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Abstract

Chemical pesticides are widely used to control plant diseases but pose risks to human health and the environment. Essential oils and
antagonistic bacteria, which are effective in managing plant diseases, offer a safer alternative to synthetic fungicides. This study aimed to
evaluate papaya anthracnose control using antagonists and plant oils. /n vitro screening of 9 bacterial strains demonstrated varying inhibitory
effects against both Lasiodiplodia theobromae and Colletotrichum papayae. The most potent suppression of L. theobromae was attributed to
isolate Pseudomonas fluorescens (PfP1), which restricted fungal development to 28.33 mm (a 67.68 % reduction relative to the control) and
established a clear 11.00 mm zone of inhibition. Similarly, isolate Bacillus subtilis (BsP1) proved most effective against C. papayae; it limited
mycelial proliferation to just 21.33 mm, creating an 11.67 mm inhibition zone and achieving a 75.94 % growth decline compared to the
untreated check. In vitro evaluation of essential oils was carried out to assess the mycelial growth of C. papayae and L. theobrommae. Of these,
Eucalyptus oil showed minimum inhibitory concentration of 0.05 % against the growth of both pathogens. Enhanced disease suppression was
achieved through a combined fruit-dipping treatment consisting of 0.05 % Eucalyptus oil integrated with P. fluorescens (PfP1) and B. subtilis
(BsP1), both applied at a 00.2 % (v/v) with a bacterial population of approximately 102 cfu mL concentration. Following challenge inoculation
with the pathogen, this consortium effectively curtailed infection levels. By the 8" day post-inoculation 8 days after inoculation (DAI), the
treatment demonstrated a 95.75 % reduction in disease severity compared to the control. Notably, these results were statistically comparable
to the efficacy of the synthetic chemical intervention, which yielded a 97.50 % reduction (1.90). The treatment also enhanced defence-related
enzymes like peroxidase (PO), polyphenol oxidase (PPO) and phenylalanine ammonia-lyase (PAL). These findings suggest that the consortium
of Eucalyptus oil and bacterial bioagents has strong potential as an eco-friendly biofunficide for the management of papaya anthracnose.

Keywords: bioagents; Colletotrichum papayae; essential oils; Lasiodiplodia theobromae

Introduction 2023-24, papaya production in Tamil Nadu reached 219208 metric
tonnes, representing a slight increase compared to 217769 metric
tonnes recorded in the previous year (1). India is the world's largest
producer of papaya, contributing about 44 % to the global output
(2). In Tamil Nadu, papaya cultivation is concentrated in regions such
as Coimbatore, Madurai and Dindigul, where the favourable climate
and soil conditions support the growth of high-yielding and quality
varieties like Red Lady and Taiwan Red Lady 786. Other key papaya-
growing states in India include Andhra Pradesh, Gujarat, Karnataka
and Madhya Pradesh.

Papaya (Carica papaya L) is one of the most economically
important fruit crops of the family Caricaceae. While its ancestral
roots are found in Southern Mexico and the adjacent territories of
Central America, its cultivation has expanded extensively
throughout tropical and subtropical corridors. Papaya is widely
cultivated across Asia, Africa and the Americas. In India, papaya
cultivation contributes significantly to the nation’s fruit production,
with Tamil Nadu being one of the leading producers. During
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Despite its popularity, the marketability of papaya is
frequently compromised by its rapid perishability and sensitivity to
post-harvest decay, driven by significant physiochemical transitions
during ripening (3). The fruit is particularly vulnerable to a broad
spectrum of fungal pathogens, including Alternaria fruit rot, black
spot, chocolate spot and collar rot. However, anthracnose remains
the most economically devastating challenge at both the
pre-harvest and storage phases. This disease is primarily attributed
to a pathogenic complex involving Colletotrichum papayae (Penz.)
Penz & Sacc. and Lasiodiplodia theobromae (Pat.) Griffon & Maubl.
Symptomatically, anthracnose manifests as sunken, circular brown
lesions, which may eventually develop salmon-coloured conidial
masses; notably, Colletotrichum species possess the ability to breach
the fruit cuticle directly (4).

While synthetic fungicides have traditionally served as the
primary management strategy, concerns regarding chemical residues
have necessitated the exploration of safer alternatives. Biological
control agents offer a sustainable solution by disrupting fungal
metabolic pathways and reducing the risk of pathogen resistance
development (5), often demonstrating efficacy comparable to or
exceeding that of traditional chemicals (6-8). Furthermore, the
antimicrobial properties of essential oils such as Eucalyptus,
lemongrass, cinnamon and thyme have shown significant promise in
inhibiting C. papayaand L. theobromae across various horticultural
crops (9-11). In light of these considerations, this research was
designed with the following aims: i) to conduct a survey and isolate the
specific pathogens responsible for papaya anthracnose; i) to evaluate
the invitro inhibitory potential of various antagonists and essential oils
against C. papayae and L. theobromae; and iii) to assess the
effectiveness of integrated botanical and biological treatments in
suppressing fruit anthracnose while monitoring the induction of
defence-related enzymes.

Materials and Methods
Crop and variety

Papaya varieties CO-1, CO-2, CO-3 and Red Lady were used
throughout the study.

Market survey for the assessment of loss due to anthracnose in
papaya

A systematic market survey was conducted during 2022-23 across
different agro-climatic regions of Tamil Nadu, viz., Chidambaram,
Peelamedu, Karur, Tiruchengodu and Salem to assess anthracnose
incidence and associated fruit loss. In each location, 5 samples
comprising 20 fruits each were randomly collected from retail
markets and disease severity was assessed using the standard
disease grade chart (12).

Three fruits were randomly harvested from the middle whorl
of the crown from each treated plant at the appropriate harvesting
stage. The harvested fruits were washed, cleaned and allowed to air-
dry for 30 min on a laboratory bench. They were then stored at room
temperature, wrapped in paper and placed on cardboard layers,
following traditional farmer storage practices. Only fruits showing
progressive anthracnose lesion development were selected for
subsequent disease severity assessment using a predefined severity
scale. The severity of anthracnose was assessed manually using a
predefined severity scale.

Disease severity scale

Disease severity was assessed using a 0-4 rating scale based on the
percentage of fruit surface exhibiting symptoms. A score of 0
indicated 0-5 % of the fruit surface showing symptoms, 1
represented 6-10 % symptom development, 2 corresponded to
11-25 % of the fruit surface affected, 3 denoted 26-50 % symptom
coverage and 4 indicated more than 50 % of the fruit surface
showing disease symptoms.

Disease assessment

Disease assessment in different varieties was estimated by using the
different scale and percent disease index was calculated using the
following the formula.

o Sum of individual disease rating
= X
Number of samples

100

Maximum disease grade

DSI = (Sum of individual disease ratings x 100) / (Number of samples
x Maximum disease grade)

During market survey the variety Red Lady showed the
maximum anthracnose incidence. Hence, this variety was used for
further study.

Sampling and isolation of anthracnose pathogens

To isolate the causal agents of papaya anthracnose, symptomatic
fruit samples from varieties including CO-1, CO-2, CO-3 and Red Lady
were procured from various retail markets across Tamil Nadu during
the 2022-23 period. Infected tissues (1 cm?) were subjected to
surface sterilisation using a 2 % (v/v) sodium hypochlorite (NaOCl)
solution for 5 min, followed by a triple rinse in deionised water and
air-drying under aseptic conditions. After trimming the sterilised
margins, the tissue segments were inoculated onto potato dextrose
agar (PDA) medium and incubated at 28 + 2 °C for 5-7 days.
Emerging fungal colonies were subsequently transferred to fresh
PDA plates. Pure cultures were established using either the single
hyphal tip or single spore isolation technique and preserved on PDA
slants for further use (13).

Out of the 12 resulting cultures, nine were identified as
Lasiodiplodia theobromae (designated LT, through LTo), while three
were identified as C. papayae (designated CP; through CPs). Notably,
the Red Lady variety consistently yielded the highest frequency of
both pathogens. The identity of these isolates was verified through
detailed microscopic examination, aligning with the taxonomic
descriptions established by previous researchers (14-16). Following
preliminary pathogenicity assays, the most virulent strains LT; and
CP, were selected for all subsequent experimental trials.

Isolation of bacterial antagonists

Isolation and maintenance of antagonistic bacteria following the
standard protocol, beneficial bacterial strains were recovered from
the exocarp of papaya fruits (17). Specifically, sections of the fruit
peel were immersed in 5 mL of sterile distilled water and subjected
to continuous agitation on a rotary shaker for 30 min. A 1 mL aliquot
of the resulting suspension was then plated onto nutrient agar (NA)
and maintained at an ambient temperature of 28 + 2 °C for a 48 hr
incubation period. Individual colonies were subsequently purified
through sub-culturing using the single-colony isolation technique on
NA. For long-term preservation, stock cultures were maintained on
NA slants and stored under refrigeration at 4 °C.
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Atotal of 9 bacterial isolates were successfully retrieved and
characterised in accordance with Bergey’s Manual of Systematic
Bacteriology. Morphological and physiological assessments
revealed that 7 of these isolates belonged to the genus
Pseudomonas fluorescens; these were designated as PfP,, PfP,, PfP;,
PfP., PfPs, PfPs and PfP;. Likewise, 2 isolates were identified as
Bacillus subtilis and named as BsP, and BsP; respectively.

In vitro testing of bacterial antagonists

The antagonistic activity of nine bacterial isolates against
L. theobromae (LT.) and C. papayae (CP;) was tested by dual culture
technique separately (18) using PDA medium. The antagonistic
potential of the bacterial isolates was evaluated using the dual
culture technique on PDA. Specifically, an 8 mm mycelial plug,
sourced from an actively growing 7-day-old culture of either
L. theobromae or C. papayae, was positioned 1.5 cm from the
periphery of a Petri dish containing 15 mL of solidified medium. On
the opposite side of the plate, at an equivalent distance from the
centre, a 48 hr old bacterial culture was applied as a 1 cm linear
streak under aseptic conditions. Control treatments consisted of
plates inoculated solely with the respective fungal pathogens. All
experimental units were maintained at an incubation temperature
of 28 +2 °C. Following the incubation period, the radial expansion of
the fungal colonies was quantified in millimetres. The most
proficient biocontrol candidates were identified based on their
capacity to significantly suppress the mycelial development of the
pathogens compared to the untreated controls. The percent
inhibition of mycelial growth as calculated (19).

To determine the biocontrol efficiency of each isolate, the
percentage of growth inhibition (I) was calculated using,

Percentinhibition (I)=[(C-T)/C] x 100

In this equation, C represents the radial expansion of the
pathogen in the control plates, while T denotes the radial growth
observed in the presence of the bacterial antagonist. Based on the
results obtained from these dual culture assays, the isolates PfP1
and BsP1 demonstrated the highest level of inhibitory activity and
were consequently selected for all subsequent experimental phases
(20).

Inhibitory influence of botanical essential oils on Lasiodiplodia
theobromae (LT,) and Colletotrichum papayae (CP1)

solid bioassay

The fungistatic and fungicidal potential of various essential oils
against L. theobromae and C. papayae was determined using the
poisoned food assay. The botanical oils were evaluated across a
concentration gradient ranging from 0.02-0.1 %. To prepare the
treatment media, specific volumes of each oil were incorporated
into 50 mL aliquots of molten, sterile PDA to achieve the desired
concentrations. The enriched medium was then decanted into
sterile Petri dishes and agjtated gently to ensure homogenous
distribution of the oil throughout the agar.

Control units consisted of PDA medium devoid of any
botanical extracts. Each plate was inoculated with an 8 mm mycelial
plug, harvested from the actively growing margins of a 7-day-old
fungal colony. These experimental units were maintained in an
incubator at 28 + 2 °C for a duration of 7 days. To ensure statistical
reliability, the experiment was conducted with 3 independent
replicates for each treatment level. All laboratory procedures were
performed under strict aseptic conditions to prevent contamination.

Liquid bioassay

To corroborate the findings from the solid media assays, oils that
exhibited high efficacy at minimal concentrations were further
evaluated in a liquid broth system. For this purpose, 100 mL
Erlenmeyer flasks containing 50 mL of potato dextrose broth (PDB)
were sterilised via autoclaving at 121 °C for 20 min. The selected
botanical oils were introduced into the broth to achieve a
concentration gradient of 0.02-1.0 % (v/v). To facilitate the uniform
dispersion of the hydrophobic essential oils within the aqueous
medium, Tween 80 was incorporated as a surfactant at a
concentration of 0.01 %. Additionally, a Tween 80 only treatment
(without botanical oil) was maintained as a surfactant control.

The flasks were placed on a rotary shaker at 28 + 2 °C to
ensure thorough homogenisation. Subsequently, an 8 mm mycelial
plug of the anthracnose pathogen was aseptically transferred into
each flask. After a 7 day incubation period, the resulting fungal
biomass was harvested by filtration through pre-weighed Whatman
No. 1 filter papers. The recovered mycelia were washed thrice with
deionised water to remove residual media and then dried to a
constant weight in a hot air oven at 60 °C for 36 hr. The degree of
growth suppression was quantified by calculating the percentage of
inhibition based on the dry mycelial weight relative to the control,
following the standard methodology (21).

(C-1)-(T-1)x 100

Percentinhibition(MIC)=

C-
Where,
T=mean weight of mycelium in the treatments
C=mean weight of myceliumin control
I=mean weight of initial inoculum

The lowest concentration resulting in complete fungal
growth inhibition for each treatment was documented. In instances
where the essential oils achieved total growth suppression, the
fungal plugs were moved to non-amended PDA plates and
incubated for an additional 7 days. Subsequently, these discs were
immersed in a 1 % 2, 3, 5triphenyl tetrazolium chloride (TTC)
solution for 30 min to evaluate cellular viability.

Invivo efficacy of botanical extracts and biocontrol agents
against papaya anthracnose

To determine the effectiveness of essential oils and bacterial
biocontrol agents against papaya anthracnose, an in vivo assay was
performed using 'Red Lady' variety fruits obtained from the field. The
fruits underwent thorough washing with tap water, followed by air
drying and surface disinfection using 2 % sodium hypochlorite
(NaOCl). To facilitate infection, the fruit surfaces were wounded
using a sterile needle via the pin-prick technique. The inoculum was
prepared by harvesting conidia from 7-day-old cultures of
L. theobromae (LT:) and C. papayae (CPy), which were suspended in
sterile distilled water. The spore density was standardised to 10°
conidia/mL using a hemacytometer and this suspension was
applied to the fruits as a spray. Following a 12 hr stabilisation period,
the fruits were monitored, while those inoculated with only sterile
distilled water served as the control group. Following the initial
phase, the papayas were immersed in various treatment solutions:
P. fluorescens (PfP1) at 0.2 %, B. subtilis (BsPs) at 0.2 % and Eucalyptus
oil at 00.05 % Additionally, a combined consortium was tested,
containing both P. fluorescens and B. subtilis (each at 0.2 %) along
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with 0.05 % Eucalyptus oil. For the chemical reference,
Thiabendazole was applied at a concentration of 1000 ppm. The trial
was maintained at an ambient room temperature of approximately
28°C, with the treated fruits being incubated for a total of 12 days.

Site selection and field preparation

The trial took place in Karungalpalayam, within the Erode district, to
assess the growth and performance of the 'Red Lady' papaya
cultivar. Field preparation was initiated three weeks before the
scheduled planting. The layout followed a specific spacing of 2.5 m
both between individual plants and between rows.

Excavations for the planting holes were standardised at
45 x 45 x 45 cm, which were then enriched with 5 kg of compost
integrated with topsoil. One week prior to transplanting, basal
fertilisers were added to these holes according to established
protocols. The design included 1.5 ft pathways to distinguish
between different experimental blocks. Finally, vigorous one-month-
old seedlings were sourced from the nursery and established in the
designated planting sites.

Preparation of treatment for pretreatment spraying in field
condition

Lemongrass oil, citronella oil, palmarosa oil, Eucalyptus oil and
geranium oil were procured from commercial suppliers (Table 1).
Emulsions of these oils were prepared at a concentration of 1000 uL
L in sterile water using Tween 80 (0.05 %) as a surfactant, following
the standard methodology (7).

Table 1. Treatment schedule for each block for each treatment

Block Flower bud . . Fruit .

Stage/s initiation Fruit setting maturation Harvesting

A Yes No No No

B Yes Yes No No

C Yes Yes Yes No

D Yes Yes Yes Yes
Treatment schedule

The experiment consisted of eight treatments to evaluate their
efficacy against disease development. T1 comprised application of
P. fluorescens (Pfpl) at 0.2 %, while T2 involved B. subtilis (BsP1) at
0.2 %. T3 consisted of a combination of T1 and T2, whereas T4
included application of Eucalyptus oil at 0.05 %. T5 represented the
combined treatment of T3 and T4. T6 involved application of the
fungicide Thiabendazole at 1000 ppm. T7 served as the inoculated
control, while T8 was maintained as the healthy control.

Biological management of anthracnose disease of papaya
(without pathogen inoculation)

To remove soil and dust, ‘Red Lady’ papaya fruits were cleaned with
tap water, surface-sterilised using 2 % NaOCl and subsequently
rinsed twice with sterile distilled water. Following this, the fruits were
subjected to various treatments as outlined in the treatment
schedule, without artificial pathogen inoculation, to evaluate the
preventive efficacy of biological and botanical treatments against
naturally occurring anthracnose infection and to assess their
potential role in extending postharvest shelf life under ambient
storage conditions. The treatment procedure involved immersing
the fruits for 20 min in suspensions of P. fluorescens (PfP,) at 0.2 %,
B. subtilis (BsP,) at 0.2 %, or a combined consortium treatment
consisting of 0.2 % of each bacterial strain along with 0.05 %
Eucalyptus oil. Thiabendazole at 1000 ppm served as the chemical
check, while healthy control fruits received sterile distilled water
alone without pathogen inoculation or treatment application. After

dipping, the fruits were air-dried for 5 min and stored undisturbed
under ambient conditions for 12 days. Each treatment was
performed in triplicate. After the 12 day storage period, observations
on anthracnose disease incidence, lesion diameter, disease severity,
shelf life and fruit quality parameters were recorded and the
resulting data were subjected to statistical analysis.

Collection of plant samples

To study induced resistance mechanisms, samples were collected
from treated and untreated papaya fruits at different time intervals
(1,3, 6,9 and 12 days) following artificial pathogen inoculation. This
experiment was conducted separately to evaluate the induction of
defence-related enzymes in response to pathogen challenge after
treatment application.

Enzyme extraction

For the quantification of peroxidase (PO) and polyphenol oxidase
(PPO), enzymes were extracted using a 0.1 M sodium phosphate
buffer at pH 7.0. One gram of each sample was homogenised with
1 mL of this buffer using a chilled mortar and pestle. The resulting
mixture was centrifuged at 15000 rpm for 15 min at 4 °C and the
resulting supernatant was collected as the enzyme source. For the
determination of phenylalanine ammonia-lyase (PAL) activity, the
enzyme extraction was performed using a 0.1 M sodium borate
bufferatpH7.0.

Assay of peroxidase activity (PO)

The assay was conducted using a reaction mixture containing 1.5 mL
of 0.05 M pyrogallol, 0.5 mL of the enzyme extract and 0.5 mL of 1%
H.0.. This mixture was maintained at an incubation temperature of
28 + 2 °C. Absorbance fluctuations were measured at 420 nm at
30 sec intervals over a 3 min duration. A blank was prepared using a
boiled enzyme sample for comparison. Enzyme activity was
subsequently calculated and reported as change in absorbance per
minute per gram of fresh tissue weight (22).

Assay of polyphenol oxidase (PPO)

The assessment of PPO activity followed established protocols (23).
The assay was prepared by combining 0.2 mL of the enzyme extract
with 1.5 mL of 0.1 M sodium phosphate buffer maintained at pH 6.5.
To initiate the reaction, 0.2 mL of 0.01 M catechol was introduced.
Absorbance shifts were monitored at 495 nm at 30 sec intervals for a
total duration of 3 min. The resulting enzyme activity was quantified
and reported as the change in absorbance per minute per gram of
fresh tissue weight.

Assay of phenylalanine ammonia lyase (PAL)

For the extraction process, one-gram samples were homogenised in
one mL of chilled 25 mM borate-HCl buffer (pH 8.8) supplemented
with 04 mL of 5 mM mercaptoethanol L. This mixture was
centrifuged at 15000 rpm for 15 min, with the resulting supernatant
serving as the enzyme source.

The assay was prepared using 0.2 mL of the enzyme extract,
1.3 mL of water and 0.5 mL of borate buffer (pH 8.8). To start the
reaction, 1 mL of 0.1 M L-phenylalanine was added and the mixture
was incubated at 32 °C for 1 hr. The process was terminated by
adding 0.5 mL of 2 N HCL For the blank, phenylalanine was
introduced only after the addition of the 2 N HCL. Phenylalanine
ammonia lyase activity was quantified based on the conversion rate
of L-phenylalanine to trans-cinnamic acid, measured at 290 nm. The
final activity was reported as pmol of cinnamic acid per minute per
gram of fresh tissue weight (24).

https://plantsciencetoday.online


https://plantsciencetoday.online

Design of the experiment

All treatments were applied at different concentrations to evaluate
their effectiveness under a standardised pre-treatment schedule.
The experimentincluded 5 treatments and a control: T1 (lemongrass
oil), T2 (citronella oil), T3 (palmarosa oil), T4 (Eucalyptus oil),
T5 (geranium oil) and T6 (control, distilled water). Treatments were
administered at 4 distinct fruit development stages (Blocks A, B, C
and D), corresponding to specific application timings. Each
treatment was applied separately at the designated fruit
development stages, covering various stage combinations.
A randomised complete block design (RCBD) was implemented
following a two-factor factorial arrangement with three biological
replicates. The experimental site comprised 90 plants, divided into
3replicates, with each replicate containing 30 plants subjected to the
6 selected treatments (including the control) according to the pre-
treatment schedule. Individual plants served as the experimental
units. Block A received a single application at one fruit development
stage, Block B received 2 applications at different developmental
stages, Block C received 3 applications and Block D received
applications at all 4 fruit development stages (2%). Statistical analyses
were carried out using IRRISTAT software (version 92-1), developed
by the Biometrics Unit at the International Rice Research Institute
(IRRI), Philippines (25). The data were subjected to analysis of
variance (ANOVA) and treatment means were compared using
Duncan’s multiple range test (DMRT) at a significance level of
p=<0.05.

Results and Discussion

Market survey for anthracnose disease in the common
cultivation of papaya (2022-23)

The systemic survey conducted during the year 2022-23 in retail
markets of Chidambaram, Peelamedu, Karur, Tiruchengode and
Salem revealed that the percent disease index (PDI) ranged from
11.00-20.33 in papaya fruits. Among 3 varieties surveyed, of the 3
varieties surveyed, Red Lady recorded a higher anthracnose
incidence in all retail markets and recorded maximum of 20.33 PDI in
Chidambaram retail market followed by Co-1 16.72 %. The variety
Co-2 recorded least disease index of 11.00 % (Table 2). Anthracnose
symptoms observed in infected papaya fruits initially appeared as
small, circular dark spots on the ripening regions, which
progressively enlarged into slightly depressed, water-soaked lesions
with distinct dark margins and blackened centres. Under high
humidity conditions, pinkish conidial masses were observed on the
lesion surface, often arranged in concentric rings (Fig, 1-3).

Field and market survey revealed that the endemic nature of
anthracnose disease incidence ranging from 11.10-43.67 % of leaf
infection and 10.00-24.60 of fruit infection, respectively (26).
However, anthracnose rot attains serious status during transit,
storage and market causing considerable economic losses (27). The
variation in the extent of the disease incidence observed in the
present study might be due to the prevalence of the isolates of the
pathogen differing in their virulence. In all the market surveyed the
var. Red Lady was found to be highly susceptible to anthracnose

Table 2. Market survey and isolation of pathogen associated with papaya anthracnose disease (2022-23)

Isolate number

District Market locality Variety Percent disease index (%) Lasiodiplodia theobromae  Colletotrichum papaya
Cuddalore Chidambaram Regol_-aldy fgii: (éiig)) Si C{DI
Coimbatore Peelamedu Regol_-:dy 1146:'3636;((2; 2'?28:) gj i

Karur Karur Red Lady 12.32°(20.54) LTs CP,
Namakkal Tiruchengode Regol_;dy 113553(51595366)) gi

sen  ow peocen . -

Mean of three replications. Values in each column followed by the same letter are not significantly different according to DMRT method (p =0.05).

Healthy

Sunken
lesions
on
fruits

Infected

Fig. 1. Symptoms of papaya anthracnose.
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Immature conidia

Pycinidia

Septate, brown colour mature conidia

Fig. 2. Culture characteristics of Lasiodiplodia theobromae.

Fig. 3. Culture characteristics of Colletotrichum papayae.

which was followed by CO-1. At retail and consumer level the papaya
fruits were in the stage of ripening or fully ripe stage. Hence, this type
of disease incidence may be due to the decline in the fungal
inhibitors in fruits during the ripening process (28).

Isolation of pathogens associated with papaya anthracnose

Pathogen isolation from various infected papaya cultivars showed
that both L. theobromae and C. papayae were present in the 'Red
Lady' variety sourced from the Chidambaram and Peelamedu
markets. In contrast, only L. theobromae was recovered from the
Co-1, Co-2 and Co-3 varieties. Consequently, the 'Red Lady' cultivar
was selected for all further experimental trials (Table 2).

In the present study, the pathogenicity test reproduced
typical anthracnose symptoms in papaya fruits, characterised by
water-soaked, sunken lesions with dark margins, followed by the
development of pinkish spore masses arranged in concentric rings,
ultimately leading to fruit rot (Fig. 4). Similar symptom expression in

papaya anthracnose has been reported by previous researchers,
who described the disease as initially appearing as small water-
soaked lesions that gradually enlarge into sunken necrotic areas
with concentric sporulation under humid conditions (29, 30). The
consistency between the symptoms observed in the present study
and earlier reports confirms the pathogenic potential of the isolated
fungal species associated with papaya anthracnose.

Red Lady

Co-1

Fig. 4. Pathogenicity on papaya fruit.
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In vitro inhibition of mycelial growth of Lasiodiplodia
theobromae (LT.) and Colletotrichum papayae (CP.) by
selected bacterial isolates

All nine bacterial isolates exhibited diverse levels of antagonistic
activity against both L. theobromae and C. papayae (Fig. 5 and 6).
Among the candidates, isolate PfP1 demonstrated the highest
efficacy, producing an inhibition zone of 11.00 mm and restricting
the mycelial growth of L. theobromae to just 28.33 mm. This
represents a 67.68 % reduction in growth compared to the control.

Similarly, PfP1 achieved an 11.67 mm inhibition zone against
C. papayae, with a minimum mycelial growth of 21.33 mm, resulting
in a 75.94 % reduction over the control. The isolate BsP; followed
PfP. in terms of effectiveness. In a parallel evaluation of five
established biocontrol agents using the dual culture technique,
P. fluorescens and B. subtilis showed potent antagonism toward
L. theobromae, suppressing mycelial development by 75.83 % and

7

70.50 %, respectively (31). The significant inhibition of B. theobromae
was achieved through the application of P. fluorescens and B. subtilis
(32). Among these, B. subtilis demonstrated the greatest suppressive
effect against L. theobromae, producing an inhibition zone of
0.71 cm. In comparison, P. fluorescens also significantly restricted the
pathogen's development, yielding an inhibition zone of 0.42 cm. All
the three bacterial isolates showed varying degree of antagonism
against C. papayae. Among the antagonists tested in this study,
Bacillus sp. (BSP1) showed the high level of suppression of
C. papayae (papaya anthracnose) (47.83 %) followed by BSP2 which
recorded 46.83 %. The biocontrol agents Bacillus spp. significantly
inhibited the growth of Colletotrichum by producing clear inhibition
zone than sp. (33). Among all the microbial biological control agents
(MBCAs) B. subtilis LB22 showed highest inhibition (85.00 %) on
mycelial growth of Colletotrichum capsici followed by P. fluorescens
(84.33 %) and Bacillus vallismortis (83.22 %). Several bacterial
bioagents evaluated under invitro conditions against the mycelial

In vitro antagonism of bacterial isolates against
Lasiodiplodia theobromae (LT,)

Fig. 5. In vitro antagonism of bacterial isolates against Lasiodiplodia theobromae.

. In vitro antagonism of bacterial isolates against
Colletotrichum papayi (CP))

Fig. 6. In vitro antagonism of bacterial isolates against Colletotrichum papayae.
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growth of Colletotrichum gloeosporioides revealed that bacterial
bioagents viz., UHSBS-1 showed maximum inhibition of mycelial
growth followed by UHSBS-9 and UHSBS-21 isolates of B. subtilis
(34). Among the 74 bacterial endophytes isolated from healthy chilli
plants, Bacillus amyloliquefaciens (ENLB 4) exhibited the most
pronounced antagonistic effect against the chilli anthracnose
pathogen Colletotrichum acutatum. In vitro tests revealed that ENLB
4inhibited the pathogen's growth by 56.43 % (35).

The synthesis of siderophores and the secretion of chitinases
represent two key mechanisms that likely contribute to the efficacy
of biological control agents. Indeed, it is known that chitinolytic
activity and siderophore production, solubilising phosphate and
producing Indole-3-acetic acid (1AA) are correlated with antifungal
activity against L. theobromae and C. papayae (36, 37).

Furthermore, Pseudomonas species are recognised for their
ability to synthesise a wide array of broad-spectrum antibiotics, such
as phenazine, which is produced by specific Pseudomonas strains.
B-109 in tomato (38). 2, 4-diacetylphloroglucinol (2,4-DAPG) by
Pseudomonas sp. 28r/-96 in wheat (39). Pyoluteorin by P. fluorescens
CHAQ in tobacco, Pyrrolnitrin by P. fluorescens BL 915 in cotton (40).
Viscosinamide by P. fluorescens D1254 in sugarbeet (41) and
Zwittermycin A by B. cereus UW in alfalfa (42) which proved to be a
major mechanism involved in their biocontrol activity. The presence
of surfactins, iturin and fengycin in the culture filtrates of B. subtilis
and B. amyloliquefaciens which were previously reported to inhibit
spore germination of certain plant pathogens may be responsible for
the strong antagonistic activity against C. acutatum (42). All these
earlier results lend support to the present findings.

In vitro inhibition of plant oils against Lasiodiplodia
theobromae (LT.) and Colletotrichum papaya (CP)

Among the eight plant oils evaluated, Eucalyptus oil exhibited
superior antifungal efficacy against both L theobromae and
C. papayae under in vitro conditions. Eucalyptus oil recorded the
lowest minimum inhibitory concentration (MIC) of 0.05 % against
L. theobromae, followed by lemongrass oil (0.06 %). Similarly,
against C. papayae, Eucalyptus oil showed a minimum inhibitory
concentration (MIC) of 0.05 % and minimum lethal concentration
(MLC) of 0.1 %, whereas lemongrass oil exhibited the next best
performance (MIC: 0.06 %; MLC: 0.08 %) (Table 3, 4). Therefore,
Eucalyptus oil was selected for subsequent compatibility and
integrated disease management studies owing to its comparatively
superior antifungal performance. (Fig. 7 and 8). Similarly, the
essential oils viz., thyme oil, Eucalyptus oil, lemongrass oil (each at
0.05 and 0.1 %) and cinnamon oil at 0.1 % concentration was highly
effective against C. capsici which was followed by cinnamon oil
(88.51 %), neem oil (55.55 %), winter green oil (66.66 %) with the
maximum percent mycelial growth inhibition over the untreated
control (43).

However, in contrast to the present study reported that
palmarosa oil, tulsi oil, geranium oil and lemongrass oil showed
antifungal activities (L. theobromae and Collectotrichum musae)
even at the least concentration of 0.04 % under invitro condition
(44). The lemongrass oil was found to be more effective and caused
complete growth inhibition of L theobromae even at 0.005 %
concentration (45). Cinnamon oil, at concentrations of 0.05 % and
0.1 %, proved most effective at restricting the mycelial development
of Gloeosporium papayi compared to the control. Additionally,
essential oils from cardamom and citronella demonstrated
significant (p < 0.05) inhibiton of the mycelial growth of

Table 3. In vitro inhibition of mycelial growth of Lasiodiplodia theobromae (LT:) and Colletotrichum papayae (CP1) by bacterial isolates

Lasiodiplodia theobromae

Colletotrichum papayae

Isolates Mycel(ira:‘l n%;OWth P:‘rl-gir::; Lr;l:;l:.(to%n Inhibition zone (mm) Mycel(ira:ll 'ﬁ;owth P:‘r;:e:r;; Lr;l:(i,lii(toi/sn Inhib(irtri‘?)zone
PfP1 28.332 67.68 6.76 21.332 75.94 11.67
PfP2 31.33¢ 64.25 6.35 28.66¢ 67.67 7.86
PfP3 37.00f 57.79 5.68 30.33¢ 65.79 7.01
PfP4 34.33¢ 60.83 6.08 33.00¢ 62.77 7.67
PfP5 38.668 55.89 5.02 36.66" 58.65 6.23
PfP6 36.66¢ 58.17 5.81 55.00" 37.96 5.33
PfP7 32.00¢ 63.49 6.34 28.67¢ 67.66 8.33
BsP1 29.66° 66.16 6.61 25.33° 71.43 9.67
BsP2 34.12¢ 61.07 6.46 38.268 56.84 6.02
Control 87.66" 87.66 - 88.66' - -

Mean of three replications. Values in each column followed by the same letter are not significantly different according to the DMRT method (p =0.05).

Table 4. In vitro inhibition of plant oils against Lasiodiplodia theobromae (LT1)

Lasiodiplodia theobromae

Colletotrichum papayae

Sl. No Plant oils Minimum inhibitory Minimum lethal Minimum inhibitory Minimum lethal
concentration (MIC) concentrations (MLC) concentration (MIC) concentrations (MLC)
1 Lemongrass oil 0.06 0.08 0.06 0.06
2 Citronella oil 0.1 0.1 0.08 0.1
3 Palmara oil 0.06 0.06 0.06 0.06
4 Eucalyptus oil 0.05 0.1 0.05 1.0
5 Geranium oil 0.06 0.08 0.06 0.06
6 Pungam oil No control No control No control No control
7 Gingelly oil No control No control No control No control
8 Castor oil No control No control No control No control

Mean of 3 replications; Values in each column followed by the same letter are not significantly different according to the DMRT method (p = 0.5).
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Control

. Effect of plant oils against Lasiodiplodia theobromace (LT,)

Effect of Eucalyptus oil (0.05 %)

Fig. 7. Effect of plant oil against Lasiodiplodia theobromae.

Control

Effect of plant oils against Colletotrichum papayi (CP))

Effect of Eucalyptus oil (0.05 %)

Fig. 8. Effect of plant oil against Colletotrichum papayae.

Colletotrichum sp. compared with the other essential oils tested (44).
Cinnamon oil at 200, 400, 800 and 1000 ppm concentration showed
complete inhibition of C. gloeosporioides even after 9 days after
incubation. Among different plant oils tested, lemongrass oil at 15 %
concentration resulted in complete inhibition of C. gloeosporioides
which was followed by lemongrass oil at 10 % concentration (98.23
%). Minimum percent inhibition was recorded with Eucalyptus at 5
% concentration (39.81 %) (46).

The antimicrobial activity of the oil was concentration-
dependent, with different microorganisms exhibiting varying levels
of sensitivity. The primary antifungal constituents identified in
Eucalyptus oil included 1,8-cineole (16.2 %), alpha-pinene (15.6 %),
alpha-phellandrene (10.0 %) and p-cymene (8.1 %), which are largely
responsible for suppressing L. theobromae and C. papayae. The
proposed mechanism of action involves disrupting the fungal cell
membrane leading to structural damage, leakage and subsequent
cell death as well as obstructing membrane synthesis and inhibiting

spore germination, fungal growth and cellular respiration. Because
of high volatility and lipophilicity of the essential oils, they are readily
attached to penetrate into the cell membrane to exert their
biological effect (33, 46) According to their results, concentrations of
plant essential oils are direct effect on fungal growth of pathogens.
Higher concentrations of essential oils can inhibit maximum fungal
growth. The mechanism of plant essential oils involves, inhibition of
hyphal growth, interruption in nutrient uptake, disruption of
mitochondrial structure and eventually disorganisation of fungal
pathogens (46). The above results lend support to the present
investigations.

Effect of post-harvest dipping of plant oils and antagonists
against papaya anthracnose

In the present investigation, post-harvest dipping of papaya fruits in
a combined treatment consisting of Eucalyptus oil (0.05 %) +
P. fluorescens (PfP;) at 0.2 % + B. subtilis (BsP,) at 0.2 % (Ts)
completely suppressed disease development up to 8 days after
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inoculation (DAl), resulting in a 91.27 % reduction in disease
incidence compared to the control. This was followed by T,
comprising P. fluorescens (PfP,) at 0.2 % + B. subtilis (BsP) at 0.2 %,
which recorded 91.66 % disease reduction over the control at 8 DAI.
The inoculated control recorded the maximum disease index of
76.33% (Table 5; Fig. 9).

However, in contrast, the present study showed that the
treatment of banana fruit var. Robusta (Cavendish-AAA) with oils of
Ocimum Sanctum L, Cymbopogon citrate (DC.) Stapf, Cymbopogon
nardus (L) Rendle and Cymbopogon martini (Roxb.) W. Watson not
only reduced the crown rot severity (C. musae and L. theobromae)
significantly, but also increased the shelf life of banana fruits (47).
Early researchers stated that ‘Sekaki’ papaya were exposed to
lemongrass oil fumigation (0, 7, 14, 28 uL L?) for 18 hr and at room
temperature for 9 days (7). Lemongrass oil vapour, applied at a
concentration of 28 pL 1L, demonstrated the highest efficacy in
controlling anthracnose on artificially inoculated papaya fruit.
Notably, this treatment suppressed the disease without causing any
significant alterations to the fruit's quality parameters. Coatings
formed by synergistic chitosan (5 mg/mL) and C. citrate oil (0.15, 0.3
or 06 pL/ mL) combination decreased anthracnose lesion
development in guava, mango and papaya inoculated with
Colletotrichum species during storage (48). Immersion of the fruits in
0.1 % cinnamon oil was found to completely suppress disease
development at 8 DAI, achieving a 95.44 % reduction in disease
incidence compared to the control in papaya. These earlier reports
are in line and lend support to the results observed in the present
study (48).

Biological management of papaya anthracnose by post-
harvest dipping with plant oils and antagonists

In the present study, among the various treatments, Treatment Ts
(Eucalyptus oil 0.05 % + P. fluorescens (PfP1) 0.2 % + B. subtilis (BsP1)
0.2 %) recorded the minimum disease index (2.04 %) and the highest
disease reduction (95.75 % over the control) at 12 days after storage.
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This was followed by T, which recorded a disease index of 4.00 %
and 91.66 % disease reduction over the control. In contrast, the
control treatment recorded the highest disease incidence and
disease index (Table 5; Fig. 9).

Eucalyptus oil

Lemongrass oil

.

Control

PP - Pseudomonas fluorescens +

BsP, - Bacillus subtilis

Fig. 9. Biological management of papaya anthracnose.

Table 5. Effect of selected plant oils and bacterial antagonist against anthracnose of papaya by post-harvest fruit dipping method

With pathogen inoculation

Treatment No.

Without pathogen inoculation
Disease

Treatments Percent disease .4\, tion over Percent disease index (%) Disease
index (PDI) reduction over
control
4 7 9 12 control (%)
Pseudomonas fluorescens (PfP,) 12.00¢ 6.00c
T: at0.2 % (20.26) 84.27 0.00 0.00 0.00 (14.17) 87.5
. e 14.33¢ T.
T, Bacillus subtilis (BsP1) at 0.2 % (22 z?;) 81.22 0.00 0.00 0.00 (1;?7’((:])) 84.72
Pseudomonas fluorescens (PfPy) + 8.00° 4.00°
Ts Bacillus subtilis (BsP.) each at 0.2 % (16.42) 89.51 0.00 0.00 0.00 (11.53) 9166
. 10.66° 7.00¢
0,
Ta Eucalyptus oil at 0.05 % (19.05) 86.03 0.00 0.00 0.00 (15.34) 85.41
2.662 2.04°
Ts T3+ T, (9.38) 96.51 0.00 0.00 0.00 (8.21) 95.75
. 2.50° 1.90°
Te Thiabendazole (1000 ppm) (95009) 96.72 0.00 0.00 0.00 (79902) 97.5
76.33f 48.00f
T; Inoculated control (60.88) - 0.00 0.00 0.00 (43.85) -
10.66¢ 8.23¢
Ts Healthy control (19.05) - 0.00 0.00 0.00 (16.67) -

Mean of three replications; Values in each column followed by the same letter are not significantly different according to the DMRT method (p = 0.05);

DAI: days after incubation.
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However, in contrast to the present study reported that
absolute fungitoxicity of oil of Mentha arvensis L. (at 500 ppm)
against Aspergillus flavus and Fusarium moniliforme, two dominant
post-harvest pathogens of papaya (31). The oil exhibited
prophylactic activity; protected stored papaya at 800 ppm and
increased shelf life up to 2 days more than control and pesticide
treated fruits. Oliveira used a fruit coating of mesquite gum
impregnated with Citrus aurantifolia (Christm.) Swingle and Thymus
vulgaris L. oil (1-5 %) there was 50 % reduction in papaya fruit decay
(48). Dipping the fruits in cinnamon oil (0.1 %) recorded minimum
disease incidence in papaya. Synergistic combination of chitosan
and Mentha piperitia L. essential oil to reduce the severity of
anthracnose lesions in mango infected with different pathogenic
Colletotrichum species (4).

The bioagents treated fruits, bacterial bioagents
P. fluorescens and B. subtilis were most effective in reducing the
mango anthracnose symptoms on fruits and recorded the
minimum PDI (%) of 37.70 % and 33.81 % at 10" day of inoculation in
fruit dip method (49). In the fruits treated with biocontrol agents and
challenged with the pathogen C. papayae, the bacterial antagonists
P. fluorescens and B. subtilis recorded significantly lower PDI values
of 38.00 % and 35.15 %, respectively, by the 10" day after
inoculation. In comparison, the untreated control fruits reached a
PDI of 86.33 % under the same challenge inoculation conditions. The
seedling treatment with Trichoderma viride plus P. fluorescens plus
neem oil at 5 % showed the most significant results with maximum
growth parameters and minimum onion leaf blotch intensity
followed by T. viride plus P. fluorescens plus neem oil at 5 % (39).
The above results lend support to the present findings.

Induction of systemic resistance by selected bacterial
antagonist and plant oils

Changes in peroxidase (PO) activity

In the present study, post-harvest fruit dipping with Eucalyptusoil at
0.05 % + P. fluorescens (PfP1) at 0.2 % + B. subtilis (BsP-) at 0.2 % and
the challenge-inoculated samples exhibited a more pronounced
induction of peroxidase (PO) activity compared to those treated
solely with antagonistic bioformulations or the pathogen alone. This
indicates that the interaction between the biocontrol agents and the
pathogen triggered a synergistic or primed defensive response
within the plant. Tsshows the highest absorbance across most time
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intervals, indicating the most effective treatment under these
conditions (Fig. 10). Accumulation of peroxidase has been correlated
with induced systemic resistance in several crops (50, 51).

Peroxidases have been implicated in a number of
physiological functions that may contribute to resistance including
exudation of hydroxyl cinnamyl alcohol into free radical
intermediates, phenol oxidation (52), polysaccharide cross linking
(53), cross linking of extension monomers and lignification’s and also
correlated with deposition of phenolic materials into plant cell walls
during resistant interactions (54). The banana fruits treated with
three-way antagonist mixture viz, NFPs+ Pf3,+ BS; recorded
maximum induction of PO activity (47). Peroxidase activity was
significantly elevated in inoculated mango fruits treated with a
combination of 0.5 % P. fluorescens (Pf1) and 2 % hexanal. This was
followed by the treatment involving a post-harvest dip of 0.5 %
P. fluorescens (Pf1) alone. Both treatments showed markedly higher
enzyme induction compared to the inoculated control when
challenged with L. theobromae. The increased activity was observed
up to 3 days after treatment and thereafter gradually decreased (51).
The maximum increase in peroxidise activity was observed on third
days with a change in absorbance value of 2.235 in peel and 1.798 in
pulp at 490 nm when papaya fruits treated with pre-harvest spray
with sp. (BSP1) (5 %) + Bacillus post-harvest dipping with cinnamon
0il (0.1%) (55).

Changes in polyphenol oxidase activity

The results of this study demonstrated that PPO activity was
progressively enhanced across all treatments. The most significant
induction of enzyme activity was observed in fruits treated with a dip
of Eucalyptus oil (0.05 %) + P. fluorescens (PfP,) at 0.2 % +B. subtilis
(BsPy) at 0.2 % and challenge inoculated with the pathogen. Ts
exhibits the highest absorbance values across all treatments,
peaking on day 7. The combination of microbial agents and
eucalyptus oil appears to produce a robust synergistic effect,
amplifying biochemical activity significantly (Fig. 11). Enhanced PPO
activity due to the application of bio-control agents have been
reported earlier by several researchers (56).

The activity of PPO increased significantly in both the peel
and pulp of papaya fruits subjected to different treatments. Among
the treatments, the highest PPO activity in the peel tissue (0.625
change in absorbance min® g* fresh tissue) was observed on the

1.6
1.4
1.2

Peroxidase activity

0.8

units

0.6 — -
0.4 s
0.2

Changes in absorbance /min/g of

e——T1] T2 T3 T4

5 7 9

Time interval

TS T6 T7 T8

Fig. 10. Changes in peroxidase (PO) activity.
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Fig. 11. Changes in polyphenol oxidase (PPO) activity.

third day after inoculation in fruits treated with pre-harvest spray of
Bacillus sp. (BSP1) (5 %) combined with postharvest dipping in
cinnamon oil (0.1 %). This was followed by the treatment comprising
pre-harvest spray of Bacillus sp. (BSP1) (5 %) along with postharvest
dipping in emulsifiable concentrate (EC)-formulated thyme oil
(0.1 %), which recorded an absorbance value of 0.590 (57). The
induction of defence-related enzymes (PO and PPO) and enhanced
disease resistance in maize against Fusarium verticillioides by seed
treatment with Jacaranda mimosifolia D. Don (38). The soil
application (SA) of T.viride (T.v) at 2.5 kg/ha at 20 DAP plus soil
drenching (SD) of carbendazim at 0.1 % at 30 DAP plus SA of T. viride
at 25kg/haat 50 DAP plus foliar application (FA) of P. fluorescensat
10kg/haat 70 DAP plus FA of B. subtilisat 1.0 kg/haat 90 DAP was
found to be significantly best in induction of PO and PPO in
crossandra plants (36). The above results lend support to the present
findings.

Changes in phenylalanine ammonia lyase activity

In the present study, higher activity of phenylalanine ammonia lyase
(PAL) was observed in fruits dipped in Eucalytpus oil
(0.05 %) + P. fluorescens (PfP1) at 0.2 %+ B. subtilis (BsP1) at 0.2 % and
challenge inoculated with the pathogen and pathogen alone
inoculated plants. Ts exhibits the highest absorbance across all
intervals, peaking at 12045 (day 7). The high sustained activity
(97.31 on day 9) highlights robust synergistic interactions, making

this the most effective treatment (Fig. 12). A perusal of literature
showed that several numbers of publications are available on the
increased activity of PAL in bio-control inoculated plants challenge
inoculated with the pathogens.

Phenylalanine ammonia-lyase (PAL) is a fundamental
enzyme in the biosynthesis of phenols and phytoalexins. An increase
in PAL activity signifies the activation of the phenylpropanoid
pathway. The primary product of this enzymatic reaction is
trans-cinnamic acid, which serves as the immediate precursor for
the biosynthesis of salicylic acid, a critical signalling molecule that
regulates systemic acquired resistance (SAR). The PAL activity could
be induced in plant-pathogen interactions and fungal elicitor
treatment (58). Biocontrol treatment against Colletotrichum in papaya
induced PAL activity, indicating stimulation of host defence
metabolism. The increased PAL may have promoted phenolic
compound accumulation and strengthened resistance, contributing
to lower anthracnose development (59). Induction of PAL by
fluorescent Pseudomonas was reported in sugarcane against
Colletotrichum  falcatum, in  cucumber against  Pythium
aphanidermatum and in tomato against Fusarium oxysporum f.sp.
lycopersici (60). This is accordance with findings of combined
application of talc based formulation of bioagents and challenge
inoculated with P. aphanidermatum showed four to five fold increased
activity of PAL when compared to uninoculated control (56).
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Fig. 12. Changes in phenylalanine ammonia lyase (PAL) activity.
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Cowpea plants treated with a combination of seed and soil
applications of P. fluorescens (at 10 g/kg and 2.5 kg/ha, respectively)
along with a soil application of neem oil cake at 0.25 t/ha (T6)
demonstrated the highest levels of defence-related enzyme activity
when challenged with the pathogen. This treatment significantly
induced the production of PO, PPO and PAL, as well as the
accumulation of total phenols (57). The SA of T. viride at 2.5 kg/ha at
20 DAP plus soil drenching (SD) of carbendazim at 0.1 % at 30 DAP
plus SA of T. viride at 2.5 kg/ha at 50 DAP plus FA of P. fluorescensat
1.0 kg/ha at 70 DAP plus FA of B. subtilis at 1.0 kg /ha at 90 DAP was
found to be significantly higher in induction of PAL activity (56).

The results indicated that the lowest disease severity index
(DSI) of 18.77 was observed in the treatment with Eucalyptus oil in
Block C, where spraying was conducted 3 times during key fruit
developmental stages: flower bud initiation, fruit setting and fruit
maturation (Table 6). Similarly, a minimum DSI was reported of 6.67
following the application of Lantana camara L. leaf extract at the
same three fruit developmental stages (61). Comparable findings
were also documented in early results (62). Collectively, the elevated
PAL activity observed in treated fruits suggests activation of the
phenylpropanoid defence pathway, which may have contributed to
enhanced systemic resistance and suppression of anthracnose
development following application of antagonistic bacteria and
botanical oils, corroborating earlier findings on the protective role of
essential  oil-mediated host defence responses against
Colletotrichum infection (63). The anthracnose disease in papaya
originates as a pre-harvest quiescent infection, which becomes
active under humid conditions. The pathogen remains latent until
fruit ripening, at which point symptoms become visible on the peel
(60). Given these observations, the pre-harvest application of
Eucalyptus oil at three critical developmental stages is expected to
be highly effective in reducing the incidence of papaya anthracnose.

Conclusion

The present study demonstrated that an integrated approach
involving botanical oils and bacterial antagonists’ offers an effective
and sustainable strategy for the management of postharvest
anthracnose disease in papaya. Among the treatments evaluated,
the combined application of Eucalyptus oil (0.05 %) + Pseudomonas
fluorescens (PfP;) at 0.2 % + Bacillus subtilis (BsP,) at 0.2 % (Ts)
proved to be the most effective, recording the lowest disease index
(2.04 %) and the highest disease reduction (95.75 %) over the control
at 12 days after storage. The consortium treatment also effectively
suppressed disease development under pathogen-inoculated
conditions, indicating strong antagonistic potential against papaya
anthracnose pathogens. Furthermore, enhanced activities of
defence-related enzymes, including peroxidase (PO), polyphenol
oxidase (PPO) and phenylalanine ammonia-lyase (PAL), suggested
the induction of host resistance mechanisms following treatment.
Overall, the integration of bacterial antagonists with eucalyptus oil
represents a promising eco-friendly alternative to chemical
fungicides for minimising postharvest losses and improving the shelf
life and quality of papaya fruits.
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Table 6. Effect of Different essential oil treatments on disease
severity index (DSI) in papaya across four blocks

Block Treatment DSl
Lemongrass oil 3 53.16°
Citronella oil 5 58.29¢
A Palmara oil 2 50.09°
Eucalyptus oil 1 45.352
Geranium oil 3 54.32¢
Control 6 59.45¢
Lemongrass oil 3 38.64¢
Citronella oil 5 47.37¢
B Palmara oil 2 34.21°
Eucalyptus oil 1 22.01°
Geranium oil 3 39.33¢
Control 6 48.35¢
Lemongrass oil 3 43.07¢
Citronella oil 5 52.88¢
c Palmara oil 2 32.39°
Eucalyptus oil 1 18.77°
Geranium oil 3 43.31¢
Control 6 60.75¢
Lemongrass oil 3 38.63¢
Citronella oil 5 42,774
b Palmara oil 2 34.66°
Eucalyptus oil 1 26.38°
Geranium oil 3 37.91¢
Control 6 43.56°
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