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Abstract 
 

Erwinia mallotivora is a Gram-negative bacterium that causes the papaya 

dieback disease in Malaysia. Currently, no effective disease control method 

is documented. In this regard, the adoption of harpin proteins in promoting 

plant defense mechanisms has been reported to be a promising control 

method for this disease. This study used, two recombinant harpin proteins, 

Hrp I and Hrp II, to control the disease in the glasshouse and field conditions. 

The results of foliar application in the glasshouse showed protective index of 

70.8% and 35.7% for Hrp I and Hrp II, respectively. Meanwhile, the field trial 

for Hrp I showed a promising protection index of 72.3%. Moreover, the plant 

growth-promoting attributes were also significantly improved in the case of 

the Hrp I -treated plants. The effectiveness of Hrp I and II as inducers of 

systemic acquired resistance (SAR) was further validated by profiling 

defense-related genes using RT-qPCR analysis. The results showed that the 

treated papaya plants with Hrp I possess the highest expression of defense 

genes such as peroxidase, osmotin, and PRID in the glasshouse and field 

samples. In conclusion, the application of Hrp I is a promising disease 

control approach in managing papaya dieback disease in Malaysia.  

 

Keywords: Erwinia mallotivora, harpin protein, papaya dieback disease, 

systemic acquired resistance (SAR) 

 

Abstrak 
 

Erwinia mallotivora adalah bakteria Gram-negatif yang menyebabkan 

penyakit mati rosot betik di Malaysia. Buat masa ini, tiada kaedah kawalan 

berkesan telah dicatatkan. Oleh yang demikian, penggunaan protein 

harpin bagi menggalakkan mekanisme pertahanan tanaman dengan 

mendorong tindak balas tertentu telah dilaporkan sebagai kaedah 

kawalan yang berpotensi untuk penyakit tersebut. Dalam kajian ini, dua 

protein rekombinan harpin, Hrp I dan Hrp II, telah dipilih sebagai kaedah 

kawalan penyakit dalam ujian di rumah kaca dan lapangan. Keputusan 
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1.0 INTRODUCTION 
 

Crop production has significant hurdles due to pests 

and diseases. One of the most widely grown 

commercial fruit crops in tropical and subtropical 

climates is papaya [1]. However, the dieback disease 

caused by Erwinia mallotivora is the main issue 

restricting papaya production in Malaysia. Dieback 

disease causes wilting, discoloration of leaves, loss of 

plant turgidity, spots on foliage and petioles, water-

soaked patches, premature fruit drop, and plant 

death [2]. Therefore, revitalizing the papaya industries 

in Malaysia requires the development of novel and 

effective control strategies for the disease. 

The overuse of chemical pesticides is detrimental 

to the environment, ecology, and consumers [3]. 

Plants are known to possess an inherent self-defense 

mechanism. Systemic acquired resistance (SAR) is 

one of the most prevalent self-defense strategies 

used by plants. As an example of a natural plant 

defense mechanism, SAR protects plants from a 

several diseases [4]. It is a defense reaction that may 

be triggered in many plants, including papaya [5]. 

Salicylic acid (SA) is a naturally-occurring signaling 

molecule in plants that plays a significant role in plant 

defense against infection by different pathogens. It is 

essential for crop protection to produce recombinant 

protein-coded genes that can generate resistance 

to diseases. Recently, advances in biotechnology 

have allowed for the development of transgenic 

plants that express components of well-studied 

defense signaling pathways using SA analogs for SAR 

responses and the incorporation of other cutting-

edge techniques, such as recombinant proteins and 

genes, with minimal to zero negative impact on the 

surrounding ecosystem. The application of 

recombinant harpin N (HrpN) protein isolated from E. 

mallotivora to papaya plants has been studied for its 

potential to induce a defense mechanism against 

dieback disease [6]. 

Disease-causing bacteria have developed effector 

molecules that could be translocated into their hosts 

and used to thwart the process of inducing plant 

resistance [7,8,9]. The interaction of these effector 

molecules with the host network and environment 

promotes the host defense mechanism. Different 

genera's pathogenicity relies on their secretion 

systems, which are complicated and fundamentally 

vital. This bacterium often infects and colonizes the 

apoplast or the gap between plant cells. The Hrp 

gene encodes a component of the plant 

pathogenicity machinery known as the type III 

secretion system (TTSS). A failure to produce Hrp in 

plants is caused by defects in the TTSS [10]. 

According to Kamoun [11], effectors are proteins 

and tiny compounds that produced by pathogens 

cause changes in the structure and function of the 

host cells which could aid infection or prompt a 

protective reaction. Most virulence and avirulence 

factors employ both methods. A major step forward 

in contemporary molecular plant bacteriology was 

the identification of HR and P genes shared by Gram- 

negative bacterial pathogens [12]. 

In 2017, a group of MARDI researchers including 

the authors have agrressively investigating this 

potential by adopting omics technology on E. 

mallotivora. The fundamental omics data had been 

revealed a long lists of effector proteins expressed 

from the bioinformatics study. The results obtained 

from pilot study found that, the tested two harpin 

protein which are recombinant protein Hrp I and Hrp 

II has developed the condition where can be 

considered as high potency in controlling dieback 

disease. Consequently, the selected effector protein 

of E. mallotivora was classified as a type III effector 

protein and utilised as recombinant protein under the  

harpin protein groups that reported to be useful and 

undergo a various plant defence related activity in 

papaya plant, this protein was chosen to be 

furthered study on their potential in creating 

biochemical events related to SAR mechanisms. Both 

aplikasi foliar di rumah kaca menunjukkan indeks perlindungan sebanyak 

70.8% dan 35.7% bagi protein Hrp I dan II. Keputusan ujian lapangan 

menunjukkan indeks perlindungan sekitar 72.3%. Tambahan pula, ciri-ciri 

penggalak pertumbuhan tanaman menunjukkan peningkatan ketara 

pada tumbuhan yang dirawat. Keberkesanan Hrp I and II sebagai 

pencetus ketahanan perolehan sistemik (SAR) telah divalidasi melalui 

pemprofilan gen berkaitan pertahanan melalui analisis RT-qPCR. Keputusan 

menunjukkan bahawa pokok betik yang dirawat dengan protein Hrp I 

memberi pengekspresan tertinggi gen-gen pertahanan seperti peroxidase, 

osmotin dan PRID untuk sampel rumah kaca dan lapangan. Sebagai 

kesimpulan, penggunaan protein Hrp I adalah pendekatan kawalan 

penyakit yang berpotensi untuk menguruskan penyakit mati rosot betik di 

Malaysia. 

 

Kata kunci: Erwinia mallotivora, protein harpin, penyakit mati rosot betik,  
ketahanan perolehan sistemik (SAR) 

© 2023 Penerbit UTM Press. All rights reserved 
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Hrp I and Hrp II are homologous and consist of similar 

active domain.  

The present study aims to assess novel control 

strategies for managing papaya dieback disease by 

applying recombinant proteins that encode the Hrp I 

and Hrp II derived from E. mallotivora to activate the 

plant’s defense mechanism. The outputs of this study 

will explore the potential use of the recombinant 

protein with encoded Hrp genes, as an inducer to 

plant defense mechanism that ultimately helps 

protect papaya from dieback disease infection. 

 

 

2.0 METHODOLOGY 
 

2.1 Preparation of Pathogens Suspension and 

Recombinant Protein Formulation  

 

The pure culture of E. mallotivora strain BT-MARDI was 

provided by the Molecular Biology III Laboratory, 

MARDI, Serdang, Selangor. The bacteria (seven  days 

old) were grown on LB plates and stored at 4 °C until 

use. A single colony of E. mallotivora was cultured in 

Luria Bertani (LB) broth and incubated at 28 °C in a 

shaking incubator for 6 hr, maintained at 200 rpm 

until the OD reached 1.0 at 600 nm. Cells were then 

harvested by centrifugation at 8000 rpm for 15 min 

and the bacterial pellet was washed twice with 

sterile distilled water (SDW). The harvested biomass 

was resuspended to obtain ~ 108 cfu/ mL bacteria.  

The large-scale expression of Hrp I and Hrp II 

recombinant protein was conducted according to 

the pre-optimized protocol by Abu Bakar et al., [6]. 

Briefly, the recombinant E. coli (BL21 DE3) harboring 

HrpI/pET-20b and HrpII/pET-32b plasmids were 

cultured in 1 L flasks containing 400 mL of LB 

supplemented with 400 μL ampicillin and agitated at 

37° C for 1 hr until it reached mid-log phase at OD600. 

Protein expression was induced by 0.05 M IPTG and 

incubated for 6 hr. The cells were harvested by 

centrifugation, and the pellet was resuspended in 10 

mL inclusion bodies buffer with 0.5 % Triton and 

rotated at 4 °C for 15 min. The samples were then 

centrifuged for 30 min at 13,000 xg at 4 °C and the 

supernatant was removed. This step was repeated 

twice. The pellet was resuspended in 10 mL buffer 

and one protease inhibitor pill. The solution was 

circulated at 4 °C overnight and centrifuged 4 °C, 

3,500 xg for 15 min. The supernatant was collected 

and purified using a Ni-NTA column via Acta Prime 

Chromatography System.  The purified and 

concentrated proteins were diluted with SDW to the 

final desired concentration for the plant treatment. 

 

2.2 Glasshouse Trial 

 

A total of 120 of Carica papaya (Eksotika I) seedlings 

were grown in a glasshouse setting and watered 

twice daily. The trials were conducted as described 

by Abu Bakar et al., [13], with slight modifications. 

Briefly, the two-month old papaya seedlings were 

treated with 10 mL of recombinant Hrp I and Hrp II 

proteins formulation at the concentration of 0.18 ng/L 

by foliar spray approach, while control seedlings 

were sprayed with SDW. The treatments were applied 

once a week for three weeks (days 1, 8, and 15).  

The plants were inoculated with E. mallotivora 

suspension and SDW (negative control treatment) 

after a week from after the final treatment (day 22). 

Five mL of the bacterial suspension and SDW were 

injected once into the plant stem using a syringe with 

a fine needle[14]. Four combinations of treatments 

were set in this study (Table 1). Wilting symptoms and 

any changes in seedling leaf color were recorded in 

the one-month observation.  
 

Table 1 Summary of plant treatments 
 

Plant groups 
 Protein 

treatment 
(Day 1, 8 and 15) 

Bacterial 

inoculation 
(Day 22) 

1 (Negative control) – (SDW) – (SDW) 

2 (Positive control) – (SDW) E. mallotivora 

3 Hrp I E. mallotivora 

4 Hrp II E. mallotivora 
– (SDW): Protein treatment and E. mallotivora inoculation were 

replaced with sterile distilled water 

 

 

2.3 Field Trial  

 

A field trial was conducted to reaffirm the potential 

of recombinant protein in the open environment. This 

experiment was performed in two different open field 

areas in MARDI: i) papaya dieback disease hotspot 

area and ii) non-hotspot area. The hotspot area is 

where the elevated disease and higher probabilities 

of disease occurred [15]. The experiment was 

repeated twice at the same location, from January 

to September, for two consecutive years. The 

standard agronomic practices of soil management 

(good drainage system and fertilization program), 

besides pest and disease management  

recommended by MARDI, were adopted. Two 

treatments were applied: control plants without 

treatment and plants treated with recombinant Hrp I, 

applied via foliar spray on the whole plant leaf 

surfaces. The frequency, volume, and dose of 

recombinant protein Hrp I sprayed during treatment 

are shown in Table 2. The application was done at 

monthly intervals for up to nine months. Similar 

treatments were applied in the non-hotspot area. 

The symptoms of papaya dieback disease were 

recorded for nine consecutive months. 

 
Table 2 Volume and dosage of recombinant protein Hrp I 

application based on month application 
 

Months after 

treatment 

Volume (mL) / 

plant 

Concentration 

(µg/mL) / plant 

1 10 0.4 

2 10 0.4 

3 20 0.6 

4 20 0.6 

5 30 0.8 
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Months after 

treatment 

Volume (mL) / 

plant 

Concentration 

(µg/mL) / plant 

6 40 1.0 

7 40 1.0 

8 40 1.2 

9 40 1.2 

 

 

2.4 Disease and Plant Growth Assessments 

 

The disease assessment data was recorded for the 

glasshouse and field trial plants. The disease 

incidence (DI) was determined as the number or 

proportion of diseased plant units relative to the total 

number of units tested [16]. The disease severity index 

(DSI) was generated according to papaya dieback 

disease scales created by Abu Bakar et al., [6] ; scale 

0 = healthy/no symptom, 1 = leaf vein blackening, 2 = 

leaf vein blackening and slightly wilting, 3 = leaf stalk 

wilting, 4 = stem blackening, and 5 = plant death.  

The area under disease progress curve (AUDPC) 

and protection index (PI) for disease incidence (DI) 

were determined using a formula provided by Groth 

et al., [17] and Campbell and Madden  [16]. 

The growth evaluation in field trial plants included 

three main parameters: plant height, stem diameter, 

and the number of leaves. Data were collected 

once a month for nine-consecutive months for each 

experiment. The plant height was measured from the 

base of the plant at the ground surface to the top of 

the youngest fully expanded leaf using a measuring 

tape. The number of leaves per plant primarily 

attached to the main stem or petiole was counted 

manually. Vernier caliper (0.02 mm) was used to 

measure the diameter of the main stem 15 cm from 

the ground [18]. The number of fruits was counted 

per plant, and the fruits were harvested for fruit 

weight. Data of fruit numbers of each plant in the 

field were scored and recorded for nine months after 

planting. The fruit count included the young fruits 

formed just after anthesis. Ten mature fruits at the 

maturity index 2 (green skin with a light yellow stripe) 

from each plant were harvested, and the mean 

weight of fresh fruit was recorded. Meanwhile, the 

yield was calculated from the product of the mean 

fruit number and fruit weight. 

 

2.5 Experimental Design and Data Analysis 

 

Randomized complete block design (RCBD) was 

applied for the glasshouse and field trial experiments, 

with n = 20 and n = 60 replicates for each treatment. 

Means comparison of the treatments for glasshouse 

and field data were separated using one-way 

ANOVA (Tukey’s Honest Significant Difference) at P ≤ 

0.05 using SAS software. 

 

2.7 Profiling the Expression of Plant Defense Genes  

 

The leaves of papaya plants were collected from the 

glasshouse and field plots (hotspot area). The plant 

samples were labeled based on plant disease 

assessment as follows; C= Control (Untreated healthy) 

plants, T1 = Treated healthy plants, T2 = Untreated 

infected plants, and T3 = Treated infected plants. 

Each sample has three biological replicates to show 

biological variation. The samples were stored in liquid 

nitrogen, ground into fine powder and kept in the -80 

°C freezer for further usage. 

Total RNA was extracted using the RNeasy Plant 

Mini Kit (Qiagen, Germany), according to the 

manufacturer’s protocol. The integrity of the 

extracted total RNA was determined using 1% 

agarose gel electrophoresis, and the quality was 

assessed using Nanodrop Spectrophotometer ND-

1000 (Thermo Scientific, USA). The synthesis of cDNA 

from total RNA was conducted using Reverse 

Transcription System Kit (BioRad, USA), according to 

the manufacturer’s protocol. 

The RT-qPCR was performed in the Bio-RAD CFX96 

Real-Time PCR System Thermocycler using the 

SensiFAST SYBR Hi-ROX kit from Bioline, USA (Bio-Rad, 

USA. The genes of interest were peroxidase, osmotin, 

and PRID [19], with actin and 40sRP [20] as the 

reference genes. The relative expression ratios of the 

genes of interest in healthy treated (T1), infected (T2 

and T3), and healthy control samples (C) were 

estimated from the acquired Cq values using the 2-

CT technique [21].  
 

 

3.0 RESULTS AND DISCUSSION 
 

3.1 Glasshouse Trial on the Effectiveness of Harpin 

Protein Treatment 

 

Disease Symptomatology and Incidence 

 

Figure 1 depicts the symptomatology of infected 

papaya seedlings inoculated with E. mallotivora. 

Changes are observed in the plant phenotype, 

which can be described in five stages of disease 

development, as reported by Abu Bakar et al., [6]. 
 

 
 

Figure 1 Development of dieback disease on infected 

papaya seedlings after inoculated with EM: (A) healthy 

leaves (B) first stage (C) second stage (D) third stage, (E) 

fourth stage, (F) fifth stage of papaya dieback disease 

 

 

Figure 2 depicts the results of disease incidence. 

Since this study was conducted under the controlled 
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environment of a glasshouse, the results of control 

untreated papaya seedlings inoculated with E. 

mallotivora generated nearly 100% disease 

incidence. This incidence is true for Eksotika as this 

papaya variety is highly susceptible to papaya 

dieback disease [24, 25]. The disease incidence 

decreased tremendously in papaya treated with 

recombinant Hrp I and Hrp II. Figure 2 shows that 50% 

of the disease occurred in papaya seedlings treated 

with Hrp I, while 60% was detected in papaya 

seedlings treated with recombinant protein Hrp II. The 

outcome is affected by the treatment used. Tukeys 

HSD analysis of the data reveals a significant 

difference between the treated and untreated E. 

mallotivora inoculated plants (Figure 2).  

 

 
 

Figure 2 Disease incidence of papaya plants in glasshouse 

trial 

 

 

Disease Severity 

 

The disease assessment performed in this experiment 

and the outcomes of disease severity are illustrated in 

Figure 3. Statistical study reveals a substantial 

difference between untreated and treated papaya 

seedlings with recombinant protein Hrp I and Hrp II.  

The highest disease severity of plant inoculated 

with E. mallotivora at 30 days after inoculation (DAI) 

was recorded in the control untreated plant (99.8%), 

followed by plants treated with recombinant protein 

Hrp II (68.9%) and Hrp I (35.4%).  

The earliest symptom was observed at 5 DAI in the 

untreated control plant inoculated with E. 

mallotivora, while the plant treated with recombinant 

protein Hrp II (15 DAI) and Hrp I (10 DAI) inoculated 

with E. mallotivora showed delayed symptoms 

development. 

On 25 DAI, the leaves of the Hrp I-treated plant 

inoculated with E. mallotivora began to yellow and 

withered, followed by the fall of infected organs, 

finally leading to the plant’s survival. These data 

suggest that recombinant Hrp I treatment induced 

the defense mechanism in infected papaya 

seedlings and elicited the HR response to localize the 

infection and increase disease resistance toward E. 

mallotivora.  This is aligned with Bocscanzy et al. [22], 

who revealed that harpin protein would enhance the 

plant’s defense mechanism through SAR activation, 

thereby permitting the plant to engage in HR, which 

aids in the localization and removal of infected 

tissues.  
The disease severity in Hrp II-treated plants 

inoculated with E. mallotivora is decreased by 4.6% 

on 25 DAI, and the plants start to become 50% more 

vigorous. The infected parts started to fall, and the 

plants demonstrated a favorable disease reduction 

and were suspected to have increased their 

immunity. It is similar to Amil-Ruiz et al. [23], who 

reported that recombinant Hrp II delayed the 

infection and increased the defense system. 

Unexpectedly, after 30 DAI, the plants' withering 

intensified, with the leaves turning yellow, the veins 

darkened, and the petiole bent downward, ending 

in plant death. 

 

 
 

Figure 3 Disease severity of papaya plants in glasshouse trial 

 

 

Area Under Disease Progress Curve (AUDPC) and 

Protection Index (%) 

 

The papaya seedlings treated with recombinant 

proteins Hrp II and I and inoculated with E. 

mallotivora showed the highest AUDPC, with values 

of 150 units2 and 110 units2. The control papaya 

seedlings inoculated with E. mallotivora showed the 

highest AUDPC, with a value of 180 units2. The 

papaya seedlings treated with recombinant Hrp I 

had the lowest AUDPC value. In this study, the 

AUDPC value was assessed to identify pathogen 

intensity in papaya seedlings over time after 

exposure to different treatments. The untreated 

papaya seedlings (control) showed the highest 

AUDPC value after inoculation with E. mallotivora, 

indicating that the pathogen proliferated rapidly and 

resulted in the complete death of the papaya plants.  

The PI value of recombinant Hrp I was the 

greatest at 70.8%, while the value of recombinant 

Hrp II was 35.7%, and no PI value was recorded for 

the control and untreated papaya seedlings. All 

tabular information can be found in Table 3. The PI 

was employed to quantify the efficacy of the 

treatments relative to the control. The highest PI by 

recombinant Hrp I is regarded as the most effective 
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treatment for controlling infected papaya plants 

compared to recombinant Hrp II. 

 
Table 3 Effects of foliar application using recombinant Hrp I 

and Hrp II 
 

Treatment AUDPC (Unit2) Protection Index (%) 

Control + SDW 0 0 

Control + EM 180 0 

Hrp I + EM 110 70.8 

Hrp II + EM 150 35.7 

 

 

The effectiveness of harpin protein in decreasing 

the severity of the disease, producing high PI, and 

reducing AUDPC is well documented in many studies. 

Different harpin proteins had varying degrees of 

potency in reducing the severity of the disease on 

plants [26]. For instance, it has been reported that 

the protein fragment encoding genes that induce 

defense mechanism, such as HpaG10-42, comprising 

10–42 amino acids, can induce disease resistance in 

rice by reducing the severity of the disease 1.5 and 

7.5 times more effectively than HpaGXooc [27]. It is 

congruent with this study, whereby the Hrp I protein 

encoding the hrp genes that induce SAR by reducing 

disease severity and incidence will lead to disease 

resistance in papaya seedlings toward E. mallotivora 

infection.  

 

3.2 Field Trial Efficacy of Hrp I Recombinant Protein  

 

The symptomatology of the non-hotspot area for 

treated and untreated papaya trees (control) 

demonstrated that the papaya trees were free from 

dieback disease and showed no disease symptoms. 

The papaya trees were planted in a non-hotspot 

area with no E. mallotivora inoculum.  

Meanwhile, the plants with the control treatment 

in the hotspots area were severely infected with 

papaya dieback disease. Typical disease symptoms 

on the infected plants were recorded on the stem, 

leaves, petioles, and fruits. The infection was first 

observed three months after treatment. The 

recorded field disease symptoms were similar to 

those reported by Mohd Azhar et al. [25]. This study 

also revealed that the dieback disease infection and 

severity are more predominant and rapid once the 

plant reaches the flowering and fruiting stages. 

According to Maktar et al. [28], insects and birds are 

dissemination agents or vectors that spread the 

pathogen from one plant to another. Hence, these 

vectors actively spread the disease during the 

flowering and fruiting stages, indirectly causing rapid 

dieback outbreaks in the hotspot areas. 

The symptomatology of the plants treated with 

Hrp I is presented in Figure 4. The first disease 

symptom was observed five months after treatment, 

i.e., minor symptoms with discoloration and patches 

of necrosis on the infected leaves (Figure 4B and C), 

while other organs remained symptom-free. Figures 

4D, E, and F illustrate the progression of leaf yellowing 

and vein darkening symptoms. Consequently, the 

infected leaves became blackened, and variegated 

patches appeared. This is consistent with Mat Amin et 

al. [29], who reported blackened leaves and stems 

and greasy spots observed at the infection sites.  

During the observation, disease infection was 

recorded only at the first and second stage infection, 

where no further disease progression was recorded. 

This finding suggests the role of Hrp I in activating the 

defense mechanism to limit disease development or 

further invasion and colonization of pathogens, 

thereby reducing disease intensity and spread [30].  

This agrees with the result of this study, which 

showed that the infected papaya leaves turned 

yellow, showed necrotic lesions, and eventually fell 

off from the papaya plants, and the dieback disease 

did not progress to the other parts of the plant. It is 

also thought to be the quarantine zone for the 

biotrophic pathogens that hamper further pathogen 

spreading towards other healthy tissue cells [31].  

The formation of necrotic lesions is seen as the 

manifestation of hypersensitive response (HR) that 

contains rapid collapse of tissues. It has been 

reported that SAR can be induced by various factors, 

including exogenous effectors [6], where the Hrp I 

protein is one of the effector proteins obtained from 

the omics and bioinformatics study (unpublished 

data). 

The application of effector protein noticeably 

blocked the advance of the pathogen in papaya 

plants. It signifies that recombinant protein Hrp I can 

aid the defense mechanism by eliciting the HR, 

which induces SAR in treated papaya plants.  

 

 
 

Figure 4 Disease progression in the Hrp I treated papaya 

leaves. A) No symptom; B to F) Mild symptoms of PDD. There 

are no symptoms reported at other parts of plants 

 

 

Disease Incidence 

 

The results of disease incidence are presented in 

Figure 5. About 100% of disease incidence is 

recorded in control untreated plants at the hotspot 

area. In contrast, both the untreated and treated 

with recombinant Hrp I planted control plants in the 

non-hotspot area were free from disease, as 
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expected (no disease incidence was recorded). In 

summary, only 20% of disease incidence is detected 

in papaya plants treated with recombinant protein 

Hrp I compared to 100% in the control plants. The 

application of recombinant Hrp I protein to papaya 

plants managed to decrease 80% of disease 

incidence compared to control papaya plants. 

Figure 5 shows a significant difference between the 

treated and untreated plants.  

 

 
 

Figure 5 Disease incidence of papaya plants in field trial 

 

 

Disease Severity 

 

Findings of the present study revealed that disease 

severity of the control untreated plants are 0%, 27.8%, 

49.7%, 69.7%, 78.9%, 89.8%, 92.7%, and 100% at 0–2, 3, 

4, 5, 6, 7, 8, and 9 months after treatment. 

Meanwhile, the treated plants demonstrated the 

lowest disease severity of 0%, 18.3%, 27.3%, 29.8%, 

and 33.6% at 0–5, 6, 7, 8, and 9 months after 

treatment. Details of the results are presented in 

Figure 6.  

 

 
 

Figure 6 Disease severity of papaya plants in field trial 

 

 

Papaya plants treated with recombinant protein 

Hrp I displayed reduced disease severity by 66.4% 

compared to the control plants. This finding 

demonstrates that foliar application of recombinant 

protein Hrp I could reduce disease severity. 

Moreover, the recombinant protein Hrp I functions 

well in mimicking the pathogen infection situation 

and activates the SAR mechanism as plant defense 

in treated papaya plants. The expression of plant 

defense genes enables the papaya plant to combat 

infection, leading to disease resistance and reducing 

the severity of infection [32].  

 

Area Under Disease Progress Curve (AUDPC) and 

Protection Index (%) 

 

Untreated papaya plants in the hotspot area 

demonstrated the highest AUDPC, with a value of 

308.9 unit2, followed by plants treated with 

recombinant protein Hrp I at 103.7 unit2. The 

untreated papaya plants demonstrated the highest 

AUDPC value, indicating that the pathogen/disease 

has been multiplying aggressively and causing the 

total loss of papaya plants and yield. 

The PI of the treated plant with recombinant Hrp I 

recorded the highest PI value of 72.3%. The tabulated 

data can be referred to in Table 4. The PI was used as 

a measurement of the effectiveness of the 

treatments compared to the control. In this study, the 

highest PI by recombinant Hrp I is considered the 

most effective treatment to control papaya dieback. 
 

Table 4 Effects of foliar application using recombinant Hrp I 

on E. mallotivora infected papaya plantlets 
 

Plot Treatment 
AUDPC 

(Unit2) 

Protection 

Index (%) 

Non-hotspot 

area 

Control 0 0 

Hrp I 0 0 

Hotspot area 
Control 308.9 0 

Hrp I 103.7 72.3 

 

 

Plant Growth Assessment 

 

The changes in the height of papaya plants were 

observed every four weeks. The height of the plant 

was recorded for seven consecutive months (3 to 9 

months). The development of plant height is 

presented in Figure 7. The plant height significantly 

increases from week four to the final stage of plant 

growth (fruiting stage). Significant differences are 

recorded in the hotspot area at 7- and 9-month 

assessment periods.  

The height of untreated control and treated with 

recombinant Hrp I papaya plants in the non-hotspot 

area reached 178.5 cm at 9 months. Meanwhile, the 

height of the untreated control papaya plant in the 

hotspot area reaches 142.8 cm. The papaya plant 

treated with recombinant Hrp I protein in the hotspot 

area reached 179.5 cm in the same assessment 

period.  
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Figure 7 Plant height of papaya plants where, (A) non-

hotspot and (B) hotspot area. Data are means of triplicate 

measurements with standard error bars. Means with 

different letters between treatments within the same months 

indicate significant differences at p≤0.05 
 

 

The stem diameter of papaya plants was 

measured once a month, and the results are 

recorded in Figure 8. The plant height was also 

recorded in this study. The stem diameter of the 

untreated control and treated with recombinant Hrp 

I papaya plants in the non-hotspot area reached 

25.6 cm at 9 months. The untreated control and 

treated with recombinant Hrp I protein papaya plant 

in the hotspot area reached 20.3 and 24.8 cm at the 

assessment time. Statistically, no significant difference 

in stem diameter was recorded between treatments 

up to five months. Whereas significant differences 

recorded from 6-month assessment periods. 
 

 
 

Figure 8 Stem diameter of papaya plants where, (A) non-

hotspot and (B) hotspot area. Data are means of triplicate 

measurements with standard error bars. Means with 

different letters between treatments within the same months 

indicate significant differences at p≤0.05 

One of the fundamental measurements for plant 

development is the number of leaves. The number of 

leaves indicates the growth rate condition of the 

plants. The control papaya plants in the hotspot area 

reduced their leaf production once infected by the 

pathogen. The data are illustrated in Figure 9.  
 

 
 

Figure 9 Number of leaves of papaya plants where, (A) non-

hotspot and (B) hotspot area. Data are means of triplicate 

measurements with standard error bars. Means with 

different letters between treatments within the same months 

indicate significant differences at p≤0.05 

 

 

Figure 9 shows that the number of leaves for 

untreated control and treated papaya plants in the 

non-hotspot area is similar. However, the hotspot 

area depicts a different trend. Infected papaya 

plants stopped producing new leaves and shoot due 

to bacterial colonization in the xylem and phloem, 

which disturbs photosynthesis [33]. The number of 

leaves for untreated control plants decreased at the 

age of 7 months from 25 to 20 leaves and further 

declined to 10 leaves at 9 months (Figure 9). This is 

aligned with Mat Amin et al. [29] on the progress of 

papaya disease, which causes the leaves to discolor, 

blacken, and fall. The statistical analysis indicates a 

significant difference in untreated control and 

treated papaya plants at 7 to 9 months assessment 

periods.  

The ability of the treatment to induce disease 

resistance in host crops would increase production 

yield and crop quality. Table 5 depicts the yield and 

its components (fruit number and fruit weight), which 

are often correlated with plant health. The results 

indicate a significant difference between untreated 

control and treated papaya plants in terms of the 

number of fruits, fruit weight, and papaya output per 

plant in the hotspot area.  
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Table 5 Number of fruits counted, fruit weight and yield of 

papaya plants 

 

Plot Treatment Fruits/ 

plant 

Weight 

(g)/ fruit 

Yield 

(kg)/ 

plant 

Non-

Hotspot 

area 

Control 24a 510.8a 12.4a 

Hrp I 23a 508.9a 13.1a 

Hotspot 

area 

Control 16b 430.4b 7.9b 

Hrp I 24a 512.7a 13.8a 
Note: All data are analysed using Tukey’s Honest Significant 

Difference (HSD). The, means within the column with the same letters 

indicated no significance difference (P>0.05)  

 

 

The number of fruits for untreated control papaya 

plants is lower than treated papaya plants, i.e., 16 

and 24 fruits/plant. The results are comparable in 

terms of fruit weight; untreated control papaya 

plants produced lesser fruit weight (430.4 g), while 

treated papaya plants produced between 508.9 to 

512.7 g. Moreover, the maximum output for this 

component is just 7.9 kg/plant for untreated control 

papaya plants compared to 13.8 kg/plant for 

treated papaya plants. This finding showed that 

recombinant Hrp I can promote productivity. 

Statistical analysis indicates that both treatments are 

grouped under different groups, which is significantly 

different between groups. Fallahi [34] also found that 

the apple fruit from trees that received harpin protein 

had significantly (about 23%) better color, earlier 

ethylene development, and higher respiration than 

those from untreated control trees. The application of 

Hrp I could generate substantially more papaya fruits 

than the control treatment. However, it is still unclear 

how recombinant protein affected the productivity 

of the plant. However, it is safe to speculate that the 

proteins may have favorably impacted plant 

chloroplasts [35]. It is hypothesized that the 

chloroplast would be the primary target of effector 

proteins since it is crucial for photosynthesis [36]. 

Photosynthesis uses energy from light to convert 

water and carbon dioxide molecules into glucose 

(sugar molecule) and oxygen, and when oxygen is 

released or “exhaled” from the leaves, the energy 

contained within the glucose molecules is used 

throughout the plant for growth, flower formation, 

and fruit development [37]. This mechanism cleared 

a fragment of how harpin affects photosynthesis and 

is related to fruit production.  
 

3.4 Validation of Plant Defense Genes Expression via 

RT-qPCR 

 

The symptomatological results for recombinant Hrp I 

and Hrp II treatments yielded positive results in the 

control of papaya dieback disease. This event was 

anticipated as SAR was induced and the plant's 

defenses were activated. 

However, the symptomatological data obtained 

were insufficient to prove the induction of the SAR 

mechanism, and the role of recombinant Hrp 

proteins in papaya defense also remained unclear. 

Therefore, an expression profile of three selected 

defense-related genes (peroxidase, osmotin, and 

PRID) was performed, chosen for their roles in the 

plant defense system. In the analysis of the results, the 

expression ratio of ≥ 2-fold was defined as the cut-off 

point where an expression ratio higher than this was 

considered differentially expressed [38]. All gene 

expression folds described here were relative to their 

respective control sample (untreated-healthy) in 

each experimental series. 

 

Peroxidase Gene  

 

For the peroxidase gene (Figure 10a), no induction 

(~1-fold) was observed in Hrp I- and Hrp II-treated 

healthy plants (red bars) compared to the control 

(untreated healthy) in both trial locations (glasshouse 

and field).  

A slight induction (>1.8-fold) of this gene is 

observed in untreated infected plants (green bar), 

with the highest induction (2.17-fold) occurring in the 

field sample. This finding indicates that the induction 

of plant defense genes is initiated when the specific 

receptors recognize the presence of E. mallotivora 

attacks. This result is consistent with the study by Diaz 

[39], which found that the plant defense system is 

only activated upon and during infection by 

pathogens, pests, or abiotic stress.  

Significant upregulation of the peroxidase gene 

was observed in Hrp I-treated infected plants (purple 

bar), with an expression level of 2.6- and 3.6-fold for 

the glasshouse and field samples. Meanwhile, 

infected plants treated with Hrp II retained their 

expression (~2-fold) without recombinant protein 

treatment. 

 

Osmotin  

 

In addition to peroxidase, the osmotin gene is also 

involved in papaya's defense mechanism. Figure 10b 

depicts healthy plants (red bar) treated with Hrp I 

and II showing a slight insignificant increase (1.7- to 

1.8-fold) in osmotin expression. Meanwhile, no 

induction of osmotin expression (~1-fold) is observed 

in healthy plants treated with Hrp II. This non-

induction/insignificant upregulation of osmotin could 

be due to the pathway of the plant defense 

mechanism, which is only activated when a signal for 

pathogen attack is received.  

A significant upregulation (2.5-fold) of osmotin is 

seen in the field sample of untreated infected 

samples (green bar), while no significant induction 

(1.5-fold) is observed in the glasshouse sample. The 

osmotin gene expression in infected field papayas is 

higher than in the greenhouse, possibly due to the 

uncontrolled environment, including abiotic stress 

factors like temperature and soil conditions. 

Overexpression of the osmotin gene due to salt stress 

was detected in transgenic strawberry plants 

(Fragaria x ananassa) [46], while transgenic tomato 

(Solanum lycopersicum) plants expressing tobacco 
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osmotin gene showed enhanced expression of 

various stress-responsive genes when exposed to 

cold stress [40].  

Osmotin expression is significantly up-regulated in 

the Hrp I-treated infected plants (purple bars), with 

2.3- and 3-fold expression in the glasshouse and field 

samples. In contrast, a slight increase (1.9-fold) of 

osmotin is detected in the infected Hrp II-treated 

sample. 

Viktorova et al. [41] reported that osmotin is 

important in the plant immune system during stress. 

Likewise, Bashir et al. [42] stated that osmotin is a 

cationic protein that improves biotic and abiotic 

stress tolerance in plants. Furthermore, since this 

experiment was conducted in an uncontrollable 

environment for about nine months per experiment, it 

is logical that, in addition to E. mallotivora infection, 

abiotic factors such as temperature and weather 

influence the expression of the defense genes. 

According to Alhaithloul [43], the cellular protein 

osmotin is expressed in plants in response to heat or 

high-temperature stress. Apart from that, osmotin is 

also involved in the initiation of apoptosis and 

programmed cell death, and its overexpression 

causes the accumulation of proline in transgenic 

plants [44]. Likewise, the symptomatic results showed 

that papaya treated with recombinant protein Hrp I 

could survive by locating the site of infection and 

died without disturbing non-infected parts of the 

plants. 

 

Pathogenesis-Related Genes (PR-ID) 

 

Pathogenesis-related genes (PRID) are important 

genes that exist in the plant defense system. Profiling 

of PRID (Figure 10c) showed no significant induction 

of the gene in all treated healthy (red bar) and 

untreated infected (green bar) samples in all 

experimental series. However, PRID was significantly 

up-regulated in the Hrp I-treated infected plants, with 

a 2.3-fold expression in the greenhouse samples and 

3.6-fold in the field samples. However, PRID expression 

remained at its basal level in infected plants treated 

with Hrp II. 

PRID belongs to the group of PR proteins and 

reportedly plays multiple roles in adaptation to 

abiotic stress. Dana et al. [45] reported that 

transgenic tobacco overexpressing a PR gene that 

induced endochitinase improved tolerance to both 

biotic (Pseudomonas syringae) and abiotic (salt and 

heavy metals) stress. Another study also found that 

overexpression of PR-5 protein in rice increases 

tolerance to Rhizoctonia solani [46], while 

overexpression of capsicum PR-1 in tobacco 

increases host tolerance to Phytophthora nicotianae, 

Ralstonia solanacearum, and P. syringae [47].  

PRID was also overexpressed when the infected 

papaya samples were treated with recombinant 

protein Hrp I. Similarly, Linthorst [48] and Cutt and 

Klessig [49] reported that when plants try to resist a 

pathogen attack, it also synthesizes several PR 

proteins. Hence, the overexpression of PR genes is 

required to uplift the level of defense response in 

papaya against E. mallotivora. Ali et al. [50] revealed 

that overexpression of PR genes individually or in 

combination has greatly increased the defense 

mechanism in plants against various pathogens. This 

is demonstrated in the overexpression of osmotin and 

PRID in infected papaya, which is a good 

combination in increasing the plant defense to resist 

dieback disease. PRID also helps inhibit E. mallotivora 

from aggressively infecting papaya. Similarly, 

Dzhavakhiya et al. [51] reported that the 

combination of two or more PR proteins may inhibit 

pathogen growth.  
 

 

 
Figure 10 Normalized fold expression of A) peroxidase, B) 

osmotin and C) PR-ID genes from glasshouse and field 

samples. C: Healthy control samples, T1: Treated healthy 

samples, T2: Untreated infected samples, T3: Treated 

infected samples 

 

 

This profiling study showed a significant 

upregulation of all candidate genes was consistently 

demonstrated in Hrp I-treated plants with E. 

mallotivora infection. The plant defense system 

induces SAR upon a pathogen attack. According to 

Durner et al. [52] and Hu et al. [53], plants often wait 

until pathogens are detected before producing 

defense-related proteins due to the high-energy and 

A) 

B) 

C) 
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nutrient requirements associated with protein 

production. Similarly, De León and Montesano [54] 

agree that signaling pathways are activated once 

the stress is sensed, leading to the induced expression 

of genes with different roles in defense. This explains 

why the treatment of harpin protein itself does not 

trigger the defense gene expression in healthy plants. 

 

 

4.0 CONCLUSION 
 
The recombinant Hrp I is more effective than the 

recombinant Hrp II in inducing SAR and displaying higher 

disease resistance. Furthermore, the recombinant 

protein treatment in the field study proved that the 

recombinant Hrp I can reduce the disease severity of 

infected plants without affecting their growth besides 

increasing fruit production. RT-qPCR confirmed that the 

recombinant proteins could induce SAR and develop a 

hypersensitive response which enables local and rapid 

cell death to confine and prevent the spread of the 

pathogen. 
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