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Abstract

Papaya sticky disease (PSD) is an emerging disease-causing significant crop loss in some of the major papaya-growing
regions of the world. The vectors of the PSD associated viruses in Brazil are still unknown. The papaya meleira virus complex
comprised of a fusagra-like virus, papaya meleira virus (PMeV), and a umbravirus-like associated RNA (ulaRNA), papaya
meleira virus 2 (PMeV2) is found infecting diseased papaya plants in Brazil. PMeV capsid protein packages both PMeV and
PMeV2 genomes separately resulting in virions with the same morphology. Epidemiological analyses attributed fruit thinning
as a mechanical mechanism responsible for the spread of sticky disease, but an aerial vector was not ruled out. Hemipteran
insects have been implicated as vectors but a definitive conclusion on the biologically relevant vector has not been reached.
Cicadellids have a population peak a month before the peak of papaya sticky disease incidence in the field and their ability
to acquire and transmit the Mexican isolate of PMeV has been demonstrated. Whitefly (Bemisia tabaci MEAM1) is not
considered a papaya pest in Brazil but has been reported to occur in plants near papaya trees and they transmit an Ecuado-
rian virus similar to PMeV2. In Brazil, Trialeurodes variabilis which colonizes papaya trees can acquire, but not transmit
the PMeV complex. In this review, we discuss transmission assays and epidemiological analysis conducted in the last 30
years; the similarity of the PMeV complex capsid protein with viruses that infect fungi; the challenges imposed by laticifers,
a well-known plant defense structure, in the acquisition of viral particles; and the presence of PMeV?2. Elucidation of the
PMeV complex vector would contribute to the efficient management of papaya sticky disease and increase understanding of
the transmission mechanisms of plant-infecting fusagra-like viruses.
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Introduction

Papaya sticky disease (PSD) is a significant threat to papaya
orchards in various countries, including Brazil (Rodrigues
et al. 1989), Mexico (Perez-Brito et al. 2012), Ecuador
(Quito-Avila et al. 2015), and Australia (Pathania et al.
2019), with the potential to result in complete crop loss.
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The distribution of PSD under field conditions points to
possible mechanical transmission and an aerial vector, but
the PSD insect-vector is still unknown in Brazil (Abreu
et al. 2015b; Antunes et al. 2020), even though several
transmission assays and epidemiology analyses have been
done in the last 30 years. In Mexico, the dispersion occurs
through Empoasca papayae Oman, 1937 (Hemiptera:
Cicadellidae) (Garcia-Camara et al. 2019) and through the
infected seeds (Tapia-Tussell et al. 2015). The presence of
a vector in Australian orchards has not yet been confirmed,
but seeds play an important role in the spread of the disease
(Campbell 2019b; 2019a). In Ecuador, potential aerial
vectors have been proposed for the three identified viruses.
Recent transmission tests have now indicated that whiteflies
serve as vectors for both papaya virus Q (PpVQ) (Cornejo-
Franco et al. 2018) and papaya virus E (PpVE) (Cornejo-
Franco et al. 2022).
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An intricate correlation regarding the biotic agent has been
observed among papaya-producing countries. In Brazil, the
presence of a biotic agent responsible for PSD is dated in a
1989 publication showing that inoculation of infected latex
leads to symptom development in healthy plants (Rodrigues
et al. 1989). The etiology of disease was initially documented
in the latex of diseased plants (Kitajima et al. 1993) and con-
firmed in 2003 as being caused by a virus (Maciel-Zambolim
et al. 2003), and later on tentatively classified in family Toti-
viridae (named as totivirus-like). It was only in 2016 that
a second virus was identified in mixed infections with the
totivirus-like virus in diseased plants (Fig. 1a) (Antunes
et al. 2016), grouped in the umbravirus-like associated RNA
(ulaRNA) class 2 clade (Liu et al. 2021). However, the rela-
tionship between PMeV phylogenetics and fungi and insect-
infection allowed a new designation belonging to the fusagra-
like virus, order Ghabrivirales (which includes Totiviridae)
(Maurastoni et al. 2023). In Mexico and Ecuador, diseased
plants are associated with an ulaRNA similar to the one found
in Brazil (Perez-Brito et al. 2012; Quito-Avila et al. 2015; Liu

et al. 2021). The auxiliary virus has yet to be found in papaya
plants in both Mexico and Australia. On the other hand, it has
been reported the presence of the PpVQ’s auxiliary virus (the
umbra-like virus) in Ecuador, named as papaya stick fruit-
associated virus (PSFaV), tentatively classified as a toti-like
virus (Fig. 1b) (Quito-Avila et al. 2023). However, none of
them has yet been taxonomically classified by the Interna-
tional Committee on Taxonomy of Viruses - ICTV.

During these last 30 years, publications on transmission
and epidemiology have been presented and discussed at inter-
national meetings and are available across different libraries
and journals (Table 1). Recently, the number of publications
and experiments carried out to identify PSD vectors has inten-
sified since the disease has reached other countries. Thus, in
this review, we have compiled these works and discussed
their main findings given the molecular diagnostic techniques
developed over the years and the new proposed etiology. We
open an important discussion for directing new research to
understand the vectors of this virus complex and the use of
new management practices in papaya orchards.
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Fig. 1 Genomic organization of papaya meleira virus - PMeV (blue),
papaya meleira virus 2 - PMeV2 (pink), papaya stick fruit-associated
virus - PSFaV (yellow) and papaya virus Q - PpVQ (green) isolates
showing their open reading frames and their putative encoded pro-
teins. (a) PMeV-ES: ORF1 encodes the capsid protein (CP) (1,563
aa) and ORF2 encodes the RNA-dependent RNA polymerase (RdRp)
(1,147 aa). PMeV has a potential slippery heptamer, (GGAAAAC)
at nt 5,297-5,303, immediately before the ORF1 stop codon which
is followed by a stable secondary structure, such as a pseudoknot or
hairpin. This genomic organization, typically found in totiviruses,
leads to translation of a CP-RdRp fusion protein by a -1 frameshift
(FS). PMeV2: ORF1 encodes a hypothetical protein (270 aa) and

@ Springer

ORF2 encodes the RdRp (473 aa); Hypothetical proteins are indi-
cated with an asterisk. NCBI accession numbers: PMeV (KT921784)
and PMeV2 (KT921785); (b) PSFaV: ORF1 encodes the capsid pro-
tein (CP) (1,592 aa) and ORF2 encodes the RNA-dependent RNA
polymerase (1,088 aa). PSFaV has a fused protein with a molecular
mass of 310 kDa. PSFaV has a potential slippery heptamer (GGA
AAAC) at nt 5,509-5,515, positioned before the ORF1 stop codon
that lead to the translation of CP-RdRp (fusion protein) for — 1 ribos-
somal FS. PpVQ: ORF1 encodes a hypothetical protein (33 kDa) and
ORF2 encodes the RdRp (54 kDa). NCBI accession numbers: PSFaV
(ON226840) and PpVQ (MT113179)
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Could PMeV complex be transmitted
by fungi?

Spontaneous latex exudation from green fruits and necrosis
in the edge of young leaves are the main PSD symptoms
(Ventura et al. 2004) which are associated with infection by
the viral complex of PMeV and PMeV?2, referred here as
PMeV complex (Antunes et al. 2016; 2020).

The viral structural proteins protect the viral genome
and play a role in several biological processes such as virus
movement within the host, replication, translation, and
specificity of transmission by a vector (Bol 2008). In mixed
infections, capsid proteins (CPs) produced by PMeV are
used for the package of PMeV2 (transcapsidation) resulting
in hybrid virions with the same capsid but containing
different RNAs (Antunes et al. 2016) which supports the
idea that PMeV and PMeV2 could be transmitted by the
same vectors. In plants, the transcapsidation phenomenon is
also found between members of the Umbravirus genus and
Polerovirus or Enamovirus. Umbraviruses lack the CP gene
and, as a result, do not form conventional virus particles,
even though they can systematically infect a plant when
mechanically inoculated (Taliansky and Robinson 2003).
Umbraviruses transmission between plants with the aid of
insect vectors is only possible when the umbraviral genome
is packaged by the helper virus capsid protein, which results
in the same host range (Taliansky et al. 2000). Typically,
viruses belonging to this family possess two open reading
frames (ORFs). The first ORF is responsible for encoding
an RNA-dependent RNA polymerase (RdRp) domain, which
is thought to be expressed through ribosomal frameshifting,
similar to what occurs in toti- and toti-like viruses (Salaipeth
et al. 2014; Das et al. 2022). In comparison, members of
the family Totiviridae, the CP is typically encoded by the
5’ ORF (ORF1), which generally have, sizes between
70-100 kDa (de Lima et al. 2019) and are predominantly
a-helical (Luque et al. 2018). Totiviruses, primarily
associated with fungi, yeast, and parasitic protozoa, have
also been discovered infecting mollusks, arthropods (such
as mosquitoes, ants, shrimps, and planthoppers), and even
plants. Apart from vertical and horizontal transmission,
no extracellular transmission route has been documented
for totiviruses (Wickner et al. 2009). It is worth noting
that viruses belonging to the family Fusagraviridae have
been identified in fungi, plants, and insects, and they
possess a dSRNA genome of approximately 8,500 base
pairs. The viruses in this family have two ORFs separated
by ribosomal frameshifting, coordinated by a heptameric
nucleotide sequence XXXX (any nucleotide), YY (A
or U) and Z (not G) (Lutz et al. 2023; Wang et al. 2019).
There are few reports on the molecular characterization of
fusagraviruses due to the lack of experimental methods to
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guarantee their classification. As a result, little is known
about the viral etiology of many fusagravirus infections.
Yet, Fusagraviridae show similarities with other dsSRNA
viruses from the orders Ghabrivirales (megatotivirus,
megabirnarvirus, victorivirus and chrysovirus), Reovirales
(mycorovirus) and Durnavirales (partitivirus) (Das et al.
2022; Aulia et al. 2019).

PMeV, maize-associated totivirus (MATV), panax
notoginseng virus A (PnVA), and tea-oil camellia-asso-
ciated totivirus 1 (TOCaTV1) are unclassified Fusagra or
Totivirus-like viruses that infect plants (Guo et al. 2016;
Akinyemi et al. 2018; Zhang et al. 2021). Although there
are no reports of a CP coded by these viruses (except for
PMeV), the PnVA, MATYV, and TOCaTV1 ORF1 have a
conserved region that includes the LA virus coat domain
(pfam09220), present in CPs of totiviruses infecting fungi
(Akinyemi et al. 2018). The fact that the CP of these plant
viruses is more similar to totiviruses infecting fungi than
totiviruses that infect insects supports the idea that fungi
may act as vectors of the PMeV complex. Given the oppor-
tunities for transfer during fungal colonization, it is possible
that PMeV, MATYV, and PnVA can be transmitted to plants
via a fungal host species (Andika et al. 2017; Roossinck
2019). Under controlled conditions, Rizoctania solani can
acquire and transmit a plant virus, cucumber mosaic virus
(CMV), during plant infection (Andika et al. 2017). Sev-
eral fungi are found infecting papaya leaves and they are
included in the genus Asperisporium, Stagonosporopsis
(Syn.: Phoma), Colletotrichum, and Corynespora. Recently
an (4+) ssRNA virus was found in Phoma matteuccicola,
the causal agent of leaf blight disease in Curcuma wenyujin
(Zhou et al. 2020).

Experiments with Mexican (Tapia-Tussell et al. 2015),
and Australian (Campbell 2019b) plants have shown that
PSD can be spread through seeds at a high transmission
rate. Seed-borne viruses can be transmitted through
different routes: direct, indirect, or integrated within the
plant genome, however, alternative unexplored pathways for
plant virus transmission have been reported (Jones 2018),
and need to be discussed for PMeV complex due to PMeV
similarity with mycoviruses. Therefore, besides pathogenic
fungi, beneficial fungi may also play a role in the spread of
the PMeV complex. Endophyte fungi are plant-associated
microorganisms that colonize and live part of their life
cycle within a plant without inciting any obvious symptoms
of disease in their host. Endophyte fungi are highly seed-
transmissible, but can also be transmitted horizontally
through vegetative propagules or spores (Bamisile et al.
2018). Viruses in the families Totiviridae, Partitivirdae,
Chrysoviridae, Narnaviridae, Endornaviridae have been
reported in several endophytic fungi, including species in
the genera Alternaria and Phoma (Bao and Roossinck 2013),
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which are found associated with papaya plants (Rashmi et al.
2018; Eze et al. 2019). Thus, considering the high efficiency
of endophytic transmission, it is reasonable to suggest that
a high transmission rate would be found for PMeV when
infecting a papaya endophyte. Also, the effects of disease
dispersion in the field can be enhanced by further vector
transmission and contribute to the introduction of the viruses
into new areas triggering epidemic development (Jeger
2020). However, two independent experiments conducted
in Brazil and Ecuador to test the transmission of the virus
through seeds revealed that none of the seedlings tested
positive for the PSD virus (Meissner Filho et al. 2021;
Quito-Avila et al. 2023).

How can an insect acquire PMeV complex virions
in a diseased plant?

A longstanding question in virus acquisition by an insect vec-
tor is how can they acquire PMeV virions from papaya latic-
ifers, the only documented site of virus particle accumulation
in papaya plants (Kitajima et al. 1993). PMeV virions were
visualized, using transmission electron microscopy (TEM), in
laticifers, a structure well known for its defense role against
pathogens. C. papaya, laticifers are articulated, anastomosed
(Hagel et al. 2008), and found in all organs (Fisher 1980; Rao
et al. 2013). Mature papaya laticifers are living cells that store,
under high pressure, vesicles containing carbohydrates, lipid
salts, and proteins, mainly cysteine proteases (El Moussaoui
et al. 2001). Upon tissue wounding, latex starts to exudate and
cysteine proteases are activated resulting in the clotting of
the wound (Silva et al. 1997). Whereas several studies report
the different strategies adopted by mandibulate herbivores
(Hohn 2007), little information is available on how sap-suck-
ing insects can feed on latex-bearing plants. Any damage to
laticifers could cause an overflow of harmful compounds (e.g
proteolytic enzymes such as cysteine and serine proteases,
organic acids, alkaloids, and terpenes) leading to the clogging
or destruction of the insect’s mouthparts. However, it has been
shown that when feeding in two different latex-bearing plants,
Aphis nerii Boyer de Fonscolombe, 1841 can use its stylet to
reach phloem cells avoiding the laticifers or completely cir-
cumscribing them during probing (Botha et al. 1975b; 1975a).
It is not yet clear how the PMeV viral particles are acquired by
an insect. It is possible that insects can acquire viral particles
present in other cells, which due to not accumulating are not
observed by TEM but could be detected with immunocyto-
chemical techniques, hitherto unavailable. In another scenario,
the physiological and biochemical changes present in laticifers
of PSD plants could help viral particles to be acquired by an
insect. Laticifers of PSD plants present a reduction of protease
levels and activity, and an increase in its fluidity (Rodrigues
et al. 2009b) which could minimize the damage and the clog-
ging to an insect mouthpart when probing a laticifer.

Studies of PSD transmission by vectors

Insects are the most common vectors of plant viruses and are
associated with more than 61% of virus species, and approxi-
mately 83% of insect-borne viruses are transmitted by hemip-
terans, e.g. aphids, whiteflies, leathoppers, and planthoppers
(Costa 2005; Hogenhout et al. 2008). Advancements in next-
generation sequencing, particularly metagenomics (mNGS),
have facilitated the discovery of novel plant-infecting viruses
transmitted exclusively by arthropods. Viruses exhibit the
capability to influence interactions within their insect vector
hosts, thereby manipulating plant defenses and facilitating
efficient viral transmission (Pan et al. 2021). Since the natural
spread of viruses often depends on vectors, knowledge of the
interrelationship between the virus and the vector is essential
for establishing control strategies and mitigating the damage
that the disease causes in plants. Actually, the development of
new strategies for controlling and preventing plant diseases is
hindered by the significant variability among existing insect
vectors, as well as the limited understanding and inconsistent
reporting of the transmissibility and biological mechanisms
underlying the interaction between the virus and its vector
(Lincheng 2023).

The possible involvement of insects as PSD vectors has
been suggested based on early studies on the field spread pat-
tern of this disease, especially with evidence of the existence
of an associated aerial vector (Rodrigues et al. 1989; Maf-
fia et al. 1993). Although epidemiological studies of PSD
implicate the involvement of vectors in the transmission of
PMeV and PMeV?2 viruses, the identity of the vector has not
been determined in Brazil and in the other regions where the
disease is present. Insects of the order Hemiptera, suborder
Sternorrhyncha and Auchenorrhyncha, have a large number
of species that are reported as vectors of approximately 90%
of the viruses transmitted by insects (Costa 2005). In addi-
tion to aphids (Family: Aphididae) reported as vectors of
papaya ringspot virus (PRSV-P) and other hemipterans, such
as cicadellids (Family: Cicadellidae) and whiteflies (Family:
Aleyrodidae), are also reported as vectors of other diseases
in papaya (Lima et al. 2003).

It is important to clarify that until 2007 most studies on
PSD were based on virus detection through the visualization
of the PMeV dsRNA. However, this technique requires that
samples display a large amount of both viruses. The sequenc-
ing of both PMeV and PMeV2 (Aratjo et al. 2007; Abreu
et al. 2015a; Antunes et al. 2016) allowed the development of
more sensitive techniques such as RT-PCR (Abreu et al. 2012;
Antunes et al. 2016; Maurastoni et al. 2020) and qRT-PCR
(Abreu et al. 2012) which have been applied to understand
critical aspects of the PSD epidemiology. Using RT-PCR, it
was possible to demonstrate that papaya plants infected with
PMeV can remain asymptomatic in the field, serving as a viral
reservoir for uninfected plants (Antunes et al. 2016).

@ Springer
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Do cicadellids transmit PSD-associated viruses?

Cicadellids (leafhoppers) are threatening papaya pests
because they cause significant damage and are potential vec-
tors of viruses, phytoplasmas, and rickettsia (Wei et al. 2023;
Acosta et al. 2017). Some dsRNA viruses, such as those
belonging to the family Reoviridae, are also known to be
transmitted by Cicadellids in rice plants. These viruses com-
monly circulate within the salivary glands of these insects,
adopting a mechanism similar to exocytosis (where the virus
is released into the extracellular fluid) (Pu et al. 2012). This
process facilitates horizontal transmission when the insect
feeds on plants. Cicadellids exhibit an intermittent trans-
mission phase; varying from 2 to 14 days, associated with a
phenotypic event that occurs after a latent phase of the virus
within the insect, leading to a discontinuous viral transmis-
sion (Pu et al. 2012; Chen et al. 2021). More than twenty
species of cicadellids had been associated with papaya plants
but only one, Empoasca bordia Langlitz, 1964 (syn.: Sol-
onasca bordia Langlitz), has been linked to papaya in Brazil
(Culik et al. 2003). Cicadellidae emerged as potential vectors
of the PMeV complex since their distribution in the field is
related to the spread of the PSD (Lima et al. 2003; Ventura
et al. 2003). Surveys of cicadellid populations in papaya
orchards in Brazil were conducted using sticky traps and
circular sweep nets. During the one-year sampling period,
most cicadellids collected were identified as leafthopper
of the species Empoasca bordia (syn.: Solanasca bordia)
(Hemiptera: Cicadellidae: Typhlocybinae), accounting for
80% of the total (Gouvea et al. 2018). Studies on the involve-
ment of leathoppers, especially those of the genus Empoasca
(syn.: Solanasca), as vectors of PMeV have shown a high

correlation between the insect population and the inci-
dence of diseased plants (Fig. 2). The population peak of
leathoppers precedes the highest peak of PSD incidence,
which occurs about one month later (Gouvea et al. 2018). A
delay of 45 days for symptom onset was also shown when
papaya plants are mechanically inoculated with disease latex
(Ventura et al. 2001). These results indicate that cicadel-
lids can be potential vectors of PSD in Brazil and must be
considered in further transmission assays (Lima et al. 2003;
Ventura et al. 2003; Gouvea et al. 2018).

The population fluctuation of cicadellids is compatible
with the analysis of the temporal evolution of papaya sticky
disease and provides subsidies to verify the dispersion
and generate information about the influence of biological
and environmental factors on the population dynamics of
the pathogen/disease. Also, it seems that temperature has
an important effect on disease development as symptoms
are more visualized when it is cold and dry, while a wet
and warm weather influences the mitigation of symptoms
(Cosmi et al. 2017).

In Mexico, the ability of the E. papayae adults, but not
nymphs, to transmit PMeV-Mx to C. papaya '‘Maradol' has
been proven. PMeV-Mx is an umbra-like virus found infect-
ing papaya plants in Mexico. It is 71% and 79% identical at
the nucleotide level to PMeV2 and the Ecuadorian virus,
PpVQ respectively (Garcia-camara et al. 2019). Under
controlled conditions, E. papayae can acquire PMeV-Mx
six hours after exposure to infected plants, and viral titer
increases if the exposure time is longer up to 5 days (Fig. 3).
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). Despite
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hundred adult insects were transferred to a cage containing PMeV-
Mx-infected plants after a 20-hour starvation period; (b) The optimal
acquisition access period was determined by qRT-PCR at different
time points after exposure to infected plants. Five days after exposure
(optimal AAP) insect-proof meshes that separate cage A from two
other cages, named B and C, were removed allowing insects to fly

GREENHOUSE FORSYMPTOMS
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from infected plants to healthy plants; (c) The plants in cages B and C
were diagnosed at 7, 14, 35, and 60 days after exposure to insects that
had fed on infected plants. After 14 days the plants were transferred
to a greenhouse. Symptoms were observed within 3 to 4 months after
insect exposure. Two controls were included in this experiment repre-
sented in cages D and E (a). In cage D six plants were exposed to 100
adult insects that had not fed on infected plants. In cage E, six plants
were not exposed to insects. Plants in both cages remained healthy
throughout the experiment (Garcia-camara et al. 2019).
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the lower abundance among the collected species, insects
from the family Cicadellidae (Agallia constricta, Agalliopsis
novella, E. papayae, Draeculacephala soluta, Hortensia sp.,
and Xyphon sp.) and Aphididae (Aphis sp. and Uroleucon
taraxaci) were also identified containing the PMeV-Mx but
their potential as vectors has yet to be studied.

Research teams in Brazil are currently conducting experi-
ments to identify the virus vector and elucidate the trans-
mission mechanism. Under field conditions, research on the
papaya-producing region of the north of the State of Espirito
Santo, the most frequent cicadellids families in papaya plants
are Cercopydae, Cicadellidae, Membracidae e Delphacidae
(Gouvea et al. 2018) and David dos Santos Martins (personal
communication, Incaper).

Do whiteflies transmit PSD-associated viruses?

Whiteflies are considered secondary pests of papayas world-
wide because they do not cause important damage to plants or
fruits in field orchards (Habibe et al. 2001). Among the white-
fly species reported worldwide two species, Bemisia tabaci
MEAMI and Trialeurodes variabilis, have been reported
occurring in different areas of Brazilian papaya orchards
(Martins et al. 2016b) (Fig. 4), and its ability to transmit the
infectious agent of PSD in Brazil was evaluated in three differ-
ent works through the visualization of PMeV dsRNA (Habibe
et al. 2001; Vidal et al. 2003; Rodrigues et al. 2009a).
Bemisia tabaci MEAM 1, despite being reported to cause
damage to papaya in other biogeographic regions of the
world, has limited occurrence in protected cultivation envi-
ronments and is not considered a papaya pest in Brazil under
field conditions (Ventura et al. 2004). As a polyphagous
insect, the whitefly colonizes and multiplies on numerous

cultivated, wild, and invasive plants. The ability of B. tabaci
MEAMI to acquire and transmit the PSD infectious agent
was assessed by two different experiments. Habibe et al.
(2001) inoculated macerated bodies of whiteflies collected
from areas with PSD into healthy papaya plants. Ninety days
after inoculation, healthy plants presented viral dsRNA of
similar size to that detected in PSD plants, which suggested
that B. tabaci MEAM1 is capable of acquiring the infectious
form of the PMeV complex (Habibe et al. 2001). In another
experiment, the ability of B. tabaci MEAM1 to transmit the
PSD infectious agent was determined when the dsRNA of
PMeV was detected in asymptomatic plants exposed for
24-72h to whiteflies that have previously forced feeding for
48h and 30min on diseased papaya plants (Fig. 5SA) (Vidal
et al. 2003). In this experiment, the authors do not mention
any diagnostic test in asymptomatic plants. After the devel-
opment of sensitive techniques for PSD-associated virus
diagnosis (e.g RT-PCR), it is not uncommon to detect viral
RNA in asymptomatic plants (Antunes et al. 2020; Mauras-
toni et al. 2020). This supports the idea that asymptomatic
but infected plants were used for the experiment, instead
of virus-free plants. Besides, the fact that few plants were
exposed to the whiteflies raises the necessity to include a
higher number of plants in this experiment. This group also
verified the virus transmission by aphid species, Toxop-
tera citricidus Kirkaldy, 1907, and Myzus persicae Sulzer,
1776, but they were unable to transmit the PMeV dsRNA to
healthy plants. Under field conditions Martins et al. (2016¢)
when studying aphid population species and their host plants
in commercial papaya orchards, found no evidence that these
insects were involved in the transmission of PSD.
Trialeurodes variabilis initially infest papaya leaves on
the top of the canopies and then move to newly developed

Fig.4 Whitefly species reported occurring in different areas of Bra-
zilian papaya orchards. (a) Bemisia tabaci MEAMI in a tomato
leaf. The species is reported to occur in plants close to papaya trees
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Source: A. Nogueira-UFV; (b) High incidence of Trialeurodes vari-
abilis population in the papaya leaf cv. Golden.
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Fig.5 Transmission assays were conducted to test the ability of
whiteflies (A and B) to transmit the PMeV dsRNA. (a) Plants inocu-
lated with latex collected from disease fruits were kept under cages
until the experimental assay. Aphids (Toxoptera citricidus and Myzus
persicae) and whiteflies (Bemisia tabaci MEAM1) were kept in sepa-
rate cages containing asymptomatic papaya plants. 10-20 nymphs
and adults were kept for a starving period of 1 hour. Then, insects
were transferred to a diseased plant for 48h and 30min (virus acquisi-
tion). Then 10-20 insects of each species were transferred to a cage
containing an asymptomatic papaya plant (3 month-old) where they
were fed for 24-72h. Insects obtained from the same colonies but
submitted to feeding in healthy plants were used as negative controls.
Infested plants were kept in a greenhouse for 30 days and subse-
quently transferred to field cages (two plants per cage) for 9 months
or until fructification. Three and eight months after the virus acquisi-

leaves. Eggs and nymphs are found in all parts of the can-
opy, but insects preferentially feed and lay their eggs on new
leaves. Also, it is common to see oviposition concentrated in
the basal region, and nymphs more frequently in the central

WHITEFLY INFESTATION

ADDITION OF HEALTHY
PAPAYA PLANTS

tion, new emerging leaves of all plants were collected and submitted
for diagnosis by detection of the viral dSRNA. Plants were monitored
monthly until the visualization of symptoms; (Vidal et al. 2003) (b)
This experiment was conducted in greenhouse conditions. A total of
32 plants were analyzed: 24 were inoculated with diseased latex and
8 were kept non-inoculated. One month after latex inoculation, plants
were infested with a population of 7. variabilis collected from fields
with non-symptomatic papaya plants. 30 days after the infestation,
three healthy plants of different cultivars (cv. Tainung, cv. Golden,
and cv. Sunrise — outlined red, blue, and yellow rectangles, respec-
tively) were added inside the greenhouse. 20 days after the exposi-
tion, latex from all plants was collected for detection of the viral
dsRNA. Adults and nymphs exposed to healthy plants and inoculated
plants were collected and submitted to molecular diagnosis by detec-
tion of the viral dsRNA (Rodrigues et al 2009a).

part of older leaves (Martins et al. 2016b). The ability of T.
variabilis to transmit the PMeV dsRNA was assessed under
greenhouse conditions (Fig. 5B). Twenty-four plants were
inoculated with papaya diseased-latex, and one month later,
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Fig.6 Population of white-
fly (Trialeurodes variabilis)
and incidence of plants with
symptoms of PSD in Northern
Espirito Santo, Brazil. Source:
(Andrade et al. 2003b).
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they were infested with a population of 7. variabilis col-
lected from fields with non-symptomatic papaya plants. One
month later, three healthy papaya plants of different cultivars
(cvs. Tainung, Golden, and Sunrise Solo) were added inside
the greenhouse to be infested by the whiteflies. Twenty days
later, dSRNA was detected in plants used as initial inoculum,
and in adults and nymphs exposed to latex-inoculated plants
but not in healthy plants that were exposed to "virulifer-
ous" whiteflies. The authors suggested with this result that 7.
variabilis can acquire the virus from infected plants and it is
not able to transmit it to healthy plants under controlled con-
ditions (Rodrigues et al. 2009a). The amount of virus inocu-
lated through latex injection is higher than through vector
transmission. This difference could result in a lower virus
load in plants that were exposed to "viruliferous" whiteflies
undetectable for dsRNA visualization.

Epidemiological analysis revealed that PSD spread does
not follow the same pattern as the fluctuation of the white-
fly population (Andrade et al. 2003b; Lima et al. 2003).
PSD occurs initially scattered and randomly in the orchard,
later evolving to aggregation. Clouds of whiteflies are regu-
larly observed in papaya crops during peak periods of the
insect population and low incidence of plants with PSD,
which suggests that whiteflies could not be the major insect
involved in PSD spreading (Andrade et al. 2003a; Martins
et al. 2016a) (Fig. 6). Whiteflies have a preference for cer-
tain hosts and even though they acquire viruses they only
transmit a few, for example, viruses belonging to the genera
Begomovirus, Carlavirus, and Crinivirus, and family Luteo-
viridae (Ghosh et al. 2019).

In Ecuador, the latest transmission tests pointed to white-
flies (B. tabaci) as vectors of the umbra-like virus PpVQ (Cor-
nejo-Franco et al. 2018) and of PpVE (Cornejo-Franco et al.
2022). Epidemiology data suggests an aerial vector for PpVQ,
which commonly occurs associated with papaya ringspot virus
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(PRSV). Efforts to transmit the virus from plants using aphids
were only successful for PRSV but not for PpVQ (Quito-Avila
et al. 2015). To understand the vector of PpVQ in Ecuador,
a field survey identified whiteflies, red mites, and mealybugs
as the main arthropods present in papaya-infected plants and
detected PpVQ in all three groups. These arthropods were
transferred to PpVQ virus-free papaya plants where they were
fed for 7 days. Ninety days after exposure to whiteflies, the
virus was detected in three out of ten plants that whiteflies had
fed, but not in field-collected whiteflies 7 days after feeding in
PpVQ virus-free plants. None of the plants exposed to field-
collected red mites and mealybugs tested positive for PpVQ
(Cornejo-Franco et al. 2018). Studies conducted in both green-
house and field conditions to investigate seed or insect transmis-
sion revealed that none of the tested seedlings tested positive
for the PSFaV virus. Instead, it is highly likely that an efficient
aerial vector, but not yet identified, plays a significant role in
the transmission (Quito-Avila et al. 2023).

Overall, the role of whiteflies as vectors of PSD needs to
be carefully assessed since the experiments and analyses car-
ried out so far reach different conclusions. T. variabilis does
not have a field distribution correlated with the incidence of
diseased plants and is not able to transmit the infectious form
of the viral complex to healthy plants. B. tabaci MEAMI1 is
not found colonizing papaya plants in the field which does not
support its role as a vector even though it can acquire the PMeV
dsRNA from papaya plants under greenhouse conditions.

Conclusions

For the past 30 years, research groups studying PSD have
made efforts to understand the vector of PSD causative agents
in the main papaya producers in the world. It is still challeng-
ing to assign a specific vector but epidemiological analysis
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shows insects as potential spreaders, among them cicadellids
and whiteflies. In Brazil, the results of the experiments con-
ducted with whiteflies so far are contradictory, but we cannot
rule out that these insects may play a role in the dispersion
of viruses in the field, among invasive plants as sources of
inoculum. Cicadellids need to be studied as potential vectors
of the PMeV complex in Brazil since these insects already
play a role in the disease spread in Mexico and their popula-
tion fluctuation is related to the PSD occurrence in Brazil.
Importantly, previous experiments need to be repeated and
analyzed now that more sensitive molecular diagnostic tech-
niques are available and with considerations of how the virus
complex of a totivirus-like virus (PMeV) and the umbra-like
virus (PMeV2) may impact disease physiology and vector
transmission. Knowledge about the diversity of viruses tenta-
tively classified in the family Fusagraviridae infecting plants
is very limited, as well as their modes of transmission. There-
fore, studies that elucidate the PMeV complex vector and its
transmission mechanisms could contribute to the proper man-
agement of the disease in papaya fields.
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