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Abstract Papaya (Carica papaya) is a very impor-
tant crop in many tropical countries but it is highly
susceptible to parasitic diseases, physiological disor-
ders, mechanical damage and fruit overripening. Here
we report a study on ACC oxidase cosuppression and
its effects on papaya fruit ripening. Papaya ACC
oxidase was isolated using PCR and embriogenic cells
transformed by biolistic using the CaMV 35S promoter
to drive the expression of the PCR fragment in sense
orientation. Fifty transgenic lines were recovered and
20 of those were grown under field conditions.
Southern analysis showed incorporation of the trans-
gene in different copy numbers in the papaya genome.
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Fruits were evaluated in terms of texture (firmness),
colour development, respiration and ethylene produc-
tion. A sharp reduction in ethylene and CO2 production
was detected, whereas softening and colour develop-
ment of the peel were also altered. Overall, transgenic
fruits showed a delay in ripening rate. A reduction in
mRNA level for ACC oxidase in transgenic fruit was
clearly detectable by northern blot. More studies are
necessary before this technology can be used to extend
the shelf life of papaya fruit.
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Abbreviations
ACC 1 Aminocyclopropane-1-carboxilic acid
GC Gas chromatography

Introduction

Fruit ripening is a complex, genetically programmed
process that culminates in dramatic changes in
colour, texture, flavour and aroma of the fruit. Based
on their respiratory pattern, fruits can be divided into
two groups: climacteric, in which ripening is accom-
panied by a peak in respiration and a concomitant
burst of ethylene, and non-climacteric in which there
is no change in respiration and ethylene production
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remains at a very low level (Alexander and Grierson
2002). The sharp increase of ethylene production in
climacteric fruits at the onset of ripening is thought to
induce changes in biochemical and physiological
attributes (Jiang and Fu 2000). Ethylene regulates
fruit ripening by regulating the expression of specific
genes (Barry and Giovannoni 2007). Ethylene is
synthesized in higher plants from methionine via
S-adenosyl methionine and 1-aminocyclopropane-1-
carboxylic acid. The role of the two key enzymes of
the pathway, ACC synthase and ACC oxidase, during
fruit ripening has been the focus of research of many
groups over several years.

Papaya, with a world production of 6.8 million Mt
in 2005 (FAO 2006), is a major economic crop in
many tropical countries. The fruit is a valuable export
commodity, which generates hard currency earnings
in many developing countries. Papaya shipments
arriving at terminal markets have a range of disorders
associated with over-ripeness, mechanical injury and
parasitic diseases (Capellini et al. 1988).

Storage studies on papaya harvested at different
harvest maturities have identified fruit softening as a
key quality factor to be controlled (Paull 1993). In this
respect, enzymes involved in ethylene synthesis rep-
resent key targets for research. In climacteric fruits,
such as papaya, the rise in ethylene production parallels
the respiration rate and peaks at the same time as the
respiratory climacteric (Paull and Chen 1983). Studies
on ethylene production in papaya fruit have focused on
measurements of ACC oxidase activity. The highest
level of activity has been found in the exocarp of 75%
ripe fruit (Chan et al. 1990). Molecular studies have
demonstrated expression of two ACC syntase genes
during papaya fruit ripening (Mason and Botella 1997).
Expression of ACC oxidase genes has also been
examined during this process. In preclimacteric fruits,
the ACC oxidase message is detectable at very low
levels in the peel but it is highly abundant in the pulp.
The message is also easily detectable in the peel of
climacteric fruit which also contains high levels of
ACC oxidase mRNA in the pulp. In postclimacteric
fruit the message is detectable both in the peel and the
pulp but the levels are lower than those in climacteric
fruit (Lopez-Gomez et al. 2004). Two different ACC
oxidase genes participate in papaya fruit ripening
(Chen et al. 2003).

By antisense inhibition of ACC oxidase (Picton
et al. 1993, Schaffer et al. 2007), or RNAi (Xiong

@ Springer

et al. 2005) or ACC synthase antisense (Oeller et al.
1991) it has been possible to delay tomatoe fruit
ripening. Expression of antisense ACC oxidase in
melon fruit also alters the normal ripening pattern
(Ayub et al. 1996). Other studies have further
demonstrated that introduction of truncated gene
constructs in the sense orientation, can result in
suppression of homologous host genes, a phenome-
non called co-suppression (de Carbalho-Nievel et al.
1995; Napoli et al. 1990; Yu et al. 2003; Mahmoud
et al. 2004). Papaya fruit is susceptible to overripen-
ing caused by ethylene and the technology in use
today to extend the shelf life of papaya is based on
the control of ethylene action and production. The
availability of fruits with low endogenous ethylene
production might substantially reduce losses caused
by overripening. For all these reasons, this work was
undertaken with the aim to generate transgenic
papaya plants containing a fragment of the ACC
oxidase gene in the sense orientation to block
ethylene production and delay the ripening rate. This
is the first report of the use of cosuppression
technology in a tropical fruit (the papaya).

Material and methods
Plant material

Papaya fruits (Carica papaya cv Maradol) were
obtained from a local market to isolate the ACC
oxidase fragment. Ethylene and CO, production of
individual fruits was monitored by GC (Hofman and
Yang 1980).

PCR and sequence analysis

Total RNA was extracted from both peel and pulp at
each ripening (preclimacteric and climateric) stage by
the method described by Lopez-Gémez and Goémez-
Lim (1992). Complementary DNA was synthesized
from pulp RNA using reverse transcriptase (Roche
Molecular Biochemicals, Mannheim, Germany).
Sequences for papaya ACC oxidase were amplified
from the cDNA by polymerase chain reaction (PCR),
using degenerate primers for ACC oxidase. Forward
primer: 5" GC(A/T/G/C) TG(C/T) GA(A/G) AA(T/C)
TGG GG(G/A/C/T) TT 3'. Reverse primer: 5 AA
(A/G) TT(C/T) CA(G/A) GC(A/C/G/T) AA(A/G)
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GA(A/G) 3’ (Lopez-Gomez et al. 1997). A PCR
product of the appropriate length, 816 bp, was cloned
into the PCRII vector (InvitroGen, Carsbald CA), and
sequenced using the Sequenase enzyme according
to the manufacturer’s instructions (United States
Biochemical, Cleveland, OH), with deoxyadenosine
5'-[o-(*>S) thio]-triphosphate (Amersham Biosciences,
Piscataway, NJ). The entire PCR product was sequenced
on both strands. For transgene detection, we designed a
set of primers derived from the CaMV 35S promoter
(5’end) and from the ACC oxidase fragment (3’ end);
reverse: 5% GTCAGCGGCCTCCAACTCCTC 3’ and
forward: 5% CACTGACGTAAGGGATGACG 3, to
amplify a fragment of about 816 bp.

Vector construction

To prepare the papaya ACC oxidase sense construc-
tion, we used the pKYLXS80 plant vector containing
the CaMV 35S promoter and the transcriptional
terminator of the RUBISCO gene (Schardl et al.
1987). The ACC oxidase insert (cCPACCO-1) was
removed by HindIII/Xbal digestion from the PCRII
vector and ligated into the same sites of PKYLX80.
The resulting construct was named pKYCPACCO-1
and purified as described (Sambrook et al. 1989).

Generation of papaya transformants

Papaya embryogenic calli at the globular stage were
transformed by particle bombardment according to
Cabrera-Ponce et al. (1995, 1997). The papaya
genotype used was Maradol obtained from the
INIFAP Research Institute (Tabasco, México). An
equimolar mixture of plasmid pKYCPACOO-1 and
pGPTV-Bar (Becker et al. 1992) was precipitated
onto tungsten microprojectiles M10 (0.73 um diam-
eter GTE Sylvania, Precision Materials Group,
Towanda, Pa) and used for the bombardment. Tran-
formed embryogenic calli were selected on 3 mg/l
PPT (PESTANAL®, Sigma-Aldrich, St. Louis, MO)
and 100 mg/l G418 (Sigma-Aldrich). Transformed
shoots were transferred to M3 medium (MS medium
supplemented with 3 g/l activated charcoal, 2%
sucrose, 2.5 g/l gelrite at pH 5.8) plus 3 mg/l PPT
and 100 mg/l G418 to induce root elongation for one
month. Rooted plants were placed in pots with peat
most (Sunshine Mix 3, Fisons, Canada), applying a
fungicidal solution (1 mg/ml benomyl) in the roots to

avoid fungal contamination. Plants were covered with
a plastic bag and grown in a Plant Tissue Culture
Chamber model CU-36L (Percival Scientific, Perry,
IA) at 25°C under a 16-h photoperiod provided by
cool white fluorescent lamps (50 pM m™2 s~ ') for up
to two months before transferring to the greenhouse.
Using the same type of soil, plants were transferred to
the greenhouse with day/night temperatures of
32°C =+ 2/14°C =+ 2, and a relative humidity varying
between 60%—-90% all year. Light fertilization was
done using a 20:30:10 (nitrogen, phosphorous and
potassium) fertilizer applying 100 ml of fertilizer
solution (3 g/1) per pot, four times during plant
development. Plants were kept in these conditions for
about three months and then were transferred to the
field, irrigated each other day and fertilized monthly
(Triple 17 fertilizer 17:17:17 nitrogen, phosphorus
and potassium).

RNA Isolation and RNA blots

Total RNA was extracted from papaya fruit tissue by
the method described by Lopez-Gémez and Gémez-
Lim (1992). Samples of total RNA (10 pg) were
subjected to electrophoresis in a formaldehyde-con-
taining gel, followed by transfer to a Hybond-N
membrane (Amersham) and hybridization to the
32p_labeled cCPACCO-1 insert (Sambrook et al.
1989; Ausubel et al.1991). The insert was labelled
to a specific activity of 10%-10° cpm/pg by random
priming (Invitrogen, Carlsbad, CA). Blots were
washed at 65°C twice (15 min) at high stringency
(1 mM Na, EDTA, 40 mM NaHPO,, 1% SDS)
and subsequently exposed to a Kodak XAR-5 film
at —70°C.

DNA Hybridization and DNA blots

Papaya genomic DNA was isolated from young
leaves as described by Dellaporta et al. (1983). Ten
micrograms of DNA were digested with the appro-
priate restriction enzyme and electrophoresed on a
0.8% agarose gel. The gel was blotted to a Hybond-N
membrane (Amersham) and hybridized to the
labelled insert of cCPACCO-1 at 65°C by the
phosphate buffer method (Ausubel et al. 1991). Blots
were washed at 65°C twice (15 min) at high
stringency (1 mM Na, EDTA, 40 mM NaHPO,, 1%
SDS). The blots were subsequently exposed to a
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Kodak XAR-5 film at —70°C using intensifying
screens.

Analysis of fruit

Skin colour was measured with a colorimeter (Color
Mate Color Analyzer, Milton Roy, Rochester, N.Y.),
using the colour system L*a*b*. The colorimeter was
calibrated with a white reflective plate. Colour was
measured at the equatorial level on two opposite sides
of the fruit. Firmness was measured as resistance to
penetration (3 mm) using a digital texturometer
equipped with a cylindrical tip 7 mm in diameter.

CEPROBI-IPN experimental station in Yautepec,
Morelos, México.

Results
Cloning of papaya ACC oxidase fragment

PCR amplification of fruit pulp cDNA, with degen-
erate primers corresponding to conserved regions of
other ACC oxidase genes, yielded a product of the
appropriate length (Fig. la). Sequencing of the
816 bp product revealed (cCPACCO-1) high identity

Plant growth

Regenerated plants were grown in a greenhouse for
2 months and subsequently grown in the field at

Fig. 1 (a) Nucleotide sequence
and deduced amino acids of the
ACC oxidase fragment obtained
by RT-PCR from papaya pulp
tissue. (b) Map of the construct
pKYCPACOO-1 containing the
ACC oxidase fragment cloned in
PKYLXS8O0 in the sense orientation.
The ACC oxidase fragment is
flanked by the CaMV 35S
promoter and the RUBISCO
terminator
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to a previously reported ACC oxidase gene (Lopez-
Goémez et al. 2004). The fragment was cloned
between the CaMV 35S promoter and the RUBISCO
terminator to yield construct pKYCPACOO-1
(Fig. 1b).

AACTGGGGCTTCTTTGAGTTGGTGAACCATGGGATCTCTCATGACCTGATGGACACTGTGGAGAGGCTGACAAAG
N W G F F EL VN HG I S HD LMD TV E R L T K

GAGCATTACATGAAGTGTATGGAGCAGAGATTCAAAGAAATGGTGGAAAGTAATGGTCTTGAGGCTGTTCAGTCT
E H Y M K ¢C M E Q R F K EMV E S N GUL E A V Q S

GAAATCAATGATATGGATTGGGAAAGTACCTTCTTCTTGCGCCATCTTCCAGCTTCAAACATGCATGAAATTCCT
E I N DM D WE S T F F L R H L P A S N MHE I P

GATCTTGAAGATGACTACAGGAAGGCAATGAAGGAGTTTGCAGTGGGGCTGCAGAAACTTGCAGAGCAAATGTTA
b L EDDY R KAMIKEVFAVYV G L Q K L A E Q M L

GACTTGTTGTGTGAGAATCTTGGGTTAGAGAAAGGGTATTTGAAGAAAGTATTTTATGGGTCAAAGGGTCCTAAT
b L L ¢ ENIL G L E K G Y L K K V F Y G S K G P N

AATTTTGGGACAAAGGTTAGCAACTATCCTCCATGTCCTAAACCAGATCTTATCAAGGGACTCAGAGCCCACACA
N F G T KV S NY P P C P K P DL I K G UL R A H T

GATGCAGGTGGCATCATCTTGTTGTTCCAAGATGACAAGGTCAGTGGCCTCCAGCTCCTCAAGGATGACCAGTGG
D AGOG I I L L F QDJUDJZ XKV S G ULOQTILTULXDTDOQW

GTTGATGTCCCTCCCATGAAACATTCCATTGTCATCAACCTTGGTGATCAACTTGAGGTGATTACTAACGGTAAA
v pD Vv P P M KH S I VI NL G D Q L E V I T N G K

TACAAGAGTGTAATGCACAGAGTTATAGCACAGACAGATGGGAACAGAATGTCACTAGCCTCATTCTACAATCCT
Yy K s v M HR VI A QT™DGNIRMS L A S F Y N P

GGAGATGATGCTGTGATCTACCCAGCACCATCTCTGGTAGAGAAAGAAGCAGAGAAGAATCAGATTTACCCAAAA
G b b AV I Y P AP S L V E K EAEI KNOQ I Y P K

TTTGTGTTTGATGATTACATGAAACTTTATGTTGGGTTGAAATTTCAGGCTAAGGAG
¥F v F D DY M K L Y V G L K F Q A K E

Hindll Xbal

3!
Ca MV 355 ACCO Sense Fragment RUBISCO Temminotor —

816bp
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Papaya transformation and recovery of transgenic
plants

Fifty embryogenic calli resistant to the herbicide
were obtained on selective medium, propagated and
regenerated into plants. Transgenic shoots regener-
ated from embryogenic calli were able to grow in
sealed, plastic containers where ethylene readily
accumulates. Considering that non-transformed calli
did not grow in these conditions, this result was a
preliminary indication that inhibition of ethylene took
place in the transformed shoots, enhancing the
capability to grow better in such an environment.
Another evidence was based on the fact that the
functional unit for PPT resistance was encoded in the
plasmid pGPTV-Bar in which the bar coding
sequence is under the control of the nopaline synthase
promoter but the f-glucuronidase gene did not have a
promoter. Nevertheless, 40% of the regenerated
papaya plants were GUS positive, indicating activity
of endogenous promoters. Perhaps, it also could be
due to the RUBISCO termination signal, which has
been demonstrated to be leaky (Roy et al. 2000).

Analysis of transgenic papayas

Out of twenty papaya plants grown in the field, only
14 plants survived. We extracted DNA from 5
selected transgenic lines (CPACO 4, 5, 6, 12, 13)
and used PCR to detect the sense construct. We
obtained an amplified product of approximately
800 bp only in the transgenic lines, whereas the
control plant did not show any band (Fig. 2).

A Southern blot experiment was performed to
estimate the copy number of the trangene insertions
in the genome of the recovered plants. Figure 3
illustrates the number of copies of the transgene in
the different lines. Multiple insertions of the trans-
gene were evident in most lines, which is a common
result when using biolistic for transformation
(Fladung 1999).

The transgene did not seem to cause any
phenotypic abnormality. Transformed lines produced
plants with similar height to the control plants (1.5—
2.0 m) and some smaller individuals (0.5-1.0 m
high). The weight of transgenic fruits were similar
to that of control fruit with about 1.65 kg in
average. In control plants, the fruit took between
20-23 weeks to reach the breaker state, however in

Control

MWM 4 5 6 12 13

bp
2000

500

Fig. 2 Hybridization of the PCR product amplified from
different papaya transgenic lines. Total DNA was extracted
from different transgenic lines (CPACO4, CPACOS5, CPACO6,
CPACO12 and CPACO13) and analyzed by PCR using the set
of primers described in the methods section. A 624 bp fragment
was amplified from each line and separated on a 0.8% agarose
gel (upper image). The fragments were then transfered to a
nylon membrane and hybridized (at high astringency) with the
papaya ACC oxidase fragment (CAPACCO-1) as probe (lower
image). The numbers at the top refer to the lines examined.
MWM, molecular weight markers are indicated on the left.
Control, non-transformed plant

transgenic fruits we could not observe during this
time the typical yellowing of the breaker stage of
control papayas.

For purposes of reproducibility, we employed
fruits of the same age for physicochemical analysis.
We report analyses of two transgenic lines, CPACOS5
and CPACO12. We selected these lines because they
showed similar growing patterns to control plants in
the field. Under the climate and agronomic practices
of Yautepec, Morelos, the plants took about 8 months
to grow and produce hermaphrodite flowers.

Etylene and CO, production

Ethylene and CO, production of transgenic fruits
of lines CPACO 5 and 12 compared with non-
transformed fruits is shown in Figs. 4 and 5. In
transgenic fruits, ethylene production was reduced to
about 60% of the normal level (Fig. 4). This result
suggests that ethylene production during papaya fruit
ripening is a consequence of the expression of more
than one gene (Chen et al. 2003), and that CO,
production is associated to the ethylene production in
papaya fruit. On the other hand, control fruits showed
the normal climacteric pattern, whereas transgenic
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4 5 9 10 12 control

Fig. 3 Southern blot of papaya transgenic lines. Five micro-
grams of genomic DNA purified from the leaves of transgenic
lines 4, 5, 9, 10 and 12 (numbers at the top) and from a non-
transformed plant, were digested with Xba-HindIII, fraction-
ated on a 0.8% agarose gel and blotted to a nylon membrane.
The membrane was hybridized to the labeled ACC oxidase
fragment (CAPACCO-1) at 65°C. Blots were washed at
65°C at high-astringency, and subsequently autoradiographed
at —70°C. The numbers on the left indicate molecular weight
markers. MWM, molecular weight markers are indicated on
the left. Control, non-transformed plant
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0 1 2 3 4 5 6 7
Days after harvest
Fig. 4 Ethylene production in papaya transgenic fruits.
Papaya transgenic fruits (lines 5 and 12) of the same age as
control fruits were collected, weighted daily and placed in
closed containers. After 60 min a 1 ml sample was removed
from the headspace and analyzed by gas chromatography. The
fruits were then removed from the container and incubated at
25°C. The procedure was repeated for 7 days. Each point

represents the average of ethylene produced by three fruits

fruits showed no climacteric pattern (Fig. 5). Clearly,
ethylene is somehow involved in the climacteric peak

in papaya.
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Fig. 5 CO, production in papaya transgenic papaya fruits.
Fruits from lines 5 and 12 were collected and processed as
described in the legend to Fig. 4. CO, production was
determined as described in the legend of Fig. 4. Each point
represents the average of CO, produced by three fruits
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Fig. 6 Changes in peel color of transgenic fruit. The color of
the peel was measured with a colorimeter (Color Mate Color
Analyzer, Milton Roy, Rochester, N.Y.), using the colour
system L*a*b*. Each point represents the average of three
fruits

Analysis of fruit

The colour of the skin in transgenic fruits remained
green longer than in control fruits (Fig. 6). In
addition, transgenic fruits stayed firm much longer
than control fruits (Fig. 7). By 15 days post harvest,
the colour of the peel was still green and the fruits
were still firm. Because of this delayed ripening,
fruits were allowed to ripen on the tree for seven
additional days but the fruits never seemed to reach
the typical yellow color. The peel looked yellowish
and thinner than normal but it never reached the full
yellow/orange color. The mesocarp stayed firm
during all this time and by day 15 the fruits were
already being infected by a variety of pathogens and
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Days after harvest

Fig. 7 Changes in flesh firmness of transgenic fruit. Firmness
was measured as resistance to penetration (Newton) using a
digital texturometer Each point represents the average of
firmness of three fruits

the experiment had to be terminated. Overall, the
fruits did not ripe after 21 days on the three.
Consistent with these results, a drastic reduction in
the expression of the ACC oxidase mRNA was
detected by northern blot analysis (Fig. 8).

Discussion

In this work, we have generated transgenic papaya
plants that constitutively express the ACC oxidase
fragment. This fragment reduced ethylene production
in fruit. Shoots regenerated from transformed

Cc 5 12

800 bp =

Fig. 8 Expression of ACC oxidase in transgenic fruits.
Samples of pulp were taken at the climacteric stage from a
non-transformed fruit (C) and from transgenic fruits (5 and 12)
and total RNA was extracted. Ten micrograms from each
sample were separated on a denaturing gel (bottom panel), and
blotted onto nylon membrane and hybridized at 65°C using
CAPACCO-1 as probe. Blots were washed at 65°C at high-
astringency, and subsequently autoradiographed at —70°C
(Top panel). The number on the left indicates the approximate
size of the transcript

embryogenic calli were able to grow in sealed
containers whereas non-transgenic shoots showed
no growth, probably because of the ethylene accu-
mulated inside the container. Transgenic papaya
plantlets were able to grow for at least two months
in such conditions. When papaya is cultured in vitro
for large-scale production, because of the senescence
induced by ethylene accumulated in enclosed
containers, regeneration and rooting are critical.
For several papaya genotypes, it may take from
3—4 months for healthy plants to develop. In our
system, well-established transgenic plants were
obtained in only two months. Transgenic plants were
quite robust in comparison to non transformed plants,
and this is a system that probably could be used for
large-scale micropropagation of papayas.

Using Southern blot we were able to determine that
the transgenic plants contained multiple copies of the
transgene, which is an expected result from using
biolistics, making the transgenic plants unstable
(Fladung 1999). The DNA from a non-transformed
plant also presented two hybridizing bands, a faint and
a strong one. We performed RT-PCR using papaya
RNA as template and the amplified product (ACC
oxidase) is present in the papaya genome. We had
reported earlier that ACC oxidase may be encoded by
more than one gene (Lopez-Gomez et al. 2004). Chen
et al. 2003 demonstrated the participation of two ACC
oxidase genes during papaya fruit ripening. This may
explain the presence of the two bands in our study. We
also observed a non climacteric-like behavior in the
transgenic fruit and a delayed ripening of the fruit, but
we did not detect complete inhibition of the ripening
process. Since genetic manipulation does not block
ethylene production altogether, it is possible that the
remaining ethylene produced by the fruit was enough
to induce ripening albeit at a lower rate. Our results
suggest that the silenced gene could be associated with
the climacteric peaks of ethylene and CO,_ Develop-
ment of color of the peel and changes in firmess of the
pulp were delayed in transgenic fruits and these results
suggest that the activity of enzymes involved in these
processes are somehow associated with ethylene.
Papaya fruits of the cultivars Golden, Gold and
Rainbow treated with 1-methylcyclopropene (1-MCP)
showed a reduction in the ethylene production and a
delayed fruit softness (Fabi et al. 2007, Manenoi et al.
2006). 1-MCP binds to ethylene receptors and
strongly inhibits ethylene-mediated fruit ripening in
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climacteric fruit (Blankenship and Dole 2003). Our
results are in total agreement with those reports. The
reduction of ethylene levels obtained by cosupression
of ACC oxidase possibly implies that less receptors
are binding to ethylene so that fruit ripening is altered.
In the case of the 1-MCP effect on papayas although
ethylene is present, the number of receptors binding is
lower as a consequence of the 1-MCP union to the
receptors therefore altering fruit ripening. Our exper-
iments suggest the possible existence of a minimal
ethylene concentration necessary for the development
of the “normal” papaya ripening program (sensitivity
to ethylene). These levels are probably in relation to
the abundance of the ethylene receptors in the
different cultivars of apple fruit as has been suggested
by Tatsuki and Endo (2006). We observed a marked
wrinkling of the peel of transgenic fruits with time,
probably related with a loss of turgor of the cells and
after 15 days after harvest, even though the pulp still
presented some firmness, the peel was thinner than the
nontransformed fruits. This observation suggests that
the process of ripening probably involves different
mechanisms in pulp and peel and that ethylene could
affect each tissue differently. Alternatively, it could
be that there are processes in the papaya ripening
program that are independent of ethylene as has been
shown in tomato, melon and apple (Jeffery et al.
1984; Hadfield et al. 2000; Pech et al. 2002; Schaffer
et al. 2007). We also noticed that senescence of leaves
of transgenic plants was altered. Leaves of transgenic
papaya plants did not abscise as early as leaves from
non-transformed plants (data no shown). This was
similar to what occurs in transgenic tomato (Picton
et al. 1993). The papaya plants were grown in the field
and stayed healthy all the time. This was important to
establish, since ethylene plays a central role in plant
metabolism and reduction of its levels might produce
deleterious effects in the plants. Papaya is a fruit that
normally ripens either on or off the tree. Our
transgenic fruits did not reach full maturity even after
being 15 days off the tree. By then, the fruits looked
dehydrated and the experiment was discontinued.
Leaving the fruits on the tree for up to 21 days had no
apparent effect on fruit ripening. Fruit were still
unripe and showed significant decay.

Taken together, these results suggest that papaya
fruit is very sensitive to ethylene and that a reduction
in ethylene levels could dramatically affect the
progress of ripening. The northern blot results
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suggests that cosuppression of ACC oxidase does
not inhibit totally the mRNA for these genes. This
result could be consequence of the participation of
the two genes in the papaya ripening or to PTGS
mechanisms (Hammond et al. 2001). Our work
suggests that ethylene is a critical regulator of papaya
fruit ripening and that expression of more than one
member of ACC oxidase is necessary for fruit
ripening. This is the first report of papaya delayed
fruit ripening by cosuppression. In spite of the
reduction of ethylene production in transgenic papa-
yas, the fruit did not stay firm as long as the
transgenic tomatoes (4 to 5 months after harvest)
produced using a similar approach (Klee et al. 1991;
Xiong et al. 2005; Oeller et al. 1991; Picton et al.
1993). This suggests that the ripening program in
papaya may be different to that in tomato and that
that role of ethylene in the ripening of these two fruit
may not be quite the same. Although the inhibition of
fruit ripening in papaya may have potential commer-
cial application, more studies are necessary to make
sure that the inhibition of ethylene evolution does not
impair papaya fruit quality.
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