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Tomato 26S Proteasome subunit 
RPT4a regulates ToLCNDV 
transcription and activates 
hypersensitive response in tomato
Pranav Pankaj Sahu1,2, Namisha Sharma1, Swati Puranik1,†, Supriya Chakraborty2 & 
Manoj Prasad1

Involvement of 26S proteasomal subunits in plant pathogen-interactions, and the roles of each subunit 
in independently modulating the activity of many intra- and inter-cellular regulators controlling 
physiological and defense responses of a plant were well reported. In this regard, we aimed to 
functionally characterize a Solanum lycopersicum 26S proteasomal subunit RPT4a (SlRPT4) gene, which 
was differentially expressed after Tomato leaf curl New Delhi virus (ToLCNDV) infection in tolerant 
cultivar H-88-78-1. Molecular analysis revealed that SlRPT4 protein has an active ATPase activity. 
SlRPT4 could specifically bind to the stem-loop structure of intergenic region (IR), present in both 
DNA-A and DNA-B molecule of the bipartite viral genome. Lack of secondary structure in replication-
associated gene fragment prevented formation of DNA-protein complex suggesting that binding of 
SlRPT4 with DNA is secondary structure specific. Interestingly, binding of SlRPT4 to IR inhibited the 
function of RNA Pol-II and subsequently reduced the bi-directional transcription of ToLCNDV genome. 
Virus-induced gene silencing of SlRPT4 gene incited conversion of tolerant attributes of cultivar 
H-88-78-1 into susceptibility. Furthermore, transient overexpression of SlRPT4 resulted in activation 
of programmed cell death and antioxidant enzymes system. Overall, present study highlights non-
proteolytic function of SlRPT4 and their participation in defense pathway against virus infection in 
tomato.

Importance of the ubiquitin/26S proteasome (UPS) pathway in different plant-pathogen interactions is well 
recognized1–5. UPS pathway has been implicated in diverse aspects of eukaryotic cell regulation as it rapidly 
removes intracellular proteins6. In addition to these functions, it is also associated with immune responses to 
pathogen invasion. UPS components are indirectly or directly involved in signaling and regulation of non-host 
disease resistance, resistance gene-mediated responses, basal immunity and systemic acquired resistance7–10. 
It is used not only by the host cells in providing immunity and biotic stress responses, but also by pathogens, 
including viruses, for their own use3,11,12. Structurally, the 26S proteasome (26SP) in plants consists of a core 
particle (CP)/20S proteasome (20SP) and a regulatory particle (RP)/19S proteasome. The 20SP is involved in deg-
radation of proteins whereas the 19S confers ATP- and Ub-dependence to the protease13. CP is a barrel-shaped 
ATP- and Ub-independent protease, built out of four stacked rings i.e., two inner and two outer. The inner rings 
consist of seven β  subunits (β 1to β 7) while outer rings have seven α  subunits (α 1 to α 7). These rings gate the 
access of proteins to the proteolytic chamber. The regulatory particle, on the other hand, is composed of two 
sub-complexes, the Lid and the Base. The Base contains six different RP Triple-A ATPases (RPTs) alongwith three 
RP Non-ATPase (RPN) subunits 1, 2 and 10. The RP Lid composed of eight RPNs (3, 5 to 9, 11 and 12). The RPTs 
unfold target proteins and open entrance of the 20SP chamber14,15. RPN subunits 1, 2 and 10 function as docking 
sites for different proteins.
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Tomato leaf curl disease is caused by several strain/species of begomoviruses in India16,17, of which Tomato 
leaf curl New Delhi virus (ToLCNDV) is the most predominant and severe16. Due to lack of effective control meas-
urements against the viruses, host resistance/tolerance is the main strategy for the efficient disease control. A few 
tomato (Solanum lycopersicum) cultivars/hybrids have displayed resistance/tolerance against the strains of tomato 
leaf curl virus in India18. Resistant sources to Tomato leaf curl virus are available in various accessions of Solanum 
species but the mechanism behind the resistance/tolerance has not been examined19,20. In our previous study, we 
identified a set of genes which were differentially expressed in ToLCNDV tolerant tomato cultivar H-88-78-121. 
We reported higher abundance of UPS components like 26SP subunit RPT4 and Ubiquitin conjugating enzyme 
E2, along with many signaling and defense related genes, in tolerant tomato cultivar21. In the present study, we 
functionally characterized Solanum lycopersicum 26SP-RPT4a (SlRPT4) gene as a novel virus defense component 
of the tolerant cultivar. Here, we demonstrated that SlRPT4 protein may interfere with the ToLCNDV genome 
transcription and activates hypersensitive response (HR) in tomato.

Results
SlRPT4 has ATPase and DNA-binding activity. To examine the biochemical properties of SlRPT4 pro-
tein, it was firstly purified as a SlRPT4-GST fusion protein (∼ 69 kDa) from E.coli strain BL21 (Supplementary 
Fig. 1). The protein showed ATP hydrolyzing activity in an ATPase assay suggesting that the protein can efficiently 
hydrolyze γ P32-ATP and dissociate inorganic Phosphate (Pi) (Fig. 1A).

DNA binding activity of SlRPT4 protein was probed using amplified radiolabelled fragments of intergenic 
regions (IR) of DNA-A and DNA-B and with replication (Rep) regions by electrophoretic mobility shift assay 
(EMSA). After incubation, SlRPT4 protein formed complex only with DNA-A-IR and DNA-B-IR specific probes 
(Fig. 1B). However, this DNA-protein complex was not detected with the Rep-specific fragment, which lacks the 
secondary structure (Fig. 1B). This suggests that SlRPT4 protein may have binding affinity towards stem-loop 
structure of IR. Further, to check that the complex formation was not due to the binding affinity of GST protein, 
we incubated it with IR and Rep specific probes (Fig. 1B). Absence of any band showed that purified GST protein 
lacked DNA binding activity. Overall, the results suggested that SlRPT4 is an ATP-hydrolyzing and secondary 
structure specific DNA binding protein.

We also validated DNA-A-IR:SlRPT4 interaction through ChIP analysis (Fig. 1C,D). For this, SlRPT4-myc 
overexpression construct (i.e., pGWB17:SlRPT4-myc) was agro-infiltrated in ToLCNDV infected leaves of sus-
ceptible cultivar Punjab Chhuhara. After 3 day post-infiltration, cross-linked chromatin complexes were isolated. 
Fragmented chromatin was incubated with monoclonal anti-myc antibodies for immunoprecipitation of the 
complexes. DNA eluted was analyzed by PCR using primers corresponding to IR regions of ToLCNDV-DNA-A 
(Table 1). Result suggested that SlRPT4-myc has affinity to the DNA-A-IR of ToLCNDV (Fig. 1C).

We examined the possible interfering role of SlRPT4-IR complex with virus genome transcription. As RNA 
PolII plays an important role in the transcription of virus genome, gfp-tagged subunit-3 of RNA PolII was tran-
siently expressed in ToLCNDV infected leaves. Immunoprecipitation was performed with the monoclonal 
anti-gfp antibody and obtained complexes were subjected to the PCR analysis. It was observed that DNA-A-IR 
specific primers were able to amplify the region from the immunoprecipitated samples, which suggested that 
the RNA PolII subunit binds to the IR region (Fig. 1D). Furthermore, both SlRPT4 and SlRNA PolII subunit-3 
were transiently expressed into tomato leaves infected with ToLCNDV. Immunoprecipitation complex of 
DNA-A-IR:SlRNA PolII-3-gfp with anti-gfp antibodies were subjected to PCR analysis. It was revealed that the 
reproducibility of the IR-specific amplified product was significantly (P <  0.001) reduced ∼ 40% in the sample 
co-infiltrated with RNA PolII-3-gfp and SlRPT4-myc overexpression construct (Fig. 1E,F). However, tomato 
leaves co-infiltrated with RNA PolII-3-gfp and vector control showed relatively low reduction (∼ 15%) in the 
level of IR-specific fragments (Fig. 1E,F). These results suggested that SlRPT4 binds to the IR, which subsequently 
hinders the binding of RNA PolII complex, there by restricting ToLCNDV transcription in the infected cell.

To validate the ToLCNDV-specific transcript accumulation, SlRNA PolII over-expressed tissues with- and 
without-SlRPT4 co-expression were subjected to northern blot analysis. Tissues transiently expressing empty 
vector (EV) was used as experimental control. It was observed that upon SlRPT4 expression, level of both com-
plementary (Rep) and virus sense (CP) strand specific transcript were significantly (P <  0.001) down-regulated 
in comparison to co-expressed SlRNA PolII with EV tissues (Fig. 1G,H, Supplementary Fig. 2). Co-expression of 
SlRNA Pol-II subunit and SlRPT4 also significantly (P <  0.001) reduces relative abundance of both Rep and CP 
transcript accumulation, in comparison to co-expressed SlRNA PolII with EV tissues (Fig. 1G,H, Supplementary 
Fig. 2). Rep-specific transcript accumulation on SlRNA PolII transiently expressed tissues with SlRPT4 was signif-
icantly (P <  0.001) reduced, in comparison to only SlRNA PolII (without-SlRPT4) expressed tissues (Fig. 1G,H). 
Moreover, transient expression of SlRNA PolII in mock (EV) did not affect the level of Rep-specific transcript, 
as no significant differences between mock and SlRNA PolII overexpressed mock plant was observed (Fig. 1G). 
Virus sense strand specific-CP transcript accumulation was significantly (P <  0.001) down-regulated (∼ 80% 
reduction) in the tissues transiently co-expressed with SlRNA PolII and SlRPT4 in comparison to RNA Pol-II 
alone (without-SlRPT4) infiltrated leaf tissues (Supplementary Fig. 2A,B). These results suggested that SlRPT4 
may alter the level of ToLCNDV transcript in both directions, there by restricting virus infection in ToLCNDV 
infected tissues in tomato.

Silencing of SlRPT4 increases ToLCNDV induced symptom severity. Various studies have utilized 
the Tobacco rattle virus (TRV)-mediated VIGS system for the functional characterization of tomato genes22. 
Thus, we used TRV-VIGS vector to understand the role of SlRPT4 in the alteration of ToLCNDV infection. The 
silencing efficiency of TRV-based VIGS system in cultivar H-88-78-1 was tested using an endogenous control 
Phytoene desaturase (Slpds). Tobacco was selected as reference to assess the degree of silencing (Supplementary 
Fig. 3). The characteristic photo-bleaching effect of PDS silencing started to appear at upper-most leaves at 10 
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days post-silencing and reached maximum at 21 days post-silencing (Supplementary Fig. 3). Transcript abun-
dance of Slpds silenced plants were experimentally validated and showed > 70% reduction in their accumulation, 
in comparison to mock-inoculated H-88-78-1 plant (Supplementary Fig. 3). Similar reduction in transcript level 
was recorded in the Nbpds silenced plants (Supplementary Fig. 3).

For silencing of SlRPT4, a 231 bp fragment was cloned into the VIGS vector system and agro-infiltrated at 
two-leaf stage into cultivar H-88-78-1. ToLCNDV infection was performed subsequent to the silencing exper-
iment. Tolerant cultivar H-88-78-1 challenged with ToLCNDV at two-leaf stage was used as an experimental 
control. RNA blot analysis revealed that the level of SlRPT4 in silenced cultivar H-88-78-1 started declining 7 
days post-silencing and reduced to minimum till 21 days post-silencing (Supplementary Fig. 4). A total of 75 
plants from three independent experiments were tested for infectivity. Samples were denoted as HTRV:00 (vec-
tor infiltrated cultivar H-88-78-1 as Mock), HTRV:SlRPT4 (SlRPT4 silenced cultivar H-88-78-1), mock infiltrated 

Figure 1. Molecular characterization of SlRPT4 protein. (A) Thin-layer chromatography (TLC) to evaluate 
ATPase activity. Figure shows dissociation of Pi from γ P32-labelled ATP. Level of Pi was enriched upon 
increasing the amount of protein. GST protein was used as a negative control of the experiment. (B) DNA 
binding activity of SlRPT4-GST protein. Binding of SlRPT4 protein onto α P32-dCTP-labeled corresponding 
fragment of DNA-A-IR, DNA-B-IR and Rep regions are shown by retarded DNA-protein complex through 
EMSA on 6% native polyacrylamide gel. Signs, + /−  represent the presence/absence of components. GST 
protein was used as a control substrate. In vivo binding assay was performed by transiently overexpressing 
SlRPT4 (C); SlRNA PolII subunit-3-gfp construct (D); and SlRPT4 and SlRNA PolII subunit-3 co-infiltration 
(E), in ToLCNDV infected leaves. Figures depict the amplification of IR fragments from the chomatin immuno-
precipitated from the sample by using tag-corresponding to c-myc and gfp. (E) Relative abundance of IR specific 
fragments in the experimental samples. (F) Accumulation of Tomato leaf curl New Delhi virus ToLCNDV 
specific Rep transcripts in HT (ToLCNDV infected cultivar H-88-78-1) and HSlRPT4+T (SlRPT4 silenced H-88-
78-1 infected with ToLCNDV), (G) Northern hybridization showing the accumulation of Rep transcripts, (H) 
Relative accumulation of Rep transcripts in the leaf samples infiltrated with empty vector (EV), SlRPT4-myc 
and RNA Pol II-3-gfp construct alone, and co-infiltrated with RNA Pol II-3-gfp and SlRPT4-myc construct. 
Fragment corresponding to ToLCNDV-Rep gene was used as probe. Total RNA is shown as equivalent loading 
in the experiment. Data depicts means ±  SD of three independent experiments (n =  3); * P <  0.05; * * P <  0.01;  
* * * P <  0.001.
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with ToLCNDV (HTRV:00+T), HTRV:SlRPT4+T (SlRPT4 silenced and ToLCNDV infected cultivar H-88-78-1) and HT 
(ToLCNDV infected H-88-78-1). Infectivity scoring was performed at 21 dpi as described21 (Table 1). Leaf curl 
symptoms started to appear in HTRV: SlRPT4+T within 7 dpi, whereas in HT, severe symptom initiation started at 14 
dpi (Fig. 2A). Symptom remission started in upper systemic leaves after 14 dpi and at 21 dpi leaf-curling symp-
tom was diminished in ToLCNDV-infected mock (HTRV:00+T) plants. HTRV: SlRPT4+T plants failed to start symptom 
remission (Supplementary Fig. 5A,B). Severity of infection was higher in the HTRV: SlRPT4+T and plants showed 
stunted growth, leaf curling and yellowing (Fig. 2A). Upon silencing, ∼ 70% plants showed the typical leaf curling 
symptom at 21 dpi. However, no contrasting phenotypic difference was observed in HTRV:SlRPT4 and HTRV:00 (mock) 
infiltrated plants.

Plant
Plant infected/

inoculated
Severe symptom 

appearance
Symptom 
severitya

Over all 
gradeb

H-88-78-1 (HT) 5/75 14 + T

Mock (HTRV:00+T) 7/75 13 + T

SlRPT4 silenced (HTRV:SlRPT4+T) 51/75 7 + + + + HS

Mock (HTRV:00) – – – –

SlRPT4 silenced (HTRV:SlRPT4) – – – –

Table 1.  Infectivity scoring of Tomato leaf curl New Delhi virus-infiltrated control, mock and SlRPT4 
silenced plant. Infectivity indexing was done on systemic leaves of experimental plants at 21 days post-
inoculation, following the protocol described elsewhere21. Briefly, a) + , Least severe; + + , moderately severe;  
+ + + , severe; + + + + , highly severe. b) T, Tolerant (1–20%); MT, Moderate tolerant (20.1–40%); S, Susceptible 
(40.1–60%); HS, Highly susceptible (60.1–100%). ‘–’ represent non-ToLCNDV infected samples.

Figure 2. Plant phenotyping and molecular analysis of SlRPT4 silenced tomato plants. (A) phenotype of 
experimental tomato plants. ToLCNDV tolerant cultivar H-88-78-1 plants were infiltrated with Agrobacterium 
containing the TRV:SlRPT4 construct (HSlRPT4). Subsequent to SlRPT4 silencing process, ToLCNDV infection was  
performed. The photographs of the plants were taken at 7, 14, 21 and 28 days post inoculation (dpi). HSlRPT4, SlRPT4  
silenced H-88-78-1; HTRV:00, vector infiltrated control plant; HTRV:00+T vector infiltrated control plant infected 
with ToLCNDV; HSlRPT4+T, SlRPT4 silenced H-88-78-1 infected with ToLCNDV; HT, cultivar H-88-78-
1agroinfiltrated with ToLCNDV. Level of viral DNA in HT (ToLCNDV infected cultivar H-88-78-1) and 
HTRV:SlRPT4+T (SlRPT4 silenced H-88-78-1 infected with ToLCNDV) at different dpi. (B) Southern blot of tomato 
genomic DNA from all experimental plants were hybridized with ToLCNDV-coat protein gene specific probe. 
Replicative forms of ToLCNDV genome are designate as open circular (OC), linear (Lin), supercoiled (SC) 
and single strand (SS). TRV:00 infiltrated H-88-78-1 was taken as a mock control. Ethidium bromide stained 
DNA from each experiments were shown as equivalent loading. (C) Relative accumulation of viral DNA in the 
samples HT and HSlRPT4+T at different time points. Data depicts means ±  SD of three independent experiments 
(n =  3); * P <  0.05; * * P <  0.01; * * * P <  0.001.
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Phenotypic changes in terms of viral infection and symptom development after down-regulation of SlRPT4 
subunit, were validated by examining the accumulation of viral DNA-A at 7–28 dpi in both HTRV:SlRPT4+T and 
HT plants. Southern blot analysis revealed that viral DNA accumulation at 21 and 28 dpi was maximum (100%) 
in HTRV:SlRPT4+T, while HT showed minimum (∼ 20%) accumulation at 28 dpi (Fig. 2B,C). Level of viral DNA 
accumulation was significantly higher in HTRV:SlRPT4+T at 21dpi and 28 dpi (P <  0.01 and < 0.001, respectively), in 
comparison to HT plants. We also evaluated the accumulation of DNA-B upon SlRPT4 silencing and found that 
level of corresponding molecule was significantly (P <  0.001) increased in SlRPT4 silenced tomato cv. H-88-78-1 
during ToLCNDV infection (Supplementary Fig. 6). Overall, the silencing of SlRPT4 led to enhanced accumu-
lation of both DNA-A and DNA-B, which signifies the involvement of this gene in providing tolerance against 
bipartite geminivirus.

Transient overexpression of SlRPT4 induces HR and Programmed cell death. In order to investi-
gate whether SlRPT4 gene is involved in programmed cell death (PCD) or not, in planta transient overexpression 
of SlRPT4 was performed in a ToLCNDV susceptible tomato cultivar Punjab Chhuhara. Fully expanded leaves of 
cultivar were agro-infiltrated with overexpression construct SlRPT4 (PCSlRPT4), ToLCNDV (PCT), mixed culture 
of ToLCNDV and overexpression construct SlRPT4 (PCSlRPT4+T). Agrobacterium containing the pCAMBIA1302 
vector was infiltrated as a control measure and termed PCV. We found that overexpression of SlRPT4 (PCSlRPT4) 
can produce HR symptoms as opposed to PCV where less HR was observed (Fig. 3A). However, HR symptoms 
were also visible in infiltrated leaves of PCT and PCSlRPT4+T (Fig. 3A). HR-mediated programmed cell death (PCD) 
was examined by staining leaves with trypan blue reagent which showed characteristic cell death symptoms in 
PCSlRPT4 and PCSlRPT4+T plants (Fig. 3A). However, leaf sample of PCV also showed cell death symptom which 
may be due to the infiltration-associated compatible interaction with Agrobacterium containing the virulent vec-
tor. Interestingly, cell death symptoms were enriched upon ToLCNDV co-infiltration (Fig. 3A). In animal cells, 
during apoptosis cytochrome-c provokes a caspase-9 activating complex assembly, which consecutively triggers 
a cascade of caspases, including caspase-323. Although, direct homologues of caspase genes are absent in the 
plant genome, involvement of certain caspase-like proteases in the control of cell death activation is reported in 
different pathogenic and non-pathogenic responses24,25. Therefore, synthetic fluorogenic substrates for caspase-9 
(LEHD-AFC) and caspase-3 (DEVD-AFC) were used to detect caspase like activity in tomato cultivar Punjab 
Chhuhara with different treatments, mentioned previously. It was found that the caspase-9 and caspase-3 activity 
showed > 5 fold induction in PCSlRPT4 in comparison to the control (Fig. 3B,C). PCSlRPT4+T showed relatively lower 
accumulation of caspase 9- and caspase 3-like activity in comparison to the PCSlRPT4 (Fig. 3B,C). These observa-
tions suggested that up-regulation of SlRPT4 could be involved in the regulation of PCD in plant cell.

We also studied viral DNA accumulation in the corresponding tissues through Southern blot analysis. Leaf 
tissues of PCSlRPT4, PCT, PCSlRPT4+T, PCV and PCV+T were harvested after 3 dpi, and subjected to the DNA iso-
lation. It was observed that viral DNA accumulation was more in the case of PCT in comparison to PCSlRPT4+T. 
Approximately 75% decrease in the viral DNA accumulation was observed in the SlRPT4 overexpressed tissues, 
in comparison to PCV and PCV+T samples (Fig. 3D,E). This indicates that viral multiplication decreases due to 
activation of PCD by SlRPT4 overexpression.

Involvement of ROS in hypersensitive response. The activity of enzymes like ascorbate peroxidase 
(APX) and catalase (CAT) were measured to test the production of reactive oxygen species (ROS) in the exper-
imental tissues. In PCSlRPT4 treatment, a significant (P <  0.01) decrease in APX activity was observed in com-
parison to PCV (Fig. 4A). However, specific activity of APX in PCV was also significantly (P <  0.01) higher than  
PC SlRPT4+T (Fig. 4A). Similarly, level of CAT was significantly higher in PCT and PCSlRPT4+T in contrast to the PCV 
(Fig. 4B). However, SlRPT4 transiently expressed tissue PCSlRPT4 showed non-significant change in CAT activity 
in comparison to PCV tissues (Fig. 4B). In addition to the SlRPT4 overexpressed Pujab chhuhara, antioxidant 
enzyme activities were also analyzed in SlRPT4-VIGS lines. Although, significant reduction in only APX activ-
ities was observed in HTRV:00 in comparison to HTRV: SlRPT4 (Supplementary Fig. 7A,B). Further, as a measure to 
assess membrane integrity, we evaluated the membrane damage and HR through Lipid peroxidation (LP) assay. 
The level of Malondialdehyde (MDA), which is an indicator of degree of LP, increased significantly (P <  0.001) in 
PCSlRPT4 with respect to vector control PCV (Fig. 4C). LP was also significantly (P <  0.01) higher in PCT infected 
leaves than PCV, however, MDA level decreased significantly (P <  0.01) in PC SlRPT4+T sample (Fig. 4C). With the 
aim to examine membrane damage as well as to validate the lipid peroxidation assay, we measured the electrolytic 
leakage (EL) in both SlRPT-transiently expressed and -silenced samples. It was observed that PCSlRPT4 exhibited 
significantly (P <  0.01) higher rate of ion leakage than the PCV (Fig. 4D). Moreover, ToLCNDV infection (PCT) 
increased the rate of EL, which may be due to cultivar-specific response to the virus infection. Thus, membrane 
damage and ion leakage act as one of the marker elements of ROS in SlRPT4-mediated cell death. Interestingly, 
SlRPT4 silenced samples showed non-significant difference in the level of both MDA and relative ion leakage in 
comparison to HTRV:00 tissues (Supplementary Fig. 7C,D).

Discussion
Reports on the importance of 26SP subunits in independently targeting biological pathway regulators are increas-
ingly apparent26–28. Most phenotypes of 26SP subunit mutants are defective in proteolysis function. Such mutants 
may also show defect in the function of individual subunits which necessitates re-evaluation of the role of each 
subunit. Apart from functioning in protein degradation and turnover, proteasomes have RNase activity. This 
activity appears to be an integral part of plant defense against viruses as RNase activity of 26SP subunits were 
highlighted during in vitro interaction with viral RNAs29–31. Arabidopsis thaliana proteasomal α 5 subunit was 
identified as a factor to degrade Tobacco mosaic virus (TMV) and Lettuce mosaic virus (LMV)-derived RNAs  
in vitro32. Viral proteins may also interact and alter 20SP components catalytic activities. For example, HcPro 
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of Potato virus Y (PVY) interacted with the α 1, β 2 and β 5 subunits of the Arabidopsis thaliana 20SP and modu-
lated the RNase activity leading to compromised defense response against these viruses33. It has also been sug-
gested that the RNAse activity of 26S protesome subunits is differentially regulated through diverse extra-cellular  
signals34. Thus, proteasome-dependent RNase activity may represent an example of battle between the plant and 
pathogens, especially viruses.

The present study highlights novel function of a tomato 26SP subunit RPT4 (SlRPT4) in defense against gem-
inivirus infection. It was found to contain an active ATPase domain (Fig. 1A) which makes it a potential protein 
to regulate various cellular and molecular functions. Proteins containing such AAA domain have been shown 
to involved in DNA replication, transcription control, degradation of protein, membrane fusion, microtubule 
regulation, signal transduction and the regulation of gene expression35,36. Majority of reports highlighting the 

Figure 3. Agrobacterium-mediated transient overexpression of the SlRPT4. (A) Punjab Chhuhara leaves 
were agro-infiltrated with SlRPT4 overexpression construct (PCSlRPT4), pCAMBIA1302 vector (PCV), mixed 
treatment of SlRPT4 overexpression construct and ToLCNDV construct (PCSlRPT4+T), and ToLCNDV construct 
alone (PCT). Leaves were stained with trypan blue to confirm the cell death. Estimation of caspase 9-like 
(B) and caspase 3-like activity (C). Extracts from Punjab Chhuhara leaves of different treatments (Control, 
PCV; ToLCNDV, PCT; SlRPT4, PCSlRPT 4and SlRPT4+ ToLCNDV, PCSlRPT4+T) were incubated with respective 
peptide substrates i.e., LEHD-AFC for caspase-9 like and DEVD-AFC for caspase-3 like activity, into caspase 
assay buffer. Their relative fluorescence was measured and enzymatic activities were normalized for protein 
concentration. (D) Accumulation of Tomato leaf curl New Delhi virus DNA in SlRPT4 overexpressed tomato 
cultivar Punjab chhuhara. Southern blot of tomato genomic DNA from all experimental plants were hybridized 
with ToLCNDV-coat protein gene specific probe. (E) Relative accumulation of viral DNA in different 
treatments. Control, PCV; ToLCNDV, PCT; SlRPT4, PCSlRPT4 and SlRPT4+ ToLCNDV, PCSlRPT4+T. Data depicts 
means ±  SD of three independent experiments (n =  3); * P <  0.05; * * P <  0.01; * * * P <  0.001.



www.nature.com/scientificreports/

7Scientific RepoRts | 6:27078 | DOI: 10.1038/srep27078

specific function RPTs are established in yeast. For example, proteasomal ATPase RPT4 helps in the dislocation 
of endoplasmic reticulum-associated degradation (ERAD) substrates37. However very few reports are available, 
revealing the non-proteolytic functions of RPT4 in plants. A study showed that, rice RPT4 protein can interact 
with root architecture associated1 (RAA1) and facilitate the root growth and morphology38. In this regard, we 
further explored the non-proteolytic function of SlRPT4 leading to defense against ToLCNDV.

Geminivirus genome contains an IR from which viral genes are transcribed in both the viral and complemen-
tary sense39. This bidirectional RNA polymerase II-type promoter is not only responsible for the transcription of 
viral genes but also contains specific sequence elements required for the viral DNA replication. SlRPT4 was found 
to possess DNA binding characteristics, more specifically to ToLCNDV-IR (Fig. 1B,C). The SlRPT4-IR complexes 
were observed when corresponding region of DNA-A and DNA-B were incubated with the SlRPT4-GST fusion 
protein. Interestingly, IR of both these components have hairpin loop structure, which strengthen our assumption 
that the binding of SlRPT4 with IR may be secondary structure specific. This structural specificity was also eval-
uated by SlRPT4 binding with the DNA-A specific Rep region (which does not possess any stem loop structure; 
Fig. 1B). Absence of any stem loop structure in Rep region of ToLCNDV prevented the specific protein-DNA 
complex formation, confirming that the binding of SlRPT4 with DNA is secondary structure specific for IR. 
Moreover, SlRPT4 inhibited the binding of RNA-Pol II onto IR (Fig. 1E,F) which resulted in altered transcription 
of ToLCNDV (Fig. 1G,H, Supplementary Fig. 2). Transient expression of SlRPT4 significantly inhibited accumu-
lation of Rep (complimentary sense strand) and coat protein (viral sense) gene specific transcripts (Fig. 1G,H, 
Supplementary Fig. 2) suggesting that SlRPT4 can inhibit bidirectional transcription of viral genes.

Our results establish a strong correlation between decrease in the level of ToLCNDV specific transcripts due to 
binding of SlRPT4 onto viral promoter. Thus, it can be posited that SlRPT4 has a non-proteolytic role in alteration 
of viral gene transcription through specific affinity with geminivirus-IR. As transcription and replication of viral 
genome are nuclear bound events, our study also suggests a novel nucleus associated function of SlRPT4 protein. 
Although, presence of 26SP complex in the nucleus has been reported in various studies, exact mechanism of 
transport is unclear40,41. Component of 26SP subunits are highly conserved but only RPT2a has been shown to 
have nuclear localization signal (NLS)42. Lack of NLS in SlRPT4 may denote that it has a NLS independent mech-
anism of transport into the nucleus.

This study also presents a direct evidence that inhibition of SlRPT4 alters the tolerant characteristics of cultivar 
H-88-78-1 into susceptibility, both at phenotypic and molecular level (Fig. 2A–C, Supplementary Figs 5 and 6). 
VIGS of SlRPT4 increases symptom severity in ToLCNDV inoculated tolerant cultivar H-88-78-1 (HTRV:SlRPT4+T; 
Fig. 2A). Increased titer of both viral DNA-A and DNA-B in HTRV:SlRPT4+T can be associated with their higher 
replication as a consequential effect of SlRPT4 silencing. Therefore, loss of SlRPT4 function (i.e. the IR binding 
activity) assists in viral genome replication which is essential for viral infection and multiplication.

Transient overexpression of SlRPT4 revealed that affected cells exhibited characteristic features of apoptotic 
cell death thereby restricting the ToLCNDV spread and infection (Fig. 3A–C). This proteasome-mediated cell 

Figure 4. Estimation of antioxidant enzyme activity in cultivar Punjab Chhuhara. (A) Specific activity of 
APX was measured as 1 μ  mol of ascorbate oxidized min−1. (B) Specific activity of CAT was measured as  
1 μ mol H2O2 oxidized min−1. (C) Levels of lipid peroxidation expressed in terms of MDA concentration. (D) 
Percentage electrolytic leakage. Data depicts means ±  SD of three independent experiments (n =  3); * P <  0.05;  
* * P <  0.01; * * * P <  0.001. Control, PCV; ToLCNDV, PCT; SlRPT4, PCSlRPT4 and SlRPT4+ ToLCNDV, PCSlRPT4+T.
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death pathway is involved in caspase-9- and caspase-3-like activity (Fig. 3B,C). Several studies have reported that 
proteasomes are involved in conferring defense against pathogens43–45. Suppression of proteasome activity has 
been correlated with PCD in plants23,46. Contrastingly, diverse studies have revealed that activation of proteasome 
may also lead to PCD in plants47,48. For example, proteasome function was found to be essential for activation 
of PCD in heat stressed tobacco Bright-Yellow 2 cells48. During TMV infection in hot pepper, up-regulation of 
26SP subunit RPN7 was associated with the activation of PCD47. Similar findings were also reported from animal 
systems, in which cell type dependent apoptosis was regulated by proteasome and lead to both initiation and 
inhibition of PCD49. Such evidences clearly suggest that the subunits of 26SP have complex function in PCD and 
precise role of each subunit needs to be investigated further. Our study highlights that upon transient expression 
of SlRPT4, transformed cells exhibited the characteristic cell death symptoms (Fig. 3A). We also showed that 
elevation of caspase-like enzymes possibly correlates with PCD. It is a localized response at the site of pathogen 
attack displaying PCD thereby limiting the spread of pathogens50. Thus, upon SlRPT4 overexpression in a plant 
cell, activation of HR leads to PCD which in turn restricts the virus spread from the infected tissues into the 
subsequent cells. This suggest that SIRPT4a may have generic response in regulation of ROS mediated PCD 
(Although ToLCNDV is a non-necrotic virus).

In most cases of plant-pathogen interaction, reactive oxygen species (ROS) act as positive regulators of the 
HR and activate plant defenses51,52. Reduced ROS scavenging system (antioxidant) activities may also contrib-
ute to higher ROS accumulation leading to enhanced HR and defense against pathogens53–55. Hence, we also 
examined the level of ROS scavenging systems in both transiently expressed and VIGS-mediated silencing of 
SlRPT4 gene in susceptible and tolerant cultivar of tomato, respectively. Among the antioxidant enzymes, CAT 
and APX play important roles to cope-up excess ROS. Their down-regulation promotes increased ROS levels 
and cell death56,57. Examination of their activity showed a significant decrease in SlRPT4-silenced susceptible 
cultivar, PCSlRPT4 (Fig. 4A,B). In contrast, SlRPT4-silenced tolerant cultivar of tomato showed relatively higher 
expression of APX in comparison to the mock treated plants (Table S1). It suggested that increased level of APX in 
SlRPT4-silenced cultivar H-88-78-1 helps in detoxification of ROS. However, there was no significant increase in 
the level of CAT. In our previous study, we had constructed a tomato suppression subtractive hybridization library 
in between mock and ToLCNDV infected cultivar H-88-78-121. Interestingly, it was observed that the transcripts 
similar to the catalase and their isoforms showed down-regulation and basal pattern of gene expression21. This 
data also support our finding that in ToLCNDV tolerant cultivar H-88-78-1 activation of ROS system helps in 
the reduction of viral spread. ROS can also produce lipid derivatives like conjugated dienes, hydroperoxides 
and malondialdehyde (MDA) by non-enzymatic oxygenation that directs membrane damage thus affecting cell 
viability58. Often, plant cell death is associated with high cellular electrolyte outflow59, which can be measured by 
ion leakage. Reduced cellular viability at the site of attack limits the spread of pathogens and may act as a source 
of signals for establishment of further defenses50,60. In this study, we found that MDA content was increased in 
SlRPT4 transiently expressed plant along with the levels of relative ion leakage (Fig. 4C,D). Overall the above 
results suggest that ROS activation, altered response of antioxidant systems and reduced membrane stability may 
be related to the successful recognition of ToLCNDV infection and activation of defense signaling.

Collectively, these responses of SlRPT4 check the viral spread and thereby inhibit pathogenesis. It has an 
active ATPase domain which suggests it may have additional function; however, functional importance of ATP 
hydrolysis against virus infection in tomato needs to be explored further. SlRPT4 can interact with DNA, specif-
ically at the stem loop structure, and can activate ROS and cell death process to regulate various defense related 
function against ToLCNDV. Up-regulation of SlRPT4 in tomato may help spreading ToLCNDV infection in two 
ways; firstly restricting ToLCNDV multiplication by activation of PCD and HR; secondly by binding with viral 
promoter to inhibit ToLCNDV transcription. However, exact mechanism of cell death by the SlRPT4 needs to 
be explored further. In this regard, protein-protein interaction study may also provide some evidence of SlRPT4 
based activation of HR. We are currently developing a stable transgenic line in tomato, to further investigate the 
role of SlRPT4 in PCD. The emerging picture suggests that 26SP mediated defense occurs at different levels of 
plant-virus interaction. In addition, demonstrated novel antiviral role of RPT4 will promote plant biologist and 
virologist to functionally characterize other components of the UPS for better understanding of plants and path-
ogens in incompatible interactions.

Materials and Methods
Plant material and growth conditions. Solanum lycopersicum (cultivar H-88-78-1 and cultivar Punjab 
Chhuhara) seeds were sown in composite soil (peat compost to vermiculite, 3:1 v/v), germinated and maintained 
in a growth chamber containing 2 cabinets (PGC-6L; Percival Scientific Inc., USA) under 14 h light/10 h dark 
cycle at 25 °C, 70% relative humidity, and a light intensity of approximately 250 μmol photons m−2 s−1. For silenc-
ing experiment, the temperature was maintained at 22 °C throughout as higher temperature inhibits the T-DNA 
transfer.

Recombinant protein expression and purification. For bacterial expression, pGEX4T2:SlRPT4 
recombinant construct was prepared through specific primers listed in Table S1. GST-tagged-SlRPT4-protein 
was expressed in BL21 (DE3) strain. SlRPT4-GST fusion protein was induced by adding 1 mM isopropyl 
β-D-thiogalactopyranoside (IPTG) fallowed by re-suspension in lysis buffer [10 mM PBS, pH 7.0; 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), 2 μ l/ml protease inhibitors] and sonication. After centrifugation for 10 min 
at 12000 rpm, obtained pellet was dissolved in IBS buffer (G-biosciences) at 4 °C for 1 h. After centrifugation, 
supernatant was purified by affinity chromatography using Glutathione-Sepharose 4B. SlRPT4-GST fusion pro-
teins were eluted through treatment with elution buffer (20 mM reduced Glutathione) and further dialyzed with 
dialysis buffer [50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.5; 40 mM KCl].
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ATPase assay. Thin-layer chromatography (TLC) method was used for ATPase assay. Briefly, different 
amounts of protein were incubated in ATPase buffer [10 mM Tris-HCl (pH 8.0), 5 mM MgCl2, 50 mM KCl, 
10 mM DTT, and 100 μ g/ml BSA] containing 0.2 μ Ci of γ P32 labelled-ATP (Perkin Elmer Life Sciences, USA), 
at 37 °C for 30 minutes. TLC was performed. Reaction sample was spotted on a polyethyleneimine TLC plate. 
Air dried reaction mix was as resolved on a solvent consist of 0.5 M Lithium chloride and 1 M Formic acid. 
TLC paper was air dried and subsequently exposed to phosphor-screen and subjected to image scanning using 
phosphor-imager (Typhoon 9210).

Electrophoretic mobility shift assay (EMSA). EMSA was performed according to the protocol 
described61. PCR amplified product of DNA-A-IR, DNA-B-IR and Replication associated gene fragments were 
labeled with α P32-dCTP at 5′  end using Klenow fragment of DNA polymerase I. Further, binding reaction 
between purified SlRPT4-GST fusion protein and α P32-dCTP labeled IR fragment was performed in 30 μ L of 
binding buffer [75 mM HEPES, pH 7.5; 150 mM KCl, 0.1 mM DTT, 1 mM EDTA, pH 8; 5 mM MgCl2, 30% (w/v) 
glycerol and 0.1 mg/ml BSA] containing poly (di-dC). Samples were incubated at 25 °C for 30 min. After incuba-
tion samples were resolved in 10% PAGE containing 2% glycerol in 1X-TAE (40 mM Tris base, 20 mM Acetic acid 
and 1 mM EDTA, pH-8.0) buffer at 10 mA. After running, the dried gel were exposed to phosphor-screen and 
subjected to image scanning using phosphor-imager (Typhoon 9210).

Chromatin immunoprecipitation assay (ChIP). To examine the DNA binding affinity of SlRPT4 with 
region corresponding IR of ToLCNDV DNA-A, ChIP assay was performed according to the protocol described62. 
Briefly, the process implicated were immune-precipitation, reverse cross-linking, digestion of protein followed 
by DNA precipitation. For this, leaves of cultivar Punjab Chhuhara were agro-infiltrated with pGWB17:Sl-
RPT4-cmyc construct. Approximately, two gram of agroinfiltrated sample was subjected to cross-linking with 
the buffer containing (0.4 M Sucrose, 10 mM Tris-Cl (pH-8), 1 mM PMSF, 1 mM EDTA, and 1% Formaldehyde). 
Submerged leaves were vacuum-infiltrated for 20 minutes followed by 10 minutes vacuum infiltration of 2 M 
Glycine to stop cross-linking. Downstream processing including immune-precipitation, reverse cross-linking, 
digestion of protein followed by DNA precipitation was performed as described49. Tissues were grounded to 
the fine powder using liquid Nitrogen and re-suspended and homogenized into Nuclei isolation buffer (0.25 M 
Sucrose, 10 mM Tris-HCl pH-8, 10 mM MgCl2, 1% Triton X-100, 5 mM β -mercaptoethanol, 1 mM PMSF, Protease 
inhibitor). Homogenized mix was filtered through muslin cloth and centrifuged at 11,000 g for 20 min at 4 °C. 
Resultant pallet was dissolved in nuclei lysis buffer. This mix was sonicated by 8 times at 60% for 15 sec followed 
by centrifugation at 13000 g for 10 min at 4 °C. Sonicated chromatins were subjected to immuno-precipitation 
via anti-cmyc and anti-H3K4Me3 antibodies to obtain the desired genomic DNA fragments of ToLCNDV-IR and 
Actin7, respectively. As the negative control anti-IgG-antibody immunoprecipitation was used, while input con-
trol was non-immunoprecipitated sample. Obtained DNA was used for PCR amplification of targeted region of IR 
and Actin7 by region specific primers (Table S1). Amplified products were resolved in 1% agarose gel.

TRV-mediated VIGS and agroinfiltration. TRV mediated gene silencing was performed using the 
pTRV1 and pTRV2 vector (kindly provided by Dinesh-Kumar, Plant Biology Department, University of 
California, USA). The target gene silencing construct were prepared using pTRV1 and pTRV2 vectors according 
to the established protocol63. Silencing efficiency of TRV-based VIGS system in cultivar H-88-78-1 was evaluated 
by silencing of an endogenous control Phytoene desaturase (SGN-U593894) along with Nicotiana benthamiana 
(to assess the degree of silencing). Tomato 26S proteasomal subunit RPT4a (SGN-U566414) which was reported 
to differentially expressed in response to ToLCNDV infection in tolerant cultivar H-88-78-1, was selected for the 
silencing study. To minimize the effect of off target silencing, 231 bp fragment from 3′ -UTR of SlRPT4 was PCR 
amplified from tomato cDNA using primer (Table S1) and cloned into pTRV2 between XhoI/BamHI sites to form 
pTRV2:RPT4. The constructs were introduced into Agrobacterium strain EHA105 and cells harboring pTRV1 
and pTRV2 or pTRV derivatives were cultured in liquid broth (containing 100 μ m MES buffer; pH 5.5) supple-
mented with antibiotics (50 μ g ml−1 Kanamycin and 50 μ g ml−1 Rifampicin) and grown overnight at 28 °C. These 
cultures were centrifuged at 1,000×  g for 10 min and re-suspended in the same volume of re-suspension buffer 
(10 mM MgCl2, 100 μ M Acetosyringone and 1 mM MES buffer; pH 5.5). After adjusting OD600 at 1, transformed 
cells were incubated at room temperature for 3 h. These cultures were mixed according to the experimental set up 
(i.e. control, mock and gene silencing constructs) in 1:1 ratio and infiltrated at two leaf stage into tomato leaves by 
pressing a 1 ml syringe against the lower surface. Subsequent to silencing experiment ToLCNDV agro-infection 
was done by piercing with a needle at stem node. Tomato cultivar H-88-78-1 was termed on the basis of various 
treatments, namely HTRV:00 (TRV:00 vector infiltrated H-88-78-1 as Mock), HTRV:SlRPT4 (SlRPT4 silenced cultivar 
H-88-78-1), HTRV:SlRPT4+T (SlRPT4 silenced cultivar H-88-78-1 and ToLCNDV infected), HTRV:00+T (Mock plants 
infected with ToLCNDV) and HT (only ToLCNDV infected H-88-78-1). Each experiment was repeated three 
times.

Agrobacterium-Mediated Transient Overexpression of SlRPT4 . For Agrobacterium-mediated tran-
sient overexpression, full length cDNA of SlRPT4 gene was amplified using primer pairs (Table S1) and cloned 
into pCAMBIA1302 vector between NcoI/SpeI restriction sites. The resulting construct was transformed into 
A. tumefaciens strain GV3101. Transformed cells carrying pCAMBIA1302:SlRPT4 along with the empty vector 
were cultured and re-suspended as described above. The re-suspended culture’s absorbance (OD600) was adjusted 
to 0.8 and infiltrated into tomato leaves at two leaf stage. Tomato cultivar Punjab Chhuhara inoculated with 
different constructs were named as PCV (pCAMBIA1302 vector inoculated cultivar Punjab Chhuhara), PCSlRPT4 
(SlRPT4 overexpressed cultivar Punjab Chhuhara), PCSlRPT4+T (SlRPT4 overexpressed cultivar Punjab Chhuhara 
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and ToLCNDV infected) and PCT (only ToLCNDV infected cultivar Punjab Chhuhara). After 2 to 3 days, the 
infiltrated leaves were used for molecular analysis analysis.

Southern hybridization. Total DNA was isolated from leaves of each infiltrated plant by the 
cetyl-trimethylammonium bromide (CTAB) method64. For Southern hybridization, equal amount of total DNA 
(5 μ g) from each experimental samples were electrophoresed on 1% agarose gel in TBE [Tris-borate EDTA; 
45 mM Tris-borate, 1 mM EDTA (pH 8)] and transferred to positively charged nylon membrane (HYBOND-N+, 
Amersham Bioscience, USA). ToLCNDV-specific CP gene (DNA-A) and BC1 (DNA-B) probes were prepared as 
described20 and DNA fragments were labeled with [α 32P]dCTP using NEBlot Kit according to the manufacturer’s 
protocol (New England Biolabs).

RNA blot analysis. Total RNA was isolated using TRI reagent (Sigma-Aldrich, USA) from tomato leaves 
subjected to different treatments. For Northern blot analysis, 10 μ g total RNA was electrophoresed on 1.2% dena-
turing formaldehyde agarose gel in 1X MOPS running buffer and transferred to positively charged nylon mem-
brane (Hybond-N+, Amersham Bioscience, USA). For the viral replication specific transcript accumulation, Rep 
and CP gene of ToLCNDV were PCR amplified using specific primer pairs for probe preparation (Table-S1). 
Similarly probes specific to Slpds, Nbpds and SlRPT4 were amplified using gene specific primers listed in Table S1. 
Probes were labeled with [α 32P] dCTP using NEBlot Kit according to the manufacturer’s protocol (New England 
Biolabs). Phosphor-imager (Typhoon-9210, GE Healthcare, USA) was used to scan the blots and further densi-
tometry was done through available software (Quantity One; Bio-Rad, USA).

Trypan blue staining. Trypan blue staining was performed according to protocol65. In brief, cell death in the 
tomato leaves was examined by staining with trypan blue reagent (10 ml Lactic acid, 10 ml Glycerol, 10 g phenol, 
and 10 mg Trypan blue). The treated leaves were boiled for 1 min in capped falcon tube and distained overnight in 
Chloral hydrate. Photographs were taken using a stereomicroscope (SMZ 1500, Nikon, USA).

Measurement of Caspase-like activity in SlRPT4 overexpressed tomato. Leaves from different 
treatments were ground and homogenized in caspase lysis buffer (G-biosciences, St Louis, MO, USA). Samples 
were incubated in ice for 15 min, further centrifuged, and supernatants collected. Resultant supernatants (50 μ l) 
were mixed with 50 μ l of 2X caspase assay buffer with 150 μ M LEHD-AFC (G-biosciences, St Louis, MO, USA) 
for caspase 9-like activity and 150 μ M DEVD-AFC (G-biosciences, St Louis, MO, USA) for caspase 3-like activity, 
as peptide substrates. Fluorescence generated through the AFC hydrolysis was quantified by spectrofluoro pho-
tometer (Varian, Victoria, Australia) at 400-nm excitation and 505-nm emission wavelengths after incubation at 
37 °C for 60 min. To evaluate the protein concentration, enzymatic activity was normalized with the fold activity 
of control extracts. Three independent experiments were conducted for measurement of fold activity.

Measurement of catalase (CAT) and ascorbate peroxidase (APX) activity. CAT activity was 
assayed according to protocol66. For this, 100 mg of leaves from each set of treatments were ground in liquid 
nitrogen, and suspended in 100 mM potassium phosphate buffer (pH 7.0) with 1 mM EDTA (pH 8.0). After 
centrifugation at 4 °C, supernatants were taken and measured for CAT activity with 60 mM H2O2 at 240 nm wave 
length using a UV-visible spectrophotometer (UV2550, Shimadzu, Japan). For APX, leaves were homogenized in 
the homogenization buffer (50 mM HEPES; pH 7.0, 0.1 mM EDTA; pH 8.0). After centrifugation at 4 °C, super-
natants were measured for the APX activity with 0.03 mM Ascorbate and 0.1 mM H2O2 at 290 nm wavelength. 
Protein estimation was carried out using BSA as standard67.

Lipid peroxidase (LP) activity and electrolytic leakage (EL). The lipid peroxidation levels in the 
experimental samples were evaluated through determining Malondialdehyde (MDA) content by 2-Thiobarbituric 
acid (TBA) reaction68. For this 100 mg tissues were homogenized in 10 mM sodium phosphate buffer (pH 7.4) 
followed by centrifugation at 4,000 g for 5 min at room temperature. The supernatant (100 μ l) was added to a 
reaction mixture containing 8.1% SDS (w/v), 20% Acetic acid (pH 3.5) (w/v) and 0.8% aqueous TBA (w/v). 
These mixtures were incubated at 98 °C for 1 h, cooled to room temperature and centrifuged at 4,000 g for 5 min. 
Incubated samples were subjected to the measurement of absorbance and non-specific absorbance at 535 nm and 
at 600 nm wavelength, respectively.

Electrolytic leakage (EL) was assessed according to protocol described elsewhere69. After Agrobacterium infil-
tration, the infiltrated leaf from the different treatments were collected and analyzed. Fifteen leaf discs (7 mm 
in diameter) were floated on the 0.4 M sorbitol. The leaf discs were incubated in the dark for 12 h and the initial 
conductivity (E1) was recorded using a microprocessor based conductivity meter (Model 1601, ESICO, India). 
The pre-incubated leaves were boiled for 5 min, cooled to room temperature and further subjected to measure 
final conductivity (E2). Percentage EL was calculated using the formula i.e., (E1/E2) ×  100.

Statistical analysis. Experimental data represent means of three independent tests. The significance (at  
* P <  0.05, * * P <  0.01, * * * P <  0.001) differences between mean values of control and each treatment samples 
were statistically carried out via graphpad t test calculator software (http://graphpad.com/quickcalcs/ttest1.cfm).

References
1. Dreher, K. & Callis, J. Ubiquitin, hormones and biotic Stress. Ann Bot 99, 787–822 (2007).
2. Citovsky, V., Zaltsman, A., Kozlovsky, S. V., Gafni, Y. & Krichevsky, A. Proteasomal degradation in plant-pathogen interactions. 

Semin Cell Dev Biol 20, 1048–1054 (2009).

http://graphpad.com/quickcalcs/ttest1.cfm


www.nature.com/scientificreports/

1 1Scientific RepoRts | 6:27078 | DOI: 10.1038/srep27078

3. Dielen, A. S., Badaoui, S., Candresse, T. & German-Retana, S. The ubiquitin/26S proteasome system in plant–pathogen interactions: 
A never-ending hide-and-seek game. Mol Plant Pathol 11, 293–308 (2010).

4. Trujillo, M. & Shirasu, K. Ubiquitination in plant immunity. Curr Opin Plant Biol 13, 1–7 (2010).
5. Sahu, P. P., Sharma, N., Puranik, S., Muthamilarasan, M. & Prasad, M. Involvement of host regulatory pathways during geminivirus 

infection: a novel platform for generating durable resistance. Funct Integr Genomics 14, 47–58 (2014).
6. Callis, J. & Vierstra, R. D. Protein degradation in signaling. Curr Opin Plant Biol 3, 381–386 (2000).
7. Kim, H. S. & Delaney, T. P. Arabidopsis SON1 is an F-box protein that regulates a novel induced defense response independent of 

both salicylic acid and systemic acquired resistance. Plant Cell 14, 1469–1482 (2002).
8. Peart, J. R. et al. Ubiquitin ligase-associated protein SGT1 is required for host and nonhost disease resistance in plants. Proc Natl 

Acad Sci USA 99, 10865–10869 (2002).
9. Janjusevic, R., Abramovitch, R. B., Martin, G. B. & Stebbins, C. E. A bacterial inhibitor of host programmed cell death defenses is an 

E3 ubiquitin ligase. Science 311, 222–226 (2006).
10. Trujillo, M., Ichimura, K., Casais, C. & Shirasu, K. Negative regulation of PAMP-triggered immunity by an E3 ubiquitin ligase triplet 

in Arabidopsis. Curr Biol 18, 1396–1401 (2008).
11. Isaacson, M. K., Hidde, L. & Ploegh, H. L. Ubiquitination, ubiquitin-like modifiers, and deubiquitination in viral infection. Cell Host 

Microbe 5, 559–570 (2009).
12. Spallek, T., Robatzek, S. & Gohre, V. How microbes utilize host ubiquitination. Cellular Microbiol 11, 425–1434 (2009).
13. Kurepa, J. & Smalle, J. A. Structure, function and regulation of plant proteasomes. Biochimie 90, 324–335 (2008).
14. Smalle, J. & Vierstra, R. D. The ubiquitin 26S proteasome proteolytic pathway. Annu Rev Plant Biol 55, 555–590 (2004).
15. Wolf, D. H. & Hilt, W. The proteasome: a proteolytic nanomachine of cell regulation and waste disposal. Biochim Biophys Acta 1695, 

19–31 (2004).
16. Chakraborty, S. Tomato leaf curl viruses from India In Encyclopedia of Virology (eds Mahy, B. W. J. et al.), 124–133 (Elsevier, 2008).
17. Chakraborty, S., Vanitharani, R., Chattopadhyay, B. & Fauquet, C. M. Supervirulent pseudorecombination and asymmetric 

synergism between genomic components of two distinct species of begomovirus associated with severe tomato leaf curl disease in 
India. J Gen Virol 89, 818–828 (2008).

18. Muniyappa, V. et al. Tomato leaf curl virus resistant tomato lines TLB111, TLB130 and TLB 182. Hort science 37, 603–606 (2002).
19. Tripathi, S. & Varma, A. Identification of resistance in lycopersicon species to tomato leaf curl geminivirus (ToLCV) by 

agroinoculation. Euphytica 129, 43–52 (2002).
20. Sankarappa, K. S. et al. Development of tomato hybrids resistant to tomato leaf curl virus disease in South India. Euphytica 164, 

531–539 (2008).
21. Sahu, P. P. et al. Tomato cultivar tolerant to Tomato leaf curl New Delhi virus infection induces virus-specific short interfering RNA 

accumulation and defense-associated host gene expression. Mol Plant Pathol 11, 531–44 (2010).
22. Sahu, P. P., Puranik, S., Khan, M. & Prasad, M. Recent advances in tomato functional genomics: utilization of VIGS. Protoplasma. 

249:1017–1027 (2012).
23. Kim M. et al. Activation of the programmed cell death pathway by inhibition of proteasome function in plants. J Biol Chem 278, 

19406–19415 (2003).
24. Mlejnek, P. & Prochazka, S. activation of caspase-like protease and induction of apoptosis by isopentenyladenosine tobacco BY-2 

cells. Planta 215, 158–166 (2002).
25. Xu, Q. & Zhang, L. Plant caspase-like proteases in plant programmed cell death. Plant Signal Behav 4, 902–904 (2009).
26. Yao, C., Wu, Y., Nie, H. & Tang, D. RPN1a, a 26S proteasome subunit, is required for innate immunity in Arabidopsis. Plant J 71, 

1015–1128 (2012).
27. Üstün, S., König, P., Guttman, D. S. & Börnke, F. HopZ4 from Pseudomonas syringae, a member of the HopZ type III effector family 

from the YopJ superfamily, inhibits the proteasome in plants. Mol Plant Microbe Interact 27, 611–623 (2014).
28. Yu, F., Wu, Y. & Xie, Q. Ubiquitin-Proteasome System in ABA Signaling: From Perception to Action. Mol Plant 9, 21–33 (2016).
29. Pouch, M. N., Petit, F., Buri, J., Briand, Y. & Schmid, H. P. Identification and initial characterization of a specific proteasome 

(prosome) associated RNase activity. J Biol Chem 270, 22023–22028 (1995).
30. Ballut, L. et al. Biochemical identification of proteasome-associated endonuclease activity in sunflower. Biochim Biophys Acta 1645, 

30–39 (2003).
31. Petit, F. et al. Involvement of proteasomal subunits zeta and iota in RNA degradation. Biochem J 326, 93–98 (1997).
32. Dielen, A. S. et al.The 20S proteasome α 5 subunit of Arabidopsis thaliana carries an RNase activity and interacts in planta with the 

lettuce mosaic potyvirus HcPro protein. Mol Plant Pathol 12, 137–150 (2011).
33. Sahana, N. et al. Inhibition of the host proteasome facilitates Papaya ringspot virus accumulation and proteosomal catalytic activity 

is modulated by viral factor HcPro. PLoS ONE 7, e52546 (2012).
34. Valentina, A. et al. 26S proteasome exhibits endoribonuclease activity controlled by extra-cellular stimuli. Cell Cycle 9, 840–849 

(2010).
35. Kedzierska, S. Structure, function and mechanisms of action of ATPases from the AAA superfamily of proteins. Postepy Biochem 

2006, 52, 330–338 (2006).
36. George, B. et al. Mutational analysis of the helicase domain of a replication initiator protein reveals critical roles of Lys 272 of the B’ 

motif and Lys 289 of the β -hairpin loop in geminivirus replication. J Gen Virol 95, 1591–602 (2014).
37. Lipson, C. et al. A proteasomal ATPase contributes to dislocation of endoplasmic reticulum associated degradation (ERAD) 

substrates. J Biol Chem 283, 7166–75 (2008).
38. Han, Y. et al. Rice ROOT ARCHITECTURE ASSOCIATED1 binds the proteasome subunit RPT4 and is degraded in a D-box and 

proteasome-dependent manner. Plant Physiol 148, 843–855 (2008).
39. Bisaro, D. M. Geminivirus DNA replication In DNA replication in eukaryotic cells (ed. DePamphilis, M. L.) 833–854 (Cold Spring 

Harbor Laboratory Press, 1996).
40. Fu, H., Doelling, J. H., Rubin, D. M. & Vierstra R. D. Structural and functional analysis of the six regulatory particle triple-A ATPase 

subunits from the Arabidopsis 26S proteasome. Plant J 18, 529–539 (1999).
41. Enenkel, C. Proteasome dynamics. Biochimica et Biophysica Acta 1843, 39–46 (2014).
42. Enenkel, C. Nuclear Transport of Yeast Proteasomes. Biomolecules 4, 940–955 (2014).
43. Becker, J., Kempf, R., Jeblick, W. & Kauss, H. Induction of competence for elicitation of defense responses in cucumber hypocotyls 

requires proteasome activity. Plant J 21, 311–316 (2000).
44. Suty, L. et al. Preferential induction of 20S proteasome subunits during elicitation of plant defense reactions: towards the 

characterization of “plant defense proteasomes”. Int J Biochem Cell Biol 35, 637–650 (2003).
45. Takizawa, M., Goto, A. & Watanabe, Y. The tobacco ubiquitin-activating enzymes NtE1A and NtE1B are induced by Tobacco mosaic 

virus, wounding and stress hormones. Mol Cells 19, 228–231 (2005).
46. Jin, H., Li, S. & Villegas, A., Jr. Down-regulation of the 26S proteasome subunit RPN9 inhibits viral syatemic transport and alters 

plant vascular development. Plant Physiol 142, 651–661 (2006).
47. Lee, B.-J. et al. Functional study of hot pepper 26S proteasome subunit RPN7 induced by Tobacco mosaic virus from nuclear 

proteome analysis. Biochem Biophys Res Commun 351, 405–411 (2006).
48. Vacca, R. A. et al. Proteasome function is required for activation of programmed cell death in heat shocked tobacco Bright-Yellow 2 

cells. FEBS Lett 581, 917–922 (2007).



www.nature.com/scientificreports/

1 2Scientific RepoRts | 6:27078 | DOI: 10.1038/srep27078

49. Grimm, L. M. & Osborne, B. A. Apoptosis and the proteasome. Results Probl Cell Differ 23, 209–228 (1999).
50. Mur, L. A. J., Kenton, P., Lloyd, A. J., Ougham, H. & Prats, E. The hypersensitive response; the centenary is upon us but how much 

do we know? J Exp Bot 59, 501–520 (2008).
51. Bindschedler et al. Peroxidase-dependent apoplastic oxidative burst in Arabidopsis required for pathogen resistance. Plant J 47, 

851–863 (2006).
52. Choi, H. W., Kim Y. J., Lee, S. C., Hong, J. K. & Hwang, B. K. Hydrogen peroxide generation by the pepper extracellular peroxidase 

CaPO2 activates local and systemic cell death and defense response to bacterial pathogens. Plant Physiol 145, 890–904 (2007).
53. Dat, J. F. et al. Changes in hydrogen peroxide homeostasis trigger an active cell death process in tobacco. Plant J 33, 621–632 (2003).
54. Mittler, R., Vanderauwera, S., Gollery, M. & Van Breusegem, F. Reactive oxygen gene network of plants. Trends Plant Sci 9, 490–498 

(2004).
55. Sahu, P. P. et al. Dynamics of defense-related components in two contrasting genotypes of tomato upon infection with Tomato Leaf 

Curl New Delhi Virus. Mol Biotechnol. 52, 140–150 (2012).
56. Klessig, D. F. et al. Nitric oxide and salicylic acid signaling in plant defense. Proc Natl Acad Sci USA 97, 8849–8855 (2000).
57. Yang, Y., Qi, M. & Mei, C. Endogenous salicylic acid protects rice plants from oxidative damage caused by aging as well as biotic and 

abiotic stress. Plant J 40, 909–919 (2004).
58. Montillet, J.-L. et al. Fatty acid hydroperoxides and H2O2 in the execution of hypersensitive cell death in tobacco leaves. Plant Physiol 

138, 1516–1526 (2005).
59. Pontier, D., Tronchet, M., Rogowsky, P., Lam, E. & Roby, D. Activation of hsr203, a plant gene expressed during incompatible plant-

pathogen interactions, is correlated with programmed cell death. Mol Plant Microbe Interact 11, 544–554 (1998).
60. Torres, M. A. ROS in biotic interactions. Physiol Plant 138, 414–429 (2010).
61. Hellman, L. M. & Fried, M. G. Electrophoretic mobility shift assay (EMSA) for detecting protein-nucleic acid interactions. Nat 

Protoc. 2, 1849–1861 (2007).
62. Saleh, A., Alvarez-Venegas, R. & Avramova, Z. An efficient chromatin immunoprecipitation (ChIP) protocol for studying histone 

modifications in Arabidopsis plants. Nat Protoc. 3, 1018–1025 (2008).
63. Liu, Y., Schiff, M. & Dinesh-Kumar, S. P. Virus induced gene silencing in tomato. Plant J 31, 777–786 (2002).
64. Porebski, S., Bailey, L. G. & Baurn, B. R. Modification of a CTAB DNA extraction protocol for plants containing high polysaccharide 

and polyphenol components. Plant Mol Biol Rep 15, 8–15 (1997).
65. Hwang, I. S. & Hwang, B. K. The Pepper 9-Lipoxygenase Gene CaLOX1 Functions in Defense and Cell Death Responses to 

Microbial Pathogens. Plant Physio 152, 948–967 (2010).
66. Aebi, H. E. Catalase In Methods of enzymatic analysis (eds Bergmeyer, H. U. et al.) 273–286 (Verlag Chemie, 1983).
67. Bradford, M. M. A rapid and sensitive method for quantitation of microgram quantities of protein utilizing the principle of roteindye 

binding. Anal Biochem 72, 248–254 (1976).
68. Hodgson, R. A. J. & Raison, J. K. Lipid peroxidation and superoxide dismutase activity in relation to photo inhibition induced by 

chilling in moderate light. Planta 185, 215–219 (1991).
69. Dionisio-Sese, M. L. & Tobita, S. Antioxidative responses of rice seedlings to salinity stress. Plant Sci 135, 1–9 (1998).

Acknowledgements
We are grateful to the Director, National Institute of Plant Genome Research (NIPGR) and Dean, School of 
Life Sciences, Jawaharlal Nehru University for providing facilities. We gratefully acknowledge the financial 
support from Department of Biotechnology (Grant No. BT/PR8357/PBD/16/1033/2013), Govt. of India and core 
grant of NIPGR, New Delhi, India. Authors also acknowledge Prof. Savithramma Dinesh-Kumar, Plant Biology 
Department, University of California, Davis, for providing TRV-VIGS vectors.

Author Contributions
M.P. and S.C. conceived the idea, helped analysis and wrote the manuscript. P.P.S., N.S. and S.P. performed the wet 
lab experiments and wrote manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Sahu, P. P. et al. Tomato 26S Proteasome subunit RPT4a regulates ToLCNDV 
transcription and activates hypersensitive response in tomato. Sci. Rep. 6, 27078; doi: 10.1038/srep27078 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Tomato 26S Proteasome subunit RPT4a regulates ToLCNDV transcription and activates hypersensitive response in tomato
	Introduction
	Results
	SlRPT4 has ATPase and DNA-binding activity
	Silencing of SlRPT4 increases ToLCNDV induced symptom severity
	Transient overexpression of SlRPT4 induces HR and Programmed cell death
	Involvement of ROS in hypersensitive response

	Discussion
	Materials and Methods
	Plant material and growth conditions
	Recombinant protein expression and purification
	ATPase assay
	Electrophoretic mobility shift assay (EMSA)
	Chromatin immunoprecipitation assay (ChIP)
	TRV-mediated VIGS and agroinfiltration
	Agrobacterium-Mediated Transient Overexpression of SlRPT4
	Southern hybridization
	RNA blot analysis
	Trypan blue staining
	Measurement of Caspase-like activity in SlRPT4 overexpressed tomato
	Measurement of catalase (CAT) and ascorbate peroxidase (APX) activity
	Lipid peroxidase (LP) activity and electrolytic leakage (EL)
	Statistical analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Tomato 26S Proteasome subunit RPT4a regulates ToLCNDV transcription and activates hypersensitive response in tomato
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27078
            
         
          
             
                Pranav Pankaj Sahu
                Namisha Sharma
                Swati Puranik
                Supriya Chakraborty
                Manoj Prasad
            
         
          doi:10.1038/srep27078
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep27078
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep27078
            
         
      
       
          
          
          
             
                doi:10.1038/srep27078
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27078
            
         
          
          
      
       
       
          True
      
   




