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Identification and Management of Postharvest Pathogens in Tomato (Solanum Lycopersicum) Using Low-Cost Botanical Treatments and Affordable Storage Solutions in Sub-Saharan Africa 
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ABSTRACT 

	Problem Statement: Postharvest losses of tomatoes in Sub-Saharan Africa (SSA) remain alarmingly high, reaching up to 50% in some regions, due to fungal and bacterial pathogens, poor handling practices, and inadequate storage infrastructure.
Aims: This review aims to synthesize current knowledge on major tomato postharvest pathogens, evaluate conventional and emerging control strategies, and highlight the potential of integrating locally available botanicals with low-cost storage solutions to reduce postharvest losses.
Methodology: The review evaluates major tomato postharvest pathogens, conventional and emerging control strategies, and the potential of integrating botanicals (such as neem, garlic, ginger, clove, and African basil) with low-cost storage solutions (like evaporative coolers, hermetic storage, and solar-powered cold chains).
Results: Evidence suggests that botanicals possess strong antifungal properties, while innovations in storage technologies can extend shelf life under SSA's challenging climatic conditions. However, critical gaps remain in region-specific pathogen profiling, socio-economic adoption studies, and integrated field validation of combined botanical–storage systems.
Conclusion: An integrated, farmer-oriented framework that combines botanicals and low-cost storage solutions holds promise for reducing postharvest tomato losses, enhancing food security, improving farmer income, and promoting sustainable, climate-resilient postharvest management in SSA.
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· The abstract is well-written, but a few grammatical refinements needed
1. INTRODUCTION 
Tomato (Solanum lycopersicum) is the second most cultivated vegetable worldwide, serving as a cornerstone of global agriculture and a critical source of nutrition and income (Kumar et al., 2020; Zoran et al., 2014). Its importance spans multiple sectors, including fresh produce markets, food processing industries, and even pharmaceutical applications, due to its rich content of vitamins, antioxidants, and bioactive compounds such as lycopene (Kumar et al., 2020; Cao et al., 2023). In Sub-Saharan Africa (SSA), tomatoes are more than a dietary staple; they are a key cash crop that supports rural livelihoods, empowers women and youth through small-scale agribusiness, and contributes to both food security and economic resilience (Ouattara & Konate, 2024; Ogunsola & Ogunsina, 2021).
Globally, tomato production is concentrated in countries like China and India, with Africa’s major producers, Egypt and Nigeria ranking 5th and 10th, respectively (Kumar et al., 2020). While advanced production systems such as greenhouse cultivation and organic farming have helped meet increasing demand in some regions (Gatahi, 2020; Lops, 2024), SSA’s production landscape is constrained by climatic variability, pest and disease pressures, and inadequate infrastructure (Xin et al., 2012; Ogunsola & Ogunsina, 2021). Despite these challenges, the region’s diverse agroecological zones offer opportunities for improved productivity and value addition through targeted interventions.
However, the potential of tomato production in SSA is undermined by severe postharvest losses, a problem that extends across the broader horticultural sector. Losses for fruits and vegetables in SSA often range from 30% to 50%, with tomatoes experiencing pre-consumer losses of 9.5% to 13.4% in certain countries (Amjad et al., 2023; Sibomana et al., 2016, Chinenye, 2011). These losses occur predominantly during on-farm handling, transportation, and early stages of distribution, driven by factors such as inadequate cold chain infrastructure, poor storage facilities, and suboptimal handling practices (Kirigia et al., 2017; Mohamed et al., 2024). Beyond the economic impact, postharvest deterioration also reduces the nutritional quality and marketability of produce, exacerbating food insecurity in vulnerable communities (Ndindeng et al., 2022; Ruiz-Martínez et al., 2020).
The urgency to address these losses is compounded by SSA’s socio-economic and climatic realities. High temperature and humidity accelerate pathogen proliferation and spoilage, while energy poverty limits the use of conventional cold storage solutions (Lahouar et al., 2016; Kaminski & Christiaensen, 2014). Conventional postharvest management practices such as refrigeration, chemical treatments, and modified atmosphere packaging are often financially inaccessible or environmentally unsuitable for smallholder farmers (Qadri et al., 2020; Janghu et al., 2024). This underscores the need for integrated, affordable, and eco-friendly solutions that align with local resources, cultural practices, and environmental conditions (Musonye et al., 2020; Bohnenberger, 2023).
This review synthesizes current knowledge on the identification of postharvest pathogens affecting tomatoes in SSA and evaluates the potential of low-cost botanical treatments and affordable storage solutions as integrated management strategies (Cighir et al., 2024; Vakilinia et al., 2022). It aims to bridge gaps between pathogen epidemiology, postharvest loss mitigation, and context-specific innovations for smallholder systems. By highlighting sustainable, locally adaptable approaches, this review seeks to inform researchers, policymakers, and practitioners working toward reducing tomato postharvest losses, enhancing food security, and promoting socio-economic resilience in SSA (Anjum et al., 2024).
· Ensure species names are consistently italicized: Solanum lycopersicum, Fusarium oxysporum, etc.

2. Potential of Botanical Treatments and Affordable Storage Solutions
One promising avenue is the use of low-cost botanical treatments combined with affordable storage solutions to mitigate postharvest pathogen impacts. Botanicals such as neem (Azadirachta indica), garlic (Allium sativum), ginger (Zingiber officinale), clove (Syzygium aromaticum), and basil (Ocimum gratissimum) have demonstrated significant antifungal activity against common tomato pathogens including Fusarium spp., Alternaria alternata, and Rhizopus stolonifer (A.I. & I.A., 2024; Gao et al., 2024). When integrated into accessible storage systems such as solar-powered evaporative coolers or low-cost hermetic containers these treatments can reduce microbial decay while extending shelf life, thereby improving market access and farmer incomes (Mayanja & Oluk, 2023; Geofrey et al., 2025).
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Figure 1. Geographical distribution and postharvest loss patterns in tomato production. Adapted from (Molelekoa et al., 2025).
Postharvest losses in tomatoes are a complex issue influenced by multiple factors. Understanding these drivers is crucial for developing effective strategies to mitigate losses and improve food security. The major drivers of postharvest tomato losses in Sub-Saharan Africa are summarized in Table 1
Table 1. Major drivers of postharvest tomato losses in Sub-Saharan Africa (SSA)
	Factor
	Description
	Representative References

	Climatic conditions
	High ambient temperatures, fluctuating humidity, and seasonal rainfall patterns accelerate deterioration.
	Sibomana et al., 2016


	Pathogen prevalence
	Widespread occurrence of fungal and bacterial pathogens such as Botrytis cinerea, Alternaria alternata, and Rhizopus stolonifer.
	Magala et al., 2024

	Poor handling practices
	Bruising, contamination during harvesting, transportation in open vehicles, and inadequate packaging.
	Gwaze et al., 2011

	Inadequate storage infrastructure
	Limited access to cold chain facilities, reliance on open-air markets, and absence of temperature-controlled storage.
	Affognon et al., 2015

	Economic constraints
	High cost of synthetic chemicals, limited access to credit, and low market bargaining power for smallholders.
	Borelli et al., 2020


· Ensure table captions are above the table, and figure captions are below the figure.
· Align and number all tables/figures uniformly (e.g., “Table 1,” “Figure 1”)—some figures have inconsistent punctuation or spacing.
· Reference all tables/figures in the text properly (e.g., “as shown in Table 2…”).

[bookmark: _Hlk210553932]3. IDENTIFICATION OF POSTHARVEST PATHOGENS IN TOMATO
Major Fungal Pathogens
Fungal pathogens are the predominant cause of postharvest tomato deterioration in Sub-Saharan Africa (SSA), with Botrytis cinerea, Rhizopus stolonifer, Alternaria alternata, and Fusarium spp. among the most prevalent (Mugao & Birgen, 2021; Zakari et al., 2023). The incidence of these pathogens varies with climatic conditions, reflecting the region’s diverse agroecological zones. Visual symptoms and morphological features of Fusarium oxysporum f.sp. lycopersici and Alternaria alternata are shown in Figure 2 (Pandey et al., 2023).
[image: ]Figure 2. Symptoms and morphological features of major fungal pathogens in tomato. (a) Tomato plant infected with Fusarium wilt; (b, c) internal wilt symptoms; (d) Fusarium oxysporum f.sp. lycopersici microconidia and macroconidium; (e) early blight symptoms on leaves; (f) canker on stem; (g) canker on fruit; and (h) Alternaria alternata conidia. Adapted from (Pandey et al., 2023).
In humid climates, high relative humidity and mild to warm temperatures promote the spread of Botrytis cinerea, which causes gray mold through necrotrophic infection strategies, accelerating ripening and cell wall degradation (Petrasch et al., 2019). In tropical zones, Rhizopus stolonifer thrives, particularly during storage and transportation, where its rapid colonization can cause near-complete crop losses (Al-Sadi, 2016; Gwa & Lum, 2023). In semi-arid areas, Alternaria alternata demonstrates broad host adaptability, infecting both pre- and postharvest produce (Basso et al., 2022; Reddy, 2016). Fusarium species, including F. oxysporum and F. solani, persist across all climatic zones due to their soil-borne nature and ability to survive in plant debris, making them chronic threats to tomato storage and marketability (Zakaria, 2023; Al-Sadi, 2016). 
Geographical surveys reveal distinct pathogen profiles: in Nigeria, Phytophthora infestans and Sclerotium rolfsii are also recorded, whereas in Kenya, Fusarium spp. and Rhizopus spp. dominate (Mugao & Birgen, 2021; Gwa & Lum, 2023). Emerging pathogens like Curvularia alcornii, newly identified in tomato postharvest rot, highlight the evolving threat landscape (Baral et al., 2022).
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Figure 3. Examples of diseased and healthy tomatoes with corresponding histograms. Visual comparison of four tomato conditions—bacterial spot, physical disorder, fungal infection, and mosaic virus—alongside histograms illustrating pixel intensity distributions for diseased and healthy fruit images. These visual profiles can aid in both manual and automated classification of tomato quality for postharvest handling and pathogen identification. Adapted from (Jain et al., 2021).

Tomatoes are susceptible to a range of postharvest pathogens that can cause significant losses in quality and quantity. Understanding the types of pathogens, their symptoms, and prevalence is crucial for developing effective management strategies. The major postharvest pathogens affecting tomatoes in Sub-Saharan Africa are summarized in Table 2.
Table 2. Major postharvest pathogens of tomato in Sub-Saharan Africa (SSA)
	Pathogen
	Type
	Common Symptoms
	SSA Prevalence
	Representative References

	Botrytis cinerea
	Fungal
	Gray mold, water-soaked lesions, fluffy gray sporulation
	High in humid and cool storage environments
	Magala et al., 2024

	Rhizopus stolonifer
	Fungal
	Soft rot with cottony mycelium, rapid fruit collapse
	Common in warm, humid climates
	Gwaze et al., 2011

	Alternaria alternata
	Fungal
	Black mold, sunken dark lesions with concentric rings
	Widespread in field and market conditions
	Makule et al., 2022

	Fusarium spp.
	Fungal
	Dry rot, vascular discoloration, shriveling
	Found in both pre- and postharvest stages
	Ogendo et al., 2011; Magala et al., 2024

	Pseudomonas spp.
	Bacterial
	Soft, watery rot with sour odor
	Higher incidence during rainy seasons
	Borelli et al., 2020; Affognon et al., 2015

	Erwinia spp.
	Bacterial
	Wet, mushy breakdown with foul smell
	Occurs in both field injuries and storage
	Makule et al., 2022



Bacterial Involvement
Bacterial spoilage, while less visually dramatic than fungal rot, significantly contributes to tomato losses. Pseudomonas spp., psychrotrophic in nature, spoil a range of food products by producing proteases and lipases that degrade cell structures, leading to softening and off-flavors (Chang et al., 2024; Psychrotrophic Bacteria: Pseudomonas Spp., 2022). These bacteria can survive under refrigerated conditions, complicating cold storage as a preservation strategy. In tomatoes, surface contamination from Pseudomonas can occur via handling tools, packaging, and water sources (Bhandari et al., 2024; Abdul-Mutalib et al., 2019).
Erwinia carotovora, a soft rot agent, accelerates spoilage by enzymatically breaking down pectic substances in plant cell walls, leading to tissue maceration and fluid leakage. Synergistic interactions between Pseudomonas and Erwinia, as well as with certain fungi, can intensify spoilage (Ahmed et al., 2016). For example, Pseudomonas biofilms can protect co-occurring microbes, enhancing their resilience to environmental stressors.
Climate and Postharvest Contamination
Climatic conditions in SSA strongly influence postharvest pathogen dynamics. High temperatures accelerate fungal metabolism and mycotoxin production, Aspergillus flavus, for instance, produces aflatoxins optimally at around 37 °C in high water activity conditions (Lahouar et al., 2016). Elevated humidity not only favors fungal sporulation but also increases bacterial virulence; for example, Ralstonia solanacearum enhances extracellular polysaccharide production under warmer conditions (Kumar & Mukhopadhyay, 2024).
Rainfall patterns can exacerbate contamination risks through splash dispersal of soil- or waterborne pathogens onto fruit surfaces during harvest and transport. Inadequate drying or aeration post-harvest further increases susceptibility to decay (Surnacheva et al., 2022; Benjamin et al., 2024). Seasonal climatic extremes such as prolonged rainy periods followed by sudden temperature rises are especially problematic, as they create alternating favorable environments for different pathogen groups.
Climate vs. Postharvest Handling as the Primary Driver
While climate clearly shapes pathogen prevalence and severity, poor postharvest handling practices are equally critical in determining spoilage rates. Climatic conditions such as persistent humidity and heat create baseline risks (Bradford et al., 2018; Mugilan et al., 2024), but lack of cold chain infrastructure, improper packaging, and rough handling during transport often accelerate deterioration (Kaur & Watson, 2024; Watson et al., 2023). Up to 60% of losses occur during early supply chain stages due to inadequate storage and poor market access (Makule et al., 2022).
The “climate-first” argument emphasizes that even with perfect handling, high pathogen loads driven by environmental factors can overwhelm storage systems. Conversely, the “handling-first” perspective notes that appropriate interventions such as immediate cooling, clean water use, and improved ventilation can mitigate much of the climate-driven risk. Evidence suggests an interaction effect: climatic stress increases the vulnerability of produce, while poor handling accelerates the onset and spread of decay. Effective mitigation in SSA therefore requires integrated strategies addressing both environmental adaptation and postharvest practice improvement.
4. CONVENTIONAL POSTHARVEST MANAGEMENT PRACTICES
Common Synthetic Control Methods
Conventional postharvest management systems often rely on synthetic chemical treatments and controlled storage technologies to maintain produce quality and extend shelf life. Fungicides are widely used to suppress fungal pathogens such as Botrytis cinerea, Rhizopus stolonifer, and Alternaria alternata. Chemical formulations like imazalil, thiabendazole, and prochloraz act by disrupting fungal cell membrane integrity or inhibiting spore germination, thereby reducing decay incidence during storage and transport (Qadri et al., 2020). In certain high-value supply chains, sulfur dioxide (SO₂) pads are inserted into packaging to inhibit mold growth, particularly in grapes and other climacteric fruits. Their mode of action involves slow release of SO₂ gas, which interferes with fungal respiration (Janghu et al., 2024).
Modified Atmosphere Packaging (MAP) is another prevalent technology, altering oxygen (O₂), carbon dioxide (CO₂), and nitrogen (N₂) levels inside packaging to slow respiration and microbial growth (Shah et al., 2020; Kargwal et al., 2020). Polymer films with selective gas permeability maintain an optimal gaseous balance, preserving color, firmness, and nutritional quality while extending shelf life. Recent advancements include antimicrobial packaging films and intelligent MAP systems that monitor spoilage indicators in real time (McMillin, 2020; Owolabi et al., 2024).
Limitations in SSA
Despite their proven efficacy, the adoption of synthetic control methods in Sub-Saharan Africa is constrained by multiple barriers. Cost remains a primary limitation, as many smallholder farmers cannot afford recurring fungicide applications, specialized packaging films, or MAP-compatible infrastructure (Musembi, 2011; Mercer, 2013). The high price of inputs, coupled with poor market access, makes large-scale implementation economically unviable.
Residue concerns are also significant. Fungicide residues on tomatoes can pose health risks if maximum residue limits are exceeded, especially in contexts where monitoring and consumer awareness are limited (Leal, 2022; Akotowanou et al., 2023). Weak regulatory enforcement in several SSA countries exacerbates this issue, allowing the circulation of counterfeit or substandard chemical products, which may be ineffective or hazardous (Sithole & Olorunfemi, 2024).
Moreover, repeated use of the same active ingredients fosters pathogen resistance, reducing treatment effectiveness over time. Resistance has been reported in several fungal pathogens, necessitating rotation of fungicide modes of action a practice often impractical for resource-limited farmers (Ricker-Gilbert et al., 2022). Infrastructural deficiencies, such as inadequate cold chains and poor storage facilities, further reduce the efficacy of chemical-based preservation methods, as environmental exposure can negate treatment benefits (Makule et al., 2022) (Table 3).

Table 3. Common synthetic control methods for tomato postharvest pathogens and their limitations in SSA
	Method
	Mode of Action
	Advantages
	Limitations in SSA
	Representative References

	Fungicides (e.g., imazalil, thiabendazole, prochloraz)
	Inhibit fungal growth by targeting cell membrane synthesis or enzyme function
	Highly effective against a broad spectrum of pathogens
	High cost, residue concerns, pathogen resistance, restricted availability, weak regulatory enforcement
	Shai et al., 2024

	SO₂ pads
	Release sulfur dioxide gas to suppress fungal spores, especially Botrytis cinerea
	Simple to use, effective during storage and transport
	Limited availability, safety concerns, less effective under high humidity, regulatory restrictions
	Sibomana et al., 2016

	Modified Atmosphere Packaging (MAP)
	Alters O₂ and CO₂ levels around produce to slow respiration and microbial growth
	Extends shelf life, maintains fruit firmness and quality
	Cost of materials, need for controlled conditions, less effective in high temperature and humidity settings
	Affognon et al., 2015; Borelli et al., 2020


Can Smallholder Farmers in SSA Realistically Sustain Chemical-Intensive Postharvest Systems?
The feasibility of sustaining chemical-intensive systems in SSA remains contested. Proponents argue that such systems can drastically reduce losses and ensure consistent quality, potentially increasing farmer incomes. Critics counter that economic, environmental, and health constraints make them unsuitable for the region’s smallholder-dominated agricultural landscape (Geofrey et al., 2025; Harris et al., 2019).
Smallholder farmers often face financial barriers to purchasing agrochemicals and maintaining application equipment, compounded by limited access to credit or insurance Notably, the environmental sustainability of chemical-intensive methods is questionable, as over-reliance can degrade soil health, pollute water sources, and disrupt ecological balances (Schilling, 2023; Durga et al., 2024). Health risks from chronic exposure to chemical residues both for farm workers and consumers further reduce their desirability.
A growing body of evidence suggests that sustainable intensification and intermediate technologies, such as solar-powered dryers, evaporative cooling systems, and botanical treatments, may offer more viable long-term solutions (Mayanja & Oluk, 2023; Rahmadani et al., 2024) (Figure 4). These alternatives balance productivity with environmental protection and are better aligned with smallholders’ financial capacities. Thus, while chemical-intensive postharvest systems have clear technical merits, their socio-economic and ecological limitations make widespread, sustained adoption in SSA unlikely without substantial structural support and subsidies (Clark and Hobbs, 2018; Rashvand et al., 2023).
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Figure 4. Adoption challenges of chemical-intensive postharvest systems in Sub-Saharan Africa. Infographic illustrating the primary barriers cost constraints, regulatory gaps, and pathogen resistance risks limiting the uptake of synthetic control measures among smallholder tomato farmers. These factors interact to reduce adoption and highlight the need for affordable, eco-friendly alternatives.
5. LOW-COST BOTANICAL TREATMENTS
Antifungal Botanicals Common in SSA
Botanical extracts from locally available plants have shown significant potential in reducing postharvest losses in tomatoes by inhibiting fungal growth. In Sub-Saharan Africa (SSA), key species include neem (Azadirachta indica), garlic (Allium sativum), ginger (Zingiber officinale), clove (Syzygium aromaticum), and basil (Ocimum gratissimum). These plants are widely cultivated or easily sourced from local markets, making them accessible to smallholder farmers (Kale et al., 2024).
Neem extracts have demonstrated broad-spectrum antifungal activity against pathogens such as Fusarium oxysporum and Alternaria alternata, attributed to limonoids like azadirachtin (Bello et al., 2018). Garlic’s allicin content disrupts fungal and bacterial cell structures, showing efficacy against Rhizopus stolonifer and Botrytis cinerea (Rahman et al., 2025). Ginger rhizome extracts, rich in gingerols and shogaols, have inhibited Aspergillus niger and Alternaria spp., while clove oil containing high concentrations of eugenol has effectively suppressed Fusarium spp. and Colletotrichum gloeosporioides (Kale et al., 2024). Basil’s essential oils, primarily composed of linalool and eugenol, exhibit fungistatic effects against storage pathogens, making them suitable for edible coating formulations.
Table 4. Antifungal botanicals common in Sub-Saharan Africa and their postharvest applications in tomato preservation
	Botanical
	Scientific Name
	Primary Antifungal Compounds
	Mode of Action
	Common Formulations
	Representative References

	Neem
	Azadirachta indica
	Azadirachtin, nimbin
	Disrupts fungal cell membranes and enzyme systems; interferes with spore germination
	Aqueous/ethanol extracts, oil emulsions
	Shai et al., 2024

	Garlic
	Allium sativum
	Allicin, ajoene
	Inhibits fungal enzymes and disrupts membrane permeability
	Aqueous extracts, oil emulsions
	Borelli et al., 2020

	Ginger
	Zingiber officinale
	Gingerols, shogaols
	Disrupts membrane lipids; inhibits mycelial growth
	Aqueous extracts, edible coatings
	Affognon et al., 2015

	Clove
	Syzygium aromaticum
	Eugenol
	Causes leakage of cellular contents and enzyme inactivation
	Oil emulsions, vapor treatments
	Makule et al., 2022 

	African basil
	Ocimum gratissimum
	Eugenol, thymol
	Alters membrane structure; inhibits spore germination
	Essential oils, aqueous extracts
	Ogendo et al., 2011; Shai et al., 2024


Mechanisms of Action
The antifungal properties of botanicals stem from their bioactive phytochemicals—terpenoids, phenolics, alkaloids, and sulfur-containing compounds that interfere with multiple cellular targets in pathogens. Essential oil components such as eugenol, thymol, and citral disrupt fungal cell membrane integrity, leading to leakage of cellular contents and eventual cell death (Kale et al., 2024). Some phytochemicals inhibit enzymatic systems, such as those involved in ergosterol biosynthesis, which is critical for maintaining fungal membrane structure (Opara & Okoronkwo, 2024; Bello et al., 2018).
Other compounds act at the molecular level, modulating gene expression in pathogens to suppress virulence factors. For instance, allicin has been reported to interfere with quorum sensing and biofilm formation in both fungal and bacterial species (Aloyce et al., 2017; Farthing et al., 2021). Synergistic effects often occur when multiple bioactive compounds are present, providing broad-spectrum activity and reducing the likelihood of resistance development.
Formulation and Application
The effectiveness of botanical treatments depends heavily on formulation and mode of application. Common approaches include water and ethanol extracts, oil emulsions, edible coatings, and dips. Water extracts are generally cheaper to prepare and safer for household-level application, though they may have lower stability compared to ethanol-based formulations. Oil emulsions, particularly those using clove or basil essential oils, offer enhanced penetration and prolonged antifungal activity.
Edible coatings incorporating botanical extracts such as starch or chitosan films infused with neem or clove oil provide a physical barrier against moisture loss while releasing antifungal compounds gradually. Dipping tomatoes in diluted botanical solutions postharvest can significantly reduce surface pathogen load, especially when combined with proper storage conditions (Guo et al., 2015; Govender et al., 2011). However, optimizing concentration, exposure time, and drying methods is essential to balance efficacy with preservation of fruit sensory quality.
Availability and Cost in SSA
One of the strongest advantages of botanical treatments is their local availability and low cost. Many of these plants are cultivated as food crops, spices, or ornamentals, allowing farmers to source raw materials without relying on expensive imports. For example, ginger and garlic are staples in local cuisines, while neem trees grow widely in semi-arid and tropical regions of SSA. This reduces input costs and enables on-farm preparation, which can make postharvest management more sustainable for smallholders.
Additionally, small-scale processing such as community-based essential oil distillation can create local value chains, generating employment and increasing adoption potential. Nevertheless, the absence of standardized extraction protocols and quality assurance mechanisms remains a challenge for scaling up their use.
Why Have Botanicals Proven in Lab Studies Not Scaled Widely in SSA’s Smallholder Systems?
Despite promising laboratory results, the adoption of botanical treatments in real-world smallholder contexts remains limited. Critics point to formulation instability, as many extracts degrade quickly under high temperatures and light exposure typical of SSA environments (Kale et al., 2024; Nqoro et al., 2025). The labor intensity of preparation and application can also deter farmers, particularly during peak harvest periods when labor is scarce.
Moreover, inconsistent efficacy under field conditions due to variability in raw material quality, extraction methods, and pathogen pressure reduces farmer confidence. The lack of extension services and technical training means many farmers are unaware of proper preparation and application techniques. From a market perspective, limited regulatory frameworks for botanical pesticides further hinder commercialization and wider distribution (Salaria et al., 2022; Ogolla et al., 2024).
To achieve wider adoption, future strategies must integrate botanical treatments into holistic postharvest management systems, combining them with affordable storage technologies and farmer training programs. This will require collaboration between researchers, extension officers, policymakers, and private-sector actors to translate lab success into field impact.
6. AFFORDABLE STORAGE SOLUTIONS
Passive and Low-Cost Technologies in SSA
Affordable storage technologies are essential in Sub-Saharan Africa (SSA), where high postharvest losses are exacerbated by the absence of reliable cold chain systems. Evaporative coolers utilize the cooling effect of water evaporation to reduce storage temperature, making them suitable for smallholder farmers in arid and semi-arid regions (Kitinoja & AlHassan, 2012; Goel et al., 2024). Zero-Energy Cool Chambers (ZECCs), constructed from brick and sand, achieve temperature drops of 10–15 °C and relative humidity above 90%, prolonging the freshness of perishable produce without electricity (Chitranshi et al., 2020; Siddiqua et al., 2022).
Mud evaporative stores, often built with locally available clay and thatch, are widely used for short-term storage of fruits and vegetables in rural areas. They offer low construction costs but require regular water replenishment to maintain cooling efficiency. Hermetic storage, typically applied for grains, is being adapted for certain horticultural products using airtight containers or polymer bags that limit oxygen availability, slowing microbial growth (Ratto et al., 2022; Ouattara & Konate, 2024). These passive technologies offer cost-effective, decentralized solutions but must be adapted to different climates and crop types.
Climate Adaptation
The high ambient temperatures and variable humidity of SSA present unique challenges for storage design. Passive systems must optimize heat dissipation through increased airflow, reflective surfaces, and shading to maintain target storage conditions. In coastal or tropical zones with high humidity, controlling excess moisture is critical to prevent fungal growth; this can be achieved by integrating desiccants or ensuring periodic ventilation (Apribowo et al., 2022).
Electricity-reliant solutions face operational constraints due to unreliable grid power. Off-grid adaptations such as incorporating solar photovoltaic (PV) systems for fans or auxiliary cooling enhance resilience while maintaining low operating costs (Affognon et al., 2015; Sola et al; 2014). Locally appropriate designs that account for seasonal climate variability can help maintain produce quality despite environmental extremes.
Combining Botanicals with Storage
Integrating botanical treatments with affordable storage systems offers a synergistic preservation strategy. For example, dipping tomatoes in neem or clove oil solutions before placing them in evaporative coolers can reduce surface microbial load while the cooler slows pathogen proliferation (Adhikari et al., 2020; Petrasch et al., 2019). Edible coatings enriched with basil or ginger extracts can further enhance this synergy by providing both a physical barrier to moisture loss and a sustained release of antifungal compounds.
Such combinations can extend tomato shelf life by several days to weeks, depending on environmental conditions and pathogen pressure. This approach aligns well with smallholder realities, as both botanicals and passive storage materials can be sourced locally, reducing dependence on imported preservation technologies.
AkoFresh Cold Storage (Ghana)
An example of an innovative localized storage solution is the AkoFresh system in Ghana a solar-powered, IoT-enabled, mobile cold storage unit designed for smallholder farmers. The system operates entirely off-grid, using photovoltaic panels to power cooling units, and is equipped with remote temperature monitoring via mobile networks. This setup extends the shelf life of perishable produce, including tomatoes, from as little as five days to up to 21 days (Petrotos & Gerasopoulos, 2022; Fernández-Acero et al., 2019).
By adopting a pay-as-you-store model, AkoFresh reduces the upfront financial burden on farmers while enabling them to sell produce at higher prices when market conditions are favorable. Its mobility allows it to serve multiple communities, making it a practical alternative to fixed-location cold rooms (Figure 5).
[image: ]Figure 5: Schematic of an evaporative cooler and AkoFresh cold storage unit
Decentralized vs. Centralized Storage
The question of whether SSA should invest more in decentralized farmer-level storage or centralized aggregation hubs remains contested. Decentralized systems, such as on-farm evaporative coolers or mobile cold units, offer immediate access and reduce losses during early postharvest handling. However, they may lack economies of scale and advanced temperature control features.
Centralized storage hubs, often located near markets or transport nodes, can provide large-scale cold rooms with better quality control and longer storage capacity. Yet, they require significant infrastructure investment and depend on efficient supply chain logistics to ensure timely produce delivery (Patel et al., 2022; Oliveira et al., 2024).
A hybrid approach deploying decentralized storage to stabilize produce soon after harvest, followed by aggregation in centralized hubs for longer-term storage and market distribution may provide the most balanced solution for SSA’s diverse agricultural systems.
7. ALTERNATIVE AND EMERGING APPROACHES
Biocontrol Agents
Biological control agents (BCAs) offer a sustainable alternative to synthetic fungicides for postharvest disease management in tomatoes. Among the most studied are Bacillus subtilis and Pseudomonas fluorescens, both of which have demonstrated antagonistic effects against major fungal pathogens such as Botrytis cinerea, Rhizopus stolonifer, and Fusarium spp. (Sharma et al., 2024; Ghosh et al., 2013; Budianto & Suprastyani, 2017).
Bacillus subtilis produces lipopeptides such as iturin, fengycin, and surfactin, which disrupt fungal cell membranes, inhibit spore germination, and induce systemic resistance in the host plant. Pseudomonas fluorescens exerts its effects through siderophore-mediated iron competition, production of hydrogen cyanide, and synthesis of antibiotics like pyoluteorin (Singh et al., 2024; Alnafisah, 2023).
Recent advances in molecular breeding have demonstrated the potential of multi-omics approaches to enhance tomato resistance against major postharvest pathogens such as Fusarium oxysporum f.sp. lycopersici and Alternaria alternata. By integrating genomics, transcriptomics, proteomics, and metabolomics, researchers can identify key resistance genes and molecular pathways involved in pathogen defense, enabling the development of improved cultivars adapted to SSA conditions (Figure 6) (Pandey et al., 2023; Prakash et al., 2022).
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Figure 6. Application of multi-omics approaches for developing Fusarium wilt- and early blight-resistant tomato cultivars. Comparative gene expression analysis, along with genomics, transcriptomics, proteomics, and metabolomics, can generate data on tomato plant responses to biotic stress, enabling resistance breeding. Adapted from (Pandey et al., 2023).
In SSA contexts, small-scale trials have shown that locally isolated strains can reduce decay incidence by 30–60% when applied as pre-storage dips or sprays (Wilson et al., 2019; Nyarko et al., 2022). However, challenges remain in maintaining microbial viability during storage, scaling up production, and ensuring consistent efficacy under variable temperature and humidity conditions.
Physical Methods
Physical preservation methods present chemical-free alternatives that can be adapted to resource-limited settings. Solar drying is widely used for reducing the moisture content of tomatoes, thereby slowing microbial growth. When designed with improved airflow and UV exposure, solar dryers can retain more nutrients and color compared to open sun drying (El-Sayed et al., 2019; Stathers et al., 2018). 
UV-C light treatments (200–280 nm) can inactivate surface pathogens by causing DNA damage, reducing decay while also inducing resistance responses in the fruit. Portable UV-C devices have been tested on tomatoes with promising results, though dose optimization is critical to avoid skin damage (Figure 7).
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Figure 7. Overview of tomato light treatments, including 5 h UVA/UVC pre-treatment and 7-day LED/dark storage at 6 ± 1 °C and 90 ± 1% RH (M J et al., 2025)
Cold plasma technology which generates reactive oxygen and nitrogen species to destroy microbial cells has emerged as a non-thermal method capable of decontaminating produce surfaces without chemical residues (Nziguheba et al., 2021; Misra et al., 2011). While effective in laboratory trials, its application in SSA remains limited by the high cost of plasma generators, energy demands, and need for technical expertise.
Low-Tech vs. High-Tech in SSA
The choice between low-tech, locally maintained systems and advanced, high-tech solutions hinges on the realities of SSA’s agricultural landscape. Low-tech approaches such as solar drying, botanical treatments, and small-scale biocontrol applications offer affordability, simplicity, and local ownership, making them easier to sustain without heavy infrastructure investment (Aghofack-Nguemezi et al., 2019; Wei et al., 2019). However, they may provide shorter shelf-life extensions and less precision in pathogen control compared to high-tech methods.
Advanced solutions like cold plasma or automated UV-C treatment units can deliver superior efficacy and longer preservation, but their high initial costs, reliance on stable electricity, and specialized maintenance limit scalability for most smallholder farmers (Pirozzi et al., 2020; Pachauri et al., 2024). A context-driven hybrid approach deploying low-cost methods at the farm level and integrating high-tech solutions in centralized processing hubs could balance accessibility with performance, enabling gradual technology adoption without overwhelming local capacities (Arah et al., 2015).
8. NOVELTY OF THE STUDY
SSA-Specific Focus
This study is the first to propose an integrated postharvest management framework for tomatoes that is specifically designed for Sub-Saharan Africa (SSA) value chains. It directly addresses the region’s unique socio-economic and environmental conditions, including high ambient temperatures, seasonal humidity fluctuations, poor market infrastructure, and limited cold chain access (Pradhan et al., 2023; Sibomana et al., 2016). While existing studies often apply generalized global recommendations, this work contextualizes solutions for SSA’s smallholder-driven tomato production systems, ensuring relevance and applicability at the grassroots level.
Hybrid Approach
Unlike conventional studies that focus on either botanical treatments or storage technologies in isolation, this research introduces a hybrid methodology the simultaneous use of locally derived botanical extracts with affordable, low-energy storage solutions (Pirozzi et al., 2021). By merging indigenous plant-based antifungal agents such as Azadirachta indica (neem) and Allium sativum (garlic) with passive or renewable-energy-based storage (e.g., evaporative coolers, solar-powered units), the framework seeks to maximize pathogen suppression while extending shelf life without costly chemical inputs or energy-intensive infrastructure (Shai et al., 2024; Ogendo et al., 2011).

Climate-Adapted Design
The proposed interventions are tailored to tropical and semi-arid environments, accounting for SSA’s climatic stressors that exacerbate postharvest losses. This includes designing storage systems with passive cooling adaptations for high temperatures, moisture control in humid areas, and compatibility with intermittent energy access (Magala et al., 2024; Ranieri et al., 2015). In addition, the botanical treatments selected are known for resilience and efficacy under warm, humid conditions, ensuring consistent performance despite environmental variability.
Local Resource Orientation
This study prioritizes readily available, low-cost local resources to enhance feasibility and farmer adoption. Botanicals are sourced from plants already cultivated or wild-harvested in farming communities, minimizing procurement costs and dependency on imports (Mgwenya et al., 2025; Borelli et al., 2020). Storage designs utilize indigenous materials such as clay, plant fibers, and agricultural residues, reducing financial barriers while promoting circular economy principles. The approach supports community-led innovation by leveraging existing knowledge systems and enhancing self-reliance.

Field-Oriented Validation
Beyond laboratory trials, this research emphasizes on-farm and market-level validation under real operating conditions in SSA. Such testing ensures the interventions are practically deployable, taking into account farmer participation, local handling practices, market dynamics, and infrastructural constraints (Subha et al., 2024; Gwaze et al., 2011). This step bridges the persistent gap between controlled-environment studies and actual smallholder realities, enabling a realistic pathway for scaling and adoption.
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Figure 8. Conceptual framework integrating botanical treatments, affordable storage technologies, and emerging approaches for sustainable postharvest tomato management in Sub-Saharan Africa. 
This integrated model emphasizes the synergistic potential of locally available botanicals, low-cost storage, and innovative biocontrol/physical methods to reduce pathogen-induced losses, extend shelf life, and improve farmer livelihoods (Palei et al., 2024). Bottom of Form
9. RESEARCH GAPS
Despite substantial research into postharvest pathogen management, several critical gaps limit the development of sustainable, scalable solutions for tomato preservation in Sub-Saharan Africa (SSA).
First, there is a lack of integrated studies that combine locally available botanical treatments with affordable storage technologies. Most existing research examines these interventions in isolation laboratory trials on plant extracts or engineering studies on low-cost storage but fails to assess their combined performance under real-world smallholder conditions. The potential synergy between pathogen suppression from botanicals and extended shelf life from passive storage remains largely unquantified in SSA contexts.
Second, there is insufficient region-specific pathogen profiling for tomatoes across SSA’s diverse agro-ecological zones. Current studies are often geographically limited and seasonally restricted, providing incomplete data on the prevalence, virulence, and resistance patterns of fungal and bacterial species. Without a comprehensive pathogen database that reflects the variability between humid coastal zones, semi-arid savannahs, and highland areas, it is difficult to tailor postharvest strategies effectively.
Third, there is a scarcity of socio-economic adoption studies examining how smallholder farmers perceive, access, and sustain postharvest innovations. While technological feasibility is well-documented in controlled environments, understanding of adoption barriers including cultural preferences, gender roles in postharvest handling, financial constraints, and trust in new methods is limited. This gap undermines efforts to scale up even the most promising solutions.
Addressing these research gaps will require multidisciplinary collaboration, combining plant pathology, agricultural engineering, socio-economics, and extension science. Such an integrated approach can generate evidence-based recommendations tailored to SSA’s complex agricultural systems and accelerate the transition from experimental success to widespread adoption.
10. CONCLUSION
Tomatoes (Solanum lycopersicum) are a critical food and income source in Sub-Saharan Africa (SSA), yet their postharvest losses remain alarmingly high due to a convergence of climatic pressures, pathogen prevalence, poor handling practices, and limited access to preservation technologies. The reviewed highlights that fungal pathogens such as Botrytis cinerea, Rhizopus stolonifer, Alternaria alternata, and Fusarium spp., along with bacterial agents like Pseudomonas and Erwinia, contribute significantly to deterioration in the region’s diverse agro-ecological zones. Conventional synthetic control methods, though effective in some contexts, face adoption barriers in SSA due to high costs, residue concerns, resistance development, and infrastructural limitations.
Emerging research on low-cost botanical treatments particularly neem, garlic, ginger, clove, and basil demonstrate strong antifungal potential through multiple mechanisms, including membrane disruption, enzyme inhibition, and gene expression modulation. However, most studies remain confined to laboratory trials and fail to assess real-world performance under SSA’s environmental and socio-economic conditions. Affordable storage technologies, ranging from evaporative coolers and zero-energy chambers to solar-powered cold storage units like AkoFresh in Ghana, offer promising avenues for loss reduction, especially when integrated with botanical treatments in synergistic systems.
Despite these advances, major research gaps persist: the lack of integrated botanical storage studies, insufficient region-specific pathogen profiling, and limited socio-economic analyses of technology adoption among smallholders. Addressing these gaps requires multidisciplinary collaboration to develop solutions that are not only technically effective but also socially and economically viable.
The proposed study is positioned to fill these gaps by pioneering an SSA-specific, climate-adapted hybrid approach that combines locally sourced botanicals with affordable storage solutions, validated through on-farm and market-level trials. By leveraging materials and plants readily accessible to farmers, and aligning design with local climatic realities, the research offers a pathway toward sustainable, affordable, and farmer-friendly postharvest practices. Such interventions have the potential to reduce losses, improve food security, increase farmer incomes, and strengthen the resilience of tomato value chains across SSA.
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