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Dried red peppers are frequently contaminated with mycotoxins during storage. To determine the effect of
storage environments on fungal occurrence and subsequent mycotoxin accumulation in dried red peppers,
we monitored red pepper powder and whole fruit samples for fungal occurrence under various tempera-
tures and relative humidity (RH) conditions during 340 days. Fungal occurrences fluctuated in both pepper
forms throughout the storage but they were higher in pepper powder than whole one, higher under low
temperatures (—20°C, 0°C, or 4°C) than others (10°C, 25°C, or 30°C), and higher under RH 93% than RH 51%
and 69% in both peppers. The samples exhibiting high fungal occurrences were associated mainly with dom-
inant species such as Aspergillus sydowii, Penicillium solitum, P. roqueforti, P. polonicum, or P. chrysogenum. My-
cotoxigenic species, including A. flavus, A. ochraceus, A. westerdijkiae, A. tubingensis, and P. citrinum, were also
detected throughout the samples. Although mycotoxins were not detected in the samples, mycotoxigenic
potential of A. flavus, A. ochraceus, and A. westerdijkiae isolates were confirmed. These results show that low
temperatures (—20°C, 0°C, or 4°C) and/or high surrounding RH (>93%) are not safe environments for storage
of dried red peppers as fungal growth can occur under these conditions.
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Introduction

Dried red peppers are among the most commonly used
spices worldwide. More than 60% of the global dried red
pepper supply is produced in Asian countries, including In-
dia, China, Bangladesh, and Thailand (Kim, 2014). The critical
control points in this process are the drying of fresh red pep-
per and storage of dried pepper (Ozkan et al,, 2015). Whole
dried red peppers are processed further to produce various
ground products (e.g., red pepper powder, chili powder, and
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chili pepper flakes), which are distributed widely in markets.
Mycotoxin contamination is an important safety issue as-
sociated with dried red peppers. Although dried spices are
generally expected to remain intact for long periods, my-
cotoxin contamination has often been reported in various
countries. Aflatoxins (AFs) are the most frequently detected
mycotoxins in dried red peppers (Ali et al., 2015; Aydin et al,,
2007; Fazekas et al, 2005; Khan et al., 2014; Ozkan et al,, 2015;
Singh and Cotty, 2017). Co-occurrence of AFs and ochratoxin
A (OTA) has also been reported (Jegal et al., 2013; Kim et al,,
2009; Ozbey and Kabak, 2012; Salari et al.,, 2012; Santos et
al, 2010). Due to the high toxicity of AFs and OTA, these my-
cotoxins must be regulated to ensure food safety. Recently,
the Codex Committee on Contaminants in Foods (CCCF)
has started to set maximum levels for AFs and OTA in spices,

@ This is an open access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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including red pepper (CCCF, 2018). As mycotoxins are fungal
metabolites, yeast and mold counts are generally used to in-
dicate the level of microbiological risk in foods. Among yeasts
and molds, the most frequent contaminants associated with
pepper products are Aspergillus and Penicillium spp. (Adebanjo
and Shopeju, 1993; Costa et al, 2019; Ham et al., 2016; Santos
etal, 2011), including many important mycotoxigenic species
such as A. flavus (Ham et al,, 2016; Mandeel, 2005).

Dried pepper products generally take several months from
production to consumption, hence, it is important to avoid
the microbial contamination during storage. Many studies
have documented microbial increases and physicochemical
changes in dried red pepper after long-term storage (Choi
et al,, 2018; Duman, 2010; Kim et al., 1984; Park et al., 1994;
Rico et al,, 2010). Previous works mainly targeted red pepper
powders rather than whole dried red peppers, which are
usually stored as raw materials to make a red pepper pow-
der or often directly used in cooking. In present study, we
investigated fungal occurrence on red pepper powder and
whole dried red pepper under different storage conditions
(temperature and relative humidity [RH]) during long-term
monitoring (about 1 year).

Materials and Methods

Sampling and storage conditions. We purchased red
pepper powder and whole dried red pepper from two
manufacturers located in Chungnam and Gyeongbuk prov-
inces, respectively, which are about 240 km apart from each
other in Korea. The samples were labeled A and B by regions
(Chungnam and Gyeongbuk provinces, respectively). Whole
dried peppers were bought in bulk and subdivided into 250-
g in low density polyethylene double zipper bags for the ex-
periments. Pepper powders came as individually packaged
in a single 1-kg vinyl zipper bag and they were used for stor-
age without further division.

Pepper powders and dried whole peppers were stored
under a range of temperature and RH conditions. All sam-
ples were stored at different temperatures of —20°C, 0°C,
4°C, 10°C, 25°C, and 30°C, except for dried peppers. Dried
peppers were not stored at —20°C because they are usu-
ally stored at around 0°C. Saturated aqueous solutions of
Mg(NO,),, Kl, and KNO; were prepared to attain 51%, 69%,
and 93% RH, respectively as previously described (Greenspan,
1977), in individual airtight polypropylene plastic containers

(29.0x19.5x15.5 cm). For saturated salt solutions, each salt
was dissolved in warm distilled water with stirring until no
more excess salt dissolved. For each type of pepper, pairs
of samples (A and B) in separate plastic bags were placed
in stack in incubators set at different temperatures or up on
the rack to avoid direct contact with the solution in separate
containers for RH treatment. The RH containers were placed
in a room maintained at 25+2°C for the entire study period
and kept airtight to ensure its RH during storage. Storage
started right after the sample arrival and the initial status of
the samples was measured as 0 day. During the storage, we
sampled 7 g whole pepper and 20 g pepper powder from
each treatment every 10 days for fungal and mycotoxin
analyses, until the amount of pepper remaining in the treat-
ments was insufficient for sampling. The moisture content
(MCQ) of each sample was measured upon collection using a
moisture analyzer (HMM-700E, Han Young Systems, Seoul,
Korea). Every 30 days starting at 10 days, the water activity
of the samples was measured using a water activity meter
(LabMaster-aW, Novasina, Lachen, Switzerland).

Fungal occurrence and identification. To investigate
fungal occurrence in the samples, we prepared the samples
as reported previously (Ham et al., 2016). Each mixture (1
g of pepper powder sample with 9 ml sterile water) was
vortexed vigorously for 1 min; 2 ml of this mixture was then
spread onto potato dextrose agar (PDA; Difco, Detroit, MI,
USA) plates (200 ul mixture per plate). Fungal colonies were
counted after 5 days of incubation at 25°C. Whole pepper
samples were cut into 5x5-mm squares, and 50 random cuts
were placed on PDA plates. Incubation and colony counts
were performed as described above. Fungal occurrence was
calculated as the number of colony-forming units (cfu) per
gram of sample after averaging weighs of 50 counts.

Fungal colonies were identified visually at first based on
colony and spore morphology for Aspergillus and Penicillium
counting. Then, representative colonies were isolated and all
the isolates were subjected to PCRs to identify species using
ITS4/5, 3-tubulin, or calmodulin genes. To screen for myco-
toxin producibility PCRs were performed using norB-cypA
gene for AFs and ketosynthase domain of polyketide syn-
thase gene for OTA. All PCRs were carried out as described
previously (Ham et al., 2016).

Mycotoxin analysis. Selected samples were analyzed
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for AFs B,, B,, G, G,, and OTA. We extracted 4 g of each sam-
ple with 70% methanol (with 1% NaCl) for AFs. The extracts
were cleaned using immuno-affinity columns (AflaTest WB,
VICAM, Milford, MA, USA), according to the manufacturer’s
instructions. The samples were dried under nitrogen gas,
reconstituted in 1 mL acetonitrile solution with 20% trifluo-
roacetic acid, and then filtered (0.22 pm, SiliCycle, Quebec,
Canada) before injection into an ultra-high-performance
liquid chromatography (UPLC) system (ACQUITY UPLC H-
Class, Waters, Singapore). We injected 10 ul of each sample
into a reverse-phase C18 column (X-Select CSH C18; 2.5 um,
2.1x100 mm; Waters, Dublin, Ireland). The mobile phase
consisted of water-methanol-acetonitrile (76:14:10, v/v/v)
was run isocratically at a flow rate of 0.3 ml/min. For OTA, 1g
of each sample was extracted with methanol-sodium bicar-
bonate (50:50) solution and cleaned with an OchraTest WB
(VICAM) immune-affinity column. The samples were dried
as described above, reconstituted with acetonitrile-water-—
acetic acid (99:99:2), and analyzed by UPLC with the same
solution as a mobile phase. The limit of quantification for AFs
and OTA was 0.5 pg/kg. These analyses were repeated three
times.

Temperature

Results

Effect of temperature on fungal occurrence. Fungal
occurrence fluctuated, with occasional sharp increases,
throughout the storage period in both whole and pepper
powder samples. The fungal occurrences appeared to be
higher at low temperatures (from —20°C to 4°C) and espe-
cially in pepper powder samples, usually orders of magni-
tude higher than those in whole. Analysis of data collected
every 30 days showed that the median fungal occurrences
through the storage period is the highest in the pepper
powder A at —20°C (8.3x10” cfu/g), followed by 0°C (4.1x10%),
4°C (3.3x10%), and 4°C (1.4x10°) in the pepper powder B (Fig.
1). In whole peppers, fungal occurrences only at 4°C were
higher than other temperatures in both samples (Fig. 1). The
highest fungal occurrence (2.5x10* cfu/g at 180 days) was
observed in pepper powder sample B at 4°C (Fig. 2). Other
high occurrences were observed in pepper powder sample
A at 0°C (8.1x10° at 260 days) and at —20°C (2.6x10° cfu/g at
200 days) (Supplementary Table 1). At these temperatures,
fungal occurrence fluctuated during the whole period,
which pattern was a contrast to the higher temperatures.
Relatively higher temperature treatments (10°C, 25°C, and
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Fig. 1. The effect of temperature and humidity on fungal occurrence on red pepper powder and dried red pepper samples. Peppers were
purchased from two different manufacturers located in Chungnam and Gyeongbuk provinces (A and B).
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30°C) showed flat and lower occurrence during the entire
storage. For whole peppers, the highest peaks occurred at 4°C
(70 days) for both samples A and B but with very low occur-
rences (Fig. 1, Supplementary Fig. 1).

The dominant fungal genera associated with dried pep-
per varied among samples and conditions. Pepper powder
A was associated mainly with Penicillium, especially at —20°C
and 0°C, whereas pepper powder B was associated with As-
pergillus at —20°C, 0°C, and 4°C (Supplementary Table 1). The
predominant Penicillium species occurred were P. solitum,
P. roqueforti, P. polonicum, and P. chrysogenum, and the pre-
dominant Aspergillus species was A. sydowii. In whole pep-
per samples, A. sydowii was dominant at all temperatures.
Representative mycotoxigenic species, such as A. flavus (AFs),
A. ochraceus, and A. westerdijkiae (OTA), were occasionally
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detected from the samples regardless of storage conditions
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of these species contributed to the fungal occurrence peaks
shown in Fig. 2 during the study period. It is notable that in
pepper powder B, A. flavus was detected only from cold tem-
peratures lower than 10°C.

Effect of RH on fungal occurrence. Fungal occurrence
appeared to increase with a pattern only at 93% RH in both
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gal occurrence was significantly higher at 93% than 51% and
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Fig. 3. The effect of relative humidity on fungal occurrence on pepper powder samples A (A) and B (B).

per powders, fungal occurrence tended to increase during
early storage then, decrease (Fig. 3). Whole pepper samples
showed a slower increase than did pepper powder ones,
resulting in a rightward shift of the fungal occurrence trend
(Supplementary Fig. 2). Fungal occurrence in the whole
samples were two orders of magnitude lower than those of
the pepper powder samples. At 69% and 51% RH, no pepper
powder samples showed a significant increase in fungal oc-
currence, which remained lower than 2.0x10” cfu/g through-
out the storage period, except the sample B at day 10 under
69% RH (Supplementary Table 1). The fungal occurrence of
whole pepper samples fluctuated below 2.2x10 cfu/g. Most
samples were associated with A. sydowii, especially at 93%
RH, throughout the storage periods and with mycotoxigenic

species such as A. flavus, A. ochraceus, A. westdijkiae, and A.
tubingensis at all RH levels (Supplementary Table 1).

MC and water activity of pepper samples. The MC
and water activity of the samples varied with temperature,
RH, and pepper form throughout the storage period. MC
decreased gradually in the pepper powder samples under
the 30°C treatment after 120 days, but changed little at other
temperatures (<14%) (Supplementary Fig. 3). In whole pep-
per, MC declined with fluctuation at 10°C and higher tem-
peratures, most steeply under the 30°C treatment, where
it was not detectable after 130 days. Under the 0°C and 4°C
treatments, MC of whole pepper fluctuated but remained
around at 12+1-2%. Water activity of both pepper powder
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Table 1. Mycotoxigenic potential of selected fungal isolates

Species No.of isolate  Aflatoxin Ochratoxin
Aspergillus flavus 16° 1 nt
A. nomius 5 2 nt
A.oryzae 5 0 nt
A.ruber 6 0 nt
A. ochraceus 6 nt 2
A. tubingensis 2 nt 0
A. westerdijkiae 7 nt 4
Penicillium citrinum 1 nt 1
P. nordicum 3 nt 0
P. verrucosum 3 nt 0
Total 64 3 7

nt, not tested.

®To screen for ability of mycotoxin production, PCRs were per-
formed using norB-cypA gene for aflatoxin and ketosynthase
domain of polyketide synthase gene for ochratoxin. Each spe-
cies was tested for one mycotoxin only. Number of isolate with
an expected band was counted.

and whole samples showed similar trends to the MC (<0.8)
(Supplementary Fig. 4). With RH treatment, the MC and
water activity of both pepper powder and whole samples
increased throughout the test period at 69 and 93%; the
greater RH resulted in the higher MC and water activity over
time, with acquisition of more moisture in whole pepper
samples than pepper powder ones (Supplementary Figs. 3, 4).
Occasional upsets observed in Supplementary Fig. 3 could
be measuring errors.

Mycotoxin production. We screened the capabilities
of the 64 isolates to produce AF and OTA based on the pres-
ence of the fungal genes required for the biosynthesis of
these mycotoxins. None of them were from the same sample
and their origin covered whole range of temperature or RH
as some were marked in Supplementary Table 1. These iso-
lates were identified as one of eight mycotoxigenic species
(A. flavus, A. ochraceus, A. ruber, A. tubingensis, A. westerdijkiae,
P. verrucosum, P. citrinum, and P. nordicum) that were known
to produce either AF or OTA. One A. flavus and two A. nomius
isolates were found to be positive for AF, and seven (four
A. westerdijkiae, two A. ochraceus, and one P. citrinum) were
found to be positive for OTA (Table 1). However, none of AF

and OTA was detected above the quantification limit in any
of the ground or whole pepper samples examined in this
study (data not shown).

Discussion

During about 1-year storage, 4°C and lower temperatures
or high RH (e.g., 93%) appeared to encourage fungal growth
in both pepper powder and whole dried pepper samples.
This finding is contrary to general assumption that cold
temperatures generally limit microbial growth. Rather, ad-
vantage of cold temperature for pepper would be attributed
to maintaining its quality. Regarding to temperature, incon-
sistent results have been reported for microbial reduction in
red pepper powder. One study showed that storage of red
pepper powder at room temperature for 6 months caused
no change in yeast and mold counts (Lee et al., 1997), where-
as another showed that yeast and mold counts decreased
by two orders of magnitude, from 4.6x10° cfu/g to 1.2x10,
after 6 months of storage at 4+2°C (Rico et al,, 2010). With
10-day interval measurement, our work revealed fluctua-
tions in fungal contaminant levels, rather than proportional
change, notably with peaks at cold temperatures. Why oc-
currence levels increased at certain time points and were not
maintained remains unclear but it could have been caused
by sampling, as fungal spores or mycelial mass are unevenly
attached to ground particles or inner surfaces of whole pep-
pers without free dispersal. In addition, this study revealed
for the first time that whole pepper fruits were less suscep-
tible to fungal occurrence (contamination) than pepper
powder samples at all the time points examined. Previous
studies can be comparable to our result as they documented
greater AF contamination of ground pepper than of whole
peppers (Khan et al, 2014; Kim et al., 2005; Singh and Cotty,
2017). In this regard, it can be speculated that the ground
samples provide more surface areas for fungal colonization
than whole fruit samples, suggesting that whole pepper is
more suitable form than pepper powder for long-term stor-
age in terms of microbial reduction only when the environ-
ments are controlled properly.

As fungal occurrence was inconsistent with MC or water
activity which showed increasing/decreasing pattern respec-
tive to temperature, it might be due to some change in the
pepper microenvironments rather than water content in the
peppers. However, further investigation is required as we did
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not measure RH among the temperature treatments and
there could be other factors such as packaging material and
air-flow. We did not measure the qualitative indices of the
stored samples but the color started to deteriorate visually
at 30°C (from 120 days) and at 25°C (from 230 days) in the
whole pepper.

RH accelerated fungal growth in both pepper powder and
whole pepper samples only at a high level (93%). Fungal oc-
currence showed a pattern looking like an inverted v-shaped
curve with a peak at 50 days for ground samples, and later
for whole ones (Supplementary Table 1). The pattern clearly
showed that fungal occurrence increased to a certain point
where the humidity reached saturation then decreased;
increasing humidity encouraged fungal growth. It was irrele-
vant with either MC or water activity again as in the tempera-
ture treatment. As this pattern was common to both pepper
forms, it suggests that surrounding high humidity (93% RH)
was the critical factor to promote fungal growth (of spores
or mycelia). The peak time difference between two pepper
forms may reflect the physical structures of them, with more
time required for the saturation of whole peppers. It also in-
dicates that the commercial zip bags used in the study were
not airtight enough to block penetration of surrounding
airs completely. Although dried red pepper was not usually
stored under such high RH, humidity can be increased with-
out proper control. A previous study on the quality of stored
dried red pepper showed that the optimal storage condi-
tions were 13-15% water content and 60%+5% RH (Park
et al.,, 1994). Red pepper powder has also been reported
to brown at high-equilibrium MC and RH higher than 75%
(Kim et al., 1984). Regarding to mycotoxin production, high
levels of water activity (>0.9) have been reported to favor
OTA production by Aspergillus section Nigri (Belli et al., 2004).
However, the water activity levels of dried red pepper tested
in this study were lower than 0.8; thus, this effect was not
observed. Another study showed that A. flavus was able to
grow and produce AFs at 21°C/97% RH and 30°C/85% RH
in rice (Choi et al., 2015). In rice, Aspergillus populations were
affected more by temperature (>10°C) than by RH (Mannaa
and Kim, 2018).

Most peaks of fungal occurrence levels during storage
consisted of single species of the genera Aspergillus or Peni-
cillium. Associations with single dominant species varied
among samples and treatments. A. sydowii was dominant
in both pepper types at 93% RH, indicating that A. sydowii

was best suited to the high RH (Supplementary Table 1).
Although these dominant species are known to be non-
toxigenic (Frisvad et al., 2004; Pitt and Hocking, 2009), other
Aspergillus and Penicillium species detected are producers
of various toxic metabolites (Frisvad et al., 2004; Ismaiel and
Papenbrock, 2015; Nielsen et al., 2009; Wang et al., 2016). The
co-occurrence of many mycotoxigenic species, such as A.
flavus, A. ochraceus, A. westerdijkiae, A. tubingensis, P. verruco-
soum, and P. citrinum, can still pose a threat to food safety. P.
citrinum can produce citrinin (Jeswal and Kumar, 2015) and
OTA (Zhao et al,, 2017). We did not analyze our samples for
citrinin, but we found that one P. citrinum isolate had the po-
tential for OTA production. A. tubingensis that was detected
commonly in our samples belongs to Aspergillus section
Nigri with A. niger and A. carbonarius. A. niger has been found
in frequent association with red pepper (Bokhari, 2007; Erdo-
gan, 2004). A. tubingensis from grapes has been reported to
produce OTA but with frequencies lower than A. niger and
A. carbonarius (Perrone et al.,, 2006); thus, whether A. tubin-
gensis isolates from red pepper also produce OTA must be
determined. Chilies have been suspected to contain quanti-
ties of Aspergillus section Flavi (Singh and Cotty, 2017). As we
confirmed its presence in our samples and aflatoxigenic or
ochratoxigenic potential by a few isolates, the production of
AFs and OTA will depend on storage conditions. A couple of
studies reported such cases: AF levels increase after 5-month
storage of hot pepper, with 61% greater contamination at
25°C and 30°C than at 20°C (Igbal et al., 2011); a 10-fold in-
crease in yeast and mold counts with the AF B, increasing
from <0.2 to 1.56 pg/kg after 6-month storage of red chili
pepper (Duman, 2010). No detection of mycotoxins in our
samples might be due to lack of the conducive condition or
fungal quantity for mycotoxin production during storage.
As long as the mycotoxigenic strains survive, however, my-
cotoxin can be produced when the condition becomes suit-
able and the fungi proliferate.

This study provides a glimpse of unexpected fungal popu-
lation dynamics in dried red pepper during storage. It shows
that cold temperatures can promote fungal growth. It is
important to know that cold storage such as —20°C does not
guarantee to control fungal contamination but can harbor
fungi including mycotoxigenic species. As pepper powders
hold more fungi than whole fruit ones, whole pepper is a
safer form for long-term storage than ground one to reduce
fungal occurrence. Although fungal increase was not related
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with either MC (<16%) or water activity (<0.8) of the samples
in both forms of pepper, high RH needs to be controlled to
minimize fungal propagation in dried red pepper storage.
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