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Abstract: The contamination and spoilage of heat-treated fruit juices by heat-resistant mold as-
cospores present significant challenges to the food industry. Understanding effective strategies to
mitigate this contamination is vital for ensuring the shelf-life and microbial safety of heat-treated
fruit juices. This study investigated the thermal resistance of ascospores from different heat-resistant
mold species, including Aspergillus laciniosus, A. chevalieri, A. denticulatus, A. siamensis, Hamigera
pallida, and Talaromyces macrosporus, isolated from pineapple and sugarcane field soils. Ascospores
inactivation kinetics in pineapple juice under heat treatment (75–97 ◦C) were analyzed using log-
linear and Weibull models. Among these species, A. laciniosus displayed the highest heat resistance
(δ-value: 104.59 min at 85 ◦C), while A. siamensis exhibited the lowest (δ-value: 3.39 min at 80 ◦C).
Furthermore, A. laciniosus, the most heat-resistant species, showed notable tolerance to sanitizers. The
most effective inactivation was achieved using 1.0% (w/v) sodium hypochlorite for 15 min. Chlorine
dioxide, however, was generally ineffective and even activated dormant ascospores in some cases.
The combination of hot water (65 ◦C for 5 min) with sanitizer increased ascospore reduction in most
species but did not achieve the 3-log reduction required by the European Standard N13697. This
study revealed a correlation between ascospore resistance to heat and chlorine dioxide, offering
significant findings for practical inactivation strategies.

Keywords: heat resistant molds; ascospores; fruit juice; thermal inactivation; sanitizers

1. Introduction

Ascospores of heat-resistant molds play a crucial role in the fruit juice industry, where
they pose a significant threat to product quality and safety. Certain heat-resistant mold
species, such as Aspergillus (with a neosartorya morph), Paecilomyces (with a byssochlamys
morph), Talaromyces, and Hamigera, exhibit resistance to the pasteurization processes em-
ployed in fruit juice production [1]. These fungi are classified as those capable of surviving
temperatures equal to or exceeding 75 ◦C for a duration of 30 min or more [2]. Heat-
resistant molds have been associated with spoilage incidents affecting various fruit juices
and other fruit-based products, including fruit yogurt, ice cream with fruits, fruit juices [3],
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concentrated apple juice [4], apricot juice [5], and strawberry semi-finished product and
sweetened beverages [6]. Additionally, some heat-resistant molds have the potential to
produce mycotoxins, such as patulin, byssochlamic acid, verruculogen, and fumitremor-
gins [7]. This phenomenon results in substantial economic losses for the food industry and
poses potential health risks to consumers.

In general, heat-resistant molds are soil-borne, often contaminating plants that grow
in direct contact with the ground. Ascospores possess the capacity to contaminate fresh
fruits during harvest and persist via various handling stages. The food production and
processing environment commonly acts as a significant reservoir of ascospores [8]. Over
time, they tend to settle on raw materials, equipment, and utensils.

Thermal inactivation processes, such as pasteurization and sterilization, are primarily
used to ensure microbial safety and prevent product spoilage. Traditionally, the log-linear
model, rooted in first-order reaction kinetics, has been widely used to describe the thermal
inactivation of microorganisms in food. However, recent experimental findings suggest that
microbial heat inactivation rarely adheres to first-order kinetics [9,10]. Nonlinear survival
models have been proposed as alternatives, capturing microbial inactivation curves that
exhibit shoulders, tails, or both. Among these models, the Weibull model has gained
popularity due to its versatility, simplicity, and practicality. The scale (δ) and shape (p)
parameters of this model depict the level of inactivation and the extent of curvilinearity in
the curve, respectively [11].

Preventing the spoilage of heat-treated fruit juices by heat-resistant molds necessitates
thorough cleaning and sanitation procedures to reduce or eliminate ascospore contami-
nation on both the produce and the surfaces that come into contact with the fruit’s raw
materials. Sodium hypochlorite and chlorine dioxide are chlorine-based sanitizers widely
recognized and extensively used for pathogen inactivation via surface decontamination.
Sodium hypochlorite is known for its strong oxidizing properties and its effectiveness
against a wide range of microorganisms. Chlorine dioxide is a potent disinfectant with
broad oxidizing and sanitizing capabilities, requiring fewer chemicals due to its 2.5 times
greater oxidizing power compared to chlorine [9]. However, reducing ascospore contami-
nation on fruit surfaces poses a challenge, as molds exhibit greater resistance compared
to bacteria.

Previous research has highlighted variations in heat resistance and sanitizer tolerance
among heat-resistant mold species [12–14]. However, most of these studies have primarily
focused on the most common species, such as A. fischeri (previously known as Neosartorya
fischeri), Paec. niveus (previously known as Byssochlamys nivea), Paec. variotii (previously
known as B. spectabilis), and T. macrosporus [15,16]. Understanding these variations in
other heat-resistant mold species is crucial for devising effective strategies involving lethal
thermal treatments and sanitizers. Hence, this study examined the thermal inactivation
kinetics of heat-resistant mold species, namely A. laciniosus, A. chevalieri, A. denticulatus, A.
siamensis, H. pallida, and T. macrosporus, which were isolated from pineapple and sugarcane
field soils. Furthermore, the study explored the effectiveness of sodium hypochlorite and
chlorine dioxide, along with the combined application of hot water pretreatment and
sanitizer, in the inactivation of ascospores.

2. Materials and Methods
2.1. Fungal Strains

A total of six species of heat-resistant mold were employed, comprising three species
isolated from pineapple field soils and three species isolated from sugarcane field soil
in Thailand. In our previous investigation, all these selected heat-resistant mold species
demonstrated high heat resistance as they were able to survive a heat treatment at 75 ◦C
for 30 min in a glucose-buffered solution (12.5 ◦Brix, pH 3.6), with a reduction of less than
0-log [17]. Initially, they were classified at the genus level based on macroscopic and mi-
croscopic characteristics, following the methods described for Aspergillus, Talaromyces [18],
and Hamigera [19]. Subsequently, species-level identification was carried out by sequencing
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the ITS region using universal primers ITS1 (5′TCCGTAGGTGAACCTGCGG3′) and ITS4
(5′TCCTCCGCTTA TTGATATGC3′). The PCR products were sequenced using barcode-
tagged sequencing technology by U2Bio Co., Ltd. (Bangkok, Thailand). The resulting se-
quences were then compared to the sequences of type strains available in the NCBI BLAST
nucleotide database and subsequently deposited in the GenBank nucleotide database, with
accession numbers as presented in Table 1.

Table 1. List of heat-resistant mold species used in this study.

Source Species Isolate GenBank Accession Number

Pineapple field soils, Thailand A. laciniosus HR5-6 OP480885
H. pallida HR7-1 OP480891

T. macrosporus HR10-12 OP480922
Sugarcane field soils, Thailand A. chevalieri HR16-15 OP480965

A. denticulatus HR17-8 OP480975
A. siamensis HR17-20 OP480981

2.2. Production of Ascospores

Firstly, each heat-resistant mold species was cultivated on potato dextrose agar (PDA)
(BD Difco, Franklin Lakes, NJ, USA) at a temperature of 30 ± 2 ◦C for 7 days. To prepare
the spore suspension, the surface of the colony was suspended using sterile 0.1% Tween
80 (QReC, Auckland, New Zealand). This suspension was then spread on malt extract
agar (MEA) (BD Difco, USA) and incubated at 30 ± 2 ◦C for 30 days to enhance the heat
resistance of ascospores [20]. Subsequently, the ascospores were harvested by adding 10 mL
of sterile 0.1% (v/v) Tween 80 to the fungal culture. A sterile glass microscope slide was
then gently used to scrape the surface of the colony. The resulting suspension was then
centrifuged at 4000× g for 10 min, with the supernatant discarded, and the pellet was
washed three times with sterile 0.1% (w/v) peptone (HiMedia, Mumbai, India) to remove
any remaining mycelium. To break up ascospore clusters, sterile glass beads were added to
the ascospore suspension, which was mixed for 2 min using a vortex mixer. The suspension
was then filtered through a sterile cotton layer and centrifuged at 4000× g for 10 min. The
filtered ascospore suspensions were subjected to further heat treatment at 65 ◦C for 15 min
in a thermostatic bath (Joanlab, Huzhou, China) to eliminate fungal conidia and vegetative
cells. Subsequently, they were stored at −20 ◦C until further use.

The initial concentration of ascospores was determined by subjecting them to heat
at 75 ◦C for 5 min, followed by serial dilution and the spread plating method on PDA
containing 50 mg/L rose bengal (Sigma-Aldrich, St. Louis, MO, USA) and 100 mg/L
chloramphenicol (SRL, Mumbai, India). The plates were then incubated at 30 ± 2 ◦C for
7 days.

2.3. Preparation of Pineapple Juice

Pineapple juice, with an initial pH of 3.6 ± 0.1 and a total soluble solids content of
13.0 ± 0.1 ◦Brix, was used as the heating medium. Pineapples (Ananas comosus L. Merr.) cv.
“Smooth Cayenne” were purchased from a local market in Bangkok, Thailand. The fresh
pineapple fruits were washed with tap water, peeled, and then thinly sliced. Subsequently,
the samples were homogenized using a stomacher and filtered through a muslin cloth. The
initial pH of the pineapple juice was adjusted using either 0.67 M tartaric acid or 0.1 M
NaOH prior to autoclaving at 105 ◦C for 10 min [21].

2.4. Thermal Inactivation Study

Each ascospore suspension was diluted 1:10 with pineapple juice, resulting in a final
ascospore concentration of 104–105 ascospores/mL. Subsequently, 3 mL of the diluted
ascospore suspension was placed into a sterile polyethylene bag (6.4 × 10.2 cm) and heat
sealed with the absence of air using an impulse hand sealer. The bags were then either
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immersed in a circulating water bath (HYSC Lab, Seoul, Republic of Korea) for heating
temperatures ranging from 75 to 90 ◦C or an oil bath (Biobase OB-2, Shandong, China)
for heating temperatures of 95 and 97 ◦C, both equipped with a thermometer. At various
time intervals during the heat treatment, two polyethylene bags were randomly collected
and rapidly cooled in ice water (4 ◦C). The survival of ascospores was determined using a
serial dilution method, with 0.1% (w/v) peptone water as the diluent. Duplicate samples
were spread on PDA containing 50 mg/L rose bengal and 100 mg/L chloramphenicol. The
colonies were subsequently counted after being incubated at 30 ± 2 ◦C for up to 7 days.

2.5. Mathematical Modeling for Thermal Inactivation

The Geeraerd and Van Impe Inactivation Model Fitting Tool (GInaFiT), a freeware
add-in for Microsoft Excel developed by Geeraerd et al. [22], was used to fit both the log-
linear and the Weibull models. This software is a valuable tool for evaluating non-log-linear
microbial inactivation curves.

For describing the inactivation of ascospores, the Bigelow log-linear model, as pro-
posed by Bigelow and Esty [23], was employed. This model follows first-order kinetics and
assumes that ascospores within a population exhibit similar resistance to the applied heat
treatment [24]. The log-linear model is expressed as

Log10 (Nt/N0) = −t/D

where Nt and N0 represent the number of ascospores surviving the thermal treatment after
exposure for a specific time t (min) and the initial number of ascospores, respectively. The
D-value is the heating time (min) required to achieve a 90% reduction in the ascospore
population. To determine the Z-values, which represent the increase in temperature re-
quired to achieve a 1-log reduction in the D-value, a plot of log D-values against the heating
temperatures was generated. The Z-value was determined by taking the negative inverse
of the slope of this graph.

Additionally, the Weibull model was employed based on the assumption that different
fractions of ascospores within the microbial population possess varying resistance to
treatment conditions. The Weibull model in the GInaFiT is a model proposed by Mafart
et al. [25]. The model follows a cumulative exponential distribution and is expressed as

Log10 (N) = Log10 (N0) − (t/δ) p

where δ represents the scale parameter denoting the time for the first decimal reduction,
and the p-value is the shape parameter that describes the concavity or convexity of the
curve. If p-value > 1, the curve exhibits convexity, and if p-value < 1, the curve is concave.
The Weibull model utilizes the δ-value instead of the D-value and can be used to calculate
the Z*-value (a similar value to the Z-value) [26].

To assess model performance and comparison, the root mean square error (RMSE)
and the correlation coefficient (R2) were used. The RMSE measures the average deviation
between observed and fitted values, and a smaller RMSE and R2 close to 1 indicate a better
fit for the inactivation curve.

2.6. Sanitizer Treatment

Sodium hypochlorite (Cosmos Supply Co., Ltd., Bangkok, Thailand) and chlorine
dioxide (Nacotec Co., Ltd., Bangkok, Thailand) solutions were freshly prepared before
each experiment. All sanitizer solutions were diluted using distilled water. The sanitizer
solutions were tested at three different concentrations: sodium hypochlorite at 0.2, 0.5, and
1.0% (w/v) and chlorine dioxide at 0.5, 5.0, and 10.0 ppm.

To evaluate the in vitro effectiveness of the commercial sanitizers, we followed the Eu-
ropean Standard 13697:2001 [27] with some modifications, as reported by Bernardi et al. [28].
On sterile Petri dishes, sterile 304 stainless steel coupons, each with a diameter of 2 cm, were
individually placed. A 50 µL ascospore suspension containing 1 × 107 ascospores/mL was
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pipetted into the center of each coupon. Subsequently, 50 µL of sterile-filtered bovine serum
albumin (BSA) (Sigma-Aldrich, USA) solution (30 g/L) was added to simulate the presence
of organic matter typically found in the environment. The inoculum was allowed to dry for
2 h under sterile conditions before treatment with sanitizer.

For the hot water pretreatment, 50 µL of ascospore suspension was added to a 1.5 mL
microtube containing 1 mL of sterile distilled water, which had been pre-heated to 65 ◦C in
a water bath. The mixture was then incubated in the water bath at the same temperature for
5 min, followed by centrifugation at 4500 rpm for 5 min. The supernatant was subsequently
discarded, and the resulting ascospore suspension was pipetted into the center of each
sterile coupon and left to dry.

For each sanitizer concentration, 100 µL of the respective sanitizer was added to the
coupon containing the fixed ascospores, while 100 µL of sterile distilled water was used as a
control. After exposure for 15 min, the coupons were rapidly immersed in 10 mL of nutrient
broth (Oxoid, Basingstoke, UK) containing 0.6% (w/v) sodium thiosulfate (QReC, Auckland,
New Zealand) and 5 g of sterile glass beads (diameter 2 mm). Sodium thiosulfate served
as a neutralizing solution after treatment with chlorine-based sanitizers, and sterile glass
beads facilitated the detachment of the inoculum for the recovery of viable ascospores [16].
The mixture was then mixed for 1 min, followed by serial dilution in 0.1% (w/v) peptone
water. One mL of the diluted sample was mixed with 20 mL of molten MEA and poured
into a sterile Petri dish. The plates were then incubated at 30 ± 2 ◦C for 5–7 days. All
tests were performed in triplicate, and the results were expressed as logarithmic reductions
between the positive control and the sanitizer treatment.

2.7. Statistical Analysis

Data were subjected to analysis of variance (ANOVA) followed by Fisher’s least
significant difference test with the Minitab version 21 software (Trial Version; Minitab
Inc.; State College, PA, USA). Correlation analysis was conducted to explore potential
relationships between heat and sanitizer resistances of ascospores. Pearson correlation
analysis was used to determine linear relationships between the variables.

3. Results and Discussion
3.1. Inactivation Kinetics of Heat-Resistant Mold Ascospores in Pineapple Juice

The thermal inactivation of ascospores in pineapple juice was conducted at a constant
temperature of 75 to 97 ◦C. To prevent the influence of the varying initial concentration of
ascospores (N0) obtained from each species, the data are presented in terms of log (Nt/N0).
Figure 1 illustrates the experimental inactivation data and the fitting of the log-linear and
the Weibull models of ascospores derived from different species of heat-resistant molds
at various temperatures. The observed thermal survival behavior exhibited significant
variability among the tested species. It was evident that the inactivation kinetics did not
conform to a first-order pattern across all species and temperatures examined.

The survival curves of ascospores from the tested species consisted of three phases:
shoulder or tailing phase, log-linear phase, and transition phase between the shoulder
and log-linear phase. The width of the shoulder in the survival curve directly indicates
the amount of sublethal temperature exposure required to activate dormant ascospores.
In general, the shoulder refers to the initial resistance or a delayed period exhibited by
ascospores before entering the exponential phase of inactivation [29]. In this study, the
inactivation of ascospores of A. laciniosus at 75 ◦C for 300 min and 80 ◦C for 240 min resulted
in a minimal reduction in ascospore count, suggesting that these heating temperatures were
found to be inadequate for achieving a significant inactivation of 90% of the A. laciniosus
ascospore population. A similar trend was observed for T. macrosporus ascospores at 75 ◦C
with a heating duration of 300 min. Therefore, the inactivation kinetics for A. laciniosus and
T. macrosporus at those temperatures were not estimated.
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Figure 1. Experimental thermal inactivation curves and fitted values derived from the log-linear
model (dotted line) and the Weibull model (solid line) for ascospores of heat-resistant mold species in
pineapple juice.
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3.1.1. Log-Linear Model

The fitted model parameters for the log-linear are shown in Table 2. The D-value
is a measure of the heat resistance of a given microorganism; a larger D-value indicates
microorganisms are harder to inactivate at a specific temperature. As expected, the increase
in heating temperature led to a decrease in the D-values. For instance, the observed
D-values for A. laciniosus were ranging from 74.93 to 0.89 min for heating temperatures
ranging from 85 to 97 ◦C. The Z-value of this species was estimated at 6.19 ◦C. The D-values
obtained for A. laciniosus in this study were higher than those reported in Pohůnek et al. [30],
who reported the D-values of A. laciniosus at 70–95 ◦C in physiological solution (pH 6.6,
1.2 ◦Brix), low-sugar strawberry jam (pH 3.5, 57 ◦Brix), and extra-sugar strawberry jam
(pH 3.5, 65 ◦Brix) were ranging from 55.54 to 12.56, 45.57 to 3.12, and 29.51 to 1.04 min,
respectively. However, those strains exhibited higher Z-values in the same samples of 38.7,
21.5, and 17.2 ◦C, respectively, compared to our study.

Table 2. D- and Z-values derived from the log-linear model fits for ascospores of heat resistant mold
species in pineapple juice.

Species
D-Value (min) Z-Value

(◦C)75 ◦C 80 ◦C 85 ◦C 90 ◦C 95 ◦C 97 ◦C

A. laciniosus NR NR 74.93 ± 3.86 Aa 7.78 ± 0.35 Ba 1.09 ± 0.09 Ca 0.89 ± 0.06 Ca 6.19
A. chevalieri 69.85 ± 3.17 Aa 9.53 ± 0.42 Bbc 1.52 ± 0.13 Cd 0.44 ± 0.01 Cd - * - 6.75

A. denticulatus 31.01 ± 3.94 Ab 13.56 ± 2.44 Bb 4.69 ± 0.69 Cc 2.22 ± 0.16 Cc - - 12.87
A. siamensis 25.32 ± 1.04 Ab 4.73 ± 0.25 Bc 1.64 ± 0.14 Cd - - - 8.40

H. pallida 31.29 ± 2.43 Ab 13.77 ± 0.67 Bb 2.15 ± 0.11 Ccd 0.46 ± 0.04 Cd - - 7.91
T. macrosporus NR 137.33 ± 9.21 Aa 23.85 ± 2.81 Bb 3.98 ± 0.35 Cb 1.02 ± 0.08 Ca 0.5 6 ± 0.03 Cb 7.14

NR = no reduction; * Kinetic parameters were not calculated due to the limited data points within the time interval.
Different superscript uppercase letters indicate a statistical difference within rows according to Fisher LSD test
(p < 0.05). Different superscript lowercase letters indicate a statistical difference within columns according to
Fisher LSD test (p < 0.05).

T. macrosporus is known to be one of the most heat-resistant fungi [31]. In our study,
we determined the D-values of T. macrosporus at temperatures of 80, 85, and 90 ◦C to be
137.33, 23.85, and 3.96 min, respectively. At higher temperatures ranging from 95 to 97 ◦C,
the D-values ranged from 1.02 to 0.56 min. Previous studies have also reported on the
heat resistance of T. macrosporus ascospores [32,33]. Our findings indicate relatively lower
D-values compared to those reported by King et al. [34], who reported T. macrosporus
isolated from spoiled fruit drink showed the highest D-values of 191 min at 80 ◦C and
6 min at 90 ◦C. However, our results show higher D-values than those observed by Evelyn
et al. [35], who reported the D-values of ascospores of T. macrosporus in pineapple juice
were 63.8, 16.9, and 2.89 min for heating temperatures of 80, 85, and 90 ◦C, respectively,
with a Z-value of 7.9 ◦C.

In our study, we found that the D-values of A. chevalieri ranged from 69.85 to 0.44 min
at heating temperatures ranging from 75 to 90 ◦C. Previously, during the thermal resistance
study in apricot juice, D-values of 34.15 to 3.77 min were reported for A. chevalieri at
temperatures ranging from 75 to 83 ◦C [5]. Indeed, the thermal resistance of ascospores
from A. denticulatus, A. siamensis, and H. pallida has not been previously reported in the
literature. Therefore, direct comparisons between our study and existing data are not
feasible. In our study, we measured the heat resistance of A. denticulatus at temperatures
ranging from 75 to 90 ◦C, resulting in D-values between 31.01 and 2.22 min. Similarly, for
A. siamensis, the D-values ranged from 25.29 to 1.64 min at temperatures ranging from 75 to
85 ◦C. It is worth noting that these two species exhibited lower D-values compared to the
other Aspergillus species examined in our study. For H. pallida, the D-values at temperatures
of 75, 80, 85, and 90 ◦C were 31.29, 13.77, 2.15, and 0.46 min, respectively. The heat resistance
of H. pallida was found to be lower compared to other Hamigera species. For instance,
Kikoku et al. [36] reported D-values of H. striata in blueberry slurry at temperatures of 70,
80, 85, and 90 ◦C, which were 909, 286, 42.6, and 10.3 min, respectively. Previously, the



Beverages 2023, 9, 96 8 of 19

D-values of H. avellanea were investigated in apple juice, blueberry juice, grape juice, and
buffered glucose solution. These values ranged from 11.11 to 66.67 min at 87 ◦C, from 4.67
to 13.51 min at 90 ◦C, and from 0.43 to 1.52 min at 95 ◦C, respectively [6].

The Z-value is defined as the temperature change required to cause a one-log reduction
in the D-value. A higher Z-value indicates that ascospores are less sensitive to temperature
increases. In the present study, A. denticulatus exhibited the highest Z-value of 12.87 ◦C,
followed by A. siamensis with a Z-value of 8.40 ◦C. The Z-values obtained in our study are
consistent with the reported range of Z-values for heat-resistant mold ascospores, which
typically range from 3 to 12.9 ◦C depending on the species and the composition of the
heating medium [13]. In addition, it is worth noting that a high D-value of ascospores
does not necessarily imply a high Z-value. Thus, the most heat resistant species was
identified based on the highest D-value. Overall, A. laciniosus produced ascospores with
the highest heat resistance, followed by T. macrosporus, while A. siamensis produced the
least heat-resistant ascospores.

3.1.2. Weibull Model

The Weibull model was employed in this study to analyze the inactivation kinetics
parameters, as it was observed that most thermal inactivation curves did not follow the
log-linear reduction. In this model, the δ- and p-values correspond to the scale and shape
parameters, respectively, of the thermal inactivation curves. Additionally, the δ-values can
also be considered as the time of the first decimal reduction or the D-values. The fitted
model parameters for the Weibull models can be found in Table 3.

Table 3. Scale parameter (δ-value), shape parameter (p-value), and Z*-value derived from the Weibull
model fits for ascospores of heat-resistant mold species in pineapple juice.

Species 75 ◦C 80 ◦C 85 ◦C 90 ◦C 95 ◦C 97 ◦C Z*-Value (◦C)

Scale parameter (δ-value, min)
A. laciniosus NR NR 104.59 ± 1.68 Aa 7.39 ± 0.56 Ba 1.38 ± 0.08 Ca 0.81 ± 0.13 Ca 5.71
A. chevalieri 68.23 ± 1.89 Aa 8.65 ± 1.37 Bbc 2.57 ± 0.33 Cc 0.51 ± 0.01 Ccd - - 7.02

A. denticulatus 24.29 ± 5.57 Ab 6.04 ± 3.69 Bc 0.79 ± 0.17 Bc 0.74 ± 0.16 Bc - - 9.36
A. siamensis 26.02 ± 2.41 Ab 3.39 ± 0.35 Bc 1.11 ± 0.19 Bc - - - 7.30

H. pallida 25.71 ± 4.07 Ab 10.57 ± 1.42 Bbc 1.70 ± 0.21 Cc 0.48 ± 0.10 Ccd - - 8.38
T. macrosporus NR 205.13 ± 10.26 Aa 28.70 ± 6.55 Bb 5.49 ± 0.17 Cb 0.94 ± 0.16 Cb 0.76 ± 0.04 Ca 6.86

Shape parameter (p-value)
A. laciniosus NR NR 1.95 ± 0.12 Aa 0.79 ± 0.13 Cc 1.65 ± 0.20 Ba 0.91 ± 0.13 Cb -
A. chevalieri 1.32 ± 0.11 Aa 0.93 ± 0.11 BCbc 1.52 ± 0.25 Ab 1.02 ± 0.33 Bb - - -

A. denticulatus 0.37 ± 0.05 Bc 0.33 ± 0.07 Bd 0.38 ± 0.03 Bd 0.52 ± 0.04 Acd - - -
A. siamensis 1.03 ± 0.09 Aab 0.73 ± 0.06 Bc 0.63 ± 0.10 Bcd - - - -

H. pallida 0.47 ± 0.06 Cc 0.77 ± 0.08 Bc 0.80 ± 0.08 Bc 1.09 ± 0.28 Ab - - -
T. macrosporus NR 1.88 ± 0.32 Aa 1.26 ± 0.34 Bb 1.92 ± 0.18 Aa 0.92 ± 0.12 Cb 1.44 ± 0.09 Ba -

NR = no reduction; * Kinetic parameters were not calculated due to the limited data points within the time interval.
Different superscript uppercase letters indicate a statistical difference within rows according to Fisher LSD test
(p < 0.05). Different superscript lowercase letters indicate a statistical difference within columns according to
Fisher LSD test (p < 0.05).

It can be observed that δ-values obtained from all tested species decreased as the
heating temperatures increased. This indicates that δ-values followed the same temperature
dependence as conventional D-values, with higher values observed at lower heating
temperatures. Based on the δ-values, the results indicate that ascospores of A. laciniosus
exhibited the highest heat resistance among the tested species. Following this, T. macrosporus
displayed relatively high heat resistance, while A. siamensis showed the least heat resistance.
Consequently, this model enables the calculation of the Z-value by subsequently plotting
the logarithm of the δ-values against the heating temperatures. The Z-value derived
from the Weibull model was designated as the Z*-value. Indeed, the lower Z*-value of
A. laciniosus and the higher Z*-value of A. denticulatus suggest that these species tend to
become more and less sensitive to heat treatment, respectively.
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In consideration of the shape parameter (p-value), however, the effect of heating
temperature on this parameter is not clearly defined and does not exhibit a regular pattern.
The inactivation curves exhibited variations depending on the heating temperature and
the heat-resistant mold species, displaying upward concavity (p-value < 1), downward
concavity (p-value > 1), and linearity (p-value = 1). In some cases, the p-value is temperature
dependent, especially ascospores from the low heat resistance species. For example, the
p-values of A. siamensis displayed a negative correlation with temperature but a positive
correlation with the scale parameter. Almost all observed p-values were found to be less
than 1, which corresponds to a concave upward survival curve, indicating that more
ascospores can be killed at this heating temperature and, on the other hand, the remaining
ascospores possess the ability to adapt and withstand the applied heat stress condition [37].
These observations are consistent with the findings of Sant’ana et al. [21], who reported a
relationship between heating temperature, δ-values, and p-values during a study on the
heat resistance of Paec. fulvus in clarified apple juices. In contrast, other previous studies
suggested that the p-value is independent of external factors like heating temperature [38].
Our present study found that the p-values of highly resistant, especially A. laciniosus and
T. macrosporus, were generally less affected by the heating temperature. In most cases,
these p-values were found to be higher than 1, corresponding to a concave downward
survival curve. With p-value > 1, it is suggested that the ascospores became more resistant
and stronger to thermal treatments, and the remaining ascospores became increasingly
susceptible to heat stress.

3.1.3. Comparison of Thermal Inactivation Models

The fitting capacity of the models was assessed using the RMSE and R2 values (Table 4).
The RMSE score measures the closeness between the predicted values and the observed
values, with lower values indicating a better fit. On the other hand, the R2 value of 1
suggests a strong correlation between the model predictions and the actual experimental
data [39]. In this study, both the log-linear model and the Weibull model exhibited similar
RMSE values, suggesting that they both adequately fit the inactivation data. However,
when considering the R2 values, the Weibull model outperformed the log-linear model in
fitting the thermal inactivation of ascospores. The R2 values for the log-linear model ranged
from 0.645 to 0.999, while those for the Weibull model ranged from 0.815 to 0.999. As a
result, based on the RMSE and R2 values, it can be concluded that the Weibull model is the
most suitable and accurate curve-fitting approach for all tested ascospores of heat-resistant
mold species. These findings are consistent with previous studies that have demonstrated
the strong performance of the Weibull model in describing the non-linear inactivation of
ascospores from various heat-resistant molds [10,40].

Table 4. Statistical comparison of the log-linear and the Weibull models for the inactivation curves of
ascospores from heat-resistant mold species in pineapple juice.

Species
RMSE R2

75 ◦C 80 ◦C 85 ◦C 90 ◦C 95 ◦C 97 ◦C 75 ◦C 80 ◦C 85 ◦C 90 ◦C 95 ◦C 97 ◦C

Log-linear model
A. laciniosus NR NR 0.089 0.057 0.213 0.197 NR NR 0.972 0.960 0.909 0.946
A. chevalieri 0.056 0.223 0.282 0.090 - * - 0.960 0.962 0.929 0.992 - -

A. denticulatus 0.197 0.393 0.438 0.328 - - 0.756 0.645 0.770 0.908 - -
A. siamensis 0.139 0.155 0.197 - - - 0.967 0.963 0.929 - - -

H. pallida 0.138 0.170 0.162 0.264 - - 0.907 0.955 0.963 0.929 - -
T. macrosporus NR 0.122 0.383 0.185 0.259 0.199 NR 0.941 0.868 0.884 0.919 0.964
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Table 4. Cont.

Species
RMSE R2

75 ◦C 80 ◦C 85 ◦C 90 ◦C 95 ◦C 97 ◦C 75 ◦C 80 ◦C 85 ◦C 90 ◦C 95 ◦C 97 ◦C

Weibull model
A. laciniosus NR NR 0.040 0.055 0.132 0.201 NR NR 0.994 0.963 0.965 0.944
A. chevalieri 0.045 0.226 0.270 0.032 - - 0.975 0.961 0.933 0.999 - -

A. denticulatus 0.128 0.308 0.122 0.199 - - 0.918 0.815 0.982 0.975 - -
A. siamensis 0.142 0.102 0.145 - - - 0.966 0.984 0.962 - - -

H. pallida 0.114 0.148 0.142 0.282 - - 0.940 0.966 0.972 0.918 - -
T. macrosporus NR 0.118 0.382 0.106 0.239 0.092 NR 0.941 0.869 0.961 0.942 0.992

NR = no reduction; * Kinetic parameters were not calculated due to the limited data points within the time interval.

3.2. Inactivation of Ascospores by Chlorine-Based Sanitizers

Sodium hypochlorite and chlorine dioxide were selected for study as they are com-
monly used chlorine-based sanitizers in food processing plant disinfection. To simulate the
building surface and wash water during commercial fruit processing operation, the inacti-
vation test was conducted on 304 stainless steel surfaces coated with a high organic matter
solution (30 g/L BSA). Ascospores were exposed to the sanitizer solution for 15 min. The
minimum threshold for fungicidal activity was set at a 3-log reduction in the target fungi.

Figure 2 depicts the impact of different concentrations of sodium hypochlorite and
chlorine dioxide on the log reduction in ascospores. Notably, the tested species displayed
varying levels of sensitivity to the sanitizers used in this study, indicating a variation in
resistance to both sodium hypochlorite and chlorine dioxide. None of the tested concen-
trations of sodium hypochlorite or hypochlorite were able to achieve the required log
reduction in ascospores. Overall, sodium hypochlorite demonstrated the highest efficacy
against the tested ascospores.

3.2.1. Efficacy of Sodium Hypochlorite

Significant correlations (p < 0.05) were observed between the log reduction values and
the increasing concentration of sodium hypochlorite for certain cases, including A. chevalieri,
A. siamensis, and T. macrosporus (Figure 2A). This indicates that higher concentrations of
sodium hypochlorite led to greater log reduction in ascospores for these species. The
highest inactivation of 1.5-log reduction was found in T. macrosporus ascospores at the
highest concentration of 1% (w/v), followed by A. siamensis ascospores (0.75-log reduction),
whereas the other tested species did not reach 0.5-log reduction. In certain treatments,
the activation of ascospores occurred, leading to an increase in the number of ascospores
after treatment. As a result, the log reduction values were negative, indicating a failure
to reduce the ascospore population. This was observed in cases such as A. laciniosus at a
concentration of 0.2% (w/v) and A. denticulatus at concentrations of 0.2% and 0.5% (w/v).

Sodium hypochlorite is a widely used sanitizer in the food industry due to its ef-
fectiveness and cost efficiency. Its fungicidal mechanisms rely on the oxidative action of
hypochlorous acid (HOCl) and hypochlorite ion (−OCl) on cellular components. These
compounds penetrate the microbial cell via the cell wall and membrane, where they react
with various biomolecules via different mechanisms. This includes inactivating enzymes,
disrupting nucleic acids, and causing oxidative damage to cell walls and cellular compo-
nents. Indeed, the biocidal activity of chlorine compounds can vary depending on the
specific chlorine species present [41]. Furthermore, available chlorine inhibits metabolism
by oxidizing thiol functions, or amino groups present in the membrane and cytoplasmic
enzymes [42]. According to Wan et al. [43], at a lower concentration of sodium hypochlorite
(2 mg/L or 0.0002%, w/v), membrane oxidation occurred in A. niger conidia primarily by
chlorine, while in Penicillium polonicum conidia, membrane oxidation was induced by both
chlorine and ·OH, with ·OH playing a major role.
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Sodium hypochlorite is commonly used for the sanitation of equipment and utensils,
typically at concentrations ranging from 0.02% to 0.08% (200–800 ppm). For cleaning
facilities, higher concentrations of up to 0.12% (1200 ppm) are applied [44]. However,
studies have shown that these concentrations are ineffective against ascospores of several
heat-resistant mold species [12]. In this study, sodium hypochlorite solution was tested
at concentrations recommended by sanitizer manufacturers (0.2%, 0.5%, and 1.0% w/v,
corresponding to 2000, 5000, and 10,000 ppm, respectively). Nonetheless, even these
concentrations proved to be ineffective against the tested ascospores. Similar results were
reported by Stefanello et al. [16], who found that 0.5% (w/v) sodium hypochlorite, the
lowest recommended concentration, was ineffective against heat-resistant molds isolated
from spoiled thermally processed foods. A higher concentration of sodium hypochlorite
solution of 1% (w/v) with a contact time of 15 min was effective against only some strains
of Paec. niveus, Paec. fulvus, and A. australensis, resulting in a reduction ranging from
3-log to 3.9-log. Bernardi et al. [28] also investigated the effect of sodium hypochlorite
against A. pseudoglaucus (previously known as Eurotium repens) isolated from spoiled bakery
products and found that commonly used concentrations ranging from 0.01% to 0.2% (w/v)
were ineffective in reducing ascospore counts. Notable efficacy was observed only at a
concentration of 1% (w/v), resulting in a significant reduction ranging from 3- to 3.9-log.
Therefore, it is recommended to use the highest concentration of sodium hypochlorite
recommended by sanitizer manufacturers to control the contamination of heat-resistant
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mold ascospores. However, high concentrations of sodium hypochlorite can cause corrosion
of stainless steel surfaces and may cause irritation [45]. It is important to consider that
the presence of residual chlorine in treated water can lead to the creation of potentially
hazardous chlorinated by-products, such as trihalomethanes [46].

3.2.2. Efficacy of Chlorine Dioxide

Significant correlations (p < 0.05) were observed between the log reduction values
and the increasing concentration of chlorine dioxide for specific species, including A.
chevalieri, A. denticulatus, H. pallida, and T. macrosporus (Figure 2B). Nevertheless, chlorine
dioxide exhibited the lowest efficacy and demonstrated varying sensitivity among the
species tested and the three concentrations used. Overall, H. pallida was found to be more
sensitive to chlorine dioxide compared to the other tested species, regardless of the highest
reduction of 0.23-log reduction after treatment with the lowest concentration of 0.5 ppm.
Furthermore, significant activation of A. laciniosus ascospores was observed across all tested
concentrations. Similar activation was also observed in other species, including A. chevalieri
and H. pallida.

Chlorine dioxide is also available as an aqueous solution, which is approved from 50
to 200 ppm on food contact surfaces. This sanitizer has a strong oxidation capacity at low
concentrations (0.1 mg/L or 0.1 ppm) and in a wide pH range of about 3–8 [47]. In the
present study, the chlorine dioxide solution was tested at concentrations recommended by
manufacturers for sanitation purposes (0.5, 5, and 10 ppm, equivalent to 0.5, 5, and 10 mg/L,
respectively). However, these concentrations proved to be insufficient for inactivating the
tested ascospores.

Antimicrobial mechanisms of chlorine dioxide rely on inducing oxidative stress and
the subsequent overproduction of reactive oxygen species, which ultimately lead to cell
injury [48]. The oxidative stress exerted by chlorine dioxide selectively affects compounds
like phenols and thiols, which are essential for the viability and activity of undesirable
microorganisms [49]. In a study by Wen et al. [50] on Cladosporium sp., Trichoderma sp.,
and Penicillium sp., it was observed that exposure to chlorine dioxide led to increased
concentrations of extracellular substances and alterations in spore morphology. These
changes were attributed to damage to the cell wall and cell membrane of fungal spores,
resulting in the leakage of intracellular substances and eventual death of the fungal spores.
Previously, Liu et al. [51] reported that chlorine dioxide can inhibit the growth of P. digitatum
via a mechanism of action that involves the destruction of membrane integrity in fungal
cells. They observed a significant induction of cell apoptosis and noted that the mycelial
morphology was severely damaged with an increase in chlorine dioxide concentration.

To date, a limited study has been conducted on the effects of chlorine dioxide on
ascospores of heat-resistant molds. Bundgaard-Nielsen and Nielsen [52] reported that the
inactivation achieved for ascospores of A. thermomutatus (previously known as N. pseudofis-
cheri), A. pseudoglaucus, and Monascus ruber using 5% (w/v) chlorine dioxide (50,000 ppm)
for 10 min resulted in a 3.3-log reduction, >4.5-log reduction, and >4.1-log reduction, re-
spectively. In addition, Dijksterhuis et al. [15] conducted a study in which they treated
ascospores of A. fischeri, Pace. Variotii, and T. macrosporus with higher dosages of chlorine
dioxide solution ranging from 50 to 1000 ppm. Their findings revealed that ascospores
could be effectively inactivated by 100 ppm chlorine dioxide for a minimum of 10 min when
the spore density was low (102–103 spores). However, in the case of high spore density
(104–105 spores), inactivation required higher concentrations of 200–500 ppm for a duration
of 60 min.

Furthermore, it was noted that sodium hypochlorite and chlorine dioxide also exhib-
ited the capacity to stimulate the activation of ascospores in specific species, as evidenced
by the negative log reduction. Generally, ascospores of heat-resistant molds tend to remain
in a dormant state and cannot initiate growth even under favorable conditions without
undergoing an activation treatment. This activation treatment can be achieved via various
extreme environmental triggers, such as heat treatment at temperatures of 80–85 ◦C for sev-
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eral minutes [8], chemicals released from burnt substrates into the soil (e.g., furfural) [53],
high pressure within the range of 400 to 800 MPa [54,55], or certain organic acids (e.g.,
formic acid and propionic acid) and fatty acids (e.g., n-butyric acid, n-valeric acid) [56].
Thus, the breaking of dormancy in ascospores via exposure to extreme conditions enables
them to initiate growth and germination, which can subsequently lead to food spoilage. As
a result, it is advisable to avoid using these low concentrations of chlorine-based sanitiz-
ers, as they could potentially trigger the activation of ascospores in specific heat-resistant
mold species.

3.2.3. Effect of Hot Water Pretreatment on the Efficacy of Chlorine-Based Sanitizers

To enhance the fungicidal efficacy of chlorine-based sanitizers against heat-resistant
mold ascospores, a hot water pretreatment commonly used in the industry was conducted
before applying the sanitizer. The ascospores were immersed in hot water at 65 ◦C for 5 min
and then adhered to a stainless steel surface. After drying, the ascospores were exposed to
either 1% (w/v) sodium hypochlorite or 10 ppm chlorine dioxide for 15 min.

The impact of the hot water pretreatment followed by the sanitizer on the log reduction
in ascospores is shown in Figure 3, in comparison to using sanitizer or hot water alone. It
was observed that hot water treatment alone proved capable of inactivating ascospores
with a reduction of not more than 0.5-log reduction, depending on the mold species. A
combination of hot water followed by sodium hypochlorite resulted in a significantly
greater reduction in ascospores compared to sodium hypochlorite alone and hot water
alone (p < 0.05), except for A. denticulatus and A. siamensis. This treatment exhibited a
significantly higher reduction in A. chevalieri with a 2.27-log reduction and A. laciniosus
with a 1.34-log reduction. In contrast, reductions in ascospores resulting from hot water
followed by chlorine dioxide did not show a significant difference compared to hot water
alone (p > 0.05), but they were significantly higher than those from chlorine dioxide alone
(p < 0.05), except for A. denticulatus, A. siamensis, and T. macrosporus. In the case of these three
species, no significant difference was observed between these three treatments (p > 0.05).
Overall, it is important to highlight that pretreating ascospores with hot water resulted in a
significant enhancement in the effectiveness of sodium hypochlorite, achieving a reduction
of more than 2-log compared to that of chlorine dioxide (Figure 4). On the other hand, when
ascospores were treated with hot water and subsequently exposed to chlorine dioxide,
there was no significant reduction in ascospores compared to hot water treatment followed
by distilled water instead of sanitizer (as a control).

Indeed, a probable explanation for the observed increase in log reduction in ascospores
when using the combination of hot water and sodium hypochlorite could be attributed to
heat activation at a sublethal temperature (e.g., 65 ◦C for 5 min). This heat treatment might
trigger or promote the germination of dormant ascospores. Subsequently, the germinated
ascospores, which are generally less heat-resistant, become susceptible and are effectively
eliminated by sodium hypochlorite in the second step of the treatment process [43]. This
dual-step approach seems to be a synergistic strategy, leveraging the effects of both hot
water and sodium hypochlorite to achieve a higher reduction in the ascospore population,
thus enhancing the overall efficacy of the disinfection process. Similar applications of
mild heat or short to moderate times to promote synchronous germination for subsequent
inactivation of vegetative cells have been studied in spore-forming enteric pathogens, such
as Bacillus cereus [57] and Clostridium difficile [58].

Hot water treatment offers a cost-effective and user-friendly solution, making it a
highly practical option. Utilizing hot water pretreatment to clean food contact surfaces
before applying a sanitizer can lead to improved sanitization [59]. The sanitizer manufac-
turer also emphasizes the need to clean and rinse surfaces prior to the application of the
sanitizer [60]. Studies have shown that cleaning with hot water alone also shows promise
as an alternative hygienization approach to control foodborne pathogens [61]. For instance,
most vegetative cells and conidia can be inactivated upon exposure to 60 ◦C for 5 min [62].
Many previous studies have evaluated combinations of heat treatment with sanitizers
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to eradicate or inhibit foodborne pathogens. Mertz et al. [63] demonstrated that using
quaternary ammonium compounds (5 or 10 ppm), chlorine (10 or 25 ppm), or peracetic
acid alone resulted in a 2 to 3-log reduction in Listeria monocytogenes on stainless steel or
aluminum surfaces, while moist heat alone led to a 3 to 4-log reduction. However, when
moist heat and sanitizer were combined, there was a 5 to 7-log reduction compared to the
initial inoculation. Notably, the specific combination of hot water with sanitizer on the
survival of heat-resistant mold ascospores has not yet been published.
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and 1% (w/v) sodium hypochlorite for 15 min, ClO2: 10 ppm chlorine dioxide for 15 min, HW-ClO2:
a combination of hot water (65 ◦C, 5 min) and 10 ppm chlorine dioxide for 15 min, and HW-DI: a
combination of hot water (65 ◦C, 5 min) and distilled water for 15 min. The results are expressed
as the mean ± SD. ANOVA results with a Tukey post hoc test are indicated with asterisks (ns, not
significant; * p value < 0.05; ** p value < 0.01; *** p value < 0.001; **** p value < 0.0001).
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(B) chlorine dioxide) and a combination of hot water and sanitizer on the overall log reduction in
ascospores from heat-resistant mold species. NaOCl: 1% (w/v) sodium hypochlorite for 15 min,
HW-NaOCl: a combination of hot water (65 ◦C, 5 min) and 1% (w/v) sodium hypochlorite for 15 min,
ClO2: 10 ppm chlorine dioxide for 15 min, HW-ClO2: a combination of hot water (65 ◦C, 5 min)
and 10 ppm chlorine dioxide for 15 min, and HW-DI: a combination of hot water (65 ◦C, 5 min) and
distilled water for 15 min. ANOVA results with a Tukey post hoc test are indicated with asterisks (ns,
not significant; * p value < 0.05; **** p value < 0.0001).

3.2.4. Correlation Analysis

The results of the Pearson correlation analysis between the thermal resistant character-
istics and the tolerance to chlorine-based sanitizers of tested heat-resistant mold species
are shown in Table 5. A significant positive correlation was observed between the D- and
δ-values (p < 0.01) obtained from the log-linear model and the Weibull model, respectively.
This finding suggests that the values representing the scale parameter of the Weibull model
can indeed be interpreted as the time required for the first decimal reduction or the D-value.
Similarly, the Z*-values derived from the δ-values were significantly positively correlated
with the Z-values calculated from the log-linear model (p < 0.05). Additionally, a significant
negative correlation was found between the overall log reduction in ascospores when
exposed to chlorine dioxide and the D-values (p < 0.05) or δ-values (p < 0.01). On the other
hand, the heat resistance of ascospores showed a positive correlation with their tolerance
to chlorine dioxide. However, it was noted that there is no available data in the literature
concerning the association between heat resistance and tolerance to sanitizers in ascospores.
In a recent study involving black yeasts Exophiala phaeomuriformis, E. dermatitidis, and Aure-
obasidium pullulan, thermal resistance was found to be linked to high-pressure processing
tolerance and was inversely associated with halotolerance. However, no significant associa-
tion was observed between thermal resistance and UV tolerance or sodium hypochlorite
tolerance [64].

Table 5. Pearson’s correlation coefficient among the thermal and chlorine-based sanitizer resistances
of ascospores of heat-resistant mold species.

Measures 1 2 3 4 5 6

1. D-value 1
2. δ-value 0.988 ** 1
3. Z-value −0.422 −0.376 1
4. Z*-value −0.572 −0.473 0.828 * 1

5. Log reduction for NaOCl −0.118 −0.238 −0.392 −0.567 1
6. Log reduction for ClO2 −0.820 * −0.897 ** 0.104 0.100 0.588 1

** p value < 0.01; * p value < 0.05.
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4. Conclusions

This study highlights the diverse thermal and sanitizer resistance profiles of ascospores
from different heat-resistant mold species. The Weibull model proved to be a valuable
tool in describing the inactivation parameters of ascospores during heat treatment, with A.
laciniosus identified as the most heat-resistant species. Moreover, chlorine-based sanitizers
demonstrated varying efficacy against these ascospores, with sodium hypochlorite exhibit-
ing the best results. On the other hand, chlorine dioxide yielded unsatisfactory results
for inactivation and even triggered the activation of some species. The combination of
hot water and sodium hypochlorite showed promise in enhancing inactivation; however,
achieving the required 3-log reduction remained a challenge. It is worth noting that the
observed correlation between heat and chlorine dioxide resistance emphasizes the need
for tailored disinfection approaches to ensure food safety and quality of thermal process
fruit juices. To conclude, this research offers invaluable insights that can inform practices
and protocols within the fruit juice manufacturing industry, ultimately contributing to
enhanced product safety and consumer satisfaction.
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