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Abstract Several protocols have been proposed for
in vitro propagation of papaya, either based on
somatic embryogenesis or shoot organogenesis. It is
well-known that tissue culture-based approaches are
frequently associated with somaclonal variation.
Whether on the one hand this phenomenon can
preclude further stages of in vitro culture, on the
other hand it can generate useful genetic variability
for crop improvement. However, somaclonal varia-
tion analyses are limited in papaya tissue culture. The
DNA ploidy level of 250 papaya somatic embryo-
genesis-derived plantlets from immature zygotic
embryos was analyzed by flow cytometry. In vitro-
grown and greenhouse seed-derived plantlets were
used as diploid standards. Flow cytometry unambig-
uously evidenced euploid (diploid, mixoploid,
triploid and tetraploid) and aneuploid papaya plant-
lets, indicating that in vitro culture conditions can
lead the occurrence of somaclonal variation. Addi-
tionally, the two subsequent flow cytometry analyses
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showed that the DNA ploidy level remained stable in
all cloned papaya plantlets during the successive
subcultures in the multiplication medium.
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Abbreviations

ABA  Abscisic acid

BAP  6-Benzylaminopurine

2,4-D  Dichlorophenoxyacetic acid
NAA  o-Naphthaleneacetic acid
DAPI 4',6'-diamidino-2-phenylindole

Introduction

Papaya (Carica papaya L.), a member of Caricaceae
family, is a plant of which popularity and the easiness
that it can be propagated have made it ubiquitous in
tropical and subtropical regions of the world (Chen
and Chen 1992; Manshardt 1992; Yang and Ye 1992;
Yang et al. 1996; Lai et al. 2000; Bhattacharya and
Khuspe 2001). Papaya fruit is a nutritious source of
vitamins C and A, primarily consumed as a fresh
dessert fruit, whereas unripe fruits synthesize signif-
icant amount of the proteolytic enzyme papain
(Manshardt 1992; Bhattacharya and Khuspe 2001).
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The majority of the commercial plantations of
C. papaya have been established by seed propagation
(Bhattacharya and Khuspe 2001; Fernando et al.
2001); however, this practice hinder the cultivar
progress and agricultural profitability owing to sexual
factors, heterogeneity as a result of cross-pollination
and susceptibility to the Papaya ringspot virus (Chen
et al. 1987; Fitch 1993; Yang et al. 1996; Bhattach-
arya and Khuspe 2001).

Biotechnological-based techniques are relatively
advanced in papaya, including micropropagation,
somatic embryogenesis, embryo rescue, genetic
transformation and molecular markers (Manshardt
1992; Fitch 1993; Ashomore and Drew 2006). Hence,
different protocols have been proposed for in vitro
propagation of important papaya cultivars. Particu-
larly, somatic embryogenesis is the most used
procedure to obtain asexual embryos, aiming to scale
up the clonal propagation (Fitch 1993; Castillo et al.
1998a) and to supply synthetic seeds (Castillo et al.
1998b), and to the production of transgenic plants
(Yang et al. 1996).

In vitro clonal propagation techniques provide the
ability to efficiently multiply and maintain large
numbers of elite genotypes, including putative trans-
formants. Nevertheless, genotypic instability is
commonly observed in plants derived from tissue
culture and is at least partly due to in vitro-induced
stress (Larkin and Scowcroft 1981; Evans et al. 1984;
Karp 1995; Chen et al. 2006). These variations are
unpredictable in nature and characterized by the
occurrence of genomic alterations, heritable (genetic)
and non-heritable (epigenetic), in plant cells,
embryos, tissue and organs, induced by in vitro
conditions (De Klerk 1990; Wyman et al. 1992;
Henry et al. 1996; Tremblay et al. 1999; Jain 2001;
Polanco and Ruiz 2002; Bennici et al. 2004; Smykal
et al. 2007).

Somaclonal variation may be of great interest in
breeding programs and chromosome engineering
because it can generate novelties for crop improve-
ment (Al-Zahim et al. 1999; Do et al. 1999; Jain
2001; Polanco and Ruiz 2002; Rakoczy-Trojanowska
2002). It may be useful in screening and selecting
papaya somaclonal variants with resistance to fungal
diseases (Manshardt 1992). On the other hand, if
in vitro clonal propagation or genetic transformation
is the main goal, it becomes an undesired
phenomenon.
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Somaclonal variation may be partly circumvented
by culture procedure modulation (Evans et al. 1984);
however, there is no fundamental understanding of
the cause or methods to prevent or diagnose it. Thus,
it is important to know the frequency, genomic
distribution, mechanisms, and factors influencing
somaclonal variation (Polanco and Ruiz 2002). Direct
methods, as molecular (Al-Zahim et al. 1999; Fourré
2000; Gesteira et al. 2002; Polanco and Ruiz 2002;
Encheva et al. 2003; Renau-Morata et al. 2005; Chen
et al. 2006), cytometric (Brutovska et al. 1998;
Thiem and Sliwinska 2003; Alan et al. 2007; Parc
et al. 2007), and cytogenetic tools (Kochevenko et al.
1996; Fourré et al. 1997; Brutovska et al. 1998;
Al-Zahim et al. 1999; Do et al. 1999; Tremblay et al.
1999; Menéndes-Yuffa et al. 2000) have been used to
detect and select somaclonal variants.

The dark-side of the somaclonal variation has been
somehow threatening researchers throughout the
years, though recurrently discarding promising and
potentially useful material for genetic manipulations,
including the chromosome engineering.

Our work aimed to use this approach in order to
verify its potential application to recover polyploid
papaya plantlets derived from somatic embryogenesis
as screened by flow cytometry.

Materials and methods
Plant material and tissue culture

Hermaphroditic C. papaya ‘Golden’ fruits were
supplied by the Caliman Agricola S.A. (Linhares,
Espirito Santo, Brazil). Harvested fruits from 90 to
114 days post-anthesis (Fitch and Manshardt 1990)
were surface-sterilized as described by Koehler
(2004). Fruits were air-dried in a laminar flow hood
for 10 min prior to dissection and embryo excision.
Ten immature zygotic embryos (Fig. 1a) were placed
in 60 x 15 mm Petri dishes (J. Prolab®™, Brazil) with
embryogenic induction medium containing half-
strength MS basal salts supplemented with MS
vitamins (Murashige and Skoog 1962), 9.05 uM
2,4-D, 0.55 mM myo-inositol, 2.75 mM L-glutamine,
6% (w/v) sucrose and 0.28% (w/v) Phytagel
(Sigma®, USA), as recommended by Castillo et al.
(1998a, b), Almeida et al. (2000, 2001) and Koehler
(2004). The pH of this medium was adjusted to 5.7
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Fig. 1 Somatic
embryogenesis in Carica
papaya from immature
zygotic embryo cultivated
in 2,4-D-supplemented
induction medium. (a)
Immature zygotic embryos
at first day of culture. (b)
Cultures showing initial
callogenic response at the
apical meristem after

10 days. (c) Differentiated
callus at 20 days of culture.
(d) Embryogenic induction
medium with somatic
embryos in distinct
development stages arising
from callus. Note at each up
right corner an inset to
highlight details of the
embryogenic culture stages.
Bar =1 cm

prior autoclaving. Petri dishes were sealed with PVC
film (Goodyear®, Brazil), and cultures were kept in
the dark at 27°C.

After 60 to 70 days, embryogenic callus were
transferred to maturation medium of similar compo-
sition with regard to the embryogenic induction
medium, however devoid of 2,4-D, and supplemented
with 0.5 uM of ABA (Castillo et al. 1998a, b).
Cultures were maintained at 27°C under a 16/8 h
light/dark regime with 36 pmol m~2 s~ light radia-
tion provided by two fluorescent lamps (20 W,
Osram®, Brazil) for 20 days.

Subsequently, heart embryos were isolated and
placed onto germination medium [MS basal medium
salts and vitamins supplemented with 0.55 mM myo-
inositol, 3% (w/v) sucrose and 0.7% (w/v) agar
(Merck™, USA)] in the dark.

Regenerated plantlets selected by flow cytometry
were further propagated in vitro as recommended by
Lai et al. (2000). Shoot tips were excised and

cultured into multiplication medium [MS-based
medium supplemented with MS vitamins, 0.55 mM
myo-inositol, 3% (w/v) sucrose, 0.88 UM BAP,
0.11 M NAA and 0.7% (w/v) agar (Merck®,
USA)]. Cultures were maintained at 27°C under a
16/8 h light/dark regime with 36 pmol m~2 s~ light
radiation. The proliferative shoot cultures were
subcultured on a monthly basis.

Flow cytometry

Leaf samples were collected from regenerated and
cloned C. papaya plantlets by subcultures on a
monthly basis. In vitro germinated and greenhouse
seed-raised plantlets were used as external diploid
standards.

The flow cytometry analyses were accomplished
as described by CyStain UV Ploidy Partec® protocol.
Leaves were placed in distilled water at 4°C and cut
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into 2 cm? fragments. Suspension of nucleus was
extracted by chopping (Galbraith et al. 1983) in
0.5 ml of Partec™ solution buffer containing DAPI
(excitation/emission wavelengths: 320-385/415-520)
(Shapiro 2003), soon after, was added 1.5 ml of same
solution. Suspension was filtered in nylon filter
(Partec™) with 30 pum mesh diameter after 2 min.
After 15 min in the dark, the nuclear suspensions
were analyzed with a Partec-PAS™ flow cytometer
(Partec™ Gmbh, Munster, Germany), equipped with
an UV lamp emitting at 388 nm and a TK 420 filter.
The equipment was carefully calibrated and aligned
using microbeads and standard solutions according to
the manufacturer’s recommendations and nuclei
suspension of the standard papaya plants. FlowMax™
software (Partec™) was used for data analyses. More
than 5,000 nuclei were analyzed and three indepen-
dent replications were used for DNA ploidy level
determinations.

Initially, the DNA ploidy level of all plants was
measured by flow cytometry to select the polyploid
plantlets. These plantlets were maintained in multi-
plication medium and the stability of the DNA ploidy
level was assessed twice, every 30 days in the
multiplication phase, coincidently to each subculture
step.

Results and discussion

Embryogenic cultures were established from imma-
ture zygotic embryos of C. papaya (Fig. 1a). This
explant source supplied friable and compact callus
after approximately 5 days on embryogenic induction
medium. The differentiation of the globular somatic
embryos was observed after 20-25 days, from the
friable callus formed mainly in the shoot apical
meristem (Fig. 1b—d). Similar results were also
obtained by Fitch and Manshardt (1990), Fernando
et al. (2001) and Koehler (2004). In accordance with
Koehler (2004), the majority of the globular embryos
developed asynchronously (Fig. 1d).

As a result of the high rate of somatic embryo-
genesis (~35 somatic embryos per callus) and
suitable tissue culture medium used for maturation
(Koehler 2004), 320 papaya somatic embryos were
placed in germination medium and 250 (~78%)
papaya plantlets were obtained. Interestingly, 35
(14%) of the recovered plantlets displayed low
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Fig. 2 Papaya plantlets obtained by somatic embryogenesis p

and cultivated in BAP and NAA-supplemented multiplication
medium, and respective flow cytometry histograms of G1/GO
peak of the relative 2C DNA content nuclei stained with DAPL.
(a) Diploid plantlet representing the 215 (86%) regenerants
that showed the same DNA ploidy level of the standard plants
(2X). b) Histogram showing G1/G0 peak (channel 100) of the
diploid (2C = 2X) samples. (c¢) Triploid plantlet representing
the 11 (4.4%) regenerants that showed DNA ploidy level
2C = 3X. (d) Histogram showing G1/G0 peak (channel 153)
of the triploid (2C = 3X) samples. (e) Tetraploid plantlet
representing the 5 (2%) regenerants that showed DNA ploidy
level 2C = 4X. (f) Histogram showing G1/GO peak (channel
198) of the tetraploid (2C = 4X) samples. (g) Mixoploid
plantlet representing the 14 (5.6%) regenerants that showed
DNA ploidy level 2C = 2X and 2C = 4X. (h) Histogram
showing G1/GO peaks (channels 100 and 199) of the mixoploid
(2C = 2X and 2C = 4X, respectively) samples. Note that the
polyploid samples presented similar morphological develop-
ment with regard to diploid papaya plantlets. Bar = 1 cm

growth rates, while initially cultured in the germina-
tion medium, with poor development of the roots and
leaves.

Flow cytometry analysis evidenced that 215 (86%)
of the papaya plantlets displayed the same DNA ploidy
level of the standard plants (2C = 2X), whereas 35
(14%) plantlets showed different DNA heteroploidy
levels: 5 (2%) aneuploid plantlets (data not shown); 14
(5.6%) mixoploid plantlets with Go/G; cells 2C = 2X
and 2C = 4X; 11 (4.4%) triploid plantlets with Gy/G,
cells2C = 3X;and 5 (2%) tetraploid plantlets with G/
G, cells 2C = 4X (Fig. 2a-h).

Due to carefully calibration of the flow cytometry
equipment, the channel of the Gy/G; peak for the
standard and diploid plantlets was 100 £ 3, triploid
plantlets 153 + 2, tetraploid plantlets 198 + 2 and
mixoploid plantlets 100 £ 1. In addition, the high
quality of the nuclear suspensions, with intact nuclei
isolated in sufficient quantity, allowed the obtention
of histograms showing coefficients of variation lower
than 3.5%.

In the present work, the somaclonal variation
occurred in the papaya plantlets regenerated by
means of indirect somatic embryogenesis. Accord-
ingly, dedifferentiated callus culture is reported to be
particularly susceptible to somaclonal variation
(Larkin and Scowcroft 1981; Karp 1995) and ploidy
variations are generally observed in callus culture
(Thiem and Sliwinska 2003). However, the DNA
ploidy level remained stable in all cloned papaya
plantlets during the successive subcultures in the
multiplication stage.
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Ploidy alterations are the most common genetic
instability in tissue cultures (Phillips et al. 1994).
Aneuploid, euploid (3X and 4X) and mixoploid
regenerated plantlets were also observed in Hyper-
icum perforatum tissue culture (Brutovska et al.
1998). The altered karyotypes in somaclones
included chromosomal rearrangements as well as
aneuploidy and euploidy. Aneuploidy may be
caused by non-disjunction, aberrant spindles, lag-
ging chromosomes and/or chromosome breakage
(Jain 2001).

The aneuploid papaya plantlets continued to
display a weak and inadequate development, though
becoming senescent and dying after transfer to
multiplication medium (data not shown). The reduc-
tion of the regeneration potential has been correlated
with a change of ploidy of the cells (Wyman et al.
1992; Alan et al. 2007).

Concurrently, abnormal papaya plantlets derived
from somatic embryos were also found elsewhere
(Fernando et al. 2001; Koehler 2004). This condition
did not allow the propagation of these plantlets and
further analysis of the DNA ploidy stability. In this
study, the euploid papaya plantlets showed similar
morphological development with regard to diploid
counterparts after transfer to multiplication medium
(Fig. 2a, c, e, g). In accordance with Wyman et al.
(1992) plants with aberrant chromosome numbers
may exhibit normal phenotypes.

Currently available flow cytometry analysis was
also applied to verify the stability of the DNA ploidy
level of these plantlets. The two subsequent flow
cytometric analyses evidenced that the DNA ploidy
level remained stable throughout all cloned polyp-
loids. The ploidy level can be detected by
conventional chromosomic counting (Kochevenko
et al. 1996; Fourré et al. 1997; Brutovska et al.
1998; Al-Zahim et al. 1999; Do et al. 1999; Tremb-
lay etal. 1999; Menéndez-Yuffa et al. 2000).
Though, this technique is laborious and lengthy,
especially when the number of individuals analyzed
is high (Roux et al. 2003). Therefore, we have used
flow cytometry, which is suitable for reliable
(Bennett and Leitch 1995; Lee et al. 2002; Dolezel
and Barto$ 2005) and rapid DNA ploidy screening
(Brutovska et al. 1998; Roux et al. 2003; Loureiro
et al. 2005, 2007), specially when the relationship
between chromosome complement and DNA content
is not directly verified (Suda et al. 2007).
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The polyploidization is the most common change
in chromosome number and it generally results from
endopolyploidization (endoreduplication or endomi-
tosis) or nuclear fusion (Brutovska et al. 1998; Jain
2001; Chen and Gao 2007). However, there is not a
single mechanism or a factor that controls the
occurrence of somaclonal variation. The plant geno-
type is one of the major factors that determines the
type and frequency of genetic alterations (Jain 2001).
In addition, the number of subcultures, the chemical
and physical characteristics of the culture medium,
the type and age of explant can also lead to
somaclonal variation (Tremblay et al. 1999; Jain
2001; Etienne and Bertrand 2003; Bennici et al.
2004). Also, the use of 2,4-D in the induction of
somatic embryogenesis may have a direct or indirect
effect in the occurrence of somaclonal variation
(Gesteira et al. 2002; Rakoczy-Trojanowska 2002;
Pontaroli and Camadro 2005), due to its mutagenic
potential (Pontaroli and Camadro 2005). Likewise the
present work, this growth regulator has been widely
used for papaya tissue culture (Fitch and Manshardt
1990; Chen and Chen 1992; Fitch 1993; Castillo
et al. 1998a, b; Almeida et al. 2000, 2001; Koehler
2004). In spite of that, so far no cytometric-based
works have been reported to assess DNA ploidy level
in the recovered papaya plantlets.

Based on the results, we can conclude that the
somatic embryogenesis induction protocol using
9.05 uM 2,4-D is suitable for inducing somatic
embryogenesis and for obtaining genetically modified
papaya plants. Therefore it cannot be neglected that
in vitro stress condition, during somatic embryogen-
esis, may induce genetic variation. As reported by
Fourré (2000), in tissue culture, the combination of a
high rate of mitotic division, and the occurrence of
unusual combinations of nutrients and plant growth
regulators active in both the production and repair of
mutational levels, may explain, at least in part, the
high rate of mutations.

This study also evidenced the occurrence of
somaclonal variation in the somatic embryogenesis-
raised plantlets of papaya. We identified mixoploid,
triploid and tetraploid papaya plantlets with stable
DNA ploidy levels, indicating that the in vitro culture
conditions induced the occurrence of somaclonal
variation. In addition, these results confirmed that the
flow cytometry is a practical, reliable and rapid tool
for DNA ploidy screening. It is expected that the
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papaya somaclonal lines recovered will enrich our
breeding program with novel genetic variability
resources.
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