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Abstract: In this article, we present proliferation data from 10 years of the continuous in vitro incuba-
tion of cv. Solo papaya shoots and propose a reliable method for the long-term micropropagation of
papaya, using microshoots developed from the axillary buds of papaya shoots as primary explants.
Three different media were assayed. The proliferation medium (PPRM) allowed us to maintain pa-
paya shoots under continuous proliferation for 20 years, maintaining consistent behavior. Most of the
shoots developed in the PPRM rooted during the incubation and then acclimated easily, maintaining
the ploidy and morphological characteristics of the parental plants, and flowering and setting fruits
normally. The PPRM medium consisted of MS medium supplemented with naphthalene acetic acid
(NAA) (0.1 mg L−1), benzyladenine (BA) (0.5 mg L−1), gibberellic acid (GA3) (0.5 mg L−1), and
adenine hemisulphate (40 mg L−1). The average multiplication rate was higher than 20 shoots per
explant during the long-term assay. The elongation medium (PELM) was designed to recover shoots
with poor growth and allowed the development of high-quality shoots ready for rooting. It consisted
of an MS basal medium supplemented with NAA (0.1 mg L−1), kinetin (KIN) (0.5 mg L−1), and GA3

(1 mg L−1). The rooting medium (PROM) was designed to induce high-quality roots from nonrooted
shoots and consisted of a half-strength MS medium and indole-3-butiryc acid (IBA) (1 mg L−1). On
PROM, agar can be exchanged for expanded vermiculite. Acclimation took place inside an acclimati-
zation tunnel under progressive hydric stress. After 4 weeks, the plant recovery rate was 90% for
plants maintained under continuous proliferation for ten years. The main objective of this work was
to provide a micropropagation method which would maintain healthy elite genotypes of papaya for
long periods of time and produce a high number of good quality plants.

Keywords: Carica papaya; cloning; micropropagation; in vitro culture; plant recovery; proliferation

1. Introduction

Papaya (Carica papaya L.) is an economically important fruit crop species belonging
to the Caricaceae family which is cultured worldwide in tropical and subtropical areas
because of the nutritive and medicinal value of its fruits. World production is estimated at
13,894,705 tonnes and India, Dominican Republic, Brazil, Mexico, Indonesia, and Nigeria
are the major producers [1].

Papaya plants can be propagated vegetatively using classic methods such as cutting [2]
and grafting [3], but these methods are inappropriate for large-scale production. Papayas
are normally propagated from seeds, but this method is also problematic because of the
high heterozygosis of the seeds and the dioecious character of the papaya, resulting in
significant differences in yield, fruit quality, and pest and disease tolerance [4].

Micropropagation by tissue culture offers advantages over conventional propagation
methods and has been widely applied to papaya species. Different approaches have been
followed, such as axillary shoot culture [5–8] and plantlet recovery after shoot regeneration
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from somatic embryos [9–16]. This regeneration and plant recovery often occurs after ge-
netic transformation procedures in this species [11,17–24], and it highlights the importance
of developing reliable methods of preservation for long periods of time in order to finally
obtain high-quality plants from selected lines of genetically modified papaya.

Reliable in vitro methods for the long-term micropropagation of papaya are also
suitable for the in vitro preservation of germplasm from elite genotypes and mother plants
(e.g., pathogen-free plants, elite genotypes selected through breeding), which provide
protection from environmental stresses and are suitable for plant transportation across
frontiers.

All the methods developed to date have been successful to varying degrees, depending
on the papaya cultivars and the physiological conditions of the plants, but generally these
protocols do not work properly when clonal lines need to support continuous culture for
long periods of time, as is normally the case with transgenic or elite cell lines. After some
months of incubation, there is a progressive decay of the in vitro shoots of the papaya,
resulting in limited or null growth, dwarfing, defoliation, abnormal callus proliferation,
loss of rooting capabilities, apical necrosis, degeneration, and, finally, death of the shoots.

Studies [25–27] confirm that somaclonal variation always occurs to varying degrees as
the number of subcultures in vitro increases, depending on the plant genotype, the culture
approach, and conditions. These somaclonal changes occurring during the long incubation
period in vitro can severely affect development of the plant and the final product at the
end of the micropropagation process, generating plants with undesirable, or sometimes
useful, somaclonal variations, which are capable of producing morphological or functional
changes at different levels (flowers, fruits, size, shape, color). Micropropagation through
development of axillary buds is considered to be the in vitro plant regeneration system
with the least genetic instability and somaclonal variation [28].

There are few studies concerning long-term in vitro assays in plant species: [29]
worked with Ipecac (Cephaelis ipecacuanha) for 12 years to maintain mother plants un-
der conditions of reduced growth and succeeded in regenerating viable and stable plants
from this medicinal species. Other species such as cherimoya (Annona cherimola) have been
also maintained in vitro for 250 subcultures (more than 20 years) in our laboratory, main-
taining the shoot multiplication rate but losing most of their rooting capabilities (Encina,
unpublished results). To date, even in the most recent reviews [30,31], we have found no
references to long-term cultures focused on the proliferation and preservation of papaya
in vitro over long periods of time.

The purpose of this work is to solve the problems of lack of proliferation, elonga-
tion/development, and rooting of shoots developed from nodal explants of selected papaya
genotypes when maintained in vitro for long periods of time (e.g., in vitro collections of
selected genotypes for plant breeders).

In this article, we propose a reliable method which overcomes the problems indicated
above, allowing in vitro cultures of papaya to be maintained in active proliferation and full
development for long time periods in order to produce and recover a high number of good
quality papaya plants.

2. Materials and Methods
2.1. Plant Material and Disinfection

Micropropagation of papaya (Carica papaya L.) was initiated from axillary shoot tip
explants from a 2-year-old mature papaya plant of the cv. “Solo” obtained from a seed.
The mother plant was cultivated in a glasshouse at the IHSM “La Mayora” (CSIC-UMA, in
Málaga, Spain). The axillary nodal sections used as explants were obtained in late spring
from actively growing young shoots. These were induced by local application of an agar
gelled solution of BA (100 mg L−1) in the form of sticky semisolid drops over the axillary
bud areas of the main shoot, following the elimination of the main apical meristem of the
mother plant. Nodal explants were surface sterilized for 20 min by immersion in 0.5%
sodium hypochlorite solution containing a few drops of Tween-20, rinsed three times with
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sterile distilled water (5 min each), and cultured under aseptic conditions in different media
(PPRM, PELM, PROM) for 8 weeks before being transferred to fresh medium. The survival
rate of the explants was 98%.

Following several preliminary assays, three different media, papaya proliferation
medium (PPRM), papaya elongation medium (PELM), and papaya rooting medium
(PROM), were designed to improve shoot proliferation, elongation, and rooting, respec-
tively, in the long-term culture of papaya. These three media were not designed to be used
in sequence.

This long-term micropropagation study started in 1998, and the papaya cultures
were maintained under continuous proliferation for 20 years (120 subcultures). Data were
recorded for 13 years (1998–2010) and a plant stock was maintained in proliferation in
PPRM medium until 2017.

2.2. Basal Nutrient Media and Culture Conditions

All media consisted of a formulation of MS salts [32] supplemented with (mg L−1):
thiamine-HCl (0.1), pyridoxine-HCl (0.5), nicotinic acid (0.5), glycine (2), myo-inositol (100),
sucrose (SUC) (3%), and agar (0.8%) (Sigma, A-1296). The rooting medium also consisted
of MS salts but at half strength.

2.2.1. Media Composition

Control 1: MS + NAA (0.2 mg L−1) + BA (0.2 mg L−1) [7,14].
Control 2: MS + NAA (0.1 mg L−1) + KIN (0.5 mg L−1) [33].
PPRM: MS + NAA (0.1 mg L−1) + BA (0.5 mg L−1) + GA3 (0.5 mg L−1) + ADE (40 mg

L−1).
PELM: MS + NAA (0.1 mg L−1) + KIN (0.5 mg L−1) + GA3 (1 mg L−1).
PROM: 0.5 × MS + NAA (0.2 mg L−1) + IBA (1 mg L−1) + ADE (10 mg L−1) + SUC

(4%).

2.2.2. Culture Conditions

The pH of all the culture media was adjusted to 5.7 before autoclaving. For all
experiments, 25 mL aliquots of medium were distributed into 150 × 25 mm test tubes,
covered with polypropylene tops, and autoclaved for 20 min at 121 ◦C and 1.05 Kg cm−2.
One explant was cultured per tube. Cultures were incubated at 25 ± 1 ◦C under a 16 h
photoperiod with an irradiance of 45 µmol m−2 s−1 (400–700 nm) PAR (Photosynthetic
Active Radiation) provided by cool white fluorescent tubes (F40 tubes Gro-Lux, Sylvania).

2.3. Culture Initiation and In Vitro Behavior during the First 2 Years

Shoot explants, which were obtained from axillary nodal sections, were cultured for
two years on five media based on an MS mineral formulation and differing according to
the supplements added (Control 1 (C1), Control 2 (C2), PPRM, PELM, and PROM). One
hundred explants were cultured in each medium. The media were designed to encourage
active growth of the papaya shoots in vitro, seeking different balances between axillary
proliferation, shoot elongation, and rooting. Shoot sprouting of axillary buds was induced
using the PPRM medium. Shoot proliferation and elongation were regarded as quality
parameters.

2.4. Long-Term Shoot Proliferation (Years 3 to 10)

One hundred apical shoots (1.5–2 cm long) obtained from axillary shoots in the stock
were subcultured every two months for 10 years, on the same media used in culture
initiation. Data, including main shoot length, number of leaves, number and length of
axillary shoots, number and length of roots, and rooting percentage, were collected from
the shoot cultures in each subculture 6 times per year. The results achieved in both types of
shoot explants and each media were compared.
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2.4.1. Foliar Mineral Composition Analysis

The leaves for mineral analysis were obtained from 10-year-old in vitro rooted plantlets
developed in PPRM. Mineral composition values for chlorotic and nonchlorotic papaya
leaves were determined following the MAPA protocols [34]: total phosphorus through
spectrophotometry using Vanadate–Molybdate reactive; boron via spectrophotometry
using Azomethine H; total nitrogen via digestion and distillation; and calcium, magnesium,
potassium, iron, copper, zinc, and manganese using atomic absorption spectrophotometry.
The chlorotic and nonchlorotic leaves were collected from shoots growing in PPRM medium.
The values obtained for nonchlorotic and chlorotic leaves were compared with normal
values for mineral composition of papaya leaves in vivo.

2.4.2. Root System Morphology Analysis

The root system morphology of plantlets rooted in vitro in each medium (PPRM,
PELM, and PROM, with five plantlets per medium) was analyzed using a developmental
model [35]. Roots produced directly from the base of the plants were referred to as primary
or first-order roots, those arising from the first-order as second-order roots, and so on.
Roots were removed from the substrate by soaking them in water, after which they were
gently washed, and excess water was removed with paper towels. Detailed root length
measurements were performed for the five plantlets rooted in each medium. Roots were
separated into branching orders and the lengths of the roots in each order were measured
using video images (digital image analysis system IBAS-2000 (IPS)). The following mor-
phometric parameters were determined: number of adventitious roots, number of roots
of each order, and length of the roots present in each order, and these were compared
between media. The plantlets used in this analysis belonged to subculture number 62, two
subcultures later than the final data recorded in the long-term micropropagation described
in this work, because of the destructive nature of the method applied to analyze the root
structure.

2.5. Rooting

Apical shoots (2 cm long) with a minimum of 3 fully expanded leaves were used as
explants for rooting. Good quality shoots were obtained from actively growing in vitro
shoots. In parallel with the long-term assay, we carried out additional studies using inert
substrates placed in the bottom of test tubes to improve rooting in papaya,. Perlite (Merck),
vermiculite (Merck), siliceous sand, and liquid medium (MS + 1 mg L−1 IBA without agar)
were pipetted into the tubes, resulting in a new protocol for rooting with maximum rooting
rates, which involves substituting agar with expanded vermiculite. The percentage of
rooted shoots and the number and length of the roots were recorded every 8 weeks.

2.6. Plantlet Acclimatization

The micropropagated plantlets were thoroughly washed in tap water and transplanted
into polyethylene seedbed trays with 51 cells (4 cm wide × 4 cm deep) containing a
mixture of autoclaved peat: vermiculite (1:1). Potted plantlets were maintained inside a
polyethylene tunnel at 90% initial relative humidity (RH). The average temperature was
25 ◦C. The plastic cover was then temporarily removed every day, following an open–
close cycle which gradually increased the time that the plastic cover was open each day,
drastically reducing the RH for a limited period of time and then recovering the initial RH
by closing the tunnel again. During this acclimatization process, plantlets were subject to
controlled shocks of hydric stress to activate growth and development of roots and shoots.
At the end of the experiment, the %RH was about 70%. During the experiment, plants
were periodically watered and fertilized with ®Ficote (Scott O.M., Spain) containing 15%
N, 6% P, 12% K, 2% Mg, 0.22% Fe, 0.08% Mn, 0.03 Zn, and 0.01 Cu. During this period, the
PAR (400–700 nm) at the top of the plants was on average 200–300 µmol m−2 s−1 and the
photoperiod was 12/12. A total of 30 plantlets from each medium were acclimatized after
ten years of incubation in PPRM, PELM, and PROM media. Survival rate, shoot length,
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and number of leaves were recorded after 2 months of acclimation and comparisons made
between the plantlets from each medium were obtained. Only ten acclimatized plants
from each medium were grown until flowering and fruit setting to confirm the normal
morphology of papayas after ten years in vitro.

2.7. Analysis of Genetic Stability
2.7.1. Ploidy Analysis Using Flow Cytometry

Papaya shoots grown in vitro with 20 years of incubation in PPRM medium were used
for ploidy stability studies. The ploidy levels of twenty micropropagated papayas were
determined by estimating the relative DNA content using flow cytometry (Ploidy Analyser
PA-I; Partec GmbH, Münster, Germany). For analysis, 0.5 cm2 of young leaves or tips of
papaya shoots were chopped using a razor blade for 30–60 s in a Petri dish containing
0.4 mL of nuclei isolation buffer (commercial Partec CyStain UV precise P, high resolution
DNA staining kit 05-5002, extraction buffer) to release nuclei. The homogenate was filtered
through a 50 lm nylon mesh (Partec 50 lm CellTrics disposable filter), and then the nuclei
were stained with fluorescent dye (commercial Partec CyStain UV precise P, high resolution
DNA staining kit 05-5002, staining buffer, about 1.6 mL). Finally, after 30 s of incubation,
the samples were analyzed. Carica papaya cv. “Solo” (2n = 2x = 18) was used as an external
standard. The nuclear DNA ploidy level of the samples was determined using channel
values corresponding to the average G0/G1 peaks of the sample and standard plants. The
peak relative to the standard nuclei was set to channel 50. Three independent repetitions
were performed, with over 4000 nuclei being analyzed in each.

2.7.2. Somaclonal Variation Analysis

Because of the early loss of the original mother plant, verification of the “trueness-to-
type” of the papaya progenies after 120 subcultures could not be carried out; however, the
ploidy level, morphology, and flowering of the acclimated plants were evaluated to detect
occurrence of possible anomalies.

2.8. Statistical Analysis

All data were analyzed using SPSS software (version 19.0; SPPS INC., Chicago, IL,
USA). Normally distributed variables were analyzed using one-way ANOVA, and an
HSD-Tukey test was used in the post hoc analysis for comparisons between the different
culture media. Plant survival percentages were analyzed using generalized linear models
with logit as the link function and binomial as the probability distribution.

3. Results

Papaya nodal explants were established in vitro under our culture conditions without
problems: 98% survival was achieved, with a low level of contamination by microorganisms,
and bud sprouting of the nodal explants in PPRM was over 85%.

3.1. Culture Initiation and In Vitro Behavior during the First Two Years

The results obtained during the first two years of incubation showed a clear and
progressive loss of quality in both media used as the controls, C1 and C2 (Table 1). These
two treatments were eliminated after 2 and 3 years of incubation, respectively, because the
shoots and plantlets showed progressively clear signs of degeneration (defoliation, lack of
growth, necrosis, and death), and finally, we were forced to discard both controls because of
the minimal number of explants surviving in the culture. The other media, PPRM, PELM,
and PROM, did not exhibit the growth and development problems which occurred in the
control media (Table 1).
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Table 1. Comparison between micropropagation data obtained for nodal segments issued from
axillary shoots of mature papayas. Average data corresponding to the first 2 years (12 subcultures).
Data recorded every 8 weeks of incubation.

Medium
No. of

Axillary
Shoots

Length of
Axillary

Shoots (cm)

No. of
Leaves

No. of
Roots

Length of
Roots (cm) Rooting (%)

Control 1 1.4 ± 0.4 c 0.7 ± 0.1 c 0.6 ± 0.1 d 0.6 ± 0.1 c 1.2 ± 0.2 c 23.0 ± 14.5 c

Control 2 0.7 ± 0.3 c 0.8 ± 0.1 c 0.3 ± 0.1 d 0.9 ± 0.4 b 0.6 ± 0.2 d 15.9 ± 6.1 c

PPRM 24.4 ± 2.9 a 3.2 ± 0.2 b 4.1 ± 0.2 b 1.2 ± 0.3 b 3.1 ± 0.4 a 69.6 ± 7.2 a

PELM 12.3 ± 2.5 b 4.1 ± 0.3 a 5.9 ± 0.3 a 0.5 ± 0.2 c 2.6 ± 0.2 b 38.3 ± 5.0 b

PROM 2.0 ± 0.3 c 0.7 ± 0.1 c 3.0 ± 0.4 c 1.9 ± 0.3 a 2.7 ± 0.3 b 74.8 ± 3.9 a
Different letters indicate significant differences for each parameter between the various culture media using
HSD-Tukey at α = 0.05.

3.2. Long-Term Culture Assay (Years 3 to 10)

Throughout the ten years of culture, the data obtained for all proliferation parameters
showed an acceptable homogeneity during incubation in PPRM, PELM, and PROM media,
with the exception of the 4th and 8th years, in which all the cultures and parameters,
and in particular the number of axillary shoots promoted in PPRM and PELM, decreased
significantly for unknown reasons. Figure 1 shows the results (number of axillary shoots,
length of axillary shoots, and number of leaves) obtained throughout the long-term micro-
propagation.

3.2.1. In Vitro Behavior
Proliferation

As we can see in Table 1, the best results for proliferation of axillary shoots corre-
sponded clearly to PPRM, which showed significant differences versus the PELM and
PROM media, with the average number of axillary shoots ranging from 12.3 in PELM and
2.0 in PROM to 24.4 in PPRM to (Figures 1 and 2). The most notable effects were the high
number of axillary shoots obtained in PPRM and the almost total lack of shoot proliferation
in PROM. With regard to the average length of shoots, the best values corresponded to
PELM (4.1 cm) and to PPRM (3.2 cm), and the worst values to PROM (0.7 cm). Average
values for the number of leaves were higher for PELM (5.9) and PPRM (4.1) and lower
for PROM (3.0). The PROM medium showed the highest average values for rooting rate
(74.8%) in comparison with PPRM (69.6%) and PELM (38.3%). With regard to the root
length, small differences could be detected between treatments, with the best average
values corresponding to the PPRM medium (3.1 cm), and almost identical values for the
PELM and PROM media (2.6 and 2.7 cm, respectively).

Elongation

The PELM medium was designed to recover and grow the small axillary shoots
obtained from proliferating clusters to an adequate size for rooting.

In PELM, a percentage of shoots (35.7%) developed roots, producing high-quality
plantlets suitable for transplanting and acclimation.

The morphology of the shoots in explants incubated and developed in PELM was
also different from that obtained when explants were incubated in PPRM. In general,
PELM shoots grown in vitro were longer and stronger, generally without axillary bud
development and growing as individual shoots, in contrast with the rosette pattern of
growth shown by the shoots incubated in PPRM.
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Rooting

The rooting percentage in PPRM fluctuated over time between 38% and 84%, with the
lowest values corresponding to the years in which the general growth and development
was poor (years 4 and 8). On average, 63.1% of the shoots developed roots (Figure 3). In
the case of PELM, the rooting ranged from 15% to 60% and on average 35.7% of shoots
rooted. In the PROM medium, the rooting rate ranged from 52% to 84%, with an average
70.3% success rate. In general, the root induction and development was better in the PROM
medium but the values corresponding to PPRM were also good enough to compete with
those obtained using PROM.

Analysis of the root system structure (Table 2) revealed that the higher numbers of
roots for first- and second-order roots corresponded to the proliferation medium (PPRM),
significantly higher than for PELM. No differences between PPRM and PROM were de-
tected regarding the number of first- and third-order roots. PROM obtained the best
results for root length, with the global growth for all orders of roots scoring clearly higher
compared with the results obtained from the other media assayed (PPRM and PELM).

Table 2. Results of analysis of papaya root morphology and development in vitro using the digital
image analysis system. Data taken after 62 subcultures.

Culture
Medium

Root Number Root Length (cm)

First
Order

Second
Order

Third
Order

First
Order

Second
Order

Third
Order

PPRM 4.0 ± 0.7 a 5.6 ± 0.5 a 2.4 ± 0.5 a 4.0 ± 0.7 b 3.0 ± 0.5 a 0.8 ± 0.4 ab

PELM 2.0 ± 0.0 b 1.4 ± 0.5 c 0.6 ± 0.5 b 3.0 ± 0.7 b 1.6 ± 0.5 b 0.4 ± 0.5 b

PROM 4.0 ± 1.0 a 4.0 ± 0.0 b 1.8 ± 0.8 a 6.6 ± 0.5 a 3.6 ± 0.5 a 1.6 ± 0.5 a
Different letters indicate significant differences between parameters corresponding to the different culture media
(HSD-Tukey test at α = 0.05).

3.2.2. Foliar Mineral Composition Analysis

Throughout the long-term assays, some chlorosis problems of unknown origin were
detected in the leaves of the papaya when incubated in the PPRM medium (Figure 4).

Some authors, such as Hidaka et al. [36], also detected chlorosis in leaves when
papaya explants were incubated in media with high doses of BA and NAA (4 mg L−1),
but this cause can be discarded in our studies because of the low levels (≤0.5 mg L−1) of
these growth regulators supplementing the PPM medium. To explain this chlorosis, we
carried out foliar analysis of in vitro nonchlorotic and chlorotic leaves collected from shoots
growing in the PPRM medium and compared these with the normal values for mineral
composition of papaya leaves in vivo (Table 3).
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Table 3. Data obtained from foliar mineral composition analysis of chlorotic and nonchlorotic papaya
leaves obtained from in vitro plantlets grown for 4 weeks in PPRM. Normal values for the mineral
composition of in vivo papaya leaves [37] are shown as a control.

Type of Papaya Leaves

Mineral Chlorotic In Vitro Leaves Nonchlorotic In Vitro Leaves In Vivo Leaves

N (%) 5.2 5.5 1.0–2.5

P (%) 0.3 0.3 0.2–0.4

K (%) 2.6 3.2 3.0–5.0

Ca (%) 0.4 0.7 1.0–3.0

Mg (%) 0.2 0.3 0.4–1.2

Na (%) <0.1 <0.1 <0.2

Fe (ppm) 38.0 113.0 25–100

Mn (ppm) 87.0 71.0 20–150

Zn (ppm) 31.0 176.0 15–40

Cu (ppm) 1.0 3.0 4–10

B (ppm) 46.0 34.0 20–50

3.3. Rooting

When the shoots were rooted in a simplified rooting medium consisting of an MS liquid
medium supplemented with 1 mg L−1 IBA added over a base of expanded vermiculite, the
rooting induction reached 100% in all of the experiments carried out.

3.4. Plantlet Acclimatization

No differences were detected in survival rate, which ranged around 90% in all the
media assayed. The best results for development corresponded to plantlets obtained from
explants developed in the PPRM and PROM media. These plants showed significant differ-
ences in the average shoot length and number of leaves compared with plants incubated in
PELM (Table 4).
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Table 4. Average data corresponding to 30 plantlets obtained from in vitro plants 5 cm long developed
on PPRM, PELM, and PROM after acclimation for 2 months. Data on survival rate, average length,
and leaf number were recorded.

Culture Medium Survival Rate (%) Average Shoot Length (cm) Leaf No.

PPRM 90 ± 10 a 20.5 ± 1.2 a 19.2 ± 2.0 a

PELM 90 ± 10 a 11.1 ± 0.7 b 11.3 ± 1.5 b

PROM 90 ± 10 a 17.9 ± 1.2 c 17.5 ± 2.3 a
Different letters indicate significant differences between parameters corresponding to the different culture media
(HSD-Tukey test at α = 0.05).

3.5. Analysis of Genetic Stability: Ploidy Analysis and Morphological Evaluation of Flowers

Using flow cytometry, we detected that the diploid level (2n = 2x = 18) of the mother
plant remained diploid throughout the long-term culture. Analysis of the in vitro plantlets
obtained at the end of the micropropagation process showed that these were also diploid
(2n = 2x = 18), confirming the ploidy stability of papaya plants after 120 subcultures in vitro
(Figure 5).
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4. Discussion
4.1. Culture Initiation and In Vitro Behavior during the First 2 Years

It is clear that the proliferation medium (PPRM) with a molar ratio (MR) of BA/NAA:
4.13 promoted a good proliferation rate, significantly higher (24 shoots/explant) than the
other media assayed. This is consistent with the findings from other research: Reuveni
et al. [38] working with MS 0.5 mg L−1 BA + 1 mg L−1 NAA + 160 mg L−1 ADE (MR:12);
Rajeevan and Pandey [39] with MS + 2 µM BA (MR: 15.8); McCubbin and van Staden [40]
(2003) using DS salts and vitamins + 1 mg L−1 NAA + 1 mg L−1 BA + 3 g L−1 activated
charcoal (MR: 3.5); and Shivayogi et al. [41] using MS + 2.0 mg L−1 BA + 1.0 mg L−1 NAA
(MR: 19.9). The average results for PPRM of >24 shoots/explant were quite close to the
22 shoots/explant obtained by Anandan et al. [42] and the 25 shoots/explant obtained
by Mumo et al. [43], using MS supplemented with 1 mg L−1 BA plus 0.01 mg L−1 NAA
(MR: 82.6) or MS supplemented with 0.5 mg L−1 BA plus 0.1 mg L−1 NAA (MR: 4.13).
Other authors, such as Roy et al. (2012) [44], also obtained high multiplication rates (33.8,
25.2, and 22.4 shoots/explant) using MS plus BA (0.5, 1.0, 1.5 mg L−1) and 0.1 mg L−1

NAA with MRs of 4.13, 8.2, and 12.4, respectively. When MS supplemented with 1 mg
L−1 Zeatin (ZEA) plus 0.2 mg L−1 NAA was used, the multiplication rate increased to
34.2 shoots/explant, reaching the highest values (50) when casein hydrolysate was added
to this medium. Unfortunately, all these protocols also require additional steps for shoot
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elongation and rooting to obtain full plantlets of papaya. Veena et al. [45] achieved the
highest recorded number of shoots per explant (70) using MS medium plus 2.0 mg L−1 BA
and 0.1 mg L−1 NAA (MR: 16.5).

A study of the MR cytokinins/auxin of the above micropropagation protocols showed
that a MR BA/NAA = 4.13 and a MR ZEA/NAA = 4.25 provided the highest multiplication
rates (24–34 shoots/explant). Veena et al. [45] achieved 70 shoots/explant with a higher
MR BA/NAA = 16.5.

The elongation medium PELM offered a good rate of axillary shoot development and
also ranked high for leaf growth, which provided very good quality cultures. The rooting
medium PROM gave the best results for induction and development of roots (Table 1).

4.2. Long-Term Culture Assay (Years 3 to 10)
4.2.1. In Vitro Behavior
Proliferation

In general, the PROM medium was better for root induction and development,
whereas the PPRM and PELM media were better for shoot development (Figure 2). The
advantage of PPRM is that in just one step, it can regenerate plantlets of good quality,
reducing costs and shortening the time in vitro. These results make the PPRM medium an
excellent option for the maintenance of active collections of elite cell lines of papaya (e.g.,
transgenic new genotypes, selected breeding lines, mother plants, classic or endangered
genotypes).

Elongation

Roy et al. [44] also developed an elongation method to improve the length of shoots
before the rooting step by supplementing the MS medium with urea and activated charcoal
plus zeatin (ZEA) and NAA, but the article provided no data regarding increases in shoot
length or rooting rate obtained with this treatment. Other authors, such Wu et al. [46],
used GA3 to obtain shoot elongation using an MS medium containing a low dose of BA
(0.25 mg L−1).

Rooting

For most authors, IBA was the auxin choice for rooting papaya shoots. Rajeevan and
Pandey [39] recorded 90% rooting success using MS + IBA 10 µM and Reuveni et al. [38]
obtained a rooting rate close to 100% using MS + 1 mg L−1 IBA. Roy et al. [44] applied high
concentrations of IBA (4 or 5 mg L−1) and obtained rooting of up to 90%. McCubbin and
van Staden [40] combined a 1 h pulse in a 5 mg L−1 IBA solution with a second phase in
DS salts and vitamins + 5.3 g L−1 PEG-6000 + 3 g L−1 Activated Charcoal in a vermiculite
substrate and achieved rooting rates of 80%. Mumo et al. [43] applied 2.5 mg L−1 of
IBA and achieved up to 83% rooting success. Hidaka et al. [36] and Van-Hong et al. [47]
applied 2 mg L−1 IBA and obtained rooting rates of 85% and 100%, respectively. In the
PROM medium, we combined lower doses of IBA (1 mg L−1) and NAA (0.2 mg L−1) in
an agar substrate and the average rooting rate for our papaya line was 70.3%, with peaks
of 84%, which is a similar range to those achieved by the abovementioned authors. Perez
et al. [48] used 1

2 MS + 79 µM Phloroglucinol + 9.8 µM IBA + zeolite as the substrate and
achieved 100% rooting with roots of good quality (1.76 roots/plant, 2.4 cm in length). Caple
and Cheah [49], working with MS + 1 mg L−1 IBA + 4% sucrose, obtained a high rate of
multiplication (65–95%). Shivayogi et al. [41] used MS + 3 mg L−1 NAA and achieved 80%
rooting. However, even in the PPRM medium supplemented exclusively with NAA, we
obtained an average rooting of 63.1% with peaks as high as 84%. Authors such as Fhaizal
et al. [50], Anandan et al. [42], and Wu et al. [46] also applied a low level of auxin for rooting
(0.5 mg L−1 IBA) and obtained results of around 75%, 60%, and 90%, respectively, which
were close to our rooting rates.

Rooting in PPRM produced a mix of stumpy and normal roots, consistent with previ-
ous results obtained by Yu et al. [7], who rooted papaya shoots in MS culture media gelled
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with agar. The abnormal roots appear to result from the negative effect of the gelling agent
on root development. Rooting on PROM, even in a gelled support, resulted in better quality
roots. There were small differences in the results with regard to root number between the
PPRM and PROM media. In PPRM, the number of second-order roots was higher than
in PROM, but when the root length is considered, the PROM medium is clearly superior
to the PPRM medium. Although the rooting induction rates are similar for both media,
differences in root quality (root length) are important for plant recovery. Surprisingly,
however, we did not detect differences in the acclimation and survival rates between these
two treatments when transplanting. Apparently, both types of roots were functional and
allowed the plantlets to grow and develop normally after transplanting. During the first
month of growth in a glasshouse, the plantlets obtained from PROM seemed to develop
faster than the ones originating from PPRM, but by the end of the second month these
differences disappeared and both types of plants showed similar size and development.

4.2.2. Foliar Mineral Composition Analysis

The analysis showed that manganese, phosphorus, boron, and sodium values ap-
peared to fall within the normal ranges for papaya leaves. There were low levels of calcium
and magnesium and almost normal levels of potassium for nonchlorotic and chlorotic
papaya leaves, by reference to the values accepted as adequate for papaya leaves by Tamimi
et al. [37]. These low levels of calcium and magnesium are quite common in plants growing
in vitro and sometimes create problems in micropropagation by causing apical necrosis,
as in avocado [51]. Copper also appears at a low concentration in nonchlorotic papaya
leaves and at even lower concentrations in chlorotic leaves. High levels of nitrogen are
also frequent in vitro, probably due to the enormous amount of N available in the culture
medium.

Iron was present in leaves with high values at the beginning of the incubation period
and then decreased dramatically at the end of the incubation period, when the leaves started
to fade, showing discoloration and chlorosis. We do not know the reason for this decrease
in iron, but perhaps it could be due to one or more of the following factors: the exhaustion
of the iron reserves in the culture medium, the huge uptake of iron for these fast growing
clusters of papaya plantlets, and/or the light degradation of the iron chelate, making it
difficult for the plantlets to absorb or some kind of interaction or inhibition caused by the
very high level of zinc found in nonchlorotic in vitro leaves. Castillo et al. [52] indicated
that a mix of iron chelates (EDDHA plus EDTA) improved shoot proliferation in papaya.
After some assays in which we changed the type of iron chelate, we were not able to confirm
this increase in shoot proliferation, possibly because we did not supplement the culture
medium with both types of iron chelates together (EDTA and EDDHA). We only observed
that when we switched between EDTA and EDDHA in the MS mineral formulation, the
EDDHA–Ferric form delayed the discoloration and chlorosis of papaya leaves for some time
compared with the EDTA–Ferric form, which is normally used in MS formulation. Another
possible reason for the discoloration and chlorosis could be a magnesium deficiency, which
can be inferred from the low levels detected in nonchlorotic and chlorotic leaves.

4.3. Rooting

Our results are completely consistent with those obtained by Yu et al. [7] and Panjaitan
et al. [8], who achieved 94.5% and 90% rooting in an almost identical set of rooting assays,
also using 1 mg L−1 IBA and vermiculite substrate but with a shorter incubation period.
Using vermiculite as the substrate, Suksa-Ard et al. [53] and Caple and Cheah [49] achieved
only limited rooting rates of good quality roots (56% and 54%, respectively).

These results suggest that an inert substrate such as expanded vermiculite is a very
good option for growth and development of roots in papaya shoots in vitro, but rooting
in PPRM in just one step also appears to be a very good method for obtaining plantlets
that can be successfully acclimatized, because of the shorter incubation time and lower
costs. The vermiculite protocol seems more appropriate for rooting recalcitrant shoots or
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shoots lacking roots after incubation in PPRM. Both rooting systems are clearly comple-
mentary and can be used together to obtain the maximum percentage of plantlets ready for
acclimatization (Figure 6).
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liquid MS medium supplemented with 1 mg L−1 IBA: (A) test tube with rooted papaya shoot,
(B) papaya plantlets obtained from test tubes, and (C) detail of a papaya plantlet rooted in expanded
vermiculite.

4.4. Plantlet Acclimatization

Different levels of success in acclimatization have been reported by various authors.
Rajeevan and Pandey [39] recorded a 77.7% survival rate, Reuveni et al. [38] achieved an
85% acclimatization rate, and other reports have claimed 100% acclimatization success [5].
Thick, short, and stumpy roots as well as yellowing of leaves have frequently been reported
in plantlets grown on agar-supplemented media [7,54–56]. We also reported some thick
roots, but in general, for all media studied, normal well-branched roots were prevalent (see
Table 3). This was true even in a medium with agar substrate, and the survival rate was
high (90%) when plants with these roots were acclimatized and transplanted. This survival
rate was higher than the 72%, 80%, and 40% recorded by Anandan et al. [42], Hidaka
et al. [36], and Setargie et al. [57], respectively, and similar to the survival values recorded
by Wu et al. [46] and Yu et al. [7] which ranged from 87% to 94.5%. The good quality of
the roots obtained by Perez et al. [48] produced a high survival rate (96.5%). McCubbin
and van Staden [40] and Shivayogi et al. [41] indicated success with acclimatization but
without data regarding the percentage.

When we changed the rooting medium and the substrate to MS liquid plus 1 mg L−1

IBA in expanded vermiculite, we achieved 100% acclimatization success, even with shoots
maintained for years in vitro.

Acclimatization finally allowed the plants to recover after long-term incubation
in vitro, showing a normal morphology and development, flowering and fruiting nor-
mally after one year (Figure 7).

4.5. Analysis of Genetic Stability: Ploidy Analysis and Morphological Evaluation of Flowers

After flow cytometry analysis, we can confirm that the initial diploid level (2n =
2x = 18) detected in the mother plant at the beginning of the culture was maintained
by their progeny throughout the long-term incubation in vitro and after 120 subcultures
(Figure 5). Additionally, the morphology of the plants and flowers after the acclimation and
development of the papayas micropropagated in vitro for 10 years appeared to be normal
in all the plants evaluated, with no morphological malformations or anomalies.
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5. Conclusions

In this article, we present a reliable method for the maintenance and development of
papaya plantlets in vitro which is valid for shoots obtained from any explant, which enables
survival for more than twenty years in vitro while actively growing papaya cell lines and
maintaining the original ploidy level of progenies. To achieve this, shoot explants were
incubated in PPRM medium, and we also offer alternative methods for the efficient control
of the morphogenesis (elongation, rooting, acclimatization) of papaya plants over long
periods of time. We suggest the use of PPRM medium to obtain a continuous proliferation
of papayas and also as a one-step method to produce full plantlets with good rates of
success.
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