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Introduction 

Papaya (Carica papaya L.), (2n = 18), is the only cultivated and 

economically important species in the family, Caricaceae and in 

the genus, Carica. It is widely cultivated in the tropical and sub-

tropical regions of the world and is recognized for its significant 

nutritional composition, along with its medicinal and industrial 

uses. Area under commercial cultivation of papaya is increasing 

because of its fast-growing habit, ability to bear fruits throughout 

the year, high productivity and its potential for huge economic 

returns. Nutritionally, the fruit is rich in vitamin A (1094 IU 100 g-1) 

and vitamin C (61.8 mg 100 g-1), besides folate, lycopene, dietary 

minerals and dietary fibre (1). The fruit is primarily consumed as 

a dessert and also utilized for the preparation of various value-

added products. Green fruits are also often cooked as vegetables 

and are also used in the preparation of ‘tutti-frutti’. In addition, 

the mature unripe fruit also serves as the major source of 

proteolytic enzymes, including papain, chymopapain and carpin, 

among which papain has high industrial significance (2). The fruit 

and seed extracts have noticeable antibacterial activity (3) and 

the leaf extracts are used for curing dengue fever (4). 

Though this crop originated in Central America, it was 

introduced into India during the 17th century and its high productivity 

along with nutritive value contributed to its widespread acceptance 

and preference among consumers in India. India ranks as the 

foremost producer of papaya globally, accounting for about   

6.1 million tonnes cultivated over 1.3 lakh ha, followed by Brazil, 

Mexico, Indonesia and Nigeria (5). Papaya is a dicotyledonous and 

polygamous plant characterized by three distinct sex forms, viz., 

staminate, pistillate and bisexual plants. The staminate and 

bisexual sex forms in papaya are highly influenced by temperature 

and hence intermediate sex types have also been documented (6). 

Based on sex distribution within populations, papaya can be 

categorized as dioecious or gynodioecious. 
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Abstract  

Papaya (Carica papaya L.) is a dicotyledonous, polygamous fruit crop bearing staminate, pistillate and hermaphrodite flowers and valued 
for its ability to produce fruits year-round. Despite its economic significance, conventional seed propagation is constrained by variability in 

sex expression, yield and fruit quality, largely attributed to the crop’s inherent heterozygosity. These challenges hinder the production of 

uniform and true-to-type planting material, limiting the efficiency and predictability of commercial cultivation. Clonal propagation has 

emerged as a promising alternative, enabling the rapid multiplication of genetically uniform, disease-free plants while reducing reliance 
on natural seed resources. Its use of controlled environments minimizes land requirements, conserves elite germplasm and supports 

consistent plant quality, making it a more sustainable and scalable approach for papaya production. Asexual techniques such as cuttings, 

grafting and micropropagation not only address the limitations of seed-based propagation but also facilitate the preservation of desirable 

traits essential for industry advancement. This review synthesizes current knowledge on these clonal propagation methods, evaluating 
their advantages and constraints. Additionally, recent advancements, including optimized somatic embryogenesis protocols, bioreactor-

based multiplication and improved acclimatization strategies, have further enhanced the efficiency, reliability and commercial viability of 

clonal papaya production. 
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 Commercially, papaya is propagated through seeds (7) and 

this method presents the limitation of segregation of female and 

male plants (1:1) and female and bisexual plants (1:2) in dioecious 

and gynodioecious varieties respectively (8). In papaya, the 

determination of sex is not feasible until the plant flowers, due to the 

absence of morphological distinction. Though molecular markers 

have been reported for determining the sex of the papaya plants 

before flowering but it is yet to be commercially viable (9, 10). 

Although gynodioecious cultivars have the advantage of producing 

all fruit setting plants, their productivity is hampered due to poor fruit 

set in bisexual plants, especially in the summer season due to high 

temperatures. 

 In addition, all the gynodioecious varieties are also highly 
susceptible to papaya ring spot virus (PRSV) (11). The dioecious 

varieties are comparatively tolerant of PRSV than gynodioecious 

varieties, but have the disadvantage of segregation into female and 

male (1:1) when propagated by seeds. As a result, excess seedlings 

must be maintained in each pit until the onset of flowering, after 

which thinning excess male and female plants in dioecious and 

gynodioecious varieties respectively is to be done. In dioecious 

cultivars, standard practice involves retaining 4-6 seedlings per pit in 

the main field until flowering, which facilitates the establishment of 

an optimum proportion of female plants in commercial orchards. 

However, due to cross-pollination and its heterozygous nature, 

maintaining genetic purity is difficult, often resulting in non-true-to-

type plants with significant differences in yield, fruit quality and 

tolerance to pests and diseases (12, 13). These limitations reduce the 

reliability of seed propagation and have encouraged the adoption of 

clonal propagation or asexual propagation techniques. 

 Clonal propagation offers an effective alternative to seed-

based methods by enabling large-scale production of genetically 

uniform and true-to-type plants. Techniques such as cuttings, 

layering, grafting, budding and micropropagation have been widely 

employed across horticultural crops to ensure varietal fidelity, with 

micropropagation being especially valuable for producing disease-

free plants with high genetic stability (14). By facilitating the rapid 

multiplication of genetically identical and pathogen-free propagules, 

micropropagation has become a critical tool in the commercial 

cultivation of fruit crops such as banana, papaya, pineapple, apple 

and date palm (14-16). Building on these successes, this review 

synthesizes recent advances in clonal propagation of papaya, 

highlighting the distinct advantages and limitations of each method. 

It further explores the challenges involved and outlines opportunities 

for improving these vegetative propagation techniques to enhance 

their commercial adoption and support sustainable papaya 

cultivation. 

Seed propagation  

Papaya is predominantly propagated through seeds (17); however, 

seed germination is characteristically slow, erratic and influenced by 

several physiological and environmental factors. Approximately       

20 % of seeds are devoid of embryos, contributing to poor 

germination rates (18). In addition, papaya seeds exhibit 

intermediate storage behaviour and can withstand partial loss of 

moisture without loss of viability (19) and dormancy induced by a 

hard seed coat. Germination efficiency is further reduced by the 

presence of aril-associated inhibitory compounds and suboptimal 

seed handling practices (20). Moreover, seed propagation generates 

considerable genetic variability in sex expression and fruit 

characteristics (21). Seeds derived from open-pollinated orchards fail 

to maintain parental characters, thereby compromising fruit quality 

and uniformity (22). In papaya, breeding programs are inclined 

towards the evaluation of disease-resistant cultivars, but it becomes 

highly complicated due to limited and unpredictable seed 

germination. These limitations, particularly pronounced in hybrids 

with low seed production, emphasize the necessity for alternative 

propagation strategies to ensure breeding efficiency, genetic stability 

and uniformity in papaya cultivation. Hence, propagation through 

seeds becomes problematic in papaya hybrids where the seed yield 

is very low. Therefore, clonal propagation techniques offer a possible 

solution for the multiplication of true-to-type plants in hybrids with 

low seed production. 

Clonal propagation 

Clonal propagation has gained substantial attention in recent years 

owing to the growing demand for genetically uniform, true-to-type 

planting material and the inherent limitations of seed-based 

propagation in papaya. Across fruit crops, vegetative propagation 

offers a decisive advantage by enabling the production of plants with 

predetermined and stable sex expression. Initial efforts in papaya 

were reported in grafting (23), cuttings (24) and budding (21, 25) and 

are primarily aimed at reducing variation to facilitate reliable 

performance evaluation. Among budding techniques, higher 

success rates were reported in patch budding compared to shield 

budding, which is limited by the difficulty of lifting the bark of papaya 

rootstocks (26). Long-term success with vegetative propagation has 

been demonstrated in the cultivar ‘Honey Gold’, maintained in 

South Africa for over 2 decades through leafy cuttings and grafting, 

with similar approaches applied for regionally adapted clones (27). 

Compared with seed-propagated plants, vegetatively propagated 

papaya exhibited prolonged productivity and improved clonal 

uniformity (Fig. 1). 

Propagation by cuttings 

During the early 1960s, a significant breakthrough in the propagation 

of dioecious papaya varieties emerged. The first instance of clonal 

propagation through cuttings in papaya was documented in South 

Africa and in the dioecious cultivar "Hortus Gold". The cuttings from 

the female plants of the variety were used for the multiplication of 

true-to-type planting materials (28). Subsequently, the same 

method was adopted for multiplication of planting material in the 

cultivar ‘Honey Gold’, a selection derived from ‘Hortus Gold’ with 

higher sugar content and anthracnose resistance. Extensive studies 

for propagation through cuttings have been undertaken in        

‘Honey Gold’ over several decades in South Africa (25, 29-31). During 

1990s, papaya propagation through cuttings was expanded globally 

beyond South Africa and in Israel, high rooting success (85-100 %) in 

semi-hardwood cuttings was documented in 3 different clones of 

papaya (9/13, 15/1, 15/8) treated with talc containing 1 % benomyl 

(Benlate) and 1 % potassium salt of indole-3-butyric acid (IBA), 

placed in an aerated medium under mist with bottom heat 

maintained at 30 °C (32). In Brazil, the successful propagation of 

Tainung 01 and Improved Sunrise Solo Line 72/12, without using 

heated rooting beds, unlike earlier studies, was reported (33).  

Cutting-derived plants exhibited vigorous growth, earlier fruiting at 

lower nodes, a shortened vegetative phase and produced 

marketable fruits within 7 months of transplanting, emphasizing 

their relevance for commercial exploitation. Propagation through 

cutting was also successfully adopted for the cultivar ‘Taino 02’ in 

Japan and for the transgenic hybrid resistant to papaya ringspot 

virus ‘Rainbow’ in the United States (34, 35). 
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 Rooting success in papaya is largely determined by the 

method of preparation of cuttings and their size. Initially, optimal 

rooting was obtained in cuttings of 12.7-30.5 cm length and          

2.54 cm diameter (36). Later success was achieved with cuttings of 

smaller size (5-15 cm, 0.8-1.2 cm) and recently, mini cuttings (< 10 

cm) are efficient for nursery management. In female "Honey Gold" 

papaya plants, macro-cuttings treated with 3000 mg L-1 IBA 

achieved a rooting success of 75-95 % (37). Cuttings are prepared 

from vigorous side shoots, preferably including the proximal 

swollen base (phellem tissue), with cuts made midway along the 

swollen tissue to maintain reserves. While preparing for cutting, 

the leaf lamina is removed and petioles are retained to minimize 

water loss, though in some protocols only the apical tip is left (38). 

 Auxin applications enhance rooting in cuttings, with IBA 

and 1-naphthaleneacetic acid (NAA) being most effective in 

papaya (Table 1). Optimal responses are observed with IBA at          

1.25-2.5 µM for about 1 week, though higher doses over shorter 

periods can also be beneficial (36). Advanced gel formulations 

incorporating IBA, antimicrobials, vitamins and fungicides further 

improve rooting and cutting survival (38). Papaya cv. Eksotika II 

recorded 100 % rooting when cuttings were established in a sand 

layer with a peat moss: sand mixture (1:1) (39) while complete 

success was also obtained using rooting gels in perlite-coconut 

coir media, where roots developed within 3-5 weeks and plants 

flowered within 3 to 4 months, about 7 to 20 weeks earlier than 

those grown from seed (38). 

 Cutting propagation in papaya provides distinct advantages 

over seed propagation, particularly in ensuring genetic fidelity, 

guaranteed sex expression and uniformity of plant traits. Plants 

derived from cuttings flower earlier at shorter heights and reach 

harvest sooner, offering a significant reduction in the juvenile phase 

and accelerating both conventional and non-conventional breeding 

programs. This method also allows the maintenance and rapid 

multiplication of elite mother plants with desirable characteristics. 

However, its effectiveness relies heavily on the use of disease-free, 

healthy mother plants and well-managed production systems. 

Despite challenges such as potential disease transmission, reduced 

genetic variability and comparatively higher establishment costs, 

cutting propagation remains a valuable approach for achieving 

uniform, early-bearing and superior papaya plants. 

Propagation by grafting 

The art of grafting consists of joining 2 pieces of living plant tissue 

together so that they will unite and grow and develop into a 

composite plant. The primary purpose of grafting is to preserve 

and propagate desirable traits. Initial reports included grafting 

female branches onto male plants of dioecious varieties, as well 

as successful field trials in cultivars like ‘Coorg Honey Dew’ and 

‘CO 1’. The CO series represents Coimbatore, as these varieties 

are released from TNAU (Tamil Nadu Agricultural University), 

Coimbatore (40). Tongue, approach and cleft grafting are 

considered the most suitable techniques, with outcomes 

influenced by plant vigour, compatibility and post-grafting care.  

 A key challenge in papaya grafting is the limited lateral 

shoot production caused by strong apical dominance and this 

constraint can be mitigated by the application of hormones, viz., 

benzyladenine (BA) and gibberellic acid (GA), which promote side 

shoot development and provide suitable scions for grafting (41). 

Application of BA (500 mg L-1) and GA (1000 mg L-1) in lanolin 

paste to mature plant parts significantly increased axillary bud 

formation, while foliar application of BA (500 mg L-1) and                

GA (100 mg L-1) thrice a week also proved effective (32). For quality 

scion production, mother plants are to be maintained under insect-

proof net houses and growth regulator treatments with auxins will 

aid in enhanced production of lateral shoot (42). Rootstocks play a 

vital role in determining scion vigor, water transport and graft 

compatibility (43). One month old ‘Red Lady’ rootstocks showed 

 

Fig 1. Propagation methods in papaya.  

Cultivar/Clone IBA concentration/treatment Rooting percentage (%) Country 

Hortus Gold Not reported Successful South Africa 
Honey Gold 3000 mg L-1 IBA 75-95 % South Africa 
9/13, 15/1, 15/8 1 % IBA + 1 % benomyl 85-100 % Israel 
Tainung 01; Sunrise Solo Line 72/12 Not reported High success Brazil 
Taino 02 Not reported Successful Japan 
Rainbow (PRSV-resistant hybrid) Not reported Successful USA 
Eksotika II IBA 100 % Malaysia 

Table 1. Rooting response of papaya cultivars as influenced by IBA application 
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good graft success in both summer and autumn, while ‘Viorica’ 

demonstrated tolerance to papaya dieback when grafted with 

susceptible scions like ‘Eksotika’. Similarly, 3 month old CO 2 

rootstocks grafted with 9-1(D) gave superior results (44). 

Intervarietal grafts, such as TNAU Papaya CO 8 scion on TNAU 

Papaya CO 8 rootstock, improved chlorophyll content and soluble 

protein levels, reflecting enhanced physiological performance (45). 

 Several grafting methods have been explored for papaya 

propagation, with cleft grafting proving most reliable, showing 

up to 96 % success in varieties like CO 2 (46) and 80 % in 

‘Eksotika’ (47). Cleft grafted plants also exhibited desirable traits, 

viz., hermaphroditism, early fruiting at lower heights and longer 

productive life in papaya cv. Eksotika (47). Side grafting and 

wedge grafting have also been effective, with success rates 

around 80-81 %, though side grafting often suffers from bacterial 

scion rot (48). Softwood grafting exhibited higher success than 

cleft and side grafting, while tongue and approach grafting show 

moderate success but are more labour-intensive (49).  

Micrografting in papaya 

Micrografting techniques further expand possibilities for precision 

propagation. Micrografting is primarily employed to obtain virus-

free and disease-free plant material, breeding specific genotypic 

combinations and for studying graft incompatibility between 

scions and rootstocks (50). Compared to traditional grafting, 

micrografting has several potential advantages including rapid 

production with reduced space requirements and the production 

of disease-free, genetically uniform, healthy, early-bearing and 

wind-resistant plantlets (51). Grafting combines the desirable fruit 

quality traits of the scion with the adaptability of the rootstock. In a 

study on three Kenyan papaya lines, in vitro micrografting was 

performed using shoot tips excised from seedlings cultured on MS 

medium with 0.1 mg L-1 6-benzylaminopurine (BAP) and                  

0.05 mg L-1 NAA. After 28 days, the highest success was recorded in 

self-grafted combinations, with papaya line 1 and line 2 achieving 

75 %  and  80 % grafting success respectively, indicating superior 

compatibility when grafted onto their own rootstocks (51). Despite 

their effectiveness, grafting methods may influence gene 

expression across vegetative generations through mobile genetic 

elements and epigenetic changes, though the nuclear genome 

remains unchanged (52). Hence, long-term monitoring of grafted 

papaya plants is essential to ensure stability of traits like yield, 

stress tolerance and disease resistance. 

Advantages of papaya grafting 

Grafting is an effective method of papaya propagation that offers 

several advantages, such as improved disease                     

tolerance/resistance by using rootstocks tolerant/resistant to  

soil-borne pathogens, enhanced plant vigor and higher yields. It 

enables genetic uniformity and consistent fruit quality, making it 

valuable for commercial cultivation. Additionally, grafted papaya 

plants often flower and fruit earlier, with dwarf stature suited for 

high-density planting systems. However, the technique requires 

skilled labour and meticulous care than seed propagation and 

may be affected by graft incompatibility or bacterial infections in 

scions (53). These limitations mean that while grafting is 

promising, careful management and protocol refinement to 

achieve a higher success rate with reduced cost of production are 

needed for large-scale adoption. 

 

Micropropagation  

Compared to traditional propagation methods such as seedling 

production and grafting, micropropagation through tissue culture 

offers a more appropriate approach for papaya, particularly for the 

rapid and large-scale production of disease-free, true-to-type 

planting material. In papaya, tissue culture-based techniques like 

organogenesis, somatic embryogenesis and shoot tip culture are 

especially valuable for multiplying elite lines with desirable traits 

such as high yield, improved fruit quality and tolerance to papaya 

ringspot virus. In addition to commercial clonal propagation, papaya 

tissue culture is widely used in studies on plant pathogen 

interactions, production of valuable biochemical compounds such 

as proteolytic enzymes (papain and chymopapain), genetic 

improvement through in vitro breeding and transformation and  

long-term conservation of superior germplasm (54). India is now 

emerging as one of the leading producers of tissue-cultured plants 

comprising around 200 commercial tissue culture laboratories with 

a production capacity of 500 million plantlets per year (55). 

Propagation of papaya through tissue culture has been reported in 

many studies (56-62). Although tissue culture protocols have been 

reported earlier in different cultivars, are not yet available to growers 

commercially. In vitro propagation of papaya primarily relies on 

micropropagation, organogenesis and somatic embryogenesis, 

which serve as key methods for plant regeneration (Fig. 2). These 

approaches are widely applied to facilitate classical genetic 

improvement, enabling hybridization among different Caricaceae 

species. In papaya, asexual propagation through cuttings and 

grafting has shown only partial success and is not widely adopted for 

commercial use (61). Moreover, these methods fail to prevent the 

sap-mediated transmission of PRSV, often leading to significant 

economic losses. Similarly, in papaya, in vitro regeneration has been 

successfully established using different approaches: organogenesis 

(2, 17, 60, 63-65), somatic embryogenesis (66-68) and suspension 

cultures (63, 69). These tissue culture-based methods not only 

enable efficient clonal multiplication but also provide a platform for 

genetic improvement and virus-free plant production. 

Organogenesis 

Organogenesis is one of the in vitro regeneration techniques in which 

adventitious buds develop either directly from explants or indirectly 

through callus formation (70). Its success is influenced by several 

factors, including the plant species, genotype, explant source, 

culture medium composition, hormonal balance and 

environmental conditions. Different types of explants have been 

successfully utilized for in vitro regeneration across fruit crops. For 

instance, nodal segments and shoot tips in banana (71), axillary buds 

and shoot tips in grapes (72), leaf discs, shoot tips, axillary shoots in 

aonla (73) and nodal segments in jamun (74, 75). Similarly, Table 2 

below summarizes the different types of explants employed in 

papaya propagation.  

Direct organogenesis and indirect organogenesis 

Direct organogenesis occurs when shoots or buds arise directly from 

the explant tissues (e.g., from nodal segments, leaf bases, or 

hypocotyls) without an intervening callus phase. It is usually faster, 

genetically more stable and preferred for clonal propagation 

because the risk of soma clonal variation is low. Indirect 

organogenesis, on the other hand, involves two steps: first, the 

explant forms a callus mass and then shoots/buds differentiate from 

this callus. Although it can be more flexible and allows regeneration 
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from a wider range of explants or even highly dedifferentiated 

tissues, it is slower and more prone to genetic variation and  off-types 

due to the callus phase. 

 The initial phase of organogenesis involves the initiation of 

adventitious buds from the explant used. The role of auxins and 

cytokinins (NAA and BAP) in regeneration and callus induction is 

widely used in the induction and regeneration of adventitious buds. 

NAA plays an essential role in innumerable physiological processes 

such as cell elongation, division, vascular tissue development and 

root initiation (76, 77). BAP stands out as the 1st synthetic cytokinin 

known for its role in stimulating plant growth and development and 

fruit setting. Moreover, it enhances fruit richness by initiating cell 

divisions (78). Several studies have shown that varying combinations 

and concentrations of BAP and NAA are highly effective in inducing 

and proliferating adventitious buds from diverse explant            

sources (60, 65). A micropropagation protocol was established for 

papaya variety CO 7 using epicotyl segments from in vitro derived 

seedlings through direct organogenesis (60). Similarly, an efficient 

regeneration method via indirect organogenesis from petiole 

explants of papaya cv. Rajshahi Red was also developed (79). 

Optimal callus formation was achieved on  Murashige and Skoog 

(MS) medium supplemented with NAA (0.5-10.5 µM) and                         

BA (0.5-5 µM), resulting in firm, green and nodular callus. Subsequent 

shoot regeneration was obtained on MS medium containing 0.1 µM 

NAA and 100 mg L-1 casein hydrolysate, after which shoots were 

transferred to a growth regulator-free medium to facilitate 

elongation. Increased concentrations of auxins and cytokinins were 

found to reduce shoot proliferation (61) while higher levels of 

thidiazuron (TDZ) caused a decline in callus formation in cultures 

(80). 

 Efficient in vitro seed germination and clonal propagation 
techniques have been standardized for cultivars CO 2 and TNAU 

Papaya CO 8. Surface sterilization with  5 % sodium hypochlorite for 

1 min proved most effective in reducing contamination, while seed 

coat removal enhanced germination further. Pre-soaking 

treatments demonstrated that 500 ppm GA3 for 12 hr significantly 

improved germination percentage, seedling height and vigour index, 

whereas 10 % potassium nitrate (KNO3) promoted early seedling 

emergence. The in vitro raised seedlings served as axenic sources of 

explants, enabling the development of clonal propagation protocols 

using shoot tip cultures. Multiple shoot induction was achieved on 

MS medium with 0.25 mg L-1 TDZ, followed by enhanced 

proliferation on MS supplemented with 1 mg L-1 BAP and 0.1 mg L-1 

NAA. Shoot elongation was promoted by 3 mg L-1 GA3, while rooting 

was optimized on ½ MS medium with 2.5 mg L-1 IBA and activated 

charcoal. Acclimatized plants recorded survival rates above 70 % 

(65). 

 Inoculated shoot tips of the Horana Papaya hybrid                     

01 cultured in 1.0 mg L-1 BAP effectively produced an average of               

4.8 shoots per explant (81). These proliferated shoots were 

subsequently cultured on a 1.5 strength MS medium supplemented 

with 0.25 mg L-1 BAP and varying concentrations of gibberellic acid  

(0, 0.15, 0.30 mgL-1) to promote further elongation. The earliest shoot 

initiation was observed at 11.20 days in MS medium supplemented 

with 100 ppm glycine, 5 ppm casein hydrolysate and 0.05 % 

activated charcoal (82). Additionally, the longest shoot length of    

3.25 cm was achieved in cv. Pusa Dwarf using MS medium 

supplemented with 3.0 mg L-1 BAP and 0.5 mg L-1 NAA, highlighting 

the significant role of optimized growth regulator combinations in 

enhancing papaya micropropagation. 

 
ORGANOGENESIS 

Direct 

Multiplication of Shoots 

(BAP, TDZ, Kinetin) 

Rooting 

Hardening of plantlets 

Indirect 

EMBRYOGENESIS 

Direct Indirect 

Micropropagation 

of Papaya 

Callus Induction 

(2,4 -D, Picloram) 

Embryo maturation 

(ABA, BAP, PEG) 

Regeneration 
of plantlets 

Rooting 

(IBA, IAA, NAA) 

Fig. 2. Micropropagation methods in papaya. 

S. No. Explant used Cultivar/genotype  Reference 
1. Stem bits Carica papaya (83) 
2. Auxiliary buds C. papaya (84) 
3. Shoot tips Rajshahi Red (79) 
4. Shoot tips Taiping (85) 
5. Shoot tips Red Lady (86) 
6. Shoot tips Rainbow (62) 
7. Shoot tips Callina (87) 
8. Shoot tips CO 2 and CO 8 (65) 
9. Shoot tips Pusa Dwarf (82) 

10. Multiple shoots C. papaya (88) 
11. Nodal segments Red Lady (89) 
12. Lateral bud culture Pusa Dwarf (57) 
13. Petioles Rajshahi Red (79) 
14. Root segments Tainung No. 2 (90) 

15. Epicotyl segments CO 7 (60) 

Table 2. In vitro propagation of papaya through organogenesis 
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Somatic embryogenesis: Explant sources and callus 

formation 

Somatic embryogenesis offers a promising alternative for clonal 

propagation, as somatic embryos are bipolar in nature, enabling 

the simultaneous formation of both shoot and root apices. This 

bypasses the need for additional aseptic manipulations. This 

technique also supports large-scale multiplication and long-term 

conservation of elite papaya genotypes, including those with 

tolerance to PRSV-P strain, the predominant strain infecting 

papaya in India (56, 69, 91). Somatic embryogenesis can be 

established either through direct or indirect pathways. Since its 

1st successful attempts in the 1980s, numerous protocols have 

been developed using different explant sources, as outlined in 

Table 3. Among these, immature zygotic embryos have proven to 

be the most effective and widely utilized explants for inducing 

somatic embryogenesis (66, 68, 69, 92-96). The first report of 

somatic embryo induction in papaya through indirect 

organogenesis was achieved using peduncles of V. stipulata as 

explants (97). Subsequently, somatic embryogenesis was 

obtained via interspecific hybridization between C. papaya and 

C. cauliflora, 2 species incompatible through grafting (98). 

Several protocols for somatic embryogenesis in papaya have 

been developed, including successful induction from immature 

zygotic embryos of widely cultivated C. papaya varieties (94). 

Their results demonstrated that a lower concentration of TDZ 

(2.27 µM) was most effective, producing the highest embryogenic 

response across all tested varieties. Notably, the ability to induce 

somatic embryogenesis was found to vary among cultivars, 

highlighting the role of genotype in regeneration efficiency.  

 Several studies have demonstrated that auxins, particularly 

2,4-D, picloram and NAA, are highly effective in promoting 

embryogenic callus induction in papaya. Somatic embryogenesis 

was induced from immature zygotic embryos of several C. papaya 

varieties, including Coorg Honey Dew, Washington, Honey Dew, 

Pusa Delicious, Pusa Nanha, Taiwan 786, Taiwan 785, Sunrise Solo, 

CO 1, CO 7 and CO 3. Embryogenic callus was obtained within 4-6 

weeks on MS medium supplemented with 4.52 µM 2,4-D and 2.27 

µM TDZ, while no response occurred on hormone-free medium. 

Genotypic variation was observed, with the highest 

embryogenesis in Taiwan 786 (87.0 %), followed by Taiwan 785 

(85.0 %) and Coorg Honey Dew (81.0 %) (94). 

  

 A rapid in vitro method for multiple shoot regeneration 

from immature embryo axis explants of C. papaya cv. Honey 

Dew, Washington and CO 2 were developed using modified MS 

medium. The highest shoot regeneration was obtained with   

2.25 µM TDZ or a combination of 4.4 µM BAP and 0.5 µM NAA, 

while higher TDZ concentrations produced stunted shoots that 

elongated on 5.7 µM GA3. Rooting was induced with IBA           

(4.92-19.68 µM) and the regenerated plantlets were successfully 

hardened and transferred to pots (58). Similarly, the effect of 

varying boric acid levels (30 to 500 mg L-1) on callus development 

from immature zygotic embryos of C. papaya cv. Honey Dew was 

assessed using MS medium supplemented with B5 Gamborg 

vitamins, 30 g L-1 sucrose and either 2 mg L-1 2,4-D or 1 mgL-1 

picloram (64). The study reported that 62 mg L-1 boric acid 

significantly improved callus induction, independent of the auxin 

used. Further investigations assessing a broad range of plant 

growth regulators, including auxins, cytokinins, alternative plant 

growth regulators (PGRs), inhibitors and retardants, highlighted 

the superior response of auxins such as 2,4-D, picloram and 

dicamba in inducing callus from explants at different 

developmental stages. Papain preparations with specific activities 

of ≥ 10-30 TU mg-1 protein are already exploited at industrial scale 

as meat tenderizers in food, detergent, leather and 

pharmaceutical formulations, while chymopapain has been used 

clinically in chemonucleolysis of herniated lumbar discs at doses of 

approximately 2-4 nanokatals per disc, underscoring the 

biotechnological and industrial relevance of developing highly 

embryogenic, protease-rich papaya lines (61).  

Maturation, germination and rooting challenges in 

papaya somatic embryos 

Somatic embryo maturation and germination are encouraged by 

various compounds, viz., polyethylene glycol (PEG), Abscisic acid 

(ABA), phloroglucinol (PG) (67). According to research, somatic 

embryo maturation in papaya exhibits a positive correlation in 

response to high doses of ABA (69). When ABA is lacking during 

maturation, somatic embryos become malformed and 

frequently aberrant, with little potential for germination and 

seedling development (109). Desiccation induced by PEG may 

promote endogenous ABA production, an essential hormone for 

creating reserve compounds during embryonic development. 

The maturation of calli was achieved using different 

concentrations of ABA (5-40 µM) along with ½-strength MS salts 

S. No. Explant used Cultivar/genotype Reference 

1. Immature zygotic embryos 90 to 114 days old Sunrise, Sunset, Waimanalo and Kapoho (66) 

2.  Immature zygotic embryo (60 days) C. papaya hybrid between Costarica Red C. papaya as female with 
male C. cauliflora 

(98) 

3. Immature zygotic embryos CO 7 (69) 
4. Immature zygotic embryos Eksotika (99) 
5. Immature zygotic embryos Red Maradol (67) 

6. Immature zygotic embryos, hypocotyl and root 
apices 

Pusa Delicious, CO 7 and Red Lady (100) 

7. Immature zygotic embryos, leaf bits and hypocotyl CO 7, TNAU Papaya CO 8, Red Lady (68) 
8. Mature zygotic embryos Sunrise Solo (101) 
9. Young leaf segments Shahi (102) 

10. Nodular cultures CO 7 (103) 
11. Apical shoots and cotyledonary leaves THB Papaya (104) 
12. Leaf and petiole Pusa Nanha (105) 
13. Anther Vasconcellea pubescens (106) 
14. Ovule Carica papaya (107) 

15. 
Leaves, roots, hypocotyls and mature zygotic 

embryos Coorg Honeydew (108) 

Table 3.  In vitro propagation of papaya through somatic embryogenesis 
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and vitamins, 400 mg L-1 glutamine, 10 g L-1 sucrose and 4 g L-1 

phytagel, with maximum maturity percentage observed at 40 µM 

ABA in liquid medium (110). In papaya cv. Pusa Delicious, somatic 

embryo maturation was further studied under the influence of 

mannitol, sorbitol and PEG at 15, 30 and 45 mg L-1 in MS medium 

supplemented with 75 mg L-1 kanamycin, 0.5 mg L-1 BAP and 20 % 

sucrose (111). Among the 3 osmotic agents utilized for embryo 

dehydration, 45 mg L-1 PEG demonstrated the highest effectiveness, 

resulting in the maximum conversion of embryos into micro shoots 

(81 shoots/culture). Casein hydrolysate was important and 

appropriate for the development of somatic embryogenesis 

produced from zygotic embryos or hypocotyl explants of papaya 

cv. Rathna (112). The highest globular embryo maturation was 

achieved in MS media supplemented with 1.5 mg L-1 ABA and 0.4 

mg L-1   BAP, with 53.33 % in TNAU Papaya CO 8, 58.33 % in CO 7 and 

56.67 % in Red Lady (82). Somatic embryo germination in papaya 

cv. Ekostika showed increased regenerative potential when 

cultured in MS medium supplemented with 30 g L-1 sucrose,             

0.1 mg L-1   NAA and 0.1 mg L-1   BAP (113).  

 Papaya culture regenerated via embryogenesis, 

micropropagation, or organogenesis currently faces a significant 

hurdle in rooting and ex vitro acclimatization of regenerated 

plants. During acclimatization, plantlets often tend to decline and 

their growth after transplantation may be suboptimal in the field 

(114). In recent studies, several researchers emphasized that the 

physical and chemical nature of the rooting substrates affects the 

rooting nature (115, 116). Sometimes morphological abnormalities 

are found in roots. Auxins such as IBA, IAA (Indole -3-Acetic acid) and 

NAA are crucial for effective root induction. Auxins are essential for 

root formation, with the synthetic auxin IBA being particularly 

effective and consistent in promoting root development (98). 

However, prolonged exposure to elevated levels of IBA for more 

than a week may lead to inhibition of root development and also 

cause chlorosis in shoots and form thickened roots due to excessive 

dehydration. In papaya, rooting was very difficult under in vitro 

because of the formation of callus at the base of the micro shoots. 

Further, the roots formed with callus possess a low survival rate 

under field conditions (117). 

Somaclonal Variations 

Somaclonal variation represents a major limitation in papaya 

tissue culture, as prolonged in vitro subcultures and culture 

conditions often lead to genetic instability, resulting in                  

non-uniform growth and reduced fruit quality (118, 119). 

Although somaclonal variation can generate useful genetic 

diversity for breeding, its practical benefits are limited due to 

unpredictable and often undesirable mutations (120). The risk of 

variation is further influenced by tissue origin, with differentiated 

tissues such as leaves and roots producing higher variability than 

meristematic explants (120). Moreover, exogenous PGRs, 

particularly higher concentrations of 2,4-D, can disrupt the cell 

cycle and induce oxidative stress, contributing to chromosomal 

anomalies, including euploidy and aneuploidy (69, 121). 

Cryopreservation followed by in vitro regeneration may also trigger 

somaclonal changes, underscoring the importance of optimizing 

growth regulators, tissue selection and culture duration to 

maintain genetic fidelity (119). 

 

Conclusion 

A clonal propagation system for papaya may bring several benefits 

to the productive system; however, protocols still need to be 

enhanced to make it feasible for commercial use. Propagation 

through cuttings and grafting has been partially successful but is 

still not commercially practiced due to the limited multiplication 

rate and further, these methods could spread the sap 

transmissible PRSV disease. One of the main hindrances to in vitro 

regeneration techniques is the lower survival rate of the roots and 

ex vitro acclimatization stages of regenerated plants, whether 

through embryogenesis, micropropagation, or organogenesis in 

papaya culture. Many biotechnology applications, including 

synseeds, transgenic plants and micropropagation, depend on plant 

regeneration using plant tissue culture techniques, particularly 

somatic embryogenesis. Similarly, somatic embryos make excellent 

platforms for genetic transformation studies and are appropriate for 

long-term storage techniques like cryopreservation.  
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