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Summary 

Turnip crinkle virus (TCV) coat protein (CP) coordinates virion assembly, immune 

recognition, and RNA silencing suppression, but how these functions shape disease 

remains unclear. We redirected CP from the nucleus by appending an identical nuclear 

export signal to either terminus. Despite similarly reducing nuclear CP accumulation, N- 

and C-terminal modifications produced opposing effects on disease, viral accumulation, 

particle formation, and HRT-mediated recognition, indicating that sustained nuclear CP 

is dispensable for these outcomes. Transcriptomic and biochemical analyses revealed 

that disease severity closely tracked salicylic acid (SA) accumulation. Genetic disruption 

of SA biosynthesis reduced chlorosis and necrosis, establishing SA as a driver of TCV-

associated disease. However, SA had CP-dependent effects on viral accumulation, 

promoting WT and N-NES infection while restricting C-NES. The R6A CP mutant 

uncoupled disease from viral burden, inducing SA and severe symptoms despite 

reduced accumulation. Thus, CP determines SA induction and whether an SA-rich 

environment favors or restricts TCV.  

 



Introduction 

Plant virus coat proteins are increasingly recognized as multifunctional regulators 

of infection rather than simple structural components of the virion.1 In addition to 

encapsidating the viral genome, coat proteins can regulate cell-to-cell and systemic 

movement, suppress antiviral RNA silencing, interact with host defense proteins, and 

alter cellular signaling.2-6 These functions often require coat proteins to occupy multiple 

subcellular compartments, including cytoplasmic compartments and the nucleus.7 

However, experimentally manipulating coat protein localization can be difficult to 

interpret because the same regions that mediate intracellular targeting may also 

participate in RNA binding, particle assembly, or interactions with host factors.8-10 

Turnip crinkle virus (TCV) provides a well-defined system for investigating these 

overlapping coat protein functions. TCV contains a single-stranded positive-sense RNA 

genome encapsidated within a T=3 icosahedral particle composed of 180 copies of the 

viral coat protein (CP).11 Structurally, TCV CP contains an N-terminal RNA-interacting 

region positioned within the virion and C-terminal domains that form the particle shell 

and surface-exposed projections.12 CP is also required for efficient systemic infection 

and functions as a potent viral suppressor of RNA silencing.13,14 Additionally, CP is an 

important determinant of immunity in Arabidopsis thaliana. In resistant Arabidopsis 

accessions carrying the HRT resistance protein,15 the N-terminal region of CP serves as 

an avirulence determinant and contributes to activation of the hypersensitive response 

(HR).16 This region also contains determinants implicated in interaction with the NAC 

transcription factor TCV-interacting protein (TIP/ANAC091) and in CP nuclear 

localization.17 Previous studies reported the formation of CP-containing nuclear foci and 



found that exclusion of CP from the nucleus impaired HRT-mediated necrosis in 

Nicotiana benthamiana, suggesting an important role for nuclear CP during 

incompatible TCV infection.18 Whether nuclear CP similarly controls host responses and 

disease during compatible infection of susceptible Arabidopsis, however, has remained 

unclear. 

Salicylic acid (SA) is broadly associated with antiviral defense and is required for 

efficient HRT-mediated resistance to TCV.19-21 However, the relationship between SA 

signaling and disease during compatible TCV infection is less straightforward. Increased 

SA does not confer TCV resistance in susceptible Col-0 plants,19 and the N-terminal CP 

mutant R6A causes more severe disease than WT TCV while also appearing to alter 

SA-dependent basal immunity.22 These observations raise the possibility that SA may 

contribute directly to disease severity during susceptible TCV infection and that CP may 

influence the magnitude of this response. 

Here, we initially tested whether nuclear accumulation of TCV CP is required for 

TCV pathogenesis in the susceptible Col-0 background of Arabidopsis. We re-directed 

CP away from the nucleus using an identical nuclear export signal (NES) positioned at 

either the N- or C-terminus. Although both constructs substantially reduced nuclear CP 

accumulation, they produced opposite effects on symptoms, viral accumulation, particle 

formation, and host transcriptional responses. These observations redirected the study 

from CP localization toward the broader question of how different CP configurations 

affect infection outcomes. Using transcriptomics and functional analysis of SA-

associated responses, we show that SA is a major determinant of TCV-associated 

disease but is not a simple predictor of viral fitness. Instead, the functional state of CP 



determines both the magnitude of the SA-associated host response and whether SA 

supports or restricts viral accumulation.  

 

Results 

Nuclear CP accumulation is dispensable for TCV pathogenesis, assembly, 

and HRT recognition. To determine whether nuclear accumulation of TCV CP 

contributes to pathogenesis, we appended an identical nuclear export signal (NES) to 

either the N or C terminus of CP in infectious TCV clones, generating N-NES and C-

NES, respectively (Fig. 1A). Immunolocalization in infected roots confirmed that both 

modifications effectively depleted CP from nuclei (Fig. 1B). Despite similar CP 

localization, the two viruses produced strikingly different infection outcomes. N-NES 

caused enhanced chlorosis and more severe disease and accumulated to significantly 

higher levels than WT TCV at 14 dpi (Fig. 1C-E). In contrast, C-NES caused markedly 

attenuated symptoms and accumulated at substantially lower levels. These findings 

demonstrate that sustained nuclear CP accumulation is not required for severe TCV 

disease and that the attenuation of C-NES cannot be attributed solely to nuclear 

exclusion. 

We next asked whether the divergent infection phenotypes reflected loss of a 

conserved nonstructural CP activity. WT, N-NES, and C-NES CPs each retained viral 

suppressor of RNA silencing (VSR) activity in transient assays in N. benthamiana (Fig. 

1F,G), indicating that neither terminal fusion abolished VSR activity. In contrast, 

ultrastructural analysis revealed striking differences in virion formation. WT TCV 

produced electron-dense virions, N-NES produced smaller capsid-like particles with 



morphology consistent with reduced genomic RNA content or poor encapsidation,23,24 

while no virions were detected during C-NES infection (Fig. 1H). Virion protection 

assays further supported the TEM results. Sap collected from systemically-infected 

plants was incubated at 37°C to enhance endogenous RNase activity, followed by RT-

qPCR quantification of viral RNA. Despite its higher total virus accumulation, N-NES 

exhibited a >10-fold reduction in RNase-protected viral RNA, while C-NES RNA was 

undetectable (Fig. 1I). Consistent with these differences, 37°C-treated sap from WT 

TCV- and N-NES-infected plants retained infectivity in Col-0, as evidenced by symptom 

development and detection of CP in systemic leaves, whereas 37°C-treated C-NES sap 

failed to establish infection (Fig. 1J). These results indicate that terminal modification 

does not uniformly inactivate CP but instead disrupts distinct stages of virion formation. 

N-terminal modification permits capsid formation but compromises genome 

incorporation, whereas C-terminal modification prevents detectable capsid formation. 

These phenotypes are consistent with previous biochemical and virus-like particle 

studies implicating the N-terminal R domain in RNA binding and encapsidation and the 

C-terminal P domain in particle assembly.24 

Previous transient-expression studies in N. benthamiana proposed that nuclear 

accumulation of TCV CP contributes to HRT-mediated recognition and HR-associated 

necrosis.18  We therefore tested whether this relationship was maintained during 

infection of resistant Di-17 Arabidopsis. WT TCV and C-NES elicited a clear HR, 

whereas N-NES did not (Fig. 1K). This loss of HR during N-NES infection, is consistent 

with previous findings that perturbation of the CP N terminus, including the R6A 

mutation, disrupts HRT-mediated recognition in Di-17.22 More recently, an N-terminal 



YFP-CP fusion was similarly shown to prevent HRT-dependent HR in transient 

assays.25 Consistent with its failure to elicit HR, N-NES was also the only virus to 

produce appreciable disease symptoms in Di-17 plants by 14 dpi (Fig. 1L). Tissue prints 

of systemic leaves collected at 14 dpi further detected CP only in N-NES-infected 

plants, indicating that loss of HRT-mediated recognition permitted systemic infection. 

Importantly, the contrasting HR phenotypes of C-NES and N-NES, despite a similar 

depletion of nuclear CP, demonstrate that sustained nuclear CP accumulation is not 

required for HRT-mediated HR during TCV infection as previously proposed.18 

TCV CP variants differentially activate an SA-associated host response. To 

further investigate how CP variants influence the host response in susceptible 

Arabidopsis, transcriptome profiling (RNA-seq) was performed on WT, N-NES, and C-

NES-infected Col-0 at 14 dpi. WT and N-NES infections produced broadly similar 

transcriptional profiles and clustered together relative to C-NES and mock-treated plants 

(Fig. 2A). Pairwise comparison of each virus with mock-infected plants revealed 

substantial overlap among differentially expressed genes (DEGs), although the 

magnitude of the transcriptional response differed considerably between viruses. C-

NES induced the fewest DEGs, followed by WT TCV, whereas N-NES produced the 

largest transcriptional response (Fig. 2B, Data S1). Despite these differences, all three 

viruses activated a shared defense-associated gene set that included AGO1, AGO2, 

and DRB4 which have each been implicated in antiviral defense against TCV in 

Arabidopsis (Fig. 2B).26,27 These results suggest that the attenuated response to C-

NES did not reflect a general failure to activate antiviral defense. 



Hierarchical clustering of the 2,000 most variable transcripts further separated 

the infection states, with WT TCV and N-NES exhibiting similar expression profiles that 

were distinct from Mock and C-NES (Fig. 2C, Data S2). Genes coordinately 

downregulated by WT and N-NES (Cluster 1) were enriched for photosynthesis-

associated processes, while genes preferentially induced by WT and N-NES (Cluster 2) 

were enriched for cellular processes including systemic acquired resistance, 

senescence, and response to SA (Fig. 2C). To further assess SA-associated defense 

activation, we examined a panel of representative SA-associated defense genes, 

including the canonical SA-responsive marker PR1,28 the key SA-signaling regulators 

NPR1 and NPR3,29,30 and transcriptional regulators of SA biosynthesis and defense, 

including CBP60G, SARD1,31 and multiple WRKY family members,32 some of which 

have been implicated in TCV defense.21,33 WT and N-NES strongly induced this gene 

set, whereas induction was markedly attenuated during C-NES infection (Fig. 2D). The 

strong induction of SA-associated defense genes in WT and N-NES prompted direct 

quantification of free SA using an Acinetobacter sp. biosensor.34 WT TCV induced 

substantial SA accumulation relative to mock, which was further elevated during N-NES 

infection, whereas C-NES induced only a modest increase above Mock (Fig. 2E). 

Independent measurement of PR1 expression recapitulated this pattern, with strong 

induction by WT and N-NES but only minimal induction by C-NES (Fig. 2F). Together, 

these results identify SA accumulation and SA-associated gene expression as major 

factors distinguishing the infection states produced by CP variants. Importantly, SA 

accumulation closely tracked disease severity, increasing with N-NES and remaining 

low with the attenuated C-NES infection. This relationship prompted us to test whether 



SA is merely a marker of disease severity or instead contributes directly to disease 

development and viral accumulation during TCV infection. 

Salicylic acid drives TCV-associated disease but has CP-dependent effects 

on viral accumulation. To determine whether SA contributes causally to the disease 

phenotypes associated with the different CP variants, WT, N-NES, and C-NES 

infections were followed for 28 days in Col-0 and the SA-deficient sid2-2 mutant (Fig. 

3A). Quantitative image segmentation of healthy, chlorotic, and necrotic tissue 

demonstrated markedly reduced disease progression in sid2-2, compared with Col-0, 

for all three viruses (Fig. 3A,B). Thus, regardless of their differences in accumulation or 

CP configuration, SA is a major driver of the chlorosis and tissue damage associated 

with TCV infection in the Col-0 background. 

The effects of SA on viral accumulation, however, were strikingly genotype 

dependent. WT and N-NES accumulated less efficiently in sid2-2 than in Col-0 

suggesting that SA counterintuitively promotes accumulation of these viruses (Fig. 3C). 

In support of this, exogenous SA supplied by foliar application and soil drench restored 

both WT and N-NES accumulation in sid2-2 to Col-0 levels (Fig. 3C). In contrast, C-

NES accumulation was not reduced in sid2-2 relative to Col-0 and rather than 

increasing C-NES accumulation, exogenous SA treatment of sid2-2 further suppressed 

accumulation of the C-terminal mutant. Together, these results indicate that SA’s effect 

on TCV accumulation is determined by CP context, promoting WT and N-NES while 

restricting C-NES.  

An N-terminal CP mutation uncouples SA-dependent disease from viral 

accumulation. The preceding experiments demonstrated that SA promotes TCV-



associated disease but has different effects on viral accumulation depending on CP 

configuration. To further examine this relationship, we turned to the previously 

characterized CP mutant R6A, an N-terminal substitution that causes more severe 

disease than WT TCV, although its effects on viral accumulation appeared to vary with 

infection stage.22,35 We therefore used R6A to test whether enhanced disease severity 

could be uncoupled from viral accumulation and whether this phenotype was associated 

with increased SA accumulation. Additionally, to determine if modification of the C-

terminus could influence the R6A phenotype, we generated R6AC-NES, a double mutant 

containing the N-terminal R6A substitution and the C-terminal NES fusion. We 

compared disease development, SA accumulation, and viral accumulation during WT, 

R6A, and R6AC-NES infection. R6A produced substantially more severe disease than WT 

TCV over a 28-day infection time course in Col-0 plants with chlorotic and necrotic 

tissue comprising ~40% of all plant tissue at 14 dpi (Fig. 4A,B). However, this 

phenotype was reversed by addition of the C-terminal NES to R6A, which drastically 

reduced symptom development (Fig. 4A,B). Consistent with these phenotypes, R6A 

induced significantly greater SA accumulation than WT TCV, whereas addition of the C-

NES nearly eliminated SA accumulation and markedly reduced expression of the SA-

responsive marker PR1 compared with WT TCV and R6A infection (Fig. 4C,D). The 

severe R6A phenotype was strongly dependent on SA biosynthesis, as R6A-induced 

disease was markedly attenuated in sid2-2 relative to Col-0 beginning at 14 dpi (Fig. 

4E,F). Importantly, this enhanced disease and increased SA accumulation, did not 

reflect increased viral accumulation. RT-qPCR showed that R6A accumulated to 

significantly lower levels than WT TCV in Col-0 at 14 dpi, whereas accumulation was 



indistinguishable in the sid2-2 background (Fig. 4G). Thus, elevated SA during R6A 

infection is uncoupled from viral accumulation, demonstrating that SA is not simply a 

consequence of increased viral burden. Moreover, the failure of R6A to lose 

accumulation in sid2-2 suggests that the R6 residue is likely required for TCV to benefit 

from an SA-rich host environment. Similar to the relationship between TCV and C-NES, 

R6AC-NES accumulation remained significantly reduced relative to R6A in both Col-0 and 

sid2-2 plants (Fig. 4G).  

To determine how the distinct infection states were reflected at the transcriptome 

level, we compared gene-expression profiles across the CP variants and SA-deficient 

backgrounds. PCA revealed a clear progression along PC1, which accounted for more 

than 50% of the transcriptional variance (Fig. 4H). Across PC1, infection conditions 

were broadly distributed according to SA accumulation and disease severity. R6A and 

N-NES clustered at one extreme, corresponding to the highest SA accumulation and 

most severe disease, whereas mock-infected plants occupied the opposite extreme  

(Fig. 4H). Notably, R6A produced one of the strongest transcriptomic shifts despite 

accumulating to lower levels than WT TCV. Together, these data demonstrate that the 

magnitude of host transcriptional response during TCV infection is closely associated 

with SA accumulation and disease severity rather than with viral RNA abundance alone. 

Together, CP emerges as a key determinant of both SA induction during TCV infection 

and whether that SA-rich environment ultimately favors or restricts viral accumulation. 

 

 



Discussion 

We initially sought to determine whether nuclear accumulation of CP was 

required for TCV pathogenesis by directing CP away from the nucleus with an identical 

NES positioned at either terminus. Instead, the two constructs produced opposite 

infection phenotypes despite similarly reducing nuclear CP accumulation. A role for 

nuclear CP in HRT-dependent immunity has been proposed primarily from transient-

expression assays, in which exclusion of CP from the nucleus was associated with 

reduced HRT-dependent cell death.18 Separately, mutations within the CP N terminus, 

including R6A, can evade HR in resistant Di-17 plants,22 establishing this region of CP 

as an important determinant of HRT-mediated recognition but not directly linking that 

recognition to CP nuclear localization. Our infection data distinguish these two 

phenomena. C-NES retained the ability to elicit a robust HR in Di-17 despite strong 

depletion of CP from nuclei, indicating that sustained nuclear CP accumulation is not 

required for HRT-mediated recognition during TCV infection. In contrast, N-NES failed to 

elicit HR, phenocopying the previously characterized R6A escape phenotype and 

suggests that perturbation of the CP N terminus disrupts HRT recognition. The same 

positional dependence was also evident in susceptible Col-0 plants, where the two NES 

constructs produced sharply different SA and disease phenotypes. N-NES induced 

elevated SA accumulation and more severe disease than WT TCV, whereas C-NES 

induced little SA and caused markedly attenuated symptoms. This close 

correspondence between SA levels and symptom severity suggested that SA is a major 

determinant of disease severity during TCV infection. 



Previous work showed that TCV particle formation contributes to efficient 

movement from the vasculature into systemic leaves.13 Interestingly, N-NES 

accumulated to higher levels than WT TCV in systemic tissue despite producing virions 

with poorly encapsidated RNA. Thus, only a relatively small population of properly 

formed particles may be sufficient to support systemic movement. Alternatively, reduced 

encapsidation could contribute to the increased total RNA accumulation of N-NES by 

leaving a larger pool of viral RNA available for replication rather than packaging. These 

possibilities could explain how N-NES accumulates abundant viral RNA in systemic 

tissue despite inefficient production of mature virions. Notably, C-NES failed to form 

detectable virions and induced only weak SA, whereas both WT and N-NES formed 

intact particles and strongly activated SA. This pattern raises the possibility that 

formation of an intact virion is a major determinant of SA accumulation during TCV 

infection.  

The sid2-2 experiments establish SA as a causal driver of TCV-associated 

disease. Across WT, N-NES, and C-NES infections, loss of normal SA biosynthesis 

delayed and reduced chlorosis and necrosis over the 28-day time course. In Col-0 

plants, disease severity did not simply reflect viral accumulation. R6A caused more 

severe disease than WT despite accumulating less viral RNA, indicating that tissue 

damage tracked SA accumulation more closely than viral load. Unexpectedly, SA did not 

exert a uniform effect on viral RNA accumulation. WT and N-NES accumulated less 

efficiently in sid2-2, and exogenous SA restored their accumulation, demonstrating that 

SA makes a positive net contribution to these infections under the conditions examined. 

Conversely, C-NES accumulation was unchanged in sid2-2 plants relative to Col-0 and 



the addition of exogenous SA restricted its accumulation, suggesting that C-NES is 

unable to benefit from SA. Thus, SA broadly promoted TCV-associated disease, but its 

effect on viral accumulation could be either pro- or antiviral depending on CP 

configuration. One possibility is that WT and N-NES retain CP functions that permit 

them to tolerate antiviral SA outputs while benefiting from other SA-dependent changes 

in the cellular environment. In contrast, C-NES induces little SA accumulation and is 

restricted when challenged with an exogenous SA treatment. These findings suggest 

that modifications to the CP termini not only influence the magnitude of SA induction, 

but also the capacity of TCV to benefit from SA or SA-associated outputs.  

Together, these findings support a model in which a viral structural protein 

determines not only the magnitude of the host immune response but also its 

consequences for infection. TCV CP appears to enable certain viral states to tolerate or 

exploit an SA-rich host environment, whereas other CP states remain susceptible to the 

antiviral effects of SA. These findings improve our understanding of how SA can 

promote disease while having opposing effects on viral accumulation. 

 

Materials and Methods 

Plant materials, growth conditions, and virus construction and infection. 

Arabidopsis thaliana Col-0 (CS70000) and sid2-2 (CS16438) were obtained from the 

Arabidopsis Biological Resource Center (ABRC) while the Di-17 ecotype was a 

generous gift from Dr. Pradeep Kachroo (University of Kentucky). All plants (including N. 

benthamiana LAB strain) were grown and maintained in plant growth chambers (Caron 

Scientific, Marietta, Ohio) with the following conditions: 12/12 hr light/dark, LED lights 



set at 200 µmol m-2s-1 intensity, 25C, and 65% humidity. TCV isolate M (GenBank: 

PX830476) was used for this study.36 and was used as a template for site-directed 

mutagenesis (SDM) to append the pyruvate kinase NES to the N or C terminus of CP in 

full-length TCV to create N-NES and C-NES, respectively. Additionally, full-length TCV 

was used to introduce the previously described R6A point mutation with or without the 

C-NES mutation into CP. Resulting clones were sequenced using whole plasmid 

sequencing (Plasmidsaurus) to verify cloning accuracy. SDM primers are listed in Table 

S1.  

Four-week-old A. thaliana plants were selected and grouped for experiments 

based on size. Full-length TCV plasmids were linearized with SmaI overnight at 25C. 

TCV RNAs were synthesized using HiScribe® T7 Quick High Yield RNA Synthesis Kit 

(New England Biolabs) per the manufacturers protocol. Silicon carbide powder was 

applied to two rosette leaves per plant and 1 µg RNA or 5 µL H2O (mock-infected 

plants) was gently rubbed on selected leaves. For exogenous SA treatments, plants 

were sub-irrigated with 500 µM SA at 24 hours post-infection and subsequently sprayed 

with 500 µM SA every 48 hours. Systemic leaves were harvested for downstream 

analysis at 14-days post-infection (dpi) unless otherwise noted. 

Virus accumulation, silencing suppression, and virion analysis. Systemically 

infected leaves were harvested and stored at -80C prior to processing. Samples were 

pulverized in liquid nitrogen, resuspended in TRIzol (Thermo Scientific), and RNA was 

extracted following the manufacturers protocol. After extraction, an RQ1 DNase digest 

was performed (Promega, Madison, Wisconsin) according to the manufacturers protocol 

to remove residual DNA. One-step reverse-transcription quantitative PCR (RT-qPCR) 



was performed using approximately 20 ng of purified RNA and the SYBR Green-based 

Luna® Universal One-Step RT-qPCR kit (New England BioLabs) per manufacturers 

protocol with reaction volumes reduced to 10 L. Samples were analyzed using a 

BioRad CFX Connect Real-Time PCR detection system with CFX Maestro software. 

Primer sequences used in this study are available in Table S1.  

To measure VSR activity, 16c N. benthamiana plants expressing a GFP 

transgene,37 were agroinfiltrated with either GFP alone, or alongside the p14 VSR,38 

Myc:CP, Myc:CPN-NES, or Myc:CPC-NES. At 5 dpi, whole leaves were imaged for GFP 

fluorescence using an Azure 600 Imaging System (Azure Biosystems). Infiltrated spots 

were harvested for western blotting or RNA purification and RT-qPCR using primers 

targeting GFP or ubiquitin (reference gene). 

For transmission electron microscopy, sap from systemically infected leaves was 

collected at 14 dpi. Negative staining and imaging of sap was performed by the Electron 

Microscopy Research Laboratory (EMRL) at the University of Kansas Medical Center 

(Kansas City, KS) To quantitate RNase-protected viral RNA, sap was collected from 

systemically infected leaves and heated to 37C for 30 minutes to activate endogenous 

RNase activity.39 RNA was then purified using TRIzol  followed by RT-qPCR as 

described above. Cq values were converted to TCV RNA copies/μL of sap using a 

standard curve generated from RT-qPCR of known concentrations of the full-length TCV 

plasmid. To assess infectivity, heat-treated sap was subsequently used to inoculate 

naive Col-0 plants. 

Plant imaging, immunolocalization, and western blotting. Chlorotic and necrotic 

regions were quantified from RGB plant images using a threshold-based workflow in 



ImageJ/Fiji (TWS pipeline) coupled to supervised pixel classification. Whole plants were 

segmented and analyzed using a trained classifier to assign each plant pixel to one of 

three tissue classes: healthy (green), yellowing (chlorotic), or necrotic. 

Immunohistochemistry was performed as previously described with 

modifications.40  Arabidopsis roots were harvested at 14 dpi, rinsed, and incubated in 

fixation solution (4% paraformaldehyde, 50 mM HEPES pH 7.5, 1 mM MgCl2) for 30 

minutes at room temperature. Roots were then washed in 1X TBST and incubated in 

blocking buffer (3% BSA in 1X TBST) for 1-2 hours at room temperature before 

incubation in primary rabbit anti-CP (1:10,000 dilution; manufactured by Sino Biological, 

Paoli, PA) overnight at 4C. Roots were washed in 1X TBST, incubated in the secondary 

antibody, Alexa-488 conjugated goat anti-rabbit (1:2,000 dilution; Abcam 

Cat#:AB1500777), for 1-2 hours at room temperature, washed, and submerged in DAPI 

for 10 minutes to stain nuclei. Roots were mounted and imaged with confocal 

microscopy at 40X magnification. 

For western blotting, leaf samples were pulverized with liquid nitrogen, 

resuspended in 1X TBS + 3% -mercaptoethanol supplemented with protease inhibitor 

cocktail (Thermo Scientific, Waltham, Massachusetts), mixed with Laemmli buffer and 

boiled at 95C for 5-10 min. Proteins were separated using SDS-PAGE and transferred 

to nitrocellulose membrane using the Bio-Rad Trans-Blot Semi-Dry Transfer system. 

Membranes were stained with Ponceau S (0.2% w/v) to detect the Rubisco large 

subunit for loading controls. Following blocking in 1X TBS + 0.1% Tween 20, 3% bovine 

serum albumin, primary rabbit anti-CP (manufactured by Sino Biological) antibodies at a 

1:10,000 dilution were added and incubated at 4C overnight. Following secondary 



antibody incubation (Thermo Scientific Pierce Goat Anti-Rabbit IgG Peroxidase 

Conjugated at 1:10,000 dilution), proteins were detected using SuperSignal West Pico 

PLUS Chemiluminescent Substrate (Thermo Scientific) per manufacturer’s protocol. 

Blots were imaged using an Azure 600 Imaging System (Azure Biosystems, Dublin, 

CA).  

For tissue printing, the abaxial surfaces of systemic leaves were pressed onto 

nitrocellulose membranes, and color images of the leaves were captured as loading 

references. Membranes were washed with 1X TBST, blocked with Western blot blocking 

buffer, and incubated with anti-CP primary antibody (1:10,000 in blocking buffer). After 

washing, membranes were incubated in anti-rabbit secondary antibody (1:10,000 in 

blocking buffer), exposed to the SuperSignal West Pico PLUS Chemisluminescent 

substrate, and imaged as described above for Western blotting.  

Salicylic acid quantification. Acinetobacter ADPWH_lux34 was a generous gift 

from Dr. Denise Pallett (UK Centre for Ecology and Hydrology) and free SA was 

quantified as previously described.41 Reactions were carried out in a 96-well plate and 

luminescence was detected using the BioTek Synergy Neo2 hybrid multimode 

microplate reader (Agilent Technologies, Santa Clara, CA) and the BioTek Gen6 1.04 

software. For each experiment, a standard curve was generated using sid2-2 lysates 

spiked with known amounts of SA (0, 10, 25, 50, 100, and 200 ng). Luminescence 

measurements were imported into GraphPad Prism, where a standard curve was fitted 

and used to interpolate experimental sample concentrations of free SA. 

RNA sequencing and bioinformatic analyses. Trizol-purified total RNAs were 

used to construct Poly(A)-enriched RNA-seq libraries that were sequenced as 3′-tag 



single-end libraries on an Illumina platform (Plasmidsaurus; ~20 million raw reads and 

~10 million deduplicated 3′ end counting reads per sample). Raw reads were subjected 

to quality control and adapter/quality trimming with fastp42 (v0.24.0) prior to 

quantification, and only filtered, high-quality reads were used for alignment to the A. 

thaliana TAIR10 reference genome using STAR43 (v2.7.11). PCR and optical duplicates 

were eliminated via UMI-guided deduplication using UMIcollapse44 (v1.1.0). Gene-level 

expression was quantified with featureCounts45 (Subread v2.1.1). Raw count matrices 

were analyzed in iDEP46 (v2.01) for PCA, differential expression testing using DESeq2, 

hierarchical clustering, and Gene Ontology (GO) biological process analyses. To 

generate dendograms, raw RNA-seq were normalized to counts per million (CPM) and 

log2-transformed. Lowly expressed genes (counts <10) were excluded from the 

analysis, and normalized expression values from three biological replicates were 

averaged for each experimental condition. Pairwise distances between conditions were 

calculated using Pearson correlation distance (1-r), and hierarchical clustering was 

performed using the average-linkage method.  
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Figure 1: Nuclear CP accumulation is dispensable for TCV pathogenesis, 

assembly, and HRT recognition. 
(A) Schematic of Turnip crinkle virus variants used in this study. (B) 
Immunohistochemistry of infected Col-0 roots at 14 dpi using anti-CP antibodies with 
DAPI stain to label nuclei. (C) Infected Col-0 plants at 14 dpi. Disease symptoms are 
highlighted using a trainable segmentation analysis in ImageJ (bottom row) separating 
healthy (green), chlorotic (yellow), and necrotic (red) tissue. (D) Percent chlorosis and 
necrosis of infected Col-0 plants at 14 dpi (n=5). (E) TCV accumulation measured by 
RT-qPCR in Col-0 at 14 dpi (n=5). (F) Image of infiltrated N. benthamiana 16c leaves at 
5 days post-infiltration. Western blot of N. benthamiana 16c plants infiltrated with Myc-
tagged CP constructs. CP variants present are labeled on the right. Ponceau-S stained 
Rubisco serves as loading control. (G) GFP transcript expression from infiltrated spots 
was measured by RT-qPCR (n=5). Statistics listed are comparing experimental 
condition vs. GFP only. (H) Transmission electron microscopy with negative staining of 
infected sap (n=10). (I) Relative RNase-protected RNA determined by RT-qPCR (n=5). 
Values are relative to quantification of WT TCV RNA. (J) Col-0 plants at 14 dpi infected 
with 37C-treated sap. Tissue print of systemically infected leaves detecting CP. Color 
images show leaves used in tissue print. Data shown is representative of two 
independent experiments. (K) Local leaves of Di-17 plants at 4 dpi. HR lesions denoted 
by white arrows. (L) Di-17 plants at 14 dpi with corresponding tissue print of systemic 
leaves detecting CP. Data in panels K and L is representative of two independent 
experiments. Data in panels D, E, G, and H are representative of the median results 
across at least two independent experiments. One-way ANOVA with Tukey’s multiple 
comparison was used for all statistical analyses. ****p<0.0001 
 
Figure 2: TCV CP variants differentially activate SA-associated host response. 
(A) Principal component analysis (PCA) of expression profiles of mock or infected Col-0 
plants at 14 dpi. Dendogram depicting treatment-level clustering using replicate 
averaged log2-CPM expression values. Pairwise distances were calculated as 1-
Pearson’s correlation coefficient, and hierarchical clustering was performed using 
average linkage. Branch lengths represent correlation distance. (B) Venn diagram of all 
DEGs identified in virus-infected plants vs Mock. Heat map of defense-associated 
genes previously implicated in TCV defense.  (C) Heat-map of hierarchical clustering of 
the top 2,000 DEGs identified by DESeq2. Gene ontology analysis of biological 
processes of each cluster identified up-regulated and down-regulated pathways listed to 
the right. Bar graphs show fold-enrichment and adjusted p-values of selected pathways 
(D) Heat-map of expression of representative SA-responsive genes in infected Col-0 
plants. (E) Free SA accumulation quantified by Acinetobacter sp. ADPWH-lux biosensor 
(n=5). (F) PR1 expression measured by RT-qPCR (n=5). Data in panels E and F 
represent the median values across at least two independent experiments. Lognormal 
one-way ANOVA with Tukey’s multiple comparison test was used for statistical analyses. 
 
Figure 3: Salicylic acid drives TCV-associated disease but has CP-dependent 
effects on viral accumulation. 
(A) Time-course of infected Col-0 and sid2-2 plants with corresponding disease image 
segmentation indicating healthy (green), chlorotic (yellow), and necrotic (red) tissue. (B) 



Percent healthy tissue of infected whole plants calculated via ImageJ segmentation 
analysis at indicated time points (n=5). Statistical analysis compares healthy tissue 
percent between Col-0 (solid dark green line) and sid2-2 (dashed light green line) plants 
within each time point tested. Images are representative of plants from at least three 
independent experiments. (C) Virus accumulation measured by RT-qPCR in indicated 
condition (n=5). Col-0 plants were untreated (solid-colored bars), while sid2-2 plants 
were either untreated (-; solid white bars) or treated with salicylic acid (+SA; striped 
bars) beginning 24 hours post-infection until harvest at 14 dpi. Data in panels B and C 
represent the median measurements from at least three independent experiments. 
Lognormal one-way ANOVA with Tukey’s multiple comparison used for statistical 
analysis. *p<0.05 **p<0.01 ****p<0.0001 
 

Figure 4: An N-terminal CP mutation uncouples SA-dependent disease from viral 

fitness.  

(A) Time-course of representative Col-0 plants with corresponding disease image 
segmentation indicating healthy (green), chlorotic (yellow), and necrotic (red) tissue. (B) 
Percent chlorosis and necrosis of infected Col-0 plants at 14 dpi as calculated following 
ImageJ segmentation (n=5). (C) Free SA accumulation quantified by Acinetobacter sp. 

ADPWH-lux biosensor (n=5). (D) PR1 expression quantified by RT-qPCR of infected 
Col-0 at 14 dpi (n=5). (E) Time-course of representative sid2-2 plants with 
corresponding disease image segmentation. (F) Percent healthy tissue of infected Col-0 
and sid2-2 plants calculated following ImageJ segmentation analysis at indicated time 
points. Statistical analysis compares healthy tissue percent between Col-0 (solid dark 
green line) and sid2-2 (dashed light green line) plants within each time point tested 
(n=5). (G) Virus accumulation measured by RT-qPCR at 14 dpi (n=5). (H) PCA of gene 
expression profiles for TCV infections in Col-0 and sid2-2 plants. Dendrogram depicting 
treatment-level clustering using replicate averaged log2-CPM expression values. Red 
branches indicate severe disease, yellow branches indicate intermediate disease, while 
green branches indicate uninfected controls. Images in panels A and E are 
representative of plants from at least three independent experiments. Data in panels B, 
C, D, F, and G is representative of the median points across at least two independent 
experiments. Lognormal one-way ANOVA with Tukey’s multiple comparison was used 
for all statistical analyses. **p<0.01 ***p<0.001 ****p<0.0001  

 

 



Figures

Figure 1

Nuclear CP accumulation is dispensable for TCV pathogenesis, assembly, and HRT recognition.

(A) Schematic of Turnip crinkle virus variants used in this study. (B) Immunohistochemistry of infected
Col-0 roots at 14 dpi using anti-CP antibodies with DAPI stain to label nuclei. (C) Infected Col-0 plants at
14 dpi. Disease symptoms are highlighted using a trainable segmentation analysis in ImageJ (bottom



row) separating healthy (green), chlorotic (yellow), and necrotic (red) tissue. (D) Percent chlorosis and
necrosis of infected Col-0 plants at 14 dpi (n=5). (E) TCV accumulation measured by RT-qPCR in Col-0 at
14 dpi (n=5). (F) Image of infiltrated N. benthamiana 16c leaves at 5 days post-infiltration. Western blot
of N. benthamiana 16c plants infiltrated with Myc-tagged CP constructs. CP variants present are labeled
on the right. Ponceau-S stained Rubisco serves as loading control. (G) GFP transcript expression from
infiltrated spots was measured by RT-qPCR (n=5). Statistics listed are comparing experimental condition
vs. GFP only. (H) Transmission electron microscopy with negative staining of infected sap (n=10). (I)
Relative RNase-protected RNA determined by RT-qPCR (n=5). Values are relative to quantification of WT
TCV RNA. (J) Col-0 plants at 14 dpi infected with 37°C-treated sap. Tissue print of systemically infected
leaves detecting CP. Color images show leaves used in tissue print. Data shown is representative of two
independent experiments. (K) Local leaves of Di-17 plants at 4 dpi. HR lesions denoted by white arrows.
(L) Di-17 plants at 14 dpi with corresponding tissue print of systemic leaves detecting CP. Data in panels
K and L is representative of two independent experiments. Data in panels D, E, G, and H are
representative of the median results across at least two independent experiments. One-way ANOVA with
Tukey’s multiple comparison was used for all statistical analyses. ****p<0.0001



Figure 2

TCV CP variants differentially activate SA-associated host response.

(A) Principal component analysis (PCA) of expression profiles of mock or infected Col-0 plants at 14 dpi.
Dendogram depicting treatment-level clustering using replicate averaged log2-CPM expression values.
Pairwise distances were calculated as 1-Pearson’s correlation coefficient, and hierarchical clustering
was performed using average linkage. Branch lengths represent correlation distance. (B) Venn diagram
of all DEGs identified in virus-infected plants vs Mock. Heat map of defense-associated genes previously
implicated in TCV defense. (C) Heat-map of hierarchical clustering of the top 2,000 DEGs identified by
DESeq2. Gene ontology analysis of biological processes of each cluster identified up-regulated and
down-regulated pathways listed to the right. Bar graphs show fold-enrichment and adjusted p-values of
selected pathways (D) Heat-map of expression of representative SA-responsive genes in infected Col-0
plants. (E) Free SA accumulation quantified by Acinetobacter sp. ADPWH-lux biosensor (n=5). (F) PR1



expression measured by RT-qPCR (n=5). Data in panels E and F represent the median values across at
least two independent experiments. Lognormal one-way ANOVA with Tukey’s multiple comparison test
was used for statistical analyses.

Figure 3

Salicylic acid drives TCV-associated disease but has CP-dependent effects on viral accumulation.

(A) Time-course of infected Col-0 and sid2-2 plants with corresponding disease image segmentation
indicating healthy (green), chlorotic (yellow), and necrotic (red) tissue. (B) Percent healthy tissue of
infected whole plants calculated via ImageJ segmentation analysis at indicated time points (n=5).
Statistical analysis compares healthy tissue percent between Col-0 (solid dark green line) and sid2-2
(dashed light green line) plants within each time point tested. Images are representative of plants from
at least three independent experiments. (C) Virus accumulation measured by RT-qPCR in indicated
condition (n=5). Col-0 plants were untreated (solid-colored bars), while sid2-2 plants were either
untreated (-; solid white bars) or treated with salicylic acid (+SA; striped bars) beginning 24 hours post-
infection until harvest at 14 dpi. Data in panels B and C represent the median measurements from at
least three independent experiments. Lognormal one-way ANOVA with Tukey’s multiple comparison used
for statistical analysis. *p<0.05 **p<0.01 ****p<0.0001



Figure 4

An N-terminal CP mutation uncouples SA-dependent disease from viral fitness.

(A) Time-course of representative Col-0 plants with corresponding disease image segmentation
indicating healthy (green), chlorotic (yellow), and necrotic (red) tissue. (B) Percent chlorosis and necrosis
of infected Col-0 plants at 14 dpi as calculated following ImageJ segmentation (n=5). (C) Free SA
accumulation quantified by Acinetobacter sp. ADPWH-lux biosensor (n=5). (D) PR1 expression quantified
by RT-qPCR of infected Col-0 at 14 dpi (n=5). (E) Time-course of representative sid2-2 plants with
corresponding disease image segmentation. (F) Percent healthy tissue of infected Col-0 and sid2-2
plants calculated following ImageJ segmentation analysis at indicated time points. Statistical analysis
compares healthy tissue percent between Col-0 (solid dark green line) and sid2-2 (dashed light green
line) plants within each time point tested (n=5). (G) Virus accumulation measured by RT-qPCR at 14 dpi



(n=5). (H) PCA of gene expression profiles for TCV infections in Col-0 and sid2-2 plants. Dendrogram
depicting treatment-level clustering using replicate averaged log2-CPM expression values. Red branches
indicate severe disease, yellow branches indicate intermediate disease, while green branches indicate
uninfected controls. Images in panels A and E are representative of plants from at least three
independent experiments. Data in panels B, C, D, F, and G is representative of the median points across at
least two independent experiments. Lognormal one-way ANOVA with Tukey’s multiple comparison was
used for all statistical analyses. **p<0.01 ***p<0.001 ****p<0.0001
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