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1 Introduction 

Plants as sessile organisms have to continuously develop new organs throughout their 

lifespan, passing from vegetative to reproductive phase. The formation of new organs 

originates in small pluripotent cell populations called meristems. During the 

embryogenesis two apical meristems are established: shoot apical meristem and root 

apical meristem. From the shoot apical meristem emerge all the above groud organs. 

During the vegetative phase new lateral meristems are established from which branching 

and later in reproductive phase, floral development occurs. 

 The meristematic cell fate is affected by numerous genes. However major role in 

meristem development play WUSCHEL (WUS), CLAVATA (CLV) and SHOOT 

MERISTEMLESS (STM). The formation of lateral organs is though affected also by genes 

of HD-ZIP III family. The HD-ZIP III members interact with AP2-type transcription 

factors ESR1 and ESR2. 

 In this work we focus on the development of the shoot apical meristem and key 

players in this process. We studied the genetic interactions of WUS, HD-ZIP III members 

and ESRs in lateral organ formation. 
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2 CURRENT STATE OF THE TOPIC 

2.1 Arabidopsis thaliana (Mouse-ear cress) 

Arabidopsis thaliana is a small dicotyledonous plant from Brassicaceae family that could 

be found in Asia, Europe and North America with the Columbia and Landsberg ecotypes 

accepted as standard for studies. The whole life cycle of the plant from the seed 

germination to the maturation of the first seeds takes six weeks. The plant usually 

undergoes self-pollination, but the flowers can be crossed by application of pollen to the 

surface of the stigma. Mature plant can then produce more than 5000 seeds which 

maturate in so called siliques (Meinke et al., 1998). 

The genome of Arabidopsis consists of five chromosomes with over 25 000 genes. 

The whole genome size is 125 Mb (The Arabidopsis Genome Initiative, 2000). With the 

use of Agrobacterium tumefaciens mediated transformation transfer-DNA (T-DNA) 

insertion mutants were prepared for most of the genes (O’Malley et al., 2015). With the 

expansion of informative technologies online databases emerged. These tools enable us 

to access the data and the material (Holland and Jez, 2018). 

2.2 Shoot apical meristem 

During embryogenesis takes place the formation of the root apical meristem 

(RAM) and the shoot apical meristem (SAM), which are small populations of pluripotent 

stem cells. The SAM is located at the tip of shoot and gives rise to the whole aerial part 

of the plant (flowers, leaves, stems and gametes) whilst keeping a reservoir of stem cells 

for further growth (Bowman and Eshed, 2000). The SAM is derived from epidermal and 

hypodermal layers of cells in upper hemisphere of globular stage embryo. Cells in the 

hypodermal layer divide periclinally, resulting in formation of three-layered upper 

hemisphere at late globular to torpedo stage. In the torpedo stage the SAM emerges from 

the three layers of cells between folding cotyledons. It has a dome shape and is divided 

to structural subdomains: The two upper cell layers L1 from epidermal layer and L2 from 

upper hypodermal layer, together forming the tunica layer. Cells of the tunica layer divide 

anticlinally, perpendicular to the outer surface. The third layer, L3 (referred to as corpus 

layer), consists of more than one layer of cells and is derived from the lower hypodermal 
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cells. These cells divide both anticlinally and periclinally, parallel to the outer surface 

(Figure 1B) (Satina et al., 1940; Barton and Poethig, 1993). 

Histological analysis of the SAM, first being histologically distinct at the 

transition from globular to heart stage embryo, shows high level of organization. In the 

center of the surface zone of the meristem is the central zone (CZ) which consists of small 

population of stem cells that maintain the meristem. The maintenance of central zone is 

ensured by underlying organizing center (OC). Underneath the organizing center is the 

rib zone (RZ) that causes stem elongation. Around the central zone is the peripheral zone 

(PZ) from which organ primordia emerge (Figure 1A) (Murray et al., 2012).   

Stem cells are undifferentiated cells that retain the ability to divide. Part of the 

daughter cells remain the character of stem cells and the rest differentiates into specialized 

cells. The more the cell gets differentiated the lower is the ability to proliferate and give 

rise to different cell types. Stem cells are kept in a niche which provides maintenance 

Figure 1 A: Schematic representation of SAM. Central zone (CZ) - red, organizing center (OC) - 

blue, peripheral zone (PZ) - pink, rib zone (RZ) - gray, organ primordia – orange, overlap of CZ 

and OC – purple. B: Representation of L1 – light green, L2 – darker green, L3 – darkest green, 

SAM layers with representation of cell divisions. Adapted from (Fuchs and Lohmann, 2020) and 

edited. 
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signals to the stem cells. Once the stem cell leaves the niche it loses stem cell identity and 

progresses to differentiate (Fuchs and Lohmann, 2020).  

The stem cells are concentrated in the central zone and during cell proliferation 

are the surrounding cells pushed either laterally to the peripheral zone or basally to the 

rib zone. Central zone is specific by expression of CLAVATA3 gene (CLV3) (Fletcher et 

al., 1999). Cells situated at the periphery divide faster and in response to auxin signaling 

they start to differentiate as they are more distant from the CZ. After cells leave the 

meristem they become part of organ primordia from which leaves or flowers are formed 

(Meyerowitz, 1997; Reddy et al., 2004). 

2.2.1 SHOOT MERISTEMLESS gene 

SHOOT MERISTEMLESS (STM) gene plays an important role in SAM function. It 

encodes 328 residues long protein homologous to KNOTTED class homeodomain 

transcription factors (Long et al., 1996). stm-1 allele was isolated by EMS mediated 

mutagenesis. The stm-1 homozygous mutant plants have arrested development of SAM 

at or after torpedo stage of embryonal development and therefore don’t form a SAM 

(Barton and Poethig, 1993). The stm seedlings can produce leaves from the fused part of 

cotyledonary petioles and subsequently leaves emerge from petioles of those formed 

leaves. Root explants of stm seedlings, although being able to form leaves, failed to 

produce inflorescence on shoot inducing medium, indicating that STM is required for 

SAM initiation in both embryonal and postembryonal development (Barton and Poethig, 

1993; Endrizzi et al., 1996).  

 Weaker stm alleles showed laves and cotyledon fusions during development. The 

stm mutation was shown to be epistatic to mutation in WUSCHEL (WUS) gene, indicating 

that STM acts upstream of WUS (Endrizzi et al., 1996). The stm shoot meristems are 

terminated by “consumption” of stem cells by incorporation into ectopic organ primordia 

and differentiation, leading to flat enlarged apices. STM is therefore continuously required 

for SAM maintenance after globular embryo stage. (Endrizzi et al., 1996; Clark, 1997). 

In globular embryo STM is expressed in cells predicted to form embryonic SAM, between 

cotyledon primordia at heart stage to mature embryo and in vegetative, axillary, 

inflorescence and floral meristems later in development, supporting the role of STM in 

SAM maintenance (Long et al., 1996). A weak stm-2 allele was identified, where stm-2 

mutants form shoot meristems between cotyledons that terminate after initiation of 
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several primordia, further supporting the role of STM in maintenance of undifferentiated 

cells in the SAM (Clark et al., 1996). 

 STM appears to have opposite function to CLAVATA 1 and 3 (CLV1, CLV3) genes, 

which promote differentiation of SAM cells and restrict their proliferation. clv mutants 

form a SAM with large pool of undifferentiated cells (Clark et al., 1995). stm-1 mutants 

heterozygous for either clv1 or clv3 develop leaves more often and faster than stm-1 only, 

this effect is increased in clv stm-1 homozygous double mutant (Clark et al., 1996). 

Additionally clv stm-1 double mutants forms inflorescences, often with fascinated stems 

as seen in clv (Clark et al., 1993, 1996). The heterozygous stm mutation also partially 

rescues the clv mutant phenotype of gynoecium. This indicates that stm and clv mutants 

require wild-type levels of CLV and STM activities respectively to manifest their 

phenotypes (Clark et al., 1996). 

 STM is expressed in a continuous band between cotyledons at heart stage embryo, 

playing role in cotyledon separation. (Long and Barton, 1998) The stm phenotype of 

partially fused cotyledons is similar to that of mutants in CUP-SHAPED COTYLEDON 

1 and 2 (CUC1, CUC2), involved in formation of the SAM and separation of cotyledons 

(Aida et al., 1997). The cuc1 cuc2 double mutant show absence of embryonal SAM and 

almost completely fused cotyledons, leading to cup-shaped cotyledon phenotypes, as a 

result of bulging of boundary region of cotyledon margins at heart stage. The fusion of 

cotyledon petioles in stm mutants is caused by bulging in the same area at the bending-

cotyledon stage later in development (Aida et al., 1999). The double mutants are 

occasionally capable of adventitious shoot formation from hypocotyl tissue culture with 

almost normal vegetative and reproductive development, indicating that CUC1 and 

CUC2 aren’t essential for maintenance of the SAM (Aida et al., 1997). It was shown that 

STM expression is dependent on CUC1 and CUC2 and that CUC2 proper spatial 

expression at the bending cotyledon stage depends on STM. stm mutation combined with 

one cuc mutation results in enhancement of cotyledon fusion phenotype, indicating that 

the genes act in and overlapping pathway (Aida et al., 1999). 

2.2.2 Role of WUSCHEL in SAM 

The WUSCHEL (WUS) gene was first identified in genetic screen following EMS 

mutagenesis where homozygous wus mutant can’t maintain shoot meristems. The gene is 

situated on the chromosome 2 in A. thaliana. The adult wus mutant phenotype is 
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characterized by large number of rosette leaves clustered of the base of the plant, therefore 

the name (from German Wuschelkopf – person with fuzzy hair). Flowers are formed rarely 

in this mutant and if present are generally infertile. (Laux et al., 1996). 

 The gene codes a 291 amino acids protein with two main functional domains: first 

domain of 66 amino acids with function of DNA binding homeodomain similar to known 

homeodomains (Mayer et al., 1998). The second domain is a cluster of acidic amino acid 

residues predicted to form structure associated with transactivation domains (Fuchs and 

Lohmann, 2020). WUS was localized in epidermal cells nuclei therefore was classified 

as homeodomain transcription factor (Mayer et al., 1998). 

 In the organizing center WUSCHEL (WUS) is expressed as a key stem cell 

regulator in SAM. The WUS mRNA is accumulated in cells in center of L3 and in lower 

layers but not in the L1 and L2 of central zone thus WUS was said to act non-cell 

autonomously, affecting the upper layers (Laux et al., 1996). 

 WUS orthologs were identified in different plant species and led to identification 

of two conserved motifs: TLPLFPMH motif called WUS box which function remains 

unknown (Haecker et al., 2004) and EAR-like domain which have been previously shown 

to act as transcriptional repressors. Both EAR-like domain and acidic domain of WUS 

box are located on the C-terminus of the protein which is necessary to rescue the wus 

phenotype (Kieffer et al., 2006). Acidic domain of WUS was proven to activate 

transcription while EAR-like domain acts as repressor similarly to WUS box. The WUS 

box being crucial for biological function of WUS (Ikeda et al., 2009). 

2.2.2.1 CLAVATA3/WUSCHEL feedback loop 

WUS activates and maintains the expression of AGAMOUS (AG) gene which is expressed 

in the floral meristem that acts as regulator of floral stem cells proliferation and organ 

identity of the flower. ag mutant flowers produce sepals, petals and chimeric structures 

of the two but are unable to grow carpels and stamen (Lohmann et al., 2001). The number 

of sepals and petals varies in this mutant (Bowman et al., 1989). On the other hand, wus 

doesn’t produce either carpels and stamens but the number of petals and sepals is normal. 

The double mutation in both genes led to growth of flowers with sepals and a central petal 

(Laux et al., 1996). WUS was shown to establish AG expression in floral meristem and to 

activate AG transcription through direct binding to its promoter. AG protein then acts as 
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negative regulator of WUS to prevent over-accumulation of floral stem cells, thus forming 

a feedback loop (Lohmann et al., 2001). 

 In analogy WUS plays part in feedback loop with CLAVATA3 (CLV3). CLV3 is a 

small peptide secerned by the stem cells in the CZ. It promotes differentiation of other 

stem cells in non-cell autonomous manner (Clark et al., 1995, p. 3). WUS induces 

expression of CLV3, CLV3 then acts as repressor for WUS. Increased expression of WUS 

then leads to higher expression of CLV3 which then leads to decreased expression of WUS 

that causes lower expression of CLV3. By this feedback loop is regulated the pool size of 

stem cell population and its balance with differentiation. clv3 mutation results in 

increased expression domain of WUS, thus in meristem over proliferation (Brand et al., 

2000). 

 wus mutant shows no expression of CLV3 in the embryo but is expressed later 

during development through induction by homeodomain transcription factor SHOOT 

MERISTEMLESS (STM) (Brand et al., 2002). CLV3 positive cells are not maintained and 

undergo differentiation (Laux et al., 1996). 

2.2.2.2 WUSCHEL and hormonal signaling 

Plant hormones are very important for stem and root development. WUS directly acts as 

repressor of transcription of ARABIDOPSIS RESPONSE REGULATORS (ARR7 and 

ARR15). These are induced by cytokinin, but they negatively regulate the cytokinin 

signaling pathway. Overexpression of ARR7 leads to seedling phenotypes similar to wus 

mutants (Leibfried et al., 2005). Cytokinin signaling mediated by ARR7/ARR15 activates 

WUS expression in feedback loops dependent on CLV and also in CLV-independent 

manner (Gordon et al., 2009). Auxins’ role is negative regulation of ARR7 and 15 through 

AUXIN RESPONSE FACTOR 5/MONOPTEROS (MP). N-1-naphthylphthalamic acid 

(NPA) inhibits auxin transport which causes increase of CLV3 expression, thus decrease 

of WUS expression. Therefore, auxin and cytokinin play role in stem cell development by 

affecting ARR7/ARR15 which has impact on the CLV3/WUS feedback loop (Zhao et al., 

2010). 

2.2.2.3 WUSCHEL protein transport  

The intercellular movement of proteins have been previously proven in case of STM 

which is also homeobox protein like WUS which led to the idea that WUS is also a mobile 

protein (Kim et al., 2003; Yadav et al., 2011). WUS mRNA was located in the OC, but 
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the WUS protein was located in L1 and L2 of the SAM. The blockage of plasmodesmata 

in CLV3 positive stem cells resulted in early differentiation and precocious disappearance 

stem cells. Additionally, when plasmodesmata were blocked the WUS was restrained 

only to the OC. This showed the importance of plasmodesmata in stem cell maintenance. 

It was also concluded that intercellular mobility of WUS isn’t dependent on SAM tissue 

specific proprieties but that it’s a specific propriety that is encoded within its sequence. 

The most important mobility restricting sequence turned out to be amino acids 100-249 

between the homeodomain and the WUS box of the WUS protein (Daum et al., 2014). 

This sequence has an overlap with a sequence involved in homodimerization (amino acids 

117-292) (Busch et al., 2010). Two sequences responsible for homodimerization were 

described, namely homodimerization domain 1 (HOD1) and HOD2. WUS protein 

Mutation in both domains caused reduction in dimerization and these mutants couldn’t 

rescue wus phenotype. It was suggested that WUS DNA binding and homodimerization 

are necessary for WUS to accumulate in the nuclei and for spatial distribution of WUS in 

the SAM. When only the first 134 amino acids containing HOD1 were kept while the C-

terminus was spliced out, WUS was distributed uniformly in the meristem, implicating 

that the C-terminal region contains information for spatial distribution. At the same time 

only the 63 C-terminal amino acids showed similar distribution as endogenous WUS. 

Hence the last 63 amino acids are responsible for WUS distribution (Rodriguez et al., 

2016). 

2.3 Auxin signaling in SAM 

Auxin is plant hormone responsible for coordination of development and growth. It can 

transfer information over variable ranges. Specific for auxin are its different functions of 

different cells depending on the auxin level changes. The effect of auxin on cells is 

dependent on the signal perceiving cell and its predetermined identity and also depends 

on absolute and relative levels on auxin at given location (Leyser, 2018). Auxin regulates 

growth coordination function in terms of spatio-temporal growth of tissue depending on 

the conditions (Bennett and Leyser, 2014). 

2.3.1 Auxin mediated regulation of transcription 

Auxin levels changes cause cellular response by affecting transcription via signal 

transduction pathway where auxin unites members of the Aux/IAA transcriptional 

repressor family with F-box proteins of the TRANSPORT INHIBITOR 
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RESPONSE1/AUXIN SIGNALING F-BOX (TIR1/AFB) family. F-box proteins are 

subunit of SCF-type ubiquitin protein ligase complexes: Skp1, Cullin and F-box protein. 

SCF is responsible for target protein ubiquitination (Tan et al., 2007). The formed 

TIR1/AFB-Aux/IAA pairs form a coreceptor for auxin. Changes in levels of auxin are 

converted into Aux/IAA levels changes by bringing TIR1/AFB-Aux/IAA to the SCF, 

causing their ubiquitination and degradation (Maraschin et al., 2009). 

 Aux/IAAs act as transcriptional repressors while they recruit transcription 

corepressors of the TOPLESS (TPL) family to promoters through their EAR domain, The 

TPL proteins can activate chromatin remodeling proteins to stabilize repression of 

transcription (Szemenyei et al., 2008). Aux/IAA proteins don’t have DNA binding 

domain, but they form dimers with AUXIN RESPONSE FACTOR (ARF) family through 

C-terminal PB1 domain common to the two protein families. The PB1 domain dimerizes 

via acidic and basic interaction surfaces (Guilfoyle, 2015, p. 1). ARF proteins also 

homodimerize by their B3 domain located at the N-terminus, this leads to formation of 

ARF homodimers that cooperatively bind DNA (Boer et al., 2014). ARFs bind to Auxin 

Response Elements (AREs) in promoters of auxin inducible genes (Mironova et al., 

2014). ARFs that include Q-rich middle domain between B3 and PB1 domains can 

activate transcription by recruiting chromatin remodeling enzymes. When oligomerized 

with Aux/IAA the transcription activation is inhibited. Many ARFs lack the Q-rich region 

and there is evidence they act on AREs as transcriptional repressors (Ulmasov et al., 

1997). This reveals a mechanism by which varies the response to auxin signaling in 

different cell types. The oligomerization of Aux/IAAs together could prevent binding to 

ARFs, therefore activate transcription (Leyser, 2018). A synthetic auxin responsive DR5 

promoter has been produced. It consists of minimal promoter fused with seven ARE 

repeats. It is used in fusion with reporter genes to study auxin distribution at cellular level 

(Chen et al., 2013). 

 The transcription is affected very quickly by auxin signaling, while changes in 

transcript levels are detected within 5 minutes of auxin treatment. The half-life of most 

Aux/IAAs is very short and their transcription is upregulated by auxin (Abel and 

Theologis, 1996). This indicates that auxin modulates transcription in highly dynamic, 

feedback regulated network where gene expression is dependent on the Aux/IAA 

degradation-synthesis cycle (Bridge et al., 2012).  
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2.3.2 Auxin transporters  

The polar auxin transport has been shown to play role in establishment of apical-basal 

polarity and also bilateral symmetry (Friml et al., 2003; Liu et al., 1993). In the SAM 

auxin is transported intercellularly through PIN family of functionally redundant auxin 

efflux carriers. The primordia emerge at the sites of locally high auxin concentration in 

the PZ (Reinhardt et al., 2003). Auxin itself causes the polar PIN accumulation  by 

affecting its transcription (Hazak et al., 2010) . The auxin concentration gradient is due 

to polar PIN1 orientation toward cell with higher intracellular auxin concentration (Smith 

et al., 2006). This noncell-autonomous polarization depends on the TIR1/AFB-Aux/IAA 

system. In the SAM the ARF MONOPTEROS (MP) is a key player in organ emergence 

patterning. The MP protein contains nuclear localization sequences as well as a DNA 

binding domain capable of binding to auxin inducible promoters (Hardtke and Berleth, 

1998).  Expression of MP is controlled by auxin and causes PIN1 polar orientation (Bhatia 

et al., 2016). MP encodes ARF5 and BODENLOS (BDL) encodes its inhibitor IAA12 

(Hamann et al., 2002; Ulmasov et al., 1999). Also a serine/threonine protein kinase 

encoded by PINOID (PID) gene was identified, affecting PIN proteins localization 

(Benjamins et al., 2001; Bennett et al., 1995). 

 Higher-order pin mutants display post embryonically reflected embryonic cell 

division defects in cotyledon development, resulting in fusion of cotyledons or presence 

of single cotyledon (Furutani et al., 2004). Moreover mp, bdl and pid mutants all showed 

defects in cotyledon development (Bennett et al., 1995; Hardtke and Berleth, 1998; 

Ulmasov et al., 1999).  

2.4 Cytokinin signaling in SAM  

Cytokinins are plant hormones that promote cell division and differentiation (Skoog and 

Miller, 1957). They play role in seed germination, embryogenesis, SAM and RAM 

development, vasculature formation and leaf senescence (Hwang et al., 2012). The 

natural cytokinins are derivates of adenine (Mok and Mok, 2001). ISOPENTENYL 

TRANSFERASE (IPT) was defined as enzyme responsible for cytokinin biosynthesis (Sa 

et al., 2001; Takei et al., 2001). The cytokinin signaling is a phosphorelay pathway, often 

present in bacteria, consisting of two conserved proteins: His kinase sensor, consisting of 

input domain and conserved transmitter domain, and response regulator protein. Input 

domain perceives the signal and then modifies the transmitter domain. His residue of 
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transmitter domain of His kinase and Asp residue of response regulator receiver domain 

are phosphorylated (West and Stock, 2001; Hwang et al., 2002). Many response 

regulators contain a second, output domain, regulated by receiver domain 

phosphorylation, acting as transcription factor (West and Stock, 2001). In Arabidopsis 

His kinases (AHKs) act as phytochrome, ethylene and cytokinin receptors (Schaller, 

2000). Arabidopsis response regulators (ARRs) containing Arg and Arabidopsis His 

phosphotransfer proteins (AHPs) were identified in cytokinin signaling pathway (Suzuki 

et al., 1998; Schaller et al., 2008). Several of AHKs contain a C-terminal receiver domain. 

AHK2, AHK3 and AHK4/CRE1 contain between the transmitter domain and the C- 

terminal domain an additional receiver domain lacking some of highly conserved residues 

(Ueguchi et al., 2001).  

 The cytokinin pathway is initiated by autophosphorylation at His-residue in the 

N-terminal sensor-kinase domain of hybrid His kinases .The signal is transferred by 

phosphorylation at Asp of the C-terminal receiver domain (Hwang and Sheen, 2001). 

Cytokinins bind to the transmembrane CHASE (cyclases/histidine kinases-associated 

sensory extracellular) domain of AHK2, 3 and 4 (Anantharaman and Aravind, 2001; 

Mougel and Zhulin, 2001).The CYTOKININ-INDEPENDENT1 (CKI1) gene encoding 

protein with similar sequence to His kinases was identified (Kakimoto, 1996). The CKI1 

protein when overexpressed can activate the whole cytokinin signaling pathway. The 

signal in transmitted through AHPs to the nucleus (Hwang et al., 2002). The nuclear type-

B ARRs promote the expression of nuclear type-A ARRs, acting in negative regulation 

of cytokinin signaling, thus they act in a negative-feedback loop (Hwang and Sheen, 

2001; Sakai et al., 2001; Argueso et al., 2010). 

 They ratio between auxin and cytokinin levels is crucial for proper development. 

Whereas relative abundance of auxin leads to de novo establishment of root identity, 

abundance of cytokinin causes shoot development (Skoog and Miller, 1957). In 

embryogenesis is cytokinin signaling first apparent in hypophysis. Later at the heart stage 

is cytokinin signaling restricted to the stem-cell precursors (Müller and Sheen, 2008). In 

the SAM the cytokinin signaling is established after expression of STM and WUS 

(Aichinger et al., 2012). WUS acts in repressing transcription of various A-type ARRs, 

causing increased cytokinin perceptivity (Leibfried et al., 2005). Further AHK2 and 

AHK4 repress CLV1 expression which ultimately leads to increased WUS expression. 

WUS is also upregulated by cytokinin signaling in clv1 mutants, showing its direct effect 
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on WUS expression. Thus a positive-feedback loop exists between WUS and cytokinin 

signaling, supported by high cytokinin signaling activity in WUS expressing domain 

(Gordon et al., 2009). Similar positive-feedback loop is applied for STM, inducing IPT7 

transcription, therefore promoting cytokinin synthesis. Cytokinin signaling causes 

activation of STM transcription (Yanai et al., 2005). Enhancement of cytokinin action 

stimulates SAM activity and loss of cytokinin signaling leads to reduction of SAM size, 

which supports role of cytokinin in SAM development (Nishimura et al., 2004; Bartrina 

et al., 2011). Cytokinins have been shown to induce proliferation in SAM, probably by 

their positive effect on genes promoting cell cycle (Riou-Khamlichi et al., 1999). It was 

also demonstrated that cytokinin signaling affects arrangement of lateral meristems  and 

phyllotaxis (Giulini et al., 2004; Zhao et al., 2010). 

2.5 Class III Homeodomain-Leucine Zipper Gene Family 

Approximately 65% of A. thaliana genes belong to gene families (The Arabidopsis 

Genome Initiative, 2000). The whole HD-Zip family can be classified into four 

subfamilies by different DNA-binding specificities, gene structures, common motifs and 

physiological functions (Ariel et al., 2007).  Class III Homeodomain-Leucine Zipper 

(HD-Zip III) gene family are highly conserved in land plants. The family consists of 

CORONA (CNA), PHABULOSA (PHB), PHAVOLUTA (PHV), REVOLUTA (REV) and 

HOMEOBOX8 (ATHB8) (Figure 4) (Prigge et al., 2005). HD-ZIP III proteins contain five 

functional domains. The first two are homeodomain (HD) linked closely to leucine zipper 

motif (Zip) responsible for DNA binding and dimerization respectively. HD-Zip proteins 

bind DNA as dimer and in the absence of the Zip motif the proteins are unable of the 

DNA binding (Ariel et al., 2007). The other three domains are steroidogenic acute 

regulatory protein lipid transfer (START) domain, homeodomain-START associated 

domain (HD-SAD) and a C-terminal MEKHLA domain (Figure 2) (Sessa et al., 1993; 

Mukherjee and Bürglin, 2006).  

These genes mRNAs are targets of microRNAs (miRNAs) from miR165/166 

group. miRNAs are 20-24 bp long single stranded RNAs that base pair with target 

mRNAs to inhibit their transcription or to cleave those target mRNAs via RNA-induced 

Figure 2 Schematic representation of HD-ZIP III protein domains. Adapted from (Ariel et al., 

2007) 
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silencing complex (RISC) (Bartel, 2004). miRNAs are processed from double-stranded 

regions of larger RNAs by the action of RNases family DICER-LIKE and ARGONAUTE 

gene family (Bao et al., 2004; Reinhart et al., 2002). miRNAs are essential for plant 

development, which is supported by lethal phenotype of dcl1, that is unable to produce 

miRNAs (Schauer et al., 2002). Plant miRNAs are characteristic by their almost full 

complementarity with their targets (Rhoades et al., 2002). The binding site of 

miR165/166 is the highly conserved START- coding domain (Williams et al., 2005). The 

gain-of-function mutants in HD-ZIP III genes, having mutation in miRNA binding 

regions, are resistant to cleavage mediated by these miRNAs that results in the increased 

expression of these transcription factors. It was suggested that miRNAs cause 

chromosomal methylation downstream of miRNA binding site, resulting in lower 

expression (Bao et al., 2004). It has been also shown that transcription inhibition occurs 

at rough endoplasmic reticulum (Li et al., 2013). A zinc finger protein SERRATE (SE) 

was described to play role in processing of pri-miR165/166, thus affecting expression of 

HD-ZIP III genes. The mutation in SE produces similar phenotypes to those of gain-of-

function mutants phb-1d and phv-1d (Grigg et al., 2005). Similarly a gain of function 

mutant of CNA with single nucleotide transition in START-coding domain icu4 is also a 

gain of function semi-dominant mutant resistant to miRNA characterized by the upward 

curled leaves phenotype (Figure 3) (Ochando et al., 2006). Additionally a jabba-1D (jba-

1D) mutant have been characterized by miR166g overexpression causing suppression of 

PHB, PHV, CNA, activation of REV but doesn’t affect ATHB8 (Williams et al., 2005). 

The jba-1D phenotype is characteristic by radialized downward curled leaves with 

Figure 3 miRNA complementary sequences of HD-ZIP III genes with transitions indicated for 

gain-of-function mutants icu-4d (blue) and phv-1d (red). Adopted from (Williams et al., 2005) 

and edited. 
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adaxial character, fascinated inflorescence meristems and filamentous siliques. The 

phenotype is dose-dependent, therefore homozygous mutant depicts stronger phenotype. 

The mutant seedlings form multiple, enlarged SAMs during post-embryonic 

development. This is caused by enlarged expression domain of WUS and CLV3 that leads 

to increase in stem cell population. Moreover the WUS expression is necessary for the 

manifestation of jba-1D phenotype (Williams et al., 2005).  

2.5.1 Patterning of the embryonal apex 

CNA, PHB, PHV and REV regulate patterning in the apical part of the embryo. REV is 

specifically expressed in most of embryonic development, but rev mutants show no 

embryonic phenotypes, whereas only rev single mutants among the whole family show 

distinctable phenotypes in mature plant with narrow leaves and malformation of axillary 

meristems. The role of REV in embryonal development is then unclear, but has been 

shown to promote adventitious shoots postembryonically  (Otsuga et al., 2001). PHB, 

PHV and REV have overlapping roles in establishment of the SAM and in establishment 

of bilateral symmetry. rev phb double mutants show a phenotype, where the SAM is 

undeveloped, and cotyledons show patterning defects or are absent. Later, in place where 

SAM is normally located emerges radially symmetric structure with no further growth.  

In rev phv double mutants is the absence of the SAM rare, indicating that role of PHV in 

this process is minor. Although additional mutations in PHV or CNA in rev phb lead to 

enhancement of the embryo patterning defects. The apical portion of the embryo is 

replaced by radially symmetric structure in rev phb phv triple mutant similarly to rev phb 

cna mutant. The mutation in ATHB8 doesn’t change the rev phb double mutant 

Figure 4 Phylogram of HD-ZIP III genes showing their relations. Adapted from (Prigge et al., 

2005). 



15 

 

phenotype. The radially symmetric structure appears to be fully abaxialized radially 

symmetric cotyledons (Prigge et al., 2005). 

2.5.2 Role of HD-Zip III genes in postembryonic meristem initiation 

All HD-Zip III members have been shown to regulate meristem initiation 

postembryonically. REV has a major role in formation of lateral shoot meristems, 

adventitious shoots and floral meristems. rev mutants produce cauline leaves and rosettes 

without axillary meristems and flowers without meristematic activity (Otsuga et al., 

2001). The introduction of heterozygous PHB mutation in rev mutant background 

enhances the rev phenotype and leads to production of small number of fertile flowers. 

The rev phv plants shows similar floral meristem phenotype (Otsuga et al., 2001). 

 rev cna and rev athb8 double mutants have similar phenotypes as rev single 

mutant, but the rev cna athb8 triple mutant produces more fertile flowers and lateral shoot 

meristems than the single mutant rev. Thus, CNA and ATHB8 have antagonistic function 

to that of REV in terms of floral and lateral shoot meristems formation. Mutations in both 

genes also resulted in partial suppression of rev phv floral meristems, where in quadruple 

mutants this led to formation of fertile flowers (Prigge et al., 2005). In the jba-1D mutant 

the PHB, PHV and CNA expression is reduced whilst REV expression in increased, 

suggesting that REV might be negatively regulated by PHB/PHV/CNA (Williams et al., 

2005). 

 phb phv and cna athb8 double mutants exhibit phenotype identical to that of wild-

type plants (Prigge et al., 2005). The phb phv cna triple mutant on the other hand produces 

enlarged SAM, extra cotyledons, fascinated stems and flowers with extra organs, 

similarly to clv mutants, and with low fertility due to defects in ovular development 

(Prigge et al., 2005; Lee and Clark, 2015). The phb phv cna phenotype is also very similar 

to that of jba-1D (Williams et al., 2005). It was suggested that PHB/PHV/CNA may limit 

WUS expression through CLV/WUS pathway (Lee and Clark, 2015). The introduction of 

heterozygous REV mutation or homozygous ATHB8 mutation in the triple mutant 

background doesn’t significantly affect the phenotype. Therefore, it was hypothesized 

that the role in meristem regulation of PHB, PHV and CNA  doesn’t depend on REV and 

ATHB8 (Prigge et al., 2005). 



16 

 

2.5.3 Impact of PHB, PHV and REV on leaf polarity 

Early in leaf primordia development they become polarized along adaxial/abaxial axes, 

where the adaxial portion of the primordium is proximally to the center of the meristem 

and later becomes the upper surface of the leaf. The abaxial portion is distally from the 

meristem and becomes the lower part of the leaf (Carraro et al., 2006). The establishment 

of adaxial/abaxial polarity is essential for shoot development. It plays role in leaf blade 

formation, cellular specialization of superior and inferior surfaces of the leaf and in 

axillary and also shoot apical meristem formation (Otsuga et al., 2001; Eshed et al., 2004). 

It has been previously shown that PHB, PHV and REV act redundantly in adaxial 

cell fate in leaf primordia (Emery et al., 2003). More than 30 % of rev phv plants produced 

at least one trumpet-shaped leaf with adaxial tissue inside the cone and abaxial tissue on 

the outer surface proximally and normal adaxial/abaxial polarity in the distant portion of 

the leaf. Introduction of heterozygous PHB mutation into the double mutant background 

caused that almost all leaves were trumpet-shaped. rev phb phv mutation is lethal for the 

seedling (Prigge et al., 2005). 

2.5.4 HD-ZIP III activity modulation 

Family of LITTLE ZIPPER (ZPR) genes that are transcriptionally upregulated by activity 

of HD-ZIP III was described (Wenkel et al., 2007). The ZPR proteins contain leucine 

zipper domain similar to that in HD-ZIP III proteins by which they repress HD-ZIP III 

activity. ZPR proteins prevent HD-ZIP III proteins from forming homodimers necessary 

for DNA binding, resulting in non-functional heterodimers. This is supported by the same 

phenotype of loss-of-function mutants of HD-ZIP III and plants overexpressing ZPR 

(Wenkel et al., 2007; Kim et al., 2008). Overexpression of ZPR3 exhibits reduced growth, 

downward curled leaves and meristem malformations (Kim et al., 2008). All HD-ZIP III 

members interact with ZPR3, as with other ZPRs (Wenkel et al., 2007; Kim et al., 2008). 

Inactivation of ZPR3 and ZPR4 leads to disruption of meristematic activities of SAM and 

axillary meristems (Kim et al., 2008). PHB was shown to positively regulate ZPR3 

expression, therefore forming a negative feedback loop (Wenkel et al., 2007). 

2.6 AP-2 type transcription factors 

High cytokinin/auxin ration in media is used to promote shoot development from callus 

cultures (Skoog and Miller, 1957). Firstly, a gene ESR1 (ENHANCER OF SHOOT 
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REGENERATION) was identified for its capability of shoot generation from root cultures 

when overexpressed even in the absence of cytokinins. This may be caused by increased 

sensitivity to low endogenous cytokinin levels (Banno et al., 2001).  

 The ESR1 protein encoded by the gene located on the 1st chromosome is 328 

amino acids long and contains a domain homologous to AP2/EREBP domain of 

transcriptional factors found in higher plants (Okamuro et al., 1997). ESR1 

overexpression induces initiation of shoot regeneration (therefore the name) but interferes 

with subsequent differentiation of plant cells. Its expression is induced by cytokinin 

signaling in A. thaliana wild-type and increase in its expression induced by cytokinin 

occurs at early stages of shoot regeneration in calli (Banno et al., 2001). It was stated that 

ESR1 could be involved in maintenance of cell identity in organogenesis or in transition 

from vegetative growth to organogenic development (Ikeda et al., 2006). 

 A more active paralogue of ESR1 in terms of shoot regeneration in tissue culture 

was identified and named ESR2 (Ikeda et al., 2006). It was also published that this gene 

affects meristem cell fate and lateral organ development, where the gene was named 

DORNRÖSCHEN-LIKE (DRNL) (Kirch et al., 2003). Knock down mutation in this gene 

led to finding of its direct downstream target CUP-SHAPED COTYLEDON1 (CUC1), a 

NAC domain transcriptional factor promoting adventitious shoot formation (Hibara et al., 

2003). Knocked-down expression of ESR2 displays same phenotype as cuc1 single 

mutant. Additionally CUC1 and cuc1 transcripts were elevated in ESR2 overexpressing 

wild type and mutant plants respectively (Aida et al., 1997; Ikeda et al., 2006). 

 ESR1 and ESR2 are most closely related AP2 domain-containing proteins with 

significant similarity within this domain (Alonso et al., 2003). Both genes being capable 

of shoot regeneration when overexpressed, but ESR2 manifesting higher effectivity. ESR2 

expression was observed in leaf primordia, in young cotyledons during embryogenic heart 

stage and later in walking stick stage was expressed in cotyledon tips and sometimes in 

the SAM  (Ikeda et al., 2006).  

Cytokinin signaling comprises of sensor histidine kinases (AHKs), 

phosphotrasmitters containing histidine (AHPs) and response regulators (ARRs) 

(Hutchison and Kieber, 2002). A-type ARRs paly role in down-regulation of cytokinin 

response, while some are induced by cytokinin. B-type on the opposite directly activates 

cytokinin responsive genes (Sakai et al., 2001). Cytokinin promotes the expression of 
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class I KNOX homeobox genes, including STM and also WUS, both required for meristem 

specification and maintenance (Rupp et al., 1999; Bäurle and Laux, 2005). 

Plants overexpressing either ESR1 and ESR2 manifested similar phenotypes as 

cytokinins overproducing mutants, suggesting induction of genes in cytokinin 

biosynthetic pathways by both genes in analogy to STM (Ikeda et al., 2006; Yanai et al., 

2005). CRE1/AHK4 is cytokinin receptor gene encoding histidine kinase, having function 

of cytokinin receptor (Inoue et al., 2001). When ESR1 and ESR2 are induced in cre1/ahk4 

mutant it results in shoot regeneration in the absence of cytokinin, rescuing the mutant 

phenotype. This indicates that both ESR genes act in cytokinin independent pathway or 

downstream of cytokinin signaling pathway (Ikeda et al., 2006). 

2.6.1 Role of ESR genes in embryo patterning 

Angiosperm development has two phases: embryonic phase when primary body plan is 

established with its two axes of symmetry and postembryonic phase when shoot and root 

meristems are established. At the transition from globular to heart stage in embryonic 

development cotyledons are formed, indicating beginning of organogenesis and radial to 

bilateral symmetry change (Mayer et al., 1991). SAM together with cotyledons emerge 

from the upper tier of cells in embryonal octant stage (Harada, 1999). 

 ESR1 is expressed in two to four cell stage of the embryo proper, later in lobes of 

emerging cotyledons and then from mature heart stage until embryo maturity being 

restricted in SAM. In postembryonic development is ESR1 expressed in L1 layer of the 

SAM, extending to emerging lateral organs (Kirch et al., 2003). ESR2 expression is 

observed first in early globular stage, then in its apical portion. In heart stage it is 

expressed at cotyledon primordia and later in subepidermal cells at the tip of cotyledons. 

After heart stage ESR2 expression isn’t observable (Chandler et al., 2007). 

 Four mutant alleles of ESR genes have been isolated: esr1-1 and esr1-2 insertion 

mutant alleles for ESR1; esr2-1 insertion allele and esr2-2 nucleotide substitution allele 

in AP2 DNA binding domain, causing inability to properly bind target DNA for ESR2. 

esr1 mutants show abnormal cell division from the globular stage, resulting in 

malformation of hypophysis region or the suspensor region. Both esr1 and esr2 single 

mutants produce defective cotyledons, including fused cotyledons, monocotyledons, 

multiple cotyledons, cup-shaped cotyledons and mp-like phenotype without hypocotyl 

with rudimentary root and a cotyledon-like structure with low penetrance (Chandler et 
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al., 2007). ESR1 overexpression mutants have enlarged SAM, arrested vegetative 

meristem and radialized leaves (Kirch et al., 2003). 

 In case of esr1-1 esr2-1 double mutant almost all of them manifested embryonic 

cell patterning defects and similar cotyledon phenotypes, including mp-like phenotype 

with increased penetrance. Whereas esr1-1 esr2-2 double mutants are sterile, they form 

pin-like embryos without cotyledons and directly produce true leaves from SAM 

(Chandler et al., 2007). 

 Due to this similarity with auxin-signaling mutants was auxin speculated to 

mediate ESR1 and 2 functions in non-cell-autonomous manner. This was then proved by 

analyzing DR5 and PIN1 expression in wild type and mutant background. Whilst in the 

wild type plants was DR5 expressed in hypophysis and upper suspensor cell at 32-cell 

stage and at the base of the embryo and L1 layer at the tips of developing cotyledons. In 

esr1-1 mutants was DR5 expression diffusely centralized with asymmetrical maximum 

in basal domain at 32-cell stage and absence of DR5 expression in abnormal cotyledons 

at heart stage was observed. PIN1 expression in wild-type embryo was restricted to basal 

area, in esr1 mutant it was localized in the center with lateral shift.at 32-cell stage. This 

indicates that ESR acts upstream of auxin transport in embryonal development (Chandler 

et al., 2007). However MP was shown to promote transcriptional activity of ESR1 

promoter at the tips of embryonic cotyledons, placing MP upstream of ESR1 expression, 

possibly acting in a feedback loop (Cole et al., 2009). 

2.6.2 Link between ESR and HD-ZIP III genes 

It has been also shown that PHV is spatio-temporally co-expressed with both ESR genes 

in proembryo and before being localized on the adaxial side of developing cotyledons is 

expressed in the apical portion of globular embryo. All HD-ZIP III members have similar 

expression pattern with ESR genes except for ATHB8 (Emery et al., 2003). Moreover, the 

interaction between AP2 domain of both ESR proteins and PAS-like domain in 

MEKHLA domain of PHV have been demonstrated in vitro and in vivo. The same 

interaction has been confirmed for the rest of HD-ZIP III proteins (Chandler et al., 2007). 

2.7 Formation of axillary and floral meristems 

Plants form additional SAMs during post embryonic development which then leads to 

branching. These SAMs develop in junctions of leaves and stems, termed axils, therefore 
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called axillary meristems (AMs). AMs form first in the axils of the oldest leaves (Grbić 

and Bleecker, 1996). It has been proven that the AM and subtending leaf, termed bract, 

are related clonally (Irish and Sussex, 1992). AMs emerge on the adaxial side of the 

subtending leaf base (Talbert et al., 1995). This is supported by the emergence of axillary 

meristems from the down side of the leaves in phb mutant with adaxialized leaves 

(McConnell and Barton, 1998). PINHEAD (PNH) gene is expressed in adaxial portion of 

the leaf primordia and in SAM, presumably giving the adaxial leaf domain the 

competence to form meristems. Floral meristems on the other hand in most of the 

members of the Brassicaceae family form without apparent subtending bract. (Long and 

Barton, 2000).  

The STM gene is expressed in all types of SAMs including floral meristems (FM) 

and AMs, and STM expression disappears in leaf primordia. Therefore, STM could be 

used as a marker of SAM fate. Leaf primordia are formed of cells pushed to the peripheral 

zone. In this zone there are cells expressing STM and cells lacking STM expression at 

positions predetermined for new leaves The outline between cells expressing STM and 

STM-nonexpressing cells in leaves primordia become more discrete and linear as 

primordia get older (Long and Barton, 2000). A weak stm-bum1 allele mutant plants form 

a partially functional SAM and are able to grow leaves (Jasinski et al., 2005). These 

mutants produce reduced number of axillary buds, mostly in rosette leaves. The cells in 

the axils are enlarged, indicating their differentiation. It was then proved that STM 

expression is required for AM initiation (Shi et al., 2016).  

The axillary meristems arise from the axils of leaves in close association with the 

leaf base. STM is first expressed on the adaxial surface of the leaf primordia, then is 

restricted to the base of the axil. Later is the STM transcript located above leaf insertion 

point on its adaxial side before bud is formed. Axils with apparent bumps on the adaxial 

leaf base strongly express STM with no regions without STM expression. After this stage 

regions not expressing STM appear, indicating leaf primordia formation (Long and 

Barton, 2000). This pattern is observed in vegetatively growing Arabidopsis plants, where 

AMs form in older leaves before younger ones. Nonetheless after the stimulus inducing 

flowering this changes and the youngest leaves, termed cauline leaves, are the first to 

develop AMs (Hempel et al., 1998). The AMs emerge from undeveloped cauline leaves 

in contrast to AMs arising from rosette leaves, which are at the time fully developed 

(Long and Barton, 2000). 
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In order for AM to initiate auxin minimum and a pulse of cytokinin signaling is 

required (Y. Wang et al., 2014). STM expression was analyzed  in plants ectopically 

accumulating auxin in leaf axils (Shi et al., 2016). These plants exhibited deficiency in 

AM initiation (Q. Wang et al., 2014). The STM expression was not detected in axils, while 

the cells were enlarged, presumably differentiated. Moreover it was shown that the auxin 

minimum is required for maintenance of low levels of STM transcripts, required for 

axillary bud formation (Shi et al., 2016). In the rev-6 mutant that doesn’t form AMs is 

maintained the expression of STM but does not increase during leaf maturation, indicating 

that REV is required for STM up-regulation necessary for AM initiation (Otsuga et al., 

2001; Shi et al., 2016). The miRNA resistant overexpressing alleles od HD-ZIPIII genes 

were shown to promote ectopic AM formation in the abaxial leaf axils accompanied by 

STM up-regulation. In those leaf axils auxin minima required for the AM initiation were 

also measured (McConnell and Barton, 1998; Emery et al., 2003; Shi et al., 2016). The 

increase in STM expression can promote cytokinin biosynthesis (Jasinski et al., 2005). 

The cytokinin signaling pulse was proved to evoke de novo activation of WUS expression, 

crucial for AM initiation and its integrity (Wang et al., 2017). 

ESR genes have been shown to be important for AM initiation (Tian et al., 2014). 

The esr1 and esr2 mutants have reduced number of AMs and undergo early flowering. 

The esr1 rev-6 and esr2 rev-6 double mutants manifest reduced axillary bud formation, 

when both ESR genes are mutated this phenotype is almost fully penetrant. Inducible 

expression of REV in esr1 esr2 mutant background leads to slight increase in number of 

AMs of late rosette leaves, indicating the role of ESRs in AM initiation during early 

vegetative states (Zhang et al., 2018). The expression of ESR genes was located to leaf 

primordia, boundary cells and with strong expression in AMs. A reduction in level of 

STM was observed esr mutants, explaining the lack of AMs. ESR 1 and 2 were then 

confirmed to up-regulate STM. (Zhang et al., 2018). Additionally, inducible 

overexpression of STM in esr mutants led to induction of axillary bud formation similarly 

as in rev mutant. The STM overexpression also partially rescued the phenotype of esr1 

esr2 rev-6 triple mutant (Shi et al., 2016; Zhang et al., 2018). ESR1, ESR2 and REV were 

identified as activators of STM expression. They activate STM expression by binding to 

the same region in STM promoter (Shi et al., 2016; Zhang et al., 2018). Same as 

ESR1/ESR2 physically interact with REV during embryogenesis, this interaction is 

crucial for the binding of either ESR1 or ESR2 to the STM promoter region (Chandler et 
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al., 2007; Zhang et al., 2018). The expression of ZPR genes, that inhibit the function of 

REV, is higher in young leaves and decreases in mature leaves prior to AM formation 

(Wenkel et al., 2007; Kim et al., 2008; Zhang et al., 2018). ESR1/ESR2 compete with 

ZPR3 for the interaction with REV. This suggests that ZPR3 inhibits the activation of 

STM expression normally mediated by ESR-REV dimers (Zhang et al., 2018). 

The FMs primordia develop from the flanks of inflorescence meristems (IMs). 

STM is negatively regulated on these flanks of the IM before floral primordium bulge 

appears. As the primordium grows STM expression spreads from IM into the primordium 

and the boundary between STM -expressing cells changes from convex to linear. With 

subsequent growth a sulcus appears between the IM and developing primordium. At this 

stage STM is expressed in the adaxial region of the primordia. At the positions of future 

sepal primordia, the STM expression is lost. Later sepal primordia become visible on the 

primordium (Smyth et al., 1990; Long and Barton, 2000). It was suggested that the FM 

emerges from an axil of a cryptic bract, that arises early in the development of floral 

primordium, marked by STM-negative region. This is consistent with the expression of 

AINTEGUMENTA (ANT) gene, which is expressed in organ primordia in the plant. The 

cryptic bract primordia expressed ANT, thus confirming this hypothesis (Long and 

Barton, 2000).  

Two alternative models explaining AM formation have been proposed. The first: 

“detached meristem” model proposes that few pluripotent cells detach from primary SAM 

and become part of the axil as the leaf emerges from the SAM, supported by the presence 

of undifferentiated cells in the axils (McConnell and Barton, 1998; Long and Barton, 

2000). The second model: “de novo induction” model proposing AM initiation from 

differentiated leaf cells (Long and Barton, 2000). This model was created following the 

observation of phb-1d mutant phenotypes, with axillary bud formation in the abaxial side 

(McConnell and Barton, 1998). A new “threshold model” was proposed showing that 

maintenance of low level of STM expression with subsequent increase in STM expression 

is required for AM initiation (Shi et al., 2016). 

2.8 WUSCHEL independent SAM developmental pathway 

wus loss-of-function mutant seedlings have the ability to form adventitious shoots without 

functional meristem. The shoots emerge between cotyledons and produce several leaves. 

Occasionally wus mutants can produce a flower primordium without meristematic 
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activity (Laux et al., 1996). WUS together with STM was identified as key players in 

regulation of SAM development (Gallois et al., 2002; Lenhard et al., 2002). However, 

WUS expression in the IM is low when compared to other types of SAMs and in clv 

enlarged SAMs the WUS expression is absent, showing that stem cells can be maintained 

without WUS (Schoof et al., 2000; Green et al., 2005). 

 An ARGONAUTE10 (AGO10) gene, also known as PINHEAD (McConnell and 

Barton, 1995) /ZWILLE (Moussian et al., 1998) , is required for efficient SAM formation 

in embryogenesis and for axillary meristem formation (Lynn et al., 1999). AGO10 

prevents miR165/166 from repressing their targets (Liu et al., 2009; Ji et al., 2011). Since 

miR165/166 target HD-ZIP III members, the ago10 mutants have reduced expression of 

all HD-ZIP III genes (Prigge et al., 2005) .  

The clv3 phb phv cna quadruple mutant enhances the clv3 phenotype, with large 

meristems, high number of stem cells and sterile flowers. However, clv3 and also clv3 

phb phv cna meristems have abnormal layering of the SAM, which isn’t manifested in 

phb phv cna triple mutant (Lee and Clark, 2015). Whilst wus mutants can’t form 

meristems, the wus phb phv cna quadruple mutants can produce up to 8 leaves before 

termination of the SAM. After the termination the quadruple mutants produce several 

adventitious meristems capable of forming leaves and inflorescences, occasionally 

fasciated. The quadruple mutants have a SAM-like structures, similar to wild type SAM, 

but less defined. wus is then expressed in the apical region of the seedling and in axils of 

cotyledons and leaves, corresponding to the positions of SAM-like structures. The 

suppression of wus phenotype by phb phv cna is exclusive to vegetative and early 

reproductive stage. In order to suppress wus phenotype all PHB, PHV and CNA must be 

inactive. The role of PHB/PHV/CNA is then to limit stem cell population in CLV/WUS 

parallel pathway (Lee and Clark, 2015).  
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3 Material and methods 

3.1 Material 

3.1.1 Plant material 

As control plant and for introgression from Landsberg erecta (Ler) and Enkheim (En-2) 

ecotypes, was used the Columbia (Col-0) ecotype. Single mutants are Col-0 ecotype if 

not stated different. 

For the experiments were used the following mutants: 

• wus-101 – T-DNA insertion in 1st exon; GK-870H12 

• esr1-1 – double stranded transposon in exon; N121728 

• esr1-2 – T-DNA insertion 7 bp upstream of stop codon; N321463 

• esr2-2 – 2bp deletion creating premature stop codon; 6AVB35 

• athb8 – T-DNA insertion in second exon; SALK_065586 

• cna-2 – T-DNA insertion in last exon; N513142 

• icu4-1d – G to A transition in miRNA complementary sequence; En-2 ecotype; 

obtained from Micol, Spain 

• phb – T-DNA insertion in exon; SALK_008924C  

• phv – T-DNA insertion in 1st exon; SALK_899C08 

• phv-1d – G to A transition in miRNA complementary sequence; Ler ecotype; 

N65908 

• rev-5 – EMS knock-out; A260V 

• revG581E – Tilling in Col-0 er-105 (erecta mutation) background; N90262 

• se-2 – T-DNA insertion in 10th exon; SAIL_44_G12 

3.1.2 Chemicals 

• Acetic acid (Sigma Aldrich) 

• Agarose (Sigma Aldrich) 

• Basta (BASF) 

• dNTP mixture 10 mmol·L-1(Promega) 

• ddH2O (Sigma Aldrich) 

• EDTA (Sigma Aldrich) 

• Ethanol 96% (V/V) (Penta) 
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• Ethidium bromide (NeoLab) 

• Chloroform: Isoamyl alcohol 24:1 (CIA; Sigma Aldrich) 

• Gellan gum (Sigma Aldrich) 

• GeneRulerTM 1 kb Plus DNA Ladder (Thermo-Scientific) 

• Kanamycin (Kan; Sigma Aldrich) 

• Magnesium chloride 25 mmol·L-1 (MgCl2; Promega) 

• MES (2-(N-morpholino) ethane sulfonic acid; Sigma Aldrich) 

• Murashige&Skoog basal salt mixture with vitamins (MS salt; Sigma Aldrich) 

• Plant agar (Thomas Scientific) 

• Potassium hydroxide (KOH; Sigma Aldrich) 

• Sodium chloride (NaCl; Sigma Aldrich) 

• Sodium dodecyl sulfate (SDS; Sigma Aldrich) 

• Sodium hypochlorite (NaOCl; VWR Chemicals) 

• Sucrose (Sigma Aldrich) 

• Sulfonamide (Sigma Aldrich) 

• Tris-HCl (pH 8; Sigma Aldrich) 

• 5x GoTaq® Flexi Buffer (Promega) 

• 5x GoTaq® Flexi Green Buffer (Promega) 

3.1.3 Solutions and culture media 

Genomic DNA extraction buffer: 

• 200 mmol·L-1 Tris-HCl pH 8 

• 250 mmol·L-1 NaCl 

• 20 mmol·L-1 EDTA 

• 0,5 % SDS 

½ Murashige&Skoog (MS) media (1 L): 

• 4,3 g MS salt 

• 10 g Sucrose 

• 0,5 g MES 

• 6 g Gellan gum (or 10 g Plant agar in medium with Kan) 

• Add ddH2O to 1 L and adjust with KOH to pH 5,7 before addition of gellan gum  
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• Antibiotics:  Kan 25 mg/L (final concentration) 

 Sulf 2 mg/L (final concentration) 

Sterilization solution (20 mL): 

• 10 mL 50% NaOCl 

• 2 mL 70% Ethanol 

• 8mL ddH2O 

1x TAE buffer: 

• 40 mmol·L-1 Tris-HCl pH 8 

• 20 mmol·L-1 Acetic acid 

• 1 mmol·L-1 EDTA 

TE buffer: 

• 10 mmol·L-1 Tris-HCl pH 8 

• 1 mmol·L-1 EDTA 

3.1.4 Enzymes 

• GoTaq Flexi DNA polymerase – 5 000 U·mL-1 (Promega) 

• BamHI – 20 000 U·mL-1 (NEB, USA) 

• EcoRI – 20 000 U·mL-1 (NEB, USA) 

• EcoRV – 20 000 U·mL-1 (NEB, USA) 

• SnaBI – 20 000 U·mL-1 (NEB, USA) 

3.1.5 Laboratory equipment and devices 

• Analytical balance 5034/120 (Auxilab) 

• Appliances for agarose electrophoresis 

• Autoclave HST 5-6-8 (Zirbus)  

• Automatic pipettes with tips (Eppendorf) 

• Axio Zoom.V16 miscrooscope (ZEISS) 

• Cooled centrifuge 5417R (Eppendorf) 

• Digital camera OM-D E-M5 Mark II (Olympus) 

• Flowbox (MERCI) 

• Forceps 
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• Gel Doc EZ Gel Documentation System (BioRad) 

• Incubator (25 °C) (Lovibond) 

• Laboratory glassware 

• Magnetic stirrer RH basic 2 IKAMAG (IKA) 

• Microtubes (1,5 mL; 2 mL), Safe-lock microcentrifuge tubes (1,5 mL) 

(Eppendorf) 

• PCR strips (ThermoFisher Scientific) 

• Petri dishes 

• pH meter (Eutech Instruments) 

• Stereoscopic Zoom Microscope SMZ1000/SMZ800 (Nikon) 

• Thermocycler Applied Biosystems Veriti (Life Technologies) 

• TissueLyser II with adapters (Qiagen) 

• Tungsten Carbide Beads, 3 mm (Qiagen) 

• Vacuum controller (KNF Neuberger) 

• Vortex (Labnet) 

3.1.6 Software 

• GIMP 

• ImageJ 

• Image lab (Bio-Rad) 

• MS Office Excel 365 

• ZEN Blue 2012 (ZEISS) 

3.1.7 Primers 

All primers were designed and ordered from Sigma-Aldrich. The primer sequences used 

are listed in Table 1.  

3.2 Methods 

3.2.1 ½ MS solid medium preparation 

The prepared ½ MS medium in 1 L bottle was sterilized in autoclave (30 minutes, 121 

°C, 15 psi pressure. After sterilization the antibiotics were added if needed and the 

medium was then poured into Petri dishes (20 – 25 mL per dish). 
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Table 1 List of used primers for PCR genotyping 

Allele Primer Sequence 

athb8 Forward CTCCAACATCGAGCCTAAACAG 

  Reverse GCGCCAAGAGTTATAAACCTAG 

  T-DNA GGTTCACGTAGTGGGCCATCGCCCTG 

cna-2 Forward GCTGAGGAGTAATGGCAATGTCTTG 

  Reverse AAAGAACCAACCCTGCAGGACTAGC 

  T-DNA TAACGCTGCGGACATCTACATTTTTG 

esr1-1 Forward GTGCAACTCAAAAGTTTCCATGC 

  Reverse AAAATTAGTACGAGCCTTTGCTC 

  Transposon GTTTTGGCCGACACTCCTTACC 

esr1-2 Forward GCTCCATCTCTTTCAAACTATCAACCA 

  T-DNA GGGCTACACTGAATTGGTAGCTC 

esr2-2 Forward CCGTTAACCACTTTCGCTTACCCGCCTTGTGAT 

  Reverse GGTACTTGACCTCTTAGCTTTAGGCGA 

icu4-1d Forward GGTTGTTTTTGTATTTTCCGTAACAGCCGG 

  Reverse GCACCCTTGTAGGCTCAAGACC 

phb Forward CCTTCTTCAAACTTTGTGAGAGC 

  Reverse AGAGAGGCCTCATGACTTCAGG 

  T-DNA CTGAATTTCATAACCAATCTCGATACAC 

phv Forward CCATGGACGATAGAGACTCTCC 

  Reverse GTTGTCTTCTCAGAGAGCTAGG 

  T-DNA CTGAATTTCATAACCAATCTCGATACAC 

rev-5 Forward TAAAGTTGTGACATTTGTTCAGACGTACG 

  Reverse AGGCTCGTTGTGTATCTCAGG 

rev-G581E Forward ATCCGGTTCCTTAGAGAGCATC 

  Reverse AGAATACATCTCGAGCTTGAGC 

wus-101 Forward CACGGTGTTCCCATGCAGAGACC 

  Reverse TCACCGTTATTGAAGCTGGGATATGG 

  T-DNA GGGCTACACTGAATTGGTAGCTC 

 

3.2.2 Seed sterilization  

Small amount of seeds was transferred into 1,5 mL microtube (approximately 50-100 

seeds). Then 800 μL of 70% ethanol was added to the tube and the seeds were incubated 

for 2-3 minutes. After removal of ethanol 1 μL of sterilization solution was added and the 

seeds were incubated for 10-12 minutes while occasionally shaking the tube. After 

removing the solution were the seeds washed three times with ddH2O. After washing 

were the seeds either sewed on the media or 200 μL of ddH2O was added to the tube. 

Seeds on media or in tube were then transferred to fridge (4°C) for 24 hours and passed 

the stratification phase. The whole process is performed in sterile conditions. 
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3.2.3 Plant growing 

The plants were grown at following conditions: photoperiod 16 h light and 8 h dark, light 

intensity 130 µmol·m -2·s -1, humidity 65 % and temperature 25 °C.  

Seedlings grew either on media in Petri dishes, enriched with Kan for cna-2 and 

with Sulf for wus-101 and esr1-2 T-DNAs selection, or were sewn directly to the soil. 

Seeds of se-2 were sewn on soil and sprayed with Basta solution. Seedlings growing in 

Petri dishes were transferred to the soil 7th day post germination.  

3.2.4 Genomic DNA extraction 

Small true leaf (3x3 mm) of Arabidopsis seedling was transferred into 1,5 mL safe-lock 

tube along with a tungsten bead. Then 300 μL of extraction buffer and 70 μL of CIA was 

added. Prepared set of tubes was placed into TissueLyser adapters and the adapters were 

stabilized in the TissueLyser. The leaves were then lyzed for 2 minutes with set frequency 

to 25 Hz. The tubes with lyzed leaves were transferred into pre-cooled (8°C) centrifuge 

and centrifuged for 3 minutes at 14 000 rpm.  

 After centrifugation was the supernatant containing genomic DNA transferred 

into 1,5 mL microtube. 700 μL of 96% ethanol was then added and tubes are transferred 

into the centrifuge where they were kept for approximately 10 minutes before they were 

centrifuged for 10 minutes at 14 000 rpm. 

 All liquid was removed from the tube after centrifugation and 75 μL of 70% 

ethanol is added to wash the precipitated DNA on the wall of the tube. Then the samples 

are once more centrifugated at 14 000 rpm for 3 minutes and when the centrifugation is 

finished all liquid is removed. To the precipitate was added 50 μL of TE buffer and the 

precipitated DNA was dissolved into the buffer by using vortex. The DNA prepared 

solution was stored at -20 °C until genotyping. 

3.2.5 PCR genotyping 

During the preparation of PCR samples, we worked on ice to prevent DNA denaturation 

and enzyme degradation. 

 First the master mix was prepared into 2 mL microtube. For one sample the 

volumes are the following: 

• 3,4 μL ddH2O 
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• 2 μL 5x GoTaq® Flexi Green Buffer 

• 1 μL MgCl2 25 mmol·L-1 

• 1 μL dNTP mixture 10 mmol·L-1 

• 0,8 μL forward primer 

• 0,8 μL reverse primer 

• 0,05 μL GoTaq Flexi DNA polymerase – 5 000 U·mL-1 

If three primers are used, then the volume of ddH2O is reduced by the same 

volume as the volume of the third primer (0,8 μL) to keep the same reaction volume. 

 Total volume of 9 μL was pipetted into one PCR strip compartment per each 

sample. Then 1 μL of DNA solution was added and both solutions were mixed by 

pipetting. PCR strips were transferred into thermo cycler to convey the PCR. The 

conditions of PCR are listed in Table 2. 

3.2.6 DNA electrophoresis 

Firstly, the agarose gel was prepared. The concentration of gels varied between 1,7 to 

3,0 % (w/v) depending on the PCR/restriction product size (the smaller the product the 

denser the gel). The amount of agarose was mixed with needed volume of 1x TAE buffer 

and ethidium bromide is added to final concentration of 0,5 μg/mL. The mixture was 

heated in microwave oven and homogenized. 

 The liquid agarose gel was the poured into electrophoretic gel tray and bubbles 

were removed. The gel then solidifies for approximately 15 minutes at horizontal 

position. The solid gel was then placed into an electrophoretic chamber and covered with 

1x TAE buffer. Into each well was added 7 μL of PCR/restriction product and 2 μL of 

DNA ladder was added into each tenth well. The PCR/restriction products were then 

separated at voltage of 120 V for 12 minutes. The gel was then scanned by the Gel DocTM 

EZ Imager and analyzed in Image LabTM software. 

Table 2 PCR conditions. 

Step Temperature Time Number of cycles 

initiation 95 °C 1 min 1 

denaturation 95 °C 20 s 

32 annealing 57 °C 20 s 

extension 72 °C 20 s 

final extension 72 °C 4 min 1 
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3.2.7 DNA restriction 

PCR products of esr2-2, icu1-4d, rev-5 and revG581E were restricted by restriction 

endonucleases EcoRV, BamHI, SnaBI and EcoRI respectively. esr2-2, icu4-1d and 

revG581E mutations are CAPS (Cleaved amplified polymorphic sequence) markers and 

form a restriction site. Restriction site in rev-5 is a dCAPS (Derived Cleaved Amplified 

Polymorphic Sequence) marker and is created by primer mismatch. A master mix was 

prepared in 2 mL microtube with following volumes for each PCR product: 

• 3 μL ddH2O 

• 0,8 μL 5x GoTaq® Flexi Buffer 

• 0,2 μL restriction enzyme 

1,3 μL of master mix was pipetted to a PCR strip compartment and 2,5 μL of PCR 

product was added. Prepared samples were placed into an incubator with temperature set 

to 30 °C for 6 h. The restriction products were then analyzed by electrophoresis. 

3.2.8 Plant crossing 

From the inflorescences of mother plant were removed the mature siliques. The immature 

anthers of inflorescence buds were removed with forceps. The inflorescence was then 

marked by a piece of red tape. After 3 days an anther filament from mature flower of 

father plant was applied to the stigma of marked inflorescence by forceps to cover it with 

pollen. 

 In order to make higher order mutants, athb8, cna-2, esr1-1, esr1-2, esr2-2, phv, 

phb, rev-5 and wus-101 were backcrossed at least 4 times and revG581E was backcrossed 

3 times at the time of our experiments. icu4-1d and phv-1d were introgressed into Col-0 

by repetitive crossing with Col-0 plants six times. 

 esr1-1 esr2-2 mutant, which produces viable seeds, was made. By crossing it with 

wus-101 /+ was obtained wus-101 esr1-1 esr2-2 triple mutant. wus-101 /+ was also 

crossed with esr1-1, esr1-2, phb, phv, rev-5 and with rev-5 esr1-1, rev-5 esr2-2 in order 

to obtain wus-101 esr1-1, wus-101 esr1-2, wus-101 phb, wus-101 phv, wus-101 rev-5 

double mutants and wus-101 rev-5 esr1-1, wus-101 rev-5 esr2-2 triple mutants. Finally a 

phb phv cna-2 triple mutant was crossed with wus-101 /+ and the obtained wus-101 phb 

phv cna-2 quadruple mutant was crossed with esr1-1 and esr1-1 esr2-2 to create wus-101 
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phb phv cna-2 esr1-1 quintuple and wus-101 phb phv cna-2 esr1-1 esr2-2 sextuple 

mutants. 

 Additionally, rev-5 mutant was crossed with athb8, cna-2, phb, phv and esr1-1 

esr2-2. rev-5 athb8, rev-5 cna-2, rev-5 phb, rev-5 phv double mutants and rev-5 esr1-1 

esr2-2 triple mutant were obtained. 

3.2.9 Phenotypical analysis 

7 to 10 days old mutant seedlings were observed by stereomicroscope and their above 

ground organ phenotypes were compared to Col-0.  

Lateral meristems of 30 days old icu4-1d, phv-1d, rev-5, revG581E, rev-5 athb8, 

rev-5 cna-2, rev-5 phv, rev-5 phb, rev-5 esr1-1 esr2-2 and 50 days old se-2 plants was 

analyzed. We analyzed lateral organ phenotypes shown in figure 5. 

  

Figure 5 Lateral organ phenotypes in wil-type (left) and abnormal phenotypes in mutant plants 

(right). RL - rosette leaf, RM- meristem from rosette leaf axil, N - normal paraclade+bract 

structure, A - bract only, B - paraclade replaced with cauline leaf, C - paraclade without bract, D 

- bract replaced with paraclade. Adapted from (Pouteau and Albertini, 2011) and edited. 
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4 Results  

In this work we focused on the interactions between ESR genes and HD-ZIPIII genes 

(Chandler et al., 2007) that were manifested phenotypically. Moreover, we observed these 

interactions in wus-101 background as the WUS-independent pathway of SAM 

development have been described earlier (Lee and Clark, 2015).  

4.1 Seedling phenotype analysis 

At 8th day post germination wild-type seedling have formed two pairs of true leaves 

(Figure 6A). The wus-101 seedling at this time formed only one true leaf (Figure 6B). 

When esr1-1 mutation was added to wus-101, no signs of meristematic activity were 

observed (Figure 6C). Introduction of both esr1-1 and esr2-2 into wus-101 led to 

pleiomorphic phenotypes, indicating a developmental dysfunction of the SAM and of the 

Figure 6 Lateral organ development in WUS-independent pathway of 8 days old seedlings. (A) 

Col-0, (B) wus-101 with one true leaf, (C) wus-101 esr1-1 without meristematic activity, (D) wus-

101 esr1-1 esr2-2 malformed seedling, (E) wus-101 phb, (F) wus-101 phv, (G) wus-101 rev-5 

with pin-like structure, (H) wus-101 rev-5 esr1-1 with radialized pin-like structure, (I) wus-101 

rev-5 esr2-2 without signs of meristematic activity. Scale bars = 1 mm (D), 2 mm for the rest.  
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root (Figure 6D). Both wus-101 phb and wus-101 phv produced one pair of true narrow 

leaves (Figure 6E, F). Interestingly the wus-101 rev-5 double mutant didn’t form any true 

leaves and formed a pin-like radialized structure between cotyledons. The same 

phenotype was observed in wus-101 rev-5 esr1-1 triple mutant (Figure 6G, H). This 

indicates that rev-5 might play a key role in manifestation of this phenotype. However, 

the wus-101 rev-5 esr2-2 triple mutant showed no signs of meristematic activities (Figure 

6I) similarly to wus-101 esr1-1.  

 We analyzed another set of seedlings at 7 days post germination (Figure 7). While 

the wild-type had already formed one pair of true leaves and another was emerging 

(Figure 7A) the wus-101 showed emergence of one pair of true leaves (Figure 7B). The 

esr1-1 esr2-2 double mutant showed no signs of meristematic activity (Figure 7C, D) and 

occasionally had partially fused cotyledons (Figure 7C). The wus-101 esr1-2 double 

mutant, where esr1-2 is the weaker allele of esr1, formed a radialized structure between 

cotyledons (Figure 7E) but also a phenotype with one true leaf was observed (Figure 7F). 

The wus-101 rev-5 seedlings formed a pin-like radialized structure (Figure 7G) same as 

in previous observation. Although, in this observation the wus-101 rev-5 esr1-1 triple 

mutant exhibited a pleiomorphic phenotype, showing a  pin-like structure (Figure 7L), 

lacking visible meristematic activity (Figure 7H) or cotyledonary fusion with a cup-

shaped true leaf (Figure 7I). The wus-101 phb phv cna (wus-101 ppc) quadruple mutant 

was able to form true leaves similarly to the wild-type, but the leaves were smaller 

(Figure 7J). We also observed what seemed to be triple cotyledon with two cotyledons 

fused (Figure 7K). However, this confirms that the phb phv cna-2 triple mutation 

suppresses the wus-101 phenotype. The wus-101 esr1-1 phb phv cna-2 (wus-101 esr1-1 

ppc) quintuple mutant shows also pleiomorphic phenotypes. They form true leaves, but 

the leaves are often radialized (Figure 7M, O). Also, cotyledon phenotypes were 

observed, ranging from asymmetrically placed cotyledons (Figure 7O), through 

cotyledon malformation (Figure 7N) and absence of one cotyledon (Figure 7N, P), to 

complete absence of cotyledons (Figure 7Q). In few seedlings we observed severe defects 

in development, including root development, but we were still able to observe leaf-like 

structures (Figure 7Q, R). The wus-101 esr1-1 esr2-2 phb phv cna-2 (wus-101 esr1-1 

esr2-2 ppc) show even stronger defects, having arrested meristem development (Figure 

7S, T). This indicates that ESR1 and ESR2 have redundant function and are necessary for 

establishment of lateral organs through WUS-independent pathway. 
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Figure 7 WUS-independent pathway of later organ formation in 7 days old seedlings. (A) Col-0, 

(B) wus-101 with small true leaves, (C, D) esr1-1 esr2-2 showing no signs of meristematic 

activity, (E) wus-101 esr1-2 with radialized structure, (F) wus-101 esr1-2 with one true leaf, (G) 

wus-101 rev-5 with radialized structure, (H, I, L) wus rev-5 esr1-1 without pin-like structure, with 

fused cotyledons and cup-like true leaf and with radialized pin-like structure respectively, (J, K) 

wus-101 phb phv cna-2 forming true leaves and in (K) showing 3 cotyledons with 2 of them fused, 

(M-R) wus-101 esr1-1 phb phv cna-2 forming true leaves, often radialized (M-O, R), exhibiting 

cotyledonary defects (N-R) and root defects (Q, R), (S, T) wus-101 esr1-1 esr2-2 phb phv cna-2 

showing severe developmental defects with small roots covered by root hairs, a mass of white to 

green tissue ending with a thin structure. Scale bars = 2 mm (A-R), 1 mm (S, T).  

 We then focused on the wus-101 esr1-1 esr1-2 phb phv cna-2 sextuple mutant 

seedlings. 10 days old seedlings of wus-101/+ esr1-1 esr2-2 phb phv cna-2 self-progeny, 

selected on Sulf, were screened by the Axio Zoom microscope. We observed defects in 

leaf formation, for example single true leaf emerging from the SAM with additional thin 

structures, which could be radialized leaves (Figure 8D). In one plant we observed 

absence of true leaves, four cotyledons and duplicated meristem-like structures (Figure 
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8E). These meristem-like structures have a bulge of light green tissue in the middle and 

are surrounded by a dark green tissue (Figure 8E, F). Single cotyledonous small seedling 

with multiple small and round leaves was also observed (Figure 8C).  In some plants a 

radialized structure was observed emerging in between the cotyledons (Figure 8G). 

Several seedlings were malformed, with a mass of green to white tissue, having a small 

root covered in root hair (Figure H, I). In comparison wus-101 esr1-1 phb phv cna-1 

produced many unorganized narrow leaves but has also formed a radialized structure 

(Figure 8B). The number of leaves was higher than number of true leaves in wild type 

plant (Figure 8A). 

Figure 8 Development of lateral organs in 10 days old wus-101 esr1-1 esr2-2 phv phb cna-2 

seedlings. (A) wild-type, (B) wus-101 esr1-1 phv phb cna-2, note the radialized structure, (C-I) 

wus-101 esr1-1 esr2-2 phv phb cna-2. (C) Single cotyledon and leaf number comparable to wild-

type, but with no obvious stem and smaller in size, (D) single true leaf with additional narrow 

thin sctructures (arrow), (E) seedling with four cotyledons, double meristem-like structure with a 

bulging tissue in the middle and one narrow leaf-like structure (arrow), (F) meristem-like structure 

with mass of tissue, (G) a radialized structure emerging between cotyledons, (H) green mass of 

tissue with a white tip having root hairs on the base (top), (I) white mass of tissue passing to root 

tissue with root hairs. Scale bars = 2 mm (A,B, D, E), 1mm (C), 0,5 mm (F, G), 0,2 mm (H, I). 
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 These data indicate that the ESR1 and ESR2 are required for the WUS-independent 

SAM developmental pathway. This pathway is observed in the wus-101 phb phv cna-2 

mutant, which somehow rescues the wus-101 phenotype (Lee and Clark, 2015).  

4.2 Phenotype analysis of mature plants 

4.2.1 Lateral organ development 

We analyzed phenotypes of lateral organ formation in plants 30 days after germination 

rev-5, revG581E, rev-5 athb8, rev-5 cna-2, rev phb, rev phv mutants, because it has been 

previously described that rev mutants form less lateral and floral meristems (Otsuga et 

al., 2001). The rev-5 phb and rev-5 esr1-1 esr2-2 were self-progeny of rev-5 phb/+ and 

rev-5 esr1-1 esr2-2/+ respectively, because they can’t be otherwise maintained. We then 

compared these with icu1-4d (gain-of-function for CNA) and phv-1d (PHV gain-of-

function). We also analyzed 50 days old se-2, lacking functional miR165/166 and thus 

resulting in similar phenotypes to HD-ZIPIII gain-of-function mutants. We analyzed the 

phenotypes shown in Figure 5, namely: rosette leaves (RL), meristems from rosette leaves 

axils (RM), normal paraclade subtended by a bract (N), bract only, without paraclade (A), 

paraclade replaced by a bract (B), paraclade without bract (C) and bract replaced by a 

paraclade (D). 

 The rev mutants didn’t develop paraclades from cauline leaf axils significantly 

more often than wild-type plants and formed significantly less phenotypically normal 

lateral meristems (Table 3). The frequency of abnormalities was higher in rev-5 mutant, 

showing that it’s a stronger allele. The frequency of normal lateral meristem phenotype 

increased in rev-5 cna-2 and rev-5 athb8, showing their antagonistic function. 

Interestingly in rev-5 phb double mutant all lateral meristems lacked a paraclade. In rev-

5 phv this was slightly lower (91,58 %) but still much higher than in rev single mutants. 

This suggests that phb and phv play an agonistic function with rev in lateral organ 

development. This is supported by the lethal phenotype of rev-5 phb phv triple mutant.  

In the rev-5 esr1-1 esr2-2 the frequency of missing paraclade significantly increased 

when compared to rev mutants (50 %) but was lower than in rev-5 phb and rev-5 phv. 

 When the gain-of-function mutants were analyzed we didn’t observe significant 

difference when compared to Columbia, except for phv-1d where 18,46 % of lateral 

meristems were formed by two paraclades above each-other. This even strongly supports  
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Table 3 Lateral organ phenotypes frequencies. N=normal paraclade subtended by a bract, A=bract 

only, B=paraclade replaced by a bract, C=paraclade without bract, D=bract replaced by a 

paraclade. 

the key role of phv in lateral organ development, namely paraclade, because it this mutant 

PHV is overexpressed. Notably most of se-2 otherwise normal lateral organs had more 

than one cauline leaf (73.87 %), which after closer observation was described as early 

branching. 

We then focused on the rosette leaves phenotypes and on the meristems from its 

axils. The rev mutants produced in average significantly less rosette leaves (9,98±1,8 for 

rev-5 and 10,57±1,98 for revG581E per plant) when compared to wild-type (13,46±2,68). 

With these correlates the mean number of axillary meristems from rosette leaves, which 

was also significantly reduced (Table 4). Mutations in phb, phv and both esr1-1 esr2-2 

added to rev-5 mutation resulted in significant decrease in number of rosette leaves when 

compared to rev-5 single mutant (p-values <0,001) and interestingly the rev-5 cna-2 

double mutant formed less rosette leaves than rev-5 mutant (p = 0,003). This contrasts 

with its phenotype of lateral organ development. However, the number of axillary 

meristems of rosette leaves was significantly lower only in rev-5 phb, rev-5 phv and rev-

5 esr1-1 esr2-2 when compared to rev-5 (p-values < 0,001). More concretely the rev-5 

phb and rev-5 phv didn’t form any meristems from rosette leaves axils.  

 The icu4-1d and phv-1d both formed more rosette leaves than the wild-type but 

only icu-4d formed in average more axillary meristems than Col-0 (p<0,001). In these 

gain-of-function mutants we focused more on the leaf phenotype. 95,14 % of icu4-1d  

Genotype N (%) A (%) B (%) C (%) D (%) n 

Col-0 100,00 0,00 0,00 0,00 0,00 48 

rev-G581E  85,12* 10,74* 3,31 0,83 0,00 56 

rev-5 77,60* 16,00* 5,60 0,80 0,00 53 

cna-2 rev-5 92,80 4,80 1,60 0,80 0,00 57 

athb8 rev-5 88,00* 7,20 4,00 0,80 0,00 56 

phb rev-5 0,00* 100,00* 0,00 0,00 0,00 77 

phv rev-5 7,37* 91,58* 0,00 1,05 0,00 51 

esr1-1 esr2-2 rev-5 50,00* 50,00* 0,00 0,00 0,00 56 

icu-4d  95,54 0,64 0,00 0,64 3,18 50 

phv-1d 75,38* 4,62 0,00 1,54 18,46* 48 

se-2† 92,45‡ 6,04§ 0,00 1,51 0,00 72 

* p <0,05             
† 50 days old plants           
‡ 73,87 % with additional leaves           
§ 88,89 % with visible bud in bract axil 
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Table 4 Rosette leaves and meristems phenotypes. RL=rosette leaves, RM= meristem from rosette 

leaf axil 

rosette leaves were curved upward, showing role of CNA in leaf polarity. The phv-1d 

rosette leaves were only curved upward in 17,74 % but 8,87 % of rosette leaves were cup 

shaped (similar to Figure 7I). The se-2 rosette leaf phenotype wasn’t analyzed because of 

extensive branching and its age. 

4.2.2 Inflorescence meristem development 

We analyzed phenotypes of inflorescence meristems in rev-5, revG581E, rev-5 athb8, 

rev-5 cna-2, rev phb, rev phv mutants. While rev-5 wasn’t much different from the wild- 

type (Figure 10A, B) the revG581E formed smaller flower buds and smaller siliques, 

often with arrested development (Figure 10C). Compared to wild-type both rev-5 athb8 

Genotype RL RM 
upward-curved 

RLs (%) 

cup-shaped 

RLs (%) 
n 

Col-0 13,46±2,68 2,65±0,95 0,00 0,00 48 

rev-G581E  10,57±1,98* 0,73±0,81* 0,00 0,00 56 

rev-5 9,98±1,80* 0,72±0,76* 0,00 0,00 53 

cna-2 rev-5 9,02±1,41* 0,81±0,58* 0,00 0,00 57 

athb8 rev-5 9,77±2,05* 0,63±0,61* 0,00 0,00 56 

phb rev-5 8,87±1,11* 0,00* 0,00 0,00 77 

phv rev-5 8,63±0,93* 0,00* 0,00 0,00 51 

esr1-1 esr2-2 rev-5 7,64±1,98* 0,16±0,49* 0,00 0,00 56 

icu-4d  11,12±2,43* 4,60±0,87* 95,14* 0,00 50 

phv-1d 11,98±2,94* 3,02±0,97 17,74* 8,87* 48 

* p <0,05           
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Col-0 phbS +/- rev-5 phv rev-5 esr1-1 esr2-2 +/- rev-5

Figure 9 Frequency of pin-like apical structure. 
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and rev-5 cna-2 seemed to produce more flowers (Figure 10D, E). The rev-5 phv double 

mutant often formed inflorescences of filamentous structure (Figure 10F). Similar 

Figure 10 Floral meristems of 30 days old plant. (A) Wild-type, (B) rev-5, (C) revG581E with 

small and one arrested floral buds (arrow), (D) rev-5 athb8 with increased number of flowers, (E) 

rev-5 cna-2 also with increased flower count, (F) rev-5 phv with filamentous structures in place 

of inflorescences (arrows), (G) rev-5 phv axillary meristem with filament in place of paraclade 

(arrow), (H) rev-5 phb with pin-like apical structure with filaments instead of floral meristems, 

(I) rev-5 esr1-1 esr2-2 with apical pin-like structure and two underdeveloped floral buds (arrows). 

Scale bars = 1cm. 
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structure was observed in its cauline leaf axils in place of paraclade (Figure 10G). This 

supports the hypothesis that PHV acts in same pathway of AM and FM formation as REV.  

Both rev-5 phb and rev-5 esr1-1 esr2-2 formed a pin-like structure (62/77 plants 

and 27/56 plants respectively) (Figure 9) at the top of the stem and produced little to no 

inflorescences (Figure 10H, I). If flowers were present, they were sterile. The rev-5 phb 

formed filamentous structures instead of inflorescences (Figure 10H) when compared to 

rev-5 esr1-1 esr2-2 that produced more floral buds looking structures and only 

occasionally shorter filaments (Figure 10I). The rev-5 phv formed a pin-like structure in 

1 of 51 plants (Figure 9).  
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5 Discussion 

The wus-101 rev-6 pin-like structure phenotype has been previously observed (Otsuga et 

al., 2001), here we observed same phenotype in wus-101 rev-5 and also in wus-101 rev-

5 esr1-1 but not in wus-101 rev-5 esr2-2. This suggests that the functional ESR2 protein 

must be present in order to form this structure. This is supported by similar phenotype 

observed in wus-101 esr1-2 where ESR2 and REV wasn’t affected. This points to similar 

function of ESR1 and REV. However, wus-101 esr1-1 haven’t formed a functional 

meristem, same as wus-101 rev-5 esr2-2 and esr1-1 esr2-2. This shows the importance of 

ESR1 and ESR2 for SAM development. 

 The phb phv cna triple mutant is characteristic by similar phenotype as clv3 

mutant: enlarged SAM, faciated stem and flowers and multiple cotyledons formation 

(Prigge et al., 2005). The wus-101 phb phv cna-2 have been shown to form  true leaves 

from the SAM before its termination and also inflorescences from adventitious meristems 

through WUS/CLV3 parallel pathway (Lee and Clark, 2015).  The wus-101 esr1-1 phb 

phv cna-2 often formed radialized true leaves. They were thicker when compared to 

radialized structures in wus-101 rev-5, wus-101 esr1-1 and wus-101 esr1-2, that were 

tiny. Moreover, the quintuple mutants had severe cotyledonary defects. The defects of 

cotyledon formation have been previously described in esr1 and esr2 single and double 

mutants, caused by changes auxin transport (Chandler et al., 2007). In the wus-101 esr1-

1 esr2-2 phb phv cna-2 defects of cotyledons were also observed, but more severe 

abnormalities were present. The abnormalities included leaf malformations, radialized 

structures, bulging of the presumptive meristem, duplicated inactive meristem and 

ultimately complete malformation of the seedling without structured organs. 

 It has been previously shown that REV, PHB and PHV  have overlapping functions 

in the establishment of SAM (Prigge et al., 2005). Also the enhancement of rev phenotype 

by phb and phv mutations have been described (Otsuga et al., 2001). Here we described 

the enhancement of rev-5 phenotype by esr1-1 esr2-2 mutations. This indicates that ESR1 

and ESR2 act redundantly in the same pathway as REV, although this enhancement was 

lower than by phb or phv mutations. The role of PHV in lateral organ development was 

supported by formation of additional paraclade in place of bract in phv-1d. This shows 

that PHV might play a key role in paraclade development. Moreover, cup-shaped leaves 

have been previously observed in rev-6 phv double mutants (Prigge et al., 2005). 
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However, we did not observe such phenotype in rev-5 phv, which shows different effects 

of rev-6 allele. Nonetheless, we observed the cup-shaped leaves in phv-1d gain-of-

function mutants. This shows that PHV overexpression might be partially responsible for 

this phenotype, but it’s yet to be elucidated. 

 We observed increase in AMs from cauline leaves and FMs in rev-5 athb8 and 

rev-5 cna-2 as has previously been observed (Prigge et al., 2005). Nonetheless, the rev-5 

cna-2 formed less rosette leaves than rev-5. The role of ATHB8 and CNA is then opposite 

to the function of PHB, PHV and REV in AM and FM development, but CNA acts 

agonistically to REV in terms of rosette leaves development. Although in the CNA gain-

of-function mutant icu4-1d we observed increase in axillary meristem from rosette leaves 

axils this supports the positive effect of CNA on AM development. At the same time the 

number of rosette leaves was decreased and they were curved upward as observed before 

(Ochando et al., 2006).  

 The results of se-2 were inconclusive, however we could speculate that the 

abnormal lateral meristem phenotypes were caused by overexpression of all HD-ZIPIIIs 

where the paraclade only (C) phenotype appeared at same rate as in phv-1d and the bract 

only (A) appeared at similar rate as in icu4-1d. 

 Figure 11 schematically represents the genetic network of experimentally studied 

genes in relation with auxin and cytokinin signaling and in relation with other genes 

having role in the development of the SAM based on the research done. The figure 

demonstrates that REV and ESR1/2 interact together (line) and together activate meristem 

through STM (Shi et al., 2016; Zhang et al., 2018). ESR2 however activates CUC1, which 

together with CUC2 are necessary for STM expression (Aida et al., 1999; Ikeda et al., 

2006). This shows that ESR2 activates STM in two pathways. PHB/PHV/CNA then 

repress REV expression (Williams et al., 2005). It was also suggested that PHB, PHV and 

CNA might repress meristem functions through WUS/CLV pathway (Lee and Clark, 

2015), but  based on different functions of CNA and PHB/PHV we suppose that they act 

in two, yet unclear, separate pathways (dashed block arrows). PHB activates ZPR3, which 

leads to REV suppression. ZPR3 has also been shown to suppress all HD-ZIPIII members, 

which is not indicated in the scheme (Wenkel et al., 2007). Role of ATHB8 isn’t indicated 

because it is still unclear how ATHB8 affects the SAM, even though it seems that it 

slightly suppresses the flower phenotype of rev, which indicates its opposite role. 
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 Cytokinin signaling creates a positive-feedback loop with STM, where cytokinin 

signaling is first activated by STM (Yanai et al., 2005). Cytokinin then activates WUS 

transcription directly and also via AHK2/4 through CLV1 repression (Gordon et al., 

2009). ARR7/15 activate WUS expression, resulting in ARR7/15 down-regulation by 

negative-feedback loop which leads to increased cytokinin perception (Argueso et al., 

2010; Leibfried et al., 2005). ARR7/15 are also suppressed by auxin response factor MP, 

causing reduction in WUS expression (Zhao et al., 2010). MP in turn acts upstream of 

ESR1 by positively regulating its expression (Cole et al., 2009) ESR1 is however 

responsible for PIN1 expression patterns (Chandler et al., 2007). This shows the 

complexity of interactions responsible for proper SAM development. 

 Based on the similarity between rev-5 phb, rev-5 phv and rev-5 esr1-1 esr2-2 we 

speculate that ESR proteins induce the effects of PHB and PHV, possibly via direct 

interactions. The ATHB8 and CNA effects should be also induced according to this 

hypothesis. Then based on our results we propose that REV, PHB and PHV are epistatic 

to CNA and ATHB8. 

  

Figure 11 Genetic network of lateral meristem development. Arrows=activation, block 

arrows=inhibition, dashed grey arrows=two separate pathways of CNA and PHB/PHV mediated 

inhibition of meristem development. Lines from the sides of ESR1/2 and CNA/PHB/PHV include 

the whole group. 
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6 Conclusion 

In this work we studied the genetic interactions in lateral meristems. We studied the role 

of WUS, HD-ZIP III genes and ESR1/ESR2 in lateral organ development of A. thaliana 

seedlings. We then observed the effect of HD-ZIP III and ESR genes in rev mutant 

background on lateral organ formation. 

 We conclude that ESR play role as activators of meristem development through 

STM pathway but there might be another, yet unknow pathway for ESR1/2 actions. The 

PHB, PHV and PHV proteins are responsible for inhibition of meristem growth via REV 

suppression. The REV protein binds with ESR1/2 and together activate STM. Up-

regulated REV with functional ESR proteins is then required for the activation of the 

WUS-independent pathway. We confirmed that PHB, PHV and REV have overlapping 

functions in lateral organ development, although the exact interactions are yet unknown. 

Additionally, we propose the role of PHV in formation of the paraclade structure. This 

might be caused by STM up-regulation, but this yet has to be confirmed. We also showed 

the opposite roles of PHB/PHV/REV and ATHB/CNA. Our results however show distinc 

effects between ATHB8 and CNA. While CNA most likely acts as lateral meristem 

repressor, the role of ATHB8 and effects of ESR1/2 binding with ATHB8 are still unclear. 

 In the future the auxin signaling could be analyzed in the high order esr mutants 

generated throughout this work and compared with auxin signaling in HD-ZIP III gain-

of-function mutants. In order to study the WUS-independent pathway higher order hd-zip 

III and esr mutants with stm mutations could be created to elucidate the role of STM in 

this process. 
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8 List of abbreviations 

AGO ARGONAUTE 

AG AGAMOUS 

AHK Arabidopsis His kinase 

AHP Arabidopsis His phosphotransfer protein 

AM axillary meristem 

AP2 APPETALA2 

ARE auxin response element 

ARF AUXIN RESPONSE FACTOR 

ARR7/15 ARABIDOPSIS RESPONSE REGULATOR7/15 

ATHB8 A. thaliana HOMEOBOX8 

CLV1/3 CLAVATA1/3 

CNA CORONA 

CUC1/2 CUP-SHAPED COTYLEDON1/2 

CZ central zone 

EMS ethyl methanesulfonate 

ESR1/2  ENHANCER OF SHOOR REGENERATION1/2 

FM floral meristem 

HD-ZIP III class III homeodomain leucine zipper 

HOD1/2 homodimerization domain 1/2 

ICU4 INCURVATA4 

IPT ISOPENTENYL TRANSFERASE 

MP MONOPTEROS 

OC organizing center 
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PHB PHABULOSA 

PHV PHAVOLUTA 

PID PINOID 

PNH PINHEAD 

PZ peripheral zone 

RAM root apical meristem 

REV REVOLUTA 

RISC RNA-induced silencing complex 

RZ rib zone 

SAM shoot apical meristem 

SE SERRATE 

START steroidogenic acute regulatory protein lipid transfer 

STM SHOOT MERISTEMLESS 

T-DNA transfer-DNA 

TPL TOPLESS 

WUS WUSCHEL 

ZPR LITTLE ZIPPER 

 


