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Abstract

MD?2 pineapple production in the Valle del Cauca Department, Colombia, has increased in recent years due to its preference
in the national and international markets. Pineapple mealybug wilt (PMW), reported in all production areas around the world,
is associated with two mealybug species, Dysmicoccus brevipes and D. neobrevipes, and a group of virus species known
as pineapple mealybug wilt-associated viruses (PMWaVs). In a previous study, D. brevipes was determined to be the main
mealybug species associated with pineapples in the region; hence, the objective of this study was to determine the occur-
rence and distribution of PMWaVs in pineapple plants and specimens of D. brevipes collected in five MD2 pineapple fields
in the Department of Valle del Cauca. Our results confirmed the presence of three virus species in both plant and mealybug
specimens. PMWaV3 showed the highest detection frequencies (92.6% and 88.7%), followed by PMWaV1 (26.5% and 8.3%)
and PMWaV2 (12.0% and 2.0%) in plant and mealybug samples, respectively. Mixed infections of PMWaVs were found
also in the studied plant material. The most common virus association consisting of PMWaV1 and PMWaV3 was found in
30 plant samples (20%). The correlation analysis between each virus species found in mealybugs and their pineapple host
suggests that PMWaV3 is not only transmitted through infested plant material, but that D. brevipes may also play a role in
the dynamics of disease dissemination. The results of this study contribute to the understanding of PMWaV transmission in
MD?2 pineapple-cultivated areas in the Valle del Cauca region.

Keywords Ananas comosus - MD2 pineapple hybrid - Pineapple mealybug-transmitted disease - Pineapple mealybug wilt-
associated viruses

Introduction

Since its discovery and dispersion, pineapple, Ananas
comosus (L.) Merr. (Bromeliaceae), has been a popular and
well-accepted fruit, becoming one of the most important
tropical fruits worldwide (Reinhardt and Rodriguez 2009).
In Colombia, the most common cultivars are India, Man-
zana, Mayanesa, MD2, and Perolera, each with their own
organoleptic characteristics; however, the commercial MD2
hybrid is the preferred pineapple cultivar in the market as
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demonstrated by the increase of its cultivated area (Neira
Garcia et al. 2016; Rios 2020).

Pineapple mealybug wilt (PMW) is one of the most
important diseases affecting pineapple production around
the world (Rohrbach and Schmitt 2003; Hu et al. 2005;
Perez et al. 2006). The disease is characterized by severe
tip dieback, downward curving of leaf margins, reddening
and wilting of leaves, and can cause total collapse of the
plant (Sether and Hu 2002a, b; Jahn et al. 2003; Dey et al.
2018). PMW is known to be associated with two species of
mealybugs, i.e., the pink pineapple mealybug, Dysmicoc-
cus brevipes (Cockerell), and the gray pineapple mealy-
bug, D. neobrevipes Beardsley (Hemiptera: Coccomorpha:
Pseudococcidae) (Carter 1963; Sartiami and Kondo 2022).
PMW was originally thought to be a result of phytotoxic-
ity that occurred during the insect feeding process (Carter
and Collins 1933). However, the presence of asympto-
matic plants which were heavily infested with mealybugs
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suggested an association with a transmissible factor
(Ito 1959). For many years, the causative agent of PMW
remained unknown. However, in 1989, double-stranded
RNA, together with flexible particles and a capsid protein
of around 23.8 KDa, was detected in symptomatic pine-
apple plants which were absent in healthy plants (Gunas-
inghe and German 1989). Based on their characteristics,
the particles were assigned to the genus Ampelovirus and
referred to as pineapple mealybug wilt-associated viruses
(PMWaVs) (Agranovsky 1996). Studies conducted in
Hawaii and Australia identified three virus species named
as PMWaV1, PMWaV2, and PMWaV3 and a putative spe-
cies named as PMWaVS5 associated with PMW (Melzer
et al. 2001, 2008; Gambley et al. 2008; Sether et al. 2009).
A virus previously designated as PMWaV4 now appears to
be a strain of PMWaV1 (Green et al. 2020) and PMWaV6
has been recently proposed as a putative new member of
the genus Ampelovirus (Larrea-Sarmiento et al. 2021).
Phylogenetic analyses of the above virus species have
classified PMWaV1, PMWaV3, and the putative species
PMWaV5 in the subgroup II of the genus Ampelovirus and
PMWaV?2 and the putative species PMWaV6 in the sub-
group I (Dey et al. 2018; Larrea-Sarmiento et al. 2021).
The development of diagnostic techniques for each virus
species has made possible the validation of the presence of
PMWaVs in plant material as well as their transmission by
an insect vector (Sether et al. 1998, 2005; Sether and Hu
2002b; Gambley et al. 2008). Different studies have con-
firmed that the three currently classified PMWaV species
by the International Committee on Taxonomy of Viruses
(ICTV) PMWaV1, PMWaV2, and PMWaV3 are widely
distributed in different pineapple production areas around
the world (Sether et al. 2005; Gambley et al. 2008; Asare-
Bediako et al. 2020; Hernandez-Rodriguez et al. 2014;
Ochoa-Martinez et al. 2016; Massé et al. 2021). However,
a clear association between PMWaV2 and PMW in the
presence of mealybug feeding has only been reported in
Hawaii (Sether and Hu 2002a). Furthermore, in Cuba,
Hernandez-Rodriguez et al. (2014) reported a wide distri-
bution of these three virus species in commercial pineapple
cultivation areas and a high occurrence of PMW symp-
toms, which they suggested to be associated with the high
detection frequency of PMWaV2. In Australia, PMWaV1,
PMWaV2, PMWaV3, and the putative species PMWaV5
have been found in symptomatic and asymptomatic pine-
apple plants without a clear correlation with PMW in the
studied area (Gambley et al. 2008). So far in Colombia,
there are no studies on the distribution of PMWaVs and
their association with PMW in commercial cultivation
areas. A previous study detected PMWaV2 in two depart-
ments, namely the Department of Meta, municipality of
San Martin, in Smooth Cayenne and the MD2 pineapple
hybrid, and in the Department of Quindio, municipality
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of Montenegro, in the Manzana cultivar (Rodelo 2007, as
cited in Moreno et al. 2021). Furthermore, a recent study
reported the pink pineapple mealybug, D. brevipes, as the
only mealybug species found on pineapples in the MD2
pineapple-cultivated area of the Department of Valle del
Cauca (Moreno et al. 2021).

Considering the importance of MD2 pineapple cultiva-
tion in the Valle del Cauca region, the confirmed prevalence
of D. brevipes, and its possible role as a vector of PMWaVs,
the objective of this study was to determine the occurrence
and distribution of PMWaV1, PMWaV2, and PMWaV3 in
pineapple plants and mealybugs. This study should contrib-
ute to the understanding of the mechanism of virus transmis-
sion in the region, required for the development of integrated
pest management strategies.

Materials and methods
Sample collection

Plant and insect material (i.e., mealybugs) was collected
from pineapple fields in five municipalities (i.e., Dagua,
La Cumbre, Restrepo and Vijes located in the upper land
zone, and Palmira located in the low land zone) in the
Department of Valle del Cauca, Colombia, during the
period from May to August 2019 as reported by Moreno
et al. (2021). The study was carried out in growers’ pine-
apple fields between 1 and 4 ha in the second cycle of
production, cultivated for the local market. All sampled
plants were in the reproductive growth phase at stage 7
(fruit development) or stage 8 (fruit ripening) according
to the phenological growth stages of pineapple described
by Zhang et al. (2016). Fields were selected based on two
criteria, i.e., (i) they were planted with MD2 pineapple cul-
tivar, and (ii) had populations of D. brevipes. It should be
noted that pineapples of the MD2 cultivar in the explored
fields did not manifest PMW symptoms. Sample collec-
tions were conducted under a collecting permit by the
Colombian National Authority for Environmental Permits
(resolution n°. 1466 - December 3, 2014). In each selected
field where the presence of D. brevipes was previously con-
firmed (Moreno et al. 2021), a random exploration within
the plots was conducted, selecting 30 plant samples based
on the presence of mealybugs. The collected plant mate-
rial consisted of young well-formed leaves which were
cleaned with 70% ethanol and dried with a paper towel,
then put into a paper bag, sealed in a plastic bag, and
labelled with a serial number and collecting data. From
the same plants, mealybug-infested roots were stored in a
plastic bag and transported to the entomology laboratory
at Agrosavia, Palmira Research Station, where the adult
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female mealybugs were collected with a paint brush and
stored in vials filled with 70% and 90% ethanol for subse-
quent morphological identification and RNA extraction,
respectively. Details on collecting and preserving mealy-
bug specimens can be found in Kondo and Watson (2022).

Molecular detection of PMWaV1, PMWaV2,
and PMWaV3 from plant and insect material

Sample preparation and RNA extraction

Samples were processed on their arrival at the laboratory to
allow for proper storage. From each collected plant sample,
the tissue close to the basal part of the leaves was cut into
small pieces with a sterilized pair of scissors. The pieces of
plant tissue were ground with liquid nitrogen until becom-
ing a fine powder and then transferred to 2-ml Eppendorf
tubes and stored at —80 °C. The RNA extraction protocol
was standardized based on the protocol reported by Chang
et al. (1993). For each sample, an amount between 250 and
400 mg of powdered tissue was processed and the recovered
RNA was suspended in 30 pl of DEPC water. The integ-
rity of the nucleic acid was verified by 2% W/V agarose gel
electrophoresis and the RNA concentration was estimated
by spectrometry using a NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, USA). Samples were
kept at —80 °C.

The adult female insects that had been collected from the
roots and put in vials filled with 90% ethanol were stored at
—20 °C. Mealybug RNA was extracted from three or more
mealybugs measuring between 1 and 3 mm in length to
recover a sufficient RNA concentration for the analyses. The
RNA extraction for the mealybugs was performed using the
RNeasy Plant Mini Kit (Qiagen) with slight modifications
for the initial steps of sample preparation, i.e., mealybugs
were ground directly with an aliquot of RLT buffer using
a sterile plastic pestle in an Eppendorf tube, and then, the

other aliquot of RLT buffer with 0.1% 2-mercaptoethanol
was added to complete the volume required and vortexed.
The tube was briefly spun to collect the remains of mealy-
bug exuviae and undissolved detritus before transferring
to a QiaShredder column. Thereafter, RNA extraction was
performed following the instructions of the provider. The
recovered RNA was eluted in 30 pl of DEPC water. The
RNA integrity and concentration was verified as for the
plant material.

Amplification by RT-PCR of PMWaV1, PMWaV2,
and PMWaV3 specific region

Complementary DNA (cDNA) of plant and insect mate-
rial was synthetized from 200 ng of RNA template. For
plant and insect material, the Verso Kit (Thermo Fisher
Scientific, Waltham, USA) was used. The specific reverse
primers for each virus species plus random hexamers
were included in the reaction following the instructions
of the commercial provider. cDNA samples were stored
at —20 °C until processing. The detection of PMWaVl,
PMWaV2, and PMWaV3 in the collected samples was
conducted through the amplification by reverse transcrip-
tion polymerase chain reaction (RT-PCR) of the con-
served region of the Ampelovirus genome. The RT-PCR
reaction was conducted with the previously reported set
of primer pairs V1-225/V1-226, V2-224/V2-223, and
V3-263/V3-264 for PMWaV1, PMWaV2, and PMWaV3,
respectively (Sether et al. 2001, 2005) (Table 1). The
primer pairs were designed to amplify a specific region
of the heat shock protein 70 homolog (HSP70h) of 589,
609, and 495 bp for PMWaV1, PMWaV2, and PMWaV3,
respectively. Each RT-PCR reaction included a positive
control (+C) corresponding to the protein target region for
each species cloned into a commercial plasmid, which was
kindly provided by the Analysis and Diagnostic Laboratory
of the Colombian Agricultural and Livestock Institute-ICA
(Spanish acronym for Instituto Colombiano Agropecuario)

Table 1 List of primers used for PMWaV1, PMWaV2, and PMWaV3 detection by RT-PCR

Virus Code Sequence 5'-3' Expected size Genome position (nucleo- References
tide number)
PMWaV1 V1-225 ACA GGA AGG ACA CTC AC 589 bp 83868405 Sether et al. (2001)
V1-226 CGC ACA AAC TTC AAG CAATC 589 bp 8956-8975 Sether et al. (2001)
PMWaV2 V2-224 CAT ACG AAC TAG ACT CAT ACG 609 bp 9551-9571 Sether et al. (2001)
V2-223 CCA TCC ACC AAT TTT ACT AC 609 bp 10,141-10,160 Sether et al. (2001)
PMWaV3 V3-264 AGT TCA CTG TAG ATT TCG GA 495 bp 8438-8455 Sether et al. (2005)
V3-263 ATT GAT GGA TGT GTA TCG 495 bp 8917-8936 Sether et al. (2005)
PMWaV3 V3G3-F CGC ATC GGC TAA GAT TCA AGA 296 bp 9670-9690 Present study
V3G3-R CAA TGC CAT GTT TCG CGT ACA A 296 bp 9944-9965 Present study
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(Mosquera, Cundinamarca), and a control for the reaction
consisting of ultrapure water instead of cDNA template
(—C). The amplification reaction was standardized under
laboratory conditions using MyTaq Red Mix 2X (Merid-
ian Bioscience, Cincinnati, USA); for each reaction, 0.84X
My Taq Red Mix 2X, 0.2 uM of each primer, and 2 pl of
cDNA were added for master mix preparation in a final
volume of 25 pl. The amplification program was run in a
SureCycler 8800 (Agilent Technologies, Santa Clara, USA)
and consisted of an initial denaturation step at 95 °C for
3 min, followed by 35 cycles of an initial step at 95 °C for
30, 55 °C (V1-224/V1-226, V2-223/V2-224, and V3G3-
F/V3G3-R) or 60 °C (V3-263/V3-264) for 60 s, 72 °C for
60 s, and a final elongation at 72 °C for 10 min.

In addition, a new pair of specific primers for PMWaV3
detection in both plant and insect materials was manu-
ally designed based on a conserved region of HSP70h
gene. A specific PMWaV3 region within the HSP70h
genes was determined by the alignment of MH704740.1
(PMWaV1), MH704741.1 (PMWaV2), and MH704742.1
(PMWaV3) accessions using ClustalW tool of MEGA X
software (Kumar et al. 2018). Primers flanking the region
selected above were designed and primer-primer inter-
actions were tested with the AutoDimer software (Val-
lone and Butler 2004). The new pair of primers V3G3-F
and V3G3-R was located at positions 8395 and 8690 of
PMWaV3 viral genome (MH704742.1), corresponding to
a product size of 296 bp within the HSP70h gene. The
RT-PCR amplification conditions were the same as for
the other pairs of primers. The amplified products were
visualized by electrophoresis in 1.6% (W/V) agarose gel
dyed with GelRed (Biotium, Fremont, USA) using the
gel documentation system Enduro GDS (Labnet, Edison,
USA). Samples with presence of the expected band were
re-amplified in order to confirm the results before being
recorded as a positive result.

In order to confirm the molecular identity of the HSP70h
region in PMWaV1, PMWaV2, and PMWaV3, a group of
samples with the expected bands (Sether et al. 2001, 2005)
were sequenced. Bands from the amplified products obtained
by RT-PCR were eluted directly from gel using a scalpel
and purified with the QIAquick PCR and Gel Cleanup kit
(Qiagen, Hilden, Germany). Samples were sent for direct
amplicon sequencing to Macrogen (Seoul, Korea). Ampli-
fied products from mealybugs were shipped with the export
license no. 02865 issued by the Colombian National Author-
ity for Environmental Permits. The forward and reverse
sequences obtained were edited and aligned using the soft-
ware Geneious Prime 2021.0.3. Lastly, the sequence iden-
tities were analyzed using the Blastn tool at the National
Center for Biotechnology Information (NCBI). Sequences
showed good quality but only the consensus sequences from
each virus species were deposited in GenBank (NCBI).

@ Springer

Data analyses

The mealybug-infested plants from which plant tissue and
insect material were collected were defined as the experi-
mental unit. The results obtained from the molecular detec-
tion study of the three virus species on each plant (plant tis-
sue and insect material) were recorded into a binary matrix
(0: Absence and 1: Presence) for the analyses. First, the
detection frequency of each virus species (i.e., PMWaVl,
PMWaV2, and PMWaV3) in both plant and insect materials
was calculated with the formula Df = a/bx100 where a is the
number of plant or insect samples with the presence of each
virus species and b is the total number of analyzed samples
(plant or insect), and the distribution of the occurrence of
each virus species per municipality was determined by a
table of frequencies. Second, the molecular detection of the
virus species in plant material was visualized by network
modeling of the results based on the presence of the virus
species using different colors, PMWaV1 in red, PMWaV2
in blue, and PMWaV3 in green, using the Cytoscape Soft-
ware (Shannon et al. 2003). Third, in order to test a pos-
sible relationship between the two variables, that is, (i) the
presence of each virus species in the mealybug and (ii) its
further presence in the plant material, a statistical analysis
of dichotomic qualitative variables using contingency tables
was conducted. A chi square (X?) with a critical value (X
2(1;0,05) =3,841) was applied for each relationship to accept
or reject the null hypothesis of independence between the
two analyzed variables. When a dependence between vari-
ables was found, the V of Cramer statistics was applied to
determine the intensity of the association. V Cramer’s values
close to 0 indicate a weak association and close to 1 means
a strong association. The analyses were conducted with the
R statistics program, version 4.0.3 (R Core Team 2021).

Results

Molecular detection of PMWaV1, PMWaV2,
and PMWaV3 from plant and insect material

For the molecular detection of the virus species, a total of
150 samples from plant tissue (i.e., leaves) and 142 mealy-
bug samples were collected and processed. The reduced
number of mealybugs in the analysis was due to the loss dur-
ing transportation of mealybugs that were collected from the
roots for RNA extraction. The RNA samples extracted from
plant and mealybug samples were characterized by good
quality and high concentrations. The RNA concentrations
from plant material ranged between 496.5 and 3101 ng/ul,
and in insect material, the concentrations ranged between
29.7 and 892.9 ng/ul, with differences being associated with
the amount and size of individuals used for the extraction.
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Amplification by RT-PCR of PMWaV1, PMWaV2, and
PMWaV3 in plant and insect material collected in this
study allowed the identification of specific viruses with
expected bands of 589 bp (PMWaV1), 609 bp (PMWaV2)
(Sether et al. 2001), and 495 bp (PMWaV3) (Sether
et al. 2005), respectively, with previously reported prim-
ers, and an expected band of 296 bp with the PMWaV3
primers developed in this study. From the 150 plant sam-
ples and 142 mealybugs that were analyzed, the follow-
ing number of samples showed the expected band: for
PMWaV1, 40 plant and 12 mealybug samples, respectively
(Fig. 1A and B); for PMWaV2, 18 plant and 3 mealybug
samples, respectively (Fig. 1C and D); for PMWaV3 with
the primer set V3-263/V3-264, 121 plant and 0 mealybug
samples, respectively (Fig. 1G); and with the primer set
V3G3-F/V3G3-R, 139 plant and 126 mealybug samples,
respectively (Fig. 1E and F). Considering the specificity
of the primers and the results found for the mealybugs, the
data obtained with the pair of PMWaV3 primers developed
in this study was used for the analyses.

The analysis of sequences from the amplified products
for each virus species allowed the confirmation of their
sequence identities with those reported in GenBank (NCBI).
From each group, the accession number of the consensus
sequences deposited in GenBank is described in parentheses.
For PMWaV 1, 11 samples from plant material (ON988055,
ON988057, ON988060, ON988063, ON988067, and
ON988074 to ON988076) and six from insect material
(OP153792 and OP153794) shared identity of 98.14% with
the GenBank accession HQ129930.1, corresponding to a
sequence from Cuba. For PMWaV2, 11 samples from plant
material (ON988061, ON988064, ON988068, ON988072,

MW1 2 3 4 5 6 7 8 9 10 11 -C +C

A
MW 12 13 14 15 16 17 18 19 20 21 22 -C +C

C

MW 23 24 25 26 27 28 29 30 31 32 33 -C +C

E

MW34 35 36 37 38 39 40 41 42 -C +C

Fig. 1 Agarose gel electrophoresis of RT-PCR amplified products
using V1-225/V1-226 primers in plant (A) and insect samples (B) for
PMWaV1 detection; V2-224/V2-223 in plant (C) and mealybug sam-
ples (D) for PMWaV2 detection; V3G3-F/V3G3-R in plant (E) and
mealybug samples (F) and V3-263/V3-264 in plant material (G) for
PMWaV3 detection. MW, molecular weight marker 100 bp; MW#*,
Easy Ladder I (Meridian Bioscience Cincinnati, USA) showing bands

MW=*43 44 45 46 47 48 49 50
589 bp
B

<~ 609 bp

Lol L L < 296 bp)

€495 bp

and ON988077) and two from insect material (OP153795
and OP153796) showed identities between 99.31 and 100%
with GenBank accession KT322167.1, corresponding
to a sequence from Thailand. Finally, for PMWaV3 with
the primer set V3-263/V3-264, eight samples from plant
material (ON988056, ON988062, ON988065, ON988070,
ON988071, and ON988073) showed an identity over 97.98%
with GenBank accession JX508636.1, corresponding to a
sequence from Cuba. With the pair of primers developed
in this study (V3G3-F/V3G3-R), six samples from plant
material (ON988053, ON988054, ON988058, ON988059,
ON988066, and ON988069) and five of mealybugs
(OP153788 to OP153791 and OP153793) showed identi-
ties above 97.64% with GenBank accession MN539274.1,
corresponding to PMWaV3 genome from Hawaii.

Data analyses

Regarding the first analysis, for PMWaV 1, 40 plant samples
showed presence of the virus, with a detection frequency of
26.5% (40/150) in the study region. PMWaV1 was locally
distributed in Dagua and Vijes with values of 46.7% (14/30)
and 36.7% (11/30), respectively, followed by Palmira 26.7%
(8/30), Restrepo 16.7% (5/30), and La Cumbre 6.7% (2/30)
(Fig. 2A). The detection frequency of PMWaV1 in the
mealybug population was 8.4% (12/142) distributed in Vijes
16% (4/25) and Dagua 14.3% (4/28), followed by Palmira
10.0% (3/30) and La Cumbre 3.3% (1/30) (Fig. 2B).

For PMWaV2, the virus was detected in 18 plant sam-
ples, with the lowest detection frequency in the population
of 12.0% (18/150), distributed in the localities of Vijes

-C_+C

- 589 bp

MW 51

52 53 54 55 -C +C

€609 bp

MW 56 57 58 59 60 61 62 63 64 65 66-C +C

€296 bp

of 100, 200, 500, 1000, and 2000 bp; lanes 1-42 and lanes 43—66 cor-
respond to random plant and mealybug samples respectively used for
PMWaV detection; —C,no template control; +C,positive control.
White arrows in some samples indicate amplified fragments when
unspecific bands were present, and black arrows indicate the expected
products’ size
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Detection Frequency (%)

Palmira

La Cumbre
®PMWaVl

Vijes Dagua  Restrepo
= PMWaV2 mPMWaV3

Fig. 2 Distribution of PMWaVs at five localities in Valle del Cauca,
Colombia. Detection frequencies per locality of PMWaV1 (red bar),
PMWaV?2 (blue bar), and PMWaV3 (green bar) in plants (A). Detec-

30.0% (9/30), Dagua 20.0% (6/30), Palmira 6.7% (2/30), and
Restrepo 3.3% (1/30) (Fig. 2A). The detection frequency of
PMWaV?2 in the mealybug population was 2.0% (3/142) and
only detected in Vijes 12.0% (3/25) (Fig. 2B).

Using the primer set V3G3-F/V3G3-R, 139 samples of
plant material showed the expected region for PMWaV3,
which corresponds to a detection frequency of this virus
in the population of 92.6% (139/150). The distribution of
PMWaV3 in pineapple plants in all five localities was uni-
form, showing values of 96.7% (29/30), 96.7% (29/30),
93.3% (28/30), 90.0% (27/30), and 86.7% (26/30) in Vijes,
Palmira, Restrepo, La Cumbre, and Dagua, respectively

PMWaV1l

=

100
90
80
70
60
50
40
30
20
10

Detection Frequency (%)

Palmira

La Cumbre Vijes Dagua  Restrepo
EPMWaVl mPMWaV2 mPMWaV3

tion frequencies per locality of PMWaV1 (red bar), PMWaV2 (blue
bar), and PMWaV3 (green bar) in mealybugs (B)

(Fig. 2A). The detection frequency of PMWaV3 in the
mealybug population was 88.7% (126/142), and showed
a uniform distribution in all localities: Palmira 90.0%
(27/30), followed by Restrepo with 89.7% (26/29), Vijes
100.0% (25/25), La Cumbre 83.3% (25/30), and Dagua
with 82.1% (23/28) (Fig. 2B).

The network modeling analysis allowed the visualiza-
tion of the distribution of each virus species among the
positive plant samples, and mixed infections by two or
three virus species (Fig. 3). The most common multiple
infections were PMWaV1/PMWaV3 and found in 30 sam-
ples (20%), followed by PMWaV 1/PMWaV2/PMWaV3 in

0" — -
¥ -26)(C. P-: —
2. CM’P-O P-28)R-2: ——

-0 -11)C-2
— ) D ; P-27)7 AR
A 10 2%
S -29R-2 -2 YC-07)= —
> B — 09 N ——
e Q-2 029 Yoo PMWaV3
-18C-11)(C-2: v 2 — -
-09)(v-08)

-03)

C-20R-1

C-0

PMWaV2

.37
-27)(v-24)G..
< fz'rp.m §
(C-09C-0) 6.0 .

~(R-09)
1

e #
p-29C 1N
2

Fig.3 Network modeling of the presence of each virus species in pineapple plants using the Cytoscape Software. PMWaV1 is indicated in red;

PMWaV?2 in blue; and PMWaV3 in green
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9 samples (6%), PMWaV2/PMWaV3 in 8 samples (5%),
and PMWaV1/PMWaV2 in 1 sample (0.6%); single infec-
tions by PMWaV3 were recorded in 92 samples (61%)
(Fig. 3).

For the correlation analysis, only the data from 142 plants
with results for both plant and mealybug materials were ana-
lyzed. The null hypothesis states that the variables, i.e., pres-
ence of PMWaVs in mealybugs and their further presence
in plants, are independent (i.e., they have no association),
against the alternative hypothesis that the variables are not
independent; in other words, the presence of PMWaVs in
mealybugs and in their corresponding host plants may be
associated with vector transmission. Based on our analy-
ses, the null hypothesis of independence of the variables
was rejected for PMWaV1, PMWaV2, and PMWaV3 with
a X>=26.751, X>=5.0452, and X>=67.256, respectively.
Hence, it was assumed that a level of dependence exists
between the presence of each virus species in mealybugs
and pineapple plants, but the intensity of the association
based on the V of Cramer was different: for PMWaV1, the
V of Cramer (0.463)~ 0.5 did not show a clear intensity of
the association; for PMWaV2, the V of Cramer (0.268) ~ 0.3
showed a weak association between the two variables; and
for PMWaV3, the V of Cramer (0.73) ~ 0.7 showed a strong
association between the two variables (Fig. 4). In sum-
mary, the correlation analysis indicates a strong association
between the presence of PMWaV3 in mealybugs and plant
material.

Discussion

Herein, we report the detection of the PMWaVs in asymp-
tomatic MD2 pineapple plants and for the first time in D.
brevipes in five localities of the Valle del Cauca Depart-
ment, Colombia. The highest detection frequencies in
plants and mealybugs were found for PMWaV3 (92.6%

and 88.7%, respectively), followed by PMWaV1 (26.5%
and 8.3%, respectively) and PMWaV2 (12.0% and 2.0%,
respectively). PMWaV3 was also characterized by having a
uniform distribution in the studied localities in both plants
and mealybugs. Similar results have been reported in Aus-
tralia, where PMWaV 1 and PMWaV3 were found to be more
widespread with a high detection frequency for PMWaV3
of 67.5%, whereas PMWaV?2 was detected in less than 25%
of tested plants (Gambley et al. 2008). Moreover, similar
PMWaV1 frequency values were reported by Sether et al.
(2010) from different localities in Hawaii which ranged
between 15.0 and 22.8% in plant material. In another study,
a frequency of PMWaV1 detection of 20% was found in in
vitro plants propagated from asymptomatic MD2 pineapple
plants collected in the field in Cuba (Hernandez-Rodriguez
et al. 2017). Contrary to our results, in Cuba, Ghana, and
Hawaii, PMWaV?2 has been reported as having the high-
est frequencies and in Hawaii this virus species was found
directly associated with PMW (Hernidndez-Rodriguez et al.
2017; Dey et al. 2018; Asare-Bediako et al. 2020).

Our results suggest a longer and more frequent exposure
of MD2 plants to PMWaV3 than to the other viruses in the
Valle del Cauca region. PMWaV3 is the only virus species
present in multiple and single infections. The high frequen-
cies of PMWaV3 in the region could be related to an evolu-
tionary advantage of this species associated with the com-
bined effect of its early invasion, the common use of suckers
from the same plants for plant propagation, and the pres-
ence of its potential vector, D. brevipes. However, a current
association between the PMWaV species found and PMW
could not be confirmed because of the absence of symp-
toms in the explored MD2 pineapple fields. In Colombia,
PMW symptoms have been previously reported associated
with PMWaV2 infection in two pineapple cultivars in non-
commercial fields in two municipalities: San Martin, Depart-
ment of Meta in cv. Smooth Cayenne and MD?2 hybrid, and
in Montenegro, Department of Quindio, in cv. Manzana

Fig.4 Level of correlation
between PMWaV1, PMWaV2,
and PMWaV3 present in
mealybugs vs. its correspond-
ing presence in plant material
measured using Cramer’s V test.
The intensity of the association
is proportional to the size of the
circle
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(Rodelo 2007, as cited in Moreno et al. 2021). However,
we could not find an association of PMW symptoms and
PMWaV?2 infection in commercial MD2 pineapple fields in
the Valle del Cauca region. This could be associated with the
low detection frequency of PMWaV2 in the studied material
of this cultivar. Moreover, the impact of PMWaV infection
on MD?2 pineapple production and fruit quality has not been
noticed by growers because infected plants show no visible
symptoms. However, pineapple growers need to consider
the risk of using their own plant material for replanting the
following production cycles or of exchanging plant material
between neighbors. The continued use of infected material
could favor mutations in the virus species and the appear-
ance of new virus strains and species with an unpredictable
impact on production.

Additionally, the results of this study on data correlation
suggest that besides the transmission of PMWaVs through
infested plant material, the pineapple mealybug, D. brevipes,
may also be playing a role in virus transmission; however, fur-
ther studies are needed to confirm this hypothesis. The abil-
ity of D. brevipes to acquire and transmit the three PMWaV
species has been determined in previous studies (Sether et al.
1998, 2005; Sether and Hu 2002b; Gambley et al. 2008).
Transmission of PMWaVs by mealybugs is considered semi-
persistent (Sether et al. 1998) and the level of vector-pathogen
specificity for different virus species varies in the family Clos-
teroviridae; some viruses have a wide vector range and others
have been demonstrated to be transmitted by only one insect
species (Karasev 2000). More studies are needed in order to
determine the efficiency of virus transmission in different
pineapple cultivars and the contribution of D. brevipes as a
vector of PMWaV3 in the region.

In conclusion, our results confirmed the presence of three
virus species, i.e., PMWaV1, PMWaV2, and PMWaV3, in
plant material and for the first time in D. brevipes in the
Department of Valle del Cauca, Colombia. At the same time,
we report a high detection frequency of PMWaV3 in both
pineapple plants and mealybugs, with uniform distribution
at the studied localities. These findings will contribute to the
understanding of PMWaV transmission in the region, which
is required for the development of integrated pest manage-
ment strategies.
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