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ABSTRACT OF THE THESIS 

 

MORC Family ATPases Required for  

Heterochromatin Condensation and Gene Silencing 

 

by 

 

Joshua Reynolds Cary 

 

Master of Arts in Molecular, Cell, and Developmental Biology 

University of California, Los Angeles, 2012 

Professor Steven E. Jacobsen, Chair 

 

Transposons and genes are silenced in eukaryotes through DNA methylation. In this work, 

mutations in the Arabidopsis genes CRT1 and CRH6, two ATPases in the conserved 

Microrchidia (MORC) family, are found to release silencing of DNA methylated transposons 

and genes without an accompanying loss of DNA methylation.  The loci upregulated in crt1 and 

crh6 mutants are located primarily in the regions of pericentromeric heterochromatin. CRT1 

and CRH6 are located in small nuclear bodies adjacent to the regions of condensed 

pericentromeric heterochromatin called chromocenters. In the absence of MORC function, 

chromocenters decondense and interactions between pericentromeric and euchromatic regions 

increase. The single Caenorhabditis elegans MORC homolog is also shown to be required for 

gene silencing. These studies demonstrate that MORC ATPases are required for proper 

heterochromatin condensation and have a conserved role in gene silencing in eukaryotes. 
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INTRODUCTION 

 

 Transcriptional gene silencing of transposable elements (TEs), DNA repeats, and genes 

is correlated with methylation of DNA at cytosines in eukaryotes (Goll and Bestor 2005). In 

Arabidopsis, methylation occurs in three cytosine contexts: CG, CHG, and CHH, where H is an 

A, T, or C. DNA METHYLTRANSFERASE1 (MET1) maintains methylation at CG sites, 

CHROMOMETHYLASE3 (CMT3) methylates CHG sites, and DOMAINS REARRANGED 

METHYLTRANSFERASE2 (DRM2) is largely responsible for persistent de novo methylation of 

asymmetric CHH sites (Law and Jacobsen 2010). Repressed DNA elements are also correlated 

with histone H3 lysine 9 dimethylation (H3K9me2) (Jackson et al. 2002; Malagnac et al. 2002). 

These epigenetic signals are essential for proper gene expression patterns, as loss of DNA 

methylation, such as that observed in met1 mutants, has drastic impacts on gene overexpression 

and transposon reactivation (Zhang et al. 2006).  

These effects are not isolated to plants but are found in diverse organisms exhibiting 

DNA methylation, including mammals, in which methylation occurs primarily at CG sites (Law 

and Jacobsen 2010). DNA methyltransferase 1 (Dnmt1), the mammalian homolog of 

Arabidopsis MET1, preferentially catalyzes the methylation of hemimethylated sites in order to 

maintain genomic methylation patterns (Goll and Bestor 2005). Dnmt1 function is essential in 

mammalian development, as mice homozygous for null mutations in Dnmt1 lose the vast 

majority of DNA methylation in the genome and fail to develop to the 8-somite stage of 

embryonic development (Lei et al. 1996). Dnmt3a and Dnmt3b, homologs of Arabidopsis 

DRM2, operate mainly in embryogenesis and catalyze de novo methylation to establish patterns 

of DNA methylation (Law and Jacobsen 2010). Mice harboring mutations in both Dnmt3a and 

Dnmt3b are unable to methylate endogenous and newly introduced retroviral DNA and show 

embryonic developmental defects similar to those observed in Dnmt1 null embryos (Okano et al. 

1999). DNA methyltransferase 3-like (Dnmt3L), a protein which is related to the other Dnmt3 
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methyltransferases but lacks the catalytic domains, is required for fertility but not viability in 

mice (Goll and Bestor 2005). For example, loss of Dnmt3L prevents de novo methylation of 

retrotransposons, and the resulting transposon reactivation causes pronounced defects in 

meiosis of spermatocytes and leads to sterility (Bourc’his and Bestor 2004). Thus, epigenetic 

silencing achieved by DNA methylation is a requirement for proper development. 

 To search for additional genes involved in DNA methylation and silencing pathways in 

Arabidopsis, an ethyl methanesulfonate (EMS) mutagenesis screen was carried out to identify 

mutants displaying reactivation of a methylated and silenced transgene (Moissiard et al. 2012). 

The promoter of the gene suppressor of drm2 cmt3 (SDC) carries seven tandem repeats which 

are methylated and silenced (Henderson and Jacobsen 2008). Silencing of this gene is achieved 

by the redundant activities of DRM2 and CMT3, as SDC silencing is lost in drm2 cmt3 double 

mutants but is maintained in a drm2 or cmt3 single mutant (Henderson and Jacobsen 2008). A 

sensor construct with the SDC promoter driving expression of GFP was used in EMS screens in 

wild-type and cmt3 mutant backgrounds to identify mutants showing upregulation of the 

SDC::GFP transgene (Moissiard et al. 2012). These screens identified two homologous genes, 

At4g36290 and At1g19100, which, when mutated, each showed a loss of SDC transgene 

silencing.  

 Mutations in At4g36290, previously named COMPROMISED RECOGNITION OF TCV-1 

(CRT1), have been shown to reduce resistance to the turnip crinkle virus (Kang et al. 2008; Kang 

et al. 2010). Mutations in At1g19100, referred to as CRT1 HOMOLOG 6 (CRH6), had not been 

previously reported. The Arabidopsis genome includes seven homologs in the At4g36290 family 

(Kang et al. 2010). The EMS mutagenesis screen results suggested that, in addition to any roles 

in viral resistance, genes in this family also play important functions in epigenetic silencing. 

CRT1 and CRH6 are homologs of mouse Microrchidia 1 (MORC1), an ATPase whose function is 

essential for completion of meiosis in spermatogenesis (Watson et al. 1998; Inoue et al. 1999). 

MORC family proteins with this ATPase motif belong to the GHKL superfamily, which includes 
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gyrase, Hsp90, histidine kinase, and MutL, and shares an unconventional Bergerat ATP-binding 

fold (Dutta and Inouye 2000). These enzymes carry out diverse functions in the cell which 

include alterations in DNA topology. Phylogenetic analyses have found that MORC proteins are 

present in a wide variety of eukaryotes, suggesting an early evolutionary origin (Iyer et al. 

2008). Interestingly, eukaryotic MORC proteins have been hypothesized, based on their fusions 

to various DNA- and peptide-binding domains and other contextual information, to remodel 

chromatin by catalyzing DNA manipulations in response to epigenetic signals (Iyer et al. 2008). 

This context suggested a mechanism by which CRT1 and CRH6 might regulate expression of 

SDC and other methylated DNA sequences. 

 To characterize the role of the two Arabidopsis MORCs in gene silencing, first, 

independent mutations in the two genes were obtained to verify causation of SDC upregulation. 

SDC::GFP reactivation in the knock-out transferred DNA (T-DNA) insertion lines crt1-4 and 

crh6-3 occurred as it did in the EMS mutant alleles and confirmed that these two genes were 

responsible for the SDC transgene overexpression. 

Next, genome-wide transcription analyses with RNA sequencing (RNA-seq) were used to 

identify the TEs and protein-coding genes with altered expression in the crt1 and crh6 mutants. 

Specific loci were also analyzed by real-time quantitative polymerase chain reaction (RT-qPCR) 

to assess changes in expression compared to wild-type plants. 

 Upon finding that the transcription defects in crt1 and crh6 extended beyond the SDC 

transgene to many transposons and genes, whole-genome bisulfite sequencing (BS-seq) was 

used to determine the effects of mutation in these genes on DNA methylation levels. 

Additionally, specific loci were probed for DNA methylation levels by traditional bisulfite 

sequencing. Patterns of the H3K9me2 mark were also assessed using chromatin 

immunoprecipitation sequencing (ChIP-seq). These approaches were used to investigate 

changes in epigenetic silencing marks to correlate them with the changes in gene expression. 

Surprisingly, DNA methylation levels and H3K9me2 modification did not appear to be altered in 
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crt1 and crh6 relative to wild-type plants, suggesting that these proteins are involved in silencing 

downstream of DNA methylation or through a separate, novel pathway. 

 Due to the indications that MORC proteins might act as chromatin remodeling enzymes, 

chromatin organization in the mutants was analyzed by immunofluorescence. Heterochromatin 

in Arabidopsis is mainly located in the pericentromeric regions of the five chromosomes, and 

these regions condense in wild-type cells into compact chromocenters at the nuclear periphery 

(Fransz et al. 2002). These chromocenters consist mostly of repetitive DNA sequences that are 

marked by DNA methylation as well as H3K9me2 modification (Fransz et al. 2002; Probst et al. 

2003), while euchromatin is marked by histone acetylation modifications, including histone H4 

lysine 12 acetylation (H4K12Ac) (Soppe et al. 2002). Patterns of chromocenter organization in 

wild-type Arabidopsis nuclei were analyzed by DAPI staining, H3K9me2 immunostaining, and 

H4K12Ac immunostaining and compared to the patterns observed in crt1 and crh6. 

Chromocenters were observed to decondense in the MORC mutants. This decondensation effect 

was similar to that seen in nuclei from plants with a mutation in the chromatin remodeling 

factor DDM1 (Probst et al. 2003). For further analysis of DNA organization, Hi-C analyses 

(Lieberman-Aiden et al. 2009) were performed for wild-type and crh6 to investigate chromatin 

interactions across the genome and confirm increased interaction between pericentromeric 

regions and euchromatic arms.  

 To correlate heterochromatin organization with the action of MORC proteins at 

chromocenters, nuclear localization of the MORC proteins was assessed with CRT1 and CRH6 

myc-tagged transgenes. Immunofluorescence of the tagged proteins was used to identify their 

location relative to chromocenters. 

 In order to more broadly investigate the role of MORC family proteins in gene 

regulation, silencing was examined in the worm Caenorhabditis elegans (Moissiard et al 2012). 

This species lacks DNA methylation (Simpson et al. 1986), thus permitting the investigation of 

MORC function independent of DNA methylation pathways. GFP transgene silencing was 
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studied in the eri-1 sensitized background (Kennedy et al. 2004) and RNA interference (RNAi) 

was used to knockdown C. elegans morc-1. Involvement of MORCs in gene silencing in plants 

and animals provides confirmation of a general and fundamental role for MORC family ATPases 

in eukaryotic gene silencing.  
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RESULTS 

 

 EMS mutagenesis screens using the SDC::GFP sensor (Fig. 1A) in wild-type and cmt3 

mutant backgrounds revealed the wild-type #67, cmt3 #7 and cmt3 #49 mutants (Moissiard et 

al. 2012). These three mutations showed overexpression of GFP as seen in the drm2 cmt3 

double mutant (Fig. 1B, C). Mapping experiments by bulk segregant analysis and deep genome 

resequencing revealed the EMS mutant allele in cmt3 #7 to be a mutation in At4g36290 (CRT1) 

and the mutant alleles in wild-type #67 and cmt3 #49 to be mutations in At1g19100 (CRH6), a 

homolog of CRT1 (Moissiard et al. 2012). These three mutations each represented nonsense 

mutations located within the GHKL domain (Fig. 2A).  To confirm that crt1 and crh6 mutations 

were responsible for the SDC::GFP reactivation, independent knockout T-DNA insertion 

mutations in these genes were obtained (Fig 2B, C). These mutants, crt1-4 and crh6-3, also 

showed dramatic increases in SDC expression (Fig. 2D). With this confirmation of the EMS 

mutations in CRT1 and CRH6, the mutants cmt3 #7, wild-type #67, and cmt3 #49 were 

renamed crt1-3, crh6-1, and crh6-2, respectively. 

 To characterize the role of CRT1 and CRH6 in silencing other methylated loci like SDC, 

RNA-seq experiments (Wang et al. 2009) were used to determine the changes in genome-wide 

transcription patterns in the mutants. Comparisons of overexpressed loci in the mutants relative 

to wild-type, using a threshold of four-fold of greater increase in reads in RNA-seq experiments 

with both the T-DNA and EMS mutants, revealed many TEs to be upregulated in crt1 and in 

crh6 (Fig. 3A). Using RT-qPCR to validate the genomic data, specific transposons were 

demonstrated to undergo massive reactivation in both the T-DNA and EMS mutants (Fig. 3B, 

C). Some protein-coding genes, mostly ones with DNA methylation, were also upregulated, and 

the TEs and genes overexpressed in crt1 overlapped to a large extent with those overexpressed 

in crh6 (Fig. 4).  
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Given the disruption of silencing at many loci, crt1 and crh6 were examined for 

alterations in epigenetic silencing marks. Bisulfite sequencing of the SDC promoter in the EMS 

mutagenized lines indicated no change in DNA methylation levels (Fig. 5E). Although CHG 

methylation levels decreased significantly in the cmt3 mutant, as expected, the crh6-1 and crt1-3 

mutants did not show any significant alterations in DNA methylation levels relative to controls. 

This result prompted the examination of DNA methylation levels across the genome. Results 

from BS-seq experiments with the T-DNA insertion mutants revealed no significant changes in 

DNA methylation in transposons and flanking regions for the set of TEs upregulated in crt1-4 or 

in crh6-3 (Fig. 5A, B). Additionally, DNA methylation levels for all TEs as well as for all protein-

coding genes were similar in crt1-4 and crh6-3 compared to wild-type (Fig. 5C, D). Traditional 

bisulfite sequencing of the SDC promoter as well four highly upregulated TEs confirmed the lack 

of significant differences in DNA methylation levels in the mutants (Fig. 5E). Investigation into 

the patterns of H3K9me2 modification, another mark associated with silencing, using ChIP-seq 

experiments showed similar levels of the mark at the SDC promoter in crt1-4 and crh6-3 

compared to wild-type (Fig. 6A). Comparison of H3K9me2 in mutant and wild-type at all 

upregulated TEs and genes and flanking regions similarly yielded no differences (Fig. 6B). 

Together, these results indicated loss of silencing of TEs and genes in the crt1 and crh6 mutants 

despite the lack of any noticeable effects on epigenetic silencing marks.  

 Since upregulated loci did not display changes in epigenetic modifications, other 

common features among the upregulated loci were examined, including chromosomal position. 

Plots showing the location of upregulated loci along the five Arabidopsis chromosomes were 

created and indicated that most of the overexpressed loci were located near the centromeres 

(Fig. 7A). Additional plots showed that the majority of upregulated TEs and genes, especially the 

DNA methylated genes, were located within the boundaries of the pericentromeric 

heterochromatin on each chromosome (Fig. 7B, C). These analyses suggested a potential mode 

of action specifically in this area of the genome.  
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 With the data indicating expression defects primarily in the regions of pericentromeric 

heterochromatin, as well as indications that MORC proteins might function as chromatin 

remodeling enzymes, additional experiments were conducted to examine heterochromatin 

organization in the crt1 and crh6 mutants. Chromocenters, consisting of condensed 

pericentromeric heterochromatin marked by H3K9me2, were examined in immunofluorescence 

experiments. H3K9me2 immunostaining revealed bright spots at the chromocenters, and DAPI 

staining showed similar patterns of compacted DNA at the chromocenters (Fig. 8A, B, C). Nuclei 

from crt1-3 and crh6-1 mutant plants indicated a degree of chromocenter decondensation, with 

some showing the wild-type pattern of five to eight bright and compact chromocenter spots, 

some showing an intermediate level of expansion in the size of chromocenters, and others 

showing a more severe decondensation and obscuring of the chromocenters (Fig. 8A, B). Nuclei 

with similar decondensation phenotypes were observed in the crh6-1 crt1-3 double mutant (Fig. 

8C). Quantification of the distribution of chromocenter patterns revealed an increase in the 

frequency of decondensed chromocenters in the mutants (Fig 9). While intermediate levels of 

chromocenter decondensation were observed frequently among wild-type and cmt3 nuclei, 

those with severely decondensed chromocenters accounted for less than two percent of the total. 

In contrast, nuclei from crh6-1, crt1-3, and crh6-1 crt1-3 plants showed severe decondensation, 

in which the individual chromocenters could not be counted, with a frequency of fifteen percent 

or more. This analysis also demonstrated that the crh6-1 crt1-3 double mutant did not show a 

greater degree of decondensation that either single mutant.  

 One interesting observation was that even in nuclei exhibiting severe decondensation of 

chromocenters, one or two chromocenters often remained intact (Fig. 8). In some nuclei the 

difference was stark, wherein the chromocenter near the nucleolus was seen as a bright, 

compact spot and all others were faint and decondensed (Fig. 10). These chromocenters 

represent the nucleolar organizing regions (NOR), which contain the 45S rDNA and are found 

on chromosomes 2 and 4 in Arabidopsis (Fransz et al. 2002). Unlike the majority of 
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heterochromatin in the Arabidopsis genome, the NORs are not located near the centromeres but 

are instead found near the telomeres on chromosomes 2 and 4. This region of the genome 

usually remained condensed, as viewed via DAPI staining and H3K9me2 immunostaining, in 

each of the wild-type and mutant backgrounds examined. 

 In addition to DAPI staining and H3K9me2 immunostaining, histone acetylation 

patterns were detected by immunofluorescence. Whereas DNA methylation and H3K9me2 mark 

heterochromatin in Arabidopsis, various histone acetylation marks, including histone H4K12Ac, 

are correlated with euchromatin (Soppe et al. 2002). H4K12Ac immunostaining in wild-type 

and mutant nuclei revealed a broad distribution across the nucleus (Fig. 11). Staining was 

excluded from the nucleolus and was somewhat brighter in the interior of the nucleus, where the 

euchromatin is located, than at the edges. Wild-type nuclei usually displayed chromocenters 

marked by H3K9me2 at the periphery of the nucleus, outside the area of bright H4K12Ac 

staining (Fig. 11), although this was difficult to observe simultaneously for all chromocenters in 

a nucleus at a single focal point. Mutant nuclei often showed subtle differences, with greater 

colocalization of H3K9me2 and H4K12Ac marks, especially at the nuclear periphery. This result 

provides additional evidence of altered chromatin organization in MORC mutants. 

 The previous cytological studies revealed altered chromatin architecture in the MORC 

mutants, in which the normally compact and peripheral chromocenters decondense and expand 

into a broader and more interior region of the nucleus where the euchromatic arms of the 

chromosomes are found. This data suggested that, in the mutants, the region of pericentromeric 

heterochromatin, found in the chromocenters, would interact less exclusively with itself and 

interact more frequently with regions of euchromatin. Hi-C experiments were performed to 

directly assess chromatin interactions across the entire genome. Mapping of interactions in 

wild-type showed the strongest interactions among neighboring chromatin regions, as seen 

along the diagonal axis (Fig. 12A). Euchromatic regions in each chromosome were observed to 

interact more frequently with the euchromatic regions of the other four chromosomes than with 
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the pericentromeric heterochromatin, as expected. Mapping of interactions in the crh6 mutant 

indicated a similar overall pattern (Fig. 12B). However, calculation of the differences in 

interactions in crh6 compared to wild-type revealed important variations (Fig. 12C). Frequency 

of interaction between the pericentromeric region of each chromosome and the euchromatic 

regions of each of the five chromosomes increased, as shown in red pixels, while the frequency 

of interaction between euchromatic regions, especially within each individual chromosome, 

decreased as shown in blue pixels. Because the sum of relative differences in this plot is set to 

zero, this analysis cannot distinguish whether the sole change in the mutant was increased 

interactions of pericentromeric regions with euchromatin, or whether the mutant in fact affected 

architecture of the euchromatic arms as well. In either case, this data is consistent with the 

cytological analysis of chromocenter condensation and confirms heterochromatin 

decondensation in the crh6 mutant. 

 In order to verify the action of CRT1 and CRH6 at pericentromeric heterochromatin, 

complementing Myc-tagged transgenic proteins were expressed in the EMS-mutagenized lines 

for immunolocalization studies (Fig. 13A, B). Anti-Myc immunostaining showed that CRT1 and 

CRH6 proteins formed small nuclear bodies near chromocenters (Fig. 13C). These bodies 

usually numbered one to three per chromocenter and were found adjacent to but not inside the 

chromocenter. Additional confocal images of CRH6-Myc localization at several depth intervals 

per nucleus showed CRH6 bodies at the periphery of multiple chromocenters (Fig. 13D). These 

experiments indicated that the Arabidopsis MORC proteins are situated at the border of 

pericentromeric heterochromatin. 

 Additional studies examined the function of morc-1, the single MORC homolog in C. 

elegans, to determine if the gene has a role in silencing in an animal model (Moissiard et al. 

2012). RNAi knockdown of morc-1 resulted in reactivation of a silenced GFP transgene in seam 

cells (Fig. 14). Loss of GFP silencing following morc-1 knockdown occurred to a similar extent as 
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in knockdown of rde-4, a key component of C. elegans gene silencing (Tabara et al. 1999). Thus, 

MORC proteins are required for proper gene silencing in organisms beyond Arabidopsis.  
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DISCUSSION 

 

 These studies represent the first observations of the involvement of Arabidopsis MORC 

homologs in gene silencing. Mutations in CRT1 or CRH6 result in loss of silencing of SDC, a 

gene with DNA methylation in the tandem repeats of the promoter. SDC silencing is lost in the 

drm2 cmt3 double mutant, in which CHG and CHH methylation are strongly reduced (Cao and 

Jacobsen 2002). However, in the MORC mutants, SDC is reactivated without a reduction of 

DNA methylation. T-DNA insertion mutations in CRT1 and CRH6 displayed similar 

upregulation of SDC as in the EMS mutant alleles discovered in the mutagenesis screen. 

Examination of genome-wide transcription levels showed many transposons and genes were 

upregulated in both the T-DNA and EMS mutants. Yet BS-seq experiments indicated that these 

loci did not show changes in DNA methylation levels in the mutants, and H3K9me2 ChIP-seq 

experiments corroborated the lack of change in epigenetic silencing marks at the upregulated 

loci. These results suggested that the MORC proteins may act downstream of epigenetic 

silencing marks or may reinforce silencing through another pathway independent of DNA 

methylation.  

 Loci overexpressed in the MORC mutants were found to be located primarily in the 

regions of pericentromeric heterochromatin. These regions, which condense into compact 

chromocenters at the nuclear periphery in wild-type nuclei, were found to decondense in the 

mutants. Decondensation was independently evaluated with Hi-C experiments, which indicated 

more frequent interactions of pericentromeric heterochromatin with euchromatic regions in the 

crh6 mutant. In addition, MORC proteins were found in small nuclear bodies adjacent to but 

not inside the chromocenters. Together, these results suggest that the MORCs act to silence 

targets through manipulation of chromatin architecture, as has been hypothesized previously 

(Iyer et al. 2008). In nuclei lacking CRT1 or CRH6 function, the regions of pericentromeric 

heterochromatin fail to maintain proper condensation in chromocenters and expand out across 
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the nucleus. Loci in these decondensed regions are transcribed at significantly higher levels 

without changes in associated epigenetic silencing marks. Future examination of the 

biochemical activity of MORCs will reveal whether they have topoisomerase activity or other 

catalytic activity which alters DNA structure. 

One notable observation among the studies of Arabidopsis MORC mutants is the 

similarity of the crt1 and the crh6 single mutant phenotypes. The genes and transposons 

upregulated in each single mutant showed a great degree of overlap (Fig. 4) and the 

chromocenter condensation patterns of each mutant were similar (Figs. 8, 9). Additionally, both 

CRT1 and CRH6 proteins colocalize with chromocenter peripheries in small nuclear bodies of 

similar appearance (Fig. 13C). This data suggests that CRT1 and CRH6 may act together in a 

complex, with the loss of either protein showing similar effects. Also, the decondensation 

phenotype of the crt1 crh6 double mutant was no more severe than either single mutant (Figs. 8, 

9) indicating that the loss of both MORCs does not have an additive effect. Future studies of the 

double mutant will determine whether the silencing defects and impact on epigenetic 

modifications, if any, differ in comparison the single mutants. Protein structure studies may 

reveal how MORCs interact in complexes to achieve their function. 

Another noteworthy result from the immunofluorescence experiments was the lack of 

decondensation of specific chromocenters in nuclei with otherwise decondensed 

heterochromatin. In nuclei exhibiting decondensation, the chromocenters adjacent to nucleoli 

usually remained intact (Fig. 8, 10). These chromocenters represent the nucleolar organizing 

regions (NOR) on chromosomes 2 and 4 rather than pericentromeric heterochromatin found in 

the other chromocenters (Fransz et al. 2002). Previous work has determined that mutations 

which reduce DNA methylation levels across the genome, such as met1 and ddm1, reduce the 

size of chromocenters and cause dispersion of pericentromeric heterochromatin from 

chromocenters; however, the 45S rDNA repeats, found in the NORs, remain colocalized with 

chromocenters in these mutants (Soppe et al. 2002). This result suggests additional 
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mechanisms exist which maintain heterochromatin condensation of NORs even when reduction 

of DNA methylation leads to dispersion of pericentromeric heterochromatin. Consistent with 

this scenario, mutations in CRT1 and CRH6 are found to disrupt pericentromeric condensation 

without affecting organization of the NORs. This suggests that the mechanisms which maintain 

the chromatin architecture of NORs can operate independently of DNA methylation and MORC 

activity. 

The analyses of H4K12Ac immunostaining indicate increased colocalization of H4K12Ac 

modification with H3K9me2 in MORC mutants, as expected for nuclei with defects in 

heterochromatin assembly. This effect is especially noticeable at the nuclear periphery, a region 

where H3K9me2-marked heterochromatin is located and H4K12Ac-marked euchromatin is 

excluded (Soppe et al. 2002). In mutants with decondensed chromocenters, H4K12Ac was more 

visible at the nuclear periphery (Fig. 11), suggesting either increased localization of euchromatin 

at the periphery, increased acetylation of pericentromeric heterochromatin, or both. Conclusive 

evidence supporting these hypotheses awaits future experimental determination of the 

distribution of H4K12Ac and other acetylation marks in MORC mutants. 

Other Arabidopsis genes encoding chromatin remodeling enzymes are known to affect 

gene silencing. Mutations in theSWI2/SNF2-like chromatin remodeling factor DDM1 result in 

reduced DNA methylation levels and in decondensation of chromocenters (Probst et al. 2003). 

Mutations in another member of the SWI/SNF2 family, the plant-specific MOM1, cause a loss of 

silencing of methylated loci without reduction in the DNA methylation levels (Amedeo et al. 

2000). However, mom1 mutants do not display chromocenter decondensation (Probst et al. 

2003). MORC mutants have some phenotypes in common with mutants in DDM1 and MOM1, 

yet MORC is unique in affecting heterochromatin condensation without affecting levels of DNA 

methylation. These results indicate the cooperation of multiple pathways to maintain proper 

gene silencing. DNA methylation represents one level of regulation, and DDM1 participates in 

this level as it is required for proper maintenance of DNA methylation (Jeddeloh et al. 1999). 
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Heterochromatin compaction represents an additional, possibly independent level, as loss of 

CRT1 or CRH6 results in TE reactivation and chromocenter decondensation. MOM1, whose 

mode of action remains unknown (Habu 2010), likely functions separately from the MORC 

pathway since it does not affect the organization of chromocenters. 

 The Arabidopsis MORC gene CRT1 was first described and named for its role as a gene 

responsible for viral resistance (Kang et al. 2008). Thus, it appears that this gene may play roles 

in multiple cellular processes including disease resistance and gene silencing. One possibility 

accounting for these disparate functions may be the pleiotropic effects of mutations in genes 

required for silencing on disease resistance. Previous studies have shown that mutations in 

AGO4, a component of the RNA-directed DNA methylation (RdDM) pathway, affect 

susceptibility to virulent bacteria (Agorio and Vera 2007) and mutations in Pol V, another 

essential player in RdDM, also reduce plant immunity (Lopez et al. 2011). Likewise, loss of CRT1 

potentially weakens plant disease resistance as a secondary effect of the loss of gene silencing. 

 Reactivation of a silenced transgene in C. elegans following morc-1 RNAi knockdown 

demonstrated that MORC is required for transcriptional repression in worms as it is in 

Arabidopsis.  Intriguingly, C. elegans lacks DNA methylation, and therefore silencing by MORC 

occurs via a DNA methylation independent mechanism in this species. This observation lends 

support for the idea that Arabidopsis MORCs silence their target loci through a mechanism that 

is independent of, rather than downstream of, DNA methylation. Examination of genome-wide 

transcription defects as well as chromatin organization in C. elegans nuclei following morc-1 

knockdown can assess whether phenotypes of MORC mutants in Arabidopsis are also seen in 

worms and provide clues about the conserved function of MORCs across eukaryotes. 

 In addition to worms, MORC homologs are found in mammals. The mouse Morc-1 gene, 

named for microrchidia, or small testes, was originally identified as a mutation that causes 

arrest of spermatogenesis at the zygotene stage of meiosis I (Watson et al. 1999). As previously 

mentioned, loss of transposon silencing, as occurs in Dnmt3L-deficient mouse cells, leads to 
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arrest of spermatocyte development at the same stage (Bourc’his and Bestor 2004). Mutations 

in other components of silencing in the germ line, such as MIWI2, similarly induce 

demethylation and loss of silencing of transposons as well as failure in spermatocytes to 

progress to the pachytene stage (Carmell et al. 2007). The resemblance between the 

developmental arrests in mice lacking Morc-1 and those lacking other silencing components 

may indicate that the arrest in Morc-1 is also caused by inability to repress transpsons. Future 

experiments exploring the transcriptome of Morc-1 knockout mice may support this idea. Such 

evidence of the function of MORC in mice will further establish the conserved role of MORCs in 

eukaryotic gene silencing. 

 In summary, these studies have identified a novel role of MORC family ATPases in gene 

silencing. In Arabidopsis, the MORC genes CRT1 and CRH6 are each required for proper 

silencing of many TEs and genes, especially those located in the regions of pericentromeric 

heterochromatin. Mutation in these genes release silencing without disrupting DNA methylation 

or H3K9me2 modification. The MORC proteins form bodies near chromocenters and are 

responsible for maintaining the condensation of pericentromeric heterochromatin, though they 

appear to act through a separate pathway than several other known chromatin remodeling 

enzymes. MORC is also required for gene silencing in C. elegans, and may be responsible for TE 

repression in mammals as well. Future studies of the biochemical activity and protein structure 

of Arabidopsis MORCs will elaborate on their mechanism of silencing, and future work in 

animal models will further reveal the function of this conserved gene family across many 

eukaryotic lineages. 
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FIGURE 1A 

 

Figure 1A. Schematic of the SDC::GFP transgene. Black arrows represent the seven tandem 

repeats in the SDC promoter which are targeted by DNA methylation. The red bar represents the 

SV40 nuclear localization signal fused to GFP.  

 

FIGURE 1B 

 

Figure 1B. GFP expression in wild-type, drm2 single mutant, cmt3 single mutant, drm2 cmt3 

double mutant, and EMS-mutagenized lines. Wild-type and single mutant plants with the 

SDC::GFP transgene did not display GFP fluorescence under UV light, while the double mutant 

and the three EMS-mutagenized lines shown did display GFP fluorescence. 
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FIGURE 1C 

 

Figure 1C. GFP expression in wild-type, drm2 single mutant, cmt3 single mutant, drm2 cmt3 

double mutant, and EMS-mutagenized lines. Western blot with anti-GFP antibody confirms 

upregulation of the SDC::GFP transgene in the double mutant and in the EMS-mutagenized 

lines shown. Coomassie staining of rbcL (large Rubisco subunit) is a loading control. 
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FIGURE 2A 

 

Figure 2A. Schematic of CRH6 and CRT1 proteins. The locations of the GHKL and S5 ATPase 

and the putative coiled-coil (CC) domains are shown. The locations of the mutation in each 

EMS-mutagenized line are shown. Each of the three mutations represents a premature stop 

codon.  

 

FIGURE 2B 

 

Figure 2B. Structure of the CRT1 and CRH6 genes. Dark gray boxes represent exons, gray lines 

represent introns, and gray boxes represent untranslated regions. Red arrows represent the 

primer locations within each gene used for RT-qPCR analysis of RNA levels. The location and 

nature of the EMS mutations and T-DNA insertions are shown. 
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FIGURE 2C 

 

Figure 2C. Relative expression of CRT1 and CRH6 in T-DNA insertion lines. RNA levels were 

analyzed by RT-qPCR using primers with locations as indicated in Figure 2B. Levels were 

normalized to ACTIN7 and compared to expression levels in wild-type plants. 

 

FIGURE 2D 

 

Figure 2D. Relative expression of SDC in T-DNA insertion lines. RNA levels were analyzed by 

RT-qPCR. Levels were normalized to ACTIN7 and compared to expression levels in wild-type 

plants. 
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FIGURE 3A 

 

Figure 3A. Overexpression of TEs in crt1 and crh6 mutants. Expression levels were quantified 

with RNA-seq. Only TEs overexpressed in both EMS and T-DNA mutants with a four-fold or 

greater increase relative to wild-type and with p≤0.05 are shown. Number of overexpressed TEs, 

grouped by superfamily, are indicated.  

 

FIGURE 3B 
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Figure 3B. Overexpression of TEs in crt1 and crh6 T-DNA insertion mutants. RNA levels for 

four TEs were quantified using RT-qPCR, normalized to ACTIN7, and compared to wild-type. 

Error bars display standard deviation of three independent biological replicates. 

 

FIGURE 3C 

 

 

Figure 3C. Overexpression of SDC and TEs in crt1 and crh6 EMS mutants. RNA levels were 

quantified using RT-qPCR, normalized to ACTIN7, and compared to wild-type. Error bars 

display standard deviation of three independent biological replicates. 
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FIGURE 4 

 

 

Figure 4. Comparison of overexpressed loci in crt1 and crh6 mutants. Expression levels were 

quantified with RNA-seq. Only those loci overexpressed in both EMS and T-DNA mutants, in 

each case with a four-fold or greater increase relative to wild-type, are shown. Venn diagrams 

display the overlap in numbers of overexpressed loci in crt1 compared to crh6 for TEs, protein-

coding genes, and protein-coding genes that are DNA methylated. 
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FIGURE 5A 

 

Figure 5A. DNA methylation levels of TEs upregulated in crt1. Whole-genome bisulfite 

sequencing (BS-seq) was used to analyze DNA methylation patterns in the TEs that were 

overexpressed in crt1 mutant relative to wild-type. DNA methylation in the CG, CHG, and CHH 

contexts is compared between wild-type, crt1 T-DNA mutant, and crh6 T-DNA mutant plants. 

Metaplots shown DNA methylation levels within the transposon boundaries marked in gray 

vertical lines as well as 1 kilobase upstream and downstream of the TE. 

 

FIGURE 5B 

 

Figure 5B. DNA methylation levels of TEs upregulated in crh6. Whole-genome bisulfite 

sequencing (BS-seq) was used to analyze DNA methylation patterns in the TEs that were 

overexpressed in crh6 mutant relative to wild-type. Metaplots are constructed as in Figure 5A. 
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FIGURE 5C 

 

Figure 5C. DNA methylation levels of all TEs. Whole-genome bisulfite sequencing (BS-seq) 

was used to analyze DNA methylation patterns in all transposons. Metaplots are constructed as 

in Figure 5A. 

 

FIGURE 5D 

 

Figure 5D. DNA methylation levels of all protein-coding genes. Whole-genome bisulfite 

sequencing (BS-seq) was used to analyze DNA methylation patterns in all genes. Metaplots are 

constructed as in Figure 5A and show DNA methylation levels within the gene body with 

boundaries marked in gray vertical lines as well as 1 kilobase upstream and downstream of the 

gene. 
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FIGURE 5E 

 

Figure 5E. DNA methylation levels of SDC promoter in EMS mutagenized lines analyzed by 

traditional bisulfite sequencing. Percent DNA methylation in CG, CHG, and CHH contexts is 

shown for SDC promoter in wild-type, crh6-1 mutant, cmt3-11 and cmt3-11 crt1-3 mutant 

plants. Wild-type is the control for crh6 EMS mutant (found in the mutagenesis screen in the 

wild-type background), and cmt3-11 is the control for the crt1 EMS mutant (found in the screen 

in the cmt3 background). Twenty-four clones were analyzed for each locus.  
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FIGURE 5F 

 

Figure 5F. DNA methylation levels of upregulated loci in T-DNA insertion mutants analyzed by 

traditional bisulfite sequencing. Percent DNA methylation in CG, CHG, and CHH contexts is 

shown for SDC and four upregulated TEs in wild-type, crh6-3 mutant and crt1-4 mutant plants. 

Twenty-four clones were analyzed for each locus.  
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FIGURE 6A 

 

Figure 6A. Analysis of H3K9me2 levels at the SDC promoter. ChIP-seq reads for H3K9me2 

were normalized to reads for H3 for wild-type, crt1 mutant and crh6 mutant plants. The log2 

ratio of H3K9me3/H3 was compared between the mutants and wild-type. RNA-seq reads in the 

indicated genotypes are displayed to define the SDC transcribed region. 
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FIGURE 6B 

 

Figure 6B. Comparison of H3K9me2 levels in crt1 and crh6 mutants for all upregulated TEs 

and DNA methylated genes. Metaplot shows the log2 ratio of H3K9me3/H3 for crt1 mutant and 

crh6 mutant divided by the same ratio in wild-type plants. H3K9me2 levels are shown for the 

set of all transposons and DNA methylated genes upregulated in crt1 and crh6 relative to wild-

type. Gray vertical lines show the boundaries between the transposon/gene and the regions 

spanning 1 kilobase upstream and downstream. 
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FIGURE 7A 

 

Figure 7A. Chromosomal location of upregulated loci in crt1 and crh6 mutants. The log2 ratio 

of number of RNA-seq reads in each mutant divided by wild-type is shown in 100 kilobase bins. 

White circles represent the centromeres and red lines represent the borders of the 

pericentromeric region of each chromosome. 
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FIGURE 7B 

 

Figure 7B. Plot of chromosomal locations of loci upregulated in crh6 mutant. The selection 

criteria for the set of upregulated loci in RNA-seq experiments is described in Figure 4. The 

boundaries of pericentromeric heterochromatin, as previously described (Bernatavichute et al. 

2008), are shown as red bars along the relative position on each chromosome. While 26% of the 

Arabidopsis genome consists of pericentromeric heterochromatin, 58% of upregulated genes, 

85% of upregulated DNA methylated genes, and 92% of upregulated TEs in the crh6 mutant are 

found within the boundaries. 
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FIGURE 7C 

 

Figure 7C. Plot of chromosomal locations of loci upregulated in crt1 mutant, constructed as in 

Figure 7B. For the crt1 mutant, 58% of upregulated genes, 91% of upregulated DNA methylated 

genes, and 93% of upregulated TEs are located within the boundaries of pericentromeric 

heterochromatin. 
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FIGURE 8A 

 

Figure 8A. Chromocenter condensation in crt1 EMS mutant nuclei. DAPI staining and 

H3K9me2 immunostaining show chromocenters in nuclei representative of wild-type 

condensation patterns, partially decondensed (intermediate) patterns, and decondensed 

patterns. 
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FIGURE 8B 

 

Figure 8B. Chromocenter condensation in crh6 EMS mutant nuclei shown as in Figure 8A. 
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FIGURE 8C 

 

Figure 8C. Chromocenter condensation in crt1 crh6 double mutant nuclei shown as in Figure 

8A. 
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FIGURE 9 

 

Figure 9. Patterns of chromocenter decondensation in mutant and wild-type nuclei. 

Percentages of nuclei showing chromocenter patterns as defined in Figure 8 were analyzed by 

H3K9me2 immunostaining. One hundred nuclei in each genetic background were analyzed. 

Wild-type nuclei serve as the control for crh6-1 mutants, and cmt3-11 nuclei serve as the control 

for cmt3-11 crt1-3 mutants. 
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Figure 10 

 

Figure 10. Image of chromocenter condensation in crh6-1 mutant, taken as in Figure 8A. The 

brightest chromocenter, corresponding to the nucleolar organizing region (NOR), is not 

decondensed. 
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Figure 11 

 

Figure 11. Images of wild-type and crt1-3 mutant nuclei, taken as in Figure 8A, with additional 

immunostaining using anti-H4K12Ac antibody.  
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FIGURE 12A 

 

Figure 12A. Interaction matrix of the Arabidopsis genome in wild-type plants. Hi-C analysis of 

uniquely mapping paired end reads across the five chromosomes are shown with each pixel 

showing interactions within a 200 kilobase bin. Black bars represent the pericentromeric 

regions and black circles represent the telomeres. Black lines separate each chromosome and 

gray lines show areas with problematic mapping. 
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FIGURE 12B 

 

Figure 12B. Interaction matrix of the Arabidopsis genome in crh6-1 mutant plants shown as in 

Figure 12A. 
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FIGURE 12C 

 

Figure 12C. Comparison of genomic interactions in crh6 mutant and wild-type plants. 

Differences between the two interactions matrices are shown with red indicating enrichment 

and blue indicating depletion of interactions in crh6 mutant relative to wild-type.  
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FIGURE 13A 

 

Figure 13A. Expression of pCRT1::CRT1-Myc and pCRH6::CRH6-Myc. Western blot with anti-

Myc antibody confirms expression of myc-tagged transgene in transformed lines but not 

untransformed control. 

 

FIGURE 13B 

 

Figure 13B. Complementation test with myc-tag transgene and EMS mutant allele. Western 

blot with anti-GFP antibody confirms that myc-tagged proteins are functional and compelement 

the loss-of-function EMS alleles, thereby silencing the SDC::GFP transgene. cmt3-11 crt1-3 and 

crh6-1 are GFP positive controls, and Coomassie staining of rbcL (large Rubisco subunit) is a 

loading control. 
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FIGURE 13C 

 

Figure 13C. Nuclear localization of myc-tagged CRT1 and CRH6. Anti-Myc immunostaining 

showed location of CRT1 and CRH6 proteins relative to chromocenters, shown as concentrated 

areas of DNA by DAPI staining. 
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FIGURE 13D 
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Figure 13D. Nuclear localization of myc-tagged CRH6. Nuclei were prepared as in Figure 11C 

and images captured with a confocal microscope. This nucleus, shown in eight images at depth 

intervals of 1 micron, is representative of the localization of CRH6 to the periphery of multiple 

chromocenters in each nucleus.  
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FIGURE 14 

 

Figure 14. Loss of silencing in morc-1 depleted C. elegans seam cells. Worms were fed bacteria 

expressing double-stranded RNA and silencing of a seam cell-specific GFP transgene was 

observed. Empty vector RNAi served as a control for GFP silencing and rde-4 served as a control 

for GFP transgene overexpression. 
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MATERIALS AND METHODS 

 

Plant material and growing conditions 

All mutants are in the Columbia (Col) ecotype. Crh6-3 (GK_599B06) and crt1-4 

(SAIL_1239_C08) T-DNA lines were obtained from GABI-Kat (Kleinboelting et al. 2012) at 

University of Bielefeld, Germany and ABRC at Ohio State University, respectively. drm2-2 

(SALK_150863.37.35) and cmt3-11 (SALK_148381) were previously described (Zhang et al. 

2006). T-DNA insertions were confirmed by PCR-based genotyping. Primer sequences are 

described in Table S4 in Moissiard et al., 2012. Arabidopsis plants were grown under continuous 

light. 

 

Cloning of SDC::GFP 

NLS-GFP-35S terminator was PCR amplified and cloned into pCambia3300. The SDC promoter 

corresponding to a region of ~2.4 kb upstream of SDC transcriptional start site was PCR 

amplified from wild type genomic DNA and cloned into pCR2.1 TOPO vector (Invitrogen). Quick 

change site-directed mutagenesis (Stratagene) was performed to create a polymorphism (NlaIII 

-> BamHI) within the SDC promoter, which was subsequently mobilized into pCambia3300 

upstream of NLS-GFP sequence. drm2 cmt3 double mutant plants were transformed with the 

SDC::GFP construct using the Agrobacterium-mediated floral dip method (Clough et al. 1998). 

Transgenic plants showing strong GFP fluorescence were backcrossed with a wild type plant to 

ensure proper silencing of SDC::GFP in the F1 generation. F1 plants were self-crossed and their 

progenies (F2) were screened for GFP fluorescence and PCR-based genotyped to obtained the 

following genetic backgrounds: SDC::GFP wt, SDC::GFP drm2, SDC::GFP cmt3 and SDC::GFP 

drm2 cmt3. Primer sequences used for SDC::GFP cloning are described in Table S4 in Moissiard 

et al., 2012. 
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Cloning of pCRT1::CRT1-Myc and pCRH6::CRH6-Myc 

CRT1 and CRH6 genomic regions were PCR amplified and the Myc epitope was added to the C-

terminus of each protein as previously described (Law et al. 2011). In both cases, the amplified 

region includes a ~1Kb promoter sequence upstream of the respective transcriptional start site. 

Primer sequences are described in Table S4 in Moissiard et al., 2012. 

 

EMS mutagenesis, GFP screening and mapping analyses 

Two thousand seeds from SDC::GFP wt and SDC::GFP cmt3 lines were mutagenized in 0.3% 

EMS solution for 13 hours with rotation. Seeds were subsequently washed with water and 

planted onto soil. For each background, approximately one thousand M2 populations were 

collected and subsequently screened for GFP fluorescence under UV light using a Leica MZ16F 

Fluorescence Stereomicroscope coupled with the GPF Plus fluorescence filter. Pictures were 

taken using the DFC300 FX digital camera kit. Mapping and identification of the three EMS 

mutations responsible for the phenotypes were performed by bulk segregant analysis coupled 

with deep genome re-sequencing as previously described (Greenberg et al. 2011), using single 

nucleotide polymorphisms (SNPs) between the Landsberg (Ler) and Col ecotypes derived de 

novo from data from a large number of mapping crosses. 

 

Western Blotting 

Western blots against GFP were performed using the GFP-specific antibody (Invitrogen, 

AA1122). Western blots against Myc were performed as previously described (Law et al. 2011). 

 

RNA analyses 

Total RNAs were extracted from two-week-old seedlings using Trizol (Ambion RNA technology). 

Two μg of total RNAs were subsequently used to generate libraries for High Throughput RNA 

sequencing (TruSeq RNA, Illumina) per manufacturer instruction. For RNA-seq analyses, 
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sequencing reads were mapped with Bowtie (Langmead et al. 2009) allowing up to 2 

mismatches. Gene and transposon expression was measured by calculating reads per kilobase 

per million mapped reads (RPKM) (Mortazavi et al. 2008). p-values were calculated using 

Fisher’s exact test and Benjamini corrected for multiple testing (Benjamini and Hochberg 1995). 

Differentially expressed elements in wild type and mutants were defined by applying 

log2(mutant /wild type)>2 and P<0.05 cutoffs. For quantitative PCR analysis, total RNAs were 

converted into cDNA using SuperScript III Reverse Transcriptase (Invitrogen) per manufacturer 

instructions. Quantitative PCR was carried out using SyBr Green PCR mastermix (Roche) and 

gene- or transposon-specific primers (see Table S4 in Moissiard et al., 2012) on a Stratagene Mx 

real-time thermocycler. 

 

DNA methylation analyses 

Whole genome BS-seq libraries were performed as previously described (Cokus et al. 2008), 

except directly with pre-methylated final adapters. BS-seq data was mapped with BS seeker as 

previously described (Chen et al. 2010). For traditional bisulfite sequencing, genomic DNA 

extracted from two-week-old seedlings was bisulfite converted using MethylEasy (Human 

Genetic Signature) and processed as previously described (Henderson and Jacobsen 2008). 

Primer sequences used for bisulfite sequencing are described in Table S4 in Moissiard et al., 

2012. Southern blot was performed as previously described (Jackson et al. 2002). 

 

H3K9me2 ChIP-seq analyses 

Two grams of 3-week-old seedlings were crosslinked with formaldehyde and chromatin-IP 

experiments were performed as previously described (Lee et al. 2007). A mouse monoclonal 

antibody was used for H3K9me2 immunoprecipitation (Abcam ab1220). ChIP-seq library was 

generated per manufacturer instructions (Illumina). Demultiplexed (by exact match to canonical 

6-mers)  single end 50-mer HiSeq Pfpassing reads were aligned to the TAIR8 reference genome 
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using Bowtie 1, keeping all hits with at most two or fewer mismatches in the first 28 cycles and 

with total sum of Phred quality scores at mismatches up to 100, further filtered to only keep 

reads with a unique hit of fewest total mismatches, retaining only that unique hit. Reads were 

extended downstream to total length 220 nucleotides to reflect nominal library fragment lengths 

and single-stranded per-base pair coverage tallied, normalized by total nuclear chromosome 

coverage to account for variation in sequencing depth. 

 

Hi-C analyses 

Two grams of 3-week-old seedling leaves were crosslinked with formaldehyde as previously 

described (Lee et al. 2007). Hi-C experiments were performed as previously described (Zhang et 

al. 2012), with the exception that plant nuclei were prepared following a previously published 

Arabidopsis ChIP protocol (Lee et al. 2007). Hi-C libraries were sequenced on a HiSeq 2000 

sequencer (Illumina) obtaining paired end 50+50 nucleotide reads. Sequencing reads were 

mapped to the TAIR8 A. thaliana reference genome using Bowtie 1 to obtain all zero-mismatch 

hits of ends independently and keeping only paired end read pairs with each end having exactly 

one hit, obtaining 21,379,391 wild type and 14,815,038 crh6-1 pairs. Paired reads with ends 

aligning to the same HindIII fragment were discarded. Hi-C interaction counts were summed 

within disjoint symmetric 2-D bins 200 kilobase pairs tiling the genome. HindIII fragments 

which overlapped regions of poor reference genome quality were excluded from the analysis. 

Genomic 1-D bins (rows and columns) in which > 50% of the sequence length was excluded by 

these filters were treated as missing data, excluded from further analyses, and appear in figures 

as empty regions. The “raw” coverage of each genomic 2-D bin was taken as the number of 

paired end reads lying in that bin. Whole genomic 1-D bins with a total coverage more than 3 

standard deviations greater than or less than the mean were excluded and then the matrix of 

interactions was corrected for 1-D bin coverage variation as previously described (Zhang et al. 

2012) using 50 iterations of that procedure. The comparison between the wild type and crh6-1 
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mutant was expressed as the difference divided by the mean within each bin with smoothing 

plus or minus one bin. 

 

Immunofluorescence 

Immunofluorescence experiments examining chromocenter condensation were performed as 

previously described (Soppe et al. 2002) with the following modifications. Leaves from three-

week-old plants were fixed in 4% paraformaldehyde in TRIS buffer (10mM TRIS pH 7.5, 10mM 

EDTA, 100mM NaCl) for 20 minutes and washed twice in TRIS buffer. Leaves were chopped in 

400 microliters lysis buffer (15mM TRIS pH 7.5, 2mM EDTA, 0.5mM spermine, 80mM KCl, 

20mM NaCl, 0.1% Triton X-100) and filtered through a 35 micron cell strainer. Five microliters 

of nuclei suspension was added to sorting buffer (100mM TRIS pH 7.5, 50mM KCl, 2mM 

MgCl2, .05% Tween-20, 20.5% sucrose) and air dried on microscope slides for two hours and 

then post-fixed in 4% paraformaldehyde in PBS for 20 minutes. Slides were washed three times 

in PBS and incubated in blocking buffer (3% BSA, 10% horse serum in PBS) for 30 minutes at 

37°C. Nuclei were incubated at 4°C overnight in mouse monoclonal antibody against H3K9me2 

(Abcam ab1220; 1:200). Slides were washed in PBS and incubated with goat anti-mouse FITC 

antibody (Abcam ab7064; 1:200) for 90 minutes at room temperature. Following PBS washes, 

nuclei were counterstained and mounted in Vectashield mounting media with DAPI (Vector H-

1200). Nuclei were analyzed with a Zeiss Axio Imager Z1 microscope at 100X magnification and 

images were captured with a Hamamatsu ORCA-ER Camera. For detection of Myc epitope 

tagged proteins, nuclei were isolated as above. Following preparation of nuclei suspension, 

nuclei were spun down for 2 minutes at 2,000rpm and resuspended in PBS. Blocking and 

antibody incubations were performed in suspension, followed by pellet washing with PBS. Myc 

epitope was detected with mouse monoclonal antibody (Abcam 9E10; 1:200) and goat anti-

mouse FITC (abcam ab7064; 1:200). Two microliters of prepared nuclei were mounted in 

Vectashield media. Nuclei were analyzed with the Applied Precision DeltaVision DV Live Cell 
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Imaging System using Olympus IX-71 Customized Inverted Microscope and Photometrics 

CoolSNAP HQ2 CCD Camera (Figure 13C). Additional images of nuclei were taken using a Zeiss 

LSM 510 META confocal microscope with Axiocam camera (Figure 13D). 

 

RNA interference in C. elegans 

RNAi experiments were carried out as reported previously (Kim et al. 2005) using the eri- 

1(mg366); [wIs54(scm::gfp)] strain, which shows increased sensitivity to RNAi. Briefly, bacterial 

strains carrying plasmids expressing double-stranded RNA targeting morc-1 or rde-4 were 

obtained from the Ahringer RNAi library (Kamath et al. 2003). Hatched L1 eri- 1(mg366); 

[wIs54(scm::gfp)] larvae were cultured on empty vector (L4440), morc-1, or rde-4 RNAi 

bacteria for two generations at 22.5°C. Images of F1 L4 larvae were captured on an Olympus 

BX61 epifluorescence compound microscope with a Hamamatsu ORCA ER camera using 

Slidebook 4.0.1 digital microscopy software (Intelligent Imaging Innovations) and processed 

using ImageJ. 
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