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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
8
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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
9
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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). TYLCVsusceptible 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
10
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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
11
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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 reprograms 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 (AscencioIbáñez 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
12
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Figure 1. Diagram of Rep with its known functional domains

initiation and termination of DNA replication. 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
13
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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
14
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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 HanleyBowdoin 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
16
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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)
17
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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 PCNAbinding 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, Retinoblastomarelated (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 lightdependent 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. Colocalization 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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ABSTRACT

2

Geminiviruses are DNA viruses that replicate in nuclei of infected plant cells using the plant DNA replication machinery, including PCNA (Proliferating cellular
nuclear antigen), a cofactor that orchestrates genome duplication and maintenance
by recruiting crucial players to replication forks. These viruses encode a multifunctional protein, Rep, which is essential for viral replication, induces the accumulation
of the host replication machinery and interacts with several host proteins, including PCNA and the SUMO E2 conjugation enzyme (SCE1). Post-translational modification of PCNA by ubiquitin or SUMO plays an essential role in the switching of
PCNA between interacting partners during DNA metabolism processes (e.g. replication, recombination, repair, etc.). In yeast, PCNA sumoylation has been associated
to DNA repair involving homologous recombination (HR). Previously, we reported
that ectopic Rep expression results in very specific changes in the sumoylation pattern of plant cells. In this work, we show, using a reconstituted sumoylation system
in Escherichia coli, that tomato PCNA is sumoylated at two residues, K254 and K164,
and that co-expression of the geminivirus protein Rep suppresses sumoylation at
these lysines. Finally, we confirm that PCNA is sumoylated in planta and that Rep
apparently also interferes with PCNA sumoylation and ubiquitination in plant cells.
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INTRODUCTION
Geminiviruses constitute a large family of plant viruses with circular singlestranded (ss) DNA genomes packaged within geminate particles (Zerbini et al.
2017), which replicate in the nuclei of infected cells through double-stranded (ds)
DNA intermediates (Hanley-Bowdoin et al. 2013; Jeske 2009).
The largest geminivirus genus corresponds to Begomovirus, which can have
bipartite genomes (A and B components) like Tomato golden mosaic virus (TGMV)
or monopartite genomes like Tomato yellow leaf curl virus (TYLCV). Begomoviruses
encode two proteins involved in viral replication: Rep (also called AL1, AC1, and
C1), a multifunctional essential protein, and C3 (also called AL3, AC3, C3, and REn),
which interacts with Rep and greatly enhances begomovirus DNA accumulation in
host cells (Settlage et al. 2005) Rep has different functions: it mediates recognition of
its cognate origin-of-replication in a geminivirus species-specific manner (Fontes et
al. 1994a) it is required for initiation and termination of viral DNA synthesis (Fontes
et al. 1994b; Laufs et al. 1995; Orozco and Hanley-Bowdoin 1996), and it acts as a
DNA helicase (Choudhury et al. 2006; Clérot and Bernardi 2006).
Growing evidence supports the notion that geminivirus proteins have a significant
impact on a variety of host processes including cell differentiation, cell cycle control,
DNA replication, plasmodesmata function and RNA silencing (Hanley-Bowdoin et
al. 2013). By these means, geminiviruses reshape their environment by co-opting
cellular processes necessary for viral replication, systemic spread, and impairment
of plant defences. There are numerous mechanisms by which geminiviruses mediate
their effects on the host cell, including targeting of post-translational modification
systems. Such systems play critical roles in many cellular processes because they
cause rapid changes in (i) the function of pre-existing proteins, (ii) composition of
multi-protein complexes and (iii) their subcellular localization. Their versatility
in regulating protein function and cellular behaviour makes them a particularly
attractive target for viruses. One example of a key cellular regulatory system targeted
by viruses is sumoylation (Everett et al. 2013; Wilson 2017), a post-translational
process mainly involved in nuclear functions that modifies protein function, activity
or localization of its targets through covalent attachment of a 10-kD Ubiquitin-like
polypeptide called SUMO (Small ubiquitin-like modifier) (Cubeñas-Potts and
Matunis 2013; Gareau and Lima 2010; Mazur and van den Burg 2012).
Briefly, post-translational modification by SUMO involves a cascade of ATPdependent reactions that are mechanistically similar to ubiquitination, involving
sequential activation and conjugation of SUMO. SUMO activation is driven by an
E1 enzyme (SUMO-activating enzyme SAE1/SAE2 heterodimer), while SUMO
conjugation is mediated by a single E2 enzyme (SUMO-conjugating enzyme SCE1,
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also known as Ubc9 in yeast and mammals). The final transfer of SUMO from SCE1
to specific lysine residues in target proteins can occur directly or can be enhanced by
SUMO ligases (Cappadocia and Lima 2018; Gareau and Lima 2010). Target proteins
can undergo mono-sumoylation of one lysine, poly-sumoylation (SUMO chain
formation) or multi-sumoylation (modification of several lysines in one substrate)
(Hendriks and Vertegaal 2016; Hickey et al. 2012; Wilkinson and Henley 2010). SUMO
can be specifically detached from modified lysines by SUMO proteases (ULPs),
making it a reversible and dynamic process (Hickey et al. 2012; Yates et al. 2016).
The consequence of sumoylation on targets is very diverse, ranging from changes
in localization to altered activity and, in some cases, stabilization of the modified
protein. All of these effects are frequently the result of changes in the molecular
interactions of the sumoylated proteins. Sumoylation can either mask a binding site
in its target thus inhibiting its interactions with other proteins, increase the number
of binding sites on its target hence facilitating the binding of molecules, such as
proteins or DNA, or produce a conformational change that modulates its activity.
In plants, the characterization of the sumoylation enzymes has largely been restricted
to Arabidopsis thaliana, although information based on sequence analysis of other
plant genomes is available (Hammoudi et al. 2016; Novatchkova et al. 2012). The
Arabidopsis genome encodes eight full-length SUMO genes (AtSUMOs), a single
gene encoding the SUMO-conjugating enzyme SCE1 (AtSCE1a) and a large number
of ULPs. Only two SUMO E3 ligases (SIZ1, HPY2/MMS21) have been identified and
characterized in Arabidopsis (Huang et al. 2009; Ishida et al. 2009; Ishida et al. 2012;
Miura and Hasegawa 2010; Park et al. 2011).
In plants, sumoylation is important for embryonic development, organ growth,
flowering transition, and hormone regulation (Elrouby 2015). In addition, SUMO
also plays a key role in stress-associated responses to stimuli such as extreme
temperatures, drought, salinity and nutrient assimilation (Castro et al. 2012; Castro
et al. 2015). During these abiotic stresses, the profile of SUMO-modified proteins
changes dramatically, greatly increasing the global SUMO-conjugates levels and
decreasing the pool of free SUMO (Kurepa et al. 2003; Miller et al. 2013). After
exertion of stress, SUMO-conjugates slowly diminish by the action of ULPs, that are
fundamental players in fine-tuning SUMO conjugation/deconjugation (Conti et al.
2014; Yates et al. 2016).
Several observations, including pathogen manipulation of SUMO conjugation by
bacterial elicitors (Hotson et al. 2003; Kim et al. 2008; Roden et al. 2004), modification
of SUMO levels altering pathogen infection in plants (Castillo et al. 2004; Hanania et
al. 1999) and sumoylation influencing innate immunity (Hammoudi et al. 2018; Lee
et al. 2007; van den Burg et al. 2010), indicate that SUMO also plays an important role
in plant defence responses.
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Numerous studies in recent years have shown that sumoylation also plays a role in
viral infection. In animals, proteins from DNA and RNA virus families were shown
to be sumoylated, and this modification seems to be important for their function.
Conversely, proteins encoded by DNA viruses can modify host sumoylation, globally
or only to certain specific substrates, altering the host environment to facilitate viral
replication or to overcome host defences, either by preventing de novo sumoylation
or by enhancing desumoylation (Everett et al. 2013; Lowrey et al. 2017; Wilson 2017;
Wimmer and Schreiner 2015).
In sharp contrast with these animal pathosystems, only two examples of an interaction
between viral proteins and the sumoylation machinery have been described for
plants so far. The only RNA-dependent RNA polymerase of the potyvirus Turnip
mosaic virus (TuMV), Nlb, is sumoylated and interacts with SUMO3 from Arabidopsis
(Xiong and Wang 2013). Knockout or overexpression of SUMO3 suppresses TuMV
replication and attenuates the viral symptoms (Cheng et al. 2017). The other example
is the interaction between the begomovirus protein Rep and SCE1 (Castillo et al.
2004). This interaction is essential for viral infection, since Rep mutants impaired
in SCE1-binding and plants with altered SUMO levels, showed reduced viral
replication (Castillo et al. 2004; Sánchez-Durán et al. 2011). Transient expression of
Rep in Nicotiana benthamiana showed that the interaction between Rep and SCE1
does not alter the global sumoylation pattern in planta, but rather may specifically
influence SUMO conjugation of a selected subset of host proteins (Sánchez-Durán
et al. 2011).
In this study, we identify PCNA (Proliferating cell nuclear antigen) as such a plant
protein whose sumoylation is altered in the presence of the begomovirus protein
Rep. Using a reconstituted sumoylation assay in Escherichia coli, we demonstrate
that tomato PCNA is readily sumoylated at two different lysines (K164 and K254).
However, in the presence of Rep, SUMO attachment is compromised at both these
acceptor sites. This interference is specific for PCNA, since Rep does not alter
sumoylation of a control protein. It does also not depend on the physical interaction
between Rep and SCE1. Finally, we are able to detect for the first time sumoylation and
ubiquitination of PCNA in planta and show that a reduction of PCNA sumoylation
coincides with an increase of PCNA ubiquitination when Rep is expressed in plant
tissue.

RESULTS
Tomato PCNA interacts with Rep and SUMO machinery in planta
PCNA is a well-known interactor of Rep protein as well as a sumoylation target
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Figure 1. PCNA interacts with RepTYLCV and SUMO machinery in planta.
BiFC assay showing the cellular and nuclear distribution of tomato PCNA in combination with empty
vector (ev, negative control), Rep from TYLCV, mature and conjugation-incompetent variants of SUMO
(GG and DGG, respectively) and SCE1. Image shown represent a typical N. benthamiana epidermal cell
(top) and a 4x zoom showing its nucleus (bottom). Dotted lines indicated the nuclei. The scale bars
represent 5 mm.

(Castillo et al. 2003; Hoege et al. 2002). In order to confirm that PCNA interacts with
the Rep protein from Tomato yellow leaf curl virus (TYLCV) and the SUMO machinery
in planta, we used the BiFC assay in Nicotiana benthamiana plants. To this end, the
N-terminus of PCNA was fused to SCFPC (C-terminal half of CFP) (Gehl et al. 2009)
and transiently co-expressed with Rep, Arabidopsis SUMO1 or Arabidopsis SCE1
tagged (fused to the N-terminal half of the CFP (SCFPN) using agroinfiltration of N.
benthamiana epidermal leaves. As a negative control, we expressed the SCFPN
fragment alone. For the PCNA-Rep combination, foremost a nuclear signal was
detected in the nucleoplasm and occasionally in nuclear foci (Figure 1). When the
mature form of Arabidopsis SUMO1 (SUMO1GG) was co-expressed together with
PCNA, we found that they interact in the cytoplasm and in nuclear punctae, whereas
a conjugation-deficient variant of SUMO1 (SUMO1DGG) failed to recruit PCNA in
these nuclear bodies. Instead, a diffuse fluorescence signal was observed in the
nucleoplasm and cytoplasm. This is in line with the notion that SUMO nuclear body
formation requires SUMO conjugation activity (Mazur et al. 2019). Finally, PCNASCE1 couple was found to interact in the cytoplasm, nucleoplasm and nuclear
punctae (Figure 1)

Rep modulates the sumoylation of PCNA
Ectopic Rep expression alters the sumoylation status of specific host proteins
(Sánchez-Durán et al. 2011). Although full determination of the number and identity
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of these plant targets will require a comprehensive proteomic analysis, proteins that
both interact with Rep and are known to be sumoylated are primary candidates. One
of such proteins is PCNA, since its sumoylation has been described for PCNA
homologues of yeast, Xenopus laevis, mammalians and Arabidopsis (Arakawa et al.
2006; Elrouby and Coupland 2010; Gali et al. 2012; Hoege et al. 2002; Leach and
Michael 2005; Moldovan et al. 2012; Strzalka et al. 2012) and tomato PCNA binds to
Rep from several begomoviruses (Bagewadi et al. 2004; Castillo et al. 2003).
Sumoylation of Arabidopsis PCNA has been described for both homologues encoded
in its genome (AtPCNA1 and AtPCNA2) using a sumoylation system reconstituted
in bacteria (Elrouby and Coupland 2010; Strzalka et al. 2012). In order to assess if
tomato PCNA (PCNA) is also sumoylated and if Rep then interferes with its
sumoylation, we followed a similar strategy and performed sumoylation assays in
E. coli as described by (Mencía and de Lorenzo 2004). In this assay, all components of
the sumoylation pathway (SAE1/2, SCE1, and SUMO1) are expressed in E. coli
together with a potential substrate protein using an inducible system based on T7
promoters, where SAE1, SUMO1 and the target protein are expressed as His-tagged

Figure 2. Sumoylation of tomato PCNA in a
reconstituted SUMO conjugation system in
bacteria is modulated by Rep.
Tomato PCNA, Rep from Tomato golden mosaic
virus (TGMV), E1/E2 (mammalian SAE1,
SAE2 and Ubc9), SUMO (HsSUMO1) were
co-expressed in E. coli NCM631 cells and
extracted. Protein extracts were blotted with
the antibodies indicated (left side). Expression
(+/-) of the individual components is
indicated at the top per lane. Relevant bands
are labelled on the right side. The band labelled
‘X1’ could correspond to a SUMO tetramer or
more likely to a complex of PCNA-2xSUMO.
Band ‘X2’ corresponds to a truncated form of
Rep protein. Molecular weight markers (Mw)
are indicated.
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proteins to facilitate protein detection. Three compatible plasmids were comaintained in E. coli in this assay to simultaneously express: (i) mammalian HisSAE1, SAE2 and SCE1 (Ubc9) from a polycistronic RNA, (ii) mammalian His-SUMO1,
(iii) His-PCNA from tomato, or alternatively His-PCNA and Rep as a polycistronic
mRNA. Protein expression was induced in cells co-transformed with the appropriate
plasmids and total protein extracts from these cells were analysed with western
blots probed with anti-PCNA, anti-SUMO1/2, anti-His or anti-Rep antibodies
(Figure 2). Cells expressing only PCNA displayed a band of the expected size (32
kD) when the blot was incubated with anti-PCNA (Figure 2, lane 1). An additional
band (PCNA-SUMO) of approximately 55 kD was detected when PCNA was
expressed together with the complete sumoylation machinery (E1/E2 and SUMO)
(Figure 2, lane 5), but not when it was co-expressed only with the sumoylation
machinery without SUMO (Figure 2, lane 4). Since the apparent mass of this band
matches the expected mass for a PCNA-SUMO dimer and a similar band was
detected when the blot was incubated with anti-SUMO or anti-His antibodies, we
conclude that this 55 kD band corresponds to mono-sumoylated form of PCNA.
This result indicates that tomato PCNA, like its yeast, mammalian and Arabidopsis
homologues, can be sumoylated. The extra protein bands observed on the membrane
by the anti-SUMO antibody are similar to those reported previously (Mencía and de
Lorenzo 2004) and likely correspond to free SUMO (SUMO) or SUMO chains
(dimers, trimers, etc.). Similar bands were detected with the anti-His antibody.

Figure 3. Rep interferes only with sumoylation of PCNA but not with other proteins.
(A) Tomato PCNA, Rep from Tomato golden mosaic virus (TGMV), C2 from Tomato yellow leaf curl Sardinia
virus (TYLCSV), E1/E2 (mammalian SAE1, SAE2 and Ubc9), SUMO (HsSUMO1) were co-expressed in
E. coli NCM631 cells and extracted. Protein extracts were blotted with the antibodies indicated (left side).
Expression (+/-) of the individual components is indicated. Relevant bands are labelled on the right side.
(B) Similar to (A), except that Catalase3 (CAT3) is co-expressed. Molecular weight markers (Mw) are
indicated.

38

Geminivirus Replication protein impairs SUMO conjugation of PCNA
When PCNA and Rep were co-expressed from the same plasmid as a polycistronic
mRNA, together with the complete sumoylation machinery expressed from two
accompanying plasmids, the intensity of the band that corresponds to sumoylated
PCNA (PCNA-SUMO) was drastically reduced (Figure 2, lane 6). This reduction
in intensity was also observed for a higher molecular weight band (X1) detected
by the anti-SUMO antibody. The size of this band is consistent with PCNA with
two SUMO peptides attached. However, this extra band was not detected with antiPCNA, arguing that it reflects a different protein (complex). Together, these results
demonstrate that sumoylation of tomato PCNA is strongly reduced in the presence
of Rep. When using an anti-Rep antibody, a band corresponding to the expected
molecular weight (44 kD) of the viral protein Rep was detected (Figure 2, anti-Rep).
We did not detect any bands that could match with sumoylated forms of Rep,
confirming that SUMO is not covalently attached to Rep. The additional smaller
band (X2) detected with the anti-Rep antibody likely corresponds to a truncated form
of the viral protein. To establish if impairment of PCNA sumoylation is strictly due
to co-expression of Rep, we performed a sumoylation assay in which we replaced
Rep by the C2 protein from the begomovirus Tomato yellow leaf curl Sardinia virus
(TYLCSV). The results showed that only Rep and not C2 was capable of reducing
the amount of sumoylated PCNA, thus ruling out an unspecific interference with
sumoylation due to the simultaneous expression of PCNA and any given protein
from a polycistronic RNA (Figure 3A, lanes 7 to 9). Expression of C2 was confirmed
using an anti-His antibody.
To determine if the Rep-mediated suppression of PCNA sumoylation is due to the
inhibition of SCE1 activity by the viral protein, we carried out a sumoylation assay
replacing PCNA with Arabidopsis Catalase 3 (CAT3), a known sumoylation substrate
(Castaño-Miquel et al. 2013). A C-terminal CAT3 fragment fused to a Flag epitope
was expressed in E. coli cells in the presence or absence of Rep. Again, western blots
were probed with anti-Flag, anti-Rep and anti-SUMO antibodies (Figure 3B). In all
proteins extracts, a band of approximately 35 kD corresponding to the CAT3 protein
was detected with the anti-Flag antibody (Figure 3B, anti-FLAG). When CAT3
was co-expressed with the complete sumoylation machinery (E1/E2 and SUMO),
an additional band of approximately 50 kD, consistent with mono-sumoylated
CAT3, was detected both with the anti-Flag (Figure 2B, anti-FLAG, lane 5) and the
anti-SUMO antibody (Figure 3B, anti-SUMO, lane 5). When CAT3 and Rep were
expressed simultaneously from one plasmid as a polycistronic mRNA, together with
the sumoylation machinery expressed from the two accompanying plasmids, the
intensity of the band identified as sumoylated CAT3 remained unaltered (Figure 3B,
lane 6). This indicates that Rep expression does not affect the conjugating activity of
SCE1 in the E. coli assay in a generic way. Rep expression was confirmed by probing
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the western blot with an anti-Rep antibody.

Tomato PCNA is sumoylated at the residues K164 and K254

2

Sumoylation of yeast PCNA occurs preferentially at K164, a residue conserved in
all PCNA proteins, and to a lesser extent at K127 (Hoege et al. 2002). Sumoylation
of yeast PCNA K164 requires the SUMO E3 ScSiz1, whereas K127 sumoylation
proceeds without an E3 ligase in vitro and is mediated by ScSiz2 in vivo (Hoege et al.
2002; Parker et al. 2008). Sumoylation at K164 has been observed in other species,
such as chicken cells, X. laevis egg extracts and mammalian cells (Arakawa et al.
2006; Gali et al. 2012; Göhler et al. 2008; Leach and Michael 2005; Moldovan et al.
2012). In E. coli reconstituted sumoylation system, Arabidopsis PCNA was shown to
be sumoylated primarily at K254, although additional sumoylation was reported
to occur at other lysine residues (K13, K14, K20, K217, and K240), but not at K164
(Strzalka et al. 2012).
In order to establish whether tomato PCNA also contains multiple SUMO acceptor
sites and to examine if Rep interferes with sumoylation at each site, we performed
sumoylation assays expressing tomato PCNA mutants where lysines were replaced
by alanines. To select PCNA lysine residues for mutagenesis, we analysed a PCNA
multisequence alignment and candidate lysines were picked according to the
following criteria: (i) the residue is conserved in PCNA homologues of different
organisms, (ii) the residue was previously described as SUMO acceptor site in other
PCNA homologues, (iii) the residue is located in a predicted SUMO acceptor site
using GPS SUMO-gp and SUMOsp2.0 and/or (iv) the residue is located at the
surface of the PCNA three-dimensional structure. These analyses suggested the
residues K91, K164, K168, K190 and K254 to have increased probability to serve as a
SUMO acceptor site, with K164 and K254 being the prime candidates (Figure 4A).
As a first step, single and double mutants were generated for the residues K164 and
K254 and analysed in our sumoylation assay in E. coli. Co-expression of wild-type
PCNA with the complete sumoylation machinery (E1/E2 and SUMO) produced a
double band (PCNA-SUMO) of the expected molecular mass of sumoylated PCNA
(Figure 4B, lane 2). We did not observe this double band before, due to a lower
resolution in protein separation in our previous western blots (Figure 2). This double
band could represent PCNA monomers mono-sumoylated at two different positions.
This phenomenon was previously described for yeast and human PCNA, which,
when sumoylated at K127 or K254, respectively, migrated on SDS-PAGE gel at a
different apparent molecular mass than yeast PCNA SUMO-modified at K164 (Gali
et al. 2012; Hoege et al. 2002; Pfander et al. 2005). When PCNA K164A was co-
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Figure 4. Identification of tomato PCNA SUMO acceptor sites
(A) Primary sequence of tomato PCNA with residues K164 and K254 highlighted (red and green,
respectively) (upper panel) and the predicted 3D model of the structure of a tomato PCNA trimer (central
panel) or a monomer (lower panel). (B) Sumoylation assay of tomato PCNA single mutants K164A,
K254A and the double mutant K164A/K254A in bacteria while co-expressing Rep from TGMV. Assay
is similar to Figure 1. Expression (+/-) of the individual components is indicated. E1/E2 enzymes were
expressed in all samples. Molecular weight markers (Mw) are indicated.

expressed instead of wild-type PCNA, a single band of 55 kD (corresponding to the
lower of the two bands obtained with the wild-type PCNA) was observed (Figure
4B, lane 4). On the contrary, co-expression of the single PCNA mutant K254A resulted
in a decrease in intensity of the lower band, while the intensity of the upper band
remained unchanged at the levels seen for wild-type PCNA (Figure 4B, lane 6).
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When the PCNA double mutant K164A/K254A was expressed, the upper band
disappeared entirely while a decrease in the intensity was detected for the lower
band, similar to the situation shown for the single mutant K254A (Figure 4B, lane 5).
These results indicated that the double band detected with wild-type PCNA
corresponds to two distinct PCNA-SUMO adducts in which SUMO is attached to
two different lysines, with the upper band, being the result of sumoylation at K164
and the lower, at least partially, the product of sumoylation at K254. To identify the
alternative lysine residue(s) responsible for the residual sumoylation of the lower
band in PCNA K254A, we performed sumoylation assays introducing into the
PCNA double mutant K164A/K254A additional mutations in each of the other
selected lysine residues (K91, K168 or K190). However, none of these additional
mutations was able to remove the weak band present in the double mutant K164A/
K254A, suggesting that lysine residues other than K91, K168 or K190 are sumoylated
in bacteria when K164 and K254 are mutated (data not shown). When co-expressing
Rep no lower band is detected and a large reduction in the upper band is observed
(Figure 4B, lane 3) indicating that in the presence of Rep PCNA sumoylation is
impaired at all lysines residues.

Rep-mediated suppression of PCNA sumoylation is independent of the
Rep-SCE1 interaction
To gain insight into the mechanism of Rep-mediated suppression of PCNA
sumoylation, we analysed whether the physical interaction of Rep with SCE1 or

Figure 5. The Rep-SCE1 interaction is not
essential to suppress PCNA sumoylation in
bacteria.
Assay is similar to Figure 1, except that a Rep
variant was co-expressed that fails to interact
with SCE1 (K68A/K102A; lane 4). Molecular
weight markers (Mw) are indicated.
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Figure 6. Identification of Rep domains involved in interference of tomato PCNA sumoylation.
(A) TGMV Rep protein graphical representation. TGMV intergenic region interaction domain (DNA,
residues 1-130), interaction domain with itself (Rep, residues 121-181), interaction domain with other
viral proteins (REn, residues 101-180), or with proteins from the plant (RBR, residues 101-180; SCE1,
residues 56-130 and PCNA, residues 120-184) are represented. Domains involved in the DNA replication
initiation (I, II and III) are also indicated. Rep deletion mutants are represented by horizontal bars: dark
or light grey indicate respectively high or low level of accumulation of the truncated Rep in the bacteria
extracts (see C). Molecular weight markers (Mw) are indicated. (continued on next page)
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Figure 6. Legend (continued)
(B) Sumoylation assay of tomato PCNA in the presence of WT or truncated version or Rep (Repxx-xxx).
Mammalian SAE1, SAE2, SCE1, SUMO proteins and mutant and WT versions of tomato PCNA proteins
were overexpressed in E. coli NCM631 cells and extracted. Protein extracts were blotted with anti-PCNA
antibody. The expression of PCNA and SUMO (+/-) is indicated. E1/E2 enzymes were expressed in all
samples. Relevant bands are labelled on the right. The amount of sumoylated PCNA was quantified using
ImageJ software and relativized against the amount detected in the protein extracts containing wild-type
Rep. (C) Expression levels of WT and truncated Rep obtained by blotting bacteria extract with an anti-Rep
antibody. All protein extracts were obtained from E. coli NCM631 cells expressing mammalian SAE1,
SAE2, SCE1 and SUMO and tomato PCNA. Bands with an asterisk are identified as the result of Rep
protein expression. Molecular weight markers (Mw) are indicated.

PCNA had a role. Previous work had mapped the SCE1-binding domain of Rep
between the residues 56-114, with the region 56-85 likely forming the core of the
interface with N. benthamiana SCE1, while the region 86-114 may stabilize or enhance
this interaction. Replacement of the lysine residues K68 and K102 in the binding
region of Rep impairs its interaction with SCE1 and dramatically reduces viral
replication, indicating that the Rep-SCE1 interaction is required for viral DNA
replication. To determine whether the Rep-SCE1 interaction (Bagewadi et al. 2004;
Castillo et al. 2004; Sánchez-Durán et al. 2011) is required for compromised PCNA
sumoylation, we performed a sumoylation assay in E. coli co-expressing the Rep
K68A/K102A double mutant, which does not interact with N. benthamiana SCE1
(Sánchez-Durán et al. 2011). As expected, the double band corresponding with
sumoylated PCNA vanished when wild type Rep was co-expressed (Figure 5, lane
2). A similar reduction in the intensity of these two bands was seen when Rep K68A/
K102A was co-expressed (Figure 5, lane 3). This indicates that, in the conditions of
our sumoylation assay, the direct interaction SCE1-Rep is not required for the Repmediated suppression of PCNA sumoylation.
The residues of PCNA that contribute to its interaction with Rep seem to spread
across the protein, while the residues of Rep important for the interaction with
PCNA appear to be concentrated in the middle part of this viral protein, spanning
the residues 120-183 (Bagewadi et al. 2004). To further investigate the mechanism of
interference, we carried out sumoylation assays expressing truncated versions of
Rep. Ten different Rep truncations were generated and expressed from the same
promoter as wild-type PCNA (Figure 6). Expression of all these Rep mutants could
be successfully detected in protein extracts from E. coli by western blotting using an
anti-Rep antibody, except for Rep1-68, Rep1-99 and Rep120-140. These latter three
truncations were expressed at low or undetectable levels and therefore excluded
from our sumoylation assays (Figure 6C). As described above, the expression of the
full Rep protein interfered with PCNA sumoylation, producing a clear decrease in
the intensity of the two sumoylated PCNA bands (Figure 6B). This reduction in
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intensity for both SUMO-modified PCNA bands was also seen when any of the Rep
truncated proteins were expressed, but only in the presence of Rep1-184 and Rep120-352
the decrease in intensity of the lower band was equivalent to the effect seen with
intact Rep protein (Figure 6B).

Rep interferes with PCNA sumoylation in an Arabidopsis sumoylation
system reconstituted in bacteria
Analyses performed in bacteria with Arabidopsis PCNA1 by Strzalka and co-workers
detected sumoylation on K254, but did not detect sumoylation of the conserved
K164 (Strzalka et al. 2012). However, our results imply in the case of tomato PCNA
that both residues can be sumoylated with a similar efficiency (Figure 4B). The
respective experimental approaches differ not only in the PCNA homologue used,

Figure
7.
Arabidopsis
SUMO
conjugation enzymes modify the same
lysine residues in tomato PCNA in
bacteria
(A) Assay is similar to Fig. 1, except
that AtE1/E2 (Arabidopsis SAE1, SAE2
and SCE1) were co-expressed together
with the Arabidopsis SUMO paralogues
SUMO1, -2, and -3 (AtS1/2/3/).
Expression (+/-) of the individual
components is indicated. E1/E2
enzymes were expressed in all samples.
(B) Similar to (A), except that PCNA
variants were co-expressed in which
K164, K254 or both were mutated Ala.
At= AtSUMO1; Hs=HsSUMO1 (lanes
4-6, 8). Wt = wildtype tomato PCNA,
as used in panel A. (C) Similar to (A),
except that Rep from Tomato golden
mosaic virus (TGMV) is co-expressed
(lane 4). Molecular weight markers
(Mw) are indicated.
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but also in the origin of the sumoylation enzymes used. We used an assay previously
employed to identify SUMO targets in Arabidopsis proteins (López-Torrejón et
al. 2013) originally developed by (Mencía and de Lorenzo 2004), that expresses
mammalian E1 and E2 enzymes and the human SUMO1. However, the results with
Arabidopsis PCNA obtained by Strzalka and co-workers are based on a reconstituted
sumoylation pathway that is entirely composed of Arabidopsis proteins. To determine
if the discrepancy between these K164 sumoylation results is due to the disparate
origin of the enzymes used, we redesigned the Mencia and Lorenzo assay replacing
the mammalian E1 and E2 enzymes for their Arabidopsis counterparts (AtSAE and
AtSCE1). Using this system, we first determined if tomato PCNA could be SUMOmodified using the Arabidopsis isoforms AtSUMO1, AtSUMO2 or AtSUMO3. As a
positive control, we used human SUMO1. Total protein extracts were analysed by
western blot using anti-PCNA or anti-His antibodies to confirm expression of the
SUMO isoforms (Figure 7A). Consistently with our previous sumoylation assay
with mammalian enzymes (Figure 4B), co-expression of PCNA and human SUMO1
produced a double band of approximately 55 kD, (Figure 7A, lane 3). This double
band was also observed in the protein extract from cells expressing either AtSUMO1
or -2, albeit at a slightly smaller molecular weight due to a different in sequence of
the Arabidopsis SUMOs compared to the human SUMO1 (Figure 7A, lanes 4, and
5). The same double band was also detected in the presence of AtSUMO3, however
its intensity was noticeably reduced (Figure 7A, lane 6), even with the amount of
mature free AtSUMO3 being similar to that of AtSUMO1 or AtSUMO2 (Figure 7A,
lower panel, lanes 4, 5 and 6). These results indicate that tomato PCNA can be posttranslationally modified by AtSUMO1 and AtSUMO2, but that it is a poor substrate
for AtSUMO3 conjugation when using the Arabidopsis E1 and E2 enzymes.
To confirm that the sumoylated PCNA double band corresponds to sumoylation at
K164 and K254, the tomato PCNA single mutants K164A or K254A and the double
mutant K164A/K254A were co-expressed in the Arabidopsis reconstituted assay with
AtSUMO1. Expression of human SUMO1 was used as positive control. The upper
band observed with wild-type PCNA disappeared when the single PCNA mutant
K164A was tested (Figure 7B, lanes 4 and 8). Expression of the single mutant K254A
caused a decrease of the intensity of the lower band, while the intensity of the upper
band remained unaltered when compared with wild-type PCNA (Figure 7B, lane
5). In the case of the double mutant K164A/K254A, the upper band disappeared
completely and the intensity of the lower band was greatly diminished (Figure 7B,
lane 6). These results indicate that tomato PCNA is sumoylated in vitro on the same
lysine residues, regardless of the origin of the sumoylation machinery used.
When PCNA and Rep were expressed simultaneously from the target plasmid as a

46

Geminivirus Replication protein impairs SUMO conjugation of PCNA

2

Figure 8: Rep from Tomato yellow leaf curl virus (TYLCV) compromises sumoylation while enhancing
ubiquitination of tomato PCNA in planta.
(A) Flag-tagged tomato PCNA together with Arabidopsis thaliana SUMO1 was transiently expressed in
Nicotiana benthamiana leaves in the presence or absence of GFP-tagged Rep from TYLCV. Total protein
extracts were subjected to immunoprecipitation and proteins that co-eluted from the Flag affinity resin
(IP: anti-Flag) were blotted with anti-Flag, anti-AtSUMO1 or anti-Ubiquitin antibodies. The upper
panel shows the enrichment of PCNA-Flag, as monomer but also as dimer and trimer (~70 and 100 kD,
respectively); the anti-SUMO immunoblot reveals that in presence of Rep the ~50 kD band, corresponding
to the sumoylated monomeric form of PCNA-Flag, is reduced when Rep is co-expressed; the antiubiquitin immunoblot shows that an high smear corresponding to PCNA polyubiquitination is increased
in presence of Rep. (B) Total protein extracts (input) were analyzed by immunoblotting using anti-GFP
antibody to show accumulation of Rep-GFP and by Coomassie staining to confirm equal protein loading.
Molecular weight markers (Mw) are indicated.

polycistronic mRNA, together with the Arabidopsis sumoylation machinery (AtSAE/
SCE1 and AtSUMO1), the intensity of the two bands identified as mono-sumoylated
PCNA was greatly reduced compared to those produced in the absence of Rep
(Figure 7C, lanes 3 and 4), confirming the result obtained using the reconstituted
assay in bacteria (Figure 1).
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In planta sumoylation of tomato PCNA is compromised by Rep, while
ubiquitination is enhanced

2

While sumoylation of plant PCNAs has been detected in bacteria using different
reconstituted sumoylation systems, sumoylation of PCNA remains to be proven
in plants cells, likely due to the low levels of modified PCNA available, probably
beyond the sensitivity threshold of the detection methods used. Increasing the
amount of sumoylated PCNA might allow us to infer if Rep also modulates the
post-translational modification status of PCNA in planta. To this end, we transiently
expressed flag-tagged tomato PCNA (PCNA-flag) together with mature AtSUMO1
in young, not fully expanded N. benthamiana leaves (2-week old plants), in which
more cells are likely to be in the replicative stage of the cell cycle (previous studies
had shown that yeast PCNA is predominantly sumoylated during the S-phase of
the cell cycle) (Pfander et al. 2005). In addition, we subjected the harvested leaf
material to a heat shock at 37ºC for 45 min to increase the levels of SUMO-conjugates
(Kurepa et al. 2003). Western blots on PCNA protein immuno-purified with anti-flag
resin showed that PCNA accumulated in plants as monomers, dimers and trimers
(of approximately 35, 70 and 100 kD, respectively) (Figure 8A, anti-flag). These
blots were also probed with anti-SUMO antibody, revealing that the PCNA-flag
monomers were also sumoylated in planta, giving rise to a band of approximately
50kD (Figure 8A, anti-SUMO) equivalent to that previously detected in bacteria
using the Arabidopsis system (Figure 7). When Rep from the begomovirus Tomato
yellow leaf curl virus (TYLCV) was co-expressed in planta in the same experimental
conditions, the signal for the ~50 kD band decreased, suggesting that the levels of
SUMO-modified PCNA were lower when Rep was present (Figure 8A, anti-SUMO).
When the same immunoblot with the affinity-purified PCNA protein was probed
with an anti-Ubiquitin antibody, a smear was detected between 70 and >170 kD
that potentially corresponds with poly-ubiquitination ladder(s) on PCNA. In the
presence of Rep, a stronger signal of poly-ubiquitinated PCNA was observed. The
presence of Rep (GFP-tagged) was confirmed by immunoblotting of total protein
extracts with an anti-GFP antibody (Figure 8B, anti-GFP). These results indicate
for the first time that PCNA is both sumoylated and ubiquitinated in plant cells
and confirm that Rep compromises PCNA sumoylation in planta, while in exchange
apparently enhancing its ubiquitination.

DISCUSSION
PCNA is a protein highly conserved in eukaryotes that controls cell cycle regulation,
DNA replication and DNA repair. The switching between these different PCNA
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functions is modulated by its post-translational modification status, mainly
ubiquitination or sumoylation, which facilitates or hinders the interaction of PCNA
with specific binding partners, providing a mechanism to control and switch PCNA
function (Choe and Moldovan 2017; Mailand et al. 2013).
Sumoylation of the two PCNA homologues (PCNA1 and PCNA2) present in
Arabidopsis has been described using a reconstituted sumoylation system in E. coli
(Elrouby and Coupland 2010; Strzalka et al. 2012). In the first report, sumoylation
of PCNA1 was detected using Arabidopsis AtSUMO1 and AtSUMO3, while in the
second, the authors showed efficient sumoylation of PCNA1 and PCNA2 using S.
cerevisiae SUMO (Smt3) as well as AtSUMO1, -2, -3 and -5. In this work, we show
that tomato PCNA is also sumoylated in vitro by human SUMO1 and AtSUMO1
and 2 (Figure 7). However, sumoylation of PCNA with AtSUMO3 was notably
inefficient compared to that obtained with the other SUMO homologues, in spite
that all SUMOs were expressed in the bacteria to similar levels (Figure 7). Taking into
account that all the sumoylation enzymes used in both works were the same, this
divergence must be due to the PCNA origin. The difference in sumoylation observed
when using AtSUMO1/2 or AtSUMO3 is not a surprise, since Arabidopsis SUMO
paralogues have acquired distinct expression patterns and biochemical properties
(Hammoudi et al. 2016; van den Burg et al. 2010).
Sumoylation assays of tomato PCNA identified two modification products with a
similar molecular weight (Figure 4B) that likely correspond to PCNA monomers
mono-sumoylated at two alternative sites (K164 versus K254). Such phenomenon was
previously described for yeast PCNA, which migrated on SDS-PAGE electrophoresis
with a different apparent molecular mass when sumoylated at K127 or K124 (Hoege
et al. 2002; Pfander et al. 2005). In none of the experiments in bacteria using the
Arabidopsis or mammalian sumoylation enzymes, we identified bands corresponding
to tomato PCNA monomers simultaneously modified with two SUMO molecules
(PCNA-2xSUMO), indicating that (i) the simultaneous modification of both lysine
acceptor sites of one PCNA monomer or (ii) the formation of a SUMO chain (diSUMO) on one acceptor lysine are both more inefficient than previously suggested
for Arabidopsis PCNA (Strzalka et al. 2012). Considering that tomato PCNA could be
efficiently sumoylated at each of two lysine acceptor residues in an alternate fashion,
the lack of PCNA molecules attached to two SUMO peptides simultaneously could
suggest that some hierarchy is established in the sumoylation of the lysines. Whether
inhibition of the consecutive modification of both lysines with SUMO was due to (i)
the biochemical characteristics of the sumoylation systems when expressed in bacteria
or (ii) the absence of additional components such as SUMO E3 ligases, remains to be
analysed. Interestingly, previous data showed that, in bacteria, the expression of the
Arabidopsis SUMO E3, AtSIZ1, does not impact the sumoylation of Arabidopsis or S.
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cerevisiae PCNA isoforms (Colby et al. 2006; Strzalka et al. 2012).
PCNA sumoylation has not been detected in any of the analyses carried out in
planta to identify plant SUMO targets (Budhiraja et al. 2009; Colignon et al. 2017;
López-Torrejón et al. 2013; Miller et al. 2010; Miller et al. 2013; Park et al. 2011;
Rytz et al. 2018). Even the use of plant material containing a large proportion of
dividing cells as PCNA source, or transiently expressing PCNA in leaves, has failed
to prove PCNA modification in planta (Strzalka et al. 2012). In this work, we show
for the first time that plant PCNA, as its animal and yeast homologues, is indeed
sumoylated in plant cells. The determinant use of a heat-shock to increase the
accumulation of SUMO (Kurepa et al. 2003) allowed us to detect the sumoylation
of a PCNA monomer when transiently expressing all proteins in N. benthamiana
leaves. Moreover, poly-ubiquitinated forms of tomato PCNA in planta were also
detected, whereas we were not able to identify mono-ubiquitinated PCNA in these
plant protein extracts. Interestingly, labelling of PCNA at the N-terminus with a Flag
epitope does seemingly not interfere with its ability to interact with itself forming
homodimers or trimers.
The analysis of PCNA containing point mutations in lysine residues show that, in
bacteria, tomato PCNA is preferentially sumoylated at two residues that are conserved
across all eukaryotic PCNAs, K164, a residue reported to be sumoylated in yeast and
animal, and K254. Although both residues are at the surface of the PCNA ring, they
are located at opposite sides of the PCNA ring: K164 is at the back side, while K254
is at the front side of this ring. The weak band detected in the assays with the double
mutant K164A/K254A suggests that, in the absence of those two residues, another
yet unidentified lysine can be sumoylated. Whether or not that corresponds to a true
third SUMO acceptor site or its modification is an artefact caused by the absence of
the other two sites remains to be clarified.
Previous work with Arabidopsis PCNA identified K254 as one of the residues
sumoylated in bacteria, yet failed to detect sumoylation at K164 (Strzalka et al. 2012).
Although this study used a reconstituted system consisting of Arabidopsis proteins
similar to the one used here, there are some experimental differences that could
explain this apparent discrepancy. Mainly, to identify SUMO acceptor sites, Strzalka
and co-workers used Arabidopsis AtSUMO3, while we used AtSUMO1. So, it could
be possible that K164 is sumoylated only by AtSUMO1, while K254 can be modified
by AtSUMO1 and AtSUMO3, an unique SUMO paralogue that is only present in
a small clade of the Brassicaceae (Hammoudi et al. 2016). Moreover, it also remains
unclear if maturation of pre-AtSUMO3 occurs in planta by SUMO proteases in order
to expose the diGly motif needed for SUMO conjugation (Colby et al. 2006). This
maturation step is skipped by the reconstituted sumoylation assays we and Strzalka
and co-workers used. In order to analyse sumoylation, Strzalka and co-workers
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generated Arabidopsis PCNA mutants replacing all but one of the lysine residues by
arginines, while in our approach we only replaced those residues already proven
to be sumoylated. So, we cannot rule out the possibility that in the method of
Strzalka and co-workers, the overall structure of PCNA is changed, which would
interfere with the access of the sumoylation enzymes to specific residues. In fact,
their observation that five additional lysines (located in the inner circle of the PCNA
ring) can serve as SUMO acceptor site, suggests that in the absence of the main
acceptor sites, SCE1 will accept any available lysine as substrate. Such potentially
unbiased sumoylation was previously observed for FoxM1 (Schimmel et al. 2014).
Furthermore, overexpression of the sumoylation machinery in the presence of a
target with only one lysine residue could result in the generation of false positives,
given that the stoichiometric conditions on such reaction are bound to be far from
physiological. However, we cannot fully exclude that Arabidopsis and tomato PCNA
could be partially sumoylated at different residues.
Replication of the geminiviral genome fully relies on the host DNA replication
machinery, including PCNA and DNA polymerases. PCNA is essential for viral
replication (Morilla et al. 2006) and expression of the corresponding gene is induced
by the presence of Rep (Egelkrout et al. 2001; Egelkrout et al. 2002; Nagar et al. 1995).
Our results prove that Rep, besides binding to the PCNA protein, also interferes with
its sumoylation in all modifiable lysine residues. This inhibitory effect of Rep was
unique for PCNA, as it did not affect SUMO attachment to the plant protein used
as a control (CAT3). The fact that PCNA sumoylation is also compromised when a
Rep mutant is used that cannot interact with the SUMO conjugating enzyme SCE1,
suggests that reduced SUMO conjugation of PCNA is not due to Rep inhibiting
SCE1 enzymatic activity, a mechanism previously described for the Gam1 protein of
the CELO virus (Boggio et al. 2004). Our results point to the PCNA-binding domain
in Rep as a determining factor for the suppression of PCNA sumoylation. The data
from Bagewadi and colleagues (Bagewadi et al. 2004), showing that Rep interacts
with residues located all over the PCNA molecule, could indicate that the reduction
of PCNA sumoylation is a consequence of steric hindrance of SCE1 once Rep is
bound to PCNA. This scenario would fit with the model described by Mayanagi and
colleagues, where one PCNA interactor can block access of other interactors to the
PCNA molecule; this steric hindrance would thus fine-tune and modulate PCNA
function (Dovrat et al. 2014; Mayanagi et al. 2009; Mayanagi et al. 2011). On the
other hand, ubiquitin adopts discrete docked binding position on PCNA (Tsutakawa
et al. 2015). Structural differences between Ubiquitin- and SUMO-modified PCNA
have implications for its interactions with the PCNA partner proteins, changing
both surface accessibility and access points for pathway regulation. Our data argue
that Rep shifts the balance between two PTMs on PCNA that affect the same lysine
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(K164). Specific mutants of PCNA in which the Rep-PCNA interaction is lost, will be
required to confirm this hypothesis.
In yeast at least, PCNA is mono-ubiquitinated on K164 by the protein complex
RAD6-RAD18 (ubiquitin conjugating enzyme and E3 ubiquitin protein ligase,
respectively) in replicating S-phase cells as soon as DNA polymerase stalling
generates single-stranded DNA upon UV radiation or exposure to DNA-damaging
agents (Hoege et al. 2002; Stelter and Ulrich 2003). Monoubiquitination of PCNA
triggers ‘polymerase switching’, whereby a stalled replicative DNA polymerase
is replaced with a specialized translesion synthesis (TLS) polymerase (Yang et al.
2013). DNA damage also induces K63-linked polyubiquitination at the residue K164
of PCNA, which triggers error-free template switch mechanisms (fork regression or
stand invasion) (Branzei 2011; Hoege et al. 2002) and recruits ZRANB3 translocase/
structure-specific DNA endonuclease (Ciccia et al. 2012). Interestingly, translesion
synthesis polymerases have been shown to contribute to geminiviral replication
(Richter et al. 2016a).
Sumoylation of PCNA is high in particular during the S-phase, where it would be
involved in suppressing undesired recombination events between newly synthesized
DNA molecules during normal fork progression. In yeast, PCNA sumoylation
recruits the DNA helicase Srs2 that inhibits recombination by removing RAD51 from
ssDNA, thereby disassembling an essential recombination intermediate structure
(reviewed in Niu and Klein 2017). During replication, Srs2 aids in the repair of
gaps by preventing ssDNA from being used to initiate recombination. Deletion
of Srs2 or mutations of PCNA that impair its sumoylation, cause increased levels
of homologous recombination (HR) (Aguilera and Klein 1988; Burgess et al. 2009;
Papouli et al. 2005; Pfander et al. 2005). The mechanisms mediated by Srs2 seem to
be conserved in eukaryotes. Sumoylation of PCNA in human cells recruits PARI, a
Srs2 homolog that binds to RAD51 (Burkovics et al. 2016; Moldovan et al. 2012). In
Arabidopsis, an Srs2 homolog was identified and shown to act as a functional DNA
helicase that can process branched DNA structures that occur during synthesisdependent strand annealing (SDSA) pathway of recombination (Blanck et al. 2009).
These properties suggest that AtSrs2 might play a role in regulating HR in plants, as
predicted for its yeast homologue.
Recombination is a key evolutionary process to generate diversity amongst ssDNA
viruses (Martin et al. 2011). Recombination among geminiviral genomes has been
extensively recorded and seems to be a consequence of a general enhancement of the
recombination frequency upon infection (reviewed in Lefeuvre and Moriones 2015).
Besides, several experimental results also indicate that geminiviruses alter HR in
plants, as infection with the begomovirus Euphorbia mosaic virus induces somatic HR
events for Arabidopsis transgenes, specially within vein-associated tissues where this
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virus replicates (Richter et al. 2014).
The mechanisms of HR in ssDNAviruses remains poorly defined, but are most probably
strongly influenced by the ways in which these viruses replicate. Geminiviruses
replicate their circular ssDNA by three modes of action: complementary strand
replication, rolling-circle replication and recombination-dependent replication
(RDR) (Jeske et al. 2001; Preiss and Jeske 2003). It has been suggested that RDR is a
replication system by which host recombination factors are utilized for geminiviral
amplification and also lead to enhanced host DNA recombination (Richter et
al. 2014). Rep is likely to have a key role in the recruitment and assembly of this
viral replisome, a protein-DNA complex that includes both viral proteins and host
factors including those for HR (reviewed by Hanley-Bowdoin et al. 2013). Besides
its interaction with PCNA, Rep interacts with a variety of proteins involved in
replication and/or HR processes such as RFC (Luque et al. 2002), RPA32 (Singh et al.
2007), Rad54 (Kaliappan et al. 2012) or Rad51 (Suyal et al. 2013). The relevance of this
HR replication mechanism for geminiviruses has been highlighted by infecting an
Arabidopsis RAD51D mutant with a bipartite geminivirus (Richter et al. 2016b). The
results obtained showed that RAD51D promotes viral replication at the early stages
of the infection, and its presence is required for geminiviral recombination, since
in the absence of RAD51D a significant decrease of both intra- and intermolecular
recombinant molecules between the two DNA components of the bipartite
geminivirus was observed. Expression of the Rep homologue from geminivirus Bean
yellow dwarf virus increased the frequency of gene targeting in a series of experiments
to develop geminivirus-based replicons for transient expression of Transcription
activator-like effector nucleases (TALENs) (Baltes et al. 2014). This result points to
the involvement of Rep protein in the viral control of the HR mechanism.
Combining all our data, we propose that the interaction between Rep and PCNA
modulates the protein modification status of PCNA, thus switching its cellular
function to create an environment suitable for viral replication. Further, we suggest
that the specific reduction of PCNA sumoylation, caused by the action of Rep, is a
key step to induce HR in both infecting geminiviral genomes and the genome of
the infected plant cells. We propose that during viral replication Rep will interfere,
possibly by its interaction with PCNA, with the ability of SCE1 to attach SUMO to
PCNA. Consequently, polyubiquitination of plant PCNA at K164 would be enhanced
by which Srs2 binding to PCNA would be reduced, thus allowing maintenance of
Rad51-ssDNA nucleoprotein filaments generated from exposed ssDNA, which
in turn will cause an increase in the level of HR recombination. Beside its effect
on increasing geminiviral recombination, a higher HR activity could also have an
effect on the geminiviral replication efficiency, since HR provides a mechanism for
tolerating lesions that could block the progression of replication forks.
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General methods.

2

Manipulations of Escherichia coli strains and nucleic acids were performed according
to standard methods (Sambrook et al. 2001). E. coli strain DH5α was used for
subcloning. All the PCR-amplified fragments cloned in this work were fully
sequenced. E. coli NCM631 strain was used for the sumoylation assays. Antibodies
and primers used in this work are listed in Table S1 and S2, respectively.
Molecular graphics of tomato PCNA were made with the UCSF Chimera package
(Pettersen et al. 2004) using human PCNA (protein data bank 1AXC) as reference.
Chimera is developed by the Resource for Biocomputing, Visualization, and
Informatics at the University of California, San Francisco (supported by NIGMS
P41-GM103311).

BiFC assay in N. benthamiana
The binary constructs PCNA-SCFPC, Rep-SCFPN, SCE1- SCFPN, SUMOGG/DGGSCFPN, empty- SCFPN were transformed in Agrobacterium tumefaciens strain GV3101
by electroporation. Single colonies were grown overnight to an OD600 of 0.8-1.5 in
low salt LB medium (1% w/v Tryptone, 0.5% w/v yeast extract, 0.25% w/v NaCl,
pH 7.0). The bacterial cells were pelleted, washed and resuspended in infiltration
medium (MS [Murashige and Skoog] salts (Duchefa), 10 mM MES pH 5.6, 2%
w/v sucrose, 200 μM acetosyringone). Four-week old N. benthamiana leaves were
syringe-infiltrated with A. tumefaciens cells at an OD600 = 1 for all constructs. When
two cultures were co-infiltrated for BiFC analysis, they were mixed at a ratio 1:1 to
a final OD600 = 1. A. tumefaciens strain carrying the pBIN61 binary vector to express
the P19 silencing suppressor (referred to as pBIN61:P19) from the Tomato bushy stunt
virus (TBSV) was added to every experimental sample at a final OD600 = 0.5. Three
days post-infiltration N. benthamiana leaf material was collected for microscopic
analysis. A confocal laser scanning microscope, Zeiss LSM510, was used to capture
the fluorescent images. The agroinfiltrated N. benthamiana cells were examined using
Zeiss c-Apochromat 40X 1.2 water-immersion Korr objective. The fluorescence was
detected with the following beam/filter settings: SCFP-excitation at 458 nm (argon
laser), primary beam-splitting mirrors 458/514, secondary beam splitter 515 nm,
band filter BP 470-500 nm. For all observations, the pinhole was set at 1 Airy unit. For
every experimental sample, three independent biological replicates were examined
and one representative image is shown Images were analyzed and processed with
ImageJ Fiji 1.0v software.
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In bacteria sumoylation assays
PCNA from Solanum lycopersicum (obtained from pCNACT2,) and Rep from TGMV
(positions 2461 through 2588 to nucleotide 1416; Genbank ID NC001507 obtained
from pDBRepTG (Castillo et al. 2003)), each of them PCR amplified with primers
O01/O02 and O03/O04 respectively, were subcloned into NdeI/BamHI sites of
pET28b (Novagen, EMD Millipore, Billerica, Massachusetts) to obtain the pET28SlPCNA and pET28-Rep plasmids, respectively. A XbaI-blunt-ended/XhoI fragment
from pET28-Rep containing the RBS (ribosomal binding site) and the Rep ORF fused
to a 6XHis tag was subcloned into EcoRI-blunt-ended/XhoI sites of pET28-SlPCNA,
generating the pET28-SlPCNA-Rep, a vector able to produce the polycistronic
mRNA for the SlPCNA and Rep proteins.
PCNA mutants were obtained using the vector pET28-SlPCNA as template and
Quikchange Lightning Site-Directed Mutagenesis Kit (Stratagene, Agilent, Santa
Clara, California), using primers O05/O06, O07/O08, O11/O12, O13/O14 and
O09/O10 for generating the mutations K164A, K254A, K91A, K190A and K168A
respectively. For generating double mutants K164A/K168A and K164A/K254A,
pET28-SlPCNA-K164A was used as a template. And for the triple ones (K164A/
K168A/K254A, K91A/K164A/K254A and K164A/K190A/ K254A), pET28SlPCNA-K164A/K168A and pET28-SlPCNA-K164A/K254A were used as templates.
To express Arabidopsis Catalase3 (AtCAT3) and Rep from TGMV from a polycistronic
RNA, a restriction fragment XbaI-XhoI blunt-ended from pET28-Rep, containing the
RBS and the Rep ORF fused to a 6XHis tag, was subcloned into NotI blunt-ended
site of pGEX-AtCAT3 to yield pGEX-AtCAT3-Rep. pGEX-AtCAT3 expresses the
Catalase C-terminal fragment (AtCAT3Ct -419/472) fused to GST (glutathione
transferase) and Flag (Castaño-Miquel et al. 2011).To express C2 and SlPCNA from
a polycistronic mRNA, a XbaI-blunt-ended/XhoI restriction fragment of pET28-C2
containing the RBS and the C2 ORF fused to a 6XHis tag was subcloned into EcoRIblunt-ended/XhoI site of pET28-SlPCNA yielding pET28-SlPCNA-C2. Previously,
pET28-C2 was generated by PCR amplifying with primers O15/O16 and cloning
the C2 ORF of TYLCSV (positions 1631 to nucleotide 1224, Genbank ID: L27708) into
EcoRI/XhoI sites of pET-28b.
To express Rep K68A/K102A, Rep ORF was PCR amplified with primers O03/O04
from pGBAL1-K68A/K102A (Sánchez-Durán et al. 2011) and cloned into NdeI/
BamHI sites of pET28b yielding pET28-RepK68A/K102A. A XbaI-blunt-ended/XhoI
restriction fragment from pET28-RepK68A/K102A, containing the RBS and the Rep
ORF fused to a 6XHis tag was subcloned downstream of the PCNA ORF into EcoRIblunt-ended/XhoI sites from pET28-SlPCNA to yield pET28-SlPCNA-RepK68A/
K102A
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Truncation constructs of Rep were constructed by PCR, using pET28-Rep as a
template and specific primers (O20/O27 for pET28-Rep120-184, O18/O26 for pET28Rep56-130, O19/O28 for pET28-Rep68-352, O20/O28 for pET28-Rep120-352, and O21/
O28 for pET28-Rep184-352). PCR fragments containing the truncated Rep ORFs were
cloned into NdeI/HindIII sites of pET28b to obtain pET28-Rep120-184, pET28-Rep56-130,
pET28-Rep68-352, pET28-Rep120-352, and pET28-Rep184-352. To express truncated Rep and
SlPCNA from a polycistronic mRNA, PCR amplified fragments of these plasmids
(primers O17/O22 for Rep1-68, O17/O25 for Rep1-120, O17/ O27 for Rep1-184, O17/
O23 for Rep1-81, O17/O24 for Rep1-99, O17/O28 for Rep68-352, O17/O28 for Rep120-352,
O17/O28 for Rep184-352, O17/O27 for Rep120-184 and O17/O26 for Rep56-130), containing
the RBS and the truncated Rep fused to a 6XHis tag were subcloned into SacIHindIII sites of pET28-SlPCNA to yield: pET28-SlPCNA-Rep1-68, pET28-SlPCNARep1-120 pET28-SlPCNA-Rep1-184, pET28-SlPCNA-Rep1-81, pET28-SlPCNA-Rep1-99
pET28-SlPCNA-Rep68-352, pET28-SlPCNA-Rep120-352, pET28-SlPCNA-Rep184-352, pET28SlPCNA-Rep120-184 and pET28-SlPCNA-Rep56-130.
The polycistronic construct expressing Arabidopsis sumoylation E1 and E2 enzymes
was generated as follows. AtSCE1, AtSAE1, and AtSAE2 were amplified from
Arabidopsis Columbia-0 cDNA with primers O29/O30, O31/O32 and O33/O34
respectively and cloned into NcoI/BglII, NdeI/BamHI or NcoI/SalI sites in pET28b in
order to set them downstream of a RBS, yielding the plasmids pET28-AtSCE1, pET28AtSAE1a, and pET28-AtSAE2. Next, a XbaI/EcoRI blunt-ended restriction fragment
of pET28-AtSCE1 was subcloned into XbaI-blunt-ended site of pET28-AtSAE2 to
obtain pETSS and then a XbaI/BamHI blunt-ended restriction fragment of pET28AtSAE1a was cloned into SalI-blunt-ended site of pETSS to obtain pETSS1a. Finally,
to transfer the polycistronic construct to a vector with P15A ori and chloramphenicol
resistance, compatible with the other plasmids used in the sumoylation assays in E.
coli, a SphI/EagI blunt-ended fragment of pETSS1a was subcloned into a EcoRV site
of pACYC184 (Rose 1988) to yield pASS1a.
The CDS corresponding to the mature proteins (GG) of Arabidopsis AtSUMO1, 2,
and 3 were PCR amplified from Arabidopsis cDNA (using primers O35/O36, O37/
O38 and O39/O40 respectively) and cloned into NdeI/BamHI sites of pET28b to
obtain pET28-AtSUMO1, pET28-AtSUMO2, and pET28-AtSUMO3, respectively.
XbaI-blunt-ended/BamHI restriction fragments of these constructs, containing
ORFs of AtSUMOs fused to histidine tags were subcloned into SphI-blunt-ended/
BamHI sites of pRHSUMO (Mencía and de Lorenzo 2004) to substitute the human
HsSUMO1 ORF, obtaining pRHAtSUMO1, pRHAtSUMO2, and pRHAtSUMO3.
Sumoylation assays with the mammalian enzymes were performed as previously
described by (Mencía and de Lorenzo 2004). Plasmids expressing the potential
sumoylation target proteins, the sumoylation enzymes and the human SUMO1, were
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sequentially transformed in E. coli. Expression was induced by adding 1mM IPTG
to the culture medium in the exponential growth phase (OD600=0.6). Samples were
taken 4 hours after induction and proteins were extracted as described in (Mencía
and de Lorenzo 2004). The amount of protein loaded in all gels was normalized
according to Coomassie blue staining. The mammalian and Arabidopsis sumoylation
E1 and E2 enzymes are encoded in the plasmids pBADE12, and pASS1a respectively.
Human SUMO1 and Arabidopsis SUMO 1, 2 and 3 are fused to his tags and expressed
from plasmids pRHSUMO, pRHAtSUMO1, pRHAtSUMO2 and pRHAtSUMO3.
In the sumoylation assays with pGEX-AtCAT3, human SUMO1 is expressed from
pRKSUMO (Mencía and de Lorenzo 2004) instead of pRHSUMO.

In planta sumoylation assay
For the in planta sumoylation assay, the ORF of S. lycopersicum PCNA (GenBank ID:
NM_001247915, kindly provided by Keygene N.V, Wageningen, The Netherlands)
was amplified with primers FP5751/FP6068 to generate a fragment containing the
SlPCNA fused to a Flag-tag at its N-terminus. The fragment was subcloned in pJLTRBO vector (Lindbo 2007) to generate the pTRBO-PCNA-Flag plasmid. pK7FWG2
plasmid (Karimi et al. 2002) containing Rep from TYLCV fused to EGFP (Rep
Genbank ID: FJ956702.1) was also kindly provided by Keygene N.V. (referred to as
pK7FWG2-Rep). The ORF of the mature Arabidopsis AtSUMO1 (residues 1-91) in
pDONR221 (Mazur et al. 2017) was introduced into the pGWB402 destination vector
(Nakamura et al. 2010) using a Gateway LR Clonase II reaction (Thermo Fisher) to
generate the pGWB402-SUMO1 vector. The binary constructs pTRBO-PCNA-Flag,
pK7FWG2-Rep and pGWB402-SUMO1 were introduced in Agrobacterium tumefaciens
strain GV3101 (Koncz and Schell 1986) by electroporation. Agroinfiltration was
performed as described above in leaves of two-week old N. benthamiana plant. Three
days post-infiltration, the whole infiltrated leaves of N. benthamiana were harvested,
placed in a petri dish on wet paper and heat shocked for 45 minutes while being
floating in water bath set at 37oC in the dark. After this period, the leaf tissue was
snap frozen in liquid nitrogen and stored until protein extraction.
Plant proteins were extracted as described by (de la Paz Sánchez et al. 2002). For coimmunoprecipitations, 500 μl of the input was incubated with 30 μl resin anti-Flag
M2 affinity gel (Sigma-Aldrich; 50% slurry) at 4oC for 3 hours. Subsequently, the
resin was collected by centrifugation (5,000g), washed 3 times with 0.5 ml washing
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% v/v glycerol, 10 mM EDTA,
0.15% v/v NP-40, 1 tablet of protease inhibitor cocktail (Roche)/50 ml buffer)
and incubated at 4oC for 1 hour with 100 μl elution buffer (washing buffer + 3X
Flag peptide [Sigma-Aldrich, F4799] 150 ng/μl). After incubation, the resin was
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transferred to Bio-Spin columns (Bio-Rad) and spun down at 1,000g for 1 minute.
The eluate (immunoprecipitated proteins, referred to as IP:anti-Flag) was analysed
by western blot.
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SUPPLEMENTARY DATA
Antibody

αRatPCNA
αHIS-Tag
αNbSUMO1
αRep (AL1)
αFlag
αAtSUMO1/2
αAtSUMO1/2
αPlant-Ubiquitin
αGFP

Origin

(Hoege et al. 2002)
Biomedal (AB-3237)
(Sánchez-Durán et al. 2011)
(Sánchez-Durán et al. 2011)
Sigma-Aldrich (F7425)
Abcam (ab5316)
generated by in-house, University of Amsterdam
Bethyl Laboratories (A300-318A)
Chromotek (3H9)

Table S1. Antibodies used in this work
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Supplementary Data
Number

Sequence 5’ to 3’

O01
O02
O03
O04
O05
O06
O07
O08
O09
O10
O11
O12
O13
O14
O15
O16
O17
O18
O19
O20
O21
O22
O23
O24
O25
O26
O27
O28
O29
O30
O31
O32
O33
O34
O35
O36
O37
O38
O39
O40
FP5751

CCCATATGTTGGAACTACGTCTTGTTCAG
AAGGATCCTCAAGG CTTGGTTTC
CCCATATGCCATCGCATCC
AAGGATCCTTAGCT GCTCTGTGTTGA
GATACAGTTGTTATTTCGGTGACTgcgGAAGGTGTG
CACACCTTCcgcAGTCACCGAAATAACAACTGTATC
CCTGGCAC CTgcaATAGAAGAGGATG
CCTCTTCTATtgcAGGTGCCAGG
ACTgcgGAAGGTGTGgcaTTCTCAACCAGAGGT
ACCTCTGGTTGAGAAtgc CACACCTTCcgcAGT
CATCATCACCATCcgGGCTGACGATGGCAG
CTGCCATCGTCAGCCcgGATGGTGATGATG
CAACTGTTGACgc GCCTGAAGAAGCC
GGCTTCTTCAGGCgcGTCAACAGTTG
GG GCCGAATTCATGCAATCTTCGTCACC
ACCTCGAGCCTAAAGACTCTT AAAAAATG
AAGAGCTCAGAAGAGATATACC
AACATATGCAACC TCACCTCC
AACATATGAAATACTGCTGCC
AACATATGGACGGT CGAAGTGC
AACATATGCCGTTCCACGTCTC
AAAAGCTTTTATT TTCCCTCGAACTG
AAAAGCTTTTAGGATACCAGGTCG
AAAAGC TTTTAGGAAGACGATTTAGC
AAAAGCTTTTAGTCGACCTGGAATTC
AAAAGCTTTTATGTTTGGCAACCTCC
AAAAGCTTTTACGGAGGA AGCCATGG
AAAAGCTTTTAGCTGCTCTGTG
CCATGGCTAGTGG AATCGCTCG
AGAGATCTTTAGACAAGAGCAGG
CATATGGACG GAGAAGAGC
GGATCCTTAAGAGGTAAAAGAGTCGG
AACCATG GCTACGCAACAACAG
GGGTCGACCTATTCAACTCTTAT
AACAT ATGTCTGCAAACCAGG
AAGGATCCTCAGCCACCAGTCTGATG
AACATATGTCTGCTACTCCGG
AGGGATCCCTAACCACCAGTCTGAT G
AACATATGTCTAACCCTCAAG
AGGGATCCTTAACCACCACTC ATCGC
AAAATTAATTAAATGGACTACAAGGACGACGATGACAAAGTCAAGCTTCTCGAGAATTCCTTGGAACTACGTCTTGTTCA

FP6068

AAAA GCGGCCGCCTAAAGGCTTGGTTTCCT CTTCATCC

2

Table S2. Primers (nucleotides that introduce mutations are in lowercase) used in this work
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ABSTRACT

3

Geminiviruses are ssDNA viruses that infect a wide range of plants. To promote
viral replication, geminiviruses manipulate the host cell cycle. The viral protein
Rep is essential to reprogram the cell cycle and then initiate viral DNA replication
by interacting with a plethora of nuclear host factors. Even though many protein
domains of Rep have been characterized, little is known about its nuclear targeting.
Here, we show that one conserved lysine in the N-terminal part of Rep is pivotal
for nuclear localization of Rep from Tomato Yellow Leaf Curl Virus (TYLCV) with
two other lysines contributing to its nuclear import. Previous work had identified
that these residues are essential for Rep from Tomato Golden Mosaic Virus (TGMV)
to interact with the E2 SUMO conjugating enzyme (SCE1). We find that mutating
these lysines leads to nuclear exclusion of TYLCV Rep without compromising its
interaction with SCE1. Moreover, the ability of TYLCV Rep to promote viral DNA
replication also depends on this highly conserved lysine independently of its role in
nuclear import of Rep. Our data thus reveal that this lysine potentially has a broad
role in geminivirus replication, but its role in nuclear import and SCE1-binding
apparently differs depending on the Rep protein examined.
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INTRODUCTION
Geminiviruses form a large and economically important family of plant viruses
(Mansoor et al. 2003; Navas-Castillo et al. 2011; Rojas and Gilbertson 2008). A key
signature of these viruses is their circular single-stranded DNA (ssDNA) molecule
that is packaged in a twin icosahedral capsid structure (Hesketh et al. 2018; Rojas et
al. 2005; Seal et al. 2006). Begomoviruses form the largest genus within the family of
geminiviruses. They can have either a bipartite genome (with genomic components
known as DNA-A and DNA-B) or a monopartite genome (Fauquet et al. 2003;
Fauquet et al. 2008; Zerbini et al. 2017). Begomoviruses are found in the Old World
(both genome types) as well as in the New World (mostly bipartite, but monopartite
species have now also emerged) (Brown et al. 2015; Macedo et al. 2018; Medina et
al. 2018). A begomovirus infection starts when whiteflies feed on phloem sap of
non-infected plant during which they transmit virions in the phloem-associated
cells. Inside the phloem-associated cells, the ssDNA is released from the virions,
copied into double-stranded DNA (dsDNA) and then replicated via rolling-circle or
recombination-dependent replication (Hanley-Bowdoin et al. 1999; Jeske et al. 2001;
Laufs et al. 1995; Rizvi et al. 2015). Due to their small genome size (2.7 to 3 kb) and
limited coding capacity, geminiviruses rely on host cellular processes for their DNA
replication by interacting with a wide range of plant proteins (Hanley-Bowdoin et al.
2013; Jeske 2009). As an infection usually starts in differentiated plant cells that have
entered the quiescent G0/G1 phase, DNA replication activity is (largely) absent in
these recipient host cells. Therefore, geminiviruses must manipulate the cell cycle to
promote reentry into the S phase of the cell cycle to allow DNA replication (Egelkrout
et al. 2001; Gutierrez et al. 2004; Hanley-Bowdoin et al. 2004; Hanley-Bowdoin et al.
2013; Nagar et al. 1995). Different studies have shown that geminiviruses are able to
activate DNA replication by regulation Cyclins in e.g. fission yeast (Hipp et al. 2014),
exploiting the translesion synthesis in plants (Richter et al. 2016) and by interacting
with transcriptional regulators of the plant cell cycle (Kong et al. 2000).
Since the geminivirus life cycle strongly depends on nuclear activities, most
geminiviral proteins are known to translocate to the plant nucleus. For example, the
capsid protein (CP) of both monopartite and bipartite begomoviruses is known to
contain nuclear import (NLS) and nuclear export signals (NES) (Guerra-Peraza et
al. 2005; Kunik et al. 1998; Unseld et al. 2001; Unseld et al. 2004). The transcription
activator TrAP and the related protein C2 were shown to contain a basic domain
corresponding to residues 17-31 that is important for their nuclear localization (Dong
et al. 2003; van Wezel et al. 2001). Also the nuclear shuttle protein BR1 (also called
NSP or BV1), which acts in a cooperative manner with the movement protein BL1
(BC1) in the transport of the viral ssDNA genome in host cells, was shown to contain
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two NLS motifs in its N-terminal region and one leucine-rich NES motif in the region
spanning the residues 177-198 (Sanderfoot and Lazarowitz 1995; Sanderfoot et al.
1996; Ward and Lazarowitz 1999).
Among the few proteins encoded by the geminiviral genome, only one is known to
be essential for viral replication, namely the Replication initiator protein (Rep), also
called AL1, AC1 or C1. Rep is the most conserved geminiviral protein and exerts a
plethora of functions inside the host nucleus (Ruhel and Chakraborty 2018), such
as virus-specific recognition of its cognate origin-of-replication (Fontes et al. 1992;
Fontes et al. 1994), transcriptional repression of the viral genes (Eagle et al. 1994),
binding of dsDNA (Orozco and Hanley-Bowdoin 1998; Singh et al. 2008), DNA
nicking, and DNA helicase activity on viral DNA (Choudhury et al. 2006; Clerot and
Bernardi 2006; Koonin and Ilyina 1992; Orozco and Hanley-Bowdoin 1996). Moreover,
Rep interacts with many proteins. Besides forming homo-oligomers (Choudhury et
al. 2006; Orozco et al. 2000), Rep interacts with the viral protein REn (also called
AL3, AC3 and C3), which then promotes viral DNA accumulation (Settlage et al.
1996; Settlage et al. 2005), and binds its own viral coat protein (CP), which in turn
suppresses both the DNA nicking and ligating activity of Rep (Malik et al. 2005). In
addition, the members of the Rep family are known to bind a range of host factors
linked to DNA replication, such as the DNA clamp protein PCNA (Proliferating
cell nuclear antigen) (Bagewadi et al. 2004; Castillo et al. 2003), Replication factor
C (RFC) (Luque et al. 2002), the ssDNA-binding protein RPA (Singh et al. 2007),
Histone H3 (Kong and Hanley-Bowdoin 2002), and proteins that control progression
of the cell cycle like the Retinoblastoma-related protein (RBR) (Ach et al. 1997; Kong
et al. 2000), the Ser/Thr Kinase GRIK (Kong and Hanley-Bowdoin 2002; Shen and
Hanley-Bowdoin 2006) and the Ubiquitin conjugating enzyme 2 (UBC2), as well as
Histone mono-ubiquitination 1 (HUB1) (Kushwaha et al. 2017). Finally, Rep was
shown to interact with the E2 SUMO conjugating enzyme 1 (SCE1) (Arroyo-Mateos
et al. 2018; Castillo et al. 2004; Sánchez-Durán et al. 2011) whose activity controls,
among others, the SUMO (Small ubiquitin-like modifier) modification of PCNA and
RBR (Gali et al. 2012; Rytz et al. 2016).
Sumoylation is a post-translational protein modification that primarily controls
nuclear processes by modulating the activity, interactions and/or localization of
the modified proteins (Cubeñas-Potts and Matunis 2013; Seeler and Dejean 2003).
Covalent attachment of SUMO to target proteins involves a cascade of enzymatic
reactions catalyzed by ATP (Chosed et al. 2006; Flotho and Melchior 2013; Gareau
and Lima 2010). The last step, the actual attachment of SUMO to specific lysines
in target proteins via isopeptide bond formation, is catalyzed by SCE1. The Rep
proteins from Tomato golden mosaic virus (TGMV) and Tomato yellow leaf curl Sardinia
virus (TYLCSV) interact both with SCE1 (Castillo et al. 2004; Sánchez-Durán et al.
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2011). Studies on Rep from TGMV identified two lysine residues that, when mutated,
prevented the interaction between Rep and SCE1 while also inhibiting viral DNA
replication, suggesting that this interaction between Rep and SCE1 is potentially
directly required for geminiviral replication. Furthermore, Rep was shown to
suppress sumoylation of two specific lysines of PCNA (Arroyo-Mateos et al. 2018)
(Chapter 2). By now, it is evident that Rep controls reprogramming of the host cell
cycle as well as the subsequent initiation of viral DNA replication. In order to carry
out these functions, Rep must enter the plant cell nucleus. However, a mechanism
for nuclear import remained hitherto unknown for any geminiviral Rep.
We here report strong conservation in the Rep protein family for one of the lysines
that is required for RepTGMV to interact with SCE1. To our surprise, mutating this
Lys-to Ala (KtoA) reduced nuclear import of RepTYLCV, while mutating in concert
other lysines needed for the interaction with SCE1 resulted in increased nuclear
exclusion of Rep. Moreover, these residues were not essential for RepTYLCV to interact
with SCE1. In reverse, RepTGMV still entered the nucleus when the corresponding
lysines were mutated. Structural modeling of the N-terminal half of Rep revealed
that these KtoA mutations largely neutralized a positively charged surface area
on RepTYLCV but not on RepTGMV. This suggested that nuclear import of RepTYLCV is
controlled by this surface area rather than a linear polypeptide – a more typical NLS.
Finally, we confirmed that nuclear import of RepTYLCV is essential for its viral DNA
replication activity. This replication activity required these lysines, as previously
reported for RepTGMV (Sánchez-Durán et al. 2011), but this was independent of their
role in nuclear import of Rep.

RESULTS
One lysine in the SCE1 binding interface is strongly conserved in the Rep
protein family
Previous work had shown that two Reps from distantly related begomoviruses
interact with SCE1 from N. benthamiana, i.e. Rep from Tomato yellow leaf curl Sardinia
virus (TYLCSV; monopartite Old World clade) and TGMV (bipartite New World
clade) (Castillo et al. 2004; Sánchez-Durán et al. 2011). For RepTGMV this interaction
depended on lysines in the N-terminal half (Figure 1A and 1B). In particular, K68
(position x) had a major role in SCE1 binding, while the residues K96 (a), K102 (z)
and K107 (b) of RepTGMV had redundant roles in this interaction (Sánchez-Durán et al.
2011). All these lysines appear to be conserved to some extent in the Rep protein
family, when looking at set of well-studied mono- and bipartite begomoviruses
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Figure 1. Lysine residues involved in SCE1 binding are conserved in Rep proteins from different
begomoviruses.
(A) Diagram of REP with its known functional domains; the red line indicates the region of RepTGMV
required for SCE1-binding. (B) Protein sequence alignment of the Reps from different begomoviruses
depicting the region corresponding with the residues 40-108 in RepTYLCV. The full virus names are
indicated in materials and methods. The arrows and letters indicate lysines important for RepTGMV to
interact with SCE1 and the additional Lys (y) found in some Rep proteins in this domain. Black arrows
point to residues here studied, white arrows point Lys required for viral replication and not targeted for
mutagenesis in this work. (continued on next page)
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Figure 1. Legend (continued)
“Mono” and “Bi” stand for monopartite and bipartite begomoviruses and OW/NW indicates the origin
of the analyzed viruses (Old World, New World). (C) Table indicating the corresponding positions and
ConSurf conservation score of the analyzed Lys residues in the here-studied Reps. To each of the herestudied Lys residue a unique color is assigned that is also used in the following figures. (D) Ribbon
diagram of the 3D structure model of the N-terminal half of RepTYLCV colored according to the degreeof-sequence conservation using a scale from maroon (highest) to cyan (lowest) based on the ConSurf
program (Ashkenazy et al. 2010) using a MSA with 337 Rep protein sequences from different geminiviral
species and isolates (Shen et al. 2018).

(Figure 1B and 1C). In addition, some of these Reps share another lysine (position y,
not present in RepTGMV) which is positioned three residues downstream the lysine in
position x. To calculate the degree of conservation of the lysine residues in this
region, we performed a ConSurf analysis on a multiple sequence alignment (MSA)
comprising 337 geminiviral Reps (Shen et al. 2018) . This analysis revealed that lysine
in position y is extremely variable (class 2 out of 9 classes), K102 (z) shows some
degree-of-conservation (class 7 out of 9 classes), while K68, K96 and K107 (x, a and
b) are highly conserved (class 8 the first two and class 9 the third one) (Figure 1C).
This model also revealed that the lysines at positions x, y and z all reside on one side
of the protein model (Figure 1D).

Lysine in position x determines nuclear import of RepTYLCV rather than
SCE1 binding
To judge whether, in general, the lysine at position x has a key role in Rep for the
interaction with SCE1, we decided to study a distant homolog of RepTGMW for its
interaction with SCE1. We picked Rep from TYLCV-Alb13 (hereafter referred to
as RepTYLCV), as it represents a monopartite OW geminivirus, whereas RepTGMW
represents a bipartite NW geminivirus. We introduced single (K67A and K101A),
double (K67/101A) and triple Lys-to-Ala (KtoA) mutations (K67/71/101A) in
RepTYLCV, which correspond with the positions x, y and z (Figure 1C). Importantly,
we did not mutate the lysines in the positions a and b, as this would impair other
functions of Rep, e.g. viral replication (Sánchez-Durán et al. 2011), DNA binding and
DNA cleavage activity of Rep (Kong et al. 2000; Orozco and Hanley-Bowdoin 1998).
We then assessed whether mutating these lysines of RepTYLCV would cause a loss-ofinteraction with SCE1 using bimolecular fluorescence complementation (BiFC). We
fused the C-terminal half of the super Cyan fluorescent protein (SCFP) (Gehl et al.
2009) to C-terminus of these Rep variants creating a Rep-SCFPC chimera, while the
N-terminal half of SCFP was attached to the N-terminus of SCE1 (SCFPN-SCE1).
Reconstitution of CFP fluorescence was then used as a proxy for protein-protein
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Figure 2. The conserved lysines determine nuclear targeting of RepTYLCV rather than its interaction with
SCE1. (continued on next page)
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Figure 2. Legend (continued)
(A) BiFC showing the nuclear localization of the RepTYLCV -SCE1 protein complex exclusively in nuclear
foci/bodies (NBs). Image shown represents a typical N. benthamiana epidermal cell (top) and a 4x zoom
showing its nucleus (bottom); white arrows highlight BIFC signal in the cytoplasm. Scale bars represent
5 mm. (B) Box plot depicting the number of NBs per nucleus in the cells expressing the indicated Rep
variants (x-axis) as BiFC pair together with SCE1. (C) Similar to B, except that the scatter plot represents
the size of the NBs. (D) Box plot depicting the CFP fluorescence intensity ratio in the cytoplasm vs. nucleus
of the images shown in (A). For all plots, a total number of 16 cells per sample (n=16) was analyzed; in the
box plots, “horizontal bars, boxes, whiskers and dots” represent “median, interquartile ranges (IQR), data
range from the minimum to the maximum, and each individual value”, respectively; in the scatter plot,
“the horizontal bar, whiskers and dots” indicate “median, IQR and each individual value”, respectively.
A Kruskal-Wallis statistical test was performed followed by a Dunn’s post-hoc test for each data set; the
letters denote statistically different groups (p<0.05). (E) Yeast two-hybrid assay between ADGAL4-SCE1 and

BDGAL4-RepTYLCV variants – LW: control plate for yeast growth and –LWH: selection plate with medium to
test for the interaction. All mutants tested retained their interaction with SCE1. (F) Subcellular localization
of RFP-tagged RepTYLCV variants in N. benthamiana upon transient expression with Agrobacterium. Arrows
indicate fluorescence in the cytoplasm; the asterisks mark non/weakly fluorescent nuclei. (G) Box plot
depicting the RFP fluorescence intensity ratio in the cytoplasm vs. nucleus of the images shown in (F);
a total of 8 cells per sample was analyzed. (H) Analysis of WT Rep-SCFPC protein levels and its variants
using an anti-HA immunoblot (HA tag is positioned between Rep and SCFPC). (I) Immunoblot of the
Rep-RFP fusion proteins upon transient expression in N. benthamiana. Proteins were detected with an
anti-RFP antibody. To demonstrate equal protein loading, the membranes were stained with Ponceau S.

interactions. We noted that the BIFC pair formed by WT RepTYLCV and SCE1
aggregated in nuclear foci, hereafter called nuclear bodies (NBs, Figure 2A). Different
from RepTGMV (Sánchez-Durán et al. 2011), we found that the interaction between
RepTYLCV and SCE1 remained intact despite the single or double KtoA mutations, i.e.
both the average size and number of NBs was similar to that of WT. Only the triple
KtoA mutant formed less NBs than WT Rep, i.e. on average it formed 5 NBs per
nucleus instead of ±10 for WT (Figure 2B and 2C). Introduction of these KtoA
mutations did not impact the Rep protein levels in planta, as all the Rep-SCFPC
chimeras accumulated at the expected mass of ~60 kDa at roughly the same protein
levels (Figure 2H). A few smaller protein bands were present on the immunoblot,
but these products likely reflect undesired protein degradation in the protein extracts
and they do not impede our conclusions. Thus, the different KtoA Rep-SCFPC
variants are each (relatively) stable in planta.
To independently confirm our pattern of RepTYLCV-SCE1 interactions, we shifted to
the yeast two-hybrid (Y2H) assay expressing RepTYLCV as a fusion protein with the
GAL4 binding domain (BD) and SCE1 as a fusion with the GAL4 activation domain
(AD). We first verified that none of the BD-RepTYLCV variants caused autoactivation
of the reporter genes in the Y2H strain (Figure S1A). Also in the Y2H assay, we
found that none of the KtoA variants of RepTYLCV had lost its interaction with SCE1
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albeit that overall the interaction appears to be relatively weak in the Y2H assay
(Figure 2E)
Although these results suggested that these lysines are not essential for RepTYLCV
and SCE1 to interact, we noted that introduction of the KtoA mutations changed the
distribution pattern of the BiFC signal. Whereas the BiFC signal for WT Rep-SCE1
and the K101A variant was nearly exclusively nuclear, the BiFC signal of the other
KtoA variants was strongly increased outside the nucleus (Figure 2A and 2D). In
particular, the single mutation K67A caused already a profound shift of the BiFC
signal out of the nucleus, which was further enhanced when the mutations K71A or
K101A were added alone or combination to K67A (Figure 2D).
To determine the cause of this redistribution, we examined the subcellular
localization of Rep alone expressing it with a RFP-tag at its C-terminus (RepRFP). Both WT RepTYLCV and the K101A variant localized primarily to the nucleus.
However, the variants K67A, K67/101A and K67/71/101A resided each both in the
nucleus and cytoplasm with the triple KtoA mutant accumulating the least in the
nucleus (Figure 2F and 2G). A co-localization study of the Rep KtoA triple mutant
with an endoplasmic reticulum (ER) marker (ER Green Tracker), confirmed that this
RFP signal outside the nucleus does not strongly overlap with the ER and that it,
therefore, most likely reflects cytoplasmic accumulation (Figure S1B). Quantification
of the RFP fluorescence intensity ratio in the cytoplasm versus the nucleus revealed
that mutating K67A had a larger impact on nuclear exclusion than K101A (Figure
2G). Nuclear exclusion was further stimulated when the mutations K101A alone or
K71A+K101A were introduced in this K67A variant. Thus, these mutations cause
increasingly nuclear exclusion of Rep.
Importantly, in the BiFC experiment each of the tested Rep KtoA variants-SCE1 pairs
resided to a large proportion in the nucleus (often in NBs), suggesting that the BiFC
interaction itself promoted in part the nuclear import of the protein pair. In fact,
SCE1 is known to localize both to the cytoplasm and nucleus of the plant cell (Mazur
et al. 2019). Alternatively, we cannot exclude that the Rep-SCFPC fusion (~60 kDa),
being a bit smaller than the Rep-RFP fusion (~70 kDa), by itself is already more
prone to diffuse passively into the nucleus (Timney et al. 2016). Similar to the BiFC
assay, the RFP-tagged Rep variants all accumulated at the expected mass in plant
cells (Figure 2I). The protein levels were slightly higher for the double and triple
KtoA mutants than WT Rep; this likely reflects their increased cytosolic localization,
which normally facilitates protein extraction from plant tissue. Only the K67A
mutant accumulated less than WT Rep. Nearly every protein sample showed an
extra band around 25 kDa, corresponding to free RFP, which was likely released due
to (residual) proteolytic activity in the protein extracts.
To confirm that the lysine in position x is not exclusively needed for nuclear import of
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Rep from TYLCV Alb-13, we decided to introduce the corresponding single, double
and triple KtoA mutations in Rep from TYLCV-Almeria, hereafter called RepTYLCVAlm
(see Figure 1C for the corresponding Lys positions). Again, we examined the
subcellular localization of the above described Rep variants by labelling them with
RFP and transiently expressing them in N. benthamiana leaves. As noted before, WT
RepTYLCV-Alm and the variants K69A (y) and K99A (z) resided each foremost in the
nucleus, while K65A (x) accumulated primarily outside the nucleus; adding the
mutations K69A (xy) and K99A (xz) alone or in combination (xyz) to K65A further
enhanced nuclear exclusion of Rep (Figure S1C and S1D). Quantification of the RFP
signal ratio in the nucleus versus the cytosol marked that also in this case the K65A
mutation alone had already a strong impact on Rep nuclear exclusion (Figure S1D).
Our data thus imply that one or more lysines involved in SCE1 binding also act in
nuclear import of Rep from TYLCV strains. We also tested several NLS prediction
tools, but none of them predicted a clear NLS signature in the protein sequence of
these Reps.

The conserved Lys are required for Rep
nuclear retention

TGMV

to bind SCE1 but not its

Previously, Sanchez-Duran and co-workers had shown that in the case of RepTGMV
the residues K68+K102 (xz) combined were essential for Rep to interact with SCE1
in planta (Sánchez-Durán et al. 2011). However, our results raised the possibility
that the observed ‘loss-of-interaction’ between Rep and SCE1 for the corresponding
Rep mutants might be due to their mislocalization to the cytosol. In order to test
this notion, we introduced the substitutions K68A (x), K102A (z) and K68/102A
(xz) in RepTGMV-RFP and we analyzed their subcellular localization. In contrast to
RepTYLCV, the KtoA substitutions did not interfere with nuclear import of RepTGMV, as
we saw no RFP signal for any these tested RepTGMV variants in the cytosol (Figure
3A). Then, we tested their interaction with SCE1 using BiFC, i.e. RepTGMV-SCFPC +
SCE1-SCFPN. While WT RepTGMV accumulated to some extent in NBs in this assay,
both RepTGMV K68A (x) and K68/102A (xz) had lost their ability to aggregate with
SCE1 in NBs, (Figure 3B). Instead, we found a diffuse fluorescence nuclear signal for
these two KtoA variants, which suggests that those mutations potentially interfere
with SCE1 enzymatic activity (Mazur et al. 2019). Mutating K102 (z) alone did not
abolish its interaction with SCE1 in NBs, as both the number and average size of the
NBs remained unchanged in comparison to the WT RepTGMV (Figure 3C and 3D). To
assess if the absence of NBs correlated with reduced affinity of RepTGMV for SCE1,
we performed an Y2H assay. While the WT BD-RepTGMV fusion protein interacted
with the AD-SCE1 fusion, no interaction was observed for BD-RepTGMV K68/102A
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Figure 3. The lysine residues are not essential nuclear localization of RepTGMV, while in part for
RepSLCCNV.
(A) RepTGMV-RFP variants reside exclusively in the nucleus, meaning that introduction of KtoA
mutations did not impede the nuclear localization. Scale bars represent 5 mm. (B) BiFC assay showing
that WT RepTGMV and K102A interact with SCE1 inside NBs, while K68A and K68/102A mutants yield
a diffuse fluorescence signal in the nucleus. (C) Box plot depicting the number of NBs per nucleus in
cells expressing the indicated RepTGMV variants (x-axis) as BiFC pair with SCE1. Per sample, 8 cells were
analyzed. (D) Similar to C, except that the scatter plot represents the size of NBs (E) Yeast two-hybrid
assay between ADGAL4-SCE1 and BDGAL4- fused to RepTGMV WT and K68/102A variants; –LW: control
plate for yeast growth; –LWH: selection plate with medium to test for the interaction. (F) Subcellular
localization of RFP-tagged RepSLCCNV, WT and KtoA variants, in N. benthamiana upon transient expression
using Agrobacterium. White arrows indicate cytoplasmic localization of Rep. Scale bar is 5 mm. (G) Box
plot depicting the ratio of the RFP fluorescence intensity in the cytoplasm vs. nucleus of the images shown
in (E), per sample 12 cells were analyzed. Conditions are similar to Figure 2.
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and AD-SCE1 in this Y2H assay (Figure 3E). Again, none of the BD-RepTGMV fusions
caused autoactivation of the reporter genes when expressed alone in the Y2H strain
(Figure S1E).
These results thus confirm the original observations (Sánchez-Durán et al. 2011)
that these residues control in the case of RepTGMV its interaction with SCE1. Also in
the BiFC interaction with SCE1, these RepTGMV variants gave no clear fluorescence
signal in the cytoplasm. Thus, these two lysines have distinct functions in these two
Rep proteins, i.e. they are required for RepTGMV to interact with SCE1, while they are
not essential for its nuclear accumulation, while the exact opposite was found for
RepTYLCV.

The lysines are also implicated in nuclear localization of RepSLCCNV
In order to determine whether these lysines also control nuclear targeting of other
Reps, we selected a third Rep, i.e. Rep from Squash leaf curl China virus (RepSLCCNV), as
target for mutagenesis based on two criteria: (1) SLCCNV is a bipartite begomovirus
like TGMV and (2) it has nearly the same peptide sequence as RepTYLCV in the
selected region, including the additional lysine at position y (Figure 1B and 1C).
We introduced single (K101A, z), double (K67/71A, xy) and triple mutations
(K67/71/101A, xyz) in RepSLCCNV and expressed them transiently as RFP-fusions in
N. benthamiana. Whereas WT RepSLCCNV-RFP and the K101A variant (z) exclusively
localized to the nucleus, the RFP signal of the double and triple mutants was visible
in the nucleus and cytosol (Figure 3F). Although none of the double/triple KtoA
mutations caused a strong nuclear exclusion of RepSLCCNV, as the one seen before for
RepTYLCV, their RFP signals were significantly increased in the cytoplasm compared
to WT (Figure 3G). Together these data argue that the conserved lysines control
nuclear localization of different Rep proteins. However, the data also signify that
other basic residues likely contribute to this function, as the RepSLCCNV KtoA variants
still accumulated inside the nucleus.

The lysine residues form a positively charged surface patch on the RepTYLCV-

Alm

As an NLS typically consists of a short stretch of positively charged residues, we
wondered whether the KtoA substitutions impacted the protein structures of
RepTYLCV and RepTGMV by changing their electrostatic surface charge. To test this, we
performed molecular dynamics simulations of the N-terminal half of RepTYLCV-Alm
and RepTGMV, both WT and the KtoA variants, using the published NMR structure of
RepTYLCV (residues 4-121) as a template structure (Campos-Olivas et al. 2002). In each
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case we found that the molecular simulations were stable over the run time
irrespective of the sequence or mutation used. The modeling revealed that
introduction of the KtoA substitutions in RepTYLCV-Alm largely neutralized a postively
charged surface area (Figure 4A), while the positive charge of this surface area
remained intact to some degree for RepTGMV when the K68/102A double mutation
was introduced (Figure 4B). The modeling provides, therefore, an explanation why
the RepTGMV KtoA mutants still enter the plant nucleus, while the RepTYLCV-Alm KtoA
mutants are largely excluded from the nucleus.

RepTYLCV triple KtoA mutant still interacts with SCE1 when reintroduced
in the nucleus
Since the triple KtoA mutant of RepTYLCV was largely excluded from the nucleus

3

Figure 4. Structural models of RepTYLCV and RepTGMV reveal that three lysines together constitute a
positively charged surface area.
Electrostatic surface plots of (A) WT RepTYLCV-Alm (left), RepTYLCV-Alm K65/99A (center) and RepTYLCVAlm
K65/69/99A (right) and (B) WT RepTGMV (left) and RepTGMV K68/102A (right), (residues 4-121).
Electrostatic surface plots of the protein models were created using the Adaptive Poisson-Boltzmann
Solver in PyMOL. The blue color denotes positively charged electrostatic surface, while the red color
denotes negative charged areas.
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Figure 5. Reinforced nuclear retention of RepTYLCV triple KtoA mutant restores its interaction with
SCE1 inside NBs.
(A) By fusing an alien NLS to the N-terminus of the Rep triple mutant, it relocalizes to the nucleus, while
adding a NES or Myristolation motif (MYR) to N-terminus WT Rep localizes it foremost to the cytoplasm/
plasma membrane and less to the nucleus. Arrows highlight Rep-RFP in the cytoplasm; asterisks mark
nuclei. Scale bar represents 5 mm (B) Box plot showing the ratio of RFP fluorescence intensity in the
cytoplasm vs. nucleus of the images shown in (A), per sample, 12 cells were analyzed. (C) BiFC assay
showing nuclear localization of the RepTYLCV fusion variants in complex with SCE1. Fusion of an NLS to
Rep triple KtoA mutant restrains the Rep-SCE1 complex to NBs, as seen for WT Rep. (continued on next
page)
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Figure 5. Legend (continued)
Fusions of a NES and MYR motif to WT Rep causes reconstitution of the BiFC Rep-SCE1 complex in
NBs/nucleus and the cytoplasm/plasma membrane, respectively. Arrows indicate BIFC signal in the
cytoplasm. Scale bar represents 5 mm. (D) Box plot depicting the number of NBs per nucleus in cells
expressing the indicated BiFC pair (x-axis). (E) Similar to D, except that the scatter plot represents the
size of NBs. (F) Box plot depicting the ratio of CFP fluorescence intensity in the cytoplasm vs. nucleus of
the images shown in (C), a total number of 14 cells was analyzed per sample. Conditions are similar to
Figure 2.
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(Figure 2F), we examined whether reintroduction of this mutant in the nucleus
would restore its interaction with SCE1 inside NBs by fusing the NLS motif of SV40
to the Rep-RFP triple mutant. This would reveal whether the decrease in NBs seen
with the BIFC couple ‘SCE1+Rep triple KtoA mutant’ (Figure 2B) was a consequence
of (i) mislocalization or (ii) reduced affinity for SCE1. In the latter case, SCE1
apparently aids in trapping Rep in NBs. Attachment of an NLS restored nuclear
localization of Rep-RFP K67/71/101A with no residual fluorescence in the cytosol
(Figure 5A and 5B). As additional controls, we attached (i) a NES sequence of PKI
(Protein kinase inhibitor) and (ii) a myristoylation (MYR) motif of CBL1 (Calcineurin
B-like protein 1) to the N-terminus of WT Rep to mimic nuclear exclusion by the
triple KtoA mutation. Even though both fusion proteins, NES-Rep and MYR-Rep,
localized primarily outside the nucleus, they accumulated still to some extent in the
nucleus (Figure 5A and 5B). Next, we expressed the above described NLS/NES
variants in a BiFC experiment (NLS/NES-Rep-SCFPC with SCFPN-SCE1) to analyze
if adding a functional NLS could restore the SCE1 interaction for the triple KtoA
mutant in NBs. The enforced nuclear localization of the NLS-Rep triple KtoA mutant
restored indeed the BiFC interaction with SCE1 inside NBs (K67/71/101A N-NLS,
Figure 5C). The number of NBs was similar for the NLS-Rep triple KtoA variant and
WT Rep, but the size of the NBs was increased for the triple mutant compared to WT
Rep (Figure 5D and 5E). The NES-Rep and MYR-Rep BiFC fusions also interacted
with SCE1 in NBs, similar as WT Rep. This probably correlates with their incomplete
nuclear exclusion. In agreement, their BiFC signal was also present outside the
nucleus, like the BiFC combination ‘SCE1+Rep triple KtoA mutant’ (Figure 5C and
5F). Combined, these data confirm our hypothesis that the altered BiFC signal of the
‘SCE1+Rep triple KtoA’ couple is largely due to Rep mislocalization rather than
disruption of the SCE1-binding interface of Rep. Thus, for RepTYLCV the conserved
lysines are not essential for SCE1 binding, but they are critical for its nuclear
localization.

Mutating the conserved lysine (x) in RepTYLCV-Alm impairs viral replication
activity
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Figure 6. Mutating the conserved lysines impairs GFP replicon production in the 2IRGFP plants by
Rep.
(A) Diagram depicting the production of circular extrachromosomal IR-GFP molecules (ECMs) from
the 2IRGFP cassette by Rep activity on IR and subsequently, GFP expression from these ECMs driven
by the 35S promoter. (B) UV images revealing GFP accumulation due to activity of WT Rep and
KtoA variants. Images were taken 4 days post agroinfiltration. Similar results were obtained in three
independent replicates; in each experiment, every construct was infiltrated in two leaves of two different
plants (n=4). One representative leaf is shown per construct. (C) Immunoblot of a total protein extract
from agroinfiltrated 2IRGFP leaves to determine the Rep-RFP protein levels (anti-RFP). To confirm
equal protein loading, the membranes were stained with Ponceau S. (D) Real time PCR quantification of
ECMs in total DNA extracted from 2IRGFP agroinfiltrated leaf areas. ‘Normalized ECMs’ values on the
y axis indicate the ECM copy number normalized to the internal control (25S rRNA gene) to correct for
differences in template DNA.

In order to examine if the conserved lysines also control viral replication, we took
advantage of transgenic N. benthamiana plants carrying a 2IRGFP cassette. These
plants contain a 35Spro:GFP expression cassette flanked by two direct intergenic
repeats (IRs) of TYLCV-Almeria, which allows us to monitor viral replication activity
of Rep. Upon transient expression of RepTYLCV-Alm in these plants, extra-chromosomal
circular DNA molecules (ECMs) are formed with a GFP expression cassette leading
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to massive GFP protein levels (Figure 6A).
To analyze whether the KtoA substitutions also affect Rep replication activity, we
then transiently expressed them as Rep-RFP variants in 2IRGFP plants. As the
expression levels vary between infiltrated leaves, we always expressed WT Rep in
one half of the leaf as an internal control. At 4 dpi we took UV-images of leaves to
examine GFP accumulation and tissue was sampled to quantify the ECM levels.
Expression of the variants K69A and K99A resulted in strong GFP signals, as did WT
Rep (Figure 6B). Expression of K65A resulted in less GFP signal, but still more than
the background signal. Expression of the double and triple KtoA mutants resulted
in no increase of the GFP signal over the background signal, indicating that those
Rep versions entirely failed to stimulate viral DNA replication. Importantly, both
WT Rep-RFP and the variants (including the inactive KtoA variants) accumulated at
similar levels at the expected mass in this experiment (Figure 6C). We then quantified
the ECM levels in DNA extracted from these leaves using qPCR amplifying a unique
fragment only present in circular ECMs. The GFP fluorescence signals seen in the
UV images correlated positively with the ECM levels detected in these tissues
(Figure 6D). Combined, these results confirm that in the case of RepTYLCV-Alm the K65
(x) residue is required for Rep nuclear localization, while K69 (z) and K99 (y) have
an auxiliary role. In addition, the mutation K65A (x) strongly suppressed Rep DNA
replication activity.

Nuclear exclusion of Rep effectively suppresses its viral replication activity
Next, we determined whether compromised DNA replication activity of the Rep
KtoA mutants was due to their nuclear exclusion rather than loss of their nuclear
replication activity. To this end, we fused a NES to the C-terminus (C-NES) of
RepTYLCV-Alm since, as shown for RepTYLCV (Figure 5A), fusion of a NES to the
N-terminus does not result in complete nuclear exclusion. To verify that attachment
of a peptide did not already compromise Rep activity, we also generated a nonfunctional NES variant fusion (C-nes). Rep-NES was nearly completely excluded
from the nucleus, while Rep-nes showed a normal nuclear localization similar to WT
Rep (Figure 7A and 7B). Upon expression in the 2IRGFP plants, both WT and Repnes caused accumulation of GFP and ECMs, while Rep-NES did not (Figure 7C and
7E, C-NES). Both REP fusion proteins (C-NES/C-nes) accumulated at the expected
mass based on protein immunoblotting (Figure 7D). Free RFP was visible in all
samples, which is likely caused by protein degradation as a result of sample
preparation. The band corresponding to Rep-NES was more abundant than the
other Reps, which could be explained by its cytosolic localization facilitating its
extraction. Thus, in our experimental set-up nuclear exclusion of Rep (Rep-NES)
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Figure 7. Rep nuclear localization is essential for its DNA replication activity.
(A) Subcellular localization of WT RepTYLCV-Alm when a NES or a non-functional nes is fused to its
C-terminus in N. benthamiana in cells (top) and their nucleus (bottom). Scale bars represent 5 mm. Arrow
indicates Rep-RFP in the cytoplasm, asterisk the non-fluorescent nucleus. (B) Box plot showing the ratio
of RFP fluorescence intensity in the cytoplasm vs. nucleus of the images shown in (A), 10 cells per sample
were analyzed; same conditions as in Figure 2. (C) UV image of leaves from 2IRGFP N. benthamiana
plants that transiently express C-NES/nes fusions of WT Rep (right half of the leaf) and the non-tagged
Reps as control (WT and the non-functional triple KtoA mutant; both left half). (D) Immunoblot of the
total protein extracts from agroinfiltrated leaf areas revealing the protein levels of WT Rep-RFP and its
variants (anti-RFP). To confirm equal protein loading for each sample, the membrane was stained with
Coomassie Brilliant Blue. (E) Quantification of the circular extrachromosomal molecules (ECMs) in the
agroinfiltrated 2IRGFP leaf areas using real time PCR on total DNA extracts.

effectively suppressed ECM mobilization and amplification of GFP replicons from
the 2IRGFP cassette.

Reintroduction of RepTYLCV-Alm triple KtoA variant to the nucleus does not
restore viral replication activity
As GFP replicon formation requires Rep nuclear localization, we examined if re85
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introduction of the Rep double and triple KtoA variants to the nucleus would restore
GFP replicon accumulation. To this end, we fused the SV40 NLS to the C-terminus of
the RepTYLCV-Alm double and triple KtoA mutants. As negative control, we fused again
a non-functional NLS variant to these Rep variants (‘nls’). RFP-tagged chimeras of
these Rep NLS/nls variants were then transiently expressed in N. benthamiana to
first determine their localization pattern. NLS attachment drove all three tested Rep
KtoA variants back into nucleus, while attachment of the non-functional nls did
not (Figure 8A and 8B). Importantly, none of the Rep-NLS KtoA variants increased
the GFP protein and ECMs DNA levels in the 2IRGFP plants (Figure 8C and 8E),
meaning that despite their nuclear-localization these Rep-NLS mutants were still
unable to cause viral DNA replication. Again, the full-length protein of these Rep
variants accumulated to similar or higher levels in planta than WT Rep (Figure 8D).
Combined, these data signify that these three lysines in RepTYLCV are important for
nuclear localization of Rep, while they also act redundantly in viral DNA replication
independently of their function in nuclear targeting. However, these lysines are not
essential for RepTYLCV to interact with SCE1.

DISCUSSION
Rep is well known to be nuclear-localized, but the protein region responsible to its
nuclear targeting was thus far unknown for any geminiviral Rep. Here we reveal
that three lysines determine jointly nuclear localization of Rep for two TYLCV
strains, to some extent for RepSLCCNV, but not for RepTGMV. Previously, it was shown
that (i) a truncated form of Rep from TYLCSV (RepTYLCSV) showed reduced nuclear
accumulation (residues 1-120) (Sardo et al. 2011) and that (ii) mutating the basic
residues in the N-terminal region (namely residues R2, R5, R7, K11 and H56, L57,
H58) of Rep from African cassava mosaic virus (RepACMV) compromised in part its
nuclear import (Hong et al. 2003). These latter two reports lacked, however, data on
the role of individual residues for nuclear localization. Notably, the same lysines,
here-shown to be essential for nuclear localization, were previously shown to be
critical for RepTGMV to interact with SCE1 (Sánchez-Durán et al. 2011). Mutating these
lysines in RepTYLCV did not abolish its SCE1 interaction (Figure 2). This emphasizes
again the multi-functionality of these viral proteins. In agreement with this notion,
these three Lys residues were together also essential for viral DNA replication
activity in the nucleus, as reintroduction of the triple KtoA RepTYLCV-Alm variant into
the nucleus by fusing a functional NLS motif to this variant did not restore viral
replication activity (Figure 8).
The in planta localization studies revealed that foremost K67 determines nuclear
accumulation of RepTYLCV, with auxiliary roles for K71 and K101. Once all three lysines
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Figure 8. Rep KtoA mutants fail to replicate the 2IRGFP DNA cassette even when forced into the
nucleus
(A) Subcellular localization of the Rep double and triple KtoA variants with an NLS or a non-functional
nls fused to their C-terminus. Arrows highlight Rep-RFP in the cytoplasm; asterisks mark nuclei. Scale
bar represents 10 mm. (B) Box plot showing the ratio of RFP fluorescence intensity in the cytoplasm
vs. nucleus of the images shown in (A), per sample 10 cells were analyzed. (C) UV image 4 days post
agroinfiltration of 2IRGFP N. benthamiana leaves to assess Rep-mediated GFP accumulation by the RepNLS/nls KtoA variants (infiltrated Rep constructs are indicated in the drawings). (D) Immunoblot on total
protein extracts of agroinfiltrated leaf areas to detect accumulation of the RPF-tagged Rep-NLS/nes KtoA
variants (anti-RFP). To demonstrate equal protein loading, the membranes were stained with Coomassie
Brilliant Blue. (E) Quantification of the ECMs levels in the 2IRGFP agroinfiltrated leaf areas using real
time PCR on total DNA extract obtained from the infiltrated areas.
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were mutated, RepTYLCV was completely nuclear excluded (Figure 2F), meaning that
the region spanning the residues 67-101 controls nuclear import of RepTYLCV. In many
cases, a single cluster of 5-7 basic residues already acts as a functional (monopartite)
NLS that is recognized by nuclear cargo receptors (Karyopherins) (Radu et al. 1995).
Besides a monopartite form, NLS can also adopt a bipartite nature (two clusters of
basic residues separated by a 10-12 residue linker) or have a non-canonical signature
(Dingwall and Laskey 1991; Kalderon et al. 1984a; Kalderon et al. 1984b; Kosugi et
al. 2009; Robbins et al. 1991). The here-identified lysines are likely part of a noncanonical NLS, as none of the existing software tools predicted a classical NLS motif
in this region of Rep. In agreement, structural modeling revealed that these lysines
of RepTYLCV-Alm constitute a positive charged surface area, which was neutralized
when they were changed to alanines (Figure 4). Additional studies should reveal
whether this surface patch is recognized by the nuclear cargo receptors.
In the case of RepSLCCNV, mutating these three lysines caused only a partial shift of
the protein towards the cytoplasm (Figure 3F). This implies that additional residues
likely contribute to RepSLCCNV nuclear targeting. In the case of RepTGMV, none of
these Lys residues was alone or in combination essential for its nuclear localization
(Figure 3A). In agreement, the RepTGMV KtoA variant largely retained its positively
charged surface area likely needed for nuclear import. Additional basic residues are,
therefore, likely important for RepTGMV nuclear localization or it might even contain
a different second NLS. In line, we noted that the residues 42-46 (KKFIK) of RepTGMV
form a quasi-conserved basic motif that matches with a classical signature of a
monopartite NLS, and that other basic residues in this region (e.g. His52, His58 and
His60) are also strongly conserved (ConSurf score of 9). We currently have no data
whether these latter residues contribute to nuclear localization of RepTGMV.
Despite being conserved, the here-studied lysines have apparently diversified in
their function in Rep from different begomoviruses. De facto, the same lysines were
first identified as an interaction site of SCE1 in RepTGMV (Sánchez-Durán et al. 2011)
and our BiFC and Y2H assays confirmed the original observation that K68 and
K102 are jointly required for this RepTGMV-SCE1 interaction (Figure 3B). However,
mutating the related Lys in RepTYLCV did not compromise its interaction with SCE1
in both assays (Figure 2). The modest reduction in the number of NBs formed by
the BiFC pair SCE1-RepTYLCV triple KtoA mutant is fully accounted for by its partial
nuclear exclusion, since fusion of an NLS to this variant restored both the size and
number of NBs reaching the levels of WT Rep (Figure 5C). These results suggest
that the conserved Lys residues, while being essential for the nuclear localization
of RepTYLCV, are not essential for its SCE1 interaction, whereas the exact opposite
is true for RepTGMV. Given the fact that both Reps interact with SCE1 in NBs and
the KtoA substitutions in RepTYLCV did not compromise its recruitment to SCE188
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containing NBs, it is likely that RepTYLCV interacts with SCE1 via a divergent binding
site compared to RepTGMV. Moreover, co-localization of Rep with the sumoylation
machinery inside NBs was thus far not reported. In the case of SUMO, NB formation
depends strictly on SCE1 enzymatic activity (Mazur et al. 2019), again implying that
Rep does not inhibit SCE1 activity. This cell biology observation thus confirms the
original observation that global SUMO conjugate levels are unchanged when Rep is
(transiently) overexpressed in planta (Sánchez-Durán et al. 2011). Clearly, these data
warrant additional studies on the function and composition of these Rep-SCE1 NBs
during viral infection.
As a demonstration of the multifunctional nature of Rep, we and others (SánchezDurán et al. 2011) showed that its conserved lysines also have a function viral
replication of TYLCV and TGMV. Using a replication reporter system (2IRGFP
plants), we here demonstrate that the KtoA mutations impaired mobilization and/
or amplification of the extrachromosomal replicons in the 2IRGFP plants and that
this was not rescued when the Rep triple KtoA variant was reintroduced into the
nucleus by fusing the SV40 NLS to Rep (Figure 8). The N-terminal part of Rep
encompasses a DNA-binding domain with motifs required for initiation of rollingcircle replication (motifs I, II and III and GRS, Figure 1A). When these motifs are
mutated in a viral clone, this leads to a non-infectious clone that does not (i) replicate
its own viral genome nor (ii) cleave the viral ssDNA (Nash et al. 2011; Orozco and
Hanley-Bowdoin 1996; Orozco et al. 1997; Orozco and Hanley-Bowdoin 1998). The
lysines here analyzed are located in between motif II (a metal-binding site likely
involved in the protein conformation and DNA cleavage), GRS (a motif required
for maintaining the relative positioning of motif II) and motif III (with the catalytic
site for DNA cleavage). Furthermore, the mutations K96A and K68/102A in RepTGMV
impaired TGMV viral replication (Sánchez-Durán et al. 2011). Thus, it is possible that
mutating these lysines could have altered these nuclear activities of Rep. Further
studies are thus needed to elucidate as well the contribution of these lysines for
other nuclear activities of Rep.

MATERIALS AND METHODS
General methods and cloning
All molecular techniques were performed according to standard methods (Sambrook
and Russell, 2001). E. coli strain DH5a was used for subcloning. Primers and plasmids
used in this work are listed in Table S1 and S2, respectively. All the constructs were
generated by PCR amplification using Phusion DNA Polymerase (ThermoFisher),
recombination with the Gateway vector pDONR207 (ThermoFisher) using the BP
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Clonase II (ThermoFisher) reaction and subsequent transfer to destination vectors
using the Gateway LR clonase II reaction (ThermoFisher). Point mutations were
introduced by site-directed mutagenesis using the QuikChange protocol. The
corresponding DNA coding sequences of the NLS from SV40 (MLQPKKKRKV), a
non-functional mutated nls variant (MLQPNNNNN), a NES from the heat stable
protein kinase inhibitor PKI (NELALKLAGLDINK), a non-functional mutated
nes variant (NELALKAAGADANK) or a myristolation motif from CBL1 (MYR,
MGCFHSKAAKEF) were fused to coding sequence of Rep via PCR amplification.
The order of the fusions (X-REP, REP-X) is indicated in the figures. The constructs
for in planta localization were cloned into pGWB654 (with a C-terminal mRFP tag)
(Nakamura et al. 2010); for BiFC we used the vectors pDEST-GWSCYCE (C-terminal
half of S(CFP)3A [residues 156-239], referred to as SCFPC) and pDEST-SCYNEGW
(N-terminal half of S(CFP)3A [residues 1–173], SCFPN) (Gehl et al. 2009); for Y2H the
inserts were cloned into gateway-compatible vectors pGADT7/pGBKT7 (Clontech)
(Chien et al. 1991). All inserts were verified with DNA sequencing.

TYLCV 2IRGFP plant generation
In order to obtain the plasmid p2IR-GFP, a fragment of 491 bp containing the
intergenic region (IR, nucleotides 2460-2781 and 1 to 169, including the promoter
sequences of C2 and CP) of TYLCV-Almeria was amplified from the plasmid
pGTYCZ-40 (Morilla et al. 2005). Two sets of primers were used: ILIRupEcoRI and
ILIRloEcoRI to obtain the IR flanked by EcoRI sites and primers ILIRupHindIII and
ILIRloHindIII to amplify IR flanked by HindIII sites.
The EcoRI-IR-EcoRI fragment was cloned in the EcoRI site of pBINGFP (Morilla
et al. 2006). This plasmid contains the expression cassette 35S Promoter-GFP-Nos
terminator flanked by a HindIII and EcoRI restriction sites. The orientation of the IR
in the recombinant plasmid (pBIRGFP) was determined by PCR using the primer
combinations ILIRloEcoRI/pBINX1 and ILIRloEcoRI/pBINX2. Subsequently, the
HindIII-IR-HindIII fragment was subcloned in pBIRGFP to yield p2IR-GFP. The
primer combinations ILIRupHindIII/pBINX2 and ILIRloHindIII/pBINX2 were used
to select the plasmid that contains both IR fragments in the same orientation. Nicotiana
benthamiana plants were stably transformed with this construct using Agrobacterium
tumefaciens and selected for low GFP expression as described in (Morilla et al. 2004).

Transient protein expression using agro-infiltration
The binary constructs were transformed in A. tumefaciens strain GV3101 (Koncz and
Schell 1986) by electroporation. Single colonies were grown overnight to an OD600
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of 0.8-1.5 in low salt LB medium (1% w/v Tryptone, 0.5% w/v yeast extract, 0.25%
w/v NaCl, pH 7.0). Cells were pelleted, washed and resuspended in infiltration
medium (1× MS [Murashige and Skoog] salts (Duchefa), 10 mM MES pH 5.6, 2%
w/v sucrose, 200 μM acetosyringone).
For protein localization and BiFC studies, four-week old N. benthamiana leaves were
syringe-infiltrated with A. tumefaciens cells at an OD600 = 1 for all constructs. When
two cultures were co-infiltrated for BiFC analysis, they were mixed at a ratio 1:1 to a
final OD600 = 1. A. tumefaciens strain carrying the pBIN61 binary vector to express the
P19 silencing suppressor (referred to as pBIN61:P19) of Tomato bushy stunt virus
(TBSV) (Voinnet et al. 2003) was added to every sample at a final OD600 = 0.5. Three
days post-infiltration N. benthamiana leaf material was collected for microscopic
analysis and protein expression.
For the geminiviral replication activity assay, 3-4 weeks old 2IRGFP N. benthamiana
plants were syringe-infiltrated with A. tumefaciens carrying the different constructs
at an OD600 = 1. GFP expression was visualized 4 days post-infiltration using a UVP
Blak-Ray B100AP lamp with an excitation wavelength of 365 nm.

Confocal microscopy and image analysis
ER-TrackerTM Green (BODIPYTM FL Glibenclamide, Thermo Fisher) was syringeinfiltrated into agroinfiltrated leaves in 0.01% Tween20 at a final concentration of
5 mM prior to imaging. A confocal laser scanning microscope, Zeiss LSM510, was
used to capture the fluorescent images. The agroinfiltrated N. benthamiana cells
were examined 3 dpi using Zeiss c-Apochromat 40X 1.2 water-immersion Korr
objective. The fluorescence was detected with the following beam/filter settings:
SCFP-excitation at 458 nm (argon laser), primary beam-splitting mirrors 458/514,
secondary beam splitter 515 nm, band filter BP 470-500 nm; RFP-excitation at 543
nm (helium-neon laser), primary beam-splitting mirrors 488/543, secondary beam
splitter 635 nm, band filter LP 585-615 nm; ER-Tracker Green-excitation at 488 nm
(argon laser), primary beam-splitting mirrors 405/488, secondary beam splitter 490
nm, band filter BP 505-550 nm. For all observations, the pinhole was set at 1 Airy
unit. For every experimental sample, three independent biological replicates were
examined and one representative image is shown.
Images were analyzed and processed with ImageJ Fiji 1.0v software (https://fiji.sc)
(Schindelin et al. 2012); NBs were counted and measured using the Analyze Particles
tool in ImageJ. To measure the fluorescence signal ratio between cytoplasm and
nuclear, a rectangular region-of-interest (ROI) of circa 30 square pixels was drawn,
which covered the cytoplasm for approximately 30-40 mm2. The mean fluorescence
intensities in the selected ROI were calculated for the cytoplasm. The same ROI was
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then moved to the nucleus and mean fluorescence intensities were measured for the
nuclear signal. The ratio between the mean fluorescence intensities of the cytoplasm
and of the nucleus was calculated for every picture. The number of analysed cells for
every experiment and statistical information are specified in the figure captions. Data
visualization and statistical data analyses were done with Prism 7.0v (GraphPad).

Yeast two-hybrid assay

3

The protocol for Y2H assay is described in (de Folter and Immink 2011). The
pGADT7/pGBKT7 vectors containing the inserts of interest were transformed into
Saccharomyces cerevisiae PJ69-4a (James et al. 1996) using the standard lithium acetate/
single-stranded DNA/polyethylene glycol 3350 protocol. Transformed colonies were
selected on minimal yeast medium (MM) supplemented with amino acid solution
lacking L-leucine and L-tryptophan (-LW). To select for protein-protein interactions,
three independent colonies were picked for each transformation and resuspended in
100 ml sterile milliQ water; a 10-fold serial dilution series of the resuspended colonies
was spotted on MM agar plates –LWH (H stands for L-histidine). Plates were then
incubated at 30°C for 3 days prior to scoring.

Protein extraction and immunoblotting
Two leaf disks (approximately 50 mg) of N. benthamiana leaf material were harvested
and snap frozen in liquid nitrogen. The material was homogenized with plastic
pestles. Laemmli buffer (0.1 M Tris pH 6.8, 20 % glycerol, 4 % SDS, 100 mM DTT,
0.001% Bromophenol blue) was added to each sample (100 ml of buffer per sample).
Tubes were vortexed vigorously and boiled for 10 minutes at 96°C. The extracts were
then centrifugated at maximum speed (14,000 rpm at 4 °C) for 5 minutes. A total of
10 ml of the protein extract was separated on 10% SDS-PAGE gels and subsequently
transferred onto a PVDF membrane. Immunodetection of the proteins was
performed according to standard protocols using anti-RFP antibody (Chromotek
6G6; 1:1000) to detect the Rep-RFP fusion proteins, anti-HA (Roche 3F10; 1:2000)
antibody for Rep-SCFPC fusions as primary antibodies and anti-Rat (Pierce 31470;
1:10000) or anti-Mouse (Pierce 31430; 1:10000) as secondary antibodies. The labelled
proteins were visualized using enhanced chemiluminescence (ECL, 0.1 M Tris-HCl
pH 8.5, 1.25 mM luminol [Sigma-Aldrich 09253] in DMSO, 0.2 mM p-Coumaric
acid [Sigma C9008] in DMSO, 0.01% H2O2) and visualised using MXBE Kodak films
(Carestream). Equal loading of the proteins was confirmed by estimating the total
amount of Rubisco in each sample by Ponceau S or Coomassie Brilliant Blue staining
of the membrane.
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Quantification of extrachromosomical molecules using qPCR
To quantify the level of ECM molecules in the infiltrated 2IRGFP plant leaves, DNA
was extracted from approximately 50 mg of plant material and 250 ng of total DNA
was used as template per real-time PCR reaction in a QuantStudio3 thermocycler
(ThermoFisher). The PCR amplicons were amplified with the Hot FIREPol EvaGreen
qPCR (Solis Biodyne) kit. The signal for the ECMs was normalized against plant
gDNA using the signal for the 25S rRNA amplicon as an internal reference for
each sample (accession no. KP824745.1). The Ct values were corrected for primer
efficiencies. All expression data were analyzed using the pipeline in the qBASE+
software (Biogazelle).

Modeling of Rep N-terminal domains of TGMV and TYLCV
Structural models for the N-terminal domain of TGMV, TGMV triple mutant,
TYLCV-Alm, and TYLCV-Alm mutant Rep sequences (residues 1-120) were created
as described previously (Nash et al. 2011; Shen et al. 2018). Molecular dynamics
(MD) simulations of the above-described structural models were performed with the
GROMACS 5.1 software package using the AMBER99-SB-ILDN force field and the
flexible TIP3 water model individually (Abraham et al. 2015). The initial structures
were immersed in a periodic water box of dodecahedron shape (1 nm thickness)
and neutralized with counterions. Electrostatic energy was calculated using the
particle mesh Ewald method with 0.9-nm cutoff distances for the Coulomb and
van der Waals interactions. After energy minimization, the system was equilibrated
to 300 K and normal pressure for 100 ps with position restraints for heavy atoms
and LINCS constraints for all bonds. The system was coupled to the external
bath by the Parrinello-Rahman pressure and temperature coupling. The final MD
calculations were performed under the same conditions except that the position
restraints were removed and the simulation was run for 100 ns. The last frame of
the 100 ns simulation was extracted for each model for electrostatic surface analysis.
The PyMOL Molecular Graphics System version 1.8 (Schrodinger) was used for
structural analysis and image creation. The electrostatic surface plots of the protein
models were created by using the Adaptive Poisson-Boltzmann Solver in PyMOL
(Baker et al. 2001; Dolinsky et al. 2004; Lerner and Carlson 2006). The PDB2PQR
Web server (Dolinsky et al. 2004) was used with the AMBER99 force field and output
naming schemes with a default pH of 7.5.

Multi sequences alignment
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The list with 337 Reps was obtained from (Shen et al. 2018). Multi sequence alignment
(MSA) was performed as described in (Shen et al. 2018).

Accession numbers

3

The here used DNA clones of TYLCV isolate Alb13 Rep (FJ956702.1, kindly provided
by Keygene N.V., Wageningen, Netherlands); TYLCV-Almeria Rep (AJ489258);
TGMV Rep (NC001507); SLCCNV, Squash leaf curl China virus, Rep (KC222956.1,
synthetized by Eurofins Genomics); SCE1 (AT3G57870) has been described previously.
For the Rep protein alignment, we used: TYLCCNV, Tomato yellow leaf curl China
virus (CAC85509); TYLSCV, Tomato yellow leaf curl Sardinia virus (AAA47955);
ToLCNDV, Tomato leaf curl New Delhi virus (CAF04471); ACMV, African cassava
mosaic virus (AAD40938.1); CtLCV, Cotton leaf curl virus (KC412251); PGMV,
Pepper golden mosaic virus (EF210556); PHYVV, Pepper huasteco yellow vein virus
(AAL02410); ToMoV, Tomato mottle virus (AAC32414).
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Figure S1. Nuclear localization of Rep TYLCV-Almeria is controlled by the conserved lysines.
(A) Yeast two-hybrid assay between ADGAL4-empty vector (ev) and BDGAL4-RepTYLCV variants – LW: control
plate for yeast growth and –LWH: selection plate with medium to test for the interaction. None of the
mutants tested auto-activates the yeast reporter gene. (B) Micrographs of epidermal leaf cells transiently
expressing RepTYLCV KtoA triple mutant-RFP and stained with ER-Tracker Green. From the left in
order: RFP channel, ER-Tracker, merge of RFP and ER-Tracker, bright field and graph representing the
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normalized fluorescence intensity of RFP and ER-Tracker (GFP) along the lines in micrographs. Note that
the two signals are shifted and do not overlap, indicating that they localize in different positions. Scale bar
represent 50 mm. (C) Subcellular localization of RFP-tagged Rep TYLCV-Almeria, WT and KtoA variants,
in N. benthamiana. For each sample, one representative epidermal cell is shown with a 4x zoom of its
nucleus; the scale bars represent 5 mm. (D) Box plot showing the RFP fluorescence intensity ratio in the
cytoplasm vs. nucleus of the images shown in (C), a total number of 16 cells were analyzed; the statistical
analysis used is described in Figure 2. (E) As in (A) but the tested pairs are ADGAL4-empty vector (ev) and
BDGAL4-RepTGMV WT/double mutant.
Number
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Name

6517

Rep FW_attB1

6502

Rep Rv_attB2

6525

Rep Rv_attB2 STOP

7807
7549
7550
7551

REPattB1 Rv short NO stop
TY FM RepK67A Fw
TY FM RepK67A Rv
TY FM RepK101A

7552

TY FM RepK101A Rv

7684
7685
7804

TY FM RepK71A Fw
TY FM RepK71A Rv
REP NLS gw Fw

7949

REP NES gw FW

7953

REP myr gw FW

7368
7370
7371
7372
7373
7374
7989
7990
8078
8079
8107

TYCRepFwGW
TYCRepRvGWns
TYCRepK65AFw
TYCRepK65ARv
TYCRepK99AFw
TYCRepK99ARv
TY Is REP K71A FW
TY Is REP K71A Rv
TYIsRepK71AFw(K65wt)
TYIsRepK71ARv(K65wt)
Rep Is NLS GW Rv new

8108

Rep Is nls GW Rv new

7969

REP Is NES GW Rv

7971

REP Is nes GW Rv

7098
7100
8217
8218
8219

TGRepFw
TGRepRvns
TG Rep K68A Fw
TG Rep K68A Rv
TG Rep K102A Fw

8220

TG Rep K102A Rv
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Sequence

GGGGACAAGTTTGTACAAAAAAGCAGGCTTGAGAGACTCCGATTGACCAAG
GGGGACCACTTTGTACAAGAAAGCTGGGTAGTCTTCGCTATGCGGTGTTG
GGGGACCACTTTGTACAAGAAAGCTGGGTACTAGTCTT
CGCTATGCGGTGT
AGAAAGCTGGGTCGTCTTCGCTATGCGGTGTT
CATCCAATTCGAAGGAGCGTTCCAGTGCAAGAAC
GTTCTTGCACTGGAACGCTCCTTCGAATTGGATG
CTAAAAGCTCAAGCGATGTCGCAACCTACATGGAGAA
AGAC
GTCTTTCTCCATGTAGGTTGCGACATCGCTTGAGCTTTT
AG
GGAGCGTTCCAGTGCGCGAACAATAGATTCTTC
GAAGAATCTATTGTTCGCGCACTGGAACGCTCC
AAAAAAGCAGGCTCCATGCTGCAGCCTAAGAAGAAGA
GAAAGGTTGAGACTCCGATTGAC
AAAAAAGCAGGCTCCAACGAGCTTGCATTAAAGCTCGC
TGGTCTTGATATTAACAAGGAGACTCCGATTGAC
AAAAAAGCAGGCTCCatgggctgcttccactcaaaggcagcaaaagaatt
tGAGACTCCGATTGAC
AAAAGCAGGCTCCATGCCTCGTTTATTTAAAATATATGC
A GAA AGC TGG GT C CGCCTTATTGGTTTCTTC
ATCCAATTCGAAGGCgcaTACCAATGTAAGAAC
GTTCTTACATTGGTAtgcGCCTTCGAATTGGAT
GAGCTCAACAGATGTCgcgACCTACGTGGAGAAAG
CTTTCTCCACGTAGGTcgcGACATCTGTTGAGCTC
GGCGCATACCAATGTgcGAACCAACGGTTCTTC
GAAGAACCGTTGGTTCgcACATTGGTATGCGCC
GGCAAATACCAATGTgcGAACCAACGGTTCTTC
GAAGAACCGTTGGTTCgcACATTGGTATTTGCC
AGAAAGCTGGGTCAACCTTTCTCTTCTTCTTAGGCTGCA
GCAT CGCCTTATTGGTTTCTTCTTG
AGAAAGCTGGGTCAACaTTatTaTTaTTaTTAGGCTGCAGC
ATCGCCTTATTGGTTTCTTCTTG
AGAAAGCTGGGTCCTTGTTAATATCAAGACCAGCGAGC
TTTAATGCAAGCTCGTT CGCCTTATTGGTTTCTTCTTG
AGAAAGCTGGGTCCTTGTTAgcATCAgcACCAGCGgcCTT
TAATGCAAGCTCGTTCGCCTTATTGGTTTCTTCTTG
AAAAGCAGGCTCCATGCCATCGCATCCAAAACG
AGAAAGCTGGGTCTgcGCTGCTCTGTGTTGAGC
CTTATTCAGTTCGAGGGAgcATACTGCTGCCAAAATC
GATTTTGGCAGCAGTATgcTCCCTCGAACTGAATAAG
CTAAATCGTCTTCCGACGTCgcGACGTACATCGACAAA
GAC
GTCTTTGTCGATGTACGTCgcGACGTCGGAAGACGATT
TAG

Supplementary Data
8296

SqRep K67/71A Fw

8297

SqRep K67/71A Rv

8298

SqRep K101A Fw

ATCCAGTTCGAAGGAgcGTTCCAATGCgcGAATAACAGATTCTTC
GAAGAATCTGTTATTCgcGCATTGGAACgcTCCTTCGAA
CTGGAT
CGGCATCGGACGTCgcACAATACATCGAC

8299
7098
7100

SqRep K101A Rv
TGRepFw
TGRepRvns

GTCGATGTATTGTgcGACGTCCGATGCCG
AAAAGCAGGCTCCATGCCATCGCATCCAAAACG
AGAAAGCTGGGTCTgcGCTGCTCTGTGTTGAGC

7981

Nb25SrRNAFw

ATAACCGCATCAGGTCTCCA

7982

Nb25SrRNARv

CCGAAGTTACGGATCCATTT

8031

MECs2Fw

CTGGGGACCTGCAGGC

8032

MECs2Rv

CGCGCGGTGTCATCTATGTTAC

O524

ILIRupEcoRI

CACATgaattcGTGGTTCCCCATTCTCGTGG

O522

ILIRloEcoRI

AATTCgaattcAAGTGGGTCCCACATATTGC

O525

ILIRupHindIII

CACATaagcttGTGGTTCCCCATTCTCGTGG

O523

ILIRloHindIII

AATTCaagcttAAGTGGGTCCCACATATTGC

O495

pBINX1

TCATTTGGAGAGAACACGG

O496

pBINX2

CAAATGTTTGAACGATCGG

3

Table S1. Sequences of the primers used in this study.
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ID
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Name

Vector

Template/source

pFP1646
pFP1647

TYLCV Rep Alb13
Rep K67A

pENTR207
pENTR207

KeyGene N.V.
TYLCV Rep Alb13

pFP1648
pFP1649
pFP1650
pFP1651
pFP1652
pFP1653
pFP1654
pFP1655
pFP1656
pFP1657

Rep K101A
Rep K67/101A
Rep K67/71/101A
Rep K67/71/101A N-NLS
Rep N-NES
Rep N-MYR
SLCCNV Rep
SLCCNV Rep K101A
SLCCNV Rep K67/71A
SLCCNV Rep
K67/71/101A
TYLCV-Almeria Rep
Rep K65A
Rep K69A
Rep K99A
Rep K65/69A
Rep K65/99A
Rep K65/69/99A
Rep C-NES
Rep C-nes
Rep K65/69A C-NLS
Rep K65/69A C-nls
Rep K65/99A C-NLS
Rep K65/99A C-nls
Rep K65/69/99A C-NLS
Rep K65/69/99A C-nls

pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207

TYLCV Rep Alb13
TYLCV Rep Alb13 K67A
TYLCV Rep Alb13 K67/101A
TYLCV Rep Alb13 K67/71/101A
TYLCV Rep Alb13
TYLCV Rep Alb13
Eurofins Genomics
SLCCNV Rep
SLCCNV Rep
SLCCNV Rep K67/71A

pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207
pENTR207

TYLCV-Almeria Rep
TYLCV-Almeria Rep
TYLCV-Almeria Rep
TYLCV-Almeria Rep K65A
TYLCV-Almeria Rep K65A
TYLCV-Almeria Rep K65/99A
TYLCV-Almeria Rep
TYLCV-Almeria Rep
TYLCV-Almeria Rep K65/69A
TYLCV-Almeria Rep K65/69A
TYLCV-Almeria Rep K65/99A
TYLCV-Almeria Rep K65/99A
TYLCV-Almeria Rep K65/69/99A
TYLCV-Almeria Rep K65/69/99A

pFP1658
pFP1659
pFP1660
pFP1661
pFP1662
pFP1663
pFP1664
pFP1665
pFP1666
pFP1667
pFP1668
pFP1669
pFP1670
pFP1671
pFP1672
pFP1673
pFP1674
pFP1675
pFP1676
bgIFP4431

TGMV Rep
TGMV Rep K68A
TGMV Rep K102A
TGMV Rep K68/102A
SCE1-pSCYNE

bgIFP4385
pFP937
pFP732
pFP1266
pFP1415

SCE1-pGADT7
pGBKT7-DEST
pGADT7-DEST
35S-gw-mRFP
pDEST-gw-SCYCE

pENTR207
pENTR207
pENTR207
pENTR207
pDESTSCYNEGW
pGADT7
pGBKT7
pGADT7
pGWB654
pDEST-GWSCYCE

Table S2. Clone information
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TGMV Rep
TGMV Rep
TGMV Rep K102A
(Mazur et al. 2017)
(Mazur et al. 2017)
(Chien et al. 1991)
(Chien et al. 1991)
(Nakamura et al. 2010)
(Gehl et al. 2009)

Primers

Procedure

7549/7550

Quikchange

7551/7552
7551/7552
7684/7685
7804/7807
7949/7807
7953/7807
8298/8299
8296/8297
8298/8299

Quikchange
Quikchange
Quikchange
PCR cloning
PCR cloning
PCR cloning
Synthesized
Quikchange
Quikchange
Quikchange

7368/7370
7371/7372
8078/8079
7373/7374
7989/7990
7373/7374
7989/7990
7368/7969
7368/7971
7368/8107
7368/8108
7368/8107
7368/8108
7368/8107
7368/8108

Quikchange
Quikchange
Quikchange
Quikchange
Quikchange
Quikchange
PCR cloning
PCR cloning
PCR cloning
PCR cloning
PCR cloning
PCR cloning
PCR cloning
PCR cloning

7098/7100
8217/8218
8219/8220
8217/8218

Quikchange
Quikchange
Quikchange
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ABSTRACT

4

The Replication initiator protein (Rep) of plant-infecting geminiviruses is the
only viral protein essential for viral DNA replication. Rep hijacks the host DNA
replication machinery of infected plants by interacting with a plethora of proteins
and by targeting cellular processes such as the post-translational protein modification
SUMO. For example, Rep from Tomato yellow leaf curl virus (TYLCV) interacts with
the E2 SUMO conjugation enzyme (SCE1) in punctate structures in the nucleus when
transiently expressed in Nicotiana benthamiana, hereafter called nuclear bodies (NBs).
Here, we define the requirements for condensation of this RepTYLCV-SCE1 complex in
NBs by characterizing a novel conserved SUMO-interacting motif (SIM) in Rep. We
demonstrate that Rep is recruited to SCE1-containing NBs via a classical SUMO-SIM
interaction and that the SUMO protein interacts non-covalently with Rep in these
NBs. We also show that SCE1 conjugation activity is a prerequisite for aggregation of
this Rep-SCE1-SUMO ternary complex in NBs. The SIM in Rep is not only required
for Rep to interact both with SUMO and SCE1 in NBs, but this motif is also essential
for viral DNA replication activity by Rep. Our data thus imply that condensation
of the RepTYLCV-SCE1-SUMO protein complex in NBs is mediated by a SUMO-SIM
interaction and occurs in nuclear foci in a SUMO conjugation dependent manner.
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INTRODUCTION
Geminiviruses form a large family of plant-infecting viruses that cause extensive
losses worldwide on a wide range of economically important crops (Rojas et al.
2018). This virus family is characterized by its circular single-stranded DNA (ssDNA)
genome that is packaged in a geminate viral capsid (Hesketh et al. 2018; Jeske 2009).
The Geminivirus genome consists of one (monopartite) or two (bipartite) DNA
molecules that encode 5-7 viral proteins (Hanley-Bowdoin et al. 2013). Geminiviruses
normally infect terminally differentiated host cells, i.e. cells that have exited the cell
cycle and no longer express the proteins needed for DNA replication. In order to
replicate their viral genome, these viruses must, therefore, hijack host processes to
reprogram the cell cycle allowing re-entry into the S phase (Hanley-Bowdoin et al.
2013; Zerbini et al. 2017).
The best conserved protein of geminiviruses, both structurally and functionally, is
the Replication initiator protein (Rep, also known as AL1, AC1 or C1). Rep is the
only viral protein essential for replication of the viral genome and controls initiation,
elongation and termination of the viral DNA replication (Rizvi et al. 2015; Ruhel
and Chakraborty 2018). Studies on different geminiviruses have shown that Rep
recruits a range of host factors to form ‘viral replisomes’ (Rizvi et al. 2015) among
which are Replication factor C, RFC (Luque et al. 2002), Proliferating cell nuclear
antigen, PCNA (Castillo et al. 2003), Replication protein A32, RPA32 (Singh et al.
2007) and Minichromosome maintenance protein 2, MCM2 (Suyal et al. 2013). In
order to create an environment favorable for viral replication, Rep also reprograms
the host cell cycle (i) by binding transcriptional (co-)regulators of the cell cycle like
the Retinoblastoma-related protein (RBR) (Kong et al. 2000; Xie et al. 1995) and (ii)
by exploiting cellular mechanisms that are regulated by protein modifications, such
as ubiquitination or sumoylation (Arroyo-Mateos et al. 2018; Castillo et al. 2004;
Kushwaha et al. 2017).
Sumoylation is an essential regulatory process in eukaryotes that consists of covalent
attachment of a 10-kDa ubiquitin-like polypeptide SUMO (Small ubiquitin-like
modifier) to target proteins via a cascade of enzymatic reactions (Geiss-Friedlander
and Melchior 2007; Saracco et al. 2007). First, the SUMO precursor is matured by
the action of SUMO-specific proteases that cleave the tail of SUMO to expose a
diglycine motif at its C-terminus. This mature SUMO is then activated by the E1
SUMO activating heterodimer enzyme (SAE1/2) and transferred to the E2 SUMO
conjugating enzyme (SCE1). SCE1 then catalyses the covalent attachment of SUMO
to acceptor lysines embedded in a short consensus motif yKxE (where y indicates
a bulky hydrophobic residue, K the acceptor lysine, x any residue and E glutamate)
in target proteins, either independently or in concert with a SUMO E3 ligase
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(Cappadocia and Lima 2018; Gareau and Lima 2010; Yunus and Lima 2006).
Besides SUMO attachment, proteins can interact with SUMO in a non-covalent
manner via SUMO-interacting motifs (SIMs) (Minty et al. 2000; Wang and Dasso
2009). These SIMs are characterized by a stretch of three aliphatic residues
interspersed by one residue, [VIL]X[VIL][VIL] and this motif is often directly
flanked by a number of acidic and/or phosphorylated residues (Hecker et al. 2006;
Song et al. 2005). The function of this motif includes the recruitment of SUMO-SCE1
donor complexes as a prelude to substrate sumoylation, targeting of sumoylated
substrates for ubiquitination and promoting interactions between sumoylated
proteins and their partners (Hendriks and Vertegaal 2016; Kerscher 2007; Perry
et al. 2008). Sumoylation has been implicated in the regulation of many nuclear
functions in eukaryotes (including plants), ranging from transcriptional regulation
and chromatin remodeling to DNA repair and the control of cell cycle progression
(Augustine and Vierstra 2018; Flotho and Melchior 2013; Miura et al. 2007).
Evidence has mounted that many viruses manipulate protein sumoylation in
their hosts to suppress anti-viral responses, while promoting viral replication and
pathogenesis (Cheng et al. 2017; De La Cruz-Herrera et al. 2018; Wilson 2017). In
the case of geminiviruses, overexpression of Rep in Nicotiana benthamiana had no
impact on the global sumoylation pattern in planta, but rather it suppressed SUMO
conjugation of what seems to be a specific small subset of host proteins of which
only PCNA has been identified to date (Castillo et al. 2003; Sánchez-Durán et al.
2011) (Chapter 2). Studies in yeast showed that reduced levels of PCNA sumoylation
were linked to enhanced levels of homologous recombination (Papouli et al. 2005;
Pfander et al. 2005), a key activity needed for geminivirus DNA replication (Lefeuvre
and Moriones 2015). Moreover, sumoylation of PCNA ensures the release of the
replication block by error-free template switching pathways during physiological
DNA replication in metazoan cells (Mohiuddin et al. 2018). Studies on Rep from
Tomato golden mosaic virus (TGMV) also identified two lysines in RepTGMV that were
essential for SCE1 binding, viral replication and viral spread inside host plants
(Sánchez-Durán et al. 2011). However, the homologous Lys residues proved not to be
essential for SCE1 binding of the Rep protein of Tomato yellow leaf curl virus (TYLCV)
− another tomato-infecting geminivirus (Chapter 3). Instead, the corresponding
Lys residues controlled nuclear localization of RepTYLCV, but not for RepTGMV. A key
question is, therefore, which residues or regions of RepTYLCV are required for SCE1
binding. Moreover, it still needs to be proven that the interaction between Rep and
SCE1 is essential for geminivirus replication e.g. by showing that mutations in SCE1
can block TGMV or TYLCV replication in their host plants.
Previously, it was established that the Rep-SCE1 complex aggregates in host cells in
sub-nuclear structures, referred to as nuclear bodies (NBs) (Chapter 3). The protein
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complex formed by (at least) SCE1, SUMO1, and SIZ1 (a SUMO E3 ligase) also
aggregates in such NBs, both in N. benthamiana and Arabidopsis thaliana (Mazur et
al. 2019). Formation of these SUMO NBs strictly depends on SUMO conjugation
activity, i.e. both a catalytically-dead variant of SCE1 (C94S) and conjugationdeficient isoform of SUMO (with the C-terminal diGly motif deleted; ΔGG) fail to
aggregate in NBs (Mazur et al. 2019). In order to expose in molecular detail how
geminiviruses manipulate SCE1 function, we here examined (i) how Rep and the
SUMO conjugation machinery physically interact and (ii) whether SCE1 activity also
causes aggregation of the Rep-SCE1 protein complex in NBs.
In this study, we have identified residues in Arabidopsis SCE1 via which it interacts
with the viral protein Rep. Mutations in the N-terminal domain of SCE1 that prevent
non-covalent SUMO binding in the second binding site of SUMO on SCE1, which
is distal from the catalytic pocket, also inhibited the interaction with Rep. In line
with this observation, we found that Rep contains a SUMO-interacting motif (SIM)
in its C-terminus via which it interacted with Arabidopsis SUMO1. Mutating this
SIM in RepTYLCV not only suppressed its interaction with SUMO and SCE1, but it
also prevented Rep-mediated extrachromosomal DNA replication of a viral DNA
fragment, suggesting that the ternary complex between Rep, SUMO and SCE1 may
be critical for geminivirus DNA replication. Underlining its importance, the SIM
motif is strongly conserved in a number of Rep proteins within the Geminiviridae
family. Finally, we show that single residue mutations in SCE1 that disrupt this noncovalent interaction between SUMO and SCE1 still yielded a biological active SCE1
protein capable of complementing a sce1 loss-of-function mutation in Arabidopsis
(sce1-5), while the same mutations effectively suppressed the Rep-SCE1 interaction
in yeast and plants. Combined our data argue that we have identified single residue
mutations in SCE1 that could potentially be introduced into crop plants to obtain
broad resistance to geminiviruses.

RESULTS
Viral protein Rep contains a functional SUMO-interacting motif
Previously, it was reported that the Rep proteins from TGMV and TYLCV interact
with Nicotiana benthamiana SCE1 and that in the case of RepTGMV the N-terminal half
is involved in SCE1-binding (Castillo et al. 2004; Sánchez-Durán et al. 2011). However,
for RepTYLCV the residues that control SCE1-binding remain to be determined
(Chapter 3). Using the program SUMOsp2.0 (Zhao et al. 2014), we predicted the
presence of a SUMO-interacting motif (SIM) in the C-terminus of RepTYLCV comprising
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Figure 1. A SIM in Rep is essential for it to interact with SUMO1 and SCE1
(A) Diagram of Rep with its known functional domains; the red box indicates the SUMO interacting
motif (SIM). Protein sequence alignment of Rep from different Geminiviruses depicting the region
corresponding with the residues 200-250aa in RepTYLCV. ‘Mono’ and ‘Bi’ stand for mono- and bipartite
begomoviruses, ‘OW/NW” indicates the origin of the viruses (Old/New World) and ‘Curto’ stands
for curtoviruses. The box highlights the SIM. The SIM is conserved for all Rep proteins analyzed. (B)
Nuclear localization pattern of different RepTYLCV- SUMO1 BiFC couples. Rep KtoA variants still interact
with SUMO1 in NBs, while RepSIM fails to form NBs in combination with SUMO1. (C) Box plot depicting
the number of NBs per nucleus in cells (n=15 cells) expressing the RepTYLCV-SUMO1 pairs as shown in
(B). In the box plot, “horizontal bars, boxes, whiskers and dots” represent “the median, interquartile
ranges (IQR), data range from the minimum to the maximum, and each individual value”, respectively;
in the scatter plot, “the horizontal bar, whiskers and dots” indicate the “median, IQR and each individual
value”, respectively. A Kruskal-Wallis statistical test was performed followed by a Dunn’s post-hoc test
for each data set; *** p<0.001 (D) RepSIM mutant does not accumulate in NBs in a BiFC interaction with
SCE1. Nuclei are outlined by white lines. Scale bars represent 5 mm. (E) Box plot depicting the number of
NBs per nucleus in cells (n=15) expressing the RepTYLCV-SCE1 pairs shown in (D).
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the residues Ile217-Val218-Ile219. Strikingly, these three residues are strictly
conserved as aliphatic residues in the Rep protein family of geminiviruses (Figure
1A). We then tested if SUMO interacts with Rep via this putative SIM by replacing
these three aliphatic residues with Alanines in RepTYLCV, alone (I217A or V218A) or in
combination (I217A/V218A/I219A, called RepSIM). The different Rep mutants were
each expressed as BiFC pair with Arabidopsis SUMO1 in N. benthamiana. Introduction
of the two single residue mutations did apparently not change its interaction with
SUMO1, as both single mutants still formed the same number of NBs as the WT
Rep-SUMO1 BiFC pair (Figure 1B and 1C). In contrast, introduction of the triple
mutation (RepSIM-SUMO1 BiFC pair) yielded no NBs anymore, instead the BiFC
signal showed an even distribution over the nucleus (Figure 1B). Importantly, the
Rep-SUMO pair was still capable of aggregating in NBs when the three Lys residues
of RepTYLCV needed for nuclear localization and viral DNA replication (Chapter 3)
were all three replaced by Ala (RepTYLCV K67A/K71A/K101A). Also in combination
with SCE1, we found that the two single residue mutants of Rep, I217A and V218A,

4

Figure 2. The SIM of Rep is required for Rep replication activity in 2IRGFP plants
(A) UV light image revealing GFP accumulation due to 2IRGFP replication by Rep activity, both WT
and SIM variant. As negative control, a Rep variant impaired in DNA replication activity was used (Rep
K65/69/99A). Images were taken 4 days post agroinfiltration. Similar results were obtained in three
additional experiments; in each experiment, every construct was infiltrated in two leaves of two different
plants (n=4). (B) Immunoblot of the total protein extracts from agro-infiltrated 2IRGFP leaves showing
the Rep-RFP protein levels (anti-RFP). Membrane was stained with Ponceau S to reveal equal protein
loading. (C) Real time PCR quantification of the extra chromosomal molecules (ECMs) in total DNA
extracted from the 2IR-GFP agro-infiltrated leaf areas.
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still interacted with SCE1 in NBs, while the RepSIM -SCE1 pair is impaired in NB
formation (Figure 1D and 1E). The accumulation of Rep-SCFPC protein levels of the
two single residue mutants were similar to WT Rep, whereas the RepSIM –SCFPC
chimera accumulated to lower levels than WT (Figure S1A). These results suggest
therefore that SIM in Rep is important for the aggregation of both Rep-SUMO and
Rep-SCE1 in NBs, although we cannot rule out that the reduced protein levels of
RepSIM played a role in these observations.

The SIM of Rep is required for viral DNA replication

4

We subsequently assessed whether the SIM in Rep is essential for its viral replication
activity, i.e. if the direct interaction between Rep and SUMO is needed for viral
replication. To this end, we made use of N. benthamiana plants expressing a TYLCV
2IRGFP cassette (Chapter 3). Since extrachromosomal replication of this 2IRGFP
cassette requires expression of the Rep TYLCV-Almeria variant, we introduced the
same SIM mutations in this Rep variant resulting in Rep I215A, V216A and I215A/
V216A/I217A (a.k.a. RepTYLCV-Alm SIM) (Figure S1B) and fused RFP to the C-terminus
of these RepTYLCV-Alm variants. These RFP constructs were then transiently expressed
in 2IRGFP N. benthamiana to assess viral DNA replication activity, localization and
accumulation of the mutant Reps in planta. All Rep variants accumulated to the
same level in planta as WT Rep-RFP (Figure 2B) and they all localized exclusively
in the plant cell nucleus like WT Rep-RFP (Figure S1C). Strikingly, RepSIM-RFP
fusion protein accumulated even to (slightly) higher protein levels than WT RepRFP, meaning that SIM mutation itself does not per se reduce Rep protein stability
(compare with Figure S1A). The two single residue mutations in the SIM of Rep
did not impair 2IRGFP DNA replication and GFP fluorescence accumulation in
the leaves (Figure 2A and 2C). However, the triple mutation in RepSIM entirely
suppressed amplification of 2IRGFP extra-chromosomal molecules (ECMs) and GFP
accumulation. This thus demonstrates that the RepSIM protein is impaired in viral
replication activity, suggesting that the interaction of Rep with both SUMO and
SCE1 via its SIM is critical for this activity.

SCE1 interacts with Rep via its second SUMO-binding site distal from its
catalytic pocket
To investigate which residues are important for SCE1 to interact with Rep, we tested
three different functional mutants of Arabidopsis SCE1 for their interaction with
Rep using the classical GAL4-based Y2H assay and the BiFC assay. These SCE1
variants can respectively either (i) no longer interact with SUMO via their ‘second
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Figure 3. The non-covalent SUMO binding pocket of SCE1 is needed for Rep to form a ternary complex
with SCE1 and SUMO1.
(A) Schematic representation of the Arabidopsis SCE1 variants used for Y2H and BiFC assay: ‘SUM1’
has a triple mutation in the SUMO interacting motif (SIM) of SCE1; ‘CAT’ is mutated in the catalytic site
+ binding pocket of the YKxE motif; ‘SIZ1’ is modified in the SIZ1-interacting site. (B) Gal4 yeast twohybrid interaction between BD-RepTYLCV and AD-SCE1 variants. -LW, control for yeast transformation;
-LWH, only growth when bait and prey interact. (C) BiFC assay showing that the WT SCE1 recruits Rep
in nuclear bodies (NBs) while functional SCE1 mutants do not. (D) Yeast split-ubiquitin (Ub) interaction
between Rep and Arabidopsis SUMO1 variants. (continued on next page)
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Figure 3. Legend (continued)
Rep interacts with SUMO1GG/DGG but not with SUMO1 mutated in its SIM-binding pocket (F32A/
I34A). Positive interactions give yeast growth on +U/FOA and not on –U plates. +U, control for yeast
transformation. (E) BiFC interaction showing the localization pattern of Rep in complex with different
SUMO1 variants. Only SUMO1GG recruits Rep into NBs, while SUMO1DGG F32A/I34A does not interact
with Rep in planta. Micrographs depict a typical N. benthamiana epidermal cell (top) and a 4x zoom
showing its nucleus (bottom). Dotted lines outline the nuclei. The scale bar represents 5 mm.

4

SUMO binding site’ distal from the catalytic pocket (R14E/R18E/H21D called
SCE1SUM1), (ii) have lost their catalytic activity and no longer recognize the YKxE
motif in target proteins (Y87A/S89A/C94S/D129A referred to as SCE1CAT), or (iii) no
longer interact with SIZ1 (P70A/P106A, named SCE1SIZ1) (Mazur et al. 2017; Mazur
et al. 2019) (Figure 3A). In the Y2H assay, SCE1SIZ1 still interacted with Rep, while
SCE1SUM1 and SCE1CAT showed less affinity for Rep based on compromised yeast
growth on medium selecting for protein-protein interactions (-LWH) (Figure 3B).
The same pattern was observed when these SCE1 mutants were tested against a set
of other Rep proteins from different geminiviruses – i.e. Rep from BGMV (Bean
golden mosaic virus), PepGMV (Pepper golden mosaic virus), CaLCuV (Cabbage leaf curl
virus), CtLCV (Cotton leaf curl virus), and SLCCNV (Squash leaf curl China virus) – in
this Y2H assay (Figure S2A).
As noted before, the RepTYLCV-SCE1 BiFC interaction occurs primarily inside NBs
with no residual BiFC signal remaining to be present outside the nucleus (Chapter
3). Importantly, these NBs were absent when Rep was combined with SCE1SUM1 or
SCE1SIZ1 as BiFC pair. Instead we observed a weak and uniform CFP signal in the
nucleus without any aggregates in any of the inspected plant cells (Figure 3C). In
combination with SCE1CAT, the BiFC pair still aggregated into NBs but their number
was reduced to 1-2 small NBs per nucleus, whereas the combination Rep-WT SCE1
gave 5-15 NBs per nucleus. We then extended this BiFC experiment to the other
five Rep proteins. Regardless of the Rep tested, we saw the same trend as seen for
RepTYLCV (Figure S2B). These findings suggest that (i) Rep apparently interacts with
SCE1 via the same surface area as the non-covalently bound SUMO and that (ii)
condensation of this Rep-SCE1 BiFC complex into NBs requires SCE1 enzymatic
activity, as previously reported for the SUMO conjugation machinery (Mazur et al.
2019). In contrast, the residues important for the SCE1-SIZ1 interaction gave a mixed
picture, i.e. they appeared to contribute to the Rep-SCE1 interaction for some of the
Reps tested, while they also contributed to the capacity to form Rep-SCE1 NBs for
all the Reps tested.

Rep interacts non-covalently with SUMO
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The foregoing results could signify that Rep either (i) replaces the second SUMO
(non-covalently) bound to SCE1 or that (ii) its interaction with SCE1 is, in part,
stabilized by this second SUMO possibly by acting as a bridge protein between Rep
and SCE1. As both the fusion proteins ADGAL4-Rep and ADGAL4-SUMO displayed
auto-activation of the LacZ reporter gene in the Gal4 Y2H system, it was decided to
shift to the yeast split-ubiquitin assay (Johnsson and Varshavsky 1994) to be able to
infer the molecular requirements for this Rep-SUMO1 interaction. Also in this splitubiquitin assay, RepTYLCV interacted with mature SUMO1 (GG) (Figure 3D), but Rep
interacted also with the conjugation-deficient variant of SUMO (i.e. deletion of the
C-terminal diGly motif; DGG). In contrast, a double mutation (F32A/I34A) in the
SIM-binding pocket of SUMO (Mazur et al. 2019) compromised the interaction
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Figure 4. Rep-SCE1 NBs are dynamic sites with sumoylation activity
(A) RepTYLCV-SCE1 BiFC NBs readily dissolve upon anacardic acid (AA) treatment. Scale bar represents 10
μm and the dotted lines demarcate the nucleus. (B) Box plot depicting the number of NBs per nucleus in
cells expressing the RepTYLCV-SCE1 pair after treatment with anacardic acid (AA) or mock solution (mock).
(C) Similar to B, except that the scatter plot represents the size of NBs. 30 cells (n=30) were analyzed from
3 biological replicates. (D) Schematic representation of the possible interactions (right) and the expected
fluorescence emission of the multicolor BiFC. Micrographs reveal that RepTYLCV, SUMO1 and SCE1, when
co-expressed as partners of a multicolor BiFC, co-localize and interact in a trimeric complex in nuclear
bodies. (E) Co-localization of Rep-SUMO1 BiFC couple and RFP-SCE1 in NBs in the plant nucleus. For (D)
and (E), scatter plot analysis of the pixel intensity of the CFP channel (y-axis) versus the pixel intensity of
the Venus/RFP channel (x-axis) and regression correlation coefficient (using Pearson’s R) of the encircled
areas are shown. Scale bars represent 10 mm.
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between Rep and SUMO1DGG, suggesting that Rep interacts via a SUMO-SIM
interaction with SUMO, likely involving the SIM of Rep (Ile217-Val218-Ile219). In
the BiFC system (Figure 3E), the F32A/I34A double mutation did not impair
aggregation of Rep-SUMO1GG in NBs, while the BiFC signal disappeared from the
NBs when Rep was co-expressed SUMO1DGG as BiFC couple. Instead the BiFC signal
was now mainly observed in the nucleus and to a lesser extent in the cytoplasm. This
is in accordance with the hypothesis that NB formation involves SUMO conjugation
activity (Mazur et al. 2019). Importantly, the BiFC signal disappeared when Rep was
combined with SUMO1DGG F32A/I34A, confirming previous Y2H data that this
combination no longer interacts. We thus can conclude that (i) Rep and SUMO1
interact non-covalently via the SIM binding-pocket of SUMO1 and (ii) the diGly
motif is critical for Rep-SUMO to aggregate in NBs - either by SUMO being bound
to the catalytic residue of SCE1 (Cys94) or SUMO being coupled to a third (unknown)
protein that mediates NB formation.

SUMO conjugation activity determines the aggregation of the Rep-SCE1SUMO ternary complex in NBs

4

As both a conjugation-deficient variant of SUMO (SUMOΔGG) and catalyticdead variant of SCE1 (CAT) failed to recruit Rep into NBs, we hypothesize that
aggregation of the two protein pairs Rep-SUMO1 and Rep-SCE1 in NBs requires
SUMO conjugation activity. To confirm this notion, we blocked SUMO conjugation
activity in planta by adding anacardic acid (AA), which prevents SUMO loading in
the SUMO E1 activating enzyme (SAE1) (Fukuda et al. 2009; Mazur et al. 2019).
Infiltration of AA into N. benthamiana leaves that express the Rep-SCE1 BiFC pair
resulted in near complete disappearance of the pre-formed Rep-SCE1 NBs within
90 minutes (Figure 4A). The AA treatment reduced both the number and size of
the NBs present in comparison to the mock-treated samples (Figure 4B and 4C).
These results are in line with the previous findings that AA treatment dissolved
the SUMO-SCE1 NBs over the same time course (Mazur et al. 2019) and imply that
sumoylation activity is required for the assembly of Rep-SCE1 NBs.
In addition, we examined whether the BiFC pairs Rep-SCE1 and Rep-SUMO
physically co-localized in the same subnuclear compartments. To this end, we
performed a multicolor BiFC experiment (Gehl et al. 2009) in which Rep-SCFPC was
co-expressed with a VenusN-SUMO chimera and SCFPN-SCE1. Importantly, the
fluorescence signal emitted by the VenusN- SCFPC combination can be distinguished
from the signal of the SCFPN-SCFPC pair, allowing us to assess if all three proteins
aggregate in the same NBs. The Rep-SUMO1 YFP signal overlapped strongly with
Rep-SCE1 CFP signal inside NBs, indicating that indeed these three proteins co116
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localize and might form a ternary complex in these NBs (Figure 4D). In order to
demonstrate that the observed co-localization of the three proteins in the same NBs
was not due to a cross-interaction of the split halves of the CFP/Venus proteins, we
co-expressed the BiFC couple Rep-SCFPC and VenusN-SUMO together with SCE1
fused with a different fluorophore, i.e. monomeric RFP. Again, the RFP-SCE1 signal
overlapped completely with the Rep-SUMO BiFC signal in one and the same NBs
(Figure 4E). Taken together, these results indicate that active SCE1 and mature
SUMO1 recruit Rep into dynamic NBs where they likely are part of the same protein
complex.

4

Figure 5. Mutations around the SUMO-binding pocket of SCE1 disrupt its interaction with both
SUMO1 and Rep in yeast, while changing the localization pattern of the protein pair in planta
(A) Mutations in the region 14-24 of SCE1 disrupt the interaction between SUMO1 and Rep from TYLCV
and PepGMV in a Y2H assay, i.e. yeast fails to grow on selective media -LWH. (B) BiFC assay showing
only the nuclear localization pattern of the indicated SCE1 variants in combination with SUMO1 (top
panel), RepTYLCV (middle) and RepPepGMV (bottom). The same mutations that disrupt the interaction in
yeast, suppress the recruitment of the SCE1 BiFC protein pairs to NBs. Nuclei are outlined by white lines.
Scale bars represent 5 mm.
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Mutations in the second SUMO-binding site of SCE1 also disrupt its
interaction with Rep

4

As the residues R14-R18-H21 of SCE1 jointly coordinate the non-covalent binding
of SUMO on Arabidopsis SCE1, both in yeast and in planta (Bencsath et al. 2002;
Mazur et al. 2017; Mazur et al. 2019) and K15 is implicated in SUMO chain formation
(K15E) (Tomanov et al. 2014; Tomanov et al. 2018), we generated a series of single
residue mutations in this region of AtSCE1. We used the above-mentioned four
mutations and generated substitutions for K19, G24 and H23, as these residues were
also implicated in the non-covalent interaction between Ubc9p and Smt3p (the yeast
homologs of AtSCE1 and AtSUMO1, respectively) (Bencsath et al. 2002). First, we
tested whether these AtSCE1 variants still interacted with Rep and SUMO1 in the
Y2H assay (Figure 5A). The SCE1 variants accumulated to comparable protein levels
as WT SCE1 in yeast, except for SCE1 G24Q that showed reduced protein levels
(Figure S3A). As expected, none of the SCE1 single residue mutations was able to
interact with SUMO1 in the Y2H assay. Importantly, these seven mutants also had
both lost their interaction with RepTYLCV and Rep from Pepper Golden Mosaic Virus
(PepGMV) (-LWH, Figure 5A).
We then examined whether these seven variants accumulated normally in N.
benthamiana epidermal cells when transiently expressed as GFP-fusions. Indeed, all
seven mutants accumulated at the expected molecular mass as WT SCE1-GFP
(Figure S3B) indicating no disruptive effect on protein stability. We then examined
their cellular localization pattern. All seven SCE1 mutants displayed a uniform
distribution in both the cytoplasm and nucleus (Figure S3C), identical to the WT
SCE1, indicating that none of the mutations drastically altered the subcellular
localization of SCE1 in planta. We then tested whether these mutations disrupted the
interaction with SUMO and Rep in planta. Again, we employed the previously
successfully used BiFC system. Whereas the WT SCE1-SUMO1 protein pair – as was
earlier shown - localized exclusively in NBs (Mazur et al. 2019) (Figure 5B), the
seven SCE1 mutants were all impaired in their capacity to recruit SUMO1 into NBs.
Instead their BiFC signals were evenly distributed in the nucleus (Figure 5B). A
similar change in localization of the BiFC protein complex was seen when these
seven SCE1 variants were expressed in combination with RepTYLCV or RepPepGMV.
Whereas the WT SCE1-Rep BiFC pair interacted inside NBs, none of the single
residue mutants effectively recruited these Reps in NBs with a weak CFP fluorescence
signal uniformly present in the nucleus. Only for the pair Rep-SCE1 K19A, we
occasionally found 1-2 NBs per nucleus (Figure 5B). Introduction of these single
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Figure 6. SCE1 variants can complement the sce1-5 null mutation in Arabidopsis
(A) Table showing the complementation of the sce1-5 mutation by SCE1 single point mutants. Total number
of screened plants (# plants), %WT, %heterozygous and %homozygous plants found in the T1 progeny
and p-value obtained from a Chi-square test calculated for a 1:2:1 expected ratio of each complemented
line are shown. (B) Rosette leaves phenotypes of the Arabidopsis sce1-5 lines complemented with WT
SCE1, SCE1(H23A) and SCE(G24Q). Col-0 and siz1-2 are grown in parallel as control for normal and
reduced growth, respectively. (C) Immunoblot of the total protein extracts from the plants shown in (B)
to determine the total SCE1 protein levels (anti-SCE1). The membranes were stained with Coomassie Blue
Brilliant to confirm equal protein loading for the samples.

residue mutations had apparently no impact on the corresponding SCE1 protein
levels, as all the SCFPN-SCE1 chimeras accumulated to approximately the same
protein levels (Figure S3B). Together, these results suggest that the same region of
SCE1 that coordinates non-covalent docking of SUMO1 is also important for Rep
and SCE1 to interact and aggregate in NBs.
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The SCE1 mutants H23A and G24Q are functional in bona fide sumoylation
in planta

4

To infer whether these seven SCE1 mutants are still biochemically active in the
sumoylation process in vivo, we tested their ability to complement the Arabidopsis
loss-of-function mutation sce1-5, which is embryo-lethal in homozygous plants
(Saracco et al. 2007). To this end, Arabidopsis plants heterozygous for the sce1-5
T-DNA insertion were transformed with a construct that expresses the AtSCE1
variants from the Arabidopsis Ubiquitin10 promoter (UBQ10P). As a control, we
introduced constructs that express WT AtSCE1 or mCherry, both also driven by the
UBQ10 promoter. The T1 transgenic plants were selected using hygromycin and
genotyped for the zygocity of the sce1-5 mutation. The obtained T1 segregant plants
homozygous for the sce1-5 null mutation were then screened for complementation
by survival assays. As expected, the UBQ10P::AtSCE1 WT transgene readily
complemented the genetic sce1-5 null mutation, whereas no surviving homozygous
plants were found by complementation with mCherry (negative control). Interestingly,
for three of the SCE1 mutants (R14E, R18E and H21D) no T1 plants were recovered
that were homozygous for the sce1-5 allele indicating that the original residues
may be essential for SCE1 function in planta, whereas the other four tested SCE1
mutations were capable of complementing the sce1-5 null mutation (Figure 6A).
Chi-square analysis showed that all the non-complementing lines were statistically
significant (p<0.05) for a 1:2:1 segregation ratio, indicating that a sufficient number
of transformed plants had been screened to state that no complementation event
occurred. Lines complemented with SCE1 WT, K19A and H23A also did not follow
the 1:2:1 segregation ratio, i.e. less plants homozygous for the sce1-5 than expected
were found. This may be due to expression level of the transgene and/or location of
the transgene insertion which does not exactly reflect natural expression of the SCE1
protein in all cases. Interestingly, SCE1 K15E and G24Q variants complemented
more efficiently than WT SCE1, since a higher number of plants homozygous for the
sce1-5 allele were detected.
Two T1 lines (H23A and G24Q) were selected for further analysis. The rosette growth
of the corresponding T1 and T2 plants was compared to that of wild type Col-0.
The sce1-5 plants supplemented with WT SCE1 as well as those supplemented with
the two SCE1 mutant constructs showed a normal rosette size (Figure 6B). Mutants
defective in the SUMO E3 ligase SIZ1 (siz1-2) were used as control, as reduced SIZ1dependent sumoylation causes a dwarf stature of Arabidopsis (Hammoudi et al.
2018; Lee et al. 2007; van den Burg et al. 2010). In all the complementation lines
examined, we found that expression of the SCE1 transgene yielded similar SCE1
protein levels as observed in the non-transgenic WT control plant (Col-0; Figure 6C).
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These data thus indicate that the two mutations H23A and G24Q in SCE1 yield a
biological active protein in planta that potentially has lost its capacity to interact with
Rep and concomitantly potentially suppresses geminivirus replication. It also shows
that SCE1 expression from the UBQ10 promoter results in normal SCE1 protein
expression levels.

DISCUSSION
Here we identified a SUMO interacting motif (SIM) in the Rep protein of TYLCV that
is broadly conserved among the different geminiviruses. This SIM is essential for
RepTYLCV interaction with both SCE1 and SUMO and also for viral DNA replication.
Our data argue that this SIM allows Rep to form a ternary complex with SCE1 and
SUMO1, supporting that Rep acts as a specific inhibitor of SCE1 (Arroyo-Mateos et
al. 2018) or potentially as a SUMO E3 ligase for an unknown substrate. This latter
idea comes from the fact that Rep features two unifying elements of SUMO E3
ligases: (i) it contains a SIM via which it interacts non-covalently with SUMO and
(ii) it interacts with a SUMO loaded E2 conjugating enzyme (SCE1~SUMO thioester
complex) suggesting that Rep positions SCE1 for SUMO transfer to a substrate
(Mascle et al. 2013).
Interestingly, Rep, SCE1 and SUMO aggregate in NBs when transiently (over)
expressed in N. benthamiana. Formation of these Rep-SCE1 NBs were shown to
require (i) SCE1 catalytic activity, (ii) an intact SIM in Rep, but also (iii) the second
SUMO binding site of SCE1, which is positioned distal from its catalytic pocket.
The necessity of SCE1 catalytic activity for Rep NB formation is reminiscent of the
situation for SCE1-SUMO NBs (Mazur et al. 2019). Combined, we here add that
SUMO1 acts as a ‘molecular glue’ that bridges the interaction between SCE1 and
RepTYLCV. Previous studies had identified a region in RepTGMV involved in SCE1
binding, including two Lys residues of RepTGMV that were critical for this interaction
(Sánchez-Durán et al. 2011). However, it was already noted that the corresponding
residues in RepTYLCV apparently were not essential for this isoform to interact
with SCE1 (Chapter 3), supporting our finding that other residues in RepTYLCV are
important for this interaction.
Several research questions remain open after this study. First, as this SIM domain
partially overlaps with b-strand directly adjacent to the Walker A motif of the
ATPase domain in Rep (Choudhury et al. 2006; Desbiez et al. 1995), it remains to
be demonstrated that the RepSIM variant displays normal ATPase activity. Structural
predictions with the USCF Chimera program (Pettersen et al. 2004) indicated that
substituting the residues Ile217, Val218A and Ile219A residues for Ala does not alter
the conformation of the b-sheet. In addition, it needs to demonstrated whether the
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SIM motif is essential for TYLCV replication and spread in the plant by mutating
this motif in an infectious clone. As we showed that an intact SIM in SCE1 is a
prerequisite for SCE1 to interact with a wide range of Reps in yeast and in planta
(Figure S2), the involvement of SUMO in the Rep-SCE1 interaction is likely a
common feature shared by different geminiviruses. Further studies are needed to
confirm this hypothesis and to conclude that this SIM exerts the same function in
(all) other geminiviruses.
Using anacardic acid, an inhibitor of the SAE1/2 activity, we showed that Rep is
dynamically recruited to NBs by SUMO conjugation activity. This is corroborated
by the fact that a catalytic-dead variant of SCE1 and a conjugation-deficient variant
of SUMO1 both failed to aggregate with Rep in NBs. These Rep-SCE1 bodies
appear not to be an artefact of the BiFC system since (i) pre-existing NBs rapidly
dissolved when sumoylation was inhibited with anacardic acid (<90 min) and (ii)
SCE1-RFP protein was recruited to Rep-SUMO1 NBs independent of the latter
BiFC interaction. We cannot exclude at this stage that overexpression of SCE1/
SUMO triggers condensation of Rep in NBs, as seen for other polySUMO-polySIM
interactions (Banani et al. 2016). Nevertheless, SUMO conjugation activity clearly is
a key factor for NB assembly. This is in line with the notion that SUMO conjugation
activity promotes condensation of the proteins involved in NBs in planta (Mazur et
al. 2019) and that also a number of SUMO substrates have been reported to localize
to nuclear speckles/bodies in plants (Ballesteros et al. 2001; Khan et al. 2014; Kim
et al. 2016; Mazur et al. 2017). Considering that Rep interferes with sumoylation
of specific targets, as shown for PCNA (Arroyo-Mateos et al. 2018), we speculate
that Rep localization in ‘SUMO bodies’ agrees with its postulated viral function of
modulating specific sumoylation processes in the plant.
In order to pinpoint specific residues in SCE1 that control its interaction with Rep, we
generated a series of single residue mutations in SCE1 based on the three-dimensional
structure of the SUMO-SCE1 protein complex (Bencsath et al. 2002; Mascle et al.
2013; Mazur et al. 2019). Importantly, single residue mutations in N-terminal region
of SCE1 disrupted the interaction with SUMO both in yeast and in planta. These
residues coordinate binding of the second SUMO (with the first SUMO being the
activated SUMO bound to the catalytic residue C94). These SCE1 mutants also lost
their interaction with two Rep proteins, suggesting that the different Reps interact
with SCE1 via the same region as the non-covalently bound second SUMO. Three of
the seven mutations tested yielded an SCE1 variant that was unable to complement a
SCE1 null mutation (sce1-5) in Arabidopsis, meaning that these residues are essential
for generic SCE1 function in planta. Interestingly, these three non-complementing
SCE1 variants represent single residue mutations in three key residues that jointly
coordinate the non-covalent binding of SUMO on SCE1 (Bencsath et al. 2002), i.e.
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R14, R18 and H21. Clearly, disruption of the non-covalent binding of SUMO had a
strong negative impact on SCE1 function. Remarkably, plants expressing SCE1 H23A
and SCE1 G24Q adopted a normal sized rosette, indicating that these two mutations
likely retain (most of) the intrinsic function of SCE1. It remains to be tested if these
lines display a normal increase in their sumoylation levels in response to heat stress,
have increased levels of the biotic stress hormone salicylic acid and if these lines
respond normally to abiotic stresses, such as drought, heat, and salt stress. Finally,
these complementation lines constitute an important tool to test for possible (broad)
resistance against geminiviruses. Since Rep-SCE1 interaction is potentially required
for viral infection (Sánchez-Durán et al. 2011), these biochemically active SCE1
variants that do not alter SUMO homeostasis in plants, while at the same time they
can no longer associate with Rep, may potentially result in plants with an enhanced
resistance, or rather loss of susceptibility, against geminivirus infection. Infection
assays with e.g. Beet curly top virus (BCTV) and Cabbage leaf curl virus (CbLCV), two
Arabidopsis infecting viral species (Reyes et al. 2017), should reveal if the interaction
between Rep and SCE1 is pivotal for geminivirus replication and spread in host
plants. Alternatively, the indicated mutations in SCE1 could be introduced into other
plant species enabling testing for increased resistance in these plants.
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MATERIALS AND METHODS
General methods and cloning
All molecular techniques were performed according to standard methods
(Sambrook and Russell, 2001). E. coli strain DH5a was used for subcloning. Primers
and plasmids used in this work are described in the Supplemental Table S1 and
Table S2, respectively. All the constructs were generated by PCR amplification
using the Phusion DNA Polymerase (Thermo Fisher). The resulting PCR amplicons
were introduced in the Gateway vectors pENTR207 or pENTR221 (Thermo Fisher)
by recombination using BP Clonase II (Thermo Fisher); the subsequent transfer of
the inserts into destination vectors was done with Gateway LR Clonase II (Thermo
Fisher). Point mutations were introduced by site-directed mutagenesis with the
primers listed in Table S1 following the QuikChange protocol. All the inserts were
checked using DNA sequencing. For in planta protein localization, the constructs
were cloned into pGWB452 (N-terminal GFP tag), pGWB451 (C-terminal GFP tag)
or pGWB654 (C-terminal mRFP tag) (Nakamura et al. 2010); for the bimolecular
fluorescence complementation (BiFC) assay the vectors pDEST-GWSCYCE (tagged
with the C-terminal half of S(CFP)3A consisting of the residues 156-239, referred
to as SCFPC) and pDEST-SCYNEGW (N-terminal half of S(CFP)3A consisting of the
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residues 1–173, SCFPN) were used (Gehl et al. 2009); for the yeast two-hybrid (Y2H)
assay the inserts were cloned into the Gateway-compatible pGADT7 or pGBKT7
plasmids (Clontech) (Chien et al. 1991); for the yeast split-ubiquitin interaction assay
the Gateway-ready plasmids pMET-cUb and pCup-nUb were used (Deslandes et al.
2003). The order of the protein (domain) fusions (e.g. X-REP, REP-X) is indicated in
the different figures.

Accession numbers

4

The here used DNA clones of TYLCV isolate Alb13 Rep (FJ956702.1, kindly provided
by Keygene N.V., Wageningen, the Netherlands); TYLCV-Almeria Rep (AJ489258,
kindly provided by Eduardo Bejarano); CtLCV, Cotton leaf curl virus Rep (KC412251.1),
BGMV, Bean golden mosaic virus Rep (JF694454.1); CaLCV, Cabbage leaf curl virus Rep
(U65529.2), PepGMV, Pepper golden mosaic virus Rep (EF210556), SLCCNV, Squash
leaf curl China virus Rep (KC222956.1) were synthetized by Eurofins Genomics. The
cDNA clones for SCE1 (AT3G57870) and SUMO1 (AT4G26840) were previously
described (Mazur et al. 2017). For the Rep protein alignment, we included the Rep
protein sequences from TGMV, Tomato golden mosaic virus (NC001507); ACMV African
cassava mosaic virus (CAD20827.1) and BCTV, Beet curly top virus (AAK59260.1).

Transient expression of proteins in N. benthamiana using agroinfiltration
All binary constructs were transformed in Agrobacterium tumefaciens strain GV3101
(Koncz and Schell 1986) by electroporation. Single colonies were grown overnight to
an OD600 of 0.8-1.5 in low salt LB medium (1% w/v Tryptone, 0.5% w/v yeast extract,
0.25% w/v NaCl, pH 7.0). Bacterial cells were pelleted, washed and resuspended in
leaf infiltration medium (1× MS [Murashige and Skoog] salts, 10 mM MES pH 5.6,
2% w/v sucrose, 200 μM acetosyringone).
For protein localization and BiFC studies, four-week-old N. benthamiana plant
leaves were syringe-infiltrated with A. tumefaciens cells at an OD600 = 1 when a single
construct was delivered. When two cultures were co-infiltrated for BiFC analysis,
they were mixed at a ratio 1:1 to a final OD600 = 1. A. tumefaciens strain carrying
the pBIN61 binary vector to express the P19 silencing suppressor (referred to as
pBIN61:P19) from the Tomato bushy stunt virus (TBSV) (Voinnet et al. 2003) was
added to every experimental sample at final OD600 = 0.5. Three days post-infiltration
N. benthamiana leaf material was collected to analyze the protein accumulation of the
proteins-of-interest.
For the geminiviral replication activity assay, 3-4-weeks-old N. benthamiana plants
expressing the TYLCV 2IRGFP cassette (Chapter 3) were syringe-infiltrated with A.
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tumefaciens cells expressing the different constructs at an OD600 = 1. Accumulation of
the GFP protein was visually inspected in a dark room four days post-agroinfiltration
using a Blak-Ray B100AP lamp (UVP) with an excitation wavelength of 365 nm.

Confocal laser scanning microscopy (CSLM) and image analysis
A confocal laser scanning microscope, Zeiss LSM510, was used to capture the
fluorescence signals in the agro-infiltrated leaf samples. The N. benthamiana leaf
tissue was examined 3 days post-infiltration using a Zeiss c-Apochromat 40X 1.2
water-immersion Korr objective. Fluorescence was detected with the following
beam/filter settings: SCFP-excitation at 458 nm (argon laser), primary beam-splitting
mirrors 458/514, secondary beam splitter 515 nm, bandpass filter BP 470-500 nm;
GFP-excitation at 488 nm (argon laser), primary beam-splitting mirrors 405/488,
secondary beam splitter 490 nm, band filter BP 505-550 nm; RFP-excitation at 543
nm (helium-neon laser), primary beam-splitting mirrors 488/543, secondary beam
splitter 635 nm, bandpass filter BP 585-615 nm. For all observations, the pinhole
was set at 1 Airy unit. For every experimental sample, at least two independent
biological replicates were examined and one representative image is shown. Images
were analyzed and processed with the ImageJ Fiji 1.0v software (https://fiji.sc)
(Schindelin et al. 2012). Sumoylation was inhibited three days post-agroinfiltration
by infiltrating 100 μM anacardic acid dissolved in 1% v/v DMSO in water or 1%
DMSO alone (mock, negative control). 1.5 h after infiltration of anacardic acid, the
treated leaf disks were collected and fluorescence was imaged using CSLM. Three
independent biological replicates were examined; the nuclear body counting and
quantification analyses were performed on minimum 30 nuclei per treatment.

Yeast two-hybrid assay
The pGADT7 and pGBKT7 constructs with the insert-of-interest were transformed
into the yeast strain Saccharomyces cerevisiae PJ69-4a (James et al. 1996) using the
standard lithium acetate/single-stranded carrier DNA/polyethylene glycol 3350
protocol (de Folter and Immink 2011). Transformed colonies were selected on
minimal yeast medium (MM) supplemented with an amino acid solution lacking
L-Leucine and L-Tryptophan (-LW). To select for protein-protein interactions, three
independent colonies were picked for each yeast transformation and resuspended in
100 ml sterile double-distilled water; a ten-fold serial dilution series of the resuspended
colonies was spotted on MM agar plates -LWH (H stands for L-Histidine). The plates
were then incubated at 30°C for three days prior to scoring.
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Yeast split-ubiquitin assay
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The pMET/pCub plasmids (Deslandes et al. 2003) containing the insert-of-interests
were transformed into Saccharomyces cerevisiae strain JD53 following the standard
lithium acetate/single-stranded carrier DNA/polyethylene glycol 3350 protocol
(de Folter and Immink 2011). Co-transformation and protein-protein interaction
selections were performed as described (Reichel and Johnsson 2005). Briefly,
transformed colonies were selected on yeast MM supplemented with an amino acid
solution lacking L-Histidine and L-Tryptophan (-HW). To select for protein-protein
interactions, three independent colonies were picked for each transformation and
resuspended in 100 ml sterile double-distilled water; a ten-fold dilution series of the
resuspended colonies was spotted on MM agar plates supplemented with 0.1 mM
CuSO4 and the appropriated amino acids: -MHW (M stands for L-Methionine) control
plate, -MHWU (U is L-Uracil) and –MHW + 5-FOA 0.5 mg/ml (5-Fluoroorotic acid,
Sigma) selection plates. Positive protein-protein interactions (PPIs) lead to yeast
growth on plates containing 5-FOA, while no yeast growth is seen on –U plates;
absence of PPIs results in no growth on 5-FOA while yeast growth is obtained on
–U. The plates with the transformed JD53 yeast colonies were incubated at 30°C for
three days prior to scoring.

Arabidopsis SCE1/sce1-5 complementation
The CDS of the different SCE1 variants cloned in pDONR207 and the AtUbiquitin10
promoter cloned in pDONR-P4P1r (kindly provided by Keygene N.V.) were
recombined together into the binary vector R4pGWB501 for in planta expression using
Multisite Gateway recombination (Thermo Fisher). The constructs were validated
by sequencing and then introduced in A. tumefaciens GV3101 by electroporation.
Arabidopsis plants (ecotype Col-0) that carry a single allele (heterozyogous) of the
T-DNA insertion mutation sce1-5 (Salk_138741) (Saracco et al. 2007) were identified by
performing a single PCR reaction with two primers that flank the T-DNA integration
site of sce1-5 (7609, 7910, Supplemental Table S1) and one primer that anneals to the
T-DNA insert (3278). This allowed simultaneous detection of the T-DNA insertion
allele (sce1-5) and the wild type SCE1 allele. For each R4pGWB501 UBQ10pro::SCE1
construct, ten plants confirmed to be heterozygous for sce1-5 were transformed using
floral dipping (Clough and Bent 1998). The resulting seeds were selected on plates
containing 1× Murashige and Skoog (MS) salts supplemented with 1% w/v sucrose,
0.8% w/v agar and 50 μg/mL Hygromycin to identify T1 transformants. After 2
days at 4°C in the dark, the plates were transferred to a growth chamber and the next
they were wrapped in aluminum foil for three additional days. Hygromyin resistant
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primary transformants showed an elongated hypocotyl at this stage. The plates
with primary transformation were then placed in normal light until the cotyledons
turned green and the T1 transgenics were transplanted to sterile boxes with MS salts
supplemented with 1% w/v sucrose, 0.8% w/v agar. The primary transformants
were confirmed by PCR genotyping using the abovementioned primers in separate
reactions to dinstinguish the sce1-5 T-DNA (3278 and 7610) and the wild type SCE1
allele (7609 and 7610). Up to 50 T1 plants per transformation were screened for
homozygosity of the sce1-5 allele. Chi-square test was performed to validate the data
for Mendelian (1:2:1) segregation. All homozygous T1 transformants and in addition
about 10 heterozygous sce1-5/SCE1 T1 plants were transferred to soil. Presence of
the UBQ10pro::SCE1 transgene was confirmed by amplifying its sequence from
genomic DNA using the primers 8479 and 8329 followed by sequencing after gel
purification of the fragment using the primer 8479.

Protein extraction and immunoblot
To extract the total protein fraction from leaf tissue, two leaf disks (approximately
50 mg) of N. benthamiana or Arabidopsis were harvested and snap frozen in liquid
nitrogen. The frozen material was ground with plastic pestles and Laemmli buffer
(0.1 M Tris HCl pH 6.8, 20% v/v glycerol, 4% w/v SDS, 100 mM DTT, 0.001% w/v
Bromophenol blue) was added to each sample (100 ml of buffer per sample). The leaf
material slurry was then homogenized by vortexing and heated for 10 minutes at
96°C. After this incubation, the plant extracts were centrifuged at maximum speed
(14,000 rpm at 4 °C) for 5 minutes and the supernatant was stored or loaded on
gel. To extract the total protein fraction from yeast cells, the protocol from Yeast
Protocols Handbook was followed (Clontech). A total of 10 ml of the protein extract
was separated on 10% SDS-PAGE gels and subsequently transferred onto a PVDF
membrane. Immuno-detection of the proteins was performed according to standard
protocols using anti-FLAG antibody for SCFPN-SCE1 fusions, anti-Gal4 AD antibody
for AD-SCE1 fusions, anti-HA antibody for Rep-SCFPC fusions, anti-GFP antibody
for SCE1-GFP fusion and for GFP expression in 2IR-GFP transgenic plants, anti-RFP
antibody to detect the Rep-RFP fusion proteins, anti-SCE1 for SCE1 accumulation
and anti-SUMO for SUMO conjugates detection. The used antibodies are specified
in the Supplemental Table S3. The labelled proteins were visualized using a homemade enhanced chemi-luminescence (ECL) solution (0.1 M Tris HCl pH 8.5, 1.25 mM
luminol [Sigma A8511] in DMSO, 0.2 mM p-Coumaric acid [Sigma C9008] in DMSO,
0.01% H2O2) and visualised using MXBE Kodak films (Carestream). Equal loading
of the protein samples was confirmed by estimating the total amount of Rubisco
in each sample by staining of the PVDF membranes with Ponceau S or Coomassie
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Quantification of extrachromosomical molecules using qPCR
To quantify the amount of extrachromosomal 2IRGFP molecules (ECMs) in the
infiltrated 2IRGFP plant leaves, genomic DNA was extracted from approximately
50 mg of plant material. 250 ng of total DNA was used as template for a real time
PCR reaction in a QuantStudio3 real-time PCR thermocycler (Thermo Fisher). The
PCR amplicons were amplified with the Hot FIREPol EvaGreen qPCR kit (Solis
Biodyne). The fluorescence signal for the amplicons of the ECMs was normalized
using the signal for a 100 bp amplicon of the 25S rRNA gene as an internal reference
for each sample (accession no. KP824745.1). The primers used are listed in Table
S1. The Ct values were corrected for primer efficiencies. All expression data were
analyzed using the pipeline in the qBASE+ software (Biogazelle). Data visualization
was performed using the Prism 7.0v (GraphPad) software.
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Figure S1. The SIM of Rep protein is not essential for its nuclear localization in planta.
(A) Protein levels of WT RepTYLCV-SCFPC and the SIM variants (anti-HA blot, HA tag resides in between
Rep and the split fluorophore) in planta. The membrane was stained with Ponceau S staining to confirm
equal protein loading. (B) Table indicating the corresponding positions of the residues in the SIM of the
here-studied Reps. (C) Subcellular localization of Rep from TYLCV-Almeria tagged with RFP bearing
mutations in the SIM in N. benthamiana epidermal cells and an 8x zoom of one nucleus (bottom right
corner). Scale bars represent 50 mm.
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Figure S2. Rep from different geminiviruses interacts with SCE1 in yeast and in planta.
(A) Gal4 Y2H interaction assay between BDGAL4-Reps from different geminiviruses and SCE1 variants
fused to Gal4-AD. Most Reps interacted both with WT and SCE1SIZ1. (B) BiFC assay between Rep from
different geminiviruses fused to SCFPC and SCE1 variants fused to SCFPN. All Reps formed NBs in
combination with WT SCE1 and occasionally with SCE1CAT, while no NBs were observed when they were
co-expressed with SCE1SUM1 and SCE1SIZ1. Nuclei are outlined with dotted lines. Scale bars represent 10
mm.
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Figure S3. The here studied single-site mutations in SCE1 do not alter its subcellular localization and
protein levels.
(A) Western blot showing the protein levels in yeast of the ADGAL4-SCE1- fusions using an anti-ADGAL4
antibody. As control for equal loading, all the membranes were stained with Ponceau S dye. (B) Individual
protein levels of the SCE1-GFP fusions (anti-GFP immunoblot) and SCE1-SCFPN fusion proteins (antiFLAG, FLAG tag resides in between SCE1 and the split fluorophore) in planta. (C) Subcellular localization
of GFP-SCE1, both WT and single-residue mutants, in N. benthamiana. SCE1-GFP resides in the cytoplasm
and nucleus. For each sample, one representative epidermal cell is shown. Scale bars represent 10 mm.
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Rep FW_attB1

6502

Rep Rv_attB2

6525

Rep Rv_attB2 STOP

7807

REPattB1 Rv short NO
stop
TYCRepFwGW
TYCRepRvGWns
R14E Fw
R14E Rv
R18E Fw
R18E Rv
H21D Fw
H21D Rv
K15E Fw
K15E Rv
G24Q Fw

7368
7370
6778
6779
6780
6781
6782
6783
6784
6785
6786
6788
6789
6790
6791
6792

Sequence 5’ to 3’

GGGGACAAGTTTGTACAAAAAAGCAGGCTTGAGAGACTCCGATTGACCAAG
GGGGACCACTTTGTACAAGAAAGCTGGGTAGTCTTCGCTATGCGGTGTTG
GGGGACCACTTTGTACAAGAAAGCTGGGTACTAGTCTTCG
CTATGCGGTGT
AGAAAGCTGGGTCGTCTTCGCTATGCGGTGTT
A AAA GCA GGC T CC ATGCCTCGTTTATTTAAAATATATGC
A GAA AGC TGG GT C CGCCTTATTGGTTTCTTC
GGTCGTTTAGCTGAAGAGGAAAAATCGTGGAGGAAGAATC
GATTCTTCCTCCACGATTTTTCCTCTTCAGCTAAACGACC
GAAGAGAGGAAATCGTGGGAGAAGAATCATCCTCATG
CATGAGGATGATTCTTCTCCCACGATTTCCTCTCTTC
CGTGGAGGAAGAATGATCCTCATGGTTTTG
CAAAACCATGAGGATCATTCTTCCTCCACG
GTTTAGCTGAAGAGAGGGAATCGTGGAGGAAGAATC
GATTCTTCCTCCACGATTCCCTCTCTTCAGCTAAAC

TY Rep I217A FW
TY Rep I217A Rv
TY Rep V218A Fw
TY Rep V218A Rv
Nb25SrRNAFw

GGAAGAATCATCCTCATCAGTTTGTGGCAAAGCCGG
CCGGCTTTGCCACAAACTGATGAGGATGATTCTTCC
GGAAATCGTGGAGGGCGAATCATCCTCATGG
CCATGAGGATGATTCGCCCTCCACGATTTCC
GAGGAAGAATCATCCTGCTGGTTTTGTGGCAAAGC
GCTTTGCCACAAAACCAGCAGGATGATTCTTCCTC
TTCTGCTATCACCCTCAGCGGCAGCACTATTAGGTCTCCATG
GCCGCGCAGC
GCTGCGCGGCCATGGAGACCTAATAGTGCTGCCGCTGAGG
GTGATAGCAGAA
GAGACCTAATAGTgcTGTCATTGAGGGTG
CACCCTCAATGACAgcACTATTAGGTCTC
GACCTAATAGTATTGcCATTGAGGGTGATAG
CTATCACCCTCAATGgCAATACTATTAGGTC
ATAACCGCATCAGGTCTCCA

7982

Nb25SrRNARv

CCGAAGTTACGGATCCATTT

8031

MECs2Fw

CTGGGGACCTGCAGGC

8032

MECs2Rv

CGCGCGGTGTCATCTATGTTAC

3409

FattB1_SCE1

6499

R_attB2_SCE1(stop)

7609

Genotsce1-5LP

GGGGACAAGTTTGTACAAAAAAGCAGGCTCAATGGCTAGTGGAATCGCTCGTGG
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAGACAAGAGCAGGATACTG
AATCCACCTTCCCAATCAGTC

7910

Genotsce1-5RP

TTTTTGGGTATCATCGCGTAG

3278

LBb1.3

ATTTTGCCGATTTCGGAACCACCATC

8479

Ubq10_End_Fw3

TTAGTTTCTAGTTTGTGCGATCG

8329

Gateway Site Reverse

AACCACTTTGTACAAGAAAGCTG

7694

4

Name

7695
8500
8501
8502
8503
7981

G24Q Rv
K19A Fw
K19ARv
H23A Fw
H23A Rv
TY FM REP sim RV

TY FM REP sim FW

Table S1. Sequences of the primers used in this study.
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ID

Gene name

Backbone

Template/source

pFP1646

TYLCV Alb13 Rep

pENTR207

KeyGene N.V.

Primers

Procedure

pFP1658

TYLCV-Almeria Rep

pENTR207

E.R. Bejarano

bgIFP4132

SUMO1

pENTR221

(Mazur et al. 2017)

pFP959

SCE1

pENTR-TOPO

ABRC (Mazur et al. 2017)

bgIFP4445

SCE1 SUM1

pENTR221

(Mazur et al. 2019)

bgIFP4446

SCE1CAT

pENTR221

(Mazur et al. 2019)

bgIFP4447

SCE1SIZ1

pENTR221

(Mazur et al. 2019)

pFP1677

SCE1 R14E

pENTR221

SCE1

6778/6779

Quikchange

pFP1678

SCE1 K15E

pENTR221

SCE1

6784/6785

Quikchange

pFP1679

SCE1 R18E

pENTR221

SCE1

6780/6781

Quikchange

pFP1680

SCE1 K19A

pENTR221

SCE1

6789/6790

Quikchange

pFP1681

SCE1 H21D

pENTR221

SCE1

6782/6783

Quikchange

pFP1682

SCE1 H23A

pENTR221

SCE1

6791/6792

Quikchange

pFP1683

SCE1 G24Q

pENTR221

SCE1

6786/6788

Quikchange

pFP1684

Rep I217A

pENTR207

TYLCV Alb13 Rep

8500/8501

Quikchange

pFP1685

Rep V218A

pENTR207

TYLCV Alb13 Rep

8502/8503

Quikchange

pFP1686

pENTR207

TYLCV Alb13 Rep

7694/7695

Quikchange

pFP1687

TYLCV Rep Alb13
SIM
Rep I215A

pENTR207

TYLCV-Almeria

8500/8501

Quikchange

pFP1688

Rep V216A

pENTR207

TYLCV-Almeria

8502/8503

Quikchange

pFP1689

pENTR207

TYLCV-Almeria

7694/7695

Quikchange

pFP1690

TYLCV-Almeria Rep
SIM
BGMV Rep

pENTR207

Eurofins Genomics

pFP1691

PepGMV Rep

pENTR207

Eurofins Genomics

pFP1692

CaLCuV Rep

pENTR207

Eurofins Genomics

pFP1693

CtLCV Rep

pENTR207

Eurofins Genomics

pFP1654

SLCCNV Rep

pENTR207

Eurofins Genomics
(Gehl et al. 2009)

pFP1415

pDEST-gw-SCYCE

pDEST-GWSCYCE

pFP1412

pDEST-SCYNE(R)-gw

pDEST-SCYNEGW

(Gehl et al. 2009)

pFP937

pGBKT7-DEST

pGBKT7

(Chien et al. 1991)

pFP732

pGADT7-DEST

pGADT7

(Chien et al. 1991)

pFP1023

pMet-gw-cUb-URA1

pMet

(Deslandes et al. 2003)

pFP1022

pCup-nUb-gw-CYC1

pCup

(Deslandes et al. 2003)

pFP1267

35S-mRFP-gw

pGWB655

(Nakamura et al. 2010)

pFP1266

35S-gw-mRFP

pGWB654

(Nakamura et al. 2010)

bgIFP1883

35S-gw-G3GFP-gw

pGWB451

(Nakamura et al. 2010)

pFP1194

35S-G3GFP-gw

pGWB452

(Nakamura et al. 2010)

bgIFP5557

R4pGWB501

R4pGWB501

(Nakagawa et al. 2007)

4

Table S2. Plasmids used in this study
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Antibody
aGFP
aRFP
aHA
aFLAG
aGal4AD
aSCE1
aRat
aMouse
aRabbit

Mono/polyclonal
Monoc.
Monoc.
Monoc.
Polyc.
Monoc
Polyc.
-

Organism
Rat
Mouse
Rat
Rabbit
Mouse
Rabbit
Goat
Goat
Goat

Table S3. Antibodies used in this work.
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Origin

Chromotek [3H9]
Chromotek [6G6]
Roche (3F10)
Sigma-Aldrich F7425
Clontech (630402)
(Saracco et al. 2007)
Pierce (31470)
Pierce (31430)
Pierce (31460)

Dilution
1:1000
1:1000
1:2000
1:1000
1:5000
1:1000
1:10.000
1:10.000
1:5000
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ABSTRACT
The Replication initiator protein (Rep) of geminiviruses orchestrates viral
replication in plant cells. For example, Rep suppresses SUMO conjugation of PCNA,
a processivity co-factor of DNA polymerases. Rep accumulates in the nucleus,
where it aggregates in nuclear bodies (NBs) once it interacts with SUMO or the E2
SUMO conjugating enzyme SCE1. The nature and composition of these Rep-SCE1/
SUMO bodies remain enigmatic. We here report that Rep from Tomato yellow leaf
curl virus (TYLCV), when bound to SCE1 or SUMO1, collects in nuclear foci that
also contain key regulators of the light-controlled growth pathway, i.e. COP1, SPA1
and to a lesser extent phyB. These host proteins aggregate in nuclear photobodies in
response to light/darkness cycles. Strikingly, blue light alone was already sufficient
for Rep to condensate around the nucleolus and in NBs, which then also acquired
the blue-light photoreceptors Cryptochrome 1 and 2 (CRY1/2). These blue light Rep
bodies did not overlap with COP1 bodies. The protein interaction of Rep seems to
be indirect with both COP1 and the CRYs. Nevertheless, the response to blue light
appears to be biological significant, as the Arabidopsis mutant cry1;cry2 was more
readily infected with Beet curly top virus (BCTV) than wild type plants. These data
signify that, in addition to manipulation of the DNA replication fork and the cell
cycle, Rep possibly manipulates a third process to achieve a ‘DNA replicative state’
in host cells, namely the light-controlled growth pathway.

5
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INTRODUCTION
Viruses of the family Geminiviridae have genomes composed of circular singlestranded DNA (ssDNA) that are encapsidated by twinned icosahedral particles
(Hesketh et al. 2018; Rojas et al. 2005). Based on (i) their genome structure, (ii)
insect vector for transmission and (iii) host plant range, these viruses are currently
classified into nine genera (Varsani et al. 2014; Zerbini et al. 2017). Members of the
genus Begomovirus can have a monopartite or bipartite genome structure, while they
all share their transmission vector, the whitefly Bemisia tabaci. This genus represents
the most numerous group of geminiviruses with certain species having a dramatic
impact on agriculture. The genus Curtovirus, whose type species is Beet curly top virus
(BCTV), comprises exclusively geminiviruses with a monopartite genome and they
are transmitted by leafhoppers (Fauquet et al. 2003; Fauquet et al. 2008). The genome
of monopartite begomoviruses and curtoviruses encode for six and seven proteins,
respectively. In both viral groups, the sense strand comprises two ORFs that encode
the V2 protein and the coat protein CP, while curtoviruses have a third ORF (V3) on
this strand that encodes the movement protein. For both genera, the complementary
DNA strand encodes four proteins (Rep, C2, REn and C4) (Fondong 2013). Of these
viral proteins, only two are implicated in replication of the viral genome, i.e. Rep
(also known as C1, AL1, and L1) and REn (also called C3, AL3, and L3). Previous
work revealed that Rep is an essential factor for viral replication (Elmer et al. 1988),
while REn only promotes viral DNA accumulation (Settlage et al. 2005; Sunter et al.
1990).
As none of the viral proteins displays DNA polymerase activity, geminiviruses depend
on host DNA polymerases for their genome replication (Egelkrout et al. 2001; Nagar
et al. 1995). Typically, a geminivirus infection starts in differentiated non-dividing (G
phase) plant cells. To enable replication of their viral DNA, geminiviruses are known
to reprogram the host cell at, at least, two levels, (1) by reinitiating the cell cycle and
(2) by reestablishing the DNA replication fork (Hanley-Bowdoin et al. 1999; HanleyBowdoin et al. 2013). The key player for both viral activities is Rep, a multifunctional
protein that interferes with the cell cycle through interactions with (i) transcriptional
regulators of the cell cycle (Ach et al. 1997; Kong et al. 2000), (ii) components of the
DNA replisome (Bagewadi et al. 2004; Castillo et al. 2003; Luque et al. 2002; Singh
et al. 2007) and (iii) enzymes involved in post-translation modifications (PTMs)
(Castillo et al. 2004; Kushwaha et al. 2017b; Sánchez-Durán et al. 2011). In this
work, we uncover that Rep intervenes with yet another mechanism linked to DNA
replication, namely the daylight-controlled plant growth pathway controlled by the
PIF (Phytochrome interacting factor) transcription factors (Hoecker 2017).
One example of a PTM influenced by geminiviruses is sumoylation. Sumoylation
141

5

Chapter 5

5

is a reversible PTM that targets foremost nuclear proteins by modulating their
interactions, subcellular localization or cellular activity following covalent attachment
of a 10 kDa ubiquitin-like polypeptide called SUMO (Miller et al. 2010; Rytz et al.
2016; Rytz et al. 2018). Sumoylation controls a wide range of biological processes
including cell cycle regulation, DNA repair, chromatin remodeling, gene expression,
nuclear architecture, cell expansion and plant development (Augustine and Vierstra
2018; Hay 2005; Lamelí and Vázquez 2011). In the model plant Arabidopsis thaliana
(Arabidopsis), null mutants of the SUMO E3 ligase SIZ1 display a dwarf rosette
stature linked to reduced cell division and cell expansion (Catala et al. 2007; Miura et
al. 2010). The other characterized SUMO E3 ligase of Arabidopsis, HPY2/AtMMS21
(High ploidy 2, Methane sulfonate-sensitivity 21), suppresses the G1/S transition
while promoting the G2/M transition allowing maintenance of the shoot and root
meristems (Huang et al. 2009; Ishida et al. 2009; Liu et al. 2016). Sumoylation also
plays a key role in photomorphogenesis, a daylight-controlled developmental and
growth program of higher plants. SUMO modification of the photoreceptor phyB
(phytochrome B) represses red light signaling by inhibiting the interaction between
phyB and the transcription factor PIF5 (Sadanandom et al. 2015). SIZ1 also inhibits
photomorphogenesis by sumoylating the ubiquitin E3 ligase COP1 (Constitutive
photomorphogenic 1), which in turn promotes the degradation of COP1 target
proteins that control both the levels and activity of the PIF protein family (Hammoudi
et al. 2018; Kim et al. 2017a; Lin et al. 2016; Mazur et al. 2019).
Given the roles of sumoylation in (re)activating the cell cycle, DNA repair and
developmental programs, it is not surprising that geminiviruses engage with host
sumoylation. Both the Rep proteins from the monopartite begomovirus Tomato
yellow leaf curl virus (TYLCV) and the bipartite begomovirus Tomato golden mosaic
virus (TGMV) interfere with sumoylation of PCNA (Proliferating cell nuclear
antigen), a processivity cofactor of the DNA polymerase δ (Arroyo-Mateos et al.
2018) (Chapter 2). Both Rep proteins interact directly via a SUMO-interacting motif
(SIM) in their C-terminal half with SUMO as well as the SUMO conjugation enzyme
SCE1 (Sánchez-Durán et al. 2011) (Chapter 4). This ternary protein complex formed
by Rep, SCE1 and SUMO aggregates in nuclear foci, called nuclear bodies (NBs), at
least in N. benthamiana upon transient expression. Formation of these NBs depends
on SCE1 catalytic activity as well as the presence of a functional SIM in Rep (Chapter
4). However, the nature of these Rep-SCE1-SUMO NBs remains enigmatic.
The SUMO conjugation complex itself is known to aggregate in NBs due to
polySUMO-polySIM interactions resulting in liquid-liquid phase separations (Banani
et al. 2016) and in Arabidopsis these SCE1-SUMO NBs were shown to overlap with
COP1 bodies (Mazur et al. 2019). However, it is still unknown whether the latter
is also the case for the Rep-SCE1-SUMO1 NBs. Here, we examined whether the
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Rep-SCE1/SUMO1 NBs co-localize with known markers of NBs using a transient
gene expression assay. Our findings indicate that Rep from TYLCV is recruited, in
a SCE1/SUMO1 dependent manner, into NBs that also contain COP1, SPA1 and to
some degree phyB, suggesting that these Rep bodies may represent or agglutinate
with photobodies (Van Buskirk et al. 2012). Moreover, blue light triggered a global
redistribution of Rep from the nucleoplasm to both the nucleolar rim and into NBs
where the blue-light receptors Cryptochrome 1 and 2 (CRY1/2) were then also
recruited. As we found that the Arabidopsis double mutant cry1;cry2 is apparently
more susceptible to the curtovirus BCTV, these data suggest that blue light perception
normally suppresses virulence and/or replication of at least this geminivirus.
These findings, thus, imply that Rep manipulates the light-controlled shoot growth
response in infected host cells to stimulate DNA replication in quiescent cells and
thereby promotes virus replication and spread in host plants.

RESULTS
The Rep-SCE1/SUMO BiFC pairs colocalize with COP1, SPA1 and phyB
in nuclear bodies
Previous experiments had shown that Rep resides in NBs when bound in a BiFC
complex with SCE1 or SUMO, but only when SCE1 was enzymatically active we did
observe these nuclear foci (Chapter 3 and 4). To elucidate the identity of these RepSCE1/SUMO NBs, these protein complexes were co-expressed with a set of marker
proteins (all fused to an intact fluorophore) that label different types of NBs (Figure
1 and 2). This revealed that Rep-SCE1 localized in NBs that also contain proteins
found in photobodies, namely COP1, SPA1 (Suppressor of phytochrome A 1) and to
a lesser extent the red light photoreceptor phyB (Figure 1). COP1 and the SPA family
members act together as negative regulators of light signaling and promote shoot
growth by stimulating e.g. auxin transport (Sassi et al. 2012). In dark conditions,
COP1 shuttles to the nucleus where it forms heterodimers with the SPA proteins in
photobodies (Balcerowicz et al. 2017; Hoecker 2017). There, COP1 targets a range
of positive regulators of photomorphogenesis for degradation via the ubiquitin 26S
Proteasome pathway (Van Buskirk et al. 2012). This co-localization of Rep-SCE1
with COP1/SPA1 appears to be specific, because Rep-SCE1 did not co-localize with
three other NB marker proteins, namely (i) U2B”-RFP ﹣ a small ribonucleoprotein
that is part of the spliceosome complex (Cui and Moreno Diaz de la Espina 2003;
Lorkovic et al. 2004), (ii) Coilin-RFP - a structural component of Cajal bodies (Shaw
et al. 2014; Shaw and Brown 2004), and (iii) PIF4 ﹣ a transcription factor that controls
thermomorphogenesis (Ma et al. 2016) (Figure S1).
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Figure 1. The Rep-SCE1 complex co-localizes with COP1, SPA1 and phyB in nuclear bodies.
Co-localization analysis in N. benthamiana leaf cells of the Rep-VenusC /SCFPN-SCE1 dimer with several
nuclear body markers: RFP-COP1, CFP-SPA1, phyB-CFP, CRY1-GFP and CRY2-GFP. Micrographs of the
BiFC signal, NB marker signal, merged image, scatter plot, and intensity profile for one representative
nucleus per sample are shown. The scatter plots depict per pixel the fluorescence intensity of the
reconstituted BiFC fluorophore (y-axis) versus the fluorescence intensity of the marker (x-axis). Linear
regression correlation coefficient was calculated for the fluorescence intensities (using Pearson’s r)
as a measure for co-localization of the fluorescence signals. Normalized intensity profiles show the
fluorescence signal intensity along the white line depicted in the merged micrographs for Venus (BiFC
pair) and the fluorophore fused to the NB marker. The scale bars represent 10 μm; the dotted lines outline
the nuclei.

In response to daylight, certain photoreceptors are known to migrate to these
photobodies including phyB and the blue light photoreceptors CRY1 and CRY2,
which jointly mediate shade-avoidance stem elongation (Keuskamp et al. 2011). In
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contrast to phyB, we found that the Rep-SCE1 BiFC pair does not strongly associate
with CRY1 or CRY2 in NBs. We also examined whether the Rep-SUMO1 BiFC pair
co-localizes with COP1 and SPA1. Not surprisingly, this Rep-SUMO1GG pair showed
also a strong overlap with COP1 and SPA1 in NBs, to a lesser extent with phyB,
while there was no significant overlap with CRY1 and CRY2 (Figure 2). These data
thus argue that the interaction between Rep and the SUMO conjugation machinery
occurs in a sub-nuclear compartment that also contains COP1 and SPA1, to some
extent with phyB, but not with CRY1 or CRY2.

5

Figure 2. The Rep-SUMO1GG complex co-localizes with COP1, SPA1 and phyB in nuclear bodies.
The RepTYLCV-SUMO1GG dimer co-localizes strongly with COP1, SPA1 and PhyB in nuclear bodies, but not
with CRY1 and CRY2. Conditions are similar to Figure 1. The scale bar represents 10 μm; the dotted lines
encircle the nuclei.
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The Rep-SUMO-SCE1 complex is recruited to COP1 bodies independent
of SUMO conjugation activity
As recruitment of SCE1/SUMO to COP1 bodies required SUMO conjugation
activity (Mazur et al. 2019), we examined whether this was also the case for Rep.
To this end, inactive variants of SCE1 and SUMO were co-expressed with Rep, as
BiFC pair, to see if these complexes still show full co-localization with COP1-RFP in
NBs. We used a catalytic-dead variant of AtSCE1 (Rep-SCE1CAT) and a conjugation
incompetent variant of AtSUMO1 (Rep-SUMO1DGG). In the absence of COP1, both
BiFC complexes did not aggregate in NBs (Figure 3A). Instead their BiFC signals
were uniformly distributed over the nucleus. In the presence of COP1 both RepSCE1CAT and Rep-SUMO1DGG localized strongly together with COP1 in NBs. This
implied that both pairs (Rep-SUMO/SCE1) did not need SUMO conjugation activity
to end up in COP1 bodies. Next, we examined whether the SUMO acceptor site of
COP1 (Lys193) is important for Rep to co-localize with COP1 bodies, as mutating
this site (K193R) reduced the overlap between SUMO1-SCE1 and COP1 bodies
(Mazur et al. 2019). This residue change did not suppress co-localization of RepSCE1/SUMO and COP1 in NBs (Figure 3B). In analogy to the SUMO E3 ligase SIZ1,
which acts as a scaffold between SCE1 and COP1 (Mazur et al. 2019), we then tested
if Rep acts as a scaffold by interacting with COP1. Both in the BiFC and GAL4 Y2H
assays we were unable to show that Rep interacts with COP1 (Figure 3C and 3D).
Thus, Rep is likely recruited to COP1 bodies via SUMO and SCE1.

5

In response to blue light, Rep re-localizes dynamically to both NBs and
the nucleolar rim
During these studies, we noted that blue light causes a remarkable redistribution of
Rep-GFP in the nucleus (Figure 4A). In conditions where N. benthamiana leaves were
kept in ambient light (t0), Rep-GFP was uniformly distributed over the nucleoplasm
while being excluded from the nucleolus. However, two-minutes of blue light (488
nm laser line) followed by a 30-minute dark period (t1) was sufficient to concentrate
Rep-GFP in NBs and in a ring around the nucleolus (Figure 4A). To prove that this
phenomenon is not exclusive for RepTYLCV, we tested seven other Rep proteins (as RepGFP fusions). In response to blue light (t1), several of these Reps collected around the
nucleolus while all changed their nuclear distribution to some degree (Figure S2A).
In order to study the specificity and dynamics of this process, we imaged cells that
express Rep-GFP or Rep-RFP for a 30 minute period after a two-minute exposure to
blue or green light (568 nm) (Figure 4B and 4C). Already 3 minutes after exposure
to blue light, Rep-GFP had moved into nuclear foci and after 20 minutes the GFP
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Figure 3. COP1 recruits Rep-SCE1 in NBs independent of SUMO conjugation activity
(A) Co-localization analysis of the BiFC pairs Rep-SCE1CAT and Rep-SUMO1DGG together with RFP-COP1
or (B) COP1 mutated in the SUMO acceptor site (COP1SUMO). Conditions for (A) and (B) are similar to
Figure 1. Scale bar represent 5 μm and the dotted lines encircle the nucleus. (C) Rep-SCFPC and SCFPNCOP1 fail to reconstitute the BiFC signal, suggesting that they do not interact. SCFPN-SCE1 was used as a
positive control for a Rep interactor. Scale bar represent 20 μm. Nuclei are indicated by the dotted lines.
(D) Yeast-two hybrid assay revealing no interaction between BDGAL4-Rep- and ADGal4-COP. Empty vector
(ev) and AD-SCE1 were used as negative and positive control, respectively. –LW control plate for growth,
-LWH selection plate for interaction.
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signal had mostly concentrated in foci. Blue light also caused Rep-RFP to collect
around the nucleolus (Figure 4C), similar to Rep-GFP. However, green light did not
change the distribution of Rep-RFP over this time course (Figure 4B). This indicates
that the movement of Rep in response to the blue light is not caused by excitation or
damaging of the fluorophore, but rather that Rep itself reacts to blue light.
As daylight (including blue light) inhibits COP1 activity (Pacin et al. 2013; Vonarnim
and Deng 1994), we assessed whether blue light drives Rep into COP1 bodies as part
of its function during TYLCV infections. To this end, we co-expressed Rep-GFP and
RFP-COP1 (Figure 4D). Prior to illumination Rep was uniformly distributed in the
nucleoplasm and not enriched in COP1 bodies. After blue light exposure, Rep-GFP
re-localized into nuclear foci, but these foci did not overlap with COP1 bodies. This
corroborates that Rep only resides in COP1 bodies in an interaction with SCE1/
SUMO, while blue light triggers a different behavior of Rep causing it to collect
around the nucleolus and in NBs that are different entities than COP1 bodies.

Blue light also affects the localization pattern of other viral and host
proteins that interact with Rep

5

Next, we tested whether blue-light alters the subcellular localization of the viral
protein REn. Upon blue light (t1), REn-GFP moved from the nucleoplasm to the (peri)
nucleolar region and into few NBs (Figure 4E). When REn-GFP and Rep-RFP were
co-expressed, they localized both primarily in the nucleoplasm prior to the light
treatment (t0), with REn also residing in some NBs and in the nucleolus (Figure S2B).
After exposure to blue light (t1), Rep-RFP concentrated again in NBs and around the
nucleolus, but REn-GFP concentrated foremost inside the nucleolus, suggesting that
their functions differ in response to blue light.
SCE1 and the SUMO E3 ligase SIZ1 also changed their nuclear distribution in
response to blue light. After the blue light treatment, GFP-SCE1 resided foremost
in the nucleolus (like REn), while DAPI staining indicated that SIZ1-GFP now
associated more closely with chromatin (Figure 4E and S3A). As blue-light impacted
SIZ1 and Rep localization in different ways (Figure S3B), we tested whether they
interact. Not surprisingly, we found that Rep and SIZ1 do not interact, at least in our
BiFC assay (Figure S3C).
Finally, we examined whether blue light changes the subnuclear distribution of the
Rep-SCE1 BiFC pair (Figure 4F). In response to blue light (t1), the Rep-SCE1 BiFC
couple remained primarily in NBs even though the BiFC signal also became visible
inside the nucleolus. Localization of the BiFC variants Rep-SCE1SUM1 (mutation in
the non-covalent binding pocket of SUMO) and Rep-SCE1SIZ1 (variant impaired
in the SIZ1 interaction) was not altered by blue light, with (weak) fluorescence
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Figure 4. Rep rapidly re-localizes within the nucleus in response to blue light
(A) In ambient light (t0) Rep is distributed across the nucleoplasm while being excluded from nucleoli.
Blue light (488 nm, t1) causes Rep re-localization near the nucleolar rim and in nuclear bodies (NBs).
Fluorescence images of nuclei co-expressing Rep-GFP, RFP-Nucleolin (marker for the nucleolus), DAPI
(chromatin marker), merged image and a normalized intensity profiles of the three channels. Scale bar =
10 μm. (B) Rep re-localizes within minutes from the nucleoplasm to NBs in reponse to blue (488 nm) but
not green light (568 nm). Samples were excited for 2 minutes and imaged for 20 min. Scale bar = 5 μm.
(continued on next page)
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Figure 4. Legend (continued)
(C) Rep-RFP changes its subnuclear localization after 3 min of blue irradiation (t1). The sample was kept
in the dark for 1 h prior to re-imaging. (D) Blue light-mediated Rep NBs do not overlap with COP1RFP NBs. (E) After blue light exposure (t1), REn-GFP re-localizes to the nucleolar rim and NBs, GFPSCE1 to the interior of the nucleolus and SIZ1-GFP associates more strongly with chromatin. Scale bar
= 10 μm. (F) After blue light illumination only the Rep-SCE1 BiFC couples with wild type SCE1 and
SCE1CAT accumulate in the nucleolus. Scale bar = 5 μm; dotted lines outline nuclei; white arrows point at
fluorescent nucleoli.

signals remaining in the nucleoplasm in response to blue light. However, blue light
triggered the Rep-SCE1CAT pair to move from the nucleoplasm to the interior of the
nucleolus and in some NBs, implying that the blue light-mediated re-localization of
Rep-SCE1 does not depend on SCE1 conjugation activity, but more likely on their
protein-protein interaction (Chapter 4).

Blue-light mediated Rep NBs co-localize with Cryptochromes

5

Cryptochromes (CRYs) are the main photoreceptors for the transcriptional response
in plants to blue light (Chaves et al. 2011). As blue light provokes that Arabidopsis
CRY2 relocalizes into NBs (Mas et al. 2000), we examined if one of the two Arabidopsis
Cryptochromes becomes part of the Rep NBs after the blue light treatment. To this
end, Rep-GFP was co-expressed with Arabidopsis CRY1-RFP or CRY2-RFP in N.
benthamiana (Figure 5A). Prior to the blue light treatment (t0), all three proteins (Rep,
CRY1 and CRY2) were evenly distributed in the nucleus. As expected, Rep-GFP
condensed in NBs in response to blue light (t1), but these NBs now also acquired
in parallel CRY1 as well as CRY2. The phenomenon was also seen when CRY1-RFP
was co-expressed with Rep from Squash leaf curl China virus (RepSLCCNV-GFP) (Figure
S2C), i.e. in response to blue light, RepSLCCNV-GFP accumulated around the nucleolus
and in NBs, which overlapped in part with CRY1 NBs.
To further investigate the relationship between Rep and the CRYs, we tested whether
Rep physically interacts with the CRY proteins in the Y2H and BiFC assays. Both
assays did not reveal a direct interaction, i.e. there was (i) no growth on -LWH plates
for yeast expressing both BDGAL4-Rep and ADGAL4-CRY1/2 (Figure 5B) and (ii) no
CFP fluorescence reconstitution for the combination Rep-SCFPC with CRY1- or
CRY2-SCFPN (Figure 5C). As CRY1 inhibits COP1 activity via the SPA proteins
following blue light perception and CRY1 is recruited to COP1 bodies (Holtkotte et
al. 2017; Liu et al. 2011; Wang et al. 2001), we assessed whether Rep intervenes with
this CRY1-COP1 interaction. To this end, we took advantage of a Y3H assay and
quantified the relative interaction strength between CRY1 and COP1 in the presence
or absence of Rep (Holtkotte et al. 2017). This experiment showed that co-expression
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Figure 5. Blue light-mediated Rep NBs co-localize strongly with Cryptochrome 1 and 2
(A) In reponse to blue light Rep-GFP aggregates in NBs that overlap with CRY1-RFP and CRY2-RFP
containing NBs. Micrographs depict the GFP and RFP channel and the merged image prior (t0) and after
blue light irradiation (t1). Graphs show the GFP and RFP intensity profiles along the white line in the
merged t1 images. Scale bar = 10 μm. (B) Rep does neither interact with the CRYs in a yeast two-hybrid
assay (C) nor in the BiFC system. Conditions are similar to Figure 3. (D) Quantification (Miller units) of
the CRY1-COP1 interaction using yeast three-hybrid assay co-expressing Rep. Yeast cells were grown for
48 h in darkness on induction medium (-LWM) and exposed to blue light for 6 h prior to b-galactosidase
activity quantification. (E) Co-localization of CRY1-GFP and RFP-COP1 in NBs is not affected by the
presence of Rep. As negative control an empty vector (+ev) construct was used. Scatter plots were made
as described for Figure 1.

of Rep did not change the interaction strength between CRY1 and COP1 suggesting
that it does not interfere with the CRY1-COP1 interaction at least in yeast (Figure
5D). Next, we co-expressed CRY1-GFP and RFP-COP1 in N. benthamiana leaves in
the presence or absence of Rep-SCFPC. As expected, CRY1 was recruited in COP1
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NBs (Figure 5E). In the presence of Rep, the localization pattern of this CRY1-COP1
complex was not altered, suggesting again that Rep does not influence the assembly
of the CRY1-COP1 complex.

Blue light perception influences BCTV infection
Even though Rep appears not to directly interact with CRY1/2, blue light exposure
clearly causes Rep to move in NBs that also contain the CRYs. To test the biological
significance of this observation for viral replication, we examined whether blue light
perception impacts geminivirus infectivity and systemic spread in Arabidopsis. To
this end, we inoculated the Arabidopsis single mutants cry1, cry2, the double mutant
cry1;cry2, and the overexpression lines 35S:CRY1 and 35S:CRY2 (all in the Col-0
background) with an infectious clone of Beet curly top virus (BCTV). To suppress
premature bolting/flowering, these plants were grown under a short daylight regime
(8 h light/ 16 h dark) during the course of this experiment. Twenty-eight days post
BCTV infection, the viral titers were determined in systemic leaf tissue using realtime PCR. For an unknown reason, the number of successful BCTV infections was
consistently low with only 10% of the wild type plants (Col-0) being systemically
infected (Figure 6). Moreover, most plants showed only mild virus symptoms, like
purple petioles (anthocyanin accumulation) and leaf chlorosis, while leaf curling and
leaf deformations were completely absent (Figure S4). Nevertheless, the cry1;cry2
double mutant showed increased disease incidence (±40% infected) compared to the

5

Figure 6. The Arabidopsis cry1;cry2 double mutant is more susceptible to BCTV infection
BCTV virus levels in Arabidopsis wild-type and mutant plants (cry1, cry2, cry1;cry2, 35S:CRY1 and
35S:CRY2) infected with BCTV. DNA was extracted from systemic leaves of each plant after 28 days and
viral DNA titers were quantified by qPCR. Numbers above the bars indicate for each sample the number
of plants agro-inoculated with BCTV in two biological replicas.
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control in two replicate experiments (Figure 6). This suggests that plants that lack
CRY1/2 function are more susceptible to geminiviruses.

DISCUSSION
Here we examined the nature and composition of Rep NBs formed when Rep is
bound to SCE1 or SUMO. These Rep-SCE1/SUMO NBs completely co-localized
with COP1 and SPA1﹣two key negative regulators of photomorphogenesis that
jointly promote shoot and root growth (Sassi et al. 2012) - and to some extent with
the red-light photoreceptor phyB (Figure 1 and 2). These findings suggest that the
interaction with the SUMO conjugation complex drives Rep into photobodies (Van
Buskirk et al. 2012), a class of subnuclear foci that contain (red, blue and UV-B light)
photoreceptors and transcriptional regulators that control the light-sensitive plant
development and growth (Figure 7). This co-localization of the protein pairs RepSCE1/SUMO1 with COP1 bodies did not involve a direct interaction between Rep
and COP1, since the two proteins did not physically interact in two protein-protein
interaction assays. It also did not require SUMO conjugation activity (Figure 3).
Hence, we find clear difference between the NBs formed by Rep-SCE1/SUMO1
and those by SCE1-SUMO1. Whereas SCE1-SUMO1 only co-localized with COP1
bodies when the complex was catalytic activity (Mazur et al. 2019), Rep was already
recruited to COP1 bodies even when (i) SUMO1 lacked its diglycine motif needed
for conjugation to substrates and (ii) when SCE1 was catalytic-dead.
Independent of SCE1 or SUMO1, blue light elicited a global redistribution of the
nuclear pool of RepTYLCV causing it to collect around the nucleolus and in NBs, which
also contained the blue-light photoreceptors CRY1 and CRY2. This denotes that
RepTYLCV possibly switches its activity in response to light (Figure 7). These Rep/
CRY NBs did not overlap with COP1 bodies, suggesting that Rep manipulates
independently two different regulators of the PIF growth pathway, CRY1/CRY2
and the dark-responsive COP1 protein. Similar to COP1, Rep appears not to directly
interact with CRY1/2 and Rep did not change the interaction strength between
COP1 and CRY1. Nevertheless, this co-localization with CRY1/2 appears to be
significant, because the Arabidopsis double mutant cry1;cry2 was more susceptible
to the curtovirus BCTV. These data imply that blue light perception suppresses
virulence and/or replication of at least this one Geminivirus.
Rep activity is essential to reprogram the host cell cycle and reinitiate DNA replication
in infected cells (Rizvi et al. 2015; Ruhel and Chakraborty 2018). Thus far, Rep was
shown to control replication (i) by recruiting host factors to orchestrate a DNA
replication fork, and (ii) by interacting with host proteins that regulate the cell cycle
at the transcriptional level, e.g. RBR (Hanley-Bowdoin et al. 2004; Hanley-Bowdoin
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et al. 2013). Our findings argue that Rep controls yet another host process to obtain
DNA polymerase activity in infected cells, i.e. it interacts with the growth pathway
that normally integrates environmental cues (such as temperature, shading, light
quality, and light/dark cycles) with plant hormone signaling (gibberellic acid and
brassinosteroids). Light, in particular, is a key environmental signal by which plants
adapts their development and growth (Kami et al. 2010). Depending on light
perception, plant hypocotyls undergo photomorphogenic or skotomorphogenic
development (Josse and Halliday 2008). Light-grown cells contain ploidy levels of
2C, 4C and 8C nuclei, while etiolated hypocotyls undergo a third round of
endoreduplication resulting in the appearance of 16C nuclei (Castellano et al. 2004;
Larkins et al. 2001). The switch from skoto- to photomorphogenesis is negatively
controlled by (i) the COP1-SPA complex that targets positive (transcriptional)
regulators of light signaling for degradation, and (ii) the photoreceptors (phyA,
phyB, CRY1 and CRY2) that also control the occurrence of this third round of
endoreduplication in hypocotyls in dark conditions (Berckmans et al. 2011; Gendreau
et al. 1998; Kim et al. 2017b; Lopez-Juez et al. 2008; Schrader et al. 2013).
Geminivirus infections were shown to increase ploidy levels in the infected tissue
(Ascencio-Ibáñez et al. 2008; Gutierrez 2000). One well known mechanism by
which geminivirus reprogram the plant cell cycle is via the Rep interactor RBR

5

Figure 7. A proposed model for Rep localization and its protein interactions in host nuclei
(A) Rep interacts with SCE1 and SUMO (S) in nuclear bodies that also contain the COP1/SPA1 complex.
The COP1/SPA1 ubiquitin ligase complex is a central repressor of photomorphogenesis, i.e. light-mediated
plant development, and COP1 activity is enhanced by its SUMO modification. Rep does not directly
bind COP1, but it cannot be excluded that it can affect the COP1 interaction network, its biochemical
activity and/or sumoylation state. (B) Upon blue light illumination, Rep re-localizes in NBs where also
the CRYs are present. Via an unknown mechanism, Rep likely modulates CRY function to promote viral
infectivity and/or replication. After blue-light exposure active CRY1 binds SPA1, which in turn disrupts
the interaction between COP1 and SPA1 to promote photomorphogenesis.
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(Retinoblastoma-related protein) and the subsequent alteration of the E2F target gene
expression, leading to expression of S phase genes and an increase in endocycling
cells (Desvoyes et al. 2006; Egelkrout et al. 2001; Egelkrout et al. 2002). Interestingly,
E2F protein levels are also regulated by light stimuli. For example, E2Fb undergoes
COP1-mediated degradation during darkness leading to a reduction of the
transcription of the endocycle repressor gene DEL1 (DP-E2F-like 1) and consequently
an upregulation of endoreduplication (Berckmans et al. 2011; Lopez-Juez et al.
2008). Rep potentially modulates COP1 activity to promote degradation of the E2Fb
protein while fostering the E2Fc levels. This would lead then to inhibition of DEL1
gene expression and thus activation of endoreplication – a situation that favors
geminivirus infection (Ascencio-Ibáñez et al. 2008; Berckmans et al. 2011; LopezJuez et al. 2008). This manipulation may occur via (i) alteration of the sumoylation
state of the COP1/SPA complex, (ii) regulation of photoreceptor activity, and/or
(iii) interactions with other unknown components of the light signaling pathway.
Clearly, additional studies are warranted to infer the consequence of Rep recruitment
to COP1 bodies and to obtain additional support that geminiviruses exploit this
growth pathway.
Light is known to also play an important role in plant defense against viral, bacterial
and fungal pathogens (Gangappa and Kumar 2018; Roden and Ingle 2009; Yang
et al. 2015). Our findings indicate that Rep engages with at least two blue light
photoreceptors (CRY1, CRY2). The CRYs are known to interact with and regulate
the COP1/SPA1 complex (Holtkotte et al. 2017; Liu et al. 2011; Wang et al. 2001), but
our data indicates also that the Rep-CRY1/2 bodies are different from Rep-COP1
bodies. Besides blue-light inhibition of hypocotyl elongation, the CRYs mediate
other aspects of light-dependent growth and development in different organs
and cell types in Arabidopsis (Yu et al. 2010), such as blue-light stimulation of cell
expansion in cotyledons (Blum et al. 1994; Neff and Chory 1998), the photoperiodic
pathway controlling flowering time (Bagnall et al. 1996; Guo et al. 1998), blue-light
induced entrainment of the circadian clock (Somers et al. 1998; Yanovsky et al. 2001),
cell cycle program of stem cells (Lopez-Juez et al. 2008), and shade avoidance (Keller
et al. 2011). Moreover, CRY2 and another blue-light photoreceptor, Phototropin 2
(PHOT2), are required for the stability of an R protein and thereby resistance to
Turnip Crinkle virus (Tombusviridae) in Arabidopsis (Jeong et al. 2010; Jeong et al.
2014). Given the diversity and number of processes regulated by Cryptochromes,
it is well conceivable that Rep targets these photoreceptors. However, additional
studies are needed to elucidate the mechanism by which geminiviruses manipulate
these sensors to their own advantage. For example, it is of high interest to examine
TYLCV infectivity and systemic spread in tomato using e.g. Cryptochrome mutants
(Fantini et al. 2018; Liu et al. 2018).
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To conclude, our findings reveal that geminiviruses potentially exploit the lightcontrolled growth and development pathway of plant to enhance DNA replication
in the infected cells and to promote their pathogenicity and/or virulence.

MATERIALS AND METHODS
Construction of the binary vectors

5

All molecular techniques were performed using standard methods (Sambrook et al.
2001). Primers and plasmids used are listed in the Supplemental Table S1 and S2.
All gene constructs were generated by PCR amplification using the Phusion DNA
polymerase (Thermo Fisher) and were then introduced in the Gateway-compatible
vectors pENTR207 and pENTR221 (Thermo Fischer) via recombination using BP
clonase II (Thermo Fischer). Subsequently, the resulting pDONR plasmids were
recombined with destination vectors using the Gateway LR clonase II reaction
(Thermo Fisher). All inserts were checked using DNA sequencing. For in planta
localization studies, the gene (fragments) were introduced into the Gatewaycompatible vectors pGWB654 (with a C-terminal mRFP tag), pGWB655 (N-terminal
mRFP tag), pGWB452 (N-terminal G3GFP tag), pGWB451 (C-terminal G3GFP tag)
and pGWB644 (C-terminal ECFP tag) (Nakamura et al. 2010); for the bimolecular
fluorescence complementation assays the vectors pDEST-GWSCYCE (C-terminal half
of super CFP 3A [S(CFP)3A residues 156-239], referred to as SCFPC) and pDESTSCYNEGW (N-terminal half of S(CFP)3A [residues 1–173], SCFPN), pDEST-GWVYCE
(C-terminal half of the Venus YFP variant [residues 156-239], VenusC) and pDESTVYNE(R)GW (N-terminal half of Venus [residues 1-173], VenusN) were used (Gehl et
al. 2009); for the yeast two-hybrid (Y2H) studies the genes or CDS were cloned into
Gateway-compatible pGADT7 and pGBKT7 plasmids (Clontech) (Chien et al. 1991);
for the yeast three-hybrid (Y3H) experiment the plasmids pBridge-GW and pACT2GW (Holtkotte et al. 2017) were used. The order of the different protein (domain)
fusions (X-REP, REP-X) is indicated in the figures and in the Supplemental Table S2.

Accession numbers
A DNA clone coding for Rep of the TYLCV isolate Alb13 (Genbank ID: FJ956702.1)
was kindly provided by Keygene N.V., Wageningen, Netherlands), while the DNA
clones coding for Rep from CtLCV (Cotton leaf curl virus; KC412251.1), BGMV (Bean
golden mosaic virus; JF694454.1), CaLCV (Cabbage leaf curl virus; U65529.2), PepGMV
(Pepper golden mosaic virus; EF210556), SLCCNV (Squash leaf curl China virus;
KC222956.1) were synthetized by Eurofins Genomics. The clone for Rep from TGMV
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(Tomato golden mosaic virus NC001507) was already described (Sánchez-Durán et
al. 2011), while a clone for Rep from BCTV (Beet curly top virus; AAK59260) was
kindly provided by E.R. Bejarano (University of Malaga, Spain). The CDS clones
for the Arabidopsis SCE1 (At3g57870) and SUMO1 (At4g26840) were described
previously (Mazur et al. 2017), while the CDS clones for CRY1 (G12079; TAIR Gene
ID At4g08920) and CRY2 (G19559; TAIR Gene ID At1g0440) were obtained from
Arabidopsis Biological Resource Center (ABRC). Nucleolin (NM_001319854.1) was
amplified from cDNA from tomato with the primers listed in Table S1.

Transient gene expression in N. benthamiana using agroinfiltration
For in planta transient expression assays, the binary constructs were introduced in
Agrobacterium tumefaciens strain GV3101 (Koncz and Schell 1986) by electroporation.
Single colonies were grown overnight until OD600 of 0.8-1.5 in low salt LB medium
(1% w/v Tryptone, 0.5% w/v yeast extract, 0.25% w/v NaCl, pH 7.0) with the
appropriate antibiotics. Cells were pelleted and resuspended in infiltration medium
(1× MS [Murashige and Skoog] salts (Duchefa), 10 mM MES pH 5.6, 2% w/v sucrose,
200 μM acetosyringone). Four-week old N. benthamiana plant leaves were syringeinfiltrated with an A. tumefaciens suspension at an OD600 = 1 for all the constructs.
When two cultures were co-infiltrated for BiFC or co-localization analysis, they were
mixed at a ratio 1:1. A. tumefaciens strains carrying a pBIN61 binary vector to express
the P19 silencing suppressor (referred to as pBIN61:P19) from Tomato bushy stunt
virus (TBSV) (Voinnet et al. 2003) was added to every Agrobacterium suspension at
a final OD600 = 0.5. The N. benthamiana leaf material was analyzed for heterologous
protein expression 3 days post-infiltration.

Confocal laser scanning microscopy (CSLM) imaging
Three days post agroinfiltration, N. benthamiana leaf material was imaged with a
Zeiss LSM510 confocal laser scanning microscope using a Zeiss c-Apochromat 40×
1.2 water-immersion Korr objective. To detect fluorescence, the following beam/
filter settings were applied: GFP-excitation at 488 nm (argon laser), primary beamsplitting mirrors 405/488, secondary beam splitter 490 nm, band filter BP 505-550
nm; YFP/Venus-excitation at 514 nm (argon laser), primary beam-splitting mirrors
458/514, secondary beam splitter 565 nm, band filter BP 530-560 nm; SCFP-excitation
at 458 nm (argon laser), primary beam-splitting mirrors 458/514 nm, secondary beam
splitter 515 nm, band filter BP 470-500 nm; Venus-SCFP chimeric signal-excitation at
488 nm (argon laser), primary beam-splitting mirrors 405/488 nm, secondary beam
splitter 515 nm, band filter BP 505-555 nm; RFP-excitation at 568 nm (helium-neon
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laser), primary beam-splitting mirrors 488/568 nm, secondary beam splitter 635 nm,
band filter LP 585-615 nm; DAPI-excitation at 385 nm (Enterprise UV-Ar laser), band
filter 440-480 nm. For all observations, the pinhole was set at 1.0 Airy unit. DAPI
staining solution (1 μg/mL in water) was directly infiltrated into N. benthamiana
leaves. Time series software function (Zeiss LSM510) was used to capture a time
series (every 1 minute or 30 seconds with a line averaging of 8). To analyze protein
re-localization upon blue light exposure, leaf disks were placed on glass slides and
exposed to 488 nm laser light (10% power strength) for at least 2 minutes. After the
light treatment, the samples were kept in the dark for at least 30 minutes prior to
re- imaging. Images were analyzed and processed with the software ImageJ Fiji 1.0v
(https://fiji.sc) (Schindelin et al. 2012); scatter plot analyses to detect co-localization
and determine a Pearson’s r regression correlation coefficient for the intensity per
pixel were performed with the colocalization threshold plugin by drawing a regionof-interest (ROI) around the nucleus; the fluorescence signal intensities of the pixels
in the different channels along a line drawn on the images were used to generate the
intensity plot profiles.

Yeast two-hybrid and three-hybrid experiments

5

The pGADT7 and pGBKT7 constructs with an insert-of-interest were introduced
into the yeast strain Saccharomyces cerevisiae PJ69-4a (James et al. 1996) using the
standard lithium acetate/single-stranded carrier DNA/Polyethylene glycol 3,350
transformation protocol (de Folter and Immink 2011). Transformed colonies were
selected on minimal yeast medium (MM) supplemented with an amino acid
solution lacking L-Leucine and L-Tryptophan (-LW). To select for protein-protein
interactions, three independent colonies were spotted on MM agar plates -LWH
(with -H meaning lack of L-Histidine) and the plates were incubated at 30°C for 3
days prior to scoring the yeast growth.
The Y3H experiment was performed as described (Holtkotte et al. 2017). Briefly,
the vector pBridge-GW (Clontech), which expresses both the Gal4 DNA-binding
domain fused to the bait protein (COP1) and bridge protein (Rep), was used. The
prey protein CRY1 was expressed as a fusion with the Gal4 activation-domain in the
vector pACT2-GW (Holtkotte et al. 2017). The different plasmid combinations were
co-transformed into the yeast strain MaV203 (Thermo Fisher) (Chevray and Nathans
1992; Vidal et al. 1996) and selected on MM plates –LW. Four transformed yeast
colonies were sub-cultured for 2 days on induction medium (-LWM) to express the
bridge protein. The cells were then scraped from plates, the OD600 was measured for
every sample and b-galactosidase activity was measured using ortho-nitrophenylb-galactoside (ONPG) as enzyme substrate according to the yeast protocol
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handbook (Clontech) with two biological and 4 technical replicates (n=8). Miller
units corresponding to the b-galactosidase activity were calculated for each sample
according to the formula described in the yeast protocol handbook (Clontech).

BCTV infection assay
The Arabidopsis wild type accession Col-0 and the mutants cry1-304 (cry1), cry21 (cry2), cry1-304/cry2-1 (cry1;cry2) (Mockler et al. 1999), 35S:GFP-CRY1/cry1-304
(35S:CRY1) (Ma et al. 2016) and 35S:CRY2/cry1-cry2 (35S:CRY2) (all in the Col-0
background) (Yu et al. 2009) were grown in a plant growth chamber at 21 °C under
short day conditions (8 h light/16 h dark). Six-leaf stage Arabidopsis plants (4-5
weeks old) were infected with a BCTV infectious clone in three leaves by syringe
inoculation of Agrobacterium tumefaciens carrying pBIN1.2:BCTV (Briddon et al.
1989) or the empty binary vector control (pBINX; mock-inoculation). Twelve plants
per line were inoculated with BCTV, while three were mock inoculated. The trays
were covered with translucent lids for 1 week to raise the humidity and then the lid
was removed for the remainder of the infection period. BCTV virus symptoms were
monitored from the first week to four weeks post inoculation. Non-inoculated fully
expanded apical leaves were collected for DNA extraction from all plants 28 dpi for
DNA extraction. The experiment was repeated twice.
The viral DNA levels were quantified using real-time PCR. To this end, genomic
DNA was extracted from leaf material and 25 ng of total DNA was used as template
DNA per real time PCR reaction in a QuantStudio3 real-time PCR thermocycler
(Thermo Fisher) using the Hot FIREPol EvaGreen qPCR kit (Solis Biodyne). To
determine the amount of BCTV viral DNA, the C4 gene of BCTV was amplified. To
correct for variations in the amount of input template DNA, the viral DNA levels
were normalized using plant gDNA as internal control amplifying a gene fragment
of beta-Tub4 (At5g44340). The four primers used are listed in Table S1. The obtained
Ct values were first corrected for the amplification efficiencies of the primer pairs;
all calculations were done using the algorithms in the qBASE+ software (Biogazelle).
Data visualization was performed using the Prism 7.0v software (GraphPad).
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Figure S1. The Rep-SCE1 complex is not recruited to U2B”, Coilin and PIF4-containing NBs
(A) The Rep-SCE1 dimer localizes in NBs that do not overlap with U2B” (marker for Cajal bodies, nucleoli
and spliseosome structures), Coilin (marker for Cajal bodies), and PIF4. Conditions used were similar to
Figure 1.
Figure S2. Blue light alters the nuclear distribution of Reps from different geminiviruses
(A) Nuclear distribution of Rep-GFP from different geminiviruses prior and after blue light illumination.
Abbreviations of the virus names are explained in materials and methods. (B) Co-expression Rep-RFP
and REn-GFP in plant prior and after blue light exposure (C) Redistribution of Rep from SLCCNV in
response to blue light illumination around the nucleolar rim and in NBs that in part overlap with CRY1RFP NBs. For (B) and (C) the micrographs depict the GFP and RFP channels, an image with their signals
merged prior (t0) and after blue light irradiation (t1). The graph depicts the GFP and RFP intensity profiles
along the white line in the merged image. Scale bar = 10 μm; dotted lines outline the nuclei.
Figure S3. SIZ1 re-localizes upon blue light exposure but does not interact with Rep
(A) Fluorescence images of nuclei co-expressing SIZ1-GFP and RFP-Nucleolin after staining with DAPI,
merged image of the three fluoresence channels and normalized intensity profiles of the three channels.
Scale bar =10 μm. (B) After blue light illumination, SIZ1-GFP overlaps with the DAPI signal, while RepRFP accumulates at the nucleolar rim. Micrographs depict the GFP and RFP channels, merged image
of the two and intensity profiles along the white lines prior (t0) and after blue light irradiation (t1). (C)
In a BiFC assay, SIZ1 does not interact with Rep, i.e. no reconstitution of the Venus signal is detected.
SCFPC-SUMO1 is used as positive interactor for SIZ1. Scale bar = 10 μm; dotted lines outline the nuclei.

5

Figure S4. BCTV symptoms in the infected Arabidopsis plants
Representative images of mock- and BCTV-inoculated Arabidopsis plants, both wild-type (Col-0) and
the mutant plants cry1, cry2, cry1;cry2, 35S:CRY1 and 35S:CRY2 28 dpi. White arrows indicate the purple
petioles, yellow arrows point chlorotic leaves. Quantification of the BCVT virus levels in systemic leaves
of this infection is shown in Figure 6.
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Primer ID Primer name
7985

CRY1 FW attB

7986

CRY2 FW attB

7987

CRY1 Rv noSTOP attB

7988

CRY2 Rv noSTOP attB

6517

Rep FW_attB1

6502

Rep Rv_attB2

7567

Nucl_064 attB1 Fw

7568

Nucl_064 attB2 Rv

DNA sequence (5’-3’)

8294

BCTV qPCR Fw

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCTGGTTCT
GTATCTGGTTG
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAAGATGGA
CAAAAAGACTAT
GGGGACCACTTTGTACAAGAAAGCTGGGTTCCCGGTTTGTGA
AAGCCGTC
GGGGACCACTTTGTACAAGAAAGCTGGGTTTTTGCAACCATTT
TTTCC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTGAGAGACTCCGATTGACCAAG
GGGGACCACTTTGTACAAGAAAGCTGGGTAGTCTTCGCTATGCGGTGTTG
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGTAAATCTATCAAGAAG
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACTCGTCACTAAAGGTAGTC
CTACACGAAGATGGGCAACCT

8295

BCTV qPCR Rv

TGACGTCGGAGCTGGATTTAG

3320

F_BETA-TUB4_v2

CAAGATGCTACAGCCGGAGAGGA

3321

F_BETA-TUB4_3’utr_v2

AGAAGAAAGTGAATGCTGCTTGCT

Table S1. Sequences of the primers used in this study
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Identifier

Name

Vector

Tag

Template/source

pFP1646

TYLCV Alb13 Rep

pENTR207

-

KeyGene N.V.

pFP959

AtSCE1

pENTR-TOPO

-

ABRC stock (U15589)

bgIFP4132

SUMO1

pENTR221

-

(Mazur et al. 2017)

bgIFP4127

SUMO1DGG

pENTR221

-

Mazur et al 2018

pFP1690

BGMV Rep

pENTR207

-

Eurofins Genomics

pFP1691

PepGMV Rep

pENTR207

-

Eurofins Genomics

pFP1692

CaLCuV Rep

pENTR207

-

Eurofins Genomics

pFP1693

CtLCV Rep

pENTR207

-

Eurofins Genomics

pFP1654

SLCCNV Rep

pENTR207

-

Eurofins Genomics

pFP1694

AtCRY1

pENTR207

-

ABRC stock G12079

pFP1695

AtCRY2

pENTR207

-

ABRC stock G19559

pFP1696

Sl Nucleolin

pENTR207

-

PCR cloning (primers 7567/7568)

pFP1267

35S-mRFP-gw

pGWB655

mRFP-

(Nakamura et al. 2010)

pFP1266

35S-gw-mRFP

pGWB654

-mRFP

(Nakamura et al. 2010)

bgIFP1883

35S-gw-G3GFP

pGWB451

-GFP

(Nakamura et al. 2010)

pFP1194

35S-G3GFP-gw

pGWB452

GFP-

(Nakamura et al. 2010)

pFP1190

35S-EYFP-gw

pGWB442

YFP-

(Nakamura et al. 2010)

pFP1415

pDEST-gw-SCYCE

-SCFPC

(Gehl et al. 2009)

pFP1412

pDEST-SCYNE(R)-gw

SCFPN-

(Gehl et al. 2009)

bgIFP3544

pDEST-gw-VYCE

-VenusC

(Gehl et al. 2009)

bgIFP3539

pDEST-VYNE(R)-gw

VenusN-

(Gehl et al. 2009)

bgIFP5560

TYLCV Alb13 Rep-GFP

-EGFP

KeyGene N.V. (Karimi et al. 2002)

pK7FWG2

pFP1427

YFP-COP1

pEarleyGate104

YFP-

Dongqing Xu (Xu et al. 2015)

pFP1109

mRFP-U2B”

pBin-Rok2

-mRFP

Mario Izaguirre-Sierra (Brown et al. 2005)

pFP1110

mRFP-Coilin

pBin-Rok2

-mRFP

Mario Izaguirre-Sierra (Brown et al. 2005)

bgIFP5551

mVenus-PIF4

pGPTVII

mVenus-

Katja Geilen (Geilen and Bohmer 2015)

bgIFP5374

phyB-CFP

pCHF42

-CFP

(Sheerin et al. 2015)

bgIFP5375

CFP-SPA1

pCHF40

CFP-

(Sheerin et al. 2015)

Table S2. Information of all plasmids used in this study
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ABSTRACT
Geminiviruses are plant infecting-viruses that reshape the intracellular environment
of their host in order to create favorable conditions for viral replication and
propagation. Most of these actions start by protein-protein interactions of virusencoded proteins with host proteins. Identification of these virus-plant protein-protein
interactions helps to understand how viruses manipulate the host machineries and
may also generate novel sources of resistance against these pathogens by altering
these host proteins into non-interacting versions. Several plant proteins have already
been demonstrated as interactors for geminivirus proteins. Here, we use affinity
purification and mass spectrometry analysis (AP-MS) to further expand the list of
putatively interacting proteins from tomato with the replication initiator protein Rep
from Tomato yellow leaf curl virus (TYLCV). The Rep protein has been demonstrated
to be the only viral protein essential for viral replication and it is an integral part of
the viral replisome, a complex of virus- and plant-encoded proteins responsible for
viral DNA replication. Using our approach, 54 high-confidence tomato interactors
of Rep were identified. For two of them, an EWS-like RNA-binding protein and
the THO subunit 4A, a nuclear complex involved in the export of mRNA to the
cytoplasm, protein-protein interaction with Rep could be confirmed in planta with
an alternative technique, the bimolecular fluorescence complementation (BiFC).
This work represents a first step towards characterization of novel additional host
factors that are essential for virus infection by interacting with viral protein Rep and
might thus be potential targets for the design of novel resistance strategies against
geminiviruses.
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INTRODUCTION
Over the past 20 years, geminiviruses (family Geminiviridae) have emerged to become
one of the most destructive families of plant viruses (Rojas et al. 2005), infecting
a wide range of food and fiber crops, ornamental plants and weeds and causing
significant yield losses of many economically important monocot and dicot crops
(Mansoor et al. 2003; Mansoor et al. 2006). Geminiviruses are transmitted between
plants by various species of leafhoppers, treehoppers and whiteflies and currently
they are classified into nine genera on the basis of their insect vector and genome
organization (Zerbini et al. 2017). Among them, Begomovirus represent the largest
genus containing more than 200 species all being transmitted by the phloem sapfeeding whitefly Bemisia tabaci. Like other geminiviruses, begomoviruses have a
wide host range naturally infecting plants in the tropical and subtropical regions,
or anywhere the whitefly has established a foothold. Due to global climate change
and the introduction of B. tabaci into new regions, these viruses have spread into
more moderate climate zones (Navas-Castillo et al. 2011). Traditionally an effective
strategy to control a begomovirus infestation in field conditions has been the
rotation of insecticides to control whitefly populations combined with agricultural
practices that reduce virus reservoirs in natural weeds. However, the success of
these measures depends on the crop, cropping system, geographical region and
knowledge of the virus-vector biology (Rojas et al. 2018). It would be of great help
if the aforementioned measures could be complemented by virus resistance in crop
plants. However, only a limited number of genetic resistance sources has, thus far,
been identified against geminiviruses and moreover several of these genes have
already been broken (Belabess et al. 2016; Butterbach et al. 2014; Verlaan et al. 2013).
Hence, to increase options for plant breeders and help reduce insecticide spraying
new strategies are required to control viral spread and to reduce damage in a
sustainable manner. One strategy to create novel sources of resistance is to introduce
mutations in so-called susceptibility (S) genes. S genes encode host factors essential
for the viral reproduction cycle (van Schie and Takken 2014).
Geminiviruses are typified by their virus particle, which consists of a circular single
stranded DNA molecule (ssDNA) packaged into a twinned capsid particle. Within
the genus Begomovirus, the genome can be either monopartite (~2.8 kb) encoding
six proteins that jointly control viral replication, movement, transmission, and
pathogenesis, or bipartite with an ‘A component’ encoding five or six proteins and
a ‘B component’ encoding two additional proteins (both components being 2.5-2.8
kb in size) (Jeske 2009). Begomoviruses normally infect plant cells that are in the G1
phase of the mitotic cell cycle or the G phase of the endocycle - a variation of the cell
cycle that is characterized by increased ploidy number and cell expansion without
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cell division. In order to replicate the viral genome, the virus reprograms the host
cell cycle to stimulate progression into S phase. Viral proteins are known to mediate
this reprogramming (Hanley-Bowdoin et al. 2004; Hanley-Bowdoin et al. 2013). The
only viral protein that is strictly essential for viral replication is Rep (Replication
initiator protein). Rep is the most conserved viral protein of the Geminiviridae and it
is critical for the assembly and recruitment of the viral replisome, a complex consisting
of both viral proteins and a set of known and unknown host factors that control viral
DNA replication (Rizvi et al. 2015; Ruhel and Chakraborty 2018). A second viral
protein, REn (Replication enhancer protein) promotes viral DNA replication and is
likely also part of the viral replisome (Sunter et al. 1990). Data supports that both
Rep and REn interact with host factors to create a cellular environment favorable
for virus replication by inducing e.g. the expression of plant genes that encode DNA
polymerases and DNA replication accessory proteins (Gutierrez 2000a; Gutierrez
2000b). One of the key components of the viral replisome is the plant Proliferating
nuclear antigen PCNA, that forms a DNA clamp and acts as a processivity factor
of eukaryotic DNA polymerases. PCNA is highly conserved across eukaryotes and
controls a variety of processes such as cell cycle regulation, DNA replication and
DNA repair (Choe and Moldovan 2017). Both Rep and REn interact with PCNA
(Bagewadi et al. 2004; Castillo et al. 2003) and Rep also manipulates the posttranslational modification status of PCNA, thus inducing the switch between the
different PCNA functions (Arroyo-Mateos et al. 2018) (Chapter 2).
The geminivirus-plant interaction is complex and involves a multitude of cellular
pathways (Hanley-Bowdoin et al. 2013). To better understand how geminiviruses
redirect these biochemical pathways, we thus need to characterize in detail the
protein-protein interaction network of these viral proteins. This will aid to identify
key steps for their replication. With this knowledge it will be possible to attain
durable and broad geminivirus resistance by mutagenesis of these key factors to
disrupt viral replication.
High-throughput protein-protein interaction studies based on affinity purification
followed by mass spectrometry-based protein identification (AP-MS) form a
well-suited technique to characterize protein complexes under ‘native’ conditions
(Dunham et al. 2012; Gavin et al. 2011). In plants, AP-MS has recently been used
to define e.g. the interactome of the NIa protein from the potyvirus Tobacco etch
virus (Martínez et al. 2016) and to characterize the global landscape of interactions
between the geminivirus Tomato yellow leaf curl virus (TYLCV) and one of its host
plants Nicotiana benthamiana (Wang et al. 2017). Here we expanded the list of
potential tomato proteins that reside in a protein complex with TYLCV Rep and
PCNA. To this end, Rep was tagged with GFP and affinity purified for MS using
a transient expression system based on tomato protoplasts. In addition, tagged
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PCNA was transiently co-expressed in these tomato protoplasts. The MS data
was used to compose a list of ‘high-confidence’ interactors of Rep and/or viral
replisome consisting of 54 host proteins. For a small subset of these proteins their
protein-protein interaction with Rep and PCNA was confirmed with an alternative
technology. For two of these proteins, (i) an EWS-like RNA-binding, transcriptional
repressor protein, and (ii) the THO subunit 4A, a nuclear complex involved in the
export of mRNA to the cytoplasm, we confirmed with the bimolecular fluorescence
complementation (BiFC) assay that they interact with both Rep and PCNA in planta.
This work represents a first step towards characterization of novel host factors
that interact with viral protein Rep and might be targeted for the design of novel
resistance strategies against geminiviruses.

RESULTS
Identification of novel tomato proteins that interact with RepTYLCV and
PCNA
In order to identify novel interactors of RepTYLCV that act as plant components in the
viral replisome, we isolated protoplasts from tomato plants cultured in vitro and
transfected them with a construct to express the Rep-GFP chimera alone or in
combination with PCNA tagged with FLAG at its N-terminus (Figure 1). PCNA, a
well-established interactor of Rep (Bagewadi et al. 2004; Castillo et al. 2003) and
virus replication co-factor, was expressed together with Rep to have a positive
internal control for protein-protein interactions and to promote the assembly of viral
replisomes. Accumulation of both overexpressed proteins was confirmed in the
protoplasts using fluorescence microscopy for Rep-GFP and immunoblotting for
FLAG-PCNA chimera (Figure S1). Total protein fraction was extracted from three
experimental biological replicates and subjected to affinity purification using antiGFP beads followed by tryptic digestion. Identification of the released peptides was
performed using nLC-MS/MS mass spectrometry followed by a MaxQuant analysis
to identify and quantify the (co)purified proteins (both the tagged proteins and the
associated host factors). Rep was successfully detected in every Rep-containing
sample and the PCNA protein was enriched in the Rep-PCNA sample in comparison
to the negative control (PCNA alone) in two out of three replicas. To obtain a list
enriched for ‘high-confidence’ interactors, only those proteins were selected from
the original list of 427 interactors, whose levels were the same or higher than PCNA
levels after affinity purification in at least one biological replicate. Using this selection
criterion, 54 tomato proteins were chosen (in addition to Rep and PCNA) (Table S1):
27 proteins were present in the sample expressing Rep-GFP alone, 40 in the sample
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in which Rep-GFP was expressed together with FLAG-PCNA, and 13 were in present
in both samples (Figure 2A). Homologs of eight proteins from our list of tomato
‘high confidence’ interactors of Rep were also present in the earlier published list of
putative N. benthamiana interactors of Rep (Wang et al. 2017) (Figure 2B).

Interactor network and functional analysis
In order to gain insight into the cellular processes affected by the over-expression
of the viral protein Rep in tomato protoplasts, the putative function of the selected
interactors was determined by gene ontologies (GO). The GO terms ‘Biological
process’ and ‘Cellular component’ were assigned to each protein and the relative
amount of plant proteins per GO category was calculated (Table S2). The largest
biological process category was formed by proteins belonging to “RNA metabolism”,
in particular involved in spliceosome and ribosome assembly, regulation of RNA
polymerase and mRNA/rRNA processing (Figure 2B). This class was then followed
by the categories “protein metabolic processes”, “photosynthesis’, “metabolic
processes”, “translation” and “cellular component organization”. Importantly, the

6
Figure 1. Schematic representation of the strategy followed to identify interactors of Rep
Workflow to obtain novel interactors of TYLCV Rep using affinity purification followed by mass
spectrometry. Rep fused to GFP was expressed with and without PCNA tagged with FLAG in tomato
protoplasts upon plasmid transfection. The next day, the total protein fraction was extracted, analyzed for
the presence of the overexpressed proteins using immunoblotting (WB) and fluorescence microscopy and
subjected to affinity purification using an anti-GFP resin. The co-purifying proteins were identified after
tryptic digestion by tandem mass spectrometry (MS/MS). For a subset of interactors their interaction
with Rep was then confirmed using bimolecular fluorescence complementation (BiFC).
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Figure 2. Functional annotation of the ‘Rep’ and ‘Rep+PCNA’ tomato interactomes
(A) Venn diagram representing the number of proteins that co-purify with ‘Rep alone’ and/or ‘Rep+PCNA’
samples. (B) Venn diagram representing the number of interactors of Rep identified in our work and in
Wang et al. 2017 work. (C) Bar chart depicting the percentage of proteins in different GO categories
“biological process” for tomato interactors of Rep. (D) Bar chart showing the percentage of proteins per
cellular component GO category for the two samples. (E) Protein network of the Rep tomato interactome
identified in this work (green nodes) and retrieved from the literature (pink nodes). Rep (blue node) was
connected manually to the host proteins and host proteins were connected together automatically using
Cytoscape. Yellow nodes represent targets whose interaction with Rep was confirmed in this work. Blue
lines, known interactions with host proteins; dotted lines, putative interactions with host proteins; red
lines, novel interactions; grey solid lines, protein-protein interactions between plant proteins.
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only GO terms that resulted over-represented, with a p-value <0.05, were “RNA
metabolic processes” and “metabolic processes”. The majority of the identified
proteins (30%) were localized in the nucleus, while the rest of them were predicted
to localize in the chloroplast, cytoplasm, ribosome and other cellular compartments
(Figure 2C).
In order to visualize the Rep-interactome, we plotted the 54 putative tomato targets
identified by AP-MS in a protein-protein network representation (Figure 2D) with
the nodes representing (i) the newly identified host proteins (green and yellow), (ii)
16 Rep-interactors derived from previous studies (pink) (reviewed by Ruhel and
Chakraborty 2018) and (iii) Rep (blue). 70 interactions between Rep and the host
targets were manually introduced (blue edges and dotted edges) and 148 tomato
protein-protein interactions (grey edges) were derived from the STRING database.
These tomato protein-protein interactions helped to determine host complexes that
are potentially targeted (or assembled) by Rep. In particular, we identified two
major sub-clusters: (i) one comprising (mostly known) Rep-interactors involved in
DNA metabolism, such as DNA replication and repair and (ii) another one formed
by newly-identified candidates implicated in RNA metabolic processes.

The MS screen identifies novel Rep interactors involved in viral DNA and
RNA propagation

6

The list of novel interactors of TYLCV Rep contained a number of proteins that
were known to be involved in viral replication and pathogenesis. For example,
Elongation factor 1-alpha (EF1A) participates in many cellular functions connected
to translation, nuclear export, transcription and apoptosis in virus infected cells
(reviewed in Sasikumar et al. 2012). EF1A is also involved in the propagation of
numerous positive-strand RNA viruses, as it can interact with the viral RNA and with
the virus-encoded RNA-dependent RNA polymerase (Abbas et al. 2015). Another
viral target present in our list is Nucleolin, an abundant protein in the nucleolus that
plays an important role in regulating chromatin structure, processing of pre-RNA
and assembly of ribosome particles (Ginisty et al. 1999). A plethora of animal and
plant viruses or virus –encoded proteins reside in the nucleolus interacting with
nucleolar proteins and certain viral proteins co-localize with, reorganize and redistribute nucleolar proteins such as Nucleolin (Hiscox 2002; Kim et al. 2004; Malik
2018). The THO subunit 4A is another protein involved in host-virus interactions.
As component of the complex implicated in nuclear export of spliced and unspliced
mRNA, THO is targeted by different viral proteins to redirect and control the viral
mRNAs translocation (Schneider and Wolff 2009; Yarbrough et al. 2014). Finally, in
the list of candidates we found a poorly-characterized tomato RNA-binding protein,
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whose human homolog, the RNA-binding protein EWS, functions as transcriptional
repressor and plays a role in tumorigenic processes (Ohno et al. 1994). The abovementioned proteins (marked in bold in Table S1) were selected for further analysis.

Localization of the GFP-tagged candidates in N. benthamiana cells
Next, the CDS of the selected putative Rep-interactors were amplified from tomato
cDNA, their identity was confirmed by sequencing and these CDS were cloned as
fusion with the gene coding for the Green fluorescent protein (GFP). The GFP-fusion
proteins were transiently expressed after DNA transfection in N. benthamiana leaf
cells by agroinfiltration and their subcellular localization was assessed by confocal
microscopy. As expected, GFP-EF1A localized to the cytoplasm and GFP-Nucleolin
localized exclusively to the nucleoli of the transformed cells (Figure 3). The EWS
protein was observed in speckle-like structures in the transfected cell nuclei.
GFP-THO chimeric protein was distributed uniformly in the nucleoplasm and
occasionally in some nuclear speckles. All the GFP-fusion proteins accumulated at
the expected protein mass in N. benthamiana based on immunoblots of total protein
extracts probed with anti-GFP antibody (Figure S2).

Confirmation of the interactions between Rep and the putative interactors
using BiFC
After verifying that the selected candidates could be transiently expressed in plant
cells, we aimed to confirm our MS results, i.e. their interaction with Rep, using the
bimolecular fluorescence complementation (BiFC) assay. To this end, the N-terminal
half of the super Cyan fluorescent protein (SCFPN) was fused to the N-termini of
the candidate interacting proteins and these fusion proteins were expressed in N.
benthamiana epidermal cells together with Rep or PCNA fused to the C-terminal
half of SCFP (SCFPC). As negative control, the SCFPN-fusion interactors were coexpressed together with SCFPC-tagged GUS (b-Glucuronidase from E. coli). No BiFC
signal was detected for any of the negative controls in any cellular compartment
(Figure 4A). Also, no or very weak reconstitution of the SCFP signal was observed
in the nucleus when SCFPN-EF1A and SCFPN-Nucleolin were co-expressed with
Rep or PCNA. In contrast, the BiFC couple EWS-Rep showed a strong and specific
fluorescence reconstitution in distinct (large) nuclear bodies (NBs). Also, the BiFC
pair EWS-PCNA resulted in strong fluorescence in nuclei but the signal was typically
evenly distributed across the nucleoplasm or in small NBs (Figure 4B). Finally,
THO subunit 4A interacted also with Rep in the nucleoplasm and with PCNA in
both the cytoplasm and nucleoplasm. BiFC experiments thus confirmed the mass
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Figure 3. Candidate Rep-interacting proteins EF1A, Nucleolin, EWS and THO localize in different
cellular compartments in N. benthamiana epidermal cells
Subcellular localization of GFP-tagged tomato EF1A, Nucleolin, EWS and THO proteins in N. benthamiana
epidermal cells upon transient overexpression. Image shown represents a typical cell (top) and a 4x zoom
showing only its nucleus (bottom); dotted lines encircle the nucleus and scale bars represent 5 mm.

6

Figure 4. BiFC assay indicates that EWS and THO
interact with Rep and PCNA in the nuclei of plant cells
(A) In a BiFC assay, EF1A and Nucleolin do not seem
to interact with Rep nor PCNA, whereas EWS and
THO proteins show reconstitution of the SCFP signal
in combination with Rep and PCNA in the nuclei of the
transfected cells. Scale bar is 20 mm. (B) 4x zoom of the
nuclei of the positive BiFC interaction pairs shown in
(A). Scale bar is 5 mm. Dotted lines outline the nucleus.
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spectrometry data for EWS and THO subunit 4A, confirming their interaction with
Rep (and PCNA) in planta.

EWS is an RNA-binding protein with a conserved Zinc finger domain.
Tomato EWS protein is a poorly characterized protein. To obtain more information
about this protein a database search was performed. The most likely homolog for
tomato EWS protein in Arabidopsis is At4g28990, a predicted 395 amino acid protein
and putative member of the Interpro TAF15/EWS/TLS family (IPR034870) (Law et
al. 2006). Proteins belonging to this family are RNA-binding proteins and are
indicated to be involved in transcription, (alternative) splicing and mRNA transport
and DNA repair (Kovar 2011). The Zinc finger domain, RanBP2-type (ZnF_RBZ),
was predicted in position 197-233 of the AtEWS protein (Figure 5A). RanBP2-type
ZnFs are found in organisms as diverse as fungi, plants and mammals and they have
been shown to bind DNA, RNA and protein and regulate the RNA transport
between nucleus and cytoplasm (Nguyen et al. 2011). In summary, EWS is a nuclear
protein that contains a Zinc finger domain potentially involved in nuclear transport
of RNA, transcription and DNA repair. However, the specific function of EWS
protein in planta still remains to be established.

DISCUSSION
The manuscript describes the use of a transient expression system to affinity purify
Rep from tomato protoplasts followed by AP-MS to identify novel host proteins that
(directly or indirectly) interact with Rep and are potentially part of the viral replisome.
This approach yielded a novel set of Rep interactors comprising 54 proteins of
which 40 were detected in cells overexpressing Rep together with SlPCNA and 2
were confirmed to bind to both Rep and PCNA using the BiFC system. The majority
of the identified interactors are involved in RNA biogenesis, such as spliceosomal
complex assembly, regulation of DNA-dependent RNA polymerase, maturation of
rRNA and RNA binding, or in protein metabolic processes like catabolic activity,

Figure 5. EWS protein contains a conserved Zinc finger domain
Diagram of the closest homologue in Arabidopsis (At4g28990) of the tomato protein EWS showing its
predicted RanBP2-type Zinc finger domain.
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enzyme regulation and proteasome complex (Figure 2). These findings align in part
with the results obtained by Wang and collaborators who found an enrichment
of functional GO terms linked to ‘protein catabolic processes’ but not for ‘RNA
metabolism’ amongst their interactors of TYLCV Rep obtained from N. benthamiana
(Wang et al. 2017). Moreover, eight of the tomato Rep-interactors were also present
in the list of putative N. benthamiana interactors of Rep described by Wang et al.
2017. The validity of the current findings is supported by three arguments. First,
(overexpressed) PCNA levels were higher in two out of three of the Rep affinity
purifications (replicas) compared to the negative control, demonstrating that the
conditions used were suitable to identify interactors of Rep. In addition, some of
the AP-MS hits found were previously described to interact with Rep, e.g. Histones
2A and 2B (Kong and Hanley-Bowdoin 2002). Second, a high percentage of putative
Rep-interactors are predicted to localize to the nucleus (including the nucleolus).
This is in agreement with the known subcellular localization of both Rep and the
viral replisome (Kushwaha et al. 2017) (Chapter 5). Third, we were able to confirm
the interaction between Rep and two selected candidates in planta using the BiFC
system and to localize the complex to the nucleus (Figure 4). These two proteins also
interacted with PCNA in our BiFC, suggesting that they might be part of the same
complex which may be the viral replisome. Future studies should reveal if these
interactions are also crucial to promote viral replication.
Despite the successful identification of novel interactors of Rep in tomato, the
limitations of the followed approach should be taken in consideration. For example,
chloroplastic proteins implicated in photosynthesis and proteins involved in
ribosome assembly and biogenesis were also detected, suggesting the presence of false
positives in the list with candidates. To date, no relation has been reported between
Rep and photosynthesis activity, and given the difference in compartmentalization
of these processes this does not seem obvious. At the same time, photosynthesisrelated and ribosomal proteins are highly abundant plant proteins and common
contaminants picked up with protein-protein interaction methods such as AP-MS
(Smaczniak et al. 2012). Hence, their identification as Rep-interactor should be taken
with caution and always confirmed individually with alternative methods. At the
same time, certain true interactors may have been missed due to the stringency
of our selection, low protein abundance in non-dividing mesophyll cells, weak or
transient interactions with Rep or the presence of the tag to Rep, which all could
prevent the detection of these protein-protein interactions. Another point to consider
is that the experimental approach used searches for proteins bound to multiprotein
complex to which the viral protein also binds. Hence, the identified host interactors
may bind directly or indirectly to the bait protein. Such indirect binding cannot be
excluded for the two candidate proteins Elongation factor 1A and Nucleolin-like
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protein that were found in the pull-down study, but the interaction with Rep could
not be confirmed by reconstitution of the fluorescence signal using BiFC (Figure
4). This notion is corroborated by the observation that, in our interaction network,
EF1A is connected to two known interactors of Rep, Ubiquitin-conjugation enzyme
E2 2 and Histone 3 (Figure 2D). The last aspect to consider is that our experimental
results derive from the analysis of epidermal tomato protoplasts that express Rep in
the absence of viral infection. To have a clearer picture of the dynamics of host-virus
interactions during the infection, interactions of host proteins with Rep should be
studied in virus-infected tissues.
Interestingly, two RNA-binding proteins were confirmed as interacting proteins of
both Rep and PCNA. The first one is EWS, a conserved RNA-binding protein that
contains a Zinc finger domain of the RanBP2 type. The human EWS is implicated in
cellular transformation in Ewing’s sarcoma tumours and it acts as a transcriptional
repressor (Owen et al. 2008). Interestingly, in Arabidopsis the EWS gene is mostly
expressed in the shoot apex and floral tissue (data available on ePlant, http://bar.
utoronto.ca/eplant/), where meristematic cells are dividing, suggesting that EWS
has potentially a role in cell division/differentiation in plants. Moreover, Rep-EWS
BiFC pair interacts and localizes in discrete nuclear bodies (NBs). Co-localization
studies with markers of different NBs should elucidate the nature of these EWScontaining NBs to reveal the function of this Rep-EWS interaction.
The other confirmed interactor is a subunit of the THO complex. The biological
function of the THO/TREX complex is well characterized in yeast and human cells,
where it is recruited to nascent mRNA and functions in transcriptional elongation
and mRNA export (Jimeno et al. 2002; Strässer et al. 2002). This complex is also
essential for the nuclear export of the Kaposi’s sarcoma-associated herpes virus
mRNAs and for viral DNA replication (Boyne et al. 2008). In plants, the THO/TREX
complex has been shown to influence the production of trans-acting small interfering
RNAs (Yelina et al. 2010) and a component of this complex appears to be involved in
plant disease resistance against powdery mildew pathogen (Pan et al. 2012). As Rep
is known to act as suppressor of RNA silencing (Liu et al. 2014), additional studies
are needed to elucidate the mechanism and biological consequence of this Rep-THO
interaction.
The identified TYLCV Rep-interacting host proteins can potentially play an essential
role in the viral infection and therefore may be considered as susceptibility genes
that produce proteins that are essential for successful virus infection of the host. If
indeed this is the case, such proteins are good targets to explore for novel resistance
strategies against geminivirus based on generating specific alterations of these genes
(van Schie and Takken 2014). Manipulation or hijacking of the host targets is often
critical for virulence and modest changes in these genes could provide durable and
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broad ‘non-host’ resistance. Identification of the protein domains or even amino acid
residues via which Rep interacts with EWS or THO followed by functional studies
that disrupt these interactions might prevent or reduce viral replication and/or
spread inside the host plant.

MATERIALS AND METHODS
Tomato protoplast isolation and transfection
Protoplasts were isolated from in vitro shoot cultures of tomato according to (Shahin
1985; Tan et al. 1987) and 4×107 protoplasts per sample were subjected to Polyethyleneglycol (PEG4000) mediated transformation (Negrutiu et al. 1987) with the following
plasmids: (i) pK7FWG2 (Karimi et al. 2002) containing Rep from TYLCV fused to
enhanced GFP (EGFP) (referred to as Rep-GFP), (ii) Rep-GFP + pJL-TRBO (Lindbo
2007) containing tomato (Sl)PCNA fused to FLAG tag at its N-terminus, referred to
as FLAG-PCNA, (positive control for interaction) and (iii) FLAG-PCNA as a negative
control. Transfected protoplasts were incubated in Gamborg B5 [Duchefa] liquid
medium overnight at 25°C in the dark. Three biological replicates were prepared
and used for AP-MS analysis.

Protein extraction and immunoprecipitation
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Protoplasts were collected in 1.5 ml eppendorf tubes by centrifugation (5 minutes
at 85x g) and resuspended in 1 ml per 107 protoplasts of Triton X-buffer (20 mM
Tris-HCl pH 7.5, 10 mM KCl, 10% glycerol, 1 mM DTT, 10 mM MgCl2, 2 mM
EDTA, 1% Triton X-100, 1 mM PMSF, and 1 mM NaF). Protoplast mixtures were
incubated for 30 min on ice and sonicated twice for 15 seconds. NaCl 2M solution
was added to the protoplast suspension to a final concentration of 420 mM and tubes
were incubated for 1 h in ice with occasional mixing. Samples were centrifuged at
10,000g for 30 min at 4°C and the supernatant, containing the extracted proteins,
was transferred into a fresh tube. Expression of FLAG-PCNA chimeric protein was
confirmed by immunoblotting according to procedures described in Chapter 2. For
mass spectrometry-based identification of the proteins that co-purify with Rep-GFP,
1 ml of total protein extract from each sample was incubated for 1 h with 25 ml (50%
slurry) of GFP-Trap_M® beads (Chromotek) at 4°C. After incubation, beads were
magnetically separated and washed 3 times in 0.5 ml of washing buffer (10 mM
Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF protease inhibitor).

Triptic digestion of the immunopurified proteins
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The affinity purified proteins were subjected to on-bead tryptic digestion. Briefly, the
GFP-Trap_M beads were washed twice with 400 ml of 50 mM ammonium bicarbonate
buffer (pH 8), after which the beads were incubated for 1 h at 60°C with 50 mM
Dithiothreitol (DTT) in 50 mM sodium bicarbonate buffer pH 8. Subsequentely,
50 mM iodoacetamide in 50 mM sodium bicarbonate buffer pH 8 was added and
beads were incubated at room temperature in the dark for 1 h. Next, 50 mM cystein
was added and then the proteins were digested by adding 1 ml of a trypsin (Roche,
sequencing grade) solution (0.5 mg/ml in 1 mM HCl) overnight at 20°C. Digestion
was terminated by adding a droplet of a 10% trifluoroacetic acid solution to acidify
the trypitic digest to pH 3. Peptides were concentrated and cleaned using mColumns
(Ishihama et al. 2002). These mColumns were prepared by stacking in a 200 ml tip
two 3MTM EmporeTM C18 extraction disks and LiChroprep® RP-18 50% (Merck
Millipor) slurry in methanol. The mColumns were washed with 100% methanol
and equilibrated with 0.01% formic acid. Protein samples were added and eluted
through to the mColumns. mColumns were washed with 1 ml/l formic acid and the
bound peptides were eluted by adding 1:1 v/v mixture of acetonitrile and 1 ml/l
formic acid in water. The acetonitrile content was reduced by putting the samples in
a Speed-Vac concentrator at 45°C for 2 hours.

Mass spectrometry analysis and data processing
Digested peptides were analyzed using nanoLC-MS/MS as previously described
(Gawehns et al. 2015). The MaxQuant software (Cox and Mann 2008; Hubner et
al. 2010) was used to analyze the raw data from the LTQ-Orbitrap (Thermo Fisher)
for protein identification and label-free quantification (LFQ). The Uniprot proteome
database of tomato (UP000004994) and an in-house made contaminants database
(Peng et al. 2012) were included in the Andromeda search engine (Cox et al. 2014).
Data filtering from the MaxQuant output was carried out with Perseus 1.5.8.5 (http://
www.perseus-framework.org). Only the LFQ values of the proteins that were
identified with at least two tryptic peptides, of which one should be unique and one
unmodified, were log10 transformed for further analysis. Proteins that showed a
DLFQ (log10 LFQ in the sample – log10 LFQ in the control) equal or higher than the
DLFQ of FLAG-PCNA (internal control) in at least 1 out of 3 biological replicates were
annotated as ‘putative interactors’ of Rep and included for further analysis.

Computational analysis
Gene ontology (GO) terms for biological process and cellular component were
assigned to the host interactors using Panther (Mi et al. 2017) and QuickGO (EMBL187
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EBI, https://www.ebi.ac.uk/QuickGO) tools. GO terms enrichment in every sample
was represented in bar graphs using Prism 7.0v (GraphPad) software. Venn diagram
was drawn using InteractiVenn (Heberle et al. 2015), http://www.interactivenn.net/).
The protein-protein interaction network was constructed with Cytoscape (Shannon et
al. 2003). For that, interaction networks of every putative host interactors and known
Rep-interactors, as reported by (Ruhel and Chakraborty 2018) were imported from
the STRING protein database (https://string-db.org/) and connected automatically.
The node corresponding to Rep was connected manually to each target. Nodes were
arranged according to the force-directed layout. The protein sequence of the gene
model At4g28990 was analyzed using the InterPro database (https://www.ebi.ac.uk/
interpro/) to identify functional protein domains.

Construction of clones used for confocal microscopy
All molecular DNA cloning techniques were performed using standard methods
(Sambrook et al. 2001). The E. coli strain DH5a was used for subcloning. The CDS
of Solanum lycopersicum EF1A (XM_004251106; Solyc11g069700.1.1), Nucleolin like 2
(NM_001319854.1; Solyc02g014310.2.1), RNA-binding protein EWS (XM_004239224;
Solyc05g018340.2.1) and THO complex subunit 4A (NM_001347950.1;
Solyc10g086400.1.1) were amplified from tomato cDNA by PCR with the Phusion
DNA polymerase (Thermo Fisher) and the primers listed in Table S3 that contained
attB1 and attB2 recombination sites for Gateway-directed cloning. The resulting
PCR products were recombined with the Gateway vector pDONR207 (Thermo
Fisher) using the BP Clonase II (Thermo Fisher) reaction and confirmed by DNA
sequencing. The cDNA clones were then introduced into the destination vectors
pGWB452 (Nakamura et al. 2010) and pDEST-SCYNEGW (Gehl et al. 2009) using the
Gateway LR Clonase II reaction (Thermo Fisher). All plasmids generated and used
in this work are listed in Table S4.
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Transient expression in N. benthamiana by agroinfiltration and confocal
microscopy
The binary constructs were introduced in Agrobacterium tumefaciens GV3101 strain
and for transient expression in planta agroinfiltrated in N. benthamiana plants
according to procedures described in Chapter 3. The cellular localization of the GFPtagged proteins and the reconstituted SCFP fluorophore were detected by confocal
microscopy. Detailed procedures are described in Chapter 3.
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SUPPLEMENTARY DATA

Figure S1. Western blot analysis of the protoplast protein extracts
Accumulation of FLAG-tagged PCNA in the total protein extracts from transfected tomato protoplasts,
which were used for affinity purification and mass spectrometry analysis. The protein membrane was
stained with Coomassie Brilliant Blue to confirm equal protein loading for the samples

Figure S2. Protein accumulation of the GFP-tagged putative interactors expressed in planta
Immunoblot showing the accumulation of the GFP-fusions using an anti-GFP antibody. Asterisks
indicate the expected bands at the correct size for every sample. As control for equal protein loading, the
membrane was stained with Ponceau S staining.
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K4CJ02
K4DB32
Q2MIA1
K4DG37
K4B6B8
K4ATJ4
K4D6D0
K4CVT4
K4BCZ4
K4BFN2
K4DAC6
P12372
K4BPK3
K4B256
K4D472
P26300
K4C2T0
K4CFD4
K4DHM2
K4CV90
K4BXD4
K4B375
K4D383
K4BTU2
K4AZV6
K4C9J5
K4CAF0
K4BJL2
K4ATF8
K4C144
K4BRF6
P49212
K4BA51
K4BZ89
K4BBI1
K4AYG3
P54776
K4CAT6
K4CUW3
K4C4X4

Functional description
Photosystem I reaction center subunit
Histone 2A
P700 chlorophyll a
Glycosyltransferase
Nucleolin-like
Peptidylin-prolyl cis-trans isomerase
Putative prohibitin-3
MAR-binding protein
Protein CROWDED NUCLEI 4
Small nuclear ribonucleoprotein Sm D3
Elongation factor 1-alpha
Photosystem I reaction center subunit II
Actin-41
Glycine-rich RNA-binding protein RZ1A
THO complex subunit 4A
Enolase
Chlorophyll a-b binding protein
Aconitate hydratase
Serine hydroxymethyltransferase
Small nuclear ribonucleoprotein Sm D2
Serine/threonine-protein phosphatase
Prosequence protease 1
NDR1/HIN1-like protein
Serine/arginine-rich splicing factor SC35
Rhodanese-like domain-containing protein 4
Histone H2B
Photosystem I reaction center subunit XI
50S ribosomal protein L29
Pre-mRNA cleavage factor Im
Malic enzyme
Putative methyltransferase
60S ribosomal protein L37
H/ACA ribonucleoprotein complex subunit 4
RNA-binding protein EWS
50S ribosomal protein L12
50S ribosomal protein L1
26S proteasome regulatory subunit 6A
Small nuclear ribonucleoprotein Sm D1
60S ribosomal protein L23
60S ribosomal protein L36

K4BA70

40S ribosomal protein S15

K4B3P9

Fructose-bisphosphate aldolase

K4D576

Protein RNA-directed DNA methylation 3

K4AYP1

Dynamin-related protein 1E

Q2MIB8

30S ribosomal protein S16

K4CED0

Uncharacterized protein

K4DBB5

Zinc finger CCCH domain-containing protein

P07370

Chlorophyll a-b protein 1B

K4CX06

Ribosome biogenesis protein NSA2 homolog

K4CAC1

26S proteasome regulatory subunit 6B
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P20721

Low-temperature-induced cysteine proteinase

K4CFR0

26S proteasome non-ATPase regulatory subunit 2

K4DG14
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Table S1. List of the putative interactors of Rep identified by affinity purifications/MS analysis.
Proteins in bold were selected for further protein-protein interaction studies.

GO ID

GO term

Biological process
Proteins

GO:0016070

RNA metabolic processes

K4CVT4, K4CAT6, K4BFN2, K4CV90, K4BZ89, K4D576,
K4ATF8, K4CX06, K4AYG3, K4BA51, K4BTU2, K4D472,
K4DBB5

GO:0019538

protein metabolic processes

GO:0015979

photosynthesis

K4B375, K4CFR0, P54776, K4CAC1, P20721, K4BXD4,
K4DAC6
K4CJ02, K4CAF0, P12372, Q2MIA1, A0A0J9YZP9, P07370,
K4DG14

GO:0008152

metabolic processes

GO:0006412

translation

GO:0016043

cellular component organization
DNA metabolic process

K4BPK3, K4BCZ4, K4BA70, K4B6B8, K4AYP1, Q38MV0

Other

K4ATJ4, K4BRF6, K4D383, K4D6D0, K4B256

GO:0006259
_

GO ID

GO term

GO:0005840
GO:0005634

ribosome
nucleus

GO:0005737

cytoplasm

GO:0009507

chloroplast

_

Other

K4DG37, K4CFD4, K4C144, K4B3P9, P26300, K4DHM2,
K4AZV6
P49212, K4BJL2, Q2MIB8, K4CUW3, K4BBI1, K4C4X4

K4CED0, K4DB32, K4C9J5

Cellular component

Proteins

K4BJL2, K4BBI1, K4BA70, K4CUW3, P49212, K4C4X4,
K4CED0, K4CFR0, K4C9J5, K4ATF8, K4D576, K4CAT6, K4BFN2, K4CV90, K4BZ89, K4BTU2, K4B6B8, K4B256, K4BXD4,
K4BCZ4, K4CX06, K4CVT4, K4DB32
K4AYP1, K4BRF6, K4DAC6, Q38MV0, P26300, K4BA51,
K4CFD4, P20721, K4DHM2, K4B6B8, K4B256, K4BXD4
K4C144, Q2MIB8, K4AYG3, P07370, K4DG14, A0A0J9YZP9,
Q2MIA1, K4CJ02, P12372, K4B375, K4B3P9, K4ATJ4,
K4D472, K4BCZ4, P20721
K4DBB5, K4AZV6, K4D383, K4D6D0, K4CAF0,K4DHM2

6

Table S2. List of the gene ontology terms categories assigned to the identified proteins.
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Number

Name

7522

EF1A attB1 Fw

7523

EF1A attB2 Rv

7567

Nucl_064 attB1 Fw

7568

Nucl_064 attB2 Rv

7614

Fw_EWS_X2_attB

7615

Rv_EWS_X2_attB

7692

Fw_THO4A_attB

7693

Rv_THO4A_attB

Sequence (5’ to 3’)
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGTAAAGAGAAGGTTCA
GGGGACCACTTTGTACAAGAAAGCTGGGTCTCATTTTTTCTTCTGAGCAG
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGTAAATCTATCAAGAAG
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACTCGTCACTAAAGGTAGTC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGTTCGCGTGAGAAGG
GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAATATGCACCTCGTCCA
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCAAATCTTGATGTATC
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAGTTTGTCTGCATGGCTT

Table S3. Sequences of the primers used in this study. The primer numbers refer to the interal database

Identifier

bgIFP5568
pFP1696
bgIFP5569
bgIFP5570
pFP1194
pFP1412
bgIFP5560
bgIFP5571
bgIFP5368
bgIFP5401
bgIFP3944

Name

EF1A
Nucleolin
EWS
THO4A
35S-G3GFP-gw
pDEST-SCYNE(R)-gw
TYLCV Alb13 Rep-GFP
FLAG-PCNA
TYLCV Rep-SCFPC
PCNA-SCFPC
SCFPC-GUS

Table S4. Clone information
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Vector

pENTR207
pENTR207
pENTR207
pENTR207
pGWB452
pK7FWG2
pJTRBO
p-GW-SCYCE
p-GW-SCYCE
pSCYCE- GW

Tag

GFPSCFPN-EGFP
FLAG-SCFPC
-SCFPC
SCFPC-

Template/source

PCR cloning (primers 7522/7523)
PCR cloning (primers 7567/7568)
PCR cloning (primers 7614/7615)
PCR cloning (primers 7692/7693)
(Nakamura et al. 2010)
(Gehl et al. 2009)
Keygene N.V. (Karimi et al. 2002)
Chapter 2
Chapter 3
Chapter 2

Chapter 7
General Discussion
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GENERAL DISCUSSION
The Replication initiator protein Rep is the most conserved geminiviral protein and
it is the only one that is essential for the viral DNA replication process (Laufs et
al. 1995; Nash et al. 2011). A deep understanding of the functions and interactions
of this geminiviral protein is therefore of critical importance to be able to devise
novel durable and broad resistance strategies against this family of devastating
plant-infecting viruses based on the susceptibility gene approach. This PhD thesis
uncovers novel details regarding (i) domains that control Rep localization and
interactions, (ii) the interplay between Rep and the SUMO conjugation machinery,
and (iii) novel host pathways and factors that are targeted by Rep. The discoveries
here presented expose new perspectives on the interaction between the plant host
and geminiviruses and thereby provide new leads to generate resistance in plants
against these viruses.

The Rep protein contains several domains and this reflects its
multifunctionality

7

The protein Rep performs most (if not all) of its multiple functions in the nucleus
of the infected host cell. Surprisingly, the mechanism(s) by which the Rep protein is
targeted to the plant nucleus has thus far been unknown. We discovered a region in
the N-terminus of Rep from Tomato yellow leaf curl virus (TYLCV) that is required
for its nuclear import (Chapter 3) (Figure 1). Substitution of the conserved lysine 67
to alanine, alone or combination with the same modification of other lysine residues,
led to a profound shift of RepTYLCV accumulation outside of the plant nucleus. The
region encompassing the lysines in position 67 and 101 constitutes a positively
charged surface area that possibly acts as a nuclear localization signal, i.e. a peptide
motif/patch that mediates the nuclear translocation of proteins by binding to nuclear
cargo receptors, known as importins (karyopherins).
Importantly, the N-terminal half of Rep is characterized by the presence of several,
often overlapping, protein domains involved in different functions (Ruhel and
Chakraborty 2018). However, most of these functional domains have been described
for Rep of the bipartite Tomato golden mosaic virus (TGMV) meaning that these
domains remain to be validated in Rep proteins from other geminiviruses. In RepTGMV
the corresponding lysine residues, K68 and K102, have been demonstrated to be
required for two functions, namely (i) the interaction with the E2 SUMO conjugating
enzyme SCE1 and (ii) replication of the viral DNA (Sánchez-Durán et al. 2011).
Remarkably, we observed that, independent of their role in nuclear localization, for
RepTYLCV these lysine residues are also essential for the viral DNA replication, but
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Figure 1. Diagram of Rep with its known and novel functional domains here identified
The motifs and protein domains of RepTYLCV identified in this thesis are depicted in red: the Nuclear
localization signal (NLS, Chapter 3) and the SUMO-interacting motif (SIM, Chapter 4).

apparently not for SCE1 binding. On the other hand, RepTGMV variant in which K68
and K102 are mutated to alanine still retains its localization in the nucleus, suggesting
that these residues are not required for nuclear import of RepTGMV. These results
suggest that highly conserved residues or domains apparently may not have
analogous roles in Rep proteins belonging to different geminiviruses and that the
nuclear localization apparently depends on different residues in the various Rep
proteins. Moreover, the question of which region of RepTYLCV is responsible for the
interaction with SCE1 still remains unresolved. In Chapter 4, an answer to this query
is found by the discovery of a new conserved peptide motif in the C-terminus of Rep
that possesses the typical hallmarks of a SUMO-interacting motif (SIM) (Figure 1).
This SIM indeed proves to be essential for the interaction of RepTYLCV with both
SUMO1 and SCE1 in planta. An intact SIM was also required for Rep to activate
amplification of viral DNA molecules, suggesting that SUMO-binding is essential
for viral replication also in the case of RepTYLCV. Future studies will be required to
address (i) whether the introduced mutations in the SIM affect the helicase and
ATPase activity of Rep and (ii) whether the role of this SIM for the interaction with
the SUMO conjugation machinery via SUMO is conserved in Reps from other
geminiviruses.
To conclude, this thesis describes the discovery of two novel functional domains
of RepTYLCV - a nuclear localization signal and a SIM - that unravel the mechanisms
by which Rep is translocated to the host cell nucleus and engages with the SUMO
conjugation machinery, respectively. In addition, our findings show a number of
crucial points to keep in mind when studying this multifunctional viral protein: (i)
one single residue or domain of Rep may contribute to more than one activity of
this viral protein, (ii) common Rep features can be regulated by distinct domains in
Rep proteins belonging to different geminiviruses, and (iii) conserved residues may
display distinct functions in different Rep proteins.

Rep shows a range of distinct nuclear localizations that are potentially
linked to its different functions
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Geminivirus proteins, and in particular Rep, have evolved into multifunctional
proteins to accommodate for the obligate (small) size of the viral DNA genome due
to space restrictions in the virus particle (Fondong 2013). To date, little is known
about the correlation between the distribution of Rep in the plant cell and its multiple
activities. Our cell biology studies reveal in great detail that the localization of Rep
into the plant cell nucleus is highly dynamic and depends on many factors such as
individual Rep domains, interactions with other proteins and environmental cues
(Figure 2).
First of all, we showed that Rep localizes in combination with SCE1 or SUMO1 in
punctate nuclear structures, designated as nuclear bodies (NBs). These NBs displayed
strong overlap with the position of the E3 ubiquitin ligase COP1, a master regulator
of plant growth, and with other proteins involved in the photomorphogenesis
pathway (e.g. SPA1 and phyB) (Chapter 5). The biological consequence of Rep
recruitment in SUMO/COP1 NBs remains largely enigmatic, but it is potentially
linked to Rep manipulating the sumoylation and/or ubiquitination status of certain
host factors, e.g. PCNA and Histone 3 (Arroyo-Mateos et al. 2018; Kushwaha et
al. 2017) (Chapter 2). This hypothesis is corroborated by the fact that Rep-SUMO
NBs formation depends on (i) the physical interaction between the partners, (ii) on
SUMO conjugation activity, and (iii) on non-covalent SUMO binding sites (SIMs)
on both Rep and SCE1 (Chapter 4). Moreover, the SUMO conjugation machinery
self-assembles in NBs that colocalize with COP1 photobodies (Mazur et al. 2019)
and many components of these COP1 NBs are also SUMO conjugation targets, while
they are also targeted for COP1-mediated proteasomal degradation. This suggests
that Rep possibly interferes with the post-translational modification not only of DNA
replication factors but also of regulators of the plant growth and developmental
pathways, thus suggesting that geminiviruses might manipulate an additional, thus
far unknown process via Rep.
Rep is also known to act as a transcription regulator and as suppressor of the RNA
silencing (Eagle et al. 1994; Rodríguez-Negrete et al. 2013), but to date, none of the
proven plant interactors of Rep has been associated with these activities. Here, two
novel interaction partners of Rep are discovered, namely the RNA-binding EWS
protein and a subunit of the THO complex, which are involved in transcriptional
repression and nuclear export of RNA, respectively (Chapter 6). Remarkably, Rep
resides in nuclear speckles when expressed as a part of a BiFC complex together
with EWS. The nature and function of these NBs remains at large at this point. Based
on predicted functions for EWS and the NBs phenotype (0-1-1.5 mm in size and ~20
NBs per nucleus), the Rep-EWS-dependent NBs possibly represent speckles where
RNA-binding proteins accumulate and transcriptional regulation occurs (Sawyer
and Dundr 2016; Shaw and Brown 2004).
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In this thesis, data is presented that differences in the light spectrum can trigger a
change in the distribution pattern of Rep in the nucleus and presumably in its
function. In Chapter 5, it is presented that, in response to blue light, Rep is
redistributed within minutes from the nucleoplasm to NBs and, at a later stage, to
the nucleolar rim. In the case of RepTYLCV, these NBs concur with the subnuclear
compartments that host the blue light photoreceptors Cryptochrome 1 and 2 (CRY1
and CRY2). Importantly, blue light exposure triggered a redistribution of different
Rep proteins from a wide range of geminiviruses, albeit that it resulted in slightly
different subnuclear patterns. Nevertheless, the majority of the tested Reps
accumulate at the nucleolar rim after blue-light illumination. The consequences of
Rep accumulation to different subnuclear compartments in response to blue light
are yet undisclosed, but it is tempting to consider that these may be linked to a
switch in Rep activity due to specific (changing) environmental conditions. From
studies on human cell lines, it is evident that the nucleolar rim is rich in highly
compacted heterochromatin and also harbours discrete NBs occupied by splicing
factors, as well as RNA polymerase transcripts and RNA-binding proteins (Mao et
al. 2011; Németh and Längst 2011). This perinucleolar heterochromatin ring is
typically observed during the mid S phase of the cell cycle and primarily functions
in replicating and maintaining repressive chromatin states (Zhang et al. 2007).
Moreover, it is well known that nuclear architecture is under dynamic control by
light (Bourbousse et al. 2015; Kaiserli et al. 2018). Light coordinates e.g. changes in

Figure 2. A model depicting the different localizations and interactions of Rep in the cell nucleus
reported in this thesis
Rep interacts with SCE1 and SUMO1 in NBs where COP1 and regulators of photomorphogenesis are
present. Rep also interacts with the RNA-binding protein EWS in different NBs, probably involved in
transcriptional regulation. Upon blue light exposure, Rep relocalizes, at least in N. benthamiana, at the
periphery of the nucleolus and in NBs that also contain the blue light-receptors CRY1 and CRY2.
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chromatin remodelling, histone modifications and protein accumulation in nuclear
photobodies, leading to transcriptional changes in the expression of genes involved
in light signalling, metabolism and development (Jiao et al. 2007; Perrella and
Kaiserli 2016; Tessadori et al. 2009). Interestingly, the photoreceptor CRY2 is a
positive regulator of low light-induced chromatin decompaction (van Zanten et al.
2010). In relation to this data, it is also known that geminivirus infection induces the
host cells to enter the S phase and alters nuclear architecture inducing plant chromatin
condensation (Bass et al 2000). Moreover, Rep interacts with Histone 3 and
manipulates the post-translational modification status of Histone 2B (Kushwaha et
al. 2017). Thus, it can be hypothesized that the relocalization of Rep to the nucleolar
rim and in Cryptochromes-containing NBs may be linked to the light-coordinated
nuclear architecture remodelling and/or histone modification.

Rep engages with SUMO conjugation machinery to create an environment
favorable for viral DNA replication

7

Over recent years, protein sumoylation has emerged as an important posttranslational modification (PTM) that is manipulated in diverse ways by different
viruses to suppress anti-viral responses and promote viral replication and viral
pathogenesis (Lowrey et al. 2017; Mattoscio et al. 2013). Geminiviruses also engage
with components of the plant sumoylation pathway, via the interaction between Rep
and SCE1, but the precise biological role of this interplay has not been clarified.
We here unveil for the first time that geminiviruses alter the sumoylation state
of a specific host target, possibly to create an environment favorable for viral
replication and propagation. Chapter 2 illustrates that overexpression of Rep in
planta lowers the sumoylation levels of Proliferating cell nuclear antigen (PCNA)
- the processivity factor of eukaryotic DNA polymerase - while concomitantly
enhancing the ubiquitination levels of PCNA. In yeast sumoylation of PCNA inhibits
DNA homologous recombination, while ubiquitination results in recruitment
of translesion DNA polymerases and activation of the error-free lesion bypass at
a stalled replication fork (Lee and Myung 2008; Tsutakawa et al. 2015). Thus, Rep
potentially mediates a switch of PCNA activity by affecting its post-translational
modifications. The mechanism by which Rep suppresses PCNA sumoylation is yet
unknown. A determining factor for the alteration of PCNA sumoylation potentially
is the Rep non-covalent binding to SUMO via its SIM domain. A similar mechanism
has previously been described for the BGLF4 protein of the human DNA virus
Epstein-Barr (EBV). In the case of this virus, the SIM domains of BGLF4 are essential
for BGLF4 to inhibit sumoylation of the EBV protein ZTA, likely via enhancement
of phosphorylation of the target protein and recruitment of SUMO proteases (Li et
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al. 2012). By binding to SUMO, the geminiviral Rep protein might interfere with the
transfer of a SUMO moiety to SCE1 or to PCNA. The use of a Rep SIM mutant in a
sumoylation assays will be required to confirm this hypothesis.
One of the consequences of SUMO attachment to a target is the promotion of inter and
intra protein-protein interactions via SUMO-SIM interactions. To date, conjugation
of a SUMO moiety to a geminiviral Rep protein has not been demonstrated, but we
here show that Rep interacts non-covalently with SUMO via its predicted SIM domain
in its C-terminal half (Chapter 4). This SIM possibly also mediates the interaction
between Rep and several of its host protein partners. A SUMO-modified protein
may gain additional affinities for a partner if this binding partner possesses SIMs
on its surface that are accessible for SUMO-SIM interactions (Jentsch and Psakhye
2013; Kerscher 2007). Multiple SUMO-SIM interactions may then act synergistically
and contribute to the formation of multiprotein complexes (Psakhye and Jentsch
2012). Given the fact that many Rep targets are SUMO substrates (Chapter 1) and
that Rep is part of several multiprotein complexes (e.g. the viral replisome (Rizvi et
al. 2015)), it would not be surprising that SIM-mediated interactions play a role in
coordinating and stabilizing Rep binding to multiple components of the complexes.
So far, Rep has been linked to interference of sumoylation of a specific target, i.e.
PCNA. However, sumoylation is essential for the regulation of many cellular
functions of the plant, including DNA repair and replication, cell division, expansion
and differentiation (Augustine and Vierstra 2018; Hay 2005; Lamelí and Vázquez
2011). Possibly, geminiviruses promote SUMO modification of certain host factors via
Rep and de facto Rep would thereby act as SUMO E3 ligase. This idea is corroborated
by several observations. Firstly, SUMO E3 ligases commonly contain SIMs that play
a role in increasing E3 ligase-dependent sumoylation of specific substrates (Reverter
and Lima 2005; Yunus and Lima 2009). Secondly, several viruses encode a SUMO
E3 ligase mimic that promotes (poly)sumoylation of host proteins (Muller and
Dobner 2008; Pennella et al. 2010; Zhu et al. 2015). An interesting example is the
K-bZIP protein encoded by the human Kaposi’s sarcoma-associated herpesvirus.
This protein is a SUMO E3 ligase and promotes sumoylation of Retinoblastoma
protein in human cells in a SIM-dependent manner (Chang et al. 2010). Finally,
Sánchez-Durán and co-workers showed that ectopic expression of geminiviral
Rep induces accumulation of a certain SUMO protein conjugates in N. benthamiana
leaves (Sánchez-Durán et al. 2011), suggesting that Rep may enhance sumoylation
of specific individual host targets. A number of Rep-interactors are SUMO targets.
For example, the human Retinoblastoma protein is sumoylated and its sumoylation
is required for cell proliferation in human cells (Meng et al. 2016). The data here
presented would thus warrant future studies to identify the proteins that become
prone to sumoylation in the presence of Rep.
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SCE1 is a potential target for novel resistance strategies against
geminiviruses

7

An appealing opportunity to generate broad and durable resistance in crops against
geminiviruses would be to be able to inhibit viral DNA replication, by impairing
conserved and essential Rep-host protein interactions. To accomplish this, one would
need to identify mutations in Rep-interacting proteins that prevent viral replication
by suppressing interaction with Rep, while at the same time not disturbing essential
host processes. In this thesis, SCE1 is studied as a putative target to generate
geminivirus resistance. SCE1 is a highly conserved protein at the sequence level
within the plant kingdom (Mazur et al. 2019; Novatchkova et al. 2012), with much
of the surface exposed residues implicated in interactions with SUMO itself, the
SUMO E1 activating enzyme, SUMO E3 ligase or substrates (Pichler et al. 2017). It
interacts with geminiviral Rep and this interaction is necessary for viral replication
and infection (Sánchez-Durán et al. 2011). However, at the beginning of this project,
these data could only be addressed for the couple RepTGMV- Nicotiana benthamiana
SCE1 and, moreover, the interaction surface on SCE1, to which Rep binds, remained
unknown. We have here demonstrated that Rep-SCE1 interaction is conserved
among Rep proteins belonging to a range of geminiviruses and it is necessary for
viral replication also in the case of RepTYLCV (Chapter 4). In addition, we show that
the second non-covalent SUMO binding site of SCE1 is required for the Rep-SCE1
interaction in planta. Single amino acid substitutions in the non-covalent SUMO
binding site of SCE1 were sufficient to impair Rep binding to SCE1 and a number
of these ‘loss-of-interaction’ SCE1 variants were shown to rescue embryo lethality
of the Arabidopsis sce1-5 knock-out mutant. Analyses revealed that some of the
SCE1-complementation lines recovered the wild type-like phenotype in terms of
rosette size, SCE1 expression (Chapter 4), inflorescence development and SUMO
conjugates levels (data not shown), indicating that the mutated SCE1s retain their
biological activity including SUMO E2 conjugation. Geminivirus infection assays on
these Arabidopsis complementation lines are needed to verify whether introduction
of single residue mutation in SCE1, next to disrupting the interaction between Rep
and SCE1, also impairs viral DNA replication and thus confers plant resistance to
geminiviruses. The identification of SCE1 variants that lose their interaction with
viral Rep while still being biochemically active in planta is a first step towards a
potentially durable and broad resistance against geminiviruses based on the
putative viral susceptibility target SCE1. Additional studies are required to confirm
that introduction of the ‘loss-of-interaction’ SCE1 variants in planta (i) does not
compromise SUMO homeostasis and plant development, (ii) negatively impacts
geminivirus replication, (iii) confers resistance against preferably a broad range of
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geminiviruses in different (crop) plants.

Geminiviruses target the plant light-signaling pathway
Environmental cues, like temperature, circadian clock and light, influence plant
processes such as growth and development, as well as plant-pathogen interactions
(Gangappa and Kumar 2018; Roden and Ingle 2009; Yang et al. 2015). However,
the role of environmental cues in virus replication has not been extensively
explored for geminiviruses. In this thesis, the evidence that Rep engages with the
plant photomorphogenic pathway and that environmental cues, specifically light
conditions, alter geminiviral performances is presented for the first time.
In Chapter 5, it is shown that Rep co-localizes in the same subnuclear compartments
that host COP1 and other regulators of the skoto/photomorphogenesis switch, i.e. the
dark/light-mediated plant development programs that also integrate light quality
(shade avoidance) and growth hormone signaling (gibberellic acid) (Hoecker 2017;
Josse and Halliday 2008; Kim et al. 2017). The details about the interplay between
Rep and the COP1 complex remain still unresolved, but it is possible that Rep, by
modulating the activity of the master regulator of the plant growth and developmental
pathway, might induce specific processes, such as endoreduplication, that favor viral
replication. In darkness, the ubiquitin E3 ligase COP1 shuttles from the cytosol to the
nucleus, where it targets positive transcriptional regulators of photomorphogenesis
for degradation via the ubiquitin/26S proteasome pathway (Lau and Deng 2012;
Stacey et al. 1999). As a result, seedlings exhibit etiolated growth characterized by an
elongated hypocotyl, closed and undeveloped cotyledons and lack of pigmentation
(Josse and Halliday 2008). This particular growth mode is linked to an increase in
cell size due to an increase in the number of endoreduplication cycles (amplification
of the genome in absence of mitosis) (Gendreau et al. 1998). Geminiviruses are
known to increase endoreduplication in infected plant tissue and to replicate viral
DNA during the S phase of the endocycle (Ascencio-Ibáñez et al. 2008). To date, the
only known mechanism by which geminiviruses reprogram the host cell cycle is the
Rep inhibition of the Retinoblastoma-related protein (RBR) (Kong et al. 2000). RBR
interacts with E2F transcription factors to suppress expression of genes encoding
host replication proteins (Desvoyes et al. 2006). Rep disrupts RBR-E2F complexes
in order to allow transcription of E2F-target genes and as a result entry of the cell
into the S phase. The data disclosed in Chapter 5 provide clues that geminiviruses
may potentially control host cell proliferation at yet another level by manipulating
regulators of the dark/light-mediated plant growth pathway.
Understanding how geminivirus diseases develop in different environmental
conditions and how geminiviruses integrate external stimuli into the viral replication
205

7

Chapter 7
program is useful to manage geminivirus diseases. Thus far, only few studies
investigated how light conditions could affect the life cycle of geminiviruses. We
here expose that Cryptochrome-mediated blue light perception may have a role in
geminiviral replication. In Chapter 5, it was shown that Arabidopsis mutant plants
cry1;cry2 are more readily infected by Beet curly top virus (BCTV). From previous
studies, it is known that geminivirus Abutilon Mosaic virus (AbMV) infected plants
show less mosaic symptoms under low light conditions (Jeske and Werz 1978)
and cytological symptoms are dependent on circadian (Jeske 1986) and seasonal
conditions (Schuchalter-Eicke and Jeske 1983). A low light regime also significantly
reduces the severity of symptoms caused by two other begomoviruses in the host
plant Asystasia gangetica (Wyant et al. 2015). However, whether light intensity
and quality affect the virus life cycle directly or indirectly by modulating plant
metabolism needs to be elucidated.
The light signaling cascade initiated by the Cryptochromes regulates different aspects
of the plant cell cycle and plant growth and development such as de-etiolation
(Ahmad and Cashmore 1993), flowering (Guo et al. 1998), guard cell development
and stomatal opening (Kang et al. 2009; Mao et al. 2005), entrainment of the circadian
clock (Somers et al. 1998), apical meristem activity (Lopez-Juez et al. 2008), shade
avoidance (Keller et al. 2011) and programmed cell death (Danon et al. 2006). Given
the diversity and number of processes regulated by the cryptochrome-mediated blue
light perception, it is well conceivable that Rep targets these plant photoreceptors to
induce an environment favorable for viral DNA replication. However, further studies
are needed to investigate the mechanisms by which geminiviruses manipulate these
sensors of external stimuli to their own advantage.

Global model of Rep manipulation of the host cell processes

7

As a summary, I have attempted to integrate the overall ideas that emerged from the
data presented in thesis in a general model (Figure 3). To create a cellular environment
that is favorable for viral DNA replication, geminiviruses induce infected cells,
which are in a quiescent phase (G1 phase of the mitotic cycle or the G phase of the
endocycle), to enter into the S phase in which, among other things, replication is
promoted. The accepted mechanism by which geminiviruses regulate progression of
the cell cycle into a replicative stage consists in the inhibition of the Retinoblastomarelated protein (RBR) via Rep interaction (Kong et al. 2000). Rep-RBR interaction
relieves repression of the transcription factors E2F (E2Fa and E2Fc) and activates the
expression of plant genes encoding host polymerases and accessory factors required
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Figure 3. Global model of Rep manipulation of host pathways
Rep induces cells to enter the S phase of the mitotic cycle or of the endocycle by (i) regulation of the RBR/
E2F pathway, and possibly (ii) manipulation of the COP1-dependent photomorphogenesis pathway,
(iii) control of Cryptochrome-mediated processes. Rep also favor viral DNA replication by suppressing
PCNA sumoylation while enhancing PCNA ubiquitination. Figure integrates the findings of this thesis in
the models published by (Ascencio-Ibáñez et al. 2008; Hanley-Bowdoin et al. 2013)

for viral DNA replication (Desvoyes et al. 2006; Kong et al. 2000). Moreover, to
prevent the mitotic cycle and promote the endocycle, geminiviruses suppress E2Fb
activity (Ascencio-Ibáñez et al. 2008). E2F transcription factors are also regulated by
environmental cues, such as light. Under dark conditions, E2Fb is marked by COP1
for degradation. Upon E2Fb degradation, E2Fc becomes the most abundant E2F and
it binds and represses DEL1 promoter. The decrease in transcription levels of the
endocycle repressor DEL1 leads to upregulation of endoreduplication (Berckmans et
al. 2011). Based on those findings, it is possible that Rep promotes E2Fb COP1mediated degradation via two putative mechanisms: (i) enhancement of COP1
activity via promotion of COP1 sumoylation; (ii) release of COP1 inhibition. The
latter typically occurs via the activity of photoreceptors (phyB, CRY1 and CRY2) in
response to light stimuli (Chapter 5). In addition, Rep possibly targets the
Cryptochrome proteins directly in order to regulate other blue-light mediated
growth and developmental pathways and as such ultimately promotes virus
proliferation. Next to cell cycle regulation, Rep activates viral DNA replication via
recruitment and manipulation of host replication factors, including PCNA (Bagewadi
et al. 2004; Castillo et al. 2003). In Chapter 2, it is postulated that Rep impairs
sumoylation of PCNA, which potentially suppresses interaction with the DNA
helicase Srs2 and releases inhibition of homologous recombination, a mechanism
that favors viral genome replication (Bisaro 1994; Pfander et al. 2005). At the same
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time, Rep increases ubiquitination of PCNA (Chapter 2), which might result in
recruitment of translesion DNA polymerases to DNA replication forks enabling
DNA lesion bypass (Ciccia et al. 2012; Gali et al. 2012; Parker and Ulrich 2009).

Future perspectives

7

It is evident by now that the multitude of functions and interactions of the Rep
protein makes Rep an indispensible ‘Swiss army knife’ that geminiviruses exploit to
hijack the host cell processes and promote viral DNA replication. Several biochemical
features of this geminivirus ‘weapon’ were known from previous studies, such as its
DNA binding and nicking activity, helicase and ATPase activity as well as its ability to
regulate gene expression and interact with host factors involved in DNA replication.
In this thesis, novel details are revealed about the mechanisms by which Rep (i) is
imported and localizes into the plant nucleus, (ii) interacts with and manipulates
the plant SUMO conjugation machinery and (iii) potentially engages with the plant
light-controlled growth pathway. These findings provide a starting point for further
experiments aimed to fully characterize the interplay between Rep protein and the
host processes.
For example, as Rep has been demonstrated to manipulate the post-translational
modification status of specific host factors, we need to have a global picture of
the changes in the PTM levels of the plant proteins upon geminivirus infection.
Proteomic analyses of e.g. sumoylated and ubiquitinated host proteins in the
context of geminivirus infection will help us to identify additional plant factors
and pathways that are targeted by geminiviruses. It will also be necessary to better
characterize the biological consequences and the exact molecular mechanism by
which geminiviruses, via the Rep protein, modulate PTMs of host proteins. Such
studies will not only provide crucial information about the outcomes of geminivirushost interaction but also pinpoint potential novel resistance targets.
The here presented data about the possible involvement of blue-light perception
in geminiviral DNA replication underscore the importance of better studying how
environmental cues, such as light, affect the geminiviruses life cycle. Geminivirus
infection assays (i) of plants impaired in the perception of specific light wavelength
and (ii) in different light conditions should be therefore performed. Moreover, other
environmental parameters, like temperature, circadian clock and plant hormones,
need to be taken in account to understand how external stimuli are integrated during
viral infection and influence geminivirus-host interaction. Such information may
result in helpful measures that can be directly used to manage geminivirus diseases.
Finally, it is essential to translate the mechanistic studies of geminivirus-host
interaction in model organisms (Arabidopsis and N. benthamiana in our case) to
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agricultural systems. For example, it needs to be validated whether SCE1 could be
a suitable target for resistance against geminiviruses in important crops susceptible
to geminiviruses such as tomato, pepper and other vegetables. An increasing
amount of whole-genome sequence resources as well as new genetic and molecular
technologies to manipulate non-model plants are now available and will facilitate the
study and development of novel disease control strategies against these important
plant pathogens.
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Summary
Geminiviruses form a large and diverse family of ssDNA plant-infecting viruses that
cause extensive crop losses worldwide. There are few resistance resources available
for crop breeding while this virus family rapidly evolves due to recombination and
error-prone replication. To attain durable and broad resistance against this devastating
plant pathogen family, the most conserved geminiviral protein, Replication initiator
protein (a.k.a Rep) is here studied. Rep is a multifunctional protein that is essential
for viral replication. It orchestrates all layers of the viral DNA replication process by
interacting with a plethora of host proteins. This thesis describes in great detail how
Rep interferes and interacts with the plant sumoylation machinery, an essential posttranslational modification (PTM). Sumoylation regulates the activity, localization
and interaction network of hundreds of plant proteins by covalent attachment of
Small ubiquitin-like modifier (SUMO) onto these target proteins. The data presented
here provide new opportunities to engineer, e.g. genetically by induced mutagenesis
or via gene editing, resistance against this virus family.
Geminiviruses depend on the host DNA replication machinery for their replication,
as they do not encode their own DNA polymerase. Instead, Rep interacts with the
host Proliferating cell nuclear antigen (PCNA) that forms a DNA clamp that acts
as a processivity factor of eukaryotic DNA polymerases. In addition, Rep interacts
with the E2 SUMO conjugation enzyme (SCE1). This interaction is essential for viral
replication since mutations in Rep from Tomato golden mosaic virus (TGMV) that block
SCE1-binding also impair viral DNA replication. Strikingly, ectopic overexpression of
Rep modifies the sumoylation state of only a subset of host plant proteins. In chapter
2, it is established with a reconstituted sumoylation assay in bacteria that PCNA
from tomato is sumoylated at two specific lysines in vitro and that Rep suppresses
sumoylation at these lysines. We also detect, for the first time, sumoylation of
PCNA in planta and we confirm that Rep also interferes with PCNA sumoylation
in planta, which coincided with increased ubiquitylation of PCNA. Sumoylation
of yeast PCNA at these lysines is known to inhibit DNA recombination activity,
while ubiquitylation of one of these lysine residues (Lys164) results in recruitment
of translesion DNA polymerases to DNA replication forks enabling DNA lesion
bypass. These findings thus argue that Rep switches PCNA activity by reducing
PCNA sumoylation, while promoting its ubiquitylation. Future work should reveal
if this Rep-mediated switch of PCNA activity indeed promotes viral replication by
inducing homologous recombination or recruiting e.g. DNA polymerases to viral
DNA replication forks.
Mutations in two conserved lysine residues in the N-terminal half of RepTGMV were
previously shown to disrupt the Rep-SCE1 interaction. Chapter 3 describes that in
the case of Rep from Tomato yellow leaf curl virus (TYLCV) these lysine residues are,
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however, not essential for SCE1 binding. Instead, they control nuclear localization
of RepTYLCV but not of RepTGMV. In support of this experimental data, we present
a structural three-dimensional model of the N-terminal half of Rep, which reveals
that mutating these lysines to alanines dramatically changes the surface charge of
RepTYLCV, while the surface charge of RepTGMV remains largely intact. We also find that,
independent of their role in nuclear localization, these lysine residues are essential
for viral DNA replication activity of RepTYLCV, emphasizing again the extreme multifunctionality of this viral protein.
The results presented in chapter 3 signify that other residues in RepTYLCV must
control its physical interaction with SCE1. Chapter 4 reports on the identification of
a conserved SUMO-interacting motif (SIM) in the C-terminal half of Rep. Mutations
in this SIM not only disrupt its interaction with SUMO1 but also with SCE1. In
support, we show that single residue mutations in SCE1 disrupt the interaction with
SUMO and Rep. As some of these single residue substitutions yielded a biological
active SCE1 protein in plants, these mutated variants of SCE1 might yield a source of
resistance to geminiviruses. In these experiments, we also found that the Rep-SCE1
complex aggregates in specific nuclear compartments, named nuclear bodies (NBs).
NBs formation depended on (i) SUMO conjugation activity, (ii) the SIM in Rep,
and (iii) the second SUMO binding site of SCE1 – a non-covalent SUMO-binding
pocket that is distal from the catalytic site of SCE1. Mutations in the SIM of RepTYLCV
also inhibited Rep-mediated viral DNA replication, suggesting that the Rep-SUMO
interaction is also essential for viral replication, albeit that it remains to be proven
that ATPase activity is intact for these Rep variants.
The cell nucleus is a complex, highly structured and dynamic organelle that harbors
a variety of discrete subnuclear compartments, collectively referred to as nuclear
bodies (NBs). As the ternary complex formed by Rep-SCE1-SUMO aggregates in
NBs, we investigated the nature and composition of these subnuclear structures.
Chapter 5 reports that the BiFC pairs formed by Rep-SCE1 and Rep-SUMO1 colocalize with regulators of the light-dependent growth and developmental pathway
(photomorphogenesis) in so-called ‘photobodies’. We found that Rep co-localizes
with the master regulator of the dark response, COP1, a ubiquitin E3 ligase. This
interaction appears not to be direct, but rather indirect via SCE1 and SUMO.
Moreover, Rep localized in different sub-compartments of the nucleus depending
on the light conditions provided, suggesting that its activity may be mediated by
the light quality and intensity. In particular, blue light triggered a profound and
rapid redistribution of Rep towards nuclear foci where the blue-light receptors
Cryptochrome 1 and 2 (CRY1, CRY2) were also recruited in response to this blue light
treatment. The Cryptochromes are known to inhibit COP1 activity by interacting
with the COP1 complex in a light-dependent manner. By taking advantage of the
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Arabidopsis double mutant cry1;cry2, it is then demonstrated that the geminivirus
Beet curly top virus (BCTV) is capable of infecting the cry1;cry2 double mutant with
at a higher frequency than wild type plants (Col-0), demonstrating for the first time
that blue light perception apparently has a role in viral replication.
Finally, chapter 6 provides a fine example of the use of a high-throughput proteomics
approach to identify new plant proteins that interact with Rep. In this work, RepTYLCV
was tagged with GFP and this chimeric protein was overexpressed in tomato
protoplasts, which allowed GFP-based affinity purifications of Rep-containing
protein complexes. Co-purifying proteins were identified using tryptic digestion
followed by tandem mass spectrometry. This yielded a list of novel candidate Rep
interactors. Remarkably, two RNA-binding proteins from this list were confirmed
to interact with Rep in planta using independent protein-protein interaction assays.
This list contains new leads for developing geminivirus resistance, as interaction of
these candidates with Rep might prove to be critical for viral replication and spread
in the host plant. To conclude, the data presented in this PhD dissertation provide us
with a deeper understanding of the Rep protein from different geminiviruses, while
also yielding new leads and candidates for host processes that are manipulated by
this extremely multifunctional viral protein.

216

Samenvatting

Samenvatting
Geminivirussen vormen een familie van enkelstrengs DNA-virussen die planten
infecteren. Zij zorgen wereldwijd voor grote verliezen in de landbouw. Ondanks veel
onderzoek is er nog steeds maar een beperkte set aan natuurlijke resistentiebronnen
beschikbaar die we kunnen toepassen voor de veredeling van onze gewassen. Daar
tegenover staat een virusfamilie die dankzij DNA-recombinatie en via foutgevoelige
replicatie zeer snel evolueert. Het gevolg is dat de beschikbare resistentiebronnen
snel doorbroken worden in veldcondities wat leidt tot nieuwe virusepidemieën.
Het hier gepresenteerde onderzoek beoogde om brede en duurzame resistentie
te ontwikkelen tegen deze verwoestende plantenvirusfamilie door het meest
geconserveerde viruseiwit te bestuderen, het Replicatie initiator proteïne (Rep). Rep
is een multifunctioneel eiwit dat essentieel is voor de virusreplicatie en meerdere
stappen in het replicatieproces beïnvloedt via interacties met gastheereiwitten.
Dit proefschrift beschrijft hoe Rep op moleculair niveau interfereert met SUMO
conjugatie, een eiwitmodificatie die de functie van honderden verschillende
planteneiwitten reguleert. Deze regulatie ontstaat wanneer het eiwit SUMO (Small
ubiquitin-like modifier) covalent gekoppeld wordt aan doeleiwitten. Met deze kennis
kunnen we nu mogelijk duurzame resistentie verkrijgen tegen deze virusfamilie via
de weg van natuurlijke mutagenese of “gene editing”.
Aangezien geen van de virale eiwitten DNA-polymerase activiteit vertoont,
zijn Geminivirussen volledig afhankelijk van de DNA-synthese activiteit in hun
gastheercellen. Het virale eiwit Rep manipuleert dit proces door direct aan PCNA
(Proliferating Cell Nuclear Antigen) te binden. PCNA acteert als een ringvormige
cofactor van het DNA-polymerase en omklemt het DNA tijdens de replicatie.
Daarnaast interacteert Rep met het enzym SCE1 (SUMO conjugatie enzym 1). Eerdere
studies hadden reeds aangetoond dat mutaties in Rep die de interactie met SCE1
blokkeren, óók virusreplicatie voorkomen van het Geminivirus Tomato Golden Mosaic
Virus (TGMV). Echter expressie van Rep leidt niet tot een algemene verandering
van de SCE1 enzymactiviteit in plantencellen, maar beïnvloedt slechts de SUMO
modificatie van een beperkte set aan gastheereiwitten. In hoofdstuk 2 tonen we aan
dat Rep in een heteroloog systeem de SUMO modificatie van PCNA uit tomaat sterk
vermindert op twee specifieke lysine aminozuren. Daarnaast laten we voor het eerst
zien dat ook in planten PCNA gemodificeerd raakt met SUMO en dat Rep tevens
deze modificatie grotendeels voorkomt in planten. Tegelijkertijd vonden wij dat
in de aanwezigheid van Rep PCNA gemodificeerd raakt met het eiwit Ubiquitine.
Studies in bakkersgist hadden reeds aangetoond dat de koppeling van SUMO aan
PCNA zorgt voor de remming van DNA-recombinatie activiteit, terwijl de koppeling
van Ubiquitine leidt tot het rekruteren van translesie DNA-polymerase activiteit
naar de replicatievork waarna het DNA-syntheseproces opnieuw geïnitieerd wordt
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ondanks de aanwezigheid van DNA-schade. Rep lijkt dus de functie van PCNA te
manipuleren door te sturen op een andere eiwitmodificatie op PCNA. Toekomstige
werk zal moeten uitwijzen of Rep inderdaad DNA-recombinatie activiteit remt ten
faveure van translesie DNA-synthese gedurende een planteninfectie.
Omdat eerder onderzoek zich voornamelijk richtte op Rep uit één enkel Geminivirus,
namelijk TGMV, beschrijven we in Hoofdstuk 3 en 4 hoe Rep van het Geminivirus
Tomato yellow leaf curl virus (TYLCV) interacteert met SCE1. Verrassend genoeg
blijken de lysines die bepalend zijn voor de interactie tussen RepTGMV en SCE1, niet
noodzakelijk te zijn voor de interactie tussen RepTYLCV en SCE1. In plaats daarvan
blijken deze residuen een andere functie te vervullen, namelijk de kernlokalisatie
van RepTYLCV, maar zij zijn niet nodig voor de kernlokalisatie van RepTGMV. Een
driedimensionaal structuurmodel van de N-terminale helft van Rep laat zien dat
de positieve oppervlaktelading van RepTYLCV grotendeels geneutraliseerd wordt
wanneer deze lysines vervangen worden door alanines, terwijl deze lading intact blijft
voor de andere Rep, RepTGMV, ondanks deze aminozuurveranderingen. Bovendien
bleken deze lysines, onafhankelijk van hun rol in kernlokalisatie, onontbeerlijk
te zijn voor DNA-replicatie activiteit van RepTYLCV. Dit benadrukt eens te meer de
extreme multifunctionaliteit van deze virale eiwitten voor het infectieproces.
De resultaten in hoofdstuk 3 tonen eveneens aan dat andere, nog onbekende
residuen bijdragen aan de fysieke interactie tussen RepTYLCV en SCE1. Hoofdstuk
4 onderstreept dit door de identificatie van een geconserveerd SUMO-interactie
motief (SIM) in het C-terminale deel van Rep. Mutaties in dit motief verstoren niet
alleen de interactie tussen Rep en SUMO1, maar ook die met SCE1. Omgekeerd laten
we zien dat bepaalde aminozuurveranderingen in SCE1 de interactie blokkeren
met zowel Rep als SUMO. Deze gegevens suggereren dus dat Rep, SUMO en
SCE1 samen één eiwitcomplex vormen. Vervolgens hebben we voor twee van deze
aminozuurveranderingen aangetoond dat zij nog steeds een biologisch actieve
variant van SCE1 geven, omdat beide varianten een genetisch knock-out van het
SCE1 gen functioneel kunnen complementeren in de modelplant Arabidopsis thaliana
(Zandraket). Op dit moment voeren we infectietoetsen uit met Geminivirussen
op deze gecomplementeerde transgene planten om te bewijzen dat ook de
geminivirusreplicatie (sterk) verminderd is in deze gecomplementeerde lijnen
dankzij de aanwezigheid van deze SCE1 varianten. Wanneer dit zo blijkt te zijn
dan vormen deze SCE1 varianten een nieuwe genetische bron voor geïnduceerde
resistentie tegen Geminivirussen.
Met behulp van lichtmicroscopie vonden we dat het Rep-SCE1 eiwitcomplex
aggregeert in substructuren in de kern (Engels: nuclear bodies, NBs). Het ontstaan
van deze structuren bleek sterk af te hangen van (i) SUMO-conjugatie activiteit, (ii)
de SIM van Rep en (iii) de tweede bindingsplek van SCE1 voor een SUMO eiwit
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(naast het SUMO eiwit dat bindt in het katalytisch centrum van SCE1). Bovendien
vonden we dat mutaties in de SIM van RepTYLCV niet alleen de interactie met SCE1 en
SUMO blokkeren, maar ook de DNA-replicatie activiteit van Rep onderdrukken. Dit
suggereert dat de interactie tussen Rep en SUMO essentieel is voor virusreplicatie.
Desalniettemin dienen we nog aan te tonen dat andere functionaliteiten van Rep
intact zijn gebleven in deze RepSIM varianten, zoals bijvoorbeeld ATPase activiteit die
ook toegekend is aan dit specifieke eiwitdomain van Rep.
De celkern is een complex en dynamisch organel waarin kernfuncties fysieke
gescheiden worden in subcompartimenten via onder andere vloeistof-vloeistof
eiwitfasescheidingen. Omdat het Rep-SCE1-SUMO eiwitcomplex condenseert in
een onbekend kernlichaam, hebben we de aard en samenstelling van deze Rep
kernlichamen nader onderzocht. Hoofdstuk 5 beschrijft hoe Rep als BiFC paar,
samen met SCE1 of SUMO, accumuleert in Fotolichamen (Engels: Photobodies).
Fotolichamen ontstaan in daglicht en de eiwitten in deze lichamen controleren de
genregulatie, die zorgt voor de strekking van plantenweefsels door de celdeling
en endoreplicatie te stimuleren (Fotomorfogenese). Ten eerste vonden we dat Rep
samenklontert met de belangrijkste regulator van de donkerreactie, het Ubiquitine
E3 ligase COP1. Dit lijkt een indirect interactie te zijn, mogelijk via SCE1 of SUMO.
Daarnaast vonden we dat Rep in reactie op blauw licht samenklontert in onbekende
kernlichamen maar dat het ook accumuleert rondom de nucleolus.
Deze Rep-bevattende kernlichamen blijken na blootstelling aan blauwlicht ook
de fotoreceptoren van blauwlicht te rekruteren, Cryptochroom 1 en 2 (CRY1 en
CRY2). Het is bekend dat deze Cryptochromen de activiteit van COP1 remmen
door in reactie op blauw licht te interacteren met het COP1 eiwitcomplex. Deze
(indirecte) interacties met CRY1/2 zijn mogelijk belangrijk voor de infectiecyclus
van Geminivirussen, aangezien een cry1;cry2 dubbel-mutant van Arabidopsis vaker
geïnfecteerd raakte dan wildtype planten (Col-0) met het Geminivirus Beet curly top
virus (BCTV). Deze data geven dus aan dat Geminivirussen de celcyclus op een derde
manier beïnvloeden (naast (i) het passeren van een controlepunt van de celcyclus
door RBR te manipuleren en (ii) het rekruteren van DNA replicatie activiteit via
interacties met PCNA) door namelijk (iii) daglicht-gestuurde groeiprocessen te
manipuleren.
Ten slotte, verschaft hoofdstuk 6 een voorbeeld van het gebruik van Proteomics
om onbekende planteneiwitten te identificeren die met Rep interacteren. In dit
deelproject werd het RepTYLCV eiwit gefuseerd met GFP en het samengestelde eiwit
werd tot overexpressie gebracht in tomatenprotoplasten. Met behulp van een GFPaffiniteitszuivering werden vervolgens eiwitcomplexen opgezuiverd met daarin
aanwezig Rep. De eiwitten in deze complexen zijn daarna geïdentificeerd door ze
te knippen met het enzym Trypsine en de ontstane peptidelysaten met behulp van
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tandem massaspectrometrie (MS/MS) te karakteriseren. Dit leverde een lijst met
nieuwe kandidaateiwitten op die mogelijk met Rep interacteren. Twee eiwitten
op deze lijst lijken functionele interacties aan te gaan met RNA op basis van hun
annotatie. Aanvullend onderzoek met deze eiwitten bevestigde hun interactie
met Rep in plantencellen. Deze lijst met interacterende eiwitten bevat dus nieuwe
aanknopingspunten voor het verkrijgen van Geminivirus resistentie, omdat de
interactie van deze kandidaten met Rep een belangrijke factor kan zijn voor de
virusreplicatie en -verspreiding in de gastheer. Het identificeren en bestuderen van
varianten van deze eiwitten kan vervolgens leiden tot verlaagde virusgevoeligheid,
gelijk aan de methode hier gebruikt voor SCE1. Samengevat geeft dit proefschrift
ons dus een beter begrip van het Rep eiwit van verschillende Geminivirussen,
terwijl het ook nieuwe aanknopingspunten biedt om de functie van Rep verder te
onderzoeken via nieuwe kandidaateiwitten en nieuwe processen die mogelijk in de
gastheercel gemanipuleerd worden.
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