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Abstract

:

Fermented chili powders were obtained through the freeze-drying of fermented chili pastes and used as a condiment, acidifier, antioxidant, colorant, and microbial starter carrier in fermented salami production. Fermented chili powders were examined regarding carbohydrates, organic acids, vitamin C, phenolic compounds, carotenoids, and aroma profile. High concentrations of lactic (10.57–12.20%) and acetic acids (3.39–4.10%) were recorded. Vitamin C content was identified in the range of 398–1107 mg/100 g, with maximum values for C. annuum cv. Cayenne chili powder. Phenolic compounds showed values between 302–771 mg/100 g. Total carotenoid content was identified between 544–2462 µg/g, with high concentrations of capsanthin esters. Aroma profile analysis evidenced specific compounds (1-hexanol, 2-hexanol, hexenal, E-2-hexenal) with sensory importance and a more complex spectrum for Capsicum chinense cultivar. Plant-specific lactic acid bacteria showed dominance both in fermented chili paste, chili powder, and salami. Lactic and acetic acids from the fermented chili powder reduced the pH of the filling immediately, having a stabilizing effect on the meat. Nor molds or pathogens were identified in outer limits. Based on these results, fermented chili powders could be used as starter carriers in the production of fermented meat products for exceptional sensory properties and food safety management.
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1. Introduction


Conventional chili powder is obtained from air-dried chili pepper fruits and it is used as a spice/condiment in a great variety of dishes [1]. It is also greatly appreciated and explored in the production of many types of meat products, especially fermented/cured sausages, salami, etc. [2,3]. Dried pepper powders are rarely contaminated by pathogen bacteria, although contaminations are not excluded. The European Union does not require the microbiological examination of herbs and spices [4]. Studies suggest that in some cases total viable counts in different paprika samples might reach values of 106 CFU/g, whereas yeasts and molds occur in lower concentrations (<103 CFC/g) [4].



Contaminations with toxins produced by fungi during the growth and/or storage of chili/pepper fruits after harvest do appear [5], representing a great technological and health problem [6,7]. A study conducted on different chili powder samples showed that 96.7% of the examined samples were contaminated by fungi at concentrations of <103 CFU/g [8]. The presence of both Aspergillus flavus and Aspergillus niger was also confirmed in numerous dried chili and chili powder samples at values of >103 CFU/g [7]. Scientific observations confirm that most spices based on chili are contaminated both with molds and toxins, many samples exceeding the EU regulatory limit (20 µg/kg) for ochratoxin A [9]. Contamination is usually associated with high humidity and extended processing time [6]. For instance, mold development is usually conditioned by moisture content >15% [10]. In this regard, the quality of the raw material, humidity, and processing time is of key importance in the production of high-quality chili powders [8]. The fermentation of chilis can also stabilize chili pastes, as lactic acid bacteria (LAB) can outnumber less competitive microbes, especially pathogens [11]. Fermenting microorganisms (LAB) can also metabolize different toxins [12], thus leading the way for new technological approaches in chili preservation [13,14].



Besides microbiological safety, chili or paprika powder is often appreciated by the intensity of its color, exceptional aroma, taste, and high phenolic and vitamin C content [15,16]. It is generally accepted that chili powders originated from warm climate regions (Spain, Peru, etc.) and contain the highest amounts of carotenoids, thus also having the most intense color [4]. The production of high-quality paprika/chili powder with high vitamin C content implies the reduction of time exposure to thermal dehydration and the usage of low drying temperatures [17]. The preservation of color compounds (expanding shelf-life) can also be achieved by low thermal exposure [18] or by the addition of natural antioxidants (rosemary extract) or by the inclusion of seeds in the grinding process [16], which increases the antioxidant potential of the spice.



Chili/paprika powder was shown to exert protective effects against rancidity in dry sausage, correlated with low malonaldehyde content [19]. Capsaicinoids and phenolic compounds were identified as antimicrobial agents found in chilis, which might account for the preserving effect of chili spices incorporated into meat products [20,21].



Beneficial bacterial activity (LAB) represents a key element in the preservation of many food items, including meat, dairy, vegetables, etc. [22]. Even before scientific observations were carried out, spontaneous microflora, including yeasts [23] and molds, were unwillingly used to obtain and preserve fermented meat products [24,25], thus leading these microorganisms to play a critical role in modern food production and food safety [3,26]. LAB and coagulase-negative cocci play the main role in processes related to meat fermentation [22]. In spontaneously fermented sausages Lactobacillus ssp., Weissella ssp. and Pediococcus ssp. were found to be the predominant microorganisms with fluctuations during the process [27]. Lactobacillus ssp. are represented by L. sakei, L. curvatus, and L. plantarum, whereas coagulase-negative cocci are represented by Staphylococcus xylosus and S. simulans [3,22,28]. Yeasts are also found in fermented meat products, the most dominant species in Italian-type products being Debaryomyces hansenii [22,29], which in some cases can exert anti-mold effect on the surface of the product [30].



Studies have revealed that staphylococci are to be found in the outer layers of fermented salami-type products as a result of higher oxygen concentrations [31], whereas LAB proliferates in the low oxygen parts (core) [27]. The preserving effect (the inhibition of pathogen growth) of beneficial microorganisms in fermented meat products is due to the combination of sugar metabolism, organic acid synthesis, and the acidification of the substrate [25,28]. This leads to the lowering of pH values to optimum safety levels (pH < 5.2), which is usually achieved 48–72 h after incubation [22]. The accumulation of different metabolites during the fermentation and aging period leads to the formation (synthesis) of volatile (aroma) compounds, thus delivering exceptional sensorial properties to the final product [32].



Pathogen growth inhibition is strongly correlated with lactic and acetic acid synthesis [25,33]. Weak acids can penetrate the cell walls of different undesired bacteria, dissociate in the cytoplasm, and shift the metabolic balance of the cell, thus inhibiting its growth [34,35]. Usually, the preserving effect of acids is correlated with other processes, including salting, curing, aging, dehydration, spicing, etc., that can further stabilize the products through complex physical and chemical interactions, including the reduction of water activity, oxygen elimination, suppressing cell functions, etc. [14,19,36]. The use of nitrites/nitrates in meat products is also of critical importance for the inhibition of Clostridium botulinum [2].



The initial bacterial load of raw material (meat) is strongly associated with good hygienic practices and generally presents strong fluctuations (3.2–5.3 log CFU/g) [31]. Achieving the stability of the product requires a minimum ratio of 10:1 (desired and undesired) bacteria [35], which guarantees good competitiveness for fermenting bacteria [31]. These values are achieved by the incorporation of pure starter cultures in the manufacturing process.



Starter cultures were introduced as a necessity to have better control over food items, as food safety could not be taken for granted in fermented meat-type products [37]. Over the years, many episodes of food poisoning were caused by unpasteurized milk and contaminated meat, usually related to Staphylococcus aureus [38], Escherichia coli, Salmonella [39], and Listeria monocytogenes [40], etc. In the case of dairy products, the pasteurization of the milk was the answer to food safety, although compromises have been made in the sensorial properties of cheeses that previously relied on the endogenous microflora of the fresh milk. Vegetables were less susceptible to food poisoning, as pathogens are usually not adapted to these substrate conditions. Meat on the other hand, especially raw meat used in the production of fermented products, is highly susceptible to contamination [2,24]. As meat cannot be pasteurized or sterilized, contamination during production is reduced by selecting premium quality (fresh) raw material and by the addition of highly concentrated pure bacterial strains (starter cultures) [36,41] that can adapt quickly, proliferate and overtake (numerically) the substrate in the shortest time possible, under the guidance of well-controlled physical parameters (temperature, humidity, airspeed). Further prevention was taken with a high level of hygienic safety and quality monitoring during the entire process [37].



A new trend has been set in meat processing that reaches out to alternative systems and techniques that involve the usage of new bacterial strains, which might benefit consumer health [37] or the incorporation of fresh and fermented vegetables in meat products, which might increase their biological and sensorial quality [42].



Difficulties regarding capsicum production and processing (especially drying), are physically laborious and expensive. Usually, these operations imply the exposure of the raw material to bio-active compound losses through thermal stress and the possibility of mold contaminations (toxin producing agents). In this regard, it is desirable to reduce contamination risks and the thermal losses of bio-active agents. Fermentation and freeze-drying might represent an alternative to traditional processes or at least a complementary solution for high quality powder production. This might be achieved by the inclusion of fermenting activities in chili processing and the application of freeze-drying methods for rapid dehydration. The obtained powder (fermentate) could not only resemble the visual and textural properties of traditional chili powder but might also present enhanced biochemical (acidifier, antioxidant, antimicrobial), microbial (high counts of LAB), and sensorial (exceptional flavor and aroma) properties, which might further be explored in food technology (cured meat products).



In this context, this study first aimed to analyze flavor compounds in different stages of processing (fresh and fermented) and to characterize the fermented chili powder regarding its content in different bio-compounds (carotenoids, phenolic compounds, ascorbic acid, carbohydrates, and carboxylic compounds).



The second objective was to analyze the traceability of plant-specific microflora during the different stages of chili processing and to assess the microbial adaptability and growth on protein substrate (meat) during the production of fermented salami, as presented in the Graphical Abstract.




2. Materials and Methods


2.1. Preparation of Fermented Chili (Freeze-Dried) Powder


The different cultivars of Capsicum annuum (C. annuum cv. Cherry, C. annuum cv. Cayenne), and Capsicum chinense (C. chinense cv. Fatalii, C. chinense cv. Habanero) chili samples were acquired from a local producer at fully matured (ripened) stage. Fruits were washed, halved (peduncle discarded), and blended (Robot Cook 3.7 l., Robot Coupe, Vincennes, France) in order to be fermented. No salt, spices, or additives were added to the mash. Fresh chili paste was spontaneously fermented for 21 days at 20 ± 1°C.



Fermented chili paste was freeze-dried (−55 °C; 72 h; p = 0.001 mbar) with a laboratory freeze-dryer (Telstar Lyo Quest 55 plus) to obtain fermented chili powder.



	I.

	
Determinations for fermented chili paste and freeze-dried chili powder








2.2. Carotenoidic Compounds Analysis


Carotenoids were analized in accordance with similar studies described in the literature [43] with some adjustments.



A total 0.5 g of each freeze-dried fermented chili powder sample was mixed with the solvent (1/1/1; v/v/v) consisting of three components (methanol/ethyl acetate/petroleum ether). Samples were vortexed (1 min) using a Heidolph Reax vortex (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany, sonicated (Elmasonic E 15 H), and centrifuged at 7155 g for 10 min. (Eppendorf AG 5804). The process was repeated 7–8 times on each sample until total extraction (complete discoloration of each chili powder sample). Extracts were cumulated, filtered, and washed with saturated NaCl solution (30%). The organic phase was filtered through anhydrous Na2SO4. In the end, petroleum ether was pipetted on the surface of the filter to carry through all remaining carotenoids. The extract was subdued to evaporation at low temperature (40 °C) using a rotative evaporator (Heidolph Hei-VAP Expert). Each sample was redissolved in 1 mL of ethyl-acetate, filtered (Chromafil Xtra nylon; 0.45 μm), and injected into the HPLC system.



HPLC analysis was carried out by the HPLC Agilent 1200 system equipped with a quaternary pump and autosampler and UV–Vis coupled with photodiode (DAD), Agilent Technologies, Santa Clara, CA, USA. For the separation of the compounds the EC 250/4.6 Nucleodur 300-5 C-18, etc., (250 × 4.6 mm, 5 µm) column was used (Macherey-Nagel, Düren, Germany) with the temperature settled at 25 °C.



The mobile phase conceived of acetonitrile/water/triethylamine solution 90/10/0.25 (A) and ethyl-acetate/triethylamine 100/0.25 (B) with the following gradient: min 0, 90% A; min 10, 50% A. Solvent A decreased from 50% in the first minute to 10% after 10 min. The flow rate was 1 mL/min. Chromatograms were registered at λ = 450 nm.



Capsanthin, zeaxanthin, and β-carotene standards (99% purity) were acquired (Sigma-Aldrich, Burlington, MA, USA) for the identification and quantification of carotenoids in fermented chili powder samples. Five different concentrations were injected three times in the HPLC system.



Esters of different carotenoids were identified based on literature.




2.3. Phenolic Compounds Analysis


The extraction and quantification of phenolic compounds was based on recently conducted, similar studies [44], with some moderate changes.



A total of 25 mL methanol and 1% HCl acid were added to 0.1 g of each freeze-dried chili powder sample. The test tubes were vortexed (Heidoph Reax) and sonicated for 30 min (Elmasonic E 15 H), macerated for 24 h at 4 °C, and centrifuged at 7155 g for 10 min at room temperature (Eppendorf AG 5804). The supernatant of each freeze-dried chili sample was filtered (Chromafil Xtra nylon; 0.45 μm). A total 20 μL of extract were injected into the HPLC system. Chromatograms were registered at λ = 340 nm for the examined compounds.



For the quantification of phenolic compounds (hydroxybenzoic acids, flavanols, flavanones) calibration was made carried out, using five different concentrations of gallic acid, as for flavones and flavonols, calibration was made with rutin. Standards were acquired from Sigma-Aldrich. HPLC analysis was carried out using the Agilent 1200 system equipped with a quaternary pump, autosampler, and UV–Vis coupled with diode-array detection (DAD) and mass detector (MS) Agilent 6110 (Agilent Technologies, Santa Clara, CA, USA) were used. The same column was used as in the case of ascorbic acid, mobile phases consisting of A (H2O + 0.1% acetic acid) and B (acetonitrile + 0.1% acetic acid). Gradients (% B) were as presented: 0 min, 5% B; 0–2 min, 5% B; 2–18 min, 5–40% B; 18–20 min, 40–90% B; 20–24 min, 90% B; 24–25 min, 90–5% B; and 25–30 min, 5% B.



For mass spectra, electrospray ionization (ESI) technique was used and adapted to the following parameters: capillary voltage (3000 V), temperature (350 °C), nitrogen flow rate (7 L/min), and m/z (120–1200, full-scan). The interpretation of results was carried out by Agilent ChemStation software, B 02.01 SR2 version.




2.4. Ascorbic Acid Quantification


The protocol was based on recent studies conducted on different chili samples with some moderate changes [45]. An amount of 0.1 g of freeze-dried chili powder from each sample was mixed with 5 mL aqueous solution of metaphosphoric acid (3%) and acetic acid (8%). Test tubes were vortexed for 1 min (Heidoph Reax), sonicated for 30 min, (Elmasonic E 15 H) and centrifuged (7155 g, at 4 °C) using an Eppendorf AG 5804 centrifuge. The supernatant of each chili sample was filtered (Chromafil Xtra nylon 0.45 µm) and 20 µL were injected into the HPLC system. The identification of the compounds was based on retention time, UV–Vis, and mass spectra. Retention times were identified at 3.15 min (ascorbic acid) and 4.08 min (dehydroascorbic acid).



Five different concentrations of standard solutions (99% purity) were injected three times into the HPLC system (calibration curve) for the quantification of the compounds. Standard solutions were acquired from Sigma-Aldrich, USA. HPLC analysis was carried out by using the HPLC Agilent 1200 system equipped with a quaternary pump, autosampler, and UV–Vis coupled with photodiode (DAD) and mass detector (MS) Agilent 6110 (Agilent Technologies, CA, USA). For the separation of the compounds, an Eclipse XDB C18 column was used (size: 4.6 × 150 mm). The mobile phase conceived of water/acetonitrile solution 95/5 (v/v) and 1% formic acid. The time flow rate was 0.5 mL/min for 10 min at 25 °C. Spectral values were registered at wavelengths ranging between 200–400 nm. Chromatograms were identified at λ = 240 nm. Electrospray ionization (ESI) technique was used with the following parameters: capillary voltage (3000 V), temperature (300 °C), and nitrogen flow rate (7 L/min), m/z (100–600, full-scan). The interpretation of the results was carried out by the Agilent ChemStation software, B 02.01 SR2 version.




2.5. Sugars and Acids Analysis


The experiment was based on the recent literature [45], with some moderate changes. A total of 1 g of each of freeze-dried chili powder sample was extracted with 4 mL of distilled water. Each test tube was vortexed for 1 min (Heidoph Reax), sonicated for 30 min. (Elmasonic E 15 H), and centrifuged (7155 g at 24 °C) using an Eppendorf AG 5804 centrifuge. The supernatant of each extract was filtered (Chromafil Xtra nylon 0.45 µm) and 20 µL were injected in the HPLC system



The separation and quantification of the compounds were carried out by the HPLC Agilent 1200 system, equipped with a quaternary pump, vent for solvents, and a manual injector coupled with RID (Refractive Index Detector) (Agilent Technologies, Santa Clara, CA, USA).



For the separation of compounds, a Polaris Hi-Plex H 300 × 7.7 mm column was used (Agilent Techologies, Santa Clara, CA, USA). The mobile phase comprised H2SO4 5 mM solution with a flow rate of 0.6 mL/min. The temperature of the column was set at 70 °C, and the RID temperature was set at 35 °C. Elution time was approximately 20 min.



Data acquisition and the interpretation of results were done by OpenLab—ChemStation (Agilent Techologies, Santa Clara, CA, USA).



The identification of the analysed compounds was carried out by the comparison of retention times with those of standard solutions. Standard solutions (99% purity) of glucose, fructose, and lactic and acetic acid were procured from Merck, Germany.




2.6. Flavour Compounds Analysis


Flavour compound analysis was carried out on fresh and fermented chili paste samples. The extraction of the volatile compounds was carried out according to the literature [46] using the ITEX technique. Five grams of each chili sample was introduced in a 20 mL headspace vial. The incubation of the sealed vial was performed according to strict parameters: 60 °C for 20 min under continuous agitation. Volatile compounds from within the vial were repeatedly absorbed (30 strokes) into the porous polymer fiber microtrap (ITEX-2TRAPTXTA, Tenax TA 80/100 mesh). Thermal desorption was performed directly into the GC-MS injector. The hot trap (250 °C) was cleaned with N2. The procedures were performed automatically by the CombiPAL AOC-5000 autosampler (Zwingen, Switzerland). All samples were analyzed in triplicate.



The GC–MS analyses were carried out on a GCMSQP-2010 (Shimadzu Scientific Instruments, Kyoto, Japan) model gas chromatograph and mass spectrometer equipped with a CombiPAL AOC-5000 autosampler. The volatiles were separated on a Zebron ZB-5 ms capillary column of 30 m × 0.25 mm i.d. and 0.25 μm film thickness. The carrier gas was helium at 1 mL/min with a split ratio of 5:1 and an injector temperature of 250 °C. The temperature program used for the column oven was: 35 °C (hold for 10 min) to 50 °C at 3 °C/min to 150 °C at 6 °C/min to 200 °C at 10 °C/min and hold for 5 min. The ion-source temperature and interface temperature were set at 250 °C and the MS mode was the electron ionization (EI). The mass range interval scanned was 35–350 μm.




2.7. Microbial Assay for Determining the Optimum Moment for the Freeze-Drying of Fermented Chili Paste


Microbial assay was carried out according to recent literature studies [47]. In order to evaluate the dynamics of microbial growth during fermentation, five batches of C. annuum cv. Cayenne cultivar chilies were separately fermented for 3, 6, 9, 12, and 15 days. Cayenne cultivar chilies were selected based on high carotenoids, vitamin C content, and high pungency in order to be freeze-dried and used in salami processing.



A total of 5 g was collected from homogeneous batches of C. annuum cv. Cayenne chili powder. Measured samples were homogenized (Heidoph Reax) in 45 mL of sterile physiological serum. Serial dilutions were carried out (10-fold) in triplicate. An amount of 1 mL of the appropriate dilutions was spread on different (selective and non-selective) agar plates. Microbial assays were carried out for total viable count, LAB, yeasts and molds, and Enterobacteria.



The viability of LAB was determined using MRS (de Man, Rogosa, Sharpe) agar. Total viable counts were analyzed using PCA (Plate Count Agar). Yeasts and molds were grown on DRBC (Dichloran Rose-Bengal Chloramphenicol) agar. Temperatures during incubation (Innova 44) were set as follows: yeasts and molds (30 °C), LAB (37 °C), and total viable counts (30 °C) for a period of a minimum of 48 h.



Enterobacteriaceae were counted using VRBG (Violet Red Bile Glucose) agar. The incubation temperature was set to 37 °C for a minimum of 48 h. During quantification, only purple colonies were considered. Purple colonies were tested for oxidase activity. Rapid tests (strips) were soaked in deionized water. Purple colonies (pure bacteria) were aseptically transferred on the strip. Color changes from purple to dark blue or almost black indicated positive results. The unchanged color indicated negative results.



	I.

	
Determinations for cured salami








2.8. Salami Processing


Freshly processed lean pork shoulder and back fat were acquired from a local abattoir and kept in refrigeration conditions (<2 °C) until and during preparation. The weighed materials (meat and fat) were ground through an 8.0 mm plate (DMS; DTX 98), with fat content being adjusted to 30%. The batter was divided into four batches according to the different sources of fermenting microorganisms (Table 1): negative control (B1; spontaneous fermentation); B2-starter culture (Biotec Starter LK 30; Frutarom, Austria); B3-lyophilized fermented chili powder; and B4-fermented chili-paste. Nitrite curing salt was adjusted to an initial value of 2% with a final concentration of 2,8% in the final product (after 28 days). The samples formulation is shown in Table 1, the ingredients were expressed as a 100% mix of ground pork meat (80%) and back fat (20%). The ingredients were purchased from local stores.



Natural beef casings with a calibrated diameter (Φ = 50–55 mm) were used during preparation (Darimex Techno, Otopeni, Romania). Casings were soaked in lukewarm water, drained, and tied up at one end. The sausage lots were mixed with the spice mixes (Diamond, MCR-30T/N) and stuffed in the casings by a hydraulic stuffing machine (DMS, DF 250 X). The opposite ends were also tied with a string, salami sticks being visually calibrated to approximately 550–600 g. The four batches of salami were each marked and transferred to the climate chamber (Mauting, UKM Junior). Temperature and humidity were strictly controlled, being set according to values presented in the table below. Salami was smoked after 48 h of fermentation and afterward kept in a climate chamber for 28 days (temperature and humidity were strictly controlled).




2.9. pH Analysis


The pH of ground meat and salami during maturation was determined using a portable pH meter (Testo 205, Lenzkirch, Germany). This apparatus is adapted to semi-solid products, which also require the automatic adjustment of the reading to different temperatures of the medium. The pH was measured over 28 days, throughout the maturation process of the product. The calibration of the pH meter was performed prior to usage with buffer solutions (pH = 7; pH = 4).




2.10. Microbiological Analysis of Salami Samples


A total of 5 g of each cured salami sample (B1–B4) was collected from the core of each stick and subjected to microbial analysis. The same methods were used as presented in Section 2.7.




2.11. Texture Profile Analysis of Cured Salami


A specific texture profile analysis (TPA) was performed for assessing the different cured salami samples. The Brookfield CT3 texture analyzer coupled with the TA10 probe (cylinder, 12.7 mm diameter, clear acrylic, 5 g, 35 mm length, sharp edge) was used in the experiment. The test parameters were set as follows: trigger load (0.05 N), target deformation (50%), and test speed (1 mm/s). Experiments were conducted at room temperature.



The uniform slices of salami (48 mm diameter/10 mm thickness) were cut and kept in sterile bags until usage. Samples were compressed twice to 50% of their original height under the enumerated parameters. The force-time curves were used to determine hardness, springiness index, cohesiveness, and chewiness.



Hardness represents the maximum force applied during each compression cycle expressed in N. Springiness is described as the height that salami samples recovered between the end of the first application and the beginning of the second one (expressed in mm). Springiness index (dimensionless, values between 0 to 1), describing the recovery properties of the salami samples and was then calculated as the ratio of Springiness (mm) to the Distance at target (mm), a value of 1 indicating a completely elastic material, and a value of 0 indicating a completely viscous material. Cohesiveness represents the ratio between the areas of the second and the first compression curves, being dimensionless. The product of hardness, springiness, and cohesiveness is described as chewiness, expressed in mJ.




2.12. Statistical Analysis


The Duncan multiple correlation test was used (SPSS version19; IBM Corp., Armonk, NY, USA) for the statistical interpretation of scientific data. Fermented and freeze-dried chili samples that showed statistically significant differences were marked with lowercase letters. The results of three independent (n = 3) repetitions were expressed as means ± standard deviations.





3. Results and Discussion


	I.

	
Results regarding fermented and freeze-dried chili powders







3.1. Carotenoids


The carotenoid analysis of fermented freeze-dried chili powder samples showed high concentrations of different molecules mainly in esterified forms with palmitic, lauric, and myristic fatty acids, as presented in Table 2. Statistically significant differences were observed among the examined chili powder samples (p < 0.01).



As presented by other studies, capsanthin was found to be the predominant molecule in the examined samples. C. annuum cv. Cherry, C. annuum cv. Cayenne, and C. chinense cv. Habanero chilis were shown to contain the highest amounts of carotenoid compounds.



Both free and esterified forms counted for approximately 43–49% of the total carotenoids, except the yellow chili powder (C. chinense cv. Fatalii), in the case of which capsanthin represented only 11% of the total. β-carotene represented 34–39% of total carotenoids found in red chili powder samples and 78% in yellow samples (C. chinense cv. Fatalii yellow).



Some plants lack the enzyme necessary for the transformation of yellow pigments in red carotenoids [48,49]. This leads to the accumulation of capsanthin precursors (mainly β-carotene) [48], as can be seen in C. chinense cv. Fatalii (yellow) samples. β-carotene is also more susceptible to oxidation compared to capsanthin, which leads to higher losses through fermentation [45,50], thus indicating yellow chilis/peppers to be less suitable for chili powder production.



Scientific observations indicate a reduction of carotenoid compounds (from 796.6 mg/100 g to 627.5 mg/100 g) in chili/paprika powder samples if seeds are included in the product [51]. This might explain the slightly lower values in the present study, as whole fruits were used in the experiment.



It has been demonstrated that the initial quality of ground paprika powder is critically important to producing high-quality meat products (e.g., fermented sausages). It was also shown that sun-dried peppers (paprika) provided better stability to the color of Iberian chorizo than the oven-dried spice, also protecting it against lipid oxidation. These variations can be linked to carotenoid degradation during thermal processing (drying) [52].



Peppers represent a rich source of carotenoids which are associated with many beneficial properties: protection against chronic diseases, neurodegenerative diseases, free radical scavenging, etc. [53]. Carotenoids within chili or paprika powder also present an important role in meat processing, as they are being used as natural coloring agents that enrich the color of the products (sausages, salami, etc.), known also to exert a protective effect against lipid oxidation [54].



Some carotenoids are exclusively found in pepper fruits (ex. capsanthin, capsorubin, cryptocapsin, etc.) [48,49,55]. Capsanthin was shown to interact with reactive oxygen species, such as superoxide anion radical (O2−), hydroxyl radical (OH), and singlet oxygen (1O2), while capsorubin exerted higher stability against these reactive oxygen species [56]. The antioxidant activity of capsanthin might be in direct correlation with the preserving effect of chili powder in meat products, as mentioned above.



The results of some research articles suggest that capsanthin may become predominant in the final stages of ripening and may acccount for ~60% of total carotenoids [57], thus being considered one of the predominant color components, specific to red pepper fruits (including chili powders). Most carotenoids are shown to be partially or esterified with fatty acids, which increases their molecular stability without interfering with their chromophore properties [48]. This aspect is also confirmed by the present study.



Our findings suggest that fermented chilies resemble the chromophore characteristics of the raw material (fresh chilies) with carotenoids being well preserved during processing. This issue can be correlated with the low drying temperatures, which prevent the degradation of heat-sensitive molecules, as confirmed in other studies [58,59].



However, yellow chilis might require a lower fermenting period, as the stability of β-carotene (specific to yellow chilies) is much lower compared to red pigments (capsanthin).




3.2. Phenolic Compounds


An increasing concentration of phenolic compounds in freeze-dried (fermented) chili powder is evident, as shown in Table 3. Registered values ranged between 0.30–0.77%. Freeze-drying showed a good preserving effect on the compounds found in the fermented paste, leading to an increase of the studied compounds in the final product by up to nine-fold [45]. Variations were significant amongst the examined samples. Correlations between phenolics content and pungency were not observed.



A high content of phenolic compounds is desired in chili powder as many of these molecules possess antioxidant [60], antimicrobial [61], and even anti-mutagenic [62] activity. High phenolic content is usually associated with the early stages of ripening [63], fully matured fruits showing slightly reduced concentrations compared to the premature (unripen) form of the fruit [45,62].



Variation of bio-compounds is also influenced by the inclusion or absence of the different partitions of the fruits in the experiment. The inclusion of seeds in the chili powder reduces total phenolic content [64] but has a preserving effect on color compounds due to the presence of tocopherols [51]. Tocopherols are lipophilic molecules concentrated in the oil-rich parts of the seeds [65].



Many studies discuss the importance of phenolic compounds being incorporated into food products. The diversity and complexity of phenolic compounds assures a wide spectrum of benefits for the products and the consumer as well. Numerous studies have evaluated the antimicrobial activity of different phenolic-rich extracts against pathogens [20,66,67]. However, some studies underline the fact that, besides the inhibition of pathogens, phenolic compounds can also inhibit beneficial (starters) bacteria growth in fermented products (Staphylococcus xylosus; L. curvatus, Pediococcus pentosaceus) [68] if used in high concentration.



According to an experiment, regarding phenolic compounds in fermented meat products, the incorporation of different phenolic extracts (75–150 mg/100 g dough) in ground meat exerted a clear antioxidant effect in the food matrix (salami) [69]. Another study indicated that during the aging process approximately 54–61% of the initial catechin and epicatechin content were lost in dried fermented sausages [70]. Losses amongst different molecules varied greatly.



In this regard, the preserving of phenolic compounds under the effect of freeze-drying techniques in fermented chili powders is extremely important due to the role of these molecules in later stages, when incorporated in different products (food matrices).




3.3. Ascorbic Acid


The present study evaluated the ascorbic acid content of lyophilized chili powder obtained from fermented chili paste that was spontaneously fermented for 21 days. Three weeks were counted as the maximum that were considered. The optimum fermentation period is also conditioned by the microbial composition and dynamics of the microbial community. In this regard, the total losses of vitamin C content through the fermenting process were quite low (~20%), as was recorded in our previous study [45].



The ascorbic acid content in the chili powder samples was high, losses being prevented primarily by the drying method (freeze-drying). Average concentrations were within the limits of 0.40–1.11%, as presented in Table 4:



As confirmed by the present results, C. annuum cv. Cayenne peppers tend to contain the highest amount of ascorbic acid. This pattern is also highlighted by other studies [71].



Results confirm the advantages of the freeze-drying technique as being one of the best for preserving valuable compounds in dehydrated products [72] and also show the applicability in capsicum processing.



According to the literature, vitamin C content is strongly susceptible to negative changes during thermal stress. Some experimental data showed a powerful decrease in ascorbic acid from 911 ± 50.1 mg/100 g (drying temperature = 50 °C) to 87.9 ± 2.8 mg/100 g (drying temperature = 90 °C) due to temperature variations [15]. It is also known that variations in the vitamin C content of ground paprika can vary according to processing techniques and preservation conditions [4].



Differences amongst samples can occur naturally due to endogen and exogen factors but variations between partitions of the fruits can also have a dominant effect. Generally, whole-ground fruits contain less ascorbic acid than powders obtained from dried pulp [73].



Ascorbic acid is generally used in meat processing as an additive under different forms: E300 (ascorbic acid), E301 (sodium ascorbate), E302 (calcium ascorbate), E303 (potassium ascorbate), and E304 (fatty acid esters of ascorbic acid). Its primary role is to prevent the oxidation and discoloration of the product and to delay the appearance of the unpleasant color [74]. Some studies also discuss the nitrite scavenger activity of ascorbic acid with possible implications in the prevention of nitrosamine formation [75]. As a chemical reducing agent, ascorbic acid can reduce nitrites and accelerate the formation of meat pigments (nitroso myoglobin), thus increasing the antibacterial activity of nitrite [76].



The addition of fermented chili powder rich in ascorbic acid might serve as a stabilizing agent in fermented meat products, thus excluding the necessity of supplementation from external sources.




3.4. Sugars and Acids


Fermented chilies showed increased acid content, especially lactic acid. In a previous article, we discussed these issues [45]. The lactic acid content of different types of chilies ranged between 1.03–1.31% (lactic acid) and acetic acid was present in the limits of 0.32–0.49% [45]. The lyophilization of the paste increased lactic acid concentration by up to 10 folds. Fermented chili powder showed high lactic (10.57–12.20%) and acetic acid concentrations (3.39–4.10%), as shown in Table 5.



The glucose content of fermented and dehydrated chilies was very low in all samples, ranging in the limits of 0.28–2.27%. These results might indicate an affinity of plant-specific Lactobacillus sp. towards glucose as the primary carbohydrate source. In a previous study, we presented fructose as to be found in similar concentrations both in fresh and fermented peppers [45]. Contrary to glucose, fructose was only partially metabolized in the fermenting process [77], which led to the concentration of the compound in chili powder (12.59–19.30%).



Acidic compounds showed an inverse trend. Both lactic and acetic acid were absent or found in minimal concentrations in the fresh samples. Fermentation and dehydration had a concentrating effect on the final product, as lactic acid reached concentrations of 10.57–12.20%. Acetic acid also increased up to 3.39–4.10%. These aspects are important, as naturally occurring acidic compounds incorporated in food products by the addition of chili powder might speed up the acidification process, which could have a shortening effect on the time necessary for the stabilization of the product. Fructose might also serve as a carbon source for encapsulated microorganisms during the adaptation period and the log phase.



A study conducted on different paprika powder samples showed variable results among them regarding carbohydrate content. The average glucose content was 21.5%, whereas fructose content was slightly higher (31.6%) [10]. These results are quite different compared to the results of our experiment (fermented chili powder), indicating significant transformations in the biochemical composition of the matrix.



The presence of simple carbohydrates is essential for the fermenting activity of LAB. The acid formation is crucial for the preservation of many products, including dairy and fermented meat. Weak acids can penetrate the hydrophobic membrane of pathogens and dissociate in the cytoplasm as their concentration increases, thus showing a burden on cell metabolism by the reduction of plasma pH [35]. Salami fermentation implies similar patterns. Spontaneous or selected microorganisms (starter cultures) that are adapted or adaptable to protein substrates, multiplicate and colonize the stuffing. Sugar metabolism and acid synthesis lead to the drop of pH and stabilization of the produce. Humidity loss during maturation decreases water activity, further inhibiting pathogens [42,78].



In this regard, carboxylic compounds formed during sugar metabolism in chili paste might play a critical role in fermented meat products, especially during the lag phase (first 24–48 h of incubation), when the substrate is the most susceptible to contamination.




3.5. Aroma Profile


Volatile fingerprinting was conducted to identify compounds specific to aroma formation involving a two-step interpretation. First, C. annuum and C. chinense species were compared in the fresh and fermented stages to confirm common trends or differences between the two. Secondly, chili samples were compared individually in both unfermented and fermented forms. In the last stage, individual samples were analyzed and compared to identify aroma profile development threw fermentation.



A total of 130 different volatile compounds (as shown in the Table S1, Supplementary Materials section) were identified in the examined samples (shown in Figure 1) with many esters, which according to the literature are responsible for the fruity notes in aroma development [79]. C. chinense samples were shown to be more complex regarding volatile compounds than C. annuum. Studies underline this fact and some even show significant differences among different cultivars within the same species. One study indicates that orange and brown cultivars of C. chinense cv. Habanero chilies contain a higher amount of volatiles (esters) than red cultivars [80]. A general view regarding the origin of volatile compounds does not yet exist. However, studies show for example that 2-methylbutanoic acid and 2-methylpropionic acid are mainly derived from branched chained amino acids, including valine, leucine, and isoleucine [81]. These processes involve the metabolic activity of different microorganisms and require different reactions (transamination, oxidation, etc.) [82].



Results show differences amongst species (p < 0.05), but a common pattern is observed amongst peppers related to the same species. C. chinense presents a more complex volatile profile, being characterized by a fruity/exotic, citrus-like aroma [79]. The more complex profile is also evident in all fermented samples in contrast to the fresh chilies.



Total compounds identified in unfermented and fermented C. annuum cultivars are not significantly different (p < 0.05). Fresh C. annuum cv. Cherry type chilies present 25 volatile compounds with an increase to 28, whereas compounds in C. annuum cv. Cayenne type peppers increase from 18 to 25. However, a great part of compounds identified in the first stage may not appear in the fermented form, thus being substituted with new ones.



The major volatiles identified in C. annuum pepper samples were hexane derivatives, 2-hexenal, E-2-hexen-1-ol, and 1-hexanol. These compounds presented a universal and relatively uniform distribution amongst C. annuum cultivars. 2-hexenal is predominant, and according to the literature, it is the main aldehyde responsible for the sweet fruity aroma of chilies. Pepper fermentation in the case of C. annuum cv. Cherry and C. annuum cv. Cayenne chilies did not significantly (p < 0.05) affect the two compounds 1-hexanol and E-2-hexen-1-ol. In fact, in the case of C. annuum cv. Cherry type peppers there was an increase in E-2-hexen-1-ol from 12.98 ± 0.65% to 26.06 ± 1.30%. Fermentation also leads to the acetylation of E-2-hexen-1-ol with the formation of E-2-Hexen-1-ol acetate, specific exclusively to fermented samples. However, 2-hexenal, the predominant compound could not be identified in the fermented samples of the mentioned cultivars. These results likely indicate that the only the alcohols and aldehydes of sensory importance found in C. annuum species were 1-hexanol, 2-hexanol, hexenal, and E-2-hexenal.



Linalool was only identified in fermented C. annuum samples. This terpene alcohol is usually associated with a floral scent/citrus-like aroma, combined with mild spiciness. The molecule is normally synthesized from geranyl pyrophosphate by the enzyme linalool synthase. Studies indicate that linalool represents a key aroma-active compound in pickled red peppers [19] amongst others (acetic acid, ethanol, a-terpineol, (E)-2-nonenal, 2-heptanol, phenylethyl alcohol). Amongst newly formed compounds, n-propyl acetate was the more predominant. This ester was only identified in fermented C. annuum samples and was more predominant in C. annuum cv. Cayenne type peppers (9.11 ± 0.46%). The literature describes propyl acetate odor as mild, pleasant, and fruity (pear-like).



Alcohols in general present a higher odor threshold in comparison with other molecules (aldehydes, acids). This is the reason why their role in aroma formation is much lower [18]. Amongst the aldehydes identified in this study that might account for the development of aroma of pepper fruits, there are a few compounds to be mentioned: hexanal, pentanal, benzaldehyde, etc. The first two are described as green, pungent, and herbaceous odors [18].



Benzaldehyde is a compound universally distributed amongst all samples (fresh/fermented) in both species in various concentrations (0.01–2.72%), which is known to add an almond type odor. Acetophenone was also identified in all samples (0.03–4.28%). This volatile compound stands for a sweet/pungent orange-like odor of different fruits and vegetables.



C. chinense includes cultivars with a broad spectrum of volatile compounds that overlap the composition of C. annuum cultivars. Differences are statistically significant (p < 0.05), both between fresh samples and fermented samples. As evidenced by the results, C. annuum can more likely be correlated with alcohols as primary volatile compounds, whereas C. chinense is represented by organic acids. Aldehydes and acids present a lower sensory threshold, thus contributing to the more predominant aroma development of C. chinense fruits and fermented chili samples in general.



C. chinense cv. Fatalii chilies contain 49 volatile compounds, which, due to fermentation increase to 60. C. chinense cv. Habanero, has 34 compounds in the fresh stage and reaches 48 after fermentation. The literature indicates that C. chinense cv. Habanero red-type peppers (like our samples) show a lower aromatic profile in comparison with orange or brown types, similar to the data shown by our research.



The predominant volatile compounds specific to C. chinense samples were butanoic acid, 3-methyl-, and hexyl ester, in both fresh and fermented pepper mash. This molecules presents a tropical, fruity, long-lasting fragrance. Butanoic acid, 2-methyl-, and hexyl ester were also present in all samples in quite similar concentrations (9.08–12.3%), having similar tropical, fruity aroma characteristics. Interestingly, butanoic acid and 2-methyl- hexyl ester were also identified in all fresh and fermented C annuum samples in smaller concentrations (0.69–5.24%) and are thus considered to be a generally occurring Capsicum-specific volatile compound, which is more predominant in C. chinense species, thus contributing to its tropical, citrus-like fresh fruity flavor.



Amongst alcoholic compounds, 1-pentanol,4 methyl- is the more predominant form, ranging between values of 2.64–6.06%. This molecule was also found to be evident in all C. annuum samples (both fresh and fermented) in a range of 1.11–7.36%.




3.6. Determining the Optimum Moment for Freeze-Drying of Fermented Chili Paste


The controlled fermentation of chili peppers is quite difficult, as starter cultures are less efficient and cannot compete with spontaneous flora, being rapidly outnumbered and inhibited, especially if the process is carried out at higher temperatures [83]. Some studies have reported the use of autochthonous strains as starter cultures with quite good results [84]. However, pasteurization or any tendency to sterilize the medium equals with the loss of significant amounts of bio-compounds (ascorbic acid, carotenoids, phenolic compounds, etc.) [15,51], whereas the endogenous microflora of vegetables is usually well adapted and can outgrow starter cultures quite rapidly [85]. Microbiologically, vegetable fermentation implies many phases in between which different changes occur in the microbial community.



We presumed that fermented pepper mash should be lyophilized in the first phase of fermentation in order to concentrate high amounts of bio-compounds and thus to obtain high levels of organic acids and flavor compounds, yet to prevent yeast growth, which is not necessarily desired in fermented meat, although yeast loads in fermented sausages can sometimes reach 106 UFC/g [27,86]. The dynamics of the microbial community during a 15-day period, conducted on C. annuum cv. Cayenne peppers are described in Table 6. C. annuum cv. Cayenne cultivar chilies were selected based on high carotenoids, vitamin C contents, and high pungency to be freeze-dried and used in salami processing.



Changes are quite evident as described above. Results for total viable counts are close to values obtained for LAB. This means that after fermentation is initiated in chilies, LAB becomes the predominant microorganisms in the substrate, as their adaptability far outreaches the growth of other species. Our previous research describes the propagation phase in chili fermenting processes, which highlights the importance [45] of spontaneous microbial flora. The initial values (lag phase) for bacterial counts in fresh pepper paste is usually <103 CFU/g [45]. Microbial growth (log phase) initiation takes place in a maximum of 24–48 h and is only partially conditioned by the capsaicinoid content of pepper fruits. In this regard, highly pungent chilies may prolong the lag phase up to 48–72 h. However, as it is presented below, the results regarding the viability of LAB in fermented peppers, including the lyophilized version, are quite similar. The decreasing numbers after lyophilization are evident, but moderate, viable cell concentrations still outreach 107 CFU/g in pungent and highly pungent samples.



The comparison of the previous results indicates a very stable stationary phase of LAB in fermented peppers, with a continual concentration of yeasts during the process.



According to the presented results, we consider that days 4–6 would be optimum (from a microbiological perspective) for the freeze-drying of the fermented paste to obtain a highly concentrated matrix suitable for salami production.



Figure 2 also highlights the changes in LAB dynamics in different stages of fermented chili powder production. Final counts in the dried powder are only slightly lower than those counted for fermented chili paste. This underlines the importance of parameter control during freeze-drying in order to prevent bacterial cell damage.



LAB showed a tendency towards concentration during the process that persisted throughout the 15-day period. Yeast counts presented very low values in the beginning. Although their number increased exponentially, their yeast cells were permanently outnumbered by bacteria during the experiments. Other studies indicate similar patterns regarding microbial activity in vegetable fermentation. It is commonly accepted that the initiation of the process is carried out by Leuconostoc species [87], which leads to the rapid decrease of pH values [7]. The new conditions (anaerobiosis) favor the growth of L. plantarum [88] and the development of other microorganisms (yeasts, Pediococcus cerevisiae, L. brevis, Weisella, etc.).



In this regard, we concluded, that the freeze-drying of fermented chilies might be carried out in the first 6 days. This period coincides with total carbohydrate metabolism and maximum reach in organic acid concentration combined with a relatively low yeast concentration.



It is also clear that Enterobacteriaceae show no changes as their activity is suppressed by LAB activity. The contamination of pepper mash or chili powder, in this regard, might be primarily conditioned by the quality of raw material and applications of good hygiene practices.



	I.

	
Results regarding cured salami








3.7. pH Analysis in Salami Fermentation


Fermented meat products (sausages, salami, etc.) require a rapid increase of acidity to stabilize the product and to prevent the development of spoilage and pathogen microflora. It is confirmed that initial pH, usually >5.5, stagnates at approximately 48–72 h (lag phase) [22], afterwards, under intense microbial activity (log phase) and pH values drop steeply (pH < 4.6–4.8). The last phase is characterized by the stabilization of pH (4.8–5.00) and partial neutralization of organic acids by free amino acids (the result of protein hydrolysis) that can act as buffering agents. Final aw values decrease to approximately 0.88, leading to increased stability and long shelf life [31]. Studies indicate that the microbiota of fermented meat products usually consists of LAB (L. sakei, L. curvatus, and L. plantarum) and coagulase negative cocci (ex. Staphylococcus xylosus) [22,28].



The pH variations of fresh meat and different batches of the batter (prior to stuffing) are presented in Table 7.



Fermented chili powder acts as a strong acidifier decreasing the pH values of the batter due to high organic acid content (lactic and acetic acid), as is evident in case of sample B3. H+ ions were the most active in B4, in the case of which pH decreased by approximately 0.77 basis points. Fermentation (the first phase of conditioning) is usually carried out (18–20 °C, 90% relative humidity) until the pH drops under 5.2. In this regard, the incorporation of fermented vegetable powders (chili) can act as natural acidifiers that can also enhance LAB activity. The variation of pH during the 28-day processing period is depicted in Figure 3.



In the case of B1 (negative control), the pH drop relies on low concentrations of endogenous microflora, which leads to the expansion of the lag phase with values <5.2 being reached only after 5 days. This time interval would have been critical, especially if the microbiological quality of the raw material would have been poor. The other three batches showed remarkedly similar patterns, as their pH drop was almost spontaneous and steep. In less than 72 h the pH dropped to under 5.00. Fermented freeze-dried chili powder led to values of 4.83 in the case of B3.



Fermented chili paste increased the water content of the stuffing with humidity values reaching up to 63% in comparison with the average content in the other three cases (57%). This sample (B4) also presented the best dynamics in pH variation. It is not a common practice to use pepper paste in salami production, although it is not excluded. Many Italian-type sausage or salami recipes imply the usage of wine as an ingredient.



From the moment that minimum pH values were reached, an appreciating trend was observed with final values (after 28 days) being registered as follows: 5.10 (B1); 5.12 (B2); 5.04 (B3); 4.93 (B4).




3.8. Microbial Analysis


Results indicate correlations between LAB growth and pH variations. The first phase of conditioning (incubation period) had a huge impact on the outcome of the process, as it involved bacterial growth under physical conditions that can favor pathogens (t = 18–20 °C; h = 90%).



Different cell loads were determined prior to stuffing: 5 × 103 CFU/g (B1); 2.7 × 105 CFU/g (B2); 1.14 × 106 CFU/g (B3); and 4.2 × 107 CFU/g (B4). These data confirm the low numbers of LAB in the raw material (meat), as can be seen in B1 (negative control). At this stage, LAB was highly outnumbered by endogenic microbiota in (B1).



It was noticed that the lag phase lasted for approximately 24 h afterwards and exponential cell growth was observed for 48 h. The stationary phase (maximum load) was reached in all cases after 72 h. There was an exception, however, regarding the B4 sample. In the case of this batch, fermented paste replaced dried chili powder, which delivered a relatively constant bacterial load right from the beginning. This aspect is revealed in Figure 4.



The stability of the products was observed during the stationary phase throughout the entire period (28 days) with results being quite close to each other.



A similar experiment was carried out, which focused on the incorporation of fermented vegetables in meat products [42]. The authors of this experiment partially reduced curing salt concentration to prevent bacterial growth inhibition. Our results indicate that bacteria from all sources presented excellent halotolerance, even towards the final stages, when NaCl concentrations reached 2.8%. In most cases, the spontaneous fermentation of meat products is carried out by microorganisms that are to be found in different plant sources [22], including fermented vegetables. The spontaneous fermentation of salami can also be influenced by bacteria preserved in highly saline conditions found on natural casings [27].



Figure 5 identifies changes in total viable counts. Colony counting showed cell loads of approximately 1.79 × 106 CFU/g for B1. This confirms a low concentration of LAB in the ground meat at this stage (B1) and high numbers of endogenous microbes.



Total counts reached 1.0 × 107 CFU/g (B2), 1.75 × 107 CFU/g (B3), and 1.36 × 108 CFU/g (B4) after the addition of spices (before stuffing). At this stage LAB from different sources outnumbered the original microbial population by 10:1 (at least), as expected [31,35].



An increasing pattern for values is observed as LAB concentrate in different sources (starter culture, fermented chili, and fermented chili paste), becoming the predominant microorganism in the salami. The high concentrations of fermenting bacteria are needed from the start of the process in order to numerically outgrow the existing microflora and prevent spoilage.



As the fermentation process carries on, numerical data from total viable counts and LAB begin to overlap each other. This means that in this stage LAB becomes dominant and represents most of the counted microorganisms.



Yeast counts and Enterobacteriaceae both presented constant values (<102 CFU/g) during the ripening period. The presence of some yeast species and their numeric variation in meat products is confirmed [42], although counts were very low in this experiment. They usually consist of different species, such as Debaryomyces hansenii, Candida zeylanoides, Pichia triangularis, etc. [22,89]. The reduced values in the case of yeast counts in salami samples might be associated with low values in fermented chili samples just before lyophilization (chili powder production). The extended fermentation of chilies might have led to higher concentrations of yeast cells in chili powder and salami as well.



Enterobacteria are usually associated with contaminated meat, whereas meat spoilage requires the overcoming of competitiveness of pathogens by high loads of beneficial bacteria (starters) [2,42]. Enterobacteria, although present in cured products in different concentrations, their growth is usually inhibited in the first few days as a consequence of the metabolic activity of LAB [28].




3.9. Texture Profile Analysis


Acidification plays an important role in the formation of color, whereas protein coagulation increases firmness and cohesiveness [90]. Immediately after stuffing, the product shows low cohesiveness, as it has a crumbly texture. Lactic acid synthesis carried out by different LAB leads to the drop of pH values to a point close to the isoelectric values of muscle protein. Consequently, moisture retaining capacity drops, favoring the dehydration of the produce.



Salami-like (semisolid) texture comes as a result of humidity loss and protein (sarcoplasmic and myofibrillar) coagulation [91].



Results for TPA analysis showed statistically significant variations amongst the analyzed samples (p < 0.05) as presented in Table 8. Although the curing process was carried out in similar conditions, differences did occur. These variations might be correlated with different factors.



Normal chili/paprika powder has a humidity of approximately 8–11% [92], lyophilized fermented chili powder was extremely dry, whereas fermented chili paste has a humidity of approximately 90%. Bacterial interactions (bacteria/substrate), carbohydrate content, ripening conditions, and other factors can also influence the texture profile of the end product [32,90].



The lowest values for cohesiveness were found in salami fermented with chili paste (B4). This might indicate the necessity of longer maturation periods to facilitate slow and constant evaporation of excess moisture.



The use of the starter culture increased the hardness of the salami, showing maximum values for all determinations.



The correlation of powders with their humidity values might be taken into consideration to appropriately assess the exact doses for spices to obtain similar characteristics. Good cohesiveness and hardness also imply the moderate usage of dry powders in fermented meat products as powders tend to destabilize the matrix.





4. Conclusions


This research studied the effects and possible applications of freeze-dried fermented chili powders incorporated in cured meat products (fermented meat). Besides the coloring and spicing effect, fermented chili powder shows the ability to immediately and significantly affect the pH of the medium that is added to, serving as a natural acidifying agent. It also serves as a natural starter carrier needed for the initiation of fermenting activity, carried out by LAB in the filling (sausage, salami, etc.). Plant-specific LAB showed great adaptation to the protein substrate (fermented salami), exceptional halotolerance, and proliferation under the new conditions. LAB counts reached >109 CFU in the salami samples, results like those obtained by the usage of technological starter cultures. All bio-compounds were found to be well preserved in freeze-dried fermented chilies, the quality of the spice being correlated with the biochemical composition of fresh chilies, and the length of the fermenting period. Freeze-dried fermented chili powder might serve as an improved spice that can act as a stabilizing agent in fermented meat products, being able to eliminate the necessity of pure bacterial strain usage. It might also improve the aroma profile and resemble the properties of more traditional (hand crafted) products. Future studies will be conducted for more in-depth determination regarding the influence of freeze-dried fermented chili powder on meat products and with an increased number of replications.
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Figure 1. Sensory mapping of Capsicum specific aroma compounds: 1 (cv. Cherry/fresh); 2 (cv. Cherry/fermented); 3 (cv. Cayenne/fresh); 4 (cv. Cayenne/fermented); 5 (cv. Fatalii/fresh); 6 (cv. Fatalii/fermented); 7 (cv. Habanero/fresh); 8 (cv. Habanero/fermented). 
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Figure 2. Diagram representing viability of LAB in peppers of different pungencies in different stages (fresh; fermented 21 days and freeze-dried). In this case, spontaneous fermentation was carried out for a maximum of 21 days. 
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Figure 3. Representation of pH variation during the fermentation and drying process of four batches of salami, obtained with different sources of LAB. 
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Figure 4. LAB growth during the 28-day fermentation period in the case of four batches of fermented salami with different sources of fermenting bacteria. 






Figure 4. LAB growth during the 28-day fermentation period in the case of four batches of fermented salami with different sources of fermenting bacteria.



[image: Foods 11 03716 g004]







[image: Foods 11 03716 g005 550] 





Figure 5. Total viable count during a 28-day fermentation period in the case of four batches of fermented salami with different sources of fermenting bacteria. 
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Table 1. Formulations of salami samples and their codifications according to the different sources of fermenting microorganisms used during processing.
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	Ingredients (%)
	B1
	B2
	B3
	B4





	Pork shoulder
	80
	80
	80
	80



	Back fat
	20
	20
	20
	20



	Curing salt
	2
	2
	2
	2



	Chili powder (traditional)
	2
	2
	-
	-



	Freeze-dried (fermented) chili powder
	-
	-
	2.0
	-



	Fermented chili paste
	-
	-
	-
	10



	Biotec Starter LK 30
	-
	0.00025
	-
	-



	Dextrose
	0.5
	0.5
	0.5
	0.5



	Black pepper
	0.4
	0.4
	0.4
	0.4



	Garlic
	0.25
	0.25
	0.25
	0.25



	Coriander seeds
	0.1
	0.1
	0.1
	0.1
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Table 2. Variation of carotenoid compounds in the samples of freeze-dried fermented chili powder.
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	Chili Sample/Carotenoid Compounds
	C. annuum cv. Cherry
	C. annuum cv. Cayenne
	C. chinense cv. Fatalii
	C. chinense cv. Habanero





	Capsanthin
	46.67 ± 1.05 c
	97.80 ± 2.33 e
	12.02 ± 0.20 a
	29.89 ± 1.03 b



	Zeaxanthin
	97.72 ± 3.16 c
	106.49 ± 3.11 e
	24.38 ± 1.02 a
	55.23 ± 1.11 b



	β Cryptoxanthin
	179.42 ± 2.36 d
	184.99 ± 4.19 e
	17.00 ± 0.07 a
	120.68 ± 2.37 c



	Capsanthin-myristate
	241.09 ± 2.09 e
	210.50 ± 5.92 c
	3.61 ± 0.01 a
	195.35 ± 5.02 b



	Capsanthin-palmitate
	142.69 ± 0.13 c
	143.78 ± 3.13 d
	11.13 ± 0.03 a
	176.74 ± 0.91 e



	β Carotene
	880.61 ± 9.33 e
	840.74 ± 9.37 d
	422.45 ± 4.12 a
	836.59 ± 8.07 c



	Capsanthin-di-laureate
	109.33 ±1.26 c
	128.09 ± 4.55 d
	6.73 ± 0.04 a
	140.16 ± 3.99 e



	Capsanthin-laureate-myristate
	177.14 ± 2.32 d
	201.89 ± 3.81 e
	6.28 ± 0.01 a
	150.56 ± 4.57 c



	Capsanthin-di-myristate
	204.31 ± 3.95 c
	239.80 ± 5.06 d
	14.94 ± 1.02 a
	267.61 ± 8.11 e



	Capsanthin-myristate-palmitate
	93.59 ± 1.07 c
	128.78 ± 1.23 e
	4.60 ± 0.02 a
	96.26 ± 2.03 d



	Capsanthin-di-palmitate
	50.58 ± 0.33 d
	47.86 ± 0.77 c
	0.39 ± 0.00 a
	52.01 ± 1.11 e



	Zeaxanthin-di-myristate
	107.89 ± 2.85 d
	61.54 ± 1.09 c
	8.80 ± 0.12 a
	120.85 ± 3.25 e



	Zeaxanthin-myristate-palmitate
	75.41 ± 0.99 e
	42.02 ± 1.01 c
	6.42 ± 1.03 a
	50.14 ± 0.80 d



	Zeaxanthin-di-palmitate
	55.80 ±0.48 d
	21.60 ± 0.41 c
	5.44 ± 0.01 a
	15.53 ± 1.27 b



	Total carotenoids
	2462.22 ± 10.51 e
	2455.86 ± 12.51 d
	544.18 ± 6.71 c
	2307.61 ± 16.01 a







Values (µg/g) represent means ± standard deviation of the mean for three replicates. Note: The different letters indicate a significant difference (p < 0.05) between the carotenoids in the same line (horizontal).
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Table 3. Variation of total phenolic compounds in the samples of fermented freeze-dried chili powder.






Table 3. Variation of total phenolic compounds in the samples of fermented freeze-dried chili powder.





	Chili Sample
	Total Phenolic Content





	C. annuum cv. Cherry
	771.26 ± 12.05 b



	C. annuum cv. Cayenne
	425.28 ± 7.38 c



	C. chinense cv. Fatalii
	306.52 ± 4.99 d



	C. chinense cv. Habanero
	301.84 ± 8.48 d







Values (mg/100 g) represent means ± standard deviation of the mean for three replicates. Different lower-case letters indicate statistically significant differences amongst chili cultivars.
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Table 4. Variation of ascorbic acid content in the examined freeze-dried fermented chili powder samples.






Table 4. Variation of ascorbic acid content in the examined freeze-dried fermented chili powder samples.





	Chili Sample
	Total Ascorbic Acid





	C. annuum cv. Cherry
	398.39 ± 4.17 b



	C. annuum cv. Cayenne
	1107.33 ± 2.31 c



	C. chinense cv. Fatalii
	499.03 ± 4.54 d



	C. chinense cv. Habanero
	585.05 ± 6.09 e







Values (mg/100 g) represent means ± standard deviation of the mean for 3 replicates. Different lower-case letters indicate statistically significant differences amongst chili cultivars.
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Table 5. Variation of sugar and organic acid content of freeze-dried fermented chili powder samples.






Table 5. Variation of sugar and organic acid content of freeze-dried fermented chili powder samples.





	Chili Cultivar
	Glucose
	Fructose
	Lactic Acid
	Acetic Acid





	C. annuum cv. Cherry
	2.83 ± 0.60 a
	175.77 ± 4.55 b
	112.62 ± 4.22 a
	40.77 ± 2.55 c



	C. annuum cv. Cayenne
	9.02 ± 0.51 c
	193.00 ± 5.33 d
	121.96 ± 4.28 c
	41.00 ± 2.33 c



	C. chinense cv. Fatalii
	22.31 ± 2.03 d
	125.93 ± 9.49 e
	105.74 ± 2.03 d
	33.93 ± 3.49 a



	C. chinense cv. Habanero
	22.71 ± 1.04 d
	159.01 ± 3.58 f
	117.58 ± 4.54 e
	34.01 ± 3.58 a







Values (mg/g) represent means ± standard deviation of mean for three replicates. Different lower-case letters indicate statistically significant differences amongst chili cultivars.
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Table 6. Changes in microbial community during chili fermentation (CFU/g) conducted on C. annuum cv. Cayenne type chilies at different times.






Table 6. Changes in microbial community during chili fermentation (CFU/g) conducted on C. annuum cv. Cayenne type chilies at different times.





	Microbial Assay
	Day 3
	Day 6
	Day 9
	Day 12
	Day 15





	Total viable count
	3.40 × 107
	4.11 × 107
	7.33 × 107
	6.72 × 108
	8.70 × 108



	LAB
	3.30 × 107
	4.00 × 107
	6.90 × 107
	6.60 × 108
	8.66 × 108



	Yeasts
	<103
	8.13 × 104
	1.03 × 105
	3.33 × 105
	2.8 × 106



	Enterobacteriaceae
	<102
	<102
	<102
	<102
	<102







Values (UFC/g) represent means for 3 replicates.
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Table 7. pH variations before/after spicing the minced meat (before stuffing).






Table 7. pH variations before/after spicing the minced meat (before stuffing).













	
	FM
	B1
	B2
	B3
	B4





	Measured pH
	6.18 ± 0.16
	5.87 ± 0.06
	5.89 ± 0.04
	5.75 ± 0.03
	5.41 ± 0.02







FM (fresh meat); B1 (first batch/negative control); B2 (second batch/starter culture used); B3 (third batch/fermented chili powder added); B4 (fourth batch/fermented chili sauce added).
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Table 8. Results of texture profile analysis (TPA) for fermented salami with different sources of fermenting bacteria.






Table 8. Results of texture profile analysis (TPA) for fermented salami with different sources of fermenting bacteria.





	Samples
	Hardness Cycle 1 (N)
	Hardness Cycle 2 (N)
	Cohesiveness
	Gumminess (N)
	Springiness Index
	Chewiness (mJ)





	B1
	29.30 ± 1.97 d
	25.25 ± 1.77 b
	0.54 ± 0.03 c
	15.65 ± 0.73 b
	0.75 ± 0.05 a
	71.13 ± 7.45 d



	B2
	54.43 ± 4.63 b
	46.05 ± 3.19 c
	0.49 ± 0.05 d
	26.65 ± 2.09 c
	0.78 ± 0.03 b
	113.68 ± 11.26 b



	B3
	37.35 ± 5.42 c
	31.96 ± 4.25 d
	0.45 ± 0.07 b
	16.46 ± 1.64 a
	0.67 ± 0.07 c
	57.98 ± 10.11 c



	B4
	39.89 ± 4.00 a
	34.25 ± 2.97 a
	0.40 ±0.03 a
	15.99 ± 1.32 a
	0.69 ± 0.11 d
	62.83 ± 10.45 a







Values represent means ± standard deviation of the mean for three replicates. Different lower-case letters indicate statistically significant differences amongst salami samples.
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