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Consumption of raw mangoes has led to multiple Salmonella-associated foodborne
outbreaks in the United States. Although several studies have investigated the epiphytic
fitness of Salmonella on fresh produce, there is sparse information available on the
survival of Salmonella on mangoes under commercial handling and storage conditions.
Hence, the objective of the study was to evaluate the survival of Salmonella on mangoes
under ambient conditions simulating the mango packing house and importer facility.
Further, the ability of the pathogen to adhere and attach on to the mango fructoplane
was also investigated. For the attachment assays, mango skin sections were inoculated
with fifty microliters of S. Newport suspension (6.5 log CFU/skin section) and minimum
time required for adhesion and attachment were recorded. With the survival assays,
unwaxed mangoes were spot inoculated with the Salmonella cocktail to establish
approximately 4 and 6.5 log CFU/mango. The fruits were then subjected to different
storage regimens simulating fruit unloading, waxing, and storage at the packing house
and ripening and storage at the importer facility. Results of our study reveal that
Salmonella was able to adhere on to the fructoplane immediately after contact. Further,
formation of attachment structures was seen as early as 2 min following inoculation.
With the survival assays, irrespective of the inoculum levels, no significant increase or
decrease in pathogen population was observed when fruit were stored either at ambient
(29–32◦C and RH 85–95%, for 48 h), ripening (20–22◦C and RH 90–95% for 9 days)
or refrigerated storage (10–15◦C and 85–95% for 24–48 h) conditions. Therefore,
once contaminated, mangoes could serve as potential vehicles in the transmission of
Salmonella along the post-harvest environment. Hence development and adoption of
effective food safety measures are warranted to promote the microbiological safety of
mangoes.
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INTRODUCTION

Although consumption of fresh produce is considered safe, recent
produce-associated illnesses have highlighted their potential
for transmission of foodborne pathogens (Luo et al., 2012).
Among the different foodborne pathogens, Salmonella enterica
has been implicated in several produce-related outbreaks
(Collignon and Korsten, 2010; Reddy et al., 2016). In effect,
recent source attribution studies estimate that fruits and
vegetables were implicated in about 50% of Salmonella outbreaks
(Centers for Disease Control and Prevention [CDC], 2015).
Toward this, foodborne salmonellosis has been associated
with the consumption of contaminated mangoes, blueberries,
watermelon, cantaloupe, grapes, tomatoes, cucumbers, and
sprouts (Centers for Disease Control and Prevention, National
Center for Emerging, and Zoonotic Infectious Agents [CDC
NCZEID], 2017). With specific reference to mangoes, there have
been seven confirmed Salmonella outbreaks in the United States
between 1998 and 2014 (Centers for Disease Control and
Prevention, National Center for Emerging, and Zoonotic
Infectious Agents [CDC NCZEID], 2017). In all of these cases,
the outbreaks were traced back to raw mangoes (Strawn and
Danyluk, 2010).

The presence of a pathogen on a fruit’s surface indicates
that product contamination potentially occurred along the
production continuum. In this regard, mangoes can get
contaminated within the pre and post-harvest environments
(Fatica and Schneider, 2011; Penteado, 2017). In the orchards,
mango trees are cultivated and fruit are harvested in their
natural environment where they are exposed to a variety of
contamination sources including soil, irrigation water, manure,
and animals in or near the field (Fatica and Schneider, 2011; Huff
et al., 2012; Gautam et al., 2014). This of particular significance
with pathogens such as Salmonella since they normally reside
in the intestinal tract of animals and can therefore gain
entry into the pre-harvest environment through contaminated
animal feces (Fatica and Schneider, 2011; Tomas-Callejas et al.,
2011). In addition to soiling produce in the field, pathogen
transmission and contamination can occur during post-harvest
handling, processing, and distribution. Produce contamination
is further complicated by intensive farming practices, large-
scale distribution of the produce and globalization of food
supply (Hanning et al., 2009). Moreover, eliminating pathogens
from produce such as mangoes is challenging since these are
consumed as raw, fresh commodity. Therefore contamination
could occur at any point from the farm and packing house
up to the point of handling and consumption (Collignon and
Korsten, 2010). Hence, in addition to incorporation of good
agricultural practices (GAPs), the produce industry relies on
good management practices employed along the supply chain to
improve the microbial safety of fresh produce (Goodburn and
Wallace, 2013).

For the successful transmission of a pathogen through fresh
produce, the initial process of adhesion and attachment on the
plant surface is highly critical (Tan et al., 2016; Fornefeld et al.,
2017). Adhesion refers to the reversible adsorption of bacteria to
the substrate surface, which is the phylloplane or fructoplane in

case of produce (Garrett et al., 2008). At this stage, application
of a strong repulsive force can dislodge the adhered bacterial
cells. However, a fraction of the reversibly adhered cells remain
immobilized and become irreversibly adsorbed or attached. The
process of attachment is mediated by the production of bacterial
appendages (flagella, fimbriae, and pili) and exopolysaccharide
(Garrett et al., 2008; Collignon and Korsten, 2010; Tan et al.,
2016). Once attached, bacterial cells can then replicate and are
usually found incorporated in phylloplane biofilms (Fett, 2000;
Monier and Lindow, 2005). Within these biofilms, the pathogen
is protected from environmental fluctuations, thereby promoting
its survival on fresh produce (Marshall, 1992; Morris and Monier,
2003; Collignon and Korsten, 2010).

Survival of pathogens on produce is influenced by ambient
conditions such as those encountered at the packing house and
during transport including temperature and relative humidity
(Doyle and Erickson, 2008; Collignon and Korsten, 2010;
Francis et al., 2012; Penteado, 2017). Additionally, post-harvest
practices including waxing can influence pathogen persistence
and contamination on produce (Francis et al., 2012). In the light
of the multiple Salmonella outbreaks, it is clear that mangoes can
serve as reservoirs of foodborne pathogens. Therefore, there is a
need to develop and implement preventive measures to control
pathogen contamination on mangoes. However, in order to
develop effective food safety practices, it is essential to determine
pathogen behavior on mangoes under mango handling, storage,
and distribution conditions. Consequently, the goal of this study
was to understand the potential of S. enterica to adhere and
survive on mangoes under conditions simulating a commercial
packing house and importer facility. Table 1 presents the different
ambient conditions and practices employed at a commercial
packing house and importer facility. The set temperatures,
relative humidity, and length of storage were adapted from
the National Mango Board (NMB) mango post-harvest best
management practices manual and the NMB mango handling
and ripening protocol (National Mango Board [NMB], 2014a,b).

MATERIALS AND METHODS

Bacterial Cultures
One isolate each from six different serovars of S. enterica
(S. Montevideo, S. Poona, S. Newport, S. Baildon, S. Braenderup,
and S. Saintpaul – tomato outbreak isolates) were used
in the study. These isolates were kindly provided by Dr.
Venkitanarayanan (Department of Animal Science, University of
Connecticut, Storrs, CT, United States). Since S. Newport and
S. Branderup have been previously associated with Salmonella
outbreaks associated with mangoes, although isolated from
tomatoes, similar serovars were employed in the study. Further,
this study was done as a follow up to a recent study investigating
the efficacy of commercially employed wash water disinfectants
in controlling Salmonella in wash water and on mangoes
(Mathew et al., 2018). Therefore, in order to understand the
behavior of these isolates on mangoes during the post-harvest
handling and storage of mangoes, the same bacterial cultures
were utilized in the present study. All the six isolates were induced
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TABLE 1 | Ambient and storage conditions employed at a commercial mango
packing house and importer facility.

Stage Holding
temperature

(◦C)

Relative
humidity

(%)

Length of
holding

Unloading and staging∗ 29–32 85–95 48 h

Waxing, storage, and
distribution∗

10 (Tommy
Atkins)

12 (Ataulfo)

85–95 48 h

Ripening† 20–22 90–95 9 days

Storage (post-ripening)
and distribution†

12–15 90–95 24 h

Adapted from the Mango postharvest best management practices manual
(National Mango Board [NMB], 2014b) and Mango handling and ripening protocol
(National Mango Board [NMB], 2014a).
∗At the mango packing house. †At the importer facility.

for resistance to nalidixic acid (NA; Sigma–Aldrich, St. Louis,
MO, United States; 50 µg/ml) to facilitate selective enumeration
of the inoculated pathogens (Harris et al., 2001).

Preparation of Inoculum
Each isolate was cultured separately in 10 ml of sterile tryptic soy
broth (TSB, BD Difco, Becton, Dickson and Company, Sparks,
MD, United States) containing NA (50 µg/ml) at 37◦C for 24 h
with agitation (100 rpm). Cultures were then transferred for
24 h period onto xylose deoxycholate (XLD; Difco) agar plates
containing NA (50 µg/ml; XLDN) to produce a bacterial lawn.
To prepare the inoculum, sterile buffered peptone water (BPW,
Difco) was added to each plate and bacterial cells were loosened
with a sterile spreader. Approximate bacterial count in each
culture was determined spectrophotometrically. Equal volumes
containing approximately equal populations from each of the
six isolates were combined to make the pathogen cocktail. The
bacterial count in each culture and the cocktail was determined
by dilution and plating on XLDN. Appropriate dilutions of the
cocktail in BPW was used to obtain the desired level of inoculum
(6.5 or 4 log CFU/mango). A high inoculum level was used
to enable measurement of several log reductions in pathogens
counts during the study (Beuchat et al., 2001). Additionally, this
study incorporated a low level of inoculum (4 log CFU/mango) in
order to simulate low levels of pathogen contamination that are
likely to occur under normal processing, storage and distribution
conditions (Behrsing et al., 2003).

Mangoes
Unripened, unwaxed mangoes (var. Tommy Atkins and Ataulfo)
were used in the study. Tommy Atkins, a large, round mango,
is the most widely grown commercial variety coming into the
United States. It is also shown to possess long shelf life and
tolerance to handling and transportation (Araiza et al., 2005).
Ataulfo mangoes were used to simulate the effect of different
processing and storage conditions on small sized flat mango
varieties (National Mango Board [NMB], 2014b). Upon receipt,
fruits were visually inspected for defects (bruises, moldy growth,
breaks in peel) and any defective mango was discarded. All
the fruits were maintained at 4◦C until use. A day before the

experiment, the required number of fruits were transferred to
room temperature (21◦C) for tempering prior to use (Penteado
et al., 2004).

Adhesion and Attachment of Salmonella
on Mangoes
Enumerating Adhered Salmonella on Mango Surface
Given the high incidence of S. Newport with produce-related
outbreaks and its implication in previous mango-associated
Salmonellosis, attachment assays, and electron microscopy were
performed using this serotype (Sivapalasingam et al., 2003; Reddy
et al., 2016). For assessment of Salmonella attachment on mango
surface, skin sections (5 mm × 5 mm) were spot inoculated with
6.5 log CFU of S. Newport (50 µl) and held for 0, 30, and 60 s,
2 min, and 1 h at room temperature The inoculum was aspirated
at the respective time intervals and subsequently rinsed with
double the volume of inoculum ca. 100 µl of sterile distilled water
was applied to the inoculation site and rinsed by pipetting the
solution up and down for five times. rinsate was then aspirated
and discarded, and the rinsing process was repeated two times
(Collignon and Korsten, 2010). The inoculated skin section were
then transferred to 10 ml BPW and vortexed for 2 min followed
by microbiological analysis. Ten sections (from five mangoes)
were sampled at each time point and the entire experiment was
repeated three times.

Scanning Electron Microscopy (SEM)
For SEM studies, mangoes were dipped in 70% ethanol for 30 s
to remove background microflora, mangoes were then peeled
and skin sections (5 mm × 5 mm) were cut out using a sterile
knife. Spot inoculation was then performed by placing 50 µl (6.5
log CFU) of S. Newport on to the mango skin section at room
temperature and aspirated at 0, 30, and 60 s, 2 min, and 1 h.
The inoculated sections were subsequently rinsed with 100 µl
of sterile distilled water. The rinsate was then aspirated and
discarded, and the rinsing process was repeated. The inoculated
sections were then processed for SEM (Collignon and Korsten,
2010). Briefly, skin sections were fixed in 5% glutaraldehyde–
PBS buffer (1:1, v/v) for 1 h (25◦C). The sections were then
washed for 10 min in PBS buffer. The dehydration step consisted
of serial treatments in ethanol, consisting of 30, 50, 70, 80, and
95% ethanol for 10 min each and three treatments of 100%
ethanol for 15 min each. The samples were then transferred
to a critical point drier (Critical Point Dryer 931GL, Tousimis,
Rockville, MD, United States) for total dehydration. The samples
were finally gold sputter coated and images were recorded using
a SEM (Nova NanoSEM 450, FEI, Hillsboro, OR, United States;
Fernandes et al., 2014). Uninoculated skin sections served as the
control fructoplane.

Survival of Salmonella on Mangoes
Under Simulated Fruit Handling, Waxing,
Ripening, and Storage Cconditions
Spot Inoculation
Mangoes were spot inoculated with 6.5 log or 4 log CFU/mango
by placing 50 µl of the Salmonella cocktail around the stem end.
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In order to prevent the inoculum from running off the side of
the mango, the inoculum was applied in small approximately
equal volumes to 10 different locations (Lang et al., 2004;
Baskaran et al., 2013). After inoculation, mangoes were held at
room temperature for 24 h before being subjected to storage
(Wei et al., 1995; Kenney and Beuchat, 2002; Sheng et al.,
2017). Staggered inoculation of the mangoes was performed to
maintain consistent drying time for all mangoes under each
objective (Parnell and Harris, 2003). Before each experiment,
12 mangoes were sampled immediately following inoculation
and after drying (24 h post-inoculation) to ascertain starting
pathogen load and inoculum uniformity on the fruits (Sheng
et al., 2017).

Unloading and Staging Conditions at the Packing
House [Temperature – 29–32◦C (Ambient
Temperature), RH – 85–95%, Length of Storage
(2–48 h)]
Following inoculation and drying, mangoes were placed in
unsealed sterile polycarbonate containers (8-3/4 × 8-5/16 × 8-
3/4 in; Fisher Scientific, Waltham, MA, United States) and
stored at 29–32◦C (31 ± 1◦C), RH 85–95% (90 ± 3), for a
time period of 2–48 h to simulate mango handling during
transportation to and staging at the mango packing facility
(National Mango Board [NMB], 2014b; Table 1). In the
present study, mangoes were held or stored in unsealed
containers to simulate the use of plastic crates during fruit
holding and transport in the mango industry (Esguerra and
Rolle, 2018). Relative humidity was monitored throughout
the experiment using digital humidity/temperature/dew
point meter (TraceableTM, Fisher Scientific, Hampton, NH,
United States). At designated times during storage (0, 2, 12,
24, and 48 h) mangoes were sampled for microbiological
analysis.

Waxing, Storage, and Distribution [10◦C (Tommy
Atkins) or 12◦C (Ataulfo), RH 85–95% for 2–48 h]
Conditions at the Packing House
Following inoculation and drying, mangoes were sprayed with
a Carnauba-based wax preparation using a gravity-feed dual
action air-nozzle sprayer (Carnauba Gold II, Pace International
LLC, Wapato, WA, United States). Carnauba-based wax was
used since it is the most commonly used wax in the mango
industry (National Mango Board [NMB], 2014b). Each mango
was sprayed with one pull each to the stem and calyx ends
and three pulls to coat the rest of the mango at 29–32◦C
(30 ± 1◦C, Kenney and Beuchat, 2002). The one to three
pull using a gravity sprayer was performed to ensure uniform
application of wax over the fruit surface. Following waxing, the
mangoes were dried at ambient temperature (30 ± 1◦C) for
2 h. A subset of mangoes were sampled to ascertain pathogen
load on mangoes prior to storage. Then, mangoes were placed
in sterile containers and stored at 10◦C (var. Tommy Atkins)
or 12◦C (var. Ataulfo), RH 85–95% (90 ± 3), for a time period
of 2–48 h to simulate mango storage at and transportation
from the mango packing facility (National Mango Board [NMB],
2014b; Table 1). At designated times during storage (0, 2,

12, 24, and 48 h) mangoes were sampled for microbiological
analysis.

Fruit Ripening (20–22◦C, RH 90–95% for 9 Days),
Storage and Distribution (12–15◦C, RH 90–95% for
2–24 h) Conditions at the Importer Facility
Following inoculation and drying, waxed mangoes were placed
in sterile containers and stored at 20–22◦C (21 ± 1◦C), RH 90–
95% (92 ± 3), for a time period of 9 days for mango ripening
(National Mango Board [NMB], 2014a). At designated times
during storage (0, 1, 3, 5, 7, and 9 days) mangoes were sampled
for microbiological analysis. Following ripening, mangoes were
then stored at 12–15◦C (14 ± 1◦C), RH 90–95% (92 ± 3), for
a time period of 2–24 h in to simulate mango storage at and
transportation from the importer facility (National Mango Board
[NMB], 2014a; Table 1). At designated times during storage (0, 2,
12, and 24 h) mangoes were sampled for microbiological analysis.

Microbiological Analysis
At each sampling time, mangoes (n = 4) were individually
transferred to sterile stomacher bags containing 200 ml of
BPW. Each mango was hand rubbed from outside its bag
for 2 min, and BPW from each sample was concentrated
by centrifugation and serially diluted in 0.1% BPW and
appropriate dilutions were surface plated on XLDN agar
plates (Harris et al., 2001). In addition to enumeration,
BPW samples were enriched in Rappaport–Vassiliadis
broth R10 (RVB, Difco) and incubated at 43◦C for 16–
24 h (Parnell et al., 2005). When counts for the respective
samples were negative by direct plating, enrichment broths
were streaked on XLDN and incubated at 37◦C for 48 h.
Presumptive colonies isolated on XLDN agar plates were
confirmed as S. enterica by agglutination assays (Salmonella
latex agglutination test, Microgen Bioproducts Ltd, Surrey,
United Kingdom).

Statistical Analysis
Four mangoes were sampled at each sampling time and
three independent trials were conducted for each experiment.
Pooled samples were averaged and the data was analyzed using
the mixed procedure of SAS (Statistical Analysis Software)
ver. 9.2. Differences among the means were detected at
p < 0.05 using the Fisher’s least significance difference
test. Independent experiments following the above mentioned
procedures were conducted to determine the effect of mango
packing house environment and distribution conditions on
Salmonella persistence using high and low inoculum on Tommy
Atkins and Ataulfo mangoes.

RESULTS

Results of our study did not demonstrate any significant
difference in Salmonella adhesion, attachment and survival
between Ataulfo and Tommy Atkins. Therefore, only data on
Salmonella attachment and survival employing Tommy Atkins
are presented here.
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Adhesion and Attachment of Salmonella
on Mango Surface
Scanning Electron Microscopy analysis of the uninoculated
mango skin sections revealed the presence of a rough surface with
corrugations that may favor pathogen attachment (Figure 1A).
With SEM, the earliest contact time at which adherent Salmonella
were observed on the mango skin was at 30 s (Figure 1B).
However, microbiological enumeration revealed that Salmonella
was able to adhere to the skin sections immediately on contact.
As can be seen from Figure 2, approximately 1.2 log CFU of
Salmonella was recovered from inoculated skin sections at the
earliest sampling time. Additionally, increase in contact time
was found to be associated with a significant increase in the
number of adhered Salmonella (p < 0.05, Figures 1C, 2). For
instance, between a contact time of a few second to 30 s, the
number of adhered bacteria increased by ∼4 log CFU/section.
Similarly, longer contact times of 1, 2 min, and 1 h were
associated with a significantly higher population of adhered
Salmonella on the mango skin sections when compared to initial
contact time (Figure 2). These data demonstrate that within

seconds of coming into contact with the frutcoplane, Salmonella
is capable of adhering to the fruit surface. Beyond adhesion,
SEM images revealed the formation of attachment structures as
early as 2 min following adhesion (Figure 3A). Formation of
extensive attachment structures that help to irreversibly anchor
the pathogen on the fruit surface were observed at 1 h post-
inoculation (Figures 3B,C). Additionally, Salmonella presence on
the skin sections was confirmed using qPCR for the invA gene
(Cheng et al., 2008). As expected, inoculated skin sections were
positive for invA while no amplification was obtained from the
control samples.

Survival of Salmonella on Mangoes
Under Commercial Handling and Storage
Conditions
Immediately following inoculation, approximately 6.58 ± 0.04
and 4.29 ± 0.03 log CFU of Salmonella was recovered from
the mangoes inoculated with high and low inoculum levels,
respectively. After a 24 h inoculum drying period, approximately
6.52 ± 0.02 and 4.33 ± 0.06 log CFU of the pathogen were

FIGURE 1 | Representative SEM images of (A) uninoculated mango skin (B) mango skin at 30 s following inoculation with S. Newport (C) mango skin at 2 min
following inoculation with S. Newport. Adhered Salmonella Newport are visible as rod shaped structures on the mango (var. Tommy Atkins) skin section.
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FIGURE 2 | Attachment of Salmonella Newport on mango skin sections (var.
Tommy Atkins) as a function of contact time. Data are presented as
means ± SD.

recovered from the fruits for their respective inoculation levels.
These results indicate that Salmonella is adept at surviving on
mangoes during extended drying period. Further, bacterial cells
that survive on mangoes for over 24 h would probably represent

populations that can withstand desiccation on the fruit surface
(Lang et al., 2004). Hence all fruit were inoculated and held for
24 h prior to the survival studies.

Ambient Conditions and Practices Simulating the
Mango Packing House
Handling of mangoes under conditions simulating fruit
unloading and staging (ambient temperature – 29–32◦C, RH –
85–95%) at the packing house was found to have a significant
effect on Salmonella populations particularly at the end of the
staging period (p < 0.05). At high inoculum levels, Salmonella
populations were found to increase from 6.43 ± 0.13 at 0 h to
6.61 ± 0.08 log CFU/mango at 48 h of staging (Figure 4A).
On the other hand, inoculation of fruits with a low inoculum
level was associated with a significant reduction in pathogen
population by∼0.3 log CFU/mango at the end of the experiment
(Figure 4A).

The next stage in the process that was replicated in the
lab included waxing and storage [10◦C (Tommy Atkins) or
12◦C (Ataulfo), RH 85–95% for 2–48 h] of mangoes. Spray
application of wax by itself was not found to be associated with
any reduction in pathogen population. Approximately 6.45 and

FIGURE 3 | Representative SEM images showing the formation of attachment structures by S. Newport following adhesion to mango skin at 2 min post-inoculation
(A) and 1 h post-inoculation (B,C).
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FIGURE 4 | Survival of Salmonella on mangoes (var. Tommy Atkins) as affected by conditions simulating (A) fruit unloading and staging at the packing house
(29–32◦C, RH – 85–95%), (B) waxing, storage, and distribution at the packing house (10◦C, RH – 85–95%), (C) fruit ripening at the importer facility (20–22◦C, RH –
90–95%), and (D) post-ripening storage and distribution at the importer facility (12–15◦C, RH – 90–95%). Data are presented as means ± SD.

4.2 log CFU of Salmonella was recovered from waxed mangoes
prior to storage. Following waxing fruit were stored for a period
of up to 48 h to account for the time taken to move fruit
from the packing house to the importer facility. As shown in
Figure 4B, at high inoculation levels, although higher numbers of
Salmonella were recovered from the fruits at the end of the study,
data were not significantly different. Similarly, although not
significantly different, mangoes inoculated with a low inoculum
were associated with a decrease in Salmonella populations by the
end of storage. For instance, Salmonella populations on mangoes
decreased from 4.31 ± 0.13 to 4.23 ± 0.13 log CFU/mango at 0
and 48 h, respectively (Figure 4B).

Ambient Conditions and Practices Simulating the
Mango Importer Facility
Once mangoes are received at the importer facility, they are
stored at 20–22◦C, RH 90–95% for 9 days to promote fruit
ripening. Storage under these conditions was not found to
significantly influence pathogen survival on fruit surface. At
high and low inoculum levels, approximately 6.5 and 4.2 log
CFU of Salmonella was recovered from the mangoes at the
end of the 9 days ripening period, respectively (Figure 4C).
Following ripening, mangoes were stored at 12–15◦C, RH 90–
95% for 2–24 h to simulate fruit storage and transportation
from the importer facility. As previously observed, although
a reduction in pathogen populations was observed at 24 h of
storage specifically at low inoculum levels, these results were
not found to significantly different from Salmonella counts at

0 h (Figure 4D). Overall, ambient conditions and practices
simulating the packing house and importer facility were not
found to significantly deter Salmonella survival on mangoes.

DISCUSSION

Although salmonellosis has been primarily associated with
the consumption of foods of animal origin, of late an
increasing number of fresh produce have been implicated in
foodborne salmonellosis (Krtinic et al., 2010; Reddy et al.,
2016). These occurrences highlight the epiphytic fitness of these
enteric pathogens (Brandl, 2006). The first steps in epiphytic
colonization is bacterial adhesion and attachment. In effect, the
ability of a pathogen to remain attached on the fruit surface
is critical to its successful colonization and survival on fresh
produce (Brandl, 2006; Collignon and Korsten, 2010; Tan et al.,
2016). Further, in addition to their ability to adhere, the time
required to ensure adhesion and thereby prevent dislodgement
may provide a survival advantage to the pathogen. In this regard
results of our study demonstrate that Salmonella was able to
adhere to the mango surface within few seconds of contact
(Figures 1B, 2). These findings are in line with previous studies
that demonstrated that Salmonella was able to adhere equally well
on plums and peaches immediately upon contact (Collignon and
Korsten, 2010).

Following the initial adhesion, non-reversible attachment
of Salmonella on the fructoplane ensures its survival and
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transmission along the post-harvest continuum. As opposed to
adhesion, bacterial attachment on plant surfaces is mediated by
the formation of attachment structures that help to securely
anchor the pathogen in place (Collignon and Korsten, 2010;
Tan et al., 2016; Fornefeld et al., 2017). Toward this, results of
our study demonstrate that Salmonella is adept at adhering and
attaching to the fructoplane. As can be seen from Figure 3A,
appearance of attachment structures can be seen as early as
2 min following initial contact. Further SEM also revealed
the formation of extensive attachment structures by Salmonella
at 1 h post-inoculation (Figures 3B,C). These findings are
similar to previous research that demonstrated that Salmonella
Typhimurium can attach on plums and peaches as early as 30 s
and 1 h post-inoculation, respectively (Collignon and Korsten,
2010). Similarly, 6 log CFU of S. typhimurium was recovered
from mango skin sections following an inoculum contact time
of 24 h (Fernandes et al., 2014). Beyond attachment, using SEM,
Gautam et al. (2014) demonstrated the presence and survival
of Salmonella Poona on cantaloupe rinds until 24 days post-
inoculation. Survival of pathogens on fresh produce, particularly
in the post-harvest environment is primarily influenced by
ambient fruit handling/storage conditions (temperature and
relative humidity) and packing house practices such as waxing
(Guo et al., 2002; Kenney and Beuchat, 2002; Shi et al.,
2007; Collignon and Korsten, 2010; Huff et al., 2012; Tian
et al., 2013; Zhou et al., 2014). Temperature in the packing
house and fruit storage environment not only influence fruit
keeping quality but also pathogen survival on fruits. Several
studies have investigated the effect of different temperatures on
Salmonella survival on fresh produce (Knudsen et al., 2001;
Behrsing et al., 2003; Castro-Rosas et al., 2010; Collignon
and Korsten, 2010; Huff et al., 2012; Carter et al., 2018).
Knudsen et al. (2001) demonstrated that Salmonella could
survive but not multiply on strawberries stored at 24 and 5◦C
for the duration of the expected shelf life. Likewise, results
of our study demonstrated that irrespective of the inoculum
level, Salmonella was able to survive but not replicate on
mangoes under conditions simulating the packing house and
importer facility. Similarly, Behrsing et al. (2003) investigated
the ability of Salmonella to survive on the fruits with inedible
skins including passion fruit, banana, cantaloupe, and honey
dew melon. At high (5–6 log CFU/ml) and low inoculum
(3 log CU/ml) levels a significant reduction in Salmonella
populations was observed on all fruits when stored at 8◦C for
7 days (cantaloupes), 10◦C for 6 days (passion fruit), 12◦C
for 1 day (honeydew melon), and 18◦C for 13 days (bananas).
However, contrary to these findings, we did not observe a
significant reduction in pathogen population under conditions
simulating cold storage at the packing house and importer
facility (Figures 4B,D). This could be due to fruit storage at low
ambient temperature (10–12◦C) but at high relative humidity
(85–95%).

With specific reference to relative humidity, Tian et al.
(2013) demonstrated that survival of Salmonella Typhimurium
and Escherichia coli O157:H7 was significantly higher at higher
relative humidity. They recovered higher populations of the
pathogen from inoculated apple surface at an RH of 85% than

at 65%. In fact, Tian et al. (2013) demonstrated that the survival
of pathogens on fruit surface was directly proportional to RH
levels with survival at RH of 100 > 85 > 68%. Similarly, Perez-
Rodriguez et al. (2014) demonstrated that Salmonella survived
on apples for 12 days when stored at 22◦C and RH of 70%.
Further, a recent study by Carter et al. (2018) demonstrated
the survival of foodborne pathogens including Salmonella on
packaged grapes when stored under simulated refrigerated transit
conditions (1.1 ± 0.5◦C; 90% RH). In corroboration with these
findings, in this study, storage of fruits under high humidity
and low temperatures was not found to significantly reduce
Salmonella survival on mangoes. Approximately 6.5 log and 4 log
CFU of Salmonella was recovered from the mangoes at the end of
storage (Figures 4B,D).

Fruit waxing is primarily performed at the packing house
to reduce moisture loss, replace natural waxes removed during
washing, cover injuries, and improve the fruit’s cosmetic
appearance (Crisosto et al., 1992; Kenney and Beuchat, 2002).
However, Suslow et al. (2001) demonstrated that wax treatments
could influence pathogen survival on stone fruits. Furthermore,
they concluded that wax applied on fruit surface can provide
limited dehydration protection to the pathogen and therefore
favor bacterial survival. Along the same lines, Kenney and
Beuchat (2002) evaluated the effect of six different wax
formulations including Carnauba Gold on S. Muenchen survival
on apples. They observed that waxing by itself did not result in
any significant reduction in Salmonella populations on apples.
Similarly, in the present study, irrespective of the inoculum
level, wax application on mangoes was not associated with any
reduction in Salmonella populations immediately and following
a 2 h drying period (data not shown). Further, storage of waxed
fruit at low ambient temperatures and high humidity did not
impede pathogen survival on mangoes (Figures 4B,D).

CONCLUSION

In conclusion, the results of our study demonstrate that
Salmonella is adept at adhering attaching and surviving on
mangoes under conditions simulating commercial packing
house and importer facility. Further, although the currently
employed time-temperature-relative humidity regimes do not
promote Salmonella replication on mangoes, they also do not
impede its survival on the produce. Hence, once contaminated,
mangoes could serve as potential vehicles in the transmission
of Salmonella along the post-harvest environment. Therefore,
effective preventive measures including best management post-
harvest practices are warranted to control Salmonella on fruits
and thereby improve the microbial safety of mangoes.
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