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Papaya (Carica papaya L.) is a commercially important fruit crop cultivated worldwide due to its 
nutritional and medicinal values. Papaya ringspot disease (PRSD), caused by the papaya ringspot virus 
(PRSV), poses a significant threat to papaya cultivation, resulting in substantial yield losses. In this 
study, two independent field experiments were conducted at Bagalkote located in the Northern Dry 
Zone of Karnataka state of India. The first experiment aimed to identify the optimal planting month 
for papaya to effectively manage PRSV disease. The second experiment was conducted to determine 
the susceptible papaya growth stage for PRSV infection. The results revealed that early planting of 
papaya in June or late planting in March were identified as the most optimal planting times across the 
majority of growth stages, as they exhibited the lowest disease incidence along with superior growth 
and yield characteristics compared to other planting months. In contrast, planting during the winter 
season (September to January) resulted in high disease severity due to an increased aphid population. 
Conversely, planting during periods of low aphid activity (spring season) delayed disease onset until 
the monsoon. By the time the aphid population increased, the plants had already progressed beyond 
the flowering and fruit-bearing stages. In the second experiment, the severity and frequency of foliar 
symptoms on PRSV-inoculated papaya plants were significantly higher in those inoculated at the 
early growth stage compared to those inoculated at a later growth stage. This indicates that the early 
growth stage (up to 180 days after transplanting) is a critical period for PRSV infection, necessitating 
the implementation of effective disease management measures during this time to minimize disease 
spread and enhance growth and yield. Furthermore, plants inoculated at the early stage exhibited a 
higher viral titer, more severe symptoms, and a higher percent transmission rate compared to those 
inoculated at a later stage. These findings were supported by qRT-PCR analysis, which demonstrated a 
highly significant and positive correlation between early inoculation and disease severity.
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Carica papaya L. belongs to the family Caricaceae, commonly known as “papaya.” India is the largest and leading 
producer of papaya in the world, accounting for 44.04% of global production (6.05 Mt) and grown in a total 
area of 1.49 lakh ha with a productivity of 40.6 t/ha1. Papaya is susceptible to a range of pathogens, including 
viruses, bacteria, and fungi, which can lead to significant yield losses2–10. More than 29 different viruses have 
been reported to infect papaya worldwide. Of these, the papaya ringspot virus (PRSV) and the papaya leaf curl 
virus (PaLCuV) have gained global importance in all papaya-growing countries11–22. PRSV is a major constraint 
to papaya production not only in India but also in other tropical and subtropical regions of the world, including 
Southeast Asia (e.g., Thailand, Vietnam), Africa, the Central and South Americas (e.g., Brazil, Mexico), and 
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the Pacific. The virus causes significant yield losses and reduces fruit quality, leading to economic losses for 
farmers. Understanding the epidemiology of PRSV and developing effective management strategies are critical 
for sustaining papaya production globally. PRSV is a major concern in India as it has the potential to cause yield 
loss up to 100%23. Papaya ringspot disease (PRSD) was first reported on the island of Oahu, Hawaii, which was 
well-known for papaya production24, where it was known as the “Wailu” disease25. Later, it was found to be of a 
viral nature and termed as papaya ringspot (PRS) by Jensen26. This disease was first reported in India from Pune 
in 194827and has since been reported from various parts of the country28–33.

PRSV belongs to the genus Potyvirus within the family Potyviridae and has two predominant pathotypes: 
PRSV-P, which infects both papaya and cucurbits, and PRSV-W, which infects only members of the 
Cucurbitaceae family11,34–37. Its genome comprises a monopartite, linear, single-stranded, positive-sense RNA of 
approximately 10,341 nucleotides, with a genome-linked viral protein (VPg) at the 5’ terminus38,39. Symptoms 
induced by PRSV infection on papaya typically appear two to three weeks after infection, which include an 
intense yellow mosaic on the leaves, shoestring-like deformities in new emerging leaves, dark green and slightly 
sunken rings on the fruit, numerous oily-looking streaks on the stem, and overall plant stunting. Fruits formed 
after infection are usually small and exhibit lichen-like lesions, ring spots with uneven bumps, and an unpleasant 
taste11. When plants are infected at an early age (pre-vegetative stage), they remain stunted and fail to produce 
fruit23,40. The severity of symptoms correlates with the titer of PRSV infection, with higher viral loads leading to 
more severe symptoms41. PRSV is primarily transmitted by aphid vectors in a non-persistent manner. It can also 
be mechanically transmitted from papaya to papaya under natural conditions42–45.

Epidemiological studies are more relevant as they reveal the dynamics of disease incidence in relation to 
climate46. The rate of virus spread has been shown to depend on various factors, including the season, age 
of the plant, variety, weather, vector population, size, and shape of the cropped area, and surrounding host 
crops33,46–49. Effective management of PRSV requires a comprehensive understanding of vector dynamics, 
including monitoring vector population, diversity, and incidence rates to implement timely and effective 
disease management practices49,50. Epidemiological strategies, provide a foundation for developing alternative, 
sustainable methods to mitigate the disease under field conditions51,52. While earlier research has investigated 
the influence of planting dates on PRSV management, present study provides a unique perspective by correlating 
PRSV incidence with weather parameters and analyzing viral titers across different crop growth stages. This 
approach offers deeper insights into how climatic factors interact with disease dynamics, facilitating the 
development of more tailored management strategies for PRSV.

The concept of planting date manipulation has been extensively studied and proven to be a highly effective 
strategy for managing viral diseases like soybean yellow mosaic virus, maize dwarf mosaic virus, zucchini 
yellow mosaic virus, and potato virus Y in several crops, including soybean, maize, cucumber, and potato53–58. 
By adjusting the planting schedule, crops can potentially escape peak disease periods and vector activity, 
leading to lower disease incidence and severity. For instance, delayed planting of cucumber has been shown 
to reduce exposure to peak aphid activity55, thereby minimizing the risk of non-persistent virus transmission. 
In the case of papaya ringspot virus (PRSV) in papaya, optimizing planting schedules to avoid periods of high 
aphid populations and favorable transmission conditions can significantly reduce disease pressure. Integrating 
planting date strategies with integrated pest management (IPM) practicessuch as the use of resistant varieties, 
vector control measures, and cultural practices—provides a more comprehensive and sustainable approach to 
disease management. Additionally, correlating climatic data with disease incidence and viral titers allows for 
better prediction of outbreaks, enabling timely and proactive interventions. Despite the potential of planting 
date manipulation in mitigating PRSV incidence in papaya, only a few studies have been conducted in India 
to evaluate the influence of planting dates, aphid population dynamics, and their interactions with disease 
occurrence49,59–63.

Not much studies have been conducted to determine the susceptible growth stage of papaya for PRSV infection 
or to correlate viral titer with the severity of papaya ringspot disease (PRSD) and transmission rates in papaya. 
However, well-designed studies on susceptibility, viral load, and transmission dynamics have been reported 
for other crops and viruses, providing valuable insights into virus-host interactions. In rice, the early growth 
phases (seedling and booting) have been found to be the most susceptible stages for rice yellow mottle virus 
(RYMV) infection64. Similarly, cucumber mosaic virus (CMV) in peanut and sweet pepper is more devastating 
and significantly reduces yield when infects the plants at early stages rather than at later stages65,66. The current 
epidemiological studies primarily focus on quantifying the virus titer in infected plants using qRT-PCR and its 
correlation with the appearance of symptoms67. Higher viral titers with severe symptom expression have been 
observed during the early infection stages in crops such as tomato68, cassava69, wheat70, and watermelon71. Also, 
the quantification of virus titers for viruses such as CMV, cucumber green mottle mosaic virus (CGMMV), and 
watermelon mosaic virus (WMV) infecting chili, cucurbits, and cucumber, respectively, has been extensively 
studied using qRT-PCR67,71,72.

Considering the research conducted so far and addressing the existing knowledge gap, the present study 
aimed to assess the impact of different planting months on PRSV incidence, evaluate growth and yield parameters 
of papaya, and identify the susceptible growth stage for PRSV infection by correlating it with viral titer.

Methods
Epidemiological studies were conducted at the Haveli experimental station, University of Horticultural Sciences 
(UHS), Bagalkote, Karnataka, India (16°12′07.0″N, 75°41′08.9″E), situated within the Northern Dry Zone of 
Karnataka.
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Determining the effect of different months of planting on the incidence of PRSD, growth, 
and yield parameters of Papaya
The field experiments were conducted from 2019 to 2020 under natural disease pressure of PRSD using a 
Randomized Block Design (RBD) with three replications and ten treatments. Planting was carried out at monthly 
intervals, starting from the 1st week of June 2019 and continued until the 1st week of March 2020. Details of the 
treatments are provided in Supplementary Table 1. The susceptible non-genetically modified (non-GM) papaya 
cultivar ‘Red Lady’ was transplanted with a spacing of 1.5 m × 1.5 m, and all recommended agronomic practices 
outlined in the package of practices from UHS, Bagalkot73, were followed. Observations on percent disease 
incidence were assessed based on visual observations of symptoms typical to PRSV infection and confirmed 
through RT-PCR, using a set of CP gene-specific primers (MB 11A/MB 11B)36. Additionally, plant height (cm), 
plant girth (cm), number of leaves per plant, internodal length (cm), days taken for first flowering, number of 
flowers per plant, number of days from flowering to first fruit set, number of days to fruit harvest after fruit 
set, fruit length (cm), fruit breadth (cm), fruit diameter (cm), cavity diameter (cm), yield per plant (kg), and 
yield per hectare (t) were recorded at 30 day intervals, from 30 days after transplanting (DAT) to 270 DAT. 
Additionally, Area Under the Disease Progress Curve (AUDPC) analysis for percent disease incidence of PRSD 
was also carried out to assess the intensity and progression of the disease over a crop’s growth period using the 
formula74.

	
AUDPC =

n−1∑
i=1

(yi + yi+1/2) (ti+1 − ti)

where, yi and yi+1 are disease incidence percentages at times ti and ti+1, respectively, ti and ti+1 are the respective 
time points in days and n is the total number of observations.

The population dynamics of aphids were regularly monitored using yellow sticky traps installed at two 
different locations, 50 m apart. The number of aphids collected was recorded weekly, and the cumulative aphid 
population was calculated monthly. Additionally, daily weather data were obtained from the automatic weather 
station located at UHS, Bagalkote, Karnataka, India (16°12′07.0″N, 75°41′08.9″E). The recorded weather 
parameters included daily mean, high, and low temperatures (°C), mean relative humidity (%), solar radiation 
(W/m²), wind speed (m/s), and rainfall (mm). Further, correlation coefficients between PRSD incidence, 
aphid population, and various growth and yield parameters were analyzed at different growth stages of papaya, 
specifically at 30, 60, 90, 120, 150, 180, 210, and 240 DAT.

Identification of the susceptible stage of papaya for PRSV infection
The study was conducted during 2019–2020 under a screen house to determine the susceptible growth stage 
of papaya (cv. Red Lady) for PRSV infection (Suppl. Table 2) using viruliferous aphids, which transmits the 
virus in a naturally, efficiently, and rapidly in a non-persistent manner43–45. Aphis craccivora Koch. major vector 
of PRSD which was identified to be associated with papaya orchards in Karnataka was individually collected 
from papaya orchards and maintained under an insect-proof nylon mesh cage on cotton (Gossypium hirsutum 
cv. Varalakshmi) (Suppl. Figure  1). Since, the average lifespan of an aphid is approximately one month75, 
aphids from the maintained colony were used transmission after one month of colony establishment to rule 
out the possibility of PRSV contamination from field collected aphihids. Before virus acquisition, these non-
viruliferous aphids were starved for approximately one hour and then allowed to feed on PRSV-infected papaya 
plants for a brief acquisition access period (AAP) of 30 min. Given the short retention time of PRSV on aphids, 
which ranging from a few seconds to minutes, viruliferous aphids 15 per plant and 60 per each replication in a 
treatment which contain 4 plants were subsequently transferred and kept in the insect proof net cages and given 
an inoculation access period (IAP) for 30 min. The experiment was conducted under insect-proof polyhouse 
conditions to prevent external contamination and ensure controlled virus transmission76.

To ensure uniformity, all plants were grown under uniform environmental and cultural conditions, allowing 
for comparability across treatments and replicates. Within each treatment group, all plants were transplanted on 
the same day, ensuring synchronization of growth stages across replicates. This approach maintained consistency 
in observations and minimized variability due to external factors, ensuring reliable and reproducible results. 
For each replication of the treatments, the plants were covered with an insect-proof nylon mesh of 40X gauge 
to prevent the spread of viruliferous aphids. Observations on percent transmission, days taken for symptom 
expression after post-inoculation (dpi), typical symptoms induced, plant height (cm), plant girth (cm), number 
of leaves per plant (cm), internodal length (cm), days taken for first flowering, number of flowers per plant, 
number of days from flowering to first fruit set, number of days from fruit set to harvest after fruit set, fruit 
length (cm), fruit breadth (cm), fruit diameter (cm), cavity diameter (cm), yield per plant (kg), and yield per 
hectare (t) were recorded.

Data from all experiments were analyzed using analysis of variance (ANOVA) to determine the significance 
of treatment effects at a 5% probability level. Post-hoc comparisons were conducted using Tukey’s Honestly 
Significant Difference (HSD) test to identify significant differences among treatment means. Additionally, 
correlation analysis was performed to assess the relationships between disease incidence, growth parameters, 
and aphid population dynamics. All statistical analyses were carried out using OPSTAT online software 
(http://14.139.232.166/opstat/)77, and significant differences are indicated in both figures and tables. Results are 
presented with standard errors (S.Em ±) and critical differences (CD @ 5%) for each parameter.
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Quantification of PRSV titer at different growth stages of the crop using qRT-PCR
The qRT-PCR analysis was conducted using the Applied StepOnePlus Real-Time PCR System to evaluate the 
PRSV titer in papaya plants. Sampling was performed 15 days after inoculation (DAI) for each treatment, as this 
timeframe corresponds to the onset of classical symptoms in PRSV-infected papaya plants10. Newly emerging 
young, symptomatic leaves from PRSV-infected plants and asymptomatic uninoculated virus-free plants 
maintained under insect-proof net house conditions were collected, placed in labeled polythene bags, snap-
frozen in liquid nitrogen, and stored at −80 °C for subsequent RNA quantification.

Total RNA was extracted from 100 mg of leaf tissue using the Spectrum™ Plant Total RNA Kit (Sigma-Aldrich, 
Catalog No. STRN50) following the manufacturer’s protocol. The extracted RNA was treated with DNase I 
(Thermo Fisher Scientific) to remove genomic DNA contamination and then quantified using a NanoDrop 
spectrophotometer. Total RNA was extracted from the collected leaf samples and quantified, followed by cDNA 
synthesis for qRT-PCR analysis. To ensure reliable quantification, uninoculated, virus-free plants were used 
as negative controls, while fully symptomized plants from early stages served as positive controls. Synthesized 
cDNA was subjected to qRT-PCR using TB Green Premix Ex Taq II (Tli RNaseH Plus, Cat. #RR820A) and 
specific primers for PRSV (PRSV2F and PRSV2R), which were designed based on sequence data obtained 
from amplification of the HC-Pro region of the PRSV-BGK isolate (GenBank accession: OL677454) using 
NCBI Primer Blast (​h​t​t​p​s​:​​/​/​w​w​w​.​​n​c​b​i​.​n​​l​m​.​n​i​h​​.​g​o​v​/​​t​o​o​l​s​/​​p​r​i​m​e​r​​-​b​l​a​s​t​​/​i​n​d​e​x​.​c​g​i) online tool. Additionally, the 
TATA-binding protein 2 (TBP2F and TBP2R) was used as a candidate reference gene, as per Zhu et al.78. Details 
of the primers and PCR conditions are provided in Table  1. This methodological approach ensured precise 
quantification of PRSV titers, enabling accurate assessment of the virus’s impact at various growth stages.

Results
Determining the effect of different months of planting on the incidence of PRSD, growth and 
yield parameters of Papaya
PRSD incidence
Planting papaya (cv Red Lady) in different months significantly influenced the incidence PRSD (p < 0.05). Plants 
established in June showed no incidence of PRSD up to 90 DAT, with a minimal incidence of 8.33% at 120 DAT, 
eventually reaching 100% at 240 DAT (Suppl. Table 3, Fig. 1). Similarly, July planting recorded the first incidence 
of PRSD (11.11%) at 90 DAT and reached 100% at 210 DAT. The progression to 100% incidence varied across 

Fig. 1.  Influence of different month of planting papaya on PRSD incidence at various growth stages.

 

Primer Oligonucleotides (5’−3’) Initial denaturation PCR reaction Amplicon length (bp) Reference

PRSV2F ​G​G​C​A​C​A​C​T​T​A​G​A​T​G​G​A​G​G​A​C​C

Cycles: 1
95 °C for 30 s

Cycles: 40
95 °C for 5 s
60 °C for 30–34 s
Dissociation Stage

136 Designed
PRSV2R ​A​C​C​A​G​G​A​A​G​G​T​G​G​T​A​G​G​T​T​C​A

TBP2F ​T​G​T​G​A​A​T​A​C​T​G​G​T​G​C​T​G​A​G
104 Zhu et al.78

TBP2R ​G​G​C​A​T​G​A​G​A​C​A​A​G​A​C​C​T​A​T​A

Table 1.  Primers used in a qRT-PCR assay for the detection of PRSV load.
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planting months: it took 180 days for August and February plantings, 120 days for September planting, 90 days 
for October, November, and January plantings, and only 60 days for December planting. In contrast, March 
planting exhibited a significantly lower incidence of PRSD at all stages. The first incidence (5.56%) in March 
planting was recorded at 60 DAT, and it required 270 DAT to reach 100% incidence, demonstrating a slower 
disease progression compared to all other planting months.

AUDPC analysis
Planting papaya in June recorded the lowest AUDPC value (8499.90), indicating the least incidence and 
progression of PRSD, followed by March planting, which also showed relatively lower disease pressure (9166.80) 
(Suppl. Table  4, Fig.  2). In contrast, plantings during the October to January months exhibited the highest 
AUDPC values, with December having the highest peak value (23666.70). This indicates that planting during 
this period resulted in the most severe PRSD. The AUDPC reveals a seasonal trend where plantings during the 
winter months (October to January) in the study region experienced higher disease pressure compared to those 
planted in the early monsoon (June) and early spring (March) months. Thus, adjusting the planting schedule to 
avoid peak disease months can significantly reduce the incidence and severity of PRSD, enhancing crop health 
and yield potential.

Growth parameters
The plant height, internodal length, plant girth, and leaves per plant at various growth stages showed significant 
differences (p ≤ 0.05) among the treatments for all stages. March planting showed significantly superior plant 
height compared to all other treatments at every growth stage. At 270 DAT, March planting (227.19 cm) had 
the highest plant height, while the least plant height was observed with January planting (132.13 cm) (Suppl. 
Table 5). March planting recorded significantly superior internodal length compared to all other treatments, 
while January and December plantings showed the least internodal length at all growth stages (Suppl. Table 6). 
At 270 DAT, March planting (41.47 cm) recorded the highest plant girth, while January planting (36.19 cm) 
recorded the least (Suppl. Table 7). Similarly, March planting also had significantly more leaves per plant, ranging 
from 6.80 to 29.72 at all growth stages (Suppl. Table 8).

Yield and yield parameters
The number of days taken for the first flowering was significantly lower in March planting (89.33 days), followed 
by June (91.11 days) and July (91.56 days) plantings, while it was maximum in the January planting (101.89 days) 
(Suppl. Table 9). Similarly, a significantly higher number of flowers per plant, the least number of days taken 
from flowering to the first fruit set (91.97 days), the highest number of days taken for the first fruit set to harvest 
(122.41 days) were recorded at all growth stages of March planting, followed by June planting compared to all 
other planting dates (Suppl. Tables 9 & 10).

Fig. 2.  AUDPC analysis for PRSD across different planting months.
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Furthermore, March planting recorded a significantly higher number of fruits per plant (25.92), the highest 
diameter of the fruits (12.31 cm), the highest length of the fruits (29.92 cm), the highest breadth of the fruits 
(14.63 cm), and a larger cavity diameter (6.97 cm) compared to other treatments. Correspondingly, January 
planting recorded the lowest number of fruits (7.86), the smallest diameter of the fruits (8.14 cm), the smallest 
fruit length (19.75 cm), and the smallest cavity diameter (5.91 cm) (Suppl. Table 9).

Yield per plant and yield per hectare were significantly highest in March (60.12 kg/plant and 185.54 t/ha) 
planting compared to all the treatments. Planting in June (55.46 kg/plant and 171.15 t/ha) and July (51.23 kg/
plant and 158.09 t/ha) months was the next best, while it was the least in January (13.84 kg/plant and 42.70 t/
ha) planting, followed by December (15.40 kg/plant and 47.53 t/ha) planting (Suppl. Table 9, Suppl. Figure 2, 
and Fig. 3).

Aphid population dynamics during papaya crop growth stage at monthly intervals
The papayas planted in June, July, and August showed no infestation of aphids at 30 DAT. However, plantings in 
September (30 No.), October (94 No.), November (111 No.), December (192 No.), January (344 No.), February 
(329 No.), and March (31 No.) showed a moderate aphid population at 30 DAT (Suppl. Table 11). The plantings 
in June, July, and August had the lowest aphid population (124, 235, and 427, respectively) up to 150 DAT, after 
which a sudden increase was observed (235, 427, and 771, respectively, at 180 DAT). On the other hand, the 
plantings from September to February had initially high aphid activity, but after 150 DAT, aphid activity was 
recorded as low. The March planting had an initial aphid load, but the cumulative aphid population at each 
growth stage was lower than that of all the other planting months.

The environmental conditions, monitored daily during the trial period (Suppl. Table 12 and Fig. 4) showed 
significant seasonal variability, which has likely influenced aphid activity and PRSV incidence. From June to 
August, mean daily temperatures ranged between 27.4 °C and 31.8 °C, accompanied by high relative humidity 
(65 to 90%), moderate solar radiation (~ 200 W/m²), and wind speeds varying from 3.0 to 8.6 m/s, occasionally 
peaking at 9.0  m/s. Frequent rainfall, with several days recording over 20  mm of precipitation, was noticed 
during this period. These cool, humid, and windy conditions likely suppressed aphid activity and reduced 
viruliferous rates, correlating with the low PRSV incidence observed during this time.

In contrast, the months from October to January experienced mean daily temperatures stabilizing between 
24 °C and 30 °C, with lower relative humidity (40 to 70%), increased solar radiation (exceeding 250 W/m²), 
reduced wind speeds, often below 3 m/s and as low as 0.2 to 1.6 m/s on many days. Minimal rainfall during 
these dry and warm months likely created favorable conditions for aphid activity and the efficient spread of 
PRSV. This shift in environmental factors corresponded with the higher disease incidence recorded during this 
period. These findings highlight the strong influence of environmental conditions on vector behavior and PRSV 
transmission, emphasizing the importance of aligning planting schedules with periods unfavorable to aphid 
activity to reduce disease incidence.

Correlation studies between disease incidence with aphid population, growth, yield, and 
yield parameters at different crop growth stages
The correlation between the incidence of PRSD, aphid population, growth, and yield parameters were analyzed 
at different growth stages (i.e., 30 DAT to 240 DAT) (Fig. 5). The incidence of PRSD showed a significant and 

Fig. 3.  Influence of different month of planting on yield of papaya.
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strong positive correlation with the aphid population in all growth stages except at 30 DAT, where it was non-
significant (0.501). Additionally, the days to first flowering (up to 120 DAT) and first fruit set (up to 210 DAT) 
showed a strong positive correlation with yield.

The remaining growth and yield attributes showed a negative correlation. Fruit length, fruit breadth, and 
fruit cavity diameter exhibited significant correlations up to 210 DAT. Yield per plant, fruits per plant, and fruit 
diameter displayed a strong negative correlation up to 180 DAT. Days from fruit set to harvest showed strong 

Fig. 4.  Variations in temperature, rainfall, humidity, solar radiation and wind speed during experimental 
period.

 

Scientific Reports |         (2025) 15:6973 7| https://doi.org/10.1038/s41598-025-91612-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


negative significance, limited to 150 DAT. The number of leaves per plant also exhibited a negative correlation 
with the incidence of PRSD up to 120 DAT. Plant height, internodal length, and plant girth showed no significant 
correlation with the incidence of PRSD at a few growth stages. Simultaneously, the number of flowers was 
recorded as non-significant from the beginning (at 150 DAT) to the end of flowering (at 240 DAT).

Identification of susceptible stage of papaya for PRSV infection
Percent transmission and days taken for symptom expression
PRSV inoculation at 30 and 60 DAT has shown early symptomatic expression, with symptoms starting to appear 
on the 15th DAI with 100% transmission. The plants inoculated at 60 DAT also showed 100% transmission, but 
it took 17 days for symptom expression to occur. Subsequent inoculations at 120, 150, and 180 DAT recorded 
a gradual decrease in the transmission rate (75.0%, 58.0%, and 25.0%, respectively) and a delay in symptom 
expression (20th, 24th, and 25th DAI, respectively). Furthermore, plants inoculated at 210, 240, and 270 DAT 
had the lowest transmission rate (8.33%) and a further delay in symptom expression (25th, 26th, and 28th DAI, 
respectively) (Table 2; Fig. 6).

Regarding the type of symptoms expressed, plants inoculated at 30, 60, and 90 DAT showed the most severe 
symptoms, such as vein clearing, mosaic, leaf reduction, leaf distortion, shoestring, stunted growth, mottling, 
chlorotic ring, and chlorotic spots on fruits. The plants inoculated at 120 and 150 DAT showed vein clearing, 
mosaic, leaf reduction, leaf distortion, shoestring, stunted growth, mottling, and chlorotic spots on fruits. Only 
vein clearing, mosaic, leaf reduction, and leaf distortion were recorded in plants inoculated at 180 DAT. Delayed 
inoculation at 210 and 240 DAT showed a reduced severity of symptoms, with the expression of vein clearing 
and mosaic symptoms on leaves. Finally, only vein clearing was recorded in plants inoculated at 270 DAT (Suppl. 
Figure 3).

Quantification of viral titer in inoculated papaya plants by qRT-PCR
Data regarding the inoculation of PRSV at different growth stages and the corresponding viral titers in plants 
are summarized in Table 3; Fig. 7. The melting curve and amplification plots for the TATA-binding protein-2 
(a housekeeping gene) and PRSV, obtained through qRT-PCR, are shown in Suppl. Figures  4, 5, and 6. The 
highest viral titer, 615.97, was observed in plants inoculated at 30 DAT, representing the early growth stage. 
The viral titer recorded for plants inoculated at 60 DAT was 414.78. As the stage of inoculation was delayed, 
there was a corresponding decrease in the viral titer. Specifically, plants inoculated at 90, 120, 150, and 180 
DAT had viral titers of 302.36, 235.09, 210.42, and 105.65, respectively. Further delays in inoculation resulted in 
even lower viral titers, with 72.58 at 210 DAT, 44.89 at 240 DAT, and the lowest titer of 9.86 recorded in plants 

Fig. 5.  Correlation studies between PRSD incidence with aphid population, growth, yield and yield parameters 
at different crop growth stages.
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inoculated at 270 DAT. The overall result indicates that the early growth stages of papaya are more susceptible to 
PRSV infection, with higher viral titers observed when inoculated earlier in the plant’s development. Delaying 
inoculation reduces the viral load, indicating a lower susceptibility as the plant matures.

Effect of PRSV inoculation at different growth stages of Papaya on growth and yield
The results of PRSV inoculation at different growth stages demonstrated significant differences in the growth 
and yield parameters of papaya (Suppl. Table 13). As inoculation was delayed, there was a linear increase in 
growth and yield parameters, including the number of flowers per plant, the number of days to first fruit set 
and harvest, the number of fruits per plant, fruit diameter, length, breadth, cavity diameter, and overall yield. In 
contrast, a linear decrease was observed in the number of days from first flowering to the first fruit set and from 
first flowering to harvest. The highest plant height was recorded in the uninoculated control plants (242.07 cm), 

Fig. 6.  Effect of artificial inoculation of PRSV at different growth stages of papaya on per cent transmission.

 

Treatment (Stage of inoculation)

No. of Plant

Per cent transmission (%) Days for symptom expression after inoculation SymptomsInoculated Infected

T1−30 DAT** 12 12 100 (90.00)* 15 VC, MS, LR, LD, SS, SG, MO, CR, CS

T2−60 DAT 12 12 100 (90.00) 15 VC, MS, LR, LD, SS, SG, MO, CR, CS

T3−90 DAT 12 12 100 (90.00) 17 VC, MS, LR, LD, SS, SG, MO, CR, CS

T4−120 DAT 12 9 75.00 (60.00) 20 VC, MS, LR, LD, SS, CR, CS

T5−150 DAT 12 7 58.33 (50.00) 24 VC, MS, LR, LD, SS, CR, CS

T6−180 DAT 12 3 25.00 (30.00) 25 VC, MS, LR, LD,

T7−210 DAT 12 1 8.33 (10.00) 25 VC, MS

T8−240 DAT 12 1 8.33 (10.00) 26 VC, MS

T9−270 DAT 12 1 8.33 (10.00) 28 VC

T10-Un inoculated 0 0 0.00 (0.00) 0 -

S Em ± 5.85

C D @ 5% 17.37

Table 2.  Effect of inoculation of PRSV at different crop growth stages of Papaya on percent transmission 
and symptoms expression. *Figures in parentheses are arc sine transformed values, **DAT: Days After 
Transplanting, VC-Vein Clearing; MS-Mosaic Symptom; LR-Leaf Reduction, LD-Leaf Distortion; SS-Shoe 
String; SG-Stunted Growth; MO-Mottling; CR-Chlorotic Ring and CS-Chlorotic Spots on fruits.
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which was comparable to the height of plants inoculated at 270 DAT (241.72  cm). The lowest plant height 
was observed in plants inoculated at the early stages, specifically at 30 DAT (145.69 cm), followed by plants 
inoculated at 60 DAT (168.58 cm) (Fig. 8). These findings indicate that delaying PRSV inoculation allows papaya 
plants to maintain better growth and higher yield parameters. Early inoculation, particularly at 30 and 60 DAT, 
resulted in significantly stunted plant growth and development.

The plants inoculated at 30 DAT recorded shorter internodal length (4.03  cm), the lowest plant girth 
(33.74 cm), the lowest number of leaves (28.70), the highest number of days taken for the first flowering (105.04), 
the lowest number of flowers per plant (9.21) (Fig. 9), and the highest number of days taken from flowering to 
the first fruit set (91.56). Conversely, control plants recorded the highest internodal length (4.26 cm), the highest 
plant girth (43.64 cm), the highest number of days taken for the first flowering (93.68), the highest number of 
flowers per plant (23.49), and the least number of days taken from flowering to the first fruit set (85.81).

Similarly, plants inoculated at 30 DAT had the fewest days from the first fruit set to harvest, the lowest 
number of fruits per plant (1.75) (Fig. 10), the smallest fruit diameter and cavity diameter (8.95 cm and 6.11 cm), 
and the shortest length of the fruit (21.21 cm), and the smallest fruit breadth (9.73 cm), while control plants 
recorded the longest number of days (119.72), the largest number of fruits per plant (38.50), the largest fruit 

Fig. 7.  Effect of artificial inoculation of PRSV at different growth stages of papaya on viral titer.

 

Treatment (Stage of inoculation)

Average Ct mean ± S.E.

PRSV viral titer at 15 DAI**TATA-binding protein-2 (House keeping gene) PRSV

T1−30 DAT* 17.91 ± 0.07 23.21 ± 0.14 615.97

T2−60 DAT 17.94 ± 0.16 23.81 ± 0.20 414.78

T3−90 DAT 17.73 ± 0.47 24.06 ± 0.14 302.36

T4−120 DAT 17.89 ± 0.29 24.58 ± 0.38 235.09

T5−150 DAT 18.26 ± 0.62 25.11 ± 0.21 210.42

T6−180 DAT 18.03 ± 0.26 25.88 ± 0.33 105.65

T7−210 DAT 17.85 ± 0.51 26.23 ± 0.29 72.58

T8−240 DAT 18.16 ± 0.21 27.25 ± 0.38 44.89

T9−270 DAT 18.05 ± 0.25 29.32 ± 0.41 9.86

T10-Un inoculated 18.15 ± 0.27 32.72 ± 0.35 1.00

Table 3.  Quantification of PRSV load in Papaya plants inoculated at different crop growth stages. *DAT: Days 
After Transplanting, **DAI: Days After Inoculation, Ct: Cycle threshold.
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Fig. 9.  Effect of artificial inoculation of PRSV at different growth stages of papaya on Number of flower per 
plant at 270 DAT.

 

Fig. 8.  Effect of artificial inoculation of PRSV at different growth stages of papaya on plant height.
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diameter and cavity diameter were recorded in the control plants (13.07 cm and 7.30 cm), and the longest length 
of the fruit (31.78 cm), the largest fruit breadth (15.28 cm).

The highest fruit yield per plant and yield per hectare were recorded in the uninoculated control (59.39 kg/
plant and 183.28 t/ha), which was comparable to that in plants inoculated at 270 DAT (58.64 kg/plant and 180.95 
t/ha) and 240 DAT (57.52 kg/plant and 177.51 t/ha). On the other hand, the lowest yield per plant was recorded 
in plants inoculated at 30 DAT (1.92 kg/plant and 5.94 t/ha), which was similar to that in plants inoculated at 60 
DAT (2.22 kg/plant and 6.84 t/ha) (Fig. 11).

Correlation studies between papaya ringspot viral titer in Papaya plant with percent 
transmission, growth, and yield parameters
The correlation between the papaya ringspot viral titer in the host and percent transmission, growth, yield, and 
yield parameters was analyzed and presented in Fig. 12. The quantity of papaya ringspot viral titer had a strong 
positive correlation with percent transmission (0.917), which is highly significant. All growth attributes, such 
as the number of leaves per plant (−0.947 and −0.962), plant girth at 270 days (−0.943 and −0.900), internode 
length (−0.882 and −0.881), and height (−0.985 and −0.928), showed highly significant negative correlations with 
both the viral titer and percent transmission. Similarly, all flower and fruit parameters, including the number of 
flowers per plant (−0.994 and −0.934), days to first fruit set to harvest (−0.957 and −0.963), number of fruits per 
plant (−0.917 and −0.986), fruit diameter (−0.973 and −0.918), length (−0.948 and −0.973), breadth (−0.936 and 
−0.978), and cavity diameter (−0.953 and −0.949), also recorded highly significant negative correlations with the 
viral titer and percent transmission. On the other hand, the number of days to first flowering (0.988 and 0.866) 
and the number of days from flowering to first fruit set (0.866 and 0.949) had positive and highly significant 
correlations. Finally, the fruit yield showed a highly significant negative correlation between both the viral titer 
(−0.942) and percent transmission (−0.995).

Fig. 11.  Effect of artificial inoculation of PRSV at various growth stages of papaya on yield per hectare.

 

Fig. 10.  Effect of artificial inoculation of PRSV at different growth stages of papaya on number of fruits per 
plants.
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Discussion
Papaya ringspot virus (PRSV) is a serious pathogen affecting papaya cultivation, particularly in tropical and 
subtropical regions, leading to substantial yield losses, reduced fruit quality, and increased management costs. 
Effective management requires a multifaceted approach that includes understanding environmental factors, 
optimizing planting timings, and potentially utilizing resistant cultivars. In the present study, two independent 
field experiments were conducted to identify the optimal planting month for papaya and determine the papaya 
growth stage, that is most susceptible to PRSV infection. The results indicated that no disease incidence was 
observed up to 90 DAT in June-planted papaya, and up to 60 DAT in July-planted papaya. Additionally, June 
planting recorded the lowest AUDPC value (8499.90). This can be attributed to environmental conditions, from 
June to August, which was not conducive to the proliferation of both the virus and its aphid vectors. The reduced 
aphid population during this period likely contributed to the low disease incidence. The June planting reached 
peak disease incidence at 240 DAT, while subsequent plantings took progressively fewer days to reach peak 
incidence. The December planting, reached peak incidence within just 60 DAT.

The increased PRSV incidence observed from October to January, with December planting showing the 
highest cumulative disease pressure (23666.7), may be linked to the availability of various crops in surrounding 
areas, including mungbean, urdbean, cowpea, horse gram, red gram, cucurbits, and chili, which served as hosts 
for aphid vectors. Additionally, the collected weather data underscore the significant role of environmental 
conditions in influencing PRSV incidence and vector dynamics, highlighting the importance of managing these 
factors in disease management strategies.

From June to August, daily mean temperatures ranged from 27.4 °C to 31.8 °C, accompanied by high relative 
humidity (65 to 90%), moderate solar radiation (approximately 200 W/m²), and wind speeds ranging from 3 
to 8.6 m/s. These conditions likely reduced aphid activity and viruliferous rates, correlating with the low PRSV 
incidence observed in June-planted papaya. Additionally, frequent rainfall during the early phase of development, 
particularly with daily totals occasionally exceeding 20 mm, further suppressed aphid populations, contributing 
to the absence of disease incidence. Higher wind speeds also disrupted aphid movement and feeding behavior, 
which reduced virus transmission rates and contributed to the lower disease incidence observed during this 
period49.

In contrast October to January, coinciding with winter, aphid population peaked, reaching maximum 
activity in January, which resulted in increased disease incidence in the later stages of growth. During this 
period, environmental conditions shifted, with mean temperatures stabilizing between 24 °C and 30 °C, 
relative humidity decreasing to 40 from 70%, solar radiation increasing to above 250 W/m², and wind speeds 
dropping significantly (often below 3.0 m/s, with some days as low as 0.2 m/s). These dry, warm conditions 
likely created an optimal environment for aphid proliferation. Aphids thrive in this temperature range, and the 

Fig. 12.  Correlation studies between papaya ringspot viral load with percent transmission, growth, yield and 
yield parameters of papaya.
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lower relative humidity diminished the effectiveness of natural predators and pathogens that typically control 
aphid populations49,79. Increased solar radiation promoted plant growth, providing abundant food for aphids, 
while reduced wind speeds facilitated aphid settlement, activity, and reproduction, enhancing virus transmission 
efficiency, leading to higher PRSV incidence in later-planted crops49.

Although the March planting exhibited mild disease incidence during early phase, it took 210 days to reach 
peak incidence of 100%, with relatively lower disease pressure (9166.80). Aphid activity was recorded during the 
March planting but gradually decreased, leading to reduced disease spread, due to extreme weather conditions. 
These findings underscore the importance of environmental factors in influencing vector dynamics and disease 
progression, emphasizing the need for region-specific strategies to mitigate PRSV incidence and improve yield. 
Similarly, several studies also demonstrate that temperature significantly influences aphid population dynamics. 
Moderate cool temperatures promote population growth, while extremes in temperature negatively affect survival 
and reproduction80–82. Hence, early planting (June) or late planting (March) of papaya was identified as the most 
optimal planting months across the majority of growth stages, as it exhibited the lowest disease incidence along 
with superior growth and yield characteristics compared to other planting months, highlighting the role of 
environmental factors in shaping PRSV dynamics and vector population. Future studies incorporating single-
aphid qPCR could also provide a clearer understanding of the relationship between aphid populations, virus 
transmission efficiency, and environmental conditions. Even though, the data generated provides a brief insight 
into dynamics of PRSV incidence, a long-term studies will enhance by validating the robustness and consistency 
of findings across the different geographical regions of the world. Which can be utilized for designing the date of 
sowing based management strategies for different regions.

This study focused on the impact of planting dates and environmental factors on PRSV incidence under 
controlled field conditions. However, farmers’ agricultural practices, such as fertilization, irrigation and pest 
management, significantly influence disease dynamics in real-world conditions. Standardized practices were 
used to minimize variability and isolate the effects of planting dates and environmental factors.

The incidence of PRSV exhibited a significant positive correlation with the aphid population across growth 
stages, while other growth and yield attributes showed a negative correlation. Since this study was conducted 
under natural field conditions with viruliferous aphids, the findings reflect the combined influence of aphid 
population dynamics and virus transmission.

Similarly, Chandrashekar et al.62 recorded the peak aphid population in January, which sharply declined by 
March and remained low from March onwards until September. It then progressively reached its peak again 
by January in papaya. This resulted in the maximum (100%) incidence of PRSV observed in papaya planted 
from September to January, and the incidence of PRSV showed a positive correlation with the aphid population 
under Pune conditions. Correspondingly, no deviation in the month-wise pattern in the dynamics of the aphid 
population was observed during the present experiment in Bagalkote.

The findings of Chavan et al.83, which documented a maximum aphid population (10.47/plant) during 
December on papaya plants in Pune, Maharashtra, India, are in line with the present investigations. Many 
researchers also noticed the maximum population of aphids from November, reaching its peak during December 
and January84,85. Additionally, planting during the spring season, characterized by a lower aphid population, 
leads to a delayed incidence until the monsoon period. By the time the aphid population begins to build up, the 
plants have already passed the flowering and fruit-bearing stages. These results are consistent with the findings 
of Sharma et al.61. The optimal time for papaya planting was determined to be in March, followed by June. To 
minimize PRSV damage, it is recommended to avoid planting during the months of September to January under 
the Northern Dry Zone of Karnataka, India.

This conclusion is supported by the research of Mora-Aguilera et al.59, who showed that the aphid population 
had a bimodal distribution, with the highest population peak occurring from December to February and a 
secondary peak from August to September. They demonstrated that the incidence of PRSV disease in papaya 
was influenced by the aphid population of the previous month. However, Thiribhuvanamala et al.63reported 
that papaya planted between August and December had the lowest incidence of PRSV (10 to 20%) compared to 
crops planted in February and March. This is attributed to the influence of weather parameters on the population 
dynamics of different aphid species in that location48.

The decreased plant height and internode length are responses to alterations in genomic regions related 
to virus replication, movement, and processes regulating virus accumulation in infected plants86–94. Similarly, 
Sheikh et al.95 documented a decrease in plant height, number of fruits, fruit length, stem girth, root length, and 
fruit malformation in papaya plants infected with PRSV.

Disease incidence at the early to middle stages of crop growth significantly and negatively impacted yield. 
Severely infected plants experience delayed flowering due to viral multiplication96,97. Prakash et al.98 observed 
that the papaya cultivar ‘PusaNanha’ infected with PRSV exhibited delayed flowering time of 81.50 days 
compared to healthy plants, which flowered normally in 64.67 days.

Fruiting traits are linked to growth, flowering, and photosynthetic activity, all of which can be affected by 
viral infections. Viral infections are known to increase the content of malondialdehyde and alter the activities of 
peroxidase enzymes, resulting in quantitative and qualitative changes in their molecular isoforms99,100.

Altering traditional planting times can help crops avoid viruliferous vectors. The best planting time depends 
on the timing of vector migration. Mora-Aguilera et al.60reported the usefulness of transplanting dates in 
controlling PRSV in Central Veracruz, Mexico, through multivariate comparison of its epidemics. However, the 
effectiveness of changing planting dates to minimize virus infection for a particular crop should be considered 
in relation to other economic factors101,102.

Plants inoculated at early stages exhibited severe symptoms, including vein clearing, mosaic symptoms, leaf 
reduction, leaf distortion, shoestring, stunted growth, mottling, chlorotic rings, and chlorotic spots on fruits, 
and displayed symptoms more quickly. Additionally, a strong and significant positive correlation (0.917) was 
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observed between the viral titer and the percent transmission rate. Quantifying changes in the viral titer to 
measure the accumulation of viral RNA, replication of viral RNA, and levels of viral and host translation in 
PRSV-infected papaya plants has been extensively studied41,103,104. Moreover, there have been studies on the 
antagonistic effects of different viruses on PRSV that employed absolute quantification105. However, research 
exploring the correlation between viral titer, percent transmission, and disease severity is limited. Hence, this 
study provides valuable insights into the correlation between viral titer, percent transmission, and disease 
severity.

Early viral infections exhibit a high replication rate and increased cell-to-cell movement of viral particles, 
which are crucial steps in initiating and spreading virus infections in plants. This process occurs through 
intercellular connections known as plasmodesmata and is typically mediated by one or more virus-encoded 
movement proteins that interact with multiple cellular factors106. Tran et al.107reported that BAM1 is one such 
cellular factor required for efficient cell-to-cell movement of the TMV movement protein, suggesting that BAM1 
interacts with the TMV movement protein to facilitate early virus movement, thereby increasing the number 
and spread of viral particles. Furthermore, these virus particles manipulate auxin signaling pathways, leading to 
morphogenic alterations in cells and exacerbating viral symptoms80.

Host plants may acquire or increase their resistance as they grow and develop108–110. Wang et al.111 found 
that wheat lines infected by the barley yellow dwarf virus (BYDV) at the adult stage upregulated certain defense 
responses, such as ROS scavenging, GA and JA biosynthesis genes. This suppressed BYDV replication, movement, 
and accumulation. In Arabidopsis and turnip, long-distance transport of the cauliflower mosaic virus (CaMV) 
occurs in the phloem. During the host’s development, the sink-source relationships change, and the region that 
CaMV can invade progressively decreases, leading to resistance, restricted migration, and reduced viral titer112.

As the viral inoculation was delayed, the plants reported a lower viral titer and minimum yield loss, as 
evidenced by the negative and highly significant correlation between yield and viral titer (−0.924). Zhu et al.113 
showed that sugarcane plants infected with the sugarcane yellow leaf virus (SCYLV) recorded high virus titers 
and severe symptoms, such as yellow leaf symptoms, yielding only 54.0 to 60.0% of cane and sugar tonnage 
compared to plants with low virus titers. Agrios et al.114 noticed that early inoculations had severe symptoms, 
whereas later inoculations had mild or no symptoms regarding CMV on pepper plants. Furthermore, CMV titers 
were greater in early-inoculated plants. Levy and Lapidot115, while working with TYLCV, recorded maximum 
yield loss of tomato in plants inoculated at an early stage, i.e., 14 DAS, compared to plants when inoculated at 
45 DAS, confirming the occurrence of age-related (or mature plant) resistance in tomato plants against TYLCV.

In conclusion, the selection of the ‘Red Lady’ cultivar for the present study was based on its prominence as 
the most commonly cultivated papaya variety in Karnataka, known for its high market value and widespread 
adoption by local farmers. Given the significant impact of environmental factors, planting dates, and susceptible 
growth stages on this cultivar, understanding how these variables influence PRSV incidence is crucial for 
improving disease management practices in the region. While resistant papaya varieties could offer effective 
control of viral diseases, their adoption has been limited due to factors such as cost, availability and market 
demand.

The findings of this study have wide-ranging implications for papaya-growing regions worldwide, especially 
in areas with comparable climatic conditions. Identifying the optimal planting time and susceptible growth 
stages for PRSV infection can contribute to more effective disease management strategies in regions facing 
similar challenges. Furthermore, the methodological approach employed in this study, particularly the use of 
qRT-PCR for viral titer quantification, can be extended to the study of other viral pathogens across different 
crops. This enhances the study’s scientific relevance, offering valuable insights for global plant virology research 
and disease management programs.

This study provides valuable insights into disease management strategies specifically tailored to the ‘Red 
Lady’ cultivar, offering practical recommendations for farmers in Karnataka. Moving forward, research that 
incorporates susceptible and resistant varieties, alongside the environmental and agronomic factors explored 
in this study, will be essential for developing integrated disease management strategies. These strategies should 
consider the diverse farming practices and crop types across Karnataka but also provide a framework for 
sustainable papaya production in other tropical and subtropical regions, ensuring relevance and accessibility to 
the global agricultural community.

Conclusions
The results of the current study contribute to our understanding of the influence of planting month and papaya 
susceptibility to PRSV infection. Early June planting or late March planting of papaya was emerged as a non-
chemical, eco-friendly, and effective management strategy against PRSD under field conditions. Farmers should 
avoid planting from September to January to mitigate disease and yield losses, as this aligns with the high aphid 
population during winter, particularly in the Northern dry zone of Karnataka. The severity and frequency of foliar 
symptoms in PRSV-infected papaya plants were notably higher in those infected at early growth stages compared 
to later stages. Consequently, early viral infections generally result in severe local and systemic symptoms, while 
later inoculation leads to milder effects. The viral titer of PRSV positively correlated with symptom severity and 
percent transmission, with higher titers recorded in plants inoculated early in crop growth, showcasing severe 
symptoms and higher transmission rates than later stages. Thus, the early crop growth stage (up to 180 DAT) 
emerges as a critical period for PRSV infection, urging effective disease management measures up to this period 
to optimize growth and yield attributes. This study provides valuable insights into the epidemiology of PRSV and 
offers practical recommendations for disease management that can be adapted to other papaya-growing regions 
worldwide. The findings also contribute to the broader scientific understanding of virus-host interactions and 
the role of environmental factors in disease dynamics, which are critical for sustainable agriculture.
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