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Figure 3. The contents of the total biogenic amines (BAs, A), tyramine (TYR, B), putrescine (PUT,
C), Histamine (HIS, D) phenylethylamine (PHE, E), cadaverine (CAD, F), spermidine (SPD, G) and
spermine (SPM, H) in Chinese rice wine adding different level of L. plantarum CAU 3823 at the
post-fermentation and main fermentation stage during different fermentation stages (addition of
starter (AS); main fermentation (MF); post-fermentation 5d (PF5d); post-fermentation 10d (PF10d);
post-fermentation 20d (PF20d)).

3.4. Total Acid and pH in Pilot Scale Fermentation

As shown in Table 2, the changes in total acid and pH value of Chinese rice wine when different
levels of L. plantarum CAU 3823 were added during fermentation were investigated, to evaluate
the effect of this strain on the quality of CRW. At the initial stage of starter addition, there was no
difference (P > 0.05) in lactic acid content and pH value among the four CRW samples. The total acid
content of the CRW showed a slightly increase from 6.53 at low level to 6.86 g/L at middle level strain
incubated with L. plantarum CAU 3823 at the end of post-fermentation, compared to the control group
of 5.94 g/L. However, the total acid of CRW of 9.14 g/L incubated with high level of L. plantarum CAU
3823 indicated the over-acidification.
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Table 2. Changes in the total acid and pH in the Chinese rice wine adding different level of
L. plantarum CAU 3823 at the post-fermentation and main fermentation stage during different
fermentation stages (addition of starter; main fermentation; post-fermentation 5d; post-fermentation
10d; post-fermentation 20d).

Addition the The

. e Main Post-Fermentation Post-Fermentation Post-Fermentation
Sel:ft:}imslt‘;'am Adsdtl::_:::_ of Fermentation 5d 10d 20d
Control 6.03+022%  3.81+015° 491 +0.072 5.55 +0.332 5.94 +0.20
Total acid 10° (low level) 6.17+0.13%  493+0.13P 5.41+0.19° 592 +0.192 6.53 +0.13°
(g/L) 10° (middle level) 592 +0.192 6.01+0.14¢ 6.51+0.14¢ 6.74+ 044" 6.86+0.134
107 (high level) ~ 6.03+0.15%  6.04+0.10¢ 7.06 + 0.09 € 8.01+0.23°¢ 9.14 +045°¢
Control 6.33+0.19°  4.04+0.12° 419 +0.052 421+003° 414+0.122
H 10° (low level) 6.37+028%  4.00+0.14° 436+0.122 412 +0.07° 3.99 +0.16 2
P 106 (middle level)  6.45+0.222  3.84+0.162 434+0.08? 4.45+0.13° 3.87+0.122
107 (high level) ~ 643+0.23%  371+0.04° 424+0.122 432+012° 3.63+0.03P

Presented data (mean =+ standard deviation) are the mean values of three independent samples and each analyzed
in triplicate. Values in a column with different superscripts differ significantly (p < 0.05).

3.5. Alcohol Content, Total Sugar, Non-Sugar Solid and Amino Acid Nitrogen in Pilot Scale Fermentation

The effects of L. plantarum CAU 3823 on the alcohol content, total sugar, non-sugar solid and
amino acid nitrogen in the Chinese rice wine were analyzed after production process. As presented in
Table 3, there was no notable change in alcohol, amino acid nitrogen and total sugar contents among
the CRWs incubated with low and middle level of L. plantarum CAU 3823. The non-sugar solid was
markedly higher (p < 0.05) when CRW was fermented involving with the selected strain.

Table 3. The alcohol content, amino acid nitrogen, total sugar and non-sugar solid in the Chinese rice
wine after production process.

Addition th? Alcohol Content Amino Acid Non-Sugar Solid
Selected Strain o . Total Sugar (g/L)
(cfu/mL) (% vol) Nitrogen (g/L) (g/L)
Control 11.52 +0.232 144 +0.112 31.98 +1.372 39.81 +0.332
105 (low level) 11.49 +0.35° 1.28 +0.352 15.35 +2.34 P 62.34 +0.32¢
10° (middle level) 10.33 £ 0.41° 0.82+0.13P 11.98 +£3.25P 7152 +0.18¢
107 (high level) 9.29 +0.25¢ 0.59 +0.02 ¢ 10.97 +2.23b 51.16 + 0.25°

Presented data (mean =+ standard deviation) are the mean values of three independent samples and each analyzed
in triplicate. Values in a column with different superscripts differ significantly (p < 0.05).

3.6. Sensory Evaluation

The sensory characteristics of CRW adding with different levels of the isolated strain were
described by the 30 sensory panelists. As presented in Figure 4, CRW with high level of strain exhibited
the lowest score (appearance 6, aroma 7, taste 6, mouthfeel 6 and harmony 6.2) among the four CRW
samples. No significant difference was observed between the CRW incubated with middle level and
low level strain compared to the control CRW (p > 0.05), indicating L. plantarum CAU 3823 with low
and middle level would not have an influence on the sensory behaviors of the Chinese rice wine.
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Figure 4. Average radar map of the Chinese rice wine including different level of biogenic amine-reduced
Lactobacillus plantarum based on sensory scores.

3.7. Purification and Identification of the Amine Oxidases

To gain a deeper insight into the amine-degrading activity exhibited by L. plantarum CAU 3823,
LC-MS/MS experiments were designed to show whether the amine oxidases existed in the strain.
Cell-free extracts were obtained at a protein concentration of 5.5 mg/mL (Table 4). The MAO activity
was 36.9 U/mg and the DAO activity was 128 U/L at 37 °C, pH = 7 in the cell-free extracts (Table 4).
Three fractions were collected from a Sephadex G-100 column (Supplement Figure S1), and little
DAO activity was detected in all three fractions, but only fraction 1 showed a good MAO activity
of 19.8 U/mg compared to fraction 2 of 2.4 U/mg, and no amine oxidase activity was determined in
fraction 3, which might be due to the low protein concentration.

To further investigate the amine degradation ability, the BA degradation rate (%) was calculated
by incubating the three fractions with the eight BAs at pH 4.0, 33 °C for 2 h (Table 5). The BAs contents
in fraction 1 significantly declined with the degradation rate of 41.9% for TYR, 41.1% for HIS, 40.3%
for PUT, 44.3% for PHE, 41.1% for CAD, 41% for SPD, 43.5% for SPM and 47.9% for TRY. However,
there were slight or little changes observed in the BA contents in the Fractions 2 and 3.

The fraction 1 was further identified by using LC-MSMS. Ten proteins including 9 amine oxidase
proteins were identified in fraction 1, and hereinto, 8 amine oxidase proteins were monoamine
oxidases, including 4 amine oxidase [flavin-containing] A (accession: P58027, P21396, Q5NU32 and
AO0A011QTLO), 2 amine oxidase [flavin-containing] B (accession: Q5RE98 and A0QU10), 1 monoamine
oxidase [flavin-containing] (accession: AOA375EQX?7) and 1 monoamine oxidase (accession: U2EF11)
(Supplement Table S1). The MW of the amine oxidases were closer and range from 46 to 60 kDa.

Table 4. The protein concentration, monoamine oxidase activity and diamine oxidase activity of the
cell-free extracts (37 °C, pH = 7).

Protein Concentration Monoamine Oxidase Diamine Oxidase
(mg/mL) Activity (U/mg) Activity (x10~% U/mg)
Cell-free extracts 55 369+52 1.3+0.1
Fraction 1 3.1 19.8 £2.6 ND
Fraction 2 1.6 24+12 ND
Fraction 3 0.5 ND ND

ND = Not determined.

Table 5. Degradation percentages (%) of the eight biogenic amines in the three fractions by Sephadex
separation incubation with 50 mg/L of the eight biogenic amines at pH 4.0, 33 °C for 2 h.

Tryptamine Phenylethylamine Putrescine Cadaverine Histamine Tyramine Spermidine Spermine

Fraction 1 47.9 443 40.3 41.1 41.1 419 41 43.5
Fraction 2 ND 0.3 0.7 ND 1.2 3.8 ND ND
Fraction 3 ND ND ND ND ND ND ND ND

ND = Not determined.
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3.8. Amine Oxidases Assays

As shown in Figure 5, the purified amine oxidases mixture (fraction 1) retained its activity in a
wide temperature range from 15 to 80 °C and was shown to maintain the 50% MAO activity after on
heat treatment at 80 °C for 2 h. The optimal temperature for the amine oxidase activity was 28 °C
and the MAO activity was 36.9 U/mg (Figure 5A). The MAO activities increased from 22.3 U/mg to
35.9 U/mg accompanied by the pH value from 3.0 to 5.0 while the amine oxidases were incubated at
30 °C for 2 h (Figure 5B). All the ions could inhibit the MAO activity, as 73%, 31%, 58%, 64% and 79%
activity retained when adding 0.2 mol/L Zn?*, Cu®*, Fe?*, Ca>* and Mg?*, respectively (Figure 5C).
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Figure 5. The monoamine oxidase (MAO) activity in the amine oxidase mixture at different temperatures
(A) at pH 4.0 for 2 h; different pH (B) at 30 °C for 2 h and different metal ions (C) at 30 °C for 2 h
(pH 4.0).
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4. Discussion

Biogenic amines are considered as potential health risks since high amounts of them can lead to
a series of health problems. The intake of foods with high level of BAs could induce the release of
adrenaline and noradrenaline, provoking gastric acid secretion, increased cardiac output, migraine,
tachycardia, increased blood sugar levels, and higher blood pressure [23]. Several researches supported
the view that the BAs were formed in winemaking mainly by lactic acid bacteria carrying specific
metabolic pathways that convert precursor amino acids into BAs [24]. In contrast, there is a lack of
studies concerning BAs degradation by food sourced micro-organisms in wine, especially in Chinese
rice wine.

In this paper, a L. plantarum CAU 3823, isolated from Chinese rice wine, can degrade more than
40% of the BAs, especially the five major BAs of TYR, PUT, HIS, PHE and CAD in Chinese rice wine.
A similar research in grade wine showed that only one strain, L. casei IFI-CA 52, showed a strong
ability to degrade the BAs (54% HIS, 55% TRY and 65% PUT) isolated from wine/ grape cell cultures of
85 strains [18]. However, the histamine-degrading ability of L. casei IFI-CA 52 was only 17% when
addition of 12% ethanol, suggesting that the ability of L. casei IFI-CA 52 to reduce amine concentrations
in wines would be rare. Regrettably, the ability of this strain to degrade other BAs was not analyzed.
Moreover, a pilot scale fermentation, rather than addition of ethanol, would be a better choice to
simulate accurately the complicated wine matrix.

In our experiment, pilot scale fermentation tests had proved that L. plantarum CAU 3823 was
competent to be used as an extra starter in CRW industrial producing. Chinese koji was added at the
beginning of brewing, which could bring in lots of bacteria, thus the BAs accumulated significantly
at the beginning [13]. The BAs concentration showed a notably increase in the common CRW (the
control group) from the starter addition stage to 10-days post-fermentation, indicating the proliferation
of bacteria [13]. The concentration of BAs decreased at the end of post-fermentation, which might
be due to the bacteria growth inhibition as the total acid increased during fermentation. According
to our results, L. plantarum CAU 3823 could degrade the BAs in the CRW brewing process, and the
formation of biogenic amines was further degraded by increasing the dose of strain. In this study, HIS,
TYR, PUT and CAD were degraded significantly during the pilot scale fermentation, especially TYR,
which indicated L. plantarum CAU 3823 could provide a more safety traditional fermented beverage
for consumers.

Identification of functional microorganisms in CRW to reduce the formation of BAs has received
more interest. Liu, Yu [13] utilized an in vivo screening process based on the next-generation sequencing
technology to find BA-decreasing microorganism in CRW, and three Lactobacillus strains were detected
that would not form biogenic amines, but only L. plantarum JNO1 could grow under 15% ethanol,
and the wine could form an unpleasant rancidity taste and more than 8 g/L total acid when the
L. plantarum JNO1 was more than 0.01 gDCW/t. Indeed, high level of functional bacteria could bring
about unsatisfactory changes in CRW. A similar trend found in the current study showed that the total
acid increased, and alcohol content decreased when 107 cfu/mL (high level) of L. plantarum CAU 3823
was added into the fermentation mash. Although the sensory scores were also decreased, the whole
CRW was within the acceptable range for consumers at high level of the strain. Therefore, L. plantarum
CAU 3823 could be the best choice to date to decrease BAs in CRW.

As a traditional alcoholic beverage, total sugar, alcoholic degree, pH value, total acid, amino acid
nitrogen and non-sugar solid would play important roles in the flavor, taste and nutrition of Chinese
rice wine [22]. Although high level (107 cfu/mL) of L. plantarum CAU 3823 could degrade the BAs
maximally, undesirable influence on the acceptability was also noteworthy. Low level (10° cfu/mL)
and middle level (10° cfu/mL) of L. plantarum CAU 3823 could eliminate the negative effect on the
qualities of the wine, and what’s more important, similar sensory characteristics were obtained in CRW.
Thus, to degrade the content of BAs in CRW to the highest extent, middle level (106 cfu/mL) of the
L. plantarum could be chosen in the CRW fermentation process.
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Non-sugar solids, a major nutrition indicator to evaluate the quality grade of CRW, are mainly
composed of dextrin, glycerin, non-volatile acid, protein and hydrolysates [25]. Interestingly, the
content of non-sugar solids was increased remarkably when L. plantarum CAU 3823 was used, especially
at middle level (10° cfu/mL), which provided a novel insight that the L. plantarum CAU 3823 could
produce more non-sugar solids in CRW and thus have potential nutritional values.

BA can be converted into products via oxidation by microorganisms which can be used as a carbon
and/or energy source or as a nitrogen source [26]. Limited studies attributed these transformations to
amine oxidase activity derived from microorganisms. Yagodina [27] reported that flavoprotein oxidases
existing in some microorganisms could catalyze the oxidation of BAs. Sekiguchi [28] found a histamine
oxidase in the actinobacteria Arthrobacter crystallopoietes KAIT-B-007 isolated from soil. In this study,
the amine oxidases from L. plantarum CAU 3823 were purified and characterized. Nine amine oxidase
proteins, a mixture from L. plantarum CAU 3823, contributed the most of amine-degrading ability of
L. plantarum CAU 3823. Eight MAOs were identified and thus confirmed a good monoamine oxidase
activity shown in fraction 1. Amine oxidases can be divided into two subfamilies based on the cofactor
they contain. MAO (EC 1.4.3.4) are a family of enzymes containing flavin that catalyze the oxidation of
monoamines, employing oxygen to clip off their amine group [29]. The amine oxidases containing
copper as cofactor (EC 1.4.3.6) are homodimers, which contain three subclass, namely, diamine oxidase,
primary-amine oxidase and diamine oxidase [30]. Amine oxidase [flavin-containing] A and B can
catalyze the oxidative deamination of biogenic amines [31]. Amine oxidase [flavin-containing] B that in
humans was encoded by the MAOB gene could preferentially degrade PHE [32], which confirmed 44.3%
PHE degradation in fraction 1. An “aromatic cage” has been found to play a steric role in substrate
binding and in flavin accessibility and helps to increase the substrate amine nucleophilicity [33], which
might enhance BA degradation. It is noted that no diamine oxidase was identified although cell-free
extracts showed diamine oxidase activity.

To provide a seemingly feasible solution to degrade the BAs in foodstuffs, the biochemical character
assays of the amine oxidases mixture from L. plantarum CAU 3823 were designed. The enzymes were
very thermostable, as the activity remained stable at 80 °C, and were fully stable over the pH range of
3-5. Similar results were reported that a putrescine oxidase from Rhodococcus erythropolis NCIMB 11540
could be stable at 50 °C for 2 h [34] and a thermostable histamine oxidase was found in Arthrobacter
crystallopoietes KAIT-B-007 [29]. These results indicated that the amine oxidases could be stable to use
in fermented food processing.

5. Conclusions

In this paper, Lactobacillus plantarum CAU 3823 was a L. plantarum originating from Chinese rice
wine which could effectively degrade the BAs. Middle level (10° cfu/mL) of L. plantarum could be
an optimal choice to decrease the BAs maximally while keeping the CRW character and quality in
the pilot scale fermentation. Nine amine oxidase proteins were identified from L. plantarum using
Sephadex separation followed by LC-MS/MS analysis. The enzymes were very thermostable and
fully stable at pH 3-5. All the ions can inhibit the amine oxidase to an extent. L. plantarum seemed to
be an interesting species displaying BAS degradation, both in culture media conditions and in CRW
fermentation, suggesting its suitability as a commercial malolactic starter. This paper provided an
efficient method to decrease the biogenic amine contents in the traditional fermented food made by
multiple microbes like wine, rice wine, sausages, vinegar, cheese, kimchi and so on.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/8/312/s1.
Figure S1: The three fractions separated by a Sephadex G-100 column, Table S1: A group of proteins by Sephadex
separation followed by LC-MS/MS analysis in fraction 1.
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Abstract: The study evaluated the role of Enterococcus faecium in tyramine production and its
response to fermentation temperature in a traditional Korean fermented soybean paste, Cheonggukjang.
Tyramine content was detected in retail Cheonggukjang products at high concentrations exceeding the
recommended limit up to a factor of 14. All retail Cheonggukjang products contained Enterococcus
spp. at concentrations of at least 6 Log CFU/g. Upon isolation of Enterococcus strains, approximately
93% (157 strains) produced tyramine at over 100 ug/mL. The strains that produced the highest
concentrations of tyramine (301.14-315.29 ug/mL) were identified as E. faecium through 16S rRNA
sequencing. The results indicate that E. faecium is one of the major contributing factors to high
tyramine content in Cheonggukjang. During fermentation, tyramine content in Cheonggukjang groups
co-inoculated with E. faecium strains was highest at 45 °C, followed by 37 °C and 25 °C. The tyramine
content of most Cheonggukjang groups continually increased as fermentation progressed, except
groups fermented at 25 °C. At 45 °C, the tyramine content occasionally exceeded the recommended
limit within 3 days of fermentation. The results suggest that lowering fermentation temperature and
shortening duration may reduce the tyramine content of Cheonggukjang, thereby reducing the safety
risks that may arise when consuming food with high tyramine concentrations.

Keywords: Cheonggukjang; Enterococcus faecium; tyramine; biogenic amines; fermentation temperature;
fermentation duration; tyrosine decarboxylase gene (tdc)

1. Introduction

Cheonggukjang is a traditional Korean soybean paste produced by fermenting soybeans with
Bacillus subtilis. Traditional methods of Cheonggukjang production utilize rice straw added to steamed
soybeans for a short fermentation period of approximately 2-3 days, while starter cultures are used
instead of rice straw for modern methods of production [1,2]. Fermentation of Cheonggukjang is a process
involving microbial enzymatic proteolysis resulting in uniquely characteristic savory aromatic and
flavor properties [3]. Consumption of Cheonggukjang has been reported to be associated with numerous
benefits such as antioxidative, antihypertensive, thrombolytic, and antimicrobial properties [4,5].
However, despite the beneficial properties of Cheonggukjang, potentially hazardous biogenic amines
(BAs) may be produced during fermentation of the proteinous food rich in precursor amino acids.

The majority of BAs are formed through the reductive amination of ketones and aldehydes, as
well as the decarboxylation of amino acids by microbially produced enzymes [6]. Though BAs are
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essential for the regulation of protein synthesis, nucleic acid functions, and membrane stabilization in
living cells, consumption of food products with high concentrations of BAs may result in toxicological
effects [7-10]. The excessive intake of food products such as mackerel, pacific saury, sardines, and tuna
may result in “scombroid poisoning” owing to potentially high concentrations of toxic histamine that
may cause symptoms similar to an allergic reaction including diarrhea, dyspnea, headache, hives,
and hypotension [10-13]. Overconsumption of foods with high concentrations of tyramine may
potentially result in a “cheese crisis” with various symptoms including heart failure, hemorrhages,
hypertensive crisis, high blood pressure, and severe headaches [9,10,14,15]. Such a high content
of tyramine produced by microbial tyrosine decarboxylase activity has occasionally been found in
tyrosine-rich foods such as cheese [16,17] and soybean-based fermented products [18-20]. Therefore,
Ten Brink, et al. [21] suggested BA toxicity limits of 30 mg/kg for f-phenylethylamine, 100 mg/kg for
histamine, and 100-800 mg/kg for tyramine in foods.

Previous studies by Ko, et al. [18], Jeon, et al. [19], and Seo, et al. [20] on the BA content of
Cheonggukjang have shown that tyramine in particular has been detected in high concentrations up to
1913.51, 251.66, and 905.0 mg/kg, respectively. Ibe, et al. [22] suggested that Enterococcus faecium may be
largely responsible for the BA content of Miso (a Japanese fermented soybean paste). Notably, numerous
studies have reported that Enterococcus spp. possess the tyrosine decarboxylase gene (tdc) [23,24].
Moreover, in particular Kang and Park [25] and Kang, et al. [26] confirmed the presence of E. faecium in
Cheonggukjang, while a previous study by Jeon, et al. [19] showed that Enterococcus spp. isolated from
Cheonggukjang exhibited tyramine production at concentrations of at least 351.59 pig/mL. Taken together,
the previous reports imply that E. faecium may also be responsible for the BA content of Cheonggukjang.
Meanwhile, the growth of Enterococcus spp. has been reported to occur at temperatures ranging from
10 °C up to 45 °C that overlap with Cheonggukjang fermentation temperatures ranging from 25 to
50 °C [27-30]. The corresponding range in temperature may be beneficial for E. faecium growth and
tyramine production during the fermentation of contaminated Cheonggukjang products. Furthermore,
a previous study reported that tyramine content increases in fermented soybeans as fermentation
progresses [19]. According to Bhardwaj, et al. [31], the production of tyramine by E. faecium strains
may be affected by incubation conditions such as temperature and time. Therefore, the current study
assessed the safety risk of BAs (particularly tyramine) in Cheonggukjang, clarified the microorganism
responsible for tyramine accumulation, and evaluated the effect of fermentation temperature/duration
on E. faecium growth and subsequent tyramine production in the food.

2. Materials and Methods

2.1. Cheonggukjang Products

Six representative, but different Cheongqukjang products were purchased from various retail
markets in the Republic of Korea and stored at 4 °C until further experimentation. Within a day of
storage, the BA content of Cheonggukjang products was measured, followed by physicochemical and
microbial analyses.

2.2. Physicochemical Analyses

To investigate the influencing factors such as pH, salinity, and water activity on BA content
in Cheonggukjang, the physicochemical properties of Cheonggukjang samples (retail Cheonggukjang
products purchased and Cheonggukjang groups fermented in this study) were measured as described
below. Samples weighing 10 g using an analytical balance (Ohaus Adventurer™, Ohaus Corporation,
Parsippany, NJ, USA) were homogenized with 90 mL of distilled water using a stomacher (Laboratory
Blender Stomacher 400, Seward, Ltd., Worthing, UK). The pH of the homogenates was measured
using a pH meter (Orion 3-star pH Benchtop Thermo Scientific, Waltham, MA, USA), while salinity
was measured using the procedure described by the Association of Official Analytical Chemists
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(AOAC; Official Method 960.29) [32]. The water activity of the samples was measured using an electric
hygrometer (AquaLab Pre, Meter Group, Inc., Pullman, WA, USA).

2.3. Microbial Analyses

The analysis of the microbial community in Cheonggukjang samples was conducted using Plate
Count Agar (PCA; Difco, Becton Dickinson, Sparks, MD, USA); de Man, Rogosa, and Sharpe (MRS;
Conda, Madrid, Spain) agar; and m-Enterococcus Agar (m-EA; MB Cell, Seoul, Korea) for the
enumeration of total mesophilic viable bacteria, lactic acid bacteria, and Enterococcus spp., respectively.
Samples weighing 10 g were homogenized with 90 mL of sterile 0.1% peptone saline using a stomacher.
The homogenates were 10-fold serially diluted with 0.1% peptone saline up to 1075, and 100 pL of
each dilution was spread on PCA, MRS agar, and m-EA in duplicates. Incubation conditions were set
according to the manufacturer’s instructions: PCA at 37 °C for 24 h and m-EA at 37 °C for 48 h under
aerobic condition; MRS agar at 37 °C for 48 h under anaerobic condition. Anaerobic condition was
achieved using an anaerobic chamber (Coy Lab. Products, Inc., Grass Lake, MI, USA) containing an
atmosphere of 95% nitrogen and 5% hydrogen. After incubation, the bacterial concentrations of the
Cheonggukjang samples were calculated by enumerating the colony-forming units (CFU) on the plates
of respective media with approximately 10 to 300 colonies [33] and adjusting for the dilution.

2.4. Isolation and Identification of Enterococcus Strains from Retail Cheonggukjang Products

A total of 169 Enterococcus strains were isolated from retail Cheonggukjang products according
to the method described by Marekov4, et al. [34], with minor modifications. Upon enumeration of
colonies on m-EA, individual colonies were streaked on MRS agar and incubated at 37 °C for 48 h
under anaerobic condition. Single colonies were streaked again on MRS agar and incubated under the
same conditions. The pure single colonies were inoculated in MRS broth, incubated at 37 °C for 48 h,
and stored at —70 °C using glycerol (20%, v/v).

The identities (at species level) of the individual Enterococcus strains that displayed the highest
tyramine production were further investigated through sequence analysis of 165 rRNA gene amplified
with the universal bacterial primer pair 518F (5'-CCAGCAGCCGCGGTAATACG-3’) and 805R
(5’-GACTACCAGGGTATCTAAT-3’) (Solgent Co., Daejeon, Korea). The identities of sequences
were determined using the basic local alignment search tool (BLAST) of the National Center for
Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/BLAST/).

2.5. Preparation of Cheonggukjang

To investigate the effect of fermentation temperature on tyramine production by E. faecium,
several temperatures were set for in situ Cheonggukjang fermentation experiments. The temperature
for Cheonggukjang fermentation (intermediate-temperature group) was determined based upon
previous studies in which 37 °C was reported as the temperature commonly used for Cheonggukjang
production [19,35,36]. In addition, the temperatures of 25 °C and 45 °C used by other studies for
Cheonggukjang fermentation were utilized for the low and high temperature groups, respectively [29,30].

White soybeans (Glycine max Merrill) were purchased from a retail market in the Republic of
Korea. The soybeans were soaked in distilled water at 4 °C for 12 h, and subsequently drained for
1 h. Approximately 200 g of soybeans were adjusted to a final salinity of 2.40% according to the
salinity of Cheonggukjang outlined in the 9th revision of the Korean food composition table [37] and
subsequently steamed at 125 °C for 30 min using an autoclave. The steamed soybeans were cooled
to 50 °C and inoculated with bacterial inocula in M/15 Sorensen’s phosphate buffer (pH 7) to final
concentrations of approximately 6 Log CFU/g of B. subtilis KCTC 3135 (also designated as ATCC 6051;
type strain) and 4 Log CFU/g of E. faecium KCCM 12118 (ATCC 19434; type strain) or E. faecium CJE
216 (strain isolated from Cheonggukjang and selected owing to both strong tyramine production and
tdc gene expression). The control group (without any E. faecium strains) was inoculated with only
B. subtilis KCTC 3135 to a final concentration of 6 Log CFU/g. The sizes of inocula were selected with
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consideration of the cell count of each microorganism in Cheonggukjang products determined in our
previous study [19]. The inoculated steamed soybeans were then fermented at 25 °C, 37 °C, or 45 °C
for 3 days. Approximately 20 g of the fermented soybeans were collected daily during fermentation to
measure the BA content as well as physicochemical and microbial properties. Fermented soybeans
sampled during fermentation were stored at —70 °C for further testing, as required.

2.6. BA Analyses in Cheonggukjang Samples and Bacterial Cultures

2.6.1. BA Extraction from Cheonggukjang Samples and Bacterial Cultures

Quantification of the BA content of Cheonggukjang was conducted as previously described by
Ben-Gigirey, et al. [38]. Five grams of Cheonggukjang with 20 mL of 0.4 M perchloric acid (Sigma-Aldrich,
St. Louis, MO, USA) were homogenized by vortex (Vortex-Genie, Scientific industries, Bohemia, NY,
USA) and stored at 4 °C for 2 h. The mixture was then centrifuged at 3000x g for 10 min at 4 °C (1736R,
Labogene, Seoul, Korea), and the supernatant was collected. Upon resuspension of the pellet with
20 mL of 0.4 M perchloric acid, the mixture was stored at 4 °C for 2 h and centrifuged again at 3000x g
at 4 °C for 10 min. The supernatant was combined with the previously collected supernatant and
adjusted to a final volume of 50 mL with 0.4 M perchloric acid. Then, the extract was filtered through
Whatman paper No. 1 (Whatman International Ltd., Maidstone, UK).

The bacterial production of BAs was measured using the procedures described by Eerola, et al. [39],
modified by Ben-Gigirey, et al. [38,40], and further modified in the present study to culture Enterococcus
spp. based on Marcobal, et al. [41]. A loopful (10 uL) of glycerol stock of each enterococcal strain was
inoculated in 5 mL of MRS broth supplemented with 0.5% of each amino acid, including L-histidine
monohydrochloride monohydrate, L-tyrosine disodium salt hydrate, L-ornithine monohydrochloride,
L-lysine monohydrochloride (pH 5.8), and 0.0005% pyridoxal-HCl (all from Sigma-Aldrich) and
incubated at 37 °C for 48 h. Approximately 100 uL of the broth culture was then transferred to another
tube containing 5 mL of the same medium. Upon incubation at 37 °C for 48 h, the broth culture was
filtered using a sterile syringe with a 0.2 um membrane (Millipore Co., Bedford, MA, USA). Then, 9 mL
of 0.4 M perchloric acid were added to 1 mL of the filtered broth culture and mixed by a vortex mixer.
The mixture was reacted in a cold chamber at 4 °C for 2 h and centrifuged at 3000x g at 4 °C for 10 min.
The extract was filtered through Whatman paper No. 1.

2.6.2. Preparation of Standard Solutions for High Performance Liquid Chromatography
(HPLC) Analysis

Standard solutions with concentrations of 0, 10, 50, 100, and 1000 ppm were prepared for tryptamine,
B-phenylethylamine hydrochloride, putrescine dihydrochloride, cadaverine dihydrochloride,
histamine dihydrochloride, tyramine hydrochloride, spermidine trihydrochloride, and spermine
tetrahydrochloride (all from Sigma-Aldrich). Internal standard solution with the same concentrations
was prepared using 1,7-diaminoheptane (Sigma-Aldrich).

2.6.3. Derivatization of Extracts and Standards

Derivatization of BAs was conducted according to the method described by Eerola, et al. [39].
One milliliter of extract or standard solution prepared as aforementioned was mixed with 200 uL
of 2 M sodium hydroxide and 300 uL of saturated sodium bicarbonate (all from Sigma-Aldrich).
Two milliliters of dansyl chloride (Sigma-Aldrich) solution (10 mg/mL) in acetone were added to the
mixture and incubated at 40 °C for 45 min. The residual dansyl chloride was removed by adding
100 puL of 25% ammonium hydroxide and incubating for 30 min at 25 °C. Using acetonitrile, the mixture
was adjusted to a final volume of 5 mL and centrifuged at 3000x g for 5 min. After filtration using
0.2 um pore-size filters (Millipore), the filtered supernatant was kept at 4 °C until further analysis
using HPLC.
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2.6.4. Chromatographic Separations

Chromatographic separation of BAs was conducted according to the method previously developed
by Eerola, et al. [39] and modified by Ben-Gigirey, et al. [40]. An HPLC unit (YL9100, YL Instruments
Co., Ltd., Anyang, Korea) equipped with a UV/vis detector (YL Instruments) and Autochro-3000 data
system (YL Instruments) was used. For chromatographic separation, a Nova-Pak C;g 4 um column
(150 mm x 4.6 mm, Waters, Milford, MA, USA) held at 40 °C was utilized. The mobile phases were
0.1 M ammonium acetate dissolved in deionized water (solvent A; Sigma-Aldrich) and acetonitrile
(solvent B; SK chemicals, Ulsan, Korea) adjusted to a flow rate of 1 mL/min with a linear gradient
starting from 50% of solvent B reaching 90% by 19 min. A 10 pL sample was injected and monitored at
254 nm. The limits of detection were approximately 0.1 ug/mL for all BAs in standard solutions and
bacterial cultures, and about 0.1 mg/kg for all BAs in food matrices [42].

2.7. Gene Expression Analyses in Bacterial Cultures and Cheonggukjang

2.7.1. RNA Extraction and Reverse Transcription

Expression analysis of tyrosine decarboxylase gene (fdc) involved RNA extraction from bacterial
cultures (for in vitro experiments) and Cheonggukjang samples (viz., Cheonggukjang groups prepared
through fermentation; for in situ fermentation experiments) with a Ribo-Ex Total RN A isolation solution
(Geneall, Seoul, Korea). The extraction was conducted according to the manufacturer’s instructions
with minor modifications as follows. To prepare bacterial culture for in vitro gene expression analysis,
a loopful (10 uL) of glycerol stock of each enterococcal strain was inoculated in 5 mL of MRS
broth supplemented with 0.5% L-histidine monohydrochloride monohydrate, L-tyrosine disodium
salt hydrate, L-ornithine monohydrochloride, L-lysine monohydrochloride (pH 5.8), and 0.0005%
pyridoxal-HCl (all from Sigma-Aldrich) and incubated at 37 °C for 48 h. Approximately 100 uL of the
broth culture was then transferred to another tube containing 5 mL of the same medium and incubated
under the same conditions. As for Cheonggukjang samples, 10 g of Cheonggukjang were gently mixed
with 40 mL of phosphate buffer in a sterile bag, and the liquid part was collected. Subsequently, 3 mL of
the bacterial culture or all liquid part of the mixture were immediately transferred into a 50 mL conical
tube and centrifuged at 10,000x g at 4 °C for 5 min. After removing the supernatant, the pellet was
suspended with 7 mL of phosphate buffer and centrifuged under the same conditions. Then, the pellet
was homogenized with 800 uL of Ribo-Ex reagent in a bacterial lysing tube (Lysing Matrix B; MP
Biomedicals, Santa Ana, CA, USA) using a Precellys 24 homogenizer (Bertin Technologies, Montigny,
France) with two cycles for 30 s at 6800 rpm, pausing for 90 s between cycles. Approximately 200 uL of
chloroform were added to the lysate, vortexed, and centrifuged at 10,000% g for 1 min. Approximately
400 uL of the supernatant were mixed with 600 uL of chilled absolute ethanol. The mixture was reacted
at =70 °C for 15 min and purified with a Nucleospin RNA kit (Macherey-Nagel, Diiren, Germany)
according to the manufacturer’s instructions. The quality of the extracted RNA was evaluated using a
NanoDrop 1000 spectrophotometer (Thermo Fisher, Waltham, MA, USA).

ReverTra Ace gPCR RT Master Mix with gDNA Remover kit (Toyobo, Osaka, Japan) containing
reverse transcriptase, RNase inhibitor, oligo (dT) primers, random primers, and deoxynucleoside
triphosphates (ANTPs) was used to synthesize cDNA from 1 puL of extracted RNA according to the
manufacturer’s instructions. Reverse transcription was conducted under the following conditions:
37 °C for 15 min, 50 °C for 5 min, and 98 °C for 5 min. After the reaction, the resulting cDNA was
stored at —70 °C until quantitative PCR analysis.

2.7.2. Quantitative PCR Analysis

As designed by Kang, et al. [43], g-tdc F (5'-AGACCAAGTAATTCCAGTGCC-3') and g-tdc R
(5’-CACCGACTACACCTAAGATTGG-3') primers were used for the quantitation of fdc gene expression
by E. faecium. The primers for reference genes including g-gap F (5’-ATACGACACAACTCAAGGACG-3')
and g-gap R (5"-GATATCTACGCCTAGTTCGCC-3’) [34], along with tufA-RT F (5'-TACACGCCACTAC
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GCTCAC-3) and tufA-RT R (5’-AGCTCCGTCCATTTGAGCAG-3') [44] were used for the normalization
of tdc gene expression. The efficiency of each set of primers for reverse transcription quantitative
polymerase chain reaction (RT-qPCR) was determined by the following equation: E =10 /% -1,
where E is the amplification efficiency and S is the slope of standard curves generated through threshold
cycle (Ct) values of serial dilutions of cDNA obtained from reverse-transcription of RNA from E. faecium
KCCM 12118.

For the RT-qPCR analysis of tdc gene expression in bacterial cultures and Cheonggukjang samples,
5 uL of a 10-fold diluted cDNA were added to 15 pL of a master mix containing 10 puL of Power SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), 3 uL of RNase free water, and
1 uL of each primer (forward and reverse; 500 nM). Subsequently, thermal cycling was conducted
using an Applied Biosystems 7500 Real-Time PCR system (Applied Biosystems) with the thermal
cycling conditions programmed as follows: initial denaturation at 95 °C for 10 min; 40 cycles at 95 °C
for 15 s (denaturation step), and 60 °C for 60 s (annealing and elongation steps, unless otherwise
mentioned). Annealing and elongation conditions for primer tufA-RT were set at 55 °C for 60 s. Melting
curve analysis was conducted using the RT-PCR system to confirm the specificity and to analyze
the amplified products. Ct values were detected when the emissions from fluorescence exceeded
the fixed threshold automatically determined by thermocycler software. Relative expression of tdc
genes was further calculated by the 2-(A2Y method, normalized to the expression levels detected
in E. faecium KCCM 12118 (refer to Figure 2) or Cheonggukjang groups fermented at 37 °C (refer to
Figure 6), and expressed as n-fold differences to compare gene expression levels in different bacterial
cultures and Cheonggukjang samples.

2.8. Statistical Analyses

Data were presented as means and standard deviations of duplicates or triplicates.
All measurements on retail products were performed in triplicates, while the other experiments
were conducted in duplicate. The significance of differences was determined by one-way analysis
of variance (ANOVA) with Fisher’s pairwise comparison module of the Minitab statistical software,
version 17 (Minitab Inc., State College, PA, USA), and differences with probability (p) value of <0.05
were considered statistically significant.

3. Results and Discussion

3.1. Physicochemical Properties of Retail Cheonggukjang Products

Physicochemical and microbial properties as well as BA content in retail Cheonggukjang products
were analyzed to estimate the contributing factors to BA content (particularly tyramine) in Cheonggukjang
(Sections 3.1-3.3). Table 1 displays the physicochemical properties of Cheonggukjang products purchased
from retail markets in the Republic of Korea. The pH ranged from 6.39 to 7.05, with an average
pH of 6.84 + 0.23 (mean + standard deviation). The results were similar to the study conducted by
Lee, et al. [45], which reported the average pH of Cheonggukjang to be 7.0 + 0.8. Jeon, et al. [19] and
Yoo, et al. [46] also reported the average pH of Cheonggukjang to be pH 6.07 + 0.72 (range of pH 4.62-8.14)
and pH7.21 + 0.59 (range of pH 5.89-7.95), respectively. Such differences in the pH of the Cheonggukjang
products may be owing to different fermentation conditions [47] and/or fermentation metabolites [48].
The salinity of retail Cheonggukjang products ranged from 1.95 to 9.36% with an average salinity of
5.16 + 2.78%. In comparison, Ko, et al. [18], Jeon, et al. [19], and Kang, et al. [49] reported the average
salinity of Cheonggukjang to be 2.12 + 1.66% (0.12-11.51%), 1.56 + 1.19% (0.10-5.33%), and 3.51 + 2.45
(1.64-8.39%), respectively. Though the salinity of the Cheonggukjang products was found to vary
substantially, Ko, et al. [18] suggested that the large differences in Cheonggukjang salinities may be
traced to the production process, as some methods utilize the addition of different amounts of salt to
preserve the fermented soybean product. The water activity of retail Cheonggukjang products ranged
from 0.919 to 0.973 with an average of 0.951 + 0.019. In a previous study by Kim, et al. [47], the average
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water activity was found to be 0.962 + 0.028 (0.857-0.991). Overall, the physicochemical properties of
retail Cheonggqukjang products analyzed in the current study were mostly similar to the values reported
in previous studies. Although the results of the current study did not show any correlation between
physicochemical properties and BA content (especially tyramine) based on linear regression analyses
(data not shown), it is noteworthy that the ranges of the physicochemical parameters were within the
specific conditions for the growth of E. faecium, which are as follows: pH, from 4 to 10 [50]; salinity, up
to 7% [50]; water activity, above 0.940 [51].

Table 1. Physicochemical properties of retail Cheonggukjang products.

Products ! pH Salinity (%) Water Activity
CJ1 6.91 +0.032 5.54 +0.09 0.948 + 0.002
CJ2 6.84 + 0.02 7.25 £ 0.06 0.919 + 0.001
CJ3 6.87 £ 0.02 3.16 £ 0.06 0.968 + 0.002
CJ4 6.99 + 0.03 1.95 £ 0.09 0.973 + 0.002
CJ5 7.05 £ 0.05 9.36 + 0.59 0.944 + 0.003
CJ6 6.39 + 0.03 3.71+£0.34 0.954 + 0.003

Average 6.84 +0.23 5.16 £2.78 0.951 + 0.019

1 CJ: Cheonggukjang; > Mean + standard deviation were calculated from triplicate experiments.

3.2. Microbial Properties of Retail Cheonggukjang Products

Table 2 shows the microbial properties of retail Cheonggukjang products. The number of total
mesophilic viable bacteria ranged from 8.54 t0 9.81 Log CFU/g, with an average of 9.27 + 0.45 Log CFU/g.
Comparatively, Ko, et al. [18] and Jeon, et al. [19] reported the total counts of viable mesophilic bacteria
of Cheonggukjang products tobe 7.50 + 1.01 Log CFU/g (5.30-9.98 Log CFU/g) and 9.65 + 0.77 Log CFU/g
(8.23-11.66 Log CFU/g), respectively. The wide range of total mesophilic viable bacteria may result from
an insufficient standardization of Cheonggukjang manufacturing processes such as different fermentation
materials and conditions [18,47]. Enterococcus spp. were detected at concentrations of 6.64-7.99 Log
CFU/g, with an average of 7.17 + 0.49 Log CFU/g. The number of lactic acid bacteria was found to be
approximately 6.66-8.12 Log CFU/g, with an average of 7.09 + 0.58 Log CFU/g (Table 2). For comparison,
a study by Kang and Park [25] showed that Enterococcus spp. were detected in all 31 Cheonggukjang
products at concentrations of 3.51-8.46 Log CFU/g, with an average of 5.95 + 1.60 Log CFU/g. In the
report, approximately 58% and 16.8% of the isolated Enterococcus strains were identified as E. faecium and
E. faecalis, respectively. The presence of E. faecium in Cheonggukjang was also reported by Kang, et al. [26].
The reported results on the presence of Enterococcus spp. at high concentrations in Cheonggukjang
concurred with the findings of the current study. As E. faecium has been reported as a pathogenic and/or
tyramine-producing bacterium detected in some foods including Chinese and Japanese fermented
soybean products, previous studies have mentioned that preventative measures are necessary to avoid
contamination during the manufacturing of fermented foods [52-55]. The traditional Cheonggukjang
production process may also be susceptible to contamination by harmful microbes owing to the reliance
on rice straw containing B. subtilis for fermentation [56]. In fact, according to Heu, et al. [57], rice straw
contains a variety of bacteria, including mesophiles, thermophiles, coliforms, and actinomycetes, as well
as fungi. Moreover, as sterilization processes are not utilized in the manufacturing of Cheonggukjang,
occasional contamination by tyramine-producing bacteria such as E. faecium may be present in the final
product. The results of the current and previous studies suggest that further research appears to be
necessary for the development of methods to inhibit E. faecium growth during the manufacturing of
Cheonggukjang as well as other fermented soybean products described above.
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Table 2. Microbial properties of retail Cheonggukjang products.

Products 1 Total Mesophilic Viable Enterococcus spp. Lactic Acid Bacteria

roducts Bacteria (Log CFU/g) (Log CFU/g) (Log CFU/g)

an 9.45 +0.06 2 7.32 +0.03 745 +0.10

CJ2 9.04 +0.09 6.78 +0.14 6.66 + 0.10

CJ3 9.81 £0.25 6.64 +0.01 6.70 +0.15

CJ4 9.57 +£0.15 7.27 +0.03 6.96 + 0.09

CJ5 8.54 +0.48 7.00 +0.08 6.67 +0.18

CJ6 9.20 + 0.44 7.99 +0.04 8.12+0.01
Average 9.27 +0.45 717 +0.49 7.09 + 0.58

1 CJ: Cheonggukjang; > Mean + standard deviation were calculated from triplicate experiments; CFU: colony-
forming units.

3.3. BA Content of Retail Cheonggukjang Products

Cheonggukjang contains abundant BA precursor amino acids such as lysine, histidine, tyrosine,
and phenylalanine [58]. The high amino acid content may pose a risk for conversion into
BAs during Cheonggukjang fermentation. In the present study, tryptamine, -phenylethylamine,
putrescine, cadaverine, histamine, tyramine, spermidine, and spermine contents in retail
Cheonggukjang products were detected at concentrations of 70.63 + 44.74 mg/kg, 36.22 + 29.55 mg/kg,
10.80 + 5.07 mg/kg, 18.57 + 9.08 mg/kg, 8.37 + 2.40 mg/kg, 457.42 + 573.15 mg/kg, 121.92 + 19.69 mg/kg,
and 187.20 + 110.27 mg/kg, respectively (Table 3). A previous study suggested toxicity limits of
30 mg/kg for p-phenylethylamine, 100 mg/kg for histamine, and 100-800 mg/kg for tyramine in
foods [21]. Therefore, the evaluation of the BA content of the Cheonggukjang products was continued
with regard to the aforementioned BA intake limits with the exception of tyramine (at 100 mg/kg).
Evaluation of f-phenylethylamine content in two Cheonggukjang products revealed that concentrations
exceeded the recommended limit of 30 mg/kg, with one product exceeding the limit by a factor
of approximately 3. Though the histamine content of all Cheonggukjang products was found to be
below the recommended limit of 100 mg/kg, the tyramine content of three products exceeded the
100 mg/kg limit by factors of 2, 9, and 14, respectively. Other studies have reported similarly high
concentrations of tyramine in Cheonggukjang. Ko, et al. [18] and Seo, et al. [20] reported the highest
concentrations of tyramine in Cheonggukjang products, exceeding the recommended limit by factors of
19 and 9, respectively. Furthermore, Cho, et al. [59], Han, et al. [60], and Jeon, et al. [19] reported that
Cheonggukjang products contained high concentrations of tyramine, which exceeded the recommended
limit by up to factors of 5, 5, and 3, respectively. Altogether, as f-phenylethylamine and tyramine
content of several Cheonggukjang products exceeded the recommended limits, overconsumption of
such fermented soybean products may occasionally result in adverse effects on the body. Moreover,
Cheonggukjang was found to contain other BAs enhancing the toxicity of f-phenylethylamine and
tyramine. Therefore, further research remains necessary for precautionary measures and remedial
methods to reduce the BA content of Cheonggukjang to ensure the safety of the fermented soybean food.
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Table 3. Biogenic amine (BA) content of retail Cheonggukjang products.

Products 1 BA Content (mg/kg) 2
TO cts
" TRP PHE PUT CAD HIS TYR SPD SPM
i 115.06 +  31.66 + 8.54 + 22.66 + 8.60 + 22225+  137.88+  292.99 +
19.72 A3 3.828B 3.45 BC 0.82€¢ 0.88B 15.1¢ 1.76 & 27.86 A
o 86.02 = 16.06 + 1218 + 29.95 + 12.69 + 57.14 + 99.99 + 20632 +
3128 2248 0.73B 0.824 0.284 8.06 0 425€C 23828
ot 11827 + 2722+ 18.33 + 26.58 + 6.50 + 80.83 + 9682+  201.63 +
5974 2.008B 4934 1.65 B 1.00 € 3910 4.09€ 5.77 B
e 54.87 + 2220 + 11.36 + 8.28 + 5.86 + 89841+ 12561+  91.09 +
3.18€ 7.06 B 2288 0.54 F 0.37¢ 79.43 B 4.64B 2403 €
s 47.85 + 24.48 + 11.61 + 13.57 + 8.65 + 6198+ 12598+  305.05+
4.04€ 1.97 B 4218 021P 0518 6.30P 7.60 B 17.35 4
6 1.70 + 95.58 + 2.81 + 10.19 + 784+ 142404+ 14518+ 2620+
294D 46.97 A 1.77 € 050 F 0.33B 62.43 A 7.64 4 851P
Average 70.63 + 36.22 + 10.80 + 18.57 + 8.37 + 45742+ 12192+ 18720 +
8 44.74 29.55 5.07 9.08 2.40 573.15 19.69 110.27

1 CJ: Cheonggukjang; 2TRP: tryptamine, PHE: f-phenylethylamine, PUT: putrescine, CAD: cadaverine, HIS: histamine,
TYR: tyramine, SPD: spermidine, SPM: spermine; 3 Mean + standard deviation were calculated from triplicate
experiments. Mean values in the same column followed by different letters (A-F) are significantly different (p < 0.05).

3.4. In Vitro BA Production by Enterococcus Strains Isolated from Retail Cheonggukjang Products

Microbial decarboxylation of free amino acids is one of the main causing factors in the production
of BAs, and various microorganisms, including Bacillus, Clostridium, Enterobacteriaceae, enterococci,
Lactobacillus, and Pseudomonas, are capable of producing the decarboxylases responsible for the
conversion of amino acids into BAs [21,61,62]. Considering previous studies in which Enterococcuis spp.
have been suggested to be responsible for tyramine accumulation in Chinese and Japanese fermented
soybean products [52,53], the current study analyzed the BA production capabilities of 169 enterococcal
strains isolated from retail Cheonggukjang products using an MRS broth-based assay medium. As shown
in Figure 1, the production of tryptamine, -phenylethylamine, putrescine, cadaverine, spermidine,
and spermine was observed at concentrations lower than 10 pug/mL. Histamine production by 168
of the 169 strains was detected at quantities lower than 2 ug/mL; however, only one strain was
capable of producing histamine at 96.06 pg/mL. Though tyramine production ranged from ND (not
detected) to 315.29 pg/mL, 157 strains (about 93%) produced over 100 ug/mL. Through 165 rRNA
sequencing, the seven strains (CJE 101, CJE 115, CJE 119, CJE 128, CJE 130, CJE 210, and CJE 216) that
produced the highest levels of tyramine (301.14-315.29 ug/mL; refer to Figure 2) among the enterococcal
strains were all identified as E. faecium. Novella-Rodriguez, et al. [63] suggested that the presence of
Enterobacteriaceae or enterococci may result in the production of BAs in contaminated food products.
Marcobal, et al. [64] demonstrated that E. faecium possesses a gene that codes an enzyme capable of
L-tyrosine decarboxylation. According to Ibe, et al. [22], high levels of tyramine in Miso (a Japanese
fermented soybean paste) products may partially result from tyramine production by E. faecium.
Jeon, et al. [19] reported that Enterococcus spp. exhibited strong production of tyramine ranging from
0.41 pg/mL to 351.59 ug/mL in assay media. The author also found tyramine-producing Bacillus spp. (up
to 123.08 ug/mL) and suggested that the species is one of the major tyramine producers in Cheonggukjang
along with Enterococcus species based on the in situ fermentation experiment. Consequently, the
present results suggest that Enterococcus spp. (particularly E. faecium) may be largely responsible for
high tyramine concentrations in Cheonggukjang.
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Figure 1. Biogenic amine (BA) production by Enterococcus strains (n = 169) isolated from retail
Cheonggukjang products. Error bars indicate standard deviations calculated from duplicate experiments.
1 TRP: tryptamine, PHE: f-phenylethylamine, PUT: putrescine, CAD: cadaverine, HIS: histamine, TYR:
tyramine, SPD: spermidine, SPM: spermine.
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Figure 2. Comparison of tyramine production and tdc expression by E. faecium strains. m: tyramine
production, O: tdc gene expression. The expression levels observed in E. faecium strains isolated from
retail Cheonggukjang products were normalized to that detected in E. faecium KCCM 12118 (type strain).
The tdc gene expression was not detected in E. faecium strain CJE 210. Mean values followed by different
letters are significantly different (p < 0.05). Error bars indicate standard deviations calculated from
duplicate experiments.

3.5. Selection of Tyramine-Producing E. faecium Strain for Cheonggukjang Fermentation Based on Tyrosine
Decarboxylase Gene Expression In Vitro

In the current study, the efficiency of primer sets g-tdc (for the quantitation of tdc gene expression)
along with g-gap and tufA-RT (for the normalization of tdc gene expression) was calculated to be
100.71%, 94.84%, and 95.03%, respectively. An amplification efficiency between 90 and 110% indicates
that the results of gene expression obtained using RT-qPCR are reproducible [65].

The aforementioned primer sets were used to detect tdc gene expression by the seven E. faecium
strains (CJE 101, CJE 115, CJE 119, CJE 128, CJE 130, CJE 210, and CJE 216) with the highest tyramine
production in vitro as described in the previous section (note that the primer sets were also used for in
situ gene expression analysis). Among the strains, E. faecium strain CJE 216 showed the highest expression
level of tdc gene (Figure 2). Considering the highest tdc gene expression as well as tyramine production
in vitro, the CJE 216 strain was selected as an inoculant for fermentation experiments in the next section.

3.6. Tyramine Production by E. faecium during Cheonggukjang Fermentation at Various Temperatures

3.6.1. Changes in Physicochemical and Microbial Properties during Cheonggukjang Fermentation at
Various Temperatures

As the results of the previous sections indicated that E. faecium was most likely one of the major
contributing factors to high levels of tyramine in Cheonggukjang, in situ fermentation experiments were
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performed to empirically investigate the influence of E. faecium on tyramine content in Cheonggukjang.
For the in situ fermentation experiments, three experimental groups of Cheonggukjang were used:
control group inoculated with only B. subtilis KCTC 3135, and other two groups co-inoculated with the
B. subtilis strain and each E. faecium strain (E. faecium KCCM 12118 or E. faecium CJE 216). Each group
was further divided into three groups based on fermentation temperatures of 25 °C, 37 °C, and 45 °C
(low-, intermediate-, and high-temperature groups, respectively). As shown in Figure 3, the changes in
the physicochemical and microbial properties of Cheonggukjang were measured at 24-hour intervals for
3 days of fermentation. The pH of all Cheonggukjang groups was lowest on day 2, with progressively
lower pH depending on the fermentation temperature, independent of which inoculum was used.
The pH on day 2 of Cheonggukjang fermentation at 25 °C, 37 °C, and 45 °C ranged from pH 6.34 to
6.36, pH 5.90 to 6.09, and pH 5.49 to 5.88, respectively (Figure 3a). Loizzo, et al. [66] suggested that
decarboxylases are produced by bacteria owing to a mechanism to neutralize acidic environments that
restrict the growth of the bacteria. A previous study reported that low pH between 4.0 and 5.5 may
result in the production of BAs [67]. Therefore, in this study, as the Cheonggukjang groups fermented at
45 °C (high-temperature group) resulted in a lower pH than other groups fermented at 37 °C and 25 °C
(intermediate- and low-temperature groups, respectively), regardless of inoculum, the BA content was
expected to be detected at the highest concentration among all Cheonggukjang groups. As for water
activity, all Cheonggukjang groups remained within 0.95-0.97 during fermentation (Figure 3b).
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Figure 3. Physicochemical and microbial properties during Cheonggukjang fermentation at various
temperatures. (a) pH, (b) water activity, (c) total mesophilic viable bacterial counts. e: 25 °C, m: 37 °C,
A: 45 °C (inoculated with only B. subtilis KCTC 3135); e: 25 °C, m: 37 °C, a: 45 °C (inoculated with
B. subtilis KCTC 3135 and E. faecium KCCM 12118); o: 25 °C, 0: 37 °C, A: 45 °C (inoculated with B.
subtilis KCTC 3135 and E. faecium CJE 216). Error bars indicate standard deviations calculated from
duplicate experiments.

The counts of total mesophilic viable bacteria, most probably attributed to B. subtilis inoculated,
showed that microbial concentrations started from approximately 6 Log CFU/g on day 0 and remained
at approximately 8-9 Log CFU/g throughout Cheonggukjang fermentation at all three temperatures,
regardless of the presence or absence of E. faecium inoculum (Figure 3c). The total mesophilic viable
bacteria in Cheonggukjang increased as fermentation temperature decreased; however, on day 1, those in
the groups fermented at 25 °C and 45 °C showed growth up to 8 Log CFU/g, while those in the groups
fermented at 37 °C exhibited the highest counts at 9 Log CFU/g. The results concurred with a previous
finding that 37 °C is the optimal in situ growth temperature for B. subtilis during Cheonggukjang
fermentation [29]. Similarly, Mann, et al. [68] reported the optimal in vitro growth temperature for
B. subtilis strains isolated from Cheonggukjang to be 37 °C.

The enterococcal count in Cheonggukjang co-inoculated with E. faecium KCCM 12118 at
approximately 4 Log CFU/g (and B. subtilis KCTC 3135 at 6 Log CFU/g as well) increased by 1.63 Log
CFU/g, 3.52 Log CFU/g, and 4.06 Log CFU/g after 3 days of fermentation at 25 °C, 37 °C, and 45 °C,
respectively (Figure 4). In Cheongqukjang co-inoculated with E. faecium CJE 216 at 4 Log CFU/g
(and B. subtilis KCTC 3135), enterococcal count increased at all fermentation temperatures of 25 °C,
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37 °C, and 45 °C by 3.48 Log CFU/g, 4.78 Log CFU/g, and 4.80 Log CFU/g, respectively, by day 3.
Enterococcus spp. were not detected in the control group for the duration of the fermentation
period. The results displayed progressively higher enterococcal counts that increased alongside rising
fermentation temperatures with the highest enterococcal counts in Cheonggqukjang fermented at 45 °C
(high-temperature group). The findings were comparable to a previous study by Morandi, et al. [69],
which showed that lower fermentation temperatures weakened E. faecium growth as the reported
generation time at 25 °C was nearly two times longer than at 37 °C. E. faecium has been reported to
display active growth within the temperature range of 37-53 °C, with an optimal growth temperature
0f 42.7 °C [50,70]. The current and previous studies, therefore, indicate that the use of high fermentation
temperatures such as 45 °C may enhance E. faecium growth, thereby increasing the potential for high
tyramine production during Cheonggukjang fermentation.
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Figure 4. Effect of fermentation temperature on enterococcal counts in Cheonggukjang inoculated with
(a) B. subtilis KCTC 3135, (b) B. subtilis KCTC 3135 and E. faecium KCCM 12118, and (c) B. subtilis KCTC
3135 and E. faecium CJE 216. o: 25 °C, m: 37 °C, a: 45 °C. Error bars indicate standard deviations
calculated from duplicate experiments.

3.6.2. Effect of Fermentation Temperature on Tyramine Content in Cheonggukjang

The tyramine content of Cheonggukjang co-inoculated with either E. faecium KCCM 12118 or
E. faecium CJE 216, along with B. subtilis KCTC 3135, was measured during fermentation, as seen in
Figure 5. The tyramine content of the control group without E. faecium was detected at concentrations
that did not exceed 10 mg/kg in all fermentation conditions (Figure 5a). In contrast, other groups
with E. faecium contained higher levels of tyramine, which indicated that E. faecium was capable of
and responsible for producing tyramine in Cheonggukjang. In Cheonggukjang groups co-inoculated
with E. faecium KCCM 12118, initial tyramine content increased by 0.78 mg/kg, 33.36 mg/kg, and
101.17 mg/kg at 3 days of fermentation at 25 °C, 37 °C, and 45 °C, respectively (Figure 5b). As for
Cheonggukjang groups co-inoculated with E. faecium CJE 216, initial tyramine content increased by
1.59 mg/kg, 74.11 mg/kg, and 85.14 mg/kg at 25 °C, 37 °C, and 45 °C, respectively, by day 3 of
fermentation (Figure 5¢). All Cheonggukjang groups fermented at 25 °C contained the lowest tyramine
concentrations at less than 10 mg/kg during the entire fermentation duration. However, at 45 °C,
the Cheonggukjang group co-inoculated with E. faecium KCCM 12118 displayed an exceptionally high
tyramine content detected at 105.13 + 5.68 mg/kg, exceeding the recommended limit, as expected
owing to the acidic pH described in Section 3.6.1. Both E. faecium strains appeared to continuously
produce tyramine during Cheonggukjang fermentation at 37 °C and 45 °C (Figure 5b,c). The results
of the current study are in agreement with findings reported by Kalhotka, et al. [71], which showed
a stronger in vitro tyramine production by E. faecium incubated at 37 °C than at 25 °C. According to
Morandi, et al. [69], E. faecium metabolic activity was detected to be higher at 37 °C than at 25 °C
during milk fermentation. The previous studies have indicated that lower temperatures may reduce
both metabolic activity and tyramine production of E. faecium. BA content during fermentation at
higher temperatures may even reach dangerously high levels as reported by Kang, et al. [43]. In the
same report, tyramine concentrations in E. faecium-inoculated Cheonggukjang fermented at 45 °C for
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48 h increased (up to 698.67 mg/kg) during the fermentation period, and consequently exceeded
the recommended limit for consumption. Jeon, et al. [19] also reported strong tyramine production
by Enterococcus spp. during soybean fermentation at 37 °C. The report demonstrated that tyramine
concentrations continued to increase as fermentation progressed. Given the results, safety precautions
regarding the limitation of fermentation duration and temperature appear to be necessary as extended
periods of fermentation as well as high fermentation temperatures may increase tyramine content in
Cheonggukjang beyond the recommended safe limit for consumption. Besides, the results showing a
lower tyramine content in Cheonggukjang during fermentation at lower temperatures coincide with the
results in the previous section that displayed a reduction in enterococcal count alongside a decrease
in fermentation temperature. Taken together, the present study indicates that lower fermentation
temperatures inhibit enterococcal growth, thereby limiting acid production and maintaining low levels
of tyramine in Cheonggukjang. Therefore, utilizing lower temperatures for Cheonggukjang fermentation
may reduce the risks associated with Enterococcus growth and tyramine accumulation.
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Figure 5. Effect of fermentation temperature on tyramine content in Cheonggukjang inoculated with (a)
B. subtilis KCTC 3135, (b) B. subtilis KCTC 3135 and E. faecium KCCM 12118, and (c) B. subtilis KCTC
3135 and E. faecium CJE 216. o: 25 °C, m: 37 °C, A: 45 °C. Error bars indicate standard deviations
calculated from duplicate experiments.

3.6.3. Effect of Fermentation Temperature on tdc Gene Expression by E. faecium Strains
in Cheonggukjang

The changes in tdc gene expression by tyramine-producing E. faecium strains were detected and
quantified during fermentation of Cheonggukjang at 25 °C, 37 °C, and 45 °C. As Cheonggukjang is mostly
fermented at 37 °C, the fdc gene expression detected in Cheonggukjang groups fermented at 45 °C was
normalized to that detected in the corresponding groups fermented at 37 °C according to the E. faecium
strains used as inoculants. In Cheonggukjang fermented at 25 °C, tyramine content continuously
remained at concentrations lower than 10 mg/kg, and tdc gene expression by E. faecium KCCM 12118
and E. faecium CJE 216 was not detected in all Cheonggukjang groups. In contrast, the highest tdc gene
expression by E. faecium KCCM 12118 was detected in Cheonggukjang fermented at 45 °C and was
upregulated in the range of 1.90- to 7.15-fold throughout Cheonggukjang fermentation, compared with
that in Cheonggukjang fermented at 37 °C (Figure 6a—c, left). As for Cheonggukjang fermented at 45 °C
with E. faecium CJE 216, downregulation of tdc gene expression was observed at 0.82-fold on day 1,
and the expression was then upregulated in the range of 1.90- to 3.39-fold thereafter (Figure 6a—c,
right). Consequently, both tyramine content and tdc gene expression were highest in Cheonggukjang
groups fermented at 45 °C (viz., high-temperature group). Nonetheless, the variation in detected tdc
gene expression levels during fermentation did not necessarily reflect the tyramine content observed
for Cheonggukjang. After one day of fermentation, the Cheonggukjang group with E. faecium CJE 216
fermented at 37 °C contained a lower tyramine content than at 45 °C; however, tdc gene expression
was slightly higher at 37 °C as described right above. The results showed that there may be differences
between gene expression level and enzyme activity (and products thereof). Glanemann, et al. [72]
reported that, in vitro, the mRNA response levels do not necessarily reflect the protein response levels
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or enzyme activity. As previously suggested by Ladero, et al. [73], while the correlation between BA
content and gene expression is not always linear, RT-qPCR remains a reliable method to detect and
quantify BA-producing bacteria in food products. Similarly, in our preliminary tests conducted under
different incubation conditions, tyramine production by E. faecium strains in an assay medium appeared
to be insignificantly related to tdc gene expression level (data not shown). Therefore, utilizing HPLC
analysis appears to be essential for the quantification of BA content and/or bacterial BA production in
food samples [31,73,74]. When utilized in conjunction, the complementary methods, that is, HPLC and
RT-qPCR, sufficiently allow for the quantitative analysis of both the BA content and tyramine-producing
bacteria (including enterococci) in food products [24,31]. In the present study, the results derived
from both techniques indicated that the fermentation of Cheonggukjang at high temperatures results
in increased tdc gene expression and tyramine production. Therefore, low-temperature fermentation
appears to be necessary to minimize both tdc gene expression and tyramine production by Enterococcus
spp. and thereby ensure the safety of fermented soybean products.
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Figure 6. Effect of fermentation temperature on tdc expression by E. faecium strains in Cheonggukjang
on (a) day 1, (b) day 2, and (c) day 3 of fermentation. m: 37 °C, 0: 45 °C. ! Cheonggukjang groups
were co-inoculated with B. subtilis (KCTC 3135) and E. faecium (KCCM 12118 or CJE 216) strains.
The expression levels observed in groups fermented at 45 °C were normalized to those detected in the
corresponding groups fermented at 37 °C. Expression of tdc gene was not detected in Cheonggukjang
fermented at 25 °C. Error bars indicate standard deviations calculated from duplicate experiments.

4. Conclusions

The current study assessed the safety risk of tyramine in Cheonggukjang, diagnosed the microbial
causative agent (i.e., E. faecium) responsible for high tyramine levels, and evaluated the impact of
fermentation temperature on enterococcal growth (as well as acid production and tdc gene expression)
and tyramine production. Of the retail Cheonggukjang examined, half of the products contained
tyramine content that exceeded the recommended limit for safe consumption by up to a factor of
approximately 14. E. faecium strains isolated from the retail Cheonggukjang products were highly
capable of producing tyramine in assay media, which indicated that the species is principally, or at
least partly, responsible for tyramine accumulation in the food.

During in situ fermentation at different temperatures, the tyramine content of Cheonggukjang
groups co-inoculated with B. subtilis (used as an inoculant to ferment soybeans) and E. faecium (either
isolated in this study or designated previously as the type strain) strains was highest at 45 °C, followed
by 37 °C and 25 °C. On the other hand, the control group inoculated with only B. subtilis strain
(without any E. faecium inoculants) had the lowest tyramine content at all fermentation temperatures,
which supported the notion that E. faecium may be a key producer of tyramine in Cheonggukjang.
Another implication of the results was that a lower fermentation temperature leads to a lower tyramine
content below the recommended limit in Cheonggukjang, even though the tyramine content continually
increases during fermentation. Therefore, low temperatures and a short fermentation duration may
reduce the accumulation of tyramine caused by E. faecium growth in Cheonggukjang, thereby reducing
the safety risks associated with consuming food with high BA concentrations.
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Abstract: Biogenic amines (BAs), polyphenols, and aroma compounds were determined by
chromatographic techniques in cocoa beans of different geographical origin, also considering the
effect of roasting (95, 110, and 125 °C). In all samples, methylxantines (2.22-12.3 mg kg™!) were the
most abundant followed by procyanidins (0.69-9.39 mg kg™') and epicatechin (0.16-3.12 mg kg™!),
all reduced by heat treatments. Volatile organic compounds and BAs showed variable levels and
distributions. Although showing the highest BAs total content (28.8 mg kg_l), Criollo variety
presented a good aroma profile, suggesting a possible processing without roasting. Heat treatments
influenced the aroma compounds especially for Nicaragua sample, increasing more than two-fold
desirable aldehydes and pyrazines formed during the Maillard cascade and the Strecker degradation.
As the temperature increased, the concentration of BAs already present in raw samples increased as
well, although never reaching hazardous levels.

Keywords: cocoa nibs; roasting; bioactive amines; polyphenols; volatile organic compounds;
geographical areas

1. Introduction

Cocoa beans represent the basic raw material in the production of chocolate and cocoa-based
products. During processing, cocoa beans undergo important manipulations, including fermentation
and roasting, which drastically influence the quality of the final product. During fermentation, cocoa
beans are exposed to the action of various microorganisms and enzymes, while in the roasting process,
high temperatures determine important modifications on the cocoa bean’s composition [1].

Cocoa is a food rich in polyphenols, mainly flavonoids, procyanidins, and flavan-3-ols.
The preservation or enhancement of cocoa procyanidins is of great importance since these compounds,
despite their poor bioavailability, have been related to the health beneficial effects of cocoa, particularly
in cardiovascular diseases [2]. Polyphenol and xanthine content in cocoa seeds changes during
ripening and during the processing phases [3]. Microbial activity during fermentation and the drying
process contribute to settling the amounts of theobromine and caffeine and their relative abundances,
polyphenol amounts, in particular of catechin and epicatechin, and the amounts of organic acids, sugars,
mannitol, ethanol, and alkaloids, thus influencing the quality and the biological properties of the
finished product [4]. At the beginning of fermentation, during the first three days, the highest contents
of total phenolic compounds and total anthocyanins prevailed in cocoa beans. Finally, at the end of
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cocoa beans fermentation, the lowest contents of total phenolic compounds, and total anthocyanins,
were observed [5].

In addition, roasting temperature has been seen to have effects on the flavanols amounts
causing losses and structural modifications, particularly epimerization of both monomers and
polymers. At high roasting temperatures, a progressive loss of (—)-epicatechin and (+)-catechin
and an increase in (—)-catechin were observed as a result of heat-related epimerization from
(=)-epicatechin; additionally, a temperature-related epimerization of procyanidin dimers has been
reported [6,7]. These structural modifications could have negative effects on the biological properties
of the product, being (—)-epicatechin the most bioavailable isomer and (—)-catechin the one with the
lowest bioavailability. Roasting processes may also cause reduction of the content of hydroxycynnamic
compounds, clovamide in particular [8], with a possible further reduction of the antioxidant activity.

The secret of the flavor of chocolate, so highly appreciated worldwide, resides mainly in its
volatile aromatic fraction. Its complex composition depends on the cocoa bean genotype and is the
consequence of several processes [9,10]. To date, descriptive studies have identified >600 volatile
compounds in cocoa and chocolate products [11,12], mainly pyrazines, esters, amines and amides,
acids, and hydrocarbons. Besides cocoa flavor precursors, also toxic molecules, such as biogenic amines
(BAs), can be produced during processing. BAs are a class of organic, basic, nitrogenous compounds
with low molecular weight, are usually part of bioactive molecules of cocoa beans and derivatives.
They mainly derived by decarboxylation of corresponding amino acids, due to the action of suitable
enzymes widely distributed in spoilage bacteria and other microorganisms, as well as in naturally
occurring and/or artificially added bacteria involved in food fermentation [5,13]. Although several
amines (i.e., natural polyamines) are present in living cells and contribute to promoting many human
physiological functions, these compounds can represent a serious health hazard for humans, when
present in food in significant amounts or ingested in the presence of potentiating factors, such as amine
oxidase-inhibiting drugs, alcohol, and gastrointestinal diseases. Then, their attendance in foodstuffs is
often undesirable, because often associated with several of pathological syndromes, such as headaches,
respiratory distress, heart palpitations, hypo- or hypertension and several allergenic disorders [14].
In particular, tyramine, 3-phenylethylamine, and histamine have been considered as the initiators of
hypertension and dietary-induced migraines, while the neurotransmitter serotonin is essential in the
regulation of appetite, body temperature, and sleep [15].

Generally speaking, a variety of factors determining cocoa and cocoa derivatives quality are
strongly related to the cocoa beans processing, from the opening of the fruit until the end of industrial
processes [16]. In addition, qualitative characteristics of the cocoa beans are a consequence of the
differences in the farming practices regarding growing, fermenting, and drying the cocoa beans,
with significant differences sometimes found in samples from the same country [16,17].

Recently, it has been reported that in cocoa beans the amino acid oxidative decarboxylation
can be also obtained during food processing suggesting a new chemical, heat-induced formation
of BAs [18]. It follows that, in addition to the amino acid catabolism produced by microorganisms,
amino acids can also be degraded chemically as a consequence of thermal treatment of foods [19].
These reactions are responsible for the formation of taste and flavor compounds, reducing, at the same
time, the concentration of essential amino acids and contributing to the accumulation of compounds that
may be dangerous for consumers, such as BAs [20]. It follows that two main reasons can be underlined
accounting for the analysis of BAs in foods: first their potential toxicity; second the possibility of
using them as food quality markers as their concentration can be related with the hygienic-sanitary
quality of the process and with the freshness of the raw materials and the processed products. As BAs
have been widely exploited as important indicators of safety and quality in a variety of foods, many
papers appeared in recent years reporting their quantitative determination in many fermented and
non-fermented foods, including cocoa and its derivatives [13].

In this work, the quantitative determination of biogenic amines, xanthine, and polyphenol
molecules was performed by liquid chromatography (LC) techniques on cocoa beans from different
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origin. The aroma profile of cocoa nibs was investigated by headspace solid-phase micro-extraction
(HS-SPME) combined with gas chromatography-mass spectrometry (GC-MS). Additionally, the same
compounds were monitored after roasting process at different temperatures to establish a possible
correlation between heating and different biomolecules profiles.

2. Materials and Methods

2.1. Samples

Seven cocoa beans samples from different world areas and years were considered as reported
in Table 1. All fruits studied in this work were considered as well fermented. Approximately 500 g
portions of Coviriali and O’Payo cocoa beans of uniform size were random selected from 50 kg of each
nib variety peeled and roasted in a forced airflow-drying oven ROASTER CENTOVENTI vertiflow®
system (Selmi Chocoloate Machinery, Cuneo, Italy) at Meraviglie S.r.I. (Verona, Italy). Applied in these
studies, heat treatment parameters were chosen to obtain a range of roasted beans with acceptable
physico-chemical and sensory properties. The parameters of thermal processing were optimized to
avoid over-roasting, varying time of roasting as soon as bean cracking occurs, as follows: temperatures
of 95, 110, and 125 °C for 60, 30, and 20 min respectively. Samples from all bean types were prepared
using differentiated methods according to the analyses carried out as reported in the subsections of the
experimental section.

Table 1. List of samples. "not roasted; *195 °C; 2110 °C; 125 °C.

ID Sample Year Variety Country Region
1 C\/Aé\;[{%\]go 2015 113\1) arzlsi::l?(i Ecuador Guayas
nr MADAGASCAR 2015 Trinitario Madagascar Sambirano
3nr COVIRIALI 2015 Forastero Peru Junin
4nr grlogr2 4r3 COVIRIALI 2016 Forastero Peru Junin
5nr CHENI 2016 Forastero Peru Satipo
North Caribbean
611, 6l 612 O'PAYO 2016 Trinitario Nicaragua Coast Autonomous
Region
7o CRIOLLO 2016 Criollo Indonesia Bali

2.2. Chemicals

BAs spermine (SPM, tetrahydrochloride), spermidine (SPD, trihydrochloride), putrescine
(PUT, dihydrochloride), histamine (HIM, dihydrochloride), tyramine (TYR, hydrochloride),
-phenylethylamine (PHE, hydrochloride), cadaverine (CAD, hydrochloride), as well as dansyl
chloride, ammonia (30%), perchloric acid, and LC solvents (acetonitrile and methanol LC grade) were
purchased from Sigma-Aldrich (Milford, MA, USA). Ultrapure water was obtained from Milli-Q System
(Millipore Corp., Milford, MA, USA). Filters (0.45 and 0.20 pum) were purchased from Sigma-Aldrich.
SPE C18 cartridges (0.5 g) were obtained from Supelco Inc. (Bellefonte, PA, USA). All GC chemicals were
from Sigma-Aldrich (Milford, MA, USA). The HPLC grade standards (+)-catechin hydrate, theobromine,
caffeic acid, quercetin-3-glucoside were purchased from Sigma-Aldrich (Milford, MA, USA).

2.3. Samples Preparation for the Analysis of Polyphenols and Xanthines

The peeled cocoa beans were crushed in a mortar, then 1.0 g accurately weighed of crushed material
was extracted in 10.0 mL of a solution EtOH:H,O 70:30 at pH 3.2 by addition of HCOOH, at room
temperature, for 24 h under stirring. The solid material was removed by filtration under vacuum and
the extracts analyzed by high performance liquid chromatography coupled with diode array detection
and electrospray ionization mass spectrometer (HPLC-DAD-ESI-MS) and by high performance liquid
chromatography coupled with diode array detection and fluorescence detector (HPLC-DAD-FLD).

115



Foods 2019, 8, 306

2.4. Chromatographic Conditions Xanthine and Polyphenol Determination

The method used for the quali-quantitative analysis, and described below, was optimized according
to literature data and previous studies of this research group about polyphenolic compounds and
xanthines, and modifying them based on the specific results [8,21-23]. The analyses were performed
using a HP-1200 Liquid Chromatograph with a DAD and a fluorescence detector and a HP-1100
MSD API Electrospray (Agilent Technologies, Palo Alto, CA, USA) operating in negative and positive
ionization mode. Gas temperature was 350 °C, flow rate 10.0 L/min, nebulizer pressure 30 psi,
quadrupole temperature 300 °C, capillary voltage 3500 V, and fragmentor 120 eV.

For the chromatographic separation a Luna C18 250 X 4.60 mm, 5 um (Phenomenex, Torrance,
CA, USA) column was used operating at 26 °C. A multistep linear solvent gradient starting from 95%
H,0 at pH 3.2 by addition of HCOOH (A), up to 100% CH3CN (B) was performed with a flow rate of
0.8 mL min~! over a 63 min period. In detail, the applied gradient started with 95% A; from 95% A to
85% A in 20 min; isocratic elution 85% A until 30 min; from 85% A to 75% A in 9 min; isocratic elution
75% A until 47 min; from 75% A to 15% A in 2 min; isocratic elution 15% A until 53 min; from 15% A to
0% A in 2 min; 0% A until 60 min; from 0% A to the initial conditions in 3 min. Figure 1 reports on the
chromatographic profile of raw O’Payo bean extract (2016) by DAD at 280 nm (A) and 330 nm (B) and
FLD ex. 280 nm; em. 315 nm (C).
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Figure 1. Chromatographic profile of raw O’Payo bean extract (2016): diode array detection (DAD)
280 nm (A) and 330 nm (B); fluorescence detector (FLD) ex. 280 nm; em. 315 nm (C). TBR—Theobromine;
CAF—Caffeine; PRO—Procyanidins; CAA—Caffeoyl aspartic acid; QHE—Quercetin hexoside;
QAR—Quercetin arabinoside; CAT—Catechin; EPI—Epicatechin.

2.5. Calibration

Quantitation of xanthines, flavonols, hydroxycinnamic derivatives, and procyaninides was
performed by HPLC-DAD using five-point regression curves built with the available standards. Curves
with an 12 > 0.9998 were considered. Calibration was performed at the wavelength of the maximum
UV-Vis absorbance, applying the correction of molecular weight. In particular, the extinction coefficient
of each quantified compound being comparable to that of the specific standard used for its calibration,
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the weights in mg were calculated by multiplying the weight obtained from the calibration by a
correction factor given by the ratio between the molecular weight of the compound and the molecular
weight of the standard used for its calibration. In particular, xanthines were calibrated at 280 nm using
theobromine as reference; procyanidins were calibrated at 280 nm using catechin hydrate as reference;
hydroxycinnamic derivatives were calibrated at 330 nm using caffeic acid as reference; flavanols
were calibrated at 350 nm using quercetin as reference. The quantitation of catechin and epicatechin
was performed by HPLC-FLD, using a five point calibration curve (r> = 0.9999) built with standard
solutions of catechin hydrate. The fluorescence detector was set as follows: excitation wavelength
280 nm; emission wavelength 315 nm [24].

2.6. HS-SPME-GC-MS Analyses

Headspace solid-phase micro-extraction combined with gas chromatography-mass spectrometry
(HS-SPME-GC-MS) was selected as the most suitable technique to recover and analyze the Volatile
Organic Compounds (VOCs) in peeled cocoa beans samples. Samples were ground and homogenous
powders were obtained. A total of 1 g of the powdered sample, was placed into a 20-mL screw cap
vial fitted with PTFE/silicone septa. An Internal Standard (IS) in suitable amount was added to each
sample (IS: ethylacetate-D8; 1-Butanol-D10; ethyl hexanoate-D11; 5-methyl-hexanol; acetic acid-D3;
Hexanoic acid-D11; 3,4-Dimethylphenol;). The Internal Standard was used for normalizing the analyte
responses over the area of the IS, to minimize the instrumental error during the time of analysis.

After some trials aimed at optimizing amounts of sample, exposure time, and temperature, SPME
conditions were set as follows: after 5 min of equilibration at 60 °C, VOCs were absorbed exposing a
1-cm divinilbenzene/carboxen/polydimethylsiloxane SPME fiber (DVB/CAR/PDMS by Supelco) for
15 min into the vial headspace under orbital shaking (500 rpm) and then immediately desorbed at
280 °C in a gas chromatograph injection port operating in split less mode. The chromatographic
analysis was performed in a GC system coupled to quadrupole mass spectrometry using an Agilent
7890a GC equipped with a 5975C MSD (Agilent Technologies, Palo Alto, CA, USA). The separation
of analytes was achieved by an Agilent DB InnoWAX column (length 50 m, id 0.20 pm, df 0.40 um).
Chromatographic conditions were: initial temperature 40 °C, then 10 °C min™" up to 260 °C, hold
for 6.6 min. Compounds were tentatively identified by comparing calculated Kovats retention index
and mass spectra of each peak with those reported in mass spectral databases, namely the standard
NIST08/Wiley98 libraries. Quadrupole MS operated in full-scan mode from which the specific ions
of the analyte were extracted. Only the compounds with higher intensity were identified in order to
select major compounds over a complex mixture of VOCs. Each sample was analyzed in triplicate.

2.7. Amine Standard Solutions and Calibration

A calibration curve was built starting from 1.0 mg mL~! standard solution of each amine in
purified water and preparing 12 BAs standard mixtures to a final volume of 25 mL employing HCIO,4
0.6 mol L™1. Amine final concentrations were 0.1, 0.5, 0.8, 2.0, 4.0, 5.0, 10.0, 16.0, 25.0, 50.0, 75.0,
and 100.0 pg mL~!. The comparison between the retention times of peaks of samples and standard
solutions allowed the identification of each BA. Standard concentration against peak area allowed to
build a calibration plot, and six independent replicates for each concentration level were performed.
Moreover, the matrix effect was evaluated by comparison of external calibration plots, depicting
concentration of standard solutions versus peak area, with standard addition method plots, depicting
peak area versus concentration of standard solutions added to the sample. No significant matrix effect
was recorded because of the slopes of the two plots were not significantly different. Quantitative
determination was then accomplished by direct interpolation in the external calibration plot of each
BA. Chromatogram of a standard mixture of BAs is displayed in Figure 2A.
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Figure 2. LC-UV chromatogram of biogenic amines (BAs) standard mixture at concentration of
100 ug mL~! (A) and sample 1 (B). The chromatogram was obtained employing gradient conditions as
specified in the Materials and Methods section.
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2.8. BAs Extraction and Purification

The extraction of BAs from peeled cocoa beans samples was performed by adding 20 mL of
HCIOy4 0.6 mol L™! to about 5.0 g of grounded sample, in a 50.0 mL test tube. The mixture was
homogenized (vortex at 40 Hz for 40 min), centrifuged (10,000 g for 20 min), filtered (syringe filter
0.20 pum), collected in a plastic vial and purified by SPE on a Cyg sorbent (conditioning: 2.0 mL of H,O
and 2.0 mL (two times) of CH30H; loading: 5.0 mL of the basified sample; washing: 2.0 mL of NH,OH
at pH 11.0; eluting: 2.0 mL (two times) of CH3OH). Nitrogen gas was employed to dry eluting solution
providing a solid residue that was re-dissolved in a plastic test tube with 1.3 mL of extraction solvent.

To perform recovery experiments sample 1 was spiked, before the extraction procedure, with an
aliquot of standard mixture of BAs. Specifically, 5.0 g of peeled cocoa beans were spiked with 1.0 mL of
25.0 mg L1 BAs standard solution. Method validation was obtained in terms of recovery percentages,
linearity, intra- and inter-day repeatability, limits of quantification and limits of detection (LOQs and
LODs), to confirm analytical suitability [25].

Dansylation reaction was performed by adding at 1.0 mL of standard solution (or acid sample
extract spiked with BAs or acid sample extract) 200 uL. of NaOH 2.0 mol L1, 300 uL of saturated
NaHCOj; solution and 2.0 mL of dansyl-chloride solution (10.0 mg mL™! in acetone prepared just
before use). After 30 min, dansyl-chloride in excess was removed with 100 pL of NH;OH 25% (v/v)
and the suspension filtered by a 0.45 um syringe filters. Finally, 20 uL was injected for LC-UV analysis.
Figure 2B shows a chromatogram of sample 1.

2.9. Chromatographic Conditions for BAs Quantification

Jasco PU-2080 instrument equipped with a Rheodyne 7725 injector with a 20 mL sample loop
and a gradient pump (PU-2089 plus, Jasco Inc., Easton, MD, USA) was employed to obtain the
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chromatograms. The system was interfaced with an UV detector operating at A = 254 nm (UV-2075,
Jasco Inc., Easton, MD, USA). Data were collected and analyzed with an integrator Jasco-Borwinl.
A reverse-phase C18 column (250 mm x 4.6 L.D., 5 mm) (Supelco Inc., Bellefonte, PA, USA) equipped
with a C18 guard-pak (10 mm X 4.6 1.D., 5 mm) were used (Supelco Inc., Bellefonte, PA, USA) for
separation of BAs. Two solvent reservoirs containing (A) purified water and (B) acetonitrile were used
to separate all the BAs with a gradient elution which began with 3 min of isocratic program A-B 50:50
(v/v) reaching after 20 min A-B 10:90 (v/v). Then 3 min of isocratic elution was carried out and 4 min
further where necessary to restore again the starting conditions (A-B 50:50, v/v). A constant flow at

1.2 mL min~! was employed.

2.10. Statistical Analyses

All analyses were performed in triplicate and data were expressed as mean =+ relative standard
deviations (RSD). Studies of the correlation coefficient and linear regression, calculation of average,
assessment of repeatability, standard deviation, and RSD were performed using Microsoft Excel 2010
software. Significance was performed using a one-way analysis of variance (ANOVA) test, employing
Duncan’s multiple range test at significance level p < 0.05.

3. Results and Discussion

3.1. Polyphenol Content in Cocoa Beans

To identify the phenolic compounds and xanthines, UV-Vis absorption spectra, mass spectra and
literature data were used and combined for tentative identification of the analytes. In the present
study, catechin and epicatechin were quantified through calibration by using a FLD detector, whereas
oligomeric and polymeric procyanidins were quantified through DAD calibration. FLD calibration was
used for catechin and epicatechin because of its higher sensibility and specificity, needed for catechin in
particular, that often partially coelutes with caffeine, and is always present in low amounts with respect
to this latter (average amount of catechin with respect to caffeine: 5.2% in the analyzed samples).
In these conditions, the fact that both catechin and caffeine have also very similar wavelengths of
maximum UV-Vis absorption hinders a correct quantification of the flavanol by using a DAD detector.
Conversely, unlike caffeine, catechin and epicatechin emit a very intense fluorescence signal in the
experimental conditions (excitation wavelength 280 nm; emission wavelength 315 nm), easily detectable
and measurable also in presence of methylxanthines [24,26]. On the other hand, for the calibration
of the other procyanidins a DAD detector is needed, because fluorescence detection is insensitive to
procyanidins containing a gallic acid ester and/or gallocatechins as monomeric units [23]. In this case,
the use of a fluorescence detector could lead to an underestimation of the total procyanidin content.

In Table 2 polyphenol distributions and total amounts in fermented, not-roasted cocoa beans of
different origin are reported. Xanthines, theobromine in particular, are the most abundant compounds
and their amounts decrease with increasing roasting temperature, after an initial slight increase by
roasting at 95 °C, probably due to a further loss of water after the drying process.

Among the raw samples analyzed, the highest in polyphenols were 1" (Camino verde 2015),
37" (Coviriali 2015) and 6™ (O’Payo 2016), respectively with 10.67, 10.53, and 12.96 mg g~! total
polyphenols. In all samples, it is possible to observe a clear predominance of epicatechin with
respect to catechin; the highest [epicatechin]:[catechin] ratio (27.9) was found for the raw sample from
Madagascar (2015), but its low content in polyphenols (1.44 mg g~!) suggests a lower quality with
respect to the other samples under study. The other two samples harvested in 2015 (Camino verde
and Coviriali) appear not to contain catechin, so it was impossible to evaluate the ratio even though
the epicatechin amount appears to be high in particular for the Camino verde sample (2.84 mg g‘l).
The lowest [epicatechin]/[catechin] ratio was found for the raw samples Cheni and Criollo (5.0 for both
the samples).
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For Coviriali 2016 and O'Payo 2016 beans it was possible to compare the polyphenols contents
after roasting at 110 °C, confirming that the total amounts of polyphenols significantly decrease
with respect to the raw samples; Coviriali beans were roasted also at a higher temperature (125 °C)
with a further decreasing of total polyphenols. According to previously reported data [27,28],
also [epicatechin]/[catechin] ratios follow the same trend depending on the roasting process at high
temperature. Procyanidins, quantified as catechin equivalents, are the most abundant polyphenols in
all samples and their amounts also appear to be negatively influenced by the roasting process [28].
Two flavonolic compounds were found, quercetin hexoside and quercetin arabinoside, in low amounts
and apparently not depending on the roasting temperature. The only hydroxycynnamic derivative
present in the extracts was caffeoyl aspartic acid [3].

The characteristics of cocoa beans and derived food products, such as hydrophilic and volatile
secondary metabolites profile, organoleptic properties, antioxidant activity etc., depend not only on
fermentation and processing methods, but also on several variables related to genetics, geographical
regions of cultivation, agronomical practices, and climatic conditions [29,30]. In particular, concerning
phenolic compounds, the low amount of total polyphenols (1.28 mg g~!) found for Criollo variety
is reliable based on literature data that identify this variety as the one with the lowest content of
polyphenols [31,32]. The Forastero variety includes also Nacional Forastero that is the Forastero
variety cultivated in northern Ecuador [31]. The analyzed Forastero samples were harvested in
2015 (Nacional Forastero from Ecuador, sample 1™, and Forastero from Junin region, Peru, sample
3") and 2016 (Forastero from Junin region, sample 4™, and Forastero from Satipo region, Peru,
sample 5™). For Forastero beans harvested in 2015, no significant difference was found between their
contents of total polyphenols; interestingly, catechin was not detected in either of the two samples.
Conversely, statistically significant differences were found between epicatechin and procyanidins
contents. For Forastero beans harvested in 2016, total polyphenols are higher in the sample from
Satipo region than in the one from Junin region, but it must be taken into consideration that the
total polyphenols content varies also according to climate variations, thus possibly from one year
to another, as it can be seen for the two Junin region samples of 2015 and 2016 (10.55 and 5.16 mg/g
total polyphenols respectively). Moreover, a small difference was found between their contents of
catechin, whereas the difference between epicatechin amounts is more evident. The differences between
polyphenolic compositions are evident for the two samples of Trinitario variety from Sambirano region,
Madagascar (sample 2"") and Bali, Indonesia (sample 6™"). Sample 6™", not roasted, is the highest in
polyphenols among all the samples analyzed in the present study (12.96 mg/g total polyphenols), and its
polyphenols content consists mainly of procyanidins (9.17 mg/g). Sample 2"" shows a consistently
lower total polyphenols content (1.44 mg/g), of which 1.00 mg/g procyanidins remaining the most
represented polyphenolic subclass. Monomeric flavanols are also higher in the sample from Indonesia,
but the epicatechin/catechin ratio is better for the other sample (12.9 vs. 27.9). Again, it must be noted
that the samples 2" and 6™ differ not only concerning their geographical origins but also regarding
the years of production (2015 and 2016).

3.2. VOCs in Cocoa Beans

After a successful fermentation process, it is necessary to reduce the water content of the cocoa seeds
to between 5% and 8% and this is achieved by drying [33]. The drying process is not only important
in preserving the cocoa seeds but also plays a very crucial role in the development of cocoa flavor and
the overall quality of the raw cocoa seeds. Cocoa is dried to minimize the formation of molds and to
reduce the acid level and astringency of the beans. Then the roasting of the cocoa seeds takes place in the
consumer countries. Among the cacao beans analyzed, the 7" sample (Criollo) beans will be used by a
chocolate maker that produces raw chocolate, so beans will be not roasted and never reach temperatures
of more than 42 °C. Especially for this product, the quality of cocoa beans is a very big determinant of
the final taste of the chocolate. Cocoa flavor resides in volatile fraction, which is composed of a complex
mixture of up to 600 compounds with new research continuously increasing this number [12].
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HS-SPME coupled to GC-MS has proven a valuable tool for analysis of volatile and semi-volatile
compounds from cocoa and chocolate products. The technique is very sensitive to experimental
conditions and in this study, the DVB/CAR-PDMS fiber was found to afford the most efficient extraction
of both volatile and semi-volatile compounds from the analyte’s headspace according to literature [34].

The HS-SPME-GC-MS analysis of raw cocoa seeds allowed the extraction of a complex mixture of
VOCs and the compounds with higher intensity were selected and reported in Table 3. The key VOCs
considered in this work belonged to the class of alcohols, aldehydes, esters, acids, ketones, pyrazines,
and terpenes and they have all been previously reported in other works [12,34].

The main VOCs were associated with the aroma of vinegar (acetic acid) and with the aroma of
roasted and nutty (tetramethyl-pyrazine). High level of acetic acid could influence in a negative way the
final aroma of chocolate, moreover pyrazines were considered important contributors to the desirable
chocolate aroma [12] and changed during roasting [35]. Additionally, the aldehydes 2-methylbutanal
and 3-methylbutanal are reported to have a strong influence on the chocolate flavor [12]. Phenylethyl
alcohol and 3-Methylbutyl acetate were considered key aroma compounds and were associated to the
odor of floral, rose and sweet, fruity, banana, respectively. There were significant differences among
the types of beans, in particular for the abovementioned VOCs (Table 3). The 2"* (Madagascar) sample
showed highest level of acetic acid and tetramethyl-pyrazine, instead of 1"* (Camino Verde) showing
the lowest values. O’Payo beans (sample 6"") showed highest levels of the aldehydes with chocolate
and almond aroma, 2-methylbutanal, 3-methylbutanal and benzaldehyde. Cheni beans (sample 5™")
showed highest level of banana flavor (3-Methylbutyl acetate) and Coviriali beans (sample 4™) the
highest value of rose aroma (Phenylethyl alcohol).

The 7" sample (Criollo) showed a large number of VOCs, not reported in Table 3, as 2-Heptanol for
the class of alcohols, as 2-Pentanol acetate for esters and as 2-Heptanone for ketones. The high variety
of VOCs, the low level of acetic acid and the good quantity of pyrazines and aldehydes confirmed the
high quality of this variety and the possible use without roasting to produce raw chocolate.

Forastero, Criollo, Trinitario, and Nacional, the variety grown in Ecuador, exhibit differences
in flavor characteristics that can be attributed to original variety but also growing conditions and
geographical origin [36]. The extent to which other factors such as climate and soil chemical
compositions influence the formation of flavor precursors and their relationships with final flavor
quality remains unclear [36]. Some authors have studied the influence of cocoa’s origin on the
composition in volatile compounds and profile comparison allowed beans, liquor, and chocolate from
various geographical origins to be distinguished [29,37].

Trinitario samples from Madagascar (2"") and Nicaragua (6™") exhibited high differences in many
of key VOCs considered and also Forastero samples from different areas of Peru, 4™ and 5", showed
significant differences in volatile composition.

Cocoa beans underwent the roasting process by means of a dry heat treatment, changing chocolate
flavor. Flavor precursors developed during fermentation interact in the roasting process. Aldehydes
and pyrazines are among the major compounds formed during roasting. They are formed through the
heat induced Maillard reaction and Strecker degradation of amino acids and sugars [35]. The roasting
process not only generated and increased the concentration of some flavor compounds through
pyrolysis of sugars, but also reduced the amount of minor compounds affecting the final quality
of chocolate [38]. The degree of chemical changes depends on the temperature applied during the
process [38]. The HS-SPME-GC-MS analysis of roasted beans confirmed changes in VOCs during
roasting as the decrease of acetic acid, especially in samples 4 where a higher level was present, and the
increase of pyrazines in both samples (Table 3). Additionally, 3-methylbutanal increased with roasting,
especially at 95 and 110 °C, while at 125 °C there was a return to initial values, due to the prevalence of
the volatilization phenomenon compared to the production one. The loss of minor compounds that
influence the chocolate’s aroma as phenylethyl alcohol and benzaldehyde was observed by increasing
the roasting temperature, in particular at 125 °C.
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3.3. BAs in Cocoa Beans

It can be assumed that, prior to roasting, the bacterial decarboxilation of the amino acids plays the
main role in the BAs production in fresh cocoa beans. In fact, during fermentation, cocoa proteins
can be hydrolyzed by microorganisms to release free amino acids, although their total amount can
considerably vary [39]. Usually, low amounts of total free amino acids, mostly acidic, were detected in
the unfermented seeds. It has been shown that after fermentation, acidic free amino acids decreased,
while total free amino acids, as well as hydrophobic free amino acids, increased [40]. The latter aspect
seems to be related to the characteristics of the aspartic endoprotease and the carboxypeptidase present
in cocoa beans, as the first preferentially attacks hydrophobic amino acids of the storage proteins
and the second releases single hydrophobic amino acids [40]. Considering the different optimal
temperature and pH of these enzymes, proteolysis primarily depends on the fermentation conditions:
duration and intensity of acidification, temperature, and aeration [39]. Once free amino acids are
released, they can undergo decarboxylase activity by some bacterial enzymes to form amines [41].
Microbiota evolution during cocoa bean fermentation has been studied extensively, also owing to
its importance in the formation of the precursor compounds of the cocoa flavor [42]. It was found
that yeasts, filamentous fungi, lactic and acetic acid bacteria as well as members of the genus Bacillus,
are typically present, all of them being able to produce BAs [43]. As a consequence of the protection
mechanism of bacteria against the acid medium, decarboxylase activity is favored by low pH values
during fermentation [44]. Moreover, contaminating bacteria can also decarboxylate amino acids to
support a further accumulation of BAs.

In Table 4 BA distributions and total amounts in fermented, not-roasted cocoa beans of different
origin are reported. Quantities of total BAs ranged from 13 mg kg~! in sample 3a to 28.8 mg kg~! in
sample 7", never reaching hazardous concentrations. Total BAs concentrations collected in Table 4
are in agreement with a recent study, who recorded the evolution of BAs in fresh cocoa beans over a
fermentation period of seven days, reaching a maximum level of 39.6 mg kg™! at the fourth day of
fermentation [5]. On the contrary, considering samples of the same geographical origin, Oracz and
Nebesny (2014) reported for raw cocoa beans from Ecuador and Indonesia, much lower total BAs
content, not exceeding 5.0 and 6.0 mg kg‘l, respectively. However, only five BAs were considered in
this study, neglecting natural polyamines PUT, SPM, and SPD, as well as, HIS and CAD, representing
in our study the most abundant compounds [44].

As can be seen from data in Table 4 some variations are present, depending on the sample. This is
not surprising, as it was already underlined that, when analyzing samples of cocoa beans from different
countries, several attributes can be very different [45]. In fact, wide variations have been obtained
considering cocoa beans coming from big producing countries, much more emphasized in samples
obtained from smaller producing countries. Moreover, differences were not only country-dependent,
but also farmer-dependent, as significant discrepancies were found in quality attributes of cocoa beans
from the same country [39]. To this regard, it is noteworthy that samples 3"" and 4"" were collected
from the same farm but harvested respectively in 2015 (sample 3"") and 2016 (sample 4™). As it
can be seen, BAs profiles and concentrations did not significantly differ, implying a high degree of
farming standardization.
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Considering BAs profiles, the data obtained in this study clearly showed that BAs present
in all samples at higher concentrations were SPM (3.5-7.2 mg kg™'), HIS (3.1-5.3 mg kg™),
PUT (1.5-3.4 mg kg™1), and CAD (1.1-2.1 mg kg™!), while TYR (not detected (nd)-4.9 mg kg'), SPD
(nd-7.3 mg kg~!) and PHE (nd-1.5 mg kg™!) were present more rarely and at variable concentrations.
The presence of natural polyamines in the cocoa beans is expected since they are ubiquitous in plants
and all living organisms. It is also known the ability of the bacteria to produce some amines, e.g., TYR,
as a protection against the acidic environment, while low levels of PHE in cocoa and derivatives seem
to be associated with their aphrodisiac effects and mood lifting [46]. Guillen-Casla et al. (2012) [20]
reported that TYR, PHE, serotonin, and HIS were the main amines in cocoa beans, although also
PUT, dopamine, and ethanolamine have also been determined. Comparison among samples of same
geographical origin (samples 1 and 7), displayed comparable (Ecuador) or higher (Indonesia) amounts
of PHE, while our samples always showed much higher concentration of TYR for both raw cocoa
beans [44]. In addition, do Carmo Brito et al. (2017) [5] found different results. Only tryptamine,
TYR, SPD, and SPM were present during fermentation of fresh cocoa beans, while CAD and PUT
where always undetectable in all the analyzed samples. SPD and SPM concentrations increased from
the beginning to the end of fermentation, while TYR reached its maximum level at the fourth day of
fermentation, decreasing afterward to initial contents [5].

It can be concluded that the differences already recorded for total BAs concentrations are much
more evident when considering BAs profiles. This is a very common situation already underlined for
many other foods supporting BAs accumulation. Considering that the aminogenesis takes origin from
multiple and complex variables, all of which interact, a direct overlapping of the data arising from
different studies (or from different samples of the same study, if they are not produced in the same
way) is generally difficult to accomplish. Many parameters concerning either the hygienic conditions
of the raw materials or the production process, as well as the preservation techniques, influence BAs
levels and distributions [5,16,44].

In Table 4 the evolution of BAs concentration evaluated for sample 4" and 6™" at different roasting
temperatures (95, 110 and 125 °C samples 411 472 413 3nd 95 and 110 °C for sample 6", 62) is reported.
As can be seen, the roasting temperature is strictly related to the amine total amount, reaching for
sample 6° the maximum level of 58.3 mg kg~!, in agreement with Oracz and Nebesny (2014) [44].
They underlined that temperature and relative humidity of air during roasting influenced the BAs
concentrations and profiles a lot. As can be noted from Table 4, sample 6" contained all the considered
amine before roasting. Each amine concentration raised after processing, although to a different extent.
In particular, PUT concentration showed the highest increasing factor (7.3) followed by TYR, CAD,
HIS, PHE amounts with increasing factors between 2.1 and 2.6. SPD and SPM contents recorded
the lowest enhancing, both with an increasing factor of 1.5. Although, with different profiles and
distributions in comparison with Oracz and Nebesny (2014) [44], data obtained in our study confirmed
the influence of the thermal processing on the increase of BAs concentrations in cocoa beans. This effect
has been related to the transformation of free amino acids caused by the treatment at high temperature.
In fact, it is now well established that during the Strecker degradation, the thermal decarboxylation of
amino acids can occur in the presence of x-dicarbonyl compounds formed during the Maillard reaction
or lipid peroxidation [19]. To this regard, literature data confirmed that asparagine, phenylalanine,
and histidine changed in the corresponding amines 3-aminopropionamide, PHE, and HIS either in
cocoa or in model systems [47].

As far as samples 4™-3 are concerned, the impact of temperature on BAs concentrations during
roasting showed a different behavior. Once again, all the amines exhibited higher quantities at the end
of the thermal treatment mainly HIS (increasing factor 3.3) and PUT (increasing factor 2.8), followed by
CAD (increasing factor 1.6) and SPM (increasing factor 1.3). To this regard, Hidalgo et al. (2013) [47]
reported that the thermal degradation of histidine was more easily produced in comparison with that
of phenylalanine. This effect could explain the higher increasing factors of HIS set against with those
of PHE, for both samples series 6™"-'2 and 4™"-3,
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As can be seen in Table 4, before roasting, sample 4™ did not contain TYR and PHE, both
appearing respectively only after a thermal treatment at 110 and 125 °C, supporting the idea that PHE
is generated mainly by thermal decarboxylation of phenylalanine and not by biochemical reactions [44].
Additionally, in the case of TYR, traces of this compound, absent in green coffee (Rio quality), were
detected in roasted samples after 16 min at 220 °C [48], thus demonstrating its “thermogenic” formation.

The different situations underlined by data in Table 4 probably depend on the complexity of
the heat-induced formation of BAs. In fact, amines and amino acid-derived Strecker aldehydes, are
simultaneously produced in food products during roasting, due to parallel pathways through the same
key intermediates. Reactive carbonyl compounds started these degradations and the ratio between
both aldehydes and amines generated is related to the carbonyl compound involved in the reaction
and the experimental conditions, including amount of oxygen, pH, temperature, time, as well as the
presence of other compounds such as antioxidants or amino acids [19]. In particular, additional amino
acids were shown to play an important role in the preferential formation of either Strecker aldehydes or
amino acid-derived amines by amino acid degradation in the presence of reactive carbonyl compounds.
In this sense, the formation of PHE and phenylacetaldehyde in mixtures of phenylalanine, a lipid
oxidation product, and a second amino acid was studied to determine the role of the second amino
acid in the degradation of phenylalanine produced by lipid-derived reactive carbonyls. The presence
of the second amino acid usually increased the formation of the amine and reduced the formation of
the Strecker aldehyde to a differ extent depending on the considered amino acid [19]. The reasons for
this behavior are not fully understood, although the obtained results suggested that they seem to be
related to the other functional groups (mainly amino or similar groups) present in the side chains of
the amino acid. To this regard, the limited aldehydes concentrations, especially at 125 °C (Table 3),
could support this hypothesis.

Finally, the effect of antioxidants on BAs formation during roasting should be also considered.
To this regard, the effect of the presence of phenolic compounds [49] on the degradation of phenylalanine,
initiated by lipid-derived carbonyls was studied, to determine the structure-activity relationship
of phenolics on the protection of amino compounds against modifications produced by carbonyl
compounds. The obtained results showed that, among the different phenolic compounds assayed,
the most efficient phenolic compounds were flavan-3-ols followed by single m-diphenols. The efficiency
of these molecules was dependent on their ability to rapidly trap the carbonyl compounds. In this
way the reaction of the carbonyl compound with the amino acid was avoided. This implies that the
carbonyl-phenol reactions involving lipid-derived reactive carbonyls can be produced more rapidly
than carbonyl-amine reactions, supporting the idea that antioxidants can provide a protection of amino
compounds during thermal treatments of cocoa beans. In this sense, the loss of flavan-3-ols as the
roasting temperature increased (Table 2) might be responsible of the limited BAs accumulation in the
roasted cocoa beans.

4. Conclusions

Many classes of compounds present in cocoa nibs can be evaluated as indicators of quality and
safety of raw materials and consequently of the final products.

In particular, along with a high [epicatechin]/[catechin] ratio, indicating a better bioavailability of
flavanols, a high content on polyphenols could be considered as a favorable attribute of cocoa beans.
This is related either to the health qualities of these compounds or to their capacity of preserving other
compounds from chemical oxidation or enzymatic degradation, thus increasing stability and general
characteristics of the product. According with the obtained results and taking into consideration that
cocoa beans used for producing chocolate are usually roasted, the sample 6™ (O’Payo 2016) appears to
be the one with the best quality, showing a good content in polyphenols also after roasting at 110 °C
(12.96 mg g~! raw sample vs. 3.04 mg g~! roasted sample. On the contrary, although showing the
highest [epicatechin]:[catechin] ratio (27.9), the sample 2" seems to possess a lower quality among
considered samples, in relation to its low polyphenols content (1.44 mg g™1).
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The monitoring of the volatile aromatic fraction, as reported for the not volatile one, suggested
the same conclusions. Sample 2", showed lower quality having high levels of acids that influence, in a
negative way, the final aroma of chocolate. Besides, among the analyzed raw samples, low level of
acetic acid and the highest levels of the aldehydes with chocolate and almond aroma confirmed the high
quality of sample 6™ (O'Payo 2016), as described from polyphenols analysis. The analysis of roasted
beans confirmed changes in VOCs during roasting, as the decrease of acetic acid, especially in sample
6, and the increase of pyrazines associated with the nutty, cocoa, peanut-like aroma. The roasting
temperature at 125 °C seemed to cause a loss of some minor compounds involved in the aroma of
chocolate such as alcohols, aldehydes, and esters, resulting therefore excessive for the tested variety.

Considering BAs as cocoa quality markers as well, their total levels seem to indicate an opposite
trend in comparison to that underlined by polyphenols and aroma compounds. In fact, among raw
cocoa nibs, sample 6™ showed the second higher BAs total concentration, indicating a medium quality
among considered samples. However, it should be underlined that, after roasting at 110 °C, amine
total amounts showed an increasing factor of 2.22 (6™ vs. 62) and of 2.37 (4™ vs. 4%2) implying,
among the analyzed samples, a lower attitude of sample 6™ to form amines during heat treatment.
Anyway, from the food safety point of view, not alarming BAs amounts were found in all samples,
both raw and roasted. All BAs concentrations increased after roasting, although to a different extent
depending on the sample and on the considered amine. The latter aspect supports the idea that heat
induced amines formation/accumulation probably during the Strecker degradation where aldehydes
and amines compete to be formed, and at the same time BAs accumulation was lowered by the
polyphenols intervention.
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Abstract: The composition of microbiota and the content and pattern of bioactive compounds
(biogenic amines, polyphenols, anthocyanins and flavanols), as well as pH, color, antioxidant and
reducing properties were investigated in fermented Criollo cocoa beans and shells. The analyses
were conducted after fermentation and drying (T1) and after two thermal roasting processes (T2,
120 °C for 22 min; T3, 135 °C for 15 min). The fermentation and drying practices affected the
microbiota of beans and shells, explaining the great variability of biogenic amines (BAs) content.
Enterobacteriaceae were counted in a few samples with average values of 10> colony forming units
per gram (CFU g~!), mainly in the shell, while Lactobacillus spp. was observed in almost all the
samples, with the highest count in the shell with average values of 10* CFU g~!. After T1, the total
BAs content was found to be in a range of 4.9+127.1 mg kg~ 'ppw; what was remarkable was the
presence of cadaverine and histamine, which have not been reported previously in fermented cocoa
beans. The total BAs content increased 60% after thermal treatment T2, and of 21% after processing at
T3, with a strong correlation (p < 0.05) for histamine (8 = 0.75) and weakly correlated for spermidine
(8 = 0.58), spermine (£ = 0.50), cadaverine (£ = 0.47) and serotonine (£ = 0.40). The roasting treatment
of T3 caused serotonin degradation (average decrease of 93%) with respect to unroasted samples.
However, BAs were detected in a non-alarming concentration (e.g., histamine: n.d + 59.8 mg kg ' prw;
tyramine: n.d. + 26.5 mg kg 'pg). Change in BAs level was evaluated by principal component
analysis. PC1 and PC2 explained 84.9% and 4.5% of data variance, respectively. Antioxidant and
reducing properties, polyphenol content and BAs negatively influenced PC1 with both polyphenols
and BA increasing during roasting, whereas PC1 was positively influenced by anthocyanins, catechin
and epicatechin.

Keywords: biogenic amines; polyphenols; histamine; microbiota; roasting

1. Introduction

In the last years, an increase in global cocoa production has been observed with a market
demand of high-quality cocoa products [1]. Colombian cocoa was declared by the International Cocoa
Organization as “fine” and “flavour” due to the agro-ecological characteristics of the areas in which it
is cultivated and the adequate fermentation and drying processes that are carried out. In particular,
Criollo is a variety of Colombia and other Latin American countries, known for its high quality.

Cocoa is produced from cocoa beans that undergo several processes such as fermentation, drying,
roasting, dutching, conching, and tempering. In the first stages, cocoa pods (fruits) are picked from the
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trees (Theobroma cacao), collected in piles and immediately opened or left to stand for a few days (pod
storage) to obtain positive effects on the quality of the final products. After harvesting, beans together
with mucilage are removed from the pod, fermented, dried, and roasted [2].

Fermentation is essential for the degradation of mucilage thanks to the production of ethanol,
which kills cocoa bean cotyledons, and to the production of different organic acids and important
volatile compounds that diffuse into the interior of the beans and react with substances responsible
for the flavour of final products during the subsequent roasting process. In addition, fermentation
influences some functional properties such as antiradical activity and reduces the power of cocoa
beans [3,4]. However, biogenic amines (BAs) can be formed during this step, with detrimental effects
on cocoa quality and human health. The occurrence of BAs in food originates from decarboxylation of
free amino acids, amination and transamination of ketones and aldehydes or during thermal processes.
In fermented products, the concentration of BAs is the result of a balance between formation and
degradation reactions in which several microorganisms are involved. In fact, cocoa microbiota may
present strains with decarboxylase activity [5-8] and amino-oxidase activity [9].

A decrease of bioactive compounds, such as BAs and polyphenolic compounds, occurs in different
steps of the cocoa beans processing, affecting their final content and functional properties in cocoa
derivatives [10-12]. During roasting, physical and chemical changes occur in the beans, such as
differences in colour, removal of undesirable volatile compounds, formation of desirable aroma and
flavour, reduction of water content (up to 2%), and formation of a brittle structure, as well as changes
in flavanols, proanthocyanidins and antioxidant activity [13,14]. In addition, peculiar cocoa volatile
compounds are generated by Maillard reactions and their release is favoured by modifications of the
matrix structure [15]. In spite of this, during roasting critical changes may also take place such as the
formation of water-insoluble melanoidins, the degradation of catechin-containing compounds [16],
the reduction of polyphenol content and antioxidant activity [17], and an increase of the biogenic amines
content [12]. If some Maillard Reaction products, such as melanoidins, are required for the development
of the peculiar cocoa sensory characteristics and brown colour, some furanic compounds are supposed
to have negative effects on human health, as they can show cytotoxicity at high concentration and
are “possibly carcinogenic to humans” [18]. Furthermore, since the presence of cocoa shell in cocoa
beans derivatives adversely affects the final product quality [19], beans should be peeled before or
after roasting [20,21].

The present research was aimed to study the effect of fermentation, drying and roasting on the
microbiological, physical and chemical characteristics of Colombian Criollo cocoa (bean and shell),
with a particular focus on the content of bioactive compounds such as BAs and polyphenols.

2. Materials and Methods

2.1. Origin of the Samples

Criollo cocoa bean samples were collected in spring 2018 directly from 18 farms (identified with a
numerical code) located in three Departments of Colombia, with different environmental conditions
and different fermentation and drying systems (Table 1). Thirteen samples were from Valle del Cauca,
located in the western part of the country, between 3°05” and 5°01” N latitude, 75°42 and 77°33’ W
longitude; four samples from Cauca, located in the southwest of the country on the Andean and Pacific
regions, between 0°58'54” N and 3°19’04” N latitude, 75°47’36” W and 77°57’05” W longitude; one
sample from Narifio, located in the west of the country (1°16’0.01” N latitude and 77°22’0.12” W
longitude) and, despite low altitude, affected by cold winds from the south of the continent.
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2.2. Samples Preparation and Defatting

The samples were collected at the final stage of fermentation and drying (step T1). Moreover,
dried cocoa beans were divided into two batches and treated in a convection oven (Memmert UN110,
Biichenbach, Germany) in two different commercial roasting conditions: T2, 120 °C for 22 min; T3, 135
°C for 15 min.

After cooling, the shell was removed manually from the cocoa beans. After the removal of the
external skin and grinding (IKA M20, Staufen, Germany), cocoa samples were defatted by three
cycles of hexane washing (8 g of cocoa sample in 50 mL of hexane), following the method described
by Di Mattia et al. [4]. Four grams of sample were weighed and 25 mL of hexane added, then the
mixture was vortexed for 1 min and centrifuged (2325x g for 10 min), each time discharging the
supernatant. To completely remove the hexane from the sample, the lipid-free solids were air-dried at
room temperature. The fat-free samples were then used for the extraction of the phenolic fraction and
other chemical determinations.

2.3. Moisture and pH Determination

The pH of defatted cocoa nibs was measured by diluting in distilled water (1:1) by using an
electrode probe connected to a pHmeter (FE20, Mettler Toledo, Columbus, OH, USA).

Moisture content was determined according to the official procedure adopted by the Association
of Official Analytical Chemists (AOAC) [22]. In particular, 1 g of sample was dried in a forced-air
drying oven at 105 °C up to a constant weight.

2.4. Microbiological Analyses

Microbiological analyses were performed according to Chaves et al. [23]. From samples of dried
cocoa beans, the beans (from here they are beans without shell) and the shells were obtained by
manual separation. Twenty grams of cocoa nibs and separate shells were homogenized in a Stomacher
Lab-blender (Thomas Scientific, Swedesboro, NJ, USA) in 90 mL phosphate buffer solution (PBS, Biolife,
Milan, Italy) sterile solution, pH 7.4. Decimal dilutions of the suspension were prepared in PBS, plated
and incubated as follows: Enterobacteriaceae were counted and isolated in Violet Red Bile Glucose
Agar (Oxoid, Basingstoke, UK) at 37 °C in anaerobiosis for 48 h; mesophilic aerobic bacteria in Plate
Count Agar (PCA) at 30 °C for 48 h; thermophilic aerobic bacteria in PCA and incubated at 45 °C
for 48 h; lactobacilli in De Man Rogose and Sharp (MRS) Broth (Oxoid, Basingstoke, UK) at 37 °C in
anaerobiosis for 72 h; lactic streptococci in M17 agar (Oxoid, Basingstoke, UK) at 37 °C in anaerobiosis
for 72 h; yeasts in Yeast Extract-Peptone-Dextrose (YPD) agar medium and Walerstein Laboratory (WL)
medium agar (Biolife, Milan, Italy) at 25 °C for 48 h; moulds in DG18 Agar (Oxoid, Basingstoke, UK)
and Czapec-Agar (Biolife, Milan, Italy) added with 150 ppm chloramphenicol (Sigma-Aldrich Italy,
Milan, IT) for 5 days.

2.5. Biogenic Amines Determination

Defatted samples were subjected to BAs extraction, detection, identification and quantification by
high-performance liquid chromatography (HPLC) using an Agilent 1200 Series (Agilent Technologies,
Milano, Italy), optimizing the method described by Chaves-Lopez et al. [23]. Shortly after, 1.0 g of
sample was added of 5.0 mL of 0.1 N HCI and stirred in vortex (1 min) and ultrasound (20 min).
It was centrifuged (Hettich Zentrifugen, Tuttlingen, Germany) at relative centrifugal force of 2325x ¢
for 10 min and the supernatant recovered. Then, 150 uL of saturated NaHCOj3; was added to 0.5 mL
of the supernatant, adjusting the pH to 11.5 with 0.1 N NaOH. For derivatization, 2.0 mL of dansyl
chloride/acetone (10 mg mL~!) was added and incubated at 40 °C for 1 h under agitation (195 stokes)
(Dubnoff Bath-BSD/D, International PBI, Milano, Italy). To remove excess of dansyl chloride, 200 uL of
30% ammonia was added, allowed to stand for 30 min at room temperature, and diluted with 1950 uL
of acetonitrile.
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In a Spherisorb S300DS Waters C18-2 column (3 um, 150 mm X 4.6 mm ID), 10 ul of sample
were injected with gradient elution, acetonitrile (solvent A) and water (solvent B) as follows: 0-1 min
35% B isocratic; 1-5 min, 35%-20% B linear; 5-6 min, 20%-10% linear B; 6-15 min, 10% B isocratic;
15-18 min, 35% linear B; 18-20 min, 35% B isocratic. Identification and quantification of cadaverine
(CAD), dopamine (DOP), ethylamine (ETH), histamine (HIS), 2-phenylethylamine (PHE), putrescine
(PUT), serotonin (SER), spermidine (SPD), spermine (SPM), and tyramine (TYR) was performed by
comparing retention times and calibration curves of pure standards. The results were reported as mg
of BA kg‘1 of defatted dry weight (of DFW).

2.6. Colour Analysis

Colour analysis of the cocoa samples was carried out by a Minolta Bench-top Colorimeter CR-5
(Konica Minolta, Tokyo, Japan) CM-500 spectrophotometer. Before analysis, two calibrations were
carried out, one with black standard and the other one with white standard. For each measurement,
a single layer of grounded cocoa beans was spread on a Petri dish. The analysis was repeated three
times on each sample.

The instrument gave the results in terms of CIE L* a* b* parameters (CIELAB is a colour space
specified by the International Commission on Illumination, French Commission Internationale de
I'éclairage, CIE), where L* indicates the lightness within the range from 0 (black) to 100 (white); a*
ranges from —60 (green) to +60 (red); b* ranges from —60 (blue) to +60 (yellow). a* and b* indicate
colour direction and from these values we obtained the Hue angle (h°), calculated as h® = arctan(b*/a*)

2.7. Anthocyanin Determination

The total anthocyanins content was determined by the method described by do
Carmo Brito et al. [11]. In brief, 1.0 mL of 95% ethanol and 1.5 N hydrochloric acid solution (85:15
v/v) were added to 0.1 g of defatted cocoa sample, then stirred in vortex for two min and allowed to
stand overnight. The sample was centrifuged at 10,000% g, and the supernatant was suitably diluted to
measure its absorbance at 535 nm by a spectrometer (Eppendorf Biospectrometer kinetic, Hamburg,
Germany. The results were reported as mg of anthocyanins g~! of sample.

2.8. Extraction of the Phenolic Fraction

The defatted samples were further ground with mortar and pestle to reduce the powder size and
to allow better contact of the extracting solvent with the sample. The sample extraction was carried
out according to Di Mattia et al. [4] with some modifications. One gram of defatted sample was added
to 5 mL of 70:29.5:0.5 acetone/water/acetic acid; the mixture was vortexed for 1 min, then sonicated
in an ultrasonic bath (Labsonic LBS 1, Falc, Treviglio, Bergamo, Italy) at 20 °C for 10 min and finally
centrifuged (2325 ¢ for 10 min). The surnatant liquid was recovered and filtrated through cellulose
filters. The extracted polyphenols were then stored in the freezer at =32 °C until analyses. This extract
was used for the evaluation of total polyphenol content, radical scavenging activity and ferric reducing
properties. For flavanols analysis, samples were extracted, kept at =80 °C and analysed on the same
day or at the latest a few days after extraction.

2.8.1. Total Polyphenols Content (TPC)

The total polyphenol content (TPC) was determined according to a procedure modified from Di
Mattia et al. [10]. To a volume of 0.1 mL of diluted defatted sample extract, water was added up to a
volume of 5 mL, and 500 pL of Folin-Ciocalteu reagent was added. After 3 min, 1.5 mL of a 25% (w/v)
NapCOj3 solution was added and then deionized water up to 10 mL of the final volume. Solutions were
maintained at room temperature under dark conditions for 60 min and the total polyphenols content
was determined at 765 nm using a spectrophotometer (Lambda Bio 20 Perkin Elmer, Waltham, MA,
USA) Gallic acid standard (Fluka, Buchs, Switzerland) solutions were used for calibration. Results
were expressed as milligrams of gallic acid equivalents (GAE) per gram of defatted and dry weight.
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2.8.2. Flavanols Identification and Quantification

HPLC (high-performance liquid chromatography) was used for separation, quantitative
determination and identification of flavonoids. The chromatographic analyses were performed
on a 1200 Agilent Series HPLC (Agilent Technologies, Milano, Italy) equipped with a quaternary pump,
a degasser, a column thermostat, an autosampler injection system and a diode array detector (DAD).
The system was controlled by Agilent ChemStation for Windows (Agilent Technologies). Flavanols
determination was carried out according to Ioannone et al. [13]. The sample (20 uL) was injected into
a C18 reversed-phase column. Separation of phenolic compounds was carried out at a flow rate of
1 mL/min with a non-linear gradient from A (1% acetic acid solution) to B (ACN). Gradient elution was
as follows: from 6% to 18% B from 0 to 40 min, from 18% to 100% B from 40 to 45 min, from 100% to 6%
B from 45 to 50 min, isocratic from 50 to 53 min. The DAD acquisition range was set from 200 to 400
nm. The calibration curves were made with epicatechin and catechin, and the results were expressed
as mg per gram of defatted and dry weight.

2.8.3. ABTS (2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfuric acid)) Assay

The radical scavenging activity was measured by ABTS (2,2’-azino-bis
(3-ethylbenzthiazoline-6-sulfuric acid)) radical cation decoloration assay, as described by Re et al. [24].
The ABTS radical stock solution was prepared by dissolving ABTS in water to a 7 mM concentration
and by making this solution react with 2.45 mM of potassium persulfate. The mixture was then left
in the dark at room temperature for 12-16 h before use. The ABTS+e stock solution was diluted in
water to an Abs of 0.70 + 0.02 for the analysis, and the reaction was started by the addition of 30
uL of cocoa extract to 2.97 mL of ABTS+e radical solution. The bleaching rate of ABTS+e in the
presence of the sample was monitored at 25 °C at 734 nm using a spectrophotometer (Lambda Bio 20,
Perkin Elmer, Boston, MA, USA) and decoloration after 5 min was used as the measure of antioxidant
activity. Radical scavenging activity was expressed as Trolox Equivalents Antioxidant Capacity
(TEAC-pmol of Trolox equivalents per g of defatted and dry weight), calculated by the ratio between
the correlation coefficient of the dose-response curve of the sample and the correlation coefficient of
the dose-response curve of Trolox, the standard compound.

2.8.4. Ferric Reducing Antioxidant Power (FRAP)

The reducing activity of the samples was determined according to the method described by Benzie
and Strain [25] with some modifications. One hundred microliters of suitably diluted sample extract
were added to 2900 uL of the FRAP reagent obtained by mixing acetate buffer (300 mM, pH 3.6), TPTZ
(2,4,6-tripyridyl-s-triazine), 10 mM solubilized in HCI 40 mM and FeCl3 20 mM in the ratio 10:1:1.
The absorbance change was followed at 593 nm for 6 min. A calibration plot based on FeSO4-7H,O
was used, and results were expressed as mmols of FeZ* per gram of defatted and dry weight.

2.9. Statistical Analyses

All determinations were done in triplicate, except where differently indicated. Means and relative
standard deviations were calculated. Analysis of variance (ANOVA) was performed to test the
significance of the effects of the factor variables (processing steps); differences among means were
separated by the least significant differences (LSD) test. Statistical analysis of data was performed
using XLSTAT software version 2019.1 for Microsoft Excel (Addinsoft, New York, NY, USA). All results
were considered statistically significant at p < 0.05.

The multivariate descriptive analysis was used to understand the presence of the main descriptors
related to the BAs content of cocoa. The principal components analysis (PCA) started with the analysis
of a matrix (18 x 55) that consisted of 18 samples of Criollo cocoa. The analyses were performed
in triplicate. The 55 conformations of the values of the evaluated variables were gathered by the
following tests: roasting temperature (raw, 120 °C for 22 min and 135 °C for 15 min), pH, content of
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total polyphenols (TPC), anthocyanins, antioxidant activity (FRAP and TEAC), flavonols (catechin and
epicatechin), levels of the main microorganisms groups in cocoa beans and shell, ethylamine (ETH),
dopamine (DOP), 2-phenylethylamine (PHE), putrescine (PUT), cadaverine (CAD), serotonin (SER),
histamine (HIS), tyramine (TYR), spermidine (SPD), and spermine (SPM).

3. Results

3.1. Characterization of Fermented and Dried Cocoa Beans

Several indicators are used to measure the quality of cocoa beans. These include, in addition to
microbiota, composition, colour and acidity of the beans [26].

3.1.1. Microbiota

Some researchers found that variations in the content of BAs in cocoa are mainly affected by
fermentation, which is directly correlated to the type and quantity of microbial populations [11].
Figure 1a,b shows the distribution of microorganism groups enumerated both in cocoa beans and
cocoa shells of investigated samples. A large variability was observed, confirming that postharvest
practices carried out in the different Colombian farms affected microbiota, which in turn can explain
the great diversity of decarboxylation products, such as BAs content at the T1 step. The microbial load
of the shell was determined because many of the metabolites produced in the shell during fermentation
and drying can migrate to the beans, causing a pH decrease due to the accumulation of organic acids.
The microbiological analyses showed the presence of enterobacteria, total aerobic mesophiles, total
aerobic thermophiles, acetic bacteria, spore-forming bacteria, lactobacilli, lactococci, fungi, and yeasts
that are mainly involved in fermentation and drying. Variations in microbial counts and species
were observed in the different samples, likely due to different fermentation and drying practices (pod
ripeness, postharvest pod storage, variations in pulp/bean ratio, fermentation method, batch size,
frequency of bean mixing or turning, and fermentation time), as well as due to some characteristics of
the environment where the cultivation takes place (farm, weather conditions, pod diseases) [27,28].

A great difference was also observed between the microbial community found in the shell and
inside the beans. As expected, the shell contained a greater number of microorganisms because sugars
and other rapidly degradable nutrients are concentrated here, while a smaller number of microbial
populations could adapt to the conditions of the beans. According to Lima et al. [29], average levels of
total aerobic microorganisms and aerobic total spores are reduced in the beans, while Enterobacteriaceae
and fungi were not detected.

Generally, the production of BAs is attributed to certain species of Enterobacteriaceae, mainly
Clostridium spp., Lactobacillus spp., Streptococcus spp., Micrococcus spp., and Pseudomonas spp. [30].
Two of these groups were found in cocoa samples; Enterobacteriaceae were counted in a few samples
with average values of 10> CFU g~!, mainly in the shell and probably due to contamination during
outdoor drying, while Lactobacillus spp. was observed in almost all the samples, with the highest count
in the shell with average values of 10* CFU g~!.

3.1.2. pH, Moisture and Colour

The characteristics of Colombian Criollo cocoa samples at the end of fermentation and drying
(T1) are shown in Table 2. The great variability found in the samples depends on several factors,
namely fermentation and drying, as well as some intrinsic characteristics of the farming system.
The organic acids produced by lactic and acetic bacteria during fermentation diffuse within the beans
and cause a pH decrease; low pH values are considered an index of appropriate fermentation while pH
values above 5.5 may indicate an inadequate or incomplete fermentation [31]. The pH of the samples
ranged between 4.43 and 6.17 (C.V. 10%). With the exception of sample 18, it can be stated that the
samples coming from Valle de Cauca were generally characterized by lower pH values compared to
Cauca samples.
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Figure 1. Levels of the main microorganisms groups in beans (a) and shells (b) of Colombian Criollo
cocoa samples (after fermentation and drying, step T1).
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Table 2. Chemico-physical and colour parameters (L*, a*, b* and h°) for fermented and dried samples
(T1). The data are expressed as mean + standard deviation.

. . o Colour
Samples Origin pH Moisture (%) L+ s b* he
1 Valle de Cauca ~ 5.01 + 0.02 34+03 40.83 + 0.80 7.06 +0.08 11.17 £ 0.35 57.67+0.01
2 Valle de Cauca 4.79 +0.11 39+02 4892 +0.27 3.64 +0.08 9.38 +0.10 68.77 + 0.02
3 Valle de Cauca  4.43 + 0.08 42+04 41.78 + 0.43 9.87 +0.12 12.35 +0.22 51.35 + 0.06
4 Valle de Cauca 449 +0.03 38+0.3 38.40 + 0.16 9.49 +0.12 9.57 +0.13 45.24 +0.02
5 Cauca 5.85 + 0.06 50+0.2 41.42 +£0.30 9.21 £ 0.05 10.25 +0.16 48.07 £ 0.01
6 Valle de Cauca  4.54 +0.10 12+0.1 38.76 + 0.67 9.05 +0.32 6.70 + 0.54 36.49 +0.02
7 Valle de Cauca 4.99 +0.07 35+02 41.71 £ 0.65 8.29 £0.15 10.85 + 0.16 52.62 +0.01
8 Valle de Cauca  5.05 + 0.05 48+04 43.26 +0.37 8.25 +0.27 13.43 +0.20 58.45 +0.01
9 Cauca 511+0.18 25+0.1 36.84 + 0.30 7.30 £0.16 11.79 + 0.41 58.22 +0.01
10 Cauca 5.52+0.15 1.7+0.1 38.89 + 0.68 4.37 +0.02 8.30 + 0.09 62.22 +0.01
11 Valle de Cauca 441 +0.08 25+02 39.85 + 0.34 9.60 + 0.24 10.27 + 0.38 46.90 + 0.01
12 Valle de Cauca 4.62 +£0.03 22+0.0 44.50 + 0.38 7.31+0.16 11.34 +0.18 57.19 + 0.00
13 Valle de Cauca  4.67 +0.33 49+04 37.54+0.18 10.04 + 0.05 15.77 +0.03 57.53 +0.00
14 Cauca 5.45 +0.09 62+0.3 38.44 +1.02 8.18 £ 0.09 12.07 +0.26 55.87 +0.01
15 Valle de Cauca  5.07 +0.12 25+02 38.23 +0.91 833 +0.14 9.30 +0.08 48.15 + 0.00
16 Narino 4.68 +0.13 39+0.1 43.78 +0.07 5.34 +0.09 1225 +0.25 66.43 + 0.01
17 Valle de Cauca  4.44 +0.10 28+02 48.89 +0.73 5.34 +0.09 12.25 +0.25 66.43 +0.01
18 Valle de Cauca  6.17 £ 0.27 47+0.7 32.96 + 0.89 9.39 +0.32 12.93 + 0.46 54.00 + 0.00

The moisture in bean samples ranged between 1.2% (sample 6) and 6.2% (sample 14),
with differences depending on process conditions (solar or artificial dryers) and processing time.
However, for all the samples, moisture content was below 12% which is considered the threshold value
for optimal beans storage, corresponding to inhibition of both enzymatic reactions and fungal growth
that can produce undesired metabolites during storage, such as mycotoxins.

The lightness (L*) of the 18 samples had a mean value of 40.8 (+4.03), ranging from 48.92, observed
in sample 2, to 32.96 in sample 18. For redness values (a*), a mean of 7.78 (+1.94) was detected with
10.04 as the maximum value (in sample 13) and 3.64 as the minimum (in sample 2). For yellowness
(b*), we observed the highest value in sample 13 (11.11 + 2.07) and the lowest value in sample 6
(6.70 + 0.54). Finally, for hue angle (h°), a mean value of 55.12 + 8.26 was determined with a range
from 68.77 (sample 2) to 36.49 (sample 6). Other authors reported L* values quite different from those
obtained in the present study, while results for parameters of a* and b* were similar [32]. The values
obtained for h® were similar to those reported by Sacchetti et al. [14].

3.2. Biogenic Amines Profile

The BAs profile of the Criollo cocoa beans under investigation is described in Table 3. In unroasted
samples (T1), the total BAs amount was found to be 57.5 (+37.5) mg kg‘lDFW, with a minimum value
of 49 mg kg ' prw (in sample 16, from Narifio region) and a maximum of 127.1 mg kg™! pgw (in sample
4, from Valle de Cauca). As far as the BAs pattern is concerned, the most represented BAs in unroasted
beans (T1) were CAD, SER, HIS, SPD, and SPM (Table 3); DOP was also detected in unroasted sample
15 (from Cauca).

The Pearson correlation coefficient between total BAs content and each single BA was calculated.
A strong correlation was only found with HIS (£ = 0.75); tot BAs correlated weakly with SPD (£ = 0.58),
SPM (8 = 0.50), CAD (8 = 0.47), and SER (8 = 0.40), while no significant correlation was found with
other amines.
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To the best of our knowledge, there are no studies reporting the occurrence of CAD and HIS in
raw cocoa beans, although there are few studies where BAs are identified in cocoa. Some authors [12]
found tyramine, 2-phenylethylamine, tryptamine, serotonin, and dopamine in different varieties
of raw cocoa beans; other authors [11] also found spermidine and spermine in Brazilian samples
during fermentation.

Most of the analysed samples presented similar profiles of BAs that might be explained by the fact
that they belong to the same variety. However, variations in their concentration were found and can be
explained by the difference between cultivars, different growth, fermentation and drying conditions,
as well as the microbiota of beans and shell (see Figure 1a,b).

Polyamines can also occur naturally due to the large proliferation of cells that occur in the early
stages of growth or germination caused by physiological changes in tissues [33,34]. In fact, being that
the cocoa bean is a seed and germination does not start if the optimal fermentation conditions are not
present, a consequence of this could be that secondary metabolites such as the aliphatic amines (PUT,
CAD, SPM and SPD) could be accumulated in cells. To our best knowledge, very few studies have
been published on the relation between the physiological conditions and the BAs content in cocoa
seeds, thus these aspects should be thoroughly investigated.

Although the development of microorganisms with amino acid decarboxylases activity occurs in
environments with optimal pH between 4.0 and 5.5, no correlation was observed between BAs content
and low pH.

No direct relationship was found between the content of polyphenols and the content of BAs in
cocoa beans (see below). However, it is possible to hypothesize that the presence of metabolites as
polyamines may influence antioxidant activity in cocoa samples or exhibit pro-oxidant properties [35].

3.3. Effect of Roasting on the BAs Content

A significant effect of both the roasting processes on total BAs content was found in all the samples;
in particular, the beans treated at T2 (120 °C for 22 min) showed an increase of 60% with respect to
the raw beans samples (T1), whilst the roasting process T3 (135 °C, 15 min) caused an increase of 21%
compared to T1 samples.

In our experiments, we observed a large variability in the behaviour of each BA in the samples
(Table 3); after the high temperature treatment, we determined the presence of TYR, 2-PHE, ETH,
and PUT that were not detected in unroasted beans (T1). On the other hand, the roasting treatment
increased the concentration of DOP and SPM with the increase of the temperature, while CAD and
SPD levels decreased dramatically.

Several factors could affect the final accumulation of BAs. In particular, some authors have reported
that Strecker degradation is responsible for the formation of BAs during the thermal decarboxylation
of amino acids in the presence of a-dicarbonyl compounds formed during the Maillard reaction [12,36]
or lipid peroxidation [37].

After treatment at 120 °C (T2), total BAs concentration correlated significantly with SPM (8 = 0.77),
SPD (88 = 0.67) and PUT (88 = 0.60), while at 135 °C (T3) there was a strong correlation between tot BAS
and SPD (8 = 0.85), HIS (£ = 0.81), and PUT, CAD and SPM (8 > 0.70).

Some authors suggested that serotonin could be formed as a result of the transformation of its
precursors (tryptophan and 5-hydroxytryptophan) at very high temperatures [38]. In this study, we
detected an increase in the concentration of serotonin only in three samples after T2 treatment, while
this monoamine neurotransmitter in most of the samples decreased considerably after roasting at
135 °C (T3) with respect to unroasted samples (T1); a similar behaviour was observed for histamine in
50% of investigated samples. These results are in contrast with other authors who demonstrated the
histamine thermostability during cooking processes [39,40].

It was also observed that the histamine level increased in foods after frying and grilling [41].
However, other authors elucidated the mechanism by which certain cooking ingredients and common
organic acids destroy histamine [42], so it could be very interesting to deepen this aspect by considering
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the occurrence of bio-compounds that develop following the roasting process of cocoa and their
possible role in the control of the BAs levels in food.

3.4. Anthocyanins, Total Polyphenols and Flavanols Content

The results on the content of anthocyanins, total polyphenols and flavanols of the eighteen cocoa
samples at different process steps (T1, T2 and T3) are reported in Table 4.

After fermentation and drying treatment (T1), the anthocyanin concentration was between 0.17
and 3.36 mg g_lDFW, with an average value of 1.02 mg g_lDFW ; these pigments disappeared during
fermentation [11], reaching low values on the sixth day of fermentation, and they are a good parameter
to determine the progress or status of the fermentation. The contents found are similar to other cocoa
varieties from Colombia [43], but inferior to those found in other studies conducted on Ghana cocoa
varieties [44]. In unroasted samples (T1), the average content of total polyphenols was 45.50 mg GAE
g‘lDFW, values that are similar to other cocoa varieties planted in Colombia [43,45], with the only
exception being sample 4 which presented higher contents (over 80 mg GAE g™ !prw). These are more
similar to the values found in other studies carried out on varieties planted in Ghana, as well as in
other varieties planted in Colombia [44,46]. It is important to point out that these results may have
been affected by the fact that each single phenol shows a different response to the Folin-Ciocalteau
reagent [14].

According to Carrillo et al. [45], the cocoa-producing region can have a significant effect on the
total polyphenol content, as a proportional relationship was found between polyphenols content and
altitude of plant crops. Their results suggest that plants grown at lower altitude accumulate more
polyphenols compared to plants grown at higher altitude. In the present study, the TPC determined
for sample 16 (from geographical area at 30 m.a.s.l) was lower than other cocoa samples so it seems
that the theory proposed by Carillo et al. is not confirmed by our data, although this aspect would be
worth investigating with a large number of samples.

Roasting did not cause a statistically significant decrease in anthocyanin content in samples from
all the three regions, with the following exception: a decrease of 50%—-60% was observed in roasted
cocoa beans in the sample of the Narino region (sample 16) due to its highest values at the end of
fermentation. The decrease in anthocyanin content is in accordance with data observed by other
authors [12,43] for different roasting temperatures. Regarding the TPC, a not statistically significant
increase was found from 45.50 mg GAE g‘lDFW for T1 to 55.26 mg GAE g‘lDFw (+21%) for T2 and
62.01 mg GAE g~ ! prw (+14%) for T3. However, an increase in TPC values after the roasting process is
consistent with the data reported by Ioannone et al. [13]; these authors suggested that an increase in
TPC is dependent on temperature and exposure time, as a series of condensation and polymerization
reactions occur with the formation of complex molecules such as pro-anthocyanidins from lower
molecular weight compounds such as phenols and anthocyanins. Additionally, through Maillard
reactions, melanoidins can be formed from reducing sugars and free amino acids; as a consequence,
melanoidins can have reducing properties that affect the response to the Folin-Ciocalteu reagent, thus
causing an overestimation of the TPC values [14].

The occurrence of flavanols before and after roasting was also investigated in Criollo cocoa
samples and the results are reported in Table 3. Moreover, Table S1 shows the epicatechin to catechin
ratio (epi/cat) for both unroasted and roasted samples. Catechin was found in all unroasted samples
(ranging from n.d. to 4.43 + 0.13) with the exception of the samples 1, 5 and 9. Epicatechin was
detected in all the samples with a maximum value of 5.7 + 0.17 mg g~! (in sample 12) and a minimum
of 0.45 + 0.01 mg g~! (in sample 11). Similar catechin contents were found by Loureiro et al. in dried
cocoa beans from Latin America [47].
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The epi/cat ratio is a widely used index as it may be associated with the degree of cocoa
processing [48,49] (Table S1). Generally, with the increase of temperature the epi/cat ratio tends to
decrease due to isomerization reactions and the faster degradation of epicatechin with respect to
catechin [50]. The major flavanol present in unroasted samples was (—)-epicatechin. According to
Hurst et al. [51], the high temperatures may induce the epimerization of this flavanol to (-)-catechin,
and (+)-catechin to (+)-epicatechin. This behaviour was noticed in many samples, even though in
other cases the opposite was observed. Moreover, in many cases the ratio could not be calculated since
either catechin or epicatechin was not detected. Finally, it can be said that both roasting conditions had
a similar effect on flavanols.

3.5. Trolox Equivalent Antioxidant Capacity (TEAC) and the Ferric Reducing Antioxidant Power
(FRAP) Assays

Table 5 shows the effect of the different roasting treatments on the radical scavenging activity
(TEAC) and the reducing activity (FRAP) assays with respect to unroasted cocoa bean samples.
The Pearson correlation coefficient was calculated: a strong correlation was found between TPC content
and TEAC (8 = 0.88, p < 0.05) and between TPC content and FRAP (8 = 0.92, p < 0.05).

Table 5. Results of Trolox Equivalent Antioxidant Capacity (TEAC) and the Ferric Reducing Antioxidant
Power (FRAP) assays on the Criollo cocoa samples after fermentation and drying (T1) and after roasting
(T2, 120 °C for 22 min; T3, 135 °C for 15 min). The data are expressed as mean of triplicate analysis.

TEAC (umol TE g-1) si FRAP (umol Fe?* g-1) si
Sample T1 T2 T3 8- T1 T2 T3 18
1 293.6P 2706 374.02 * 374.9 € 594.7 2 439.4b *
2 125.0 € 529.8 b 578.62 144.6 714.8 P 790.6 2 o+
3 380.12 100.9 1935 b * 38242 217.5¢ 261.9° *
4 304.7 @ 181.7b 158.2°¢ * 486.6 2 301.5 ¢ 405.6° *
5 200.4 3135b 384.62 * 249.2b 521.52 488.02 *
6 268.4 2 220.7b 260.9 2 * 510.1 481.2 488.3 ns.
7 411.02 945 ¢ 170.6 P 562.32 242.3b 243.0° *
8 101.5P 914b 187.92 * 259.22 187.0b 269.9 2 *
9 161.4 ¢ 396.9 2 188.9°b * 282.6 321.0b 43122 *
10 217.1°¢ 389.0 P 459.32 * 432.2°¢ 562.7 P 703.52 o+
11 238.42 135.2¢ 168.3P * 40192 282.0° 2795 *
12 246.3P 284.8 2 27922 * 313.8¢ 352.0 440.1° *
13 98.2b 69.6 141.32 * 1745 135.7 ¢ 22212 ot
14 195.52 136.1 ¢ 161.1° * 2643 252.8P 33432 *
15 161.3° 202.52 111.3¢ * 205.6 ¢ 3499P 466.3 2 o+
16 184.1°¢ 224.8b 351.0 @ * 151.1°¢ 388.4P 498.8
17 191.0 ¢ 391.9b 44152 ek 214.6 ¢ 636.9 P 789.142 ot
18 231.02 167.2b 122.3°¢ * 275.3 229.1 273.8 ns.

Legend: data followed by different superscript letters, in the same line, are significantly different (LSD test, p < 0.05);
asterisks indicate significance at * p < 0.05; ** p < 0.01; *** p < 0.001; n.s. not significant.

Regarding the reducing capacity as evaluated by FRAP assay (Table 5), a mean value of 395 umol
Fe?*/g was determined in unroasted samples, which is in agreement with other authors [4,52].

The trend of values of FRAP was similar to those obtained in the ABTS assay. Moreover, in
roasted samples results of TEAC and FRAP were comparable with values found by Ioannone et al. [13].
Generally, the antioxidant activity was higher in roasted samples compared with unroasted ones, with
the exception of some cases (samples 3, 4,7, 11, 14 and 18).

The improvement in the antioxidant and reducing properties after the roasting process may be
related to the formation of reducing molecules, not quantified in the present work, as well as to the
occurrence of condensation reactions among polyphenols, as evidenced by the results reported in
Table 4.
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3.6. Principal Component Analysis

A principal component analysis (PCA) was performed to highlight how factors or variables can
influence the changes in the BA level in raw cocoa beans after roasting. Figure 2 shows the distribution
of the variables analysed in the two first principal components which represent 90.1% of data variance.
Usually, the two first principal components are sufficient to explain the maximum variation in all
data [31]. PC1 and PC2 explained 84.9% and 5.2% of date variance related to the BA content of
cacao. In order to better describe the data set, the following results and information were included:
microbial counts, polyphenols (TPC), anthocyanins, antioxidant activity (FRAP and TEAC), flavonols
(catechin and epicatechin), BA content at different processing conditions (T1, T2, and T3) and origin of
the samples.
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Figure 2. Principal component analysis related to the content of biogenic amines in Colombian criollo
cocoa samples. Legend: empty square, T1 (raw cocoa beans); gray triangle, T2 (120 °C for 22 min);
empty circle, T3 (135 °C for 15 min).

Concerning PC1, antioxidant activity (FRAP and TEAC) (-1.23 to —1.01), polyphenol content
(TPC), and BA (-0.72 to —0.56) showed a negative influence on this component, while FRAP, TEAC,
and TPC showed a significant increase in concentration in the same way as BA during roasting
conditions. On the other side, anthocyanins, catechin, and epicatechin (0.43 to 0.55) showed a positive
influence on this component. The anthocyanin content is a good parameter to determine if fermentation
is carried out properly since they decrease as the fermentation progresses; therefore, the correlation
found between a high anthocyanin content in raw cocoa (T1) and a high BA content may be related to
a non-ideal fermentation process in which, for different reasons, the enzymatic activity of the grains
remained active, generating metabolic intermediates such as BAs.

As for the individual BAs, a positive influence was found for DOP (0.51) under initial conditions
(T1) after treatment at 120 °C (T2) for PUT, CAD, and SPD (0.49 to 0.54), and at 135 °C (T3) for CAD,
SPD, SER, HIS, and SPM (0.44 to 0.56), while the other BAs showed no influence on this component.

The variables pH (0.1), region (0.41), shell microbiota (—0.26), and bean microbiota (-0.12) showed
a weak correlation with each other. The pH is important to select the type of microorganisms that
can grow and therefore quantity, and on the type of BAs they can generate [53]; in the present study,
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the values found for pH were not low enough to inhibit Enterobacteriaceae, which is one of the main
groups that can produce BAs [31]. Moreover, pH values were in the optimal range that can favour BAs
accumulation. The synthesis of polyamines, such as spermine and spermidine, occurs in response to
high pH environments; these BAs act as inhibitors of carbonic anhydrase enzymes that catalyse the
interconversion of carbon dioxide and water into bicarbonate and protons and vice versa [54].

According to Lima et al. [29], average levels of microorganisms are lower in the beans compared
to those found in the shell due to the lower availability of nutrients, which can cause the activation
of metabolic pathways in some groups of microorganisms that can lead to the accumulation of
decarboxylation products such as BAs; however, no influence was observed in this component.
Regarding the origin, the difference between cultivars, different growth, and postharvest conditions
may be related to the presence of these BAs, but no influence in this component was established
between the different sites where the samples were taken.

Concerning PC2, this component was mainly influenced by roasting. On the positive axis,
the characteristics of the beans without heat treatment (T1) were located predominantly, differing from
the samples T2 and T3 that were located on the negative axis of the component. Although a statistically
significant difference was found in the content of BAs at T1, T2 and T3 in most of the samples, in the
PC2 component only a small correlation was evident among them.

4. Conclusions

The present study aimed to evaluate the accumulation of bioactive compounds in eighteen Criollo
cocoa beans samples from Colombia, with a special focus on biogenic amines and polyphenols,
after fermentation and drying and after two different roasting processes commonly used in
cocoa factories.

The samples showed a similar BAs profile, with a variability in their concentration as a consequence
of both cocoa beans and shell microbiota, as well as differences among cultivars, growth conditions and
fermentation and drying treatments. High temperature seems to correlate with the occurrence of TYR,
PHE, ETH and PUT; moreover, the roasting process significantly increased the concentration of DOP
and SPM, whilst CAD and SPD levels generally decreased. The total phenolic content was positively
affected by the roasting processes; even without a statistically significant difference a remarkable
improvement in the antioxidant and reducing properties were observed, showing an enhancement of
their functionality.

No direct relationship was found between the content of polyphenols and the content of BAs
in cocoa beans, even if it can be speculated that polyamines could have a role by influencing the
antioxidant activity or exhibiting pro-oxidant properties in cocoa beans. Therefore, the correlation
found between a high anthocyanin content and a high BAs content in unroasted cocoa samples (T1)
could be attributable to a non-ideal fermentation process. One important result that it is worth pointing
out is that the quantities of BAs found in the unroasted cocoa beans were not alarming, especially with
regard to HIS and TYR, the amines of toxicological interest.

Moreover, low BAs amounts were also found in roasted samples, which is of crucial importance
considering that such values that were calculated for defatted samples will be further processed and
used as ingredients in complex formulations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/4/520/s1,
Table S1: The ratio of epicatechin to catechin (epi/cat) in cocoa bean samples, fermentation and drying (T1) and
after roasting (T2 and T3).
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Abstract: Maesil extract, a fruit-juice concentrate derived from Prunus mume prepared by fermenting
with sugar, is widely used with increasing popularity in Korea. Biogenic amines in maesil extract
were extracted with 0.4 M perchloric acid, derivatized with dansyl chloride, and detected using
high-performance liquid chromatography. Among 18 home-made maesil extracts collected from
different regions, total biogenic amine content varied from 2.53 to 241.73 mg/L. To elucidate the effects
of soaking and fermentation time on biogenic amine content in maesil extract, maesil was soaked
in brown sugar for 90 days and the liquid obtained was further fermented for 180 days at 15 and
25 °C, respectively. The main biogenic amines extracted were putrescine and spermidine and the
total biogenic amine content was higher at 25 °C than at 15 °C. Soaking at 15 and 25 °C increased
the total biogenic amines content from 14.14 to 34.98 mg/L and 37.33 to 69.05 mg/L, respectively,
whereas a 180 day fermentation decreased the content from 31.66 to 13.59 mg/L and 116.82 to 57.05
mg/L, respectively. Biogenic amine content was correlated with total amino acid content (particularly,
arginine content). Based on these results, we have considered that biogenic amine synthesis can be
reduced during maesil extract production by controlling temperature and fermentation time.

Keywords: biogenic amine; maesil; amino acids; soaking; fermentation; temperature

1. Introduction

Maesil (Prunus mume) known as Japanese Ume has been used not only as a food but also as a
medicine on account of its various functionalities [1-3]. As the seed of maesil has a toxic substance
called amygdalin [4], maesil has been processed into various products such as alcoholic beverage,
juice, pickle or extract rather than eaten raw [5]. Maesil extract is a fruit-juice concentrate produced
by the fermentation of maesil and sugar. Recently, it has been increasingly used as a seasoning to
impart sweetness and a unique flavor to foods [5-8]. Traditionally, maesil extract is soaked for a long
period (90 days) at room temperature and fermented naturally under different conditions in individual
households. Therefore, uncontrolled fermentation can lead to the formation of biogenic amines, which
are produced by molds and bacteria.

As biogenic amines are mainly produced by the microbial decarboxylation of free amino acids,
they are easily found in fermented foods [9,10]. These biogenic amines have been reported to be
abundant and they have been found in a wide range of food products, including fish products,
soy sauce, Chunjang (traditional fermented soybean paste in Korea and China), and agricultural
products [11-15]. As a high intake of biogenic amines can cause various detrimental effects such as
migraine and gastrointestinal problems, their ingestion needs to be restricted [16,17]. Indeed, their
content is currently regulated in certain food products. For example, the histamine content in fish
products is regulated by the US Food and Drug Administration (FDA, 50 mg/kg) and the European
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Union (100 mg/kg) in fish products [18]. The formation of biogenic amines is influenced by microbial
flora and their growth as well as the fermentation conditions used in the production of fermented
foods [19,20]. To date, however, studies on the changes in biogenic amines during fruit fermentation
have mainly focused on wine [9]. Moreover, little research has been conducted on the fermentation of
biogenic amines during the fermentation of other fruits.

Therefore, in this study, we tried to monitor the biogenic amine content of maesil extracts and
determine the effect of fermentation conditions on the changes in biogenic amines in maesil extracts
during fermentation. For this purpose, we (i) determined the content of biogenic amines content in 18
home-made maesil extracts collected from different households in Korea and (ii) monitored the content
of biogenic amines during the fermentation of maesil extracts at two different temperatures, 15 and
25 °C, over a period of 9 months.

2. Materials and Methods

2.1. Chemicals

Biogenic amine standards (histamine dihydrochloride (HIS), tryptamine hydrochloride (TRP),
2-phenylethylamine (2-PHE), putrescine dihydrochloride (PUT), cadaverine dihydrochloride (CAD),
tyramine hydrochloride (TYR), spermidine trihydrochloride (SPD), and spermine tetrahydrochloride
(SPM)) and dansyl chloride were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). Perchloric acid, 25% ammonium hydroxide solution, sodium hydroxide sodium hydrogen
carbonate, and diethyl ether were acquired from Daejung Chemical Co. (Siheung, Korea). Acetone and
acetonitrile (High-performance liquid chromatography (HPLC) grade) were purchased from Tedia Co.
(Fairfield, OH, USA). Compound mixtures of amino acids, borate buffer, o-phthalaldehyde (OPA) and
9-fluorenylmethoxycarbonyl chloride (FMOC-CI) were obtained from Agilent Technologies (Andover,
MA, USA).

2.2. Preparation of Food Samples

During the period from 2010 to 2014, we collected samples 18 maesil extracts from different
households in Korea for analysis of biogenic amines content. We also prepared our own maesil
extract, following the method of Choi and Koh (2016) [5], and the process of preparation is shown
in Figure 1. Maesil fruits obtained from a local market were washed with pure water, and drained at
room temperature (23 + 1 °C). To the 400 g of maesil, we added 400 g of brown sugar and the mixture
was then placed in 1 L clear plastic jars, which were maintained in incubators set at 15 °C and 25 °C,
respectively. After the maesil fruits were taken out from the jar after 90 days of soaking, the obtained
liquid (490 mL at 15 °C and 476 mL at 25 °C) was further fermented for the next 180 days in the same
jar. Biogenic amines were analyzed at 30, 45, 75, and 90 days of soaking period and 30, 60, 120, 150,

and 180 days of fermentation.

<Removal of fruits after soaking>

<Soaking for 90 days 6
at 15°C, 25°C >

<Fermentation for 180 days
at 15°C, 25°C >

Figure 1. The fermentation process used for producing maesil extract.888.
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2.3. pH Measurement

To measure the pH, maesil extract (10 g) was mixed with 10 mL deionized water for 3 min and then
filtered through Whatman paper No.2 filter paper (Advantec, Tokyo, Japan). The pH was measured
using a pH meter (Beckman Coulter, FL, USA) following the method of Shukla et al. [21].

2.4. Amino Acids Analysis

Amino acids in the maesil extract were analyzed using an HPLC system (Dionex Ultimate
3000, Thermo Fisher Scientific, Waltham, MA, USA), equipped with a 1260 Infinity fluorescence
detector (Agilent Technologies, Waldbronn, Germany), following the method described by Jajic et al.
(2013) [22] with slight modifications. The samples were derivatized with OPA and FMOC via a
programmed autosampler. After derivatization, samples (0.5 uL) were injected into an Inno-Cyg
column (4.6 X 50 mm, 5 um, Youngin Biochrom, Korea) at 40 °C. The fluorescence was detected at
excitation and emission wavelengths of 340 and 450 mm, respectively for OPA, and at 266 and 305 nm,
respectively, for FMOC. Primary and secondary amino acids were analyzed based on the OPA and
FMOC derivatives, respectively. The mobile phase solvent A was 40 mM sodium phosphate (pH 7),
and solvent B was a 10:45:45 (v/v) mixture of distilled water, acetonitrile, and methanol. The gradient
program was run at a flow rate of 1.0 mL/min as follows: 5% B for 3 min; followed by elution with 5%
to 55% B in 24 min; 55% to 90% B in 25 min; maintained 90% of B for next 6 min; and 90% to 5% B for
3.5 min, maintained for 0.5 min.

2.5. Biogenic Amine Analysis

2.5.1. Extraction of Biogenic Amines

Biogenic amines were extracted from the maesil extract using the method of Shukla et al. (2014) [21]
with slight modifications. Briefly, 10 mL of 0.4 M perchloric acid solution was mixed with 5 g maesil
extract, homogenized for 3 min, and then centrifuged at 3000x g for 10 min at 4 °C. The residue
was re-extracted with 0.4 M perchloric acid solution (10 mL). After the supernatants were combined
and 0.4 M perchloric acid solution was added to adjust the final volume to 50 mL. After filtering
through Whatman filter paper No.1 (11 um, Adventec, Tokyo, Japan), 1 mL of the extract was used for
derivatization with dansyl chloride.

2.5.2. Derivatization of Biogenic Amines

Biogenic amines were derivatized following the methods described by Shukla et al. (2010) [23]
and Frias et al. (2007) [24]. An extract sample (1 mL) or standard solution mixture (1 mL) was mixed
with 200 puL 2 M sodium hydroxide; next, 300 uL of sodium hydrogen carbonate solution was added to
saturate the solution. To the mixture, 1 mL of a dansyl chloride solution (10 mg/mL in acetone) was
added and kept for 45 min at 40 °C. To stop the reaction, 100 uL of 25% ammonium hydroxide was
added to the mixture and reacted for 30 min at 25 °C. Then, the derivatized biogenic amines were
extracted twice with 1 mL of diethyl ether. Subsequent to drying in a nitrogen stream, the extract was
redissolved in acetonitrile (1 mL) and filtered through a 0.22 pm polyvinylidene fluoride (PVDF) filter
(Millipore Co., Bedford, MA, USA) for injection into the HPLC system.

2.5.3. HPLC Analysis of Biogenic Amines

Biogenic amines were analyzed using an HPLC system consisting of an Alliance 2695 separations
module (Waters, Milford, MA, USA) and Ultra violet (UV)/Visible detector 2487 (Waters, Milford, MA,
USA) with a Capcell Pak C18 column (4.6 X 250 mm i.d., 5 um; Shiseido, Kyoto, Japan), thermostated at
30 °C, and detected at 210 nm [24-26]. The injection volume was 20 pL and the mobile phase consisted
of solvent A (water) and B (acetonitrile) run at a flow rate of 0.8 mL/min with the following gradient
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elution program for 35 min: 65:35 (A:B, v/v), followed by 45% B for 5 min, elution with 45% to 65% B in
10.05 min, 65% to 80% B in 17.05 min, 80% to 90% B up to 26.25 min, and 90% to 35% B in 35 min.

2.6. Method Validation

The HPLC method for biogenic amines analysis was validated for linearity, limits of detection
(LOD) and limits of quantification (LOQ), accuracy, and precision [22]. The linearity was evaluated
using five concentrations (0.5, 1, 2, 5, and 10 mg/L) of each the biogenic amine standards (PUT, CAD,
HIS, TRP, 2-PHE, TYR, SPD, and SPM) by constructing a calibration curve. The LOD and LOQ
values were calculated using the following equations: LOD = 3.3 X (standard deviation (SD)/slope of
calibration curve) and LOQ = 10 x (SD/slope of calibration curve). The accuracy of the method was
verified by triplicate analysis of spiked samples at two different levels (5 and 10 mg/L) and expressed
as % recovery. The recoveries were calculated by contrasting the peak area of measured concentration
with the peak area of the spiked concentrations. To evaluate the precision, repeatability, inter-day, and
intra-day were performed and expressed as the percentage relative standard deviation (RSD) of the
peak area measurements. Repeatability was estimated by analysis of six consecutively injected samples.
The inter-day precision was determined at two different levels, 5 and 10 mg/L, and the analyses were
performed over a period of three consecutive days. The intra-day precision was determined by spiking
five blank samples at concentrations levels of 5 and 10 mg/mL and the evaluation was based on the
results obtained using the method operating over a single day under the same conditions.

2.7. Statistical Analysis

Quantitative data are expressed as the means + SD of at least three measurements. Statistical
analysis was performed using a one-way analysis of variance (ANOVA) and Duncan’s multiple range
test by SAS software, version 8.0 for Windows (SAS Institute, Cary, NC, USA). The probability value of
p < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Method Validation

The results obtained from the different method validations are presented in Table 1. Standard
curves for biogenic amines were constructed from triplicate analyses of five concentrations in the range
0.5-10 mg/L. With the exception of spermine (correlation coefficient (R?) > 0.998), the linearity of the
calibration curves for each biogenic amine was >0.999. The precision, expressed as %RSD, of inter-day
variation was between 0.17% and 5.20%, and the RSD values for intra-day variation were between
0.07% and 6.46%. The LOD and LOQ of the biogenic amines ranged from 0.01 to 0.20 mg/L and 0.02 to
0.61 mg/L, respectively. The accuracy of the method with regard to recovery was between 89.4% and
110.8%.
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Table 1. Summary results relating to validation of the high-performance liquid chromatography (HPLC)
method used for biogenic amines.

Precision (%RSD) Accuracy
Compound R? (11;1(;/?) (;(;/%) Inter-Day Intra-Day Recovery (%)

Low High Low High Low High

HIS 1.0000 0.02 0.04 3.82 5.20 0.49 6.46 97.9 89.4
TRP 1.0000 0.01 0.02 0.66 0.19 0.10 0.09 101.8 105.3
2-PHE 1.0000 0.16 0.22 0.22 0.74 0.07 0.64 101.3 97.9
PUT 1.0000 0.01 0.02 0.45 0.34 0.25 0.76 99.8 104.0
CAD 1.0000 0.01 0.02 0.14 0.19 0.25 0.49 100.1 100.0
TYR 1.0000 0.07 0.10 0.27 0.17 0.09 0.22 99.7 99.3
SPM 0.9981 0.20 0.61 227 1.86 1.07 221 95.1 110.8
SPD 1.0000 0.04 0.08 0.14 0.40 0.16 0.11 107.1 99.6

LOD: Limits of detection; LOQ: Limits of quantification; RSD: Relative standard deviation HIS: Histamine; TRP:
Tryptamine; PUT: Putrescine; 2-PHE: 2-phenylethylamine; CAD: Cadaverine; TYR: Tyramine; SPM: Spermine;
SPD: Spermidine.

3.2. Content of Biogenic Amines in Home-Made Maesil Extract

Among the 18 home-made maesil extracts analyzed, the total content of biogenic amines
ranged from 2.5 to 241.7 mg/L, the major individual biogenic amines were putrescine (not detectable
(ND)-80.82 mg/L) and spermidine (ND-219.20 mg/L), followed by tryptamine (Table 2). Putrescine,
histamine, tyramine, cadaverine, 2-phenylethylamine, spermidine, spermine, agmatine, and tryptamine
are the main biogenic amines in wine [27]. Among these amines, putrescine has been reported to be
generated from the raw material or by microbial decarboxylation [28]. In the case of wine, putrescine
content has been found to be influenced by geographical region and grape variety [29]. Histamine
and spermine detected in wine [27,29,30] are known to have toxicity or play a role in enhancing
toxicity [11,31]. However, we were unable to detect either of these two amines in the 18 maesil extracts
examined in the present study. These results imply that the amount and composition of biogenic
amines may differ widely among different fruit-derived products and that these differences could be
attributed to differences in manufacturing practice and fruit material.

157



Foods 2019, 8, 592

pa30d3ap 10N (N ‘urpruradg (S uruadg (A JS urwerk] A [ uLpaepe)) (D PurwelAyeAuayd-g :qHJ-g Punsann g ;1N J urweydAiy 31 Qurwelsty :SIH

10CF 1€ WiF¢cly aN aN aN L6'0 F 78 aN SPOFvE aN A
0T'¢ ¥ 80¢ Wi1F101 aN L00F L0 aN 0£0F6S aN €80F 1Y aN (o)
60T T 6L6 9ULTFTLL aN aN aN LY F 808 aN aN aN d
IF'0Fo66 aN aN aN aN 9¢0F89 aN Ge0F CE aN (@)
Sy F €68 097 F 814 aN aN aN FINVES WA aN aN aN N
8C0F V9 aN aN aN aN aN aN 8€0F V'S aN W
CIoF0T1 aN aN CI0F0T aN aN aN aN aN 1
8€'T ¥ 8'G01 I8 T+ 6L aN wW0F80 aN 0£0F 8¢ aN SPOF€9 aN P!
61T F88 aN aN aN aN aN LY'1TF9TS GE0FaE aN [
870 F 9T aN aN aN aN aN aN 8V 0FGC aN I
60'CF€FS CCIF6'SE aN aN roF LTl aN aN wCIF LS aN H
€6’V ¥ 906 1re F9%¥ aN aN 6L€FELL €ETF 8'GC aN S90F67C aN )
129 ¥ 996 89 F 48 aN aN aN 660 F T'Cl aN aN dN d
L0V F ¥'€9 1€CF Py aN aN aN 69’1 F6'41 aN Ly 0F e dN !
810 F¢9¢ Y40+ 9'6¢C aN aN aN r0+88 aN 9€0F6'L dN a
79’1+ T0¢E 160F 671 aN aN aN ¥L0F €6l aN aN dN o)
79°'1 + 009 96’1 F §T¥ daN aN aN L90F¥CL aN €50 F0€ aN d
687 F 8'1¥C 0€'9 F T6lC aN aN 10T F6¢C €90 F 261 aN aN aN v
[e30L ads NS YAL avo Lnd dHd-T AL SIH adureg

‘sproyasnoy [enprarpur ur paredard sjoenxs jisaviu spew-awoy g1 ur (/3ur) jusjuod sourure dnuedory g A[qer,

158



Foods 2019, 8, 592

The content of biogenic amines is known to be affected by fermentation conditions, including
temperature, microorganisms, and the synthetic pathways of the biogenic amine formation [32-35]. In
wine, cadaverine, histamine, putrescine, and tyramine are mainly detected, the content of which can vary
depending on fermentation factors, storage, microbial decarboxylase activity, and vinification [27,30,36].
Marcobal et al. (2006) have reported that the content of biogenic amines in wine ranged from ND to
54.02 mg/L [31]. Garai et al. (2006) found that the main biogenic amine in commercial apple ciders was
putrescine and that the total biogenic amine content ranged from ND to 23.26 mg/L [12]. In comparison,
the results of this study indicate that the biogenic amine content in home-made maesil extracts is
considerably higher than that reported in wine or apple ciders [12,27,30], thereby emphasizing the
necessity to control biogenic amines productions during the fermentation of maesil extract.

3.3. Content of Biogenic Amines During Soaking and Fermentation

During the 90 day soaking of maesil examined in the present study, we found that the total
biogenic amines content increased from 14.1 to 35.0 mg/L and 37.3 to 69.1 mg/L at 15 and 25 °C,
respectively, indicating that the content was higher at the latter temperature throughout the soaking
period (Figure 1a). Previous studies have reported that biogenic amines are generated via the catalytic
activity of decarboxylase enzymes produced during the growth of microorganisms such as lactic acid
bacteria [37], and thus, the increase in biogenic amines during the soaking period might be caused
by microbial decarboxylase activity. At both incubation temperatures we assessed, the predominant
biogenic amines detected in maesil extract were putrescine and spermidine (Figure 2b,c), and the latter
comprised approximately 80% of the total biogenic amines.
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Figure 2. The content (mg/L) of total biogenic amines (a), spermidine (b), and putrescine (c) during

soaking at 25 °C () and 15 °C (M),
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After removing the maesil fruit from the sample jars at the end of the soaking period, the residual
liquid was subsequently fermented for 180 days, during which, the content of biogenic amines
decreased from 31.7 to 13.6 mg/L and 116.8 to 57.1 mg/L at 15 and 25 °C, respectively (Table 3).
Generally, the extracts fermented at 25 °C exhibited biogenic amines content that was twice as high
as that obtained at 15 °C. Moreover, at the end of the fermentation period, the total biogenic amines
content at 15 °C was 23.8% of that at 25 °C. In addition to putrescine and spermidine, tryptamine was
also detected at 0.33 mg/L when maesil was fermented at the higher temperature for 30 days. In this
regard, Chong et al. (2011) have reported that temperature was the most important factor affecting
biogenic amines formation [38], and Pinho et al. (2001) reported a higher increase in biogenic amines
at a storage temperature of 21 °C than at 4 °C [35]. In addition, Kim et al. (2002) found that 25 °C was
the optimum temperature for histamine production in fish muscles [39]. Maesil extract is typically
produced by natural fermentation without controlling the temperature or starter culture. Moreover, it
is sometimes consumed immediately after a 90 day soaking without subsequent fermentation. On the
basis of the results obtained in this study, we recommend that, to yield a product with lower levels of
biogenic amines, maesil extract should be fermented at a relatively low temperature and for a long
period of time.

3.4. Effects of Processing Factors on Biogenic Amines Formation

The pathways implicated in the synthesis of biogenic amines can vary depending on the
temperature, sugar content, precursors, and microorganisms involved in the fermentation of various
food items [16,32,40]. Generally, putrescine is derived from the decarboxylation of arginine and
ornithine or is already present in raw materials [28,32], whereas, spermidine is produced from arginine
and ornithine or is converted from putrescine by spermidine synthase [16,31]. Poveda (2019) and
Bardocz (1995) reported that most putrescine is either converted to spermidine or spermine, or is
catabolized to succinate and other amino acids via succinate [28,31].

In the present study, to determine the effects of the factors influencing biogenic amines
formation, we performed Pearson’s correlation. Among these factors, we detected no significant
correlation between biogenic amines content and pH, which had a narrow range (pH 2.9-3.3) during
the fermentation.

Arenaetal. (2008) reported a negative correlation between biogenic amines and sugar concentration
and found that; the additions of glucose and fructose at 5 and 20 g/L reduced biogenic amines production
by 82%-93% and 61%—99%, respectively [40]. Cid etal. (2008) reported that lower glucose concentration
is associated with a high activity of ornithine-decarboxylase produced by Lactobacillus [41]. In our
study, we found that, although there was a negative correlation between sugar content and biogenic
amines content (Figure 3a), the relationship was not significant, which could be attributable to the
narrow range of sugar content (61 to 81 °Brix) during fermentation.
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The total biogenic amines content showed a positive correlation with the total amounts of amino
acids (R = 0.6581, p < 0.05), which could be explained by the fact that amino acids are precursors
of biogenic amines [42]. We also detected a strong positive correlation between the amounts of
putrescine and spermidine (R = 0.9277, p < 0.01; data not shown), consistent with the findings of
Bardocz (1995) [31] and Nuriez et al. (2016) [16], which indicates that putrescine is a precursor of
spermidine. However, apart from a positive correlation between arginine and total biogenic amines
content (R =0.6910, p < 0.05), we detected no correlation between individual biogenic amines and
their respective precursor amino acid, which is consistent with the findings reported by Soufleros et al.
(1998) [43]. Gezginc et al. (2013) reported that arginine serves as a precursor of putrescine, which can,
in turn, be converted to spermidine [32]. Furthermore, it has been found that, in plants and some
microorganisms, there are alternative pathways in which putrescine is generated from arginine via
agmatine [33]. These results indicate that the fermentation of maesil extract at low temperature could
reduce the production of biogenic amines. In addition, biogenic amine formation in maesil extract
could be affected by the origin of maesil, the number of amino acids as well as the content of biogenic
amine precursors.

4. Conclusions

The present study was conducted to evaluate the changes in biogenic amines formation and the
relationship between biogenic amines and amino acids in maesil extract during the fermentation of
this product. Although the consumption of maesil extract is currently increasing, there has, to date,
been a lack of studies on the changes that biogenic amines undergo during maesil extract fermentation.
The results of this study showed that the biogenic amines content in maesil extract is affected by both
the inherent amino acids content and fermentation temperature and time. Moreover, the content of
some biogenic amines may also be affected by the presence of other biogenic amines. We found that
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both amino acids and biogenic amines content was lower during fermentation at 15 °C than at 25
°C and decreased with increasing fermentation time. Accordingly, these observations indicate that
employing protracted low-temperature fermentations could be an effective approach for reducing the
production of biogenic amines in maesil extract. In further research, it will be necessary to study the
types of microorganisms and formation on biogenic amines in maesil extract.
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Abstract: The effect of two kinds of casings on the production and characteristics of a dry fermented
sausage was investigated. In detail, an Italian product, naturally fermented at low temperatures and
normally wrapped in beef casing instead of the most diffused hog one, was selected. Two different
productions (one traditionally in beef casing (MCB) and another in hog casing (MCH)) were
investigated over time to determine the differences particularly regarding proteolytic changes during
fermentation and ripening. First of all, the product in hog casing required a longer ripening time,
up to 120 days, instead of 45-50 days, because of the lower drying rate, while the microbial dynamics
were not significantly modified. Conversely, the proteolysis showed a different evolution, being more
pronounced, together with the biogenic amines content up to 341 mg/Kg instead of 265 mg/Kg for
the traditional products. The latter products were instead characterized by higher quantities of total
free amino acids, 3-methyl butanoic acid, 3-Methyl-1-butanal, and 2-Methylpropanal, enriching the
final taste and aroma. The traditional product MCB also showed lower hardness and chewiness than
MCH. The results highlight how the choice of casing has a relevant impact on the development of the
final characteristics of fermented sausages.

Keywords: proteolysis; dry fermented sausage; casing; biogenic amines; volatile compounds; texture;
low temperature

1. Introduction

The characteristics of dry fermented sausages depend on many factors, including the ingredients,
the recipe, the microbiota composition, and the different production steps. These factors, combined
together, determine the variety of products widespread in different European countries [1].
Many fermented meats are produced in Italy; among them, a very particular one is produced during
autumn and winter in the Abruzzo Region (Central Italy), and is called “Mortadella di Campotosto”. It is
made of lean pork meat mixed with salt, pepper, and nitrite and it contains a bar of lard, previously
cured with salt and spices for about two weeks. It shows a characteristic sub-ovoid shape and length
about 15-20 cm, with a diameter of 8-10 cm. Among the typical characteristics, this product is
handmade and wrapped (instead of being stuffed) into a natural beef casing; afterwards, it is fermented
at low temperature without any starter addition. Traditionally, the product is exposed to dry cold
northern winds that provide the ideal conditions for product ripening, which lasts about 40-50 days,
with temperatures varying from —1 °C to about 10 °C.

As for this product, the traditional casing is made of beef middles, we decided to evaluate the
effect of both the traditional casing and a more usual hog casing on the characteristics of the sausage.
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In fact, although “Mortadella di Campotosto” sausage manufacturing does not have any particular
specifications about the natural casing to use, most of the producers use beef casing, but some may use
hog casing because of its larger availability.

As regards fermented sausages, besides containing the meat batter, the casing exerts mechanical
protection and guarantees permeability, which is the basis of the exchange of water and oxygen
necessary for adequate and homogeneous drying and ripening [2]. Many features affect the quality of
natural casings, such as the portion of the intestinal tract used, the manipulation of the product [3] and
the mechanical and physical characteristics such as casing elasticity, permeability to water and gases,
diameter and its uniformity, adhesion, and resistance to temperature variations [2]. In addition, casing
can be a relevant source of enzymes, while casing microbiota is important overall when starter cultures
are not added for fermentation [4].

In light of these considerations, we hypothesized that different casings could affect ripening by
modifying sausage microbiota, water diffusion, and proteolysis dynamics, with a potentially significant
impact on the product quality. Therefore, in this research, we aimed to deepen the knowledge on the
influence of the type of casing on the characteristics of “Mortadella di Campotosto”-like sausages and to
highlight the effect of casing on specific quality traits of the product. For these reasons, the specific
objectives were: to follow the evolution of the principal microbial groups during the production
process; to evaluate the protein hydrolysis of the fermented meats soon after stuffing and during
ripening; to evaluate the texture and flavor of the finished product; and to follow the production of
biogenic amines during the process.

2. Materials and Methods

2.1. Samples Production

“Mortadella di Campotosto”-like sausages were manufactured in autumn—winter in Macelleria
“L’Olmo”, sited in Scanno (AQ), Italy. The sausages were produced according to the traditional
formulation and procedure: pork lean meat (ham, shoulder, and loin) and bacon were first minced,
then mixed with salt (20 g/Kg), black pepper (1.0 g/Kg), and a mixture of sucrose, glucose, ascorbic
acid (E300), and potassium nitrite (E252) in a total quantity of 4.0 g/Kg. After 12 h at 4 °C, the meat
mix was then minced again, and about 420 g was taken for each sausage. A stripe of back lard was
previously cured at 4 °C with salt, spices (pepper, oregano, rosemary, pimento, juniper, and cilantro),
and a mixture of sucrose, glucose, ascorbic acid, and potassium nitrite, for about 14 days, after which
it was cut into portions of about 3 X 3 X 10 cm that were inserted into the batter. Then, the product
was shaped in its typical oval form. Successively, the meat balls were hand-wrapped with the natural
casing, previously washed with water and vinegar, then air-dried for about 10 h. Then, the products
were left in air for 3-4 h, to favor the sealing of the casing edges; afterward, they were linked with
a cotton string of medium caliber and tied in pairs. Thirty-one samples for each batch were used.
The size of the samples at TO was 17 + 2 cm in length X 9 + 2 cm in width and the weight was 452 + 18 g.
At the end of ripening, the size was about 10 + 1 cm in length X 6 + 1 cm in width and about 20 + 1.5 in
diameter and a final weight of about 270 + 10 g.

Two different batches were produced: batch A, named MCB, wrapped with beef casing (beef
middles), and batch B, named MCH, wrapped with hog casing (hog bung). All samples were transferred
to a fermentation room, in which the temperature varied from -2 and 5 °C for 5 days. The samples
were then moved to a drying-ripening room, where they stayed up to 120 days. In the room, natural
ventilation was favored, with variable relative humidity (depending on the external weather conditions)
and temperatures below 12 °C.

2.2. Microbiological Analysis

Microbiological analyses were carried out on the batter section, excluding the lard, after casing
removal. Ten grams of the sausages were homogenized with 90 mL of sterile 0.1% (w/v) peptone water
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for 2 min, using sterile plastic pouches in a Stomacher Lab-Blender 400 (PBI International Milan, Italy).
Serial 10-fold dilutions were prepared in sterile peptone water solution and inoculated in duplicate
in appropriate culture media. The following microbial groups were determined: aerobic mesophilic
bacteria on Plate Count Agar (PCA) at 30 °C for 48 h; mesophilic lactobacilli (LAB) and cocci on MRS
agar and M17, respectively, at 30 °C for 48-72 h under anaerobiosis; presumptive enterococci on Slanetz
and Bartley agar (S&B) at 37 °C for 48 h; total enterobacteria on Violet Red Bile Glucose Agar (VRBGA)
at 37 °C for 24 h; micrococci and staphylococci on Mannitol Salt Agar (MSA) at 30 °C for 72 h; yeasts on
Yeast extract-Peptone-Dextrose agar (YPD), added with 150 ppm of chloramphenicol, at 30 °C for 72 h.

Mold development on the casing was evaluated by sampling 10 cm? of casing and determining
mold growth on YPD added with 150 ppm of chloramphenicol. All the culture media were from Oxoid
SpA (Rodano, Italy).

2.3. Physical Analyses

Measurement of water activity (aw) was performed by the Aqualab instrument CX/2 (Series 3,
Decagon Devices, Inc., Pullman, WA, USA). Samples (10 g) were randomly obtained from the sausage
(batter section). Moisture (g water/100 g sample) was measured by drying a 3 g sample at 100 °C
to constant weight [5], and the pH values were obtained using a MP 220 pH meter (Mettler-Toledo,
Columbus, OH, USA).

The weight loss of “Mortadella di Campotosto”-like samples during drying was gravimetrically
determined and calculated as shown in the following Equation (1):

Weight loss (%) = [(m0 — mt)/m0] x 100 (1)

where m0 is the weight of sausage obtained after filling and mt is the weight of the sausages after a
specific processing time (0, 6, 11, 18, 30, 45, and 120 days).

The measurements of moisture were performed by air oven drying [6], while for the NaCl content,
the method of Volhard (ISO 1841-2: 1996) was used [7].

2.4. Chemical Determinations

Total nitrogen content (TN, % w/w) was determined by the Kjeldahl method, while proteins were
obtained by multiplying TN x 6.25 [8]. Non-protein nitrogen content (NPN, % w/w) was measured by
the precipitation of proteins with trichloroacetic acid, followed by determination of the nitrogen in the
extract by the Kjeldahl method. Proteolysis Index (PI, %) was calculated as the ratio between NPN and
TN (PI % = 100 x NPN x TN™), as previously reported [9].

To evaluate the intensity of the primary proteolytic changes during the process, sarcoplasmic
and myofibrillar proteins were extracted [10]. The protein concentrations were determined using
Bradford reagent (Sigma-Aldrich, Milan, Italy) and bovine serum albumin (BSA, Sigma-Aldrich) as
standard reference, according to Bradford (1976) [11]. Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) was used to analyze proteins [12] by Mini Protean III electrophoresis
equipment (Bio-Rad, Segrate, Italy), as previously described [10]. The GS-800™ Calibrated Densitometer
(Bio-Rad, Segrate, Italy) was used to quantify the relative abundance of each protein band.

Total amino acids were extracted and measured on 2 g of each sample, using the Cadmium-ninhydrin
method [13]. For the extraction of the free amino acids, the method proposed by Berardo and
colleagues [14] was followed and concentrations were determined by Reverse-phase high performance
liquid chromatography (RP-HPLC), as previously reported [15], by using the Waters AccQ Tag method
(Millipore Co-Operative, Milford, MA, USA). Amino acids were converted to stable fluorescent
derivatives by reaction with AccQ-Fluor reagent (6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate).
RP-HPLC was performed using a Waters liquid chromatography system consisting of a Waters™ 626
pump, Waters™ 600 S controller, and Waters™ 717 S autosampler (Millipore Co-operative, Milford, MA,
USA), by means of a Nova-Pak™ C18 column (4 um, 3.9 x 4.6 mm), heated to 37 °C in a Shimadzu model
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CTO-10AC column oven. Elution was performed in a gradient of solvent A (Waters AccQ-Tag eluent A),
solvent B (acetonitrile: Aldrich Chemical Co., Milan, Italy), and solvent C (20% methanol in Milli-Q water),
prepared as follows: initial eluent 100% A; 99% A and 1% B at 0.5 min; 95% A and 5% B at 18 min; 91% A
and 9% B at 19 min; 83% A and 17% B at 29.5 min; 60% B and 40% C at 33 min and held under these
conditions for 20 min before returning to 100% A. The concentration of A was maintained at 100% up
to 65 min, after which the gradient was changed to 60% B and 40% C for 35 min, before returning to
the starting conditions. The single amino acids were identified by comparing their retention times with
calibration standards. Peak areas were processed using Millennium 32 software v.4.0 (Waters, Milford,
MA, USA).

2.5. Determination of Volatile Compounds

Volatile compounds were determined by solid phase micro-extraction coupled with gas
chromatography mass spectrometry (SPME/GC-MS) [16] on 5 g of MCB or MCH at the selected
sampling times. Volatile peaks identification was carried out by computer matching of mass spectral
data with those of the compounds contained in the Agilent Hewlett-Packard NIST 98 and Wiley v. 6
mass spectral database. The volatile compounds content was expressed as relative percentage area.

2.6. Determination of Biogenic Amines

The following eight biogenic amines were detected, identified, and quantified: tryptamine (TRP),
B-phenylethylamine (3-PHE), putrescine (PUT), cadaverine (CAD), histamine (HIS), tyramine (TYR),
spermidine (SPD), and spermine (SPM).

The procedure of amines extraction and derivatization was carried out as described by
Martuscelli et al. [17]: an aliquot of 2 g was homogenized (in Stomacher Lab blender 400, International
PBI, Milan, Italy) with 10 mL of 5% trichloroacetic acid (TCA) and centrifuged (Hettich Zentrifugen,
Tuttlingen, Germany) at a relative centrifugal force of 2325x g for 10 min; the supernatant was recovered
and the extraction was performed with 5% TCA acid. The two acid extracts were mixed and made up
to 50 mL with 5% TCA acid; the final acid extract was filtered through Whatman 54 paper (Carlo Erba,
Milan, Italy). For derivatization of the samples, an aliquot of each acid extract (0.5 mL) was mixed with
150 puL of a saturated NaHCOj3 solution and the pH was adjusted to 11.5 with about 150 uL. NaOH
1.0 M. Dansyl chloride (Fluka, Milan, Italy) solution (2 mL of 10 mg/mL dansyl chloride/acetone) was
added to the alkaline amine extract. Derivatized extracts were transferred to an incubator and kept for
60 min at 40 °C under agitation (195 stokes) (Dubnoff Bath-BSD/D, International PBI, Milano, Italy).
The residual dansyl chloride was removed by adding 200 mL of 300 g/L. ammonia solution (Carlo
Erba). After 30 min at 20 + 1 °C and protected from light, each sample was brought up to 5 mL with
acetonitrile (Carlo Erba) and filtered through a 0.22 pm PTFE filter (Alltech, Sedriano, Italy).

Biogenic amines were determined, after extraction and derivatization, by high-performance liquid
chromatography (HPLC) using an Agilent 1200 Series (Agilent Technologies, Milano, Italy). In a
Spherisorb S300DS Waters C18-2 column (3 um, 150 mm X 4.6 mm ID), 10 uL of sample was injected
with gradient elution, acetonitrile (solvent A), and water (solvent B) as follows: 0-1 min 35% B isocratic;
1-5 min, 35%-20% B linear; 5-6 min, 20%—-10% linear B; 6-15 min, 10% B isocratic; 15-18 min, 35%
linear B; 18-20 min, 35% B isocratic. Identification of the biogenic amines (BAs) was based on their
retention times and BAs content was reported as mg/kg of product.

2.7. Texture Analysis

Textural properties were evaluated at room temperature (22 + 2 °C) using an Instron Universal
Testing Machine (mod. 5422, Instron LTD, Wycombe, UK) equipped with a 500 N load cell.

Slices (1 cm thick) were transversally cut from the central part of the sausage. Cubic samples
(1 x 1 x 1 cm) were cut from the inner part of the slices placed between the lard and the casing.
Samples were compressed by a plunger with a plane circular surface (35 mm diameter) using a
crosshead speed of 0.5 mm/s. Two different tests were carried out for the textural characterization:
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e  Compression-relaxation test: samples were compressed by 30% of their initial height, then the
run was stopped and the plunger was maintained at the maximum compression extension for
2 min, after which the load was removed. The maximum peak force in compression (N) was taken
as a hardness index and the relaxation load was used to study the elastic behavior.

e  Texture Profile Analysis (TPA) test: samples were submitted to a two-cycle compression test to
30% of their initial height in the first compression. After the first cycle, samples were left for 1 min
to recover their deformation and then, the second cycle was started. Hardness (N), cohesiveness
grh, springiness (mm), and chewiness (N mm) were determined as previously described [18].

Each test was carried out on 10 samples of each batch (MCB and MCH). Since, in both tests,
the experimental conditions in the first compression stage were the same, 20 samples were used for
hardness calculation.

2.8. Experimental Design and Statistical Analysis

Two batches of sausages characterized by different casings were analyzed over time. In detail,
three sausages per batch were randomly taken and analyzed at each ripening time (0, 6, 11, 18, 30,
and 45 days). Time zero was considered as the time in which the batter was just wrapped in the
casings, thus samples of batter (which was the same for the two batches) were taken just before being
wrapped. All the data were subjected to two-way analysis of variance (ANOVA) to test the significance
of individual (casing, ripening time) and interactive (casing X ripening time) effect. The model used
for the two-way ANOVA is presented in Equation (2):

Yi = 1w+ o4 + Bj + vy + €ijk 2

where 1 is the intercept; « the casing factor; 3 the time factor; y the interaction; ¢ the error; i and j are
the level of the first and second factor; k the number of within group replicates. The significance of the
effects was tested by Fisher’s F value and the associated p value.

Since the MCH batch was still not ripened after 45 days, an additional sampling was carried
out only for this batch at 120 days. As the definitive experimental design was incomplete, data were
further analyzed by the two-way nested ANOVA and the model used is presented in Equation (3):

Yijk = 1+ o + Bjg) + €ijk 3)

where (3 is the time factor nested with the casing factor. Post hoc mean comparison was carried out on
the time nested with casing effect using the Tukey’s HSD test.

The mold load and textural properties of the fully ripened sausages (MCB at 45 days and MCH at
120 days) were eventually compared among them using the Student’s ¢-test for independent samples
in order to test significant differences between the two groups of samples.

Statistical analyses were performed by using Statistica v. 6.1 (Statsoft Europe, Hamburg, Germany).

3. Results and Discussion

3.1. Effect of the Different Casings on Microbial Growth

Differently from other Mediterranean dry fermented sausages, in which the fermentation time is
1-2 days at 18-24 °C or 1 week at relatively low temperatures (10-12 °C), the fermentation of “Mortadella
di Campotosto” sausages is carried out at very low temperatures, below 4 °C. These conditions, together
with the absence of starters, cause a slow growth of lactic acid bacteria and therefore, an extension of
the fermentation time.

Table 1 depicts the behavior of the different microbial groups during time. As evidenced, during
the fermentation phase (up to 11 days) and the first week of ripening (day 18), no statistically significant
differences were noticed in the growth dynamics of all microbial groups between MCB and MCH
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products. As expected, Enterobacteriaceae were not detected after 6 days of production, probably as a
consequence of the progressive pH reduction. With the extension of the ripening time (from 30 days),
statistically significant differences were observed in yeast and CNS counts that were lower in MCB.
In detail, the yeast count increased in MCH samples at 30 days, probably because of a succession of
different species. It has to be underlined that at 30 days, the a, values of MCB and MCH samples
were significantly different and the higher MCH a,, allowed a greater microbial growth with more
abundant cells loads. After that, the number of cells progressively decreased during the ripening time.

In addition, in this study, we observed that the type of casing used can affect the colonization of
molds, which reached values of 5.60 Log CFU/cm? in MCB and < 2.0 Log CFU/em? in MCH at the end
of the process.

3.2. Effect of the Different Casings on Physicochemical Parameters

In Table 1, the changes in pH values during fermentation and ripening of the samples in beef
casing (MCB) and in hog casing (MCH) are reported. A significant (p < 0.05) pH decrease was detected
in both cases up to day 11, which could thus be presumably considered as the end of fermentation.
The pH decrease was concurrent with the increasing number of presumptive LAB that reached levels
of 7.66 and 7.85 Log CFU/g for MCH and MCB, respectively. After that, pH slowly increased, due to
the typical phenomena of ripening, starting with proteolysis in both batches, but with different rates
throughout ripening. The end of ripening (45 days for MCB and 120 days for MCH, respectively) was
first evaluated by professional manufacturers, who tested product hardness, as perceived by digital
pressure, and flavor sniffing, and then, confirmed by textural analysis before final sampling. At the
end of ripening, the pH reached levels of about 5.67 for MCB and of 5.90 for MCH, respectively.

The type of casing exerted a significant effect on the drying rate, as highlighted by moisture
(Figure 1) and ay (Table 1) data; no water losses were observed during fermentation but, during
ripening, the moisture dramatically differed between the two batches. After 45 days of ripening
(the end of the ripening for MCB products), MCB batches reached moisture (31.2%) and ay, (0.841)
values significantly lower than MCH samples, in which the values of moisture and a, were 53.7% and
0.923, respectively. These differences can be attributed to the physical characteristics of the two types
of casing, such as the degree of casing permeability, which influences the level of exchange between
the filling and the external environment. In fact, hog bung casings had greater thickness (about 3-fold)
than MCB, leading to a lower water vapor transmission rate and higher a,, [4]. The degree of casing
permeability to water, gas, and light affects water loss, fat hydrolysis, fat oxidation, as well as pH and
aw [2,4].

As regards NaCl content, given as g 100/g total solids, slightly significant differences were observed
at the end of the ripening time in both types of sausages, which showed values of 4.77 + 0.01% and
4.97 + 0.16% for MCB and MCH, respectively.
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Figure 1. Evolution of the relative humidity of “Mortadella di Campotosto”-like sausages produced with
beef (MCB) and hog (MCH) casings over time.

3.3. Effect on Proteolysis

Protein hydrolysis was evaluated by gel electrophoresis, as well as by measuring the content of
total free amino acids, volatiles, and amines that greatly influence the texture, flavor, and safety of dry
fermented sausages [19]. The hydrolysis of sarcoplasmic and myofibrillar proteins, determined via
SDS-PAGE analysis, was influenced by the ripening time and the type of casing (Figure 2).

3.3.1. Sarcoplasmic Fraction

The electrophoretic separation of sarcoplasmic proteins of MCB and MCH at different processing
stages is illustrated in Figure 2a. Proteolysis took place during fermentation, as revealed by the slight
changes from the first fermentation phase; the bands most susceptible to degradation were those of
about 61 and 56 kDa, followed by a huge band of about 48 kDa, and the most intensive degradation was
observed in MCH samples. In addition, two fragments were generated at 36 and 35 KDa, which were
assumed to be glyceraldehyde-3-phosphate dehydrogenase [20], and 18 KDa in both types of samples.

In addition, during ripening, starting from day 18, a more intense hydrolysis was observed in
MCH samples, as indicated by the intensity decrease in the band at 45 kDa (data at 120 days not
shown), which is assumed to be creatine kinase [21]. This band completely disappeared after 45 days,
while the intensity of the bands of about 74, 37, 36, 18, and 12 KDa increased overall in the MCB
samples. The appearance and increase in polypeptides in the range of 14-100 kDa have been observed
also by other authors [10,22].

As ay, strongly affects the activities of all endogenous proteinases [23], the differences between
MCB and MCH could be ascribable to the higher a,, values of MCH samples (Table 1). Thus, it could
be possible that the highest a,, values in MCH batches could have favored the activity of cathepsins
B, which are able to break down sarcoplasmic proteins [24]. However, the contribution of bacterial
enzymes to protein degradation needs to be taken into account, since LAB counts at day 30 reached
higher values in MCH samples (8.24 Log CFU/g) than in MCB samples (6.48 Log CFU/g). In this
context, in addition to LAB microbial enzymes, also Staphylococcus carnosus and Staphylococcus simulans
proteases are capable to hydrolyze sarcoplasmic proteins [25].
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Figure 2. SDS-PAGE electrophoretic profiles of “Mortadella di Campotosto”-like sausages produced with
beef (MCB) and hog (MCH) casings over time. Panel (a) sarcoplasmic fraction; panel (b) myofibrillar
fraction. Batter: 0 days. Values on the ordinates refer to the marker and express the bands dimension
in KDa.

3.3.2. Myofibrillar Fraction

Myofibrillar proteins play the most critical role during meat processing, as they are responsible
for the cohesive structure and firm texture of meat products [26]. As evidenced, this protein fraction
was less susceptible to degradation and the hydrolysis dynamics in MCB and MCH showed very
similar profiles. Recently, Berardo et al. [14] reported that actin (45 kDa) is highly broken down during
fermentation; nevertheless, we did not evidence any change of this protein during fermentation in both
MCB and MCH samples, in agreement with other studies [27,28]. On the contrary, the generation of
polypeptides and large peptides with molecular weight from 50 to 100 kDa was more evident at day 11.

During ripening, when the endogenous enzymes are affected by the a,, decrease, having particular
impact on cathepsins and alanyl- and pyroglutamyl-amino-peptidases [29], an important degradation
of the band of about 48 kDa was detected (day 18); afterwards, it disappeared in both batches. In the
meantime, a band of about 33 KDa, probably corresponding to f3-tropomyosin, appeared in MCH
samples at day 18, while in MCB samples, it was detected at 30 days of ripening [30].

Differences between the two products were clear from the 30th day of the process, in which the ay,
values were 0.890 + 0.008 and 0.940 + 0.012 for MCB and MCH, respectively.
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As regards Myosin Heavy Chain (220 kDa), an important degradation for at least 45% in MCH
samples was detected at day 45, in contrast with MCB samples, in which it remained almost unchanged
during ripening. The hydrolysis of actin (45 kDa) was less severe than that of myosin (25 kDa), and it
was clear from day 30 in MCB, in which the reduction was about 15%. These results are in accordance
with other authors [31], who reported a lower degradation of actin in fermented sausages with higher
pH, suggesting that this might be due to the low optimum pH of cathepsin D-like muscle enzymes,
playing a major role in actin hydrolysis.

Additionally, changes in tropomyosin (35 kDa) were more intense in MCB samples that presented
also hydrolysis of the bands at 48 and 54 kDa, probably corresponding to desmin. Moreover, the myosin
II short-chain (about 18 kDa) showed an intensity increase of approximatively 10% in MCH samples;
muscle proteinases predominate in proteolysis evolution along the dry fermented sausage ripening,
while those from bacteria mainly act during fermentation [32]. Nevertheless, the major proteolysis
of the myofibrillar fractions in MCH (presenting a,, values of 0.890 at day 30) could be attributed to
particular bacteria or yeast species present in the meat or in the casing, well adapted to the particular
environment of this sausage and probably dominating during fermentation and ripening. Moreover,
on the MCB casing surface, the molds, reaching loads of 5.60 Log CFU/g, could have promoted the
greater proteolysis [33]. In fact, during ripening, when a,, decreases, the molds, and especially strains of
Aspergillus and Penicillium genera, tend to dominate due to their capability to overcome xerophilic and
halophilic conditions. Penicillium chrysogenum and P. nalgiovense contribute to proteolytic activities [34]
and Penicillium chrysogenum Pg222 proteolytic enzymes show activity on the principal myofibrillar
proteins, including actin, myosin, tropomyosin, and troponin [35].

3.4. Total Amino Acids Content

The generation of free amino acids (FAA) is the final outcome of proteolysis, and it contributes
to the specific taste and also to the generation of volatile compounds, which provide the flavor
in fermented sausages. The FAA content, expressed as mM of leucine, of both kinds of samples,
was analyzed during the experimental period. As expected, the low temperatures applied in the
production of the samples resulted in a limited generation of FAA, and their content was significantly
different (p < 0.05) depending on the type of casing.

The quantification of total free amino acids (TFAA) is reported in Table 2. As evidenced, the initial
batter contained about 361.25 + 13.32 mg amino acids/100 g of dry-matter, and during the process, this
concentration changed over time to a final concentration of 84.35 + 19.18 and 235.59 + 6.59 mg/100 g
of dry-matter for MCB and MCH, respectively, at 45 and 120 days, with the major contribution of
arginine (Arg) and alanine (Ala), followed by leucine (Leu) and valine (Val). The observed fluctuations
in the content of each individual amino acid could be ascribed to the balance between FAA produced
by protein breakdown and microbial activity. Among the bacteria, coagulase-negative staphylococci
(CNS), Lactobacillus sakei, Lactobacillus curvatus, and some yeasts such as Saccharomyces cerevisiae have
been reported to be directly involved in meat proteolysis and in free amino acids generation [15].
At the same time, many of these microorganisms use free amino acids as substrate for further metabolic
reactions (deamination, dehydrogenation, and transamination), which are related to the development
of aroma and flavor that characterize the final fermented sausage [36,37]. Moreover, arginine reduction
in MCH samples could also be correlated to decarboxylation reactions, with the consequent production
of putrescine, starting from day 45.
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The major differences in FAA were observed during ripening, in which hydrophobic amino
acids were accumulated. In addition, significant differences (p < 0.05) were observed for the greater
amounts of Arg and Ala in MCB samples up to 30 days. This concentration appeared dramatically
reduced at day 45, particularly for Arg in MCH samples and for Ala in MCB ones. In this respect, two
hypotheses can be proposed: (1) the different environmental conditions present in MCB after 30 days
could have selected microorganisms with a highly efficient arginine-converting machinery, with the
aim of obtaining energy from arginine in the absence of glucose, as reported for some Lactobacillus,
CNS and Pseudomonas species [38-40], and this might be reflected by the presence of Pseudomonadaceae
at values of 5.11 + 0.2 Log CFU/g in MCB samples at day 45; or (2) a possible oxidation of this amino
acid could have happened by means of free radicals generated by lipolysis, leading to the formation of
carbonyl groups [41]. In fact, amino acids such as lysine, threonine, arginine, and proline are easily
attacked by these radicals.

In the case of MCH, the major FAA at the end of ripening was Ala with amounts of 123.20 mg/100 g
of dry-matter.

3.5. Volatile Compounds Derived from Amino Acids

FAA are very important in fermented sausages, both for their contribution to the specific taste
and for their involvement in degradation reactions that generate volatile compounds, which provide
the flavor in this type of product. It is documented that the pH rise during fermentation is due to
the microbial degradation of FAA by decarboxylation and deamination [42]. The transamination
and decarboxylation of valine, isoleucine, and leucine, which are branched amino acids, produce
the respective branched aldehydes, alcohols, and/or acids. Additionally, amino acids such as Phe,
Thr, Try, Tyr, etc., are transformed into their respective aldehydes, such as phenylacetaldehyde from
phenylalanine, and indole compounds from tryptophan, while the degradation of the sulfur amino
acids cysteine and methionine produces sulfur volatile compounds [43]. In particular, we analyzed
the accumulation dynamics of compounds derived from branched amino acids (branched aldehydes,
alcohols, and carboxylic acids), such as 2-methylpropanal derived from valine (Val), 2-methylbutanal
from isoleucine (Ile), 3-methylbutanal from leucine (Leu), and phenylacetaldehyde, benzaldehyde,
phenylethyl alcohol, and ethyl benzoate ester that derived from phenylalanine (Phe) and the results
are shown in Table 3.

In general, a greater relative abundance of branched chain aldehydes, alcohols, and acids
from the catabolism of branched chain amino acids was detected in MCB samples. In particular,
3-Methyl-1-butanal was the most abundant compound in both types of samples, being more present
during fermentation (up to 11 days) in MCH and during ripening in MCB samples. In this respect,
other authors [44] suggested that 3-Methyl-butanoic acid and 3-Methyl-1-butanal are markers of the
CNS activity in fermented meats.

On the other hand, the decrease in 3-Methyl butanol in MCB samples could be ascribed to its
conversion into the corresponding 3-Methyl-butanoic acid (Table 3). MCB samples were characterized
also by a major presence of 2-Methylpropanal and 2-Methylpropanoic acid, which increased over time
and were not detected in MCH samples during the entire production period. On the contrary, phenyl
ethyl alcohol concentration increased only in MCH batches.
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3.6. Texture Analysis

The textural properties of “Mortadella di Campotosto”-like sausages were studied both by stress
relaxation and TPA (Texture Profile) analysis. TPA parameters of the two types of samples at the end of
ripening are shown in Table 4. At the end of ripening, corresponding to 45 days for MCB and 120 days
for MCH, the two types of samples showed very similar textural profiles, except for small differences
in springiness and chewiness.

Table 4. Results of texture profile analysis and compression—relaxation test of ripened “Mortadella di
Campotosto”-like sausages produced with beef (MCB) and hog (MCH) casings.

Springiness Cohesiveness Chewiness Relaxation
Product Hardness (N) (mm) JxJ (N mm) Load (%)
MCB (45 days) 16.0 £3.42 191 +0.19" 0.50 +0.04 2 152 +29b 63.68 + 0.63 2
MCH (120 days) 165+1.72 2.06 £0.122 0.52 +0.042 176 +14°2 62.70 +£0.822

Data in the same column with different letters are significantly different ata p < 0.05 level.

No statistically significant differences were found in hardness, despite MCB showing lower ayy
and moisture values and a slightly higher proteolysis index (12.92% vs. 12.13%) than MCH. In general,
protein breakdown during fermented sausages ripening contributes to hardness decrease [45]. However,
beside proteolysis, drying is a major factor affecting the binding and textural properties of fermented
meat products. In most cases, the effect of dehydration, which increases hardness by promoting the
elastic behavior, could counteract and even overcome the effect of proteolysis [28,46].

MCH samples showed a more elastic physical behavior and a consequently higher chewiness.
Chewiness resulted positively affected by proteolysis in many studies, independently from positive
or negative hardness changes [28,47,48]. Since in TPA analysis, chewiness is the product of
hardness X cohesiveness X springiness, the higher chewiness of the MCH product observed in
this study is due to its higher springiness, since no differences were found in hardness and cohesiveness.
Springiness, which is a measure of elasticity [18], is depleted by moisture content, since water acts as a
plasticizer and promotes viscous behavior. Despite differences in springiness, observed by measuring
the recovery of the deformation after uniaxial compression, no significant differences in elastic behavior
were observed when a stress—relaxation test was applied, as the force dissipated by viscous flow was
identical in the two samples (Table 4).

In this section, the effect of proteolysis and dehydration were discussed since they are the main
factors affecting sausage texture, but it should be considered that also lipolysis may contribute to the
final texture.

3.7. Biogenic Amines (BA) Content

High quantities of proteins, associated with the proteolytic activity of endogenous enzymes
and decarboxylase activity of wild microbiota, can support the accumulation of biogenic amines in
fermented sausages [49,50], although the final balance depends on the equilibrium between BAs
formation and degradation [51]. Figure 3 depicts the BAs content in “Mortadella di Campotosto”-like
samples up to the end of ripening (45 days for MCB, panel a; 120 days for MCH, panel b).

In general, tryptamine, phenylethylamine, and spermine were not detected, while tyramine (TYR)
and polyamines such as cadaverine (CAD), putrescine (PUT), and spermidine (SPD) were found during
the entire production process, although with differences between the two products. Histamine was
not detected in MCH, while it was found in MCB at low concentration (up to 17 mg/Kg, after the
drying step). In addition, during fermentation (up to 11 days), TYR and SPD were the most abundant
amines in MCB sausages and were detected in similar concentrations in MCB and MCH samples at
up to 45 days of ripening. Tyramine production has been associated with the presence of LAB and
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enterococci that usually possess high amino acid decarboxylase activity [52]. This characteristic is
strain-dependent and could be expressed during drying and ripening [53].
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Figure 3. Putrescine (put), cadaverine (cad), histamine (his), tyramine (tyr), spermidine (spd), and sum
of biogenic amines (as mg/Kg) content in “Mortadella di Campotosto”-like sausages produced with beef
(panel (a), MCB) and hog (panel (b), MCH) casings, over time.

The sum of BAs content at the end of ripening resulted significantly different between the
two types of products (265 + 6 and 341 + 23 mg/Kg, respectively, for MCB and MCH). These BAs
levels are commonly found in other types of dry sausages produced by natural fermentation. Again,
the differences in BAs content could be attributed to the higher water activity in MCH, as well as
to the lower NaCl concentration due to scarce water loss, optimal for microbial development and
BAs accumulation, in particular of tyramine and putrescine [54]. The significant reduction in total
BAs at the end of ripening was associated with PUT decrease (more than 80%) in MCH samples,
and with the decline of TYR, close to 40%, in MBH samples. Biogenic amines degradation was probably
due to microorganisms possessing amino-oxidase enzymes, such as particular strains of the genera
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Lactobacillus, Pediococcus, Micrococcus, as well as Staphylococcus carnosus [55]. The activity of these
enzymes is pH-dependent and particularly active at pH values close to neutrality [56].

In the absence of a legal limit for biogenic amines content in dry fermented sausages, European
Food Safety Authority (EFSA) stated that up to 50 mg of histamine and 60 mg of tyramine can be
considered safe for healthy individuals; however, these limits fall dramatically if an individual takes
anti-MAO drugs or is particularly sensitive to these amines [57]. Suzzi and Gardini [53] identified a
sum of 200 mg/Kg of vasoactive amines (tyramine, histamine, tryptamine, and 2-phenylethylamine),
as an indicator of good manufacturing procedure for fermented sausages. Among the investigated
samples, only in MCH this limit was reached 45 days after the start of the manufacturing process and
was still exceeded (although reduced) at the end of ripening.

4. Conclusions

The effect of different casing on some characteristics of dry fermented sausages produced at very
low temperatures was investigated. This study demonstrated that “Mortadella di Campotosto”-like
sausages did not show an intense proteolysis during fermentation and ripening, probably because
production is carried out at very low temperatures. Nevertheless, the type of casing had a strong
effect on ripening time, proteolysis, and production of some volatile compounds. On the other hand,
although the presence of biogenic amines is considered as unavoidable in fermented meat products,
the results highlighted that in “Mortadella di Campotosto”-like sausages processed with the traditional
beef casing, the risk associated with the presence of bioactive amines is low. Furthermore, in addition
to the better texture performance, when beef casing is used for this type of sausage, the process is
significantly shorter in comparison to hog casing, with important positive effects on production costs
for ripening and storage. For all these considerations, and despite its lower availability on the market,
beef casings, traditionally used for this kind of product, are determinant for the final characteristics of
this type of product.
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Abstract: The aim of this work was to simulate selected ways of handling with raw fish after its
purchase. The experiment was designed as three partial simulations: (a) trend in the biogenic amines
formation in raw fish caused by breakage of cold chain during the transport after purchase, (b) the
use of a handheld gastronomic unit as an alternative method of smoking fish with cold smoke in
the household with regard to a possible increase in polycyclic aromatic hydrocarbon content, and
(c) whether the cold smoked fish affects selected sensory parameters of nigiri sushi meal prepared
by consumers. The material used in the research consisted of: yellowfin tuna (Thunnus albacares)
sashimi fillets and the Atlantic salmon (Salmo salar) fillets with skin. The control (fresh/thawed
tuna; without interrupting the cold chain) and experimental (fresh/thawed tuna; cold chain was
interrupted by incubation at 35 °C/6 h) samples were stored at 2 + 2 °C for 8 days and analyzed
after 1st, 4th and 8th day of the cold storage. Histamine content was very low throughout the
experiment, though one exception was found (thawed tuna without interrupting the cold chain:
272.05 + 217.83 mg~kg‘1/8th day). Tuna samples contained more PAH (4.22 ug~kg‘1) than salmon
samples (1.74 pg-kg™). Alarming increases of benzo(a)anthracene (1.84 pgk™!) and chrysene
(1.10 pg-kg™!) contents in smoked tuna were detected.

Keywords: nigiri sushi; polycyclic aromatic hydrocarbons; histamine; household smoker unit

1. Introduction

Currently, sushi meals are becoming popular worldwide [1]. Sushi meals have developed from a
simple street food to sophisticated cuisine. Many studies have dealt with the health benefits and health
hazards associated with the sushi cuisine [2]. In the past, high attention has been devoted to studies of
microbiological [3], chemical [4,5] or parasitic [6] hazards in fishery products, like the toxicological
risks of diseases after consumption of raw fish or foodstuffs that include raw fish flesh [1]. Recorded
cases of acute gastric anisakiasis are a serious warning to consumers [7]. Sushi belongs to ready to eat
foods and is predisposed to contamination with food pathogens, such as Listeria monocytogenes [8,9].

Consumer concerns about food safety might disrupt a healthy food choice [10]. Risks associated
with the consumption of fish might impose barriers to consumption, though fish is considered an
important component of the human diet [11].

Foods 2019, 8, 459; doi:10.3390/foods8100459 187 www.mdpi.com/journal/foods
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A new look at research on sushi meal assessment, including simulation of model of real consumer
behavior and culinary practices by chefs, should shift research to a higher level of knowledge.
In recent years there has been an increase in collaboration between researchers and chefs in the field of
gastronomy [12]. Modern trends of molecular gastronomy that works with human senses, is a fast
food preparation method using portable, easy-to-use applications, developed specifically for chefs,
to create new unusual flavors.

The biggest interruption in the cold chain occurs after product purchase and during its delivery to
the household. Consumer behavior and the ambient temperature largely influence the shelf life and
food safety [13].

In recent years, also in the Czech Republic, there has been a growing trend of self-preparation of
sushi food by consumers. In our research, based on the buying habits of some consumers and their
creativity approach to treat raw fish raw using a handheld smoker unit, we wanted to connect partial
studies on fish handling and sushi preparation into one model experiment.

The experiment was designed in the form of three partial simulations: (a) trend in biogenic
amines formation caused by severe breakage of cold chain during the transport of fish raw material
after purchase to household, (b) the use of a handheld gastronomic unit as an alternative method
of smoking fish with cold smoke in the household with regard to a possible increase in polycyclic
aromatic hydrocarbons (PAH) content, and (c) whether the cold smoked fish affects selected sensory
parameters of nigiri sushi meal prepared by consumers in their households.

2. Materials and Methods

Fresh sashimi fillets of the yellowfin tuna (Thunnus albacares, caught, FAO 71 area, category of
fishing gear: seines) and fresh fillets with skin of the Atlantic salmon (Salmo salar, farmed, Norway)
were bought from a retail shop (Ocean48, Brno, Czech Republic).

2.1. Trend in the Biogenic Amines Formation Caused by Severe Breakage of Cold Chain during the Transport of
Fish Raw Material after Purchase Place to Household

Tuna sashimi fillet was used to a case study focused on simulating conditions sale of fresh and
thawed fish and consumer behavior (compliance/interruption with/of the cold chain) and to determine
how this behavior affects the formation of biogenic amines total content and its spectrum (tryptamine
TRP, 2-phenylethylamine 2-PHE, putrescine PUT, cadaverine CAD, histamine HIS, tyramine TYR,
spermidine SPD, spermine SPR). The experiment was carried out in four separate replicates. Tuna fillets
purchased for the fifth repetition had to be excluded from the experiment because of the high histamine
content at the start of the storage, which significantly exceeded the limit set out in Regulation (EC) No
2073/2005 [see in Appendix A1] at the start of storage (the possible reason for higher histamine content
will be commented on in the Results and Discussion section).

The case study was based on the use of four different sashimi fillets (1, 2, 3, 4). Four types of
samples A, B, C, D from each tuna fillet were prepared simultaneously. Characteristics of the samples
were as follows: A: control sample, fresh tuna was cold stored at +2 + 2 °C, without interrupting
the cold chain after buying the fish in a store; B: experimental sample, fresh tuna, cold chain of fresh
sample was interrupted before the cold storage in a laboratory by incubation of the sample (35 °C/6 h)
to simulate the possible consumer behavior in the summer after buying the fish in a store, subsequently
samples were cold stored at +2 + 2 °C; C: experimental sample, thawed tuna, after buying the fish
in a store the sample was experimentally frozen (-35 °C) and stored for two weeks in a frozen state
(—18 °C), then the samples were thawed in the refrigerator (+2 + 2 °C/12 h) and subsequently cold
stored at +2 + 2 °C; D: experimental sample, thawed tuna, after buying the fish in a store, the sample
was experimentally frozen (=35 °C) and stored two weeks in a frozen state (=18 °C), the cold chain of
thawed sample was interrupted by incubation the sample (35 °C/6 h) to simulate the possible consumer
behavior in the summer after buying the fish in a store, the samples were subsequently cold stored at
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+2 + 2 °C. All samples (A, B, C, D) were stored at +2 + 2 °C for 8 days, the samples were analyzed after
1st, 4th and 8th days of cold storage.

The biogenic amines analysis was performed according to the method described by [14].
The chromatographic separation was performed using a Dionex Ultimate 3000 HPLC apparatus
(Thermo Scientific, Waltham, MA, USA) with a FLD 3400RS four channel fluorescent detector (Thermo
Scientific) and a low pressure gradient pump with a four channel mixer. The detector settings were set to
340 nm for excitation and 540 nm for emission. The separation was performed on a Kromasil 100-5-C18
4.6 x 250 mm column (Akzo Nobel, Amsterdam, The Netherlands) and the column temperature of
30 °C. Flow rate was 0.8 mL/min with two mobile phases: (A) acetonitrile (Merck, Darmstadt, Germany)
and (B) water (Merck). The detection limit for each biogenic amine was 0.005 mg-kg™!. The samples
were analyzed in duplicate and triplicate and injections into HPLC were carried out on each duplicate
(N=4x2x3).

2.2. The Part of the Research Consisting of Testing the Use of a Handheld Gastronomic Unit as an Alternative
Method of Smoking Fish With Cold Smoke in the Household with Regard to a Possible Increase in Polycyclic
Aromatic Hydrocarbons (PAH) Content and Whether the Cold Smoked Fish Affects Selected Sensory Parameters
of Nigiri Sushi Meal Prepared by Consumers at Their Household

Tuna and salmon fillets were used for preparation of nigiri sushi with not-smoked (raw, control
samples) and smoked (experimental samples) samples. Smoked muscle of both fish was prepared with
application of a smoker unit (Super Aladin smoker, Manihi s.r.o., Praha, Czech Republic). Cold smoke
(20 °C; Aladin oak chips) was applied on meat surface beneath the glass hatch for 5 min. The experiment
was carried out in five separate replicates. Sensory attributes (saltiness, bitterness, juiciness, consistency)
of sushi meal and a question focused on examining the fact whether the conscious consumption
of smoked fish in sushi can affect the consumer’s confidence in the health safety of this food were
monitored by a group of trained evaluators and evaluated on the basis of questionnaires.

Nigiri sushi samples with tuna and salmon meat (smoked and not smoked) were prepared in the
Sensory Laboratory at the Department of Meat Hygiene and Technology (Faculty of Veterinary Hygiene
and Ecology, University of Veterinary and Pharmaceutical Sciences, Brno, Czech Republic). Fillets were
frozen according to the Commission regulation (EC) No 853/2004 (Annex III, Section VIII, Chapter III,
Part D, Point 2a [see in Appendix A2]) at —40 °C using quick freezing unit FR.C. BF 031AF (Friulinox,
Taiedo di Chions, Italy) to muscle core temperature of —20 °C and were stored in a frozen chamber
with regulated temperature (-20 + 2 °C) for 2 weeks. Then the samples were thawed in refrigerator
(+2 + 2 °C/12 h) and subsequently divided into two parts, the one was used as control (raw not smoked)
samples for sushi preparation and the second one was used for cold smoking by Super Aladin smoker
and for sushi preparation. The rice was cooked in rice cooker (42507 Design Reiskocher, Gastroback,
Hollenstedt, Germany). Information about sushi ingredients are following: sushi rice (short grain
variety, Yutaka, Italy), 8% vinegar (apple vinegar, Bzenecky Ocet, Bzenec, Czech Republic), 6% sugar
(sugar crystal, producer: Korunni, HruSovany nad Jevisovkou, Czech Republic) and 2% cooking salt
with iodine (NaCl 98%, J 20-34 mg-kg~!, K+S Czech Republic a.s., Olomouc, Czech Republic), wasabi
paste (Yutaka, China). The experimental design is shown in Figure 1.

Sushi samples were sensory evaluated in the laboratory equipped according to ISO 8589:2008
[see in Appendix A3]. The protocol consisted of unstructured graphical scales of 100 mm length, with
one edge of the scale representing the strongest expressed attribute and the second one the weakest
expressed attribute. Saltiness (2% salt addition) was evaluated by respondents’ comparison with sushi
samples prepared without salt (0 point) and with 3% salt content (100 points) added to rice.

Twenty panelists took part in the sensory evaluation, where they assessed selected parameters:
(saltiness, bitterness, juiciness, consistency) and consumer confidence in the food safety (expressed in
their own words). Ingredients” weights (g) of nigiri sushi are given in Table 1.
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/ 8% vinegar
Sushi rice —_— 6% sugar
rice/water (1/2) / 0% (without salt)
\ Salt % = —_—> 2% NaCl

Tuna
Nigiri sushi — Sushi rice / (not smoked)
tun: = rice/water (1/2 D 'ﬁjj:] Wasabi paste
(tuna) ricelwater (12) \ Tuna L
(smoked)
Salmon
/ not smoked
IHJ:ZI Wasabi paste
Salmon
B (smoked)

Figure 1. Experimental design of sushi production samples used in the research.

Nigiri sushi — Sushi rice
(salmon) == rice/water (1/2) 'ﬁl::'

Table 1. Ingredients’ portions (%) of nigiri sushi prepared with salmon and tuna.

Fish Treatment Rice Seafood Wasabi
Tuna Not smoked 66.84 + 0.53 37.24 +0.94 0.80 + 0.06
Smoked 63.02 +2.01 36.95 + 1.04 0.75 £ 0.08
Not smoked 66.76 + 0.36 32.38 +0.34 0.86 + 0.09
Salmon
Smoked 65.54 +0.25 33.31 +0.39 0.84 + 0.07

The thawed raw tuna and salmon samples were used for chemical analysis (total protein, total fat
and dry matter content). The same thawed not smoked and smoked tuna and salmon samples were
used for determination of polycyclic aromatic hydrocarbons (PAH).

The total protein content (ISO 937:1978 [see in Appendix A4]) was determined as the amount
of organically bound nitrogen (recalculating coefficient f = 6.25) using the analyzer Kjeltec 2300
(FOSS Tecator, Hogands, Sweden). The total lipid content was determined quantitatively (ISO
1443:1973 [see in Appendix A5]) by extraction in solvents using Soxtec 2055 (FOSS Tecator). The dry
matter was determined gravimetrically according to the Czech National Standard (ISO 1442:1997
[see in Appendix A6]) by drying the sample to a constant weight at +103 + 2 °C (Binder FD 53,
Tuttlingen, Germany).

PAH were determined by accredited method (no. 19 Standard operating procedure 8.15A) using
HPLC/FLD in the laboratory of State Veterinary Institute Jihlava (Jihlava, Czech Republic). Each sample
was analyzed in parallel. A thoroughly homogenized samples, after trituration with anhydrous sodium
sulphate p.a. (Lach-Ner, sro, Tovarni 157, 27711, Neratovice, Czech Republic) and after addition of
internal standard 2-methylchrysene (Dr. Ehrenstorfer GmbH, Augsburg, Germany) were extracted
with diethyl ether. Extracts were filtered through glass fiber filter paper (Cat. No. 516-0867, VWR
International bvba, Leuven, Belgien, the solvent was evaporated on a Biichi R-134 rotary evaporator
(BUCHI Labortechnik) AG, Flawil, Switzerland) at a maximum temperature of 30 °C. The residue
was carefully blown off with a stream of nitrogen. The extracted fat was dissolved in chloroform
(Cat. No. 20034-UT2-M2500-7 (Macron 6754), Lach-Ner, Ltd., Neratovice, Czech Republic). An aliquot
of the solution was purified by gel permeation chromatography on a Gilson Aspec XL system (Gilson,
Middleton, WI, USA) using a PAH prep column (500 X 8 mm) packed with gel (styrene divinylbenzene
copolymer) (Watrex Praha, sro, Carolina Center, Prague, Czech Republic). Purified samples were
evaporated to near dryness on a Biichi R-134 rotary evaporator at a maximum temperature of 30 °C
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or the remaining solvent was blown off with a stream of nitrogen. The residue was dissolved in
acetonitrile and used for fluorescence detection by liquid chromatography.

Chromatographic analysis was performed on Waters Alliance €2695 liquid chromatograph
with 2475 fluorescence detector (Waters Corporation, Milford, MA, USA) on Waters PAH column
(250 mm x 4.6 mm x 5 um) using gradient elution with mobile phase. Gradient mobile phase
consisted out of acetonitrile/redistilled water (75/25 100/0), flow rate 0.7 mL/min, injection 10 pL,
column temperature 30 °C. Detection was performed by fluorescence detector with programmable
wavelength change (excitation wavelength—265 nm for benzo(a)anthracene and chrysene, 290 nm for
benzo(b)fluoranthene and benzo(a)pyrene; wavelength 380 nm for benzo(a)anthracene and chrysene
and 430 nm for benzo(b)fluoaranthene and benzo(a)pyrene). PAH Calibration Mix, CRM47940
(Supelco Analytical, Bellefonte, PA, USA) was used for the calibration. The limit of quantification was
0.25-0.29 ug/kg, the repeatability of the method was 10% and yield 65-95%.

2.3. Statistical Analysis

The results of chemical composition were evaluated (mean + s. d.) in the program Microsoft
Office Excel 2007 (Microsoft Corp., Redmond, WA, USA). Statistically significant differences of biogenic
amines (BA) spectrum were performed at levels of « = 0.05 (p < 0.05) using the UNISTAT 6.0 (Unistat®
Ltd, London, UK) statistical package (multiple comparison, Tukey’s HSD test).

3. Results and Discussion

Fresh fishery products are among the most perishable food commodities Their quality is influenced
by a number of factors (the origin-wild/farmed, water temperature and level of environmental pollution,
compliance with veterinary and hygienic standards during hunting and after capture, species and health
and nutritional status/age/sex/phase of sexual cycle/size/weight of fish, way of treatment-gutting/cutting,
initial microbiological contamination, keeping the cold chain) which can vary in time and therefore
consequently the quality can vary significantly from batch to batch [15]. Freezing is an excellent way to
extend shelf life of fish meat during long-term transport or frozen storage [16]. Offering thawed fishery
products is a common way of selling fish in landlocked countries [17]. On the other hand, cold chain
breakage can cause potentially serious alimentary intoxication, such as histamine content increment.
Therefore, growth and activity of histamine-producing bacteria can become dangerous especially
in fish which muscle tissue contain a high concentration (about 10,000 mg-kg™1) of free histidine in
muscle tissue as tuna fillets. Though, salmon has a low concentration (about 100 to 200 mg-kg™")
of free histidine [18]. Especially, Photobacterium phosphoreum and psychrotolerant bacteria similar to
Morganella morganii are known to be present in fresh fish tissue and form histamine at low temperatures
(under 5 °C) [19]. Appearance freshness is often unlawfully restored by an injection or immersion
of fillets in the nitrites solution to change the dark red or brown colour (visually less fresh meat) to
red pigmentation. Meat after this application looks fresh but histamine levels can be high. Also,
inappropriate practices of freezing with subsequent illegal treatment are often used (tuna fish originally
of canning grade can be illegally sold as sushi grade of tuna). According to the regulation (EC) no
853/2004 [see in Appendix A2], fishery products shall be frozen below —18 °C, for canning industry;
unprocessed fish initially is tolerated to be frozen in brine at =9 °C. Subsequent illegal treatment of
tuna fillets and application of nitrites/nitrates (e.g., salt, additives or vegetable extracts containing high
level of nitrites) or using of gas carbon monooxide (CO) is not authorized according to the regulation
(EC) no 1333/2008 [see in Appendix A7]. Approximately 25,000 tons of tuna per year undergo this
treatment [20].

Besides the fact that consumers may be deceived by the quality of fillets, their health can also
be compromised. The high level of histamine can cause allergic syndrome [21], nitrites may lead to
formation of nitrosamines that have carcinogenic effects [22]. As we wrote in the Materials and Methods
section, fresh tuna fillets purchased for the fifth replicate of the experiment, could be hypothetically
treated by any of the above illegal practices. Fresh/thawed samples were stored at +2 + 2 °C; the
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samples contained in the 1st day of 781/195, 4th day of 1851/1542 and 8th day of 1717/2914 mg-kg™" of
histamine in meat. This fifth fillet was therefore excluded from the further experimentation. However,
we have shown that even frozen tuna fillet can become a serious threat to human health due to the
increment of BA.

3.1. Trends in Biogenic Amines Formation Caused by Severe Breakage of the Cold Chain during the Transport to
Households of Fish Raw Material after Purchase

Significant qualitative and quantitative variability in the observed BA was found between sample
groups (A, B, C, D) depending on the sampling day (Table 2) as well as between the individual sampling
days within one particular group (Table 3).

Regarding the criteria for foodstuffs (Regulation (EC) No 2073/2005, Chap. I, Point 1.26 [see in
Appendix Al]), histamine content was very low throughout the experiment, with one exception
(C/8 day) which will be further commented (Table 2). The fresh sample of tuna (A) contained the
highest (p < 0.05) histamine content in the samples measured after 4 days (Table 3).

The fresh samples (group B) that were exposed to 35 °C/6 h and subsequently cold-stored at
+2 + 2 °C during 8 days had almost the same histamine contents during the storage period (Table 3).
Distinctly higher histamine contents were found in C samples (thawed/subsequently cold-stored at
+2 + 2 °C), after 8th day of storage (the mean of four different batches: 272.05 + 217.83 mg-kg™!).
The noticeably high value of the standard deviation (s. d.) draws attention to possible differences in
quality among purchased lots of fillets; due to these differences the results of thawed fillets (C) obtained
for the 8th day of sampling are presented in Table 4. Based on the partial results for each of the four
lots, it can be concluded that the three lots were probably more contaminated with microorganisms
capable to decarboxylation activity. Due to their activities, histamine content of three tuna lots (8 days
of storage) increased to 354.74 + 185.67 mg-kg™!; PUT, CAD and TYR contents were significantly
(p < 0.05) higher and caused five times higher total biogenic amine content (563.32 + 252.61 mg~kg‘1)
for these three tuna lots compared to the fourth one (Table 4).

In the fourth lot, the HIS content (23.98 + 0.93 mgkg™') was very low, but compared to the
other three lots, the fillet contained significantly more SPD, though the BA total was low overall
(108.67 + 1.67 mg'kg™!) (Table 4). In the thawed samples of group D tuna, that were experimentally
exposed to temperatures of 35 °C/6 h and subsequently cold-stored at +2 + 2 °C during 8 days, the HIS
content remained virtually unchanged between 1 and 4 days, and we found only a significant reduction
in the HIS content on day 8 (Table 3). Based on higher standard deviation (s. d.) for PUT, CAD, TYR,
SPD (Table 2), differences in quality were observed for group D tuna batches (similar to the batches
of group C tuna). Three batches were found to have significantly (p < 0.05) higher amounts of CAD.
Consequently, the total BA content in three batches of fillets was approximately two times higher
(p < 0.05) in comparison to the fourth fillet (Table 4).

The total BA contents of all sample groups were less than 100 mg-kg ™!, except for samples from
group C and D/8 days (Table 2, BA sum). Each of studied sample groups (A, B, C, D) showed a different
trend depending on the storage time (Table 3). BA contents in fresh (A) and thawed samples (C)
without cold chain break taken on the day 1 were very low (p > 0.05) (Table 2).
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The BA content in fresh samples (A) from day 4 was significantly higher compared to day 1,
followed by a significant (p < 0.05) decrease in BA content on the day 8 (Table 3). Thawed samples (C)
contained very low levels of BA on day 1 and day 4, while BA samples were significantly (p < 0.05)
13 times higher on day 8. In the group of fresh (B) and thawed samples (D), where the cold chain
was experimentally broken, the BA formation dynamics was more uniform, but the trend was the
opposite. Overall, the BA content of Group B samples gradually decreased (significant differences
were observed between days 1 and 4, 8); in contrast, in samples of group D, BA content increased
gradually (significant differences were found between days 1 and 8) (Table 3).

The spectrum of BA was formed in larger quantities (above 10 mg-kg™') mainly TYR and SPD and
inisolated cases PUT (C and D/8th day), CAD (D/4th and 8th day). HIS contents were already discussed
(A and D/4th day, C/8th day), same as SPR (B and D/Ist day, D/4th and 8th day). TRP and 2-PHE levels
were very low and oscillated between 0 and 3.0 mg-kg™! in individual samples. Statistically significant
(p < 0.05) differences between the biogenic amine values are given for each group and each day of the
storage in Table 3 (capital letters "A" to "D" in rows).

3.2. Testing of Use of a Handheld Gastronomic Unit as an Alternative Method of Smoking Fish with Cold Smoke
in the Household with Regard to a Possible Increase in Polycyclic Aromatic Hydrocarbons (PAH) Content and
Whether the Cold Smoked Fish Affects Selected Sensory Parameters of Nigiri Sushi Meal Prepared by
Consumers at Their Household

The factors affecting food or meal acceptance among consumers have changed rapidly. Sushi is
admired by many consumers worldwide due to its appearance and taste [23-25].

A new non-traditional or unusual treatment of meal can increase consumer interest in its taste
and, maybe, in its safety. We have found no previous reports of sushi meal containing tuna or salmon
smoked with cold smoke for a very short period. It is possible to predict that Super Aladin smoker will
be used more frequently in the practice of molecular gastronomy or home-made sushi preparation
to imitate its sensory qualities and bring it closer to that of Philadelphia rolls, which is sometimes
prepared with salmon smoked with cold or hot smoke.

Appearance, touch, odor, texture and taste represent the sensory properties of foods/meals.
Sensory properties are one of the main factors influencing consumers’ acceptance and purchase of
meals. Health consciousness (including lowering sodium content, the presence of biogenic amines or
smoked products) is another factor that can have significant influence on meal acceptance. Certain
sushi ingredients (such as vinegar, wasabi and sugar) provide specific sensory properties to this meal.

The sensory properties of prepared sushi samples, smoked and not smoked, are shown in Table 5.
Higher values estimated by panelists for juiciness and consistency indicate worse evaluation of these
sensory properties. Bigger values for bitterness are emphasizing savoury intensity. Juiciness of sushi
prepared without salt was evaluated with higher values then the rest of sushi samples, though statistical
significance was not observed (p > 0.05).

Health aspects of certain meal are getting priority over shelf life and nutritional profile [26].
Dealing with issues concerning salt consumption is also important due to the fact that salty foods
belong to the group of foods toward which consumers can develop addictive tendencies [27].

Sodium intake according to World Health Organization (WHO) should not exceed 2 g per day or
5 g of natural salt (NaCl) [28]. Worldwide salt intake exceeds this limit and ranges from 9 g/day to
12 g/day, which is equivalent to 3.6 g/day to 4.8 g/day [29].

Published information about cold-smoked tuna is sparse, though cold-smoked tuna processing is
similar to that of cold-smoked salmon, in which both processing and product characteristics have been
extensively studied [4,18].

Warm or hot smoked seafood is accepted and consumed by consumers due to its unique taste,
texture and color. Additionally, due to dehydrating, bactericidal and antioxidant properties, smoking
processes increase food shelf life. The problem with smoking of foods is that during the process
of smoking considerable amount of polycyclic aromatic hydrocarbons (PAH) can be formed due
to incomplete wood combustion. Phenols present in wood smoke belong to desirable molecules,
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since they positively affect food sensory properties and shelf life, but PAH compounds are undesirable
molecules [30].

Table 5. Sensory attributes evaluation for nigiri sushi meal with not smoked and smoked samples of

tuna and salmon fillets.

Sushi Treatment Salt % Saltiness Bitterness Juiciness Consistency
1625 +23.13  32.8+36.15 34.15+ 36.88

(=}

not smoked 2 55.55 +£20.45 29.6 + 38.57 16.7 £ 21.72 9.6 + 8.45

tuna 3 20.00 + 30.60 27.45 +25.43 9.1 £10.93
0 20.09 £30.71 26.18 £29.02 21.95 +26.67

smoked 2 59.68 £17.84 23.45+30.08 18.36 +20.27 9.64 + 647
3 1791 £ 2448 25.00 £23.34 14.45+15.05
0 14.6 £ 10.87 18.25 + 6.88 18.1 £26.23

not smoked 2 53.9 + 23.68 11.25 +£9.58 13.55 £ 7.12 92 +5.71

3 18.1 + 14.59 20.25 + 7.38 114 £5.21

salmon

0 20.80 +17.32 21.25+18.92 19.10 + 18.58

smoked 2 48.22 +20.33 1835+ 19.50 12.10 + 6.48 7.85 +4.54
3 17.60 £ 12.32  22.00 £ 13.19  16.60 + 13.51

Saltiness (2% salt addition) was evaluated by respondents’ comparison with sushi samples prepared without salt (0
point) and with 3% salt content (100 points) added to rice.

Table 6 shows contents of polycyclic aromatic hydrocarbons (PAH) in the samples of smoked and
not smoked tuna and salmon. Tuna samples contained more PAH (4.22 g-kg™!) than salmon samples

(1.74 pgkg™).

Table 6. The content of polycyclic aromatic hydrocarbons (PAH) in pg-kg™"

Fish Treatment B(a)a Chr B(b)f B(a)p Sum of Pah

¢ not smoked <0.24 <0.28 <0.28 <0.27 *

una smoked 1.84 1.10 0.52 0.76 422

| not smoked <0.24 <0.28 <0.28 <0.27 *
saimon smoked <0.24 0.77 0.37 0.60 1.74

B(a)A—benzo[a]anthracene; CHr—chrysene; B(b)F—benzo[b]fluoranthene; B(a)P—benzo[a]pyrene; * values under
limit of detection (LOD).

Despite alarming content findings of B(a)A (1.84 pug-kg™!) and CHr (1.10 pg-kg™') in smoked tuna,
the content of B(a)P and sum of PAH in our samples were lower than the maximum levels written in
the regulation (EC) no. 1881/2006, Annex, Section 6 (B(a)P [see in Appendix A8]: 2 pg-kg™!, sum of
PAH: 12 ug-kg™).

The existence of several factors affecting PAH content in smoked fish has been scientifically
confirmed. PAHs are produced during combustion processes and smoke formation. The type of
used matrix (wood), combustion temperature, smoke generation technique, filtration, temperature
and smoke composition. Following factors are also influencing PAH formation: size, treatment and
chemical composition of smoked fish. Regarding the effect on food (fish), the diffusion intensity of PAH
below its surface into the muscle is relatively low. This fact that PAHs are mainly concentrated in the
surface layers means that their content in the food is determined by food surface, same as total weight
of the food. Surface/weight ratio is also probably responsible for higher levels of PAH in smoked tuna.
Certainly, shape of smoked food (thickness and weight) are influencing PAH levels too. The content of
PAHs is also associated with the fat content of food. Reference [31] also found that B(a)A content can
differ significantly in dependence of seafood species.

Higher fat content in salmon samples influences higher PAH contents than in tuna samples [4,32,33].
The findings of these authors are not in agreement with the results of our chemical composition analysis
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(Table 7). However, the fat content, which we determined in our samples, did correspond to published
values [34]. Fluctuations in filtering capacity of the smoker could also influence PAH amounts, though
the processes of sample smoking took place in the laboratory under the same conditions (time of
smoke/cover of samples with glass lid).

Table 7. Chemical composition of sashimi tuna fillets and salmon fillets with skin (in %).

Samples Protein Fat Dry Matter
tuna 29.02 + 0.06 0.83 +0.01 30.09 +0.70
salmon 20.46 + 0.98 23.46 + 0.96 43.63 + 0.00

Beside the antibacterial and antioxidant properties of smoking that are connected with phenolic
compounds present in wood smoke, from our results a negative impact of seafood smoking represented
as an increase of PAH compounds can be also seen. The importance of PAH level control in
food is important, since these compounds are carcinogenic, mutagenic and endocrine disrupting.
PAH compounds (there are more than 660 identified PAH compounds) are produced in wood smoke
during pyrolysis (depolymerisation) of lignin and then condensation of the lignin components in
lignocelluloses at temperature above 350 °C [35,36]. Aside from PAH increment, smoking changes
color of food due to Maillard reaction (change coloration occurs due to the reaction of carbonyl groups
in smoke with amino groups present on the surface of smoked food [36]. Phenols from wood smoke
enter seafood by diffusion and capillary action, changing its flavor, color and prolonging shelf life [30].
PAH compounds in canned smoked tuna were 17.67 ug~kg_1 [37].

4. Conclusions

The main finding of the research is highlighting a food safety issue that was found by the
experiments with a gastronomic smoking unit due to increased amounts of polycyclic aromatic
hydrocarbons. The Super Aladin smoker unit is a patented product, but the manufacturer does not
comment on the PAH hazards associated with food safety in the user documentation. The producers
of this smoker units should at least include in the manuals the maximum smoking time depending on
the type of food and its fatness. In this way they would alert users to the possible danger, which is
the adhesion of harmful PAH on smoked food. The minimum or maximum exposure time of food
to smoke is not specified or restricted for specific food types. For prolonged smoking (up to 24 h!),
the manufacturer recommends intermittent repeated batches of smoke under the hatch at multiple
time intervals as required (optical smoke density control under the hatch). In addition to commercial
hardwood chips (oak, beech, Jack Daniels), users can use other alternative matrices including aromatic
oils for the development of smoke. Due to the lipophilic nature of PAH, these substances could
hypothetically be added to the smoke and subsequently increase PAH level to even more harmful
concentrations. Certainly, that further experiments with household gastronomic smokers, such as,
Super Aladin smoker, will probably give broader and more precise picture about all possibilities and
issues concerning these types of devices.

In the case of the experiment aimed at monitoring the content of biogenic amines in tuna samples,
we found much more favorable results than expected. Serious interruption of thawed tuna samples
cold chain after purchase did not result in an increase of biogenic amines to levels that could represent
a health risk for consumers. Manufacturers inform consumers that they should store purchased fish at
0-2 °C and consume it within 2 days. According to the results obtained in our experiment, tuna samples
could be considered suitable for consumption after 4 days in terms of BA content and even up to
8 days (except for thawed samples without cold chain interruption) after purchase. However, we
cannot recommend this practice due to the possibility that purchased tuna could have higher histamine
content developed before purchase. The risk of intoxication with histamine becomes more realistic
with each new day of storage. Laboratory examinations of fish species associated with high histamine
content in muscle should therefore be a normal part of quality controls by sellers so that they do
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not have to passively rely on written statements from fish suppliers regarding histamine content in
commercial or veterinary evidences of their origin.

Author Contributions: H.B. conceived and designed the experiments. H.B. and D.D. performed the basic chemical and
sensory analyses and processed all laboratory data including statistical analysis, A.H. carried out the determination
of the polycyclic aromatic hydrocarbons include software service and validation of this methodology. 1.D. and
PK. carried out the determination of the biogenic amine spectrum include software service and validation of this
methodology. The first draft of the manuscript was prepared by H.B. and D.D. and it was revised and substantially
improved by D.D. and H.B.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Appendix A.1 Legislation and Procedures

1.  Commission Regulation (EC) No 2073/2005 of 15 November 2005 on microbiological criteria
for foodstuffs. Available online.  https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=
1565694175620&uri=CELEX:02005R2073-20190228 (accessed on 28 February 2019).

2. Regulation (EC) No 853/2004 of the European Parliament and of the Council of 29 April 2004 laying
down specific hygiene rules for food of animal origin. Available online: https://eur-lex.europa.
eu/legal-content/EN/TXT/?qid=1565693935604&uri=CELEX:02004R0853-20190101 (accessed on
1 January 2019).

3. International Organization for Standardization ISO 8589:2008 Sensory analysis— General guidance
for the design of test rooms

4. International Organization for Standardization ISO 937:1978 Meat and meat products—
Determination of nitrogen content (Reference method)

5. International Organization for Standardization ISO 1443:1973 Meat and meat products—
Determination of total fat content. (Reference method)

6. International Organization for Standardization ISO 1442:1997 Meat and meat products—
Determination of moisture content (Reference method)

7. Regulation (EC) No 1333/2008 of the European Parliament and of the Council of 16 December
2008 on food additives. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=
1565693786967 &uri=CELEX:02008R1333-20190618 (accessed on 18 July 2019).

8.  Commission Regulation (EC) No 1881/2006 of 19 December 2006 setting maximum levels
for certain contaminants in foodstuffs. https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=
1565694263939 &uri=CELEX:02006R1881-20180319 (accessed on 19 March 2018).
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