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Chromatin remodelers act in an ATP-dependent manner in modulating chromatin structure and thus genome function. Here, we report that the Arabidopsis (Arabidopsis thaliana) remodeler CHR19 is enriched in gene body regions, and its depletion causes massive changes in nucleosome position and occupancy in the genome. Consistent with these changes, an in vitro assay verified that CHR19 can utilize ATP to slide nucleosomes. A variety of inducible genes, including several important genes in the salicylic acid (SA) and jasmonic acid (JA) pathways, were transcriptionally up-regulated in the chr19 mutant under the normal growth condition, indicative of a role of CHR19 in transcriptional repression. In addition, the chr19 mutation triggered higher susceptibility to the JA pathway-defended necrotrophic fungal pathogen Botrytis cinerea, but did not affect the growth of the SA pathway-defended hemibiotrophic bacterial pathogen Pseudomonas syringae pv. tomato DC3000.

Expression of CHR19 was tissue-specific and inhibited specifically by SA treatment. Such inhibition significantly decreased the local chromatin enrichment of CHR19 at the associated SA pathway genes, which resulted in their full activation upon SA treatment. Overall, our findings clarify CHR19 to be a novel regulator acting at the chromatin level to impact the transcription of genes underlying plant resistance to different pathogens.

Introduction

Chromatin accessibility is a critical prerequisite for the recognition of DNA by trans-acting factors, and thus serves as an important regulatory mechanism in diverse DNA metabolic processes, such as transcription and DNA repair (Klemm et al., 2019).

Nucleosome is the fundamental repetitive unit of eukaryotic chromatin, in which genomic DNA tightly surrounds histone octamer. DNA accessibility is therefore determined by local nucleosome position and occupancy level (Fierz and Poirier, 2019). ATP-dependent chromatin remodelers can change the interactions between histones and DNA by using the energy released from ATP hydrolysis, and thereby facilitate nucleosome sliding, relocating, removing or their intrinsic component exchanging (Clapier and Cairns, 2009;Clapier et al., 2017). All the identified chromatin remodelers display homology to the yeast SNF2 protein, sharing a helicase-associated ATPase domain that acts as a DNA-translocating motor. Based on the homology of such catalytic domain and other accessory domains, SNF2-related proteins can be divided into 24 subfamilies (Flaus et al., 2006). Among them, the Function unknown 30 (Fun30)-subfamily forms a class of single-component chromatin remodelers that are highly conserved in eukaryotic evolution.

Budding yeast Fun30 (Clark et al., 1992) shows high homology with the fission yeast Fft1-3 and human SMARCAD1. They play an evolutionarily conserved role in the 5'-end resection of lethal DNA double strand break (DSB), a critical step for the subsequent checkpoint activation and repair factor loading (Chen et al., 2012;Costelloe et al., 2012;Eapen et al., 2012). Their depletion impairs end resection and recombinational DNA repair, rendering cells hypersensitive to diverse genotoxin-caused DNA damages (Bi et al., 2015;Chakraborty et al., 2018). Moreover, Fun30 is required to cope with topoisomerase inhibitor-induced torsional stress (Al-Natour et al., 2021), and similar with SMARCAD1, its activity is also implicated in DNA mismatch-repair pathway (Goellner et al., 2018;Terui et al., 2018).

In addition to the highly conserved C-terminal ATPase domain, one or more copies of CUE domain can be found at the N-terminus of Fun30 and SMARCAD1 proteins. The CUE domain has been reported to function as an adapter interacting with mono-ubiquitin (Kang et al., 2003) and other non-ubiquitin protein structures (Lim et al., 2019). The CUE domain-containing N-termini of Fun30 and SMARCAD1 have been proven to act as a conserved surface to interact with the DSB-localized scaffold protein Dpb11 and TopBP1, respectively (Bantele et al., 2017). Yeast Fun30-Dpb11 complex is required for efficient long-range resection and the consequent choice of DSB repair pathways (Bantele et al., 2017). Moreover, the CUE domain of SMARCAD1 also interacts with ubiquitinated histone H2A, ensuring the optimal localization of SMARCAD1 to DNA damage sites and its full activity output in DNA repair (Densham et al., 2016). Fun30/Fft3/SMARCAD1 have also been reported to contribute to the protection of heterochromatin from euchromatin invasion (Neves-Costa et al., 2009;Steglich et al., 2015;Taneja et al., 2017). These remodelers are thought to ensure the maintenance and inheritance of chromatin-state boundaries by stabilizing nucleosomes in vivo (Byeon et al., 2013;Sachs et al., 2019;Taneja et al., 2017).

Notably, Fun30 and SMARCAD1 assist silencing machinery for the de novo establishment of heterochromatin (Rowbotham et al., 2011;Yu et al., 2011). Their activity is required for higher heterochromatic structures and further proper chromosomal separation (Rowbotham et al., 2011;Stralfors et al., 2011). SMARCAD1 contributes to the maintenance of the pluripotency and self-renewal of mouse embryonic stem cells [START_REF] Hong | Dissecting early differentially expressed genes in a mixture of differentiating embryonic stem cells[END_REF]. In situ analyses revealed a widespread expression of SMARCAD1 throughout mouse development (Soininen et al., 1992), and its depletion caused diverse mouse developmental defects (Schoor et al., 1999). Similarly, human SMARCAD1 gene also shows a ubiquitous expression pattern (Adra et al., 2000), and its loss-of-function is associated with many human diseases, such as breast cancer and some autosomal-dominant inherited diseases (Arafat et al., 2018;Gunther et al., 2018;Li et al., 2016;Marks et al., 2014;Nousbeck et al., 2011).

Arabidopsis CHR19 is the plant homolog of Fun30/Fft3/SMARCAD1. It was reported as an interacting protein of non-catalytic histone methyltransferase SUVR2, together with the RAD5/16-subfamily chromatin remodelers CHR27 and CHR28, functioning in repressing some target genes of RNA-directed DNA methylation (RdDM) pathway (Han et al., 2014). More recently, an interactome study also identified CHR19 as an associating partner of telomerase reverse transcriptase (TERT)-containing telomerase holoenzyme (Dokladal et al., 2018). However, the biological function of CHR19 still remained largely undetermined. In this study, we reported the biochemical activity of CHR19, and surveyed the chromatin enrichment of CHR19 as well as its function in the genome-wide nucleosome position and occupancy. Our analyses unravel an important role of CHR19 in the transcriptional repression of diverse inducible genes and demonstrate its biological function in plant immunity to pathogens.

Results

Molecular characterization of two chr19 T-DNA insertion mutants

In addition to the previously studied chr19 mutant (SALK_054130, hereinafter referred to as chr19-1) (Han et al., 2014), an additional T-DNA insertion mutant, SALK_069014 (hereinafter designated chr19-2), was identified. We designed several primer pairs within the CHR19 gene body to examine the transcript remnant in both chr19 mutants by reverse transcription quantitative PCR (RT-qPCR) (Figure 1A). In chr19-1, a truncated transcript after the T-DNA insertion site was detectable but at 10%-20% of the wild-type (WT) transcript level (Figure 1B). In chr19-2, a partial CHR19 transcript was detected at approximately 40% of the WT transcript level within the 5′ terminal regions (primer pair-1 and -2; Figure 1B). Rapid amplification of cDNA end (RACE) analysis showed that both chr19-1 and chr19-2 are loss-of-function mutants.

Next, we examined the expression levels of solo LTR and ERT14, two loci previously reported to be silenced by SUVR2/CHR19/CHR27/CHR28 (Han et al., 2014). Both solo LTR and ERT14 were significantly derepressed in the chr19-1 and chr19-2 mutants (Figure 1C). We then expressed a GFP-CHR19 fusion protein driven by the CHR19 promoter (promoter CHR19 ::GFP-CHR19) in the chr19-1 mutant, which resulted in resilencing of solo LTR and ERT14 (Figure 1C). In contrast to the critical roles of non-plant Fun30/Fft3/SMARCAD1 in diverse biological processes (see Introduction), the chr19-1 and chr19-2 mutants showed a normal plant growth phenotype under our laboratory growth conditions.

CHR19 is not implicated in the maintenance of chromatin stability

We performed a phylogenetic analysis of Fun30 homologs. SMARCAD1 proteins are closely related to yeast Fun30 and Fft1-3. In comparison, the analyzed plant CHR19 homologs are more similar to each other (Supplemental Figure 3). The N-termini of yeast and animal Fun30 homologs include one or two conserved CUE domain(s) (Supplemental Figure 4A and 4B), which are critical for many Fun30 homolog-mediated biological processes (reviewed by Bantele and Pfander, 2019;Tong et al., 2020). However, this important adapter domain has been lost in all sequenced plant CHR19 members, including one from the unicellular green alga Chlamydomonas reinhardtii (Supplemental Figure 4A), implying that such a discrepancy may have arisen after the divergence of plants and animals.

The predominant role of Fun30 homologs in yeast and animals is the highly conserved participation in DNA end resection, the first step of the homologous recombination (HR) process in DSB repair (Chen et al., 2012;Costelloe et al., 2012;Eapen et al., 2012). The molecular marker line 1445 has been used to evaluate the somatic HR frequency in Arabidopsis (Gao et al., 2012) (Supplemental Figure 5A), and thus was introgressed into the chr19-1 and chr19-2 mutants. However, no significant change in HR frequency was observed in either mutant compared with that of the WT (Supplemental Figure 5B). We challenged seedlings with bleomycin, a genotoxin causing DSB, and detected no change in their sensitivity (Supplemental Figure 5C and 5D). We examined the effect of other genotoxins that cause distinct types of DNA damage, including hydroxyurea, an inhibitor that exerts replication stress on cell proliferation, the DNA-alkylating agent methyl methanesulfonate, and the cytostatic drug 5-fluorouracil, which favors dUMP misincorporation into DNA.

Compared with the WT, chr19-1 and chr19-2 showed similar tolerance to all of the tested mutagenic chemicals.

CHR19 was observed to interact with the TERT-containing telomerase holoenzyme in a previous affinity chromatography survey (Dokladal et al., 2018;Majerska et al., 2017). To determine whether CHR19 plays a role in maintenance of the telomere in Arabidopsis, we examined the telomere length using the monochrome multiplex qPCR method (Vaquero-Sedas and Vega-Palas, 2014) (Supplemental Figure 5E). After six successive selfing generations, no significant change in the telomeric repeats was observed in either mutant (Supplemental Figure 5F), indicating that CHR19 knockout has no detectable effect on Arabidopsis telomere length.

Collectively, these experiments indicate that Arabidopsis CHR19 has lost the conserved role of its yeast and animal counterparts in diverse DNA repair pathways, and is not implicated in the maintenance of telomere stability and integrity.

CHR19 is located mainly in the gene body and facilitates nucleosome shift

Microscopic observation revealed that GFP-CHR19 was ubiquitously localized in the nucleus with the exception of the nucleolus, but was not limited to the heterochromatin loci, as shown by DAPI staining (Figure 1D). This result implied that its activity, as a chromatin remodeler, may be beyond SUVR2-associated transcriptional gene silencing (TGS) in heterochromatin (Han et al., 2014).

We then characterized the genomic distribution of GFP-CHR19 using a GFP antibody in a chromatin immunoprecipitation followed by sequencing (ChIP-seq) analysis. Transgenic plants constitutively expressing GFP (35S::GFP) were used as a reference to exclude the non-specific interaction of GFP with chromatin. The ChIP-seq data revealed distinct enrichment of GFP-CHR19 within gene body regions, and a clear absence in the narrow regions before the transcription start site (TSS) and after the transcription termination site (TTS) (Figure 2A). After peak calling and annotation, we identified 2361 specific GFP-CHR19 target regions (corresponding to 3430 genes; Supplemental Table 1).

Micrococcal nuclease (MNase) shows much higher preference for naked DNA than nucleosomal DNA. MNase digestion of chromatin followed by high-throughput sequencing (MNase-seq) is thus a powerful tool to survey nucleosome physical organization across the entire genome (Li et al., 2014). The physical organization of nucleosomes can be described as an array of nucleosome units across the genome.

Within each unit, the distribution of the nucleosomes is centered on the most preferred position (hereafter referred to as nucleosome position), with more or less deviation in heterogeneous tissues (hereafter referred to as fuzziness) (Chen et al., 2013).

Considering that a truncated CHR19 fragment may exist in chr19-2 and introduce unexpected interference, we performed MNase-seq on the WT and chr19-1 mutant to investigate the in vivo role of CHR19 in chromatin remodeling. We searched for an altered nucleosome position in the chr19-1 mutant as shown by a shift (both forward and backward) when compared with the WT, together with the occupancy value referring to the frequency with which the unit is occupied (both up-and down-regulated) (Figure 2B) and the degree of fuzziness (both up-and down-regulated).

According to the screening criteria (see Methods), the MNase-seq analysis revealed a high frequency of nucleosome shift in the chr19-1 mutant along the genome (38113 forward and 38464 backward shifts; Figure 2C), implying CHR19 plays a role in global nucleosome stabilization. In comparison, occupancy changes were detected at a smaller number of nucleosome regions: 8211 with up-and 6551 with down-regulated occupancy, respectively. The nucleosome dynamics defined as fuzziness were barely detected, whereas a more complicated phenomenon comprising the mixing of all the above-mentioned alterations occurred in some regions, although this number was much smaller (1226). Next, we statistically analyzed the nucleosome read coverage within the gene body, 1 kb promoter, and terminator. The normalized signals were decreased slightly but significantly within the gene body regions of the chr19-1 mutant when compared with those of the WT (p < 2.2e-16), while the enormous genome-wide nucleosome shifts (both forward and backward) may be offset by each other in this analysis approach (Supplemental Figure 6).

We then integrated the ChIP-seq and MNase-seq data to investigate the correlation of CHR19 enrichment with nucleosome changes in the chr19-1 mutant.

The set of 2361 CHR19-target regions showed significant overlap with the set of nucleosome regions carrying forward (p = 0.0010) or backward (p = 0.0010) shifts, and with the set of nucleosome regions carrying up-regulated (p = 0.0110) or down-regulated (p = 0.0030) occupancy (Figure 2E). In contrast, no significant correlation between CHR19-target regions and nucleosome changes was detected as fuzziness or mixing (Supplemental Figure 7). Taken together, these data indicate that CHR19 targets are mainly associated with local nucleosome shift and occupancy changes.

Arabidopsis CHR19 can mediate ATP-dependent nucleosome sliding in vitro

To provide direct biochemical evidence that Arabidopsis CHR19 exerts Snf2

ATPase activity, we expressed and purified a GST-fused CHR19 recombinant protein (Figure 3A). First, 1 nmol GST-CHR19 recombinant protein catalyzed approximately 30 µmol ATP hydrolysis per minute in an in vitro experiment, which was indicative of its bona fide ATPase activity. The GST protein alone, as the negative control, barely hydrolyzed ATP (Figure 3B). Next, we premixed GST-CHR19 with reconstituted nucleosomes and examined their interactions in an electrophoretic mobility shift assay (EMSA). The electrophoretic behavior of nucleosomes in the EMSA was clearly altered by addition of GST-CHR19 protein, which was indicative of formation of the CHR19-nucleosome complex. Notably, both components had the same negative charge in the native PAGE gel, which excluded the possibility of non-specific electrostatic interaction. In comparison, GST alone barely affected the electrophoretic behavior of the reconstituted nucleosomes (Figure 3C).

The nucleosomal DNA contains a recognition site for DpnII endonuclease, which is inaccessible within the nucleosomal structure (Figure 3D). Next, we mixed GST-CHR19 with nucleosomes in the presence of DpnII. An additional smaller DNA cleavage product was found after protein removal, which increased with extension of the GST-CHR19 mixing time. This observation indicated that GST-CHR19 exerted ATP-dependent chromatin-remodeling activity to facilitate gradual exposure of the DpnII cleavage site within the nucleosomal DNA. In comparison, no alterations in the nucleosomal DNA bands were observed when the negative-control GST protein alone was used (Figure 3E). Collectively, we conclude that Arabidopsis CHR19 possesses ATP-dependent chromatin-remodeling activity to slide nucleosomes.

CHR19 maintains numerous inducible genes at the basal transcription level

We performed a transcriptome analysis of WT and chr19-1 mutant seedlings.

Under stringent screening criteria (fold change > 2, q value < 0.05), the transcription of 1064 genes and 488 genes was significantly up-regulated and down-regulated, respectively, in the chr19-1 mutant compared with those of the WT (Figure 4A, Supplemental Tables 2 and3). Among the specific CHR19 targets, we identified 1502 genes carrying a forward nucleosome shift and 1514 genes carrying a backward shift (Supplemental Table 4). These genes showed significant overlap with the up-regulated genes, but not the down-regulated genes, in the chr19-1 mutant (Figure 4B). In addition, a significant difference was detected between the up-regulated genes in the mutant with the CHR19 target genes carrying a down-regulated, but not an up-regulated, nucleosome occupancy (Figure 4B, Supplemental Table 4).

Gene ontology (GO) analysis of the up-regulated genes in the chr19-1 mutant revealed distinct over-representation of response to stress, and many other associated categories, such as responses to biotic/abiotic stimulus or hormones. We noted that response to salicylic acid (SA) and jasmonic acid (JA) were especially significant and were statistically highlighted in the over-representation list. In sharp contrast, GO analysis of the down-regulated genes in the chr19-1 mutant revealed almost no significantly over-represented categories (Figure 4C). The transcriptome analysis revealed an important role of CHR19 in the transcriptional repression of a variety of inducible genes to avoid their improper activation under the normal physiological condition.

CHR19 maintains crucial genes in the SA and JA pathways at the basal transcription level

We confirmed significant overlap of the up-regulated genes in the chr19-1 mutant, but not the down-regulated genes, with SA-and JA-related genes (http://geneontology.org/) (Figure 4D, Supplemental Tables 5 and6). Next, we selected several well-studied genes for detailed analysis. The transcription factor WRKY70 activates the defense gene PR1 and acts as a positive regulator of SA-mediated defense signaling (Hu et al., 2012). MYC2, a master transcription factor for JA signaling, can act as both an activator and repressor of distinct downstream genes. Briefly, MYC2 positively regulates wounding/insect-responsive genes, such as VSP2, and negatively regulates JA/ethylene-responsive pathogen defense genes (Kazan and Manners, 2013). Consistent with the transcriptome analysis (Figure 4A, Supplemental Table 2), RT-qPCR analysis validated the significant up-regulation of WRKY70, PR1, MYC2, and VSP2 in the chr19-1 mutant. Introduction of GFP-CHR19 into the chr19-1 mutant restored the transcription of these genes to the WT levels (Figure 4E). Thus, CHR19 prevents many crucial genes in the SA and JA pathways from improper activation under the normal growth condition.

Next, we examined the local nucleosome density and GFP-CHR19 enrichment within these genes. The amplicons detected in the MNase-qPCR analysis were significantly reduced in the chr19-1 mutant compared with those of the WT, which is consistent with the discrepancy in nucleosome peaks in the chr19-1 mutant compared with the WT in the MNase-seq analysis (Supplemental Figure 8). As expected, higher occupancy of GFP-CHR19 was observed within the gene body region of the examined genes. In addition to the euchromatic genes, we also examined the formerly assessed heterochromatic regions (Han et al., 2014). The amplicons within the examined regions of solo LTR and ERT14 in the MNase-qPCR analysis were found decreased in the chr19-1 mutant compared with those of the WT (Supplemental Figure 9). Collectively, the decreased nucleosome density within these genes/loci in the chr19-1 mutant is in line with their transcriptional up-regulation.

CHR19 is required for plant resistance to the necrotrophic pathogen Botrytis cinerea

Crosstalk between the SA and JA pathways is central to the plant immune system in response to pathogen attacks (Zhang et al., 2017). The SA pathway is commonly linked to defense responses against (hemi)biotrophic pathogens (Zhang et al., 2017).

PR1 functions as a typical marker gene for SA-mediated pathogen defense (Zhang et al., 2020). In the JA pathway, MYC2 positively controls defense against herbivory but acts as a negative regulator of plant resistance to necrotrophic pathogens (Lorenzo et al., 2004). We thus tested the plant resistance to the hemibiotrophic bacterium Pseudomonas syringae pv. tomato DC3000 (Pst) and Pst carrying the plasmid-borne effector gene avrRpm1 (Pst avrRpm1), and to the necrotrophic fungal pathogen

Botrytis cinerea.

Intriguingly, plant susceptibility to Pst and Pst avrRpm1 was not significantly impaired in the chr19-1 mutant because comparable disease symptoms were observed in infiltrated leaves (Figure 5A). The chr19-1 mutant displayed WT-level avirulent bacterial multiplication (Figure 5B), supported by quantification of similar relative biomass (pathogen DNA compared with plant DNA; Ross and Somssich, 2016) in the chr19-1 mutant and WT (Figure 5C). In contrast, when inoculated with B. cinerea spores, the chr19-1 mutant showed higher sensitivity than the WT to the pathogen, as assessed by larger necrotic lesions (Figure 5D and5E) and increased fungal biomass (Smirnova et al., 2017) (Figure 5F). Taken together, these results indicate that CHR19 is a positive regulator of plant immunity against the necrotroph B. cinerea but does not affect proliferation of the hemibiotroph Pst.

CHR19 transcription is inhibited by SA treatment

Given the distinct impact on pathogen resistance, we speculated that the repressive role of CHR19 in the expression of certain genes may exhibit differences in response to SA or JA stimulation. To test this hypothesis, we treated the WT and chr19-1 plants first with exogenous SA and monitored the response of selected genes.

As expected, transcript levels of WRKY70 and PR1 were drastically elevated after SA treatment. Strikingly, albeit showing a higher expression level prior to treatment, both WRKY70 and PR1 exhibited elevated levels similarly in chr19-1 as in WT at either 3 h or 6 h after SA treatment (Figure 6A). It is likely that the repressive role of CHR19 is minimized upon SA-induced activation of WRKY70 and PR1 expression. In line with this, the transcript level of CHR19 was found inhibited upon SA treatment (Figure 6A). To provide additional evidence for SA-responsive CHR19 transcription, we constructed a GUS expression vector driven by the CHR19 promoter, promoter CHR19 ::GUS. GUS staining revealed that CHR19 was highly expressed in young aerial tissues and in apical and lateral root meristems of mock-treated plants. In the mature vegetative organs, GUS signals were largely confined to leaf veins and root vascular tissues (Figure 6B). As comparison, in SA-treated plants GUS signals were overall weakened and were detected confined in very young leaves (Figure 6B).

These results demonstrate that the transcription level and expression pattern of CHR19 are strongly impacted by SA treatment.

Consistent with the repression of CHR19 transcription by SA treatment, ChIP-qPCR analysis revealed that local chromatin enrichment of GFP-CHR19 was significantly reduced within all examined regions of WRKY70 and PR1 (Figure 6C).

Taken together, our data indicate that SA inhibits CHR19 transcription and subsequently CHR19 enrichment at chromatin, attenuating the repressive role of CHR19 during the SA-induced transcriptional activation of WRKY70 and PR1.

CHR19 still represses MYC2 after JA treatment

In contrast to SA, JA treatment did not affect the CHR19 transcript level in WT seedlings (Figure 7A). Notably, JA-induced MYC2/VSP2 transcription was greater in the chr19-1 mutant than in the WT at all time points analyzed (Figure 7A), suggesting that the repressive role of CHR19 on MYC2/VSP2 was maintained during JA-induced activation of these genes in WT. Consistently, GFP-CHR19 was found enriched in the gene bodies of MYC2 and VSP2 in both mock and JA-treated plants (Figure 7B).

The pathogenesis of B. cinerea usually develops 2-3 days after inoculation.

Therefore, we treated seedlings with JA at a lower concentration for up to 72 h. The MYC2 transcript level in the WT increased within 48 h, but subsequently returned to the basal level, which may reflect the negative regulation of MYC2 on its own expression in response to long-term JA treatment (Dombrecht et al., 2007). The MYC2 transcript level was higher in the chr19-1 mutant throughout the induction period, especially after the turning point (48-72 h) of the WT (Supplemental Figure 10), which is consistent with the higher susceptibility of the chr19-1 mutant to B. cinerea.

Discussion

In this study, we performed a systematic investigation of the biochemical activity, genome distribution, and biological function of CHR19. As a chromatin remodeler, CHR19 can slide the nucleosome in vitro and participate in genome-wide nucleosome organization in vivo. CHR19 is required for transcriptional repression of a variety of inducible genes under uninduced conditions and contributes to plant immunity against infection by B. cinerea.

Plant CHR19 have lost CUE domain-coupled biological activities or molecular pathways

There is considerable evidence that yeast Fun30 and its animal SMARCAD1 homologs participate in a variety of biological processes, of which their involvement in DSB repair has been best characterized (reviewed by Bantele and Pfander, 2019;Tong et al., 2020). The present results do not support the involvement of Arabidopsis CHR19 in such a highly conserved pathway because both identified chr19 mutants displayed a frequency of somatic HR comparable to that of the WT and no hypersensitivity to multiple DNA mutagens. Thus, we conclude that CHR19 is dispensable in plant DNA damage response and chromatin stability maintenance, which is in marked contrast to yeast and human homologs.

The proper targeting of a catalytic chromatin remodeler and the consequent activity output are critical for precise modulation of local chromatin. Usually, the remodeler activity is tuned or even conditioned by the regulatory subunits within the same remodeler complex or by additional interacting factors (Gioacchini and Peterson, 2017;Hughes and Owen-Hughes, 2017;Mashtalir et al., 2018). Convincing evidence has been provided that the targeting of Fun30/SMARCAD1 in DNA repair relies on CUE domain-dependent interactions with a variety of functional proteins (Bantele et al., 2017;Chen et al., 2012;Costelloe et al., 2012;Densham et al., 2016;Eapen et al., 2012). We noted that CHR19 homologs in all sequenced model plants, including Arabidopsis, have lost the corresponding CUE domain without changes in the ATPase domain during evolution, which may help to explain the dispensable role of catalytic CHR19 in the DNA damage response. Nevertheless, the correlation of the adapter domain with the functional discrepancy of Fun30/SMARCAD1/CHR19 requires further investigation for validation, such as a bioinformatic analysis and molecular verification of crucial residue substitution, and additional genetic and functional characterization of CHR19 homologs in other model plants. These approaches will provide novel insight into the evolutionary mechanism for distinct chromatin remodeler targeting.

Although the CUE domain is conserved in yeast and animal Fun30 homologs, the corresponding interacting proteins may differ between evolutionarily distant taxa. KAP1, a transcriptional corepressor identified in recent cancer research (Czerwinska et al., 2017), is a stoichiometric binding partner of mouse/human SMARCAD1, which is mediated by the proximal CUE domain of SMARCAD1. Mutation of the CUE domain leads to failure of the SMARCAD1 interaction with KAP1-target genes and downstream biological events (Ding et al., 2018;Okazaki et al., 2008;Sachs et al., 2019). Notably, KAP1 is unique to animals and has no homologs in plants or yeasts.

Thus, although the function of yeast Fun30 in full gene silencing and chromatin stability also requires involvement of the CUE domain (Neves-Costa et al., 2009), the corresponding molecular pathway has not been elucidated. We propose that members of the Fun30 subfamily, including plant CHR19, may acquire distinct targets and/or functions during evolution through lineage-specific interacting proteins.

Roles of CHR19 homologs in transcriptional regulation

Arabidopsis CHR19 was previously identified as a protein that interacts with the non-catalytic histone methyltransferase SUVR2. Although CHR19 plays a synergistic role with two other chromatin remodelers, CHR27 and CHR28, in SUVR2-associated TGS, CHR19 does not physically interact with CHR27 and CHR28 (Han et al., 2014). This finding implies that CHR19 can individually exert its remodeler activity in transcription regulation. In the present study, we extended the previous finding of Drosophila SMARCAD1 is a transcriptional activator that enhances H2A acetylation by the histone acetylase CBP in an ATP-dependent manner, and SMARCAD1 is recruited by CBP to regulate gene expression (Doiguchi et al., 2016). Knockout of SMARCAD1 in mouse results in increased H3K9me3 levels within the broader coding regions of multiple genes, as well as decreased expression levels of some target genes, suggesting that SMARCAD1 prevents the spread of repressive machineries or activities (Kazakevych et al., 2020). The present findings for CHR19 indicate that Fun30/SMARCAD1 homologs do not play an evolutionarily conserved role in transcriptional regulation, similar to the above-mentioned CUE domain-mediated DNA damage response. The current study highlights the complexity and diversity of the targeting mechanism of certain remodeler activity in evolution.

Distinct mechanisms of CHR19 regulation in the SA and JA pathways

In higher organisms, multiple chromatin remodelers have evolved to accommodate complicated chromatin metabolism. Proper remodeler abundance and chromatin targeting are therefore necessary to coordinate these catalytic activities in the context of growth and development as well as in response to diverse signals or stimuli. Conceptually, multicellular organisms can easily achieve this through tissue-specific or inducible expression patterns, but the relevant evidence remains largely insufficient (Clapier et al., 2017).

In the present study, we found that CHR19 was mainly expressed in the meristem of young vegetative organs and differentiated vascular tissues. Considering that CHR19 activity imposes the basal transcriptional state on a variety of inducible genes, we propose that tissue-specific expression patterns of CHR19 may facilitate rapid signaling with minimum cost in the plant response to stimuli. Intriguingly, such tissue-specific expression patterns were subjected to a further layer of modulation by specific plant hormones. GUS staining and RT-qPCR results proved that CHR19 was dramatically down-regulated at the transcription level after SA treatment. We have performed a bioinformatic analysis, but failed to identify a consensus sequence in the CHR19 promoter targeted by a known SA-related transcription factor. Thus, the possibility that CHR19 expression may be subjected to a novel trans-acting factor or repressive epigenetic regulation requires elucidation in future research. The present findings revealed tissue-specific and plant hormone-responsive expression of CHR19, which represents a regulatory mechanism for flexibility or plasticity in plant adaptation.

CHR19 plays different regulatory roles in response to SA or JA treatment. On the one hand, SA treatment causes a sharp decline in CHR19 expression and consequently its protein enrichment on SA-related target genes, which leads to the loss of its repressive role on the transcription of these target genes. Such a mechanism may allow plants to fully activate SA-mediated defense genes and acquire sufficient resistance to (hemi)biotrophic pathogens. On the other hand, CHR19 enrichment and its accompanying repressive effect on the master gene MYC2 were maintained after JA induction, which reinforces the negative-feedback regulatory mechanism of MYC2, and thereby facilitates durable plant resistance to necrotrophic pathogens. In the present study, we observed a slight increase in CHR19 occupancy on the chromatin regions of MYC2 and VSP2 in the ChIP-qPCR analysis. Such occupancy change occurred mainly in gene bodies and was associated with rapid gene activation. We reason that the rapid activation of inducible genes, compared with their uninduced status, may require more repressive CHR19 activity to counteract to ensure the proper peak of their transcription level. Notably, a delay of return to basal level was observed for MYC2 transcription after JA treatment in chr19-1 as compared to WT, implying that CHR19 may be implicated in re-establishing a basal repressive chromatin state after JA-stimulated MYC2 transcription. The present findings shed light on a dual mechanism by which a chromatin remodeler modulates its transcriptional regulatory activity. It can be fine-tuned indirectly by interacting proteins, such as silencing machineries (Groth et al., 2014;Han et al., 2014), and can directly change its abundance and final output in response to a specific signal.

Plants use induced defense mechanisms in response to plant-pathogen interaction, which involves massive transcriptional reprogramming and chromatin remodeling.

Increasing evidence implicates diverse remodeler-mediated chromatin modulation as an important regulatory mechanism in plant defense (reviewed by Ramirez-Prado et al., 2018). Future elucidation of the delicate functional interplay of CHR19 with other epigenetic machineries is required. This includes not only the spatiotemporal overlap of these factors in the same plant tissue, but also the activity outputs from their crosstalk. Such insights will help us to understand how plants achieve optimal responses to external stresses through chromatin-level modulations, which is important to improve stress resistance in crops.

Methods

Plant Materials and Growth Conditions

The T-DNA insertion mutants chr19-1 (SALK_054134) and chr19-2 (SALK_069014) were derived from Columbia ecotype. In vitro plant culture was performed on agar-solidified Murashige and Skoog medium supplemented with 0.9% sucrose. Plants were cultivated at 21°C under a 16-h-light/8-h-dark photoperiod in a Percival AR41L5 growth chamber in 60 to 90 E • m -2 • s -1 white light. For phytohormone treatments, seedlings were transferred to medium containing 30µM

Methyl Jasmonate or 1 mM SA.

RACE assays

The 5'-and 3'-RACE assays were performed following the instructions of SMARTer 5' RACE and 3' RACE (Clontech,Code No. 634858 and 634859). The cloned RACE fragments were aligned with CHR19 sequences to find out the 5'-or 3'-terminus of abnormal CHR19 transcript in chr19-1 or chr19-2 mutant, respectively.

ChIP-seq and MNase-seq

ChIP-seq and MNase-seq data analysis was performed with ngsPipeline (https://github.com/YuhaoL/ngsPipeline) as previously described (Du et al., 2020;Liu et al., 2019). Briefly, the raw paired-end data were trimmed with Cutadapt (version 3.2), then the filtered reads were mapped to the reference Arabidopsis genome (TAIR10) with the Bowtie2 (version 2.4.2) program (Langmead et al., 2009), and SAMtools (version 1.12) was used to extract the unique and non-redundant mapped reads (Li et al., 2009). The non-redundant mapped reads were subsequently analyzed.

The normalized signals (RPKM) of GFP-CHR19 was calculated with deepTools (version 3.0.2, Ramirez et al., 2016). All aggregated plots and heatmaps were generated with the R software. MACS2 (version 2.1.1, Zhang et al., 2008) with the default parameters was used to call the CHR19 peaks, and DANPOS (version 2.1.3, Chen et al., 2013) was used to position nucleosome occupancy and perform statistic test for significant changes. Different nucleosome changes were identified as described as DANPOS2 manual. Nucleosomes with shift distance of 50~90 bp are selected as position shift. Nucleosome regions with "smt_diff_FDR"<0.05 and absolute value of "smt_log 2 FC" >1 are selected as identified as occupancy changes.

Nucleosome regions with "fuzziness_diff_FDR"<0.05 and absolute value of "fuzziness_log 2 FC">1 are identified as fuzziness. The ChIPpeakAnno package (Zhu et al., 2010) from Bioconductor (http://www.bioconductor.org) was used for annotating CHR19 peaks. Gene body regions (from TSS to TTS) overlapped with the CHR19 peaks are considered as CHR19 covered genes. The ChIP-seq and MNase-seq data generated in this study have been deposited in NCBI BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/) and are accessible through accession number PRJNA730975.

ATPase Activity Assay

The ATPase activity was measured following the instructions of ATPase Activity Assay Kit (Sigma, MAK113). The reaction was incubated at room temperature for 30 minutes, and terminated by addition of malachite green reagent. The colorimetric product was measured at 620 nm. Phosphate standards were performed in parallel.

Nucleosome Remodeling Assay

The nucleosome siding assay was performed as previously described (Byeon et al., 2013). Briefly, mono-nucleosomes were reconstituted by recombinant histones with 225 bp of long DNA fragment including DpnII recognition site (EpiCypher, Cat# 16-4101). The reactions were incubated at room temperature for 30 minutes and then extracted by phenol:chloroform to remove proteins. Precipitated DNA was analyzed using a 6% PAGE gel, and visualized by Gel-Red (Biotium, Cat# 41003).

Transcription and transcriptome analyses

RNA was extracted from seedlings by using TRIzol kit according to standard procedure (Invitrogen). Reverse transcription (RT) was performed using Improm-II reverse transcriptase (Promega). RT-qPCR was performed in three biological replicates as previously described (Kang et al., 2019). PP2A gene has been identified as the preferred endogenous reference gene due to its superior expression stability and lower absolute expression levels both in plant growth and in response to external stresses (Czechowski et al., 2005). The choice of PP2A as reference gene in this study was further validated by its comparable transcription levels (transcriptome analysis) and nucleosome distribution pattern (MNase-seq analysis) in chr19-1 and WT. The primers used in RT-qPCR are listed in Supplemental Table 7.

Three replicates of WT and chr19-1 RNA were subjected to transcriptome analysis using the Agilent oligonucleotide array and analyzed as previously described (Zhang et al., 2015a). The raw data have been deposited in NCBI-GEO (GSE156722).

Genes with fold change > 2, and q value (corrected p value) < 0.05 were considered to as DEG. A volcano plot was generated with the GGPLOT2 package for R software.

The CLUSTER PROFILER package for R software was used for GO analysis as previously described (Chen et al., 2021).

ChIP analysis and MNase-PCR

ChIP was performed as previously described (Zhang et al., 2015a). For each experiment, 1g of 12-d-old seedlings was used in one biological replicate, and ChIP analysis was performed in three replicates. The antibody against GFP (ab290, Abcam, 1:100 dilution) and Protein A Sepharose beads were added for the immune-precipitate collection. The values of IP efficiency were first normalized by the input (sonicated DNA without further immunoprecipitation). Then, the values obtained in reference plants expressing 35S::GFP were subtracted from those obtained in transgenic plants expressing promoter CHR19 ::GFP-CHR19 so as to enhance the specificity of CHR19 detection.

The digestion of nuclei and the analysis of local nucleosome density were performed as previously described (Du et al., 2020). For each experiment, 1 g of 12-d-old seedlings was used in one biological replicate, and MNase-qPCR analysis was performed in three replicates. Briefly, nuclei were extracted as in ChIP assay and repeatedly washed by MNase buffer (50 mm Tris-HCl pH 7.5, 25 mM MgCl 2 , 1 mM CaCl 2 ). Chromatin was digested with 4 units of MNase (Sigma) for 10 min at 37°C, and the digestion was stopped by the addition of 10 mM EDTA. The recovered DNA was analyzed by qPCR. The obtained values were first normalized by the input (without MNase digestion) values and further normalized to that from PP2A gene.

The primers used in ChIP-qPCR and MNase-qPCR are listed in Supplemental Table 7.

Pathogen Infection Assays

Pst DC3000 was cultivated in King's B (KB) liquid medium with 25µg/ml rifampicin at 28C. Bacterial inoculum was prepared in 10 mM MgCl 2 and adjusted to OD 600 = 0.002. Pathogen inoculation was performed as previously reported (Zhang et al., 2015b). Photos were taken 3 days after inoculation. In addition, the growth of the bacterial pathogen on Arabidopsis was quantified by counting colony forming units (cfu) in leaf extracts as previously described (Katagiri et al., 2002). Bacterial growth was quantified by a DNA-based real-time PCR assay (Ross and Somssich, 2016).

Plants was grown on soil in a growth chamber with a 12 h photoperiod for 6-7 weeks.

Botrytis cinerea inoculation and resistance scoring were performed as previously described (Aubert et al., 2015). Plants were inoculated by pipetting 5 µL of spore suspension on each half of the leaf blade. Plants were maintained under high humidity in transparent plastic chambers. In planta fungal growth was estimated by analyzing the genomic DNA levels of (Botrytis cinerea) Cutinase gene compared to internal control Arabidopsis AtActin2 (AT3G18780) as previously reported (Smirnova et al., 2017). (C) GO analysis of significantly up-or down-regulated genes in chr19-1. The size of each circle represented gene number, and the q values were indicated by various colors. Note that few significant category has been found in the down-regulated genes in the GO analysis.

(D) Venn diagram for the overlap of differentially expressed genes in chr19-1 mutant with SA-and JA-related genes (Supplemental Table 2,3,5,6 (F) Comparison of fungal growth by qPCR using primers specific to Botrytis cinerea Cutinase (Bo Cut-A) and Arabidopsis ACTIN (At ACT) (Smirnova et al., 2017). Therefore, we concluded that chr19-1 corresponds to a functional knock-out mutant. (B) A 3'-RACE analysis showed that this partial transcript ends after the junction between exon-2 and intron-2 and still includes short sequence from intron-2.

Red-colored rF3 and rR3 represent the location of the primer pair-3.

(C) Predicted CHR19 product in chr19-2. The including of partial intron 2 sequence changed the following coding regions as well as the predicted protein sequence (colored in red). Because the included intron sequence results in nonsense mutation, the predicted protein product does not comprise the complete ATPase domain.

Therefore, we inferred that the putative truncated protein, if produced in the chr19-2 mutant, would lack an ATPase activity, the key function for all chromatin remodelers. Consequently, we considered chr19-2 as also a loss-of-function mutant. 

  CHR19 participation in heterochromatic TGS to a genome-scale investigation. The ChIP-seq and MNase-seq analyses revealed a significant correlation of CHR19 targeting with local nucleosome dynamics, especially nucleosome position and occupancy. Moreover, CHR19 depletion caused transcriptional up-regulation of diverse inducible genes under normal growth conditions, which was accompanied by decreased nucleosome occupancy within gene body regions. These findings indicate that Arabidopsis CHR19 is a general transcriptional repressor. Many studies of the roles of Fun30/Fft3/SMARCAD1 in transcription regulation have yielded contradictory conclusions, partly owing to the contribution of different interacting factors. Fission yeast Fft3 binds to RNAPII to promote nucleosome dissociation along the transcribing regions during RNAPII transcription, thereby overcoming spatial nucleosomal barriers during this process(Lee et al., 2017).
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Figure

  Figure 2. CHR19 target regions are significantly correlated with changed nucleosome shift and occupancy. (A) Normalized genome-wide distribution of GFP-CHR19 and GFP signals. The plots were generated from 3 kb upstream of TSS to 3 kb downstream of TTS. The difference of two normalized signals is extremely significant (****p<2.2e-16, Kolmogorov-Smirnov test). (B) The average plot (top) and heatmaps (middle: WT, bottom: chr19-1) were generated to show the changes in nucleosome position and occupancy as classified by DANPOS (Chen et al., 2013). Reads per bin (BPM) was calculated as nucleosome signal strength. Colors in heatmaps represent the smoothing nucleosome signal strength and scaled within each bins. Each line in the heatmap represents a 500 bp region flanking the dyad of a dynamic nucleosome. The dash lines in the heatmap represent the center of WT nucleosomes. (C) Region numbers. Note that the numbers of nucleosome regions carrying forward and backward shift, up-and down-regulated occupancy, and up-and down-regulated fuzziness, were individually calculated and shown. (D) Venn diagrams showing the overlap of specific CHR19 target regions and the set of nucleosome regions with altered position (forward or backward shift), or with altered occupancy (up-or down-regulated), in chr19-1 mutant. The p values were

Figure 3 .

 3 Figure 3. ATP-dependent chromatin remodeling activity of CHR19. (A) The purified GST and GST-CHR19 protein. (B) The in vitro ATPase activity assay. GST or GST-CHR19 protein (0.5 or 1 nmol) was used in the examination. Mean values were shown with error bars indicating ±SD from 3 biological replicate measurements. (C) GST and GST-CHR19 protein were stoichiometrically pre-mixed with reconstituted nucleosomes (1-, 2-, 4-and 8-fold in molar ratio). The GST-CHR19-nucleosome complexes with increasing molecular weight were found. (D) Schematic representation of nucleosome remodeling. Inaccessible DpnII site (red) was exposed by local nucleosome sliding. (E) The ATP-dependent nucleosome remodeling for the indicated hours (h). The dark arrows indicate the intact nucleosomal DNA, and the red arrows indicate the mobility of the fragment cleaved by DpnII after remodeling. GST protein was used as negative control.

Figure 4 .

 4 Figure 4. CHR19 retains the transcription of numerous inducible genes at basal level. (A) Volcano plot showing the differentially expressed genes (DEG) in chr19-1 mutant compared with WT. The x-axis indicates the fold change of transcription level, and the y-axis indicates the significance scores. The p values were calculated and adjusted with the Benjamini-Hochberg correction. Red and blue points represent the genes exhibiting significantly up-and down-regulated genes (fold change>2, q value<0.05), respectively. Note that the selected genes used in the following detailed analysis (E), WRKY70/PR1/MYC2/VSP2, were marked in the plot. (B) Venn diagram showing the significant overlap of specific CHR19 target genes carrying forward and backward nucleosome shift (upper) and up-and down-regulated nucleosome occupancy (lower) with transcriptionally up-and down-regulated genes

  ) (***p≤0.001, Fisher's exact test). (E) RT-qPCR verification of the selected genes in SA and JA pathways. Mean values of the relative transcription levels in chr19-1 mutant compared with WT (set as 1) were shown together with error bars indicating ±SD. Asterisks indicate statistically significant differences in mutant when compared with WT (***p≤0.001, **p≤0.01, Student's t-test).

Figure 5 .

 5 Figure 5. CHR19 is required for resistance to Botrytis cinerea infection. (A) Representative WT and chr19-1 leaves untreated, or infiltrated with mock solution (10 mM MgCl 2 ), or infiltrated with virulent Pst DC3000 or Pst DC3000 avrRpm1 at 510 5 cfu/ml. Photographs were taken at 3 DAI (days after inoculation). Bar=10 mm. (B) Growth of Pst DC3000 or Pst DC3000 at 1 or 3 DAI in WT and chr19-1 leaves.

  Genomic DNA was extracted from leaves at 3 DAI. Mean values were shown with error bars indicating ±SD from three independent biological replicates. Asterisks indicated the statistically significant difference in mutant when compared with WT (**p≤0.01, Student's t-test).

Figure 6 .

 6 Figure 6. CHR19 transcription and its repression on SA-related genes were abrogated by exogenous SA treatment.(A) Relative transcription level of selected SA pathway genes and CHR19 after 1mM SA treatment for indicated hours (h). Asterisks indicated the statistically significant

Figure 7 .

 7 Figure 7. The repressive role of CHR19 on MYC2/VSP2 was maintained during JA-induced activation.(A) Relative transcription level of selected JA pathway genes and CHR19 after 30 μM MeJA induction for indicated hours (h). Asterisks indicated the statistically significant

40(

  SALK_069014). The blue arrow indicates the GSP used for 3'-RACE. The long grey arrow indicates the alignment of RACE results with CHR19 sequence.

  olive) and input (CHR19-input in grey and GFP-input in dark) as RPKM (Reads Per Kilobase per Million mapped reads) in ChIP-seq analysis. The translucent dark columns highlighted the amplicon regions by the primer pairs described above. (Lower left quarter) Relative nucleosome occupancy revealed by MNase-qPCR. Mean values were shown as relative nucleosome occupancy with error bars indicating ±SD from three independent experiments. Asterisks indicated statistically significant differences in WT and chr19-1 (***p≤0.001, **p≤0.01, * p<0.05, Student's t-test). (Lower right quarter) GFP-CHR19 IP efficiency revealed by ChIP-qPCR. The values obtained in reference plants expressing 35S::GFP were subtracted from those obtained in transgenic plants expressing promoter CHR19 ::GFP-CHR19 to eliminate the non-specific GFP interaction at chromatin regions. Mean values were shown with error bars indicating ±SD from three independent experiments.
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