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1. Introduction 

1.1 The chromatin structure and organization in the nucleus 

In eukaryotes the DNA is packaged in the nucleus together with proteins and RNA as chromatin. 

The chromatin basic structural unit is the nucleosome, which consists of 146 bp of DNA wrapped 

around a histone octamere core (Luger et al., 1997), formed by two of each histone molecules 

H2A, H2B, H3 and H4, and spaced by 10-50 bp of linker DNA. The spatial organization and 

constitution of the chromatin impact on processes that have DNA as substrate, like DNA repair, 

replication, recombination and transcription.  

Plants, due to their sessile nature, require likely more mechanism of regulation to respond 

effectively to environmental conditions and stresses than animals (Huey et al., 2002). In addition, 

the development in plants takes place mainly post-embryonically leading to a strict regulation of 

developmental genes. Thus, the accessibility of regulatory proteins to DNA and interactions 

between loci and regulatory sequences are of special importance for plants. This regulation occurs 

in two ways, modification of chromatin properties and of its higher order structure.  

1.1.1 The chromatin landscape in plants 

Traditionally, chromatin has been divided into two types attending to the level of transcriptional 

activity, compaction and gene content: euchromatin and heterochromatin. Euchromatin is gene-

dense, transcriptionally active and lowly condensed. In contrast, heterochromatin has a high 

content of repetitive sequences, a low transcriptional activity and is highly condensed. 

Heterochromatin can be further divided into constitutive and facultative heterochromatin. The 

former is permanently condensed and cytologically visible in interphase as e.g. chromocenters. It 

is present around centromeres, telomeres and nucleolus organizing regions. Facultative 

heterochromatin involves regions that, in specific cells or through development, become compact 

and transcriptionally inactive. First cytological observations of heterochromatin and euchromatin 

were made by Heitz (1928) (for review see Passarge, 1979). Besides this “traditional” chromatin 

classification, recent studies have categorized the chromatin into further subclasses. In 

Arabidopsis, four (Roudier et al., 2011) or nine (Sequeira-Mendes et al., 2014) chromatin 

signatures can be differentiated. These categories are still divided into euchromatin and 

heterochromatin, but are defined by specific combinations of epigenomic features, such as DNA 

methylation, histone modifications and histone variants. 
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The properties of chromatin can be modified by changing its composition: replacement of 

canonical histones by other histone variants; post-translational modifications of the histone tails; 

methylation of the cytosine nucleotide of the DNA; and by chromatin remodelers (Fig. 1). 

The incorporation of different histone variants into the nucleosomes changes the attributes of the 

chromatin (Fig. 1a). In Arabidopsis, the canonical histone H3.1 is enriched in transcriptionally silent 

areas of the genome, the histone variant H3.3 in active chromatin (Stroud et al., 2012) and the 

centromere-specific histone H3 variant CENH3 replaces the canonical histone in the centromeric 

chromatin (Talbert et al., 2002). Other examples are the histone H2A variant H2A.W, which 

localizes in heterochromatin and promotes its condensation (Yelagandula et al., 2014), and the 

phosphorylated variant H2A.Z, which is important for DNA repair (Lang et al., 2012). 

Histone tails can be modified post-translationally by acetylation, phosphorylation, methylation and 

ubiquitylation, among other modifications (Fig. 1b) (Bannister & Kouzarides, 2011; Fuchs et al., 

2006). Acetylation and phosphorylation, both, reduce the positive charge of the histones leading 

to more relaxed chromatin structure and facilitating the access to the DNA. Thus, acetylation of 

histone H3 and H4 is related to increased transcription, while deacetylation correlates with gene 

repression (Wang et al., 2014). However, the phosphorylation of the serine residues 10 and 28 of 

H3 (H3S10 and H3S28) is associated with cell cycle-dependent chromosome condensation. In 

plants, these marks are enriched in the pericentromeric chromatin during mitosis and meiosis II, 

where they are involved in centromeric cohesion. During meiosis I these marks are evident along 

the whole chromosome (Gernand et al., 2003). Methylation can occur in the lysine residues K4, 9, 

27 and 36 of histone H3 and in K20 of H4 as mono-, di- or trimethylation, and their distribution 

and function can vary between eukaryotes (Feng & Jacobsen, 2011; Fuchs et al., 2006). In 

Arabidopsis, H3K4 in its three methylated forms is present in genes and promoters, therefore 

marking active chromatin although only H3K4me3 is correlated with active transcription (Zhang et 

al. 2009). H3K27me3 localizes also in euchromatin but it acts as a transcription silencing mark at 

individual loci (Zhang et al. 2007). Its localization also differs between plants (present only in single 

genes) and animals (present in large domains) (Zhang et al. 2007). H3K9me2 is enriched in 

Arabidopsis pericentromeric heterochromatin (Soppe et al., 2002); it acts as the major epigenetic 

mark for heterochromatin in plants, while the situation is different in other organism, like 

mammals, where H3K9me3 is the main heterochromatic mark.  
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Figure 1. Chromatin modifications. The pictures represent a nucleosome (histone core wrapped by DNA) in the first 
three cartoons and a string of five nucleosomes in the last one. Four ways of changing the chromatin properties are 
depicted:  a) Replacement of canonical histones (H3 and H2A) by other histone variants. b) Modification of certain 
residues of the histone tails by acetylation, phosphorylation, methylation and ubiquitylation. In black letters are written 
the amino acidic residues and in colors the modifications. c) Methylation of cytosine residues of the DNA. d) Reposition, 
ejection or restructuring of the nucleosomes by chromatin remodelers. Only histone variants and histone modifications 
mentioned in the text are depicted.   

DNA methylation occurs in cytosine residues and can be present in three nucleotidic contexts, CG, 

CHG and CHH, where H can be an A, T or C nucleotide (Fig. 1c) (Feng & Jacobsen, 2011). In 

Arabidopsis, cytologically, DNA methylation mainly localize to heterochromatic regions (Fransz et 

al., 2002). In heterochromatin, DNA methylation occurs in all three cytosine contexts and is 

present in transposable elements (TEs), tandem repeat sequences and long inactive gene bodies 

associated to H3K9me2 and H3K27me1 (Sequeira-Mendes et al., 2014) ensuring that these regions 
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remain inactive. CG methylation also occurs in transcribed genes, in which case it is associated to 

H3K4me1, H2Bub and H3K36me3 (Sequeira-Mendes et al., 2014).  

Chromatin remodelers are proteins with ATPase activity. They affect the chromatin structure by 

ejecting, moving or restructuring the nucleosomes to expose genomic DNA to other proteins 

(Fig. 1d). The remodelers recognize histone modifications or are recruited by transcription factors. 

They alter the nucleosome position and assembly, which leads to more or less densely packed 

chromatin enforcing the repression or promoting the activation of genes (Clapier & Cairns, 2009). 

In Arabidopsis, chromatin remodelers are important in the regulation of developmental transitions 

and hormonal pathways (Gentry & Hennig, 2014).   

1.1.2 Spatial chromatin organization  

The nucleosome fiber, also known as the “beads-on-a-string” fiber, is the lowest level of chromatin 

configuration. This fiber can adopt higher-order structures by packaging the DNA more tightly, and 

regulating the accession of proteins to DNA, until reaching the level of metaphase chromosomes, 

the configuration with the highest compaction. The spatial folding of chromatin allows or impedes 

interactions between loci and regulatory sequences several kilo bases (Kb) apart, and thus 

influence their expression. Therefore, the spatial genome organization is a further level regulating 

the access to the DNA (Gibcus & Dekker, 2013). 

Initial knowledge about the organization of the nucleus derived from cytological observations.  

Carl Rabl’s theory of the structure of the interphase nucleus stated already that during interphase: 

i) each chromosome occupies a distinct subnuclear domain, later known as chromosome territory 

(CT) (Boveri, 1909); and ii) the telomeres and centromeres cluster at opposite nuclear poles 

reflecting the anaphase chromosome configuration of the preceding mitosis (Rabl configuration) 

(Rabl, 1885 for review see Cremer & Cremer, 2010). Nevertheless, the Rabl configuration is not 

present in all organisms. In humans, the disposition of the chromosomes during interphase is not 

random, the gene dense chromosomes are located in the interior, while gene poor chromosomes 

are at the nuclear periphery (Boyle et al., 2001).      

The development of the molecular Chromosome Conformation Capture (3C) technology  allowed 

the analysis of contact frequencies between two genomic sequences at interphase, a “one-to-one” 

approach (Dekker et al., 2002). 3C can study long-range interactions, those between chromatin 

regions far apart in the same chromosome or between different ones, like the interaction between 
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gene enhancers and promoters. In recent years the improvement of 3C-based techniques 

facilitated the study of the three-dimensional (3D) genome organization. The 4C “one-to-all” 

approach allows the study of interactions between one genomic sequence and the rest of the 

genome. The 5C “many-to-many” method studies the interactions between multiple selected 

sequences and the “all-to-all” Hi-C method allows the analysis of genome wide interactions 

(Denker & de Laat, 2016; Lieberman-Aiden et al., 2009). 

 

 

Figure 2. Interphase chromatin organization of the animal genome. The first level of chromatin organization is 
represented by nucleosomes. They are formed by DNA wrapped around a histone core. The next level is realized by 
topologically associated domains (TADs), which represent the basic unit of the higher order organization. They are 
regions of the genome in which interactions between regulatory elements (green) and loci (yellow) occur more often 
than interactions with adjacent regions. TADs with euchromatic and heterochromatic characteristics group together, 
defining the compartments A and B, respectively. Finally, groups of A and B compartment form the chromosome 
territories. Picture modified from Ea et al., (2015). 

 
Interactions maps performed with 3C-based methods propose that topologically associating 

domains (TADs) are the basic unit of genome organization in animals (Fig. 2) (Dixon et al., 2012; 

Nora et al., 2012; Sexton et al., 2012). The TADs are megabase-sized (200-kilobase to 1 Mb) local 

chromatin interaction domains. Interestingly, TADs are conserved between different cell types and 

even across species (Dixon et al., 2012) but internal contacts within each TAD are variable (Nora et 

al., 2012). In mammals, TAD boundaries are enriched in binding sites for the insulator protein 

CCCTC-Binding Factor (CTCF) (Dixon et al., 2012). In Drosophila melanogaster, in addition to CTCF, 
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other insulator proteins have been identified at TAD boundaries, including CP190 and Beaf-32 

(Sexton et al., 2012). Disruption of the TAD boundaries leads to transcriptional misregulation (Nora 

et al., 2012). Indeed, in addition to being structural components, TADs are as well functional units. 

These regions of a chromosome are characterized by frequent interactions between genes and 

regulatory elements. Such interactions are less frequent with loci in neighboring domains. There is 

a common expression pattern of genes within the same TAD, suggesting that the physical 

confinement of genes and regulatory sequences within the TADs could coordinate their expression 

(Nora et al., 2012; Symmons et al., 2014). One of the proposed model for TAD formation is the 

loop-extrusion model (Dekker & Mirny, 2016), in which a loop-extruding factor attaches to 

chromatin and actively starts moving through the fiber creating a loop. This loop is enlarged until 

the extruding-factor arrives at two CTCF sites (one on each side of the loop) in the same 

orientation. That explains the enrichment of CTCF sites at the TAD boundaries. One of the 

complexes that have been proposed as a looping-extruding factor is the cohesin, which together 

with CTCF also helps the formation of interactions within TADs (see section 1.2.1) (Sofueva et al., 

2013; van Ruiten & Rowland, 2018; Yuen & Gerton, 2018).  

TADs with similar properties group together to form the next level of organization: the 

compartments A and B (Fig. 2). These compartments are defined as gene-rich, transcriptionally 

active and hyper-accessible to DNase I, or as gene-poor, transcriptionally silent and resistant 

against DNase I, respectively (Lieberman-Aiden et al., 2009). A and B compartments are more 

dynamic than the TADs and they are not conserved between different cell types (Dixon et al., 

2015). The last level of organization is the chromosome territory, which is constituted by groups of 

A and B compartments (Fig. 2).   

1.1.3 Arabidopsis thaliana genome organization 

The karyotype of Arabidopsis (2n=10) presents five different chromosomes in which chromosomes 

1 and 5 are the largest and metacentric. Chromosome 3 is medium-sized and submetacentric, and 

the chromosomes 2 and 4 are smaller and acrocentric. In the ecotype Columbia-0, used in this 

study, the short arms of the chromosomes 2 and 4 harbor the 45S rDNA-containing Nucleolus 

Organizing Region (NOR). The 5S rDNA loci map to chromosomes 3, 4 and 5 (Fransz et al., 

1998)(Fig. 3a). The repetitive sequences are clustered mainly within the pericentromeric 

heterochromatin and the NOR (Arabidopsis Genome Initiative, 2000).  
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In plants as in animals, the arrangement of the chromosomes during interphase does not depend 

on genome size. Some species with large genomes, as wheat (Triticum aestivum), barley (Hordeum 

vulgare) and oat (Avena sativa) present the Rabl configuration, while others like maize (Zea mays) 

do not (Santos & Shaw, 2004; Schubert & Shaw, 2011). Arabidopsis has a relatively small genome 

of 125 Mb (Arabidopsis Genome Initiative, 2000) and does not present the Rabl configuration 

during interphase (Fransz et al., 2002).  

During interphase, the heterochromatin is visible as bright DAPI-stained structures located near 

the nuclear periphery and the nucleolus. They are called chromocenters and comprise the 

centromeric and pericentromeric regions (Fig. 3b), the NOR and the 5S rDNA. Accordingly, DNA 

methylation, which is associated with transcriptionally silent DNA, is mainly present in the 

chromocenters (Fig. 3c). Acetylation of histones H3 and H4, an epigenetic mark associated with 

transcriptional activity, co-localizes with euchromatin (Fransz et al., 2002). The NOR and the 5S 

rDNA localize together with the centromeres of the corresponding chromosome in the same 

chromocenter. Therefore, in a diploid nucleus 10 chromocenters should be visible (10 centromeres 

and the 5S and 45S rDNA associated to them), but instead, nuclei often show 8 or 9 

chromocenters, meaning that association of chromocenters occurs (Fransz et al., 2002; Schubert 

et al., 2012). The telomeres localize outside of the chromocenters, in the vicinity of the nucleolus 

and often are associated (Fig. 3d) (Fransz et al., 2002; Schubert et al., 2012). This telomere 

arrangement is also present in meiocytes. During the meiotic interphase the telomeres cluster 

around the nucleolus facilitating the homologous association of chromosomes (Armstrong et al., 

2001). 

The chromosomes occupy discrete spatial chromosome territories (Fig. 3e), but contrary to what 

happen in mammals, there is no preferential positioning of the chromosomes within the nucleus 

(Pecinka et al., 2004). All possible combinations of homologous and heterologous positioning of 

the chromosomes are present in the interphase nuclei. However, preferential homologous 

chromosome pairing was observed for chromosomes 2 and 4 which pair more often than at 

random. This is due to the attachment of their corresponding NORs to the nucleolus (Pecinka et 

al., 2004).  

Based on cytological observations, the rosette model was proposed to explain the organization of 

the Arabidopsis nucleus during interphase. It states that the heterochromatin forms 

chromocenters that are located at the nuclear periphery and euchromatic loops emanate from 
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them (Fig. 3f) (Fransz et al., 2002). This cytological model is supported by computer simulations 

(de Nooijer et al., 2009) and Hi-C data (Feng et al., 2014; Liu et al., 2016). 

 

Figure 3. Arabidopsis genome organization. a) Ideogram representing the 5 different chromosomes of Arabidopsis 

thaliana ecotype Columbia-0. The telomeres are depicted in yellow and the peri- and centromeric region in green and 
red respectively. The 5S rDNA (purple) is present on chromosomes 3, 4 and 5 and the 45S rDNA, which forms the 
Nucleolar Organizing Region (NOR) maps to chromosomes 2 and 4 (orange). b) FISH in an Arabidopsis nucleus with the 
peri- and centromeric repeats in green and red, respectively. The signals localize in the chromocenters. c) 
Immunolocalization against 5-methyl-cytosine (DNA methylation) in green. In Arabidopsis the heterochromatic regions 
are highly methylated. d) FISH against the telomeric repeats (yellow). In Arabidopsis, the telomeres cluster around the 
nucleolus (n). e) FISH with different BACs resulting in the “painting” of each chromosome in a different color 
(chromosome painting). Each chromosome occupies a discrete region, the chromosome territory. The numbers indicate 
the chromosome number and nu is the nucleolus. f) Rosette model representation of chromosomes 5 and 4 from figure 
3e (black box). The color key is the same as in 3a. According to this model, in Arabidopsis the chromosomes are 
organized as chromatin loops emanating from the heterochromatin.  Pictures (b-d) are modified from Fransz et al., 2002 
and picture (d) from Pecinka et al., 2004. 

Recently, interaction maps based on 3C-based techniques have been described for Arabidopsis 

(Feng et al., 2014; Grob et al., 2013; Liu et al., 2016; Wang et al., 2015). Interestingly, compared to 

animals, in Arabidopsis TADs are absent (Feng et al., 2014; Wang et al., 2015). Since in vertebrates 
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TAD boundaries are enriched in CTFC-binding sites, the absence of TADs in Arabidopsis could be 

explained by the absence of CTFC in plants. However, TADs exist in rice and their boundaries are 

enriched in a motif recognized by transcription factors (Liu et al., 2017). Instead of TADs, gene 

bodies are proposed to be the basic packing unit in Arabidopsis (Liu et al., 2016). On the other 

hand, the separation between an A (euchromatic) and a B (heterochromatic) compartment is 

similar to animals (Grob et al., 2013; Liu et al., 2016). The strongest interactions, inter-

chromosomal interactions, occur between telomeres and between peri- and centromeric regions. 

This supports the cytological observations of centromere association and telomere clustering 

(Fransz et al., 2002; Schubert et al., 2012). Nevertheless, most of the interactions occur intra-

chromosomally and within the same arm. But the contact frequency between two loci decreases 

with the genomic distance. According to its interactions, the chromosome arms can be divided 

into a proximal region, that interacts with itself and with the pericentromere, and a distal region, 

that interacts with itself and the telomeric regions (Feng et al., 2014; Grob et al., 2013). No 

clustering (increased interactions) of highly expressed genes was observed (Feng et al., 2014; Liu 

et al., 2016). This further confirms the absence of distinct clustered transcription factories in 

Arabidopsis, as suggested by the finding of a relatively homogeneous distribution of RNA 

polymerase II within the euchromatin (Schubert & Weisshart, 2015). In addition, it has been 

shown by FISH that euchromatin segments bearing low or high expressing genes do not reveal 

different association frequencies (Schubert et al., 2014). 

In short, to regulate gene expression a flexible 3D arrangement of the genome as well as a 

dynamic chromatin composition (e.g. modification of histones, histone variants, methylation of 

DNA) are required. In Arabidopsis, gene repositioning from the nuclear interior to the periphery 

has been observed upon transcriptional activation by light stimulus (Feng et al., 2014). During 

seedling development, light also causes a massive reorganization of the heterochromatin into 

chromocenters (Bourbousse et al., 2015).  

1.2 The SMC complexes 

Structural Maintenance of Chromosomes (SMC) proteins are present from prokaryotes to 

eukaryotes (Cobbe & Heck, 2004). They are essential for chromosome structure and dynamics, 

gene regulation and DNA repair. In eukaryotes six SMC proteins are conserved and they form the 

core of three different complexes: the cohesin complex, involved in sister chromatids cohesion 

and chromosome segregation; the condensin complexes, involved in mitotic and meiotic 
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chromosome formation; and the SMC5/SMC6 complex which role is on DNA repair and replication 

(Jeppsson et al., 2014). The SMC proteins are long coiled-coils with a globular ATPase “head” 

domain at one end and a hinge domain at the other end. Each complex consist of a V-shaped 

heterodimer formed by two SMC proteins linked by its hinge domain and a kleisin protein 

connecting the ATPase heads and thus, forming a closed tripartite structure (ring). The complex is 

completed by one or two accessory proteins containing HEAT-repeats, these repeats are involved 

in protein-protein interactions (Fig. 4) (Neuwald & Hirano, 2000). 

 

Figure 4. The SMC complexes of vertebrates. The three complexes share a basic structure. The core is formed by a 
heterodimer of SMC proteins, (a) SMC1-SMC3 in the case of cohesin, (b) SMC2-SMC4 for the condensin and (c) SMC5-
SMC6 for the SMC5/6 complex. The cohesin ring is closed by the kleisin RAD21, and has SA1/SA2 as the accessory 
protein linked to the complex. The condensin complex is present in two variants, condensin I and II, which differ in the 
kleisin and the accessory proteins: CAP-H, CAP-D2 and CAP-G in condensin I, and CAP-H2, CAP-D3 and CAP-G2 in 
condensin II. In the SMC5/6 complex, the accessory proteins are NSE4, NSE1 and NSE3. 

1.2.1 The cohesin complex 

The cohesin complex contains a SMC1-SMC3 heterodimer connected by the α-kleisin RAD21 in 

vertebrates (Scc1 in budding yeast) and the adjacent HEAT-repeat subunit SA1 or SA2/STAG1 or 

STAG2 (Scc3) (Fig. 4a). The canonical role of the cohesin complex is the cohesion of sister 

chromatids during mitosis and meiosis, which ensures an accurate chromosome segregation.  

In vertebrates, cohesin is loaded onto chromosomes during telophase by the NIPBL-MAU2 

complex (Scc2-Scc4 in yeast). During G1, the loading is counteracted by the proteins WAPL-PDS5, 

which remove the cohesin complex from the chromosomes, creating a dynamic loading-removal 

of cohesin. The cohesin binding is not stable until SMC3 is acetylated by ESCO1 and ESCO2 (Eco1 

and Eco2) and protected by the protein Sororin during the S phase. Cohesin maintains sister 

chromatids together as they are formed in S-phase and assists the repair of DNA double strand 

breaks that occur during DNA replication. At the beginning of mitosis cohesin is removed from the 



11 
 

chromosome arms but persists at the centromeres. At anaphase, the protease separase cleaves 

the RAD21 subunit, allowing the segregation of the sister chromatids to each respective pole 

(Fig. 5) (Jeppsson et al., 2014; Seitan & Merkenschlager, 2012). In yeast, the cohesin is not 

released from the chromosome arms at the beginning of mitosis; instead, it maintains the 

cohesion until anaphase, when it is then released following the Scc1 cleavage (Marston, 2014). 

During meiosis, RAD21 or Scc1 are replaced by the meiosis-specific kleisin Rec8 (Parisi et al., 1999). 

In this case, the cohesion is resolved in two steps; at anaphase I cohesin is released from the 

chromosome arms but persists at the centromeres, allowing the segregation of the homologous 

chromosomes (reductional segregation). The cohesin is then released from the centromeres at 

anaphase II permitting sister chromatids segregation (equational segregation)(Watanabe & Nurse, 

1999). 

Cohesin works as an intermolecular linker for sister chromatids cohesion by trapping two different 

DNA molecules in trans, but it also functions as an intramolecular bridge, forming loops in the 

chromatin during interphase. Cohesin, thus, is also important for genome organization and gene 

regulation (Sofueva et al., 2013; van Ruiten & Rowland, 2018; Yuen & Gerton, 2018). As an 

intramolecular bridge (connecting two loci in cis), cohesin can inhibit or promote transcription by 

affecting long-range interactions. On the one hand, together with CTCF they have an insulator 

function, blocking the effect of enhancers on promoters (Wendt et al., 2008). On the other hand, 

cohesin interacts with Mediator, a transcriptional activator, creating loops between enhancers and 

promoters (Kagey et al., 2010). 

 In Arabidopsis, the cohesin and cohesin-related proteins are conserved (Schubert, 2009). There 

are four members of the kleisin subunit, SYN1-SYN4. SYN1 is needed for cohesion during meiosis, 

while SYN2-4 are essential in somatic tissues (Schubert, 2009). The relevance of cohesin for the 

normal development in Arabidopsis is proven by the embryo lethality of smc1, smc3, scc3, scc2 

and syn3 homozygous mutants and endosperm defects of ctf7 (ESCO1 homolog). Moreover, 

cohesin and proteins related to the establishment of cohesion are necessary for normal fertility 

and chromosome segregation in Arabidopsis (Bolaños-Villegas et al., 2013; Chelysheva et al., 2005; 

Liu et al., 2002; Sebastian et al., 2009; Singh et al., 2013).    
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Figure 5. Vertebrate cohesin cycle. Cohesins become loaded during the G1 phase onto the chromosomes. This 
association is dynamic, and there is a loading-removal of the cohesins from the chromosomes. During S phase, cohesins 
holding the newly synthesized sister chromatids become more stably bound, and during G2 the association is stable. At 
the beginning of mitosis, the cohesins become removed from the chromosome arms, but not from the centromeres. 
Finally, during anaphase the cohesin rings become cleaved and released from the centromeres allowing the segregation 
of the sister chromatids. Modified from Jeppsson et al. (2014). 

1.2.2 The condensin complexes 

Higher eukaryotes have two condensin complexes, the condensin complex I and II. In yeast, there 

is one condensin complex analogous to condensin I (Freeman et al., 2000), and even bacteria and 

archaea have a condensin-like complex (Hirano, 2012). This conservation across all domains of life 

stresses the importance of this complex, whose principal role is the segregation of the genetic 

material. 

Condensin I and condensin II share a core formed by SMC2 and SMC4 and differ in the accessory 

proteins. In condensin I, CAP-H is the kleisin linking the SMC subunits, and CAP-D2 and CAP-G are 

the HEAT-repeat proteins. In condensin II, CAP-H2 is the kleisin and the accessory proteins are 

CAP-D3 and CAP-G2 (Ono et al., 2003)(Fig. 4b). This composition of the complexes is conserved in 

higher eukaryotes except in Drosophila, where condensin II has only four subunits since no CAP-G2 

has been described (Herzog et al., 2013; Ono et al., 2003). 

Both condensin complexes show a distinct subcellular localization during the cell cycle. During 

interphase, condensin I is cytoplasmatic and condensin II nuclear (Hirota et al., 2004; Ono et al., 
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2004). In mitosis both complexes localize along the chromosome arms in an alternate fashion and 

both are enriched in the centromeres (Ono et al., 2003, 2004; Savvidou et al., 2005). Condensins 

associate to the chromosomes in an ATP-binding manner that does not require ATP hydrolysis 

(Hudson et al., 2008), i.e., condensins need to bind ATP, but not to hydrolyze it to associate to the 

chromosomes.   

In budding yeast, all condensin subunits are essential for the cell viability. Depletion of condensins 

causes a cell division block due to incomplete anaphase (Freeman et al., 2000). SMC2 and SMC4 

were first described in Xenopus laevis egg extracts as essential for chromosome condensation 

(Hirano & Mitchison, 1994). Recent studies show also that only six factors (the core histones, three 

histone chaperones, topoisomerase II and condensin I) are enough to assemble DNA in a 

chromatid-like structure in vitro (Shintomi et al., 2015). Surprisingly, in vertebrates and Drosophila, 

the depletion of condensin subunits delays mitosis and causes segregation problems, but do not 

prevent the formation of chromosomes. Nonetheless, those chromosomes without condensins 

show an aberrant morphology, chromosome bridges in anaphase and other segregation defects 

(Gerlich et al., 2006; Hartl et al., 2008b; Hirota et al., 2004; Hudson et al., 2003; Ono et al., 2003, 

2004; Savvidou et al., 2005). The bridges and the impaired segregation are due to entanglements 

between the chromosomes that have not been resolved before metaphase (Hartl et al., 2008b; 

Ono et al., 2013). Depletion of one or the other complex produces different chromosome 

morphologies. Depletion of condensin I produces short fuzzy chromosomes while depletion of 

condensin II produces long curly chromosomes (Green et al., 2012; Ono et al., 2003). Therefore, 

the condensins are more important for the individualization, shape and rigidity of the 

chromosomes, than for their compaction. 

According to the model for vertebrate condensin-mediated chromosome formation, during 

interphase condensin I locates in the cytoplasm and condensin II in the nucleus. In S phase, 

condensin II is involved in the resolution of the sister chromatids. In prometaphase it becomes 

stably bound to the chromosomes and compacts them axially by creating long-range chromatin 

loops. After the nuclear envelope break-down, condensin I binds to the chromosomes in a 

dynamic way and mediates frequent short-range interactions between the chromatin loops, 

compacting the chromosomes laterally and fully resolving them (Fig. 6) (Green et al., 2012; Hirano, 

2012). Recent studies support this model. A single condensin molecule is capable of creating a 

DNA loop in an ATP-hydrolysis dependent manner (Ganji et al., 2018). Moreover, in 
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prometaphase, condensin II creates a helical central scaffold from which 200-400 Kb outer loops 

emanate. Those loops are split into smaller 80 kb condensin I-mediated loops after the nuclear 

envelope break-down. Condensin II is centrally located and more stable, while condensin I is more 

peripheral (Gibcus et al., 2018; Walther et al., 2018). The loops are not attached at specific loci, i.e. 

they are variable (Gibcus et al., 2018). This observation explains why in mitotic chromosomes 

specific sequences for condensin attachment is not evident, and why condensin enrichment is 

mainly found at repetitive sequences such as at centromeres, tRNA and rRNA (Kim et al., 2013; 

Kim et al., 2016; Piazza et al., 2013).  

 

Figure 6. Condensin localization and function in vertebrates. During interphase, condensin I (green) and condensin II 
(red) localize in the cytoplasm and the nucleus, respectively. In S phase, condensin II starts to localize within the 
chromosomes helping to resolve the sister chromatids. At prophase, it accumulates in the chromosomes and mediates 
the axial compaction of the chromosomes. Cohesins (blue) mediate the cohesion of the sister chromatids. After nuclear 
envelope break-down (NEBD), condensin I gains access to the chromosomes and compacts them laterally. During 
metaphase condensin I and II localize to the mitotic chromosomes in an alternate fashion. Modified from Hirano, 2012.    
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The location of condensin II in the nucleus suggests an interphase-specific function which differs 

from the function during the mitotic chromosome formation. Accordingly, during interphase, 

condensin II is also involved in gene expression and chromatin organization (Wallace & Bosco, 

2013).  

The best examples for gene regulation are found in Caenorhabditis elegans, which encodes a third 

condensin complex, the Dosage Compensation Complex (DCC). The DCC ensures the equal 

expression of X chromosome-linked genes in hermaphrodites (two X chromosomes) and males 

(one X chromosome). In Drosophila, CAP-D3 together with the RetinoBlastoma protein (RB), 

regulate gene clusters involved in tissue-specific programs (Longworth et al., 2012). And in mouse 

and human, condensin II localizes to the promoters of active genes and is required for normal 

gene expression (Dowen et al., 2013; Yuen et al., 2017). 

Condensin II also organizes chromatin during interphase (Wallace & Bosco, 2013). In Drosophila, 

condensin II promotes the formation chromosome territories, ensures the individualization of the 

chromosomes and the dispersion of repetitive sequences (Bauer et al., 2012; Hartl et al., 2008b).  

Although condensin I has been repeatedly reported to be only cytoplasmatic during interphase, 

some studies also address its presence in the nucleus during interphase. Budding yeast condensin, 

which is analogous to condensin I, is present in the nucleus during interphase. It localizes to 

centromeres and RNA polymerase III transcribed genes, such as the tRNA and the 5S rDNA, and it 

is essential for rDNA condensation and transmission (D’Ambrosio et al., 2008b; Freeman et al., 

2000). In human, a subpopulation of CAP-D2 is nuclear during interphase (Schmiesing et al., 2000). 

Drosophila CAP-D2 is predominantly nuclear during interphase and is required for the resolution 

of sister chromatids (Savvidou et al., 2005). In chicken, condensin I is needed for the correct 

condensation of the rDNA and a heterochromatic region of the chromosome Z, and its depletion 

affects gene expression, suggesting a role in transcription (Zhang et al., 2016). 

In Arabidopsis, condensins have not been studied as widely as in other organism, but the 

components for both condensin complexes are present (Schubert, 2009; Smith et al., 2014). In 

contrast to other organisms, Arabidopsis has two SMC2 family members, SMC2A and SMC2B. Both 

proteins must have redundant functions since single mutants are viable but the double mutant is 

embryo lethal (Siddiqui et al., 2003). SMC4 mutants are also inviable, showing the importance of 

condensin for normal plant development (Siddiqui et al., 2006). Condensin I and II subunits have a 
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different subcellular location in Arabidopsis. CAP-H is present in the cytoplasm during interphase 

(Fujimoto et al., 2005) while the condensin II subunits CAP-H2 and CAP-D3 are mainly nuclear. 

However, CAP-H2 was mainly detected in the nucleolus while CAP-D3 is absent from it (Fujimoto 

et al., 2005; Schubert et al., 2013). CAP-H2, CAP-H and SMC4 localize in the chromosomes during 

mitosis (Fujimoto et al., 2005; Smith et al., 2014). As in other organism, the chromosomes 

condense in Arabidopsis condensin mutants, but they present abnormal shapes and segregation 

defects (anaphase bridges and chromatin threads between the chromosomes) (Smith et al., 2014). 

CAP-D2 is needed for the normal organization of the centromeres and the rDNAs in meiotic 

chromosomes (Smith et al., 2014). Like in Drosophila, condensin II is involved in the organization 

of chromatin during interphase. Arabidopsis CAP-D3 prevents centromeric heterochromatin 

associations and induces chromatin compaction. However, the condensin I protein CAP-D2 

participates also in both processes (Schubert et al., 2013).  

Overall, the role of the condensins as organizers of the nucleus and chromosomes seem to be 

conserved in Arabidopsis. Besides its structural functions, condensin is also involved in the 

response to DNA damage caused by boron (Sakamoto et al., 2011), in the silencing of 

pericentromeric transposons and in correct gene expression (Wang et al., 2017).   
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2. Aims 

Plants need a strict regulation of transcription to respond effectively to environmental changes. 

Transcription and its regulation occur during interphase, when chromatin is more relaxed and 

proteins can access the DNA. Also during interphase, the spatial folding of the chromatin allows 

interactions between loci and regulatory sequences. The analysis of the nuclear organization 

during interphase is thus required to understand the regulation of the transcription.  

The condensin complexes are conserved in all eukaryotes. Their roles in shaping chromosomes 

and organizing the chromatin during interphase have been widely studied in yeast and animals. 

However plant condensins remain largely unknown. This study is a continuation of the work of 

Schubert et al. (2013) about the condensin subunits CAP-D2 and CAP-D3 in Arabidopsis thaliana 

with special focus on: 

i) A general characterization of CAP-D2 and CAP-D3 considering their expression pattern 

and cellular localization to understand how similar Arabidopsis condensins are to 

other eukaryotes condensins.  

ii) The specific role of CAP-D3 organizing the nucleus. Schubert et al. (2013) showed that 

CAP-D3 affects the organization of the chromosome territories and centromeric 

regions. Here we intend to decipher the effects of CAP-D3 on the organization of other 

repetitive regions and determine the relationships between CAP-D3 euchromatin 

organization, the epigenetic landscape and transcription.  

iii) The role of CAP-D2 as a nuclear organizer studying in depth the phenotype of plants 

defective for CAP-D2.   
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3. Materials and methods 

3.1 Plant material, transformation and growing conditions 

3.1.1 Arabidopsis plant material and stable transformation 

Arabidopsis thaliana (L.) Heynh was used as the model plant of this study. All lines and control 

plants are in Columbia-0 (Col-0) background. The Arabidopsis T-DNA insertion lines were obtained 

from the European Arabidopsis Stock Center, except for cap-d3 SALK (SAIL_826_B06), cap-d3 SALK 

(SALK_094776) and cap-d2-1 (SALK_044796), which were previously described and selected in our 

laboratory (Schubert et al., 2013), and for the double mutant hub1-3/hub-2-1 (Fleury et al., 2007) 

which was kindly donated by Dr. Mieke Van Lijsebettens (VIB, Ghent, Belgium). Seeds were sown 

in soil and germinated under short day conditions (16h dark/8h light, 18-20 °C) and then 

transferred to long day conditions (16h light/ 8h dark, 18-20°C) before bolting. The lines were 

genotyped by PCR using the primers listed in the Appendix Table 1. The presence of the T-DNA 

was further confirmed by sequencing (Sequencing platform, IPK, Gatersleben, Germany). All 

T-DNA accession numbers and loci are listed in Table 1.  

Table 1. T-DNA insertion lines used in this study.  

Name Locus Seed Stock Number Description 

hub 1-3 At2g44950 GABI-276D08 (Fleury et al., 2007) 
hub 1-4 At2g44950 SALK_122512 (Fleury et al., 2007) 
hub 1-5 At2g44950 SALK_044415 (Y. Liu et al., 2007) 
hub1_760 At2g44950 SALK_037760 This study 
hub1_867 At2g44950 (promoter) SALK_119867 This study 
hub 2-1 At1g55250  GABI-634H04 (Fleury et al., 2007) 
hub 2-2 At1g55250  SALK_071289 (Y. Liu et al., 2007) 
hub 1-3 /hub 2-1 At2g44950 /At1g55250   (Fleury et al., 2007) 
rbr 1-3 At3g12280 GABI-170G02 (Ebel et al., 2004) 
rbr_029 At3g12280 SALK_096029 This study 
rbr_478 At3g12280 SALK_071478 This study 
csn3-1 At5g14250 SALK_000593 (Dohmann et al., 2008b) 
csn3-2 At5g14250 SALK_106465 (Dohmann et al., 2008b) 
csn4-1 At5g42970 SALK_043720 (Dohmann et al., 2008b) 
csn4-2 At5g42970 SALK_053839 (Dohmann et al., 2008b) 
csn5b-1 At1g71230 SALK_007134 (Dohmann et al., 2005) 
csn5b-2 At1g71230 SALK_030493 This study 
csn5b-3 At1g71230 SALK_036658 This study 
cap-d3 SAIL At4g15890 SAIL_826_B06 (Schubert et al., 2013) 
cap-d3 SALK At4g15890 SALK_094776 (Schubert et al., 2013) 
cap-d2-1 At3g57060 SALK_077796 (Schubert et al., 2013) 
cap-d2-2 At3g57060 SALK_044796 This study 
cap-d2-3 At3g57060 SALK_065716 This study 
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Arabidopsis stable transformants were generated by the floral dip method (Clough & Bent, 1998). 

For selection of primary transformants, the seeds were sterilized and plated on ½ Murashige and 

Skoog (MS) basal medium (Sigma) supplemented with the adequate antibiotics when required and 

grown in a growth chamber under long day conditions.  

3.1.2 Arabidopsis protoplast isolation and transformation 

Isolation and transformation of Arabidopsis leaf protoplasts were performed as described in Yoo 

et al. (2007). In brief, well expanded Arabidopsis rosette leaves were collected and cut into thin 

strips with a razor blade. The leaf strips were incubated in an enzyme solution (1.5 % CelluloseR10 

(Duchefa Biochemie) 0.4 % Macerozyme R10 (Duchefa Biochemie) until the protoplasts were 

released. Then, the protoplast suspension was filtered through a 100 µm nylon mesh and the 

protoplasts were precipitated by centrifugation 1 min at 200 g at 4 °C. After being washed with W5 

buffer (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES), the protoplasts were resuspended in 

MMG buffer (0.4 M Mannitol, 15 mM MgCl2, 4 mM MES) to a concentration of 2x105 

protoplast/ml followed by PEG-transformation with 10 µg plasmid DNA per 100 µl protoplasts. The 

protoplasts were maintained in W1 buffer (0.5 M Mannitol, 20 mM KCl, 4 mM MES) at room 

temperature in darkness and analyzed the following days. 

3.1.3 Arabidopsis cell suspension culture transformation 

The Arabidopsis ecotype ‘Landsberg erecta’ cell suspension (PSB-D) was grown by shaking in an 

orbital shaker at 130 rpm at 25 °C in the dark in MSMO medium with adequate antibiotics for 

selection. PSB-D cells were transformed and upscaled as previously described (Van Leene et al., 

2011) in collaboration with the group of Prof. Klaus Grasser (University of Regensburg, Germany). 

For transformation, the PSB-D cells were co-cultivated with Agrobacterium tumefaciens containing 

the constructs of interest in MSMO with 0.2 mM acetosyringone (Sigma). The transformed mixture 

was transferred to MSMO medium with Vancomycin (500 µg/ml, Duchefa) and Carbenicillin (500 

µg/ml, Duchefa) to eliminate the Agrobacterium cells from the culture, and Kanamycin (50 mg/ml, 

Duchefa) for the construct’s selection. Every week for the next 3 weeks the cell culture was 

transferred to increasing volumes of fresh MSMO with the 3 antibiotics (Vancomycin, Carbenicillin 

and Kanamycin) and then grown for another 3 weeks, in increasing volumes of MSMO with only 

the selection antibiotic to increase the cell mass. The cell suspension was collected by 

centrifugation and stored at -80 °C. 
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3.1.4 Nicotiana benthamiana transient transformation 

The transient transformation of N. benthamiana leaf cells was carried out as described in Sparkes 

et al. (2006). Agrobacterium  strain GV3101 carrying the constructs of interest was grown in YEB 

medium with suitable antibiotics to an OD600 of 1 and resuspended in infiltration medium (10 mM 

MES, 10 mM MgCl2, pH 5.6, 3.3 mM acetosyringone). N. benthamiana leaves of 2 to 3 weeks old 

plants were infiltrated with the Agrobacterium suspension using a syringe without needle and 

analyzed 2 to 4 days later. When co-infiltration of more than one construct was required, the 

Agrobacterium cultures were mixed to a 1:1 ratio each before resuspension in infiltration medium.  

3.2 General methods used to characterized the condensin subunits  

3.2.1 Genomic DNA isolation and PCR 

Genomic DNA was isolated from leaf material. The leaves were frozen, grinded in liquid nitrogen 

and resuspended in DNA Extraction buffer (100 mM Tris, 0.7 M NaCl, 0.05 M EDTA pH 8.0). The 

DNA was extracted from this suspension with chloroform:isoamyl alcohol (24:1 ratio) followed by 

precipitation and washing with isopropanol and ethanol. Then, the DNA was resuspended in sterile 

distilled water (SDW).  

Routine PCRs, as genotyping PCRs or RT-PCR, were performed with 1 µl gDNA or cDNA in a PCR 

mixture containing 1.25 U Taq DNA Polymerase in 1X Buffer (Qiagen), 0.8 mM dNTPs mix (Bioline) 

and 0.4 µmol of each primer.  

3.2.2 Total RNA isolation, cDNA synthesis and quantification of RNA 

Total RNA for regular procedures such as expression checking by RT-PCR or to generate cDNA 

templates for cloning, was extracted from leaves and flower buds with the TRIzol method (Life 

Technologies). Total RNA for CAP-D2 and CAP-D3 transcript quantification was extracted from 

leaves, roots, 7 days-old seedlings and flower buds with RNeasy Plant Mini kit (Qiagen) following 

manufacturer’s instructions. All RNA samples were treated with TURBO DNAse (Thermo Fisher 

Scientific) and tested for DNA contamination by PCR. Reverse transcription was performed using 

250 ng of total RNA and the RevertAid H Minus First Strand cDNA Synthesis kit (Thermo Fischer 

Scientific), with oligo(dT)18 primers, according to the manufacturer’s instructions. The quality of 

the cDNA was checked with a PCR targeting EF1B mRNA (Elongation factor 1β) with the primer 

pair EF1BF 5`-AAACCTACATCTCCGGGATCAATT-3` / EF1BR 5`-ACAGAAGACTTTCCACTCTCTTTAG-3’. 
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Quantitative RT-PCRs for CAP-D2 and CAP-D3 transcripts were done in triplicates and from three 

independent biological samples using SYBR™ Green PCR Master Mix (Thermo Fischer Scientific) in 

a 7900HT Fast Real-Time PCR System (Applied Biosystems). For each reaction, 0.5 µl of cDNA 

template and 0.6 mM primers (Table 2) were used in 10 µl. PPA2 and At4g26410 (Kudo et al., 

2016) were used as reference genes for data normalization and the data were analyzed with the 

Double Delta Ct method (Livak & Schmittgen, 2001).  

Table 2. List of primers used for CAP-D2, CAP-D3 and reference gene transcript quantification 

Primer name Sequence 5’-3’ 

D2QRT2_F CCACCCAAGAGAACAATGGC 

D2QRT2_R TGCACACTCCCCAATCAGAT 

D3QRT1_F AGAATGACGTACAAGGGCTAGA 

D3QRT1_R ATCGCCAGCCCATGTAGAAG 

PP2A_F TAACGTGGCCAAAATGATGC 

PP2A_R GTTCTCCACAACCGCTTGGT 

At4G26410_F GAGCTGAAGTGGCTTCCATGAC 

At4G26410_R GGTCCGACATACCCATGATCC 

 

3.2.3 Cloning and construct generation 

DNA fragments for cloning were produced using a high fidelity DNA polymerase (KOD Hot Start 

DNA Polymerase, Merck Millipore). Two types of cloning were used, traditional cloning with 

restriction enzymes (Thermo Fisher Scientific) and Quick ligation Kit (NEB), and Gateway cloning 

using the Gateway LR Clonase II enzyme mix (Invitrogen) following the manufacturer instructions. 

Below are the specifications for the generation of each construct and the primers are listed in 

Table 3. All the constructs were transformed in DH5α E. coli cells (NEB), isolated using QIAprep 

Spin Miniprep Kit (Qiagen) and confirmed by sequencing (Sequencing platform, IPK, Gatersleben, 

Germany). All the constructs generated are listed in Appendix Table 2. 
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Table 3. Primer sequences and usage. Linker sequences are in lower case letters, restriction sites are underlined and 
genomic sequences are written in upper case. 

Name Sequence 5´-3´ Use 

CAPG_pEnt_f    acgtGTCGACATGGGCGAAGAATCAGAAATC CAP-G cloning into pEntry 

CAPG_pEnt_r    attaGCGGCCGCgaTTCATCTGAATCATCTGCTGT CAP-G cloning into pEntry 

CAPH_pentry_f actgGTCGACATGGATGAATCCTTAACTCCA CAP-H cloning into pEntry 

CAPH_pentry_r attaGCGGCCGCagGGCAAGGTGTATTGTTAGATCA CAP-H cloning into pEntry 

D2CtSalI_F actGTCGACtaGGTTCTGTTGAGAAGAATCTG CAP-D2 Ct cloning into pET23a 

D2CtNotI_R tattGCGGCCGCACTTCTACTTCCTGACCT CAP-D2 Ct cloning into pET23a 

D2SgRNA1F  attgATCACTATCTGCTGGAAGAC Sg1 protospacer for pEn-Chimera 

D2SgRNA1R  aaacGTCTTCCAGCAGATAGTGAT Sg1 protospacer for pEn-Chimera 

D2SgRNA2F  attgTGTTATTCAGCGGTTCTCCG Sg2 protospacer for pEn-Chimera 

D2SgRNA2R  aaacCGGAGAACCGCTGAATAACA Sg2 protospacer for pEn-Chimera 

D2SgRNA3F  attgGATCCATCAATGGAAGAATC Sg3 protospacer for pEn-Chimera 

D2SgRNA3R  aaacGATTCTTCCATTGATGGATC Sg3 protospacer for pEn-Chimera 

D2SgRNA4F  attgCAGAGTCATCGAGCAGCATC Sg4 protospacer for pEn-Chimera 

D2SgRNA4R  aaacGATGCTGCTCGATGACTCTG Sg4 protospacer for pEn-Chimera 

D2-392F  gtgcGTCGACCTCAAAGCTTTTCTGCTTC CAP-D2 promotor cloning into pEntry 

D2-1156F     gtgcGTCGACTGGTACTGAAGCTAAGAAGG CAP-D2 promotor cloning into pEntry 

D2ProR         gaagGCGGCCGCTTTTTCTAGAGAGAGAGAGA CAP-D2 promotor cloning into pEntry 

D2Int1R       caatGCGGCCGCTCAGAAAGGTCAAAGGATAC CAP-D2 promotor cloning into pEntry 

D2Int2R       aaatGCGGCCGCTTTTTCCTCCCTCGTGCTG CAP-D2 promotor cloning into pEntry 

D3-474F gtgcGTCGACATTTTGTTGTCTAGAATTTG CAP-D3 promotor cloning into pEntry 

D3-1318F gtgcGTCGACTTTTCCTCTGTTCAATAG CAP-D3 promotor cloning into pEntry 

D3ProR taatGCGGCCGCGGCGATTCTCTACTGATAGA CAP-D3 promotor cloning into pEntry 

 

3.2.3.1 Condensin subunit EYFP-fusion constructs 

The 3942 bp and 4245 bp long cDNA sequences of CAP-D3 and CAP-D2 respectively, were 

synthesized and cloned into pEntr 1A (Invitrogen) by DNA-Cloning-Service (Hamburg, Germany). 

An intron of Nicotiana tabacum RubisCo was introduced after the first 1000 bp of both CAP-D2 

and CAP-D3 synthesized sequences to avoid the potential toxic effect of long DNA sequences on 

bacteria. The inclusion of this intron impedes the complete transcription of long proteins that 

could be detrimental for bacteria growth. The 3153 bp and the 2013 bp long cDNA sequences of 

CAP-H and CAP-G respectively, were amplified from flower buds cDNA with the primer pairs 

CAPH_pentry_f/CAPH_pentry_r and CAPG_pEnt_f/CAPG_pEntr_r (Table 3) respectively, and 

cloned between the SalI and Notl sites of the pEntr 1A plasmid (Invitrogen).  
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Once in the pEntr 1A plasmid, the coding sequences of the genes of interest were subcloned into 

pGWB641 and pGWB642 plasmids (Nakamura et al., 2010) using Gateway cloning (Invitrogen). The 

generated expression cassettes contained the proteins of interest fused to EYFP C-terminally for 

the pGWB641 constructs (CAP-D2_EYFPc, CAP-D3_EYFPc, CAP-G_EYFPc and CAP-H_EYFPc) or 

N-terminally for the pGWB642 constructs (CAP-D2_EYFPn and CAP-D3_EYFPn) and both were 

under the control of the cauliflower mosaic virus 35S promoter. As a control (Control_EYFPc), a 

plasmid containing only the EYFP under the 35S promoter was generated. 

3.2.3.2 Condensin I Bimolecular Fuorescence Complementation (BiFC) constructs 

The coding sequences of CAP-D2, CAP-G and CAP-H previously cloned in the pEntr 1A plasmid 

(described above) were subcloned using Gateway cloning (Invitrogen) in the SPYNE and SPYCE 

plasmids (Walter et al., 2004). The final constructs CAP-D2_SPYNE, CAP-G_SPYNE and 

CAP-H_SPYNE have the proteins of interest fused upstream of the N-terminal part of EYFP (amino 

acids 1-155) and CAP-D2_SPYCE, CAP-G_SPYCE and CAP-H_SPYCE to the C-terminal part of the 

EYFP (amino acids 156-239); all sequences are under control of the 35S promoter.  

3.2.3.3 CAP-D2 recombinant protein expression construct 

The sequence between 2743 and 4248 bp of CAP-D2 (C-terminal 500 amino acids) was amplified 

from Arabidopsis flower buds cDNA with the D2CtSalI_F and D2CtNotlI_R primers (Table 3). The 

fragment was cloned between the SalI and NotI restriction sites of the pET23a(+) plasmid 

(Novagen) resulting in a pEt23_CAP-D2_Ct construct which contains the cassette 

T7 promoter::T7 tag-CAP-D2Ct-His tag. 

3.2.3.4 CAP-D2 and CAP-D3 affinity purification constructs 

The cDNA sequences of CAP-D3 and CAP-D2 were synthesized and cloned into 

pCambia 2300 35S GS-Ct, kindly donated by Prof. Klaus Grasser (University of Regensburg, 

Germany), by DNA-Cloning-Service (Hamburg, Germany) resulting in the constructs 

pCambia2300_CAP-D2_GS and pCambia2300_CAP-D3_GS. The constructs contain the coding 

sequence of CAP-D2 and CAP-D3, respectively, under the 35S promoter and a GS-tag fused to the 

C-terminal part of the protein. As explained above, the synthesized sequences contain one intron 

of the Nicotiana tabacum RubisCo sequence. 
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3.2.3.5 CAP-D2 and CAP-D3 promoter-GUS reporter lines 

Different lengths of the promoter regions of both CAP-D2 and CAP-D3 were cloned between the 

SalI and NotI restriction sites of the pEntr 1A plasmid (Invitrogen). The sequences were amplified 

from leaf gDNA with the primer pairs D2-1156F/D2ProR for the Pro4_D2 fragment, 

D2-1156F/D2Int1R for Pro5_D2, D2-1156F/D2Int2R for Pro6_D2, D2-392F/D2ProR for Pro7_D2, 

D2-392F/D2Int1R for Pro8_D2, D2-392F/D2Int2R, for Pro9_D2, D3-1318F/D3ProR for Pro10_D3 

and D3-474F/D3ProR for Pro11_D3 (Table 3). In total six versions of long/short promoters 

including/excluding the first and second intron were cloned for CAP-D2 (Pro4_D2 to Pro9_D2) and 

two, long/short promoters, for CAP-D3 (Pro10_D3 and Pro11_D3). The fragments were subcloned 

upstream of the GUS reporter gene in the pGWB633 plasmid (Nakamura et al., 2010) using 

Gateway cloning (Invitrogen).  

3.2.3.6 CAP-D2 CRISPR-Cas 9 constructs 

Four protospacer sequences were designed to target CAP-D2. Due to the small size of the 

protospacers (20 nucleotides), they were generated by oligo annealing (Table 3) and cloned first 

into pEn-Chimera and then subcloned into pDE-CAS9 (Fauser et al., 2014) following the protocol 

described in Schiml et al., 2016. The final constructs (pDeCas Sg1, pDeCas Sg2, pDeCas Sg3 and 

pDeCas Sg4) include an expression cassette with the SpCas9 protein under the ubiquitin4-2 

promoter from Petroselinum crispum (PcUbi4-2 promoter) and the specific Single guide RNA 

(SgRNA) under the Arabidopsis ubiquitin AtU6-26 promoter.    

3.2.4 DNA sequence analysis 

Sequence alignment, editing and chromatogram checking were done with BioEdit v7.2.6.1 and 

Genome Compiler v0.6.0 (Genome Compiler Corporation). The later was also used for sequence 

annotation and in silico cloning to generate maps of the constructs and plasmids. Primers were 

designed with Primer3Plus (Untergasser et al., 2007) and NetPrimer (Premier Biosoft).  

3.2.5 Total protein extraction and Western blot 

Isolated protoplast or grinded plant leaf material were resuspended in 100-300 µl of protein 

extraction buffer (56 mM Na3CO3, 56 mM DTT, 2% SDS, 12% Sucrose, 2 mM EDTA, bromophenol 

blue), incubated 20 min at 65 °C and centrifuged at high speed. Then, the supernatant containing 

the soluble total protein was used for Western blot.  
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For Western blot, the extracted proteins were separated in 10% polyacrylamide gels (Schägger & 

von Jagow, 1987) and blotted into Immobilion-Fl membranes (Millipore). The membranes were 

incubated in blocking solution (5% skim milk in TBST) for 30 min to reduce non-specific binding of 

the antibodies. Two types of Western blot detection were used, fluorescent and 

chemiluminescent detection. In the first case, the membranes were incubated overnight at 4 °C 

with the adequate primary antibody in TBST buffer: mouse anti-His-tag (1:2000, Millipore, 05-949), 

rabbit anti-CAP-D2 serum (1:1000) or rabbit anti-GFP conjugated with Alexa 488 (1:1000, 

Chromotek, PABG1); and then with a secondary antibody: anti-mouse IgG IRDye 680RD (1:10000, 

LI-COR, 926-32222) or anti-rabbit IgG IRDye800CW (1:5000, LI-COR, 925-32213). The membranes 

were imaged using a LI-COR Odyssey Imager (LI-COR). For T7-tag detection, chemiluminescent 

detection was used: the membranes were first incubated with anti-T7-tag conjugated with alkaline 

phosphatase (1:10000, Merck, #6999) for 1 h, and then with phosphate-activity buffer (100mM 

Tris, 100 mM NaCl, 1 mM MgCl2, 0.33 mg/ml nitro blue tetrazolium and 0.17 mg/ml 5-bromo-4-

chloro-3-indolyl phosphate) in the dark until the signals were visible.  

3.2.6 CAP-D2 and CAP-D3 affinity purification and mass spectrometry 

The constructs pCambia2300_CAP-D2_GS and pCambia2300_CAP-D3_GS were transformed into a 

PSB-D Arabidopsis cell suspension as described above. Transformation of PSB-D cell suspension 

and co-immunoprecipitation were done in collaboration with the group of Prof. Dr. Klaus Grasser 

(Plant Chromatin Group, Institute of Plant Science, University of Regensburg). CAP-D2-GS and 

CAP-D3-GS were affinity purified following the protocol described in Dürr et al. (2014). In brief, 

15 g of cell material were resuspended and sonicated in extraction buffer (25 mM HEPES, 100 mM 

NaCl, 0.05% NP-40, 1 mM DTT, 2 mM MgCl2, 5 mM EGTA, 10 % glycerol and protease inhibitors). 

The protein solution was incubated with magnetic beads conjugated with IgG (IgG presents high 

affinity binding to the GS-tag). After applying a magnet to the mixture, the beads pulled-down 

CAP-D2-GS or CAP-D3-GS and interacting proteins separating them from the rest of the protein 

mixture, which was washed away. The purified proteins were eluted in 0.1 M glycine and analyzed 

by mass spectrometry.  

For mass spectrometry, the eluted proteins were separated in a 10 % polyacrylamide gel and 

digested with trypsin. Mass spectrometry and data analysis were performed according to Antosz 

et al. (2017). Briefly, peptides were separated on an Ultimate 3000 RSLC nano System 

(ThermoScientific) by reversed-phase chromatography using a Reprosil-Pur Basic C18 nano column 
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(Dr. Maisch GmbH) in a linear gradient of 4 to 40% acetonitrile in 0.1% formic acid. The LC System 

was coupled to a MaXis plus UHR-QTOF system (Bruker Daltonics) via a nanoelectrospray source 

(Bruker Daltonics). Data-dependent acquisition of tandem mass spectrometry (MS/MS) spectra by 

collision-induced dissociation fragmentation was performed using a dynamic method with a fixed 

cycle time of 3 s (Compass 1.7; Bruker Daltonics). Protein Scape 3.1.3 (Bruker Daltonics) in 

connection with Mascot 2.5.1 (Matrix Science) facilitated database searching of the NCBInr 

database  

Three independent affinity purifications were performed; a MASCOT score of minimum 100 and 

the presence in at least two of the purifications were considered as criteria for reliable protein 

identification. The experimental background (contaminating proteins that co-purified with the 

unfused GS-tag) and non-specific interactions (proteins that co-purified independently of the bait 

used) were subtracted. The list of non-specific Arabidopsis proteins is based on 543 affinity 

purification experiments using 115 different baits (Van Leene et al., 2014). 

3.2.7 CAP-D2 and CAP-D3 promoter analysis (β-glucuronidase activity assay) 

Arabidopsis stable transformants carrying the β-glucuronidase (GUS) gene fused to different 

versions of CAP-D2 and CAP-D3 promoters (promoter-GUS reporter constructs) were selected in 

½ MS (Sigma) with 16 mg/L PPT (Duchefa). One month after sowing, the plantlets were stained for 

GUS activity according to Jefferson et al. (1987) with small modifications. Arabidopsis plantlets 

were collected in 15 ml tubes containing 1 % X-Glu (5-Bromo-4-Chloro-3-indolyl-β-D-

Glucopyranoside; Duchefa) in 0.1 M phosphate buffer (pH 7.0). To facilitate the penetration of the 

solution in the material, the tubes with the plant material and the staining solution were 

vacuumed in a speed vacuum for 5 min and incubated overnight at 37 °C. Next day, the staining 

solution was replaced by 70 % ethanol and incubated 20 min at 60 °C. This step was repeated until 

the chlorophyll was removed. The stained material was preserved in 70 % ethanol at 4 °C and 

analyzed under a stereo microscope. 

3.2.8 Nuclei isolation and flow cytometry 

Arabidopsis nuclei of differentiated cells were isolated and flow-sorted according to their ploidy 

level as previously described (Weisshart et al., 2016). Leaf material was fixed in 4 % formaldehyde 

in Tris buffer (10 mM Tris, 10 mM NaEDTA, 100 mM NaCl, 0.1 % Triton-X, pH 7.5) for 20 min on ice 

under vacuum. The leaves were washed in Tris buffer and chopped with a razor blade in 
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chromosome isolation buffer (15 mM Tris, 2 mM Na2EDTA, 0.5 mM spermin, 80 mM KCl, 15 mM 

2-mercaptoethanol, 1% Triton X-100). The suspension was filtered through a 35 µm mesh and 

used, after 4’6-Diamino-2-Phenylindole (DAPI, Thermo Fischer Scientific) staining, for Fluorescence 

Activated Cell Sorting (FACS) in a BD INFLUX Cell Sorter (BD Bioscience). The nuclei were sorted 

based on their DNA content in 2C, 4C, 8C and 16C ploidy fractions. 1C is the DNA content of a 

haploid not replicated nucleus.  

3.2.9 Slide preparation with flow-sorted nuclei  

Twelve µl of sorted nuclei and the same amount of sucrose buffer (10 mM Tris, 50 mM KCl, 2 mM 

MgCl-6H2O, 5% sucrose, pH 8.0) were placed over a clean glass slide for Structured Illumination 

Microscopy (SIM) or over a clean high precision coverslip for PhotoActivated Localization 

Microscopy (PALM) and air dried at room temperature overnight. The slides and coverslips were 

directly used or stored at -20 °C until further use (Weisshart et al. 2016). 

3.2.10 Preparation of squashed Arabidopsis roots  

Arabidopsis seeds were grown on a wet filter paper and fixed after 3-4 days in 4 % 

paraformaldehyde in phosphate-buffered saline buffer (1xPBS buffer). The seedlings were washed 

in 1xPBS buffer and digested for 30 min at 37°C in an enzyme mix (0.5 % pectolyase (Sigma), 0.5 % 

cytohelicase (Sigma), 0.35 % cellulose (Calbiochem), 0.35 % cellulose (Duchefa) in 1xPBS buffer. 

After removal of the enzyme and 1xPBS washing, the root tips were transferred to a clean slide 

and squashed between coverslip and slide. The liquid nitrogen frozen coverslip was lifted and the 

slide directly used for immunostaining. 

3.2.11 Probe preparation and Fluorescence in situ Hybridization (FISH) 

The probes were generated using four different methods: (i) by PCR for the 180 bp centromeric 

repeat (pAL probe; Martinez-Zapater et al. 1986), (ii) from a plasmid for the 5S rDNA probe 

(pCT4.2; Campell et al. 1992), (iii) from BACs containing the 45S rDNA repeats (BAC T15P10), and 

(iv) and for painting part of Chromosome Territory 1 Bottom (CT1Bp) from BACS arranged in 

contigs (BACs F11P17 to F12B7). The BACs were obtained from the Arabidopsis Biological Resource 

Center (Ohio, USA). The probes were labeled with modified dUTPs conjugated with Texas-red 

(Invitrogen) or Alexa-488 (Invitrogen) by nick-translation. The FISH was performed as previously 

described (Pecinka et al. 2004). The slides were rinsed in 2xSSC, treated with pepsin (50 µg / ml in 

0.01 M HCl) for 2 min at 38 °C, washed in 2xSSC, post-fixed in 4% formaldehyde in 2xSSC for 10 
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min at room temperature and washed again in 2xSSC. The slides were then dehydrated by washing 

in an ethanol series (70 %, 80 % and 96 % ethanol) for 2 min each except for the slides with the 

nuclei embedded in acrylamide. Per slide 1 µl of labeled probe was used, except for CT1bottom 

painting in which 18 µl of pooled BAC probes per slide were used. All the probes were precipitated 

with ethanol, resuspended in 20 µl of HB50 (20 % dextranosulfat, 50 % formamid, 50 mM 

phosphate buffer in 2xSSC) and denaturized for 5 min at 90 °C. The probes were hybridized on the 

slide for 3 min at 80 °C, and then incubated at 37 °C overnight in a wet chamber. After FISH the 

slides were first washed three times in 50 % formamid in 2xSSC and then in 2xSSC at 42 °C, 

dehydrated in an ethanol series, embedded and stained with DAPI in antifade (Vectaschield; 

Vectorslab). 

3.2.12 Indirect immunofluorescence labeling 

 Nuclei and chromosome preparations were washed in 1xPBS and incubated for 30 min at 37 °C in 

a moist chamber with 30 µl blocking buffer (4 % BSA, 0.1 % Tween-20 in 1xPBS) to reduce non-

specific antibody binding. After three washes in 1xPBS, the slides were incubated with the primary 

antibody diluted in antibody buffer (1 % BSA, 0.1 % Tween-20 in 1xPBS) overnight at 4 °C. Next 

day, the slides were washed in 1xPBS again and incubated with the secondary antibody in 

antibody buffer for 1 h at 37 °C. After incubation, the preparations were washed in 1xPBS, 

dehydrated in an ethanol series (70 %, 90 % and 96 % ethanol for 2 min each) and counterstained 

with DAPI in antifade (Vectashield; Vectorslab). All primary and secondary antibodies, and the 

dilutions used are listed in Table 4. 

Immunolocalization of 5-methyl-cytosine requires an initial DNA denaturation of the specimen. 

Slides with sorted nuclei were denaturated in 70 % formamid in 2xSSC for 2 min at 70 °C. The 

preparations were dehydrated in ice cold 70 % and 96 % ethanol for 5 min each, and then air-

dried. Subsequent blocking and antibody incubations were carried as described above. 

3.2.13 Microscopy and image analysis 

Wide field fluorescence microscopy was used to evaluate and image the nuclei and chromosome 

preparations with an Olympus BX61 microscope (Olympus) and an ORCA-ER CCD camera 

(Hamamatsu). When higher resolution was needed to analyze substructures and spatial 

arrangements of immunosignals and chromatin, a super-resolution fluorescence microscope Elyra 
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PS.1 (Zeiss) was used with the ZEN software. This microscope allows applying spatial Structured 

Illumination Microscopy (SIM), which enhances the lateral resolution up to ~120 nm. 

Processing and analysis of microscopic image stacks were done with ZEN (Zeiss), Adobe Photoshop 

CS5 (Adobe) and Imaris 8.0 (Bitplane) software.  Gray-scale pictures taken by light microscopy 

were colorized and combined by Adobe Photoshop. 

Plant leaf tissues cause high autofluorescence derived from chlorophyll and other secondary 

metabolites. In order to accurately detect the signal of interest in BiFC experiments, N. 

benthamiana leaf preparations were analyzed under a confocal laser scanning microscope (Zeiss 

LSM 510 META), which is able to decompose the complex emission spectra of the sample and 

separate the unique spectral signature of the desired fluorophore, in this case EYFP. 

Table 4. Antibodies and their dilutions used for immunolocalization. 

Antibody name Primary/Secondary  Dilution used Reference 

Anti-CAP-D3  Primary; Guinea Pig  1:200 Schubert et al. 2013 
Anti-CAP-D2 serum Primary; Rabbit  1:200 This study 
Anti-H3K27me3  Primary; Rabbit  1:100 Merck 07-449 
Anti-H3K9me1 Primary; Rabbit  1:200 Merck 07-395 
Anti-H3K9me2 Primary; Rabbit  1:100 Merck 07-441 
Anti-H3K4me3 Primary; Rabbit  1:200 Merck 07-473 
Anti-H3K9ac Primary; Rabbit 1:500 Nobus Biological NBP2-44095 
Anti-H3K14ac Primary; Rabbit 1:1000 Merck 07-353 
Anti-H3K18ac Primary; Rabbit 1:1500 Abcam ab1191 
Anti-H3K9+14+18+23+27 ac Primary; Rabbit 1:500 Abcam ab47915 
Anti-5methylcytosine Primary; Mouse 1:100 Abcam ab10805  
Anti-GFP 488 Primary conjugated with Dylight 488 1:1000 Rockland 200-341-215 
Anti-Rabbit 488 Secondary 1:100 Dianova 711-545-152 
Anti-Rabbit Rhodamine Secondary 1:300 Jackson 111-025-003 
Anti Mouse 488 Secondary 1:50 Molecular probes A11001 
Anti Guinea Pig 488 Secondary  1:100 Molecular probes A11073 

 

3.2.14 Gene and protein identification numbers 

Sequence data from this study can be found in The Arabidopsis Information Resource (TAIR) or 

National Center for Biotechnology Information (NCBI) databases under the following gene 

identification numbers: CAP-D2, AT3G57060; CAP-D3, AT4G15890; CAP-G, AT5G37630; CAP-H, 

AT2G32590. 

The protein sequences for CAP-D2 can be found in the InterPro database under the following 

identification numbers: Arabidopsis thaliana F4J246; Homo sapiens Q15021; Mus musculus 
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Q8K2Z4; Xenopus laevis Q9YHY6; Drosophila melanogaster Q9VAJ1 and Gallus gallus 

A0A1D5PW66.  

3.3 CAP-D3 characterization 

3.3.1 Chromosome territory quantification 

One fourth of the Arabidopsis Chromosome Territory 1 bottom (CT1Bp) was determined by FISH 

as described above on sorted nuclei from cap-d3 SAIL, cap-d3 SALK and wild-type control plants. 

The centromeric 180 bp repeat was included in the FISH as a control. CT1Bp signal was quantified 

on 16-bit gray scale microscopic images using ImageJ v1.50i (Schneider et al., 2012). The images 

were taken from preparations of flow-sorted nuclei. Since this technique flattens the nuclei, they 

were considered as two-dimensional. Within each datasets all the images were treated the same 

way after using the same acquisition parameters. For the CT1Bp signal image dataset, the 

background was subtracted with the option ‘Rolling ball’ set at 25 pixels and the delimitation of 

the region of interest (ROI) with the RenyiEntropy threshold. For the nuclear area image dataset 

(measured based on DAPI staining), the background was not subtracted and the nuclear area was 

delimited as a ROI also with the RenyiEntropy threshold. The area of each ROI was automatically 

measured by the program. 

3.3.2 Preparation of cap-d3 mutants nuclei with preserved 3D structure 

Arabidopsis nuclei were embedded in acrylamide to preserve their 3D structure following the 

procedure described by Kikuchi et al., 2005 with modifications. The nuclei were isolated as 

described above from wild-type plants and the cap-d3 SAIL and cap-d3 SALK mutants. Twelve µl of 

nuclei suspension were mixed on a slide with 6 µl of active 15 % acrylamide embedding medium 

(15 % acrylamide/bisacrylamide (29:1), 15 mM PIPES, 80 mM KCl, 20 mM NaCl, 2 mM EDTA, 

0.5 mM EGTA, 0.5 mM spermidine, 0.2 mM spermine, 1 mM DTT, 0.32 M sorbitol, 2 % APS and 

2 % Na2SO3). A coverslip was carefully placed on top of the acrylamide-nuclei mixture and let to 

polymerize 30 min at room temperature. The coverslip was then removed letting a thin pad of 

nuclei embedded in acrylamide on the slide that was directly used for FISH with the centromeric 

180 bp repeat. The reconstruction of spatial Arabidopsis nuclei was generated from SIM image 

stacks using the Imaris software. 
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3.3.3 Epigenetic landscape of the cap-d3 mutants 

The epigenetic landscape of cap-d3 mutants was evaluated with two different methods. 

3.3.3.1 Distribution of DNA 5-methyl-cytosine, histone H3 methylation and acetylation 

The distribution of 5-methyl-cytosine (5MC), H3K27me3, H3K9me1, H3K9me2, H3K4me3, H3K9ac, 

H3K14ac, H3K18ac, H3K9+14+18+23+27 ac was evaluated on flow-sorted 4C nuclei from control 

plants and the cap-d3 SAIL, cap-d3 SALK mutants and by immunofluorescence performed as 

described above. 

3.3.3.2 Centromeric DNA methylation 

Southern blot analyses were performed to compare CpG centromeric DNA methylation between 

cap-d3 mutants and control plants. Five µg of gDNA from Arabidopsis leaves was digested with 

either HpaII or MspI (Thermo Fischer Scientific). Both enzymes recognize the same restriction 

sites, but MspI is insensitive to methylation while HpaII is sensitive. The digestion was run in 1% 

agarose gel over night for a complete separation of the fragments. The gel was denatured (1.5 M 

NaCl, 0.5 M NaOH) and neutralized (1.5 M NaCl, 1 M Tris, 1 mM EDTA) before being blotted onto a 

positively charge nylon membrane (Hybond- XL, Amersham) with high-salt buffer (20X SSC).  After 

the transfer, the membrane was incubated in herring DNA and hybridized with 32P-labelled 

centromeric 180 bp repeat pAL probe in CHURCH buffer overnight at 65 °C. Next day, the 

membrane was washed in decreasing concentrations of SSC (2x, 0.5x and 0.1x) and the signals 

were detected by autoradiography using an Imager-Plate and scanned with a phosphorimager. 

The Arabidopsis centromeric pAL probe was generated by PCR and 32P-labeled according to 

manufacturer´s instructions (Deca-Label DNA labelling Kit, Thermo Scientific).  

3.3.4 cap-d3 RNA-seq and transcriptome analysis 

cap-d3 SAIL, cap-d3 SALK and control (Col-0) seeds were sown in soil under short day conditions. 

RNA was extracted with the RNeasy Plant Mini Kit (Qiagen) from 50 mg of pooled 4 weeks-old 

plantlets cut above the root. For each of the three Arabidopsis genotypes five independent RNA 

extractions were performed and the RNA integrity of the samples was measured in a 2100 

Bioanalyzer (Agilent). The four RNA samples of each genotype with the highest RIN (RNA Integrity 

Number) were used for library preparation and RNA sequencing (NGS platform, IPK, Gatersleben, 

Germany). The libraries were prepared with TruSeq RNA Library Kit (Illumina) unstranded and 

were sequenced in a HiSeq2000 system. 
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The quality of the RNA-seq reads were assessed with FastQC v0.11.4 (Babraham Bioinformatics) 

and adaptors trimmed with Trimmomatic v0.32 (Bolger et al., 2014). After a second quality check 

in FastQC, the reads were aligned with GSNAP v2016-05-25 (Wu & Nacu, 2010) against the 

Arabidopsis TAIR10 genome and the gene counts calculated with HTseq v0.6.1 (Anders et al., 

2015). Differential expression analyses were performed using the DESeq2 1.14.0 Bioconductor 

package (Love et al., 2014). Genes were considered differentially expressed (DEG) when they had a 

Benjamini-Hochberg-adjusted-P value ≤ 0.05 and a log2-fold change ≤ -1 or ≥ 1. Genes detected as 

differentially expressed for both cap-d3 mutants were considered as the genes associated to CAP-

D3 defective proteins independently of the specific mutation. Gene enrichment was analyzed with 

PLAZA 3.0 (Proost et al., 2015) and agriGO v1.2 (Du et al., 2010). The analysis of the transcription 

factors present in cap-d3 DEG was perform with the Arabidopsis Transcription Factor Database 

(AtTFDB) from the Arabidopsis Gene Regulatory Information Server (AGRIS; Yilmaz et al., 2011).  

3.4 CAP-D2 characterization 

3.4.1 Anti-CAP-D2 antibody production 

The construct pEt23_CAP-D2_Ct, which contains the last 500 amino acids of CAP-D2 fused to a 

His-tag, was transformed into E. coli BL21 cells and the expression of the transgene induced with 

1 mM IPTG (isopropyl-β-D-thiogalatopyranoside, Sigma-Aldrich). The recombinant protein was 

purified with agarose beads that bind specifically to the His-tag (Ni-NTA Agarose, Qiagen) following 

the purification hybrid method from the ProBond purification system (Thermo Fisher Scientific). 

The purified recombinant protein was used to produce an anti-CAP-D2 polyclonal antibody in 

rabbit (Phytoantibodies group, IPK, Gatersleben, Germany). Two rabbits were immunized with the 

recombinant protein and the anti-serum collected after four immunizations. The anti-CAP-D2 

serum was not further purified. It was tested for sensitivity and specificity, and used directly for 

Western blot and immunolocalization. 

3.4.2 Condensin I Bimolecular Fluorescence Complementation (BiFC) 

For confirmation of interactions found between condensin I subunits they were further examined 

by BiFC. This technique is based in the restoration of a split fluorescent protein upon interaction of 

the two proteins being tested (Hu et al., 2002): the proteins of interest are fused each one to the 

N-terminal or the C-terminal part of EYFP, the construct are co-transformed in N. benthamiana 

and if the proteins interact with each other, the fluorescence of the restored EYFP will be visible. 
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N. benthamiana 3 to 4 weeks-old plants were transiently transformed with all the possible pair 

combinations between CAP-D2, CAP-G and CAP-H SPYNE (N-terminal EYFP) and SPYCE (C-terminal 

EYFFP) constructs that could restore the split EYFP protein. The transcription factor bZIP63, known 

to form homodimers, was used as a positive control (Walter et al., 2004) and SPYNE and SPYCE 

empty vectors as a negative control. Plants were analyzed 2-4 days after infiltration. 

3.4.3 Arabidopsis condensin I localization in protoplasts 

The protoplasts were isolated and transformed as described above with the constructs 

CAP-D2_EYFPc, CAP-G_EYFPc, CAP-H_EYFPc and control_EYFPc. Following a fixation in 4% 

formaldehyde in 1xPBS and washes in 1xPBS, the protoplasts were centrifuged at 400 rpm for 5 

min (Shandon CytoSpin3, GMI inc) onto a microscopic slide.  The slides were directly used for 

immunostaining against EYFP. 

3.4.4 Meiotic analysis of the cap-d2 T-DNA insertion mutant  

The fixation and slide preparation of Arabidopsis pollen mother cells were performed according to 

the method described by Sanchez Moran et al., (2001). cap-d2-1 T-DNA insertion line mutant 

flower buds were collected and fixed in Carnoy’s fixative (6:3:1, ethanol:chloroform:acetic acid). 

To obtain chromosomes spreads, fixed flower buds were washed in 3:1 (ethanol:acetic acid) and 

10 mM citrate buffer (10 mM citric acid, 10 mM sodium citrate, pH 4.5) before digestion in an  

enzyme mix (0.3 % pectolyase (Sigma), 0.3 % cytohelicase (Sigma), 0.3 % cellulose (Duchefa)) in 

citrate buffer for 2 h at 37 °C. The anthers were dissected, placed on a slide with a drop of citrate 

buffer and macerated soften with a needle until a homogeneous mix was obtained. Ten µl of 60 % 

acetic acid were dropped on the mix and the slide was placed over a warming plate at 42 °C for 1 

min. Another 10 µl of 60 % acetic acid were added off the plate and the mix surrounded with 3:1 

fixative. The slides were air-dried and used for FISH against the 5SrDNA and the 45SrDNA as 

described above. 

3.4.5 CRISPR-Cas 9 in vitro assay and the generation of cap-d2 mutants 

The CRISPR/Cas system is based on two components, a nuclease (Cas9) that cleaves a double-

stranded DNA target, and a single-guide RNA (sgRNA) that determines the target specificity. The 

Cas9 protein produces a double strand break in the target DNA which will be repaired by non-

homologous end joining (NHEJ). NHEJ is an error prone repair system that can introduce small 

indels when repairing the DNA, and therefore can be used for mutagenesis (Fauser et al., 2014). 
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The Streptococcus pyogenes Cas9 nuclease (SpCas9), codon-optimized for Arabidopsis was used 

(Fauser et al., 2014). The sgRNA comprises three parts: a 20 nucleotide long protospacer 

complementary to the DNA target; a protospacer-adjacent motif (PAM), 3 nt needed for the 

binding and cleavage by Cas9; and a trans-activating CRISPR RNA (tracrRNA) that recruits the Cas9 

protein. For S. pyogenes the PAM sequence is NGG, hence a protospacer can be designed to target 

any CAP-D2 region ending NGG. 

The efficiency of the 4 SgRNAs (Sg1 to Sg4) guiding the Cas9 protein to its target was tested in vitro 

based on the Guide-it sgRNA In Vitro Screening System (Takara Bio). In this system, a template 

containing the SgRNA target is created by PCR and mixed with the SgRNA of interest and Cas9 

nuclease. The SgRNA guides the Cas9 nuclease to the template, which cleaves it. The SgRNAs were 

produced in vitro. A DNA fragment containing the T7 promoter and the protospacer sequence was 

generated by PCR (primers in Table 5), and then transcribed with T7 pol mix (HiScribe T7 high yield 

RNA, NEB) following manufacturer’s protocol. The template was generated by amplifying a 

fragment of approximately 2 kb containing the SgRNA target by PCR. Thirty ng of the purified 

SgRNA, 30 nM S. pyogenes Cas9 nuclease (NEB) and 100 ng of the template were mixed and 

incubated 1 h at 37 °C. The mixture was incubated 10 min at 70 °C to stop the reaction and run in a 

1% agarose gel to separate and visualize the cleaved products. 

Table 5. Primers used for in vitro Cas9 assay and cap-d2 mutants screening. Underlined sequences correspond to T7 
promoter and bold letters to the protospacer sequence. 

Primer name Sequence 5´-3´ 

T7_SgRNA1_F GCGGCCTCTAATACGACTCACTATAGGGATCACTATCTGCTGGAAGAC 

T7_SgRNA2_F GCGGCCTCTAATACGACTCACTATAGGGTGTTATTCAGCGGTTCTCCG 

T7_SgRNA3_F GCGGCCTCTAATACGACTCACTATAGGGGATCCATCAATGGAAGAATC 

T7_SgRNA4_F GCGGCCTCTAATACGACTCACTATAGGGCAGAGTCATCGAGCAGCATC 

SgRNA_R GTTTTAGAGCTAGAAATAGCA 

Sg2_screen_F CAAAGTCGTGGGGCTCTATC 

Sg2_screen_R GGTGGCCTCAAGGTTTTCTT 

Sg3_screen_F GAAGTTTGCGAAGCCAGAAC 

Sg3_screen_r AGTTTTCACATACCGCCACT 

Sg4_screen_f ACGGCCATTCCTCGTTATTT 

Sg4_screen_r ACGTGGAGGAAAGTAGGTGT 

 

The constructs pDeCas Sg2, pDeCas Sg3 and pDeCas Sg4 were transformed into Arabidopsis and T1 

plants were selected on ½ MS plates supplemented with 16 mg/L PPT (Duchefa). Next plant 

generations (from T2 on) were grown in ½ MS plates and screened for mutations by PCR and 
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sequencing. gDNA was isolated from single plants leaves and a fragment containing the SgRNA 

target amplified by PCR (Table 5) was used for sequencing (Sequencing platform, IPK, Gatersleben, 

Germany). The analysis of mutations generated by CRISPR-Cas9 was done with TIDE v2.0.1 

(Brinkman et al., 2014), a software which reconstructs the indels produced by genome editing 

tools from the sequence chromatogram.  
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4. Results 

4.1 General characterization of CAP-D2 and CAP-D3 condensin subunits 

4.1.1 Putative regulators of CAP-D2 and CAP-D3 expression 

Previous in silico analysis with the perturbation tool of GENEVESTIGATOR suggest an influence of 

the histone monoubiqutination 1 (HUB1), the retinoblastoma-related protein (RBR) and the COP9 

signalosome (CSN) subunits CSN3, CSN4 and CSN5, on CAP-D2 and CAP-D3 transcription (Table 6) 

(Schubert et al., 2013). As the cap-d2 and cap-d3 mutants show centromere association during 

interphase (Schubert et al., 2013), the putative regulators were examined for a similar phenotype 

(Fig. 7b). Two to five T-DNA insertion mutant lines for CSN3, CSN4, CSN5b, RBR, HUB1 and HUB2 

were selected, the T-DNA insertions confirmed by sequencing and analyzed for centromere 

association during interphase (Fig. 7a). For all mutants the analysis was done on the same material 

and ploidy level, based on flow-sorted 4C nuclei isolated from expanded rosette leaves. The 

centromere association was evaluated by counting the number of FISH centromere (pAL) signals 

per nucleus. 

Table 6. In silico gene expression analysis of CAP-D2 and CAP-D3 co-regulated genes using GENEVESTIGATOR. Fold-
change expressions of CAP-D2 and CAP-D3 in the perturbations are indicated. Modified from Schubert et al., (2013). 

Protein Perturbation CAP-D2 CAP-D3 

  Fold-change P value Fold-change P Value 
COP9 signalosome subunit 3 (CSN3) T-DNA mutation 2.73 <0.001 5.11 <0.001 
COP9 signalosome subunit 4 (CSN4) T-DNA mutation 2.76 <0.001 5.27 <0.001 
COP9 signalosome subunit 5 (CSN5) T-DNA mutation 2.72 <0.001 4.43 <0.001 
Retinoblastoma-related protein (RBR) RNAi depletion 1.38 0,007 1.68 0.008 
Histone Monoubiquitination 1 (HUB1) EMS mutation -2.12 <0.001 -1.45 0.016 
 

The CSN is an eight-subunit complex that regulates cullin-RING E3 ubiquitin ligases, which in turn, 

regulate multiple processes by targeting proteins for proteasome degradation (Hotton & Callis, 

2008). Therefore, the CSN complex is involved in plant development, photomorphogenesis, DNA 

repair and biotic stress (Schwechheimer & Isono, 2010; Stratmann & Gusmaroli, 2012). Loss of 

function mutants for Arabidopsis CSN subunits show seedling growth arrest and G2 phase delay 

(Dohmann et al., 2008a). Among the selected T-DNA insertion, csn3-1 and csn5b-3 presented the 

seedling arrest phenotype (Dohmann et al., 2008a,2008b), and therefore, were not included in the 

study. For the other csn lines (csn3-2, csn4-1, csn4-2, csn5b-2 and csn5b-1), the growth was similar 

to wild-type plants. Two homozygous plants for each line were analyzed, except for csn5b-1, 
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where only one homozygote could be confirmed. Significant differences (P value < 0.05) were 

observed in the number of centromeric pAL signals after FISH for csn3-2, csn4-1, csn4-2 and 

csn5b-2 mutants compared to wild-type (Fig. 7c - e). 

The retinoblastoma protein (Rb) is a key regulator of the cell cycle which is conserved in 

metazoans (Miskolczi et al., 2007). Rb binds to the E2F transcription factor and acts as repressor 

impeding the G1/S progression. In Arabidopsis, the retinoblastoma-related protein (RBR) is 

involved in cell proliferation, differentiation and responses to the environment (Harashima & 

Sugimoto, 2016), and homozygous rbr mutants are gametophytic lethal (Ebel et al., 2004). 

Heterozygous plants could be recovered from two T-DNA lines which were not described 

previously: rbr-478, with the T-DNA insertion at the end of the gene; and rbr-029, in the 3’UTR. 

Only the rbr-029 mutant presented differences compared to wild-type in the distribution of 

centromeric pAL signals in interphase nuclei (Fig. 7f).  

Histone monoubiquitination 1 (HUB1) and its homolog HUB2 are E3 ubiquitin ligases that 

monoubiquitinate histone H2B (H2Bub1), which functions as a epigenetic mark of active 

transcription in Arabidopsis (Feng & Shen, 2014). Arabidopsis hub1 and hub2 mutants have 

reduced levels of H2Bub1 (Liu et al., 2007) and the G2/M transition is blocked (Fleury et al., 2007). 

This block possibly causes vegetative growth defects of the mutant. Mutant plants are smaller 

than wild-type, they have modified leaf shape and reduced rosette biomass, root growth and seed 

dormancy (Fleury et al., 2007). We obtained homozygous plants for all the selected T-DNA lines: 

hub1-3, hub1-4, hub1-5, hub1-760, hub1-867, hub2-1, hub2-2 and the double mutant 

hub1-3/hub2-1. At least two plants were analyzed per line, but no differences in the number of 

centromeric signals between the mutants and wild-type were detected (Fig. 7g, h). 

In total, 5 out of 15 mutants selected as putative transcriptional regulators of CAP-D2 and CAP-D3 

showed a deviation in the number of centromeric pAL signals compared to wild-type nuclei. 

Nevertheless, none of the mutants reached the level of centromeric association observed in the 

cap-d3 and cap-d2 mutants, where more than 80% of the nuclei showed 1 to 6 signals (Schubert et 

al., 2013)(Fig. 7b). The csn mutants presented less centromeric association than the cap-d 

mutants, and the percentage of nuclei with less than 6 centromeric pAL signals was less than 25% 

(Fig. 7c - e). 
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Figure 7. Degree of centromere association during interphase in putative transcriptional regulators of CAP-D2 and 

CAP-D3. a) Gene structure models of CSN3, CSN4, CSN5b, RBR, HUB1 and HUB2. Blue boxes represent the exons, lines 
the introns, and dark blue boxes the 5´and 3´ UTR. The T-DNA insertion lines analyzed for each gene and its insertion site 
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is represented above the model. Names in light-grey are mutant lines where the insertion could not be confirmed or 
which were lethal. b) Example of centromeric clustering in the cap-d3 SAIL mutant compared to wild-type (Wt). The 
number of centromeres was determined using the pAL repeat as FISH probe (in green). The diagrams (c-h) represent the 
centromeric pAL signal frequencies in 4C nuclei of the csn3, csn4, csn5b, rbr, hub1 single and the hub2 and hub1-hub2 
double mutants. n is the number of nuclei analyzed. Statistical analyses were performed with the Mann-Whitney Rank 
Sum test or the Kruskal-Wallis one way analysis of variance on Rank and Dunn’s method. * and *** represent 
P values < 0.05 and 0.001,  respectively.  

 

4.1.2 CAP-D2 and CAP-D3 expression in Arabidopsis 

Based on in silico analysis done with the Arabidopsis eFP Browser 2.0, CAP-D2 and CAP-D3 have a 

similar expression pattern. Both are highly expressed in shoot apex, roots, flower buds and 

vegetative rosette leaves. Their expression is lower in cotyledons, rosette leaves after bolting, 

mature flowers, siliques and embryos (Appendix Fig. 1). To corroborate the in silico analysis we 

assessed the transcription of both genes in seedlings, rosette leaves before bolting, roots and 

flower buds by quantitative real-time RT-PCR. Transcription values were normalized to the 

geometric mean of the house keeping genes PP2A and At4g26410 and relative to the transcription 

in seedlings. Both genes, CAP-D2 and CAP-D3, were transcribed in the 4 tested samples. The 

highest transcription for both genes was observed in flower buds, the lowest in seedlings (Fig. 8a). 

The transcription of CAP-D2 is 25.6, 14.8 and 3.5 times higher in flower buds, roots and leaves, 

respectively, than in seedlings (Fig. 8b). Similarly, the CAP-D3 transcription is 18.3, 9.4 and 4.4 

times higher in flower buds, roots and leaves respectively, than in seedlings (Fig. 8b). 

The activity of the CAP-D2 and CAP-D3 promoters was evaluated in Arabidopsis transgenic lines 

expressing different versions of the promoters fused to the β-glucuronidase (GUS) reporter gene 

(Fig. 8c). Six presumed promoters of different length were analyzed for CAP-D2 and 2 for CAP-D3. 

The promoter region of CAP-D2 contains two putative E2F binding sites at -345 bp and -114 bp 

upstream of the start of the gene (Schubert et al., 2013). In addition, there is a gene at position 

-391 bp (At3G57062) of 146 bp length and unknown function. Considering the positions of 

At3G57062 and the E2F sites, two promoter lengths were analyzed, a long promoter that 

comprises 1156 bp upstream the start of CAP-D2 (Pro4), and a short promoter of 391 bp (Pro7), 

which includes only the E2F sites. In addition, we designed the different promoters with or 

without intron 1 and 2. In Arabidopsis, promoter proximal introns can enhance the expression of a 

gene by a mechanism known as Intron Mediated Enhancement (IME) (Rose et al., 2008). The 

putative enhancing ability of CAP-D2 introns was analyzed in silico with the web tool IMEter (Parra 

et al., 2011). The IMEter score is positively correlated to the enhancing ability of an intron. For 
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CAP-D2 the two first introns have positive IMEter scores (Fig. 8d), meaning they are likely to 

enhance expression. These introns were included in the analysis in combination with the long and 

short promoters of CAP-D2:  Pro5 (long promoter) and Pro8 (short promoter) include Intron1; and 

Pro6 (long promoter) and Pro9 (short promoter) include Intron1 and Intron2 (Fig. 8c).  

The promoter region of CAP-D3 contains also two putative E2F binding sites at -397 bp and -84 bp 

(Schubert et al., 2013) and a short gene (At4G15885) of unknown function at position -474 bp. The 

IMEter scores of all CAP-D3 introns were negative and therefore unlikely to enhance expression 

(Fig. 8d). Therefore, for CAP-D3 the introns were not considered and only a long promoter at -1318 

bp (Pro10) and a short promoter at -474 bp (Pro11) from the start of the gene were analyzed 

(Fig. 8c). 

T1 transgenic plants with the different versions of CAP-D2 and CAP-D3 promoters were stained for 

GUS analysis, except for Pro4 where no positive plants could be isolated. The CAP-D2 promoter 

version Pro5 (n=7) was active (blue staining) on stipules (small organs at the base of the leaves), 

leaf vascular tissue and root tips; Pro6 (n=6) had weak activity on root tips; all Pro7 plants (n=22) 

showed GUS-staining in leaf vascular tissue and root tips and six plants  presented also staining in 

the apical meristem and 16 in stipules; all Pro8 plants (n=23) presented GUS activity in apical 

meristem and root tips, and 16 of them also in leaf vascular tissue. Pro9 (n=6) showed activity in 

roots, and 3 plants also weakly in the apical meristem (Fig. 8e). Therefore, all CAP-D2 promoter 

versions were active in roots, but the staining was stronger in the short promoter versions (Pro7, 

Pro8 and Pro9) than in the long ones (Pro5 and Pro6). Short promoters showed activity on the 

apical meristem; versions that include the second intron (Pro6 and Pro9) lost the staining on leaf 

vascular tissue. CAP-D3 Pro10 (n=5) showed no activity (no staining), and for Pro11 (n=18), 

8 plants showed activity in apical meristem and root tips. For both, CAP-D2 and CAP-D3, the 

expression can be driven more effectively by the short promoter, which contains the E2F sites. 

Taken together quantitative real-time RT-PCR and GUS activity staining demonstrated that, 

CAP-D2 and CAP-D3 are highly expressed in meristematic tissues (root tips, flower buds, apical 

meristem) and leaves. The low transcription observed in seedlings could be due to a low amount 

of meristematic tissue in the sample since complete one-week old seedlings were used.   
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Figure 8. CAP-D2 and CAP-D3 expression and analysis of the promoter regions. a) Relative gene transcription. ddCt 
values, lower values indicate higher transcription. Error bars represent the standard deviation between three biological 
replicates; b) Fold change transcription. a) and b) values were normalized to the geometric mean of the house keeping 
genes PP2A and At4g26410 and relative to the transcription in seedlings. Sd: Seedlings; Rl: Rossette leaves; Ro: Roots; 
Fb: Flower buds. c) Representation of the promoters of CAP-D2 (green) and CAP-D3 (red). Exons are represented as 
boxes, introns and upstream sequences as a line, the start of the coding region is marked by an arrow and the black fill-
arrows represent the unknown genes. Blue lines represent the position of the E2F binding sites. Below the different 
versions tested of the promoters fused to the GUS gene are shown. d)  IMEter scores for the three first CAP-D2 and 
CAP-D3 introns. High values represent high enhancing ability of an intron on the expression of a gene. e) Histochemical 
GUS staining in roots, leaves and the rosette centers of plants transformed with the indicated promoter versions (Pro5-
9, 11). 
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4.1.3 Localization of condensin I specific subunits and CAP-D3 

In order to localize CAP-D2 and CAP-D3 proteins, Arabidopsis wild-type plants were transformed 

with constructs containing the coding region of either gene fused at its C-terminus to enhanced 

yellow fluorescence protein (EYFP) and under the control of the 35S promoter (CAP-D2_EYFPc and 

CAP-D3_EYFPc). In both cases, the detection of the proteins in vivo or by immunolocalization with 

anti-GFP antibodies (also detecting EYFP) was not possible. Constructs with EYPF at the N-terminus 

(CAP-D2_EYFPn and CAP-D3_EYFPn) were also tested with the same result. Arabidopsis 

protoplasts have been used previously to examine the localization of proteins, including the 

condensin subunits CAP-H and CAP-H2 (Fujimoto et al., 2005). Therefore, the localization of the 

condensin I specific subunits CAP-D2, CAP-G and CAP-H was also analyzed in Arabidopsis 

protoplasts. Constructs including the coding region of CAP-D2, CAP-G and CAP-H fused to EYFP 

(CAP-D2_EYFPc, CAP-G_EYFPc and CAP-H_EYFPc) were transiently expressed in Arabidopsis 

mesophyll protoplasts. To improve the visualization of the reporter construct, the protoplasts 

were fixed and the EYFP-fusion proteins immunolocalized with anti-GFP antibodies. In addition, 

they were counterstained with DAPI to see clearly the nucleus. All these three condensin I 

complex subunits are present in the cytoplasm and nucleus (Fig. 9a). The cytoplasmatic 

localization of CAP-H was previously described (Fujimoto et al., 2005), but not yet its nuclear 

localization. In the cytoplasm GFP-negative, but DAPI-positive round organelles were also visible. 

We identified them as chloroplasts, since the protoplasts were derived from leave tissue. As 

controls were used untransformed protoplasts (negative EYFP control) and protoplasts 

transformed with Control_EYFPc (positive EYFP control, Appendix Table 2). The free EYFP (positive 

control) localized in the cytoplasm and nucleus (Fig. 9a). Western blot analysis on CAP-D2_EYFPc 

transformed protoplasts confirmed that the CAP-D2_EYFP protein was intact and that the visible 

localization corresponds to the fusion proteins (187 kDa, red arrow), and not to free EYFP (27 kDa, 

green arrow) (Fig. 9b). Hence, the CAP-D2_EYFPc construct is functional in transiently transformed 

protoplasts, although the protein is not visible in stable Arabidopsis transformants. 



43 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Localization of the condensin subunits CAP-D2, CAP-D3, CAP-G and CAP-H in Arabidopsis. a) Untransformed 
protoplasts (Negative control) and transformed with the condensin I specific subunits CAP-D2, CAP-G and CAP-H fused 
C-terminally to EYFP, and free EYFP (Positive control). b) Western blot analysis on total protein extracts from protoplasts 
untransformed (Negative C), transformed with free EYFP (Positive C) or with CAP-D2-EYFPc (CAP-D2 EYFPc). Detection 
was made with anti-GFP antibodies or anti-CAP-D2 serum. The intense band of 27 kDa (green arrow) corresponds to free 
EYFP. The bands of 187 kDa (red arrow) correspond to CAP-D2_EYPF fusion protein. c) Sensitivity test for anti-CAP-D2 
serum. Western blot on different amounts (1 – 100 ng) of CAP-D2_Ct recombinant protein (56.3 kDa) against 
anti-CAP-D2 serum. d) Western blot on CAP-D2_Ct recombinant proteins against anti-His-tag and anti-T7-tag. Black 
arrow marks the band containing the CAP-D2_Ct recombinant protein e) CAP-D2 immunolocalization on mitotic 
metaphase chromosomes of Arabidopsis. Dashed white square marks the enlarged region on the right. The white arrow 
indicates the centromeric region. f) SIM image of CAP-D2 and CAP-D3 immunocolocalization on an 8C interphase 
nucleus. White dashed square marks the enlarged region on the right. The enlarged region is depicted with (merge) and 
without the DAPI staining (CAP-D2 CAP-D3).  
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To address the subcellular localization of CAP-D2, rabbit polyclonal antibodies were generated 

against recombinant proteins containing the last 500 amino acids of CAP-D2 (CAP-D2 Ct). The 

recombinant protein produced in E. coli had a weight of ~80 kDa although the expected weight 

was 59.92 kDa including the T7- and His-tags on the N-t and C-termini, respectively. Western blot 

analysis against both tags confirmed the integrity of the recombinant protein (Fig. 9d). The 

difference in molecular weight between the expected and actual size could be due to the high 

proportion of acidic amino acids in the recombinant protein, 18.5% amino acids are negatively 

charged while only 11.1% are positively charged (Guan et al., 2015). The sensitivity of the serum 

was tested with a range of different quantities of CAP-D2ct recombinant proteins. The outcome 

was that the CAP-D2 antiserum can detect amounts as low as 1 ng of recombinant protein 

(Fig. 9c). The specificity of the serum was tested on a total protein extract from CAP-D2_EYFPc 

transformed protoplasts (Fig. 9b) and from Arabidopsis wild-type leaves (data not shown). The 

CAP-D2 antiserum is specific, it detects the CAP-D2 fusion protein from protoplasts but not the 

CAP-D2 protein from wild-type leaves. This is possibly due to a low amount of protein (below 

Western blot detection limit) on leaves compared with the protoplasts. In protoplast there is an 

overexpression of the construct since it is under the control of the 35S promoter.  

Immunolocalization of CAP-D2 on mitotic chromosomes shows a distribution along the sister 

chromatids and an enrichment in the centromeric region (Fig. 9e). This localization is similar to 

what has been previously described in Drosophila (Savvidou et al., 2005), human (Ono et al., 2003, 

2004) and budding yeast (D’Ambrosio et al., 2008a). Double immunolabelling of CAP-D2 and 

CAP-D3 in interphase nucleus shows a similar localization of both proteins in euchromatin and 

absence from the nucleolus and chromocenters (heterochromatin) (Fig. 9f). As visible in the 

further enlarged area (Fig. 9f), CAP-D2 and CAP-D3 co-localize only partially.  The localization of 

condensin II in the nucleus and condensin I in the cytoplasm during interphase has been widely 

described in vertebrates (Gerlich et al., 2006; Hirota et al., 2004; Ono et al., 2004).  On the other 

hand, the localization of CAP-D2 (condensin I) in the nucleus during interphase has been 

previously observed in chicken and Drosophila (Savvidou et al., 2005;  Zhang et al., 2016). These 

observations imply a role of CAP-D2 in the organization of chromatin during interphase. 
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Figure 10. CAP-D2 and CAP-D3 interact with the other putative condensin subunits in Arabidopsis. a) Affinity 
purification of CAP-D2 and CAP-D3 GS fusion proteins. Coomassie staining of co-purified proteins separated in a 
polyacrylamide gel. The asterisks indicate CAP-D2-GS (176 kDa) and CAP-D3-GS (163 kDa) proteins respectively. b - c) 
Identified condensin subunits co-purifying with CAP-D2 (b) and CAP-D3 (c) GS fusion proteins analyzed by mass 
spectrometry. The number of times detected in three independent affinity purification and the average MASCOT scores 
are specified. d) Localization of CAP-D2, CAP-H and CAP-G EYFP fusion proteins and EYFP alone (control EYFPc) in 
N. benthamiana leaf epidermal cells. e) Differential Interference Contrast (DIC) and confocal images of N. benthamiana 
leaf epidermal cells infiltrated with the indicated construct pairs to perform BiFC. SPYNE constructs contain the EYFP 
N-terminal part, while SPYCE constructs contain the C-terminal part of the EYFP. Only the positive control shows BiFC. 
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4.1.4 CAP-D2 and CAP-D3 interacting proteins 

A previous study confirmed the presence of both condensin complex components in Arabidopsis 

(Smith et al., 2014), but whether  the complexes are formed by the same subunits as in non-plant 

species is unknown. To determine the specific composition of each complex, CAP-D2 and CAP-D3 

were fused to a GS-tag, and affinity-purified from Arabidopsis PSB-D suspension cultured cells in 

collaboration with the research group of Prof. Klaus Grasser (University Regensburg) (Fig. 10a). 

The proteins interacting with CAP-D2-GS and CAP-D3-GS were identified by mass spectrometry 

(Appendix Table 3-4). All putative subunits of the condensin I complex, SMC2A and B, SMC4, 

CAP-H and CAP-G, co-purified with CAP-D2-GS in the three affinity purifications performed. They 

all presented high MASCOT scores (Fig. 10b). Similarly, all the putative subunits of the condensin II 

complex, SMC2A, SMC4, CAP-H2 and CAP-G2, were detected in the three affinity purifications 

performed for CAP-D3-GS (Fig. 10c). Both complexes are specific, meaning that only condensin I 

specific subunits were found among the CAP-D2 co-purified proteins and only condensin II specific 

subunits for CAP-D3. These results confirm that the composition of the condensin complexes in 

Arabidopsis is homologous to other organisms like mammals, chicken and C. elegans (Hirano, 

2012; Onn et al., 2007). Additionally, among the proteins which co-purified with CAP-D2, there 

were other interesting proteins such as SMC3, which is part of the cohesin complex; the chromatin 

remodeling factors CHR17 and CHR19; CUL1, a subunit of the SCF ubiquitin ligase complex; HDC1, 

a histone deacetylase and ELO3, a histone acetyltransferase from the elongator complex. Among 

the proteins which co-purified with CAP-D3 were two nucleosome assembly proteins (NAP); CSN1, 

a subunit of the COP9 signalosome; the helicase BRAHMA; ELO3, from the elongator complex; and 

NERD, involved in DNA methylation. These proteins co-purifying with CAP-D2 and CAP-D3 need 

confirmation of their interactions by other methods, but are interesting because of their roles in 

chromatin remodeling, transcription and protein degradation. All of them have roles related to 

condensin as a chromatin organizer. 

Direct interaction between CAP-D2, CAP-G and CAP-H was tested by Bimolecular Fluorescence 

Complementation (BiFC) in N. benthamiana. First, the localization of CAP-D2, CAP-G and CAP-H in 

N. benthamiana leaf epidermal cells was analyzed using the same constructs previously used in 

Arabidopsis protoplasts (Fig. 9a). The localization of the three proteins is similar to that observed 

in protoplasts, being present in the nucleus and the cytoplasm (Fig. 10d). Each protein was fused 

to the N (SPYNE constructs) or C (SPYCE constructs) terminal part of EYFP and transformed in 

N. benthamiana. All possible pairs that could restore the EYFP fluorescence were 



47 
 

tested: CAP-D2-SPYNE/CAP-G-SPYCE, CAP-G-SPYNE/CAP-H-SPYCE, CAP-D2-SPYNE/CAP-H-SPYCE, 

CAP-G-SPYNE/CAP-D2-SPYCE, CAP-H-SPYNE/CAP-D2-SPYCE, CAP-H-SPYNE/CAP-G-SPYCE and the 

positive control Positive-SPYNE/Positive-SPYCE. Unfortunately, none of the combinations could 

restore the EYFP fluorescence as seen for the positive control (Fig. 10e, only one possible 

combination shown as example). 

4.2 CAP-D3 characterization 

4.2.1 CAP-D3 organizes chromatin during interphase 

CAP-D3 involvement in the organization of the chromatin during interphase was previously 

described in Arabidopsis. cap-d3 mutants present centromeric clustering and chromosome 

territory dispersion (Schubert et al., 2013). In Drosophila, CAP-D3 is also involved in the formation 

of compact chromosome territories (Hartl et al., 2008b). To further study the involvement of 

CAP-D3 in chromatin organization during interphase, we used two cap-d3 mutants described 

previously (Schubert et al., 2013). Both mutants are T-DNA insertion lines with the insertion in the 

first exon (cap-d3 SAIL) and fourth exon (cap-d3 SALK) (Fig. 11a). In both cases there is a partial 

transcription of the gene that could lead to a truncated but partially functional protein (Schubert 

et al., 2013). Homozygous cap-d3 SAIL and cap-d3 SALK mutant plants are viable. The former 

shows a smaller habit than wild-type, but the latter is similar to wild-type plants (Fig. 11b). Both 

show a reduced seed setting (Schubert et al., 2013). 

To confirm the centromeric clustering and chromosome territory dispersion phenotypes in both 

mutants, a FISH experiment was performed with probes specific for the centromeric repeat pAL 

and part of the Chromosome Territory 1 Bottom arm (CT1Bp) on flow sorted 4C nuclei (Fig. 11c, d). 

In addition to the number of centromeric pAL signals per nucleus, the area of CT1Bp signal and the 

nucleus were measured. The median area of the CT1Bp signal was 3.9, 4.7 and 4.7 µm2 for cap-d3 

SAIL, cap-d3 SALK and wild-type, respectively (Fig. 11e). No significant differences were found, 

thus we could not confirm the chromosome territory dispersion phenotype of cap-d3 mutants 

described in Schubert et al. (2013). In addition, no significant difference was found in the nuclear 

area between the cap-d3 mutants and wild-type plants (Fig. 11e).  
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Figure 11. Confirmation of the Arabidopsis cap-d3 mutant phenotypes. a) Gene structure model of CAP-D3: Red boxes 
represent exons, lines the introns and the lighter red box the 3’UTR. The T-DNA insertion sites of cap-d3 SAIL and cap-d3 

SALK lines are also indicated. b) Rosette pictures of homozygous cap-d3 SAIL, cap-d3 SALK and wild-type (Wt) plants. c) 
Schematic representation of chromosome 1 and the localization of the Chromosome Territory 1 Bottom part (CT1Bp) 
and centromeric (pAL) probes (pAL marks all 10 centromeres present in the nuclei). d) SIM image of a FISH with CT1Bp 
and pAL probes on 4C nuclei. e) Box plot diagram of CT1Bp signal and the nucleus area sizes of cap-d3 SAIL, cap-d3 SALK 
and Wt nuclei. The boxes indicate upper and lower quartiles and the black bar the median. f) and g) pAL signals 
frequencies in 4C nuclei of cap-d3 SAIL, cap-d3 SALK, cap-d3 SALK complemented and Wt. n is the total number of nuclei 
analyzed from two different plants in e) and f), and from three different plants in g).     
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On the other hand, the centromeric association phenotype could be confirmed. In both cap-d3 

mutants the nuclei showed a lower number of centromeric pAL signals than wild-type (Fig. 11d). 

Around 80% of cap-d3 mutants nuclei showed less than six centromeric pAL signals, while in 

wild-type the nuclei with less than six pAL signals were 12% (Fig. 11f). To verify that the mutation 

in the CAP-D3 gene is indeed responsible for the centromeric clustering, complementation 

experiments were carried out. Complementation consists in re-introducing a working copy of the 

gene in a mutant plant, and checking if the phenotype reverts to the wild-type level. Thus, cap-d3 

SALK mutant plants were transformed with CAP-D3_EYFPc constructs, containing the coding 

region of CAP-D3 fused to EYFP under the control of the 35S promoter.  

The centromeric association phenotype was evaluated in cap-d3 SALK complemented plants by 

FISH with the centromeric repeat pAL and compared to cap-d3 SALK mutants and wild-type. Only 

15% of the complemented nuclei had less than 6 centromeric signals, which is similar to wild-type 

(Fig. 11g). Thus, the association phenotype in cap-d3 SALK complemented plants, reverted to the 

wild-type level confirming that CAP-D3 is responsible for the centromere association present in 

the mutants. 

Beside centromeres, in Arabidopsis, the 45S and 5S rDNA are heterochromatin-associated 

sequences. In differentiated nuclei, 45S rDNA tends to associate but the 5S rDNA loci are often 

separated (Berr & Schubert, 2007). To examine whether CAP-D3 affects the organization of the 

heterochromatin, the distribution of the 45S and 5S rDNA loci was analyzed by FISH in the cap-d3 

mutants (Fig. 12a). The 45S rDNA forms the nucleolar organizing region (NOR) which locates close 

to the nucleolus during interphase (Berr et al., 2006; Fransz et al., 2002). Arabidopsis 

chromosomes 2 and 4 harbor the 45S rDNA. Therefore, in a 4C nucleus a maximum of eight 45S 

rDNA signals could be evident. In wild-type, 37% of the nuclei showed three 45S rDNA signals, 

while in both mutants over 40% of the nuclei showed two signals (Fig. 12b). The 5S rDNA loci are 

on chromosomes 3, 4 and 5. Thus, a 4C nucleus should have a maximum of 12 signals. Over 70% of 

the nuclei showed between six and ten 5S rDNA signals in cap-d3 mutants and wild-type plants 

(Fig. 12c). Therefore, cap-d3 mutants present a higher association of the 45S rDNA than wild-type, 

but the number of 5S rDNA signals remains unaffected.  

Arabidopsis centromeres are positioned at the nuclear periphery (Fang & Spector, 2005; Fransz et 

al., 2002). The centromere position in the cap-d3 mutants was assessed by embedding nuclei in 

acrylamide to preserve their 3D structure followed by FISH with the centromeric repeat pAL 
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(3D-FISH). For each genotype, cap-d3 SAIL, cap-d3 SALK and wild-type, 10 nuclei were analyzed. 

Optical sections (Z-stacks) were taken for each nucleus followed by image restoration (Fig. 12d). 

The position of the centromeres was analyzed in each section. In all the cases, the centromeric 

signals were at the periphery of the nucleus and the centromeric clustering was still visible in 

cap-d3 mutants. In consequence, we did not observe a different centromere positioning between 

wild-type and the cap-d3 mutants. 

  

Figure 12. Influence of CAP-D3 on the association of 45S and 5S rDNA and the spatial centromere arrangement in 

Arabidopsis interphase nuclei. a) FISH with 45S rDNA and 5S rDNA on 4C nuclei of wild–type (Wt) and cap-d3 SAIL 
mutants. The ideogram (right) represents the Arabidopsis chromosomes showing the localization of the 45S and 5S 
rDNA. b) and c) Frequency of 45S and 5S rDNA signals in 4C nuclei of Wt and cap-d3 mutants. n is the total number of 
nuclei analyzed from three different plants. d) SIM orthogonal view of FISH with the centromeric repeat (pAL) on 
structurally preserved acrylamide-embedded nuclei of Wt and cap-d3 mutants. Blue, green and red rectangles show x-y, 
x-z and y-z optical cross-sections, respectively.  
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4.2.2 Epigenetic landscape in the cap-d3 mutants 

DNA can be methylated at cytosine as 5-methyl-cytosine (5mC). The methylation of DNA is 

associated with heterochromatin formation and therefore, it is found at the chromocenters 

(Fransz et al., 2002). Mouse embryonic stem cells depleted of condensin show a reduction of 5mC 

(Fazzio & Panning, 2010). In order to decipher whether such an effect can also be observed in 

plants, immunolocalization against 5mC was performed to evaluate the distribution of methylated 

DNA in cap-d3 mutants compared to wild-type. In both cap-d3 mutants and wild-type the 

distribution was similar regarding the 5mC signal localizing in the chromocenters (Fig. 13a). The 

Arabidopsis centromeric region is highly DNA methylated in the CpG context (Martinez-Zapater et 

al., 1986). The use of methylation sensitive enzymes and Southern blot hybridization allows a 

more precise determination of the relative DNA methylation level of the centromeric repeats. 

HpaII and its isoschizomer MspI cleave the same CCGG sequence, but HpaII is methylation 

sensitive while MspI is not. MspI will cut when the middle cytosine is methylated (CCmGG). In 

wild-type, the centromeric repeats are highly methylated and are thus digested by MspI (Fig. 13b). 

The ladder-like pattern corresponds to the monomer, dimer, trimer and higher orders of 

centromeric repeats. As expected, HpaII does not cut in wild-type DNA. In both cap-d3 mutants, 

the hybridization pattern is similar to wild-type. Thus, the relative level of CCGG methylation did 

not change in cap-d3 mutants (Fig. 13b).  

CAP-D3 prevents the clustering of heterochromatin, but the CAP-D3 protein itself localizes in 

euchromatic region during interphase. Both types of chromatin are characterized by specific 

histone modifications marks (Fuchs et al., 2006). To evaluate a possible functional association 

between histone modifications and CAP-D3, the distribution pattern of different histone marks 

was compared between cap-d3 mutants and wild-type. Specific marks for heterochromatin 

(histone H3K9me1, H3K9me2) and euchromatin (histone H3K4me3, H3K27me3) were tested by 

indirect immunostaining. In addition, the H3 acetylation marks H3K9ac, H3K14ac, and H3K18ac as 

well as H3K9+14+18+23+27ac were evaluated. Histone acetylation relaxes chromatin allowing 

different protein complexes to access the DNA (Wang et al., 2014). Thus, acetylation is associated 

with transcription, and hypoacetylation with transcriptional repression. In flow-sorted 4C 

wild-type nuclei, H3K4me3 localizes in euchromatin and it is absent from chromocenters and the 

nucleolus; in cap-d3 mutants the localization is identical (Fig. 13c). H3K9me1 is a heterochromatin-

specific histone modification that localizes in the chromocenters in both cap-d3 mutants and 

wild-type (Fig. 13c). Finally, the acetylation mark H3K14ac localizes mainly in the euchromatin 
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(transcriptionally active chromatin) of wild-type nuclei, but also in the mutants (Fig. 13c). The 

other histone modifications tested (H3K27me3, H3K9me2, H3K9ac, H3K18ac and 

H3K9+14+18+23+27ac) followed also the same pattern in wild-type and the cap-d3 mutants 

(Appendix Fig. 2). In short, we could not see obvious differences in the distribution patterns of the 

different histone marks between wild-type and the cap-d3 mutants. 

 

 

Figure 13. Epigenetic landscape of cap-d3 mutants in interphase nuclei of Arabidopsis. a) 5-methyl-cytosine 
immunolocalization in 4C nuclei of wild-type (Wt) and cap-d3 mutants. b) Southern blot of cap-d3 mutants and Wt 
genomic DNA digested with HpaII (H) or MspI (M) and hybridized with the P32-labelled centromeric repeat pAL. c) 
Immunolocalization of histone H3K4me3, H3K9me1 and H3K14ac on 4C nuclei of Wt and the cap-d3 mutants. 
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4.2.3 The effect of CAP-D3 on transcription 

To assess if the clustering of the pericentromeric interphase chromatin in cap-d3 mutants affects 

gene transcription, the transcriptome of both mutants was compared to wild-type. 

RNA-sequencing was performed in 4 samples (pooled 4 weeks-old plantlets) for each genotype. 

Principal component analysis (PCA) of the samples allowed a clear separation between wild-type 

and cap-d3 mutants (Fig. 14a). cap-d3 SALK mutant plants present an intermediate phenotype 

between wild-type and cap-d3 SAIL plants. They have the same size as wild-type plants but as 

cap-d3 SAIL, they present reduced fertility and centromere clustering  (Schubert et al., 2013). In 

agreement, cap-d3 SALK samples cluster together in the PCA between wild-type and cap-d3 SAIL 

(Fig. 14a). To test whether a major transcriptional change between the genotypes occurred, the 

distribution (frequency) of the expressed genes for each genotype was over-laid (Fig. 14b). The 

transcriptional profiles were almost identical between genotypes, i.e., a high number of genes 

have very low transcription (few counts) while few genes are highly transcribed. We could 

therefore exclude an important change in the transcriptional program between cap-d3 mutants 

and wild-type plantlets. 

Nonetheless, after differential expression analysis, we could observe alterations between the 

cap-d3 mutants and wild-type transcriptomes. The genes with at least 2-fold change transcription 

and a pAdj ≤ 0.05 were considered as differentially expressed genes (DEG) between two 

genotypes. The smallest difference was observed between cap-d3 SAIL vs. cap-d3 SALK (74 DEG), 

and the highest between cap-d3 SAIL vs. Wt (398 DEG). cap-d3 SALK vs. Wt was intermediate 

(97 DEG)(Fig. 14c). Both cap-d3 mutants show centromere and 45S rDNA clustering, but cap-d3 

SAIL plants show growth defects that are absent in cap-d3 SALK plants. To separate the individual 

effect of each allele, in further analysis only the DEG shared by both mutants when compared to 

wild-type were considered. These 83 genes, common to the cap-d3 mutation independently of the 

specific alleles, are subsequently referred to as “cap-d3 DEG” (Fig. 14d and Appendix Table 5). Of 

the cap-d3 DEG, 57 genes are up-regulated and 26 down-regulated compared to wild-type 

(Table 7). These genes are distributed throughout all chromosomes arms (Fig. 14e). According to 

their Gene Ontology (GO) enrichment, the cap-d3 DEG are mainly involved in transcription, 

particularly in biological processes affecting the response to water, stimuli and stress (Table 8). In 

agreement with their role in transcription, 13 out of the 83 cap-d3 DEG are transcription factors 

(Appendix Table 5). 
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Figure 14. Transcriptome analysis of cap-d3 mutants and wild-type plantlets. a) Principal component analysis of both 
cap-d3 mutants and wild-type (Wt) based on normalized transcription of all genes. b) Gene count distribution in cap-d3 

mutants and Wt. The individual transcription profiles for each genotype are over-laid. For sake of representation, genes 
with less than 4 counts were excluded, their high frequency would make the other peaks not visible. On the right each 
histogram is depicted individually. c) Volcano plots showing transcriptome comparisons between cap-d3 SALK, cap-d3 

SAIL and Wt. The horizontal dotted line corresponds to pAdj = 0.05. Genes below are depicted in black and above in 
grey. In red are genes differentially expressed (DEG) at a threshold of 2 fold change (i.e., up-regulated: ≥ 1 Log2 FC, or 
down-regulated: ≤ -1 Log2 FC) and with a pAdj ≤ 0.05. pAdj is the p-value corrected for multiple testing with the 
Benjamini-Hochberg adjustment. d) Venn diagram showing the DEG across the three comparisons. Each circle comprises 
all the DEG genes of one comparison and the intersections between circles are the common DEG. For example: the blue 
circle represents the cap-d3 SAIL vs Wt DEG, which are 398, of those: 83 are the same as in cap-d3 SALK vs Wt, 53 are 
the same as in cap-d3 SAIL vs cap-d3 SALK, 3 are differentially expressed in all comparison and 259 are only present in 
cap-d3 SAIL vs Wt. e) Ideogram of Arabidopsis chromosomes showing the position of the 83 cap-d3 DEG along the 
chromosomes.  
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The influence of CAP-D3 directly in transcription is moderate, there are no major transcriptome 

changes and the number of DEG between both mutants and wild-type is relatively low.  However, 

the DEG involvement in plant response to stress and the proportion of transcription factors 

indicate that CAP-D3 could have an indirect role in transcription.  

 Table 7. Number of differentially expressed genes (DEG) in cap-d3 SAIL vs Wt, cap-d3 SALK vs Wt and the intersection 

(common genes) between both sets (cap-d3). All DEG are at least 2 fold change transcribed and pAdj ≤ 0.05. 

 

cap-3 SAIL vs Wt cap-d3 SALK vs Wt cap-d3 

DEG 398 97 83 

Up-regulated genes 271 67 57 

Down-regulated genes 127 30 26 

 

Table 8. Gene ontology (GO) categories enriched in the 83 cap-d3 DEG. FDR (False Discovery Rate): p-value adjusted for 
multiple testing. 

Ontology GO term Description FDR 

Biological process GO:0009414 Response to water deprivation 0.0001 

Biological process GO:0009415 Response to water 0.0001 

Biological process GO:0042221 Response to chemical stimulus 0.0021 

Biological process GO:0009628 Response to abiotic stimulus 0.0033 

Biological process GO:0050896 Response to stimulus 0.01 

Biological process GO:0006950 Response to stress 0.041 

Molecular function GO:0030528 Transcription regulator activity 0.024 

Molecular function GO:0003700 Transcription factor activity 0.047 

 

4.3 CAP-D2 characterization 

4.3.1 cap-d2 T-DNA insertion mutant analysis 

CAP-D2 has been previously described to be involved in Arabidopsis chromosome territory 

organization (Schubert et al., 2013) and meiotic chromosome structure (Smith et al., 2014). In the 

first study a T-DNA insertion mutant was used, the line cap-d2-1 (Fig. 15a), while in the study of 

Smith et al. (2004) a CAP-D2 RNAi line was employed. Only heterozygous individuals of the T-DNA 

insertion line cap-d2-1 are viable. The growth of cap-d2-1 plants is similar to wild-type, but they 

present reduced fertility (Schubert et al., 2013). To evaluate the effect of this allele during meiosis, 

the structure of meiotic chromosomes was analyzed in pollen mother cell spreads. In addition, to 

identify the chromosomes FISH with labeled 45S and 5S rDNA was performed. As described by 

(Fransz et al., 1998) wild-type metaphase I bivalents show the characteristic pattern of 45S and 5S 
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rDNA signals. The 45S rDNA probe labeled the bivalents of chromosome 2 and 4. 5S rDNA signals 

were found on the bivalents of chromosomes 3, 4 and 5 (Fig. 15b, c). Notably, in the cap-d2-1 

mutants the pattern of the 45S rDNA signal is different compared to wild-type. During diplotene, 

in addition to the 5S rDNA signal, one chromosome of bivalent 3 shows an extra 45S rDNA signal 

(arrow Fig. 15b), while in the bivalent 2 one 45S rDNA signal is missing. In metaphase I 

chromosomes 3 and 2 form a tetravalent (Fig. 15b), meaning they have some homologous region 

that allows them to pair. In conclusion, line cap-d2-1 has a heterozygous translocation involving 

the 45S rDNA between chromosome 2 and 3 (Fig. 15c). Chromosome translocations associated to 

T-DNA insertions are a common phenomenon in Arabidopsis (Clark & Krysan, 2010). The 

translocation may induce impaired gametes that can be responsible for the reduced fertility of the 

cap-d2-1 plants. Since it cannot be distinguished unambiguously whether the reduced fertility and 

nuclear phenotype of line cap-d2-1 is caused by the T-DNA insertion or by the translocation, we 

excluded it from future experiments.  

Other T-DNA insertion lines for CAP-D2 were analyzed, cap-d2-2 and cap-d2-3 (Fig. 15a), but the 

T-DNA insertion could not be confirmed in neither of them.       

4.3.2 Generation of CRISPR/Cas-based cap-d2 mutants    

During interphase, condensin I is required to maintain the compaction of the rDNA and the Zrep 

heterochromatic region of chromosome Z in chicken (Zhang et al., 2016). Moreover, we found the 

localization of CAP-D2 in Arabidopsis interphase nuclei. To study the function of CAP-D2 in 

chromatin organization, a stable an Arabidopsis cap-d2 mutant line was generated via CRISPR/Cas 

genome engineering. Of the possible protospacers (short sequence complementary to the target 

region) for CAP-D2, four where selected and cloned (Sg1-4, Fig. 15a). Sg1 targets the beginning of 

the 4th exon, a region highly conserved across CAP-D2 orthologues (Appendix Fig. 3). Sg2 targets a 

low conserved region at the beginning of the 6th exon, but downstream there is a highly conserved 

area (Appendix Fig. 3). Sg3 and Sg4 are at the end of the gene, in the 15th and 16th exon, 

respectively, and in a non-conserved area. The functionality of sgRNAs was tested in vitro by 

incubating them with their target DNA and the recombinant Cas9 protein (Fig. 15d). If cleavage 

products can be detected after electrophoresis, it means the sgRNA guides the Cas9 protein 

effectively to its target. Sg1 had a low activity, there was only a partial digestion of the target, but 

for the other Sg, the digestion was almost complete (Fig. 15d). 
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Consequently, Sg2, Sg3 and Sg4 were transformed into Arabidopsis. T1 transgenic plants carrying 

the Sg+Cas9 insert were grown on selective media. The screening for possible mutations was 

performed from T2 generation on (Table 9). For the screening, a DNA fragment flanking the Sg 

target was amplified by PCR and directly sequenced (Fig. 15e). Sg4 yielded only one T1 positive 

plant and in the T2, the three plants analyzed were of wild-type genotype. The number of plants 

analyzed for Sg4 is very low, so we focused on Sg2 and Sg3 since here the T1 selection was more 

promising (Table 9). For Sg2 one plant out of 15 was heterozygous and for Sg3, nine out of 10 

plants analyzed were heterozygous in T2. Since the analysis of the genotype is based on 

sequencing, heterozygous, in this context refers to a genotype that is not like wild-type and does 

not have a clear homozygous mutation. In the sequence chromatogram it can be seen as regular 

unique peaks until the mutation, and from there on as a mixture of not well defined double or 

triple peaks (Fig. 15e cap-d2 Sg3 Hz). It cannot be distinguished between heterozygous (one 

wild-type allele and a mutant allele), trans-heterozygous (each allele with a different mutation) 

and chimeric (each cell has different mutations). The Sg3 Hz plants were analyzed in T3 to allow 

the segregation of the mutations. In T3 we could obtain two homozygous plants for the same 

mutation: one base-pair deletion before the PAM sequence (Fig. 15e). This point mutation creates 

a premature stop codon four amino acids downstream, which in turn produces a truncated 

CAP-D2 protein of 1266 aa (149 aa smaller than the wild-type version). This small truncation does 

not seem to affect the growth of the cap-d2 sg3 mutant plants, which are similar to wild-type 

(data not shown). A more exhaustive analysis of this mutant will be required to determine if the 

truncated protein is completely or partially functional. Preliminary results of the centromeric 

distribution in cap-d2 sg3 mutant do not show differences compared to wild-type. The low 

number of only heterozygous plants obtained with the Sg2 RNA, which is in the middle of the 

gene, could suggest that a bigger truncation of the CAP-D2 protein is lethal.    

Table 9. Arabidopsis Sg transformants and genotypes of the screened plants. Wt: genotype like wild-type; Hz:  a 
mutation is present and can be trans-heterozygous, chimeric or heterozygous; Ho: Single homozygous mutation. 

 

Arabidopsis 

transformants 

T1 

Plants selected 

on media 

T2 

Plants screened for 

mutantions 

(Wt:Hz:Ho) 

T3 

Plants screened for 

mutantions 

(Wt:Hz:Ho) 

Sg2 5 15 (14:1:0) - 

Sg3 3 10 (1:9:0) 23 (9:19:2) 

Sg4 1 3 (3:0:0) - 
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Figure 15. cap-d2 T-DNA insertion line analysis and generation of a CRISPR/Cas9-based cap-d2 mutant. a) Schematic 
representation of CAP-D2 gene model. Green boxes represent the exons, lines the introns and the light green box is the 
3’ UTR. T-DNA insertion sites are depicted over the model; names in grey are lines which could not be confirmed. Yellow 
triangles below the model are the sgRNA genomic regions targeted. b) FISH with the 45S and 5S rDNA probes on pollen 
mother cells of wild-type (Wt) and cap-d2-1 plants. White numbers indicate the bivalent chromosome number and the 
white arrow shows a 45S rDNA signal on one of the chromosome 3 homologues. c) Ideogram representing the 
Arabidopsis chromosomes, and showing the localization of the 5S and 45S rDNA in Wt (+ genotype) and translocation (- 
genotype). Wt plants are homozygote for + genotype (+/+) while cap-d2-1 plants are heterozygous for the translocation 
(+/-). d) Agarose gel showing the products of the in vitro cas9 assay. cT: the template incubated with the SgRNA and the 
cas9 nuclease, the white asterisks indicate the cut products. uT: uncut template (template incubated only with the cas9 
nuclease). e) cap-d2 Sg3 mutant genotyping. In orange is the CAP-D2 genomic sequence target for Sg3 (underlined) and 
the PAM sequence (circled); below are the sequencing chromatogram and amino acid translation of a Wt plant, a cap-d2 

Sg3 plant homozygous for a 1 bp deletion (black triangle) and a heterozygous cap-d2 Sg3 plant.                                                                                                      
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5. Discussion 

5.1 Regulation of CAP-D2 and CAP-D3 expression in Arabidopsis.  

Based on in silico analysis, it was proposed that HUB1, RBR and the CSN subunits CSN3, CSN4 and 

CSN5 could influence the transcription of CAP-D3 and CAP-D2 (Schubert et al., 2013). In plants 

defective for these putative regulators, we would expect a deregulation of CAP-D2 and CAP-D3 

expression associated with a deviation of the centromere distribution in interphase nuclei, like 

observed for cap-d2 and cap-d3 mutants. Our FISH analysis of mutants demonstrated that no 

clustering of interphase centromeres occurs in the putative regulator mutants. Thus, HUB1, RBR 

and the CSN subunits seem not to affect the CAP-D2 and CAP-D3 expression. The deviation from 

the prediction could be due to the following reasons: 

 i) The putative regulators do not affect the expression of CAP-D2 and CAP-D3. However, as the 

transcript level of CAP-D2 and CAP-D3 was not measured in the mutants, we cannot discard that 

the putative regulators do not affect the transcription of CAP-D2 and CAP-D3. Or if they do, there 

could be another level of translational regulation. 

 ii) The analyzed T-DNA mutants are not loss-of-function alleles (knockout) and the remaining 

protein is enough to maintain a normal expression level of CAP-D2 and CAP-D3. However, the 

mutants analyzed for the CSN subunits were previously described as knockouts, and the loss of 

one subunit impairs the CSN function, though the seedling arrest phenotype was not observed in 

all the mutants (Dohmann et al., 2008a). The hub-1 and hub-2 mutants analyzed were earlier 

described as knockdown alleles, meaning that a region of the gene is still transcribed. However, 

histone H2B mono-ubiquitination is absent in those mutants (Liu et al., 2007). rbr mutants are 

described as gametophytic lethal (Ebel et al., 2004). Our rbr mutants analyzed had the T-DNA 

insertion in the last exon or at the 3’ UTR, and only heterozygous plants could be recovered. 

Hence, the analyzed rbr mutants had most likely a completely functional RBR protein.  

iii) In the csn and rbr mutants, CAP-D2 and CAP-D3 transcription is predicted to be up-regulated, 

which does not mean it translates into higher protein levels. Therefore, the phenotype could be 

indistinguishable from wild-type. On the other hand, in Drosophila, overexpression of the 

condensin II subunit CAP-H2 induces separation (dispersion) of the polytene chromosome 

components and centromere dispersal (Bauer et al., 2012; Buster et al., 2013; Hartl et al., 2008a). 
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iv) The putative regulators influence the expression of CAP-D2 and CAP-D3 at other developmental 

stages or cell-cycle phase but not in the somatic interphase nuclei analyzed. HUB1 is ubiquitously 

expressed (Liu et al., 2007), but CSN and RBR are expressed in a cell-cycle-specific manner. CSN is 

expressed in meristematic tissue from late S phase until mid-mitosis (Dohmann et al., 2008b), and 

RBR is a core cell cycle regulator (Harashima & Sugimoto, 2016). Therefore, we cannot exclude 

that CSN or RBR affect the CAP-D2 and CAP-D3 gene expression in other phases of the cell cycle or 

tissues other than the analyzed. 

Indeed, CAP-D2 and CAP-D3 are mainly expressed in dividing tissues. The CAP-D2 transcription 

level is consistently higher than that of CAP-D3. Both are highly expressed in meristems and 

mitotically active tissues (flower buds, roots) but lowly expressed in non-cycling tissues (leaves). 

Similarly, the condensin subunits CAP-H and SMC2 are highly expressed in active tissues (Fujimoto 

et al., 2005; Liu et al., 2002; Siddiqui et al., 2003). Our GUS staining results agree with the 

previously described SMC2 expression pattern (Siddiqui et al., 2003). 

Introns, when affecting the expression of a gene, often enhance its expression by increasing the 

transcript amount or by inducing the expression in specific tissues (Heckmann et al., 2011; Parra et 

al., 2011; Rose et al., 2008). Nonetheless, the second intron of CAP-D2 could have intragenic 

regulatory sequences repressing the expression in non-dividing tissues. This is supported herein by 

the loss of GUS reporter expression in leaves of the Pro6 and Pro9 transgenic plants compared 

with Pro5, Pro7 and Pro8 plants, which do not carry the second intron. The second intron of the 

AGAMOUS gene is also responsible to inhibit the GUS reporter expression in vegetative tissues, 

and drives its correct expression in flowers (Sieburth & Meyerowitz, 1997). Moreover, our 

quantitative RT-PCR results show the transcription of CAP-D2 in leaves, although at a low level.   

Sequences of 391 bp or 474 bp upstream of the start of CAP-D2 or CAP-D3, respectively, are 

sufficient to drive the expression of GUS. Longer fragments (>1000 bp) do not improve the 

expression of the reporter gene. Interestingly, CAP-D2 and CAP-D3 minimal promoters (short 

promoters) contain two previously predicted E2F binding sites (Schubert et al., 2013). E2F is a 

transcriptional activator of genes important for the cell cycle progression. Together with RBR and a 

dimerization partner, they control the transition from G1 to S phase. E2F sites are also present in 

the Arabidopsis SMC2 promoter (Siddiqui et al., 2003). In mouse, CNAP1 (CAP-D2) is also a target 

of E2F (Verlinden et al., 2005). Taken together, the expression patterns, the features of their 
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promoters and comparisons with other organism, it is plausible that in Arabidopsis, CAP-D2 and 

CAP-D3 are transcriptionally regulated during the cell cycle. 

5.2 Condensin I localizes in the cytoplasm during interphase 

The localization of CAP-D2 in the mitotic chromosomes of Arabidopsis presents a similar pattern as 

described for condensin I in other organisms, i.e. in the chromosome axis and enriched in the 

centromere (Ono et al., 2003, 2004; Savvidou et al., 2005; Schmiesing et al., 2000). During 

interphase, the most commonly described localization of condensin I is exclusively in the 

cytoplasm (Gerlich et al., 2006; Hirano, 2012; Hirota et al., 2004; Ono et al., 2004). However, some 

reports described the localization of condensin I additionally within the nucleus during interphase 

in Drosophila, human cell cultures and chicken (Savvidou et al., 2005; Schmiesing et al., 2000;  

Zhang et al., 2016). In Arabidopsis protoplasts and N. benthamiana epidermal leaves we observed 

EYFP-fusion proteins of the condensin I specific subunits CAP-D2, CAP-G and CAP-H in the 

cytoplasm as well as the nucleus. In addition, super-resolution microscopy identified CAP-D2 after 

immunolabelling with specific antibodies exclusively within the euchromatin of flow-sorted 

Arabidopsis nuclei intermingling with CAP-D3-positve nuclear subregions. Hence, by using two 

different methods, EYFP-fusion proteins and immunolocalization, we observed CAP-D2 within the 

nucleus during interphase. Interestingly, in organisms in which CAP-D2 is described to be mostly 

cytoplasmatic during interphase (human, mouse), it contains a bipartite nuclear localization signal 

that is absent in organisms where CAP-D2 is present in the cytoplasm as well as in the nucleus 

during interphase (chicken, Drosophila, Arabidopsis and S. cerevisiae)(Ball et al., 2002)(Appendix 

Fig. 3).  

In order to localize CAP-D2 and CAP-D3 in vivo, we also generated Arabidopsis stable 

transformants carrying CAP-D2 or CAP-D3 tagged at its N- or C-terminus to EYFP, and stable cap-d3 

mutants carrying CAP-D3-EYFP. In all constructs, CAP-D2 and CAP-D3 fusion EYFP-proteins were 

under the regulation of the 35S promoter. The 35S promoter is a constitutive promoter that 

produces overexpression of the genes it regulates. However, in plants positive for the reporter 

constructs it was not possible to visualize the fusion proteins directly, or to detect them by anti-

GFP-immunolocalization. The constructs are functionally active, since they work in Arabidopsis 

protoplasts and N. benthamiana transient transformations. In addition, the CAP-D3-EYFP construct 

was able to complement the centromeric phenotype of cap-d3 SALK mutants. Similar problems 

have been described for GFP-PATRONUS1 Arabidopsis transformants (Zamariola et al., 2014). 
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These authors suggested that the reason behind could be the low expression or stability of the 

PATRONUS protein due to the presence of an APC/C degradation box. However, in CAP-D2 no 

APC/C degradation box is present. The detection of CAP-D2 in leaves from wild-type Arabidopsis 

plants by Western blot was also not possible, even though we detected CAP-D2 signals by 

immunolocalization in sorted nuclei. This is possibly due to a low protein level in wild-type leaves 

since the transcript level in leaves is very low. By Western blot the CAP-D2 protein was detectable 

in protoplasts only when overexpressed (CAP-D2-EYFP is under the control of the 35S promoter). 

Similarly, in Drosophila the detection of condensin from extracts of non-dividing tissues was also 

not possible (Cobbe et al., 2006). 

5.3 The Arabidopsis condensin I and II subunit composition is similar to 

other eukaryotes 

Protein immunoprecipitation (IP) from flower bud extracts already confirmed the presence of the 

subunits for condensin I and condensin II in Arabidopsis (Smith et al., 2014). Nonetheless, these IPs 

were performed with anti-SMC4, which would target both condensin complexes, and therefore 

could not determine the exact composition of condensin I and II. Here we present additional data 

to support that in Arabidopsis the two condensin complexes are present, and their protein 

composition is the same as described for other organisms (Hirano, 2012). Notably, Arabidopsis is 

the only species in which two SMC2 homologs have been predicted and described (Cobbe & Heck, 

2004; Siddiqui et al., 2003). Both, SMC2A and B can act redundantly, but SMC2A accounts for most 

of the SMC2 transcript pool (Siddiqui et al., 2003). Both SMC2A and B interact with the rest of the 

condensin subunits in vegetative and somatic tissues (Smith et al., 2014; this study). 

We could not confirm the interaction between CAP-H, CAP-G and CAP-D2 by BiFC. This could be 

due to a number of reasons like a low co-expression of the constructs in N. benthamiana, low 

protein stability, an unbalanced ratio of the translated proteins that are not enough to visualize an 

interaction, suboptimal conditions for the interaction of the proteins, and/or no interaction  in the 

specific cell type used. Another reason could be that contrary to other organisms, in Arabidopsis, 

CAP-D2, CAP-G and CAP-H do not interact directly but indirectly via an unknown protein. However, 

the last explanation is unlikely, due to the conserved homology between all the condensin I 

complexes among different organisms (Hirano, 2012; Onn et al., 2007). 
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In human cells and Drosophila, CAP-D3 interacts with RB and promotes the correct localization of 

condensin II in the chromosomes (Longworth et al., 2008). In Arabidopsis, this interaction seems 

not to be conserved, since we could not detect RBR among the proteins that co-purified with 

CAP-D3. In the human cell culture, Cdc20, a component of the anaphase-promoting complex E3 

ubiquitin ligase, interacts and regulates CAP-H2 (Kagami et al., 2017). In Drosophila, CAP-H2 also 

interacts and is regulated by SCFSlimb (Buster et al., 2013). The Skp-cullin-F-box (SCF) is an E3 

ubiquitin ligase regulated by CSN (Hotton & Callis, 2008). Amid the proteins that co-purified with 

CAP-D2 and CAP-D3 there were components of the ubiquitin-26S proteasome pathway. CULLIN 1 

co-purified with CAP-D2 and CSN1 with CAP-D3 in all the replicates. CSN3 and CSN4 also 

co-purified with CAP-D3 in the three triplicates but also in 3 out of 115 of the non-specific proteins 

affinity purifications (data not shown). CULLIN1 and CULLIN3 were present in two of the CAP-D3 

triplicates. This data suggest that in Arabidopsis, ubiquitination could be involved in the regulation 

of the condensins.  

A screen for functional partners of condensin in yeast identified, among others, two chromatin 

remodeling proteins and a histone deacetylase, as collaborators of condensin for chromosome 

condensation (Robellet et al., 2014). In this screen they looked for mutations that produced cell 

lethality when combined with cut3 (SMC4) mutation, i.e. both proteins are needed for cell viability 

but do not necessarily interact. However, we also found chromatin remodeling enzymes (CHR17, 

CRH19 and BRAHMA), histone chaperones (NAP1;1 and NAP1;2), a histone deacetylase (HDC1) and 

a histone acetyltransferase (ELO3) in the affinity purification experiments for CAP-D2 and CAP-D3. 

All of them are chromatin modifiers important for plant development (Gentry & Hennig, 2014; 

Perrella et al., 2013; Skylar et al., 2013). 

5.4  CAP-D3 organizes the chromatin during interphase 

5.4.1 CAP-D3 and its influence in euchromatin 

In Drosophila, CAP-D3 and CAP-H2 are needed to form compact chromosomes (Bauer et al., 2012; 

Hartl et al., 2008b). In embryonic stem cells of mice, condensin is also required to maintain a 

compact chromatin structure during interphase (Fazzio & Panning, 2010). On the other hand, in 

C. elegans, the depletion of SMC4, CAP-G2 or HCP-6 (CAP-D3) does not change the chromosome 

volume (Lau et al., 2014). In Arabidopsis, previous studies suggested also an influence of CAP-D3 in 

the formation of the chromosome territories at interphase based on FISH experiments (Schubert 
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et al., 2013). In cap-d3 SAIL and cap-d3 SALK mutants, the top arm of chromosome 1 appears 

dispersed during interphase, and the bottom arm of chromosome 4 is dispersed in cap-d3 SAIL but 

not cap-d3 SALK mutants (Schubert et al., 2013). Using FISH probes against a part of chromosome 

1 bottom arm, we could not detect an increase of the hybridization signal area in cap-d3 mutants 

compared to wild-type plants. The differences could be explained by labeling only one fourth of 

the chromosome arm by FISH, while in the previous study the whole chromosome arm was 

visualized, and by the different ways to quantify the dispersion of the interphase chromatin.  

It has been proposed that the condensins via maintaining the chromatin condensation, 

consequently also maintain the nuclear shape and size (George et al., 2014). In agreement, the 

depletion of CAP-H2 in Drosophila and SMC2, CAP-H2 and CAP-D3 in human cell cultures, 

increases the nuclear size (George et al., 2014). In embryonic stem cells of mice, the depletion of 

SMC2 causes chromatin decondensation as well as an increase of the nuclear volume (Fazzio & 

Panning, 2010). We could not observe a change in the nuclear area of the cap-d3 mutants 

compared to wild-type plants, supporting that there is no chromosome territory dispersion in 

cap-d3 mutants. However, these results do not exclude that CAP-D3 is involved in the organization 

of the chromosome territories. The mutants used in the analysis (cap-d3 SAIL and cap-d3 SALK) 

have knockdown alleles, meaning that there is still a truncated transcript that can produce a 

partially functional CAP-D3 protein (Schubert et al., 2013). 

Besides its structural function, condensin II has also been described to influence transcription. In 

embryonic stem cells of mice, CAP-H2 and cohesin are enriched at active enhancers and 

promoters of pluripotency genes. Both are needed for their normal expression and the cohesin 

effect on transcription is more prominent than the condensin effect (Dowen et al., 2013). On the 

other hand, another study with  embryonic stem cells of mice and human cell cultures, reported 

an enrichment of CAP-H2 and CAP-D3 at TFIIIC (transcription factor associated to polymerase III) 

binding sites, and to a lesser extent, at promoters of housekeeping genes (Yuen et al., 2017). 

CAP-H2 knock-down reduces the expression of housekeeping genes involved in RNA-processing, 

and translation (Yuen et al., 2017). In Drosophila, CAP-D3 together with RB regulates clusters of 

genes which are involved in programs of specific cell-types, like genes involved in innate immunity 

(Longworth et al., 2012). The authors suggest that CAP-D3 and RB could protect these gene 

clusters to make them accessible in case of infection. Accordingly, CAP-D3 deficient flies die more 

quickly in response to a bacterial infection than wild-type organisms (Longworth et al., 2012). Even 
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though Arabidopsis cap-d3 mutants do not show major transcriptional changes based on our 

comparative RNA-seq analysis, CAP-D3 might still affect the expression of genes involved in 

transcription and response to stress. This conclusion arise from our observation of Arabidopsis 

cap-d3 mutants dying more quickly from stress, like pathogen infection, than wild-type plants 

(preliminary results).  

A recent study in Arabidopsis condensin mutants showed that SMC4, but not CAP-D3, is important 

to maintain the repression of pericentromeric retrotransposons independently of DNA 

methylation (Wang et al., 2017). Accordingly, we did not observe a higher transcription of 

retrotransposons in any of the cap-d3 mutants. Moreover, the protein coding genes up-regulated 

in the scm4 mutants are distributed all over the genome (Wang et al., 2017) as we also observed 

in both cap-d3 mutants. The genes up-regulated in the smc4 mutants are mainly involved in flower 

development, reproductive processes and DNA repair. In contrast, we observed in cap-d3 mutants 

a differential expression of genes involved in transcription and stress response. This difference 

could be due to the observation of combined effects of both condensin complexes I and II in smc4 

mutants, while in cap-d3 mutants only the condensin complex II is compromised. 

5.4.2 CAP-D3 and its role in heterochromatin organization 

CAP-H2 promotes the dispersion of heterochromatic sequences in Drosophila during interphase 

(Bauer et al., 2012; Buster et al., 2013). Similarly, in Arabidopsis, depletion of CAP-D3 produces the 

clustering of the centromeres at interphase (Schubert et al., 2013). We confirmed this phenotype 

in the cap-d3 mutants. CAP-D3 depletion also resulted in the clustering of the 45S rDNA loci but 

not of the 5S rDNA sites. Given the proximity of the 5S rDNA to the pericentromeric 

heterochromatin and that both the centromeres and the 45S rDNA cluster in cap-d3 mutants, we 

expected also a clustering of the 5S rDNA loci. In other systems like in protoplasts of Arabidopsis, 

the 45S rDNA and the 5S rDNA behave differently during the reassembly of heterochromatin 

(Tessadori et al., 2007). 5S and 45S rDNA are transcribed by different RNA polymerases, the RNA 

polymerase III and RNA polymerase I, respectively (Layat et al., 2012). Therefore, the different 

clustering behaviors of both rDNA repeats in cap-d3 mutants could be due to their different 

structural and functional properties. Moreover, condensin of fission yeast, which is similar to 

condensin I, binds to polymerase III genes (tRNA and 5S rDNA) and mediates their localization near 

the centromeres (Iwasaki et al., 2010). 
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The structure of chromocenters has been widely used to study extensive chromatin 

rearrangements and heterochromatin formation in Arabidopsis. The organization of the 

heterochromatin in chromocenters may be affected by stress (Probst & Mittelsten Scheid, 2015), 

cell de-differentiation (Tessadori et al., 2007), seed maturation (van Zanten et al., 2011), seedling 

development (Bourbousse et al., 2015), endosperm formation (Baroux et al., 2007) and the ploidy 

level (Schubert et al., 2006, 2012). The chromocenters are highly DNA methylated (Fransz et al., 

2002) and hypomethylation results in a reduction of their size and dispersion of the 

pericentromeric repeats (Soppe et al., 2002). DNA hypomethylation mutants have also a reduction 

of histone H3K9 methylation (Soppe et al., 2002). Other proteins important for chromocenter 

maintenance are the MicrORChidia ATPases (MORC) (Moissiard et al., 2012) and the nuclear 

periphery components LInker of Nucleoskeleton and Cytoskeleton complex (LINC)(Poulet et al., 

2017) and CRoWded Nuclei proteins (CRWN also known as Little Nuclei)(Wang et al., 2013). morc 

mutants show decondensation of the pericentromeric heterochromatin without changes in DNA 

and histone methylation (Moissiard et al., 2012). Nuclei deficient in components of the LINC 

complex present a reduced nuclear volume and decondensed chromocenters. Such 

chromocenters do not localize at the nuclear periphery, but in a more internal position during 

interphase (Poulet et al., 2017). Nuclei deficient in the CRWN proteins present a reduced nuclear 

volume and a reduced number of chromocenters due to clustering (Wang et al., 2013). The 

nuclear and chromocenter phenotype which we observed in the cap-d3 mutants is different to 

that previously described. There is a chromocenter clustering instead of decondensation, and they 

localize at the nuclear periphery. The nuclear area does not change compared to wild-type, and 

the general degree of DNA and histone methylation is unaffected. Moreover, hypomethylation, 

linc and morc mutants do not show transcriptional silencing of centromeric and pericentromeric 

repeats, and of silenced genes (Moissiard et al., 2012; Poulet et al., 2017). In contrast, CAP-D3 has 

little effect on silencing. cap-d3 mutants do not show an increased transcription of transposable 

elements (Wang et al., 2017). MORC, CRWN and LINC proteins localized close to the 

chromocenters. MORC proteins, localize in foci adjacent to the chromocenters (Moissiard et al., 

2012). The CRWN1 and CRWN4 proteins localize in the nuclear periphery (Sakamoto & Takagi, 

2013), and the LINC complex in the nuclear envelope (Tatout et al., 2014). Conversely, CAP-D3 

influences the organization of the chromocenters but localizes exclusively in euchromatin during 

interphase. Therefore, CAP-D3 has mainly a structural role during interphase and affects the 

clustering of chromocenters without localizing them.   
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Computer simulations modeling of Arabidopsis chromosomes as polymers predict that the 

position of the chromocenters in the nucleus is due to non-specific interactions (de Nooijer et al., 

2009). Three types of chromosomes were modeled for the simulations: a linear chromosome with 

a chromocenter, a chromosome with loops and a chromocenter (LAC), and a Rosette chromosome 

from which loops emanate from the chromocenter (Fig. 16a). With all chromosome models, the 

chromocenters localized in the periphery, as described in vivo (Fransz et al., 2002), but only the 

chromosomes with loops (the LAC and the Rosette chromosomes) form chromosome territories 

(de Nooijer et al., 2009). On the one hand, only the Rosette model explains the central position of 

the nucleolus, but does not explain the association of chromocenters observed in vivo, since in the 

model no chromocenter clustering occurs (Fig. 16a). On the other hand, the LAC model does not 

explain the position of the nucleoli, and the chromocenters associate in 1 or 2 clusters (Fig. 16a). 

Then, the authors propose that only the loops that emanate from the chromocenters suppress 

chromocenter clustering (de Nooijer et al., 2009). Indeed, depletion-attraction forces predict that 

big particles in an environment crowded with small particles will tend to cluster together 

(Marenduzzo et al., 2006) (Fig. 16b). This situation can be applied to the nucleus where the 

chromocenters act as big particles and the euchromatin as small particles. If nothing prevents their 

association, the chromocenters will cluster. In cap-d3 mutants we observed chromocenter 

clustering but not chromosome territory dispersion and it localizes in euchromatin. CAP-D3 could 

help making the loops more stable (stiff) but does not intervene in the base of the loops, 

presumably close to the chromocenters (Fig. 16c). Then, in absence of CAP-D3, the loops will not 

be “strong” enough to prevent the clustering of the chromocenters but the chromosome 

territories will stay intact (the loops are still formed)(Fig. 16c). It could also explain why CAP-D3 

localizes in euchromatin and is not enriched in chromocenters or close to them. During mitosis, 

CAP-D3 is needed to confer the rigidity of the chromosome arms (Green et al., 2012). 
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Figure 16. Computer simulated nuclear organization in Arabidopsis and the possible function of CAP-D3. a) Computer 
simulations of Arabidopsis nuclear organization using three different chromosome models. The Linear Chain with 
Chromocenter (LCC) chromosome simulation shows disorganized chromosomes. The chromocenters cluster in the 
nuclear periphery and the nucleolus (brown sphere) localizes also in the periphery. The Looped Arms with 
Chromocenters (LAC) and the Rosette chromosome models form chromosome territories. In the LAC model the 
chromocenters cluster in the nuclear periphery and the nucleolus is in a peripheral position as well. In the Rosette model 
the chromocenters are in the periphery but do not cluster like in vivo where 8 or 9 chromocenters are visible. The 
nucleolus adopts a central position like in vivo. Picture modified from de Nooijer et al., (2009). b) Schemata representing 
depletion-attraction forces. The small spheres representing small particles, macromolecules and euchromatin bombard 
the bigger spheres (large complexes, organelles, chromocenters…) from all sides (left drawing). When two big spheres 
meet, the forces that the small particles exert upon them keep them together (right drawing). Picture modified from 
Marenduzzo et al., (2006). c) Possible CAP-D3 function model. The Rosette chromosome model is assumed, two 
chromosomes are represented in blue and in red. CAP-D3 (green circles) localizes in euchromatin making the chromatin 
loops rigid. This rigid loops keep the chromocenters separated (left drawing). In absence of CAP-D3 the chromatin loops 
are not strong enough to counter balance the depletion-attraction forces and therefore, the chromocenters cluster 
(right). 
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5.5 Arabidopsis CAP-D2 C-terminal domain structure differs from human 

CAP-D2 

In humans, the last 113 amino acids of CAP-D2 contain a chromosome-targeting domain which is 

essential for nuclear localization and chromosome association, but not for the interaction with the 

other components of the complex (Ball et al., 2002). However, the cap-d2 sg3 mutant has a 

truncated analogous region, but the plants show no deviating phenotype. Therefore, in 

Arabidopsis, this chromosome-targeting domain must be in another region or may not be 

essential. In Arabidopsis CAP-D2 is present in the nucleus during interphase. It might not need a 

nuclear localization signal and the chromosome association could be different than in humans. We 

could not obtain any homozygous plants with a bigger truncation, suggesting that CAP-D2 is 

essential.  

In Arabidopsis the T-DNA insertion line cap-d2-1 is only viable in heterozygosity (Schubert et al., 

2013). This line also presents a translocation involving the 45S rDNA (this study). The lethality in 

homozygosity of the cap-d2-1 line is possibly due to the translocation and not to the mutation of 

the CAP-D2 gene. The CRISPR-Cas9 induced cap-d2 sg3 mutation is upstream of the cap-d2-1 

mutation and is viable in homozygosity. Therefore, the lethality of the cap-d2-1 line is not due to 

the mutation but caused by the translocation in the same chromosome as the T-DNA insertion 

that involves the 45s rDNA.   
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6. Outlook 

Due to time limitations and new data derived from this study, subsequent questions need to be 

addressed in the future: 

i) The effect of CSN and RB in CAP-D2 and CAP-D3 expression in new Arabidopsis 

mutants for these putative regulators and mitotically active tissues. 

ii) The functionality of the E2F sites on CAP-D2 and CAP-D3 promoters. The activity could 

be checked by mutating the sites in a GUS reporter expression constructs.  

iii) The localization of CAP-D2 and CAP-D3 in Arabidopsis transgenic plants using EYFP-

fusion proteins under the regulation of the native promoters. Also, the 

complementation of cap-d3 SALK mutant plants with a CAP-D3-EYFP fusion protein 

under the control of the native promoter. The use of the native promoters will ensure 

a regulation of the protein closer to wild-type conditions than the 35S promoter.   

iv) Confirmation of the direct interaction between CAP-H, CAP-G and CAP-D2 that could 

not be assessed by the BiFC experiments. A yeast two-hybrid assay could determine 

the direct interaction between the proteins. However, the yeast two-hybrid assay 

involves the expression of the proteins in a heterologous system like the BiFC in 

N. benthamiana and could cause similar problems. 

v) Measurement of chromosome territory dispersion in cap-d3 mutants using FISH 

against the complete chromosome territory 1 top. This will allow a direct comparison 

with previous results. 

vi) In cap-d3 mutants, genes involved in stress response are differentially expressed 

compared to wild-type plants. To evaluate the function of CAP-D3 in stress, the 

response of cap-d3 mutants to stress should be assessed. 

vii) If CAP-D3 maintains the chromatin loops rigidity, the interactions between the loops 

should change in cap-d3 mutants. The use of Hi-C on cap-d3 mutants compared to 

wild-type plants could account for different contacts between the chromatin loops.   

viii) Analysis of the centromere organization in the cap-d2 sg3 mutant by FISH to evaluate 

the function of CAP-D2 in the organization of interphase chromatin. To analyze other 

cap-d2 alleles, the number of plants analyzed for the Sg2 transformants should be 

increased to obtain homozygous or heterozygous mutant plants. If no homozygous or 
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heterozygous plants could be obtained, then an inducible cap-d2 mutant plant could 

be generated. 
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7. Summary  

In this work we present new findings about the condensin subunits CAP-D2 and CAP-D3 in 

Arabidopsis thaliana. 

i) Arabidopsis condensin CAP-D2 and CAP-D3 present characteristics common to other 

eukaryotic condensins. 1) They are expressed in mitotically active tissues. 2) CAP-D2 

localizes along the sister chromatids and centromeres of mitotic chromosomes. 3) 

CAP-D2 and CAP-D3 interact with the other putative subunits of condensin I and II 

respectively.  

In Arabidopsis, a fragment of less than 500 bp containing E2F sites is enough to drive 

the expression of both CAP-D2 and CAP-D3. Also, CAP-D2 EYPF-fusion proteins and the 

generation of a specific antibody against CAP-D2 showed its localization in the 

cytoplasm and nucleus during interphase. During interphase CAP-D2 and CAP-D3 

localize intermingled exclusively in euchromatin. 

ii) Plants defective for CAP-D3 do not present changes in the nuclear volume, 

chromosome territory dispersion and epigenetic landscape compared to wild-type 

plants. However, CAP-D3 is needed for the organization of the centromeric regions 

and 45S rDNA during interphase and the correct expression of genes involved in 

stress.  

iii) Commercial cap-d2-1 T-DNA insertion line presents a translocation between 

chromosome 3 and 2 that involves the 45SrDNA loci. Hence, a new cap-d2 mutant, 

cap-d2 sg3, was generated using CRISPR-Cas9 technology. In cap-d2 sg3 mutants, 

CAP-D2 presents a truncation of the last 149 amino acids but the plants show no 

obvious growing defects.   

  

  



73 
 

8. Zusammenfassung 

In dieser Arbeit werden folgende neue Erkenntnisse über die Kondensin-Untereinheiten CAP-D2 

und CAP-D3 in Arabidopsis thaliana vorgestellt. 

i) Arabidopsis CAP-D2 und CAP-D3 weisen Eigenschaften auf, die anderen Eukaryoten-

Kondensinen gemeinsam sind. 1) Sie werden in mitotisch aktiven Geweben exprimiert. 

2) CAP-D2 Proteine lokalisieren entlang der Schwesterchromatiden und Zentromere 

mitotischer Chromosomen. 3) CAP-D2 und CAP-D3 interagieren mit den anderen 

mutmaßlichen Untereinheiten von Kondensin I bzw. Kondensin II. 

In Arabidopsis ist ein Fragment von weniger als 500 bp, das E2F-Stellen enthält, 

ausreichend, um die Expression von sowohl CAP-D2 als auch CAP-D3 zu steuern. Auch 

CAP-D2 EYPF-Fusionsproteine und die Erzeugung eines spezifischen Antikörpers gegen 

CAP-D2 zeigten eine Lokalisierung im Cytoplasma und im  Interphase-Zellkern. 

Während der Interphase befinden sich CAP-D2 und CAP-D3 im Euchromatin. 

ii) Pflanzen, die für CAP-D3 defekt sind, zeigen im Vergleich zu Wildtyppflanzen keine 

Veränderungen des Kernvolumens, der Verteilung der Chromosomenterritorien und 

der epigenetischen Landschaft. CAP-D3 wird jedoch für die Organisation der 

Zentromerregionen und 45S-rDNA während der Interphase sowie für die korrekte 

Expression von Genen benötigt, welche stressreguliert sind. 

iii) Die cap-d2-1-T-DNA-Insertionslinie besitzt eine Translokation zwischen den 

Chromosomen 3 und 2, dabei ist der  45S rDNA Locus involviert. Eine neue cap-d2-

Mutante, cap-d2 sg3, wurde unter Verwendung der CRISPR-Cas9-Technologie erzeugt. 

cap-d2 sg3 zeigt eine Verkürzung der letzten 149 Aminosäuren.  Diese 

Mutantenpflanzen zeigen keine offensichtlichen Wachstumsdefekte. 
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12. Appendix 

 

 
Appendix Fig. 1. Expression of CAP-D2 and CAP-D3 in Arabidopsis. In silico analysis performed with Arabidopsis eFP 
Browser . a) Expression of CAP-D2 in different organs and developmental stages. b) Expression of CAP-D3 in different 
organs and developmental stages 
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Appendix Fig. 2. Immunolocalization of histone modifications in cap-d3 mutants and wild-type plants. 

Immunolocalization in 4C nuclei of cap-d3 SAIL, cap-d3 SALK and wild-type (Wt) with antibodies against histone 
H3K27me3 (euchromatic); H3K9me2 (heterochromatic); H3K9ac and with an antibody that recognizes 
H3K14+18+23+27ac.   
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F4J246|ARABIDOPSIS          ----MAPPFVFPQILRALEEDPEDNHRLFAQNPVDVTSLRPSDLEEFVKGVSFDLSDREL 56 

Q15021|HUMAN                -MAPQMYEFHLPLSPEELLKSGGVN-QYVVQEVLSI-KHLPPQLRAFQAA----FRAQGP 53 

Q8K2Z4|MOUSE                -MSPHNFEFHLPLSPEELLKSGGVN-QYVVREVLPV-KHLSSQLRAFQSA----FRAQGP 53 

Q9YHY6|XENOPUS              ----MTFHFHIPLAFRDLLKSGGIG-QYVVQEVLPV-RHVDAQFAAFQTS----FRTEAP 50 

Q9VAJ1|DROSOPHILA           MEESHDFQFVLPLNASDLINSSG-D-QYYVKEIFGA-QEIPAKLQECKRK----VHLGDP 53 

A0A1D5PW66|CHICKEN          -MAAAQCEFQLPLAADDLLRGDSSR-HYVVQEVLSV-RELPPAVAAFRAA----FRERGA 53 

                                       * :*     * ..     :  .:: .         .          .      

 

F4J246|ARABIDOPSIS          FCVEDQDVFDRVYSLVRSFFSLPPSCKCNLVESLRSNLSVLLPNVDSISRSVQD-QEDDV 115 

Q15021|HUMAN                LAM--LQHFDTIYSILHHFRSIDPGLKEDT-------LQFLIKVVSRHSQELPA-ILDDT 103 

Q8K2Z4|MOUSE                LAI--LEHFDTVYSILHHFRSIEPGLKEDT-------LEFLKKVVSRHSQELSS-ILDDA 103 

Q9YHY6|XENOPUS              LCI--LQHFDTLYSILHHFRSLDIAIKEDV-------LEVMVKVASRHANELPA-ILEDL 100 

Q9VAJ1|DROSOPHILA           FYI--FEHFDLYYSIIEARGSDGASAQNLMR-----SFDLLYLTVEKLFQDLQPLLTASE 106 

A0A1D5PW66|CHICKEN          LAV--LQHFDTIYSLLRHFRALGTAAKEDA-------LELMMQVVTRHSNELST-ILNDS 103 

                               : :   : **  **::.   :   . :          :..:   .    ..:      .  

 

F4J246|ARABIDOPSIS          P-IIDRITSHRNALKIYTFFLLTVVMNEESHIS--SVETTKVAARGRK------KQIIQS 166 

Q15021|HUMAN                TLSGSDRNAHLNALKMNCYALIRLLESFETMASQTNLVDLDLGGKGKKARTKAAH----G 159 
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Q9YHY6|XENOPUS              NLSVPQRAAHLNALKMNCFILTQLIEAFEAETYKASLGSVEPSGKGKKAKSK-PE----G 155 

Q9VAJ1|DROSOPHILA           PMSNQQRNSYLNLTKMTLFLQVSTVKKINNSVQQ-AMRDQQLNV--QKKRAKPSEGLEQF 163 

A0A1D5PW66|CHICKEN          GLSHTDRDAHLNALKMNCYLLSGLLEAFEMEAFKSGLVEVDPAGKNKKSRTK-AS----G 158 

                                       :: *  *:  :     :   :       :   .     ::             

 

F4J246|ARABIDOPSIS          WNWEPQRGRMLNLIANSLEINLSLLFGSSDLDENYLSFIVKNSFTLFENATILK--DAET 224 

Q15021|HUMAN                FDWEEERQPILQLLTQLLQLDIRHLWNHSIIEEEFVSLVTGCCYRLLENPTINHQKNRPT 219 

Q8K2Z4|MOUSE                FDWEEERQPVLQLLTQLLQLDIRHLWNHSAIEEEFVSLVTGCCYRLLENPTISHQKNRST 219 

Q9YHY6|XENOPUS              FSWESERESILQALTHLLQLDIRRLWSMSVVEEEFVSMMTSCCYKMMENPNIVMAKNKST 215 

Q9VAJ1|DROSOPHILA           PNWEVKRGKFLVQLFNVLQCPLEKLWSPPVAEEDFINLLCDPCYRTIELLPLRMD-NKHV 222 

A0A1D5PW66|CHICKEN          FSWEDEREPLLRLLTQLLQLDLRQLWSGLVVEEELVSLLTGCCYRILENSNIGLQRYRAT 218 

                                .** :*  .*  : : *:  :  *:.    :*: :.::   .:  :*   :       . 

 

F4J246|ARABIDOPSIS          KDALCRIIGASATKYHYIVQSCASIMHLIHKYDFAVVHIADAVARAESKYSDGTLAVTII 284 

Q15021|HUMAN                REAITHLLGVALTRYNHMLSATVKIIQMLQHFEHLAPVLVAAVSLWATDYGMKSIVGEIV 279 

Q8K2Z4|MOUSE                KEAIAHLLGVALVRYNHMLSATVKIIQMLQHFEHLPPVLVTAVSLWATDYGMKSIVGEIV 279 

Q9YHY6|XENOPUS              REALGHLLGVTVKRYNHMLSASVKVIQLLQHFEHLASVLVHTVSLWATEYGMKPVIGEIM 275 

Q9VAJ1|DROSOPHILA           FDTIFQILGTSIKRFNQAMTFPVRILQILRGTEHAAHSVAAGILLLHEEYGISSVFSILI 282 

A0A1D5PW66|CHICKEN          REAATHLLATALTHYDHMFSATLKITQMLQHFEHVAPVFAQAVTLWAKEYGLKSIVGELL 278 

                                ::  :::..:  ::.  .     : ::::  :.    ..  :     .*.   :   :: 

 

F4J246|ARABIDOPSIS          RDIGRTDPKAYVKDTAGADNVGRFLVELADRLPKLMSTNVGVLV-PHFGGESYKIRNALV 343 

Q15021|HUMAN                REIGQKCPQELSRDPSGTKGFAAFLTELAERVPAILMSSMCILL-DHLDGENYMMRNAVL 338 

Q8K2Z4|MOUSE                REIGQKCPQELSRDTAGAKGFAAFLTELAERIPAVLMANMCILL-DHLDGENYMMRNAVL 338 

Q9YHY6|XENOPUS              REIGQKCSQDLSRESSGFKAFATFLTELAERIPAIMMPSISVLL-DYLDGENYMMRNSVL 334 

Q9VAJ1|DROSOPHILA           KSIVDALRMD-SSDSSVSKHFSNFLAEFSNIAPSLIVPHLEKLAEDLLDCQSHTLRNCVL 341 

A0A1D5PW66|CHICKEN          REIGQKCPQELARDTSGIKGYAVFITELAEQIPALVLSNISVLL-RHLDGENYMMRNAIL 337 

                               :.*          : :  .  . *:.*:::  * ::   :  *    :. :.: :**.:: 

 

F4J246|ARABIDOPSIS          GVLGKLVAKAFNDVEGDMSSKSLRLRTKQAMLEILLERCRDVSAYTRSRVLQVWAELCEE 403 

Q15021|HUMAN                AAMAEMVLQVLSGDQLEAAAR----DTRDQFLDTLQAHGHDVNSFVRSRVLQLFTRIVQQ 394 

Q8K2Z4|MOUSE                AAIAEMVLQVLNGDQLEESAR----ETRDQFLDILQAHGHDVNSFVRSRVLQLFARIVQQ 394 

Q9YHY6|XENOPUS              TVMGEMVVRVLSGDQLEEAEK----SSRDQFLDTLQEHLHDVNTYVRSCVIQIYNRIVQE 390 

Q9VAJ1|DROSOPHILA           QIIGDTVVSELTSEDLSEELK----EVRNEFLEHLMAHILDISAHVRSKVLSIWHHLKTQ 397 

A0A1D5PW66|CHICKEN          SAMAEVLLQVLNGDQLEEAAR----GTRDNFLKTLQAHICDVNGFVRSRVLQLFTRIVQG 393 

                                 :.. :   :.. : .   :      :: :*. *  :  *:. ..** *:.:: .:    

                                          SG1 

F4J246|ARABIDOPSIS          HSVSIGLWNEVASLSAGRLEDKSAIVRKSALNLLIMMLQHNPFGPQLRIASFEATLEQYK 463 

Q15021|HUMAN                KALPLTRFQAVVALAVGRLADKSVLVCKNAIQLLASFLANNPFSCKLSDADLAGPLQKET 454 

Q8K2Z4|MOUSE                KALPLTRFQAVVALAVGRLADKSVLVCKNAIQLLASFLANNPFSCKLSDIDLAGPLQKEI 454 

Q9YHY6|XENOPUS              KALPLSRFQSVVTLVVGRLFDKSVNVCKNAIQLLASFLANNPFTCKLSSVDLKVPLEKET 450 

Q9VAJ1|DROSOPHILA           HAIPLNFLTRVLEEAIGRLEDKSSLVRRAAMHLIKSALESNPYSSKLSIDELRAKHEHEV 457 

A0A1D5PW66|CHICKEN          KVLPLTQFLSVVSLAVGRLKDKSVVVVKNAIQLLAAFLSNNPYSCKLSCSDLAEPLKKEV 453 

                               : : :     *     *** ***  * : *::*:   *  **:  :*   .:    ::   

 

F4J246|ARABIDOPSIS          RKLNELEPTEHASKESTS---DGE-----------------SCNGDGE------------ 491 

Q15021|HUMAN                QKLQEMRAQRRTAAASAVLDPEEEWEAMLPELKSTLQQLLQLPQGEEEIPEQIANTETTE 514 

Q8K2Z4|MOUSE                QKLQEMRAQRRSAAATAALDPEEEWDAMLPELKSTLQQLLKLPQEEG--DHQIADAETAE 512 

Q9YHY6|XENOPUS              KKLKEMREKYQGPKPVVVISPEEEWEAMLPEVLEAFKILQQESKEEEDI--ETEEIESSQ 508 

Q9VAJ1|DROSOPHILA           QAMEKLNEVLEEERK-QEEKLNDEFSSLAPELLPFIEENLTE-----FPDMQFDKEESDE 511 

A0A1D5PW66|CHICKEN          QKLQEMKDRCREA--APTITPEEEWEAMLPEVTAAARQILQPLQEDE-DEEVLEVEETAE 510 

                               : ::::.   .          : *                                     

 

F4J246|ARABIDOPSIS          -----IDDLHLET------------TTKIHQDSLSDSCQPENGEEISE------------ 522 

Q15021|HUMAN                DVKGRIYQLLAKASYKKAIILTREATGHFQESEPFSHIDPEESEETRLLNILGLIFKGPA 574 

Q8K2Z4|MOUSE                EVKGRIRQLLAKASYKQAIVLTREATSHFQESEPFSHTEPEE---NSFLNLLGLIFKGPE 569 

Q9YHY6|XENOPUS              HLREQILILLRKTSYKNSIRLTQKGIERFQEDPLFSEGDSEA---KSELGILEKIFTEKK 565 

Q9VAJ1|DROSOPHILA           TLMERIIPLMREKNYKDVIVLVRKVDFLAGNQNMSSLLKHEE-HCVYVLALLK-TYH--- 566 

A0A1D5PW66|CHICKEN          GTSEQITGMLRKLNYKNAVRLTQKALCRFQGQEPFSSSKEE-NEEATILGILKRLYTGFC 569 

                                    *  :  :                   .   .  . *                    

 

F4J246|ARABIDOPSIS          -----------------------KDVSVPDI------GNVEQTKALIASLEAGLRFSKCM 553 

Q15021|HUMAN                ASTQEKNPRESTGNMVTGQTVCKNKPNMSDPEESRGNDELVKQEMLVQYLQDAYSFSRKI 634 
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Q8K2Z4|MOUSE                ASTQDSH-----GDTDPGLTGSKDSPSVPEPEGSQSNDELVKQEMLVQYLQDAYGFSQKI 624 

Q9YHY6|XENOPUS              ADLEQPTTKDQDD-------AQVNPTSEELPSQEVQNSDMDKQEMLVQYLSDAHHFALKI 618 

Q9VAJ1|DROSOPHILA           ---------------------------LLAAGFKQSSEEMLQQIKTVQFLKDSIDFAVLM 599 

A0A1D5PW66|CHICKEN          PGENSGDSPCANGSLTI------EEAVLEEQPQEQPQMELVKQEMLVQYLQDAYNFSVKI 623 

                                                                     :: :    :  *. .  *:  : 

 

F4J246|ARABIDOPSIS          SASMPILVQLMASSSATDVENAILLLMRCKQFQIDGAEACLRKILPLAFSQDKSIYEAVE 613 

Q15021|HUMAN                TEAIGIISKMMYENTTTVVQEVIEFFVMVFQFGVPQALFGVRRMLPLIWSKEPGVREAVL 694 

Q8K2Z4|MOUSE                TEAIGIISKMMYENTTTVVQEVIEFFVMVFQFGVPQALFGVRRMLPLIWSKEPGVREAVL 684 

Q9YHY6|XENOPUS              EEAIDVISKMMYETAVSVVQEVIEFFVTVSQFGVSQALLGVRRMLPLVWSKEPGVREAVL 678 

Q9VAJ1|DROSOPHILA           TSAFPKLHEMLMSKTNTDVFEAVDLFTTGYMFGIHGTESGMQRMLQLVWSSDKEKRDAVS 659 

A0A1D5PW66|CHICKEN          TEALSLISKLMYENSVSVVQEAIEFFVTVSKFGVPQALLGVRRMLPLVWSKEPGIKEAVL 683 

                                 ::  : ::: ..: : * :.: ::     * :  :   ::::* * :*.:    :**  

 

F4J246|ARABIDOPSIS          NAFISIYIRKNPV-------DTAKQLLNLAIDSNIGDQAALEFIVNALVSKGEISSSTTS 666 

Q15021|HUMAN                NAYRQLYLNPKGDSARAKAQALIQNLSLLLVDASVGTIQCLEEILCEFVQKDELKPAVTQ 754 

Q8K2Z4|MOUSE                NAYRQLYLNPKGDSARAKAQTLIHNLSLLLVDASVGTIQCLEEILCEFVQKDEVKPAVIQ 744 

Q9YHY6|XENOPUS              SAYRRLYLSSNGESERVKAQALVRSLSLLMVDSSAGILQCLEEIVSEFVQKGDIHPSVIQ 738 

Q9VAJ1|DROSOPHILA           DAYKRVLFST-DQTGRAHAIKVVQNLSKFLSEIEYGHYTALESLMTEWVLGGDIDAAVIQ 718 

A0A1D5PW66|CHICKEN          NAYRQLYLSPSGDSERARAQNLVCSLSLIMVDASLGTIQCLEEIISEFVQKDEIKPAVIQ 743 

                               .*:  : :                .*  :  : . *   .** ::   *  .::  :. . 

 

F4J246|ARABIDOPSIS          ALWDFFCFNINGTTAEQSRGALSILCMAAKSSPRILGSHIQDIIDIGFGRWAKVEPLLAR 726 

Q15021|HUMAN                LLWERATEKVACCP-LERCSSVMLLGMMARGKPEIVGSNLDTLVSIGLDEKFPQDYRLAQ 813 

Q8K2Z4|MOUSE                LLWERATEKVPSSP-LERCSSVMLLGMMARGKPEIVGSNLDALVRVGLDEKSPQDYRLAQ 803 

Q9YHY6|XENOPUS              LLWEKFTQKSPCSE-FERRAAVMLLGMMTRGQPEIVMSNLDTLVSVGLGEQVQKDYQLAR 797 

Q9VAJ1|DROSOPHILA           VLFERFTLKLEGTTSNESRLSLQLLIMASQSKSSIVSANTAIIEDIAVGERVRRDPRIFT 778 

A0A1D5PW66|CHICKEN          LLWERFTEKTQCSP-LERRAAVMLLGMMARGKPEIIGSNLDVLVTVGLADRVYEDYRLAE 802 

                                *::    :       :   :: :* * ::..  *: ::   :  :..      :  :   

                                  SG2 

F4J246|ARABIDOPSIS          TACTVIQRFSEED-----------RKKLLLSSGSRLFGILESLITGNWLPEN--IYYATA 773 

Q15021|HUMAN                QVCHAIANISD----RRKPSLGKRHPPFRLPQEHRLFERLRETVTKGFVHPD-PLWIPFK 868 

Q8K2Z4|MOUSE                QVCLAIANISD----RRKPSLGERHPPFRLPQEHRLFERLQDMVTKGFAHPD-PLWIPFK 858 

Q9YHY6|XENOPUS              EVCNCILKITD----SQKQTLGKSTEPFRLPKDHSLFVCLTEAVAGGIGLSG-LHWLPFK 852 

Q9VAJ1|DROSOPHILA           SCLQLLVNSIDANNTAKYYKRQNSDAEF-VGKITRLFLD-------FFFHRSLYDFDALA 830 

A0A1D5PW66|CHICKEN          EVCNAISKLLSLCPCGHRNTEGKNSVPFRLPQEQALFVCLSDAVSNGFAQPS-SHWIPFM 861 

                                    : .  .                : : .   **              .   :     

 

F4J246|ARABIDOPSIS          DKAISAIYMIHPTPETLASTIIKKSLSTVFDVVEQEEA------------QTDTEN---- 817 

Q15021|HUMAN                EVAVTLIYQLAEGPEVICAQILQGCAKQALEKLEEKR-----------TSQEDP------ 911 

Q8K2Z4|MOUSE                EVAVTLTYQLAESPDVLCAQMLQGCAKQVLEKLEKNA------------TEADP------ 900 

Q9YHY6|XENOPUS              ETAVRLVYELGEEPEEICSEILLRCSQNVLDGHQT------------------------- 887 

Q9VAJ1|DROSOPHILA           MSVFEYFYRMCQAPDVIAQQLVTALLKQFNESWLVKEAAAIVPSPDKADTETVPDSQPLE 890 

A0A1D5PW66|CHICKEN          EAAVTLIYQLAEGPEKICAHILQVCSQKALENLQEAD-----------GQKEESGAS--- 907 

                                 ..   * :   *: :.  ::    .   :                              

 

F4J246|ARABIDOPSIS          ----------------NKVDILTPVQVAKLSRFLFAVSHIAMNQLVYIESCIQKIRR-QK 860 

Q15021|HUMAN                ------------------KESPAMLPTFLLMNLLSLAGDVALQQLVHLEQAVSGELCRRR 953 

Q8K2Z4|MOUSE                ------------------KETAPRLPTFLLMNLLSLAGDVALQQLVHLEQAVSGELGRRR 942 

Q9YHY6|XENOPUS              ------------------QDEVPNVPAFLLTHLLSLAGDVALQQVVHLERAVSAELRRRR 929 

Q9VAJ1|DROSOPHILA           IPHSQTLTPTQTQADSQSQMQGTLIPVYLVSRLIFCIGYMTIKEMIFLDMDIYNNMKYRD 950 

A0A1D5PW66|CHICKEN          --------------PSRVSDGASSLPTFLLLHLVALVGQVALRQVAHLEVSVSAELRRRR 953 

                                                       : .  : .::   . :::.:: .::  :      :  

 

F4J246|ARABIDOPSIS          T-------KKDKPAAESQNTE-------------ENLEATQENNGINAELGLA---ASDD 897 

Q15021|HUMAN                VLREEQEHKTKD----------------------PKEKNTSSETTMEEELGLVG-ATADD 990 

Q8K2Z4|MOUSE                VLREEQEHRAKE----------------------PKEKTASSETTMEEELGLVGGATADD 980 

Q9YHY6|XENOPUS              VLKEEQEAEKVG----------------------KQRKSKANESTMEEELGLVG-ASADD 966 

Q9VAJ1|DROSOPHILA           ELTALEERKNRNQQAGSSHNAARLTLNMSAMEVRKRLSGVAAEPQQEPDDDLVG-ATAED 1009 

A0A1D5PW66|CHICKEN          ILREEEKTKKHKERSDSS-------------TIKKRPRSTGNDTTMEEELGLIG-ASADD 999 

                                       .                          .      :   : : .*    :::* 

 

F4J246|ARABIDOPSIS          ALLDTLAERAEREIVSGGSVEKNLIGECATFLSKLCRNFSLLQKHPELQASAMLALCRFM 957 

Q15021|HUMAN                TEAELIRGICEMELLD----GKQTLAAFVPLLLKVCNNPGLY-SNPDLSAAASLALGKFC 1045 

Q8K2Z4|MOUSE                TEAELIRSICEKELLD----GNQVLAAFVPLLLKVCNNPGLY-SNPELCAAASLALGKFC 1035 

Q9YHY6|XENOPUS              IEAELIRKICDTELLG----GQQYLSAFLPLILRICNNPGRY-SDPDLCTVATLALAKYM 1021 

Q9VAJ1|DROSOPHILA           NIAEEIHGICEDMLLYN---PDALLSKLAPFIIEICKRPGEF-GDPTLQQAATLALARLM 1065 

A0A1D5PW66|CHICKEN          TEAELIRSICETELLD----EKHLFSAFVPLVLKICNNPGLY-SDPALRAAAALTLGKIC 1054 

                                  : :   .:  ::      .  :.    :: .:*.. .    .* *   * *:* :   

 

F4J246|ARABIDOPSIS          IIDASFCESNLQLLFTVVENAPSEVVRSNCTLSLGDLAVRFPNLLEPWTENMYARLRDAS 1017 

Q15021|HUMAN                MISATFCDSQLRLLFTMLEKSPLPIVRSNLMVATGDLAIRFPNLVDPWTPHLYARLRDPA 1105 

Q8K2Z4|MOUSE                MISAPFCDSQLRLLFTMLEKSSLPTVRSNLMVATGDLAIRFPNLVDPWTPHLYARLRDPA 1095 

Q9YHY6|XENOPUS              MISSDFCDTHLRLLFTLLEKSPLPSVRSNIMIALGDLSIRFPNLIEPWTPNLYARLRDPS 1081 

Q9VAJ1|DROSOPHILA           TVSSRFCESNMSFLMNILNLTKNIRIKCNTVVGLSDLTFRFPNIIEPWTGHFYAQLHESN 1125 

A0A1D5PW66|CHICKEN          MISSEFCDSHLRLLFTMMEKSPLPVVRSNLIIAAGDLAIRFPNQVEPWTTHLYARLRDPC 1114 

                                :.: **:::: :*:.::: :    ::.*  :. .**:.**** ::*** ::**:*::   

 

F4J246|ARABIDOPSIS          VSVRKNAVLVLSHLILNDMMKVKGYIYEMAICIEDDVERISSLAKLFFHELSKKGSNPIY 1077 

Q15021|HUMAN                QQVRKTAGLVMTHLILKDMVKVKGQVSEMAVLLIDPEPQIAALAKNFFNELSHKG-NAIY 1164 

Q8K2Z4|MOUSE                QQVRKTAGLVMTHLILKDMVKVKGQVSEMAVLLIDPVPQIAALAKNFFNELSHKG-NAIY 1154 

Q9YHY6|XENOPUS              REVRKTAGMVMTHLILKDMVKVKGQVSEMAVLLIESDQEISALARNFFNELSNKG-NAVY 1140 
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Q9VAJ1|DROSOPHILA           TELRLTAVKMLSHLILNEMIRVKGQIADMALCIVDGNEEIRNITKQFFKEIANKS-NILY 1184 

A0A1D5PW66|CHICKEN          QSVRQTAGVVMTHLILKDMVKVKGQVSEMAVLLIDPEEAIVGVAQNFFNELSNKD-NAIY 1173 

                                .:* .*  :::****::*::*** : :**: : :    *  ::: **:*:::*. * :* 

 

F4J246|ARABIDOPSIS          NLLPDILGQLSNR--NLERESFCNVMQFLIGSIKKDKQMEALVEKLCNRFSGVTDGKQWE 1135 

Q15021|HUMAN                NLLPDIISRLSDPELGVEEEPFHTIMKQLLSYITKDKQTESLVEKLCQRFRTSRTERQQR 1224 

Q8K2Z4|MOUSE                NLLPDIISRLSDPEGGVEEEPFHTIMKQLLSYITKDKQTESLVEKLCQRFRTARTERQYR 1214 

Q9YHY6|XENOPUS              NLLPDIISRLSDPDCGVEEEAFRTIMKQLLSYITKDKQTESLVEKMCHRFRTARTERQWR 1200 

Q9VAJ1|DROSOPHILA           NVLPDIISRLGDINLNLDEDKYRIIMSYILGLIQKDRQIETLVEKLCLRFPVTRVERQWR 1244 

A0A1D5PW66|CHICKEN          NLLPDIISRLSDPDCGIDEESFHTIMRHLFPYITKDKQTESLVEKLCQRFRTARNERQYR 1233 

                               *:****:.:*.:   .::.: :  :*  ::  * **:* *:****:* **      :* . 

 

F4J246|ARABIDOPSIS          YISYSLSLLTFTEKGIKKLIESFKSYEHALAEDLVTENFRSIINKGKK-FAKPELKACIE 1194 

Q15021|HUMAN                DLAYCVSQLPLTERGLRKMLDNFDCFGDKLSDESIFSAFLSVVGKLRR-GAKPEGKAIID 1283 

Q8K2Z4|MOUSE                DLAYCMSQLPLTERGLQKMLDNFECFGDKLLDESVFSAFLSIVGKLRR-GAKPEGKAIID 1273 

Q9YHY6|XENOPUS              DLAHCLSLLPFSEKGLRKMQDCFDCYGDKLSDEAVYNSFLTTVAKMRR-GAKPELKALID 1259 

Q9VAJ1|DROSOPHILA           DIAYCLGLLTYNERAVKKLMDNMQHYRDKVQVDEVYQSFKLIISNTNK-LAKPELKAVVT 1303 

A0A1D5PW66|CHICKEN          DLSHCLSLLPISERGLHKLQDNFDCFADKLQDPAVYSCFQAVLVRCRRAASKPETKALAE 1293 

                                :::.:. *  .*:.::*: : :. : . :    : . *   : . .:  :*** **    

 

F4J246|ARABIDOPSIS          EFEEKINKFHMEKKEQEETARNAEVHREKTKTMESLAVLSKVKEEPVEEYDEGEGVSDSE 1254 

Q15021|HUMAN                EFEQKLRACHTRGLDGIKEL------------------------------EIGQAGSQRA 1313 

Q8K2Z4|MOUSE                EFEQKLRACHTRGMDGIEEF------------------------------ETGQGGSQRA 1303 

Q9YHY6|XENOPUS              EFEQKLSRCHNKGLENMDVP------------------------------EEPSAESDAQ 1289 

Q9VAJ1|DROSOPHILA           EFENRLNECLQVNPDTAAQGDQE-------------------------STPEGQGNRTRA 1338 

A0A1D5PW66|CHICKEN          ELEQKLSACHNQGLDSAEVC------------------------------QEGDKTPMPE 1323 

                               *:*:::        :                                      .       

                                 SG3 

F4J246|ARABIDOPSIS          IVDPSMEESGDNLVETESEEEPSDSEEEPDSAQCGTAIPRYLNQKTSGDNLIETEPEEEQ 1314 

Q15021|HUMAN                PS----------------------AK-KP-ST-GSRYQPLAST--ASDNDFVTPEPRRTT 1346 

Q8K2Z4|MOUSE                LS----------------------AK-KP-SA-VSRLQPLTSV--DSDNDFVTPKPRRTK 1336 

Q9YHY6|XENOPUS              PP---------------------KAK-RPPL------ASVNVKKGKSEDDFQTPKPPASR 1321 

Q9VAJ1|DROSOPHILA           AP---------------------RTK-K-----GG------------------RKPAANR 1353 

A0A1D5PW66|CHICKEN          PA----------------------KQ-KPTLA-GSRRQPLSTANRDDDDDFVTPRPQALR 1359 

                                                        : .                          .*     

 

F4J246|ARABIDOPSIS          SDSEPDSAQCGTTNPRSLN----RKTSGDNLIETESEEEQSDSEEEPSDSEEEPDSAQCG 1370 

Q15021|HUMAN                ---------RRHPNTQQR---ASKKKPKVVFSSDESSEEDLSA--EMTE-DETPK----- 1386 

Q8K2Z4|MOUSE                ---------PGRPQTQQR--KKSQRKAKVVFLSDESSEDELSA--EMTE-EETPK----- 1377 

Q9YHY6|XENOPUS              ---------K------------SRRKVAVNFSSDE--ESDLEA--ELSE-AETPK----- 1350 

Q9VAJ1|DROSOPHILA           ---------NNTVRGRGRRARR-DSTSEESFSSSSSD----------------------- 1380 

A0A1D5PW66|CHICKEN          ---------NNKRAQKSHRHKKTRTALRMSYWQN-------------------------- 1384 

                                                               .                            

                                                          SG4 

F4J246|ARABIDOPSIS          TTNPRSLNQKTSGVVRFSGEEGESESKSTESSSSIRRNLRSGSRS 1415 

Q15021|HUMAN                ---------K---------------------TTPILRASARRHRS 1401 

Q8K2Z4|MOUSE                ---------R---------------------TTPIRRASGRRHRS 1392 

Q9YHY6|XENOPUS              ---------N---------------------PTPIRRTARSRAK- 1364 

Q9VAJ1|DROSOPHILA           --------------------------------------------- 

A0A1D5PW66|CHICKEN          --------------------------------------------- 

 

Appendix Fig. 3 Alignment of CAP-D2 orthologue proteins. The alignment was performed with the Clustal Omega 
program from UniProt. The number before the organism name is the protein identification number in UniProt. 
Arabidopsis: Arabidopsis thaliana. Human: Homo sapiens. Mouse: Mus musculus. Xenopus: Xenopus laevis. Drosophila: 
Drosophila melanogaster. Chicken: Gallus gallus. Below the alignment, (*) indicates positions which have a single, fully 
conserved residue; (:) indicates conservation between groups of strong similar properties; (.) indicates conservation 
between groups of weak similar properties. The positions of the SgRNAs are marked in yellow. The position of the 
nuclear localization signal in humans is marked in green. 
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Appendix Table 1. Primers used for genotyping the T-DNA insertion lines. 

T-DNA line Primer name Sequence 5’-3’ 
csn3-1 SALK_000593_LP TTGAGAGGAGCTCAAGACTCG 

SALK_000593_RP CTTACCTGCCCATTGTGAATG 

csn3-2 SALK_106465_LP TGCTTTGACACTCTGTGATCG 

SALK_106465_RP AAGAACATCTGGATGCAATGC 

csn4-1 SALK_043720_LP TTCGATCAATTTTTCGATTGC 

SALK_043720_RP AGATTTCACATACCAAAGCGG 

csn4-2 SALK_053839_LP CTAAGGCCACATCAGGTATGG 

SALK_053839_RP CGGCTTGGATAAAAGATTGTG 

csn5b-1 SALK_007134_LP AATCCCCGAAGTAACATTTTTG 

SALK_007134_RP CATTACCCAGCAGTGGAGAAG 

csn5b-3 SALK_036658_LP TCATGGCTATTTTGCATTTGC 

SALK_036658_RP CATCCTGAGCATTAACCCTTG 

csn5b-2 SALK_030493_LP TCTCGAAGCACGAAAATTCAC 

SALK_030493_RP TTTCATACGGAATCGATGGAG 

hub 1-4 SALK_122512_LP TGGGAAAACATGGTATTGAGG 

SALK_122512_RP AGCTCCGACAAGAACTCAGTG 

hub 1-5 SALK_044415_LP TTTTCTGTTTCAGGGATGTCG 

SALK_044415_RP TTGGCTATTTCCATTTCCTCC 

hub1_760 SALK_037760_LP AGAACACTCAACCTGCTGAGC 

SALK_037760_RP ACTCGCAACAAAAATCGATTG 

hub1_867 SALK_119867_LP GAAGCTCGAATACAAATCCCC 

SALK_119867_RP AAGGGTGACATTCAAGCATTG 

hub 1-3 GABI_276D08_LP CGTCTTTCGAGAAACATCACC 

GABI_276D08_RP TGGGTGTACAAAACCCTTCTG 

MV06 ATGGTAGAGCCAGCTGTTAAGAAG 

hub 2-2 SALK_071289_LP CATGGTACCACATCCAAGGTC 

SALK_071289_RP CCTCTTTAGGCCGATCAAAAC 

hub 2-1 GABI_634H04_LP CCGTTTTGTGCTTTTCTTGTC 

GABI_634H04_RP TTGGTTCTGTGTCTGCATGTC 

MV07 AGGATGATTGTACCTCCATTTCAG 

rbr_029 SALK_096029_LP AAACTAGGTTGTGCCATGGTG 

SALK_096029_RP CCTTCAAAGGACCTATCTGCC 

rbr_478 SALK_071478_LP ATTTATTCCTGCCGTAAAGCC 

SALK_071478_RP CATAAAGTGTTGTTTTGCGGC 

rbr1-2 SALK_002946_LP CCATATAGGACAAAATGGGGG 

SALK_002946_RP TACAGGACCTAGCTCCACCAG 

cap-d2-3 SALK_065716_LP TTGAAGTTTTCACATACCGCC 

SALK_065716_RP TCTGCATCCTCATCAATCTCC 

cap-d2-2 SALK_044796_LP GTAGAGGTTCCACTTTTGCCC 

SALK_044796_RP AACATAACCCCTTTGGTCCAC 
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cap-d2-1 SALK_077796 AAAACCAAGACCATGGAATCC 

SALK_077796 CAAATTGTCATAACTAAACCGGC 

cap-d3 SALK SALK_094776 TGGTTTGAAAATGGTTGCTTC 

SALK_094776 AGCGATAGAAGGAATCGAAGG 

cap-d3 SAIL SAIL_826B06 TGAAGAAGGTGGATTTGATGC 

SAIL_826B06 CGGAAATAGCTGAAACTGCAG 

T-DNA primer SAIL lines SAIL_LB3 AGCATCTGAATTTCATAACCAATCTCGATACAC 

T-DNA primer SALK lines LBb1.3 ATTTTGCCGATTTCGGAAC 

T-DNA primer GABI lines GABI 8474 ATAATAACGCTGCGGACATCTACATTTT 
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Appendix Table 2. List of constructs generated 

Name Plasmid Gene inserted 

 pCambia2300_CAP-D3_GS pCambia 2300 CAP-D3 cDNA full lenght 

CAP-D3_pEntry pEntry 1A CAP-D3 cDNA full lenght 

CAP-D3_EYFPc pGWB641 CAP-D3 cDNA full lenght (pEntry D3) 

CAP-D3_EYFPn pGWB642 CAP-D3 cDNA full lenght (pEntry D3) 

pEt23_CAP-D2_Ct pET-23a (+) CAP-D2 cDNA C-terminal 500 aa 

pCambia2300_CAP-D3_GS pCambia 2300 CAP-D2 cDNA full lenght 

CAP-D2_pEntry pEntry 1A CAP-D2 cDNA full lenght 

CAP-D2_EYFPc pGWB641 CAP-D2 cDNA full lenght (pEntry D2) 

CAP-D2_EYFPn pGWB642 CAP-D2 cDNA full lenght (pEntry D2) 

CAP-D2_SPYNE 35S SPYNE CAP-D2 cDNA full lenght (pEntry D2) 

CAP-D2_SPYCE 35S SPYCE CAP-D2 cDNA full lenght (pEntry D2) 

pEnChi Sg1 pEn-Chimera Sg RNA 1 

pDeCas Sg1 pDe-Cas9 Sg RNA 1 

pEnChi Sg2 pEn-Chimera Sg RNA 2 

pDeCas Sg2 pDe-Cas9 Sg RNA 2 

pEnChi Sg3 pEn-Chimera Sg RNA 3 

pDeCas Sg3 pDe-Cas9 Sg RNA 3 

pEnChi Sg4 pEn-Chimera Sg RNA 4 

pDeCas Sg4 pDe-Cas9 Sg RNA 4 

pEntry_Pro4_D2 pEntry 1A Pro4_D2  

pEntry_Pro5_D2 pEntry 1A Pro5_D2 

pEntry_Pro6_D2 pEntry 1A Pro6_D2 

pEntry_Pro7_D2 pEntry 1A Pro7 _D2 

pEntry_Pro8_D2 pEntry 1A Pro8_D2 

pEntry_Pro9_D2 pEntry 1A Pro9_D2 

pEntry_Pro10_D3 pEntry 1A Pro10_D3 

pEntry_Pro11_D3 pEntry 1A Pro11_D3 

633_Pro4_D2 pGWB633 pEntry_Pro4_D2 

633_Pro5_D2 pGWB633 pEntry_Pro5_D2 

633_Pro6_D2 pGWB633 pEntry_Pro6_D2 

633_Pro7_D2 pGWB633 pEntry_Pro7_D2 

633_Pro8_D2 pGWB633 pEntry_Pro8_D2 

633_Pro9_D2 pGWB633 pEntry_Pro9_D2 

633_Pro10_D3 pGWB633 pEntry_Pro10_D3 

633_Pro11_D3 pGWB633 pEntry_Pro11_D3 

CAP-G_pEntry pEntry 1A CAP-G cDNA full length 

CAP-G_EYFPc pGWB641 CAP-G cDNA full length (pEntry G) 

CAP-G_SYPNE 35S SPYNE CAP-G cDNA full length (pEntry G) 

CAP-G_SPYCE 35S SPYCE CAP-G cDNA full length (pEntry G) 

CAP-H_pEntry pEntry 1A CAP-H cDNA full length  
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CAP-H_EYFPc pGWB641 CAP-H cDNA full length (pEntry H) 

CAP-H_SPYNE 35S SPYNE CAP-H cDNA full length (pEntry H) 

CAP-H_SPYCE 35S SPYCE CAP-H cDNA full length (pEntry H) 

Control_EYFPc pGWB641 pEntry C (empty) 
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Appendix Table 3. List of proteins co-purified with CAP-D2-GS. Only proteins present in the three affinity purifications 
and with no occurrence among the non-specific proteins are listed. 

AGI Protein names Average MASCOT Score 

AT3G57060 CAP-D2 4538.87 

AT5G48600 SMC4 2542.57 

AT5G62410 SMC2A 2497.43 

AT3G47460 SMC2B 1932.23 

AT5G37630 CAP-G 1421.20 

AT2G32590 CAP-H 919.63 

AT3G46740 protein TOC75-3  641.57 

AT3G08943 armadillo/beta-catenin-like repeat-containing protein  551.70 

AT1G72560 PAUSED  476.33 

AT5G09840 putative endonuclease or glycosyl hydrolase  470.07 

AT2G20800 NAD(P)H dehydrogenase B4  445.47 

AT2G02090 CHR19 Chromatin remodelling 19 400.83 

AT5G64270 putative splicing factor  393.70 

AT4G24840 Brefeldin A-sensitive Golgi protein-like  389.23 

AT1G07810 Ca2+-transporting ATPase  386.87 

AT4G01100 adenine nucleotide transporter 1  380.70 

AT3G60860 guanine nucleotide exchange factor  374.00 

AT4G19490 protein VPS54  360.83 

AT3G54110 uncoupling mitochondrial protein 1  352.93 

AT2G40730 SCY1-like protein  352.83 

AT4G02510 translocase of chloroplast 159  341.17 

AT3G01280 mitochondrial outer membrane protein porin 1  340.97 

AT4G05020 NAD(P)H dehydrogenase B2  334.20 

AT5G41950 tetratricopeptide repeat domain-containing protein  332.53 

AT5G16930 AAA-type ATPase family protein  329.23 

AT4G01400 oligomeric golgi complex subunit-like protein 318.60 

AT4G02570 CUL1 cullin 1  315.07 

AT5G16210 HEAT repeat-containing protein  301.20 

AT2G39260 regulator of nonsense transcripts UPF2 269.63 

AT5G22770 AP-2 complex subunit alpha-1  265.63 

AT5G18420 CCR4-NOT transcription complex subunit 265.13 

AT2G01690 ARM repeat superfamily protein 256.73 

AT3G45190 SIT4 phosphatase-associated family protein 253.40 

AT4G33650 dynamin like protein 2a  250.40 

AT4G02350 exocyst complex component sec15B 247.90 

AT2G36200 kinesin family member 11  246.07 

AT5G26760 RPAP2 IYO MATE (RIMA) 243.80 

AT1G04080 pre-mRNA-processing factor 39  242.80 

AT3G62360 carbohydrate-binding-like fold-containing protein  241.90 

AT1G60200 RNA-Binding protein 25 236.77 



99 
 

AT4G32050 neurochondrin family protein  234.23 

AT1G22730 putative topoisomerase  226.80 

AT5G13850 nascent polypeptide-associated complex subunit alpha-like protein 3  226.57 

AT3G55410 2-oxoglutarate dehydrogenase, E1 subunit-like protein  218.97 

AT2G18330 AAA-type ATPase-like protein  218.27 

AT3G16830 Topless-related 2 protein  218.23 

AT2G22300 calmodulin-binding transcription activator 3  213.63 

AT2G14120 dynamin-like protein  204.30 

AT4G01990 tetratricopeptide repeat-like superfamily protein 203.83 

AT3G11710 lysyl-tRNA synthetase  202.50 

AT5G49830 exocyst complex component 84B  197.60 

AT2G27170 SMC3 196.17 

AT1G48900 signal recognition particle subunit SRP54  195.77 

AT1G60070 adaptor protein complex AP-1, gamma subunit 194.00 

AT2G27900 coiled-coil protein 193.10 

AT1G63810 nucleolar protein 192.43 

AT4G21150 ribophorin II (RPN2) family protein  187.57 

AT2G31810 ACT domain-containing small subunit of acetolactate synthase protein  186.10 

AT4G27500 proton pump interactor 1  186.07 

AT1G73430 putative conserved oligomeric golgi complex 3 182.73 

AT1G71270 A. thaliana VPS52 homolog 178.03 

AT5G19760 mitochondrial substrate carrier family protein  176.33 

AT3G54540 ABC transporter F family member 4  175.57 

AT5G13110 glucose-6-phosphate 1-dehydrogenase  171.50 

AT5G08550 GC-rich sequence DNA-binding factor  167.73 

AT5G47480 RGPR-related protein  167.73 

AT5G65460 kinesin like protein for actin based chloroplast movement 2  167.23 

AT5G14580 polyribonucleotide nucleotidyltransferase  163.70 

AT5G09420 translocon at the outer membrane of chloroplasts 64-V  162.17 

AT3G11400 eukaryotic translation initiation factor 3g  155.40 

AT5G08450 HDC1 histone deacetylation complex 1  153.20 

AT5G11980 conserved oligomeric Golgi complex component-related 153.10 

AT1G79940 translocation protein SEC63  152.73 

AT3G45970 expansin-like A1  152.73 

AT2G42710 ribosomal protein .1/L10 family protein  147.03 

AT3G08030 uncharacterized protein  146.87 

AT5G18620 CHR17 chromatin remodeling factor17  146.83 

AT5G50320 ELO3 histone acetyltransferase  146.53 

AT1G31780 conserved oligomeric Golgi complex 7 144.90 

AT5G19400 telomerase activating protein Est1  142.17 

AT5G10470 geminivirus Rep-interacting motor protein  138.43 

AT1G61040 Plus-3 domain-containgn protein 137.57 

AT1G67930 Golgi transport complex-related protein  136.70 



100 
 

AT4G39690 homolog of yeasst mic60 protein 136.10 

AT1G03860 prohibitin 2  135.43 

AT1G19870 protein IQ-domain 32  135.23 

AT3G16620 translocase of chloroplast 120  133.90 

AT5G61970 signal recognition particle subunit SRP68  133.60 

AT1G32380 phosphoribosyl pyrophosphate synthetase II  128.47 

AT1G78380 glutathione S-transferase TAU 19  128.00 

AT3G59020 armadillo/beta-catenin-like repeat-containing protein  125.70 

AT4G10320 similar to isoleucyl-tRNA synthetases  121.20 

AT4G24550 AP-4 complex subunit mu-1  121.07 

AT1G62740 putative stress-inducible protein  117.43 

AT1G11910 aspartic proteinase  117.33 

AT5G67500 voltage dependent anion channel 2  116.70 

AT5G46750 ARF-GAP domain 9 115.70 

AT2G19480 putative nucleosome assembly protein 1;2 115.53 

AT5G66680 putative dolichyl-di-phosphooligosaccharide-protein glycotransferase  114.07 

AT5G03540 exocyst subunit exo70 family protein A1  112.07 

AT5G42960 Outer envelope pore 24B-like protein 110.17 

AT3G46220 E3 UFM1-protein ligase 1-like protein  109.93 

AT2G27030 calmodulin 5  109.70 

AT3G44330 M28 Zn-peptidase nicastrin 109.40 

AT3G23300 S-adenosyl-Lmethionine-dependent methyltransferases superfamily protein 107.67 

AT1G49040 stomatal cytokinesis defective (SCD1)  106.07 

AT2G05120 nucleoporin, Nup133/Nup155-like protein  103.40 
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Appendix Table 4. List of proteins co-purified with CAP-D3-GS. Only proteins present in the three affinity purifications 
and with no occurrence among the non-specific proteins are listed. 

AGI Protein names Average MASCOT Score 

AT4G15890 CAP-D3 6668.17 

AT5G48600 SMC4 1571.70 

AT5G62410 SMC2A 819.37 

AT2G19480 nucleosome assembly protein 1;2  496.57 

AT2G38770 intron-binding protein aquarius  440.83 

AT3G13290 varicose-related protein  416.07 

AT4G02510 translocase of chloroplast 159  407.33 

AT3G54110 uncoupling mitochondrial protein 1  399.83 

AT1G48900 signal recognition particle subunit SRP54  399.30 

AT4G26110 nucleosome assembly protein 1-like 1  397.30 

AT4G01990 pentatricopeptide repeat-containing protein  371.23 

AT4G32050 Neurochondrin family protein 331.57 

AT2G03510 SPFH/Band 7/PHB domain-containing membrane-associated protein  317.63 

AT4G01100 adenine nucleotide transporter 1  309.07 

AT3G02200 proteasome component (PCI) domain protein  308.57 

AT2G42710 ribosomal protein .1/L10 family protein  304.23 

AT3G60860 SEC7-like guanine nucleotide exchange family protein  303.10 

AT3G01280 mitochondrial outer membrane protein porin 1  299.57 

AT5G09840 putative endonuclease or glycosyl hydrolase  288.67 

AT4G21150 ribophorin II (RPN2) family protein  250.40 

AT5G18420 CCR4-NOT transcription complex subunit 245.07 

AT1G64960 CAP-G2 218.27 

AT4G33510 phospho-2-dehydro-3-deoxyheptonate aldolase 2  211.13 

AT5G58410 HEAT/U-box domain-containing protein  210.40 

AT5G19760 mitochondrial substrate carrier family protein  207.50 

AT3G16730 CAP-H2 205.97 

AT1G14850 nucleoporin 155  200.63 

AT1G06530 tropomyosin-related protein  198.07 

AT5G40770 prohibitin 3  194.70 

AT3G02650 pentatricopeptide repeat-containing protein  186.60 

AT2G20800 NAD(P)H dehydrogenase B4  184.30 

AT1G20960 putative U5 small nuclear ribonucleoprotein helicase  183.03 

AT2G45140 VAP-like protein 12  182.27 

AT3G44330 M28 Zn-peptidase nicastrin 180.40 

AT5G13110 glucose-6-phosphate 1-dehydrogenase  177.80 

AT4G24550 AP-4 complex subunit mu-1  174.97 

AT5G64270 putative splicing factor  170.03 

AT5G66680 putative dolichyl-di-phosphooligosaccharide-protein glycotransferase  168.17 

AT3G02090 putative mitochondrial processing peptidase  162.33 

AT2G39260 regulator of nonsense transcripts UPF2 161.90 

AT5G07340 calnexin homolog  155.57 
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AT2G33040 ATP synthase subunit gamma  155.37 

AT4G02150 Importin subunit alpha-2  155.03 

AT5G50320 ELO3 histone acetyl transferase 154.50 

AT3G55620 translation initiation factor IF6  153.50 

AT5G27970 armadillo/beta-catenin-like repeat-containing protein  153.37 

AT1G26460 pentatricopeptide repeat-containing protein  153.33 

AT1G55890 pentatricopeptide repeat-containing protein  152.80 

AT1G02370 pentatricopeptide repeat-containing protein  151.40 

AT5G11980 putative  CONSERVED OLIGOMERIC GOLGI COMPLEX 8 148.23 

AT5G15610 proteasome component (PCI) domain protein  146.13 

AT5G20490 Myosin XI family protein with Dil domain  146.00 

AT5G30510 ribosomal protein S1 145.93 

AT4G17330 hypothetical protein  144.13 

AT5G15020 SNL2 homolog of the transcriptional repressor SIN3 142.40 

AT2G20360 NAD(P)-binding Rossmann-fold superfamily protein  141.63 

AT2G31810 ACETOLACTATE SYNTHASE SMALL SUBUNIT 1 140.57 

AT1G64880 hypothetical Protein  139.73 

AT5G16930 AAA-type ATPase family protein 134.10 

AT1G27090 uncharacterized glycine-rich protein  132.70 

AT1G71410 SCYL2B 132.50 

AT3G55005 TONNEAU 1B. Involved in cortical microtubule organization 129.97 

AT3G53130 carotenoid epsilon-ring hydroxylase  129.13 

AT3G49080 RIBOSOMAL PROTEIN S9 M 128.83 

AT2G43950 chloroplast outer envelope protein 37  128.77 

AT2G26890 GRAVITROPISM DEFECTIVE 2 126.27 

AT5G12470 RER4 putative UvrABC system C protein 125.97 

AT4G31810 3-hydroxyisobutyryl-CoA hydrolase-like protein 2  122.43 

AT3G46950 mitochondrial transcription termination factor family protein  119.33 

AT3G18790 pre-mRNA-splicing factor ISY1  116.20 

AT1G23280 MAK16 protein-like protein 114.93 

AT1G67140 HEAT repeat-containing protein 113.27 

AT5G46750 putative ADP-ribosylation factor GTPase-activating protein AGD9  110.80 

AT3G61140 CSN1 COP9 signalosome 1 110.77 

AT2G46020 ATP-dependent helicase BRAHMA 109.03 

AT4G21800 QQT2.  Required for early embryo development. 108.77 

AT2G15630 pentatricopeptide repeat-containing protein  108.30 

AT4G38600 E3 ubiquitin-protein ligase UPL3  108.17 

AT2G40890 putative cytochrome P450  103.80 

AT4G11260 phosphatase SGT1b  103.67 

AT1G50030 FKBP12-rapamycin complex-associated protein  102.90 

AT4G05020 NAD(P)H dehydrogenase B2  101.63 

AT2G16485 NERD (Needed for RDR2-independent DNA methylation) 101.37 

AT2G16640 putative chloroplast outer membrane protein  100.20 



103 
 

Appendix Table 5. cap-d3 DEG. List of differentially expressed genes common to cap-d3 SALK vs. wild-type (Wt) and cap-

d3 SAIL vs Wt. Genes in bold are transcription factors. 

AGI Name 

Log2 fold-change 

SAIL vs Wt 

Log2 fold-change 

SALK vs Wt 

AT3G48360 Bt2 3.20 2.68 

AT1G50040 Unknown 3.17 2.57 

AT5G25240 Unknown 2.32 1.52 

AT2G28120 Otu1 2.30 1.78 

AT5G67480 Bt4 2.22 1.51 

AT5G05440 PYL5 2.07 1.21 

AT1G11260 STP1 2.01 1.16 

AT4G36850 PQ-loop repeat family protein 1.97 1.28 

AT2G44910 ATHB-4 1.90 1.64 

AT1G32170 XTH30 1.90 1.04 

AT3G23550 DTX18 (LAL5) 1.87 1.28 

AT1G02380 Unknown 1.86 1.24 

AT2G20670 Unknown 1.84 1.68 

AT5G14120 Major facilitator? 1.80 1.40 

AT3G15630 Unknown 1.80 1.17 

AT2G42870 PAR1(HLH1) 1.78 1.12 

AT2G47440 Tetraticopeptide repeat 1.75 1.62 

AT1G02610 RING/PHD zinc finger superfam. Prot?  1.74 1.14 

AT5G22920 CHYR1 (ATRZPF34) 1.68 1.12 

AT5G19120 Eukaryotic aspartyl protease family protein? 1.67 1.64 

AT2G25200 Unknown 1.62 1.30 

AT5G57550 XTH25, XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 25 1.62 1.13 

AT3G30122 Pseudogene 1.62 1.92 

AT2G36050 OFP15, ARABIDOPSIS THALIANA OVATE FAMILY PROTEIN 15 1.62 1.37 

AT2G18700  TPS11, TREHALOSE PHOSPHATASE/SYNTHASE 11 1.62 1.10 

AT4G17470 Lipid methabolism 1.56 1.09 

AT2G15880 Leucine rich repeat 1.56 1.16 

AT5G19190 Unknown 1.53 1.20 

AT4G17460 HAT1/JAB/JAIBA 1.52 1.63 

AT3G19680 Unknown 1.52 1.51 

AT4G38470 STY46 1.51 1.03 

AT3G15450 SEN5 1.45 1.10 

AT1G69570 Hipoxia induced TF 1.45 1.01 

AT5G35777 Transposable element gene 1.38 1.30 

AT2G17230 EXL5 1.35 1.08 

AT2G20835 Unknown 1.31 1.12 

AT2G22770 NAI1 1.30 1.26 

AT2G17740 VGL 1.28 1.59 

AT5G28145 Transposable element gene 1.27 1.03 

AT5G61590 DEWAX 1.25 1.04 
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AT4G14680 APS3/ATPS3 1.25 1.25 

AT1G70290 ATTPS8, ATTPSC, TPS8 1.24 1.10 

AT5G06870 ATPGIP2, PGIP2 1.23 1.12 

AT1G64200 VHA-E3 1.22 1.02 

AT3G53232 DEVIL 20, DVL20, ROTUNDIFOLIA LIKE 1, RTFL1 1.21 1.13 

AT2G23130 AGP17 1.20 1.16 

AT3G25760 AOC1/ERD12 1.18 1.01 

AT5G05600 DOX 1.17 1.11 

AT1G70700 JAZ9, TIFY7 1.17 1.33 

AT5G56550 OXS3 1.13 1.22 

AT3G15500 ANAC55 1.13 1.12 

AT1G36370 MSA1/SHM7 1.11 1.39 

AT4G27410 ANAC72/RD26 1.09 1.35 

AT4G24015 RHA4A 1.09 1.05 

AT3G49580 LSU1 1.05 1.11 

AT1G15125 S-adenosyl-L-methionine-dependent methyltransferase 1.04 1.03 

AT4G10910 Unknown 1.03 1.14 

AT5G63130 Octicosapeptide/Phox/Bem1p family protein -1.01 -1.21 

AT1G60190 PUB19 -1.06 -1.07 

AT3G62260 Protein phosphatase 2C family protein -1.09 -1.07 

AT5G15190 Unknown -1.09 -1.15 

AT4G25490 ATCBF1/ DRE BINDING PROTEIN 1B -1.09 -1.07 

AT3G21150 ATBBX32 -1.15 -1.05 

AT3G49710 Pentatricopeptide repeat (PPR) superfamily protein -1.17 -1.28 

AT2G34655 Unknown -1.19 -1.04 

AT5G05410 DREB2 -1.19 -1.19 

AT3G44450 BIC-1 -1.21 -1.08 

AT3G22540 Unknown -1.23 -1.01 

AT2G34650 PID/ABR -1.24 -1.07 

AT3G27210 Unknown -1.28 -1.35 

AT2G40750 ATWRKY54 -1.29 -1.17 

AT5G41400 RING/U-box superfamily protein -1.29 -1.02 

AT5G38005 Unknown -1.32 -1.08 

AT1G53080 Legume lectin family protein -1.35 -1.20 

AT3G22840 ELIP -1.36 -1.21 

AT4G04223 Unknown -1.37 -1.83 

AT5G49480 CP1 -1.42 -1.12 

AT2G01670 NUDT17 -1.48 -1.58 

AT4G25480 ATCBF3/DREB1A -1.77 -1.19 

AT1G70640 octicosapeptide/Phox/Bem1p (PB1) domain-containing protein -1.84 -1.36 

AT4G15248 BBX30 -1.96 -1.00 

AT3G44990 XTH31,XTR8 -2.25 -1.25 
AT3G15310 Transposable element gene -2.32 -1.64 

 


