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Abstract

The management of microbial contamination is an important issue in spice trade. For
common domesticated black pepper (Piper spp.), the control relies mainly on post-
process decontamination. The aim of the present study was to examine microbial
contamination of wild pepper (Piper borbonense) from Reunion Island and investigate the
effects of different processing paths on microbiological quality and fungal ecology. The
fresh pepper microbial counts ranged from 4.6 to 6.8 log CFUg . Blanching had a positive
significant impact on the microbiological quality of pepper whereas sweating led to
microbial growth up to 5 log CFUg! and, therefore, should be avoided. Microbial counts
for dried pepper were 1.33 log CFUg'; 3.37 log CFUg'; 1.67 log CFUg' and 1.3 log
CFUg ! for coliforms, TAMB, Staphylococcus, yeast and moulds, respectively. Potential
mycotoxin producers were identified from pepper samples but aflatoxins and ochratoxin
A levels detected were far below the regulation limits. The initial diversity of fungal
contamination is prominent for the final quality of pepper in contrast to the impact of
processes. The revisited wet process (blanching then drying), which positively affected all

microbial loads, could be a good option for pepper transformation.
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1. Introduction

Spices and herbs are used worldwide to enhance food flavour. Whereas herbs are
obtained from the leaves, spices cover roots, stems, bulbs, barks, berries or seeds.
Among those, black pepper (Piper nigrum) is one of the most extensively used spice in
the world. In 2017, 690 000 tons of pepper were produced; nearly one-third of which was
produced by Vietnam, the leading producer, ahead of Indonesia and India (FAO Statistics
Division, 2019).

The highest demand of pepper comes from Europe and North America, where pepper is
used for food industry, institutional catering and home-consumption. Therefore, the
different geographical locations for production and consumption leads to high trade
volumes. Dried black pepper trade accounted for twenty per cent of all spice imports in
2002 (Mokshapathy & Yogesh, 2013). Wild peppers represent an extremely low amount
of trade, but their high sensory characteristics put them in a prominent place regarding
their commercial value. For instance, black pepper is sold for around 30 euros per kg,
when Tsiprifery, a wild Malagasy pepper, reaches 200 euros/kg in French delicatessens
(Razafimandimby et al., 2017). Piper borbonense, the wild pepper from Reunion Island,
though offering worthwhile potential regarding its original chemical composition (Weil,
Shum, Meot, Boulanger, & Bohuon, 2017) is not cultivated, neither processed, nor
commercialised yet.

Legal requirements for the entrance of pepper in the European market (CBI, 2019) are for
the product to comply with maximum levels of mycotoxins, in particular aflatoxin and
ochratoxin, and microbial contamination levels. For instance, in 2018, a total of 17 batches
of black pepper received a border control notification, among those 9 were subjected to

withdrawal, due to the positive detection of Salmonella (RASFF, 2019). Thus, many
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studies have focused on the ability of Salmonella to grow or survive on black pepper over
an extended storage time (Keller, VanDoren, Grasso, & Halik, 2013). However microbial
contamination levels of black pepper is not restricted to pathogens, with the detection of
total mesophilic bacteria in the range of 2 to 8 log CFUg-! (Chitrakar, Zhang, & Adhikari,
2018; Fogele, Granta, Valcina, & Berzins, 2018; Garbowska, Berthold-Pluta, & Stasiak-
Rozanska, 2015; KlimesSova et al., 2015; Mckee, 1995; Plany et al., 2018). Bacillus spp.
or Clostridium perfringens or other spore-forming bacteria are often reported, as well as
Staphylococci and Enterobacteria. Both Salmonella and Gram-positive bacteria counts
did not decrease significantly over storage (Thanh et al.,, 2018). Assessment of
mycological quality and mycotoxin contamination of black pepper showed that Aspergillus
flavus, Aspergillus parasiticus, Aspergillus niger and Penicillium spp. were the main
potentially mycotoxinogenous fungi associated to pepper (El Mahgubi et al., 2013; Fogele
et al., 2018; Yogendrarajah, Deschuyffeleer, et al., 2014). As a consequence, aflatoxins,
ochratoxin and other mycotoxins were occasionally detected at low concentrations,
therefore, the risk associated to black pepper consumption was considered low
(Yogendrarajah, Deschuyffeleer, et al., 2014; Yogendrarajah et al., 2015; Yogendrarajah,
Jacxsens, et al., 2014; Yogendrarajah et al., 2016). In contrast to black pepper, there is
no data concerning microbial contamination of wild pepper, such as P. borbonense.

The management of microbial contamination in spices relies mainly on good practices,
but inactivation of bacteria may be performed. To this end, non-thermal methods are of
high interest as their impact on aromatic compounds is low. Superheated steam, vacuum-
steam pasteurization, radio-frequency heating, microwave- or gamma-irradiation have
shown to be efficient to decrease Salmonella or Escherichia coli populations (Ban et al.,

2018; Jeevitha, Sowbhagya, & Hebbar, 2016; Jeong & Kang, 2014; Shah, Asa, Sherwood,
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Graber, & Bergholz, 2017; Song et al., 2014). Another approach is to investigate
processing practices in the light of microbiological contaminants. In Madagascar, wild
peppers are processed according to “dry” and “wet” processes (Weil et al., 2014). The
“dry” process only consists of single drying, whereas the “wet” process includes blanching
and sweating prior to drying. Blanching consists of dipping pepper berries in hot or boiling
water for a few minutes. According to Dhas and Korikanthimath (2003), it is used not only
to remove impurities and increase the speed of drying but also to decrease the microbial
load. Traditionally, sweating, i.e. keeping the hot blanched pepper in a blanket for 24 h is
used in Madagascar to brown pepper and is hypothesized to develop its aroma (as for
vanilla). Drying is performed to reduce water content and stabilize pepper for future
conservation by limiting microbial growth. Previous studies (Weil et al., 2017) showed,
chemical-sensorial criteria such as piperine and essential oil contents were quite resistant
to the process. Therefore, the choice of the process could be monitored according to
sanitary considerations. There is no literature investigating the impact of these processing
practices on microbial contaminants. The aim of this study was to examine the microbial
contamination of wild pepper (P. borbonense) from Reunion Island and investigate the

effects of different processing paths on the microbiological quality.

2. Materials and methods

2.1. Pepper sampling
Pepper (P. borbonense) berries on spikes were sampled from wild creepers in a place
called “Riviere Langevin” in a limited area of approximately 5 000 m? located in the
southernmost part of Reunion Island (- 21° 2' 04.49 S; 55° 38' 33.07 E). Six different

batches were harvested at ripened stage at five different dates: Batch A — 2d of December
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2014; Batch B — 6" of November 2013; Batch C 12t of December 2013; Batch D — 4t of
December 2013; Batch E and Batch F — 13t of December 2013.
The batches were directly frozen at -80 °C until use (Freezer Froilabo — Bio Memory 690
liters, Paris, France). Before processing, around 800 g of each batch were manually
destemmed then thawed on a disinfected inox plate during two hours at room temperature.
Defrosted and unprocessed pepper is called “fresh pepper” (stage 1, Figure 1).

2.2. Pepper processing
Three transformation processes - two “wet” and one “dry” - were tested (Figure 1).

2.2.1. Wet processes

Two types of wet processes were tested. The first one (called “wet process”) consisted in
the succession of three unit operations: blanching, sweating and drying. The second one
(“revisited wet process”) consisted of two unit operations: blanching then drying. A
quantity of 550 g of fresh pepper was blanched in a water bath (Memmert Gmbh type WB
22 Schwabach, Germany) at 75 °C, over 3 min at a ratio of 1:36 (m/m) pepper
berries to water. After blanching either the pepper was: directly dried or sweated prior to
drying. Sweating consisted of placing the pepper berries arranged in a compact 1 cm layer
in aluminium trays (300 cm?) in a climatic chamber (BIA Climatic — Type CL 125, Conflans
Sainte Honorine, France) at 35 °C and 99 % RH for 24 h. Drying was performed by placing
the same aluminium trays containing 225¢g of pepper berries arranged in a compact 1 cm
layer for 24 hat 60 °C + 1 °C, RH 20 % * 2 % in the same climatic chamber. Hot air (60 * 1
°C, RH 20 + 2 %) was circulated over the surface of the layer. Wet process was applied
to batches A, B, C, D (n=4); revisited wet process was applied to batches A, B, C,D, E, F
(n=6).

2.2.2. Dry process



141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

The dry process consisted in a single drying unit operation. Sample of 225 g of fresh
pepper arranged in a compact 1 cm layer was placed in an aluminium tray for 24 h at 60
°C £1°C, RH 20 % * 2 % in the climatic chamber. Hot air (60 £ 1 °C, RH 20 + 2 %) was
circulated over the surface of the layer. Dry process was applied to batches D, E, F (n=3).
2.3. Microbial enumeration

Samples of 25 g of berries corresponding to different pepper stages were withdrawn after
each processing step (samples 1, 2, 3, 4, 6 for wet processes and 1, 5 for dry process).
Samples were homogenized with 25 mL of buffered peptone water (Biolife ref 4012782,
Milan, Italy) with a stomacher over 1min at maximal speed. Serial decimal (up to 108)
dilutions were prepared in the same buffer. Homogenates were frozen at -80 °C for further
molecular analyses as described in section 2.5.

For enumeration, 0.1 mL of dilution was plated onto agar plates. Total aerobic mesophilic
bacteria (TAMB) counts were determined on Plate Count Agar (Biokar ref BK144HA,
Allonne, France) supplemented with 4 pg.mL-" cycloheximide and incubated for 72 h at
30°C. Staphylococcus spp. were enumerated on Baird Parker medium
(Acumedia/Neogen ref 7112, Laning, USA) after incubation for 48 h at 37 °C. Yeasts and
fungi were enumerated on Glucose Chloramphenicol broth supplemented with agar (GCA,
CONDA, ref 1258, Madrid, Spain) after incubation for 5 days at 25 °C. Coliforms were
enumerated by plating 1 mL of sample onto Petri dish supplemented with 12 mL of VRBL
(Violet Red Bile Lactose) agar (Biokar ref BK152HA, Allonne, France) after incubation for
48 h at 37 °C. Counts were expressed as decimal logarithm (log) of colony forming units
(CFU) per gram of sample.

2.4. Fungal isolation and identification
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After incubation for 5 days at 25 °C, fungal isolates were selected from GCA plates based
on their colony morphology. 26 Isolates that exhibited morphological colony differences
were selected. Selected isolates were re-suspended on the same medium and grown in
the same conditions. Thereafter, each isolate was stored in glycerol 20 % at -80 °C until
further analyses.
241 Fungal DNA isolation

A CTAB-based method was used to extract DNA from fungal isolates (adapted from
(Umesha, Manukumar, & Raghava, 2016). Fungal mycelia and spores were collected
from plates by pipetting 50 pL of Triton-X100 then added to 500 uL of CTAB buffer
[Autoclaved CTAB solution (0.1 M Tris pH 8, 1.4 M NaCl, 20 mM EDTA, 2 % CTAB
(cetyltrimethyl ammonium bromide) to which 4 % polyvinylpyrrolidone and 0.5 % -
mercaptoethanol were further added] and one scoop of glass beads (Sigma G9772,
Germany) in empty 1.5 mL tubes. After vortex mixing (Vortex Genius 3, IKA, Staufen,
Germany) for 2 min, the tubes were incubated at 65 °C for 15 min. A mixture of 500 pL of
chloroform:isoamyl alcohol (24:1) was added and mixed well by hand shaking then
centrifuged for 5 min at maximum speed (14.000 x g, Sigma Laborzentrifugen GmbH,
Osterode am Harz, Germany). The upper (aqueous) phase was transferred into new 1.5
mL tube and 0.1 volume of 7.5 M ammonium acetate and 1 mL of absolute ethanol were
added. After gentle mixing, the tubes were centrifuged for 30 min at maximum speed at 4
°C. The liquid was discarded and 500 pL of cold 70 % ethanol were added to wash the
pellet. Tubes were centrifuged for 10 min at 4 °C at maximum speed. The liquid was
carefully discarded; the DNA pellet was dried overnight and resuspended with 20 pL of
molecular grade water.

24.2 Amplification and sequencing of fungal DNA
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PCR amplification reactions were performed by mixing 5x Green GoTag Buffer
(Promega), 2 mM MgCl2 (Qiagen), 200 uM of dNTPs (Promega), 1.25 U of GoTaqg DNA
polymerase (Promega), 0.2 mM of ITS1F (CTTGGTCATTTAGAGGAAGTAA) and ITS4
(TCCTCCGCTTATTGATATGC) DNA primers (Sigma), 5 pyL of fungal DNA extract, and
Ultrapure Water (Eppendorf) gs 50 pyL. PCR amplifications were performed in Veriti
Thermal Cycler (Applied Biosystems,ThermoFisher Scientific, Waltham, MA, USA) with
an initial denaturation step at 95 °C for 2 min followed by 35 cycles of 3 steps (denaturation
at 95 °C for 15 sec, hybridization at 52 °C for 30 sec and elongation step at 72 °C for 30
s) and a final elongation step at 72 °C for 5 min. 5 puL of PCR reactions were deposited on
2 % agarose gel in TAE 1x buffer for a control electrophoresis. PCR amplicons of expected
size (between 500 and 700 bp) were sent for sequencing to Macrogen (South Korea). The
raw sequences data were edited using Bioedit Software and compared to the GenBank
database using the BLAST program (Blast, 2018). Sequences having a percentage of
identity of 97 % or more were considered to belong to the same species (Koljalg et al.,
2013).
2.5. Fungal community analysis by PCR-DGGE
2.5.1 DNA extraction

A CTAB-based method was used (adapted from Hamdouche et al., 2015). Frozen pepper
filtrates were thawed and 2 mL were sampled and centrifuged for 2 min at 500 x g to clear
the lysate. The lysate volume was split into two microtubes containing 300 pL of glass
beads (Sigma). The mix was vortexed at maximum speed for 5 min at room temperature
then centrifuged for 15 min at 12000 x g. The supernatant was removed, and the pellet
resuspended with 300 uL of lysis buffer [Triton X-100 2 %, SDS 1 %, NaCl 100 mM, Tris

pH8 10 mM, EDTA pH8 1 mM] and the mix was incubated at room temperature for 5 min.

9
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A volume of 100 L of TE buffer [Tris pH8 10 mM, EDTA pH8 1 mM] was added and the
mix incubated for 5 min at room temperature. Then, 100 pL of Lysozyme (25 mg.mL")
were added. After 5 min of incubation at room temperature, 100 yL of proteinase K (20
mg.mL-') were added and the mix was incubated for 20 min at 42 °C. Then, 50 pL of SDS
(20 %) were added and the mix incubated for 5 min at room temperature followed by 10
min at 4 2°C in water bath (Memmert Gmbh type WB 22 Schwabach, Germany). A volume
of 400 pL of CTAB [2 % in NaCl 3 M] was added and the mix incubated for 10 min at 65
°C.

A phenol/chloroform extraction was performed by addition of 700 uL of phenol solution
(Sigma ref. 77617). Tubes were agitated manually then centrifuged at 12000 x g for 15
min at room temperature. The upper (soluble) phase was transferred to a new microtube.
A second phenol/chloroform extraction was performed as described above. Then, 600 pL
of chloroform—isoamyl alcohol mixture (Sigma ref. 25666) were added, manually mixed
and centrifuged at 12000 x g for 10 min at room temperature. The upper phase was
transferred to a new microtube.

DNA was precipitated by adding 0.1 volume of sodium acetate (3 M, pH5), followed by 1
volume of 100 % isopropanol, manually mixed and left for 1 h at -20 °C. After centrifugation
at 12000 x g for 30 min and supernatant removal, the DNA pellet was washed by addition
of 500 pL 70 % ethanol. After centrifugation at 12000 x g for 5 min and supernatant
removal, the DNA pellet was air-dried and resuspended in 100 yL of water. DNA was
quantified by UV Spectrophotometry (Nanodrop 8000, Thermo Fisher Scientific Waltham,
MA, USA).

2.5.2 PCR amplifications

10
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PCR amplification reactions were performed using 50 ng of DNA as described above
except that GC-ITS1F
(CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGGCTTGGTCATTTA
GAGGAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC) DNA primers were used.
PCR amplifications were performed in Veriti Thermal Cycler (Applied Biosystems
ThermoFisher Scientific, Waltham, MA, USA) with an initial denaturation step at 95 °C for
2 min followed by 35 cycles of 3 steps, as mentioned previously. The agarose gels were
run at 100 V for 30 min and stained for 15 min in ethidium bromide (0.5 pg.mL-") followed
by 10 min in water, then observed and photographed on a UV transilluminator coupled
with a CCD camera (Syngene, G:Box, Cambridge, United Kingdom).

253 Denaturing gradient gel electrophoresis (DGGE) analysis
PCR products were separated by DGGE, using an OmniPAGE VS20WAVE-DGGE
system (Cleaver Scientific, Warwickshire, United Kingdom) according to the procedure of
the manufacturer. From 10 to 30 pL (estimated from PCR amplification control
electrophoresis in order to get homogeneous signals) of each PCR product were loaded
onto 8 % (w/v) polyacrylamide gels (acrylamide : bisacrylamide, 37.5:1, Promega) in 1x
TAE. Electrophoresis experiments were performed at 60 °C using a denaturing gradient
ranging from 40 % to 70 % (100 % corresponded to 7 M urea and 40 % (v/v) formamide,
Promega). The migration was carried out at 20 V for 10 min and then at 80 V for 16h. The
gel was stained for 30 min with ethidium bromide solution (40 pg.mL*) then 30 minutes in

water and photographed as described above.

2.6. Mycotoxin analysis: aflatoxins (AFs) and ochratoxin A (OTA)

quantification

11
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Each sample (5 grams of pepper) was homogenized with 25 mL methanol and agitated
during 15 minutes with an orbital agitator (Ratek RSM7DC, Victoria, Australia). The extract
was centrifuged at 6000 x g for 10 min. A volume of 5 mL of the filtrate was diluted with
15 mL of PBS buffer. The diluted extract was passed through an immuno affinity column
(IAC) (Aflaochraprep, R-Biopharm). The IAC was washed twice with 10 mL of PBS before
being eluted with 1 mL methanol and 1 mL of water. The obtained elute was collected into
a glass bottle, identified by High Performance Liquid Chromatography (HPLC) and
quantified by spectrofluorescence (Shimadzu RF 20A, Kyoto, Japan) after post column
derivatization with electrochemical system (Kobra Cell™ R. Biopharm Rhéne Ltd,
Glasgow, UK). Fluorescence detection for AFs was set at 365 nm for excitation and 435
nm for emission and OTA was set at 333 nm for excitation and 460 nm for emission. The
mobile phase A was water: methanol (55:45; v/v), 119 mg.L-! of potassium bromide and
350 pL.L of nitric acid (4 M) and the mobile phase B was water: methanol (20:80; v/v),
119 mg L' of potassium bromide and 350 pL of nitric acid 54 M). AFs and OTA standards
were used for the construction of a five-point calibration curve of peak areas versus
concentration (ng.mL-"). The injection volume was 100 pL for both standard solutions and
sample extracts. The operating conditions were as follow: injection volume of 100 pL of
sample; C18 reverse-phase HPLC column, Uptisphere type, ODS, 5 um particle size, 5
ODB, 250 x 4.6 mm, with identical pre-column, thermostatically controlled at 40 °C;
isocratic flow rate of 0.8 mL.min-!. Mobile phase gradient: mobile phase A: 100 % (0-26
min); 35 % (26-45 min); 100 % (45-50 min); The repeatability and detection limits on AFs
were respectively 94.8 % and 0.05 ug.kg-'. The repeatability and detection on OTA were

respectively 96.5 % and 0.05 pg.kg'. The contents were calculated from a calibration

12
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curve established with aflatoxins (TSL-108, Biopharm Rhéne Ltd, Glasgow, UK) and
ochratoxins standards (TSL-504, Biopharm Rhéne Ltd, Glasgow, UK).

2.7. Statistical analyses
Differences in the mean values of the microbial loads were tested by an analysis of
variance (ANOVA); the significance of differences between enumerations was determined
using the Tukey test. Two mean values were considered significantly different when P
value was below 0.05.
The PCR-DGGE fingerprinting was scored by presence and absence of co-migrating
bands, regardless of their intensity. Pair wise community similarities were quantified using
Dice similarity coefficient (Sp): Sp =2 N/ Na + Nb where Na represented the number of
bands detected in sample A, Ny represented the number of bands in sample B, and Nc
represented the number of bands common to both samples. The similarity index was
expressed within a range of 0 (completely dissimilar) to 1 (perfect similarity).
Principal Component Analysis (PCA) was used to group samples according by the
presence/absence of the 18 discriminant fungal markers detected by PCR-DGGE using
XL STAT software (Spearman correlation). Markers 1V, X and Xl, detected in all samples,

were not included in the PCA.

3. Results and Discussion
3.1. Microbiological quality
In this study, for each type of microbial counts, a decrease was considered as a positive
impact and an increase as a negative impact on the microbiological quality of pepper.

3.1.1. Initial contamination of fresh pepper

13
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The six fresh pepper batches used in this study exhibited a wide range in microbial counts.
This was observed for the four types of microbial groups studied. Staphylococcus ranged
from 3.6 to 6.5 log CFUg™', with a mean value of 4.6 +1.2; coliforms ranged from 2.8 to 7
log CFUg", with a mean value of 5.2 + 1.5; TAMB ranged from 6.1 to 8.2 log CFUg"" with
a mean value of 6.8 £ 0.9; yeasts and moulds ranged from 5 to 6.9 log CFUg" with a
mean value of 5.9 = 0.6. Fresh pepper from batch A which exhibited the highest counts in
Staphylococcus also had the highest loads in coliforms and in TAMB.
The microbial counts variations observed between the different batches of fresh pepper
could be due to climate conditions linked to the harvest period. A rain shower for instance
can wash the product. Other environmental and intrinsic factors (such as chemical
composition of the pepper) could influence the contamination level.
As pepper is hardly ever consumed fresh (except in brine), and very few data on the
contamination of fresh pepper is available in the scientific literature. The microbial loads
found by Omafuvbe (2004) in fresh black pepper (Piper guineense) originated from Nigeria
were very similar to those measured in this study: coliforms ranged from 6.2 to 6.8 log
CFUg'; TAMB ranged from 6.8 to 7.0 log CFUg! and yeasts and moulds ranged from 6.7
to 7.3 log CFUg".

3.1.2. Impact of blanching, sweating and drying on the microbial

counts
Blanching reduced the microbial loads of all four types of microorganisms up to 4 log
CFUg ' and had, thus, a positive significant impact on the microbiological quality of pepper
(Figure 2). This is consistent with the work of Omafuvbe (2004) who applied a more

drastic blanching treatment to pepper (15 min in boiling water vs 3 min at 75 °C in this

14
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study) and obtained a greater positive significant impact of blanching, reducing TAMB,
coliform, yeast and mould contamination by approximately 6 log CFUg".
On the opposite, sweating increased the microbial counts of all groups of microorganisms,
up to 5 log CFUg", resulting in a negative significant impact on pepper sanitary quality.
Therefore, sweating, should not be used in pepper processing for safety reasons.
Drying, which is essential to stabilize pepper for future storage and thus increase shelf
life, had no significant impact on the abundance of the microbiota (Figure 2).
A water-cleaning step consisting in mixing by hand during 3 min the fresh pepper in water
at room temperature (20 °C) (data not shown) was also tested. This operation did not
exhibit a significant impact on microbial counts, validating that blanching effect observed
on the microbiota was thermal and not mechanical.

3.1.3. Impact of the different processes on microbial population
Pepper processing consisted of combinations of different unit operations. Three main
pepper processing were performed in this study and their impact on microbial population
was measured.
Wet processing is defined as the sequence of blanching, sweating and drying steps. As
blanching had a positive significant impact, sweating a significant negative impact, and
drying had no significant impact on the microbiota. Therefore, in all the wet processing
appeared to have no significant impact on the counts of any of the four microbial groups
studied (Figure 2).
Dry processing of pepper is defined as the direct drying of fresh pepper berries. Drying
had no significant impact on microbial counts. The impact of the dry process was therefore

not significant for any of the four floras studied (Figure 2).
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A revisited wet process was experimented by removing the sweating step of the wet
process. This process resulted from the combination of blanching and drying. Due to
blanching, the impact of the revisited wet process was significantly positive for all types of
microbiota studied. Indeed, a reduction by 3 log CFUg ! for Staphylococcus counts, 2.5
log CFUg" for coliform counts, 3 log CFU.g"! for TAMB counts and 4 log CFUg" for yeast
and mould counts was observed (Figure 2).
The blanching conditions applied in this study were 75 °C for 3 min. Pepper colour could
be preserved by inactivating oxidative enzymes (polyphenol oxidase and peroxidase)
responsible for browning. As determined in another study subsequent to this one (Weil,
unpublished), enzyme inactivation was complete by applying 100 °C for 30 s. One can
hypothesize that these more drastic blanching conditions would result in an increased
inactivation of vegetative bacteria. With a z value of 10 °C, a decrease by 5 log can be
expected from the increased time and temperature of treatment.

3.1.4. Dried pepper microbial counts
The microbial population levels of dried pepper were highly dependent on the type of
process applied. For all four groups of microbiota, both wet and dry processes had no
significant impact independently of the initial microbial load. For instance, TAMB counts
were on average 7.8 and 7.2 log CFUg™ for the wet and the dry process respectively
(Figure 2). The most positive effect (i.e. lowest counts) was observed for the revisited wet
process. The counts for the dried pepper were 1.33 £ 0.5 log CFUg"; 3.37 £ 0.5 log CFUg"
1:1.67 £ 0.5 log CFUg" and 1.50 + 0.3 log CFUg" for coliforms, TAMB, Staphylococcus
and yeast and moulds, respectively (Figure 2).
Previous studies reported microbiological quality of dried black pepper. In their reviews

on microbial contamination of spices, Mckee (1995) and Chitrakar et al. (2018) reported
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great variations in total bacterial counts measured in dried black peppers, ranging from a
few hundreds to more than 8 log CFUg'. The population of Bacillus cereus was up to 2.49
log CFUg' (Fogele et al., 2018), whereas total counts of mesophilic aerobes ranged from
3 to 5log CFUg" (Garbowska et al., 2015; KlimesSova et al., 2015).

Piperine is known to have antifungal and antibacterial activities. P. borbonense contains
low levels of piperine (around 0.2 %) when compared to P. nigrum (around 4 %). However,
the microbial loads observed for P. borbonense were in accordance with the
contamination rates reported in literature for P. nigrum.

Food operators shall ensure that foods satisfies safety requirements at all steps of
production, processing and distribution (Commission of the European Communities,
2002). The regulation concerning microbial contamination on pepper is scarce. The IPC
(International Pepper Community, 2015) defines limits for P. nigrum for two bacteria:
E. coli (under 3 MPNg-') and Salmonella (absence in 25 g).

Mckee (1995) reported the identification of E. coli, Escherichia freundii, Serrati sp.,
Klebsiella sp., Bacillus sp., Staphylococcus sp. and Streptococcus sp.. In the present
study the high counts of coliforms and Staphylococcus could include those bacterial
species.

The observed counts of yeasts and moulds ranged from 1.3 to 5.5 log CFUg" for the
revisited and the other processes respectively and are consistent with values of 3.3-4.2
log CFUg" previously reported on black pepper (El Mahgubi et al., 2013; Yogendrarajah,
Deschuyffeleer, et al., 2014). Drying had no significant impact on the abundance of the
microbiota but is essential to stabilize the product (Jin, Mujumdar, Zhang, & Shi, 2018).
The determination of the main fungal species and their ability to produce mycotoxins is of

importance. However, at this stage it could not be determined whether the observed
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impacts were only quantitative, or also qualitative in terms of microbial diversity. The study
of the fungal ecology was designed to answer this question.
3.2. Fungal ecology
3.2.1. Variations in fungal communities during pepper post-harvest
treatments
Pepper samples were analysed by PCR-DGGE to study the pepper-associated fungal
communities and their dynamics during both wet and dry processes. In this way, fungal
fingerprints (profiles) were generated for each sample. Fingerprints are composed of
bands each of which corresponds to a unique DNA sequence. In the present study, each
DNA band was considered a fungal marker (Figure 3 and Table 1_supp).
3.2.1.1. Inter-batch variations in fungal communities
A total of 21 different fungal DNA markers were detected from all pepper samples
analysed by PCR-DGGE (figure 3). A general feature is that each batch (A, B and C)
showed a specific fungal signature (profile) underlying significant variations in fungal
communities between batches (Figures 3 and Table 1_supp). A1 and B1 harbored a
similarity Dice index of 0.50 as they shared 50 % of their fungal markers (6 on 12). B1 and
C1 samples shared 8 markers (on 12 and 11 respectively) with a similarity index of about
0.70. A1 and C1 samples shared 7 markers (on 12 and 11 respectively) with an index of
about 0.61 (Figure 4). Six fungal DNA markers were common to all batches, three being
detected in all samples (i.e. in all stages, DNA markers IV, X and XI) and another three
being detected at least in one sample/stage of each batch (I, Il and XIV, Figure 3 and
Table 1_supp).
Eight batch-specific fungal markers were defined including, respectively, one, four and

three markers only detected in batch A (1X), B (XIl, XV, XVII and XX) and C (lll, XlII and
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XXI). This suggests that there are significant variations in fungal diversity on unprocessed
fresh pepper samples. Samples A, B and C were collected at different periods. Therefore
the observed inter-batch fungal diversity could result from seasonal or environmental
variations. Statistical comparisons of fungal DNA profiles displayed using PCA confirmed
this observation (Figure 4).
3.2.1.2. Intra-batch variations in fungal communities

Batch A samples exhibited a total of 12 different fungal markers and two types of profiles:
a 12-marker profile observed in the three first stages “fresh” (A1), “blanched” (A2) and
“blanched-sweated” (A3) samples, while a 10-marker profile (with all markers common to
the 12-marker profile) could be detected in "blanched-sweated-dried" (A4) and “dried” (A5)
samples. The drying step appeared to lower the fungal diversity either in the wet or dry
processes. On the other hand, the blanching and sweating steps did not show any
measurable effect on fungal diversity (Figure 3).

A total of 12 different fungal markers were detected and three types of profiles could be
observed in batch B samples. All 12 markers were detected in the profiles of fresh (B1)
and blanched (B2) samples. A second 9-marker profile was observed for the blanched-
sweated (B3) samples while a third 8-marker profile was observed for dry pepper samples
from both wet and dry methods (B4 and B5 samples). The sweating step decreased fungal
diversity (3 markers I, Il and XX no more detected) for the wet method process. The drying
step also had a measurable impact on reducing detectable fungal diversity in both wet
and dry processed pepper samples. For the dry process, one third of the fungal markers
(4 on 12) were no more detected in the dry pepper sample (compare B1 and B5 in Figure

3 and Table 1_supp).
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For both batches A and B, fungal diversity tended to decrease along the processes to
reach fungal profiles that appeared indistinguishable between wet and dry processes
(compare samples A4 and A5; B4 and B5 in figures 3 and 4).

However, batch C samples showed a different trend. A total of 15 different markers and
four different profiles could be observed. A 11-marker profile for fresh (C1) and blanched
(C2) samples, then a 14-marker profile for blanched-sweated sample (C3), including the
occurrence of four markers (V, VII, VIII and XVI, all detected in batch A samples) and the
disappearance of one marker (XVIIl). Blanched-sweated-dried (C4) samples exhibited a
13-marker profile, composed of an additional marker (Ill) and the loss of two markers
(I and II). Dried pepper (C5) obtained from the dry method is distinguishable from C4
sample with a 12-marker profile (XIV marker non-detectable). In batch C, blanching did
not show any significant effect while sweating increased fungal diversity (Figure 3 and
Table 1_supp). Drying step showed opposite trends in the wet and dry processes. While
the number of detectable fungal markers was reduced in the wet process (14 to 13
markers) the drying step increased the number of fungal markers detectable in the dry
process (12 to 13). While three markers were no longer detected in the wet method
samples after drying step (I and I, between A1-A4, B1-B4 and C1-C4; XVIII between C1-
C4), four markers were no longer detected in the dry method samples (I, Il, between A1-
A5, B1-B5 and C1-C5; XIV and XVIII between C1-C5). On the opposite, one marker
appeared in C4 sample (lll) and five markers in C5 sample (lll, V, VII, VIII, XVI), compared
to C1. In all, fungal variations observed within batches (pepper sampled after different
steps of the processes) were less marked than inter-batch differences (Figures 3 and 4).

3.2.1.3. Identification of fungal isolates
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From all batches, 26 fungal isolates were collected, according to morphologic and
microscopic criteria, thus representing the fungal diversity of all pepper samples. They
were identified by ITS region sequencing and were found to belong to 15 different taxa
(Table 1). Among those, seven (27 %) isolates belonged to the Colletotrichum genus,
which is known to be ubiquist. Among the other fungal groups, Fusarium solani, A. niger
and Penicillium sp. were identified. According to Sweeney and Dobson (1998) some of
these isolates are potentially mycotoxigenic: F. solani can produce fusaric acid,
naphtoquinones and trichothecenes; Penicillium species can produce Ochratoxin A
(OTA). Mckee (1995) reported the presence of Aspergillus spp. and Penicillium spp. and
revealed the presence of aflatoxin B1 in various samples of black pepper. The detection
of different species of Aspergillus in black pepper, as well as Fusarium sp. and Penicillium
sp., was confirmed by El Mahgubi et al. (2013). Similarly, Yogendrarajah, Deschuyffeleer,
et al. (2014) showed the presence of A. flavus, A. parasiticus, A. niger and Penicillium
spp. and detected the mycotoxins aflatoxins G2, G1, B2 and B1, fumonisin,
sterigmatocystin ochratoxin and citrinin in black pepper from Sri Lanka. Omafuvbe (2004)
isolated Aspergillus, Fusarium, ltersonilia, Botrydiplodia, Mucor and Penicillium species
from pepper sampled after different steps of the process.

3.2.1.4. Relationship between quantitative and qualitative

analyses of fungal populations

Profile analysis performed by PCR-DGGE highlighted the diversity of moulds.
Colletotrichum genus occurrence was dominant when some potentially mycotoxigenic
moulds (Fusarium, Aspergillus, Penicillium) were present. The results obtained show
higher inter-batch than intra-batch variations, illustrating the weak influence of the

operation units on the fungal diversity of pepper. This result should be confirmed taking
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into consideration that detectable fungal DNA cannot be directly related to the living or
active status of the corresponding fungi.

Blanching had a significant positive impact on fungal abundance but no measurable effect
on fungal diversity. This could be explained by the possible detection of DNA from
inactivated moulds after the blanching step. The significant negative impact of sweating
on fungal abundance (up to 5 log increase) is correlated with changes in fungal diversity
for batches B and C. The drying step had no significant impact on fungal abundance.
However, it showed the most significant impact on reducing fungal diversity for batches A
and B. Fungal markers | and |l were detected in fresh and blanched samples but were no
longer detectable in any (wet and dry processes) dried samples of all three batches.

The wet and dry processes did not show any obvious selection on fungal species.
However, Omafuvbe (2004) revealed the impact of drying for the inactivation of A. flavus,
F. solani and Botrydiplodia theobromae. 1t would have been interesting to test if variations
in fungal communities could be observed for the revisited wet process, as this process
had a significant positive impact on reducing all microbial loads in the present study.

3.3. Contamination by mycotoxins

The results obtained for aflatoxins and ochratoxin A on 12 samples of this study
corresponding to three stages: fresh (stage 1), blanched-sweated-dried (stage 4) and
blanched-dried (stage 6) peppers - corresponding to six different batches were all found
to be under the detection limit (0,05 ppb). This value is at least one hundred fold below
the regulation limit of 5 ppb for aflatoxins B1 and 15 ppb for ochratoxin A (Commission of
the European Communities, 2006). These observations are in accordance with the fact
that the processes tested did not include storage; this step is known to be critical for the

production of these two mycotoxins.
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The identification of fungal isolates revealed potential mycotoxin producers. A. niger that
was also identified as the fungal marker Il (Figure 3) is known to be a low OTA producer
(Abarca, Accensi, Bragulat, Castella, & Cabanes, 2003). In addition, fungal isolates and
markers were identified as belonging to the Penicillium genus. Several species are known
to be ochratoxin A producers (Larsen, Svendsen, & Smedsgaard, 2001). F. solani, that
was also identified among fungal isolates, is known to produce trichothecene mycotoxins
(Ueno et al., 1973). There is no regulation limit for this type of contaminants in pepper.

Even if the tested samples came from six different batches collected over two years, it
would be worthwhile to confirm that fresh P. borbonense is free from mycotoxin
contaminations by testing potential contaminations of pepper collected at other periods of
the year including rainy periods. The processes tested did not include storage although
storage is a critical step regarding mould proliferation and mycotoxins synthesis
(Yogendrarajah, Deschuyffeleer, et al., 2014). In the present case, the absence of storage
step could explain the absence of OTA detection, despite the identification of one
mycotoxigenic mould (A. niger). Therefore, it would be interesting to test the impact of
different storage conditions (temperature, duration, humidity/aw) on mycotoxin content of

dried pepper.

4. Conclusion
The level of contamination of fresh P. borbonense as well as fungal diversity greatly vary
from one batch to another, as a result of the extrinsic and intrinsic factors influencing
microbial colonization and growth. Initial diversity of fungal contamination is prominent for
the final quality of pepper in contrast to the impact of unit operations (blanching, sweating,

drying) and their combination. However, the processing steps, especially blanching and
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540 sweating exhibit a strong effect on microbial loads, respectively by decreasing and
541 increasing. These observations show clearly that the sweating step should be eliminated
542  in pepper processing for safety reasons.

543  The revisited wet process (blanching + drying) which positively affected all microbial loads
544  could be a good option for pepper transformation. In such a revisited process, more drastic
545  blanching conditions (100 °C for 30 sec instead of 75 °C for 3 min) approved to preserve
546  essential oil and piperine rates and limit colour degradation, would be interesting as to
547 reduce microbial contaminations. Concerning mould proliferation and mycotoxins
548  synthesis, the post-processing storage conditions would also be of great importance.

549

550
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Table 1. List of fungal species isolated from pepper

Most probable match % identiy % cover E-value
Anthracocystis chrysopogonis 98 100 0.0
Aspergillus niger 100 100 0.0
Candida hawaiiana 99 91 1,00E-144
Cladiosporium sp. 100 100 0.0
Clonostachys rosea 100 100 0.0
Colletotrichum sp. 98 96 0.0
Cryptococcus sp. 99 99 0.0
Fusarium solani 100 100 4,00E-45
Hannaella oryzae 97 99 0.0
Meira geulakonigii 99 99 0.0
Penicillium sp. 100 100 0.0
Phomopsis sp. 99 100 5,00E-173
Pleosporineae (Phomea, Ampelimyces, Epicoccum) 100 100 0.0
Rhodosporidiobulus lusitaniae 99 100 0.0
Stagonosporopsis cucurbitacearum 98 99 5,00E-178

List of fungal species isolated from pepper samples at different steps of the process.
Most probable matches as well as sequence alignments parameters (percentage of identity, percentage
of cover and e-values) are shown (from left to right columns).





