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Expression of KNUCKLES in the Stem Cell Domain Is Required for Its Function in the Control of Floral Meristem Activity in Arabidopsis
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In the model plant Arabidopsis thaliana, the zinc-finger transcription factor KNUCKLES (KNU) plays an important role in the termination of floral meristem activity, a process that is crucial for preventing the overgrowth of flowers. The KNU gene is activated in floral meristems by the floral organ identity factor AGAMOUS (AG), and it has been shown that both AG and KNU act in floral meristem control by directly repressing the stem cell regulator WUSCHEL (WUS), which leads to a loss of stem cell activity. When we re-examined the expression pattern of KNU in floral meristems, we found that KNU is expressed throughout the center of floral meristems, which includes, but is considerably broader than the WUS expression domain. We therefore hypothesized that KNU may have additional functions in the control of floral meristem activity. To test this, we employed a gene perturbation approach and knocked down KNU activity at different times and in different domains of the floral meristem. In these experiments we found that early expression in the stem cell domain, which is characterized by the expression of the key meristem regulatory gene CLAVATA3 (CLV3), is crucial for the establishment of KNU expression. The results of additional genetic and molecular analyses suggest that KNU represses floral meristem activity to a large extent by acting on CLV3. Thus, KNU might need to suppress the expression of several meristem regulators to terminate floral meristem activity efficiently.
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INTRODUCTION

The maintenance of stem cells in the shoot apical meristem is crucial for the growth and development of plants. Over the past 25 years, genetic and molecular studies have led to the identification of a number of key regulators of shoot meristem control and have begun to elucidate the mechanisms through which these regulators act. In the model plant Arabidopsis thaliana, genes involved in the CLAVATA–WUSCHEL pathway play a key role in the maintenance of shoot meristem activity and size by forming a regulatory feedback loop that connects the stem cell domain in the central zone of the shoot meristem with a group of underlying cells termed the organizing center (Kitagawa and Jackson, 2019). These genes include, among others, CLAVATA1 (CLV1), CLAVATA2 (CLV2), CLAVATA3 (CLV3), and WUSCHEL (WUS). CLV3, which is expressed in the stem cells, encodes a small protein (Fletcher et al., 1999) that is proteolytically processed into a 12-amino acid peptide (Ito et al., 2006). This peptide is secreted from the stem cells and is thought to migrate to neighboring cells (Kitagawa and Jackson, 2019). CLV1 is expressed in a domain underneath the stem cells and encodes a membrane-bound receptor kinase (Clark et al., 1997) that binds CLV3 peptides (Ogawa et al., 2008). CLV2 (Kayes and Clark, 1998) forms another CLV3 receptor together with the protein CORYNE (CRN) (Muller et al., 2008). Once activated, the receptors signal to repress WUS and restrict its expression to the cells of the organizing center underneath the stem cell domain (Brand et al., 2000; Schoof et al., 2000). A return signal from the organizing center to the stem cells is then provided directly by WUS, a homeodomain transcription factor (Mayer et al., 1998), which has been shown to move through plasmodesmata into the stem cell domain (Yadav et al., 2011; Daum et al., 2014) where it promotes CLV3 expression (Brand et al., 2000; Schoof et al., 2000).

This central mechanism of shoot meristem control is also active in inflorescence and floral meristems (Kitagawa and Jackson, 2019), which are formed after the plant has switched from vegetative to reproductive growth. In contrast to shoot and inflorescence meristems, floral meristems are determinate structures that cease their activity once all floral organs have been initiated (Thomson and Wellmer, 2019). This termination process is crucial to prevent the overgrowth of flowers, a phenotype that can be seen in many mutants in which floral meristem termination is impaired. The regulatory mechanism for floral meristem termination is complex but much progress has been made in recent years to understand its structure and function (Xu et al., 2019). Key to this process is the floral organ identity factor AGAMOUS (AG), which controls the development of the reproductive floral organs, i.e., stamens and carpels (Yanofsky et al., 1990). AG expression commences at floral stage 3 in the center of floral meristems (Yanofsky et al., 1990). The AG transcription factor then activates genes that are specifically required for the formation of stamens and carpels (Gomez-Mena et al., 2005; ÓMaoiléidigh et al., 2013). At the same time, AG is also involved in the control of floral meristem activity. In fact, in loss-of-function ag mutants, floral meristems overgrow, leading to the formation of supernumerary floral whorls in the center of the flower (Yanofsky et al., 1990). It has been shown that AG mediates floral meristem control through both direct and indirect mechanisms. AG directly targets WUS and recruits Polycomb Group proteins to its promoter, leading to a gradual reduction in WUS expression through the deposition of repressive histone marks (Liu et al., 2011). AG also acts on WUS indirectly by activating the KNUCKLES (KNU) gene (Sun et al., 2009, 2014), which encodes a C2H2 zinc-finger transcription factor that is closely related to other important floral regulators such as SUPERMAN (SUP) (Payne et al., 2004). KNU contains an ERF-associated amphiphilic repression (EAR) motif at its carboxy terminus that has been shown to recruit transcriptional co-repressors and is thus thought to act primarily as a repressor of gene expression. KNU expression has been reported to commence at stage 6 and thus several stages after the onset of AG expression at stage 3 (Payne et al., 2004; Sun et al., 2009, 2019). The delay between AG activation and the expression of its target KNU appears to be due to a gradual removal of repressive marks from the KNU locus (Sun et al., 2014). Once KNU is expressed, it represses WUS and it has been suggested that this is mediated by direct binding of KNU to the WUS promoter (Sun et al., 2019). Two different, but not necessarily mutually exclusive mechanisms have been proposed for the repressive effect of KNU on WUS, which are both based on various epigenetic regulators being evicted from or recruited to the WUS locus (Bollier et al., 2018; Sun et al., 2019).

Despite the well-established role of KNU in floral stem cell termination, many questions about its function remain unanswered. For example, knu loss-of-function mutants exhibit phenotypes that are unlikely to be a result of impaired floral meristem control such as the formation of extended gynophores or male sterility defects (Payne et al., 2004). Thus, KNU has likely additional functions in flower development. Other questions relate to the control of the KNU expression pattern in floral meristems. While it is now well established, as outlined above, that AG activates KNU, how its spatial expression is restricted to the very center of the floral meristem in a domain that is much smaller than that of AG and later shifts to the basal end of developing gynoecia (Payne et al., 2004) is not understood.

In this study, we initially followed up on data we had obtained previously that suggested an earlier onset of KNU expression during flower development than what has been reported. To this end, we re-examined the expression pattern of KNU in floral meristems and found that KNU is indeed expressed slightly early than previously thought and in a domain that likely encompasses the entire 4th floral whorl. Notably this domain appears larger than the WUS expression domain and we therefore asked what other functions KNU may have in the control of floral meristem activity. Using a gene perturbation approach, in which we targeted KNU in different areas of the floral meristem, we found that the CLV3-expressing stem cell domain is crucial for KNU function. Results of additional genetic and molecular analyses suggest that KNU not only acts on WUS but also on CLV3 to repress floral meristem activity. Thus, KNU may function as a general repressor of genes that control floral meristem activity.



MATERIALS AND METHODS


Plant Materials and Growth

Plants were grown on a soil:vermiculite:perlite (3:1:1) mixture at 20–22°C under constant illumination. Published lines used for this study were as follows: pKNU::KNU-GUS (Sun et al., 2009); pKNU::KNU-VENUS (Sun et al., 2014); gAP3-GFP gSUP-3xVenusN7 pCLV3-dsRedN7 (Prunet et al., 2017); pAP1::AP1-GR ap1-1 cal-1 (ÓMaoiléidigh et al., 2015); pCLV1::LhG4 (Schoof et al., 2000); pCLV3::LhG4 (Lenhard and Laux, 2003); pWUS::LhG4 (Gross-Hardt et al., 2002); knu-1(backcrossed into Landsberg erecta; Sun et al., 2009); clv3-1 (Clark et al., 1995); crc-1 (Bowman and Smyth, 1999).



Generation of Constructs and Transgenic Lines

For the construction of p35S::KNU-VP16, the KNU coding sequence was amplified with primers KK-180/KK-198 using cDNA derived from wild-type (L-er) inflorescences. The PCR product was then digested with EcoRI and ligated to a pBJ36-derived vector containing a p35S::VP16 cassette, which was also cleaved with EcoRI. The resulting p35S::KNU-VP16 cassette was released by NotI digestion and ligated to the NotI site of the binary vector pML-BART, which confers for ammonium-glufosinate resistance in plants. Colony PCR and genotyping assays for the detection of the construct were performed using primers KK-180/KK-35. To generate a version of p35S::KNU-VP16 with a mutated EAR motif (mEAR) the KNU coding sequence was amplified using primers KK-180/KK-196. This led to four leucine residues within the EAR motif being converted into alanines. The resulting PCR product was ligated into pML-BART (Eshed et al., 2001) as described above. The binary vectors were introduced into wild-type (L-er) plants using Agrobacterium-mediated transformation following the floral dip method (Clough and Bent, 1998). More than 25 independent transformants were analyzed per construct.

KNU-amiRNAs were designed using the Web microRNA WMD3 designer1 and constructed by overlapping PCR using the pRS300 plasmid (Schwab et al., 2006). Primers KK-31 to KK-34 were used for amiRNA1; primers KK-48 to KK-51 for amiRNA2; and primers KK-52 to KK-55 for amiRNA3. The resulting PCR products were cut with ClaI and XbaI and ligated into pBJ36 containing the 35S promoter or the 6xpOp promoter. After verifying the sequence of the amiRNA, a fragment containing the promoter and the amiRNA was sub-cloned into either the binary vectors pML-BART (p35S) or pART27 (Gleave, 1992) (6xpOp) using NotI sites. In order to generate lines for a dexamethasone-dependent induction of KNU-amiRNA expression, a pML-BART vector containing a p35S::GR-LhG4 cassette (Craft et al., 2005) was used together with the 6xpOp::KNU-amiRNA cassette described above. For the generation of p35S::KNU-amiRNA plants, the construct was transformed into wild-type (L-er) plants, and the following number of independent transformants was analyzed: 63 (amiRNA1); 82 (amiRNA2); 22 (amiRNA3). For the generation of p35S::GR-LhG4/6xpOp::KNU-amiRNA plants, the construct was transformed into wild-type (L-er) plants, resulting in the isolation of 72 independent transformants, which were characterized for phenotypes and KNU transcript levels after dexamethasone treatment.

For generating plants expressing the KNU-amiRNA1 in specific meristem domains, the vector pART27 6xpOp::KNU-amiRNA1 was transformed into the different LhG4 driver lines for CLV1, CLV3 and WUS. First generation transformants (31 for pCLV1>>; 22 for pWUS>>; and 55 for pCLV3>>) were selected on MS plates containing kanamycin and genotyped with primers KK-35/KK-95.

To generate an epitope-tagged version of KNU for chromatin immunoprecipitation experiments, the primer combinations DM-90/DM-93 and DM-91/DM-92 were used to generate two PCR fragments that were subsequently used in an overlapping PCR with primers DM-90 and DM-91. Primers DM-92/DM-93 introduced synonymous nucleotide substitutions into the region of the KNU coding sequence that KNU-amiRNA1 targets (rKNU). The primers DM-90/91 introduced the restriction sites PstI and EcoRI that were ∼2.6 kb upstream of the translational start site and at the end of the KNU coding sequence, respectively. This PCR product was then ligated to a pBJ36-derived vector containing the mGFP5 coding sequence followed by the 3′OCS terminator sequence. Once the presence of the KNU-encoding fragment was confirmed by colony PCR, this vector was cleaved using NotI and ligated to the binary vector pART27 that had been cleaved with NotI and treated with alkaline phosphatase (Roche). Plants containing the p35S::KNU-amiRNA1 transgene were transformed with this construct and lines in which the knu-like phenotypes of the amiRNA expressing line was rescued were isolated. First generation transformants were identified based on kanamycin resistance and were PCR genotyped using primers DM-59 and DM-31.



GUS Staining

GUS staining was carried out as previously described2. In brief, flowers were harvested in 90% cold acetone and incubated for 15–20 min at room temperature and then vacuum infiltrated for 10 min. After removing the acetone, the staining solution containing X-gluc (C14H13BrClNO7) was added. The tissue was then again vacuum infiltrated until it sunk to the bottom of the tube, followed by incubation at 37°C. For sectioning, tissue was dehydrated through an ethanol series and treated with Formalin-Acetic-Alcohol fixative for 30 min. This was followed by incubation in 95% ethanol containing eosin. Tissue was later cleared with Tert-butanol (25 and 50% in ethanol) and incubated in 100% Tert-butanol overnight at 60°C. The following day, 50% of liquid paraplast was added and incubated for several hours at 60°C. The paraplast was then replaced a few times and ultimately placed into a weigh boat. Tissue in the hardened paraplast was cut into 8 μm sections using a Leica microtome and placed on slides that were incubated overnight at 42°C. Next, paraffin was removed by Histoclear (National Diagnostics) washes and staining was visualized using an Olympus SZX7 stereomicroscope.



Imaging of Fluorescent Reporters

Shoot apices were prepared for imaging as previously described (Prunet et al., 2016, 2017; Prunet, 2017) and imaged using a Zeiss LSM880 confocal microscope using the Fast Airyscan mode.



RNA Extraction and cDNA Synthesis

Total RNA was isolated from plant tissue using the Spectrum Plant Total RNA kit (Sigma-Aldrich) according to the manufacturer’s instructions. RNA was reverse transcribed using an oligo(dT)18 primer (Fermentas) and the RevertAid H Minus reverse transcriptase (Fermentas) according to the manufacturer’s instructions.



Quantitative Reverse Transcription PCR (RT-qPCR)

For RT-qPCR, primers were designed to have a Tm of 60 ± 1°C. Each primer pair did not differ in annealing temperature of more than 1°C. In addition, primer pairs to amplify cDNA were designed to span exon-exon boundaries whenever possible and were as close to the 3‘end of the coding sequence as possible. A Lightcycler 480 (Roche) with a SYBR green master 1 (Roche) was used to quantify relative enrichments of cDNA. One reaction mix contained 5 μl of 2x SYBR green master 1, 1 μl cDNA, 1 μl of 10 μM primers and 3 μl of molecular biology grade water. An equivalent time of 60 s per 1 kb of DNA was given to generate the amplicon. Annealing temperatures between 58 and 60°C were used depending on the primer pairs. The reference gene used for RT-qPCR was At4g34270 (“REF2”), which was chosen from Czechowski et al. (2005). Primers used for RT-qPCR are listed in Supplementary Table 1. All RT-qPCR analyses were carried out with cDNA from at least 3 sets of biologically independent samples.



Treatment of Plants With a Dexamethasone-Containing Solution and Tissue Collection

Once plants had bolted, the inflorescences of plants were treated with a solution containing 10 μM dexamethasone (Sigma) and 0.015% (v/v) Silwet-77 using a plastic Pasteur pipette. For the induction of amiRNA expression in the p35S::GR-LhG4/6xpOp::KNU-amiRNA lines, plants were treated trice with 3 days in-between treatments. For RT-qPCR analysis, tissue was collected from inflorescences of pAP1::AP1-GR ap1-1 cal-1 p35S::KNU-amiRNA1 plants as well as from pAP1::AP1-GR ap1-1 cal-1 plants 5, 6, and 7 days after dexamethasone treatment.



Chromatin Immunoprecipitation

For the analysis of KNU-GFP binding to the CLV3 promoter region we collected inflorescence tissue from ∼4-weeks-old p35S::KNU-amiRNA pKNU::rKNU-mGFP5 pAP1::AP1-GR ap1-1 cal-1 plants ∼7 days after dexamethasone treatment (as described above). Tissue was fixed in a solution of 1X PBS supplemented with 1% formaldehyde (Sigma 252549) at room temperature for 15 min under vacuum. Glycine was added to a final concentration of 0.125 M and a vacuum was applied for a further 5 min. The tissue was washed with dH2O three times. dH20 was then removed and the tissue was frozen in LN2. The tissue was ground to fine powder using a pestle and mortar pre cooled with LN2 and incubated in 30 ml ice-cold extraction buffer 1 (Diagenode) supplemented with 0.1X protease inhibitors (Sigma P9599) for 5 min with gentle rocking at 4°C. The homogenate was filtered twice through Miracloth (Calbiochem) into precooled tubes and centrifuged at 3,000 × g for 20 min at 4°C. The pellet was suspended thoroughly in 1 ml ice-cold extraction buffer 2 (0.4 M sucrose, 100 mM Tris-HCl pH 8.0, 1% Triton X-100, 10 mM MgCl2, 0.1 mM phenylmethylsulfonyl fluoride, 5 mM β-mercaptoethanol, 0.1X protease inhibitors) and centrifuged at 12,000 × g for 10 min at 4°C. The pellet was washed and centrifuged once more with extraction buffer 2 and the supernatant was fully removed. The pellet was suspended in 300 μl ice-cold extraction buffer 3 (1.7 M sucrose, 100 mM Tris-HCl pH8.0, 0.15% (v/v) Triton X-100, 2 mM MgCl2, 0.1 mM phenylmethylsulfonyl fluoride, 5 mM β-mercaptoethanol, 0.1X protease inhibitors), transferred gently onto 300 μl extraction buffer 3 inside a 1.5 ml centrifuge tube, and centrifuged at 12,000 × g for 10 min at 4°C. The supernatant was removed and the pellet was suspended in 300 μl sonication buffer (Diagenode) and incubated on ice for 5 min. The nuclei suspension was sonicated using a Diagenode Bioruptor Pico for 7 cycles of 30 s on/off at 4°C, and centrifuged at 12,000 × g for 5 min at 4°C. The supernatant was frozen in LN2 and stored at –80°C until use.

Chromatin immunoprecipitation (ChIP) assays for each replicate were performed in triplicate and in parallel. Chromatin was thawed on ice and centrifuged at 12,000 × g for 5 min at 4°C to pellet insoluble material. The supernatant was diluted 5-fold in 1 X ChIP Dilution Buffer (CDB; Diagenode). Samples (200 μl diluted chromatin) were incubated with rotation at 4°C overnight with 6 μg of αGFP (Ab290; Abcam). 4 μl diluted chromatin was taken as input. 20 μl DiaMag protein A-coated magnetic beads were used per ChIP. The beads were washed 3 times in 200 μl CDB and suspended in their original volume before addition to the ChIP tube. Samples were incubated with the beads at 4°C with rotation for 2 h. The beads were washed once with each of wash buffers 1/2/3 (Diagenode) and twice with wash buffer 4 before suspension in 100 μl elution buffer 1 (Diagenode) and incubation with shaking at 65°C for 15 min. Four μl elution buffer 2 was added to each of the supernatants (separated from the beads) and incubated overnight at 65°C with shaking. ChIP DNA was purified from the eluates using the iPure kit v2 (Diagenode) and used for qPCR. ChIP-qPCR was performed using a Roche LightCycler 480 and SYBR Green I Master in a final volume of 10 μl. Primers used for qPCR analysis are listed in Supplementary Table 1.



Image Processing

Some light microscopy images were processed to darken the background and to normalize the color to make the images clearer. These modifications do not alter the interpretation of the data, and all original unmodified images are available upon request.



RESULTS


KNU Expression in Young Floral Buds

KNU expression has been reported to commence at stage 6 of flower development in the stem cell domain as well as in cells of the underlying organizing center (Payne et al., 2004; Sun et al., 2009, 2019), which is crucial for meristem maintenance. When we analyzed data from an experiment in which we had monitored global gene expression during flower development from the time of initiation until maturation (Ryan et al., 2015), we found an onset of KNU up-regulation earlier than stage 6, around stage 4 or 5 (corresponding to days 3–4 in Figure 1A). For our previous study, we had used a floral induction system, which synchronizes flower development through the specific activation of the floral meristem identity regulator APETALA1 (AP1) in an apetala1 cauliflower (ap1 cal) double-mutant background (ÓMaoiléidigh et al., 2015). Because this system exhibits somewhat premature expression of the main KNU activator AG (Figure 1A), we considered the possibility that the observed early activation of KNU did not accurately reflect its expression in the wild type. To test this, we re-examined a published pKNU::KNU-GUS reporter line where the KNU coding region is translationally fused to β-glucuronidase (GUS) and driven by its native promoter (Sun et al., 2009). While the GUS activity pattern we observed in this experiment was very similar to what has been previously reported (Supplementary Figure 1), we detected GUS activity already at stage 5 in the center of floral meristems (Figure 1C). To independently verify this observation and to obtain detailed information on where in the floral meristem KNU is expressed, we imaged a published pKNU::KNU-VENUS reporter (Sun et al., 2014) using an Airyscan detector which provides improved resolution and signal-to-noise ratio relative to conventional confocal microscopy (Huff, 2015). This analysis confirmed an onset of KNU expression at stage 5 and showed expression in a domain that not only includes the stem cell domain and the underlying organizing center but most, if not all cells of the 4th floral whorl (Figures 1D–F). Thus, KNU expression in the floral meristem is broader and commences slightly earlier than previously thought.


[image: image]

FIGURE 1. Expression of KNU in early stage floral buds. (A,B) Temporal expression of (A) AG and KNU and (B) WUS and CLV3 during flower development. M values (log2 of expression of a gene at a given time-point/expression of that gene in a common reference sample) are shown. Data from Ryan et al. (2015). (C) Activity of a pKNU::KNU-GUS reporter in early stage flowers. Approximate floral stages are indicated. (D) Confocal image of a pKNU::KNU-VENUS reporter in a stage 5 floral bud. A vertical optical section is shown. (E) Confocal image of gAP3-GFP (green), gSUP-3xVenusN7 (red), and pCLV3-dsRedN7 (blue) reporters in a stage 5 floral bud. A vertical optical section is shown. Compare the expression domain of CLV3 to that of KNU in (D). (F) Confocal image of a pKNU::KNU-VENUS reporter in an inflorescence. Numbers indicate approximate floral stages. Scale bars: 20 μm.




Effects of KNU-VP16 Expression on Plant Development

KNU is thought to terminate floral meristems by directly repressing the stem cell regulator WUS in the organizing center (Sun et al., 2009, 2019). Indeed, in the above-mentioned study where we monitored global gene expression during flower development, activation of KNU expression was followed by a reduction in the expression of WUS as well as of the stem cell marker CLV3 (Figure 1B). While CLV3 expression remained low at later stages of flower development, the expression of WUS increased again at intermediate stages likely as a consequence of its reported expression in stamens (Deyhle et al., 2007) and ovules (Gross-Hardt et al., 2002). As discussed above, the repressive activity of KNU is mediated by an EAR motif in its carboxy terminus. To test whether KNU acts exclusively as a repressor in floral meristem control, we expressed a fusion between KNU and the viral transcription activation domain VP16 (Triezenberg et al., 1988) from the constitutive Cauliflower Mosaic Virus (CaMV) 35S promoter in wild-type plants. It is known that the addition of VP16 can convert repressors into activators (Fujiwara et al., 2014) and in the case of KNU, expression of KNU-VP16 may therefore lead to overproliferation of floral meristems as observed in knu mutants. While plants carrying the p35S::KNU-VP16 construct showed some phenotypic abnormalities (Supplementary Figure 2), including floral defects such as shorter petals and siliques, these were not likely a consequence of altered meristem activity. We therefore considered the possibility that the presence of the EAR motif may prevent VP16 from being fully active and generated a version of the KNU-VP16 fusion protein in which four functionally important leucine residues in the EAR motif had been mutated to alanines (mEAR). Expression of this KNU(mEAR)-VP16 fusion protein from the 35S promoter in wild-type plants resulted in more severe defects than the expression of the fusion protein with an intact EAR domain. These transgenic plants were typically shorter in stature than the wild type (Figure 2A), likely as a consequence of the ectopic expression of the fusion protein, and exhibited a range of floral phenotypes (Supplementary Figure 3). These included the formation of enlarged gynoecia with supernumerary carpels (Figures 2B–D), suggesting that the conversion of the KNU repressor into an activator led to prolonged activity of the floral meristem. Thus, KNU may indeed act exclusively as a repressor in floral meristem control.


[image: image]

FIGURE 2. Effects of ectopic expression of a KNU(mEAR)-VP16 fusion protein. (A) A wild-type (WT) plant compared to plants carrying a p35S::KNU(mEAR)-VP16 transgene. Plants of different phenotypic strength are indicated. (B) Tricarpelloid silique of a phenotypically weak plant. (C) Tetracarpelloid silique of a phenotypically intermediate plant. (D) Silique of a phenotypically strong plant with fusion defects (arrow). Scale bars: 1 mm.




Effects of Temporal KNU Perturbation

As described above, early KNU expression is found throughout most of the 4th floral whorl. Its expression thus appears considerably broader than what would be required to repress WUS in the cells of the organizing center. We therefore asked whether KNU has additional functions in floral meristem control. To address this question, we sought to establish a gene perturbation approach and generated three artificial microRNAs (amiRNAs; Schwab et al., 2006) targeting KNU. When we expressed these amiRNAs from the constitutive 35S promoter in wild-type plants, we found two that led consistently to phenotypes resembling that of knu mutants, including shorter siliques, the formation of bulged siliques with ectopic organs, and extended gynophores (Figures 3A–D and Supplementary Figure 4). The penetrance of these floral phenotypes was overall reduced when compared to knu loss-of-function mutants likely due to an incomplete knockdown of KNU expression (see below). We used one of the functional amiRNAs (amiRNA1) to test when KNU function is required in the floral meristem. To this end, we generated transgenic plants that allow a specific expression of the KNU-amiRNA from the dexamethasone-inducible p35S::GR-LhG4/pOp promoter system (Craft et al., 2005). We then activated KNU-amiRNA expression by treating inflorescences three times (with 3-day intervals) with dexamethasone and subsequently monitored, over a 3-weeks period, phenotypic effects in flowers that reached maturity. In this experiment, knu-like phenotypes were observed primarily in flowers that were at very early stages (<stage 4) at the time of the first dexamethasone treatment or initiated after the onset of amiRNA expression (Figure 3E). Thus, the KNU-amiRNAs that accumulated in very young floral buds likely interfered with the onset of KNU expression at stage 5, hence supporting the idea that the earliest expression of KNU is crucial for floral meristem control.
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FIGURE 3. AmiRNA-mediated perturbation of KNU activity. (A) Siliques of a wild-type (WT) and a knu-1 plant. (B) Silique of a knu-1 plant with ectopic carpels and stamens (indicated by arrows). (C) Siliques of a wild-type plant and of a plant containing a p35S::KNU-amiRNA1 transgene. (D) Silique of a p35S::KNU-amiRNA1 plant with ectopic carpels and stamens (arrows). (E) Pulsed perturbation of KNU. Plants homozygous for a p35S::GR-LhG4/6xpOp::KNU-amiRNA1 transgene were treated three times (in 3-days intervals) with 10 μM dexamethasone. The effects of KNU-amiRNA induction were monitored for 3 weeks following the start of dexamethasone treatments by analyzing the phenotypes of flowers that reached maturity. Numbers indicate the approximate stage a flower was at the time of the first dexamethasone treatment. “NT”: a flower of an untreated plant resembling the wild type. Flowers shown on the right of “AI” likely initiated after the first dexamethasone treatment. In the bottom row, second flower from the left, an arrow marks ectopic organs in a knu-like silique (a valve has been partially removed to reveal internal structures). Size bars: 2 mm.


We next tested the effects of KNU perturbation on the expression of selected regulators of floral meristem activity. To this end, we crossed a p35S::KNU-amiRNA transgene into the background of the above-mentioned floral induction system and induced flower development in the resulting line as well as in plants of the floral induction system that did not contain the p35S::KNU-amiRNA transgene. We then collected floral buds 5, 6, and 7 days after the induction, which correspond approximately to floral stages 6–7 (5 days), 7–8 (6 days), and 8 (7 days), respectively (Ryan et al., 2015), thus including the stages immediately following floral meristem termination in the wild type. Using quantitative reverse transcription PCR (RT-qPCR) we then measured transcript levels of selected floral meristem regulators (Figure 4). As expected, the expression of KNU was significantly (p < 0.01; ratio paired t-test) decreased at all time-points in plants expressing the KNU-amiRNA but this knockdown was incomplete, likely explaining the weaker phenotypes of p35S::KNU-amiRNA lines when compared to knu loss-of-function mutants (see above). Expression of WUS was significantly (p < 0.05; ratio paired t-test) increased at the 5-days time-point but not at later time-points. In contrast, expression of the stem cell marker CLV3 was markedly upregulated in plants expressing the KNU-amiRNA at the 5- and 6-days time-points (p < 0.01 and p < 0.05, respectively, ratio paired t-test). Because it has been shown that KNU genetically interacts with CRABS CLAW (CRC) (Yamaguchi et al., 2017); see also Supplementary Figure 5), a transcription factor-coding gene that has been implicated in floral meristem control (Yamaguchi et al., 2017), we included it, as well as its target YUCCA4 (YUC4) (Yamaguchi et al., 2018), in this analysis. The effect of KNU perturbation on the expression of these genes appeared limited with the exception of YUC4 in the 6-d time point. Thus, from the floral meristem regulators tested in this experiment, the strongest effect of a KNU knockdown was observed for CLV3. Because KNU is expressed in the CLV3-expressing stem cell domain (see above), we asked whether the observed increase in CLV3 transcript levels after KNU perturbation may be due to KNU repressing CLV3, either by directly binding to its promoter, or indirectly, e.g., via mis-regulation of WUS. To test this, we first generated a double mutant between knu-1 (Payne et al., 2004; Sun et al., 2009) and the intermediate CLV3 allele clv3-1 (Clark et al., 1995), which carries a mutation in the coding region of the gene, leading to a Gly75Arg substitution (Fletcher et al., 1999). We reasoned that if KNU was indeed repressing CLV3 then removal of KNU activity may partially restore CLV3 activity. In agreement with this idea we found that knu-1 clv3-1 double mutants exhibited a reduction (p < 0.0001; t-test) in the number of stamens and carpels relative to clv3-1 single-mutant plants (Figure 5). To test whether KNU targets CLV3 directly, we generated a pKNU::KNU-GFP line in the background of the above-mentioned floral induction system and carried out chromatin immunoprecipitation experiments using a GFP antiserum coupled to quantitative PCR. While the results of these experiments suggest enrichment of certain CLV3 promoter regions (Supplementary Figure 6), the data obtained in independent replicate experiments were variable likely due to low levels of KNU protein and/or its spatially restricted domain of expression. Therefore, experimental approaches with increased sensitivity may be required to show unequivocally that KNU binds to the CLV3 locus (see section “Discussion”).
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FIGURE 4. Effect of amiRNA-mediated perturbation of KNU on the expression of meristem regulators. A p35S::KNU-amiRNA transgene was introgressed into pAP1::AP1-GR ap1-1 cal-1 plants. Flower development in this line, as well as in pAP1::AP1-GR ap1-1 cal-1 plants that did not express the KNU-amiRNA, was induced by dexamethasone treatment and floral buds were collected 5, 6, and 7 days after the treatment. Transcript levels of different meristem regulators (as indicated) were determined by RT-qPCR in four (5 and 6 days) or three (7 days) biologically independent sets of samples. Fold change expression values in the amiRNA-expressing lines relative to the lines with normal KNU activity are shown. Bars indicate SEM.
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FIGURE 5. Genetic interaction between knu-1 and clv3-1. (A,B) Floral phenotypes of knu-1 in an L-er background. A flower (A) and bulged siliques (B) are shown. (C,D) Floral phenotypes of clv3-1 mutant plants. A flower with an increased number of floral organs (C) and multicarpelled siliques (D) are shown. (E,F) Floral phenotypes of knu-1 clv3-1 double-mutant plants. A flower (E) and siliques (F) are shown. In (E), a petal was removed for better visibility of internal organs. Siliques shown in (F) were shorter than those of clv3-1 single mutants (D). (G) Number of floral organs in knu-1, clv3-1 and knu-1 clv3-1 flowers. n = 20. Error bars indicate SEM. Size bars: 1 mm.




Effects of Spatial KNU Perturbation

The results discussed above suggest that KNU function in the control of floral meristem determinacy may not be restricted to the organizing center and the control of WUS expression. To further test this idea, we sought to perturb KNU activity in different domains of the floral meristem (Figure 6A) and to assess the resulting effects on meristem determinacy. To this end, we employed previously established and characterized driver lines for CLV1, CLV3, or WUS (Schoof et al., 2000; Gross-Hardt et al., 2002; Lenhard and Laux, 2003). In these lines, the synthetic transcription factor LhG4 (Moore et al., 1998) is expressed from the promoters of the different meristem regulators, leading to the domain-specific activation of a transcript of interest that is under control of the pOp promoter which is targeted by LhG4. We first assessed the strength of these driver lines so that we could relate their activities to the results from subsequent KNU perturbation experiments. To this end, we introduced a 6xpOp::GUS transgene into the different driver lines and carried out staining reactions for 1 and 2 h. After 1 h, we detected GUS activity in early-stage floral buds of the WUS driver line but not in the driver lines for CLV1 and CLV3 (Supplementary Figure 7). After 2 h, staining was detected in inflorescences of both the WUS and CLV3 driver lines but not readily in lines containing the CLV1 promoter. However, a closer examination of the CLV1 driver line through sectioning showed GUS signal in a domain underneath the stem cells after 2 h of staining (Supplementary Figure 7), indicating that the driver was indeed active. Thus, of the three driver lines used, the WUS driver appeared to be strongest, followed by the CLV3 and the CLV1 drivers.
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FIGURE 6. Effects of expression of the KNU-amiRNA from different driver lines. (A) Schematic of a cross-section of a stage 5 floral bud. The approximate expression domains of KNU, CLV1, CLV3, and WUS are indicated. (B–D) Siliques of the wild-type (on the left) and of driver lines (on the right) for CLV1 (B), WUS (C) and CLV3 (D) expressing the KNU-amiRNA1. (E) Silique of a plant expressing the KNU-amiRNA from the CLV3 driver. An arrow marks an ectopic gynoecium. Ectopic stamens are also visible. Part of a valve has been removed to reveal the internal structures. (F) Quantification of phenotypic effects. The percentage of siliques with bulges was determined in lines expressing the KNU-amiRNA from the different driver lines (as indicated). Black dots and a square indicate outliers. Data are based on the analysis of at least 16 independent transformants per driver line.


To perturb KNU in different domains of the floral meristem, we next introduced a pOp::KNU-amiRNA transgene into the driver lines (referred to hereafter as pCLV1>>KNU-amiRNA, pCLV3>>KNU-amiRNA and pWUS>>KNU-amiRNA) and assessed independent transformants for floral phenotypes. Notably, the CLV1, CLV3 and WUS are already active in stage 2 floral buds (Clark et al., 1997; Mayer et al., 1998; Fletcher et al., 1999) so that cells within their expression domains should accumulate KNU-amiRNAs before KNU expression commences at stage 5, which may be important for the efficient removal of KNU transcripts (see above). Because the WUS driver line appeared stronger than the driver lines for the CLV genes and repression of WUS by KNU is thought to be essential for floral meristem control, we expected that a perturbation of KNU in the WUS domain would result in the strongest phenotypic effects. At the same time, due to the CLV-WUS feedback loop, an upregulation of WUS as a result of KNU perturbation would likely lead to increased CLV3 levels in the stem cells, which may negatively affect the activity of the WUS driver. When we analyzed independent transformants carrying the pWUS>>KNU-amiRNA construct we found that they showed only minor defects with siliques being sometimes shorter than those of the wild type but only rarely containing ectopic organs (Figures 6C,F). Similar results were obtained for the CLV1 driver lines (Figures 6B,F). In contrast, expression of the KNU-amiRNA from the CLV3 driver resulted in much stronger phenotypes with the frequent formation of bulged siliques that contained ectopic organs (Figures 6D–F), thus resembling siliques of knu mutants. We next investigated whether the different phenotypes were a result of differences in the degree of KNU perturbation. To this end, we crossed the above-mentioned pKNU::KNU-GUS reporter into the lines expressing the KNU-amiRNA under control of the different drivers. KNU expression was largely unaffected in pCLV1>>KNU-amiRNA lines relative to plants that did not express the amiRNA (Figures 7A–D) possibly as a result of the comparatively weak activity of the CLV1 driver. KNU-GUS activity in the pWUS>>KNU-amiRNA lines appeared reduced but was still readily detectable (Figures 7E,F). In contrast, in the pCLV3>>KNU-amiRNA lines, KNU expression was completely absent from early stage flowers (Figures 7G,H). At later floral stages, GUS activity was detected in anthers (Figure 7I) as in the wild type (Supplementary Figure 1), presumably because the CLV3 driver is not active in stamens (Lenhard and Laux, 2003). Thus, the degree of KNU down-regulation in the different driver lines matched the strength of the phenotypic effects observed. Taken together, the results from these experiments show that KNU-amiRNA expression in the CLV3 domain efficiently removes KNU expression from the floral meristem, suggesting that the stem cell domain is essential for KNU function in floral meristem control.
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FIGURE 7. Effect of KNU-amiRNA expression from different driver lines on KNU expression. (A,B) pKNU::KNU-GUS activity in plants that do not express the KNU-amiRNA. (C,D) pKNU::KNU-GUS activity in plants expressing the KNU-amiRNA from the CLV1 driver. (E,F) pKNU::KNU-GUS activity in plants expressing the KNU-amiRNA from the WUS driver. (G–I) pKNU::KNU-GUS activity in plants expressing the KNU-amiRNA from the CLV3 driver. In (I), GUS signal in anthers is marked by arrows. Approximate floral stages are indicated by numbers. Scale bars: 25 μm.




DISCUSSION

In this study, we analyzed the function of the KNU transcription factor, which is an important regulator of floral meristem activity. KNU expression has been previously reported to commence at stage 6 in the center of floral meristems and to be confined mainly to the organizing center with weaker expression in the outermost stem cell layers (Sun et al., 2009). The same group later concluded that early KNU expression is confined mainly to the central zone and then spreads to cells of the organizing center, resulting in a transient overlap between the expression domains of KNU and WUS in stage 6 flowers (Sun et al., 2019). Because in a previous study (Ryan et al., 2015) we had obtained data that suggested an onset of KNU expression earlier than stage 6, we re-examined its expression pattern using the reporter lines established by Sun and colleagues. This analysis showed an onset of KNU expression at stage 5 (Figure 1) and thus slightly earlier than previously thought. What’s more, the early expression domain of KNU appeared to be extending beyond the stem cell domain and the organizing center and to cover most, if not all, of the 4th floral whorl (Figure 1).

Because KNU expression seems broader than what would be needed to repress WUS in the cells of the organizing center, we asked whether KNU may have other functions in the floral meristem and where in the floral meristem KNU activity is needed for stem cell termination. To test this, we employed a gene perturbation approach and expressed a functional KNU-amiRNA from previously established and characterized driver lines for CLV1, CLV3 and WUS. We then assessed the floral phenotypes in the resulting transgenic lines (Figure 6) and determined effects on KNU expression using a pKNU::KNU-GUS reporter (Figure 7). In these experiments, we found that expression of the KNU-amiRNA from the CLV1 driver had little effect on either floral meristem determinacy or KNU expression likely as a result of the comparatively low activity of the driver used. Expression of the KNU-amiRNA from the WUS driver also resulted in only weak effects on floral meristem activity although KNU expression appeared to be somewhat reduced in these lines. This result was surprising, given that the suppression of WUS by KNU in the cells of the organizing center is thought to be essential for floral meristem termination. One possible explanation for the limited effect observed in this experiment is the fact that an upregulation of WUS as a result of the amiRNA-dependent perturbation of KNU is likely to lead to increased CLV3 levels in the stem cell domain, which may then negatively affect the activity of the WUS driver leading to a reduction in amiRNA expression. Alternatively, residual KNU activity in these lines may have been sufficient for WUS repression. In contrast to the CLV1 and WUS driver lines, expression of the KNU-amiRNA from the CLV3 driver led to knu mutant-like phenotypes and a strong reduction of KNU expression throughout the center of floral meristems.

It has been demonstrated that small RNAs can be mobile within plants and travel in-between cells (Molnar et al., 2010). We therefore considered the possibility that the strong effect of KNU-amiRNA expression from the CLV3 driver may be a result of movement of the amiRNA from the central zone into adjacent cell layers. However, this seems highly unlikely as it has been demonstrated that miRNAs act autonomously within the CLV3 and WUS expression domains, suggesting that the movement of small RNAs is either completely blocked or largely restricted within the stem cell niche (Skopelitis et al., 2018). We also considered whether the results of the perturbation experiments could be a consequence of differences in the strength of the driver lines used, which may have led to different knockdown efficiencies. While we did indeed detect some differences in the strength of these lines (Supplementary Figure 7), at least in the case of CLV3 and WUS these did not mirror the strength of the phenotypic effects observed with the different driver lines. We therefore concluded that the CLV3-expressing stem cell domain is essential for KNU function either because it is needed for the onset, establishment and maintenance of KNU expression and/or because KNU acts on additional target genes in this region. A strong candidate for such a target was CLV3 itself. We therefore tested whether CLV3 is differentially expressed in early stage flowers in which KNU function had been perturbed by the expression of the KNU-amiRNA. In this experiment, we found that CLV3 transcript levels were increased and that the expression differences we detected were higher for CLV3 than those for WUS (Figure 4). This result is in agreement with data from Sun and colleagues, who showed that the specific activation of KNU in flowers leads to a rapid down-regulation of CLV3 transcript levels (Sun et al., 2019), suggesting that this may be a direct effect. In agreement with the idea of KNU repressing CLV3, we found that the phenotype of the intermediate CLV3 allele clv3-1 was partially rescued by introgression of a knu loss-of-function allele (Figure 5). However, this interaction could be indirectly mediated by WUS, which is upregulated in knu mutants, possibly leading to increased CLV3 expression. We therefore tested whether KNU represses CLV3 directly and carried out chromatin immunoprecipitation experiments. While we did obtain data in support of a direct regulation (Supplementary Figure 6), a high degree of variability in these experiments did not allow us to conclude unequivocally that this regulation is indeed direct. Thus, approaches with increased sensitivity, such as CUT and RUN (Skene and Henikoff, 2017), may be required in the future to identify KNU target genes with high confidence and on a genome-wide scale. Taken together our results suggest that KNU is mediating floral meristem termination through the direct or indirect repression of not only WUS but also of CLV3, and given the broader than thought expression domain of KNU in the center of floral meristems, perhaps of additional meristem regulators.
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Supplementary Figure 1 | Activity of a pKNU::KNU-GUS reporter across flower development. (A,B) GUS activity in the center of a stage 6 (A) and 7 (B) flower. (C–E) Later in development, GUS activity was observed at the base of the gynoecium. (E) At stage 9, GUS activity was also present in the anthers of stamens. (F–I) At later stages (∼10–13), activity of the pKNU::KNU-GUS reporter decreased. (H) GUS activity detected at the base of a developing gynoecium of a stage 11 flower. (I) GUS activity in the stigmatic tissue of mature flowers. Scale bars: 50 μm.

Supplementary Figure 2 | Phenotypes of p35S::KNU-VP16 plants. (A) Flower of a transgenic plant with reduced size compared to the wild type, and numerous trichomes on sepals. (B) Size comparison of a wild-type (WT) petal and a petal of a transgenic plant. (C) Plants carrying the p35S::KNU-VP16 transgene produced smaller leaves than the wild type. (D) Siliques of wild-type and p35S::KNU-VP16 plants. (E) Silique of a transgenic plant with reduced seed set. Part of a valve was removed for better visibility. Scale bars: 1 mm.

Supplementary Figure 3 | Floral phenotypes of p35S::KNU(mEAR)-VP16 plants. (A) Flower of a phenotypically weak line with a bent gynoecium. (B–D) Flowers of lines with intermediate phenotypes with mild homeotic transformations. Arrows indicate a stamen with carpelloid tissue (B); a petalloid stamen (C); and a sepalloid petal (D). (E) Flower from a phenotypically strong plant with misshapen and green petals. The tricarpelloid gynoecium exhibited reduced seed set. (F) Flower with sepal-like organs in place of petals and stamens and an unfused gynoecium. Sepals were removed from all flowers for better visibility of the inner-whorl organs.

Supplementary Figure 4 | Identification of functional KNU-amiRNAs. (A) Schematic drawing showing the sequences of the three amiRNAs tested in this study and the regions in KNU they are targeting. (B) Percentage of bulged siliques formed by lines expressing the different amiRNAs (as indicated). At least 20 independent transformants were analyzed per construct. (C,D) Siliques of p35S::KNU-amiRNA2 plants were bulged and often contained ectopic carpels and stamens (indicated by arrows). (E,F) Siliques of p35S::KNU-amiRNA3 plants. No ectopic organ formation was observed (F), however, siliques were often tricarpelloid (arrow) (E).

Supplementary Figure 5 | Genetic interaction between CRC and KNU in the control of floral meristem activity. (A) Crc-1 mutant flower with unfused carpel at the top of the gynoecium. (B) knu-1 crc-1 double-mutant flower with shorter stamens, which do not produce pollen, and ectopic tissue inside the gynoecium. (C) Early arising silique of the double mutant with an unfused gynoecium and ectopic carpel-like tissue. (D) Silique from a late arising flower producing a new flower from a silique. (E) Siliques of p35S::KNU-amiRNA1 crc-1 plants were similar to siliques of knu-1 crc-1 double mutants - compare to (C).

Supplementary Figure 6 | Results of chromatin immunoprecipitation experiments. ChIP-qPCR analysis of KNU-GFP binding to the CLV3 promoter region in ∼stage 7-8 floral buds.(A) Position of primer pairs used to analyze KNU-GFP binding across the CLV3 promoter region. (B) ChIP analysis of KNU-GFP binding to the CLV3 promoter locus. Data is shown as fold enrichment of target loci over enrichment of reference genes ACT, MU and TUB (see section “Materials and Methods”). Three independent experiments were performed and the mean value is plotted above with error bars denoting SEM.

Supplementary Figure 7 | Characterization of the strength of the driver lines used. (A,B) Inflorescences of a pWUS>>GUS line after staining for 1 (A) or 2 (B) hours. (C,D) Inflorescences of a pCLV3>>GUS line after staining for 1 (C) or 2 (D) hours. (E,F) Inflorescences of a pCLV1>>GUS line after staining for 1 (E) or 2 (F) hours. (G,H) Inflorescences of a pCLV1>>GUS line were sectioned after staining for 1 (G) or 2 (H) hours. Scale bars: 20 μm.

Supplementary Table 1 | List of primers used in this study.
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