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World papaya production is concentrated in five countries (India,
Brazil, Mexico, Indonesia, and the Dominican Republic), with global
estimates of over 13 million tons in 2018 (FAOSTAT 2018). Produc-
tion in India, the leading producer, is mainly destined for internal
consumption. Brazil is the second largest papaya producer, account-
ing for 1 million tons of world production (FAOSTAT 2018). Mex-
ico plays a pivotal role as a key supplier to the U.S.A., which is the
largest import market. Approximately 80% of papayas in the U.S.A.
originate from Mexico (FAO 2019). Although most of the papaya
produced worldwide is consumed in domestic markets, high levels
of fruit export provide a significant source of income and employ-
ment year-round (FAO 2017).

Papaya diseases have diverse biotic and abiotic etiologies that af-
fect the plant and fruit quality, causing severe economic losses. In the
world’s leading papaya production regions, the major diseases are
caused by viruses. Although more than 10 different virus species
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have been reported in papaya worldwide (Table 1), only three present
a threat to papaya cultivation in the Americas: Papaya ringspot virus
(PRSV-P), Papaya mosaic virus (PapMV), and the papaya meleira
virus complex, comprising papaya meleira virus (PMeV) and papaya
meleira virus 2 (PMeV2).

PRSV-P causes severe damage in the main papaya production
areas of Brazil and Mexico with crop losses of up to 85%. PRSV-
P is mainly transmitted by aphid species in a nonpersistent manner
(Wu et al. 2018). PapMV was first reported in 1962 in Florida,
U.S.A., and has spread to Bolivia, Peru, Venezuela, and Mexico
(Varun et al. 2017). PRSV-P and PapMV mixed infections present
a synergistic interaction that leads to increased virus accumulation
and symptoms (Chavez-Calvillo et al. 2016; Garcia-Viera et al.
2018).

Papaya sticky disease (PSD), first reported as early as 1980 in Bra-
zil, reached Mexico in 2008 (Perez-Brito et al. 2012) and Australia in
2019 (Pathania et al. 2019). In recent years, research on the etiology
of the disease (P. M. V. Abreu et al. 2015; Sa Antunes et al. 2016),
transmission (Garcia-Cdmara et al. 2018, 2019; Tapia-Tussell et al.
2015), and the plant-virus interaction (Abreu et al. 2014; Madrofiero
et al. 2018; Soares et al. 2017) has led to significant advances in the
understanding of the PSD pathosystem. Here, we review the key de-
velopments in the literature, propose an interaction map for the Car-
ica papaya-PMeV complex, and summarize the current management
strategies for PSD.

Papaya Sticky Disease: Two Viruses, One Disease

In the northeast region of Brazil, in the late 1980s, papaya began to
exhibit an exudation of fluid and aqueous latex (Nakagawa et al.
1987). This was credited to boron and calcium deficiencies as the
symptoms were similar to those observed on plants with these abiotic
stresses (Nakagawa et al. 1987). In 1989, epidemiological studies
identified a biotic pattern, which was confirmed by the appearance
of disease in healthy plants inoculated with latex from diseased plants
(Rodrigues et al. 1989). The sticky appearance of infected papaya
fruits after the latex oxidation by exposure to the air led to the name
papaya sticky disease (“meleira” in Portuguese) (Fig. 1). In Brazil,
PSD is currently distributed in the northeastern states of Ceara,
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Rio Grande do Norte, Pernambuco, Bahia, and Espirito Santo
(Meissner Filho et al. 2017).

Transmission electron microscopy images showed isometric par-
ticles of approximately 42 nm in the laticifers of diseased plants
(Kitajima et al. 1993) (Supplementary Fig. S1). The purification of
those particles from papaya latex and subsequent inoculation on
healthy papaya seedlings that later developed typical symptoms of
PSD confirmed the causal agent as a virus (Maciel-Zambolim
et al. 2003).

Initially, experiments to identify the causal agents involved
nucleic acid extraction of the latex tapped from papaya plants with
typical symptoms of PSD (Maciel-Zambolim et al. 2003; Rodrigues
et al. 2005). Total RNA was analyzed by gel electrophoresis leading
to the visualization of two bands: a double-stranded RNA (dsRNA)
band estimated to be either ~10 kb (Kitajima et al. 1993) or ~12 kb
(Maciel-Zambolim et al. 2003), designated PMeV, and another then-
unnoticed band of ~4.5 kb (Sa Antunes et al. 2016).

PMeV dsRNA sequences were obtained from isolates from
Espirito Santo (S4 Antunes et al. 2016) and Rio Grande do Norte
(E. F. M. Abreu et al. 2015). Sequence alignment showed a high
similarity between the PMeV isolates and totiviruses. This family
includes viruses with a single-component dsRNA genome that in-
fects fungi and protozoa and forms virions (Fauquet and Fargette
2005). PMeV dsRNA contains two open reading frames (ORFs) cod-
ing for a capsid protein (CP) and an RNA-dependent RNA polymer-
ase (RdRp) (Fig. 2A) (E. F. M. Abreu et al. 2015; Sa Antunes et al.
2016).

Initially regarded as a PMeV subgenomic RNA, the 4.5 kb RNA
band is now recognized as a genomic RNA from a second virus,
PMeV2, associated with PMeV in infected plants from Brazil. Se-
quence alignment showed a high similarity between PMeV2 and
umbraviruses (Sa Antunes et al. 2016). Umbraviruses are single-
stranded RNA (ssRNA) viruses that do not encode a CP gene and,
consequently, do not form conventional virus particles. Genome
encapsidation and transmission requires an auxiliary virus, typically
apolerovirus or an enamovirus. The hybrid virus particles, formed of
the umbraviral RNA and the helper virus CP, are transmitted by the
helper virus vector (Taliansky and Robinson 2003).

Sa Antunes et al. (2016) showed, using degenerate primers tar-
geting conserved domains of the CP gene from members of the
Luteoviridae family, that there are no recognized poleroviruses,
enamoviruses, or luteoviruses in symptomatic papaya plants. Pep-
tides obtained by mass spectrometry from viral particles contain-
ing PMeV2 RNA match with the predicted amino acid sequence
of PMeV ORFI1. This indicates that hybrid virus particles are

formed from PMeV CP and PMeV2 ssRNA, supporting the idea
that PMeV is an auxiliary virus for PMeV2 (S4 Antunes et al.
2016).

To the best of our knowledge, this is the first known case of an
umbra-like virus associated with a totivirus and an early example
in plants of a viral CP encapsidating viral ssSRNA and dsRNA ge-
nomes (Fig. 2B). A similar relationship was shown by Zhang et al.
(2016) in which the capsidless ssRNA mycovirus, yado-kari virus
1 (YkV1), using the CP of the dSRNA mycovirus yado-nushi virus
1, forms hybrid particles encasing the YkV1 RdRp, allowing repli-
cation as a dsRNA virus.

PMeV, but not PMeV2, can be detected in asymptomatic papaya
plants, suggesting that this virus alone cannot induce PSD symptoms
(Sa Antunes et al. 2016). This is similar to persistent viruses, which
induce little or no overt effects on their hosts and do not encode a
movement protein (Roossinck 2013). Although PMeV systemically
infects papaya plants, no PMeV movement protein was reported

Fig. 1. Papaya sticky disease (PSD) symptoms. A, Papaya tree with green fruits
presenting an exudation of fluid latex on their surface, which darkens after
oxidation by atmospheric exposure resulting in a sticky aspect (red arrowhead). B,
This exudation also results in the appearance of small necrotic lesions on the
edges of young leaves (red arrow). C, Watery, fluid, and translucent latex of an
infected fruit after wound with a scalpel. D, Irregular light-green and yellowish
areas in green fruit (black asterisks). E, Papaya fruit from symptomatic Mexican
plant (cv. Maradol).

Table 1. Viruses of papaya, by family and genus, in main growing regions worldwide

Family Genus Virus species
Bunyaviridae Tospovirus Tomato spotted wilt virus, TSWV
Tenuivirus Papaya mild yellow leaf virus, PMYLV

Geminiviridae Begomovirus

Potyviridae Potyvirus
Rhabdoviridae Rhabdovirus
Tombusviridae® Carmovirus®
Alphaflexiviridae Potexvirus
NE® NE®

Papaya leaf curl virus, PaLCuV

Papaya leaf crumple virus, PaLCrV

Chilli leaf curl virus, ChiLCuV

Tomato leaf curl New Delhi virus, TOLCuNDV
Croton yellow vein mosaic virus, CYVMV
Papaya ringspot virus, PRSV-P

Papaya leaf distortion mosaic virus, PLDMV
Zucchini yellow mosaic virus, ZYMV
Papaya apical necrosis virus, PANV

Papaya droopy necrosis virus, PDNV
Papaya lethal yellowing virus, PLYV
Papaya mosaic virus, PapMV

Papaya meleira virus® (PMeV® + PMeV-27)

# Molecular research indicates homology with the family Sobemoviridae and genus Sobemovirus.

°Not established. Molecular characterization of virus genome is in progress.

¢ Tentatively classified in Tofivirus genus.
dTentatively classified in Umbravirus genus.
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(E. F. M. Abreu et al. 2015; Sa Antunes et al. 2016). PMeV locali-
zation in laticifers and the increased latex exudation and fluidity dur-
ing PSD (Kitajima et al. 1993) could be used by the virus to move
systemically throughout the plant. Another possibility is that PMeV
replicates in meristematic cells, allowing it to infect all plant tissues.

PMeV2 does not infect papaya on its own and all papaya plants
displaying typical PSD symptoms have a double infection by PMeV
and PMeV2. The apparent requirement of both PMeV and PMeV2
for PSD symptoms led to a reconsideration of the disease etiology
in Brazil (Sa Antunes et al. 2016).
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In Mexico, similar symptoms to those of PSD were observed in
papaya cv. Maradol. Gel electrophoresis of total RNA extracted from
fruit latex also displayed two bands at approximately 10 and 4.5 kb.
The disease could also be transmitted through the latex of infected
papaya to healthy papaya plants (Perez-Brito et al. 2012). Together,
these findings indicated the same viral etiology for the Brazilian and
Mexican diseases.

A cDNA library obtained from symptomatic plants identified an
1,154 bp sequence, partially covering the genome of the Mexican
isolate (PMeV-Mx), showing high similarity to an umbravirus found
in Ecuador (papaya virus Q - PpVQ) (Quito-Avila et al. 2015) and
PMeV2, but no similarity to PMeV. Only one ORF with the charac-
teristic domains of an RdRp has been predicted for PpVQ, while both
PMeV2 and PMeV-Mx have a putative uncharacterized ORF up-
stream to their RdRp (Fig. 2B). In addition, primers based on the
Mexican isolate sequence amplified fragments from both Brazilian
and Mexican symptomatic plants, and the amplicons had 100% nu-
cleotide identity (Zamudio-Moreno et al. 2015).

In 2019, PSD was officially reported for the first time in Queens-
land, Australia (Pathania et al. 2019). Although virus particles were
observed in Australian plants with PSD symptoms, next-generation
sequencing revealed only an umbra-like virus (PMeV2-Au) (Camp-
bell 2018). Currently, the auxiliary virus for the Mexican and Aus-
tralian isolates is unknown.

Papaya and PMeV Complex Interaction

During the interaction between viruses and plants, the virus hi-
jacks host factors to complete its infecting cycle and the plant re-
sponds with a complex multilayered immune defense. In PSD, the
outcome of this interaction depends on the papaya’s development
stage. Papaya is susceptible to the PMeV complex, but infected
plants remain asymptomatic for 6 to 8 months (Ventura et al.
2004). This phenomenon supports the idea that a tolerance mecha-
nism in preflowering plants allows the coexistence of plant and virus
without causing significant loss of vigor or fitness to their hosts
(Madrofiero et al. 2018). For this reason, several physiological, bio-
chemical, structural, and molecular aspects have been investigated to
elucidate the interaction between the PMeV complex and pre- and
postflowering papaya. We present a schematic view of this interac-
tion in Figure 3.

PMeV complex effect on the laticifers. Alteration in the physical
and chemical properties, and spontaneous exudation of papaya latex
during PSD, suggested that the PMeV complex viruses could be di-
rectly involved in PSD symptoms (Rodrigues et al. 2009). Papaya
proteases are usually activated during latex exudation and contribute
to latex viscosity, the clotting process, and antiviral defense
(Rodrigues et al. 2009). In PSD-affected plants, the reduction of pro-
tease levels and activity seems to have an inhibitory effect on latex
coagulation, thus increasing its fluidity, which could facilitate its
flow through laticifers and allow virus spread within the plant
(Rodrigues et al. 2012). Additionally, the accumulation of H,0,, a
systemic response elicitor (Rodrigues et al. 2009), could play a neg-
ative regulatory role in cysteine-protease activity, possibly by oxidiz-
ing and inactivating the active site of the enzyme. The negative
modulation of papaya latex cysteine proteases could also be a viral
strategy to delay the progression of programmed cell death (PCD)
in laticifers (Solomon et al. 1999) and minimize virus particle
degradation.

PMeV complex effect on the proteasome. The PMeV complex
also has a role in other papaya tissues, including necrotic lesions
on the leaf tip (Ventura et al. 2004). The global protein expression
profile of PSD leaf tissues showed an accumulation of calreticulin,
proteasome-related proteins such as 20S proteasome b subunit,
and stress-response proteins such as pathogenesis-related (PR) pro-
teins, endochitinase, and PR-4, while proteins related to metabolism
are downregulated (Rodrigues et al. 2012), demonstrating a major in-
vestment in plant defense (El1 Moussaoui et al. 2001).

The involvement of the ubiquitin/26S proteasome system (UPS) in
the signaling and regulation of plant-pathogen interactions has been
described in several studies (Sorel et al. 2019). The UPS machinery
contributes to antiviral immunity by degrading viral effectors, but
viruses can usurp the UPS machinery to target proteins that inhibit
viral infection to the degradation pathway (Verchot 2016). The accu-
mulation of proteasome-related proteins in PSD symptomatic papaya
plants supports the idea that defense host proteins, which are essential
for the plant response against viral infection, are targeted for degra-
dation (Rodrigues et al. 2011).

During PMeV complex infection, the levels of several microRNAs
(miRNAs) involved in the modulation of genes related to the UPS
system are reduced. This indicates that PMeV co-opts the UPS
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Fig. 3. Papaya and PMeV complex interaction. In preflowering plants, a multilayer immune system triggered by PMeV complex infection results in a preflowering tolerance that is
partially disabled in postflowering. See the text (Papaya and PMeV complex interaction) for details and further references. SA, salicylic acid; PR1, PR2, and PR5 are pathogenesis-
related protein genes; BSMT1, benzoic acid/SA carboxyl methyltransferase; NPR1-1, nonexpressor of pathogenesis-related protein 1; ET, ethylene; JA, jasmonate; GRP, glycine-
rich protein; NRS/ER, nucleotide-rhamnose synthase/epimerase-reductase; UPS, ubiquitin/26S proteasome system; PCD, programmed cell death. ROS, reactive oxygen species;
NO, nitric oxide; SOD, superoxide dismutase; PSII, photosystem II. Dashed box: postflowering events (PSD); solid box: preflowering events; red: induced or partially induced
processes; green: repressed or partially repressed; black arrows: direction or order of the cellular event; blocked arrow: inhibition of the cellular event. Viral icosahedral particles and

vesicles are represented in laticifer cells.
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system for its benefit, promoting virus replication, movement, and a
rapid turnover of viral proteins. For example, structural proteins, gen-
erally produced in large amount in a short time, are not able to fold
correctly, leading to the formation of misfolded proteins that are tar-
geted for degradation (Alcaide-Loridan and Jupin 2012). Thus, we
suggest that the rapid turnover of viral proteins can favor viral infec-
tion since it maintains an ideal cellular environment for plant and vi-
rus coexistence (Abreu et al. 2014; Verchot 2016).

In another study, the global protein profile of field-grown PMeV-
infected preflowering C. papaya plants exhibited low levels of 26S
proteasome-related proteins (Soares et al. 2017), an opposite pattern
to that previously observed for symptomatic plants (Rodrigues et al.
2011). Lower activity of the 20S and 19S proteasome increases the
levels of polyubiquitinated proteins and increased PCD, which could
successfully contain a virus infection (Rodrigues et al. 2011). How-
ever, the full spectrum of antiviral defenses involves the activity of
caspase-like serine proteases (Citovsky et al. 2009; Rodrigues et al.
2011) such as subtilase 1.3, whose levels are reduced in PMeV-infected
preflowering C. papaya tissues.

PMeV complex effect on redox balance and defense gene
expression. Photosynthesis light-dependent reactions are impor-
tant in plant responses against viruses and disturbances in this
process favor viral accumulation (Soares et al. 2017). A higher elec-
tron flow ratio induced by the accumulation of photosynthesis-
related proteins in preflowering infected papaya (Soares et al. 2017)
promotes a cascade of events in chloroplasts leading to reactive ox-
ygen species (ROS) production. Low ROS levels induce antioxidant
enzymes; however, when the ROS levels reach a certain threshold, a
signal transduction pathway is activated that eventually leads to PCD
(Solomon et al. 1999). ROS-related metabolic changes occur in
C. papaya-PMeV complex interactions, including an increase in
H,0, production in the laticifers (Rodrigues et al. 2009). Moreover,
preflowering C. papaya leaves treated with nitric oxide (NO) show
an accumulation of compounds used for defense and an increased ac-
tivity of detoxification enzymes (Buss et al. 2011). Supporting these
data, several genes coding for ROS-detoxifying enzymes in PMeV
complex-infected plants are upregulated at preflowering (Madrofiero
et al. 2018). Although defense mechanisms such as ROS-signaling
features are present at an early stage of infection, this is not enough
to mediate resistance.

ROS has signaling effects in the chloroplast itself and other parts
of the cell, often involving hormonal crosstalk that regulates the ac-
tivation of defenses in plants, especially salicylic acid (SA) (Xia et al.
2015). At preflowering, PRI, PR2, PRS, and other genes involved in
SA-signaling are upregulated. Moreover, the exogenous application
of SA on preflowering plants before virus inoculation results in a
trend of diminished viral load (Madrofiero et al. 2018). These insights
indicate the existence of defense mechanisms at preflowering, which
could hamper the development of PSD symptoms. However, other
genes known for their antagonistic roles in SA signaling, such as
genes involved in ethylene metabolism and the NPRI1-inhibitor,
are also upregulated, which could prevent full-scale and enduring re-
sistance. At postflowering, the PRI gene is downregulated and neg-
ative modulators of SA signaling are upregulated (Madrofiero et al.
2018). Together, the development of symptoms during postflowering
implies an incomplete activation of defense response mechanisms
upon PMeV complex infection.

PMeV complex effect on cell wall structure. The PMeV com-
plex spread could also be facilitated by changes in structure and com-
position of the papaya cell wall during the switch to the flowering
stage. At preflowering, infected plants show modulation of tran-
scripts coding for cell wall remodeling and structural proteins that
may be part of the papaya response to hamper PMeV complex traffic
(Madrofiero et al. 2018; Soares et al. 2017). At postflowering, in con-
trast, cell wall genes are induced in infected plants, which indicates
that the PMeV complex could be inducing cell wall turnover at the
plasmodesmata site to promote systemic viral infection. Analysis of
the topography and mechanical properties of PSD leaves show that
their midribs are fragile and susceptible to breakage (Magafia-
Alvarez et al. 2016), which suggests a weakening in the cell walls

2758 Plant Disease /Vol. 104 No. 11

of leaf tissues that could extend to laticifers. Cell rupture and latex
exudation, the main symptoms in PSD plants, could be explained
by cell wall turnover associated with increased water content and in-
ternal pressure.

Epidemiology

The epidemiological behavior of PSD has been extensively stud-
ied (E. F. M. Abreu et al. 2015; Rodrigues et al. 1989; Tapia-Tussell
et al. 2015; Ventura et al. 2003). Environmental factors and agricul-
tural practices have been the main factors responsible for the disease
progression and appearance of symptoms in the field, which may
vary according to the source of virus inoculum (seed, alternative
hosts, or vectors) and papaya variety.

Until 2012, most studies on PSD were based on the virus detection
through the visualization of the viral dsSRNA band on agarose gel
electrophoresis. The sequencing of both PMeV and PMeV2 (Sa
Antunes et al. 2016) allowed the development of more sensitive
techniques such as RT-PCR (Abreu et al. 2012; Maurastoni et al.
2020; Sa Antunes et al. 2016) and qRT-PCR (Abreu et al. 2012),
which have been applied to understand key aspects of the PSD
epidemiology.

Observations of PSD dispersal patterns in orchards pointed to in-
sects as PMeV complex vectors. In a study conducted in Brazil, after
exposure to whiteflies (Bemisia tabaci type B) that fed on infected
plants, asymptomatic papaya plants developed PSD symptoms and
PMeV dsRNA was detected. However, the virus was not detected
in these whiteflies, which are not a papaya pest (Vidal et al.
2003). Several whiteflies can transmit viruses in a nonpropagative
manner in which viruses are not internalized inside the insect cells.
Viral retention time in the insect’s body depends on the virus half-life
and viral load is often low (Whitfield et al. 2015). Therefore, the ab-
sence of PMeV dsRNA in B. tabaci type B does not exclude an abil-
ity to transmit the PMeV complex.

Another whitefly commonly found in papaya orchards and consid-
ered a pest to Brazilian papaya is Trialeurodes variabilis. This white-
fly appears unable to transmit viral dSRNA from inoculated plants to
healthy plants (Rodrigues et al. 2009). The dsRNA was detected in
adults and nymphs but not in latex collected from plants 20 days after
being exposed to the viruliferous whiteflies. However, the ability of
T. variabilis to vectorize the PMeV complex cannot be ruled out as
the time required for dSRNA visualization may be longer than that
analyzed.

Recently, leathoppers (Hemiptera: Cicadellidae) were proposed as
apotential PMeV complex insect vector in Brazil as their distribution
in the crop is correlated with the distribution of disease (Gouvea et al.
2018). In Mexico, Empoasca papayae Oman (Hemiptera: Cicadelli-
dae) adults, but not nymphs, have been shown to transmit PMeV-Mx
to C. papaya cv. Maradol. These leathoppers can acquire the virus
after 6 h exposure to infected plants and viral titer increases with
longer exposure time (up to 5 days). Little is known about the biology
of E. papayae and research is now focused on understanding the
behavior of this insect in the field (Garcia-Camara et al. 2019).
In Brazil, transmission experiments to study leafthoppers’ ability
to vectorize PMeV complex are necessary to implement adequate
management strategies.

The identification of alternative hosts for the PMeV complex is
also essential for the development of control strategies. In Brazil,
several plants were tested for their susceptibility to PMeV infection,
but the dsSRNA was detected only in Brachiaria decumbens (Poa-
ceae) (Maciel-Zambolim et al. 2003), which is commonly found
close to papaya plantations. In Mexico, the intercropping between
watermelons (Citrullus lanatus Thunb.) and papayas led to the hy-
pothesis that watermelons could be an alternative host for PMeV-
Mx. Indeed, PMeV-Mx can replicate in watermelon seedlings and,
more surprisingly, induce necrotic lesions on the leaf tip, a typical
PSD symptom (Garcia-Camara et al. 2018). The alternative hosts
proposed by Maciel-Zambolim et al. (2003) need to be revisited us-
ing more sensitive techniques, with additional detection for PMeV2.
B. decubems and C. lanatus Thunb. also need to be assessed as viral
IeServoirs.



Understanding PSD etiology, dynamics of viral populations, and
transmission are imperative for integrated management of papaya
production. Since PSD symptoms appear only after flowering, an in-
fected asymptomatic plant may remain an undetected virus source for
months before being eradicated. Thus, an efficient strategy for virus
control remains a challenge.

Management of Papaya Virus Diseases

The papaya crop has experienced significant improvements
through the use of innovative technologies (Costa et al. 2019). How-
ever, there are significant challenges, necessitating quality and genet-
ically certified seeds and cultivars, and most of all, resistance to
major crop diseases (Ventura et al. 2019). Several strategies have
been recommended for papaya virus control. The major control strat-
egies applicable to all papaya viruses are the following:

1. Use of healthy seeds and exclusion of the pathogens by
seedling/crop certification. PSD has been reported as a seed-borne
disease in Mexico and Australia and the use of healthy seeds in new
plantations has been recommended (Tapia-Tussell et al. 2015). The
Australian government initiated a program to produce clean seeds
(Campbell 2019b) using embryo rescue and tissue culture, which
was able to produce 98% PMeV2-free plants (Campbell 2019a).

A seed transmission route has not yet been confirmed for the
PMeV complex in Brazil. However, measures have been adopted
by Brazilian farmers to mitigate the possible dispersion of PSD
and other viral diseases: (i) the use of certified seedlings in the estab-
lishment of new orchards; (ii) the use of seeds from plants that have
been grown under conditions that will prevent infection; (iii) the es-
tablishment of nurseries and orchards as far as possible from other
orchards especially if viral diseases had been reported in the region;
(iv) exclusion of the pathogens by crop quarantine.

2. Control of pathogen by eradication (roguing) of infected
plants. Viruses can spread both within and between orchards. Growers
and field workers must learn to identify the early symptoms of viral
diseases. The best way to manage the virus is the prompt identification
and immediate destruction of diseased trees, as delays enable the virus
to spread to additional trees (Ventura et al. 2003). Additionally, the
possibility of virus spread from asymptomatic papaya implies a need
for additional disease management strategies such as early detection of
the PMeV complex (Maurastoni et al. 2020).

In Brazil, the roguing practice is governed by Normative Instruc-
tion number 17, May 27th, 2010. Weekly inspections are performed
throughout the entire crop, and plants with PSD symptoms are re-
moved (Fig. 4A) (Ventura et al. 2004). From 2011 to 2014, more than
4.9 million plants were eradicated in the largest papaya exporting
state in Brazil, preventing the spread of various diseases to healthy
orchards (Fig. 4) (Fernandes et al. 2018).

3. Control of pathogen vectors. Several papaya viral pathogens
have insect vectors and their control plays an important role in the
management of papaya diseases. The efficacy of insecticide is deter-
mined by the manner of transmission, vector population dynamics,
and vector host range (Perring et al. 1999). In noncirculative trans-
mitted viruses such as PRSV-P, the use of chemical treatments results
only in the reduction of the populations of potential vectors and pre-
vention of plant colonization, without preventing the transmission.
While the insect that vectorizes PSD-associated viruses is still un-
known in Brazil, Mexico, and Australia, measures used to control
the PRSV-P vectors have also been adopted for PSD control. An in-
secticide control strategy can be enhanced by using additional control
measures, such as the elimination of weeds before the major peak of
aphid flights, which could prevent the vector from acquiring virus
from reservoir plants, disrupting the virus cycling.

4. Selection of tolerant and/or resistant cultivars. The develop-
ment of papaya resistance cultivars for virus control has been recog-
nized as the most viable strategy. Since C. papaya cultivars are
susceptible to several viruses, breeders have been seeking sources
of resistance in other species within the family Caricaceae. Resis-
tance to PRSV-P has been found in the genus Vasconcellea but its
use in conventional breeding has been hampered by sexual incompat-
ibility between species (Haireen and Drew 2014; Lin et al. 2019). No
resistance to the PMeV complex has yet been found in 30 C. papaya
genotypes or in noncultivated plants (Meissner Filho et al. 2017).

Expression of pathogen-derived genes interferes with the virus cy-
cle in the host plants, inhibiting the viral infection. So far, PRSV-
resistant transgenic papaya have been developed based on a sequence
homology-dependent strategy (Azad et al. 2014; Jia et al. 2017),
which requires knowledge of the virus diversity for its success.
Transgenic resistance to PRSV-P has already been broken due to
the emergence of divergent virus strains (Jia et al. 2017). To date,
two PMeV isolates have been identified in Brazil (E. F. M. Abreu

Fig. 4. The roguing of infected plants. A, An agricultural technician specialized in recognizing plants with papaya ringspot and papaya sticky disease (PSD) symptoms, known in
Portuguese as ‘mosaiqueiro,’ performs the roguing using a machete. Until now, this is the only management applied to control PSD. B, If appropriate agricultural practices are not

carried out, the disease spreads to the whole crop and brings about total yield loss.
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et al. 2015; Sa Antunes et al. 2016). Although their CPs share 75%
similarity, studies with more isolates are required to understand
PMeV diversity so that unlike PRSV, the PMeV complex will not
overcome transgenic resistance.

5. Control of alternative hosts. The possibility of papaya virus
spread from alternative hosts necessitates management strategies
for weed control (Alcald-Brisefio et al. 2020). Pathogen emergence
results from interactions between susceptible hosts and pathogenic
viruses in conducive environments, causing disease outbreaks in
new geographic regions or hosts (Alcala-Brisefio et al. 2020). In ad-
dition to the removal of weeds that grow close to papaya plants, spe-
cial attention should be given to plants that are confirmed as a
reservoir for the PMeV complex in Brazil and Mexico.

6. Cleaning harvesting tools. Spatial distribution of the PMeV
complex was studied in experimental plots over a year, and a high
percentage of infected plants (~78%) per line during and after the
harvest pointed to mechanical transmission (P. M. V. Abreu et al.
2015; Ventura et al. 2003). This implies that agricultural practices,
including fruit thinning, are also responsible for the spread of PSD
within orchards.

In orchards where appropriate agricultural practices were not car-
ried out, the disease spread to the whole crop and led to total yield
loss. In contrast, in orchards that strictly followed these principles in-
cluding a weekly plant eradication based on the presence of initial
PSD symptoms, the incidence of eradicated plants was less than
5% during the crop cycle (Ventura et al. 2004, 2019).

Closing Remarks and Future Prospects

Over the last decade, a lot has been learned about PSD including the
etiology, epidemiology, defense mechanism of papaya against PMeV
complex, and disease management strategies. In the 1990s, the causal
agent of PSD was identified as a dsRNA virus, PMeV, but in 2016 a
second virus, PMeV2, with an ssSRNA genome, was also discovered in
PSD plants. All PSD symptomatic papaya plants are infected by the
two viruses; however, asymptomatic plants analyzed in Brazil were
positive only for PMeV. Thus, evidence suggests that contrary to what
was originally believed, PMeV is not the etiological agent of PSD. In-
terestingly, in countries other than Brazil where PSD has been reported,
only the umbra-like virus has been identified. Thus, it is possible that a
different helper virus may be identified in these countries.

An intriguing question has been why infected plants remain with-
out symptoms until flowering. Proteomic and transcriptomic data
have increased our understanding of the interaction between papaya
and the PMeV complex. The infected papaya plant mounts an anti-
viral defense mechanism during preflowering, when several genes
related to the SA pathway and other defense pathways are highly
expressed. However, increased expression of genes at postflowering
that negatively regulate SA production leads to depression in defense
responses.

Plant virus diseases cause serious reductions to crop production and
quality worldwide. The susceptibility of papaya plants to viruses leads to
an economic and environmental impact as it increases the use of agro-
chemical products and water resources, without achieving the predicted
crop yield. PSD may affect 20% of the plants during the economic cycle
of the crop in orchards where roguing is performed, but it affects up to
100% of the plants where phytosanitary protocols are not implemented,
causing a total yield loss (E. F. M. Abreu et al. 2015).

The development of papaya plants resistant to viruses is urgently
needed. Plants challenged by viral RNA initiate defense responses
based upon RNA silencing, and this strategy was used to develop vi-
rus-resistant crops (Lindbo and Falk 2017). Resistance to infection
against a range of individual viruses has been engineered into several
plant species. Because of the durability and success of transgenic pa-
paya cultivars in Hawaii, U.S.A., similar transgenic papaya plants
have been engineered in other countries. Resistance, however, was
inconsistent for many reasons, such as the emergence of recombinant
strains, increased strength of viral silencing suppressors, and unfa-
vorable environmental conditions.

Brazilian researchers have been working on the development of
resistant papaya to combat PSD. Until 2016, PSD was associated
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only with PMeV, and all efforts to obtain a resistant plant considered
only this virus. Now, groups working toward this goal must con-
sider both viruses, as well as the defense mechanisms activated in
papaya-PMeV/PMeV2 interactions reviewed in the present paper,
if a breeding program to develop a PSD-resistant papaya plant is
to realistically succeed.
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