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ABSTRACT 

Kung, Y.-J., Bau, H.-J., Wu, Y.-L., Huang, C.-H., Chen, T.-M., and Yeh, 
S.-D. 2009. Generation of transgenic papaya with double resistance to 
Papaya ringspot virus and Papaya leaf-distortion mosaic virus. Phyto-
pathology 99:1312-1320. 

During the field tests of coat protein (CP)-transgenic papaya lines 
resistant to Papaya ringspot virus (PRSV), another Potyvirus sp., Papaya 
leaf-distortion mosaic virus (PLDMV), appeared as an emerging threat to 
the transgenic papaya. In this investigation, an untranslatable chimeric 
construct containing the truncated CP coding region of the PLDMV P-
TW-WF isolate and the truncated CP coding region with the complete 3′ 
untranslated region of PRSV YK isolate was transferred into papaya 
(Carica papaya cv. Thailand) via Agrobacterium-mediated transforma-
tion to generate transgenic plants with resistance to PLDMV and PRSV. 
Seventy-five transgenic lines were obtained and challenged with PRSV 

YK or PLDMV P-TW-WF by mechanical inoculation under greenhouse 
conditions. Thirty-eight transgenic lines showing no symptoms 1 month 
after inoculation were regarded as highly resistant lines. Southern and 
Northern analyses revealed that four weakly resistant lines have one or 
two inserts of the construct and accumulate detectable amounts of trans-
gene transcript, whereas nine resistant lines contain two or three inserts 
without significant accumulation of transgene transcript. The results indi-
cated that double virus resistance in transgenic lines resulted from double 
or more copies of the insert through the mechanism of RNA-mediated 
posttranscriptional gene silencing. Furthermore, three of nine resistant 
lines showed high levels of resistance to heterologous PRSV strains 
originating from Hawaii, Thailand, and Mexico. Our transgenic lines have 
great potential for controlling a number of PRSV strains and PLDMV in 
Taiwan and elsewhere. 

 
Papaya (Carica papaya L.) is an economically important fruit 

crop widely grown in tropical and subtropical areas. The destruc-
tive disease caused by Papaya ringspot virus (PRSV) is a major 
obstacle for large-scale production of papaya (33). PRSV, first 
found in the southern area of Taiwan in 1975 (45), has destroyed 
most of the papaya plantations on the island (46,50,52). The virus 
belongs to the genus Potyvirus of the family Potyviridae (15). It 
has a positive-sense RNA genome (35) and is transmitted by 
aphids in a nonpersistent manner (33). The viral RNA is trans-
lated into a polyprotein that is processed by three viral proteases 
to generate all final viral proteins (49,53). 

Natural sources of resistance against PRSV in C. papaya is not 
available for conventional breeding (11,12). Effective strategies to 
control PRSV include the application of cross protection with 
mild PRSV strain HA5-1 (48) or pathogen-derived resistance 
(PDR) with transgenic papaya carrying the coat protein (CP) gene 
(16). Cross protection as a control measure was widely used as a 
routine practice in Taiwan for a decade until 1994 (46,48,50,52), 
when superinfection by heterologous PRSV strains was noticed 
(50). Transgenic papaya carrying the CP gene of PRSV HA 5-1 
(48) via microprojectile bombardment (16) is highly resistant to 
the severe Hawaiian HA strain under glasshouse and field condi-
tions (17,28). The resistance is affected by the sequence diver-
gence between the CP transgene and the CP coding region of the 
challenge virus (10,39) and is dosage dependent (38). The CP-
hemizygous line Rainbow is susceptible to non-Hawaiian PRSV 

isolates. Although the CP-homozygous line SunUp is resistant to 
a wider range of isolates from Jamaica and Brazil, it is still 
susceptible to isolates from Thailand and Taiwan (20,21,38). 
Papaya cultivars Rainbow and SunUp have been commercialized 
in Hawaii since 1998, representing the first practical application 
of transgenic fruit crop (21,42). The characteristic of sequence-
homology-dependent resistance, however, limits the application 
of CP-transgenic papaya for controlling PRSV in geographic re-
gions other than Hawaii. 

Transgenic papaya lines carrying the CP gene of a Taiwanese 
strain, PRSV YK, were successfully generated from our labora-
tory (9). They provide resistance to the homologous strain and 
geographically distinct strains of PRSV (2). Results from a 4-year 
(1996–99) field evaluation indicate that the YK CP transgenic 
lines provide new germplasm for managing PRSV in Taiwan (3). 
During the test period, a few transgenic papaya plants expressing 
the YK CP gene exhibited severe symptoms similar to those of 
PRSV infection. A virus, designated as P-TW-WF, was isolated 
from an infected YK CP transgenic plant and was identified as a 
strain of another Potyvirus sp., Papaya leaf-distortion mosaic 
virus (PLDMV) (4,8), which is serologically distinct from PRSV. 
PLDMV was first recorded in the northern part of Okinawa 
Island, Japan, in 1954 (54), and spread throughout the island 
during 1960s (25). The disease caused by PLDMV has been a 
major constraint to papaya production in Okinawa, Japan (30). 
The CP genes of the P-TW-WF isolate from Taiwan and the P56 
isolate of Okinawa (30) share 95.1% nucleotide and 94.9% amino 
acid identities (4). 

Field surveys with the antiserum against the bacteria-expressed 
CP of P-TW-WF revealed a scattered occurrence of PLDMV in 
Taiwan (4). Unlike the cucurbit-infecting Japanese P type isolates 
(29,30), the Taiwanese isolates infect only papaya and are con-
sidered to be a new pathotype of PLDMV (4). The susceptibility 
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of all PRSV-resistant transgenic papaya lines to PLDMV indi-
cates that the virus is an emerging threat for the application of 
PRSV-resistant transgenic papaya in Taiwan and elsewhere (4). 

Transgenic plants with multiple-virus resistance can be 
generated by transferring a T-DNA fragment containing individual 
CP gene sequences of different viruses, each driven by a promoter 
and a terminator (18). Transgenic lines expressing multiple CP 
genes were resistant to the corresponding viruses and were pro-
tected from mixed infection (18,19,40). Alternatively, transgenic 
plants with resistance to a potyvirus and a tospovirus were 
obtained by fusing a segment of the tospoviral N gene to the 
potyviral CP gene (23). Also, simultaneous targeting of four dif-
ferent Tospovirus spp. has also been achieved using a single small 
transgene based on the production of minimal-sized chimeric 
cassettes (7). 

In this study, we use the chimeric construct strategy to develop 
double-virus resistance to both PRSV and PLDMV. An untrans-
latable chimeric construct containing a fused cDNA fragment 
composed of the truncated PLDMV P-TW-WF CP and PRSV YK 
CP coding regions was transferred to papaya via Agrobacterium 
spp.-mediated transformation. The transgenic papaya lines carry-
ing the chimeric construct were regenerated and micropropagated. 
The results of greenhouse evaluation indicate that our transgenic 
papaya lines have great potential for control of both PRSV and 
PLDMV. 

MATERIALS AND METHODS 

Construction of an untranslatable chimeric construct. The 
construct pPLDMVCP, containing a cDNA fragment with the 
complete CP coding region and the entire 3′ noncoding region of 
P-TW-WF, was previously generated in our laboratory (4). For 
polymerase chain reaction (PCR), the primer PLDMVstop (5′-
CCATGGAGTCCGCTCTTTGATGATGG-3′) containing an NcoI 

site (underlined), a T insert (underlined) to create a opal stop 
codon and frame-shift (shown bold), and a C substituted by A 
(underlined) to generate a second opal stop codon (shown bold), 
was used as the forward primer, and the primer dT18SacI (5′-
TTTTTTTTTTTTTTTTTTGAGCTCT, SacI site underlined) was 
used as the reverse primer. A 1.1-kb PCR DNA fragment con-
taining the frame-shifted CP reading frame and the 3′ noncoding 
region of P-TW-WF RNA was amplified using pPLDMVCP as a 
template with the described primers. This fragment was cloned 
into the TOPO PCR-II vector (Invitrogen, Carlsbad, CA) to 
generate pPLDMVstop (Fig. 1). The NcoI/SmaI fragment of the 
pPLDMVstop was linked, through blunt-end ligation, to NcoI/ 
SwaI-digested pBGCP that contained a cDNA fragment contain-
ing the entire CP reading frame and the whole 3′ noncoding 
sequence of PRSV (9) to generate the construct pPY16 (Fig. 1). 
The final construct was transformed into Agrobacterium tume-
faciens LBA4404 by the triparental mating method (34). 

Generation of transgenic papaya lines. Papaya transfor-
mation and regeneration were carried out following the method 
developed by Cheng et. al. (9) with modifications. The embryo-
genic tissues, derived from immature zygotic embryos of papaya 
(C. papaya cv. Thailand), were wounded in liquid-phase with 
600-mesh carborundum by vortexing and co-cultured with Agro-
bacterium spp. carrying pPY16 for 2 days. After washing with 
sterile water, the treated explants were cultured on plates with the 
medium containing carbenicillin at 500 mg/liter to suppress the 
bacteria and then transferred three times on the selection medium 
containing carbenicillin at 500 mg/liter and kanamycin at  
100 mg/liter (9), each for 1 month of culturing. The putative 
transformed calli were transferred to the same medium without 
kanamycin to enhance the formation of somatic embryos (55). 
After 2 to 4 weeks, the somatic embryos derived from the selected 
transformed cells were germinated on a germination medium 
(47). Individual shoots regenerated and were then multiplied in a 

 

Fig. 1. Generation of a chimeric construct (pPY16) containing an untranslatable fragment of the truncated coat protein (CP) coding region (nucleotides 1–718) of 
Papaya leaf-distortion mosaic virus (PLDMV) and a fragment of the truncated CP coding region reflecting the entire 3′ noncoding region of Papaya ringspot 
virus (PRSV) RNA genome (nucleotides 9,520–10,326) for transformation of papaya. The 1.1-kb fragment bearing two stop codons (*), created by one nucleotide 
insertion (T, underlined) and one nucleotide substitution (C→A) (underlined) was amplified by PLDMVstop and dT18SacI primers from the plasmid pPLDMVCP 
(4) and cloned into PCRII-TOPO to generate pPLDMVstop. The pPLDMVstop was then digested with NcoI/SmaI and ligated to NcoI/SwaI-digested pBGCP (9) 
that contained the truncated CP coding region of PRSV and the 3′ untranslated region (UTR). The final construct in pPY16 contains an untranslatable chimeric 
1,526-bp construct that consists of the sequences from PLDMV CP (718 nucleotides [nt]), PRSV CP (601 nt) and PRSV 3′ UTR (206 nt), flanked by a 
Cauliflower mosaic virus 35S promoter and a nos terminator. 
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micropropagation medium (47) to form multiple shoots which 
were excised and rooted as described (9). The putative trans-
formed plantlets micropropagated from a single original shoot 
were acclimatized in a growth chamber and then established in 
vermiculite soil under temperature-controlled (25 ± 3°C) green-
house conditions (9). The micropropagated plants of individual R0 
lines were used for further evaluation. 

DNA extraction and PCR. Total DNA was extracted from 
leaves of putative transgenic papaya lines or untransformed 
papaya plants using DNeasy Plants Mini kit (Qiagen, Valencia, 
CA). The plasmid DNA of pPY16 was used as a positive control 
for PCR. RNase A-treated DNA (1 µg) was used for PCR with the 
forward primer PLDMVstop (5′-CCATGGAGTCCGCTCTTT-
GATGATGG-3′) and the reverse primer MO1008 (5′-GTGCA-
TGTCTCTGTTGACAT-3′), containing nucleotides positions 1 to 
26 and 1,272 to 1,291 of the chimeric CP construct, respectively. 
PCR was performed using a temperature profile of 1 min at 94°C, 
2 min at 55°C, and 3 min at 72°C for 30 cycles. Additionally, 
nptII-specific primers NA (5′-CCCCTCGGTATCCAATTAGA-3′) 
and NB (5′-GTGGGCGAAGAA CTCCAG-3′) were used in PCR 
to analyze for the presence of the selection marker. 

Inoculation of putative transgenic lines with PRSV YK or 
PLDMV P-TW-WF. The virus resistance of putative transgenic 
lines was evaluated by mechanical inoculation with PRSV YK 
(44) or PLDMV P-TW-WF (4) in a temperature-controlled (25 ± 
3°C) greenhouse. Seventy-five transgenic lines (six plants/line) 
were inoculated with PRSV or PLDMV. Micropropagated R0 
transgenic papaya plantlets were grown to a height of 5 to 6 cm in 
a temperature-controlled greenhouse. The first two fully expanded 
leaves were dusted with 600-mesh carborundum and rubbed with 
200 µl of inoculum that was prepared from papaya leaf tissue  
3 weeks after inoculation with PRSV YK or PLDMV P-TW-WF 
(1:10 [wt/vol] in 0.01 M potassium phosphate buffer, pH 7.0). 
Nontransgenic papaya plants (cv. Thailand) were used as controls. 
Plants were kept in a temperature-controlled greenhouse (25 ± 
3°C) and symptom development was monitored for 7 weeks. 

Inoculation with different geographic PRSV strains. In all, 
13 transgenic lines—4 weakly resistant (WR) lines (2-3, 6-3, 7-5, 
and 21-2) and 9 highly resistant (HR) lines (5-3, 5-4, 9-5, 10-4, 
12-4, 14-1, 14-3, 17-4, and 29-2)—were grown to 15 to 18 cm 
high for further evaluation. At least 10 plants from each lines were 
further tested against geographically distinct strains of PRSV 
originating from Hawaii (HA) (22), Thailand (TH), and Mexico 
(MX) (2). All virus strains were propagated in papaya cv. Tainung 
No. 2 and inocula were prepared 21 days after inoculation (1:10 
[wt/vol] in 0.01 M potassium phosphate buffer, pH 7.0). Disease 
incidence and symptom development were monitored for 7 weeks 
after inoculation. 

Indirect enzyme-linked immunosorbent assays. Indirect en-
zyme-linked immunosorbent assay (ELISA) was performed as 
described previously (51). Leaf extracts diluted in 50 mM sodium 
carbonate buffer (pH 9.6) with 0.01% sodium azide were used to 
coat the wells of a polystyrene microtiter plate. The P-TW-WF 
CP antiserum (4) or PRSV CP antiserum (51), diluted 2,000-fold 
in conjugate buffer (51), was added (200 µl/well) and incubated at 
37°C for 1 h. After washing the wells three times, 200 µl of 
alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin 
(KPL, Inc., Gaithersburg, MD), diluted 5,000-fold in conjugate 
buffer, was added to each well. After washing, 100 µl of p-nitro-
phenyl phosphate at 1 mg/ml (Sigma-Aldrich Corporation, St. 
Louis) in substrate buffer (100 mM diethanolamine, pH 9.6) was 
added to each well. The absorbance at 405 nm was measured with 
a Rainbow microplate reader (SLT Lab Instruments, Salzburg, 
Austria) 30 min after the addition of enzyme substrate. The trans-
genic plants that recorded twofold or more absorbance compared 
with that of the negative control were classified as ELISA positive. 

Southern hybridization. The DNeasy Plant Mini kit (Qiagen) 
was used to extract genomic DNA of papaya plants. Genomic 

DNA (30 µg) was digested with HindIII (a unique HindIII site is 
located in the T-DNA between the nptII gene and 35S promoter) 
and electrophoresed in an agarose gel. The gel was treated with 
0.25 N HCl for 15 min to depurinate, soaked with denaturation 
buffer (1.5 M NaCl and 0.5 N NaOH) for 45 min, treated with 
neutralization buffer (1 M Tris and 1.5 M NaCl, pH 7.4) for  
30 min, and transferred to Gene Screen Plus nylon membrane 
(Dupont Co., Boston). The Primer-It II random primer labeling kit 
(Stratagene, La Jolla, CA) was used to prepare the [α-P32]dATP-
labeled probe from a 25-ng DNA fragment (1.3 kb) amplified 
from pPY16 using PLDMVstop and MO1008 primers according 
to manufacturer’s instruction. The blotted Gene Screen Plus nylon 
membrane (Dupont Co.) was treated with prehybridization buffer 
(1% [wt/vol] sodium dodecyl sulfate [SDS], 1 M NaCl, 10% 
[wt/vol] dextran sulfate, and salmon sperm DNA at 100 µg/ml) at 
60°C for 1 h followed by hybridization of the probe at 60°C for 
16 h. Following hybridization, the membrane was washed with 
100 ml of 2× SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium 
citrate) with 0.1% SDS for 15 min twice, and then washed with 
100 ml of 0.1× SSC with 0.1% SDS for 15 min twice. Auto-
radiography was carried out at –80°C for 48 h on X-ray film 
(Hyperfilm MP, Amersham Phamacia Biotech, UK) with intensi-
fying screens. 

Northern hybridization. Total RNA was extracted from young 
leaves of transgenic and nontransgenic papaya plants by the 
ULTRASPEC RNA isolation system (Biotecx Laboratories, 
Houston). Total RNA (15 µg) was separated on a 1.2% agarose 
gel with formaldehyde, transferred to a Gene Screen Plus nylon 
membrane (Dupont Co.), and hybridized with the radioactive 
probe specific to the CP coding regions of PRSV YK and 
PLDMV P-TW-WF, prepared as described above, at 60°C for  
16 h. Prehybridization, hybridization, washing, and autoradiog-
raphy were carried out as described for Southern hybridization 
analysis. 

Small interfering RNA detection. Total RNA was extracted 
from young leaves using the Trizol reagent (Invitrogen). Total 
RNA (30 µg) was resolved on a 15% polyacrylamide/1× Tris-
borate EDTA (8.9 mM Tris, 8.9 mM boric acid, 20 mM EDTA)/ 
8 M urea gel and the separated profile was blotted to a Hybond-
N+ membrane (Amersham Phamacia Biotech, UK). The Primer-It 
II random primer labeling kit (Stratagene, La Jolla, CA) was used 
to prepare the [α-P32]dATP-labeled probe. This radioactive probe 
derived from PY16 fragment (1.3 kb) described above in the 
Southern hybridization was used for detection of small interfering 
RNA (siRNA). Hybridization was carried out in ULTRAHyb-
Oligo solution according to manufacturer’s instructions (Ambion 
Inc., Austin, TX), and siRNA signals were detected by auto-
radiography as described above. RNA Decade Marker system 
(Ambion Inc.) was used in this experiment. The Decade Markers 
were derived from cleavage of a single 150-nucleotide (nt) gel-
purified transcript, Decade Marker RNA, which was first 5′ end-
labeled by kinase reaction with [γ-P32] ATP according to the 
manufacturer’s instructions to generate a marker set ≈10 to 150 nt 
in length. 

Segregation analysis of transgenic resistance. The papaya cv. 
Tainung No. 2, a hybrid generated by crossing cv. Sunrise and cv. 
Thailand, is the most popular commercial cultivar in Taiwan. HR 
lines 10-4 and 12-4 (C. papaya cv. Thailand) were found to be 
females. They were crossed with nontransformed hermaphroditic 
plants of cv. Thailand and cv. Sunrise papaya to generate back-
crossed progeny (BC1) and hybrid progeny (F1), respectively. 
Seedlings of progenies were first mechanically inoculated with 
PLDMV P-TW-WF to examine the inheritance of the transgenic 
resistance. The symptomless seedlings were then mechanically 
inoculated with PRSV YK. The preparation of the inocula and the 
method of inoculation were similar to those described for the 
analysis of R0 plants. All inoculated plants were kept in a tem-
perature-controlled (25 ± 3°C) greenhouse for observation. 
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RESULTS 

Construction of an untranslatable chimeric construct. Con-
struction of an untranslatable chimeric construct containing a 
DNA fragment with the truncated PLDMV and PRSV CP coding 
regions is summarized in Figure 1. The chimeric construct in 
pPY16 contained a cDNA fragment corresponding to 1-718 of the 
PLDMV CP reading frame with an inserted T and a substituted A 
to create frame-shift with two opal stop codons at the 5′-terminal 
region, and a cDNA fragment reflecting the C-terminal CP coding 
region (601 nt) and the complete 3′ untranslated region (UTR) 
(206 nt) of PRSV YK RNA. The total untranslatable chimeric 
sequence contained 1,526 nt, flanked by a Cauliflower mosaic 
virus 35S promoter and a nos terminator (Fig.1). 

Establishment of transgenic lines. The embryogenic tissues 
derived from immature zygotic embryos of papaya (C. papaya cv. 
Thailand) were transformed with an Agrobacterium sp. carrying 
pPY16. Somatic embryos that developed from putative trans-
formed cells of calli after selection on the kanamycin medium for 
4 months were further cultured on the medium without kana-
mycin for 1 month. Two to four weeks after culturing on germina-
tion medium, shoots developed from somatic embryos. Multiple 
shoots were obtained 4 weeks after a single shoot was micro-
propagated on shoot forming medium containing kanamycin at 
100 mg/liter. Individual shoots of 1.0 to 1.5 cm were transferred 
to the rooting media. When the original putative transgenic 
papaya shoots were analyzed by PCR using chimeric construct-
specific primers, an expected 1.3-kb DNA fragment was amplified 
from transgenic lines but not from nontransgenic plants (Fig. 2A, 
upper panel). All selective transgenic lines were also positive 
when analyzed for the presence of the nptII gene by PCR (Fig. 
2A, lower panel). At least six micropropagated plantlets derived 
from each of the 75 individual R0 lines were established and used 
for further assays. In naming, the first numeral of each transgenic 
line represents the plate number of the first transfer after co-
cultivation and the second numeral, following after a hyphen, is 
the actual transgenic line number obtained from that particular 
plate. Thus, a transgenic line with different first numerals should 
result from different transformation events. 

Inoculation of transgenic lines with PRSV YK or PLDMV 
P-TW-WF. Micropropagated plants of 75 R0 lines (six for each 
line) with a height of 5 to 6 cm were mechanically challenged 
with PRSV YK or PLDMV under greenhouse conditions. Two 
weeks after inoculation, both nontransgenic papaya plants and 20 
transgenic lines showed vein-clearing and mosaic symptoms (six 
plants/line), typical of PRSV on newly emerged leaves (Table 1; 
Fig. 2B, a). The 20 PRSV susceptible lines (six plants/line) were 
also susceptible to PLDMV P-TW-WF, showing severe symptoms 
of leaf-narrowing, distortion, and stunting, similar to symptoms 
on inoculated nontransgenic control plants, and were classified as 
susceptible (S) lines (Fig. 2B, b). Infection of symptomatic plants 
was confirmed by positive ELISA reactions using the antiserum to 
PRSV (51) or PLDMV (4). Seventeen lines showed 1 to 2 weeks 
of delay in symptom development (one to six plants/line) when 
challenged with PRSV YK or PLDMV P-TW-WF and were 
classified as WR lines (Table 1). The other 38 transgenic lines did 
not show symptoms (six plants/line) after being challenged with 
PRSV YK or PLDMV P-TW-WF (Table 1; Fig. 2B, c and d) were 
classified as HR lines (Table 1). During the 7-week observation 
period, these 38 transgenic HR lines remained symptomless and 
were ELISA negative when analyzed with PRSV (51) or PLDMV 
antiserum (4). 

Resistance against different geographic PRSV strains. Four 
WR lines and nine HR lines were chosen for further study. The 
results of inoculation of the WR and HR lines with the three 
heterologous PRSV strains (MX, TH, and HA) are shown in Table 
2. Four weeks after inoculation with PLDMV P-TW-WF or PRSV 
YK, approximately half of inoculated plants of each WR line 

showed severe symptoms but only two plants in two HR lines 
showed mild symptoms after inoculation with PLDMV P-TW-
WF. Furthermore, the WR lines were more susceptible to hetero-
logous PRSV strains TH, HA, and MX than the HR lines. Three 
HR lines (10-4, 14-1, and 14-3) showed complete resistance to 
PLDMV P-TW-WF and PRSV YK, MX, TH, and HA. During the 
7-week observation period, these three HR lines remained symp-
tomless and were ELISA negative when tested against PRSV or 
PLDMV antiserum, whereas all symptomatic plants were ELISA 
positive. 

Southern and Northern analyses of R0 transgenic lines. The 
copy numbers of the chimeric construct in the four WR and nine 
HR lines were determined by Southern blotting. The WR lines 
contained one or two copies of the chimeric construct while the 
HR lines contained two or three copies (Fig. 3A). The selected 13 
lines were further used to analyze the expression levels of the 
chimeric construct by northern hybridization. The results revealed 
that all the four WR lines accumulated detectable levels of the 
chimeric transcript. In contrast, the chimeric transcript was not 
detected in the nine HR lines (Fig. 3B). 

When siRNA of two WR lines (2-3 and 6-3) and two HR lines 
(10-4 and 12-4) was analyzed by PY16-specific probe, the results 
revealed that siRNA related to the chimeric construct was 
detected from the two HR lines but not from the two WR lines 
(Fig. 3C). 

Segregation analysis of transgenic resistance. Segregation 
analysis of double-virus transgenic resistance of BC1 and F1 
progenies generated from two HR lines (10-4 and 12-4) are 
summarized in Table 3. All nontransgenic control plants exhibited 
severe symptoms within 14 days postinoculation with PLDMV P-
TW-WF. Therefore, seedlings showing symptoms within 14 days 
postinoculation were considered to contain no transgene. Inocu-
lated plants which remained symptomless 14 days after inocu-
lation were considered to contain the chimeric construct. The seg-
regation ratio of BC1 and F1 progenies revealed that the chimeric 
construct was inserted at two loci in line 10-4 and a single locus 
in line 12-4. All the symptomless seedlings remained symptom-
less after inoculation with PRSV YK. Our results indicate that the 
transgenic resistance to PLDMV P-TW-WF and PRSV YK was 
nuclearly inherited as a dominant trait. 

DISCUSSION 

Transgenic plants with resistance to several viruses can be 
obtained through RNA-mediated posttranscriptional gene silenc-
ing (PTGS) (5). In this study, an untranslatable chimeric construct 
carrying the truncated CP coding sequence of PLDMV and the 
truncated PRSV CP coding sequence with the complete 3′ UTR of 
PRSV was successfully used for papaya transformation. Thirty-
eight lines highly resistant to both PLDMV P-TW-WF and PRSV 
YK were obtained. In the present study, parts of PLDMV and 
PRSV CP genes were joined into a single chimeric construct, 
which can produce a transcript that might be processed into pri-
mary siRNAs directed against PLDMV and PRSV RNAs. Apart 
from this phenomenon, the spreading of secondary siRNAs de-
rived from the PRSV CP part of the transcript to the PLDMV CP 
part of the transcript can easily happen through the junction (6). 
These possible molecular events might be attributed to the ob-
served results that higher degrees of the resistance to both viruses 
are generally linked together in different transgenic lines. More-
over, these selected lines showed resistance to four heterologous 
PRSV strains from different geographic regions of Hawaii, 
Thailand, and Mexico. Hence, our results indicate that the double-
virus resistance transgenic papaya lines have great potential for 
control of PRSV and PLDMV in Taiwan and elsewhere. 

Molecular analyses by Southern hybridization revealed that 
four WR lines contain one or two copies of the construct, whereas 
the resistant lines contain two or three copies. Because many of 
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the lines were originated from different primary plates after co-
cultivation, as indicated by the first numerals of their names, they 
should represent different transformation events. For example, 
although the lines 5-3 to 12-4 showed similar hybridization 
profiles (Fig. 3A), they are not considered to be clones of a 
common transformation event. This is further supported by the 
fact that the host genomic contexts flanking the transgenes in two 
of these lines (i.e., 10-4 and 12-4) are different after further 
molecular analyses (data not shown). Their dissimilar flanking 
sequences indicated that the lines 10-4 and 12-4 were independent 
lines originated from different transformation events. 

The result of Northern hybridization analysis also showed that 
the WR lines accumulate detectable amounts of the chimeric 

transcript, whereas no chimeric transcript was detected in the HR 
lines. Accumulation of siRNA was detected in HR lines while the 
same was not detected in WR lines. These results indicate that the 
double-virus resistance of transgenic lines is mediated by the 
mechanism of RNA-mediated PTGS (5). Also, our results agree 
with previous studies that virus resistance in transgenic papaya is 
mediated by PTGS (2,13,27) and that higher levels of RNA-
mediated resistance against viruses is often associated with the 
presence of two or more copies of the transgene (36,37). 

A 3:1 ratio of segregation analysis of transgenic resistance was 
shown in the backcross progeny of line 10-4. This segregation 
result fits with the presence of two copies of the chimeric con-
struct (Table 3; Fig. 3A). We conclude that the two copies of the 

 

Fig. 2. Presence of the chimeric construct in papaya was detected by polymerase chain reaction (PCR). Resistance in transgenic papaya lines to Papaya ringspot 
virus (PRSV) YK and Papaya leaf-distortion mosaic virus (PLDMV) P-TW-WF was assayed by mechanical inoculation. A, PCR detection of the chimeric 
construct PY16 in a number of putative transgenic papaya lines. A DNA fragment of 1.3 kb (arrow) was amplified from the lines by PCR using the primers 
specific to the chimeric construct PY16 (upper panel), and a DNA fragment of 1.0 kb (arrow) was amplified in the same lines using the primers specific to nptII
gene (lower panel). Nontransgenic papaya (NT) and pPY16 were used as negative and positive controls, respectively. B, Reactions of the transgenic plants 
photographed 4 weeks after mechanical inoculation with PRSV or PLDMV. Nontransgenic plants developed typical severe mosaic and leaf-distortion symptoms 
after inoculation with a, PRSV YK and b, PLDMV P-TW-WF, respectively. No symptom was evidenced on plants of transgenic line 12-4 after inoculation with c, 
PRSV YK or d, PLDMV P-TW-WF. 



Vol. 99, No. 11, 2009 1317 

chimeric construct were inserted at different loci in the papaya 
chromosome and each inherited as a dominant trait following 
Mendel’s heredity. In our previous study, the segregation of the 
nptII gene matched well with the segregation of transgenic resis-
tance (2). Therefore, the segregation of nptII was not analyzed in 
this study. 

However, a 1:1 ratio for the segregation of the transgenic 
resistance was found in HR line 12-4 (Table 3), indicating that the 
two copies of the construct in line 12-4 are closely linked at or 
near the same locus and fail to segregate in progenies. When the 
flanking sequences of the T-DNA insert of line 12-4 were 
elucidated, the results confirmed that the two T-DNA copies of the 
construct were actually inserted at the same position, as tandem 
repeat, with the left border of a T-DNA sequence overlapping the 
right border of the other (data not shown). This explains the 
presence of two T-DNA copies in line 12-4 (Fig. 3A), but they 
segregated together as a single copy (Table 3). Furthermore, the 
host genomic regions flanking the left side of the two transgene 
copies in line 10-4 were also sequenced. These sequences were 
different from the sequences of the corresponding region of the 
transgene in line 12-4 (data not shown). 

The WR lines 2-3 and 6-3 produced shorter chimeric transcripts 
than those produced by 7-5 and 21-2 as revealed by the results of 
Northern analysis (Fig. 3B). This observation suggests that the 
integrated T-DNA in lines 2-3 and 6-3 may be partial, probably 
because of possible loss of the 3′ terminal region during T-DNA 
delivery to the plant genome. Alternatively, the T-DNA of line 7-5 
and 21-2 may be integrated in a locus of host genome with a 
stronger transcription terminator to generate a longer transgenic 
transcript. This surmise of the flanking sequences and the T-DNA 
border sequences of the inserted T-DNA in the papaya genome of 
these lines remains to be further investigated. 

A threshold of RNA accumulation is considered crucial for 
transgene-induced silencing of homologous viral RNAs (5). 
PTGS is sensitive to relatively small changes in the amount of 
transgene transcripts produced (14). Moreover, PTGS can be 
affected by a number of factors; for example, gene dosage (38), 

environmental conditions (26,32,43), developmental stage (2,38), 
and transgene construction (38). PRSV CP-transgenic papaya 
lines exhibit higher levels of broad-spectrum resistance as their 
growing stages increased (2). Of the four WR lines tested, all 
showed severe symptoms 28 days postinoculation when inocu-
lated with PRSV or PLDMV at a height of ≈5 to 6 cm (Table 1) 
but ≈10 to 70% of the plants did not show symptoms 28 days 
postinoculation if inoculated when the plants attained a height of 
≈15 to 18 cm (Table 2). The results indicated that the resistance 
levels increase when the seedlings mature. 

The resistance induced by PTGS provides a high degree of 
protection but is highly strain specific due to its sequence-homol-
ogy-dependent nature (31). When challenged with different geo-
graphic PRSV strains, three HR lines (10-4, 14-1, and 14-3) 
showed complete resistance to PRSV YK, HA, MX, and TH, indi-
cating that they have great potential for the control of PLDMV 
and different PRSV strains. Unfortunately, these three lines were 
found to be susceptible to PRSV isolate 5-19 (data not shown), 
which is able to overcome the PSRV YK CP gene-mediated 
resistance of papaya lines (41). Thus, certain PRSV strains like  
5-19 will probably remain a threat to our transgenic papaya with 
double-virus resistance. Because isolate 5-19 (41) was found after 
the PLDMV isolate that was recorded in 1999 (8), we did not use 
its CP gene for construction of the chimeric construct in this 
study. 

Comparison of nucleotide identities of coding regions and 3′ 
UTRs of other geographic PRSV strains with those of PRSV YK 
indicates that the sequences of the CP coding region and the 3′ 
UTRs of isolate 5-19 are less divergent to the YK strain than to 
PRSV HA, MX, and TH (41). In spite of being more closely 
related to the YK strain, the 5-19 isolate is capable of overcoming 
resistance PRSV CP-expressing transgenic lines (41). This result 
indicates that the ability of PRSV isolate 5-19 to break transgenic 
resistance is not due to sequence divergence of PRSV 5-19 CP 
from the PRSV YK CP transgene. Instead, the PRSV 5-19 ge-
nome may contain a certain genetic determinant which involves 
overcoming the transgenic resistance in papaya provided by the  

TABLE 2. Responses of transgenic papaya lines to Papaya leaf-distortion mosaic virus (PLDMV) P-TW-WF and four strains of Papaya ringspot virus (PRSV)
originated from different geographic areasa 

 No. of plants in the 10 inoculated ones showing symptoms  

 Weakly resistant lines Highly resistant lines  

Virus isolate 2-3 6-3 7-5 21-2 5-3 5-4 9-5 10-4 12-4 14-1 14-3 17-4 29-2 NT 

PLDMV P-TW-WF 8 5 6 9 1 1 0 0 0 0 0 0 0 10 
PRSV YK 4 3 5 4 0 0 0 0 0 0 0 0 0 10 
PRSV MX 10 10 7 1 10 6 4 0 5 0 0 10 6 10 
PRSV HA 6 10 2 10 1 0 0 0 0 0 0 1 0 10 
PRSV TH 10 10 4 10 8 2 0 0 0 0 0 3 2 10 

a Symptoms developed in transgenic lines were compared with those of nontransgenic papaya (NT) plants at 28 days postinoculation. Ten plants from each line 
were inoculated with individual PLDMV P-TW-WF or PRSV strains, including PRSV YK, a Taiwanese strain (44); PRSV HA (22), a Hawaiian strain; PRSV
MX, a Mexican strain; and PRSV TH, a Thai strain (2). An NT plant was used as a control. 

TABLE 1. Evaluation of resistance of transgenic papaya lines by mechanical inoculation with Papaya ringspot virus (PRSV) YK or Papaya leaf-distortion mosaic 
virus (PLDMV) P-TW-WF under greenhouse conditions 

 No. of plants showing symptoms  

 After PRSV YK inoculation at day After PLDMV inoculation at day  

Linesa 7 14 21 28 35 42 7 14 21 28 35 42 Resistanceb 

NT 0 6 6 6 6 6 0 6 6 6 6 6 … 
20 0 6 6 6 6 6 0 6 6 6 6 6 S 
17 0 1–2 4–5 6 6 6 0 1–2 3–5 6 6 6 WR 
38 0 0 0 0 0 0 0 0 0 0 0 0 HR 

a Total numbers of putative transgenic lines. NT = nontransgenic papaya. At least six plants from each line were tested by mechanical inoculation with PRSV or 
PLDMV P-TW-WF. 

b Resistance level. Transgenic lines that showed no delay in development of severe symptoms when compared with NT were rated as susceptible (S), those
showing a delay in symptom expression for 1 to 2 weeks were rated as weakly resistant (WR), and those showing no symptoms 6 weeks after inoculation were 
considered as highly resistant (HR). 
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Fig. 3. Insertion of the transgenic construct in R0 transgenic papaya lines analyzed by Southern hybridization, and accumulation of transgenic transcript and small 
interfering RNA (siRNA) detected by northern hybridization. A, Analysis of the copy numbers of the chimeric construct in transgenic papaya lines as detected by 
Southern hybridization. The copy numbers (Copy No.) are indicated at the bottom of each lane. B, Expression levels of transgene transcript of weakly resistant 
(WR) and highly resistant (HR) lines detected by northern hybridization. Nontransgenic papaya (NT) was used as a negative control and the arrow indicates where 
the expected chimeric transcript should migrate. The quantities of the total RNA (15 µg/lane) loaded were monitored by ethidium bromide staining. C, siRNA 
accumulations of chimeric construct in the two WR lines (2-3 and 6-3) and two HR lines (10-4 and 12-4) were analyzed by PY16-specific probe. RNA Decade 
Marker system (Ambion Inc., Austin, TX) was used as marker in this experiment. 

TABLE 3. Segregation analysis of the transgenic resistance to Papaya leaf-distortion mosaic virus (PLDMV) of the back-crossed (BC1) and hybrid (F1) progenies 
of the two highly resistant transgenic papaya lines carrying the truncated coat protein fragments of PLDMV strain P-TW-WF and Papaya ringspot virus (PRSV)
strain YK 

  No. of plants showing different phenotypes 
at 14 days postinoculation 

    

Progenies of crossinga Copy no. Symptomless Mosaic and vein-clearing Segregation ratio Insert locusb χ2 Pc 

10-4 × TH (BC1) 2 292 108 3:1 2 0.853 0.356 
10-4 × SR (F1) 2 373 127 3:1 2 0.043 0.836 
12-4 × TH (BC1) 2 201 198 1:1 1 0.022 0.881 
12-4 × SR (F1) 2 258 242 1:1 1 0.512 0.474 
Tainung No. 2 … 0 56 … … … … 

a  BC1 and F1 progenies were derived from crossing the transgenic lines with non-transgenic papaya (NT) cv. Thailand (TH) and Sunrise (SR) plants, respectively. 
b Predicted number of insert locus. 
c  Probability of goodness of fit was set at a significant level of 0.05. 
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PRSV YK CP transgene. It is possible that the ability to over-
come transgenic resistance by PRSV 5-19 may be due to the 
involvement of the HC-Pro, which is a silencing suppressor (1,24) 
and virulence enhancer (41). If a strain contains a stronger HC-
Pro that can suppress PTGS completely, the breakdown of the 
transgenic resistance would not necessarily be related to the 
transgene homology. Whether the HC-Pro gene of PRSV 5-19 is 
actually responsible for overcoming the single resistance to PRSV 
and the double resistance to PRSV and PLDMV is being 
analyzed. 

In summary, using an untranslatable chimeric CP construct to 
induce PTGS, we have successfully obtained transgenic papaya 
lines resistant to PLDMV P-TW-WF and PRSV YK. Further-
more, BC1 and F1 progenies resistant to PLDMV P-TW-WF and 
PRSV YK were obtained by crossing the transgenic lines with cv. 
Thailand and cv. Sunrise, respectively. The F1 progenies, which 
have horticultural properties most similar to the popular com-
mercial cv. Tainung No. 2, are under field tests to evaluate their 
commercial merits. The transgenic lines we have described have 
the potential of being important in managing PLDMV and PRSV 
in Taiwan and other regions of the world. 
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