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Casein Kinase 1 Regulates Cytorhabdovirus Replication and
Transcription by Phosphorylating a Phosphoprotein
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Casein kinase 1 (CK1) family members are conserved Ser/Thr protein kinases that regulate important developmental
processes in all eukaryotic organisms. However, the functions of CK1 in plant immunity remain largely unknown. Barley
yellow striate mosaic virus (BYSMV), a plant cytorhabdovirus, infects cereal crops and is obligately transmitted by the small
brown planthopper (SBPH; Laodelphax striatellus). The BYSMV phosphoprotein (P) exists as two forms with different
mobilities corresponding to 42 kD (P42) and 44 kD (P44) in SDS-PAGE gels. Mass spectrometric analyses revealed a highly
phosphorylated serine-rich (SR) motif at the C-terminal intrinsically disordered region of the P protein. The Ala-substitution
mutant (PS54) in the SR motif stimulated virus replication, whereas the phosphorylation-mimic mutant (PS5P) facilitated virus
transcription. Furthermore, PS5A and PS5P associated preferentially with nucleocapsid protein-RNA templates and the large
polymerase protein to provide optimal replication and transcription complexes, respectively. Biochemistry assays
demonstrated that plant and insect CK1 protein kinases could phosphorylate the SR motif and induce conformational
changes from P42 to P44. Moreover, overexpression of CK1 or a dominant-negative mutant impaired the balance between
P42 and P44, thereby compromising virus infections. Our results demonstrate that BYSMV recruits the conserved CK1

kinases to achieve its cross-kingdom infection in host plants and insect vectors.

INTRODUCTION

Phosphorylation is one of the most important posttranslational
modifications in eukaryotic cells and has important roles in en-
zyme activation, transcription, and biotic/abiotic stress responses
(Friso and van Wijk, 2015; Millar et al., 2019). As a reversible
process, phosphorylation is catalyzed by protein kinases, while
dephosphorylation is achieved by protein phosphatases (Friso
and van Wijk, 2015; Millar et al., 2019). Casein kinase 1 (CK1)
proteins are highly conserved Ser/Thr protein kinases in eukar-
yotes. CK1-type kinases have been extensively studied in their
regulatory role of divergent biological processes in yeast and
animals (Gross and Anderson, 1998; Knippschild et al., 2005). By
contrast, only a few studies have focused on the biological roles of
plant CK1 proteins. Arabidopsis (Arabidopsis thaliana) CK1.3 and
CK1.4 phosphorylate the photoreceptor cryptochrome 2 to reg-
ulate blue light signaling (Tan et al., 2013). Arabidopsis CK1.8
regulates ethylene biosynthesis by phosphorylating ACC SYN-
THASES (ACS5), a key enzyme in ethylene biosynthesis, thereby
promoting ACS5 turnover (Tan and Xue, 2014). Arabidopsis
CASEIN KINASE 1-LIKE6 (CKL6) mainly plays a role in macro-
molecular trafficking at plasmodesmata sites (Lee et al., 2005). A
rice (Oryza sativa) CK1 has been shown to be involved in signal
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transduction and hormone metabolism (Liu et al., 2003). However,
the function of CK1 in plant immunity has not yet been elucidated.

The virus family Rhabdoviridae contains bacilliform or bullet-
shaped, enveloped viruses that have monopartite single-
stranded, negative-sense RNA genomes (Ammar et al., 2009).
More than 160 rhabdoviruses infect a broad range of hosts from
human, wildlife, livestock, to plant. Plant rhabdoviruses infect
various monocot and dicot plants, including agriculturally sig-
nificant crops such as wheat (Triticum aestivum), rice, barley
(Hordeum vulgare), maize (Zea mays), potato (Solanum tuber-
osum), and tomato (Solanum lycopersicum). Plant rhabdoviruses
are taxonomically divided into six genera: Cytorhabdovirus, Di-
chorhavirus, Varicosavirus, Alphanucleorhabdovirus, Beta-
nucleorhabdovirus, and Gammanucleorhabdovirus (Dietzgen
et al., 2020). Previous work on plant rhabdoviruses has largely
focused on biochemical and molecular analyses of viral proteins
during ectopic expression in plant cells, but not in the context of
authentic virus infections due to the lack of available reverse
genetic systems. Recently, Wang and colleagues developed the
first reverse genetics system of plant negative-stranded RNA
viruses in Nicotiana benthamiana plants, which facilitates in-
vestigation of the biological functions of viral proteins (Jackson
et al., 2005; Wang et al., 2015; Jackson and Li, 2016).

A typical rhabdovirus genome encodes five conserved struc-
tural proteins: the nucleocapsid protein (N), a phosphoprotein
(P), a matrix protein (M), a glycoprotein (G), and the large subunit
(L) of the RNA-dependent RNA polymerase complex (RdRp).
These genes are organized in the conserved order 3' —N—P—M—
G—-L-5' (Jackson et al., 2005; Mann and Dietzgen, 2014). In
addition, plant rhabdoviruses encode one or more ancillary pro-
teins in the N—P, P—M, or G—L gene junctions (Walker et al.,
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CK1 Regulation of Plant Cytorhabdovirus Infections

IN A NUTSHELL

Background: Phosphorylation is a widespread post-translational modification of cellular proteins in eukaryotic cells.
For instance, Casein kinase 1 (CK1) enzymes are highly conserved Ser/Thr protein kinases that regulate critical
aspects of development in yeast, plants, and animals. Accumulating evidence suggests that many host protein
kinases play pivotal roles when plants are infected by a virus by phosphorylating viral proteins. Rhabdoviruses are a
group of viruses with negative-sense single-stranded RNA genomes that cause significant losses to agriculture
production worldwide when they infect crops. Most plant rhabdoviruses are obligately transmitted by arthropod
vectors in a persistent propagative manner. Recent breakthroughs in reverse genetics systems applied to plant
rhabdoviruses now allow an investigation of virus-insect-plant interactions.

Question: We wanted to know whether a conserved protein kinase might be implicated in the cross-kingdom
infections of host plants and insect vectors by plant rhabdoviruses. How does protein kinases regulate infections of
plant rhabdoviruses?

Findings: We found that the phosphoprotein (P) of barley yellow striate mosaic virus (BYSMV), a plant
cytorhabdovirus, was phosphorylated by plant and insect CK1 protein kinases. Mass spectrometry analysis revealed
that CK1 phosphorylated a Ser-rich (SR) motif at the C terminal intrinsically disordered region of BYSMV P.
Phosphorylation of BYSMV P results in the production of two P forms with different mobilities corresponding to 42
kDa (P42) and 44 kDa (P44) in protein gels. Using a reverse genetics system in BYSMV, we found that BYSMV P42
and P44 stimulated viral replication and transcription, respectively. Overexpression of CK1, or a dominant-negative
CK1 mutant, impaired the balance between P42 and P44, thereby compromising viral infection. Our results revealed
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that BYSMV recruits conserved CK1 kinases for cross-kingdom infections in host plants and insect vectors.

Next steps: We wish to determine the spatial and temporal expression of the different phosphorylation forms of
BYSMV P, as well as their functions during BYSMV infections in host plants and insect vectors. Whether CK1 protein
kinases are common modulators of other plant and animal rhabdoviruses also remains an open question for

investigation.
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2011). The rhabdovirus nucleocapsid is a minimal infectious unit
that comprises the genomic RNA (QRNA) associated with the N, P,
and L core proteins. During replication, the nascent rhabdovirus
gRNAs and antigenomic RNAs (agRNAs) are rapidly encapsidated
by the N proteins to form a long helical N-gRNA complex that
serves as a template for RdRp-mediated transcription and ge-
nome replication (Moyer et al., 1991). The rhabdovirus P protein
provides a noncatalytic cofactor that facilitates access of the L
protein to N-RNA template. In addition, the P protein forms N°-P
complexes with nascent RNA-free N (N°) proteins to solubilize N°
and to encapsulate gRNAs and agRNAs generated during repli-
cation (Emerson and Schubert, 1987; Moyer et al., 1991; Green
and Luo, 2009; Rahmeh et al., 2012). Rhabdovirus transcription
and replication are regulated in a dynamic balance by the poly-
merase complex, and an intriguing open question is how the
viral RdRp fine-tunes the balance between transcription and
replication.

Barley yellow striate mosaic virus (BYSMV) is a member of the
genus Cytorhabdovirus and elicits chlorotic striations and mosaic
symptoms in cereal plant species. BYSMV is transmitted in
a persistent-propagative manner by the small brown planthopper
(SBPH; Laodelphax striatellus; Cao et al., 2018). The BYSMV
genome consists of 12,706 nucleotides and encodes five con-
served structural proteins and five ancillary proteins in the order
3'=N—P—-P3—-P4/P5-P6—M—-G—P9—-L—-5" (Yan et al., 2015).
We recently developed a BYSMV antigenomic minireplicon
(BYSMV-agMR) system in N. benthamiana leaves (Fang et al.,
2019). We subsequently rescued BYSMV (i.e., reconstituted
a functional and infectious genome) from full-length cDNA clones
and developed BYSMV vectors as versatile delivery platforms in
monocot plants and planthoppers (Gao et al., 2019). Using these

genetic systems, we recently demonstrated that the BYSMV P
protein hijacks the host deadenylation factor CARBON CATAB-
OLITE REPRESSION4 (CCR4) to promote viral replication (Zhang
et al., 2020). Here, we explored the regulation of BYSMV P
phosphorylation in viral transcription and replication.

Accumulating evidence suggests that many host protein
kinases play pivotal roles in viral life cycles by phosphorylating
both viral and host cellular proteins (Jakubiec and Jupin, 2007; Hu
etal.,2015; Wang, 2015; Zhao et al., 2015; Hoover and Kao, 2016;
Zhong et al., 2017; Mei et al., 2018). However, the role of phos-
phorylation during plant negative-stranded RNA virus infections
has not been described. Here, we first undertook mass spec-
trometric analyses of BYSMV P proteins to identify physiologically
relevant phosphorylation sites. Intriguingly, we identified a highly
phosphorylated serine-rich (SR) motif at the C-terminal domain
intrinsically disordered region (IDRp) of BYSMV P. We then used
reverse genetic approaches to investigate the effects of these
phosphorylation events on BYSMV infections. We present several
lines of evidence showing that the SR motif of BYSMV P is
phosphorylated by the conserved CK1 family of plant and insect
hosts to finely regulate the balance of BYSMV transcription and
replication.

RESULTS
Identification of BYSMV P Phosphorylated Residues by
Mass Spectrometry

To investigate the phosphorylated forms of BYSMV P in vivo, we
performed immunoblot analyses to detect BYSMV P proteins
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isolated from N. benthamiana leaves infiltrated with the BYSMV
agMR (Fang et al., 2019) via Agrobacterium (Agrobacterium tu-
mefasciens), from BYSMV-infected SBPHs, and from barley
plants infiltrated with BYSMV agMR, using purified BYSMV virions
from infected barley plants as a positive control. We detected two
main bands for BYSMV P in SDS-PAGE gels with slightly different
mobilities, corresponding to 42 kD (designated P42) and 44 kD
(designated P44; Figure 1A). Notably, P44 was the principal form
in BYSMV virions (Figure 1A, lane 7). In BYSMV-agMR assays,
BYSMV P mainly existed as the P42 form 2 d postinfiltration
(2 dpi; Figure 1B). Subsequently, the appearance of P44 was

accompanied by red fluorescent protein (RFP) accumulation and
agMR replication at 4 and 6 dpi (Figure 1B). The RFP coding
sequence was inserted in between the virus N and P genes in the
infectious clone and provides a positive control for transcription of
the viral genome. The P44:P42 ratio gradually increased during
BYSMYV infections in barley plants (Figure 1C). Collectively, these
results suggest that P44 production is involved in BYSMV
infections.

To determine whether the two BYSMV P forms resulted from
phosphorylation, we immunoprecipitated BYSMV P proteins
from N. benthamiana leaves overexpressing P and treated the
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Figure 1. Identification of Phosphorylated Residues of BYSMV P by Mass Spectrometry.

(A) Immunoblot analysis showing two forms of the P protein expressed in N. benthamiana, L. striatellus, and H. vulgare, and purified virions, using specific
antibodies against the P protein. Note the presence of two BYSMV P protein bands (P42 and P44) with molecular masses of 42 and 44 kD in gels.

(B) Accumulation of BYSMV P and RFP in agMR-inoculated N. benthamiana leaves at 2, 4, and 6 dpi. Total protein extracts from agMR-inoculated N.
benthamiana leaves were probed with anti-P and anti-RFP antibodies. The P44:P42 ratios were calculated from band intensities.

(C) Accumulation of BYSMV P in BYSMV-infected H. vulgare plants at 3, 6, and 12 dpi. Coomassie Brilliant blue (CBB) staining of Rubisco complex large
subunit (RbcL) was used as protein loading controls in (A) to (C).

(D) Treatment of BYSMV P proteins with phosphatase. P-Flag proteins were isolated from N. benthamiana leaves infiltrated with the plasmid pMDC32-P by
immunoprecipitation with anti-Flag beads. P-Flag proteins were treated with lambda protein phosphatase (\-PPase) or CIP. Mock treatment (-) was
incubated with buffer without phosphatases.

(E) Mass spectrometric identification of BYSMV protein phosphorylation sites. Underlined peptides (bold) were identified by mass spectrometry. The bold
and numbered residues represent phosphorylation sites. Highly phosphorylated Ser residues of the BYSMV P protein SR motif are shown in blue.

(F) MS/MS spectrum of the peptide 185TVVESASRPSSIASWAQGEEK?2% containing the Ser-191 and Ser-194 phosphorylated residues. The band y ions are
highlighted in the sequence and corresponding labels in the spectrum.



immunoprecipitates with either \-protein phosphatase or calf
intestinal phosphatase (CIP). As expected, we failed to detect P44
after treatment with either phosphatase in vitro (Figure 1D), in-
dicating that P42 and P44 represent hypo-phosphorylated and
hyper-phosphorylated forms, respectively. In agreement with
previous studies about the accumulation of animal rhabdovirus P
proteins as two forms (Barik and Banerjee, 1992; Gupta et al.,
2000), our results indicate that phosphorylation of BYSMV P
similarly affects the mobility of P and phosphorylated P in SDS-
PAGE gels.

To further identify phosphorylated residues in BYSMV P during
replication and transcription, we immunoprecipitated the BYSMV
P protein from BYSMV-agMR-infiltrated leaves and then sub-
jected the protein samples to SDS-PAGE gel electrophoresis. We
excised the P42 and P44 bands and treated them with trypsin for
in-gel digestion. We analyzed the resulting products by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The
results showed that 95% of the BYSMV P protein was covered in
the LC-MS/MS results from the P42 and P44 bands (Figure 1E),
indicating that P42 is a full-length product rather than a truncated
derivative. Notably, both P42 and P44 were characterized by
different degrees of phosphorylation on a series of Ser, Thr, and
Tyr residues (Figure 1E; Supplemental Table). Our LC-MS/MS
results showed 17 phosphorylated Ser, Thr, and Tyr residuesin 15
peptide fragments (Figure 1E; Supplemental Table). Notably, five
Ser residues (amino acids 189, 191, 194, 195, and 198) in an SR
motif ('"89SASRPSSIAS'98) were highly phosphorylated in different
peptides (Figures 1E and 1F; Supplemental Figure 1).

Collectively, the BYSMV P protein in plants and insect vectors
exists as hyper-phosphorylation (P44) and hypo-phosphorylation
(P42)formsin vivo. Moreover, the C terminus of BYSMV P contains
ahighly phosphorylated SR motif (Serresidues 189, 191, 194, 195,
and 198).

Phosphorylation of the BYSMV P SR Motif Elicits
P44 Production

IDRs have been described in numerous proteins required for
various biological functions (Uversky et al., 2005). IDRs usually
serve as flexible scaffolds for multi-component complex as-
semblies and exhibit different binding affinities to their partners
(Spolar and Record, 1994; Wright and Dyson, 2009). Based on
meta-prediction of IDRs from 15 independent predictors, we in-
ferred that BYSMV P contained three structured domains, in-
cluding an N-terminal domain (amino acids 9 to 33), a central
domain (amino acids 60 to 183, and a C-terminal domain (amino
acids 208 to 270), separated by two IDR regions, IDRN (amino
acids 34 to 59) and IDRC (amino acids 184 to 207; Figure 2A).
Interestingly, the highly phosphorylated SR motif ('89SASRPS-
SIAS198) was located in the IDRC region (amino acids 184 to 207;
Figure 2A).

To examine whether phosphorylation of the BYSMV P SR motif
affected conformational changes, we generated two BYSMV P
mutants in which the five Ser residues at positions 189, 191, 194,
195, and 198 were substituted with Ala (designated as PS%4) to
mimic the nonphosphorylated state or with Asp (designated as
PSSD) to mimic the phosphorylated state (Figure 2A). We then
expressed the wide-type P protein (PWT), PS54, and PSSP in N.
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benthamiana leaves by agro-infiltration. As described above, PWT
presented as both basally phosphorylated (P42) and hyper-
phosphorylated (P44) forms (Figure 2B). By contrast, PS54 and
PSSD migrated on SDS-PAGE gels only as P42 and P44, re-
spectively (Figure 2B). These results indicate that BYSMV P
phosphorylation (PS5P) and nonphosphorylation (PS54) in the SR
motif result in conformational changes that affect electrophoretic
mobility of BYSMV P.

Effects of BYSMV P Phosphorylation on Minigenome
Transcription and Replication

We recently developed a BYSMV-agMR system using a co-
infiltration strategy in N. benthamiana leaves with Agrobacterium-
harboring plasmids driving the accumulation of core proteins and
a BYSMV anti-minigenome derivative cDNA (Fang et al., 2019). In
the pBYSMV-agMR plasmid, we substituted the BYSMV N and P
open reading frames (ORFs) from the antigenome strand with
those of green fluorescent protein (GFP) and RFP flanked by the
BYSMV 5’ and 3’ terminal sequences (Figure 2C). In addition, the
infiltration system consisted of the pGD vector carrying the N, P, or
L ORF from BYSMV (pGD-N, pGD-P, and pGD-L, respectively)
and a pGD-VSRs plasmid that encodes the viral suppressors of
RNA silencing p19 from tomato bushy stunt virus, yb from barley
stripe mosaic virus, and P1/HC-Pro from tobacco etch virus
(Figure 2C).

We next determined the effects of P mutants on BYSMV min-
igenome replication and transcription in vivo. We infiltrated
Agrobacterium cultures containing plasmids for expression of
PWT, PS3A or PSSP in N. benthamiana leaves along with mixtures
of bacterial cultures harboring the pGD-N, pGD-L, pGD-VSRs,
and agMR plasmids (Figure 2C). Compared to PWT, the
phosphorylation-deficient PS54 mutant resulted in more GFP and
RFP fluorescent foci, whereas the phospho-mimic variant PS50
had the opposite effect (Figure 2D). In agreement, immunoblot
analyses showed that PS54 supported enhanced accumulation of
GFP and RFP, whereas PSSP caused a reduced accumulation of
GFP and RFP, compared to PWT (Figure 2E). As described above
(Figure 2B), PWT existed as the two forms P42 and P44, whereas
PS5Aand PS5P migrated with P42 and P44, respectively (Figure 2E).

We also performed a RNA gel blot analysis to measure BYSMV
minigenome replication and associated transcription products.
The RNAs corresponding to the genome- (gMR) and antigenomic-
stranded (agMR) minigenome were the most abundant in PS54
-infiltrated leaves, while they accumulated to intermediate levelsin
PWT.infiltrated leaves and were the lowest in PS5P-infiltrated
leaves (Figure 2F). These results indicate that the replication of the
minigenome is upregulated by PS54 and downregulated by PSSP,
Quantification of band intensities from three independent ex-
periments showed that accumulation of gMR in PS54 samples
increased threefold, whereas gMR in PS5P only accumulated to
54% of PWT levels (Figure 2G).

Next, we compared the transcriptional activities of PWT, PS54,
and PSSP by detecting GFP mRNA. Since replicating minigenomes
are templates for viral transcription, arise in viral replication should
positively affect viral transcription. We had therefore expected to
see higher transcription in the PS54 samples than in PWT or PSSP,
However, PS5A supported much lower GFP transcription than
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Figure 2. Effects of P Phosphorylation on Minigenome Transcription and Replication.

(A) Modular organization of the BYSMV P protein and schematic representation of its phosphorylation mutants. Normalized scores for disorder (D-score)
were calculated from 15 different predictors as described in Methods. Structured regions and disordered regions are indicated by gray boxes and lines,
respectively. Five Ser residues (amino acids 189, 191, 194, 195, and 198) in the SR motif of PWT were mutated to either Ala (PS54) or to Asp (PS5P).

(B) Immunoblot analyses of PWT, PS54, and PSSP levels in infiltrated leaves.

(C) lllustration of the binary vectors used for generating antigenomic-sense minireplicon RNA (pBY-agMR) and pGD constructs for expression of the BYSMV
N, P/PS5A/PS5D | and L proteins in Agrobacterium-infiltrated N. benthamiana leaves. The pGD-VSRs plasmid contains three expression cassettes for
simultaneous expression of the viral suppressors of RNA silencing TBSV p19, TEV HC-Pro, and BSMV ~vb.

(D) GFP and RFP foci in N. benthamiana leaves at 5 dpi with Agrobacterium cultures containing pBY-agMR, pGD-N, pGD-L, pGD-VSRs, and pGD-P/PS5A
/PS3D, GFP and RFP was photographed with a fluorescence microscope. Bar = 1 mm.

(E) Immunoblot analysis showing GFP, RFP, and P expression in Agrobacterium-infiltrated leaves of (D) with anti-GFP (a-GFP), anti-RFP (a-RFP), and anti-P
(«-P) polyclonal antibodies. Mock buffer-infiltrated leaves were used as negative controls.

(F) RNA gel blot analysis of Mg replication and transcription supported by PWT, PS54, or PSSP proteins in Agrobacterium-infiltrated leaves. rRNAs were used as
loading controls.

(G) Relative levels of minigenome RNA replication calculated from signal intensities of gMR bands of (F).

(H) Normalized levels of GFP mRNA transcription supported by the agMR plasmid in combination with the PWT, PS5A, or PSP proteins. Note: Normalized
levels of transcription refer to the ratio between GFP mRNA accumulation and gMR accumulation.

(1) Quantification by gPCR of the relative levels of minigenome replication supported by the PWT, PS54 or PSSP proteins.

(J) GFP and RFP mRNA in the same agMR samples of (I) were analyzed by qPCR.

Note: All the results in (G) to (J) were obtained from three biologically independent experiments. The values in PWT samples were set to 1. The EF-1A gene
served as internal control in (I) and (J). Error bars indicate sp. Data points above columns are mean values of three independent experiments. Statistically
significant differences were determined by Student’s t test. *P-value < 0.05; **P- < 0.01.

either PSSP or PWT (Figure 2F, GFP mRNA). To compare the minigenome RNA and GFP/RFP transcripts. Minigenome RNA levels
transcriptional activities of these mutants, we normalized GFP were significantly upregulated in the PS54 samples but were reduced

transcript levels relative to the gMR template. Our results showed in the PS50 samples compared to the PWT samples (Figure 21). GFP
that PS5A decreased transcriptional activity to only 14% of that and RFP transcript levels were significantly downregulated in PS54
observed with PWT, whereas viral transcription with PSSP in- samples but were upregulated in PSSP samples (Figure 2J), providing
creased by 87% over that seen with PWT (Figure 2H). further support to our RNA gel blot results (Figures 2E to 2H).

To further verify the RNA gel blot results, we performed a real-time We next mutated each Ser residue within the SR motif in-

quantitative RT-PCR (RT-gPCR) analysis to quantify the levels of the dividually to Ala to determine the relative contribution of each Ser



residue during viral RNA synthesis. The Ser-191 (PS$1914) Ser-195
(PS1954) and Ser-198 (PS1984) single mutants resulted in similar
numbers of fluorescent foci as PS5A (Supplemental Figure 2A). By
contrast, the PS189A and PS$194A mutants had fewer fluorescent foci
(Supplemental Figure 2A). Immunoblot analysis confirmed that
the P variants PS191A PS195A  pPS198A gnd PS5A gl supported
higher RFP accumulation than that seen with PS189A or PS194A
(Supplemental Figure 2B, top). In addition, PST91A PS195A pS198A
and PS5A coelectrophoresed with the P42 form, while PS189A and
PS194A existed as both P42 and P44 forms (Supplemental
Figure 2B, middle). These results demonstrate that the PS1914
PS195A  or PS198A gingle mutants each affect P protein confor-
mation and functionally similar to PS3A,

Taken together, our results clearly demonstrate that the non-
phosphorylated form (PS54) of BYSMV P enhances virus repli-
cation, whereas the phosphorylated form (PSP) facilitates virus
transcription. These results thus provide evidence that phos-
phorylation of the SR motif of BYSMV P modulates the balance
between RNA replication and transcription.

Effects of BYSMV P Phosphorylation on Full-Length Virus
Infection in N. benthamiana Leaves

We have previously demonstrated the rescue of infectious BYSMV
from cloned full-length cDNAs in SBPHs and cereal plants (Gao
et al., 2019). To examine the effects of BYSMV P phosphorylation
onvirus infections, we generated a pGD-NLPS®A mutant, based on
the pGD-NLPWT plasmid, that contains expression cassettes for
the BYSMV N, PS54, and L core proteins (Figure 3A). Inaddition, we
inserted point mutations into BYSMV-GFP (BYG) carried by the
pBYG-PWT plasmid to create pBYG-PS%A and pBYG-PS5P mutant
versions of the full-length antigenome BYSMV cDNA containing
a GFP gene insertion, as described previously by Gao et al. (2019;
Figure 3A).

We achieved BYG-PS5A infection by infiltration with Agro-
bacterium cultures harboring the pGD-VSRs, pGD-NLPS54, and
pBYG-PS5A binary vectors into N. benthamiana leaves. Similarly,
we coexpressed the pGD-VSRs, pGD-NLPWT, and pBYG-PWT
plasmids to rescue the wild-type BYG-PWT. Compared to BYG-
PWT  the BYG-PS5A mutant resulted in more fluorescent foci in
infiltrated leaves, although their fluorescence intensity was much
weaker (Figure 3B, top). RT-gPCR analysis showed that accu-
mulation of the BYG-PS5A gRNA was 1.9-fold higher than that of
BYG-PWT, whereas the BYG-PS5A transcription levels were ~60%
lower than those seen for BYG-PWT (Figure 3C). These results
indicate that PS5A facilitates full-length virus replication but inhibits
virus transcription.

We further compared the replication and transcription levels of
BYG-PS5A and BYG-PS5P when coexpressed with NLPS5A, BYG-
PS5A infection resulted in increased numbers of foci but lower
fluorescence intensity for GFP compared to BYG-PS5P infection
(Figure 3B, bottom). In addition, BYG-PS5P infections led to an
~60% reduction in replication but a twofold increase in tran-
scription relative to BYG-PS5A (Figure 3D). Immunoblot analyses
revealed that NLPS5A/BYG-PS5A only produced the P42 form,
whereas the NLPWT/BYG-PWT and NLPS54/BYG-PS5P combina-
tions resulted in the production of both P42 and P44 forms
(Supplemental Figure 3). The detection of the BYSMV M protein
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accumulation by immunoblot indicates that all combinations
supported virus infection and were able to rescue recombinant
BYSMV-GFP in N. benthamiana leaves (Supplemental Figure 3).

Collectively, these results indicate that the PS54 mutant facili-
tates replication, while the PS5P mutant assists in transcription
during infections with full-length BYSMV virus genome, which is
consistent with the agMR assays (Figure 2).

Effects of BYSMV P Phosphorylation on BYSMV
Transmission by SBPHs

BYSMV is transmitted to cereal plants by SBPHs in a persistent-
propagative manner (Cao et al., 2018). Our recent studies have
demonstrated the successful infection of SBPHSs by injection with
crude extracts of N. benthamiana leaves containing recombinant
BYSMV-GFP (Gao et al., 2019). Since PWT can produce both P42
and P44 invivo, we generated pBYG-PS5A/S5D gnd pBY G-PS5D/S5A
constructs to coexpress PS% and PSSP in full-length virus in-
fections (Figure 4A).

To determine the effects of P phosphorylation on SBPH in-
fection and transmission, we injected SBPHs with crude extracts
ofthe N. benthamiana leaves infiltrated with BYG-PWT, BYG-PS%A,
BYG-PS50, BYG-PS5A/85D or BYG-PS5DP/S5A  (Supplemental
Figure 4A). At 9 dpi, we observed faint GFP fluorescence from
SBPHs infected with BYG-PWT, BYG-PS54/S5D, or BY G-PS5D/S5A
leaf extracts, but not in SBPHs injected with BYG-PS5A or BYG-
PSSD extracts (Figure 4B). By 15 dpi, more than 45% of the SBPHs
infected with BYG-PWT, BYG-PS5A/S5D | or BY G-PS5D/85A gxhibited
intense GFP fluorescence. By contrast, only 0.30% of all SBPHs
injected with BYG-PS54 or BY G-PS5P extracts exhibited very faint
GFP fluorescence (Figures 4B and 4C). Immunoblot analyses
revealed that BYG-PWT, BYG-PS54/S5D gnd BYG-PS5D/S5A jn-
fections resulted in similar accumulation of GFP, N, and P proteins
(Figure 4D). These results demonstrate that both PS54 and PSP are
required for efficient BYSMV infections in SBPHSs.

Next, we transferred SBPHs that had been infected with BYG-
PWT, BYG-PS5A/S5D and BYG-PS5P/S5A o healthy barley plants
(five insects per plant) for a 2-d inoculation access period (IAP).
Approximately 15 d after the inoculation access period, we de-
tected GFP fluorescence in ~46% of newly emerging leaves of
BYG-PWT-infected barley plants (Figure 4E). However, none of the
barley plants exhibited GFP fluorescence after being fed to BYG-
PSSA/S5D_ or BYG-PSSD/S5A-infected SBPHs (Figure 4E), in-
dicating that neither BYG-PS54/S5D nor BYG-PS5P/S5A in SBPHs
were transmitted to barley plants by SBPHs.

Collectively, these results suggest that both PS54 and PS5P are
essential for the dissemination of BYSMV in SBPHs. Nonetheless,
coexpression of PS54 and PS5P in SBPHs is not sufficient for BYSMV
transmission to barley plants. Therefore, the transmission of BYG-
PWT by SBPHs may require spatial- and temporal-specific ex-
pression of P42 and P44, rather than coexpression of P42 and P44.

BYSMV P Phosphorylation Mutants Have Different
Association for the N-RNA Complex and L Protein

In rhabdovirus replication and transcription complexes, the P
protein is involved in increasing (1) the solubility of the N protein
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Figure 3. Effects of P Protein Phosphorylation on Full-Length BYSMV Transcription and Replication in N. benthamiana Leaves.

(A) lilustration of BYSMV genome organization and the binary Agrobacterium vectors harboring pBYG-PWT, pBYG-PS5A, pBYG-PS5P, pGD-NLPWT, and
pGD-NLPS5A,

(B) GFP foci in N. benthamiana leaves at 10 dpi with Agrobacterium cultures containing the indicated plasmids. GFP fluorescence was observed and
photographed with a fluorescence microscope. Bar = 0.5 mm.

(C) Relative replication and transcription levels of recombinant BYSMVWT and BYSMVS5A as quantified by RT-gPCR. BYSMVWT was rescued by co-
infiltration of p GD-NLPWT and pBYG-PWT, while BYSMVS5A was rescued by coinfiltration of pGD-NLPS5A and pBYG-PS3A, The values of viral replication and
transcription supported by BYSMVWT were set to 1.

(D) Relative replication and transcription levels of recombinant BYSMVS5A and BYSMVS3P as quantified by RT-gPCR. BYSMVS3A and BYSMVS5P were
rescued by coinfiltration of pBYG-PS5A and pBYG-PS5P under the support of pGD-NLPS5A, The values of viral replication and transcription supported by
BYSMVS5A were set to 1.

In (C) and (D), error bars indicate sp. Data points above the columns are the mean values of three independent experiments. Statistically significant

differences were determined by Student’s t test. *P-value < 0.05; **P-value < 0.01.

and (2) the attachment of the L protein subunit to the N-RNA
template. Because the BYSMV P SR moitif is located in a highly
disordered region, we hypothesized that the phosphorylation
state within the SR motif might affect the binding of P protein to the
N-RNA template and/or the L protein. To test this hypothesis, we
performed biomolecular fluorescence complementation (BiFC)
assays and coimmunoprecipitation (Co-IP) assays to investigate
the binding of P mutants with N-RNA templates and the L protein.

BiFC and Co-IP assays demonstrated that full length PWT, PS5A,
and PS5P exhibited similar interaction with the BYSMV N° protein
(Supplemental Figures 5A and 5B). In addition, the point mutations
did not affect the self-interactions of full-length PWT, PS54, and
PSSD (Supplemental Figures 5C and 5D). The N and C termini of
rhabdovirus P proteins affect how P binds to RNA-free N® and to
N-RNAtemplates (Leyrat et al.,2011). Thus, to prevent the binding
ofthe P protein with N°, we deleted the N-terminal 101 amino acids
of PWT, PS3A and PS5P, while the remaining C termini were tagged
with the N-terminal half (YN) of yellow fluorescent protein (YFP). We
tagged the BYSMV N protein with the C-terminal half (Y©) of YFP.
In addition, as a negative control, we fused ribulose-1,5-bis-
phosphate carboxylase/oxygenase (Rubisco) with YC and YN
individually. We observed no BIFC fluorescence in Rubisco
control samples that were coexpressed with PWTAN101_yN

PSSAAN101YN  PSSDANTOT.YN or N-YC (Supplemental Figure 6).
However, after coexpression of N-YC with PWTAN101_yN PS5AAN101
-YN, or PS5DAN101YN e detected many punctate granules in the
cytoplasm (Figure 5A). Leaves coinfiltrated with PS5PAN101.yN gng
N-YC had far fewer granules than in leaves coinfiltrated with N-Y©
and either PWTANTOT_YN o PSSAANTOTYN (Figures 5A and 5B),
suggesting that PS50 has a lower binding affinity to the N-RNA
template than PWT and PS54,

To further examine the association of P mutants with N-RNA
in vivo, we performed Co-IP assays using N-RNA complexes and
Agrobacterium-infiltrated leaves expressing Flag-tagged PWT,
PSSA or PSSP and anti-Flag beads. A mutant bearing a deletion of
the C-terminal 120 residues (P2C'29) that does not contain the
N-RNA complex binding domain served as a negative control. We
isolated the BYSMV N-RNA complexes from detergent-treated
purified virus using a standard protocol of high-salt incubation and
double isolation on a cesium chloride (CsCl) gradient (Emerson
and Yu, 1975). Immunoblot and RT-PCR analyses showed that
BYSMV N protein and gRNA were present in the purified N-RNA
complexes within the nucleocapsid complexes (Supplemental
Figure 7). Flag-PWT and Flag-PS5A efficiently immunoprecipitated
BYSMV N proteins from the N-RNA complexes (Figure 5C, lanes 7
and 8). By contrast, Flag-PS5P immunoprecipitated much less N
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Figure 4. Effects of P Phosphorylation on Full-Length Virus Transcription and Replication in Planthopper Vectors.

(A) lllustration of the genome organization of the pBYG-PS54/S5D gand pBYG-PS5P/S5A pinary vectors harbored by the Agrobacterium cultures.

(B) GFP fluorescence of SBPHs microinjected with crude extracts of N. benthamiana leaves infected by BYG-PWT, BYG-PS%A, BYG-PS5D, BYG-PS54/S5D,
and BYG-PS5P/S5A gt 9 and 15 dpi. Bar = 1 mm.

(C) Infection rates (n = 30) of BYG-PWT, BYG-PS%4, BYG-PS5D, BYG-PS54/S5D, and BYG-PS5P/S5A in SBPHSs. Data are based on three independent ex-
periments. Error bars indicate sb. Data points above the columns represent mean values of three independent experiments. Different letters indicate
significant differences (ANOVA, P < 0.001).

(D) Immunoblot analysis of GFP, N, and P accumulation in SBPHs infected by BYG-PWT, BYG-PS54/S5D and BY G-PS5P/85A with anti-GFP («-GFP), anti-N
(«-N), and anti-P («-P) polyclonal antibodies. The SBPH B-actin protein served as a loading control.

(E) GFP fluorescence in systemically infected barley leaves at 15 d after feeding with SBPHs infected by BYG-PWT, BYG-PS54/S5D or BYG-PS5D/S5A,
Photographs were taken with a digital camera under a hand-held UV lamp. The values under the photos represent the mean infection rates of three
independent experiments. Error bars indicate spb. Bar = 1 cm.

protein from the purified N-RNA complexes (Figure 5C, lane 9). We next examined the binding between the P protein mutants
Flag-GFP and Flag-P2€'20 were unable to immunoprecipitate N and the L protein in Co-IP assays with Agrobacterium-infiltrated
from the purified N-RNA complexes (Figure 5C, lane 10). Thus, N. benthamiana leaves coexpressing L-6XMyc and Flag-tagged
these results show that the PS5P mutant exhibits compromised GFP, PWT, PS5A or PSP, Both the Flag-PWT and Flag-PS5P pro-
association with the N-RNA complex. teins, but not the Flag-GFP control, efficientlyimmunoprecipitated
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Figure 5. Association of BYSMV PS54 and PSP With N-RNA Templates and the L Protein.

(A) BiFC detection of interactions between PWT/PS54/PS5D and the N-RNA complexes. N. benthamiana leaves were photographed at 3 dpi, after infiltration
with Agrobacterium cultures harboring plasmids encoding N-YC with PWTANT0T_yN PSSAANTOT_YN o PSSDANT0T_YN YN gnd YC represent the N-terminal and

C-terminal halves of YFP, respectively. Bar = 50 um.

(B) Quantification of the number of fluorescent aggregates in (A). Each data point represents the number of fluorescent aggregates in a single photograph.
Error bars indicate sp. Letters indicate significant differences (ANOVA, P < 0.001).

(C) Co-IP assays showing in vivo interactions between the PWT/PS54/PS5D proteins and purified N-RNA complexes. Flag-tagged PWT/PS54/PS5D proteins
were expressed in and precipitated from N. benthamiana leaves with Flag M2 beads at 3 dpi. The N-RNA complexes were isolated from purified virions. The N
(«-N) and Flag (a-Flag) antibodies were used to detect accumulation of N-RNA or P, respectively. GFP-Flag or PAC120-Flag served as negative controls.
(D) Co-IP assays showing PWT/PS54/PS5D protein interacting with L. Flag-tagged PWT/PS54/PS5D and -6 X Myc were coexpressed in N. benthamiana leaves
and Co-IPed with anti-Flag beads at 3 dpi. Protein levels was detected by immunoblot using «-Flag and a-Myc antibodies. GFP-Flag and L-Myc were

coexpressed as negative controls.

L-6xXMyc (Figure 5D, lanes 6 and 8). By contrast, the Flag-PS5A
protein immunoprecipitated L-6 XMyc with a reduced efficiency
despite equal protein amounts in the starting samples (Figure 5D,
lanes 3 and 7).

Collectively, we conclude that the PS54 variant mimicking the
nonphosphorylated state of P associates strongly with N-RNA
templates and weakly with the L protein. Conversely, the phos-
phorylation mimic PSP mutant is compromised in the N-RNA
template interaction. Therefore, the nonphosphorylated and
phosphorylated states of the SR motif drive P protein confor-
mational changes, thereby forming different complexes to initiate
either transcription or replication.

The SR Motif of BYSMV P Is Phosphorylated by Plant and
Insect CK1 Proteins

Phosphorylation is a universal posttranslational modification in all
eukaryotes, including yeasts, animals, and plants. Therefore, we

expressed the BYSMV P protein in yeast (Saccharomyces cer-
evisiae, strain BY4741) to determine whether BYSMV P could be
phosphorylated by yeast protein kinases. Indeed, yeast-
expressed BYSMV P also electrophoresed as P42 and P44,
which match the migration pattern of PS54 and PSSP, respectively
(Supplemental Figure 8). These results indicate that one or more
conserved protein kinase(s) might be responsible for phosphor-
ylating BYSMV P in host both plants and insect vectors. There-
fore, we explored conserved protein kinases and constructed
a phylogenetic tree using multiple sequence alignment tools
(Supplemental Figure 9). In the yeast proteome, we identified 47
protein kinases that were highly conserved in barley plants and
planthoppers (Supplemental Figure 9, labeled in red). We cloned
16 protein kinase genes from yeast to test their kinase activity
against the BYSMV P protein.

Since eukaryotic-type protein kinases are absent in Escherichia
coli, we modified a bacterial coexpression system to screen ki-
nase candidates easily through the coexpression of individual
protein kinases and their candidate target in E. coli (Heger-Stevic
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et al., 2018). The BYSMV P protein expressed alone in E. coli only
produced the P42 form, indicating that protein kinases targeting
BYSMV P are absent in E. coli (Supplemental Figure 10A, lane 1).
We then coexpressed BYSMV P with our 16 yeast protein kinase
candidatesin E. coli. Immunoblot analyses revealed that BYSMV P
migrated as both the P42 and P44 forms only when coexpressed
with the yeast kinase HO and Radiation Repair25 (HRR25;
Supplemental Figure 10A, lane 13). By contrast, coexpression of
the glutathione S-transferase (GST) fusion protein GST-HRR25 did
not change the mobility of PS54, indicating that the Ser residues of
the SR motif were phosphorylated by HRR25 (Supplemental Figure
10B). Furthermore, the GST-HRR25-generated P44 form dis-
appeared after treatment with CIP, confirming that P44 was the
hyper-phosphorylated form (Supplemental Figure 10C).

The yeast kinase HRR25 belongs to the CK1 family. BLAST
searches showed that the N. benthamiana, SBPHs, and barley
genomes encode 14, 5, and 14 yeast CK1 orthologs, respectively
(Supplemental Figure 11). We next evaluated the effects of rep-
resentative probable CK1 orthologs from N. benthamiana
(NbCK1), barley (HvCK1), and planthoppers (LsCK1) on the
phosphorylation of BYSMV P in E. coli. Coexpression of NbCK1.3,
NbCK1.4, NbCK1.7, and NbCK1.13 resulted in the conversion of
P42 to P44 (Supplemental Figure 12), but these kinases had no
effect on PS5A mobility, as expected (Supplemental Figure 12).
Using a similar strategy, we established that LsCK1.3, LsCK1.4,
HvCK1.2, HYCK1.3, and HvCK1.12 phosphorylated PWT but had
no effect on PS54 in E. coli (Supplemental Figure 12). Therefore,
these results suggest that CK1 orthologs in plants and insect
hosts contribute to phosphorylation of the BYSMV P SR motif.

We selected NbCK1.3, LsCK1.3, and HvCK1.3 for further
analysis. NbCK1.3, LsCK1.3, and HvCK1.3 resulted in the accu-
mulation of the hyper-phosphorylated P44 form of P when
coexpressed with BYSMV PWT (Figure 6A, lanes 2 to 4), but had no
effect on the mobility of BYSMV PS3A (Figure 6A, lanes 6 to 8).
Moreover, the P44 derivatives produced by NbCK1.3, LsCK1.3,
and HvCK1.3 disappeared after CIP treatment (Figure 6B, lanes 6
to 8), indicating that P44 is hyper-phosphorylated. To further
confirm that CK1-type kinases are responsible for BYSMV P
phosphorylationin plants, we transiently expressed BYSMV P in N.
benthamiana leaves and then treated the Agrobacterium-infiltrated
leaves with 50 uM D44786, a specific CK1 inhibitor, or with DMSO
alone as solvent control (Rena et al., 2004). Immunoblot analyses
revealed that the D4476 treatment significantly inhibited the ac-
cumulation of P44 compared to the DMSO control treatment
(Figure 6C, cf. lanes 2 and 3). Moreover, P44 production was
significantly induced by overexpression of NbCK1.3 relative to the
empty vector control (Figure 6C, cf. lanes 4 and 5). These results
indicate that CK1 phosphorylates the SR motif of BYSMV P in vivo.

To verify BYSMV P phosphorylation in vitro, we purified P-
6xHis, PS5A-6xHis, GST-GFP, GST-NbCK1.3, and GST-
LsCK1.3 recombinant proteins from E. coli for in vitro phos-
phorylation assays with [y-32P]JATP. In control experiments, we
detected no radiolabel after incubation of GST-GFP with P-6 X His
or PS5A-6xHis (Figure 6D, lanes 1 and 4). The incubation of P-
6xHis with GST-NbCK1.3 or GST-LsCK1.3 generated radio-
labeled phosphorylated P-6xHis (Figure 6D, lanes 2 and 3). By
contrast, radiolabeled phosphorylated PS5A-6xHis products
significantly decreased in the presence of GST-NbCK1.3 or GST-
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LsCK1.3, as expected (Figure 6D, lanes 5 and 6). Collectively,
theseresults indicate that the Serresidues (Ser-189, Ser-191, Ser-
194, Ser-195, and Ser-198) of the SR motif are phosphorylated by
host CK1 kinases in vivo and in vitro.

BYSMV P Recruits NbCK1.3 into Viroplasm-Like Bodies

Since CK1 can phosphorylate the BYSMV P protein, we hy-
pothesized that BYSMV P may interact with CK1 within the
viroplasm-like bodies that include the N, P, and L core proteins. To
test this hypothesis, we performed GST pull-down assays to
determine whether P and NbCK1.3 interact. Indeed, GST-
NbCK1.3, but not GST-GFP, was immunoprecipitated with P-
6XHis in vitro (Figure 6E). To visualize the association of P with
NbCK1.3 in living cells, we conducted BiFC assays in N. ben-
thamiana leaves. In agreement with the pull-down assays, co-
expression of both YN-P/YC-NbCK1.3 and YC-P/YN-NbCK1.3
resulted in fluorescent granules in the cytoplasm of infiltrated cells
(Figure 6F). Notably, these granules trafficked rapidly throughout
the cytoplasm (Supplemental Movies 1 and 2). By contrast, we
observed no BiFC fluorescence in the control samples, in which
Rubisco was coexpressed with P or NbCK1.3 fused with different
YN and Y€ (Supplemental Figure 13).

BiFC of YN-P/YC-NbCK1.3 and YC-P/YN-NbCK1.3 resulted
in trafficking granules that were reminiscent of the BYSMV
P-mediated viroplasm-like bodies seen in our recent work (Fang
et al., 2019). We therefore coexpressed L-mCherry and CFP-N
with the BiFC combinations of YN-P/YC-NbCK1.3 and YC-P/YN
-NbCK1.3. Satisfyingly, L-mCherry and CFP-N colocalized with
the trafficking granules formed by the interaction of YN-P/YC
-NbCK1.3 with YC-P/YN-NbCK1.3 (Figure 6G; Supplemental
Movies 3 and 4). These results suggest that NbCK1.3 is recruited
by BYSMV P to form trafficking viroplasm-like bodies in which
BYSMV P can be efficiently phosphorylated by NbCK1.3.

RNA Interference against CK1 Inhibits Efficient Infection of
BYSMV in SBPHs

Our results thus far show that host CK1 interacts with BYSMV P
and phosphorylates the SR motif of BYSMV P (Figure 6), indicating
that CK1 plays important roles in BYSMV infections. To obtain
genetic confirmation of this hypothesis, we synthetized a 600-bp
double RNA fragment (dsLsCK1) corresponding to the homolo-
gous region between LsCK1.3 and LsCK1.4 in vitro to reduce the
expression of LsCK1.3 and LsCK1.4 in SBPHs. We coinjected the
thoraxes of L. striatellus with crude extracts of BY-GFP-infected
barley plants and either dsLsCK1 or dsAmp (ampicillin, 70 ng per
insect) as a negative control. At 5 dpi, dsLsCK17-treated insects
exhibited much lower GFP fluorescence signal than dsAmp-
injected insects (Figure 7A). In agreement, immunoblot analy-
ses revealed that GFP, N, and P proteins also accumulated to
a lower level in dsLsCK1-treated insects than in dsAmp-injected
insects (Figure 7B, compare lanes 2 and 3).

RT-gPCR analyses further revealed that BY-GFP gRNA levels
decreased by ~58% in dsLsCK1-treated SBPHs compared with
dsAmp-injected SBPHs (Figure 7C). Moreover, LsCK1.3 and
LsCK1.4 in the dsLsCK1-treated insects decreased by ~72 and
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48%, respectively (Figure 7D). Collectively, these results suggest under the control of the cauliflower mosaic virus 35S promoter
that knocking down LsCK1 transcript levels negatively affects with the agMR systems. Unfortunately, coinfiltrated leaves ex-
virus infections in SBPHs. hibited cell death in the infiltrated patches (Supplemental
Figure 14A), which would affect the agMR replication. To avoid the
appearance of cell death, we used an estrogen-inducible pro-
moter to drive the expression of plant CK7 genes in N. ben-
thamiana leaves. In these experiments, we treated coinfiltrated
To investigate whether CK1 affects BYSMV infections in plants, leaves with 2 uM estradiol at 3 dpi, before subjecting them to
we overexpressed NbCK1 proteins by placing their coding regions trypan blue staining and observation for RFP foci 2 d later.

Overexpression of CK1 and a Dominant-Negative Mutant
Impairs BYSMV Infections in Plants
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Figure 6. CK1 Phosphorylates the SR Motif of BYSMV P.

(A) Detection of the phosphorylation forms of PWT and PS54 expressed alone (-) or with NbCK1.3, LsCK1.3, and HvCK1.3 in E. coli. The anti-P and anti-GST
polyclonal antibodies were used to detect accumulation of P and protein kinases, respectively.

(B) Treatment with CIP affects the forms of BYSMV P. Purified PWT-6 X His proteins were treated with buffer or CIP and then analyzed by immunoblot analysis.
(C) Accumulation of the two forms of BYSMV PWT after transient expression in N. benthamiana leaves. Infiltrated leaves were treated with DMSO buffer (lane
2) orthe CK1-specific inhibitor D4476 (lane 3) at 2 dpi and collected for P protein detection at 3 dpi. Infiltrated leaves coexpressing PYT with empty vector (EV)
or NbCK1.3 were collected for P protein detection at 3 dpi. PS54 and PSP from Agrobacterium-infiltrated N. benthamiana leaves served as P protein
phosphorylation markers.

(D) Autoradiograph showing in vitro [y-32P]JATP phosphorylation of the SR motif of BYSMV P by NbCK1.3 and LsCK1.3. Recombinant GST-NbCK1.3 and
GST-LsCK1.3 proteins purified from E. coli were used as protein kinases. GFP-GST acted as a negative control. The purified PVT-6x His and PS5A-6 X His
proteins from E. coli served as substrates. Autophosphorylated CK1 and phosphorylated P are indicated. Coomassie Brilliant blue (CBB)-stained gels
served as protein loading controls.

(E) Pull-down assays showing physical interactions between BYSMV P-6xHis and GST-NbCK1.3 in vitro. GST-GFP was used as a negative control.
(F) BiFC assays showing the association between BYSMV P and NbCK1.3 in N. benthamiana leaves. The photographs were taken at 3 dpi. The N-terminal
and C-terminal halves of YFP are designated YN and YC. Bar = 20 um.

(G) Colocalization of BYSMV L and N with punctate particles formed by BiFC assay of P and NbCK1.3. L-mCherry and CFP-N were coexpressed with YN-P
and YC-NbCK1.3 or YC-P and YN-NbCK1.3 combinations in N. benthamiana leaves, respectively. Fluorescence images were photographed at 3 dpi. Bar =

20 pm.
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Figure 7. Knocking Down CK1 Expression Suppresses BYSMV Infection
of SBPHs.

(A) GFP fluorescence in SBPHs microinjected with crude extracts of BYG-
P-infected barley leaves with the dsAmp or dsCK7 RNAs at 5 dpi. Bar =
1 mm.

(B) Immunoblot analysis showing accumulation of the GFP, N, and P
proteins inthe samples of (A). The SBPH B-actin protein served as aloading
control.

(C) RT-gPCR analysis showing relative replication levels of BYSMV in the
samples of (A).

(D) RT-gPCR analysis showing accumulation of LsCK1.3 and LsCK1.4 in
the samples shown in (A). The viral replication values with LsCK7.3 and
LsCK1.4 in the dsAmp-treated SBPHs were set to 1. In (C) and (D), error
bars indicate sp. Data points are mean value of three independent ex-
periments. Statistically significant differences were determined by the
Student’s t test. *P-value < 0.05; **P-value < 0.01.

Estradiol-induced expression of CK1 did not cause cell death in
the infiltrated patches (Figure 8A). Compared to the empty vector
control, coexpression of NbCK1.3 with PWT greatly decreased the
numbers of RFP foci (Figure 8B, top). Notably, coexpression of
NbCK1.3 also reduced the accumulation of the P42 form
(Figure 8C), indicating that NbCK1.3 phosphorylated the PWT
protein in vivo. Accumulation of the RFP protein and genomic
minireplicon RNA (gMR) decreased in the samples overexpressing
NbCK1.3 (Figures 8C and 8D). By contrast, coexpression of
NbCK1.3 did not affect the PS5A-mediated improvement in agMR
replication (Figures 8A and 8B). In these assays, NbCK1.13 was
also coexpressed with PWT, which improved P44 production and
inhibited agMR replication in N. benthamiana leaves (Supplemental
Figure 15). Collectively, theseresults indicate that overexpression of
CK1 negatively regulates BYSMV infections through phosphory-
lation of the P SR motif.

Dominant-negative approaches have been used to inhibit en-
dogenous CK1 activity in mammalian cells (Zhu et al., 1998; Lee
et al., 2009). The point mutants CKle (K38R) and CKlx (D136N)
were used as dominant-negative mutants in previous studies by
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Zhuetal.(1998) and Lee et al. (2009). Protein blast showed that the
K38 of CKle and D136 of CKla are also conserved in plant CK1
homologs (K38 and D128; Supplemental Figure 14B). Accord-
ingly, we generated the point mutant (K38R and D128N) in HvCK1.
2 to serve as a dominant-negative mutant, HvCK1.2PN
(Supplemental Figure 14B). Unlike the wild-type HvCK1.2, HvCK1.
2PN did not induce cell death in N. benthamiana leaves due to its
lack of kinase activity (Supplemental Figure 14A). Moreover,
coexpression of HvCK1.2PN interfered with its phosphorylation of
the BYSMV P protein (Supplemental Figure 14C).

We next generated a recombinant BYSMV plasmid containing
HvCK1.2PN (pBY-GFP-HvCK1.2PN) based on pBY-GFP, which
would drive the accumulation of GFP to act as a visual marker of
systemic BYSMV infections in barley plants (Figure 8E). Following
rescue in N. benthamiana leaves and transmission by SBPHs, BY-
GFP and BY-GFP-HvCK1.2PN established systemic infections in
barley plants at 10 dpi (Figure 8F). BY-GFP spread extensively in
the first fully expanded leaves of infected plants, whereas BY-
GFP-HvCK1.2PN was limited to several veins (Figures 8F and 8G).
Immunoblot analysis showed that GFP accumulated to much
lower levels in BY-GFP-HvCK1.2PN-infected leaves than BY-GFP
(Figure 8H). To ensure the clear detection and differentiation of the
P42 and P44 bands, we diluted BY-GFP total protein samples
10times forimmunoblot analysis. As hoped, overexpression of the
dominant-negative mutant (HvCK1.2PN) reduced the ratio of P44
to P42 compared with that of BY-GFP (Figure 8H). In agreement,
RT-gPCR results showed that the accumulation of gRNA in BY-
GFP-HvCK1.2PN-infected leaves decreased to 22% of that seen
with BY-GFP (Figure 8l). As a control for infection assays, we
replaced HvK1.2PN from BY-GFP-HvCK1.2PN with the B-GLU-
CURONIDASE (GUS) gene to generate BY-GFP-GUS. Similarly to
BY-GFP, BY-GFP-GUS exhibited higher pathogenicity than BY-
GFP-HvCK1.2PN in barley plants (Supplemental Figure 16). Col-
lectively, these results indicate that overexpression of CK1.2PN
inhibits BYSMV infections in barley plants.

In summary, our results demonstrate that CK1 proteins from
plant and insect vectors can phosphorylate the BYSMV P protein
and induce transition from virus replication to transcription
(Figure 8J). The phosphorylated P44 form facilitates virus tran-
scription, whereas the nonphosphorylated P42 form improves
virus replication (Figure 8J). Since both virus replication and
transcription are required for effective virus infection, either in-
hibition or overexpression of host CK1 genes impair the balance
between virus replication and transcription, thereby inhibiting
BYSMYV infections (Figure 8).

DISCUSSION

Phosphorylation of cellular proteins is a widespread post-
translational modification that regulates signal transduction,
molecular interactions, and subcellular localization phenomena
(Peck, 2006; Bond et al., 2011). Viral proteins are usually phos-
phorylated by host protein kinases that play pivotal roles in viral
life cycles (Jakubiec and Jupin, 2007; Wang, 2015). Here, we
have identified two phosphorylated states of the BYSMV P
protein that represent the hypo-phosphorylated (P42) and the
hyper-phosphorylated (P44) forms (Figure 1). In this respect, the
BYSMV P protein is similar to the Rabies virus (RV) P protein, which
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Figure 8. Overexpression of CK1 Suppresses BYSMV Infections in Plants.

(A) Trypan blue staining of N. benthamiana leaves at 5 dpi after infiltration with Agrobacterium cultures containing pBY-agMR, pGD-N, pGD-L, pGD-VSRs,
and pGD-PWT (wild type)/PS%A (phosphorylation defective mutant) with empty vector (EV) or NbCK1.3 under the control of the estradiol-inducible promoter.
Estradiol (2 M) was infiltrated at 3 dpi, and the leaves were stained at 5 dpi. Bar = 2 cm.

(B) RFP foci in N. benthamiana leaves from (A) at 5 dpi. Bar = 1 mm.

(C) Immunoblot analysis showing accumulation of the RFP, P, and NbCK1.3 proteins in the samples of (B). RbcL served as a loading control.

(D) RT-gPCR analysis showing accumulation of gMR in the samples shown in (B).

(E) lllustration of the genome organization of the pBY-GFP and pBY-GFP-HvCK1.2PN binary vectors harbored by the Agrobacterium cultures.

(F) Disease symptoms and GFP fluorescence of barley plants infected with BY-GFP and BY-GFP-HvCK1.2PN at 15 dpi. Bar = 2 cm.

(G) GFP foci in barley leaves of (F) observed by confocal microscope. Bar = 1 mm.

(H) Immunoblot analysis showing accumulation of the GFP and HvCK1.2PN proteins in the samples of (F). For detection of the BYSMV P protein, the total
protein samples of BY-GFP were diluted 10 times for immunoblot analysis. RbcL served as a loading control.

(I) RT-gPCR analysis showing accumulation of BYSMV gRNA in the samples shown in (F).



has both a basally phosphorylated and a hyper-phosphorylated
form (Tuffereau et al., 1985; Takamatsu et al., 1998). However, the
protein kinases catalyzing the phosphorylation of the RV P protein
remain elusive. Here, we discovered that host CK1 protein kinases
areresponsible for BYSMV P phosphorylation and P44 production
(Figure 6). Furthermore, multiple CK1 orthologs phosphorylated
BYSMV P protein in N. benthamiana, planthoppers (L. striatellus),
and barley (Supplemental Figure 12). BYSMV infections of
barley plants did not induce expression of these CK71 genes
(Supplemental Figure 17), possibly because normal CK1 levels are
sufficient for the phosphorylation of BYSMV P. It is important to
note that BYSMV is a cross-kingdom virus infecting both plants
and insects. Correspondingly, CK1 is a well-conserved kinase
family in eukaryotes, including dicot and monocot plants, as well
as in SBPHs (Knippschild et al., 2005); thus, it is not surprising that
CK1 plays an important role in the cross-kingdom life cycle of
BYSMV in plants and insect vectors.

Anotherinteresting finding in our study is that the Ser-rich region
(SR motif) of the BYSMV P protein was highly phosphorylated
(Figure 1). Using site-directed mutants and phosphorylation as-
says in E. coli and in vitro, we clearly show that the SR motif is
phosphorylated by host CK1 (Figure 6). Furthermore, the non-
phosphorylated PS54 mutant of the SR motif only migrates as P42,
whereas the phospho-mimic mutant PS5P exists as P44 in SDS-
PAGE gels (Figure 2B), suggesting that the phosphorylated and
nonphosphorylated SR motifs drive conformational changes
between the two forms (P42 and P44). More interestingly, the SR
motif is located in the C-terminal IDRs of the BYSMV P protein.
Many IDRs with increased flexibility usually serve as scaffolds for
the assembly of functional complexes involved in cell signaling,
molecular recognition, and regulation processes (Uversky et al.,
2005). Thus, our results strongly suggest that host CK1-mediated
SR phosphorylation changes the flexibility of the BYSMV P
C-terminal IDR to mediate conformational changes from P42 to
P44. Moreover, the conformational changes between P42 and
P44 result in different complexes for optimal replication or tran-
scription. We have therefore provided evidence showing that
ahost kinase can target the C-terminal IDR region of arhabdovirus
P protein and affect viral RNA replication and transcription.

Rhabdovirus transcription and replication are executed by the
same polymerase complexes and are finely regulated in adynamic
balance (lvanov et al., 2011). An intriguing question is how viral
polymerase complexes are finely regulated to initiate either
transcription or replication. Using our recent BYSMV reverse
genetics systems, we showed that the nonphosphorylated mutant
(PS5A4) of the SR moitif increased replication but reduced tran-
scription. Conversely, the PSP variant, which mimics the
P-phosphorylated form, stimulates transcription and inhibits
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replication (Figure 2). It should be noted that PS5P-induced
transcripts were based on significantly reduced gMR templates,
which probably led to aberrant transcripts with no coding ca-
pacity. Therefore, it is not surprising that PS5P supported higher
accumulation of GFP mRNA but reduced the accumulation of GFP
protein than PS5A (Figures 2E and 2F). Collectively, our results
demonstrate that the phosphorylation states of the SR motif
modulate the balance between viral replication and transcription
in vivo. Several pioneering studies using Vesicular stomatitis virus
(VSV) minigenome systems have demonstrated that N- or
C-terminal phosphorylation of the VSV P protein affects RNA
replication or transcription (Hwang et al., 1999; Chen et al., 2007,
2013; Mondal et al., 2014). For instance, CK2 phosphorylates the
N terminus of the VSV P protein and affects P oligomerization,
which is required for virus transcription rather than replication
(Pattnaik etal., 1997; Qanungo et al., 2004). Here, the IDRC motif of
the rhabdovirus P protein is a new phosphorylated domain, which
affects both virus replication and transcription. It is striking to note
that the P proteins of animal rhabdovirus RV and VSV, as well as
plant cytorhabdovirus, such as Northern cereal mosaic virus, also
contain SR motifs in their C-terminal IDR regions (Supplemental
Figure 18; Gerard et al., 2009). Broader implications of our finding
await investigations into whether the CK1 family is a common
modulator of other plant and animal rhabdoviruses.

In the field, BYSMV is transmitted by SBPHSs in a persistent-
propagative manner (Cao et al., 2018), meaning that BYSMV is
disseminated to plants solely by these insects, and its survival
depends entirely on replication in SBPHSs. Our results show that
CK1 in SBPHs can phosphorylate the SR motif of the BYSMV P
protein (Figures 1 and 6). Thus, the SBPH CK1 protein is in-
strumental in BYSMV infections. Indeed, knockdown of LsCK1 by
RNA interference significantly affected virus accumulation and
dissemination (Figure 7). Using our full-length infectious clones,
we clearly show that highly efficient replication and transcription
supported by PS54 and PSSP, respectively, are essential for virus
infection in SBPHs. Nonetheless, BYG-PS54S50 and BYG-
PS5D/S5A fajled to be transmitted to barley plants by the infected
SBPHSs. Thus, it remains to be determined whether spatial- and
temporal-specific accumulation of PS54 and PS5P or other factors
play a role during the different infection stages of BYSMV in
SBPHs and barley plants.

In summary, the P44 hyper-phosphorylated form of the P
protein is the principal product in BYSMV virus nucleocapsids
(Figure 1A) and facilitates initiation of virus transcription from ri-
bonucleoproteins (RNPs) released during the infection of cells.
Subsequently, the freshly translated P42 form binds NO to form
P-N© complexes and efficiently delivers the N° to the nascent
RNA chains, which drives the switch from transcription to RNA

Figure 8. (continued).

(J) Proposed model for host CK1-mediated phosphorylation of the BYSMV P SR motif regulating virus transcription and replication. The BYSMV P proteins
exist as abasally phosphorylated form (P42) and a hyper-phosphorylated form (P44). Viral replication and transcription of the N protein—-encapsidated gRNA
is accomplished by the polymerase L, P protein, and N proteins. The P protein dimer provides a physical link to attach the L protein to the N-RNA complex.
Plant and insect CK1 proteins can phosphorylate the BYSMV P42 form to produce p44, which promotes the switch from replication to transcription.

In (D) and (1), error bars indicate sp. Data points are mean value of three independent experiments. Statistically significant differences were determined by the

Student’s t test. *P < 0.05; **P < 0.01; **P < 0.001.
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replication. Upon phosphorylation of the P42 form by host CK1
proteins, the resulting P44 form exhibits compromised binding to
N-RNA templates, which results in the dissociation of the com-
plexes from N-RNA templates and the switch from gRNA repli-
cation to mRNA transcription (Figure 8J).

METHODS

Preparation of Host Plants and Insect Vectors

Nicotiana benthamiana and barley (Hordeum vulgare cv Golden promise)
plants were cultivated in a growth room at 25°C with a 16-h-day/8-h-night
cycle. SBPHs were initially isolated from Hebei Province, China, and reared
in illumination incubators that were placed inside a climate chamber under
a 16-h-d/8-h-night cycle at 26°C.

Virus Inoculation and Transmission

Virus recovery and transmission by SBPHs were performed as previously
described by Gao et al. (2019) and Zhang et al. (2020). Briefly, the BYSMV
infectious clones were transformed into Agrobacterium (Agrobacterium
tumefaciens) strain EHA105. The bacteria were cultivated at 28°C for 12 h,
harvested by centrifugation, and suspended in buffer (10 mM MES, 150 uM
acetosyringone, and 10 mM MgCl,). After incubation at 25°C for 3 h,
bacterial suspensions were mixed and infiltrated in N. benthamiana leaves.
At 14 dpi, inoculated leaves were homogenized in buffer (100 mM Tris-HCI,
40 mM Na,S0O;, 10 mM Mg (CH;COOQ),, and 1 mM MnCl,, pH 8.4) and
centrifuged at 12,000g for 15 min at 4°C. Crude extracts of infected N.
benthamiana leaves (13.8 nL per insect) were injected into second-instar
nymphs with a Nanoinject Il auto-nanoliter injector (Drummond Scientific).
After a 10-d incubation period, injected SBPH nymphs were transferred to
healthy barley plants for a2-d inoculation period. Observation of symptoms
and virus analyses were performed at 10 to 15 dpi.

Plasmid Constructions

The pBYSMV-agMR, pGD-VSRs, pGD-N, pGD-P, pGD-L, and pGDG-P
plasmids were previously described by Fang et al. (2019) as well as the
pGD-NLP, pBY-GFP, and pBY-GR plasmids (Gao et al., 2019). We in-
troduced the full-length P gene and the deletion fragment lacking the
C-terminal 120 amino acids into plasmid pMDC32. The plasmids pMDC-
PS5A and pMDC-PS5P were constructed by the Quick-Change mutagen-
esis method. The pGD-NLPS5A was constructed by replacing the P coding
sequence with PS54 in the pGD-NLP plasmid. Based on the pBY-GFP
construct that was used to design pBYG-PWT (Gao et al., 2019), the
fragment including P and P3 was PCR amplified and cloned into the
pTOPO-Blunt vector to generate the pTO-BYP-P3 vector. For the re-
combinant virus plasmids pBYG-PS5A and pBYG-PS5P, the PS54 and PSSP
coding sequence was PCR amplified and subcloned into the pTO-BYP-P3
vector, and the fragments including PS%A-P3- or -PS5P-P3 were PCR
amplified and then substituted in place of the corresponding region of
pBYG-PWT. For pBYG-PS54/S5D gnd pBYG-PS5P/S5A, the RFP-P-P3 was
PCR amplified from pBY-GR and subcloned into the M5 HiPer pTOPO-
Blunt vector (Mei5 Biotechnology) to generate pTORFP-P-P3. The
pTORFP-PS5A-P3 and pTORFP-PS5P-P3 plasmids were constructed by
site-directed mutagenesis. Next, the RFP ORF of pTORFP-PS5A-P3 and
RFP-PS5P-P3 were replaced with the PS5P or PS5A ORFs to generate pTO-
PSSD/S5A_P3 and pTO-PS54/85D_p3, respectively. Finally, the PSSD/S5A-p3
and PS54/S5D-Pg3 fragments were cloned into pBY-GR to generate pBYG-
PS5A/85D gnd pBYG-PS5D/S5A, All primers used for these manipulations and
other cloning experiments are listed in Supplemental Data Set 1.

Immunoblot Analysis

Agrobacterium-infiltrated N. benthamiana leaves were harvested at 2 to 6
dpi, and total proteins were extracted in SDS buffer (100 mM Tris, pH 6.8,
20% [v/v] glycerol, 4% [w/v] SDS, 0.2% [w/v] bromophenol blue, and 10%
[v/v] B-mercaptoethanol) for immunoblot analysis. Proteins were sepa-
rated on SDS-PAGE gels followed either by Coomassie Brilliant Blue R250
staining or transfer onto nitrocellulose membranes for detection with
polyclonal antibodies specific to the BYSMV N (1:5000), P (1:3000), GFP
(1:2000), or RFP (1:2000) proteins. The antibodies of the BYSMV N, P, RFP,
and GFP were acquired from rabbits immunized with prokaryotic ex-
pressed proteins as previously described by Fang et al., (2019) and Gao
etal. (2019). Secondary reactions were performed with goat anti-rabbit IgG
horseradish peroxidase conjugate (1:3000; catalog no. 1,706,515, Bio-
Rad) and Pierce ECL Plus chemiluminescent substrate followed by ex-
posure of the filters to x-ray films (Fuijifilm).

Mass Spectrometric Analysis

Immunoprecipitation of Flag-tagged P protein and identification of
phosphorylation sites by LC-MS/MS were performed as previously de-
scribed by Hu et al. (2015). Briefly, soluble proteins were extracted from
Agrobacterium-infiltrated N. benthamiana leaves and dissolved in immu-
noprecipitation (IP) buffer (25 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10% [v/V]
glycerol, 0.1% [v/v] Nonidet P-40, 2% [w/v] Polyvinylpyrrolidone 40, 1 mM
NaF, 1imM NaVO,, 1 mM EDTA, 10 mM DTT, and 1X protease inhibitor
cocktail [Sigma-Aldrich]), followed by centrifugation at 10,000g for 30 min
at 4°C. The supernatant was incubated with 20 p.L of Flag-specific agarose
beads at4°C for2 h. Theimmunoprecipitated Flag-P was washed five times
with IP buffer and separated onto 12.5% (v/v) SDS-PAGE gels. After
staining with the Plus Silver Stain Kit (Sigma-Aldrich), the Flag-P bands
were cut out and subjected to in-gel trypsin digestion for 8 h at 37°C. The
digested peptides were analyzed by Q-Exactive LC-MS/MS (Thermo
Fisher Scientific) at the Mass Spectrometry Facility of China Agricultural
University.

Meta-Prediction of IDRs

Disordered regions within the BYSMV P protein were predicted by sub-
mitting the amino acid sequence to 15 different predictors that perform well
and are available through web servers. These include DisEMBL (Coils,
Hotloops, and Remark465; Linding et al., 2003), DISpro (Obradovic et al.,
2005), Spine-D (Zhang et al.,2012), Dispro (Cheng et al., 2005), IUPred (long
and short; Dosztanyi et al., 2005), Pdisorder (http://linux1.softberry.com/
berry.phtml?topic=pdisorderandgroup=programsandsubgroup=propt),
Poodle-S (Shimizu et al., 2007), Poodle-L (Hirose et al., 2007), PrDOS (Ishida
and Kinoshita, 2007), Spritz (long and short; Vullo et al., 2006), and RONN
(Yang et al., 2005). For each predicting algorithm, a score of 1 was attributed
to each residue predicted to be in a structured region, whereas the predicted
disordered residues were attributed a score of 0.

Phylogenetic Analysis

The CK1 protein sequences for Saccharomyces cerevisiae, H. vulgare, and
Laodelphax striatellus were downloaded from different sources: S. cer-
evisiae kinases were downloaded from KinBase (http://kinase.com/web/
current/), H. vulgare kinases from Ensembl Plants (plants.ensembl.org),
and L. striatellus kinases from Gigadb (http://gigadb.org/data set/100361).
The gene families of these three species were identified by the OrthoMCL
v2.0.9 package (Li et al., 2003). We used each protein as a query against
the Pfam database to identify their kinase domain. Phylogenetic analysis
was conducted using MEGA7.0 (Kumar et al., 2016) followed by annotation
with EvolView (He et al., 2016). For broad phylogenetic analysis of CK1
kinases in N. benthamiana, L. striatellus, and H. vulgare, we searched and
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downloaded yeast protein HRR25 homologs in the three species using
BLAST in the N. benthamiana Genome and Transcriptome database
(https://sefapps02.qut.edu.au/blast/blast_link2.cgi), the L. striatellus
protein databases (http://gigadb.org/data set/100361), and the barley
protein database in Ensembl Plant (http://plants.ensembl.org/Multi/
Tools/Blast?db=core). The phylogenetic trees were constructed using
MEGA?7.0.

Kinase Assays in Escherichia coli

We subcloned 16 yeast kinase genes in the prokaryotic expression vector
pGEX-KG. Briefly, yeast kinase genes were queried in yeast databases
(https://www.yeastgenome.org). The corresponding ORFs were amplified
from yeast total RNA by RT-PCR and cloned into the pGEX-KG vector. For
PWT and PS54 protein prokaryotic expression, the coding sequence was
PCR amplified and cloned between the Ndel and Xhol restriction sites in
pET-30a. To ensure coexpression of kinases and P protein in E. coli, the
segments containing the -tac promoter-GST tag-kinase ORF- were PCR
amplified and then fused with Sphl-linearized pET-P and pET-PS5A to
generate pET-PWT-GST-Kinase and pET-PS5A-GST-Kinase. The pET-PWT
-GST-Kinases and pET-PS5A-GST-Kinases plasmids were transformed
into E. coli (Rosetta strain) and induced by isopropyl B-p-1-thio-
galactopyranoside (1 mM) for 8 h at 25°C. The E. coli cultures were har-
vested by centrifugation at 10,000g for 10 min at 25°C and extracted in SDS
buffer (100 mM Tris, pH 6.8, 20% [v/v] glycerol, 4% [w/v] SDS, 0.2% [w/V]
bromophenol blue, and 10% [v/v] B-mercaptoethanol) for immunoblot
analysis with polyclonal antibodies against BYSMV P (1:3000) and GST (1:
5000; GenScript, catalog no. AO0866), respectively.

In Vitro Phosphorylation Assays

In vitro phosphorylation assays were performed according to previous
studies by Hu et al. (2015) and Zhang et al. (2018). The pGEX-NbCK1.3,
pPGEX-LsCK1.3, pGEX-GFP, pET-PWT, and pET-PS%A plasmids were
transformed into E. coli (Rosetta strain) and induced by isopropyl 3-p-1-
thiogalactopyranoside (0.3 mM) for 16 h at 18°C. GST-NbCK1.3, GST-
LsCK1.3, and GST-GFP were purified by glutathione Sepharose 4 Fast
Flow medium (GE Healthcare). The PWT-6xHis and PS3A-6xHis fusion
proteins were purified by nickel-affinity agarose chromatography (Bio-Rad)
according to the manufacturer’s instructions. For in vitro phosphorylation
assays, 0.1 pg of GST-NbCK1.3, GST-LsCK1.3, or GST-GFP was in-
cubated for 30 min at 30°C with 1 g of PVT-6 X His or PS5A-6 X His in 30 L
of 1X kinase buffer (25 MM HEPES, pH 7.5,20 mM MgCl,, 0.1 mg/mL BSA,
0.1 mMDTT, 0.1 mMATP, and 0.3 pCi of [y-32P]ATP). Next, 5 nL of 5xX SDS
sample buffer was added to terminate the reactions. The proteins were
separated on a 12.5% (v/v) SDS-PAGE gel, and the gel was dried using
amodel 583 Gel Dryer (Bio-Rad) for 45 min at 80°C. The phosphorylated P
proteins were visualized via autoradiography.

The P-Flag protein immunoprecipitated from Agrobacterium-infiltrated
N. benthamiana leaves or PWT purified from E. coli was eluted from the resin
by shaking for 1 h with IP buffer containing 0.1 mg/mL Flag peptide. The
eluted P-Flag protein was incubated with 2 pL of 10 units/pL CIP (New
England Biolabs) or 1 uL of 400 units/pnL \-protein phosphatase (New
England Biolabs) in 50-p.L reactions with protease inhibitor (1X cocktail;
Roche) for 1 h at 37°C. Reactions were stopped by boiling them in gel
loading buffer for immunoblot analysis with the anti-P antibody.

GST Pull-Down Assay

GST pull-down assays were performed as previously described by Yang
et al. (2018). P-6 X His proteins (~10 n.g) were incubated at 4°C for 3 h with
GST-GFP and GST-NbCK1.3 proteins (~10 n.g) in 600 p.L of binding buffer
(20mM Tris-HCI, pH 7.5, 150 mM NaCl, 10% [v/v] glycerol, 0.2% [v/v] Triton
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X-100, 1 mM DTT, and 1X protease inhibitor cocktail) with 30 pL of glu-
tathione Sepharose 4B beads (GE Healthcare). The beads were washed six
times with binding buffer and eluted with 50 L of binding buffer containing
10 mM reduced L-glutathione. The eluted fractions were boiled in equal
volumes of 2X SDS loading buffer and then the proteins were analyzed by
immunoblot with anti-GST (1:5000) and anti-P (1:3000) antibodies.

BYSMV-agMR Assays in N. benthamiana Leaves

BYSMV-agMR assays were performed as previously described by Fang
et al. (2019). N. benthamiana plants with six to eight fully expanded leaves
were used for BYSMV-agMR assays. Briefly, Agrobacterium harboring the
pBYSMV-agMR (ODg, 0.3), pGD-VSRs (ODgyq 0.1), pGD-N (ODgq 0.1),
pGD-P (ODgq 0.1), and pGD-L (ODgy, 0.3) plasmids were mixed and in-
filtrated into N. benthamiana leaves. Epidermal cells of infiltrated leaves
were observed for GFP and RFP fluorescence at 6 dpi using a fluorescent
microscope (model BX53; Olympus) or confocal laser scanning micros-
copy (model FV1000; Olympus).

RNA Gel Blots

For analysis of RNA synthesis in the BYSMV M, system, total RNA was
extracted from Agrobacterium-infiltrated N. benthamiana leaves using
TRIzol reagent (Sigma-Aldrich). RNA gel blot detection of BYSMV Mz gRNA
and agRNA derivatives and GFP mRNA was performed using 5 pg of total
RNA as previously described by Dong et al. (2016). For gRNA or agRNA
detection, the PCR fragments were obtained using pBYSMV agMR as
a template with primers designed with T7 or SP6 promoters in the desired
genomic or antigenomic orientations, followed by in vitro transcription with
T7 or SP6 RNA polymerase in the presence of [32PJUTP.

RT-qPCR

Total RNA isolated from MR-infiltrated leaves was treated with DNase |
(Takara) to eliminate DNA contamination. Next, the treated total RNA (2 .g)
was used as template for reverse transcription with oligo(dT) primer to
detect mRNA or with B-RT-F and EF1a-R primers to detect minigenome
RNA with Moloney Murine leukemia virus reverse transcriptase (Promega).
RT-gPCRreactions were performed by amplifying GFP and RFP fragments
to detect transcript levels and trailer fragments to monitor replication levels
with SsoFast EvaGreen Supermix (Bio-Rad). The primers are listed in
Supplemental Data Set 1. All RT-gPCR data were normalized to the EF1a
gene. Three independent biological replicates were performed, each in
technical triplicates, for statistical analysis as shown in Supplemental Data
Set 2.

In Vivo Co-IP Assays

In vivo Co-IP assays were performed as previously described by Zhang
et al. (2017b). N. benthamiana plants were infiltrated with Agrobacterium
cultures for transient expression of recombinant proteins, and leaf tissues
were homogenized in Co-IP buffer (25 mM Tris-HCI, pH 7.5, 150 mM NaCl,
10% [v/v] glycerol, 0.1% [v/v] Nonidet P-40, 2% [w/v] Polyvinylpyrrolidone
40, 1 mM NaF, 1 mM NaVO,, 1 mM EDTA, 10 mM DTT, and 1X protease
inhibitor cocktail [Sigma-Aldrich]). The supernatants produced by filtration
and centrifugation (10,000g for 20 min at 4°C) were incubated for 2 h with
anti-Flag M2 affinity beads (Sigma-Aldrich), followed by five washes with IP
buffer. The immunoprecipitated products were boiled in SDS buffer for
immunoblot assays with corresponding antibodies.
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BiFC Assays

BiFC assays were performed as previously described by Zhang et al.
(2017a), with minor modifications. The fragments of the BYSMV N, L, P,
and P mutant were cloned into the BiFC vectors pSPYNE-35S and
pSPYCE-35S with different primers listed in Supplemental Data Set 1. As
control, the Rubisco coding sequence was cloned into the BiFC vectors
(Zhang et al., 2017a). N. benthamiana leaves were coinfiltrated with
Agrobacterium EHA105 cultures containing BiFC plasmids and the P19
viral suppressor plasmid at a final ratio of 0.2:0.2:0.1 (ODgq). The epi-
dermal cells of Agrobacterium-infiltrated leaves were observed for
fluorescence (YFP) using confocal laser scanning microscopy (model
FV1000; Olympus).

N-RNA Purification by CsCl Gradient Centrifugation and In
Vitro Co-IP

BYSMV-infected barley tissues were homogenized in buffer (0.3 M Gly and
0.1 M MgCl,, pH 8.0), and the homogenates were filtered through two
layers of gauze and centrifuged at 150g at 4°C for 5 min. The supernatant
was mixed with chloroform (20% [v/v] final volume) and centrifuged at
1200g at 4°C for 20 min. The resulting aqueous supernatant was used for
BYSMV RNP complex precipitation after addition of polyethylene glycol
6000 and NaCl to final concentrations of 6% and 3% (w/v), respectively,
and centrifuged at 3500g at 4°C for 20 min. The pellet was resuspended in
extraction buffer (100 mM Gly and 0.01 M MgCl,, pH 7.0) and centrifuged at
160,000g for 90 min at 4°C in a Beckman L-80XP centrifuge, and N-RNA
was purified from a portion of the BYSMV RNP as previously described by
Zhang et al. (2013). BYSMV RNP pellets were also resuspended in 2 mL of
CsCl buffer (10 mM Tris-HCI, pH 7.8, 150 mM NaCl, and 1 mM EDTA),
loaded onto a discontinuous 25 to 40% (w/v) CsCl gradient (25%, 1.5 mL;
30%, 1.5 mL; and 40%, 1.5 mL) in dilution buffer (10 mM Tris-HCI, pH 7.8,
150 mM NaCl, and 1 mM EDTA), and centrifuged at 250,000g at 20°C for 1
h. The contents of the visible band were collected from the region between
30 and 40% (w/v) CsCl gradient and subjected to centrifugation at
200,000g at 4°C for 1 h. The resulting pellet was resuspended in 100 p.L of
1X PBS for in vitro Co-IP. The purified N-RNA was divided into five equal
aliquots and incubated with buffer containing Flag-tagged GFP, PWT, PS3A,
PSSP, and PAC120 immunoprecipitated from infiltrated N. benthamiana
leaves with anti-Flag M2 affinity beads. Co-IP and immunoblot analyses
were performed as described above.

CK1 Overexpression and Dominant-Negative Assays

The coding sequences of NbCK.3, NbCK1.7,NbCK.13,and HVCK. 12 were
cloned into the pMDC32 vector for overexpression of CK1 in N. ben-
thamiana. We induced expression of CK1 with estradiol according to
a previous study by Zuo et al. (2000). Briefly, The NbCK1.3 and NbCK1.13
coding sequences were cloned into the pER8 vector to generate pER8-
NbCK1.3 and pER8-NbCK1.13. Agrobacterium cultures harboring the
pER8-NbCK1.3/pER8-NbCK1.13 and BYSMV-agMR systems plasmids
were mixed and infiltrated into N. benthamiana leaves. Next, the infiltrated
leaves were infiltrated with 2 wM estradiol at 3 dpi, and samples were
collected at 5 dpi for RFP fluorescence observation and My replication
analysis.

For CK dominant-negative assays, the RFP ORF of pBY-GR was re-
placed with HYCK1.2 with two amino acid substitutions (K38R and D128N)
or a GUS fragment to generate pBY-GFP-HvCK1.2PN or pBY-GFP-GUS.
Next, the recombinant viruses were rescued from N. benthamiana to
planthopper and then to barley as previously described by Gao et al. (2019).
The accumulation of recombinant viruses in infected barley plants was
evaluated with a hand-held blue green lamp (Luyor Instrument) and
photographed with a Canon digital camera at 15 dpi.

Virus Inoculation, Double-Stranded RNA Injection, and
Insect Transmission

Protocols for crude extraction of BYSMV virions from plant materials and
injection into planthopper nymphs have been previously described by Gao
et al. (2019). To determine virus transmission by planthoppers, injected
nymphs were allowed to feed on healthy barley plants for a 2-d inoculation
period, and fluorescence of infected plants was evaluated with a hand-held
blue green lamp (Luyor Instrument) at 15 dpi. For RNA interference assays,
the 600 bp of LsCK1.3 and the 555 bp of negative control ampicillin re-
sistance gene B-lactamase fragments (Amp) containing T7 promoters at
the two termini were amplified. Before injection, second-instar nymphs
were anesthetized by incubation on ice for 30 min. Next, ~70 ng of
dsLsCK71 and dsAmp were mixed with crude virus extracts from
Agrobacterium-infiltrated regions of N. benthamiana leaves that were
exhibiting GFP fluorescence, and 23 nL was injected into the thoraxes of
each insect with a Nanoinject Il auto-nanoliter injector (Drummond Sci-
entific). RNA interference effects and virus accumulation were detected by
RT-gPCR at 5 dpi. All primers are listed in Supplemental Data Set 1.

Trypan Blue Staining

Trypan blue staining was performed as previously reported, with minor
maodifications, by Zhang et al. (2018). N. benthamiana leaves infiltrated with
Agrobacterium cultures were soaked in ethanol for 2 to 3 min and then
transferred to staining buffer (10 mL of lactic acid, 10 mL of water phenol,
10 mL of glycerol, and 10 mL of double distilled water with 15 mg of trypan
blue), boiled in water for 10 to 15 min, and left to stand for 6 to 8 h at room
temperature. Leaves were photographed after destaining three times using
chloral hydrate (2.5 g/mL).

Accession Numbers

Sequence data of proteins and genes used this article can be found in
Supplemental Data Set 3 and at UniProt protein resource (https://www.
uniprot.org/), GenBank database (https://ncbi.nlm.nih.gov), Nicotiana
benthamiana Genome & Transcriptome database (http://benthgenome.
qut.edu.au/), and Saccharomyces genome database (https://www.
yeastgenome.org/).

Supplemental Data

Supplemental Figure 1. LC-MS/MS analysis of the SR motif phos-
phorylation of BYSMV P.

Supplemental Figure 2. RFP accumulation from agMR after co-
expression with SR motif P protein mutants deficient in
phosphorylation.

Supplemental Figure 3. Immunoblot analysis showing accumulation
of P and M in co-infiltrated N. benthamiana leaves at 10 dpi.

Supplemental Figure 4. GFP foci in N. benthamiana leaves at 10 d
post infiltration with Agrobacterium cultures containing the indicated
plasmids.

Supplemental Figure 5. BiIFC assays showing interaction of P/P
mutants with themselves or with the BYSMV N protein.

Supplemental Figure 6. BiFC assays showing the negative controls
of Rubisco with P/P mutants and N.

Supplemental Figure 7. The presence of N and genome RNA in the
purified N-RNA complexes.

Supplemental Figure 8. Immunoblot analysis showing two phosphor-
ylation forms of the BYSMV P protein in yeast.
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Supplemental Figure 9. Phylogenetic analysis of the protein sequen-
ces of conserved protein kinases.

Supplemental Figure 10. Yeast HRR25 phosphorylates the SR motif
of BYSMV P.

Supplemental Figure 11. Phylogenetic analysis of CK1 orthologs
based on their protein sequences.

Supplemental Figure 12. Orthologs of yeast HRR25 phosphorylates
the SR motif of BYSMV P.

Supplemental Figure 13. BiFC assays showing the negative controls
of Rubisco with P and NbCK1.3.

Supplemental Figure 14. Overexpression of CK1, but not a dominant-
negative mutant, results in cell death.

Supplemental Figure 15. Overexpression of NbCK1.13 suppresses
BYSMV infections in N. benthamiana plants.

Supplemental Figure 16. Overexpression of a CK1 dominant-
negative mutant suppresses BYSMV infections in plants.

Supplemental Figure 17. Transcript levels of CK7 genes in response
to BYSMV infections in barley plants.

Supplemental Figure 18. Potential phosphorylation sites within the
predicted C- terminal IDRs of P proteins.

Supplemental Table. BYSMV P phosphopeptides identified by mass.
Supplemental Data Set 1. Primers used in this study.
Supplemental Data Set 2. Statistical analysis data in this study.

Supplemental Data Set 3. Accession numbers for all CK1 proteins
described in this study.

Supplemental File 1. Alignment of conserved kinases in yeast, barley
and planthopper.

Supplemental File 2. The phylogenetic tree of yeast, barley and
planthopper conserved kinases (Newick format).

Supplemental File 3. Alignments of NbCK1, LsCK1, and HvCK1
orthologs.

Supplemental File 4. The phylogenetic tree of NbCK1, LsCK1, and
HvCK1 orthologs (Newick format).

Supplemental Movie 1. Intracellular movement of the BiFC punctate
particles of YN-P and YC-NbCK1.3.

Supplemental Movie 2. Intracellular movement of the BiFC punctate
particles of YC-P and YN-NbCK1.3.

Supplemental Movie 3. A representative movie showing trafficking
granules formed by L-mCherry and CFP-N with YN-P/YC-NbCK1.3.

Supplemental Movie 4. A representative movie showing trafficking
granules formed by L-mCherry and CFP-N with YC-P/YN-NbCK1.3.
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