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Abstract Papaya production is seriously limited by
Papaya ringspot virus (PRSV) worldwide and
Papaya leaf-distortion mosaic virus (PLDMV) in
Eastern Asia. An efficient transformation method for
developing papaya lines with transgenic resistance to
these viruses and commercially desirable traits, such
as hermaphroditism, is crucial to shorten the breeding
program for this fruit crop. In this investigation, an
untranslatable chimeric construct pYPOS containing
truncated PRSV coat protein (CP) and PLDMV CP
genes coupled with the 3’ untranslational region of
PLDMYV, was generated. Root segments from differ-
ent portions of adventitious roots of in vitro multiple
shoots of hermaphroditic plants of papaya cultivars
‘Tainung No. 2’, ‘Sunrise’, and ‘Thailand’ were
cultured on induction medium for regeneration into
somatic embryos. The highest frequency of somatic
embryogenesis was from the root-tip segments of
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adventitious roots developed 2—4 weeks after rooting
in perlite medium. After proliferation, embryogenic
tissues derived from somatic embryos were wounded
in liquid-phase by carborundum and transformed by
Agrobacterium carrying pYP08. Similarly, another
construct pBG-PLDMVstop containing untranslat-
able CP gene of PLDMV was also transferred to
‘Sunrise’ and ‘Thailand’, the parental cultivars of
‘Tainung No. 2’. Among 107 transgenic lines regen-
erated from 349 root-tip segments, nine lines of
Tainung No. 2 carrying YPO8 were highly resistant to
PRSV and PLDMYV, and 9 lines (8 ‘Sunrise’ and 1
‘Thailand’) carrying PLDMV CP highly resistant to
PLDMYV, by a mechanism of post-transcriptional
gene silencing. The hermaphroditic characteristics of
the transgenic lines were confirmed by PCR with sex-
linked primers and phenotypes of flower and fruit.
Our approach has generated transgenic resistance to
both PRSV and PLDMV with commercially desirable
characters and can significantly shorten the time-
consuming breeding programs for the generation of
elite cultivars of papaya hybrids.
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Abbreviations

2,4-D  2,4-dichlorophenoxyacetic acid
BAP 6-benzylaminopurine
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MSDB MS medium containing 0.125 mg/l 2,4-D

and 0.4 mg/l BAP

NAA o-Naphthaleneacetic acid

MSNB MS medium containing 0.02 mg/l NAA
and 0.2 mg/l BAP

M4 Induction medium containing 4 mg/l 2,4-D

IBA Indole-3-butyric acid

Introduction

Effective gene transfer systems require reliable and
efficient protocols for plant regeneration from trans-
formed cells. Although plant regeneration from
various explants of papaya (Carica papaya L.), such
as cotyledon (Litz et al. 1983), root (Chen et al. 1987,
Mondal et al. 1994), protoplast (Chen and Chen
1992), anther (Tsay and Su 1985) and ovule (Litz and
Conover 1982) have been attempted, regeneration of
transformed cells from these explants into transgenic
plants has not been accomplished.

Through the effective somatic embryogenesis from
immature zygotic embryos of papaya (Fitch and
Manshardt 1990), the coat protein (CP) gene of
Papaya ringspot virus (PRSV) HA 5-1 can be
incorporated into papaya via microprojectile bom-
bardment to generate transgenic plants resistant to
PRSV (Fitch et al. 1990) under glasshouse (Fitch
et al. 1992) and field conditions (Lius et al. 1997).
The subsequently developed papaya varieties Rain-
bow and SunUp represent the first commercialized
transgenic fruit crop (Tennant et al. 2001; Tripathi
et al. 2007). PRSV-resistant transgenic papaya have
also been generated via microprojectile bombardment
using embryogenic tissues derived from immature
zygotic embryos, in Australia (Lines et al. 2002),
Jamaica and Brazil (Gonsalves and Fermin 2004).
Moreover, the same approach has been used to
produce Phytophthora palmivora-resistant transgenic
papaya (Zhu et al. 2004).

Transformation of papaya by Agrobacterium was
first performed using explants of embryogenic calli
and somatic embryos derived from hypocotyl sec-
tions (Fitch 1993) or immature zygotic embryos, with
long regeneration process (13 months) and low
transformation rates (Fitch et al. 1993). Although
the regeneration from petiole explants via an inter-
vening callus stage is time-consuming (Yang and Ye
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1992), transgenic plantlets can be regenerated after
co-cultivation of petioles with Agrobacterium (Yang
et al. 1996). However, the long regeneration period
(10-11 months) and the high rates of abnormal
morphology limit the application of this method.
Using an efficient transformation mediated by Agro-
bacterium following the liquid-phase wounding treat-
ment of embryogenic tissues derived from premature
zygotic embryos (Cheng et al. 1996), transgenic lines
carrying PRSV YK (a Taiwan strain) CP gene
conferring broad-spectrum resistance to PRSV strains
of different geographic regions were generated (Bau
et al. 2003). By Agrobacterium-mediated transfor-
mation, transgenic papaya lines resistant to PRSV
have also been generated using immature zygotic
embryos (Fermin et al. 2004; Davis and Ying 2004)
and somatic embryos derived from hypocotyl or root
of seedlings with unknown sex (Chen et al. 2001).

Embryogenic tissues derived from premature
zygotic embryos are considered the most effective
explants for both biolistic delivery and Agrobacte-
rium transformation. However, immature zygotic
embryos are difficult to obtain and often affected by
seasonal factors. Because of the polygamous nature
of papaya (i.e., male, female and hermaphrodite), the
sex types and other horticultural traits of transgenic
papaya lines can be determined only after flowering
and fruit production. In most world markets, fruits
from hermaphroditic plants are commercially desir-
able, for they contain less seeds and thicker flesh
(Yeh et al. 2007). The breeding program required for
incorporating the desired sex and other useful traits
into a commercial hybrid cultivar of papaya is
complicated and lengthy. Transformation using
somatic embryos derived from hypocotyl or root of
seedlings also faces the same problem.

Papaya production has been seriously limited by
PRSV (Purcifull et al. 1984) worldwide and by
Papaya leaf-distortion mosaic virus (PLDMV) in
Eastern Asia (Bau et al. 2008; Maoka et al. 1996;
Maoka and Hataya 2005). An isolate of potyvirus
designated PLDMV P-TW-WF was isolated from an
infected YK-CP transgenic plant in central Taiwan,
and was identified as a strain of a different potyvirus
PLDMYV, which is serologically distinct from PRSV
(Bau et al. 2008). PLDMV was first recorded in the
northern part of Okinawa Island, Japan, in 1954
(Yonaha et al. 1976), and spread throughout the
island during 1960s (Kawano and Yonaha 1992). The
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disease caused by PLDMV has been a major
constraint to papaya production in Okinawa, Japan
(Maoka et al. 1996). The CP genes of the P-TW-WF
isolate from Taiwan and the P56 isolate of Okinawa
(Maoka et al. 1996) share 95.1% nucleotide and
94.9% amino acid identities. Susceptibility of all
PRSV-resistant transgenic papaya lines to PLDMV
indicates that the virus is an emerging threat for the
application of PRSV-resistant transgenic papaya in
Taiwan and elsewhere (Bau et al. 2008).

For the effective control of PRSV and PLDMYV, an
untranslatable chimeric construct containing trun-
cated PRSV YK CP and PLDMV P-TW-WF CP
genes has been transferred into papaya (Carica
papaya cv. ‘Thailand’) by Agrobacterium-mediated
transformation via embryogenic tissues derived from
immature zygotic embryos of papaya (Kung et al.
2009). However, this attempt ended up in the
production of resistant lines (Ry) displaying female
sex, on attaining flowering stage, after being culti-
vated under greenhouse conditions for 6 months.
Similar results were observed for previously obtained
PRSV-YK CP transgenic papaya lines (Bau et al.
2003) and line 55-1 (Fitch et al. 1992). This may be
due to the long exposure to the regulator 2.4-
dichlorophenoxyacetic acid (2,4-D) during regenera-
tion (Bau et al. 2003). For breeding purpose, these
lines have to be crossed with hermaphrodite plants
and then selfed to fix the resistance. Since papaya is a
fruit crop, these processes take years. Somatic
embryos can be induced from adventitious roots of
in vitro shoots derived from selective fruit-bearing
hermaphroditic papaya plants of cv. ‘Tainung No. 2’
(Lin and Yang 2001). In order to shorten the time-
consuming breeding program for the development of
transgenic papaya lines with virus resistance and
commercially desirable traits, a novel regeneration
process from desired hermaphrodite plants coupled
with an efficient Agrobacterium-mediated transfor-
mation protocol become crucial.

In this investigation, the somatic embryos derived
from the adventitious roots of in vitro shoots of
selected hermaphroditic ‘Tainung No. 2’ individuals,
the most popular hybrid cultivar in Taiwan, were
used as explants for transformation. Using our
protocol, commercially valuable hermaphrodite lines
of an elite papaya variety with double-virus resis-
tance to PRSV and PLDMV were obtained. For
hybrid-breeding purpose, we also successfully

delivered an untranslatable PLDMV CP construct to
‘Tainung No. 2’ hermaphrodite parental cultivars
‘Thailand” and ‘Sunrise’ to engineer resistance to
PLDMV. Our protocol can avoid time-consuming
and labor-intensive breeding programs for producing
elite transgenic papaya hybrid cultivars with resis-
tance to both PRSV and PLDMV.

Materials and methods
Plant materials of papaya

After field cultivation for 1 year, shoot tips of fruit-
bearing hermaphrodite plants of papaya (Carica
papaya L.) cultivars (cv. ‘Tainung No. 2’, ‘Sunrise’,
and ‘Thailand’) with good horticultural properties
were collected. After surface sterilization, the shoot
tips were used to generate multiple shoots, following
the method described by Yang and Ye (1992). After
proliferation, individual shoots were excised and
transferred to MS medium (Murashige and Skoog
1962) containing 0.5 mg/l indole-3-butyric acid
(IBA) for 1 week under dark condition for the
initiation of roots, and subsequently transferred to
perlite supplemented with 1/2 volume of MS basal
medium for the development of adventitious roots
(50 ml 1/2 volume of MS medium + 100 ml perlite
per 350 ml flask). The developed roots were used as
explants for the induction of somatic embryos.

Somatic embryogenesis from different root
portions and rooting times

The adventitious roots generated after transfer to
perlite medium for 1-6 weeks were selected for
induction. Three portions of roots [primary root (I),
secondary root (II) and root tip (III)] were cut into
0.5-1.0 cm segments and cultured on the MSDB
callus/somatic-embryo induction medium [MS med-
ium containing 1 mg/l 2.,4-dichlorophenoxyacetic
acid (2,4-D) and 0.1 mg/l 6-benzylaminopurine
(BAP)], for somatic embryo production in a dark
growth chamber at 28 £ 1°C (Lin and Yang 2001).
Explants were transferred onto fresh medium at
monthly intervals. After 3 months, the numbers of the
somatic embryos produced from root segments of cv.
‘Tainung No. 2’, ‘Sunrise’, and ‘Thailand’ were
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calculated and the condition for highest frequency of
somatic embryogenesis determined.

Construction of an untranslatable chimeric
transgene

The construct of pPPLDMVstop containing frameshift
mutation in the CP sequence and the 3’ non-coding
region of P-TW-WF strain (Bau et al. 2008) of
Papaya leaf-distortion mosaic virus (PLDMV) was
previously developed in our laboratory (Kung et al.
2009). The Smal/Sacl fragment of pPLDMVstop was
ligated to Swal/Sacl-digested pBGCP that contained
the CP coding region and the 3’ UTR of PRSV
(Cheng et al. 1996) to form pYPOS through blunt-end
ligation. The primers 926stop [5-CCATGGAG-
TCCTAATAATGAAG-3’ containing two ochre stop
codons (in bold) and Ncol site (underlined)] and
dT,gSacl [5-TTTTTTTTTTTTTTTTITTGAGCTCT-
3’ containing Sacl site (underlined)] were used to
amplify the chimeric YPO8 fragment from pYPOS8 by
PCR and cloned into TOPO PCR-II vector (Invitro-
gene, Carlsbad, CA, USA). After Ncol/Sacl diges-
tion, the chimeric YPO8 fragment was cloned back to
pYPO8 to generate pYPOS8stop that contained an
untranslatable chimeric construct with a segment of
PRSV CP gene and a segment of PLDMV CP gene
coupled with the complete 3’ UTR of PLDMV
genome, controlled by a CaMV 35S promoter and a
nos terminator (Supplementary Fig. 1A).

In addition, the Ncol/Sacl-digested fragment of
pPLDMVstop (Kung et al. 2009) was ligated to Ncol/
Sacl-digested pBGCP (Cheng et al. 1996) to form
pBG-PLDMVstop containing the frame-shifted CP
gene of PLDMYV with two stop codons, controlled by
a CaMV 35S promoter and a nos terminator (Sup-
plementary Fig. 1B).

Plasmids pYP08stop and pBG-PLDMVstop were
separately mobilized into disarmed Agrobacterium
tumefaciens LBA4404 by triparental mating (Rogers
et al. 1986). Cells of A. tumerfaciens cultured in the
LB medium containing 50 mg/l kanamycin and
100 mg/l streptomycin at 28°C for 36 h were used
for plant transformation.

Generation of transgenic papaya lines

The somatic embryos derived from the root-tip
portion (III) of adventitious roots (Supplementary
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Fig. 2A) were further proliferated on the embryo-
induction medium (Fitch et al. 1990) containing
4 mg/l 2,4-D (induction medium 4, IM4) and sub-
cultured monthly 2-3 times to generate sufficient
quantities of embryogenic tissue for transformation.

For transformation, embryogenic tissues (3—4 g)
were wounded by vortexing with carborundum (600
mesh, 0.5 g) in 30 ml distilled water on a Vortex
Genie-2 (Scientific Industries, Inc., Bochemia, NY) at
speed 7 for 1 min and 200 pl of A. tumefaciens
culture (ODggp = 0.5) was added and allowed to
strand for 5 min. After blotting away the excess
bacteria, the treated tissues were transferred to the
IM4 embryo-induction medium and co-cultivated for
2 days. After co-cultivation, the tissues were subcul-
tured for 20 days on IM4 medium containing
500 mg/l carbenicillin to suppress bacterial growth
and then transferred to the same medium with 50 mg/
1 kanamycin for 30 days and 100 mg/l kanamycin for
60 days. The selected tissues were then nursed on
IM4 medium without kanamycin to enhance mature
embryo development, with monthly subtransfers. The
mature somatic embryos were cultured on MSNB
shoot medium (MS medium with 0.02 mg/l a-naph-
thaleneacetic acid (NAA) and 0.2 mg/l BAP) con-
taining 50 mg/l kanamycin for shoot development.

Regenerated individual shoots were then micro-
propagated on the MSNB shoot medium to form
multiple shoots, which were excised and transferred
to MS medium containing 0.5 mg/l IBA for 1 week
and subsequently transferred to vermiculite supple-
mented with 1/2 volume of MS basal medium for
rooting (Cheng et al. 1996). The putative transformed
plantlets micropropagated from a single original
shoot, which was considered as an individual R,
regenerant, were acclimatized in a growth chamber
and then established in vermiculite soil in tempera-
ture-controlled (25 & 3°C) greenhouse (Cheng et al.
1996). The micropropagated plants of individual R,
lines were used for further evaluation.

DNA extraction and polymerase chain reaction

Total DNA was extracted from leaves of putative trans-
genic papaya lines or non-transformed papaya plants by
the CTAB method (Fulton et al. 1995). One microgram
of RNase A-treated total DNA was used as template for
PCR (Saiki et al. 1988). The forward primer M0O926 (5'-
TCTAAAAATGAAGCTGTGGA-3') and the reverse



Transgenic Res (2010) 19:621-635

625

primer 1,169 (5-ATAATATCGAACGCCGGTGAA
TGC-3') were used for YPO8 amplification. The forward
primer PLDMVstop (5'-CCATGGAGTCCGCTCTTT-
GATGATGG-3') and the reverse primer 1,169 (5'-AT
AATATCGAACGCCGGTGAATGC-3') were used for
PLDMV CP amplification. The plasmids pYPO8stop and
pBG-PLDMVstop were separately used as positive
controls. PCR was performed with periods of 1 min at
94°C, 1 min at 55°C, and 1 min at 72°C for 30 cycles.
Additionally, nprlI-specific primers (Kung et al. 2009)
were used in PCR to check the presence of the selection
marker gene. PCR products were analyzed by electro-
phoresis on 0.8% agarose gels.

Inoculation of transgenic lines with PRSV YK
or PLDMV P-TW-WF

The resistance of transgenic lines was evaluated by
mechanical inoculation with PRSV YK isolate (Wang
and Yeh 1997) or PLDMV P-TW-WF isolate (Bau
et al. 2008) in a temperature-controlled (25 £ 3°C)
greenhouse. Eighty-nine YPO8 transgenic lines of
‘Tainung No. 2’ were tested for inoculation with YK
or P-TW-WF, with ten plants of each line for each
inoculation. In addition, 20 PLDMV-CP transgenic
lines, including 18 ‘Sunrise’ lines and 2 ‘Thailand’
lines, were inoculated with P-TW-WF (five plants per
each line). Micropropagated R, transgenic papaya
plantlets were grown to a height of §-10 cm in a
temperature-controlled (25 4+ 3°C) greenhouse. The
first two fully expanded leaves were dusted with 600-
mesh carborundum and rubbed with 200 ul of
inoculum prepared from papaya leaf tissue 3 weeks
after inoculation with PRSV YK or PLDMV P-TW-
WF (1:10 w/v, in 0.01 M potassium phosphate buffer,
pH 7.0). Non-transformed papaya plants were used as
controls. Inoculated plants were kept in temperature-
controlled greenhouse and symptom development
was monitored for 7 weeks.

Indirect enzyme-linked immunosorbent assays
(ELISA)

Indirect ELISA was performed as described previ-
ously (Kung et al. 2009). Systemic leaves were
ground and diluted (1:100) in 50 mM sodium
carbonate buffer (pH 9.6) with 0.01% sodium azide
and assayed using 2,000-fold dilution of P-TW-WF

CP antiserum (Bau et al. 2008) or PRSV CP
antiserum (Yeh et al. 1984). Alkaline phosphatase-
conjugated goat anti-rabbit immunoglobulin (KPL,
Inc., Gaithersburg, MD) was used at 5,000-fold
dilution as the secondary antibody. 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
samples that recorded an average absorbance read-
ing = three times that of the negative control read-
ings (non-transformed papaya) were regarded as
positive.

Southern blotting analysis

DNeasy Plant Mini kit (Qiagen, Valencia, CA, USA)
was used to extract genomic DNA of non-trans-
formed papaya and transgenic papaya plants, includ-
ing 11 lines carrying the chimeric construct YP08 and
10 lines carrying PLDMV CP, under greenhouse
conditions. Thirty micrograms of genomic DNA was
digested with HindlIIl (a unique HindIII site is located
in the T-DNA between the nptll gene and 35S
promoter) and separated by electrophoresis at 100 V
on a 0.8% agarose gel. The Primer-It II random
primer labeling kit (Stratagene, LaJolla, Ca, USA)
was used to prepare the [0-P*?]dATP labeled probe
from the DNA fragment (635 bp, 25 ng) amplified
from pYPO8stop and the DNA fragment (879 bp)
amplified from pBG-PLDMVstop using primer pairs
MO0926/1169 and PLDMVstop/1169, respectively,
according to manufacturer’s instructions. Southern
hybridization was performed as described previously
(Kung et al. 2009). The blotted Gene Screen Plus
nylon membrane (Dupont Co., Boston, MA) was
prehybridized at 60°C for 1 h, followed by hybrid-
ization of the probe at 60°C for 16 h. After washing,
autoradiography was carried out at —80°C for 48 h
on an X-ray film (Hyperfilm MP, Amersham Phama-
cia Biotech, UK) with KODAK™ Biomax® MS
intensifying screens (Eastman Kodak Co., Rochester,
NY, USA).

Northern blotting analysis for detection
of transgene transcript and siRNA

Total RNA was extracted from leaves using the
Trizol reagent according to manufacturer’s instruction
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(Invitrogen, Carlsbad, CA, USA). Detection of the
transgene transcript was performed with 25 pg total
RNA that was separated on a 1.2% agarose gel with
formaldehyde, transferred to a Hybond-N + mem-
brane (Amersham Phamacia Biotech, UK), and hybrid-
ized with the o>*P-labeled YPO8 probe or PLDMV CP
probe, as described above at 60°C for 16 h. Autoradi-
ography was conducted as described for Southern
blotting.

For the detection of siRNA derived from the
transgene constructs, 30 pg total RNA was resolved
on a 15% polyacrylamide/l x TBE (8.9 mM Tris,
8.9 mM boric acid, 20 mM EDTA)/8 M urea gel and
transblotted to a Hybond-N + membrane (Amersham
Phamacia Biotech, UK). The o’?P-labeled YP08
probe or PLDMV CP probe, prepared as described
above, was used for hybridization using the ULTR-
AHyb-Oligo solution according to manufacturer’s
instructions (Ambion Inc., Austin, TX), and signals
were monitored by autoradiography similar to South-
ern blotting. RNA Decade™ Marker system (Ambi-
on Inc., Austin, TX) was used as markers in this
experiment. The Decade Markers were derived from
the cleavage of a single 150 nt gel-purified Decade
Marker RNA transcript, which was first 5’ end-
labeled by kinase reaction with [y-P**] ATP, accord-
ing to the manufacture’s instructions, to generate a
marker set in the range of 10-150 nts.

Confirmation of hermaphroditic characteristics
of transgenic lines

For determination of papaya sex, the sex-linked
primers pairs SDP-1 (5-GCACGATTTAGATTA
GATGT-3) and SDP-2 (5-GGATAGCTTGCCC
AGGTCAC-3') (Urasaki et al. 2002) were used for
detection of hermaphroditism of transgenic lines. In
addition to non-transformed controls, two female
transgenic papaya lines, 18-2-4 and 10-4, derived in
previous studies (Bau et al. 2003; Kung et al. 2009)
were also used as controls. PCR and gel analysis were
performed as described above.

Moreover, the selected transgenic lines were
planted in an isolated greenhouse to observe the
flower types, fruit shape and other horticultural
properties as compared to those of the non-trans-
formed controls.
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Results

Construction of an untranslatable chimeric
construct

Construction of an untranslatable chimeric construct
containing the truncated PRSV and PLDMV CP
coding regions coupled with 3’ UTR of PLDMV is
summarized in Supplementary Fig. 1. The construct
of pYPO8stop contained a segment of PRSV CP gene
(nts 1-263) and a segment of PLDMV CP gene (nts
719-879) and the entire 3’ UTR (211 nts) of PLDMV
with a total length of 635 nucleotides. The final
untranslatable chimeric construct YPO8 containing
two upstream stop codons is under the control of a
CaMV 35S promoter and a nos terminator (Supple-
mentary Fig. 1A).

The other untranslatable construct pPBG-PLDMV-
stop containing a frame-shifted full-length (879 nts)
PLDMV CP reading frame coupled with two
upstream stop codons was also generated, and put
under the control by a CaMV 35S promoter and a nos
terminator (Supplementary Fig. 1B).

Frequency of somatic embryogenesis

A total of 5,728 root segments, which were cumu-
lated from three root portions, primary-root (I),
secondary-root (II) and root-tip (IIT) (Supplementary
Fig. 2A-a), of the adventitious roots of 36 ‘Tainung.
No. 2’ plantlets developed 1-6 weeks after rooting in
the perlite medium (six plants per week at weekly
intervals), were cultured on the MSDB medium for
3 months for induction of somatic embryos (Supple-
mentary Fig. 2A-b, ¢). An average of 12.2% somatic
embryogenesis occurred (Supplementary Fig. 2A-c),
with the highest frequency of 22.1% at 2 weeks after
rooting (Supplementary Table 1). When these 5,728
root segments were analyzed according to the origin
of three portions, the highest average frequency of
21.7% somatic embryogenesis was from the root-tip
segments (III), superior to those from the primary-
root (I) (9.8%), and secondary-root (II) portions
(7.7%) (Supplementary Table 1). With 28.2-34.3%
somatic embryogenesis frequencies, the root-tip seg-
ments (III) from adventitious root 2-4 weeks after
rooting were selected as best sources of explants for
somatic embryogenesis of ‘Tainung No. 2’.
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When the efficiency of somatic embryogenesis of
3,465 total root segments of ‘Sunrise’ and 2,058 total
root segments of ‘Thailand’ were determined, an
average of 9.9 and 17.8% of somatic embryogenesis
occurred, respectively. Highest frequencies of 16.8
and 36.4% for ‘Sunrise’ and ‘Thailand’, respectively,
were noticed 2 weeks after rooting (Supplementary
Table 1). When efficiencies of somatic embryogen-
esis from the three root portions were analyzed,
higher frequencies (22.2% for ‘Sunrise’ and 35.0%
for “Thailand’) were from the root-tip segments (III),
compared to those from the primary-root (I) (6.5 and
19.1%), and secondary-root (II) portions (5.4 and
7.0%). The root-tip segments (III) from adventitious
roots 2-4 weeks after rooting were chosen as the
best explants for somatic embryogenesis for ‘Sun-
rise’ and ‘Thailand’, for given somatic embryogen-
esis frequencies of 29.8-33.3% and 43.8-55.4%,
respectively.

Furthermore, our results indicated that the highest
efficiency of root development occurred with ‘Tain-
ung No. 2’ (a total 5,728 root segments obtained from
36 plants/6 weeks at weekly intervals), compared to
those from ‘Sunrise’ (3,465 root segments) and
‘Thailand” (2,058 root segments) (Supplementary
Table 1).

Establishment of transgenic lines

The somatic embryos regenerated from root-tip
segments (III) were proliferated on IM4 medium for
2-3 subcultures and then used for transformation
(Supplementary Fig. 2A-c). The somatic embryo-
genic tissues were wounded by carborundum in
liquid-phase and then co-cultivated with Agrobacte-
rium carrying pYPO8stop or pPBG-PLDM Vstop on the
IM4 medium for 2 days (Supplementary Fig. 2B-a).
After culturing on IM4 medium with kanamycin
selection for 90 days, the selected tissues were
further nursed on IM4 medium without kanamycin
for 30-60 days for embryo development (Supple-
mentary Fig. 2B-b). Two to four weeks after germi-
nation, putative transformed somatic embryos grew
rapidly into multiple shoots on the MSNB shoot
medium containing 50 mg/l kanamycin (Supplemen-
tary Fig. 2B-c, d). Non-transgenic embryos were not
able to germinate and gradually declined on the same
medium. Putative transgenic, kanamycin resistant
green shoots were established on MSNB medium

containing 100 mg/l kanamycin within 3 weeks
(Supplementary Fig. 2B-e left), while non-trans-
formed shoots derived from somatic embryos of the
control turned pale and gradually declined (Supple-
mentary Fig. 2B-e right). Multiple shoots (1.0-
1.5 cm) micropropagated from individual R, regen-
erates were transferred to MS medium containing
0.5 mg/l IBA for 1 week and subsequently trans-
ferred to vermiculite supplemented with 1/2 volume
of MS basal medium for rooting (Supplementary
Fig. 2B-f) and five to 20 clonal plantlets of each R
line were established and used for further assay.

Plantlets of a total of 89 putative transgenic R
lines of ‘Tainung No. 2’ regenerated from the somatic
embryos derived from 237 root segments were
established and analyzed further. When PCR was
used to analyze the presence of the chimeric construct
in putative transgenic R, lines, an expected DNA
fragment of 635 bp was noticed in all transgenic
lines, but not in non-transformed plants. Moreover,
when the nptll—specific primers were used for PCR,
an amplified DNA fragment of 1.0 kb was obtained.

A total of 20 putative transgenic lines (18 lines of
‘Sunrise’ and 2 lines of ‘Thailand’) carrying the
untranslatable PLDMV CP construct were obtained,
as checked by PCR using transgene-specific and
nptll-specific primers described above.

A total of 109 transgenic lines obtained from 349
treated root-tip segments (III), thus transformation
frequencies ranging from 3.7 to 37.6%, with an
average of 31.2% (Supplementary Table 2). Among
the three papaya cultivars tested, ‘Tainung No. 2’ had
the best transformation efficiency (37.6%), while
‘Thailand’” had the lowest transformation efficiency
(3.7%) (Supplementary Table 2).

Evaluation of transgenic resistance to PRSV YK
or PLDMV P-TW-WF

At least ten plants (8—10 cm) for each of the 89
transgenic ‘Tainung No. 2’ lines carrying the chime-
ric construct YPO8 were mechanically inoculated
with PRSV YK or PLDMV P-TW-WF. Symptom
development in transgenic lines was compared with
that of non-transformed (NT) control. During the
period of 49 days after inoculation, the inoculated
plants exhibited various levels of resistance, as shown
by different percentages of inoculated plants that
displayed symptoms. Based on the results, the
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Table 1 Evaluation of resistance of transgenic papaya lines carrying the chimeric YPO8 construct by mechanical inoculation with
Papaya ringspot virus (PRSV) or Papaya leaf distortion mosaic virus (PLDMV) under greenhouse conditions

Resistance level
PRSV YK inoculation at day

No. of plants showing symptoms after

Total numbers
of transgenic

No. of plants showing symptoms after
PLDMV inoculation at day

7 14 21 28 35

lines
7 14 21 28 35 42

S (susceptible) 0 10 10 10 10
WR (weakly resistant) 0 45 5-7 7-9 9-10
MR (moderately resistant) 0 0 0 1-2 2-3
HR (highly resistant) 0 0 0 0 0
NT 0 10 10 10 10

2-3

0 10 10 10 10 10 47
0 0 46 68 89 9 15
0 0 0 -2 23 23 18
0 0 0 0 0 0 9

0 10 10 10 10 10 -

Ten plants from each line were tested by mechanical inoculation with PRSV YK isolate (Bau et al. 2003) or PLDMV P-TW-WF
isolate (Bau et al. 2008). Susceptible (S) lines showed symptoms of mosaic and distortion on leaves, and water-soaked streaks on
petioles and stems, similar to those of the non-transformed control (NT). Weakly resistant (WR) lines eventually showed severe
symptoms similar to those of the susceptible lines, despite a 1-2 week delay in symptom development. Moderately resistant (MR)
lines showed delayed symptoms of mild mottling or chlorotic spots on leaves 3—5 week after inoculation. Highly resistant (HR) lines

showed no symptoms throughout the test period

transgenic lines were classified into four categories:
susceptible (S), weakly resistant (WR), moderately
resistant (MR), and highly resistant (HR) types
(Table 1). Fourteen days after inoculation, 47 sus-
ceptible lines (S) showed symptoms of mosaic and
distortion on leaves, and water-soaked streaks on
petioles and stems, similar to those of the non-
transformed control (Fig. 1A-a, b). Fifteen lines were
considered as weakly resistant (WR) type, with 1—
2 week delay in symptom development and up to 80—
95% of test plants infected 4 weeks after inoculation.
Eighteen lines were classified as moderately resistant
(MR) type, with a 3-5 week delay in development of
attenuated symptoms with mild mottling or chlorotic
spots and only 20-30% of test plants were infected
4 weeks after inoculation. Similar degrees of resis-
tance were noticed in the same MR and WR lines
after inoculation with PRSV or PLDMV. Infection
with PRSV or PLDMV was confirmed in ELISA
assays with samples of symptomatic WR and MR
plants. Nine lines, which showed no symptoms
during a test period of 2 months and ELISA negative
when analyzed with PRSV or PLDMV antiserum,
were regarded as highly resistant (HR) type (Fig. 1A-
¢, d; Table 1). When these nine HR lines were re-
inoculated with another virus, either PLDMV or
PRSV, they also displayed high degrees of resistance
to the second virus challenge.

Five plants (8-10 cm) for each of the 20 trans-
genic papaya lines (18 lines of ‘Sunrise’ and two
lines of ‘Thailand’) carrying untranslatable PLDMV
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CP gene were inoculated with PLDMV P-TW-WF.
The transgenic lines were classified into three cate-
gories: including susceptible (S), weakly resistant
(WR) and highly resistant (HR) types, based on the
level of resistance to P-TW-WF (Table 2). Of the 18
‘Sunrise’ lines, eight susceptible (S) lines showed
symptoms of mosaic and distortion on leaves, and
water-soaked streaks on petioles and stems, similar to
those of the NT control (Fig. 1B-a). Two lines were
considered as weakly resistant (WR) type, with
1-2 week delay in symptom development after inoc-
ulation. The symptomatic plants of all the S and WR
lines were ELISA positive, when tested against
PLDMV antiserum. Eight lines, which showed no
symptoms during the observation period of 2 months
(Fig. 1B-b) and tested negative in ELISA for
PLDMV, were regarded as highly resistant (HR)
type.

Of the two ‘Thailand’ lines, one line was suscep-
tible (S), showing symptoms and ELISA positive
similar to those of NT. Another line, which showed
no symptoms 2 months after inoculation and ELISA
negative, was regarded as highly resistant (HR) type.

Southern blotting analysis of Ry transgenic lines

The copy numbers of the chimeric construct inserts in
the 3 S and 8 HR lines carrying YPOS8 construct were
determined using the YPO8-specific probe and in the
3 S and 7 HR lines carrying PLDMV CP using
PLDMYV CP-specific probe by Southern hybridization
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Fig. 1 Transgenic resistance to Papaya ringspot virus (PRSV)
YK or Papaya leaf-distortion mosaic virus (PLDMV) P-TW-
WF of transgenic papaya lines. A reactions of the YPOS
transgenic plants photographed 4 weeks after mechanical
inoculation with PRSV or PLDMV. Non-transformed plants
developed typical severe mosaic and leaf-distortion symptoms
after inoculation with PRSV YK (a) and PLDMV P-TW-WF
(b), respectively. No symptom was evidenced on plants of

analyses. The chimeric construct was randomly
inserted into the host genome, as reflected by the
different hybridization patterns of samples from
different lines. The copy numbers of different lines
ranged from 1 to 5, as shown in Supplementary
Fig. 3A and Fig. 2A. Among these lines, the HR lines
were associated with two or multiple copies of the
chimeric insert. Furthermore, all the tested suscepti-
ble lines carried single copy insert with the chimeric
YPO8 (Supplementary Fig. 3A) or untranslatable
PLDMV CP (Fig. 2A). These results indicated that

transgenic line H2-1 after inoculation with PRSV YK (¢) or
PLDMV P-TW-WF (d). B reactions of the PLDMV CP
transgenic plants photographed 4 weeks after mechanical
inoculation with PLDMV. Non-transformed plants developed
typical severe mosaic and leaf-distortion symptoms after
inoculation with PLDMV P-TW-WF (a). No symptom was
evidenced on plants of transgenic line 2-13-1 after inoculation
with PLDMV P-TW-WF (b)

higher levels of transgenic resistance in papaya lines
have a trend to be correlated with high transgene
copy numbers of the inserted transgene.

The expression levels of chimeric CP transgene
transcript and siRNA

Twenty-one lines, including 11 lines carrying the
chimeric construct YPO8 and 10 lines carrying
untranslatable PLDMV CP, in which the presence
of the transgene was confirmed by PCR and Southern
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Table 2 Evaluation of resistance of transgenic papaya lines carrying untranslatable PLDMV CP by mechanical inoculation with
Papaya leaf distortion mosaic virus (PLDMV) under greenhouse conditions

Cultivar  Resistance level No. of plants showing symptoms after PLDMV inoculation at day Total numbers
of transgenic lines
7 14 21 28 35 42
Sunrise S (susceptible) 0 5 5 5 5 5 8
WR (weakly resistant) 0 1-2 34 5 5 5 2
HR (highly resistant) 0 0 0 0 0 0 8
NT 0 5 5 5 5 5 -
Thailand S (susceptible) 0 5 5 5 5 5 1
HR (highly resistant) 0 0 0 0 0 0 1
NT 0 5 5 5 5 5 =

Five plants from each line were tested by mechanical inoculation with PLDMV P-TW-WF isolate (Bau et al. 2008). Susceptible (S)
lines showed symptoms of mosaic and distortion on leaves, and water-soaked streaks on petioles and stems, similar to the symptoms
of the non-transformed control (NT). Weakly resistant (WR) lines eventually showed similar symptoms as the susceptible lines,
despite a 1-4 week delay in symptom development. Highly resistant (HR) lines showed no symptoms throughout the test period

blot analysis, were selected and their expression
levels of transgene transcript and siRNA were
analyzed by northern blotting.

The results revealed that two S lines accumulated
higher level of the chimeric YPOS transcript, but no
transcript was detected from S line D3-1 (Supple-
mentary Fig. 3B). In contrast, lower levels of the
chimeric YPO8 transcript were detected from all the
HR lines (Supplementary Fig. 3B). Similarly, high
levels of transcript were noticed in all S lines of
PLDMYV CP transgenic lines, while no transcript was
detected from all the HR lines tested (Fig. 2B).

When siRNA of these 21 lines was analyzed by
YPO8-specific probe or PLDMV CP-specific probe,
the results revealed that high levels of siRNA related to
the chimeric YPO8 construct or PLDMV CP construct
were detected from all HR lines tested, but not from all
S lines tested (Supplementary Fig. 3C and Fig. 2C).

Sex determination and horticultural properties
of transgenic lines

A 450 bp marker fragment, named PSDM (Papaya
Sex Determination Marker), exists in all male and
hermaphrodite plants, but not in the female (Urasaki
et al. 2002). Two primers, SDP-1 and SDP-2, were
designed from sequences within the PSDM sequence
(Urasaki et al. 2002). PCR performed with these
primers amplified a 225 bp fragment in the hermaph-
rodite non-transformed papaya and all the transgenic
papaya lines obtained in this study, but not in the
female papaya controls (Fig. 3a).
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After 1 year culturing under greenhouse condi-
tions, plants of 15 selected transgenic papaya lines,
including 11 lines of cv. ‘Tainung No. 2’, three lines
of cv. ‘Sunrise’ and one line of cv. ‘Thailand’, showed
hermaphrodite characteristics at the flowering stage
(Fig. 3b, upper panel), and normal horticultural
properties such as leaf size, height, fruit-setting, fruit
size and shape (Fig. 3b, lower panel), and sweetness
indistinguishable from those of the original non-
transformed papaya plants of cv. ‘Tainung No. 2’,
‘Sunrise’, and ‘Thailand’.

Discussion

The lengthy breeding procedure (about 5-7 years) is
usually required for incorporating the desired sex and
other useful horticultural properties like shape, size,
color, sweetness and flavor of fruits into a commer-
cially valuable hybrid cultivar of papaya. For exam-
ple, because all YK-CP transgenic papaya lines were
with female sex (Bau et al. 2003), we have spent 5—
7 years to fix the transgenic resistance through
backcross with parental lines to obtain hermaphrodite
sex with desirable horticultural traits and fix the
homozygosity of the transgene, and the selective
progenies were then used for generation of a com-
mercial hybrid cultivar. In this study, in order to
shorten the time for the generation of bisexual papaya
sex types, the somatic embryos derived from the roots
of in vitro multishoots of selected plants of C. papaya
cv. ‘Tainung No. 2’°, ‘Sunrise’, and ‘Thailand’, with
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Fig. 2 Southern analysis for the integration of the untranslat-
able PLDMV CP construct in transgenic papaya lines and
analysis of the accumulations of the transgene transcript and
siRNA by northern blotting. A Analysis of the copy numbers of
the chimeric construct in transgenic papaya lines, as detected
by Southern hybridization using PLDMV CP-specific probe.
The copy numbers (Copy No.) are indicated at the bottom of
each lane. B Expression levels of transgene transcript of
susceptible (S) and highly resistant (HR) lines detected by
northern hybridization. Non-transformed papaya (NT) was
used as a negative control. The arrow indicates where the
expected transcript migrated. The quantities of the total RNA
(25 pg/lane) loaded were monitored by ethidium bromide
staining. C siRNA accumulations derived from the transgene in
susceptible (S) and highly resistant (HR) lines were analyzed
by PLDMV CP specific probe. Loading control of total RNA
(30 pg/lane) was monitored by ethidium bromide staining.
RNA Decade™ Marker system (Ambion Inc., Austin, TX) was
used as markers

desired bisexual type and horticultural properties,
were used as explants to replace the zygotic embryos
from premature seeds with unknown sex and horti-
cultural properties. A commercially valuable ‘Tain-
ung No. 2’ papaya hybrid variety with double-virus
(PRSV and PLDMV) resistance was generated within

7 months after Agrobacterium-mediated transforma-
tion. An efficient micropropagation protocol (Yu
et al. 2000) has been widely used for production of
large numbers of hermaphrodite plants of ‘Tainung
No. 2’ hybrid in Taiwan (Yeh et al. 2007). Thus, the
transgenic lines derived from ‘Tainung No. 2’
generated in this study can be directly used for
commercial purposes without further breeding. Com-
pared with recently generated double-virus resistant
papaya lines with female sex regenerated from
immature zygotic embryos (Kung et al. 2009), which
need several years to generate hermaphroditic papaya
with desired properties via breeding, our new
approach significantly shortens the breeding program.
The sequence content of the presently used PRSV-
PLDMV CP chimeric construct pYP08 [(635 bp,
containing 5’-end segment (263 bp) of PRSV CP and
3’-end segment (161 bp) of PLDMV CP with 3’ UTR
(211 bp) of PLDMV] is completely different from
that of the previously reported construct pPY16
(1,526 bp, containing 5'-end segment of PLDMV CP
(718 bp) and 3’-end segment (601 bp) of PRSV CP
with 3’ UTR (206 bp) of PRSV] (Kung et al. 2009).
The construct of pYPOS8 is much shorter and contains
CP segments and 3’ UTR different from those of
pPY 16 (Kung et al. 2009). Despite these differences,
we showed that the chimeric construct YPOS was also
able to provide high degrees of transgenic against
PRSV and PLDMYV. Our results suggested lack of
significant influence of different segments, arrange-
ment and length of PRSV-PLDMV CP sequence
components in the PRSV-PLDMV CP chimeric
construct in its ability to provide resistance against
PRSV and PLDMV. However, the shorter length of
the chimeric construct used in this study may
minimize the possibility of recombination between
the genome of invading virus and the transgene.
Our new approach was also successfully applied to
other papaya cultivars of ‘Thailand’ and ‘Sunrise’, in
which PLDMYV resistant hermaphrodite papaya lines
carrying the PLDMV untranslatable CP sequence
were also obtained. Since cultivars of both ‘Thailand’
and ‘Sunrise’ are the parental lines of the hybrid
cultivar ‘Tainung No. 2’, their hermaphrodite indi-
viduals with desired horticultural traits can greatly
shorten the breeding time to generate a new ‘Tainung
No. 2’ hybrid with resistance to PLDMV. Moreover,
these PLDMV HR lines can also be crossed with
previously developed homozygous PRSV-YK CP
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Fig. 3 PCR analysis and hermaphroditic phenotypes of trans-
genic lines. A PCR analysis with the hermaphrodite-linked
primers, SDP-1 and SDP-2 (Urasaki et al. 2002). Non-
transgenic hermaphrodite and female plants of non-transformed
papaya (NT) cv. Sunrise (SR), Tainung No. 2 (TN) and
Thailand (TL) and two female transgenic papaya lines, 18-2-4
and 10-4, generated in previous studies (Bau et al. 2003; Kung
et al. 2009) were used as controls. A specific fragment of
225 bp, similar to that of the hermaphrodite controls, was

transgenic papaya lines (Bau et al. 2003) to generate
a double-virus resistant papaya hybrid via breeding in
future to control the two viruses in Eastern Asia and
elsewhere.

In this investigation, transformation frequencies
using somatic embryos derived from root-tip seg-
ments (IIT) ranged from 3.7-37.6%, with an average
of 31.2%. The transformation frequency of ‘Thai-
land’ was significantly lower than those of ‘Sunrise’
and ‘Tainung No. 2’ (Supplementary Table 2). The
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amplified from all the transgenic papaya lines, including 11
lines of Tainung No. 2 (TN lines), three lines of Sunrise (SR
lines) and one line of Thailand (TL line). B Hermaphroditic
phenotypes of transgenic lines. After planting in greenhouse for
1 year, plants of selected transgenic papaya lines SR 2-13-1, TN
B1-4, and TL 3-5-1 showed hermaphroditic flowers (upper
panel, gray arrow = anther and white arrow = pistil) and
fruits (lower panel) similar to those of the original NT plants of
Tainung No. 2, Sunrise, and Thailand

transformation frequency 1is apparently variety-
dependent, and it may be due to lower efficiency of
rooting, as reflected in the lower amounts of adven-
titious roots developed from ‘Thailand’, as compared
to those of ‘Tainung No. 2’ and ‘Sunrise’ (Supple-
mentary Table 1). In general, the average transfor-
mation frequency of our new approach is higher than
the transformation frequency of 0.42% of bombarded
embryos (Fitch et al. 1990), 0.15% of embryogenic
callus by Agrobacterium-mediated transformation
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(Fitch et al. 1993), and 16.9% of immature embryos
treated with Agrobacterium following liquid-phase
wounding with caborundum (Cheng et al. 1996).
Moreover, our results indicated that the new trans-
formation protocol can be used for different papaya
varieties including the parental lines of hybrid variety
such as cultivars ‘Thailand’ and ‘Sunrise’.

In previous study, the tissue culture conditions for
producing somatic embryos from adventitious roots
of in vitro shoots of Carica papaya cv. ‘“Tainung No.
2> were described, and the root-tip part was consid-
ered the best explant (Lin and Yang 2001). But,
suggestions were not provided regarding the best time
for root harvesting and for the root portion of other
papaya cultivars. In this investigation, our results
indicated that higher frequencies (28.2-34.3%) of
somatic embryogenesis for cultivars ‘“Tainung No. 2’,
‘Thailand’, and ‘Sunrise’ were from root-tip seg-
ments (III portions) of adventitious roots obtained 2—
4 weeks after culturing in the rooting medium. Apical
meristem is located on the root tip that differentiates
into different tissues. This portion of the adventitious
roots is considered prone to be inducible by 2,4-D
medium for the formation of somatic embryos.

In this study, after kanamycin selection for
90 days, the selected tissues were subcultured on
the kanamycin-free IM4 medium for embryo devel-
opment. This step is important for embryo develop-
ment from transformed cells. It appears that antibiotic
selection retards the regeneration process of trans-
genic papaya lines (Yu et al. 2003). Several studies
have addressed this issue by limiting the period under
antibiotic selection and allowing regeneration of
plants in the absence of kanamycin, as described by
Cai et al. (1999). We also had difficulties in
regenerating plantlets from tissues kept on IM4
medium with kanamycin for long periods (more than
3 months).

In northern blotting analysis, lower levels of
transgene transcript or no transcript were detected
in most of highly resistant lines, as compared with
those of susceptible lines. Furthermore, higher levels
of siRNA were detected in all the highly resistant
lines, suggesting that the resistance was mediated by
post-transcriptional gene silencing (PTGS) (Baul-
combe 1996). However, a relatively higher level of
transgene transcript was detected from the highly
resistant A2-2 line that contained five inserts (Sup-
plementary Fig. 3A). The transcript accumulation in

this line implied that the siRNA did not completely
silence the expression of multiple inserts, but appar-
ently the RNA degradation through siRNA signaling
was capable of silencing the invading viral RNA to
provide a high level of resistance (Supplementary
Fig. 3B, C). No transcript and no siRNA of the
transgene were detected in the susceptible line D3-1,
suggesting that the susceptibility of this line is due to
transcriptional gene silencing (TGS) (Smith et al.
1994). The highly resistant lines were associated with
two or multiple copies of the chimeric YPOS8
construct or PLDMV CP construct. Furthermore,
transgenic papaya lines with single copy insertions
were susceptible. These results corroborate previous
report that more transgenic copies may enhance
PTGS (Sijen et al. 1996; Kung et al. 2009).

In this investigation, a tissue culture method was
developed for efficient Agrobacterium-mediated
transformation via somatic embryos derived from
root-tip explants (III) from desired hermaphroditic
papaya plants of cultivars ‘Tainung No. 2’, ‘Sunrise’,
and ‘Thailand’ to generate transgenic papaya lines.
The selected transgenic papaya lines growing under
greenhouse conditions were hermaphrodite and had
normal horticultural properties similar to those of the
original non-transformed papaya plants of cv. ‘Tain-
ung No. 2°, ‘Sunrise’, and ‘Thailand’. Following this
procedure, we developed single-virus (PLDMYV)
resistance and double-virus (PRSV and PLDMYV)
resistance in transgenic papaya lines of different
papaya cultivars with hermaphrodite sex and desired
horticultural properties. The commercially valuable
‘Tainung No. 2’ papaya hybrid variety with double-
virus resistance to PRSV and PLDMYV can be directly
micropropagated or used in breeding for a hybrid.
Therefore, we consider our new approach is a fast and
efficient transformation method for different papaya
varieties and it can significantly shorten the time-
consuming breeding program.
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