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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
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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
148
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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
150
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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
151
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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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