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 The nuclear lamina is a reticular network of filaments that lie under the inner nuclear 

membrane in eukaryotic cells. I investigated the roles of the nuclear lamina in plant cells, which 

were previously implicated in control of nuclear morphology and genome organization. 

CROWDED NUCLEIs (CRWNs) are Arabidopsis thaliana homologs of plant nuclear lamina 

proteins NUCLEAR MATRIX CONSTITUENT PROTEINs (NMCPs). In this dissertation, I 

demonstrated that loss of CRWNs induces a wide range of gene expression changes and the 

spontaneous induction of immunity responses. At least two double mutants, crwn1 crwn2 and 

crwn1 crwn4, exhibit salicylic acid mediated (SA) defense responses and cell death lesion 

formation. I further discovered that short-day conditions can partially suppress dwarfism and 

cell death in crwn1 crwn2 mutants. I found that long-day conditions are necessary to produce 

reactive oxygen species (ROS), which contributes to cell death and dwarfism in crwn1 crwn2 

mutants, indicating that CRWNs are necessary to regulate light-mediated ROS generation and 

cell death. Finally, I examined roles of NMCPs/CRWNs in Solanum lycopersicum cv. M82 to 

check if functional similarities of NMCPs/CRWNs are present among different species. The 

Richards group found that nmcp2 single mutants and nmcp1a nmcp1b double mutants are not 

recoverable, demonstrating that NMCPs are indispensable for viability of plants. In addition, 

pollen abortion was found in NMCP1A/nmcp1a-1; nmcp1b-1/nmcp1b-1 mutants, which raised 

the possibility of NMCPs roles in male fertility. Collectively, these studies shed light on the role 

of plant nuclear lamina in pathogen response and development.    
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Chapter 1. Introduction 

Structure of nuclei 

 The nucleus is the key organelle that defines eukaryotic organisms and one that plays 

multiple roles. First, nuclei compartmentalize the genome and define the partitioning of the cell 

into the nucleoplasm and cytoplasm. Transport across this partition is highly regulated through 

complex structures called nuclear pores. Within the nucleus, more highly ordered processes 

occur that control proper gene expression, RNA processing and maturation, and proteolysis. 

 Changes in nuclear size and shape can provide clues to a cell’s biological status, 

specialization, or pathology. For example, normal human neutrophils have lobulated, ring-

shaped nuclei that are deformable and allow these immune function cells to move between cells 

to attack invaders (Hoffmann et al., 2007). In contrast, most human cells have somewhat rigid 

ovoid nuclei that would resist compression (Davidson and Lammerding, 2014; Kirby and 

Lammerding, 2018). In cancer cells, changes in nuclear morphology are often correlated to 

cancer cell function (Dey, 2010). One study suggests that analyzing morphological features of 

nuclei can make a better prognosis of breast cancer compared to conventional methods 

(Wolberg et al., 1999). Given the fact that nuclei are places for genome storage, nuclear 

morphology also reflects genomic status, such as endoreduplication. For example, guard cells 

in Arabidopsis thaliana have 2C nuclei, which exhibit only round nuclei, while highly 

endopolyploid cells in this species have elongated, non-spherical nuclei (Poulet et al., 2017; Hu 

et al., 2019). The ploidy level of nuclei is also correlated with the size of nuclei (Jovtchev et al., 

2006; Robinson et al., 2018). However, many features of nuclear morphology and dynamics 

still remain mysteries. For instance, potato cell (Solanum tuberosum L. cv. Datura) nuclei move 

to the invasion site of the fungal pathogen Phytophthora infestans (Freytag et al., 1994; 

Schmelzer, 2002; Griffis et al., 2014) and similar coordinated nuclear movement is observed 

during fungal-plant symbiont interactions (Skalamera and Heath, 1998; Genre et al., 2005). It 
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is still elusive how this movement is achieved, but mechanical stimulation of the cell by the 

fungus appears to be involved (Genre et al., 2009; Jayaraman et al., 2014). These examples of 

mechanosensing demonstrate how the nucleus is integrated, as an organelle, into cellular 

responses (Fal et al., 2017). 

 The nuclear envelope consists of two lipid bilayer membranes, where the outer and 

inner membranes make a doublet configuration. In addition to the double membrane structure, 

nuclei have long been thought to possess another structure called the nucleoskeleton. Unlike the 

cytoskeleton, however, the existence of nucleoskeleton was not fully confirmed, and remained 

as a hypothesis until the 1970s (Simon and Wilson, 2011; Adam, 2017). A tangible form of 

nucleoskeleton was first isolated from rat liver nuclei after DNase, RNase and salt treatment 

and named as the ‘nuclear matrix’ (Berezney and Coffey, 1977). Researchers also found that 

proteinases such as trypsin destabilized the spherical shape of the nuclear matrix, suggesting 

that the structure consists of protein (Berezney and Coffey, 1977). However, the nuclear matrix 

preparation consists of various proteins and efforts to further characterize constituent proteins 

led to the discovery of a more defined structure called the nuclear lamina, which is composed 

of lamin intermediate filament proteins (Gerace et al., 1978; Aebi et al., 1986; Simon and 

Wilson, 2011). This reticular structure resides under the inner nuclear membrane and interacts 

with the genome. Thus, the lamina is an important subject for both nuclear structure and the 

regulation of genomic configurations.  In this chapter, I will begin by considering the structure 

and function of the nuclear lamina in metazoan cells, as they are much better understood 

compared to their counterparts in fungi and plants. With the animal studies as a context, I will 

then provide an overview of what is known about the nuclear organization in plants and the 

plant version of the nuclear lamina. In addition, background information on plant immunity is 

included at the end of this introductory chapter to lay a foundation for my studies described in 

Chapter 2 linking the plant nuclear lamina and pathogen defense response.  
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Lamin proteins and nuclear lamina  

 Lamins are type V intermediate filament proteins. They are composed of three distinct 

domains - head, rod and tail. The rod domains contain α-helical coiled-coil domains, which are 

responsible for homodimerization. Rod domains retain the most highly conserved amino acid 

sequences shared among different lamins (Stuurman et al., 1998). The tail domains contain a 

CaaX motif, which is the target site of protein prenylation (reviewed below). Nuclear lamina 

formation from lamin monomers starts by homodimerization of two individual lamins (Aebi et 

al., 1986; Ben-Harush et al., 2009). These homodimers in turn interact to each other in head-to-

tail manner, making tetrameric units that form long filaments of 3.5 nm thickness. (Heitlinger 

et al., 1991; Turgay et al., 2016). These filaments interact to each other to form lattice-like 

structures (Burke and Stewart, 2013). Electron microscopy images of the nuclear lamina in 

Xenopus oocytes show a dense meshwork, into which nuclear pore complexes are incorporated 

(Aebi et al., 1986).      

 Lamins are divided into two groups - A-type and B-type. In mammals, A-type lamins 

include lamin A, lamin C, lamin C2 and lamin A∆10, all of which are encoded by the single 

LMNA gene through alternative splicing (Andres and Gonzalez, 2009). B-type lamins in humans 

include lamin B1, lamin B2 and lamin B3. Lamin B1 and Lamin B2 are encoded by LMNB1 

and LMNB2, respectively. Lamin B3 is the result of alternative splicing of the LMNB2 transcript. 

The expression patterns of specific lamins is also different from each other. While lamin A, 

lamin C, lamin B1 and lamin B2 are expressed in somatic cells, lamin C2 and lamin B3 are 

found in testis (Burke and Stewart, 2013).   

 

Linker of nucleoskeleton and cytoskeleton complex (LINC) 

 Unlike typical diagrams featuring eukaryotic cells in text books, nuclei are not free-

floating balls in the cytoplasm. Instead, nuclei are tethered to the cytoskeleton by protein 
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complexes called LINC (LInker of Nucleoskeleton and Cytoskeleton) in metazoan cells (Crisp 

et al., 2006). The LINC complex is composed of KASH (Klarsicht, ANC-1 and SYNE 

Homology) domain-containing proteins and SUN (Sad1 and UNC-84) domain-containing 

proteins (Simon and Wilson, 2011). The KASH domain-containing proteins SYNE1-4 encode 

nesprins (nuclear envelope spectrin repeat proteins) 1–4 (Simon and Wilson, 2011). The 

spectrin-repeat serves as interacting sites with other proteins (Parry et al., 1992; Yan et al., 1993). 

In addition, the spectrin-repeat family proteins often have N-terminal calponin homology 

domains, which bind filamentous actins (Rajgor and Shanahan, 2013). These proteins often 

include other motifs which allow them to interact with other cytoskeleton structures, thereby 

allowing interconnections among different cytoskeletal elements (Rajgor and Shanahan, 2013). 

Nesprins are primarily known for this role - bridging among nuclear envelope, cytoskeleton and 

nuclear lamina. Although KASH domain proteins are known to interact with the cytoskeleton, 

not all nesprins are localized to the ONM (Tzur et al., 2006; Mejat, 2010; Simon and Wilson, 

2011). The nesprin genes are transcribed into various splice variant isoforms that encode 

different size of proteins (Mejat, 2010; Morris and Randles, 2010). One hypothesis is that 

'nesprin giant' proteins interact with the outer nuclear membrane while the smallest nesprins 

localize to the inner nuclear membrane (Morris and Randles, 2010). There are five human SUN-

domain containing proteins, SUN1, SUN2, SUN3, SPAG4 and SUN5 (Tzur et al., 2006; Meinke 

and Schirmer, 2015). SUN domain proteins are localized to the INM (Meinke and Schirmer, 

2015). SUN1 is known to interact with lamins, and preferentially with prelamin A (Crisp et al., 

2006). Thus, the LINC complex makes a continuous network throughout the cell by 

interconnecting the cytoskeleton and nuclear lamina. This connectivity enables the integration 

of mechanical signals throughout the cell. One example is mechanotransduction mediated by 

the LINC complex. When forces are exerted on nesprin-1 proteins in isolated nuclei, nuclei 

become stiff to resist the tension and induces the recruitment of lamin A/C (Guilluy et al., 2014). 
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SUN1 and SUN2 proteins are involved in other mechanical stimulus phenomena, such as the 

low-magnitude mechanical signal pathway which suppresses adipocyte formation (Uzer et al., 

2015).   

 

Human laminopathies 

 The nuclear lamina in human cells has become the target of intense interest because 

severe and sometimes lethal diseases, known as laminopathies, are caused by polymorphisms 

in lamin genes. It has been reported that mutations in the LMNA gene alone can cause more than 

10 clinically distinctive syndromes (Worman and Bonne, 2007). Laminopathies are not only 

clinically important but also critical to understand the aging process because symptoms of 

several laminopathies are characterized by extremely accelerated aging known as progeroid 

syndromes. Hutchinson-Gilford progeria syndrome (HGPS) (Hutchinson, 1886; Gilford, 1904; 

Goldman et al., 2004) is the most prominent progeroid syndrome that is caused by mutations in 

the LMNA gene. Lamin A, which is encoded from LMNA, has a C-terminal CaaX motif. The 

CaaX motif comprises four amino acids - cysteine (C), two aliphatic residues (aa) and one of 

any amino acid (X). This motif is the target of protein prenylation (addition of hydrophobic 

prenyl groups). One of the prenylation modifications is called farnesylation where 15 carbons 

are added to a cysteine residue (Gao et al., 2009). After the addition of farnesyl groups, the 

CaaX motif undergoes proteolysis and carboxyl methylation. This series of post-translational 

processing steps are followed by further proteolytic cleavage steps where 18 residues in the C-

terminus, including farnesylated cysteine residue, are removed (Weber et al., 1989; Gonzalo et 

al., 2017). In HGPS cells, however, LMNA mutations hinder these post-translational 

modifications. Although multiple HGPS alleles are known, the mutation on nucleotide at 

position 1824, C → T (G608G) is the most frequent. This mutation creates a cryptic splice site 

on exon 11 and encodes abnormal proteins lacking 50 amino acids near the C terminus. The 
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mutant protein is called as 'progerin' and it does not lose the CaaX motif because the deleted 

region contains the cleavage site for the endoprotease Zmpste24. As a result, prenylated 

progerin accumulates within the INM, leading to changes in nuclear morphology and 

organization. 

 From gestational period to delivery, HGPS patients generally do not exhibit disease 

symptoms although fetuses are typically slightly smaller and newborn babies with HGPS often 

have visible veins across their nasal bridges (Hennekam, 2006). Nonetheless, patients at this 

early stage usually appear to be healthy. By the time that patients reach 1 year old, however, 

developmental failure is usually apparent, including loss of hair and loss of subcutaneous fat 

tissue (Hennekam, 2006). At age around 2 to 3 years old, infant HGPS patients start to exhibit 

facial characteristics including loss of hair, wide veins over the scalp, prominent eyes, narrow 

nasal bridges and many more (Hennekam, 2006). In general, these infant patients look very old 

and their physical development, including height growth and weight increase, are greatly 

hindered. Life expectancy of HGPS patients is usually around 13 years (Hennekam, 2006). The 

mechanisms through which changes in the nuclear lamina lead to such severe clinical 

manifestations is not well understood, but in the next section I will consider some of the leading 

hypotheses for how nuclear organization changes cause disease and alter phenotypes on both a 

cellular and whole-organism level. 

 

Mechanisms for nuclear periphery nuclear lamina action 

 Defective nuclear lamina could mediate phenotypes through a variety of mechanisms, 

which are not mutually exclusive. The first mechanism invokes the role of the nuclear periphery 

on gene expression. Studies in metazoan cells found that heterochromatin tends to be found at 

the nuclear periphery (Francastel et al., 2000; Akhtar and Gasser, 2007; Egecioglu and Brickner, 

2011). In addition, many genes at the nuclear periphery can be silenced; for instance, the 
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immunoglobulin heavy (IgH) and kappa (Igκ) genes are located at the nuclear periphery 

presumably through interaction with the nuclear lamina, but move into the nuclear interior upon 

transcription (Kosak et al., 2002). This finding suggests that the nuclear periphery might be the 

repressive environment of gene expression or be depleted in active transcriptional machinery 

and that the nuclear lamina plays important roles. Since the lamina resides inside of the inner 

nuclear membrane, the structure is used as a target for gene positioning studies. Tethering genes 

to the inner nuclear membrane represses gene expression in both fungal and mammalian nuclei 

(Akhtar and Gasser, 2007). However, studies also revealed that nuclear periphery is neither 

always repressive nor irreversible for gene expression. For example, ChIP-on-chip (chromatin 

immunoprecipitation on microarray 'chip') experiments against nuclear pore proteins showed 

that many active genes are indeed positioned at the nuclear periphery interacting with the 

nuclear pore complex (Casolari et al., 2004; Casolari et al., 2005; Akhtar and Gasser, 2007). 

Thus, nuclear pores might play important roles in controlling gene expression of genes 

dynamically partitioned close to the inner nuclear membrane (Egecioglu and Brickner, 2011). 

These results suggest that nuclear subdomains close to nuclear pore complexes are enriched in 

transcriptional and RNA processing machinery, where access to nuclear export pathways are 

available. These studies show that nuclear periphery is likely to be a complex genomic 

environment with different properties with respect to gene expression. 

 The nuclear lamina and the nuclear periphery can regulate gene expression by several 

mechanisms. First, the nuclear lamina binds and sequesters transcription factors. One example 

from animal cells is Oct-1 (octamer transcription factor 1) that binds to Lamin B1 (Guelen et 

al., 2008; Malhas et al., 2009). Loss of Lamin B1 can alter expression of genes in the oxidative 

stress response pathway when Oct-1 sequesteration by the lamin at the nuclear periphery is lost 

(Malhas et al., 2009).  Second, laminopathies and nuclear lamina changes can affect epigenetic 

marks that regulate gene expression. As mentioned above, nuclear periphery is generally 
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considered as repressive environment for gene expression. In HGPS, the constitutive 

heterochromatin mark trimethylation at lysine 9 of histone H3 (H3K9me3) is downregulated, 

which leads to transcription of the pericentric satellite III repeat, whereas another constitutive 

heterochromatin mark, H4K20me3 (trimethylation at lysine 20 of histone H3) is increased 

(Shumaker et al., 2006; Arancio et al., 2014). H3K27me3 (trimethylation at lysine 27 of histone 

H3), a facultative heterochromatin mark is downregulated as well in HGPS (Shumaker et al., 

2006). A third mechanism of nuclear lamina control of gene expression involves higher-order 

organization of the genome. Metazoan cell nuclei have lamin-associated domains (LAD) or 

regions of the genome that are in  physical contact with the nuclear lamina (van Steensel and 

Belmont, 2017). LADs appear to be critical for both three-dimensional genome organization 

and epigenetic regulation of large domains of repressed chromatin (van Steensel and Belmont, 

2017). These two features support each other because LADs mainly consist of heterochromatin, 

exhibit low gene density and are enriched for the repressive chromatin marks histone H3 di- and 

tri-methylation at lysine 9 (H3K9me2 and H3K9me3) (van Steensel and Belmont, 2017). 

Although there are studies showing that loss of lamins does not necessarily disrupt LADs and/or 

gene expression (Kim et al., 2011; Amendola and van Steensel, 2015), many studies support 

that the disruption of lamina leads to upregulation of transcription (van Steensel and Belmont, 

2017; Zheng et al., 2018). An example is the case of Drosophila melanogaster fat bodies, where 

immune related genes enriched in LAD are derepressed upon age-related reduction of lamins 

(Chen et al., 2014).  

 Defects in the nuclear lamina can exert effects on cell- and organism-level phenotypes 

through mechanisms that do not involve primary changes in gene expression. One well 

understood mechanism involves the generation of reactive oxygen species (ROS). It is 

documented that cells from laminopathy patients accumulate ROS (Sieprath et al., 2012). In 

fact, both ROS levels and sensitivity to ROS were increased in several laminopathies, including 
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HGPS (Viteri et al., 2010). The farnesylated prelamin A is thought to trigger increased ROS 

levels because inhibition of farnesylation of prelamin A prevented oxidative stress (Caron et al., 

2007). The confusing relationship between ROS and lamin arises from the fact that lamina 

structure is also affected by oxidative stress and the resulting defects, in turn, are thought to 

induce aging (Pekovic et al., 2011). This 'chicken or the egg' conundrum is still unresolved, 

leaving open the question of whether mutations in lamins make excess oxidative damages or 

mutated lamins are vulnerable to basal oxidative stress. There are several hypotheses to explain 

the situation (Sieprath et al., 2012). The first hypothesis posits that aberrant nuclear lamina 

disorganizes chromatin and in turn mis-regulates gene expression. For example, lamin B1 

regulates Oct-1, the loss of which elevates ROS level. Mutations on lamin B1 also recapitulates 

the elevated ROS symptoms, suggesting that lamin B1 can affect ROS level via Oct-1 (Malhas 

et al., 2009). The second hypothesis suggests that 'nuclear shielding' might be affected by 

laminopathies (Fabrini et al., 2010). In this hypothesis, the nuclear shield, a population of 

protective enzymes including ROS diffusing enzymes near the perinuclear region, is perturbed 

by laminopathy. Thus, disruptions in lamina can reduce antioxidant machinery and hence 

increased oxidative damage. The final hypothesis holds that laminopathies cause a breakdown 

in cellular compartmentalization between the nucleoplasm and cytoplasm. In this case, evidence 

was provided by a study where mitochondria, sites of massive ROS production, are found in 

nuclei of laminopathy cells (De Vos et al., 2011).  

 

The plant nuclear lamina 

 Efforts to find a nuclear matrix or nuclear lamina in plants started in 1980s and 1990s 

(Moreno Diaz de la Espina, 1995). Several early reports utilized antibodies against animal 

proteins to detect putative plant lamins and intermediate filament proteins. One representative 

study published in 1992 used antibodies recognizing animal lamins against extracts from pea 
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(Pisum sativum cv. milk and honey) to precipitate several proteins (Mcnulty and Saunders, 

1992). Another work published in the same year used antibodies for intermediate filament 

proteins and found antigens of size 60 and 65 kDa in carrot (Daucus carota), broad bean (Vicia 

faba) and pea, bolstering the possibility of the presence of lamin-like proteins in plants 

(Frederick et al., 1992). Similar results were also reported in onion (Allium cepa) (Minguez and 

Delaespina, 1993). Whether these antigens are true intermediate filaments or lamins has never 

been resolved, but the lack of genes encoding proteins related to lamins in subsequently 

characterized plant genomes suggests that these cross-reacting proteins are artifactual. 

Nonetheless, the existence of plant nuclear matrices has been demonstrated by several groups, 

and proteomics study of isolated nuclear matrix preparations showed a composition comparable 

to that of their animal counterpart (Calikowski et al., 2003; Pendle et al., 2005). Another key 

study showing that plants might have a true nuclear lamina came from cytological studies in 

Nicotiana tabacum (tobacco) BY-2 cells (Fiserova et al., 2009). This study revealed that an 

organized filamentous layer is present under the inner nuclear membrane, raising strong 

physical evidence of plant nuclear lamina.    

 A key advance in the study of the plant nuclear lamina grew from characterization of 

nuclear matrix fractions in carrot conducted by Masuda’s group. As reported in 1997, they 

identified a monoclonal antibody that detected the protein Nuclear Matrix Constituent Protein1 

(NMCP1), which localizes to nuclear periphery and has alpha-helices, similar to filament-

forming proteins (Masuda et al., 1993; Masuda et al., 1997). The same group subsequently 

discovered a closely related protein, which they named NMCP2 (Kimura et al., 2010). These 

two proteins define two phylogenetically distinct clades present in land plants. These two 

subclasses of NMCP proteins are both present at nuclear periphery during interphase, but a study 

in Apium graveolens (celery) and onion, showed that NMCP1 and NMCP2 show different 
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localization patterns during metaphase and anaphase in mitotic cell divisions (Kimura et al., 

2010; Ciska et al., 2018).   

 

Proper nuclear morphology and organization requires NMCPs 

Defining the roles of these phylogenetically distinct NMCP proteins has relied on 

functional studies in Arabidopsis. The Arabidopsis genome encodes four NMCP homologs, 

which were originally named as LITTLE NUCLEI (LINC) proteins (Dittmer et al., 2007) and 

then later renamed as CROWDED NUCLEI (CRWN) to avoid confusion with components of 

the LINC complex (Wang et al., 2013). CRWN1, CRWN2 and CRWN3 have coiled-coil 

domains and the highly conserved C-terminal motif shared with NMCP1 (Dittmer et al., 2007) 

(Fig. 1.1). In constrast, CRWN4 is NMCP2-type protein that lacks this C-terminal motif. Not 

all CRWNs are targeted to the nuclear periphery (Fig. 1.1). Expression of fluorescent proteins 

tagged versions of CRWNs under 35S promoters showed that while CRWN1 and CRWN4 

localize to the nuclear rim, and that CRWN2 and CRWN3 are distributed throughout the 

nucleoplasm (Sakamoto and Takagi, 2013). Furthermore, CRWN3 and CRWN4 forms 

punctuate structures within the nucleus in these over-expression lines (Dittmer et al., 2007; 

Sakamoto and Takagi, 2013). CRWN1 and CRWN4 remain insoluble after high salt extraction 

of nuclear preparation (unpublished work from Haiyi Wang). Further, CRWN3 is found in 

Arabidopsis nucleolar proteome (Pendle et al., 2005). These biochemical fractionation studies 

combined with subcellular localization indicate that CRWN proteins are part of the plant 

nucleoskeleton and that CRWN1 and CRWN4 are good candidates for components of the plant 

nuclear lamina. 
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 Phenotypic analysis of Arabidopsis crwn mutants demonstrates the importance of these 

proteins in specification and/or maintenance of nuclear structure. Most notably, nuclei in crwn1 

and crwn4 mutants are reduced in size and fail to elongate but remain spherical in enlarged 

endopolyploid cells (Dittmer et al., 2007; Sakamoto and Takagi, 2013; Wang et al., 2013). In 

contrast, crwn2 and crwn3 mutant nuclei are similar in size and shape when compared to wild-

type nuclei (Sakamoto and Takagi, 2013; Wang et al., 2013). This lack of an effect in crwn2 

and crwn3 single mutants might reflect the fact that these proteins, which are localized 

throughout the nucleoplasm, are not part of the nuclear lamina. However, these mutations when 

combined with crwn1, but not crwn4, lead to a further reduction in nuclear size (Dittmer et al., 

Figure 1.1 Phylogenetic tree of NMCP/CRWN genes. Alignments of tomato NMCP and 
Arabidopsis CRWN protein sequences were performed using the ClustalX (version 2.1). The 
alignments were limited to the coiled-coil regions. A distance phylogenetic tree (phylogram) was 
generated from the .phb output file from ClustalX. Bootstrap values (out of 1000) are shown.  
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2007; Wang et al., 2013). These synthetic genetic interactions argue that CRWN2 and CRWN3 

are functionally redundant with their NMCP1-type paralog, CRWN1. Combining crwn1 and 

crwn4 mutation also lead to more severe nuclear phenotypes, and triple mutants (only two of 

the possible four are viable & the quadruple mutant is inviable) exhibit even smaller nuclei 

(Wang et al., 2013). These results using loss-of-function mutations are corroborated by 

overexpression studies; when CRWN4-GFP is overexpressed, nuclei in pavement cells become 

enlarged and further elongated (Sakamoto and Takagi, 2013). Taken together, these findings 

demonstrate that NMCP proteins are important to specify or maintain proper nuclear size and 

shape. The phenotypes of these plant nucleoskeletal mutants parallel the effects of lamin defects 

that alter nuclear morphology in animals, although it must be emphasized that lamin mutants 

show irregular nuclear shapes while plant nmcp mutants contain more regularly shaped, 

spherical nuclei. These differences are likely a reflection of the differences in the wild type state 

of nuclei in these two kingdom; plant nuclei remodel their shape dynamically in wild-type cells 

whereas animal nuclei in most cell types show some rigidity and resist deformation (Kirby and 

Lammerding, 2018).          

 

Other nuclear morphology mutants in plants 

 In addition to crwn mutants, there are other nuclear morphology mutants in Arabidopsis. 

Like metazoan cells, Arabidopsis cells have SUN-domain and KASH-domain proteins (Meier 

et al., 2016). Arabidopsis has two C-terminal SUN domain proteins, SUN1 and SUN2, and three 

mid-SUN domain proteins, SUN3, SUN4 and SUN5 (Meier et al., 2016). There are four KASH 

domain proteins: WIP1, WIP2, WIP3 and AtTIK (Meier et al., 2016). In addition, a family of 

proteins including WIT1 and WIT2 are in the outer nuclear membrane (Meier et al., 2016). 

Collectively, SUN-WIP-WIT forms Arabidopsis LINC complex (Meier et al., 2016). Mutations 

in LINC complex proteins can affect nuclear morphology. sun1 null mutants exhibit round 
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nuclei in trichomes and root hair cells, whereas sun2 mutants show elongated nuclei similar to 

wild type in the same cell types (Zhou et al., 2015). sun3 mutants have spherical nuclei in root 

epidermal cells (Graumann et al., 2014). Neither sun4 nor sun5 single mutants have distinct 

nuclear phenotypes but combination of the two mutations gives smaller nuclei (Graumann et al., 

2014). Among KASH-domain proteins, Arabidopsis tik mutants display smaller nuclei 

(Graumann et al., 2014). wip1 wip2 wip3 mutants exhibit round nuclei in trichome and root hair 

cells in which wit1 and wit1 wit2 also have spherical nuclei (Zhou et al., 2015). 

 In addition to LINC complex members, there are also other proteins affecting nuclear 

morphology, including the Myosin XI family protein MyoXI-I (KAKU1), nucleoporin CPR5, 

another nucleoporin NUP1/NUP136 (Nucleoporin1/Nucleoporin136), KAKU4, and PWO1 

(Pro-Trp-Trp-Pro INTERACTOR OF POLYCOMBS1). Of the 13 Arabidopsis Myosin XIs, 

only myoxi-i mutants exhibit round nuclei (Tamura et al., 2013). GFP-tagged MyoXi-i without 

its motor domain localizes to nuclear membrane, showing that MyoXi-i can anchor to the 

nuclear envelope (Tamura et al., 2013). NUP1/NUP136 is a plant-specific nucleoporin, loss of 

which leads to round nuclei in leaf epidermal cells (Lu et al., 2010; Tamura et al., 2010). cpr5 

mutants, known for their spontaneous immunity phenotypes, have small and round nuclei (Gu 

et al., 2016). KAKU4 is a putative nuclear lamina protein that interacts with CRWN1, and loss 

of KAKU4 leads to smaller, rounder nuclei. Similarly, PWO1 interacts with CRWN1, as well 

as PRC2 (Polycomb Repressive Complex 2); and pwo1 mutants exhibit small and round nuclei 

(Mikulski et al., 2019). These results demonstrate that many different types of perturbations can 

result in rounder or smaller nuclei in Arabidopsis, suggesting that nuclear morphology is tied to 

multiple processes, not simply defects in the nucleoskeleton. 

 

Plant nuclear structure and epigenetics 
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 As reviewed above, the nuclear lamina in metazoan cells interacts specifically with the 

genome and altered gene expression results from disruption of the animal nuclear lamina, 

prompting research into whether or not plant nuclear lamina proteins play similar roles in the 

epigenetic regulation of gene transcription. Investigation of nuclear organization provided some 

hints about the possible role of CRWNs in epigenetic regulation. The Richards group found that 

the number of chromocenters is significantly reduced in crwn1 crwn2 mutants (Dittmer et al., 

2007; Wang et al., 2013). Poulet et al. subsequently showed that these chromocenters in crwn1 

crwn2 mutants have increased volume and also exhibit more condensed chromocenters (Poulet 

et al., 2017). In addition, crwn1 crwn2 mutants tend to have fewer decondensed 180 bp 

centromeric repeats (Wang et al., 2013; Poulet et al., 2017), although transcription of 180 bp 

centromeric repeats in crwn1 crwn2 mutants is not significantly altered (Poulet et al., 2017). 

Chromocenters are also affected in crwn4 mutants but, in this case, the heterochromatin 

aggregates are more dispersed (Wang et al., 2013). These finding suggest that CRWN proteins 

have complex and potential antagonistic effects on higher-order chromatin organization. 

 Recent evidence provides more molecular details to explain how the nuclear lamina 

affects genomic organization in plants. Hu et al. showed that tethering of chromatin to the 

nuclear periphery is altered in crwn1 and crwn4 mutants (Hu et al., 2019). This conclusion 

derives from their FISH experiments that show that hybridization probes separately localized to 

the nuclear periphery versus non-nuclear periphery regions are not differentially localized in 

crwn1 and crwn4 mutants (Hu et al., 2019). Similarly, compartmentalization of chromosome 1 

in the mutants is also affected in that interactions normally not seen in WT are increased in the 

mutants, suggesting chromatin organization is less compartmentalized compared to WT (Hu et 

al., 2019). Previously, Grob et al. also showed that crwn1 and crwn4 mutants exhibit increased 

inter-chromosomal interactions at the expense of intra-chromosomal contacts (Grob et al., 2014), 

suggesting loss of CRWNs affect both nuclear morphology and genome organization.    
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 In addition, the Hu et al. defined PLADs (plant lamina-associated domains) using ChIP-

seq in transgenic plants expressing CRWN1:2HA to define CRWN1-associated chromatin (Hu 

et al., 2019). PLADs consist of transcriptionally inert regions in which repressive chromatin 

marks and lowly expressed genes are enriched. Hence, plant LADs resemble LADs in 

metazoans in being mainly composed of repressive chromatin regions with lowly expressed 

genes. 

 Another clue about how the nuclear lamina helps organize epigenetic 

compartmentalization of the genome comes from the identification of CRWN-interacting 

proteins. Recently, Mikulski et al. reported that CRWN1 interacts with PWO1, which interacts 

with PRC2 (Polycomb Repressive Complex 2). This complex methylates histone H3 at lysine 

27 (H3K27me3) and therefore connecting the nuclear lamina to the deposition of this repressive 

chromatin mark (Mikulski et al., 2019). Hohenstatt et al. previously found that PWO1 interacts 

with histone H3 (Hohenstatt et al., 2018). Hu et al. also showed H3K27me3 is enriched in 

PLADs (Hu et al., 2019). Collectively, these results indicate that the nuclear lamina in plants 

might establish a transcriptionally repressive region at the nuclear periphery via H3K27 

trimethylation. 

 

Plant nuclear structure and immune response 

 One important unresolved question is whether or not plant nuclear morphology mutants 

alter developmental or physiological phenotypes. Several studies have highlighted interesting 

correlations between plant defense and nuclear morphology mutants. Some of these examples 

come from the study of nuclear pore complex (NPC) components - nucleoporins. NUP136 was 

first discovered through proteomics approaches using immunoprecipitation coupled to mass 

spectrometry (IP-MS) (Tamura et al., 2010) and was one of 30 nucleoporins precipitated via a 

GFP-tagged RAE1 (RNA export factor 1) nucleoporin. Mutations in NUP136 cause a reduced 
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number of rosette leaves, shorter silique size and shrunken pollen grains. Also, Tamura et al. 

found that nup136 mutants exhibit small and round nuclei. In 2017, the same group found that 

NUP136 is not only involved in nuclear morphology but also regulate salicylic acid-dependent 

defense responses in Arabidopsis (Tamura et al., 2017). Tamura et al. showed that nup136 

mutants express lower levels of Arabidopsis immune-related genes, including PR1 

(PATHOGENESIS-RELATED 1), suggesting NUP136 is specifically required for robust 

immune responses. When combined with mutations in a gene encoing another nucleoporin 

NUP82 that interacts with NUP136, the resulting nup136 nup82 mutants showed even more 

compromised immune gene expression. This trend was also observed when assessing bacterial 

pathogenesis: nup136 nup82 mutants exhibit higher levels of Pseudomonas syringae pv. tomato 

DC3000 (DC3000) growth compared to wild type, while either single mutant shows 

intermediate levels of the pathogen growth. Finally, nup136 nup82 mutants have compromised 

sensitivity in SA-induced gene expression, showing that these two nucleoporins positively 

regulate the SA pathway. In 2016, Gu et al. found that cpr5 mutants have small and round nuclei 

like nup136 mutants (Gu et al., 2016). The cpr5 mutant has long been known for its spontaneous 

immune responses (Bowling et al., 1997). Gu et al. showed that CPR5 is a nucleoporin, which 

undergoes conformational changes to release cyclin-dependent kinase inhibitors (CKIs) that can 

mediate effector triggered immunity (ETI). This event also allows the influx of immune 

signaling complexes into the nucleoplasm. 

 In accordance with the above studies, recent publications exploring the role of CRWNs 

found that crwn mutants also exhibit stress-related responses. Guo et al. showed that crwn 

mutants exhibit abnormally enhanced defense response against bacterial pathogens (Guo et al., 

2017). They also showed that YFP-tagged CRWN1 protein is degraded upon bacterial pathogen 

infection and SA treatment, indicating that CRWNs are required to suppress uncontrolled 

defense responses. In their yeast-two-hybrid assay, CRWN1 interacts with NTL9 (NAC WITH 
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TRANSMEMBRANE MOTIF1-LIKE 9). The NTL9 is involved in various defense responses 

and it is known to interact with the SNI1, the HopD1 type III effector and the ICS1 

(ISOCHORISMATE SYNTHASE 1) promoter (Kim et al., 2012; Block et al., 2014; Zheng et al., 

2015). Guo et al. concluded that binding of NTL9 to PR1 promoter is enhanced by CRWN1, 

which prevents PR1 expression.  

Another study regarding CRWNs and whole-plant phenotypes found that crwn mutants 

exhibit hypersensitivity to abscisic acid (ABA) by suppressing the degradation of ABA 

INSENSITIVE 5 (ABI5) (Zhao et al., 2016). Mutations in ABI5 make plants insensitive to ABA 

(Skubacz et al., 2016). Zhao et al. showed that degradation of ABI5 is hindered in crwn1 crwn3 

mutants. This effect makes crwn1 crwn3 mutants hypersensitive to ABA, leading to low 

germination rate of crwn1 crwn3 seeds compared to wild type when exposed to exogenous ABA. 

These authors also showed that ABI5 co-localizes with CRWN3 in the nucleus, and they 

hypothesized that CRWN3 is involved in shuttling ABI5 to the proteasome in nuclear bodies. 

From all of these studies, it becomes more obvious that CRWNs are involved in stress signaling 

pathways, suggesting that aberrant nuclear structure could trigger plant resistance against both 

biotic and abiotic stresses.        

 

Salicylic acid, ROS and programmed cell death 

 Salicylic acid (SA) is a phytohormone best known for its roles in plant defense 

(Dempsey and Klessig, 2017). Biosynthesis of salicylic acid is thought to be largely regulated 

by two important enzymes. One is the phenylalanine ammonia lyase (PAL) and the other is 

isochorismate synthase (ICS). PAL, known to be induced by both biotic and abiotic stresses, 

regulates the phenylpropanoid pathway where phenylalanine is converted to cinnamate and then 

to SA (Coquoz et al., 1998). There are two ICS genes in Arabidopsis (Wildermuth et al., 2001). 

A mutation in the ICS1/SID2 gene leads to 90 - 95% decrease of total SA accumulation after 
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infection of pathogens in Arabidopsis, suggesting that the isochorismate pathway contributes 

most to SA biosynthesis (Wildermuth et al., 2001). In accordance with the higher contribution 

of ICS1/SID2 in SA biosynthesis, it was also reported that PAL family is responsible for low 

level of SA biosynthesis (Huang et al., 2010; Dempsey and Klessig, 2017).   

 Reactive oxygen species (ROS) have various roles in cellular signaling and responses. 

It was first thought that ROS are merely by-products of aerobic respiration. ROS can be 

classified by their reactivity and chemical structure and all of them are capable of inflicting 

damage on cellular components, including DNA and protein (Apel and Hirt, 2004). Plants have 

four main ROS: singlet oxygen, superoxide anion, hydrogen peroxide and hydroxyl radical, the 

reactivity and lifetime of which are distinct (Waszczak et al., 2018). Among these ROS, 

hydrogen peroxide (H2O2) is relatively moderate in its activity and has a longer lifetime (milli-

seconds to seconds) compared to the more highly active and short-lived (nano-second) hydroxyl 

radical (•OH). The superoxide anion (O2
•-) has an activity comparable with hydrogen peroxide 

but has a shorter lifetime (milli-seconds) (Waszczak et al., 2018). Damage on genomic DNA 

can be induced by hydroxyl radicals, superoxide and nitric oxide (Demple and Harrison, 1994). 

However, various roles of ROS in plant defense showed that ROS act not only as mere waste 

but also as signaling molecules (Waszczak et al., 2018). In plants, both photosynthesis and 

aerobic respiration continuously generate ROS, which are maintained at basal levels in the 

absence of environmental perturbations (Apel and Hirt, 2004). This steady state could be 

agitated by outer stimuli, which dramatically increases ROS level, a phenomenon called 

oxidative burst (Apostol et al., 1989). ROS can directly inhibit pathogens as antimicrobial agents 

(Shetty et al., 2008). They are also involved in signal transduction, gene expression, cell wall 

cross-linking and induction of the hypersensitive response (HR) (Shetty et al., 2008). 

 In plant immunity study, SA, ROS, DNA damage and HR have complicated 

relationships, where simple induction - inhibition correlation is often hard to be determined 
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because of dosage dependency and looping/feedback signaling. This situation is further 

entangled by the existence of chloroplasts, which produce ROS through light-reactions 

(Waszczak et al., 2018), whereas animal cells have only mitochondria which are main source 

of ROS.  

 Like many positive regulating roles of SA in plant defense response, it was first reported 

that SA can induce H2O2 in tobacco leaves (Chen et al., 1993). However, it was unclear whether 

SA acts upstream or downstream of H2O2 induction to express PR1 gene (Neuenschwander et 

al., 1995; Chamnongpol et al., 1996). After many years, the interplay of SA and ROS are 

understood as a non-hierarchical model where SA can act both upstream and downstream of 

ROS (Herrera-Vasquez et al., 2015). It has also been shown that SA can act in anti-oxidant 

signaling, counterintuitive to the initial observation where SA induces ROS signaling. Despite 

this complication, the interplay between SA and ROS tells us that both agents regulate many 

overlapping pathways. 

One of the important plant immune processes regulated by both SA and ROS is HR. 

HR is defined as a mechanism used in plants to inhibit the growth of infected pathogen. In plants, 

HR is treated as being equivalent to programmed cell death (PCD) in defense response, although 

programmed cell death is more general term used in animal science. If HR is triggered, PCD 

occurs and a spreading lesion develops, thereby hindering growth of biotrophic pathogens. 

Lesions initiated by HR, however, cannot slow the invasion of the necrotrophic pathogens, such 

as Botrytis cinera as these pathogens exploit dead cells for their growth (Govrin and Levine, 

2000).  

 The complicated relationship among SA, ROS and HR is well depicted in one study by 

Straus et al (Straus et al., 2010). They showed that SA can act as anti-oxidant agent by promoting 

conversion of O2
•- to H2O2 as well as limiting the cell death rather than promoting it. In the study, 

the mutant nudt7-1 which lacks NUDT7 limiting oxidative stress (McLennan, 2006) develops 
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even more cell death when the sid2 mutation is introduced, suggesting a role for SA in 

alleviating cell death. In addition, nudt7 sid2 mutants develop less H2O2 but higher O2
•- levels 

compared to nudt7 mutants, showing SA's role in limiting superoxide anion level. The study 

also showed that nudt7 sid2 mutants develop more lesions with less H2O2 level compared to 

nudt7 mutants, counter-intuitive to the role of H2O2 in an earlier study where H2O2 from either 

oxidative burst triggered by microbial elicitors or exogenous injection can initiate PCD (Levine 

et al., 1994). It should be also noted that ROS from different subcellular compartments could 

have different roles in downstream pathways as signal molecules (Straus et al., 2010; Waszczak 

et al., 2018).   
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ABSTRACT 

 Defects in the nuclear lamina of animal cell nuclei have dramatic effects on nuclear 

structure and gene expression as well as diverse physiological manifestations. We report that 

deficiencies in CROWDED NUCLEI (CRWN), which are candidate nuclear lamina proteins in 

Arabidopsis (Arabidopsis thaliana), trigger widespread changes in transcript levels and whole-

plant phenotypes, including dwarfing and spontaneous cell death lesions. These phenotypes are 

caused in part by ectopic induction of plant defense responses via the salicylic acid pathway. 

Loss of CRWN proteins induces the expression of the salicylic acid biosynthetic gene 

ISOCHORISMATE SYNTHASE1 (ICS1/SID2), which leads to spontaneous defense responses 

in crwn1 crwn2 and crwn1 crwn4 mutants, which are deficient in two of the four CRWN 

paralogs. The symptoms of ectopic defense response, including pathogenesis marker gene 

expression and cell death, increase in older crwn double mutants. These age-dependent effects 

are postulated to reflect an increase in nuclear dysfunction or damage over time, a phenomenon 

reminiscent of aging effects seen in animal nuclei and in some human laminopathy patients. 

 

INTRODUCTION 

 The morphology of cellular organelles is closely related to their function and 

physiological state. For example, mitochondrial cristae result from a complex corrugation of the 

inner membrane required to accommodate enzymes for cellular respiration. Mitochondria in 

skeletal or heart muscle, which require high amounts of energy, have stacked cristae, while 
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tissues with lower energy demands, such as liver or kidney, contain mitochondria with less 

stacked cristae (Kuhlbrandt, 2015). This relationship implies that structural components, which 

provide physical support and define organellar structure, are intimately involved in organelle 

function. In nuclei, the relationship between morphology and function is particularly important, 

as nuclei possess genetic information whose expression can be influenced by changes in nuclear 

structure and organization (Reddy et al., 2008; Schreiber and Kennedy, 2013; Davidson and 

Lammerding, 2014). 

 Eukaryotic nuclei are wrapped in a nuclear envelope, a double leaflet consisting of outer 

and inner nuclear membranes. There are various proteins associated with the envelope essential 

for nuclear function and morphology. Examples include nucleoporins, which form nuclear pores, 

Linker of Nucleoskeleton and Cytoskeleton (LINC) complex proteins, which span the nuclear 

envelope (Lombardi and Lammerding, 2011; Tapley and Starr, 2013; Tatout et al., 2014; Meier, 

2016), and a nuclear lamina (NL) structure underlying the inner nuclear envelope (Aebi et al., 

1986). Among these, the NL is a key architectural feature that affects both the morphology and 

the function of nuclei. In animals, the NL is a reticular structure under the inner nuclear 

membrane. The animal NL is mainly composed of intermediate filament-like proteins called 

lamins, which polymerize to form fibrillar networks (Aebi et al., 1986). This structure provides 

docking sites for chromatin and serves as a physical support for the organelle (Gruenbaum and 

Foisner, 2015). Most heterochromatin resides near or at the nuclear periphery, which is typically 

a repressive environment for gene expression (Egecioglu and Brickner, 2011). Studies have 

demonstrated that tethering genes to the NL results in transcriptional repression in mammalian 

cells (Reddy et al., 2008). Genomic profiling approaches have defined lamina-associated 

domains (LADs), characterized by repressive chromatin and genes with low expression levels 

(Pickersgill et al., 2006; Guelen et al., 2008; Ikegami et al., 2010; Peric-Hupkes et al., 2010; van 

Steensel and Belmont, 2017). This interaction between the genome and NL can link alterations 
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in NL structure to genomic instability as well as modifications in nuclear morphology. In a well-

documented example, certain dominant mutations in the human lamin A gene lead to abnormal 

nuclear shape, chromatin organization defects, and clinical syndromes, such as premature aging 

(e.g. Hutchinson-Gilford progeria syndrome) (Hutchinson, 1886; Gilford, 1904; Goldman et al., 

2004). Also, fibroblasts cultured from Hutchinson-Gilford progeria syndrome patients exhibit 

repositioned chromosomes within the nucleus and transcriptional misregulation (Csoka et al., 

2004). These findings indicate that the NL is essential for proper gene expression (Zheng et al., 

2018). 

 Although plants lack intermediate filaments and lamin orthologs, different classes of 

nuclear coiled-coil proteins have been identified as putative NL components, based on 

pioneering studies by Masuda and colleagues on carrot (Daucus carota) Nuclear Matrix 

Constituent Proteins (NMCPs) (Masuda et al., 1993; Masuda et al., 1997). In Arabidopsis 

(Arabidopsis thaliana), NMCP orthologs, called CROWDED NUCLEI (CRWN) proteins, are 

candidates for the major structural component of a plant NL. The Arabidopsis genome contains 

four CRWN genes, which are expressed broadly at the transcript level without obvious tissue 

specificity. The proteins partition into two distinct clades: one containing the CRWN1, CRWN2, 

and CRWN3 paralogs (NMCP1 clade), and a distinct one including CRWN4 (NMCP2 clade). 

Among these paralogs, CRWN1 and CRWN4 proteins localize to the nuclear periphery and are 

therefore the best candidates for NL components, while CRWN2 and CRWN3 are distributed 

throughout the nucleoplasm (Dittmer et al., 2007; Dittmer and Richards, 2008; Sakamoto and 

Takagi, 2013). CRWN genes are essential, as a loss of all four genes leads to inviability. CRWN 

proteins are important for maintenance of nuclear structure and morphology, as many crwn 

mutants have small and round nuclei (Dittmer et al., 2007; Sakamoto and Takagi, 2013; Wang 

et al., 2013) compared with wild-type Arabidopsis nuclei, which are elongated in many 

differentiated cell types (Chytilova et al., 2000; Meier et al., 2016; Meier et al., 2017). Our group 



36 
 

previously reported that CRWN genes have roles in specifying the structure of heterochromatin 

aggregates in interphase (chromocenters), implying that CRWN proteins not only control 

nuclear morphology but are also able to regulate higher order genome organization (Dittmer et 

al., 2007; Wang et al., 2013). Whole-plant phenotypes of crwn mutants show that many double 

and triple crwn mutants are smaller in size and have wrinkled leaves, demonstrating that altered 

plant nuclear structure can ultimately lead to abnormal growth. 

 Here, we investigate the effects of crwn mutations on gene expression and elucidate a 

mechanism through which loss of CRWN proteins causes dwarfism. We show that mutants 

lacking the full complement of CRWN genes show altered gene expression patterns, 

characterized by overexpression of transcripts associated with biotic pathogen response. Plants 

lacking both CRWN1 and CRWN2, or CRWN1 and CRWN4, exhibit ectopic defense responses, 

including partial resistance against the virulent bacterial pathogen, Pseudomonas syringae pv. 

tomato (strain DC3000). In addition, these crwn genotypes exhibit spontaneous cell death, 

which is associated with the up-regulation of the salicylic acid (SA)-biosynthesis gene, 

ISOCHORISMATE SYNTHASE1 (ICS1/SID2), and subsequent SA-dependent defense signaling. 

Our results demonstrate that nuclear periphery defects in plants, like similar changes in animal 

cells, can lead to premature cell death. 
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RESULTS 

Three crwn single mutants show altered transcriptional profiles in the absence of whole-

plant phenotypes 

 We reasoned that the alterations in nuclear size and shape in the crwn mutants could 

have an effect on transcriptional regulation and/or posttranscriptional processing. To test this 

prediction, we assessed the effect of crwn mutations on steady-state transcript levels using RNA 

sequencing (RNA-seq). Four-week-old rosette leaves from five mutants (crwn1, crwn2, crwn4, 

crwn1 crwn2, and crwn1 crwn4) were used as tissue for the RNA purification and transcriptomic 

analysis. These five mutants encompass the range of phenotypes displayed by crwn family 

mutants and involve both the NMCP1 and NMCP2 clades of CRWN paralogs. Mutants lacking 

Figure 2.1. The patterns of up-regulated genes in crwn mutants demonstrate both synergistic and 
antagonistic relationships among crwn mutations. The sizes of each circle in the Venn diagrams are 
proportional to the number of genes up-regulated at least two fold in our RNA-seq data (q < 0.01). A, up-
regulated genes in three crwn single mutants, crwn1, crwn2 and crwn4, showing shared transcriptomic 
alterations. B, up-regulated genes in the double mutant crwn1 crwn2 and corresponding single mutants, 
crwn1 and crwn2, showing the synergistic effects of the crwn1 and crwn2 mutations. C, up-regulated 
genes in the double mutant crwn1 crwn4 and corresponding single mutants, crwn1 and crwn4, showing 
the antagonistic effects of these mutations. D, up-regulated genes in two double mutants, crwn1 crwn2 
and crwn1 crwn4, and one single mutant, crwn4, illustrating overlapping profiles. Note that PR1 and PR2 
fell in the overlap between crwn1 crwn2 and crwn1 crwn4 mutants (this overlap contains 119 genes) and 
PR5 was found only in the sector corresponding to the crwn1 crwn2 mutant (region with 565 genes). 
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either CRWN1 or CRWN4 show abnormal nuclei that fail to elongate in differentiated cells and 

are reduced in size. The crwn2 mutation by itself does not alter nuclear morphology, but it was 

included in our analysis because crwn1 crwn2 double mutants have much smaller nuclei and 

display dwarf phenotypes (Dittmer et al., 2007; Wang et al., 2013), indicating that CRWN1 and 

CRWN2 have at least partially overlapping function. Similarly, crwn1 crwn4 double mutants 

are smaller than the wild type or either crwn1 or crwn4 single mutant. 

 We first compared misregulated genes among the three single mutants using a threshold 

for misregulation of 2-fold or greater increase or decrease compared with the wild type, with q 

< 0.01. We discovered that crwn4 mutants displayed the largest number of up-regulated loci, 

with 1,539 genes, compared to 455 for crwn1 mutants and 108 for crwn2 mutants (Fig. 1A). 

The number of genes with altered expression scaled with the severity of the abnormal nuclei 

phenotypes in leaf cells. That is, crwn2 plants have normally shaped nuclei and the least number 

of up-regulated genes, while crwn1 mutants exhibit smaller, round nuclei and a moderate 

alteration in transcription (Fig. 1A). The most severe misregulation was seen in the crwn4 

mutant (Fig. 1A), which has a more severe effect on nuclear organization, evidenced by a 

disruption in chromocenter organization and an abnormal nuclear boundary. These results 

indicate that loss of a single CRWN protein is enough to elicit transcriptomic alterations. The 

absence of morphological defects on the whole-plant level in crwn single mutants indicates that 

the changes in steady-state transcript levels are tied directly to alterations in nuclear structure, 

rather than a result of secondary effects from abnormal growth and development. 

 

Complex Interactions among crwn mutations are revealed by transcriptomic profiling 

 The genes misregulated in each crwn mutant formed sets with a high degree of overlap, 

suggesting shared functions among CRWN proteins. For example, many of the genes that were 

up-regulated genes in the crwn1 and crwn2 single mutants were also up-regulated in the crwn4 
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mutants (Fig. 1A). A similar pattern was observed in the Venn diagrams of down-regulated 

genes as well as for all misregulated genes (Supplemental Fig. S1). 

 We explored the overlap of function among CRWN proteins further by analyzing the 

transcriptomic profiles of the two crwn double mutants, crwn1 crwn2 and crwn1 crwn4, which 

display dwarf phenotypes. Of the two, crwn1 crwn2 mutants showed more extensive 

transcriptomic misregulation, exceeding the sum of the transcriptomic profiles of crwn1 and 

crwn2 single mutants (Fig. 1B). Thus, loss of CRWN1 and CRWN2 leads to a synergistic effect 

on transcription (Supplemental Fig. S2). This result is consistent with the synergistic phenotypes 

of crwn1 crwn2 double mutants, which have smaller nuclei and suffer from stunted growth, 

compared with the wild type and crwn1 or crwn2 single mutants. The transcriptomic patterns 

reinforce our previous conclusion that CRWN1 and CRWN2 have overlapping functions, but 

CRWN1, which is more highly expressed than CRWN2 (∼3-fold in wild-type plants in our 

RNA-seq data set), is sufficient to cover for the loss of its close paralog in crwn2 mutants. 

 Given the overlap of misregulated genes in crwn1 and crwn4 single mutants, it was 

surprising to observe that the combination of crwn1 and crwn4 mutations resulted in a smaller 

perturbation of gene expression compared with crwn4 mutants (Fig. 1C; Supplemental Fig. S2). 

This result was also unexpected because crwn1 crwn4 mutants have intermediate whole-plant 

phenotypes and a nuclear size reduction between that of the single mutants and the crwn1 crwn2 

double mutant. However, the transcriptomic data demonstrating that crwn1 suppresses the 

crwn4 mutation are consistent with our previous observations that CRWN1 and CRWN4 have 

opposing effects on chromocenter aggregation (Wang et al., 2013). 

 To summarize, our transcriptomic profiling uncovered a complex set of interactions 

among CRWN genes. On one hand, the gene expression results confirm that CRWN1 and 

CRWN2, close paralogs in the same clade, have overlapping functions. In contrast, CRWN1 and 

CRWN4, which lie in distinct clades, appear to have at least partially antagonistic functions. 
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Misregulated transcripts in crwn mutants are evenly distributed on chromosome arms but 

depleted from pericentromeric regions 

 Next, we determined if genes misregulated in crwn mutants have a nonrandom 

distribution across the genome. Plant genomes make nonrandom contacts with the nuclear 

periphery (Bi et al., 2017), as is the case in animals, where a subset of the genome is partitioned 

into LADs (van Steensel and Belmont, 2017). Therefore, we investigated whether or not 

particular regions of the folded genome were preferentially affected in crwn mutants. An uneven 

distribution of misregulated genes could also reflect differential effects on distinct epigenetic 

compartments in the genome. To investigate these possibilities, we drew chromosomal maps 

marking the positions of misexpressed transcripts. As shown in Supplemental Figure S3, 

misregulated loci were evenly distributed across each chromosome arm but significantly 

depleted from pericentromeric regions. The lack of differentially expressed genes in these 

regions could indicate that transposable elements (TEs), which are concentrated in 

heterochromatic regions flanking the centromere, are not derepressed in crwn mutants. However, 

the paucity of TEs detected might result from a bias in our RNA-seq analysis based on uniquely 

mapped reads and a gene-based annotation. Accordingly, we used TEtranscripts, an independent 

program designed to analyze differential expression of TEs, allowing transcripts to be mapped 

to families of elements (Jin et al., 2015). This supplemental analysis determined that only a 

small number of TE families showed modest expression changes (Supplemental Tables S1 and 

S2), and, in most cases, the detected differences reflected changes in transcript levels from genes 

that contain an embedded TE. For example, transcripts from AT2TE56040, an element in the 

VANDAL5A subfamily, were ∼16-fold higher in crwn1 crwn2 mutants compared with the wild 

type (Supplemental Table S1), with no significant overexpression in crwn1 or crwn2. However, 

inspection of the RNA-seq reads indicated that this apparent overexpression was due to longer 

transcripts corresponding to AT2G30020, which contains the element within an exon. Taken as 
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a whole, our results indicate that epigenetic silencing of TEs is not significantly reduced in any 

of the crwn mutants, despite the significant dispersion of chromocenters observed in crwn4 

nuclei (Wang et al., 2013). 

 We then characterized the chromatin states of misregulated genes in crwn mutants to 

determine if certain epigenetic signatures were overrepresented or underrepresented. For this 

analysis, we used the nine chromatin categories established by Sequeira-Mendes et al. to define 

the landscape of the Arabidopsis epigenome (Sequeira-Mendes et al., 2014). We found that up-

regulated genes in crwn mutants showed a higher proportion of genes in chromatin state 2 

compared with either the whole Arabidopsis gene list or the genes that were tested for 

differential expression (Supplemental Fig. S4). Chromatin state 2 is characterized by active 

marks (e.g. histone H3K4me2 and H3K4me3) associated with transcription as well as a high 

level of the repressive nucleosome modification, histone H3K27me3. The overrepresentation of 

chromatin state 2 coincided with an underrepresentation of states 1 and 3, which are associated 

with actively expressed genes and transcriptional elongation, respectively. The shift in 

representation of chromatin states among up-regulated targets suggests that CRWNs might 

contribute to the modulation of H3K27me-associated chromatin or differentially affect 

inducible genes that are packaged in chromatin state 2. 

 

Analysis of gene ontology of misregulated genes shows ectopic defense responses in crwn 

mutants 

 Next, we asked what kind of genes are misregulated in the RNA-seq profiles of crwn 

mutants. We found two patterns in this analysis. First, up-regulated genes were characterized 

by stress-associated Gene Ontology (GO) terms (Table 1). Although we found that both biotic 

and abiotic stress-related GO terms were identified, we focused on biotic stress because the GO 

terms with the highest fold enrichment were those related to plant defense (e.g. response to 
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chitin and response to molecule of bacterial origins). The second pattern was an enrichment of 

genes associated with metabolism and other stress pathways among the down-regulated loci 

(Supplemental Table S3). Examples of these down-regulated pathways include glucosinolate 

biosynthesis, wax biosynthesis, and cell wall biogenesis. Together, these two observations 

suggest that a loss of CRWN1 or CRWN4, or a combination of CRWN paralogs, leads to an 

induction of defense-related genes and a down-regulation of a subset of metabolic processes. 

 

Two crwn double mutants exhibit DC3000 resistance and elevated PR gene expression 

 Our analysis of transcriptomic data uncovered an ectopic induction of defense responses 

in crwn mutants, prompting us to test if there are any defense phenotypes in these mutants. We 

infected an array of crwn mutants with two commonly studied Arabidopsis pathogens 

representing both fungi and bacteria: the necrotrophic fungal pathogen Botrytis cinerea or the 

hemibiotrophic bacterial pathogen P. syringae (DC3000). We did not detect differences among 

the mutants challenged with B. cinerea; however, we found that the crwn1 crwn2 mutant 

significantly suppressed DC3000 growth in leaf tissue, compared with the wild type and single 

crwn mutants (Fig. 2A), while the crwn1 crwn4 mutant exhibited an intermediate phenotype. 

These graded disease phenotypes paralleled the expression of Pathogenesis Related (PR) 

marker genes in uninfected crwn mutants. Reverse transcription quantitative PCR (RT-qPCR) 

assays showed that PR1, PR2, and PR5 were highly expressed in both crwn1 crwn2 and crwn1 

crwn4 double mutants (Fig. 2B), but to a more extreme degree in crwn1 crwn2 mutants. 

Furthermore, despite showing widespread transcriptional changes, single crwn1 and crwn4 

mutants did not show significant up-regulation of PR genes, nor did these genotypes suppress 
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Table 2.1. Statistical overrepresentation test for up-regulated genes in crwn mutants  

Input GO Terms (Biological Process 
Complete) 

Total no. of 
Arabidopsis 
genes in the 

term 

Input 
genes 

#  

Expected 
no. of 
genes 

Fold 
enrichment P value 

Up-regulated 
genes in 
crwn1 

mutants 
(444 genes 
mapped) 

Response (rsp.) to chitin 108x 19 1.76 10.76 1.19E-10 
Rsp. to jasmonic acid 174 18 2.84 6.33 2.68E-06 
Rsp. to wounding 179 17 2.93 5.81 2.66E-05 
Ethylene-activated signaling 
pathway 135 11 2.21 4.99 4.08E-02 
Rsp. to SA 164 13 2.68 4.85 9.72E-03 
Rsp. to abscisic acid 413 25 6.75 3.70 8.24E-05 
Rsp. to salt stress 417 24 6.81 3.52 3.82E-04 
Protein phosphorylation 828 47 13.53 3.47 6.30E-10 
Rsp. to bac. 353 20 5.77 3.47 5.12E-03 
Cellular rsp. to acid chemical 346 19 5.65 3.36 1.41E-02 

Up-regulated 
genes in 
crwn2 

mutants 
(107 genes 
mapped) 

Rsp. to organonitrogen compound 133 6 0.52 11.53 3.42E-02 
Rsp. to cold 281 9 1.1 8.19 4.02E-03 
Rsp. to salt stress 417 10 1.63 6.13 1.35E-02 
Rsp. to acid chemical 896 21 3.51 5.99 9.39E-08 
Rsp. to oxygen-containing 
compound 1156 22 4.52 4.86 1.51E-06 
Rsp. to inorganic substance 690 12 2.7 4.45 3.88E-02 
Rsp. to hormone 1218 18 4.76 3.78 2.65E-03 

Up-regulated 
genes 

in crwn4 
mutants 

(1510 genes 
mapped) 

Rsp. to chitin 108 57 5.98 9.53 1.22E-32 
Rsp. to molecule of bac. origin 20 8 1.11 7.22 4.54E-02 
Defense rsp. to fungus, 
incompatible interaction 37 14 2.05 6.83 8.20E-05 
Defense rsp. to bac., incompatible 
interaction 40 11 2.22 4.96 4.48E-02 
Rsp. to wounding 179 46 9.91 4.64 1.09E-13 
Plant-type hypersensitive rsp. 67 17 3.71 4.58 8.54E-04 
Rsp. to SA 164 39 9.08 4.29 2.75E-10 
Protein autophosphorylation 115 27 6.37 4.24 1.98E-06 
Cellular rsp. to jasmonic acid 
stimulus 61 14 3.38 4.14 2.67E-02 
Ethylene-activated signaling 
pathway 135 29 7.48 3.88 3.47E-06 

Up-regulated 
genes 

in crwn1 
crwn2 

mutants 
(1686 genes 

mapped) 

Rsp. to chitin 108 62 6.68 9.27 5.61E-35 
Rsp. to molecule of bac. origin 20 9 1.24 7.27 1.33E-02 
SA mediated signaling pathway 35 14 2.17 6.46 1.61E-04 
Defense rsp. to bac., incompatible 
interaction 40 15 2.48 6.06 1.27E-04 

Plant-type hypersensitive rsp. 67 24 4.15 5.79 3.97E-08 
Systemic acquired resistance 44 15 2.72 5.51 4.24E-04 
Regulation of cell death 58 16 3.59 4.46 2.64E-03 
Regulation of rsp. to biotic 
stimulus 49 13 3.03 4.29 3.82E-02 

Regulation of rsp. to external 
stimulus 53 14 3.28 4.27 1.94E-02 

Positive regulation of defense rsp. 64 16 3.96 4.04 9.07E-03 

Up-regulated 
genes 

in crwn1 
crwn4 

mutants 
(382 genes 
mapped) 

Toxin metabolic process 54 8 0.76 10.53 2.89E-03 
Cellular rsp. to SA stimulus 50 7 0.7 9.95 1.91E-02 
Defense rsp. to bac. 281 29 3.96 7.33 5.01E-13 
Rsp. to organonitrogen compound 133 13 1.87 6.94 1.85E-04 
Innate immune rsp. 239 16 3.36 4.76 9.87E-04 
Secondary metabolite biosynthetic 
process 256 14 3.6 3.89 4.85E-02 

Rsp. to abscisic acid 413 22 5.81 3.78 3.62E-04 
Rsp. to fungus 490 26 6.9 3.77 2.90E-05 
Rsp. to oxidative stress 364 17 5.12 3.32 4.89E-02 
Protein phosphorylation 828 29 11.65 2.49 1.97E-02 

the growth of DC3000. These RT-qPCR results were consistent with our RNA-seq data, which 

indicated that PR genes are up-regulated in crwn1 crwn2 and crwn1 crwn4 plants but not in 
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crwn single mutants (Fig. 1D). Thus, the PR gene expression pattern indicates that crwn single 

mutants fail to induce defense responses fully, while the crwn1 crwn2 and crwn1 crwn4 double  

mutants induce defense responses above a threshold necessary to interfere with pathogen growth. 

 

crwn Double Mutants Exhibit Cell Death Lesions 

 Spontaneous defense responses, such as those observed in crwn double mutants, are 

also characteristic of lesion-mimic mutants (LMMs), which develop ectopic cell death foci 

similar to hypersensitive response lesions (Moeder and Yoshioka, 2008). As LMMs trigger 

premature and prolonged defense responses, they also show many growth phenotypes, such as 

slower growth and dwarfism (Bowling et al., 1997; Bruggeman et al., 2015). We assayed cell 

death in the crwn mutants because crwn double mutants display both autonomous defense 

responses and dwarfism. We found that both crwn1 crwn2 and crwn1 crwn4 double mutants 

exhibited dead cells in rosette leaves stained with Trypan Blue (Fig. 3A). Consistent with the 

expression level of the PR genes and the resistance against DC3000, crwn1 crwn2 mutants 

showed a higher incidence of cell death compared with crwn1 crwn4 plants. Almost no cell 

death was found in matched tissues from either single crwn mutants or wild-type control  

Figure 2.2. crwn1 crwn2 and crwn1 crwn4 mutants exhibit spontaneous defense responses. A, DC3000 
growth in rosette leaves of 22-d-old plants. The two double mutants have elevated resistance against 
DC3000. Log10 values of colony forming units (cfu) from each mutant were calculated 2 d and 4 d after 
infection (DAI). Error bars indicate SD (n = 4). Each mutant was compared to wild type (WT) using the 
Student’s t-test (**, P < 0.01 and ***, P < 0.001). B, RT-qPCR data showing expression of three PR 
genes in 27-d-old plants. Transcript levels of the marker genes are significantly higher in the two double 
mutants, consistent with their DC3000 resistance phenotype. Error bars indicate SE (n = 3). Student’s t-
tests were performed based on delta-Ct values (*, P < 0.05; **, P < 0.01; and ***, P < 0.001). 
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samples. 

 We checked if spontaneous defense phenotypes intensify over time, because young 

seedlings of crwn1 crwn2 mutants have less wrinkled leaves than older plants. We found no cell 

death in 12-d-old crwn1 crwn2 mutants but lesions were frequent in 22-d-old crwn1 crwn2 

leaves (Fig. 3A). Moreover, cell death was more widespread in 30-d-old crwn1 crwn2 plants 

(Fig. 3A). A similar age-dependent increase in cell death was observed in crwn1 crwn4 mutants. 

 Paralleling the increased incidence of cell death, PR1 expression was relatively low in 

leaves from younger 14- and 21-d-old crwn1 crwn2 plants but increased dramatically in 27-d-

Figure 2.3. crwn double mutants exhibit cell death and PR gene expression, which are exacerbated with 
aging. A, Trypan blue staining showed that crwn1 crwn2 and crwn1 crwn4 mutants form spontaneous 
lesions. As plants matured, cell death was more apparent and more frequent. B, PR1 expression in leaves 
from crwn1 crwn2 mutants of different ages. Expression of PR1 is higher in chronologically older leaves 
of crwn1 crwn2 mutants, consistent with our observation that older plants develop more lesions. PR1 
expression at each stage was normalized to transcript levels in wild-type samples for the housekeeping 
gene ROC1. Error bars indicate SE (n = 3). Student’s t-tests were performed based on delta-Ct values (*, 
P < 0.05; and ***, P < 0.001). C, the sid2-1 mutation suppressed cell death in 22-d-old crwn1 crwn2 
mutants; however, 30-d-old plants still exhibited some lesion formation. Bars = 100 µm. 



46 
 

old plants (Fig. 3B). These results show that perturbation of the nuclear periphery in plant cells 

leads to age-dependent effects on the whole-plant level, manifested here in the form of cell death 

and gene expression changes. 

 

crwn1 crwn2 and crwn1 crwn4 double mutants show high levels of total SA 

 Next, we sought to understand the connection among the diverse responses displayed 

by the crwn double mutants. SA is a prominent regulator of plant defense responses, including 

the hypersensitive response, systemic acquired resistance, and reactive oxygen species 

production (Vlot et al., 2009). Consequently, we investigated the causal connection between the 

phenotypes of crwn mutants and SA. First, we measured SA abundance in crwn mutants using 

mass spectrometry coupled with HPLC (HPLC/MS). SA can exist as several derivatives, 

including SA glucoside and salicylate glucose ester. The glucosylation of SA is known to reduce 

its toxicity and allows storage of large quantities of the hormone (Dempsey et al., 2011). The 

level of free SA was more than 2-fold higher in crwn1 crwn2 mutants compared with the wild 

type or crwn1, crwn2, and crwn4 single mutants (Fig. 4A). For glucosylated SA, the fold change 

was much higher than that for free SA: we recorded a 14-fold increase of glucosylated SA in 

crwn1 crwn2 mutants and a more than 6-fold increase in crwn1 crwn4 mutants (Fig. 4B). Thus, 

we found that both free SA and glucosylated SA are elevated in crwn1 crwn2 mutants, while 

only glucosylated SA is highly abundant in crwn1 crwn4 mutants. These results are consistent 

with the intermediate defense phenotypes in crwn1 crwn4 plants compared with crwn1 crwn2 

mutants and the lack of significant defense phenotypes in crwn single mutants. These findings 

suggest that SA is an important mediator of the abnormal gene expression and defense responses 

exhibited by crwn mutants. 
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SA is responsible for a significant portion of misregulated genes in crwn1 crwn2 mutants 

 To test the prediction that SA overaccumulation is responsible for the altered 

transcriptome in crwn mutants, we compared our RNA-seq data of crwn1 crwn2 mutants with 

a microarray data set from SA-treated wild-type plants (Zhou et al., 2015). About 40% of the 

up-regulated genes in the SA-treated wild-type sample overlapped with the up-regulation profile 

of crwn1 crwn2 mutants (Fig. 4C). GO term analysis revealed that genes in the overlap of these 

sets are closely related to bacterial resistance and SA response (Supplemental Table S4). 

Figure 2.4. SA levels in crwn1 crwn2 and crwn1 crwn4 mutants are significantly higher than in wild-
type (WT) plants or crwn single mutants. A, HPLC/MS detection of free SA levels from 27-d-old plants. 
Peak intensities of free SA per fresh sample weight were normalized to the spiked internal control d4-
SA. Each mutant was compared with the WT using Student’s t test, and error bars indicate SD (*, P < 
0.05; n = 3). B, HPLC/MS detection of glucosylated SA (SA-Glc, indicating either SA glucoside or 
salicylate Glc ester) levels from each mutant. The detection method, units, and statistical analysis were 
identical to those described for A (*, P < 0.05 and **, P < 0.01). C, Overlap of misregulated genes in our 
RNA-seq data from crwn1 crwn2 mutants and those in microarray data from 1 mM SA-treated WT plants 
(Zhou et al., 2015). For SA-treated WT microarray data, genes at least 2-fold increased or decreased with 
adjusted P  < 0.05 were used. For the RNA-seq of crwn1 crwn2 mutants, the criteria described in Figure 
2.1. were used. The significance of the overlap of both up-regulated and down-regulated gene 
comparisons was assessed by the hypergeometric test; the resulting P values in both cases were far less 
than 0.001. D, RT-qPCR data showing expression of the SID2 gene in 27-d-old plants. Error bars indicate 
SE (n = 3). Student’s t tests were performed based on delta-Ct values (*, P < 0.05 and **, P < 0.01). 
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Moreover, 25% of the down-regulated genes in the SA-treated wild-type sample overlapped 

with those down-regulated in crwn1 crwn2 samples (Fig. 4C). Among the genes down-regulated 

in both data sets are those featuring the response to jasmonic acid GO term (Supplemental Table 

S4), reflecting the well-known antagonism between SA and jasmonic acid signaling (Robert-

Seilaniantz et al., 2011). 

 The number of loci misregulated in both SA-treated plants and crwn single mutants was 

reduced relative to the overlap between SA-treated and crwn1 crwn2 double mutant samples 

(Supplemental Fig. S5). This pattern is consistent with the fact that the crwn single mutants do 

not accumulate high levels of SA. However, this explanation is incomplete, as the overlap is 

relatively modest between the SA-treatment data set and the misregulated loci in crwn1 crwn4 

mutants with elevated SA levels. Taken together, our findings indicate that SA signaling 

accounts for a significant portion of the transcriptomic changes in the crwn1 crwn2 mutants but 

that crwn mutations cause gene misregulation through additional mechanisms. 

 

SID2 transcripts are abundant in two crwn double mutants 

 To understand the mechanism responsible for SA accumulation in crwn1 crwn2 and 

crwn1 crwn4 mutants, we checked for changes in the transcript levels of genes involved in SA 

biosynthesis. There are two different SA biosynthetic pathways in plants (Vicente and Plasencia, 

2011). First, the phenylpropanoid pathway utilizes Phe in the cytoplasm to produce SA. 

Phenylalanine ammonia lyases (PALs) are important enzymes in this pathway. The second 

pathway begins with isochorismate in the chloroplast. In the latter pathway, ICS, where ICS1 is 

a synonym of SID2, are key enzymes responsible for SA biosynthesis (Seyfferth and Tsuda, 

2014). SID2 is highly expressed when plants are infected with P. syringae pv maculicola 

(Wildermuth et al., 2001). We found that crwn1 crwn2 mutants express very high levels of SID2 

transcripts, while transcription of PAL1 and PAL4 is reduced by more than half in our RNA-seq 
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data (Supplemental Fig. S6). Using RT-qPCR, we validated that the SID2 transcript level was 

significantly increased in crwn1 crwn2 mutants, while crwn1 crwn4 mutants exhibited an 

intermediate level of expression (Fig. 4D). These results are consistent with the total SA levels 

and the magnitude of defense responses in the crwn mutants. In addition, we found that the 

genes encoding several positive regulators of SID2 (Seyfferth and Tsuda, 2014), including 

SARD1 and CBP60g, are highly up-regulated in the transcriptomic profiles of crwn1 crwn2 

mutants (Supplemental Fig. S6). These results indicate that loss of CRWN genes leads to ectopic 

pathogen signaling by ramping up the production of SA via overexpression of SID2. 

 

Blocking induced SA biosynthesis diminishes but does not abolish lesion formation 

 After we observed that abnormally high SA levels were synthesized in crwn double 

mutants, we introduced a sid2-1 mutation to block SA biosynthesis to determine which crwn 

phenotypes are dependent on SA. As shown in Supplemental Figure S7, the sid2-1 mutation 

effectively suppressed SA accumulation in the crwn1 crwn2 background. The lack of SA is 

consistent with the fact that DC3000 growth in sid2 crwn1 crwn2 mutants was comparable to 

that in sid2 mutants (Supplemental Fig. S8). Therefore, the sid2-1 allele was epistatic to the 

crwn mutations for both SA accumulation and bacterial growth phenotypes, indicating that the 

primary reason for ectopic defense responses in crwn mutants is a high level of SA. 

 We observed that the sid2-1 mutation also suppressed lesion formation in crwn1 crwn2 

mutants, but, in this case, the suppression was incomplete. While no cell death was observed in 

22-d-old sid2 crwn1 crwn2 leaves (Fig. 3C), scattered lesions were still evident in 30-d-old leaf 

tissue. This result demonstrates that some cell death occurs in crwn1 crwn2 mutants in an SA-

independent manner. 
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crwn1 crwn2 mutants exhibit SA-independent developmental defects 

 A number of additional phenotypes exhibited by crwn1 crwn2 mutants are independent 

of SA accumulation to varying degrees. For example, the wrinkled leaves and dwarf stature of 

crwn double mutants were only partially suppressed by disruption of SID2 (Supplemental Fig. 

S9). In particular, sid2 crwn1 crwn2 plants still exhibited some dwarfism, most noticeably in 

bolt stature (Supplemental Fig. S9C). These results indicate that a large component of the 

dwarfing syndrome displayed by crwn1 crwn2 mutants is caused by SA overaccumulation, 

although there is still an SA-independent pathway affecting bolt stature. 

 Seed shape was also altered in certain crwn mutants, especially crwn1 crwn2. As shown 

in Supplemental Figure S10, crwn1 crwn2 seeds often had deeply creviced surfaces, and we 

observed a range of seed morphologies, from normal to smaller and darker seeds. Addition of 

the sid2-1 allele did not have an appreciable effect on these phenotypes, as seeds harvested from 

sid2 crwn1 crwn2 mutants were also misshapened. 

 We also examined nuclei in the sid2 crwn1 crwn2 mutant to determine if the reduced 

organellar size and abnormal spherical shape characteristic of this genotype might be partially 

attributable to ectopic SA signaling. As shown in Supplemental Figure S11, elongated anther 

filament cells of sid2 crwn1 crwn2 mutants retained the small, round nuclear morphology 

observed in crwn1 crwn2 mutants. Therefore, the sid2-1 mutation had no effect on nuclear size 

or shape. This finding demonstrates that the nuclear phenotypes caused by loss of CRWN1 and 

CRWN2 are primary effects, not downstream consequences of elevated SA production in these 

mutants. 

 

DISCUSSION 

 To investigate the importance of three-dimensional genome organization within the 

nucleus, we asked if perturbation of the plant nuclear periphery leads to aberrant gene 
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expression patterns. We found that deficiencies of individual NMCP proteins in Arabidopsis, 

particularly CRWN1 or CRWN4, led to changes in the steady-state levels of a large number of 

transcripts, and even more transcripts were altered in crwn1 crwn2 double mutants. A large 

portion of the overexpressed genes were involved in pathogen defense. The proximate cause of 

much of this misregulation is the overproduction of the defense signaling molecule SA as a 

consequence of the up-regulation of the SA biosynthetic gene, SID2. A constellation of 

phenotypes, including elevated bacterial resistance, dwarfism, cell death lesions, and wrinkled 

leaves, could be either fully or partially suppressed by the null sid2-1 mutation. Using this 

approach, we also identified consequences of nuclear defects that are independent of SA 

signaling, such as reduced plant stature, abnormal seed shape, and a baseline level of cell death. 

 Synthesizing our findings, we propose two models (Fig. 5) to explain this complex 

response to altering nuclear structure in plants. The initiating event in both scenarios is the 

nuclear defect caused by genetic ablation of a subset of CRWN nuclear periphery proteins. In 

the first model (Fig. 5A), these defects lead to expression changes in vanguard genes, including 

SID2, which leads to SA production and secondary changes to the transcriptome as well as 

downstream effects on pathogen defense and plant morphology. Several mechanisms might be 

operating to disrupt gene expression, such as the direct involvement of CRWN proteins in 

transcriptional regulation (either as part of an NL or as free proteins; see below) or changes in 

three-dimensional positioning of genes. Support for the latter mechanism was recently reported 

for mouse embryonic stem cells, where changes in three-dimensional genome structure due to 

lamin deficiency led to altered gene expression patterns within LADs (Zheng et al., 2018). 

 Furthermore, an increase in trans- versus cis-chromosomal contacts was detected via 

Hi-C analysis of crwn1 and crwn4 mutants, suggesting that NL changes could reduce local 

looping interactions or alter other three-dimensional configurations important for transcriptional 

regulation in interphase plant nuclei (Grob et al., 2014). 
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 More localized changes in chromatin could also play a role, mirroring the direct effects 

that the nuclear periphery exerts on histone modification or chromatin-mediated silencing in 

animals and fungi (Harr et al., 2015; Harr et al., 2016). Recent work from Schubert and 

colleagues in Arabidopsis demonstrated a physical and functional connection between CRWN1 

and PWWP INTERACTORS OF POLYCOMBS1 (PWO1), a protein associated with the 

Polycomb Repressive Complex 2 responsible for H3K27 methylation (Mikulski et al., 2019). 

This mechanism is consistent with our observation that loci packaged in chromatin state 2, 

featuring both active and repressive (e.g. histone H3K27me3) epigenetic marks, are 

overrepresented among up-regulated genes in crwn mutants (Supplemental Fig. S4). This result, 

however, could also reflect the fact that SA-modulated genes tend to be packaged in chromatin 

state 2; approximately 40% of genes overexpressed in response to SA contained at least one 

domain of state 2 chromatin (relative to the expected occurrence of approximately 25%; 

Figure 2.5. Two models to explain how crwn mutations affect disease signaling and other phenotypes. 
A, The first model posits that crwn mutations lead to transcriptional changes via the disruption in the 
direct action of CRWN proteins or epigenetic mechanisms (e.g. through changes in chromatin 
modification or three-dimensional genomic configuration). In this first model, overexpression of SID2 
and subsequent SA accumulation lead to pathogen defense phenotypes and an LMM syndrome. B, In the 
alternative model, cell damage and/or death due to nuclear dysfunction is the primary effect of crwn 
mutations. Downstream effects of age-dependent cell damage/death are amplified via an SA-mediated 
pathway, but an SA-independent pathway also mediates developmental defects. 



53 
 

Supplemental Fig. S12). We investigated the possible role of H3K27me3 regulation via 

chromatin immunoprecipitation (ChIP)/qPCR experiments in different crwn genotypes, using 

the SA-regulated locus PR1, as well as AGAMOUS (AG) as a control locus. AG is a well-known 

target of H3K27me3 repression that is not known to be regulated by SA (Zhang et al., 2007). 

As shown in Supplemental Figure S13, we observed a trend toward reduced H3K27me3 

modification at the PR1 locus in crwn1 crwn2 mutants (below the cutoff for significance) but 

no change in crwn1 mutants. These results are consistent with the increase in PR1 expression 

in the double but not the single mutant. These findings could be interpreted as evidence that 

histone H3K27me3 changes, mediated by the loss of CRWN proteins, play a role in PR1 gene 

induction, but it is possible that chromatin modification changes lie downstream of SA-

modulated transcription. It is important to note that the ultimate targets of misregulation in crwn 

mutants are genes in the chromosome arms, rather than the heterochromatic regions surrounding 

the centromere or TEs (Fransz et al., 2002). Our results are supported by previous findings from 

Poulet et al.  showing that crwn1 crwn2 mutants do not induce transcription of transposons, such 

as TSI, or centromeric repeats (Poulet et al., 2017). 

 The second model (Fig. 5B) does not invoke a role for CRWN proteins or nuclear 

organization in transcriptional control; rather, it posits that the cascade of transcriptional 

changes lies downstream of cell death or cell damage perception caused by nuclear defects (e.g. 

leakage (Denais et al., 2016) or abnormal connection to the cytoskeleton). This model explains 

the age-dependent effects seen in crwn mutants, in which gene expression changes and the 

incidence of cell death lesions progress in their intensity over time, as a consequence of 

accumulated cell damage and death. In the second model, SA production lies downstream of 

this damage and cell death and leads to an amplification and proliferation of cell death in a feed-

forward manner. Key support for this model is the low incidence of cell death in the absence of 

induced SA production in the sid2 crwn1 crwn2 mutant (Fig. 3C). This result suggests that age-
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dependent cell death/damage precipitated by nuclear changes initiates the subsequent SA-

dependent lesion-mimic syndrome, with its characteristic dwarfing, wrinkled leaves, and PR 

gene induction. The age-dependent effects seen in crwn mutants are consistent with the types 

of progressive changes in nuclear structure that are associated with both natural aging as well 

as progeria syndromes caused by human laminopathies (Scaffidi and Misteli, 2006). 

 Several recent publications shed light on these models and highlight the importance of 

the plant nucleus in defense signaling. Most relevant is a recently published study claiming that 

CRWN1 acts as a corepressor, with NAC WITH TRANSMEMBRANE MOTIF1-LIKE9 

(NTL9), of PR genes (Guo et al., 2017). These data support aspects of the transcriptional control 

model (Fig. 5A) in which CRWN proteins can play a direct role in transcriptional regulation. 

However, this specific corepressor activity for CRWN1 with NTL9 fails to explain the up-

regulation of SID2, as NTL9 is an activator of this SA biosynthetic locus (Zheng et al., 2015). 

An alternative possibility is that CRWN1 interacts with NTL9 to block its activation of SID2 

by sequestering the transcription factor at the nuclear periphery. We note that Guo et al. did not 

observe a spike in SA production in crwn1 crwn2 mutants (Guo et al., 2017), which we 

demonstrate here (Fig. 4), an observation that can account for PR gene induction as well as the 

broader changes in gene expression and the elevated bacterial pathogen resistance exhibited by 

these mutants. The increase in SA levels in crwn double mutants can also explain the observed 

induction of reactive oxygen species recently noted by Wang et al., which they associated with 

their independent observation of the elevated level of cell death (Wang et al., 2019). 

 The role of the nuclear structure in defense signaling has also been brought into focus 

by studies showing that plant nucleoporins play important roles. For example, Gu et al. 

demonstrated that CONSTITUTIVE EXPRESSION OF PR GENES5 (CPR5; Bowling et al., 

1997), long known for its roles in systemic acquired resistance, is a nucleoporin that regulates 

the release of cyclin-dependent kinase inhibitors and the transport of signaling complexes (Gu 
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et al., 2016). Furthermore, they showed that cpr5 mutants, which are LMMs exhibiting 

spontaneous defense response, have round nuclei similar to those of crwn mutants. These 

findings suggest that the nuclear structural changes that occur in cpr5 and crwn mutants might 

be mechanistically related. For instance, defects at the nuclear periphery could alter the 

organization or activity of nuclear pore complexes (Al-Haboubi et al., 2011; Guo et al., 2014). 

Other recent work points to nuclear pores as a site of defense signaling in plants. Tamura et al. 

(2017) reported that the nucleoporin mutant nup136 shows compromised resistance against 

DC3000, while Gu et al. (2016) suggested that the same mutants have enhanced effector-

triggered immunity resistance against another bacterial pathogen (Psm/AvrRpt2). Although 

these two studies suggest different roles of this particular nucleoporin, it is now indisputable 

that components at the nuclear periphery participate in regulation of plant defense responses. 

 

MATERIALS AND METHODS 

Plant materials and growth conditions 

 Arabidopsis (Arabidopsis thaliana) plants were grown on MetroMix 360 soil (Sun Gro 

Horticulture) under long-day conditions (16 h of light/8 h of dark) at approximately 22°C in 

environmental growth chambers after 2 d of stratification in a 4°C cold room. All genotypes are 

in the Columbia background. The crwn mutant material used was described by Wang et al. 

(2013); the original allele sources are crwn1 (SALK_025347), crwn2 (SALK_076653), and 

crwn4 (SALK_079296RP), which were acquired from the Arabidopsis Biological Resource 

Center at Ohio State University. The sid2-1 mutant material originated from the Metraux group 

(Nawrath and Metraux, 1999). The sid2-1 crwn1 crwn2 triple mutants were generated by 

crossing sid2-1 (♀) mutants to crwn1 crwn2 (♂) mutants and subsequent segregation. The 

genotypes of all the mutants used in this study were identified by PCR amplification with 

primers listed below and reference to marker polymorphisms (Supplemental Table S5). 
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RNA-seq and bioinformatic analysis 

 Three biological replicates from each genotype were used for RNA-seq (National 

Center for Biotechnology Information [NCBI] SRA BioProject ID PRJNA485018). Rosette 

leaves from 4-week-old adult plants were used to extract total RNA using TRIzol reagent 

(Thermo Fisher Scientific) and further purified with the Qiagen RNeasy kit. RNA samples were 

processed by the Genomic Core Facility at Cornell’s Weill Medical School using a standard 

Illumina protocol to construct single-stranded mRNA libraries. The Illumina Hi-Seq 2000 

platform was used for the sequencing. The resulting 51 nucleotide reads were analyzed using 

the Tuxedo Suite software (Trapnell et al., 2012). Briefly, Bowtie2 (v. 2.2.2) and Tophat2 (v. 

2.1.1) were used to build an index for the TAIR10 Arabidopsis genome to map RNA-seq reads 

and to identify splice junctions between exons (Arabidopsis_Genome_Initiative, 2000; 

Langmead et al., 2009; Kim et al., 2013). Finally, Cufflinks (v. 2.2.1) was used to calculate 

differential gene expression (Trapnell et al., 2010). GO term analysis was conducted using 

PANTHER (Mi et al., 2017). The overrepresentation test (released July 15, 2016) was 

performed with misregulated gene sets against the annotation data set GO biological process 

complete (GO ontology database released November 30, 2016). Note that the numbers of genes 

listed for the different GO terms in Table 1 do not match the values in the Venn diagrams in 

Figure 1 and Supplemental Figure S1 because not all genes in our data set are assigned GO 

terms in the PANTHER database. 

 Venn diagrams for all five genotypes in Supplemental Figure S1 were generated using 

InteractiVenn (Heberle et al., 2015). 

 For TE analysis, STAR (v. 2.5.3a_modified) was used for index building and read 

mapping (Dobin et al., 2013). Mapping employed -winAnchorMultimapNmax 100 and -

outFilterMultimapNmax 100 options. Next, TEtranscripts (v. 1.5.1) was used to analyze TE 

expression in alignment files from the STAR output (Jin et al., 2015). The annotation GFF3 file 
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for genes was obtained from TAIR10 and converted to GTF by gffread (Trapnell et al., 2010) 

with -FTo option. The TE annotation file was provided by the Hammell lab 

(http://labshare.cshl.edu/shares/mhammelllab/www-data/TEToolkit/TE_GTF/). The GTF file 

from the Hammell lab grouped TEs by family name. We also modified this file so that reads 

could be mapped to individual TEs. Read count tables produced by TEtranscripts were analyzed 

by DESeq2 (Love et al., 2014). 

 For the comparison between SA-treated wild type and crwn mutants, microarray data 

from 23-d-old wild-type plants sampled 3 h after 1 mm SA treatment (GSM1496067, 1496075, 

and 1496083) and water-treated controls (GSM1496065, 1496073, and 1496081) were obtained 

from the NCBI Gene Expression Omnibus database (series no. GSE61059; (Zhou et al., 2015)). 

Genes misregulated more than 2-fold with adjusted P < 0.05 were screened with GEO2R using 

default options (Edgar et al., 2002; Barrett et al., 2013). The resulting list of misregulated 

microarray elements were converted to locus identifiers by TAIR Microarray Elements Search 

and Download tool. These genes were compared with our RNA-seq data from the crwn mutants. 

 Our chromatin state analysis was based on the study by Sequeira-Mendes et al. (2014) 

of the epigenetic landscape of the wild-type Arabidopsis genome. We overlapped chromatin 

states of Arabidopsis genomes onto misregulated genes in crwn mutants by using Intersect the 

intervals of two data sets under the Operate on Genomic Intervals tool in Galaxy (Afgan et al., 

2016). Minimum overlapping was set as 200 bp, which is the length of a nucleosome. Because 

of this overlapping definition, one gene can exist as more than two states. 

 To examine the distribution of misregulated genes across the genome, chromosomal 

maps were drawn based on the Columbia reference genome sequence (TAIR10) with the 

genoPlotR package (Guy et al., 2010). Pericentromeric regions were marked based on Stroud et 

al. (2013). Genes depicted on the map are the same as the ones used to draw the Venn diagrams 

in Figure 1 and Supplemental Figure S1. 
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Pseudomonas syringae DC3000 bacterial growth assays 

 DC3000 was grown on King’s B medium (20 g L−1 Proteose Peptone no. 3, 10 mL L−1 

glycerol, 0.4 g L−1 MgSO4, 1.5 g L−1 K2HPO4, and 18 g L−1 agar) containing 50 μg mL−1 

rifampicin and 50 μg mL−1 kanamycin. Bacterial cells were collected and suspended in 10 mm 

MgCl2 solution to a final concentration of 105 cells mL−1. The abaxial sides of three fully 

expanded rosette leaves of 22-d-old plants were infiltrated with the bacterial suspension using 

a syringe without a needle. Four plants per genotype were used for biological replicates. Infected 

leaves were harvested 2 and 4 d after inoculation. For the set of infections investigating the 

effect of sid2 mutations, only 0 and 2 d after inoculation were checked. Bacterial growth 

experiments were repeated multiple times, with each replicate showing a significant reduction 

of DC3000 growth in the crwn double mutants. 

 

RNA extraction and RT-qPCR 

 Aboveground shoot material, excluding bolts and flowers, was harvested and frozen in 

liquid nitrogen. Frozen samples were ground using three metal beads or mortars and pestles. 

The E.Z.N.A. Plant RNA Kit (Omega Bio-tek) was used to extract total RNA, followed by 

DNase I (New England Biolabs) treatment. cDNA synthesis was performed with either the 

SuperScript III or SuperScript IV First-Strand Synthesis System (Thermo Fisher Scientific) 

using oligo(dT) primers. For the RT-qPCR, iTaq Universal SYBR Green Supermix (Bio-Rad) 

was used. Three biological replicates were tested (plant cohorts grown independently at separate 

times; one plant per sample), and each replicate consisted of at least three reactions per target 

gene. The size of amplicons was designed to be approximately 100 bp. A CFX 96 Real-Time 

System (Bio-Rad) mounted on a C1000 Thermal Cycler (Bio-Rad) was used to detect products. 

The results were analyzed using the Bio-Rad CFX Manager 3.1. software package. 
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Cell death lesion detection and imaging 

 Fully expanded rosette leaves were used for cell death lesion analysis. Whenever 

possible, the fifth leaf that emerged from the meristem was used. However, similar patterns 

were found in all fully expanded leaves of similar size. Leaves were harvested and stained as 

described (van Wees, 2008). Briefly, leaves were immersed in 2.5 mg mL−1 Trypan Blue-

lactophenol solution with 2 volumes of ethanol added. Samples were then boiled for 1 min and 

left on a shaker at room temperature for 2 to 3 h. Destaining was performed twice with 2.5 g 

mL−1 chloral hydrate solution. Final samples were stored with 70% (v/v) glycerol and observed 

with a Leica DM5500B microscope with 10× magnification to check stained foci. 

 

SA extraction and HPLC/MS analysis 

 Extraction of SA was performed as indicated in the protocol from Stingl et al. (2013) 

with slight modifications. Briefly, leaves were frozen in liquid nitrogen and ground using metal 

beads. Samples were suspended with 950 μL of ethylacetate:formic acid solution (99:1, v/v). 

To make the d4-SA internal control solution, d6-SA (#616796; Sigma-Aldrich) was dissolved 

in methanol. Fifty microliters of 7.5 ng μL−1 d4-SA solution was added to the sample as an 

internal control. Nine hundred microliters of the supernatants was isolated, and solvents were 

evaporated with a SpeedVac concentrator (Savant ISS110; Thermo Scientific). The final 

residues were dissolved in 100 μL of acetonitrile:water (1:1, v/v) solution and filtered with a 

0.45-μm MultiScreen HTS HV Filter Plate (MSHVN4510; Millipore). 

 The analytical reverse-phase separation was performed with a Dionex Ultimate 3000 

Series LC system with a Titan C18 UHPLC Column (7.5 cm × 2.1 mm, 1.9 µm; Sigma-Aldrich) 

at 40°C. The flow rate was set at 0.5 mL min−1. The starting condition was 95% solvent A (0.1% 

[v/v] formic acid in water) and 5% solvent B (acetonitrile) for 0.5 min, rising to 95% B at 19 
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min, held for 1 min, followed by 2 min of reequilibration at the starting condition. The separation 

was sent to an Orbitrap Q-Exactive mass spectrometer (Thermo Fisher Scientific) equipped with 

a HESI-II heated electrospray ionization source. Samples were analyzed in triplicate under a 

negative spray mode: voltage, 3,500 V; capillary and auxiliary gas heater temperatures, 300°C; 

sheath, auxiliary, and sweep gas flow rates of 70, 10, and 5, respectively (arbitrary units). The 

data were acquired under full-scan mass spectra in mass-to-charge ratio range of 100 to 600, 

140,000 full width at half maximum resolution (at mass-to-charge ratio = 200), AGC target 1e6, 

and maximum injection time of 200 ms. 

 

Nuclear morphology phenotyping 

 We observed nuclear morphology in anther filament cells, which are nonpigmented and 

contain elongated, endopolyploid nuclei in wild-type plants (Dittmer et al., 2007). Anther 

filaments were fixed with ethanol:acetic acid solution (3:1, v/v) for 10 min, followed by 

exposure to 10 μg mL−1 4′,6-diamidino-2-phenylindole staining solution for 15 to 30 s. Samples 

were immersed in distilled water for 1 min and then observed with an epifluorescence 

microscope (DM5500; Leica). 

 

ChIP 

 ChIP was performed based on the protocol from Yamaguchi et al. (2014) with the 

following modifications. Anti-H3K27me3 antibodies were purchased from Abcam (catalog no. 

ab6002). Vacuum infiltration of formaldehyde solution was adjusted to 6 min followed by 4 

min of incubation on ice. This procedure was repeated three times. Vacuum infiltration of Gly 

solution was modified to 5 min. Sonication was applied with a Bioruptor UCD-200 (Diagenode) 

for 30 s with the high-intensity option followed by 30 s of pause; this 1-min cycle was repeated 

15 times. For preclearing and immunoprecipitation capture, 45 μL of Dynabeads Protein A 
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(ThermoFisher) was used. To purify the resulting ChIP DNA, the ChIP DNA Clean & 

Concentrator Kit (Zymo) was used. qPCR was performed as described for our RT-qPCR 

analysis. Primers are listed in Supplemental Table S5. 

 

Accession numbers 

 Locus identifiers of genes investigated in this study include AT1G67230 (CRWN1), 

AT1G13220 (CRWN2), AT1G68790 (CRWN3), AT5G65770 (CRWN4), AT1G74710 

(ICS1/SID2), AT2G14610 (PR1), AT3G57260 (PR2), AT1G75040 (PR5), AT4G38740 

(ROC1), AT5G09810 (ACT7), and AT4G18960 (AG). The RNA-seq data described here are 

available through NCBI (SRA BioProject ID PRJNA485018). 

 

SUPPLEMENTAL DATA 
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Chapter 3. Additional characterization of defense phenotypes in crwn and other nuclear 

morphology mutants   

INTRODUCTION 

 I demonstrated previously that crwn mutations trigger a wide range of transcriptional 

alterations. In addition, I showed that two double mutants, crwn1 crwn2 and crwn1 crwn4, are 

lesion mimic mutants (LMMs) that form ectopic cell death lesions. How CRWN proteins are 

linked to programmed cell death (PCD) remains a fundamental and puzzling question.  

 Localized PCD is a hallmark of the hypersensitive response, or HR, which is one 

mechanism that plants use to contain the spread of infectious agents. Many advances in 

understanding PCD in plants are based on mutants that develop lesions under conditions where 

wild type does not. One well-documented LMM is lsd1,which initiates runaway cell death when 

grown in a long-day photoperiod (Dietrich et al., 1994). Mateo et al. later found that 45 minutes 

of strong light illumination can initiate cell death, leading to the conclusion that the amount of 

light is important in initiating cell death rather than the photoperiod (Mateo et al., 2004). 

Subsequently, the photosynthetic light harvesting system was scrutinized by this group for 

possible connections between light and cell death (Mateo et al., 2004). They found that 680nm 

light absorbed by photosystem II can promote cell death in long-day conditions (Mateo et al., 

2004). Incorporation of chlorophyll a/b binding harvesting-organelle specific (cao) mutations, 

which reduce PSII activity, into an lsd1 background ameliorate cell death phenotypes in the 

resulting lsd1 cao double mutants under long-day photoperiods (Mateo et al., 2004). lsd1 

mutants also exhibit low stomatal conductance, causing photorespiration in low CO2 conditions 

that further elevate reactive oxygen species (ROS) levels and exacerbate cell death (Mateo et 

al., 2004; Miller et al., 2010; Carmody et al., 2016). 

 Insight into the connections among pathogen defense, cell death, ROS and nuclear 

biology comes from studies in both animals and plants. In animals, ligands of the innate immune 
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system receptor NKG2d are upregulated by DNA damage agents that hinder DNA replication, 

suggesting that the DNA damage response (DDR) is involved in pathogen defense response 

(Gasser et al., 2005). In a study using Arabidopsis, Yan et al. showed that SA induces DNA 

damage and RAD51 binding to the promoter of the PR1 gene, indicating that plants also evolved 

a mechanism activating defense response through DDR (Yan et al., 2013). In human 

laminopathies, mutations in NL proteins cause genomic instability (Liu et al., 2005). Moreover, 

multiple studies found that basal ROS levels increase in HGPS individuals (Pekovic et al., 2011; 

Richards et al., 2011). These observations suggest the involvement of DNA damage and ROS 

in the pathological manifestations of laminopathies. Because ROS is a well-known cytotoxin 

that generates DNA damage, an association among laminopathy, DNA damage and ROS is 

plausible. Thus, if crwn mutations can induce DNA damage or ROS production, similar to 

animal laminopathy, it is conceivable that these changes induce or heighten ectopic defense 

responses in crwn mutants. 

 In this chapter, I investigate several of unresolved questions concerning how nuclear 

structure is connected to pathogen defense signaling. First, I demonstrate that a short-day 

photoperiod can suppress hydrogen peroxide (H2O2) production and cell death phenotypes in 

crwn1 crwn2 mutants, suggesting the possible involvement of CRWNs in light-stress mediated 

cell death. Second, I found no evidence that DDR is involved in the induction of pathogen 

response genes in crwn double mutants. Lastly, I also studied whether other Arabidopsis nuclear 

morphology mutants exhibit altered defense phenotypes.  
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RESULTS 

Short-day growth conditions partially suppress the dwarfism of crwn1 crwn2 mutants 

during early vegetative growth 

 Arabidopsis thaliana is a facultative long-day plant (Langridge, 1957). Short-day 

growth of Arabidopsis leads to production of more numerous and larger rosette leaves up to the 

point of flowering compared to plants grown in long-day conditions (Deal et al., 2005). In an 

effort to generate larger leaves for inoculating plants with pathogen using syringes, I grew a set 

of crwn mutants in short-day photoperiod (8 hours light – 16 hours dark). Unexpectedly, I found 

that crwn1 crwn2 mutants grown under these conditions suppressed dwarfism during early 

vegetative growth (up to 29-days) (Fig. 2.1A). Considering my previous conclusions drawn in 

Chapter 2 that crwn1 crwn2 mutants are LMMs and exhibit dwarfing associated with ectopic 

defense signaling, my finding suggests possible connections between light and crwn1 crwn2 

mutant phenotypes. There are several known LMMs of which the phenotypes can be suppressed 

by altering light conditions (Yoshioka and Shinozaki, 2009). For example, the dwarfism in cpr1-

1, cpr5-1, cpr6-1 and dnd1-1 mutants is suppressed by high light (Mateo et al., 2006). I 

hypothesize that short-day conditions dampen pathogen defense signaling in crwn1 crwn2 

mutants, leading to suppression of dwarfing. However, later vegetative growth stage (43-day-

old plants) showed that crwn1 crwn2 mutants are still smaller than wild type and crwn1 single 

mutants (Fig. 2.1B). This result indicates that the maximum growth capacity in crwn1 crwn2 

mutants in short days is still limited although early growth is suppressed under these conditions. 

This conclusion is supported by the finding that sid2 crwn1 crwn2 mutants are intermediate in 

size between crwn1 crwn2 mutants and wild type (or crwn1 single mutants). These observations 

suggest that SA-dependent pathogen response signaling contributes to photoperiod-dependent 

dwarfing during early vegetative growth, but that SA-independent mechanisms are also 
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involved in dwarfing of crwn1 crwn2 plants, as observed under long-day conditions (see 

Chapter 2). 

Figure 3.1. Short-day photoperiod suppresses dwarfism in young crwn1 crwn2 mutants but maximum 
vegetative growth of rosette leaves is still stunted in older plants; WT, wild-type Col-0. A, 29-day-old 
plants. Note that sid2 crwn1 crwn2 mutants had smaller rosettes compared with crwn1 crwn2 mutants 
and sid2 control plants, which might be due to delayed germination or slower initial growth rates. B, 76-
day-old plants. Note that crwn1 crwn2 mutants were smaller at this stage compared to any other plants in 
the figure. 
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Short-day growth conditions partially suppress spontaneous cell death in crwn1 crwn2 

mutants but the effects on PR1 gene expression and Pst DC3000 growth are irregular 

 If short-day photoperiods suppress dwarfism in the initial growth period of crwn1 crwn2 

mutants, what happens to other phenotypes associated with ectopic defense response? Altering 

the photoperiod can affect cell death which is the key phenotype of LMMs; for example, lsd1 

mutants do not develop lesions under short-day photoperiod (permissive condition) (Dietrich et 

al., 1994). First, I checked for the presence of lesions in crwn mutants. Although the degree of 

suppression was not complete, short-day photoperiods partially suppressed cell death in 46-day-

old crwn1 crwn2 mutants (Fig. 2.2) compared to long-day grown plants (see Chapter 2). 

Nonetheless, some lesions were observed in different leaves and individual plants, suggesting 

that either short-day photoperiods cannot suppress cell death fully or that lesions can develop in 

later growth stages in crwn1 crwn2 mutants, either as a form of senescence or programmed cell 

death. Interestingly, occasional lesions were also seen in sid2 crwn1 crwn2 mutants grown in 

Figure 3.2. Reduced cell death was observed in short-day grown crwn1 crwn2 mutants; WT, wild-type 
Col-0. Each picture is taken from different 46-day-old individuals. Note that cell death was suppressed 
in some individuals but lesions were observed in other plants, suggesting that suppression of cell death 
by short-day photoperiod is incomplete. 
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parallel, arguing that, in these cases, cell death is not dependent on induction of SA production 

via SID2.  

Second, I checked, via RT-qPCR, the expression of the PR1 gene as a marker for an 

auto-immune response in crwn1 crwn2 and crwn1 crwn4 double mutants. In two of the three 

biological replicates of this experiment, I observed an almost complete abrogation of PR1 

induction (Fig. 2.3A). In the third replicate, PR1 transcript levels were induced, but the levels 

(6-to-8-fold) were modest compared to the ca. 100-fold induction observed in crwn double 

mutants under long-day conditions (see Chapter 2). These results suggest that suppression of 

defense responses occurs in short-day conditions in crwn double mutants, but that the 

suppression is incomplete and variable.    

 As described in Chapter 2, I previously demonstrated that crwn double mutants exhibit 

an increased resistance against Pst DC3000 infection under long-day conditions (Choi et al., 

2019). Therefore, I performed a bacterial infection assay using crwn1 crwn2 mutants and 

controls grown under short-day conditions. I observed a mixed pattern of resistance in crwn1 

crwn2 mutants (Fig. 2.3B); no differences in bacterial growth were seen 2 days after infection 

(2dai), but some reduction in bacterial growth was noted in crwn1 crwn2 mutants 4 days post 

inoculation. Taken together, these data indicate that it is likely that the short-day photoperiod 

suppresses cell death and other defense phenotypes, but that this suppression is not complete 

and might depend on other untested or uncontrolled environmental factors. 
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Short-day growth conditions suppress the accumulation of H2O2 observed in crwn1 crwn2 

mutants grown in long-days. 

 Bursts of ROS can trigger the hypersensitive response (HR) (Zurbriggen et al., 2010). 

To check if spontaneous lesion formation in crwn1 crwn2 mutants are associated with ROS, two 

different types of reactive oxygen compounds, H2O2 and the superoxide radical (O2
•-), were 

detected using 3,3'-diaminobenzidine (DAB) and nitro blue tetrazolium (NBT) staining, 

respectively (Fig. 2.4). Under long-day conditions, crwn1 crwn2 mutants were stained deeply 

with the brown color characteristic of the DAB dye, indicating that high H2O2 levels were 

present correlating with the high incidence of cell death in these crwn double mutants. In 

contrast, sid2 crwn1 crwn2 mutants did not exhibit H2O2 accumulation, demonstrating that SA 

is required for H2O2 accumulation. In short-day conditions, the H2O2 accumulation observed in 

long-day grown crwn1 crwn2 mutants was abolished. This result suggests that long-day 

conditions are necessary to induce a high level of cell death, which is caused by SA-triggered 

ROS production. 

Figure 3.3. Short-day conditions incompletely suppress defense responses in crwn1 crwn2 mutants. A, 
two biological samples (group 1 and 3) showed a nearly complete suppression of PR1 gene induction 
while group 2 exhibited elevation in transcript levels. One-way ANOVA with post-hoc Tukey HSD test 
weas performed within each group. There were no significance differences in any comparison in group1 
and group3. The three groups were grown in the same condition and the only difference was the age of 
plants in group1. B, Pst DC3000 growth was reduced in crwn1 crwn2 mutants grown under short-day 
conditions in the 4dai sample. No differences were seen in the 2dai samples; note that the resistance of 
crwn1 crwn2 mutants are apparent 2dai in long-day conditions (see Chapter 2). A Student’s t test was 
done between wild type (WT) and mutants in 4dai (*, P < 0.05). Error bars indicate SD (n = 4). 
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 A very different situation occurs with regards to the second ROS compound monitored. 

In the long-day photoperiod, O2
•- accumulation was not detected in crwn1 crwn2 mutants, 

demonstrating that this reactive oxygen species is not elevated relative to the levels seen in wild-

type plants. In contrast, sid2 crwn1 crwn2 mutants and sid2 mutants developed higher O2
•- levels, 

suggesting that the two ROS compounds respond to SA in a different manner. This result is 

consistent with a previous report showing that sid2 mutants exhibit high O2
•- levels (Straus et 

al., 2010). Under short-day conditions, similar levels of NBT staining were observed, indicating 

that a moderately high level of O2
•- species is present regardless of genotype. These results 

implicate H2O2 as a potential mediator of photoperiod-dependent cell death in crwn1 crwn2 

mutants, while ruling out a significant role for O2
•- species in the programmed cell death process 

operating in crwn double mutants. 
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DNA damage is not detectable in crwn mutants  

Nuclear lamina defects in human laminopathies correlate with genomic instability and elevated 

oxidative stress (Liu et al., 2005; Pekovic et al., 2011; Richards et al., 2011; Sieprath et al., 

2012). To test if DNA damage is present in crwn mutants, comet assays were performed on 

isolated nuclei. This assay exploits a characteristic of damaged DNA to make a long smear 

resembling a flaming tail of comet when isolated nuclei are subjected to an electrophoretic field 

under denaturing conditions. By contrast, intact DNA within nuclei retains a round shape 

without much of a tail. A strong tail was seen in the positive controls, comprised of wild-type 

nuclei treated with H2O2, which damages DNA (Fig. 2.5). Untreated wild-type nuclei show an 

Figure 3.4. crwn1 crwn2 mutants accumulates excessive hydrogen peroxide in long-day but not short-
day conditions (A) while superoxide radical production is wild-type (WT) level (C). The hydrogen 
peroxide accumulation in long-day grown crwn1 crwn2 mutants is suppressed in short-day photoperiod 
(B). A, long-day grown plants were stained with DAB to show H2O2 accumulation. B, the same procedure 
as in A was to short-day grown plants. A long-day-grown crwn1 crwn2 mutant was used as a positive 
control. C, long-day grown plants were stained with NBT to check O2

•- production. Note that sid2 
mutations increase O2

•- production, indicating a role of SA in down-regulating this particular ROS 
compound. D, the same procedure as in C was done to short-day grown plants. A long-day-grown sid2 
mutant was used as a positive control. 
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intermediate configuration, with a brighter focus corresponding to the position of the nucleus 

and a tail indicative of some DNA damage. Relative to these controls, the crwn1 and crwn4 

single mutants were similar to wild type, while the crwn1 crwn2 double mutant had more of the 

signal concentrated into the nuclear focus. This more compact pattern is also seen in the sid2 

crwn1 crwn2 mutant, indicating that the presence of the sid2 mutation did not have an effect on 

halo formation. These results suggest that the DNA packed in the crwn1 crwn2 nuclei are less 

damaged. Alternatively, it is possible that the nuclei from crwn1 crwn2 cells constrain and 

prohibit tails from forming due to an altered or more compacted nuclear structure. 

   

 

 

 

 

Figure 3.5. The presence of elevated DNA damage in crwn mutants is not apparent in comet assays. 
Alkaline comet assays were performed on crwn mutants and SA-deficient sid2 crwn1 crwn2 mutants. 
Nuclei extracted from 24-d-old plants were subject to alkaline electrophoresis with 25 V for 40 min. 
Wild-type (WT) nuclei show narrower tails with bigger comet heads compared with bulged tails and 
smaller heads from hydrogen peroxide-treated damaged nuclei (positive control). A reduction in tails was 
observed in crwn1 crwn2 and sid2 crwn1 crwn2 mutants. Scale bars represent 100 μm. Images were 
captured under Leica DM5500 Epifluorescence Microscope with SYBR Gold staining.  
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crwn1 kaku1 and crwn1 kaku4 do not exhibit defense response   

 Given my results establishing a connection between nuclear structure and pathogen 

signaling, I investigated whether or not other nuclear morphology mutants in Arabidopsis have 

defense-related phenotypes. Specifically, I examined two mutations that affect different 

structural components of the nucleus. The first mutation tested was kaku1, which disrupts a gene 

encoding a myosin motor that is attached to the nuclear surface and drives nuclear movement 

(Tamura et al., 2013). The second mutation affects the suspected nuclear lamina protein, 

KAKU4, that physically interacts with CRWN1 and possibly CRWN4 (Goto et al., 2014). For 

this analysis, I crossed kaku1-3 (myosin xi-i) and kaku4-2 mutants to crwn mutants, and also 

studied these kaku mutations in the absence of crwn mutations. Both of the kaku single mutants 

and the double mutant combinations with crwn1 grew normally (Fig. 2.6). I then tested for 

spontaneous cell death lesions by trypan blue staining, and found no evidence for ectopic cell 

lesions in these genotypes (Fig. 2.7); none of these genotypes should be considered to be a LMM.  

Figure 3.6. kaku mutation and combinations between the two kaku mutations and a crwn1 allele do not 
confer obvious morphological phenotypes. Plants were grown for 24d under long-day conditions.   
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To see if kaku mutants exhibit altered resistance against bacterial infection, the 

pathogen, Pst DC3000 was infiltrated into leaves of a set of kaku mutants (Fig. 2.8), including 

combinations with multiple crwn mutations. The data show that addition of a kaku4 mutation to 

a crwn1 crwn4 mutant background does not change the degree of resistance. Consistently, 

neither crwn1 kaku4 mutants nor crwn1 kaku1 mutants exhibit altered resistance. These findings 

suggest that neither kaku1 and kaku4 has a significant effect on bacterial pathogenesis or 

pathogen signaling. However, we observed variable defense phenotypes in our kaku4 mutant 

line. For example, a high resistance to Pst DC3000 infection was observed in our kaku4 sample, 

but the presence of kaku4 did not elevate the partial resistance exhibited by crwn1 crwn4 

mutants (Fig. 2.8). Further, we noted marked variability in the expression of the pathogen 

response marker gene PR1 among different biological replicates (Fig. 2.9). These outliers in 

DC3000 infection and RT-qPCR data suggest that the kaku4 mutation might affect defense 

response in an unstable manner. 

 

Figure 3.7. kaku mutations do not induce cell death. Plants were grown for 24d in long-day photoperiod.  
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Figure 3.8. kaku4 and kaku1 mutations do not affect Pst DC3000 resistance in crwn1 crwn4 and crwn1 
mutants (see crwn1 kaku4, crwn1 crwn4 kaku4 and crwn1 kaku1). One-way ANOVA with post-hoc 
Tukey HSD test was performed among plants 3dai. A, B, C, D,  E and F in the table are WT, crwn1/4, 
crwn1 kaku4, crwn1/4 kaku4, kaku4 and crwn1 kaku1 respectively. Error bars indicate SD (n = 4 for 
0dai and n = 8 for 3dai).     

treatments Tukey HSD 
pair inferfence

A vs B ** p<0.01
A vs C insignificant
A vs D ** p<0.01
A vs E ** p<0.01
A vs F insignificant
B vs C insignificant
B vs D insignificant
B vs E * p<0.05
B vs F ** p<0.01
C vs D ** p<0.01
C vs E ** p<0.01
C vs F insignificant
D vs E insignificant
D vs F ** p<0.01
E vs F ** p<0.01

Figure 3.9. PR1 expression in crwn and 
kaku mutants grown in long-day 
photoperiod was confirmed through RT-
qPCR. Each group represents one plant. 
Note that 3rd group (20d) of kaku4 
mutants exhibited high expression level 
of the gene. One-way ANOVA with 
post-hoc Tukey HSD test was 
performed within each group. A, B, C, 
D and E in the table are WT, crwn1, 
crwn1/2, kaku1 and kaku4 respectively. 

1st (21d) Tukey HSD Tukey HSD Tukey HSD 2nd (20d) Tukey HSD Tukey HSD Tukey HSD 3rd (20d) Tukey HSD Tukey HSD Tukey HSD 

pair Q statistic p-value inferfence pair Q statistic p-value inferfence pair Q statistic p-value inferfence

A vs B 17.4847 0.0010053 ** p<0.01 A vs B 7.4557 0.0025892 ** p<0.01 A vs B 2.2238 0.5412169 insignificant

A vs C 9.8283 0.0010053 ** p<0.01 A vs C 65.2863 0.0010053 ** p<0.01 A vs C 23.2233 0.0010053 ** p<0.01

A vs D 5.2359 0.0155194 * p<0.05 A vs D 14.6089 0.0010053 ** p<0.01 A vs D 2.3986 0.4779432 insignificant

A vs E 0.1097 0.8999947 insignificant A vs E 6.0294 0.011217 * p<0.05 A vs E 26.4161 0.0010053 ** p<0.01

B vs C 27.313 0.0010053 ** p<0.01 B vs C 72.742 0.0010053 ** p<0.01 B vs C 25.4472 0.0010053 ** p<0.01

B vs D 12.2488 0.0010053 ** p<0.01 B vs D 22.0647 0.0010053 ** p<0.01 B vs D 4.6224 0.0518344 insignificant

B vs E 17.5944 0.0010053 ** p<0.01 B vs E 13.4852 0.0010053 ** p<0.01 B vs E 28.64 0.0010053 ** p<0.01

C vs D 15.0642 0.0010053 ** p<0.01 C vs D 50.6774 0.0010053 ** p<0.01 C vs D 20.8247 0.0010053 ** p<0.01

C vs E 9.7186 0.0010053 ** p<0.01 C vs E 59.2569 0.0010053 ** p<0.01 C vs E 3.1928 0.2352127 insignificant

D vs E 5.3456 0.0133561 * p<0.05 D vs E 8.5795 0.0010053 ** p<0.01 D vs E 24.0176 0.0010053 ** p<0.01
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DISCUSSION 

Day-length dependent H2O2 generation in crwn1 crwn2 mutants 

 In this chapter, I investigated the mechanisms through which CRWN proteins, and 

perhaps nuclear organization more generally, affect pathogen responses. Unlike animal cells, 

plants have chloroplasts, which is one of the major sources of ROS along with mitochondria. 

Although ROS is considered generally harmful, it also serves as a cellular signal. Involvement 

of chloroplasts in ROS production makes these organelles an important bridge between light 

and defense response, because ROS bursts are often observed in plant immunity responses. 

 Excess light energy which surpasses the capacity of light harvesting system is dissipated 

by reducing oxygen atoms, generating ROS (Song et al., 2006). Thus, mutations which sensitize 

plants to normally adequate levels of light can lead to perturbation of ROS status. The data 

shown in Figures 3.1 through 3.4 demonstrate that CRWN proteins are involved in suppressing 

day-length-dependent H2O2 production, which is a likely cause of cell death lesions.  

 Day-length-dependent LMMs, such as lsd1 mutants, exhibit cell death in long-day 

conditions or in high light (Dietrich et al., 1994; Mateo et al., 2004). In contrast, short-day 

conditions or low light makes permissive conditions in which the mutant does not form lesions 

(Dietrich et al., 1994; Mateo et al., 2004). In short-day conditions, crwn1 crwn2 mutants develop 

reduced cell death coinciding with lower H2O2 production, indicating that H2O2 production in 

crwn1 crwn2 mutants are related to light. Also, the sid2 mutation suppressed H2O2 production 

of crwn1 crwn2 mutants in long-day conditions, adding the clue that H2O2 production in crwn1 

crwn2 mutants requires SA. However, it is unclear where in the pathway SA acts relative to 

H2O2 generation. This point should be further tested to determine if short-day conditions 

suppress SA production in crwn1 crwn2 mutants.     

 Both Photosystem I and II can produce O2
•-(Song et al., 2006; Takagi et al., 2016). 

However, in crwn1 crwn2 mutants, there is not enough evidence to establish a correlation 
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between O2
•- and defense responses. I found that crwn1 crwn2 mutants in long-day conditions 

have wild-type levels of O2
•-. In contrast, sid2 and sid2 crwn1 crwn2 mutants have high levels 

of O2
•-, consistent with previous studies showing that SA can signal dismutasing of O2

•- into 

H2O2, as well as promoting ROS bursts and plant defense in general (Straus et al., 2010). It is 

noteworthy that SA can also reduce cell death depending on the genetic background, suggesting 

complex roles for SA in plant immunity (Straus et al., 2010). 

 One model relevant to my observations is that long-day conditions might generate O2
•-, 

which is maintained at low levels in wild-type plants by basal SA. In this model, increased SA 

in crwn1 crwn2 mutants quickly converts O2
•- to H2O2, leading to an apparent reduction in O2

•- 

and increased H2O2 as the flux shifts between these two forms of ROS. In short-day conditions, 

crwn1 crwn2 mutants develop wild-type levels of O2
•- but not high H2O2 compared to long-day 

grown crwn1 crwn2 mutants; under this model, less SA and O2
•-

 generation occur in short-day 

conditions, leading to less H2O2 production.   

 

DNA damage 

 Multiple lines of the evidence in animals suggests a connection between DNA damage 

and ROS in situations where the nuclear lamina is damaged, which is plausible because ROS is 

a well-known cytotoxin generating DNA damage. By extension, if crwn mutations induce DNA 

damage like animal laminopathies, it is conceivable that ectopic defense responses in crwn 

mutants are caused by DNA damage. I included sid2 crwn1 crwn2 mutants to exclude the effect 

of SA in mediating DNA damage and ROS bursts when I assessed the effect of crwn mutations 

on DNA damage. I first tested if DNA damage is present in crwn mutants by using a single-cell 

gel electrophoresis procedure known as a comet assay. Contrary to our prediction, I could not 

detect significant damage in either crwn1 crwn2 nor sid2 crwn1 crwn2 mutants. Rather, I found 

that crwn1 crwn2 and sid2 crwn1 crwn2 mutants have less conspicuous tails indicative of DNA 
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damage. This result demonstrates that genomic instability present in crwn mutants might be 

absent or minimal, and therefore not a likely cause of defense signaling. It is plausible that 

spontaneous production of SA or genomic instability by loss of CRWNs is tolerated in 

Arabidopsis plants. Previously, the Richards group showed that crwn1 crwn2 mutants have few 

decondensed centromeric 180 bp repeats and denser chromocenter packaging (Wang et al., 

2013). Consistent with these findings, (Poulet et al., 2017) showed that chromocenters in crwn1 

crwn2 mutants were more condensed compared to wild type. In animal cells, it was shown that 

heterochromatin affects both the protection and repair of damaged genomes (Cann and Dellaire, 

2011; Takata et al., 2013; Feng et al., 2016). Thus, it is possible that crwn1 crwn2 mutants could 

be protected from DNA damage by increased heterochromatin formation (Poulet et al., 2014; 

Poulet et al., 2017). It is also noteworthy that not every SA accumulation mutant exhibits DNA 

damage (Rodriguez et al., 2018), indicating that the dose of SA and other factors are involved 

in inflicting DNA damage.  

 

Other nuclear morphology mutants (kaku) 

 As discussed in Chapter 2, nuclear morphology mutants such as cpr5 and nup136 are 

involved in defense response regulation. Prompted by these observations, I checked to 

determine if other nuclear morphology mutants – specifically, kaku1 (myosin xi-i) and kaku4 

(another putative nuclear lamina protein mutants) – also have similar immune responses 

(Tamura et al., 2013; Goto et al., 2014; Haraguchi et al., 2016). I found that neither kaku1 nor 

kaku4 mutants exhibit altered whole-plant phenotypes (Fig. 2.6). Neither did the combination 

of either kaku1 or kaku4 with crwn1 change the whole-plant growth phenotype. Consistently, 

there was no cell death in any of these mutants. However, the DC3000 infection test showed 

that kaku4 suppressed bacterial growth. Also, one of three biological replicates in RT-qPCR 
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showed ca. 30-fold transcription of PR1 in kaku4 mutants. These results suggest that the kaku4 

mutation affects defense response in an unstable manner with incomplete penetrance. 

 

CONCLUSIONS 

 In this chapter, I demonstrated how day-length can affect spontaneous defense 

phenotypes in crwn1 crwn2 mutants. I found that short-day conditions suppress dwarfism during 

early growth and, partially, cell death in crwn1 crwn2 mutants. I further showed that the light 

condition is correlated with H2O2 level, showing that long-day photoperiod is necessary to 

accumulate H2O2 in crwn1 crwn2 mutants. Collectively, the result suggests that nuclear 

envelope protein CRWNs are involved in the ROS production pathway, which is dependent on 

day-length conditions. 

Based on the result of Chapter 2 and Chapter 3 that crwn1 crwn2 mutants accumulate 

SA and ROS, I also checked to see if crwn1 crwn2 mutants exhibit DNA damage which can 

trigger downstream defense responses. Neither crwn1 crwn2 nor sid2 crwn1 crwn2 mutants 

exhibit the genomic breaks, arguing that DNA-damage dependent defense response does not 

happen in crwn1 crwn2 mutants regardless of the effect of SA. These results point to the 

possibility that DNA damage might be suppressed in crwn1 crwn2 mutants. 
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MATERIALS AND METHODS 

Plant materials 

 Arabidopsis thaliana were grown on Cornell Mix or MetroMix 360 soil (Sun Gro 

Horticulture) at 22℃ after 2 d of stratification in a 4℃ cold room. For long-day conditions (16 

h of light / 8 h of dark), Conviron growth chamber (Model TC30, BTI Growth chamber #11) at 

Boyce Thompson Institute green house was used with 60% humidity setting. For short-day 

conditions (8 h of light / 16 h of dark), Percival growth chamber (Model E41L2, Richards lab) 

was used without humidity control. kaku1-3 and kaku4-2 mutants are from ABRC CS860014 

and SALK-076754C, respectively. Other plant material used was described by Wang et al. and 

Choi et al. (Wang et al., 2013; Choi et al., 2019).     

 

Cell death lesion detection and imaging 

 Trypan blue staining for detection of cell death was performed as described in Chapter 

2 and Choi et al. (2019).  

 

RT-qPCR 

 RNA Extraction, cDNA synthesis and RT-qPCR were performed as described in 

Chapter 2 and Choi et al. (2019). ROC1 was used for housekeeping gene control for RT-qPCR. 

Primers for ROC1 are 5'-CGG ATC TCAGTT CTT CAT CTG-3' and 5'-CCT TCT CGA TGG 

CCT TTA C-3'. Other primers are same as in Chapter 2 and Choi et al. (2019).   

 

Pseudomonas syringae pv. tomato DC3000 bacterial growth assays  

 The assay was performed as described in Chapter 2 and Choi et al. (2019).  

 

Reactive oxygen species detection 
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 Hydrogen peroxide was detected by 3,3'-diaminobenzidine (DAB) (D12384, Aldrich) 

staining. For 20 mL DAB solution, 10 mg DAB was dissolved in 18 mL of water for a few hours 

by adjusting pH to 3.0 with 8M HCl. During the procedure, the solution was covered with 

aluminum foil as DAB is sensitive to light. 10 µL Tween 20 (P9416, Sigma) and 200 µL 0.5M 

Na2HPO4 were added. The solution was filtered through two layers of Miracloth (Calbiochem). 

Although DAB is not completely soluble even in strong acidic conditions, the filtered solution 

still has enough DAB in solution to detect H2O2. Plant samples were placed in glass vials 

submerged in the solution. The solution was vacuum-infiltrated for 5 min with piece of cheese 

cloth added to prevent floating of samples. Samples were left on a shaker in room temperature 

for 24 h without light. After the incubation, DAB solution was decanted. Vials were filled with 

bleaching solution (ethanol:acetic acid:glycerol = 3:1:1) and then placed on boiling water bath 

for 15 min. After the boiling step, the bleaching solution was replaced with a fresh aliquot and 

further bleached on a shaker in room temperature.  

 Superoxide anion was detected by nitroblue tetrazolium (NBT) (NBT2.5, Gold 

Biotechnology) staining. For 100 mL NBT solution, 0.1 g of NBT and 50 µL Tween 20 were 

dissolved in 100 mL of 50 mM Na2HPO4 solution. Vacuum infiltration was conducted for 5 min 

as described for the  DAB staining. Staining took about 2 hr on a shaker in room temperature. 

Boiling is not necessary for bleaching. Bleaching was done overnight.     

 

Comet assay 

 DNA damage was assessed using a CometAssay Kit (Trevigen). Alkaline comet assay 

was performed based on the manufacturer’s protocol with slight modifications according to 

studies of Wang and Liu and Yan et al. (Wang and Liu, 2006; Yan et al., 2013). Throughout the 

experiment, direct light was avoided. Two to three seedlings were chopped with a razor blade 

in 1,000 μL of cold 1x PBS (Ca2+ and Mg2+ free) solutions with 20mM EDTA added. Chopped 
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samples were filtered with 40 μm nylon mesh. 25 μL of samples were then suspended in 200 

μL of molten LMAgarose at 37 ℃. 50 μL of agarose mixtures were then mixed well with a 

pipette and spread over the Comet Slide area. Slides were placed at 4 ℃ in the dark for 30 min. 

Slides were then immersed in Lysis Solution at 4 ℃ for 60 min. After removing excess buffer 

from slides, they were immersed in freshly prepared Alkaline Unwinding Solution, pH>13 

(300mM NaOH, 1mM EDTA) at 4 ℃ in the dark for 60 min. Slides were then immersed in 

Alkaline Electrophoresis Solution, pH > 13 (300 mM NaOH, 1 mM EDTA) and subsequently 

run in electrophoresis system (Owl Easy Cast B2, Thermo Scientific) at 4 ℃ in the dark for 40 

min. Current was kept at approximately 300 mA by adjusting the amount of buffer with the 

voltage set at 20 to 25 V. After excess buffer was drained, slides were immersed twice in 

distilled water for 5 min each, then in 70% ethanol for 5 min. Slides were dried at 37 ℃ and 

stained with 100 μL of 1x SYBR Gold solution. After removing excess SYBR solution, slides 

were rinsed briefly with distilled water and subject to observation under a confocal microscopy 

(Leica TCS SP5). 
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Chapter 4. Characterization of NMCPs in Solanum lycopersicum and their roles in plant 

reproduction 

INTRODUCTION 

 NMCP/CRWN orthologs are present across land plants (Embryophyta) (Ciska and 

Moreno Diaz de la Espina, 2013; Ciska and de la Espina, 2014), where they partition into two 

phylogenetically distinct families, NMCP1-like and NMCP2-like, defined by prototypic 

proteins from carrot. Among the many unresolved questions concerning the biology of NMCP 

proteins is whether or not these orthologs play similar biological roles in different species. A 

related question is the extent to which NMCP1-type and NMCP2-type proteins function within 

a species in distinct versus overlapping roles. 

Some insight into the second question came from early cell biological studies in Apium 

graveolens (celery). Using indirect immunofluorescence, Kimura et al. found that NMCP1 and 

NMCP2 localize differently during mitotic cell division (Kimura et al., 2010). Both AgNMCP1 

and AgNMCP2 disassemble from the nuclear periphery at a similar time during prometaphase. 

AgNMCP1 first concentrates near the spindle at metaphase and then accumulates on segregating 

chromosomes at anaphase. In contrast, AgNMCP2 scatters across the cytoplasm during 

metaphase and anaphase. AgNMCP2 subsequently accumulates on segregating chromosomes 

at telophase, but does so later than NMCP1. These localization studies indicate that the two 

types of NMCP proteins are regulated, at least partially, in distinct ways. The different dynamics 

of reassembly at the nuclear rim is interesting in the context of evidence from co-IP studies that 

NMCP1- and NMCP2-type proteins physically interact, perhaps indirectly, in macromolecular 

complexes (Goto et al., 2014). Taken together, these findings suggest that NMCP1- and 

NMCP2-type proteins might be incorporated into different nuclear lamina filament or lattices, 

but that these structures are nonetheless in physical contact.     
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The larger question of the conservation or diversity of function of NMCP orthologs 

across plant taxa requires functional studies, which have been limited to genetic studies in 

Arabidopsis. These studies have shown that NMCP proteins are required for viability, as well 

as specification and/or maintenance of nuclear size and shape. In addition, as described in 

Chapter 2, NMCP proteins are implicated in pathogen defense signaling. 

In this chapter, characterization of Solanum lycopersicum NMCP1 and NMCP2 mutants 

is described, providing the first cross-species comparison of the function of these nuclear lamina 

proteins. The tomato genome encodes two NMCP1-type paralogs, NMCP1A and NMCP1B, 

and a single NMCP2-like protein, NMCP2. Unlike Arabidopsis crwn1 crwn2 and crwn1 crwn4 

mutants, consistent SA-related defense phenotypes were not observed in tomato nmcp1 mutants. 

However, I discovered unexpectedly male infertility in NMCP1A/nmcp1a-1; nmcp1b-

1/nmcp1b-1 mutants, which produced fragile anther sacs and extremely low levels of mature 

pollen. Based on the pollen infertility phenotype seen for tomato nmcp1 mutants, Arabidopsis 

crwn mutants were re-examined for pollen defects. Notably, both crwn1 crwn2 and sid2 crwn1 

crwn2 mutants produce small siliques with unfertilized and/or aborted seeds, indicating crwn 

mutations inflict reproductive shortage independent of SA effects. Homozygous nmcp2 single 

mutants and nmcp1a nmcp1b double mutants were not recovered, demonstrating that each class 

of NMCPs are required for viability in tomato. The differences between the phenotypes of nmcp 

mutants in tomato and Arabidopsis indicate that NMCP proteins, or the nuclear lamina more 

generally, exert species-specific effects.  

 

RESULTS 

Tomato nmcp1a and nmcp1b single mutants do not exhibit ectopic defense responses 

 To check if mutations in NMCP genes can elicit spontaneous defense responses, I 

measured transcript levels of ICS and PR1b genes. Similar to Arabidopsis, ICS is an important 
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gene for SA-biosynthesis and PR1b is an SA-dependent gene (Uppalapati et al., 2007). In three 

nmcp mutants tested (carrying either a presumptive null allele of NMCP1A, or one of the two 

predicted null alleles of NMCP1B), transcripts of both ICS and PR1b were not significantly mis-

expressed (Fig. 4.1). Next, Pst DC3000 was inoculated into tomato leaves by a vacuum 

infiltration method. While the nmcp1b-2 mutant showed wild-type levels of DC3000 growth, 

nmcp1a-1 and nmcp1b-1 plants exhibited slight resistance, which was smaller than a unit 

log10 (cfu/cm2) (Fig. 4.2). Although the possibility that nmcp mutation induced biotic resistance 

cannot be negated, these data collectively indicate that the degree of the defense response might 

be low in single nmcp mutants. It should be noted that all single crwn mutants in Arabidopsis 

fail to show ectopic defense responses, which are only exhibited by a subset of the possible crwn 

double mutants. Unfortunately, a better comparison using tomato nmcp1a nmcp1b double 

mutants is not possible because deficiency of both NMCP1A and NMCP1B is lethal in tomato 

(described below). 

 

 

 

 

 

 

 

 

 
Figure 4.1. nmcp1a and nmcp1b mutants express wild-type (WT) level ICS and 
PR1b genes. One-way ANOVA with post-hoc Tukey HSD test was performed. No 
comparisons for the ICS target are significantly different. Error bars indicate 
standard error of the mean generated by the Bio-Rad CFX manager software.   
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Tomato NMCP1A/nmcp1a-a; nmcp1b-1/nmcp1b-1 mutants fail to produce pollen 

 Our lab found that nmcp1a nmcp1b double mutants were not recovered in populations 

segregating both nmcp1 and nmcp2 alleles. This result indicates that NMCP1-type proteins are 

essential in tomato and their function cannot be replaced by NMCP2. Further, 

NMCP1A/nmcp1a-1; nmcp1b-1/nmcp1b-1 mutants (specifically, individuals S18-35/12 and 

S18-35/16 – collectively referred to as S18-35) did not bear fruit, while 

nmcp1a-1/nmcp1a-1; NMCP1B/nmcp1b-1 mutants and homozygotes for either nmcp1a-1 or 

nmcp1b-1 were viable and bore fruit containing seed. To investigate the infertility of S18-35, I 

first checked the phenotypes of the flowers and pollen. Although the overall morphology of 

S18-35 flowers looks normal, anther sacs from these plants were often less bulged compared to 

wild type, suggesting a possible failure in anther sac and/or pollen development (Fig. 4.3A and 

B). These slender anther sacs were fragile and easily fragmented into several pieces (Fig. 4.3C). 

Notably, S18-35/12 and S18-35/16 contained little pollen compared with the other genotypes 

shown (Fig. 4.3C). To check viability of pollen in S18-35 mutants, Alexander staining 

(Alexander, 1969) was applied to the pollen of each mutant. Wild-type flowers produce copious 

amounts of pollen with a high percentage staining as viable (Fig. 4.4). nmcp1a-1 mutants and 

Figure 4.2. nmcp1a-1 and nmcp1b-1 mutants exhibit weak resistance to Pst DC3000. DC3000 
was vacuum infiltrated to second leaf of plants of indicated genotypes. Error bars are SD (n = 
3). One-way ANOVA test with post-hoc Tukey HSD test was performed. A, B, C and D in the 
table are WT, nmcp1a-1, nmcp1b-1 and nmcp1b-2, respectively.  

treatments Tukey HSD 
pair inferfence

A vs B * p<0.05
A vs C ** p<0.01
A vs D insignificant
B vs C insignificant
B vs D insignificant
C vs D * p<0.05
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nmcp1b-1 mutants also exhibit large amount of viable pollen, suggesting that the nmcp1 paralog 

mutations singly do not induce male sterility (Fig. 4.4). However, S18-35/12 and S18-35/16 

produced little pollen and most of grains produced were stained as inviable (Fig. 4.4). The 

absence of viable pollen was confirmed by my inability to recover fruits after manual self-

pollination. However, outcrossing male wild-type pollen to S18-38 mutants as females yielded 

fruit with seeds, indicating that infertility of S18-35 stemmed from male sterility. 

  



120 
 

 

Figure 4.3. S18-35/12 and S18-35/16 mutants (NMCP1A/nmcp1a-1; nmcp1b-1/nmcp1b-1) have fragile 
anthers with little pollen compared to other genotypes. Panels A and B shows the overall morphology of 
the flowers from different genotypes. Panel C shows anther sacs dissected to expose pollen, which are 
visible in some genotypes (inside the red circles). Note that anther sacs of S18-35/12 and S18-35/16 could 
not be pinned down by forceps as they readily shredded. Images in C were taken using a Leica M205 
stereomicroscope.  
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Pollen from Arabidopsis crwn mutants is viable 

 In the light of the observed male sterility of tomato NMCP1A/nmcp1a-1; nmcp1b-

1/nmcp1b-1 mutants, I investigated seed production in Arabidopsis crwn mutants. Because 

crwn1 crwn2 mutants are smaller in size than wild-type plants, which is at least partially due to 

high level of SA, I included sid2 crwn1 crwn2 mutants in my analysis to control for the effect 

of excess SA. I first checked pollen viability by Alexander staining (Fig. 4.5) and found that 

pollen in anther sacs of an array of Arabidopsis crwn mutants were stained as magenta, 

indicating a high proportion of viable pollen. This result is consistent with the fact that tested 

mutants can all bear siliques with viable seeds. 

 

 

 

 

Figure 4.4. A high incidence of pollen inviability in S18-35/12 and S18-35/16. Alexander's staining of 
pollen collected from different genotypes; WT, wild-type M82. Magenta indicates viable pollen and blue 
indicates aborted ones. Note that the amount of pollen shown in the figure does not represent the actual 
amount of pollen production. Images were taken under Leica DM5500B microscope at the same 
magnification. 
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Reduced seed yield in Arabidopsis crwn1 crwn2 mutants 

 Previously, I found that an excess level of SA is responsible for rosette dwarfism in 

crwn1 crwn2 mutants (see Chapters 2 and 3). However, shorter bolt height, smaller silique 

length, and shriveled seeds observed in crwn1 crwn2 mutants are also seen in sid2 crwn1 crwn2 

mutants (Fig. 4.6A and B). The result demonstrates that these phenotypes are the result of the 

crwn mutations and are not caused by elevated SA. I further checked to see if smaller siliques 

were correlated with reduced seed production. I found that the total number of ovules (sum of 

unfertilized ovules, aborted seeds and viable seeds) are similar between wild type and crwn1 

crwn2 mutants (Fig. 4.6C). However, the number of viable seeds are significantly reduced in 

crwn1 crwn2 mutants and sid2 crwn1 crwn2 mutants, compared to wild type (Fig. 4.6D). 

Similar to silique size, the sid2 mutation did not alter the number of viable seeds in crwn1 crwn2 

Figure 4.5. Pollen from Arabidopsis crwn mutants is viable regardless of SA accumulation. Anther sacs 
of different genotypes of Arabidopsis were stained with Alexander's staining solution. Images were taken 
using a Leica DM5500B microscope.   
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mutants. Collectively, these results indicate that crwn1 crwn2 mutants have stunted 

reproductive capability, which is independent from the effect of elevated SA. 

 

 

 

Figure 4.6. Arabidopsis crwn1 crwn2 mutants produce short siliques with fewer viable seeds compared 
to wild type (WT). These phenotypes are not suppressed by sid2 mutations. A, siliques from indicated 
genotypes. Images were taken using a Leica M205 stereomicroscope. B, sizes of siliques in indicated 
genotypes in millimeter. C, the number of ovules in the indicated genotypes. D, the number of viable 
seeds in the indicated genotypes. n = 10 for B, C and D. Student's t tests were performed for B, C and D 
(*, P < 0.05 and ***, P < 0.001). Note that there is no significant difference between crwn1 crwn2 mutants 
and sid2 crwn1 crwn2 mutants in B, C and D.     
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DISCUSSION 

 To determine if the functions of NMCP proteins are conserved in different plant species, 

I studied tomato nmcp mutants. Initially, I checked to see if these tomato mutants exhibit ectopic 

defense phenotypes similar to those exhibited by Arabidopsis crwn1 crwn2 and crwn1 crwn4 

mutants. Although there was no significant difference in transcript level of several SA 

responsive genes between tomato wild type and nmcp single mutants, weak Pst DC3000 

resistance was observed in nmcp1a-1 and nmcp1b-1 but not nmcp1b-2 mutants. It should be 

further verified if this mild effect is reproducible. Given that crwn single mutants in Arabidopsis 

did not show defense responses, the possibility that tomato mutants with more compromised 

NMCP function needs to be considered. However, attempts to isolate nmcp1a nmcp1b mutants 

were unsuccessful, indicating that the desired nmcp1 double mutant is inviable. Thus, lethality 

of nmcp double mutants precludes making a proper comparison to the situation in Arabidopsis 

where gradients in NMCP function can be more easily established using viable crwn double and 

triple mutants. One approach worth pursuing is to study double mutants that are homozygous 

for hypomorphic (leaky) alleles. Another option is to see if the null nmcp1 alleles are 

haploinsufficient (see below) as NMCP1A/nmcp1a-1; nmcp1b-1/nmcp1b-1 and nmcp1a-

1/nmcp1a-1; NMCP1B/nmcp1b-1 mutants are viable. Alternative approaches to elucidate 

molecular mechanisms, including determining protein-protein interactions and effects on 

transcriptional circuits, might be required in tomato to overcome this lack of a clear phenotype 

in defense response. 

 I found that NMCP1A/nmcp1a-1; nmcp1b-1/nmcp1b-1 mutants (S18-35/12 and S18-

35/16) showed pollen defects. Based on previous studies about the involvement of the nuclear 

envelope and lamins in meiosis in mice (Ding et al., 2007; Link et al., 2013; Zeng et al., 2018), 

I checked tomato nmcp for pollen viability. The result showed that mature pollen in tomato 

NMCP1A/nmcp1a-1; nmcp1b-1/nmcp1b-1 mutants are largely aborted but neither nmcp1a nor 
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nmcp1b homozygotes show pollen defects. One theory to explain the inviability of pollen in 

NMCP1A/nmcp1a-1; nmcp1b-1/nmcp1b-1 mutants is haploinsufficiency of NMCP genes. 

Based on the expression level of NMCP genes retrieved from the TomExpress, a public RNA 

expression resource (Zouine et al., 2017), NMCP1B is more highly expressed compared to the 

other two paralogs in meristems, leaves and flowers (Fig. 4.7). We reasoned that the loss of a 

single wild-type NMCP1B might results in a significant reduction of NMCP1 transcript. 

NMCP1A/nmcp1a-1; nmcp1b-1/nmcp1b-1 mutants are therefore predicted might have less 

NMCP1 products for pollen viability compared to either nmcp1b-1/nmcp1b-1 or 

nmcp1a/nmcp1a single mutants, or the male fertile nmcp1a-1/nmcp1a-1; NMCP1B/nmcp1b-1 

mutant.  

 

 

 

 

Figure 4.7. Solanum lycopersicum NMCP1B (Solyc03g045050, skyblue) is expressed highly in wild-
type M82. The graph was generated by TomExpress database. NMCP1A, Solyc02g089800, light green; 
NMCP2, Solyc02g091960, black. 



126 
 

 How does a reduction in NMCP1 function causes pollen lethality? In Arabidopsis crwn 

mutants, pollen is not aborted. However, I found that crwn1 crwn2 mutants have fewer viable 

seeds compared to wild-type siliques but the number of ovule is not significantly affected. These 

findings suggest that there is a defect in fertilization. In 2014, Zhou and Meier showed that the 

Arabidopsis nuclear envelope proteins WITs and WIPs are required for the mobility of 

vegetative nuclei and efficient delivery of sperm cell nuclei to ovules (Zhou and Meier, 2014). 

In wild-type pollen, a vegetative nucleus moves along the length of the pollen tube, leading the 

two sperm cell nuclei. These three nuclei maintain in close proximity to the elongating tip of 

the pollen tube. In wit1 wit2 mutants, however, the two sperm nuclei enter the tube first and 

then the vegetative nucleus follows them. In addition, the timing of all three nuclei entering the 

pollen tube is so delayed that the nuclei are far apart from the growing tip of the pollen tube 

(Zhou and Meier, 2014). Thus, there is a possibility that crwn mutations affect fertilizations by 

altering movement of sperm cell nuclei and/or the coordination of movement among the three 

nuclei.  

 

MATERIALS AND METHODS 

Plant materials 

 Solanum lycopersicum mutants used in this chapter were generated from M82 by 

CRISPR/Cas9. For the detailed loci information and methods to generate mutants, see the 

dissertation of E. Blunt (2018). Seeds were first sowed on wet filter paper and then transferred 

to Cornell osmocote soil after germination. 

 

RNA extraction, cDNA synthesis and RT-qPCR 

 RNA was extracted from leaflets of the 2nd or 3rd compound leaf of the tomato mutants 

or wild-type control (cultivar M82). The remainder of procedure is same as described in Chapter 
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2 (Choi et al., 2019). For qPCR, ARD2 (Sl01g104170) was used as a housekeeping gene and 

normalization control. Primers used for qPCR are as follows: ARD2, 5'-TTC AAG GTG CAG 

CAG TGG AA-3' and 5'-CCG CTC AGC CAT GGT CAT AA-3'; ICS (Sl06g071030), 5'-CTC 

CCT CGC TGC TTC TTC TC-3' and 5'-TGA ACC GAC ACC AGC TAC AC-3'; PR1b 

(Sl09g007010), 5'-CTT GCG GTT CAC AAC GAT GC-3' and 5'-ATC ACC CGC TCT TGA 

GTT GG-3'.  

 

Pseudomona syringae pv. tomato DC3000 infection 

 DC3000 was grown as previously described (Choi et al., 2019). The concentration of 

the bacteria in inoculum was approximately 104 cfu mL-1. The plants were infected 

approximately one month after sowing. The entire aerial part of the plants was infiltrated with 

the inoculum by vacuum infiltration with intensity of 25 kPa. Inoculated leaves were harvested 

at 0-day-after inoculation and 2-day-after inoculation. The remainder of the procedure was same 

as previously described (Choi et al., 2019).     

 

Alexander staining 

 Alexander staining was performed as described by Alexander (Alexander, 1969). The 

final concentration of glacial acetic acid was 4 %. Flowers were fixed in 10 % ethanol overnight 

before staining.    
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Chapter 5. Plant lamina as a platform for dynamic regulation 

 Work published during the last 5 years in the field demonstrates that the plant nuclear 

lamina has various roles in plant physiology and signaling, in addition to its expected role in 

structural support and morphological maintenance of nuclei. Although each of these recent 

studies is not exclusive from each other, the topics they address can be divided into three areas. 

First and foremost, the plant lamina regulates defense responses. My work showed that a loss 

of Arabidopsis nuclear lamina proteins induces SA-triggered defense responses (Choi et al., 

2019). Guo et al. also showed that CRWN1 interacts with NTL9 to suppress PR1 expression 

(Guo et al., 2017). Both studies revealed that crwn1 crwn2 mutants exhibit enhanced resistance 

against bacterial pathogen Pseudomonas syringae. However, there remains the important 

question of how mechanistically CRWNs regulate defense responses. While the Richards group 

has demonstrated that crwn mutations lead to SA accumulation, how nuclear lamina defects 

lead to SA production is not fully understood. In contrast, Guo et al. invoke a specific gene 

expression mechanism, based on the physical interaction between CRWN1 and NTL9. 

Regardless of the strength of the conclusion that CRWN1’s activity as a co-repressor explains 

PR1 gene induction in crwn mutants, it does not explain the wholesale SA signaling that occurs. 

In addition, the Guo et al. study is contrary to my results in that they argue that SA response is 

not observed in crwn mutants. These considerations suggest that it will be important in the future 

to determine if NTL9 plays a more extensive role in inducing SA responses. NTL9 is a positive 

regulator of SID2 (Zheng et al., 2015) and ntl9 crwn1 crwn2 mutants down-regulate SID2 

compared to crwn1 crwn2 mutants (Guo et al., 2017). Thus, it is possible that NTL9 acts as a 

hyper-activator of SID2 in the absence of CRWN1, but that needs to be reconciled with the 

negative role for NTL9 on PR1 when interaction between NTL9 and CRWNs is absent. In the 

future, it would be interesting to determine if SA induction is altered in ntl9 crwn1 crwn2 

mutants compared to crwn1 crwn2 mutants. It is also necessary to check if NTL9 binding targets 
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on which NTL9 acts as a positive regulator are up-regulated in crwn1 crwn2 mutants. These 

experiments would help clarify the role of the reported NTL9-CRWN1 interaction in SA 

signaling. 

 The second topic is epigenetic regulation by the plant nuclear lamina. Recent studies in 

epigenetic regulation involving CRWNs indicate that CRWN1 interacts with both chromatin 

and the PRC2 complex (Hu et al., 2019; Mikulski et al., 2019). We also showed that combining 

crwn1 and crwn2 mutations leads to down-regulation of H3K27me3 on the PR1 locus (Choi et 

al., 2019). To crosscheck these data arguing that loss of CRWN leads to a reduction in 

H3K27me3 leading to gene de-repression, H3K27me levels across the genome of crwn1 

mutants and other higher crwn mutants need to be quantified using ChIP-seq. In addition, the 

PLAD map from Hu et al., H3K27me3 maps from both WT and crwn mutants, and gene 

expression data from crwn mutants needs to be crosschecked. It is also necessary to perform 

RNA-seq in sid2 crwn1 crwn2 mutants to determine the transcriptomic effects caused by 

combining crwn1 and crwn2 mutants in the absence of SA. The RNA-seq data of sid2 crwn1 

crwn2 would also help to determine if transcriptomic alterations in sid2 crwn1 crwn2 mutants 

are tied to changes in H3K27me3 levels, when cross-referenced with H3K27me3 ChIP-seq data. 
 Finally, the nuclear envelope and nuclear lamina appear to be involved in the male 

reproduction in plants. Zhou and Meier showed that nuclear envelope proteins, and the organelle 

movement that they drive, are necessary for efficient delivery of male gametophyte nuclei to 

ovules (Zhou and Meier, 2014). In Chapter 4, I showed that both crwn1 crwn2 and 

sid2 crwn1 crwn2 mutants in Arabidopsis produce a reduced number of viable seeds. Moreover, 

NMCP1A/nmcp1a-1; nmcp1b-1/nmcp1b-1 mutants in tomato do not produce viable pollen. It is 

unclear if Arabidopsis crwn mutants and tomato nmcp mutants also have problems in pollen 

nuclei movement as in Zhou and Meier's study. Thus one obvious future direction is to check 

pollen nuclei movement of nmcp/crwn mutants. Tagging vegetative nuclei and sperm cell nuclei 

to track the movement of the nuclei in mutant background is required. Pollen competition assay 
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between WT and nmcp/crwn mutants can also test viability of pollen. Furthermore, it would be 

of interest to check if meiosis in nmcp/crwn mutants are affected, which might be an additional 

cause of pollen abortion.      

 

Possible coordination between the nuclear lamina and NPCs 

 Clues regarding spontaneous immunity in crwn1 crwn2 mutants also come from results 

concerning other components of nuclear envelope. The cpr5 mutant is a well-known LMM that 

has been studied for decades. Only recently, however, it was it shown that CPR5 is a nucleoporin 

and that its loss changes nuclear shape (Gu et al., 2016). Other work on nuclear pore complexes 

also determined that some NUPs can regulate both plant immune responses and nuclear shape 

(Tamura et al., 2010; Tamura et al., 2017). Moreover, cytoskeletal integrity can affect nuclear 

shape and nuclear transport in animal studies, as shown by Larrieu et al. (Larrieu et al., 2014; 

Larrieu et al., 2018). These results bring me to the possibility that crwn/nmcp mutations affect 

NPC functions and/or nuclear transport. One way to validate how crwn/nmcp mutations would 

physically alter distribution of nuclear pore complexes is to observe NPC distribution in 

different genetic backgrounds. This localization might be achieved by electron microscopy after 

isolating nuclei, or be assessed by following the distribution of fluorescently tagged 

nucleoporins in transgenic lines. Quantifying transcriptional and translational levels of NPCs 

would also provide information for monitoring how NPCs are affected in crwn mutants. 

Tracking tagged nuclear transport cargoes in crwn/nmcp mutants is another important step to 

take to examine the possibility that these mutations alter stress-gated nuclear transport of gene 

regulatory factors (Gu et al., 2016). 

 
Roles of CRWN2 and CRWN3 paralogs 

 In almost all genetic studies published to date, the redundancy of CRWN paralogs left 

open questions regarding how the four CRWNs interact with each other and share their functions. 
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Most reports concerning molecular mechanisms - involving ChIP, protein-protein interaction 

and protein degradation - focused on one of the four CRWNs. Nonetheless, clear phenotypes 

are mostly demonstrated in double and triple mutants, suggesting that CRWN proteins work 

together. For example, anticipated phenotypes from the loss of CRWN1 are reduced H3K7me3 

marks and increased transcription of PR1 due to interactions between CRWN1 and PWO1 or 

NTL9, respectively. However, these two phenotypes are shown in crwn1 crwn2 mutants but in 

crwn1 mutants. Thus, it is necessary to define the roles of CRWN2 and CRWN3 proteins and 

determine how they co-operate with CRWN1 or CRWN4. Possible things to check include 

testing interactions between CRWN2/CRWN3 and known interactors of CRWN1/CRWN4, or 

the possible interaction between CRWN2/CRWN3 and CRWN1/CRWN4. Genomic and 

epigenomic analysis of CRWN2 and CRWN3 mutants would be another avenue to pursue, 

especially concerning H3K27me3 landscapes. It is noteworthy that several groups study 

CRWN3 focusing on the ABA pathway and seed germination (Zhao et al., 2016; Wang et al., 

2019). Again, strong phenotypes, for example hypersensitivity to ABA, were found in crwn1 

crwn3 mutants, but not in crwn3 single mutants. These observations that CRWNs are involved 

in both SA and ABA response pathway argue that the plant nuclear lamina regulates stress 

pathway in general. Thus, it is necessary to dissect how these two stress pathways are related 

by analyzing transcriptomic and molecular data. For example, crwn1 crwn3 mutant 

transcriptomic data can be compared to crwn1 crwn2 and crwn1 crwn4 mutants, which will help 

determine the effect of crwn2, crwn3 and crwn4 mutations when each of them is introduced into 

a crwn1 mutant background.     

 In a similar manner, it is necessary to think holistically about seemingly discrete 

phenotypes, which could be linked to each other. For example, CRWN1 is known to be involved 

in SA responses (from our crwn1 crwn2 mutant data), PLAD interaction (CRWN1 protein), 

PWO1 interaction (CRWN1 protein) and ABA pathway (in crwn1 crwn3 mutants). However, 
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it is still in question how PLADs released in crwn1 crwn2 mutants contribute to SA responses 

or chromocenter organization. Are these two read-outs two largely independent phenomena? Or 

is one of them preceded by the other? Is gene expression in crwn1 crwn2 mutants mostly from 

SA? Or does the loss of CRWN1 primarily trigger down-regulation of H3K27me to express 

some key genes in defense responses? Thus, the goal is to understand CRWNs in a holistic 

manner, as evidence from various mutant phenotypes and mechanistic studies accumulate. 
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