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Editorial on the Research Topic
 Chromatin Stability and Dynamics: Targeting and Recruitment of Chromatin Modifiers



Chromatin organizes nuclear genome in the restricted space of the nucleus and contributes to all nuclear processes which occur in the absence of internal membranes. Chromatin structure is highly dynamic allowing the unconstrained but controlled reprogramming of nuclear processes, including gene expression, in response to internal and external cues. This is particularly important in plants that, as sessile organisms, constantly need to modify their development and growth (Santos et al., 2020).

The articles published through this Research Topic present new data or discuss current knowledge related to our understanding of chromatin dynamics and its relevance for the regulation of plant growth and environmental responses. Furthermore, novel techniques to deepen our understanding and visualization of chromatin dynamics are also presented.


HISTONE MODIFICATIONS

As key structural components of the chromatin, histones are the main target of regulatory complexes and are subjected to an array of posttranslational modifications. One of the best studied histone modifications is methylation, from which histone H3 lysine 9 methylation has been shown to be associated to the silencing of genomic parasites and repetitive sequences in plants and most eukaryotes (Xu and Jiang). Recent progress in decoding the functions of histone H3 lysine 9 di-methylation (H3K9me2) in the model plant Arabidopsis thaliana (Arabidopsis) are discussed by Xu and Jiang. In their review, Xu and Jiang, give an overview of the methyltransferases involved in the methylation of H3K9 and how this modification is properly deposited at its target genomic regions. Current knowledge on the readers and functional outcomes of H3K9 methylation are also highlighted (Xu and Jiang). In an original research article, Demidov et al. shed light on the functions of the phosphorylation of the centromere-specific histone 3 (CENH3), a variant that replaces the canonical histone H3 in centromeric regions. Using a modification-specific antibody, Demidov et al. showed that Arabidopsis CENH3 is phosphorylated at serine 65 (CENH3 pS65) in vivo. CENH3 pS65 may have a role in reproductive development as suggested by its enrichment in floral buds and the defects in reproductive tissues, and plant growth and development, caused by perturbations in this modification. The authors also provide evidence that the kinase Aurora3 may be involved in the phosphorylation of CENH3 S65 (Demidov et al.).



TECHNICAL ADVANCES

In vivo visualization of specific loci within chromatin is pivotal for understanding chromatin dynamics in plant nucleus in response to external or internal cues. Addressing the question of whether rapid ion-based signaling and changes in membrane potential can result in changes in chromatin dynamics, Matzke et al. have developed tools that allow in-vivo monitoring of concomitant changes in pH and chromatin dynamics at individual genomic loci in Arabidopsis. To monitor changes in pH elicited upon root treatment by extracellular ATP (eATP), the system employs the pH sensor protein SEpHluorinA227D targeted to different cellular membranes (including plasma membrane or inner nuclear membrane) or to specific chromatin loci tagged by Tet or Lac operator (Tet/Lac-O) sequences. This is combined with Tet/Lac-O-targeted fluorescent proteins that allow monitoring chromatin dynamics at these loci. Using the system, the authors show that addition of eATP can lead to reduction of pH at sites of chromatin-bound proteins, which correlates with changes in dynamics of chromatin-bound proteins (Matzke et al.). In a different article of this Research Topic, the groups of Holger Puchta and Andreas Houben use MS2 or PP7 aptamers, short RNA oligos that can be recognized by RNA-binding proteins fused to a reporter, that are incorporated into sgRNA to amplify the GFP signal for in vivo labeling of plant telomeric sequences using the CRISPR/deactivated Cas9 (dCas9) system. The system improved the detection possibilities and signal/noise ratio of telomeres in transiently transformed Nicotiana benthamiana (Khosravi et al.). Unfortunately, it proved not functional in stably transformed plants, including N. benthamiana, Arabidopsis or Daucus carota (carrot), perhaps, as the authors speculate, due to the interference of stable CRISPR/dCas9 RNP binding to telomeres with plant growth and development (Khosravi et al.). Nevertheless, the use of aptamers within sgRNA is a promising strategy for signal amplification and sensitivity during in vivo imaging of plant chromatin.



CHROMATIN-RELATED COMPLEXES

Protein-protein interactions of nuclear components to form different type of multimeric complexes play a key role in the regulation of chromatin dynamics. Grasser has reviewed our current knowledge of one of these complexes, the heterodimeric histone chaperone FACT that is well-conserved among eukaryotic organisms and controls nucleosome assembly/disassembly linked to some of the most important DNA-related processes (Formosa and Winston, 2020). In this review article, the role of Arabidopsis FACT in the regulation of transcription, particularly during elongation, is discussed (Grasser). In addition, the impact of FACT on plant developmental switches through the regulation of the expression of key developmental genes, such as FLOWERING LOCUS C (FLC), master repressor of flowering, and DELAY OF GERMINATION 1 (DOG1), key repressor of germination, is highlighted. However, how this histone chaperone complex is recruited to the chromatin or what poses specific genes to be more dependent on FACT-mediated regulation are still open questions that will require further investigation (Grasser). The laboratories of José A. Jarrillo and Manuel Piñeiro have contributed to our understanding of the activities of the NuA4 complex in plant chromatin remodeling. In this Research Topic they provide an overview of the Arabidopsis putative NuA4 complex during flowering and also describe the essential role of this complex in other cellular processes (e.g., stress and hormone responses) (Espinosa-Cores et al.). Furthermore, the complex scenario of the interactions of NuA4 with accessory proteins to form different complex variants in other organisms is profusely covered and used to make an elegant comparison of the situation in Arabidopsis (Espinosa-Cores et al.).



METABOLISM AND CHROMATIN

Chromatin-based mechanisms are involved in transcriptional regulation of virtually all major developmental and growth processes, including key metabolic pathways. The research article by Meng et al. reports that in maize, ZmCHB101 is necessary for proper physiological responses and gene expression changes upon nitrate treatment. ZmCHB101 is a close homolog to Arabidopsis SWI3D, one of the subunits of the SWI/SNF remodeling complex (Meng et al.). The authors identified two ZmCHB101 target genes involved in nitrate transport, and observed that nucleosome occupancy and selected histone modifications at these loci were affected in ZmCHB101 RNAi lines. Interestingly, the presence of nitrate seems to negatively affect ZmCHB101 binding to these targets, which in turn may facilitate the binding of another nitrate-associated regulator, ZmNLP3.1 (Meng et al.). How the occurrence of nitrate in the cell is exactly translated into observed downstream effects is an intriguing question that needs further investigation. The connection of metabolism with epigenetics is reviewed in this Research Topic by Leung and Gaudin. The review discusses current knowledge about how metabolites modulate chromatin-modifying machineries. Specially, it focuses on acetylation and methylation and the key substrates for these modifications, acetyl-coenzyme A and S-adenosylmethionine, which provide most of the current experimental data. However, as the authors emphasize, DNA and histones (but also non-histone proteins, RNAs and various metabolites) have been shown to be subjected to a myriad of different chemical modifications (Leung and Gaudin). Collectively, they may form a crucial link between the metabolic status of the cell, largely dependent on environmental conditions, and the epigenetic information with its output on gene expression. Plants, with their lifestyle and ability to produce vast amounts of secondary metabolites are especially interesting organisms to study these phenomena.



CONCLUSION

The diverse scope of themes covered by the articles in this Research Topic finely reflects the dynamic nature of the plant chromatin research field. Some of the most recent advances in this area presented during the 2019 European Workshop on Plant Chromatin (EWPC) have been collected and summarized in a review article in this Research Topic (Moreno-Romero et al.). We envisage that these and future advances in the chromatin and epigenetic field will become essential for understanding the fundaments of chromatin dynamics and, very importantly, to bridge the gap between this knowledge and its implementation for the epigenetic control of plant traits.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



ACKNOWLEDGMENTS

We thank the Frontiers editorial staff for assistance in putting together this Research Topic. This manuscript was supported by different grants: IM acknowledges the start-up support from the Czech Academy of Sciences; RA acknowledges the National Science Centre Poland Grant No. 2017/26/E/NZ2/00899; SF acknowledges the NUI Galway Research Grant for Returning Academic Careers QA151. IM, RA, and SF are members of COST-Action CA16212 INDEPTH.



REFERENCES

 Formosa, T., and Winston, F. (2020). The role of FACT in managing chromatin: disruption, assembly, or repair? Nucleic Acids Res. 48, 11929–11941. doi: 10.1093/nar/gkaa912

 Santos, A. P., Gaudin, V., Mozgová, I., Ponvianne, F., Schubert, D., Tek, A. L., et al. (2020). Tidying-up the plant nuclear space: domains, functions, and dynamics. J. Exp. Bot. 71, 5160–5178. doi: 10.1093/jxb/eraa282

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Farrona, Mozgová, Archacki and Casas-Mollano. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 25 July 2019
doi: 10.3389/fpls.2019.00928






[image: image]

Deregulated Phosphorylation of CENH3 at Ser65 Affects the Development of Floral Meristems in Arabidopsis thaliana

Dmitri Demidov1*, Stefan Heckmann1, Oda Weiss1, Twan Rutten1, Eva Dvořák Tomaštíková2,3, Markus Kuhlmann1, Patrick Scholl1,4, Celia Maria Municio1, Inna Lermontova1 and Andreas Houben1

1Leibniz Institute of Plant Genetics and Crop Plant Research, Gatersleben, Germany

2Centre of Plant Structural and Functional Genomics, Institute of Experimental Botany Academy of Sciences, Olomouc, Czechia

3Department of Plant Biology, Uppsala BioCenter and Linnean Center for Plant Biology, Swedish University of Agricultural Sciences, Uppsala, Sweden

4Independent Researcher, Plankstadt, Germany

Edited by:
Juan Armando Casas-Mollano, University of Minnesota, United States

Reviewed by:
Sachihiro Matsunaga, Tokyo University of Science, Japan
Kai Wang, Fujian Agriculture and Forestry University, China

*Correspondence: Dmitri Demidov, demidov@ipk-gatersleben.de

Specialty section: This article was submitted to Plant Cell Biology, a section of the journal Frontiers in Plant Science

Received: 02 May 2019
Accepted: 02 July 2019
Published: 25 July 2019

Citation: Demidov D, Heckmann S, Weiss O, Rutten T, Dvořák Tomaštíková E, Kuhlmann M, Scholl P, Municio CM, Lermontova I and Houben A (2019) Deregulated Phosphorylation of CENH3 at Ser65 Affects the Development of Floral Meristems in Arabidopsis thaliana. Front. Plant Sci. 10:928. doi: 10.3389/fpls.2019.00928

Several histone variants are posttranslationally phosphorylated. Little is known about phosphorylation of the centromere-specific histone 3 (CENH3) variant in plants. We show that CENH3 of Arabidopsis thaliana is phosphorylated in vitro by Aurora3, predominantly at serine 65. Interaction of Aurora3 and CENH3 was found by immunoprecipitation (IP) in A. thaliana and by bimolecular fluorescence complementation. Western blotting with an anti-CENH3 pS65 antibody showed that CENH3 pS65 is more abundant in flower buds than elsewhere in the plant. Substitution of serine 65 by either alanine or aspartic acid resulted in a range of phenotypic abnormalities, especially in reproductive tissues. We conclude that Aurora3 phosphorylates CENH3 at S65 and that this post-translational modification is required for the proper development of the floral meristem.
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INTRODUCTION

Histone3 (H3) is the best studied histone variant, regarding its post-translational modifications (PTMs). In the centromeric region of most eukaryotic chromosomes, H3 is replaced by CENH3, originally referred to as CENPA in human (Earnshaw and Rothfield, 1985), or as HTR12 in Arabidopsis thaliana (Talbert et al., 2002). The incorporation of CENH3 into centromeric nucleosomes initiates the formation of the kinetochore, a protein complex which enables the microtubules to attach to the centromere (Earnshaw et al., 2013). CENH3 features a well conserved histone fold domain and a highly variable N-terminus. Non-plant CENH3s experience a variety of PTMs. For example, the trimethylation of glycine 1, along with the phosphorylation of serine 16, and serine 18 has been observed in cultured human cells (Bailey et al., 2013; Takada et al., 2017). Of yeast CENH3, the arginine residue 37 can be methylated, serine at position 9, 10, 14, 16, 17, 22, 33, 40, 105, and 154 are phosphorylated, and lysine 49 is acetylated (Samel et al., 2012; Boeckmann et al., 2013; Hoffmann et al., 2018; Mishra et al., 2019). The human CENPA serine 7 is phosphorylated during mitosis by the cell cycle-dependent Aurora kinase (Zeitlin et al., 2001; Kunitoku et al., 2003), an enzyme which can also phosphorylate histone H3 at serine 10 and 28 (Hsu et al., 2000; Kurihara et al., 2006), and the H1 serine residue 27 (Hergeth et al., 2011).

Phosphorylation of CENH3 is likely required for kinetochore function and normal chromosome segregation (Boeckmann et al., 2013; Goutte-Gattat et al., 2013). Phosphorylation of CENH3 at S68 by the cyclin-dependent kinase 1 prevents interaction with the chaperone HJURP which is required for loading of CENH3 to centromeric nucleosomes (Yu et al., 2015; Wang et al., 2017). The only documented PTM involving a plant CENH3 is phosphorylation of the maize CENH3 pS50, which has been interpreted as a spindle assembly checkpoint (Zhang et al., 2005). The protein kinase responsible for this phosphorylation has not yet been identified.

Plant Aurora kinases have been classified in two major subgroups, referred to as α and β type Aurora (Demidov et al., 2005; Kawabe et al., 2005; Kato et al., 2011). The A. thaliana genome encodes two α (AtAurora1 and 2) and one β (Aurora3) type Aurora kinases. These kinases are concentrated at the centromeres, and in the phragmoplast at the end of the mitotic cell division. Alignment of plant Auroras with the animal Aurora A and B types (Adams et al., 2001) revealed characteristics of both animal enzyme classes as well as plant-specific features (Demidov et al., 2005). Aurora3 phosphorylates the serine residues 10 and 28 of A. thaliana H3 (Kurihara et al., 2006).

Here, we aimed to elucidate whether A. thaliana CENH3 is phosphorylated by Aurora3. We show that CENH3 is a substrate of Aurora3 and that serine 65 of CENH3 is phosphorylated preferentially in meristematic tissues such as flower buds and flowers. Additionally, we demonstrate that CENH3 pS65 is important for the proper development of reproductive tissues and how the disturbance of CENH3 phosphorylation can in addition impair the growth and development of the whole plant.



MATERIALS AND METHODS


Plant Growth and Transformation

Ecotype Columbia-0 and heterozygous cenh3-1/CENH3 (Ravi and Chan, 2010) A. thaliana plants were transformed using the floral dip method (Clough and Bent, 1998). T1 transformants were selected on Murashige and Skoog solid medium containing the relevant antibiotic(s) and were grown under either a 16 h or an 8 h photoperiod with a day/night temperature regime of 20°C/18°C. Nicotiana benthamiana and Nicotiana tabacum plants were grown under a 12 h photoperiod at a constant temperature of 26°C.



DNA Extraction and Genotyping

Genomic DNA was extracted according to Edwards et al. (1991). Selection for the cenh3-1 allele was achieved using a dCAPS marker: the template was amplified using the primer air cenh3-1_mut_for/_rev and the amplicon digested with EcoRV. The amplicon of the 215 bp mutant allele is resistant to digestion, while the Wt allele splits into a 191 bp, and a 24 bp fragments. To distinguish between the endogenous CENH3 copy and the two CENH3 transgenes carrying S65A or S65D, an initial PCR based on the primer pair cenh3-1_mut_for/_mut2429r was performed: the amplicon was then used as a template for a second PCR/dCAPS assay as described above. Primer sequences are given in Supplementary Table S1.



Cloning of Transformation Constructs

To generate CENH3 genomic fragments carrying either S65A or S65D, a genomic fragment of CENH3 with its native 1500 bp-long promotor, inserted in the plasmid pCAMBIA1300 was excised by HindIII/BamHI digestion, and then cloned into pBlueScript II KS (Stratagene). The S65A and S65D mutations were generated in the cloned copy using a Phusion® site-directed mutagenesis kit (Finnzymes1) according to supplier’s protocol; the required 5′-phosphorylated primers were S65_A_for, S65_D_for and S65_A+D_gDNA_rev. The CENH3 S65A and S65D sequences were excised by HindIII/BamHI digestion and re-inserted. To generate the CENH3 S65A and S65D fusions to EYFP, the p35S:CENH3YFP expression cassette (Lermontova et al., 2006) was processed using a Phusion® site-directed mutagenesis kit (Finnzymes): the required primers were S65_A_for, S65_D_for and S65_A+D_cDNA_rev. The expression cassettes (p35S, CENH3YFP-S65, -A65 or -D65 and NOS terminator) were restricted with SfiI and inserted into the pLH7000 vector2. All constructs were verified by sequencing. Primer sequences are given in Supplementary Table S1.



Heterologous Expression in E. coli

Full length CENH3 and Aurora3 cDNAs were amplified using a RevertAid H minus first strand cDNA synthesis kit (Thermo Fisher Scientific3), and inserted, after removal of the stop codon, into pENTR-D TOPO (Thermo Fisher Scientific, see text footnote 4). The CENH3 open reading frame sequence was amplified using the primer pair CENH3_expr_for/_rev with Phusion High-Fidelity DNA Polymerase (Fermentas), and the amplicon inserted into a ChampionTM pET101 Directional TOPO® Expression plasmid (Invitrogen). The sequence of the CENH3 variant carrying the S65A substitution was obtained amplifying the wild-type plasmid with a mutated primer with a Phusion® site-directed mutagenesis kit (Finnzymes) using the primer S65_A_for. The constructs were transformed into E. coli BL21 (GE Healthcare Life Sciences4). The fragment of Aurora3 obtained by PCR based on the primer pair Aurora3G-LP/-RP was inserted into pDest15 (Invitrogen) to create a GST fusion tag and then transformed into E. coli C43 (Lucigen5). An active Aurora3 kinase was synthesized in E. coli as described by Swain et al. (2008). The synthesis of recombinant protein was induced by addition of 1 mM IPTG to the E. coli culture during the exponential growth phase. CENH3 and CENH3 S65A 6xHIS-fusions were purified by passing through a Ni-NTA agarose column (Qiagen6) under denaturing conditions, and dialyzed against urea (Tomaštíková et al., 2015). Recombinant proteins were tested by Coomassie staining of Tris–glycine (Laemmli, 1970) or Tris–tricine (Schagger and von Jagow, 1987) PAAGE. Primer sequences are given in Supplementary Table S1.



In vitro Kinase Assay

The in vitro protein kinase assays of recombinant Aurora3 and the CENH3 variants were performed as described by Karimi-Ashtiyani and Houben (2013). In vitro protein kinase assays of recombinant Aurora3 on CENH3 peptides were performed as described by Demidov et al. (2009). The required CENH3 peptides were synthesized by JPT Peptide Technologies GmbH7. Each in vitro kinase reaction was based on 2 μg peptide.



Bimolecular Fluorescence Complementation (BiFC) Constructs and the Detection of Fluorescence

An Aurora3 pENTR-D TOPO construct was generated using the Gateway system (Invitrogen, see text footnote 4) within the binary BiFC plant transformation vectors pSpyce-35S and pSpyne-35S (Walter et al., 2004). Leaves of 2–4 week old either N. benthamiana or N. tabacum plants were infiltrated on their abaxial side with the Agrobacterium tumefaciens strain C58C1 carrying the pCH32 helper plasmid. The p19 protein of tomato bushy stunt virus was used to suppress gene silencing (Walter et al., 2004). Co-infiltration was performed with equal titers of A. tumefaciens containing either a BiFC construct or the p19 silencing plasmid. The fluorescent protein fusion constructs used as controls for the localization of Aurora3 and CENH3 were previously described (Demidov et al., 2005; Lermontova et al., 2006). The preparation of tissue for confocal fluorescence microscopy followed the methods described by Keçeli et al. (2017). YFP was detected by a LSM780 laser scanning microscope (Carl Zeiss, Jena, Germany) using a 488 nm laser line for excitation in combination with a 505–550 nm band pass for detection (Lermontova et al., 2013). Specificity of the YFP signal was confirmed by photospectrometric analysis of the fluorescence signal by means of the META detector.



Analysis of Total Plant Protein

Plant tissue (200–300 mg) was powdered in liquid nitrogen and suspended in 0.5 mL 56 mM Na2CO3, 56 mM DTT, 2% w/v SDS, 12% w/v sucrose, and 2 mM EDTA. After holding for 10 min at 70°C, the cell debris was removed by centrifugation. A 30 μg aliquot of each total protein sample was analyzed by 10% PAGE containing acetic acid-urea (Spiker, 1980) or 10% Tris–tricine PAGE (Schagger and von Jagow, 1987) and either stained in Coomassie Blue or electro-transferred onto Immobilon TM PVDF membranes (Millipore8). The membranes were challenged with either anti-A. thaliana CENH3 (Abcam9) or a polyclonal anti-CENH3 pS65 antibody (antibodies were working only for Western blotting but not for indirect immunostaining) produced by Pineda Antibody Service (Berlin, Germany). The latter was raised against a synthetic phosphorylated pS65 residue (± 10 AA) peptide and was purified from serum using immobilized peptides (1, with pS65 residue and 2, with S65 residue). The specificity of the antibody was validated using an ELISA. The membranes were held for 12 h at 4°C in PBS containing 5% w/v low-fat milk powder and a 1:1,000 dilution of polyclonal rabbit anti-CENH3 or anti-CENH3 pS65 and monoclonal mouse H3 (Abcam, see text footnote 10). Bound antibodies were detected by incubation with anti-rabbit or anti-mouse antibodies conjugated to peroxidase (Sigma10) in a dilution 1:5,000 and visualized using an enhanced chemiluminescence assay (Pierce, see text footnote 4).



λ Phosphatase Treatment

Aliquots of ∼100 μg protein were incubated for 1 h at 30°C in 100 μL of a pH 7.5 buffer containing 50 mM HEPES, 100 mM NaCl, 2mM DTT, 1 mM MnCl2, 0.01% v/v Brij-35 in the presence of 100 U alkaline phosphatase (Sigma), and 4,000 U λ phosphatase (NEB11).



Immunoprecipitation (IP)

The protein preparations required for IP were extracted from 10-day old transgenic seedlings harboring the pCENH3:CENH3:YFP construct in cenh3-1 mutant plants after crosslinking with dithiobis succinimidyl propionate (DSP) for 30 min and 4°C according to the supplier’s (Thermo Fisher ScientificTM PierceTM) protocol. A 10 g sample of plant material was powdered in liquid nitrogen, and then extracted in 50 mL 200 mM Tris–HCl (pH7.5), 1.5 M NaCl, and 0.5% v/v Tween20. After 20 min centrifugation at 4°C and 15000 g, the supernatant was diluted with dH2O 1:10 and incubated with 12 μL GFP-Trap resin (ChromoTek GmbH12) for 4 h at 4°C. The GFP-Trap agarose was rinsed in 1×PBS and eluted according to the supplier’s protocol. A 15 μL aliquot of each protein sample was electrophoretically separated and transferred to a membrane which was then probed with an anti-AtAurora antibody (Demidov et al., 2005). An extract of wild type (Wt) seedling was used as negative control.



Indirect Immunofluorescence

Immunostaining was performed as described by Manzanero et al. (2000). Rabbit antibodies raised against Nicotiana CENPC (Nagaki et al., 2009) and a mouse antibody raised against GFP (Clontech13) were diluted 1:400 in PBS. The binding of the primary antibody was detected by using as a 1:200 diluted secondary antibody of either rhodamine-conjugated anti-rabbit IgG (Dianova14) or FITC-conjugated anti-mouse IgG (Dianova).



Preparation of Pollen Mother Cells for Meiotic Analysis

Flower buds were fixed and pollen mother cells prepared for microscopy following Sánchez-Morán et al. (2001) with minor modifications. The buds were fixed in Carnoy’s solution (absolute ethanol:chloroform:glacial acetic acid, 6:3:1), rinsed first in 3:1 ethanol:glacial acetic acid, and then in citrate buffer (pH 4.5) at room temperature. They were then softened by digestion in 0.3% w/v pectolyase, 0.3% w/v cytohelicase, and 0.3% w/v cellulase (Sigma) in citrate buffer for 2 h at 37°C. The enzyme mixture was replaced by an ice-cold citrate buffer to stop the reaction. Single buds were transferred onto a clean microscope slide in a drop of citrate buffer and macerated with a fine needle. A 10 μL aliquot of 60% (v/v) glacial acetic acid was added to each slide, which was then dried by laying on a hotplate (42°C) for 1 min, after which again 10 μL 60% (v/v) acetic acid was added, followed by 200 μL of cold 3:1 ethanol:glacial acetic acid. Finally, the slides were air-dried.



Scanning Electron and Light Microscopy

The preparation of tissue sections for scanning electron and light microscopy followed the methods described by Tikhenko et al. (2015).



Alexander Staining

Flowers and flower buds were immersed in 10% ethanol overnight at 10°C, and the anthers were stained following Alexander (1969) for 15 min at room temperature. Estimates of pollen grain numbers per anther were based on the inspection of six anthers per plant.



Accession Numbers

The following line was used: cenh3-1/CENH3 (At1g01370, Ravi and Chan, 2010).




RESULTS


CENH3 Interacts With AtAurora Kinase in vivo

The in vivo interaction between Arabidopsis Aurora and CENH3 was investigated using immunoprecipitation (IP) and bimolecular fluorescence complementation (BiFC). The former experiment was based on soluble protein isolated from DSP cross-linked A. thaliana seedlings stably expressing CENH3YFP (Lermontova et al., 2006). Western blot analysis of the precipitates eluted from anti-GFP agarose (Figures 1A,B) revealed that a ∼34 kDa product which interacted with Aurora was more abundant in CENH3YFP expressing plants than in the wild type (Wt) controls (Figure 1B). The 65–70 kDa product observed could have been either a dimerized form of Aurora and/or a complex formed with other proteins and stabilized by crosslinking. The corresponding negative control with YFP only does not show signals in the elution fraction (Supplementary Figure S1). In the validating BiFC experiment, YFP-specific signals were detected within the nucleoplasm of infiltrated N. benthamiana cells (Figures 1C,D). A number of pSpyNeAurora3/pSpyCeCENH3 spot-like BiFC signals were observed in the nucleus of infiltrated leaves (Figure 1C, arrowed). The distribution of the BiFC signal differed from that of Aurora3GFP, which was concentrated in the nucleoplasm and around the cell periphery (Supplementary Figure S2A), but was comparable with the distribution of CENH3YFP (Supplementary Figure S2B). Similarly, distinct CENH3YFP fluorescence signals were generated when nuclei isolated from N. tabacum cells transiently expressing CENH3YFP were labeled with antibodies against both YFP and CENPC (Supplementary Figure S2K). None of the negative controls produced a fluorescence signal (Supplementary Figures S2C–J). These results suggest that CENH3 interacts with Aurora3 in planta.


[image: image]

FIGURE 1. Arabidopsis thaliana CENH3 interacts with Aurora3 kinase. (A,B) Western blot analysis using immuno-precipitated samples of A. thaliana CENH3YFP transformants and Wt plants. (A) Proteins separated by gel electrophoresis and visualized by Coomassie Blue staining. (B) Western blot probed with an anti-AtAurora, or anti-YFP (bottom part) antibodies. The negative control consisted of proteins extracted from Wt plants. (C,D) In vivo interaction of Aurora3 with CENH3 in the nucleoplasm as shown by BiFC in N. benthamiana leaves infiltrated with A. tumefaciens harboring the constructs (C) pSpyCeAurora3/pSpyNeCENH3 and (D) pSpyNeAurora3/pSpyCeCENH3. Some centromeres in (C) are arrowed. Red fluorescence corresponds to the autofluorescence of chlorophyll in the plastids.





Aurora3 Phosphorylates CENH3 in vitro at the Serine 65 Residue

To assess whether Aurora3 can phosphorylate CENH3 in vitro, recombinant Aurora3 and CENH3 were produced in E. coli. Presenting recombinant CENH3 (Supplementary Figure S3A) as the substrate for recombinant active Aurora3 (Supplementary Figure S3B) resulted in the production of kinase activity-dependent Western blot signals (Figure 2A), thus indicating phosphorylation of CENH3. The phosphorylation sites were identified by scanning CENH3 for the putative Aurora kinase phosphorylation motifs (R/K)1-3X(S/T) based on the information available for non-plant Aurora kinases (Dephoure et al., 2008; Gully et al., 2012). The resulting eleven putative target sites (Supplementary Figure S3D), each embedded within an 11–20 residue oligopeptide (Supplementary Figure S3E), were then tested as a potential substrate of Aurora3. Screening of preselected peptides by the in vitro kinase assay showed the strongest phosphorylation signal when the serine 65 residue was present (Figure 2B). This residue locates at the border between the N- terminus and the histone fold domain (Figure 2C). The Aurora3-dependent phosphorylation of the S65 residue was confirmed by showing that an S65A variant of CENH3 (Supplementary Figure S3C), which cannot undergo phosphorylation at this position, was phosphorylated with twofold lower efficiency than Wt CENH3 (Supplementary Figures S4A,B).
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FIGURE 2. Aurora3 phosphorylates CENH3 in vitro. (A) A kinase assay using recombinant CENH3 as substrate. Kinase reactions either without substrate or with no added enzyme were used as negative controls (–). (B) In vitro kinase screening of CENH3 phosphorylation sites based on 11 synthetic peptides containing putative Aurora kinase recognition motifs as substrate. (C) Schematic localization of selected peptides on CENH3.





CENH3 Phosphorylation at Serine 65 Is Abundant in Reproductive Tissue

To analyze the presence and abundance of the CENH3 pS65 in planta, polyclonal antibodies were raised against the AtCENH3 peptide phosphorylated at serine 65 (hereafter CENH3 pS65). On Western blot performed, the strongest anti-CENH3 pS65 signal was detected in extracts of flower buds and the weakest in mature leaves (Figure 3). Western blotting with the same protein samples after phosphatase treatment showed only a weak immune signal, thereby demonstrating that the antibodies are specific to the phosphorylated form of AtCENH3, and retained only residual antigenicity to the non-phosphorylated form (Figure 3). A parallel Western blot using anti-CENH3 revealed a rather different distribution of signals (Supplementary Figure S4C). Here, strongest signals were found in proteins isolated from a rapidly growing cell suspension, and there was no quantitative difference in intensity between λ phosphatase-treated and non-treated samples. Although the quantity of CENH3 of the cell suspension extract was greater than that present of the flower bud extract (Supplementary Figure S4C), the quantity of phosphorylated CENH3 was greater in the flower buds (Figure 3), suggesting a possible physiological function of CENH3 phosphorylation during the development of reproductive tissue.
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FIGURE 3. CENH3 is phosphorylated at serine 65 in tissues with a high frequency of cell divisions. Western blot analysis, based on an anti-CENH3 pS65 antibody, shows variation between samples isolated from different A. thaliana tissues. Upper panel, non-treated samples; central panel: samples treated with phosphatase; lower panel, loading control (anti-histone H3). Total CENH3 amount and Coomassie staining for the same samples are shown in Supplementary Figure S4C.





CENH3 Phosphorylation at Serine 65 Is Involved in Development of Vegetative and Especially Reproductive Tissues

To study in more detail the role of CENH3 pS65, we generated cDNA or genomic CENH3 constructs containing S65A, and S65D mutations. To visualize the sub-cellular localization of S65 phosphorylated CENH3, YFP fusion constructs containing CENH3 cDNA either with the S65A or the S65D mutation under the 35S promoter were transformed into wild-type A. thaliana plants. In vivo fluorescence analysis of plants expressing the CENH3 S65A or the S65D variant revealed a concentration of YFP signal at the centromeres, which was not distinguishable from the distribution seen in control plants – CENH3YFP (Supplementary Figures S5A–C). To understand the functional role of S65 phosphorylated CENH3, heterozygote cenh3-1 knock-out mutant plants were transformed with S65A, or S65D mutated CENH3 genomic constructs under the endogenous promoter. We assumed that the S65A mutation would prevent phosphorylation of CENH3 at this residue whereas the S65D mutation imitates the steric configuration and negative charge of phosphorylated S65 (Eot-Houllier et al., 2018). Both variants were able to rescue the lethality associated with homozygosity for the cenh3-1 mutation. A Western blot analysis based on an antibody recognizing CENH3 pS65 confirmed that neither of the two complemented lines experienced phosphorylation at position 65 (Supplementary Figures S6A–C). Phenotype analysis of the generated lines revealed no visible alteration in the growth of seedling roots (Supplementary Figure S11). A moderate difference in the vegetative growth rate at early growing stages (Supplementary Figures S7, S10) especially between 10 and 50 days after seeding (DAS), (compared to either the cenh3-1 mutants transformed with CENH3 S65S or with Wt) was observed for 92% of the S65D-complemented and 93% of the S65A-complemented plants (Figure 4A and Supplementary Table S3). About 8% of the S65D-complemented and 7% of the S65A-complemented plants showed a stronger reduction in the growth rate and impaired development of floral meristems and reproductive organs (Figure 4A and Supplementary Figure S8). The affected plants formed no anthers or petals, although their pistil appeared to be normal (Figure 4A and Supplementary Figures S9A,B). In general, cenh3-1 mutants complemented by S65A or S65D showed the same number (Supplementary Table S3) but a reduced biomass of leaves (Supplementary Figure S10) and were later flowering than Wt and S65S complemented lines (Supplementary Figure S7 and Supplementary Table S2). It should be noted that in older plants (∼63 DAS), cenh3-1 complemented mutants (S65A or S65D) showed an increased number of lateral stems compared to Wt, and S65S complemented lines (Supplementary Figure S7 and Supplementary Table S3). Around 30% of the S65D-complemented and 38% of the S65A-complemented plants were largely sterile and only their most distal siliques set a reduced number of seeds compared to Wt or cenh3-1 mutants transformed with CENH3 S65S (Figures 4A,B). Even the sum of developed and aborted seeds is lower in cenh3-1 complemented mutant plants (S65A or S65D) than in Wt and S65S complemented lines. In addition, the number of viable pollen grains in anthers of cenh3-1 complemented mutants (S65A or S65D) was reduced compared to Wt and S65S complemented plants (Figure 4C and Supplementary Figure S12). Further, the male meiosis (130 pollen mother cells) of S65 mutant plants did not show any obvious abnormality compared to Wt (n = 250), nor was there any evidence for aneuploids or polyploids among their progeny. Western blot analysis with anti-CENH3 antibodies of protein extracts from complemented and Wt plants showed despite clear growth differences (20 DAS), a similar abundance of CENH3 in all plants (Figures 5A,B). In silico expression analysis of Aurora3 and CENH3 in different tissues revealed the highest expression levels of both genes in floral and shoot apical meristems (Supplementary Figures S13A,B).
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FIGURE 4. Replacement of serine 65 of CENH3 results in an abnormal plant growth and flower development. (A) Complementation of the cenh3-1 mutant with transgenes encoding either the CENH3 variants: Wt, S65D and S65A under native promotor, results in various phenotypical abnormalities especially involving reproductive structures (plants at 60 DAS). For each construct, 12 to 78 independent transgenic lines were obtained. (B) The CENH3 S65A and S65D transgenes do not rescue the cenh3-1 mutant with respect to seed set as fully as does transgenic Wt CENH3. The average number of seeds per silique was determined based on seven siliques per plant. The numbers shown in parentheses refer to the number of independent lines used for analysis. Error bars correspond to standard deviation. (C) The complementation of cenh3-1 by CENH3 S65A or S65D does not fully restore male fertility. The number of pollen per anther was determined based on fifteen anthers per plant. The average numbers shown in parentheses refer to the number of independent lines used for analysis. Error bars correspond to standard deviation. Columns indicated with asterisks were significantly different in comparison with Wt. The data were analyzed by one-way ANOVA-test (*p < 0.05). The calculations were performed with the statistical program SigmaPlot v12 (Systat Software, Inc.).
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FIGURE 5. The phenotype of cenh3-1 mutants harboring CENH3 S65A or S65D does not correlate with the ratio of CENH3: H3. (A) The average ratio of CENH3 to H3 (based on a Western blot using LI-COR Image Studio 3.1 analytic software) in Wt and cenh3-1 plants harboring CENH3 S65A or S65D. The experiment was performed in seven biological replicates with protein extracted from 7 × 5 independent transgenic F2 plants and 7 × 5 Wt plants. Error bars correspond to standard deviation. (B) Shows typical phenotype of plants (20 DAS) analyzed in (A).






DISCUSSION


AtAurora3 Interacts With CENH3 in vivo and Phosphorylates It in vitro

We have shown that Aurora3, likely an A. thaliana ortholog of human Aurora B, interacts with AtCENH3 in vivo and phosphorylates it in vitro. In human cells, both Aurora A and B interact and phosphorylate CENH3 (Kunitoku et al., 2003; Slattery et al., 2008), but the interaction is stronger with Aurora B (Yu et al., 2015). In A. thaliana, Aurora3 is associated with the centromeres during mitosis (Demidov et al., 2005). Here IP revealed Arabidopsis Aurora kinase binding with AtCENH3 in extracts of growing seedlings after crosslinking with DSP, which retained in vivo protein-protein interactions in the presence of 1.5 M NaCl in the extraction buffer. A high salt concentration is needed to release CENH3 from nucleosomes. Additionally, BiFC demonstrated the interaction between Aurora3 and AtCENH3 in vivo, specifically at the centromeres after infiltration in tobacco leaves. This finding is in accordance with the observation that heterologous CENH3 may localize to the centromeres in addition to the endogenous variant of CENH3 (see review by Lermontova and Schubert, 2013). In vitro phosphorylation of CENH3 by Aurora kinase has been demonstrated in a range of organisms (Kunitoku et al., 2003; Slattery et al., 2008). Since the CENH3 N-terminal sequence is highly variable (even between closely related species), the determination of phosphorylation sites used by Aurora3 in A. thaliana was not feasible based on sequence homology. Nevertheless, the Aurora recognition motif, which was experimentally determined closely resembled that used by Aurora A and Aurora B (Dephoure et al., 2008; Gully et al., 2012). Nine of the 11 peptides carrying Aurora recognition sites were weakly phosphorylated, suggesting that multiple CENH3 phosphorylation sites are targeted in A. thaliana. These data were confirmed by the kinase assay using recombinant CENH3 as substrate. Additionally, phosphorylation of CENH3 by Aurora3 in vitro also demonstrates the interaction of both proteins. Substitution of serine 65 reduced but did not fully abolish CENH3 phosphorylation (Supplementary Figures S4A,B) indicating the existence of multiple putative AtAurora3 phosphorylation sites. The sequence context of CENH3 S65 was found in most, but not all Brassicaceae genomes (Maheshwari et al., 2015). However, at position threonine 65 occurs more often than serine (Supplementary Figure S14A). In some cases, even a non-phosphorylatable alanine residue is present, irrespective of whether the species encodes one or multiple CENH3 variants (Supplementary Figure S14B). Other conserved blocks within the N-terminal region of plant CENH3s also harbor Aurora recognition motifs, though at a lower frequency. Possibly, conserved sequence blocks could be favored recognition motifs for enzymes involved in post-translational CENH3 modifications. The CENH3 N-terminus can also be phosphorylated by other kinases, for example, by the cyclin-dependent kinase 1 (Yu et al., 2015). The cell cycle-dependent phosphorylation of maize CENH3 at S50 (Zhang et al., 2005) is likely not mediated by Aurora kinase because of the lack of a recognition motif for this enzyme in the vicinity of this site.

The use of a CENH3 pS65-specific antibody confirmed the identity of the phosphorylation sites identified in vitro and in vivo since binding was abolished after the protein sample had been phosphatase-treated. In agreement with Heckmann et al. (2011), who showed that the intensity of CENH3 expression is related to the extent of cell division occurring in a certain tissue, the present analysis indicated that the abundance of CENH3 was particularly high in actively dividing cells, e.g., in suspension cultures. However, phosphorylation of CENH3 at S65 was particularly high in protein extracts from flower buds. Phosphorylation of CENH3 S65 is not restricted to generative tissue since it also occurred in seedlings and in suspension cultures; and it does not strictly correlate with cell division, because its occurrence was relatively low in actively dividing suspension cultures. Assuming a tissue type-dependent regulation of CENH3 phosphorylation would be consistent with the tissue type-dependent organization and regulation of centromeres (Kagawa et al., 2014; Ishii et al., 2015).



Phosphorylation of CENH3 S65 by Aurora3 Is Required for Proper Development of Floral Meristems

In order to uncover the physiological role of S65 phosphorylation in vivo, cenh3-1 mutant plants were transformed with CENH3 gene variants displaying either S65A or S65D. Since the expression of Aurora3 and CENH3 depends on the cell cycle (Demidov et al., 2005; Heckmann et al., 2011; Lermontova et al., 2011a) and both are invovled in cell cycle control (Schumacher et al., 1998; Howman et al., 2000), we assume that the phosphorylation of serine 65 is cell cycle dependent in some meristematic tissues. This assumption is in line with the observation that in 30-days-old cenh3-1 mutants complemented by S65A or S65D the average size of epidermal cells, is smaller than that of Wt or of S65S complemented lines (Supplementary Figure S15A). In 50-days-old plants, this difference is abolished (Supplementary Figure S15B), and the size of leaf epidermal cells and plant age seem to be correlated (Kalve et al., 2014). Some of the S65A- and S65D-complemented cenh3-1 mutant plants displayed defective differentiation of the apical meristem and developed shoots without male reproductive structures (Figure 4A and Supplementary Figures S8, S9). We assume that in cenh3-1 complemented mutants (S65A or S65D), defects in the early floral meristem development lead to slower cell growth, and reduced biomass. This effect disappeared during later stages (Supplementary Figure S7 and Supplementary Table S2). After 63 DAS, plants remain smaller compared to the controls (Wt and S65S). CENH3 transgenics (S65A and S65D) showed an increased number of lateral stems (Supplementary Table S3). We speculate that, over time, the blocking of shoot meristem development in S65 mutants is released. Partial compensation of such blocking is visibly by an increase in the number of lateral stems. However, they are smaller than in control plants because they already lost the time for normal growth during the life cycle. Therefore, CENH3 transformants (S65A and S65D) generally remain slightly smaller in size compared to controls (WT and S65S).

Because Aurora3 and CENH3 are strongly expressed in the floral meristem, phosphorylation mutations of CENH3 might contribute to the observed morphological changes of male generative organs. Most likely, the dynamic CENH3 phosphorylation of serine 65 is involved in the regulation of floral meristem development, as implied by the high abundance of pS65 in flower buds (Figure 3), and by the phenotypic effect of S65 substitutions which resembled those seen in plants expressing CENH3 variants with a modified N-terminus (Ravi et al., 2011) or just the CENH3 histone fold domain (Lermontova et al., 2011b).

Interestingly, overexpression of AtAurora1 in tobacco similarly results in an altered stamen morphology, in a reduced growth rate and in enlarged axillary meristems (Demidov et al., 2014). Down-regulation of Arabidopsis Aurora1 and Aurora3 results in reduced biomass, slow development, reduced pollen fertility and seed setting (Demidov et al., 2014). This phenotype is reminiscent, but not completely identical to, that of the S65A- and S65D-complemented cenh3-1 mutants.

Two reasons why no phenotypic differences between the S65A- and the S65D-complemented cenh3-1 mutants were found can be envisaged. Either the S65D complementation does not functionally compensate for S65 phosphorylation, in spite of its steric similarity to pS65. Alternatively, S65 undergoes highly dynamic phosphorylation and dephosphorylation, and both substitutions (S65A and S65D) impair the functionality of CENH3 and therefore result in the observed phenotype. Comparable results were observed for tissue-cultured human CENH3 mutants (Zeitlin et al., 2001). Substitution of CENH3 Ser7 by Ala or Glu (Glu like Asp imitates pSer) equally leads to an increase of the Flemming body lifetime and midbody length in comparison with the control. The authors explained this observation by a possible change in the CENH3 N-termini structure or due to the disruption of the phosphorylation/dephosphorylation dynamics of Ala7 and Glu7 mutated CENH3.

For a better understanding of the mechanisms involved in CENH3 S65 phosphorylation and its physiological significance in the development of meristems, additional experiments will be needed. For example, it would be of interest to analyze the expression of the key meristem development regulators in S65A- and S65D-complemented cenh3-1 mutants.

The overall conclusion is that Aurora3 phosphorylates CENH3 at S65 and that this post-translational modification is required for the proper development of the floral meristem.
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We have developed tools and performed pilot experiments to test the hypothesis that an intracellular ion-based signaling pathway, provoked by an extracellular stimulus acting at the cell surface, can influence interphase chromosome dynamics and chromatin-bound proteins in the nucleus. The experimental system employs chromosome-specific fluorescent tags and the genome-encoded fluorescent pH sensor SEpHluorinA227D, which has been targeted to various intracellular membranes and soluble compartments in root cells of Arabidopsis thaliana. We are using this system and three-dimensional live cell imaging to visualize whether fluorescent-tagged interphase chromosome sites undergo changes in constrained motion concurrently with reductions in membrane-associated pH elicited by extracellular ATP, which is known to trigger a cascade of events in plant cells including changes in calcium ion concentrations, pH, and membrane potential. To examine possible effects of the proposed ion-based signaling pathway directly at the chromatin level, we generated a pH-sensitive fluorescent DNA-binding protein that allows pH changes to be monitored at specific genomic sites. Results obtained using these tools support the existence of a rapid, ion-based signaling pathway that initiates at the cell surface and reaches the nucleus to induce alterations in interphase chromatin mobility and the surrounding pH of chromatin-bound proteins. Such a pathway could conceivably act under natural circumstances to allow external stimuli to swiftly influence gene expression by affecting interphase chromosome movement and the structures and/or activities of chromatin-associated proteins.

Keywords: genetically encoded voltage indicator, confocal imaging, chromatin dynamics, fluorescence chromosome tagging, ion-based signaling, pH, SEpHluorin



Introduction

The development, viability and environmental responsiveness of unicellular and multicellular organisms depends on the integration of diverse molecular, chemical and mechanical signaling pathways that ultimately exert an effect on gene expression. In addition to these classical signaling pathways, electrical signaling is increasingly recognized as an essential and rapid means to transmit information within and between cells and throughout whole organisms (Levin and Stevenson, 2012; Mousavi et al., 2013; Cohen and Venkatachalam, 2014; Choi et al., 2016; Hedrich et al., 2016; Gilroy et al., 2018). On the cellular level, the electrical component at the plasma membrane (PM) comprises both the trans-membrane potential, which is generated primarily by proton gradients in plants (Duby and Boutry, 2009), and the surface potential, which represents the electrical potential over a small distance from the plane of the membrane. Surface potentials are normally sufficiently negative to enrich for cations at the membrane surface (Kinraide et al., 1998; Cohen and Venkatachalam, 2014). Plant endomembranes also contain electrogenic proton pumps, which together with counter ion fluxes establish cell-internal pH gradients that are important for responses of plants to a variety of developmental and environmental cues (Sze and Chanroj, 2018).

We are interested in testing the hypothesis that extracellular stimuli can influence gene expression via a rapid electrical/ion-based pathway acting from the cell surface to the nucleus through interconnected intracellular membrane systems (Matzke and Matzke, 1991; Matzke et al., 2010b). Electrical conveyance of information throughout the cell by means of intracellular membranes has been envisaged as a “cytoplasmic nervous system” (Sepheri-Rad et al., 2018) and proposed to feature the endoplasmic reticulum (ER), which is closely associated with the PM through membrane contact sites (Wang et al., 2017) and physically continuous with the outer nuclear membrane (ONM) (Matzke and Matzke, 1991; Sepheri-Rad et al., 2018). Electrical signals could trigger multiple events at membranes including opening of voltage-gated ion channels; changes in surface potentials by release of membrane-bound ions; and alterations in the structures and/or activities of integral membrane proteins, as well as membrane-associated proteins and other polyelectrolytes such as DNA (Matzke and Matzke, 1991; Bezanilla, 2008).

Investigating electrical/ion-based pathways and their effects on the nuclear genome in living cells requires non-invasive techniques for assessing changes in trans-membrane electrical potentials and concentrations of soluble and membrane-associated ions, as well as a means to detect effects at the genomic DNA level. Ideally, these techniques should allow changes to be monitored simultaneously at multiple membrane systems and at chromatin within individual cells, as well as across populations of cells in intact organisms. Genome-encoded fluorescent sensors of membrane voltage and of various ions, such as H+ and Ca+2, together with methods for fluorescent-tagging of interphase chromosomes and three-dimensional (3D) live cell imaging technology represent useful tools for such studies.

Genome-encoded voltage indicators (GEVIs) have been developed and used in animal systems for the detection of coordinated changes in PM potential in different subpopulations of neuronal cells (Knöpfel, 2012). Different GEVIs are based on either changes in Fo‶rster resonance energy transfer (FRET) or fluorescence intensity (Matzke and Matzke, 2013; Knöpfel et al., 2015). FRET-based GEVIs rely on two differently colored fluorescent proteins, which shift in proximity in response to changes in trans-membrane potential, thus positioning the two proteins to favor the occurrence of FRET. By contrast, fluorescence intensity-based GEVIs comprise only a single fluorescent protein that shows alterations in fluorescence intensity following changes in membrane voltage. Although the former can be used to quantify shifts in membrane potential, currently available intensity-based GEVIs provide a qualitative assessment of membrane voltage changes (Cohen and Venkatachalam, 2014; Hilleary et al., 2018).

GEVIs are beginning to be adapted for use in plant systems. We have tested both FRET- and intensity-based GEVIs in root cells of stably transformed Arabidopsis seedlings. In our experiments, several genome-encoded FRET-based GEVIs, under the control of either the RPS5A promoter or the constitutive UBI-10 promoter were not expressed strongly enough to detect changes in PM voltage (Matzke and Matzke, 2013). However, a transiently expressed FRET-based GEVI was used successfully to study membrane trafficking involving a SNARE protein in cells of the root elongation zone (Grefen et al., 2015).

We also tested the fluorescence intensity-based GEVI ArcLight, which is a voltage-sensing derivative of the fluorescent pH-sensing protein SEpHluorin (Miesenböck, 2012; Han et al., 2014). The voltage sensitivity of ArcLight was achieved by adding the voltage-sensing domain of Ciona intestinalis voltage-sensing phosphatase (Ci-VSD) to SEpHluorin, and changing amino acid 227 from alanine to aspartic acid (A227D) (Han et al., 2014). Arclight has been used in metazoan systems to study changes in PM voltage, which is largely determined in animal cells by the trans-membrane distributions of Na+ and K+ ions. In plant cells, however, where H+ ions are the major contributor to the membrane potential, the pH sensitivity of the SEpHluorin-moiety of ArcLight appears to override its voltage sensitivity (Matzke and Matzke, 2015). The predominance of pH sensing was revealed by the identical responses of ArcLight and SEpHluorinA227D (ArcLight without the Ci-VSD; referred to hereafter as SEpHluorinD) in root cells following application of extracellular ATP (eATP) (Matzke and Matzke, 2015). In animals and plants, eATP functions as an external signaling molecule that triggers a cascade of responses including changes in cytosolic calcium, which are coincident with changes in cytosolic pH (Felle, 2001; Behera et al., 2018), as well as changes in membrane conductance (Tanaka et al., 2010; Cao et al., 2014) and gene expression (Jewell et al., 2019). Therefore, even though ArcLight does not appear to be suitable for directly detecting changes in membrane voltage in plant systems, it can be used as an intensity-based fluorescent sensor of qualitative shifts in pH, which can occur as a downstream consequence of changes in membrane potential. Able to act as either a signal or a messenger in plant cells, pH has important roles in mediating responses to multiple environmental cues and influencing gene expression (Felle, 2001).

Among the techniques available for observing DNA in living cells, fluorescent labeling of specific chromatin sites using bacterial Tet and Lac operator-repressor systems has proven useful in a number of studies on chromatin dynamics in yeast, Drosophila and plants (Weiss et al., 2018). This method is based on binding of a fusion protein comprising a bacterial repressor protein (RP) and a fluorescent protein (FP) to the cognate operator repeats introduced as a tandem array into the host genome by transformation procedures. The tagged genomic sites can be visualized as bright fluorescent dots under a fluorescence microscope. We combined the Tet and Lac systems for two-color fluorescence labeling of chromosome sites in Arabidopsis and demonstrated considerable variability of 3D interphase chromatin arrangement in root cells (Matzke et al., 2003; Matzke et al., 2005; Matzke et al., 2008; Matzke et al., 2010a). Use of the Lac system to study chromatin dynamics in yeast and Drosophila indicated that interphase chromatin is not static but undergoes significant, constrained diffusive motion (“jiggling”) within the nucleus, such that a given chromatin segment oscillates within a restricted nuclear sub-region with a typical radius of 0.5 to 0.7 μm (Marshall et al., 1997; Soutoglou and Misteli, 2007; McNally, 2009; Bronshtein et al., 2016). Similar observations using the Lac system were made in plants (Kato and Lam, 2003; Rosin et al., 2008). Local diffusional motion of chromatin has been suggested to be important for gene regulation, possibly because it permits a locus to enter nuclear environments favorable for optimal expression (Soutoglou and Misteli, 2007).

Using the tools described above, we are testing the aforementioned hypothesis of an electrical/ion-based signaling pathway operating from the PM to the nucleus to elicit changes at the genome level. In a partial test of the hypothesis, we previously used membrane-targeted SEpHluorinD to demonstrate that eATP provokes virtually instantaneous and synchronous reductions in pH at the PM and the inner nuclear membrane (INM) of root cells (Matzke and Matzke, 2015). This finding is consistent with rapid inter-membrane communication that affects proton activities at both membrane surfaces. Here we describe improved tools and further tests of the hypothesis to investigate possible direct effects of the proposed electrical/ion-based signaling pathway on the genome. Results from pilot studies presented here suggest that eATP can trigger changes in interphase chromatin mobility and the surrounding pH at specific genomic sites concomitantly with eATP-induced changes in pH at the PM and INM.




Materials and Methods



Constructs and Plant Material

The building blocks of the constructs and the final constructs used in this study are shown in supplementary Data Sheet 1. SEpHluorinD was targeted to the PM using a CBL1 motif and to the INM and ONM using SUN2 and WPP motifs, respectively (Matzke and Matzke, 2015). Depending on whether the SUN2 motif is positioned at the N- or C-terminus, SEpHluorinD can be on the nucleoplasmic face of the INM or within the perinuclear space (compartment between INM and ONM). We found that the latter variant gives a cleaner signal (Data Sheet 2 in supplement) and therefore this version of SUN2-SEpHluorinD was used to produce the results presented in this paper.

Because fluorescence of SEpHluorin is highest around pH 7.5 and extinguished at pH 5.5 (Miesenböck, 2012), it is suitable for qualitative assessments of shifts in pH within this range. A decrease in pH results in a reduction of the fluorescence intensity of SEpHluorin with a maximum visible change of approximately 2 pH units (Miesenböck, 2012). SEpHluorinD tethered to different membranes using specific targeting motifs as described above provides an indication of proton activity at the membrane surface. The rationale for the estimated reductions in pH reported in this paper following eATP treatment is shown in supplementary Data Sheet 3.

The chromosomal positions of the T-DNA insertions containing either lac or tet operator repeats and a gene encoding the cognate repressor protein (RP)-fluorescence protein (FP) fusion proteins (TetR-YFP and either LacR-dsRed2 or EGFP) are depicted in supplementary Data Sheet 4. The genes encoding the fusion proteins, which are under the transcriptional control of the 35S promoter, have become silenced over time (Matzke et al., 2010a). Therefore, for the present study, a second T-DNA encoding the desired RP-FP fusion protein under the transcriptional control of the RPS5A promoter (At3g11940) (Weijers et al., 2001), was introduced (Data Sheet 1 in supplement). Because lines 16:101, 16:112 and 5:106 display the strongest and most reliable fluorescent dots, possibly owing to large, complex insertions of the operator repeats (Matzke et al., 2008), they have been used to generate the results shown in this report.

The Arabidopsis (Arabidopsis thaliana) transgenic lines used in this study are in the Col-0 ecotype (Matzke et al., 2005). Transgenic lines for which data are reported here did not show obvious developmental defects when cultivated under standard conditions (see below), and after data collection at the seedling stage, could be planted in soil for further growth and seed set. Seeds of the 16 operator repeat-containing Arabidopsis lines are available from the Arabidopsis Biological Resource Center (Ohio University, USA) in selected double insertions under the stock numbers CS72296-CS72301 and in single insertions under stock numbers CS72302-CS72317.




Fixation of Plant Seedlings

Seedlings were fixed for 5 min in ice-cold methanol and 30 s in ice-cold acetone. The seedlings were immediately dried between paper towels and then transferred to distilled water until mounting on a slide in imaging buffer for confocal microscopy (Kato and Lam, 2003).




Confocal Microscopy and Acquisition of Data to Analyze Fluorescent Intensity Changes of Membranes and Alleles, and Chromatin Dynamics

Confocal microscopy (using a Leica TCS LSI confocal microscope equipped with a 63× oil immersion objective) was used to acquire 3D time-lapse data. We routinely image the area of the transition zone because the nuclei in this region are mostly round and non-mobile, features that improve the ability to study chromatin dynamics over time and after eATP addition.



Growth and Mounting of Seedlings for Confocal Microscopy and Addition of eATP During Acquisition

Arabidopsis seedlings were grown vertically in square petri dishes containing solid Murashige and Skoog (MS) medium in an incubator at 22°C to 25°C under a 16-h light/8-h dark cycle. When the roots were approximately 2.5 cm in length, the seedlings were mounted in a sterile hood on 25 × 75 × 1.0 mm microscope slides (SUPERFROST PLUS, Thermo Scientific Art. No. J1800AMNZ) in 63-µl imaging solution [5-mM potassium chloride, 10-mM MES hydrate, 10-mM calcium chloride, adjusted to pH 5.8 with Tris(hydroxymethyl)aminoethane) (Loro et al., 2012)]. The root was then covered with a 24 × 40-mm microscope cover glass Nr.1 (Marienfeld laboratory glassware Ref. 0101192) in which a perforation of approximately 1.5 mm in diameter (centered 3 cm away from the right edge of the slide) had been drilled under water with a diamond coated 1.5-mm drill (Kralj et al., 2011). The root tip was positioned approximately 5 mm from the perforation and the cover slip was sealed at the edges with rubber cement (Fixogum Art.-Nr. 2901 10 000, Marabu, Germany). The microscope slide was placed into the slide holder of a Leica TCS LSI confocal microscope equipped with a 63× oil immersion objective (Data Sheet 5 in supplement).

After adding a drop of TypeF Immersion liquid (Leica Cat. Nr. 11 513 859) on the coverslip approximately one centimeter above the root tip, the objective was lowered until it touched the immersion liquid. Under visual inspection through the oculars, the root was observed and followed until the transition zone of the root tip was centered in the viewing field. Live mode imaging was used to adjust intensity and gain settings of the lasers 488 nm for the green channel and 532 nm for the red channel. For eATP experiments, acquisition was set to 31 min with acquisition of 21 pictures in 1 µm distances every minute first for the green channel and second for the red channel.

For eATP addition, 7 µl of a freshly made ATP solution (100-mM adenosine 5´-triphosphate disodium salt hydrate, Sigma A2383 in imaging solution adjusted to pH 5.8 with Tris(hydroxymethyl)aminomethane, Merck 1.08382) was pipetted with a Gilson P20 into Teflon tubing mounted through a blue pipette tip on a holder on the microscope stage and positioned right over the perforation in the cover slip (Data Sheet 5 in supplement). We found that the best distance of root tip to the perforation in the cover slip is approximately 5 mm. The leaves of the seedling were then covered with a Parafilm “globe” (produced by stretching the Parafilm in a small area with a thumb) to prevent desiccation during the acquisition period. Imaging was started and during the thirteenth red channel acquisition, the 7-µl 100-mM ATP solution was pipetted into the perforation of the cover slip. The 100 mM ATP added at the perforation site on the coverslip is likely to become diluted to a lower concentration during diffusion to the root tip (distance ca. 0.5 cm) in the thin layer of imaging buffer. After the acquisition period the seedling was removed from the slide and put on an MS agar plate for recovery overnight. Seedlings remain viable and can be planted in soil for seed harvest.





Confocal Data Analysis

The time-lapse data obtained from the experiments described above and presented in Figures 1–5 and Supplementary Data Sheet 6 were analyzed in Imaris 64 bit software version 7.7.0 (www.bitplane.com). The data were analyzed as described below to determine: fluorescence intensities of INM membrane tagged with SUN2-SEpHluorinD and fluorescence-tagged genomic sites; 3D distances between fluorescent dots/alleles for chromatin dynamics; 3D distances from each allele to the INM; and measurements of nuclear volume.







Fluorescence Intensities

Nuclei were isolated using the Crop 3D function resulting in “single nuclei 3D time lapse” Imaris files. These files were used to read the intensity values displayed of detected dots (or “spots”; term used by Imaris software), which represented either fluorescent nuclei with a diameter of approximately 10 µm or fluorescent tagged genomic locations with a diameter of approximately 1 to 2.28 µm (ellipsoid 2-4,56 µm). Intensity values of “spots” were listed in Excel files (Table 1 in supplement) and graphically displayed in Figures 2, 3, 4 and 5. Fluorescent intensities were normalized with the start set at 1. Fluorescence intensity data from 10 nuclei were compiled into one graph and supplemented with standard deviation bars. Graphs from individual nuclei before normalization are shown in supplementary Data Sheet 8.




Estimation of ΔpH

Changes in pH (ΔpH) at all cellular locations and genomic sites was estimated based on the magnitude of reduction of SEpHluorin fluorescence within its known pH range of fluorescence (Miesenböck, 2012) as described in supplementary Data Sheet 3. Estimated values of ΔpH were added to graphs of individual nuclei in supplementary Data Sheet 8.




Patterns in Reductions of Fluorescence Intensity

Graphs showing changes in pH over time at the INM (Figure 2), and at three genomic loci (Figures 2, 3, 4 and 5) show potentially three types of fluorescence change that can occur during the data collection period and affect the pattern of the trace: 1) bleaching, which manifests as a continuous and irreversible decline in fluorescence [most obvious in buffer control (Figure 3) and pH-insensitive fluorescent proteins (Figures 2, 4, and 5)]; 2) dislocation turbulence, which is sometimes observed as sharp spike upon eATP addition through the perforation in the cover slip at time-point 13 (for examples, see supplementary Data Sheet 8, nucleus 2 in Figure 2, bottom; and Videos 1 and 2, time-point 13); and 3) reductions in fluorescence owing to a pH change at the locus under study. The last change is observed as a drop in fluorescence occurring over approximately 2 to 7 min, followed usually by at least partial recovery (most visible in blue boxed nuclei in parts labeled “Figure 3C” and “Figure 5C” in Data Sheet 8, in supplement).




Analysis of Chromatin Dynamics

Starting from the “single nuclei 3D time lapse” Imaris files; see above), each time point was isolated using the Crop time function (producing “single nuclei 3D” Imaris files). These files were used to determine the 3D distances between the two dots/alleles of fluorescent tagged genomic locations. After Imaris detection of fluorescent dots/alleles, the dots were separated using the “split” function of Imaris and the distance between them computed using the “compute distances between spots” function. Distance values displayed were entered into Excel files (Table 2 in supplement). For chromatin dynamic analysis, allelic distances were pasted into an Excel chromatin dynamics analyses file obtained from the Ton Bisseling lab (Laboratory of Molecular Biology, Wageningen University) and modified by Ulf Naumann (Gregor Mendel Institute, Vienna, Austria). The modified Excel file, formatted for data from 10 nuclei and eleven time points (numbers can be adjusted as needed) is available in the Supplementary material as “chromatin dynamics analyses file” (Table 15 in supplement) which contains 20 sheets (10 nuclei, before and after eATP) plus an “average” sheet. In the chromatin dynamics analysis file, changes in allelic distance (d) during the 1-min time intervals were used to calculate the mean squared distance change in d(t) as <Δ d²> = < [d(t)-d(t+Δ t)]²> and a plot of cumulative traveling distances <Δd2(μm2)> (cumulated (squared) distance travel since t0) against elapsed time intervals, Δt (delta t = elapsed time since t0), is generated (see Figures 1–3 and supplementary Data Sheet 6). The generated curve was replaced by order2 polynomial trendlines using the Excel chart function to visualize plateauing of the values. The height of the plateau of the trendlines reflects the size of the confinement region. The radius of confinement in μm is the square root of that value. Higher plateau values indicate a larger region of confinement, meaning motion (“jiggling”) is less constrained (Marshall et al., 1997; Berg, 2016).




Statistical Analyses

For average chromatin dynamics data (Figures 1C and D, Figure 2C and Figure3C and Supplementary Data Sheet 6C), standard deviations were calculated in Excel using the STDEV.S function with the Δd² averages from all 10 nuclei at all 10 time points in a given experiment and shown in the figures (Tables 3–7, column C, lines 27–38, in supplement). Box plot analyses of Δd2 values for individual nuclei and calculations of p values were performed using the “Data Entry: Student’s t-test” (http://www.physics.csbsju.edu/stats/t-test_bulk_form.html). The Δd2 values for individual nuclei were also compared using one-sided KS tests, which confirmed the statistical significance determined by the t-test (Table 11_KS_Fig1C, Table 12_KS_Fig2C, Table 13_KS_Fig3C, Table 14_KS_Data Sheet 6C, in the supplement; each sheet of these files corresponds to a single nucleus). The t-test p values are two-sided; a significant t-test p value means the first set is greater than the second one or vice versa. The KS test used is one-sided; it gives a significant p value only when the first set is greater than the second one.

For fluorescence intensity experiments (Figures 2D and E, Figure 3D and E, Figure 4C, and Figure 5C), standard deviations of the average fluorescence intensity values of 10 nuclei (boxed in white in the confocal images shown) at each time point were calculated using the STDEV.S function of Excel and added as error bars. To calculate p values, the “t test” function of Excel was used to compare normalized fluorescence intensity data (i.e. differences in the drop in fluorescence intensity—high point to low point—during time points indicated in the figures) from pH-sensitive versus pH-insensitive fluorescent proteins or buffer control (Table 10, Data Sheet 7 in supplement). The p values were added to the figure legends.




3D Distances From Each Allele to the INM

The distance between each allele and the INM was measured in Imaris. By using the surface function and choosing the automated creation option, we created the INM surface. The distance between spots and the created INM surface were then computed using the “distance between spots and surfaces” function in Imaris and the resulting values returned by Imaris were pasted into Excel for the graphical display (Data Sheet 7 and Table 8, in supplement).




Nuclear Volume Measurements

Nuclear volume measurements were performed in Imaris by using the “surface” function and choosing the automated creation option. Nuclear volumes could then be read in the statistics tap of the created surfaces under the “detailed” tap choosing “volumes.” In the list of all volumes displayed (in µm³), the highest value highlighted the nucleus in yellow; if other surfaces were also highlighted in yellow—which could sometimes occur later in the time course—the time point was excluded from the Excel file. Consequently, in supplementary Data Sheet 7 there are missing data points of volume measurements toward the end of the experiment (Table 9 in supplement).






Results



Changes in Fluorescence Intensity of Membrane-Associated and Soluble SEpHluorinD in Root Cells in Response to eATP



Tool Improvement

Constructs used in this study are shown in supplementary Data Sheet 1. Improvements made since a previous study (Matzke and Matzke, 2015) in the construct collection include using the RPS5A promoter (At3g11940) (Weijers et al., 2001) instead of the UBI-10 promoter (At4g05320) (Grefen et al., 2010) to drive expression of SEpHluorinD and other fluorescent proteins, and targeting SEpHluorinD to additional cellular compartments, including the cytoplasm, nucleoplasm and INM facing the nucleoplasm. Of these, the clearest localization of SEpHluorin was observed at the cytoplasmic face of the PM, the INM facing the perinuclear space, and the nucleoplasm. Hence, these locations were used in the present study. Correct membrane localization and responses of SEpHluorinD in the PM and INM to 2 mM eATP application in root cells has been documented previously (Matzke and Matzke, 2015) and has been confirmed and expanded in this study, which also tested 100-mM ATP (Data Sheet 2 in supplement). The RPS5A promoter gives relatively reliable expression in the root tip region, particularly in the transition zone, which was the region examined in this work. The transition zone is important for perceiving environmental signals and hormone crosstalk (Kong et al., 2018) and was regarded by Charles Darwin as the “brain” of the root (Baluška et al., 2009).




Experimental Support for the Hypothesis Using New Constructs

Experiments using SEpHluorinD targeted to the PM, the INM facing the perinuclear space, and the nucleoplasm indicated that eATP induces immediate and contemporaneous decreases in pH (i.e. the fluorescence of SEpHluorinD diminishes) at all cellular locations tested (PM, cytoplasm, ONM, INM and nucleoplasm) (Data Sheet 2 in supplement, and Figure 2D). Following the initial sharp decreases in pH, the further timing of the pH reductions was similar in all locations, with the lowest level occurring around 2 min after eATP application followed by a gradual reapproach to the baseline over the next 15 min. The maximum decrease in pH was estimated from the changes in SEpHluorinD fluorescence intensity to be approximately 0.9 pH unit (Data Sheet 3 in supplement). Treatment with both 2 mM and 100 mM eATP elicited similar responses, indicating that ATP acts over a broad concentration range in this system. For unknown reasons, the baseline was exceeded during the recovery phase after application of 100 mM ATP in some cases (Data Sheet 2 in supplement).





Analysis of Chromatin Dynamics



Tool Improvement

To study 3D interphase chromosome arrangement in Arabidopsis roots, we previously used a collection of 16 distinct transgenic lines, each of which harbors a unique genomic site fluorescently tagged with either the Lac system or the Tet system (Matzke et al., 2005; Data Sheet 4 in supplement). Although the lac or tet operator (lacO or tetO) repeats are stably integrated at these different genomic sites, the genes encoding the repressor protein-fluorescent protein (RP-FP) fusion proteins (TetR-EYFP and either LacR-dsRed2 or EGFP under the control of the 35S promoter), which are on the same T-DNA construct as the operator repeats (Data Sheet 4 in supplement), have become silenced over time. Therefore, to adapt these lines for studying chromatin dynamics in the experiments reported here, the desired RP-FP fusion proteins were supplied in trans from a second T-DNA that was introduced into the operator-repeat containing lines by super-transformation using a different selection marker (Data Sheet 1). In addition to gene silencing, a further problem with the original lines was the presence of EYFP (Tet system) and EGFP or dsRed2 (Lac system) in the RP-FP fusion proteins. These FPs contain intact dimerization domains, which can lead to unwanted protein-mediated chromosome pairing of repetitive operator arrays (Mirkin et al., 2013). Therefore, to avoid aberrant protein-mediated pairing of tagged genomic sites during studies of chromatin dynamics, monomeric mCitrine was used in the new Tet-R construct instead of EYFP, and monomeric mRuby was used in the new Lac-R constructs instead of EGFP and dsRed2 (Supplementary Data Sheet 1, combination Figure 1, in supplement).




To demonstrate the feasibility of using the improved fluorescence tagging system to simultaneously study the dynamics of unlinked and distinctly colored genomic sites, we used an Arabidopsis line harboring the homozygous loci 5:106 and 16:112, which contain tetO and lacO repeats integrated on the top and bottom arms of chromosome 5, respectively. The repeats bind Tet-repressor (TetR)-mCitrine and mRuby-Lac-repressor (LacR) fusion proteins that are encoded on a second T-DNA, resulting in strong, differently colored fluorescent signals at the two tagged chromatin sites (Figures 1A, B). Data from a pilot experiment of chromatin dynamics in the root tip region of untreated seedlings are shown in Figure 1C. The graph is based on the analyses of the cumulative 3D distance changes between the alleles in 10 nuclei during 10 min; the Δd2(μm2) values obtained for each nucleus were averaged and displayed in the graph. When calculated as an order 2 polynomial trendline, the results suggested that in 10 sampled nuclei in adjacent cells, locus 5:106 (green) was on average more dynamic than locus 16:112 (red). Standard deviations of the plotted average values of Δd2 were relatively high. However, an examination of individual nuclei revealed inter-nucleus variability. Nine (90%) of 10 nuclei displayed a statistically significant difference (p < 0.05) in mobility between locus 16:112 and locus 5:106, and of these, six (60%) followed the average trend of higher mobility at locus 5:106 (Figure 1C).
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Figure 1 | Analysis of chromatin dynamics in untreated plants. (A) The construct encoded two nuclear-localized fusion proteins: TetR-mCitrine and mRuby-LacR (Data Sheet 1, combination Figure 1, in supplement). Both genes are under the transcriptional control of the RPS5A promoter (RPS5pro) and the 35S terminator (35Ster). NLS, nuclear localization signal. Right: TetR-mCitrine and mRuby-LacR fusion proteins bind, respectively, to tetO repeats at locus 5:106 and lacO repeats at locus 16:112. The two loci are integrated on the top and bottom arms of chromosome 5, respectively (green, locus 5:106; red, locus 16:112). (B) Left: Confocal image (maximum projection; enlargement in Data Sheet 9 in supplement) at time point t1 of fluorescent-tagged loci 5:106 and 16:112 in nuclei of cells in the root transition zone. Two red and two green dots are visible in most nuclei. Nuclei boxed in white were used to measure distances between the two red alleles and the two green alleles in the same nucleus. For confocal microscopy, Arabidopsis seedlings harboring these fluorescent-tagged loci were mounted on a slide in imaging buffer. One 3D data set, allowing measurement of allelic distances in Imaris, was acquired from both the red and green channels every minute (21 planes) over a time period of 10 min (Video 3). A total of 10 data records (one for each nucleus), each containing eleven time points, was analyzed (Table 2, sheets 1–2, in supplement). (C) Chromatin dynamics in living cells was determined by plotting the cumulative overall mean squared change in distance between the two alleles <Δd2>(μm2) against elapsed time intervals Δt. The plateau height of the trendline reflects the size of the confinement region. Higher plateau values indicate increased chromatin movement (Qian et al., 1991). The graph shows a scatterplot of the <Δd2> values (cumulated (squared) distance travel since t0) for 10 nuclei over a period of 10 min (Δt = elapsed time since t0) and is overlaid with order two polynomial trendlines and standard deviation bars are shown. The Δd2(μm2) rises to 0.14 for locus 5:106 and 0.03 for locus 16:112 during the 10-min data acquisition period in this experiment. These Δd2(μm2) values correspond to radiuses of confinement of 0.4 μm and 0.17 μm, respectively, in nuclei with an approximate diameter of 10 μm, which is in line with previous results (Marshall et al., 1997; Kato and Lam, 2003). Single nuclei box plot analyses and calculation of p values using the Δd2 values revealed nine nuclei with significantly different changes in chromatin mobility (p ≤ 0.05) between locus 5:106 and locus 16:112 (Table 3). N.S., not significant. (D) Same procedure as in part C using fixed seedlings as a negative control for “jiggling” of alleles. Left: nuclei boxed in white used for measurements (Table 2, sheets 3–4 in supplement). (E) Chromatin dynamics (fixed seedling): <Δd2>(μm2) of fixed seedlings against elapsed time intervals (Table 4, in supplement). Motion in living cells (part C) is greater than in fixed cells, indicating that the movement is not due to measurement error.







These findings suggest that distinct loci in the same nucleus may frequently exhibit variations in the degree of chromatin mobility (“jiggling”; Video 3 in supplement). By contrast, fixed, nonviable seedlings show little movement (Figures 1D, E).




Experimental Support for the Hypothesis



1. Chromatin Dynamics Following Addition of eATP

We also investigated chromatin dynamics before and after addition of eATP during data acquisition. For this analysis, we used a line harboring locus 16:101, which contains homozygous lacO repeats on the bottom arm of chromosome 1, and a second T-DNA that encodes INM-localized pH-sensitive SEpHluorinD and an mRuby-LacR fusion protein, which is insensitive to pH (Data Sheet 1; combination Figure 2, in supplement). By observing the fluorescence intensity changes of INM-localized SEpHluorinD, we can verify that eATP treatment has an effect on pH at the nuclear rim and at the same time, monitor dynamics of the lacO sites colored with mRuby-LacR protein in multiple nuclei (Figures 2A and B). An order 2 polynomial trendline of average Δd2 values for 10 nuclei at each time point suggested generally reduced chromatin dynamics (pink line) of locus 16:101 after eATP treatment compared to before eATP exposure (black line) during the 30 min of data acquisition [i.e. Δd2(μm2) plateaus at approximately 0.10 before ATP treatment and approximately 0.07 after ATP addition] (Figure 2C). Examination of individual nuclei again revealed inter-nucleus variability. Seven of ten (70%) of the sampled nuclei displayed statistically significant (p < 0.05) changes in chromatin mobility, and of these, six exhibited reduced mobility of locus 16:101 after eATP treatment, and are thus consistent with the trend seen in the averaged results (Figure 2C).





[image: ]

Figure 2 | Chromatin dynamics and fluorescence intensity changes at the INM following addition of eATP. (A) The construct encoded nuclear-localized mRuby-LacR fusion protein (pH-insensitive) and, in opposite orientation, SUN2-SEpHluorin227D, which is pH-sensitive and localized to the perinuclear face of the INM via the SUN2 targeting signal. Both genes are under the transcriptional control of the RPS5pro; the first contains the 35ter and the second contains the 3C terminator (3Cter). For readability, the module encoding RPS5pro-SUN2-SEpHluorin-3C is in the orientation shown but it is actually in the opposite orientation (Data Sheet 1, combination Figure 2, in supplement). (Data Sheet 1, combination Figure 2, in supplement). Right: the mRuby-LacR fusion protein binds to lacO repeats integrated at locus 16:101 on the bottom arm of chromosome 1. (B) Confocal image (maximum projection; enlargement in supplementary Data Sheet 9) at time point t1 of fluorescent-tagged locus 16:101 in nuclei of cells in the root transition zone. Two red dots are visible in most nuclei. Nuclei boxed in white were used to measure distances between the two red alleles and fluorescent intensity analysis (parts D and E). (C) Chromatin dynamics: Arabidopsis seedlings harboring the above construct were mounted on a slide in imaging buffer for confocal microscopy. A 3D data set allowing measurement of allelic distances in Imaris was acquired every minute (21 planes) over a time period of 30 min during which eATP was added at 13 to 14 min during red channel acquisition. A total of 10 data records (10 nuclei), each containing 30 time points, was collected (Table 2, sheet 5 in supplement). Chromatin dynamics was determined as described in the legend to Figure 1. The graph shows a scatterplot of the <Δd2> values [cumulative (squared) distance travel since t0 and after eATP addition since t17], and standard deviation bars (Table 5 in supplement) for 10 nuclei over a period of 30 min (Δt = elapsed time since t0, and after eATP addition since t17) and is overlaid with order 2 polynomial trendlines, which indicate “jiggling” before (black) and after (pink) eATP addition. To detect differences in mobility of locus 16:101 before and after eATP treatment, the analysis was restarted following the addition of eATP (following cessation of dislocation turbulence), hence producing two lines. Time points 12-16 were excluded from the analysis owing to data acquired during dislocation turbulence caused by addition of eATP. Single nuclei box plot analyses and calculation of p values using the Δd2 values revealed seven nuclei with significantly different changes in mobility (p ≤ 0.05) of locus 16:101 following eATP treament. N.S., not significant; (D) Normalized fluorescence intensity values of all 10 white-boxed nuclei shown in part B are overlaid in one graph together with calculated average values, to which standard deviation error bars were added (normalized and non-normalized numbers can be viewed, respectively, in sheets 1 of Tables 1 and 10 in supplement). Arrowheads indicate addition of eATP at time point 13. Using these normalized data, the calculated difference in the magnitude of the drop in fluorescence intensity in SUN2-SEpHluorinD versus bleaching of mRuby-LacR between time points 14-25 in response to eATP is statistically significant (p ≤ 0.05). In supplementary Data Sheet 8, part Figure 2D, ΔpH values are shown under each nucleus1-10 [maximum ΔpH 0.9 (nucleus 7), minimum ΔpH 0.3 (nucleus 2); average (n = 10) 0.6]. Fluorescence intensity at INM is read in spot objects (spot size approximately 10 μm) capturing punctual fluorescence. (E) Response of the pH-insensitive mRuby-LacR chromatin tag following eATP treatment: normalized intensities of all 10 nuclei overlaid in one graph (numbers before normalization can be viewed in supplementary Table 1, sheet 2). Fluorescence intensities of individual nuclei are shown in supplementary Data Sheet 8, part Figure 2E.








A concomitant drop in fluorescence intensity followed by partial leveling off of INM-localized SEpHluorinD upon application of eATP demonstrated that this stimulus was effective in inducing a pH change at the nuclear periphery (Figure 2D). As expected, the pH-insensitive mRuby-LacR chromatin tag did not exhibit a drop in fluorescence intensity following eATP treatment, only a continuous and irreversible decline (Figure 2E) similar to that seen with the buffer-only control (Figure 3). (Patterns of reductions in fluorescence are described in the Materials and Methods section.) These results supported the idea that the drop in fluorescence intensity observed with INM-localized SEpHluorinD depends on the pH sensitivity of this protein.

A significantly different change in mobility following eATP addition was also observed in a certain percentage of nuclei at other loci tested 'locus 16:112 (Figure 3C; Table 6); and locus 5:106 (Data Sheet 6C in supplement and Table 7)'. Collectively, the findings on three loci support a correlation in at least some nuclei between concurrent changes in chromatin dynamics and nuclear pH.




2. Can eATP-Induced pH Changes Be Sensed by Chromatin Proteins?

The experiments described above demonstrate coordinated and transient changes in pH in close proximity to the PM and INM and in the nucleoplasm subsequent to application of eATP (Data Sheet 2 in supplement). Moreover, the pH changes elicited by eATP could be temporally correlated with changes in chromatin motion in the nucleus (Figure 2). An interesting follow-up question is whether these pH changes are felt directly by chromatin-associated proteins, which would be important for pH-dependent regulation of chromatin structure and gene expression. Alternatively, chromatin constituents may be insulated from surrounding changes in pH and fail to respond to eATP.

To investigate this question, we assembled a construct encoding a SEpHluorinD-LacR fusion protein together with PM and INM-targeted mApple, which served in this experiment as red visual markers for these two membrane systems (Figures 3A, B; Data Sheet 1, combination Figure 3, in supplement). Through the LacR domain, the RF-FP fusion protein can bind to the lacO repeats integrated into the genome and through the SEpHluorinD moiety, the RP-FP fusion protein can respond to pH changes as revealed by alterations in fluorescence intensity. If eATP-induced changes in nuclear pH affect chromatin directly, then eATP should elicit fluorescence changes in chromatin-bound SEpHluorinD. The construct was used to super-transform a line harboring locus 16:112, which contains homozygous lacO repeat arrays on the bottom arm of chromosome 5 (Figure 3A, right). In a pilot experiment using this line, eATP treatment elicited not only a statistically significant (p < 0.05) change in chromatin dynamics in 30% of sampled nuclei (Figure 3C), but also a relatively rapid reduction (occurring over a period of approximately 3 min in individual nuclei) followed by a partial leveling off in the fluorescence intensity of SEpHluorin-LacR at both 16:112 alleles. These findings indicate a drop in pH directly at the corresponding genomic sites. This pattern was particularly visible in nuclei 1, 2, 3, 6, 7, 8, 9 and 10 (blue boxed, Data Sheet 8, parts “Figure 3D and Figure 3E” in supplement). Addition of buffer did not induce a comparable response (Figure 2E, Figure 4A and B, and Figure 5C, right), consistent with the observed decrease in fluorescence being dependent on eATP. A similar lack of response was observed with pH-insensitive RP-FP fusion proteins mRuby-LacR and mCitrine-LacR following eATP treatment (Figures 2E, 4, and 5C, right; see individual nuclei in corresponding parts of Data Sheet 8 in supplement). These findings demonstrate that the behavior of SEpHLuorinD-LacR in this experiment is dependent on its pH sensitivity. From the magnitude of the decrease in SEpHluorinD fluorescence, the maximum reduction in pH at locus 16:112 was estimated to be approximately 0,4 pH units (Data Sheet 3 in supplement).
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Figure 3 | Fluorescence intensity changes of a pH-sensitive fluorescent DNA-binding protein following addition of eATP. (A) The construct encoded nuclear-localized SEpHluorinD-LacR fusion protein as a pH-sensitive fluorescent DNA-binding protein, and SUN2-mApple and CBL1-mApple as INM and PM visual markers. All three genes are under the transcriptional control of the RPS5 promoter; the first contains the 35ter and the last two contain the 3C terminator (3Cter) for readability, the module encoding RPS5pro-LacR is in the orientation shown but it is actually in the opposite orientation (Data Sheet 1, combination Figure 3, in supplement). Right: The SEpHluorinD-LacR fusion protein binds to lacO repeats integrated at locus 16:112 on the bottom arm of chromosome 5. (B) Confocal image (maximum projection; enlargement in Data Sheet 9 in supplement) at time point t1 of homozygous fluorescent-tagged locus 16:112 in nuclei of cells in the root transition zone. Two green dots are visible in most nuclei. Nuclei used for chromatin dynamics analyses (part C) and fluorescence intensity analysis (parts D and E) are boxed in white. (C) Chromatin dynamics: Mounting, confocal microscopy, eATP treatment, data acquisition and data analysis of Arabidopsis seedlings harboring the above construct were carried out as described in the legend to Figure 2. Chromatin dynamics was determined as described in the legend to Figure 1. The graph shows a scatterplot of the average Δd2 (<Δd2>) values [cumulative (squared) distance travel since t0 and after eATP addition since t17], and standard deviation bars (Table 2, sheet 6 in supplement) for 10 nuclei over a period of 30 min (Δt = elapsed time since t0) and is overlaid with order 2 polynomial trendlines, which indicate “jiggling” before (black) and after (pink) eATP addition. Time points 12-16 were excluded from the analysis owing to unreliable data acquired during dislocation turbulence caused by addition of eATP. To detect differences in the mobility of locus 16:112 before and after eATP treatment, the analysis was restarted following the addition of eATP, hence producing two lines. Bottom: Single nuclei box plot analyses and calculation of p values using the Δd2 values revealed three nuclei with significantly different changes (p ≤ 0.05) in the mobility of locus 16:112 following eATP treatment. N.S., not significant. (D) pH-sensitive SEpHluorin-LacR chromatin tag: normalized fluorescence intensity profiles of the two 16:112 alleles in the 10 white-boxed nuclei (numbered in white in part B) are overlaid in one graph together with the calculated average values, to which standard deviation bars were added. eATP addition is indicated with a black arrowhead at frames 13-14. Fluorescence intensities of individual nuclei are shown in supplementary Data Sheet 8, part 3D, in which the boxed areas in the fluorescent intensity graphs highlight the region of interest. ΔpH values are shown under each nucleus1-10 for both alleles [maximum ΔpH 0.4 (nucleus 9); minimum ΔpH 0.1 (nuclei 4 and 5); average (n = 20) 0.2]. Normalized and non-normalized data are shown, respectively, in Data Sheets 3 of Tables 10 and 1. Using the normalized data, the calculated difference in the magnitude of the drop in fluorescence intensity in SEpHluorinD-LacR plus eATP versus bleaching in the buffer control between the time points 14-16 points is statistically significant (p ≤ 0.05). (E) pH-sensitive SEpHluorinD-LacR chromatin tag: Buffer control without eATP (original data can be viewed in supplementary Table 1, sheet 4). The spikes in fluorescence reflect dislocation turbulence, which occurs upon addition of eATP or buffer. The fluorescence intensity at the genomic location is read in spots objects (1-2.8 μm) capturing punctual fluorescence of the tagged regions.
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Figure 4 | Fluorescence intensity of a pH-insensitive fluorescent DNA-binding protein (mCitrine-LacR) following addition of eATP. (A) The construct encoded nuclear-localized mCitrine-LacR fusion protein as a pH-insensitive fluorescent DNA-binding protein, and SUN2-mApple and CBL1-mApple as INM and PM visual markers. All three genes are under the transcriptional control of the RPS5 promoter; the first contains the 35ter and the last two contain the 3C terminator (3Cter). For readability, the module encoding RPS5pro-mCitrine-LacR is in the orientation shown but it is actually in the opposite orientation (Data Sheet 1, combination Figure 3, in supplement). (Data Sheet 1, combination Figure 4, in supplement). (B) Confocal image (maximum projection; enlargement in Data Sheet 9 in supplement) at time point t1 of homozygous fluorescent-tagged locus 16:101 in nuclei of cells in the root transition zone. Two green dots are visible in most nuclei. Nuclei used for fluorescence intensity analysis (part C) are boxed in white. Right: The mCitrine-LacR fusion protein binds to lacO repeats integrated at locus 16:101 on the bottom arm of chromosome 1. (C) pH-insensitive chromatin tag (mCitrine-LacR): Fluorescence intensity profiles of normalized intensities of all 10 white-boxed nuclei (in part B) are overlaid in one graph together with the calculated average values, to which standard deviation bars were added. Fluorescence intensities of individual nuclei can be viewed in supplementary Data Sheet 8, part Figure 4C. Addition of eATP is indicated with black arrowheads at frames 13-14. Normalized and non-normalized numbers are shown, respectively, in sheets 5 of Tables 10 and 1, in supplement. Using the normalized data, the calculated difference in the magnitude of the drop in fluorescence intensity of SEpHluorinD-LacR (Figure 3D) versus bleaching of mCitrine-LacR (this figure) between the time points 14-16 points in response to eATP is statistically significant (p ≤ 0.05). Fluorescence intensity at genomic location is read in spot objects (1-2.8 μm) capturing punctual fluorescence.











To substantiate the observed effects of eATP on the pH at a specific genomic site, a modified experiment was performed using pH-sensitive and pH-insensitive chromatin tags bound at the same locus. For this, a construct was assembled that encoded two RP-FP fusion proteins: SEpHluorinD-LacR and mRuby-LacR (Data Sheet 1, combination Figure 5, in supplement), which represent, respectively, pH-sensitive and pH-insensitive proteins that bind to lacO repeats (Figure 5A). After introducing this construct into a line harboring homozygous locus 16:112, two yellow fluorescent dots arising from co-localization of the red and green RP-FP fusion proteins at both 16:112 alleles were observed in root tip nuclei (Figure 5B). Reproducing the results in Figure 3D, treatment with eATP in a pilot experiment resulted in a relatively rapid decrease (approximately 7 min) followed by a partial leveling off in the fluorescence of the SEpHluorinD-LacR in all nuclei observed (Figure 5C, left). The decrease in fluorescence intensity following eATP addition was observed at each allele of locus 16:112, consistent with a coordinate drop in pH directly at both alleles of this locus. At the same time, no comparable drop in fluorescence intensity of the mRuby-LacR tag at either of the two alleles of locus 16:112 was observed, only a continuous decline in fluorescence consistent with bleaching (Figure 5C, right). The results suggest that the relatively rapid response of SEpHluorinD-LacR to eATP is not a general reaction of RP-FP fusion proteins but depends on the pH sensitivity of SEpHluorinD. The collective findings support the hypothesis that an extracellular stimulus that triggers changes in nuclear pH can also incite concurrent changes in the surrounding pH of chromatin-associated proteins.
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Figure 5 | Comparison of fluorescence intensity changes of pH-sensitive and pH-insensitive fluorescent DNA-binding proteins following addition of eATP. (A) The construct used in this experiment encoded a nuclear-localized SEpHluorinD-LacR fusion protein as a pH-sensitive fluorescent DNA-binding protein, and mRuby-LacR as a pH-insensitive DNA-binding protein. Both genes are under the transcriptional control of the RPS5 promoter and the 35ter (Data Sheet 1, combination Figure 5, in supplement). Right: The SEpHluorinD-LacR fusion protein and the mRuby-LacR fusion protein both bind to the tandem lacO repeats integrated at locus 16:112 on the bottom arm of chromosome 5. (B) Confocal image (maximum projection; enlargement in Data Sheet 9 in supplement) of double fluorescent-tagged locus 16:112 at time point t1 in nuclei of cells in the root transition zone. Two yellow dots are visible in most nuclei. Nuclei used for fluorescence intensity analysis (part C) are boxed in white. (C) Fluorescence intensity changes of dual-colored alleles. Response of pH-sensitive tag SEpHluorinD-LacR (left) and pH-insensitive mRuby-LacR (right) to eATP addition (black arrowheads, frames 13-14). Fluorescence intensity profiles of normalized intensities of all 10 nuclei recorded in the green and red channels in the same experiment are overlaid in two separate graphs together with the calculated average values, to which standard deviation bars were added (Table 10, Data Sheet 6, in supplement). Normalized and non-normalized data can be viewed respectively, in Data Sheets 6 of Tables 10 and 1. Using the normalized data, the calculated difference in the magnitude of the drop in fluorescence intensity of SEpHluorinD-LacR versus mRuby-LacR between the time points 14 to 21 in response to eATP is statistically significant (p ≤ 0.05). The spike in fluorescence of the mRuby pH-insensitive tag reflects dislocation turbulence following eATP application. Fluorescence intensities of individual nuclei are shown in supplementary Data Sheet 8, part Figure 5C. ΔpH values are shown under each nucleus1-10 for both alleles [maximum ΔpH 0.5 (nucleus 5, one allele); minimum ΔpH 0.2 (nuclei 1, 2, 4, 6,9, one allele, nucleus 10 both alleles); average ΔpH 0.3 (n = 20)]. Fluorescence intensity at genomic location is read in spot objects (1–2.8 μm) capturing punctual fluorescence.














Discussion

We have developed and used improved tools to obtain support for the existence of a rapid, ion-based signaling pathway that initiates at the cell surface and reaches chromatin in the nucleus to impact interphase chromosome dynamics and chromatin-bound proteins. Although experimentally induced by eATP in our system, such an ion-based pathway could possibly operate in natural settings to allow external signaling molecules and environmental stimuli to quickly adjust gene expression by changing the structures and/or activities of chromatin proteins. Moreover, interconnected electrical/ionic-based signaling pathways could exert an overall patterning effect on cellular constituents at the subcellular, cellular and supra-cellular levels by altering the spatial and temporal distribution of ions sequestered at the charged surfaces of membranes and in membrane-bound compartments.

It is not clear how pH changes at the PM, which are induced by an extracellular signal that presumably does not enter the cell, are transmitted to the nuclear membranes and nucleoplasm to influence the properties of chromatin. When considering the series of events involved in the observed pH changes, it is important to separate the pH changes themselves, which generally take approximately 2 to 7 min to reach a maximum in our experiments, from the immediate and simultaneous initiation of these changes at the PM and INM following eATP exposure. The genomic sites tagged with a pH-sensitive DNA-binding protein also exhibited decreased SEpHluorinD fluorescence following similar kinetics. Since the pH changes at all three locations are highly synchronized, one speculation is that an electrical signal is rapidly conveyed from the PM to the nucleus through internal membranes. This electrical signal could trigger the opening or closing of H+ channels in the INM and subsequent release of protons from the perinuclear space and/or INM surfaces, resulting in pH-dependent changes in the properties and behavior of chromatin. Although the bulk pH of the cytoplasm, nucleoplasm and ER in plant cells has been estimated using a pH-sensitive fluorescent protein to range from 7.0 to 7.4 (Shen et al., 2013), localized membrane surface pH and other micro-domains of pH within a cell can differ from bulk pH in ways that are physiologically relevant (Maouyo et al., 2000; Felle, 2001). If a particular locus is situated peripherally in the nucleus, it could fall under the influence of a variable INM surface pH. Alternatively, protons, which are highly mobile in plant cells (Felle, 2001), could diffuse rapidly away from the INM after release from the perinuclear space and enter the nucleoplasm to affect not only peripheral but also more centrally located chromatin sites. The pH of the perinuclear space per se has not been determined, but existence of H+ pumps in NMs of at least some cell types (Santos et al., 2016) suggests the possibility of regulated transport of protons from the perinuclear compartment into and out of the nucleoplasm.



Influence of pH Changes on Chromatin

Changes in pH can conceivably bring about alterations in chromatin mobility and function in different ways. For example, chromatin “jiggling,” which appears to be evolutionarily conserved among eukaryotes, is largely attributed to the activity of ATP-dependent chromatin remodeling complexes that continually open and close condensed chromatin fibers to regulate access of the transcriptional machinery to genomic DNA (Soutoglou and Misteli, 2007; McNally, 2009). The activities of chromatin remodelers and other transcriptional proteins are likely to be sensitive to differences in the local pH. Consistent with this supposition, our results demonstrate that a fluorescent DNA-binding protein can directly perceive changes in the surrounding pH and undergo alterations that affect fluorescence intensity (Campbell and Choy, 2001). Chromatin mobility and function could also be influenced indirectly through pH-induced alterations of nucleoskeletal elements. The integrity and stability of the actin-containing nuclear matrix, which helps to organize chromatin and facilitate chromatin remodeling and transcription, are known to be sensitive to changes in pH values (Libertini and Small, 1984; Wang et al., 1989).




Inter-Nucleus Variability

The considerable variability in our data appears to reflect natural heterogeneity that is increasingly recognized as an inherent feature among individual cells of a given population (Argueso et al., 2019; Nicholson, 2019). Although average values can suggest overall trends in the data, they can mask real and potentially important differences at the single cell/nucleus level (Argueso et al., 2019; Nicholson, 2019). Indeed, examination of our data on the level of single nuclei revealed that all nuclei within a given group of cells did not respond identically to eATP treatment. In the experiments examining chromatin dynamics, examples of reduced, increased and unchanged motion can be observed in nuclei of neighboring cells. Similarly, pH-sensitive chromatin bound proteins did not respond identically to eATP in all sampled nuclei of a given root. The observed heterogeneity may depend on a number of factors, including fluctuations in the physiological status of individual nuclei during the period of data acquisition, and varying locations of different chromatin sites in 3D nuclear space. An additional source of variation may arise from the exact position in the root and identity of the cells sampled. Although we aimed to study cells in microscopically visible layers of the transition zone, this region does not have clearly defined borders to the adjoining elongation zone or meristematic region. Heterogeneity in individual cells of a population could conceivably enable plants to adapt more effectively to a constantly changing environment by providing alternative physiological states that offer a range of advantageous properties.




Reproducibility of Results

Although the experiments have been carried out using different transgenic plant lines expressing various fluorescent proteins, the findings display a high degree of internal consistency. For example, in experiments examining fluorescence intensity changes of pH-insensitive fluorescent proteins, two different pH-insensitive fluorescent chromatin-binding proteins (mRuby-LacR and mCitrine-LacR) bound to two different loci (locus 16:101 and locus 16:112) showed similar responses following eATP addition in three different experiments (Figures 2E, 4C, and 5C right). In addition, two different pH-sensitive fluorescent fusion proteins (SEpHluorinD fused to either LacR or SUN2) exhibited similar behavior following eATP addition in three different experiments (Figures 2D, 3D left, and 5C left). Finally, in experiments to assess changes in chromatin dynamics, three different fluorescent chromatin-binding proteins (pH-sensitive SEpHluorinD-LacR and TetR-SEpHluorinD) and a pH-insensitive fluorescent chromatin-binding protein (mRuby-LacR) that bound, respectively, to three different loci (locus 5:106, locus 16:101 and locus 16:112) displayed altered chromatin dynamics following eATP treatment in three different experiments (Figures 2C and 3C, and Data Sheet 6C, in supplement). These consistent trends among experiments reinforce the reproducibility of our results.




Limitations of Experimental System

The set of tools described here can be used in closely monitored experiments to obtain dependable results on 3D interphase chromosome mobility and pH at specific genomic loci and other cellular locations. That said, further improvements and developments of tools and imaging technology will be required in the future to overcome several limitations of the current experimental system (Lobet, 2017). For example, despite the use of the more reliable RPS5A promoter in the improved constructs, the expression level of the RP-FP fusion proteins in root cells is still not completely stable and fluorescent signals from chromatin-tagged sites are often weak and non-uniform within a single seedling and among sibling seedlings. Therefore, before performing confocal microscopy, it remains necessary to screen seedlings under a stereo-fluorescence microscope to identify those with the strongest signals in the root tip. Even in plants originally exhibiting strong fluorescent signals from a tagged locus, this phenotype is often not inherited in progeny, probably due to frequent silencing of genes encoding RP-FP fusion proteins (Matzke et al., 2010a). Hence, the most intense signals are usually observed in primary transformants. Further improvements in constructs (for example, finding and using promoters less susceptible to silencing) will facilitate more uniform expression in primary transformants and consistent heritability of strong expression in subsequent generations. These advances will allow the establishment of stable transgenic lines that can be used repeatedly for experiments.

Treatment of seedlings mounted on slides with eATP is tricky and it is difficult to avoid introducing a degree of uncertainty into the experiments. Although the method described here (adding the ATP solution to the seedling root through a perforation in the cover slip) can be done relatively quickly, it is not possible with this technique to determine the actual concentration of available ATP present at the root tip. However, as our results indicate, eATP works over a wide concentration range in this system (Data Sheet 2 in supplement), so some variation in eATP concentration around the root tip can be tolerated. Addition of eATP (or buffer) using this method also leads to transient “dislocation turbulence” (up and/or down displacement of the root) (Supplementary Videos 1 and 2). The use of a microfluidic chip (Grossmann et al., 2018) might alleviate these problems in future studies.

Our system is versatile and potentially allows many other treatments to be examined such as electrical pulses, different hormones, temperature shifts, mutations in signal transduction components, and various ionophores and ion channel blockers. To study the proposed pathway in other cell types, different tissue-specific promoters can be used to drive expression of RP-FP fusion proteins and SEpHluorinD derivatives. Additional targeting signals can be used to direct SEpHluorinD to other cellular locations (e.g., the ER, organelles, outer surface of PM). The eventual development of brighter and more photo-stable FPs that have unique excitation and emission spectra in combination with more sensitive microscopes will be useful for simultaneous visualization and data acquisition from multiple fluorescent sensors within the cell.




Future Perspective

Although these experiments can only be considered initial tests of the hypothesis, the overall findings generally support the existence of a highly efficient and interconnected electrical/ion-based signaling pathway extending from the PM to the nucleus, possibly through intervening membrane systems, which can influence chromatin behavior. The experiments reported here relied on fluorescent proteins that are sensitive to pH and not directly to membrane voltage. Although pH changes can be a downstream consequence of voltage changes, a more definitive test of the proposed pathway awaits the development of GEVIs that reliably respond to shifts in voltage at multiple membrane systems in plant cells. Developing such tools is an important goal for the future (Matzke and Matzke, 2015; Basu and Haswell, 2017). In support of the existence and evolutionarily conservation of this hypothetical pathway, a recent study using an ER-localized ArcLight derivative in human cells indicated that electrical signals at the PM can affect the voltage of internal membranes (Sepheri-Rad et al., 2018).
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In June 2019, more than a hundred plant researchers met in Cologne, Germany, for the 6th European Workshop on Plant Chromatin (EWPC). This conference brought together a highly dynamic community of researchers with the common aim to understand how chromatin organization controls gene expression, development, and plant responses to the environment. New evidence showing how epigenetic states are set, perpetuated, and inherited were presented, and novel data related to the three-dimensional organization of chromatin within the nucleus were discussed. At the level of the nucleosome, its composition by different histone variants and their specialized histone deposition complexes were addressed as well as the mechanisms involved in histone post-translational modifications and their role in gene expression. The keynote lecture on plant DNA methylation by Julie Law (SALK Institute) and the tribute session to Lars Hennig, honoring the memory of one of the founders of the EWPC who contributed to promote the plant chromatin and epigenetic field in Europe, added a very special note to this gathering. In this perspective article we summarize some of the most outstanding data and advances on plant chromatin research presented at this workshop.




Keywords: EWPC2019, chromatin, epigenetics, transcription, nucleus



Introduction

Last year, the Max Planck Institute for Plant Breeding Research in Cologne hosted the 6th European Workshop on Plant Chromatin (EWPC). A total of 110 researchers met to present the most recent focuses, advances, and challenges in the plant chromatin and epigenetics field during this 2-day workshop that comprised more than 25 standard talks and a similar number of short PechaKucha-style talks. Many other topics were talked over during the poster sessions in which the participants had the opportunity to discuss new discoveries and concepts in plant chromatin science in a thriving atmosphere.

Several talks emphasized the complexity of chromatin organization within the three-dimensional space of the nucleus and presented cutting-edge techniques developed to provide a deeper and higher-resolution view of chromatin structure (Figure 1). As in previous EWPCs, histone variants and histone marks were an important theme for many research laboratories. Considerable progress has been made in recent years to understand their links to transcriptional regulation. Also, of note have been the advances in our understanding of the proteins and complexes that are involved in the deposition of histone variants and marks, which, additionally, may act as readers of these chromatin features.




Figure 1 | Highlights of the European Plant Chromatin Workshop 2019. Chromatin organization is a central player in controlling gene expression and concomitantly regulating plant development and plant responses to the environment. The scheme illustrates some of the aspects of plant chromatin organization presented at the EWPC ranging from local chromatin changes touching the bricks of the nucleosome to higher-order chromatin organization. At the level of the nucleosome, modifications of the DNA molecule and histone proteins were discussed, such as the regulation of DNA methylation involving the CLASSY (CLSY) proteins, the incorporation of specific variants of histones H1, H3, and H2A through dedicated histone chaperone complexes, and the dynamics of non-histone DNA-binding proteins, such as HIGH MOBILITY GROUP A (HMGA). Post-translational modifications of histones are set by specific complexes exemplified here by COMPLEX PROTEINS ASSOCIATED WITH SET1 (COMPASS), involved in H3K4me3, Nucleosome Acetyltransferase of Histone H4 (NuA4), in H2A.Z acetylation, and Polycomb Repressive Complex 1 (PRC1), in H2A.Z monoubiquitination. The role of chromatin remodelers in the deposition of histones is also depicted through H2A.Z-mediated deposition by the SWI/SNF-Related protein 1 (SWR1) complex. Modification of H2A.W by phosphorylation and its association to the heterochromatin was observed. The interplay between repressive modifications set by PRC2 and the antagonizing activity of ULTRAPETALA1 (ULT1) allows for a dynamic transcriptional regulation. Finally, the formation of specific chromatin domains in the nucleus, such as telomeres, nucleolus/lamina associated domains (NADs/LADs), or the association of chromatin domains via PWWP INTERACTOR OF POLYCOMB (PWO1) to CRWN1, a plant lamina component, were presented.



Current challenges that have arisen from issues such as food security and climate change have added a new dimension to the study of epigenetic regulation of plant traits and epigenetic inheritance of transcriptional stages. For that reason, the link between chromatin dynamics, gene expression, and plant developmental adaptation to the environment was also substantially addressed in the meeting. To advance in this field, analyses of chromatin architecture changes at different developmental stages and the tissue- or cell-specific level that have been technically challenging were presented.

Julie Law from the Salk Institute (La Jolla, USA) was invited to present the keynote lecture, which highlighted some of the most important past and present contributions to the DNA methylation field from her laboratory. Julie gave an overview of the crucial roles played by DNA methylation in gene regulation and transposon silencing. In addition, she reported that a family of four putative chromatin remodeling factors, CLASSY (CLSY) 1–4, associate with the RNA-directed DNA methylation (RdDM) pathway components Pol-IV and SAWADEE HOMEODOMAIN HOMOLOG 1 (SHH1) (Law et al., 2011). Further recent studies showed that CLSY proteins function individually as locus-specific regulators of RdDM and in global regulation of DNA methylation patterns in Arabidopsis (Zhou et al., 2018). The next phase of the Law’s laboratory work aims to identify the roles of CLSY proteins in controlling DNA methylation patterns in a tissue-specific manner.

The EWPC was also the perfect venue for honoring the memory of Professor Lars Hennig who has recently passed away (Mozgová et al., 2018a). Together with Claudia Köhler and Valérie Gaudin, he established the EWPC in 2009 as one of the main gathering platforms for the plant epigenetic research community in Europe, bringing his enthusiasm and passion on plant science to these workshop series. During this tribute session, Lars’ colleagues and alumni shared with the audience his impact and vision on the chromatin and epigenetics field.

This perspective article summarizes the main topics discussed during the EWPC 2019 and provides insight into the future paths that the plant epigenetic community will follow in the next years. We thank all the laboratories, which have contributed to the EWPC with recently published or unpublished data, and we apologize to the researchers whose work could not be cited due to space limitations.



Session 1: a View on Chromatin, Techniques, and Nuclear Structure

The key bearer of genetic information in eukaryotic cells is chromatin, which is non-randomly distributed inside the nucleus and shows an extraordinary degree of compaction and spatial organization. Nuclear organization is achieved by many factors, including histone proteins, modifiers and readers, as well as structural components of the nuclear periphery and nuclear bodies, which together dynamically control the nuclear architecture and may form nuclear domains (Sexton and Cavalli, 2015). The first session of the EWPC meeting dealt with the role of these factors in chromatin and nuclear organization.

The core histones have been structurally conserved through evolution and have evolved to accomplish two conflicting and yet vital tasks: on one hand, the long DNA molecules have to be packaged within the limits of the eukaryotic nucleus, preventing knots and tangles and protecting the genome from physical damage; on the other hand, the information that is encoded in the DNA needs to be accessed at appropriate times (Rosa and Shaw, 2013). The linker DNA between nucleosomes is bound by linker histones H1 (Rutowicz et al., 2015; Kotliński et al., 2017) whose role is much less understood than core histones. A recent study presented by Célia Baroux (Zurich, Switzerland) provided a multi-scale functional analysis of Arabidopsis linker histones. The work, done in collaboration with the laboratories from Andrzej Jerzmanowski (Warsaw, Poland) and Fredy Barneche (Paris, France), showed that H1-deficient plants are viable but exhibit phenotypes in seed dormancy, flowering time, as well as lateral root and stomata formation. In addition to a role in heterochromatin compaction, H1 seems to regulate nucleosome distribution over gene bodies. Yet, the authors showed that H1-mediated chromatin organization may act downstream of transcriptional control for a large number of loci in Arabidopsis. In addition, a new connection was found between H1 and H3K27me3. The findings suggest that H1 may act as a chromatin organizer favoring the maintenance of this epigenetic mark as well as others (Rutowicz et al., 2019).

Frédéric Pontvianne (Perpignan, France) focused on the nucleolus, the largest nuclear body, which is well known as the site of ribosomal RNA (rRNA) gene transcription, rRNA processing, and ribosome biogenesis (Boisvert et al., 2007). In a previous study, Frédéric and co-workers identified chromatin regions associated with the nucleolus, termed Nucleolus Associated Domains (NADs). NADs are primarily genomic regions with heterochromatic signatures and include transposable elements (TEs), sub-telomeric regions, and mostly inactive protein-coding genes (Pontvianne et al., 2016). Recent data now suggest that the rRNA gene copy number impacts the organization of NADs, and this suggests a role of nucleolus organizer regions (NORs) in establishing domains of inactive chromatin associated with the nucleolus (Picart-Picolo et al., 2019).

Similar to the nucleolus, the nuclear periphery is another compartment within the nucleus that plays a crucial role in chromatin organization and nuclear architecture. Kalyanikrishna (Berlin, Germany) presented data showing a putative link between Polycomb Group (PcG)-mediated repression and the nuclear periphery in Arabidopsis. PWWP INTERACTOR OF POLYCOMB (PWO1) is a PWWP-domain containing protein able to interact with any of the three possible POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) histone methyltransferases in Y2H, and PWO1-CURLY LEAF (CLF) interaction was confirmed in planta (Hohenstatt et al., 2018; Mikulski et al, 2019). Among the putative interactors of PWO1, CROWDED NUCLEI1 (CRWN1) has been identified (Mikulski et al, 2019). CRWN1 is a coiled coil analog of lamin proteins, whose absence alters nuclear morphology (Wang et al., 2013), and a set of H3K27me3 targets were upregulated in crwn1 crwn2 double mutants in Arabidopsis. The interaction between PWO1 and CRWN1 suggests a role of the nuclear periphery in PRC2-mediated gene regulation in Arabidopsis (Mikulski et al., 2019). The Schubert laboratory continues to work on characterizing putative interactors involved in this pathway.

The post-translational modifications of telomere histones in plants have been investigated by Katerina Adamusova (Brno, Czech Republic). Among the canonical and non-canonical telomeres in plants, the authors found two kinds of epigenetic patterns regardless of the differences in telomere length and telomeric sequences used. One of them corresponds to the Arabidopsis-like pattern, where telomere histones are marked predominantly with H3K9me2. The other one is the tobacco-like pattern marked predominantly with H3K27me3 (Adamusová et al., 2019).

Hua Jiang (Gatersleben, Germany) discussed the role of AT-hook proteins in the regulation of gene expression by mediating the H3K9me2 heterochromatic mark at the nuclear matrix-associated regions (MARs). They identified AT-Hook Like 10 (AHL10), a member of the AT-hook family in Arabidopsis, and the SET domain containing SU(VAR)3-9 homolog (SUVH9) as interacting partners of ADMETOS (ADM), which functions in establishing the postzygotic hybridization barrier in Arabidopsis. Significantly increased expression of ADM and AHL10 in Arabidopsis triploid seeds results in H3K9me2 hypermethylation in MARs. Furthermore, AHL10-mediated H3K9me2 hypermethylation at MARs is independent of DNA methylation (Jiang et al., 2017). Apart from AHL10, the authors found that the overexpression line of another AHL also has increased H3K9me2 levels at TEs in sporophytic tissues, indicating a similar role for other members of this family.



Session 2: Chromatin, Inheritance, and Generation Changes

Recent advances in our understanding of inter-generational inheritance of epigenetic and chromatin marks have revealed a variety of plant peculiarities, rendering this topic an exciting field of study with impact on our fundamental understanding of inheritance, phenotypic plasticity, population dynamics, and evolution (Köhler and Springer, 2017; Miryeganeh and Saze, 2019). Nevertheless, many open questions remain concerning what epigenetic information is inherited, the mechanisms of inheritance, and the processes involved in eventual reprogramming to prevent inheritance. To shed light on these questions, an enhanced understanding of gene regulation in gametophytes is vital. Sara Simonini (Zurich, Switzerland) focused her presentation on gene regulation in the female gametophyte and during early seed development by analyzing interaction partners and direct targets of the PRC2 methyltransferase MEDEA (MEA). Previous works have implicated MEA in the repression of seed development before fertilization and in endosperm cellularization (Chaudhury et al., 1997; Grossniklaus et al., 1998; Köhler et al., 2003a). The new unpublished data indicate that MEA interacts with histone deacetylases (HDACs), and that plants depleted in HDACs display similar abnormal phenotypes as mea mutants, suggesting an interplay between histone methylation and acetylation during early seed development.

The double fertilization process of plants generates an additional complication in the understanding of trans-generational inheritance and maternal and paternal contributions to the next generation. Thus, being able to distinguish events taking place in the endosperm from other plant tissues will be crucial to understand the peculiarities of this triploid tissue. An exciting technical advance in this direction was presented by Vikash Kumar Yadav (Uppsala, Sweden). He performed modified high-throughput chromatin conformation (mHi-C) on purified endosperm nuclei isolated by the INTACT method (Moreno-Romero et al., 2017), thus enabling Hi-C analysis on a limited number of nuclei. With this technique, he was able to observe elevated chromatin interaction levels in endosperm tissue compared to leaf tissue and discover that self-looping genes are on average expressed at a higher level compared to non-self-looping genes.

Heinrich Bente (Vienna, Austria) focused his presentation on yet another aspect of epigenetic inheritance, the phenomenon of paramutation, characterized by interallelic communication between epialleles at a single locus that results in stable and heritable silencing. Employing an epigenetically regulated resistance marker for hygromycin in Arabidopsis, Heinrich and his co-workers found that paramutation becomes apparent in F2 progeny of tetraploid hybrids but not in diploid ones. Small RNA profiles differ between the two epialleles, as do DNA methylation and chromatin marks. The fact that the paramutation is not observed at low temperatures, where also small RNA production is reduced (Baev et al., 2014), supports the assumption that small RNAs may be involved in paramutations.

Before epigenetic marks such as DNA methylation can be inherited between generations, they need to be maintained during cell divisions in the parents. Especially for asymmetric CHH methylation, maintenance is coupled to RdDM (Law and Jacobsen, 2010). Gergely Molnar (Tulin, Austria) reported the characterization of freak show (fks), a novel missense mutant of the RNA Polymerase V-specific subunit NRPE5A (Ream et al., 2009). The mutation displayed loss of transposon silencing due to generally reduced CG DNA methylation as well as hypermethylation at other loci, together leading to abnormal phenotypes, including flowering time defects and homeotic transformations. The findings seem to contrast canonical RNA Pol-V function in RdDM only, which mainly affects CHG and CHH methylation, and suggest a connection between an RdDM component and CG methylation maintenance.



Session 3: Making Variations of Chromatin—Incorporating Bricks of Different Colors

To modulate nucleosome properties, including DNA accessibility and interactions between nucleosomes or even chromatin fibers, different histone variants can be incorporated. Recent years have seen accumulating evidence for the functional importance of these different histone variants for processes ranging from gene expression control and reprogramming to DNA repair processes in mammals and plants (Jiang and Berger, 2016; Buschbeck and Hake, 2017; Dabin and Polo, 2017).

Intriguing examples for these roles, reported by Anna Schmücke (Vienna, Austria), are the plant-specific histone variants H2A.W.6, H2A.W.7, and H2A.W.12, highly enriched in heterochromatin and involved in chromatin fiber–fiber interactions (Yelagandula et al., 2014). These histone variants are distinguished by a highly conserved KSPKK motif in their C-terminal tail. In response to DNA damage in heterochromatin, one of the three H2A.W variants, namely H2A.W.7, is phosphorylated at its SQE motif, and this phosphorylation is required for an appropriate DNA damage response (DDR) (Lorković et al., 2017). New evidence now indicates that only H2A.W.6, and not H2A.W.7, is phosphorylated in the conserved KSPKK motif in a cell cycle-dependent manner in Arabidopsis. Through a synthetic approach in fission yeast, she demonstrated that the phosphorylation of the KSPKK motif in addition to the phosphorylated SQE motif impairs a proper DNA damage response. This exemplifies a highly complex relationship between histone variants, their post-translational modification status, and their biological function. Another interesting H2A variant is H2A.Z, which has been associated both with transcriptional activation and repression depending on its position within a gene (Coleman-Derr and Zilberman, 2012; Sura et al., 2017). Wiam Merini (Seville, Spain) presented recent data resolving part of the mystery of this dual role of H2A.Z in transcription. She showed that, similar to canonical H2A, H2A.Z can be mono-ubiquitinated by PRC1 and that this post-translational modification plays an important role in transcriptional repression independent of PRC2 activity (Gómez-Zambrano et al., 2019). Indeed, complementation with a ubiquitination-resistant H2A.Z protein failed to rescue expression of upregulated genes in h2a.z mutant plants revealing the importance of H2A.Z ubiquitination. In contrast, H2A.Z ubiquitination seems to be dispensable to the rescue expression of the genes downregulated in h2a.z mutant plants; these genes may simply require H2A.Z incorporation. Alternatively, other post-translational modifications may play a role; in yeast, H2A.Z is acetylated by the NuA4 complex (Lu et al., 2009). Indeed, the confirmation that H2A.Z acetylation occurs in plants was provided by José A. Jarillo (Madrid, Spain). He studied the plant homologues of YEAST ALL1-FUSED GENE FROM CHROMOSOME 9 (YAF9) proteins, which are common components of the SWR1 complex involved in H2A.Z deposition and the NuA4 complex. In the absence of YAF9 proteins, H2A.Z acetylation is reduced at the FLC chromatin, and FLC expression is repressed, while H2A.Z incorporation as such is unaffected at this locus (Crevillén et al., 2019).

Given the emerging roles of the different histone variants in gene expression control and DNA repair reported at this conference, it becomes clear that histone deposition needs to be tightly controlled in time and space, and histone chaperones play an important role in this process. As an example, loss of H3 histone chaperones, such as HISTONE REGULATOR A (HIRA) (Nie et al., 2014; Duc et al., 2015) and the Arabidopsis ALPHA THALASSEMIA-MENTAL REDARDATION X-LINKED (ATRX) homologue (Duc et al., 2017), which function in complementary pathways of histone H3.3 deposition, results in altered gene expression. Aline V. Probst (GReD, France) discussed work from her laboratory, showing that ATRX loss-of-function affects H3.3 deposition at genes characterized both by elevated H3.3 occupancy and high expression levels, whereas hira mutants show reduced nucleosomal occupancy both at genes and in heterochromatin translating into reactivation of transposable elements. While some H3 histone chaperones are highly conserved, species-specific chaperones deposit the centromeric histone CenH3 (Müller and Almouzni, 2014). So far, the factor responsible for escort and deposition of plant CenH3 has remained enigmatic. Inna Lermontova (Gatersleben, Germany) reported on the collaborative effort to search for histone CenH3 interactors and the identification of the plant homologue of NUCLEAR AUTOANTIGENIC SPERM PROTEIN (NASP) as a CenH3 binding protein. Previously shown to bind histone H3 monomers or H3-H4 dimers (Maksimov et al., 2016), the nuclear NASP protein interacts both with the N-terminal tail as well as with the histone fold domain of CenH3 and reduced NASP expression negatively affects CenH3 levels, suggesting that NASP functions as a CenH3 escort protein (Le Goff et al., 2019).



Session 4: a Tribute to Lars Hennig

Professor Lars Hennig passed away last year, leaving a gap in the fields of chromatin biology and plant development (Mozgová et al., 2018a). Session 4 of the meeting gave a homage remembering him, not only as a valuable colleague, friend, and mentor, but also by highlighting his scientific contributions and how his work will impact future research.

Among many other topics, one of Lars’ main interests were histone variants and chaperones. He contributed to the identification of MULTICOPY SUPRESSOR OF IRA 1 (MSI1) as one subunit of the CHROMATIN ASSEMBLY FACTOR 1 (CAF-1) chaperone complex (Hennig et al., 2003). Lars further showed that transgenerational aggravation of the CAF-1 mutant phenotype was related to a global change in DNA methylation (Mozgová et al., 2018b). Following this curiosity on DNA methylation levels during development, Minerva Trejo-Arellano (Uppsala, Sweden), a former PhD student of Lars, reported on changes of DNA methylation during dark-induced leaf senescence (Figure 2A). She showed that senescent leaves had expanded chromocenters, which is indicative of heterochromatin de-condensation. These chromatin changes were accompanied by a concerted downregulation of genes involved in epigenetically mediated silencing pathways and a deregulation of transposable elements. Surprisingly, no genome-wide changes in DNA methylation were detected, only localized differentially methylated regions (DMRs), especially in the CHH context (Trejo-Arellano et al., 2019). Among the epigenetic changes that occur during developmental transitions, Lars soon focused his attention on Polycomb activity. He contributed to the identification of MSI1 as part of the PRC2 (Köhler et al., 2003b) and explored its role in embryo-to-seedling transitions, a work developed by Iva Mozgová (České Budějovice, Czech Republic) during her postdoc in Lars’ group. She found that the characteristic embryonic phenotype of the double mutant of clf and swinger (clf swn) (Chanvivattana et al., 2004; Mozgová et al., 2017), which is affected in two of the three possible methyltransferases of PRC2, depends on the presence of sucrose. This finding fits with the idea that, during this developmental transition, plant nutrition shifts from heterotrophic to autotrophic growth. Following this research line, Iva presented a progressive degradation of chloroplasts and an increase in Reactive Oxygen Species (ROS) in clf swn and, accordingly, the mitigation of the phenotype under reduced light intensities. Therefore, these data suggest an unexplored role of PRC2 in mediating the establishment and/or maintenance of photoautotrophic growth in Arabidopsis.




Figure 2 | Overview of recent contributions from former Lars’ PhD students. (A) Dark-induced senescence causes localized changes in DNA methylation in Arabidopsis. Senescence was induced by covering individual Arabidopsis leaves. The yellowing of the covered-senescent leaves was accompanied by changes in the expression of transposable elements that depending on the TE family can be unaltered, up- or downregulated. Moreover, GO and pathway categories related with the maintenance of chromatin structure were enriched among the downregulated genes (for the complete analysis see Trejo-Arellano et al., 2019). Overall, the global DNA methylation landscape of the senescent leaves remained remarkably stable with only few localized DNA methylation changes detected, particularly in the CHH context (B) Working model for the UBP12/13-mediated gene repression. PRC2 causes silencing via deposition of H3K27me3, which in the majority of the cases is dependent on PRC1. However, by a mechanisms that remain to be resolved the product of PRC1 activity, H2Aub1, also creates an unstable state in which genes can be rapidly reactivated in response to a stimulus. Stable repression requires removal of H2Aub1 by LHP1-interacting UBP12/13. Figure courtesy of (A) M. Trejo, designed of Paulina Velasco, and (B) L. Kralemann.



To further understand the multiple functions of PcG proteins, Lars’ laboratory found a direct interaction between MSI1 and LIKE HETEROCHROMATIN PROTEIN1 (LHP1) (Derkacheva et al., 2013). Studying LHP1 protein interactors, UBIQUITIN SPECIFIC PROTEASES (UBP) 12 and 13 were found, and it was demonstrated that UBP12 mediates the deubiquitination of H2A (Derkacheva et al., 2016). However, it has been shown that H2A ubiquitination (H2Aub) by PRC1 is largely independent of PRC2 activity (Zhou et al., 2017). To further understand the link between H2Aub and H3K27me3, Lars’ former PhD student Lejon Kralemann (Uppsala, Sweden) presented a genome-wide analysis of these marks in mutants deficient for UBP12 and 13. The data suggest that H2Aub removal is required for preventing the loss of H3K27me3. In that model, LHP1 recruits UBP12/13 to deubiquitinate H2Aub and to stabilize H3K27me3-mediated repression (Figure 2B). Miyuki Nakamura (Uppsala, Sweden), a postdoc in Lars’ former group, reported another role of LHP1 through its interaction with DEK proteins (Derkacheva et al., 2013), which are linked to chromatin and associated with DNA topoisomerase 1α (TOP1α) (Waidmann et al., 2014). Miyuki presented that DEKs genetically interact with LHP1 by enhancing the early flowering of the lhp1 mutant, which is similar to what occurs in the top1α lhp1 mutant (Liu et al., 2014). She proposed that LHP1 interaction with DEKs and TOP1α is important for PcG target gene regulation. These works exemplify the direction where Lars’ research has lead the PcG field: finding new players of PcG activity and identifying mechanisms for target-specific PcG recruitment. In that direction, Justin Goodrich (Edinburgh, United Kingdom), through a second invited lecture, presented new data about ANTAGONIST OF LHP1 (ALP1), which was identified in a suppressor screening of the clf mutant (Liang et al., 2015). The interaction of ALP1 with PRC2 depends on ALP2, which interacts directly both with ALP1 and with MSI1, a core subunit of PRC2. To explain PcG antagonist function, Justin proposed that ALP1/ALP2 could compete for the core PRC2 complexes with other PcG “accessory proteins”. Interestingly, ALP proteins are likely inactive Harbinger-type transposases that are already demonstrated for ALP1 (Liang et al., 2015). As Harbinger transposases are encoded as part of the sequence of the ‘cut-and-paste’ Harbinger transposon superfamily (Kapitonov and Jurka, 2004), this is an example of how transposon domestication could provide novel genes for the hosts, in particular as components of PRC2.



Session 5: an Open View on Chromatin

Session 5 focused on different mechanisms that are involved in inducing a more relaxed and open chromatin structure, which usually correlates with an active transcription. For instance, Julia Engelhorn (Cologne, Germany) presented a very elegant approach in which Fluorescence Activated Cell Sorting (FACS) was combined with the Assay for Transposase-Accessible Chromatin with high-throughput sequencing (ATAC-seq), which allowed for the creation of maps with higher resolution than with DNase-seq from low cell numbers. Lines expressing the pDORNRÖSCHEN-LIKE::GFP in the apetala1 cauliflower mutant background were used (Wellmer et al., 2006), which allows for cell sorting of identical and highly synchronized Lateral Organ Founder Cells (LOFCs) (Frerichs et al., 2016). LOFCs-associated changes in chromatin accessibility were positively associated with transcriptional changes. In addition, highly accessible chromatin to the transposase corresponded well with previously described enhancer and conserved transcription factor (TF)-binding elements in promoters. These results also demonstrated that this approach can be further applied for genome-wide identification of novel transcriptional enhancers in plant specific cells (Frerichs et al., 2019).

Genome-wide approaches were also used to identify light-induced chromatin dynamics that occur at a very specific developmental switch, such as photomorphogenesis, which corresponds to the first perception of light after germination (Casal, 2013; Wu, 2014; Seluzicki et al., 2017). DE-ETIOLATED1 (DET1) is an atypical and conserved DAMAGED DNA BINDING PROTEIN 1 (DDB1)-CULLIN4 Associated Factor (DCAF) involved in the transcriptional reprogramming that occurs during photomorphogenesis (Chory et al., 1989; Pepper et al., 1994; Schroeder et al., 2002; Ma et al., 2003). Sandra Fonseca (Madrid, Spain) showed that DET1 and light control genome-wide levels and distribution of H2B ubiquitination (H2Bub) indirectly through degradation of a deubiquitination trimeric module (DUBm). One of the components of DUBm is UBP22, which acts as a major H2B deubiquitinase in the plant. Thus, DET1-mediated proteolytic degradation of DUBm is essential for chromatin reprogramming during photomorphogenesis (Nassrallah et al., 2018).

High Mobility Group A (HMGA) proteins have also been proposed to create a more permissive chromatin structure competing with linker histone H1 (Catez and Hock, 2010; Ozturk et al., 2014). Simon Amiard’s (Clermont Ferrand, France) presentation focused on GH1-HMGA1 and GH1-HMGA2 proteins, which comprise a conserved central globular domain (GH1) as well as AT-hook domains (Kotliński et al., 2017). Both GH1-HMGA1 and GH1-HMGA2-GFP fusion proteins are present in interphase and mitotic nuclei but are excluded from chromocenters and centromeres, and protein–protein interaction studies indicate possible GH1-HMGA1 homodimerization and heterodimerization with GH1-HMGA2. Mutants affected in the GH1-HMGA1 gene were impaired in development, with an overall size reduction due to smaller roots and leaves and a decrease in stem length, while gh1-hmga2 mutants were phenotypically normal. gh1-hmga1 mutants also showed shorter telomeres as a result of telomere instability (Charbonnel et al., 2018), and a transcriptome analysis of gh1-hmga1 mutants suggested a contribution of GH1-HMGA1 proteins to gene expression control.

Another epigenetic hallmark of active chromatin is H3K4me3. In yeast, SET DOMAIN GROUP 1 (SET1) adds this mark as part of COMPlex of proteins ASsociated with SET1 (COMPASS). Another subunit of this complex, Swd2, is needed for the recruitment of COMPASS to specific chromatin domains enriched in H2Bub (Sun and Allis, 2002; Kim et al., 2009). In Arabidopsis, a more complex scenario may exist since H3K4me3 can be placed by different histone methyltransferases (Baumbusch et al., 2001; Thorstensen et al., 2011; Zhang and Ma, 2012), and the function of At-COMPASS-like complexes have not been fully characterized yet (Fromm and Avramova, 2014; Xiao et al., 2016). Clara Bourbosse (Paris, France) reported recent results that showed that SET DOMAIN GROUP 2 (SDG2)/ARABIDOPSIS TRITHORAX 3 (ATX3), which has a main role in the deposition of H3K4me3 in Arabidopsis (Berr et al., 2010; Guo et al., 2010), binds to SWD2-like b (S2Lb), which interacts with core subunits of AtCOMPASS in a high-molecular weight complex. In addition, S2Lb, together with SDG2, is required for deposition of H3K4me3 and directly targets highly expressed genes. However, mutations in S2Lb affect the steady state levels of only a few of its target genes. Therefore, as part of AtCOMPASS, S2Lb may be required for appropriate transcriptional dynamics but is not essential for gene expression. Interestingly, S2Lb recruitment and H3K4me3 deposition at target genes are independent of H2Bub, indicating that AtCOMPASS-S2Lb activity does not require H2Bub in contrast to yeast. Whether there is a crosstalk between this histone mark and other methyltransferases is still an open question (Fiorucci et al., 2019).



Session 6: Friends and Foes —Chromatin Interactors and Transcription Regulation

Whether it is by changing large-scale chromatin conformation, nucleosome composition, and occupancy or histone post-translational modifications, chromatin regulation can impact plant development in a variety of ways, as highlighted in the previous sessions. This complexity becomes more evident when, despite being highly conserved among the plant species, the function of chromatin regulators, as well as their target genes, also depends on the context in which they act (Hennig et al., 2005; Merini et al., 2017). The last session of the meeting focused on the interplay between different chromatin regulators and accessory factors as well as their role in transcription regulation and impact on plant development.

Chromatin-based regulation allows us to quickly and reversibly switch genes on and off through the concerted action of antagonistic regulators. One example was presented by Cristel Carles (Grenoble, France) with her latest work on ULTRAPETALA1 (ULT1). It was known that ULT1 antagonizes the activity of PRC2 and regulates levels of H3K27me3 at genes involved in flowering and meristem determination (Carles and Fletcher, 2009). The new work showed that ULT1 genome-wide targets strongly overlap with those of the H3K27me3 methyltransferase CLF but not with the genes targeted by the demethylase RELATIVE OF EARLY FLOWERING 6 (REF6). ULT1 interacts with RNA Pol II (RNAPII) and several chromatin remodelers, suggesting that it might be involved in their recruitment, preventing binding of PcG proteins at specific loci.

TFs have also been shown to play a role in recruiting chromatin-associated regulators to control different aspects of plant development (Vachon et al., 2018). Pawel Mikulski (Norwich, United Kingdom) presented his work on VP1/ABI3-LIKE 1 (VAL1), a transcriptional repressor that promotes histone deacetylation at the FLC locus and is required for PRC2 nucleation in cold-induced vernalization (Questa et al., 2016). VAL1 was found to interact with subunits of the PRC1 (Yang et al., 2013; Questa et al., 2016), PRC2 (Chen et al., 2018), and LHP1 (Yuan et al., 2016), but no differences were observed in H2Aub in the mutants. Interestingly, the authors found that VAL1 influences nucleosome mobility around the region of the PRC2 nucleation site, suggesting it may act through the recruitment of chromatin remodelers. Other ways to achieve specificity include the formation of alternative chromatin-associated complexes or the interaction of core components with specific accessory proteins (Förderer et al., 2016). One example of the former was presented by Hernan Lopez-Marin (Cologne, Germany) with the identification of SUPER DETERMINANT 1 (SDE1), a new regulator of axillary meristem initiation in tomato. The sde1 mutation was mapped to a gene closely related to the PRC1 core components BMI1 and RING1 but which lacks the RING-finger domain required for depositing H2Aub (Buchwald et al., 2006). SDE1 interacts with LHP1, another component of the PRC1, suggesting it may be part of a new PcG complex involved in regulating axillary meristem initiation in tomato. Additionally, Sara Farrona (NUI, Galway) presented work from her laboratory on the identification of UBP5 as a new interactor of PWO1 and PRC2 subunits. As discussed in the first session of the meeting, PWO1 is itself an interactor of PRC2 methyltransferases and is involved in recruiting CLF to foci associated with the nuclear lamina (Hohenstatt et al., 2018; Mikulski et al., 2019). ubp5 mutants show a pleiotropic phenotype and de-repression of several meristem identity genes, known targets of PRC2, suggesting that UBP5 acts together with PcG proteins to regulate plant development.

Chromatin environments are also crucial for correct gene expression since they can modulate RNA polymerase II (RNAPII) and TF accessibility to target DNA. An interesting example was presented by Sebastian Marquardt (Copenhagen, Denmark), who showed that the histone chaperone complex FACT is required for the repression of cryptic intragenic Transcriptional Start Sites (TSSs) during RNAPII-mediated transcription. In their repressed state, these TSSs are enriched in H3K4me1, a hallmark for RNAPII elongation, while, in the fact mutants, they show increased levels of H3K4me3, similar to promoter TSSs, indicating a role for FACT in the regulation of transcript isoform diversity (Nielsen et al., 2019). Moreover, a computational approach presented by Dmitry Lapin (Cologne, Germany) helped to define chromatin features predicting dependency of gene expression on the immunity regulator Enhanced Disease Susceptibility 1 (EDS1) in Arabidopsis. Machine-learning methods were used to test whether this dependency can be inferred from binding of TFs and occupancy of histone modifications from public ChIP-seq data. A neural network model provided the highest accuracy (up to 85%). Under non-stress conditions, EDS1-dependent loci have low H3K36me3 and RNAPII levels. Authors proposed that initial chromatin status contributes to the specificity of gene expression regulation in immunity. On the other hand, taking advantage of epigenetic hybrids (epiHybrids) from crosses with decrease in dna methylation1 (ddm1)-derived epigenetic recombinant inbred lines (epiRILs), Ioanna Kakoulidou (Munich, Germany) showed that chromatin states can also impact subsequent generations. Previous work from the laboratory had shown that epiHybrids exhibit strong heterosis in several developmental traits, which correlates to DMRs in the parental lines (Lauss et al., 2018). Recently, the authors have used a high throughput phenotyping system to analyze 382 epiHybrids, and they were able to confirm that epigenetic divergence in the parents is sufficient to cause heterosis in the progeny. Future methylome, transcriptome, and small RNA-seq analyses of these epiHybrids are expected to contribute to a better understanding of how the parental epigenetic states affect the progeny.



Conclusions and Perspectives

In summary, the EWPC2019 encouraged discussion about the most recent advances in epigenetics, chromatin-related mechanisms, and nuclear architecture in relation to the regulation of transcription and its impact on plants traits. Particularly, how the nuclear space is organized and how specific histones and structures within the nucleus, such as the nucleolus and the nuclear periphery, relate to specific chromatin domains was thoroughly discussed in various talks. However, we are still far from understanding the complexity that is shrouded by the nuclear envelope. The extent of interplay between DNA methylation, various histone modifications, histone variants, and regulatory RNAs taking place during epigenetic inheritance processes remains to be elucidated. Likewise, much remains to be understood on the importance of core histone variants and their chaperones in chromatin structure through the control of nucleosome assembly and occupancy or the role of linker histones and other dynamic DNA-binding proteins. While histone modifications have so far rarely been considered in a variant-specific manner, combinations of histone variants with their particular marks constitute an additional layer of complexity to fine-tune chromatin regulation that is now just emerging and that will most certainly require further studies. While different presentations exposed the complexity of chromatin-based regulatory mechanisms in plants, it became clear that we need to investigate how chromatin-associated proteins are regulated in different tissues, developmental stages, and under specific environmental conditions, in order to fully understand their role in transcriptional regulation. Novel technical advances making use of CRISPR/Cas9 based strategies or new developments in 3C techniques together with a deeper characterization of multi-subunit complexes and their functions will help to better our understanding of the organization of plant genomes and nuclear protein networks in the near future. Simultaneously, studying the interplay between different regulators with the help of emerging technologies, such as the development of imaging and image-processing solutions that take into account the challenges of plant systems (Dumur et al., 2019) and other cell-specific techniques, will certainly yield important new findings. Finally, while most work presented at the meeting used Arabidopsis as a model system, the fundamental mechanisms identified might in the future be applied to crop species by, for example, exploiting natural epigenetic diversity in plant breeding or induced epigenetic variation involved in stress priming and memory (Springer and Schmitz, 2017; Mozgová et al, 2019; Forestan et al., 2019). We expect to see some of these questions addressed in the future and exciting new data on chromatin regulation in model and crop plants to be presented in forthcoming EWPCs.

The memory of Lars Hennig imbued specifically one of the meeting sessions but was also present in many other talks, demonstrating that the contributions of this excellent scientist and mentor will last over time. His work had a tremendous impact on the understanding of chromatin regulation and plant development, particularly concerning our knowledge of the PcG pathway, and will perpetuate through the ongoing contributions of many of his alumni who are still actively investigating these questions.
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Nitrate is the main source of nitrogen for plants and an essential component of fertilizers. Rapid transcriptional activation of genes encoding the high-affinity nitrate transport system (HATS) is an important strategy that plants use to cope with nitrogen deficiency. However, the specific transcriptional machineries involved in this process and the detailed transcriptional regulatory mechanism of the core HATS remain poorly understood. ZmCHB101 is the core subunit of the SWI/SNF-type ATP-dependent chromatin remodeling complex in maize. RNA-interference transgenic plants (ZmCHB101-RNAi) display abaxially curling leaves and impaired tassel and cob development. Here, we demonstrate that ZmCHB101 plays a pivotal regulatory role in nitrate-responsive gene expression. ZmCHB101-RNAi lines showed accelerated root growth and increased biomass under low nitrate conditions. An RNA sequencing analysis revealed that ZmCHB101 regulates the expression of genes involved in nitrate transport, including ZmNRT2.1 and ZmNRT2.2. The NIN-like protein (NLP) of maize, ZmNLP3.1, recognized the consensus nitrate-responsive cis-elements (NREs) in the promoter regions of ZmNRT2.1 and ZmNRT2.2, and activated the transcription of these genes in response to nitrate. Intriguingly, well-positioned nucleosomes were detected at NREs in the ZmNRT2.1 and ZmNRT2.2 gene promoters, and nucleosome densities were lower in ZmCHB101-RNAi lines than in wild-type plants, both in the absence and presence of nitrate. The ZmCHB101 protein bound to NREs and was involved in the maintenance of nucleosome occupancies at these sites, which may impact the binding of ZmNLP3.1 to NREs in the absence of nitrate. However, in the presence of nitrate, the binding affinity of ZmCHB101 for NREs decreased dramatically, leading to reduced nucleosome density at NREs and consequently increased ZmNLP3.1 binding. Our results provide novel insights into the role of chromatin remodeling proteins in the regulation of nitrate-responsive gene expression in plants.
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Introduction

Maize (Zea mays) is one of the most important crops in the world. Approximately 70% of the kernel weight in maize is composed of starch, which is the main source of energy in the human and animal diet. To maximize the yield of maize crop in the field, large quantities of nitrogenous fertilizers are added to the soil during cultivation. Over the past several decades, application of nitrogen (N) fertilizer has significantly increased maize production (Zhang et al., 2011; Sun and Zheng, 2015; Alvarez et al., 2019). As one of the most important macronutrients for plants, N is required for the biosynthesis of proteins, nucleic acids, chlorophyll, ATP, alkaloids, and hormones (Tills and Alloway, 1981; Shadchina and Dmitrieva, 1995; Lam et al., 1996). Therefore, N deficiency limits plant growth and development, thereby reducing crop yield (Chen et al., 2016). However, crops utilize only approximately 30% of the applied N fertilizer (Raun and Johnson, 1999; Sultan, 2003), while the remaining N causes environmental pollution via gaseous emission, fertilizer leaching, surface runoff, and denitrification (Good et al., 2004).

In the soil, N is present in two main forms, nitrate and ammonia, both of which are crucial for plant growth and root development (Stitt and Feil, 1999; Zhang et al., 1999). The local stimulatory effect of nitrate on lateral root elongation results from its function as a signal rather than a nutrient (Zhang et al., 1999). Plant nitrate uptake is mediated by low- and high-affinity transport systems that function at high and low external nitrate concentrations, respectively (Huang et al., 1999). In the model plant Arabidopsis thaliana, AtNPF6.3 acts as a unique nitrate transporter that mediates both low- and high-affinity nitrate uptake (Ho et al., 2009; Parker and Newstead, 2014). The AtNRT2.1 protein plays a major role in high-affinity nitrate uptake, whereas AtNRT2.2 makes a relatively small contribution (Li et al., 2007). In addition, the nitrate transporter, AtNRT2.5, facilitates nitrate uptake and remobilization in N-starved A. thaliana (Lezhneva et al., 2014). Under nitrate-deficient conditions, the activities of high-affinity nitrate transporters and the transcript levels of AtNRT2.1 and AtNRT2.2 increase rapidly with nitrate supply (Zhuo et al., 1999; Okamoto et al., 2003); however, both of these genes are subsequently repressed upon prolonged exposure to sufficient nitrate. Restoring nitrate supply stimulates the nitrate uptake capacity of plants; however, accumulation of nitrate and its assimilatory products, including amino acids, in plant cells reduces the expression of NRT2 genes, and consequently the nitrate uptake capacity of plants (Zhuo et al., 1999; Vidmar et al., 2000). These data suggest the existence of an underlying mechanism that regulates nitrate uptake in accordance with the N demand (Forde, 2002). In maize, an increase in ZmNRT2.1 and ZmNRT2.2 transcript levels activates the nitrate uptake capacity (Sabermanesh et al., 2017); however, the mechanism of ZmNRT gene transcription regulation remains unclear.

Chromatin remodeling complexes (CRCs) play pivotal roles in nucleosome sliding and occupancy by controlling ATP-dependent alterations in histone-DNA contacts (Peterson and Workman, 2000; Gangaraju and Bartholomew, 2007; Clapier and Cairns, 2009; Narlikar, 2010). The SWITCH (SWI)/SUCROSE NONFERMENTING (SNF) complexes are multi-subunit complexes that contain more than eight proteins (Sarnowska et al., 2016). Based on the type of SNF2 family ATPase subunits, the ATP-dependent CRCs are divided into four subfamilies: SWI2/SNF2, IMITATION SWITCH (ISWI), Mi-2/Chromodomain-Helicase-DNA (CHD)-binding protein (Mi-2/CHD), and INO80 (Sarnowska et al., 2016). Previous studies revealed that SWI3 proteins, the core components of the SWI/SNF CRCs, play essential roles in plant growth and development (Sarnowski et al., 2005; Yu et al., 2016). The AtSWI3 genes regulate root elongation and leaf and reproductive organ development (Sarnowski et al., 2005). Mutations in either AtSWI3A or AtSWI3B cause developmental arrest of the embryo at the globular stage, and mutation of AtSWI3B leads to the death of macrospores and microspores (Sarnowski et al., 2005; Hurtado et al., 2006). Furthermore, mutations in AtSWI3D lead to severe dwarfism and alterations in the number and development of flower organs (Zhou et al., 2003; Sarnowski et al., 2005). The maize SWI3 protein, ZmCHB101, plays an essential role in leaf development and dehydration and abscisic acid responses (Yu et al., 2016; Yu et al., 2018; Yu et al., 2019); however, it is unknown whether SWI/SNF complexes participate in nitrate responses.

In this study, we found that knockdown of ZmCHB101 expression in maize accelerated root growth and increased biomass under low nitrate conditions. In addition, we found that ZmCHB101 regulates the expression of genes involved in nitrate transport, including ZmNRT2.1 and ZmNRT2.2. Our results also demonstrate that the NIN-like protein (NLP) in maize, ZmNLP3.1, recognizes nitrate-responsive cis-elements (NREs) in the promoters of the ZmNRT2.1 and ZmNRT2.2 genes, and it activates the expression of these genes in response to nitrate. Intriguingly, well-positioned nucleosomes were detected at NREs, and nucleosome densities were lower in ZmCHB101-RNAi transgenic maize lines than in wild-type (WT) plants, both in the absence and presence of nitrate. In the absence of nitrate, ZmCHB101 bound to the NREs and maintained the nucleosome occupancies at these sites, which may impact the binding of ZmNLP3.1. However, in the presence of nitrate, the binding affinity of ZmCHB101 for NREs decreased dramatically, thus reducing the nucleosome density at NREs and consequently increasing the binding of ZmNLP3.1 to these sites.



Materials and Methods


Plant Material and Growth Conditions

ZmCHB101-RNAi lines, RS1 and R101, have been described previously (Yu et al., 2016), in which ZmCHB101 transcript levels were approximately 7% and 16% of that in the WT, respectively. Seeds of the WT and ZmCHB101-RNAi lines were sterilized using 1% sodium hypochlorite and incubated on moist filter paper at 28°C for 3 days for germination. Uniform seedlings were chosen and transferred to hydroponic culture in an environmentally controlled chamber with continuous ventilation for 4 days to deplete the nutrients in seeds. Subsequently, seedlings were removed from endosperms and incubated in modified Hoagland's nutrient solution (Li et al., 2015) containing 0 mM nitrate for 1 day under constant aeration. To determine the effect of nitrate induction, seedlings were grown in Hoagland's nutrient solution containing 0, 0.5, 1, 5, or 15 mM nitrate at 23°C day/18°C night temperature under 16 h light/8 h dark conditions for 5 days. The nutrient solution was renewed daily. Morphological parameters of lateral roots were analyzed using the WinRHIZO software (Regent Instruments Canada Inc., Canada). The experiments were repeated three times, and each experiment was performed using 20 plants per genotype. To perform long-term low nitrate induction, germinated seeds were planted in sand and watered with Hoagland's nutrient solution containing 0.5 or 15 mM nitrate for 6 weeks. To conduct RNA sequencing (RNA-Seq) analysis, total RNA was extracted from the roots of seedlings cultured in nitrate-free nutrient solution for 7 days and then treated with Hoagland's nutrient solution containing 0.5 mM nitrate for 0 or 2 h. Three independent replicates were performed for each sample. The same conditions were used for preparing samples for chromatin immunoprecipitation (ChIP) assay, followed by quantitative PCR (qPCR).



Metabolite Analyses and Enzymatic Assays

ZmCHB101-RNAi lines and WT grown in Hoagland's nutrient solution containing 0.5 or 15 mM nitrate were used for metabolite and enzymatic assays. The amount of total N was measured using Elementar Isoprime 100 vario EL cube (Elementar, German). The amount of nitrate was estimated using Smartchem450 automatic chemical analyzer (Unityscientific, USA). The chlorophyll content of plants was measured as described previously (Yang et al., 2014). Soluble protein content was determined using the Plant Soluble Protein ELISA Kit (Jonln, China). The activity of nitrate reductase (NR), nitrite reductase (NIR), and glutamine synthetase (GS) was analyzed using the NR, NIR, and GS ELISA kits (Plant), respectively (Jonln, China).



Bioinformatics Analyses of RNA-Seq Data

Total RNA was isolated from seedling roots using TRIzol Reagent (Invitrogen, USA), according tothe manufacturer's protocol. Three biological replicates of each sample were used for RNA-Seqlibrary construction and sequenced on the HiSeq2000 platform (Illumina, USA). The raw data werecleaned by removing adaptor sequences and low-quality reads using FASTX-Toolkit version 0.0.13(http://hannonlab.cshl.edu/fastx_toolkit/). At least 110 million clean reads were obtained per library (Supplementary Table S1). The clean reads were mapped onto the maizereference genome, B73 RefGen_v3, using Hisat2 (http://ccb.jhu.edu/software/hisat2/index.shtml) with default parameters. The number of Fragments Per Kilobase of transcript per Million mapped reads(FPKM) was used to determine the transcription level of each gene using Cuffdiffv2.0.1. Genes with|log2fold-change (FC)| > 1 and false discovery rate (FDR) < 0.05 were identified asdifferentially expressed genes (DEGs). Gene Ontology (GO) analysis of all DEGs was performed using the web-based agriGO tool (http://systemsbiology.cau.edu.cn/agriGOv2/). Singular enrichment analysis (SEA) was used for GO enrichment analysis on agriGO. The R package was used to manage, integrate, and visualize the RNA-Seq data.



Plasmid Construction

The coding sequence (CDS) of ZmNLP3.1 was amplified from a cDNA library by PCR using ZmNLP3.1-F/R gene-specific primers. The CDS of ZmCHB101 was amplified, as described previously (Yu et al., 2018). To generate a fusion construct of ZmNLP3.1 with glutathione S-transferase (GST-ZmNLP3.1), the full-length CDS of ZmNLP3.1 was cloned into the pGEX-4T-1 vector using SmaI and NotI restriction sites. To generate the ZmNLP3.1 overexpression construct, the ZmNLP3.1 CDS was cloned downstream of the Cauliflower mosaic virus 35S promoter in the pCsV1300 vector using XbaI and ClaI sites, thus generating the pro35S:ZmNLP3.1 construct. To generate dual FLAG epitope tagged ZmNLP3.1 and ZmCHB101 overexpression constructs (pro35S:ZmNLP3.1-2×FLAG and pro35S:ZmCHB101-2×FLAG), the CDSs of ZmNLP3.1 and ZmCHB101 were cloned into the pCsV1300 vector separately using XbaI and ClaI sites. To generate luciferase reporter (LUC) constructs of ZmNRT2.1 and ZmNRT2.2 (proZmNRT2.1:LUC and proZmNRT2.2:LUC), a mutant copy of ZmNRT2.1 or ZmNRT2.2 promoter (1 kb) carrying AAAAAACCN10CCAAA or GAAAAAAGN10GAAAG substitution, respectively, was amplified using the ZmNRT2.1-MPro-F/R or ZmNRT2.2-MPro-F/R primer pair and inserted upstream of the LUC reporter gene; constructs containing an intact copy of each promoter upstream of the LUC gene were also generated using the ZmNRT2.1-Pro-F/R or ZmNRT2.2-Pro-F/R primer pair. To generate proZmUBQ2:GUS construct, ZmUBQ2 (GRMZM2G419891) promoter sequence was amplified using a sequence-specific primer pair (ZmUBQ-Pro-F/R) and cloned in the pCAMBIA3301 vector upstream of the β-glucuronidase (GUS) gene using NcoI and PstI sites. The sequences of these primers are listed in Supplementary Table S2.



Quantitative Real-Time PCR (qRT-PCR)

Total RNA (2 µg) was used to synthesize cDNA with TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (Transgen Biotech). The qRT-PCR assay was performed using THUNDERBIRD SYBR qPCR Mix (TOYOBO) on the ABI real-time PCR detection system, according to the manufacturer's instructions (ABI StepOnePlus, USA). Three biological replicates in qRT-PCR analysis were performed and each biological replicate was conducted using three technical replicates. The maize Actin 1 (ZmACT1) gene was used as an internal reference. Primers used for qRT-PCR are listed in Supplementary Table S2.



Transient Expression in Protoplasts

Plasmid DNA (20 μg) was used to transfect 200 μl of maize protoplasts (2 × 105 cells ml-1), as described previously (Yoo et al., 2007; Yu et al., 2018). To obtain nitrate-free protoplasts, maize seedlings were watered with nitrate-free Hoagland's nutrient solution (pH 6) containing 0.1% MES, 1% sucrose, 2.5 mM ammonium succinate, and 0.5 mM glutamine and incubated in the dark at 23°C for 15–20 days. To examine the expression levels of nitrate-responsive genes, the isolated maize protoplasts were incubated in W5 solution (0.2 mM MES, 154 mM NaCl, 125 mM CaCl2, and 5 mM KCl) for 12 h and then transferred into W5 solution supplemented with 0.5 mM nitrate for 2 h. The protoplasts were collected by centrifugation at 100 × g for 1 min and then used for qRT-PCR or ChIP assay, as described previously (Yu et al., 2018).



ChIP Assay

For H3, H3K4me3 and H3K27me3 ChIP-qPCR assays, root tissues of maize seedlings treated with 0.5 mM nitrate for 0 or 2 h were collected and crosslinked in 1% formaldeyde. ChIP-qPCR was performed as described previously (Huang et al., 2012; Yu et al., 2018). Briefly, chromatin was isolated and sheared to 200–800 bp with the M220 Focused-ultrasonicator (Covaris). And soluble protein was incubated with H3 (Abcam, ab1791), H3K4me3 (Abcam, ab8580), or H3K27me3 (Millipore, 17622) antibody at 4°C. To perform ZmNLP3.1 and ZmCHB101 ChIP-qPCR assays, protoplasts isolated from 15-day-old nitrate-free seedlings were used, as described previously (Huang et al., 2012), with some modifications. The isolated maize protoplasts were transfected with the pro35S:ZmNLP3.1-2×FLAG or pro35S:ZmCHB101-2×FLAG construct, incubated in W5 solution for 12 h, and then treated with or without 0.5 mM nitrate for 2 h. The protoplasts were collected and subjected to crosslinking in 1% formaldehyde. The isolated chromatin was sheared to 200–800 bp fragments using an M220 Focused-ultrasonicator (Covaris, USA). The soluble chromatin was incubated with anti-FLAG antibody (MBL, D153-8) or serum overnight at 4°C. The immunoprecipitates were reverse crosslinked by heating the sample at 65°C for 8 h, and DNA was extracted using the phenol-chloroform extraction method. The ZmNRT2.1 and ZmNRT2.2 gene promoter fragments were amplified by qPCR using sequence-specific primers (Supplementary Table S2). The ZmACT1 gene was used as a negative control.



Electrophoretic Mobility Shift Assay (EMSA)

The fusion construct GST-ZmNLP3.1 or the plasmid expressing GST alone was transformed into Escherichia coli BL21 (DE3) cells. The GST-ZmNLP3.1 and GST proteins were purified with glutathione beads (Xu et al., 2013), according to the manufacturer's protocol. Briefly, 5'-biotinylated probes were synthesized and labeled with biotin by Sangon Biotechnology. Double-stranded probe (50 fmol) was mixed with each purified protein separately in binding buffer and incubated for 10 min. The reaction mixtures were subjected to electrophoresis on a native 6% polyacrylamide gel in 0.5× TBE buffer. DNA in the gel was transferred to a positive charged nylon membrane and detected using the EMSA kit (Beyotime Company), according to the manufacturer's instructions (Ahmad et al., 2019).



Dual-Luciferase Transient Expression System

To examine the expression of the LUC or GUS reporter gene, dual-luciferase transient expression experiments were carried out as described previously (Ahmad et al., 2019). Briefly, the proZmNRT2.1:LUC or proZmNRT2.2:LUC construct was cotransformed with the effector construct pro35S:ZmNLP3.1 as well as proZmUBQ2:GUS into nitrate-free protoplasts. The transformed protoplasts were incubated in nitrate-free solution for 12 h and then treated with 0.5 mM nitrate for 0 or 2 h. After nitrate induction, LUC and GUS activities were measured using a Fluoroskan Finstruments microplate reader (MTX Lab Systems) (Ahmad et al., 2019).



Identification of Putative Cis-Regulatory NREs in ZmNRT2.1 and ZmNRT2.2 Promoters

To identify cis-acting NREs in the promoter regions of ZmNRT2.1and ZmNRT2.2, 1 kb sequence upstream of the transcription start site (TSS) of bothgenes was searched using EditSeq (https://www.dnastar.com/). Additionally, MEME(http://meme-suite.org/) was run on -303 to -345 bp and -438 to -480 bp of the ZmNRT2.1 and ZmNRT2.2 promoters, respectively. Putative NREs were also identified in the promoters of NIR genes of Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa), spinach (Spinacia oleracea), silver birch (Betula pendula), common bean (Phaseolus vulgaris), and sorghum (Sorghum bicolor) using default parameters.




Results


ZmCHB101 Regulates Nitrate-Induced Lateral Root Formation and Biomass Accumulation

Previously, we reported that ZmCHB101 may regulate the expression of genes involved in nitrogen compound metabolic process (Yu et al., 2016). To investigate this possibility, the seeds of WT plants and ZmCHB101-RNAi lines were incubated on moist filter paper at 28°C for 3 days to allow germination. The seedlings were then transplanted in pure water and grown for 4 days. To obtain nitrate-free seedlings, after removing the endosperm, the seedlings were transferred to Hoagland's nutrient solution without nitrate for 1 day. Subsequently, 0, 0.5, 1, 5, or 15 mM KNO3 was added to the nutrient solution, and lateral root emergence was observed after 5 days. Both ZmCHB101-RNAi lines produced a higher number of and longer lateral roots than the WT plants following treatment with 0.1 or 0.5 mM KNO3 (Figures 1A–D). Notably, these differences between WT plants and ZmCHB101-RNAi lines gradually diminished in the presence of 5 or 15 mM KNO3 (Figures 1A–D).




Figure 1 | ZmCHB101 plays a negative role in low nitrate response. (A) Representative images of seeds at day 5 of nitrate treatment. The germinated seeds were grown in water for 7 days and then transferred to Hoagland's nutrient solution containing 0, 0.5, 1, 5, or 15 mM KNO3 for 5 days. (B–D) Analysis of the phenotypic traits including the dry weight (B), lateral root number (C), and lateral root length (D) of wild-type (WT) and ZmCHB101-RNAi plants after 5 days nitrate treatment. Data represent mean ± standard deviation (SD) of three biological replicates. 20 seedlings for each genotype for each biological replicate were used to analysis (n = 20). Significant differences are indicated with asterisks (*, p < 0.05; **, p < 0.01; Student's t-test). (E) Images of plants after 6 week nitrate treatment. Seedlings were planted in sand without N for 7 days and then watered with nutrient solution containing 0.5 or 15 mM KNO3 for 6 weeks. Arrows indicate senescent leaves. (F) Dry weight of WT and ZmCHB101-RNAi plants measured after 6 weeks nitrate treatment. Data represent mean ± SD of three biological replicates (n = 20). Significant differences are indicated with asterisks (**, p < 0.01; Student's t-test). Data in (A–D) demonstrate the short-term effect of different nitrate treatments on plant growth, whereas data in (E, F) represent the long-term effects.



Next, we planted the seeds of WT and ZmCHB101-RNAi lines in sand without N and watered them with nutrient solution containing 0.5 or 15 mM nitrate for 6 weeks. Measurement of the dry weight biomass revealed that the two independent ZmCHB101-RNAi lines accumulated a higher biomass than WT plants following the 0.5 mM KNO3 treatment (Figures 1E, F). Moreover, leaf senescence due to N deprivation was accelerated in WT plants compared with ZmCHB101-RNAi lines under the low nitrate conditions (Figure 1E). By contrast, there were no discernable phenotypic differences between the WT and ZmCHB101-RNAi lines treated with 15 mM KNO3 (Figures 1E, F). Collectively, these results suggest that ZmCHB101 controls lateral root formation, biomass accumulation, and leaf senescence under low nitrate conditions.



ZmCHB101 Impacts N Metabolic Processes

Nitrate is an important source of N for amino acid and chlorophyll biosynthesis (Jeuffroy et al., 2002; Hirel et al., 2005). Therefore, we compared various physiological parameters of the WT and ZmCHB101-RNAi lines, including the contents of N, nitrate, soluble protein, and chlorophyll, as well as the biochemical activities of the nitrate reductase (NR), nitrite reductase (NiR), and glutamine synthetase (GS) enzymes. Following 0.5 mM nitrate treatment, the total N, nitrate, soluble protein, and chlorophyll contents were significantly higher in the ZmCHB101-RNAi lines than in the WT plants (Figure 2A). In addition, the activities of NR, NIR, and GS enzymes were also significantly higher in the ZmCHB101-RNAi lines than in the WT plants (Figure 2B). However, following 15 mM nitrate treatment, these physiological features were similar between the WT and ZmCHB101-RNAi lines. These results indicate that ZmCHB101 regulates N metabolic processes under low nitrate conditions.




Figure 2 | Effects of different concentrations of nitrate on the physiology of maize plants. (A, B) Analysis of the physiological markers of N status in maize including the contents of N, nitrate, soluble protein, and chlorophyll (A) as well as the activities of glutamine synthetase (GS), nitrate reductase (NR), and nitrite reductase (NIR) (B). The WT and ZmCHB101-RNAi seedlings were grown in Hoagland's nutrient solution containing 0.5 or 15 mM nitrate for 5 days and used for physiological analysis. Data represent mean ± SD of biological replicates (n = 3). Asterisks indicate significant differences (*, p < 0.05; **, p < 0.01; Student's t-test).





ZmCHB101 Regulates the Expression of Nitrate-Responsive Genes

To gain insight into the potential role of ZmCHB101 in nitrate-responsive gene expression, we conducted an RNA-Seq analysis of WT and R101 plants treated with 0.5 mM KNO3 for 0 (mock) or 2 h (nitrate condition). RNA-Seq data were mapped onto the maize B73 reference genome, and genes that were differentially expressed between WT and R101 plants were identified based on the following criteria: |log2FC| > 1 and FDR < 0.05. A total of 862 and 786 differentially expressed genes (DEGs) were identified under the mock and nitrate conditions, respectively (Figure 3A and Supplementary Table S3). In addition, a gene ontology analysis revealed that a number of biological terms, including “response to nitrogen compound”, “response to stress”, and “response to abiotic stimulus”, were enriched among the DEGs under the mock condition, whereas terms such as “response to nitrate”, “response to nitrogen compound”, “nitrate metabolism process”, and “nitrate transport” were enriched among the DEGs under the nitrate condition (Figure 3B and Supplementary Table S4).




Figure 3 | ZmCHB101 regulates transcriptional networks of nitrate-responsive genes in maize roots. (A, B) Hierarchical clustering analysis (A) and Gene Ontology (GO) enrichment analysis (B) of genes differentially expressed between 7-day-old nitrate-free WT and ZmCHB101-RNAi line R101 seedlings under the mock and nitrate condition. A total of 862 and 786 differentially expressed genes (DEGs) were identified in the WT vs. R101 comparison under the mock and nitrate condition, respectively. The pie charts in (B) show significantly enriched GO terms of DEGs. (C) Heatmap of DEGs involved in nitrate metabolism. The color scale indicates the FPKM values. Mock, nitrate treatment for 0 h; nitrate, nitrate treatment for 2 h.



Next, we categorized the DEGs identified under each condition into two groups: nitrate-activated and nitrate-repressed (Figure 3C). Among the nitrate-activated genes, those encoding high-affinity nitrate transporters (categorized as primary nitrate-responsive genes), such as ZmNRT2.1 and ZmNRT2.2, were activated to a higher level in R101 plants than in WT plants (Figure 3C). This result indicates that ZmCHB101 negatively impacts the activation of genes encoding high-affinity nitrate transporters. Similar differences in the expression patterns of other nitrate-activated genes were observed between the WT and R101 plants, including ZmNNR1 and ZmNNR2 (encoding the nitrate reductase enzymes; (Wang et al., 2004), ZmGLN1 (GRMZM2G098290, encoding the glutamine synthetase enzyme; (Scheible et al., 2004), ZmPGD4 (encoding glucose-6-phosphate 1-dehydrogenase; (Scheible et al., 2004), and GRMZM2G076936 (encoding the ortholog of AtCYP735A2; (Takei et al., 2004; Liu et al., 2017) (Figure 3C). However, the expression level of ZmGDH2, encoding glutamic dehydrogenase 2 (Turano et al., 1997), was significantly increased under the nitrate condition in WT plants, but this induction was dramatically impaired in R101 plants (Figure 3C). Similar expression patterns were observed for the NRT1/PTR family (NPF) genes GRMZM2G076313, GRMZM2G012242, and GRMZM2G064091, as well as for the major facilitator superfamily proteins related to nitrate/nitrite transport, GRMZM5G826658 and GRMZM2G136523 (Sun and Zheng, 2015; Alvarez et al., 2019), all of which had lower expression levels in R101 plants than in WT plants in the presence of nitrate (Figure 3C). Among the genes that were down-regulated in the presence of nitrate, repression of ZmNRT3 was greater in R101 plants than in WT plants, while the reduced expression fold changes of GRMZM2G455124 (homolog of AtNRT2.5) and ZmFDX5 (homolog of AtFD2) were impaired in R101 plants (Scheible et al., 2004; Sabermanesh et al., 2017; Undurraga et al., 2017). The expression patterns of a few selected genes were confirmed by qRT-qPCR (Supplementary Figure S1). Overall, these results indicate that ZmCHB101 regulates the expression of nitrate-responsive genes.



ZmCHB101 Affects Nucleosome Occupancy and Histone Modifications in the Promoters of ZmNRT2.1 and ZmNRT2.2

Based on the RNA-Seq results, we speculated that enhanced activation of ZmNRT2.1 and ZmNRT2.2 in ZmCHB101-RNAi lines under low nitrate conditions may lead to accelerated lateral root formation and higher biomass accumulation. Because ZmCHB101 impacts gene expression by controlling nucleosome density and/or occupancy (Yu et al., 2016), we speculated that nucleosome density and/or occupancy at the ZmNRT2.1 and ZmNRT2.2 loci could be impacted in ZmCHB101-RNAi lines. To test this possibility, we performed an H3 chromatin immunoprecipitation-coupled with a quantitative polymerase chain reaction (H3 ChIP-qPCR) experiment. Under the mock condition, well-positioned nucleosomes were detected upstream and downstream of the transcription start sites (TSSs; -1 and +1 nucleosome regions) of ZmNRT2.1 and ZmNRT2.2 in the WT line, whereas nucleosome densities at these regions were dramatically reduced in the ZmCHB101-RNAi lines (Figure 4A). Intriguingly, under the nitrate condition, nucleosome densities at the -1 and +1 regions were dramatically decreased in the WT line and remained at a low level in the ZmCHB101-RNAi lines (Figure 4A). These phenomena were not observed at the promoter regions of ZmACT1 or ZmNRT1.1, a gene encoding a low-affinity nitrate transporter, which was not induced under the nitrate condition (Supplementary Figure S2A). Previous studies revealed that well-positioned nucleosomes are also found within the gene body and 3' (near the transcription termination site) regions of expressed genes (Chen et al., 2017; Mueller et al., 2017). In our experiments, the nucleosome densities within the gene body and 3' (near transcription termination site) regions of ZmNRT2.1 and ZmNRT2.2 did not differ significantly between the WT and ZmCHB101-RNAi lines in either the absence or presence of nitrate (Supplementary Figures S2B, C). These results indicate that ZmCHB101 affects the -1 and +1 nucleosome densities of the high-affinity nitrate transporters, ZmNRT2.1 and ZmNRT2.2, but does not alter the nucleosome densities at the gene body and 3' regions of these genes.




Figure 4 | ZmCHB101 affects nucleosome occupancy and histone modification status of ZmNRT2.1 and ZmNRT2.2. 7-day-old nitrate-free seedlings under the mock and nitrate condition were used for chromatin immunoprecipitation and quantitative PCR (ChIP-qPCR) assay. (A) ChIP-qPCR using anti-H3 antibody was performed to dissect nucleosome occupancies and densities at -1 and +1 nucleosomes in ZmNRT2.1 and ZmNRT2.2 promoters. The X-axis denotes distance from TSS. The Y-axis denotes nucleosome occupancy normalized relative to the input DNA. (B) Schematic diagram of ZmNRT2.1 and ZmNRT2.2. The untranslated regions are shown as open boxes and the exons as black boxes. 5', 5' untranslated region; body, gene body region; 3', 3' untranslated region. (C) H3K27me3 levels at ZmNRT2.1 and ZmNRT2.2. (D) H3K4me3 levels at ZmNRT2.1 and ZmNRT2.2. The Y-axes in (C, D) denote relative enrichment normalized to the H3. Data represent mean ± SD of the biological replicates (n = 3). Mock, nitrate treatment for 0 h; nitrate, nitrate treatment for 2 h. Asterisks indicate significant differences between WT and RS1 or R101 (*, p < 0.05; **, p < 0.01; Student's t-test).



A large number of epigenomic analyses have demonstrated that H3K27me3 is associated with strong repression of gene expression, while H3K4me3 is linked to activation of gene expression (Schneider et al., 2004; Turck et al., 2007; Zhang et al., 2007; Vermeulen and Timmers, 2010; Roudier et al., 2011; Sequeira-Mendes et al., 2014; To and Kim, 2014; Wang et al., 2016). Previous studies suggested that NRT2.1 promoter activity is tightly controlled by H3K27me3 and H3K4me3 in Arabidopsis (Bellegarde et al., 2018). Thus, we performed a ChIP-qPCR analysis using anti-H3K4me3 and anti-H3K27me3 antibodies to examine the impact of ZmCHB101 on these two histone modifications. The H3K27me3 levels at the 5', gene body, and 3' regions of ZmNRT2.1 and ZmNRT2.2 were slightly lower in the ZmCHB101-RNAi lines than in the WT line (Figures 4B, C). Nitrate treatment reduced the H3K27me3 levels in the WT plants, and this reduction was even more pronounced in the ZmCHB101-RNAi lines (Figures 4B, C). By contrast, H3K4me3 levels were moderately higher at the 5', gene body and 3' regions of ZmNRT2.1 and ZmNRT2.2 in ZmCHB101-RNAi lines than in WT plants (Figures 4B, D). Furthermore, the nitrate-induced increase in H3K4me3 levels was greater at the 5' and gene body regions in the ZmCHB101-RNAi lines than in the WT line (Figures 4B, D).

Next, we examined the binding of ZmCHB101 to the 5', gene body, and 3' regions of ZmNRT2.1 and ZmNRT2.2. To this end, we expressed ZmCHB101-2×FLAG in maize protoplasts and performed a ChIP-qPCR analysis using an anti-FLAG antibody. As shown in Supplementary Figure S3, ZmCHB101-2×FLAG, but not FLAG, was strongly associated with the 5' region of ZmNRT2.1 and ZmNRT2.2, but its binding ability became weaker at the gene body and 3' regions. Taken together, these results suggest that ZmCHB101 impacts the nucleosome densities at regions proximal to the TSS and affects the H3K27me3 and H3K4me3 statuses throughout the whole genic regions of ZmNRT2.1 and ZmNRT2.2.



NREs Are Essential for the Expression of ZmNRT2.1 and ZmNRT2.2

Since ZmCHB101 regulates nucleosome densities at the promoter regions of ZmNRT2.1 and ZmNRT2.2, we performed a bioinformatic analysis of these promoters using EditSeq (Arnold and Clewley, 1997; Toplak et al., 2012) and detected consensus NREs (5'-GACtCTTN10AAG-3'; (Konishi and Yanagisawa, 2010; Konishi and Yanagisawa, 2014) in the promoter regions of both genes (Figure 5A). Subsequently, we examined the expression levels of nitrate-responsive genes in nitrate-free maize protoplasts. After 2 h of nitrate induction, key nitrate-responsive genes such as ZmNRT2.1, ZmNRT2.2, ZmNNR1, and ZmNNR2 were significantly activated relative to the mock condition (Supplementary Figure S4). Next, to determine whether the consensus NRE sequence is required for nitrate-responsive gene activation, we co-transfected nitrate-free maize mesophyll protoplasts with proZmUBQ2:GUS and the proZmNRT2.1:LUC or proZmNRT2.2:LUC construct containing normal or mutant NREs in the ZmNRT2.1 or ZmNRT2.2 gene promoter. The proZmUBQ2:GUS construct was used as a control for evaluating transfection efficiencies. In protoplasts transfected with the normal proZmNRT2.1:LUC or proZmNRT2.2:LUC construct, the activity of LUC was dramatically higher in the nitrate condition than in the mock condition (Figures 5B, C). However, LUC activity was not detected in protoplasts transformed with plasmids containing the mutant form of the ZmNRT2.1 or ZmNRT2.2 gene promoter (Figures 5B, C).




Figure 5 | ZmNLP3.1 binds to the promoter regions of ZmNRT2.1 and ZmNRT2.2 via the recognition of NREs and activates gene transcription. (A) Nucleotides sequences of nitrate-responsive cis-elements (NREs) found in the flanking regions of ZmNRT2.1 and ZmNRT2.2. The NREs of NIR genes of Arabidopsis thaliana, Spinacia oleracea, Betula pendula, Phaseolus vulgaris, Sorghum bicolor, and Oryza sativa are indicated. The consensus sequence of NRE is displayed using the sequence logo generation program WebLogo (Crooks et al., 2004). The p-values for the prediction of NREs in ZmNRT2.1 and ZmNRT2.2 gene promoters were 2.78e-6 and 1.29e-7, respectively. (B–D) Transcriptional activation of ZmNRT2.1 and ZmNRT2.2 by ZmNLP3.1 via recognition of the consensus sequence. (B) Schematic representation of the intact and mutant NREs in ZmNRT2.1 and ZmNRT2.2 promoters. N: normal ZmNRT2.1 or ZmNRT2.2 promoter sequence harboring the motif CTATCCTTN10TAGAA or TGAGACTTN10AAGGA, respectively. M: variants of the ZmNRT2.1 or ZmNRT2.2 promoter harboring mutant NREs (AAAAAACCN10CCAAA or GAAAAAAGN10GAAAG, respectively). (C) Nitrate-induced expression of ZmNRT2.1 and ZmNRT2.2 genes in protoplasts, depending on the NRE sequences. Nitrate-free protoplasts were transformed with proZmNRT2.1 or proZmNRT2.2 and normalizer, incubated for 12 h, and then treated with 0.5 mM nitrate for 0 or 2 h. Mock, nitrate treatment for 0 h; nitrate, nitrate treatment for 2 h. N and M indicate the normal and mutant promoter sequences of ZmNRT2.1 or ZmNRT2.2, respectively, as shown in (B). The ratio of LUC activity to β-glucuronidase (GUS) activity was calculated. Data represent mean ± SD (n = 3). Asterisks indicate significant differences between mock and nitrate conditions (**, p < 0.01; Student's t-test). (D) Transcriptional activation of ZmNRT2.1 or ZmNRT2.2 by ZmNLP3.1 relies on NRE sequences. The proCaMV35S:ZmNLP3.1 vector was cotransformed with a reporter construct containing either ZmNRT2.1 or ZmNRT2.2 promoter and normalizing plasmids in nitrate-free protoplasts. After 12 h incubation, followed by treatment with 0.5 mM nitrate for 0 or 2 h, the LUC and GUS activity was determined. Data represent mean ± SD (n = 3). Mock, nitrate treatment for 0 h; nitrate, nitrate treatment for 2 h. Asterisks indicate significant differences between EV and ZmNLP3.1 (**, p < 0.01; Student's t-test). (E) Electrophoretic mobility shift assay (EMSA) for analyzing the binding of ZmNLP3.1 to ZmNRT2.1 and ZmNRT2.2 promoters. Probe2.1 and probe2.2 denote gene-specific biotin-labeled probes of ZmNRT2.1 and ZmNRT2.2 promoters, respectively. In mutant probe 2.1 (mProbe2.1), the sequence CTATCCTTN10TAGA in the ZmNRT2.1 promoter was changed to CGACGGGGN10CCGAC. Similarly, in mprobe2.2, the sequence TGAGACTTN10AAGGA in the ZmNRT2.2 promoter was changed to TGAGAGGGN10CCGGA.



ZmNLP3.1 plays an essential role in the regulation of nitrate signaling and assimilation processes. It was reported previously that ectopic expression of ZmNLP3.1 in nlp7-1 mutant Arabidopsis plants restores the N-deficient phenotypes, including shoot biomass, root morphology, and nitrate assimilation under nitrate-replete conditions (Wang et al., 2018). Moreover, nitrate-mediated induction of the NRT2.1, NIA1, and NiR1 transcripts is recovered in the 35S::ZmNLP3.1/nlp7-1 transgenic lines (Wang et al., 2018). To determine whether ZmNLP3.1 participates in the regulation of ZmNRT2.1 and ZmNRT2.2 expression, we co-transfected maize protoplasts with ZmNLP3.1, proZmUBQ2:GUS, and proZmNRT2.1:LUC or proZmNRT2.2:LUC. The activity of LUC was greatly induced under the nitrate condition (Figure 5D). Intriguingly, LUC activity was higher in protoplasts expressing ZmNLP3.1 than in those expressing empty vector (Figure 5D). These results indicate that ZmNLP3.1 regulates the expression of ZmNRT2.1 and ZmNRT2.2 in response to nitrate. Next, we performed electrophoretic mobility shift assays to determine whether ZmNLP3.1 binds directly to the NREs of ZmNRT2.1 and ZmNRT2.2. The full-length GST-tagged ZmNLP3.1 protein (GST-ZmNLP3.1) was capable of binding to probes containing consensus ZmNLP3.1-binding motifs; however, mutations of the NREs in the ZmNRT2.1 or ZmNRT2.2 gene promoter abolished the binding of ZmNLP3.1 to these regions (Figure 5E). These results indicate that ZmNLP3.1 binds to NREs located in the promoter regions of ZmNRT2.1 and ZmNRT2.2, and activates the expression of these genes in response to nitrate.



ZmCHB101 Impacts the Binding of ZmNLP3.1 to ZmNRT2.1 and ZmNRT2.2 Promoters

To determine the molecular interplay between ZmCHB101 and ZmNLP3.1, we transiently expressed ZmNLP3.1-2×FLAG in WT, RS1, and R101 protoplasts, and performed ChIP-qPCR analyses using an anti-FLAG antibody. In the absence of nitrate (mock), ZmNLP3.1 did not bind to NREs (P1) or non-NREs (P2) located in the ZmNRT2.1 or ZmNRT2.2 promoter regions of WT protoplasts (Figures 6A, B); however, in ZmCHB101-RNAi lines, ZmNLP3.1 bound to P1 but not P2 (Figures 6A, B). In the presence of 0.5 mM nitrate, ZmNLP3.1 bound to P1 in WT protoplasts, although the level of binding was dramatically higher in the ZmCHB101-RNAi lines (Figures 6A, B). Subsequently, we performed an additional ChIP-qPCR analysis of ZmCHB101-2×FLAG in WT protoplasts and found that ZmCHB101 could bind to NREs in the absence of nitrate. However, this binding activity was significantly reduced in the presence of 0.5 mM nitrate (Figure 6C). Overall, these results indicate that ZmCHB101 impacts the binding of ZmNLP3.1 to NREs via an unknown mechanism (Figure 7).




Figure 6 | Knockdown of ZmCHB101 enhances the binding of ZmNLP3.1 to the promoter regions of ZmNRT2.1 and ZmNRT2.2. (A) Schematic representation of ZmNRT2.1 and ZmNRT2.2 promoters showing the ZmNLP3.1-binding site (P1) and non-ZmNLP3.1-binding site (P2). The NREs located at the -1 nucleosome position are indicted in red. (B) The binding of ZmNLP3.1 to NREs in ZmNRT2.1 and ZmNRT2.2 promoters was enhanced in ZmCHB101-RNAi lines. Nitrate-free WT and ZmCHB101-RNAi protoplasts were transformed with pro35S:ZmNLP3.1-2×FLAG and then treated with 0.5 mM nitrate for 0 or 2 h. ChIP-qPCR was performed using anti-FLAG antibody. The binding of ZmNLP3.1 to NREs in ZmNRT2.1 and ZmNRT2.2 promoters was enhanced in ZmCHB101-RNAi protoplasts compared with WT protoplasts. Asterisks indicate significant differences between WT and R101 or RS1 (**, p < 0.01; Student's t-test). (C) Nitrate treatment dissociates ZmCHB101 from the -1 nucleosome position in ZmNRT2.1 and ZmNRT2.2 promoters. WT protoplasts were transformed with pro35S:ZmCHB101-2×FLAG and then treated with 0.5 mM nitrate for 0 or 2 h. ChIP-qPCR was performed using anti-FLAG antibody. Mock, nitrate treatment for 0 h; nitrate, nitrate treatment for 2 h. Asterisks indicate significant differences between mock and nitrate conditions (**, p < 0.01; Student's t-test).






Figure 7 | The role of ZmCHB101 in nitrate response in maize. Under nitrate deprivation condition, the ZmCHB101 protein bound to the nitrate-responsive cis-elements (NREs) and maintained the nucleosome occupancies at these sites, thereby may impact the binding of ZmNLP3.1 to NREs, and suppresses the expression of ZmNRT2.1 and ZmNRT2.2. In the presence of nitrate, the binding affinity of ZmCHB101 for NREs decreased dramatically, thus decreasing the nucleosome density at NREs and consequently increasing the binding of ZmNLP3.1 to NREs, thus activate the expression of ZmNRT2.1 and ZmNRT2.2.






Discussion

Nitrate uptake is a highly regulated process. Maximizing nitrate uptake during seedling development is important because it has a major influence on plant growth and yield. In nature, the concentrations of seed-derived free amino acids in root and shoot tissues are initially high but decrease rapidly until maintaining a constant level 8 days after imbibition. The root nitrate uptake capacity then increases until shoot N content is stabilized (Sabermanesh et al., 2017). One possible method to improve the efficiency of N uptake is to enhance the nitrate uptake capacity of plants because nitrate is the predominant form of N available in the soil in most agricultural areas (Miller et al., 2007). Plant nitrate uptake is mediated by low- and high-affinity transport systems, which are thought to operate at high and low external nitrate concentrations, respectively (Kronzucker et al., 1995; Okamoto et al., 2003; Kotur et al., 2013). In Arabidopsis, AtNRT2.1 and AtNRT2.2 mediate high-affinity nitrate uptake; AtNRT2.1 is thought to be responsible for the majority of high-affinity nitrate transport (Li et al., 2007). Following a nitrate starvation period, the high-affinity nitrate transport activities and transcript levels of AtNRT2.1 and AtNRT2.2 increase rapidly after replenishing the nitrate supply but are later repressed with prolonged exposure to sufficient nitrate. In this study, ZmCHB101-RNAi lines showed enhanced lateral root numbers and biomass accumulation under low nitrate conditions; however, this phenomenon disappeared gradually under high nitrate conditions. In addition, the expression levels of ZmNRT2.1 and ZmNRT2.2 were higher in the ZmCHB101-RNAi lines than in the WT plants under low nitrate conditions. These results indicate that the high-affinity nitrate transport system is activated more strongly in the ZmCHB101-RNAi lines than in the WT line.

Nitrate sensing activates signaling pathways that impinge upon molecular, metabolic, physiological, and developmental responses, both locally and at the whole plant level. However, some gaps still exist in our understanding of how nitrate signaling affects biological processes in plants. Previous studies demonstrated that the SWI/SNF CRC is a central regulatory module in plants that controls biological processes such as cell cycle progression and hormone signaling (Jerzmanowski, 2007; Reyes, 2014; Sarnowska et al., 2016). However, whether the SWI/SNF complex participates in nitrate signaling remains unknown. We showed previously that the ZmCHB101 protein regulates different biological processes in maize, including dehydration stress responses, abscisic acid responses, and shoot and root development (Yu et al., 2016; Yu et al., 2018). In this study, RNA-Seq analyses revealed that ZmCHB101 functions in different biological processes, including “response to nitrogen compound”, “response to stress”, and “response to abiotic stress”. This result, together with the results of previous studies, indicates that ZmCHB101 acts as a general SWI/SNF CRC that participates in different physiological processes. Since we did not have a ZmCHB101-specific antibody, we tried to identify possible targets of ZmCHB101 using RNA-Seq. The expression levels of ZmNRT2.1 and ZmNRT2.2, encoding high-affinity nitrate transporters, were higher in ZmCHB101-RNAi lines than in the WT line, identifying them as possible targets of ZmCHB101. Furthermore, ZmCHB101 bound directly to ZmNRT2.1 and ZmNRT2.2, and impacted the chromatin status, indicating that it plays a key role in maintaining nucleosome occupancies at core consensus NREs located in the promoter regions of ZmNRT2.1 and ZmNRT2.2 to inhibit their expression. However, upon nitrate induction, ZmCHB101 was likely removed from these NREs, resulting in a dramatic reduction in nucleosome densities at these loci. These results indicate that, while ZmCHB101 maintains nucleosome occupancies at these loci, some unknown nucleosome remodeling factors reduce the nucleosome densities. Reduction of nucleosome densities further facilitates the binding of ZmNLP3.1 to NREs, which activates gene transcription. Since ZmCHB101 and ZmNLP3.1 antibodies are not currently available, we were unable to determine the mechanism by which ZmCHB101 plays a negative role in ZmNLP3.1-mediated gene expression of ZmNRT2.1 and ZmNRT2.2. Further studies are required to elucidate the in vivo molecular interplay between ZmCHB101 and ZmNLP3.1 in response to nitrate.

A genome-wide nucleosome occupancy map of maize constructed via sequencing of mononucleosomal DNA generated by MNase digestion revealed that nucleosome organization is associated with the plasticity of gene transcriptional status (Chen et al., 2017). The 5' and 3' nucleosome depleted regions become more pronounced as the gene expression level increases (Chen et al., 2017). In addition, the distances between the +1 and -1 nucleosomes and the TSS show a positive correlation with the level of gene expression (Chen et al., 2017). In our current study, the NREs in the promoters of ZmNRT2.1 and ZmNRT2.2 were located at -1 nucleosome, indicating that ZmNLP3.1-mediated gene expression is coupled with chromatin remodeling processes. In addition, the in vivo binding affinity of ZmNLP3.1 for NREs was dramatically lower in WT plants than in ZmCHB101-RNAi lines, both in the absence and presence of nitrate. Moreover, nucleosome densities were dramatically lower in ZmCHB101-RNAi lines than in WT plants. Overall, these results indicate that ZmCHB101 is responsible for the maintenance of nucleosomes at NREs in the absence of nitrate. Previously, we proposed that ZmCHB101 is responsible for removing the -1 and +1 nucleosomes from stress-responsive gene promoters (Yu et al., 2018). Because CRCs perform multiple functions, including nucleosome sliding, eviction, and replacement (Clapier and Cairns, 2009), we deduce that ZmCHB101 also plays different roles during transcriptional regulation.
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FACT is a heterodimeric histone chaperone consisting of the SSRP1 and SPT16 proteins and is conserved among eukaryotes. It interacts with the histones H2A-H2B and H3-H4 as well as with DNA. Based on in vitro and in vivo studies mainly in yeast and mammalian cells, FACT can mediate nucleosome disassembly and reassembly and thus facilitates in the chromatin context DNA-dependent processes including transcription, replication and repair. In plants, primarily the role of FACT related to RNA polymerase II transcription has been examined. FACT was found to associate with elongating Arabidopsis RNA polymerase II (RNAPII) as part of the transcript elongation complex and it was identified as repressor of aberrant intragenic transcriptional initiation. Arabidopsis mutants depleted in FACT subunits exhibit various defects in vegetative and reproductive development. Strikingly, FACT modulates important developmental transitions by promoting expression of key repressors of these processes. Thus, FACT facilitates expression of DOG1 and FLC adjusting the switch from seed dormancy to germination and from vegetative to reproductive development, respectively. In the central cell of the female gametophyte, FACT can facilitate DNA demethylation especially within heterochromatin, and thereby contributes to gene imprinting during Arabidopsis reproduction. This review discusses results particularly from the plant perspective about the contribution of FACT to processes that involve reorganisation of nucleosomes with a main focus on RNAPII transcription and its implications for diverse areas of plant biology.
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Chaperoning Histones

In eukaryotes, the nuclear DNA is packaged into nucleosomes, which represent the basic repeat unit of chromatin. The nucleosome contains 147 bp of DNA wrapped around an octamer composed of two copies each of the four core histones H2A, H2B, H3, and H4. Adjacent nucleosomes are connected by linker DNA of variable length (10–80 bp depending on cell type and species) that typically associates with linker histones such as H1 (McGhee and Felsenfeld, 1980; Luger and Richmond, 1998; Kornberg and Lorch, 1999). The general stability of nucleosome particles imposes major obstacles to transcription and other DNA-dependent processes (Li et al., 2007). Therefore, different mechanisms have evolved that facilitate chromatin transcription by destabilising/disassembly of nucleomes (Henikoff, 2008; Zhou et al., 2019). In the regulation of nucleosome dynamics, in addition to other factors so-called histone chaperones are critically involved. Histone chaperones are a heterogeneous class of proteins that functionally interact with core histones to assemble/disassemble nucleosome particles without consuming energy in form of ATP and they are not necessarily part of the final product (De Koning et al., 2007). There are various types of histone chaperones that contribute to different chromatin-related processes including transcription, replication, and DNA repair (Das et al., 2010; Avvakumov et al., 2011; Gurard-Levin et al., 2014; Hammond et al., 2017). Often histone chaperones are classified as either H2A-H2B or H3-H4 chaperones, reflecting their preferential interaction with different core histones. Some histone chaperones even display selectivity towards specific H3 or H2A isoforms such as replicative or replacement variants (De Koning et al., 2007; Hammond et al., 2017). Beyond that histone chaperones have been functionally linked with the occurrence of certain post-translational modifications of core histones and thus with the establishment, maintenance and propagation of specific chromatin states (Avvakumov et al., 2011).

Due to the extensive evolutionary conservation of the structure of the nucleosome particle, many of the histone chaperones that have been studied in detail in yeast and metazoa also occur in plants. Thus, a variety of H2A-H2B and H3-H4 chaperones have been identified throughout the plant kingdom (Tripathi et al., 2015; Zhou et al., 2015; Kumar and Vasudevan, 2020). By modulating local chromatin structure histone chaperones were found to contribute to the regulation of plant growth and development (Ramirez-Parra and Gutierrez, 2007; Otero et al., 2014; Takatsuka and Umeda, 2015; Zhou et al., 2015). Moreover, tuning of chromatin states by histone chaperones to mediate altered gene expression programs can assist plants to cope more efficiently with environmental stress conditions (Zhu et al., 2013; Liu et al., 2015; Probst and Mittelsten Scheid, 2015).

In this article, the current knowledge about the histone chaperone FACT will be summarised, particularly its role in Arabidopsis, as most studies in plants were performed using this model. At first, though the discovery of FACT and its mode of action in yeast and metazoa is introduced.



Discovery of FACT and Its Molecular Role in Chromatin Transactions

Originally, FACT (FAcilitates Chromatin Transcription) was identified in yeast and mammalian cells (Brewster et al., 1998; Orphanides et al., 1998; Orphanides et al., 1999; Wittmeyer et al., 1999). Its name originates from the finding that FACT promoted in vitro transcription from reconstituted chromatin templates by destabilising nucleosomes, facilitating RNA polymerase II passage during elongation (Orphanides et al., 1998; Orphanides et al., 1999; Belotserkovskaya et al., 2003). Over the years it became clear that besides chromatin transcription, FACT is also involved in other chromatin-dependent processes such as replication, recombination, and repair (Belotserkovskaya et al., 2004; Singer and Johnston, 2004; Winkler and Luger, 2011; Formosa, 2012; Gurova et al., 2018), and hence, the established name may well stand more broadly for facilitates chromatin transactions. FACT is a heterodimer consisting of the SSRP1 (Structure-Specific Recognition Protein 1; termed Pob3 in yeast) and SPT16 (SuPpressor of Ty 16). The main feature of FACT is its ability to disassemble and reassemble nucleosomes, and thus its involvement in overcoming and maintaining the nucleosomal barrier to DNA-dependent processes occurring in the chromatin context. Accordingly, FACT can interact with various nucleosomal targets including H2A-H2B dimers, H3-H4 tetramers and DNA (Jamai et al., 2009; Winkler et al., 2011; Hondele et al., 2013; Kemble et al., 2015). The nature of FACT-histone interactions has been further elucidated in a recent cryo-EM study of human FACT in complex with partially assembled sub-nucleosomes (Liu et al., 2020). This work illustrates that structure of FACT resembles a unicycle, consisting of a saddle and fork that is engaged in extensive interactions of SSRP1 and SPT16 with nucleosomal DNA and all histones. Competition between FACT and DNA for histone binding seems to be critical for reversible nucleosome reorganisation and uncoiling of the nucleosomal DNA from the histone core that generally leads to increased DNA accessibility (Xin et al., 2009; Hondele et al., 2013; Kemble et al., 2015; Tsunaka et al., 2016; Valieva et al., 2016; Wang et al., 2018). Following transient nucleosome destabilisation, for instance, during passage of transcribing RNA polymerase II, FACT promotes nucleosome reassembly that is important to maintain proper chromatin signature and to prevent aberrant transcriptional initiation from cryptic promoters (Kaplan et al., 2003; Mason and Struhl, 2003; Cheung et al., 2008; Jamai et al., 2009; Wang et al., 2018). Further intriguing molecular and structural details of numerous studies on yeast and metazoan FACT are summarised in various excellent review articles (Belotserkovskaya et al., 2004; Winkler and Luger, 2011; Formosa, 2012; Gurova et al., 2018).



Basic Facts About Plant FACT

The FACT heterodimer consisting of SSRP1 (71.6 kDa) and SPT16 (120.6 kDa) was demonstrated by reciprocal coimmunoprecipitation from Arabidopsis cells (Duroux et al., 2004). SPT16 comprises an N-terminal domain, a dimerisation domain, a middle domain, and an acidic C-terminal domain (Figure 1), and the overall domain organisation of plant SPT16 closely resembles the counterparts of other eukaryotes (Supplementary Figure S1). SSRP1 contains an N-terminal domain that mediates dimerisation with SPT16, a middle domain, an acidic domain, and a C-terminal HMG-box domain (Figure 1). Metazoan SSRP1 differs from the plant orthologues by a more pronounced C-terminal extension, while the fungal orthologues lack the HMG-box domain (Supplementary Figure S2) that in yeast is provided by separate small HMGB-box proteins termed Nhp6a/b (Formosa, 2012; Gurova et al., 2018). Proteins closely related to Arabidopsis SSRP1 and SPT16 are encoded by monocot and dicot plants, as well as by Selaginella and Physcomitrella (Figure 2).




Figure 1 | Schematic representation of the FAcilitates Chromatin Transcription (FACT) subunits SPT16 and SSRP1. While the overall structure of SPT16 is essentially conserved throughout eukaryotes, there are differences in the C-terminal region of SSRP1 (Pob3 in fungi). SPT16 consists of N-terminal domain (NT), dimerisation domain (D), middle domain (M), and acidic C-terminal domain (AC), while SSRP1/Pob3 proteins of different eukaryotes are composed of N-terminal domain (that is required for heterodimerisation (NT/D) with SPT16, indicated by an arrow), middle domain (M), acidic region (AC), and HMG-box domain (HMG), which in case of yeast Pob3 is provided by the separate protein(s) Nhp6a/b. Plant SSRP1 contains a nuclear localisation signal (NLS, indicated by an arrow) within a short basic region linking the acidic domain and the HMG-box (Röttgers et al., 2000).






Figure 2 | Sequence similarity of FAcilitates Chromatin Transcription (FACT) subunits. The amino acid sequences of SSRP1 (A) and SPT16 (B) proteins from various organisms (Arabidopsis thaliana (At), Drosophila melanogaster (Dm), Glycine max (Gm), Homo sapiens (Hs), Hordeum vulgare (Hv), Oryza sativa (Os), Physcomitrella patens (Pp), Populus trichocarpa (Pt), Saccharomyces cerevisiae (Sc), Selaginella moellendorfii (Sm), Sorghum bicolor (Sb), Triticum aestivum (Ta), Vitis vinifera (Vv), Zea mays (Zm)) were aligned by multiple sequence alignment (cf. Supplementary Figures S1, S2) using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) that served to cluster the sequences (unweighted pair group method with arithmetic mean). The sequences of plants are indicated in green and those of metazoa in red, while the yeast sequence is labelled blue.



Since SSRP1 contains an HMG-box domain that typically mediates DNA-interactions (Antosch et al., 2012; Malarkey and Churchill, 2012), the DNA-binding properties of maize SSRP1 were examined. These experiments revealed that SSRP1 does not interact with DNA sequence-specifically, but according to a binding-site selection assay, it binds preferentially to sequences containing deformable dinucleotide steps (Röttgers et al., 2000). In line with this finding, mediated by its HMG-box domain SSRP1 can bend linear DNA and bind selectively to certain DNA structures (Röttgers et al., 2000; Pfab et al., 2018b). Furthermore, SSRP1 is phosphorylated by protein kinase CK2 and phosphorylation of two residues C-terminal of the HMG-box domain modulates the structure-specific interaction with DNA (Krohn et al., 2003). The HMG-box domain of SSRP1 is not only important for DNA-binding, but contributes also to nucleosome interactions (Lichota and Grasser, 2001; Pfab et al., 2018b). In view of the relevance of the HMG-box domain for in vitro DNA/nucleosome interactions, it was surprising that based on fluorescence recovery after photobleaching experiments intact SSRP1 and SSRP1 lacking its HMG-box domain (termed SSRP1∆HMG) displayed the same mobility within nuclei of Arabidopsis cells. Beyond that, expression of SSRP1∆HMG was almost as efficient as that of intact SSRP1 in supporting normal growth and development of the otherwise nonviable ssrp1-1 mutant (Pfab et al., 2018b). This suggested that the HMG-box domain, which is conserved among SSRP1 proteins of plants and metazoa, is not critical in Arabidopsis under standard growth conditions. Possibly, FACT containing SSRP1∆HMG (or intact SSRP1) functionally interacts with small abundant HMGB proteins similar to the mechanism reported for yeast FACT. Yeast Pob3 lacks the C-terminal HMG-box domain (thus structurally resembling Arabidopsis SSRP1∆HMG; cf. Figure 1) and the HMG-box function is provided by small Nhp6a/b HMG-box proteins (Brewster et al., 2001; Formosa et al., 2001). However, fusing a C-terminal HMG-box domain to Pob3 is insufficient for full, Nhp6-independent activity. Both yeast FACT containing the Pob3-HMG fusion and human FACT were dependent on the presence of Nhp6 for efficient nucleosome reorganisation (McCullough et al., 2018). Collectively, these findings suggest that SSRP1-SPT16 of plants/metazoa may need assistance of small HMGB proteins in a way analogous to the cooperation of Pob3/SPT16 with Nhp6 in yeast. However, this issue requires further investigations.

Both SSRP1 and SPT16 are nuclear proteins and are ubiquitously expressed in all/most Arabidopsis tissues, but expression is not detectable in certain terminally differentiated cells such as mature trichoblasts or cells of the root cap (Duroux et al., 2004; Ikeda et al., 2011; Pfab et al., 2018a). Consistent with the enrichment of SSRP1 in the highly micrococcal nuclease-sensitive fraction of chromatin (Lichota and Grasser, 2001), both SSRP1 and SPT16 are detected by indirect immunofluorescence microscopy in the euchromatin of interphase nuclei, but not in heterochromatic chromocenters (Duroux et al., 2004). Using chromatin immunoprecipitation SSRP1-SPT16 was detected along the transcribed region of genes transcribed by RNAPII, but not at loci transcribed by RNA polymerases I and III or intergenic regions. Moreover, association with the chromatin of active protein-coding genes occurred in a transcription-dependent manner (Duroux et al., 2004; Perales and Más, 2007; Lolas et al., 2010; Antosz et al., 2017). In accordance with that an affinity-purification approach combined with mass spectrometry demonstrated that FACT efficiently copurified with elongating RNAPII (CTD-phosphorylated at residues S2P, S5P) from Arabidopsis cells as well as with known transcript elongation factors including TFIIS, SPT4/SPT5 and PAF1C (Antosz et al., 2017). Moreover, SSRP1 and SPT16 genetically interact with TFIIS encoding a modulator of RNAPII activity and with HUB1/2, encoding factors catalysing elongation-related mono-ubiquitination of histone H2B (Lolas et al., 2010; Antosz et al., 2017). Taken together these findings indicate a role of Arabidopsis FACT in RNAPII transcriptional elongation (Van Lijsebettens and Grasser, 2014; Zhou et al., 2015; Grasser and Grasser, 2018), in line with the function of FACT as regulator of mRNA synthesis in other organisms (Reinberg and Sims, 2006; Formosa, 2012; Gurova et al., 2018), although the exact mechanism in vivo is still obscure.

Intriguing insight provided a study analysing genome-wide intragenic transcriptional initiation from cryptic promoters in Arabidopsis. Thousands of discrete, mostly exonic transcriptional start site positions were mapped in ssrp1 and spt16 mutants and the majority of these sites were detected in both mutants (Nielsen et al., 2019). This suggested that FACT is required for repression of aberrant intragenic transcript initiation, whereas no evidence was found for an involvement in repression of cryptic transcription by other elongation factors such as PAF1C, Elongator and the SDG8 H3K36-methyltransferase. At FACT-repressed intragenic start sites an enrichment of the RNAPII elongation signature H3K4me1 was detected that may contribute to suppress intragenic transcriptional initiation (Nielsen et al., 2019). Since FACT has been implicated in repressing cryptic transcription also in other organisms (Kaplan et al., 2003; Mason and Struhl, 2003; Cheung et al., 2008; Jamai et al., 2009), ensuring transcriptional fidelity by restricting transcript initiation to promoters may be a key function of FACT.



FACT in Plant Growth and Development

In various organisms including Arabidopsis, FACT is essential for viability (Cao et al., 2003; Lolas et al., 2010; Formosa, 2012; Frost et al., 2018). Arabidopsis mutant plants expressing reduced amounts of SSRP1 or SPT16 similarly show various defects in vegetative and reproductive development. Thus, the mutant plants display an increased number of leaves and inflorescences as well as altered leaf architecture (Lolas et al., 2010). In addition, these plants are early bolting, have abnormal flower morphology and a severely reduced seed set. The early bolting phenotype is associated with reduced expression of the floral repressor FLC in ssrp1 and spt16 plants relative to the wild type controls (Lolas et al., 2010). Germination assays with freshly harvested seeds demonstrated that in contrast to the wild type control, ssrp1 mutant seeds germinated efficiently without stratification (Figure 3), indicating reduced seed dormancy (Michl-Holzinger et al., 2019). In line with this phenotype, ssrp1 seeds exhibit decreased transcript levels of the DOG1 gene, which is a known quantitative trait locus of seed dormancy. Introduction of an additional copy of DOG1 into ssrp1 resulted in increased DOG1 transcript levels and consistently in more robust seed dormancy (Michl-Holzinger et al., 2019). Therefore, SSRP1 is required for efficient expression of DOG1 and FACT is a modulator of seed dormancy in Arabidopsis. These findings reveal that FACT is involved in two of the most important plant developmental switches, namely, the transition from seed dormancy to germination and from vegetative to reproductive development. Interestingly, both processes in addition to FACT are regulated by other modulators of transcriptional elongation and chromatin structure. Thus, factors including FACT, PAF1C, SWR1, SDG8 and HUB1/2 contribute to the expression of FLC in the induction to flowering (He et al., 2004; Oh et al., 2004; Zhao et al., 2005; Choi et al., 2007; Cao et al., 2008; Lázaro et al., 2008; Lolas et al., 2010), while factors such as FACT, TFIIS, H2B-monoubiquitinases, and H3-methylases influence the expression of DOG1 in the switch from seed dormancy to germination (Liu et al., 2007; Zheng et al., 2012; Molitor et al., 2014; Michl-Holzinger et al., 2019). Furthermore, FACT was identified as cofactor of the transcriptional regulation of circadian rhythms in Arabidopsis. Initially, it was observed that FACT rhythmically associates with the circadian oscillator gene TOC1 (Perales and Más, 2007). Subsequently, protein interactions were detected between FACT, elongating RNAPII and clock-related components termed LNKs. By interaction between LNKs and the MYB factor RVE8 the transcription machinery is recruited to target promoters, leading to rhythmic occupancy of clock gene promoters (Ma et al., 2018). FACT could be involved in this scenario facilitating the transition from RNAPII transcript initiation to productive elongation.




Figure 3 | Reduced dormancy of ssrp1 seeds. Germination assays with opened siliques harvested 14 days after flowering. They are shown at day 0 and 7 days after incubation, either with or without prior stratification. Note the smaller siliques of ssrp1 containing a severely reduced number of seeds compared to wt. After stratification almost all seeds germinate, whereas without stratification wt seeds germinate inefficiently (< 50%), whereas ssrp1 seeds due to reduced seed dormancy germinate efficiently (~90%).



Recent transcript profiling of 10-day-old Arabidopsis ssrp1 and spt16 seedlings in comparison to the wild type demonstrated that a relatively small subset of genes is differentially expressed in the mutants (Pfab et al., 2018a). The alterations in the transcript profile of both mutants relative to wild type were very similar, consistent with the function of SSRP1 and SPT16 as a heterodimer. Among the downregulated genes, those encoding enzymes of anthocyanin biosynthesis were remarkably overrepresented. Upon exposure to moderate high-light stress several of the anthocyanin biosynthetic genes were induced in the ssrp1/spt16 plants to a lesser extent than in the wild type, and accordingly the mutant plants depleted in FACT accumulated lower amounts of anthocyanin pigments. Expression of SSRP1 and SPT16 was increased under these conditions (Pfab et al., 2018a). Therefore, FACT is required for transcriptional induction leading to anthocyanin accumulation in response to light stress.

A special role of FACT that was discovered in Arabidopsis is its involvement in parent-of-origin specific gene expression (genomic imprinting). Initially, SSRP1 was found to be required for DNA demethylation and activation/repression of parentally imprinted genes in the central cell of the female gametophyte (Ikeda et al., 2011). The authors proposed that SSRP1 might contribute to altering the chromatin state, facilitating demethylation by the DNA demethylase DEMETER (DME). Subsequently, bimolecular complementation assays indicated that SSRP1 and SPT16 colocalised with DME in the nucleus. Genome-wide analyses demonstrated that SSRP1 and SPT16 are required for demethylation at over half the DME-mediated demethylation sites in the central cell (Frost et al., 2018). DME demethylation sites that are particularly dependent on FACT occur in heterochromatic domains with high nucleosome occupancy and are enriched in H3K9me2 and H3K27me1 marks, whereas euchromatic DME targets apparently can be demethylated by the enzyme without assistance of FACT (Frost et al., 2018). Therefore, FACT may be required for DME targeting by facilitating its access to heterochromatic sites, but the exact molecular role of FACT in this process is unknown. Moreover, the authors suggest that the mode of FACT action in conjunction with DME during reproduction differs from that during transcriptional elongation.



Perspectives

There is substantial evidence that FACT in yeast and metazoa is involved in addition to transcription in various other DNA-dependent processes including replication, recombination and repair. To date essentially the role of plant FACT in transcription has been addressed, and therefore, broader approaches are required to gain insight to which extent it contributes to additional biologically crucial processes in plants. Open questions regarding FACT include how it is recruited to its target sites in chromatin. Analyses in yeast, for instance, indicate that FACT associates with the transcribed regions of all active RNAPII-transcribed genes (Mayer et al., 2010). However, various studies suggest that the absence of FACT causes rather moderate changes in gene expression of relatively small subsets of genes (Gurova et al., 2018). This raises the question, of why the transcription of certain genes is more dependent on FACT than the majority of other genes. Which gene characteristics determine the requirement for FACT action? There exist many potentially influencing parameters including DNA sequence, chromatin structural features, inducibility and expression level of the gene, RNAPII density and elongation rate, as well as cotranscriptional mRNA processing. Perhaps a combination of these and additional parameters defines the requirement of FACT for efficient transcription. Finally, because of the various functions of FACT in nucleosome reorganisation in different biological contexts it appears likely that FACT activity is regulated, but currently this is largely obscure. Although many facts about FACT have been elucidated in recent years, there remain important open questions.
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Chromatin remodeling plays a key role in the establishment and maintenance of gene expression patterns essential for plant development and responses to environmental factors. Post-translational modification of histones, including acetylation, is one of the most relevant chromatin remodeling mechanisms that operate in eukaryotic cells. Histone acetylation is an evolutionarily conserved chromatin signature commonly associated with transcriptional activation. Histone acetylation levels are tightly regulated through the antagonistic activity of histone acetyltransferases (HATs) and histone deacetylases (HDACs). In plants, different families of HATs are present, including the MYST family, which comprises homologs of the catalytic subunit of the Nucleosome Acetyltransferase of H4 (NuA4) complex in yeast. This complex mediates acetylation of histones H4, H2A, and H2A.Z, and is involved in transcriptional regulation, heterochromatin silencing, cell cycle progression, and DNA repair in yeast. In Arabidopsis and, other plant species, homologs for most of the yeast NuA4 subunits are present and although the existence of this complex has not been demonstrated yet, compelling evidence supports the notion that this type of HAT complex functions from mosses to angiosperms. Recent proteomic studies show that several Arabidopsis homologs of NuA4 components, including the assembly platform proteins and the catalytic subunit, are associated in vivo with additional members of this complex suggesting that a NuA4-like HAT complex is present in plants. Furthermore, the functional characterization of some Arabidopsis NuA4 subunits has uncovered the involvement of these proteins in the regulation of different plant biological processes. Interestingly, for most of the mutant plants deficient in subunits of this complex characterized so far, conspicuous defects in flowering time are observed, suggesting a role for NuA4 in the control of this plant developmental program. Moreover, the participation of Arabidopsis NuA4 homologs in other developmental processes, such as gametophyte development, as well as in cell proliferation and stress and hormone responses, has also been reported. In this review, we summarize the current state of knowledge on plant putative NuA4 subunits and discuss the latest progress concerning the function of this chromatin modifying complex.
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Introduction

In eukaryotic organisms, DNA is present in the nucleus in a highly compacted structure known as chromatin, in which nucleosomes are the basic structural units. Each nucleosome encompasses a histone octamer (two H2A-H2B dimers and an H3-H4 tetramer), and 147 bp of DNA wrapped around the histone octamer (Luger et al., 1997). However, the fact that DNA is packaged into the nucleus complicates the access of nuclear machinery that mediates different cellular processes such as transcription, replication or DNA repair (Luger et al., 2012). Chromatin needs to be relaxed by remodelers to allow these processes to take place, making the structure of nucleosomes very dynamic (Venkatesh and Workman, 2015). In particular, the reorganization of chromatin is pivotal for the establishment of gene expression patterns that drive developmental programs and environmental responses in eukaryotes (Xiao et al., 2017). Chromatin remodeling can be carried out by complexes that i) use ATP hydrolysis to alter the interaction between the DNA and the histone octamer non-covalently (Clapier et al., 2017); ii) catalyze the exchange of canonical histones by histone variants, which have specialized functions and differ in sequence from the canonical histones (Talbert and Henikoff, 2017); and iii) are involved in the covalent modification of histones and DNA, which affect the condensation status of chromatin (Bhaumik et al., 2007). The post-translational modification (PTM) of histones occurs mostly in the amino-terminal tails, and is one of the most important mechanisms to regulate chromatin dynamics. These covalent modifications include, among others, lysine (K) acetylation, ubiquitination, and methylation, arginine methylation, and phosphorylation (Bannister and Kouzarides, 2011). In addition, DNA is also a methylation target (Law and Jacobsen, 2010). Many of these modifications have functions in transcription, and some may also accomplish roles in DNA repair, replication or chromatin condensation (Kouzarides, 2007).

The combination and crosstalk among different PTMs constitutes a histone code that sets the basis for epigenetic transcriptional regulation and adds an extra level of regulation overlying those mediated by transcription factors (Strahl and Allis, 2000; Rothbart and Strahl, 2014). Some histone modifications such as trimethylation of lysine 27 in histone H3 (H3K27me3) and H3K9me2 are commonly associated with transcriptional repression (Shahbazian and Grunstein, 2007; Schuettengruber et al., 2017), whereas H3 and H4 acetylation, H3K4me3, and H3K36me3 are marks linked to transcriptionally active states (Pokholok et al., 2005; Black et al., 2012). PTMs act as recruitment platforms for effector proteins that modify the transcriptional status of underlying genes. However, histone acetylation has an additional physical effect on chromatin structure. The addition of a negatively charged acetyl group to K has been proposed to neutralize the positive charge of K in histones. This reduces the affinity of the histone tail for the DNA and contributes to release the interaction between histones and DNA, and to open the chromatin (Barnes et al., 2019). Due to its great impact on a myriad of cellular and developmental processes, the antagonistic action of two classes of enzymes, histone deacetylases (HDACs), and histone acetyltransferases (HATs), has been the subject of a growing number of studies (Liu et al., 2014; Hu et al., 2019).

HATs are evolutionarily conserved from yeast to humans, including plants, and they usually function as multiprotein complexes defined by the catalytic subunit responsible for the transfer of acetyl groups to K residues (Lee and Workman, 2007). There are at least four families of HATs including GNAT (Gcn5-related N-acetyltransferase), MYST (MOZ, YbF2, Sas2, Tip60-like), p300/CREB-binding protein (CBP), and TAFII250 families. Eukaryotic genomes usually contain multiple members of each family illustrating their relevance for chromatin function. For example, in Arabidopsis thaliana twelve HATs have been identified. Three of them belong to the GNAT-MYST superfamily, five to the p300/CBP family, two to the TAFII250, and two more to the MYST family (Berr et al., 2011; Liu et al., 2016).

The MYST family of HATs is the largest one and is present in all eukaryotes. One of the best characterized complexes included in this family is the yeast Nucleosome Acetyltransferase of Histone H4 (NuA4) complex, highly conserved in eukaryotes. NuA4 is involved in different genomic processes such as DNA damage repair and transcription, heterochromatin silencing, cell cycle progression, and chromosome stability (Clarke et al., 1999; Doyon and Côté, 2004; Lee and Workman, 2007; Lu et al., 2009; Uprety et al., 2012; Bruzzone et al., 2018; Hodges et al., 2019). NuA4 was initially described in yeast to acetylate nucleosomal histones at specific gene promoters (Ginsburg et al., 2009), although later studies showed that this complex is also present in actively transcribed coding sequences (Steunou et al., 2016). Besides acetylating histone H4, NuA4 also acts on histone H2A (Boudreault et al., 2003) and the variant H2A.Z (Millar et al., 2006; Valdés-Mora et al., 2012). In mammals and flies, NuA4 evolved into a hybrid complex known as TIP60 (Cai et al., 2003), formed by subunits that in yeast belong to NuA4 and the ATP-dependent SWI2/SNF2-Related 1 chromatin remodeling complex (SWR1), that mediates the exchange of histone H2A by the histone variant H2A.Z (Voss and Thomas, 2009). NuA4 also acetylates non-histone protein substrates in yeast and metazoans, ascribing to this complex additional roles in controlling metabolism, autophagy, and homeostasis (Lin et al., 2009; Narita et al., 2019).

Most of the yeast NuA4 subunits are widely conserved in plants where more than one homolog for members of the complex are frequently found. This is the case of Arabidopsis thaliana, in which many NuA4 components, including the putative catalytic subunits HISTONE ACETYLTRANSFERASE OF THE MYST FAMILY (HAM1/2) (Latrasse et al., 2008), are duplicated. Recent proteomic analyses performed with Arabidopsis homologs of NuA4 subunits have revealed that most of the components of this complex associate to each other in vivo (Bieluszewski et al., 2015; Tan et al., 2018; Crevillén et al., 2019). In plants, mutants for different NuA4 subunits characterized so far display pleiotropic vegetative and reproductive alterations, such as abnormal flowering time (Latrasse et al., 2008; Umezawa et al., 2013; Xiao et al., 2013; Bu et al., 2014; Xu et al., 2014; Bieluszewski et al., 2015; Gómez-Zambrano et al., 2018; Peng et al., 2018; Crevillén et al., 2019), suggesting the involvement of NuA4 in the control of central plant developmental processes through acetylation-mediated regulation of gene expression. In this review, we discuss the possible existence of NuA4 in plants, and describe the biological functions carried out by different homolog subunits of NuA4 studied in Arabidopsis. We speculate with future directions of the research aimed at confirming the conservation of this HAT complex in plants and characterizing its role in the control of gene expression to regulate different plant developmental programs and environmental responses.



Organization Of The NuA4 Complex: Lessons From Yeast And Metazoans

The structure and molecular architecture of yeast NuA4 have been characterized by cryo-electron microscopy as well as by studying the interactions between the different subunits (Chittuluru et al., 2011; Wang et al., 2018a). Yeast NuA4 comprises 13 subunits including the catalytic subunit Esa1, together with Enhancer of polycomb-like1 (Epl1), the inhibitor of growth (ING) factor Yng2, Esa1-associated factor 6 (Eaf6), Transcription-associated protein 1 (Tra1), Eaf1, Eaf3, Eaf5, Eaf7, Actin-related protein 4 (Arp4), Actin1 (Act1), Yeast all fused gene from chromosome 9 (Yaf9), and SWR1 COMPLEX 4 (Swc4)/Eaf2 subunits (Table 1). Interestingly, most of the components of this 1.0-MDa complex are shared with other chromatin remodeling complexes. For instance, Swc4, Yaf9, Arp4, and Act1 are members of SWR1, and therefore are also involved in the exchange of H2A-H2B by H2A.Z-H2B dimers (Gerhold and Gasser, 2014). Tra1 is also part of the recruitment module in SAGA and SAGA-like (SLIK)/SALSA complexes (Helmlinger and Tora, 2017). Arp4 and Act1 are additionally present in the INO80 ATP-dependent chromatin remodeling complex (Chen et al., 2013), while Eaf3 is a component of the Reduced Potassium Dependency-3 Small (Rpd3S) HDAC complex (Carrozza et al., 2005; Keogh et al., 2005), and Eaf6 is also found in the yeast NuA3 (Taverna et al., 2006), HUMAN ACETYLASE BINDING TO ORC1 (HBO1) (Avvakumov et al., 2012), and MONOCYTIC LEUKEMIC ZINC-FINGER PROTEIN (MOZ)/MOZ RELATED FACTOR (MORF) HAT complexes (Yang and Ullah, 2007). Even the catalytic subunit in metazoans complexes is not exclusively present in TIP60 since it can also be found in HBO1 and MOZ HATs (Xu et al., 2016). Highlighting the strong conservation of this complex throughout evolution, most of the NuA4 subunits display high homology with the TIP60 HAT complex in Homo sapiens, in which twelve out of the thirteen subunits are conserved (Table 1) (Cai et al., 2003; Doyon and Côté, 2004).


Table 1 | NuA4 conserved subunits from yeast to humans.



Interestingly, the biochemical isolation of two NuA4 subcomplexes lacking the full array of subunits has been reported in yeast: the Piccolo (Boudreault et al., 2003), and the Trimer Independent of NuA4 involved in Transcription Interactions with Nucleosomes (TINTIN) (Rossetto et al., 2014; Wang et al., 2018a). Both subcomplexes work independently of the core NuA4 and have specific functions (Mitchell et al., 2008). A recent study has addressed the spatial structure of NuA4 by performing single-particle electron microscopy. This approach has revealed that NuA4 has a trilobal structure with a central core and two lobes. The central core contains Tra1, the Piccolo module and Eaf1, while lobe 1 is formed by the TINTIN sub-module, and lobe 2 is composed of the four subunits shared with SWR1 (Setiaputra et al., 2018). Studies carried out in parallel performed cryoelectron microscopy and released the crystal structure of the Piccolo NuA4 core complex unveiling the histone H4 acetylation mechanism in the context of the nucleosome (Xu et al., 2016). This type of approach is shedding light on how this multisubunit complex assembles with the nucleosomal substrate to regulate gene expression.


A Small Version of NuA4: the Piccolo NuA4 Complex

The yeast Piccolo NuA4 is composed of Esa1, Epl1, Yng2, and Eaf6 subunits (Table 1). This complex is responsible for the non-targeted Esa1-mediated acetylation of chromatin, and also for the interaction of NuA4 with the nucleosome core particle (Chittuluru et al., 2011). Esa1 is the only essential acetyltransferase in Saccharomyces cerevisiae (Allard et al., 1999). This subunit alone is able to acetylate free histones while it acetylates nucleosomal H4, H2A, and H2A.Z histones in vivo when is present in Piccolo NuA4 complex (Keogh et al., 2006; Millar et al., 2006; Lu et al., 2009; Mehta et al., 2010). Esa1 contains a chromodomain (CHD) at the N-terminus and a C-terminal MYST domain. Mutations in the CHD domain, which is required to acetylate nucleosomes in vitro but not free histones, are lethal (Doyon and Côté, 2004; Steunou et al., 2016). Esa1 was originally described to be required for double-strand breaks repair (Bird et al., 2002; Lee and Workman, 2007). In addition, as a component of Piccolo NuA4, this subunit has a role in transcriptional regulation of ribosomal protein genes (Uprety et al., 2015) and autophagy response (Yi et al., 2012).

The Epl1 subunit is essential for the interaction of the Piccolo NuA4 complex with nucleosomes (Chittuluru et al., 2011). This is the yeast ortholog of the human EPC1/2 paralogs and the Drosophila melanogaster Enhancer of Polycomb (E(Pc)) protein, originally described as an enhancer of trithorax and polycomb mutations (Searle and Pillus, 2018). Epl1 bears two differentiated domains: the C-terminus, which connects Epl1 and the Piccolo complex to the rest of NuA4 through Eaf1, and the EPcA domain in the N-terminus, which physically interacts with the rest of subunits of the Piccolo complex. A short region of the EPcA domain is required for binding to nucleosomes and histone H2A tail, an interaction necessary for the acetylation of nucleosomal H4 (Steunou et al., 2016). The EPcA domain interacts with Esa1 promoting its activation. Then, Esa1 binds the nucleosome through its CHD domain, projecting its catalytic pocket towards the N-terminal tail of H4. The acetylation occurs through a double recognition mechanism of a short sequence of the histone H4 N-terminal tail and the spatial orientation of the histone after the binding of Esa1 with the nucleosome (Xu et al., 2016).

Yng2 is also critical for the Piccolo NuA4 HAT activity on nucleosomes in vitro and histone H4 acetylation in vivo (Steunou et al., 2016). This subunit belongs to the highly conserved ING tumor suppressor family (Aguissa-Touré et al., 2011) and contains a Plant Homeo-Domain (PHD) and a short polybasic region at its C-terminal domain (Guérillon et al., 2013). The PHD domain binds H3K4me3 near the transcription start sites (TSS) of active genes (Peña et al., 2006). The recognition of H3K4me3 by Yng2 both at the promoter and coding sequences of genes has been proposed to recruit NuA4 to gene promoter regulatory regions. Subsequently, Yng2 positions the Piccolo complex for the acetylation of specific K residues of H4 and H2A histones, providing to this complex the function of maintaining the basal levels of H4 and H2A acetylation (Chittuluru et al., 2011).

The fourth Piccolo subunit, Eaf6, is a small 13-kDa protein without known domains except for a putative leucine zipper region (Doyon and Côté, 2004). The contribution of Eaf6 to the transcriptional regulation mediated by NuA4 has not been fully addressed and awaits further characterization. Recent observations reveal that Eaf6 (in humans, CENP-28) is also present at the centromere, and participates in the induction of centromeric transcription (Molina et al., 2016), possibly acting independently of NuA4.



The Assembly Platform of NuA4 Contains Eaf1 and Tra1 Subunits

Among the subunits of yeast NuA4, Eaf1 is, together with Epl1, the only subunit present exclusively in this complex (Table 1) (Auger et al., 2008; Wang et al., 2018a). Eaf1 directly contacts multiple subunits and occupies the central portion of the NuA4 core. This protein has been proposed to be the assembly platform of NuA4 (Mitchell et al., 2008). In fact, the removal of Eaf1 subunit results in the loss of NuA4 integrity and the collapse of the full complex (Mitchell et al., 2008; Setiaputra et al., 2018). This protein contains a SANT (Swi3, Ada2, N-Cor, and TFIIIB) domain involved in interactions with DNA and histone tails, and also shows structural similarities with p400/Domino, a subunit of TIP60 (Table 1) (Cai et al., 2003). Eaf1 directly binds Tra1 through its SANT domain and both proteins constitute the assembly platform of NuA4. Eaf1 also contains a Helicase/SANT-associated (HSA) domain that interacts with the Epl1 C-terminus and bridges the Piccolo module to the rest of NuA4 (Wang et al., 2018a).

Tra1, known as TRRAP in humans, is another important and conserved subunit of the central core of the yeast NuA4 (Table 1). There are few demonstrated interactions between this large protein and the rest of NuA4 components, and is located in the opposite domain of the Piccolo complex (Chittuluru et al., 2011). This subunit belongs to the Phosphatidylinositol-3 kinase-related kinase (PIKK) family and is an essential protein since its deletion is lethal in yeast and mammals (Helmlinger et al., 2011; Berg et al., 2018). Recent analysis of the three-dimensional structure of this protein by electron microscopy indicates that Tra1 has a rigid structure, highly conserved in both SAGA and NuA4 complexes (Cheung and Díaz-Santín, 2019).



The TINTIN Complex

TINTIN is a NuA4 subcomplex composed of Eaf3, Eaf5, and Eaf7 subunits in yeast (Table 1) (Cheng and Côté, 2014; Rossetto et al., 2014; Wang et al., 2018a). This complex is tethered to NuA4 through the interaction of Eaf5 with Eaf1. In turn, Eaf7 connects Eaf5 with Eaf3 (Auger et al., 2008; Rossetto et al., 2014). Mutants of these subunits do not show the same phenotypic alterations as the other subunits of the complex, suggesting that TINTIN may have additional functions to those exerted by NuA4 (Mitchell et al., 2008). TINTIN appears more enriched over coding regions than in promoters, suggesting its possible role in transcriptional elongation (Rossetto et al., 2014). Additional TINTIN co-transcriptional roles in mRNA processing, termination, and quality control have been reported revealing some connections with the mRNA splicing machinery and the nuclear exosome (Bhat et al., 2015).

Eaf3 and the human MORF4-related gene on chromosome 15 (MRG15) homolog belong to the Morf Related Gene (MRG) protein family and act as H3K36me3 “readers” (Table 1) (Reid et al., 2004). The Eaf3 subunit contains different specific domains: a CHD domain at its N-terminus responsible for binding H3K36 methylated residues, a putative DNA binding region, and a large highly conserved MRG domain. Eaf3 seems to be crucial for proper histone acetylation toward the 3′ end of actively transcribed coding sequences in a process that does not affect the association of the TINTIN complex with these regions (Steunou et al., 2016).

In the Eaf5 protein no functional domains have been identified, and its role does not seem to be critical for NuA4 or TINTIN complexes since the loss-of-function of this protein does not cause abnormal phenotypes in yeast (Mitchell et al., 2008; Rossetto et al., 2014). Moreover, the gene is absent in higher eukaryotes, including plants (Doyon and Côté, 2004; Doyon et al., 2004). Conversely, the third TINTIN subunit, Eaf7, is widely conserved from yeast to humans (Table 1) (Sathianathan et al., 2016). In humans, the Eaf7 homolog, MRG/MORF4L-binding protein (MRGBP), forms dimers with MRG15 independently of the TIP60 complex, possibly constituting the human TINTIN subcomplex (Cheng and Côté, 2014; Bhat et al., 2015).



Accessory NuA4 Subunits Shared With SWR1

Four yeast NuA4 proteins, Yaf9, Swc4, Arp4, and Act1, are also present in the chromatin remodeling complex SWR1 (Table 1) (Altaf et al., 2010), suggesting a functional interplay between both remodelers. Indeed, NuA4-dependent acetylation of nucleosomal histones H4 and H2A directly promotes the incorporation of H2A.Z by SWR1 (Altaf et al., 2010). Once incorporated, H2A.Z is also acetylated by NuA4 (Millar et al., 2006; Valdés-Mora et al., 2012). Yaf9 contributes to the functions of both NuA4 and SWR1, and it has been implicated in transcriptional regulation, histone acetylation, DNA repair, chromosome segregation, cellular resistance to microtubule depolymerization, and response to spindle stress (Klein et al., 2018). Yaf9 contains a YEATS (Yaf9, ENL, AF9, Taf14, Sas5) domain, an evolutionarily conserved module that binds histones H3 and H4 in vitro (Wang et al., 2009), and that also recognizes H3K27ac in nucleosomes, guiding the replacement of H2A-H2B dimers with H2A.Z-H2B by SWR1 at gene promoters (Klein et al., 2018).

Swc4/Eaf2 contains an N-terminal SANT domain that recognizes both histones and DNA, and a C-terminal Yaf9-interacting domain (Bittner et al., 2004). This subunit is the homolog of the human DNA methyltransferase-associated protein 1 (DMAP1; Table 1) (Rountree et al., 2000), suggesting an interplay of Swc4 with the DNA methylation pathways. The fact that Swc4 deletion in yeast did not broadly affect global acetylation levels of histone H4 suggests that it may regulate site-specific roles of NuA4, likely mediating the recruitment of both NuA4 and SWR1 to target genes and coupling acetylation and H2A.Z deposition (Zhou et al., 2010).

The ARP4 protein is a member of the ARP superfamily, a branch of an ancient and highly divergent family of proteins present in all eukaryotes and whose primary sequences display homology to actins (Kandasamy et al., 2005). Nuclear actins (N-actins) control different nucleic acid transitions as part of chromatin remodeling complexes (Olave et al., 2002). Actin and Arp4 form a conjugated pair, and despite being widely conserved in eukaryotes, their structures and roles within the chromatin remodeling complexes have remained obscure until recently (Cao et al., 2016). N-actins and Arp4 are incorporated into different chromatin regulatory complexes through a common motif, the HSA domain (Szerlong et al., 2008). Yeast Arp4 is involved in DNA repair, and it has been suggested to interact with acetylated H4 tails (Bird et al., 2002). Altogether, these observations suggest that the shared subunits between SWR1 and NuA4 may cooperatively enable the association of these complexes with chromatin.




Growing Evidence For The Presence Of NuA4 In Plants

The existence of a putative NuA4-like complex in plants remains an open question nowadays since this complex has not been purified or characterized yet in any plant species. There are gene homologs for most of the yeast NuA4 subunits in plant genomes, but not for Eaf5 (Table 1 and Figure 1). Many of these genes appear duplicated in the Arabidopsis genome, suggesting that this complex might be also present in plants. However, knowledge concerning the function of the putative plant NuA4 is very limited. Only during the last years the study of Arabidopsis mutants deficient for particular NuA4 subunits has started to reveal functions for these homologs in several biological processes (Latrasse et al., 2008; Umezawa et al., 2013; Bu et al., 2014; Xu et al., 2014; Bieluszewski et al., 2015; Gómez-Zambrano et al., 2018; Peng et al., 2018; Crevillén et al., 2019). Nevertheless, the presence of NuA4 homologs within different multisubunit chromatin remodeling complexes (Latrasse et al., 2008; Bieluszewski et al., 2015; Lin et al., 2017; Tan et al., 2018) may complicate the interpretation of the phenotypic alterations observed in some of these mutants. In any case, a picture is beginning to emerge showing the involvement of various components of this HAT complex in the regulation of a variety of plant biological processes, such as flowering initiation, gametophyte development, cell proliferation, stress, growth, and hormone responses among others (Latrasse et al., 2008; Umezawa et al., 2013; Bu et al., 2014; Xu et al., 2014; Bieluszewski et al., 2015; Gómez-Zambrano et al., 2018; Peng et al., 2018; Crevillén et al., 2019).




Figure 1 | Conserved domains of the putative NuA4 subunits in plants. Proteins are grouped according to the different sub-modules of the complex: assembly platform, Piccolo NuA4, TINTIN, and SWR1 shared module. The modular architecture of the proteins was extracted from multiple alignments with the web servers HMMER v2.1 (Finn et al., 2011) and SMART (Letunic and Bork, 2018). Scale bars are indicated for the proteins of each sub-module. For the assembly platform, 200 aa; for Piccolo NuA4, TINTIN, and the SWR1 shared module, 50 aa.



As discussed above, Eaf1, together with Tra1, fulfills the role of the assembly platform of the yeast NuA4 (Auger et al., 2008; Wang et al., 2018a). In plants, the Eaf1 subunit is widely conserved and particularly in A. thaliana a couple of tandem repeated EAF1 homologs, AtEAF1A (AT3G24880) and AtEAF1B (AT3G24870), exist and have already been analyzed (Table 1 and Figure 1). These genes share 98.5% identity in their coding regions and are equally expressed in mature rosette leaves (Bieluszewski et al., 2015). AtEAF1 proteins have also been proposed to function as the scaffold platform of the putative plant NuA4 (Bieluszewski et al., 2015). Besides, Tra1 is also conserved in Arabidopsis and two genes, AtTRA1A (AT4G36080) and AtTRA1B (AT2G17930), encode homologs of the yeast and the mammalian counterparts (Lu et al., 2009), supporting that the assembly platform for NuA4 is present in plants (Table 1 and Figure 1). The two AtEAF1 proteins contain highly conserved HSA and SANT domains (Figure 1), which are also present in the yeast Eaf1 subunit, H. sapiens p400 and several plant homologs of PHOTOPERIOD-INDEPENDENT EARLY FLOWERING 1 (PIE1), the proposed catalytic subunit of plant SWR1 (Noh and Amasino, 2003; Bieluszewski et al., 2015). The HSA domain is a common feature of the platform subunits of the chromatin remodeling complexes SWR1, NuA4, and the hybrid complex TIP60-p400 (Szerlong et al., 2008), and is thought to provide the assembly surface for the shared submodule between NuA4 and SWR1 (Auger et al., 2008; Szerlong et al., 2008).

Besides the conservation of NuA4 subunits, recent works have provided additional evidence for the occurrence of this HAT complex in plants. By using the Arabidopsis homologs of yeast Swc4 and Arp4, AtSWC4 and AtARP4, as baits in affinity purification experiments followed by tandem mass spectrometry (AP-MS/MS), hints for the physical association of these proteins with AtEAF1 were revealed. Interestingly, homologs for the rest of NuA4 subunits, including the other assembly platform protein AtTRA1 (specifically AtTRA1B), were also pulled down in these proteomic assays, suggesting that all these NuA4 components coexist in multimeric complexes in Arabidopsis (Figure 2). According to the presence of SWC4 and ARP4 in other chromatin remodeling complexes, subunits of SWR1 and INO80 were also identified (Bieluszewski et al., 2015). Furthermore, co-immunoprecipitation experiments have demonstrated that both YAF9 homologs present in Arabidopsis, AtYAF9A and AtYAF9B, physically interact with AtEAF1B through the HSA domain (Figure 2) (Bieluszewski et al., 2015), and that AtYAF9A is also able to interact with AtEAF1A in pulldown assays (Crevillén et al., 2019).




Figure 2 | Interaction map among NuA4 subunits in A. thaliana. The different homologs are grouped into the different sub-modules of the complex, similarly to Figure 1. Continuous lines represent interactions demonstrated by pair-wise protein-protein experiments, whereas dotted lines depict interactions revealed in proteomic experiments.



Additional AP-MS experiments have uncovered that both AtEAF1 and AtTRA1 immunoprecipitate as well when other putative subunits of NuA4, including HAM1 and HAM2 (Arabidopsis Esa1 homologs), and the two EPL homologs, AtEPL1A and AtEPL1B, were used as baits (Figure 2) (Tan et al., 2018), consistent with a crucial role of both AtEAF1 homologs as assembly platforms for NuA4. Furthermore, these proteomic analyses revealed that not only AtEAF1 but also ten additional conserved subunits of NuA4 were copurified with tagged versions of AtHAMs and AtEPLs in Arabidopsis (Figure 2) (Tan et al., 2018). Confirmation for these observations came from Co-IP experiments performed in N. benthamiana leaves that demonstrated a physical interaction between AtHAM1 and AtYAF9A proteins in vivo (Crevillén et al., 2019). Intriguingly, AtTRA1 homologs were also pulled down in proteomic assays performed using either the SWR1 subunit ARP6 (Sijacic et al., 2019) or the SWR1-interacting protein MBD9 (Methyl-CpG-binding domain 9) (Potok et al., 2019) as baits, further supporting an intricate functional relationship between Arabidopsis SWR1 and NuA4 complexes. Altogether, these observations reinforce our hypothesis that a putative NuA4 exists in plants and may be closely linked with SWR1.


Emerging Roles of NuA4 in the Control of Plant Biological Processes

The functional characterization of putative Arabidopsis NuA4 components has revealed the involvement of these subunits in the control of a variety of plant biological processes ranging from different aspects of growth and development to stress responses. Interestingly, the emerging picture unveils the implication of a putative plant NuA4 in the regulation of the floral transition, as shown by the abnormal flowering time phenotypes observed in the mutants affected in most of the NuA4 subunits characterized so far (Xiao et al., 2013; Bu et al., 2014; Xu et al., 2014; Bieluszewski et al., 2015; Gómez-Zambrano et al., 2018; Crevillén et al., 2019). This trend strongly argues for a role of NuA4 in the control of plant developmental programs, and particularly, flowering time, a phase transition with important implications in plant adaptation and reproductive success (Figure 3).




Figure 3 | Functions of the putative NuA4 subunits in different plant biological responses. Particular NuA4 subunits are involved in a number of developmental processes such as flowering transition, gametophyte development or hypocotyl growth, as well as in cell proliferation processes and stress responses or in hormone signaling transduction pathways.




The Piccolo and NuA4 Catalytic Subunits HAM1/2 of Arabidopsis Are Involved in the Control of Developmental Responses

MYST family acetyltransferases have been identified in several plant species. The Arabidopsis genome contains two closely related homologs of the yeast Esa1 protein, HAM1 (AT5G64610) and HAM2 (AT5G09740) (Table 1 and Figure 1) (Latrasse et al., 2008). Their transcripts are constitutively expressed in all tissues, with higher expression levels found in shoot apical meristems, mainly during the floral transition (Earley et al., 2007; Latrasse et al., 2008). In contrast to Arabidopsis, Solanum lycopersicum contains only one MYST protein, SlHAM1 (Cigliano et al., 2013). Similar to AtHAM1 and AtHAM2, SlHAM1 is expressed in all organs, but mainly in flowers and fruits, suggesting that it could accomplish the same developmental role as its Arabidopsis homologs. Phylogenetic analyses have shown that plant HAMs are distributed in two clades, one of which includes both tomato and Arabidopsis proteins while the other comprises two HAM proteins from monocots, including maize and rice. This separation indicates that a single ancestral HAM gene gave rise to HAM homologs in monocots and dicots, occurring a specific event of duplication at the origin of the expansion of this family in Arabidopsis and maize (Cigliano et al., 2013).

Both HAM1 and HAM2 catalytic subunits have been functionally analyzed (Figure 3) and shown to specifically acetylate K5 residues of the histone H4 both in vitro and in vivo (Earley et al., 2007). The high sequence similarity between HAM1 and HAM2 suggests that a functional redundancy could exist for these proteins (Latrasse et al., 2008; Xiao et al., 2013). Consistent with this, Arabidopsis mutants lacking only one of the HAM proteins do not display noticeable phenotypic alterations when grown under standard conditions. However, ham1 ham2 double mutants are lethal due to severe defects in the development of male and female gametophytes (Figure 3) (Latrasse et al., 2008). Although this embryo lethality hampered the complete functional characterization of HAM genes, some pieces of information have been inferred by assessing sesquimutants (Latrasse et al., 2008), double heterozygous mutants (Li et al., 2018), and knockdown and over-expression lines of both HAM1 and HAM2 (Xiao et al., 2013). Interestingly, total H4 acetylation levels were reduced in knock-down ham lines and increased in HAM1-overexpressors, corroborating that HAM1 functions as HAT in planta (Xiao et al., 2013). In addition, ham1/ham1 ham2/HAM2 and ham1/HAM1 ham2/ham2 sesquimutant plants display smaller siliques and lower seed number compared to wild-type (wt), as well as unfertilized ovules in some of the analyzed fruits. Furthermore, only 60% of the pollen grains are viable in the anthers of the sesquimutants. These results confirm that both proteins work redundantly to regulate gametophyte development (Latrasse et al., 2008).

Besides its function in gametogenesis, HAM1 and HAM2 also regulate flowering time (Figure 3), since ham knock-down or ham1/HAM1 ham2/HAM2 double heterozygous plants in FRIGIDA (FRI) background (Xiao et al., 2013; Li et al., 2018) displayed an early flowering time phenotype that is accompanied by a reduction in the expression levels of the floral repressors FLC and MADS-BOX AFFECTING FLOWERING GENES 3/4 (MAF3/4) (Xiao et al., 2013). These are negative regulators of the floral integrators SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1) and FT, the latter being part of the florigen (Andrés and Coupland, 2012). Chromatin immunoprecipitation (ChIP) analyses demonstrated a substantial reduction in H4K5ac and H4ac levels in different regions of FLC and MAF3/4 genes in the knock-down transgenic lines, consistent with the low expression levels observed for these flowering genes. In contrast, HAM overexpression lines displayed the opposite behavior, showing late flowering, increased levels of FLC and MAF3/4, and higher H4ac levels in these genes. Thus, HAM1 and HAM2 regulate H4 acetylation in the genomic region of these floral repressors, modulating their activation and, consequently, the timing of flowering (Xiao et al., 2013). This is in agreement with previous observations that revealed that flowering time and the expression levels of the floral repressor FLC are finely tuned by changes in histone acetylation (revised in He, 2012).

On top of being part of NuA4, HAM proteins are associated in vivo with components of the PWWPs-EPCRs-ARIDs-TRBs (PEAT) complex (Tan et al., 2018), which mediates histone deacetylation and heterochromatin condensation. Interestingly, a recent study described that HAM1 protein also co-immunoprecipitates with FRI (Li et al., 2018). This flowering regulator defines the FRI complex (FRI-C), which is key to promote FLC expression and delay the floral transition. According to these observations, HAM1, recruited together with the FRI-C and a number of chromatin remodeling complexes, is part of the FRI supercomplex (FRISC), which is enriched in the TSS region of FLC to mediate its transcriptional activation (Figure 4A) (Li et al., 2018). However, it remains to be elucidated if HAM-mediated histone acetylation at the FLC locus (Xiao et al., 2013) is functionally related with this FRISC.




Figure 4 | Working models for the NuA4-dependent activation of the flowering time master regulators FLC and FT. (A) H2A.Z deposition mediated by SWR1 and histone H4 and H2A.Z acetylation performed by the putative NuA4 catalytic subunits HAM1/2 in genomic regions surrounding FLC TSS are required for FLC expression. FRI-C, together with HAM1 and a plethora of chromatin remodelers and transcriptional regulators assist in the recruitment of SWR1 to FLC chromatin, fine tuning FLC expression by facilitating the incorporation of H2A.Z and histone PTMs. (B) HAM1/2 mediate H4K5 acetylation at FT chromatin promoting its transcriptional activation. HAM1/2 interact with MRG1/2 proteins as subunits of NuA4. MRGs recognize enriched H3K36me3 regions at FT chromatin, and via their MRG domain, physically interact with CO to enhance FT activation under LD inductive photoperiods. On the other hand, SWR1 mediates the deposition of H2A.Z at the TSS of FT chromatin, modulating its expression. See text for details. Scale bars refer to the size of coding regions of the genes from their respective TSS.



In addition to gene transcriptional regulation, histone acetylation is also related to DNA damage repair processes in yeast and mammals (House et al., 2014). In Arabidopsis, the role of HAM1 and HAM2 in DNA damage repair is conserved (Figure 3). Single ham1 and ham2 mutants display little or no clear phenotypical alterations when grown under normal conditions, but suffer more DNA damage than wt plants when they were exposed to ultraviolet (UV)-B irradiation (Campi et al., 2012). This suggests that plant HAM proteins conserve a functional role in DNA damage repair. In Arabidopsis, HAM1 appears to play a predominant role in this response since ham1 mutant plants are more affected by UV-B irradiation than those that are defective in HAM2 (Campi et al., 2012).

The data discussed above support the involvement of HAM proteins in the control of both developmental processes and DNA repair in plants (Figure 3). However, the presence of HAM proteins in additional Arabidopsis multiprotein chromatin remodeling complexes hinders the interpretation of the phenotypic alterations observed in ham mutants that could be affecting the function of other complexes (Li et al., 2018; Tan et al., 2018), in addition to NuA4. Future studies will contribute to clarify the implication of this HAT complex in the transcriptional control of biological processes and to ascribe specific NuA4-dependent roles for HAM proteins in plants. For that reason, it will be essential to address the implication of additional Arabidopsis Piccolo subunits (EPL1A/B, ING1/2, and EAF6) in the regulation of those processes. In Arabidopsis there are two homologs of yeast Epl1, AtEPL1A (AT1G16690) and AtEPL1B (AT1G79020) (Table 1). Both genes are located in chromosome 1 and are 67% identical with a highly conserved EPL domain (Figure 1) (Perry, 2006). EPL proteins are well conserved in plants, and one homolog has been described in maize (ZmEpl101) and in other plant species such as soybean, tomato, potato, wheat, and barley (Springer et al., 2002). However, the function of these proteins in plants remains completely unknown.

Piccolo ING homologs are conserved across the plant kingdom and share a similar architecture, with a C-terminal PHD finger module (Figure 1). Homologs of ING were found in the moss Physcomitrella patens, the monocot Oryza sativa, the dicot Medicago truncatula, and in the woody plant Populus trichocarpa (He et al., 2005; Lee et al., 2009). In Arabidopsis there are two PHD-containing proteins homologs of yeast Yng2 named AtING1 (AT3G24010) and AtING2 (AT1G54390) (Table 1) (He et al., 2005; Lee et al., 2009). Both AtING1 and AtING2 are ubiquitously expressed, although at low levels. The corresponding proteins are nuclear localized and hold the ability to bind H3K4me2/3 marks, as it has been described in PHD-containing proteins in yeast and mammals, where they can recruit either HAT or HDAC complexes (Lee et al., 2009). In plants, these histone binding modules are involved in the regulation of developmental processes and defense responses among others (Mouriz et al., 2015). However, the function of AtING proteins remains unknown, although a physical interaction of ING2 with Histone Deacetylase Complex 1 (HDC1), an important component of the plant HDAC machinery, has been reported (Perrella et al., 2016). Similarly, the functional roles of AtEAF6, the fourth member of Arabidopsis Piccolo encoded by AT4G14385, have not been defined yet. Further studies are needed to clarify the functions of these putative NuA4 components that accompany HAM proteins in the putative plant Piccolo NuA4 complex.



The Assembly Platform Subunit EAF1 Is Also Involved in the Regulation of Plant Development

Further to the roles of the catalytic NuA4 subunit, HAM proteins, recent reports have shed light on the role of AtEAF1 in the control of plant developmental processes (Bieluszewski et al., 2015). Knockout plants for AtEAF1B display an acceleration of flowering associated with a reduction in the expression of FLC and lower histone acetylation levels near the 5' end of this locus (Figure 4A). Besides, these eaf1b mutant plants show a reduction in H4K5ac levels in the chromatin of other master regulators of flowering such as FT, CONSTANS (CO) and SOC1 (Figure 4B) (Bieluszewski et al., 2015). Interestingly, the physical interaction of AtEAF1 with AtYAF9A and AtYAF9B is in agreement with the early flowering phenotype shared by Ateaf1b, Atyaf9a, and Atyaf9a Atyaf9b mutant plants (see below). The acceleration of flowering observed in all these mutants can be attributed to decreased FLC expression mainly due to the reduction of its H4 acetylation levels (Figure 4A) (Zacharaki et al., 2012; Bieluszewski et al., 2015; Crevillén et al., 2019). Although the location in tandem of both AtEAF1 homologs in the genome has prevented the isolation of eaf1a eaf1b double mutants, the observations regarding eaf1b mutants (Bieluszewski et al., 2015) support the involvement of this putative NuA4 subunit in the regulation of flowering time. The alteration of histone acetylation levels displayed by plants deficient in EAF1 is again consistent with the existence of a functional NuA4 in plants and its participation in developmental regulation.



Developmental and Stress-Related Functions Associated to Homologs of Putative Plant TINTIN Complex Subunits

In Arabidopsis there are two homologous proteins for the MRG family, namely AtMRG1 (AT4G37280) and AtMRG2 (AT1G02740) (Table 1). Both share nearly 50% identity and 65% similarity in their amino acids sequence. As their human and yeast counterparts, both Arabidopsis proteins conserve the CHD motif that binds H3K4me3 and H3K36me3, and the MRG domain (Figure 1) (Bu et al., 2014; Xu et al., 2014; Xie et al., 2015). Arabidopsis MRG1 and MRG2 genes are ubiquitously expressed in all tissues but mainly in roots, inflorescences, and the vasculature of cotyledons and true leaves (Bu et al., 2014; Xu et al., 2014). Moreover, the corresponding proteins are nuclear localized, close to euchromatic regions (Xu et al., 2014).

AtMRG1 and AtMRG2 are functionally redundant in the control of flowering time in Arabidopsis since plants defective in only one of the MRG genes do not display any phenotypic alteration in comparison to wt, while mrg1 mrg2 double mutant plants show late flowering and low expression levels of the flowering integrator gene FT specifically under long-day (LD) conditions, suggesting a link with the photoperiod-dependent flowering pathway (Bu et al., 2014; Xu et al., 2014). In this pathway, the activation of FT is critical and promoted by the transcription factor CO in LD. Only under these conditions CO protein is stabilized in the afternoon, allowing the induction of FT expression (Song et al., 2015). Interestingly, MRG1/2 proteins physically interact with CO via their MRG domain to activate FT expression (Bu et al., 2014). In fact, a model of functional interdependence between CO and MRG1/2 has been proposed, in which CO directly binds the FT promoter and recruits MRG1/2 proteins to FT locus. In addition, the CHDs present in MRG1/2 allow these proteins to bind regions of the FT promoter enriched in H3K4me3 and H3K36me3 marks. In this way, MRG1/2 proteins stabilize the binding of CO to the FT promoter region, eventually controlling FT activation (Figure 4B) (Bu et al., 2014). Intriguingly, in addition to regulating FT, MRG1 and MRG2 are also needed to fine tune FLC expression since mrg1 mrg2 double mutant plants display reduced expression levels of this floral repressor. The significance of this regulation for the control of flowering time is unclear given that this double mutant is late-flowering, and this delay cannot be explained by low FLC expression levels (Xu et al., 2014).

Arabidopsis MRG proteins also interact with HAM1 and HAM2 (Xu et al., 2014). This interaction is conserved through evolution since in yeast, the MYST HAT Esa1 associates with Eaf3 to specifically target gene promoter regions for transcriptional activation (Eisen et al., 2001). mrg1 mrg2 double mutants show a reduction in acetylation levels of histone H3 and histone H4K5 at their target genes, and particularly in FT (Xu et al., 2014). Therefore, according to the current working model, MRG1 and MRG2 preferably bind H3K36me3 at the promoter region of their target genes and recruit HATs HAM1/2 to increase histone acetylation levels, making these loci more accessible for transcriptional activation (Figure 4B) (Xu et al., 2014).

MRG1 and MRG2 also function as positive regulators of shade-induced hypocotyl elongation responses (Figure 3) (Peng et al., 2018). Plants grown in high-density conditions adapt their development to ensure its accessibility to sunlight. This is known as shade avoidance syndrome (SAS), where the most characteristic phenotypic response is hypocotyl elongation (Ballaré and Pierik, 2017). Plants defective in both MRG1 and MRG2 are affected in SAS response since they display a shorter hypocotyl length compared to wt plants when they are grown under shade, while there are no differences under standard white light or dark conditions (Peng et al., 2018). PHYTOCHROME-INTERACTING FACTOR 7 (PIF7) also plays a crucial role in this response, since pif7 mutants display shorter hypocotyls only when they are grown under shade conditions (Li et al., 2012). Interestingly, MRG2 and PIF7 proteins physically interact, and in response to shade PIF7 recruits MRG1/2 to the promoter of the target loci to regulate the expression of shade-responsive genes (Peng et al., 2018). In turn, MRG1/2 proteins bind H3K4me3 and H3K36me3 marks and recruit HAT complexes to promote histone acetylation, inducing the expression of genes mediating SAS (Peng et al., 2018).

Arabidopsis MRG proteins have also been implicated in the flowering response to ambient temperature (Pajoro et al., 2017), although it is currently unclear whether this function of MRGs is linked to NuA4 activity. In Arabidopsis, genome-wide approaches have shown that genes differentially spliced in response to fluctuating ambient temperature are enriched in H3K36me3 (Pajoro et al., 2017). Interestingly, Arabidopsis mrg1 mrg2 mutant plants are less sensitive to the high ambient temperature acceleration of flowering observed in wt plants, suggesting that MRG1/2 could mediate the H3K36me3-dependent regulation of alternative splicing that occurs under warm temperature (Pajoro et al., 2017). Based on these observations, it is tempting to speculate that a link might exist between the activity of NuA4 and alternative splicing in response to environmental cues. However, it is not possible to rule out that this role of MRG proteins is NuA4-independent, and further research will be necessary to explore the implication of this HAT complex in mRNA maturation in plants.

MRG proteins are conserved across the plant kingdom, and their function has been addressed not only in Arabidopsis but also in other plant species. The rice genome contains two MRG genes, OsMRG701 and OsMRG702 (Table 1), the latter being involved in the floral transition since knockdown mutants for this gene display a late flowering phenotype under both LD and short-day (SD) conditions (Jin et al., 2015). Interestingly, this mutant shows similar developmental alterations to those observed in brassinosteroid (BR)-deficient plants. These defects are related to the ability of MRG702 to bind chromatin and regulate the expression of BR biosynthesis genes. Like other MRG family proteins, MRG702 also directly binds the chromatin of target genes in an H3K36me3-dependent manner (Jin et al., 2015).

On the other hand, AT1G26470 encodes AtEAF7 in Arabidopsis, the homologous protein of yeast Eaf7 and human MRGBP (Table 1 and Figure 1) (Ito et al., 2018). AtEAF7 is also known as SNS1 (SnRK2-SUBSTRATE 1) since it is a target of SnRK2 (Umezawa et al., 2013), a protein kinase involved in abscisic acid (ABA) signaling pathway (Hirayama and Umezawa, 2010). In response to ABA, SnRK2 is activated and phosphorylates a variety of protein substrates, including AtEAF7/SNS1 (Umezawa et al., 2013). Plants deficient in AtEAF7/SNS1 display a conspicuous inhibition of post-germination growth when they are grown in the presence of ABA, while they grow normally in the absence of this phytohormone (Umezawa et al., 2013). In comparison to wt, ABA-responsive genes appeared upregulated in Ateaf7/sns1 seedlings treated with ABA. Thus, AtEAF7/SNS1 has been proposed to act as a negative regulator of ABA signaling pathway in Arabidopsis at the post-germination stage (Figure 3) (Umezawa et al., 2013).

Although evidence for the physical interaction between AtEAF7 and MRG1/2 is still lacking, the dimers between AtEAF7 and MRG1/2 might work in plants as a functional homolog of the TINTIN complex with both NuA4-dependent and -independent functions. Given the role of AtEAF7 in the ABA signaling pathway (Umezawa et al., 2013), it will be interesting to investigate the possible implication of MRG1/2 in abiotic stress responses mediated by this hormone. In addition, emerging evidence has unveiled the participation of alternative splicing mechanisms in ABA-mediated responses (Laloum et al., 2018). Besides, SnRK2 kinases have been shown to regulate the phosphorylation status of several plant splicing factors (Laloum et al., 2018), suggesting a link between these two processes that might implicate Arabidopsis homologs of the TINTIN subunits, an issue that will need to be thoroughly explored in the future.



Accessory Subunits of NuA4 Shared With SWR1 Also Regulate Developmental Programs

Arabidopsis SWR1 is involved in the control of plant stress responses and developmental processes, particularly in the regulation of flowering time. Mutations affecting different SWR1 subunits cause an acceleration of flowering due to reduced FLC expression (Jarillo and Piñeiro, 2015). Consistently, loss of function mutants in the genes encoding different isoforms of H2A.Z in Arabidopsis display similar phenotypes (Coleman-Derr and Zilberman, 2012), indicating that SWR1 is required to control flowering time mainly through the deposition of H2A.Z histone variant in regulatory regions of FLC (Martín-Trillo et al., 2006; Deal et al., 2007; Jarillo and Piñeiro, 2015). Arabidopsis homologs of the four shared subunits between SWR1 and NuA4 complexes (YAF9, SWC4, ARP4, and ACT1) have been characterized, revealing that their loss of function confers in most of them pleiotropic phenotypic alterations similar to other swr1 mutants.

Two genes encoding YEATS domain-containing homologs to the yeast Yaf9 are present in the Arabidopsis genome, AtYAF9A (AT5G45600) and AtYAF9B (AT5G18000) (Table 1 and Figure 1) (Zacharaki et al., 2012; Bieluszewski et al., 2015; Crevillén et al., 2019). The YEATS domain of Yaf9 has been defined as a selective reader of H3K27ac in yeast, and the recognition of this histone modification by Yaf9 leads to the exchange of the H2A histone variant for H2A.Z (Klein et al., 2018). In Arabidopsis, both YAF9A/B proteins can recognize unmodified histone H3 and also H3K9ac and H3K27ac, suggesting that the ability of the YEATS domain to bind acetylated H3 is conserved in plants and could participate in the recruitment of YAF9 to chromatin (Crevillén et al., 2019). YAF9A is highly expressed in different organs of the plant, while high expression levels of YAF9B were only detected in young flowers and roots (Zacharaki et al., 2012; Crevillén et al., 2019). The proteins encoded by both genes are located in the nucleus, consistent with YAF9 proteins being present in chromatin remodeling complexes (Crevillén et al., 2019). Plants deficient in YAF9A display a slight but significant acceleration of flowering in both LD and SD. However, plants defective in YAF9B behave like wt (Crevillén et al., 2019). Interestingly, yaf9a yaf9b double mutant plants show pleiotropic developmental phenotypic alterations in comparison to wt plants, such as accelerated senescence and chlorotic leaves with reduced chlorophyll content, conspicuous early flowering under both LD and SD conditions, and reduced organ and plant size due to lower endoreduplication levels (Bieluszewski et al., 2015; Crevillén et al., 2019). Results derived from transcriptomic analyses with yaf9a yaf9b plants are in agreement with their pleiotropic phenotypic alterations. These mutants show more than 2000 differentially expressed genes, including some related to cell size and growth regulation, systemic acquired response, and also to flowering time regulation (Crevillén et al., 2019). Altogether, these data indicate that the Arabidopsis YAF9A and YAF9B genes have partially redundant roles in the regulation of developmental processes, including the initiation of reproductive growth.

According to their early flowering, both yaf9a and yaf9a yaf9b plants have reduced FLC transcript levels, while in yaf9b no alterations are observed in FLC expression (Zacharaki et al., 2012; Bieluszewski et al., 2015; Crevillén et al., 2019). Interestingly, crosses of flc plants with yaf9a or yaf9a yaf9b reveal an additive effect between the corresponding genes, suggesting that YAF9 genes regulate this developmental transition through both FLC-dependent and -independent mechanisms (Crevillén et al., 2019). The downstream floral integrators FT and SOC1 are upregulated in yaf9a and yaf9a yaf9b mutants, consistent with the early flowering observed in these plants (Zacharaki et al., 2012; Bieluszewski et al., 2015; Crevillén et al., 2019).

In Arabidopsis, SWR1 is necessary for the activation of FLC via the exchange of H2A by the histone variant H2A.Z in the chromatin of this locus (Martín-Trillo et al., 2006; Deal et al., 2007). However, no change in H2A.Z levels were found between wt and yaf9a yaf9b double mutant plants at FLC chromatin, suggesting that YAF9 proteins are not required for H2A.Z deposition at this locus, and that YAF9 proteins also regulate flowering in an SWR1-independent manner. Supporting this conclusion, the combination of swr1 mutants with yaf9a and yaf9a yaf9b revealed an additive effect on flowering time (Crevillén et al., 2019). yaf9a yaf9b double mutants also show a distinct genetic interaction with FRI in comparison with other subunits of SWR1. As discussed above, the FRI-C delays flowering by promoting FLC expression (Choi et al., 2011; Crevillén and Dean, 2011; Li et al., 2018). When combined with FRI alleles, yaf9a yaf9b mutations partially suppress this late flowering and the high expression levels of FLC. This is in contrast with the flowering time phenotype observed in lines carrying an active FRI allele introgressed into other swr1 mutants, where the suppression of the FRI late-flowering phenotype is complete (Choi et al., 2005). These observations corroborate that FRI requires an active SWR1 to regulate FLC expression, and further support the notion that YAF9 also regulates FLC expression via SWR1-independent mechanisms (Figure 4A) (Crevillén et al., 2019).

ChIP experiments demonstrated that FLC is a direct target of YAF9, and that the effect of this protein on FLC expression is mediated by changes in chromatin organization since the acetylation levels of both histone H4 and the histone variant H2A.Z were decreased in this locus in yaf9a and yaf9a yaf9b mutants (Figure 4A) (Zacharaki et al., 2012; Bieluszewski et al., 2015; Crevillén et al., 2019). These results reveal for the first time in plants a possible link between H2A.Z acetylation and gene expression that will have to be analyzed in detail in future works. FT is also a direct target of YAF9 (Figure 4B) (Crevillén et al., 2019), although its expression was upregulated in the yaf9a yaf9b double mutant. Despite this increased expression, levels of histone H4ac are moderately reduced at the FT locus in these mutant plants (Bieluszewski et al., 2015). In contrast to the FLC gene, no changes in H2A.Zac levels were observed in FT chromatin in YAF9 defective plants (Crevillén et al., 2019), revealing that the role of YAF9 in H2A.Z modification could be locus specific and highlighting the complexity of chromatin-mediated regulation of gene expression in plants.

YAF9A also participates in the control of flowering time through the photoperiod-dependent pathway. This NuA4 subunit interacts with the circadian clock component CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) which recruits MUT9P-LIKE-KINASE 4 (MLK4) to the GIGANTEA (GI) promoter. This protein complex that contains YAF9 and MLK4 acts to induce GI expression through phosphorylation of histone H2A at serine 95, H2A.Z deposition, and histone H4 acetylation in the chromatin of this flowering locus (Su et al., 2017). These observations illustrate how the coordinated action of different histone marks and chromatin remodeling complexes establishes patterns of gene expression required for an appropriate regulation of developmental processes such as flowering time.

Another NuA4 subunit shared with SWR1 is SWC4. Arabidopsis SWC4, encoded by AT2G47210, was recently found associated with SWR1 in plants (Gómez-Zambrano et al., 2018) (Table 1). Like its yeast and mammalian counterparts, AtSWC4 contains a SANT/Myb_DMAP1 domain in N-terminal position and a DMAP1 domain in the C-terminus (Figure 1) (Gómez-Zambrano et al., 2018). The first one is involved in the interaction with DNA, histones, and other proteins, while the second one mediates protein-protein interactions (Zhou et al., 2010). As in yeast, AtSWC4 physically interacts with both AtYAF9A and AtYAF9B in the nucleus (Bieluszewski et al., 2015; Gómez-Zambrano et al., 2018), suggesting the conservation of this common submodule in plants. SWC4 is widely expressed but shows higher transcript levels in proliferating tissues including roots, flowers, and floral buds, and participates in the regulation of different developmental processes. This NuA4 subunit seems to be essential for Arabidopsis embryo development given that swc4 knockout mutant plants are embryo-lethal. Furthermore, SWC4 also takes part in the regulation of post-embryonic processes since plants with reduced levels of SWC4 expression (swc4i) grown under both LD and SD conditions display pleiotropic phenotypic alterations in both vegetative and reproductive development such as curly leaves, symptoms of accelerated leaf senescence, and reduced plant and organ size due to a defective balance between cell proliferation and expansion. Additionally, consistent with the early flowering phenotype of yaf9 mutants, SWC4 knock-down lines displayed a slight acceleration of flowering concomitantly with FT upregulation under LD conditions (Gómez-Zambrano et al., 2018). Many of these morphological and developmental alterations resemble those observed in several Arabidopsis mutants defective in SWR1 function (Choi et al., 2005; Deal et al., 2005; Martín-Trillo et al., 2006; Choi et al., 2007; Deal et al., 2007; Lázaro et al., 2008; Jarillo and Piñeiro, 2015; Crevillén et al., 2019).

Transcriptomic analyses have revealed the misregulation of a wide range of genes in the SWC4 knockdown plants, which is consistent with the pleiotropic phenotypic alterations observed in these lines. Among the differentially expressed genes in swc4i lines, upregulated transcripts were three times more frequent than those downregulated, suggesting a role for SWC4 in gene silencing (Gómez-Zambrano et al., 2018). Differentially expressed genes include some loci involved in primary and secondary metabolism, response to stimulus and stress, post-embryonic development, cell-cycle control, cell differentiation, and growth (Gómez-Zambrano et al., 2018). Interestingly, this transcriptomic analysis revealed a wider overlap with that of the yaf9a yaf9b plants than with those of mutants affected in other SWR1 subunits like pie1, arp6, or swc6 (Crevillén et al., 2019), suggesting that AtYAF9 and AtSWC4 share a number of functions, and both may have additional roles to those performed by SWR1. In agreement with this idea and similarly to yaf9a yaf9b mutant plants (Crevillén et al., 2019), SWC4 knock-down plants show lower endoreduplication levels (Gómez-Zambrano et al., 2018). This is consistent with YAF9 proteins and SWC4 being part of the same functional submodule. Nevertheless, a significant overlap was still noticeable between the RNA-seq data of swc4i lines and transcriptomic profiles of other swr1 mutants (Gómez-Zambrano et al., 2018; Crevillén et al., 2019). Moreover, ChIP-seq analyses performed in swc4i plants identified more than 5000 genes with reduced levels of H2A.Z. Interestingly, these loci significantly overlap with the upregulated genes in SWC4 deficient plants, consistent with the association of AtSWC4 with SWR1. Based on these results, SWC4 has been proposed to be necessary for the recruitment of SWR1 and H2A.Z deposition to specific loci through the recognition of AT-rich DNA elements that are over-represented in the TSS of target genes. Consistent with previous observations showing that H2A.Z deposition is essential for proper transcriptional regulation of FT (Kumar et al., 2012), this master gene of flowering is a direct target of AtSWC4, and is one of the most highly upregulated genes in swc4i plants (Gómez-Zambrano et al., 2018), underscoring the relevance of SWR1 activity for modulating floral initiation in Arabidopsis (Figure 4B).

Finally, another shared member of SWR1 and NuA4 complexes that has been characterized in Arabidopsis is ARP4 (Table 1 and Figure 1). In Arabidopsis, there are eight classes of ARPs (ARP2-9), and two of them (ARP7 and 8) are plant-specific, while for the rest there are homologs in other eukaryotes. ARP proteins are well conserved in diverse angiosperms and homologs for all ARP classes have been found in the monocot rice (Table 1) (Kandasamy et al., 2003). All the Arabidopsis ARP classes are represented by a single gene except for ARP4, which has two closely related genes dubbed as AtARP4 (AT1G18450) and AtARP4A (AT1G73910). While AtARP4A appears to be poorly expressed, AtARP4 mRNA is ubiquitously present in all organs and tissues analyzed (Kandasamy et al., 2003). AtARP4 knockdown plants display morphological alterations like reduction in plant size, smaller and fewer leaves, and atrophied siliques with few seeds and fertility. These plants are also affected in many phases of reproductive development since they display conspicuous alterations in flower development and an early flowering time phenotype specifically under LD, suggesting a possible link with the photoperiodic flowering pathway. This global impact of AtARP4 deficiency in plant growth and architecture indicates that this gene is involved in the control of several developmental programs (Kandasamy et al., 2005).

ARP4 homologs from Arabidopsis and Brassica and tobacco species are nuclear proteins (Kandasamy et al., 2005) and co-purify with multiple putative subunits of INO80, NuA4, SWR1, and SWI/SNF complexes, confirming that ARP4 is part of several nuclear chromatin remodeling complexes in plants. Again, the presence of this protein in multiple complexes may explain the broad range of phenotypic alterations displayed by plants deficient in ARP4 function. Finally, up to eight isoforms of Act are encoded in the Arabidopsis genome (Table 1) (Meagher et al., 2005), but any experimental evidence shedding light on which ones might be involved in the plant NuA4 is still missing.




The Putative NuA4-SWR1 Complexes Merge in Plants, an Evolutionary Perspective

The existence of a functional interplay between the yeast SWR1 and NuA4 chromatin remodeling complexes has been suggested, based on several observations (Billon and Côté, 2013). First, four subunits are shared by both complexes (Altaf et al., 2010). Second, the NuA4-mediated acetylation of H2A and H4 facilitates the replacement of H2A-H2B with H2A.Z-H2B dimers by SWR1 (Altaf et al., 2010). Third, yeast NuA4 is responsible for the acetylation of H2A.Z histone variant after its incorporation into chromatin by SWR1 (Millar et al., 2006). Fourth, NuA4-mediated histone acetylation and H2A.Z deposition are intimately associated in a number of chromatin remodeling processes such as the establishment of heterochromatin boundaries or the activation of expression in subtelomeric regions (Zhou et al., 2010). Finally, in metazoans, homologs of SWR1 and NuA4 form the hybrid TIP60 complex, which is able to acetylate H2A and H4 histones and, at the same time, exchange H2A with H2A.Z (Cai et al., 2003).

Further to the functional link between SWR1 and NuA4 in yeast and animals, recent reports have demonstrated how these complexes can merge and separate during the transition from unicellular yeast to multicellular hypha in Candida albicans (Wang et al., 2018b). During the yeast state of this human pathogen, the catalytic subunit of NuA4 mediates the specific acetylation of the K173 residue in Eaf1. This modification of the NuA4 assembly platform subunit allows the interaction with Yaf9, a shared subunit of NuA4 and SWR1, facilitating the merge of both complexes. In contrast, during hyphal elongation, the acetylation levels of Eaf1 decrease through the action of the histone deacetylase Hda1, which is recruited to chromatin in response to nutritional signals that sustain hyphal elongation. In this state, NuA4 and SWR1 complexes are separated, showing the relevance of the dynamic merge and separation of these complexes in developmental transitions that take place depending on the nutritional status of the fungus (Wang et al., 2018b).

Based on these observations, a plausible scenario is that the merge of SWR1 and NuA4 complexes occurs also in plants. However, compelling experimental evidence supports the notion that plants, from mosses to angiosperms, are most likely to have canonical SWR1 and NuA4 complexes similar to those found in yeast. Most AP–MS approaches using subunits of SWR1 as baits reveal enrichments in SWR1 components and shared subunits with NuA4 among the co-immunoprecipitated proteins. In addition to these proteins, only homologs for the yeast Tra1, present in both NuA4 and SAGA HAT complexes, were recovered in these immunoprecipitation experiments when the SWR1 specific subunit ARP6 was used as bait, but not the NuA4 scaffold (EAF1) nor the catalytic subunit (HAM) (Potok et al., 2019; Sijacic et al., 2019). Based on these results, it is unlikely that these complexes may represent a merge of the Arabidopsis SWR1 and NuA4 complexes, similar to the mammalian TIP60 complex (Cai et al., 2003). In support of this conclusion, the K residue found to be acetylated in C. albicans Eaf1 during the transition from yeast to hyphae is not conserved in Arabidopsis, suggesting that this mechanism of separation and merge could be a specific adaptation of polymorphic fungi (Wang et al., 2018b). However, at present we cannot completely rule out the possibility that specific subsets of SWR1, NuA4 or even TIP60-like complexes could establish various combinations of the different homolog subunits that are encoded in the Arabidopsis genome for SWR1 and NuA4 complexes (Gómez-Zambrano et al., 2018) depending on the cell type, the developmental stage or the environmental and growth conditions that plants are exposed to. To precisely address the possible occurrence of distinct SWR1 and TIP60-like complexes, further complex purification approaches using for example Arabidopsis PIE1, the putative catalytic subunit of SWR1, as bait could contribute to elucidate the possible merge of NuA4 and SWR1 in plants.




Concluding Remarks

Over the last few years, several reports have started to enlighten the possible existence of a functional NuA4 in plants. At least 12 out of the 13 subunits of this complex are conserved in plants, and their functional characterization is providing evidence for the participation of this complex in different developmental processes and environmental responses. However, as for other plant chromatin remodeling complexes, one of the main bottlenecks in the characterization of the putative plant NuA4 is its purification and further crystallization. At the moment, the only information available to support the presence of NuA4 in plants is based on proteomic and individual protein-protein interaction analyses performed in Arabidopsis. While the data gathered until now tend to suggest that most of the components of the complex associate to each other in vivo, further complex purification approaches will be needed to clarify the exact biochemical composition of plant NuA4.

Remarkably, most of the NuA4 subunits are duplicated in plants. The functional characterization performed for some of these subunits indicate that different levels of redundancy are found in these couples of paralogs. The combinatorial potential of these homologs either in the full NuA4 complex or in the subcomplexes like Piccolo or TINTIN, is considerable. A plethora of distinct NuA4 chromatin remodelers with specific acetylation properties and functions could be produced in response to environmental factors or developmental cues, increasing plant plasticity that may result in a ﬁtness beneﬁt. Future research is expected to shed light on the possible interplay of the putative plant NuA4 and SWR1 complexes, although no clear evidence for their merge in a TIP60-like complex has been reported so far in Arabidopsis. In fact, current experimental data supports that plants most likely have independent NuA4 and SWR1 complexes, as it happens in yeast. Nevertheless, it is still possible that particular growing conditions, nutritional status, differentiation states or developmental signals may promote the combination of subunits from both complexes in plants, as it has been described in some fungi.

Although knowledge on the function of plant NuA4 is still in its infancy, the study of mutants affected in different NuA4 subunits characterized so far has revealed a number of phenotypic alterations at both vegetative and reproductive stages, suggesting an involvement of NuA4 in the control of central plant developmental programs through acetylation-mediated regulation of gene expression. However, the presence of some of the NuA4 homologs within different multisubunit chromatin remodeling complexes hampers the interpretation of the phenotypic alterations observed in these mutants, or in the combinations between them, complicating at the moment the adscription of functions to particular complexes. Further work is necessary to characterize additional plant NuA4 subunits in order to discriminate the functions that rely on the HAT activity of this complex from those that depend partially or totally on other chromatin remodeling complexes that share components with NuA4. Future comparative genomic and epigenomic analyses concerning mutants affected in specific and non-specific plant NuA4 subunits will allow us to conclude the mechanisms through which NuA4 works in gene expression regulation and the identification of its direct targets, increasing our understanding on how plant NuA4 functions in different developmental programs and environmental responses, and how this complex interacts with other chromatin remodeling activities.
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Epigenetics refers to the mode of inheritance independent of mutational changes in the DNA. Early evidence has revealed methylation, acetylation, and phosphorylation of histones, as well as methylation of DNA as part of the underlying mechanisms. The recent awareness that many human diseases have in fact an epigenetic basis, due to unbalanced diets, has led to a resurgence of interest in how epigenetics might be connected with, or even controlled by, metabolism. The Next-Generation genomic technologies have now unleashed torrents of results exposing a wondrous array of metabolites that are covalently attached to selective sites on histones, DNA and RNA. Metabolites are often cofactors or targets of chromatin-modifying enzymes. Many metabolites themselves can be acetylated or methylated. This indicates that the acetylome and methylome can actually be deep and pervasive networks to ensure the nuclear activities are coordinated with the metabolic status of the cell. The discovery of novel histone marks also raises the question on the types of pathways by which their corresponding metabolites are replenished, how they are corralled to the specific histone residues and how they are recognized. Further, atypical cytosines and uracil have also been found in eukaryotic genomes. Although these new and extensive connections between metabolism and epigenetics have been established mostly in animal models, parallels must exist in plants, inasmuch as many of the basic components of chromatin and its modifying enzymes are conserved. Plants are chemical factories constantly responding to stress. Plants, therefore, should lend themselves readily for identifying new endogenous metabolites that are also modulators of nuclear activities in adapting to stress.
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Introduction

One of the earliest observations redolent of epigenetics was made around 1915 when W. Bateson and C. Pellew made crosses between three “rogue” varieties of pea with its wild-type counterpart. The “rogues” bred offspring of exclusively “rogues”, while the expected wild-type segregants vanished forever (it should be understood that “rogue” at the time was not referring to a specific phenotype, but any off-type with respect to the parent, equivalent to our modern usage of “mutant”). Unusual heritable traits were again noted in the 1950s, more frequently and in different organisms, owing probably to the flourishing discipline of Mendelian genetics. These exceptional cases reported silenced alleles that can go on silencing another allele in trans. The causes were variously described as “paramutations” or “transvection effects” (with the benefit of hindsight, each of them represents likely one specific aspect of epigenetics involving trans-acting sRNAs). At about that time, the influential embryologist, C. Waddington, also remarked that many developmental traits were not fixed, but subjected to alteration by the environmental conditions (developmental pluripotency). One example was the vein patterns of the Drosophila wing, which can be altered by high temperatures during development, yielding a particular crossveinless phenotype. If these flies were then maintained for several generations at high temperatures, their progeny became all stably crossveinless, even when subsequent generations were returned to normal temperatures. Waddington articulated his ideas on developmental plasticity by using the metaphor of a rugged “epigenetic landscape”. He envisioned that each successive stage of developmental “decisions”, likened to a ball rolling down the landscape, can be nudged by environmental cues to deviate from its original path down a different furl (pathway). The landscape itself was also not static, but can change shape, as its floppy crust (can be equated with chromatin) is suspended over numerous genes whose actions are similar to those of pulleys, tugging asynchronously at the landscape. The term “epigenetics” was coined by Waddington as a nod to the existence of phenotypic determinants above the well-accepted Mendelian entity later called genes (Slack, 2002; Stam and Mittelsten Scheid, 2005; Noble, 2015).

These ideas did not gain immediate traction, as they of course conjured up Lamarckian inheritance, a forbidden fruit in the Mendelian Eden. Ironically, some of the molecular components for his model were already being discovered by his contemporaries at Cambridge University, his alma mater where he taught embryology. Between the 1950 and 1970s, Cambridge was the scientific mecca for some of the most brash and brilliant minds that ever united under the same proverbial roof, trying to understand life’s workings by blurring the intellectual divide between biology, chemistry and physics (https://qesp.org/james-watson-francis-crick-maurice-wilkins-and-rosalind-franklin/). This new reductionist approach, called molecular biology, was inaugurated there by a series of ground-breaking discoveries (e.g. the double-helix) and equally reverberating technical achievements–the most notable being DNA sequencing–that laid down the path for today’s genomics. In fact, the Watson–Crick DNA structure, with its full mechanistic implications for Mendelian inheritance, was published 4 years ahead of Waddington’s matured ideas in his book The Strategy of the Gene [reviewed by (Slack, 2002)]! Following the wake of the double-helix, acetylation on histones was also turning up a mere 100 km from Cambridge. These fractions of histone hydrolysates might have been annoying to work with, as they would thwart routine precipitations, owing to their increased hydrophobicity (Phillips, 1963). With the inexorable progress of molecular biology–debuting in the late 70s rsquo;s and its eclosion into the now cutting-edge genomics–epigenetics and the other lesser-used sobriquets like paramutations are understood to involve the same phenomenon of phenotypic changes without DNA mutations. These (epi-)phenotypes are caused by rearranged chromatin landscape triggered by chemical attachments to the DNA and histones, or in some gene-silencing systems, through the intermediate steps of trans-acting small RNAs that recruit the DNA- and histone-modifying enzymes. The reconfigured chromatin landscape, in turn, leads to altered accessibility to the genes underneath by the transcriptional machinery.

A current resurgence of excitement in epigenetics surrounds the question of how it can be extensively controlled by metabolism. This seemingly esoteric question is in fact revived by the awareness that unbalanced diets can cause many diseases due to deregulated epigenetic mechanisms, leading then, of course, to misexpression of genes (Kinnaird et al., 2016). Some cancers have been traced to malfunctioning RNA-modifying enzymes and the enthusiasm to understand the RNA code was buoyed by the hopes of developing treatments targeting the modifying enzymes. Along the way, the field of “epitranscriptomics” dedicated to understanding RNA modifications was launched (Saletore et al., 2012). Many of the metabolites are also donors, inducers, inhibitors, substrates, and co-factors of chromatin remodeling enzymes. There are over 260 sites on the animal histones (H1, H2A, H2B, H3, and H4) that are known to be modified post-translationally [Figure 1; see (Huang et al., 2014; Sabari et al., 2017)] and probably nearly so for plant histones. Benefitting from the Next-Generation technologies, the number of potential sites and the type of chemical adducts are rapidly expanding. One generality is that the vast majority of the histone modifications belongs to the class called short-chain acylation, defined by a thioester bond [R-C(=O)-S-R’] that links one molecule (e.g. lysine in a histone) to the next (e.g. acyl adducts) (Figure 1). For example, the widely-studied acetyl adduct is linked to the ε-amine of the lysine (K) by acylation. The other less-known acyl groups are distinctive by their hydrocarbon chain length, hydrophobicity or net electrical charges.




Figure 1 | Post-translational modification of histones. (A) Metabolites attached to histones. The top row shows acyl groups that are hydrophobic (red), polar (blue) and charged (orange) attachments. (B) The types and amino acid positions of the modifications on the core and the linker H1 histones. The globular domains (by which the histones themselves interact) are boxed. Figure is modified from Huang et al., 2014; Sabari et al., 2017.



In plants, studies directly addressing the functional relationships between metabolism and epigenetics are still relatively rare (Shen et al., 2015; Shen et al., 2016). But because many metabolites, histones, and modifying enzymes are highly conserved, the general principles derived from studies of other models should nevertheless provide useful clues into plants. On the other hand, because the lifestyle of plants is different from these other organisms, experimental confirmation or refutation is still ultimately desirable, if not necessary. In particular, plants produce myriads of secondary metabolites, many of which are implicated in defense against pathogens and abiotic stresses, as well as being immensely important for human health. Plants should thus be an excellent model to address the question of how these metabolites can relay environmental changes to the nucleus, a timely topic in view of global warming. This review will articulate mainly around acetylation and methylation, as they provide most of the current knowledge. This owes to the fact that most of their relevant modifying enzymes are known. It generally holds that the overall cellular concentrations of acetyl-coenzyme A (acetyl-CoA) and S-adenosylmethionine are the rate-limiting suppliers of, respectively, acetyl and methyl groups. So far, the literature available on the potential competitors for these two adducts in both plant and animal models is frequently limited to DNA and proteins (e.g. chromatin and the overall proteome). Plant epigenetics elevated to the scale of epigenomics will need to step outside the provinces of just protein and DNA. The complete acetylome and methylome in a cell must include all molecules requiring these same adducts for functioning. For this reason, we are broadening this discussion here to include epi-transcriptomics and “epi-metabolites”, by drawing in examples from both plant and non-plant models. One thing we try to avoid is lengthy coverage on how histone acetylation, histone methylation, and DNA methylation specifically influence plant development, especially flowering, as these areas have been amply covered. To help orientate non-experts, the following reviews should be highly informative: Zilberman et al. (2007), Law and Jacobsen (2010), Liu et al. (2010), Matzke and Mosher (2014), Liu et al. (2016), Trindade et al. (2017), Wang and Kohler (2017) and Friedrich et al. (2019).


In Plants, are the Cellular Concentrations of Acetyl-CoA Commensurate With the Level of Histone Acetylation?

Acetyl is used by cells as the basic currency for circulating two-carbon units in metabolic cycles. In eukaryotes, it comes exclusively from acetyl-CoA (Figure 2A) and several plant homologs of acetyl-CoA biosynthetic genes have been reported: pyruvate decarboxylase, acetaldehyde dehydrogenase, acetyl-CoA synthase, plastid pyruvate dehydrogenase, and ATP-citrate lyase. (https://portal.nifa.usda.gov/web/crisprojectpages/0187429-how-is-acetyl-coa-generated-in-plants.html). Many of these have not been extensively studied.




Figure 2 | Co-enzyme A and S-adenosylmethionine structures. (A) Co-enzyme A. Composed of an aliphatic chain (black dotted line), joined to adenosine diphosphate (blue circle). The sulfhydryl group (–SH) at one end is the most reactive. It can bond with, via the thioester with carboxylic acids (RCOOH), the most important is acetic acid (CH3COOH; acetyl is in green circle). Co-enzyme A has two major functions-as an energy carrier because of the high-energy phosphates and to transport two-carbon units in the form of acetyl between various biological molecules. (B) S-adenosylmethionine is synthesized from ATP (adenosyl in blue) and the sulfur-containing amino acid methionine (green circle). The activated methyl group (red) is linked to the sulfur (yellow). Chemical molecules were derived from ChemDoodle Web Component 2D Sketcher.



In other model organisms (e.g., yeast, mammals), the global level of acetylated histones has been shown to be correlated positively with that of acetyl-CoA in the cell. This suggests that acetyl-CoA availability likely represents the bottleneck. Acetyl-CoA itself is not membrane permeable so that within a compartmentalized cell, there are likely local heterogeneities in concentrations. Its flux among the subcellular compartments is accomplished rather by the membrane-permeable citrate and pyruvate, generated from the TCA cycle in the mitochondria (Figure 3). It has been hypothesized that membrane compartmentalization could in fact contribute to target specificity of some acetyltransferases (van Roermund et al., 1995; Jonas et al., 2010; Kistler and Broz, 2015; Sivanand et al., 2018; Wang et al., 2019).




Figure 3 | Main metabolites involved in acetylation and methylation in the cell. CoA is produced by the TCA cycle in the mitochondria, and during fatty-acid biosynthesis in the chloroplast and peroxisomes. Its redistribution to the different subcellular compartments is hypothesized to be by diffusion (as pyruvate and citrate from the mitochondria) across membranes, or perhaps through nuclear pores. In animals, transporters of acetyl-CoA in the endoplasmic reticulum has been described (Jonas et al., 2010; Hirabayashi et al., 2013). Red spot, acetyl; PDH, pyruvate dehydrogenase; ACL, ATP-citrate lyase. SAM, the rate-limiting methyl group supplier is derived from methionine and the folate cycle. Green triangle, SAM.



Chen et al. (2017) have identified mutations in the Arabidopsis ACETYL-COA CARBOXYLASE 1 (ACC1) locus, whose encoded enzyme converts cytosolic acetyl-CoA into malonyl-CoA required for the elongation of fatty acids produced in the plastids. While acc1 null mutants are embryo lethal, leaky mutants show variable symptoms of vegetative growth defects in addition to a reduced stature, coined collectively as “bonsai phenotypes” (Fatland et al., 2005). The leaky ACC1–5 contained about 50% higher amount of acetyl-CoA, and this is correlated with a global 50%–70% increase in histone acetylation over hundreds of chromosomal sites.

This semi-randomness in acetyl distribution over the chromosomes is somewhat expected, but at the level of individual histones, the lysine acetylation pattern showed a surprisingly strong bias. Instead of many lysines being eligible recipients owing to the higher acetyl-CoA import into the nucleus, the only notable beneficiary was H3K27. Seven other lysines (H3K9/14/18 and H4K5/8/12/16), known sites of acetylation, had levels indistinguishable from that of the wild type. Although there are many other possible target lysines or even arginines that have not been examined, this small size sample is nonetheless sufficient to hint at a rather strong selectivity in H3K27 to be acetylated. The underlying reason for this bias is not known.

The cytosolic acetyl-CoA biosynthetic enzyme ATP-citrate lyase (ACL) mentioned above is composed of two distinct subunits, ACLA and ACLB. The holoenzyme is a hetero-octomer composed of four subunits each of the A and B. Genetic analysis on acl mutants, because of their severe phenotypes or even lethality, indicated that the ACL complex represents a rate-limiting step or “non-redundant” generator of cytosolic acetyl-CoA (Fatland et al., 2005). This interpretation is consistent with the observation that hyperacetylation at H3K27 in ACC1 can be partially blocked by expressing a ß-estradiol inducible artificial microRNA targeted against ACLA. Thus, it is clear that acetyl-CoA homeostasis and the global histone acetylation levels are intrinsically linked. This further implies that acetyl-CoA in the cytosol can cross the nuclear membrane, possibly by passive diffusion via the pore complexes (Shen et al., 2015).

Genetic and biochemical analyses on eight of the 12 acetyltransferases in Arabidopsis revealed that the hyperacetylation of H3K27 in ACC1 depended on At3g54610, the single-copy gene encoding the nuclear histone acetyltransferase (HAT) GCN5/HAG1 [hereafter GCN5; for classification and descriptions of HATs, see (Shen et al., 2015)]. The argument that GCN5 is the major writer of H3K27ac is reinforced by the observations that the (hyper)acetylation at H3K27 in aac1-5 was abolished in the double mutant gcn5 aac1–5. This was also accompanied by partial reversion of one of the phenotypes, “leaf fusion”, observed in the single mutant aac1–5 (Chen et al., 2017).



How Does Acetyl-CoA Metabolism Link Up to Chromatin? Early Clues From Genetic Analyses

In Arabidopsis, genetic screens for suppressors of gene silencing based on altered expression of reporter transgenes ProRD29:LUC and Pro35S:NPTII (confers the kanamycin resistance) had identified loci in metabolism. One suppressor mutant showed kanamycin-sensitivity (due to hypermethylation of the NPTII gene), but still expressing LUC. The suppressor mutation was mapped to At3g51840, whose gene sequence predicted a peroxisomal acyl-CoA oxidase 4 (ACX4) involved in fatty acid ß-oxidation (Wang et al., 2019). Acyl-CoA oxidases in general act on CoA derivatives of fatty acids. In the case of ACX4, it catalyzes the conversion of fatty acid acyl-CoA [chemical formula: –C(O)–fatty acid] to trans-2-enoyl CoA, which is eventually converted into acetyl-CoA [chemical formula: –C–(O)–CH3] (Figures 2A and 3). This is thought to be the predominant way by which the rate of acetyl-CoA flux is controlled through ß-oxidation in peroxisomes. The acetyl-CoA level was lower in this mutant than in the wild type. By specific antibody staining in nuclei cytological spreads, histones H2B, H3, and H4 were all found to have lower than wild-type levels of acetylation levels. When histone H3 was analyzed in detail, again, some bias in the target lysines was detected. It was found that H3K9ac, H3K18ac, and H3K23ac were moderately reduced, those of H3K14Ac and H3K27Ac were unchanged. Over-expression of the above-mentioned ACLA and ACLB simultaneously (to reconstitute the complete cytosolic biosynthetic complex), but not the subunits individually, led to the rescue of the kanamycin-sensitivity of acx4. These results uncovered that ß-oxidation of fatty acids in peroxisome is interlocked with the regulation of histone acetylation and DNA methylation relevant to gene silencing.

The control of circadian rhythm in animals depends on one of the central regulators of circadian rhythm, CLOCK (Circadian Locomotor Output Cycle Kaput), which unexpectedly turns out to be a specific histone acetyltransferase (Doi et al., 2006; Eckel-Mahan and Sassone-Corsi, 2013). We mentioned this here because it was largely this finding that consolidated the idea that the epigenetic regulatory mechanisms are fundamentally controlled by metabolism. Counterbalancing CLOCK’s activity are the repressors, PER and CRY. These can form heterodimers in the cytosol, then migrate into the nucleus where they physically block the CLOCK complex from binding to target chromatin sites. PER2:CRY1 dimerization is sensitive to the level of polyamines. And in the mouse, the decline in polyamines is correlated with the lengthening of the circadian period (Zwighaft et al., 2015). Polyamines also stimulate histone acetylation in several mammalian cell types, although the mechanistic contour remains hazy (Hobbs and Gilmour, 2000).



Metabolic Status of the Cell and Histone Deacetylases

The cofactor nicotinamide adenosine dinucleotide [NAD(+)] was initially discovered as an electron carrier (becomes NADH) in the oxidation of carbohydrates. The involvement of NAD(+) in histone modification is just beginning to be explored in plants. In combination with the de novo synthetic pathway (from aspartic acid), Arabidopsis has a salvage pathway in which nicotinate mononucleotide is regenerated from nicotinamide. In animals, the Sirtuin-Like proteins SIRT 1 and SIRT6 form a class of histone deacetylases whose activities depend on NAD(+) (so-called class III HDACs). Sirtuins are activated at times of energy deficit and reduced carbohydrate energy, associating with high NAD(+) levels. The activities of SIRT seem to be, moreover, limited by NAD(+) availability (Pacholec et al., 2010; Gerhart-Hines et al., 2011; Hirschey et al., 2011; Fischer et al., 2012). Like acetyl-CoA, the levels of NAD(+) could, therefore, act as a signal that communicates the cellular redox status to the chromatin, through activating specific SIRT’s (in mammals, these are SIRT1, SIRT6, and SIRT7).

Mammalian HDACs are inhibited by ß-hydroxybutyrate, a ketone that has been known primarily as a circulating source of energy in response to fasting. ß-hydroxybutyrate can thus logically act as a trigger inside cells to increase the global levels of histone acetylation and the expression of numerous genes, particularly those encoding oxidative stress-protection factors (Shimazu et al., 2013). Whether ß-hydroxybutyrate exists in this form freely in plants is not conclusive, but poly-ß-hydroxybutyrate is present (Tsuda et al., 2016). Whether this can metabolize to ß-hydroxybutyrate is not known.



Polyamines and Histones Cooperate in Remodeling the Chromatin Structure

Polyamines are aliphatic compounds of low molecular weight bearing more than one amino group. Because of the amino groups, at physiological pH, these compounds are therefore polycations. The four most abundant, or universal, polyamines are putrescine, spermine, spermidine, and cadaverine, which are found in disparate ratios in virtually all cellular life forms, ranging from prokaryotes (e.g. Mycoplasma, E. coli, Salmonella, etc.) to humans.

In eukaryotes, one of the earliest roles attributed to polyamines is that they interact with the chromatin (Morgan et al., 1987). Polyamines are ancient molecules that played a role in packaging DNA and RNA in simple cells and viruses. Although most of the demonstrations on polyamine–DNA interactions have been done in vitro, there are genetic evidences, especially obtained from yeast, entirely consistent with these interpretations.

The mutation gcn5 disrupts the yeast homologous histone acetyltransferase and impairs the transcriptional activation of many target genes (Xue-Franzen et al., 2010). The mutant is also hypersensitive to oxidative stress and shows retarded growth (Pollard et al., 1999). In genetic screens for extragenic suppressor mutations, the gcn5 phenotypes were found to be partially restored to those of the wild type by the overexpression of ARG3. ARG3 does not encode chromatin-related proteins, but ornithine decarbamylase, which converts the non-protein amino acid ornithine to citrulline, an intermediate in the urea cycle as well as an arginine derivative found in histones (Figure 1). Because ornithine is the limiting step in polyamine biosynthesis, its catabolic conversion into citrulline competes with its alternative production of polyamine. This led to the hypothesis that polyamine deficiency caused by ARG3 overexpression should suppress the histone acetyltransferase deficiency. This was indeed confirmed. Similarly, another mutation, the loss-of-function spe1 can also partially reverse the effect of gcn5 based on reporter-gene expression assays (e.g. HO-lacZ, SUC2-lacZ, etc.). SPE1 encodes ornithine decarboxylase, which converts ornithine into putrescine, a precursor for the biosynthesis of other polyamines. Finally, combining spe1 and a semi-dominant allele of histone H4 (hhf2-7; which impairs nucleosome-mediated gene repression) almost completely alleviated GCN5-dependent expression of the reporter gene. These results, together, provide strong genetic proofs that the normal roles of polyamines include the repression of gene expression through interactions with nucleosomes. In vitro, spermidine can efficiently promote oligomerization of nucleosomes onto DNA. Core histones acetylation attenuates this process (Pollard et al., 1999).

Both core histones and polyamines seem to be common targets of transglutaminases (Folk et al., 1980; Ballestar et al., 1996). These enzymes catalyze the additions of amine groups to the amino acid glutamine. Histones are easily cross-linked or modified by polyamines in vitro and raises the possibility that they are transglutaminase substrates in vivo (Nunomura et al., 2003). Human histone proteins directly purified from HeLa cells do show abundantly linked putrescine, spermidine or spermine (Yu et al., 2015). More unexpected is that serotonin, a neural transmitter as well as a trophic factor that helps neurons to grow, is added by a specific transglutaminase onto glutamine 5 of H3 (Farrelly et al., 2019). And this modification can take place only if H3K4 is already trimethylated, attesting to the functional specificity of this serotonin mark. It is also worthwhile to emphasize that this discovery portents that other neural transmitters, such as dopamine and histamine, could well be histone marks (Cervantes and Sassone-Corsi, 2019). Serotonin (Erland and Saxena, 2017), dopamine (Bell and Janzen, 1971) and histamine (Sanchez-Perez et al., 2018) (https://www.britannica.com/science/histamine) all exist in plants, portending the astonishing diversity of adducts that are still waiting to be uncovered.



Mechanisms of Acetylation of Metabolites and Histones Hint at Early Co-Evolution

Genomic-scale analysis of “acetylome” has found that many non-histone proteins, including those in organelles, are acetylated. Some of the acetylated non-histone proteins have been described in Shen et al. (2015), as potential stakeholders of the same acetyl-CoA source.

Beyond proteins, the more intriguing point is that many metabolites themselves are targets of acetylation, prompting some to call these epi-metabolites (Showalter et al., 2017). For examples, some amino acids, neurotransmitters or polysaccharides such as glucosamine and muramic acid are all substrates of acetyl-CoA-dependent acetyltransferases (Engelke et al., 2004; Vetting et al., 2005; Han et al., 2012; Showalter et al., 2017; Christensen et al., 2019).

Acetyltransferase activities have been reported to co-purify from mammalian cell extracts that can acetylate in vitro both histones and polyamines, although the nature of these proteins is not known (Wong et al., 1991; Matthews, 1993). Equally intriguing is whether some acetyltransferases can modify both histones and metabolites, with implications for the evolution of this class of enzymes. One recent discovery is that the activity of the human H3 acetyltransferase, PCAF, can be enhanced towards histone H3 (10 µM) by the presence of low concentrations (<5 µM) of N8-monoacetylspermidine in vitro. It was hypothesized that the PCAF Bromodomain is able to bind N8-monoacetylspermidine, which then increases the affinity of the acetyltransferase towards H3. In the presence of high spermidine concentrations (>15 µM), PCAF switches substrate preference, exhibiting N8-spermidine acetyltransferase activity over that of histone, resulting in N8-monoacetylspermidine (Burgio et al., 2016).

So far, there is no polyamine deacetylase known from eukaryotes. However, acetylpolyamine amidohydrolases (APAH) with deacetylase activity had been isolated from the soil bacterium Mycoplana ramosa (formerly bullata) (Fujishiro et al., 1988; Sakurada et al., 1996). These enzymes, dimeric, have a strong affinity towards acetylated spermine, N1– and N8 – isoforms of spermidine, cadaverine, and putrescine. The APAH has been crystallized and its structure resembles that of a HDAC–like oligomer. In fact, APAH displayed significant activity towards L–Lys (ε–acetyl)–coumarin, the small in vitro substrate for HDAC, but reduced activity towards the larger HDAC test substrate acetyl–L–Arg–L–His–L–Lys(ε–acetyl)–L–Lys(ε–acetyl)–coumarin. Dimerization is important, because the interface creates an “L”-shaped active site tunnel would allow only substrates that are sufficiently narrow and flexible to enter. These results also hint at the possibility that a comparable dimeric HDAC could catalyze polyamine deacetylation in eukaryotes (Lombardi et al., 2011). The implication is that prokaryotic polyamine deacetylases might have been the predecessors that eventually evolved into eukaryotic histone deacetylases.



Histone Methylation and Metabolic Cofactors

Methylation of histones and DNA is well known, but their methylation status is coordinated with the metabolism. On a genome-scale, methylome will need to explore beyond histones and DNA, by taking into account of other cellular elements, including RNA and metabolites.

Approximately 1% of the genes in several reference eukaryotic genomes, ranging from Arabidopsis to mammals, encode proteins with motifs characteristics of methyltransferases (Katz et al., 2003). This relatively large number of predicted methyltransferases suggests there might be an equally large trove of corresponding methylated substrates yet to be discovered. By far, the most characterized methyl acceptors are histones (Figure 1) and DNA, with direct consequences on the epigenetic regulation of gene expression.

The universal methyl (–CH3) donor is S-adenosylmethionine (SAM) (Figure 2). SAM originates from folate-dependent one-carbon metabolism (the transfer of one-carbon units) (Figure 3). The vitamin B12-dependent methionine synthase uses 5-methyl-tetrahydrofolate (5-CH3-THF) as the one-carbon donor for the methylation of homocysteine to methionine, the precursor of SAM. Removal of the methyl moiety from SAM results in S-adenosylhomocysteine, which is a competitive inhibitor of methyltransferases. On the other hand, decarboxylation of SAM to S-adenosyl-methioninamine contributes the α-aminopropionyl group to the biosynthesis of spermine and spermidine, as well as being the precursor of certain amino acids and ethylene (Miyazaki and Yang, 1987; Roje, 2006).

Histone methylation is carried out by families of transferases represented by SUPPRESSOR OF VARIEGATION SU(VAR)3-9, ENHANCER OF ZESTE [E(Z)], TRITHORAX (Trx), and ASH1 (absent, small, or homeotic discs 1). These protein families share a common stretch of 130 aa, called the SET domain, an acronym based on the founding members of the first three families, identified in Drosophila by genetic screens for modifiers of variegating phenotypes (see section HETEROCHROMATIN PROTEIN1 and Histones-Collaborators or Competitors?). Histone methyltransferases in Arabidopsis can control the expression of genes with functions in metabolism. For example, the SET-domain SDG8 catalyzes H3K36me3 in gene bodies, inducing high-level expression of a specific set of light- and/or carbon-responsive genes important for photosynthesis, metabolism and energy production (Li et al., 2015).

The catalytic activities of histone demethylases are directly dependent on metabolites as co-factors. The first type is the amine oxidases, represented by the Lysine-Specific Demethylase1 (LSD1), whose activities require flavin adenine dinucleotide (FAD). In Arabidopsis, several homologs (e.g. FLD, LDL1, LDL2) play a prominent role in flowering time through the suppression of FLC (Jiang D. et al., 2007; Liu et al., 2007).

In mammals, histone demethylases have extremely broad functions, covering many metabolic pathways. For example, high carbohydrates will stimulate FAD accumulation, which can then activate LSD1 and also the deacetylase Sirtuin. Thus, it seems that nutrient signals are transduced by at least two epigenetic pathways, implicating both demethylation and deacetylation. LSD1 is known to demethylate the repressive mark H3K4me2 on the fatty acid synthase gene, to activate its expression. But it can also inhibit glucogenesis by demethylating the active mark H3K4me2 on FBP1 and G6Pase (Nakao et al., 2019). LSD1 and many other epigenetic components are also implicated in DNA metabolism, in which chromatin structures at double-strand breaks are remodeled to allow DNA-repair machinery to access the spatially confined region surrounding the double-strand DNA break [for example, see (Wei et al., 2012)].

The other class of demethylases is a complex family of proteins characterized by the Jumonji C (JmjC) domain, with members targeting specific histone lysines at different methylation states. Their catalytic activities need ferrous iron [Fe(II)] and 2-oxoglutarate (2-OG). Because Fe(II) is sensitive to reactive oxygen species (ROS) produced during aerobic metabolism and oxidative stress, JmjC activities might thus be modulated by Fe(II) availability.

There is also a sizeable number of arginine (R) residues on H3 and H4 that are targets of methylation [which will not be enumerated here; for details, see (Zhang and Reinberg, 2001; Liu et al., 2010; Ahmad and Cao, 2012)] (Figure 1B). The essential point here is that this amino acid bears three guanidino nitrogen atoms (CH5N3)–two terminal nitrogens designated as ω and one internal designated as δ (Figure 1A). Contingent on the methylation positions on the nitrogens, one isomer generated is called SDMA, or symmetric dimethylarginine, in which each of the two ω guanidino nitrogens is bound to one methyl group; the other is designated ADMA, or ω-NG, NG asymmetric dimethylarginine, in which two methyl groups replace the two hydrogens of the same ω guanidino nitrogen atom. These dimethylarginine isomers, ADMA and SDMA, seem to generate contrasting biological readouts. In mammals, ADMA at H4R3 is associated with transcriptional activation (Wang et al., 2001), whereas SDMA at the identical position is a repressive mark (Zhao et al., 2009). The regulatory readouts dictated by these modifications do not stop here, but subsequent proteolysis of the methylated proteins liberates ADMA and SDMA. ADMA (but not SDMA) then turns into a metabolite inhibitor of the endothelial nitric oxide synthase (Xuan et al., 2016). Arabidopsis arginine methyltransferase homologs exist (Liu et al., 2010), it is likely that ADMA might also act as a metabolic inhibitor.



DNA Modifications–Reversible Methylation, Novel Bases, Double-Strand DNA Break, Gene Silencing

Studies on DNA modification have been largely focusing on methylcytosine. It was first reported in 1925 in Mycobacterium tuberculosis, but it is now widespread in most model organisms, except C. elegans. DNA methylation is found on nucleotides (N6-)methyladenine, (N4- and N5-)methylcytosines (Ratel et al., 2006). In Arabidopsis, N5-methylcytosines are abundant and present in CG, CHG and CHH sequence contexts. These marks are catalyzed and maintained by a battery of enzymes leading to restructured chromatin (e.g. MET1, DDM1, SWI2/SNF2, CMT2, CMT3, DRM2, etc.). The present-day technologies, however, are not of sufficient resolution to pinpoint the specific function of the individual types of methylated nucleotides. For now, it appears that it is rather the optimal levels of DNA methylation are important for plant growth (Dowen et al., 2012; Zhang et al., 2018; Gonzales and Vera, 2019).

Double-strand DNA breaks (DSB), which is mechanistically associated with DNA repair and recombination, is best correlated with low DNA methylation levels. In meiosis, during which recombination has been explored in detail, it starts with a double strand break (DSB) introduced in the chromosomal DNA by SPO11-1, SPO11-2, and MTOPVIB in a topoisomerase IV-like complex. Sequencing the oligonucleotides recovered from SPO11-1 revealed hotspots that are clearly low in cytosine methylation, gene-rich, and tend to exclude nucleosomes as ascertained by micrococcal nuclease digestion (Choi et al., 2018). Similar analyses had also been carried out in maize, by taking advantage of the RAD51 protein, which binds to sequences near DSBs (He et al., 2017). These RAD51-bound sequences are not skewed towards gene-rich regions but rather dispersed throughout the genome, including centromeric and pericentromeric regions. In fact, 75% of DSBs are derived from repetitive DNAs and retrotransposons. Despite these differences relative to Arabidopsis, maize DSBs are also found in DNA regions of low methylation as well as being nucleosome-free (He et al., 2017).

DNA methylation is reversed by demethylases belonging to a family of DNA glycosylases but the relationship with metabolism has not been firmly established, especially in plants. In animals, one enzyme family is called TEN-ELEVEN TRANSLOCATION METHYLCYTOSINE DIOXYGENASEs (TETs). TET converts 5-methylcytosine to 5-hydroxymethylcytosine, 5-formylcytosine, and 5-carboxylcytosine; all of these unusual base derivatives have been found in the mouse genome (Ito et al., 2011) (Figure 4). TET activities–like those of histone deacetylases and demethylases–share the cofactors Fe2+ and α-ketoglutarate. Another link between DNA methylation/demethylation and metabolism is through vitamin C. Its simple addition to the culture medium can induce extensive epigenetic reprogramming, converting mouse fibroblast cells back into pluripotent or stem cells; the efficiency of this conversion is TET1-dependent (Pera, 2013).




Figure 4 | A sample of unusual bases in eukaryotic DNA. TET DNA demethylases, instead of simply removing the methyl groups, they leave in their wake rearranged nucleotides. Chemical molecules were derived from ChemDoodle Web Component 2D Sketcher.



The above methyl-cytosine derivatives are not the only novelties found in mammalian genomes. In fact, eukaryotic nuclear DNA could be more extensively modified than we realize (https://en.wikipedia.org/wiki/DNA). For now, most of the modified bases have only been reported in microorganisms, such as bacteria and phages, but some of the “exotic” modifications might still turn up in eukaryotic genomes: Uracil was first found in the genomic DNA of Plasmodium, but it is now present on at least two human chromosomes (Shu et al., 2018) (Table 1). Obviously, how all of these unusual bases are maintained and escape correction mechanisms is not known. Neither do we know whether a parallel exists in plants.


Table 1 | Modifications and substitutions of DNA bases.



Sulfamethazine, an inhibitor of folate synthesis, can suppress gene-silencing in plants (Zhang et al., 2012). In the same genetic screens for suppressors that would release the silenced expression of the double reporters (LUC and NPTII) in the mutant ros1 (Repressor of Silencing 1), extragenic suppressor mutations mapping to FOLYLPOLYGLUTAMATE SYNTHETASE 1 (FPGS1) were identified (Zhou et al., 2013). In vivo, folate can be polyglutamylated and FPGS catalyzes the sequential conjugation of additional r-linked Glu residues to the initial Glu. The fpgs mutation reduced the total folate abundance and DNA methylation in all three cytosine contexts, as well as the level of the repressive mark H3K9me2. Similar to the example of vitamin C in animal cells, here, adding to the plant medium a stable form of folate (5-formyltetrahydrofolate, 5-CHO-THF) could revert the short-root phenotype and the recovery of kanamycin resistance from the reporter NPTII. This treatment also restored the level of H3K9me2. Moreover, the addition of 5-CHO-THF to the wild-type plants also increased the DNA methylation level, but that of H3K9me2 remained constant. These results suggest that the level of DNA methylation during normal development of the plant is directly limited by folate, with a secondary consequence on histone methylation. Over-expressing methionine synthase, to increase the precursor to SAM, represses resistance to Pseudomonas syringae DC3000 and genome-wide increase in DNA methylation, reinforcing the importance of folate one-carbon metabolism for correct DNA methylation and its dynamics in responding to stress stimuli (Gonzales and Vera, 2019).

The locus SUPPRESSOR OF DRM2 CMT3 (SDC) is silenced conjointly by the DRM2- and CMT3-mediated methylation pathways. Thus, while SDC is expressed in the double mutant drm2 cmt3, it is silenced in the wild-type and also in each of the two respective single mutants. Using the transgene SDCpro-GFP as the reporter, which was silenced in the WT and cmt3 background, one mutant was identified with alleviated reporter gene suppression in the WT background. The mutation was mapped to the gene (MTHFD1) encoding METHYLENETETRAHYDROFOLATE DEHYDROGENASE/METHENYLTETRAHYDROFOLATE CYCLOHYDROLASE 1 involved in the interconversion of three key folate intermediates, and other functions including the production of purine, pyrimidine, and SAM (Groth et al., 2016). This mutation led to the genome-wide loss of CHG and CHH methylation, reduced H3K9me and re-activation of mobile elements. The actual cause of these consequences, however, may not be the mere results of diminished folate pools, because, in contrast to fpgs1 above, applied 5-formyltetrahydrofalte (5-CHO-THF) led to rather root growth inhibition of the mthfd1-1 (but not on WT seedlings). Treatment with 5-CHO-THF as well as 5-CH3-THF did not rescue the DNA methylation defects in mthfd1-1. The authors have attributed the cause to be inhibition of methionine synthase.

In human cells, a fraction of the MTHFD1 is recruited to chromatin by a direct interaction with the histone acetyl reader Bromodomain-containing protein 4 (BRD4), whose deregulation has been linked to oncogenesis (Sdelci et al., 2019). Thus, besides SAM production, the MTHFD1 protein itself, involved in nuclear folate metabolism, can be a component of chromatin complexes that directly influence gene expression.



Epi-Transcriptomics-m6A, With Links to TCA Cycle, Methylated DNA and Acetylated Histones

RNA containing modified bases had been noted since the 1970s (Desrosiers et al., 1974). Because mapping modified RNA bases was labor-intensive (https://bitesizebio.com/13550/a-short-history-of-sequencing-part-1-from-the-first-proteins-to-the-human-genome/), it took a backseat to the easier task of determining the actual sequences themselves, aided by the technical advances in DNA sequencing. In the process of copying the RNA into cDNA by supplying the standard nucleotides in the in vitro reactions, any chance of following up on modified RNA bases quickly dropped out of the radar, which lasted over 3 decades.

Over 150 different chemical modifications are known, most of them are in structural RNAs (e.g. tRNA, rRNA), but a few are also present in mRNA (http://modomics.genesilico.pl/ and http://mods.rna.albany.edu). The prevailing idea is that these modifications determine the post-transcriptional fate of the RNA (Boccaletto et al., 2018; Hu et al., 2019). But it is likely that at least some of the modifications on RNA, particularly methylation, can compete with the demands by DNA and histones. Only m6A will be discussed here.

The m6A found in DNA is also a major mark on total RNA (0.1% to 0.2% of the nucleotide). It maps preferentially to the transcription start sites, the stop codon, and the 3’ UTR. Compared to its counterpart on DNA, for which the functions are speculative with the possible exception of double-strand breaks, we have better ideas about its effects on RNA. The first-ever hint of its functional importance at the whole-organism level was distilled from disrupting the gene MTA (At4g10760), encoding the mRNA adenosine methyltransferase, in Arabidopsis (Zhong et al., 2008). Homozygous T-DNA insertion mutant embryos are white and fail to mature beyond the globular stage, indicating that the optimal m6A level must be connected with a number of elementary metabolic networks.

The levels of m6A in RNA are positively correlated with transcript stability. This may be one mechanism to enhance the half-life of selective mRNAs. This hypothesis is clearly supported by a mammalian model system, in which viral infection stimulated the binding of a specific RNA m6A demethylase, ALKBH5, to an important transcript–the α-ketoglutarate dehydrogenase (OGHD) mRNA. This binding is correlated with blocking viral infection. ALKBH5 is a methylated protein, and demethylation at its R107 inactivates its catalytic activity (Liu et al., 2019). In this alternative scenario, the OGHD mRNA became hypermethylated as well as stabilized as the result. The higher OGHD also stimulated the production of the metabolite, itaconate, an intermediate of the TCA cycle, required for viral replication. RNA m6A demethylases are actually α-ketoglutarate-dependent dioxygenases, indicating their catalytic activities are linked to those of the TCA. They can erase not only methyl but also alkyl groups on their diverse types of targets. For example, in animals, ALKBH1 can act on RNA, DNAs, and histones. This dioxygenase also targets several m1A methylated tRNAs in the mitochondria, influencing organellar translation (Kawarada et al., 2017; Muller et al., 2018).

In Arabidopsis, there are 13 different ALKBHs. Most of them are localized in the nucleus and in the cytoplasm, except ALKBH1D, which is chloroplastic (Mielecki et al., 2012). ALKBH10B is the principal mRNA m6A eraser influencing floral transition by controlling the transcript levels of SPL3, SPL9 and FLOWERING LOCUS T (Duan et al., 2017). ALKBH9B also seems to play roles in plant defense against pathogens (Martinez-Perez et al., 2017). In rice, ALKBH1, ALKBH6, ALKBH8B, and ALKBH10A were found to be differentially regulated by drought, cold or ABA. All of these observations are consistent with the notion that these ∝-ketoglutarate-dependent demethylases may have roles as environmental sensors (Hu et al., 2019). Thus, there seems to be a possible coordinated switch of the chromatin towards more of an active state by demethylation of DNA, RNA, histones, coupled to acetylation of histones.



Metabolite Methylation: Functions and Influence on Chromatin State

In mammals, methylation of phosphotidylethanolamine (a phospholipid) was experimentally shown to divert methylation from histones and a protein phosphatase2A. This overall process is thought to reflect optimization of sulfur metabolism as well as transcriptional regulation of sulfur and the expression of genes involved in phospholipid metabolism (Ye et al., 2017). These biochemical results prove that metabolites are parts of the global methylome by competing for SAM away from histones and non-histone proteins.

Plants are metabolite factories (Fang et al., 2019), yet their potential connection with epigenetics has hardly been explored. Examples of well-known metabolites are methyl-salicylic acid and methyl-jasmonate, with broad physiological effects on development and plant–environment interactions (Vogt, 2010; Hu et al., 2017). O-methyltransferases have been implicated in lignin biosynthesis (Zhong et al., 1998) and in modifying flavonoids as well as esters with aromatic vicinal dihydroxyl groups (Ibdah et al., 2003). Methylation of certain anthocyanins alters the intensity of pigment hues, generating their diversity in stability and functions, likely related to their function as protectants against UV, pigmentation, antioxidation or attractants of insects (Du et al., 2015). In Arabidopsis and the cyanobacterium Synechococcus, trimethylation of glycine yields glycinebetaine, which confers tolerance to experimental stresses that include low temperature, drought and high salinity (Waditee et al., 2005). The enhanced salt tolerance in the case of Synechococcus can be dramatic, as illustrated by the transgenic expression of two glycine methyltransferases that enabled the cells to grow in 0.6 M NaCl, converting a fresh-water organism into a marine species (Waditee et al., 2005). Methylglycine also exists in mammalian cells, which converts the amino acid into an oncometabolite. N-methylglycine or sarcosine stimulates the invasion and aggressiveness of prostate cancer cells (Sreekumar et al., 2009). 1-Methylnicotinamide is known to be a developmental regulator of prostacyclin synthesis in mammals (Chlopicki et al., 2007). More recently, this metabolite is also found to be required to maintain stem cells in their embryonic state by competing with the deposition of H3K27me3 marks (Sperber et al., 2015). Even the SAM-independent methyl donor, folate, itself, can be methylated, which is the active form of vitamin B9 used by the human body in circulation. As it is generally thought that the number of metabolites vastly outnumbers that of proteins (Li and Snyder, 2011), metabolites could turn out to be extremely tenacious competitors for SAM, and thereby, also chromatin structures.

Arsenate induces the accumulation of several methylated/citrullinated proteins [FUS, EWS, and TAF15; see (Tanikawa et al., 2018)]; arsenate is itself inactivated by methylation (Tseng, 2009). Methylhalides (organic halogens) are produced by a large number of ecosystems, crops, and biota. Likewise, the terrestrial source of methyl iodide can account for 80-110x109 tons of iodine per year (https://www.sciencedirect.com/topics/chemistry/methyl-halides) (Carpenter, 2015). Despite little is known about their biological roles, there are nonetheless methyltransferases that have already been identified in plants, such as Endocladia muricata (marine red alga), Phellinus promaceus (white rot fungus) or Mesembryanthemum crystallanium (ice plant), that can use SAM to methylate organic ions such as the anions iodide, chloride, bromide (Wuosmaa and Hager, 1990) and the amino acid alanine (Barkla and Vera-Estrella, 2015), possibly associated with various adaptive functions. Along with the thinking of diets in humans being linked to epigenetics and diseases, one wonders whether plants metabolites, liberated after being ingested by the organism, can directly be used by the animal epi-genome as well. This hypothetical scenario is plausible; it would be analogous to horizontal gene transfer (bacteria taking up free DNA) or interspecific exchanges of small regulatory RNAs between pathogens and plants [for an example, see (Hudzik et al., 2020)].



Heterochromatin Protein1 and Histones-Collaborators or Competitors?

The methyl marks on histones are “read” by protein modules, which then translate them into specific gene expression profiles. One of the better-characterized methyl-lysine readers in plants is LIKE HETEROCHROMATIN PROTEIN1 (LHP1), a Chromo domain protein in the Polycomb Repressive Complex 1 (PRC1). The mutant lhp1 displays pleiotropic phenotypes that include abnormal rosette leaves, smaller plant stature, partial sterility, early flowering and a terminal flower (Gaudin et al., 2001; Kotake et al., 2003). The mutation has an impact on general metabolism: in a genetic screen for mutants affected in the synthesis of glucosinolates, tub8 was identified. Intriguingly, this mutation turned out to be allelic to lhp1 (Kim et al., 2004).

While a “reader” has an important role in translating a histone mark into a cellular function, histones and (L)HP1 may also have complicated relationships in that they compete for the same metabolites for adducts. LHP1 binds to trimethylated H3K27, which is a euchromatin mark in vivo (Turck et al., 2007; Zhang et al., 2007) and sensitive to the cytosolic level of acetyl-CoA. The name LHP1 had been inspired by its notable sequence similarity to the founder HETEROCHROMATIN PROTEIN1 (HP1) of Drosophila. HP1 was identified as Su(var)205, a suppressor mutation of Position Effect Variegation (PEV) (Tschiersch et al., 1994; Lloyd et al., 1999; Elgin and Reuter, 2013). For clarity, PEV describes the variegation of a phenotype caused by a wild-type gene’s abnormal juxtaposition to heterochromatin brought about by either chromosomal rearrangement or transposition. One model suggests that heterochromatin can spread from HP1-bound sites to adjacent regions with stochastic endpoints, suppressing the expression of neighboring genes in some cells but not in others. Modifiers of PEV almost always corresponded to deleted or disrupted loci encoding histone, chromatin proteins and components in RNA interference. One surprising result, at least at the time, from these genetic screens was the discovery of SUPPRESSOR OF ZESTE5 [Su(z)5]. Instead of a mutation in yet another locus encoding a chromatin-related protein, Su(z)5 turned out to impair the synthesis of SAM (Larsson et al., 1996). With hindsight, it is obvious that SAM is the limiting methyl donor for a wide range of molecules, including chromatin proteins and metabolites. But in the absence of this knowledge at the time, PEV suppression was hypothesized by the authors to be linked to the reduced levels of certain polyamines, which was empirically confirmed.

In vivo, the Arabidopsis LHP1 is found in nuclear speckles (Gaudin et al., 2001; Kotake et al., 2003), which represent an example of non-membrane bodies. However, whether these speckles reflect the intrinsic ability of LHP1 to self-aggregate and to undergo liquid–liquid phase separation, or coerced into foci by association with other cellular components, is not known. We raised this possibility because the Drosophila and one of the human homologs have an intrinsic ability to phase separate in vitro (Larson et al., 2017; Strom et al., 2017). In the latter case, the in vitro phase separation HP1 isoform α was correlated with phosphorylation on the protein’s N-terminal extension, or alternatively, by the presence of certain ligands including non-specific DNA and spermine (Larson et al., 2017). This phase separation into protein droplets has been interpreted by the authors as recapitulating the key role of HP1 as nucleation sites for chromatin condensation and spreading that occur in vivo. HP1α and the Drosophila homolog are endowed with an ability to self-assemble into a large oligomer, and nucleating around charged molecules. However, the in vivo physiochemical conditions facilitating these particular HP1s to assume gel-like droplets are still a matter of debate [see (Richter et al., 2008) for an example of conditions]. Because spermine and other polyamines are abundant metabolites in cells and can condense nucleic acids, these polycations may ease HP1 into molecular crowding and local phase separation.

There are covalent modifications on histones–acetylation, methylation, citrullination, and formylation–that are also predicted on all three human HP1 isoforms (LeRoy et al., 2009; Wiese et al., 2019). Most of the target lysines are conserved in the Arabidopsis LHP1 (Figure 5). The role of histone formylation in influencing gene expression is not completely understood despite that protein formylation in eukaryotes is widespread (Wisniewski et al., 2008). Nonetheless, formylation of histones (Figure 1), and chromatin proteins such as High-Mobility Group (HMG) and HP1 homologs, adds an additional point of convergence between epigenetics and metabolism. Deformylases (Meinnel et al., 1996) and formyl-binding chemosensory receptors (Dahlgren et al., 2016) exist in animals, suggesting dedicated metabolic and signaling processes, likely in responding to stressful stimuli. The metazoan HP1s are also recruited to damaged DNA; thus, it has been proposed that formyl donors could come from 3’-formylphosphate, a highly reactive intermediate generated from oxidation of the 5’-deoxyribose in the damaged DNA (Jiang T. et al., 2007; Ayoub et al., 2008; LeRoy et al., 2009; Luijsterburg et al., 2009). Are these processes also inherent to normal development? For example, would (L)HP1 be involved in the repair of hundreds of double-strand breaks generated regularly during meiosis? We have also mentioned that LSD histone demethylases are huddled around sites of DNA damages (section Histone Methylation and Metabolic Cofactors), whether there is functional cooperation with (L)HP1 in DNA repair is not known.




Figure 5 | Modified residues in Chromo and Chromo Shadow domains of HP1 family. The figure was adapted from Gaudin et al. (2001); LeRoy et al. (2009); Wiese et al. (2019). Conserved residues involved in methyl lysine binding and hydrophobic cores were deduced from Nielsen et al. (2002); Fischle et al. (2003).






Summary and Prospects

In his book, “Who Rules the World?”, the acclaimed MIT linguist, Noam Chomsky, weighs in on the question of how the term of the global discourse is set. The “Who” is somewhat of an abstraction, but generally personified as a “Deep State”, a kind of sprawling network that knows how to control the most “vital strategic points”.

One vital strategy evolved in cells to coordinate complex workings is epigenetics, the powerful driving force behind multicellularity, pluripotency and the capacity to adapt to new environmental niches (Figure 6). In just the last few years, torrents of never before seen modifications have been revealed in the genomes of animals. Most of these newer adducts in Figure 1 are beyond the remit of this review, but it does reveal the sprawling network of possible interactions between epigenetics and metabolites. Neither can Figure 1–already detail-rich– be exhaustive, as new modifications are being continually discovered.




Figure 6 | Interplay between DNA, RNA, chromatin and metabolites. Gene expression is dynamically modulated by feedback with interdependent subcellular systems (numbered). Many metabolites (colored symbols) are substrates for chemical attachments. The cellular compositions of the metabolites are likely altered, as adaptation, to nutrient and water availability, light perception, gas exchange, and interactions with the rhizosphere. In turn, the metabolites themselves can attach, either covalently (adducts) or by electrostatic interactions (cofactors), to proteins, RNAs, and chromatin to shape the final gene expression profiles in responding to changing developmental and environmental stimuli (output arrow).



The newer sequencing technologies are also identifying novel modifications on RNA and DNA. Cytosines modified by formylation, carboxylation or hydroxylation have now been found in the human genome. These discoveries also immediately raise questions on how these marks influence the local DNA structure? What are the instructions encoded by such modified DNA? Do they mark special sites on the DNA, such as breakpoints? Do these DNA modifications influence the local deposition of histone marks? If so, are there particular histone marks that might be more susceptible?

We have dealt mainly with the donors, acetyl-CoA, and SAM, but it is clear that their implications are deep. Acetyl-CoA is the starting point of fatty acid synthesis and membranous structures from carbohydrates. Acetyl-CoA in the cytosol is fed into the synthesis of a plethora of small chemicals, many of which have proven to be important for plant growth, development and responding to environmental cues. Methylation also regulates many cellular processes. We are familiar with methyl-jasmonate and methyl-salicylic acid. But in fact, myriads of small molecules can exist in methylated variants, suggesting that all of them, could have an impact on altering epigenetic regulation by competing for SAM. How the novel metabolites are replenished, by which pathways, is of obvious interest.

How specific gene expression patterns emerged from the complex interactions between chromatin and the immense arrays of metabolites (Figure 6) will be a daunting, but an extremely timely, question concerning food security, as we attempt to rationally design crops that can adapt better to drought and high temperatures. We are still largely in the awakening phase of discovering and cataloging the types of modifications. Identifying and characterizing the roster of proteins that interact with specific metabolites will be equally a critical step towards understanding how the metabolites may influence epigenetics. Because metabolites are of such diverse biochemical and physical nature, functional analyses will require dedicated techniques of sufficient spatial resolution, sensitivity, and discrimination that will permit tracking a single class of metabolites in a single cell before we can correlate them to the nuclear output.
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In eukaryotes, histone H3 lysine 9 methylation (H3K9me) mediates the silencing of invasive and repetitive sequences by preventing the expression of aberrant gene products and the activation of transposition. In Arabidopsis, while it is well known that dimethylation of histone H3 at lysine 9 (H3K9me2) is maintained through a feedback loop between H3K9me2 and DNA methylation, the details of the H3K9me2-dependent silencing pathway have not been fully elucidated. Recently, the regulation and the function of H3K9 methylation have been extensively characterized. In this review, we summarize work from the recent studies regarding the regulation of H3K9me2, emphasizing the process of deposition and reading and the biological significance of H3K9me2 in Arabidopsis.

Keywords: epigenetics, histone, heterochromatin, H3K9 methylation, transcriptional silencing


INTRODUCTION

In eukaryotic cells, chromatin is divided into two major types of compartments: heterochromatin and euchromatin, reflecting the repressive and permissive potential for transcription in these regions, respectively (Ding et al., 2007). Chromatin is rich in repetitive sequences and transposable elements inside and near centromeres, posing a risk for genome instability through their potential for transposition and meiotic recombination. Thus, during the whole life cycle, it is necessary to keep these regions inaccessible, condensed, and transcriptionally silent. Such regions are classified as constitutive heterochromatin (Saksouk et al., 2015). In contrast, facultative heterochromatin refers to regions whose compaction and silencing are dynamic in the life cycle or under stress stimuli, mainly distributed in chromosomal arms (Trojer and Reinberg, 2007).

Chromatin states are modulated by modifications at the N-terminal tails of histones, DNA methylation, and different histone variants (Jenuwein and Allis, 2001). Histone H3K9 methylation is a critical marker for transcriptional silencing and heterochromatin formation, mostly constitutive heterochromatin formation. Methylation states at H3K9 can be mono- (H3K9me1), di- (H3K9me2), or tri- (H3K9me3) methylation. In mammals, H3K9me3 is the most abundant marker in constitutive heterochromatin (Peters et al., 2003; Rice et al., 2003). However, in plants, the modification of H3K9me1 and H3K9me2 is rich in constitutive heterochromatin and only slightly present in facultative chromatin, whereas H3K9me3 is distributed with a high concentration in euchromatin and at expressed genes (Naumann et al., 2005). In Arabidopsis, H3K9me3 methylation broadly marks 40% of all genes (Roudier et al., 2009), but only a low level of H3K9me3 can be detected in regions with transposons and pseudogenes (Charron et al., 2009). Thus, the function of H3K9me3 has been altered in Arabidopsis compared to H3K9me3 in yeast and mammals.

H3K9me2 is mainly catalyzed by the histone methyltransferases KRYPTONITE (KYP), SUVH5, and SUVH6 in Arabidopsis and is maintained through the feedback loop between H3K9me2 and non-CG methylation (Du et al., 2015). Several studies have shown more details of H3K9me2 deposition with the structural analysis of KYP/SUVH5/SUVH6 and their role in H3K9me2 deposition (Du et al., 2014; Li et al., 2018) and other H3K9 methyltransferases (Caro et al., 2012) and cofactors (Yu et al., 2017). The downstream part of H3K9me2-dependent silencing has also been investigated by identifying a novel H3K9 reader (Zhang C. et al., 2018; Zhao et al., 2019). In this article, we review the writing, reading, and biological roles of H3K9 methylation in Arabidopsis.



H3K9 METHYLTRANSFERASES IN ARABIDOPSIS

Histone lysine methyltransferases usually contain a catalytic SET domain, which is named after three Drosophila melanogaster genes, Su(var)3-9, E(z), and Trx (Jenuwein et al., 1998). In fission yeast, there is only one H3K9 methyltransferase, Clr4/KMT1, which is responsible for all three states of H3K9 methylation (Nakayama et al., 2001; Figure 1). In mammals, there are multiple H3K9 methyltransferases with different catalytic activities and target genes (Sims et al., 2003; Dodge et al., 2004; Shinkai and Tachibana, 2011; Figure 1). SUV39H1 and SUVH39H2 mono- and dimethylase catalyze di-and trimethylation in constitutive heterochromatic regions, SETDB1 monomethylates at the pericentromeric region, and the heterodimer of G9a and G9a-like protein (GLP) catalyzes di- and trimethylation in euchromatic regions.
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FIGURE 1. Phylogenetic analysis of SU(VAR)3–9 homologous proteins in Arabidopsis thaliana, Drosophila melanogaster, Schizosaccharomyces pombe, and Homo sapiens. Phylogenetic analysis of 15 SU(VAR)3–9 homologous protein sequences from Arabidopsis thaliana (At), three SU(VAR)3–9 homologous protein sequences from Drosophila melanogaster (Dme), one SU(VAR)3–9 homologous protein sequence from Schizosaccharomyces pombe (Sp), and five SU(VAR)3–9 homologous protein sequences from Homo sapiens (Hs). The evolutionary history was inferred by using the maximum likelihood method based on the Poisson correction model. Phylogenetic analysis was performed using MEGA 7.0.


In Arabidopsis, there are 15 SET-domain proteins that are related to SU(VAR)3-9 (Baumbusch et al., 2001; Lei et al., 2012; Zhang and Ma, 2012; Figure 1). Ten of these proteins are classified as SU(VAR)3-9 HOMOLOGS (SUVH1-SUVH9), and the remaining five are classified as SU(VAR)3-9-RELATED proteins (SUVR1-SUVR5) (Table 1). Among the nine SUVHs, KYP/SUVH4, SUVH5, and SUVH6 have been well identified as H3K9 methyltransferases responsible for maintaining H3K9 methylation. KYP mediates the majority of H3K9me2 methylation in both constitutive and facultative heterochromatin in Arabidopsis, while SUVH5 and SUVH6 only play minor roles in H3K9me2 methylation (Jackson et al., 2002, 2004; Stroud et al., 2014; Li et al., 2018). Crystal structures of KYP, SUVH5, and SUVH6 reveal that the post-SET domain is critical for enzymatic activity (Li et al., 2018); thus, SUVH2 and SUVH9, which lack the post-SET domain, are enzymatically inactive (Johnson et al., 2014). The remaining SUVH1, SUVH3, SUVH7, and SUVH8 were recently reported to function in transcriptional activation but not silencing, expanding the roles of SUVHs in transcriptional regulation (Harris et al., 2018; Xiao et al., 2019). Nevertheless, SUVH7 and SUVH8 are both primarily expressed and imprinted in the endosperm (Gehring et al., 2011; Wolff et al., 2011), indicating an endosperm-specific targeting mechanism favoring a relatively specific chromatin environment. Indeed, SUVH7 has already been shown to play a role in establishing postzygotic hybridization barriers established by H3K9me2 (Wolff et al., 2015; Jiang et al., 2017). Interestingly, computational characterization predicts that SUVH7 and SUVH8 are capable of catalyzing H3K9me1 and H3K9me2 methylation. Two critical residues in the catalytic pocket, Tyr1124 and Phe1209, determine the product specificity in GLP, a G9a-related methyltransferase (Wu et al., 2010). Meanwhile, H3K9me1 or H3K9me2 is correlated with the presence of Tyr in one of the positions and non-Tyr in the other, indicating that the two SUVHs are capable of catalyzing H3K9me1 or H3K9me2. Thus, SUVH7 and SUVH8 may function as methyltransferases for endosperm-specific H3K9me2 deposition. Taken together, KYP, SUVH5, and SUVH6 are the general H3K9 methyltransferases in Arabidopsis, and it is possible that SUVH7 and SUVH8 act as endosperm-specific methyltransferases.


TABLE 1. Summary of DNA methyltransferases and SUV methyltransferases in Arabidopsis thaliana.

[image: Table 1]Among the five SUVRs, SUVR1, and SUVR2 have shown no HMTase activity in an in vitro enzymatic assay, but SUVR4 has HMTase activity to convert H3K9me1 to H3K9me2 (ubiquitin) and H3K9me3 (without ubiquitin) in vitro (Thorstensen et al., 2006; Veiseth et al., 2011). The level of H3K9me3 is correlated with the amount of SUVR4-GFP in Arabidopsis nuclei, but the effect of genome-wide H3K9mer3 has not been determined (Veiseth et al., 2011). SUVR5 is capable of establishing H3K9me2 in a DNA methylation–independent manner and is involved in the response to environmental or developmental cues (Caro et al., 2012).



TARGETING H3K9 METHYLATION THROUGH BINDING TO METHYLATED DNA

DNA methylation is tightly connected with H3K9 methylation. In Neurospora crassa, the H3K9 methyltransferase DIM5 establishes H3K9me3, and then heterochromatin protein 1 (HP1) recognizes H3K9me3 to facilitate the targeting of the DNA methyltransferase DIM2 (Tamaru and Selker, 2003). In mammals, knockout of either G9a or Suv39 H1, Suv39 H2 results in reduced DNA methylation in mice (Ikegami et al., 2007). Moreover, H3K9 methylation is dependent on DNA methylation in human cancer cells (Espada et al., 2004). Likewise, in Arabidopsis, KYP, SUVH5, and SUVH6 are primarily recruited to the targets through SET and RING-associated (SRA) domain binding to DNA that is methylated in the CHG context (H stands for any base except G). H3K9me2 is known to recruit the DNA methyltransferases CMT2 and CMT3, which mediate CHH and CHG DNA methylation, respectively, in a feedback loop with H3K9me2 (Figure 2; Johnson et al., 2007; Bernatavichute et al., 2008; Du et al., 2012; Zemach et al., 2013; Stroud et al., 2014). Considering the targeting of H3K9 methyltransferases to CHG-methylated DNA, KYP, SUVH5, and SUVH6 have distinct DNA binding preferences. KYP, which is responsible for the majority of H3K9me2, has high affinity to the CWG (W stands for A or T) context but has low affinity to the CCG context (Li et al., 2018). The differential binding affinity is consistent with the phenotype that DNA methylation at CWG is strongly lost in kyp, but loss of CCG methylation is very low in kyp but high in suvh5 and suvh6. Consistent with the in vivo consequence of DNA methylation, SUVH5 has a preference for the CCG context, and SUVH6 can bind to both the CWG and CCG contexts, which act as a backup of KYP to ensure H3K9me2 in all CHG contexts (Figure 2).


[image: image]

FIGURE 2. Targeting of H3K9 dimethylation in a DNA methylation-dependent and -independent manner. For DNA methylation, CMT2 and CMT3 recognize the H3K9me2 mark and catalyze DNA methylation in the CHG and CHH context (H = A, T, or C), respectively. For H3K9 methylation, histone methyltransferases KYP/SUVH4, SUVH5, and SUVH6 bind at methylated DNA in the CHG and CHH context to deposit H3K9me2, creating a reinforcing loop between DNA methylation and Histone modification. In the CHG context, KYP has a preference of mCWG (W = A or T), while SUVH5 and SUVH6 have a high affinity to the mCCG. All three SUVHs have similar sequence specificities at mCHH sites. SUVR5 binds to DNA through its zinc finger domain to facilitate H3K9me2 independently of DNA methylation. H3K9me2 is captured by SHH1, then through RdDM pathway to methylate DNA.


While the feedback loop between CHG DNA methylation is frequently discussed, CG and CHH methylation also contribute to H3K9me2 deposition through SRA domains of KYP, SUVH5, and SUVH6 binding to DNA that is methylated in CG or CHH context. In a large-scale comparative epigenome analysis, MET1 was indeed found to be required for the maintenance of CMT2-dependent asymmetric CHH methylation at loci with H3K9me2 (Zhang Y. et al., 2018). Moreover, SUVH5 and SUVH6 can bind to DNA that is methylated in the CG context in vitro (Li et al., 2018), supporting the view that CG methylation also contributes to H3K9me2 deposition. In addition to CG methylation, it has been known for many years that CHH methylation generated by the RNA-directed DNA methylation (RdDM) pathway is also involved in H3K9me2 deposition (Wierzbicki et al., 2008; Zheng et al., 2009; Shin et al., 2013; Liu Z.W. et al., 2014). Recent biochemical evidence indeed supports this hypothesis; all three SUVHs can bind to CHH-methylated DNA (Figure 2), and there is no sequence preference among the three SUVHs in targeting CHH-methylated DNA (Li et al., 2018).

Apart from the specificity of the SRA domain on the sequence context, other factors may also affect KYP, SUVH5, and SUVH6 targeting to methylated DNA. It was reported that SUVH4 and SUVH5 prefer to control transposable elements, but SUVH4 and SUVH6 prefer to target transcribed inverted repeat sources of dsRNA. Thus, in addition to DNA methylation states, chromatin state may also govern SUVH activities (Ebbs and Bender, 2006).



TARGETING H3K9 METHYLATION INDEPENDENTLY OF DNA METHYLATION

Apart from DNA methylation-dependent H3K9me2 deposition, there are known exceptions. G9a is one of the primary enzymes for H3K9me1 and H3K9me2 and usually interacts with another enzyme, GLP, to form a heteromeric complex that appears to be a functional H3K9 methyltransferase in vivo (Shinkai and Tachibana, 2011). In murine embryonic stem cells (mESCs), H3K9me2 at the newly integrated proviral LTR is reduced in cells with G9a silencing. Since there is no H3K9me2 or DNA methylation at the newly integrated region, G9a is considered to be responsible for de novo H3K9me2 (Leung et al., 2011). In addition to mESCs, G9a-dependent H3K9me2 has also been associated with gene repression in multiple human cell lines (Chen et al., 2009; Liu C. et al., 2014; Yoshida et al., 2015; Kramer, 2016; Scheer and Zaph, 2017).

Similar exceptions also exist in Arabidopsis. It was reported that SUVR5 is able to establish H3K9me2 independently of DNA methylation (Figure 2; Caro et al., 2012). Unlike KYP/SUVH5/SUVH6, SUVR5 does not have the SRA domain which can bind at methylated DNA but relies on a set of three C2H2 zinc fingers in tandem, which can bind at the sequence context of “TACTAGTA” in vitro. This motif also occurs at a minor part of transposable elements (TEs) and surrounds substantial genes losing H3K9me2 in suvr5, further supporting the role of zinc fingers in targeting H3K9me2 deposition. While H3K9 methyltransferases in yeast or mammals do not contain zinc fingers, DNA binding proteins recruiting H3K9 methyltransferases contain zinc fingers (Kim and Huang, 2003; Fog et al., 2012; Bian et al., 2015). In mammalian cells, ZNF644 has eight zinc finger motifs and WIZ contains 12 zinc finger motifs that are the binding partners of the G9a-GLP complex (Bian et al., 2015). The N-terminus of ZNF644 interacts with the transcriptional domain (TAD) of G9a, but the C-terminus of WIZ interacts with the TAD of GLP to facilitate the targeting of the G9a-GLP complex at specific genomic loci with the preference of the promoter region (Bian et al., 2015). Thus, it seems that targeting H3K9me2 by the zinc finger domain is a conserved mechanism in plants and mammals, but in plants, the zinc finger domain has been integrated into H3K9 methyltransferase. Interestingly, the combination of zinc fingers and a C-terminal SET domain can be found in all plant species (Caro et al., 2012). Thus, SUVR5 depositing H3K9me2 independently of DNA methylation might be conserved in plants. Another exception in Arabidopsis is SUVR4, which can bind to ubiquitin through the N-terminal WIYLD domain to facilitate the conversion from H3K9me1 to H3K9me3 in vitro, but it is not clear if the WIYLD domain binds to ubiquitin in vivo and if this domain binds to histone or other proteins with ubiquitination (Thorstensen et al., 2006; Veiseth et al., 2011). Recently, it was reported that the CRL4DCAF8 ubiquitin ligase is capable of targeting H3 for polyubiquitination at K79 in mice, which may further promote H3K9me2 deposition (Li et al., 2017), suggesting a similar connection between histone ubiquitination and H3K9me3. Taken together, the deposition of H3K9me2 is not only DNA methylation dependent but can also be independent.



OTHER PROTEINS PARTICIPATE IN H3K9 METHYLATION DEPOSITION

The distribution of histone acetylation is usually anti-correlated with histone methylation, such as H3K9Ac and H3K9me2 (Zhou et al., 2010), indicating that the removal of H3K9Ac or relevant protein complexes functions in H3K9me2 deposition. Histone deacetylation is processed by histone deacetylases (HDACs), which play important roles in chromatin regulation (Liu X. et al., 2014). In mammals, SUV39H1 can interact with HDAC1 and HDAC2 (Vaute et al., 2002). Moreover, transcriptional repression by SUV39H1 is abolished by treatment with the HDAC inhibitor trichostatin A (TSA), indicating that the function of SUV39H1 is dependent on HDAC activity (Vaute et al., 2002). Likewise, in Arabidopsis, one of the HDACs, HDA6, also physically interacts with H3K9 methyltransferases KYP, SUVH5, and SUVH6, regulating a group of transposable elements and repetitive sequences (Yu et al., 2017). The mutant with compromised HDA6 has reduced H3K9me2 levels compared with the wild type, suggesting that H3K9me2 deposited by KYP, SUVH5, and SUVH6 is partly dependent on HDA6, but it is not clear that H3K9me2 deposition in Arabidopsis is dependent on the level of H3K9Ac at the targets or depends on the interaction between HDA6 and KYP/SUVH5/SUVH6, or perhaps both mechanisms exist in Arabidopsis, which has not been clearly dissected to date. Given the remaining H3K9me2 level in the hda6 mutant, it will be interesting to know if other HDACs are also involved in H3K9me2 deposition in the future.

Matrix attachment regions (MARs) are important for chromatin organization and gene expression (Tetko et al., 2006; Zhao et al., 2014). MARs are stretches of AT-rich sequences that guide the binding of DNA to the nuclear matrix by recruiting MAR-binding proteins. Proteins with AT-hook motifs bind to MARs and play roles in regulating H3K9me2 levels. In Neurospora crassa, CHAP, a protein with AT-hook motifs, was demonstrated to recognize heterochromatic regions through AT-hook motifs and to recruit the H3K9 methyltransferase DIM5 to targets (Honda et al., 2016). In Arabidopsis, overexpression of AT-hook motif nuclear localized 22 (AHL22) causes delayed flowering time by increasing H3K9me2 at MAR located in an intron of the FLOWERING LOCUS T (FT) locus (Xiao et al., 2009; Yun et al., 2012). AHL16 regulates the expression of the floral repressor genes FLOWERING LOCUS C (FLC) and FLOWERING WAGENINGEN (FWA) by adjusting the H3K9me2 level (Xu et al., 2013). Overexpressed AHL10 increases genome-wide H3K9me2 levels in the endosperm of triploid seeds (Jiang et al., 2017). Consistent with the distribution of MARs that are mainly in chromosome arms, TEs that are methylated by H3K9me2 via AHL10 in the endosperm of triploid seeds are usually euchromatic AT-rich TEs (Jiang et al., 2017). To date, it has not been determined how AHLs regulate H3K9me2 levels. While there is no direct physical interaction between AHLs and H3K9 methyltransferase in Arabidopsis, AHLs usually interact with HDAC complexes both in vitro and in vivo, such as AHL22 interacting with HDA1, HDA6, and HDA9 (Xiao et al., 2009) and AHL16 interacting with FVE and MSI5, which are core components of the HDA6 complex (Gu et al., 2011; Xu et al., 2013). Thus, it is possible that AHLs participate in H3K9me2 deposition through interaction with HDACs, especially HDA6. Nevertheless, other chromatin-relevant proteins also occur in AHL complexes, such as SUVH9 in the AHL10 complex. Apart from interacting with the DDR complex and mediating Pol V recruitment in RdDM (Johnson et al., 2014; Liu Z.W. et al., 2014), SUVH9 also interacts with MORC6 and its two close homologs, MORC1 and MORC2, required for heterochromatin condensation and formation of 3D chromatin architecture at SUPPRESSOR OF DRM1 DRM2 CMT3 (SDC) and Solo-LTR loci (Jing et al., 2016). Recently, the mammalian nuclear matrix protein scaffold attachment factor B (SAFB) was found to participate in stabilizing heterochromatin architecture partially through phase separation, which is a phenomenon in which different biological molecules spontaneously separate into two coexisting liquid phases and result in miscellaneous non-membrane-bound cellular compartments. Depletion of SAFB results in more interchromosomal interactions around pericentromeric heterochromatin and a decrease in genomic compartmentalization, which could result from the decondensation of pericentromeric heterochromatin (Huo et al., 2020). Thus, it is also possible that AHLs and MARs participate in H3K9me2 regulation by affecting heterochromatin architecture and phase separation.



H3K9 READERS IN ARABIDOPSIS

H3K9 methylation recruits downstream effectors containing specific reader domains to further mediate gene silencing. In metazoans, heterochromatin protein 1 (HP1) is known to read the trimethylated lysine 9 residue of histone H3 (H3K9me3) (Bannister et al., 2001; Jacobs et al., 2001), which is a hallmark histone modification for transcriptionally silenced heterochromatin in mammals (Zeng et al., 2010). HP1 contains a conserved chromodomain (CD) at the N-terminus and a chromo shadow domain (CSD) at the C-terminus (Li et al., 2002). CD is able to directly bind to H3K9me3 (Jacobs et al., 2001). Based on sequence similarity and early biochemistry analyses, the homolog of HP1 in Arabidopsis, LIKE HETEROCHROMATIN PROTEIN 1 (LHP1) was first proposed to be the H3K9me reader that mediates H3K9me2-dependent heterochromatic silencing, as it was shown to bind H3K9me2 in vitro (Jackson et al., 2002). Nevertheless, several lines of evidence have indicated that LHP1 is a plant-specific PRC1 H3K27me3 reader subunit. The CHROMO domain of LHP1 specifically binds to H3K27me3 but not H3K9me in Arabidopsis, and the genome-wide distribution of LHP1 displays significant overlap with H3K27me3-enriched sites (Turck et al., 2007; Exner et al., 2009; Lu et al., 2011). While SHH1, CMT2, and CMT3 have the capability to bind to histones with H3K9me2 (Law et al., 2013; Stroud et al., 2014; Figure 1), their function is to maintain or initiate non-CG methylation but not the downstream H3K9me2 reader; therefore, the reader of H3K9me2 in plants had not been determined until two recent studies were conducted in Arabidopsis. Agenet domain (AGD)-containing p1 (AGDP1), also known as ADCP1, appears to be a plant-specific H3K9 reader and functions as an HP1 equivalent protein (Zhang C. et al., 2018; Zhao et al., 2019). The tandem AGDs of AGDP1 can specifically recognize H3K9me2 and unmethylated K4 on the H3 tail (H3K4me0) through two negatively charged surface pockets. In structural studies, AGD12 adopts a tandem Tudor-like conformation, which resembles the human UHRF1 tandem Tudor and Arabidopsis SHH1 SAWADEE domains, both of which function as H3K9me2 readers with similar recognition mechanisms (Arita et al., 2012; Cheng et al., 2013; Law et al., 2013). ADCP1 is responsible for H3K9me2-dependent silencing, and the in vivo binding site of ADCP1 largely overlaps with the regions enriched by H3K9me2, further supporting that ADCP1 is indeed an H3K9me2 reader (Zhao et al., 2019).

While ADCP1 has been successfully identified, how ADCP1 mediates H3K9me2-dependent transcriptional silencing still needs to be discovered. Given that ADCP1 is essential for heterochromatin formation and TE silencing, but ADCP1 itself is only a histone binding protein without any repressor domain (Zhao et al., 2019), other chromatin modeling proteins must be recruited by ADCP1 to heterochromatin. Recently, SMC4, a core subunit of condensins I and II, was identified to act in conjunction with CG methylation, CHG methylation, the chromatin remodeler DDM1 (DECREASE IN DNA METHYLATION 1), and histone modifications, including H3K9me2 and H3K27me1 (Wang et al., 2017). Considering the function of SMC4 in H3K9me2-mediated transcriptional silencing (Wang et al., 2017), it is worth knowing whether SMC4 works together with ADCP1 to mediate heterochromatic silencing. Another possibility is that ADCP1 mediates downstream silencing by driving nucleosome phase separation. It has been demonstrated that human HP1α and Drosophila HP1a may demix from aqueous solution to form phase-separated droplets (Larson et al., 2017; Strom et al., 2017), which rapidly induce compacted chromatin. Similarly, ADCP1 can mediate heterochromatin phase separation together with reconstituted nucleosomes bearing H3K9me3 in vitro (Zhao et al., 2019). Thus, ADCP1 probably has a similar ability to mediate phase separation as the functional analog of mammalian HP1.



ROLE OF H3K9 METHYLATION IN ARABIDOPSIS DEVELOPMENT

The mutant with compromised KYP, SUVH5, and SUVH6 has no obvious abnormality in development; thus, H3K9 was considered to play minor roles in Arabidopsis development. Nevertheless, the role of H3K9me2 in Arabidopsis development has been identified with more careful observations and new approaches.

The main H3K9me2 methyltransferase, KYP, was proven to repress primary seed dormancy by suppressing the expression of dormancy and ABA pathway-related genes, such as DOG1, which is a master regulator in the control of seed dormancy (Bentsink et al., 2006), and ABI3 and ABI4, which are components of ABA signaling (Koornneef et al., 2002; Zheng et al., 2012). However, evidence that H3K9me2 directly regulates the expression of these genes via H3K9me2 levels is not available. Until recently, SUVH5 was revealed to directly repress the expression of genes related to the ABA signaling pathway, DOG1, and its homologs via H3K9me2 in light-mediated seed germination (Gu et al., 2019). Thus, SUVH5-mediated H3K9me2 directly participates in controlling seed germination in Arabidopsis. After seed germination, plants enter the vegetative stage. While the role of H3K9me2 in the vegetative stage is not clear, H3K9me2 is crucial for the transition to flowering. Knockdown of AHL16 leads to obvious late flowering, which results in increased expression of two flowering repressors, FLOWERING LOCUS C (FLC) and FWA. Consistent with the increased expression pattern, the H3K9me2 levels at the intron of FLC and FWA loci were reduced. Interestingly, the phenotype of late flowering in the ahl16 mutant only occurs in Landsberg (Ler) accession but not in Columbia (Col) accession, indicating the ecotype-dependent regulation process (Xu et al., 2013).

During male meiosis, H3K9me2 is crucial for the distribution of meiotic recombination (Underwood et al., 2018). In plants, meiotic recombination is enriched in euchromatic regions, rather than pericentromeric heterochromatin, associated with H3K4me3 and histone variant H2A.Z but inversely correlated with DNA methylation. Suppression of meiotic recombination within the centromeric region is thought to be important for maintaining the fidelity of genome transmission during meiosis (Choi et al., 2018). Loss of DNA methylation in the met1 mutant leads to epigenetic activation of meiotic double-strand breaks (DSBs) in proximity to centromeres (Choi et al., 2018). In addition, non-CG methylation and the H3K9me2 pathway are also responsible for suppressing pericentromeric recombination (Underwood et al., 2018). Epigenetic activation of recombination and crossovers (COs) can be induced via loss of H3K9me2 and non-CG methylation in the kyp, suvh5, suvh6, or cmt3 mutant (Underwood et al., 2018), making it possible to induce COs near centromeres, which are otherwise very low-frequency CO regions in Arabidopsis and crops (Taagen et al., 2020).

In Arabidopsis thaliana and Arabidopsis lyrata seed development, H3K9me2 and CHG methylation are involved in the regulation of genomic imprinting that leads to differential expression of parent-of-origin alleles by maintaining or reinforcing the repression of maternal alleles of imprinted paternally expressed genes (PEGs) (Klosinska et al., 2016; Moreno-Romero et al., 2019). Moreover, the presence of the three repressive epigenetic marks H3K27me3, H3K9me2, and CHG methylation on the maternal alleles in endosperm can be considered a specific epigenetic signature of paternally expressed imprinted genes in the endosperm of Arabidopsis (Moreno-Romero et al., 2019). These marks are able to predict known PEGs at high accuracy and identify several new PEGs that were confirmed by INTACT-based endosperm transcriptomes (Moreno-Romero et al., 2019). In addition to maintaining genomic imprinting in the endosperm of diploid Arabidopsis seeds, H3K9me2 also functions in establishing a hybridization barrier from interploidy cross in the endosperm of triploid seeds (the triploid block) (Jiang et al., 2017). The triploid block acts as an instant reproductive barrier that prevents backcrossing of the newly formed polyploid plants with their progenitors (Schatlowski and Kohler, 2012). Multiple PEGs are enhanced in the endosperm of triploid seeds (Kradolfer et al., 2013; Wolff et al., 2015). Increased H3K9me2 levels in AT-rich TEs derived from overexpressed ADM and AHL10 contribute to enhancing the expression of PEGs, such as PEG2, which is a crucial component in establishing the triploid block. Moreover, H3K9me2 levels in AT-rich TEs are also associated with the different phenotypes of the triploid block in Col and Ler accessions.



CONCLUSION AND PERSPECTIVE

In plants, H3K9 methylation, mainly H3K9me2, functions importantly in suppressing TEs and repetitive sequences, protecting plant genomes from TE transposition and genome instability. To enable plants to correctly deposit H3K9me2 in the genome, multiple H3K9 methyltransferases are in charge of H3K9me2 deposition in different sequence contexts via DNA methylation-dependent and -independent activities. Apart from playing a role in genome stability, H3K9me2 also plays roles in plant development and environmental stimuli. Recent studies have enhanced our understanding of the structure and recruitment of H3K9 methyltransferases and the downstream effector of H3K9me2, but open questions remain.

Given that H3K9me2 plays important roles in plant development and environmental stress, how the H3K9 methylation pathway is in response to developmental cues or environmental stimuli will be highly interesting to explore. In addition, our mechanistic understanding of downstream effectors of H3K9 methylation is also limited, while the H3K9me reader has been identified in Arabidopsis. The mechanism by which ADCP1 mediates transcriptional silencing, the existence of other H3K9me downstream effectors, the role of phase separation in chromatin condensation in vivo, and how H3K9me functions in response to developmental cues or environmental stimuli remains to be elucidated. Answering these questions will further broaden our understanding of H3K9 methylation-dependent transcriptional silencing.
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Development of live imaging techniques for providing information how chromatin is organized in living cells is pivotal to decipher the regulation of biological processes. Here, we demonstrate the improvement of a live imaging technique based on CRISPR/Cas9. In this approach, the sgRNA scaffold is fused to RNA aptamers including MS2 and PP7. When the dead Cas9 (dCas9) is co-expressed with chimeric sgRNA, the fluorescent coat protein-tagged for MS2 and PP7 aptamers (tdMCP-FP and tdPCP-FP) are recruited to the targeted sequence. Compared to previous work with dCas9:GFP, we show that the quality of telomere labeling was improved in transiently transformed Nicotiana benthamiana using aptamer-based CRISPR-imaging constructs. Labeling is influenced by the copy number of aptamers and less by the promoter types. The same constructs were not applicable for labeling of repeats in stably transformed plants and roots. The constant interaction of the RNP complex with its target DNA might interfere with cellular processes.
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Introduction

The 3D organization of the genome is involved in the regulation of various genomic functions including gene expression, transcription, DNA replication, and repair (Misteli, 2007). Different strategies have been developed to monitor the dynamics of defined genomic loci in living cells (Robinett et al., 1996; Lindhout et al., 2007; Chen et al., 2013; Saad et al., 2014; Fujimoto et al., 2016). Most recently, the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated protein 9 (Cas9) based strategy has extensively been used mostly in non-plant species for live imaging. The first applications of CRISPR/Cas for live-cell imaging in plant (Dreissig et al., 2017; Fujimoto and Matsunaga, 2017) and non-plant cells (Chen et al., 2013) was based on fluorescent proteins directly fused to deactivated Cas9 (dCas9). Different dCas9 orthologues from Streptococcus pyogenes and Staphylococcus aureus successfully label telomeres in transiently transformed Nicotiana benthamiana leaves (Dreissig et al., 2017; Fujimoto and Matsunaga, 2017). Accordingly, it was shown that the locations of telomeres are in the periphery of the nucleus and dynamic positional changes of telomeres up to ± 2 µm were reported (Dreissig et al., 2017).

Indirect labeling of dCas9 with the SunTag method resulted in 19 fold brighter signals in mammalian cell cultures in comparison to GFP-fused dCas9 (Tanenbaum et al., 2014). However, this method like directly labeled dCas9 does not have the possibility of multi-targeting of genomic regions. For this purpose, different variants of dCas9 which have specific cognate gRNA were combined to label different genomic regions (Esvelt et al., 2013; Ma et al., 2015; Dreissig et al., 2017). To improve the efficiency of imaging and also the capacity of dCas9 for multi-targeting of different regions at the same time, other methods for indirect labeling of dCas9 were adapted including BIFC (Tanenbaum et al., 2014; Hong et al., 2018), Aio-Casilio (Zhang and Song, 2017) and RNA-aptamer-based methods (Fu et al., 2016; Ma et al., 2016; Shao et al., 2016; Wang et al., 2016; Qin et al., 2017). CRISPR-based live-cell imaging methods are reviewed in (Wu et al., 2019; Khosravi et al., 2020).

Among the improved indirect labeling methods, aptamer-based methods are used in mammalian cell cultures to target telomeric and other genomic regions. Aptamers are short RNA oligos which can be detected by specific RNA binding proteins (Urbanek et al., 2014). Aptamer-based imaging methods are based on three components including dCas9, sgRNA in which the aptamer sequence is integrated and the aptamer binding protein which is fused to the fluorescent protein (Fu et al., 2016; Ma et al., 2016; Shao et al., 2016). In plants, aptamers have been used for CRISPR/Cas9 targeted gene regulation with effector proteins like transcription activation domains, acetyltransferase or methyltransferase which were fused to the aptamer binding protein (Lee et al., 2019; Selma et al., 2019). The copy number of aptamers determines the number of effector proteins enriched in the targeted region. However, no application of CRISPR live-cell imaging based on aptamers is reported in plants yet.

In this research, we developed a CRISPR life imaging method based on the application of MS2 and PP7 aptamers for targeting telomeres in transiently transformed N. benthamiana. We investigate whether the copy number of aptamers, sgRNA scaffold changes and promoter type affect labeling efficiency of target sequences. However, the same method was not successful for constant labeling of chromosome regions in stably transformed plants (N. benthamiana and A. thaliana) and roots (Daucus carota), suggesting that a continuous interaction of the RNP complex with target sequences might interfere with the progression of the cell cycle and plant development.



Materials and Methods


Plasmid Construction


Expression of dCas9 Driven by Different Promoters

To establish a three-component aptamer-based labeling method, dCas9 under the control of a ubiquitin parsley promoter was indirectly labeled with aptamer binding proteins (MS2 or PP7) fused to fluorescent proteins. The 35S promoter was amplified with EcoRI-35S-f1 and r1 primers flanking with an EcoRI recognition site from pCCNCEN using Q5 DNA polymerase under following conditions: 98°C for 2 min, 30x (98°C for 10 s, 58°C for 30 s, 72°C for 30 s) and 72°C for 2 min. (Supplementary Table 1). Then it was digested with EcoRI and cloned to linearized pDe-Sp-dCas9 GentR with EcoRI, which had another EcoRI site in the backbone and was removed in advance by site-directed mutation. The same method was used for substitution of the ubiquitin parsley promoter with a RPS5A promoter. The isolation of RPS5A was done by PRS5A-FWD and REV primers from the pGPTV-BAR using Q5 DNA polymerase under following conditions: 98°C for 2 min, 30x (98°C for 10 s, 59°C for 30 s, 72°C for 40 s) and 72°C for 2 min (Supplementary Table 1). The XVE inducible promoter was generated with primers (Cas9-XVE-F and XVE-Lexa-A-R; XVE-Lexa-A-F and LexA-Cas9-R (Supplementary Table 1) containing homologous flanks for further Gibson Assembly into the pDe-Sp-dCas9 GentR. Following PCR conditions was used for amplification with XVE-Lexa-A-F and LexA-Cas9-R primers: 98°C for 2 min, 30x (98°C for 10 s, 65°C for 30 s, 72°C for 20 s) and 72°C for 2 min. For amplification with Cas9-XVE-F and XVE-Lexa-A-R primers, the same conditions were used except the extension time which was increased to 2 min. The pER8-v3 plasmid was used for generation of the XVE inducible promoter (Zuo et al., 2000) (Supplementary Table 1). According to (Dreissig et al., 2017), a pChimera expression gRNA vector in combination with a dCas9-eGFP expression vector was used as a control vector to target telomeres.



Insertion of Aptamer Sequences Into the sgRNA Scaffold

For aptamer-mediated imaging, sgRNA expression vectors were created either harbouring one MS2 aptamer sequence each in the tetraloop and stem-loop 2 of the S. pyogenes sgRNA backbone (Konermann et al., 2015) or three PP7 aptamer sequences only in the tetraloop of the S. pyogenes sgRNA backbone additionally comprising an A-U pair flip and stem extension (Shechner et al., 2015). In case of MS2, the vector pDS2.0-MS2 was synthesized comprising the respective sgRNA under control of the AtU6-26 promoter together with the codon-optimized MS2 binding protein cds joined to a 3´ SV40 NLS by a 3x GGGGS linker under control of the ZmUbi-1 promoter. In case of PP7, the respective sgRNA and codon-optimized PP7 binding protein cds also harboring a 3´ SV40 NLS were synthesized and subcloned via restriction digestion and ligation into pDS2.0-MS2 creating pDS2.0-PP7. BsmBI restriction sites downstream of the aptamer binding protein cds were used for in-frame cloning of a 3-fold fusion of either eGFP or mRuby2. For this purpose, the respective cds were amplified from pSIM24-eGFP and pcDNA3-mRuby2 (www.addgene.com) with primers (MS2(NLS)-GFP#1-f, GFP#1-linker1-r, linker1-GFP#2-f, GFP#2-linker2-r, linker2-GFP#3-f, GFP#3-nos_ter-r or MS2(NLS)-mRuby#1-f, mRuby#1-linker1-r, linker1-mRuby#2-f, mRuby#2-linker2-r, linker2-mRuby#3-f, mRuby#3-nos_ter-r) adding homologous flanks for subsequent Gibson Assembly into the linearized pDS2.0-MS2 or pDS2.0-PP7 similar as previously described (Dreissig et al., 2017) creating pDS2.0-MS2/PP7-3xeGFP/3xmRuby2 (Supplementary Table 1).



Changing the sgRNA Scaffold

An MS2 aptamer-harboring sgRNA additionally comprising an A-U flip and stem extension (Chen et al., 2013) was synthesized and subcloned into pDS2.0-MS2-eGFP/mRuby2. For this purpose, pDS2.0-MS2-eGFP/mRuby2 was amplified with primers (pDS2.0-ΔsgRNA-r, pDS2.0-ΔsgRNA-f) deleting the sgRNA and the synthesized sgRNA was amplified with primers (sgRNA2.0-MS2-flip/ext-f, sgRNA2.0-MS2-flip/ext-r) adding overhangs for subsequent Gibson Assembly into the linearized backbone (Supplementary Table 1).



Altering the Copy Number of Aptamers

To change the copy number of aptamers, pDS.2.0-MS2+3xeGFP gRNA expression vector was used. To delete one of MS2 copy numbers, pDS.2.0-MS2+3xeGFP was double digested with Agel and MscI restriction enzymes and then was ligated to annealed primers Apta2-FWD and Apta2-Rev flanked by Agel overhang (Supplementary Table 1). Annealing of primers was done by mixing 2 μl of each primer (100 pM) in the total volume of 50 μl double distilled water and incubation at 95°C. Colony PCR was performed by SS42 and Apta2-Rev2 primers under following conditions: 95°C for 5 min, 30x (95°C for 30 s, 58°C for 30 s, 72°C for 30 s), 72°C 5 min. Positive clones were confirmed by sequencing with the SS42 primer (Supplementary Table 1). To increase the copy number of aptamer sequences, a pDS2.0-MS2-eGFP/mRuby2 sgRNA expression vector was used. First, according to Qin et al., 2017 a sgRNA scaffold harbouring 16 MS2 aptamers was synthesized and subcloned into pDS2.0-MS2-eGFP/mRuby2. For this purpose, pDS2.0-MS2-eGFP/mRuby2 was digested with BsmBI and AgeI for sgRNA deletion and the synthesized sgRNA was digested with BsaI and AgeI for subsequent ligation into the linearized pDS2.0-MS2-eGFP/mRuby2 creating pDS2.0-16xMS2-eGFP/mRuby2.




Designing Protospacers for Targeting Different Genomic Regions

The protospacer design was performed with the help of DeskGen (https://www.deskgen.com/). Each protospacer sequence was selected based on the PAM sequence of SpCas9 and synthesized as primer oligos with appropriate overhangs at 5’ ends for cloning into the pDS2.0-MS2:3xeGFP/mRuby (Supplementary Table 1). Then, the pDS2.0-MS2:3xeGFP/mRuby was subcloned to dCas9 expression vector by Gateway cloning. The dCas9 expression vector carries a gentamycin resistant marker for selection of stably transformed plants. The telomere protospacer was designed based on Arabidopsis‐type telomere repeat sequence 5′‐(TTTAGGG)(n)‐3′. Arabidopsis-type centromere-specific protospacers were designed based on centromeric satellite consensus sequences (Supplementary Table 1).



Plant Material and Transformation

All imaging constructs were separately transformed to Agrobacterium tumefaciens GV3101. For carrot transformation, A. rhizogenes 15843 was used. Agrobacteria were cultured overnight at 28°C in LB medium containing spectinomycin (100 mg/l-1) and rifampicin (50 mg/l-1) for transient transformation of N. benthamiana according to (Phan and Conrad, 2016). Additionally, a N. benthamiana line expressing CFP-histone H2B was used (Martin et al., 2009). For the telomeric repeat binding protein 1 fused to GFP (TRB1-GFP), Agrobacteria were cultured in LB medium containing kanamycin (100 mg/l-1) and rifampicin (50 mg/l-1) (Schrumpfová et al., 2014). For co-transformation experiments, bacterial cultures with the same OD600 (0.5) were mixed in a 1:1 ratio. Stable transformation of N. benthamiana, D. carota (cultivars Blanche, Yellowstone and Rotin) and A. thaliana (var. Columbia) with dCas9:2xMS2:GFP constructs were performed via leaf samples, A. rhizogenes-based hairy root transformation and floral dip method according to (Clemente, 2006), (Dunemann et al., 2019) and (Martin et al., 2009), respectively. PCR (95°C for 5 min, 30x (95°C for 30 s, 58°C for 30 s, 72°C for 30 s), 72°C for 5 min) and real-time PCR (95°C for 10 min, 40x(95°C for 10 s, 60°C for 1 min) and melt curve stage of 95°C for 30 s, 60°C for 15 s) were performed for putative transgenic plants using primers specific for dCas9 and GFP to confirm the presence and expression of T-DNA fragments (Supplementary Table 1).



Immunostaining and Fluorescence In Situ Hybridization (FISH)

Sampling for immunostaining was performed three days after infiltration of N. benthamiana. Briefly, a piece of leaf tissue with the size of ~1 cm2 was excised and chopped in 0.5 ml chromosome isolation buffer (Doležel et al., 2007) and then filtrated through a 35 μm nylon mesh with subsequent centrifugation onto microscopic slides with a CytoSpin3 (Shandon) at 400 rpm for 5 min. To confirm the specificity of signals CRISPR imaging and FISH were combined. The intensity of CRISPR signals was increased by in direct immunostaining using a 1:2,500 diluted Dylight 488-labeled GFP mouse monoclonal antibody (cat. 200-341-215, Rockland) according to (Ishii et al., 2015). Detection of Arabidopsis-type telomeres via FISH was performed with a 5′Cy5-labeled probe (5′GGGTTTAGGGTTTAGGGTTT). Immuno‐FISH was performed as described by (Ishii et al., 2015). Immunostaining against dCas9, was performed with a DyLight 550-labeled SpCas9 mouse monoclonal antibody (cat. NBP2-52398R, Novus Biological).



Proteasome Inhibitor Test

The plants were kept on MS medium containing 50, 100, or 150 µM MG-132 (Serva) under dark condition at room temperature for 16 h.



Microscopy

Micrographs were captured using an epifluorescence microscope (Olympus BX61) equipped with a cooled charge coupled device (CCD) camera (Orca ER; Hamamatsu). Images were collected from at least 10 nuclei per experiment and then analyzed with ImageJ. For live-cell imaging, a confocal laser scanning microscope (LSM780, Carl Zeiss) was used. To detect fluorescence signals in vivo, a piece of infiltrated leaf was cut and with the use of 40x NA 1.2 water objective nuclei with clear signals were tracked for 20 min. 488-nm laser line was used for excision of GFP and emission was detected over a range of 490–540 nm.



Statistics

For statistical analysis the program package SigmaStat 4.0 was used (Systat Software, Inc.; https://systatsoftware.com/). One-way ANOVA followed by pairwise comparison was used for more than two samples and two-tailed Student’s t-test was used for comparison of two samples.



Analysis of Telomere Signals

To measure the labeling efficiency of telomeres, 20 nuclei were imaged for each construct by epifluorescent microscope. The number of telomere signals per nucleus was determined and the mean value was calculated. To evaluate the signal/background noise, the maximum signal intensity was divided by minimum signal intensity rising from the background using the ImageJ software. The mean value was calculated from three measurements in each nucleus.

To study the movement of telomeres, telomere tracking was performed for 5 nuclei and was based on time-laps z stacks from imaris 8.0 (Bitplane). The adjustments to calculate the coordinates (x, y, z) of each telomere and also measuring the inter-telomere distances was based on Dreissig et al. (2017). To assess true displacements of telomeres over time, global movements of nuclei have to be computationally eliminated. For this purpose, 3D point clouds of telomere mass centres for all subsequent time steps (t>0) were rigidly registered to the reference system of coordinates defined by the first time step (t=0) using absolute orientation quaternions (Horn, 1987). To quantify the intranuclear telomere motion, the mean square distance (MSD) of telomeres relatively to their initial position (t=0) was calculated as

 

where Ri(t) is the radius vector of the i-th registered telomere in the reference system of coordinates at the time point t>0.




Results


Optimizing Live Imaging of Telomeres With Aptamer-Based CRISPR/dCas9 Imaging Vectors

The application of fluorescent proteins directly fused to dCas9 resulted in the labeling of ~27 telomeres of 72 expected signals in 2C nuclei of N. benthamiana (Dreissig et al., 2017). To improve the labeling efficiency, we established RNA aptamer-based CRISPR/dCas9 imaging constructs for plants. The three-component constructs (called dCas9:2xMS2:GFP and dCas9:3xPP7:GFP) encode dCas9 of S. pyogenes, an Arabidopsis telomere-specific sgRNA with integrated aptamer sequences (2x MS2 or 3x PP7) and aptamer coat proteins fused to three copies of fluorescent proteins (tdMCP : GFP or tdPCP : GFP binding to MS2 or PP7 aptamers, respectively) (Figures 1A, B). In addition, a dCas9:2xMS2 construct with a 3x mRuby-tagged coat protein (called dCas9:2xMS2:mRuby) was prepared (Supplementary Figure S1).




Figure 1 | RNA aptamer-based CRISPR/dCas9 imaging of telomere repeats. (A) Schemata depicting the components of the aptamer-based CRISPR labeling method: (1) dCas9 from S. pyogenes, (2) MS2 or PP7 aptamers (here only MS2 is shown) which are integrated into the sgRNA scaffold. (3) RNA binding protein (tdMCP or tdPCP) fused to fluorescent protein (3x eGFP) which recognizes aptamers. Protospacer designed to target Arabidopsis-type telomere DNA sequence. (B) Structure of the aptamer-based CRISPR imaging construct. dCas9 is driven by a ubiquitin promoter from parsley (PcUbi P), chimeric gRNA including aptamers (MS2/PP7) are driven by the AtU6 promoter (AtU6 P), aptamer binding proteins fused to a fluorescent protein (tdMCP/tdPCP) with the help of nuclear localization signal (NLS) are driven by a ubiquitin promoter from maize (ZmUbi P). Pea3A T and Nos T were used as terminators.



To compare the labeling efficiency of the newly designed constructs, N. benthamiana leaves were separately infiltered with both types of Arabidopsis-type telomere-specific dCas9-aptamer constructs (dCas9:2xMS2:GFP and dCas9:3xPP7:GFP) and the previously employed dCas9:GFP reporter (Dreissig et al., 2017). Both types of aptamer-based constructs successfully labeled telomeres in interphase nuclei (Figures 2B, C). In average, 48 and 37 signals were recognized by dCas9-2xMS2:GFP and dCas9-3xPP7:GFP, respectively (Figure 2D). In contrast, the application of dCas9:GFP resulted in ~28 CRISPR-based signals which is consistent with earlier research (Dreissig et al., 2017) (Figures 2C, D). The lower number of detected signals than the expected could be due to clustering of some telomeres or not all telomeres were detectable by the applied imaging constructs. Notably, the accumulation of GFP signals in the nucleolus, which was always observed by application of dCas9:GFP was not found in nuclei labeled with both types of dCas9-aptamer constructs (Figures 2A–C).




Figure 2 | Live imaging of telomeres in N. benthamiana leaf cells during interphase by CRISPR/dCas9. The distribution of telomeres recognized by (A) dCas9:GFP, (B) dCas9:3xPP7:GFP, and (C) dCas9:2xMS2:GFP. Note, aptamer-based imaging constructs (dCas9:3xPP7:GFP and dCas9:2xMS2:GFP) did not label nucleoli, while the application of dCas9:GFP does (nucleolus shown with white arrow). Nuclei are counterstained with DAPI (1.5 µg/ml) in VECTASHIELD. (D) Diagram showing the efficiency of indirectly and directly labeled dCas9 for targeting telomeric regions. The number of telomere signals was determined based on 20 nuclei per construct. dCas9 indirectly labeled either with MS2 or PP7 aptamers shows more telomeres (p < 0.05).



As a negative control, the transformation of N. benthamiana with partial constructs carrying dCas9:GFP without target-specific gRNA or pMS2:mRuby targeting telomeres without the dCas9 component was performed. For both, a nonspecific labeling of nuclei was found (Figures 3A, B). After co-transformation with both partial constructs, overlapping telomere-like signals of green and red fluorescence were found due to the presence of all components required for CRISPR imaging of telomeres (Figure 3C).




Figure 3 | Negative control with partial constructs carrying (A) dCas9:GFP without gRNA or (B) 2xMS2:3xmRuby targeting telomeres without dCas9. (C) Co-transformation of N. benthamiana leaves with both partial dCas9:GFP and 2xMS2:3xmRuby constructs resulted in labeling of telomeres, while no telomere-like signals were found after transformation with either partial construct (A, B). Nuclei are counterstained with DAPI.



To confirm the target specificity of the observed telomere-like signals, FISH with a labeled telomere-specific probe was performed after CRISPR imaging. All dCas9:2xMS2:GFP signals co-localized with FISH signals, demonstrating the target specificity of the aptamer-based imaging approach (Figure 4A). However, the labeling efficiency of CRISPR was less than FISH as only 78% and 75% of FISH signals colocalized with dCas9:2xMS2:GFP and dCas9:3xPP7:GFP signals, respectively (Figure 4B). Co-expression of dCas9:2xMS2:mRuby with TRB1 and telomeric dCas9:2xMS2:GFP with CFP labeled histone H2B (Martin et al., 2009) showed that the aptamer-based CRISPR imaging method can also be successfully combined with fluorescence-labeled proteins to study DNA-protein interactions (Supplementary Movies S1 and S2).




Figure 4 | Confirming the target specificity of aptamer-based CRISPR imaging. (A) Immunofluorescence staining against dCas9:2xMS2:GFP combined with telomere-specific FISH. Nuclei are counterstained with DAPI (in blue). (B) Comparing the efficiency of both types of aptamer-based CRISPR imaging with FISH. Telomeric signals based on 20 isolated nuclei per each construct after ImmunoFISH. dCas9:2xMs2:GFP and dCas9:3xPP7:GFP recognized 78% and 75% of telomere signals identified by FISH, respectively (p < 0.05).



To test whether the copy number of aptamers affects the labeling efficiency, we compared dCas9:MS2:GFP carrying 1, 2, or 16 copies of the MS2 aptamer. By reducing the aptamer copy number to 1, the number of observed signals reduced (Figure 5A). 16 copies of MS2 did not result in enhanced telomere signals, instead strong background signals were produced (Figure 5C).




Figure 5 | Effect of MS2 aptamer copy number of aptamer-based CRISPR imaging constructs on signal intensity. (A) dCas9:1xMS2, (B) dCas9:2xMS2, and (C) dCas9:16xMS2. The construct with two copies of MS2 revealed the best labeling of telomeres. Nuclei are counterstained with DAPI.



Because four sequential U nucleotides in the sgRNA stem-loop could be recognized as a transcription termination signal for the A. thaliana derived U6 pol-III promoter, a U to A substitution was performed and also the structure of sgRNA was changed by the insertion of an extension to improve the stability of sgRNA and its assembly with dCas9 according to (Supplementary Figure S2). The U/A flip along with increasing the length of the sgRNA stem size did not result in a significant increase of telomere signal intensity and did not improve the signal/background noise ratio of telomere signals in N. benthamiana (Figures 6A–C).




Figure 6 | Effect of changing the sgRNA scaffold with a U/A flip and extension on quantity and quality of observed telomere signals. No significant change was observed in the terms of (A) telomere number or (B) signal/background noise ratio (p < 0.05). (C) Labeled telomeres by the vector which has the change in sgRNA scaffold. Measurements were performed based on data from 10 isolated nuclei.





Comparing the Effect of Different Promoters to Express dCas9

Beside the ubiquitin promoter from parsley to drive the expression of dCas9 in N. benthamiana, we tested the cauliflower mosaic virus (CaMV) 35S (Tepfer et al., 2004), RPS5A (Weijers et al., 2001) and the β-estradiol inducible promoter XVE (Zuo et al., 2000). Changing the promoter in dCas9:2xMS2:GFP construct did not increase the number of observed telomere signals in comparison to the ubiquitin promoter (Figure 7A). The 35S promoter led to a better signal/background noise ratio (Figure 7B). After induction of the β-estradiol inducible XVE promoter, the same number of telomere signals was observed which was recognized by the construct driven by the ubiquitin promoter (Figure 7A). Regardless of promoter type, dCas9 could label the telomeric regions in N. benthamiana (Figures 7C–E). The specificity of signals was approved by subsequent FISH with a telomere-specific probe (Supplementary Figure S3A). Without induction, no telomere-specific signal was observed (Supplementary Figure S3B).




Figure 7 | Effect of different promotors used for expression of dCas9 on the efficiency of telomere labeling. (A) The expression of dCas9 by PRS5A promoter resulted in the recognition of a smaller number of telomeres compared to 35S and ubiquitin promoters. The XVE inducible promoter was as efficient as ubiquitin promoter regarding the number of labeled telomeres (p < 0.05). (B) 35S promoter caused the better signal to background noise ratio (p < 0.05). Data obtained from 10 isolated nuclei per construct. Regardless of promoter type, dCas9 driven by (C) RPS5A, (D) 35S, (E) XVE could label telomeric regions in N. benthamiana.



Comparison of dCas9 transcription driven by the XVE or ubiquitin promoter revealed that even weak dCas9 expression by XVE is sufficient to produce telomere-specific CRISPR-based signals (Supplementary Figure S4). Regardless of the promoter type, telomeres showed similar dynamic and random movements (Figure 8). To quantify these movements the mean square displacement (MSD) of telomeres was measured over a period of time. Calculating the changes of intratelomeric distance showed the minimum ±1 µm to maximum ±4 µm of changes for each type of promoter (Figure 9). In summary, application of RNA-aptamers for CRISPR-based live-cell imaging increases the efficiency of telomere labeling in plant cells.




Figure 8 | Comparing mean square distance (MSD in µm) of telomeres labeled by indirectly labeled aptamer-dCas9 which were under the control of (A) 35S, (B) RPS5a, or (C) ubiquitin promoters. (D) Directly labeled dCas9, which was under the control of a ubiquitin promoter. Telomeres showed random movements regardless of promoter type and how dCas9 was labeled.






Figure 9 | Measurement of inter-telomeric distance changes in nuclei transformed with three different indirectly labeled aptamer-dCas9 which were under the control of ubiquitin, RPS5a or 35S promoters and directly labeled dCas9 which was under the control of the ubiquitin promoter. Intra-telomeric distance changes vary between minimum ±1 µm to maximum ±4 µm.





Application of CRISPR-Imaging Is Limited in Stably Transformed Plants

Stable transformation of N. benthamiana, A. thaliana plants and D. carota roots with the telomere-specific dCas9:2xMS2:GFP construct did not result in transgenic plants exhibiting GFP-labeled telomeres in living leaf or root cells, although the presence and expression of dCas9 and GFP genes were confirmed by PCR and real-time RT-PCR (data not shown, Supplement Table 2). Only transformation of A. thaliana with dCas9:2xMS2:GFP targeting centromeric regions resulted in few plants that showed some dot-like signals, however, the number and pattern of signals were atypical for interphase centromeres (Supplementary Figure S5). In total, 141 selection marker resistant A. thaliana plants were screened for three different centromere imaging constructs by microscopy. Among them, 27 plants showed uniform labeling of nuclei and 9 plants showed dot-like signals. The dot-like signals were unstable and could not be detected in seedlings older than three weeks or subsequent generations (T3). Phenotype and seed setting of plants exhibiting dot-like signals were wild-type like. Among the three different protospacers used, only protospacer 1 and 2 produced signals. The same protospacer 1 was successfully used to label centromeres in fixed nuclei of A. thaliana with the help of CRISPR-FISH (Ishii et al., 2019).

Plants that were transformed with dCas9:2xMS2:GFP under the control of an inducible promoter with a centromere- or telomere-specific protospacer revealed no target sequence-specific signals after induction with β-estradiol (Supplementary Table S2).

To test whether the disappearance of dot-like signals is caused by degradation of the dCas9 protein, transgenic plants were treated with different concentrations of the proteasome inhibitor MG-132. However, no dot-like signals were recovered. Additionally, the presence of dCas9 protein was confirmed by dCas9 immunostaining (Supplementary Figure S6).




Discussion


Optimization of Aptamer-Based CRISPR Imaging Constructs

The application of MS2 and PP7 aptamers resulted in improved CRISPR imaging constructs instrumental to trace telomeres in transiently transformed N. benthamiana. Labeling efficiency, based on the mean value of signal numbers per nucleus, was increased up to 1.7 fold in comparison to dCas9:GFP. The number of individual telomere signals per nucleus was lower than expected though, which may be due to clustering of individual telomeres. Clustering of telomeres has been also observed in other organisms like A. thaliana (Fransz et al., 2002), yeast and Drosophila melanogaster (Hozé et al., 2013; Wesolowska et al., 2013).

Despite the improved labeling of telomeres, the aptamer-based CRISPR imaging in N. benthamiana resulted in a labeling efficiency of 73%–75% compared with FISH. In contrast, in human cell cultures, the number of telomeric signals obtained by CRISPR imaging was almost equal to the number of FISH signals (Chen et al., 2013). The copy number difference of telomere repeats is unlikely the reason for this discrepancy because human telomeres are 5 to 15 kb (Moyzis et al., 1988) while the telomeres in N. benthamiana are 60 to 160 kb long (Fajkus et al., 1995). Since a temperature of 37°C is required for optimal Cas9 activity (Xiang et al., 2017), the temperature difference between plant (22°C) and mammalian cell cultures (37°C) might contribute to the observed labeling difference between mammalian and plant species.

While dCas9:GFP expressing cells showed background signals in nucleoli (Dreissig et al., 2017), such background was absent from leaves expressing aptamer-containing reporter constructs. Nucleolar accumulation of dCas9 has been noted in other samples like human cell cultures (Chen et al., 2013). Likely, unspecific labeling of nucleoli was reduced because fluorescent proteins were not directly fused to dCas9.

Substitution of the ubiquitin promoter with the inducible XVE promoter caused a 5-fold decrease in expression of dCas9. However, changing the expression of dCas9 gene by application of XVE promoter did not result in a significant change in the number of observed telomere signals. In contrast, it is demonstrated that the low applied dosage of sgRNA in mammalian cell cultures affects the quality of CRISPR imaging signals (Chen et al., 2013). The PRS5A promoter resulted in a lower number of telomere signals. This could be because PRS5A is more active in meristematic tissues rather than leaves, the tissue which was used for transient transformation (Winter et al., 2007). Regardless of the promoter type, telomeres showed random movement like reported for dCas9:GFP (Dreissig et al., 2017).

Increasing the number of MS2 aptamers to 16 copies did not enhance the efficiency of telomere labeling in N. benthamiana, although in human cell cultures increment of aptamer numbers up to 16 improved labeling (Qin et al., 2017). Additionally, changing the sgRNA scaffold did not increase the quantity and quality of observed signals. In human cell cultures though, similar modifications increased the number of CRISPR-labeled telomeres and improved the signal/background noise (Chen et al., 2013). Fujimoto and Matsunaga (2017) used sgRNA scaffold modifications (T to G change and A/U flip combined with UGCUG extension) within a CRISPR imaging construct to improve the signal to noise ratio of telomere labeling in transiently transformed N. tabacum. The different outcome reported here might be due to the different constructs used.



Why Does CRISPR Imaging Not Work in Stably Transformed Plants?

Our CRISPR imaging constructs which were successfully applied in transiently transformed N. benthamiana leaves could not be used to label defined sequences in stably transformed N. benthamiana, A. thaliana or D. carota. The same observation was made by (Fujimoto and Matsunaga, 2017) for GFP-fused dCas9 imaging constructs. Intriguingly, CRISPR-imaging of centromeric and telomeric repeats works-fine on fixed nuclei and chromosomes of different plant and animal species (Deng et al., 2015; Ishii et al., 2019; Nemeckova et al., 2019; Potlapalli et al., 2020). The in situ imaging method CRISPR-FISH (also called REGEN-ISL) is based on a fluorescence-labeled two-part guide RNA with a recombinant Cas9 endonuclease complex. For both imaging methods, we used telomere- and centromere-specific gRNA and A. thaliana and N. benthamiana, subsequently (Ishii et al., 2019), this work). Hence, our expectation was that the selected gRNA in combination with dCas9 should also work in stably transformed plants.

Why then did CRISPR imaging fail in stably transformed plants? In contrast to CRISPR-based editing, for CRISPR imaging a constant interaction of the RNP complex with the target DNA is a functional prerequisite. It is tempting to speculate that a permanent binding of the RNP complex with its target DNA interferes with processes required for plant development. The formation of R-loops, which is underlying the CRISPR/Cas mechanism, might hamper cellular processes. R-loops are three-stranded nucleic acid structures composed of a DNA-RNA hybrid and a displaced single-stranded DNA. R-loops have a role in transcription, chromatin modification, DNA damage response. Once the R-loop homeostasis is perturbed, it can lead to genome instability (Crossley et al., 2019; Xu et al., 2020). The R-loop distribution atlas of A. thaliana has shown that R-loop distribution patterns are relatively preserved during different developmental and environmental conditions (Xu et al., 2020). Therefore, by imposing consistent formation of R-loops in targeted regions, CRISPR imaging constructs might change R-loop dynamics in defined genomic regions of stably transformed plants. Alternatively, the selected Cas9 variant of S. pyogenes is not suitable and further optimized Cas variants with higher efficiency could overcome this problem. A negative selection against CRISPR-imaging constructs in stably transformed plants at the transcript level is less likely because corresponding transcripts exist. In addition, uniform labeling of anti-Cas9 immunosignals was detected in transformed plants. Overcoming the discussed problem will also help to increase the efficiency of CRISPR-based editing in plants.

Taking advantage of the intrinsic stability of CRISPR guide RNA, (Wang et al., 2019) used fluorescent ribonucleoproteins consisting of chemically synthesized fluorescent gRNAs and recombinant dCas9 protein for imaging in transfected living human lymphocytes. Live-cell fluorescent in situ hybridization (LiveFISH) allowed tracking of multiple chromosomal loci in lymphocytes. Whether the transient transformation of cells with fluorescent RNP complexes could become another option to label defined sequences in living plant cells remains to be demonstrated.




Conclusions

A three-component labeling method using dCas9, PP7/MS2 aptamers and tdMCP : GFP/tdPCP : GFP binding to MS2/PP7 aptamers was successfully applied for labeling of telomeres in transiently transformed N. benthamiana. The labeling efficiency of telomeres was increased and the background labeling noise in the nucleolus was reduced compared to previous work (Dreissig et al., 2017). The copy number of aptamers used in the aptamer-based imaging construct is critical. The level of dCas9 gene expression does not affect CRISPR imaging. The application of CRISPR/Cas9 for live-cell imaging in stably transformed plants, however, was not successful.
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Movie supplement 1 | Co-expression of dCas9:2xMS2:mRuby (red) and TRB1 (green) in N. benthamina. Co-localization of telomeric dCas9:2xMS2:mRuby and TRB1 shows that aptamer-based imaging construct can be also used for DNA-protein interaction studies.

Movie supplement 2 | Dynamic of telomeres targeted by indirectly labeled dCas9 with MS2 aptamer in N. benthamiana leaf nuclei expressing CFP-H2B.

Figure supplement 1 | Different components of the aptamer-based labeling method: 1) dCas9 from S. pyogenes, 2) MS2 or PP7 aptamers (here only MS2 is shown) which are integrated into sgRNA scaffold. 3) RNA binding protein (tdMCP or tdPCP) fused to a fluorescent protein (mRuby) which recognizes aptamers.

Figure supplement 2 | Changing the sgRNA scaffold with A/U flip (in red) and insertion of an extension (in green).

Figure supplement 3 | Specificity control test by ImmunoFISH for the activity of the inducible XVE promoter. (A) Isolated nuclei after treatment of leaves with β-estradiol show telomeric signals. Co-localization of dCas9:2xMS2:GFP and FISH signals show that the observed signals are telomeric specific. (B) Nuclei isolated from β-estradiol-untreated leaves show a uniform labeling of nuclei.

Figure supplement 4 | Real time expression of dCas9 expressed by ubiquitin and XVE promoters. dCas9 expression is much lower when it is driven by inducible XVE promoter compared to ubiquitin from parsley. Error bars are standard deviation.

Figure supplement 5 | Selected nuclei of A. thaliana stably transformed with a centromere-specific dCas9:2xMS2:GFP construct exhibiting dot-like signals. (A, B) Application of the centromere-specific protospacer 1 and 2, respectively. The number of signals was higher than expected.

Figure supplement 6 | Immunostaining of dCas9 protein in isolated nuclei from leaf material of stably transformed Arabidopsis plants with dCas9:2xMS2:GFP targeting centromeric regions. (A) Immunostaining of dCas9 in stably transformed Arabidopsis plants showed the dCas9 is not degraded. (B) Immunostaining of isolated leaf nuclei from wild type Arabidopsis leaf nuclei did not result in signals which shows that the applied antibody against dCas9 is working specifically.
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