated hypocotyls, and inducing 

adventitious root formation through root excision, a procedure previously shown to 

enhance root formation 10-fold over intact hypocotyls (Sukumar and Muday, in review). 

ACC treatment and the eto1-1 mutation reduced the formation of adventitious roots, 

while the ethylene insensitive mutants, ein2-5 and etr1-1 had enhanced formation of 

adventitious roots. All these changes affected the number of adventitious roots formed 

but did not alter the longitudinal position of root formation. Consistent with ethylene not 

having an effect on position of formation of adventitious roots, canthardin induced 

delocalization of adventitious roots were found to be independent of alteration in ethylene 

signaling and synthesis. These results suggest that ethylene negatively regulates the 

formation of adventitious roots in Arabidopsis. 
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 Ethylene consistently negatively regulates lateral root development in tomato and 

Arabidopsis (Negi et al., 2008; Ivanchenko et al., 2008; Negi et al., 2010), but has 

variable effect on adventitious root formation in between species (Roy et al., 1972; 

Coleman et al., 1980; Nordstrom and Eliasson, 1984; reviwed in De-Klerk et al., 1999; 

Clark et al., 1999; Kim et al., 2008). In tomato, ACC treatment enhances adventitious 

root formation, while an ethylene insensitive NR mutation reduces the formation of 

adventitious roots (Negi et al., 2010), opposite to the effect of ethylene in Arabidopsis.  

The positive effect of ethylene on adventitious root development has also been found in 

other species of plants such as Rumex, apple, and Vigna (reviewed in De-Klerk et al., 

1999; Riov and Yang, 1989; Visser et al., 1996). The genetic basis of these species 

differences in effect of ethylene may be tied to differences in plant shoot architecture or 

other aspects of their growth and developmental programs or environmental responses. 

Previous research has revealed a positive role for auxin during the development of 

adventitious roots in Arabidopsis, as the ago (argonaute) and sur (superroot) mutants 

have altered adventitious root formation caused by altered auxin signaling and synthesis 

(Sorin et al., 2005; Gutierrez et al., 2009). In particular, root excision enhances auxin 

transport and local auxin accumulation which drives adventitious root formation 

(Sukumar and Muday, in review). Previous experiments indicate that ethylene regulates 

auxin transport and signaling (Rahman et al., 2002; Buer et al., 2006; Muday et al., 2006; 

Negi et al., 2008). We examined the effect of ethylene on auxin transport and local auxin 

accumulation and found that both were reduced by ethylene.  Ethylene insensitive 

mutants have enhanced auxin transport and local auxin accumulation above the site of 

excision, while ethylene overproduction in the eto1-1 mutant resulted in reduced auxin 
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transport. These results suggest that ethylene alters adventitious root in Arabidopsis 

formation through modulation of auxin transport and accumulation. 

Involvement of auxin-ethylene crosstalk in adventitious root formation has been 

explored in agriculturally important species such as tomato, with results that differ from 

Arabidopsis in several ways. In tomato, the ethylene insensitive mutation, NR, and silver 

nitrate treatments that confer ethylene insensitivity result in enhanced transport, while 

ACC treatments result in reduction of auxin transport in hypocotyls (Negi et al., 2010), 

similar to Arabidopsis. This is consistent with the negative effect of ACC on auxin 

transport, found in pea stems (Suttle, 1988). No overall effect on auxin accumulation was 

found in tomato hypocotyls with ACC treatment, similar to Arabidopsis. Moreover 

ethylene insensitivity reduced the ability of plants to respond to exogenous IAA, with 

these mutants never forming as many adventitious roots as wild type. However, ethylene 

modulated increases in auxin sensitivity were found to regulate adventitious root 

formation in Rumex under flooded conditions (Visser et al., 1996). This effect of 

ethylene was reduced if the plants were treated with NPA, an auxin transport inhibitor, 

suggesting a positive relation between ethylene and auxin transport in this species (Visser 

et al., 1996). Conversely, auxin induced ethylene synthesis was found to enhance 

adventitious root formation in Vigna (Riov and Yang, 1989). These results indicate that 

auxin-ethylene cross talk follows a complex pattern with mutual regulation and in a 

species specific manner. 

We explored the mechanisms by which ethylene might regulate auxin transport. 

The ABCB19 auxin efflux carrier was shown to be required for both the inhibition of 

adventitious root formation by ACC and the stimulation of root formation by shoot 
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excision.  An pABCB19::ABCB19:GFP fusion protein was found to accumulate at 

reduced levels after ACC treatment. This suggests that one possible mechanism by which 

ethylene might alter auxin transport and subsequent local auxin accumulation required for 

adventitious root formation is through modulating accumulation of the auxin transport 

protein ABCB19.  Additionally, root excision was found to enhance localized 

accumulation of flavonoids at and above the site of excision, at positions of the local 

accumulation of auxin and the formation of adventitious roots. This indicates that 

flavonoid accumulation at these positions might block auxin movement, resulting in 

accumulation of auxin. The absence of flavonoids in tt4-2 was associated with reduced 

sensitivity to excision enhanced adventitious roots and auxin transport. The adventitious 

root formation in tt4-2 was found to be partially ethylene insensitive. In contrast, eto1-1, 

had enhanced expression of the flavonoid biosynthetic enzyme, CHS, and reduced 

formation of adventitious roots, suggesting that global and local flavonoid accumulation 

along the hypocotyls may have different effects. Consistent with this, tt4-2 hypocotyls 

have enhanced adventitious root formation, possibly due to its enhanced auxin transport, 

compared to wild type seedlings. This suggests flavonoids can differentially affect the 

development of adventitious roots, and ethylene might be involved in the regulating 

flavonoid accumulation. 

An interesting possibility is that flavonoids act on ABCB19. Consistent with this 

idea that flavonoids might interact with ABCB19, several studies have examined the 

interaction of auxin efflux proteins with flavonoids. tt4 mutants have defective 

localization of auxin transport protein PIN1 (Peer et al., 2004). Additionally, the faster 

gravity response in abcb4 mutant was found to be epistatic to the delayed gravity 
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response in the tt4 mutant, suggesting that flavonoids might act on ABCB4 (Lewis et al., 

2007). In HeLa cell culture expressing AtPGP1 (ABCB1), quercetin, one of the active 

flavonoids known to regulate auxin transport, was found to reduce IAA efflux (Geisler et 

al., 2005). These results provide evidence that flavonoids can interact with auxin 

transport proteins, especially on ABCBs. We have found that abcb19 mutants have 

insensitivity to excision induced adventitious root formation similar to tt4-2. Additionally, 

adventitious root formation in the abcb19 mutant is insensitive to ACC.  This indicates a 

possible mechanism by which ethylene regulated flavonoids interact with ABCB19, in 

turn modulating auxin transport necessary for adventitious root formation. 

 Together, our results implicate ethylene-auxin crosstalk in regulating adventitious 

root formation in Arabidopsis. Ethylene negatively regulates auxin transport, and local 

auxin accumulation, both of which mediate formation of adventitious roots. The ability of 

IAA to induce adventitious roots was found to be ethylene sensitive, with ACC 

treatments reducing, while ethylene insensitivity enhancing IAA induction of 

adventitious roots. Moreover, ethylene reduced ABCB19 accumulation, and increased 

flavonoid synthesis, uncovering two mechanisms by which ethylene negatively regulates 

auxin transport in hypocotyls. Together these results identify hormonal cross talk which 

regulates adventitious root formation with ethylene inhibiting auxin transport and thereby 

reducing the formation of adventitious roots.  
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Methods 

Plant materials and chemicals 

 Columbia, and Wassilewskija ecotypes were used in this study. Seeds of abcb19, 

pABCB19::GFP, and pABCB19::ABCB19:GFP were kindly provided by Guosheng Wu 

and Edgar Spalding (Wu et al., 2007). ein2-5 DR5:GUS, and eto1-1 were provided by 

Jose Alonso (Stepanova et al., 2007). ctr1-1 was provided by Joe Kieber (Kieber et al., 

1993). pCHS::CHS:GFP was provided by Brenda Winkel (Lewis et al., in review). All 

the other mutants were received from the ABRC stock center. 

 IAA was purchased from MP Biochemicals (Solon, Ohio). [3H]IAA (24 and 20 Ci 

mmol–1) was purchased from Amersham or American Radiolabeled Chemicals (St Louis, 

MO). NPA was purchased from Chemical Services (West Chester, PA). 5 Bromo-4 

chloro-3 indoyl-β-D-Glu UA cyclohexylamine salt was purchased from Gold 

biotechnology (St Louis, MO). RNeasy kit for isolation of RNA was purchased from 

Qiagen (Valencia, CA). Components of RNAse treatment, and cDNA synthesis were 

purchased from Invitrogen (Carlsbad, CA). Reagents for DNAse treatment was purchased 

from Promega (Madison, Wisconsin). SYBRgreen reagent was purchased from Applied 

Biosystems (Foster City, CA). All other chemicals were purchased from Sigma (St Louis, 

MO).  

  

Plant growth conditions and quantification of adventitious roots 

Seeds were sterilized by soaking in 95% ethanol (v/v) and 20% bleach (v/v) with 

10% Triton X-100(v/v) for 5 min each and then washed five times with sterilized water. 

Seeds were then plated in sterile agar medium containing 0.8% (w/v) Type M agar (A-
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4800, Sigma), 1× MS nutrients (macro and micro salts), vitamins (1 µg⋅mL−1 thiamine, 1 

µg⋅mL−1 pyridoxine HCl, and 0.5 µg⋅mL−1 nicotinic acid), 1.5% (w/v) sucrose, 0.05% 

(w/v) MES, with pH adjusted to 5.8 with 1N KOH before autoclaving. Plates were placed 

in racks in a vertical orientation under light intensity of 3-5µmol m–2 s–1 for 5 days to 

induce hypocotyl elongation.  

Five day old low light grown seedlings were used in the experiments with or 

without excision using Neuro clipper scissors (Fine Science Tools) at a position 5-7.5 

mm from shoot apex excision. They were allowed to grow for 7 more days under a light 

intensity of 85-100 µmol m–2 s–1. Adventitious roots were quantified on the 7th day unless 

otherwise indicated using a dissecting microscope.  

 

Applications of IAA, IBA, ACC, and canthardin  

Stocks of IAA and IBA were made in ethanol while canthardin was made in 

DMSO at 10 mM. ACC was dissolved in water to make a 10 mM stock.  For global 

treatment, chemicals were added to the agar growth medium cooled to 50o C at indicated 

concentrations. All experiments involving IAA and IBA treatments were placed under 

fluorescent lights with yellow filters  to prevent white light induced degradation of IAA 

(Stasinopoulos and Hangarter, 1989).  Observations on position and number of emerged 

adventitious roots were performed after 7 days using a dissecting microscope. 

 

β –Glucuronidase staining 

DR5:GUS transgenic seedlings were incubated in 2 mM GUS substrate (100 mM 

sodium phosphate buffer, 0.5% Triton X, 2 mM X-gluc salt, 0.5 mM ferricyanide and 0.5 



 125

mM ferrocyanide) at 37o C for overnight. Samples were then washed with 100 mM 

sodium phosphate buffer, pH 7 and stored in 95% ethanol.  The samples were fixed and 

cleared as mentioned below, and analyzed for localization of GUS staining using an Epi-

Fluorescent Leica MZ16 FA stereomicroscope.  

 

Fixing and clearing 

 Seedlings were fixed in a solution containing 10% (v/v) formaldehyde, 5% (v/v) 

acetic acid and 50% (v/v) ethanol, overnight at 4 0C. Then clearing was performed using 

chloral hydrate:glycerol:water solution (8:1:2, w:v:v), at room temperature (Fukaki et al., 

1998). Cleared seedlings were mounted in 95% ethanol and visualized using an Epi-

Fluorescent Leica MZ16 FA stereomicroscope.  

   

DPBA staining 

 Root excised or intact seedlings were incubated for 7 min in a solution with 

0.25% DPBA (w/v) and 0.005% TritonX-100 (v/v). The seedlings were then washed with 

deionized water for an additional 7 min, were mounted in deionized water and analyzed 

using Zeiss LSM710 Meta fluorescence laser scanning confocal microscope using two 

channels; 460-504 nm (to capture Kaempferol fluorescence), 577-619 nm (to capture 

quercetin fluorescence) with laser at 458 nm (Lewis et al., in review). Tiled images were 

taken with three vertical and seven horizontal sections using the above mentioned 

channel settings. All pictures within an experiment were taken under similar settings. 

 

pABCB19::ABCB19:GFP imaging and quantification 
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GFP fluorescence was observed using Zeiss LSM710 Meta fluorescence laser 

scanning confocal microscope using lambda scanning at 494-649nm, using 488nm laser, 

with samples mounted in deionized water. Chloroplast, and GFP signals were separated 

using linear unmixing using reference spectra. Quantification of GFP signals were 

performed using linear profiles through the longitudinal sides of the cells using the Zeiss 

Zen software. All pictures within an experiment were taken under similar settings, unless 

indicated otherwise. 

 

pCHS::CHS:GFP imaging 

Low light grown transgenic seedlings were transferred to high light conditions 

with or without excision for 18 hrs. GFP fluorescence was observed using Zeiss LSM710 

laser scanning confocal microscope using channel setting with 488 nm laser, with 

samples mounted in deionized water. Two channels, 493-556nm and 637-721 nm, were 

used to separate GFP, and chloroplast signals, respectively. All pictures within an 

experiment were taken under identical laser, gain, and pinhole settings. 

 

Auxin transport and free IAA measurements in hypocotyl 

 Auxin transport measurements in the hypocotyls were performed by modifying a 

previously published method (reviewed in Lewis and Muday, 2009). 5 day old low light 

grown seedlings; either intact or excised, were transferred to control plates and their 

shoot apex were removed. An agar cylinder or agar droplets with tritiated IAA with 

approximate concentration of 100 nM was applied at the shoot end and incubated in the 

dark for 3 hrs. 3mm sections were removed from the basal end from the excised 
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hypocotyls, after 3 hrs and were used for quantification using a Beckman LS 6500 

scintillation counter. 

For quantification of free IAA levels, 5 day old low light seedlings were 

transferred to high light conditions with or without excision, and hypocotyl tissues were 

harvested at indicated time points and frozen in liquid nitrogen. About 50-80 mg of 

frozen tissues were homogenized using 150µl of homogenization buffer (65% 

isopropanol, 35% 0.2 M imidazole, pH 7), incubated with internal standard (13C6)- IAA, 

followed by centrifugation at 10,000 g for 8 min. Free IAA was extracted by running 

through two automated successive columns followed by methylation, drying and 

redissolving in ethyl acetate (Barkwai et al, 2008). Quantification was done using GC-

SIM-MS through isotope dilution analysis and values are reported relative to fresh weight 

(ng/g). 

 

RNA extraction and Quantitative Real time PCR measurements 

Low light grown seedlings were transferred to high light conditions for 6hrs. 

Hypocotyl tissues (for Figure 4C) or whole seedlings (for Figure 5D) were frozen in 

liquid nitrogen. As controls, intact seedlings were excised and were frozen immediately. 

Total RNA was isolated using Qiagen plant RNeasy kit, after homogenization of tissue 

samples with a Power-drill equipped with a disposable mortar. DNAase treatments were 

performed and RNA samples were equilibrated. cDNA reactions were performed 

followed by RNAse treatment. cDNA samples were run in 96 well plate in a real time 

PCR machine (Applied Biosystems 7600-fast thermal cycler) using target specific 

primers, deionized water, and SYBR green reagent. Transcript levels relative to actin 
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were calculated using a standard curve. The primers used were CHS-Forward: 

CGTGTTGAGCGAGTATGGAAAC, Reverse: 

TGACTTCCTCCTCCTCATCTCGTCTAGT, ABCB19- Forward: 

CAGGAAATGGTTGGTACTCGAGAT, Reverse: GAATGGCTCAAACGGGTT. 

PIN1-Forward: ATCACCTGGTCCCTCATTTC, Reverse: 

CCATGAACAACCCAAGACTG. Actin-Forward: 

TGAGAGATTCAGATGCCCAGAA, Reverse: GCAGCTTCCATTCCCACAA. 
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Abstract 

In this study we investigated the role of ethylene in lateral and adventitious root 

formation in tomato (Solanum lycopersicum) using mutants isolated for altered ethylene 

signaling and fruit ripening. Mutations that block ethylene responses and delay ripening: 

Nr (Never ripe), gr (green ripe), nor (non ripening), and rin (ripening inhibitor) have 

enhanced lateral root formation. In contrast, the epi (epinastic) mutant, which has 

elevated ethylene and constitutive ethylene signaling in some tissues, or treatment with 

the ethylene precursor (ACC), reduces lateral root formation. ACC treatment inhibits 

initiation and elongation of lateral roots, except in the Nr genotype. Root basipetal and 

acropetal IAA transport increase with ACC treatments or in the epi mutant, while in the 

Nr mutant there is less auxin transport than wild type and transport is insensitive to ACC. 

In contrast, the process of adventitious root formation shows the opposite response to 

ethylene, with ACC treatment and the epi mutation increasing adventitious root formation 

and the Nr mutation reducing the numbers of adventitious roots. In hypocotyls, ACC 

treatment negatively regulated IAA transport while the Nr mutant showed increased IAA 

transport in hypocotyls.  Ethylene significantly reduces free IAA content in roots, but 

only subtly changes free IAA content in tomato hypocotyls. These results indicate a 

negative role of ethylene in lateral root formation and a positive role in adventitious root 

formation with modulation of auxin transport as a central point of ethylene-auxin 

crosstalk. 

 



 138

 Introduction 

Development of lateral and adventitious roots are highly plastic processes, which are 

sensitive to nutrients, moisture, and other environmental parameters, with plant hormones 

acting as one important signaling mechanism to control these processes (Malamy and 

Ryan, 2001; Li et al., 2009). Primary roots form in the embryo and emerge from seeds 

during germination. As roots mature, quiescent cells within their pericycle layer begin 

dividing and form lateral root primordia via a precise series of divisions, which are best 

characterized in Arabidopsis (Malamy and Benfey, 1997). Ultimately, the lateral root 

elongates and undergoes further reiterative branching. Additionally, when shoot tissues of 

many plant species contact the soil, they can undergo an intriguing, but poorly 

characterized process, by which shoot tissues differentiate to form adventitious roots. 

Plant propagation relies heavily on the ability of shoot cuttings to effectively generate 

adventitious roots, yet there is dramatic variation between species in the propensity to 

form adventitious roots (De Klerk et al., 1999) and little molecular information on this 

important developmental process.  

Auxin positively regulates both lateral and adventitious root formation in most plant 

species.  Elevated endogenous or exogenous concentrations of auxin increase 

adventitious and lateral root formation (Torrey, 1976; Sitbon et al., 1992; Boerjan et al., 

1995), while reductions in auxin signaling or transport, due to either mutations or 

inhibitors, reduce both lateral and adventitious root initiation and elongation (Reed et al., 

1998; Casimiro et al., 2001; Laskowski et al., 2008). Auxin and lateral root development 

have been extensively studied in Arabidopsis (Malamy, 2009), with only a few papers 

examining the mechanism for auxin’s induction of adventitious root formation in this 
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model species (Ludwig-Muller et al., 2005; Sorin et al., 2005; Sorin et al., 2006; Li et al., 

2009). A limited number of studies have examined root development in tomato (Muday 

and Haworth, 1994; Clark et al., 1999; Tyburski and Tretyn, 2004; Ivanchenko et al., 

2006). In tomato, auxin increases lateral (Muday and Haworth, 1994; Muday et al., 1995; 

Ivanchenko et al., 2006) and adventitious root growth (Clark et al., 1999; Tyburski and 

Tretyn, 2004), while auxin-transport inhibitors reduce formation of both root types 

(Muday and Haworth, 1994; Tyburski and Tretyn, 2004). In the auxin-insensitive 

diageotropic (dgt) mutant, lateral root development is completely inhibited (Muday et al., 

1995; Ivanchenko et al., 2006). Together, these reports suggest that auxin and auxin 

transport may modulate root development in similar ways in both tomato and Arabidopsis.  

Recent studies in Arabidopsis have also identified a role for the gaseous plant 

hormone ethylene in lateral root formation, utilizing the diversity of mutants with altered 

ethylene signaling or synthesis (Negi et al., 2008, Ivanchenko et al., 2008). The ctr1 

mutant, with enhanced ethylene signaling (Kieber et al., 1993; Huang et al., 2003), and 

the eto1 mutant, with enhanced ethylene synthesis (Guzman and Ecker, 1990; Kieber et 

al., 1993), exhibited significant reductions in lateral root numbers, compared to wild type. 

Additionally, treatment with ethylene or the ethylene precursor, 1-aminocyclopropane 

carboxylic acid (ACC) reduced lateral root formation (Negi et al., 2008).  In contrast the 

ethylene insensitive mutants etr1, which has a dominant negative receptor mutation (Hua 

et al., 1998; Sakai et al., 1998) and ein2, which has a defect in an ethylene signaling 

protein (Kendrick and Chang, 2008), showed enhanced lateral root formation which were 

insensitive to ACC treatment (Negi et al., 2008). These ethylene effects are on the earliest 

stages of lateral root initiation (Ivanchenko et al., 2008) and alter auxin transport, 
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suggesting that cross talk with auxin is a critical component of the activity of ethylene in 

lateral root development (Negi et al., 2008). 

             In tomato, genetic approaches have identified a number of mutants which have 

defects in ethylene signaling and fruit ripening (Klee, 2004; Barry and Giovannoni, 2007; 

Kendrick and Chang, 2008).  The Never-ripe (Nr) gene was cloned using a candidate 

gene approach, as NR exhibits sequence similarity to the Arabidopsis ETR1 gene (Yen et 

al., 1995; Wilkinson et al., 1995) and is part of the LeETR1-6 gene family (Klee, 2004; 

Barry and Giovannoni, 2007; Kendrick and Chang, 2008). Another ethylene signaling 

mutant with a ripening phenotype is green ripe (gr), a dominant gain-of-function mutant, 

which exerts its effect by ectopic expression of the GR gene, an ortholog of the 

Arabidopsis RTE1 gene (Barry and Giovannoni, 2006; Resnick et al., 2006; Kendrick and 

Chang, 2008). Additional tomato fruit ripening mutants include ripening-inhibitor (rin), 

and non- ripening (nor) (Barry and Giovannoni, 2006).  The identity of the NOR gene has 

not yet been published, but it has been suggested to function upstream of the ethylene 

signaling pathway (Lincoln and Fischer, 1988; Yokotani et al., 2004).  The RIN locus 

encodes a MADS-Box transcription factor (Vrebalov et al., 2002) that regulates 

expression of genes including LeACS2, which encodes ACC synthase (Ito et al., 2008), 

suggesting that the rin mutation alters ethylene synthesis, but may also affect other 

aspects of ripening. The epi (epinastic) mutant was isolated on the basis of severe leaf 

epinasty and exhibits an enhanced triple response in the absence of ethylene and has 

elevated ethylene levels in some tissues (Fujino et al., 1988; Barry et al., 2001).  

Although the molecular defect in the epi mutant is not known, it does not share a map 

position with the tomato CTR1 ortholog (Barry et al., 2001).  epi does not demonstrate a 
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global constitutive ethylene response, but shows altered phenotypes in a subset of 

ethylene responsive tissues (Barry et al., 2001).   

    The  role of ethylene in adventitious root formation has been examined in a 

variety of plant species, but the results have been contradictory (Robbins et al., 1983; 

Geneve and Heuser, 1983). In tomato there have been reports of a positive effect of 

ethylene on adventitious root formation (Hitchcock and Zimmerman, 1940; Roy et al., 

1972; Phatak et al., 1981) and negative effects (Coleman et al., 1980). These 

contradictory findings may be due to variation in the different tissues, growth conditions, 

and methods of quantifying adventitious root formation.  

In this study we explored the role of ethylene in lateral and adventitious root 

formation in tomato.  Few studies have employed a genetic approach to examine the role 

of these tomato ethylene signaling mutants in processes beyond fruit ripening and triple 

response. Exceptions include evidence that the Green ripe mutant showed reduced 

ethylene sensitivity in root elongation (Barry and Giovannoni, 2006), while cuttings of 

mature stems of the Nr mutant grown in soil have altered adventitious root formation 

(Clark et al., 1999; Kim et al., 2008). The gene expression patterns of tomato ethylene 

receptors at distinct developmental stages have been reported (Lashbrook et al., 1998; 

Ciardi et al., 2001; Tieman and Klee, 1999), suggesting that ethylene signaling occurs in 

a diversity of tissues. We utilized a series of mutants with altered ethylene signaling and 

fruit ripening combined with treatments with the ethylene precursor, ACC, to raise 

ethylene levels. Lateral root formation is negatively regulated by ethylene, while 

adventitious root formation is positively regulated. We also examined the effect of 

ethylene on free IAA levels in these plants and examined the effect of ethylene on auxin 
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transport in the primary root and hypocotyl.  These results provide insight into the 

mechanistic basis of ethylene regulated root formation and the cross talk between auxin 

and ethylene in control of adventitious and lateral root formation. This study broadens the 

current understanding of the genetic controls of ethylene signaling that regulate root 

architecture and extends our understanding of this process beyond Arabidopsis into a 

second agriculturally important species.  
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Results 

Ethylene insensitive mutants exhibit enhanced lateral root formation     

 We examined mutants defective in ethylene signaling and fruit ripening to ask if 

ethylene modulates root formation in tomato. Root elongation and lateral root formation 

in the Never ripe mutant (Nr) in two different backgrounds was compared to parental 

wild-type lines: Pearson (P) and Ailsa Craig (AC).  Seedlings were grown along the 

surface of agar media for 8 days after sowing (Figure IV-1a-c). Both Nr mutants formed 

more lateral roots than the appropriate wild type with statistically significant 1.4-fold 

enhanced numbers (P<0.005). We quantified root biomass of seedlings grown in soil for 

15 days and Nr showed 2.6-fold enhanced root biomass compared to Pearson (P<0.0005) 

(Figure IV-1e-f). 

The root phenotype of other fruit ripening mutants; gr, nor, and rin, are also 

shown in Figure 1a.  All three mutants exhibit a 1.4-fold statistically significant increase 

in number of lateral roots (Figure IV-1d; P<0.005).  This enhanced root branching of 

these mutants is not tied to increases in hypocotyl or leaf growth, as is evident in Figure 

1a.  The altered lateral root developmental patterns of Nr, gr, rin and nor all suggest that 

these gene products function in roots or that they control the long distance transmission 

of signals, such as ethylene, to the roots.  The known activities of Nr, gr, and rin in 

regulating ethylene signaling or synthesis, suggest a negative role of ethylene in lateral 

root formation.  

      

Elevated ethylene levels inhibit lateral root formation            
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Figure IV-1: Lateral root formation in tomato is influenced by mutations that alter 

ethylene signaling and synthesis.  

Roots were grown for 8 days on nutrient agar. 

(a) Root phenotypes of seedlings on control or (b) 0.5 or 1µM ACC, as indicated, are 

shown.  



 145

(c) The average number of lateral roots and SE from 15 seedlings is reported. 

(d) The average number of emerged lateral roots in each genotype and SE of 15 seedlings 

is reported. 

(e) Seedlings grown for 15 days in soil are shown. Size bar =1cm 

(f) The average and SE of biomass for 10 seedlings are reported. 

* Statistically significant differences between genotypes were determined by Student’s t-

test, with P<0.005 as indicated. 
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We examined root formation in the epi (epinastic) mutant, which has enhanced 

ethylene synthesis and signaling (Fujino et al., 1988) and some ethylene independent 

phenotypes (Barry et al., 2001), and in wild-type and Nr seedlings treated with ACC, a 

precursor of ethylene (Figure IV-1a-c). The epi mutant showed a statistically significant 

two-fold reduction in lateral root formation compared to its wild-type parental line VFN8 

(Figure IV-1a,c). ACC treatment of wild-type roots phenocopies the epi mutant, resulting 

in reduced primary root elongation and reduced number of emerged lateral roots (Figure 

IV-1b). This inhibitory effect of ACC on lateral root formation was lost in the Nr mutant, 

although root elongation is still reduced in Nr at higher doses of ACC (Figure IV-1b).  

We quantified the effect of ACC on lateral root numbers in wild type and Nr 

(Figure IV-2a). Pearson demonstrated a dose dependent decrease in lateral root formation 

with a two-fold reduction in numbers of roots at 10 µM ACC and this effect was lost in 

the Nr mutant.  At the highest dose of ACC, there is a 2.5-fold difference in lateral roots 

between Pearson and Nr. In contrast, Nr was not resistant to the effect of ACC on 

primary root elongation (Figure IV-2b). We also examined the effect of ethylene gas on 

wild-type and Nr seedlings and found that at doses between 0.5 and 10 µL/L, there was 

an inhibition of lateral root formation in Pearson and AC, but no inhibition in Nr (data 

not shown).   

The Nr mutant in the AC background was slightly sensitive to the effect of ACC 

on lateral root formation. At 10 µM ACC only 80% of the untreated number of roots 

were formed (21 versus 26 lateral roots, for ACC treated and control roots, respectively; 

P<0.0005). This small effect of ACC in Nr in the AC background is consistent with its 

description in the literature as Nr exhibiting a weaker phenotype in the AC background  
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Figure IV-2: ACC reduces root initiation in Pearson, but not in the Nr mutant.  

(a) The effects of ACC on the number of lateral roots were determined, with the average 

and SE of 15 seedlings, from 3 separate trials reported. 

(b) The effect of a ACC concentrations on the elongation of the primary root was 

determined, with the average and SE of 15 seedlings, from 3 separate trials reported. 
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(c) The average number and SE of lateral root primordia, emerged lateral roots, and 

combined totals were determined for 6 day old cleared roots one day after transfer to 

control media or media containing 1 µM ACC. (n=10 seedlings, from 3 trials) . 

(d) Lateral root elongation in Pearson seedlings treated with 1 µM ACC was quantified in 

several ways. The length of all lateral and primary root were summed (Total root 

length), the length of only lateral roots was summed (total lateral root length), and the 

average of the root length is reported for 7 days old roots is presented. The average 

and SE of 5 seedlings are presented. 

(e)  The number of lateral roots that formed on primary root in the mature region 

elongating region are shown for seedlings 7 days after transfer to control or ACC 

containing media. The average and SE of 10 seedlings, from 3 separate trials are 

reported.  

(f) The triple response of two Nr alleles and the epi mutant are compared to appropriate 

wild-type grown in the dark on control media or media containing ACC for 4 days 

after radicle emergence. The seedlings were treated with 0, 1, 5, and 10 µM ACC 

from left to right. 

* Statistically significant differences relative at each stage of lateral root formation as 

indicated in panel c and between untreated and treated Pearson in panel d were 

determined  by a Student’s t-test, with P<0.005 as indicated. 

# Statistically significant differences relative between genotypes in panel d were 

determined by a Student’s t-test, with P<0.05 as indicated. 
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(Lanahan et al. 1994).  We therefore compared the triple response in the Nr mutant in 

both backgrounds to define this difference (Figure IV-2f). At the highest dose Nr 

(Pearson) shows no apparent growth inhibition, while Nr (AC) shows partial responses. 

Together, these results are consistent with ethylene negatively regulating lateral root 

formation in tomato. 

 

Ethylene inhibits lateral root initiation and elongation 

We asked whether ethylene exerts its negative role at the stages of lateral root 

initiation and/or elongation.  Wild-type and Nr roots treated with and without ACC were 

cleared to allow visualization and quantification of early stages of root formation (Figure 

IV-2c). With ACC treatment there was a significant 1.4-fold reduction in number of 

initiated and elongated lateral roots (P<0.05). Cleared Nr mutant roots had significantly 

more primordia and emerged lateral roots than wild type, with 2.6-fold and 1.4-fold 

increases, respectively. These results indicate that the most profound effects of ACC 

treatment are at the early stages of lateral root initiation.  

To investigate the magnitude of the ethylene effect on lateral root elongation, we 

calculated the total lateral root length in ACC treated seedling by summing the length of 

all the lateral roots in each treatment (Figure IV-2d). This parameter has been called a 

“tot value” and has been used previously to quantify overall lateral root formation 

(Macgregor et al., 2008).  The average lengths of lateral roots in ACC treated and control 

seedlings are shown in Figure IV-2d. ACC significantly reduced both the number of 

lateral roots and the elongation of lateral roots in total and on average for each lateral root. 

The effect on lateral roots is more profound than on primary roots.   
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In Arabidopsis, ACC affects lateral root formation in a position specific manner 

with decreases in lateral root formation evident only on the primary root formed after 

transfer to ACC containing media (Negi et al., 2008; Ivanchenko et al., 2008). We asked 

if the ACC effect was also position specific in tomato by examining the effect of ACC on 

the mature region (formed before transfer to ACC) and in the elongating region (formed 

after transfer to ACC containing media). In Pearson, the number of lateral roots was 

significantly reduced in both regions, but with a greater 3-fold reduction in the elongating 

region. In Nr, the ACC effect was lost and there were significantly greater number of 

lateral roots in the elongating region (Figure IV-2e). These results are consistent with 

similar developmental sensitivity to ACC in Arabidopsis and tomato. 

 

Ethylene positively regulates adventitious root formation 

Although the negative effect of ACC treatment on lateral root formation in tomato 

parallels the effect seen previously in Arabidopsis (Negi et al., 2008; Ivanchenko et al., 

2008), the inhibitory effect of ethylene contrasts with previous reports on adventitious 

root formation from hypocotyl tissues in tomato (Clark et al., 1999; Kim et al., 2008), 

which was examined in mature plants grown in soil.  We therefore asked whether 

adventitious roots of tomato showed similar ethylene response to lateral roots examined 

in young seedlings grown under similar conditions. After germination, seeds were grown 

in low light (5-10 µmol m–2 s–1) for 3 days to elongate the hypocotyl and then transferred 

to high light (100 μmol m–2 s–1) for 7 days to observe adventitious root formation (Figure 

IV-3a-b). The Nr mutant showed a statistically significant 40% reduction in number of 

adventitious roots (P<0.005), consistent with two previous reports that examined older  



 151

0

50

100

150

200

250

1
2
3
4
5
6
7
8
9

1 0
1 1

*

N
um

be
r o

f a
dv

en
tit

io
us

 ro
ot

s

N
um

be
r o

f a
dv

en
tit

io
us

 ro
ot

s,
   

   
   

   
   

%
 o

f W
T

Pearson Nr VFN8 epi 0 µM 0.1 µM 1 µM 10 µM

Pearson
Nr

(a)

(b) (c)

ACC Concentration

*

*
#

#

Pearson Pearson +ACC Nr  Nr +ACC VFN8 epi

*
*

 

Figure IV-3: Ethylene enhances adventitious root formation in tomato hypocotyls.  

The number of adventitious roots formed 7 days after transfer of seedlings to control 

plates or plates with ACC. The average and SE for adventitious roots is shown.  

(a)  Adventitious root formation in control and 10µM ACC treated Pearson and Nr is 

shown.  Size bar =1cm 

(b) The number of adventitious root was quantified in WT and mutants grown on control 

media with n= 8-11, from 2 separate trials for Pearson and Nr and n= 22-25, from 3 

separate trials for VFN8 and epi.   

(c) The effects of a range of ACC concentrations on the number of adventitious roots 

with the average and SE of 19-28 seedlings, from 4 separate trials reported. 

* Statistically significant differences between untreated genotypes determined by 

Student’s t-test are indicated (P<0.005). 
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# Statistically significant differences within genotype in response to ACC treatment 

determined by Student’s t-test are indicated (P< 0.005). 
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tissues grown under very different conditions (Kim et al., 2008; Clark et al., 1999). The 

epi mutant showed a statistically significant 1.8-fold increase in adventitious root 

formation (P<0.005). Pearson has greater numbers of adventitious roots than Nr at all 

ACC doses (Figure IV-3c; P<0.005 at 1 and 10 µM). The ACC treatment of wild type 

enhanced the adventitious root formation in a dose dependent manner, with significant 

1.4-and 1.8-fold increases at 1 and 10 µM ACC, respectively, while Nr was insensitive to 

this effect. This suggests an opposite role for ethylene in regulation of formation of 

lateral and adventitious roots.  

 

Ethylene positively regulates auxin transport in tomato roots 

             We asked whether ethylene might alter root formation through modulation of 

auxin transport. Acropetal IAA transport was measured in Pearson and Nr tomato roots in 

the presence and absence of ACC (Figure IV-4a).  Acropetal transport was quantified by 

the level of tritiated IAA moving from the site of application at the root shoot junction to 

the root tip and is significantly reduced in Nr (P<0.05).  In contrast, ACC treatment 

resulted in a 2-fold enhancement in number of elongated adventitious roots in Pearson, 

but not in Nr. The epi mutant exhibited a 2.5-fold increase in acropetal auxin transport 

relative to its wild type (Figure IV-4b). ACC treatment also significantly enhanced the 

acropetal transport of auxin in wild-type seedlings by 2-fold (Figure IV-4a; P<0.005). 

Similarly, ACC treatment and the epi mutation significantly increase basipetal auxin 

transport by 2- and 3.5-fold, respectively (Figure IV-4b-c; P<0.0005). The Nr mutant 

showed less basipetal IAA transport than Pearson and the ACC effect was lost in Nr  
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Figure IV-4: In tomato roots acropetal and basipetal IAA transport are positively 

regulated by ethylene.   

IAA transport was measured 2 days after seedlings were transferred to control media or 

media containing 1 µM ACC. The average and SE of 15 seedlings from 3 separate 

experiments are reported in all panels.   

(a) Acropetal IAA transport is reported.  
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(b) Basipetal IAA transport is reported.  

(c) Acropetal and basipetal transport in VFN8 and epi are reported as the percent of wild-

type. 

# Statistically significant differences between genotypes was determined by Student’s t-

test is indicated (P<0.05).  

* Statistically significant differences between untreated and treated was determined by 

Student’s t-test is indicated (P<0.05).  
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(Figure IV-4b). These results indicate that ethylene has a stimulatory effect on both 

acropetal and basipetal IAA transport in tomato roots. 

 

Ethylene alters auxin transport in hypocotyls        

             We also examined the effect of ethylene on auxin transport in tomato hypocotyls.  

We applied 10µl agar droplets containing [3H]IAA at the shoot apical end, after removal 

of shoot apex. Five hours later, 5mm sections were excised from each hypocotyl at a 

distance of 2-2.5 cm from the point of application, and the amount of tritiated IAA was 

quantified. Nr showed enhanced IAA transport in hypocotyls, with a significant 3-fold 

increase compared to Pearson (Figure IV-5a; P<0.005). In contrast, auxin transport was 

reduced in tomato hypocotyls treated with ACC, while treatment with silver nitrate, 

which blocks ethylene signaling, increased auxin transport (Figure IV-5b). This suggests 

that ethylene negatively regulates auxin transport in hypocotyls in contrast to root tissues, 

where the capacity to transport auxin is increased. Surprisingly, the epi mutant also 

showed an increase in hypocotyl IAA transport with a 2.7-fold significant increase in 

transport (Figure IV-5b) (P<0.005).  

 

Ethylene alters free IAA content in tomato roots and hypocotyls 

             We further investigated the effect of ethylene on free auxin content in roots.  The 

free IAA levels in seedlings on control or 1µM ACC containing media for 48 hrs and root 

tissues were quantified (Figure IV-6a-b). Free IAA was extracted and measured using a 

gas chromatograph-mass spectrometer operated in the selected ion monitoring mode 

(GC-SIM-MS) by isotope dilution analysis using [13C6]IAA as the internal standard  
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Figure IV-5:  Ethylene alters basipetal auxin transport in tomato hypocotyls. The 

average ± standard error is reported. 

(a) Basipetal IAA transport in Pearson and Never-ripe with and without ACC and 

AgNO3 treatment is compared for 8-14 samples from 3 trials.  

(b) Basipetal IAA transport in VFN8 and epi are compared in 7-18 samples from 3 trials.   
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 * Statistically significant differences between untreated genotypes in panel a and b were 

determined by Student’s t-test are indicated (P<0.005). 

# Statistically significant differences in Pearson in response to ACC and AgNO3 

treatment were determined by Student’s t-test are indicated (P< 0.005). 
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(Barkawi et al., 2008). In Nr, free IAA levels were higher than Pearson and consistent 

with these results,  ACC treated Pearson roots showed significantly lower concentration 

(P<0.05) of free IAA than untreated roots (Figure IV-6 a,b). There is a similar effect of 

ACC in all backgrounds (Pearson, AC, and VFN8) with statistically significant 1.5-fold 

decrease in free IAA, as shown in Figure IV-6a (P<0.05). 

     To test if ethylene regulates free IAA accumulation in hypocotyls, we measured 

free IAA levels in Nr and epi, as well as wild type treated with ACC. Low light grown 

seedlings were transferred to high light conditions for 48 hrs and hypocotyl tissues were 

harvested and immediately frozen. Free IAA was extracted and quantified using GC-

SIM-MS.  Nr showed a slight, but not significant, (20%) reduction in free IAA (Figure 

IV-7a). epi also showed a 40% reduction in free IAA levels compared to wild type, but 

this reduction was also not significant. Additionally, we quantified free IAA levels in 

wild-type hypocotyls treated with 1 and 10 µM of ACC for 48 hrs (FigureIV-7b). 

Surprisingly, no changes in free IAA levels were observed in treated hypocotyls. This 

may be attributed to a lack of effect of ACC on auxin accumulation. Alternatively, the 

treatment with ACC might not have been sufficient duration to elicit a response or may 

have been transient, although similar treatments were found to alter IAA transport.  Yet, 

the global effects of ACC treatment on free IAA in hypocotyls are minimal suggesting 

that ethylene only subtly changes free IAA, but has a more profound effect on IAA 

transport.  

 

Nr is insensitive to IAA induced lateral root formation but exhibits reduced response in 

adventitious root formation  
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Figure IV-6: In tomato roots free IAA content is reduced two days after 1 µM ACC 

treatment. 

(a) Free IAA content in three different genotypes quantified after treatment with 1 µM 

ACC.   

(b) Free IAA content in Pearson and Nr mutant.  The average and SE of 3 replicates are 

reported.  

* Statistically significant differences relative to untreated wild-type were determined by 

Student’s t-test are indicated (P<0.05). 
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Figure IV-7: Effect of ethylene on free IAA content in tomato hypocotyls are shown.  

(a) Free IAA in ethylene mutants Never- ripe and epi are compared to respective wild-

types.  

(b) Free IAA in tomato hypocotyls treated with ACC for 48 hours. 

 (a and b) The average and SE of 3 replicates is reported. 
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We examined the role of auxin during lateral and adventitious root formation and 

asked whether there is cross-talk between auxin and ethylene signaling pathways. 

Pearson and Nr seedlings were grown on control media for one day and then transferred 

to plates containing control media or media containing IAA and after 7 days lateral root 

number was quantified.  Pearson roots showed significant induction in lateral root 

formation (P<0.05) with 1.4-fold increase in lateral root number at 10 µM IAA and Nr 

remained insensitive to this response (Figure IV-8a). These results contrast with 

Arabidopsis where ethylene insensitive mutants showed similar induction as wild type in 

lateral root number when treated with IAA (Negi et al., 2008). These results suggest 

species specific cross-talk between auxin and ethylene in regulation of lateral root 

formation.  

To examine the IAA effect on adventitious root formation, low light grown 

Pearson and Nr seedlings were transferred to control agar or agar containing IAA, and 

seedlings were placed under high light conditions with a yellow filter to prevent light 

induced auxin degradation. Adventitious roots formed 7 days later were quantified from 

6-21 seedlings (Figure IV-8). IAA enhanced the formation of adventitious roots in 

Pearson hypocotyls in a dose dependent manner, with a 1.7-fold induction at 10 µM IAA. 

These adventitious roots emerged from the lower half of the hypocotyls as well as at the 

root shoot junction, similar to the pattern observed with ACC treatment. Nr showed 

similar induction as Pearson when treated with IAA. This suggests that both ethylene and 

auxin positively regulates adventitious root formation with auxin sensitivity not requiring 

ethylene signaling.  
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Figure IV-8: Nr has altered responses to auxin in both lateral and adventitious root 

formation. 

(a) The effects of a range of IAA concentrations on the number of lateral roots were 

determined. The average and SE of 15 seedlings were normalized to the untreated 

controls for each genotype (with Pearson having 13 and Nr having 16 adventitious 

roots).  
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(b) The effects of a range of IAA concentrations on the number of adventitious roots 

were determined, with the average and SE of 6-21 seedlings reported here. 

Significant differences were determined by Student’s t-test and, a; significant 

differences between untreated genotypes, b; with IAA treatment in Pearson and c; 

with IAA treatment in Nr are indicated (P<0.05). 
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Discussion 

We examined the role of ethylene in modulation of lateral root formation and 

adventitious root formation in tomato, utilizing an array of mutants with defects in 

ethylene signaling and fruit ripening, including Never ripe (Nr), green ripe (gr), ripening 

inhibitor (rin) and non ripening (nor), and epinastic (epi). Nr in both Pearson and AC 

backgrounds formed significantly more lateral roots when grown on agar media, as did gr, 

rin, and nor. Additionally, quantification of root biomass of 15-day-old soil grown 

seedlings of both Pearson and Nr showed that Nr has almost 3-fold more root biomass 

than Pearson. This observation suggests that enhanced root formation in Nr continues 

beyond the seedling stage and may be amplified when roots are grown in soil, which 

limits ethylene diffusion more than growth along the surface of unsealed Petri dishes.  

Consistent with a negative role of ethylene in lateral root formation, treatment of wild 

type with the ethylene precursor, ACC, or in the epi mutant, which has been reported to 

have elevated ethylene levels (Fujino et al., 1988; Barry et al., 2001), reduces the number 

of initiated and elongated lateral roots, while the Nr mutant was insensitive to the 

inhibition of lateral root formation by ACC. These experiments confirm the negative role 

of ethylene during lateral root formation in young tomato seedlings. 

In contrast, adventitious root formation exhibited an opposite ethylene 

dependence. Nr had reduced number of adventitious roots, while ACC treated wild type 

and the epi mutant had an enhanced number of adventitious roots. Treatment with ACC 

resulted in expansion of the zone of adventitious root formation, from proliferation only 

at the base of the hypocotyl, to a region extending 1-2 cm along the basal part of the 

hypocotyl. Examination of adventitious root formation on vegetative stem cuttings of 
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Pearson and Nr found similar differences, with Nr forming reduced numbers compared to 

the wild type (Clark et al., 1999). Moreover, Nr has been reported to have reduced 

number of adventitious roots in intact plants grown under low phosphorous conditions, as 

compared to Pearson (Kim et al., 2008). This positive effect of ethylene on adventitious 

roots has also been observed in other species of plants such as in intact plants of Rumex 

palustris under conditions of flooding or ethylene application (Visser et al., 1996). These 

results suggest a differential role of ethylene in root formation with a negative regulation 

during lateral root formation and a positive regulation during adventitious root formation.  

Ethylene-auxin cross talk can occur at many different levels including the 

modulation of auxin sensitivity, accumulation, and transport. We tested whether ethylene 

regulates auxin sensitivity during lateral and adventitious root formation in tomato by 

performing dose response curves with exogenous IAA and quantifying differences in the 

Nr mutant.  Auxin induced promotion of lateral root formation is lost in Nr. Induction of 

lateral roots by IAA in wild type was dependent upon developmental stage of treatment, 

with more induction seen if longer primary roots were present at the time of transfer to 

media with auxin, and no stimulation in numbers of lateral roots formed when seedlings 

are transferred to IAA immediately after germination (Muday and Haworth, 1994).  In 

parallel, adventitious roots were induced by auxin treatment in both wild type and Nr, but 

with Nr never reaching wild-type number of adventitious roots even at 10µM IAA, 

consistent with a previous report (Clark et al., 1999). Thus, even though auxin may affect 

lateral and adventitious root formation, the ethylene insensitivity alters IAA response 

differentially in hypocotyls and roots.  
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Additionally, we tested whether auxin transport is modulated via ethylene. 

Previous reports have found that ethylene inhibits polar auxin transport in shoot tissues 

(Morgan and Gausman, 1966; Suttle, 1988) and Medicago roots during nodulation 

(Prayitno et al., 2006). Basipetal auxin transport was measured in tomato ethylene 

insensitive mutants in stem tissues under conditions when adventitious root formation 

occurs. ACC treatment decreased the movement of IAA, consistent with previous reports, 

while IAA transport was increased in Nr hypocotyls or wild-type hypocotyls treated with 

silver nitrate, an ethylene signaling antagonist, in comparison to untreated wild type.  

Furthermore, Nr mutants were insensitive to both ACC and silver nitrate treatments. 

These two findings support a negative role of ethylene in the regulation of hypocotyl 

auxin transport.   

Surprisingly, the epi mutant was found to have increased basipetal hypocotyl IAA 

transport similar to Nr and opposite to seedlings treated with ACC. As the  epi mutation 

is yet to be cloned, the relationship between this mutation and ethylene signaling remains 

unclear.  Studies that have examined ethylene synthesis have found that hypocotyls of epi 

had similar level of ethylene as wild type even though the total ethylene content was 

higher in epi (Fujino et al., 1988). Additionally, epi does not have characteristics of 

altered ethylene response mutant in all tissues (Barry et al., 2001).  Although vegetative 

growth is altered, fruit ripening and senescence are similar to wild type in epi. Therefore 

explanation for this contradiction between elevated ethylene and epi phenotype remains 

unresolved.  

In contrast to stem auxin transport, IAA transport was found to be decreased in Nr 

roots, while ACC treatment and the epi mutation increased root IAA transport. This 
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suggests that ethylene has contrasting roles in roots and hypocotyls with a positive 

regulation by ethylene in root, and negative modulation auxin transport in stem tissue. 

We initially hypothesized that ACC might reduce root formation by negatively regulating 

IAA transport.  This positive effect of ACC treatment on root auxin transport contrasted 

with this model, but confirms what we found in Arabidopsis (Negi et al. 2008).  These 

combined results in Arabidopsis and tomato lead us to speculate that perhaps enhanced 

long distance polar IAA transport prevents localized accumulation of auxin needed to 

drive lateral root formation.  

We examined the effect of ACC treatment and mutants on free IAA levels in both 

roots and hypocotyls.  Several reports have indicated that elevated ethylene levels 

enhance the accumulation and synthesis of IAA in Arabidopsis root tips (Stepanova et al., 

2007; Ruzicka et al., 2007; Swarup et al., 2007), so we predicted that free IAA might be 

elevated in the ACC treated roots.  In contrast to our expectation, significant reductions in 

free IAA levels were observed in root tissue in the presence of ACC, while in roots of the 

Nr mutant, there were increased levels of free IAA. This suggests that ethylene may 

negatively regulate free IAA levels in root tissue, when the whole tissue is examined, 

rather than just the tip of Arabidopsis roots (Ruzicka et al., 2007). Additionally, Swarup 

et al., (2007) found 3-fold increases in rate of IAA synthesis in intact seedlings treated 

with 100µM ACC by specifically measuring the rate of IAA synthesis using D2O feeding 

studies. The doses used in that study were 100 fold higher than we used, and at doses that 

would completely block elongation.  Therefore a lack of overall increase we see in free 

IAA levels, which is a combination of IAA synthesis, conjugation, and transport in whole 

root tissues, could be explained by differences in ACC dose, tissue segments, or growth 



 169

conditions. We find no evidence for global changes in free IAA levels in stem tissue in 

Nr or epi, or in wild type treated with ACC. As these experiments were performed with 

whole hypocotyls, there may be local changes in free IAA level that were not detectable 

in this assay. Yet, these findings are consistent with more profound effects of ethylene on 

auxin transport than free auxin levels in hypocotyls. 

It is surprising that ACC treatment enhances long distance polar transport within 

the root, but decreases free IAA levels. If more auxin is being transported from the shoot 

into the root, then we would predict that there should be higher levels of free IAA.  Our 

transport assays do not directly measure shoot to root movement of IAA, since we apply 

IAA below the root shoot junction. To ask if there are differences in IAA transport from 

the shoot apex into the root, we applied the [3H]IAA at the top of hypocotyls and 

measured radioactivity along the hypocotyl of wild-type seedlings (data not shown).  This 

assay found that the highest level of IAA was in the region directly above the root shoot 

junction and that less IAA moved into the root.  Therefore, there may be complex 

regulation of auxin flow as it crosses from the shoot into the root.  Additionally, free 

levels may change as a result of changes in transport, but also synthesis and conjugation, 

therefore we cannot rule out ACC dependent regulation of free IAA in roots that are 

transport independent.   

An important general question is why it might be advantageous to a plant to 

enhance adventitious root formation and inhibit lateral root formation with rising 

ethylene levels? This might be a compensatory mechanism of plants wherein lack of 

underground root growth is balanced by increases in adventitious roots emerging from 

the stem of the plants. This has been seen under conditions of submergence in other plant 



 170

species, where in the development of lateral roots is diminished but at the same time there 

is increase in formation of adventitious roots (Visser et al., 1996). Moreover this process 

has been shown to be regulated by ethylene through manipulating auxin transport or 

synthesis (Visser et al., 1996; Grichko and Glick, 2001).   

In conclusion, we find ethylene-auxin cross talk drives root formation in tomato 

with tissue specific mechanisms during lateral and adventitious root formation. The 

negative effect of ethylene on lateral root formation supports the previously reported 

effects on lateral root formation in Arabidopsis. Additionally, we expanded these studies 

and have looked at the effect of ethylene on adventitious root formation and have found a 

positive influence of ethylene on adventitious root formation. This ethylene-auxin cross 

talk includes negative regulation of free auxin accumulation and positive regulation of 

auxin transport in roots, and negative regulation of auxin transport in shoots. These 

differences in regulation give a better understanding of complex pathways of ethylene 

auxin cross talk that regulate lateral and adventitious root development. 
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Methods 
 
Chemicals 

Triton X-100 was purchased from Fisher Scientific. Murashige and Skoog (MS) 

salts were purchased from Caisson Labs. [5-3H]IAA was purchased from Amersham 

(Buckinghamshire, UK; specific activity, 23 Ci mmol–1).  All other chemicals were 

acquired from Sigma (St. Louis, MO).  

 
Plant material and growth conditions 

Nr mutant in Pearson background was provided by Harry Klee (Aloni et al., 

1998), Nr, gr, rin, nor, (all in the AC background) and epi (in the VFN8 background) 

mutant seeds were provided by Jim Giovannoni (Barry et al., 2001).  All seeds were 

sterilized by incubation for 1 min in 95% ethanol, then 30 min in freshly prepared 20% 

(v/v) bleach plus 0.01% (v/v) Triton X-100, and then washed with sterile water. The 

sterilized seeds were sown on sterilized blue filter papers and after radicle emergence 

they were transferred to control plates: 0.8% (w/v) Type M agar (A-4800, Sigma), MS 

nutrients (macro and micro salts: MSP0501, Caisson Labs, Inc.) (Murashige and Skoog, 

1962), vitamins (1 µg mL–1 thiamine, 1 µg mL–1 pyridoxine HCl, and 0.5 µg mL–1 

nicotinic acid), 0.05% (w/v) MES, with pH adjusted to 5.8. Seedlings were grown under 

24 hours of fluorescent lights at 100 μmol m–2 s–1 at 23ºC or as noted.  For experiments 

with IAA, seedlings were grown under yellow filters to prevent IAA degradation 

(Stasinopoulos and Hangarter, 1989). For root biomass quantification seedlings were 

grown in Metro-Mix 200 for 15 days under constant light at 40-50 µmol m-2 s-1. 

 

Lateral root and adventitious root quantification 
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Seeds were germinated and after radicle emergence, they were transferred to 

control agar plates or plated with agar containing the indicated amounts of ACC or IAA. 

The emerged lateral roots along the primary root, that were greater than 1 mm long were 

counted after seven additional days of growth using a dissecting scope.  

For quantification of adventitious roots, radicle emerged seedlings were 

transferred to agar media in Petri dishes, and were placed vertically under 5-10 µmol m-2 

s-1. After 3 days of growth they were transferred to 100 µmol m–2 s–1, either on control 

agar plates or plates with agar having different concentrations of IAA or ACC. A slab of 

approximately 1cm wide control agar was placed across the hypocotyls, to keep the 

hypocotyls from growing away from the agar media.  Adventitious roots emerging from 

hypocotyl and root shoot junction were counted seven days later. 

 

Detection of lateral root initiation events  

     Roots from 5 days old seedlings grown on either control media or treatments were 

cut and fixed in ethanol:acetic acid (6:1[v/v] overnight. Fixed roots were washed in 100% 

ethanol followed by washing in 70% ethanol, These roots were cleared in a mixture of 

chloral hydrate:glycerol:water (8:1:2[w/v]) overnight (Al-Hammadi et al., 2003) and 

after clearing these roots were observed under dissecting microscope for quantification of  

lateral root primordia. 

 

Auxin transport assays 

Seeds were germinated and after radicle emergence transferred to control or 1 µM 

ACC plates. After 48 hours, a 100 nM [3H]IAA agar cylinder was applied just below the 
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aligned RSJs and the seedlings were incubated in the dark in the inverted position to 

prevent [3H]IAA from diffusing along the root, for 18 hours. The apical 5 mm of each 

root tip was excised and the amount of radioactivity quantified.  Individual segments 

from each plant and position were placed in 2.5 mL scintillation liquid (Scintiverse (TM) 

BD cocktail, Fisher chemicals) and radioactivity was measured for 2 min on a Beckman 

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

radioactive basipetal auxin transport was performed using the method illustrated by 

Lewis and Muday (2009) using same age seedlings as described above treated with 100 

nM [3H]IAA agar cylinder applied adjacent to the root tip and the seedlings were 

incubated in the dark. After 5 hours the apical 2mm of root was excised and discarded 

and a 5mm segment basal to that was quantified for radioactive IAA.  

 

Quantification of basipetal hypocotyl transport 

Seedlings were grown under low light (5-10 µmol m–2 s–1) for 3 days and were 

transferred to high light conditions (5-10 µmol m–2 s–1) on control or treatment plates for 

48 hrs. The transport was measured by the application of 10mm wide agar droplets with 

100 nM [3H]IAA at the shoot apical end after removal of cotyledons. After 5 hrs of 

incubation in the dark, 5mm sections at a distance 2.5 cm away from the shoot apical end 

was removed and radioactivity was determined using a scintillation counting.   

   

Free IAA Measurements 
 

For root samples, seeds were germinated and after radicle emergence transferred 

to control or 1 µM ACC plates for 48 hours and roots were excised and frozen in liquid 
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nitrogen.  For hypocotyl tissues, samples were grown in low light for 3 days and 

transferred to high light conditions onto media with and without 1 or 10 µM ACC for 48 

hours and hypocotyls were collected and frozen. For both, 50-80 mg of frozen tissue was 

homogenized with a bead beater in 150µl homogenization buffer (35% of 0.2M 

imidazole, 65% isopropanol, pH 7), containing 4ng of [13C6]IAA as an internal standard. 

After 1 hour on ice, samples were subjected to centrifugation at 10,000xg for 8 min. The 

homogenates were purified over two successive columns using an automated robotic 

system, methylated, dried, and redissolved in ethyl acetate (Barkawi et al., 2008). The 

samples were then analyzed using gas chromatograph-mass spectrometer operated in the 

selected ion monitoring mode (GC-SIM-MS). The free IAA was quantified by isotope 

dilution analysis using [13C6]IAA as the internal standard (Barkawi et al., 2008).  
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CHAPTER V 

CONCLUSION 

 This research explored the mechanisms by which auxin and ethylene regulate 

development of roots from the stem of plants, a process called adventitious root 

formation. We have used Arabidopsis and its widely available mutants and transgenic 

lines, as well as the agriculturally important species of tomato, with its more limited 

genetics resources, to dissect the hormonal controls of development of adventitious roots, 

as well as understand the species specific effect of hormones. These results have 

uncovered a critical function for auxin and ethylene physiology in modulating the 

development of adventitious roots. 

 Though adventitious roots serve numerous functions in plants, the ability to form 

adventitious roots is species specific. We find that tomato forms many adventitious roots, 

while Arabidopsis forms almost no adventitious roots, unless the base of hypocotyls and 

roots has been excised. Root excision enhanced the formation of adventitious roots by 

approximately 10-fold in Arabidopsis, while only a 2-3 fold increase with a similar 

treatment was seen in tomato. This difference of the rooting between these plants makes 

physiological sense in the context of the architecture of the shoot of these plants. Tomato 

grows as a bushy vine, while Arabidopsis grows as a rosette. Tomato, if grown upright 

can reach up to 5-6 meters, while Arabidopsis forms small stems, with inflorescences 

reaching approximately 15-20 cm.  Tomato, having a larger shoot structure, which grows 

along the soil surface, possibly benefits from adventitious roots that increase the surface 

area for nutrient and moisture uptake. Therefore an apparent selective advantage of 

adventitious root formation is evident in tomato.  
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This thesis also examines the mechanism by which excision of stems can enhance 

adventitious root formation and the role of auxin in this process. Stem cuttings, with or 

without auxin treatments, have been used to propagate commercially important species 

(reviewed in De-Klerk et al., 1999). Though this practice has been used for many years, 

the mechanism by which cutting of stems induce adventitious roots is unknown. We 

utilized Arabidopsis hypocotyls from which roots were excised. We have demonstrated a 

positive role for shoot apex derived auxin and exogenously applied auxin in stimulation 

of adventitious roots. Additionally, excision enhanced auxin transport from the shoots 

leads to localized auxin accumulation above the site of excision. This change in auxin 

accumulation was found to precede the development of adventitious roots. The change in 

auxin accumulation was limited to 1-2 mm above the site of excision, coinciding with 

positions of adventitious root formation. There was no change in overall free IAA levels 

through out the hypocotyl as a result of excision. The lack of change is overall auxin 

accumulation is consistent with previous studies looking for changes in free IAA levels 

during the development of adventitious roots under different conditions. In apple stem 

cuttings and flooded Rumex palustris no significant changes in free IAA levels were 

found (reviewed in De-Klerk et al., 1999; Visser et al., 1996). These results are consistent 

with changes in auxin distribution, rather than synthesis, leading to formation of 

adventitious roots after excision, and suggest a role for auxin transport in this process. 

Alterations in expression, activity and or localization of auxin transport proteins 

are important in mediating changes driving physiological processes. We find that 

excision enhanced auxin transport is mediated by auxin transport proteins ABCB19 and 

PIN1, as defects in these proteins result in reduced adventitious root formation. 
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Additionally, we find increases in transcript levels of PIN1 with excision. In contrast, 

changes in ABCB19-GFP protein accumulation were found without changes in transcript 

levels. This change in protein accumulation may be due to dephosphorylation as 

treatments with the phosphatase inhibitor, canthardin, causing reduction in accumulation 

of ABCB19, and auxin transport in hypocotyls. Interestingly, canthardin treatments 

changed the location of emergence of adventitious roots and associated auxin 

accumulation, without altering the number of roots formed. These results suggest that 

changes in transcription, as well as protein modifications, are involved in mediating auxin 

transport that drives the formation of adventitious roots.  

 Our result that PIN1 mediated auxin transport is required for adventitious root 

formation is consistent with OsRNAi lines of PIN1 in rice having reduced formation of 

adventitious roots (Xu et al., 2005). Additionally, defects in a guanine nucleotide 

exchange factor for ADP-ribosylation factor; GNOM, a known regulator of localization 

of auxin transport protein in Arabidopsis, resulted in reduced formation of adventitious 

roots as well as altered expression of PIN proteins in rice (Liu et al., 2009). Furthermore, 

consistent with our observation that protein phosphorylation is involved in modulating 

adventitious root formation, over expressing lines of PID (a serine theronine protein 

kinase) was found to have delayed formation of adventitious roots in rice (Morita and 

Kyozuka, 2007). This confirms that changes in auxin physiology involve modulation of 

transcription as well as post-transcriptional changes during adventitious root formation. 

Moreover the mediators of auxin transport required for adventitious root formation seems 

to be conserved between at least some of the species.   
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Ethylene is involved in the regulation of lateral root formation in tomato and 

Arabidopsis (Negi et al., 2008; Negi et al., 2010). Therefore, we asked if ethylene may 

modulate adventitious root formation. Treatments with the ethylene precursor ACC 

caused reduction of formation of adventitious roots in Arabidopsis. Mutants that are 

insensitive to ethylene have enhanced adventitious root formation, while ethylene 

overproducing and constitutive mutants have reduced formation of adventitious roots. 

These results indicate that ethylene negatively regulates adventitious roots in Arabidopsis. 

In contrast, in tomato both treatment with ACC and examination of mutants with 

altered ethylene signaling and synthesis yielded an opposite conclusion. In wild type 

treated with ACC, and in mutants with enhanced ethylene synthesis, tomato hypocotyls 

formed enhanced number of adventitious roots, while ethylene insensitive mutants had 

fewer adventitious roots than control wild type. Additionally, ACC treatment resulted in 

the expansion of localization of formation of adventitious roots. The positive effect of 

ethylene in our experiments is supported by previous experiments looking at the effect of 

ethylene in tomato (Clark et al., 1999; Roy et al., 1972; Kim et al., 2008). These results 

suggest that, opposite to the effect on Arabidopsis, ethylene positively regulates 

adventitious root formation in tomato. Moreover, ethylene negatively regulates lateral 

root formation in tomato. The positive effect of ethylene on adventitious root formation 

seen in tomato might be a compensatory mechanism seen similar to that is reported for 

plants growing under flooded conditions (Visser et al., 1996). Under flooded conditions, 

the functioning of primary root and lateral root system is impaired by limited oxygen 

exchange. Stimulation of growth of adventitious roots that are above the point of flooding 

under such conditions would then help plants adapt to such situations. Thus, different 
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from auxin, which has a positive effect on adventitious roots in both species, the effect of 

ethylene seems specific to the species and to the type of root development. 

Ethylene-auxin cross talk has been shown to modulate other root processes such 

as elongation, lateral root formation, and gravity response (Ruzicka et al., 2007; Negi et 

al., 2008; Buer et al., 2006). Earlier studies have looked at this phenomenon during 

adventitious root formation in several species of plants (Riov and Yang, 1989; Visser et 

al., 1996; Clark et al., 1999), but there has been no study that utilized the genetic tools to 

understand hormonal interaction modulating adventitious root formation. We examined 

the role of ethylene in altering auxin transport and or synthesis in Arabidopsis and tomato 

using mutants defective in ethylene signaling and synthesis, and find that ethylene 

negatively regulates auxin transport without having an effect on overall free IAA levels 

in both these species. The negative effect of ethylene on auxin transport in Arabidopsis 

was in part due to its negative effect on ABCB19 accumulation. The relationship between 

ethylene regulated changes in auxin transport and the adventitious root pattern is also 

dissimilar between these species. Decreased auxin transport after ACC treatment 

correlates with enhanced adventitious root formation in tomato, while ethylene induced 

decrease in auxin transport in Arabidopsis is correlated with decrease in adventitious root 

formation. The reason for this contrasting effect of ethylene on auxin transport and 

adventitious root formation in two species is mysterious. Additionally, in Arabidopsis, 

ethylene insensitive mutants exhibited enhanced local auxin accumulation, consistent 

with its phenotype of increased adventitious root formation. This suggests that ethylene 

negatively regulates auxin transport and local auxin accumulation in Arabidopsis.  
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Conditions of stress such as wounding induces accumulation of secondary 

metabolites called flavonoids (reviewed in Winkel-Shirley, 2002). Flavonoids have been 

shown to inhibit auxin transport in roots (reviwed in Winkel-Shirley, 2002; Buer and 

Muday, 2004; Peer et al., 2004). We find that excision enhances flavonoid accumulation 

regionally near the point of excision in Arabidopsis. This localized accumulation of 

flavonoids may be important for blocking auxin out of hypocotyls, in turn resulting in 

accumulation of auxin 1-2mm above the site of excision. Consistent with this hypothesis, 

we find that the absence of flavonoids in tt4-2 mutants cause them to be less sensitive to 

excision induced enhancement of adventitious root formation and auxin transport. This 

change in flavonoid accumulation is at least partly due to changes in transcript 

accumulation of enzyme involved in the flavonoid biosynthetic pathway, as determined 

by qRT-PCR. Additionally, the eto1-1 mutant, which has increased ethylene synthesis, 

was found to have enhanced accumulation of transcripts of the flavonoid biosynthetic 

enzyme, suggesting that ethylene increases flavonoid accumulation. Thus, our results 

suggest that flavonoids can regulate auxin transport and possibly auxin accumulation, 

driving the formation of adventitious roots.  

 Few studies have looked at the importance of wound released compounds in 

development of adventitious root formation. In apple stem cuttings, application of 

wounding related compounds along with suboptimal IBA application, although not by 

itself, was able to induce adventitious root formation (reviewed in De-Klerk et al., 1999). 

No change is auxin accumulation was found in stem with treatment of wounding related 

compounds (reviewed in De-Klerk et al., 1999). Conversely, in hypocotyls of Impatiens 

balsamina, anthocyanin content and distribution was found to be under the regulation of 
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auxin, with enhanced anthocyanins increasing the formation of adventitious roots (Arnold 

and Albert, 1964). But in the internode segments of sorghum, no correlation was found 

between accumulation of anthocyanins and initiation of adventitious roots (Stafford, 

1968). These reports indicate that there might be a complex relation between wound- 

induced compounds, including flavonoids, and their regulation of adventitious root 

formation in different species. 

Based on the results from these experiments, I propose a model to integrate the 

events that are important for excision enhanced adventitious root formation in 

Arabidopsis, as shown in Figure V-1 and V-II. Excision induces flavonoid accumulation 

as soon as 4 hrs, followed by increased accumulation of auxin transport protein at 6hrs 

after excision. This causes an increase in auxin transport. This movement of auxin is 

blocked 1-2 mm above the site of excision, possibly caused by flavonoid accumulation, 

resulting in local auxin accumulation at 9 hrs. This leads to cell division and 

differentiation for the development of adventitious root formation, starting at 18 hrs after 

excision. Emerged adventitious root can be seen 72 hrs after excision.  Additionally, 

treatment with ethylene causes reduction in auxin transport through increasing flavonoid 

accumulation, decreasing the accumulation of ABCB19, resulting in reduced auxin 

accumulation at the site of excision, and leading to reduced adventitious root formation.  

Together these results have helped in unraveling the mechanism by which ethylene and 

auxin regulate the process of adventitious root formation. 

The next step in this project would be to further investigate whether flavonoids 

directly interact with ABCB19 in regulating auxin transport and accumulation, and 

identifying the target of canthardin. In addition, exploring the role of ABCB19 in  
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Figure V-1: Model for excision induced adventitious root formation. 

 In Arabidopsis, excision induces flavonoids accumulation blocks auxin movement 

causing auxin accumulation above the site of excision which leads to development of 

adventitious roots. 
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Figure V-1I: Cell model for excision induced adventitious root formation. 

Excision enhances transport of auxin through increased transcription of PIN1 and 

increased accumulation of ABCB19.  This movement is blocked by flavonoid 

accumulation causing enhanced auxin accumulation above the site of excision which 

leads to development of adventitious roots. ACC treatment reduces auxin transport into 

the cells, through decreasing ABCB19 accumulation and enhancing flavonoid 

accumulation, which results in reduced auxin accumulation. This results in decreased 

adventitious root formation.  
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adventitious root formation in tomato would provide insight into the role of these auxin 

transport proteins in adventitious root formation across species. Thus, the experiments 

detailed in this thesis provide a framework for understanding adventitious root formation. 
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APPENDIX 

ADVENTITIOUS ROOTS AS A MODEL TO STUDY AUXIN CANALIZATION  

Introduction 

The plant hormone, auxin is thought to have a feedback regulation on localization 

of efflux carriers (Paciorek et al., 2005). Relocalization of PIN1 proteins have been 

observed during floral primordia development in shoots, which is attributed to local 

changes in auxin concentration during primordia development. Additionally, auxin can 

prevent internalization of efflux carriers and thus promote its own transport (Paciorek et 

al., 2005).  This suggests that there is an intricate connection between auxin transport and 

efflux carrier localization to coordinate plant development and morphogenesis.  The idea 

that auxin can regulate its own transport is the central feature of the canalization 

hypothesis proposed by Sachs (Sachs, 1981). This hypothesis suggests that auxin can 

direct its own transport through a feedback effect, strengthening its polar movement.  

Events leading to vascular development in cotyledons, leaves, and stems have been 

proposed to be auxin driven based on this hypothesis (Sachs, 1986). This feedback by 

auxin to regulate its own transport may occur at many levels including signaling, 

synthesis, or localization of efflux carriers.  The positive regulation of auxin on its own 

transport through canalization has been proposed by Sauer et al during changes in auxin 

accumulation induced by IAA treatments or during wounding and lateral root formation 

(Sauer et al., 2007). They found changes in localization of PIN1 and PIN2 during these 

processes, regulation of which was dependent on AUX/IAA and ARF signaling (Sauer et 

al., 2007). In addition, two other experiments looked at auxin movements in stem cuttings 

of Tomato and Tagetes and found contradictory physiological evidence on auxin induced 
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polar movement (Sheldrake, 1974,Went, 1941). Using Arabidopsis to study the 

movement of auxin, provides an advantage as the wide array of mutants and transgenic 

lines could be used to dissect the molecular mechanism of this process.     

The goal of these experiments is to test whether the polarity of auxin transport can 

be reversed by altering local auxin concentrations consistent with the canalization 

hypothesis. These experiments utilize Arabidopsis hypocotyls and formation of 

adventitious roots as a model system. Arabidopsis seedlings, when grown under low light 

condition, form elongated hypocotyls, which can be induced to form adventitious roots. 

Adventitious roots emerge at a specific location above the site of excision. We tested 

whether changing auxin maxima from the apical end to basal end of the hypocotyl 

explants would drive changes in auxin transport and thus location of adventitious root 

formation. These experiments demonstrate that auxin transport is essential for 

adventitious root formation and that the polarity of the stem segments is directly tied to 

the source of auxin and its transport.  
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Results 

Auxin polarity can be altered by changing auxin availability 

We asked whether the polarity of auxin transport could be reversed in Arabidopsis 

hypocotyls by changing the location of the auxin supply resulting in altered positioning 

of adventitious root formation. Hypocotyl explants were prepared by removing the shoot 

apex and cotyledons and by cutting 0.5-0.75cm of hypocotyls segments. Agar cylinders, 

containing control agar or agar supplemented with 100 µM IAA was applied to the apical 

or basal end of the hypocotyl explant. In addition, this experiment was performed with 

hypocotyl explants in two orientations. Hypocotyl explants were oriented either vertically 

or inverted and formation and position of adventitious roots were recorded 7 days after 

treatment, as shown in Figure A-1 and Table A-I.  Hypocotyl explants with control agar 

applied locally did not produce any adventitious roots (A-1A). Application of an IAA 

containing agar line at the apical end induced adventitious root formation at the basal end 

of the hypocotyl. But a few roots also formed at the apical end in contact with the IAA 

containing agar line (A-1A (ii),(iii)). When IAA was applied in similar dose at the apical 

end, but hypocotyls were placed upside down, there were fewer adventitious roots formed, 

as shown in Table A-I. This suggests that shoot apex can be replaced by external IAA 

and that the orientation of the hypocotyl affects the magnitude of adventitious root 

formation, consistent with basipetal IAA transport mediated delivery of IAA to the 

hypocotyl base.  

Hypocotyl explants treated with IAA applied at the basal end and oriented 

vertically routinely formed a few adventitious roots at the root end in contact with agar.  
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A

B

 

Figure A-1: Shifting auxin maxima from apex to base of hypocotyl explant can change 

the position of adventitious root formation and auxin accumulation. 

(A)Hypocotyl explants were treated locally at the apical or basal end with 100µM IAA as 

indicated by arrow heads. The position and number of adventitious roots were analyzed 

seven days later. The vertical arrows indicate the direction of gravity. Scale bar is 1mm. 

(B) Hypocotyl explants of AtGH3:GUS were treated locally with 100µM IAA and 

changes in AtGH3:GUS expression was examined after 7 days in GUS stained and 
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cleared hypocotyl explants.; (i): control; (ii), (iii): IAA applied at the apical end; (iv), (v): 

IAA applied at the basal end at the apical end, 100µM NPA was applied below the IAA 

application in (iv). The vertical arrows indicate the direction of gravity. Scale bar is 1mm. 
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Table A-I: Changing local auxin maxima from apical end to basal end  

changes the position of adventitious root formation. 

 

IAA in μM Site of 

application 

 

Orientation Number of 

adventitious  

rootsa 

   Apex 

 

Base 

0 Apical end upright 0±0 0±0 

100 Apical end upright 1.6±0.3 4.9±0.4 

100 Apical end inverted 0.4±0.2 3.1±0.3 

100 Basal end upright 0.2±0.1 2.9±0.3 

100 Basal end inverted 1.9±0.3 5.5±0.5 

 

 Hypocotyl explants were treated locally at the apical or basal end with  

100µM IAA as indicated by arrow heads and position and number of  

adventitious roots were analyzed 7 days later. Average and standard error  

of 16-21 seedlings are reported 
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Occasionally, some of the hypocotyls formed adventitious root or primordia at the shoot 

end (A-1A(iv)). Hypocotyls with IAA applied at the basal end but with the hypocotyl 

explant inverted so that IAA was applied at the top, formed adventitious roots at the 

apical end consistent with establishment of a new polarity in this tissue (A-1A(v)). This 

suggests that IAA applied locally at the basal end could move towards the shoot end in 

the acropetal direction, and induce adventitious root formation at the apical end. The 

accentuated formation of adventitious roots at the apical end in seedlings with an inverted 

orientation suggests that gravity may play a role in accelerating the reversed movement 

of IAA.  

To confirm that auxin transport is driving adventitious root formation at the shoot 

end when applied at the root end, an agar line containing 100µM NPA was applied below 

the agar line with 100µM IAA, and plates were oriented vertically or inverted. Most of 

the hypocotyls treated with NPA produced few if any adventitious roots at the shoot end, 

as shown in Figure A-1A(vi). (have to repeat the experiment) This suggests that the 

formation of adventitious roots was as a result of polar auxin transport from the basal end 

towards the apical end. 

 

Auxin induced GUS expression can be seen during reversal of polarity 

To look at changes in auxin accumulation with and without reversal of auxin 

transport polarity during adventitious root formation, expression of the AtGH3:GUS 

transgene was examined in response to local application of control agar and agar 

containing 100µM IAA at the apical or basal end of hypocotyl explants (n =7-13) as 

shown in Figure A-1B. None of the AtGH3:GUS hypocotyl explants with control agar at 
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the apical end, showed At GH3:GUS expression. In contrast, 90% of vertically oriented 

and 100% of inverted hypocotyls with IAA applied at the apical end to mimic the normal 

auxin stream had AtGH3:GUS expression at apical and basal ends.  When IAA was 

applied at the basal end to induce reversal of polarity, 60% of hypocotyls oriented 

vertically showed staining only at the apical end, but when orientation was inverted all 

the hypocotyls had GH3-GUS expression in both the apical and basal ends of hypocotyl 

explants.  All of these experiments are consistent with auxin application at the basal end 

of hypocotyl explant driving auxin transport in the reverse or acropetal direction, when 

gravity reinforces this polarity of auxin movement.  

 

Acropetal auxin transport in the reverse direction was observed after polarity reversal  

 We asked whether conditions that reverse the polarity of adventitious root 

formation also reverse the polarity of auxin movement. Explants were treated with IAA at 

the apical or basal ends. After two days, 3H-IAA transport in both acropetal and basipetal 

polarities of the hypocotyls were examined in 3mm sections during a 3 hour transport 

assay, as shown in Figure A-2. Hypocotyls that had control agar treatment at the shoot 

end exhibited background levels of transport.  When the shoot apex was replaced with 

IAA, basipetal transport was restored and acropetal IAA transport was low, consistent 

with one single basipetal auxin transport stream in hypocotyls. In contrast, if IAA is 

applied at the apical end and hypocotyls are inverted, the basipetal transport gets further 

reduced while acropetal transport remains low. In upright hypocotyl explants with local 

IAA treatment given at basal end, had stronger basipetal polarity of transport from the 

apical end towards basal end with very low amounts of acropetal transport. But when  
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Figure A-2: Acropetal auxin transport can be observed after polarity reversal. 

An agar cylinder containing radioactive IAA was applied at the apical or basal end after 

removing the shoot apex of intact or excised 5 day old low light grown seedlings. 3mm 

sections from the opposite end were removed after 3hrs and the amount of radioactive 

IAA present in these sections were measured using a scintillation counter. Average ± std 

error is given. 



 207

IAA was applied locally at the basal end and the hypocotyls were inverted, a higher 

amount of acropetal transport from basal end to the apical end was observed in addition 

to the basipetal auxin stream suggesting a bidirectional polarity. This result is consistent 

with formation of a new polarity of IAA transport, even under conditions where the old 

polarity is not totally lost. These polarity movements parallel the adventitious root 

formation phenotype as adventitious roots formed at the apical end when auxin was 

locally applied at the basal end with the inversion of hypocotyl explants. 
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Discussion 

We asked if the inherent auxin transport polarity of hypocotyls which defines the 

pattern of adventitious root development, could be reversed by altering the auxin maxima. 

Hypocotyl explants were treated with IAA applied locally at either the apical or basal end 

and the amount of auxin moving in both direction and the number of adventitious roots 

formed at either end were quantified seven days later. Indeed, the shift of auxin maxima 

from apical end to basal end induced a reversal in polarity of auxin transport from being 

basipetal to acropetal as evident from both the direct measurement of IAA transport and 

the induction of adventitious root emergence from the apical end. The canalization 

hypothesis of auxin flow proposes that auxin has a positive effect on strengthening its 

polar transport (Sachs, 1981) and these experiments extend this hypothesis to directly 

demonstrate that a local auxin maxima can completely reverse the endogenous polarity of 

a stem that is depleted of the endogenous auxin maxima.   

A second reinforcing cue for this reversal of developmental polarity is gravity. 

Changing auxin maxima to the basal end of hypocotyl explants induced acropetal 

transport and adventitious roots formation at the apical end with higher frequency in 

explants that were inverted. This suggests that gravity reinforced the flow of auxin which 

drives canalization and leads to the change in developmental polarity resulting in 

formation of adventitious roots at the apical end. Auxin transport changes in response to 

gravity are well characterized.  Gravity is known to induce lateral movement of auxin, 

resulting in accumulation of auxin on the lower sides of stems and roots undergoing 

gravitropic curvature (Muday and Rahman, 2008).  This report suggests that local auxin 

maxima and gravity are reinforcing cues to control auxin transport polarity. 
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Our results repeat and extend a previous study in which auxin was applied to the 

apex of Tagetes stem segment to locally induced adventitious root formation (Went, 

1941).  When this segment was planted with the rooted apex below ground, stems 

showed a reversal of auxin transport polarity when measured three weeks later (Went, 

1941).  The nodes in these inverted stems expanded and exhibited gravitropic 

reorientation, but no developmental alterations in polarity were found.  In contrast, in 

young Arabidopsis hypocotyls, we were able to reverse both auxin transport and 

developmental polarity. 

The ability of auxin to regulate its own polar movement as suggested by 

canalization hypothesis is a fascinating aspect of this hormone. Here we report evidence 

that local IAA sources can reverse both auxin transport polarity and developmental 

polarity, as reported by auxin transport measurements and adventitious root formation. 

We have uncovered an important role of gravity in canalization flow of auxin. We find 

that ABCB19 mediated transport is important for adventitious root formation and may be 

essential for polarity reversal. Using Arabidopsis hypocotyls as a model system we have 

provided additional evidence in support of the canalization hypothesis showing auxin-

dependent changes in auxin transport and adventitious root formation. 
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Methods 

Plant growth conditions 

To induce reversal of polarity, agar lines with indicated amount of IAA or other 

compounds were applied locally at either end of root excised hypocotyls after removal of 

shoots. They were placed in vertical or inverted orientation with shoot apex up or down, 

respectively under light intensity of 100 μmol m–2 s–1. Localized application of NPA was 

done as a second agar cylinder below agar cylinder containing IAA. Observations on 

position and number of emerged adventitious roots were performed after 7 days using a 

dissecting microscope.  

 

β –Glucuronidase staining 

AtGH3:GUS transgenic seedlings were incubated in 2 mM GUS substrate (100 

mM sodium phosphate buffer, 0.5% Triton X, 2mM X-gluc salt, 0.5 mM ferricyanide and 

0.5mM ferrocyanide) at 37o C for overnight. Samples were then washed with 100 mM 

sodium phosphate buffer, pH 7 and stored in 95% ethanol.  The samples were analyzed 

for localization of GUS staining using stereomicroscope (details are given below).  

   

Microscopy 

Quantification of adventitious roots was done using a dissecting microscope. GFP 

fluorescence was observed using Zeiss LSM510 fluorescence laser scanning confocal 

microscope. All images were taken at similar settings using 63X water immersion lens 

with FITC narrow band filter. Pictures of hypocotyl explants were taken using Epi-

Fluorescent Stereomicroscope (Leica MZ16 FA) and Sony Cyber Shot DSC -505v. All 
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pictures within an experiment were taken under similar settings, unless indicated 

otherwise. 

 

Auxin transport measurements in hypocotyl 

To measure auxin transport after reversal of polarity, agar lines with indicated 

amount of IAA was applied locally at either end of root excised hypocotyls of 5 day old 

low light grown seedlings, after removal of shoots. They were placed in vertical or 

inverted orientation with shoot apex up or down, respectively and placed under light 

intensity of 100 μmol m–2 s–1 with yellow filter. After two days, agar lines were replaced 

with agar lines containing tritiated IAA and were transferred to dark. After 3hrs, 3mm 

sections from either end were taken and quantified using scintillation counter. 
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