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Chapter 1

GENERAL INTRODUCTION

Geminiviruses (family Geminiviridae) are circular ssDNA plant viruses that cause 
disease in many economically important food, feed and fiber crops worldwide. 
Based on their economic and scientific importance, two virus species belonging to 
this family appeared in ‘the top 10 list of plant viruses’ composed by the international 
plant virologist community (Scholthof et al. 2011). New geminiviral species emerge 
continuously due to the high rate-of-mutation, interspecies recombination and 
pseudorecombination, which makes this family one of the largest and most diverse  
family of plant infecting viruses (Zerbini et al. 2017). So far, the most effective strategy 
to control these viral pathogens has been application of insecticides to manage their 
insect vectors (Rojas et al. 2018). Resistance genes/traits have also been identified 
in wild relatives of crops and subsequently introgressed in cultivated crops to 
control infestation. However, introgression of these traits proved not to be a durable 
strategy with resistance-breaking strains rapidly emerging in different areas and 
novel recombinant viruses showing host shifts and increased host ranges (Lefeuvre 
and Moriones 2015; Mansoor et al. 2003). In order to design novel strategies to obtain 
broad and durable geminivirus resistance in crops, a thorough understanding of the 
geminivirus life cycle is needed. This PhD thesis aims to shed light on the molecular 
mechanisms that allow viral replication by focusing on the interplay of this class of 
viruses with the underlying host plant processes. 

Geminiviruses 

Problem definition

Geminiviruses are classified into nine genera (Topocuvirus, Curtovirus, Mastrevirus, 
Begomovirus, Becurtovirus, Capulavirus, Grablovirus, Eragrovirus and Turncurtovirus) 
according to the type of insect vector, host plant range, gene phylogeny, genome 
structure, and genome organization (Fauquet et al. 2008; Zerbini et al. 2017). 
The genus Begomovirus contains the largest number of species including species 
that cause major crop losses worldwide; this genus will be the focus of the work 
described in this thesis. The impact of this genus is largely due to its remarkable 
spread from the tropical and sub-tropical regions to more temperate climate zones. 
Dispersion of viruses from this genus is driven by the spread of their transmission 
vector, the silverleaf whitefly Bemisia tabaci, especially the biotype B (Gilbertson et al. 
2015). Whiteflies transmit begomoviruses in a persistent circulative manner (Cicero 
and Brown 2016). Studies on the begomovirus Tomato yellow leaf curl virus (TYLCV) 
revealed that its virions are ingested by the insect from infected tissues during 
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phloem sap feeding and they enter the gut, from where they are transported to the 
haemolymph and onwards to the salivary gland, and then they are reintroduced 
into plant host cells during subsequent feeding (Czosnek et al. 2002; Ghanim et al. 
2001; Ghanim and Medina 2007). B. tabaci is highly polyphagous and populations 
can survive year-round in the tropical and subtropical regions, which can lead to 
serious outbreaks of begomovirus diseases when host crops are also year-round 
present. B. tabaci is considered to be a super vector because its population size and 
spread are difficult to manage and it is now distributed worldwide (Gilbertson et al. 
2015). 
Collectively, begomoviruses infect a wide range of dicotyledonous crops, weeds 
and ornamental plants, causing disease symptoms like stunting, leaf distortion, leaf 
yellowing and leaf curling. Today, begomovirus-associated diseases are among some 
of the most destructive and economically relevant plant diseases in vegetable and 
field crops, such as beans, cassava, cotton, cucurbits, pepper and tomato. For example, 
Cassava mosaic disease (CMD), caused by a species complex of cassava mosaic 
geminiviruses, was estimated to be responsible for yield losses of 80-100% in certain 
African countries in the mid-1990s. CMD is also the most serious cassava disease 
in India and Sri Lanka, where it can lead to root losses of up to 90% in traditional 
varieties (Fondong 2017; Howeler et al. 2013). The importance and diversity of 
pepper (Capsicum spp.) infecting begomoviruses have also increased in Asia, Africa, 
Indonesia, Central America and the southern United States in the last 5-10 years 
(Kenyon et al. 2014). Especially in the Indian subcontinent, leaf curl disease caused by 
a complex of begomoviruses is now considered to be the main constraint for pepper 
production (Kumar et al. 2015). Finally, tomato plants are known to be infected by 
±90 begomovirus species, which is more than any other plant species. In particular, 
the worldwide dissemination of the invasive monopartite begomovirus TYLCV and 
the emergence of new tomato-infecting strains via genome recombination has led 
to significant economic losses in regions of both the New World (NW) and the Old 
World (OW) (Cohen and Lapidot 2007; Lefeuvre et al. 2010). 

Geminivirus disease management and resistance in crops

Thus far, the most effective approach to control begomovirus infestation has been 
a combination of (i) insecticide rotation to control the whitefly vector population 
and (ii) agricultural practices to reduce the virus reservoir and whitefly population. 
However, the success of these measures depends on the crop and cropping system, 
the geographical region affected and the knowledge of the virus-vector biology 
(Rojas et al. 2018). In addition, chemical control against the vector is troublesome, as 
systemic insecticides are often not environmentally friendly (leading to bans on the 
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usage of these chemicals) and the whitefly population rapidly gains resistance to 
these insecticides (Qureshi et al. 2007). A number of resistance traits against TYLCV 
have been identified and mapped in e.g. resistant accessions of wild relatives of 
cultivated tomato (Mangal et al. 2017). Among them were the allelic genes Ty-1 and 
Ty-3. Cloning of these genes showed that they were atypical resistance genes coding 
for a RNA-dependent RNA polymerase (Verlaan et al. 2013). Introgression of the 
Ty-1/Ty-3 gene into cultivars conferred resistance to TYLCV by increasing cytosine 
DNA methylation of the viral genome, thus acting through viral transcriptional 
gene silencing (Caro et al. 2015). However, Ty-1/Ty-3 cultivars become regularly 
infected by (i) resistance-breaking strains of TYLCV or (ii) mixed infections of 
TYLCV and other begomovirus strains, suggesting that this gene does not confer 
durable resistance against TYLCV (Belabess et al. 2016; Butterbach et al. 2014). 
Recently, another resistance locus for TYLCV, Ty-2, derived from the wild tomato 
species Solanum habrochaites (Kalloo and Banerjee 1990), was cloned and sequenced. 
Ty-2-mediated resistance is associated to the gene TYNBS1 encoding for a NB-LRR 
protein (Yamaguchi et al. 2018). Another example of a TYLCV resistance locus is the 
recessive gene ty-5, which encodes for the messenger RNA surveillance factor Pelota 
(Pelo gene) (Hutton et al. 2012; Lapidot et al. 2015). Pelo has been implicated in the 
ribosome recycling phase of the protein biosynthesis (Becker et al. 2012). TYLCV-
susceptible tomato plants transformed with a hairpin RNA construct that leads to 
gene silencing of the wild-type Pelo gene were resistant to TYLCV, but the resistance 
mechanism of this gene remains unclear (Lapidot et al. 2015). 
As major challenges remain for the commercialization of geminivirus-resistant 
transgenic plants, including public acceptance of genetically modified organisms and 
standardization and regulation of these new technologies, alternative approaches 
to generate novel durable and robust sources for resistance against geminiviruses 
should be aimed at identifying host genes needed for the virus to complete its disease 
cycle. Natural mutations or chemically-induced mutations in these genes can then 
potentially disrupt the geminivirus disease cycle (Pavan et al. 2010; van Schie and 
Takken 2014). This strategy is now widely referred to as the ‘susceptibility (S) gene 
approach’ and is often based on recessive mutations in these S genes (Truniger and 
Aranda 2009). As manipulation or hijacking of these host target proteins is often 
critical for virulence, modest mutations in these genes could provide durable and 
broad resistance by evading virus manipulation. A potent example of this approach 
is represented by the translation initiator factors elF4E and their role as recessive 
resistance genes against RNA plant viruses. Mutations in elF4E homologs conferred 
resistance against several potyviruses in different host plants (Robaglia and Caranta 
2006). Hence, a detailed understanding of the geminivirus infection cycle and its 
viral replication is of critical importance to engineer resistance against geminivirus 
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based on mutant alleles of S genes. 

Genome structure and the replication cycle

Geminiviruses belonging to the genus Begomovirus can be divided in two major 
groups: (i) monopartite viruses with a single genomic DNA fragment of ~2.6-3.0 kb, 
which are prevalent in the Old World (OW), and (ii) bipartite viruses that occur in the 
New World (NW), whose genome is composed of two circular DNA fragments of ~2.6 
kb, named the DNA-A and DNA-B components. Many monopartite begomoviruses 
are associated with circular satellite DNAs (alpha- and beta-satellites), some of 
which enhance pathogenicity and some that are known to pronounce the disease 
symptoms (Fondong 2013). 
The begomovirus genome is composed of an intergenic region (IR), which contains the 
origin-of-replication formed by a stem-loop DNA structure, and several open reading 
frames (ORFs) that are present on both the virion-sense and complementary strand 
of the viral DNA (Hanley-Bowdoin et al. 1999). Transcription of the begomoviral 
ORFs occurs in a bidirectional manner starting in both cases from this IR repeat. 
In total, the begomovirus genome encodes for 6-8 viral proteins. In brief, the Coat 
protein (CP) forms the viral capsid and mediates vector transmission (Briddon et 
al. 1990). The V2/AV2 protein functions as anti-host defence protein that inhibits 
posttranscriptional gene silencing (PTGS). The V2 protein also provides a cell-to-cell 
movement function for the monopartite begomoviruses (Poornima Priyadarshini et 
al. 2011; Sharma and Ikegami 2010). The C4 (or AC4 in some viruses) protein also 
counteracts PTGS (Amin et al. 2011). The C2 gene encodes for the Transcriptional 
activator protein (TrAP) that is involved in viral gene expression, pathogenicity and 
suppression of PTGS (Sunter and Bisaro 1991; Trinks et al. 2005). The Replication 
initiator protein (Rep or AL1, AC1, C1) is the only protein essential for viral 
replication, while REn (also called AC3, C3) enhances viral DNA accumulation 
(Hanley-Bowdoin et al. 1999; Settlage et al. 2005). Bipartite begomoviruses encode 
their movement proteins, NSP and MP, on the DNA-B component (Noueiry et al. 
1994). The beta-satellites of begomoviruses encode the βC1 protein that counteracts 
transcriptional gene silencing (TGS) (Yang et al. 2011); the alpha-satellites encode 
their own Rep, which also acts as a viral silencing suppressor (Nawaz-Ul-Rehman 
et al. 2010). 
Begomovirus infection is initiated when whiteflies infested with begomovirus 
virions feed on the phloem of healthy leaves transmitting virions into the phloem 
cells. Inside the plant cell, the viral ssDNA is released from the virion and then 
replicated generating double-stranded DNA (dsDNA) by host DNA polymerases 
(Donson et al. 1984; Saunders et al. 1992). The first viral protein to be produced is 
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Rep, which initiates viral replication by a combination of rolling-circle replication 
and recombination-depended replication (Jeske et al. 2001). Various host components 
of the DNA replication machinery, such as the Proliferating cell nuclear antigen 
(PCNA), the Replication factor C (RFC), Rad54 and unknown DNA polymerases, 
are recruited to the viral replication fork and participate in the viral replication 
process. The nascent circular viral ssDNA is then converted to dsDNA to re-enter 
the replication cycle or it can be encapsidated by CP proteins into virions that are 
available for whitefly acquisition (Rojas et al. 2005).

Replication initiator protein is a multifunctional protein that repro-
grams the host cell cycle

Because of their limited coding capacity, geminiviruses rely heavily on the host 
cellular machinery for their replication. Since most of the infected plant cells have 
differentiated and, thus, have actively exited the cell cycle, they no longer express 
the factors required for DNA replication. Geminiviruses have, therefore, evolved 
the ability to reprogram the host cell cycle and induce expression of host factors 
needed for DNA replication (Hanley-Bowdoin et al. 1999; Hanley-Bowdoin et al. 
2004). Geminivirus infection is associated with induction of cell cycle-associated 
genes that are normally expressed during the S/G2 phase of the mitotic cell cycle 
and with inhibition of genes that are normally active in the M/G1 phase (Ascencio-
Ibáñez et al. 2008; Nagar et al. 1995; Nagar et al. 2002). This manipulation of the host 
gene regulation facilitates the transition of the infected cells into the S phase, the 
stage at which DNA replication occurs. Geminivirus can also trigger plant cells to 
re-enter into the endocycle, a variation of the cell cycle characterized by increased 
ploidy levels and cell expansion without cell division (Ascencio-Ibáñez et al. 2008). 
Furthermore, geminiviruses are able to inhibit cell death pathways, interfere with 
cell signaling and protein turnover and suppress plant defenses (Hanley-Bowdoin 
et al. 1999; Hanley-Bowdoin et al. 2004; Hanley-Bowdoin et al. 2013). 
The key player in the manipulation of these different plant processes is the Replication 
initiator protein, Rep, a highly conserved and multifunctional viral protein (Rizvi et 
al. 2015; Ruhel and Chakraborty 2018). These roles have made the Rep protein the 
prime target of this PhD dissertation. 

Protein structure of Rep

A multitude of protein domains, motifs and residues essential for virus replication 
has been mapped in Rep in studies on different geminiviruses (Figure 1). In its 
N-terminal region, Rep contains three conserved motifs that are required for 
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initiation and termination of DNA replication. 

Figure 1. Diagram of Rep with its known functional domains

Motif I and motif II are needed for 
dsDNA binding and metal-binding, respectively, while motif III forms the catalytic 
site for endonuclease activity (Heyraud-Nitschke et al. 1995; Laufs et al. 1995; Orozco 
et al. 1997). Another motif called GRS (Geminivirus Rep Sequence) shows a high 
degree-of-conservation among geminiviruses and comprises two clusters of residues 
between motif II and III that are involved in initiation of the DNA replication (Nash 
et al. 2011). Overlapping with the DNA binding domain (residues 1-130), an 
oligomerization domain was found that spans the residues 120-180 (Orozco and 
Hanley-Bowdoin 1998). Several regions in this N-terminal half of Rep were found to 
be important for interactions with host proteins, such as SCE1 (SUMO E2 conjugation 
enzyme 1), PCNA and RBR (Arguello-Astorga et al. 2004; Bagewadi et al. 2004; 
Sánchez-Durán et al. 2011). However, most of these domains were identified with 
studies on Rep from the bipartite Tomato golden mosaic virus (TGMV) and their 
function still needs to be validated for Reps from other geminiviruses including the 
monopartite begomoviruses. 
So far, only the three-dimensional protein structure of the N-terminal half of Rep 
was solved (Campos-Olivas et al. 2002). Secondary protein structure predictions 
suggest that the C-terminal half of the Rep protein contains conserved Walker A 
and Walker B motifs, which are required for both the ATPase and helicase activity 
of Rep (Choudhury et al. 2006; Clérot and Bernardi 2006; Desbiez et al. 1995). The 
C-terminal region also contains a stretch of residues called the B’ motif, which was 
shown to play a role in ssDNA binding and DNA unwinding (George et al. 2014). 
To summarize, it is evident that Rep is a multifunctional protein that interacts with 
many host proteins and it would not be surprising when additional motifs, which 
contribute to its biochemical activity, are discovered. 

Rep-mediated recruitment of the host replication fork to viral DNA

Rep is the only viral protein essential for viral DNA replication and it carries out 
multiple functions during the infection process thanks to its ability to interact 
with a plethora of host factors (see Figure 2 for an overview of Rep activities and 
interactions). Rep is required for induction, initiation and termination of the viral 
DNA replication cycle, which occurs by a combination of rolling-circle replication 
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(RCR) and recombination-dependent replication (Jeske et al. 2001). For RCR, Rep 
binds to DNA repeat elements (iterons) in the 5’ intergenic region (Fontes et al. 
1992) and commences viral replication by introducing a DNA nick in a conserved 
sequence within the stem loop sequence of the viral DNA. After completion of one 
full cycle of DNA replication of the circular ssDNA, a new origin sequence appears 
that again is cleaved by Rep. Rep then ligates the nascent new 3’ end of DNA to 
the previously generated 5’ end, thus allowing the generation of circular viral 
genome units (Heyraud-Nitschke et al. 1995; Laufs et al. 1995). During viral DNA 
replication, Rep is an integral part of the so-called “viral replisome”, i.e. a complex 
that includes both viral proteins (Rep and the replication enhancer protein, REn) and 
host factors recruited by Rep at the DNA replication fork. Both Rep and REn bind to 
the Proliferating cell nuclear antigen (PCNA) DNA clamp, a ring-shaped complex 
of three PCNA subunits that tethers DNA and functions as a moving platform that 
modulates the interaction of other proteins with DNA (Bagewadi et al. 2004; Castillo 
et al. 2003). Rep also interacts with Replication factor C (RFC), which forms the 
pre-initiation complex that catalyzes the loading of PCNA onto DNA (Luque et al. 
2002), with the Replication protein A (RPA), which binds ssDNA and during DNA 
replication prevents ssDNA from forming secondary structures allowing replication 
by the host DNA polymerase (Singh et al. 2007), and with the recombination and 
DNA repair related proteins Rad51 and Rad54 (Kaliappan et al. 2012; Suyal et al. 
2013a). Histone H3 is another factor that binds to Rep (Kong and Hanley-Bowdoin 
2002). Since the geminivirus DNA assembles into minichromosomes, Rep binding 
to histone H3 was suggested to be involved in displacing the nucleosomes from 
the viral DNA to make the viral genome accessible for DNA replication and gene 
transcription (Pilartz and Jeske 2003). Finally, the Minichromosome maintenance 
protein 2 (MCM2) was shown to interact with Rep, but its function during viral 
replication remains still elusive (Suyal et al. 2013b).  

Reprogramming and transcriptional re-activation of the host cell cycle by 
Rep 

Rep is involved in the activation of DNA replication by inducing expression of the 
host genes involved in the cell cycle. A key regulator of the cell cycle in plants is 
the Retinoblastoma-related protein (RBR) (Xie et al. 1996). The RBR protein family 
controls cell cycle progression, stem cell maintenance and cell specification and 
differentiation (Gutzat et al. 2012). RBR forms a complex with the transcription 
factors E2F, which suppresses expression of the genes coding for proteins needed for 
replication (Desvoyes et al. 2006). Geminivirus Rep interacts with RBR and disrupts 
the RBR-E2F complex, thus, allowing activation of the E2F-target genes (Desvoyes et 
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Figure 2. Graphical representation of the known Rep functions and its interactors 
(A) Rep is represented as a Swiss army knife because of its ability to carry out multiple functions and 
activities during the viral infection process. (B) Rep interacts with several viral and host proteins in order 
to (i) hijack the cell cycle to create a favorable environment for viral replication; (ii) assemble the viral 
replisome and initiate DNA replication; (iii) manipulate protein metabolism and PTM pathways (adapted 
from an original idea of M. Arroyo-Mateos).   
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al. 2006; Kong et al. 2000). Rep also interacts with several members of the NAC family 
of transcription factors (GRAB1, GRAB2, NAC083) and these interactions may lead 
to regulation of cellular functions needed for viral infection, such as initiation of cell 
proliferation and pre-initiation steps of viral DNA replication (Suyal et al. 2014). 
Finally, Rep binds to a kinesin motor protein (GRIMP), which is involved in the 
mitosis process, and two protein kinases (GRIK1 and GRIK2) (Kong and Hanley-
Bowdoin 2002). These latter interactions might inhibit the cell from entry into the 
mitotic phase and lead to a defense response by activation of another kinase (SnRK1) 
that phosphorylates Rep, compromising Rep activities and consequently viral DNA 
replication (Shen and Hanley-Bowdoin 2006; Shen et al. 2018).  

Rep and the cellular post translational modifications

A common viral strategy to create a more favorable environment for virus replication 
is based on exploiting post-translational modification (PTM) mechanisms, since 
PTMs play an important role in all cellular events by rapidly changing the function, 
interaction and/or subcellular localization of the protein complexes involved 
(Mattoscio et al. 2013). Recently, it was found that Rep interacts with the proteins 
Histone ubiquitination 1 (HUB1) and Ubiquitin conjugating enzyme 2 (UBC2) and 
recruits the post translational modification machinery onto the viral chromatin 
leading to trimethylation of histone H3 and ubiquitination of histone H2B. These 
modifications enhance transcription of the viral genes (Kushwaha et al. 2017). 
Rep also binds to the SUMO-conjugating enzyme (SCE1) and mutations in Rep 
that suppress this interaction with SCE1 reduce the accumulation of viral DNA, 
suggesting that this interaction is required for viral replication (Castillo et al. 2004; 
Sánchez-Durán et al. 2011). However, at the start of this research, the mechanisms 
and consequences of the interplay between Rep and the sumoylation machinery 
remained largely unknown.

SUMO conjugation pathway (sumoylation)

Sumoylation is an essential regulatory process in eukaryotic organisms. It consists of 
a post translational protein modification of target proteins by covalent attachment of 
a 10-kDa ubiquitin-like polypeptide called SUMO (Small ubiquitin-like modifier) via 
a cascade of enzymatic reactions (Geiss-Friedlander and Melchior 2007) (Figure 3A). 
SUMO is translated as precursor protein that is first maturated by SUMO protease 
activity mediated by ULPs (Castro et al. 2018). These ULPs cleave the polypeptide 
chain after a diglycine motif exposing them at the C-terminus of mature SUMO. 
Mature SUMO is then conjugated to substrates via two sequential steps, which are 
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catalyzed by the SUMO E1 activating enzyme (a heterodimer complex formed by 
SAE1/2) and the SUMO E2 conjugating enzyme (SCE1). SCE1 directly recognizes and 
transfers SUMO onto a lysines in SUMO acceptor sites (Bernier-Villamor et al. 2002). 
These sites are often defined by a four-residue motif consisting of a hydrophobic 
residue, the acceptor lysine, any residue followed by a glutamate (ΨKxE) (Hendriks 
and Vertegaal 2016). The transfer of the SUMO moiety to the acceptor Lys results in 
the formation of an isopeptide bond between the COOH-terminus of SUMO and the 
amide group (‒NH2) of the Lys side chain. 
SUMO conjugation can be promoted by SUMO E3 ligases (Cappadocia and Lima 
2018; Gareau and Lima 2010; Yunus and Lima 2006). In Arabidopsis, only two 
SUMO E3 ligases have thus far been identified and studied in molecular detail, 
i.e. SIZ1 (SAP and MIZ-finger domain 1) and HPY2/AtMMS21 (High ploidy 2; 
Methane sulfonate sensitivity 21). Arabidopsis SIZ1 protein is an orthologue of the 
mammalian PIAS (Protein inhibitor of activated signal transducer and activator of 
transcription) family and yeast Siz family of SUMO E3 ligases (Miura et al. 2005). 
HPY2/AtMMS21 is also conserved across eukaryotes. 
SUMO confers its function on targets via protein-protein interactions mediated 
via ‘SUMO-SIM interactions’. These SIMs are typified by a stretch of aliphatic 
residues, [VIL]x[VIL][VIL], often flanked by acidic (Asp, Glu) or phosphorylated 
residues (Song et al. 2005). This short 4-residue peptide motif aligns as an additional 
invading β-strand with the β-sheet of SUMO (Minty et al. 2000; Wang and Dasso 
2009) (Figure 3B). Proteomics studies have now revealed hundreds of SUMO targets 
in Arabidopsis (Miller et al. 2010; Miller et al. 2013; Rytz et al. 2018), while similar 
studies have identified thousands of targets in metazoans cells (Hendriks and 
Vertegaal 2016; Hendriks et al. 2017). Sumoylation has now been implicated in the 
regulation of a plethora of cellular functions in plants, ranging from transcription 
regulation, chromatin remodeling, DNA repair to the control of cell cycle progression 
and abiotic/biotic stress responses (Augustine and Vierstra 2018). 

Sumoylation and cell cycle and growth regulation

Sumoylation is essential for plant viability, as evidenced by the embryo lethality as 
a result of null mutations in the Arabidopsis genes SAE2 and SCE1 and embryo 
lethality of the double mutant sum1-1;sum2-1 (Saracco et al. 2007). These genes, 
SUM1 and SUM2, are the closest homologues in the genome of Arabidopsis of the 
‘archetype SUMO’ (Hammoudi et al. 2016). Null mutations in the SIZ1 gene result 
instead in dwarfism due to activation of SNC1/EDS1 (Suppressor of npr1-1, 
Constitutive 1/ Enhanced disease susceptibility 1)-dependent plant immunity 
resulting in (i) high levels of the phytohormone salicylic acid and concomitantly (ii) 
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reduced cell division and expansion (Catala et al. 2007; Gou et al. 2017; Hammoudi 
et al. 2018). Mutations in the characterized SUMO E3 ligase, HPY2/AtMMS21, cause 
expression of cell division markers and cytokinin-induced genes and promote 
premature mitotic endocycle transitions, leading to increased endoreduplication, 
severe dwarfism and defective meristems (Ishida et al. 2009; Lai et al. 2018; Liu et al. 
2016). SIZ1-mediated sumoylation also plays a role in the switch from 
skotomorphogenesis to photomorphogenesis, i.e. the dark-to-light mediated switch 
in plant development and growth. Recently, it was shown that SIZ1 physically 
interacts with and facilitates sumoylation of a key regulator of photomorphogenesis, 
the E3 ubiquitin ligase COP1, resulting in increased activity of COP1 (Lin et al. 2016). 
Apparently, SIZ1 controls both the timing and amplitude of the transcriptional 

Figure 3. SUMO conjugation cycle and SUMO non–covalent interaction  
(A) The conjugation and deconjugation cycle of SUMO with the enzymes indicated. (B) SUMO can 
interact with the target (i) covalently by forming a isopeptide bond with a lysine residue in a consensus 
motif in the target, or (ii) non-covalently via the SUMO interaction motifs (SIM) on the substrate. 
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response downstream of COP1 (Hammoudi et al. 2018). COP1 ubiquitinates positive 
regulators of photomorphogenesis, thus leading to their degradation (Hoecker 2017; 
Kim et al. 2017). Moreover, SUMO modification of the photoreceptor phyB represses 
red light signaling, partly altering the interaction pattern of phyB (Sadanandom et 
al. 2015). 
In addition, a number of geminiviral Rep-interactors involved in cell cycle regulation 
and DNA replication are also SUMO targets. For example, in yeast, sumoylated 
PCNA recruits the Srs2 helicase to prevent homologous recombination (Lee and 
Myung 2008; Watts 2006) while it is impaired in the interaction with other PCNA-
binding proteins (Bergink and Jentsch 2009). Human Retinoblastoma (Rb) proteins 
are sumoylated in the G1 phase of the cell cycle and Rb sumoylation is required for cell 
proliferation (Ledl et al. 2005; Meng et al. 2016). Also in Arabidopsis, Retinoblastoma-
related (RBR) proteins were found to be sumoylated in a recent proteomics study 
(Rytz et al. 2018). Sumoylation of the DNA helicase Minichromosome maintenance 
(MCM) protein complex inhibits DNA replication to ensure its accuracy (Wei and 
Zhao 2016). Finally, in the catalog of sumoylated Arabidopsis proteins a number of 
geminivirus-interactors or proteins related to DNA replication are listed, such as the 
Replication protein A (RPA), NAC-containing domain proteins and several DNA 
polymerases (PAPS2, POLA2, nPAP, ICU2, POLD3) (Rytz et al. 2018).  

COP1, phyB and CRYs regulate plant growth in response to light

Light is one of the most important environmental factor that influences the 
growth and development of plants (Jiao et al. 2007). One of the light-controlled 
developmental process in plants is morphogenesis. Plants exhibit various 
morphogenesis patterns, including photomorphogenesis in daylight conditions and 
skotomorphogenesis in darkness, which is characterized by elongated hypocotyls, 
elongated stem, apical hook of the germinating seedling and unexpanded leaves 
(Chen and Chory 2011; Josse and Halliday 2008). The switch from skoto- to 
photomorphogenesis is tightly controlled by the expression and action of 
photoreceptors and regulators of the photomorphogenesis. Studies in Arabidopsis 
have revealed that Constitutive photomorphogenic 1 (COP1), a ubiquitin E3 ligase, 
acts as the central photomorphogenic controller and interacts with several different 
target proteins (Hammoudi et al. 2018; Kim et al. 2017; Lau and Deng 2012). COP1 
associates with the SPA (Suppressor of phyA-105) proteins to form the COP1-SPA 
complex (Hoecker 2017), which targets photomorphogenesis-related proteins such 
as photoreceptors (phyA, phyB, CRY2) (Jang et al. 2010; Seo et al. 2004; Yousef et al. 
2010; Yu et al. 2007) and transcription factors (HY5, MYB, HFR1, PIFs) (reviewed 
in Kim et al. 2017) for 26S proteasomal degradation. COP1 itself is regulated in a 
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light-dependent manner. COP1 activity is coordinated by the phytochromes (phys), 
photoreceptors of the red and far-red light, and the cryptochromes, photoreceptors 
of the blue light (CRYs). Phys and CRYs directly interact with the SPA proteins upon 
light exposure and induce the dissociation of COP1 from the COP1-SPA complex, 
leading to the inhibition of COP1-mediated degradation of downstream regulators 
(Lian et al. 2011; Liu et al. 2011; Lu et al. 2015; Sheerin et al. 2015). At the cellular 
level, photoactivation of photoreceptors, including phyA to E, CRY1 and CRY2, 
triggers their rapid localization to discrete subnuclear foci (photobodies) (Van 
Buskirk et al. 2012). Photobodies are distinct subnuclear domains whose assembly 
and function are directly regulated by light (Chen and Chory 2011). COP1 itself 
translocates from the cytosol to the nucleus where it colocalizes with photobodies in 
darkness (Stacey et al. 1999; Stacey and von Arnim 1999) and many positively-acting 
transcriptional regulators also colocalize with COP1 in nuclear bodies (Van Buskirk 
et al. 2012). Hence, one proposed hypothesis is that photobodies are sites for light-
dependent turnover of key transcriptional regulators. However, it is still unclear 
whether (i) the photobodies are directly involved in transcriptional regulation, (ii) 
are associated with chromatin and/or (iii) control other signaling pathways like 
those of temperature, hormones and defence.

THESIS OUTLINE

This PhD dissertation focuses on the structure, function, localization and interactions 
of the geminiviral Rep protein of TYLCV (RepTYLCV), with an emphasis on its relation 
with the plant sumoylation pathway and conjugation machinery. Chapter 2 shows 
that Rep modulates post-translational modifications of a specific host target, the 
Proliferating cell nuclear antigen (PCNA). Using a reconstituted sumoylation 
system in bacteria, tomato PCNA is demonstrated to be sumoylated at two lysine 
residues and that co-expression of the geminivirus Rep compromises sumoylation at 
these lysines. Also in planta, the presence of Rep reduces sumoylation of PCNA that 
coincides with an increase of PCNA ubiquitination. In Chapter 3, a region necessary 
for nuclear localization of Rep is mapped on the RepTYLCV. Interestingly, the lysine 
residues that are required for translocation of RepTYLCV into the plant cell nuclei, 
were previously described to control the interaction between Rep from Tomato 
golden mosaic virus (TGMV) and the SUMO conjugating enzyme (SCE1). However, 
the same lysines are not essential for RepTGMV nuclear localization. Structural 
modeling of the N-terminal half of Rep indicates that a positively charged surface 
area (potentially corresponding to the ‘nuclear localization surface patch’) on Rep is 
largely neutralized by the introduction of Lys-to-Ala mutations in RepTYLCV but not in 
RepTGMV. The same lysine residues are also shown to be essential for DNA replication 
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activity, independent of their function in nuclear localization, for both Reps. Chapter 
4 investigates the mechanisms by which RepTYLCV binds and manipulates the SUMO 
conjugation machinery in plant cells. Rep forms a complex with SCE1 and SUMO1 in 
subnuclear compartments, named nuclear bodies (NBs), whose assembly depends 
on SUMO conjugation activity and on interactions between the partners mediated 
by SUMO-interacting motifs (SIMs). Mutations in the non-covalent SUMO binding 
site of SCE1 disrupt its interaction with Rep. In line with this observation, a SIM is 
here identified in the C-terminus of Rep, which is required for (i) Rep interaction 
with both SCE1 and SUMO1 and (ii) Rep-mediated viral DNA replication, albeit 
that ATPase activity remains to be proven for the SIM mutants. Chapter 5 takes 
the characterization of Rep-SUMO conjugation machinery interaction a step further, 
exploring the nature of the NBs formed by the Rep-SCE1-SUMO1 complex. Co-
localization studies in N. benthamiana epidermal leaf cells reveal that Rep is recruited 
by the SUMO conjugation machinery in photobody-like subnuclear compartments 
that also include proteins involved in light perception and signaling, e.g. COP1. 
Remarkably, Rep localization rapidly changes in response to blue light illumination 
towards NBs that strongly overlap with the Cryptochrome-containing NBs. The 
Cryptochromes (CRYs) are blue light photoreceptors that control the transcriptional 
response to blue light in the nucleus. In an attempt to investigate the role of light in 
geminivirus infection and replication, this chapter demonstrates that Arabidopsis 
plants mutated in the Cryptochromes (cry1;cry2) are more susceptible to infection by 
the geminivirus Beet curly top virus (BCTV) than wild type plants (accession Col-0). 
Chapter 6 describes an affinity purification of RepTYLCV followed by tryptic digestion  
combined with tandem mass spectrometry to identify the co-purifying proteins. As 
follow-up two candidate interactors are studied, to confirm that they indeed interact 
with Rep in independent assays. Both proteins represent plant proteins that are 
annotated as ‘RNA-binding’ based on gene ontology methods. A discussion of the 
advantages, drawbacks and potentialities of the used method for the analysis of 
protein complexes and resistance strategies against geminivirus is provided. Finally, 
in Chapter 7 the findings presented in this thesis are discussed with a perspective on 
the future research depicted. 
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