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 Regulation of nuclear morphology in plants results from signaling and physical 

interactions that span the nuclear envelope. A key regulatory component is a family of 

Nuclear Matrix Constituent Proteins (NMCPs) that form the plant nuclear lamina. 

Arabidopsis thaliana contains four NMCP-like proteins, called CROWDED NUCLEI 

(CRWN). CRWN proteins are necessary for nuclear size and shape maintenance in 

differentiated cells, where CRWN1 acts as the chief regulator followed by CRWN4. 

However, the coordination of activities among these paralogous proteins remains 

unclear. I surveyed nuclear CRWN abundance within crwn single and double mutants 

using protein immunoblots. I found that plants lacking either CRWN1 or CRWN3 

showed a decrease in CRWN4 abundance. Further, loss of CRWN1 along with either 

CRWN2 or CRWN3 led to a significant reduction in CRWN4 protein levels in the 

nucleus. Based on these data, the stability of CRWN4 in the nucleus is proposed to 

depend on an interaction with CRWN1, CRWN2 and CRWN3. Additionally, a 

functional nuclear localization sequence was uncovered in CRWN4 based on the 

discovery of the crwn4-2 missense allele. A suppressor mutation within IMPORTIN- 

(IMPA-1) restores the level of CRWN4 in crwn4-2 nuclei, demonstrating that CRWN4 

uses canonical nuclear import machinery. 



 
 

 

To expand our knowledge of CRWN function in a species with a larger, more 

complex genome, I utilized CRISPR/Cas9 technology to knock out the two CRWN1 

and one CRWN4 orthologs in tomato. I recovered viable homozygous mutants for both 

CRWN1 orthologs that exhibited smaller, spherical nuclei compared to wild type. 

Conversely, a homozygote for the CRWN4 ortholog was not viable. These results 

confirm the importance of CRWN proteins for nuclear architecture in plants, and 

demonstrate that there are differences among species in their response to a deficiency 

in NMCP2 function. 

 Finally, to investigate the effects of nuclear structure on various stress response 

pathways, I moved back to Arabidopsis to assess germination rates of nuclear 

morphology mutants (crwn and kaku) in response to different types of abiotic stresses. 

The kaku mutants were found to be more sensitive to salt and osmotic stresses than the 

crwn single mutants. Also, in response to exogenous ABA, the phytohormone abscisic 

acid, I was able to replicate previous data presenting the hypersensitivity of the crwn1 

crwn3 double mutant. However, crwn3 and two kaku mutants tested (kaku1 and 

kaku4) also exhibited sensitivity to ABA, albeit less than the double mutant. Taken 

together, my research sheds light on how CRWN proteins cooperate to form the plant 

nuclear lamina, and highlight some important whole-plant responses to defects in 

nuclear structure. 
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CHAPTER 1 

INTRODUCTION 

 First discovered in 1802 by Franz Bauer, the nucleus is one of the most 

important organelles contained within eukaryotic cells. As the control center of the 

cell, the nucleus houses most of the cell’s DNA and provides the context in which 

gene expression, DNA replication and repair, and RNA processing occur (Dundr and 

Misteli, 2001). A major component of the nucleus is the nuclear envelope that acts as a 

barrier to separate the nuclear contents from the cytoplasm. The nuclear envelope 

consists of an inner and outer nuclear membrane, where the outer nuclear membrane is 

continuous with the endoplasmic reticulum. Interspersed throughout the nuclear 

envelope and spanning across the double membrane are nuclear pore complexes which 

are large multiprotein assemblies that form gated channels to facilitate the transport of 

macromolecules into and out of the nucleus (Hetzer et al., 2005). In metazoan cells, at 

the inner periphery of the nuclear envelope lies the nuclear lamina, which is a 

meshwork comprised mostly of type V intermediate filament proteins called lamins 

that are known to interact with inner nuclear membrane proteins and nuclear pore 

complexes (Stuurman et al., 1998). The nuclear lamina provides structural support for 

the nucleus and plays a role in nuclear processes, such as chromatin organization, 

DNA replication and repair, and transcription (Dechat et al., 2010). Within the 

nucleus, DNA exists in complex with histone proteins as chromatin, and are organized 

into active and silent areas of transcription called euchromatin and heterochromatin, 

respectively (Solomon et al., 2008). Nuclei also contain a variety of compact 



2 

 

substructures called nuclear bodies, such as the nucleolus where ribosomal genes are 

located and transcribed (Dundr and Misteli, 2001; Solomon et al., 2008). 

 In most eukaryotes, nuclei typically exist as either round or oval shapes and 

have an average size of 5µm in diameter (Solomon et al., 2008). However, this can 

change during differentiation and maturation for some specialized cells (Dahl et al., 

2008). For instance, nuclei of human embryonic stem cells are large, round and highly 

deformable (Pajerowski et al., 2007). The maturation of mammalian spermatids results 

in elongated nuclei reflecting the shape of the sperm head (Dadoune, 2003). In humans 

and most mammals, neutrophils, which are involved in the innate immune response to 

infection, have lobulated nuclear shapes (Hoffmann et al., 2007). Also, nuclei adopt 

abnormal shapes during aging in humans and model organisms (Webster et al., 2009). 

Nuclei in plants can also adopt a variety of shapes and sizes, depending on the 

cell and tissue type. Round, or spherical, nuclei are the most commonly observed and 

are usually found in meristematic and undifferentiated cells. In differentiated cells, 

however, nuclei acquire more elongated shapes that tend to resemble the shape of their 

cells. In the example of root hairs, the nucleus transitions from a spherical shape to an 

elongated shape as it enters the developing root hair. Also, DNA content is often 

reflected by nuclear size (Houben et al., 2003). Diploid cells, such as guard cells in 

Arabidopsis (Melaragno et al., 1993), are usually the smallest, while endoreduplicated 

cells, those that continually replicate their DNA without rounds of division, are larger. 

The largest nuclei in Arabidopsis have been observed in trichomes, which are highly 

endoreduplicated (Chytilova et al., 1999).  
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Given this diversity in plant nuclear morphologies, their functional 

significance remains unclear. Various studies on animal nuclei have led to several 

theories. One thought is that altering the stiffness of the nucleus by changing nuclear 

shape could benefit cells moving through tight spaces (Webster et al., 2009), as in the 

case of neutrophils that must migrate through the endothelium to sites of infection 

(Hoffmann et al., 2007). Another notion is that changes in nuclear morphology result 

in the reorganization of chromatin structure, shifting the accessibility of different 

genes and thus affecting gene expression (Webster et al., 2009; Dahl et al., 2008). In 

applying these hypotheses to plants, perhaps nuclear stiffness comes into play in 

accommodating for the formation and enlargement of the vacuole, which pushes the 

nucleus into the cell membrane as described for example in the uninucleate stage of 

maize microsporogenesis (Chang and Neuffer, 1989). In terms of controlling gene 

expression, since the differentiated cells usually have elongated nuclei, it is 

conceivable that chromatin reorganization is occurring and allowing the genes 

necessary for the process of differentiation to be accessible for transcription, closing 

access to others that are no longer needed. However, more studies are needed to shine 

some light on this subject. Several groups, including the Richards lab, believe that 

learning more about the mechanisms that control nuclear morphology will get us 

closer to answering this question of the functional significance of nuclear shape in 

plant cells.  
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Nuclear Morphology Control 

All living organisms that contain a nucleus are classified as eukaryotes, which 

include animals, plants and fungi (Margulis et al., 2000). Within eukaryotic cells, the 

currently best understood mechanism for regulation of nuclear morphology is through 

the interactions between the cytoskeleton and the nuclear lamina connected via a 

SUN-KASH nuclear-envelope bridge complex, referred to as the linker of the 

nucleoskeleton and cytoskeleton (LINC) complex (Figure 1.1; Gundersen and 

Worman, 2013; Lee and Burke, 2018). 

 

Figure 1.1. Comparison of the linker of nucleoskeleton to cytoskeleton (LINC) 

complex in animals and plants that regulate nuclear morphology. (A) In metazoan 

cells, the cytoskeleton binds either directly as actin or indirectly like microtubules 

through motor proteins (kinesin and dynein) to the SUN-KASH bridge, which in turn 

interacts with lamins in the nucleus. (B) Proposed model in plant cells of a 

nucleocytoplasmic linker where NMCPs/CRWNs associate with the SUN-WIP bridge 

that is connected to the actin cytoskeleton through interactions between a motor 

protein (myosin XI-i) and WITs. 

  

LInker of the Nucleoskeleton and Cytoskeleton (LINC) Complex In Metazoans 

 The animal LINC complex entails a protein bridge spanning the nuclear 

envelope that creates a connection between the cytoskeleton and the nucleoplasm. 
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This nuclear-envelope bridge consists of SUN (Sad1 and UNC-84) and KASH 

(Klarsicht, ANC-1, and Syne/Nesprin homology) proteins, named for their founding 

proteins indicated in parentheses, that are localized to the inner nuclear membrane and 

outer nuclear membrane, respectively (Malone et al., 1999; Starr and Han, 2002). At 

the C-terminus of SUN proteins lies a conserved SUN domain that recruits and 

interacts with the conserved C-terminal KASH domain of KASH proteins to form this 

bridge across the perinuclear space (Sosa et al., 2012; Starr and Fridolfsson, 2010). 

The nucleoplasmic N-terminus of SUN proteins interact with the nuclear lamina 

within the nucleus while KASH proteins at the outer nuclear membrane associates 

with cytoskeletal components such as actin filaments, and microtubule and 

intermediate filament associated proteins (Starr and Fridolfsson, 2010; Guo and Fang, 

2014). 

As stated previously, the nuclear lamina mainly consists of lamin proteins that 

can be classified into A-type (Lamin A and C) and B-type (Lamin B) lamins. A-type 

lamins have developmentally regulated expression patterns whereas B-type lamins are 

expressed in all cell types (Stuurman et al., 1998). These proteins have a tripartite 

structure containing a central α-helical rod domain with a short N-terminal head and a 

longer C-terminal tail (Figure 1.2). Through their rod domains, lamins homodimerize 

and form the lamina meshwork via creating independent filament networks just 

underneath the inner nuclear membrane. The assembly of lamin filaments involves 

generating polymers via associations of the homodimers in a head-to-tail fashion, 

which are then organized in an anti-parallel manner (Dittmer and Misteli, 2011). 

Within the tail domain resides its nuclear localization sequence (NLS), an 
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immunoglobulin-like (Ig) fold which is implicated in their interactions with other 

proteins, and a conserved CaaX motif where farnesylation and carboxy methylation 

occur (Figure 1.2; Simon and Wilson, 2013; Burke and Stewart, 2013). 

 

Figure 1.2. Lamin A and the NMCP family. Schematic representation of the protein 

organization for lamin A (LMNA), the carrot NMCP proteins (DcNMCP1 and 

DcNMCP2) and the Arabidopsis CRWN proteins (AtCRWN1-4), highlighting the 

coiled-coil domains predicted using MARCOIL in black, Ig fold domain in green, 

CaaX motif in yellow and conserved C-terminal domain in blue (C Motif). The scale 

above indicates the number of amino acids. 

 

 Studies have shown that disruption of any of these factors could result in 

abnormal nuclear shapes as well as altered nuclear positioning (Starr and Fridolfsson, 

2010; Liu et al., 2000; Khatau et al., 2009; Lüke et al., 2008). Furthermore, mutations 

in genes encoding lamins and lamina-associated proteins are known to cause a variety 

of diseases in humans. These are sometimes referred to as laminopathies or nuclear 

envelopathies, and include diseases such as Hutchinson-Gilford progeria syndrome 

(HGPS), Charcot-Marie-Tooth disease (CMT) and Emery-Dreifuss muscular 
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dystrophy (EDMD) that can be autosomal dominant or recessive (Burke and Stewart, 

2013; Broers et al., 2006; Worman et al., 2010). 

 

Plant LINC Complex 

 Nuclear morphology in plants is regulated through similar interactions as 

previously described in metazoan cells (Figure 1.1B). Highly conserved SUN proteins 

are present in the inner nuclear membrane of plant nuclei, where a similar bridging 

complex is formed. Although there are no canonical KASH homologs in plants, WPP 

domain-interacting proteins (WIPs) in Arabidopsis were identified as the plant-

specific KASH proteins that are localized at the outer nuclear membrane. Like KASH 

proteins, WIPs are recruited to the outer nuclear membrane by their interaction with 

the SUN domain of the SUN proteins within the perinuclear space (Zhou et al., 2012; 

2014). At the outer nuclear membrane, WIPs further interact with WPP domain-

interacting tail-anchored proteins (WITs) that bind to Myosin XI-i, a plant specific 

myosin also referred to as KAKU1 that moves along the actin cytoskeleton to facilitate 

nuclear movement (Zhou and Meier, 2014; Tamura et al., 2013). WIPs are also known 

to anchor the plant Ran GTPase-activating protein 1 (RanGAP1) to the nuclear 

envelope to function in protein transport between the nucleus and cytoplasm (Starr and 

Fridolfsson, 2010; Zhou et al., 2012). When proteins of this SUN-WIP-WIT-KAKU1 

bridge are mutated in differentiated cells, nuclei fail to adopt an elongated shape and 

instead are spherical (Zhou et al., 2012; Tamura et al., 2013). At the inner nuclear 

membrane, SUN proteins also interact with a family of nuclear envelope-associated 
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proteins (NEAPs), which are anchored in the inner nuclear membrane and play a role 

in chromatin organization (Pawar et al., 2016).  

 

Plant Nuclear Lamina 

 The final component of this assembly in metazoans is the nuclear lamina made 

of lamin proteins, as formerly stated. Interestingly, plants and fungi lack lamin 

orthologs, leading to the proposal that the machinery to support open mitosis in these 

kingdoms evolved independently (Rose, 2007). Although lamin orthologs are absent 

in plants, several studies propose that there are lamin-like analogues that form a plant 

nucleoskeleton including a peripheral nuclear lamina. Based on their structural 

similarities with lamins, the best candidate analogues are members of a plant-specific 

family of nuclear coiled-coil proteins (Ciska and Moreno Díaz de la Espina, 2013). 

The first of these proteins identified was Nuclear Matrix Constituent Protein 1 

(DcNMCP1) in carrot (Masuda et al., 1993).  

 

Nuclear Matrix Constituent Protein (NMCP) Family 

 A phylogenetic analysis of this family revealed that these proteins form two 

clades: one containing homologs of DcNMCP1 and the other with DcNMCP2 

homologs (Wang et al., 2013). At least one protein from each clade is found in all 

multicellular plant species (Poulet et al., 2017). In Arabidopsis thaliana, the Richards 

lab has studied four DcNMCP-related nuclear proteins: CROWDED NUCLEI1 

(CRWN1), CRWN2 and CRWN3, which are homologs of DcNMCP1, and CRWN4, 
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which is a DcNMCP2-like protein (Wang et al., 2013; Dittmer et al., 2007; Dittmer 

and Richards, 2008).  

 

NMCP/CRWN Proteins and Lamins 

 These CRWN proteins are presumed functional analogs of metazoan lamins 

due to several lines of evidence. First are the structural similarities between lamins and 

NMCP proteins. Similar to lamins (Stuurman et al., 1998), NMCP proteins are 

predicted to have a tripartite structure, each consisting of a central coiled-coil domain 

flanked by a short N-terminal head and a longer C-terminal tail domain (Figure 1.2). 

In addition, there is a region within the coiled-coil domain that is highly conserved 

among all DcNMCP homologs. CRWN1, CRWN2 and CRWN3 also contain a highly 

conserved 20 amino acid motif at the extreme C terminus, which is absent in CRWN4. 

Conservation within the coiled-coil domain is also observed among lamins and 

cytoplasmic intermediate filament proteins, where these conserved fragments are 

essential for head-to-tail polymer assembly (Stuurman et al., 1998). Unlike lamins, 

however, NCMP proteins lack an Ig fold domain in the C-terminal region, which 

enables lamins to interact with several binding proteins (Tripathi et al., 2009). 

Furthermore, there is evidence for post-translational modifications of CRWN1. A 

mass spectrometric analysis of purified phosphopeptides from cytosolic and nuclear 

extracts in Arabidopsis identified at least six serine residues that are phosphorylated 

within the C-terminal domain of CRWN1 (de la Fuente van Bentem et al., 2008). 

Likewise, there are many conserved phosphoacceptor sites, mostly serine or threonine 

residues, that have been recognized within lamins. To date, at least 42 sites have been 
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identified in lamin A/C according to the UniProt database. Two well-known sites 

reside on either side of the coiled-coil domain and are phosphorylated by CDK1. 

During mitosis, the phosphorylation of lamins is required for the disassembly of the 

nuclear lamina. In transition to early G1 phase, dephosphorylation occurs for lamina 

reassembly. The phosphorylation of lamins also regulates the transport of lamins into 

the nucleus. In addition to phosphorylation, other post-translational modifications of 

lamins include farnesylation and sumoylation (Stuurman et al., 1998; Dechat et al., 

2010; Dittmer and Misteli, 2011). 

CRWN proteins also localize to the nucleus, reminiscent of lamins. CRWN1, 

CRWN3 and CRWN4 are found at the nuclear periphery while CRWN2 is mainly 

diffuse throughout the nucleus (Dittmer et al., 2007; Sakamoto and Takagi, 2013). In 

metazoan cells, lamins can be found as intranuclear spots and distributed diffusely 

throughout the nucleus in addition to lining the inner nuclear membrane (Stuurman et 

al., 1998). Furthermore, there is indirect evidence that suggests that CRWN1 is 

recruited to the nuclear envelope by interacting with the nucleoplasmic N-terminal 

domains of A. thaliana SUN proteins, SUN1 and SUN2 (Figure 1.1; Graumann, 

2014). 

There are also functional parallels between CRWNs and lamins. As alluded to 

earlier, the disruption of lamin proteins cause abnormal nuclear shapes; for example, 

as shown in RNA interference (RNAi) experiments of the lmn-1 gene in C. elegans 

embryos. These RNAi embryos also demonstrated arrested development and unequal 

chromatin distribution (Liu et al., 2000). Based on reverse genetics studies of the 

CRWN paralogs, previous work in the Richards lab has demonstrated that CRWN 
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proteins play an important role in the specification and maintenance of both nuclear 

size and the elongated morphology of Arabidopsis nuclei in differentiated cells 

(Dittmer et al., 2007). Plants deficient in CRWN1 or CRWN4 exhibit normal whole-

plant phenotypes, but the nuclei within the cells of these mutants are significantly 

reduced in size and remain spherical, failing to adopt the elongated shapes typical in 

differentiated cell types. Loss of CRWN2 or CRWN3 had no effect on whole-plant and 

nuclear phenotypes. Study of double and triple mutants carrying loss-of-function 

alleles in combinations of paralogous CRWN genes demonstrates that the CRWN 

proteins have overlapping as well as distinct functions. Also, in examining the internal 

organization of interphase nuclei, only mutants deficient in CRWN4 displayed a strong 

correlation between chromocenter number and nuclear size, where smaller nuclei 

contained fewer chromocenters than wild type. Taken together, these findings indicate 

that CRWN1 is the chief regulator of nuclear size and shape followed by CRWN4, 

while the latter has an important role in higher-order heterochromatin organization in 

interphase (Wang et al., 2013). 

 

Objectives 

 Although the importance of CRWN proteins in regulating nuclear morphology 

is well established, the coordinated activity of these proteins remains unclear. In this 

dissertation, I will present work elucidating the coordinated activity of CRWN 

proteins in regulating nuclear morphology in Arabidopsis. I also discuss an expansion 

of our investigation to studying orthologs of CRWN proteins within a more typical 
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plant species, tomato. Lastly, I investigate how a loss of CRWN genes as well as others 

affect nuclear processes in Arabidopsis, specifically in terms of stress response.  
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INTRODUCTION 

Regulation of nuclear morphology in plants results from signaling and physical 

interactions that span the nuclear envelope. A conserved complex, called the linker of 

the nucleoskeleton and cytoskeleton (LINC) (Meier et al., 2017; Horn, 2014; Guo and 

Fang, 2014), serves as a bridge between the cytoskeleton and architectural elements 

within the nucleus. The key structural element within the nucleus is the nuclear 

lamina, which lines the inner nuclear membrane and provides mechanical stability for 

the nucleus (Dechat et al., 2010). In plants, one component of the nuclear lamina 

consists of a family of plant-specific nuclear coiled-coil proteins, which were 

originally identified as Nuclear Matrix Constituent Proteins (NMCPs) in carrot 

(Masuda et al., 1993). This protein family separates into two major phylogenetic 

clades, named the NMCP1-like and NMCP2-like clades, and all plant species contain 

at least one homolog from each group (Poulet et al., 2017).  

 In Arabidopsis thaliana, there are four genes encoding NMCP-like proteins, 

called CROWDED NUCLEI (CRWN), which are necessary for nuclear size and shape 

maintenance in differentiated cells. CRWN1, CRWN2 and CRWN3 paralogs cluster 

together in the NMCP1-like clade and appear to be at least partially redundant, while 

CRWN4 belongs to the NMCP2-like clade. Our previous work with loss-of-function 

alleles for each CRWN protein determined that at least one functional CRWN protein 

is required for plant viability (Wang et al., 2013). Single crwn mutants appear similar 

to wild type at the whole-plant level. However, loss of CRWN1 has dramatic effect on 

nuclear morphology, leading to smaller spherical nuclei, but loss of either CRWN2 

and/or CRWN3 does not. Loss of CRWN4 also causes reduced nuclear size and 
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spherical nuclei with additional phenotypes, including dispersal of heterochromatin 

aggregates and irregular nuclear margins (Wang et al., 2013). Combining crwn 

mutations leads to further decreases in nuclear size and a reduction in plant stature. 

Study of the double and triple mutants demonstrated that plants cannot survive with 

only CRWN1 or only CRWN4, indicating that these proteins have some non-

overlapping functions. In contrast, CRWN2 and CRWN3 are considered ‘generalists’ 

that are able to cover the function of both CRWN1 and CRWN4 (Wang et al., 2013). 

 Although crwn1 and crwn4 mutants result in similar reduction in nuclear size, 

crwn4 mutants exhibit more severe phenotypes compared to crwn1 plants. For 

example, the degree of transcriptomic changes is higher in crwn4 mutants (~730 genes 

for crwn1 versus ~2700 genes for crwn4), and chromocenter organization is disrupted 

in crwn4 but not crwn1 nuclei. In combining these mutations, complex functional 

interactions between CRWN1 and CRWN4 begin to emerge. Nuclear size decreased 

further, illustrating an additive effect, while these mutations have a synergistic effect 

on whole-plant morphology (e.g., crwn1 crwn4 plants are semi-dwarf). In surveying 

chromocenter organization and gene expression, antagonistic effects were also 

exhibited, as there were ~730 genes misexpressed in the double mutant (Wang et al., 

2013). We hypothesize that these complex functional interactions might be mediated 

by physical interactions, either direct or indirect, between these two types of proteins. 

Additional support for this hypothesis comes from the data of Goto et al. (2014) who 

demonstrated that CRWN1 and CRWN4 are co-immunoprecipitated in the same 

macromolecular complex. 
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 In this study, we address how the activities of NMCP1-type and NMCP2-type 

proteins are coordinated in the nucleus. CRWN4 abundance in the nucleus showed a 

graded response to the loss of multiple NMCP1-clade proteins, suggesting that 

CRWN4 requires its NMCP1-clade paralogs for import and/or stability in the nucleus. 

This effect follows a hierarchy with the loss of CRWN1 being the primary and 

necessary determinant, while loss of CRWN2 and CRWN3 has a contingent, additive 

effect. We discovered that CRWN4 contains a functional NLS that is recognized by 

karyopherin alpha protein, IMPA-1. These data demonstrate that CRWN4 can enter 

the nucleus independent of NMCP1-like proteins. However, once inside the nucleus, 

CRWN4 is stabilized via interactions with NMCP1-like proteins, CRWN1, CRWN2 

and CRWN3. 

 

MATERIALS AND METHODS 

Plant Materials and Growth Conditions 

Arabidopsis thaliana ecotype Columbia was used as wild type (WT). The 

crwn1-1, crwn2-1, crwn3-1, crwn4-1, crwn1-1 crwn2-1, crwn1-1 crwn3-1, crwn2-1 

crwn3-1 mutants used in this study were previously described in Wang et al. (2013). 

The crwn4-2 missense allele was discovered in a genetic screen utilizing a fast neutron 

mutagenesis to search for novel abnormal nuclear morphology mutants (Erika Hughes, 

unpublished). The environmental growth chamber used in these studies were set to 

long-day conditions with a 16-hour light/ 8-hour dark light period at approximately 

23˚C and 60% relative humidity. 
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For protein extraction, approximately 50 seeds were sterilized in 50% (v/v) 

bleach solution and washed at least three times with sterile MilliQ water. Aseptic 

seeds were added to Murashige and Skoog (MS) media supplemented with 1% sucrose 

and 1x Gamborg’s Vitamin solution, and were grown under continuous shaking 

conditions at room temperature in the dark for 11 days. For RT-qPCR analysis, aseptic 

seeds were placed on petri-dishes containing MS agar supplemented with 10 g/L 

sucrose. Following an incubation at 4˚C for 2 days in the dark, plates were transferred 

to the environmental growth chamber. For microscope imaging, seeds were grown on 

MetroMix 360+ soil in the environmental growth chamber. 

 

Antibody Preparation 

Antipeptide polyclonal antibodies, developed by previous graduate students 

Travis Dittmer and Haiyi Wang, recognize the N-terminal regions of CRWN1 and 

CRWN4, respectively. Peptide antigens (CRWN1: MSTPLKVWQRWSTPT; 

CRWN4: RSERFPITPSTAATNRLT) were synthesized and injected into rabbits by 

Proteintech, a commercial antisera production company, to raise the corresponding 

antisera, which were then affinity purified. 

 

Nuclear Protein Extraction and Western Blot Analysis 

For nuclear protein extractions, seedlings were harvested and homogenized 

thoroughly in cold Honda buffer (0.44 M sucrose,1.25% Ficoll, 2.5% Dextran T40, 20 

mM Hepes-KOH pH 7.4,10 mM MgCl2, 0.5% Triton X-100) with a Protease inhibitor 

cocktail using mortar and pestle. The resulting homogenate was filtered through two 
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layers of Nylon mesh (Membrane Solutions) with the top layer having a pore size of 

100 μm and the bottom layer having a pore size of 20 μm. The clear liquid phase was 

centrifuged at 7,000 rpm for 30 minutes at 4°C to obtain nuclear pellet. The pellet was 

then washed three times using Honda buffer (without Protease inhibitor cocktail) until 

the pellet turned gray. The nuclear pellet was either kept on ice for immediate analysis 

by Western blot or stored at -20°C. 

After resuspending the nuclear pellets in 2x Laemmli Buffer (1.6% SDS, 20% 

glycerol, 120mM Tris, 0.02% bromphenol blue) with 10% β-mercaptoethanol, 

samples were boiled for 5 minutes and resolved on a 10% separating gel via SDS-

PAGE. The gel was then transferred to a nylon membrane (Amersham Biosciences) 

using electroblot transfer systems. After blocking the membrane at 4°C, the blot was 

probed with either anti-CRWN1 or anti-CRWN4 primary antibody solutions diluted at 

1:1000, followed by an incubation in anti-rabbit HRP-conjugated secondary antibody 

solutions. Proteins were detected using ECL Plus Substrate and exposed using a Storm 

imager (Amersham Biosciences). Blots were quantified using ImageQuant TL 

software. 

 

RNA Isolation, cDNA Preparation and RT-qPCR Analysis 

RNA was extracted using the E.Z.N.A. Plant RNA Kit (Omega Bio-tek) after 

collecting 50 seedlings from each selected genotype. Following a treatment with 

DNase 1 (New England Biolabs), cDNA was synthesized via the SuperScript IV First-

Strand Synthesis System (Invitrogen). To examine transcript levels of CRWN4, RT-

qPCR was performed for WT and the crwn single mutants with primers RT-CRWN4-
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F (5’-TTGTGTCTCGGGATGATGAA-3’) and RT-CRWN4-R (5’-

AAGGGGTTAAGCCGTTCTGT-3’), using iTaq Universal SYBR Green Supermix 

(BioRad) on a BioRad C1000 thermal cycler for 40 cycles. ACTIN2 and UBC were 

used as endogenous controls to normalize the samples. All primers used are listed in 

Table 2.S1. 

 

Table 2.S1. List of primers used for RT-qPCR expression analysis. 

Gene AGI Code  RT-qPCR Primers (5’ → 3') 
Amplicon Length 

(bp) 
Primer Origin 

CRWN4 AT5G65770 

F TTGTGTCTCGGGATGATGAA 

108 This Study 

R AAGGGGTTAAGCCGTTCTGT 

ACTIN2 AT3G18780 

F CTTGCACCAAGCAGCATGAA 

71 Czechowski et al., 2005 

R CCACCGATCCAGACACTGTACTT 

UBC AT5G25760 
F CTGCGACTCAGGGAATCTTCTAA 

61 Czechowski et al., 2005 

R TTGTGCCATTGAATTGAACCC 

 

 

Microscope Imaging 

Anther filaments of flowering plants were first fixed in a 3:1 ethanol: acetic 

acid solution for at least 20 minutes. Following a rinse in water, the filaments were 

briefly dipped in DAPI working solution (at 1 µg/mL), then in water, and placed on a 

slide for imaging using a Leica DM5500 epifluorescence microscope. 

 

crwn4-2 Suppressor Screening 

The starting material for this screen was an A. thaliana Columbia strain 

homozygous for the crwn4-2 allele and an NLS-GFP-GUS transgene, which encodes a 
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green fluorescent protein (GFP) fused to a plant nuclear localization signal (NLS) and 

to β-glucuronidase (GUS) from E. coli, expressed under a constitutive CaMV 35S 

promoter (Chytilova et al., 1999). This transgene marker allows for nuclei to be 

imaged in live seedling tissues. To generate mutations that might suppress the crwn4-2 

phenotype, the seeds were treated with the chemical mutagen ethylmethansulfonate 

(EMS), and the resulting M1 plants self-pollinated to segregate mutations. Seedlings 

in the next generation (M2) were screened for elongated nuclei in root cells to identify 

plants containing reversions or suppressor mutations. For screening, M2 seeds were 

grown on 1x MS agar plates with 1% sucrose and 0.7% phytoagar, cold-treated at 4˚C 

overnight for stratification, and grown vertically in the environmental growth 

chamber. After one week of growth, roots were phenotyped using a Leica M205 

fluorescence stereomicroscope. Wild-type and unmutagenized crwn4-2 seeds were 

also grown as controls. Candidate suppressor seedlings were transplanted from the MS 

plates to soil, and returned to the environmental growth chamber. Once these plants 

began flowering, anther filaments were harvested, DAPI-stained and imaged as 

described above to observe whether or not the nuclear root phenotype observed in the 

seedling was present in adult tissues. M3 seed was generated from the candidate 

suppressor line to test for transmission to the next generation and subsequent 

molecular analysis and genetic crosses. Using the urea lysis miniprep protocol 

(Cocciolone and Cone, 1993), genomic DNA was extracted from candidate and 

control plants. Genotyping for the presence or absence of the original crwn4-2 allele 

was performed by standard PCR using GoTaq DNA polymerase (Promega) and either 

a4WTF 5’-TGAGACTAGCGAACCAAGCAATAACAA-3’ or a4MutF 5’-
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TGAGACTAGCGAACCAAGCAATAACCT-3’ with a41kbR2 5’-

TCCAGCCGAACACTCTTGCTGTTG-3’, where primer pair a4WTF/a41kbR2 

recognizes the wild-type CRWN4 sequence while primer pair a4MutF/a41kbR2 

includes the crwn4-2 point mutation (a dinucleotide change, corresponding to the 3’ 

end of the a4MutF primer). In addition, we determined the entire CRWN4 genomic 

sequence in the crwn4-2; sup individual, from PCR amplicon templates, to confirm 

the presence of the original crwn4-2 missense allele, as well as rule out the existence 

of potential intragenic suppressor mutations.  

  

Genetic Mapping of the SUP Locus 

 A bulked-segregant analysis combined with whole-genome re-sequencing was 

performed on two F3 pooled genomic DNA preps comparing crwn4-2/crwn4-2; 

SUP/SUP versus crwn4-2/crwn4-2; sup/sup genotypes (the genetic crosses generating 

this material are described in detail in the Results). DNA sequencing libraries were 

constructed by Polar Genomics (Ithaca, NY) and reads were generated in the Cornell 

University’s Institute of Biotechnology sequencing core using Illumina NextSeq 

technology. The reads were aligned to the reference Columbia genome sequence (The 

Arabidopsis Genome Initiative, 2000) and non-reference alleles identified using the 

Genome Analysis Toolkit suite developed by the Broad Institute (McKenna et al., 

2010). EMS-induced mutations that affected protein-coding genes were identified 

using the SNPEff tool (Cingolani et al., 2012). The critical region containing the SUP 

locus was identified by a segment of chromosome three that was enriched for loci that 

were homozygous for non-reference alleles in the crwn4-2/crwn4-2; sup/sup sample 
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and for reference alleles in the crwn4-2/crwn4-2; SUP/SUP sample (see Table 2.S2). 

Genetic fine mapping was conducted by genotyping ca. 100 F2 individuals (from a 

self-pollinated crwn4-2/crwn4-2; SUP/sup parent) that contained “round” nuclei (i.e., 

SUP/SUP individuals) using PCR-based markers developed to distinguish between 

reference and non-reference alleles. 

 

Additional Computational Analysis 

In determining the coiled-coil domains of the CRWN proteins, sequences were 

analyzed using the MARCOIL program (Delorenzi and Speed, 2002; Zimmermann et 

al., 2018). Alignments of CRWN protein sequences were performed using the Clustal 

Omega program (version 1.2.4; Sievers et al., 2011). For NLS motif analysis, cNLS 

Mapper was used on the entire sequence with a cut-off score of 5.0 (Kosugi et al., 

2009). 

 

RESULTS 

CRWN proteins are about 1000 amino acids long and exhibit a tripartite 

domain structure. Each protein consists of a coiled-coil domain flanked by a short N-

terminal head and a long C-terminal tail domain (Figure 2.1A). The N-terminus is 

highly variable across the NMCP protein family, although CRWN2 and CRWN3 

share some similarity (approximately 30% identity) in this region with CRWN4. 

Paralogs of the CRWN1-like clade have a conserved region of about 20 amino acids at 

the end of the C-terminus that is absent in CRWN4 and CRWN4-like clade members 

from other species (blue region, Figure 2.1A). CRWN1, CRWN2 and CRWN3 also 
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contain two conserved nuclear localization sequence (NLS) motifs within the C-

terminal region that has been functionally confirmed in Daucus carota NMCP1 

(Kimura et al., 2014). By comparison, CRWN4 lacks these well-conserved 

monopartite NLS motifs (red region, Figure 2.1A&B).  

 

Figure 2.1. The CRWN protein family. (A) The protein organization of CRWN paralogs, 

showing the coiled-coil domains predicted using MARCOIL in black, predicted nuclear 

localization sequence (NLS) region in red and conserved C-terminal domain in blue. Amino 

acid sequence alignments of the N-terminal (B) and C-terminal (C) regions including the 

peptide sequences used to raise specific antibodies recognizing CRWN1 and CRWN4 in 

green, the N-terminal end of the predicted coiled-coil domains in gray, confirmed NMCP1-

like clade NLS motifs in red, putative CRWN4 NLS in purple, and conserved C-terminus in 

blue. CRWN1, CRWN2 and CRWN3 paralogs are closely related and have similar protein 

domains, including the presence of NLSs and a conserved C-terminal tail, while CRWN4 does 

not. Multiple sequence alignments were done using Clustal Omega. 
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Nuclear accumulation of CRWN4 depends on the presence of CRWN1 and 

CRWN3 

To explore how these proteins coordinate mechanistically, we developed 

antibodies to detect these proteins by exploiting the divergence of their N-terminal 

regions. With a focus on CRWN1 and CRWN4 as the major representatives of the two 

main NMCP clades, we generated anti-peptide polyclonal antisera in rabbits that 

recognize epitopes within the extreme N-terminus of CRWN1 and CRWN4 (in green, 

Figure 2.1B). To test if these antibodies detected our proteins of interest, nuclear 

extracts prepared from seedling tissue were size-fractionated by SDS-PAGE and 

Western Blot analysis was performed using the anti-CRWN peptide antisera (Figure 

2.S1). Three different genotypes were used in these validation experiments: wild type 

(WT) and two null mutants, crwn1-1 and crwn4-1. Three bands are present, migrating 

with apparent molecular weight of between 100 and 250 kilodalton (kD), in the WT 

and crwn4-1 samples when probed with the anti-CRWN1 antibody. The strongest 

band migrated at about 110 kD, close to the 130 kD expected size of CRWN1. The 

anti-CRWN4 antibody detected two bands in WT and crwn1-1 samples, with the 

strongest at ca. 140 kD, again a reasonable match to CRWN4’s predicted size of ca. 

120 kD. No bands were detected in the crwn1-1 and crwn4-1 samples when using their 

respective antibodies, indicating that each antibody is specific for its intended epitope 

target. The presence of multiple bands for CRWN1 and CRWN4 could be due to post-

translational modifications, proteolytic processing or degradation during preparation 

of extracts. 
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Figure 2.S1. Detection of CRWN1 and CRWN4 by Western Blot. Protein immunoblots of 

nuclear extracts obtained from wild type (WT), crwn1, and crwn4 seedlings were hybridized 

with indicated antibodies. Histone H3 was used as loading control. Specificity of the 

antibodies against CRWN1 and CRWN4 is demonstrated in the loss of detected bands in the 

crwn1 and crwn4 mutant samples, respectively. The expected molecular weights of CRWN1 

and CRWN4 are about 130 and 120 kD, respectively. 
 

 These antibody reagents allowed us to probe the inter-dependence of the 

different CRWN proteins. Specifically, we asked if there were qualitative or 

quantitative changes in CRWN protein abundance in the nucleus when one paralog 

was missing. As shown in Figure 2.2, nuclear protein abundance of CRWN1 and 

CRWN4 were compared between WT and crwn single mutant seedlings. In a replicate 

of Figure 2.S1, the signal in the crwn1-1 and crwn4-1 nuclear extract samples in 

Figure 2.2 were not detected using the CRWN1 and CRWN4 antibodies, respectively, 

again demonstrating the specificity of the antibodies. In examining CRWN1 

abundance across crwn single mutants, there was no significant difference found 

between the mutants and WT levels (Figure 2.2A). However, the crwn1-1 and crwn3-1 
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nuclear extracts exhibited a reduction in CRWN4 protein abundance (p-values of 

0.005 and 0.02, respectively) compared to WT, while the crwn2-1 sample showed no 

change (Figure 2.2B). Taken together, these results suggest that CRWN1 and CRWN3 

are needed for normal levels of CRWN4 to accumulate in the nucleus while a CRWN2 

deficiency has no effect on CRWN4 nuclear abundance. 
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Figure 2.2. CRWN1 and CRWN4 protein abundance across crwn single mutants. Protein 

immunoblots of nuclear extracts obtained from wild type (WT) and crwn single mutant 

seedlings were hybridized with indicated antibodies, with Histone H3 used as the loading 

control. Quantification of immunoblots performed using ImageQuant software, and the 

averages of two independent experiments ± standard deviation are shown; * represents p-value 

< 0.05; ** represents p-value < 0.01; *** represents p-value < 0.001. 
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CRWN4 mRNA expression is increased in single mutants of the NMCP1-clade 

paralogs 

As the reduction in CRWN4 abundance could be due to a decrease in 

expression of CRWN4 in crwn1-1 and crwn3-1 mutants, transcript levels of CRWN4 in 

the crwn single mutants were examined via qPCR analysis (Figure 2.3). From WT and 

crwn single mutant seedlings, RNA was extracted and used to synthesize cDNA, 

which was then processed as the template in qPCR reactions using the primers 

indicated in Table 2.S1. Using ACTIN2 and UBC as the endogenous controls, this 

analysis revealed an increase in CRWN4 transcript levels in crwn1-1, crwn2-1 and 

crwn3-1 samples compared to WT. These results indicate that loss of CRWN1, 

CRWN2 and CRWN3 leads to a modest boost in CRWN4 expression at the mRNA 

level. Therefore, the decrease in CRWN4 levels within the nuclei of crwn1-1 and 

crwn3-1 mutants is not due to down-regulation of the CRWN4 transcript in these 

mutants. Instead, these results suggest that CRWN4 accumulation requires CRWN1 or 

CRWN3 at the post-transcriptional or protein level.  
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Figure 2.3. RT-qPCR quantification of CRWN4 transcript levels. The expression profile of 

CRWN4 was generated by qPCR analysis of WT and crwn single mutant seedlings. ACTIN2 

and UBC were used as endogenous controls. The average and standard deviation of two 

independent biological replicates are represented by each bar. 

 

The reduction of nuclear CRWN4 abundance in the absence of CRWN1 is 

enhanced by a deficiency of CRWN2 or CRWN3 

 We considered two working models to explain why the abundance of CRWN4 

in the nucleus is dependent on the NMCP1-clade paralogs. One model is that CRWN4 

is stabilized by interaction with NMCP1-type proteins or that CRWN4 levels are tuned 

to that of its paralogs through regulated protein degradation. Another possibility is that 

CRWN4, which lacks an obvious, or at least a well-conserved NLS, requires 

interaction with a NMPC1-clade protein, which carries a functional NLS motif, for 

entry into the nucleus. Such a mechanism has some attractive features, such as the 

ability to balance the stoichiometry of different monomer classes within the nucleus. 

0

0.5

1

1.5

2

2.5

3

3.5

WT crwn1-1 crwn2-1 crwn3-1 crwn4-1

R
el

at
iv

e 
C

R
W

N
4

E
x
p

re
ss

io
n
 (

fo
ld

 c
h
an

g
e)

Genotypes



36 

 

To begin exploring these possibilities, CRWN4 abundance was examined 

using nuclear extracts of the crwn double mutants (Figure 2.4). We observed a 

dramatic reduction in nuclear CRWN4 levels in crwn1-1 crwn2-1 and crwn1-1 crwn3-

1 double mutants, and the reduction was greater than the decrease seen in either the 

crwn1-1 and crwn3-1 single mutant samples. There was no difference observed for the 

crwn2-1 crwn3-1 double mutant samples. We concluded that this reduction in 

CRWN4 abundance is caused primarily by the absence of CRWN1 and enhanced by a 

deficiency of CRWN3 or CRWN2. This synergistic effect of mutations in the 

CRWN1-like clade on nuclear levels of CRWN4 parallels the effect of these mutation 

combinations on nuclear size (Wang et al., 2013). These findings are consistent with a 

stabilization model in which CRWN4 primarily interacts with CRWN1 and then 

CRWN3, and with CRWN2 to a much lesser extent. These results, however, are also 

consistent with a nuclear co-import mechanism with CRWN4 translocation into the 

nucleus in partnership with a hierarchy of NMCP1-clade proteins (CRWN1 > 

CRWN3 > CRWN2). 
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Figure 2.4. CRWN4 protein abundance across crwn single and double mutants. Protein 

immunoblots of nuclear extracts obtained from wild type (WT) and select crwn single and 

double mutant seedlings were hybridized with the antibody against CRWN4, using Histone 

H3 as the loading control. Quantification of immunoblots performed using ImageQuant 

software, and the averages of two independent experiments ± standard deviation are shown; * 

represents p-value < 0.05; ** represents p-value < 0.01. 
 

Discovery of a novel CRWN4 mutation revealing a putative NLS motif 

 A key premise of the co-import model is that CRWN4 lacks an NLS motif. 

This premise was challenged by the discovery of a novel missense crwn4 allele that 

alters a region with similarity to an NLS. Nuclear localization sequences are usually 
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short motifs, consisting of the basic amino acids lysine and arginine, that are 

recognized by karyopherins (such as importin α) in the cytoplasm to form complexes 

targeted for transport into the nucleus (Kosugi et al., 2009). As noted above, CRWN4 

was not previously known to contain a functional NLS, nor were candidate NLS 

motifs seen in conserved regions shared among NMCP2-like proteins in other taxa. 

However, a forward genetics screen for abnormal nuclear morphology mutants led to 

the recovery of a missense allele (designated crwn4-2) causing a phenotype closely 

resembling that of our well-studied loss-of-function allele, crwn4-1. Compared to 

wild-type, the crwn4-2 mutation results in smaller, round nuclei as well as reduced 

chromocenter number (typically 5 chromocenters or fewer in crwn4-2 compared to 

about 10 in wild type; Figure 2.5B). The crwn4-2 missense allele results in the single 

amino acid change K923L, which lies within a putative NLS motif (PSNNKKRKHD 

→ PSNNLKRKHD, Figure 2.5A). We also investigated the nuclear abundance of 

CRWN4 within this mutant, and discovered a significant decrease in CRWN4 levels 

compared to WT (p-value of 1.7E-06; Figure 2.5C). These results suggest that 

CRWN4 contains a functional NLS which is disrupted by the crwn4-2 mutation. 

However, we cannot rule out the possibility that the missense mutation leads to 

increased protein turn-over, perhaps due to mis-folding and/or an inability to interact 

with binding partners. 
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Figure 2.5. Characterization of the crwn4-2 missense allele and its suppressor mutation. 

(A) The protein organization of CRWN4 highlighting the putative NLS motif in purple and 

displaying the K923L amino acid change for the crwn4-2 allele. (B) Representative images of 

anther filament nuclei from ca. 4-week old wild type, crwn4-1, crwn4-2, and crwn4-2; sup 

plants fixed and DAPI-stained. Scale bars = 5 µm. (C) Protein immunoblots of nuclear 

extracts obtained from wild type (WT), crwn4-2, and crwn4-2; sup mutant seedlings were 

hybridized with the antibody against CRWN4, using Histone H3 as the loading control. 

Quantification of immunoblots performed using ImageQuant software, and the averages of 

three independent experiments ± standard deviation are shown; *** represents p-value < 0.001 

compared to WT. 
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Isolation of an extragenic suppressor of the crwn4-2 mutation 

 To gain further insight into the nuclear accumulation of CRWN4, we 

conducted a genetic screen for second-site mutations that suppress the effects of the 

crwn4-2 mutation. Seeds homozygous for crwn4-2 and a nuclear GFP marker were 

mutagenized with ethylmethansulfonate (EMS), and the individuals in the M2 

generation were screened for elongated nuclei in root cells. We discovered one such 

individual out of a population of nearly 900 M2 seedlings as a candidate carrying 

either a reversion mutation or a second-site suppressor mutation. M3 progeny of this 

phenotypically suppressed individual also showed elongated nuclei in several tissues. 

As shown in Figure 2.5B, DAPI-stained anther filament nuclei in such M3 individuals 

were elongated similar to wild-type nuclei and contained higher numbers of distinct 

chromocenters compared the crwn4-2 parental line. 

The mechanism behind the restoration of these key morphological features of 

wild-type nuclei in this line was sought. First, we examined the abundance of CRWN4 

in the phenotypically suppressed line (Figure 2.5C) and determined that the changes in 

nuclear morphology were associated with a significant increase in the level of 

CRWN4 in the nucleus. Therefore, the genetic change in the phenotypically 

suppressed line ultimately results in higher, but not quite wild-type, levels of CRWN4 

accumulation in nuclei. We next investigated the nature of the underlying genetic 

change. The CRWN4 gene from the suppressed line was re-sequenced from PCR 

amplicons to confirm the presence of the original crwn4-2 mutation, thereby ruling out 

a true reversion event. In addition, we found no nucleotide changes in the coding 

region in CRWN4 nor in the region directly upstream, excluding the possibility that the 
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line contained an intragenic suppressor mutation. These results indicated that an 

extragenic mutation is the most likely explanation for the observed phenotypic 

suppression. 

This provisional conclusion was then tested by observing the genetic behavior 

of the putative extragenic suppressor mutation. We crossed the putative crwn4-2; sup 

line to both wild-type plants (outcross), as well as the unmutagenized crwn4-2 parental 

line (backcrossed). The outcrossed CRWN4/crwn4-2; SUP/sup F1 individuals had 

elongated nuclei, while the crwn4-2/crwn4-2; SUP/sup F1 individuals generated by the 

backcross showed partial suppression of the nuclear phenotypes. After self-pollination 

of the outcrossed CRWN4/crwn4-2; SUP/sup F1 plants, we recovered individuals that 

had round nuclei characteristic of crwn4 homozygotes. This finding demonstrates that 

the sup mutation can be segregated from the crwn4-2 mutation. 

Self-pollination of backcrossed crwn4-2/crwn4-2; SUP/sup parents yielded a 

range of nuclear phenotypes among F2 individuals. Plants with round (unsuppressed) 

nuclei were observed in independent F2 families at a frequency of approximately 30%: 

27 of 89 in one family and 83 of 249 in another. Among the F2 individuals with non-

round nuclear phenotypes, the morphology ranged from highly-elongated to 

intermediate, making it difficult to assign precise phenotypic categories. This genetic 

behavior is best explained by the action of a semi-dominant suppressor mutation 

unlinked to the crwn4-2 mutation. 

To gain further insight into the mechanisms of suppression, we tested the allele 

specificity of the sup mutation. We crossed the sup mutation (tracked using a linked 

molecular marker, see below) into a background carrying the loss-of-function crwn4-1 
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allele, and compared the morphology of anther filament nuclei between crwn4-1; sup 

and crwn4-2; sup individuals, with reference to their respective parental crwn4 strains 

(Figure 2.S2). We found that the sup mutation failed to suppress the crwn4-1 null 

mutation, indicating that the suppression is not due to a by-pass mechanism (Guarente, 

1993). Rather, the allele specificity of the sup mutation suggests that the suppression is 

mediated by a direct interaction between the product of the sup locus and the CRWN4 

protein carrying the crwn4-2 missense allele. 

 

 

Figure 2.S2. Allele specificity of the sup mutation. Representative images of anther filament 

nuclei from ca. 4-week old wild type, crwn4-1, crwn4-2, crwn4-1; sup and crwn4-2; sup 

plants fixed and DAPI-stained. Scale bars = 25 µm. 
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Molecular Identification of the SUP Locus 

 Our next objective was to identify the molecular nature of the sup mutation. 

Returning to the F2 population generated from the crwn4-2; SUP X crwn4-2; sup 

cross, we generated F3 families (via self-pollination of F2 individuals) to test for 

segregation of the sup mutation. Six true-breeding crwn4-2; SUP families and three 

crwn4-2; sup families were chosen, and genomic DNA prepared from pooled tissue 

for each F3 family. Genomic libraries were then prepared for whole-genome 

resequencing using short-read technology. This bulked segregant approach allowed us 

to identify EMS-induced non-reference polymorphisms that were present in the 

homozygous state in the crwn4-2; sup pooled sample compared to reference alleles in 

the crwn4-2; SUP F3 pool. Through this analysis, we localized the sup mutation to a 

ca. 3 Mbp region on the top arm of chromosome 3 (Figure 2.6). This region was 

defined by 18 non-reference polymorphisms in the homozygous state that affect 

coding sequences (listed in Table 2.S2). 

 

 

Figure 2.6. The map position of the SUP locus. A 1.1 Mbp region on the top arm of 

chromosome 3 is shown with the positions of different EMS-induced mutations in protein-

coding regions (see Table 2.S2). Nucleotide coordinates are shown for the positions of 

mutations in At3g06070 and At3g07310, which bracket the genetic window containing SUP 

(blue horizontal bar). The recombination events depicted in green show crossovers either to 

the left or right (arrows) of SUP. 
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Table 2.S2. crwn4-2 suppressor candidates: mutations in the critical region on chromosome 3. 

 

 

 The causal polymorphism in this region was narrowed down by genetic 

mapping. An expanded F2 family (Parents: crwn4-2; SUP X crwn4-2; sup) was 

screened and genomic DNA prepared from individual showing “round”, unsuppressed 

nuclear morphology. We then scored the genotype at EMS-induced polymorphic sites 

in these individuals and looked for strict linkage to the SUP genotype. As shown in 

Figure 2.6, the sup mutation was delimited by recombination events to a minimal 

genetic window containing three non-reference alleles that altered coding regions. One 

mutation lies within the PPR2 gene encoding a chloroplast protein involved in RNA 

editing, and another mutation causes an amino acid substitution in At3g06480, which 

encodes a DEAD-box RNA helicase implicated in nuclear RNA processing. Given 
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their predicted roles in RNA metabolism, these EMS-induced alleles are unlikely 

candidates for the sup mutation. In contrast, the third mutation lies within the IMPA-1 

gene that codes for one of nine isoforms of importin-α in Arabidopsis (Hicks et al., 

1996; Ballas and Citovsky, 1997). The induced G146E missense mutation in IMPA-1 

occurs between two of the protein’s eight Armadillo (ARM) repeats responsible for 

NLS recognition (Conti et al., 1998). The nature of the crwn4-2 missense allele, which 

alters a motif resembling an NLS, and the allele-specific behavior of the sup allele 

support the conclusion that the SUP locus corresponds to IMPA-1. 

 

DISCUSSION 

Our results provide insight into the coordination between NMCP1- and 

NMCP2-clade proteins, that work together to maintain nuclear morphology in plant 

cells. Here, we uncovered two mechanisms important for the nuclear accumulation of 

the NMCP2-type protein, CRWN4, in Arabidopsis. First, the abundance of CRWN4 

within the nucleus depends on the presence of its NMCP1-clade paralogs. Second, we 

demonstrated that CRWN4 gains access to the nucleus using an NLS that can be 

recognized by canonical nuclear import machinery. We will consider these two 

mechanisms in turn, beginning with the nuclear import of CRWN4 as an example of 

NMCP2-type proteins. 

 Previous studies have established that NMCP1- and NMCP2-type proteins 

differ in both nuclear transport and intracellular dynamics during the cell cycle. 

NMCP1-type proteins contain two closely-spaced monopartite NLSs in their C-

terminal domain. These NLSs were identified by sequence conservation (Ciska et al., 
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2013) as well as through functional assays for nuclear targeting (Kimura et al., 2014). 

The latter analysis monitored the localization of transiently expressed proteins 

containing various forms of carrot NMCP1 (DcNMCP1) fused to a fluorescent 

reporter protein. Interestingly, one of these NLS regions (NLSm4) overlaps with a six-

amino-acid conserved motif that is required, along with the 141 N-terminal amino 

acids of DcNMCP1, for targeting to the nuclear periphery. NMCP2 proteins lack this 

six-amino-acid motif and the flanking NLSs (Kimura et al., 2014). Further, the N-

terminal domain of DcNMCP2 cannot substitute for the N-terminal region of 

DcNCMP1 in the targeting assay for nuclear rim localization. Perhaps related to these 

structural differences, the intracellular dynamics of carrot NMCP1 and NMCP2 during 

nuclear reformation in mitosis are distinct (Kimura et al., 2010). After the onset of 

nuclear membrane breakdown in prometaphase, much of the pool of DcNMCP1 

associates with the mitotic spindle and then shifts to the surface of chromatin starting 

in anaphase. In contrast, DcNMCP2 disperses after prometaphase into the mitotic 

cytoplasm and then associates with putative nuclear membrane vesicles before 

accumulating at the surface of chromatin at early telophase. Despite these differences, 

NMCP2-type proteins, like Arabidopsis CRWN4, need to be transported into the 

nucleus, and their lack of a conspicuous NLS initially led us, and others (Kimura et 

al., 2010), to consider the possibility that these proteins associate with their NLS-

containing paralogs or unrelated proteins to gain access to the nucleus via a co-

transport mechanism (Knudsen et al., 2009; Fabbro et al., 2002). 

 Two key findings from the work presented in this chapter, however, indicate 

that CRWN4 does contain a functional NLS that can be recognized by nuclear 
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transport machinery. First, the crwn4-2 missense allele alters a short stretch of basic 

amino acids that scores in prediction algorithms as a possible monopartite NLS. The 

amino acid substitution, which is predicted to destroy the NLS, leads to an 80% 

reduction in the levels of CRWN4 in the nucleus. The second line of evidence is the 

identification of a missense mutation in the IMPA-1 gene, encoding an isoform of 

importin-α, as an allele-specific suppressor of the crwn4-2 mutation that restores the 

level of nuclear CRWN4. The IMPA-1 mutation (G146E) occurs at the junction 

between the first and second of eight tandem Armadillo (ARM) repeats and the altered 

glycine corresponds to a residue conserved in other importin-α proteins in fungi and 

animals (Conti et al., 1998). More precisely, the G146E substitution falls in a region at 

the boundary of helix 3 in ARM repeat 1 close to the conserved WxxxN pairs in helix 

3 that form the floor of the hydrophobic groove that orients and interacts with the NLS 

on transport cargos (Figure 2.7), Further, the G146E substitution lies in a region 

corresponding to the superhelix of yeast importin-α (SRP1) that interacts with the core 

KKxK motif in classical monopartite NLSs (Conti et al., 1998). These considerations 

support a model in which the altered IMPA-1 protein has gained the ability to interact 

with the altered crwn4-2 NLS motif, or possibly with an alternative cryptic NLS in 

CRWN4, thereby allowing nuclear entry and restoration of normal CRWN function. 
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Figure 2.7. The position of the missense mutation in IMPA-1 corresponds to the NLS-

recognition region in yeast importin-a (SRP1). The amino acid sequence of the 8 ARM 

repeats of the Arabidopsis IMPA-1 protein are aligned under the corresponding sequence of 

the yeast importin-a SRP1 (blue text). The alpha helices of the yeast SRP1 ARMa repeat are 

depicted at the top and the conserved tryptophan (W) and asparagine (N) residues in helix 3 

are highlighted in yellow (Conti et al., 1998; Chang et al., 2012). The green bar marks the 

position of mutated glycine (G) residue (#146), which is shown in red. The amino acid 

coordinates for the two proteins are shown on the right. 

 

The identification of a functional NLS in CRWN4 allowed us to investigate the 

conservation of this motif in orthologs. As shown in Figure 2.8, some retention of this 

NLS is evident in orthologs from related taxa, but the motif is not recognizable in 

NMCP2 proteins from more distantly related dicots. Some sense of the relative 

divergence of NLS motifs can be gained by examining the situation in dicot Daucus 

carota (carrot), where the prototypic NMCPs were first discovered and studied. The 

functional NLSm3 and NLSm4 sequences in DcNMCP1 identified by Kimura et al. 

(2014) are still recognizable in the three Arabidopsis NMCP1-type proteins (see 

Figure 2.1B). In contrast, the NLS identified in this study is not conserved between 

NMCP2 orthologs in carrot and Arabidopsis. However, a potential alternative bipartite 

NLS motif exist in DcNMCP2 nearby, which also corresponds to the general position 

of the NLS motifs in NMCP1-type proteins (see Figure 2.1A). Interestingly, a 

candidate bipartite NLS is found in NMCP2 orthologs in monocot taxa (represented 
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here by the grasses rice and maize) at a position that overlaps the NLS discovered in 

this study. Therefore, it is likely that NMCP2 proteins rely on relatively rapidly 

evolving NLS sequences whose amino acid identity is divergent but whose position in 

the protein is conserved. 

 

Figure 2.8. Conservation of the NLS motif in NMCP2 proteins. Amino acid sequence 

alignments of the C-terminal regions within Arabidopsis CRWN4 (AtCRWN4) and other 

NMCP2 proteins from Populus trichocarpa (PtCRWN4), Ricinus communis (RcCRWN4), 

Vitis vinifera (VvCRWN4), Daucus carota (DcNMCP2), Oryza sativa (OsNMCP2), and Zea 

mays (ZmNMCP2). The identified functional NLS motif is denoted in blue, and predicted 

bipartite NLS sequences are in green. Those more similar to CRWN4 contain the functional 

NLS motif while slightly different motifs could be found in more distant orthologs. Multiple 

sequence alignments were done using Clustal Omega, and NLS predictions were performed 

using cNLS Mapper. 
 

 Our findings highlight some important open questions. First, it is not known if 

IMPA-1 is the importin-α isoform that normally recognizes CRWN4. One possible 
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scenario is that the wild-type version of IMPA-1 does not recognize CRWN4, but the 

G146E mutation allows interaction with CRWN4 carrying the altered NLS (i.e., sup is 

a neomorphic mutation enabling recognition of novel transport cargoes). More 

important is the related issue of whether or not CRWN4 relies completely on the 

discovered monopartite NLS for nuclear import. The residual amount of nuclear 

CRWN4 detected in crwn4-2 mutants (ca. 20%) could be due to less efficient import 

mediated via a weaker secondary NLS. Alternatively, some CRWN4 might gain entry 

into the nucleus via an alternative pathway, such as the previously hypothesized co-

import mechanism. 

We turn now to the other mechanism uncovered in this study that regulates the 

abundance of NMCP2-type proteins in the nucleus. Once imported into the nucleus, 

the level of CRWN4 is affected by the presence or absence of its paralogs in the 

NMCP1 family. As shown in Figure 2.2, the abundance of CRWN4 in the nucleus is 

decreased in the absence of either CRWN1 or CRWN3. Further, the decrease is 

accentuated by the deficiency of two NMCP1-type paralogs (Figure 2.4), provided that 

CRWN1 is one of the absent paralogs. Steady-state CRWN4 transcript levels are not 

affected by mutations in the other crwn genes (Figure 2.3), suggesting that the effects 

on CRWN4 abundance occur at the post-transcriptional or protein level. 

We propose two different models to explain these results. The first posits that 

CRWN4 is stabilized in the nucleus in complexes with its NMCP1-clade paralogs. 

Two published reports (Goto et al., 2014; Mikulski et al., 2017), as well as 

unpublished data from our lab, indicate that CRWN1 and CRWN4 can be co-

immunoprecipitated along with other targeted proteins. These findings demonstrate 
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that CRWN4 interacts with CRWN1, but do not distinguish between direct and 

indirect physical interactions. Direct interaction could occur at the level of 

heterodimer formation mediated by the long coiled-coil domains, analogous to the 

observed dimerization of lamin monomers (de Leeuw et al., 2018) (although recent in 

vivo evidence argues that tetramers might be the fundamental aggregate form [Turgay 

et al., 2017]). Alternatively, interaction could be indirect and result from co-

immunoprecipitation of large macro-molecular complexes containing CRWN4 

aggregates and distinct CRWN1 aggregates. The available data in animals suggest that 

the different lamin subtypes form separate filament lattices in the nuclear lamina 

(Turgay et al., 2017; Shimi et al., 2015; Shimi et al., 2008; Goldberg et al., 2007), but 

no information exists regarding the fine structure of the plant nuclear lamina. The 

specifics of the physical interaction aside, any type of complex formation involving 

CRWN1 and CRWN4 could explain why loss of one protein could lead to increased 

turnover of the unbound partner monomer or aggregate. One prediction of this simple 

model is that the effects should be reciprocal; however, while CRWN4 levels change 

significantly in the absence of CRWN1, the converse is not true. This consideration 

points to an alternative model involving more complex regulation among NMCP1- 

and NMCP2-type proteins in plant nuclei. In this scenario, CRWN1 and CRWN4 

complexes might be independent but inter-related, through either structural 

connections or regulatory intermediaries. Evidence for crosstalk among nuclear lamina 

subtypes was reported in mammalian cells by Shimi et al. (2008; 2015). For example, 

after knocking down expression of lamin B1 using short-hairpin RNA in HeLa cells, 

these authors observed an alteration in the pore size of both lamin A and lamin B2 
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networks and the mobility of the nucleoplasmic fraction of lamin A (Shimi et al., 

2008). By analogy, it is possible that NMCP2 networks might be altered and 

destabilized by changes in the amount of NMCP1-type proteins or by the absence of 

specific isoforms. Elucidating the specific mechanisms that underlie the cross-

regulation, which we have demonstrated here, between NMCP1- and NMCP2-type 

proteins promises to uncover the full complexity of the still poorly understood 

composition and function of the plant nuclear lamina. 
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CHAPTER 3 

 

SOLANUM LYCOPERSICUM ORTHOLOGS OF CRWN PROTEINS INFLUENCE 

NUCLEAR MORPHOLOGY 
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INTRODUCTION 

 The nuclear lamina is a meshwork of proteins that provides stability to the 

nucleus and is involved in several nuclear processes (Dechat et al., 2010). In plant 

cells, the nuclear lamina is made up of a family of Nuclear Matrix Constituent Proteins 

(NMCPs; Masuda et al., 1997), which are also called CROWDED NUCLEI (CRWN) 

proteins in Arabidopsis thaliana (Dittmer et al., 2007; Wang et al., 2013; Meier et al., 

2017). This protein family clusters into two major clades: the NMCP1-like and 

NMCP2-like clades (Masuda et al., 1997; Kimura et al., 2010). Each higher plant 

species examined to date contains at least one protein from each clade. In Arabidopsis, 

there are four CRWN proteins, where CRWN1, CRWN2 and CRWN3 reside in the 

NMCP1-like clade while CRWN4 groups with NMCP2. According to Wang et al. 

(2013) and Sakamoto and Takagi (2013), CRWN1 and CRWN4 are the major 

determinants of nuclear morphology; small, round nuclei are found in crwn1 and 

crwn4 mutants instead of elongated nuclei observed in differentiated wild-type cells. 

Neither loss of CRWN2 nor CRWN3 had an effect on nuclear phenotype. It was also 

observed that combining the crwn1 mutation with a crwn2 or crwn3 mutation has a 

synergistic effect on nuclear size and leads to dwarfing of the plant, and at least one 

functional CRWN protein is required for viability. Furthermore, in surveying the 

chromatin organization, only crwn4 mutants exhibited a strong correlation between 

chromocenter number and nuclear size, having smaller nuclei containing fewer 

chromocenters than wild type. From investigating their coordination in Chapter 2, we 

discovered that each protein is independently imported into the nucleus via their own 

nuclear localization sequence (NLS) motifs. However, once imported, two potential 
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mechanisms are proposed; either the stability of CRWN4 is dependent on the presence 

of its paralogs, or CRWN1 and CRWN4 exist as independent but inter-related 

networks (see Chapter 2). 

To increase our knowledge of how CRWN proteins function, I studied 

orthologs of CRWNs within a species with a larger, more complex genome, Solanum 

lycopersicum (tomato). Given that Arabidopsis thaliana contains one of the smallest 

genomes among plants and has an abnormally low nuclear DNA/vol ratio for 

angiosperms (Fujimoto et al., 2005), the full range of functions exerted by these 

nuclear architecture genes might not be observed within this taxa. Therefore, I 

conducted a reverse genetics study to knock out tomato CRWN orthologs using the 

CRISPR/Cas9 system. Tomato is a major crop plant with tractable diploid genetics 

and a model system for fruit development, rendering it an attractive species for study. 

It also has a more typical angiosperm genome that is 6 times larger than that of 

Arabidopsis, and contains a greater number of transposons (Arumuganathan and Earle, 

1991; Fujimoto et al., 2005). Therefore, the consequences of altering the size and 

shape of the nucleus in tomato might be different when compared to Arabidopsis.  

In this study, I generated mutations in two tomato NMCP1-like paralogs, 

SlNMCP1A and SlNMCP1B, and demonstrate that homozygotes for putative null 

alleles in either paralog are viable but contain cells with altered nuclear size and shape. 

A mutation in the single NMCP2-like gene SlNMCP2 was also created, but a 

deficiency in this gene appears to be lethal as homozygous mutants could not be 

recovered. These results indicate that NMCP/CRWN gene mutations behave similarly 
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in Arabidopsis and tomato in terms of their effect on nuclear morphology, but there 

are differences with respect to their genetic behavior. 

 

MATERIALS AND METHODS 

Plant Materials and Growth Conditions 

Solanum lycopersicum (tomato) cultivar (cv) M82 was used as the wild-type 

control and the background for the CRISPR/Cas9 transformants. Following the 

Agrobacterium tumefaciens-mediated transformations, well-rooted transformants were 

acclimated to greenhouse conditions as previously described in Brooks et al. (2014) 

with the following modifications: transformants were transplanted into Cornell plus 

Osmocote soil, housed in an environmental growth chamber for approximately one 

month under a 16-hour light/ 8-hour dark photoperiod at approximately 23˚C and 60% 

relative humidity, and were then transferred to the greenhouse. Subsequent 

generations were grown by first nicking the seed coat with a razor blade to promote 

germination and sowing seeds on damp filter paper sealed in a petri dish and stored in 

the dark at room temperature. Germinated seeds were then transferred to soil after 

about 5 days, and placed in an environmental growth chamber before being moved 

into the greenhouse under a 16-hour light photoperiod controlled by Argus systems at 

25-27˚C during the day and 17-18˚C at night. When first germinating the 

CRISPR/Cas9 seeds, I noticed that the seedlings had a hard time breaking through 

their seed coats. For that reason, I implemented nicking the seeds before planting to 

allow them to germinate and grow. 

 



61 

 

CRISPR/Cas9 Construct Creation and A. tumefaciens-Mediated Transformation 

To generate the tomato CRISPR knockouts, I collaborated with the lab of Dr. 

Joyce Van Eck at the Boyce Thompson Institute (BTI) who have established methods 

for tomato transformation. To design the constructs, the online tool CRISPR-P 2.0 

(Liu et al., 2017) was utilized, and two sgRNAs were selected per gene to create 

deletions within their coding sequences. Target sequences were located within the first 

exon, with the exception of two constructs, and were separated by 40 to 72 bp. 

Constructs were assembled and submitted to Dr. Van Eck’s lab to be transformed into 

tomato cv M82 using Agrobacterium tumefaciens strain LBA4404 as previously 

described in Brooks et al. (2014). In essence, transformations were carried out by first 

inoculating precultured cotyledon segments of 6- to 8-day old seedlings for 2 days and 

then transferring the segments to selective regeneration medium containing 

kanamycin. Shoots reaching about 1.5 cm tall were transferred to selective rooting 

medium with kanamycin until well-rooted before being moved to the greenhouse. 

Primers used to amplify the sgRNAs are listed in Table 3.1.  

 

Table 3.1. List of primers used to amplify the sgRNAs used in the CRISPR/Cas9 constructs. 
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PCR Genotyping and Sequencing 

Genomic DNA was extracted from each plant using about 2-3 leaves in a 

standard phenol/chloroform extraction and ethanol precipitation protocol (Cocciolone 

and Cone, 1993). Plants were genotyped for the presence of Cas9 and indel 

polymorphisms at targets 1 and 2 with the following pairs of primers: Cas9, 5’-

ACGAGGTGGCGTACCATG-3’ and 5’-TTCCTCCTGGCTTGCTCC-3’; 

SlNMCP1A.1 (construct #1), 5’-GTTGTCAATCTGTGATTCCTG-3’ and 5’-

ACATCAGCTTCACATACGAG-3’; SlNMCP1A.2 (construct #2), 5’-

GTGGGCGTTCAATTATGTCG-3’ and 5’-GTCCCAGAGCAATAAACACAG-3’; 

SlNMCP1B, 5’-GTCTACCCCGCCGAGAAA-3’ and 5’-

ACAGAACAAGCACAGCCTAC-3’; SlNMCP2, 5’-AGTCCTGGGTCAGGGAG-3’ 

and 5’-TGGCGTCTACTAAGAACTGAAC-3’. PCR products were resolved on either 

2% or 3% (w/v) agarose gels at 100 V for 90 minutes. To analyze first-generation T0 

plants, selected PCR products were excised and purified using the Zymoclean Gel 

DNA Recovery Kit (Zymo Research). Purified products were then sequenced using 

the original genotyping primers at the Cornell University Institute of Biotechnology 

Genomics Facility. For second-generation T1 homozygotes, PCR products were 

purified by a treatment with exonuclease 1 and antarctic phosphatase (New England 

BioLabs), incubating at 37oC for 45 minutes followed by a 15-minute incubation at 

80oC, and were then sequenced. To sequence the cDNA of the T1 transformant S17-

007/6 (see Figure 3.7), RNA was extracted from selected plants using the E.Z.N.A. 

Plant RNA Kit (Omega Bio-tek) after collecting two leaves from each plant. 

Following a treatment with DNase 1 (New England BioLabs), cDNA was synthesized 
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via the SuperScript IV First-Strand Synthesis System (Invitrogen). PCR amplification 

of SlNMCP1A was performed using 5’-CGGAAATATGGATCAAGAAGAG-3’ and 

5’-CTCGTGCAAATTGCTTC-3’ primers, and products were purified as mentioned 

earlier before sequencing with the same primers. 

 

Computational Analysis 

To determine the coiled-coil domains of the CRWN orthologs, sequences were 

analyzed using the MARCOIL program (Delorenzi and Speed, 2002; Zimmermann et 

al., 2018). Alignments of CRWN/NMCP protein sequences were performed using the 

Clustal Omega program (version 1.2.4; Sievers et al., 2011). Prediction of nuclear 

localization sequence (NLS) motifs within SlNMCP2 was performed utilizing cNLS 

Mapper (Kosugi et al., 2009). Phylogenetic analysis was conducted using Molecular 

Evolutionary Genetics Analysis (MEGA) X software (Kumar et al., 2018). With an 

entire sequence alignment of the CRWN orthologs, the Maximum Likelihood method 

and the Jones-Taylor-Thornton (JTT) matrix-based model (Jones et al., 1992) were 

used to generate the tree with the highest log likelihood. Bootstrap values of 500 

replicates are indicated at each node, and branch lengths are measured in the number 

of substitutions per site. 

 

Nuclear Imaging and Flow Cytometry 

Seeds were sown on damp filter paper as described above for about 7 days. 

Root samples of germinated seedlings were first fixed in a 3:1 ethanol: acetic acid 

solution for at least 20 minutes. Following a rinse in water, the filaments were briefly 
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dipped in DAPI working solution (at 1 µg/mL), then in water, and placed on a slide for 

imaging using a Leica DM5500 epifluorescence microscope. To perform the nuclear 

morphology measurements, ImageJ software was used to process images as explained 

in Eidet et al. (2014). In determining ploidy level of selected plants, approximately 

two young leaves from each 4-month-old plant were collected and processed by 

analytical flow cytometry as previously described in Robinson et al. (2018). 

 

RESULTS 

Identifying CRWN orthologs 

 To examine the function of CRWN proteins within a species containing a 

larger and more complex genome compared to Arabidopsis, I launched a reverse 

genetics study of orthologs found in Solanum lycopersicum (tomato). From a BLAST 

search through the Sol Genomics Network portal (Fernandez-Pozo et al., 2015) using 

the Arabidopsis CRWN protein sequences as the query sequences, three proteins were 

identified: two CRWN1-like orthologs and one CRWN4-like ortholog. One of the 

CRWN1-like orthologs, Solyc02g089800, and the CRWN4-like Solyc02g091960 are 

located 1.67 million base pairs apart on chromosome 2. The second CRWN1-like gene, 

Solyc03g045050, resides on chromosome 3 (Table 3.2). All three predicted tomato 

proteins are rich in acidic amino acids and have a correspondingly low isoelectric 

point, which is also true for the CRWN proteins. These predicted proteins share 40-

50% amino acid identity with Arabidopsis CRWN1 and CRWN4, and range in size 

from about 930 to 1170 amino acids (Figure 3.1). I constructed a phylogenetic tree of 

tomato and Arabidopsis CRWN orthologs using the maximum likelihood method 
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(Figure 3.2) and observed that the proteins separate into the two clades described 

previously (NMCP1-like and NMCP2-like). However, the predicted translation 

products of Solyc02g089800 and Solyc03g045050 more closely relate to AtCRWN1 

than to AtCRWN2 or AtCRWN3, and will be referred to as SlNMCP1A and 

SlNMCP1B, respectively. Due to its relation to AtCRWN4, Solyc02g091960 will be 

denoted as SlNMCP2.  

 

Table 3.2. List of CRWN orthologs found in Solanum lycopersicum (tomato); information 

gathered from the Sol Genomics Network (Fernandez-Pozo et al., 2015). 
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Figure 3.1. Arabidopsis and tomato CRWN protein alignments. Protein sequence 

alignments of (A) AtCRWN1, SlNMCP1A and SlNMCP1B, and (B) AtCRWN4 and 

SlNCMP2. The sequences were aligned using Clustal Omega (version 1.2.4; Sievers et al., 

2011) and edited in Microsoft Word. Shaded in gray are the coiled-coil fragments predicted 

using MARCOIL (Delorenzi et al., 2002). Nuclear localization sequences are bolded in red 

and purple, and the CRWN1-specific conserved C-terminal regions are bolded in blue. The 

symbols beneath the alignments represent the degree of conservation between sequences: "*" 

refers to positions which have identical residues; ":" indicates conservation between groups of 

strongly similar properties; "." indicates conservation between groups of weakly similar 

properties. 
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A CLUSTAL O(1.2.4) multiple sequence alignment between NMCP1-like proteins 
 

AtCRWN1       -MSTPLKVWQRWSTPTKATNPDSNGSSHGTGLDMVTPV-----SGRVSEIQFDDPRILPE 54 

SlNMCP1A      ----------------------------------------------------MDQEELIE 8 

SlNMCP1B      MSTPPRKVFSGWTLTPRTDLANK---TVSKGKDVVFMGSGQKVLSSIQDYDTVDKVVLLD 57 

                                                                   *   * : 

 

AtCRWN1       KISELEKELFEYQHSMGLLLIEKKEWSSQYEALQQAFEEVNECLKQERNAHLIAIADVEK 114 

SlNMCP1A      KVSKLENELFDYQYNMGLILLEKKEWSSKFEEIKQTLEESNEAYRREQAAHLIAISEVEK 68 

SlNMCP1B      KVSKLENELVDYQYNMGLLLIEKKEWSAKLEEIKQALSEANEAYRREHTAHLIALSEVEK 117 

              *:*:**:**.:**:.***:*:******:: * ::*::.* **. ::*: *****:::*** 

 

AtCRWN1       REEGLRKALGIEKQCALDLEKALKELRAENAEIKFTADSKLTEANALVRSVEEKSLEVEA 174 

SlNMCP1A      REENLRKALGVEKQFARELEKELREMRLEYAEIKYTADSKLAEANALATSVEEKSLEVEA 128 

SlNMCP1B      REENLRKALGVENQCVRELEKELREMRSQYAETKYVADSKLDEAKALATSVEENSLHVEL 177 

              ***.******:*:* . :*** *:*:* : ** *:.***** **:**. ****:**.**  

 

AtCRWN1       KLRAVDAKLAEVSRKSSDVERKAKEVEARESSLQRERFSYIAEREADEATLSKQREDLRE 234 

SlNMCP1A      KLRAADAKLAEVNRRSSEVERKLNEVYAQENSLRRERSSFNAEREAYETNLSRQREDSQE 188 

SlNMCP1B      KLRAADAKTAEVSRKSSDVERKMRDIEAQENALRRERSSFNTEREAHESAISKHREELRE 237 

              ****.*** ***.*:**:**** .:: *:*.:*:*** *: :**** *: :*::**: :* 

 

AtCRWN1       WERKLQEGEERVAKSQMIVKQREDRANESDKIIKQKGKELEEAQKKIDAANLAVKKLEDD 294 

SlNMCP1A      WERKLQAAEEKLADGQRLLNQREKRANDTDRILRQKQNDLEDEQRKIVTANSVLRKKEDD 248 

SlNMCP1B      WERKLKEGEERLADARTLLNQREQRANENDGILRQKQSDLEDEQRKIDIANSVLRKKEVD 297 

              *****: .**::*..: :::***.***:.* *::** .:**: *:**  ** .::* * * 

 

AtCRWN1       VSSRIKDLALREQETDVLKKSIETKARELQALQEKLEAREKMAVQQLVDEHQAKLDSTQR 354 

SlNMCP1A      MGSKIEDLTHKEKELEDARKSLGIKERELLDLQEKLNIKERDGIQNLMDEHRSVLRSKEK 308 

SlNMCP1B      MSSRLAILASKEKELEDVRKSLEIKKEELDELQEKLNAKEREEIQKLMDEHRAILKSKEE 357 

              :.*::  *: :*:* :  :**:  * .**  *****: :*:  :*:*:***:: * *.:. 

 

AtCRWN1       EFELEMEQKRKSIDDSLKSKVAEVEKREAEWKHMEEKVAKREQALDRKLEKHKEKENDFD 414 

SlNMCP1A      EFELELWQRRASLDEELKGKVLELEKKEAEVNHMEEKIKKREQVVEKKTEKVKEKEKDHE 368 

SlNMCP1B      EFELEMRQRHASLDEELENKVIELEKKEAEVGHIEEKLKKREQALEKKSDKMKEKEKDLE 417 

              *****: *:: *:*:.*:.** *:**:***  *:***: ****.:::* :* ****:* : 

 

AtCRWN1       LRLKGISGREKALKSEEKALETEKKKLLEDKEIILNLKALVEKVSGENQAQLSEINKEKD 474 

SlNMCP1A      LKLKALKEKEKSLKNEEKILGTERKQLDSEKGNLLALKAELENVRAELEKQQIKISEGTE 428 

SlNMCP1B      LKLKALKEREKSLKIDERELETEKKQIFTEKDRLLDLRVELENRRAELEKQQLKINEGIE 477 

              *:**.:. :**:** :*: * **:*::  :*  :* *:. :*:  .* : *  :*.:  : 

 

AtCRWN1       ELRVTEEERSEYLRLQTELKEQIEKCRSQQELLQKEAEDLKAQRESFEKEWEELDERKAK 534 

SlNMCP1A      QLKITEDERMEHSRLQSELKQEIVKCRLLREDLLKEAEDLKQEKERFEREWEELDEKRSE 488 

SlNMCP1B      QLKITEDEKMEHARLQSELKQEIDKCRDLRDTLLNEAEDLKQEKERFEREWEELDEKRSA 537 

              :*::**:*: *: ***:***::* ***  :: * :****** ::* **:*******:::  

 

AtCRWN1       IGNELKNITDQKEKLERHIHLEEERLKKEKQAANENMERELETLEVAKASFAETMEYERS 594 

SlNMCP1A      IKIDLQELNERRENLEKLKRSEEERISKEKLETDNYVQMELEALRVARETFEATMDHEKS 548 

SlNMCP1B      IKKELQEVNDSKKKFEKLQHTEEERLKKEKLETENYVQRELEALKVAQETFAATMDHERS 597 

              *  :*:::.: ::::*:  : ****:.***  ::: :: ***:*.**: :*  **::*:* 

 

AtCRWN1       MLSKKAESERSQLLHDIEMRKRKLESDMQTILEEKERELQAKKKLFEEEREKELSNINYL 654 

SlNMCP1A      ILAEETRSEKSQMLHAYEQQKRELESDMQRKQEEMESALRVQEKLFEEESQKELSNIEYI 608 

SlNMCP1B      VLSEKTQSEKIRMLHDFEKQKRDLESEMQRKREEMESALHEQKKRFEEERQRELSNANYL 657 

              :*::::.**: ::**  * :**.***:**   ** *  *: ::* **** ::**** :*: 

 

AtCRWN1       RDVARREMMDMQNERQRIEKEKLEVDSSKNHLEEQQTEIRKDVDDLVALTKKLKEQREQF 714 

SlNMCP1A      KEITHREMEEMKLERVSLEKEKQEISANKGILEVQQLEMKKDIDVLVGLSRKLKDQRLAY 668 

SlNMCP1B      REVAHKEMEVMKSERVRLEHEKQEISSNKMHLVEQQSEMKKDIDVLDGLSRKLKDQREAF 717 

              ::::::**  *: **  :*:** *:.:.*  *  ** *::**:* * .*::***:**  : 

 

AtCRWN1       ISERSRFLSSMESNRNCSRCGELLSELVLPEID------NLEMPNMSKLANILD----NE 764 

SlNMCP1A      IKERERFIDFVKQQKSCSSCGEGIHVIEFSDLQALAEAETFEAPPLPSVAQEYLKDGLQG 728 

SlNMCP1B      AKERERFLAFVKKQENCSSCGEGIRIFELSDLQPLNDVVDLEAPSLRNVAQEYLTDGFQD 777 

               .**.**:  ::.:..** *** :  : : :::       :* * : .:*:       :  
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Figure 3.1 (Continued) 

AtCRWN1       APRQEMRDISPTAAGLGLPVTGGKVSWFRKCTSKMLKLSPIKMTEPSVTWNLADQEPQST 824 

SlNMCP1A      SPGRASDELSPGALDTASMVSAGTMSWFRKCTSKILKFSPSKNIGNVASDCLVDESSLSQ 788 

SlNMCP1B      TPVRANNELLPGALNSGSMASAGTMSWLRKCTTKLLKFSPGKKIEHPASQDLIGGSSPEE 837 

              :* :   :: * * . .  .:.*.:**:****:*:**:** *     .:  * . .  .  

 

AtCRWN1       EQANV-------GGPSTTVQAATTYSFDVQKAESETGTKEVEVTNVNSDGDQSDINSKAQ 877 

SlNMCP1A      KCAGISPNKQSKEGNPMDLSIS-MNVLDDQRVQQDDGVREVKVGQDNVE----------- 836 

SlNMCP1B      KFEGELPDTMVKKD-QVDLAISIKDTFDDQKLQTDNSVREVEVGKDVPE----------- 885 

              :  .         .    :  :    :* *: : : ..:**:* :   :            

 

AtCRWN1       EVAADSLSNLDVDGQSRMKGKGKARTRRTRSVKDVVDDAKALYGESINLYEP------ND 931 

SlNMCP1A      ----DSHHSDMKAGQRRTVKKGRGRTSKTEKAAN-----MTVLGKISKEG-ENITNGSLE 886 

SlNMCP1B      ----DSQHSNR-NSQRRPVRKGRGKNSKTGHTNSKATSAKIILGENVKESENILVNGGFE 940 

                  **  .    .* *   **:.:. :*  . .       : *:  :           : 

 

AtCRWN1       STENVDDSTKASTGETGRSDKAISKNGRKRGRVGSLRTCTTEQDGNESDGKSDSVTGGAH 991 

SlNMCP1A      TSVNMNEESQRGSGLLGGA----PRNS--RKRSHTSQGTACEIDGNNSEGQSDSVASI-R 939 

SlNMCP1B      TSINVNESQKEDSSLFGEA----PSKT--RKRTR-IHGTASEFDGSHSDGQSDSVTTTSR 993 

              :: *:::. : .:.  * :      :   * *    :  : * **..*:*:****:   : 

 

AtCRWN1       QRKRRQKVASEQQGEVVGQRYNLRRPRRVTGEPALSKKNEDIGGVQQEEGIHCTQATATA 1051 

SlNMCP1A      GKR-RQQAAPS-VQAHAERRYNLRRPRSAAPAASYGSLPEPVVKSQEENQNSKASLQT-- 995 

SlNMCP1B      RKR-RQKAAPS-VQAPGEKRYNLRHPRSAAVATANGSLPELVSKSQEENGDSKVVPET-- 1049 

               :: **:.* .       :*****:** .:   : ..  * :   *:*:    .   :   

 

AtCRWN1       SVGVAVSDNGVSTNVVQHEATADSEDTD--------AGSPKRTDESEAMSEDVNKTPLR- 1102 

SlNMCP1A      --PQVNNSED----VIDHPTVSESPFNDAVDNLESSANKVNELLDDTGLSEEVNVTPKRP 1049 

SlNMCP1B      --PAAISDGELRNSDAALPAVADSPLIEAADDQACAGDIANELVDDTGLSEEINGTPEGP 1107 

                  . ..           :.::*   :        ..  :.  :. .:**::* **    

 

AtCRWN1       ------------------------------ADSDGEDDESDAEHPGKVSIGKKLWTFLTT 1132 

SlNMCP1A      SASSDEE-----------------------GSDDSDDEEEEIEHPGEVSVGKKIWTFITT 1086 

SlNMCP1B      SAYNVYDEEHEGDTIVQEEDGERDEDADENDELDEGNEEEEVPHPGEVSIGKKIWSFITT 1167 

                                             . *  ::*.:  ***:**:***:*:*:** 

 

B CLUSTAL O(1.2.4) multiple sequence alignment between NMCP2-like proteins 
 

AtCRWN4      MATSSRSERFPITPSTAATNRLTITPNSRVLKSPLTEEIMWKRLKDAGFDEQSIKNRDKA 60 

SlNMCP2      -MASPGSGRLALTPV----NPTPISGLGRVSKTPLTDEVIWKRLREAGFDEDSIKRRDKA 55 

               :*  * *: :**     *   *:  .** *:***:*::****::*****:***.**** 

 

AtCRWN4      ALIAYIAKLESEVYDYQHNMGLLLLEKNELSSQYEEIKASVDESDLTHMREKSAYVSALA 120 

SlNMCP2      ALIAYIAKLETELYDHQYQMGLLILERKEWVSKNEQSKAASESAELLYKREQAARLSDTA 115 

             **********:*:**:*::****:**::*  *: *: **: :.::* : **::* :*  * 

 

AtCRWN4      EAKKREESLKKDVGIAKECISSLEKTLHEMRAECAETKVSAGSTMSEAHVMIEDALKKLA 180 

SlNMCP2      EAKKLEANLKKALGIEKECVANIEKALHEMRAECAEAKVASENKLAEAQSMMEDAQKKYT 175 

             **** * .*** :** ***::.:**:**********:**:: ..::**: *:*** ** : 

 

AtCRWN4      DAEAKMRAAEALQAEANRYHRIAERKLKEVESREDDLTRRLASFKSECETKENEMVIERQ 240 

SlNMCP2      DVEEKLRKAESLEAEASLFHRTAERKLREVESREDDLRRQTLLFKSEYEAKEKEIQLERQ 235 

             *.* *:* **:*:***. :** *****:********* *:   **** *:**:*: :*** 

 

AtCRWN4      TLNERRKSLQQEHERLLDAQVSLNQREDHIFARSQELAELEKGLDTAKTTFEEERKAFED 300 

SlNMCP2      SLSERQKTLQRSQEELLDGQALLNKREEFIFSRSQELNRHEKDLEDEKSNFENDIKSLNE 295 

             :*.**:*:**:.:*.***.*. **:**:.**:***** . **.*:  *:.**:: *:::: 

 

AtCRWN4      KKSNLEIALALCAKREEVCFYSHNSLLFLVLHYRSSKKFLGDKIAVSERESSLLKKEQEL 360 

SlNMCP2      EKRNLEVKLKSLSAREEG---------------------------IIRREHELYEKEKEL 328 

             :* ***: *   : ***                            : .** .* :**:** 

 

AtCRWN4      LVAEEKIASKESELIQNVLANQEVILRKRKSDVEAELECKSKSVEVEIESKRRAWELREV 420 

SlNMCP2      LLLQGKIQSKEIDGSKQVMVNQEATLVTKISSIEAELETKRKLVEDEIQTKRRAWELKDM 388 

             *: : ** *** :  ::*:.***. * .: *.:***** * * ** **::*******::: 
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Figure 3.1 (Continued) 

AtCRWN4      DIKQREDLVGEKEHDLEVQSRALAEKEKDITEKSFNLDEKEKNLVATEEDINRKTTMLED 480 

SlNMCP2      DIKSREDLITDKEYDLERQSRTLAEKEKELEDKVYVIQEKERNLQTAEKEVELQRTVLQQ 448 

             ***.****: :**:*** ***:******:: :* : ::***:** ::*:::: : *:*:: 

 

AtCRWN4      EKERLRKLDLELQQSLTSLEDKRKRVDSATQKLEALKSETSELSTLEMKLKEELDDLRAQ 540 

SlNMCP2      EREGISKMRNDLEKSLKMLDEKRKSVDHEEEKVEAMKNETQELLILETRLKLEIDMIRAE 508 

             *:* : *:  :*::**. *::*** **   :*:**:*.**.**  ** :** *:* :**: 

 

AtCRWN4      KLEMLAEADRLKVEKAKFEAEWEHIDVKREELRKEAEYITRQREAFSMYLKDERDNIKEE 600 

SlNMCP2      KEEIEKEADRLKAEKAKFETEWEVIDEKREELQKEAERVAEEKLAISKLLKDSRDSLKAE 568 

             * *:  ******.******:*** ** *****:**** ::.:: *:*  ***.**.:* * 

 

AtCRWN4      RDALRNQHKNDVESLNREREEFMNKMVEEHSEWLSKIQRERADFLLGIEMQKRELEYCIE 660 

SlNMCP2      KNAIQEEYKQNLESLSRDRETFMYEIESERAEWFNKIQKERENFLQDVEMQKKELENRIE 628 

             ::*:::::*:::***.*:** ** :: .*::**:.***:** :** .:****:***  ** 

 

AtCRWN4      NKREELENSSRDREKAFEQEKKLEEERIQSLKEMAEKELEHVQVELKRLDAERLEIKLDR 720 

SlNMCP2      ERREEIEIDLKEKEKAFEEHKKRELQDIASLRETLEKELEHVGLELNKLDAERKEINLDR 688 

             ::***:* . :::*****:.** * : * **:*  ******* :**::***** **:*** 

 

AtCRWN4      ERREREWAELKDSVEELKVQREKLETQRHMLRAERDEIRHEIEELKKLENLKVALDDMSM 780 

SlNMCP2      ERRDKEWAELNNAIEELKVQRLKLEKQRELLHADRKEILAQIEQLKKLEDVKIIPDRIAT 748 

             ***::*****::::******* ***.**.:*:*:*.**  :**:*****::*:  * ::  

 

AtCRWN4      AKMQLSNLERSWEKVSALKQKVVSRDDELDLQNGVSTVSNSEDGYN-SSMERQNGLTPSS 839 

SlNMCP2      PKKLHSGLPSNELEPSA--KRFLKYA--SVLGSGLDGNGNNGVSKGTSIMKENGNSSSTL 804 

              *   *.*  .  : **  ::.:.      * .*:.  .*.  . . * *:.:.. : :  

 

AtCRWN4      ATPFSWIKRCTNLIFKTSPEKSTLM------HHYEEEGGV-PSEK---------LKLES- 882 

SlNMCP2      STPFSWLKRCADTLLDRTPSNKRRREDGDFISQLTENGASCPLPPTPDAPDVENLEVLPN 864 

             :*****:***:: ::. :*.:.          :  *:*.  *            *::    

 

AtCRWN4      ----SRREEKAYTEGLS-------IAVERLEAGRKRRGNTSGDETSEPSNNKKRKHDVTQ 931 

SlNMCP2      QTHIAAEETTVYIDKIVTVHEVTEIDVRKVTEG--SPGTLSGDSGRKVGNNG-------- 914 

                 : .* ..* : :        * *.::  *    *. ***.  : .**          

 

AtCRWN4      KYSDEADTQSVISSPQNVPEDKHELPSSQTQTPSGMVVISETVKITRVTCETEVTNKVTT 991 

SlNMCP2      -----------------------SLESDQNGKPEGRARRTRATR---------------- 935 

                                    .* *.*. .*.* .  :.:.:                 

 

AtCRWN4      LDCSESPSEAGRKMGEETEDGDCNQVVFMNSLKKNCLQTLQQMNNTLWLFL 1042 

SlNMCP2      ------------K-------------------------------------- 936 

                         *                                       
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Figure 3.2. Phylogenetic tree of CRWN protein orthologs. Phylogenetic relationships 

among tomato and Arabidopsis NMCP/CRWN proteins using the Maximum Likelihood 

method and JTT matrix-based model (Jones et al., 1992). The tree was constructed in MEGA 

X (Kumar et al., 2018). Bootstrap values of 500 replicates are indicated at each node. 

 

 The domain structure of the tomato proteins closely resembles their 

Arabidopsis counterparts and the prototypic NMCPs. All three tomato CRWN 

paralogs possess a tripartite structure featuring a large coiled-coil domain flanked by a 

short N-terminus and a longer C-terminal tail (Figure 3.3). Resembling AtCRWN1, 

SlNMCP1A and SlNMCP1B contain two conserved nuclear localization sequence 

(NLS) motifs (Kimura et al., 2014), as well as a C-terminal domain that is another 

motif characteristic of the NMCP1-like clade proteins (Figure 3.1A & 3.3). 

Interestingly, as shown in the protein sequence alignment in Figure 3.1B, SlNMCP2 

does not include obvious conservation of the functional NLS discovered in AtCRWN4 
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and described in chapter 2 (Blunt et al., in prep). However, a search for NLS 

candidates in other regions of SlNMCP2 identified a strong predicted NLS motif from 

amino acids 823-832, PSNKRRREDG (Kosugi et al., 2009). 

 

Figure 3.3. The Tomato CRWN protein orthologs. The protein organization of Solanum 

lycopersicum CRWN orthologues along with Arabidopsis thaliana CRWN1 and CRWN4, 

showing the coiled-coil domains predicted using MARCOIL in black, predicted nuclear 

localization sequence (NLS) regions in red and purple, and conserved C-terminal domain in 

blue. 

 

In looking at gene expression data from public resources (Zouine et al., 2017), 

we determined that the paralogs are broadly expressed similar to CRWNs in 

Arabidopsis with SlNMCP1B having a higher expression than the other two paralogs 

across different tomato tissues and stages of development. While all have similar 

expression profiles at the seed stage, SlNMCP1B has the highest expression compared 

to its paralogs in rapidly proliferating tissues (meristems, leaves and early fruit). The 

profiles shift as fruit development progresses to SlNMCP2 having the highest 

expression. SlNMCP1A is unusual in being very highly expressed in pollen (Loraine et 
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al., 2015), while neither of the other two tomato genes is expressed to an appreciable 

level in pollen. The latter pattern is also found in Arabidopsis, in which none of the 

four CRWN genes are expressed in pollen. 

 

Generating CRISPR/Cas9 knockouts 

 I utilized CRISPR/Cas9 technology to produce mutations in each of the three 

tomato NMCP genes to study their function. Constructs were designed for each gene 

consisting of a Cas9 expression cassette and two single guide RNAs (sgRNAs) 

targeting regions located less than 100 base pairs (bp) apart. The rationale for this 

approach was to increase the efficiency of the mutagenesis and provide an opportunity 

to recover multiple alleles, ranging from sizable deletions to small indels. I selected 

sgRNAs that were 20 bp long and targeted sequences within either the 1st or 2nd exon 

(Figure 3.4A). These sgRNAs were also followed by protospacer adjacent motif 

(PAM) sites with the consensus sequence of 5’-NGG-3’, which is required for target 

recognition by Cas9 (Belhaj et al., 2015). I employed an online tool called CRISPR-P 

(Liu et al., 2017) to aid in sgRNA design and minimize potential off-target effects. 

The sgRNAs were placed under the control of the Arabidopsis thaliana U6 promoter 

(Belhaj et al., 2013), and then assembled into constructs also containing Cas9 and 

NPTII, an in planta selectable marker (Brooks et al., 2014). In total, four constructs 

were generated (Figure 3.4B) and introduced into tomato cv M82 via Agrobacterium-

mediated transformation.  
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Figure 3.4. CRISPR/Cas9 gene target locations. (A) Illustration showing the two sgRNAs 

(red arrows) used to target the coding sequences of SlNMCP1A (Solyc02g089800), 

SlNMCP1B (Solyc03g045050), and SlNMCP2 (Solyc02g091960). Two sets of sgRNAs were 

used for SlNMCP1A due to the length of exon 1, referred to as constructs #1 and #2. Black 

arrows denote the PCR primers used to genotype the transformants. (B) General schematic of 

the final Cas9/sgRNA expressing constructs comprising of NPTII in planta selectable marker, 

Cas9 and two sgRNAs under the U6 promoter. Listed below are the sgRNAs used within each 

construct. 
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Analyzing the CRISPR/Cas9 mutants in the T0 generation 

 I began my analysis by examining the first-generation transformed plants, 

denoted as the T0 individuals, which were regenerated from tissue culture. For the 

constructs targeting SlNMCP1A, 14 T0
 plants were generated, whereas 15 and 19 T0 

plants were received for the SlNMCP1B and SlNMCP2 constructs, respectively 

(Figure 3.5A). The whole-plant phenotypes for all of the T0 transformants resembled 

wild-type M82 plants throughout development (data not shown). I evaluated the 

efficiency of the transformations by testing for the presence of Cas9, as a marker for 

the transgene, via PCR. Most of the putative transformants were positive for Cas9, as 

displayed in Figure 3.5A, indicating that the constructs were successfully inserted into 

the plants. To assess whether or not the desired mutations were generated in the 

transformants, I amplified the region encompassing the sgRNA target sites (Figure 

3.4A) and examined product sizes compared to wild type. PCR reactions that 

generated abnormally-sized bands, especially smaller products consistent with putative 

deletions, were then subject to standard Sanger sequencing reactions to identify 

mutations. Among the Cas9-positive T0
 plants, genotyping analyses revealed that a 

few plants for each construct contained multiple mutant alleles: 9 CRISPR/Cas9-

slnmcp1a.1 (CR-slnmcp1a.1) plants, 4 CR-slnmcp1a.2 plants, 5 CR-slnmcp1b plants, 

and 3 CR-slnmcp2 plants. I focused on the plants that yielded amplification patterns 

consistent with deletion alleles. As an example, for the SlNMCP1A.1 construct, 

genomic amplification of the region around the two sgRNA targets sites indicated that 

T0 plants #6, #12 and #13 contain deletions and possibly other DNA rearrangements 

(Figure 3.5B). Isolation and sequence analysis of individual amplification products 
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revealed the presence of deletions and/or rearrangements with endpoints close to the 

sgRNA target sites (Figure 3.5B). Therefore, progeny of these T0 plants were among 

those given priority in my analysis. 

 

Figure 3.5. Analyzing the T0 generation of CRISPR/Cas9 mutants. (A) Graphical 

representation for the number of T0 transformants received for each construct with a data table 

indicating the number of plants that were positive for Cas9 and contained at least one mutant 

allele of the targeted gene. (B) PCR genotyping of CR-slnmcp1a.1 plants revealing the 

multiple alleles. The PCR results for the presence of Cas9 are also displayed. Selected PCR 

products were gel purified and sequenced, uncovering the various deletion alleles (designated 

M and L for middle and lower, respectively). 
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Recovery and characterization of CR-slnmcp1a and CR-slnmcp1b alleles in T1 

plants 

I was able to obtain mutant homozygotes in the T1 generation for both of the 

SlNMCP1 paralogs. In searching for slnmcp1a mutations, I decided to focus on the 

CR-slnmcp1a.1 plants instead of those generated by construct #2 due to the higher 

likelihood of resulting in a mutant containing a large deletion with construct #1. 

Specifically, I concentrated on T1 progeny derived from self-pollination of T0 

individuals #6 and 13 of construct SlNMCP1A.1. Of the 6 T1 plants from parent #6, 

one plant lacked Cas9 (T1 #11), and three plants contained the same multiple alleles 

found in #6 (Figure 3.6A&B). One plant, T1 individual #6 (slnmcp1a-1), however, was 

homozygous for the large deletion at Target 2. This 97 bp deletion starts after the 12th 

bp of Target 2 and ends within the first intron with a 4 bp insertion, GATG (Figure 

3.6A). I examined the effect of this mutation on the RNA transcript by analyzing 

cDNA by RT-PCR and discovered that this deletion results in an alternative splice 

junction (Figure 3.7). The predicted translation product terminates at a premature stop 

codon after 35 amino acids, starting with the original 7 amino acids and followed by 

an out-of-frame translation peptide (Figure 3.7). For parent #13, 6 T1 plants were 

analyzed: 4 plants contained Cas9 and 3 plants had the original multiple alleles as in 

#13 (Figure 3.6C). One homozygote was recovered, T1 individual #2 (slnmcp1a-2), 

containing a 66-bp deletion beginning after the 17th bp of Target 2 and continuing into 

the first intron (Figure 3.6A). Assuming no alternative splicing occurs, this allele is 

predicted to create a premature stop codon after 9 amino acids. Based on their 
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structure and impact on the coding sequence, we predict that both of these slnmcp1a 

alleles will severely reduce or abolish gene function. 

 

Figure 3.6. Recovering homozygotes in the T1 generation of CR-slnmcp1a.1 plants. (A) 

Outline of the generations from T0 to T1 indicating the homozygous mutants recovered and 

their respective deletions at Target 2. (B) PCR genotyping data for the progeny of T0 

individual #6, also showing the PCR results for the presence of Cas9. (C) PCR genotyping 

results for the T0 individual #13 progeny along with the PCR data for the presence of Cas9. 

Numbers in red above gel images identify the homozygotes. 
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Figure 3.7. Alternative splicing in slnmcp1a-1 (T1 #6). Gene maps of slnmcp1a-1 compared 

to wild type, illustrating the 97bp deletion and 4bp insertion (black box) beginning in Exon 1 

(blue box) near the 3’ end of Target 2 (red box). The normal and alternative splicing sites are 

marked by black lines. The resulting amino acid sequence based on sequencing results of the 

cDNA for the mutant slnmcp1a-1 is displayed compared to the wild type, where * denotes a 

stop codon. A “.” above the sequence indicates every tenth amino acid. 
 

 In seeking homozygous mutants for SlNMCP1B, I examined progeny from 

individuals #2 and 6. Of three T1 plants from T0 individual #2, all were positive for 

Cas9 (Figure 3.8B). I recovered one plant homozygous for a deletion commencing at 

Target 1, T1 individual #3 (slnmcp1b-1). This mutation is characterized by a 2-bp 

deletion within the 3’ end of Target 1 and a 208-bp deletion that begins 32 bp after 

Target 1 and includes the site of Target 2, ending within the first intron (Figure 3.8A). 

This allele is predicted to result in a premature stop codon after 25-27 amino acids 

depending on where splicing takes place. For individual #6, 5 seeds were planted 

where two plants contained the multiple alleles first discovered in the parent and one 

plant was determined to lack Cas9 (Figure 3.8C). Of the Cas9-positive T1 plants, 3 

were homozygous for the same mutation. It starts with a 4-bp deletion near the 3’end 
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of Target 1 followed by a 129-bp deletion starting 23 bp after Target 1, encompassing 

the Target 2 site, and ending within the first intron (Figure 3.8A). Contingent on 

splicing, this allele is predicted to result in a modified protein containing 14-25 of the 

original amino acids after the start codon. Due to the projected effects of these 

slnmcp1b alleles on the coding sequence, we anticipate disruption of wild-type 

SlNMCP1B function. 

 

Figure 3.8. Recovering homozygotes in the T1 generation of CR-slnmcp1b plants. (A) 

Outline of the generations from T0 to T1 indicating the homozygous mutants recovered and 

their respective deletions at Target 1. (B) PCR genotyping data for the progeny of T0 

individual #2, also showing the PCR results for the presence of Cas9. (C) PCR genotyping 

results for the T0 individual #6 progeny along with the PCR data for the presence of Cas9. 

Numbers in red above gel images identifies the homozygotes. 
 

Nuclear morphology of slnmcp1a and slnmcp1b mutants 

 No obvious morphological or developmental defects were observed at the 

whole-plant level in the homozygotes for any of the recovered slnmcp1a or slnmcp1b 
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alleles. This result was not surprising as crwn single mutants in Arabidopsis also lack 

whole-plant phenotypes (Wang et al., 2013). Thus, I focused my phenotyping efforts 

on an investigation of the effect of the engineered slnmcp1a and slnmcp1b alleles on 

nuclear morphology. In Arabidopsis, atcrwn1-1 and atcrwn4-1 single mutants have 

small, round nuclei compared to the flattened wild-type nuclei characteristic of 

differentiated cells in wild-type plants, particularly the elongated cells in roots. 

Although some root cells in wild-type cv M82 tomato contain elongated nuclei, 

spherical and ovoid shaped nuclei are more typical (Figure 3.9A). Despite this 

diversity, we were able to see a shift in nuclear shape caused by slnmcp1a and 

slnmcp1b mutations. When measuring nuclear circularity, there was a significant 

increase for the homozygotes compared to wild type (Figure 3.9B). The two slnmcp1b 

homozygotes showed the most striking shift toward a spherical shape, with a more 

modest difference for slnmcp1a-1. 
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Figure 3.9. Nuclear phenotypes of slnmcp1a and slnmcp1b mutants. (A) Representative 

DAPI-stained nuclei from 1 week old seedlings of WT and the following mutants: slnmcp1a-

1, slnmcp1b-1 and slnmcp1b-2. (Scale bar, 5 µm) Box-and-whisker plots displaying the (B) 

nuclear circularity and (C) area of randomly-selected DAPI-stained root cell nuclei (n = 127-

302) from WT, slnmcp1a-1, slnmcp1b-1 and slnmcp1b-2 shown in A. *P < 0.05, ****P < 

0.0001. 
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 Loss of SlNMCP1A and SlNMCP1B function also caused a reduction in 

nuclear size. As shown in Figure 3.9C, all three homozygotes had significantly lower 

nuclear areas than wild type (p-values ranging from 3x10-35 to 1x10-20; student’s t-

test). The average nuclear area of randomly-selected wild-type root cell nuclei was 

about 9.8x10-3 arbitrary units (a.u.), whereas the averages in slnmcp1a-1 and the 

slnmcp1b mutants were approximately 6.6x10-3 a.u., 5.1x10-3 a.u. and 6.1x10-3 a.u., 

respectively. 

I also measured endopolyploidy levels in the mutants as a change in the 

distribution of endopolyploid cells could affect nuclear size, which scales with DNA 

content (Robinson et al., 2018). Looking at ploidy levels of young leaves from wild 

type, slnmcp1a-2 and slnmcp1b-1 mutants revealed no difference in the distribution of 

different endopolyploid classes relative to wild type (Figure 3.10). All of the 

genotypes show a predominance of diploid 2C nuclei with subpopulation of 4C nuclei 

(15-22%) and minor pools at higher endopolyploid levels. Therefore, the differences 

in nuclear size in the slnmcp1a and slnmcp1b mutants cannot be explained by a 

change in endopolyploidy. Taken together, my data demonstrate that the nuclei of the 

plants lacking either SlNMCP1A or SlNMCP1B are significantly smaller and rounder 

than that of wild type. 
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Figure 3.10. Endopolyploidy measurements of slnmcp1a and slnmcp1b mutants. Nuclear 

flow cytometry analysis using young leaves of two independent 4-month old wild-type plants 

compared to nuclei from that of age-matched slnmcp1a-2 and slnmcp1b-1 plants. Data table 

shows the values obtained for each sample. 
 

Analysis of CR-slnmcp2 plants 

 From the CR-slnmcp2 plants, I recovered a heterozygous T0 plant carrying a 4 

bp deletion in the first exon. This induced allele causes a frameshift mutation early in 

the coding sequence. From this T0 parent, I generated a family of 9 T1 individuals, 
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which were either heterozygous for the slnmcp2 deletion allele or were homozygous 

wild-type. I then generated self-pollinated seeds from a T1 heterozygote (which also 

lacked the Cas9 transgene) to screen a larger family to attempt to recover a 

homozygous mutant T2 segregant. We genotyped 27 T2 individuals and identified 10 

homozygous wild-type plants and 17 heterozygotes, suggesting that the slnmcp2 

deletion allele is lethal (probability of not recovering a homozygote P<0.001 in a 

family this size). 

 

DISCUSSION 

I utilized CRISPR/Cas9 technology to create mutations in three tomato CRWN 

orthologs: SlNMCP1A, SlNMCP1B and SlNMCP2. Homozygous mutants for 

slnmcp1a and slnmcp1b were viable with no dramatic developmental phenotypes. 

However, nuclei of these homozygotes were decreased in size and more circular 

compared to wild type, similar to what has been observed in atcrwn1 mutants. This 

finding demonstrates that NMCP proteins play a role in the maintenance of nuclear 

morphology in tomato as in Arabidopsis. My results indicate that both NMCP1-like 

paralogs in tomato are functional and each is required for wild-type function. This 

situation is unlike that in Arabidopsis, where nuclear morphology is unaffected in 

crwn2 or crwn3 mutants in the presence of the major clade member, CRWN1.  

 Thus far, in investigating the CR-slnmcp2 plants, I have not been able to 

recover a homozygous slnmcp2 mutant, indicating that SlNMCP2 is required for 

viability. This requirement could operate at the haploid gametophyte stage, or it could 

affect sporophytic tissue only. In the latter case, we should see seedling and/or embryo 
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lethality. Reciprocal outcrosses of slnmcp2 heterozygotes to wild-type plants should 

determine if gametophytic lethality occurs. We also will look at pollen morphology, 

viability and growth from heterozygous parents to monitor whether loss of SlNMCP2 

leads to pollen defects. Regardless of the stage affected, my finding that SlNMCP2 is 

lethal in tomato is an important difference compared to the situation in Arabidopsis 

where the plant is still viable when deficient in AtCRWN4. My original rationale for 

conducting this study in tomato was the potential to observe more severe effects of 

these mutations compared to Arabidopsis. Whereas AtCRWN2 or AtCRWN3 alone 

can sustain the functions of the AtCRWN protein family, SlNMCP1A and SlNMCP1B 

together cannot. 

These preliminary studies described here set the stage for additional genetic 

characterization. For all of the single homozygotes generated, further backcrossing 

and segregation will be conducted to eliminate the presence of the Cas9 transgene and 

extraneous mutations introduced in these lines during tissue culture (i.e., somaclonal 

variation). To study the mutants, the structure and amount of the transcripts present for 

each affected gene needs to be considered as well as their protein expression levels, 

which will require the production of specific antibodies to be used in protein 

immunoblots. Further characterization of the mutants compared to wild type is also 

needed, such as examining the nuclei within the leaves, anther filaments and fruit 

cells. Also, in previous studies of atcrwn mutants, nuclear and whole plant phenotypes 

change dramatically when mutations are combined together (Wang et al., 2013; 

Dittmer et al., 2007). To address the potential effects of genetic redundancy between 

SlNMCP1A and SlNMCP1B, I have begun creating stacked mutants using the 
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slnmcp1a and slnmcp1b homozygotes recovered to date. If slnmcp1a slnmcp1b double 

mutants can be recovered, analysis of their whole-plant and nuclear phenotypes will be 

performed. If homozygous double mutants are not viable, we will rely on 

characterization of plants that carry only one allele of either SlNMCP1A or 

SlNMCP1B. A similar approach will be pursued to determine the effect of a 

hemizygous slnmcp2 null allele. Nonetheless, it will be important to screen my 

CRISPR material for additional SlNMCP2 mutations that are potentially less severe to 

generate viable material for phenotypic studies. 
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CHAPTER 4 

 

THE EFFECTS OF SALINITY AND ABA ON GERMINATION OF CRWN AND 

KAKU MUTANTS 
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INTRODUCTION 

 Plant development begins with germination of the seed, which contains the 

embryo that will develop into the new plant (Bewley, 1997). As immobile organisms, 

seed germination is heavily influenced by various abiotic stresses, such as 

temperature, salinity, heavy metals and osmotic stresses (Hirayama and Shinozaki, 

2010). In order to survive, plants have developed different signaling pathways 

regulated by phytohormones like abscisic acid (ABA) to adapt to these stresses 

(Umezawa et al., 2010). As the site of transcriptional regulation, the nucleus plays a 

central role in mediating these response pathways. Epigenetic processes like chromatin 

modification and DNA methylation have also been linked to abiotic stress responses 

(Hirayama and Shinozaki, 2010). 

 While much is known about how processes occurring within the nucleus affect 

stress response, studies examining the influence of nuclear structure on stress response 

are scarce. Following a decrease in the seed maturation phase, nuclear area 

significantly increases during germination, along with changes in chromatin 

compaction (van Zanten et al., 2011). Therefore, investigating the relationship 

between proteins involved in nuclear morphology maintenance and stress response 

will provide insight into this influence. Nuclear morphology is largely controlled 

through members of the linker of nucleoskeleton and cytoskeleton (LINC) complex 

and their associated proteins, such as CRWN and KAKU (see below) (Meier et al., 

2017). For example, in the absence of CRWN1 and CRWN2, a 2-to-3-fold increase in 

nuclear area was observed during seed germination compared to the >5-fold increase 

seen in wild type (van Zanten et al., 2011). Also, quantitative RT-PCR demonstrated 
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no change during seed maturation in transcript levels of HUB1 and RDO2, which are 

transcription elongation factors that are usually upregulated (van Zanten et al., 2011). 

Based on a recent paper from our lab, RNA-seq analysis of crwn single and double 

mutants revealed an upregulation of genes categorized under stress-related gene 

ontology (GO) terms; e.g., genes responding to abscisic acid and salt stress (Choi et 

al., 2018).  

 In this study, I begin to probe whether nuclear morphology and/or organization 

can regulate stress signaling pathways. I surveyed seed germination of nuclear 

architectural mutants in response to various stresses, specifically salt, osmotic stress 

and ABA. In testing ABA, I also assessed cotyledon greening effects. Two different 

types of nuclear morphology mutants were used for my analysis. The first set involve 

plants deficient in putative nuclear lamina proteins, CRWN and KAKU4. CRWN 

proteins, as described in previous chapters, are a family of plant-specific coiled-coil 

proteins that make up the nuclear lamina, lying underneath the inner nuclear 

membrane. There are four paralogs in Arabidopsis, where CRWN1, CRWN2 and 

CRWN3 cluster into one clade and CRWN4 belongs to another. They are involved in 

nuclear morphology regulation and heterochromatin organization with the major 

determinants being CRWN1 and CRWN4. Among the single mutants, only crwn1-1 

and crwn4-1 result in abnormal nuclear phenotypes. However, as mutation 

combinations are created, such as crwn1-1 crwn3-1, the effects on nuclear size and 

shape are heightened and lead to dwarfing of the whole plant (Dittmer et al., 2007; 

Wang et al., 2013). KAKU4 resides on the nucleoplasmic side of the inner nuclear 

membrane, and is a binding partner of CRWN1 and possibly CRWN4. Although it is 
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not essential for plant viability, overexpression causes nuclear envelope deformations 

while the kaku4-2 null mutant has spherical nuclei that are reduced in size (Goto et al., 

2014). The second type of mutant is presented by plants deficient in the motor protein, 

KAKU1, that drives nuclear movement. KAKU1, also known as Myosin XI-i, 

connects the WIT proteins on the outer nuclear membrane with the actin cytoskeleton. 

In addition to resulting in small and spherical nuclei, the kaku1-3 single mutant 

exhibits nuclear movement defects (Tamura et al., 2013). 

 

MATERIALS AND METHODS 

Plant Material  

Arabidopsis thaliana ecotype Columbia was used as the wild type control. T-

DNA insertion alleles (SALK025347 [crwn1-1], SALK076653 [crwn2-1], 

SALK099283 [crwn3-1], SALK079296 [crwn4-1], CS860014 [kaku1-3], 

SALK076754C [kaku4-2]) were originally obtained through the Arabidopsis 

Biological Resource Center (ABRC) at The Ohio State University (Table 4.1). The 

double mutant crwn1-1 crwn3-1 was previously described in Wang et al. (2013). 
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Table 4.1. List of T-DNA alleles used in this study with their corresponding phenotypes. 

Gene 
T-DNA 

Alleles 
Nuclear Phenotype Source 

CRWN1 crwn1-1 small/round nuclei 
Dittmer et al., 2007; 

Wang et al., 2013 

CRWN2 crwn2-1 no effect 
Dittmer et al., 2007; 

Wang et al., 2013 

CRWN3 crwn3-1 no effect Wang et al., 2013 

CRWN4 crwn4-1 
small/round nuclei; 

dispersed chromocenters 
Wang et al., 2013 

KAKU1 kaku1-3 
small/round nuclei; 

impaired nuclear movement 
Tamura et al., 2013 

KAKU4 kaku4-2 small/round nuclei Goto et al., 2014 

 

Germination Assays 

Seeds were washed with 75% (v/v) ethanol solution for 30 seconds, sterilized 

with 50% (v/v) bleach solution for 30 seconds, and rinsed five times in sterile MilliQ 

water. Aseptic seeds were plated on plastic Petri dishes containing Murashige and 

Skoog (MS) media supplemented with 10g/L sucrose, 1x Gamborg’s Vitamin 

solution, 1% agar and the appropriate additive for each stressor. For the ABA assays, 

test plates were made with a final concentration of 0.5µM ABA, using a 200mM stock 

in methanol. To test the effect of salt stress on germination, plates for the NaCl assays 

were supplemented with 0 and 150mM NaCl. Likewise, plates were supplemented 

with 0 and 150mM mannitol for osmotic stress analysis. Following an incubation at 

4˚C overnight to ensure that the seeds germinated simultaneously, plates were kept in 

an environmental growth chamber for 11-13 days under a 16-hour light/8-hour dark 

photoperiod at approximately 23˚C and 60% relative humidity. At least 20 seeds were 
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used per treatment and tested in triplicate for every trial of each assay, and up to 4 

trials were conducted with each stressor. Seeds were scored daily and counted as 

germinated when the radicle emerged from the seed coat. For the ABA assays, the 

number of green cotyledons were also scored daily. 

 

RESULTS 

kaku single mutants are the least tolerant to high salt  

 To determine whether CRWN and KAKU genes contribute to Arabidopsis 

tolerance to salt stress, seeds of crwn and kaku single mutants along with wild-type 

controls were planted on MS media containing 0 and 150mM NaCl. Germination was 

scored either by eye or using a dissecting microscope around the same time every day 

for 13 days after stratification. Seeds were considered germinated once the radicle 

emerged through the seed coat. Under no salt conditions, germination rates of the 

single mutants were almost the same as that of wild type (Figure 4.1, solid lines). 

Whereas wild type reached near-complete germination at day 1 (at 95.6%), most of the 

mutants attained 97-100% radicle emergence by day 2. One mutant, crwn3-1, 

achieved 91.4% germination by day 5. Under high salt conditions after one day, there 

was little to no germination occurring for all seeds (Figure 4.1, dashed lines). It was 

not until day 3 that wild type and crwn1-1 seeds reached near-complete germination of 

94-97%, and crwn2-1, crwn3-1 and crwn4-1 had 85-94% germination by day 4. Seeds 

of kaku1-3 and kaku4-2 never reached full germination over the 13 days scored, 

having germination rates of 63% and 76%, respectively, at day 13. As shown in Figure 

4.1, the kaku1-3 mutant line was the least tolerant to salt stress, followed by kaku4-2. 
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Figure 4.1. Germination analysis of crwn and kaku mutants under high salt stress. Seed 

germination percentages of wild type (WT), crwn and kaku single mutants on 0mM NaCl 

(solid lines) and 150mM NaCl (dashed lines). Germination was scored for about 20 seeds for 

each genotype tested in triplicate for 13 days of growth in terms of radicle emergence. 

Experiments were repeated four times and mean values ± SE are shown. 
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Osmotic stress has a slight effect on germination of the kaku single mutants 

 In observing the effects of salt on these mutants, I decided to survey how these 

mutants respond to osmotic stress by germinating seeds on MS media containing 0 

and 150mM Mannitol. This test was performed as a control for salt stress to dissect 

whether the phenotypes observed previously are also due to osmotic effects. In these 

assays, germination was scored for up to 11 days, again recording germination in 

terms of radicle emergence. As seen previously, germination rates of the single 

mutants under no osmotic stress resembled that of wild type, with crwn3-1 reaching 

89.8% germination by day 4 (Figure 4.2, solid lines). When grown on plates with 

150mM mannitol, there were little to no change in germination rates for all genotypes, 

with seeds reaching greater than 90% radicle emergence and/or resembling rates under 

no stress by day 3 (Figure 4.2, dashed lines). However, kaku1-3 and kaku4-2 seeds 

experienced a lag in germination on day 1 (based on radicle emergence), compared to 

control plates. Taken together, the kaku single mutants are sensitive to both treatments, 

although they exhibit a less dramatic effect under osmotic stress. Whereas, the crwn 

single mutants appear tolerant to osmotic stress due to observing no true effect on 

germination. 
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Figure 4.2. Germination analysis of crwn and kaku mutants under osmotic stress. Seed 

germination percentages of wild type (WT), crwn and kaku single mutants on 0mM Mannitol 

(solid lines) and 150mM Mannitol (dashed lines). Germination was scored for about 20 seeds 

for each genotype tested in triplicate for 11 days of growth in terms of radicle emergence. 

Experiments were repeated two times and mean values ± SE are shown. 
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Germination rates of crwn1-1 crwn3-1 is most severely affected in response to 

ABA 

 According to Zhao et al. (2015), CRWN1 and CRWN3 were found to function 

upstream of and regulate the stability of ABA Insensitive 5 (ABI5), suggesting that 

CRWN proteins play a role in ABA-mediated seed germination. To investigate the 

response of CRWNs and other members of the LINC complex to exogenous ABA, 

seeds of wild type, crwn and kaku single mutants were planted on MS media 

containing 0 and 0.5µM ABA. The crwn1-1 crwn3-1 double mutant was also tested 

since it has been previously shown to be hypersensitive to ABA (Zhao et al., 2015). 

Seed germination was scored for 12 days by counting the number of seeds with an 

emerged radicle. Subsequently, cotyledon greening was recorded for all genotypes. 

Regarding radicle emergence, wild type and all of the mutants reached greater than 

85% germination by day 4 in response to 0.5µM ABA (Figure 4.3). However, 

germination was delayed in the presence of ABA for a few mutants. The strongest 

delay was observed in the crwn1-1 crwn3-1 double mutant, followed by crwn3-1 and 

kaku1-3, and then kaku4-2, reaching control germination levels by days 4, 3 and 2, 

respectively.  
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Figure 4.3. Radicle emergence analysis of crwn and kaku mutants in response to ABA. 

Seed germination percentages of wild type (WT), crwn and kaku single mutants, and crwn1-1 

crwn3-1 on 0µM ABA (solid lines) and 0.5µM ABA (dashed lines). Germination was scored 

for about 20 seeds for each genotype tested in triplicate for 12 days of growth in terms of 

radicle emergence. Experiments were repeated up to three times and mean values ± SE are 

shown. 
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In contrast, cotyledon greening was strongly affected for a few of the mutants 

in response to exogenous ABA. By day 4 under normal conditions, all of the single 

mutants had rates comparable to wild type (95-99%) while the crwn1-1 crwn3-1 

mutant had a slightly lower rate of 78%. Granted, from day 5 and on, the double 

mutant did reach rates >90%. On plates with 0.5µM ABA, however, while wild type, 

crwn1-1, crwn2-1 and crwn4-1 achieved >90% cotyledon greening by day 5, crwn3-1, 

kaku1-3 and kaku4-2 had rates of 67%, 61% and 66%, respectively. The crwn1-1 

crwn3-1 mutant showed the most severe cotyledon greening phenotype of 4%. After 

12 days, most of the samples reached 94-100% with green cotyledons, while the 

crwn1-1 crwn3-1 mutant only attained 68% cotyledon greening (Figure 4.4). Taken 

together, crwn1-1 crwn3-1 exhibits the greatest ABA hypersensitivity followed by the 

kaku single mutants. 
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Figure 4.4. Cotyledon greening analysis of crwn and kaku mutants in response to ABA. 

Germination percentages of wild type (WT), crwn and kaku single mutants, and crwn1-1 

crwn3-1 on 0µM ABA (solid lines) and 0.5µM ABA (dashed lines). Germination was scored 

for about 20 seeds for each genotype tested in triplicate for 12 days of growth in terms of 

cotyledon greening. Experiments were repeated up to two times and mean values ± SE are 

shown. 
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DISCUSSION 

 Germination assays were performed to test if genes that control nuclear 

morphology play roles in various abiotic stress signaling pathways. In surveying 

germination of crwn and kaku single mutants under salt stress, I observed that three 

mutants, crwn3-1, kaku1-3 and kaku4-2, had abnormal radicle emergence rates and did 

not reach >90% by the end of the scoring period. Of the three lines, the kaku1-3 

mutant was the most sensitive to high salt. Because this mutant is known to alter 

nuclear shape and size as well as movement, it suggests that all of these elements 

could be implicated in salt stress response. Perhaps this alteration in nuclear 

morphology is changing the expression of genes involved in the stress response 

pathway, subsequently affecting the plant’s ability to react to salinity. In terms of 

nuclear movement, since it is reduced in this mutant, the position of the nucleus could 

also have an effect on the plant’s response. Moreover, I also observed that salt stress 

slows down nuclear movement following a short treatment (Erika Hughes, 

unpublished data), further demonstrating this connection.  

 The consequences of osmotic stress on radicle emergence was also tested with 

these single mutants using mannitol. Although all genotypes reached control levels of 

germination by day 11, the kaku single mutants showed a slight delay in germination 

compared to wild type seeds. Although I used 150mM mannitol, other studies have 

used media containing concentrations up to 375mM and glucose instead of mannitol 

for osmotic stress assays (Singh et al., 2015; Salas-Muñoz et al., 2016; Salas-Muñoz 

et al., 2012), perhaps explaining the slight effect determined in our assays. Since the 

kaku mutants exhibited sensitivities to both salt and mannitol, the results suggest that 
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the response to salinity could be an osmotic effect, but only partly since only a minor 

response to elevated osmoticum was observed. 

 Regarding ABA response, Zhao et al. (2015) previously showed that crwn 

mutants were hypersensitive to ABA when surveying cotyledon greening. CRWN 

proteins were also determined to act in the ABA signaling pathway upstream of ABI5 

(Zhao et al., 2015). Studies from a different lab suggest that CRWNs may associate 

with another component of ABA signaling, ABI3, by regulating ABI5 either 

independently or in the same pathway (van Zanten et al., 2011). Therefore, 

germination assays analyzing the effects of ABA were also performed. In addition to 

reexamining the panel of crwn mutants tested within those aforementioned studies, I 

extended our investigation to the remaining CRWN paralogs and other nuclear 

morphology mutants for a more holistic view. Scoring radicle emergence for a few of 

the mutants revealed lags in germination rates, where the crwn1-1 crwn3-1 double 

mutant exhibited the strongest delay among the mutants compared to wild type. 

However, by the end of the scoring period, all genotypes reached their control 

germination rates. When looking at cotyledon greening, I was able to replicate some of 

the data from the studies mentioned above. For example, the crwn1-1 crwn3-1 mutant 

again showed severe hypersensitivity to exogenous ABA. Other mutants sensitive to 

ABA were crwn3-1, kaku1-3 and kaku4-2. These results present greater support that 

CRWNs perform key roles in ABA signaling, and implicate other interactors of the 

LINC complex as potential regulators. 

 Further analysis is needed to elucidate where these proteins act in these stress 

response pathways; for instance, testing whether or not mutations in these genes are 
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epistatic with abi5 and abi3 for the ABA signaling pathway. Transcriptional profiling 

of these mutants in response to these stresses could also be performed to test their 

tolerance. We could also investigate if these proteins colocalize with various signaling 

components. Moreover, according to Zhao et al. (2015), CRWNs potentially function 

in the degradation of ABI5, which occurs within nuclear bodies through the 26S 

proteasome pathway. CRWN3 specifically has been implicated in the recruitment of 

ABI5 to this site. Therefore, examining the effects of these nuclear morphology 

mutants on ABI5 turnover could also be performed to shed light on this pathway. 
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CHAPTER 5 

GENERAL DISCUSSION 

 In this thesis, I presented a study elucidating the coordinated activity of CRWN 

proteins in regulating nuclear shape and size in Arabidopsis thaliana. With the help of 

the Van Eck laboratory at the Boyce Thompson Institute, I expanded our investigation 

of CRWN function into tomato by creating and analyzing CRISPR/Cas9-generated 

mutants of tomato CRWN orthologs. I also investigated how a loss of CRWN genes, as 

well as two KAKU genes important for nuclear structure, affects the response to 

different stressors in Arabidopsis. These studies provide a better understanding of how 

these proteins work together in order to form the plant nuclear lamina and influence 

whole-plant phenotypes. 

 In Chapter 2, we gained insight into the nuclear import of CRWN4, which was 

previously believed to lack an NLS. With the discovery of the crwn4-2 missense 

allele, a functional NLS motif was revealed within CRWN4 that can be recognized by 

nuclear transport machinery. Furthermore, we identified a missense mutation in the 

IMPA-1 gene that encodes for an isoform of importin-α, as an allele-specific 

suppressor of the crwn4-2 mutation that rescues protein levels of CRWN4 in the 

nucleus. This mutation restores the ability of IMPA-1 to interact with either the altered 

crwn4-2 NLS motif or an alternative cryptic NLS in CRWN4, thus allowing nuclear 

import and restoring normal CRWN4 function.  

 We also revealed that the abundance of CRWN4 once imported into the 

nucleus depends on the presence of its NMCP1-clade paralogs, while CRWN4 

transcript levels were unaffected. Loss of either CRWN1 or CRWN3 resulted in a 
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reduction of nuclear CRWN4 levels. However, this decrease in CRWN4 abundance 

was enhanced when the crwn1-1 allele was coupled with crwn2-1 or crwn3-1. These 

results led to two potential models. One possibility suggests that CRWN4 exists in 

complex with its NMCP1-clade paralogs for its stability within the nucleus. This 

hypothesized stabilization could occur through direct or indirect interactions among 

the paralogs (Goto et al., 2014; Mikulski et al., 2017). An alternative model posits that 

CRWN1 and CRWN4 exist in independent complexes that are inter-related, due to 

either their structural associations or regulatory intermediates within the nucleus. With 

this study, we begin to uncover the coordination between NMCP1- and NMCP2-clade 

proteins, providing a deeper understanding of how they function as the plant nuclear 

lamina. 

 Moving forward, it is necessary to confirm the role of IMPA-1 in CRWN4 

nuclear import. A transgene that expresses the G146E mutation should be generated 

and examined within the crwn4-2 mutant background to test if this mutation can 

suppress the round nuclear phenotype. It would also be interesting to study the effects 

of combining the crwn4-2 mutation with the crwn1-1 null allele on nuclear 

morphology and CRWN4 nuclear abundance. Since CRWN4 nuclear import would be 

hindered, this double mutant could resemble the crwn4-1 null mutant, or potentially 

display a different phenotype. Furthermore, an expanded study of nuclear CRWN4 

protein levels in response to varying levels of its NMCP1-clade paralogs should be 

conducted to provide a closer look at the observed dependence of CRWN4 abundance 

on the presence of its paralogs. First focusing on CRWN1 due to its importance, this 

could be performed by observing CRWN4 levels in nuclear extracts from CRWN1 
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overexpression lines as well as their heterozygotes compared to that of the crwn1-1 

null mutant.  

 In Chapter 3, I utilized CRISPR/Cas9 technology to generate knockout 

mutations of the three CRWN orthologs in tomato, SlNMCP1A, SlNMCP1B and 

SlNMCP2. Homozygous single mutants of the two orthologs that resemble CRWN1 

were recovered with no visible whole-plant phenotypes. However, their nuclei were 

determined to be smaller and more spherical compared to wild type in root cells, 

indicating that these proteins play a role in nuclear morphology maintenance in 

tomato. These two orthologs, SlNMCP1A and SlNMCP1B, together were not able to 

maintain the entire functionality of the SlNMCP protein family, since no viable 

homozygous mutants for the CRWN4-like ortholog, SlNMCP2, were recovered. The 

absolute requirement for SlNMCP2 is an important contrast with the situation in 

Arabidopsis (Wang et al., 2013), and is a testament for our rationale to study these 

proteins in tomato, where we hypothesized that we might find more severe effects of 

these mutations. 

 Accordingly, an investigation of the lethality of a homozygous slnmcp2 mutant 

could elucidate whether this is occurring either at the haploid gametophyte or at the 

sporophyte stage. For all of the mutants generated thus far, it would be interesting to 

examine transcript levels and protein expression of these orthologs, in which the latter 

would require the development of antibodies specific for each protein. Also, 

exploration of the nuclei within these mutants throughout the plant, such as in the 

anthers, leaves and fruit, could provide further insight into their regulation of nuclear 

morphology. It would also be interesting to see whether a slnmcp1a slnmcp1b double 
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mutant is viable, thereby uncovering if SlNMCP2 alone can maintain the functions of 

the entire SlNMCP protein family, which is not observed in Arabidopsis (Wang et al., 

2013). If a double mutant is recovered, possible effects of genetic redundancy could be 

elucidated by assessing their whole-plant and nuclear phenotypes. 

 In Chapter 4, I analyzed the germination of crwn and kaku mutants under 

varying abiotic stresses. The kaku mutants were determined to be more sensitive to 

salt stress than the crwn single mutants, where the kaku1-3 mutant exhibited the 

greatest sensitivity. With mannitol treatment, a slight lag in germination rates was 

uncovered for only the kaku single mutants. However, all genotypes were fully 

germinated by the end of the scoring period. Germination in response to exogenous 

ABA was also tested with these mutants along with the crwn1-1 crwn3-1 double 

mutant. Radicle emergence rates revealed a delay in germination for a few mutants, 

with the crwn1-1 crwn3-1 double mutant being the most sensitive followed by crwn3-

1 and both kaku mutants. Assessing cotyledon greening revealed an ABA 

hypersensitivity for the crwn1-1 crwn3-1 mutant, which has been demonstrated 

previously in Zhao et al. (2015). The crwn3-1, kaku1-3 and kaku4-2 mutants again 

also demonstrated a sensitivity to ABA. An exploration of other stress response 

pathways with these mutants would be of interest to see whether they act either in 

specific pathways or generally in response to stress. Examining the transcript levels of 

these mutants in response to these stresses could be another interesting way to test the 

tolerance of the mutants. Such studies could provide a greater awareness of the 

interplay between nuclear morphology and stress response. 
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