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1. Abstract 

Developmental transitions are periods of change between phases of greater stability 

and they enable multicellular organisms to drastically alter their mode of growth. 

Developmental transitions are subject to strict regulation, often involving small 

molecules termed microRNAs (miRNAs) that repress target genes post-

transcriptionally. In Arabidopsis thaliana (Arabidopsis), miRNA156 controls 

developmental timing both during vegetative and reproductive growth. Its targets are 

members of the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) family of 

transcription factors, which includes the floral integrator SPL15 that promotes flowering 

under non-inductive conditions. Plants expressing miR156-resistant SPL15 (rSPL15) 

transition prematurely, whereas those that overexpress miR156 are late flowering. In 

seedlings, miR156 is highly abundant and rapidly decreases as plants grow, thus 

setting the rate of developmental progression and contributing to the control of 

flowering time. 

Two closely related MIR156 and MIR157 families, consisting of eight and four genes 

respectively, encode isoforms of miR156 in Arabidopsis. Of these, MIR156A, MIR156C, 

MIR157A and MIR157C are the most abundant and show age-dependent expression 

patterns. The roles of MIR156 and MIR157 in flowering are often described 

synonymously and a detailed analysis of their functions during floral transition is 

currently lacking. Taking advantage of small RNA-sequencing and CRISPR/Cas9-

induced mutants, I characterised the relationship among MIR156 and MIR157 genes 

and their individual contributions towards floral transition. I observed different dynamics 

in miR156 and miR157 abundance over time that was also reflected in photoperiod-

dependent flowering phenotypes of mutants. Strikingly, mutations in MIR157 genes 

affected inflorescence development after floral transition, a phenotype that resembled 

that of rSPL15 plants, but not mir156 mutants. The mechanistic basis for this 

phenotype was then investigated by performing genetic interaction studies and 

confocal imaging. The spatial expression pattern of SPL15 and FRUITFULL, which act 

downstream of miR156, was not altered in mir157 mutants, whereas their temporal 

expression was accelerated. The combination of mir157 and fruitfull mutations had 

synergistic effects on inflorescence development. 
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Ultimately, this work provides a more detailed understanding of the role of miR156 

isoforms at the shoot apex in antagonizing flowering under non-inductive conditions 

and demonstrates that in particular, MIR157 genes have specific functions in 

inflorescence development.



 

iv  PhD Dissertation Adrian Roggen 

Table of Contents 

1 Abstract ................................................................................................................ ii 

2 Introduction .......................................................................................................... 1 

2.1 MicroRNAs and developmental transitions .................................................... 1 

2.2 Floral transition and inflorescence architecture in Arabidopsis thaliana ......... 2 

2.3 Genetic basis of the floral transition in Arabidopsis ....................................... 4 

2.4 The SPL family of transcription factors and their roles in vegetative phase 

change and the age pathway of flowering ............................................................... 6 

2.5 Developmental regulation of MIR156 and MIR157 precursors ...................... 9 

2.6 Evolutionary conservation of MIR156 and MIR157 genes ........................... 14 

2.7 MicroRNA biogenesis and function in plants ............................................... 15 

2.8 Aim of the thesis .......................................................................................... 19 

3 The expression patterns of MIR156 and MIR157 .............................................. 21 

3.1 Introduction .................................................................................................. 21 

3.2 Small RNA sequencing revealed different expression dynamics of miR156 and 

miR157 families ..................................................................................................... 23 

3.3 Characterisation of the spatial expression pattern of MIR156 and MIR157 

precursors ............................................................................................................. 25 

3.4 Conclusion ................................................................................................... 32 

4 The closely related MIR156 and MIR157 families have distinct roles in the 

regulation of flowering time ....................................................................................... 34 

4.1 Introduction .................................................................................................. 34 



 

PhD Dissertation Adrian Roggen   v 

4.2 Characterisation of novel CRISPR/Cas9 induced mir156 and mir157 mutants 

  ..................................................................................................................... 34 

4.3 The effect of mir156 and mir157 mutations on the abundance of miR156 and 

miR157 in short days ............................................................................................. 37 

4.4 Flowering-time phenotypes of mir156ac and mir157cd mutants in long and 

short days. ............................................................................................................. 39 

4.5 SPL15 expression pattern in short-day conditions ....................................... 47 

4.6 Response of MIR156 and MIR157 precursors to cold treatment .................. 51 

4.7 Conclusion ................................................................................................... 57 

5 Genetic dissection of flowering behaviour under non-inductive short days ........ 59 

5.1 Introduction .................................................................................................. 59 

5.2 Genetic characterisation of bolting in rSPL15. ............................................. 60 

5.3 Genetic interactions between mir157c and target genes encoding transcription 

factors .................................................................................................................... 64 

5.4 Genetic interaction between mir157 mutants and ful-2 in inflorescence 

development .......................................................................................................... 72 

5.5 Conclusions .................................................................................................. 75 

6 Discussion .......................................................................................................... 77 

6.1 Differences in miR156 and miR157 expression dynamics in apices correlate 

with flowering-time phenotypes of mir156 and mir157 mutants ............................. 77 

6.2 Regulation of inflorescence architecture by miR157 .................................... 81 

6.3 Molecular mechanisms that regulate inflorescence architecture .................. 85 

6.4 Perspectives ................................................................................................. 87 



vi  PhD Dissertation Adrian Roggen 

7 Materials and Methods ...................................................................................... 90 

7.1 Plant material and growth conditions ........................................................... 90 

7.2 Molecular cloning ......................................................................................... 95 

7.3 Plant phenotyping ...................................................................................... 103 

7.4 Statistical analysis ..................................................................................... 104 

7.5 Expression analysis ................................................................................... 105 

8 List of Abbreviations ........................................................................................ 111 

9 List of Figures .................................................................................................. 113 

10 References .................................................................................................... 115 

11 Acknowledgements ....................................................................................... 142 

Erklärung zur Dissertation         144 



Introduction 

PhD Dissertation Adrian Roggen   1 

2. Introduction 
2.1. MicroRNAs and developmental transitions 

The field of developmental biology involves the study of the complexities of 

coordinating growth in multi-cellular organisms. Multicellular life arose several times 

during evolution, and independently in animals and plants (Grosberg and Strathmann, 

2007). Despite the great diversification across the tree of life, recurring developmental 

themes can be identified. One of these is the characterisation of development as a 

series of successive transitions. In a broad sense, developmental transitions can be 

defined as occurrences of greater changes between phases of relative stability 

(Connell and Furman, 1984). A typical feature of multicellular life is the differentiation 

of specialised tissues, in which cells are programmed to fulfil specific functions 

(Grosberg and Strathmann, 2007). The development of a complex morphology with 

multiple tissues requires tight regulation in space and time. Thus, developmental 

transitions are characterised by responsiveness to a multitude of environmental and 

endogenous cues, which are integrated by master regulators (Kaufmann and Airoldi, 

2018).  

MicroRNAs are a class of small RNAs (sRNAs) that often function as negative 

regulators of transcription factors with major roles in development. These short 

molecules are generated from the processing of precursor transcripts and contribute 

to post-transcriptional gene silencing (PTGS). Their mode of action involves 

complementary base pairing with target transcripts that leads to the degradation of the 

mRNA or blocking of its translation. The activity of miRNAs can shape the spatial 

(Skopelitis et al., 2017) or temporal expression patterns of target genes (Nodine and 

Bartel, 2010) and is proposed to confer robustness to developmental transitions (Ebert 

and Sharp, 2012). 

The concept of miRNAs emerged from studying developmental stages of the 

nematode Caenorhabditis elegans (Lee et al., 1993; Ruvkun et al., 2004; Wightman et 

al., 1993). The C. elegans life cycle encompasses four successive larval stages 

(Rougvie and Moss, 2013). The LIN-14 protein is expressed during the first larval stage 

and its abundance decreases before the transition to the second stage (Ruvkun and 

Giusto, 1989). Different mutations in the lin-14 gene led to both gain- and loss-of-
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function alleles with opposite effects on developmental timing. The lin-4 gene was 

identified as a negative regulator of LIN-14 protein abundance, whereas lin-14 

transcription and polyadenylation remained unaffected (Olsen and Ambros, 1999). The 

lin-4 gene product is a 22-nucleotide miRNA that has a complementary binding site in 

the 3′ untranslated region (3′UTR) of lin-14. Mutations that disrupted the lin-4 binding 

site were causal for lin-14 gain-of-function alleles. Thus, a miRNA switch is responsible 

for the timing of larval developmental transition. The second miRNA that was 

discovered, let-7, is widely conserved among species in addition to nematodes. 

Orthologues of let-7 are present in the genomes of Drosophila, humans and maritime 

sponges (Pasquinelli et al., 2000). This finding led to miRNAs being acknowledged as 

more ubiquitous regulators of developmental transitions. 

Molecular cloning and bioinformatic analyses led to the identification of a plethora of 

miRNA families in plants (Llave et al., 2002a; Park et al., 2002; Reinhart et al., 2002; 

Rhoades et al., 2002). Plant miRNAs are central to a variety of developmental 

processes, which is also reflected by the pleiotropic or lethal phenotypes of mutants in 

miRNA biogenesis (Clarke et al., 1999; Han et al., 2004; Kidner and Martienssen, 2004; 

Park et al., 2002). Processes that involve miRNA-mediated regulation include 

embryogenesis, leaf development, stem cell maintenance and flowering (Laufs et al., 

2004; Nodine and Bartel, 2010; Palatnik et al., 2003; Wu and Poethig, 2006; Wu et al., 

2006). Analogously to the developmental regulatory function of lin-4 and let-7 miRNAs 

in C. elegans, miRNA156 (miR156) is a plant-specific miRNA that regulates 

morphological changes during vegetative growth and the age at which plants become 

competent to flower (Bergonzi et al., 2013; Wang et al., 2009; Wu et al., 2009).  

 

2.2. Floral transition and inflorescence architecture in Arabidopsis thaliana 

One of the most important events in the plant life cycle is floral transition, when the 

identity of the apical meristem is switched from vegetative growth to reproductive 

growth. An extensive reliance on post-embryonic development and modular 

architecture are traits that distinguish land plants from animals. Upon germination, a 

seedling consists of a limited number of organs – two cotyledons, an hypocotyl and a 

primary root – all of which are established during embryogenesis. The shoot apical 
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meristem (SAM), located at the junction between the cotyledons and hypocotyl, is the 

specialised tissue from which all aerial organs derive. Its stereotypical morphology 

consists of a central zone at the apex, a peripheral zone at the flanks and a rib zone 

subtending the central zone (Barton, 2010; Bowman and Eshed, 2000). In the central 

zone, a population of pluripotent stem cells is maintained, and lateral organ primordia 

are initiated within the peripheral zone. The rib zone gives rise to the stem and 

associated vasculature (Basile et al., 2017). During vegetative growth, the Arabidopsis 

thaliana (hereafter Arabidopsis) SAM is relatively flat and initiates leaf primordia in a 

spiral phyllotaxis (Bernier, 1988; Lee et al., 2009). Internode elongation is suppressed, 

leading to a characteristic rosette growth habit. Axillary meristems are initiated at the 

boundaries between leaf primordia and the SAM. In vegetative plants, this initiation 

occurs acropetally at a distance from the SAM. After the SAM initiates a few leaf 

primordia, the axillary meristems enter a paradormant state until reproductive 

development begins (Grbić and Bleecker, 2000; Long and Barton, 2000; Stirnberg et 

al., 1999). 

The transition to flowering is associated with marked changes in SAM and shoot 

morphology (Kinoshita et al., 2020; Lyndon and Battey, 1985; Tal et al., 2017). At an 

early stage of the transition, the number and size of cells within the SAM increases. 

This leads to a rapid increase in the height of the meristem, which adopts a domed 

structure that reduces in height again once floral transition is completed (Jacqmard et 

al., 2003; Kinoshita et al., 2020; Kwiatkowska, 2008; Tal et al., 2017). The apical 

meristem is now termed an inflorescence meristem (IM) and the identity of initiated 

primordia changes, which occurs in two phases (Hempel and Feldman, 1994; Pouteau 

and Albertini, 2009; Talbert et al., 1995). In the first phase (I1), the youngest primordia 

develop into cauline leaves. The internodes between the cauline leaves rapidly 

elongate, which drives the bolting of the main shoot. Axillary meristems are initiated in 

the axils of cauline leaves immediately at the SAM and remain active to generate 

outgrowing secondary inflorescences. 

The second phase of floral transition (I2) involves flower production. The axillary 

meristems now acquire a floral meristem identity and generate floral buds. The 

associated subtending leaf, termed a bract, is initiated at the SAM, but its outgrowth is 

subsequently repressed (Baum and Day, 2004; Karim et al., 2009; Long and Barton, 



Introduction 

4  PhD Dissertation Adrian Roggen 

2000). Under non-optimal conditions and in some mutant genotypes, the bracts 

develop and subtend the flowers (Liljegren et al., 1999; Tooke et al., 2005). After a 

period of producing siliques, the inflorescence meristem ceases to initiate organs and 

enters proliferative arrest (Balanzà et al., 2018). In annual plants, inflorescence 

development is also the last phase of the life cycle, which ends with whole-plant 

senescence after the production of seeds. 

 

2.3. Genetic basis of the floral transition in Arabidopsis 

Flowering time is controlled by several gene regulatory networks that converge on a 

small number of floral integrators (Pajoro et al., 2014). Independent of the specific 

pathway that initiates floral transition, floral development involves the sustained 

expression of the floral meristem identity genes APETALA1 (AP1) and LEAFY (LFY) 

in developing floral primordia at the SAM (Liljegren et al., 1999). These genes are 

activated by a set of MADS-box transcription factors, including SUPPRESSOR OF 

OVEREXPRESSION OF CONSTANS1 (SOC1) and FRUITFULL (FUL) (Immink et al., 

2012; Teper-Bamnolker and Samach, 2005; Torti and Fornara, 2012). 

On the basis of their flowering response to photoperiod, plants can be characterised 

as either short-day, day-neutral or long-day (Thomas and Vince-Prue, 1996). The 

major model plant species Arabidopsis is an annual Brassicaceae that flowers most 

rapidly in long days containing more than 12 hours of day light. This day-length 

response contributes to the rapid-cycling growth habit, and is controlled genetically by 

the photoperiodic pathway. The effectors of this pathway are the two paralogous 

master regulators FLOWERING LOCUS T (FT) and TWIN SISTER OF FT (TSF) 

(Figure 2.1). Both genes are transcriptionally activated in response to long days by the 

circadian-clock-controlled CONSTANS (CO) protein (Samach et al., 2000; Suárez-

López et al., 2001; Valverde et al., 2004; Yamaguchi et al., 2005). This occurs in 

phloem companion cells of the leaf vasculature around 12- 16 hours after dawn 

(Böhlenius et al., 2006; Chen et al., 2018b; Corbesier et al., 2007; Yamaguchi et al., 

2005). The FT and TSF proteins are then loaded into the phloem transport stream and 

are translocated to the SAM, where they initiate floral transition (Corbesier et al., 2007; 

Liu et al., 2019; Mathieu et al., 2007). FT and TSF are unable to bind DNA, but they 
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induce transcriptional changes at the SAM during floral transition, by each interacting 

with the bZIP transcription factor FD and 14-3-3 scaffolding proteins to form the florigen 

activation complex (FAC) (Abe et al., 2005, 2019; Taoka et al., 2011). Because the 

FT/TSF and FD expression domains are physically distinct in the plant, long-distance 

movement of the FT protein is essential for FAC formation (Abe et al., 2019; Corbesier 

et al., 2007). At the SAM, the complex directly induces the expression of SOC1, FUL 

and AP1 and indirectly induces LFY (Collani et al., 2019; Romera-Branchat et al., 

2020). 

 

Figure 2.1. Schematic representation of floral induction under long days and short days. A) The 
photoperiod pathway activates FT/TSF expression in leaves under long days. B) SPL transcription 
factors play a central role in promoting flowering under non-inductive conditions. CONSTANS (CO), 
FLOWERING LOCUS T/ TWIN SISTER OF FT (FT/TSF), FD transcription factor (FD), SQUAMOSA 
PROMOTER BINDING PROTEIN-LIKE (SPL), FRUITFULL (FUL), SUPPRESSOR OF 
OVEREXPRESSION OF CO 1 (SOC1), LEAFY (LFY), APETALA1 (AP1). 

If the day length is shorter than that required for FT/TSF activation in leaves, floral 

transition is activated via alternative pathways. The functional interaction between 

SOC1 and SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 15 (SPL15), which 

encodes a plant-specific transcription factor of the SPL family, plays a central role in 

promoting flowering under non-inductive conditions. Together, SOC1 and SPL15, 

promote floral transition by integrating signalling from the gibberellin (gibberellic acid, 

GA) and age pathways of flowering (Hyun et al., 2016, 2019; Jung et al., 2012). Both 

spl15 and soc1 mutants flower late under short days and show a reduced sensitivity to 

exogenous GA application (Hyun et al., 2016; Moon et al., 2003). Gibberellins are 

essential for flowering in short-day conditions (Wilson et al., 1992), and the exogenous 
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application of GA accelerates flowering, which partially depends on SPL15 function 

under short days (Blázquez et al., 1998; Galvão et al., 2012; Hyun et al., 2016). The 

perception of the developmental age of the plant is integrated at the level of SPL15 

and closely related SPL genes that are targeted by the miR156 and miR157 post-

transcriptional repressors (Hyun et al., 2016; Jung et al., 2012; Wang et al., 2009). 

2.4. The SPL family of transcription factors and their roles in vegetative phase 
change and the age pathway of flowering 

The SPL transcription factors form a family of plant-specific developmental regulators 

(Klein et al., 1996; Xie et al., 2006). Phylogenetically, the family is subdivided into at 

least eight clades, of which four predate the diversification of land plants (Preston and 

Hileman, 2013). Out of the 17 SPL genes present in the Arabidopsis genome, in total 

11 (SPL2/ SPL3/ SPL4 /SPL5/ SPL6/ SPL8/ SPL9/ SPL10/ SPL13A/ SPL13B and 

SPL15) are targets of miR156. The conserved miR156-binding sites are located within 

the coding sequence or the 3′UTR. After binding to complementary sequences in target 

transcripts, miR156 represses the function of SPL genes by either inducing the 

degradation of their transcripts or by interfering with their translation (Song et al., 2019). 

The prevalent mechanism of miRNA repression varies according to targets; targets, 

such as SPL3 can be subject to both mechanisms (Gandikota et al., 2007). The 

translational repression of target mRNAs reduces the ratio of protein level to mRNA 

abundance. Although some miRNAs are involved in spatially regulating their target 

genes, miR156 has been proposed to be a quantitative regulator (Nodine and Bartel, 

2010; Wang et al., 2008).  

The regulation of SPL genes by miR156 is conserved among land plants (Arazi et al., 

2005; Axtell et al., 2007; Cho et al., 2012). A high miR156 level in young plants prevent 

the precocious expression of miR156-responsive SPL transcription factors (Bergonzi 

et al., 2013; He et al., 2018; Hyun et al., 2016). The abundance of miR156 then 

decreases with progressing developmental age. This mechanism also provides the 

basis of the age signalling pathway that regulates the timing of vegetative development 

and flowering in distantly related Angiosperms. The relationship between SPL genes 

and miR156/miR157 has been described in species such as tobacco (Feng et al., 

2016), trees (Wang et al., 2011), grasses (Chuck et al., 2010; Jiao et al., 2010; Liu et 

al., 2017; Miura et al., 2010; Xie et al., 2006) and mosses (Cho et al., 2012).  
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During vegetative phase change, SPL transcription factors confer changes in leaf 

morphology. These include trichomes on the abaxial side of leaves, promoting leaf 

serration and leaf blade growth (Schwab et al., 2005; Wu and Poethig, 2006). 

Constitutive overexpression of MIR156 genes inhibits SPL function and extends the 

juvenile phase. Accordingly, MIR156 overexpressors develop smaller leaves with a 

round shape and long petioles (Schwab et al., 2005; Wu and Poethig, 2006). SPL 

genes fulfil similar functions in grasses. In maize, the heterochronic corngrass mutant 

shows an extended juvenile phase and increased branching phenotypes, which are 

caused by MIR156 overexpression from tandem duplicated genes (Chuck et al., 2007). 

In Arabidopsis, decrease in the level of miR156 allows the accumulation of the floral 

integrator SPL15 at the SAM that cooperates with SOC1 to activate FUL and MIR172B 

expression (Hyun et al., 2016). miR172 represses a set of genes encoding APETALA2-

LIKE (AP2-LIKE) transcription factors that act as floral repressors during vegetative 

growth, and the expression dynamic of miR172 is broadly anti-correlated with that of 

miR156 (Aukerman and Sakai, 2003; Chen, 2004; Lian et al., 2021; Ó’Maoiléidigh et 

al., 2021; Wu et al., 2009). Following the induction of miR172 expression, the level of 

inhibitory AP2-LIKE floral inhibitor proteins is reduced in the SAM, which allows floral 

transition to proceed (Lian et al., 2021; Ó’Maoiléidigh et al., 2021; Sang et al., 2022; 

Wu and Poethig, 2006). In parallel, FUL represses AP2-LIKE genes via directly binding 

their promoters (Balanzà et al., 2018). 

Other members of the SPL family also participate in floral transition. The closest 

paralogue of SPL15 is SPL9 (Preston and Hileman, 2013). Loss of SPL9 function 

enhances the spl15-1 mutant late-flowering phenotype, but single spl9 mutants show 

only a slight delay in flowering time (Hyun et al., 2016). This might be due to the 

divergent spatial expression domains of both genes. Although SPL15 is expressed 

throughout the SAM, SPL9 expression localises to the peripheral zone, which suggests 

that both genes possess divergent functions (Hyun et al., 2016). Whereas SPL15 

expression induces floral transition at the central zone, SPL9 might directly activate 

AP1 expression at the peripheral zone (Hyun et al., 2016; Yamaguchi et al., 2014). 

The closely related SPL3, SPL4 and SPL5 (SPL3/4/5) proteins form a separate clade 

within the SPL family and are the smallest SPL proteins (Preston and Hileman, 2013). 

All three proteins retain the SBP DNA-binding domain and can bind DNA, but they 
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lacked transactivation activity in protoplast experiments (Gandikota et al., 2007; Jung 

et al., 2016; Xing et al., 2010). To exert their regulatory function, these small SPL 

proteins might interact with other transcription factors. 

Similar to SPL9 and SPL15, SPL3, SPL4 and SPL5 contribute to floral induction, which 

is best studied in long days. The expression of SPL3, SPL4 and SPL5 (SPL3/4/5) is 

upregulated during floral transition at the shoot apex (Olas et al., 2019; Torti et al., 

2012). In situ hybridisation experiments showed that SPL3 transcripts localise to the 

periphery of the shoot apex, whereas SPL4 and SPL5 mRNAs are present in the rib 

zone of the SAM (Olas et al., 2019; Wang et al., 2009). Evidence suggests that the 

function of the three paralogues might be more relevant to floral induction under long 

days than are SPL9 and SPL15. When wild-type plants are transferred from short-day 

to long-day conditions, a rapid upregulation of floral meristem identity genes including 

AP1, FUL and LFY occurs via the FT/TSF pathway. In spl9 spl15 double mutants, the 

induction of LFY was delayed, but the mutations did not affect the responses of AP1 

and FUL to day length (Jung et al., 2016). By contrast, the simultaneous knockdown 

of SPL3/4/5 expression additionally suppressed the upregulation of AP1 and FUL 

(Jung et al., 2016). The SPL transcription factors bind to a GTAC core motif (Birkenbihl 

et al., 2005; Cardon et al., 1999; Liang et al., 2008; Yamasaki et al., 2009). Chromatin 

Immuno-precipitation (ChiP) and in vitro experiments indicate that SPL3/4/5 directly 

bind to GTAC motifs in the AP1, FUL and LFY promoters (Wang et al., 2009; Xie et al., 

2020a; Yamaguchi et al., 2009). Binding of SPL3 to SOC1 and FT was also detected 

in SPL3 overexpressors (Kim et al., 2012; Wang et al., 2009; Yamaguchi et al., 2009). 

However, the induction of FT expression in response to long days was not altered in 

these plants (Jung et al., 2016). 

Consistent with the induction of SPL3/4/5 during floral transition, their overexpression 

causes early flowering. The rate of leaf initiation is reduced in plants with enhanced 

SPL9 or SPL15 levels, but is unaffected by changes SPL3/4/5 activity (Cardon et al., 

1997; Hyun et al., 2016; Schwarz et al., 2008; Wang et al., 2008, 2009; Wu and Poethig, 

2006). The spl3 spl4 spl5 triple loss-of-function mutant produces significantly more 

rosette leaves than wild type (Xie et al., 2020a). The interaction with the photoperiodic 

pathway might occur at the protein level. SPL3/4/5 can physically interact with FD, but 

SPL9 or SPL15 cannot. The ability of SPL3 overexpression lines to accelerate 
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flowering in response to long-day exposure depends on the presence of functional FD 

(Jung et al., 2016). 

A role in the regulation of flowering time was additionally suggested for SPL10, SPL11 

and SPL13, which might also regulate the expression of MIR172 precursors (Wu et al., 

2009, 2006). In addition to flowering, SPL transcription factors are involved in several 

of other developmental processes such as leaf development (Yamaguchi et al., 2009), 

shoot maturation (Schwarz et al., 2008; Wang et al., 2008) and stress responses (Chao 

et al., 2017; Stief et al., 2014; Zhou and Tang, 2018). 

 

2.5. Developmental regulation of MIR156 and MIR157 precursors 

MicroRNA156 is a 20- or 21-nucleotide-long sRNA that has been described as a 

developmental timer (Wu et al., 2009). It is encoded by the two closely related MIR156 

and MIR157 gene families, which contain eight and four precursor genes respectively 

(Chorostecki et al., 2017; Jones-Rhoades and Bartel, 2004). The major miR156 

isoform is 20 nucleotides long, whereas the predominant miR157 isoform is 21 

nucleotides long (He et al., 2018). The sequence of these mature miRNAs differs by 

only three nucleotides, which leads to near-perfect complementarity to SPL transcripts, 

with a single mismatch each (Gandikota et al., 2007; He et al., 2018).  

MIRNA families often encompass several genes that encode functionally equivalent 

miRNAs (Jones-Rhoades and Bartel, 2004). This renders the genetic analysis via 

complete loss-of-function mutants challenging. Prior to the advent of CRISPR/Cas9-

mediated mutagenesis, the function of MIR156 and MIR157 genes was studied in T-

DNA mutants (He et al., 2018; Yang et al., 2013; Yu et al., 2013) and various transgenic 

lines. These included plants overexpressing MIR156 genes (Jung et al., 2011; Schwab 

et al., 2005; Wu and Poethig, 2006), artificial MIM156/MIM157 target mimicries 

(Franco-Zorrilla et al., 2007; Todesco et al., 2010) or miR156/miR157-resistant SPL 

(rSPL) genes (Barrera-Rojas et al., 2019; Hyun et al., 2016; Wang et al., 2009). Plants 

overexpressing MIM156/MIM157 and rSPL showed consistent phenotypes and were 

opposite to that of MIR156-overexpressing plants and spl mutants (Hyun et al., 2016; 
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Schwarz et al., 2008; Todesco et al., 2010; Wu and Poethig, 2006; Yamaguchi et al., 

2009). 

Four genes – MIR156A, MIR156C, MIR157A and MIR157C – are thought to generate 

the majority of mature miR156/miR157 (He et al., 2018). The miRNA156 was first 

identified as the master regulator of vegetative phase change, a term that collectively 

describes changes in leaf morphology, photosynthetic rate and competence to flower 

during vegetative growth (Bäurle and Dean, 2006; Poethig, 2013; Wang et al., 2011). 

A correlation between the level of miR156 and vegetative phase change is functionally 

conserved in various land plants such as perennial trees and grasses (Chuck et al., 

2007; Jiao et al., 2010; Wang et al., 2011). 

The dynamic abundance of miR156 provides a marker of developmental age. The 

miRNA is highly expressed in developing seeds and juvenile plants, but expression 

gradually decreases in shoot apices and successive leaf primordia (Cheng et al., 2021; 

He et al., 2018; Plotnikova et al., 2019; Wu et al., 2009). The manipulation of 

miR156/miR157 abundance alters the onset of vegetative phase change and the 

transition to flowering. Although miR156 overexpression extends the juvenile phase 

and delays flowering, depletion of miR156 results in precocious expression of adult 

traits and early flowering (Wu et al., 2009; Yang et al., 2013; Yu et al., 2013). 
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Figure 2.2. Factors that regulate MIR156 and MIR157 precursors during development. Known 
regulators are expressed during embryogenesis, germination or vegetative growth. Arrowheads indicate 
activation, bars represent repressive regulation. LAFL gene regulatory network [LEAFY COTYLEDON1 
(LEC1), ABSISIC ACID INSENSITIVE 3 (ABI3), FUSCA3 (FUS3) and LEAFY COTYLEDON2 (LEC2)], 
VIVIPAROUS/ABI3-LIKE1 and 2 (VAL1/2), Trehalose-6-Phosphate (Tre6P), NUCLEAR FACTOR Y 
subunit A6 (NF-YA6). 

The precise mechanisms that regulate the stereotypical expression pattern of miR156 

are subject to active research and to date, several direct regulators of MIR156 genes 

have been described. Notably, several members of the LAFL [LEAFY COTYLEDON1 

(LEC1), ABSISIC ACID INSENSITIVE 3 (ABI3), FUSCA3 (FUS3) and LEAFY 

COTYLEDON2 (LEC2)] gene regulatory network that governs embryogenesis and 

seed maturation (Jia et al., 2014) activate specific MIR156 genes. For example, the 

B3-type transcription factors LEC2, FUS3 and ABI3 bind to RY motifs in the promoters 

of MIR156A and MIR156C and induce their expression (Gao et al., 2022; Tian et al., 

2020; Wang and Perry, 2013). In addition, ABI3 promotes the expression of MIR156D 

during early embryogenesis (Tian et al., 2020); thus, high miR156 expression is 

established during the earliest stages of development. 

Expression of miR156 in the embryo probably suppresses SPL10 and SPL11 activity, 

which prevents precocious maturation of the seed (Nodine and Bartel, 2010; Rodrigues 
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and Miguel, 2017; Willmann et al., 2011). Upon germination, the influence of the LAFL 

network diminishes, in part due to transcriptional repression by another set of B3-type 

transcription factors, VIVIPAROUS/ABI3-LIKE1 and 2 [VAL1, VAL2 (Chen et al., 2018a; 

Suzuki et al., 2007; Tsukagoshi et al., 2007; Zhou et al., 2013b)]. The VAL1 and VAL2 

proteins might also be involved in the repression of MIR156 precursors (Fouracre et 

al., 2021; Picó et al., 2015). VAL1/ VAL2 are transcriptional repressors that recruit the 

polycomb repressive complex 2 (PRC2), which deposits the repressive histone3 lysine 

27 trimethylation (H3K27me3) mark at target loci (Förderer et al., 2016; Mozgova and 

Hennig, 2015; Pengelly et al., 2013). Direct physical interaction between VAL proteins 

and PRC2 components has been demonstrated in vivo (Chen et al., 2018a; Yuan et 

al., 2021). 

The expression of MIR156 precursors and therefore the abundance of mature miR156 

is also epigenetically regulated. In wild-type plants, the deposition of repressive 

H3K27me3 marks at MIR156 loci progressively increases during vegetative 

development, which is correlated with a decrease in MIR156 expression (Picó et al., 

2015; Xu et al., 2016a). Experimental data from the use of transgenic reporter lines 

suggests that RY motifs in MIR156 promoters function in this process. Mutation of 

these binding sites led to a marked increase in MIR156 expression during vegetative 

development, which is consistent with the repressive function of VAL proteins 

(Fouracre et al., 2021). Double mutants carrying weak alleles of val1 and val2 express 

MIR156A and MIR156C at elevated levels (Fouracre et al., 2021; Picó et al., 2015). 

Chromatin remodellers such as PICKLE might also participate in the epigenetic 

regulation of MIR156 (Hu et al., 2022; Xu et al., 2016b). 

In the epigenetic mutants described above, miR156 abundance continues to follow the 

characteristic temporal decrease observed in wild type (Fouracre et al., 2021; Xu et al., 

2016a, 2016b). Currently, two physiological concepts exist to explain the temporal 

regulation. The first concept is based on endogenous sugars that accumulate during 

vegetative growth as a consequence of increased photosynthetic activity (Buendía-

Monreal and Gillmor, 2017; Yang et al., 2013; Yu et al., 2013). Experiments on plants 

with altered photosynthetic ability showed changes in miR156 expression. In 

chlorophyll-deficient plants, miR156 expression is elevated (Yang et al., 2013; Yu et 

al., 2013). Similarly, the physical removal of leaves promotes miR156 expression. 
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Elevated atmospheric CO2 levels accelerate the rate of photosynthesis (Leakey et al., 

2009). An sRNA sequencing experiment performed in these conditions showed a 

reduction in miR156 abundance, whereas the miR172 level increased (May et al., 

2013). Recently, NY-A8, a subunit of the trimeric NUCLEAR FACTOR Y complex was 

reported to upregulate MIR156 precursors (Zhao et al., 2020). The NF-YA8 gene is 

highly expressed in juvenile leaves and is also repressed in response to sugar 

treatment. Exogenous application of sugars also represses miR156 levels, mainly 

through reduction of MIR156A and MIR156C (Yang et al., 2013; Yu et al., 2013). 

In Arabidopsis, sucrose levels are correlated with the downstream signalling molecule 

trehalose-6-phosphate (Tre6P), which is primarily synthesised by Tre6P 

SYNTHETHASE 1 (TPS1) (Fichtner and Lunn, 2021). The function of TPS1 is essential 

during embryogenesis but not essential during later development (Eastmond et al., 

2002; Wahl et al., 2013). Recovered tps1 mutants express miR156 at a significantly 

higher level than wild-type plants and this affects both the timing of vegetative phase 

change and floral transition (Ponnu et al., 2020; Wahl et al., 2013).  

A second concept links the decrease in MIR156C expression to the rate of cell division 

at the SAM (Cheng et al., 2021). During embryogenesis, transcription of a MIR156C 

reporter did not decrease at the quiescent apical meristem. After germination, 

MIR156C expression declined within the central and peripheral zones of the SAM, but 

it remained constant within the rib zone. This difference was attributed to varying rates 

of cell division. In roots, treatment with cell-cycle inhibitors and transferal of plants to 

low temperatures stabilised MIR156C reporter expression. Thus, the rate of cell 

division might be instructive for the age-related decrease in the level of MIR156C. 

Environmental signals also modulate the expression of MIR156 precursors. Exposure 

of juvenile plants to cold prevents the gradual decrease in the miR156 level in wild type 

(Bergonzi et al., 2013; Hyun et al., 2019). This mechanism plays an important role in 

the perennial life cycle of Arabis alpina, where it ensures that flowering only occurs in 

mature, established plants. Additionally, miR156 levels are affected by ambient 

temperature (Kim et al., 2012), recurring heat stress (Stief et al., 2014), and salt or 

drought stress (Cui et al., 2014). 
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2.6. Evolutionary conservation of MIR156 and MIR157 genes 

Despite these divergences in the mature sequence, limited information is available 

concerning when or how the two MIR families separated during evolution.  

Although MIR156 family members are represented in all land plants (Arazi et al., 2005; 

Axtell et al., 2007; Cho et al., 2012), some studies suggest that the MIR157 family is 

dicot-specific (Guo et al., 2020; Wang et al., 2006). Consistent with this, the MIR157 

family is absent from Oryza sativa and probably from other grasses (Guo et al., 2020; 

Wang et al., 2006). Two putative MIR157 orthologues have been reported in Zea mays 

on the basis of a simple basic local alignment (blast) search. However, no orthologous 

sequences were identified in five other grasses (Chorostecki et al., 2017).  

All members of the MIR156 and MIR157 gene families of Arabidopsis are present in 

almost all other Brassicacae species tested (Chorostecki et al., 2017; Fahlgren et al., 

2010). Within these families, several inter- and intrachromosomal duplication events 

are retraceable. For MIR156, the most recent duplication gave rise to MIR156A and 

MIR156C, which is evidenced by a highly conserved microsynteny among 

neighbouring genes (Maher et al., 2006). The genes also show the strongest 

expression among MIR156 family members in Arabidopsis (He et al., 2018). MIR156D 

forms an outgroup to MIR156A/C and might have arisen from a large-scale duplication 

event with MIR156H. The same event might also have generated MIR156E and 

MIR156F. On the basis of the conservation of flanking genes, the oldest precursor 

appears to be MIR156G, whose locus weakly resembles only that of MIR156E (Maher 

et al., 2006). Furthermore, MIR156B is distantly related to MIR156F. 

The evolutionary relationship among MIR157 genes has been reconstructed via 

comparative promoter analysis (Wang et al., 2006). MIR157A and MIR157C are the 

most strongly expressed MIR157 genes in Arabidopsis and generate the majority of 

mature miR157 (He et al., 2018). MIR157A and MIR157B are youngest genes in the 

family. They reside on the same Arabidopsis chromosome arm and are separated by 

a distance of only 4 kb. Their origin by duplication might be caused by a transposable 

element that is inserted between them (Wang et al., 2006). Fewer similarities are 

shared by the promoter regions of MIR157C and MIR157D than are shared by 

MIR157A and MIR157B. The MIR157C and MIR157D genomic loci are located in 
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duplicated segments of chromosomes 1 and 3 and the three flanking protein-coding 

genes show conserved synteny (Maher et al., 2006; Wang et al., 2006).  

A comparison between targeted and non-targeted SPL genes in angiosperms revealed 

that targeted genes are generally present in more copies than non-targeted genes (Li 

et al., 2020). In transcriptome datasets, the expression of non-targeted SPLs was more 

similar to that of house-keeping genes, whereas miR156-regulated SPLs exhibited 

more dynamic temporal expression patterns, suggesting that their recruitment to more 

complex physiological processes might have occurred during evolution (Li et al., 2020). 

 

2.7. MicroRNA biogenesis and function in plants 

MIRNA genes possess characteristics common for RNA Polymerase II (RNAP II) -

transcribed genes, such as those that contain a TATA-box promoter and a 

polyadenylation signal (Xie et al., 2005). The occurrence of introns and transcript 

splicing is also prevalent among precursors. 

The mature miRNA and its miRNA* complementary sequence are encoded by 

inverted-repeat sequences, which fold into imperfect double-stranded hairpin 

structures after transcription of primary-microRNAs (pri-miRNAs, Kurihara and 

Watanabe, 2004; Song et al., 2019). This conformation is recognized by the DICER-

like 1 (DCL1) processing machinery that catalyses the miRNA maturation process via 

two cleavage steps in the nucleus (Park et al., 2005). Processing of plant miRNAs can 

occur in distinct modes, depending on the pri-miRNA structure. 

In the base-to-loop processing mode, DCL1 recognises a 15- to 17- nucleotide long 

stem segment below the miRNA/miRNA* duplex that defines the position of the first 

cut. After cleavage, the second cut is initiated at a distance of 21 nucleotides and the 

miRNA/miRNA* duplex is released (Bologna et al., 2013; Mateos et al., 2010; Werner 

et al., 2010; Zhu et al., 2013). The helicase domain of DCL1 functions as a motor that 

relocates the substrate between successive cleavage events (Wei et al., 2021). The 

base-to-loop mode of miRNA biogenesis resembles the mechanism found in animals. 
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During loop-to-base processing, the first cut is initiated below the terminal loop (Addo-

Quaye et al., 2008; Bologna et al., 2009, 2013). Precursors processed from the loop 

contain a structured double-stranded RNA region above the miRNA/miRNA* duplex 

that defines the first cleavage position (Chorostecki et al., 2017; Kim et al., 2016; Moro 

et al., 2018). Processing then proceeds towards the base of the precursor. Due to 

functional constraints, the mode by which a precursor is processed can be deduced 

from evolutionary signatures (Chorostecki et al., 2017). Base-to-loop processed 

precursors are highly conserved below the miRNA/miRNA* duplex and the length of 

the terminal loop is variable. By contrast, the stem segment is less conserved in loop-

to-base substrates. Here, the length and structure of the terminal loop is consistent 

across species (Chorostecki et al., 2017). All members of the MIR156 and MIR157 

families are processed in a loop-to-base manner. The hairpin structure in miR157c is 

unusually long for pri-miRNAs processed this way. Moreover, it ends in a terminally 

branched loop that was previously associated with unproductive cuts (Moro et al., 2018; 

Zhu et al., 2013). Experimental data suggest that although processing of miR157c pri-

miRNAs is productive, the biogenesis of miR157a and miR157b, which contain smaller, 

unbranched loops, is more efficient. Replacement of the stem loop with a shorter 

variant also led to more efficient processing (Moro et al., 2018). 

The RNA-binding proteins HYPONASTIC LEAVES 1 (HYL1) and SERRATE (SE) form 

a core part of the DCL1 processing machinery. Their role is to promote the precision 

and accuracy of pri-miRNA processing (Dong et al., 2008; Han et al., 2004; Iwata et 

al., 2013; Kurihara and Watanabe, 2004; Kurihara et al., 2006; Vazquez et al., 2004; 

Yang et al., 2006). Via its intrinsically disordered domains, SE additionally possesses 

a scaffolding function. Driven by SE condensation (Fang and Spector, 2007; Li et al., 

2021b; Xie et al., 2021), DCL1 complexes aggregate into membrane-less nuclear 

organelles termed dicing bodies (D-bodies). These are physically distinct from Cajal-

bodies, the sites of mRNA processing (Fang and Spector, 2007; Song et al., 2007). 

Null mutants of dcl1 and double se and hyl mutants are embryo lethal (Schauer et al., 

2002; Yang et al., 2006). 

Several lines of evidence suggest that pre-miRNA processing occurs co-

transcriptionally (Wei et al., 2021). Many plant MIRNA genes, including MIR156A and 

MIR156C, carry introns that are spliced out during transcription. Several components 
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of the miRNA processing machinery, notably DCL1, HYL1 and SE, also contribute to 

the splicing process (Laubinger et al., 2008; Li et al., 2021a; Raczynska et al., 2014). 

DCL1 complexes were observed to colocalise with MIR loci (Fang et al., 2015), which 

might be mediated by interaction with transcription factors (Wang et al., 2013; Zhang 

et al., 2013) and subunits of both the mediator (Cambiagno et al., 2021) and elongator 

complexes (Fang et al., 2015). 

The final outcome of DCL1 processing is an imperfect miRNA/miRNA* duplex with an  

overhang of two nucleotides at the 3’ ends (Mateos et al., 2010). After methylation, 

which protects the duplex from degradation (Baranauskė et al., 2015), the guide strand 

is selected and loaded into AGO proteins. Selection of the correct guide strand is 

promoted by proteins such as HYL1 on the basis of the lower thermodynamic stability 

of the 5′ end, whereas the passenger strand is usually degraded (Eamens et al., 2009; 

Manavella et al., 2012). 

ARGONAUTE (AGO) proteins and associated sRNAs form the central unit of RNA-

induced silencing complexes (RISCs, Vaucheret, 2008). Ten AGO proteins are present 

in Arabidopsis, which can be phylogenetically grouped into three major clades: AGO1/ 

AGO5/AGO10, AGO2/AGO3/AGO7 and AGO4/AGO6/AGO8/AGO9 (Vaucheret, 2008; 

Zhang et al., 2015). The majority of miRNAs, including miR156 and miR157, are loaded 

into AGO1 (Joshua-Tor and Hannon, 2011; Rogers and Chen, 2013; Zhang et al., 

2015). AGO5 and AGO10 additionally preferentially bind to 21-nucleotide-long 

miRNAs. Recently, it was reported that AGO5 loads and interacts with miR156 to 

regulate flowering at the SAM (Roussin-Léveillée et al., 2020). 

The fate of an sRNA is determined by its 5’ terminal nucleotide (Mi et al., 2008), for 

which AGO proteins have binding affinities. For example, AGO1 has a strong 

preference for 5′ uracil, whereas AGO2 preferentially binds 5′ adenosine and AGO5 

has the highest affinity for 5′ cytosine. By changing the 5′ terminal nucleotide, it is 

possible to send an sRNA to a different complex (Mi et al., 2008; Thieme et al., 2012). 

Structural properties of the miRNA/miRNA* duplex also contribute to the sorting 

process (Zhang et al., 2014). Loading of the AGO proteins occurs mainly in the nucleus, 

and the presence of both nuclear import and export signals allows the shuttling of AGO 

complexes. A recently identified cytosolic pool of unloaded miRNA suggests that the 
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availability of AGO proteins may be a limiting factor. (Bologna et al., 2018; Dalmadi et 

al., 2019). Some AGO loading might also take place outside of the nucleus. 

Once it is assembled, the RISC complex is relocated to the cytosol, where it functions. 

AGO1-associated miRNAs function by inducing cleavage of targets or by blocking their 

translation into proteins (Brodersen et al., 2008; Llave et al., 2002b). In Arabidopsis, 

the AGO proteins AGO1, AGO2, AGO4, AGO7 and AGO10 show cleavage activity (Li 

et al., 2013; Qi et al., 2006; Zhu et al., 2013), whereas AGO1, AGO2, AGO7 and 

AGO10 also mediate translational repression (Fátyol et al., 2016; Qi et al., 2006; Zhu 

et al., 2011).  

The repression of transcripts via cleavage does not depend on components that are 

required for translational repression (Brodersen et al., 2008; Li et al., 2013; Yang et al., 

2012). Conversely, cleavage-deficient AGO1 proteins are able to efficiently carry out 

translational repression (Arribas-Hernández et al., 2016).  

To exert translational repression, AGO1 associates with polysomes found at the rough 

endoplasmatic reticulum (Lanet et al., 2009; Li et al., 2013). There, it interacts with 

cytosolic HYL1 and the integral membrane protein ALTERED MERISTEM 

PROGRAM1 (Lanet et al., 2009; Li et al., 2013; Yang et al., 2021). Interaction with the 

RISC complex then prevents the recruitment of targeted transcripts to membrane-

bound polysomes (Li et al., 2013). 
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Figure 2.3. MicroRNAs are transcribed from precursor genes and undergo nuclear maturation 
catalysed by the DICER-LIKE 1 (DCL1) complex. The transcript forms a hairpin structure, which is 
processed by DCL1 in cooperation with HYPONASTIC LEAVES (HYL1) and SERRATE (SE). The 
mature miRNA is loaded into ARGONAUTE1 and translocated to the cytosol, where it engages in post-
transcriptional gene silencing (following Bologna et al., 2018). 

 

2.8. Aim of the thesis 

In total, twelve genes encode miR156/miR157 isoforms in Arabidopsis. Of these, 

MIR156A/C and MIR157A/C are the most abundant and regulate phase transition 

during vegetative growth, with MIR156 precursors playing a more prominent role (He 

et al., 2018). The relative contribution of MIR156 and MIR157 to floral transition is less 

clear, because they are often described synonymously in this context (Wang et al., 

2009). Moreover, although vegetative phase change occurs in leaves (Yang et al., 

2011), flowering under non-inductive conditions is initiated at the SAM (Hyun et al., 

2016; Wang et al., 2009). The overall aim of this thesis is therefore to dissect the role 

of miR156 and miR157 in repressing flowering at the shoot meristem.  



Introduction 

20  PhD Dissertation Adrian Roggen 

I used sRNA-sequencing to compare the abundance of miR156 and miR157 over time 

in plants grown in inductive and non-inductive photoperiods. Confocal imaging of 

reporter lines allowed me to characterise the spatio-temporal expression patterns of 

individual MIR156 and MIR157 genes. The aim of combining these approaches with 

the analysis of CRISPR/Cas9-induced mutants was to identify MIR156 and MIR157 

genes that contribute to the bolting process under different photoperiods. In addition, 

the comparative analyses of plants with enhanced SPL activity and the genetic 

interactions with downstream factors, enabled me to integrate the insights into the 

current framework of the age pathway of flowering.



The expression patterns of MIR156 and MIR157 

PhD Dissertation Adrian Roggen  21 

3. The expression patterns of MIR156 and MIR157 
3.1. Introduction 

The levels of miR156 and miR157 are developmentally regulated and decrease over 

time in apices and successive leaf primordia (Bergonzi et al., 2013; Cheng et al., 2021; 

He et al., 2018; Wang et al., 2009). The expression of MIR156/ MIR157 genes 

decreases more slowly in short days than in long days, and short days also delay 

flowering in Arabidopsis (Figure 3.1). However, the level of miR156 is regulated 

independently from the photoperiodic pathway and is unaffected by ft tsf mutations 

(Wang et al., 2009). 

Limited information is available on the relative importance of mature miR156 and 

miR157 in regulating flowering time. Constitutive overexpression of miR156 delays 

flowering (Roussin-Léveillée et al., 2020; Schwab et al., 2005), but it is unclear which 

of the native MIR156 and MIR157 promoters are relevant for floral transition. When 

sRNA samples derived from total RNA extractions were sequenced, a higher 

abundance of miR157 than miR156 was observed in vegetative apices from 11-day-

old, long-day-grown plants (He et al., 2018). This was consistent with the observed 

higher expression of MIR157A and MIR157C precursors relative to that of MIR156 

counterparts. However, northern blot analysis of miRNAs extracted from isolated 

AGO1 proteins showed that miR156 and miR157 were equally abundant (He et al., 

2018), which the authors explained by different AGO1 loading efficiencies. 

To date, the only available detailed spatio-temporal expression pattern for MIR156 and 

MIR157 genes at the SAM is that for MIR156C (Cheng et al., 2021). The expression 

patterns of MIR156A, MIR156B and MIR157A in the embryo, young leaves and pollen 

were reported recently (Gao et al., 2022). Moreover, the spatial expression of 

MIR156H, MIR157C and MIR157D was characterised during early anther development 

(Xing et al., 2011). 
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Figure 3.1. Expression analysis of MIR156 and MIR157 genes in apices of A) long-day grown and 
B) short-day-grown Col-0 plants. The graph shows qRT-PCR expression data from total RNA for 
MIR156A/MIR156C and MIR157A/MIR157C calculated as delta Ct relative to expression of the 
PEROXIN4 gene. Expression values are shown along a time course for each growth condition. Asterisks 
denote significant differences compared with the first time point in the series as measured by a one-
factor ANOVA with p < 0.05.  

This chapter describes two approaches taken to further characterise MIR156 and 

MIR157 with a focus on their roles in floral transition. The first approach compared the 

levels of miR156 and miR157 between apices of plants grown in long days and short 

days in a time-resolved sRNA sequencing experiment (Figure 3.2). The approach 

employed the TraPR method, which allowed the specific isolation of all AGO-bound 

sRNA-molecules, including miRNAs (Grentzinger et al., 2020). In contrast to methods 

based on total RNA extraction coupled with size-exclusion gel electrophoresis, the 

TraPR method uses a column-based approach to bind free RNA, while allowing the 

specific elution of AGO proteins from tissue extracts. A second step extracts sRNAs 

directly from the AGO-complexes. This approach minimises the amount of fragmented 

mRNA molecules within the sRNA fraction and enriches for functional sRNAs that 

engage in PTGS. 

The second approach consisted of describing the spatio-temporal expression patterns 

of selected MIR156 and MIR157 precursors in detail by confocal imaging. The analysis 
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focussed on the expression patterns in the SAM, which is relevant for the age pathway 

of flowering. 

 

3.2. Small RNA sequencing revealed different expression dynamics of miR156 
and miR157 families 

 

Figure 3.2. Quantification of mature miR156 (blue) and miR157 (orange) expression levels by 
small RNA sequencing of wild type (Col-0) apices grown under long and short day photoperiods. 
A) Long day time course comparing miR156 and miR157 levels in wild type plants after 7, 9, 11, 14 and 
18 long days (7LD to18LD). B) Short-day time course with samples collected after 1 to 6 weeks (1wSD 
to 6wSD). Data points represent three independent biological replicates. Lines represent fitted 
generalised additive models. Shaded areas represent approximate, 95% confidence intervals. C and D) 
Differences between miR156 and miR157 trends plotted in A and B and associated 95% confidence 
intervals. The differences are statistically significant, when the confidence interval excludes zero. The 
sRNA sequencing experiment was analysed in collaboration with Dr. Vidya Oruganti. 

Because the age pathway of flowering is more important under non-inductive 

conditions than inductive conditions, the experimental design incorporated a 

comparison between long- and short-day time courses for Col-0 (Figure 3.2). Three 

replicates were harvested per time point. In short days, sampling occurred weekly from 
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one to six weeks after germination (1wSD to 6wSD, Figure 3.2). Most MIR156 

precursors encode the same miR156 isoform and MIR157A to MIR157C encode the 

same miR157 isoform (Jones-Rhoades and Bartel, 2004); therefore miRNA expression 

patterns were analysed at the family level. 

At 1wSD, miR156 was expressed at a high level, which was approximately fourfold 

higher than that of miR157 (Figure 3.2B). By 2wSD, the miR156 abundance decreased 

sharply, from about 17,000 reads per million (RPM) to circa 3,000 RPM. At the same 

time points, miR157, levels remained stable, resulting in equal amounts of both 

miRNAs at 2wSD. As development progressed, miR156 levels continued to decrease 

but at a slower rate. Overall, the dynamics of miR156 expression in short-day-grown 

shoot apices was consistent with the previously reported exponential decrease in 

miR156 in leaf primordia (He et al., 2018). By contrast, miR157 expression was less 

dynamic. Between 1wSD and 6wSD, miR157 abundance approximately halved, as a 

result of a more or less steady rate of decrease. This also changed the relationship 

between the amounts of the two related miRNAs. From 3wSD onwards, miR157 

expression was consistently higher than that of miR156. The differences in miR156 

and miR157 levels were statistically significant (Figure 3.2D). 

In LDs, apices were harvested at 7, 11, 14 and 18 days after germination (7LD to 18LD, 

Figure 3.2A). Similarly to in short days, miR156 was more abundant than miR157 one 

week after germination (7LD). At 11LD, miR156 and miR157 levels were equal, which 

in both cases was lower than at 7LD. The level of miR156 and miR157 further 

decreased at 14LD, but showed only a slight decrease at 18LD. Thus, miR156 was 

expressed more highly during early vegetative growth but decreased to a similar level 

as miR157 as development progressed. In contrast to their relative expression in short 

days, miR157 was not statistically significantly more abundant than miR156 during the 

experiment in long days (Figure 3.2C). 
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3.3. Characterisation of the spatial expression pattern of MIR156 and MIR157 
precursors 

The sRNA sequencing experiment confirmed the dynamic temporal change in miR156 

expression that was reported in the literature and a less dynamic change for miR157. 

To understand how these dynamic changes occur at the SAM, the spatial expression 

patterns of selected MIR156 and MIR157 genes were analysed by confocal imaging. 

The analysis focussed on the MIR156A::GFP reporter that was provided by the group 

of Jia-Wei Wang (Gao et al., 2022), the MIR156C::VENUS:GUS (MIR156C::VNG) and 

MIR156B::VNG reporters that were generated in the Coupland group and the 

MIR157A::VNG and MIR157D::VNG reporters that were created as part of this thesis. 

All MIR156 and MIR157 reporters contained the entire intergenic sequences of the 

MIR locus and a nuclear-localised fluorophore that replaced the miRNA-encoding 

hairpin structure. 

The MIR156A and MIR156C reporters were expressed in a similar pattern, in a broad 

domain throughout apices of young seedlings in both short-day (Figure 3.3A and B) 

and long-day conditions (Figure 3.3C). Consistent with the temporal decrease in 

mature miR156 levels, MIR156A and MIR156C reporter expression decreased with 

increasing plant age, and this decrease occurred more rapidly in long days than in 

short days. Although the expression of both reporters decreased at the SAM and in 

newly formed primordia, strong signal remained in older regions of the shoot (11LD in 

Figure 3.3A and B). The reported expression domain of MIR156A differed from that of 

MIR156C at the central zone of the SAM. In both growth conditions, MIR156C::VNG 

expression was present in the central zone at one week after germination, before being 

expressed in the more distal rib zone at later time points. By contrast, MIR156A::GFP 

reporter expression was absent from the central zone throughout the long-and short-

day time courses. 

The expression pattern of the MIR156B::VNG reporter was analysed under short-day 

conditions (Figure 3.3C). It differed from that of MIR156A and MIR156C reporters by 

being very specific and spatially stable over time. At the SAM, the expression of 

MIR156B::VNG reporter was exclusively localised to the L1-layer and no signal was 

present in deeper layers of the meristem. Strikingly, the otherwise ubiquitously 

expressed VNG protein was not detected at the tip of the SAM. Outside of the meristem, 



The expression patterns of MIR156 and MIR157 

26  PhD Dissertation Adrian Roggen 

the expression domain extended into the epidermis of leaf primordia. At 7wSD, the 

SAM completed floral transition and at this time point, the MIR156B::VNG reporter was 

also expressed in the floral primordia emerging from the peripheral zone. 

The miR156-targeted SPL9 and SPL15 genes contribute to the regulation of shoot 

branching (Xie et al., 2020b; Zhang et al., 2020). For example, the spl9 spl15 double 

mutant produces more rosette branches (Schwarz et al., 2008; Xie et al., 2020b). To 

analyse whether MIR156 reporters might be expressed in relevant tissues, the spatial 

expression patterns of MIR156A::GFP, MIR156B::VNG and MIR156C::VNG were 

assessed in rosettes of six-week-old, short-day-grown plants (Figure 3.4). At this time 

point, the SAM undergoes floral transition, which releases axillary buds from apical 

dominance. To access the meristems in the axils of older rosette leaves, cross-sections 

of the rosette base perpendicular to the main shoot were prepared. Sections of the 

pSPL15::9AV:SPL15 reporter line were also included for comparison.  

The dissected samples allowed the study of reporter gene expression patterns in 

petioles of mature rosette leaves and their axillary buds. Expression of the 

MIR156A::GFP reporter was present in older rosette leaves. The strongest expression 

was observed in the epidermis. Weak reporter signal was present throughout the 

petiole cross-section, and the signal intensity increased towards the adaxial side. In 

cross-sections that included the leaf blade, strong MIR156A::GFP expression was 

observed in secondary veins of the leaf vasculature, but no signal was detectable in 

midveins. Similarly, no expression of the MIR156A::GFP reporter was observed in 

axillary meristems, which is consistent with the absence of MIR156A::GFP expression 

at the shoot apex. 
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Figure 3.3. Confocal images of MIR156 transcriptional reporter expression at the shoot apical 
meristem under short- and long-day conditions A) MIR156A::GFP and B) MIR156C::VNG reporter 
expression in short days. C) MIR156A::GFP and MIR156C::VNG reporter expression in long days. D) 
Maximum intensity projection and reconstructed cross-section of the MIR156B::VNG reporter line in 
short days. Scale bars represent 50 µm in all panels. The same microscope imaging parameters were 
used within a time course. Images are representative of three to five analysed samples. 
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Expression of MIR156C::VNG was also present in petioles of older rosette leaves. 

Contrary to expression of MIR156A::GFP, MIR156C::VNG was expressed most 

strongly in abaxial regions and was excluded from the epidermis. In young leaf 

primordia produced by axillary meristems, MIR156C::VNG was also expressed at the 

lateral edges of the developing leaf blade, but was absent from the meristem. 

The activity of MIR156B::VNG in axillary meristems mirrored the pattern observed at 

the SAM. Strong signal localised to the L1 layer of the meristem and to the epidermis 

of leaf primordia. In mature leaves, epidermal MIR156B expression localised to the 

abaxial side of the midrib and the lateral edges of the leaf blade, whereas no signal 

was detected in the intermittent regions. Similarly, VNG signal was notably absent from 

leaf vasculature and other inner tissue layers. 

 

Figure 3.4. Expression pattern of MIR156A, MIR156B, MIR156C and pSPL15::9AV:SPL15 
reporters in cross-sections of six-week-old, short-day-grown rosettes. Confocal images of basal 
cross sections of whole rosettes that reveal axillary meristems and petioles of associated leaves. Signal 
intensities are not comparable among lines. Scale bars indicate 50 µm. 

The pSPL15::9AV:SPL15 construct reports SPL15 protein accumulation after post-

transcriptional regulation by miR156 (Hyun et al., 2016). At 6wSD, 

pSPL15::9AV:SPL15 was strongly expressed in the meristems of lateral shoots, but 



The expression patterns of MIR156 and MIR157 

PhD Dissertation Adrian Roggen   29 

expression was absent from incipient primordia, which is a pattern similar to that at the 

SAM. At the basal main shoot stem, SPL15 protein accumulated in specific vascular 

strands. In older leaves, expression was located to the leaf midveins, where no 

expression of MIR156A, MIR156B or MIR156C reporters was detected. 

The expression of the MIR157A::VNG and MIR157D::VNG reporters in apices was 

analysed in a short-day time course (Figure 3.5). At 1wSD, strong MIR157A::VNG 

activity was observed in the vasculature of leaves and the hypocotyl (Figure 3.5A and 

C). The expression domain did not include the SAM, but expression was present in the 

subtending tissue. Starting from 2wSD, MIR157A::VNG expression appeared in cell 

clusters below young and incipient leaf primordia at the peripheral zone (Figure 3.5A). 

In older primordia, the MIR157A::VNG reporter was expressed in inner layers of the 

leaf base, which are associated with developing vasculature (Figure 3.5C). Expression 

was absent from outer layers or distal regions of the leaf. Both MIR157A::VNG 

transgenic lines analysed reported similar expression domains. The intensity of 

MIR157A::VNG expression decreased with time and was lowest at 6wSD.  

During vegetative growth, the MIR157D::VNG reporter was not expressed at the SAM 

(Figure 3.5B). Reporter activity was present in the distal half of more developed leaves 

in proximity to differentiating leaf veins. In mature roots, individual cell files expressed 

the MIR157D::VNG reporter in the cortex. These cells were not associated with 

differentiated xylem. Over the course of the experiment, only one transgenic line 

transitioned to flowering. In the transitioning shoot, MIR157D::VNG was expressed at 

the boundary between the axillary meristem and cauline leaf (Figure 3.5B). Additional 

samples were harvested at 8wSD (Figure 3.5C), at which time point the abaxial base 

of mature cauline leaves strongly expressed the MIR157D::VNG reporter. Expression 

of MIR157D::VNG was also observed in axillary shoots, in a few cells located at the 

boundary between the leaf and axillary meristem. Similarly, MIR157D::VNG signal was 

detected at the boundary between floral organs of stage 7 flowers (after Smyth et al., 

1990). 
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Figure 3.5. Confocal images of MIR157A::VENUS:GUS and MIR157D::VENUS:GUS expression at 
the SAM. A) Expression patterns of MIR157A::VNG. Two independent lines were analysed in the T2 
generation that segregated for the transgene in an approximate 3:1 ratio. B) Confocal images of two 
homozygous MIR157D::VNG reporter lines showing no expression at the SAM. Two independent lines 
are depicted that were homozygous for a single-insertion transgene. Samples were harvested from one 
week to seven weeks in short days (1wSD to 7wSD). C) Additional tissues showing MIR157A::VNG and 
MIR157D::VNG expression. The experiment was a collaboration with Dr. Yohanna Miotto. Between 5 to 
10 samples were harvested per line and time point. The scales represent 50 µm in all images. 
Abbreviations: ax = axillary meristem, cl = cauline leaf, fl = flower, SAM = shoot apical meristem. 
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In the age pathway of flowering, miR172 acts downstream of miR156 and represses 

AP2-L floral repressors (Lian et al., 2021; Ó’Maoiléidigh et al., 2021; Sang et al., 2022). 

MIR172 precursors are activated by several SPL transcription factors (Hyun et al., 

2016; Xie et al., 2020b). The mir172a-2 mir172b-3 mir172d-3 (mir172abd) triple mutant 

is late flowering in long days (Ó’Maoiléidigh et al., 2021). To investigate the temporal 

expression of MIR156C in the context of late flowering and to test whether feedback 

regulation occurs, the MIR156C::VNG reporter was introduced to mir172abd. Reporter 

gene expression was then analysed in a long-day time course by confocal imaging 

(Figure 3.6). 

 

Figure 3.6. MIR156C::VENUS:GUS expression pattern in late-flowering mir172a-2 mir172b-3 
mir172d-3 (mir172abd) mutants harvested from 7 to 19 long days (7LD to 19LD). Images are 
representative of three to five harvested samples. The scale bar represents 50 µm in all panels. 

At 7LDs, MIR156C::VNG was expressed throughout apices: Expression was observed 

in the SAM and leaf primordia, and additionally in the hypocotyl and vasculature. At 

11LD, the wild-type SAM domed, whereas mir172abd mutants reached a similar 

morphology at 15LD. However, there was no discernible difference in MIR156C::VNG 

expression between wild type and mir172abd. MIR156C::VNG signal disappeared 

from the SAM but remained in the older shoot, which was difficult to image 

simultaneously with the SAM due to the tissue thickness. 
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3.4. Conclusion 

Small-RNA sequencing revealed that in apices miR156 is initially more highly 

expressed than miR157, but its abundance decreases at a significantly faster rate. As 

a consequence, miR156 and miR157 reach equal abundance in both long-day and 

short-day conditions. Only in short days did miR157 become more abundantly 

expressed than miR156 before floral transition occurred. The different expression 

dynamics of miR156 and miR157 were consistent with the expression patterns of 

MIR156 and MIR157 reporters. In young apices, both MIR156A and MIR156C 

reporters showed broad and strong expression that decreased with age. By contrast, 

the analysed MIR157A and MIR157D reporters were less abundant in apices. However, 

MIR157C had the strongest expression according to qRT-PCR analysis and its spatial 

expression pattern was not analysed. 

Confocal imaging revealed limited expression of MIR156 and MIR157 precursors at 

the SAM. Although MIR156A was not expressed within the central zone, the 

expression of MIR156C was initially strong in this domain but gradually disappeared 

during development. This gradual decrease in expression also occurred in the late-

flowering mir172abd mutant in long days. Therefore, the temporal dynamics of 

MIR156C might not directly correlate with floral induction and there was no evidence 

for the activation of MIR156C expression by AP2-L.  

In short days, the MIR157A reporter was expressed in small cell clusters situated at 

the peripheral zone below young and incipient primordia. This expression pattern did 

not change markedly during vegetative growth but expression decreased in older 

plants. Expression of the MIR157D reporter was absent from the SAM during 

vegetative growth but was present specifically in distal regions of expanding leaves. 

The MIR157D reporter activity was associated with vascular strands; therefore, 

MIR157D expression might be involved in prepatterning vascular veins, which would 

be consistent with its localisation to the distal part of the leaf. MIR157A might fulfil a 

similar role in prepatterning vascular tissue that connects incipient leaf primordia with 

the shoot. 

The pSPL15::9AV:SPL15 reporter was expressed in meristems and in the vasculature 

of six-week-old rosettes. MIR156A, MIR156B and MIR156C reporter expression 
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localised to older rosette leaves and leaf primordia of axillary meristems. MIR156A was 

also expressed in leaf vasculature but the overlap of its expression domain with that of 

pSPL15::9AV:SPL15 was limited.
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4. The closely related MIR156 and MIR157 families have distinct 
roles in the regulation of flowering time 

4.1. Introduction 

The strongest flowering promoting pathway in the long-day plant Arabidopsis is the 

photoperiodic pathway. In experimental settings, long days are simulated by 16 hours 

of continuous light followed by 8 hours of darkness. Short-day conditions, which do not 

induce FT/TSF expression in leaves, commonly consist of 8 hours of light followed by 

16 hours of darkness (Samach et al., 2000; Valverde et al., 2004; Yamaguchi et al., 

2005). In these non-inductive conditions, SPL15 and SOC1 promote floral transition at 

the SAM by cooperatively activating MIR172 and FUL expression (Hyun et al., 2016; 

Wang et al., 2009). Photoperiod-insensitive mutants grown in long days flower at a 

similar time as wild type plants grown in short days (Samach et al., 2000; Yamaguchi 

et al., 2005). The sRNA sequencing experiment described in the previous chapter 

revealed that the abundance of miR156 or miR157 changes during development. 

Moreover, although miR156 and miR157 are equally abundant during floral transition 

in long days, the expression of miR157 becomes dominant during vegetative growth 

in short days. 

To dissect the contribution of individual MIR156 and MIR157 genes to the age pathway 

of flowering, CRISPR/Cas9-induced mir156 and mir157 mutant alleles were generated 

in the Coupland group (Figure 4.1A). This chapter describes the characterisation of the 

vegetative and flowering-time phenotypes of these mir156 and mir157 mutants. The 

impact of mutant alleles on miR156/miR157 biogenesis was assessed by sRNA 

sequencing. In addition to the analysis of flowering time in long and short days, the 

expression of genes involved in floral transition was analysed, as well as the spatio-

temporal expression pattern of SPL15 and FUL translational reporters. 

 

4.2. Characterisation of novel CRISPR/Cas9 induced mir156 and mir157 
mutants 

The CRISPR/Cas9- induced mir156 and mir157 alleles carry deletions in sequences 

encoding the pri-miRNA hairpin structure (Figure 4.1A). At the MIR156C, MIR157A, 
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and MIR157C loci, deletions additionally affect the miRNA or miRNA* sequence. At 

MIR157D, CRISPR/Cas9 editing caused a 1.18kb deletion that covered the entire pri-

miR157d sequence. MIR157A and MIR157B are located in proximity to each other on 

chromosome 1, and the mir157a and mir157b alleles were generated within a single 

plant.  

The effect of deletion alleles on vegetative growth was analysed for the mir156ac, 

mir157cd and mir157abc mutant combinations, and controls were Col-0 and plants 

expressing rSPL15 (Figure 4.1). The rosette leaf morphology of wild-type plants 

changes gradually during vegetative growth, which is known as vegetative phase 

change (Kerstetter and Poethig, 1998; Tsukaya et al., 2000). Cotyledons and juvenile 

leaves have a near-circular leaf blade and short petioles. Successive leaves appear 

more elongated along the proximal–distal axis and become increasingly serrated 

(Figure 4.1B). To compare the vegetative development of wild type, mir156 and mir157 

mutants, the ratio between leaf length and width (length/width ratio, LWR, Figure 4.1C) 

was calculated for all leaves of plants grown for four weeks in short days. 

Differences in the morphology of the first leaves formed were observed among 

genotypes. For wild type, the LWR increased incrementally from the second to the 

sixth leaf, where it reached a maximum (upper dotted line in Figure 4.1C). 

Subsequently, the LWR decreased in leaves that were not completely expanded at the 

time of harvesting. Plants carrying the rSPL15 transgene produced fewer leaves than 

Col-0. The cotyledons and first two leaves of rSPL15 plants appeared more ovate and 

had a greater LWR. The fifth leaf of rSPL15 showed the maximum LWR, which was at 

a similar position than in wild type. From leaf six onwards, the LWR of rSPL15 leaves 

decreased continuously. 

The rosette leaf phenotype of mir156ac double mutants was most similar to that of 

rSPL15 plants. Leaves one and two were longer than the equivalent leaves in Col-0, 

and generally appeared more advanced in morphological development. Consequently, 

the LWR values were close to maximum value for mir156ac leaves. By contrast, the 

increase in the LWR of mir157cd and mir157abc mutants for successive leaves was 

largely comparable with that of wild-type plants, but higher maximum ratios were 

achieved. 



The closely related MIR156 and MIR157 families have distinct roles in the regulation of flowering time 

36  PhD Dissertation Adrian Roggen 

 

 



The closely related MIR156 and MIR157 families have distinct roles in the regulation of flowering time 

PhD Dissertation Adrian Roggen   37 

Figure 4.1. Novel CRISPR/Cas9-induced mir156 and mir157 alleles and vegetative phenotypes of 
precursor mutants. A) Sequence of the mutant alleles. All deletions affect the conserved hairpin-
sequence that is required for the correct biogenesis of miR156 and miR157. The wild type reference 
sequence is shown and the mutant sequence are shown below. The miRNA and miRNA* sequences 
are highlighted in blue. Red letters indicate non-template insertions. B) Shapes and C) length/ width 
ratios (LWRs) of successive rosette leaves after four weeks in short days. Shown are the mean LWRs 
of three to six samples. Asterisks indicate values that differ significantly from Col-0 according to ANOVA 
followed by pairwise Tukey’s HSD, with a Bonferroni-corrected p-value < 0.05. D) Rosette leaf 
phenotypes of five-week-old mir156ac, mir157cd and mir157abc mutants, Col-0 and rSPL15 plants. E) 
Distribution of the divergence angle between successive rosette leaves in five-week-old plants. The 
horizontal line at 137.5° indicates the ideal angle, and dashed lines show the minimum and maximum 
angles measured for Col-0. Letters indicate statistically significant differences in variation as calculated 
by Levene and post-hoc Tukey’s HSD tests. 

Vegetative growth was also analysed in terms of leaf phyllotaxis. The leaves of wild-

type plants are initiated in regular spiral patterns with an ideal divergence angle of 

137.5° (thick horizontal line in Figure 4.1E; Palauqui and Laufs, 2011). Consistently, 

the experimental values measured for each genotype approximated the ideal angle, 

but differences in variation were observed (Figure 4.1E). The variation in leaf initiation 

angles for mir157cd and mir157abc mutants was similar to that for wild-type plants, 

although several individual outliers were present. The visually discontinuous 

phyllotaxis of mir156ac and rSPL15 genotypes (Figure 4.1D) was also reflected in the 

increased variation in divergence angles, which was significantly greater than that of 

wild type and mir157 mutants (Figure 4.1E). Therefore, mir156ac mutants had stronger 

vegetative phenotypes than mir157 mutants that resembled those of rSPL15 plants. 

 

4.3. The effect of mir156 and mir157 mutations on the abundance of miR156 
and miR157 in short days 

The levels of miR156 and miR157 expression in mir156ac, mir157cd and mir157abc 

mutants were analysed in short days. Apices were harvested at one, three and six 

weeks and the abundance of miR156 and miR157 was compared with that in the wild-

type time course described above in section 3. The abundance of miR156 in mir156ac 

mutants was significantly lower than in wild type. In absolute numbers, the strongest 

reduction was occurred at 1wSD, when miR156 levels in Col-0 and mutants were 

highest. No difference in the abundance of miR156 was observed in mir157cd and 

mir157abc over time compared with Col-0 and the level of miR157 in apices of 

mir156ac was similar to that in wild type (Figure 4.2). 
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Figure 4.2. The abundance of miR156/miR157 in precursor mutants under short days over time 
from sRNA sequencing expressed as reads per million (RPM). The levels of miR156 (blue) and 
miR157 (yellow) are shown for Col-0, mir156ac, mir157cd and mir157abc mutants. Lines for Col-0 
represent fitted generalised additive models (GAMs). Shaded areas represent 95% confidence intervals. 
To prevent overfitting due a low number of time points, lines in mir156ac, mir157cd and mir157abc 
panels represent the connected means instead. Asterisks denote significant differences in pairwise 
comparisons between mutants and Col-0, Bonferroni-adjusted p < 0.05. The sRNA sequencing 
experiment was analysed in collaboration with Dr. Vidya Oruganti. The data for the Col-0 time course 
are reproduced from Figure 3.2. 

By contrast, the abundance of miR157 was significantly lower in mir157cd and 

mir157abc mutants than in Col-0 but the miR156 levels were similar. The effect of the 

deletion alleles therefore is miRNA family-specific. Although residual miR157 

expression was present in mir157cd at 1wSD, virtually no miR157 reads were detected 

at 1wSD and 3wSD in mir157abc. This observation, together with the significant 

reduction in miR157 abundance in mir157cd, suggests that MIR157C, contributes the 

majority of mature miR157 molecules in short-day grown apices.  
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4.4. Flowering-time phenotypes of mir156ac and mir157cd mutants in long and 
short days. 

Because the CRISPR/Cas9-induced deletions within the MIR156 and MIR157 genes 

specifically reduced either miR156 or miR157 abundance, this enabled the dissection 

of the relative importance of MIR156 and MIR157 genes during floral transition. For 

this, the flowering time of mir156ac, mir157cd and mutants was examined in long-day 

conditions (Figure 4.3), in which wild-type miR156 levels were reached prior to floral 

transition. The following flowering-related phenotypes were recorded: The time until 

the bolting of the main shoot occurred (days to bolting), the time until the first flower 

opened (days to flowering) and the number of rosette and cauline leaves. 

In long days, the median time to bolting of Col-0 was 24 days and the first flower 

opened approximately five days later (Figure 4.3A and B). The mir156ac and rSPL15 

genotypes bolted significantly earlier than wild type. The variation in bolting time for 

the rSPL15 phenotype was lower than that of other genotypes, but the median bolting 

time was similar to that of mir156ac. mir156ac also flowered earlier than wild type, but 

the difference in days to flowering between rSPL15 and wild type was not significant. 

One function of SPL15 is to reduce the rate of leaf initiation (Hyun et al., 2016; Schwarz 

et al., 2008). Consistent with this, rSPL15 plants had the fewest rosette leaves (Figure 

4.3C). The difference in the number of rosette leaves in rSPL15 compared with Col-0 

was more extreme than the acceleration in time to bolting. 

By contrast with the bolting and flowering-time phenotypes of mir156ac mutants, these 

phenotypes of mir157cd mutants in long days did not differ significantly from those of 

wild type. The number of rosette leaves was also comparable in mir157cd and wild 

type. Despite the similar flowering phenotypes of mir157cd and wild type, mir157cd 

mutants produced additional cauline leaves (Figure 4.3C). This was a similar, but 

weaker phenotype to that of rSPL15. Notably, the early flowering mir156ac mutant 

produced the same number of cauline leaves as wild-type plants. 
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Figure 4.3. Flowering time and expression of floral meristem identity genes in mir156ac and 
mir157cd mutants in long days. Flowering time was measured as A) days to bolting, B) days to 
flowering, C) the number of rosette leaves and D) the number of cauline leaves produced. The sample 
size (n) is shown for each panel. E) qRT-PCR analysis of APETALA1 (AP1), FRUITFULL (FUL), 
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 4 (SPL4) and SPL15 gene expressions. The 
expression values are relative to that of PEROXIN4, values are the means and standard deviations of 
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three replicates. Significant differences were determined by ANOVA analysis with genotype and time 
point as factors, followed by Tukey’s HSD pairwise comparisons. Different letters indicate statistically 
significant differences among genotypes at p < 0.05. 

The flowering-time phenotypes were associated with significant differences in the 

temporal expression patterns of the floral meristem identity genes AP1 and FUL in 

apices (Figure 4.3E). The expression of AP1 is specific to floral primordia initiated at 

the flanks of inflorescence meristems, therefore it was absent in all genotypes 

analysed at vegetative time points. In the early-flowering mir156ac and rSPL15 

genotypes, AP1 expression was detected at 14LD and was strongly upregulated at 

18LD. In wild-type and mir157cd apices, an elevated level of AP1 transcripts was 

detected at 18LD only. 

The expression of FUL, which is the target of several SPL transcription factors, 

increased steadily in all four genotypes during the experimental time course. The level 

of FUL transcription was most strongly upregulated in mir156ac, mir157cd and rSPL15 

genotypes, but FUL expression in mir157cd was not significantly different to that in wild 

type. The miR156/miR157 target SPL4 was upregulated at 18LD in wild type and 

mir157cd, but was upregulated earlier and to a greater degree in mir156ac and rSPL15. 

The expression of SPL15 was also quantified, but no significant changes were 

detected over time (Figure 4.3E). This suggests that the miR156/miR157-mediated 

regulation of SPL15 might act at the translational level. The level of SPL15 expression 

was consistently higher in rSPL15 plants than in other genotypes, but the expression 

level did not change over time. The endogenous SPL15 gene is functional in rSPL15 

lines; therefore, a higher SPL15 copy number might cause increased transcription. 

The effect of mir156 and mir157 mutations on inflorescence height was analysed in 

long-day conditions (Figure 4.4). The length of I1 internodes was measured in two 

independent experiments. The total height of the I1 zone was calculated via the 

summation of individual internode lengths (Figure 4.4C). Although absolute 

measurements varied between experiments, mir156ac, mir157cd and mir157abc 

mutants had taller I1 zones than wild-type plants. For mir156ac and mir157abc plants, 

the differences in inflorescence height were statistically significant in both experiments.  
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Wild-type plants and mir156ac mutants formed a similar number of cauline leaves. By 

contrast, mir157cd mutants consistently formed more cauline leaves than mir156ac 

and wild type (Figure 4.4B). Strikingly, the number of cauline leaves of mir157abc triple 

mutants was lower than that of mir157cd mutants, but higher than that of wild type and 

mir156ac mutants. This suggests that MIR157D is involved in inflorescence 

development and that in this context it might be more important than MIR157A and 

MIR157B. Despite the greater number of I1 nodes, the I1 height of mir157cd and 

mir157abc was not greater than that of mir156ac mutants; instead, the I1 internodes 

of mir157cd and mir157abc shoots were reproducibly shorter than those of mir156ac 

shoots. The difference between I1 internode length of wild type and mir157cd was 

significant in the first experiment, whereas the difference in internode length between 

wild type and mir157abc was not. 

The position of the longest internode of wild-type plants was either the first or the 

second position at the inflorescence base (Figure 4.4E). For mir156ac mutants, the 

longest internode was usually the first one and this was consistent across experiments. 

Thus, although the number of cauline leaves produced by mir156ac inflorescences 

was similar to that of wild type, the pattern of internode elongation appeared to be 

different. The position of the longest internode was more variable in mir157cd and 

mir157abc mutants. The position of the longest internode of mir157abc plants was less 

consistent between experiments; in one experiment, it was similar to that of mir156ac 

whereas in the other it was more similar to that of mir157cd. For mir157cd mutants, 

the longest internode was more often at the first position, but was otherwise among at 

the first three positions. Taken together, the mir157cd and mir157abc phenotype was 

highly consistent in terms of cauline leaf number in long days, but the internode 

elongation was more variable. 
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Figure 4.4. The effect of mir156 and mir157 mutations on inflorescence growth. A) Representative 
images of Col-0, mir156ac, mir157cd and mir157abc plants at flowering. Images correspond to the 
second experiment (LD2). B) Number of cauline leaves. C) Reconstructed I1 zone height calculated as 
the sum of I1 internode measurements plotted in D). Significance levels in B and C were determined by 
one-factor ANOVA followed by Tukey’s HSD post-hoc tests. Sample size (n) is given at the base of the 
plots. D) The length of all I1 internodes of wild type (Col-0), mir156ac, mir157cd and mir157abc was 
measured in two independent experiments in long days (LD1 and LD2). Significance levels in D) were 
determined by the non-parametric Kruskal-Wallis test followed by Nemenyi’s post-hoc test. E) Histogram 
showing the position of the longest I1 internode. Position 1 refers to the lowest elongated internode 
between the rosette and first cauline leaf. 

The flowering time of mir156ac, mir157cd and mir157abc was then analysed in short 

days and compared with that of rSPL15 and wild type (Figure 4.5). In these conditions, 

rSPL15 plants were the first to bolt, approximately two weeks earlier than Col-0 (Figure 

4.5A). In contrast to the bolting and flowering time of mir156ac in long days, mir156ac 

mutants bolted and flowered in short days at the same time as Col-0 (Figure 4.5A, B). 

Notably, mir157cd and mir157abc bolted significantly earlier than wild type, but later 

than rSPL15 plants. The opening of the first flower occurred at about the same time in 

all three genotypes, which suggests that the formation of mature flowers takes longer 

in rSPL15 than in mir157cd and mir157abc. The delay in flowering time of wild type 

compared with that of rSPL15 was also less extreme than the difference in time to 

bolting. 

The number of rosette leaves produced prior to flowering was similar for wild type, 

mir156ac and mir157cd, whereas mir157abc produced fewer leaves than wild type and 

mir156ac (Figure 4.5C). Plants carrying the rSPL15 transgene initiated the fewest 

rosette leaves. Similarly to in long days, the number of cauline leaves in short days 

was highest in rSPL15, followed by mir157cd (Figure 4.5D). Col-0, mir156ac and 

mir157abc produced a similar number of cauline leaves, although the variation was 

greater for the latter two genotypes. 

The expression of AP1, FUL and SPL4 was analysed in one- to six-week-old apices 

(Figure 4.5E). Throughout the time course, AP1 expression was barely detectable in 

wild type and mir156ac samples, suggesting that floral transition had not occurred at 

6wSD. By contrast, the level of AP1 expression increased in six-week-old apices of 

mir157cd and mir157abc. Due to variation among replicates, the difference in AP1 

expression from that of Col-0 was only significant in mir157abc plants. The expression 

levels of FUL and SPL4 were significantly higher in mir157cd and mir157abc mutants 
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than in wild type. This suggests that at 6wSD these two genotypes were undergoing 

floral transition.  
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Figure 4.5. Flowering time and expression levels of floral meristem identity genes in mir156ac 
and mir157cd mutants in short days. Flowering time was measured as A) days to bolting; B) days to 

flowering. C); number of rosette leaves and D) number of cauline leaves. The sample size (n) is shown 

for each panel. E) qRT-PCR analysis of APETALA1 (AP1), FRUITFULL (FUL) and SQUAMOSA 

PROMOTER BINDING PROTEIN-LIKE 4 (SPL4) genes. The expression values are relative to that of 

PEROXIN4 and represent means and standard deviations for three replicates. Significant differences 

were determined by ANOVA with genotype and time point as factors, followed by Tukey’s HSD pairwise 

comparisons. Different letters indicate statistically significant differences among genotypes at p < 0.05. 

Floral transition is associated with changes in meristem morphology (Kinoshita et al., 

2020; Tal et al., 2017). To compare floral transition in short days between the early 

bolting mir157cd mutant and Col-0 at the meristem level, the pWUSCHEL:3xVENUS-

NLS pCLAVATA3::mCHERRY-NLS (pWUS::VENUS pCLV3::mCHERRY) double 

reporter line (Pfeiffer et al., 2016) was introduced into the mir157cd background. 

The double reporter line reports the promoter activities of WUS and CLV3, which 

engage in a negative feedback loop to regulate stem cell homeostasis at the SAM 

(Fuchs and Lohmann, 2020). Expression of CLV3 defines the central zone, whereas 

WUS is expressed in the organising centre. The expression patterns were analysed 

over a time course in short days from 1wSD to 7wSD (Figure 4.6).  

The SAM of one-week-old Col-0 and mir157cd seedlings was small and flat. Both 

genotypes expressed the pCLV3::mCHERRY reporter in L1 and L2 cells of the 

meristem and in a few underlying cells, where expression overlapped with that of 

pWUS::VENUS in the organising centre (yellow signal in Figure 4.6). As expected, both 

double reporter constructs were not expressed in leaves or the hypocotyl. The size of 

the SAM of mir157cd and wild-type apices increased continuously from 1wSD to 5wSD. 

Expansion of the organising centre led to a rounder shape of the meristem surface and 

a broader pWUS::VENUS expression domain. The number of cell layers in the distal 

meristem region increased from two at 1wSD to five at 5wSD. These layers formed 

part of the pCLV3::mCHERRY expression domain, whereas only the adjacent cells 

below expressed pWUS::VENUS. This was the case for both mir157cd and wild type. 

An expansion in the degree of overlap between pWUS::VENUS and 

pCLV3::mCHERRY domains was observed at 5wSD. At this time point, strong 

expression of pWUS::VENUS also spread to the meristem base, and this expression 

was more pronounced in apices of mir157cd than in those of wild type. The difference 
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in expression was greatest at 6wSD, when mir157cd apices started to elongate. By 

7wSD, floral primordia that express pWUS::VENUS appeared at the flanks of mir157cd 

apices and the rib zone continued to elongate. By contrast, wild type apices were less 

elongated and floral transition was still ongoing. 

 

Figure 4.6. Comparison of the expression patterns of the pWUSCHEL:3xVENUS-NLS 
(pWUS::VENUS, green) pCLAVATA3::mCHERRY-NLS (pCLV3::mCHERRY, red) reporters in wild 
type (Col-0, first row) and mir157cd (second row) grown in short days. Nuclei that co-express 
pWUS::VENUS and pCLV3::mCHERRY appear in yellow. The pWUS::VENUS pCLV3::mCHERRY 
double reporter line was published in Pfeiffer et al. (2016). SCRI Renaissance 2200 cell-wall stain is 
shown in grey. The scale bar represents 50 µm in all panels. 

 

4.5. SPL15 expression pattern in short-day conditions 

Following the observation that mir157cd mutants bolted early under short days, I 

investigated the accumulation of SPL15 protein at the SAM of mir156 and mir157 

mutants. For this, I introduced the pSPL15::9AV:SPL15 (pSPL15) reporter into the 

mir156ac and mir157cd genotypes. The reporter transgene consisted of a translational 

fusion between SPL15 and the VENUS fluorophore under the control of native SPL15 

promoter sequences (Hyun et al., 2016). The pSPL15 expression pattern in mir156ac 

and mir157cd was imaged by confocal microscopy in separate time courses, in both 

cases with pSPL15 in the Col-0 background as a control (Figure 4.7). In addition, the 

expression of the miR156/mir157-resistant pSPL15::9AV:rSPL15 (rSPL15) reporter 

variant was analysed (Figure 4.7A). Apices from two- to six-week-old plants (2wSD to 

6wSD) were dissected and imaged. These time points were chosen to capture 

meristems that were undergoing floral transition in controlled short-day conditions. The 

pSPL15 reporters were not complementation lines, but contained wild-type alleles of 

the endogenous SPL15 locus. Thus, the homozygous transgene provided two 
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additional copies of functional SPL15, which might result in mild overexpression 

compared with expression in non-transgenic Col-0 plants. The same growth conditions 

were used to compare the reporter activity among genotypes. 

At 2wSD, fluorescence signal resulting from pSPL15 expression in Col-0 was either 

extremely weak or was absent from the SAM, depending on the time course (Figure 

4.7A, B). The VENUS signal at the SAM of mir156ac mutants was stronger than that 

in wild type apices (Figure 4.7A). At this time point, no expression was detectable 

outside of the apical meristem. This was different from the miR156/mir157-insensitive 

rSPL15 construct, the expression domain of which extended into vascular tissue. The 

rSPL15 construct was highly expressed, which necessitated reducing the laser power 

to prevent damaging the detector of the microscope. Thus, tissues expressing rSPL15 

were imaged with different settings from those used to image pSPL15 and these 

settings were used consistently throughout the time course. 

The spatial expression patterns of pSPL15 and rSPL15 in the wild-type SAM were 

similar and were consistent with reports in the literature (Hyun et al., 2016), and any 

differences in expression were temporal or quantitative. Shoots of rSPL15 apices 

rapidly underwent floral transition. At 2wSD, the SAM of rSPL15 plants was rounder 

than that of other genotypes and cauline leaves were formed by 4wSD. At 5wSD, 

axillary meristems subtended by cauline leaves emerged from rSPL15 apices. In apical 

and axillary meristems, rSPL15 was expressed in analogous domains. 

The expression domain of pSPL15 in mir156ac and Col-0 expanded at 3wSD and 

became more similar to that of rSPL15. At subsequent time points, pSPL15 activity 

increased in intensity. Strongest expression was present at the SAM and in narrow 

domains extending from the rib meristem into the shoot. These cells probably 

correspond to differentiating vasculature and might be associated with bolting. At later 

time points, strong and focussed VENUS signal appeared in single continuous cell files 

that connected the main stem with cauline leaves and axillary meristems. This was 

observed in all genotypes, but was most apparent in rSPL15 plants. 

At 5wSD, the pattern of pSPL15 expression in mir156ac was different to that in Col-0 

and the shoot morphology of mir156ac mutants was developmentally more advanced 

than that of Col-0. The mir156ac meristem was flatter and pSPL15 expression 
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extended further down the shoot than in Col-0. However, at 6wSD, the morphology of 

Col-0 and mir156ac plants was very similar and cauline leaves were present in both 

genotypes. 

Although pSPL15 and rSPL15 were expressed consistently in adaxial and basal 

regions of older leaf primordia, VENUS signal was always absent from young and 

incipient primordia. Within the SAM, expression of both reporters was weaker in the L1 

layer. 

 

Figure 4.7. Expression of pSPL15::9AV:SPL15 in Col-0 and in mir156ac and mir157cd mutants 
grown in short days, with the miR156/mir157-resistant pSPL15::9AV:rSPL15 (rSPL15) variant as 
a reference. A) Due to differences in signal intensity, plants expressing rSPL15 were imaged with 
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different settings to the other genotypes. Similarly, laser intensity was reduced for pSPL15::9AV:SPL15 
at 6wSD. B) An independent time course compared the expression of pSPL15::9AV:SPL15 in Col-0 and 
in mir157cd backgrounds. The laser intensity for VENUS excitation was lowered to image both 
genotypes at 5wSD, to protect the HyD detectors. Representative images of at least five samples are 
shown. The scale bar represents 50 µm in all panels. 

The spatial expression of pSPL15 was also consistent with that observed in the 

independent experiment that compared pSPL15 activity between mir157cd and Col-0 

over time (Figure 4.7B). At 2wSD, the signal intensity of pSPL15 was stronger in 

mir157cd and the meristem had a more rounded shape than in Col-0. These 

differences were observed throughout the time course. At 4wSD, the SAM of mir157cd 

reached its maximum domed state, before adopting a flatter morphology. Floral 

transition was advanced at 6wSD, when cauline leaves were present at the mir157cd 

apex. Wild-type apices were delayed in development by approximately one week 

compared with mir157cd apices. 

To further investigate bolting in mir157 mutants, the pFUL::9AV:FUL ful-2 (pFUL) 

reporter line was introduced into the mir157c single mutant. The expression pattern of 

this translational reporter line was then analysed in another short-day time course 

(Figure 4.8). 

No pFUL expression was detected in wild-type and mir157c SAMs early in 

development (1wSD to 3wSD, Figure 4.8). However, VENUS signal was present in 

stipules in both genotypes at 1wSD. This is consistent with the published FUL 

expression pattern (Gu et al., 1998). At 4wSD, pFUL expression appeared in nuclei 

speckled throughout the SAM. There were no differences between pFUL expression 

in either genotype at this time point, nor at 5wSD, when the expression domain 

expanded slightly. After 6 weeks of growth, the pFUL expression domain in apices 

increased in intensity and expanded, which occurred to a considerably greater extent 

in mir157c mutants than in control plants, and the signal then covered the entire central 

and peripheral zones. The increase in pFUL expression also correlated with a change 

in SAM morphology. The presence of spherical primordia in the peripheral zone and 

cauline leaves indicated that meristems had undergone floral transition. 
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Figure 4.8. The pattern of FRUITFULL (FUL) protein accumulation reported by pFUL::9AV:FUL in 
ful-2 and mir157c ful-2 mutant backgrounds. The same confocal imaging settings were used for both 
genotypes and at all sampling time points. For clarity, only the VENUS channel is shown. The scale bar 
represents 50 µm in all panels. 

 

4.6. Response of MIR156 and MIR157 precursors to cold treatment 

The contribution of miR156 to the response to various stresses has been well 

described in the literature (Cui et al., 2014; Stief et al., 2014; Visentin et al., 2020). For 

example, MIR156 precursors are upregulated during cold, which is a mechanism that 

is particularly important to the life strategies of winter annuals and perennials (Bergonzi 

et al., 2013; Hyun et al., 2019; Park et al., 2017; Zhou et al., 2013a). To test whether 

MIR156 reporter lines responded to this cold stress, apices of MIR156A::GFP A1-1 

and MIR156C::VENUS:GUS C5-2 and C10-1 reporter lines were sampled for a 

quantitative real-time PCR experiment. Plants were grown at 21°C for two weeks in 

short-day conditions and where then transferred to 4°C cabinets in short day conditions 

for four additional weeks. Control plants were grown continuously at 21°C. The three 

biological replicates that were harvested before treatment (at 2wSD) serve as common 

point of reference. They contained apices randomly sampled from both treatment 

groups. 

The expression of endogenous MIR156A, MIR156C, MIR157A and MIR157C was 

tested first (Figure 4.9B). The three transgenic lines were comparable in terms of MIR 

gene expression pattern and stress response, indicating that the transgene insertions 

did not interfere with expression of the tested genes. In the control group, the 

expression of MIR156A, MIR156C and MIR157A was highest at 2wSD and gradually 
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decreased during the time course. The expression of MIR157C was more variable and 

did not show a strong trend over time. Physiologically, the cold treatment strongly 

delayed growth and only a few leaves appeared during treatment (Figure 4.9A). 

Cold treatment strongly affected the expression levels of MIR156A and MIR157A 

(Figure 4.9B). In the first week of treatment (2+1w), the abundance of transcripts of 

both genes decreased. However, at subsequent time points, MIR156A and MIR157A 

expression remained constant in the treatment group, but was continuously 

downregulated in the control group. Fitting generalised additive models revealed a 

significant effect of cold treatment on the temporal expression of endogenous 

MIR156A and MIR157A precursors (Figure 4.9). 

The response of MIR156C to cold differed from that of MIR156A and MIR157A. During 

the first week, the level of MIR156C transcripts in the treatment group decreased to a 

lower level than in the control group. Notably, during the next two weeks of treatment, 

expression of MIR156C increased to a level greater than that in the control group. 

However, this increase was transient, and after four weeks of treatment (2+4w, Figure 

4.9B), no differences in MIR156C expression among treatment and control groups 

were observed. Quantification of MIR157C expression did not reveal any specific 

response to cold. 

Next, the expression level of MIR156A::GFP and MIR156C::VENUS:GUS reporter 

transgenes was quantified using primers specific to VENUS/GFP reporter genes 

(Figure 4.9C). In warm conditions, MIR156C::VENUS:GUS transcript abundance 

decreased over time. During the experiment, the mean MIR156C::VENUS:GUS 

expression level in both C5-2 and C10-1 lines decreased almost four fold. Compared 

with endogenous MIR156C expression, the decrease in MIR156C::VENUS:GUS 

expression occurred more gradually over time and no significant difference was 

observed among treatments. 
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Figure 4.9. Transcriptional response of MIR156/MIR157 precursors and MIR156 reporters to cold 
treatment in apices of MIR156A::GFP A1-1, MIR156C::VENUS:GUS C10-1 and 
MIR156C::VENUS:GUS C5-2 reporter lines as determined by qRT-PCR. A) Representative plants of 
control and treatment groups, B) Relative expression of MIR156/MIR157 precursors and C) transgenes 
and SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 15 (SPL15) normalised to expression levels 
of PROTEIN PHOSPHATASE 2A and PEROXINX4 reference genes and to the 2wSD time point. 
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Generalised additive models were fitted to the expression of four biological replicates. The 95% percent 
confidence intervals are plotted in grey. Transgene refers to transcripts of MIR156A::GFP or 
MIR156C::VNG detected by primers that bind to both GFP and VENUS.  

The qRT-PCR expression analysis showed that cold-treated plants maintained higher 

levels of MIR156A, MIR156C and MIR157A transcripts and that this correlated with a 

reduction in SPL15 expression. In two subsequent experiments, how this 

transcriptional response related to the regulation of flowering time was analysed 

(Figure 4.10). For this, plants were grown for either two or four weeks at 21°C in short-

day conditions, and were then subjected to two-weeks at 4°C in short days before they 

were returned to 21°C until flowering. Wild-type and mir157cd plants were subjected 

to two or four weeks at 21°C before cold treatments, but mir156ac plants were grown 

for two weeks at 21°C and mir157abc plants were grown for four weeks at 21°C before 

cold treatment. 

To assess the effect of cold on plant growth, the number of rosette leaves produced 

during the two weeks of treatment after growth for two or four weeks at 21°C was 

recorded (Figure 4.10D). The control groups of wild type and mir157cd plants both 

produced approximately twice as many rosette leaves after four weeks of growth as 

after two weeks of growth. There were no significant differences in rosette leaf number 

between control groups of wild type and mir157cd mutants. The control group of 

mir157abc plants produced fewer leaves than both wild type and mir157cd. The 

number of rosette leaves produced by plants subjected to cold treatments was 

extremely low. When the treatment started after two weeks, most plants produced only 

one additional leaf over the two subsequent weeks. In plants treated after four weeks 

of growth at 21°C, a median of five rosette leaves were formed during treatment. There 

were no differences among treatment groups of all genotypes. Therefore, a cold 

treatment of 4°C strongly delayed plant growth, but older plants maintained a higher 

rate of leaf initiation. 
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Figure 4.10. Flowering-time data to analyse the effect of a temporary shift from 21°C to 4°C on 
the flowering of mir156 and mir157 mutants. In independent experiments, plants were grown for 
either two (After 2w) or four weeks (After 4w) in 21°C in short-day conditions, and were then subjected 
to two-week-treatments at 4°C in short days before they were returned to 21°C until flowering occurred. 
Wild-type (Col-0) and mir157cd genotypes were subjected to two or four weeks at 21°C in short days 
before cold treatment, whereas mir156ac and mir157abc mutants were subjected to cold treatment after 
two or four weeks of growth at 21°C in short days, respectively. A) The number of days to bolting. Three-
factor ANOVA found significant effects for treatment start, genotype and treatment group but did not 
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identify any significant interaction effects among these factors at p < 0.05. B) The final number of rosette 
leaves produced, C) The number of cauline leaves; D) The number of rosette leaves produced during 
cold treatments. Asterisks denote significant differences between treatment and control groups of each 
genotype and per experiment as determined by ANOVA followed by post-hoc Tukey’s HSD tests, p < 
0.05., n. s. = not significant.  

In both experiments, cold treatment clearly affected bolting time, delaying it for 9 to 11 

days in all genotypes (Figure 4.10A). The extent of the delay was independent of the 

type of treatment. Accordingly, mir157cd mutants bolted consistently earlier than wild-

type plants in similar conditions. The bolting time of mir156ac treated after two weeks 

of growth was similar to that of wild-type plants. Similarly, mir157abc mutants subjected 

to cold after four weeks of growth bolted earlier that wild-type plants, although both 

mir157abc treatment and control groups bolted later than mir157cd mutants. 

The number of rosette leaves of control and treatment groups of wild-type plants was 

similar, irrespective of the start of treatment (Figure 4.10B). For mir157cd mutants, the 

response to cold treatment differed from that of wild type and was experiment 

dependent. When cold treatment was performed after two weeks of growth at 21°C in 

short days, mir157cd plants in the treatment group had significantly fewer rosette 

leaves than those in the control group. A similar trend was observed for the mir156ac, 

but the difference was not significant. However, when treatment occurred after four 

weeks of growth at 21°C in short days, the number of rosette leaves in control and 

treatment groups of mir157cd did not differ significantly. Strikingly, cold-treated 

mir157abc triple mutants produced significantly more rosette leaves than untreated 

mir157abc mutants. Untreated but not cold-treated mir157abc mutants produced fewer 

leaves than mir157cd mutants. 

The number of cauline leaves produced by mir156ac, mir157cd and mir157abc 

mutants was not affected by cold treatments and for mir157cd mutants the cauline leaf 

number was similar across experiments (Figure 4.10C). Although cold treatment after 

two weeks did not affect the number of cauline leaves in wild-type plants, cold 

treatment after four weeks caused a reduction from a median of nine cauline leaves in 

the control group and six in the treatment group. 
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4.7. Conclusion 

Targeted genome editing by CRISPR/Cas9-induced deletions in hairpin sequences of 

MIR156 and MIR157 genes. Quantification through sRNA-sequencing showed that 

these mutations were effective in reducing mature miR156 and miR157 levels in a 

family-specific manner. The MIR156A and MIR156C genes accounted for about half 

of the total abundance of miR156 in short-day-grown apices. Similarly, the majority of 

miR157 was derived from MIR157C, followed by the combined output of MIR157A and 

MIR157B. The miR157 level in mir157abc mutants revealed, that MIR157D was 

expressed at a very low levels in apices. This was consistent with MIR157D::VNG 

reporter activity, which was localized to leaf veins in the distal parts of expanding 

leaves, but was not detected at the SAM or in young leaf primordia from 1wSD to 6wSD. 

The phenotypes of mir156ac, mir157cd and mir157abc mutant combinations were 

analysed in detail. The mir156ac mutant expressed a stronger vegetative phenotype 

than mir157 mutants in terms of both phyllotaxis and leaf morphology. The flowering 

time of mir156ac was earlier than that of wild type in long days, but similar to that of 

wild type in short days. By contrast, mir157 mutations accelerated flowering in short 

days, but not in long days. These contrasting mir156 and mir157 phenotypes were 

consistent with the different expression dynamics of miR156 and miR157 and 

correlated with the temporal changes in expression of AP1, FUL and SPL4. The level 

of SPL15 transcription was not altered in mir156 and mir157 mutants. Nevertheless, 

SPL15 and FUL proteins rapidly accumulated in short days in meristems of mir157cd 

and mir157c mutants, respectively. Early bolting in these genotypes was also 

associated with accelerated changes in SAM organisation as monitored by WUS and 

CLV3 reporters. 

Apices of plants that were cold treated at 4°C maintained higher expression levels of 

MIR156 and MIR157 genes than plants continuously grown at 21°C., MIR156A and 

MIR157A showed the strongest cold response of the MIR genes tested. Both genes 

were expressed in vasculature and surrounding tissues, which might contribute to cold 

acclimation. Cold treatment also strongly delayed plant growth, both in rosette size and 

number of leaves produced during treatment. However, the response of mir156 and 

mir157 mutants to cold treatment during vegetative growth did not differ from that of 

wild-type plants in terms of time to bolting. This suggests that either the elevated 
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MIR156 and MIR157 expression levels were insufficient to delay flowering, or that the 

increases in expression did not occur in the SAM. The second explanation is consistent 

with the spatial expression pattern observed for MIR156A and MIR156C reporters. 

Irrespective of the cold treatment, the number of rosette leaves produced by wild-type 

plants was similar. By contrast, the cold response of mir157 mutants differed 

depending on the plant age at treatment. This suggests a dynamic cold response that 

might balance short- and long-term cold acclimation with plant age. 

After bolting, mir157cd and mir157abc mutants produced more cauline leaves than 

wild type, irrespective of photoperiod. The phenotype was also unaffected in mir157cd 

and mir157abc mutants subjected to cold treatments during vegetative growth. The 

higher number of cauline leaves in mir157cd and mir157abc mutants was similar to the 

rSPL15 phenotype. Despite flowering early in long days, the number of cauline leaves 

produced by mir156ac mutants did not differ from that of wild type plants in both long 

and short days. Notably, the mir157abc triple mutant produced fewer cauline leaves 

than the mir157cd double mutant, which suggests that MIR157D might also regulate 

inflorescence development. During vegetative growth, MIR157D expression was not 

detected at the SAM. After floral transition, MIR157D expression appeared in a domain 

at the boundary between cauline leaves and axillary meristems, which expanded in 

older cauline leaves. Additional expression emerged in boundary regions of stage 

seven floral primordia. This suggests that the spatial expression pattern might be 

relevant for cauline leaf specification. Taken together, these observations indicate that 

MIR156 and MIR157 genes are functionally different. MIR156 genes were more 

relevant for vegetative phenotypes, whereas MIR157 genes affected inflorescence 

development. The rSPL15 phenotype then represents the combined loss-of-function 

phenotypes of both gene families.
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5. Genetic dissection of flowering behaviour under non-inductive 
short days 

5.1. Introduction 

The targets of miR156- and miR157-mediated repression are genes encoding SPL 

transcription factors, which possess complementary miR156/miR157-binding sites 

within their transcripts (Gandikota et al., 2007; Preston and Hileman, 2013). 

Constitutive overexpression of miR156 leads to late flowering, a phenotype that is 

stronger under non-inductive short days than in long days (Schwab et al., 2005; Wang 

et al., 2009; Wu and Poethig, 2006). Similarly, transgenic plants carrying a miR156/7-

resistant version of SPL15 (rSPL15) express the transcription factor early in 

development, which leads to earlier bolting in long and short days (Hyun et al., 2016). 

Mutations in SPL15 cause a slight delay in flowering under long-day conditions and a 

marked delay in non-inductive short days (Hyun et al., 2016, 2019). Mutant alleles of 

SPL9, the closest paralogue to SPL15, only slightly enhance the spl15-1 phenotype, 

suggesting that both genes show some redundancy in regulating floral transition (Hyun 

et al., 2016). 

Both FUL and MIR172B are direct targets of SPL15 (Hyun et al., 2016). Recently, SPL4 

was shown in our group to be differentially expressed between rSPL15 plants and Col-

0 in long days and between spl15-1 and Col-0 in short days (PhD thesis, Annabel van 

Driel, 2021). A CRISPR/Cas9-induced spl4 mutation (Hyun et al., 2015) was 

introduced into spl15-1 mutants and plants carrying rSPL15 to study the genetic 

relationship between SPL4 and SPL15 in regulating flowering time. 

In long days, the photoperiodic pathway strongly promotes floral transition and five 

long days are sufficient (Torti et al., 2012). The photoperiodic pathway is not active 

under short days, but constitutive overexpression of FT promotes flowering irrespective 

of day length (Yamaguchi et al., 2005). To test whether rSPL15 causes ectopic 

activation of FT/TSF prior to bolting under short days, the rSPL15 transgene was 

introduced into the ft-10 tsf-1 double mutant background. 

The genetic basis for early bolting of mir157 mutants in short days was analysed by 

combining them with mutants of their target genes spl15 and spl4 and also ful loss-of-

function mutants.  
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5.2. Genetic characterisation of bolting in rSPL15. 

A flowering-time experiment tested whether the early bolting of rSPL15 plants grown 

in long days was dependent on functional FT/TSF (Figure 5.1). In this experiment, 

rSPL15 plants bolted after a median of 24 days, which was three days earlier than Col-

0 (Figure 5.1A). The photoperiod-insensitive ft-10 tsf-1 mutant bolted with a median of 

43 days, which was approximately double the time taken for rSPL15 plants to bolt. 

Therefore, the effect of rSPL15 on bolting was very mild in plants with an active 

photoperiodic pathway. 

The combination of ft-10 tsf-1 and rSPL15 led to a bolting phenotype that was 

intermediate between that of rSPL15 and ft-10 tsf-1, and rSPL15 ft-10 tsf-1 plants 

bolted after 30 days. This delay in bolting of rSPL15 ft-10 tsf-1 compared with wild type 

was also associated with an increase in rosette leaf number (Figure 5.1D). Therefore, 

early bolting caused by rSPL15 in long days was partially depend on FT/TSF function. 

However, rSPL15 can cause early flowering via an FT/TSF-independent mechanism. 

The effect of rSPL15 on bolting in the ft-10 tsf-1 background was much stronger than 

that on flowering time (Figure 5.1B). 

The number of cauline leaves and bracts and the height of the I1 zone of rSPL15 ft-10 

tsf-1 plants were not intermediate between those of the rSPL15 or ft-10 tsf-1 genotypes 

(Figure 5.1C, E and F). Instead, these phenotypes in rSPL15 ft-10 tsf-1 plants were 

additive or even synergistic compared with those of rSPL15 or ft-10 tsf-1. The shortest 

I1 zones were shown by wild type, followed by rSPL15, ft-10 tsf-1 and rSPL15 ft-10 tsf-

1 plants. The differences in height of the I1 zone were statistically significantly different 

among all genotypes. The differences in I1 height were associated with differences in 

cauline leaf number, although the effect of rSPL15 on cauline leaf number relative to 

wild type was not as great as that on height (Figure 5.1E). 

The outgrowth of bracts is not characteristic for wild-type plants and indicates an 

impairment in floral meristem identity (Chandler, 2012). In this experiment, rSPL15 

plants did not develop visible bracts, whereas ft-10 tsf-1 occasionally produced one or 

two flowers with bracts. The combination of rSPL15 with ft-10 tsf-1 increased both the 

number of bracts and the number of plants carrying bracts. Bracts were observed for 
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half of the phenotyped rSPL15 ft-10 tsf-1 population. The other half showed complete 

suppression of bract outgrowth. 

Taken together, the data show that the effect of rSPL15 on bolting and flowering time 

in long days is partially dependent on FT/TSF functions, but during inflorescence 

development, rSPL15 ft-10 tsf-1 plants show FT/TSF-independent functions that also 

lead to additive or synergistic phenotypes. 

After demonstrating that rSPL15 and ft-10 tsf-1 interactively influence flowering under 

long days, a follow-up experiment focused on the functional relationship between 

rSPL15 and ft-10 tsf-1 in regulating flowering time under short days (Figure 5.2). The 

experiment also included plants carrying the rSPL15 transgene in the spl4 loss-of-

function mutant background. A previous transcriptome analysis identified SPL4 as one 

of the earliest upregulated and strongest differentially expressed genes between wild 

type and rSPL15 plants in a long-day time course (PhD thesis, Annabel van Driel, 

2021). Therefore, the aim of this experiment was to test whether rSPL15 promoted 

floral transition via activating SPL4. 

The median bolting time of wild-type plants was 60 days, which was not significantly 

different from that of ft-10 tsf-1 (Figure 5.2A). Thus, as expected, bolting of wild-type 

plants in short days did not depend on the photoperiodic pathway. The median bolting 

time of rSPL15 plants was 45 days, which represented an earlier floral transition than 

wild-type plants. However, the time when the first flower opened was the same as that 

of wild type. Both rSPL15 plants and wild type flowered significantly earlier than ft-10 

tsf-1, but ft-10 tsf-1 plants that also carried the rSPL15 transgene did not flower later 

than ft-10 tsf-1. Notably, ft-10 tsf-1 rSPL15 plants bolted at the same time as rSPL15 

plants, but with significantly more rosette leaves (Figure 5.2D). This suggests that the 

promotion of bolting by rSPL15 in short days is independent of FT/TSF and 

mechanistically different from that in long days. 

The number of cauline leaves was affected by the combination of ft-10 tsf-1 and 

rSPL15. Although ft-10 tsf-1 plants did not bolt later than wild type plants under short 

days, they produced significantly more cauline leaves than Col-0 and a comparable 

number to rSPL15 plants (Figure 5.2E). The median number of cauline leaves of ft-10 



Genetic dissection of flowering behaviour under non-inductive short days 

62  PhD Dissertation Adrian Roggen 

tsf-1 rSPL15 plants was 25, which was significantly more than the median number of 

ft-10 tsf-1 or rSPL15 plants. 

 

Figure 5.1. rSPL15 causes early bolting of ft-10 tsf-1 mutants in long days. A) Days to bolting B) 

days to first open flower; C) height of the I1 zone measured from the soil surface to the first silique; D, 

E) number of rosette and cauline leaves, respectively, at flowering. F) Number of bracts that subtended 

a flower. The sample size (n) is given for each panel. A–E) Significance levels calculated by one-factor 

ANOVA followed by Tukey’s HSD post-hoc comparison. F) Significance levels were calculated by the 

non-parametric Kruskal-Wallis test followed by Dunn all-pairs post-hoc comparison. 

The spl4 mutant bolted and flowered later than wild type in short days (Figure 5.2A and 

B) and also produced more rosette leaves, which was proportional to the delay in 

bolting compared with wild type (Figure 5.2D). The spl4 mutant also produced more 

cauline leaves than wild type (Figure 5.2E). spl4 rSPL15 plants bolted later than 

rSPL15 plants but earlier than spl4, and significantly earlier than wild type. The same 

relationships were observed for rosette leaf number (Figure 5.2D). Notably, the number 

of days to flower for spl4 rSPL15 plants was indistinguishable from that of spl4 and 

was similar to that for ft-10 tsf-1 and ft-10 tsf-1 rSPL15 plants, but later than that for 

wild-type plants. The spl4 mutation enhanced the cauline leaf phenotype of rSPL15 

and spl4 rSPL15 plants initiated a median of 22 cauline leaves, but the effect remained 

weaker than the increase in cauline leaf number of ft-10 tsf-1 rSPL15.  



Genetic dissection of flowering behaviour under non-inductive short days 

PhD Dissertation Adrian Roggen   63 

 

Figure 5.2. Genetic interactions of rSPL15 with spl4 and ft-10 tsf-1 in short days. A) Days to bolting; 
B) days to first open flower; C) height of the I1 zone measured from the soil surface to the first silique; 
D, E) number of rosette and cauline leaves, respectively, at flowering; F) number of flowers subtended 
by bracts; G) rosette phenotypes after 4 weeks in short days. The sample size (n) is given for each plot. 
A–E) The significance levels were calculated by one-factor ANOVA followed by Tukey’s HSD post-hoc 
comparison. The significance levels in F) were calculated by the non-parametric Kruskal-Wallis test 
followed by Dunn all-pairs post-hoc comparison, with p < 0.05. 

The influence of genotypes on bract formation in short days was not consistent with 

results from the long-day experiment (Figure 5.2F). No bracts developed on wild type 

and spl4 plants. The rSPL15 and ft-10 tsf-1 rSPL15 plants developed bracts, but these 

only developed on one-quarter of the ft-10 tsf-1 population. The combination of spl4 

with rSPL15 led to fewer bracts than for rSPL15 plants. 
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5.3. Genetic interactions between mir157c and target genes encoding 
transcription factors 

Following the demonstration that SPL4 contributes to the early bolting of rSPL15 plants, 

the focus shifted to whether this was also the case in plants with reduced levels of 

miR157, which should lead to the derepression of several SPL target genes, including 

SPL4 and SPL15. To study bolting under these conditions, mir157c spl4 and mir157c 

spl15-1 mutant combinations were generated. The genotypes were then analysed in 

short days in a flowering-time experiment that also included the spl4 spl15-1 and 

mir157cd double mutants (Figure 5.3). 

Consistent with the results of the previous experiment, the spl4 mutant bolted and 

flowered later than wild type. The spl15-1 mutant caused delayed bolting and flowering 

compared with wild type and spl4, but the strongest delay in bolting and flowering was 

observed for plants carrying both spl4 and spl15-1 mutations. In several cases, 

secondary inflorescences grew out from the rosette whilst the shoot apex continued to 

grow vegetatively (this was observed qualitatively and was not quantified). By the end 

of the experiment, three spl4 spl15-1 plants had only produced leaves. A considerable 

amount of variation in days to bolting was shown by the late-flowering spl15-1 and spl4 

spl15-1 genotypes. 

The majority of spl15-1 and all of the spl4 spl15-1 mutants initiated flowering from 

secondary inflorescences from the rosette leaf axils (Figure 5.3B). Therefore, open 

flowers on side shoots were also scored when flowering time was quantified. The onset 

of anthesis in spl4 spl15-1 was not significantly different from that in spl15-1. A subset 

of spl4 spl15-1 plants flowered as early as spl4 mutants. Given the strong phenotypes 

observed on the main shoot, SPL4 and SPL15 might differentially regulate flowering 

from primary and secondary inflorescences. 

The mir157c single mutant bolted and flowered at the same time as mir157cd. The 

small differences in the flowering-time of these genotypes compared with that of wild-

type plants were not statistically significant. The spl4 mutation was unable to delay 

mir157c plants in terms of bolting and flowering. However, mir157c spl4 produced 

significantly more cauline leaves than mir157c and a similar number to that of spl4 
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(Figure 5.3B). mir157c single mutants produced a similar number of cauline leaves as 

wild-type plants, but fewer than mir157cd mutants. 

Because spl15-1 and spl4 spl15-1 plants prematurely produced secondary 

inflorescences from the rosettes, the number of rosette leaves could not be accurately 

determined (Figure 5.3C). The late-flowering spl4 mutant initiated significantly more 

leaves than Col-0, mir157c and mir157cd. The number of rosette leaves of mir157c 

spl4 showed large variation, but was significantly lower than that of spl4 single mutants. 

 

Figure 5.3. Experiment to study the genetic interactions between spl4 and spl15-1 mutants in 
regulating flowering time in short days. Flowering time was scored as: A) The number of days to 
bolting; B) the number of days to flowering. Turquoise points mark plants that initiated flowering from 
side shoots; C) the number of rosette leaves; D) the number of cauline leaves; E) rosette phenotypes 
after 4 weeks in short days. The scale bar represents 5 cm. A to D) Letters correspond to significance 
groups as determined by one-way ANOVA combined with a post-hoc Tukey’s HSD test, p<0.05. 
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In summary, the absence of SPL4 function during the early stages of floral transition 

had a greater effect in rSPL15 plants than in the mir157c genetic background. spl4 

was epistatic to mir157c in the regulation of cauline leaf number, whereas spl4 and 

rSPL15 had an additive effect on cauline leaf number. The spl4 mutant further 

enhanced the extremely late bolting of the spl15-1 main shoot, which led to the 

outgrowth of secondary inflorescences from the rosette before bolting of the primary 

shoot. 

Following the observation that loss of SPL4 function during the early stages of floral 

transition had a greater effect in combination with rSPL15 than with mir157c, the 

importance of SPL15 for early bolting in mir157c mutants was assessed. In a large 

flowering-time experiment in short-days, mir157c spl4 and mir157c spl15-1 mutants 

were grown alongside spl4 rSPL15, mir156ac, mir157cd and appropriate controls 

(Figure 5.4). The experiment included mir157d to investigate phenotypic differences 

between mir157c and mir157cd, that were apparent in five-week-old rosettes (Figure 

5.4A). Rosettes of mir157c mutants were less dense than those of mir157d and 

mir157cd mutants. Petioles on rosette leaves of mir157c and mir157cd appeared thin 

and elongated. This phenotype was also observed in mir157c spl4 and mir157c spl15-

1 mutants. By contrast, rosette leaves of mir157d mutants were more similar to that of 

wild type. The phenotypes of spl4 and spl15-1 rosettes were also wild-type like, but 

leaves of spl4 rSPL15 plants grew more densely than in rSPL15 plants. Cauline leaves 

of mir157c, mir157d and mir157cd mutants appeared more serrated than those of wild 

type and this phenotype was further enhanced in the mir157c spl4 double mutant 

(Figure 5.4B). Cauline leaves of rSPL15 plants were also more serrated, but the spl4 

mutant did not appear to enhance this phenotype further. 

Consistent with results from the previous experiment, bolting of spl4 and spl4 rSPL15 

plants was delayed (Figure 5.5A). Again, spl4 had no significant effect on the bolting 

time of mir157c. Although the bolting time of mir157cd was statistically significantly 

different from that of wild type plants, the bolting time of mir157c and mir157d single 

mutants was similar to that of wild-type and mir157cd plants. The mir156ac mutant 

bolted at a similar time to wild type and mir157d, but later than mir157c and mir157cd. 

Therefore, the mir157c mutation affected bolting time, but the combination of mir157c 

with mir157d reduced the variation in the early-bolting phenotype. 
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Figure 5.4. Representative images of mutant genotypes in short days. A) Rosette phenotype of 
wild-type and mutant plants after five weeks in short days. B, C) Representative appearance of 



Genetic dissection of flowering behaviour under non-inductive short days 

68  PhD Dissertation Adrian Roggen 

genotypes after nine weeks of growth in short days. b) Close-up view of plant apices shown in B, not to 
scale. C) Rosettes and inflorescence shoots after growth for 9 weeks in short days, to scale. 

The spl15-1 mutation greatly delayed bolting time (Figure 5.5A): spl15-1 plants started 

to bolt after 80 days, which was 30 days later than the earliest wild-type plants. The 

bolting time phenotype of mir157c spl15-1 double mutant plants was intermediate 

between that of mir157c and spl15-1 and was significantly later than that of spl4 

mutants. 

In this experiment, the number of days to flowering of only a few genotypes significantly 

differed from that of wild type (Figure 5.5B). Among these genotypes, mir157c, 

mir157cd and mir157c spl4 started to flower significantly earlier than mir156ac. The 

spl4 mutant flowered significantly later than wild type, but mir157c spl4 double mutants 

flowered at the same time as wild-type and mir157c plants. The increased activity of 

other SPL genes might mask the effect of spl4 loss of function in the mir157c mutant 

background. By contrast, loss of SPL15 function in combination with mir157c notably 

delayed bolting and flowering time: The flowering time of mir157c spl15-1 was similar 

to that of spl4, and was later than that of both mir157c and wild type.  

An unexpected difference in the number of rosette leaves was observed between 

mir157c and mir157d single mutants (Figure 5.5C). Similar to in previous experiments, 

the mir157cd double mutant initiated a similar number of rosette leaves as wild type. 

The expectation therefore, was that the number of rosette leaves was not significantly 

affected in either single mutant. In the short-day experiment described above, the 

slightly lower number of rosette leaves of mir157c mutants was not statistically 

significant, in part to a high degree of variation (Figure 5.3C). In this experiment, a 

significant reduction in the number of leaves of mir157c compared with that of both 

wild type and mir157cd was observed (Figure 5.5C). Notably, the mir157d single 

mutant produced significantly more rosette leaves than mir157cd. Hence, the number 

of rosette leaves of mir157cd was intermediate between that of the single mutants from 

which it was derived. The median and range of rosette leaf number of mir156ac and 

wild type were. 

The spl15-1 plants produced the most rosette leaves, and significantly more than all 

other genotypes. By contrast, rSPL15 plants produced the fewest rosette leaves. 

Combination of spl4 with rSPL15 led to an increase in leaf number, but the leaf number 
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of the mir157c spl4 double mutant did not differ significantly from that of mir157c, which 

was similar to the relationship in bolting time between these genotypes. The leaf 

number of mir157c spl15-1 was intermediate between that of mir157c and spl15-1. 

 

Figure 5.5. Flowering-time of mir157 mutants and combinations between mir157c and spl4, 
spl15-1 mutants or rSPL15 plants grown in short days. A) Days to bolting; B) number of days to first 
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open flower; C) number of rosette leaves produced; D) number of cauline leaves produced by the 
inflorescence; E) height of the inflorescence I1 zone; F) number of bracts that subtended a flower. Bracts 
were present in genotypes carrying the rSPL15 transgene; G) leaf initiation rate estimated by the number 
of rosette leaves divided by days to bolting; H) number of leaves formed by the fifth paraclade. The spl4 
mutation significantly reduced the number of bracts. Bracts were largely absent in other genotypes. 
Letters correspond to significance groups as determined by one-way ANOVA combined with a post-hoc 
Tukey’s HSD test, p < 0.05. 

In the previous chapter, mir157cd produced more cauline leaves than wild type in long-

day and short-day conditions. In this experiment, mir157cd mutants produced a 

median of 15 cauline leaves, which was 6 more than the median of 9 cauline leaves 

produced by wild-type plants (Figure 5.5D). The cauline leaf numbers of mir157c and 

mir157d were also significantly different from wild type, and had a median of 11 and 

13, respectively. Thus, the supernumerary cauline leaves of mir157cd resulted from 

additive effects of mir157c and mir157d phenotypes. 

The median number of cauline leaves of spl4 was 15, which was significantly greater 

than that of wild type or spl15-1, but similar to that of mir157cd. It was also similar to 

the number of cauline leaves of mir157c spl4, suggesting that the spl4 mutation was 

epistatic to mir157c in determining this phenotype. Similarly, the combination of 

mir157c with spl15-1 did not result in additive phenotypes apart from two outliers. 

In addition to counting the number of cauline leaves at the main shoot, the number of 

leaves was also recorded on the fifth paraclade (Figure 5.5H). The relationship among 

mir156 and mir157 mutants for this phenotype was largely similar to that for the number 

of cauline leaves. For example, the mir157cd double mutant had more paraclade 

leaves than either parental line. Combination of spl4 with rSPL15 also enhanced this 

phenotype of rSPL15 plants. 

In contrast to the number of cauline leaves, paraclades of spl4 mutants formed 

significantly more leaves than those of mir157cd mutants. Moreover, paraclades of 

spl15-1 mutants had significantly more leaves than paraclades of mir157c mutants. 

Strikingly, paraclades of mir157c spl15-1 mutants carried significantly fewer leaves 

than those of spl15-1 and were more similar to those of mir157c mutants. Therefore, 

the epistasis between mir157c and spl15-1 in paraclade leaf initiation was the opposite 

to that between mir157c and spl4. 
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Inflorescence height, measured as the height to the first silique, was greater in all 

mir156 and mir157 single or double mutants than that of wild-type plants (Figure 5.5E). 

Late-flowering spl15-1 mutants had a similar I1 zone height to wild-type plants and the 

phenotype was also epistatic to that of mir157c mutants. Although spl4 had a 

significantly elongated inflorescence and led to an increase in the height of rSPL15 

plants, the height of mir157c spl4 plants did not differ from that of mir157c or spl4. 

The mutants analysed in this experiment developed few bracts and the rSPL15 

genotype was the only genotype for which all plants produced bracts. The combination 

of spl4 and rSPL15 significantly reduced the number of visible bracts. 

The number of rosette leaves correlates with the timing of the floral transition, after 

which plants produce flowers. The time interval between the initiation of two successive 

primordia is known as the plastochron and represents the inverse of the rate of leaf 

initiation (McMaster, 2005; Meicenheimer, 2014). The plastochron is negatively 

regulated by SPL15 (Hyun et al., 2016; Schwarz et al., 2008; Wang et al., 2008). To 

analyse differences in leaf initiation rate among genotypes, the mean leaf initiation rate 

was estimated by normalising the number of rosette leaves by bolting time (Figure 

5.5G). According to this parameter, wild-type plants produced approximately one leaf 

per day before bolting, which was a similar rate to that of mir156ac and spl4 mutants. 

The slowest leaf initiation rate was shown by rSPL15 plants, which on average initiated 

one rosette leaf approximately every two days. Although spl4 did not significantly affect 

the number of leaves produced, it significantly accelerated the rate of leaf production 

of rSPL15 plants. It also slightly accelerated the rate of leaf production of the mir157c 

single mutant, which initiated leaves slower than wild type. The rate of leaf production 

of mir157c spl4 was similar to that of mir157c and wild-type plants. 

In contrast to the rate of leaf production of mir157c, that of mir157d was faster than 

that of wild type and the leaf initiation rate of mir157cd was intermediate between that 

of mir157c and mir157d. The leaf initiation rate of spl15-1 varied considerably and 

therefore did not significantly differ from that of wild type. Notably, the leaf initiation rate 

of mir157c spl15-1 plants was very similar to that of spl15-1 and significantly more 

rapid than that of mir157c. 
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5.4. Genetic interaction between mir157 mutants and ful-2 in inflorescence 
development 

The AGAMOUS-like transcription factor FUL promotes flowering in parallel with 

miR172 and both regulators remove the inhibitory effect of AP2-like repressor proteins 

on flowering (Balanzà et al., 2018; Ó’Maoiléidigh et al., 2021). The functions of several 

miR156-targeted SPL genes converges on FUL. Direct binding to the FUL promoter 

has been reported for SPL15 (Hyun et al., 2016), SPL3, SPL4 and SPL5 (Wang et al., 

2009; Xie et al., 2020a; Yamaguchi et al., 2009). Therefore, FUL represents a 

convergence point in the age-pathway of flowering and also inflorescence 

development (Ferrandiz et al., 2000; Jiang et al., 2022). 

The ful-2 mutant was combined with mir157c, mir157d and mir157cd to analyse their 

genetic interactions in regulating flowering time and inflorescence phenotypes (Figure 

5.6). In short-day conditions, the ful-2 single mutant was later bolting and later flowering 

than wild-type plants. The median bolting time of mir157c and mir157cd mutants (54.5 

and 55 days) was lower than that of wild type plants (59 days, Figure 5.6A), which was 

consistent with the findings of previous experiments. However, the difference was not 

statistically significant, probably due to the inclusion of extremely late-bolting ful-2 

mutants (a median of 69.5 days to bolting). Bolting time of mir157d was 57 days, which 

was more similar to that of wild type than that of mir157c and mir157cd. The 

relationships among these genotypes were similar for flowering time. 

All combinations of mir157c, mir157d and mir157cd with ful-2 bolted and flowered at a 

similar time to ful-2 single mutants. Therefore, the function of FUL in promoting bolting 

could not be compensated through higher SPL activity in mir157 mutants. 

The mir157d mutant produced significantly more rosette leaves than wild type, mir157c 

and mir157cd, which was consistent with the observations of the previous experiment 

(Figure 5.6C). The number of rosette leaves in late-flowering mutants showed a high 

amount of variation, but normalisation of the number of rosette leaves against days to 

bolting to approximate the leaf initiation rate reduced this variation (Figure 5.6E). The 

estimated leaf initiation rate of ful-2 was not significantly different from that of Col-0, 

but had a lower median. Introduction of the ful-2 mutation into mir157 mutant 

backgrounds led to varied results. The number of rosette leaves initiated per day by 
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mir157c ful-2 mutants was significantly fewer than that of mir157c and wild type but 

was not statistically different from that of ful-2. Similarly, the mir157d ful-2 double 

mutant initiated leaves more slowly than the mir157d single mutant. By contrast, the 

leaf initiation rate of mir157cd ful-2 was comparable to that of mir157cd mutants and 

wild type plants. Both mir157d ful-2 and mir157cd ful-2 initiated leaves significantly 

faster than ful-2. 

All three mir157 mutants analysed produced more cauline leaves than wild type plants . 

Combination of mir157c and mir157d resulted in an additive phenotype (Figure 5.6D). 

The ful-2 mutant produced significantly more cauline leaves than mir157 mutants. The 

cauline leaf number of mir157 and ful-2 mutants was additive compared with the 

number of cauline leaves of each single mutant. The greatest number of cauline leaves 

was shown by mir157cd ful-2 mutants, which had a median of 34 cauline leaves. 

The number of cauline leaves was partially correlated with the height of the I1 zone 

(Figure 5.6D). The height of the I1 zone was greatest for mir157cd ful-2, followed by 

mir157c ful-2 and mir157d ful-2, which had similar values to each other. Except for 

mir157c and ful-2 single mutants, most genotypes had significantly taller 

inflorescences than wild type.  
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Figure 5.6. Flowering time of different mir157 genotypes to analyse the genetic relationship 
among them and the FRUITFULL loss-of-function (ful-2) mutant. Flowering time is shown as A) the 
number of days to bolting and B) the number of days to flowering; C) number of rosette leaves and D) 
number of cauline leaves produced; E) leaf initiation rate estimated by dividing the number of rosette 
leaves by the number of days to bolting. F) Inflorescence height measured as the height to the first 
silique. G) Plant phenotypes after growth in short days for 12 weeks. Significant differences were 
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determined by ANOVA analysis with genotype and time point as factors, followed by Tukey’s HSD 
pairwise comparisons. Different letters indicate statistically significant differences among genotypes at 
p < 0.05. 

 

5.5. Conclusions 

Collectively, these results indicate that bolting of rSPL15 in long days was partially 

dependent on FT/TSF function, but rSPL15 plants bolted independently of FT/TSF in 

short-days. In both inductive and non-inductive conditions, functional FT/TSF was 

required for the timely flower development and inflorescence phenotypes of rSPL15 

plants, and rSPL15 and ft-10 tsf-1 interacted with each other, for example in 

determining the number of cauline leaves. A genetic interaction between ft-10 tsf-1 and 

rSPL15 in bract outgrowth was observed exclusively under long days. The 

exceptionally early bolting of rSPL15 plants was significantly delayed by combining 

rSPL15 with spl4, suggesting that SPL4 is a major downstream component in 

regulating bolting. Consistent with this, spl4 spl15-1 double mutants flowered 

extremely late. 

The mir157c single mutant bolted earlier than wild type. The bolting time of mir157d 

single mutants was not significantly different from that of wild type, but combination of 

mir157d with mir157c reduced the variation in the bolting phenotype of mir157c. In 

contrast to when spl4 was combined with rSPL15, the spl4 mutation did not delay 

bolting of mir157c mutants, which might be due to redundant functions between SPL4 

and SPL3 or SPL5. The spl15-1 mutation delayed bolting of mir157c, but mir157c 

spl15-1 double mutants bolted earlier than the spl15-1 single mutant, which highlights 

the importance of the activities of other SPL transcription factors in determining bolting 

time. 

The mir157cd double mutant produced significantly more cauline leaves than both 

mir157c and mir157d single mutants and wild type. The number of cauline leaves of 

mir157cd was additive compared with the number produced by mir157c and mir157d. 

Strikingly, the increased cauline leaf number phenotype was stronger in mir157d 

compared with mir157c, which contrasted with their flowering-time phenotypes. 
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The increased number of cauline leaves shown by mir157c and mir157d is similar to 

the rSPL15 phenotype. The number of cauline leaves in the I1 zone of rSPL15 plants 

was enhanced when rSPL15 was combined with spl4 or ft-10 tsf-1 mutants. The 

combination of rSPL15 and ft-10 tsf-1 also strongly increased the number of bracts in 

the I2 zone by comparison with wild-type plants and mir157 mutants, which developed 

bracts only occasionally. 

The number of cauline leaves of mir157 mutants and ful-2 mutants was additive when 

the mutants were combined. However, combinations of spl4 or spl15-1 with mir157c 

did not increase the number of cauline leaves and the resulting double mutant 

phenotype was similar to that of spl4 or both spl15-1 and mir157c single mutants. 

Although the number of leaves on paraclades of mir157c spl4 was similar to that of 

spl4, the phenotype of mir157c spl15-1 was more comparable to that of mir157c than 

to that of spl15-1. On the basis of the findings in this chapter, SPL4 and SPL15 have 

differing roles in inflorescence development. 

The rSPL15 plants had a drastically reduced rate of leaf initiation and produced on 

average less than one leaf every two days. Consistently in different experiments, 

mir157c and mir157d expressed contrasting phenotypes in terms of rosette leaf 

number and initiation rate. This finding was supported by the phenotype of mir157cd 

double mutants, which was intermediate to that of mir157c and mir157d. This suggests 

that the plastochron in not only regulated by the strength of miR157 expression, but 

also by its spatial pattern, which was previously suggested in MIR156 overexpression 

studies (Wang et al., 2008). 
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6. Discussion 
6.1. Differences in miR156 and miR157 expression dynamics in apices 

correlate with flowering-time phenotypes of mir156 and mir157 mutants 

The abundance of miR156 and miR157 was directly quantified by sRNA sequencing 

in apices of plants grown in long or short days for different lengths of time. In general, 

miR156/miR157 levels decreased more rapidly in long days than in short days, but the 

analysis revealed differences in the dynamics of the decline in miR156 and miR157 

levels. In both growth conditions, the decrease in the level of miR156 was more 

extreme than that of miR157. This resulted in changes in the relative abundance of 

miR156 and miR157 over time. The level of miR156 was higher than that of miR157 in 

young apices, but, as miR156 decreased rapidly, miR157 became the more abundant 

form in older apices and inflorescences. At the time plants grown in long days 

transitioned to flowering, the levels of miR156 and miR157 were similar. However, in 

short days, plants are older when they undergo floral transition. Here, the change in 

the relative abundance of both miRNAs occurred during vegetative growth, so that 

miR157 was more abundant than miR156 in apices that transitioned to flowering. 

The expression dynamics of miR156 and miR157 during development was reflected in 

the phenotypes of mir156 and mir157 mutants and is therefore likely to be functionally 

relevant. The morphology of cotyledons and the first true leaves, as well as the 

robustness of phyllotaxis during vegetative growth was strongly affected in the 

mir156ac mutatant. This is consistent with miR156 functioning as a master regulator 

of vegetative phase change when it is highly expressed early in plant development (He 

et al., 2018; Wu et al., 2009). By contrast, the cotyledons and young leaves of mir157 

mutants were similar in shape to those of wild-type plants, consistent with miR157 

being relatively lowly expressed at these stages. Strikingly, mir156ac but not mir157cd 

mutants were early flowering in long days, again consistent with the higher level of 

expression of miR156 at this stage. These observations are consistent with miR156 

being functionally more important in young plants, in which its level is highest. 

Flowering in long days is rapidly induced by the photoperiodic pathway (Abe et al., 

2005; Corbesier et al., 2007; Jaeger and Wigge, 2007) and after five consecutive long 

days, Arabidopsis shoots are fully committed to flowering (Torti et al., 2012). According 
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to the sRNA-sequencing time course, the abundance of miR156 was significantly 

higher than that of miR157 when plants undergo floral induction under long days. 

Under these conditions, the miR156–SPL pathway acts downstream of FT/TSF, the 

main effectors of the photoperiodic pathway, and the expression of SPL3, SPL4 and 

SPL5 is directly activated by FD/FT (Jung et al., 2016) during floral induction. Therefore, 

a reduction in miR156 or miR157 expression is likely to occur early in development to 

allow high SPL gene expression during the early flowering response that occurs under 

long days. Conversely, the high abundance of miR156 in very young plants prevents 

early flowering and is sufficient to prevent flowering even in mir157 mutants. 

The photoperiodic pathway does not contribute to the induction of flowering in short 

days, which occurs later than in long days. The significant reduction in the level of 

miR156 in apices of mir156ac mutants compared with wild-type apices was strongest 

after one week in short days. However, this had no measurable effect on flowering 

time. Thus, the early-flowering mir156ac phenotype is dependent on FT/TSF. The 

reduction in miR156 levels in the mutants was not sufficient to accelerate flowering in 

short days, probably because of the absence of a floral induction signal that activates 

downstream gene transcription. 

Gibberellin is absolutely required for flowering in short days (Wilson et al., 1992) and 

levels of bioactive gibberellins rapidly increase before floral transition but after the 

steep decline in miR156 levels in short-day grown plants (Eriksson et al., 2006). 

Therefore, miR156 mutants might not be early flowering because the reduction in 

miR156 levels occurs before the inductive GA signal is expressed. Elevated gibberellin 

levels induce the degradation of DELLA proteins to enable downstream signalling 

(Galvão et al., 2012). The gibberellin and miR156/miR157 signalling pathways 

converge at SPL and SOC1 function. DELLA proteins physically interact with SPL9 

and SPL15 proteins and inhibit the transactivation of target genes (Galvão et al., 2012; 

Hyun et al., 2016; Yu et al., 2012). Plants that express gibberellin-insensitive DELLA 

proteins at the meristem show late bolting and a significant reduction in the levels of 

SPL3, SPL4 and SPL5 in apices compared with wild type (Andrés et al., 2014; Galvão 

et al., 2012). Additionally, the spl15 mutant shows a reduced sensitivity to the 

exogenous application of gibberellins (Hyun et al., 2016). 
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In contrast to mir156ac mutants, several mir157 mutants were early flowering in short 

days. The abundance of miR157 in short days therefore appears to be more relevant 

for flowering than that of miR156, which is consistent with higher relative levels of 

miR157 when flowering occurs under short days. The spatial domains of MIR156 and 

MIR157 gene expression might also be relevant. The spatial expression patterns of 

MIR156A and MIR156C were similar in long and short days. Initially, MIR156C was 

expressed at the SAM, but during the experiment, expression disappeared from the 

central zone of the SAM and then gradually from the rest of the apex. Recently, it was 

suggested that the rate of cell division is instructive in repressing MIR156 gene 

expression (Cheng et al., 2021). The spatial expression of MIR156A was similar to that 

of MIR156C except that MIR156A was immediately absent from the central zone. 

Therefore, local miR156 abundance within the central zone of wild-type apices might 

be lower than that in surrounding tissues. This might reduce the impact on flowering, 

which is induced at the SAM (Hyun et al., 2016). 

Unexpectedly, the spatial expression and apparent level of expression of the MIR156B 

reporter remained stable in the L1 throughout the time course and until after floral 

transition. Consistent with this, chromatin at the MIR156B locus appears to be 

accessible throughout the Arabidopsis lifecycle (Gao et al., 2022). By contrast, 

chromatin at the dynamically regulated MIR156A and MIR156C loci becomes less 

accessible in tissues of older plants (Gao et al., 2022; Hu et al., 2022). This constant 

expression suggests that MIR156B might fulfil an alternative role to dynamically 

regulating SPL expression, and that SPL expression in the L1 does not contribute to 

floral transition. It is unclear whether the mature miR156 can move from the L1 into 

deeper layers. 

The spatio-temporal expression patterns of MIR157A and MIR157D were 

characterised in this thesis. Although the intensity of MIR157A expression decreased 

at the SAM, its spatial expression pattern remained constant. Within the SAM, 

MIR157A expression was present in cell clusters below newly formed leaf primordia. 

These cells might contribute to pre-patterning the formation of vascular tissues. 

Consistent with this, MIR157A expression also localised to basal regions of older 

leaves that surrounded leaf veins. By contrast, MIR157D was not expressed at the 

SAM during vegetative growth. Instead, it was expressed in distal leaf veins of 
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expanding leaves, without an apparent change in expression intensity over time. 

Notably, MIR157D was expressed during floral transition in cells at the boundary 

between axillary meristems and cauline leaves. The expression pattern of MIR157C 

was not characterised, but would be of interest, particularly that at the SAM, because 

MIR157C was both the most abundantly expressed MIR157 gene and the mir157c 

mutation showed the strongest effect on flowering time of all mir157 mutations. 

The different expression dynamics of miR156 and miR157 probably largely derive from 

differences in transcriptional regulation. However, the terminally branched hairpin 

structure of miR157c (Moro et al., 2018; Zhu et al., 2013) might also contribute to its 

temporal expression pattern, because it might reduce the efficiency of miRNA 

biogenesis and buffer changes in expression over time, thus temporally extending the 

availability of miR157c. The sRNA-sequencing experiment made use of the TraPR 

method, which enriches for sRNAs that are loaded into AGO complexes. The method 

thus enriches for the active portion of the sRNA pool. However, miRNAs that are not 

bound by AGP are also present in the cytosol (Dalmadi et al., 2019). 

Recently, several small RNAs have been shown to be mobile signals that regulate 

plant development (Carlsbecker et al., 2010; Chitwood et al., 2009; Miyashima et al., 

2011). One example is miR394, which is expressed in the protoderm and represses its 

target gene LEAF CURLING RESPONSIVENESS at the distal meristem (Knauer et al., 

2013). However, evidence suggests that microRNA mobility and directionality is 

developmentally regulated and confined within functional domains (Skopelitis et al., 

2018). 

It has been proposed that sRNAs and miRNAs undergo intercellular and long-distance 

movement (Brosnan and Voinnet, 2011; Skopelitis et al., 2018). Many miRNAs, 

including miR156, are present in the phloem sap of apple (Malus domestica, Varkonyi-

Gasic et al., 2010) and pumpkin (Curcubita maximus, Yoo et al., 2005). Moreover, 

miR156 and miR157 were also detected in phloem sap extracted from Brassica napus 

(Buhtz et al., 2008). In Arabidopsis, intercellular and vascular movement of miRNAs 

might involve HASTY, a plant orthologue of the animal EXPORTIN5 that is also 

involved in miRNA biogenesis (Brioudes et al., 2021; Cambiagno et al., 2021). Thus, 

mature miR156 and miR157 molecules might accumulate and function outside of the 

expression domains reported by MIR156 and MIR157 promoter fusion constructs. This 
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might be particularly relevant for genes that are expressed in proximity to vascular 

tissue, such as MIR157A and MIR157D. Additionally, miRNA movement appears to be 

spatially and developmentally regulated at the SAM (Skopelitis et al., 2018).  

 

6.2. Regulation of inflorescence architecture by miR157 

Floral transition in Arabidopsis is a biphasic process that starts with bolting of the main 

shoot and concludes with flower production. In the I1 phase, paraclades are formed 

from axillary meristems in the axils of cauline leaves and the expansion of these leaves 

is suppressed, whereas in the subsequent I2 phase the axillary meristems are floral 

meristems and develop as flowers, and outgrowth of the subtending bracts is entirely 

suppressed (Hempel, 1997; Schultz and Haughn, 1991; Suh et al., 2003). In wild-type 

plants, bolting, which involves internode elongation to produce a long primary stem, 

and flowering (transition from the I1 to the I2 phase) are coupled, but the time interval 

between bolting and the initiation of flowers can vary under non-optimal conditions 

(Pouteau and Albertini, 2009). 

Several genotypes described in this thesis developed more cauline leaves than wild 

type. These additional cauline leaves may arise by several mechanisms. This is 

evident from apparently contradictory phenotypes of early-flowering mir157 and 

rSPL15 genotypes on one hand and the late-flowering spl4, ful and ft tsf mutants on 

the other. All these genotypes formed more cauline leaves than wild-type plants and 

additive phenotypes were observed in mir157 ful mutants or when rSPL15 was 

combined with spl4 or ft tsf. 

An extended I1 phase can result in an increase in the number of cauline leaves (Figure 

6.1). In rSPL15 plants, this might be achieved through an earlier onset of the I1 phase: 

In several long-day and short-day experiments, rSPL15 strongly accelerated bolting 

compared with wild type, but had a weak effect on the timing of flower production. This 

was consistent with the rSPL15 phenotype described previously (Ó’Maoiléidigh et al., 

2021), and with the inability of rSPL15 to accelerate flowering of the late flowering ft tsf 

or spl4 genotypes. Both rSPL15 ft tsf and rSPL15 spl4 genotypes produced 

significantly more cauline leaves than the parental lines. Thus, although the I1 phase 
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began earlier in rSPL15 plants, enhanced and precocious SPL15 activity appears not 

to be sufficient for transition to the I2 phase.  

In addition to an earlier onset of the I1 phase, delayed transition to the I2 phase can 

also extend the I1 phase and thus increase the number of nodes that form cauline 

leaves and paraclades. This applies, for example, to late-flowering mutants such as 

ful-2. A rough approximation of the duration of the I1 phase is the flowering gap, which 

is the difference between the number of days to bolting and days to flowering. The 

number of cauline leaves produced by mir157d ful-2 and mir157cd ful-2 mutants 

correlated with the length of the flowering gap (Figure 6.1A). However, this was not the 

case for mir157c ful-2, each of the single mutants, and wild-type plants; therefore, 

MIR57D function during the I1 phase appears to be distinct from that of MIR157C. This 

is supported by the additive number of cauline leaves in mir157cd double mutants and 

the difference between the number of cauline leaves of mir157c ful-2 and mir157d ful-

2. Although MIR157C might reduce cauline leaf production in a FUL-dependent 

manner, the synergistic interactions between mir157d and ful-2 suggest that the 

MIR57D-mediated regulation of SPL activity has a component that is independent of 

FUL. The spatial expression patterns of MIR157C and MIR157D most likely contribute 

to this difference. During the I1 phase, MIR157D expression was detected at the 

boundaries between axillary meristems and cauline leaves and was absent from the 

SAM. The spatial expression pattern of MIR157C remains to be characterised. 

However, if MIR157C expression is dependent on FUL activity, which is consistent with 

the genetic interactions, then MIR157C might be expressed in similar domains to FUL, 

such as the SAM. 

The number of cauline leaves can also vary independently from the length of the I1 

phase. This occurs in plants with an enlarged SAM, such as clavata mutants or plants 

with exogenous AP2 activity (Clark et al., 1995; Fletcher et al., 1999; Sang et al., 2022). 

Meristem size correlates with the rate of leaf initiation among Arabidopsis accessions 

(Landrein et al., 2015; Mirabet et al., 2012). Independently, the rate of leaf initiation 

also correlates with the rate of cell division at the meristem (Cockcroft et al., 2000; 

Kawakatsu et al., 2006). In the SAM, both the size of cells and the rate of cell division 

increase dynamically during floral transition (Kinoshita et al., 2020; Kwiatkowska, 

2008). Evidence suggests that SPL9 and SPL15 influence cell division rates; thus, a 
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hypothetical role for miR157-regulated SPL transcription factors in regulating cell 

division during floral transition is possible. 

 

 

Figure 6.1. The number of cauline leaves can be increased by an extended I1 phase. A) A 
scatterplot comparing the number of cauline leaves to the flowering gap, which is defined as the 
difference between days to flowering (DTF) and days to bolting (DTB). The flowering gap serves as an 
approximation of I1 phase duration. The Pearson correlation coefficient is given for each regression line. 
The confidence interval is plotted in grey. B) Examples of mir157d ful-2 and mir157cd ful-2 
inflorescences with an extended I1 zone. C) A model for how factors analysed in this project influence 
key developmental transitions. 

Transgenic plants that express rSPL9 from its native promoter sequences show a 

slower rate of leaf initiation that correlates with decreased meristem size and cell-

division rate (Wang et al., 2008). The more and smaller cells 1-D (msc1-D) mutation 

was isolated in a screen for mutants with altered leaf development (Usami et al., 2009). 
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The msc1-D mutant carries a point mutation in SPL15 that renders it less sensitive to 

negative regulation by miR156/miR157 and therefore expresses it at elevated levels. 

The mir157d single mutant produced more cauline leaves than wild type, and 

mir157abc triple mutants had fewer cauline leaves that mir157cd. After floral transition, 

MIR157D expression appeared in the boundary region between cauline leaves and 

axillary meristems. Boundaries are regions of reduced cell division (Breuil-Broyer et al., 

2004; Žádníková and Simon, 2014). Therefore, it would be of interest to analyse the 

role of SPL proteins in regulating cell division in a spatial context. 

A recent report suggests that a negative feed-back loop exists between WUS and 

SPL4 during floral transition (Musialak-Lange et al., 2021). According to the model, 

SPL4 binds WUS and represses its expression, which in turn, leads to an increase in 

SPL4 expression. Therefore, loss of SPL4 function should lead to higher WUS 

expression and an enlarged meristem, which might then produce more cauline leaves. 

The greater number of cauline leaves produced by mir157 mutants compared with wild 

type might arise from several mechanisms. In several genotypes, duration of the I1 

phase was similar to that of wild-type plants. For example, long-day-grown mir157cd 

mutants bolted and flowered at a similar time to wild-type plants, but formed 

significantly more cauline leaves in both long- and short-day conditions. Similarly, the 

mir157d mutation weakly promoted flowering, but led to the production of significantly 

more cauline leaves than wild type. The effect of mir157d on cauline leaf number was 

additive with that of mir157c, which might reflect an accelerated rate of leaf initiation 

during the I1 phase. During vegetative growth, the leaf initiation rate of mir157cd 

mutants was intermediate between that of mir157c and mir157d mutants, not additive. 

It has yet to be determined, whether the rate cell of division or the size of the meristem 

of mir157 mutants differs from that of wild-type plants during floral transition. 

Meristem size also correlates negatively with the robustness of phyllotaxis (Landrein 

et al., 2015; Mirabet et al., 2012). An enlarged meristem is more likely to co-initiate 

primordia simultaneously, which leads to permutations in the spiral phyllotaxis. 

Phyllotaxis was analysed during vegetative growth, which is when mir156ac mutants 

showed the strongest defects in phyllotaxis compared with wild-type plants. 
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6.3. Molecular mechanisms that regulate inflorescence architecture 

Plant architecture is determined by the activities and identities of apical and axillary 

meristems. The balance between determinate and indeterminate growth habits 

involves antagonistic FT/TSF and TFL1 functions (Moraes et al., 2019; Zhu et al., 

2020). TFL1 is strongly expressed in axillary meristems (Conti and Bradley, 2007) that 

in Arabidopsis undergo a brief vegetative phase before transitioning to flowering. The 

outgrowth of axillary shoots is mediated by FT/TSF in a photoperiod-independent 

manner (Hiraoka et al., 2013; Lee et al., 2019; Liu et al., 2014). To determine whether 

floral transition in the paraclades of mutant genotypes was altered, the number of 

cauline leaves on secondary inflorescences was counted. The mir157cd, spl4 and 

spl15-1 mutants produced more cauline leaves on secondary inflorescences and on 

the main shoot than wild-type plants. Moreover, the spl4 cauline phenotype on 

paraclades was similar to that of both rSPL15 spl4 and mir157c spl4, suggesting that 

SPL4 is epistatic to rSPL15 and mir157c and modulates floral transition in axillary 

meristems downstream from them. This is not surprising for mir157c, because SPL4 

is a direct target of miR157, but implies that SPL4 plays a greater role in this secondary 

inflorescence phenotype than its paralogues. The expression of SPL4 in axillary 

meristems appears after floral transition (Olas et al., 2019). 

In addition to their functions in regulating shoot branching, SPL3, SPL4 and SPL5 have 

been proposed to accelerate flowering in response to shade. The three transcription 

factors bind and activate LFY, FUL and MIR172C genes, and under non-shade 

conditions are inhibited by protein–protein interactions with FAR-RED ELONGATED 

HYPOCOTYL3 (FHY3) and FAR-RED IMPAIRED RESPONSE 1 (FAR1) (Xie et al., 

2020a). FHY3 and FAR1 act downstream of the phytochrome A signalling pathway 

and are degraded during the shade response, which releases SPL3, SPL4 and SPL5 

from functional inhibition. 

The branching integrator BRANCHED1 (BRC1) inhibits premature outgrowth of axillary 

buds and delays their floral transition by interacting with FT (Aguilar-Martínez et al., 

2007; Niwa et al., 2013). The interaction between BRC1 and FT affects the floral 

transition of axillary meristems from both rosette leaf and cauline leaf axils (Niwa et al., 

2013). Although the role of SPL4 in this context is unknown, SPL9 and SPL15 repress 

branching by activating BRC1 expression (Xie et al., 2020b). The spl9 spl15 double 
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mutant exhibits enhanced outgrowth of rosette branches (Schwarz et al., 2008; Wang 

et al., 2008; Xie et al., 2020b). The spl4 spl15 double mutant described in this thesis 

also showed reduced apical dominance in short days and often flowered from rosette 

branches before the main shoot bolted. The strigolactone (SL) pathway is involved in 

the regulation of branching and might integrate with SPL9 and SPL15 functions. Three 

key repressors of SL signalling, SUPPRESSOR OF MAX2 1-LIKE6 (SMXL6), SMXL7 

and SMXL8, can directly interact with SPL9 and SPL15 and suppress the activation of 

BRC1 expression (Xie et al., 2020b). 

In meristems, floral meristem identity is established through synergistic interactions 

between AP1 and LFY and both genes are activated by SOC1 and SPL3, SPL4 and 

SPL4 (Immink et al., 2012; Jung et al., 2012, 2016; Liu et al., 2008). Moreover, SPL9 

activates AP1 at the SAM periphery (Hyun et al., 2016; Wang et al., 2009; Yamaguchi 

et al., 2014). Although many interactions among flowering-time genes and floral 

meristem identity genes are known, their relative temporal expression patterns are less 

well elucidated. 

The earliest flowering-time gene to be upregulated at the shoot meristem in response 

to long days is SOC1, which integrates signalling from the photoperiodic and 

gibberellin pathways (Borner et al., 2000; Moon et al., 2003; Samach et al., 2000). LFY 

is expressed in cauline leaves and its expression therefore precedes that of AP1, which 

is restricted to floral meristems and flowers (Mandel et al., 1992; Wang et al., 2009; 

Weigel et al., 1992).  

The FUL and MIR172 genes are activated cooperatively by SOC1 and SPL (Hyun et 

al., 2016). Accordingly, the function of rSPL15 is partially dependent on that of FUL 

and MIR172 (Ó’Maoiléidigh et al., 2021). SPL4 might also function downstream of 

rSPL15. This is supported by the finding that SPL4 is upregulated in rSPL15 plants 

(PhD thesis Annabel van Driel, 2021) and that spl4 delays bolting of rSPL15 plants. 

The establishment of floral meristem identity also involves the repression of flowering-

time genes. SOC1 and FUL are repressed by AP1 (Ferrandiz et al., 2000; Liu et al., 

2007) and AGAMOUS-LIKE 24 (AGL24), a close homologue of SOC1, is repressed by 

LFY (Yu et al., 2004). Consistent with this, the expression domain of SOC1 covers the 

entire IM, but does not extend into floral primordia (Immink et al., 2012). The 
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expression of miR156-susceptible and -resistant SPL15 reporter variants is similarly 

absent from floral primordia (Hyun et al., 2016). Thus, their presence might interfere 

with the specification of floral meristem identity. Plants expressing rSPL15 produced 

wild-type flowers, but the appearance of bracts subtending flowers under short days 

suggests that these plants had a reduced commitment to flowering. 

The rSPL15 phenotypes suggest that the role of rSPL15 is similar to that of gibberellins 

during floral transition, which promote bolting but inhibit flower production (Yamaguchi 

et al., 2014). Bioactive gibberellins accumulate in apices shortly before floral transition 

(Andrés et al., 2014; Eriksson et al., 2006) and the expression of gibberellin 

biosynthesis genes increases transiently during doming of the SAM (Kinoshita et al., 

2020). The accumulation of DELLA proteins during floral transition depends on the 

gibberellin-catabolising enzyme EUI-LIKE P450 A1 (ELA1), which is expressed in 

incipient floral primordia and reduces local gibberellin levels (Yamaguchi et al., 2014). 

LFY activates ELA1 expression, which then stabilises DELLA proteins during transition 

to the I2 phase. In incipient floral primordia, DELLA proteins might promote flower 

formation by enhancing the transcriptional activation of AP1 by SPL9 (Yamaguchi et 

al., 2014). Consistent with this, ela1 mutants form more cauline leaves than wild-type 

plants. The interactions between miR156/miR157-regulated SPL transcription factors 

and gibberellin signalling during I1 to I2 transition requires further investigation. 

 

6.4. Perspectives 

In 2006, Jones-Rhodes and colleagues commented that it is unclear why a plant would 

need twelve genes encoding miR156 (Jones-Rhoades et al., 2006). By characterising 

flowering-time phenotypes of mir156 and mir157 mutants and by studying the spatio-

temporal expression patterns of MIR156 and MIR157 genes, I was able to partially 

answer this question. It is now clear that individual MIR156 and MIR157 genes have 

distinct expression patterns and specialised roles during plant development. The 

photoperiod-dependent flowering response differed among mir156 and mir157 

mutants and their influence on vegetative and reproductive shoot development varied. 

The distinct phenotypes correlated with differences in expression dynamics, which 
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suggests that diversity among MIR156 and MIR157 promoters contributes to this 

versatility. 

An important future direction is to determine which SPL factors are negatively 

regulated by specific MIR156/MIR157 genes. There are 11 SPL genes whose mRNAs 

are targets for miR156/miR157 and it remains unclear precisely which SPL genes are 

responsible for the early-flowering phenotypes of mir156ac mutants under long days, 

for the early flowering of mir157cd mutants under short days or for the increased 

cauline leaf number of mir157cd mutants under long and short days. Here, I found that 

SPL4 and SPL15 contribute to these phenotypes and might act sequentially. 

Determination of the responsible SPL factors will require careful epistasis genetics and 

expression analyses, and these experiments will be required to understand the 

mechanisms by which the miRNA156/157 pathways regulate reproductive 

development. 

Many aspects of the interactions between miR156/miR157 and genes encoding SPL 

transcription factors are conserved between Arabidopsis and distantly related crop 

plants. Notably, mir156-regulated SPL transcription factors have been shown to 

influence inflorescence architecture and yield traits in a variety of crop plants. This 

includes soybean (Sun et al., 2019; Yue et al., 2021), tomato (Cui et al., 2020) and 

grasses such as maize, rice and wheat (Chuck et al., 2010, 2014; Jiao et al., 2010; Liu 

et al., 2017; Miao et al., 2019; Song et al., 2017). The miR156/miR157 module is also 

involved in various stress responses (Cui et al., 2014; Ma et al., 2021; Stief et al., 2014; 

Zhou and Tang, 2018), which are important to prevent yield loss (Zhang et al., 2018).  

The manipulation of individual MIR156 and MIR157 genes might therefore allow the 

fine-tuning of shoot architecture by increasing the expression of specific SPL factors 

in particular domains without compromising other important traits, an approach that 

was already suggested for rice (Miao et al., 2019). In Arabidopsis, both mir157d and 

ful mutants develop additional secondary inflorescences from an extended I1 zone 

compared with wild-type plants. However, the loss of FUL function also impacts silique 

development and therefore seed yield (Ferrandiz et al., 2000; Gu et al., 1998; 

McCarthy et al., 2015). By contrast, siliques of mir157d appeared to develop normally. 

Similarly, other MIR156 and MIR157 genes are functional in mir157d mutants and are 

available for stress responses. The detailed characterization of the roles of individual 
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MIR156/MIR157 genes presented here therefore suggests approaches to increase 

inflorescence branch number and yield in crops. 
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7. Materials and Methods 
7.1. Plant material and growth conditions 
7.1.1. Plant growth conditions 

All flowering-time, confocal and quantification experiments were conducted under 

controlled conditions in growth cabinets. To synchronise germination, seeds were 

sown on soil in 9 x 9 cm pots and were stratified for 2–3 days at 4°C in darkness. The 

day of transfer to controlled growth conditions was set as day 0 in flowering-time 

experiments. For long-day (LD) experiments, the photoperiod consisted of 16 h light/8 

h darkness cycles, whereas short-day conditions (SD) consisted of 8 h light/16 h 

darkness. All experiments were conducted in plant cultivation cabinets (AR75, Percival 

scientific) equipped with LED lights that generated an approximate light intensity of 170 

µmol m-²s-1 (Figure 7.1). The cabinets maintained a constant growth temperature of 

21°C. 

 

Figure 7.1. Recorded light spectrum and light intensity of growth cabinets used in flowering-time 
and sequencing experiments. PPFD = photosynthetic photon flux density (µmol m-²s-1). 

The Basta (phosphinothricin, ppt) selection of transgenic lines occurred on soil by 

spraying seedlings with 1/1000 (v/v) Basta solution. To select on plates, seeds were 

surface sterilised by washing in 70% ethanol with 0.05% Tween20 for 10 min, followed 

by 10 min in 96% ethanol. After drying, seeds were sown on plates using full-strength 
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Murashige and Skoog (MS) plates supplemented with the appropriate antibiotic (15 ng 

µL-1 for ppt-selection or 50 ng µL-1 for kanamycin selection). 

For confocal experiments, samples were harvested between Zeitgeber time (ZT) 2 and 

ZT 3 into 4% (w/v) PFA fixative buffered by PBS, pH 6.5 –7.0. Samples were fixed by 

vacuum infiltration for 1 h, followed by 2 h incubation at room temperature. To clear 

tissue, samples were washed in PBS buffer, transferred to ClearSee (Kurihara et al., 

2015) and incubated for three days. Cell walls were stained by adding SCRI 

Renaissance 2200 (1 µL ml-1) the day before imaging (Musielak et al., 2015). 

For quantitative real-time PCR (qRT-PCR) and sRNA-sequencing experiments, apices 

were harvested by removing visible leaves, cotyledons and hypocotyl. The samples 

were then flash frozen in liquid nitrogen. Samples were harvested at ZT 2 and ZT 4. 

Approximately 50 apices were harvested for time points 1wSD, 2wSD, 4LD and 7LD. 

For later time points, this number was reduced to 30 or 20 samples. At least three 

biological replicates were harvested for each time point. 

 

7.1.2. Plant material 

The Arabidopsis accession Col-0 was used as a wild-type control and all mutants and 

transgenic lines used were in this background. The spl4 mutant was generated and 

isolated by Dr. Youbong Hyun using the CRISPR/Cas9 strategy published in Hyun et 

al. (2015). The homozygous spl4 mutant carries a 7-bp deletion allele in the first exon 

and is a transgene-free descendant of the published T1 generation (Hyun et al., 2015). 

The CRISPR/Cas9-induced mir156 and mir157 deletion alleles were generated in the 

Coupland group by Dr. Serena Della Pina. The mutagenesis yielded mir156a, mir156c, 

mir157ab and mir157cd mutants, which were then combined as necessary for this work. 

Except for mir157ab and mir157abc mutants, these lines were free of the 

CRISPR/Cas9 transgene. The deletions were present in sequences encoding the pri-

miRNA hairpin structure (Figure 4.1A). Table 7.1 lists the plant material used in this 

work. Primers used for genotyping are listed in Table 7.2. 
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Table 7.1. List of mutants and transgenic lines used in this work. 

Mutant or transgenic line Note Reference 
spl4 CRISPR mutant  The homozygous spl4 mutant is a 

descendant of the T1 plant 

carrying a 7-bp deletion allele in 

the first exon. 

Youbong Hyun, Coupland group 

(Hyun et al., 2015) 

spl15-1  SALK T-DNA mutant (Hyun et al., 2016) 

ful-2 EMS mutant (Ferrandiz et al., 2000) 

pSPL15::9A:VENUS:SPL15/Col-0 Basta resistant (Hyun et al., 2016) 

pSPL15::9A:VENUS:rSPL15/Col-0 Basta resistant (Hyun et al., 2016) 

pFUL::FUL:9A:VENUS/ful-2 Basta resistant Annabel van Driel, Coupland 

group (PhD thesis, van Driel, 

2021) 

mir172a-2 mir172b-3 mir172d-3 CRISPR/Cas9-induced alleles (Ó’Maoiléidigh et al., 2021) 

ft-10 tsf-1 SALK T-DNA mutant (Jang et al., 2009) 

mir156a, mir156c CRISPR mutants CRISPR/Cas9-induced alleles Serena Della Pina, Coupland 

group 

mir157ab, mir157c, mir157d, CRISPR 

mutants 

CRISPR/Cas9-induced alleles Serena Della Pina, Coupland 

group 

MIR156C::VENUS:GUS Basta resistant Youbong Hyun, Coupland group 

MIR156B::VENUS:GUS Basta resistant Youbong Hyun, Coupland group 

MIR156A::GFP Basta resistant Wang group, (Cheng et al., 2021) 

MIR157A::VENUS:GUS Basta resistant Generated in this work 

MIR157D::VENUS:GUS Basta resistant Generated in this work 

pWUS::3xVENUS pCLV3::mCherry Basta and Kanamycin resistant Lohmann group (Pfeiffer et al., 

2016) 

 

7.1.3. Genotyping 

For genotyping, genomic DNA (gDNA) was extracted using the BioSprint 96 DNA Plant 

Kit (QIAGEN, catalogue #941557) in combination with the Biosprint automation 

platform according to the manufacturer’s instructions. Briefly, small rosette leaves were 

harvested into 96-well plates, submerged in lysis buffer and disrupted using Tissue 

Lyser II. The samples were then transferred to isopropanol and loaded into the 
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Biosprint 96 extraction robot, together with all required washing solutions. The 

extracted gDNA was eluted to a final volume of 100 µL with ddH2O.  

Genotyping PCR reactions were run in a final volume 10 µL (Table 7.3 and 7.4), which 

contained GoTaq and associated GoTaq Green buffer (Promega, catalogue #M300A, 

#M791A). Standard laboratory procedures were followed. The primers used to 

genotype each mutant are listed in Table 7.2. 

 

Table 7.2. Primers used for genotyping. 

Oligo- 
nucleotide 
Number 

Oligo- 
nucleotide 
name 

Sequence Usage note 

AR001 LBb1.3 ATTTTGCCGATTTCGGAAC For SALK mutants. Binds to 

the left T-DNA border 

AR002 MIR156A-gt-F AAAGAGATCAGCACCGGAATC Deletion allele 

AR009 MIR156A-gt-R AGTTGGGACAAGAGAAACGCA Use with AR009. 

AR056 MIR156C-gt-F AAACGTGACCGGGACCGAAT Deletion allele 

AR011 MIR156C-gt-R ACACCTTCAAAGTCTGCCTCC Use with AR056 

SDP422 MIR157A-gt-F CATTTCGTTGCTCTCTATGTG Deletion allele 

SDP423 MIR157A-gt-R AACTGTTTCAATCACTCTCGT Use with SDP422 

SDP426 MIR157B-gt-F CTGGTGTTTAATCAAGTTCTTG Deletion allele 

SDP427 MIR157B-gt-R CACTATTCAGATTGATAGGCATG Use with SDP427 

AR289 MIR157C-gt-F GGTTTGAGAGTGATGTTGGTTGT Deletion allele 

AR180 MIR157C-gt-R TTTATCATCCACATGCGGTG Use with AR289 

AR339 MIR157D-wt-F AAGAAAGGTGATGACAGAAGCA 205 bp in wild type. 

AR340 MIR157D-wt-R AGTGGAGGGTGATAGTGTGGT No amplification in the 

mutant. 

AR099 MIR157D-mt-F TCATGCTCTTAGGGTGCAGTT Size: 126 bp for the mutant, 

1.3 kb for wild type. 

SDP433 MIR157D-mt-

R 

CTATGCATGTTCACGACACC Difficult to amplify with 

GoTaq. 

AR006 cas9_geno_F GGACTTCCTGGACAACGAGG Cas9 genotyping, binds to 
the central part of the gene. 

AR007 cas9_geno_R CGTTGATAAGCTTGCGGCTC Product size: 194 bp 

AR024 VN + GFP F GAGCTGAAGGGCATCGACTT Same as qRT-PCR primers 

AR025 VN + GFP R CTCGATGTTGTGGCGGATCT 147 bp product with AR24 

on VN and GFP 
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AR052 BaR_F CTGCCAGAAACCCACGTCAT Basta resistance gene 

AR053 BaR_R TCGAGACAAGCACGGTCAAC Basta resistance gene 

AR350 spl4-wt-F AAGTCTTACCTTGTGGAAGAA 7 bp deletion 

AR352 spl4-wt-R GCAACTTCTCTTAGCTTCATC Use 3% agarose gel 

AR032 spl15-1-F TGCATCACTGATCTTGCGGTTG Use with AR033 for wild 

type allele. 

AR033 spl15-1-R GGAGTTGTTAATGTGTTCGGGTCA

G 

Use with AR001 for T-DNA 

allele 

AR371 ful-2_amp-F TTGGCCGAGACGTTTCACAA Amplify with AR401, 

sequence product with 

AR373 

AR401 ful-

amp_3.5kb_R 

GTGAGAGATTCTCCGACAGGAA Binds outside of the pFUL 

reporter 

AR373 ful-2_seq ATTAGAAGTTTGTATGTGCGACCC Sequencing the ful-2 point 

mutation 

AR175 gabi-T-DNA CCCATTTGACGTGAATGTAGACAC AR175 and AR176 for the T-

DNA allele. GABI-Kat 

mutant. 

AR176 ft10-gabi-R TAAGCTCAATGATATTCCCGTACA AR176 and AR177 for the 

wild-type allele 

AR177 ft10-gabi-F CAGGTTCAAAACAAGCCAAGA  

AR178 tsf1-R CTGGCAGTTGAAGTAAGAG    Use with AR179 for wild-

type allele. 

AR179 tsf1-F CACGAGGTTGGTCTCTCTTAAG  Use with AR001 for mutant 

allele. 

AR248 172A-F TCGACTATTCCGCCATGTTTG (Ó’Maoiléidigh et al., 2021) 

AR249 172A-R ACCTACCTGAAGAAGATCTGGAT

G 

(Ó’Maoiléidigh et al., 2021) 

AR250 172B-F TCAGCCCTTGGATTCGTGAGG (Ó’Maoiléidigh et al., 2021) 

AR251 172B-R TAACGCCCTAATCCGTCATTGACC (Ó’Maoiléidigh et al., 2021) 

AR252 172D-F CTTCACCCTAAATCTCTTCCTCTC

CTTCAG 

(Ó’Maoiléidigh et al., 2021) 

AR253 172D-R CACCTCAAGTTATCATATCGGAGG (Ó’Maoiléidigh et al., 2021) 

 

  



Materials and Methods 

PhD Dissertation Adrian Roggen   95 

Table 7.3. GoTaq mixture for single reaction genotyping PCR. 

Reagent Volume/ amount 

ddH2O To 10 µL 

5× GoTaq Green buffer 2 µL 

25 mM MgCl2 1.0 µL 

10 mM dNTPs 0.4 µL 

Forward primer 0.4 µL 

Reverse primer 0.4 µL 

GoTaq polymerase (5U µL-1) 0.05 µL 

Template DNA 2.0 µL 

 

Table 7.4. Standard GoTaq PCR program used for genotyping and colony screening. 

PCR step Temperature (°C) Time 

1. Initial denaturation 95 2 min 

2. Denaturation 95 30 s 

3. Primer annealing 50 – 60 15 s 

4. Primer extension 72 1 min kb-1 

5. Cycles – 30 – 35× 

6. Final extension 72 5 min 

7. Hold 10 ∞ 

 

7.2. Molecular cloning 
7.2.1. Design and molecular cloning of reporter constructs 

All MIR156 and MIR157 reporter constructs imaged during this project included the 

entire upstream and downstream intergenic regions of the respective genes. Following 

the design used in previous studies (Cheng et al., 2021; Ó’Maoiléidigh et al., 2021), 

the miRNA-encoding stem loop region was replaced by of the reporter gene.  

Cloning of MIR157 reporter constructs employed the Gibson Assembly method, which 

allows the combination of arbitrary PCR fragments and vector backbones, given that 

their DNA ends overlap by 15 to 30 bp (Gibson et al., 2009). The DNA fragments were 

recombined in vitro into a single plasmid through the combined action of a 5′ DNA 

exonuclease, a DNA polymerase and a DNA ligase. The Gibson Assembly mix 
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supplied by New England Biolabs (NEB, catalogue number: E5510S) and associated 

protocols were used for this cloning strategy. The reporter constructs were directly 

assembled into binary vectors, which were checked for integrity by Sanger sequencing. 

 

Figure 7.2. Design of MIR156 and MIR157 reporter constructs used in this work. 

The cloning was initiated by pre-amplifying the upstream and downstream region with 

either PrimeSTAR GXL (TaKaRa, #R050A) or Phusion® High-Fidelity (NEB, # M0530L) 

DNA polymerases. Compatible overhangs were then added in a second PCR that used 

the previous reaction as template. After DpnI digestion to remove residual template 

DNA, PCR products were purified using the Macherey-Nagel NucleoSpin Gel- and 

PCR Clean-up Kit (MN, #11992242). 

The binary vector pBGW0 (a Gateway-compatible vector carrying a Basta-resistance 

gene, here referred to as V195) had to be modified for its use with Gibson assembly. 

It was linearised via restriction digestion by the EcoRI-HF enzyme (NEB catalogue 

#R3193), and then amplified using Phusion polymerase and primers AR218 and 

AR219. After DpnI treatment and PCR-clean up, the linearised vector (pLV195) was 

used for Gibson cloning. The reaction mixture is listed in Table 7.11, using the protocol 

described below. 
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Table 7.5. Description of used and generated plasmids. 

Plasmid name Description Size (bp) Antibiotic 
resistance 

V195 (pBGW0) Gateway-compatible binary vector carrying a 

ccdB cassette 

9,669 Spec, Basta 

(plant) 

pLV195 V195 linearised for Gibson assembly. Does not 

carry the ccdB cassette, 

8,016 Spec, Basta 

(plant) 

V195 
MIR156B::VNG 

V195 vector containing the whole intergenic 

sequences of MIR156B fused to VENUS-GUS, 

which replaces the miR156 hairpin. 

15,514 Spec, Basta 

(plant) 

pLV195 
MIR157A::VNG 

pLV195 vector containing the whole intergenic 

sequences of MIR157A fused to VENUS-GUS, 

which replaces the miR157 hairpin. 

17,034 Spec, Basta 

(plant) 

pLV195 
MIR157D::VNG 

pLV195 vector containing the whole intergenic 

sequences of MIR157D fused to VENUS-GUS, 

which replaces the miR157 hairpin. 

15,065 Spec, Basta 

(plant) 

    

7.2.2. DpnI treatment 

The DpnI restriction enzyme digests palindromic GATC sequences if the adenosine 

residue has been methylated. This is the case for plasmids isolated from standard lab 

strains, but not for DNA generated by PCR in vitro. The enzyme is therefore useful to 

remove template DNA from PCR products. 

The digestion can be performed directly on PCR products. For example, 6 µL 10× 

CutSmart Buffer and 1 µL DpnI-HF enzyme (New England Biolabs, catalogue 

#R0176S) were added to 65 µL PCR product, and the mixture was incubated at 37°C 

for 1 h. The enzyme was inactivated by incubating at 80°C for 20 min. 

 

Table 7.6. Primers used for cloning and sequencing. 

Oligonu
cleotide 
Number 

Oligonucleotide 
name 

Sequence Usage note 

AR036 V195F GGCTTGTCCCGCGTCATCG

G 

Insert sequencing and colony 

PCR. 
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AR037 V195R AACTGAAGGCGGGAAACGA

C 

Insert sequencing and colony 

PCR. 

AR218 pLV195-F AGCCTGCTTTTTTGTACAAA

CTTGTGATAT 

Amplification of EcoRI-HF 

digested V195 plasmids. Modifies 

ATT sites. 

AR219 pLV195-R ACCCAGCTTTCTTGTACAAA

GTGGTGATAT 

Size of pLV195: 8,006 bp. 

AR149 157A-5p-preamp-

F 

GTCCCGAGTTATACACCGT

CC 

Pre-amplification of MIR157A 5p 

intergenic region. Used with 

AR150. 

AR150 157A-5p-preamp-

R 

TGTCAACACTATCAATGCCT

CTCA 

Pre-amplification of MIR157A 5p 

intergenic region. Used with 

AR149. 

AR151 157A-3p-preamp-

F 

GCTCTCTAGCCTTCTGTCAT

CA 

Pre-amplification of MIR157A 3p 

intergenic region. Used with 

AR151. 

AR152 157A-3p-preamp-

R 

TCGAGATGATACCACAAGA

AATCA 

Pre-amplification of MIR157A 3p 

intergenic region. Used with 

AR151. 

AR220 157A-5p_V195-F ATATCACAAGTTTGTACAAA

AAAGCAGGCTGTCCCGAGT

TATACACCGTCC 

Amplification of MIR157A 5p 

sequence. Adds overlap with V195 

binary vector. Used with AR154. 

AR154 157A-5p_NLS-R GACCTTTCTCTTCTTCTTTG

GAGCCATCACTATCAATGC

CTCTCAATTCTCAAAC 

Amplification of MIR157A 5p 

sequence. Adds overlap with NLS 

of the VENUS-GUS gene. Used 

with AR220. 

AR369 157A-3p_GUS-F CCGCAGCAGGGAGGCAAAC

AATGAACCTTTTATTTGCTTT

ATTGTCTC 

Amplification of MIR157A 3p 

sequence. Adds overlap with the 

GUS stop codon. Used with 

AR221. 

AR221 157A-3p-V195-R ATATCACCACTTTGTACAAG

AAAGCTGGGTGAAAAGAAG

ATGTACAACTTTTATTCAAG

GATATTTCAG 

Amplification of MIR157A 3p 

sequence. Adds overlap with V195 

binary vector. Used with AR369. 

AR370 VNG-157A-3p-R GAGACAATAAAGCAAATAAA

AGGTTCATTGTTTGCCTCCC

TGCTGCGG 

Amplification of VENUS-GUS. 

Adds overlap with MIR157A-3p. 

Used with Use with AR268. 

AR266 157D-5p-preamp-

F 

GCGTTTGCGTTTGTGGTTTG Pre-amplification of MIR157D 5p 

intergenic. Used with AR267. 
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AR267 157D-5p-preamp-

R 

GCAACCACACTATCACCCT

CC 

Used with AR266. 

AR270 157D-3p-preamp-

F 

TCACCTTTCTTTCTCTATTTC

TCTCTAC 

Pre-amplification of MIR157D 3p 

intergenic region. Used with 

AR271 

AR271 157D-5p-preamp-

R 

GACTGTTTCGTCACCGTCC

A 

Used with AR270 

AR272 157D-5p_V195-F ATATCACAAGTTTGTACAAA

AAAGCAGGCTGAAATATTG

CCGACTTAGCTGACATAA 

Amplification of MIR157D 5p 

sequence. Adds overlap with V195 

binary vector. Used with AR349. 

AR349 157D-5p_NLS-R GACCTTTCTCTTCTTCTTTG

GAGCCATGCAACCACACTA

TCACCCTCC 

Amplification of MIR157D 5p 

sequence. Adds overlap with NLS 

of the VENUS-GUS gene. Used 

with AR272. 

AR274 157D-3p-GUS-F CAAACAATGATCACCTTTCT

TTCTCTATTTCTCTCTAC 

Amplification of MIR157D 3p 

sequence. Adds overlap with the 

GUS stop codon. Used with 

AR275. 

AR275 157D-3p-V195-R 

 

ATATCACCACTTTGTACAAG

AAAGCTGGGTCTAATTTCCC

TCCGAGAATTTATTGGCT 

Amplification of MIR157D 3p 

sequence. Adds overlap with V195 

binary vector. Used with AR274. 

AR268 VN-GUS-NLS-F ATGGCTCCAAAGAAGAAGA

GAAAGGTCATGGTGAGCAA

GGGCGAGG 

Amplification of VENUS-GUS, 

forward primer. 

AR269 VNG-157D-3p-R TGTAGAGAGAAATAGAGAA

AGAAAGGTGATCATTGTTTG

CCTCCCTGCTG 

Amplification of VENUS-GUS. 

Adds overlap with MIR157D-3p. 

Used with AR268. 

SDP309 miR156a-c-

d_RGEN-A1 

TTGTGTGCTCACTCTCTTCT

ACAATCACTACTTCGACTCT

AGCT 

Overlapping primers that were 

used to generate the single guide 

RNA (sgRNA) targeting MIR156A, 

MIR156C and MIR156D. SDP310 miR156a-c-

d_RGEN-A2 

AGAAGAGAGTGAGCACACA

AGTTTTAGAGCTAGAAATAG

CAA 

SDP317 miR157c-

d_RGEN-A1 

TAGTGCTCTCTATCTTCTGT

ACAATCACTACTTCGACTCT

AGCT 

Overlapping primers that were 

used to generate sgRNA targeting 

MIR157C and MIR157D. 

SDP318 miR157c-

d_RGEN-A2 

ACAGAAGATAGAGAGCACT

AGTTTTAGAGCTAGAAATAG

CAA 
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SPL319 miR157a-

b_RGEN-A1 

TTGTGCTCTCTAGCCTTCTG

ACAATCACTACTTCGACTCT

AGCT 

Overlapping primers that were 

used to generate sgRNA targeting 

MIR157A and MIR157B. 

SDP320 miR157a-

b_RGEN-A2 

CAGAAGGCTAGAGAGCACA

AGTTTTAGAGCTAGAAATAG

CAA 

 

Table 7.7. PCR mixture for a single reaction using the proofreading Phusion polymerase. 

Reagent Volume/ amount 

ddH2O To 20 µL 

5× Phusion HF buffer 4.0 µL 

10 mM dNTPs 0.4 µL 

Forward primer (10 µM) 0.4 µL 

Reverse primer (10 µM) 0.4 µL 

Phusion High-Fidelity Polymerase (2 U 

µL-1) 

0.1 µL 

Template DNA 1.0 µL 

  

Table 7.8. Standard Phusion PCR program used for cloning. 

PCR step Temperature (°C) Time 

1. Initial denaturation 98 30 s 

2. Denaturation 98 10 s 

3. Primer annealing 50 – 60 20 s 

4. Primer extension 72 30 s kb-1 

5. Cycles – 30 – 35× 

6. Final extension 72 5 min 

7. Hold 10 °C ∞ 

 

Table 7.9. PCR mixture for a single reaction using the proofreading PrimeStar GXL polymerase. 

Reagent Volume/ amount 

ddH2O To 20.5 µL 

5× PrimeStar GXL buffer 4.0 µL 

2.5 mM dNTPs 1.6 µL 

Forward primer (10 µM) 0.6 µL 
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Reverse primer (10 µM) 0.6 µL 

PrimeStar GXL polymerase (1.25 U µL-1) 0.4 µL 

Template DNA 1.0 µL 

 

Table 7.10. Standard PrimeStar GXL PCR program used for cloning. 

PCR step Temperature (°C) Time 

1. Initial denaturation 98 30 s 

2. Denaturation 98 10 s 

3. Primer annealing 50 – 60 15 s 

4. Primer extension 68 30 s kb-1 

5. Cycles - 15× 

6. Final extension No final extension  

7. Hold 10 °C ∞ 

 

7.2.3. Gibson Assembly 

The Gibson Assembly mix supplied by New England Biolabs (NEB, catalogue 

#E5510S) and associated protocols were used for cloning. The reaction was prepared 

according to Table 7.11. Samples were incubated at 50°C for 1 h. After transfer to ice, 

2 µL of the mixture was used to transform chemically competent DH10β cells via heat 

shock. 

Table 7.11. Reagents for a single Gibson assembly reaction. According to manufacturer’s 
recommendations. 

Reagent 2–3 fragments 4–6 fragments 

Total Amount of Fragments X µL (0.05 to 0.5 pmol) X µL (0.2 to 1.0 

pmol) 

Gibson Assembly Master Mix (2×) 10 µL 10 µL 

ddH2O Up to 10 µL Up to 10 µL 

Total volume 20 µL 20 µL 
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7.2.4. Heat-shock transformation of chemically competent cells 

Chemically competent DH10β TSSGT E. coli cells were used for molecular cloning. A 

50-µL aliquot of competent cells was thawed on ice for 10 minutes and 2 µL DNA was 

added and mixed by stirring. After an additional incubation for 5 min on ice, samples 

were heat shocked for 45 s at 42°C, and then placed on ice again. For recovery of the 

cells, 400 mL Lysogeny Broth (LB) growth medium was added to the cells, which were 

then incubated at 37°C for 1 h. For selection, the mixture was transferred to LB agar 

plates supplemented with appropriate antibiotics. After overnight incubation at 37°C, 

positive clones were selected by colony PCR. 

7.2.5. Electroporation of Agrobacterium tumefaciens 

Electrocompetent GV3101 A. tumefaciens cells carrying pSOUP or pMP90RK helper 

plasmids were thawed on ice and 100 ng of the binary vector containing the desired 

construct was added. The bubble-free mixture was transferred to 1-mm electrocuvettes, 

and cells were transformed with a single 2.20 kV pulse. After the addition of 400 µL LB 

medium, samples were incubated at 28°C for 2 h and were plated onto LB agar plates 

supplemented with Rifampicin (Rif), Kanamycin (Kan), Gentamycin (Gent) and 

Spectinomycin (Spec) for GV3101 pMP90RK V195 transformations or with Rif, 

Tetracyclin (Tet), Gent, Spec for GV3101 pSOUP V195 transformations. Positive 

clones were selected via colony PCR. 

7.2.6. Agrobacterium tumefaciens–mediated plant transformation 

A modified version of the floral dip transformation method (Clough and Bent, 1998) 

was used to generate transgenic lines in the Arabidopsis thaliana Col-0 background. 

The A. tumefaciens strain GV3101 carrying the pSOUP or pMP90RK helper plasmids 

and the binary plasmid were pre-cultured in LB supplemented with appropriate 

antibiotics for 2 days at 28°C. A 250-mL overnight culture was inoculated the day 

before transformation. Prior to transformation, a 250 ml solution containing 20% 

sucrose (w/v) and 0.1% (v/v) Silwet L-77 (Loveland Industries LTD) were added to the 

overnight culture. Col-0 plants at the onset of anthesis were transformed by 

submerging shoots for 1 min into the mixture. Dipped plants were covered in bags and 
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kept in darkness overnight and were transferred to greenhouse conditions the following 

day. 

Table 7.12. List of antibiotics and concentrations used. 

Antibiotic Concentration 

Kanamycin 25 μg mL-1 

Rifampicin 50 μg mL-1 

Tetracyclin 5 μg mL-1 

Gentamycin 25 μg mL-1 

Spectinomycin 100 μg mL-1 

 

7.3. Plant phenotyping 
7.3.1. Flowering time experiments 

Flowering time was measured as the number of days to bolting and the number of days 

until the first flower opened. Bolting was defined as the time point at which the 

inflorescence stem reached 0.5 cm in height. The number of rosette leaves was 

counted after bolting. The number of cauline leaves on the primary inflorescence was 

counted. Leaves that subtended a flower were considered to be bracts. The height of 

the I1 zone was measured 2 weeks after the opening of the first flower, after I1 

internodes ceased to elongate. The height of the I1 zone was defined as the distance 

from the rosette to the first silique. The number of cauline leaves on paraclades at the 

fifth I1 node was counted several weeks after flowering, after the secondary 

inflorescences had elongated and all cauline leaves had been initiated. 

Internode length was measured as the stem length between nodes subtended by 

cauline leaves. If two nodes were present in close proximity, the corresponding 

internode had a length of zero centimetres. The mean rate of leaf initiation was 

approximated by dividing rosette leaf number by bolting time.  

7.3.2. Rosette angle and leaf measurements 

The divergence angle between successive rosette leaves was measured for plants 

grown for 5 weeks in short days. Plants were photographed from a top-down 

perspective using a Canon EOS 600D. The axis between the petiole and the midvein 
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was used to determine the divergence angle (Figure 7.3A). For leaf-shape scans, 

successive leaves of 4-week-old plants grown in short days were aligned on white 

paper, fixed with glue and scanned. Leaf shapes were visualized by thresholding the 

image contrast. The length/width ratio (LWR) was calculated from the maximum length 

and width dimensions of leaves (Figure 7.3B). All measurements were taken using the 

Fiji distribution of ImageJ software (Schindelin et al., 2012). 

 

 

Figure 7.3. Examples of data acquisition for vegetative phenotypes. A) Divergence angle between 
two successive leaves in wild type. The angle was measured between the petiole/-midvein axes of 
successive leaves. B) Height and width parameters were taken from scans of aligned leaf blades. 

 

7.4. Statistical analysis 

All data were analysed using R version 4.0.3 and associated statistical packages (R core 

Team, 2020). Statistical differences were determined with one- or two-factor ANOVA 

comparisons. For clearly non-parametric data, a Kruskal-Wallis (KW) omnibus test was 

applied instead. If significant differences were identified, post-hoc multiple comparisons 

were performed. Tukey’s HSD multiple comparison test was used to determine differences 

identified by ANOVA (both from base R) and a Nemenyi post-hoc test (PMCMRplus 

package) was used to analyse differences after the Kruskal-Wallis test (base R). A 

Levenes test of equal variance was employed to determine differences in sample variation. 

Each figure legend describes the statistical test that was applied. A bonferroni-corrected p 

< 0.05 was defined to determine significant differences. 
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Generalised additive models (GAMs, mgcv package Wood, 2012) were used to model and 

compare non-linear trends, including the abundance of miR156 and miR157 levels over 

time. The predicted 95% confidence interval was plotted alongside the GAM prediction. To 

determine statistically significant differences at specific time points, pairwise difference 

between GAM smoothing components were calculated according to the method used by 

Rose et al. (2012). 

 

7.5. Expression analysis 
7.5.1. cDNA synthesis using oligo(dT) primers 

To quantify the expression of gene transcripts, total RNA was extracted using the 

RNeasy Plant Mini Kit (QIAGEN) and was subsequently treated with Ambion DNAse I 

(Thermo Fischer Scientific #AM2224) to remove contaminating gDNA. The first-strand 

cDNA was synthesised with SuperScript IV reverse transcriptase (Thermo Fischer 

Scientific catalogue #18090200), using 1 µg RNA and oligo(dT18) primers. The resulting 

cDNA was diluted to 150 µL with distilled water.  

7.5.2. cDNA synthesis using stem-loop primers  

To quantify mature miR156 abundance via qRT-PCR, total RNA was extracted using 

the miRNAeasy Tissue/ Cells Advanced Mini Kit, following the manufacturer’s protocol 

(QIAGEN, catalogue #217604). After extraction, the RNA was eluted to 30 µL RNase-

free water and was treated with DNAse I. 

Reverse transcription was performed using the SuperScript IV cDNA synthesis kit 

(ThermoFischer Scientific, catalogue #18091050), but followed a modified protocol 

using stem-loop primers, first introduced by Chen et al. (2005). Stem-loop primers are 

oligonucleotides that contain a secondary structure in addition to bases 

complementary to the miRNA of interest. To ensure consistent formation of secondary 

structures, the stem-loop primers were denatured at 95°C for 2 min followed by gradual 

cooling to 4°C as suggested by Tong et al. (2015). The subsequent pulsed reverse-

transcription reaction followed the protocol described by Varkonyi-Gasic et al. (2007). 

The small nucleolar RNA 101 (snoR101) was included as a reference. 
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Table 7.13. Thermocycler program for pulsed reverse transcription. 

Step Temperature (°C) Time 

1. Incubation 30 30 s 

2. Incubation 42 30 s 

3. Incubation 50 1 s 

4. Cycles  60× 

5. Inactivation 80 10 min 

7.5.3. Quantification of gene expression via qRT-PCR 

A single qPCR reaction consisted of 3 µL cDNA, 0.5 µL of each primer, 5 µL 5× iQ 

SYBR Green Supermix (Bio-Rad, #1708880) and 1 µL dH2O. The primer efficiency 

was determined by qRT on a dilution series. 

The ΔCT method was used to calculate the relative expression (Livak and Schmittgen, 

2001). The following equation was used to define ΔCT: 

ΔCT =   �
𝑒𝑒𝑒𝑒𝑒𝑒𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅𝑟𝑟𝑟𝑟𝑅𝑅1

𝑟𝑟𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅𝑟𝑟𝑟𝑟𝑅𝑅1   ∗    𝑒𝑒𝑒𝑒𝑒𝑒𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅𝑟𝑟𝑟𝑟𝑅𝑅2
𝑟𝑟𝑐𝑐𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑅𝑅𝑟𝑟𝑟𝑟𝑅𝑅2

𝑒𝑒𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑟𝑟𝑇𝑇𝑅𝑅𝑐𝑐
𝑟𝑟𝑐𝑐𝑇𝑇𝑇𝑇𝑟𝑟𝑇𝑇𝑅𝑅𝑐𝑐   

 

In cold-treatment experiments, ΔΔCT values were calculated by normalising gene 

expression against that at the first experimental time point. SERINE/THREONINE 

PROTEIN PHOSPHATASE 2A (PP2A) and/or PEROXIN4 (PEX4) were used as 

reference genes (Czechowski et al., 2005) in mRNA-based quantitative RT-PCR 

analyses. At least three independent biological replicates were included in each 

analysis. The qRT-PCR reactions used the iQ™ SYBR® green supermix (Bio-Rad 

catalogue #1708880) and the CFX386 Real Time Detection System (Bio-Rad 

catalogue #1855484).  
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Table 7.14. Mixture for a single qRT-PCR reaction using iQ-SYBR Green supermix. 

Reagent Volume/amount 

ddH2O 1.0 µL 

iQ SYBR green supermix 5 µL 

Forward primer (10 µM) 0.5 µL 

Reverse primer (10 µM) 0.5 µL 

Template cDNA 3 µL 

 

Table 7.15. Thermocycler program for qRT-PCR. 

PCR step Temperature (°C) Time 

1. Initial denaturation 95 3 min 

2. Denaturation 95 10 s 

3. Annealing and extension 60 40 s 

4. Plate read    

5. Cycles  40× 

6. Melting curve 55 to 95 10 s/1°C 

 

Table 7.16. List of oligonucleotides used for qPCR expression analysis. 

Gene (accession) Oligo-
nucleotide 
number 

Sequence Notes 

PP2A (At1g13320) AR216 AAGCGGTTGTGGAGAACATGATA

CG 

(Czechowski et al., 

2005) 

PP2A (At1g13320) AR217 TGGAGAGCTTGATTTGCGAAATAC

CG 

(Czechowski et al., 

2005) 

PEX4 (At5g25760) AR214 TTACGAAGGCGGTGTTTTTC (Czechowski et al., 

2005) 

PEX4(At5g25760) AR215 GGCGAGGCGTGTATACATTT (Czechowski et al., 

2005) 

AP1 (At1g69120) AR361 ATGAGAGGTACTCTTACGCCGA (Andrés et al., 2015) 

AP1 (At1g69120) AR362 CAAGTCTTCCCCAAGATAATGC (Andrés et al., 2015) 

SPL15 (At3g57920) AR336 GCCACCGCCCATTTCAACCC Annabel van Driel 

SPL15 (At3g57920) AR337 CGCCCGCGATGACTTCCCAA Annabel van Driel 

FUL (At5g60910) AR359 TGGAGGAGGTTACGCAGTATTGA Virginia Fernández 
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FUL (At5g60910) AR360 TGCTCCAACTCTTCTTCAGTTCTT

C 

Virginia Fernández 

SPL4 (At1g53160) AR367 TGCGGCTTTGCCAAGTAGAT This work 

SPL4 (At1g53160) AR390 ACACACTTTGTGTCTCCGGT This work 

MIR156A 

(At2g25095) 

AR283 CTTCGTTCTCTATGTCTCAATCTC

TC 

(Yang et al., 2013) 

MIR156A 

(At2g25095) 

AR284 TGATTAAAGGCTAAAGGTCTCCTC (Yang et al., 2013) 

MIR156C 

(At4g31877) 

AR285 GTGATAATGAGTGATGACTGATG (Yang et al., 2013) 

MIR156C 

(At4g31877) 

AR286 GAAAACGTGACCGGGACCGAATC

G 

(Yang et al., 2013) 

MIR157A 

(At1g66783) 

AR165 AAAAGGTGATGACAGAAGGCTAG

A 

This work 

MIR157A 

(At1g66783) 

AR166 AGATGATGAGATACAATTCGGAG

CA 

This work 

MIR157C 

(At3g18217) 

AR289 CACACCGCATGTGGATGATAAAAT This work 

MIR157C 

(At3g18217) 

AR290 AAGAGATAAAGGTGGTGACAGAA

GT 

This work 

VENUS + GFP AR024 GAGCTGAAGGGCATCGACTT This work 

VENUS + GFP AR025 CTCGATGTTGTGGCGGATCT This work 

AtsnoR101 AR300 CTTCACAGGTAAGTTCGCTTG (Porri et al., 2012) 

AtsnoR101 AR301 AGCATCAGCAGACCAGTAGTT (Porri et al., 2012) 

miR156-F AR297 TGACAGAAGAGAGTG (Porri et al., 2012) 

miR156-RT-key AR298 CGCGAGCTCAGAATTAATACGACT

CACTATACGCGGTGCTCAC 

(Porri et al., 2012) 

Universal reverse AR299 CGCGAGCTCAGAATTAATACGA (Varkonyi-Gasic et 

al., 2010) 

 

7.5.4. sRNA sequencing experiment 

At all time points, apices were harvested in three biological replicates. Samples were 

flash frozen in liquid nitrogen and were ground to a fine powder using a mortar and 

pestle. Small RNAs were extracted with the TraPR Small RNA Isolation Kit (Lexogen, 

catalogue number 128.24). Sample extraction and library preparation were carried out 

at the Max-Planck Genome Centre Cologne. Approximately 10 million single-end, 150-
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bp reads were sequenced per sample using the Illumina HiSeq 3500 system. Raw 

reads were trimmed for adapter sequences using Cutadapt version 3.4. The 

parameters used selected for a minimum read length of 17 nucleotides and a minimum 

Illumina quality score of 20. Trimmed sequence reads were analysed with DeconSeq 

to filter out non-plant contaminations (Schmieder and Edwards, 2011). 

Mapping of the sRNA reads to the Arabidopsis genome was performed with the 

Manatee tool (Handzlik et al., 2020) and used annotations from the Araport11 release 

(Cheng et al., 2017) that were supplemented with the miRbase 22 release (Kozomara 

et al., 2019). The annotations were limited to miRNAs, short-interfering RNAs and other 

non-coding RNAs. Other annotations, including protein-coding genes, were excluded 

from the analysis. The analysis was a collaboration with Dr. Vidya Oruganti. 

 

7.5.5. Confocal imaging time courses 

Samples were carefully dissected under a stereomicroscope and collected in 4% (w/v) 

paraformaldehyde in 1× phosphate-buffered saline solution (PBS, pH 7.0) on ice. 

Samples were vacuum-infiltrated at ~700 mbar for 30 minutes and subsequently fixed 

for 2 h at room temperature. After rinsing with 1× PBS, samples were placed in 

ClearSee (Kurihara et al., 2015) and were cleared for 2 to 5 days, depending on the 

sample thickness. Samples were stained by adding SCRI 2200 Renaissance (1 µL mL-

1) to the ClearSee solution and were incubated overnight. 

 

Table 7.17. List of buffers used for confocal imaging. 

Buffer Components 

10× PBS pH 7.0 1.5 M NaCl, 0.07M Na2HPO4, 0.03 M NaH2PO4 

dissolved in dH2O 

Fixation buffer 1× PBS, 4 % (w/v) para-formaldehyde 

ClearSee 10% (w/v) xylitol powder, 15% (w/v) sodium 

deoxycholate and 25% (w/v) urea dissolved in 

dH2O 
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Confocal images were acquired with a Leica SP8 confocal. Samples were imaged with 

a 40× immersion objective (model HC PL APO CS2 40×/1.25 GLYC) on microscope 

slides using glycerol as immersion oil and ClearSee as mounting medium. SCRI 2200 

Renaissance fluorescence was excited at 405 and emission with a wavelength 

between 430 nm and 470 nm was captured with PMT detectors. The VENUS, GFP 

and mCherry fluorophores were detected using more sensitive HyD detectors. GFP 

was excited at 488 nm and detected between 500 nm and 520 nm; VENUS was excited 

at 514 nm and detected between 520 nm and 535 nm and mCherry was excited at 552 

nm and detected between 600 nm and 620 nm. 

Images were acquired as Z-stacks in sequential mode. Images were processed in 

ImageJ, which involved applying consistent brightness settings and generating 

maximum intensity projections of 10 µm optical sections at the meristem centre. The 

imaging and processing parameters for fluorescent proteins were determined for the 

first time point and remained constant throughout the experiment, unless stated 

otherwise. 

7.5.6. Data availability 

All data and experimental procedures were stored on the electronic lab journal (Elab) 

and the biodata servers at the MPIPZ. 
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8. List of Abbreviations 

Abbreviation              Definition 
ABI3 ABSISIC ACID INSENSITIVE 3 

AGL24 AGAMOUS-LIKE 24 

AGO ARGONAUTE 

AMP1 ALTERED MERISTEM PROGRAM1 

AP1 APETALA1 

BRC1 BRANCHED1 

bZIP Basic Leucine Zipper 

Cas9 CRISPR associated protein 9 

CO CONSTANS 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

D-bodies Dicing bodies 

DCL1 DICER-like 1 

ELA1 EUI-LIKE P450 A1 

FAR1 FAR-RED IMPAIRED RESPONSE 1 

FD Transcription factor FD 

FHY3 FAR-RED ELONGATED HYPOCOTYL3 

FT FLOWERING LOCUS T 

FUL FRUITFULL 

FUSCA3 FUSCA3 transcription factor 

GA Gibberellic acid 

Gent Gentamycin 

H3K27me3 Histone3 Lysin 27 trimethylation 

HYL1 HYPONASTIC LEAVES 1 

I1 Inflorescence phase 1 

I2 Inflorescence phase 2 

Kan Kanamycin 

LAFL LEC1/ABI3/FUS3/LEC2 gene regulatory network 

LEC2 LEAFY COTYLEDON 2 

LFY LEAFY 

LWR Length/Width Ratio 

MIM156/MIM157 miR156/miR157-target mimicry 

miR156 microRNA156 

MIR156 MICRORNA156 gene 

MIR172 MICRORNA172 gene 

miRISC miRNA-induced Silencing Complex 

miRNA  MicroRNA 
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mRNA Messenger RNA 

msc-1D more and smaller cells 1-D 

NY-A8 NUCLEAR FACTOR Y subunit A8 

PBS phosphate-buffered saline solution 

PFA Paraformaldehyde 

ppt Phosphinothricin, Basta 

PRC2 Polycomb Repressive Complex 2 

pre-miRNA precursor-microRNA 

pri-miRNA primary-microRNA 

PTGS Post-transcriptional gene silencing 

Rif Rifampicin 

RISC RNA-induced Silencing Complex 

RNA Ribonucleic acid 

RNAPII RNA Polymerase II 

SAM Shoot Apical Meristem 

SBP SQUAMOSA PROMOTER BINDING PROTEIN 

SE SERRATE 

SL Strigolactones 

SMXL6/7/8 SUPPRESSOR OF MAX2 1-LIKE 6/7/8 

SOC1 SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 

Spec Spectinomycin 

SPL SQUAMOSA PROMOTER BINDING PROTEIN LIKE 

sRNAs small RNAs 

Tet Tetracyclin 

TPS1 Tre6P SYNTHETHASE 1 

Tre6P Trehalose-6-Phosphate 

TSF TWIN SISTER OF FT 

VAL1/2 VIVIPAROUS/ABI3-LIKE1/2 
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