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Abstract

Severe virus-like symptoms consisting of mosaic, distortion, yellowing,
and brittleness were observed on papaya plants in a 20-ha orchard in
South Texas during the 2014–15 growing season. Incidence of symptom-
atic plants increased from ~40 to 100% within 6 months of the outbreak;
the most severely affected plants were stunted, and fruit yield and quality
were reduced compared with asymptomatic plants. The orchard papaya
plant virome was explored using the Illumina NextSeq 500 platform
and results were validated by Sanger DNA sequencing of complete viral
genomes obtained by PCR amplification. The combined results revealed
the presence of Papaya ringspot virus (PRSV; Potyvirus), Lettuce chlorosis
virus (LCV; Crinivirus), and Tomato yellow leaf curl virus-IL (TYLCV-IL;
Begomovirus). The RT-PCR analyses of leaves from 51 randomly sampled

papaya plants indicated the presence of PRSV, LCV, and TYLCV-IL in
100, 39.2, and 15.7% of the samples, respectively. Plants infected with
PRSV, in combination with LCV and/or TYLCV-IL, exhibited more se-
vere symptoms compared with plants infected with PRSV alone. Further-
more, successful whitefly-mediated transmission of TYLCV-IL and
LCVwas accomplished by exposing virus-free papaya seedlings to virulif-
erous Bemisia tabaci (Genn.) under greenhouse conditions. The results of
this study document a new host record for LCV and the first successful
whitefly-mediated transmission of TYLCV-IL and LCV to papaya. As a
perennial crop, infected papaya serving as an over-seasoning reservoir
for TYLCV-IL and LCV, presents a new challenge to viral disease man-
agement in papaya orchards.

Papaya (Carica papaya L.), a plant native to the south of Mexico
and Central America (Fuentes and Santamaria 2014), is cultivated
widely in tropical and subtropical regions of the world primarily
for its edible fruit often consumed fresh or processed into juice. The
green fruit of papaya is also used in salad in many countries of South-
east Asia and papain, an enzyme extract derived from its latex exu-
dates, is widely used as a meat tenderizer. The Food and Agriculture
Organization crop production statistics estimate papaya production at
11.6 million metric tons of fruits in 2014 (FAOSTAT 2016). From
highest to lowest, India (44%), Brazil (12.5%), Nigeria (6.6%), Indo-
nesia (6.6%), Mexico (6.5%), and the Dominican Republic (5.5%),
accounted for ~82% of the world’s production (FAOSTAT 2016).
In the U.S., Hawaii accounts for most of the domestic papaya crop.
However, papayas can be produced commercially in coastal and
southern parts of Texas afforded natural protection from severe
weather conditions. Consequently, growers in the Lower Rio Grande
Valley area of South Texas have invested in papaya production to
meet local demands for the fruit by an increasingly culturally diverse
populace. This “new” crop faces several potential production limita-
tions including biotic and abiotic stresses such as virus diseases.
Compared with many other crop species, plant viruses belonging

to only a few genera have been reported to infect papaya. Among
these are Papaya ringspot virus (PRSV) and Papaya leaf distortion
mosaic virus (PLDMV) (genusPotyvirus; familyPotyviridae),Papaya
mosaic virus (genus Potexvirus; family Alphaflexiviridae), Papaya
meleira virus and Papaya lethal yellowing virus (genus Sobemovirus),

several begomoviruses (family Geminiviridae), and Tomato spotted
wilt virus (genus Tospovirus; family Bunyaviridae).
The most widespread and economically important is PRSV, ubiq-

uitous in papaya-producing regions of the world. Historically, PRSV
outbreaks have been reported in papaya and cucurbits (Fermin and
Gonsalves 2003; Gonsalves 1998). The flexuous, filamentous parti-
cle of PRSV encodes a single stranded, positive sense, 10,326 nt long
RNA that is processed into a large polyprotein subsequently cleaved
into functional proteins by virus-encoded proteases (Purcifull et al.
1984; Yeh et al. 1992). PRSV is mainly transmitted in a nonpersistent
manner by several aphid species (Kalleshwaraswamy and Krishna
Kumar 2008; Purcifull et al. 1984), and by seed (Bayot et al. 1990),
although the latter mode of transmission is considered insignificant
(Fermin and Gonsalves 2003). Two strains of the virus, PRSV-P and
PRSV-W, have been recognized based on natural host range. Both
strains can infect species in Cucurbitaceae but only PRSV-P occurs
naturally in papaya (Gonsalves 1998; Purcifull et al. 1984). Recently,
Tomato yellow leaf curl virus-Israel (TYLCV-IL, Begomovirus) was
reported infecting papaya plants (Alabi et al. 2016), a result that points
to a wider than expected host range for this whitefly-transmitted virus,
notable primarily for the damage it causes to tomato and certain other
cultivated plants (Dı́az-Pendón et al. 2010). To date, no member of the
genus Crinivirus (family Closteroviridae) (Martelli et al. 2011) has
been reported to infect papaya under natural or experimental conditions.
Insect vector-transmitted viruses that cause disease in cultivated or

wild annual and perennial plants present challenges to disease man-
agement because they can serve as virus reservoirs and drivers of
virus evolution. An increased understanding of the ecology of these
viruses is expected to provide insights into epidemiological factors
that could enhance disease management practices. In this study, di-
verse types of whitefly-transmitted plant viruses were associated
for the first time with severe mosaic symptoms in a papaya orchard
in South Texas, U.S.A. Using high throughput sequencing for dis-
covery, together with Sanger DNA sequencing of amplified, cloned
viral genomes, the identity and association of three viruses, Lettuce
chlorosis virus (LCV; genus Crinivirus), TYLCV-IL, and PRSV
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with symptomatic, infected papaya plants in South Texas were deter-
mined. Also, experimental whitefly-mediated transmission was dem-
onstrated for LCV and TYLCV-IL between infected and virus-free
papaya plants.

Materials and Methods
Field assessment and provenance of the sample. The study was

conducted at a 20-ha papaya orchard located in Hidalgo County of the
Lower Rio Grande Valley, Texas (46.2°N, 119.8°W) planted to cv.
Red Maradol. The orchard was established during spring 2014 and
maintained by the grower using standard horticultural practices. During
fall 2014, leaves on some papaya trees developed virus-like symptoms
that consisted of severe mosaic, leaf distortion, vein-clearing, yellowing,
leaf brittleness, or a combination thereof (Fig. 1). The hallmark ringspot
symptom commonly associated with PRSV infection (Fermin et al.
2015) was observed on unripened, green fruit of some of the papaya
trees (Fig. 1D). Green peach aphids Myzus persicae (Sulzer) and
adult whiteflies of the Bemisia tabaci (Gennadius) sibling species
group (Brown 2010) were observed feeding and reproducing on papaya
plants. The disease incidence and spatial distribution patterns were
assessed and recorded for a four-row block in themiddle of the orchard.
Also recorded were yield, plant height, and number of fruit per tree.
Leaf samples were collected from four symptomatic and four asymp-
tomatic plants growing adjacent to one another in the orchard. Care
was taken to ensure that the four symptomatic plants represented the
spectrum of observed field symptoms. All leaf tissue samples were im-
mediately frozen in liquidN2 and stored at –80°C until further analysis.
RNA isolation, quality control, cDNA library preparation,

and sequencing. Total RNA was extracted from leaf samples using
the RNeasy Plant Mini Kit (Qiagen, Valencia, CA) according to
manufacturer’s instructions. The RNA was treated with DNAse I
(Qiagen) and the concentrations determined using a Nanodrop ND-
1000 spectrophotometer (NanoDrop Technologies, Rockland, DE).
The RNA concentrations were measured when the A260/A280 ratio
ranged from 1.8 to 2.2. An equal amount of RNA from subsets
obtained from the same collection was pooled to obtain three sub-
samples. Samples for library preparation consisted of one subsample
from the four nonsymptomatic plants (PMcA-H), and two subsam-
ples from pairs of symptomatic plants (PMcA-D1 and PMcA-D2)
The subsamples were subjected to quality analysis using the Experion
Automated Electrophoresis System (Bio-Rad Laboratories, Inc., Her-
cules, CA), yielding acceptable RNA quality indicator (RQI) and ratio
[28S/18S] values (Supplementary Fig. S1). The ribosomal (r)RNAwas
removed using the Ribo-Zero rRNA Removal Reagents v2 (Plant
Leaf)-Low Input (Epicenter, Madison, WI), according to the manu-
facturer’s instructions. Complementary DNA (cDNA) libraries were
prepared using the ScriptSeq v2 RNA-Seq Library Preparation Kit
(Epicenter), according to the manufacturer’s instructions. The cDNA
libraries were subjected to high-throughput sequencing (HTS) at the
University of Southern California Sequencing Facility using the Illu-
mina NextSeq 500 platform. Bioinformatics analyses of the generated
sequence reads were performed as described previously (Al Rwahnih
et al. 2016).
Validation of HTS results via RT-PCR, cloning, and complete

genome sequencing. To validate the results of HTS, pairs of virus-
specific primers (Table 1) were designed for each virus species recov-
ered, and used to amplify a complete genome for each as overlapping
DNA fragments. For PRSV and LCV, a cDNA template was produced
from the total RNA isolated from two field samples using random hex-
amers and the ThermoScriptT RT-PCR Systems (Life Technologies,
Carlsbad, CA). The cDNA was subjected to PCR with virus-specific
primers to produce overlapping DNA amplicons (Table 1). The 5¢
and 3¢ ends sequences were determined using the Clontech SMARTer
RACE 5¢/3¢ kit (Clontech Laboratories Inc., Mountain View, CA), per
manufacturer’s instructions.
For TYLCV-IL, total DNA from three samples was used as tem-

plates for rolling cycle amplification (RCA), carried out with the
TempliPhi 100 Amplification Kit (GE Healthcare Biosciences Corp.,
Cranbury, NJ). The RCA template was subjected to PCR amplifica-
tion using two different pairs of abutting primers, based on the HTS

sequences (Table 1) (Alabi et al. 2016). The PCR reactions were car-
ried out in a 25 ml reaction volume using the PrimeSTARGXLDNA
Polymerase (Clontech Laboratories, Inc.), according to the manufac-
turer’s recommendations.
For the RNA viruses, PCR cycling used touchdown PCR consisting

of an initial denaturation step at 95°C for 5 min, followed by 15 cycles
for denaturation: 94°C for 30 s; annealing: 68°C or 65°C for 30 s (1°C
decrease per cycle; extension: 72°C for 1 kb per min rate), followed by
25 cycles at 53°C or 50°C annealing, respectively (Table 1). The
TYLCV-IL sample was subjected to PCR using the PrimeSTAR
GXL DNA Polymerase Rapid PCR Protocol (Clontech Laboratories,
Inc.). Cycling was performed in a S1000TM Thermal Cycler (Bio-
Rad Laboratories, Inc., Hercules, CA). The presence and expected
size of each PCR amplicon was examined by electrophoresis in
1% agarose gel prestained with ethidium bromide, in TAE buffer
pH 8.0, using a 1 Kb Plus DNA ladder (Life Technologies). The
expected size DNA band was eluted from the gel (ZymocleanTM
Gel DNA Recovery Kit, Zymo Research Corp., Irvine, CA), A-tailed,
and cloned into pCR2.1 TOPO-TA vector (Life Technologies). Plasmid
DNA isolated from three clones per amplicon (GenElute, Sigma-
Aldrich Corp., St. Louis, MO) were subjected to bidirectional Sanger
DNA sequencing. A consensus sequence for three clones per virus,
and the putative full-length viral genome assemblies, were obtained
using BioEdit (Hall 1999). Sequence annotations and open reading
frame (ORF) predictions were performed using the SnapGene Viewer
2.8.2 software (GSL Biotech; snapgene.com). Multiple sequence
alignment of the nucleotide (nt) and amino acid (aa) sequences were
performed using the MUSCLE program (Edgar 2004), implemented
in theAnalysis ToolWeb Services from the EMBL-EBI site (McWilliam
et al. 2013). Aligned sequences were used to determine phylogenetic re-
lationships (Kumar et al. 2016) and percent nucleotide identity between

Fig. 1. Disease symptoms observed on papaya plants in a Texas orchard. The
symptoms consisted of severe mosaic (A), leaf distortion (B), vein-clearing and leaf
brittleness (C), and yellowing (A and C). Ringspot blemishes were also observed on the
surface of fruits (D). Papaya trees in the orchard showed different combinations of these
symptom types (E).
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sequences for each viral species (Hall 1999). Graphical representations of
genome-wide sequence comparisons were made with Simplot v3.5.1
(Lole et al. 1999), and selected reference isolate sequences obtained from
the GenBank database were included in the analysis for each virus.
RT-PCR screening of field samples. The percent detection of

PRSV, LCV, and TYLCV-IL, and frequency of occurrence as a sin-
gle or mixed infection in the papaya orchard, was determined by RT-
PCR amplification from purified RNA or DNA isolated from leaves
of 51 field-infected, symptomatic papaya plants. Three pairs of virus-
specific diagnostic primers were designed and used for detection of

PRSV (PRSV-F1 [nt1616] and PRSV-R4 [nt2899]; expected size
~1.2 kbp), LCV (LCV-50 and LCV-25; expected size 482 bp), and
TYLCV (V1701 and C515; expected size ~1.7 kbp) (Idris and Brown
1998) (Table 1). The amplicons were cloned and the DNA sequence
determined using Sanger sequencing, with assembly and analyses, as
described above. A log-likelihood ratio test was used to compare the
proportion of plants infected by each virus using the PROC FREQ of
SAS (SAS Institute 2008).
Whitefly transmission. Six symptomatic papaya plants that tested

positive for various combinations of HTS-detected viruses were

Table 1. Primers and PCR conditions used for the amplification of complete genomes of isolate PTX of Papaya ringspot virus (PRSV), Lettuce chlorosis virus
(LCV), and Tomato yellow leaf curl virus-Israel (TYLCV-IL) as overlapping DNA fragments and their expected product sizes

Primer namea Sequence (59-39)

Annealing temperatureb

(bp) TargetCycle 1 Cycle 2

PRSV 5¢ end (nt1) AAATAAAACATCTCAACACAACATAATCAAAAGC
PRSV-R1 (nt1670) GCTTACCTTCAAGACGTCCTCGGACAACG 68°C (–1°C/cycle

for 15 cycles)
53°C (25 cycles) 1,670 PRSV

PRSV-F1 (nt1616)c GTGGGGCGATATTTTGGTGATTATTTCGTTG
PRSV-R4 (nt2899)c CAGCTGATTTGCGCATGTTGCGACATC 68°C (–1°C/cycle

for 15 cycles)
53°C (25 cycles) 1,283 PRSV

PRSV-F3 (nt2666) ATCGTTCTTGGTAATTCTGGTGATCC
PRSV-R6 (nt6653) CTTGCACCATTGAAATATCAGTCTGTGG 68°C (–1°C/cycle

for 15 cycles)
53°C (25 cycles) 3,787 PRSV

PRSV-F5 (nt6495) AGAAAGGAAAGATGCATGGCATG
PRSV-R8 (nt9087) CTTAATCCAACTTCTGAGACGTATG 65°C (–1°C/cycle

for 15 cycles)
50°C (25 cycles) 2,592 PRSV

PRSV-F8 (nt9034) CAATGAGTTGGCGAAACAAGGAAGGGCCCCATACG
PRSV-3¢ end (10320) CTCTCATTCTAAGAGGCTCAAATAACACGTG 68°C (–1°C/cycle

for 15 cycles)
53°C (25 cycles) 1,286 PRSV

LCV-50 (nt1)c GAAATCAAACTTTCCTTCG
LCV-25 (nt483)c GGCATCCTGTTAAATCTGCA 68°C (–1°C/cycle

for 15 cycles)
50°C (25 cycles) 483 LCV RNA1

LCV1-F1 (nt263) GTCACGTTAAGACTAGTGAGGTCTC
LCV1-R4 (nt3062) TCACCTCTCTCTGCAGTATACATATC 68°C (–1°C/cycle

for 15 cycles)
53°C for
25 cycles)

2,799 LCV RNA1

LCV1-F3 (nt2523) CGTCGAATATGCAATGAATACTGTGCTAAG
LCV1-R6 (nt4735) CACTCACGCAGTCCAATAGCAAGTC 68°C (–1°C/cycle

for 18 cycles)
50°C (25 cycles) 1,963 LCV RNA1

LCV1-F5 (nt4486) GAACTGGGTTATGACGGCAAAGAAGTG
LCV1-R8 (nt7703) CCACATAGAGATTTATTGTAAGTTTGAGTC 68°C (–1°C/cycle

for 18 cycles)
50°C (25 cycles) 3,217 LCV RNA1

LCV1-F7 (nt7489) CATACATTGCATGTATGCAAACATGGTGGC
LCV55 (nt8220) CGGCCTAGTTATTCTATTAACTAGTCTCTC 65°C (–1°C/cycle

for 15 cycles)
50°C (25 cycles) 1,102 LCV RNA1

LCV 5¢ end (nt1) GAAATTTCCACGGTTTCCCCG
LCV-R2 (nt1558) GGTACCAAAGTCCAACCCTGCCTTAGCTGC 68°C (–1°C/cycle

for 15 cycles)
53°C (25 cycles) LCV RNA2

LCV2-F1 (nt332) GTGTACGGTGCATACCTCACGATG
LCV2-R4 (nt2598) GAACATCCAAAAGACACGGCAGATCG 68°C (–1°C/cycle

for 18 cycles)
50°C (25 cycles) 2,266 LCV RNA2

LCV2-F3 (nt2300) GAAGCCAATTCAAGTGGTAGGGAGTC
LCV2-R6 (nt5789) CTTACCAGTGGCTTTCAGAATTTCAATGTC 68°C (–1°C/cycle

for 18 cycles)
50°C (25 cycles) 3,489 LCV RNA2

LCV2-F5 (nt5526) GTTGACGGTGAACCAACTGCTGATG
LCV2-R8 (nt8556) CGGCCTAGCTATACTACTAACTAGTCG 68°C (–1°C/cycle

for 15 cycles)
53°C (25 cycles) 3,030 LCV RNA2

TYPap-C1a_F (nt1607) GCTCGTAGAGGGTGACGAAG
TYPap-C1a_R (nt1591) GAGCCACTGTTCGCAAGTAT 55°C (35 cycles) 2,781 TYLCV-IL
TYPap-C2a_F (nt1358) TGGTTCATTAGAAATGGCCTC
TYPap-C2a_R (nt1396) GATAACAGAACACAGCCAGAGG 55°C (35 cycles) 2,781 TYLCV-IL
V1701 (nt 1507)c GGTAGTATGAGGATCCACAGTCTAGGTCT
C515 (nt471)c CTKGGCTTHCTRTAYATRGGCC 55°C (35 cycles) ~1,700 TYLCV
2195-F TTGATTTTTTGGTCATCCAGAAGT
3014-R TCCAATCGACTAATCTGCCATATTA 52°C (35 cycles) 816 Bemisia

mCOI gene

a Nucleotide (nt) positions based on sequences of PRSV isolate Mex-VrPO (AY231130), LCV RNA1 isolate California (FJ380118), LCV RNA2 isolate Cal-
ifornia (FJ380119), and TYLCV-IL isolate P3-T1-3 (KX024639).

b A touchdown PCR employed for each primer sets targeting PRSV and LCV.
c Diagnostic primers for routine detection of PRSV, LCV, and TYLCV.
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transplanted into pots and maintained in a greenhouse, to be used as
virus source plants. Fifty seed-propagated and virus-free recipient
(test) papaya seedlings were placed near the six symptomatic virus-
infected papaya plants and greenhousewhiteflieswere allowed feeding
access to the source and test plants. After 5 months, test plants were
analyzed for the presence of the HTS-detected viruses using virus-
specific diagnostic primers (Table 1) as described above. The percent
infection as single and mixtures of the various virus species were de-
termined. Adult whiteflies were sampled randomly from test plants,
pooled into a vial consisting of 20 individuals, and DNAwas isolated
using a modified version (Ogbe et al. 2006) of the Dellaporta method
(Dellaporta et al. 1983). An aliquot of whitefly total DNA was tested
for the presence of each virus. The B. tabaci sibling species group
haplotype was identified by PCR amplification of an ~800 bp fragment
of the mitochondrial cytochrome oxidase I (mtCOI) gene (Table 1),
according to Frohlich et al. (1999), followed by DNA sequencing of
the cloned amplicon, and BLASTn analysis. The nucleic acid extract
from each field- and greenhouse-collected leaf sample was subjected
to PCR amplification using the mtCOI primers to determine if whitefly
DNA was present in the total DNA purified from papaya leaves.

Results
Disease symptoms, spatial analysis, and negative impacts. Spa-

tial analysis of a four-row block of trees located in the middle of the
orchard revealed 51% disease incidence upon the first visit to the or-
chard during fall 2014. The symptomatic papaya plants were concen-
trated at the south end of the block, and a diffuse symptom gradient
could be discerned in the direction of the north end of the block, sug-
gesting a pattern of spread reminiscent of an arthropod vector(s).
Symptoms observed on affected plants consisted of severe mosaic,

leaf distortion, vein-clearing, yellowing, leaf brittleness, and a combination
of the different symptom phenotypes (Fig. 1). The symptoms were
distinguishable as two categories termed the PRSV infection-like
(Fig. 1A, B, and D) and the yellows type (Fig. 1C) phenotypes. The
PRSV infection-like phenotype consisted of a foliar, chlorotic mosaic
(Fig. 1A), leaf distortion (Fig. 1A and B), and ringspots on the fruit
surface (Fig. 1D). The yellows phenotype was characterized by over-
all yellowing of leaves, vein-clearing, and leaf brittleness (Fig. 1C).
Papaya plants exhibiting the ‘yellows’ phenotype were often more
stunted than those showing characteristic PRSV infection-like symp-
toms. Based on differences in symptomology among the diseased pa-
paya plants, the presence ofmultiple virus-like pathogenswas suspected.
Analysis of 16 pairs of asymptomatic and adjacent symptomatic

papaya trees during fall 2014 indicated that tree height and produc-
tion of fruits were reduced by 7.5 and 23.8%, respectively, indicating
a negative effect of the disease on papaya trees (Supplementary Fig.
S2). Based on the collective symptom phenotypes, incidence peaked
at 100% by spring 2015, or 6 months after the initial visit, indicating
increased disease spread.

Detection of viruses by Illumina sequencing.The number of total
trimmed 75 nt single end reads produced from the three cDNA libraries
ranged from 24 to 28 million. The reads were assembled into 54,931 to
63,768 contigs (Table 2). Annotations and tblastx analyses of these
contigs against reference viral genomes in the NCBI database recov-
ered genome sequences of PRSV, LCV, and TYLCV-IL (Table 2).
Further analysis of the HTS contigs resulted in nearly complete ge-
nome sequence assemblies of PRSV, and the RNA1 and RNA2 com-
ponent of LCV from all three cDNA libraries (Table 3). In contrast, a
combined analysis of reads from the three libraries resulted in assembly
of only one 301-nt contig that mapped to the genome of TYLCV-IL
(Table 3). The results indicated detection of a mixture of plant RNA
and DNA viruses in both symptomatic and asymptomatic papaya
plants. PRSV is a well-documented, economically important virus
and causal agent of papaya ringspot disease (Fermin et al. 2015).
However, this is the first report of papaya plants serving as a host
of the whitefly-transmitted crinivirus LCV and the association of the
whitefly-transmitted geminivirus, TYLCV-IL in papaya, which has
been described in a preliminary report (Alabi et al. 2016). The detection
of viral sequences in asymptomatic papaya plants (PMcA-H cDNA li-
brary; Table 2) underscores the sensitivity of the HTS technology for
profiling viral communities even when present in low titers and/or
symptoms are not yet apparent in infected plants.
Validation of Illumina sequencing results. To validate viral de-

tection by Illumina sequencing, the complete genome was separately
determined by a second method. The viral genome sequences were
obtained by PCR amplification of overlapping DNA fragments using
virus-specific primers, based on the respective HTS-derived se-
quence (Table 1), and Sanger DNA sequencing by primer-walking.
The apparently complete genome sequence for PRSV consisted of five
overlapping DNA fragments ranging in size from 1,283 to 3,787 bp
(Table 1). The apparently full length assembled LCV RNA1 compo-
nent comprised five overlapping DNA fragments ranging from 483
to 3,217 bp, whereas the LCV RNA2 component was assembled
from four overlapping DNA fragments of 556 to 3,489 bp in size
(Table 1). The N-terminal extremities of PRSV, LCV RNA1, and LCV
RNA2 were confirmed by 5¢-RACE, and the 3¢-RACE assay was used
to determine the C-terminal extremities of LCV RNA1 and RNA2
(Table 1). Finally, the apparently full length TYLCV-IL ssDNAgenome
sequence was 2,781 bp in size (Table 1). Each Sanger-determined viral
genome was 100% identical at the nt level with the respective HTS-
derived sequence. The Sanger-determined sequence for each virus was
deposited in the GenBank database.
Comparative viral genome analyses: Papaya ringspot virus. The

ssRNAPRSV genome sequence, at 10,320 nt as determined by Sanger
sequencing, was deposited in GenBank as the isolate PRSV-PTX (ac-
cession no. KY271954; Fig. 2A). However, only 79.2, 77.2, and 82.1%
of the genome were recovered from cDNA libraries PMcA-H (asy-
mptomatic plants), PMcA-D1, and PMcA-D2 (symptomatic plants),
respectively, when the Illumina platform was implemented (Table 3).
The PRSV-PTX 5¢ untranslated region (UTR) and 3¢UTR were 85

and 206 nt in length, respectively (Table 4). As has been reported for
previously characterized PRSV strain P isolates (Noa-Carrazana
et al. 2007; Yeh et al. 1992), 10 protein products could be predicted

Table 2. Classification and abundance of sequence reads generated by Illu-
mina sequencing from three complementary DNA (cDNA) libraries prepared
from asymptomatic (PMcA-H) and symptomatic (PMcA-D1 and PMcA-D2)
papaya plants

Illumina readsa
cDNA library

PMcA-H PMcA-D1 PMcA-D2

Total reads 26,416,962 28,335,783 24,188,709
Trimmed reads 26,340,043 28,261,498 24,143,896
# Contigs 63,768 61,860 54,931
Mapped to PRSV 217,191 583,856 1,642,246
Mapped to LCV RNA1 312 340 399
Mapped to LCV RNA2 579 630 641
Mapped to TYLCV-IL 153 75 80
Unmapped reads 3,478,428 4,435,994 3,231,046

a The Illumina reads generated from each cDNA library were mapped to virus/
viroid database. PRSV = Papaya ringspot virus (genus Potyvirus); LCV =
Lettuce chlorosis virus (genus Crinivirus); and TYLCV-IL = Tomato yellow
leaf curl virus-Israel (genus Begomovirus).

Table 3. Read lengths and percent (%) genome coverage for viruses detected
via Illumina sequencing of three complementary DNA (cDNA) libraries pre-
pared from asymptomatic (PMcA-H) and symptomatic (PMcA-D1 and
PMcA-D2) papaya plants

Viruses detecteda
Read length (% genome coverage)

PMcA-H PMcA-D1 PMcA-D2

PRSV 8,172 (79.2%) 7,970 (77.2%) 8,472 (82.1%)
LCV RNA1 6,075 (70.7%) 5,536 (64.4%) 7,548 (87.9%)
LCV RNA2 7,319 (85.5%) 5,369 (62.8%) 7,671 (89.7%)
TYLCV-IL 301 (10.8%)

a PRSV = Papaya ringspot virus (genus Potyvirus); LCV = Lettuce chlorosis
virus (genus Crinivirus); and TYLCV-IL = Tomato yellow leaf curl virus-
Israel (genus Begomovirus).
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based on PRSV-PTX polyprotein (3,342 aa) viral-encoded protease
cleavage sites (Fig. 2A). As shown in Figure 2A, the PRSV isolates
from the Americas including PRSV-PTX (this study), PRSV-HA
(S46722) (Yeh et al. 1992), and PRSV-Mex-VrPO (AY231130)
(Noa-Carrazana et al. 2007) are more closely related to each other
than to the Asian isolates, PRSV-P-Thai (AY162218), PRSV-W
(AY010722), PRSV-CI (AY027810), and PRSV-YK (X97251)
(Fig. 2A).
The results of within-species pairwise comparisons of the complete

PRSV-PTX genome (96%), and the polyprotein at the nt (96%) and
amino acid (aa) (97%) levels, indicated the isolate was most closely re-
lated to PRSV-Mex-VrPO, a severe PRSV strain P isolate (Table 4)
reported from Veracruz, Mexico (Noa-Carrazana et al. 2007). Also,
the individual protein sequences encoded by PRSV-PTX and the N-
and C-terminal UTRs were most identical to the analogous regions
of PRSV-Mex-VrPO (Table 4). Interestingly, Veracruz State, Mexico,
and the Lower Rio Grande Valley, Texas, study sites share a common
proximity with the Gulf of Mexico that has facilitated the exchange of
plant materials between the two locales.
Lettuce chlorosis virus. The LCV RNA1 and RNA2 sequences

(isolate LCV-PTX) determined herein by Sanger sequencing were
8,592 bp (Fig. 2B; KY271955) and 8,556 bp (Fig. 2C; KY271956)
in size, respectively. For this isolate, only 70.7, 64.4, and 87.9% of
the RNA1 genome segment was recovered by Illumina sequencing
from cDNA libraries PMcA-H, PMcA-D1, and PMcA-D2, respec-
tively (Table 3). Similarly, for the LCV RNA2, 85.5, 62.8, and
89.7% were recovered from Illumina-sequenced cDNA libraries
PMcA-H, PMcA-D1, and PMcA-D2, respectively (Table 3). By

comparison, the recovery of LCV RNA1 was slightly greater than
for LCV RNA2. The RNA1 and RNA2 segments of LCV-PTX were
identical in sequence to a California LCV isolate (LCV-CA) (Fig. 2B
and C), which itself is distantly related to other criniviruses (Salem
et al. 2009). However, while the RNA2 of LCV-PTX shares 100%
nt identity with LCV-CA, the RNA1 of the two isolates diverged
by 1% at the N-terminal portion of ORF1a (Fig. 2B), owing to amino
acid substitutions at different positions in the papain-like protease
(P-Pro) domain of the virus (Supplementary Fig. S3).
Tomato yellow leaf curl virus-IL. One begomovirus monopartite

genome component of 2,781 nt, identified by BLASTn analysis as
TYLCV-IL, was detected by Sanger sequencing from three symp-
tomatic papaya samples (Alabi et al. 2016). By Illumina sequencing,
the combined reads from three cDNA libraries produced a single con-
tig comprising 10.8% of the size expected for the Sanger-sequenced
genome identified by BLASTn as TYLCV-IL (Table 3). The pair-
wise comparison of 12 full-length genome sequences were 99 to
100% nt identical to each other, shared their maximum nt identities
at 98 to 99% with, and were phylogenetically most closely related
to TYLCV-IL from Sinaloa, Mexico (EF523478) (Fig. 3). The se-
quences for the complete genome sequences have been deposited
in GenBank as the accession nos. KX024639–50. Perhaps unexpect-
edly, the complete genome sequences of the papaya-infecting
TYLCV-IL isolates were relatively more diverged (up to 3%) from
a tomato-infecting isolate of the virus (EF110890) described earlier
from Texas (Isakeit et al. 2007). Notably, the papaya isolates lack
a 29-bp deletion occurring in the intergenic (nonprotein coding) re-
gion between nt coordinates 2,700 and 2,728 of the Sinaloa tomato

Fig. 2. Sliding-window Simplot graphs showing genome-wide comparisons of isolate PTX of Papaya ringspot virus (PRSV) (A), Lettuce chlorosis virus (LCV) RNA1 (B), and LCV
RNA2 (C) with other isolates of the virus. The Simplots were generated using multiple sequence alignments of virus isolates with a window size of 200 nt and a step size of 20 nts.
Diagrammatic representations of the PRSVand LCV genomes with locations of the encoded proteins from 5¢ to 3¢ are shown above the graphs. Details of genome organizations of
PRSV (Fermin et al. 2015) and LCV (Salem et al. 2009) are available.
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isolate (Supplementary Fig. S4). The discovery of this previously un-
reported TYLCV-IL strain in Texas suggests that either the papaya
isolate has been recently introduced into Texas on plants or by dis-
persing viruliferous B. tabaci whitefly, or that it has been present
in the region for some time but undetected.
Single and mixed infections in papaya orchards. Molecular

screening of 51 orchard-collected papaya samples by PCR amplifica-
tionwith virus-specific primers (Table 1) designed to detect each of the
three viruses discovered by Illumina sequencing, detected PRSV,
LCV, and TYLCV-IL in 100% (51/51), 39.2% (20/51), and 21.6%
(11/51) of samples (Fig. 4A). Thus, a significantly higher proportion
of plants were infected with PRSV (100% or 51/51) relative to LCV
(39.2% or 20/51) and TYLCV-IL (21.6% or 11/51), both of which
had comparable incidence levels (x2 = 69.43, df = 2, P < 0.0001).
The results also revealed the predominance of plants singly infected
with PRSV (54.9%) over infections containing mixtures of different
combinations of viruses (45.1%) (x2 = 36.68, df = 3, P < 0.0001;
Fig. 4A). Among the 51 samples, LCV and TYLCV-ILwere never de-
tected singly infecting papaya plants. Symptoms observed on plants in-
fected with PRSV alone or in a mixed infection of PRSV +TYLCV-IL
manifested primarily as the PRSV infection-like phenotype, e.g., mo-
saic and leaf distortion and leaves that were firm to the touch (Fig. 5A).
In contrast, leaves of plants harboring mixed infections consisting of
LCV+PRSV,with or without TYLCV-IL, showed partial or complete
foliar yellowing, vein-clearing, reduced leaf size, and brittleness (Fig.
5B). Thus, infection of papaya plants by LCV appeared to be a com-
mon denominator among plants exhibiting a ‘yellows symptom pheno-
type’, and one that points to the possibility for synergistic interactions
between LCV and PRSV in the yellows (Fig. 5B) compared to the
characteristic PRSV symptom phenotype (Fig. 5A) in papaya plants.
Whitefly-mediated transmission of LCV and TYLCV-IL.Mo-

lecular screening by (RT)-PCR of source plants exposed to virulifer-
ous whiteflies during transmission studies resulted in the detection of
a mixed infection consisting of PRSV + TYLCV-IL in three of six
plants, whereas the rest of the plants (3/6) were positive for infection
by all three viruses (data not shown). Following a 5-month exposure
of 50 greenhouse-grown recipient papaya plants, propagated from
seed, to viruliferous whiteflies, all plants were tested for all three
viruses. Results indicated 40% (20/50) were positive for TYLCV-IL
alone, 20% (10/50) were infected only by LCV, and 14% (7/50) har-
bored a mixed LCV + TYLCV-IL, while 26% (13/50) were negative
for both whitefly-transmitted viruses (Fig. 4B; Supplementary Fig.

S5). Plants tested positive for LCV ± TYLCV-IL showed systemic
yellowing of the foliage but the symptoms were inconsistent across
infected plants (data not shown). No discernible symptoms were ob-
served on plants infected with TYLCV-IL.
The whiteflies sampled as cohorts of individuals that were col-

lected randomly from the greenhouse-grown papaya seedlings, also
tested positive for LCV and TYLCV-IL. Among the 50 papaya plant
and whitefly cohort samples, none tested positive for PRSV (data not
shown). Also, when PCR primers that amplify a fragment of the
whitefly mtCOI (Frohlich et al. 1999) were used to test total nucleic
acids isolated from papaya leaf samples for presence of contaminat-
ing whitefly DNA, no PCR product was detectable in any sample, ex-
cluding the possibility that LCV and TYLCV-IL detection in plants
that were positive for virus presence, was due to whitefly DNA con-
tamination of the leaf samples. Based on PCR amplification of the
whitefly mtCOI gene fragment (~800 bp), DNA sequencing, and
BLASTn analysis of resultant cloned amplicons, the B. tabaci white-
fly associated with virus transmission in the greenhouse was identi-
fied as a Q-like biotype (Alabi et al., unpublished data). Thus, this
result implicates the Q biotype of B. tabaci as a whitefly vector of
LCV and TYLCV-IL to papaya, and as a potential vector of these
viruses to other susceptible plant hosts.

Discussion
This study reports the association of single and/or mixed infections

of LCV, PRSV, and TYLCV-IL with a severe virus disease of papaya

Table 4. Percent (%) nucleotide (nt) and amino acid (aa) identities between
untranslated regions (UTR), cleaved proteins and complete genome of Pa-
paya ringspot virus isolate PTX (PRSV-PTX) derived in this study (GenBank
accession no. KY27195) and corresponding sequences of other PRSV
isolatesa

PRSV-
PTX

Length
(bp)

Mex-
VrPo HA W

P-
Thai CI YK

nt aa nt aa nt aa nt aa nt aa nt aa

Genome 10,320 96 - 93 - 83 - 83 - 83 - 83 -
5¢UTR 85 99 - 92 - 68 - 67 - 72 - 67 -
Polyprotein 3,342 96 97 93 95 83 91 83 91 83 91 83 91
P1 1,641 96 96 89 86 71 67 72 67 71 68 71 69
HC-Pro 1,371 98 99 92 96 86 96 87 96 87 95 87 96
P3 1,035 94 94 94 94 87 96 85 94 86 96 87 96
6K1 156 90 90 91 94 85 96 86 92 86 96 84 90
CI 1,905 92 98 94 98 86 99 86 97 86 98 86 97
6K2 171 92 93 93 93 87 95 88 95 87 91 88 91
VPg 567 96 99 92 95 84 94 84 93 81 93 83 94
NIa-Pro 714 97 99 95 97 82 93 83 94 82 93 82 95
NIb 1,551 97 99 93 97 83 97 82 95 83 96 83 96
CP 918 97 97 93 96 88 94 88 92 88 93 87 92
3¢UTR 206 98 - 92 - 91 - 91 - 89 - 91 -

a GenBank accession numbers of the PRSV isolates used for comparisons are
AY231130 (PRSV-Mex-VrPO), S46722 (PRSV-HA), AY010722 (PRSV-W),
AY162218 (PRSV-P-Thai), AY027810 (PRSV-CI), and X97251 (PRSV-YK).

Fig. 3. The unrooted neighbor-joining tree depicting evolutionary relationships among
isolates of different Tomato yellow leaf curl virus (TYLCV) strains. The percentage of
replicate trees in which the associated virus isolates clustered together in the bootstrap
test (1,000 replicates) are shown next to the branches (Felsenstein 1985). The tree is
drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were
computed using the maximum composite likelihood method (Tamura et al. 2004)
and are in the units of the number of base substitutions per site. The analysis was
conducted in MEGA7 (Kumar et al. 2016) and involved complete genome
sequences of 37 TYLCV isolates. Sequences with GenBank accession nos.
KX024639–50 were derived in this study while others were retrieved from the
GenBank database. Colored texts denote different strains of the virus.
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in a commercial orchard located in Texas. Whereas papaya is a well-
known host of PRSV, the detection and characterization of LCV and
TYLCV-IL isolates associated with papaya extends our knowledge
of the natural host range for two widely distributed whitefly-
transmitted viruses, known primarily to infect vegetable crops. In ad-
dition to being taxonomically distinct, these three viruses differ with

respect to morphological and biological properties. Whereas LCV
and PRSV each possess a linear positive-sense ssRNA genome
encapsidated in a long flexuous particle, the circular positive-sense
ssDNA genome of TYLCV-IL is encapsidated in a geminate (twinned)
isometric particle. Further, the three viruses also differ in genome size
and organization, number of encoded proteins, and by their particular

Fig. 4. Relative proportions of single versus mixed infections of Lettuce chlorosis virus (LCV), Papaya ringspot virus (PRSV), and Tomato yellow leaf curl virus-Israel (TYLCV-IL)
in papaya plants under field (A) and greenhouse (B) conditions. A total of 51 papaya plants were evaluated for the field assessment while 50 virus-free papaya seedlings were used
for the whitefly transmission experiment under greenhouse conditions (B).

Fig. 5. Expressions of two distinct symptom phenotypes in virus-infected papaya plants under field conditions. The Papaya ringspot virus (PRSV)-like phenotype consisted of
mosaic with or without leaf distortion (A) while the yellows phenotype is characterized by foliar yellowing, vein-clearing, and brittleness (B). Plants showing the yellows
phenotype consistently harbored mixed infection of Lettuce chlorosis virus (LCV) ± Tomato yellow leaf curl virus-Israel (TYLCV-IL), whereas those showing the PRSV
infection-like phenotype are positive for PRSV ± TYLCV-IL. The field IDs for each plant are indicated.
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insect vector and transmission characteristics. With respect to
protein-coding capacity, the PRSV genome encodes 10 mature pro-
teins produced via polyprotein cleavage by viral-encoded proteases
(Fig. 2A) (Yeh and Gonsalves 1985), whereas LCV possesses a bi-
partite genome whose components are separately encapsidated
(Martelli et al. 2011), collectively encoding at least 13 proteins (three
on RNA1 and 10 on RNA2) (Fig. 2B and C) (Salem et al. 2009). The
relatively smaller monopartite genome of TYLCV-IL on the other
hand encodes two virion-sense and four complementary-sense over-
lapping proteins separated by an intergenic (nonprotein coding) re-
gion. In addition, PRSV is horizontally-transmitted by aphids in a
nonpersistent manner (Gonsalves 1998) whereas LCV and TYLCV
are whitefly-transmitted in semipersistent (Duffus et al. 1996) and
persistent (Cohen and Nitzany 1966) manners, respectively. Tomato
is the primary host of TYLCV, although its occurrence has been
documented in several asymptomatic cultivated and weed plant
species (Hamilton et al. 2015 and references therein). In contrast,
PRSV infects species spanning several plant families including
Amaranthaceae, Caricaceae, Cucurbitaceae, and Fabaceae (Fermin
et al. 2015 and references therein) while LCV has a relatively wider
host range consisting of cultivated and weed plant species belong-
ing to 13 families (Tzanetakis et al. 2013 and references therein).
In a previous study, papaya was reported as a non-TYLCV host

(Dickey et al. 2012), leading to the adoption of continuous use of
the papaya banker plant system in reduced-chemical management
of B. tabaci in tomato greenhouses (Xiao et al. 2011). Therefore, this
first report of TYLCV-IL infection of papaya plants (Alabi et al. 2016
and this study) is significant in that it demonstrates that the B. tabaci
Q biotype is capable of feeding on papaya plants, and of transmitting
the virus between papaya plants. These findings also have broad impli-
cations for whitefly vector management in papaya orchards, and in
nearby tomato producing areas, both in the field and greenhouse oper-
ations. Papaya is a perennial host plant and the whiteflyB. tabaciB and
Q biotypes are considered polyphagous vector species. The subtropical
conditions of the southern region of Texas support high whitefly pop-
ulation levels during much of the year, and provide ‘green bridge’ veg-
etation for the survival of TYLCV and other damaging viruses in
plants, year round. In addition, the location of the papaya orchard near
the U.S.-Mexico border puts each country at risk due to the potential
for exotic virus introductions. Thus, similar to other perennial (Hammond
1981; Prendeville et al. 2012; Raybould et al. 1999) andwild (Alabi et al.
2008; Tugume et al. 2016) plant species harboring mixed virus infec-
tions, papaya can serve as an overwintering and oversummering host
to agriculturally relevant virus species.
The increased affordability of HTS technologies is expected to in-

crease the likelihood of virus detection, not only in symptomatic
plants, but also of asymptomatic infections. As shown in Table 2,
comparatively equal number of Illumina reads were recovered from
cDNA libraries PMcA-H (asymptomatic plants), PMcA-D1, and
PMcA-D2 (symptomatic plants), respectively, when the Illumina
platform was implemented. Furthermore, the genome coverages for
each of the three detected viruses were comparatively similar for
all three cDNA libraries (Table 3). These results further underscore
the versatility of the HTS technology for plant virus detection under
low titer conditions (Al Rwahnih et al. 2015) and when symptoms of
virus infection may be unapparent in infected plants.
Symptoms observed on plants singly infected by PRSV or harbor-

ing PRSV + TYLCV-IL (Fig. 5A) were consistent with those de-
scribed previously for PRSV (Hamilton et al. 2015), but differed
considerably among the plants harboring a mixed PRSV + LCV in-
fection, or a combination of the three viruses (Fig. 5B). Symptoms in
papaya plants exhibiting the ‘yellows phenotype’ were more severe
than those observed for singly infected plants, suggesting a possible
synergism due to virus-virus interactions in infected papaya plants.
Because LCV is the common denominator associated with the two
different symptom phenotypes observed in virus-infected papaya
plants, it is hypothesized to have a key role in synergism. Similar syn-
ergistic outcomes have been documented for coinfections of other
crinivirus-potyvirus combinations; including Sweet potato chlorotic
stunt virus and Sweet potato feathery mottle virus in sweet potato

(Karyeija et al. 2000), Blackberry yellow vein-associated virus and
Blackberry virus Y in blackberry (Susaimuthu et al. 2008), and Let-
tuce infectious yellows viruswith Turnip mosaic viruses in Nicotiana
benthamiana (Wang et al. 2009). Future studies are needed to deter-
mine if the interaction between LCV and PRSV in mixed-infected
papaya plants may alter the titer of either or both viruses and what
(if any) role TYLCV-IL may contribute to these interactions.
The results of the whitefly transmission experiment showed that

both LCV and TYLCV are transmissible between papaya plants,
and provide support for the plausible outbreak caused by both viruses
in the papaya orchard. However, while LCV incidence was greater
(39.2%) than TYLCV-IL (21.6%) under field conditions (Fig. 4A),
the converse was true in greenhouse-grown plants (Fig. 4B). This
may possibly be explained by the suspected over-seasoning of
LCV in resident weeds within the orchard or adjoining fields,
whereas TYLCV-IL inoculum sources within or outside the orchard
are thought to be fewer at the study location. Conversely, high inci-
dence of TYLCV-IL (54%) relative to LCV (34%) in the greenhouse-
maintained papaya plants (Fig. 4B) could possibly have occurred
because there were more TYLCV-IL (6/6) than LCV (3/6) source
plants. It is also possible that TYLCV-IL is more efficiently acquired
and transmitted by the Q biotype than LCV. Also, TYLCV-IL is per-
sistent and transmitted for life by the whitefly B. tabaci (Rubinstein
and Czosnek 1997; Sánchez-Campos et al. 2016), while LCV is non-
circulative, and lost from the vector within days post-acquisition
(Duffus et al. 1996), and so must be ingested and acquired for each
round of inoculation that leads to transmission. How these different
transmission modes may influence virus incidence and spread in pa-
paya plants remains to be determined.
The papaya-associated PRSV and TYLCV-IL isolates each have

genome sequence features (Figs. 2 and 3) that differ from analogous
isolates reported previously in southern Texas, suggesting the possi-
bility that they are both recent introductions. For example, PRSV-
PTX is most closely related to PRSV-Mex-VrPO (Fig. 2A and
Table 4), a severe isolate of PRSV-P reported from the State of Vera-
cruz, Mexico (Noa-Carrazana et al. 2007). And the TYLCV-IL ge-
nome sequences from papaya plants most resemble an isolate from
Sinaloa, Mexico (EF523478), when compared with a previously re-
ported TYLCV-IL from Texas (Isakeit et al. 2007). Once introduced,
the viruses spread to papaya owing to the nearly year-round abundance
of whitefly vector(s). However, the limited availability of LCV se-
quences available in databases makes it difficult to speculate on virus
origin or possible route of entry into the Texas papaya orchard.
In conclusion, the finding herein, together with a recent report

(Alabi et al. 2016), expands the already wide host range of LCV
(Duffus et al. 1996) and TYLCV-IL (Dı́az-Pendón et al. 2010) to in-
clude papaya. The perennial nature of papaya presents challenges for
management of TYLCV-IL and LCV in annual crop hosts, because
papaya can serve as an over-seasoning reservoir for both of these
viruses. While the evidence points to the possibility of synergism be-
tween LCV and PRSV that results in more than additive symptoms in
papaya, studies are needed to characterize the respective viral and
host factors involved.
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