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Abstract

Outbreaks involving Sal/monella in mangoes from Brazil have been reported in importing countries, causing social and
economic losses, especially to consumers. This study aimed to develop predictive models for the growth kinetics of Sal-
monella enterica serovar Typhi in the peel and pulp of Tommy Atkins mangoes as a function of temperature, as well as to
evaluate the transfer of S. enterica serovar Typhimurium from contaminated to non-contaminated fruits. No significant dif-
ferences in kinetic parameters were observed between peel and pulp. At lower temperatures (7, 10, and 15 °C), significant
differences (p<0.05) were found in lag phase (L), whereas at higher temperatures (25, 30, and 35 °C), significant differ-
ences were observed in the maximum specific growth rate (n). The secondary models developed (R* > 0.88) adequately
described the effect of temperature on A and p in both peel and pulp. In the transfer assay, the passage of S. Typhimurium
from the surface of inoculated mangoes to non-inoculated fruits was low. The hydrothermal treatment with chlorine was
more effective in reducing S. Typhimurium transfer rates compared with hydrothermal treatment without sanitizer. The
results demonstrate that both the peel and pulp of mangoes support Salmonella growth over a wide temperature range
and indicate that exposure of Tommy Atkins mango surfaces to chlorinated solution during hydrothermal treatment may
reduce the risk of salmonellosis.
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Introduction

There is increasing discussion among the scientific com-
munity regarding reports of foodborne outbreaks caused by
the consumption of fresh fruits and vegetables [1-3]. These
products are often exposed to microbial contamination
during harvesting, transportation, processing and distribu-
tion [4]. In Brazil, between 2014 and 2023, approximately
occurred 6,874 foodborne outbreaks, of which 1.8% were
associated with the consumption of fruits, fruit products and
related items. Salmonella was the most frequently identified
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pathogen, responsible for approximately 9.6% of these out-
breaks [5].

In the European Union (EU), Salmonella is the second
most common cause of zoonotic disease and is frequently
associated with foodborne outbreaks. Each year, more than
91,000 cases of salmonellosis are reported in the EU, with
the overall economic burden of human salmonellosis is esti-
mated to reach up to 3 billion euros annually [6]. Mean-
while, in the United States, Salmonella is estimated to cause
approximately 1.35 million infections, 26,500 hospitaliza-
tions, and 420 deaths each year [7].

In recent years, the consumption of fresh produce has
grown significantly, driven by increased awareness of
healthy dietary and the nutritional benefits of these foods.
However, this increased consumption has been paralleled
by a notable rise in reported foodborne outbreaks associ-
ated with fresh produce. Salmonella is an enteropathogenic
bacteria widely disseminated in the environment and capa-
ble of contaminating fruits through contact with soil, dust,
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water, animal feces and human handling [8]. Moreover, the
pathogen may be transferred via cross-contamination during
fruit peeling and/or cutting, as well as internalization during
hydrothermal treatments [9, 10].

Fruits exported to other countries must undergo differ-
ent treatments required by the countries. Mangoes exported
for United States must receive hydrothermal treatment,
which involves immersing the fruit in hot water at 46.1 °C
for 65 min in a chlorinated solution containing 200 mg/L
of chlorine residual total (CRT) [11]. The efficacy of this
treatment should ensure the elimination of pathogens and
prevent their transfer, which may occur during the process.
The occurence of outbreaks even after treatment is, in part,
attributed to the fact that fruit processing sheds are often
open structures, allowing the entry of animals that carry
human pathogens such as Sa/monella. This can lead to con-
tamination of the water used during the heat treatment.

Several studies have shown the occurrence of Sa/monella
in mango [10, 12, 13], tomato [14], papaya [15], melons and
watermelons [16]. The presence of this pathogen in fruits
may be associated with the favorable conditions of pH,
water activity, and temperature [17]. In this context, studies
have recently reported the use of modeling approaches to
evaluate the effect of these factors on Sa/monella growth in
fruits and vegetables [9, 18-20].

Considering the above mentioned the objective of this
research was to develop a mathematical model to predict the
growth of Salmonella on the outer rind and pulp of Tommy
Aktins mango as function of temperature, and to evaluate the
effect of using chlorinated water during the hydrothermal
treatment stage in controlling and transferring this pathogen
to other uncontaminated fruits.

Materials and methods

Determination of growth parameters (lag phase
A and Growth rate ) of S. enterica subsp. entérica
serovar Typhi in Tommy Atkins mango peel and pulp

Samples

Tommy Atkins variety mangoes were used in this stage of
the study. The fruits were cleaned according to the proce-
dures described in the Minimum Processing of Fruits man-
ual [21]. The mangoes were washed in running water using
a sponge and neutral detergent, with scrubbing for 10 min.
Subsequently, sanitization was performed in a chlorine
solution at a concentration of 200 mg L™! of total residual
chlorine, for 5 min, pH 6.5+0.2. The chlorine solution was
prepared from the commercial product (Sumaveg, Brazil)
in water with a temperature between 10 and 15 °C [21].
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Sodium thiosulfate (Sigma-Aldrich, USA) at 0.25% (m/v)
was applied for 5 min to neutralize the sanitizing agent [18].

Bacterial culture

A strain of S. enterica subsp. enterica serovar Typhi (NR-
074799.1) isolated from lettuce was used. An aliquot of
strain, frozen at -80 °C, was transferred to Brain Heart
Infusion (BHI) broth (Thermo Fisher Scientific Oxoid,
Basingtoke, UK) and incubated at 35 °C+1 °C for 24 h.
The culture was transferred again to the BHI broth follow-
ing incubation at 35 °C+1 °C for 18 h. For standardiza-
tion of the inoculum, a spectrophotometer (model Kazuaki
IL-227, Kazuaki, Brazil) was used, and the reads were
done at the wavelength of 625 nm, according to the 0.5
McFarland standard [18].

Inoculation and enumeration of S. enterica in mango pulp
and peel

Prior to pathogen inoculation, the pH and water activity of
the outer rind and pulp of Tommy mango were measured.
Measurements were obtained using a pH meter (lon PHB-
5000; [22]). Water activity was determined employing a
4TE Dewpoint Water Activity Meter (Aqualab Decagon,
Washington, USA).

Peel samples were obtained using a sterile scalpel and a
5 cm? stainless steel mold. Mango pulp was collected with
a sterile knife by cutting approximately 1 g portions. Both
peel and pulp samples were individually placed in ster-
ile Petri dishes and inoculated with 0.1 mL of S. Typhi to
achieve a final concentration of approximately 2 log CFU/g.
Samples were incubated at different temperatures (7, 10,
15, 20, 25, 30, and 35 °C), and bacteria enumeration was
performed at specific time intervals according to the incu-
bation temperature. These intervals were defined based on
growth predictions generated using the Pathogen Modeling
Program (PMP, version 7.0), developed by the United States
Department of Agriculture — Agricultural Research Service
(USDA-ARS).

For bacterial enumeration, each sample was individually
diluted in 0.1% peptone water (BD, Difco, Brazil) and ali-
quots were plated on Xylose Lysine Deoxycholate (XLD)
agar (Kasvi, Italy) using the microdroplet technique. Plates
were incubated at 37+ 1 °C for up to 24 h, and results were
expressed as log CFU/g of sample. The experiment was per-
formed twice, each in duplicate.

Predictive model

The Baranyi model [23] (Egs. 1-3) was fitted to the growth
data of S. Typhi in mango peel and pulp under storage
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conditions of 7 to 35 °C using DMFit, version 2.1. Excel
(www.ifr.ac.uk/safety/DMFit).
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Where: In(N(?)) [In(UFC/mL)] is the natural logarithm of
the cell concentration at time ¢ /4/; In(V,) is the natural log-
arithm of the initial cell concentration; u,,,, [1/h represents
the maximum specific growth rate; A(?) is the adjustment
function; In(N,,,,) is the natural logarithm of the maximum
cell concentration; g, is a measure of the physiological state
of the cell when ¢=¢, and A represents the lag time.
Ratkowsky model [24] was used to describe the lag phase
A and the growth rate p as a function of temperature (Eq. 4).

InX ory/timaz = (T — T0) 4)

To calculate the lag phase A, the data were transformed
into natural logarithm (In A). p,,,, is the maximum specific
growth rate, « is the regression coefficient, T is the incuba-
tion temperature (°C); TO is the minimum temperature (°C).

The models obtained in this study were compared with
models implemented with growth data generated by the
ComBase Predictor program (https://www.combase.cc/inde
x.php/en/) under the pH and Aw conditions of the analyzed
fruit.

Evaluation of S. typhimurium transfer from
contaminated to uncontaminated mangoes during
hydrothermal bath

Salmonella thyphimurium inoculation

Ripe, uninjured and sanitized mangoes were used, follow-
ing the procedure described in Sect. 2.1.1. Six experimen-
tal scenarios were established (Table 1), with 10 fruits per
scenario, individually identified from 1 to 10. Each mango
was inoculated with 3 mL of the S. Thyphimurium (ATCC
14028) suspension by drip application [25]. Two inoculum
concentrations were studied to simulate different contami-
nation levels: 5 log CFU/mango and 8 CFU/mango.

Table 1 Hydrothermal treatments conducted at two inoculum concen-
trations (5 and 8 log CFU/mango) in six experiments (A, B, C, D, E,
F) according to the number of inoculated mangoes (1, 3, 5), simulating
low (10%), medium (30%) and high (50%) contamination levels

Inoculum Experiments Inoculated Contami- Con-

concentration mangoes  nation (%) tamina-

(log CFU/mango) tion

levels

A 1 10 low

5 B 3 30 medium
C 5 50 high
D 1 10 low

8 E 3 30 medium
F 5 50 high

Hydrothermal treatment

In a previously sanitized stainless steel container, 20 L of a
chlorinated solution containing 200 mg/L of of total residual
chlorine at pH 6.5+0.2 were prepared using sterilized water
according to the manufacturer (Sumaveg Diversy Brasil
Industria Quimica Ltda, Sdo Paulo, Brazil). The chlorinated
solution was previously heated using two electric boilers
(EB Distribuidora, Gravatai, RS, Brazil, 770 W power) to
a temperature of 46.1+1 °C to simulate the hydrothermal
treatment. The temperature was measurements at 5-min
time intervals.

Contaminated and uncontaminated mangoes were
immersed in the heated sanitizing solution to simulate the
hydrothermal treatment. The experiments in Table 1 were
subjected to hydrothermal treatment for 65 min under con-
trolled temperature conditions. There was no agitation of
the mangoes during the bath.

After the hydrothermal bath simulation, 2 L of a 0.25%
(m/v) sodium thiosulfate solution (Sigma-Aldrich, Séo
Paulo, Brazil) were added for 5 min to neutralize the sanitiz-
ing agent. Subsequently, the mangoes were removed from
the stainless steel container and placed in sterilized Petri
dishes at room temperature for 30 min to allow cooling.

Similarly, the procedures described for experiments A, B, C,
D, E, and F, as well as the two inoculum concentrations ana-
lyzed (5 and 8 CFU/mango), were also conducted without the
addition of chlorine to the hydrothermal treatment water. The
transfer of S. Thyphimurium from contaminated to uncontami-
nated mangoes was verified in accordance with item 2.1.3.

Data analysis

The kinetic growth parameters of S. Typhi (lag phase (L)
and growth rate (i)) on mango peel and pulp were evalu-
ated using analysis of variance (ANOVA) [26], followed by
Tukey’s test. Statistical analyses were performed using the
Statistical Analysis System software (SAS Institute, Cary,
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NC, USA), version 9.1. Results from the S. Tiphymurium
transfer assays on mango surfaces were assessed by descrip-
tive analysis.

Results and discussion

Determination of growth parameters of S. enterica
in Tommy Atkins mango peel and pulp

S. Typhi grew in all temperatures studied (7° to 35 °C), both
on the outer rind and in mango pulp, situation reported in
several studies [12, 27]. The presence and growth of Sal-
monella on fruit peels may facilitate its transfer to the pulp,
leading to potential proliferation [31, 32]. Since these prod-
ucts are often consumed raw, their microbiological safety
represents a significant public health concern.

Table 2 presents the kinetic growth parameters of S. Typhi
on mango peel and pulp, estimated by the Baranyi and Roberts
model [23], with R>>0.98. Temperature affected the kinetic
parameters. Increasing temperature resulted in a reduction in
lag phase duration (1) and an increase in the growth rate (),
with optimal growth conditions observed at 35 °C. This tem-
perature-dependent behavior is consistent with the Arrhenius
principle and with the reported optimal growth range for Sal-
monella spp [24, 30, 31]. Therefore, the commercialization

Table 2 Growth kinetic parameters (lag time (L) and growth rate (w))
of S. Typhi in mango peel and pulp under storage conditions at 7, 10,
15, 20, 25, 30 and 35 °C

Tem- Kinetic Peel Pulp
perature Parameters
4O
7 4 (h) 25.32+3.07°C 25.21+2.78%C
u (1/h) 0.020+0.001%4 0.021+0.001%4
10 4 (h) 11.60+3.52%8 16.38+4.00%8
u (1/h) 0.0413+0.030* 0.0521+0.01124
15 2 (h) 8.34+1.27%AB 7.67+£1.15%4
u (1/h) 0.083+0.0112AB 0.081+0.014%4
20 2 (h) 3.01£0.13% 2.48+0.80°4
u (1/h) 0.204+0.001°B 0.21£0.013%¢
25 A (h) 1.00+£0.71%4 1.53+0.52%4
u (1/h) 0.362+0.030%¢ 0.371+0.044°°
30 A (h) 0.66+0.26* 1.48+0.36°4
u (1/h) 0.510+0.080°° 0.612+0.050%8
35 A (h) 0.50+0.36% 0.69+0.31%4
u (1/h) 0.692+0.010°F 0.630+0.021°B

# Different lowercase letters in the same line and for the same kinetic
parameter indicate significant differences (p < 0.05) according to
ANOVA followed by Tukey's t-test, as a function of the storage tem-
perature of S. Typhi between the food matrix (mango peel or pulp).
ABCDE Different capital letters in the same column and for the same
kinetic parameter indicate significant differences (p < 0.05) accord-
ing to ANOVA followed by Tukey's t-test, as a function of the storage
temperature of S. Typhi per food matrix (mango peel or pulp). Results
expressed as mean and standard deviation of two replicates
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of these fruits becomes a matter of concern, given that these
fruits are sold without proper refrigeration, which may favor
the proliferation of foodborne pathogens such as Salmonella.
Figure 1 shows that the Baranyi and Roberts model fitted
well to the bacterial growth data.

No significant differences were observed in the kinetic
parameters A and p of S. Typhi between mango peel and
pulp at the same temperature (p>0.05). However, previ-
ous studies indicate that these kinetic parameters can be
influenced by the fruit matrix, as differences in surface
characteristics, nutrient availability, and physicochemi-
cal properties may influence microbial behavior [32, 33].
Nevertheless, temperature had a significant effect on both
parameters (p<0.05). Lower temperatures were associ-
ated with extended lag phases, reflecting reduced metabolic
activity and stress responses triggered by exposure to cold
[34-36]. As the temperature decreased, the bacterial adapta-
tion period increased, as shown in Table 2.

The survival and growth capacity of the pathogen is
influenced by its physiological state and environmental
conditions 3°. Under refrigeration, Salmonella can acti-
vate adaptive stress responses that enhance persistence at
low temperatures [36], which may explain the elevated A
observed at 7 °C.

The Tommy Atkins mango variety has a reported pH
range of 3.5 to 3.7 [37] reaching approximately 4.29 at full
ripeness [38]. The ability of S. Typhi to grow in mango pulp
is supported by the intrinsic properties of the fruit. The mea-
sured pulp pH (4.2) and water activity (0.987) were within
the established growth limits for Salmonella [17, 39-41],
supporting the observed proliferation in mango pulp. Under
all experimental conditions, maximum populations between
8 and 9 log CFU/g were reached in both peel and pulp, cor-
roborating previous observations in other fruits matrices
[27]. In the present study, mango pulp acidity did not pre-
vent the pathogen from reaching high population levels. It
is possible that the acid stress caused by the mango pulp
pH may have activated the acid tolerance response system
in Salmonella, facilitating survival and multiplication under
these conditions [42, 43].

These findings showed that Salmonella growth can occur
on the peel and in the pulp of various fruits, and once mul-
tiplication begins, high bacterial populations may be found.
Therefore, storing fruits at temperatures between 10 and
13 °C [48, 49] may help to control the development of this
pathogen. In this context, it becomes evident that the tem-
perature to which mangoes are exposed after harvest is a
critical factor influencing the behavior of S. Typhi and must
be controlled during transportation, storage, distribution,
and retail, until it reaches the final consumer. In the present
study, to evaluate the temperature dependence of lag phase
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Fig. 1 The Baranyi and Roberts 10
model adjusted to the growth data
of S. Typhi in mango: (A) peel
and (B) pulp
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Table 3 Secondary models for lag phase A and growth rate p of S. Typhi in mango peel and pulp and obtained with data generated by the ComBase

i/rl;)tgrriim Model of lag time R? Model of growth rate R?

Outer rind LnA = —0.1459(T — 27.91) 0.9697 Vi = 0.0025(T — 2.29) 0.9997
Pulp LnA = —0.1279(T — 30.80) 0,9557 VI = 0.0266(T — 2.19) 0.9436
Combase Ln) = 0.0183(T + 140.77) 0.9673 Vi = 0.0213(T — 4.60) 0.9979

duration and growth rate, the square root model [24] was
applied. For model implementation, the mean values of A
and p for S. Typhi in mango peel and pulp were used and
compared with with predictions generated using ComBase
database, as shown in Table 3; Fig. 1.

According to Table 3, the R? values of the secondary
models for lag time and growth rate of S. Typhi in mango
peel and pulp were >0.94, indicating a good fit of the model.
Similarly, models generated using growth data obtained
through ComBase Predictor also showed high R? values.

@ Springer
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As observed in Fig. 2, temperature affected In A and Vp
values of S. Typhi, with differences between mango matri-
ces (peel and pulp) ComBase predictions. At 10 °C, the In
A value predicted by ComBase was 1.98 h higher than that
obtained for mango pulp. ComBase predictions were simi-
lar to experimental values at lower temperatures (7-10 °C),
whereas at temperatures above 20 °C the model overesti-
mated Vu compared to mango peel and pulp, with the largest
difference (0.10 1/h) observed at 35 °C. These observed dif-
ferences may result from nature of the data used to generate
growth curves. Computational models such as ComBase,
are predominantly based on data obtained from experiments
using culture media [46], whereas the models developed
in this study were based on a food matrix. Therefore, the
secondary models developed here (Table 3) allow more

accurate prediction of S. Typhi growth in Tommy Atkins
mango peel and pulp across a wide temperature range.

Cross-contamination of S. thyphimurium during
hydrothermal bathing of mangoes

In this study, the experiments simulated the potential transfer
of S. Thyphimurium from contaminated to uncontaminated
Tommy Atkins mangoes during hydrothermal treatment.
Cross-contamination was influenced by the initial inoculum
level, the number of contaminated fruits, and the presence
of chlorine in the treatment water (Table 4).

The bacteria were not detected in only two experiments
(A and B) using an inoculum Strawnlevel of 5 log CFU/
mango. In these treatments, the combination of chlorine and

Fig.2 Model for lag time of S. 6
Typhi inoculated on outer rind A ® outer rind = 5 -
(®) and pulp (o) of mango and 5 (a) Ln = —0.1459(T - 27.91)
ComBase (A) (A) and rate A o pU|p Lnk = —0.1279(T — 30.80)
square (B) = 4 = . .80)
- ° A A Combase Ln)=—0.0183(T — 140.77)
E 2
= . 4
o 2 o A
© A
g 14 B A
O
0 ®
@
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0.9
®outerrind _/j; (b)
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Table 4 Occurrence of S. Thy- Inoculum concentration Inoculated Experiments Hydrothermal treatment  Hydrothermal
phimurium on mango surfaces (log CFU/mango) mangoes with chlorine (%) treatment with-
after the hydrothermal treatment out chlorine (%)
step with and without chlorine 1 A ND 10
addition
5 1,2e3 B ND 30
1,2,3,4e5 C 20 70
1 D 10 20
8 1,2¢e3 E 40 50
1,2,3,4¢e5 F 70 80

ND: Not detected

low initial contamination levels may have contributed to
the efficiency of hydrothermal treatment. The hydrothermal
bath applied in this study is recommended by the United
States Department of Agriculture [11].

The effectiveness of hydrothermal treatment at 46.1 °C
for 65 min, combined with 200 mg/L of chlorine ' in con-
trolling Salmonella transfer on mango surfaces under opera-
tional conditions recommended for food safety, has not been
previously reported in the scientific literature. Similar stud-
ies have shown that temperature, chlorine concentration,
and fruit peels to water temperature ratio influence pathogen
reduction on fruit surfaces [47—49], and the combined effect
of these parameters on Salmonella transfer during mango
hydrothermal treatment has been reported.

The role of process water as a vehicle for pathogen transfer
during fruit processing is well established [50, 51]. Water may
become contaminated for distinct reasons, including exposure
to animals in processing facilities. During post-hydrothermal
treatment, the dietary fibers of the heated fruit contract during
cooling and an internal hydrostatic pressure difference between
the gases absorbs water, as well as pathogens [52]. Once inter-
nalized, surface sanitation becomes ineffective in eliminating
the pathogen [27]. Therefore, the water used in fruit process-
ing must be properly filtered and chlorinated. Moreover, if
cold water is applied after the hot water treatment, a minimum
cooling period of 30 min should be observed between the hot
and cold water steps [11].

Once the pathogen is internalized, conventional treat-
ments to decontaminate the fruit surface will not reduce the
potential risk of a foodborne outbreak when the product is
consumed [30]. The use of untreated, inadequately chlori-
nated or secondarily contaminated water during process-
ing may function as a vector for mango contamination and
pathogens internalization. This process has been previously
documented in tomatoes [53], apples [52] and mangoes
[10, 27] with the authors concluded that internalization fre-
quently occurs through the peduncle [11]. However, Sa/mo-
nella transfer to the pulp during peeling and cutting has also
been demonstrated [54-56].

Overall, mangoes treated with chlorinated water showed
lower Salmonella transfer rates compared with treatments
without sanitizer (Table 4). Increasing water temperature or

chlorine concentration beyond recommended limits is not a
practical alternative, as it may compromise fruit quality and
sensory attributes [57, 58]. Therefore, maintaining appro-
priate chlorination during hydrothermal treatment repre-
sents an effective strategy to reduce the risk of Salmonella
cross-contamination in Tommy Atkins mangoes.

Conclusion

The results confirmed that S. Typhi was able to adapt, grow and
reach high microbial populations in both mango peel and pulp
across a wide temperature range. Furthermore, the secondary
models adjusted in this study showed good fit to the experimen-
tal data and can therefore be applied to predict the behavior of
S. Typhi on mango peel and pulp as a function of temperature.
The hydrothermal treatment combined with chlorine
proved effective in scenarios with a low number of contami-
nated fruits, demonstrating an effect against the transfer of S.
Thyphimurium to the surfaces of non-inoculated mangoes.
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