
ABSTRACT 

BEAM, KAYLA ROSE. Geminivirus Resistance: A Study of the Immunity Found in Pla-1 and 

of other Potential Sources of Resistance. (Under the direction of Dr. José Trinidad Ascencio-

Ibáñez). 

 

Geminiviridae is a family of single-stranded DNA viruses that infect a wide range of 

plant hosts. They cause many agriculturally relevant diseases, such as Tomato yellow leaf curl 

virus (TYLCV) and Cassava mosaic disease (CMD). Most methods of protecting crops involve 

interrupting the insect vectors that transmit these diseases or breeding resistance traits from wild 

related species. New techniques are being developed to engineer resistance using system such as 

silencing mechanisms in the host. These are explored in a minireview of current literature on the 

topic. One known source of geminivirus resistance is an Arabidopsis thaliana ecotype Pla-1. It 

has been shown to be immune to two different viruses in different genera, Beet curly top virus 

(BCTV) and Cabbage leaf curl virus (CaLCuV). This is of particular interest because immunity 

does not allow viral replication within the host, preventing the opportunity for evolution that may 

overcome the immunity. Additionally CaLCuV is in the same genera as the Cassava mosaic 

viruses. These are responsible for widespread losses of cassava production in Africa and 

Southern Asia, contributing to food insecurity in affected regions. Pla-1 immunity may provide a 

source of resistance for cassava. Genetic mapping was performed on Pla-1 to find quantitative 

trait loci (QTL) contributing to immunity. An F2 generation between Pla-1 and a susceptible 

ecotype of Arabidopsis, Col-0, was generated and infected with either BCTV or CaLCuV. After 

symptom scoring, the plants were analyzed with QTLseq to identify single nucleotide 

polymorphisms (SNPs) associated with resistance. In infections of CaLCuV, there are 3 loci 

contributing to resistance. The primary region, responsible for over half of the resistance, 

contains two loci within 500 kbp on chromosome 1. The other putative region is on 



chromosomes 5. Plants infected with BCTV appear to have a different pattern of resistance, as 

the region on chromosome 1 was only marginally contributing to resistance. Pla-1 has closely 

related ecotypes, referred to as the Pla family, which were also tested for geminivirus resistance. 

Pla-4 also shows resistance to BCTV, but not to CaLCuV. The rest of the Pla relatives, Pla-0, 

Pla-2, and Pla-3 do not show resistance to geminiviruses. Both Pla-1 and Pla-4 hold valuable 

traits that may be transferrable to other plants damaged by geminiviruses. The end goal of this 

research is to transfer the source of resistance in Pla-1 to crops, such as cassava, that are affected 

by geminiviruses. 
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CHAPTER 1: Introduction 

Geminiviruses 

The Geminiviridae family of viruses affects a wide variety of crops, with little exception. 

These viruses have single-stranded DNA genomes, distinguishing them among agriculturally 

relevant viruses. The family is divided into nine genera (Zerbini et al., 2017) based on their host 

range and mode of transmission. Geminiviruses have widely adapted and are capable of infecting 

a diverse set of plants, including many agriculturally critical crops. Some of the damage caused 

by this family of viruses includes over $300 million losses in the Indian bean industry (Patil et 

al., 2014), up to 100% yield loss in tomato in Italy and the Dominican Republic (Picó, Díez, & 

Nuez, 1996), and estimated losses exceeding $1.9 billion in African cassava production (Patil & 

Fauquet, 2009). They clearly are a major problem facing agriculture today and many efforts are 

directed at preventing infections. 

Geminiviruses derive their name from the twinned icosahedral structure of their particle. 

They have a small genome, generally a little larger than 2.5 kb, that is monopartite except in the 

case of many bipartite members of the begomovirus family, which have a genome of 

approximately 5 kb (Zerbini et al., 2017). They encode a very limited number of proteins, relying 

on the host machinery for necessary processes including replication and coat protein translation. 

All geminiviruses have a shared hairpin structure at the origin of replication along with a 

conserved nonanucleotide sequence (TATAATTAC). They are clustered into two groups based 

on evolutionary relationship, New World and Old World. New World viruses are limited to the 

Americas and are strictly bipartite. Old World viruses are spread throughout the rest of the 

world, express a precoat protein gene, and can be either monopartite or bipartite (H. Jeske, 

2009). Besides the genome, some geminivirus infections are accompanied by β satellites, which 
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are DNA sequences about half the size of the geminivirus genome that aid in symptom 

development (Saeed et al., 2005). One of the major threats of geminivirus infection is the high 

rate at which they evolve, around 4x10-4 per site per year. This allows them to adapt quickly to 

new hosts and climates, as well as to evolve around genetic resistance mechanisms (Duffy & 

Holmes, 2008; H. Jeske, 2009).  

Insects such as whiteflies or leafhoppers are the vector for geminiviruses. The vector is 

specific for each virus, and this specificity is determined by the coat protein (Fondong, 2013; H. 

Jeske, 2009). The virus then enters the phloem cells directly as the insects feed on them. Most 

geminiviruses are phloem-limited, but must enter cells with a nucleus in order to replicate (H. 

Jeske, 2009). In these cells, the genome is unpackaged and given a complimentary strand. This 

process begins with the production of an RNA primer except in the case of mastreviruses, which 

contain RNA primers within the viral capsid. The genome is then copied and processed with host 

proteins including DNA polymerase, ligase, and topoisomerase, and even packaged with host 

histones into its own minichromosome (Deuschle, Kepp, & Jeske, 2016; H. Jeske, 2009). 

Only one geminivirus-encoded protein, known as Rep, is known to be required for 

replication. Rep associates with the host DNA replication assembly to initiate amplification of 

the viral genome. It is responsible for nicking and closing the viral genome, as well as binding to 

retinoblastoma-related protein to re-activate S phase, increasing levels of DNA replication 

(Fondong, 2013; H. Jeske, 2009). Geminivirus replication proceeds by rolling circle 

amplification and recombination-dependent replication (Hanley-Bowdoin, Bejarano, Robertson, 

& Mansoor, 2013). Rolling circle replication starts with a cleavage of one strand at the conserved 

nonanucleotide sequence by Rep, then is replicated around the circle to create two single-

stranded replicates (H. Jeske, 2009). Transcription of the geminivirus genome relies on host 
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RNA polymerases. They are recruited to the genome by use of promoters that mimic those in the 

plant genome, such as TATA boxes (H. Jeske, 2009). Recombination-dependent replication 

requires a break in the DNA strand, binding of a complimentary strand, then elongation of the 

strand (Holger Jeske, Lütgemeier, & Preiß, 2001; Kowalczykowski, 2000). 

After initial infection of a plant cell, the virus must then spread throughout the plant. It 

does this using two viral factors, one which allows intercellular movement by opening 

plasmodesmata, and the other which binds viral DNA to shuttle it to the nucleus. These proteins 

vary by virus. For mastreviruses and curtoviruses, coat protein (the same which encapsulates the 

viral genome) acts as the nuclear shuttle while precoat protein anchors to the membrane for 

intercellular movement. Bipartite begomoviruses have both a nuclear shuttle protein and 

movement protein on the B genome (H. Jeske, 2009). Protein C4/AC4 also may be involved in 

intercellular movement, as it is localized to the membrane (Fondong, 2013; H. Jeske, 2009). 

Selected Virus Profiles 

Beet Curly Top Virus 

The type member of the Curtovirus genus within Geminiviridae, Beet curly top virus 

(BCTV) is a virus affecting beets, tomatoes, and beans, among other crops. It is transmitted 

strictly by its insect vector, the beet leafhopper Circulifer tenellus. The viral infection manifests 

as different symptoms in various hosts, but the classic symptoms are curling of the leaves, 

stunted growth, and death of young plants (Jeger et al., 2017). BCTV genomes are monopartite 

and encode seven genes (Zerbini et al., 2017). Outbreaks of BCTV cause large losses in yield in 

its various hosts: one example is the 2013 BCTV outbreak of tomato in California, which caused 

losses amounting greater than $100 million. Most control methods involve insecticide use to 
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control the vector. Management of BCTV can be very difficult as many wild species are 

susceptible to the virus, creating a reservoir to infect new crops yearly (Jeger et al., 2017). 

Cabbage Leaf Curl Virus 

Cabbage leaf curl virus (CaLCuV) is a bipartite geminivirus belonging to the 

Begomovirus genus. Its host range is wide, including cabbage, cauliflower, and legumes (Fiallo-

Olivé, Chirinos, Castro, & Navas-Castillo, 2018; Hill, Strandberg, Hiebert, & Lazarowitz, 1998). 

In nature, this disease is transmitted by whiteflies (Zerbini et al., 2017). In a laboratory setting, 

CaLCuV has become useful as a vector for virus-induced gene silencing. This method allows 

silencing of endogenous genes by manipulating the post-transcriptional gene silencing reaction 

to viral infection. When the CaLCuV genome is edited to contain the gene of interest, the plant 

silences that gene along with the viral genome (Turnage, Muangsan, Peele, & Robertson, 2002). 

Tomato Yellow Leaf Curl Virus 

One of the more widespread of the geminiviruses, Tomato yellow leaf curl virus 

(TYLCV) first originated from Israel. Since then, it has spread to subtropical regions of each 

continent (Mabvakure et al., 2016). TYLCV can infect many hosts but is particularly devastating 

to tomato plants, causing severe curling of leaves and stunting of growth. When plants are 

infected at a young age, they often fail to produce fruit. Older plants will produce less and 

smaller fruit after infection. TYLCV is responsible for up to 100% loss of yield in highly 

infected fields (Picó et al., 1996). It is a monopartite begomovirus, transmitted by whiteflies. One 

of the reasons TYLCV is so widespread is that, unlike the other begomoviruses, it is capable of 

replicating within its insect vector. This was demonstrated by Pakkianathan et al. when they 

found that viral levels within the whitefly peaked up to 5 days after they were removed from a 

source of the virus (Pakkianathan et al., 2015). This prolongs the time of exposure for whitefly-
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infected fields and allows the disease to travel farther. In addition, begomoviruses like TYLCV 

have a very rapid pace of evolution that permits them to adapt quickly to new environments 

(Mabvakure et al., 2016).  

African Cassava Mosaic Virus 

Cassava mosaic disease (CMD) is a critical agricultural threat in both Africa and India. It 

is often caused by one of several begomoviruses, sometimes in complexes of multiple viruses. 

One of these infectious viruses, African cassava mosaic virus (ACMV), was one of the causal 

agents of a CMD epidemic in Uganda in the 1990s (Patil & Fauquet, 2009). In the present, both 

ACMV and other closely related begomoviruses are a threat to food security on the African 

continent (Rybicki, 2015). ACMV is a bipartite virus that tends to change slowly compared to 

the quickly evolving East African cassava mosaic virus (EACMV) (Patil & Fauquet, 2009). 

Mixed infections of ACMV and EACMV have a synergistic effect, causing symptoms that are 

more drastic than either virus alone. This is attributed to the anti-silencing activity of AC4 of 

ACMV and AC2 of EACMV, which promotes viral DNA accumulation (Vanitharani, 

Chellappan, & Fauquet, 2005). 
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Figure 1.1: Selected virus symptoms. A) A field showing resistant (left) and susceptible (right) 

sugar beet plants infected with Beet curly top virus. Photo credit: Oliver T. Neher, The 

Amalgamated Sugar Company, Bugwood.org B) Cabbage showing symptoms of Cabbage leaf 

curl virus. Photo credit: David B. Langston, University of Georgia, Bugwood.org C) Tomato 

yellow leaf curl virus symptoms on tomato. Photo Credit: Don Ferrin, Louisiana State University 

Agricultural Center, Bugwood.org D) Cassava showing Cassava mosaic disease symptoms. 

Photo credit: Boykin et al., 2018. 

 

Arabidopsis thaliana ecotype Pla-1 

As a model plant for many studies, Arabidopsis thaliana has served to study and 

elucidate many virus-host interactions. It can host several geminiviruses, including BCTV, 

CaLCuV, TYLCV, and ACMV. In a screen of many ecotypes of Arabidopsis, Reyes et. al found 
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that the Pla-1 ecotype was immune to both BCTV and CaLCuV (2017). These two viruses 

belong to separate geminivirus genera (curtovirus and begomovirus, respectively), making the 

immunity very broad. This immunity is a highly valuable trait, as many efforts to prevent 

geminiviruses are focused on breeding resistant plants. In plants that have viral resistance, the 

virus is capable of replicating within the host, but at reduced levels and without causing major 

symptoms. Tolerant plants allow as much viral accumulation as susceptible plants, yet are 

completely symptomless. For both resistance and tolerant plants, the buildup of viral DNA 

permits virus evolution that could potentially lead to overcoming the resistance trait. However, in 

plants with immunity, the virus is does not accumulate in the host. Pla-1 was found to contain no 

detectible viral DNA and no visual symptoms, despite inoculation with infectious clones (Reyes 

et al., 2017). This ecotype is named after the location where it was found, the Playa de Aro 

region of Spain. Further studies are focused on this immunity, along with investigating the 

relatives of Pla-1, referred to as the Pla family. This family has four other members. 

Relevance of This Work 

The Pla-1 immunity has the potential to provide a powerful tool against geminiviruses. 

Since it is immune to very different geminivirus genera, it could help prevent the complex of 

viruses that attack crops at the same time. Additionally, the immunity trait will help prevent 

geminivirus evolution from circumventing the mode of resistance. This work is striving to find 

the gene(s) responsible for this immunity trait. With that knowledge, this trait could be 

transformed or edited into other crops, such as tomato and cassava. Beyond the resistance trait, 

understanding the mode of resistance can reveal new details about the geminivirus infection, 

replication, and movement pathways. 
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CHAPTER 2: Geminivirus Resistance 

A minireview to be Submitted to Frontiers in Plant Science 

Abstract 

A continuing challenge to crop production worldwide is the spectrum of diseases caused 

by geminiviruses, a family of single-stranded DNA viruses. These viruses are quite diverse, 

some containing mono- or bi-partite genomes, and infecting a multitude of plants including beet, 

tomato, and cassava. There are currently many efforts directed at controlling these diseases. 

While some of these methods include controlling the insect vector by which these diseases 

spread, this review will focus on the generation of plants that are resistant in themselves. Genetic 

resistance was traditionally found by surveying the wild relatives of modern crops for resistance 

loci; this method is still widely used and successful. However, the quick rate of virus evolution 

demands a rapid turnover of resistance genes. With the development of transgenic plants 

becoming more streamlined and accessible, scientists are now able to manipulate the various 

stages of geminivirus infection in the host, preventing symptom development and viral DNA 

accumulation.  

Brief introduction on geminiviruses 

Geminviruses are single-stranded DNA viruses that infect a wide range of agriculturally 

important crops, including maize, tomato, and cassava. They are divided into nine genera based 

on insect host and genomic similarities (Zerbini et al., 2017). The geminivirus genome can be 

either mono- or bipartite, and each circular genome is packaged in its own twinned icosahedral 

particle. These viruses are categorized into two groups based on geographic relationships, Old 

World and New World. New World geminiviruses are restricted to the Americas and are always 



   

9 

 

bipartite, while Old World viruses are found in the rest of the world, are not strictly bipartite, and 

express a precoat protein (H. Jeske, 2009).  

An understanding of the mechanisms surrounding viral infection is critical for developing 

methods to resist the viruses. The geminivirus infection cycle begins when its insect vector feeds 

on the host plant. The viral genome is passed from the insect directly into the phloem of the 

plant, where it is unpackaged from the particle, given a complimentary strand, and repackaged 

into a minichromosome with host histones (H. Jeske, 2009). The genome is then replicated with 

both rolling circle replication and recombination dependent replication (H. Jeske, 2009). All of 

these processes require host proteins such as polymerases and topoisomerases, yet the virus does 

transcribe several proteins to increase genome amplification and move the virus into new cells. 

The most critical geminiviral protein for virus replication is the replication-associated 

protein (Rep). It is responsible for initiating replication by binding the origin, nicking the DNA, 

and associating with host factors to promote replication (Fondong, 2013). One of these host 

factors is retinoblastoma-related protein (RBR), which is responsible for negative regulation of 

the cell cycle (Arguello-Astorga et al., 2004). The result of this interaction between Rep and 

RBR is likely the activation of genes required for DNA replication, which would in turn increase 

viral DNA replication (Fondong, 2013). In mastreviruses, there is another protein required for 

replication known as replication-associated protein A (RepA), which shares high sequence 

similarity to Rep (Fondong, 2013). While not necessary for replication, the replication enhancer 

protein (REn) is known to associate with Rep and increase levels of viral DNA replication 

(Fondong, 2013). 

Geminiviral transcriptional activator protein (TrAP) is highly multifunctional and, along 

with activating transcription, has been shown to be involved in pathogenicity and suppression of 
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gene silencing (Fondong, 2013). TrAP has been shown to suppress both transcriptional and post 

transcriptional gene silencing (Fondong, 2013; Kumar et al., 2015). The AC4/C4 protein (named 

differently in various viruses) is also known to suppress silencing (Ismayil et al., 2018) and can 

be a major symptom determinant in viral infection (Fondong, 2013). Similarly, AV2, a protein 

exclusive to Old World geminiviruses, is capable of suppressing gene silencing and is known to 

do so by interacting with suppressor of gene silencing 3 (SGS3) and histone deacetylace 6 

(HDA6) (Fondong, 2013; F. Li, Wang, & Zhou, 2017; B. Wang, Yang, Wang, Xie, & Zhou, 

2018).  

Besides DNA replication and suppression of silencing, geminiviruses also encode 

proteins that function in packaging and movement. The coat protein (CP) is the single 

component of the viral capsid and is critical for vector specificity and viral nuclear import 

(Fondong, 2013). In bipartite geminiviruses, the nuclear shuttle protein (NSP) is responsible for 

the viral nuclear import by binding ssDNA (Fondong, 2013). It also aids in intercellular 

movement by interacting with the movement protein (MP) at the membrane. Movement protein 

is responsible primarily for the intercellular spread of viral DNA (Fondong, 2013), working at 

the membrane to increase the size exclusion limit of plasmodesmata (H. Jeske, 2009).  
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Figure 2.1: Summary of Viral Resistance Mechanisms. 

Naturally occurring resistance 

In the process of crop domestication, traits that are not directly beneficial are often bred 

out in favor of those that confer larger fruits, drought tolerance, etc. When a new challenge 

arises, breeders will then search the wild relatives for traits that can aid in survival. This is the 

case with geminiviruses: there are numerous examples of geminivirus resistance genes found in 

wild relatives that are currently used in agricultural settings. This review will cover in detail the 

Ty family of genes in tomato and the CMD loci in cassava. 

Ty-1 was introgressed into tomato from the wild tomato Solanum chilense, then later 

mapped to chromosome 6. It confers a tolerant “symptomless” response against Tomato yellow 

leaf curl virus (TYLCV) in homozygous plants (Zamir et al., 1994). Ty-1 is allelic with another 

resistance gene from Solanum chilense, Ty-3. These genes encode an RNA-dependent RNA 

polymerase similar to RDRs 3, 4, and 5 in A. thaliana, implying a role for RNAi (Verlaan et al., 
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2013). The use of RNAi against geminiviruses will be discussed in detail later in this review. Ty-

1 plants have increased siRNA levels in comparison to non-resistant cultivars, corresponding 

with high levels of viral DNA methylation. This indicates transcriptional gene silencing (TGS), 

an antiviral response that encourages repressive methylation marks on the viral genome to lower 

its expression level (Butterbach et al., 2014).  

Ty-2 is a TYLCV resistance locus on chromosome 11 introgressed from Solanum 

habrochaites (X. Yang et al., 2014). This locus hosts a gene known as TYNBS1 that encodes an 

NB-LRR protein, known in other systems to provide pathogen resistance (Yamaguchi et al., 

2018). For instance, a different NB-LRR protein has been shown to provide resistance to 

Mungbean yellow mosaic India virus by binding to the viral coat protein (Maiti, Paul, & Pal, 

2012). The Ty-4 resistance locus on chromosome 3 is relatively minor, introgressed from S. 

chilense (Y. Ji, Scott, Schuster, & Maxwell, 2009). The recessive ty-5 locus has been mapped to 

chromosome 4, having been introgressed from a hybrid tomato known as Tyking. It is closely 

tied to the QTL marker SlNAC1 (Anbinder et al., 2009; Hutton, Scott, & Schuster, 2012). The 

gene responsible for ty-5 resistance is the pelota gene, which encodes the tomato homolog of an 

mRNA surveillance factor (Lapidot et al., 2015; Y. Wang et al., 2018). Ty-6 is another resistance 

gene that is bred to protect tomatoes against Tomato mottle virus (ToMoV) and TYLCV, but the 

only knowledge available for this gene is its origin from S. chilense (Scott, Hutton, & Freeman, 

2015). 

Resistance to Cassava mosaic disease (CMD) is less varied, with only three markers in 

cassava that are known to confer resistance. CMD2 is a single locus that is preferred by breeders 

due to its dominance (Akano, Dixon, Mba, Barrera, & Fregene, 2002). However, since CMD2 is 

monogenic, it is at risk of viral evolution overcoming resistance. Monogenic resistance is not 
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sufficient to prevent disease in the long-term and constant innovation is required keep ahead of 

viral evolution (Kuria et al., 2017). The newest marker associated with CMD resistance is called 

CMD3. It arose through crossbreeding of cultivars with the CMD2 locus and another recessive 

resistance locus, CMD1, and appears to have the highest level of resistance of the three loci 

(Okogbenin et al., 2012). 

As further proof of the need for a more effective CMD resistance, the popular CMD2 

locus has been shown to lose its resistance phenotype when the plants are regenerated through 

somatic embryogenesis (Beyene et al., 2016). While the exact mechanism for this change is still 

unknown, the phenomenon is consistent and applies to other morphogenic systems such as 

callogenesis and meristem tip culture. The other CMD resistance types (CMD1 and CMD3) do 

not exhibit this change, and so are still reliable for use in biotechnology and cloning. The loss of 

CMD2-related resistance is important to understand as it provides a pathway to elucidate the 

CMD2 mechanism of resistance. Additionally, this could provide a method to predict if other 

agriculturally relevant traits will fall victim to the same phenomenon (Chauhan, Beyene, & 

Taylor, 2018). There are several potential mechanisms for this type of change after somatic 

embryogenesis. Somaclonal variation is caused by epigenetic changes taking effect when the cell 

undergoes the disorganized regeneration phase. (Bairu, Aremu, & Van Staden, 2011; K. Lee & 

Seo, 2018). This could result in downregulation of the CMD2 resistance gene.
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Table 2.1: List of Genes Related to Geminivirus Resistance. 

Gene Protein Plant Virus Reference 

Ty-1 RNA-dependent polymerase S. lycopersicum TYLCV 
(Butterbach et al., 2014; Verlaan et 
al., 2013; Zamir et al., 1994) 

Ty-2 NB-LRR class protein S. lycopersicum TYLCV 
(Yamaguchi et al., 2018; C.-F. Yang 
et al., 2014) 

Ty-3 RNA-dependent polymerase S. lycopersicum TYLCV (Verlaan et al., 2013) 

Ty-4   S. lycopersicum TYLCV (Y. Ji et al., 2009) 

ty-5 pelota S. lycopersicum TYLCV 
(Hutton et al., 2012; Lapidot et al., 
2015; Scott et al., 2015) 

Ty-6   S. lycopersicum TYLCV (Scott et al., 2015) 

CMD1   M. esculeta ACMV 

(Akano et al., 2002; Fregene, 
Bernal, Duque, Dixon, & Tohme, 
2000) 

CMD2   M. esculeta ACMV 
(Akano et al., 2002; Kuria et al., 
2017) 

CMD3   M. esculeta ACMV (Okogbenin et al., 2012) 

CchGLP MN-SOD C. Chinense PHYVV, PepGMV 

(Guevara-Olvera et al., 2012; León-
Galván et al., 2011; Mejía-Teniente 
et al., 2015) 

SlSnRK1 SnRK1 S. lycopersicum TYLCV, CaLCuV 

(Hulsmans, Rodriguez, De Coninck, 
& Rolland, 2016; Q. Shen et al., 
2011; W. Shen, Dallas, Goshe, & 
Hanley-Bowdoin, 2014) 

Permease-1 
like   

S. habrochaites introgressed S. 
lycopersicum TYLCV 

(Eybishtz, Peretz, Sade, Akad, & 
Czosnek, 2009) 

LeHT1 hexose transporter S. lycopersicum TYLCV 

(Eybishtz, Peretz, Sade, Gorovits, & 
Czosnek, 2010; Sade, Eybishtz, 
Gorovits, Sobol, & Czosnek, 2012) 

SlVSRLip lipocalin-like S. lycopersicum TYLCV (Sade et al., 2012) 

NIK NSP-interacting kinase A. thaliana, S. lycopersicum, G. max begomoviruses (Brustolini et al., 2015) 

SGS3 RNA binding protein in PTGS N. benthamiana TYLCV (F. Li et al., 2017) 

WRKY Group III transcription factors S. lycopersicum TYLCV (Huang et al., 2016) 
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Known pathways of resistance 

There are several biochemical pathways of resistance to geminivirus infection that have 

been studied in detail. Understanding these pathways helps decipher how viruses are attacking 

plants while also revealing how plants are adapting to and avoiding infection. This review will 

cover a few examples that illustrate the biological impact and mode of geminivirus infection. 

One common approach for identifying genes that are involved in viral infection is by 

reverse genetics, in which a putative gene is knocked out and its effect on infection is measured. 

Eybishtz et al. used this method in 2009 to identify Permease I-like protein as a resistance factor 

in TYLCV-resistant tomatoes. In the knockout plants, viral genomic titer accumulated and 

resulted in susceptibility (Eybishtz et al., 2009). By a similar approach the hexose transporter 

LeHT1 was also identified as a resistance gene. In knockout tomatoes, TYLCV accumulated and 

caused a necrotic response. This implies that programmed cell death may be a factor in viral 

response (Eybishtz et al., 2010). In support of this hypothesis, a downstream gene in the same 

LeHT1 pathway, a lipocalin-like gene, also results in a necrotic response to TYLCV when 

knocked out of resistant tomato (Sade et al., 2012). 

A separate geminivirus resistance pathway that also involves programmed cell death is 

the CchGLP gene found in resistant peppers. This gene has manganese superoxide reductase 

(MN-SOD) activity, which increases upon infection by Pepper golden mosaic virus (PepGMV) 

and Pepper huasteco yellow vein virus (PHYVV) in resistant plants only (León-Galván et al., 

2011). Knockout peppers lacking CchGLP develop symptoms in the resistant background, 

indicating this gene’s important role in defense (Mejía-Teniente et al., 2015). When transferred 

into susceptible tobacco plants, CchGLP conferred a more mild symptom response accompanied 

by higher levels of reactive oxygen species and increased expression of systemic acquired 
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resistance-related genes (Guevara-Olvera et al., 2012). Reactive oxygen species are known to 

promote programmed cell death, which is a general host defense mechanism to prevent the 

spread of infectious particles such as bacteria or viruses (Lam, 2004). This model demonstrates 

this mechanism is clearly involved in natural defense against geminiviruses. 

SnRK1 is an energy sensor in the cell, acting along with other proteins such as Adi3 and 

TOR to make environmental response decisions in the cell. It specifically detects levels of sugar 

phosphates (Hulsmans et al., 2016). When challenged with geminivirus infection, Arabidopsis 

SnRK1 has been shown to phosphorylate AL2 of Cabbage leaf curl virus (CaLCuV), causing a 

delay and attenuation of symptoms (W. Shen et al., 2014). AL2 acts as a transcription factor for 

the Old World geminivirus coat protein and nuclear shuttle protein. Additionally, it acts as a 

RNA silencing suppressor (Fondong, 2013). Interestingly, SnRK1 is activated by geminivirus 

Rep-interacting kinases (W. Shen et al., 2014). In tomato, the analogue SlSnRK1 was shown to 

phosphorylate the pathogenicity factor βC1, which is extremely toxic to plants. βC1 is encoded 

by the beta-satellite associated with TYLCV-China. SlSnRK1 is the only protein in tomato 

shown to interact with βC1, and this interaction allows for phosphorylation that leads to 

symptom delay and viral DNA load reduction (Q. Shen et al., 2011). Additionally, SnRK1 

phosphorylates the Tomato golden mosaic virus (TGMV) Rep protein, which interferes with its 

dsDNA binding function. This results in lower viral DNA replication levels and reduced 

infection symptoms in tomato (W. Shen et al., 2018). These features make SnRK1 an important 

factor in geminivirus defense. In turn, geminivirus proteins AL/L2 are known to target SnRK1 to 

prevents its autophosphorylation, which inactivates ADK and disrupts cellular sugar balances. 

This emphasizes that every metabolic pathway in a cell is related to disease response and 

immunity (Hulsmans et al., 2016). These two proteins seem to be evolving side-by-side, with the 
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geminivirus evolving to disrupt the cell’s energy balance, then the plant changing to circumvent 

disruption and inhibit geminivirus transcription. 

Another receptor kinase that is known to counteract geminivirus infection is the nuclear 

shuttle protein (NSP)-interacting kinase (NIK) family (Santos, Lopes, Apfata, & Fontes, 2010). 

These are so named because they interact with the geminivirus protein NSP, which is responsible 

for moving the viral genome into the nucleus (H. Jeske, 2009). Arabidopsis NIKs are activated 

upon geminivirus infection, requiring oligomerization and autophosphorylation to activate 

(Brustolini et al., 2015). The downstream target of NIK is the ribosomal protein L10, which then 

enters the nucleus upon phosphorylation and downregulates translation-related genes, slowing 

down the infection progress (Brustolini et al., 2015; Santos et al., 2010). Again, the geminivirus 

has evolved alongside NIK to suppress its antiviral activity by binding to the critical threonine 

474, preventing its phosphorylation that is required for NIK activation (Santos et al., 2010). This 

same T474, when changed to phosphomimetic aspartate, constitutively activates antiviral 

response genes, circumvents interference by NSP, and confers tolerance to begomovirus 

infection (Brustolini et al., 2015). This response is an example that understanding and changing 

natural virus-host interactions can provide new solutions to this problem. 

Engineered resistance 

To engineer a plant with geminivirus resistance, a natural defense mechanism is often 

utilized in a deliberate manner. This review will cover several examples of engineered 

geminivirus resistance that interfere with the viral replication cycle. 

Interfering with Proteins 

Many techniques for engineered resistance act on the proteins required for viral 

replication. Geminiviruses have one protein that is absolutely required for DNA replication, 
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replication associated protein or Rep (Fondong, 2013). In an approach known as 

‘immunomodulation’, transgenic plants are developed to express antibodies against important 

viral proteins.  Single-chain antibodies have been generated against the Tomato leaf curl New 

Delhi virus coat protein and shown to bind in vivo (Zakri, Ziegler, Commandeur, Fischer, & 

Torrance, 2012). Similarly, anti-Rep antibody expression in N. benthamiana was capable of 

producing a resistance phenotype to TYLCV. The resistance varied between lines, however, 

possibly due to the varied expression of the antibody transgene (Safarnejad et al., 2009). 

Recombinant antibodies have also been generated that have catalytic action. An example of this 

is 3D8, which has single-stranded and double-stranded DNase activity. While the expression 

levels had to be kept low to protect host nucleic acid, 3D8 expression prevented high levels of 

viral DNA accumulation. (G. Lee et al., 2013).  

Peptide aptamers are engineered peptide sequences, expressed by the host, that interfere 

with a protein of interest. These are significantly smaller than single-chain antibodies, but act in 

a similar way. They have been developed and tested against geminiviral proteins, one of which is 

the Tomato golden mosaic virus (TGMV) replication-associated protein AL1. The aptamers 

bound AL1 in vivo and lowered viral DNA production (Lopez-Ochoa, Ramirez-Prado, & 

Hanley-Bowdoin, 2006). When expressed in tomato, aptamers were also effective against 

TYLCV and Tomato mottle virus (ToMoV) by reducing viral symptoms and the viral DNA load 

(Reyes, Nash, Dallas, Ascencio-Ibáñez, & Hanley-Bowdoin, 2013). 

Another method for geminivirus replication interference involves the addition of genomic 

fragments known as subgenomic DNA, which are self-replicating, non-infectious fragments of 

geminiviruses. Plants transformed with and transcribing subgenomic DNA have reduced viral 

symptoms upon challenge by the full virus, likely due to competition with the infectious genome 
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for replication materials (Stanley, Frischmuth, & Ellwood, 1990). This concept of defective 

interfering DNA as a defense mechanism has been shown to reduce infectious viral load to 10% 

of the unprotected control (Frischmuth & Stanley, 1994). However, the effects of the defective 

interfering DNA protection are virus- and strain- specific, making its practical use limited and 

inefficient (Stenger, 1994). An understanding of this mechanism could still prove useful by 

revealing a different model of disease resistance. One can imagine a system in which an 

unrelated DNA sequence, designed to bind to Rep, could compete for viral replication. 

Slowing geminivirus infection can also occur by blocking protein activity without 

binding to the protein itself. For example, the TYCLV Rep protein is required for viral 

replication and must bind to its binding site on the genome to initiate this replication. A potential 

method to interfere with this is to out-compete Rep for origin binding. Artificial zinc-finger 

proteins (AZPs) are a powerful tool to achieve specific DNA binding, and an AZP can be 

produced that has much greater affinity for the origin than Rep (Mori, Takenaka, Domoto, 

Aoyama, & Sera, 2013). A plant expressing this or a similar protein may inhibit geminivirus 

replication. Mendoza-Figueroa et al. found a globulin-derived peptide that also showed a high 

affinity for the origin. When applied to TYLCV-infected N. benthamiana plants, the binding of 

this peptide reduced viral load. This indicates that the peptide may not need to be expressed by 

the plant, but rather can be applied exogenously to interfere with Rep activity (Mendoza-

Figueroa et al., 2018). 

Acts on Nucleic Acid 

Host plant mechanisms often defend against viruses by silencing either the DNA or RNA 

of the virus. Transcriptional gene silencing is a regulatory mechanism in plants that inhibits 

transcription by methylating DNA. This is used to regulate host processes by eliminating mRNA 
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before transcription. Additionally, it defends against viral RNA by targeting those sequences. It 

is triggered by double-stranded RNA sequences that are cleaved into short RNA (sRNA) 

molecules. The sRNA is loaded into a complex with Argonaute proteins, which are then directed 

to complimentary DNA or RNA sequences. This can result in several outcomes, including 

degradation of existing RNAs (also known as post-transcriptional gene silencing) or targeting 

DNA for methylation (Mathieu & Bender, 2004; Raja, Wolf, & Bisaro, 2010).  

To counteract the action of silencing, geminiviruses have evolved proteins that interfere 

with the host pathway. These proteins are often pathogenicity factors that determine the severity 

of symptom development. For example, the V2 protein of TYLCV-China interacts with and 

sequesters secondary siRNAs, hindering the spread of silencing (Wieczorek & Obrępalska-

Stęplowska, 2015). V2 is known to interfere with the action of suppressor of gene silencing 3 

(SGS3), a DNA-binding protein that is associated with the PTGS pathway. (Wieczorek & 

Obrępalska-Stęplowska, 2015). Another example of an RNA silencing suppressor is TrAP, 

which slows siRNA production by blocking RDR6-mediated biogenesis of siRNA, as well as 

binding to AGO1 to prevent action of the RISC complex, two critical proteins in the silencing 

pathway (Kumar et al., 2015). These combined functions serve to block the silencing action of 

interfering RNAs. Besides blocking RNA silencing, viral suppressors of RNA silencing (VSRs) 

can also act against TGS. Geminiviral protein AC4 is known to interfere with viral DNA 

methylation levels by binding to AGO4, a critical member of the RNA-directed DNA 

methylation (RdDM) pathway (Vinutha et al., 2018). The begomovirus AC2 homologue, AL2, is 

also known to lower global DNA cytosine methylation levels (Buchmann, Asad, Wolf, 

Mohannath, & Bisaro, 2009). 
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Post-transcriptional gene silencing (PTGS) is a system used in plants to regulate the 

translation of RNA. It can act on invading RNAs, making it a critical part of the host anti -viral 

system. For an excellent review on the general interactions between plant viruses and PTGS in 

the host, see Wieczorek and Obrępalska-Stęplowska (2015). Despite not forming the required 

dsRNA intermediate, geminiviruses are targeted by short interfering RNA (siRNA) (Chellappan, 

Vanitharani, & Fauquet, 2004). Upon geminivirus challenge, an increase in siRNA is correlated 

with a decrease in symptoms. Conversely, when the siRNA levels are low or non-detectable, the 

plants do not recover from infection. Additionally, siRNAs are preferentially targeted to the 

overlapping sequence between the AC1 and AC2 genes (Chellappan, Vanitharani, et al., 2004). 

This leads to the current hypothesis that transcripts, particularly the 3’ ends at the polyA site, 

overlap in the cell to create a temporary dsRNA molecule, which is then targeted by the PTGS 

machinery (Aregger et al., 2012; Chellappan, Masona, Vanitharani, Taylor, & Fauquet, 2004; 

Vanitharani, Chellappan, & Fauquet, 2003). 

Knowledge of the proteins involved in silencing responses can provide an avenue for 

targeted breeding practices that enhance the plant’s ability to mount an antiviral response. 

Antiviral siRNA is produced by dicer-like proteins (DCLs), which cut up the dsRNA into 21, 22, 

and 24-nt fragments (Rey & Fondong, 2018). These fragments are loaded into various Argonaute 

(AGO) proteins, which assemble into a protein complex known as RNA-induced silencing 

complex (RISC) (Rey & Fondong, 2018). This complex is then directed to complimentary RNA 

sequences, degrading them or blocking translation. Secondary RNA silencing is induced by 

RNA-dependent RNA polymerases (RDRs), which amplify the siRNA signal to spread silencing 

throughout the plant (Rey & Fondong, 2018). One such RDR, RDR6, is known to be a critical 

component of PTGS against geminiviruses. It cooperates with suppressor of gene silencing 3 
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(SGS3) to fight geminivirus infection through the promotion of PTGS (F. Li et al., 2017). The 

RDR-class proteins encoded by TYLCV resistance loci Ty-1 and Ty-3 also likely play a role in 

this process (Verlaan et al., 2013). 

In multiple systems, the resistance/recovery phenotype is strongly associated with RNA 

silencing. The intergenic region (IR) of the geminivirus is targeted by the transcriptional gene 

silencing system, evidenced by a greater proportion of siRNAs produced for this region along 

with a heavier methylation load for the IR (Yadav & Chattopadhyay, 2011). There is a 

significant inverse relation between the viral DNA methylation and the disease progression, 

measured by symptom severity and viral titer (Rodríguez-Negrete, Carrillo-Tripp, & Rivera-

Bustamante, 2009; Yadav & Chattopadhyay, 2011). The targeted siRNA production and the 

subsequent viral methylation are associated with geminiviral resistance in these studies, showing 

that geminiviruses are targeted by transcriptional gene silencing.  

A transgenic approach has been developed in multiple systems to generate plants that 

produce antiviral siRNAs. This is done by expressing a viral gene in the host, which initiates 

PTGS quicker and to a higher degree when challenged by a virus. The plants expressing the gene 

in hairpin form had the highest levels of resistance and siRNA, with some plants showing no 

symptoms at all (Leibman et al., 2015; Tomar et al., 2018). However, this phenomenon may be 

dosage-dependent, as multiple studies have shown that resistance is inversely correlated with 

siRNA level and can be broken by high viral titer (Leibman et al., 2015; Vanderschuren, Alder, 

Zhang, & Gruissem, 2009). 

The recent advent of the CRISPR/Cas system has introduced a new tool for generating 

resistance to geminiviruses. It has potential as a specific editing tool, and has shown to be 

effective against four different geminiviruses when expressed in plants (reviewed by Zaidi et al. 
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2016). In all cases, the presence of the Cas endonuclease and targeted short guide RNAs 

(sgRNAs) reduced viral titer and symptom development. Studies suggest that the level of Cas9 

expression was a deciding factor in the level of symptom reduction (Baltes et al., 2015; X. Ji, 

Zhang, Zhang, Wang, & Gao, 2015). Not only has this system been shown to be effective in 

reducing geminivirus infection, but it also can be used to confer multiple-virus resistance when 

the conserved nonanucleotide sequence was targeted by sgRNA (Ali et al., 2015). This was 

demonstrated in a dual infection of TYCLV and BCTV. 

An interesting discrepancy between these experiments is the conclusion concerning the 

effect of multiple sgRNAs in the system. Baltes et al. (2015) showed there was an additive effect 

towards the effectiveness of the virus resistance, while Ali et al. (2015) did not. An additive 

effect was observed, however, after using the more-effective sgRNA/tRNA system, which 

manipulates the endogenous tRNA processing system in plants to accurately cleave sRNAs 

introduced by the transgene (Xie, Minkenberg, & Yang, 2015). CRISPR/Cas9 offers a great tool 

to integrate geminivirus resistance into otherwise susceptible plants, yet it is not perfect. Zhang 

et al. described in 2018 that their high-specificity gRNA was still showing off-target effects 

when expressed in Arabidopsis. These were reduced by using a modified gRNA scaffold 

(expressing the gRNA adjacent to tRNA9met) and using the SpCas9 mutant (Zhang et al., 2018). 

Another unintended consequence of CRISPR-based viral resistance is the evolution of the virus 

to evade sgRNA. This adaptation renders the resistance useless (Mehta et al., 2019). 

Conclusions 

While geminiviruses are very successful at infecting their hosts, there are many routes to 

subverting them. Several have been established by the plant world as they evolve to overcome or 

tolerate infection. Others are introduced by human intervention as we seek to protect our crops. It 
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is important to keep innovating new solutions to keep pace with the rapid evolution of these 

viruses. Resistance based on genomic sequence, such as gene silencing by transgenic gene 

expression, are at a disadvantage as they rely on the sequence to remain unchanged. These also 

tend to be very virus-specific, making it difficult to protect crops against the multiplex of 

concurrent infections that is common in geminiviruses. Antibody-based systems and peptide 

aptamers may hold better long-term resistance since they put more indirect evolutionary pressure 

on the geminivirus genome. Additionally, the peptide aptamers showed a broader base of 

effectiveness (Reyes et al., 2013), which may be effective at fighting concurrent geminivirus 

infections. However, the long history of virus/host competitive evolution shows that protein-

based resistance can still be evolved around. To continue developing more resistant crops, we 

must gain a greater understanding of these viruses and how they infect the plants. An ideal route 

of resistance would prevent initial viral infection, eliminating the opportunity for evolution 

around the mechanism. 
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CHAPTER 3: Characterizing the Pla-1 Immunity 

Prior knowledge 

In 2017, a screen of 190 accessions of Arabidopsis thaliana was carried out to find an 

accession that was a suitable model for virus induced gene silencing (VIGS), in which a host 

gene is introduced into a viral genome and subsequently silenced by the host’s own defense 

mechanisms. The infection reagent was a modified CaLCuV containing a fragment of the A. 

thaliana gene CH-42, a magnesium chelatase subunit as a marker for gene silencing (Reyes et 

al., 2017). The screened accessions demonstrated various levels of resistance against virus 

infection and gene silencing. However, one of the accessions, Pla-1 ,was unable to support VIGS 

and was immune to CaLCuV infection (Reyes et al., 2017). Immunity is very valuable against 

viruses because it does not permit viral replication and/or intercellular movement within the host. 

Other host responses, such as resistance and tolerance, permit viral replication accompanied by a 

reduced severity of symptoms. This is helpful when it comes to helping a plant survive long 

enough to produce fruit, which can be adequate protection in many crops. However, if the virus 

is allowed to continue replicating, a pool of genomic material is allowed to accumulate within 

the host. This provides opportunity for viral evolution and subsequent resistance breaking 

(Gallois, Moury, & German-Retana, 2018).  

Upon identifying the resistance in Pla-1, Reyes et al. characterized it by polymerase chain 

reaction (PCR) detection of viral DNA, challenging with other viruses, and quantitative trait 

locus (QTL) mapping. The additional testing revealed that Pla-1 is also immune to BCTV and 

resistant to TYLCV, confirmed by PCR amplification showing no viral genome amplification 

and by Southern blot for TYLCV (Reyes et al., 2017) as compared to a susceptible Arabidopsis 

ecotype, Col-0. This makes the immunity in Pla-1 very broad: CaLCuV and TYLCV are bipartite 
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and monopartite begomoviruses, respectively, while BCTV is a monopartite curtovirus (Zerbini 

et al., 2017). Broad immunity such as this holds promise to combat a wide variety of 

geminiviruses. Beyond this, the Pla-1 genome was sequenced to allow comparison of single 

nucleotide polymorphisms (SNPs) to the susceptible Col-0 accession. Selected SNPs were used 

in QTL analysis to map the CaLCuV immunity trait to chromosome 1 of Pla-1 using an F2 

population from a cross of Col-0 x Pla-1 (Reyes et al., 2017)  

Goals of Present Work 

This present research builds on the knowledge of Pla-1 immunity to geminiviruses. We 

fine map the immunity trait on chromosome 1 to achieve greater understanding of what gene(s) 

could be contributing to immunity. Additionally, we compare Pla-1 immunity against CaLCuV 

and BCTV to validate if the same region(s) is associated with the trait. 

Materials and Methods 

Plant growth 

Arabidopsis thaliana seeds were obtained from the Arabidopsis Biological Resource 

Center (ABRC). All plants in this study were grown at 22°C in 8-hour light/16-hour dark days. 

For genotyping experiments, the F2 generation of a Col-0 (susceptible) by Pla-1 (resistant) cross 

was used. The F2 generation was necessary to generate a segregating population. 

Infection studies 

Geminivirus inoculation was carried out by Agrobacterium tumefaciens inoculation in 

which the bacteria contained an infectious clone of the intended virus (W. Shen & Hanley-

Bowdoin, 2006). Agrobacteria were grown in liquid LB broth, incubated at 30°C and shaken. 

For CaLCuV, Agrobacteria containing either the A or B genome were mixed after incubation. 

The bacterial culture was injected in the plant with a 27 ½ gauge needle around the apical 
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meristem. Symptoms were then measured every 7 days by visual inspection on a scale of 1-5. 

While the symptoms for each virus varied, 1 is a healthy resistant plant while 5 is a highly 

symptomatic plant. Specific symptoms scores for each virus are listed in table 3.1.  

Kompetitive allele-specific polymerase chain reaction (KASP) 

DNA was isolated from hand-plucked leaf samples by chloroform extraction and 

concentration was analyzed by measuring fluorescence when Pico Green dye was added (Reyes 

et al., 2017). These samples were used for QTL analysis with Kompetitive allele-specific 

polymerase chain reaction (KASP) developed by LGC Genomics. This technique allows 

genotyping at SNP locations because the primers specific for each SNP are differentially labelled 

with fluorophores. After PCR amplification of the sample with the primers and other PCR 

reagents in a qPCR machine, fluorescence for each fluorophore is measured. Based on which 

fluorophore (or both) was detected, the plant was characterized as having the Pla-1 or Col-0 

SNP. This method was used to screen for plants with DNA recombination in the chromosome 1 

region at 8-12.7 Mbp, which contains a resistance locus. We did this in our laboratory with 

KASP primers that corresponded to 2 SNP sites at 8 Mbp and 12.7 Mbp. Of the 3000 plants that 

were tested, 200 were recombinants in the region of interest. A new set of primers 100 kbp apart 

was designed and sent to LGC Genomics for further KASP genotyping. These data, along with 

the CaLCuV infection data, was processed in R/qtl to identify a smaller region of interest 

(Broman, Wu, Sen, & Churchill, 2003; R Core Team, 2018). 
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Table 3.1: Description of Symptom Scoring on Arabidopsis thaliana. 

 

Results 

Cabbage Leaf Curl-infected plants 

Summaries of the CaLCuV infection studies on the F2 generation of Pla-1 x Col-0 plants, 

1989 in total, are in table 3.2. The majority of plants experienced some level of symptoms. The 

KASP screen revealed the genotype for each sample both upstream and downstream of the 

previously identified region of interest. These data are summarized in table 3.3. As anticipated, 

plants with the Col-0 SNP at both ends of the region were very susceptible, with only 2.5% 

having resistance. Similarly, plants that matched Pla-1 in this region were 49% resistant. This 

incomplete pattern of resistance may indicate that more than one locus is contributing to the trait, 

or that the locus may extend outside the SNPs. 

  

Virus Score 1 Score 2 Score 3 Score 4 Score 5

BCTV
Symptomless and 

healthy

Young leaves are 

dwarfed

Young leaves are 

dwarfed, plant will 

be small

Young leaves are 

very small and 

curled, plant is very 

short. Mature leaf 

purpling

Severe leaf curling 

and dwarfing, plant 

growth stunted. 

Purpling of many 

leaves

CaLCuV
Symptomless and 

healthy

Leaves are 

misformed, slightly 

curled

Moderate wrinking 

on leaves

Leaves turn yellow, 

severely wrinkled

Severe yellowing 

and leave 

deformation. Plant 

clearly dying.

TYLCV
Symptomless and 

healthy

Young leaves are 

discolored and 

slightly curled

Young leaf growth 

is stunted and 

damage more 

pronounced

Whole plant growth 

is stunted. Leaves 

have a crinkled 

appearance

Young leaves are 

very small and 

wrinkled. Plant is 

dwarfed
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Table 3.2: Summary of CaLCuV infection study. Symptom score was determined visually. 

Results are reported as percentage of plants that matched the given score. 

Symptom 
Score 

Percentage at 
28 dpi 

1 21.80 

2 14.42 

3 22.57 

4 24.40 

5 16.78 

 

Table 3.3: KASP Genotyping Summary for CaLCuV Experiment. Location refers to the 

SNP location, with 5’ side denoting the 8 Mbp SNP and 3’ side denoting the 12.7 Mbp SNP. 

Location ‘overall’ shows the combined genotype of both SNPs. Highlighted in green are the 

plants without recombination in the region of interest. Notice that only 2.5% plants sharing the 

Col-0 genotype in this region are resistant, while 49% plants with Pla-1 are resistant. 

Additionally, the heterozygous genotype is intermediate. 

 

Location Genotype Total # 1 2 3 4 5

5' side Col-0 367 8.2 4.4 7.4 25.3 54.8

5' side Pla-1 595 43.0 19.0 20.0 13.3 5.4

5' side Heterozygous 1027 19.7 12.6 24.0 28.1 16.5

3' side Col-0 390 4.4 3.1 7.4 23.8 61.8

3' side Pla-1 611 43.9 21.6 20.8 12.4 2.5

3' side Het. 988 20.5 11.5 23.9 29.6 14.8

Overall C-C 239 2.5 2.1 2.5 22.6 70.3

Overall P-P 412 49.0 20.4 20.1 9.5 1.9

Overall H-H 704 40.0 6.7 20.0 26.7 6.7

Overall C-P 15 40.0 6.7 20.0 26.7 6.7

Overall C-H 113 15.9 8.8 15.9 31.0 28.3

Overall H-C 139 5.8 5.0 16.5 23.7 49.6

Overall P-C 12 25.0 0.0 0.0 50.0 33.3

Overall P-H 171 29.8 17.0 21.1 19.9 11.7

Overall H-P 184 32.6 25.5 22.3 17.9 3.3

Total # 1989 488 258 392 461 402

Symptom Distribution (%) at 28 dpi
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Figure 3.1: PCR of Apparent Gap Regions. Molecular weight ladder is in the left lane. Despite 

small differences between Col-0 (C) and Pla-1 (P) sequences, all but gap 4 amplified in both 

samples. Gap 4 was undetectable in Pla-1. 

Nearly 275 plants containing recombination in the chromosome 1 region of interest were 

selected for fine mapping. SNP markers were selected in the region of interest at an interval of 

100 kbp using the Integrated Genome Viewer to compare Col-0 and Pla-1 genomes (Robinson et 

al., 2011). The data were processed in R/qtl to associate a logarithm of odds (LOD) score for 

each SNP based on symptom scores (Broman et al., 2003). Interestingly, different analyses 

reveal that there is another LOD peak adjacent to this region. If the samples are categorized as 

immune (symptom score 1) or susceptible (symptom scores 2, 3, 4, and 5), one of the ‘shoulder’ 

peaks becomes prominent. This categorization does not include symptom severity since all 
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susceptible plants are in one category, so this peak likely corresponds to a locus controlling onset 

of infection. This revealed a narrower region of interest to about 125 kbp on chromosome 1, 

which contains 23 known genes. A list of these genes is listed in table 3.4. By categorizing the 

samples parametrically, by symptom severity excluding completely resistant score 1 plants, the 

other ‘shoulder’ peak is the main contributing factor. This locus is likely to contribute to 

symptom severity. See figure 3.2 for the peaks. This reveals there are likely two genes acting in 

this region, designated as Geminivirus Resistance in Pla-1 (GRP)-1 and GRP-2. The whole 

region will be referred to as GRP-1/2. 

To study what differences may exist in this region between Pla-1 and the susceptible 

control Col-0, the genome was compared to the TAIR10 Col-0 genome using the Integrated 

Genome Browser (Robinson et al., 2011). This revealed five large insertion/deletion regions, or 

‘gaps,’ in the genome alignment between Pla-1 and Col-0. The sizes of these gaps were 22, 42, 

828, 1424, and 8257 bp. Of these, the 8-kbp gap was of highest interest due to its large size and 

the two coding regions that resided there. The regions were studied using polymerase chain 

reaction (PCR) with primers designed for Col-0 sequence on either side of the gaps. All of these 

regions were amplified in both Col-0 and Pla-1, excluding the 8 kbp gap. This result is shown in 

figure 3.1. The bands from Pla-1 were excised and sequenced to confirm the alignment. 

However, the 8 kbp gap in Pla-1 could not be amplified, even with LongAmp Taq polymerase. 

This same experiment was run on other plants closely related to Pla-1; they also did not have any 

amplified product. Whether a sequence change or structural rearrangement, this change is shared 

across these plants, which have varying levels of geminivirus resistance. This 8 kbp gap was 

resolved by aligning the Pla-1 genome to the de novo Ler-0 reference genome (Jiao, 2019). In 

this alignment, the 8 kbp region is replaced with a 17 kbp insertion (Wei Shen, unpublished 
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data). This region was detected using the basic local alignment search tool (BLAST) available 

through the National Center for Biotechnology Information (NCBI), which matched the known 

regions left and right of the gap. It is present in Ler-0 but not Col-0, which could explain the 

poor alignment in the region between Pla-1 and Col-0. Additionally, 17 kbp is too large a region 

for the polymerases used in the PCR, so it would not be amplified in this experiment. It is 

important to note that Ler-0 is susceptible to geminiviruses. 

In order to investigate if there are any more loci contributing to immunity, another round 

of mapping across the whole genome was conducted. Pla-1 x Col-0 F2 plants heterozygous for 

GRP-1/2 were used to suppress its influence on any potential linked resistance loci. SNPs for 

analysis were chosen at an interval of 2.5 Mbp. After processing with R/qtl, this round of 

genotyping revealed another putative QTL on chromosome 5, termed GRP-3. Using the same 

categorical tests, this LOD peak is only present and statistically significant in the binary analysis, 

indicating that this locus contributes to prevention of infection onset. Figure 3.3 demonstrates 

this analysis. The genotypes at GRP-3 of all the F2 were also determined by KASP using 2 SNPs, 

one at 20.8 Mbp and the other at 25.4 Mbp on chromosome 5, on each side of the mapped GRP-3 

locus. By comparing the genotypes at GRP-1/2 and GRP-3 and the proportion of plant symptoms 

in each group, the contribution of each locus to immunity against CaLCuV can be compared. 

This revealed that GRP-1/2 alone, with GRP-3 held at Col-0 homozygous, contributes to about 

35% resistance. This is a significant proportion of contribution to overall resistance, but not 

sufficient for complete immunity.  When GRP-1/2 and GRP-3 are all Pla-1 homozygous, there is 

about 55% resistance. GRP-3 enhances the resistance that exists with GRP-1/2, but is not 

required to achieve resistance. If GRP-1/2 is Col-0 homozygous, there is very little resistance 

provided by GRP-3. Resistance from GRP-3 must require at least one copy of GRP-1/2. 
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Therefore, GRP-1/2 is necessary for resistance, and GRP-3 has an additive effect. This effect is 

also dosage-dependent, as the levels of resistance consistently rise between heterozygous and 

homozygous Pla-1 categories. The assigned contributions of each locus are shown in figure 3.4. 

It is important to note that since there are multiple loci contributing to immunity, each on its own 

is a resistance locus. 

Another genetic mapping approach, QTL-Seq (Takagi et al., 2013), confirmed that GRP-

1/2 and GRP-3 contribute to the Pla-1 immunity against CaLCuV and revealed a potential 

additional locus on chromosome 3, termed GRP-4 (Emily Wheeler, Maria Ines Reyes, Wei Shen, 

Linda Hanley-Bowdoin, and José Ascencio-Ibáñez, unpublished data, figure 3.5). However, 

GRP-4 was not revealed by mapping via genotyping. 
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Table 3.4: Gene list from GRP-2 region. 

Gene ID Protein ID 
Pla-1 sequence, 
compared to Col-0 Description (Source: TAIR) 

AT1G32180 CSLD6   encodes a gene similar to cellulose synthase     

AT1G32190     alpha/beta-Hydrolases superfamily protein          

AT1G32200 ATS1   Involved in the biosynthesis of chloroplast phosphatidylglycerol 

AT1G32210 ATDAD1 Densely polymorphic Encodes protein involved in suppression of apoptosis 

AT1G32220   Densely polymorphic NAD(P)-binding Rossmann-fold superfamily protein 

AT1G32225     hypothetical protein 

AT1G32230 RCD1   Under high salt or oxidative stress, RCD1 is found not only in the nucleus but also in the cytoplasm 

AT1G32240 KAN2   
Together with KAN1, this gene appears to be involved in the development of the carpel and the outer integument of 
the ovule 

AT1G32250     Calcium-binding EF-hand family protein 

AT1G32260     envelope glycoprotein 

AT1G32270 ATSYP24 missing coverage member of SYP2 Gene Family 

AT1G32280 END1 missing coverage Encodes a homolog of the barley endosperm-specific gene END1 with seed and pollen specific expression 

AT1G32300 GULLO1   D-arabinono-1,4-lactone oxidase family protein 

AT1G32310 SAMBA 
adjacent to missing 
coverage 

Encodes a plant-specific negative regulator of the APC/C complex. It is expressed during embryogenesis and early 
plant development. 

AT1G32320 MKK10 2 insertions member of MAP Kinase Kinase 

AT1G32330 HSFA1D   Member of Heat Stress Transcription Factor (Hsf) family. Negatively regulated by HSP90.2.   

AT1G32337     hypothetical protein 

AT1G32340 NHL8   
Encodes a protein similar to tobacco hairpin-induced gene (HIN1) and Arabidopsis non-race specific disease 
resistance gene (NDR1) 

AT1G32350 AOX1D 
moderately 
polymorphic alternative oxidase 1D 

AT1G32360     Zinc finger (CCCH-type) family protein 

AT1G32361 ATL1F   Putative RING-H2 finger protein ATL1F precursor      

AT1G32370 TOM2B   Encodes a 122 amino acid basic protein involved in tobamovirus multiplication in planta. 

AT1G32375     F-box/RNI-like/FBD-like domains-containing protein 
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Figure 3.2: Logarithm of Odds for GRP-1/2. Calculated likelihood of association between 

each SNP and the resistance trait. A) Logarithm of Odds (LOD) calculated using Haley-Knott 

marker regression. B) LOD calculated using nonparametric method with the same data as A. C) 

LOD calculated with the nonparametric method excluding completely resistant (score 1) plants. 

This hypothetically controls symptom progression. D) LOD calculated using a binary analysis. 

Samples are divided into fully resistant (score 1) or susceptible (scores 2, 3, 4, and 5). Red line 

marks the SNP for GRP-1, green line marks SNP for GRP-2. Dotted red line marks significance 

threshold p=0.05. Figure credit: Wei Shen. 
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Figure 3.3: QTL Mapping on Whole Genome. LOD calculated with a binary analysis. 

Resistant samples with score 1 were one group, the other group were scores 2, 3, 4, and 5. Red 

line indicates threshold of significance p=0.05 and blue line indicates p=0.01. Samples were 

selected that were heterozygous at region GRP-1/2. Figure credit: Wei Shen. 
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Figure 3.4: Contributions of Each Locus to Resistance. The contribution of each locus is 

presented as percentage of F2 plants that were immune (score 1) against CaLCuV. The genotype 

of one locus is held constant as the x axis, shown as either homozygous Col-0 (C), heterozygous 

(H) or homozygous Pla-1 (P). A) The resistance levels based on genotype at GRP-1/2. B) The 

resistance levels based on genotype at GRP-3. For C and D, each line labelled to the right of each 

graph shows the genotype at the other locus to study the interactions. C) The effect of GRP-3 

when GRP-1/2 is held constant. D) The effect of GRP-1/2 when GRP-3 is accounted for. Figure 

credit: Wei Shen. 
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Figure 3.5: QTL-Seq mapping of Full Genome against CaLCuV Infection. Refined QTL-Seq analysis reveals portions of the Pla-

1 genome associated with resistance. Results are reported as difference between the SNP and Col-0 index for every location along the 

genome. The red line shows the 95% confidence interval and the blue line marks a 99% confidence interval. Figure credit: Emily 

Wheeler. 
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Beet Curly Top Virus-infected plants 

For the BCTV infection study, 354 F2 plants from a cross between Pla-1 and Col-0 were 

agroinoculated with BCTV and symptom scored weekly for 8 weeks. Symptom scores are 

summarized in table 3.5. The DNA was isolated from these samples, then used for a KASP assay 

in the same region as the CaLCuV resistance locus on chromosome 1. The same KASP primers 

were used for this analysis, under the hypothesis that the same loci controlling CaLCuV 

resistance would contribute to BCTV resistance. The results are summarized in table 3.6 This 

region shows a dominant effect on resistance, as an equal percentage of plants bearing 

heterozygosity and homozygosity for Pla-1 were resistant to BCTV (symptom scores 1 and 2). 

This was confirmed by a Fisher’s exact test in which the plants are categorized as either resistant 

(scores 1 and 2) or susceptible (scores 3, 4, and 5). When comparing the parametric results, the 

region has an additive effect (Wei Shen et. al, unpublished data). However, plants bearing the 

Col-0 genotype in this region were still 51% resistant, indicating that this region is not an 

essential contributor to BCTV resistance. More work, such as QTL-seq, is necessary to analyze 

which regions of the genome are associated with BCTV resistance. This preliminary data 

suggests that the BCTV resistance mechanism is separate from the CaLCuV resistance. 

  



   

56 

 

Table 3.5: Summary of BCTV Infections. Symptom score was determined visually. Results are 

reported as percentage of plants that matched the given score. 

Symptom % at 28 dpi 

1 53.85 

2 14.38 

3 4.68 

4 17.73 

5 9.36 
 

Table 3.6: KASP Genotyping Summary for BCTV Experiment. Location refers to the SNP 

location, with 5’ side denoting the 8 Mbp SNP and 3’ side denoting the 12.7 Mbp SNP. Location 

‘overall’ shows the combined genotype of both SNPs. Highlighted in green are the plants 

without recombination in the region of interest. As opposed to the CaLCuV experiment, 39% of 

samples with Col-0 in this region are resistant, indicating another possible region at work. 

 

  

Location Genotype Total # 1 2 3 4 5

5' side Col-0 75 48.0 14.7 1.3 17.3 18.7

5' side Pla-1 79 55.7 15.2 6.3 19.0 3.8

5' side Heterozygous 149 55.7 14.1 5.4 16.8 8.1

3' side Col-0 69 42.0 10.1 4.3 24.6 17.4

3' side Pla-1 89 55.1 13.5 5.6 16.9 6.7

3' side Het. 146 58.2 16.4 4.1 14.4 6.8

Overall C-C 49 38.8 12.2 2.0 22.4 24.5

Overall P-P 58 55.2 17.2 5.2 19.0 3.4

Overall H-H 102 55.9 16.7 3.9 15.7 7.8

Overall C-P 0 0.0 0.0 0.0 0.0 0.0

Overall C-H 25 68.0 20.0 0.0 8.0 4.0

Overall H-C 17 52.9 5.9 11.8 29.4 0.0

Overall P-C 2 50.0 0.0 0.0 50.0 0.0

Overall P-H 18 55.6 11.1 11.1 16.7 5.6

Overall H-P 28 57.1 7.1 7.1 14.3 14.3

Total # 299 161 43 14 53 28

Symptom Distribution (%) at 28 dpi
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Conclusions 

The combined KASP genotyping with the QTL analysis provided rich information about 

the Pla-1 immunity to CaLCuV and BCTV. Since the immunity is possibly dependent on 

multiple loci (and therefore multiple genes), each is referred to as a resistance locus. Each one on 

its own may not be able to produce a completely immune population. Even when the identified 

loci are combined in a plant with Col-0 background, there is not complete immunity. There is 

still a contributing factor in the Pla-1 genomic background that is yet to be identified. It is the 

case in other resistance traits that whole genetic background has an effect on the efficacy of the 

trait (Gallois et al., 2018). Following this, the Pla-1 immunity is not a catch-all gene to be used in 

all plants against geminiviruses. While it is a polygenic trait, the GRP-1/2 locus against CaLCuV 

still contributes a large portion to resistance and is worth searching out. Of the known genes in 

the region of interest, there are a few that stand out as potential candidates. For example, the 

gene At1g31540 near GRP-1 encodes a disease resistance protein in the Toll-Interleukin 

Receptor – Nucleotide Binding Site – Leucine Rich Receptor (TIR-NBS-LRR, or TNL) class of 

proteins (Cheng et al., 2017). This gene is upregulated during CaLCuV infection in Col-0 

(Ascencio-Ibáñez et al., 2008). TNL proteins are known in many cases as a resistance factor, 

recognizing pathogen-associated factors or changes and triggering the immune response. They 

are associated with effector-triggered immunity, a pathway in plants that is highly associated 

with induction of the salicylic acid pathway as a defense against viruses (X. Li, Kapos, & Zhang, 

2015). The salicylic acid pathway is known to be induced as a result of CaLCuV infection 

(Ascencio-Ibáñez et al., 2008), so it is possible that this gene is one associated with the resistance 

in Pla-1. Additionally, another NSB-LRR protein is associated with begomovirus resistance in 

tomato (Yamaguchi et al., 2018).  
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The preliminary results on BCTV-infected plants implies that the resistance mechanism 

is different for the two viruses. As the viruses belong to separate geminivirus genera, this result 

is not surprising. QTLseq on these samples should lead to identification of a unique region of 

interest for this resistance, which will be of increasing interest as BCTV infection pressure rises. 

There are few sources of natural BCTV resistance available to breeders currently. 
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CHAPTER 4: Survey of the Pla family for other sources of resistance 

Goals of Present Work 

Based on the information about Pla-1 summarized in Chapter 3, we sought to find any 

other related Arabidopsis thaliana accessions that may share its unique geminivirus immunity. 

Pla-1 has four geographically related ecotypes: Pla-0, Pla-2, Pla-3, and Pla-4. These are all 

named after the location in which they were isolated, Playa de Aro in Spain.  Of these, Pla-0 was 

previously sequenced as part of the 1,001 genomes project (Salk Institute). The others have not 

been sequenced; they have been included in various studies that compare large numbers of 

Arabidopsis accessions, such as the study by Y. Li, Huang, Bergelson, Nordborg, & Borevitz 

(2010). In the present research, we conducted viral infection studies to determine if any of these 

accessions have geminivirus resistance similar to Pla-1. Additionally, ploidy analysis was carried 

out on all Pla ecotypes to determine if an endoreduplication event could be the cause of 

phenotypic differences. Information on these closely related plants may reveal clues to the 

genetic basis of Pla-1 immunity, in addition to potentially identifying another source of 

resistance. 

Materials and Methods 

Plant growth 

Arabidopsis thaliana seeds were obtained from the Arabidopsis Biological Resource 

Center (ABRC). All plants in this study were grown at 22°C in 16-hour light/8-hour dark days.  

Ploidy analysis 

Ploidy analysis was conducted on Col-0, Pla-0, Pla-1, Pla-2, Pla-3, and Pla-4 plants at 

both a young (10 leaf) stage and mature (>20 leaves) stage. Col-0 is the control, as it is known to 

be a diploid (Schmuths, Meister, Horres, & Bachmann, 2004). Leaf samples weighing 0.2 g were 
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cut from the plants and placed in a petri dish along with 1500 μL Galbraith buffer, 1.5 μL RNase 

A, and 10 μL of 2-mercaptoethanol on ice. Galbraith buffer contains the following at pH 7: 45 

mM MgCl2*6H2O, 30 mM sodium citrate, 20 mM MOPS, and 1% Trition-100. The leaves were 

chopped with a new razor blade for 5 minutes to release nuclei for analysis. The resulting 

solution was filtered to remove debris, then combined with Galbraith buffer to a total volume of 

2 mL. Each sample was treated with 10 μL of propidium iodide (PI) and incubated in the cold 

and dark for 30 minutes. Following the incubation, the samples were analyzed in the BD Accuri 

C6 flow cytometer on ‘slow’ fluidics, selecting for 5000, 10000, and 20000 events.  

The flow cytometer measures relative DNA content of cells by detecting the level of 

scatter and emission from the sample after a laser passes through. The C6 flow cytometer has 

four detectors, two of which are relevant to this experimental setup. The FL2 detector uses a 488 

nm laser with a bandpass filter which allows 585 ± 40 nm light to pass. The FL3 detector also 

uses a 488 nm laser but has a long pass filter that allows all light above 670 nm through. On the 

data collected, selective gates were determined visually on a graph of FL3-A by FL2-A.  

Ploidy level was determined by first setting Col-0 ploidy to 2. Then, each sample’s ploidy 

was computed by the ratio of FL2-A multiplied by the reference ploidy. The equation was  

𝑃𝑙𝑜𝑖𝑑𝑦 = 2 × (
𝐹𝐿2−𝐴 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝐹𝐿2−𝐴 𝑜𝑓 𝐶𝑜𝑙−0
) . 

Coefficient of variation (CV%) values are tabulated by the FlowJo software (Beckton Dickinson 

& Company, 2019). They are a measurement of variability of measurements within the sample, 

indicative of the reliability of the measurements. 

PCR on region of interest 

The PCR amplification for apparent alignment gaps in Pla-1, as described in chapter 3, 

was also repeated on the other members of the Pla family. The same primers designed to match 
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the Col-0 sequence on either side of the mismatched regions were used on DNA samples isolated 

from Pla-0, Pla-1, Pla-2, Pla-3, Pla-4, and two isolations of Col-0 as a control. PCR was carried 

out according to Taq manufacturer instructions. The samples were run on a 1% agarose gel 

containing 0.005% Ethidium Bromide and visualized using a GelDoc camera. 

Infection studies 

Geminivirus infection was carried out by Agrobacterium tumefaciens inoculation as 

described in Materials and Methods of Chapter 3. 

Verification of Viral Presence 

Often visual symptom measurements can be misleading, as some viruses have mild 

symptoms in Arabidopsis. Additionally, there can be other factors leading to similar symptoms, 

such as stress from gnats or contaminating infections. A successful viral infection can be 

confirmed with specific molecular assays. In this experiment, we used polymerase chain reaction 

(PCR) to verify viral genome presence. Infected plants were sampled at least six weeks post 

inoculation. DNA was isolated from the samples using the Norgen Biotek Plant DNA isolation 

kit as according to manufacturer instructions. The only change was to resuspend the DNA in 30 

μL of elution buffer (included in kit), as opposed to 100 μL, to increase concentration. 

Concentration was measured using a NanoDrop at 260 nm, and purity of sample was measured 

as the ratio of absorbance of 260 nm over 280 nm. 

PCR was performed on the samples using divergent primers specific to the virus each 

plant was challenged with (BCTV, CaLCuV, or TYLCV). The reaction was assembled as 

according to the Taq polymerase manufacturer instructions to a final volume of 25 μL with 4 μL 

of DNA. After PCR, the samples were held at 4 °C until they could be analyzed by agarose gel 

electrophoresis. The agarose gel was prepared at 1% concentration weight per volume with 3 μL 
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added Gel Red visualization dye. Each sample was mixed with 5x concentrated loading dye to a 

final volume of 10 μL and loaded into the gel. Electrophoresis was carried out at 120 V for 20 

minutes and the bands were visualized using UV light, allowing determination of viral presence 

by identification of amplified band. 

Results 

Ploidy Analysis 

The CV%, mean FL2-A, and calculated ploidy of each sample are reported in table 4.1. 

For the young plants, the calculated ploidy levels were all between 2.0 and 2.3. This indicates 

that they all have the same ploidy as Col-0, and so differences in phenotype cannot be attributed 

to multiplication of the genome. The adult plant samples mirrored this result, ranging from 2.0 to 

2.2. Additionally, the adult plants showed a higher proportion of 4n to 2n peaks in both the Col-0 

and Pla samples, as would be expected from an aging tissue type. The CV% values presented are 

high, however. Typically accepted values are <5%, while these all exceed that. This may be due 

to the small genome size of Arabidopsis, but there was also a large amount of background noise 

in the results.  
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Table 4.1: Ploidy results for the Pla family.  

Young Plants 

Ecotype Coefficient of Variance % Mean FL2-A measurement Ploidy level Measured Events 

Col-0 12.6 20,114 2.0 10,000 

Pla-0 10.3 22,725 2.3 10,000 

Pla-1 8.96 23,244 2.3 5,000 

Pla-2 8.52 23,115 2.3 10,000 

Pla-3 9.24 22,046 2.2 20,000 

Pla-4 10.2 22,345 2.2 10,000 

     

Adult Plants 

Ecotype Coefficient of Variance % Mean FL2-A measurement Ploidy level Measured Events 

Col-0 10.9 20,360 2.0 20,000 

Pla-0 9.51 22,038 2.2 10,000 

Pla-1 8.31 22,619 2.2 5,000 

Pla-2 8.27 21,540 2.1 5,000 

Pla-3 8.87 21,902 2.2 10,000 

Pla-4 9.34 22,098 2.2 5,000 

 

PCR on region of interest 

The gel images are shown in figure 4.1. Each gap had a differing level of uniformity 

across ecotypes. Gaps 1 and 3 amplified across all samples, albeit nonspecifically in Pla-1 and 

Col-0, respectively. Gaps 2 and 5 were detected in all but one ecotype; however, gap 5 in Pla-1 

was detected in an earlier experiment, contradicting this data. An error in loading the gel could 

be the cause. Interestingly, gap 4 does not amplify in any of the Pla family samples. It is still 

present in Col-0. Since this change was attributed to a 17 kbp insertion event found in Ler-0, this 

event may be shared across the whole family.  
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Figure 4.1: PCR on whole Pla family for apparent gaps in genome. Molecular weight ladder 

is in left lane, both bottom and top. Col-0a is an identical sample to the one used in figure 3.1, 

while Col-0b was a new sample taken at the same time as the others. 

Infection studies 

Each ecotype was infected with BCTV, TYLCV, and CaLCuV to determine if it was 

resistant to each virus. Col-0 was used as a standard control, and Sei-0 was included as a 

hypersusceptible control. This was critical to ensure efficiency of infection, as some geminivirus 

symptoms in Arabidopsis are mild. The infection studies were completed in several rounds in an 

effort to get a statistically sound number of data points. The average visual symptom scores are 

reported in table 4.3, grouped by ecotype and virus. Based on these results, it seems that Pla-1 

and Pla-4 are both resistant to BCTV. Figure 4.2 shows the agarose gel that shows that Pla-2 was 

infected with BCTV, while there is no detectible virus in Pla-4. The leftmost two lanes are the 
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negative, uninfected control. Pla-1 was the only plant that was resistant to CaLCuV. For 

TYLCV, the symptoms were so mild that no discernable difference between ecotypes could be 

determined by visual scoring.  

 

Figure 4.2: Gel electrophoresis of BCTV infected plants. The left section is Pla-2, the middle 

is Pla-4, and the last two are a negative, uninfected control. Some DNA at the bottom of Pla-4 

samples can be attributed to primer dimerization in the PCR. 

Table 4.2: Average disease scores by ecotype. Results are reported as an average symptom 

score at 28 dpi among all iterations of the experiment. 

  

Conclusions 

While none of the Pla family shared the geminivirus immunity identified in Pla-1, there 

are some similarities amongst them that can aid in understanding the mechanism for resistance. 

For one, all of these ecotypes share the same ploidy level. This allows us to rule out a genome 

multiplication event as the causative agent for change. Also, hosts that tend to have a higher 

ploidy appear to be more susceptible to geminivirus infection (Ascencio-Ibáñez et al., 2008). 

Additionally, this is the first report of ploidy level with the Pla family of ecotypes. Some 

Arabidopsis accessions do differ in ploidy (Schmuths et al., 2004), so this test is helpful for fully 

identifying an accession.  

Ecotype CaLCuV BCTV TYLCV

Col-0 4.0 5.0 1.8

Pla-0 4.3 5.0 1.2

Pla-1 1.0 1.0 1.8

Pla-2 3.3 3.4 2.1

Pla-3 3.3 1.0 1.6

Pla-4 3.5 1.2 1.4
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Another interesting result from the infection studies is that Pla-4 shares BCTV resistance, 

but not the CaLCuV resistance. This suggests that there are different mechanisms at work 

between begomovirus and curtovirus resistance. Genetic similarities between Pla-1 and Pla-4 

may be clues to the BCTV resistance trait, while differences may help narrow down loci for 

CaLCuV resistance. The curtovirus resistance is particularly of interest as BCTV pressure grows 

in the US. Comparisons between Pla-1 and the susceptible members of the Pla family may also 

serve to eliminate possible resistance loci. These ecotypes are more genetically similar than Pla-1 

and Col-0, so there may be fewer differences that might contribute to resistance. It may help, 

moving forward, to genotype the susceptible Pla family members in the regions of interest to 

identify SNPs shared between resistant and susceptible plants. 
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CHAPTER 5: Conclusions 

The work presented here is a continuation of the understanding about geminivirus 

immunity in Pla-1. This ecotype of Arabidopsis thaliana is resistant to both cabbage leaf curl and 

beet curly top viruses, of the begomovirus and curtovirus genera, respectively. Resistance is a 

highly valuable trait, as geminiviruses cause widespread agricultural damage in many crops. We 

have sought to locate the gene or genes responsible for resistance. By using QTL mapping, 

CaLCuV resistance was reduced to three loci. The first two, termed GRP-1 and GRP-2, are so 

close that they cannot be separated using mapping. Together they contribute to over half of the 

resistance in Pla-1. The current knowledge places these loci within a 200 kbp range, with 28 

candidate genes for each locus. Additionally, the third region, referred to as GRP-3, is located on 

chromosome 5. It adds to the resistance provided by GRP-1/2, but requires at least one copy of 

that region. All of these loci appear to be dosage-dependent, as plants heterozygous in that region 

have intermittent resistance levels between homozygous Col-0 and homozygous Pla-1 plants. 

This opens the pathway for more directed studies of these genes. They could be knocked out of 

the resistant background to measure a loss of resistance, or added in a susceptible background to 

induce resistance. Interestingly, the GRP-1/2 region is not associated with the BCTV resistance. 

This suggests that the resistance mechanism differs between viruses. 

In support of this conclusion, the closely related Pla-4 ecotype is only resistant to BCTV, 

not CaLCuV. Whatever the BCTV resistance trait, it might be shared between Pla-1 and Pla-4. 

Yet, Pla-4 is susceptible to CaLCuV. Pla-4 genotyping may provide a comparison to determine 

which regions of the genome are contributing to BCTV resistance. Ploidy analysis has already 

shown that it is not a ploidy difference that distinguishes susceptible Col-0 from resistant Pla-1.  
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Since the resistance in Pla-1 prevents detectable viral genome replication, it could be 

stopping an early stage in the viral replication cycle. One of these first steps is geminiviral Rep 

protein initiation. To determine if this step is blocked in Pla-1, plans are underway to detect 

geminiviral Rep in infected Pla-1 using immunohistochemistry. If Rep can be detected in the 

plant, then the virus is present and transcribing its proteins. In this case the virus cell-to-cell 

movement may be restricted in Pla-1, preventing detection of viral DNA. By identifying which 

steps of the geminiviral replication process are inhibited, potential candidate genes can be 

screened based on features such as DNA or protein binding regions. 
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