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Antagonism between unrelated plant viruses has not been thoroughly described. Our studies show that
two unrelated viruses, papaya ringspot virus (PRSV) and papaya mosaic virus (PapMV) produce different
symptomatic outcomes during mixed infection depending on the inoculation order. Synergism occurs in
plants infected first with PRSV or in plants infected simultaneously with PRSV and PapMV, and antag-
onism occurs in plants infected first with PapMV and later inoculated with PRSV. During antagonism,
elevated pathogenesis-related (PR-1) gene expression and increased reactive oxygen species production
indicated the establishment of a host defense resulting in the reduction in PRSV titers. Polyribosomal
fractioning showed that PRSV affects translation of cellular eEF1α, PR-1, β-tubulin, and PapMV RNAs in
planta, suggesting that its infection could be related to an imbalance in the translation machinery. Our
data suggest that primary PapMV infection activates a defense response against PRSV and establishes a
protective relationship with the papaya host.

& 2015 Elsevier Inc. All rights reserved.
Introduction

Viruses are the most abundant forms of life on the planet, and
exceed the number of host cells by at least one order of magnitude
(Edwards and Rohwer, 2005). Because viruses are more abundant
than their host targets, mixed viral infections commonly occur in
nature and exhibit two types of viral interactions: antagonistic
(advantageous for the host) or synergistic (detrimental for the
host) (Syller, 2012). Antagonistic interactions occur when a low-
virulence virus strain prevents or reduces subsequent infection by
a highly pathogenic strain that shares sequence homology with
the protective virus (Vance, 1991). The mechanism for antagonistic
interactions involves the protective virus triggering the plant RNA
silencing machinery directed by small interfering RNAs (siRNAs),
which, due to the close phylogenetic relationship between the two
viruses, prevents a secondary infection (Ratcliff et al., 1997; Ruiz et
al., 1998). One early study suggested that an antagonistic interac-
tion can be induced by the simultaneous inoculation of Nicotiana
tabacum with Potato virus X (PVX, a potexvirus) and Potato virus Y
sales).
(PVY, a potyvirus) (Ross, 1950). To our knowledge, studies have not
progressed in this area, and in the last fifty years, no publications
have substantiated these first descriptions of antagonism between
unrelated viruses.

On the other hand, synergistic interactions have been thor-
oughly described. For instance, the co-infection of PVX and a
Potyvirus, (e.g., PVY, TEV, or PPV) in N. tabacum (Rochow and Ross,
1955; Vance, 1991; Vance et al., 1995) and N. benthamiana
(González-Jara et al., 2005) exacerbates disease symptoms in the
host (Damirdagh and Ross, 1967; Ratcliff et al., 1997; Vance, 1991),
resulting in increased PVX titers (Scheets, 1998; Vance, 1991) and
the misregulation of host genes involved in plant growth (García-
Cano et al., 2006).

Here, we focus on mixed infections in Carica papaya by two
unrelated viruses: Papaya ringspot virus (PRSV) from the Potyvir-
idae family and Papaya mosaic virus (PapMV), a potexvirus from
the Alphaflexiviridae family. PRSV is a devastating papaya pathogen
and is considered the most economically important virus affecting
papaya cultivation due to its worldwide distribution and difficult-
to-control aphid transmission. Crop losses due to PRSV typically
range from 10% to 100% (Tripathi et al., 2008). The PRSV genome
comprises 10.33 kb of positive (þ) single-stranded RNA (ssRNA)
with a genome-linked viral protein (VPg) covalently attached to its
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50 end and a poly (A) tail at its 30 end (Chung et al., 2008; Yeh et al.,
1992). PapMV has a low-to-moderate incidence rate in papaya and
seems to be of little economic importance (Noa-Carrazana and
Silva-Rosales, 2001). Its 6.66 kb (þ) ssRNA genome includes a 50-
UTR-bound m7GpppN structure and a 30-UTR-polyadenylated end
(Sit et al., 1989).

In a previous study, we showed that mixed infections by these
viruses are common in papaya and produce multiple symptom
patterns in the host (Noa-Carrazana et al., 2006). In this study, we
tested whether symptoms depend on the order of inoculation of
PRSV and PapMV in their natural host, C. papaya, and if there is an
impact on the viral or host components elicited by the plant
response. To quantify viral titer changes, we measured viral RNA
accumulation, viral RNA replication, and viral and host translation
levels. Furthermore, we explored differential virus-derived small
RNA accumulation during single and mixed infections by high
throughput sequencing of siRNAs.

We found that the order of the virus infection determines
whether antagonistic or synergistic interactions occur. We
observed antagonismwhen PapMV infection occurred before PRSV
Fig. 1. Symptom severity and relative abundance of genomic viral RNA. (A) Time course
plants per treatment (mock, PapMV, PRSV inoculated at 0 dpi, and mock-PapMV and m

or PRSV); δt
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N , where δi is the damage o
treatment and t is dpi. Means and standard deviations based on data pooled from two re
abundances of viral genomic RNA estimated by RT-qPCR at 5 and 60 dpi in systemic leave
pooled from three independent replicate experiments consisting of eight plants per tr
endogenous reference control. Mechanical inoculations were made on the third lea
(C) Comparison of relative abundances of viral genomic RNA estimated by RT-qPCR a
samples pooled from three independent replicates consisting of eight plants per treatm
inoculated with buffer at 0 dpi and re-inoculated at 30 dpi with PapMV or PRSV, respec
nnPo0.01; nnnPo0.001.
infection. In this case, PapMV translation was not affected, but
there was a strong decrease in PRSV RNA levels together with
increased production of pathogenesis-related protein PR-1 and
reactive oxygen species (ROS), two important indicators of
immune response activation in plants. By contrast, when PRSV was
inoculated first or at the same time as PapMV, synergism occurred
and changes in cellular and PapMV mRNA translation were found
by polyribosomal profiling analysis, suggesting that PRSV infection
compromises the translation efficiency of non-PRSV mRNAs.
Results

PapMV RNA accumulates more rapidly than PRSV RNA but does not
inflict severe damage to its host

At the acute phase in single infections, PapMV produced sys-
temic disease symptoms in papayas sooner than PRSV. PapMV
symptoms included only slight mosaics from 5 dpi up to more
than 60 dpi. By contrast, symptoms induced by PRSV did not
of average disease damage δt
� �

recorded in three independent experiments with 16
ock-PRSV, inoculated with buffer at 0 dpi and re-inoculated at 30 dpi with PapMV

n leaf i of plant j, λ is the number of leaves of plant j, N is the number of plants in a
plicate experiments are shown (16 plants per treatment). (B) Comparison of relative
s. Data represent ΔΔCt (threshold cycle) means7standard deviations from samples
eatment (PapMV or PRSV infected). The eEF-1α gene of C. papaya was used as an
f and were used to normalize viral RNA accumulation in the systemic leaves.
t 60 dpi in systemic leaves. Data represent ΔΔCt means7standard deviations for
ent (mock, PapMV, PRSV inoculated at 0 dpi, and mock-PapMV and mock-PRSV,
tively). The eEF-1α gene of C. papaya was used as an endogenous reference control.
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appear until 19 dpi, but the eventual damage to the host was more
severe for PRSV than PapMV at 60 dpi. PRSV infection symptoms
included severe leaf deformation, vein yellowing, and severe
mosaics (Figs. 1A and 1S–3S).

We estimated the relative abundance of PapMV and PRSV
genomic RNA in systemic leaves at 5 dpi and 60 dpi using RT-qPCR.
We used the PapMV RNA-dependent RNA polymerase (RdRp) gene
fragment as an estimator of the genomic RNA accumulation of
PapMV because this fragment is not present in subgenomic RNAs.
PRSV does not produce subgenomic RNAs, thus the PRSV coat
protein (CP) gene fragment was sufficient to estimate PRSV
genomic RNA accumulation. Inoculated (local) leaves taken at 12 h
post-inoculation were used to measure the initial inoculum. At
5 dpi, there was a 153-fold increase in systemic leaf accumulation
of PapMV gRNA compared to 0 dpi local leaves, whereas for PRSV
there was only a 5-fold increase (Fig. 1B). At 60 dpi, the relative
abundances of PapMV and PRSV RNA had increased 270- and 198-
fold, respectively, in the first systemic leaf above the locally
inoculated leaf. Although, in single infections at 60 dpi, the RNA
Fig. 2. Antagonistic or synergistic symptom development and chlorophyll production in
development of an antagonistic phenotype [A] after secondary infection with PRSV (Pap
infected plants were later inoculated with PapMV (PRSV-PapMV) a synergistic phen

treatment. The following formula was used: δt ¼
PN

j

Pλ
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δi
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N , where δi is the damage on
treatment, and t is dpi. Means and standard deviations based on data pooled from tw
phenotypes of papaya systemic leaves at 60 dpi with the following inoculation treatmen
(PRSV), mixed co-inoculation (PRSVþPapMV), and two-step inoculations at day 0 and da
chlorosis and mosaic formation; PRSV infection produces leaf deformation and foliar m
resulted in viral synergism [S] with severe necrosis and foliar mass loss. Two-step PapMV
leaf deformation or foliar mass losses. Photographs were taken at 60 dpi. (C) Colorime
systemic leaves frommock-inoculated (mock), singly infected (PapMV or PRSV), co-infect
at 60 dpi. Bars represent standard deviations (eight plants per treatment).
accumulation of PapMV was 36% higher than that of PRSV (Fig. 1B),
the damage produced by PapMV was less (Fig. 1A).

Established PapMV infection antagonizes subsequent PRSV infection
in papaya

We previously reported the presence and distribution of single
and mixed infections of PapMV and PRSV in Mexican papaya crops
(Noa-Carrazana et al., 2006). In some cases, we found mixed infec-
tions producing mild mosaics or stunting and necrotic apical shoots,
which are atypical symptoms in single infections of PapMV or PRSV
(Fig. 2B). The severe symptoms could be explained in terms of a
synergistic interaction (Damirdagh and Ross, 1967; Vance, 1991), but
in a few samples we only found mild mosaics. To replicate and
expand upon those findings, we carried out single, two-step, and
mixed inoculations of C. papaya with the two viruses under green-
house conditions. All mock-inoculated plants remained healthy
during the experiments, and RT-PCR analyses confirmed no viruses
were present in mock-infected plants at any time during the
papaya plants infected with PapMV and/or PRSV. Systemic PapMV infection led the
MV-PRSV); when both viruses were inoculated together (PRSVþPapMV) or PRSV-
otype [S] resulted. (A) Time course of the average disease damage (δt ) for each

leaf i of plant j, λ is the number of leaves of plant j, N is the number of plants in a
o replicate experiments are shown (16 plants per condition). (B) Representative
ts from left to right: mock-inoculated (mock), single PapMV (PapMV), single PRSV
y 30 PapMV-PRSV and PRSV-PapMV. PapMV infection was characterized by leaf
ass loss; mixed PapMV þ PRSV infection and two-step PRSV-PapMV infection

-PRSV infection resulted in viral antagonism [A] with decreased symptoms and no
tric determination of chlorophyll a and b accumulation per unit tissue weight in
ed (PRSVþPapMV), and two-step infected plants (PapMV-PRSV or PRSV-PapMV)
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experiments. Plants inoculated with buffer at 0 dpi and with PapMV
or PRSV 30 days later (Mock-PapMV and Mock-PRSV), showed no
differences in symptoms or viral RNA accumulation at 60 dpi com-
pared with plants inoculated at 0 dpi with PapMV or PRSV, sug-
gesting that viral accumulation at 30 dpi of single infections repre-
sents a steady state of the diseases (Fig 1C). Single PRSV infection
produced vein yellowing, chlorosis of leaf lamina, a decrease in foliar
mass, and leaf deformations starting at 15 dpi. Single PapMV infec-
tion produced mosaics but did not affect foliar mass or cause any
other noticeable symptoms from 30 dpi (Figs. 1A and 2A) until the
end of the experiments (Fig. 2A). In order to compare the viral-
induced damage to the plants, we created a scale that takes into
account all the symptoms observed in single and mixed infections
through 70 dpi, assigning arbitrary units to each symptom (Fig. S3).
Using this scale (detailed in the Materials and methods section), we
Fig. 3. Northern hybridization and immunoblot analysis of genomic viral RNA and coat p
protein (CP) accumulation for PapMV and PRSV in systemic leaves of plants with single
and mock inoculations at 60 dpi. Synergistic phenotypes are identified by [S] and the
(gRNA) and subgenomic (sgRNA1 and sgRNA2) PapMV RNA accumulation using PapMV o
rRNA cDNA as a loading control after removal of the previous probe. (B) RT-PCR-detec
strands targeting RdRp-PapMV, CP-PRSV, and the endogenous eEF1α gene as a loading
(antibodies specific for PapMV) or α-PRSV (antibodies specific for PRSV) to detect CP ac
32 kDa were normally observed in all immunoblots for PRSV. The Coomassie stained ge
found the average disease damage at 60 dpi (δ60) in plants inocu-
lated at day 0 with PapMV and re-inoculated at day 30 with PRSV
(PapMV-PRSV) was δ60 ¼ 870.5, which was significantly higher
than single PapMV infection (PapMV, δ60¼470.0). Single PRSV
infection was more severe ðδ60¼14.872.3). By contrast, mixed
(PRSVþPapMV) and two-step (PRSV-PapMV) infections registered
the most severe damage ðδ60 ¼ 23.675.6 and δ60 ¼ 24.576.4,
respectively) (Fig. 2A). Similar to PapMV single infection, mild
mosaics were the only disease phenotype found in the PapMV-
PRSV plants. We also measured chlorophyll a and b levels and found
no significant difference between mock and PapMV-PRSV inocu-
lated plants (Fig. 2C). The absence of PRSV symptomatology, such as
necrosis, severe leaf deformation, and mass loss, was particularly
striking. Indeed, we observed decreased PRSV virulence in the
PapMV-PRSV plants, in which the disease phenotypes were more
similar to PapMV-infected plants than to PRSV-infected plants.
rotein accumulation during infection. Analysis of viral (þ) RNA, (�) RNA, and coat
PapMV, PRSV, mixed (PRSVþPapMV), two-step (PRSV-PapMV or PapMV-PRSV),
antagonistic phenotype by [A]. (A) Northern blot hybridizations showing genomic
r PRSV CP cDNA as a probe. Data shown in the bottom panel was obtained using 28S
ted accumulation of the intermediates of viral replication by amplifying (�) RNA
control. (C) Immunoblots of total protein extracts were performed using α-PapMV
cumulation for both viruses in infected plants. Non-specific proteins smaller than
l is shown as loading control.



Fig. 4. Viral genomic RNA and coat protein accumulation during PapMV and/or
PRSV infections. Quantitative RT-PCR and DAS-ELISA estimation (through a stan-
dard curve) of viral gRNA and coat protein accumulation is shown for PapMV in
black bars (A) and PRSV in white bars (B) Genomic RNA level at 60 dpi (obtained by
RT-qPCR) is shown in solid bars and CP accumulation at 60 dpi (estimated by DAS-
ELISA) is represented by patterned bars for plants infected with PapMV, PRSV, or
both in mixed or two-step (PRSV-PapMV or PapMV-PRSV) infections, or mock
infection. The RT-qPCR data are expressed as fold changes of mRNA accumulation
normalized to the endogenous gene eEF1α, and relative to the values obtained for
single virus-inoculated plants. The CP accumulation values relative to those of
single PapMV or PRSV infections are presented in A and B, respectively. Significant
differences were evaluated by ANOVA (Po0.001) and Tukey's post-hoc multiple
range test (a, b, c, Po0.01). Means and standard deviations of three experiments
(six plants per experiment) are shown. Synergistic interactions are identified as [S]
and the antagonistic interaction as [A].
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Therefore, we classified this interaction as antagonism (Fig. 2A
and B).

Synergism occurs when PapMV infects PRSV-infected plants or when
both viruses co-infect the plant at the same time

As with other widely reported potyvirus–potexvirus mixed
infections, we observed systemic necrosis, apical necrosis, some
defoliation, and death in plants simultaneously inoculated with
both viruses (PRSVþPapMV) or in plants inoculated with PapMV
30 days after inoculation with PRSV (PRSV-PapMV) (Fig. 2A). We
classified the increased host damage as a synergistic interaction.
Mixed PRSVþPapMV infections showed stem stunting, leaf
deformation, and leaf mosaics at 5 dpi (Fig. 2B). However, PRSV-
PapMV plants registered a more dramatic synergism, resulting in
plant death at 70 dpi (Fig. 2S). We determined that the chlorotic
leaves in both synergistic phenotypes had lower levels of chlor-
ophyll a and b as compared to PapMV or PRSV singly inoculated
plants (Fig. 2C).

During the synergistic interaction, PapMV CP accumulation is reduced
but RNA is not

Potexvirus–potyvirus synergistic interactions are not always the
consequence of an increase in potexvirus RNA accumulation, as was
suggested initially by (Vance, 1991). Other authors propose that
synergism mostly depends on host-specific antiviral defense
(González-Jara et al., 2004). In our PRSVþPapMV or PRSV-PapMV
synergistic conditions, the levels of PapMV RNA did not increase as
compared to single PapMV infection (Fig. 3A). In fact, RNA hybridi-
zation with complementary labeled probes to genomic PapMV
showed a slight reduction in the genomic PapMV RNA in both
synergistic interactions (Fig. 3A). In order to explore whether this
decrease could be related to the viral replication rate, we studied the
levels of (�) RNAs, intermediates of replication. PapMV (�) RNAs are
present and, therefore, replication occurs at least to some level in
singly or co-infected plants (Fig. 3B). In order to quantitatively com-
pare the genomic RNA accumulation that apparently seemed to be
reduced in the synergistic condition, we performed RT-qPCR. This
analysis uncovered that, when PRSV was already present in the plant
or when both viruses were co-inoculated, PapMV (þ) RNA levels do
not changewith a statistical significance (Fig. 4A). Furthermore, in the
synergistic reactions, PapMV CP did not reach the levels observed in
single PapMV infections (Figs. 3C and 4A). It seems that PapMV RNA
or CP levels (Figs. 3A and C and 4A) are not positively correlated with
synergistic interactions. Additionally, we observed no change in PRSV
(þ) RNA or CP levels between singly infected and PRSV (þ) PapMV
co-infected plants or PRSV-PapMV infected plants (Figs. 3 and 4B).

In antagonistic interactions, PRSV RNA accumulation is reduced but
PRSV CP accumulation is not

We were unable to detect PRSV RNA with Northern analysis in
PapMV-PRSV plants (Fig. 3A). To determine whether this result
represented a true inhibition of PRSV replication, we conducted
RT-qPCR and found a statistically significant 9-fold decrease in the
relative accumulation of PRSV RNA (0.1170.04, solid bars in
Fig. 4B) compared to PRSV RNA from single infections. Surpris-
ingly, the corresponding accumulation of the PRSV CP, quantified
by DAS-ELISA, was reduced by only 29% (Fig. 4B, open bars)
compared to CP accumulation during single PRSV infection. The
discrepancy between the magnitude of decrease in the levels of
PRSV RNA versus CP in the PapMV-PRSV plants suggests that
either the reduced RNA was still efficiently translated into CP or
the PRSV CP is particularly stable.
To estimate PRSV virus replication, we examined the levels of
the viral (�) RNA intermediates by RT-PCR. PRSV (�) RNA accu-
mulation is present to at least some extent (Fig. 3B), contrary to
the strong reduction of (þ) PRSV RNA (Figs. 3A, 4B). This suggests
that PRSV replication might not be substantially affected during
the antagonistic interaction. Interestingly, in PapMV-PRSV
infections, the levels of PapMV (þ) RNA and CP were 1.54� and
1.80-fold higher than single PapMV infection (Fig. 4A) in spite of
the host symptom severity remaining similar to PapMV single
infection (Fig. 2A).

Deep sequencing revealed that virus-derived siRNA profiles are
similar between antagonistic and synergistic interactions

Antiviral RNA silencing is mediated by virus-derived small
interfering RNAs (siRNAs), producing direct degradation of the
viral RNA. On the other hand, many plant viruses counter attack
this defense encoding suppressors of RNA silencing that hijack
generally or specifically siRNAs. To obtain a detailed view of the
siRNAs populations during PapMV and PRSV infection in papaya,
we performed deep sequencing analysis of small RNAs from five
conditions (PapMV or PRSV infections, PapMVþPRSV coinfection,



Fig. 5. Profiles of PapMV- and PRSV-derived siRNAs in infected papaya plants at 60 dpi. Values from two replicate libraries sequenced in two different lines (1�50),
normalized to reads per million. Sense and antisense polarity reads are plotted on the y-axis. (A) Viral genome-wide distribution of 21, 22, 23, and 24-nucleotide sense (red)
and antisense (blue) PapMV-derived siRNAs in PapMV infected, PRSVþPapMV coinfected, PRSV-PapMV infected (synergism), and PapMV-PRSV infected (antagonism)
plants. The scale was set to 27 reads/million (�103). (B) Viral genome-wide distribution of 21, 22, 23, and 24-nucleotide sense (red) and antisense (blue) PRSV-derived
siRNAs in PRSV infected, PRSVþPapMV coinfected, PRSV-PapMV infected (synergism), and PapMV-PRSV infected (antagonism) conditions. The scale was set to 27 reads/
million (�103). (C) Abundance by length (of 21, 22, 23, and 24-nucleotides) of sense and antisense PapMV-derived siRNAs in mock, PapMV infected, PRSV infected,
PRSVþPapMV coinfected, PRSV-PapMV infected (synergism), and PapMV-PRSV infected (antagonism) conditions. (D) Abundance by length (21, 22, 23, and 24-nucleo-
tides) of sense and antisense PRSV-derived siRNAs in mock, PapMV infected, PRSV infected, PRSV þ PapMV coinfected, PRSV-PapMV infected (synergism), and
PapMV-PRSV infected (antagonism) conditions.
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and two-step PRSV-PapMV synergistic and PapMV-PRSV
antagonistic interactions).

In infected plants, the number of reads with a perfect match to
PapMV ranged from 3,247,778 in plants with antagonistic inter-
actions to 131,485 in plants with single PapMV infections; 92% of
the reads corresponded to PapMV-derived small RNAs of 21 to 24
nucleotides long, with the vast majority being 21 or 22 nucleotides
in length (Fig. 5A). Small RNAs originated from both (þ) and (�)
RNA strands, with a slight bias toward positive sense reads. The
abundance of PRSV-derived siRNAs in all size classes in PRSV-
infected plants was significantly lower. The number of reads with a
perfect match to the PRSV genome ranged from 188,945 in plants
with antagonism to 1,577,325 in PRSV singly infected plants, and
98% of the PRSV-derived small RNAs were 21–24 nucleotides long,
with the majority measuring 21 or 22 nucleotides in length
(Fig. 5B). Again, we found small RNAs from both strands but with a
slight bias toward antisense reads.

The distribution trends for the 21, 23, and 24 nucleotides
PapMV-derived small RNAs (Fig. 5C) and 21–24 nucleotides PRSV-
derived small RNAs (Fig. 5D) were similar between the two-step
PRSV-PapMV synergistic and PapMV-PRSV antagonistic inter-
actions (Fig. 5). We found a significant reduction in the 22-
nucleotide PapMV-derived small RNAs in the PRSV-PapMV
synergistic interaction (Fig. 5C). There was no change in siRNA
accumulation patterns in the antagonistic interaction compared to
those in single infections.

Housekeeping mRNA translation on polyribosomes is similar in
synergistic and antagonistic interactions

Because the results of the siRNA high-throughput sequencing
did not explain the reduction in PRSV RNA during antagonistic
infection or the apparent inconsistencies between viral RNA and
CP accumulation levels during antagonism, we used another
analysis in planta to test the hypothesis that antagonism results in
Fig. 6. Polyribosome profiles of cellular and viral (þ) RNA in infected plants at 60 dpi
ribosomal profiles are shown for mock-inoculated (mock), singly infected (PapMV or P
PRSV-PapMV) at 60 dpi. (A). Polyribosome separations were performed through 15–60
collection in eight equal volumetric fractions. The non-polyribosomal (NP) and polyriboso
visualization of ribosomal RNA on 1.5% agarose gels. (B) Viral (þ) RNA distribution in NP
PRSV. The cellular mRNAs for endogenous eEF1α, β-tubulin, and PR1 were used as repr
were identified as [S] and [A], respectively.
an imbalance between RNA and protein due to altered translation
efficiency. The RT-PCR, RT-qPCR, and Northern blot hybridization
analyses considered total extracted mRNA, which contains sub-
populations of actively translated mRNAs associated with poly-
ribosomes and non-translated mRNAs not associated with poly-
ribosomes. Therefore, we estimated the steady-state levels and
efficiency of viral and cellular mRNA translation in systemic leaves
at 60 dpi by polyribosome fractionation. This analysis provided the
rRNA distribution in eight collected fractions (Fig. 6A). Fractions 1–
3 were identified as non-polyribosomal (NP); whereas, fractions
6–8 were considered polyribosomal (P) according to a previous
study (Davies and Abe, 1995) and identified that PRSV particles
migrate in fractions 3–5 with light polysomes (Supplementary 4S).
The NP fractions consisted of free ribonucleoproteins, translation
pre-initiation complexes, and monosomes. The P fractions con-
tained more than one ribosome bound to mRNA. We looked for
the presence of viral (þ) RNA in each fraction by RT-PCR with
primers targeting the RdRp gene of PapMV and the CP gene of
PRSV (Fig. 6B). During PapMV single infection, PapMV (þ) RNA
was homogeneously distributed in all fractions. During PRSV sin-
gle infection, PRSV (þ) RNA was found primarily in the
translationally-active P fractions. We observed changes in global
translation during PRSV infection (Fig. 6A). In mock- and PapMV-
infected plants, we found housekeeping genes, represented by
constitutively expressed eEF1α and β-tubulin mRNAs, mostly in
the P fractions and not in NP fraction 1, indicating high levels of
translation. However, in PRSV-infected plants, we found some
eEF1α and β-tubulin mRNAs in NP fraction 1, suggesting their
displacement from ribosomal complexes (Fig. 6).

We noticed a slight inhibitory effect in PRSV-infected plants
over translation of cellular eEF1α and β-tubulin compare to mock
inoculated as they were present on the NP fraction. To know if
PRSV could affect the translation of genes directly involved in
response to pathogen infections, we also analyzed the PR-1 loca-
tion through the polyribosomal fractioning. We found PR-1 mRNA
for each of the six treatments. The distributions of cellular and viral RNA in poly-
RSV), co-infected (PRSVþPapMV), and two-step infected plants (PapMV-PRSV or
% sucrose continuous gradients, and their absorbance measured at 254 nm before
mal (P) designations for each profile were based on the major monosome peak and
and P fractions was evaluated by RT-PCR targeting fragments of RdRp-PapMV or CP-
esentative samples of cellular translation. Synergistic and antagonistic interactions
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in PapMV-infected plants in the antagonistic (PapMV-PRSV)
condition (Fig. 6B, PapMV) and a slight signal in the synergistic
(PRSV-PapMV) condition. In PapMV-infected plants, PR-1 was
distributed in the fractions 2–8, similar to the distribution of
eEF1α and β-tubulin. During antagonism, PR-1 messenger was
found in fractions 1–7 (Fig. 6B).

Concerning PapMV genomic mRNA translation, in plants with
PapMV-single infection and during the antagonistic interaction,
the RNA was found across the entire polyribosome profile. In this
antagonistic interaction, we detected PRSV RNA, present at much
lower levels than in other PRSV infections, exclusively in the P
fractions where translation levels are very high (Fig. 6B). The
polyribosomal profiling distribution supports the idea that the
high accumulation of PRSV CP in spite of small quantities of (þ)
RNA is due to very high translation efficiency (Figs. 3A and 4B,
PapMV-PRSV).

In the synergistic interactions (PRSVþPapMV and PRSV-
PapMV), PapMV (þ) RNA distribution was drastically displaced
towards NP fractions, indicating reduced translation compared to
single infections (Fig. 6B). These observations are consistent with
the reduction in PapMV CP accumulation (Figs. 3C and 4A) even in
the absence of changes in the overall amount of RNA (Figs. 3A and
4A). Our results show that PRSV is more efficiently translated than
both PapMV RNA and host cellular eEF1α and β-tubulin mRNAs
(Fig. 6B). In mixed infections, there is a translational preference for
PRSV over PapMV, even when PapMV had been previously estab-
lished (i.e., antagonistic interaction). The small amount of PRSV
(þ) RNA, detected in the highly active translational fractions
(Fig. 6B, PapMV-PRSV), leads to disproportionate CP accumula-
tion (Figs. 3C and 4B, PapMV-PRSV). Treatment with puromycin
resulted in polysomal peak decrease as has shown before by others
(Cundliffe et al., 1974). It does not affect the assembled virus par-
ticles allowing the determination of the virus particle migration in
the gradient and consequently, the discrimination between virus
particles and mRNA associated with polyribosomal fractions. The
presence of PapMV or PRSV RNA in the polysomal fractions was
associated with polyribosomes as shown by puromycin polysomal
disrupting treatments (Fig. 4S).

PapMV elicits PR-1 expression and ROS production in plant cells

We observed a reduction in PRSV RNA accumulation during the
antagonistic interaction (Figs. 3A and 4B), which was not
explained by siRNA levels. To investigate the involvement of other
immune responses, we monitored PR-1 gene expression. PR-1 is a
Fig. 7. Plant immune system response to single, simultaneous, or two-step viral infection
changes in PR-1 in mock inoculated (mock), singly infected (PapMV or PRSV), co-infecte
Data are expressed as fold changes of mRNA expression normalized to the eEF1α g
nnnPo0.001. (B). Histochemical analysis of superoxide ions at 60 dpi using NBT staining
co-infected (PRSVþPapMV), and two-step infected plants (PapMV-PRSV or PRSV-Pa
useful and stable molecular marker for systemic acquired resis-
tance (SAR) related to the salicylic acid (SA) response pathway
(Durrant and Dong, 2004). To verify if PR-1 gene expression was
triggered by viral infection, we analyzed its relative expression by
RT-qPCR in systemic leaves at 60 dpi, when the antagonistic or
synergistic interactions have been phenotypically determined. We
found that systemic tissue of all PapMV-infected plants showed a
statistically significant induction of PR-1 gene expression (Fig. 7A).
During synergistic interactions (PRSVþPapMV and PRSV-
PapMV), PR-1 induction increased 2.2- and 2.5-fold, respectively.
The relatively small fold change in the PRSV-PapMV infected
plants may explain why we did not see RT-PCR amplification of PR-
1 in our polyribosome fraction analysis (Fig. 6B). We observed no
change in PR-1 expression during PRSV single infection compared
with mock-treated plants; however, in the antagonistic PapMV-
PRSV condition, PR-1 levels increased 20-fold (Fig. 7B).

Finally, we measured the production of superoxide ions (O�
2 ) in

systemic leaves at 60 dpi, using Nitro blue tetrazolium chloride
(NBT) as a histochemical staining substrate. Reactive oxygen spe-
cies (ROS) were strongly induced in the antagonistic viral inter-
action and the response correlated with the significantly higher
relative gene expression of PR-1. In contrast, the ROS response in
plants infected only with PapMV appeared slightly lower by his-
tochemical analysis, but not as low as observed during synergistic
interactions (in Fig. 7B).
Discussion

The results presented in this work were all obtained at the
acute stage of disease and they show that the timing of infections
by PapMV and PRSV in C. papaya determines whether antagonism
or synergism between these viruses is established.

Synergism

We found synergistic interactions between PapMV and PRSV in
co-inoculation and two-step PRSV-PapMV infections. These
interactions were characterized by a dramatic increase in the
severity of symptoms (Fig. 2A and B) with no significant changes
in RNA accumulation of either virus when non-inoculated symp-
tomatic leaves were analyzed (Fig. 4A and B). In the most studied
plant viral synergism system, PVX and PVY infections in Nicotiana
tabacum, necrosis and plant death appear to be associated with a
3- to 10-fold increase in PVX RNA replication intermediates when
s. (A). Relative gene expression values at 60 dpi obtained by RT-qPCR analysis show
d (PRSVþPapMV), and two-step infected plants (PapMV-PRSV or PRSV-PapMV).
ene and relative to the values for mock-inoculated plants. nPo0.05; nnPo0.01;
in systemic leaves from mock inoculated (mock), singly infected (PapMV or PRSV),
pMV). Photographs of the tip (top) and basal part (bottom) of the leaf are shown.
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compared to single PVX infection on the first un-inoculated leaves
that develop symptoms (acute stage of disease) (Rochow and Ross,
1955; Scheets, 1998; Vance, 1991). It has been suggested that some
PVY elements could increase PVX replication via the HC-Pro sup-
pressor of the post-transcriptional gene silencing (PTGS) machin-
ery (Damirdagh and Ross, 1967), by targeting regulators of the
plant innate immune system (Valli et al., 2011), or by affecting
other genes involved in plant development (Pacheco et al., 2012).
Studies focused on synergism in N. benthamiana report no change
in viral titers or host response (González-Jara et al., 2004; Sáenz et
al., 2001). A comparative transcriptional analysis of N. benthamiana
identified differences in the expression of genes related to oxida-
tive stress triggered by virus-induced gene silencing of α-
dioxygenase-1 during synergistic PVX–PVY interactions (García-
Marcos et al., 2013, 2009).

In Brachypodium distachyon, the mixed infection of Panicum
mosaic virus and its satellite causes more severe symptoms than in
a single virus infection with upregulation of plant salicylic acid
pathway components, such as pathogenesis-related (PR) genes
and WRKY transcription factors, without an increase in viral
accumulation (Mandadi and Scholthof, 2012). Our findings on
synergism are similar to these previous studies; there was no
increase in the accumulation of the potexvirus but differ from
those seen in PVX mixed infections with potyviruses such as TEV,
Tobacco vein mottling virus, Pepper mottle virus (Vance et al., 1995),
Cucumber mosaic virus, and Tobacco mosaic virus (Pruss
et al., 1997) in N. tabacum, and Plum pox virus in N. benthamiana
and N. clevelandii (Yang and Ravelonandro, 2002) where an
increase in potexviral RNA accumulation is evident. (Pruss et al.,
1997; Vance et al., 1995; Yang and Ravelonandro, 2002). In the
synergism observed in this study, PapMV CP levels decreased
(Fig. 4A), therefore, we think that this interaction may involve
more complex mechanisms with the host than only changes in
viral titers.

Antagonism

Antagonism takes place when plants are first inoculated with
PapMV and 30 days later inoculated with PRSV (two-step
PapMV-PRSV infected plants). Studies published in the 1950s and
1960s, although focused on viral synergism, indirectly suggested
that sequential infection with unrelated viruses reduces disease in
the host (Damirdagh and Ross, 1967; Ross, 1950) but were not
further explored. The first explicit mention of antagonism in plants
refers to the slower development of disease phenotypes (i.e.,
number of lesions) and the prevention of replication between
unrelated viruses (Bennett, 1953; McKinney, 1941).

PapMV and PRSV are less than 20% similar and the highest
similarity sequence stretch between them does not exceed 11
nucleotides. Therefore, it is unlikely that siRNA-mediated antiviral
defense can explain the antagonistic interaction we observed.
Indeed, we detected no changes in PapMV-derived siRNA by deep
sequencing analysis. However, we cannot rule out a crosstalk
between PTGS and SA-dependent and SA-independent innate
immune defense (Kung et al., 2014).

Our data demonstrate that in single infections, PapMV (þ) RNA
was more abundant than PRSV (þ) RNA (Fig. 1B) and in the
antagonistic interaction infections (PapMV-PRSV), PapMV (–)
RNA levels were not affected (Fig. 3B) but (þ) RNA levels increased
(Fig. 4A). Assuming that all viral proteins (except PIPO (Chung et
al., 2008)) accumulated at an equimolar rate, we speculate that the
presence of HC-Pro could slightly suppress PTGS, explaining the
1.54-fold increase in PapMV (þ) RNA (Fig. 4A). We also deter-
mined that PRSV (þ) RNA accumulation was reduced 9-fold when
PapMV was already present (Fig. 4B, PapMV-PRSV). Surprisingly,
in spite of such reduction, the small amount of RNA was sufficient
to actively translate viral proteins (estimated through CP levels,
Fig. 4B, and detection in polyribosomal fractions, Fig. 6), with only
a slight 29% decrease as compared to the single PRSV infection.

PRSV efficient translation interferes with PapMV translation

In the antagonistic interaction, PRSV RNAwas reduced (Fig. 4B),
but the few PRSV RNA molecules were positioned in the highly
active polyribosomal fractions (Fig. 6B), suggesting that PRSV RNA
has some element that allows very efficient translation by appar-
ently compromising cellular translation (Fig. 6). It has been
reported that potyviruses have developed strategies to exploit
cellular resources that involve the recruitment of eukaryotic
translation initiation factors (eIFs) to the 50 IRES (internal ribosome
entry site structures) (Duprat et al., 2002; Léonard et al., 2000), as
well as direct interactions of VPg with members of the eIF4E
family (Eskelin et al., 2011; Ivanov et al., 2014; Rantalainen et al.,
2011). Such interactions result in host translation inhibition by
sequestration of key host factors that are essential to complete the
life cycle of the virus (Eskelin et al., 2011). The same hypothesis
could partially explain the decrease of PapMV CP mRNA transla-
tion and the slight displacement of eEF1α and β-tubulin towards
the non-polyribosomal NP fraction. The present study suggests
that it is possible that PRSV VPg may be producing a stronger
recruitment of the translation machinery over the cellular and
potexvirus RNA Cap structure located at the 50 end of the mRNAs.
Therefore, competition between PRSV VPg-bound and capped
(cellular and PapMV) mRNAs or a sequestration of translation
factors by VPg in infected cells (Eskelin et al., 2011; Hafrén et al.,
2013) may be occurring. Genetic studies are underway to explore
how PapMV affects the accumulation of different siRNA in the
plant host during synergism.

Papaya defense response is triggered by PapMV

Higher titers of PapMV correlated with the activation of a
general host defense response, including SAR element PR-1
(Fig. 7B). This resistance could be responsible for the decrease in
PRSV RNA. ROS production is necessary to induce PR-1 mRNA in
the Arabidopsis mutant lsd1 (lesion-simulating disease resistance
response) as part of stress signaling (Mühlenbock et al., 2008).
Increased production of ROS activates the host immune response
signaling pathway in multiple plant species (Cao et al., 1994;
Durrant and Dong, 2004; Zhu et al., 2003). In PapMV infected
plants, we found ROS and PR-1 up-regulation. However, PRSV-
infected plants did not trigger ROS signaling or PR-1 expression
(Fig. 7B).

It has been proposed that antiviral response mediated by NB-
LRR proteins is able to inhibit translation of viral transcripts in a
mechanism that involves AGO4 (Bhattacharjee et al., 2009) or
AGO1 (Ghoshal and Sanfaçon, 2014). Once turned on, the antiviral
response targets virus RNA indiscriminately. This mechanism does
not seem to cleave or degrade the RNA molecules but inhibits the
synthesis of viral proteins. The authors proposed that this kind of
viral resistance might act through recruitment of viral RNA in a
small RNA-independent way (Bhattacharjee et al., 2009). Our
results suggest that PapMV infection might trigger some resistance
elements of this sort in the host that could interfere with sub-
sequent PRSV infection, specifically at RNA translation.

Our work related to antagonism shows that increased PapMV
titers are not associated with a detrimental phenotype in the host.
Although PapMV displays higher and more rapid RNA accumula-
tion than PRSV at 5 dpi and 60 dpi, PapMV does not induce severe
damage to its host when a systemic infection is established. The
antagonistic interaction between PapMV and PRSV in C. papaya
has been indirectly shown in a crop survey of papaya-producing
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states in Mexico (Noa-Carrazana et al., 2006). In this survey, 267
plants with viral symptoms included 157 plants positive for PRSV,
48 plants positive for PapMV, and 22 plants positive for both. Of
those 22, 16 plants exhibited an antagonistic disease phenotype
and six a synergistic phenotype (Noa-Carrazana et al., 2006). The
prevalence of PRSV single infections in the survey may be due to
plant handling in the field or to the non-persistent transmission of
PRSV by its aphid vector. If PapMV has the opportunity to infect its
host first it can subsequently interfere with PRSV infection, or to
other viruses (once the plant defense pathways have been trig-
gered), possibly as a coevolution of virulence and host defense
increasing virus and plant fitness, resulting in the antagonistic
phenotype observed in the crop. The comparative analysis of
symptom severity suggests that PapMV might act as a protective
virus during viral antagonism, preventing severe damage normally
induced by PRSV. PapMV becomes dependent on the host as a
biotrophic parasite and activates plant defense mechanisms pre-
venting PRSV replication without impairing its own.

Our current results and those published previously (Noa-
Carrazana et al., 2006), support the hypothesis, proposed by
other authors (Roossinck, 2011), that antagonistic interactions
between viruses and their hosts play an important role in disease
development. Under certain conditions, viruses may function as
biological controls against other diseases in mixed infections (Jiu
et al., 2007; Roossinck, 2013; Werner et al., 2014). Such relation-
ships are beneficial to the host and protective virus because the
host resistance mechanism is activated, thus protecting the host
from future infection, while the original virus remains unharmed.
This host-virus mutualistic relationship provides an ecological
strategy for survival through long-term association, providing the
host with immunity against other pathogens and the virus with a
protective host and habitat (King et al., 2006; Roossinck, 2011;
Syller, 2012).
Materials and methods

Plants and growth conditions

All plants were cultivated in a greenhouse in the summer or
fall. Carica papaya var. Maradol seeds were sown in germination
substrate containing 1:1 coconut paste and commercial growing
substrate. When cotyledonary leaves emerged, the seedlings were
transplanted onto growing substrate. Six-week-old plants were
used in all experiments.

Virus strains

Viral isolates PRSV-P-VrPO (AY231130) or Colima (AF309968)
and PapMV-GTO (this study) were isolated from field-grown
papaya plants as described previously (Noa-Carrazana et al.,
2007, 2006). To confirm the purity of viral isolates, commercial
Agdia antibodies against CP (α-PapMV 53400/1000 and α-PRSV
53500/1000) and RT-PCR (directed to PapMV CP and PRSV CP)
were used to detect cross-contamination by the other virus.
PapMV was purified through sucrose gradient centrifugation
(Erickson et al., 1978). The size of the flexible viral particle (600–
800�10 nm) was corroborated by negative staining with phos-
photungstic acid using a Morgagni 268 (Philips, Eindhoven,
Netherlands) for transmission electron microscopy (TEM) at 56 Kx.
PRSV was purified using cesium gradient centrifugation (Gon-
salves and Ishii, 1980), and viral particle sizes of 800–
1000�10 nm were confirmed by negative staining using TEM at
56 Kx (Fig. 1S).
Virus inoculation and experimental design

Plants were infected by dusting carborundum (400 mesh) with
5 μl of viral solution on leaves or by immersing tissue in 0.001 M
sodium phosphate (pH 8.0) and 0.001 M EDTA. The viral con-
centration in each tissue was calculated through a linear regres-
sion model according to a calibration curve of five concentrations
of pure virus used as a standard, estimating the fluorescence
crossing points by RT-qPCR. We estimated that approximately
2�106 viral particles were inoculated into each plant with 12 ng
PRSV or 7.6 ng PapMV.

Three replicate experiments, each involving 64 papaya plants,
were performed over a period of two years in an insect-free
greenhouse. In each experiment plants were arranged in eight
separate groups of eight plants that received eight individual
treatments. Plants were followed for 70 days after the first
inoculation. We inoculated the third leaf of each plant when the
fifth leaf was clearly visible. Four treatments were inoculated only
at time 0 as follows: mock-inoculation with only the buffer used in
other treatments; inoculation with PapMV; inoculation with PRSV;
and co-inoculation with a mixture of the two viruses. We inocu-
lated the remaining four ‘two-step’ treatments at time 0 and then
again at 30 dpi (days post-inoculation) on the eighth leaf when the
plants had a total of 13–15 leaves and were at the acute infection
stage. The two-step treatments were: PRSV-PapMV, first with
PRSV and then with PapMV; PapMV-PRSV, first with PapMV and
then with PRSV; Mock-PapMV, mock-inoculation followed by
PapMV; Mock-PRSV, mock-inoculation followed by PRSV.

Evaluation of disease symptoms

The severity of disease symptoms was calculated according to a
seven point scale based on viral damage (δ) as follows: 1, slight
mosaic or vascular yellowing; 2, severe mosaic; 3, mild leaf
deformation; 4, severe leaf deformation; 5, leaf necrosis; 6,
stunting; and 7, apical meristem exhaustion. The average disease
damage per treatment at observation time t was calculated using

the formula δt ¼
PN

j

Pλ

i
δi

� �

N , where δi is the damage on leaf i of
plant j, λ is the number of leaves of plant j and N is the number of
plants in a treatment. Pooled data from two experiments were
used to calculate standard deviations for each treatment (16 plants
total) at 0, 5, 12, 19, 21, 25, 28, 30, 35, and 60 dpi (days post-
inoculation). A final confirmation of disease phenotypes was done
at 70 dpi (Fig. 2S).

Tissue collection and sampling

We collected the first systemic (ninth) above the inoculated
leaf, of each individual plant, ground it in liquid nitrogen and
formed treatment pools by mixing leaves from different plants of
same treatment. For RNA and protein purification, 100 mg of
ground tissue from each pool was used. For the isolation of poly-
ribosomal complexes, 1 g from each tissue pool was used. The
inoculated leaf (local leaf) was taken from four plants per treat-
ment (PapMV, PRSV, or Mock group) at 12 h post-inoculation in
order to estimate the starting quantity of inoculated virus, and was
used as a sample control to estimate the relative increase of virus
titer in systemic leaves at 5 and 60 dpi by RT-qPCR.

Northern hybridization

Five micrograms of RNA were extracted with Trizol reagent
(Invitrogen, CA, USA) from healthy and infected plants at 60 dpi,
electrophoresed on denaturing 1.2% agarose-6% formaldehyde gels
and blotted onto nylon membranes (Hybond Nþ , GE Healthcare,
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UK). The membranes were hybridized with a DNA probe radio-
actively labeled with 32P α-dCTP using a random-priming kit (GE
Healthcare, UK) by following the manufacturer's recommenda-
tions. The probes detected the CP gene of PRSV or the Tgb2–Tgb3–
CP gene of PapMV. The same membrane was used twice for
hybridization with probes from each virus after an appropriate
stripping treatment.

RNA accumulation by RT-PCR and RT-qPCR

RNA purification was followed by a DNaseI (Invitrogen, CA,
USA) treatment. The quality and quantity of RNA were evaluated
using a NanoDrop (Thermo Scientific, MA, USA) by measuring
absorbance ratios at 260/280 nm (42.0 in all cases) and 260/
230 nm (41.8 in all cases), and RNA integrity was corroborated by
electrophoresis on 1% agarose gels. We used 500 ng total RNA for
the synthesis of the first cDNA strand with 200 U of SuperScriptIII
(Invitrogen) per reaction. SYBR Green (Applied Biosystems, CA,
USA) real time qPCR amplification was carried out with a
StepOneTM instrument (Applied Biosystems) using ROX as a pas-
sive reference dye, with 1:4 cDNA and 0.1 μM each primer. No-
reverse-transcriptase and no-first-strand-cDNA reactions were
included as controls for all the samples and showed no
amplification.

We used the GenBank database, as well as sequences obtained
by us, to design the primers: for eukaryotic translation elongation
factor 1 alpha (eEF1α) 769-1α-F TCGTTTTGCTGTGAGGGACA and
770-1α-R ACCGCATCCCTTCACAAACT; for β-tubulin 458-β-tub-F
AGTGATTTTCCCGGGTCAGCTCAA and 459-β-tub-R TGCTGCC-
TGAGGTTCCCTGGT; for PapMV 773-Pa01-F AGGATTCCAAG-
GAAGGCAGC and 774-Pa01-R TTAGCAGGGCCCCAATTCTG; and for
PRSV 775-PRSV-F TCTGGGTTATGATGGATGGGGA and 776-PRSV-R
CCGCGGCATGTACTTCTCAG. And primers reported previously by
(Zhu et al., 2003) for papaya PR-1 amplification were used in
this study.

Each primer pair was evaluated by a standard curve with five
points and three replicates to obtain efficiency rates (E) of 96% (for
eEF1α), 105% (for PapMV), and 106% (for PRSV) (E¼10(1/slope)�1,
expressed as percentages) with R2¼0.99 correlation values for the
curves. All data were analyzed by considering differences in PCR effi-
ciency between amplicons with the StepOne™ software using a model
proposed previously (Pfaffl, 2001). Relative abundance was obtained
by determining the threshold cycles of the amplified PapMV RNA-
dependent RNA polymerase (RdRp) or the PRSV coat protein (CP) gene
fragments in systemic leaves of single virus-infected plants at 5 dpi
and 60 dpi. The threshold cycle (Ct) was defined as the point at which
the fluorescence rises appreciably above background fluorescence. The
relative RNA accumulation ratio (AR) was measured as AR¼(Etarget)
ΔCttarget(control*�sample)/(Eref)ΔCtref (control*�sample). Control*
groups containing either infected leaves (local leaves) from single
infections (PapMV or PRSV treatments) or mock-inoculated plants
(M) were used where applicable. No-reverse-transcriptase and no-
template controls were included. Dissociation melting curve analysis
was performed at the end of each cycle to confirm reaction specificity.
Relative viral expression levels were calculated by normalization to an
internal control: the mean of the reference gene eEF1α, selected
according to previously reported stabilities of plant reference genes in
viral infections (Chandna et al., 2012). ANOVA and Tukey's post-hoc
tests (*Po0.05; **Po0.01; ***Po0.001) were performed to estimate
statistical differences between treatments using the R statistical
package (Ihaka and Gentleman, 1996).

Standard curve for quantitative RT-qPCR

The purified virions were treated with Proteinase K and the
genomic RNAs (gRNA) of PapMV and PRSV virus were precipitated
with 70% ethanol and dissolved in DEPC treated water. The RNAs
were run on agarose gels to verify their integrity. The absorbance
at 260 nm was measured using a NanoDrop to estimate the
amount of gRNA in each sample. From 500 ng of genomic gRNA,
cDNAs were generated with oligo dT. Subsequently the cDNA was
treated with RNaseH to remove annealed RNA and the synthesized
cDNA was quantified. Ten serial 1:10 dilutions of each virus were
made to generate a standard curve, which was used to calculate a
linear regression between the known amount of viral genomic
cDNA and fluorescence values (Ct) by RT-qPCR. From this curve,
the amount of viral genomic RNA used for tissue inoculations was
estimated. Calculations were performed considering that PapMV
has 6663 bases (MW¼2135650 g/mol) and PRSV has 10,330 bases
(MW¼3310765 g/mol). We calculated that approximately
2.11�1012 (or 3.5 pmol) viral particles were inoculated into each
plant with 7.6 ng of PapMV or 12 ng of PRSV.

RT-PCR of RNA negative strands

For negative cDNA (cDNA-N) strand synthesis, we used 500 ng
total RNA, 2 pmol of the forward primers 773-Pa01-F or 775-PRSV-
P1-F, and 200 U of SuperScriptIII (Invitrogen) per reaction. For PCR,
a 1:4 dilution of cDNA-N and 0.1 μM each of forward and reverse
primers were used to amplify a 164 bp fragment of ORF1-PapMV
and a 158 bp fragment of CP-PRSV.

Detection of PapMV and PRSV CP by DAS-ELISA and immunoblot
assays

Soluble extracts of systemic leaves were used to obtain proteins
for analysis by double antibody sandwich enzyme-linked immu-
nosorbent assay (DAS-ELISA) using antibodies targeting the coat
proteins (α-CP) of PapMV and PRSV with Agdia commercial kits
SRA 53400 and ECA 53500 (Agdia, IN, USA) following the manu-
facturer's protocols. Alkaline phosphatase activity was indirectly
estimated at 405 nm after 15 min incubation with para-nitrophe-
nylphosphate as a substrate (PNPP).

For immunoblot CP detection assays, protein from papaya leaf
tissue was purified according to a previously published protocol
(Faurobert et al., 2007). After SDS-polyacrylamide gel electro-
phoresis of the protein, an immunoblot analysis was performed in
which 1:200 dilutions of the Agdia α-CP from PapMV and PRSV
were used. The antigen-antibody complexes were detected using
alkaline phosphatase-conjugated antibody and the nitroblue tet-
razolium chloride (NBT)-BCIP colorimetric reaction.

Profiling PapMV and PRSV-derived siRNAs by high-throughput
sequencing

Small RNA libraries from six conditions (Mock, PapMV, PRSV,
PRSVþPapMV, PRSV-PapMV, and PapMV-PRSV) were gener-
ated using sequencing synthesis by Illumina technology and ana-
lyzed as described (Fahlgren et al., 2009). Adaptors were used for
multiplex sampling in two lines. For each treatment, small RNA
duplicate libraries were made independently, using 100 mg of
total RNA from mixed tissue from systemic leaves using six plants
per condition. Twelve sets of amplicons were prepared using dif-
ferent adaptors. The 145–160 bp bands were purified, mixed in
equal amounts and sequenced simultaneously in two lines. Small
RNA sequences of Carica papaya, PapMV, and PRSV reads were
parsed, identified, mapped, and quantified using kraken toolkit
version 13–274 (Wood and Salzberg, 2014). Reads were normal-
ized per 1,000,000 total reads. The sequence data from this article
can be found by request.
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Polyribosome profiling

From two-independent experiments of 8 plants in each group,
polyribosomal complexes were separated using 1 g of systemic
leaves (0.125 g from each plant were pooled) accordingly to a
previous protocol (Contreras-Paredes et al., 2013; Davies and Abe,
1995). After initial concentration in a 60% sucrose cushion at
275,000g for 3 h at 4 °C, ribosomes associated with RNA were
loaded onto a 15–60% sucrose gradient and centrifuged for 1.25 h
in 4 °C at 250,000g. Eight fractions were separated with an auto
Densi-flow system (Labconco, USA) coupled to a 260 nm Econo UV
Monitor EM-1 absorbance detector (BioRad, USA) and a LKB
BROMMA 2210 plotter (Pharmacia LKB, Sweden) to obtain poly-
ribosomal profiles. Polyribosomal RNA was extracted from each
fraction with phenol-chloroform followed by isopropanol pre-
cipitation and analyzed by RT-PCR as described above. We inclu-
ded a puromycin treatment as a control, adding GTP buffer
(20 mM Tris–HCl, pH 8, 400 mM KCl, 3 mM MgCl2 and 0.5 mM
puromycin) and incubating for 45 min at 37 °C.

Detection of superoxide (O�
2 :) generation

In situ staining to detect superoxide ion production was per-
formed by treating leaves with NBT as described previously (Rao
and Davis, 1999). Leaves were detached from plants, and sectioned
tissues were placed in a 50 mL syringe filled with 10 mM NaN3 and
10 mM potassium phosphate buffer (pH 7.8) for 1 min. Pressure
was applied to the capped syringe in order to infiltrate the solution
into the tissue. This solution was then replaced with 0.1% NBT in
10 mM potassium phosphate (pH 7.8) and incubated for 24 h at
room temperature. The stained leaves were cleared by using a
previously reported method (Malamy and Benfey, 1997). A repre-
sentative leaf was chosen for each treatment and photographed
using a SteREO Lumar.V12 ZEISS stereomicroscope.

Chlorophyll quantification

Chlorophyll was extracted with 1 ml DMSO from 50 mg pooled
samples of ground leaf tissue following a previously published
protocol (Richardson et al., 2002). Pooled samples were obtained
from all the plants in each treatment. Chlorophyll was measured at
645 and 663 nm, and the estimation of chlorophyll a and b con-
tents was calculated as described previously (Arnon, 1949).
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