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Short Title: Auxin signalling in the shoot apical meristem 
 
Abstract 
 

Plants, in contrast to animals, are unique in their capacity to post-embryonically develop new 
organs due to the activity of stem cell populations, located in specialized tissues called meristems. 
Above ground, the shoot apical meristem generates aerial organs and tissues throughout plant life. It 
is well established that auxin plays a central role in the functioning of the shoot apical meristem. Auxin 
distribution in the meristem is not uniform and depends on the interplay between biosynthesis, 
transport, and degradation. Auxin maxima and minima are created, and result in transcriptional 
outputs that drive the development of new organs and contribute to meristem maintenance. To 
uncover and understand complex signalling networks such as the one regulating auxin responses in 
the shoot apical meristem remains a challenge. Here, we will discuss our current understanding and 
point to important research directions for the future. 
 
1. Introduction  
 

The establishment and maintenance of precise developmental patterns to construct a body 

architecture is a common characteristic of all multicellular living organisms. Understanding the spatio-

temporal regulation of patterning is central to the comprehension of development processes. A 

unique characteristic of plants is their ability to continuously create structures post-embryonically. 

The dynamic building of the architecture of the aerial part of the plant is controlled in the shoot apical 

meristem and regulated by a combination of both developmental and environmental factors. The 

shoot apical meristem is a highly organized structure containing a central zone, where the stem cells 

are located (Fig. 1). Below the central zone, the organizing centre produces signals to regulate stem 

cells and is itself regulated by signals originating from the central zone as we will see below. New 

organs including leaves and flowers are initiated in the organogenic peripheral zone that surrounds 

the central zone. 

Among the factors controlling shoot apical meristem function, phytohormones play a key role 

and compelling evidence show that auxin is one of the main regulators of both stem cell activity and 

organogenesis. Several recent reviews have discussed how auxin transport generates dynamic auxin 

distribution in the shoot apical meristem and the central role of polar auxin transport and auxin 

carriers in this regulation (Galvan-Ampudia et al. 2016; Kuhlemeier 2017; Bhatia and Heisler 2018; Shi 



and Vernoux 2019), and we will not cover those aspects here. We will focus on auxin signalling and on 

how it participates to regulate the function of the shoot apical meristem. In this introduction, we will 

first briefly review the different mechanisms mediating the perception and transduction of the auxin 

signal in plant cells. 

Auxin acts through different signalling pathways, known as the canonical and non-canonical 

pathways. The canonical pathway also called the nuclear auxin pathway (NAP) involves three families 

of proteins (the numbers of members are given for Arabidopsis): 6 TRANSPORT INHIBITOR RESPONSE1 

(TIR1)/AUXIN SIGNALING F-BOX (AFB) F-box proteins acting as auxin co-receptors, 29 AUXIN/INDOLE 

3-ACETIC ACID INDUCIBLE (Aux/IAA) repressor proteins and 23 AUXIN RESPONSE FACTOR (ARF) 

transcription factors. ARFs can be divided into three classes, A, B and C, based on their evolutionary 

origin (Mutte et al. 2018; Finet et al. 2013). Class A ARFs are described to have a transcriptional 

activation activity and classes B and C as repressors (reviewed in Israeli et al. 2020). Individual class B 

ARFs likely compete with class A ARFs by binding to the same DNA sites (Boer et al. 2014; Kato et al. 

2020). In the NAP, the presence of auxin is perceived by TIR1/AFB and triggers changes in the 

expression of target genes, which then induce tissue-specific biological responses. When auxin is low 

or absent, Aux/IAAs interact with ARF transcription factors through the shared PB1 domain and 

repress gene transcription and auxin responses. Auxin binding to TIR1/AFB co-receptors induces the 

proteasome-dependent degradation of Aux/IAA proteins by targeting them for ubiquitination, thus 

releasing the repression on ARFs and allowing transcriptional auxin responses. Several Aux/IAAs are 

themselves ARF targets thus establishing a negative feedback loop (reviewed in Gallei et al. 2020; and 

in this issue). 

Differential expression of regulators of the NAP, as can be seen with the variety of expression 

patterns of particular ARFs in the shoot apical meristem of Arabidopsis (Vernoux et al. 2011; Truskina 

et al. 2020; Fig. 2) suggests different possible regulatory outputs arising from the auxin signalling 

cascade and an implication in all aspects of shoot apical meristem function. Many auxin targets, 

regulated by ARFs, and involved in shoot apical meristem maintenance and activity have been 

identified notably in Arabidopsis, especially targets regulated by ARF5/MONOPTEROS (ARF5/MP; 

Hardtke and Berleth 1998): ARF5 itself (Lau et al. 2011), TARGET OF MONOPTEROSs (TMOs; Schlereth 

et al. 2010), ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6; Besnard et al. 2014), 

LEAFY (LFY; Blázquez et al. 1997; Yamaguchi et al. 2013), AINTEGUMENTA (ANT; Yamaguchi et al. 

2013), ANT-LIKE6/PLETHORA3 (AIL6/PLT3; Yamaguchi et al. 2013), ARABIDOPSIS RESPONSE 

REGULATOR 7 and ARR15 (Zhao et al. 2010), and DORNRÖSCHEN/ENHANCER OF SHOOT 

REGENERATION (DRN/ESR1; Cole et al. 2009). We will discuss in this review the role of individual ARFs 

and their targets in the shoot apical meristem. 



There are currently two non-canonical auxin pathways that have been identified. The first 

non-canonical auxin response pathway involves the receptor-like kinase TRANSMEMBRANE KINASE 1 

(TMK1; Dai et al. 2013). TMK1 interacts with AUXIN BINDING PROTEIN 1 (ABP1) and activates Rho-like 

guanosine triphosphatases (GTPase) from plants (ROP2/ROP6). The interaction between TMK1 and 

ABP1 was shown to occur in an auxin-dependent manner (Xu et al. 2014). Moreover, after auxin 

sensing, TMK1 phosphorylates and stabilizes IAA32 and IAA34 thus regulating ARF transcription 

factors (Cao et al. 2019). The role for ABP1 in this auxin signalling cascade is largely debated due to 

the absence of clear phenotypes in loss-of-function mutants (Gao et al. 2015; Gelová et al. 2021). An 

alternative non-canonical auxin pathway has been proposed and involves auxin binding to the atypical 

ARF3/ETTIN(ETT), resulting in modulation of chromatin and interaction with other transcriptional 

regulators (Simonini et al. 2016). Direct auxin binding to ARF3 leads to dissociation from co-repressors 

of the TOPLESS/TOPLESS-RELATED family followed by histone acetylation and induction of gene 

expression, and enables switching between repressive and de-repressive chromatin states in a 

reversible manner (Kuhn et al. 2020). 

In the next two sections, we will discuss how the canonical and non-canonical auxin signalling 

pathways act in the meristem to highlight the crucial role for auxin signalling not only in the dynamic 

initiation of organs but also in the maintenance of the shoot apical meristem. 

 

2. Auxin signalling in the central zone: a function in stem cell maintenance 

 

Shoot apical meristem maintenance depends on the coordinated action of signals in the 

central zone and the organizing centre, as well as on interactions with the peripheral zone. In 

Arabidopsis, the localization of the stem cell niche is primarily controlled by expression of the 

homeodomain transcription factor WUSCHEL (WUS) in the organizing centre (Mayer et al. 1998; 

Schoof et al. 2000). WUS function is essential for proper shoot apical meristem development as wus 

mutants fail to organize a shoot apical meristem in the embryo. Post-embryonically, an aberrant 

flattened shoot apical meristem is initiated and terminated prematurely (Laux et al. 1996). When 

produced, WUS protein migrates from the organizing centre upward into the central zone and 

activates the synthesis of the secreted peptide CLAVATA3 (CLV3; Fletcher et al. 1999; Yadav et al. 

2011). CLV3 in turn negatively regulates WUS expression via the CLV1 receptor which delimits WUS 

expression to the organizing centre (Yadav et al. 2011; Knauer et al. 2013; Daum et al. 2014). Thus, 

the WUS–CLV negative feedback loop serves as a self-controlling mechanism that maintains a stem 

cell niche of constant size (Brand 2000; Schoof et al. 2000; Somssich et al. 2016; Soyars et al. 2016). In 

addition, a plethora of other genes have been identified that are involved in stem cell maintenance 



alongside the WUS-CLV loop, likely contributing to provide the robust control mechanism that 

regulates the activity of the stem cell niche (reviewed in e.g. Kitagawa and Jackson 2019; Lee et al. 

2019; Han et al. 2020; Jha et al. 2020). 

The function of WUS in shoot apical meristem maintenance is intricately linked with cytokinin 

signalling. WUS represses the transcription of two ARR type-A genes, ARR7 and ARR15 (Leibfried et al. 

2005; Zhao et al. 2010) which encode negative regulators of the cytokinin signalling pathway. WUS 

thus provides a positive input for cytokinin signalling in the centre of the shoot apical meristem. 

Further, the cytokinin signalling pathway increases WUS levels and regulates the stem cell niche 

(Gordon et al. 2009). Moreover, WUS is stabilized by the transcription factor ARR1, a type-B response 

regulator that is part of the cytokinin pathway (Snipes et al. 2018), thus creating a positive feedback 

between WUS and cytokinins. Cytokinins produced in the L1 layer (epidermis) by the cytokinin 

biosynthetic enzyme LONELY GUY 4 (LOG4), along with CLV signalling, can act as positional cues for 

patterning the WUS domain within the stem cell niche (Chickarmane et al. 2012). These regulations 

are likely conserved in other plants, although with variations. For example in maize, a mutation in 

ZmLOG7 causes meristem termination (Knauer et al. 2019) which is not the case in Arabidopsis where 

mutations in single LOG genes result in either a minor or no phenotype (Kuroha et al. 2009). Also, 

ZmWUS1 expression is not conserved within the vegetative shoot apical meristem (Nardmann and 

Werr 2006). The maize CLV1 ortholog, thick tassel dwarf1, is expressed in leaf primordia (Nardmann 

and Werr 2007). Moreover, it is ZmFCP1 and not the CLV3 ortholog that specifically signifies the shoot 

apical meristem in the corresponding organizing centre region (Knauer et al. 2019). This indicates a 

conservation of the WUS-CLV signalling logic but also the existence of diversifications of the 

components of the circuit (Rodriguez-Leal et al. 2019; Kellogg 2019).  

In maize, KNOTTED1 (KN1, Vollbrecht et al. 1991) acts as a master regulator of meristem 

activity in the shoot apical meristem. Consistent with that, KN1 binds a substantial number of 

transcription factors acting in meristematic tissues. Moreover, genes acting in auxin signalling are 

overrepresented among KN1 targets (Bolduc et al. 2012; Knauer et al. 2019), providing a functional 

link between meristematic activity and the regulation of auxin signalling. More information on the 

function of auxin in meristem maintenance has come from extensive studies in Arabidopsis. Among 

the effectors involved in auxin signalling in Arabidopsis, 9 ARFs and 8 Aux/IAAs are expressed at 

relatively higher levels at the periphery and at comparatively lower levels in the centre of the 

meristem (Vernoux et al. 2011; Truskina et al. 2020). The 9 ARFs comprise four class A ARFs but also 

class B ARFs, indicating that ARFs acting as activators as well as repressors of auxin signalling show 

significant co-expression in the shoot apical meristem. ARF and Aux/IAA genes are expressed at low 

levels in the central zone and at relatively higher levels in the peripheral zone. Predictive mathematical 



modelling arising from a large-scale analysis of AUX/IAA-ARF interaction networks could correctly 

predict that the variation in expression levels between ARF activators and repressors results in 

different sensitivity to auxin between the central zone (low sensitivity) and the peripheral zone (high 

sensitivity). Furthermore, the relative expression ratios of ARF activators and repressors can buffer 

against input fluctuations, thus maintaining a stable regulatory response (Vernoux et al. 2011).  

In a recent study, the auxin signalling input sensor R2D2, and the output signalling reporter 

DR5v2 (Liao et al. 2015) confirmed previous findings and identified WUS as a key regulator of the 

reduced sensitivity of the central zone cells to auxin (Ma et al. 2019). The auxin signalling minimum in 

the meristem centre depends on stem cell fate. WUS binds to the promoter region of target genes 

and activates or represses their expression (Busch et al. 2010; Yadav et al. 2013). However, Ma et al. 

(2019) reported that WUS acts by triggering histone acetylation at target loci, including regulators of 

the NAP, e.g. TIR1, ARF5, IAA9, but also a large number of genes acting downstream of auxin (Ma et 

al. 2019). Histone acetylation is thought to lead to repression of gene expression, suggesting that auxin 

signalling and response capacity are rheostatically controlled by WUS, restricting auxin signalling to 

the stem cell population, while at the same time allowing instructive low levels of signalling output. 

Simultaneously, low levels of auxin signalling are required for stem cell maintenance (Ma et al. 2019). 

A yeast one-hybrid screen recently identified a network of transcription factors regulating the 

expression of Arabidopsis class A ARFs (Truskina et al. 2020). This work identified WUS as part of this 

network and further demonstrated that a vast majority of class A ARF regulators are transcriptional 

repressors. A mutation in one of these transcriptional repressors, WRKY38, leads to increased ARF7 

expression in the centre of the shoot apical meristem (Truskina et al. 2020). While a more global 

analysis of the function of these genes in the shoot apical meristem is required, this suggests that 

lower ARFs expression (and thus auxin sensitivity) in the central zone implicates transcriptional 

repressors acting in combination with WUS in regulating ARFs. This complex regulation of signalling 

output of auxin together with the regulation of cytokinin signalling results in the maintenance of a 

constant population of stem cells in the central zone, allowing for continuous replenishment of the 

peripheral zone. Recent evidence suggests that the regulation of stem cell activity by auxin might be 

an ancestral mechanism. Indeed, in moss, stem cell activity depends on the inability of stem cells to 

sense the auxin they produce while stem cell progeny responds to auxin (Landberg et al. 2021). Thus, 

a low level of auxin signalling appears to be required for the maintenance of shoot stem cells and 

suggests a requirement for certain ARFs to drive this process. 

Expression patterns revealed by in situ hybridization or GFP fusion of single Arabidopsis ARFs 

pinpointed several candidates that might have a regulatory function in the central zone (Fig. 3A). ARF2, 

a possible repressor of auxin signalling, seems to be expressed throughout the shoot apical meristem, 



and seems to be one of the few ARFs present in the central zone (Vernoux et al. 2011; Fig. 2). arf2 

mutants display a severe shoot phenotype with late flowering and a very long, thick, and wavy 

inflorescence stem suggesting impaired timing of the vegetative-to-generative switch and growth 

determination. High numbers of undeveloped or retarded siliques point to pleiotropic defects in shoot 

apical meristem regulation (Okushima et al. 2005a). Weak homogenous expression in the shoot apical 

meristem was also detected for ARF9 and ARF10 (Vernoux et al. 2011) but their possible function in 

the central zone is still unknown. In the inner core of the meristem, in the organizing centre, ARF4 

(Vernoux et al. 2011) as well as ARF7 and ARF19 (Truskina et al. 2020) are expressed at relatively high 

levels. Mature arf7 mutant plants (nph4-1, arf7-1, and msg1-2/nph4-102) do not show any prominent 

developmental defects connected with the shoot apical meristem, except for slightly shorter 

inflorescence stems compared to wild-type plants. Finally, arf19 mutants are identical to wild type, 

while an ARF19 overexpressor has severely impaired shoot development as well as apical dominance 

(Okushima et al. 2005b). So far, evidence for a role for ARFs in meristem maintenance in other species 

than Arabidopsis is missing (Matthes et al. 2019). Whether specific ARFs are regulating shoot apical 

meristem maintenance and stem cell niche activity is thus still largely unknown, which calls for further 

investigation. 

 

3. Initiation and outgrowth of primordia in peripheral zone (phyllotaxis) – “ARF5 rules them all” 

 

Lateral organ primordia are initiated in the peripheral zone, following a regular spatio-

temporal pattern called phyllotaxis. The most widely accepted model for phyllotaxis proposes that the 

spatio-temporal patterns of organ initiation emerge from a self-organizing process that involves 

morphogen-based inhibitory fields generated by pre-existing organ primordia (Mitchison 1977; 

Douady and Couder 1992). While inhibitory fields block organ initiation in the vicinity of existing 

organs, new primordia are initiated in the position where the sum of inhibitory effects is the lowest 

outside of the centre of the shoot apical meristem, where initiation is also inhibited. The spatio-

temporal patterns of organ initiation then emerge thanks to these inhibitory fields as a result of 

growth. Over the last two decades, auxin has been demonstrated to be the central regulator of 

phyllotaxis (reviewed in Shi and Vernoux 2019; Godin et al. 2020; Véron et al. 2020). Local auxin 

maxima trigger organ formation while auxin depletion around organs generates inhibitory fields. Auxin 

spatio-temporal distribution is generated by PIN1-dependent auxin transport in cooperation with 

auxin influx and efflux carriers and local auxin biosynthesis (Reinhardt et al. 2003; Benková et al. 2003; 

Heisler et al. 2005; Jonsson et al. 2006; Smith et al. 2006; Stoma et al. 2008; Bainbridge et al. 2008; 

Vernoux et al. 2011; Bhatia et al. 2016; Galvan-Ampudia et al. 2020).  



 As discussed previously, the role of the NAP (and also of the ARF3-mediated non-canonical 

pathway) in organ initiation is highlighted by the expression of ARF transcription factors and Aux/IAAs. 

In Arabidopsis, ARF1, 2, 5, 7, 8, 18 and IAA12, 13, 18, 27 are expressed homogeneously throughout 

the periphery of the shoot apical meristem and ARF3, 4, 6 and IAA8, 9 show a stronger expression in 

organ primordia (Vernoux et al. 2011; Truskina et al. 2020; Fig. 3). This suggests the involvement of a 

large network of ARFs and Aux/IAAs in controlling sensitivity to auxin in the peripheral zone. Amongst 

these, the class A ARF5/MP - an activator of transcription, seems to work as a central regulator. The 

ARF5 mutant mp exhibits a pin-like phenotype (Przemeck et al. 1996) – a naked inflorescence stem 

without lateral organs, similarly to the auxin transport mutant pin1 (Galweiler et al. 1998), even 

though leaves are still formed in both. But unlike the pin1 mutant, exogenous auxin application does 

not rescue the defect in flower primordia initiation of the arf5 mutant (Hardtke and Berleth 1998; 

Reinhardt et al. 2003; Zhao et al. 2010) demonstrating a critical role for auxin signalling in organ 

initiation in the inflorescence meristem. In the shoot apical meristem, ARF5 not only mediates gene 

activation in response to auxin as we will see below, but its activity is also determinant for regulating 

the dynamics of auxin distribution (Bhatia et al. 2016). ARF5 expression is required for regulating 

polarization of PIN1, with cell polarity patterns following ARF5 expression, which in turn follows auxin 

distribution. In the epidermal layer as well as in sub-epidermal tissues, high levels of ARF5-mediated 

auxin signalling are sufficient to instruct PIN1 polarity directions non-cell autonomously. ARF5 in the 

shoot apical meristem has been shown to impact a chromatin-state switch by promoting histone 

acetylation (Wu et al. 2015). In the presence of auxin, ARF5 recruits SWI/SNF chromatin-remodelling 

ATPases and increases DNA accessibility through the regulation of histone acetylation in regions of 

chromatin that contain genes involved in flower formation, thus driving the flower primordium fate 

at the periphery of the shoot apical meristem. In the absence of auxin, Aux/IAA proteins bind to ARF5 

preventing recruitment of SWI/SNF, in addition to recruiting a co-repressor/histone deacetylase 

complex (Wu et al. 2015; Long 2006). This auxin-mediated chromatin state switch is key for iterative 

primordia initiation in the shoot apical meristem and could coordinate additional auxin-regulated cell 

fate transitions. Interestingly, the promotion of histone acetylation by ARF5 suggests that ARF5 might 

be able to counteract the histone de-acetylation promoted by WUS, thus providing a possible 

mechanism by which auxin could contribute to the transition of stem cells to the peripheral zone. 

Although playing a dominant role, ARF5 regulates organ initiation in the shoot apical meristem 

together with ARF3 and ARF4. A recent work demonstrates that these ARFs stimulate flower initiation 

by histone-deacetylation mediated transcriptional silencing of the SHOOTMERISTEMLESS gene (Chung 

et al. 2019), a key meristem identity gene and the ortholog of maize KN1, Oryza sativa homeobox15 

(OSH15) or Tomato Kn2 (TKn2)/LeT6 (Hay and Tsiantis 2010). The arf3/ett loss-of function mutant 



displays perturbations in phyllotaxis indicating that this non-canonical pathway is required for stable 

spatio-temporal patterns of organogenesis (Simonini et al. 2017; Galvan-Ampudia et al. 2020). A 

recent live imaging analysis has also provided important new insights on the properties of the NAP 

and of the ARF3-mediated non-canonical pathway in the shoot apical meristem. By comparing the 

dynamics of auxin accumulation and of transcription activation by auxin and exogenous auxin 

treatments, the authors could demonstrate that the NAP has time-integration properties, allowing to 

“count” cell exposure to auxin in order to trigger organ initiation (Galvan-Ampudia et al. 2020). The 

molecular mechanisms involved are still to be identified but ARF3 was shown to be involved, as the 

arf3 mutant loses the capacity to integrate the auxin signal. The temporal integration capacity could 

then rely on perception of auxin by ARF3 but possibly also by the NAP. Whether the ARF3-dependent 

non-canonical pathway is functionally conserved in species other than Arabidopsis is unknown 

(Matthes et al. 2019). Among the other ARFs, ARF6 and ARF8 mutants showed no other shoot 

phenotype except one in flower maturation (Nagpal 2005) although aerial tissues are dwarfed in the 

arf6 arf8 double mutant (Okushima et al. 2005b). Apart from ARF5, information about other ARFs and 

their function in organ initiation at the shoot apical meristem is fragmented and detailed genetic 

studies (on appropriate multiple mutants) are needed (Ori 2019). 

 In addition to ARFs, a role for several Aux/IAAs in the shoot apical meristem was uncovered in 

maize. BARREN INFLORESCENCE1 (BIF1/IAA27) and BARREN INFLORESCENCE4 (BIF4/IAA20) regulate 

the early steps required for inflorescence formation, particularly proper formation of new axillary 

meristems. The corresponding gain-of-function mutants produce fewer spikelets and flowers or even 

naked ears without any grains. These phenotypes are the result of defects in primordia initiation at 

the peripheral zone of the inflorescence meristem (Galli et al. 2015). 

In Arabidopsis, a significant number of genes regulated by ARF5 have been identified, and 

some of them are crucial players in organ initiation and development (Fig. 3). The transcription factor 

LFY acts as a master co-ordinator of the floral network (Moyroud et al. 2010; Siriwardana and Lamb 

2012), and is activated by auxin directly via ARF5 (Blázquez and Weigel 2000; Vernoux et al. 2000; Li 

et al. 2013; Yamaguchi et al. 2013). LFY specifies the floral fate of meristems and its loss-of-function 

mutation causes partial transformation of flowers into inflorescence shoots in Arabidopsis. Whereas 

auxin regulates LFY expression by directly binding to the ARF5 promoter region (Yamaguchi et al. 

2013), LFY feeds back to the auxin pathway by modulating auxin transport, signalling or biosynthesis. 

LFY targets a key regulator of auxin transport, PINOID (PID; Friml et al. 2004) as seen in the pid mutant 

that produces a naked inflorescence like arf5/mp or pin1 (Yamaguchi et al. 2013). Moreover, LFY 

positively regulates auxin signalling by affecting IAA1, IAA17, and IAA29 expression and suppressing 

several auxin biosynthetic genes (Li et al. 2013). Therefore, floral meristem formation is under the 



feedback control of both auxin and the master transcription factor LFY. In addition to LFY, two other 

transcription factors play important roles in mediating auxin responses during floral meristem 

specification. ANT and AIL6/PLT3 are also direct targets of ARF5 (Yamaguchi et al. 2013), and they 

further activate LFY expression (Yamaguchi et al. 2016). Taken together, auxin (mainly through ARF5) 

activates LFY and other key regulators to define primordium founder cells. Last but not least, ARF5 

regulates its own expression by binding to its promoter region (Lau et al. 2011) which could potentiate 

its activation during organ initiation (Bhatia et al. 2016). In addition, ARF5 also directly represses the 

transcription of DRN/ESR1 in the shoot apical meristem, and DRN is involved in the activation of CLV3 

in the stem cells (Luo et al. 2018). It seems that ARF5 restricts DRN expression in the meristem centre 

thus aiding CLV3 activation. Although the drn mutant shows no obvious phenotype in shoot apical 

meristem development, overexpression of DRN results in specific defects in meristem maintenance 

and lateral organ formation (Kirch et al. 2003) and enhances shoot regeneration efficiency in tissue 

cultures (Banno et al. 2001). 

Interaction of auxin with cytokinin was shown to be crucial for organ initiation in the 

peripheral zone as well. The cytokinin signalling inhibitor AHP6 as a direct target of ARF5 was shown 

to regulate the timing of organ initiation (Besnard et al. 2014). During flower initiation, AHP6 is a direct 

target of ARF5 and is activated one plastochrone (the time difference between two successive organ 

initiation, which is close to 12h in Arabidopsis: Besnard et al. 2014) after the induction of the auxin 

responsive reporter DR5. Sharp gradients of AHP6 centred on primordia and extending beyond its 

boundaries indicate that this protein creates fields around organs thus making additional, secondary 

inhibitory fields. Other than AHP6, ARF5 transcriptionally represses ARR7 and ARR15 (both negative 

regulators of cytokinin response) in the peripheral zone (Zhao et al. 2010). As ARR7 and ARR15 

negatively regulate shoot apical meristem size, auxin signalling could thus promote shoot apical 

meristem activity. This demonstrates cooperation between both hormones in organ initiation and that 

cytokinin signalling acts in parallel or downstream of auxin to regulate new meristem initiation in the 

shoot. 

 

4. Conclusion and perspectives 

Insights about shoot apical meristem maintenance and patterning have increased at a steady 

pace over the last two decades. Although the role of auxin transport in the shoot apical meristem has 

been studied in great detail using mutants in auxin influx and efflux transporters (reviewed in Bhatia 

and Heisler 2018), data regarding auxin action via transcriptional regulation (activation or repression) 

still remains fragmented, both in the central zone and in organ initiation. Moreover, the role for the 

noncanonical auxin pathway involving TMK1 in the shoot apical meristem remains unclear, as well as 



the function of ABP1 in auxin signalling. A recent paper uncovered a negative role for ABP1 in the 

initiation of leaf primordia using an ABP1 overexpressor line that was observed to produce a smaller 

number of rosette leaves (Gelová et al. 2021). While this raises the possibility that an ABP1-dependent 

mechanism acts in organ initiation in the shoot apical meristem, the absence of phenotypes in aerial 

organ initiation in abp1 mutants does not allow to conclude at the moment. Large scale gene-

functional studies will likely be critical for shedding light on the role of the effectors of auxin signalling 

in the shoot apical meristem, allowing to decipher the role of individual transcriptional regulators (or 

groups of them) in response to auxin signalling. As functional redundancy between closely related 

genes complicates genetic studies of single members, the availability of CRISPR/Cas9 gene-editing 

tools should help generate higher order mutants and overcome this redundancy limitation or 

alternatively gain-of-function lines could be employed (Ori 2019; Israeli et al. 2020). 

We foresee that quantitative imaging will be key to advancing our knowledge on auxin 

signalling function in the shoot apical meristem. More sensitive auxin signalling reporters could 

certainly help analyse auxin-dependent transcription and understanding the role of the low auxin 

signalling activity in the central zone and the organizing centre of the shoot apical meristem. More 

generally, reporters and sensors with higher sensitivity (e.g. FRET-based biosensors for detecting auxin 

with subcellular resolution: Herud-Sikimic et al. 2020), together with microscopes equipped with the 

latest-generation highly sensitive detectors, will be important to visualise and analyse auxin 

distribution and signalling activity in the internal layers of the shoot apical meristem. Most imaging 

studies we have discussed in this review focus on the epidermal layer, leaving many questions open 

on how auxin signalling contribute to shoot apical meristem activity in the rest of the meristem. 

Obtaining quantitative data on auxin distribution and auxin signalling activity in 3D over time in the 

entire shoot apical meristem will certainly be key to understanding how the auxin signal is processed 

and how it is translated into specific cellular responses such as fate changes, cell expansion or cell 

division and ultimately in morphogenesis. A recent study demonstrated that cells integrate the auxin 

signal over time to trigger organ initiation in the shoot apical meristem, providing a striking example 

of how such approaches can expand our knowledge on the role of auxin signalling in the shoot apical 

meristem (Galvan-Ampudia et al. 2020).  

Future approaches will also need to link genome-scale transcriptional changes to the activity 

of the auxin signalling pathways. Recent works have begun to use mathematical approaches to 

integrate large-scale data sets in predictive models (reviewed in Mjolsness 2019). Such a cell-based 

model of the Arabidopsis shoot apical meristem was recently developed (Banwarth-Kuhn et al. 2019). 

The model incorporates individual cell behaviours such as cell–cell interactions, anisotropy in cell 

growth, cell division, differentiation, and biochemical signalling events to quantify the impact of 



individual cell processes on overall tissue shape, size, and function. Such approaches are flexible 

enough to model diverse biological processes such as intercellular chemical kinetics, intercellular 

signalling, cell differentiation, and motion of cells. More importantly, they can be used to perform 

simulations that can capture the underlying properties of the real biological system and help pinpoint 

other candidates as shoot apical meristem regulators mediating auxin signalling activity. 

Finally, expanding the analysis of the role of auxin signalling in the shoot apical meristem to 

non-model plant meristems that develop different shoot architecture (Wang et al. 2018a, 2018b; 

Kitagawa and Jackson 2019) – as for example maize given the extensive amount of genetic and 

expression data available or tomato (Knauer et al. 2019; Matthes et al. 2019) will undoubtedly provide 

valuable complementary information as highlighted in this review for maize Aux/IAA mutants (Galli et 

al. 2015). It will also allow the identification of conserved function(s) for auxin signalling in shoot apical 

meristem function.  
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FIGURE LEGENDS 
 
Figure 1. Shoot apical meristem structure in Arabidopsis. 
 
Figure 2. ARFs are differentially expressed in the shoot apical meristem of Arabidopsis. proARF2, 
proARF3, proARF5 (Rademacher et al. 2011) and DR5rev (Wabnik et al. 2013) (from the left to the 
right) reporters illustrate possible combinatorial actions of ARFs in the regulation of auxin 
transcriptional response, which might lead to different responses in the shoot apical meristem. Note 
that the expression of the synthetic auxin responsive promoter DR5rev (last image on the right) does 
not fully reflect the expression of ARFs. 
 
Figure 3. (A) ARFs and IAAs expression overview and (B) ARF-dependent regulatory network in the 
shoot apical meristem of Arabidopsis. 
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