



Temperature, Field Protection, and Bioplastic Biopesticide Treatments Shape Mango Postharvest Disease Dynamics: An Integrated Univariate and Multivariate Analysis
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ABSTRACT 

	
Aims: This study evaluated the effects of storage temperature, field protection, and postharvest treatments on mango disease severity and incidence.
Study Design: A factorial experiment was conducted using three treatments: water (T0), bioplastic (T1), and a bio‑bactericide combining bioplastic and essential oils (T2). Two field histories were considered, namely fruits that had been protected in the orchard (B1) and fruits that had not been protected (B2). Storage was carried out at two contrasting temperatures, 8 °C and 30 °C. Disease severity, scored on a 0–9 scale and converted to percentages, and incidence, expressed as the percentage of infected fruits, were monitored weekly from S0 to S8.
Methodology: Lemongrass (Cymbopogon citratus) essential oil was extracted via steam distillation from plant material. Bioplastic matrices were synthesized from native potato starch. The essential oil was subsequently encapsulated within the bioplastic using mechanical agitation followed by extrusion processing to formulate the biopesticide
The data were analyzed using descriptive statistics, factorial ANOVA, and principal component analysis (PCA). Tables and figures were prepared to illustrate temporal dynamics and treatment effects.
Results: At 8 °C, the bio‑bactericide (T2) almost completely suppressed disease in B1 and substantially reduced severity and incidence in B2. At 30 °C, T2 delayed symptom onset but did not prevent convergence to high severity and incidence by week 8. The bioplastic film alone (T1) was largely ineffective, showing patterns similar to the water control (T0). PCA separated treatments along PC1, which represented overall disease burden, and PC2, which represented the timing of onset, highlighting the strong influence of temperature and field protection.
Conclusion: Bio‑bactericides are highly effective under cool storage, especially when combined with field protection, but under warm conditions they primarily delay disease progression. Cold storage therefore remains indispensable for reliable postharvest control.
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1. INTRODUCTION 

[bookmark: _Hlk210642823][bookmark: _Hlk211187433][bookmark: _Hlk211187465]Mango (Mangifera indica L.) is one of the most widely cultivated and commercially traded tropical fruits worldwide, with annual production exceeding 55 million tons 1 (Gidado et al., 2025). Its economic and nutritional value is considerable, but its preservation remains a major challenge due to its climacteric nature and high susceptibility to postharvest diseases, particularly anthracnose caused by Colletotrichum gloeosporioides (Fayera et abdo, 2022). These pathogens, combined with unfavorable storage conditions, lead to postharvest losses estimated between 25% and 40% in many producing countries (Nakahara et al., 2013).

[bookmark: _Hlk211187491][bookmark: _Hlk211187520]Conventional control methods rely on synthetic fungicides and chemical waxes. While these approaches are effective, they raise growing concerns regarding chemical residues, pathogen resistance, and environmental impact (Nga et Bac, 2021). In this context, natural and sustainable alternatives, such as edible coatings based on biopolymers and the incorporation of essential oils, are emerging as promising solutions. Bioplastics derived from starch, for example, offer a semi-permeable barrier that regulates gas exchange and limits water loss, while essential oils such as citronella (Cymbopogon citratus) have demonstrated antifungal and antibacterial properties (He et al., 2025).

In parallel, integrated field management, including control of fruit flies and bacterial diseases—plays a critical role in reducing the initial inoculum. The effectiveness of postharvest treatments therefore depends strongly on their combination with appropriate cultural practices and optimal storage conditions, particularly refrigeration (Gidado et al., 2025). 

The objective of this study is to evaluate the combined effect of field management, bioplastic coatings, and storage conditions on the severity and incidence of postharvest mango diseases.


2. methodology 

2.1 Bio-bactericide Production

The essential oil of lemongrass was extracted by steam distillation from plant material collected across five regions of Mali. The yield was evaluated, and the minimum inhibitory concentration (MIC) was determined following the methods described by Aktar et al. (2008) Adhikary et al., 2025; Majewska et al., 2019 ; Mukarram, et al., 2022). Bioplastic was produced from potato starch according to the protocol outlined by Keshav (2016); Singh et al., 2025; Choubey et al., 2023), with the addition of 1% glycerol to impart plastic properties. The essential oil was encapsulated within the bioplastic through agitation and extrusion, then granulated (Worku et al., 2025; Albuquerque et al., 2022).
.
2.2 Experimental design

The experimental setup involved 120 crates of mangoes divided into two main blocks: those treated in the field (TC) and those untreated (NTC). Each block was subjected to three post-harvest treatments—washing with distilled water (T0), coating with bioplastic (T1), and treatment with the formulated bio-bactericide (T2). The crates were stored under two conditions: ambient temperature at 30°C, and cold storage at 8°C. The design followed a randomized complete block structure with ten replicates per treatment.

2.3 Data collection and analysis
Disease assessments were performed weekly from S0 to S8, corresponding to the number of weeks of incubation after treatment.



2.3.1 Data collection
Observations were conducted over an eight-week period, with weekly assessments under each storage temperature condition. The evaluation focused on the number of rotten mangoes and the total surface area of disease spots, following the method described by Lakshmi et al. (2011). Data were initially entered into Excel. Disease incidence and symptom severity were calculated using the following formulas:
% Incidence = (Number of infected fruits / Total number of fruits) × 100
Severity = (Sum of all disease spots) / (Number of fruits × Maximum disease rating) × 100 (Lakshmi et al., 2011).

Disease severity refers to the extent of symptomatic tissue damage caused by a specific pathogen, typically quantified using a standardized ordinal scale based on visual assessment of lesion coverage, fruit decay, and tissue necrosis. In this study, severity was evaluated using a 0–9 scale, where:
· 0 = no visible symptoms
· 1–3 = mild symptoms (≤10% surface affected)
· 4–6 = moderate symptoms (10–50% surface affected)
· 7–9 = severe symptoms (>50% surface affected or extensive rot) (Lakshmi et al., 2011).


2.3.2 Data analysis

[bookmark: _Hlk211187823]The collected data were first tested for homogeneity of variance. Where this assumption was not met, the square root transformation was applied prior to conducting analysis of variance (ANOVA) using SAS software version 9.2 (SAS Institute, 1999). Whenever the calculated F-value was statistically significant, treatment means were compared using Fisher’s protected Least Significant Difference (LSD) test. Factorial ANOVA was applied to test the effects of temperature, treatment, block, and incubation week, as well as their interactions. Principal component analysis (PCA) was performed on standardized severity and incidence values across weeks to capture both overall disease burden and timing of onset. Graphical representations included line plots for temporal dynamics and a biplot for multivariate separation.


3. results and discussion

3.1 Results

3.1.1 Main effects and interactions

The ANOVA results revealed that all main factors treatment, storage temperature, and duration significantly influenced both disease incidence and severity in mangoes (Table 1). The bio-fungicide (T2) consistently reduced symptoms more effectively than the bioplastic alone (T1), especially under cold storage (8 °C). Storage temperature had the strongest individual effect, confirming its critical role in postharvest disease control.

Table 1. Analysis of variance (ANOVA) for disease incidence and severity in mangoes
	

Sources of variation
	

Degrees of Freedom
	Mean squares

	
	
	Incidence (%)
	Severity 

	Blocks (Field-treated and non-treated )
	1
	8.77***
	2.91***

	Storage conditions
	1
	61.67***
	7.94***

	Blocks* Storage conditions
	1
	4.80***
	0.33***

	Treatments
	2
	25.90***
	17.16***

	Blocks*Traitements
	2
	0.56***
	2.91***

	Treatments*Storage conditions
	2
	1.39***
	4.21***

	Storage duration
	3
	14.83***
	2.52***

	Sotorage conditions*Blocks
	3
	0.044NS
	0.02NS

	Storage duration*Sturage conditions
	3
	0.02NS
	0.11**

	Storage conditions*Treatments
	6
	0.25***
	0.30***

	Blocks*Storage conditions*Storage duration
	3
	0.53***
	0.22***

	Storage conditions*treatments*Storage duration
	6
	0.93***
	0.50***


Significance levels: ***Highly significant at P < 0.0001 **Significant at P < 0.001 NS = Not significant at P > 0.05

Significant interactions between treatment and temperature, as well as between treatment and time, highlight that efficacy depends on both environmental conditions and storage duration. While some interactions (e.g., duration × Blocks (Management of bio aggressors) were not significant, the overall model supports the combined use of bioactive coatings and cold storage as a promising strategy for sustainable mango preservation. Storage at 8 °C consistently reduced disease progression compared to 30 °C.

  
The boxplot of transformed disease severity (√x) showed that treated mangoes maintained higher selectivity over time, particularly under thermal stress, highlighting the protective role of the bioactive coating (Figure 1). These findings support the combined use of natural antifungal agents and cold storage as a promising strategy for sustainable postharvest disease management.
[image: ]
Figure 1: Boxplots of transformed disease severity (√x) in mangoes according to postharvest treatments (T0: water, T1: potato-based bioplastic, T2: bioplastic + lemongrass essential oil), separated by storage block (B1: 8 °C; B2: 30 °C) and field management (Field treated mangoes (TC) vs Field non-treated mangoes (NTC)), at each conservation week. Boxes represent interquartile ranges, the line indicates the median, and dots show outliers.


3.1.2 Temporal Evolution of Disease Severity and Incidence

The progression of postharvest disease symptoms over time revealed clear and consistent differences between treatments. Across the eight-week storage period (Figure 2, Figure 3), T0 (water) led to a rapid and sustained increase in both severity and incidence. Symptoms intensified early, reaching a plateau by week 6, indicating that untreated mangoes are highly susceptible to pathogen development under ambient conditions. T1 (bioplastic alone) showed intermediate behavior. Initially similar to T0, its curve began to flatten around week 4, suggesting a partial delay in symptom progression. However, the absence of antimicrobial properties limited its effectiveness, and severity remained relatively high by week 8. In contrast, T2 (bioplastic + citronella essential oil) maintained near-zero levels of severity and incidence throughout most of the storage period. The divergence from T0 and T1 became evident from week 3 onward, with T2 showing a delayed onset and significantly reduced symptom expression. This sustained suppression highlights the dual protective effect of T2, combining physical barrier and biochemical inhibition.

Together, these results demonstrate that T2 is the most effective postharvest treatment, particularly when integrated with cold storage and field management. Its ability to simultaneously limit infection and symptom development positions it as a promising strategy for reducing postharvest losses in mango production.


[image: ]
Figure 3. Temporal evolution (mean ± standard error) of transformed disease incidence (arcsin√p) in mangoes according to postharvest treatments, shown separately for B1 (8 °C) and B2 (30 °C).
Figure 2. Temporal evolution (mean ± standard error) of transformed disease severity (√x) in mangoes according to postharvest treatments, shown separately for B1 (8 °C) and B2 (30 °C).l


3.1.3 Effect of Postharvest Treatments on Disease Severity and Incidence in Stored Mangoes

Tukey’s tests (p < 0.05) confirmed that T2 differed significantly from T0 and T1 in most cases (Table 2), with larger gaps observed at weeks 6 and 8.

Table 2. Effect of Postharvest Treatments on Disease Severity and Incidence in Stored Mangoes
	
Treatments
	Impact on mango diseases in storage

	
	Severity (%)
	Incidence (%)

	Water (T0)
	7.33a
	20.10a

	Bioplastic (T1)
	7.65a
	20.15a

	Biopesticide (T2)
	3.38b
	08.90b



Results demonstrate that disease severity in mangoes was reduced by 12.8% with the bioplastic treatment (T1) and by 44.4% with the bio-fungicide (T2), compared to the water treated control (Table 2). A similar trend was observed for disease incidence, which dropped by 4.7% and 43.2% with T1 and T2, respectively. These findings highlight the superior performance of the bio-fungicide, especially under challenging postharvest conditions, and underscore its potential as a sustainable alternative to conventional treatments.


3.1.4 Relationship Between Incidence and Severity

Figure 4 presents the relationship between disease incidence (arcsin√p) and severity (√x) in postharvest mangoes (r_s > 0.8), analyzed separately for each storage condition 

	[image: ]
Figure 4. Relationship between disease incidence (arcsin√p) and severity (√x) in mangoes, with fitted regression lines for each storage block. Orange crosses and line represent Block B1 (8 °C); blue crosses and line represent Block B2 (30 °C).

Disease severity and incidence were strongly correlated (r_s > 0.8). The fitted regression lines reveal distinct epidemiological dynamics between the two temperature regimes. In Block B1 (8 °C), the moderate slope of the regression line indicates a restrained increase in severity as incidence rises. This pattern suggests that cold storage not only reduces the frequency of infection but also limits symptom intensity, reflecting the suppressive effect of low temperature on pathogen development. Conversely, Block B2 (30 °C) exhibits a steeper slope and greater data dispersion, indicative of a more aggressive disease trajectory. Under warm conditions, even slight increases in incidence are associated with sharp rises in severity, pointing to a more virulent expression of symptoms. This thermal amplification aligns with previous findings on the role of temperature in accelerating respiration, senescence, and fungal proliferation (Gidado et al., 2025).

These results confirm that storage temperature is a key determinant of postharvest disease dynamics. Cold storage stabilizes the incidence–severity relationship, while warm conditions exacerbate disease expression. This distinction reinforces the importance of integrated management strategies that combine field practices, surface treatments, and optimal storage conditions.

      



3.1.5 Multivariate Patterns of Disease Progression

Principal component analysis (PCA) further captured the complex interplay between storage conditions, field management, and postharvest treatments (Figure 5). The first two components explained 94.7% of the total variance, with PC1 alone accounting for 85.0%, indicating a dominant axis of disease pressure across treatments. 

    

[image: ]
Figure 5. Principal component analysis (PCA) biplot illustrating postharvest disease dynamics in mangoes. Vectors represent severity and incidence, with treatment combinations plotted across PC1 (85.0%) and PC2 (9.7%). B2+NTC+T0 clusters in the upper right quadrant, indicating high disease pressure, while B1+TC+T2 clusters near the origin, reflecting low severity and incidence.

The untreated combination (B2+NTC+T0) clustered distinctly in the upper right quadrant, aligned with vectors for severity and incidence. This positioning reflects high disease burden and early symptom onset, confirming that warm storage without field protection or antimicrobial coating leads to rapid and widespread infection. In contrast, the integrated strategy (B1+TC+T2) occupied the lower left quadrant, near the origin, where disease vectors exert minimal influence. This cluster represents mangoes stored at 8 °C, treated with citronella-infused bioplastic, and supported by field management, a combination that consistently suppressed both incidence and severity. Intermediate treatments such as B1+TC+T1 and B2+NTC+T2 fell between these extremes, bending inward toward the center of the biplot. Their trajectories suggest partial mitigation, either through temperature or coating, but lacking the full synergy observed in the triple-integrated approach.

The orientation of vectors, radiating outward for disease metrics and inward for protective treatments, reinforces the continuum of postharvest outcomes. PCA not only distinguished treatment efficacy but also revealed how timing, storage, and surface protection converge to shape disease dynamics.



4. DISCUSSION

Our results clearly demonstrate that temperature is the dominant factor shaping mango postharvest disease dynamics, with cold storage (8 °C) consistently reducing both incidence and severity compared to ambient storage (30 °C). This finding aligns with recent reports emphasizing the central role of low-temperature storage in slowing fruit respiration, delaying senescence, and suppressing pathogen development (Gidado et al., 2024). Cold storage has long been recognized as indispensable for tropical fruit preservation, but our data highlight how its benefits are amplified when combined with field protection and bioactive coatings.

The superior performance of the bioplastic enriched with citronella essential oil (T2) under cold storage conditions underscores the synergistic effect of combining physical barriers with antimicrobial compounds. Essential oils such as citronella, lemongrass, and thyme have been widely documented for their antifungal activity against Colletotrichum gloeosporioides and other postharvest pathogens (Dadbin et al., 2025; Dhall, 2013). However, their efficacy is often temperature-dependent. At 30 °C, T2 delayed symptom onset but ultimately failed to prevent disease progression, echoing findings in citrus and apple where essential oils lose stability and antimicrobial potency under warm conditions (Gómez-Contreras et al., 2021; Dikaram et al., 2002). This suggests that while essential oils are promising, their volatility and degradation at higher temperatures limit their standalone effectiveness.

By contrast, the bioplastic alone (T1) was largely ineffective, confirming that physical coatings without antimicrobial activity cannot provide sufficient protection. Similar conclusions have been drawn in other fruit systems, where starch- or chitosan-based films without bioactive additives offered only marginal benefits (Krishnan et al., 2025). This reinforces the view that edible coatings must be functionalized with antifungal agents to achieve meaningful disease suppression.

Field protection (B1) also emerged as a critical factor, consistently improving outcomes across treatments. This finding resonates with the broader literature on integrated pest and disease management, which emphasizes that postharvest interventions are most effective when combined with orchard-level practices that reduce initial inoculum (Droby et al., 2009; Bautista-Baños et al., 2013). Recent studies in mango and papaya confirm that integrating preharvest sanitation, biological control, and postharvest coatings yields superior results compared to single interventions (Lawal et al., 2025; Tenea et al., 2025).

The multivariate analysis (PCA) provided further insight into these interactions, separating treatment combinations along two axes: overall disease burden (PC1) and timing of onset (PC2). The clustering of B1+TC+T2 near the origin, contrasted with B2+NTC+T0 in the upper right quadrant, illustrates the continuum of outcomes from integrated to neglected management. This pattern mirrors recent multivariate studies in strawberries and citrus, where PCA effectively distinguished protective strategies from high-risk scenarios (Tenea et al., 2025; Lui et al., 2025). Such analyses underscore the value of multivariate tools in capturing the complexity of postharvest disease dynamics.

Taken together, our findings reinforce three key messages. First, cold storage remains indispensable for reliable postharvest control of mango diseases. Second, bioactive coatings enriched with essential oils can substantially enhance protection, but their efficacy is strongly temperature-dependent. Third, integration across the value chain, from field protection to storage, is essential, as no single intervention is sufficient on its own. These insights are consistent with the growing consensus that sustainable postharvest management requires a systems approach, embedding natural antimicrobials within broader quality management frameworks (Combrink et al., 1994; Ferdousi et al. 2024; Feyera et al., 2022).
[bookmark: _Hlk211180466]

4. Conclusion

This study demonstrates that the combination of field management (TC), bioplastic coating enriched with citronella essential oil (T2), and cold storage at 8 °C constitutes a highly effective strategy for reducing postharvest mango decay. These findings reinforce the growing interest in natural and sustainable alternatives to synthetic fungicides, while highlighting the need for an integrated approach.
From a practical standpoint, the results offer concrete opportunities to improve the mango value chain in tropical regions, where postharvest losses remain a major barrier to competitiveness.



[bookmark: _Hlk197682619][bookmark: _Hlk180402183][bookmark: _Hlk183680988]
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Figure 4: Relation Incidence vs Sévérité (transformé
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Figure 5: PCA biplot (ellipses 95% par Bloc)
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