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SUMMARY

Phosphorylation and O-GlcNAcylation are two widespread post-

translational modifications (PTMs), often affecting the same

eukaryotic target protein. Plum pox virus (PPV) is a member of

the genus Potyvirus which infects a wide range of plant species.

O-GlcNAcylation of the capsid protein (CP) of PPV has been stud-

ied extensively, and some evidence of CP phosphorylation has

also been reported. Here, we use proteomics analyses to demon-

strate that PPV CP is phosphorylated in vivo at the N-terminus

and the beginning of the core region. In contrast with the ‘yin–

yang’ mechanism that applies to some mammalian proteins, PPV

CP phosphorylation affects residues different from those that are

O-GlcNAcylated (serines Ser-25, Ser-81, Ser-101 and Ser-118).

Our findings show that PPV CP can be concurrently phosphoryl-

ated and O-GlcNAcylated at nearby residues. However, an analy-

sis using a differential proteomics strategy based on iTRAQ

(isobaric tags for relative and absolute quantitation) showed a

significant enhancement of phosphorylation at Ser-25 in virions

recovered from O-GlcNAcylation-deficient plants, suggesting that

crosstalk between O-GlcNAcylation and phosphorylation in PPV

CP takes place. Although the preclusion of phosphorylation at

the four identified phosphotarget sites only had a limited impact

on viral infection, the mimicking of phosphorylation prevents

PPV infection in Prunus persica and weakens infection in Nicoti-

ana benthamiana and other herbaceous hosts, prompting the

emergence of potentially compensatory second mutations. We

postulate that the joint action of phosphorylation and O-GlcNA-

cylation in the N-proximal segment of CP allows a fine-tuning of

protein stability, providing the amount of CP required in each

step of viral infection.

Keywords: Coat protein, crosstalk, O-GlcNAcylation, phospho-

rylation, Plum pox virus, Potyvirus, yin-yang.

INTRODUCTION

Cellular proteins often bear various post-translational modifica-

tions (PTMs), including glycosylation and phosphorylation, which

regulate processes involved in numerous biological functions.

Unlike classical N- or O-linked glycosylation, which attaches com-

plex oligosaccharide chains to proteins directed to the secretory

pathway, another form of glycosylation, O-GlcNAcylation,

attaches single b-N-acetylglucosamine residues to serine (Ser)

and/or threonine (Thr) side-chains through an O-b-glycosidic bond

(O-GlcNAc) (Hart, 1997). O-GlcNAcylated proteins are usually also

phosphorylated (Slawson and Hart, 2003). O-GlcNAcylation and

phosphorylation are rapidly cycling PTMs and often show exten-

sive, complex interplay (Butkinaree et al., 2010; Zeidan and Hart,

2010). These modifications can compete for the same Thr or Ser

residue. They can also occupy adjacent or distant sites; in this case,

they can establish positive or negative interactions, or be mutually

independent. Moreover, enzymes involved in O-GlcNAcylation and

phosphorylation are themselves regulated by these PTMs, and inter-

act in multiprotein complexes (Zeidan and Hart, 2010).

Although phosphorylation has been studied extensively in ani-

mals and plants, research on O-GlcNAcylation in plants lags far

behind that in other eukaryotic organisms (Olszewski et al.,

2010). This is reflected in the fact that, by the end of last year,

just nine proteins of plant origin were included in the dbOGAP

database (https://wangj27.u.hpc.mssm.edu/hulab/OGAP.html),

which housed 1240 proteins reported as potentially O-GlcNAc

modified (Wang et al., 2011). Very recently, a high-throughput

proteomics assay has identified 262 O-GlcNAcylated Arabidopsis

thaliana proteins (Xu et al., 2017), still a reduced number when

compared with over 1000 proteins uncovered in different studies

of mammalian cells (Hahne et al., 2013; Trinidad et al., 2012).

Two O-GlcNAc transferases (OGTs) have been identified in the

model plant A. thaliana: SPINDLY (SPY), which is similar to some
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bacterial OGTs, and SECRET AGENT (SEC), which is similar to

mammalian OGTs (Hartweck et al., 2002). For a long time, the

capsid protein (CP) of Plum pox virus (PPV), which is modified by

SEC, was the only protein definitively identified as a natural tar-

get of a specific plant OGT (Chen et al., 2005). Although there is

sound evidence of functionally relevant O-GlcNAcylation in sev-

eral plant proteins, such as the Nicotiana tabacum non-cell-

autonomous pathway protein 1 (Nt-NCAPP1) and some phloem

non-cell-autonomous proteins (NCAPs) of pumpkin (Taoka et al.,

2007), two A. thaliana TCP transcription factors, TCP14 and

TCP15 (Steiner et al., 2012), some lectin-interacting tobacco his-

tones (Delporte et al., 2014; Schouppe et al., 2011) and the

vernalization-related RNA-binding protein TaGRP2 of wheat

(Xiao et al., 2014; Xing et al., 2009), the OGTs involved in these

putative modifications have not been identified. Recently, SEC-

mediated O-GlcNAcylation of several proteins of the DELLA

family of transcription regulators has been demonstrated in

Arabidopsis (Zentella et al., 2016).

Although O-GlcNAcylated plant proteins are usually also phos-

phorylated, the relationship between O-GlcNAcylation and phos-

phorylation in plants has been little addressed. Analysis of a

pumpkin NCAP, Cm-PP16-1, has suggested that a Ser residue that

is phosphorylated in vivo is also a target of O-GlcNAc modification

(Taoka et al., 2007). Whereas DELLA protein phosphorylation is

thought to increase their stability, O-GlcNAcylation by SEC

represses DELLA activity; whether these modifications affect one

another remains to be determined (Zentella et al., 2016).

PPV is a member of the genus Potyvirus which, in nature,

infects Prunus trees, although it can also infect experimental her-

baceous hosts (Garc�ıa et al., 2014; �Subr and Glasa, 2013). The

potyvirus genome is a positive-sense, single-stranded RNA of

�10 kb encapsidated by a single type of CP to form flexuous rod

particles. It is translated into a large polyprotein that is proteolyti-

cally processed to at least 10 final products (Revers and Garc�ıa,

2015). A frameshift resulting from RNA polymerase slippage

allows the production of additional transframe products

(Hagiwara-Komoda et al., 2016; Olspert et al., 2015; Rodamilans

et al., 2015). The PPV CP is O-GlcNAcylated by the OGT SEC

(Chen et al., 2005; Fern�andez-Fern�andez et al., 2002). Seven Thr

residues and one Ser that are modified by O-GlcNAcylation or

influence the modification of other residues have been identified

in the N-terminal region of PPV CP (Kim et al., 2011; P�erez et al.,

2006, 2013; Scott et al., 2006). Although O-GlcNAcylation of PPV

CP is not essential for virus viability, it enhances viral infection

(Chen et al., 2005; P�erez et al., 2013). PPV CP is also phosphoryl-

ated (Chen et al., 2005; Fern�andez-Fern�andez et al., 2002; �Subr

et al., 2007). A single amino acid mutation at the PPV CP

N-terminus alters the protein phosphorylation status, suggesting

that phosphorylated residues also lie in this region (�Subr et al.,

2010). The CP of another potyvirus, Potato virus A (PVA), is also

phosphorylated, although the principal phosphorylation site identi-

fied is a Thr residue at the C-terminal end of the protein core

region (Ivanov et al., 2001, 2003; L~ohmus et al., 2017).

Here, we used phosphopeptide analysis by tandem mass spec-

trometry (MS/MS) to identify the main phosphorylated residues in

PPV CP. We used an iTRAQ (isobaric tags for relative and absolute

quantitation) approach to assess possible crosstalk between phos-

phorylation and O-GlcNAcylation in PPV virions infecting wild-type

and SEC-deficient Nicotiana benthamiana plants. To evaluate the

relevance of CP phosphorylation for PPV infection, we also ana-

lysed infection by PPV mutants in which phosphorylation target

sites were replaced by alanine (Ala) or by the phosphorylation

mimic aspartic acid (Asp).

RESULTS

PPV CP is prone to phosphorylation at four Ser

residues in the N-terminus and at the beginning of

the core region that do not coincide with O-GlcNAcylated

residues

Previous matrix-assisted laser desorption/ionization-time of flight

(MALDI-TOF) analysis of purified PPV virions detected at least one

phosphorylated residue in the tryptic peptide [1–39] in the N-

terminal region of the viral CP (Chen et al., 2005). To identify the

number and specific location of putative modified sites, mass

spectrometry approaches were used to map the phosphorylation

sites in PPV virions purified from infected plants. Samples were

digested with Lys-C and trypsin proteases, followed by phospho-

enrichment before MS/MS; precursor peptide ions were selected

on the basis of the mass-to-charge ratio (m/z) and fragmented to

generate their corresponding mass spectra. Computer algorithms

allowed peptide identification by matching experimental data

with theoretical spectra derived from a homebuilt database that

includes PPV CP. Signals corresponding to putative phosphoryl-

ated peptides were detected in the mass spectra. Two ESI (electro-

spray ionization)-based MS/MS systems, ion trap alternating

electron-transfer dissociation/collision-induced dissociation (ETD/

CID) fragmentation and high-resolution TripleTOF, unequivocally

mapped four phosphorylation-prone Ser residues at positions 25,

81, 101 and 118 (Fig. 1; Table S1 and Fig. S1, see Supporting

Information).

Phosphorylation at Ser residues 25, 81, 101 and 118 takes

place alongside the previously described O-GlcNAcylation, which

also modifies the N-terminal part of PPV CP at Thr residues 19,

24, 41, 50, 53, 54/58 and Ser-65 (Kim et al., 2011; P�erez et al.,

2013). Residues susceptible to phosphorylation differ from those

that can be O-GlcNAcylated (Fig. 1). As a result of the protease

digestion, coexistence with O-GlcNAcylated residues on the same

peptide was only possible for phosphoserines pSer-25 and

pSer-81 (Fig. 1B); indeed, peptide [1–39] was detected as
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simultaneously phosphorylated at Ser-25 and O-GlcNAcylated at

Thr-24 (Table S1). O-GlcNAc and O-phosphate groups thus do not

compete for the same sites in PPV CP.

SEC down-regulation has a moderate effect on PPV CP

phosphorylation

To determine how O-GlcNAcylation affects PPV CP phosphoryla-

tion in the context of active viral infection, we used SEC-b2 trans-

genic N. benthamiana plants in which SEC gene expression was

down-regulated by RNA interference (RNAi) (P�erez, 2014). Virions

purified from PPV-infected SEC-b2 plants were subjected to

O-GlcNAc-specific immunodetection and MALDI-TOF analysis.

Negligible O-GlcNAc-specific immunoreaction was detected, and

O-GlcNAcylated tryptic peptide signals were greatly reduced in

the MALDI spectra of these virions compared with controls

(Fig. 2). Both tests showed that the O-GlcNAcylation level of PPV

CP was very low in the SEC-deficient plants, consistent with a pro-

nounced reduction in SEC activity.

For a quantitative view of PPV CP phosphorylation and

O-GlcNAcylation in wild-type and SEC-deficient plants, we exam-

ined PPV virions purified from both plant types by an iTRAQ proce-

dure coupled to immobilized metal affinity chromatography

(IMAC) enrichment of phosphopeptides. For data analysis, we

used the signal intensity values for peptides identified with a con-

fidence interval >95% (P< 0.05) and a score value of >40, from

two biological replicates per condition.

Fig. 1 Location of Plum pox virus (PPV) capsid protein (CP) phosphorylated residues. (A) Collision-induced dissociation-tandem mass spectrometry (CID-MS/MS) spectra

corresponding to phosphorylated PPV CP peptides. (B) Scheme of PPV CP and its post-translational modifications (PTMs). Distribution of phosphorylated residues (red

ellipses) and previously mapped O-GlcNAcylated amino acids (blue hexagons; P�erez et al., 2013). Trypsin/Lys-C peptides in which the PTMs were identified are specified

beneath the PPV CP map. Putative surface-exposed N- and C-terminal domains, as well as the protein core region, are shown on grey backgrounds. PPV CP domains are

defined on the basis of predictions for other potyviral CPs (Baratova et al., 2001, 2004; Ivanov et al., 2003). Nt, N-terminus; Ct, C-terminus.
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In accordance with the MALDI-TOF analysis (Fig. 2B), both

non-glycosylated and mono- and di-O-GlcNAcylated species of

peptides [1–39] and [15–39] had high-intensity values in wild-

type plant samples. In contrast, mono- and poly-O-GlcNAcylated

peptide forms [40–59] and, especially, [40–93] showed low inten-

sity, even in wild-type plant samples (Table S2, see Supporting

Information). These data suggest that recovery efficiency through-

out iTRAQ handling can differ for distinct peptide species.

Although relative amounts of the same peptide in different protein

samples can be compared reliably, comparison of intensity ratios

for distinct peptides should be interpreted with caution, as

peptide-dependent physicochemical properties can lead to differ-

ent response intensity.

As predicted, comparison of glycosylation levels of wild-type

and SEC-b2-derived peptides showed much lower abundance of

glycosylated forms in SEC-deficient conditions. The ratio of inten-

sity values for O-GlcNAcylated peptides [1–39] and [15–39] to the

sum of intensity values of all species of each peptide was more

Fig. 2 O-GlcNAcylation of virions purified from wild-type (WT) and SECRET AGENT (SEC)-deficient (SEC-b2) Nicotiana benthamiana plants. (A) Similar amounts of

Plum pox virus (PPV) virions purified from WT and SEC-b2 plants were subjected to immunoblot analysis. The same membrane was probed consecutively with PPV

capsid protein (CP)- and O-GlcNAc-specific antibodies. Molecular mass ladder, right. (B) Matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) spectra

covering the region corresponding to peptides from 1 to 39 and 40 to 93 amino acids. Mass/charge ratios (m/z) assigned to relevant peaks, as well as the predicted

number of O-GlcNAc residues that modify each peptide species, are shown in each case. Stars mark the unmodified parental peaks corresponding to tryptic peptides

[1–39] and [40–93].
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than threefold lower in SEC-b2 relative to wild-type samples

(29.1% versus 90.3%) (Fig. 3). O-GlcNAcylation differences were

even more evident for di-O-GlcNAcylated peptide species [1–39]

and [15–39], which were approximately 15 times less abundant in

SEC-deficient than in wild-type plants (5.4% versus 78.6%) (Fig. 3).

Although the recovery of peptide species, including O-GlcNAc tar-

gets downstream of residue 40 (Thr-41, Thr-50, Thr-53, Thr-54/58,

Ser-65), was poor in the iTRAQ assay, we detected a notable

decrease in O-GlcNAcylation for peptide [40–59] in SEC-deficient

relative to wild-type samples (32.8% versus 95.9%) (Fig. 3).

We detected phosphorylation at Ser-25, alone or in combination

with O-GlcNAcylation of Thr-24 or of Thr-24 and Thr-19, in peptides

[1–39] and [15–39] (Table S2). This indicates that both PTMs are

compatible and can affect the PPV CP N-terminus concomitantly.

Although iTRAQ intensities of different peptide species in the same

sample must be compared with care, the finding in all cases that the

ratio of phosphorylated to non-phosphorylated species was notably

lower for O-GlcNAcylated (0.04–0.06) than for non-glycosylated

(0.14–0.11) peptides suggests some cross-interference between

these PTMs (Fig. 4). This idea was supported by the data obtained

when we compared Ser-25 phosphorylation levels; the ratio of inten-

sity values for phosphorylated Ser-25 to all potential species of the

[1–39] and [15–39] peptides was markedly lower in wild-type than

in SEC-deficient plant virions (4.4% versus 8.8%) (Fig. 4).

Phosphorylation at Ser-81 was detected in peptides [40–93],

[60–93] and [60–95] in wild-type and SEC-deficient plants

(Table S2). The phosphorylation levels, estimated as the ratio of

the sum of intensity values for phosphorylated Ser-81 in these

three peptides to that for all peptide species, were similar in

wild-type and SEC-deficient samples (Fig. S2, see Supporting Infor-

mation). The fact that glycosylated forms of these peptides (phos-

phorylated or non-phosphorylated) were rarely detected in this

iTRAQ experiment nonetheless calls for caution when interpreting

these data.

The phosphorylation target at Ser-101 is included in peptides

[94–109] and [96–109], which do not contain residues predicted

to be O-GlcNAcylated. We detected phosphorylated forms of these

peptides, but with much lower intensity than that of unmodified

species, which was similar in wild-type and SEC-deficient plants

(Fig. S2).

Peptide [112–121] is the only peptide bearing Ser-118 which

was identified with certainty in iTRAQ analysis. The only species

found was phosphorylated, which suggests that Ser-118 is always

phosphorylated in CP assembled in PPV virions. This peptide

nonetheless contains an internal lysine (Lys) (K116 in Fig. S3, see

Supporting Information) and is thus a partially digested product of

Lys-C/trypsin treatment. A possible explanation for this incomplete

proteolysis is that pSer-118 hampers enzyme cleavage at Lys-116.

We cannot rule out the possibility that the fully processed peptide

[117–121] was generated and not detected, as it is too small to

generate a number of fragment ions sufficient for confident iden-

tity assignment by MS/MS. In any case, the similarity of intensity

Fig. 3 Reduction of Plum pox virus (PPV) capsid protein (CP) O-GlcNAcylation in SECRET AGENT (SEC)-deficient plants. Percentages were calculated as the sum of

iTRAQ (isobaric tags for relative and absolute quantitation) intensity values for the O-GlcNAcylated species (overall O-GlcNAc) or di-O-GlcNAcylated species (di-O-

GlcNAc), each divided by the sum of the intensity values of all species of the specified peptides. The table shows values for each biological replica of PPV virions,

purified from wild-type (WT) and SEC-b2 Nicotiana benthamiana plants, and corresponding averages. Mean values are plotted in the histograms (top) and range

values are shown as vertical lines.
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of the phosphorylated peptide species [112–121] in the wild-type

and SEC-deficient samples (Table S2) suggests that Ser-118 phos-

phorylation is largely independent of protein O-GlcNAcylation.

In order to confirm the effect of O-GlcNAcylation on the level

of phosphorylation in Ser-25 by an additional technique, we con-

ducted a label-free quantification assay comparing the abundance

of the phosphorylated and/or O-GlcNAcylated forms of the peptide

[1–39] in PPV virions purified from wild-type and SEC-deficient

SEC-b2 plants (Table S3, see Supporting Information). The results

confirmed the low-level O-GlcNAcylation of the [1–39] peptide in

SEC-b2 plants (8.3% versus 75.0% in the wild-type plants). More

importantly, the level of phosphorylation of the [1–39] peptide

was increased more than two-fold in the PPV virions purified from

SEC-deficient plants compared with those from wild-type plants

(5.5% versus 2.3%).

All of these data confirm that O-GlcNAcylation and phospho-

rylation can coexist in the same PPV CP molecule, but suggest

that the effect of the O-GlcNAcylation level on phosphorylation

varies for different target sites.

Relevance of CP phosphorylation for PPV infection

To determine the influence of the phosphorylation state of the CP

N-terminus in PPV infection, the four phosphorylatable Ser resi-

dues mapped, Ser-25, Ser-81, Ser-101 and Ser-118, were replaced

by Ala residues (4SA) to prevent phosphorylation, or by Asp (4SD)

to emulate a constitutive phosphorylated state. These mutations

were engineered into the full-length cDNA clones pICPPV-NK-lGFP

(h-4SA, h-4SD) and pICPPV-50BD-GFP (sf-4SA, sf-4SD), suitable for

the infection of herbaceous plants and Prunus seedlings, respec-

tively (Fig. S3).

Effect of abolishing or emulating CP phosphorylation on PPV

infection in Nicotiana benthamiana

N. benthamiana plants were initially inoculated by DNA bombard-

ment with h-4SA and h-4SD mutants, as well as with the h-WT

virus. We detected systemic infection in a variable number of

plants bombarded with h-WT (5/10), h-4SA (8/10) and h-4SD

(2/9). In addition to its lower infectivity, the h-4SD mutant accu-

mulated in smaller amounts than the h-4SA and h-WT viruses

(Fig. S4, see Supporting Information). Immunocapture-reverse

transcription-polymerase chain reaction (IC-RT-PCR) amplification

and sequencing of a cDNA fragment from the CP coding region

confirmed 4SA and 4SD mutation stability.

New plants were inoculated by hand-rubbing with extracts of

systemically infected leaves from previously bombarded plants.

The h-4SD inoculum was eight times more concentrated than h-

4SA and h-WT inocula to compensate for differences in viral accu-

mulation in the first plants infected. Although h-4SA showed no

differences compared with the h-WT virus, systemic symptoms in

h-4SD-infected plants were delayed and milder than those of

plants infected with h-4SA or h-WT. In contrast with the results of

Fig. 4 Effect of decreased O-GlcNAcylation on the phosphorylation level of Plum pox virus (PPV) capsid protein (CP) at Ser-25. The table shows ratios of iTRAQ

(isobaric tags for relative and absolute quantitation) intensity values of phosphorylated versus non-phosphorylated species for peptides including Ser-25 ([1–39] and

[15–39]). Species that are also O-GlcNAcylated (GlcNAc) and non-glycosylated (non-GlcNAc) are compared. The table also compares percentages of intensity values

of phosphorylated species with all peptide species [1–39] and [15–39]. Values for each biological replica of PPV virions purified from wild-type (WT) and SEC-b2

Nicotiana benthamiana plants, and corresponding averages, are shown. Individual values are plotted in histograms (top).
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gene-gun inoculation, there were no large differences in viral

accumulation in plants infected with h-WT, h-4SA or h-4SD (not

shown). Sequence analysis of viral progeny of several h-4SA- and

h-4SD-infected plants showed conservation of the initial muta-

tions in all cases. In two of the four 4SD-infected plants, however,

new mutations emerged in positions distant from the initial muta-

tion sites, Y266F in one case and T254K in another.

To further characterize the 4SD phenotype, we used leaf

extract from an h-4SD-infected plant whose viral progeny con-

served the initial CP sequence as inoculum for a new infection

round. In this experiment, all inoculated plants were infected. Sys-

temically infected leaves were analysed at different days post-

inoculation (dpi). At 10 dpi, plants infected with h-WT and h-4SA

showed clear symptoms, abundant green fluorescent protein

(GFP) expression and similar levels of virus accumulation as

assessed by immunoblot analysis (Fig. 5). At the same time point,

plants inoculated with h-4SD showed no symptoms, GFP expres-

sion or virus accumulation (Fig. 5). By 15 dpi, mild disease symp-

toms began to appear in h-4SD-inoculated plants; GFP expression

and viral CP accumulation were clear, but quite variable, at

24 dpi, and remained lower than in h-4SA- and h-WT-infected

plants (Fig. 5). We found no changes in the CP sequence of four

4SD-infected plants analysed.

These results show that the lack of phosphorylation in PPV CP

does not alter noticeably viral infection, but that mimicking of

phosphorylation at phosphorylatable sites delays infection and fos-

ters the selection of potentially compensatory second mutations.

Effect of abolishing or emulating CP phosphorylation in PPV

infection on Nicotiana clevelandii, Chenopodium foetidum and

Prunus persica

To search for any host-specific effects that abolishing or emulating

CP phosphorylation could have on PPV infection, we challenged

another herbaceous systemic PPV host, Nicotiana clevelandii, as

well as the herbaceous local host Chenopodium foetidum and the

natural woody host Prunus persica with phosphorylation-related

PPV mutants.

N. clevelandii plants were inoculated by hand-rubbing with

leaf extracts of N. benthamiana plants infected with h-4SA, h-4SD

or h-WT. Symptoms in plants infected with h-4SA or h-WT were

conspicuous by 10 dpi, when comparable high levels of virus accu-

mulation were detected in these plants by immunoblot analysis.

As for N. benthamiana, neither symptoms nor h-4SD virus accu-

mulation was observed at 10 dpi, although the accumulation of

the mutant was easily detected in this host at 24 dpi (Fig. S5A,B,

see Supporting Information).

Fig. 5 Infection of Nicotiana benthamiana by wild-type Plum pox virus (PPV) (h-WT) and PPV mutants bearing changes that prevent (h-4SA) or mimic (h-4SD) capsid

protein (CP) phosphorylation, at serine residues 25, 81, 101 and 118. Plants were inoculated by hand-rubbing with leaf extracts of previously infected

N. benthamiana plants. (A) Images of upper uninoculated leaves of plants infected with the indicated viruses, at 10 or 24 days post-inoculation (dpi), under an

epifluorescence microscope. Bars, 5 mm. (B) PPV CP-specific immunoblot analysis of extracts from upper uninoculated leaves from four individual plants infected with

viruses as indicated. Samples were collected at 10 and 24 dpi. Blots stained with Ponceau red showing the ribulose-1,5-bisphosphate carboxylase/oxygenase

(RuBisCO) protein are included as loading controls.
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In C. foetidum, the h-4SA mutant caused necrotic local lesions

similar to those of the wild-type virus. The h-4SD mutant was also

able to infect C. foetidum, although the lesions were far less

numerous and milder, with later onset, than those promoted by

h-WT or h-4SA (Fig. S5C).

To assess the effect of disturbing CP phosphorylation on PPV

infection of a natural woody host, we inoculated P. persica seed-

lings by bombardment with multiple mutants sf-4SA and sf-4SD

and the wild-type virus sf-WT. As in herbaceous hosts, the sf-4SA

mutant showed infectivity, pathogenicity and accumulation similar

to that for the wild-type virus (Table 1 and Fig. 6). No infection

symptoms were detected in any of the seedlings inoculated with

the sf-4SD mutant. Moreover, neither GFP fluorescence under UV

irradiation, nor virus accumulation as assessed by immunoblot

analysis, was detected in the 4SD-inoculated peach seedlings

(Fig. 6).

These results indicate that constitutive phosphomimicking in

CP affected PPV infection in all plant species analysed, with a

greater effect in the natural host P. persica.

Effect on PPV fitness of mutations that prevent

CP phosphorylation

To search for possible subtle effects on viral infection efficiency

caused by the prevention of PPV CP phosphorylation, we per-

formed competition experiments of the mutant h-4SA and wild-

type virus in mixed infections in N. benthamiana and

N. clevelandii. Mixtures of extracts of N. benthamiana plants

infected with h-4SA and h-WT, in which the mutant virus was

over-represented (either 1 : 0.6 or 1 : 0.4), were inoculated in

N. benthamiana and N. clevelandii plants (n 5 4 plants each, in

total). At 14 dpi, RT-PCR amplification and sequencing of a cDNA

fragment from the CP coding region detected only h-4SA in the

four N. benthamiana plants and in one N. clevelandii plant (Fig 7;

Fig. S6, see Supporting Information), which confirmed that com-

petitiveness of the mutant is not much lower than that of the

wild-type virus. Despite its lesser amount in the inoculum, the

wild-type virus was detected in three N. clevelandii plants, and

was exclusive in two of these (Fig 7, Fig. S6), which may suggest

slightly lower h-4SA mutant fitness than that of the wild-type

virus.

To test this possibility, we inoculated an extract from an

N. clevelandii plant in which h-4SA and h-WT coexisted at appa-

rently similar levels (plant P2 in Fig. 7) into four N. benthamiana

and three N. clevelandii plants; the viral populations of these

plants were tested by RT-PCR and sequencing. In one

N. benthamiana plant, the wild-type virus outcompeted the h-4SA

mutant and, in the remainder, the mutant population appeared to

be much less abundant than in the inoculum (Fig 7, Fig. S6).

The results from the competition experiments thus suggest

that, although mutations that prevent CP phosphorylation do not

cause severe effects in PPV infection, they can slightly reduce viral

fitness in Nicotiana species.

Table 1 Infectivity in Prunus persica of wild-type Plum pox virus (PPV) (sf-WT)

and PPV mutants with modifications that prevent (sf-4SA) or mimic (sf-4SD and

sf-S118D) capsid protein (CP) phosphorylation.

Inoculum Assay No. 1* Assay No. 2*

sf-WT 5/5 5/5
sf-4SA 4/5 –
sf-4SD 0/5 0/9
sf-S118D – 5/5

*Infected/inoculated plants.

Fig. 6 Infection in Prunus persica by wild-type Plum pox virus (PPV) (sf-WT)

and PPV mutants carrying changes that prevent (sf-4SA) or mimic (sf-4SD)

capsid protein (CP) phosphorylation at serine residues 25, 81, 101 and 118.

P. persica seedlings were inoculated by bombardment with viral cDNA. (A)

Images of upper uninoculated leaves of plants infected with the indicated

viruses, at 21 days post-inoculation (dpi), under an epifluorescence

microscope. Bar, 5 mm. (B) PPV CP-specific immunoblot analysis of extracts

from upper uninoculated leaves for individual or pooled plants, collected at

21 dpi. Viruses used as inocula and volume of extract loaded are indicated.

Blots stained with Ponceau red showing the ribulose-1,5-bisphosphate

carboxylase/oxygenase (RuBisCO) protein are included as loading control.
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Effect of mimicking phosphorylation in PPV CP residue

118 on viral infection

Mutation S118D in the h-4SD mutant is unstable

The detection of the Y266F and T254K substitutions in two h-4SD-

infected plants suggests that the slower infection rate in these

plants could promote the selection of compensatory mutations

that mitigate the negative effects of phosphorylation mimicking.

To increase the chances of h-4SD mutant adaptation, two sets

of 37 plants were inoculated by leaf-rubbing with leaf extracts

from two plants infected with h-4SD whose viral progeny showed

no secondary mutations. All inoculated plants were infected,

although two distinct phenotypes were observed. By 25 dpi, 35

plants of one set and two of the other showed the chlorotic mot-

tling typical of PPV infection, whereas the remaining plants

showed only delayed, mild symptoms. RT-PCR amplification and

sequencing of appropriate cDNA fragments confirmed an intact

CP sequence in the viral progeny of plants with the delayed mild

phenotype. In contrast, we observed a G-to-A mutation that

caused an Asp-to-asparagine (Asp-to-Asn) change in residue 118

in the subgroup with the accelerated severe phenotype (n 5 35)

in the first set of h-4SD-infected plants; in addition, we found a G-

to-A mutation that caused an arginine-to-glutamine (Arg-to-Gln)

substitution at CP residue 237 in the viral progeny of these plants

(Fig. S7, see Supporting Information). An A-to-G mutation causing

a change to glycine (Gly) was detected in the same residue 118 in

the subgroup with early severe symptoms (n 5 2) of the second

set of plants (Fig. S7). Extracts of plants infected with intact h-4SD

or with the Asn-118/Gln-237 or Gly-118 variants were used to inoc-

ulate a new batch of N. benthamiana plants, which reproduced the

phenotype of the parental plants. No changes in the CP sequence

relative to the inocula were detected in these infected plants.

Effect of S118D mutation is reinforced by additional

phosphomimetic mutations

The D118 instability suggests that the h-4SD defects are mainly

the result of the S118D mutation. To verify this possibility and to

assess the relevance of phosphomimetic mutations in the remain-

ing phosphorylatable residues, we constructed the single mutants

h-S25D, h-S81D, h-S101D and h-S118D, and hand-inoculated

them, as well as a control h-4SD mutant, in N. benthamiana by

Fig. 7 Sequence analysis of viral progeny from mixed infections with wild-type Plum pox virus (PPV) (h-WT) and a PPV mutant carrying changes that prevent capsid

protein (CP) phosphorylation at serine residues 25, 81, 101 and 118 (h-4SA). Mixtures of extracts of Nicotiana benthamiana plants infected with h-4SA and h-WT,

combined at the indicated ratios, were used to inoculate N. benthamiana and Nicotiana clevelandii plants. Viruses in infected plants were identified by reverse

transcription-polymerase chain reaction (RT-PCR) and sequencing of a cDNA fragment covering the CP coding region. An extract from an N. clevelandii plant in which

h-WT and h-4SA accumulated at similar levels (P2) was used to inoculate new N. benthamiana and N. clevelandii plants, whose viral progeny were assessed as

above. Images show the region of sequencing chromatograms corresponding to the triplet encoding CP residue 81 (TCA in h-WT or GCA in h-4SA). The viruses

identified are indicated beneath the chromatograms; smaller letters indicate lower accumulation. Individual plants (P1–P4 and P2.1–P2.4) were analysed except for

the pool of N. benthamiana plants (P1 1 P2) indicated by an asterisk (*).
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rubbing leaves with cDNA. The infectivity of all single mutants

was similar to that of the wild-type virus (Table S4, see Supporting

Information). The symptoms for the four single mutants were simi-

lar to those of the wild-type virus, although h-S118D-infected

plants showed an apparent brief delay (not shown). Immunoblot

analysis at 21 dpi, when h-4SD mutant accumulation was

almost undetectable, showed similar accumulation of the h-S25D,

h-S81D, h-S101D and h-S118D mutants, comparable with that of

the wild-type virus (Fig. 8A,B). The initial Ser-to-Asp mutations

were stable in the viral progeny of the two infected plants ana-

lysed for each virus. Although we detected a new P67S mutation

in the viral progeny of one h-4SD-infected plant, no additional

mutations were detected in the CP sequence of any single

mutants. This suggests that the deleterious effect of mimicking

phosphorylation in residue 118 is reinforced when phosphoryla-

tion is also mimicked in other phosphorylatable CP residues. How-

ever, the distinct effect of the S118D mutation was highlighted by

the fact that a viral species with Asn in position 118 emerged

when h-S118D progeny were inoculated into new plants. In con-

trast, h-S25D, h-S81D and h-S101D remained stable when pas-

saged in the same conditions.

To further assess the relevance of the S118D phosphomimetic

mutation, it was constructed in the pICPPV-50BD-GFP backbone

and the resulting sf-S118D mutant was inoculated in P. persica

seedlings by particle bombardment, using the multiple mutant

sf-4SD and the sf-WT virus as controls (Fig. S3). The inability of

Fig. 8 Infection of Nicotiana benthamiana and Prunus persica plants by wild-type Plum pox virus (PPV) and PPV mutants bearing phosphorylation-mimicking mutations

in the capsid protein (CP). Plants were inoculated by hand-rubbing (N. benthamiana) or bombardment (P. persica) with viral cDNA. (A, C) Images of upper uninoculated

leaves of N. benthamiana (A) or P. persica (C) plants after infection with the indicated viruses, taken at 21 or 23 days post-inoculation (dpi), respectively, under an

epifluorescence microscope. Bar, 5 mm. (B, D) PPV CP-specific immunoblot analysis of extracts from upper uninoculated leaves of N. benthamiana (B) or P. persica (D)

individual or pooled plants, collected at 21 dpi (N. benthamiana) or 23 dpi (P. persica). Inoculated viruses and extract volumes loaded are indicated. Blots stained with

Ponceau red showing the ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) protein are included as loading control.
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sf-4SD to infect peach seedlings was confirmed, whereas sf-S118D

infectivity was similar to that of the wild-type virus (Table 1).

Symptoms of the mutant appeared to be somewhat milder and

its accumulation was slightly lower than that of the wild-type

virus (Fig. 8C,D). RT-PCR analysis showed that the S118D muta-

tion was stable in the peach viral progeny. These data further

support the conclusion that phosphomimicry in several CP resi-

dues contributes collectively to disturb PPV infection.

Emulation of constitutive phosphorylation affects the in vitro

stability of PPV CP

To determine whether the impairment of PPV infection caused by

mutations emulating constitutive CP phosphorylation could be

related to altered protein stability, the CPs of wild-type PPV and

of the h-4SA and h-4SD mutants were subjected to an endoge-

nous degradation assay. A time course analysis of CP accumula-

tion was carried out in cell-free extracts prepared in native

conditions from systemically infected leaves of N. benthamiana

plants incubated at 25 8C. Wild-type and h-4SA CP were detected

at a similar high level even after 2 h of incubation (Fig. 9A), which

indicates that prevention of phosphorylation does not have a det-

rimental impact on CP stability. In contrast, a very small amount

of the phosphomimicking h-4SD CP mutant remained intact after

2 h of incubation (Fig. 9B). This latter finding suggests that

reduced protein stability could contribute to the deleterious effect

of the emulation of constitutive phosphorylation on PPV infection.

DISCUSSION

Phosphorylation and O-GlcNAcylation are two PTMs that affect

the same protein residues, Thr and Ser, and play crucial regulatory

roles in a large number of biological processes (Hart et al., 2011).

Dynamic interactions between these PTMs have been studied

extensively for mammalian proteins (Comer and Hart, 2000;

Hart et al., 2011; Slawson and Hart, 2003; Zeidan and Hart,

2010). Although some plant proteins are also modified by both

phosphorylation and O-GlcNAcylation (Chen et al., 2005;

Taoka et al., 2007; Xing et al., 2009; Xu et al., 2017;

Zentella et al., 2016), the interplay of these PTMs in plants is

largely unknown. Although several proteins of plant viruses are

known to be phosphorylated (Champagne et al., 2007;

Hoover et al., 2016; Hu et al., 2015; Hung et al., 2014;

Ivanov et al., 2003; Jakubiec et al., 2006; Lee and Lucas, 2001;

Link et al., 2011; M�odena et al., 2008; Puustinen et al., 2002;

Samuilova et al., 2013; Shapka et al., 2005; Zhao et al., 2015),

there is evidence that the CP of the potyvirus PPV is both

phosphorylated and O-GlcNAcylated (Chen et al., 2005;

Fern�andez-Fern�andez et al., 2002; �Subr et al., 2007); this makes

this protein an excellent model to study how phosphorylation and

O-GlcNAcylation jointly regulate protein activity in plant cells and

to define the roles of these PTMs in viral infections.

Our results identify four phosphorylation sites in the

N-terminal half of PPV CP, which do not overlap with known

O-GlcNAcylation targets. We show that, although phosphorylation

at these residues is not essential for virus viability, phosphoryla-

tion mimicking in phosphoacceptor residues is deleterious for viral

infection. Some mammalian proteins adhere to a ‘yin–yang’ model

in which phosphorylation and O-GlcNAcylation compete for the

same target sites (Wells et al., 2001). Taoka et al. (2007) found

evidence that the same Ser residue of the Cucurbita maxima pro-

tein Cm-PP16-1 was targeted by both PTMs, which suggests that

Fig. 9 Stability assay of Plum pox virus (PPV) capsid protein (CP), either wild-type (h-WT) or bearing phosphorylation-preventing (h-4SA) or phosphorylation-mimicking

(h-4SD) mutations. Systemically infected tissue from Nicotiana benthamiana plants, inoculated by hand-rubbing with infected extract, was collected at 21 days post-

inoculation (dpi). After verification by reverse transcription-polymerase chain reaction (RT-PCR) and sequencing that viral progeny did not hold unintended mutations,

native extracts were prepared in phosphate buffer and CP accumulation was assessed by immunoblot analysis immediately after extraction (0’ and 0’1=2, in which a half

amount of sample was loaded) or after incubation for the indicated times. The stabilities of h-4SA and h-4SD CPs are compared with that of the wild-type CP (h-WT) in

(A) and (B), respectively. The intensity values of the CP bands were calculated with Quantity One 1-D software (Bio-Rad, USA) and are shown below each lane. Blots

stained with Ponceau red showing the ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) protein are included as loading control.
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the ‘yin–yang’ model may apply to plant proteins, but the concur-

rence of phosphorylation and O-GlcNAcylation, although rare, has

been observed in some Arabidopsis proteins identified in the high-

throughput proteomic analysis conducted by Xu et al. (2017). This

is also the case for the PPV CP. The previously identified O-GlcNA-

cylated targets map to the region between residues 19 and 65

(P�erez et al., 2013), and we found that none were alternatively

phosphorylated (Fig. 1). One of the phosphorylated residues, Ser-

25, is located in this region beside the O-GlcNAcylatable Thr-24

(Fig. 1). We readily detected peptide [1–39] species concurrently

phosphorylated at Ser-25 and O-GlcNAcylated at Thr-24

(Tables S1 and S2), which indicates that phosphorylation and

O-GlcNAcylation do not competitively block each other at these

sites. Nonetheless, this does not imply that phosphorylation and

O-GlcNAcylation of PPV CP are completely independent. The

enhanced phosphorylation at Ser-25 in O-GlcNAcylation-deficient

transgenic plants indicates crosstalk between these PTMs.

Another phosphorylated residue, Ser-81, is found further from

the O-GlcNAcylated region, but is within the N-terminal protrusion

of the protein, whereas the other two phosphorylation targets

identified here are located at the beginning of the core region

(Fig. 1). We found no evidence that phosphorylation at these three

sites is influenced by the O-GlcNAcylation state of the protein

(Fig. S2 and Table S2). Our results do not allow us to predict

whether the distinct O-GlcNAcylation dependence reflects meta-

bolic or functional differences.

In silico analysis showed no clear similarities in the sequences

surrounding the four phosphorylation sites reported here. Of

these, only Ser-118 was fully conserved in all PPV strains (Fig. S8,

see Supporting Information) and none was highly conserved

amongst potyviral CPs (not shown), which suggests that phospho-

rylation at precise positions of the CP N-terminal half is not neces-

sary for basal functions of potyviral infection. In accordance with

this assumption, a multiple mutant in which the four phosphoac-

ceptor Ser residues of this region were replaced by Ala residues

infected both herbaceous and woody hosts efficiently (Fig. 5,

Fig. 6; Fig. S4, Fig. S5). In contrast, Ser-to-Asp mutations that

mimicked phosphorylation at these sites appeared to be deleteri-

ous for viral infection, especially in peach seedlings (Fig. 5, Fig. 6,

Fig. 8; Fig. S4, Fig. S5). This result is reminiscent of PEST sequence

phosphorylation in the tymovirus Turnip yellow mosaic virus

(TYMV) 66K protein. This sequence, a conditional signal for protein

degradation, is located in the protein N-terminal region; its phos-

phorylation leads to a reduction in 66K accumulation and disturbs

viral replication (Jakubiec and Jupin, 2007; Jakubiec et al., 2006).

No PEST motifs were soundly predicted by the Epestfind software

at sequences surrounding the PPV CP phosphorylation sites or in

other potyviral CP sequences. However, the N-terminal region of

PPV CP meets some of the requirements assigned to standard

PEST motifs: it is an unstructured region, rich in proline, Thr and

Ser residues. Moreover, the CP of the potyvirus PVA is targeted by

a ubiquitin-proteasome degradation pathway, which limits the

amount of CP during early infection stages (Besong-Ndika et al.,

2015; Hafr�en et al., 2010; L~ohmus et al., 2017). A similar mecha-

nism might be hypothesized by which phosphorylation would

reduce protein stability and thus regulate PPV CP accumulation. In

agreement with a relationship between PPV CP phosphorylation

and susceptibility to proteolytic degradation, we have observed

that emulation of N-terminal phosphorylation increases PPV CP

instability when incubated in crude extracts of infected tissue

(Fig. 9). However, we cannot discriminate between a direct effect

of the phosphorylated-like condition on susceptibility to proteolytic

degradation and an indirect effect by affecting virion structure.

The finding that the fitness of the phosphorylation-deficient

h-4SA mutant, although much higher than that of the

phosphorylation-mimicking h-4SD mutant, was lower than that of

the wild-type virus (Fig. 7 and Fig. S6) supports the view that phos-

phorylation at the N-terminal side of PPV CP has a regulatory role

rather than being a simple plant antiviral response. O-GlcNAcylation

is proposed to have an effect opposite to that of phosphoryla-

tion, thus blocking protein degradation (Cheng et al., 2000), and

depletion of O-GlcNAc target sites makes PPV CP more sensitive

to proteolytic degradation (P�erez et al., 2013). Although we

detected only limited crosstalk between phosphorylation and

O-GlcNAcylation of PPV CP, these PTMs might thus act in concert

to maintain appropriate CP levels at each step of viral infection.

Phosphomimicking at positions 25, 81 and/or 101 appears to

contribute to the low infection efficiency of the h-4SD mutant.

Potentially adaptive mutations in the h-4SD progeny affected posi-

tion 118, but not positions 25, 81 and 101, and single mutations

S25D, S81D and S101D were stable, whereas Asp-118 readily

evolved to Asn. All of these findings highlight the distinct disrup-

tive effect of mimicking phosphorylation at position 118. It is

intriguing that, although phosphomimicry at position 118 appears

to be deleterious, our MS analyses of purified virions only

detected phosphorylated species of peptides containing Ser-118

(Tables S1 and S2). This could indicate that, although phosphoryl-

ation at Ser-118 facilitates virion assembly, non-phosphorylated

Ser-118 is needed for the optimal function of non-assembled CP,

probably at the early stages of viral infection. Further analyses are

nonetheless needed to rule out a lack of detection of species with

non-phosphorylated Ser-118 as a result of technical limitations.

Neither the single h-S118D mutant nor the multiple h-4SD

mutant reverted to forms with the original Ser in position 118, prob-

ably because this would require two nucleotide changes. In con-

trast, mutations to Asn in this position occurred in h-S118D progeny

and to Asn or Gly in those of the h-4SD virus. This indicates that

very different amino acids (Ser, Gly, Ala, Asn) are suitable for posi-

tion 118, and that the negative charge emulating phosphorylation

is likely to disturb CP function. The overall net charge of the
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N-terminal region of the potyviral CP has been shown to affect virus

infectivity (Kimalov et al., 2004). The fact that single S25D, S81D

and S101D mutations caused no noticeable fitness decrease sug-

gests that defects of viruses bearing the S118D mutation are not

simply the result of a non-specific reduction in protein net charge.

Indeed, some potentially adaptive mutations introduced in h-4SD

did not affect any of the four residues changed to Asp. One of

them, P67S, is in the protein N-terminal region near the phosphoac-

ceptor residues. A polymorphism at the adjacent position (Gly/Arg

at position 66) determines phosphorylation of a still uncharacterized

site in the CP of a Rec strain PPV isolate (�Subr et al., 2010) (see

Fig. S8). The other three secondary mutations in the h-4SD progeny

that did not target Asp-118 mapped to a small segment of the C-

terminal part of the CP core region, and affected quite different

amino acids (R237Q, T254K and Y266F). Of note, our preliminary

results show peptide species possibly phosphorylated at Thr-254

(not shown). In any case, these distant changes can compensate for

the effect of the h-4SD Ser-to-Asp mutations, which is in agreement

with the prediction that the CP N- and C-terminal regions interact in

the potyviral virion (Baratova et al., 2001).

Ivanov et al. (2001, 2003) reported phosphorylation of the

potyvirus PVA CP at Thr-242 or, alternatively, at Thr-243, which

coincides with the highly conserved PPV Thr-304 when both pro-

tein sequences are aligned (Fig. S8). Although phosphorylation of

some viral proteins does not appear to affect RNA binding

(Hu et al., 2015; Zhao et al., 2015), in other cases, the ability to

bind RNA is conditioned by the phosphorylation status (Hoover

et al., 2016; Hung et al., 2014; Stork et al., 2005; Vijayapalani

et al., 2012); finally, both circumstances can coexist in the same

protein (Makarov et al., 2012). Phosphorylation at Thr-242 down-

regulates PVA CP RNA-binding activity (Ivanov et al., 2001).

Prevention or mimicking of phosphorylation at Thr-242/3 disturbs

PVA movement, which suggests that phosphorylation at these res-

idues prevents premature virion formation at early stages of infec-

tion; later dephosphorylation would enhance CP binding to viral

RNA and the assembly of viral particles (Ivanov et al., 2003;

L~ohmus et al., 2017). The absence of peptides phosphorylated in

Thr-304, the PPV residue that aligns with PVA Thr-243, in purified

PPV virions in our MS analyses would appear to agree with this

hypothesis, although further analyses of non-assembled CP early

in infection would be needed for validation.

Protein kinase CK2 phosphorylates PVA CP at Thr-242/3

(Ivanov et al., 2003; L~ohmus et al., 2017), and the PPV CP Thr-304

environment conserves the CK2 consensus sequence [S/T]XX[D/E]

(Fig. S8). This sequence is not found near the phosphoacceptor

sites of PPV CP identified here, suggesting that more than one

protein kinase is involved in potyviral CP phosphorylation. Phos-

phorylation with two independent roles in the same viral protein

has been reported for the RNA-dependent RNA polymerase of

TYMV; phosphorylation at its N-terminal PEST sequence regulates

protein stability (see above), whereas phosphorylation in the palm

domain critically affects its function in RNA replication (Jakubiec

et al., 2006). We propose that, although the RNA-binding ability

and virion assembly potential of potyviral CP are controlled by

phosphorylation at the C-terminal side, phosphorylation and

O-GlcNAcylation at the N-terminal side regulate its susceptibility to

degradation by the ubiquitin-proteasome system. The results

reported here not only help us to understand the role of phospho-

rylation in the regulation of viral infection, but also provide essen-

tial clues to defining the interplay between phosphorylation and

O-GlcNAcylation in the PTMs of proteins in plants.

EXPERIMENTAL PROCEDURES

Viral cDNA clones

Mutations that affect phosphorylation target sites at the PPV CP

N-terminal side were engineered into PPV full-length cDNA clones

pICPPV-NK-lGFP or pICPPV-NK-GFP, which derive from the PPV-R isolate

(Fern�andez-Fern�andez et al., 2001; P�erez et al., 2013) and are suited for

the infection of herbaceous plants (denoted ‘h’). Mutations were also

engineered in pICPPV-50BD-GFP, a chimeric clone derived from pICPPV-

NK-GFP and cDNA from a D-type PPV isolate that efficiently infects Prunus

plants (Salvador et al., 2008) (denoted ‘sf’). Details of the cloning strategy

are described in Methods S1 (see Supporting Information).

Plants and viral inoculation

Young plants of N. benthamiana and P. persica cv. GF305 (four- to six-

leaf stage) were inoculated by bombardment with microgold particles

coated with DNA of pICPPV-NK-lGFP- or pICPPV-50BD-GFP-derived plas-

mids using a Helios gene gun (Bio-Rad, Hercules, CA, USA) (L�opez-Moya

and Garc�ıa, 2000) as explained in Methods S1. Alternatively,

N. benthamiana plants (four- to six-leaf stage) were inoculated manually

with PPV cDNA clones by rubbing with 5 lL of plasmid DNA (1 lg/lL),

three leaves per plant, using carborundum as abrasive agent. Crude

extracts of PPV-infected N. benthamiana leaves (1 g leaf tissue in 2 mL of

5 mM sodium phosphate, pH 7.2) were used to further inoculate

N. benthamiana, N. clevelandii and C. foetidum plants by rubbing three

leaves per plant, using carborundum.

The N. benthamiana transgenic line irSEC-b2–4 (SEC-b2), in which the

SEC gene was down-regulated by RNAi, was obtained by transformation

with an inverted-repeat sequence (360 bp) of the N. benthamiana SEC-b2

gene, homologous to A. thaliana SEC (P�erez, 2014).

Plants were cultured in a glasshouse with 16 h of light by supplemen-

tary illumination and kept at 19–24 8C.

Assessment of viral infection and CP stability

Virus infection was first assessed by monitoring PPV-expressed GFP under a

long-wavelength UV lamp (Black Ray model B-100 AP; Ultra-Violet Products,

Upland, CA, USA) or under a Leica MZ FLIII stereomicroscope (Leica Micro-

systems, Wetzlar, Germany) with excitation and barrier filters of 480/40 nm

and 510 nm, respectively. Images were acquired with Nikon D1X (for UV)

and Olympus DP70 (for fluorescence) digital cameras (both Tokyo, Japan).
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PPV accumulation was determined by Western blot analysis as

described by P�erez et al. (2013). To detect CP O-GlcNAcylation qualita-

tively in Fig. 2, purified PPV virions were subjected to sodium

dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subse-

quent electroblotting to nitrocellulose membranes, and immunodetected

with an O-GlcNAc-specific monoclonal antibody (CTD110.6, 1:2000;

Sigma-Aldrich, St. Louis, MO, USA) using a horseradish peroxidase (HRP)-

conjugated sheep anti-mouse immunoglobulin antibody (GE Healthcare

Life Science, Marlborough, MA, USA) as secondary reagent (1 : 20 000).

Immunostained proteins were visualized by enhanced chemiluminescence

detection with a LiteAblot kit (Euroclone, Milano, Italy). Blots used to

detect the anti-O-GlcNAc reaction were treated with Reblot Plus Strong

(Millipore, Temecula, CA, USA) prior to CP immunodetection. Ponceau red

staining was used to check the total protein content of the samples.

The preparation of cell-free extracts and the assays of CP stability

were carried out as described previously (Valli et al., 2014).

For genome characterization of viral progeny, appropriate cDNA frag-

ments were amplified by RT-PCR from total RNA purified from infected leaves

with a FavorPrep Plant Total RNA Purification Mini-Kit (Favorgen Biotech,

Pingtung, Taiwan) or by IC-RT-PCR directly from infected tissue (P�erez et al.,

2013). Primers used for amplification were oligo 2429 and SM13-lGFP for

most h-series viruses, and 2429 and 80 for sf-series and h-S81D (Table S5,

see Supporting Information). Sequencing analysis of the amplified fragments

covering the whole CP sequence was performed by Macrogen Europe

(Amsterdam, Netherlands) using primers SM30-F-ext and 55 (Table S5).

Proteomic approaches

PPV virions for proteomic analyses were purified from infected

N. benthamiana plants (wild-type or SEC-b2) as described previously

(La�ın et al., 1988), with slight modifications (Chen et al., 2005).

MALDI-TOF

PPV virions were digested with 50 ng of proteomics grade trypsin (Sigma-

Aldrich, St. Louis, MO, USA; 20 min, room temperature) and purified as

described previously (Chen et al., 2005). Eluted peptides were dried by speed-

vacuum centrifugation and resuspended in a buffer containing 30% acetoni-

trile, 15% isopropanol and 0.5% trifluoroacetic acid. A 1-mL aliquot of each

peptide mixture was deposited manually on a 384-well OptiTOF Plate (SCIEX,

Framingham, MA, USA) and allowed to dry at room temperature. A 1-mL ali-

quot of matrix solution (10 mg/mL 2,5-dihydroxyacetophenone in 50% aque-

ous acetonitrile and 100 mM ammonium citrate) was then deposited onto the

dried digest and allowed to dry at room temperature. After drying, the sam-

ples were analysed in an ABi 4800 MALDI TOF/TOF mass spectrometer

(SCIEX) in positive ion linear mode, as described previously (Taurino et al.,

2014). The detection mass range was set between 1000 and 10 000 m/z.

ESI MS/MS

PPV virions were methanol–chloroform precipitated, reconstituted in a

buffer containing 7 M urea, 2 M thiourea and 100 mM triethylammonium

bicarbonate (TEAB), and, after reduction with tris(2-carboxyethyl)phos-

phine (TCEP) and alkylation with methyl methanethiosulfonate (MMTS),

were proteolysed with Lys-C/trypsin.

For phosphopeptide enrichment, two in-house-packed micro-columns,

IMAC and Oligo R3 reverse-phase, were concatenated for selective

purification and sample clean-up before liquid chromatography (LC)-MS/

MS analysis (Navajas et al., 2011). Phosphopeptide-enriched fractions

were analysed by two 1D-nano LC-MS/MS systems, with one LC coupled

to a TripleTOF analyser and the other to an ion trap mass spectrometer.

Details of these techniques are given in Methods S1.

For the differential proteomics iTRAQ procedure, peptides resulting

from Lys-C/trypsin treatment were labelled using the iTRAQ 4-plex kit

(SCIEX), as described previously (Ciordia et al., 2016), following this

scheme: WT biological replica 1, tag-114; SEC-b2 biological replica 1, tag-

115; WT biological replica 2, tag-116; SEC-b2 biological replica 2, tag-

117. Labelled samples were pooled, dried and desalted using a SEP-PAK

C18 Cartridge (WATERS, Milford, MA, USA), and subjected to nanoLC-ESI-

MS/MS TripleTOF after phosphopeptide enrichment (Methods S1).
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Fig. S1 Electron-transfer dissociation-tandem mass spectrometry

(ETD-MS/MS) spectra supporting phosphorylation mapping at S81

contained in peptide [71–93], S101 in peptide [94–109] and S118

in peptide [112–121], bearing or not an oxidized methionine.

Fig. S2 Effect of decreased O-GlcNAcylation on the Plum pox

virus (PPV) capsid protein (CP) phosphorylation level at serine

(Ser) residues 81 and 101. The table compares the percentages

of intensity values of phosphorylated species (Phos level) with

all peptide species containing Ser-81 ([40–93], [60–93] and

[60–95]) or Ser-101 ([94–109] and [96–109]). Values shown

for each biological replica of PPV virions purified from wild-

type and SEC-b2 Nicotiana benthamiana plants and their aver-

ages. Individual values are plotted in histograms (top).

Fig. S3 Scheme of the Plum pox virus (PPV) capsid protein (CP) N-

terminal side showing mutations introduced into PPV full-length

cDNA clones. Mutated residues are shown in red. Prefixes ‘h’ or ‘sf’

refer to constructs based on pICPPV-NK-GFP/pICPPV-NK-lGFP or

pICPPV-NK-50BD plasmids, suitable for the inoculation of herba-

ceous or woody hosts, respectively.

Fig. S4 Accumulation of wild-type Plum pox virus (PPV) and

PPV mutants affected at capsid protein (CP) phosphotarget resi-

dues in Nicotiana benthamiana plants after inoculation by bom-

bardment of viral cDNA. Extracts from systemically infected

leaves were collected at 21 days post-inoculation (dpi), pooled

and tested in PPV CP-specific immunoblot analysis. Inoculated

viruses, pooled plants and extract volume loaded are indicated.

Blots stained with Ponceau red showing the ribulose-1,5-

bisphosphate carboxylase/oxygenase (RuBisCO) protein are

included as loading control.

Fig. S5 Infection of Nicotiana clevelandii and Chenopodium foe-

tidum plants by wild-type Plum pox virus (PPV) and PPV mutants

affected at capsid protein (CP) phosphotarget residues. Plants

were inoculated by hand rubbing with leaf extracts of previously

infected Nicotiana benthamiana plants. (A) Images of upper unin-

oculated leaves of N. clevelandii plants infected with the indi-

cated viruses, taken at 10 or 24 days post-inoculation (dpi), under

an epifluorescence microscope. Bar, 5 mm. (B) PPV CP-specific

immunoblot analysis of extracts of upper uninoculated leaves

from four individual plants infected with viruses as indicated.

Samples were collected at 10 and 24 dpi. Blots stained with Pon-

ceau red showing the ribulose-1,5-bisphosphate carboxylase/

oxygenase (RuBisCO) protein are included as loading control. (C)

Images of inoculated leaves of C. foetidum plants infected with

the indicated viruses, taken at 10 and 16 dpi under visible light.

Bar, 10 mm.

Fig. S6 Sequence analysis of viral progeny from mixed infections

with wild-type Plum pox virus (PPV) (h-WT) and a PPV mutant in

which phosphorylation of the capsid protein (CP) at serine resi-

dues 25, 81, 101 and 118 (h-4SA) is prevented. Mixtures of

extracts of Nicotiana benthamiana plants infected with h-4SA
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and h-WT, combined at the indicated ratios, were used to inocu-

late N. benthamiana and Nicotiana clevelandii plants. Viruses in

infected plants were identified by reverse transcription-

polymerase chain reaction (RT-PCR) and sequencing of a cDNA

fragment covering the CP coding region. An extract from an

N. clevelandii plant in which h-WT and h-4SA accumulated at

similar levels was used to inoculate new N. benthamiana and

N. clevelandii plants, whose viral progeny were assessed as

above. Chromatograms show the region of sequencing corre-

sponding to the triplet coding for CP residues 25, 81, 101 and

118.

Fig. S7 Secondary mutations detected in the viral progeny of

the Plum pox virus (PPV) phosphomimicking mutant h-4SD.

Genome sequencing of the viral progeny of Nicotiana ben-

thamiana plants infected with PPV h-4SD was assessed by

reverse transcription-polymerase chain reaction (RT-PCR) and

sequencing of cDNA fragments covering the complete capsid

protein (CP) coding region. Sequence chromatograms show sec-

ondary mutations affecting the triplets encoding Ser-118 and

Arg-237 (stars), which were detected in some of the infected

plants. The unaltered sequence of triplets coding for phospho-

targets Ser-25, Ser-81 and Ser-101 is also shown.

Fig. S8 Sequence alignment of capsid protein (CP) from several

Plum pox virus (PPV) isolates of eight PPV strains. Proteins

were aligned using the MUSCLE method (Edgar, 2004), inte-

grated into the Geneious 9.1.5 software (http://www.geneious.

com; Kearse et al., 2012). Disagreements relative to the refer-

ence sequence of the Rankovic isolate are highlighted. Phos-

photargets identified in this study (red), residues altered by

potentially compensatory mutations in h-4SD progeny (blue)

and the residue corresponding to the amino acid phosphoryl-

ated by CK2 kinase in the potyvirus Potato virus A (PVA) CP

(green) (Ivanov et al., 2001, 2003).

Table S1 Phosphopeptides identified by triple time-of-flight

(TripleTOF) high-resolution mass spectrometry (MS) and/or

electron-transfer dissociation (ETD) ion trap low-resolution MS.

Table S2 Comprehensive listing of iTRAQ (isobaric tags for rel-

ative and absolute quantitation) intensity values.

Table S3 Label-free quantification of O-GlcNAcylation and

phosphorylation of the peptide [1–39] in wild-type and SEC-b2

Nicotiana benthamiana plants.

Table S4 Infectivity in Nicotiana benthamiana of wild-type (WT)

Plum pox virus (PPV) and phosphomimicking PPV mutants.

Table S5 Primer list.
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