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Abstract

Organogenesis requires the coordination of many highly-regulated developmental processes, 

including cell fate determination, cell division and growth, and cell-cell communication. For 

tissue- and organ-scale coordination, a network of regulators enables molecular events in 

individual cells to translate into multicellular changes in structure and functional capacity. One 

recurrent theme in plant developmental networks is a central role for plant hormones, especially 

auxin. Here, we focus first on describing recent advances in understanding lateral root 

development, one of the best-studied examples of auxin-mediated organogenesis. We then use this 

framework to examine the parallel process of emergence of lateral organs in the shoot—a process 

called phyllotaxy. This comparison reveals a high degree of conservation, highlighting auxin's 

pivotal role determining overall plant architecture.
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INTRODUCTION

Plants retain the capacity to generate new organs throughout their adult life, and 

developmental responses are essential for surviving environmental stresses. Plant form is 

principally determined by the outgrowth of lateral organs along the major axis running from 

stem cells at the top of the primary shoot (shoot apical meristem, SAM) to the stem cell 

niche at the tip of the primary root. The SAM produces leaves, inflorescence stems and 

floral meristems that become flowers. Lateral root fate is specified in the root stem cell 

niche, but there is a delay in time and space before organogenesis is initiated. Specification 

of new organs at both root and shoot occurs at regular intervals and, once initiated, follows a 

stereotypical progression of cellular events. Yet the diversity in plant architecture is 

breathtaking, suggesting these programs are readily rewired throughout evolution. 
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Understanding the molecular details underlying each of these core developmental programs 

has already yielded valuable insights into how molecular events are coordinated across 

temporal and spatial scales, and there is still much to be discovered.

AUXIN SIGNALING, BIOSYNTHESIS, AND TRANSPORT

Plant hormones have long been implicated in the coordination of development (Vanstraelen 

and Benkova, 2012), and no hormone is more ubiquitous a developmental regulator than 

auxin. There are multiple hypotheses for how auxin can regulate such diverse, context-

specific developmental processes, including fate specification (Smit and Weijers, 2015), 

anisotropic cell expansion (Kutschera et al., 1987), and even senescence (Lim et al., 2010). 

Nuclear perception of auxin occurs by a classic “repressor of a repressor” genetic module 

(reviewed here: Pierre-Jerome et al., 2013). In low auxin conditions, the activity of AUXIN 

RESPONSE FACTOR (ARF) transcription factors is inhibited by interactions with Auxin/

INDOLE-3-ACETIC ACID (Aux/IAAs) repressor proteins and the co-repressor TOPLESS 

(TPL) (Fig 1A). Members of the TRANSPORT INHIBITOR RESPONSE1/ AUXIN 

SIGNALING F-BOX PROTEINS (TIR1/AFBs) bind auxin in a complex with the Aux/

IAAs, which serve as auxin co-receptors. This interaction leads to ubiquitination and 

proteasome-mediated degradation of the Aux/IAAs. This relieves repression on the ARFs, 

allowing auxin-induced transcription to proceed (Fig 1B) (Pierre-Jerome et al., 2013). ARFs, 

Aux/IAAs, and AFBs have diversified gene families, and different combinations or 

“modules” of these auxin signaling proteins are required for different developmental 

programs (Goh et al., 2012). However, to date there has been only limited biochemical 

evidence for the specificity of different protein interactions in the auxin response (Hardtke et 

al., 2004; Vernoux et al., 2011; Guilfoyle, 2015; Boer et al., 2014). Co-expression of many 

members of each family within the same tissues and even the same cells adds to the mystery 

of how auxin can promote such varied responses (Piya et al., 2014).

Auxin biosynthesis and transport are additional mechanisms for regulating auxin-responsive 

signaling during development (reviewed in Rosquete et al., 2012 and Grones and Friml, 

2015, respectively). Plants produce multiple auxinic compounds, with indole-3-acetic acid 

(IAA) being the most abundant. The main auxin biosynthesis pathway in Arabidopsis 
requires the sequential action of the TAA1 and YUCCA (YUC) biosynthetic enzymes (Won 

et al., 2011). Local production of auxin is important for normal development. Mutants with 

reduced capacity to synthesize auxin have developmental defects that cannot be rescued by 

exogenous auxin application but can be rescued through cell-type-specific expression of a 

bacterial gene that enables auxin biosynthesis (Cheng et al., 2006). Auxin transport 

augments local biosynthesis as a means of changing auxin levels in different tissues. Influx 

of auxin into cells is mediated by AUXIN RESISTANT1 and LIKE AUXIN RESISTANT 

(AUX1/LAX) proteins. Auxin efflux is facilitated by P-glycoproteins of the ATP-binding 

cassette transporter family or by PIN-FORMED (PIN) proteins. The PINs are of particular 

interest in developmental biology as they are frequently localized in a polar fashion, 

allowing directional auxin transport and the establishment of local auxin maxima and 

minima. Whether auxin acts as a morphogen or simply a threshold catalyst remains 

unresolved. If auxin is a morphogen, cells that receive more auxin should have different fates 

than those that receive less, such that auxin concentration itself is a fate regulator (Bhalerao 
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and Bennett, 2003). Such auxin gradients do seem to govern the differentiation of xylem in 

secondary cell wall synthesis (Uggla et al., 1996). In contrast, several studies have 

established that a very low concentration of auxin is sufficient to induce an auxin response, 

suggesting that response specificity comes from factors other than concentration (Lau et al., 

2011; Finet and Jaillais, 2012). New technologies to examine how auxin response correlates 

to auxin concentration will help answer this question. For instance, an input biosensor of 

auxin concentrations, DII-Venus, fuses a fast-maturing fluorescent reporter to the degron 

region of the Aux/IAA protein. The inverse of DII-Venus fluorescence consequently shows 

auxin activity at the cellular level, and can track auxin dynamic responses (Brunoud et al., 

2012).

AUXIN AND ROOT ARCHITECTURE

The establishment of the root-shoot juncture is one of the earliest steps in plant 

embryogenesis. During embryo-suspensor differentiation, the root stem cell niche and the 

SAM are generated. The stem cell niche produces the different tissue types of the root, 

which are arranged in concentric circles (Fig 2A) (reviewed in Overvoorde et al., 2010). The 

innermost cylinder of tissue is the vascular tissue, which is surrounded sequentially by the 

pericycle, the endodermis, the cortex, and the epidermis. Stem cell initials for each of these 

types of tissue reside in the stem cell niche and their division and the subsequent asymmetric 

fate of their progeny generates each cell file. Cell division occurs at the meristem, and newly 

divided cells then quickly expand longitudinally in the elongation zone, finally reaching 

their mature cell fate in the differentiation zone. Lateral roots emerge only from fully 

differentiated sections of the primary root.

The flow of auxin in the primary root follows a regular pattern, termed the “inverted 

fountain” model (Fig 2B) (Benkova et al., 2003). The majority of auxin in the root is first 

synthesized in aerial tissues and transported to the root via the phloem via specific PIN 

efflux carriers (Blilou et al., 2005). Auxin accumulates in the root cap and is then 

transported back up the outer cell files of the root via transporter proteins (Overvoorde et al., 

2010). This predictable movement of auxin through the primary roots makes possible the 

auxin pulsatile signals and sustained maxima that are hallmarks of lateral root specification. 

One mechanism for coordinating metabolism across the plant body is by changing the levels 

of auxin made in the shoot and transported rootward. Sucrose-mediated upregulation of 

auxin biosynthesis in photosynthetic tissue causes an increase in rootward auxin transport, 

signaling an increased demand for root-acquired nutrients like nitrogen (Lilley et al., 2012). 

High auxin concentrations in the root tip are required for the maintenance of the meristem, 

as high expression of the auxin-responsive PLETHORA (PLT) genes maintains meristematic 

activity at the root tip. Auxin indirectly helps to form a gradient of PLT concentration by 

controlling cell division and promoting cell expansion rates. High auxin levels at the stem 

cell niche promote PLT transcription, and as cells move further away from this local auxin 

maximum they expand, decreasing PLT abundance by growth dilution (Mahonen et al., 

2014). Loss of PLT activity promotes cellular differentiation (Galinha et al., 2007).

Lateral root organogenesis passes through three general stages: specification, initiation, and 

emergence (reviewed in Peret et al., 2009). Lateral roots are specified by a transient auxin 
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maximum in the basal meristem of the pericycle cell file, which borders the vasculature. In 

Arabidopsis, lateral roots arise only from xylem pole pericycle (XPP) cells (Dubrovsky et 

al., 2000), while in maize lateral roots only form from the phloem pole pericycle cells 

(Jansen et al., 2012). The next step, initiation, sets the pattern of lateral roots on the primary 

root axis, as nearly all initiated lateral roots will eventually emerge. Initiation starts when 

two longitudinally-neighboring pericycle cells in a single cell file nuclei round and migrate 

towards their shared cell border (De Rybel et al., 2010). This migration occurs in two 

radially neighboring pairs of pericycle cells and is immediately followed by an anticlinal cell 

division, the first in the new lateral root. A series of periclinal and anticlinal cell divisions 

follow in a stereotypical pattern. When the lateral root has passed through several stages of 

development, it will emerge perpendicularly to the primary root axis, requiring the cellular 

remodeling of the endodermal cell layers that encircle the pericycle to allow the root through 

(Vermeer et al., 2014). The lateral root then establishes a similar meristematic zone and cell 

files as occurs in the primary root (Laskowski et al., 1995). The lateral root also establishes 

an auxin gradient with a maximum at the emerging root tip. This gradient is promoted by 

relocalization of PIN1 polarly to the membranes of cells within the primordium facing the 

primordium tip (Benkova et al., 2003). The patterning of lateral roots along the primary root 

forms the root system architecture and is essential for nutrient and water uptake. This 

patterning can be regulated at every step of lateral root development.

Regulation of auxin levels and distribution is integral to maintaining auxin maxima with 

distinct dynamics at each stage of organogenesis. During lateral root specification, pericycle 

cells progress through multiple tiers of competency. A pulsatile auxin response signal in the 

basal meristem (the region of the root directly shootward of the stem cell niche) oscillates in 

phase with a large number of genes (Moreno-Risueno et al., 2010). In a process known as 

lateral root priming, pericycle cells that have the potential to form lateral roots are resident 

in the basal meristem during the auxin maximum; such cells have been called “prebranch 

sites.” Very recently, the cause of the oscillatory auxin response maxima has been found—

regular periodic programmed cell death (PCD) in lateral root cap cells releases auxin into 

surrounding tissue (Xuan et al., 2016). This auxin is transported to the basal meristem via 

AUX1. Genetic interference with the timing of root cap PCD or with AUX1 function causes 

less frequent oscillations in the basal meristem and fewer prebranch sites, resulting in fewer 

lateral roots (Xuan et al., 2016).

Although imaging suggests that all pericycle cells in the basal meristem receive the initial 

auxin signal (De Smet et al., 2007), typically only two xylem pole pericycle cells within a 

cell file retain a robust maximum of auxin response beyond the basal meristem. These two 

longitudinally neighboring cells are called lateral root founder cells and have the ability to 

initiate lateral root organogenesis by the migration of their nuclei towards their bordering 

membranes. Lateral roots never emerge from both poles of the xylem in the same transverse 

section, a phenomenon explored by a recent paper that modeled the regulation of transport 

by hormone levels (el-Showk et al., 2015). The model demonstrates that upregulation of 

AUX1 in pericycle cells is sufficient to promote the influx of auxin into these cells and 

maintain the transient auxin maximum from the prebranch site. Polar localization of PIN1 

and PIN7 in the pericycle to the xylem pole could then generate a stable auxin maximum 

from this transient AUX1 signal at only one pole of the xylem, causing founder cell identity 
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in only that cell. Interestingly, auxin transport inhibitors or high exogenous auxin treatments 

allow lateral root primordia to form opposite each other on the same transverse portion of 

the root (Kircher and Schopfer, 2015), supporting this model. Additionally, mutations in the 

GDP/GTP exchange factor GNOM, which regulates the localization of PIN proteins, causes 

a loss of the sustained auxin maxima and decreased lateral root initiation (Okumura et al., 

2013).

The transition from founder cell to lateral root initiation is regulated by multiple inputs. Not 

all founder cells that have sustained auxin maxima will initiate the first division of lateral 

root development and produce a lateral root. Auxin transport in the endodermis plays a key 

role in determining where and whether initiation will occur (Marhavy et al., 2013). PIN3 
expression is upregulated not only in pericycle founder cells and lateral root primordia, but 

also in the overlaying endodermal tissue. This endodermal upregulation happens only after 

the auxin response maxima in the pericycle, so it is not required for founder cell 

specification. In most endodermal cells, PIN3 is non-polarly localized; however, in 

endodermal cells that surround lateral root founder cells, PIN3 localizes to the inner lateral 

membrane that borders the pericycle. Gravity-induced root bending, which strongly induces 

initiation of a new root at the outer bend, relocalizes endodermal PIN3 to the inner lateral 

membrane. This relocalization of PIN3 suggests a mechanism by which auxin reflux from 

the endodermis to the pericycle enforces the sustained auxin maximum needed to trigger 

initiation. Null pin3 mutants have fewer lateral root primordia (Benkova et al., 2003; 

Laskowski et al., 2008) but have more lateral root founder cells (Marhavy et al., 2013), 

suggesting that PIN3 controls this switch from founder cell identity to lateral root initiation. 

Consistent with this model, endodermal-specific expression of PIN3 rescues founder cell 

number and lateral root density.

A recent paper further elaborates the central role of PIN3 in lateral root initiation (Chen et 

al., 2015). Combining genetics and mathematical modeling the authors describe a coherent 

feed-forward loop that drives PIN3 expression at lateral root founder cells to sustain auxin 

levels and provide a cellular memory for meristematic exposure to auxin. PIN3 transcription 

is regulated both by ARF7 directly and by a second ARF7-induced transcription factor 

called FOURLIPS (FLP). ARF7-dependent upregulation of FLP transcription is required for 

normal lateral root density. As in pin3 mutants, loss of FLP leads to a decrease of initiated 

lateral roots but an increase in lateral root founder cells. Although binding of either 

transcription factor to the PIN3 promoter is sufficient to upregulate PIN3 expression, both 

FLP and ARF7 activity are required for wild type lateral root densities. The proposed 

coherent feed forward architecture could allow for a longer response to auxin, connecting 

the initial auxin pulse to lateral root initiation. If this feed-forward loop occurs in specific 

cell files surrounding the founder cell, such as the endodermis, this motif would further 

support the transport of auxin into the pericycle by increasing the amount of PIN3 protein at 

the border between these cell files.

Following the first initiation division, subsequent divisions and cell expansion allow the new 

root to grow out, establish its own meristem and reiterate the cellular organization of the 

primary root—all processes subject to auxin regulation (reviewed in Peret et al., 2009). As 

lateral roots develop from the internal pericycle cell file, cell wall remodeling of external cell 
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files is required for cell separation and emergence of the new organ. The auxin influx carrier 

LAX3 is expressed in cortical and epidermal cells directly overlaying new primordia 

(Swarup et al., 2008), and this upregulation is auxin-dependent. Intriguingly, lax3 mutant 

plants, which have fewer emerged lateral roots, have three times more lateral root primordia 

than wild type. This result indicates that auxin transport by LAX3 regulates lateral root 

organogenesis post-initiation but pre-emergence. The expression pattern of LAX3 is 

regulated in part by the localization of the auxin source, and LAX3 transcription is promoted 

by PIN3 upregulation in the cortex (Peret et al., 2013). LAX3 activity then induces the 

expression of a number of cell-wall remodeling enzymes like PECTIN 

METHYLESTERASES (PMEs), which prime pectin for cleavage. IAA14-dependent auxin 

pathways then upregulate additional pectin cleavage enzymes such as pectin lysases in the 

primary root cell files surrounding lateral root primordia, thereby facilitating cell separation 

and lateral root emergence (Laskowski et al., 2006).

Further evidence for auxin regulation of the cell wall comes from a transcriptomic analysis 

of lateral root development (Lewis et al., 2013). Of a set of 72 auxin-induced cell wall 

remodeling genes, the authors found eight mutants with a lateral root phenotype. One of 

these genes, CELLULASE 3 (CEL3), encodes an enzyme that belongs to a family that 

catalyzes the breakdown of cellulose, although it is a member of a subclass that lacks a 

cellulose binding domain (Urbanowicz et al., 2007). cel3 plants have fewer late stage 

primordia. The authors did not examine whether early stage primordia or founder cell 

number increase in these mutants, which would suggest a defect in emergence as observed 

for lax3. Another gene, LEUCINE-RICH REPEAT/EXTENSIN 2 (LRX2), is an extensin 

protein important for cell wall development (Draeger et al., 2015). lrx2 mutants have fewer 

emerged lateral roots and increased earlier stage primordia (Lewis et al., 2013).

Auxin is sensed by different components of the auxin nuclear signaling pathway at each 

stage of lateral root organogenesis (Fig 3A). How these molecular modules interact and what 

determines the timing of action is still an open question. Specification is linked to 

degradation of the repressor IAA28 and subsequent activation of its targets ARF7 and 

ARF19 (Rogg et al., 2001; De Rybel et al., 2010). IAA28 degradation triggers induction of 

GATA23 in both the basal meristem and lateral root founder cells, sites of auxin maxima that 

are competent to form lateral roots. Reduction in the expression levels of GATA23 or 

stabilization of IAA28 decreases the number of founder cells with stable auxin maxima, 

suggesting that auxin-induction of GATA23 is necessary for the specification stage of lateral 

root organogenesis. Initiation is regulated by IAA14 degradation and the further activation of 

ARF7 and ARF19. Stabilized iaa14 mutants produce no lateral roots, and few if any cases of 

successful initiation (Fukaki et al., 2002). If the auxin-induced degradation rate of IAA14 is 

slowed, lateral root initiation is also delayed. (Guseman et al., 2015). IAA14 degradation 

leads to induction of a number of LOB DOMAIN CONTAINING (LBD) genes, which are 

required for the polar nuclear migration at the start of initiation (Goh et al., 2012). The 

degradation of IAA12 and activation of ARF5/MP (De Smet et al., 2010), as well as the 

degradation of IAA3 (Goh et al., 2012), further promote lateral initiation and emergence. 

Stabilization of either IAA12 or IAA3 lowers the number of lateral root primordia.
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AUXIN AND INFLORESCENCE ARCHITECTURE

In contrast to lateral root development, specification and initiation of new aerial lateral 

organs such as flowers and leaves happen in rapid succession without significant intervening 

cell elongation. The shoot apical meristem can be divided into three zones: (1) the central 

zone, involved in meristem maintenance and stem cell generation, (2) the rib zone, whose 

cells ultimately become inner stem tissue, and (3) the peripheral zone, in which cells 

differentiate to form new organs such as leaves and flowers (Fig 2C) (Tucker and Laux, 

2007). The patterning of organ emergence around the shoot axis is termed phyllotaxy. 

Arabidopsis inflorescence meristems exhibit spiral phyllotaxy, where floral meristem 

primordia are initiated one at a time with an average angle of 137.5° between each 

primordium. A variety of factors can alter the timing of primordia initiation or the angle of 

divergence between primordia, including meristem size and meristem determinacy (Landrein 

et al., 2015; Bartlett and Thompson, 2014).

As with lateral root formation, auxin transport is required for production of lateral primordia 

at the SAM. The auxin efflux carrier PIN1 was originally identified through its striking 

mutant phenotype: a naked or pin-like inflorescence stem with few if any lateral organs 

(Okada et al., 1991). PIN1 proteins direct auxin flow towards the site of incipient primordia, 

leading to high local concentrations of auxin (Fig 2D). These auxin maxima function as 

auxin sinks, depleting the surrounding cells of auxin. This is thought to create an inhibitory 

field that sets the spacing between successive primordia (Reinhardt et al., 2003). Once a 

primordium has been established, PIN1 polarity within this domain reverses to allow auxin 

to flow away from the distal tip and allow further progression through development (Heisler 

et al., 2005). The precise mechanism that allows this stage-dependent PIN1 localization is an 

area of active investigation. AGCVIII protein kinases D6 PROTEIN KINASE (D6PK) and 

PINOID (PID) are thought to play a role in this process by phosphorylating PINs, localizing 

them to apical membranes and activating PIN-dependent auxin efflux (Barbosa and 

Schwechheimer, 2014). PIN polarity also appears to rely on phosphorylation-independent 

mechanisms that are not yet well understood (Ganguly et al., 2014). Along with transport, 

auxin biosynthesis is important for post-embryonic organ formation. For example, knocking 

down auxin synthesis and transport, as seen in the yuc1yuc4pin1 and 

yuc1yuc2yuc4yuc6aux1 mutants, prevents leaf and flower formation (Cheng et al., 2007).

Similarly to lateral root development, organogenesis in the shoot ultimately requires changes 

in the cell wall of differentiating tissues. As in the root, in the stem, auxin-induced cell wall 

softening via PMEs is necessary for organ outgrowths from the inflorescence meristem 

(Braybrook and Peaucelle, 2013). Blocking pectin de-methyl-esterification prevents the 

formation of lateral organs; plants overexpressing an inducible form of PECTIN 
METHYLESTERASE INHIBITOR 3 have a pin1-like meristem after induction (Peaucelle 

et al., 2008). In addition to localized cell wall softening, auxin is also thought to induce 

cortical microtubule disorganization, leading to isotropic cell walls (Sassi et al., 2014). This 

combination of cell wall remodeling and induced isotropy is predicted to be sufficient for 

organ outgrowth.

Unlike in the root, however, the specific players in nuclear auxin response regulating 

specification, initiation, and outgrowth of SAM primordia have been difficult to identify 
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with forward genetics. This may reflect increased redundancy within the network, less 

quantifiable phenotypes, or the potential requirement for the same players at earlier stages of 

development where viability depends on a functional SAM. Despite this limitation, there are 

strong indications that auxin triggers critical transcriptional events in shoot organ formation 

just as it does in lateral roots. Indeed, a number of the same auxin-regulated genes that 

control lateral root development are important in the SAM (Fig 3B). For example, plants that 

express slower-degrading variants of IAA28 have altered phyllotaxy (Moss et al., 2015). 

ARF7 and ARF19 positively regulate the expression of PLT3, PLT5, and PLT7, genes also 

important for lateral root formation. In plt3plt5plt7 triple mutants, inflorescence phyllotaxy 

is significantly altered, with flowers initiating at a 180° or 90° angle of divergence (Prasad et 

al., 2011). This change in phyllotactic patterning is thought to reflect decreased auxin 

biosynthesis via YUC1 and YUC4 in the shoot meristem (Pinon et al., 2013). plt3plt5plt7 
mutant plants also exhibit lateral root defects, including aberrant spacing and few fully 

emerged primordia (Hofhuis et al., 2013). It is not yet known whether these phenotypes can 

be attributed to altered PIN expression.

A number of genes with specific roles in SAM fate specification have also been connected to 

auxin. For example, SHOOT MERISTEMLESS (STM) is required for maintenance of stem 

cell function (Scofield et al., 2014), and is downregulated at the same time that PIN1 

expression increases in incipient primordia (Heisler et al., 2005). Interestingly, STM 

expression in the meristem is restricted by the LBD proteins JAGGED LATERAL ORGANS 

(JLO) and ASYMMETRIC LEAVES2 (AS2). LBD proteins also play an important role in 

lateral root initiation (Rast and Simon, 2012). Expression of LEAFY (LFY), the master 

regulator of the vegetative-to-floral transition, rises dramatically following the formation of 

the auxin maximum (Heisler et al., 2005; Li et al., 2013). The LFY promoter contains 

several auxin regulatory elements (AuxREs) that are bound by ARF5/MP and IAA12 

(Yamaguchi et al., 2013). ARF5/MP and IAA12 are known to have key roles in 

inflorescence development; plants carrying weak arf5/mp alleles forms pin-like 

inflorescence stems lacking flowers (Przemeck et al., 1996) that cannot be rescued by 

application of exogenous auxin. In addition to ARF5/MP, PLT3 has also been recently 

reported to upregulate LFY in response to auxin (Yamaguchi et al., 2016). As with PIN3 
expression in the root, LFY may be regulated by an auxin-driven feed-forward loop in which 

ARF5/MP activates expression of LFY and PLT3, and PLT3 further promotes LFY 
expression (Yamaguchi et al., 2016). LFY itself may also regulate auxin signaling, as 

overexpression of LFY increases expression of the auxin reporter DR5 while decreasing 

expression of genes required for auxin biosynthesis (Li et al., 2013).

Despite numerous parallels between shoot and root branching, there are many auxin-

regulated pathways involved in lateral root development that do not seem to play a role in 

the shoot. The IAA14-mediated module of lateral root initiation, for example, has no known 

shoot equivalent.

FINE-TUNING THROUGH AUXIN AND CYTOKININ CROSS-REGULATION

Auxin interacts with many signaling pathways, including those of many other hormones. In 

particular, cytokinin is well-known for acting in concert with auxin, and plays a key role in 
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root and shoot meristem maintenance (Gordon et al., 2009; Dello Ioio et al., 2007). The 

cytokinin response inhibitor ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER 
PROTEIN 6 is a well-studied case of such integration. AHP6 regulates organogenesis in 

roots (Moreira et al., 2013) and shoots (Besnard et al., 2014) by fine-tuning the balance 

between auxin and cytokinin activity. AHP6 is activated by auxin, and is directly 

downstream of ARF5/MP. In roots, the inhibition of cytokinin activity by AHP6 is necessary 

for the proper orientation of cell divisions during early stages of lateral root initiation. The 

auxin maxima in lateral root founder cells promote the expression of AHP6 via ARF5/MP, 

which in turn inhibits cytokinin signaling in these cells. Like many determinants of early 

stages of lateral root development, AHP6 is expressed both at the basal meristem and in 

lateral root founder cells in the pericycle file of the primary root, as well as in all cells of 

early stage primordia. PIN1 is mislocalized in ahp6 mutant lateral root primordia, suggesting 

that AHP6 may regulate the orientation of cell divisions in early lateral root stages by 

promoting proper PIN1 localization (Moreira et al., 2013).

In addition to their lateral root defects, ahp6-1 mutants exhibit abnormal phyllotaxy due to a 

change in the time delay between each floral organ initiation (the plastochron) (Besnard et 

al., 2014). Contrary to what was observed in the roots, ahp6-1 was not found to affect PIN1 

expression or localization in the inflorescence meristem. Instead, AHP6 is thought to 

regulate the spatiotemporal pattern of cytokinin signaling by negatively regulating several 

cytokinin response genes in the shoot. This suggests that while auxin is necessary to set up 

phyllotactic patterning, inhibitory fields set up by cytokinin signaling are required to fine-

tune the plastochron itself.

Cytokinins can also more directly regulate PIN gene expression (Simaskova et al., 2015). 

Both PIN1 and PIN7 have PIN CYTOKININ RESPONSE ELEMENTs (PCREs) in their 

promoters. Yeast-one-hybrid and chromatin immunoprecipitation experiments found that 

these PIN1 and PIN7 PCREs can be bound by CYTOKININ RESPONSE FACTORS 

(CRFs). Furthermore, crf2, crf3, and crf3crf6 loss-of-function mutants have significantly 

reduced PIN1 and PIN7 expression and display reduced numbers of lateral roots.

NEW APPROACHES

The large gene families and complex feedback dynamics involved in auxin response 

complicate traditional genetic analysis. New methods in building and analyzing models of 

gene regulatory networks (GRNs) offer a complementary approach. By using a 

transcriptomic time course to reconstruct the GRN of lateral root initiation, Lavenus et al. 

were able to link early genetic players in initiation to later cell fate markers through a 

heavily feedback-regulated genetic cascade (Lavenus et al., 2015). The authors formulated a 

new algorithm to infer GRNs from time courses called time-delay correlation (TDCor), and 

extensively validated their system by identifying known ARF7 targets and their relationships 

in an ARF7-inducible transcriptomic dataset. In their lateral root organogenesis time course, 

the authors found that their GRN was divided into two antagonistic modules, one promoted 

by ARF7 and ARF19 activity and the other by ARF5/MP activity. They further found that 

these modules could be arranged chronologically, with ARF7 and ARF19 promoting early-

acting fate-specification programs and ARF5/MP promoting later cell cycle and division 
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regulators. The linking players between these two modules are the PLT proteins, which, as 

discussed above, are transcription factors that also play a pivotal role in shoot organogenesis 

(Prasad et al., 2011).

This transcriptomic approach provides support for the proposal that different stages of lateral 

root development are regulated by different auxin response modules—auxin-induced 

turnover of IAA28 and IAA14 leads to an early spike in ARF7 and ARF19 activity that is 

followed by later turnover of IAA12 leading to sustained ARF5/MP activation. But by 

mapping out the GRN the authors showed how these modules were interconnected and 

cross-regulated. This sequential action by the ARFs suggest a mechanism by which 

transient, quick pulses of early LR fate specifiers, such as GATA23, can be turned on and 

then quickly repressed when initiation begins. In contrast, auxin response targets essential 

for primordium outgrowth, such as the LBDs and cell expansion regulators, are more slowly 

repressed. Notably, this study found many examples of feed-forward motif in their lateral 

root organogenesis gene network that may, similarly to the ARF7-FLP regulation of PIN3 
(Chen et al., 2015), allow for sustained action of auxin-regulated targets that regulate later 

stages of organogenesis. Feed-forward loops are also overrepresented in the GRN 

surrounding xylem development, suggesting that such gene regulatory motifs may play an 

important role in precisely controlling shifts in cell fate (Taylor-Teeples et al., 2015).

Complementary to GRN analysis, synthetic reconstruction of auxin signaling allows for 

direct functional analysis of isolated auxin response circuits implicated in specific 

developmental responses. Time-lapse flow cytometry of engineered yeast strains expressing 

specific auxin signaling components allows high throughput, quantitative measures of auxin-

induced degradation of Aux/IAAs and activation of downstream transcription (Havens et al., 

2012; Pierre-Jerome et al., 2014). This data facilitates the building of mathematical models 

to describe and analyze circuit dynamics. Functional parameters specific to different 

AFB/IAA and ARF/IAA pairs have been examined systematically and modeled using this 

approach and have successfully predicted in planta behavior. For example, the rate of auxin-

induced degradation was the most sensitive parameter for tuning activation of synthetic 

auxin circuits. Transgenic plants revealed that the timing of lateral root initiation was 

exquisitely sensitive to the turnover rate of IAA14 (Guseman et al., 2015). Many open 

questions in auxin signaling, especially how the different auxin response modules are 

enacted over time, may be amenable to more complex synthetic reconstructions.

Epigenetics likely also contribute to differential auxin responses. A recent screen of 

chromatin modifiers identified two SWI/SNF subgroup ATPases, BRAHMA (BRM) and 

SPLAYED (SYD), as essential for floral meristem initiation (Wu et al., 2015). Co-

immunoprecipitations and yeast-two-hybrid experiments revealed that ARF5/MP interacts 

physically with BRM and SYD, but that this interaction is blocked in the presence of 

Aux/IAA proteins known to associate with ARF5/MP. Based on ChIP assays, BRM and 

SYD were also found to bind the same regulatory regions as ARF5/MP and increase 

accessibility to these targets. The authors conclude that ARF5/MP recruits these SWI/SNF 

factors to increase accessibility of the DNA for induction of key regulators of flower 

primordia initiation. Notably, brm loss-of-function mutants have more lateral roots, but 

reduced expression of PIN and PLT genes (Yang et al., 2015). It will be very exciting to see 
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if these epigenetic mechanisms apply more broadly to other ARFs and other developmental 

contexts.

CONCLUSIONS

One of the most fascinating and frustrating aspect of auxin signaling is how it can direct so 

many developmental processes and yet show striking specificity. The large protein families 

involved in the auxin nuclear response were initially thought to accommodate this paradox—

specific modules of regulators could code for different developmental programs. 

Unfortunately, biochemical studies do not support this model in many cases (Hardtke et al., 

2004; Vernoux et al., 2011). Instead, a more nuanced hypothesis has emerged with recent 

structural papers (Korasick et al., 2014; Nanao et al., 2014; Boer et al., 2014). ARFs, which 

dimerize at both their DNA binding and distal PB1 domains, have the potential to form 

heterodimers, and possibly higher-order structures, with other ARFs and Aux/IAAs. ARF 

interactions with other ARFs and other transcription factors could provide a combinatorial 

code for specific action in different contexts. The regulation of PIN3 by both ARF7 and the 

ARF7-responsive transcription factor FLP in lateral root initiation could be an example of 

such context-specific encoding.

The GRNs shaping root and shoot architecture show remarkable similarities, perhaps 

reflecting a common evolutionary origin. More work in plants from more basal lineages will 

be helpful in determining if this is indeed the case. The liverwort Marchantia polymorpha 
has a simple auxin transcriptional response including one IAA, one AFB, and three ARFs 

(Flores-Sandoval et al., 2015; Kato et al., 2015). This pathway is necessary for the transition 

from gametophyte to sporophyte, as well as for patterning of gemma cups, gemmae, and 

rhizoids. The authors posit that auxin acts as a facilitator rather than a determiner of cell fate, 

a signal that can be co-opted by various developmental pathways to regulate their 

progression and patterning. It is possible that auxin-directed mechanisms that pattern aerial 

tissues could have later been reused for patterning the root as well. As plants invaded new 

niches during evolution, the modularity of the core auxin circuit and the regulation of auxin 

by transport, feedback, and other developmental pathways may have provided a means to 

rapidly elaborate more complex organs with greater environmental adaptability. Comparative 

approaches, across organs and organisms, will help elucidate the key themes that allow 

auxin signaling to function in natural contexts and point to attractive targets for plant 

engineering in the future.
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Highlights

• Auxin plays a critical role in shaping plant architecture.

• Similar auxin-driven gene modules impact development in shoots and 

roots.

• New approaches elucidate how auxin GRNs translate into 

developmental outcomes.
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Figure 1. 
The auxin signaling pathway. (a) In low auxin conditions, the activity of AUXIN 

RESPONSE FACTOR (ARF) transcription factors is inhibited by interactions with Auxin/

INDOLE-3-ACETIC ACID (Aux/IAAs) repressor proteins and the co-repressor TOPLESS 

(TPL). (b) Auxin acts a molecular glue between TRANSPORT INHIBITOR RESPONSE1/

AUXIN SIGNALING F-BOX PROTEINS (TIR1/AFBs) and Aux/IAAs, leading to 

ubiquitination and proteasome-mediated degradation of the Aux/IAAs. This relieves 

repression on the ARFs, allowing auxin-induced transcription to proceed. This simplified 

schematic incorporates the essential players and logic of auxin response, but does not 

include the higher order complexes resulting from homo- and heterotypic interactions 

among many of these components.
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Figure 2. 
Auxin flow in the root and shoot. (a-d) Auxin maxima are shown in bright green. (a) 

Transverse section of the Arabidopsis root, with different cell types indicated. (b) Diagram 

indicating the flow of auxin in the primary root and the PINs primarily responsible for this 

movement. The meristematic zone and elongation zone of the root are divided by dashed 

lines. (c) The shoot apical meristem. Auxin transported by PIN1 generates maxima 

triggering the formation of primordia. CZ: central zone, RM: rib meristem, PZ: peripheral 

zone. (d) Top-down view of an Arabidopsis inflorescence meristem, showing the sites of 

developing primordia (P). PIN1 is localized towards the site of incipient primordia (P0), 

leading to high local concentrations of auxin.
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Figure 3. 
Network of auxin-regulated genes involved in lateral organ development. (a,b) Auxin 

maxima are shown in bright green. (a) Network of auxin-regulated genes in lateral root 

development. The root is divided into three developmental stages going from left (tipwards) 

to right (shootwards). The corresponding root developmental zones are indicated in 

parentheses. Pictographic representations of each stage are included: an oscillatory auxin 

pulse during specification, two neighboring pericycle cell nuclei migrating towards each 

other at initiation, and an emerging and emerged lateral root. The position of the root cap is 

shown in blue. (b) Network of auxin-regulated genes in phyllotaxy. The shoot apical 

meristem is shown in two-dimensions; the auxin maxima is on the meristem periphery, 

extending outwards towards the viewer. Barred lines indicate repressive interactions, while 

arrows represent positive or activating interactions. Indirect regulation is shown with dashed 

lines, and questions marks are included where interactions have not been validated 

experimentally. CK: cytokinin.
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