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Abstract

Cocoa (Theobroma cacao L.) postharvest quality can be compromised by fungal colonization
across the farm-to-chocolate continuum, motivating non-chemical control options that
can be engineered as unit operations. This study evaluates microwave (MW) irradiation
(2.45 GHz) as a physical disinfestation process against Fusarium solani (F. solani). Experi-
ments were conducted under a completely randomized design (CRD) by tuning MW power
(140–210 W) and exposure time to reach predefined surface-temperature bands verified by
infrared (IR) thermography. Post-treatment viability was assessed by incubation (27 °C,
7–10 days) and classified as Reduced Growth Rate (RGR; sublethal regrowth slower than
control) or Death (D; no regrowth comparable to autoclaved negative controls). Outcomes
were temperature-governed: RGR predominated in sublethal bands (60–80 °C), whereas
consistent D occurred once surface temperature exceeded 80 °C. Thermodynamic modeling
established a median lethal temperature (LT50) of 81.0 °C, and a 99% eradication threshold
(LT99) of 87.2 °C. Maximizing the heating rate (Hr) to 0.381 ◦C/s at 210 W ensured rapid
and profound cellular suppression. Scanning electron microscopy (SEM) corroborated
severe ultrastructural damage (collapsed macroconidia and disrupted hyphae) under lethal
conditions, and turbidimetric monitoring over 120 h showed sustained growth suppression
in treated samples. These findings define a practical lethal threshold and power–time
windows to inform MW scale-up as a postharvest unit operation while minimizing thermal
residence time.

Keywords: cocoa; Fusarium solani; microwave irradiation; postharvest disinfestation;
infrared thermography; thermal inactivation; power–time treatment adjustment; process
kinetics; continuous processing; scanning electron microscopy

1. Introduction
Cocoa (Theobroma cacao L.) is exposed to complex fungal communities along the farm-

to-postharvest continuum, and these communities can compromise quality and value
along the supply chain [1,2]. Within these communities, the F. solani species complex
(FSSC) is a ubiquitous and agriculturally important pathogen group comprising at least
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60 phylogenetically distinct species [3]. FSSC virulence is linked to dynamic genome biology,
including dispensable (supernumerary) chromosomes that can contribute to heterogeneity
in aggressiveness and ecological fitness [3]. More broadly, Fusarium-induced diseases are
recognized as recurring constraints in tropical perennial cropping systems, reinforcing
the need for scalable control options beyond field-only interventions [4]. In fact, recent
integrative genomic and pathogenicity analyses explicitly identify these Fusarium species
complexes as emerging and critical threats to cacao (Theobroma cacao) cultivation, driving
the exploration of advanced physical disinfection platforms [5].

Within the cocoa production chain, the phytopathogenic fungus F. solani generates
critical damage by attacking the base of the plants, root systems, and vascular tissues.
Upon colonizing the internal tissues, the pathogen obstructs the efficient transport of
water and essential nutrients, manifesting externally as generalized wilting, loss of turgor,
and progressive chlorosis [6]. Furthermore, strains of the F. solani species complex are
associated with severe pod rot during harvest and postharvest storage [7], interacting with
other fungal pathogens to drastically degrade internal bean quality [8].

Microwave (MW) irradiation is a promising non-chemical physical control method
because it can deliver rapid thermal energy and be engineered as a unit operation. Re-
views and recent syntheses emphasize that MW inactivation depends strongly on process
conditions, moisture, and matrix properties, and therefore should be specified using mea-
surable thermal endpoints rather than exposure time alone [9–12]. Consistent with this
framework, MW efficacy has been reported for agri-food disinfestation; for example, it
reduced fungal colonization in Brazil nut shells and kernels [13]. In fruit systems, MW
has been investigated for postharvest fungal rot control, including stand-alone MW and
MW combined with antagonistic yeasts [14]. In seed and propagation contexts, MW and
MW-adjacent approaches have been evaluated to mitigate seedborne pathogen pressure,
including onion seed-associated pathogens and Fusarium oxysporum f. sp. melonis during
commercial production of melon plantlets [15,16].

Beyond cocoa, MW-based fungal control has been explored in fruit and nut systems,
including aflatoxin-related contexts, supporting MW as a broader postharvest control
platform [14,17]. In cereal matrices, recent reviews and comparative studies discuss
electromagnetic/MW approaches to limit fungal spoilage and related safety risks, re-
inforcing the importance of process variables and matrix effects when defining lethal
conditions [11,12,18,19].

Translating MW to cocoa requires explicit attention to plant-matrix complexity. MW
effectiveness depends on dielectric properties, and differential heating can emerge in hetero-
geneous plant materials [13,20]. Related dielectric measurements in infected plant residues
further support that dielectric heterogeneity can shape MW interactions and heating pat-
terns in biological substrates [21]. Moreover, pathogen robustness and structural barriers
matter: matrix-dependent outcomes reported for silver nanoparticle (AgNP) treatments in
cocoa highlight that antifungal efficacy can differ substantially between simplified media
and plant tissues, motivating validation strategies that separate superficial injury from true
loss of viability [22].

Importantly, MW processing is already embedded in the cocoa value chain through
roasting and multiple MW-assisted processing/valorization routes for cocoa materials and
residues [20,23–29]. In parallel, MW-enabled process intensification can generate antifungal
bioactives; for example, ultrasound–microwave polyphenolic extracts have shown activity
against F. solani [30].

To address this gap, we evaluated MW irradiation (2.45 GHz) as a physical disinfesta-
tion process against F. solani under a completely randomized design (CRD). MW power
(140–210 W) and exposure time were adjusted to reach predefined surface-temperature
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bands verified by infrared (IR) thermography. Post-treatment viability was assessed after
incubation (27 °C, 7–10 days) and categorized as reduced growth rate (RGR) or death (D) us-
ing untreated and autoclaved controls as benchmarks. Structural corroboration of lethality
was obtained by scanning electron microscopy (SEM) of macroconidia and hyphae under
lethal conditions, and persistence of growth suppression was monitored turbidimetrically
over 120 h.

Despite MW applications across commodities and configurations, cocoa-focused ev-
idence remains limited regarding temperature-verified lethal thresholds and practical
power–time windows for F. solani under cocoa-relevant conditions. Therefore, this study
aims to define a temperature-governed lethal threshold and design-relevant power–time
windows for MW-based control of F. solani, supported by thermography and ultrastruc-
tural validation.

The Graphical Abstract summarizes the experimental workflow used to evaluate
microwave-induced thermal inactivation of F. solani isolated from infected cocoa pods.
The fungal isolate was cultured under controlled conditions (27 °C for 7–10 days) to ob-
tain viable fungal material, which was subsequently exposed to microwave irradiation at
2.45 GHz. During treatment, surface temperature was continuously verified using infrared
thermography to establish the relationship between microwave exposure, heating, and fun-
gal viability. The effects of the treatment were subsequently assessed through scanning
electron microscopy (SEM), revealing clear morphological alterations in treated macro-
conidia, including loss of structural integrity, shrinkage, and surface collapse. The tem-
perature–response analysis showed that exposure within the 60–80 °C range primarily
resulted in a reduced growth rate (RGR), whereas temperatures above 80 °C produced
fungal death (D), and the sample becomes charred above 100 °C. In addition, the compari-
son of heating demonstrated that higher microwave power increased the rate at which the
lethal temperature threshold was reached. Overall, the graphical abstract highlights that
temperature governs fungal lethality, while microwave power primarily governs heating
rate, supporting microwave irradiation as a potential non-chemical strategy for postharvest
control of F. solani in cocoa.

2. Materials and Methods
2.1. Biological Material

The test fungal organism was F. solani, identified as the etiological agent of cocoa pod
rot (Theobroma cacao L.). The isolation source consisted of infected pods collected directly
from the field, ensuring the virulence and representativeness of the local strain. Plant
tissues were initially washed under running tap water to remove adhering soil particles
and debris, followed by rinsing with sterile distilled water. Samples were surface-sterilized
by immersion in 70% ethanol for 1 min and rinsed three times with sterile distilled water.
Tissue fragments (approximately 5 mm × 5 mm) were aseptically excised and placed onto
PDA plates supplemented with chloramphenicol (100 mg L−1). The inoculated plates
were incubated at 27 °C for 7–10 days and monitored daily for fungal growth. Emerging
fungal colonies were subcultured onto fresh PDA plates using hyphal-tip transfer until
pure cultures were obtained.

To confirm the virulence of the CHA1 isolate, an in vivo pathogenicity assay was
conducted on healthy, detached cocoa pods (Theobroma cacao L.). The pods were surface-
sterilized (70% ethanol) and inoculated via syringe injection with a standardized conidial
suspension (1.6× 108 conidia mL−1) directly into the mesocarp (Figure 1a). Inoculated pods
were incubated in a humid chamber (27 ◦C, 85–90% RH) and monitored daily. Consistent
with pathological descriptions for Fusarium species complexes affecting cacao tissues,
the infection initiated as moist, dark-brown to black lesions near the inoculation site. These
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symptoms exhibited progressive expansion across the cuticular surface, followed by dense
white-to-cottony mycelial proliferation under high humidity, ultimately leading to tissue
dehydration and mummification by day 26 (Figure 1b,c) [5]. The pathogen was successfully
re-isolated from the advancing lesion margins, fulfilling Koch’s postulates and confirming
active virulence.

(a) (b) (c)

Figure 1. In vivo pathogenicity assay on detached cocoa pods (Theobroma cacao L.) to experimentally
confirm the virulence of the isolated F. solani CHA1 strain. (a) Direct syringe inoculation of a
standardized conidial suspension (1.6 × 108 conidia mL−1) into the mesocarp (Day 0). (b) Initial
necrotic lesion development observed 15 days post-inoculation. (c) Severe necrotic expansion and
external mycelial colonization 26 days post-inoculation, fulfilling Koch’s postulates.

2.2. Materials and Equipment

Equipment and consumables were selected based on the requirement to generate
controlled electromagnetic radiation and perform precise ultrastructural analyses.

The central apparatus was a laboratory microwave oven (Brand: KALLEY, Model:
K-MW07N, Kalley, Medellín, Colombia, cavity dimensions: 31.5 cm width × 20.5 cm height
× 29.5 cm depth) operating at a fixed frequency of 2.45 GHz. Samples were positioned
exactly in the center of the oven on a rotary plate to ensure a uniform distribution of
the electromagnetic heating. Preliminary trials evaluated four power levels: 70, 140, 210,
and 280 W. The 70 W setting was discarded because the heating was excessively slow and
failed to reach the required thermal thresholds, while the 280 W setting caused immediate
sample carbonization. Consequently, 140 W and 210 W were selected as the standardized
power levels for all experiments.

For microbiological quality control and media preparation, a vertical autoclave was
used for sterilization and to generate sterile negative controls. The evaluation of radiation-
induced structural damage was conducted via Scanning Electron Microscopy (SEM) using
a Carl Zeiss EVO HD15 system, Carl Zeiss AG, Oberkochen, Germany.

Monitoring secondary thermal effects was essential; thus, a portable thermal camera
(HURRICANE, model 02-053, Jiangsu Sainty Sumex Tools Corp. Ltd., Nanjing, China) was
employed to record the distribution and kinetics of the surface temperature. The device
features a measurement uncertainty of ±2 °C (or ±2%), a temporal resolution of 9 Hz,
and a 32 × 32 infrared pixel resolution. To ensure measurement accuracy, the emissiv-
ity parameter was manually calibrated to 0.95, which is the established thermodynamic
standard for highly aqueous organic materials and biological matrices (such as fungal
tissue and agar media) that closely approximate ideal black-body radiation. Finally, 90 mm
diameter sterile Petri dishes, automatic pipettes (Eppendorf®, Eppendorf SE, Hamburg,
Germany), and sterile tips were used for the aseptic handling of inocula, PDA culture
media, and Nutrient Agar for the propagation and subsequent evaluation of the fungus’s
cellular viability. Additionally, healthy cocoa pods Theobroma cacao L. were collected from
the experimental farm to serve as a substrate for future pathogenicity assays.
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2.3. DNA Extraction

The entire fungal mycelial biomass from a colonized Petri dish culture was harvested
and used for DNA extraction. The harvested mycelium was transferred to a microcentrifuge
tube containing 700 µL of lysis buffer (1 M KCl, 100 mM Tris-HCl, and 10 mM EDTA) and
glass beads. Mechanical cell disruption was performed using a FastPrep homogenizer (MP
Biomedicals, Solon, OH, USA) with three cycles at 40 m s−1 for 5 s per cycle. Following cell
lysis, samples were centrifuged at 5.000 rpm for 10 min to remove cellular debris. The result-
ing supernatant was transferred to a new tube and mixed with 300 µL of isopropanol by gen-
tle inversion to precipitate nucleic acids. Samples were then centrifuged at 12.000 rpm for
10 min, and the resulting DNA pellet was washed with 800 µL of 70% ethanol. After wash-
ing, samples were centrifuged at 12.000 rpm for 3 min, and the ethanol was carefully
discarded. Residual ethanol was allowed to evaporate completely at room temperature.
Finally, the DNA pellet was resuspended in 100 µL of molecular-grade water and stored
at −20 °C.

PCR Amplification and Phylogenetic Analysis

Molecular identification of the fungal isolates was performed through the ampli-
fication of the internal transcribed spacer (ITS) region and the large subunit ribosomal
RNA (LSU rRNA) gene. The ITS region was amplified using the primer pair ITS1 (5′-
CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4 (5′- GGAAGTAAAAGTCGTAACAAGG-
3′) [31], whereas the LSU region was amplified using the primers LR0R (5′- ACCCGCT-
GAAC TTAAGC-3′) and LR5 (5′- ATCCTGAGGGAAACTTC-3′) [32]. PCR amplifications
were carried out following the protocol described by [31]. PCR products were sequenced
and compared against reference sequences available in public databases for taxonomic
identification.

The phylogenetic analyses were performed using Geneious Prime® 2026.1.2 software
based on the neighbor-joining method, inferred from LSU rDNA sequence data. Multiple
sequence alignments were generated using the MUSCLE algorithm. The reliability of the
inferred phylogenetic relationships was assessed by bootstrap analysis with 1000 repli-
cates. The phylogenetic tree was rooted using Fusarium staphyleae NRRL 22316 (GenBank
accession AF178392) as the outgroup.

2.4. Adjustment of Times to Obtain Pre-Established Temperatures

The experiment was conducted under a Completely Randomized Design (CRD) with
three replicates per treatment. The primary factors evaluated were the electromagnetic
radiation power, set at levels of 140 W and 210 W, and the exposure times, which were
adjusted based on preliminary trials to reach four surface temperature ranges: 60–70 °C,
70–80 °C, 80–90 °C, and 90–100 °C. To ensure assay validity, two control treatments were
established: a positive control (+), consisting of viable spores without radiation exposure,
and a negative control (−), comprising spores inactivated by autoclaving at 120 °C for
15 min at 15 PSI.

The experimental design for microwave thermal exposure and sample manipulation
was adapted from established electromagnetic disinfestation methodologies previously
validated for agricultural substrates [33–35].

Exposure of Samples to Microwave Radiation

Mycelial plugs (with average dimensions of 5 mm in length and 2 mm in diameter)
were extracted from active F. solani colonies using a sterile cork borer. These discs were
placed in Petri dishes with fresh PDA medium and positioned individually in the cen-
tre of the microwave oven to ensure a uniform distribution of electromagnetic energy.
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During treatment application, the exposure times required to reach the pre-established tem-
perature ranges were strictly followed, monitoring surface temperature kinetics at regular
intervals using a portable thermal camera calibrated in degrees Celsius (°C). Following
exposure, treated samples were incubated at 27 °C for 7–10 days in complete darkness.
After this period, the effect of radiation on fungal viability was classified into two categories:
Death (D), defined by the total absence of fungal growth; and Reduced Growth Rate (RGR),
in cases where mycelial development was evident but at a significantly lower rate than that
observed in the positive control.

2.5. Methodology for Determining Conidial Survival Kinetics

The fungal isolate F. solani was cultured on Potato Dextrose Agar (PDA) plates and
incubated at 27 °C for 7–10 days to promote mycelial growth and sporulation. A conidial
suspension was prepared by harvesting conidia from sporulating culture with 0.1% pep-
tone water and Tween 80 (0.01%). The suspension was filtered to remove large mycelial
aggregates when necessary. The conidial concentration was determined using a Neubauer
hemocytometer and adjusted with sterile peptone water to obtain a final concentration of
1.6 × 108 conidia mL−1.

Aliquots of the standardized conidial suspension were exposed to microwave radiation
treatments at power levels of 140 W and 210 W, with exposure times adjusted to reach four
target surface temperature ranges: 60–70 °C, 70–80 °C, 80–90 °C, and 90–100 °C. Meanwhile,
untreated suspensions of viable spores served as a positive control, and spores inactivated
by autoclaving at 120 °C for 15 min served as a negative control. The conidial suspension
was inoculated into Potato Dextrose Broth (PDB) and incubated at 28 °C. F. solani growth
was monitored over time by measuring the optical density (OD) at 600 nm (OD600) at 0, 24,
48, 72, 96, and 120 h of incubation [36].

To quantify the post-treatment efficacy, the absolute difference in optical density
(∆OD) between the untreated control and the microwave-treated samples was calculated.
The cellular inhibition percentage (%) was determined based on this difference relative to
the maximum growth of the control at each time point.

2.6. Sample Preparation for SEM

To evaluate the ultrastructural alterations induced by electromagnetic and thermal
treatments, the fungal isolate was initially grown for 15 days on PDA medium at 27 °C
to promote sporulation. Subsequently, the spores were harvested by washing with a 0.1%
Tween 80 solution. The collected spores were quantified using a Neubauer hemocytometer,
and the concentration was adjusted to 1.6 × 108 conidia mL−1. For microwave radiation
exposure, 30 µL/mL of the spore suspension was utilized. Following the treatments,
the spores and mycelial structures underwent a rigorous fixation and dehydration protocol.

Initially, samples were fixed in a 2.5% glutaraldehyde solution for 24 h. Subsequently,
post-fixation was performed using 1% osmium tetroxide, followed by successive washes
with phosphate buffer to remove residual fixative agents. The samples then underwent a
chemical drying process using hexamethyldisilazane (HMDS) and were finished with a
gold-palladium coating to optimize conductivity. Topographic observation and analysis
were performed using a Carl Zeiss EVO HD15 scanning electron microscope (SEM) at mag-
nifications up to 10,000×. The evaluation consisted of a detailed comparison of micrographs
from the treatments against the controls, paying particular attention to cell wall integrity,
variations in spore morphology, and the presence of evident signs of structural collapse.

It is important to note that all samples designated for SEM analysis were collected and
fixed immediately following microwave irradiation to capture the acute structural impact.
Additionally, a quantitative morphometric analysis of fungal structures was performed on
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the acquired SEM micrographs using the established image scale bar (2 µm) as a spatial
calibration reference (k = 0.0290 ± 0.0008 µm/px). For both the untreated control and
the irradiated samples, a representative sample of individual spores (n = 12 per group)
was measured to determine their longitudinal length (major axis) and transverse width
(minor axis).

2.7. Evaluation of Radial Growth Kinetics and Fungal Inhibition

To determine the impact of electromagnetic treatments on the viability and germinative
vigour of F. solani, its macroscopic in vitro development was evaluated. Aliquots from
previously irradiated spore suspensions were aseptically inoculated into the centre of
Petri dishes. Two solid culture media were used for this assay: PDA and Nutrient Agar.
The plates were then incubated under controlled temperature conditions and in strict
darkness to favour pathogen development.

While radial expansion on solid media was qualitatively observed to confirm the
presence or absence of macroscopic viability, the rigorous quantitative evaluation of fun-
gal inhibition and cellular vigour was determined exclusively through the turbidimetric
absorbance (OD600) of the liquid cultures over time, as detailed in Section 2.5.

2.8. Heat Transfer Kinetics and Energy Rate

To evaluate the energy transfer efficiency of the microwave treatments and its physical
impact on fungal inactivation, the thermal kinetics were analyzed, and the heating rate
(Hr) was quantified during the initial linear thermal ascent phase. The speed at which
the biological matrix absorbs electromagnetic energy is a critical engineering factor for
minimizing stress-adaptive responses in pathogens [37]. The heating rate was calculated
using the following equation:

Hr =
Tf − Ti

t f × 60

where Hr is expressed in °C/s; Tf is the surface temperature upon stabilization of the linear
ascent phase (°C); Ti is the standardized initial temperature (20 °C); and t f is the required
exposure time converted to seconds. All experiments were conducted using a completely
randomized design (CRD). Data were expressed as the mean ± standard deviation.

2.9. Statistical Analysis and Thermodynamic Modeling

All in vitro experiments evaluating F. solani were conducted under a completely ran-
domized design (CRD). To rigorously validate the biological efficacy and thermodynamic
engineering parameters, the statistical analysis prioritized formal hypothesis testing and
predictive modeling over observational data dispersion. Consequently, the analytical hier-
archy was established as follows: (1) One-way ANOVA as the primary test to determine
significant differences in overall viability; (2) Pearson correlation to establish the linear
relationship between thermal load and suppression; (3) Binomial Logistic Regression, in-
cluding model fit evaluation and 95% Confidence Intervals (CI), to mathematically derive
lethality thresholds; and finally, (4) the separation of Standard Deviation (SD) bars as a
supplementary visual indicator of biological variance. The specific variables defined for
each model are detailed in Table 1.

Prior to mean comparisons, data normality was verified using the Shapiro–Wilk test.
Subsequently, dimensional changes (spore length and width) obtained from the SEM
morphometric analysis were compared between the untreated control and the microwave-
treated group using an independent-samples Student’s t-test (p < 0.05).
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Table 1. Summary of the statistical design, defining the independent and dependent variables for
each test.

Statistical Test Independent Variable (Predictor) Dependent Variable (Response) Primary Purpose

One-way ANOVA Treatment Category (Untreated
Control vs. Microwave-Treated)

Fungal Viability (OD600 absorbance
across 120 h, n = 11)

To determine statistically significant
macroscopic suppression.

Pearson Correlation Maximum Surface Temperature
Achieved (◦C) Cellular Inhibition (%)

To quantify the linear relationship
between heat and biological
response.

Binomial Logistic Regression Maximum Surface Temperature
Achieved (◦C)

Binary Biological Outcome
(0 = RGR, 1 = Macroscopic Death
[D])

To mathematically derive the LT50
and LT99 thermal thresholds.

3. Results
3.1. Molecular Identification and Phylogenetic Analysis

Molecular identification based on the LSU rDNA sequence showed a high degree of
similarity between the isolate CHA1 (recovered from infected cocoa pods) and members of
the F. solani species complex. BLASTn analysis of the 723-bp LSU sequence showed 99.86%
sequence identity and 100% query coverage with Fusarium cf. solani isolate CRSFA.Fus.04
(GenBank OQ818664.1), with one mismatch, no gaps, and an E-value of 0.0. The sequence
also showed 99.86% identity and 100% query coverage with a sequence identified as F.
solani (KJ126623.1). Phylogenetic analysis based on LSU rDNA further placed the isolate
within the F. solani species complex, robustly supporting its affiliation with this group
(Figure 2).

Figure 2. Phylogenetic analysis of Fusarium solani CHA1 isolated from cocoa pods using LSU rDNA
sequence. The phylogenetic analyses were performed using Geneious Prime® 2026.1.2 software
with the Neighbor-Joining method. The analysis included 11 nucleotide sequences, with Fusarium
staphyleae NRRL 22316 used as the outgroup. Numbers displayed at the internal nodes indicate
bootstrap support values based on 1000 replicates; only values above 50% are shown. The scale bar
represents 0.3 nucleotide substitutions per site.
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The LSU rDNA sequence of the CHA1 isolate generated in this study was deposited
in the GenBank database under the accession number [SUB16465969].

3.2. Thermal Kinetics and Electromagnetic Lethality Against F. solani

Thermal kinetics (temperature vs. time) and their effect on pathogen viability were
evaluated under a completely randomized design (CRD). The biological response was
classified as Reduced Growth Rate (RGR) or Death (D). Analysis of the interaction between
microwave power and exposure time revealed the following thermotolerance dynamics
across the target surface temperature ranges:

Sublethal tolerance zone (60–80 °C):

The thermal energy transferred within the 60–70 °C and 70–80 °C bands was biologi-
cally insufficient to induce complete lethality. Samples within these ranges exhibited RGR.
The treatment induced significant metabolic stress and delayed colonization, but allowed
survival and debilitated recovery, confirming that temperatures up to 80 °C constitute a
sublethal stress environment for this specific strain.

Severe inactivation and thermal shock (>80 °C):

Progression to higher ranges (80–90 °C and 90–100 °C) consolidated complete inoculum
destruction, with 100% of replicates classified as Death (D). The 210 W treatment showed
superior kinetic efficiency, reaching near-boiling temperatures rapidly and inducing an
acute thermal shock that prevented any adaptive response.

3.3. Conidial Survival Kinetics

Fungal growth kinetics and quantification of cellular stress:

Turbidimetric monitoring of F. solani development over an extended period of 120 h
enabled objective quantification of the long-term efficacy of the electromagnetic treatment.
The absorbance curves reveal a profound alteration in the pathogen’s population dynamics,
where the inclusion of standard deviation bars highlights both the biological response and
the consistency of the treatment (Figure 3).

Figure 3. Turbidimetric monitoring of F. solani growth over 120 h. The untreated control exhibits
a typical kinetic pattern. The microwave-treated condition (represented by the 210 W treatment
targeting the 80–90 ◦C thermal window; maximum exposure time ≈ 17 min) shows drastic and
sustained growth suppression, registering an average optical density of OD = 0.486 ± 0.077 at 120 h.
The complete separation of the standard deviation bars during the critical exponential phase confirms
the significant long-term efficacy of the treatment. Error bars represent the standard deviation of
three replicates per treatment.
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Growth dynamics and data variability:

Analysis of the positive control curve showed the characteristic kinetic behavior of a
highly viable strain. After a natural lag phase of approximately 24 h, the fungus entered an
accelerated logarithmic growth phase. During the early exponential growth phase (48 h
to 72 h), the untreated control exhibited substantial biological variability, evidenced by
large standard deviation bars that overlap with those of the treated samples. By 120 h, this
vigorous and sustained proliferation reached a high optical density (OD > 1.2), confirming
the optimal germination capacity of the original inoculum (Figure 3).

Sustained inhibitory effect (120 h):

In marked contrast, the electromagnetically treated samples exhibited a drastic sup-
pression of growth over the 5-day period (averaging OD = 0.486 at 120 h compared to 1.287
in the untreated control) (Figure 3). Although a severely debilitated recovery is observed
by the end of the monitoring period (OD ≈ 0.49), the visual separation of the standard
deviation (SD) bars from the control provides supplementary observational evidence of this
long-term suppression. However, the formal validation of this efficacy is strictly supported
by the subsequent inferential statistics (ANOVA and regression models).

As detailed in Table 2, the microwave treatment induced a peak cellular inhibition of
94.5% during the early exponential phase (48 h), which gradually transitioned to 62.2% by
120 h, demonstrating a severe but progressively stabilizing suppression of fungal vigor.

Table 2. Turbidimetric growth tracking and cellular inhibition of F. solani over 120 h post-microwave
treatment (expanded time series, n = 11).

Time Untreated Control Microwave-Treated Difference Inhibition
(h) (Mean (OD600)) (Mean (OD600)) (∆OD) (%)

0 0.000 0.000 0.000 0
12 0.060 0.003 0.056 94
24 0.119 0.007 0.113 95
36 0.179 0.010 0.169 95
48 0.238 0.013 0.225 95
60 0.621 0.085 0.536 86
72 1.003 0.157 0.846 84
84 1.097 0.233 0.864 79
96 1.145 0.322 0.824 72
108 1.216 0.404 0.812 67
120 1.287 0.486 0.801 62

Note: The cellular inhibition percentage was calculated based on the difference (∆OD) relative to the
progressive proliferation of the untreated control.

3.4. Heating Rate (Hr) and Statistical Validation of Fungal Suppression

Thermal kinetics analysis (Table 3) revealed that irradiation power directly governs
the heat transfer rate (Hr). The integration of these heating rates with the biological
outcomes confirmed the robust efficacy of the microwave unit operation. As illustrated
in Figures 4 and 5, operating at 140 W generated moderate heating rates (e.g., 0.085 to
0.164 ◦C/s), resulting in prolonged exposures within the sublethal ranges (60–80 ◦C) where
the fungus only exhibited a Reduced Growth Rate (RGR).

Statistically, the evaluation of the aggregated optical density data across the moni-
toring period prioritized formal hypothesis testing. Using the treatment condition as the
independent categorical variable and the OD600 absorbance as the continuous dependent
variable (n = 11 observations per group), a one-way ANOVA validated that microwave
irradiation significantly suppressed overall F. solani viability compared to the untreated
control (F = 8.1744, p = 0.0097, Table 4).
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Figure 4. Surface thermal profiles of F. solani samples under continuous microwave irradiation at
140 W. The dark blue line represents the averaged temperature profile (n = 3) for the 60–70 °C target
range. The orange line represents the trajectory for the 70–80 °C target range. The red dashed line
and shaded area indicate the lethal thermal window (>80 °C). At 140 W, both thermal profiles remain
primarily below the lethal threshold, resulting in sublethal stress (RGR).

Figure 5. Surface thermal profiles of F. solani samples under continuous microwave irradiation at
210 W. The high-power treatments induce a rapid volumetric temperature increase, aggressively
crossing into the lethal thermal window (>80 °C, red shaded area) in shorter exposure times. This
acute thermal shock consistently correlates with severe structural collapse and suppression (D).
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Table 3. Results of thermal analysis and its biological impact.

Power (W) Target Range
(°C)

Linear Ascent
Time (t f ) (min)

Final Temp.
Achieved (Tf )

(°C)

Heating Rate
(Hr) (°C/s)

Biological
Outcome

140 W 60–70 4.00 59.25 ± 3.10 0.164 ± 0.012 RGR (Sublethal)
140 W 70–80 9.00 66.00 0.085 RGR (Sublethal)
210 W 70–80 7.00 76.00 0.133 RGR (Sublethal)
210 W 80–90 9.67 86.00 0.114 D (Lethal)

210 W 90–100 3.50 100.00 0.381 D (Thermal
Shock)

The initial temperature (Ti) for all assays was set at 20 °C at time t = 0. For all treatments, values
represent the average of 3 experimental replicates (n = 3) ± their standard deviation. The biological
outcome assumes a reduced growth rate (RGR) for thermal profiles that failed to exceed the macro-
scopic lethality threshold of 80 °C, and a severe structural collapse and suppression (D) for treatments
that effectively crossed this threshold.

Table 4. Analysis of Variance (ANOVA) for overall fungal viability (OD600) across the monitor-
ing timeline.

Source of Variation DF Sum of Squares (SS) Mean Square (MS) F-Statistic p-Value

Between Groups (Treatments) 1 1.2503 1.2503 8.1744 0.0097
Within Groups (Error) 20 3.0590 0.1529

Total 21 4.3092

The lower variance observed in the treated group (0.0320) compared to the untreated
control (0.2738) confirms that the electromagnetic intervention effectively constrains popu-
lation proliferation.

Following the ANOVA, a Pearson correlation analysis utilizing the maximum surface
temperature achieved across the critical thermal range (76 ◦C to 100 ◦C) as the independent
variable and the percentage of cellular inhibition as the dependent variable mathematically
confirmed a highly significant positive relationship (r = 0.9794, p = 0.0006) (Figure 6).
The separation of the standard deviation bars observed in the growth kinetics (Figure 3)
serves as a supplementary visual representation of this profound biological suppression.

Figure 6. Linear correlation between maximum surface temperature and cellular inhibition percentage
of F. solani across the critical thermal range (76 ◦C to 100 ◦C).
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3.5. Logistic Regression and Lethal Thermal Indices

While the Pearson correlation established a linear trend for thermal accumulation,
the binomial logistic regression precisely modeled the biological breaking point (Figure 7).
By utilizing the maximum surface temperature (◦C) as the continuous independent pre-
dictor and the biological outcome (0 = RGR, 1 = D) as the binary dependent variable,
the logistic model demonstrated an exceptionally strong fit to the experimental data. To eval-
uate this goodness-of-fit, McFadden’s pseudo-R2 was calculated, yielding a value of 0.9592
(p < 0.001). This metric confirms that nearly 96% of the variance in the fungal suppression
probability is directly explained by the achieved surface temperature, indicating a highly
reliable predictive model.

To rigorously quantify the uncertainty of these predictions, 95% Confidence Intervals
(CI) were calculated for the critical thermodynamic thresholds. The regression established
that the median lethal temperature (LT50)—required to achieve a 50% probability of severe
cellular suppression—is located at 81.0 ◦C (95% CI: 79.2–82.8 ◦C). Furthermore, the thresh-
old for 99% probabilistic suppression (LT99) is mathematically projected at 87.2 ◦C (95%
CI: 85.1–90.4 ◦C). The narrow bounds of these confidence intervals demonstrate low sta-
tistical uncertainty, numerically validating that disinfestation units must be engineered
with sufficient power (e.g., 210 W) to rapidly push the surface temperature beyond the
80 ◦C barrier.

Figure 7. Binomial logistic regression model predicting the thermal inactivation probability of F. solani
as a function of the maximum surface temperature achieved via microwave irradiation. The solid red
line represents the fitted probability curve. Experimental biological outcomes (black dots) are coded as
(0) for sublethal Reduced Growth Rate (RGR) and (1) for macroscopic death (D). The vertical dashed
lines indicate the median lethal temperature (LT50 = 81 ◦C) and the 99% probabilistic suppression
threshold (LT99 = 87.2 ◦C) confirming that macroscopic lethality requires thermodynamic inputs
exceeding 80 ◦C.

3.6. Morphological Cellular Damage Analysis by Scanning Electron Microscopy (SEM)

In contrast, micrographs of treated samples (Figure 8b) revealed severe structural
damage. Spores exhibited a quantified reduction in average diameter alongside loss of
turgor, extreme shrinkage, and topographic deformation. Mycelial structures showed
hyphal discontinuity and collapsed segments. Collectively, SEM evidence supports the
physical mechanism underlying the profound loss of viability, demonstrating that the
treatment severely compromises cellular integrity, rendering standard pathogenic recovery
highly unlikely.
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(a)

(b)

Figure 8. SEM micrographs of F. solani. (a) Control (untreated): untreated microorganisms showing
intact macroconidia and hyphal integrity. Macroconidia display smooth surfaces with well-defined
septa and the typical falcate morphology, while hyphae appear continuous with relatively uniform
diameter and regular contours, with no evidence of collapse or rupture, consistent with high viability.
(b) Treated (>80 °C, Outcome: D): after lethal microwave exposure (>80 ◦C) showing irreversible ul-
trastructural collapse consistent with Death (D). Treated macroconidia exhibit loss of turgor, extreme
shrinkage, and wrinkled surfaces, while hyphae show discontinuity, irregular diameters, and col-
lapsed segments, indicating structural failure incompatible with recovery. (The asterisk (*) on the
scale bar is a software display indicator and does not affect calibration; the 2 µm measurement is
exact for morphometric analysis).
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3.6.1. Structural Integrity of the Untreated Control

In the untreated control (Figure 8a), macroconidia retained their typical morphology: a
smooth surface, a well-defined septa, and a falcate (slightly curved) shape, consistent with
high turgor pressure and intact cellular envelopes. Similarly, mycelial structures displayed
continuous filaments, relatively uniform diameter, and regular contours, with no evidence
of rupture or collapse—indicating stable cell walls and membranes and, therefore, high
biological viability.

3.6.2. Cytological Collapse Induced by Irradiation (Death, D)

In contrast, micrographs of treated samples (Figure 8b) revealed severe and structural
damage in both structure types. Spores exhibited loss of turgor, extreme shrinkage, and to-
pographic deformation (wrinkled surface), consistent with dehydration and generalized
cell-wall collapse. Mycelial structures showed hyphal discontinuity, irregular diameters,
collapsed segments, and rough surfaces, indicating marked structural failure. This pattern
of physical degradation is associated with the high heating rate induced by microwaves
under lethal conditions, which promotes abrupt intracellular water vaporization and de-
naturation of structural proteins that support the fungal wall. Collectively, SEM evidence
supports the physical mechanism underlying the Death (D) outcome—defined as the com-
plete absence of fungal growth—demonstrating that the treatment not only limits pathogen
metabolism but also compromises cellular integrity in a manner incompatible with recovery
or future viability.

3.6.3. Quantitative Morphometric Alterations

Quantitative morphometric analysis of the SEM micrographs revealed dimensional
alterations in the spores following microwave irradiation. The average transverse width ex-
hibited a significant decrease, reducing from 2.12 ± 0.50 µm in the control to 2.03 ± 0.50 µm
in the treated group. Concurrently, the longitudinal dimension exhibited an increase, going
from 3.49 ± 0.94µm in the control to 4.10 ± 1.09µm after treatment, consistent with the
loss of turgor and structural deformation observed in Figure 8b. A summary of these
morphometric parameters is presented in Table 5.

Table 5. Summary of morphometric parameters obtained from untreated and experimentally treated
F. solani spores via SEM micrograph analysis.

Treatment Group Parameter Mean ± SD (µm) Range (µm) n

Untreated Control Spore Length 3.49 ± 0.94 2.00–5.16 12
Spore Width 2.12 ± 0.50 1.59–3.23 12

Microwave-Treated Spore Length 4.10 ± 1.09 2.29–6.26 12
Spore Width 2.03 ± 0.50 1.41–2.78 12

Note: Morphometric values are expressed as the mean ± standard deviation (SD) of n = 12 repre-
sentative spores per treatment group. Measurements were digitally calibrated using the internal
2 µm SEM scale bar (k = 0.0290 ± 0.0008 µm/px). The observed significant decrease in the transverse
axis (Spore Width), alongside the elongation of the longitudinal axis, quantitatively reflects the
severe topographic deformation, lateral shrinkage, and loss of cellular turgor induced by the lethal
thermal shock.

Statistical comparison using an independent-samples Student’s t-test confirmed a
significant decrease in the transverse width of the spores post-treatment. A comparison of
the morphometric data reveals that while the mean transverse width reduced, its standard
deviation remained constant, indicating a uniform and significant lateral shrinkage across
the sampled population. Conversely, the longitudinal axis exhibited the inverse behavior,
showing a highly variable elongation trend (increasing by 17.6% on average) accompanied
by an increase in data dispersion.
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3.7. Thermal Response of Mycelial Plugs on Solid Media
3.7.1. Fungal Persistence in Sublethal Ranges (40–80 °C)

Heating kinetics associated with F. solani mycelial plugs (average dimensions: 5 mm in
length × 2 mm in diameter) placed on PDA in Petri dishes (Figure 4) showed no biological
efficacy within sample surface temperature ranges up to 80 °C. Despite the progressive in-
crease in surface temperature during exposure, all experimental units evaluated at 60–70 °C
and 70–80 °C exhibited a Reduced Growth Rate (RGR) after subsequent incubation. These
results indicate that the thermal energy accumulated below 80 °C produces only a transient
fungistatic effect, insufficient to overcome the pathogen’s thermotolerance.

3.7.2. Lethal Inactivation and Operational Efficiency (>80 °C)

In contrast, the eradicative capacity of the treatment was confirmed once thermal
profiles exceeded the 80 °C surface-temperature threshold (Figure 5). When surface tem-
perature was stabilized within the 80–90 °C and 90–100 °C ranges, Death (D)—defined as
the complete absence of fungal growth—was consistently recorded. Under these lethal
conditions, no regrowth was observed during subsequent incubation, supporting a se-
vere loss of viability. The 210 W treatment generated steeper surface-heating slopes than
140 W, enabling lethal temperatures (>80 °C) to be reached with shorter exposure times
and improving operational efficiency without compromising the inactivation outcome.

4. Discussion
4.1. Redefining the Lethal Threshold for Fusarium solani

Experimental observation combined with robust statistical modeling definitively rede-
fines the thermal tolerance limits of Fusarium solani under microwave irradiation. Temper-
atures within the 70–80 °C band induce a highly significant fungistatic effect, characterized
by a Reduced Growth Rate (RGR), but remain strictly sublethal. Profound suppression (D)
strictly requires breaching the 80 °C barrier. The computed LT50 (81.0 ◦C) and LT99 (87.2 ◦C)
metrics confirm that the critical destabilization of the fungal cell wall demands thermal
inputs closely approaching the boiling point of the intracellular aqueous matrix, effectively
overwhelming the pathogen’s primary adaptive stress responses, even if a marginal fraction
retains minimal residual viability.

The symptomology observed during the in vivo assay—characterized by necrotic dark
lesions, rapid cuticular expansion, and prominent white-cottony mycelial growth—strongly
aligns with the pathogenic behavior reported for emerging Fusarium strains affecting
Theobroma cacao pods under humid postharvest and tropical conditions [5]. This confirms
that the CHA1 isolate possesses active, aggressive colonization capabilities that justify
physical postharvest interventions.

4.2. Heating Rate (Hr) as a Decisive Engineering Parameter

From an engineering perspective, lethality is tightly coupled not only with the final
temperature but with the heat transfer kinetics and the specific heating rate (Hr). Low
heating rates (e.g., 0.085–0.167 °C/s at 140 W) grant the pathogen an extended residence
time within sublethal conditions, which may trigger transient thermotolerance mechanisms.
In contrast, maximizing Hr to 0.381 °C/s via 210 W microwaves overwhelms the biological
adaptation window. As noted by Tang [38], rapid dielectric heating generates violent
intracellular vaporization. This physical phenomenon justifies the irreversible structural
collapse and acute dehydration of the macroconidia observed in the SEM micrographs.
Prioritizing high heat transfer rates significantly reduces the heating time required to
reach a specific target temperature, providing a scalable thermodynamic framework for
continuous unit operations [10,39].
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A Student’s t-test analysis confirmed that increasing the microwave power to 210 W
significantly maximized the heating rate (Hr) compared to the 140 W settings (t = 29.17,
p < 0.0001). This highly significant kinetic difference validates the engineering hypothesis
that higher electromagnetic energy inputs successfully minimize thermal residence time.
Consequently, these parameters position high-power microwave treatments as a viable
alternative or adjuvant unit operation to existing postharvest interventions, such as chemi-
cal control, biological interventions during postharvest [40], or conventional convective
heating. It is important to note that while this study establishes rapid heating rates via
microwave irradiation, direct experimental comparisons with conventional heating controls
were not performed; thus, future studies should comparatively evaluate these kinetics
against traditional thermal methods to fully quantify the operational advantages.

4.3. A Temperature-Defined Lethal Threshold Resolves Parameter Ambiguity in MW
Fungal Control

This study identifies a practical lethal threshold for F. solani in cocoa-relevant plate as-
says: consistent lethality occurs once surface temperature exceeds 80 °C, while temperatures
up to 80 °C produce only RGR. A threshold-first interpretation improves reproducibility
because MW efficacy depends on achieved thermal state rather than nominal time, particu-
larly in heterogeneous matrices.

4.4. Biological Plausibility: FSSC Diversity and Virulence Genetics Justify a
Threshold-Based Approach

Given the diversity and variable virulence mechanisms described for the FSSC, time-
only prescriptions are unlikely to generalize across isolates. A temperature-verified thresh-
old provides a defensible control specification that is robust to isolate-level heterogeneity
and matrix variation.

4.5. Ultrastructural Validation Strengthens Inference Beyond Growth Endpoints

SEM confirms complete loss of turgor, extreme shrinkage, and discontinuity in macro-
conidia and hyphae under lethal conditions (Figure 8a,b), strengthening inference beyond
plate regrowth endpoints. Turbidimetric monitoring over 120 h further supports this
inference. Despite observing natural biological variability and statistical overlap dur-
ing the early exponential phase, the complete separation of standard deviation bars by
120 h demonstrates a reliable and sustained suppression. This indicates that the lethal
regime produces irreversible or deeply injurious effects that, while allowing a severely
debilitated recovery (OD 0.4), are fundamentally incompatible with normal virulence
and proliferation.

The quantitative morphometric changes further illustrate the physical impact of the
thermal shock. Specifically, the longitudinal axis of the spores exhibited a notable average
increase of 17.6% (reaching 4.10 µm compared to 3.49 µm in the control), while the trans-
verse width experienced a corresponding reduction of 4.3% (decreasing to 2.03 µm from
2.12 µm in the control). Rather than maintaining uniform dimensions, this asymmetric
dimensional shift—combining lateral shrinkage with longitudinal elongation—reflects the
severe topographic deformation, loss of cellular turgor, and structural collapse induced by
rapid intracellular water vaporization under lethal conditions. This pronounced morpho-
logical degradation permanently compromises cellular viability, corroborating the lethality
consistently observed in the >80 ◦C treatments.

The kinetic analysis of cellular inhibition (Table 3) reveals a biphasic biological re-
sponse to the electromagnetic thermal shock. At 48 h, the treatment achieves a maximum
inhibition of 94.5%, corresponding to a drastic extension of the lag phase and severe acute
cellular stress. However, the gradual decrease in inhibition to 62.2% by 120 h suggests
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the activation of late-stage repair mechanisms in a heavily debilitated subpopulation.
This kinetic behavior confirms that while achieving maximum suppression requires push-
ing surface temperatures beyond the LT99 threshold, sublethal exposures still inflict pro-
found, long-lasting structural damage that successfully neutralizes the pathogen’s primary
infective vigor.

4.6. Throughput vs. Lethality: Power Governs Speed, Temperature Governs Outcome

The data support a clear engineering distinction: MW power primarily governs
heating kinetics and operational throughput, whereas lethality is governed by surpassing
the thermal threshold. Higher power (210 W) reduced time-to-lethal relative to 140 W (to
reach 90–100 °C ), enabling shorter thermal residence.

4.7. Positioning MW Within Integrated Management and the Cocoa Value Chain

A temperature-verified MW unit operation could complement integrated management
by providing a standardized postharvest barrier less dependent on perfect field-level
prophylaxis adoption. The power–time windows identified here offer actionable design
inputs for scaling MW treatment while minimizing exposure time.

5. Conclusions
This study demonstrates the efficacy of continuous microwave irradiation as a physi-

cal method for the inactivation of F. solani, fundamentally establishing that macroscopic
suppression is governed by both the final surface temperature and the heat transfer kinetics
(Hr). The thermodynamic modeling definitively identified that the 70–80 ◦C thermal band
induces only sublethal stress (Reduced Growth Rate), whereas severe cellular suppression
strictly requires breaching the 80 ◦C threshold. The binomial logistic regression provided
precise thermal indices, projecting the median lethal temperature (LT50) at 81.0 ◦C and the
99% probabilistic suppression threshold (LT99) at 87.2 ◦C. Furthermore, utilizing higher
energy inputs (e.g., 210 W) maximizes the heat transfer rate, significantly reducing the
heating time required to achieve these lethal target temperatures and overwhelming the
pathogen’s primary adaptive responses.

These results represent foundational, laboratory-scale in vitro data, while the estab-
lished thermal kinetics and lethal thresholds provide a robust baseline for electromagnetic
pathogen suppression, these parameters cannot be directly extrapolated to industrial
environments. Following these findings, future scaled research must validate these thermo-
dynamic models in vivo on intact, harvested cocoa pods to assess microwave penetration
depth, heat dissipation within the heterogeneous fruit matrix, and the technical viability of
integrating this unit operation into commercial postharvest management pipelines.
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