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Preface to ”New Insights into Food Fermentation”

This reprint presents a print version of the Special Issue of the journal {Foods} dedicated to

new insights into food fermentation. Food fermentation has been used for thousands of years for

food preservation. At present, fermented foods remain appreciated by consumers thanks to the

high-quality standards achieved and the improvements in terms of nutritional and organoleptic

characteristics. The production processes, type of raw material, microbial cultures, etc., can affect

these products’ quality and safety characteristics. A vast array of microorganisms can be found

in fermented foods, and microbial succession during fermentation, as well as during ripening,

contributes to the desired properties of these foods. In addition to the sensory and safety aspects,

microorganisms present in fermented foods can positively affect people’s health due to their potential

probiotic nature and the production of beneficial metabolites such as vitamins and antioxidant

compounds.

The goal of this Special Issue was to broaden the current knowledge on advanced approaches

concerning food fermentation, gathering studies on conventional and unconventional food matrix

fermentation, functional compounds obtained through fermentation, fermentations increasing

quality and safety standards, as well as papers presenting innovative approaches shedding light on

the microbial community that characterizes fermented foods.

In the 13 papers collected in this volume, interested readers will find a collection of scientific

contributions providing a sample of the state-of-the-art and forefront research in food fermentation.

Among the articles published in the Special Issue, the geographic distribution of the studies is wide

enough to attract the interest of an international audience of readers.

The editors would like to thank the authors for their collaboration and commitment to publishing

their high-quality scientific articles.

Valentina Bernini and Juliano De Dea Lindner

Editors
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New Insights into Food Fermentation
Juliano De Dea Lindner 1,* and Valentina Bernini 2,*

1 Food Technology and Bioprocess Research Group, Department of Food Science and Technology,
Federal University of Santa Catarina (UFSC), Florianópolis 88034-000, Brazil

2 Department of Food and Drug, University of Parma (UNIPR), 43124 Parma, Italy
* Correspondence: juliano.lindner@ufsc.br (J.D.D.L.); valentina.bernini@unipr.it (V.B.)

Food fermentation has been used for thousands of years for food preservation. At
present, fermented foods remain appreciated by consumers thanks to the high-quality
standards achieved, and the improvements in terms of nutritional and organoleptic charac-
teristics. The production processes, type of raw material, microbial cultures, etc., can affect
the quality and safety characteristics of these products. A vast array of microorganisms
can be found in fermented foods, and microbial succession during fermentation, as well
as during ripening, contributes to the desired properties of these foods. In addition to
the sensory and safety aspects, microorganisms present in fermented foods can positively
affect the health of people due to their potential probiotic nature and the production of
beneficial metabolites such as vitamins and antioxidant compounds.

The goal of this Special Issue was to broaden the current knowledge on advanced
approaches concerning food fermentation, gathering studies on conventional and uncon-
ventional food matrix fermentation, functional compounds obtained through fermenta-
tion, fermentations increasing quality and safety standards, as well as papers presenting
innovative approaches shedding light on the microbial community that characterizes fer-
mented foods. This Special Issue brings a series of 13 articles related to new insights into
food fermentation.

Two review articles provide information concerning traditional fermented beverages.
The first presents an updated view on Mexican beverages, systematizing information on
the diversity, spatial distribution, and cultural history of beverages. Ojeda-Linares et al. [1]
identified 16 Mexican fermented beverages (named mescal, pulque, tejuino, pozol, chorote,
colonche, saká, sendechó, balché, atole agrio, pox, sambudia, tesgüino, tepache, tuba, and taberna)
and 143 plant species involved in their production as substrates for fermentation. The
authors highlight that microbial communities from backslopping have only scarcely been
covered in studies of beverages such as mescal, pulque, and atole agrio. The second review
addresses the properties, processing methods, microorganisms, and microbial dynamics
issues regarding Ethiopian alcoholic beverages. In Ethiopia, the preparation and consump-
tion of cereal- and fruit-based spontaneous, natural, and uncontrolled fermented alcoholic
beverages are common. Cereal-based (tella, borde, shamita, korefe, cheka, and keribo) and
fruit-based (tej, ogol, and booka) are described by Getachew Fentie et al. [2] as being the
popular beverages in the country. Yeasts and lactic acid bacteria (LAB) are the predominant
microorganisms encountered during fermentation. These beverages also contain significant
amounts of total polyphenols and antioxidants. The alcohol contents and pH values of
these beverages range from 1.53% to 21.7% and 2.9 to 4.9, respectively.

Many foods are still produced following traditional practices, although novel ap-
proaches to food fermentation have also attracted the interest of researchers and industries.
Innovative technological and biological processes, as well as novel approaches of investiga-
tion, deeply interact to steer traditional products into modern diets and to open perspectives
for the fermentation of unconventional substrates and food byproducts. The three papers
submitted that dealt with functional foods addressed issues related to fruit and cereal
fermentation. The research conducted in Italy by Maisto et al. [3] evaluated the addition
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of four different potential probiotic strains (Lactiplantibacillus plantarum subsp. plantarum
ATCC14917, Lactobacillus delbrueckii subsp. bulgaricus ATCC 11842, Lactobacillus acidophilus
ATCC 4356, and Lacticaseibacillus rhamnosus ATCC 7469) to date fruit-based fermented
products (extruded snacks). After fermentation, changes in the polyphenol profile in terms
of increased free phenolic compounds and related activity were observed. These results
may be attributed to the metabolism of lactobacilli in catalyzing both the release of bioactive
compounds from the matrix and the remodeling of polyphenolic composition in favor of
more bioaccessible molecules. These positive effects were more evident when the snack
was fermented with L. rhamnosus. The authors consider that the fermented snack may
be proposed as a prototype of functional food, mainly indicated for athletics nutrition
and supplementation.

The next two papers dealt specifically with the analysis of fermented cereals with
heart health functional claims. Moon and Chang [4] fermented rice bran using a cul-
ture of L. plantarum EM, which exhibited significant cholesterol removal (45–68%) and
strong antimicrobial activity against foodborne pathogenic bacteria and food spoilage fungi
in vitro. Phytate levels were significantly reduced during fermentation by 53% due to
the phytase activity of L. plantarum, indicating that fermented rice bran does not present
nutrient-deficiency issues. The authors state that fermented rice bran is a promising low-
cost functional food candidate and appears to satisfy consumer demands for environmental
requirements concerning the re-utilization of biological byproducts. Yang et al. [5] explored
the effects of different fermentation parameters on the quality of natto fermented with
Bacillus subtilis GUTU09 and Bifidobacterium animalis subsp. lactis BZ25. Nattokinase activity,
free amino nitrogen content, and sensory score were increased compared with control
tests. The plate thrombolytic area and nattokinase activity increased significantly as the
fermentation time increased, indicating that the natto exhibited strong thrombolytic action
in vitro. Nattokinase is a fibrinolytic enzyme released by the B. subtilis natto bacteria during
the fermentation process.

Despite recent innovations on “omic” techniques, including genomic approaches
using high-throughput sequencing in combination with advanced metabolomics, there are
many fermented products with limited information about their microbial diversity and
dynamics (succession). This is particularly true for traditional products, which represent a
rich niche for discoveries involving microorganisms more robust for industrial production.
For example, the unknown microbiota can reveal new molecular mechanisms of quorum
sensing and new bioactive molecules with beneficial effects.

The next four papers deal specifically with the analyses of the microbiome of fermented
foods. The composition of the microbiota has an important impact on the quality and
safety of products due to the growth and interaction between microorganisms during
processing and ripening. Therefore, much effort has been made by the authors to applicate
molecular tools and omic systems to investigate the microbial community composition
of fermented foods. The paper presented by Jiang et al. [6] evaluated the effects of raw
materials and fermentation periods on the microbial ecology of Chinese paocai using
metagenomic analyses. Paocai is typically made by fermenting red radish or cabbage with
brine for 6–10 days. Secundilactobacillus paracollinoides and Furfurilactobacillus siliginis were
the characteristic bacteria in red radish paocai, whereas 15 species of characteristic microbes
were found in cabbage paocai. Furthermore, the study also enabled the identification
of volatile organic compounds (VOCs) and the establishment of their relationship to
the microorganisms, which provided insights into the microbial flavor profiles of these
fermented vegetables which are popular and traditional in Asian countries.

The microbiota of Protected Designation of Origin (PDO) cheeses play essential roles
in defining their quality and typicity, and could be applied to protect these products
from counterfeiting. Zago et al. [7] applied DNA meta-analysis to study the possible
role of microbiota in distinguishing Italian Grana Padano (GP) cheese from generically
hard cheeses (HCs). The microbial structure and the genotypic fingerprinting of the
bacterial taxa of 119 GP samples were evaluated by 16S rRNA gene sequencing (DNA
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metabarcoding) and RAPD-PCR from total cheese DNA (RAPD-PCR metafingerprinting),
respectively, and compared with 49 samples of generically HC from retail. The obtained
metagenotypes were evaluated as possible tools to differentiate the two sampling groups,
assuming, unlike metataxonomic analysis, that this technique was able to identify strain-
or group-specific differences within complex microbial communities. Metataxonomic
and metafingerprinting data were then used as inputs to train and validate a two-class
(GP vs. HC) classifier based on a neural network as a computational model. Although
metataxonomic data did not allow for reliable classification, the discriminatory power of
metafingerprinting enabled the building of a robust model (very high binary accuracy).
When trained with metagenotyping data, the model correctly classified the samples. The
molecular (meta)fingerprint of the entire microbial community could be promising to assist
GP authentication and to distinguish it from imitation products.

Degenhardt et al. [8] studied the presence of hepatitis E virus (HEV) and rotavirus-A
(RV-A), as well as fungal and bacterial communities, using metagenomics and culture-
dependent methods in artisanal colonial salami-type dry-fermented sausages from Brazil.
LAB and yeasts dominated the microbiome. Lactilactobacillus sakei and Debaryomyces hansenii
were ubiquitous and the most abundant species. The characteristics of the raw material and
hygiene of the manufacturing process resulted in high loads of beneficial microorganisms
and the absence of HEV and RV-A viruses, as determined by RT-qPCR assays. The wide
array of traditional fermented sausages worldwide represents a reservoir of microbial
biodiversity and can be an important source of new biotechnological strains able to preserve
typical features lost due to the introduction of commercial cultures. Particularly, in recent
decades, the use of starter cultures has been introduced in the meat industry to guide
fermentation, enhancing product safety but losing biodiversity and peculiar characteristics
to the products in terms of both technological and organoleptic traits. Barbieri et al. [9]
analyzed 15 artisanal salamis from the Mediterranean area (Italy, Spain, Croatia, and
Slovenia) to evaluate the microbiota composition through culture-dependent and culture-
independent techniques. LAB and coagulase-negative cocci were the dominant populations,
with the highest LAB presence in Croatian and Italian samples. Metagenomic analysis
showed high variability in microbial composition: L. sakei was the dominant species, but
Companilactobacillus spp. was present in high amounts (45–55% of the total amplicon
sequence variant) in some Spanish sausages. Staphylococcus epidermidis, Staphylococcus
equorum, Staphylococcus saprophyticus, Staphylococcus succinus, and Staphylococcus xylosus
were detected. The growth and survival of different microbial groups in the sausages reflect
in the first-instance safety characteristics (i.e., biogenic amine concentration). In addition,
the volatilome, and consequently, the peculiar sensory traits of traditional products, are
dependent on the complexity of the microbiota. In many sausages considered in this paper,
increased microbial biodiversity caused VOCs to be more complex, both qualitatively
and quantitatively.

Due to the increasing occurrences of worldwide food-borne disease outbreaks caused
by biogenic amines, food safety has received more concern in the production of fermented
meat products. The composition of the microbiota has a direct impact on the safety of
products. Using high-throughput sequencing, culture-dependent, and HPLC methods,
Ma et al. [10] investigated the contribution and regulation of biogenic amines (BAs) by
dominant microorganisms during traditional fish sauce fermentation in China. Tetrageno-
coccus (40.65%), Lentibacillus (9.23%), Vagococcus (2.20%), Psychrobacter (1.80%), Pseudomonas
(0.98%), Halomonas (0.94%), and Staphylococcus (0.16%) were the dominant genera observed.
The contents of BAs gradually increased as the fermentation progressed. After 12 months of
fermentation, the histamine content (55.59 mg/kg) exceeded the toxic dose recommended
by the United States Food and Drug Administration (FDA). Correlation analysis showed
that the microbiota made a considerable contribution to the accumulation of BAs. Staphylo-
coccus nepalensis 5-5 and S. xylosus JCM 2418 strains with a high BA reduction ability were
screened out of 44 low BA-producing dominant isolated strains and might be potential
functional cultures for BA control in meat. Yu et al. [11] explored the influences of thyme
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(Thymus vulgaris L.) on the growth, gene expression, and histamine accumulation by Proteus
bacillus isolated from Xinjiang smoked spontaneous fermentation horsemeat sausage, a
popular appetizer in China. RT-qPCR was employed to evaluate the gene expression
level of histidine decarboxylase (HDC) cascade-associated genes. Histamine accumulation
was suppressed by inhibitory effects of the thyme microcapsule on histamine-producing
bacteria and reductions in the transcription of hdcA and hdcP genes. Furthermore, the ad-
dition of thyme microcapsules in Xinjiang smoked horsemeat sausage inhibits the potential
spoilage and pathogenic microbial growth (e.g., Enterobacteria).

Jiang et al. [12] investigated the effect of lipase addition on suanzhayu, a Chinese
traditional solid fermented fish product, which is produced by mixing rice powders with
seasonings and fresh fish meat in a sealed long fermentation condition. The addition
of lipase had little effect on the structure of the microbiome, but promoted the growth
of Proteus and the formation of VOCs, especially aldehydes and esters. The correlation
analysis showed that Lactobacillus, Enterococcus, and Proteus played an important role in
the safety of the product, inhibiting the potential pathogenic Escherichia-Shigella. The
addition of lipase could be used as a novel means to enhance the quality of suanzhayu.
Finally, the last paper evaluated lactic acid fermentation of Arthrospira platensis biomass,
focusing on changes in the aromatic profile of this cyanobacterium widely used in food
formulations and mainly consumed as a food supplement because of its high nutritional
value. Martelli et al. [13] applied two different stabilization treatments on the biomass (UV
light treatment and sterilization) prior to solid-state fermentation with Lacticaseibacillus
casei 2240 and L. rhamnosus GG. The fermentation process was useful for off-flavor reduc-
tion. In particular, the fermentation process significantly influenced the concentration of
those compounds responsible for aldehydic/ethereal, buttery/waxy (acetoin and diacetyl),
alkane, and fermented aromatic notes (isoamyl alcohol). Fermentation with LAB can be
an interesting tool to obtain a lyophilized spirulina powder with more pleasant sensory
properties for potential use as a food supplement or in food formulations.
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Abstract: Mexico is one of the main regions of the world where the domestication of numerous edible
plant species originated. Its cuisine is considered an Intangible Cultural Heritage of Humanity and
ferments are important components but have been poorly studied. Traditional fermented foods are
still diverse, but some are endangered, requiring actions to promote their preservation. Our study
aimed to (1) systematize information on the diversity and cultural history of traditional Mexican
fermented beverages (TMFB), (2) document their spatial distribution, and (3) identify the main
research trends and topics needed for their conservation and recovery. We reviewed information
and constructed a database with biocultural information about TMFB prepared and consumed in
Mexico, and we analyzed the information through network approaches and mapped it. We identified
16 TMFB and 143 plant species involved in their production, species of Cactaceae, Asparagaceae,
and Poaceae being the most common substrates. Microbiological research has been directed to the
potential biotechnological applications of Lactobacillus, Bacillus, and Saccharomyces. We identified a
major gap of research on uncommon beverages and poor attention on the cultural and technological
aspects. TMFB are dynamic and heterogenous foodscapes that are valuable biocultural reservoirs.
Policies should include their promotion for conservation. The main needs of research and policies
are discussed.

Keywords: ethnobiology; ethnozymology; fermentation; Mesoamerican biocultural heritage;
traditional food systems

1. Introduction

The consumption of ferments by humans probably started unintentionally since
fermentation occurs in nature as a common process [1]. However, whatever its origin, the
consumption of fermented foods has accompanied people since ancient times [2]. The
obtaining of fermented products with desirable attributes and the conditions determining
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them were eventually recognized and deliberately selected and favored [3]. Together with
roasting, fermentation is perhaps one of the oldest practices and techniques used by humans
to process plant and animal materials to prepare food [4]. Fermented products commonly
include foods, among them beverages, but dyes, fibers, and other products involving
fermentation have also been recorded since remote past times [5–7]. At some point in
the human cultural history, knowledge over the fermentation process increased, hygienic
practices were developed, and new techniques were adopted, outstandingly, the use of
inoculums; subsequently, the manufacturing of fermented foods and beverages became
the responsibility of skilled craftspersons who were mainly responsible for developing
and improving the technologies for making fermented foods. Those crafters have been
recognized in the literature as traditional fermentation managers [7].

Currently, a small fraction of species of organisms are predominantly used in the
human diet worldwide, and this fact makes the hegemonic food systems vulnerable [8].
Fermentation plays an important role in improve the shelf life of several products, as well
as to increase the diversity of food supplies and their nutritional value [9]. Therefore, the
goals of diversifying food systems of the world have a key support in ferments. Most
traditional ferments represent keystone products in several countries because they are
expressions of interrelationships between biological and cultural diversity, and dynamic
biocultural knowledge changing according to adaptive processes [9,10].

Fermented products are outputs of complex interactions of three main components,
substrates, microorganisms causing fermentation, and humans who drive the process and
value the final products [11,12]. Humans have observed and directed the fermentation
process by choosing substrates, and selecting specific attributes of their beverages looking
for pleasant-tasting, nicely textured, and long-lasting products [7,12–14]. Through time,
humans have improved their techniques by experimenting with local substrates, adding
others, testing variations in the general conditions of the process, and evaluating the
product resulting from that process [11–16]. These biocultural practices have generated
thousands of food types, including beverages, throughout human history and it is a process
that continues evolving to the present day.

The fermented foods and beverages were used long before any awareness of micro-
biology and biochemistry [17], but now these sciences provide research tools that make
it possible to identify the crucial role of microorganism assemblages in fermentation, as
well as the techniques to direct fermentation according to human purposes. Microor-
ganisms are present in substrates (plant or animal) or could be added as consortiums of
microorganisms known as starter cultures. These starters may simply be small batches
of previous fermentations, stored and added to new substrates to guarantee a faster and
homogeneous fermentation that yields specific sensorial attributes [18–20]. Moreover,
these may be microorganisms that remain in the containers where previous fermentation
processes occurred, and people leave them there for new fermentation [21]. Environmental
conditions are variable during fermentation, which confers variable quality and sensorial
characteristics to the final product. However, traditional producers perform different
practices to reduce the effect of environmental heterogeneity during the fermentation
processes [7,15,22,23], while commercially fermented products are highly technified and
the outcome is standardized.

Fermented beverages are among the most iconic fermented foods worldwide; these
are essential components of local diets in many cultures and are mainly prepared from
plant substrates [24–27]. It has been reported that through fermentation, foods may be
improved, preserved, and their organoleptic properties enhanced [11]. Fermented products
can have an important sociocultural role [15,24–27], consumed during holidays, ceremonies,
and rituals, and linked to fruiting seasons and the harvest of agricultural products [27].
Both consumers and producers decide if the quality of a fermented product is acceptable
considering their attributes and determine if it is kept or not in their diet [11–14,25–27].
Despite the importance of fermented products around the world, efforts for tracking their
loss and actions to recover their production are uncommon. However, there are iconic and
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inspiring cases such as that in northeastern Poland, where researchers registered signs of
recovering the tradition of producing juniper beers [28].

The traditional ecological knowledge involved in the preparation of fermented prod-
ucts appears to be at risk because of the overreliance on the massive campaigns of com-
mercially produced beverages, which reach rural regions where the traditional products
are prepared [29,30]. This fact, as well as the decline of knowledge transfer and gaps
in documenting the traditional know-how of local practices to manage the microbiota,
ingredients, and fermentation process have favored the marginalization and disappear-
ance of homemade fermented products. This phenomenon contrasts with the increasing
interest in the nutritional value of ferments and their economic profits in markets, espe-
cially for the trendy fermented beverages, also called functional products, for instance,
kombucha [29–31].

The human diet worldwide is vulnerable since it is mostly limited to 10 to 50 plant
species that provide about 95% of the world’s caloric intake [32–35]. In contrast, ethnob-
otanists and anthropologists have documented thousands of edible species throughout
the world. Only in Mexico, several studies have reported more than 2000 edible plant
species, [36–40]. Among them, numerous wild species provide vegetables, fruits, nuts,
tubers, and other edible products. However, little is known about the diversity of plant
substrates that are employed for fermented products, their distribution, and if they are
handled for specific fermentation purposes.

In 2010, the UNESCO recognized food as an intangible cultural heritage and included
the Mexican gastronomy in the representative list of “Intangible Cultural Heritage of Hu-
manity” [41,42]. However, the traditional fermented beverages are a neglected food group
of the cultural heritage of the Mexican cuisine, and little is known about its conservation
and biocultural status, permanence, or possible recovery. Several authors [43–46] have
defined the traditional products considering the following criteria: (1) The key production
steps of a traditional food product is performed in a certain national, regional, or local
area, (2) the traditional food product must be authentic in its recipe, origin of raw material,
and/or production process, (3) the traditional food product could have been exchanged
locally for several years, available often through barter or only consumed by the fam-
ily core, and (4) it is part of the gastronomic heritage. The tradition provides materials
(raw substrates and tools) that allow groups to be rooted in their past and move and
rebuild themselves in the present [43–46]. Therefore, it has been recognized that traditional
products are dynamic.

In Mexico, a broad spectrum of traditional fermented foods, including beverages,
is produced from different raw materials by Indigenous and mestizo people in different
regions, the processing methods and microbiota varying among regions, localities, and
producers [47–50]. A previous work by Godoy and collaborators [51] reported 66 types
of fermented beverages, 4 of them registered only in historical books but not consumed
anymore. Most of the beverages reported by Godoy are a combination of fermented agave
sap and several fruits, known as curados. Pineda [52] described over 75 types of fermented
beverages, including a few distilled for preparing spirits, listing numerous herbs, fruits,
roots, and stalks that were used to infuse those beverages. Bruman [53] conducted an
important work in the 1930s when he visited several regions of Mexico and recorded
several traditional beverages; therefore, in this study we consider his work fundamental to
characterize a previous distribution of the TMFB and to compare it with the present. The
previous works help to identify historically important beverages prepared with wild or
cultivated plants and to determine whether the plants or the traditional knowledge and
practices have become rare or lost.

Several studies have been directed to characterize the microbial communities associ-
ated with some TMFB [47–50], their possible benefits to human health [47–50], and their
biotechnological and functional applications as the probiotic activity or the production of
antimicrobial activity [47–50]. However, to our knowledge, none of them have been under
detailed clinical trials to corroborate their benefits for human health [47–50] However,
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few studies have been directed to characterize the rich legacy and diversity of fermented
beverages as biocultural reservoirs of diversity of organisms and the variety of practices to
elaborate a culturally accepted product.

The characterization of microbial communities of Mexican fermented products has
been commonly performed by culture-dependent approaches. Early classifications of prod-
ucts were conducted based on the physiological and biochemical criteria and microscopic
inspection [51]. Nowadays, molecular markers such as 16S and ITS have been used to
accurately characterize pure strains of bacteria and fungi. Nevertheless, the scope for such
approaches is limited, time-consuming, and the results might dismiss the identification of
uncultivable microorganisms. Culture-independent approaches have been used in other
studies; for instance, denaturing gradient gel electrophoresis (DGGE) has been used to
characterize the microbial communities of TMFB such as mescal [47,48], pulque [54], and
pozol [55]. Although culture-independent techniques give insights of the composition of
microbial communities, these are also time-consuming and do not provide information on
rare species.

More recently, some studies have used high throughput sequencing (HTS) techniques,
such as Illumina MiSeq paired-end sequencing of barcoded polymerase chain reaction
(PCR) amplicons, but these studies are still scarce in TMFB. However, studies with shotgun
metagenomics have recently been conducted to characterize and infer the dynamics of
microbial communities of pulque [56,57], atole agrio [58], and tuba [59]. A few studies
have been performed under a polyphasic approach but most of these studies have been
used to characterize the bacterial communities, while fungal communities have not been
deeply studied. The study of microbial communities in fermented products is crucial since
it allows for monitoring the processes and practices and gives insights of the distinctive
autochthonous peculiarities of a product. Microbial diversity is a determinant for under-
standing the chemistry and nutritional properties for health, yield, and quality of the plant
substrates employed for fermentation [60].

This review started with the assumption that the TMFB are the outcome of the synthe-
sis of the vast biological and cultural diversity. In particular, we expected to identify a high
diversity of TMFB, which is related to the similarly high cultural diversity represented by
the number of Indigenous groups that are distributed throughout the different regions
and ecosystems of Mexico. We expected that those more widely distributed and more
studied groups from ethnobiological perspectives (the Nahua, Maya, Mixtec, and Zapotec
in central and southern Mexico, as well as the Rarámuri, Seri, Pápago, or O’odham and
the Tepehuan in northern Mexico [61]) are also those with more records of TMFB. The
processes of cultural erosion have been documented in different regions, which have led to
the loss of traditional cultural elements; we supposed these include TMFB. However, it is
relevant to identify which ones and how much are endangered because of their decreasing
availability or consumption. We, in addition, expected that those beverages based on
substrates with a broader distribution and higher rooting would be the most frequent and
more studied. Finally, we expected to identify a core of components of microbial communi-
ties in the diverse beverages since most of the TMFB pass through a lactic and alcoholic
fermentation stage. The aims of this review are therefore to: (1) Characterize the diversity
of the TMFB to provide an overview of the research on fermented beverages, the cultural
groups that produce them, the plant substrates used, and the microorganisms identified;
(2) visualize the spatial distribution of these beverages in the country; (3) identify their
presence or absence in the foodscape and the status of conservation policies promoted by
the Mexican authorities; and (4) identify the main trends of studies conducted on TMFB
and the topics that are needed for a research agenda towards sustainable use of traditional
ferments of Mexico. We emphasize the importance of the fermented beverages as reservoirs
of biological diversity, and their relevance as Mexican biocultural heritage conferring identity
to cultural groups as unique and diverse foodscapes. We, in addition, aspire to provide helpful
information for designing strategies for conserving and recovering such a valuable heritage.
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2. Materials and Methods
2.1. Literature Review

We conducted a search of peer-reviewed literature in Scopus, Google Scholar, Google,
and the Web of Science databases to visualize the current state of research on TMFB. In
addition, since numerous studies are not covered in these databases, we reviewed local
journals, technical reports, books, and Ph.D. theses from regional universities of Mexico to
complement the information. We also consulted references from gastronomic literature and
governmental sources information. Through this search, we identified 328 peer-reviewed
articles plus 197 other references related with TMFB. A search of peer-reviewed literature
was performed with the following keywords: Mexican fermented beverages, traditional
fermented beverages, tepache, pulque, mescal, colonche, jobo or hobo, colonche, nawait,
pozol, tejuino, tesgüino, piznate, taberna, cocoyol, tuba, Mexican palm wine, balché,
xtabentún. As these names are mainly in Spanish, we used the Boolean operators OR and
AND. For example, in the Web of Science, the following search string was used: “Agave”
AND “fermentation”, “tradicional” AND “bebidas”, “traditional” OR “ancestral” to im-
prove the research parameters. We extended the search in local databases using keywords
such as Mexican fermented beverages, bebidas fermentadas mexicanas, fermented bever-
ages in Mexico, bebidas fermentadas en México, fermented products in Mexico, productos
fermentados en México, tepache, pulque, colonche, hobo, Mexican wines, vinos mexi-
canos, colonche, nawait, pozol, sidra, tejuino, tesgüino, taberna, cocoyol, tuba, Mexican
palm wine, and balché.

Most of the beverages recorded are wine-like beverages produced by the fermentation
of several fruit species; however, we found numerous cases in which the producers use to
add sugar cane alcohol or spirit beverages to confer specific flavors, and these beverages
were not considered in our analysis. We found different names for beverages produced
with pulque mixed with several fruits known as pulques curados; in this case, we only
considered the name pulque for all of these beverages. In a broad sense, in this review, we
only considered the main substrates for fermentation and secondary substrates employed
during the fermentation process.

To characterize the current state of research on TMFB, the information of the title and
the abstract of each article were used as inputs in the software VOSviewer 1.6.15 [62,63]. The
construction and visualization of the resulting conceptual networks were performed with
the full counting method with at least three occurrences of a term, and a consideration of
60% of relevance. The layout attraction and layout repulsion parameters were scored 1 and
0, respectively, the distance between nodes represents the connectivity among concepts,
and the nodes size represents the number of mentions of the concept. The clustering
resolution and minimum cluster size parameters were set to 1.25 and 5, respectively.

The information from this search was systematically stored in a database using Access
with the following fields: (1) Fermented product name; (2) plant substrates (both scien-
tific and local names; (3) microorganisms (both bacteria and yeasts, and the techniques
employed to identify them, e.g., culture-dependent or culture-independent); (4) ethnic
groups producing and using the beverage (the dosage of consumption, related customs,
and rituals; whether it is still consumed or extinct); (5) sensorial features associated to
beverages (sensorial attributes reported as sweet, acid, etc.); and (6) medicinal (if it has been
reported to improve human health). Searches in the databases considered studies from
1960 to August 2020. In addition, to document the conservation policies over biological
resources and traditional knowledge, we searched in governmental agencies databases.

2.2. Map Construction

A map was constructed to visualize the documented distribution of fermented bever-
ages based on the data collected in the literature; the area of the municipalities identified
was considered as the documented distribution area. Another map was constructed based
on the estimated distribution regions proposed by Bruman [53]. In addition, to visualize
the distribution of TMFB documented and that of the cultural groups, we considered the
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distribution of the Indigenous languages of Mexico reported by the Comisión Nacional
para el Conocimiento y Uso de la Biodiversidad (CONABIO) [64]. The map design and
analysis were made with the Qgis free software [65]. Finally, a map was constructed with
the overlapped data of the documented distribution and Bruman’s proposal to visualize a
potential area of distribution of the TMFB and the gaps that have not been documented.

2.3. Network Analysis

To visualize the uniqueness, diversity, and interaction of the substrates employed
to produce fermented beverages, and the co-occurrence of specialist or generalist species
in microbial communities, we performed an exploration through the bipartite network
approach. The network’s theory offers powerful tools to describe complex communities and
the distribution of species specificity within them. Moreover, this approach was performed
with the microorganisms identified in the literature to each traditional fermented beverage.
The data from the network structure were used as descriptors of diversity and uniqueness.
The analysis was performed through the Rstudio software [66] with the igraph package [67].

3. Results
3.1. Traditional Mexican Fermented Beverages

Based on a previous review performed by Godoy and collaborators [51], 66 types of
fermented beverages were registered. Nevertheless, most of them are beverages prepared
with pulque whose main substrate is the fermented sap from Agave plants and the addition
of fruits of native and introduced plant species. By the current review, we identified 16
names for traditional fermented beverages produced from several substrates such as seeds,
stems, fruits, tree barks, fruit pulps, and sap. Stems are the dominant substrates used for
preparing traditional fermented beverages. We identified 140 plant species used as main
substrates for fermentation or as promoters of fermentation.

Through the peer-reviewed literature, we identified 10 traditional fermented beverages
and we extended the number of studies based on the information from theses and the local
literature, from which we identified 6 additional beverages; therefore, we documented a
total of 16 fermented beverages. The most studied beverages are mescal, pulque, tejuino,
pozol, chorote, colonche, saká, sendechó, balché, atole agrio, pox, sambudia, tesgüino,
tepache, tuba, and taberna (Table 1).

Since we did not find recent studies on other beverages, we cannot confirm what is their
actual status of production and distribution. Clearly, further field studies should be directed
to document what is currently happening with these beverages. It can be visualized that
the current research tendency is markedly directed towards the beverages grouped into the
category of Agave spirits or Agave distillates referred to in this study as mescal, compared with
the rest of the traditional fermented beverages in peer-reviewed literature.

The current state of research in peer-reviewed articles on TMFB can be visualized
in the network of Figure 1, which displays nine conceptual clusters that highlight the
main topics related to the beverages. Cluster (1) (in red) is related to the application,
evaluation, and sensory properties of the fermented products. This cluster resembles
the classical biotechnological approach from the early 1990s, most of the research being
directed to improve the sensory properties of mescal. It also includes new trends related to
the application of defined starter cultures. Cluster (2) (in green) is the mescal cluster, in
which Agave potatorum appears as the most studied species, and Saccharomyces cerevisiae as
the most commonly characterized microorganism. This cluster highlights the economic
importance of mescal production, and the interest in improving the fermentation profile
using several S. cerevisiae strains. Cluster (3), the yeast cluster (in blue), emphasizes the use
of non-Saccharomyces yeast species to improve the aroma profile and optimize the ethanol
production in mescal. Cluster (4) is the pathogens cluster (in olive) and refers to the effects
of pathogens such as Scyphophorus acupunctatus, which mainly affect the Agave groups,
decreasing the production of beverages related to these plants. Cluster (5) is the Agave
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salmiana cluster (in purple), which is mainly related to the influence of environmental
factors in the development of plants and the fermentation process.

Figure 1. Clusters representing different research topics reported in the literature. The red cluster • is related to biotechnolog-
ical applications in traditional fermented beverages; the green cluster • represents studies related to the mescal production;
the blue cluster • are those on the application of yeasts through the production of traditional fermented beverages; the olive
cluster • includes studies on pathogens affecting the development of Agave; the purple cluster • comprises the research on
environmental factors influencing the fermentation process; the light blue cluster • are studies on management practices
of Agave and sap extraction; the orange cluster • indicates the reports on the presence of traditional fermented beverages
in central Mexico, mainly pulque and mescal; the brown cluster • shows the research that has been directed to maize
beverages and the possible probiotic features associated with this microbiota; the pink cluster• shows the importance of
cultural groups of related to production of fermented beverages, but it is only related with mescal production.

The following clusters are related to the most traditional beverages and human groups
related to them: Cluster (6), the management cluster (in light blue), groups the management
practices on Agave species, mainly those involved in the production of pulque and the
implications of management of agaves for sap extraction. Cluster (7), the one of traditional
fermented beverages (in orange), features the less common traditional fermented beverages
prepared in central Mexico, those with Agave species such as pulque or mescal that occur
mainly in central Mexico. Cluster (8), the maize group (in brown), mainly accounts for
research directed to isolate and characterize the bacteria and yeasts associated to possible
probiotic attributes in tejuino and pozol. Cluster (9), the cultural cluster (in light purple),
groups studies related to traditions and tourism, mainly in the state of Oaxaca. It can be
highlighted that this cluster is also related to mescal production.
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The network shows that most of the current research is directed to study the mescal
production process and its optimization. This is not surprising because of the national and
international rising market boom of mescal. However, it is lower than research on tequila,
which is the fourth largest export product of Mexico [142]. After mescal, pulque is the
most studied beverage, particularly biotechnological and management aspects involved in
its production.

3.2. Current State of the Conceptual Overview

The main microorganism referred to in the studies is S. cerevisiae, which is a common
species in fermented products around the world and it is frequently found in alcoholic
beverages. Surprisingly, it is possible to see in the network that the non-Saccharomyces
species form a node; this is a trend around several industrialized beverages, such as
beer [70], wine [143], and recently in cocoa fermentation [144], which looks for flavors and
aromas in the final products. Research has been directed to characterize bacteria in the
traditional fermented beverages, mainly because most of these beverages pass through
a lactic fermentation stage, but perhaps the most common purpose is the isolation and
evaluation of these bacteria to improve human health [145].

Two major trends can be identified in the current research on traditional fermented
beverages in Mexico. The first one includes biotechnological approaches, which could
be visualized in the first three clusters referred to above, which is related to the world-
wide interest of the dairy industry to promote products with probiotic and prebiotic
compounds [146]. This topic has been constitutively addressed in numerous research
centers for several beverages around the world [147]. In the markets, there is an increasing
demand for functional dairy products and healthy food [148,149] that pushes this major
trend, which is reinforced by the search for options to improve nutrition in developing
countries by using biotechnology [87,150]. In Mexico, this trend is clear in fermented
beverages such as pozol, pulque, tepache and tejuino, whose microbiota and potential
benefits to health have been majorly characterized.

The second research trend is related to the Agave beverages such as pulque and
mescal, but also beverages such as pozol, which entails biotechnological approaches and
the traditional management of sources of substrates, particularly Agave species. The rising
market of mescal appears to be leading this trend, while in the case of pulque, the possible
food functionalities appear to be the main drivers of the current research programs. It
is possible to see the great cultural node related to mescal production, but few studies
focused on the cultural groups in other beverages.

There is a huge gap in the research agendas on traditional fermented beverages. It
is notorious the major interest that Agave products have but almost null on the rest of the
traditional fermented beverages. As mentioned, there is high interest in biotechnological
research programs specially to explore the central region of Mexico, which could be seen in
Figure 4A. The remaining beverages are not only marginalized in markets, but also in the
scientific agendas. Greater efforts to maintain them should be performed.

3.3. Plant Diversity Used in Mexican Traditional Fermented Beverages

We identified 143 plant species used as main and secondary substrates for fermenta-
tion, as promoters of the fermentations process, and as additives to improve the shelf life
or flavor (see Table S1). The network analysis reported a low connectance, a low number of
links between the species and beverages analyzed, which elucidates the high specialization
of ingredients, preparation, and assemblages of the beverages as can be seen in Figure 2, in
which the clusters are relatively distant from each other (see also Table 2). This pattern is
corroborated with the low niche overlap and the mean of shared partners in the network.
The latter value also explains the low number of generalist species involved in the network;
species such as Z. mays (Z), A. salmiana (A), S. officinarum (S), and Cinnamomum verum (C)
can be seen involved in the production of different fermented beverages. S. officinarum is a
species frequently employed to strengthen fermentation as it is used as an external supply
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of sugars, commonly added as processed brown sugar. C. verum is used to add different
flavors to the final product but not during the fermentation process. Cinnamon has been
recorded to have antimicrobial and pathogens inhibitors properties, but it has not been
reported on its use to avoid spoilage. Sugarcane and cinnamon are non-native species from
Mexico but are strongly integrated into the traditional fermented beverages production as
enhancers or additives.

Figure 2. Network of substrates. Capital letters in the grey circles represent the TMFB, the size
of circles and letters are related to the number of substrates employed; the letters without circles
represent the species employed in fermentation, their size represents the number of uses in different
fermented beverages. The M and P clusters are related to the substrates used for preparing mescal and
pulque, respectively; the A represents the Agave species employed. The A in the middle of pulque
and mescal cluster represents shared species, while in the external position represents exclusive
agave species. The C circle is the colonche production, it is prepared with several cacti fruits, and
shares A. salmiana for its production as other beverages in which the A is in the center of the network.
The centered cluster is related to maize produced beverages (pozol, tesgüino, tejuino, atole, chorote,
saká) in which Z. mays (Z in the middle) is the core substrate for these fermented beverages. The B
cluster is the balché group, in which L letters refer to Lonchocarpus spp.; the T cluster is related to
beverages prepared mainly by the fermentation of palm sap such as taberna and tuba. Species and
beverages are listed in the Table S1. Illustration credits to Rosa Jeannine Xochicale Solís.
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Table 2. Network values for plant substrates and microorganisms.

Network Connectance Links per
Species Niche Overlap Mean of Shared

Partners

Plant substrates 0.085 1.29 0.20 0.31
Microorganisms 0.23 1.75 0.99 7.21

The network of substrates of the traditional fermented beverages of Mexico is diverse
(S = 5.21), with a minimal connectance, which indicates the uniqueness of most of the
beverages with a high specificity in the substrates. The documentation and protection of
those unique substrates should be attended to maintain and guarantee their production.
The network allows for visualizing that maize is the most generalist substrate, which is not
strange since maize is a keystone of the Mexican food systems and cultures and is prepared
in great diverse ways.

3.3.1. Cluster of Maize Beverages

Eight TMFB involve the use of maize as a main or secondary substrate, most of them
are prepared with maize grains, including: atole agrio, saká, tejuino, tesgüino, sendechó,
chorote, and pozol. Pox was usually prepared with maize stems as the main substrate,
but sugarcane stem is more commonly used now. For processing most of these products,
people employ specific races of maize; we identified 21 races used to produce them, and
the beverages receive different names according to the maize race and locality where they
are produced. Beverages produced with maize have a deeply and strong relationship
with ethnic groups. Through this review, we identified that maize beverages are the most
consumed by 21 cultural groups of Mexico.

Tesgüino is produced and consumed mainly by the Rarámuri or Tarahumara people
and other cultural groups such as the Yaqui and the Wixarika, who live in northern
Mexico [46–49,87–90]. This beverage is commonly mentioned as the Mexican beer or maize
beer, and locally named batári by the Tarahumara. It is consumed for several cultural
purposes related to celebrations such as weddings, funerals, rituals associated to practices
of the agricultural cycle, baptisms, and for maintaining the cohesion of the communities
in the celebrations called tesgüinadas [90]. It is a beverage mainly elaborated by women
by fermenting sprouted maize kernels. About five days after germination, kernels are
grounded and boiled for approximately 12 h, then cooled, and the mass obtained is placed
in a container known as tesgüinera where fermentation takes place. It is a spontaneous
fermentation where producers commonly add leaves and other parts of local weeds and
trees such as Stevia serrata, Chimaphila maculata, Datura meteloides, Hamaemelum nobile, and
Cojoba arborea, all of them identified with local names [90–92]. Usnea dillenius, a lichen, is
used as a catalyst [90].

It is commonly assumed that tejuino and tesgüino are the same beverage since the
fermentation core substrate in both cases is the grounded kernels of maize (a dough);
however, the process, the plant species, and the varieties added, locations, and the cultural
groups are different. Tejuino is a TMFB prepared with the dough of one variety of maize
and the addition of brown sugar. It is mostly consumed in the states of Colima and Jalisco
by mestizo people, and non-special containers are used for fermentation. The atole agrio is
a similar beverage. It is the fermentation of maize dough, and no sugar is added. It has
been recorded in southern Mexico and its consumption involves the use of different local
races of maize among the localities.

Pozol and saká, are non-alcoholic fermented beverages from the Mayan region, pre-
pared with dry corn kernels, boiled with calcareous stones and then grinded into a dough.
This is a process of nixtamalization that confers a particular consistency and flavor to
the dough and adds nutrients such as calcium oxide and others that become bioavail-
able [54,81,151]. This maize dough can be prepared with several maize races available in
the region. For both beverages, the process is clearly similar, but pozol is more common
among the mestizo communities and saká is associated to Indigenous communities in
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religious contexts. For its production, maize dough is stored into small balls in banana
leaves until fermentation, a process that varies depending on the environmental conditions
and the producers’ preferences. The dough balls are dissolved in water and consumed as a
daily beverage [54,81–83,91,92,151]. In different locations, pozol dough can be mixed with
batata, toasted cocoa, coconut, cinnamon, or vanilla [72–76]. These beverages are consid-
ered a source of nutrients and an essential food in southern Mexico, where its consumption
is associated with traditional ceremonies, or consumed as a daily drink. It is also consumed
as remedy for gastrointestinal illnesses in some localities [54,76–79].

Sendechó is a beverage that can be prepared with several maize races (five reported),
depending on the producers’ preferences, so its final color might vary from light red to
purple, light yellow, white, and black. Through the germinating grains step, Buddleja
americana is mixed with the grains [48,49]. Pulque, called ixquini in the region, is added as
a starter inoculum [137,138]. The production process is similar to those maize beverages
mentioned above; sprouted maize grains are ground, in this step chili peppers could be
added [138], and then a maize dough is boiled with water, it is filtered with a cloth, and
then spilled in a clay pot where Agave sap or fermented sap can be added as a starter of
fermentation. It is produced in areas close to Mexico City and is still consumed by the
Mazahua, Otomi, and mestizo groups for several cultural purposes.

3.3.2. Cluster of Agave Beverages

The cluster of Agave beverages is a highly diverse group, with 68 agave species
involved in the fermentation of pulque and mescal as the main substrate to produce
both beverages. The fermented sap of A. salmiana is the most frequently employed to
produce pulque and it is also added as an inoculum to other beverages. Although Agave
is a diverse group, we recorded low connectivity among its components, which suggests
unique fermented products. Since species and varieties of Agave are not explicitly recorded
in some studies, we might be underestimating their distinctiveness; there are several local
names for the local varieties, suggesting high variation, but unfortunately, their taxonomic
identity has been insufficiently studied and indicated.

Mescal appears to be the predominant beverage of Agave throughout the Mexican
territory. It is in fact the beverage that employs a major number of species to get a final
product, most of them are locally distributed and different species are often mixed to
produce a unique sensorial profile. We consider mescal as a TMFB because most of
the species employed for its production are endemic to Mexico, and most of them wild
but some have gone through a domestication process or are under different levels of
domestication by people of this country. Moreover, because these products are locally
and/or regionally produced, their production is mostly unique for each producer, are part
of the local gastronomic heritage, and include local and foreign technologies as mentioned
before [45–48]. This group is highly variable in the production process among regions
and producers, using different substrates, fermentative spaces, types of containers, and
fermentation techniques. In fact, local names for mescal spirits are diverse and depend
mostly on the region and substrate employed. The basic fermentative substrates are the
cooked Agave stems and foliar bases whose products are then distilled; however, the species
used are numerous and variable among the regions.

As mentioned, we did not consider other plant or animal products that are often
mixed with pulque consumption which are generally called pulques curados [93–95]. We
did not consider them because the main substrate is the fermented agave sap and fruits
are added after pulque is produced. Moreover, we did not consider the species that are
used as tools, such as Lagenaria siceraria, to store or transport the sap of Agave species.
However, the number of Agave species employed as main substrates for pulque production
(42 species) is high. Pulque results from the fermentation of Agave sap, and it has been
recorded as spontaneous fermentation [91,92], but also as the product of using inoculums,
which have been characterized in different regions [23,93–96]. Pulque preparation starts
with the collection of the agave sap called aguamiel directly from the agave stem, which is
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mostly performed under non-sterile conditions [95,96]. The fermentation process varies
depending on the agave species, the quality of the sap, the region, and other factors. There
is not one single type of pulque because of the plethora of practices, species, and conditions
for its production. These practices might change the fermentation process in time, the
assemblages of yeasts and bacteria, and the final sensorial attributes.

Pulque has been used historically for festivities, ceremonies, agricultural rituals,
births, and funerals [93]. There is a specific regulatory system for pulque in Mexican law
(NMX-V-022.1972), which defines quality standards and sensorial attributes. In addition to
the health benefits of pulque or its biotechnological applications, the diversity of plants
employed and the practices performed reflect a historical know-how developed by humans
in interaction with their local environments. However, this production system has been
marginalized.

3.3.3. Cluster of Cacti Beverages

Colonche is a traditional fermented beverage that can be prepared with fruits of at
least 17 cacti species. Colonche is the common name of this beverage in the region of the
Altiplano central region of Mexico, where it is mainly prepared with several Opuntia species,
although the most common and preferred by the producers and consumers is that prepared
with O. streptacantha [22,50]. Nawait is another common name for a fermented beverage
mainly produced by the fermentation of Carnegiea gigantea fruits, whose distribution covers
the Sonoran Desert in northern Mexico and the southwestern U.S.A. [52]. In this region, a
colonche-like beverage is also prepared with Pachycereus pringlei. In the Tehuacán-Cuicatlán
Valley in south-central Mexico, colonche is known as nochoctli or pulque rojo. There, the
fruits of several cacti are employed to produce this fermented beverage, the most common
are those of Pachycereus weberi, Escontria chiotilla, and Stenocereus spp. This beverage is
produced in different seasons depending on the availability of the substrates. For instance,
in south-central Mexico, colonche is produced in April–May and in August–September,
when fruits of the different species of columnar cacti and Opuntia used to produce it are
available. The production and fermentations practices of colonche are variable in the
different regions [22]. In most regions, fermentation occurs spontaneously; nonetheless,
inoculums are employed by some producers by the addition of pulque from A. salmiana or
by using inoculums from previous fermentations of cacti fruits. Most of the fermentations
occur in clay pots continually used and that have been maintained by several generations
of the managers [22].

3.3.4. Cluster of Palm Beverages

The beverages tuba and taberna form the palm cluster. These are prepared by the
fermentation of the sap extracted from different palm trees, similarly as it is carried out
with other palm wines consumed around the world, such as legmi in Africa, or kallu in
southern India, as well as several Asian palm wines [98,99]. The main differences of these
beverages are the palm species and the palm parts from which sap is obtained [99,100].
These beverages were adopted in Mexico by the Philippine influence during the Spanish
colonial period and are currently produced in the Pacific coastal zones of Mexico. The
species used for producing taberna is Acrocomia aculeata known as coyol, and it is produced
in localities of the southern state of Chiapas [100,139–141,152–155]. The production occurs
by the deliberate cut of the shoot apical meristem of the palm tree, then by making a cavity
where sap is accumulated and fermented. The cavity is covered to avoid contamination
by insects and then the sap is collected and consumed fresh. Sap for preparing tuba is
obtained from the inflorescences of Cocos nucifera, which is collected and then stored in
plastic containers, although the iconic containers are those manufactured with L. siceraria
fruits, which are called bules [98–100,139–141,152–155].
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3.3.5. Balché Cluster Beverages

Balché is an exceptionally important TMFB since it is the sacred drink for the Mayan,
consumed in several ceremonies. It is the result of the fermentation of bark from several
Lonchocarpus species, among them L. punctatus or L. violaceus, and L. longistylus, which is
mixed with honey (either from Apis mellifera or melliponini bees). It has a particular pink
color and sweet taste, and has been consumed since pre-Hispanic times [84,128–132]. To
produce this beverage, some producers boil the bark of the tree to remove the compounds
that confer a bitter flavor, thus the bark releases its characteristic color and fragrance. Then,
it is dried to later be boiled with virgin water, which is collected from cenotes or rivers.
After that, the bark, honey, and water are mixed and fermented spontaneously in a hole
made inside a tree; later, the hole is sealed with banana or palm leaves for two or three
days. Hitherto, S. cerevisiae has been the only microorganism recorded in the fermentation
of this beverage [133], but more studies are clearly needed.

3.3.6. The Cluster of Tepache and Sambudia

Tepache can be prepared with at least 10 plant species as a substrate. Nowadays, in
central Mexico the most common substrate is pineapple (Ananas comosus), but its etymology
in the Náhuatl language derives from tepitl, a beverage made with maize in the past and
in few localities [49,50], which suggests that this beverage is a derivation from an ancient
maize beverage. In western Mexico, tepache is also produced by the fermentation of other
fruits that belong to the Bromeliaceae family, such as Bromelia karatas, known as tumbiriche
or timbiriche. It can also be prepared with fruits of plants introduced into Mexico such as
apple, orange, and guava [117,118]. In the case of tepache prepared with pineapple, the
process starts by peeling the infrutescences and adding the rind into a wooden container
known as tepacheras, then brown sugar is added. It is a spontaneous fermentation where
the microbiota is mainly associated with the sorosis epidermis [49,50]. Production of
tepache with other fruits can be fermented in plastic containers; this beverage is commonly
homemade, and its quality varies from kitchen to kitchen.

Sambudia is a beverage prepared with several substrates, including maize, rice, and
barley. Sambudia is the name used for different beverages produced in the state of Mexico;
a first way to produce it is using pineapple peel as a substrate [50,134–136] through a
process similar to that of tepache. A second way to prepare it is with ground grains of rice,
or barley; in this case, cinnamon, cloves, pepper, roasted and ground maize leaves, and
pulque are added in a container; brown sugar is added to sweeten the mixed elements and
the mixture is fermented for at least one day [136]. Moreover, it can be prepared with the
fermentation of B. karatas fruits by adding pineapple peel, maize leaf, and ground maize.
Fermentation occurs by inoculating the remnants of past fermentations in the containers,
which are clay pots called sambudieras [134].

3.4. Traditional Fermented Beverages as Dynamic Systems: The Addition of New Substrates

The historical records indicate that practices and techniques for manufacturing fer-
mented foods evolved independently in every hemisphere and were developed based on
the resources available in the local environments [12]. In Mexico, the fermented beverages,
practices, and techniques are applied on the three main groups of substrates referred to
above. However, the inclusion of foreign species or technologies to diversify the diet are
not an exception in the Mexican cuisine. Therefore, rather than cultural erosion, the contact
with new species, ingredients, and techniques of the Old World appears to have enriched
the Mexican fermented beverages. These historical processes support a diversification
hypothesis [101].

As humans migrated from region to region, food cultures and production practices
moved as well [12,101–105]. Although the most common plants used as main substrates to
produce fermented beverages are maize, agaves, and columnar cacti, the inclusion of new
species replaced some substrates. A clear example is the traditional fermented beverage
pox prepared with the stems of Z. mays nowadays, mainly prepared with S. officinarum
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stems [53], but also the several beverages with added brown sugar from this crop originat-
ing in Southeast Asia [106]. C. verum, also originated in Asia [107–109], is commonly used
as an additive to flavor several Mexican beverages.

The fermentation of numerous palms sap is common in countries of Asia and
Africa [96,98–111] and, in Mexico, taberna and tuba are examples of the adoption of
new technologies and instruments, including distillers for the Philippine coconut spirits
distillation technique [112–114]. Nowadays, there is a debate about possible pre-Columbian
distillation, but the fact is that the Philippine distillation technique is commonly used in
several localities for producing mescal and other beverages [115].

3.5. Traditional Knowledge and Microbial Communities in Fermented Beverages: How Do
Traditional Fermenters Promote Microbial Reservoirs and Microbial Diversity

The most common practice to promote fermentation worldwide is the inoculation of a
substrate with starter cultures. For instance, in Korea, soy sauce is prepared using meju
(solely fermented soybeans), whereas in Japan and China it is prepared using koji (a fer-
mented mixture of soybeans, wheat flour, and wheat) [156]. Similar examples exist around
the world and, recently, the use and characterization of starter cultures has been a main
trend of research that could be used to improve fermentations and prevent the possible risk
of spoilage [157–159]. This is, for instance, the case of traditional and industrial production
of wines [160–164]. However, there are still few studies identifying and characterizing
traditional starter cultures for traditional products in Mexico.

Through this review, we identified names such as tibicos, castaña, xinaiste, jinaiste,
zinaiste, el pie, el pie de pulque, asiento, ixquini, semilla, xaxtle, and nancle among
the most frequent names that fermenters give to those mixed starter cultures for tradi-
tional fermented beverages. The study and characterization of these microbial commu-
nities have only been scarcely covered in studies of beverages such as mescal [97,165],
pulque [61,166,167], and recently in atole agrio [21]. This technique has been used for
years and the methods to prepare them should be considered in further studies.

A commonly accepted assumption in traditional fermented products is that spon-
taneous fermentations have inconsistent or heterogeneous quality outcomes. However,
fermentation managers procure to simplify the diversity of the environmental conditions
and practices to decrease such heterogeneity. The practice of selecting fermentative environ-
ments or controlled facilities is common; for instance, people procure fermenting inside the
house or special areas to control the external environmental heterogeneity in light incidence,
temperature, external contaminants, or pathogens. Moreover, there is a cultural selection
of the person who performs the fermentation and the substrate’s quality [22,23,97,163,164].
A commonly overlooked aspect is how the microbial communities of starters are selected,
prepared, conceived, stored, and used by local fermenters looking for the most favorable
composition to improve the quality of their final products. Documenting such a process
would give insights about how these communities of microorganisms are managed.

The interrelationships between the native microbial strains, substrates, techniques,
tools, and fermentative environments of TMFB have been little studied. We identified
studies that characterized the clay pots or tinas de fermentación for pulque [164] and
tesgüino [85]. In fact, for tesgüino clay pots, fermenters use the specific name of tesgüineras
and if the clay pot is broken, the pieces are trembled inside a new one, thus maintaining the
microbiota from the old one. Nevertheless, few studies have attended to the importance of
these containers as reservoirs of microbiota and their relevance in the fermentation process.

How Diverse Are the Inconspicuous Microbial Environments?

As mentioned, most studies on microbial environments in fermented beverages have
been conducted with culture-dependent methods, isolating the most common microor-
ganisms, among them S. cerevisiae, as the main microorganism responsible for alcoholic
fermentation. These are invariably present in mescal and pulque. Nevertheless, for maize
fermented beverages, the isolation and characterization of microorganisms have been
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directed to bacteria to characterize the possible probiotic functions of lactic acid bacteria
(LAB) and, more recently, their function as a source of nitrogen fixation bacteria [163].

We found that only 10 beverages have been studied to characterize their microorgan-
ism communities, identifying 255 species of microorganisms. Pozol (Poz), pulque (Pul),
and mescal (Mes) are the beverages with more species recorded (Table S2). This could
be partially explained because a larger number of studies have been carried out on these
beverages as also shown in the conceptual network (Figure 2). The network analysis reveals
low connectivity that may be explained because there is high specificity in microorganisms
in some of the beverages (Figure 3). In addition, it shows numerous links per species since
genera such as Lactobacillus (Lac), Bacillus (Bac), and Saccharomyces (Sac) are shared among
most groups of beverages. The network values are shown in Table 2.

Figure 3. Network of microorganisms. Grey circles represent the names of the TMFB, Tep is for tepache, Col is for colonche,
Mes is mescal, Ato for atole agrío, Pul for pulque, Tub for tuba, and Tej for tejuino. The size of the letters represents the
number of microorganisms recorded for each beverage. The letters in the middle represent the microorganisms that are
shared commonly in the studied beverages. Saccharomyces (Sac), Lactobacillus (Lac), and Candida (Can), among others, are
common shared microorganisms. Mescal, pulque, and pozol are the most studied beverages in which a major group of
microorganisms has been recorded. Colonche displays the lowest connectivity due to the few studies on this beverage. The
genera of microorganisms and the names of beverages are displayed in the Table S2.

Through the nested analysis, we can see that mescal, pulque, atole agrio, and pozol
are the beverages with the highest number of microorganism species identified, while
colonche is the beverage with fewer genera identified. In general, six modules of mi-
croorganisms in TMFB were detected: (1) mescal; (2) pulque; (3) atole agrio; (4) pozol;
(5) colonche, and (6) palm and tepache. This analysis shows that 99 species occur in the
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most studied fermented beverages, which might be the generalist core of microorganisms
intervening in these fermented products. Interestingly, with this analysis, we identified that
pozol has 24, mescal 23, pulque 22, atole agrio 10, and colonche 2 genera with low shared
similarities with other beverages, and those could be specialist genera in each traditional
beverage. Nevertheless, as the production practices and substrates vary for each event of
production and ferment type, further analyses are needed for more precise information.

Forthcoming technologies such as CRISPR/cas9 [167–174] or the improvement of
specific strains [115,156] could play important roles to improve these products as it has
happened with yeast from S. cerevisiae in the fermentation of several products [172,173].
Nevertheless, careful studies should be performed about how and when these microor-
ganisms are or can be intentionally used in these beverages because there is not a clear
panorama about the ecological implications of using these microorganisms in replacing
local native microbiota.

3.6. Uses of Fermented Beverages by Human Cultural Groups and Future Directions

Mestizo people produce and consume most of the TMFB, mainly those prepared with
maize and agave as the main substrates. This could be explained because mestizo people
are the most numerous in Mexican society and have recovered Indigenous traditions;
also, because maize plays the key role in Mexican gastronomy, it is widespread, and
fundamental in the local communities’ nutrition [175,176]. These facts also explain that
maize is the most generalist substrate of TMFB and the key role of these beverages in social
cohesion, festivities, and ceremonies, such as tesgüinadas [177,178]. Likewise, many of the
TMFB that have been recorded are used as medicine to prevent diarrhea, reduce infections,
constipation, and, in general, to improve health. These beverages are currently part of daily
life food, refreshing beverages during the working hours, and part of local ceremonies.

Indigenous cultural groups are interested in looking forward and renewing their
connections with their lands and cultural heritage and recovering their traditional foodways
to regain cultural strength and personal and community health [30,179]. This could be
visualized in numerous forms of research that have identified how communitarian leaders
and elders have encouraged youth to learn about harvesting and how to prepare their
traditional foods around the world. Combining knowledge from different sources and
epistemic systems is necessary to understand the diversity within and across ecological,
social, and cultural systems, which are important factors underpinning conservation and
natural resource management strategies [179–181]. This should be a particular concern in
the case of traditional fermented beverages around the world, not only in Mexico.

It is important to highlight the marked level of segregation of the Mexican Indigenous
people, which has been verified by numerous anthropological and socio-demographic
studies based on synthetic demographic and poverty indexes [182–185]. Figure 4C shows
a clear correspondence of TMFB with cultural groups. Most of them correspond to the
mestizo group in the central region of Mexico. It should be considered that Indigenous
people are not a homogeneous sector. The censuses of the Mexican population report
gradients from monolingual to bilingual speakers [185], and numerous studies show that
most Mexican people have extraordinary mixtures of Indigenous and non-Indigenous
cultural aspects. However, it is generally recognized that Indigenous people are one of
the sectors living in extreme poverty with no access to education and health services. The
lack of monetary income and household goods and social marginality are factors eroding
Indigenous cultures, pushing people to migrate from their original areas to cities, where
Indigenous languages and culture are often discriminated [185]. This process endangers
the maintenance of general culture and the transmission of the traditional knowledge on
the production of fermented beverages.
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Figure 4. Maps of distribution of TMFB: (A) documented distribution of the TMFB; labels are
indicated in the low right rectangle; (B) distribution proposed by Bruman; (C) distribution of TMFB
according to the current review and cultural groups grouped by language.

Efforts should be directed to characterize and document aspects of TMFB, such as
their uniqueness, human cultural specificity, their heritage status, the dietary patterns,
their role in cultural identity, practices in the agricultural production of raw materials
for fermentation, dishes and gastronomic innovation, preparation techniques, recipes,
food traditions, symbolic dimensions, and material aspects such as utensils and dishware,
among other biocultural topics. In addition, promotion activities would be relevant. For
instance, promoting events in the communities, sponsored through schools, councils, and
cultural centers, can be effective to illustrate, highlight, and demonstrate the values of
traditional food systems [186,187]. These activities could help to maintain this marginalized
biocultural heritage.

3.7. Reviewed Distribution of the TMFB

We compared the distribution of TMFB documented by Bruman in 1993 (Figure 4B)
with information documented in this review (Figure 4A). We overlapped both maps to
visualize the localities where these beverages could be produced nowadays and, accord-
ingly, should be attended as priorities in further studies (Figure 4). It can be noticed that
Bruman reported 7 beverages and we found 15, adding specific sites of tepache, sendechó,
sambudia, atole agrio, saká, tuba, and pozol distribution.

The most striking result is the current absence of mention of a traditional fermented
beverage made with mesquite pods reported by Bruman and a beverage named bingar-
rote or bingui from central Mexico, reported by Pineda [52], which was prepared with
underground cooked and then crushed maguey stems; this material was placed to ferment
into a pulque container, and afterwards the fermented liquid was distilled in an alembic.
The ferment is called binguí or benjuí and the spirit bingarrote. It is a sort of culinary
hybrid between pulque and mescal, but it is unclear which agave species was used. This
information could be crucial to recover this apparently lost food, which could be a lost
knowledge to humanity [188–191].

A first sight of maps in Figure 4 suggests that there has been a dramatic reduction in
the production and consumption of the traditional fermented beverages, since Bruman
defined areas in the early 1990s until the current research. However, it is important to
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emphasize that Bruman’s methodology was mainly based on his expert knowledge and
data that he collected through fieldtrips. We identify that the locations recorded in our
review represent shorter areas due to the following reasons: (1) there is a gap in the research
on uncommon traditional beverages contrasting with that on pulque and mescal, (2) there
is a systematic oversampling in the same localities for most of the studies; for instance, five
pozol studies are performed in the same locality and this fact does not allow characterizing
the potential area of this beverage, and (3) there has not been regular monitoring of the
production of some of these beverages, and, consequently, it has not been attended before.

We therefore propose that deeper studies are still necessary to identify, characterize,
and monitor the actual and potential production areas of TMFB. This task will require
fieldwork, information about the distribution of the substrates related to each beverage,
and a careful characterization of localities where it is produced, using approaches from
ethnobiology and ethnography that could bring insights about the possible processes
of cultural erosion and the effects of market pressures and cultural discrimination over
these marginal products. Such studies could also be the way to promote maintaining
or the revival of these products [28,192]. The loss of traditional food systems will result
in decreasing culture-specific food activities, thus influencing the decrease of dietary
diversity [193]. Moreover, TMFB could be part of touristic development, reliable small-
scale food markets, and local health strategies, but most of them remain unexplored and
some others are in danger of extinction.

3.8. How Are We Attending the Maintenance of This Intangible Biocultural Heritage?

In recent years, the awareness to protect traditional relationships between humans and
environments has promoted the development of systems of legal protection and biocultural
management around the world [194]. Numerous challenges have arisen to protect genetic
resources, intellectual property rights, and natural resources, among other important topics
related to traditional local knowledge [195,196]. Studies have been directed to document the
local knowledge systems in several countries to define what is local and global, traditional,
and Indigenous, and the authenticity and origin, as well as different ways to interact with
the environment and how to attend to environmental crisis issues [197,198]. Traditional
food systems can play a key role in the strategy to combat malnutrition while ensuring
sustainable development [199]. The Food and Agricultural Organization (FAO) now
recognizes that food items such as fermented products must be considered important in
areas where malnutrition is evident. Use and conservation are commonly associated issues;
conserving traditional food is a powerful way to conserve biocultural heritage.

Food systems are part of complex bodies of knowledge, most of them constructed em-
pirically [200] and transmitted in multiple verbal and non-verbal ways, such as know-how
or learning-by-doing [200], and fermented products are not exceptions. These products
have been embedded as part of the daily lives of many people, including those currently
marginalized rural or Indigenous groups [201]. The diversity of fermented products is
an outstanding reservoir of genetic resources that has high potential to obtain secondary
products such as extracts, enzymes, dyes, and others compound that can be involved in
global markets and could help to solve problems such as hunger [202,203] and poverty and
may play a key role to reinforce cultural identity [12]. Nevertheless, several cases of the
commodification and commercial use of local knowledge have been recorded, which com-
monly decontextualize and make inappropriate retribution, and contribute to disarticulate
local communities [204–207]. Therefore, analyzing the conditions for fair trade are indispens-
able when analyzing sustainable ways of using these traditional resources and products. This
is a particular concern in relation to the industrial mescal production, for instance.

The Mexican government signed the Nagoya Protocol in 2011 and was ratified in
2012. This is the major international regulation system about access to genetic resources
and fair and equitable sharing of the benefits derived from their use, which emerged
from the Convention on Biological Diversity. However, it was not until 2014 that the
Nagoya Protocol was enacted as a supreme law in article 133 of the Mexican Constitution.
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The main aim of this protocol is favoring incentives for the conservation of biological
diversity, the sustainable use of its components, and the prevention of misappropriation of
genetic resources and traditional knowledge on them, which is relevant for a bioculturally
mega-diverse country such as Mexico.

Since Indigenous peoples hold traditional food system knowledge, interinstitutional
and intersectoral initiatives would make more significant contribution to increase the
potential of these resources, but local people should be protagonists. The documentation of
traditional food systems is urgent since knowledge of food harvesting and preparation is
rapidly disappearing. It is therefore crucial to enhance the public policies to support the
maintenance of this traditional knowledge.

The conservation of species and varieties involved is equally important. Cultural
historians, ethnobiologists, and the general public should become aware of the distinctive
varieties of plants used as substrates for fermentation, their conservation, and recovery. For
instance, the varieties of Agave rhodacantha classified by the Mayo people as San Antoneña
and El Chino were used in the fermentation on an agave beverage called yocogihua in
southern Sonora and northern Sinaloa. Most commercial production of mescal in this
region blinked out during the Ley Seca that began in Sonora in 1916, but remarkably the
persistence of these varieties was documented off and on from 1888 to 1965 when the last
plantation of them was closed. Nevertheless, the Mayo who worked in the plantation res-
cued or dispersed them to rancherias neighboring the plantation in Masiaca, Sonora, thus
several fencerow plantings of A. rhodocantha persist nearby, even though it is otherwise rare
except for one other location in Sonora. The recovery of these cultivars and possible reinte-
gration into the contemporary production of culturally distinctive fermented beverages in
Sonora is now being undertaken [208,209]. As mentioned, bingarrote and bingui remain
used for an analogous beverage today that is rarely produced in the state of Guanajuato
where A. salmiana varieties are still in use for both pulque and mezcal production [209].
Identifying through community elders which varieties or species are currently associated
with sporadic bingarrote and bingui production near San Miguel de Allende could help
to rescue both the plant genetic resources and the traditional cultural practices historically
linked to them.

For local knowledge associated with microorganisms, the situation might be overly
complex and difficult to attend, as certain microorganisms are not cultivable and not easy to
identify. The lack of a microorganism’s accessions in collections, the low characterization of the
selection mechanisms, and the implications of this selection over genetic and phenotypic traits
in microorganisms can make the establishment of protective laws or conservation policies on
this topic challenging. To understand the crucial roles of microorganisms on the TMFB process,
we need to know their ecological niches, population dynamics, and relationships between
microbiome and environments and microbiome and the selection process.

4. Conclusions

Mexico has a unique gastronomic culture characterized by its multiethnic, high biocultural
diversity and long cultural history. Biological diversity is used in traditional Mexican cuisine,
and, undoubtedly, Mexican fermented beverages are intimately associated with plant products
that have been managed and domesticated in Mexico, as it can be seen in the relevance of
fermented beverages based on maize, agave sap and stems, or cacti fruits. However, this is
also the case of dozens of wild species that are involved in traditional beverages. Foreign
technologies, tools, and plants have been integrated into the Mexican foodscapes, and this
fact has promoted a diversification of beverages and a diversification of sensory qualities
acceptable to a wide range of palates. TMFB are clear examples that traditional knowledge is a
dynamic process that is constantly changing, adjusting, and evolving.

Traditional Mexican cuisine is an outstanding reservoir of genetic resources such as
plants, animals, fungi, and, generally less considered, microorganisms such as yeast and
bacteria which could play a relevant role for future nourishment applications. The TFMB
are reservoirs of cultural diversity, practices, and worldviews of communities. However,
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studies have focused mainly on the biotechnological applications and on beverages of
the Agave group, leaving apart other beverages that are rarely studied, thus limiting the
action to combat the endangered permanence of these products and the local food systems.
The study of fermented beverages under transdisciplinary approaches is fundamental
to provide information to construct regulatory frameworks or proposals to protect the
diversity that TMFB involves in maintaining the complex interactions between humans,
plants, and microorganisms. We expect that these examples demonstrate how biocultural
conservation and restoration can be tangibly integrated into the protection and promotion
of the Mesoamerican gastronomic patrimony recognized by the UNESCO and the routes of
research needed to achieve it.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10102390/s1, Table S1: Plants involved in the production of TMFB registered in the
literature. Grey boxes represent the presence of the specie and white boxes the absence. Ato refers
to atole agrio, Bal to balché, Col to colonche, Mes to mescal, Pox to pox, Poz to Pozol, Sak to saká,
Sam to sambudia, Sen to sendechó, Tab to taberna, Tub to tuba, Tep to tepache, Tej to tejuino, Tes to
tesgüino, Cho to chorote, Pul to pulque. Table S2. Microorganism’s genera previously registered in
the literature. Grey boxes represent the presence of the genera and white boxes the absence. Ato
refers to atole agrio, Col to colonche, Mes to mescal, Poz to Pozol, Pul to pulque, Tej to tejuino,
Tep to tepache, Tub to tuba. The first three letters of the genera are displayed in the Figure 3.
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Abstract: Traditional fermented alcoholic beverages are drinks produced locally using indigenous
knowledge, and consumed near the vicinity of production. In Ethiopia, preparation and consumption
of cereal- and fruit-based traditional fermented alcoholic beverages is very common. Tella, Borde,
Shamita, Korefe, Cheka, Tej, Ogol, Booka, and Keribo are among the popular alcoholic beverages in
the country. These beverages have equal market share with commercially produced alcoholic
beverages. Fermentation of Ethiopian alcoholic beverages is spontaneous, natural and uncontrolled.
Consequently, achieving consistent quality in the final product is the major challenge. Yeasts and
lactic acid bacteria are the predominate microorganisms encountered during the fermentation of
these traditional alcoholic beverages. In this paper, we undertake a review in order to elucidate the
physicochemical properties, indigenous processing methods, nutritional values, functional properties,
fermenting microorganisms and fermentation microbial dynamics of Ethiopian traditional alcoholic
beverages. Further research will be needed in order to move these traditional beverages into
large-scale production.

Keywords: traditional alcoholic beverage; Ethiopia; processing; physicochemical;
fermentative microorganisms

1. Introduction

Worldwide production and consumption of fermented beverages has a long history, and is believed
to have started around 6000 BC [1,2]. Production techniques and consumption of these traditional
beverages are very localized [3]. Ethiopia, like other parts of the world, produces and consumes
a significant volume of traditional alcoholic beverages (Table 1). About eight million hectoliters
of Ethiopian traditionally fermented alcoholic beverages are produced yearly. Commercially and
traditionally produced alcoholic beverages have an almost equal market share [4] and annual per
capital pure alcohol consumption in the country is about 2 L [5].

Traditional alcoholic drinks are widely produced and consumed in Asia and Africa [6]. Rwanda’s
ikigage [7], Nigeria’s oti-oka [8], Uganda’s kwete [9], Kenya’s Busaa [10], Korea’s makgeolli [11]
and Mexico’s pulque [12] are among the most common traditional alcoholic beverage that are
consumed and produced in each respective country.
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In Ethiopia, Tella [1], Borde [13], Shamita [14], Korefe [15], Keribo [16], Cheka [17], Tej [18], Ogol [19]
and Booka [20] are very popular indigenous fermented alcoholic beverages. The total alcohol content of
these beverage is in the range of 1.53–21.7% (v/v) [18,20]. All of these Ethiopian alcoholic beverages
are produced at a small scale and sold by local alcohol venders from their homes. These traditional
alcoholic beverages are classified under the category of acid-alcohol fermentation systems [21].

Scholars define wine and beer based on various perspectives. For instance, Herman [22] defined
wines as alcoholic beverages made from sound ripe grapes, whereas Pederson [23] defined alcoholic
beverages based on the kind of substrates: beers are produced from cereals whereas wines are produced
from fruits. In addition, Steinkraus [24] defined wine as an alcoholic beverage that uses sugar as the
principal source of fermentable carbohydrate. According to Steinkraus [24], beverages made from
honey, sugar cane and palm are classified under the category of wine. Hence, Tej, Ogol and Booka can
alternatively be called wines, since honey is used as a major substrate for the fermentation process.

“Gesho” (Rhamnus prinoides L.), also known as “dog wood”, is the most common ingredient used
to prepare Ethiopian alcoholic beverages, primarily as a flavoring and bittering agent. The substance
β-sorigenin-8-O-β-D-glucoside (“geshoidin”) is the naphthalenic compound responsible for imparting
bitterness [25,26]. In addition to this, it is also a source of fermentative microorganisms and plays a
significant role during fermentation in regulating the microbial dynamic [27].

Due to the absence of standardized processes, back-slopping, and starter culture, Ethiopian
beverages often have poor quality and failure to achieve their objective [28]. Moreover, preparation
of these fermented alcoholic beverages is time-consuming and laborious [29]. As far as we know,
this review is the first of its kind to address the research trends, significant research gaps and directions
for future research outputs on Ethiopian traditional fermented alcoholic beverages. In particular,
the raw materials, processing methods, physicochemical properties, nutritional values, functional
properties, responsible fermenting microorganisms, fermentation microbial dynamics and storage
stability of Ethiopian alcoholic beverages are the key points reviewed in the paper.

Table 1. Summary of cereal- and fruit-based Ethiopian traditional fermented alcoholic beverages.

Category of Beverages Beverages Raw Materials Prominent Production and
Consumption Regions References

Beers

Tella

Barley (Hordeum vulgare L.), wheat
(Triticum aestivum L.), maize (Zea mays
L.), finger millet (Eleusine coracana L.),

sorghum (Sorghum bicolor L.), “teff”
(Eragrostis tef L.), “gesho”

(R. prinoides)

Amhara, Oromia, Tigray, SNNP,
Addis Ababa [30,31]

Borde
Maize (Z. mays), barley (H. vulgare),

wheat (T. aestivum), finger millet
(E. coracana), sorghum (S. bicolor)

SNNP [13,32]

Shamita
Roasted barley (H. vulgare) flour, salt,
linseed (Linum usitatissimum L.) flour,

chili pepper (Capsicum annuum)
SNNP, Addis Ababa [13,33]

Korefe Malted and non-malted barley (H.
vulgare), “gesho” (R. prinoides) Amhara [15]

Keribo Barley (H. vulgare), sugar, bakery
yeast (Saccharomyces cerevisiae) Oromia, Amhara, Addis Ababa [16,34]

Cheka
Sorghum (S. bicolor), maize (Z. mays),
finger millet (E. coracana), vegetables,

root of taro (Colocasia esculenta L.)
SNNP [17,35,36]

Areke Barley (H. vulgare), “gesho”
(R. prinoides), sorghum

Amhara, Oromia, Tigray, SNNP,
Addis Ababa [37–39]

Wine
Tej Honey, “gesho” (R. prinoides) Oromia, Amhara, Tigray,

Addis Ababa [18,39,40]

Ogol honey, barks of native tree
(Blighia unijungata L.) Gambella (Majangir) [19]

Booka Honey, bladder of cow Oromia (Gujii) [20]

SNNP—Southern Nations, Nationalities, and Peoples Region.
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2. Cereal-Based Traditional Alcoholic Beverages

2.1. Tella

Tella is the most consumed traditional fermented alcoholic beverage in Ethiopia. It is the most
popular beverage in the Oromia, Amhara and Tigray regions (Table 1). Barley, wheat, maize, millet,
sorghum, “teff ” (E. tef ) and “gesho” leaves (R. prinoides) along with naturally-present microorganisms
are the ingredients used to produce Tella [1]. Even though the volume of production and consumption
is high, the fermentation process is still spontaneous, uncontrolled and unpredictable [41].

The Tella making process and its raw materials vary among ethnic groups and economic and
traditional situations [37]. Although there are minor changes in the process in different localities,
the basic steps are similar throughout the country. The making of “Tejet”, “Tenses” and “Difdif ” are the
fundamental steps in the Tella preparation process [1].

The Tella making process starts by soaking the barley in water for about 24 h at room temperature
to produce a malt, locally called “Bikil”. After 24 h, the moistened grain is covered by using fresh
banana leaves and kept in a dry place for an additional three days [39]. Then, the germinated barley
grain is sun-dried and ground to produce malt flour. At the same time “gesho” (R. prinoides) leaves and
stems are sun-dried and ground. Then, “Bikil” flour and “gesho” powder are mixed with an adequate
amount of water in a clean and smoked traditional bioreactor known as “Insera”. This mixture is left
to ferment for two days to form “Tejet” [31]. Subsequently, millet, sorghum and “teff” (E. tef ) flours
of equal proportion are mixed with water to form a dough. The dough is then baked to produced
unleavened bread locally known as “ye Tella kita” [41], which is sliced into pieces and added to the
earlier produced “Tejet”. The mixture is then sealed tightly to ferment anaerobically for 5 to 7 days to
turned into “Tenses” [30].

While the “Tenses” is fermenting, maize grain is soaked in water for about 3 d, and then it is dried,
roasted and ground to make a dark maize flour called “Asharo”. “Asharo” is the main ingredient that
determines the color of Tella [31]. “Asharo” is then added to the previously produced “Tenses” and
fermented anaerobically for a period of 10 to 20 days. After this period of fermentation, a thick mixture
locally called “Difdif” is formed. Water is added to “Difdif” and left to ferment for an additional 5 to 6 h.
Finally, solid residues are removed by filtration and served to consumers as Tella. In order to produce
25 to 28 L of pure Tella, 1 kg of “gesho” (R. prinoides) powder, 0.5 kg of “Bikil”, 5 kg of “ye Tella kita”,
10 kg of “Asharo” and 30 L of water are required [41].

Ingredients and utensils used to prepare Tella are the major source of microorganisms for the
fermentation process [42]. As shown in Table 2, genera of Saccharomyces, Lactobacillus and Acetobacter are
the most predominant fermenting microorganisms present in Tella [1,30,41]. The alcohol content and
pH of Tella collected from different localities vary from 3.98–6.48% (v/v) and 1.52–4.99, respectively [43].
The alcohol content of Tella is greater than that of Rwanda’s ikigage [7] and is very much lower than
Korean makgeolli [11]. The electric conductivity, salinity and total dissolved solids (TDS) of Tella are
2359 µs/cm, 1.2% and 1180 mg/L, respectively [44].

Since the production of Tella is performed at the household level, it seriously lacks aseptic
processing conditions. Consequently, the shelf life is no longer than 5 to 7 days at room temperature.
Beyond that, the flavor becomes too sour to drink. Acetobacter species are mostly responsible for this
sourness because they convert ethanol to acetic acid in the presence of oxygen [45].
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2.2. Borde

Borde is a cereal-based Ethiopian traditional fermented low alcoholic beverage that uses maize
(Z. mays), wheat (T. aestivum), finger millet (E. coracana) and sorghum (S. bicolor) interchangeably or
sometimes proportionally as the main ingredients [29]. It is commonly produced and consumed in the
southern and western part of Ethiopia. The local communities consider Borde as a meal replacement.
Particularly, low-income local groups of the population may consume up to 3 L of Borde per day [47].
The nutritional value is high due to the high number of live cells present in freshly produced Borde [32].

The Borde making process starts with germinating barley grain by following the same procedure
described for the Tella malt preparation process. This malt, a source of amylase enzymes, is ground to
become a malt flour [33]. In parallel, maize grits are mixed with a proportional volume of water and
fermented for about 44 to 48 h (Figure 1). The fermented blend is divided into three portions. Similar to
Uganda’s kwete [9], about 40% of the blend is roasted on a hot pan and a bread locally called “Enkuro”
is produced. Then, the prepared “Enkuro” is mixed with malt flour and additional water and allowed
to ferment for about 24 h in the same mixing tank [32]. The other 40% of the fermented maize grits are
mixed with additional fresh maize flour and water. This mixture is shaped into a ball-like structure and
cooked using steam to form “Gafuma” [29]. Subsequently, “Gafuma” is added to previously prepared

“Tinsis” to become the thick brown mash called “Difdif” [13]. The remaining 20% of the fermented maize
grits are mixed with additional flour and water and boiled to form thick porridge. Then, the prepared
porridge, extra malt, and water are mixed into the earlier produced “Difdif”. Finally, the mixture
is filtered and a small amount of water is added before serving to consumers as the final product
Borde [33].

A good-quality Borde can be described as opaque, fizzy, of uniform turbidity, gray in color,
with a thick consistency, a fairly smooth texture, and a flavor somewhere in the middle between
sweet and sour [29]. The average pH values of Borde lie within the range of 3.6–4.1. The type
of ingredients used and the processing conditions are the major causes for variation in the final
product [32]. The conductivity, salinity and TDS values of Borde are 7139 µs/cm, 3.9%, and 3830 mg/L,
respectively. As in Kenya’s busaa [10], yeast and lactic acid bacteria are the dominant microorganisms
in Borde. Around 109 CFU/mL counts have been recorded for both mesophilic bacteria and lactic acid
bacteria [47]. In addition, a 105–107 CFU/mL yeast count has been reported for freshly prepared Borde
(Table 3). Due to these high microorganism counts, Borde becomes unfit for consumption after 12 h of
room temperature storage [29].
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2.3. Shamita

Shamita is another traditional low alcoholic beverage that is produced and consumed in different
parts of Ethiopia. Roasted and ground barley is used as a major substrate during the fermentation
stage [49]. This beverage also serves as a meal replacement for low income workers. Like other
traditional Ethiopian fermented beverages (Tella and Borde), Shamita production does not require malt
for the saccharification process [15].

To prepare Shamita, barley flour, salt, linseed flour, and a small amount of spice are mixed together
with water to form a slurry liquid. As a starter culture, 1 to 2 L of previously produced slurry is added
to the blend. The mixture is allowed to ferment overnight. Then, a small amount of bird’s eye chili
(C. annuum) is added and the beverage is ready to serve for consumption [34].

The first full-length article on Shamita was published by Ashenafi and Mehari [34], which focused
on the enumeration of microorganisms in samples collected from different vendors. The report
found that lactic acid bacteria and yeasts are the dominant microorganisms in Shamita. Four years
later, Bacha et al. [14] studied Shamita fermentation microbial dynamics and the microbial load of
raw materials. Their study showed that barley is the major source of fermentative microorganisms.
The count of these fermentative microbes reached 109 CFU/mL after a 24 h fermentation period.
Later Tadesse et al. [49] studied the antimicrobial effect of lactic acid bacteria isolated from Shamita
on pathogenic microorganisms. The isolated lactic acid bacteria were found to inhibit the growth of
the Salmonella species S. flexneri, and S. aureus. Similar inhibition was observed for lactic acid bacteria
isolated from Nigeria’s oti-oka [8]. Additionally, the pH, conductivity, salinity and TDS values of
Shamita were 3.8, 8391 µs/cm, 4.6% and 4520 mg/L, respectively [44].

2.4. Korefe

Korefe is a foamy fermented low alcoholic beverage popular in the northern and northwestern
parts of Ethiopia. Similar to other Ethiopian fermented beverages, the fermentation system is natural
and spontaneous. Barley, malted barley, “gesho”’ (R. prinoides), and water are the major ingredients
used to prepare this indigenous beverage [50].

The process of making Korefe begins by mixing “gesho” (R. prinoides) and water to produce “Tijit”
in a traditional container locally known as “Gan” (Figure 2). The blend is left for 72 h to extract flavor,
aroma, bitterness and fermenting microorganisms [15]. While that is happening, non-malted barley
powder is mixed with water to form a dough. The dough is then baked to make unleavened bread
locally called “Kitta”. Then, “Tijit”, a small sized “Kitta” and an adequate amount of water are mixed
together and left to ferment for about 48 h [39]. The semisolid mixture obtained at this stage is locally
called “Tenses”. Subsequently, non-malted roasted barley powder, locally called “Derekot”, is added to
the previously prepared “Tenses”. At this stage the blend is allowed to ferment for an additional 72 h.
Finally, water is added to the mixture in a ratio of 1:3. After another 2 to 3 h of further fermentation the
Korefe is ready to be served [15].

According to Getnet and Berhanu [15], the titratable acidity, ethanol, and crude fat content of
Korefe are 32 g/L, 2.7% and 7.01%, respectively. In addition, the pH, conductivity, salinity and TDS
values of Korefe are 3.7, 3199 µs/cm, 1.7% and 1610 mg/L, respectively [44]. After 72 h of fermentation,
lactic acid bacteria and yeast counts were more than 109 CFU/mL, whereas the enterobacteriaceae count
was below the detectable limit due to the antagonistic effect of lactic acid bacteria [15].
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amount of previously prepared malt. The mixture is then allowed to ferment for an extra 12 h. This 
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another 4 to 12 h and served to consumers as Cheka. 

Worku et al. [35] also published a paper that focused on the nutritional and alcohol content of 
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Figure 2. Korefe production process flow diagram: (1) mixer, (2) baking oven, (3) primary
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2.5. Cheka

Cheka is a traditional low alcoholic fermented beverage commonly consumed in the southwestern
parts of Ethiopia and particularly in Dirashe and the Konso district [36]. It is a cereal- and
vegetable-based fermented low alcoholic beverage. Sorghum (S. bicolor), maize (Z. mays), finger
millet (E. coracana), and vegetables such as leaf cabbage (Brassica spp.), moringa, (Moringa stenopetala),
decne (Leptadenia hastata), and root of taro (Colocasia esculenta) are the main ingredients for Cheka
preparation [17].

Worku et al. [35] reported a survey of raw materials and the production process of Cheka. According
to their report, Cheka preparation starts by malting. The malt is prepared either from a single or a
combination of the cereals listed above. Cabbage leaves and/or taro roots are cut into pieces and
fermented anaerobically for about 4 to 6 d in a clean container. Then, a small amount of maize flour is
added to the vegetable mixture and is fermented for an additional 2 to 3 d. The fermented vegetable
mixture is then ground, filtered, and mixed with fresh maize flour. The fermentation continues for
another 12 to 24 h. Then, water is added to the mixture and the mixture is allowed to ferment for one
month. This fermented mixture is shaped into a dough ball, locally called “Gafuma”, and cooked at
a temperature of 96 ◦C. After cooling, the cooked “Gafuma” is mixed with an adequate amount of
previously prepared malt. The mixture is then allowed to ferment for an extra 12 h. This fermented
mixture is locally called “Sokatet”. At this stage of the process a very thick porridge, locally called
“koldhumat”, is prepared from maize flour. The prepared porridge is added to the vessel containing
“Sokatet” with a sufficient amount of water. Finally, the mixture is left to ferment for another 4 to 12 h
and served to consumers as Cheka.

Worku et al. [35] also published a paper that focused on the nutritional and alcohol content
of Cheka. This report contained the physicochemical properties, ethanol, and methanol content of Cheka
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collected from Cheka producers. The average pH, ethanol, iron (Fe) and calcium (Ca) contents of Cheka
samples are 3.76, 6%, 0.2 mg/g and 0.14 mg/g, respectively.

2.6. Keribo

Keribo is another alcoholic traditional beverage consumed by many Ethiopians, especially by those
who prefer low alcoholic drinks. The production process is relatively less complicated [51].

Abawari [34] reported the raw materials and processing conditions of Keribo. According to
the report, making Keribo begins by mixing roasted barley with hot water. Then, the mixture is boiled
for about 20 min, after which the solid residue is removed by filtration. Subsequently, sugar and bakery
yeast are added into the separated filtrate and left overnight to ferment. Finally, extra sugar is added to
the mixture and the beverage is served to the consumer.

Abawari [16] published a second report that dealt with the microbial dynamics of Keribo
fermentation. Based on the findings, average lactic acid bacteria, aerobic mesophilic bacteria,
aerobic spore formers and yeasts counts were 2.70, 2.34, 4.96 and 2.01 log CFU/mL, respectively.
However, the average enterobacteriaceae, staphylococci, and mold counts were below the detectable levels.
Additionally, the shelf life of Kerbio is not more than two days at room temperature storage [40].

3. Fruit-Based Traditional Alcoholic Beverages

3.1. Tej

Tej is an Ethiopian wine that uses honey as a substrate and “gesho” (Rhamnus prinoides) as a source
of bitterness. Previously, Tej was produced and consumed only for cultural festivities and for the royal
families [52]. These days, Tej is a popular drink in rural, semi-urban, and urban areas of Ethiopia. It is
produced and sold at the household level. The final product usually lacks consistency in quality due to
differences in the manner of preparation and the ratio of ingredients used [21].

Ethiopia has the potential to produce 500,000 tons of bee honey annually. However, production
has not surpassed 10% of that potential [53]. About 80% of the total honey produced in the country
serves as raw material for producing Tej [54]. Traditionally, crude honey rather than refined honey
is preferred for the production of Tej due to the distinct sensorial properties that local consumers
prefer [18].

The Tej making process begins by cleaning and drying the traditional fermenting container.
Then, honey and water are mixed in a ratio of 1:3 and allowed to ferment for 2 to 3 d. Afterwards,
leaves and stems of “gesho” (R. prinoides) are boiled, cooled to room temperature and added to the
previously fermented honey and water mixture. This mixture is allowed to ferment for 8 to 10 more days
during the hot season or 20 d during the cold season [52]. After the intended period of fermentation,
the product is ready to serve to the consumer in a special glass, locally known as “Berele”.

The microorganisms involved in the fermentation process originate from the raw materials,
equipment and utensils. Because of this, Tej fermentation is lengthy, spontaneous, and uncontrolled.
Thus, the final product have inconsistent physicochemical properties, microbiological profile,
and sensory attributes [21].

Good quality Tej is yellow, sweet, fizzy, and cloudy due to the presence of active yeasts [43].
The flavor of Tej is highly dependent on the type of honey used and amount of “gesho” (R. prinoides)
added. Additionally, the diversity and population of microorganisms also contribute to the distinctive
flavor of Tej [55]. Like Mexican pulque [12], the Ethiopian Tej’s microorganism community is dominated
by Lactic acid bacteria (LAB) and yeasts (Table 4). The shelf life and keeping quality of Tej is very
short [40].
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3.2. Ogol

Ogol is another traditional fermented honey wine beverage commonly consumed in the western
part of Ethiopia. The preparation process starts by pulverizing the bark of the native tree “Mange”
(B. unijungata). The pulverized bark, wild honey, and water are mixed in a container and the mixture
is allowed to ferment for about two weeks. After completing the intended period of fermentation a
small amount of water is added and the mixture is allowed to ferment anaerobically in a hot place for
additional 12 to 36 h. Finally, it is filtered through a clean cloth and served to consumers as Ogol [19].

3.3. Booka

Booka is a low alcoholic traditional beverage that is popular in southern Oromia, Ethiopia (Table 4).
The preparation process is relatively simple and easily adaptable. First the bladder of a cow is carefully
removed from a dressed carcass and cleaned properly to remove residue urine. Honey and water are
added to the prepared cow bladder in a ratio of 1:4. After 2 to 3 d of fermentation, a small amount of
honey is added to the mixture and it is left to ferment anaerobically for an additional 2 d [43]. After the
fermentation process is completed, the filtrate is ready to be served to consumers as Booka. Good
quality Booka is yellowish in color, sweet in taste, and attractive in odor [20].

4. Nutritional Value, Function Properties and Safety Issues of Ethiopian Alcoholic Beverages

The nutritional values of Ethiopian traditional alcoholic beverages can be seen in two ways. In low
alcoholic beverages, the nutritional values are higher than their respective raw materials [29]. The main
justification forwarded by authors is the live microorganisms present in these beverages [14,34,47].
In high alcoholic beverages, the nutritional values are lower than that of low alcoholic traditional
beverages [1,18]. As shown in Table 5, Borde, Shamita and Cheka have a good nutritional value
compared to that of high alcoholic beverages like Tella and Tej. As the fermentation continues,
from the fermentation dynamics point of view, only limited microorganisms withstand the adverse
environmental effect of the growth medium. Thus, the microorganisms that do not cope with the new
environment will be lysed and become a source of protein for cell maintenance for the surviving species.
This analysis works even better in natural, spontaneous and uncontrolled fermentation systems. Hence,
this competition in return decreases the nutritional value of the beverages while increasing secondary
metabolites like ethanol [56–58].

The functional properties of the beverage are manifested in the content of total polyphenols (TP)
and antioxidant activity (AA) [59]. These polyphenols and antioxidants have a health-promoting effect
by scavenging free radicals and regulating metabolism [60]. Many Ethiopian alcoholic beverages have
good TP and AA values (Table 5). The phenolic content of Tella is greater than that of Korefe and Tej [61].
Even though there are many factors responsible for this difference, raw materials, and especially the
amount of gesho added to the mixture, take the lion’s share of the contribution [38].

The safety issues of Ethiopian traditional alcoholic beverages should be understood from the
perspective of microorganism growth, higher alcohol and fluoride contents. Although the presence of
a large amount of live fermentative microorganisms in low alcoholic traditional beverages contributes
to their good nutritional value, there are major concerns related to food safety [17]. The microbiological
safety issues were discussed in the previous section of this paper. This section focuses only on food
safety issues related to higher alcohol and fluoride content. Higher alcohols contents of Isobutanol,
1-Butanol, 2-Butanol and 1-Propanol can be called collectively fusel oil or fuselol [62]. Fusel oil in a
minute quantity contributes to the good flavor of the product. However, if it is consumed at a level
above 1000 g/hL of pure alcohol, fusel oil is harmful for health [63]. The higher methanol content in
traditional beverages also has a negative health impact [44]. Most of the time methanol is formed
due to natural, spontaneous and uncontrolled fermentation [18]. As shown in Table 5, the methanol
content of Tella and Cheka is very much lower than the maximum standard set by the European
Union (EEC No 1576/89). Since Ethiopia is located in the region of the Great Rift Valley, fluoride ion
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concentration is another important food safety concern in traditional alcoholic beverages. A level of
fluoride ions above 1.5 mg/L in the beverage creates dental and skeletal fluorosis [64]. Traditional
beverages collected near Rift Valley localities showed a higher fluoride ion concentration (Table 5).

Table 5. Nutritional value, functional properties and safety issues of Ethiopian alcoholic beverages.

Beverages Nutritional Value Functional Properties
(Average Values)

Higher Alcohol and Fluoride
Ion (Average Values) References

Tella Total protein—0.4%
Carbohydrate—1.98%

TP (µg mL−1)—232.40
AA (µg mL−1)—296.00
Folate (mgcg−1)—0.093

Fusel oil (ppm)—51
Methanol (ppm)—41.5

Fluoride ion (mg/L)—4.26
[1,46,61,65]

Borde
Total protein—9.55%,

Crude fat—6.88%,
Total ash—3.66%

TP (µg mL−1)—9.50
AA (µg mL−1)—198.5

Fluoride ion (mg/L)—4.95 [29,33,39,65]

Shamita
Total protein—10.37%

Crude fat—6.85%
Total ash—3.46%

– Fluoride ion (mg/L)—5.21 [33,34,65]

Korefe – TP (µg mL−1)—167.60
AA (µg mL−1)—278.13

Fluoride ion (mg/L)—1.39 [63,65]

Cheka

Total protein—3.83%
Crude fat—1.49%

Carbohydrate—16.59%
Total ash—0.79%

– Methanol(ppm)—271.55 [17]

Keribo – TP (µg mL−1)—12.65
AA (µg mL−1)—64.66

– [38]

Tej

Total protein—0.35%
Crude fat—0.35%

Carbohydrate—3.58%
Total ash—0.04%

TP (µg mL−1)—197.00
AA (µg mL−1)—240.37

Fusel oil (ppm)—205.08
Fluoride ion (mg/L)—6.68 [18,21,38,61,65]

Bokaa

Moisture content—82.18%
Ash content—0.82%

Crude fat content—1.43%
Total Nitrogen—7.01%

– – [20]

TP in gallic acid equivalent (GAE); AA in ascorbic acid equivalent (AAE); —values not available in the literatures.

5. Conclusions and Future Perspectives

The most commonly produced and consumed Ethiopian traditional alcoholic beverages are Tella,
Borde, Shamita, Korefe, Cheka, Keribo, Tej, Ogol and Booka. The ingredients, ratios, procedures and
equipment used to prepare these beverages vary from place to place, but they all are produced through
natural and spontaneous fermentation processes. Low alcoholic Ethiopian beverages have a higher
nutritional value. Thus, they can be used as a meal replacement. These traditional alcoholic beverages
also contain a significant amount of total polyphenols and antioxidants. The alcohol content and
pH values of these beverages range from 1.53–21.7% and 2.9–4.9, respectively. As the fermentation
continues, counts of lactic acid bacteria and yeasts species flourish while mesophilic aerobic bacteria
and coliform counts decrease significantly. The source of microorganisms responsible for fermentation
is mainly from the ingredients and utensils. These traditional alcoholic beverages show inconsistent
quality within and between productions, and have a short shelf life. This is due to the high number of
live cells present in freshly produced beverages.

Until now, research on Ethiopian traditional fermented beverages has mainly focused on the
identification of raw materials and traditional processing methods. Moreover, microbial characterization
and microbial dynamics have been reported for the last two decades. All of the reports have used
culture-dependent phenotypic characterization. Hence, the current findings lack the completeness
needed to lead these traditional beverages, which hold equal local market share with commercial
products, into large-scale production. Thus, we find that future research has to shift its gear to a higher
level by studying microbial metagenomics, starter culture development, rheological study, shelf life
extension, process modification, kinetics, modeling and optimization.

Author Contributions: Conceptualization, writing—original draft preparation, rewriting, E.G.F.;
conceptualization, writing—review and editing, supervision, S.A.E.; writing—review and editing, H.D.D.;

51



Foods 2020, 9, 1781

writing—review and editing, D.W.D.; writing—review and editing, supervision, J.-H.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Strategic Initiative for Microbiomes in Agriculture and Food
(Grant No. 918010-4), Ministry of Agriculture, Food, and Rural Affairs, South Korea.

Acknowledgments: The Authors would like to acknowledge the Addis Ababa Science and Technology University,
Addis Ababa University, and Kyungpook National University.

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

References

1. Tekle, B.; Jabasingh, S.; Fantaw, D.; Gebreslassie, T.; Rao, S.; Baraki, H.; Gebregziabher, K. An insight into the
Ethiopian traditional alcoholic beverage: Tella processing, fermentation kinetics, microbial profiling and
nutrient analysis. LWT Food Sci. Technol. 2019, 107, 9–15. [CrossRef]

2. Tamang, J. Diversity of fermented beverages and alcoholic drinks. In Fermented Foods and Beverages of
the World; Tamang, J., Kailasapathy, K., Eds.; Taylor and Francis Group: New York, NY, USA, 2010; pp. 86–117.

3. Marshall, E.; Mejia, A. Traditional Fermented Food and Beverages for Improved Livelihoods; FAO: Rome, Italy, 2011.
4. CSA. Agricultural Sample Survey 2015/2016 (2009 E.C.). Volume I. Report on Area and Production of Major Crops

(Private Peasant Holdings, Meher Season); Addis: Ababa, Ethiopia, 2016.
5. WHO. Global Status Report on Alcohol and Health 2018; World Health Organization: Geneva, Switzerland, 2018.
6. Tamang, J.P.; Thapa, N.; Bhalla, T.C. Ethnic Fermented Foods and Beverages of India. In Ethnic Fermented

Foods and Alcoholic Beverages of Asia, 1st ed.; Tamang, J., Ed.; Springer India: New Delhi, India, 2016; pp. 17–72.
7. Lyumugabe, F.; Kamaliza, G.; Bajyana, E.; Thonart, P. Microbiological and physico-chemical characteristic of

Rwandese traditional beer Ikigage. Afr. J. Biotechnol. 2010, 9, 4241–4246.
8. Ogunbanwo, S.; Ogunsanya, B. Quality assessment of oti-oka like beverage produced from pearl millet.

J. Appl. Biosci. 2012, 51, 3608–3617.
9. Namugumya, B.; Muyanja, C. Traditional processing, microbiological, physiochemical and sensory

characteristics of kwete, a Ugandan fermented maize based beverage. Afr. J. Food Agric. Nutr. Dev.
2009, 9, 1046–1059.

10. Kirui, M.; Alakonya, A.; Talam, K.; Tohru, G.; Bii, C. Total aflatoxin, fumonisin and deoxynivalenol
contamination of busaa in Bomet county, Kenya. Afr. J. Biotechnol. 2014, 13, 2675–2678.

11. Kim, E.; Chang, Y.; Ko, J.; Jeong, J. Physicochemical and microbial properties of the Korean traditional rice wine,
Makgeolli, supplemented with banana during fermentation. Prev. Nutr. Food Sci. 2013, 18, 203–209. [CrossRef]

12. Valadez-Blanco, R.; Bravo-Villa, G.; Santos-Sánchez, N.; Velasco-Almendarez, S.; Montville, T. The Artisanal
Production of Pulque, a Traditional Beverage of the Mexican Highlands. Probiotics Antimicrob. Proteins 2012,
4, 140–144. [CrossRef]

13. Abegaz, K. Isolation, characterization and identification of lactic acid bacteria involved in traditional
fermentation of Borde, an Ethiopian cereal beverage. Afr. J. Biotechnol. 2007, 6, 1469–1478.

14. Bacha, K.; Mehari, T.; Ashenafi, M. Microbiology of the fermentation of ‘shamita’, a traditional Ethiopian
fermented beverage. Ethiop. J. Sci. 1999, 22, 113–126. [CrossRef]

15. Getnet, B.; Berhanu, A. Microbial dynamics, roles and physico-chemical properties of ‘Korefe’, a traditional
fermented Ethiopian beverage. Biotechnol. Int. 2016, 9, 56–175.

16. Abawari, R. Microbiology of keribo fermentation; an Ethiopian tradtional fermented
beverage. Pak. J. Biol. Sci. 2013, 16, 1113–1121. [PubMed]

17. Worku, B.; Gemede, H.; Woldegiorgis, A. Nutritional and alcoholic contents of cheka: A traditional fermented
beverage in Southwestern Ethiopia. Food Sci. Nutr. 2018, 6, 2466–2472. [CrossRef] [PubMed]

18. Bahiru, B.; Mehari, T.; Ashenafi, M. Chemical and nutritional properties of ‘tej’, an indigenous Ethiopian
honey wine: Variations within and between production units. J. Food Technol. Afr. 2001, 6, 104–108.

19. Teramoto, Y.; Sato, R.; Ueda, S. Characteristics of fermentation yeast isolated from traditional Ethiopian
honey wine, ogol. Afr. J. Biotechnol. 2005, 4, 160–163.

20. Elema, T.; Olana, B.; Elema, A.; Gemeda, H. Processing methods, physical properties and proximate analysis
of fermented beverage of honey wine Booka in Gujii, Ethiopia. J. Nutr. Food Sci. 2018, 8, 2. [CrossRef]

21. Nemo, R.; Bacha, K. Microbial, physicochemical and proximate analysis of selected Ethiopian traditional
fermented beverages. LWT—Food Sci. Technol. 2020, 131, 109713. [CrossRef]

52



Foods 2020, 9, 1781

22. Herman, J.; Maynard, A. Wine. In Microbial Technology: Fermentation Technology; Peppler, H., Perlman, D., Eds.;
Academic Press Inc.: London, UK, 1979; Volume 2, p. 132.

23. Pederson, S. Microbiology of Food Fermentation; AVI Publishing Co. Inc.: Westport, CT, USA, 1979.
24. Steinkraus, K. Indigenous Fermented Foods in Which Ethanol Is a Major Product, 2nd ed.; Taylor & Francis:

New York, NY, USA, 1996; pp. 365–402.
25. Amabye, T. Evaluation of phytochemical, chemical composition, antioxidant and antimicrobial screening

parameters of rhamnus prinoides (Gesho) available in the market of mekelle, tigray, Ethiopia.
Nat. Prod. Chem. Res. 2015, 3, 6. [CrossRef]

26. Abegaz, B.; Kebede, T. Geshoidin: A bitter principle of Rhamus Prinoides and other constituents of the leaves.
Bull. Chem. Soc. Ethiop. 1995, 9, 107–114.

27. Alemu, H.; Abegaz, B.; Bezabih, M. Electrochemical behaviour and voltammetric determination of geshoidin
and its spectrophotometric and antioxidant properties in aqueous buffer solutions. Bull. Chem. Soc. Ethiop.
2007, 21, 89–204.

28. FAO. Traditional Fermented Food and Beverage for Improved Livelihoods; A Global Perspective; FAO: Rome, Italy,
2012.

29. Abegaz, K.; Beyene, F.; Langsrud, T.; Narvhus, J. Indigenous processing methods and raw materials of ‘Borde’,
an Ethiopian traditional fermented beverage. J. Food Technol. Afr. 2002, 7, 59–64. [CrossRef]

30. Andualem, B.; Shiferaw, M.; Berhane, N. Isolation and characterization of saccaromyces cervisiae yeasts
isolates from ‘Tella’ for beer production. Annu. Res. Rev. Biol. 2017, 15, 1–12. [CrossRef]

31. Tekluu, B.; Gebremariam, G.; Aregai, T.; Harikrishna, R. Determination of alcoholic content
and other parameters of local alcoholic beverage (Tella) at different stages in Gondar, Ethiopia.
Int. J. IT Eng. Appl. Sci. Res. 2015, 4, 37–40.

32. Bacha, K.; Mehari, T.; Ashenafi, M. The microbial dynamics of ‘Borde’ fermentation, a traditional Ethiopian
fermented beverage. Ethiop. J. Sci. 1998, 21, 195–205. [CrossRef]

33. Ashenafi, M.; Mehari, T. Some microbiological and nutritional properties of ‘Borde’ and ‘Shamita’, traditional
Ethiopian fermented beverages. Ethiop. J. Health Dev. 1995, 9, 105–110.

34. Abawari, R. Indigenous Processing Methodsand Raw Materials of Keribo: An Ethiopian Traditional
Fermented Beverage. J. Food Resour. Sci. 2013, 2, 13–20.

35. Worku, B.; Woldegiorgis, A.; Gemeda, H. Indigenous processing methods of Cheka: A traditional fermented
beverage in southwestern Ethiopia. J. Food Process. Technol. 2015, 7, 1.

36. Desta, B.; Melese, G. Determination of protein value and alcoholic content in locally prepared different types
of Cheka at different stages using CHNS elemental analyzer and specific gravity methods. Am. J. Appl. Chem.
2019, 7, 168–174. [CrossRef]

37. Lee, M.; Regu, M.; Seleshe, S. Uniqueness of Ethiopian traditional alcoholic beverage of plant origin, Tella.
mboxemphJ. Ethn. Foods. 2015, 2, 110–114. [CrossRef]

38. Debebe, A.; Chandravanshi, B.; Redi-Abshiro, M. Total contents of phenolics, flavonoids, tannins and
antioxidant capacity of selected traditional ethiopian alcoholic beverages. Bull. Chem. Soc. Ethiop.
2016, 30, 27–37. [CrossRef]

39. Tafere, G. A review on Traditional Fermented Beverages of Ethiopian. J. Nat. Sci. Res. 2015, 5, 94–103.
40. Bahiru, B.; Mehari, T.; Ashenafi, M. Yeast and lactic acid flora of tej, an indigenous Ethiopian honey wine:

Variations within and between production units. Food Microbiol. 2006, 23, 277–282. [CrossRef] [PubMed]
41. Berza, B.; Wolde, A. Fermenter Technology Modification Changes Microbiological and Physicochemical

Parameters, Improves Sensory Characteristics in the Fermentation of Tella: An Ethiopian Traditional
Fermented Alcoholic Beverage. J. Food Process. Technol. 2014, 5, 1–8.

42. Berhanu, A. Microbial profile of Tella and the role of gesho (Rhamnus prinoides) as bittering and antimicrobial
agent in traditional Tella (Beer) production. Int. Food Res. J. 2014, 21, 357–365.

43. Yohannes, T.; Melak, F.; Siraj, K. Preparation and physicochemical analysis of some Ethiopian traditional
alcoholic beverages. Afr. J. Food Sci. 2013, 7, 399–403. [CrossRef]

44. Tadesse, S.; Chandravanshi, B.; Ele, E.; Zewge, F. Ethanol, methanol, acid content and other quality
parameters of Ethiopian traditional fermented, distilled and factory produced Ethiopian traditional fermented,
distilled and factory produced. SINET Ethiop. J. Sci. 2017, 40, 16–35.

45. Fite, A.; Tadesse, A.; Urga, K.; Seyoum, E. Methanol, fusel oil and ethanol contents of some Ethiopian
traditional alcoholic beverages. SINET Ethiop. J. Sci. 1991, 14, 19–27.

53



Foods 2020, 9, 1781

46. Getaye, A.; Tesfaye, D.; Zerihun, A.; Melese, F. Production, optimization and characterization of Ethiopian
traditional fermented beverage ‘Tella’ From Barley. J. Emerg. Technol. Innov. Res. 2018, 5, 797–799.

47. Abegaz, K.; Langsrud, T.; Beyene, F.; Narvhus, J. The effect of technological modifications on the fermentation
of ‘Borde’, an Ethiopian tradtional fermented cereal beverage. J. Food Technol. Afr. 2004, 9, 3–12.

48. Tadesse, G.; Ashenafi, M.; Ephraim, E. Survival of E. coli O157: H7 Staphylococcus aureus, Shigella flexneri and
Salmonella spp. in fermenting ‘Borde’, a traditional Ethiopian beverage. Food Control 2005, 16, 189–196. [CrossRef]

49. Tadesse, G.; Ephraim, E.; Ashenafi, M. Assessment of the antimicrobial activity of lactic acid bacteria isolated
from Borde and Shamita, traditional Ethiopian fermented beverages, on some food-borne pathogens and
effect of growth medium on the inhibitory activity. Internet J. Food Saf. 2005, 4, 13–20.

50. Gebreyohannes, G.; Welegergs, B. Determination of alcoholic content and other parameters of locally
preparedalcoholic beverages (korefe and tej) at different stages in Gondar town. Int. J. Integr. Sci. Technol.
2015, 4, 1–4.

51. Dibaba, K.; Tilahun, L.; Satheesh, N.; Geremu, M. Acrylamide occurrence in Keribo: Ethiopian traditional
fermented beverage. Food Control 2018, 86, 77–82. [CrossRef]

52. Vogel; Gobezie. Indigenous fermented foods in which ethanol is a major product. In Handbook of Indigenous
Fermented Foods, 2nd ed.; Steinkraus, K., Ed.; Marcel Dekker Inc.: New York, NY, USA, 1996; pp. 367–369.

53. Gebretsadik, T.; Negash, D. Honeybee production system, challenges and opportunities in selected districts
of gedeo zone, southern nation, nationalities and peoples regional state, Ethiopia. Int. J. Res. 2016, 4, 49–63.

54. Gebremedhin, G.; Tadesse, G.; Kebede, E. Physiochemical characteristics of honey obtained from traditional
and modern hive production systems in Tigray region, northern Ethiopia. Momona Ethiop. J. Sci. 2013,
5, 115–128. [CrossRef]

55. Lemi, B. Microbiology of Ethiopian Traditionally Fermented Beverages and Condiments. Int. J. Food Microbiol.
2020, 2020, 1478536.

56. Lucke, F. Indigenous lactic acid bacteria of various food commodities and factor affecting their growth.
In Lactic Acid Bacteria: Current Advances in Metabolism, Gentics and Application, 1st ed.; Bozoglu, T., Ray, B., Eds.;
Springer: Berlin, Germany, 2015.

57. Djeni, T.; Karen, H.; Ake, K.; Laurent, S. Microbial diversity and metabolite profiles of palm wine produced
from three different palm tree species in Côte d’Ivoire. Sci. Rep. 2020, 10, 1715. [CrossRef]

58. Cason, E.; Mahlomaholo, B.; Taole, M.; Abong, G.; Vermeulen, J.; Smidt, O.; Vermeulen, M.; Steyn, L. Bacterial
and fungal dynamics during the fermentation process of sesotho, a traditional beer of Southern Africa.
Front. Microbiol. 2020, 11, 1451. [CrossRef]

59. Cory, H.; Passarelli, S.; Szeto, J.; Tamez, M.; Mattei, J. The Role of polyphenols in human health and food
systems: A mini-review. Front. Nutr. 2018, 5, 87. [CrossRef]

60. Ganesan, K.; Xu, B. A critical review on polyphenols and health benefits of black soybeans. Nutrients 2017,
9, 455. [CrossRef]

61. Shewakena, S.; Chandravanshi, B.; Debeb, A. Levels of total polyphenol, flavonoid, tannin and antioxidant
activity of selected Ethiopian fermented traditional beverages. Int. Food Res. J. 2017, 24, 2033–2040.

62. Lachenmeier, D.; Haupt, S.; Schulz, K. Defining maximum levels of higher alcohols in alcoholic beverages
and surrogate alcohol products. Regul. Toxicol. Pharmacol. 2008, 50, 313–321. [CrossRef] [PubMed]

63. Lee, S.; Shin, J.; Lee, K. Determination of fusel oil content in various types of liquor distributed in Korea
Pre-treatment of samples GC analysis of fusel oil. Korean Soc. Food Preserv. 2017, 24, 510–516. [CrossRef]

64. Fawell, J.; Bailey, K.; Chilton, J.; Dahi, E.; Fewtrell, L.; Magara, Y. Fluoride in Drinking Water; World Health
Organization and IWA Publishing, Inc.: London, UK, 2006.

65. Belete, Y.; Chandravanshi, B.S.; Zewgea, F. Levels of the fluoride ion in six traditional alcoholic fermented
beverages commonly consumed in Ethiopia. Fluoride 2017, 50, 79.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

54



foods

Article

Potential Functional Snacks: Date Fruit Bars Supplemented by
Different Species of Lactobacillus spp.

Maria Maisto 1,* , Giuseppe Annunziata 1 , Elisabetta Schiano 1, Vincenzo Piccolo 1 , Fortuna Iannuzzo 1,
Rosaria Santangelo 2, Roberto Ciampaglia 1, Gian Carlo Tenore 1 , Ettore Novellino 3 and Paolo Grieco 1

Citation: Maisto, M.; Annunziata, G.;

Schiano, E.; Piccolo, V.; Iannuzzo, F.;

Santangelo, R.; Ciampaglia, R.;

Tenore, G.C.; Novellino, E.; Grieco, P.

Potential Functional Snacks: Date

Fruit Bars Supplemented by Different

Species of Lactobacillus spp. Foods

2021, 10, 1760. https://doi.org/

10.3390/foods10081760

Academic Editors: Valentina Bernini

and Juliano De Dea Lindner

Received: 18 June 2021

Accepted: 26 July 2021

Published: 29 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pharmacy, University of Naples Federico II, Via Domenico Montesano 59, 80131 Naples, Italy;
giuseppe.annunziata@unina.it (G.A.); elisabetta.schiano@unina.it (E.S.); vincenzo.piccolo3@unina.it (V.P.);
fortuna.iannuzzo@unina.it (F.I.); roberto.ciampaglia@unina.it (R.C.); giancarlo.tenore@unina.it (G.C.T.);
paolo.grieco@unina.it (P.G.)

2 Pharma Biomateck s.r.l., Frattamaggiore, 80027 Naples, Italy; santangelo@pharmabiomateck.it
3 NGN Healthcare—New Generation Nutraceuticals s.r.l., Torrette Via Nazionale 207, 83013 Mercogliano, Italy;

ngnhealthcare@gmail.com
* Correspondence: maria.maisto@unina.it

Abstract: The influence of the addition of four different potential probiotic strains, Lactiplantibacillus
plantarum subsp. plantarum (L. plantarum), Lactobacillus delbruekii subsp. bulgaricus (L. bulgaricus),
Lactobacillus acidophilus (L. acidophilus) and Lactinocaseibacillus rhamnosus (L. rhamnosus), in date fruit-
based products was investigated in order to evaluate the possibility of producing a functional snack.
All bacterial strains tested were able to grow in date fruit palp, reaching probiotic concentrations
ranging from 3.1 × 109 to 4.9 × 109 colony-forming units after 48 h of fermentation, and the pH was
reduced to 3.5–3.7 or below. The viability of inoculated probiotic bacteria after 4 weeks of storage
at 4 ◦C was slightly reduced. Some biochemical features of the fermented snacks, such as the total
phenolic content (TPC), antioxidant activity and detailed polyphenolic profile, were also evaluated.
After fermentation, changes in the polyphenol profile in terms of increased free phenolic compounds
and related activity were observed. These results may be attributed to the enzymatic activity of
Lactobacillus spp. in catalyzing both the release of bioactive components from the food matrix and the
remodeling of polyphenolic composition in favor of more bioaccessible molecules. These positive
effects were more evident when the snack were fermented with L. rhamnosus. Our results suggest the
use of lactic acid fermentation as an approach to enhance the nutritional value of functional foods,
resulting in the enhancement of their health-promoting potential.

Keywords: lactofermentation; probiotic; date fruit bars; functional snack; polyphenols

1. Introduction

Palm date fruit is one of the oldest fruits consumed by man. It is well known in folklore
beliefs that palm date fruit possesses extraordinary health-promoting effects. In ancient
times, it was largely used for its extraordinary effects on fertility and sexual performance, to
care for gastrointestinal disturbances, but also to treat respiratory disease such as bronchitis
and asthma [1,2]. Today, the latter beneficial effects have been scientifically studied and
documented, and pre-clinical and clinical studies have confirmed the wide latter spectrum
of health benefits after treatment with palm date fruit extract [3].

From the chemical point of view, the strength of this fruit is not only its peculiar
polyphenolic content, characterized mainly in phenolic acid, followed by flavonoids,
procyanidins, carotenoids, and sterols [3], but also its relevant nutritional properties, and
especially its energy boosters. Particularly, palm date fruits are a rich source of minerals,
such as potassium (864 mg/100 g), calcium (70.7 mg/100 g), sodium (32.9 mg/100 g), iron
(0.3–6.03 mg/100 g), zinc (0.5 mg/100 g) and magnesium (64.2 mg/100 g), that are vital
for human physiological process such as respiration (Na+), performance of the immune
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response (Zn) and physical potency (Fe) [4]. Palm date fruits are also a precious fruit,
especially for their fiber content, mainly insoluble fiber (11.5 g/100 g) [5], protein content
(2.5–6.5 g/100 g) [6], and of essential amino acids such as arginine and histidine that are
fundamental for human health [7–9]. Moreover, the high level of glucose and fructose,
easily absorbable at the intestinal level, make this fruit one of the most ancient and diffuse
energy sources.

Over the last few decades, western nutraceutical and food industries have placed
an increasing interest in the formulation of fruit- or vegetable-based fermented foods.
These products have found a rapid diffusion on the nutraceutical and food market due to
several reasons, primarily nutrition–health approaches, food safety, advantageous sensorial
changing, shelf-life prolongation, the facility of preparation, the valorization of unused
raw vegetal material, and sustainable development [10–12].

The main microorganism species employed for the formulation of such products are
bacteria (manly Bacillus subtilis, Bacillus thuringiensis, Aspergilus niger and Aspergilus oryzae),
yeast (mainly represented by Saccharomyces cerevisiae) and acid lactic bacteria (LAB)
(mainly belonging to the species lactobacillus: Lactiplantibacillus plantarum subsp. plantarum,
Levilactobacillus brevis, Lactinocaseibacillus rhamnosus and Lactobacillus acidophilus) [13,14].
Particularly, lactofermentation can be a useful tool for remodeling the polyphenolic compo-
sition of vegetables and fruit, enhancing their functional potential [15–17].

It is also well known that only some polyphenols occurring in foods are easily bioac-
cessible at the intestinal level, since a major part of these molecules are bound by various
types of interactions to a food matrix, mainly represented by soluble and insoluble fiber
and cell wall polysaccharides (PCWs) [18]. The enzymatic activity of microorganisms has
been widely documented to be able to split the same types of bound molecules and/or
degrade complex polyphenols in smaller ones, which in most cases are more bioaccessible
at the intestinal level [13].

In light of the above statements, it can be hypothesized that lactofermentation may
play a major role in improving the potential functional features of this fruit. Thus, the
aim of the present study was the formulation of lactofermented palm date fruit bars
(LDBs) as a potential functional food. In order to reach this aim, we have evaluated (i) the
capability of the growth of most diffuse lactobacillus strains in palm date pulp and their
survival after 4 weeks of storage at 4 ◦C, (ii) the effects of lactic acid fermentation on free
polyphenolic compounds levels in palm date fruit bars, (iii) the desirable enhancement
of LDB antioxidant potential, and (iv) the remodeling of the polyphenolic composition
of LDB.

2. Materials and Methods
2.1. Inoculum and LDB Preparation

Lactiplantibacillus plantarum subsp. plantarum ATCC14917, Lactobacillus delbruekii subsp.
bulgaricus ATCC 11842, L. acidophilus ATCC4356 and Lactinocaseibacillus rhamnosus ATCC
7469 (Farmalabor, Canosa, Italy) were reactivated by culturing twice in 25 mL of MRS
broth (meat peptone 10.0 gL−1; dextrose 20.0 gL−1; yeast extract 5.0 gL−1; beef extract
10.0 gL−1; disodium phosphate 2.0 gL−1; sodium acetate 5.0 gL−1; ammonium citrate
2.0 gL−1; magnesium sulfate 0.1 gL−1; manganese sulphate 0.05 gL−1; Tween 80 1.0 gL−1)
(Thermo scientific, Waltham, MA, USA) at 37 ◦C for 18 h to obtain 108 cells/mL. To prepare
the inoculum, bacterial cultures were centrifuged and washed in sterile physiological
solution (NaCl 8.5 gL−1) and resuspended in 5 mL of the same solution. Fresh palm date
fruits were purchased from a local supermarket, were boned, and 200 g of milled date
fruit pulp, 100 g of cereals, 18 h cultures (final concentration > 106 CFU/mL) and sterile
water were mixed in a food processor mixer for 2 min. For the fermentation, the mixtures
obtained were placed in plastic bags and incubated at 37 ◦C for 48 h. After this time, the
pH was measured followed by sample drying up to 15% moisture content. Extrusion was
accomplished using a laboratory single screw extruder S-45 (Metalchem Gliwice) after the
fermentation time.
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2.2. Enumeration of Probiotic Microorganisms

The viability of probiotic cultures in the LDBs was determined and expressed as
colony forming units (CFU) mL−1 on MRS agar (Oxoid, Milan, Italy). Serial dilutions
were prepared in sterile physiological solution before being plated onto MRS agar. Plates
were incubated at 37 ◦C for 48 h in an anaerobic system (Oxoid). Probiotic viability was
investigated after 48 h of fermentation at 37 ◦C and after 4 weeks of storage at 4 ◦C.

2.3. LDB Polyphenolic Extraction

In order to evaluate the potential changes in terms of antioxidant power and polyphe-
nolic content, the LDBs were subjected to chemical extraction after the fermentation time
and after 4 weeks of storage at 4 ◦C. LDBs (10 g) were treated with 60 mL of 80% methanol
(0.5% formic acid), homogenized for 5 min by ultra-turrax (T25-digital, IKA, Staufenim-
Breisgau, Berlin, Germany) and shaken on an orbital shaker (Sko-DXL, Argolab, Carpy,
Italy) at 300 rpm for 15 min. Then, the samples were placed in an ultrasonic bath for
another 10 min, before being centrifuged at 6000 rpm for 10 min. The supernatants were
collected and stored in darkness, at 4 ◦C. The pellets obtained were re-extracted, as de-
scribed above with 40 mL of the same mixture of solvents. Finally, the extracts obtained
were filtered under vacuum, the methanol fraction was eliminated by evaporation, and the
water fraction was lyophilized.

2.4. HPLC-DAD Analysis

Extracts from the date bars were solubilized with 1% formic acid. Analyses were
run on a Jasco Extrema LC-4000 system (Jasco Inc., Easton, MD, USA) provided with
a photodiode array detector (DAD). The column selected was a Kinetex® C18 column
(250 mm × 4.6 mm, 5 µm; Phenomenex, Torrance, CA, USA). The analyses were performed
at a flow rate of 1 mL/min, with solvent A (2% acetic acid) and solvent B (0.5% acetic acid
in acetonitrile and water 50:50, v/v). After a 5 min hold at 10% solvent B, elution was
performed according to the following conditions: from 10% (B) to 55% (B) in 50 min and
to 95% (B) in 10 min, followed by 5 min of maintenance. Procyanidins, dihydrochalcones,
flavanols, and hydroxycinnamic acids were monitored at 280 nm, while flavonols were
monitored at 360 nm. For quantitative analysis, standard curves for each polyphenol
standard were prepared over a concentration range of 0.1–1.0 µg/µL with six different
concentration levels and duplicate injections at each level. The identity of polyphenols was
confirmed by comparison of the retention time with the external standard.

2.5. Total Phenol Content (TPC)

The total phenol content (TPC) was determined through Folin–Ciocalteau’s method,
using gallic acid as standard (Sigma-Aldrich, St. Louis, MO, USA). In brief, 0.1 mL of sam-
ples (properly diluted with water in order to obtain an absorbance value within the linear
range of the spectrophotometer) underwent an addition of: 0.5 mL of Folin–Ciocalteau’s
(Sigma-Aldrich, St. Louis, MO, USA) reagent and 0.2 mL of an aqueous solution of Na2CO3
7% (w/v %), bringing the final volume to 10 mL with water. After mixing, the samples were
kept in the dark for 90 min. After the reaction period, the absorbance was measured at
760 nm. Each sample was analyzed in triplicate and the concentration of total polyphenols
was calculated in terms of gallic acid equivalents (GAE) [19].

2.6. DPPH Assay

The antioxidant activity of the samples was measured with for the radical scavenging
ability of the antioxidants present in the sample using the stable radical 2,2-diphenyl-
1-picrylhydrazyl (DPPH) (Sigma-Aldrich St. Louis, MO, USA). The analysis was per-
formed by adding 100 µL of each sample to 1000 µL of a methanol solution of DPPH
(153 mmol L−1). The decrease in absorbance was determined with a UV–visible spec-
trophotometer (Beckman, Los Angeles, CA, USA). The absorbance of DPPH radical with-
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out antioxidant, i.e., the control, was measured as the basis. All determinations were in
triplicate. Inhibition was calculated according to the formula: [(Ai − Af)/Ac] × 100 [19].

2.7. Statistics

Unless otherwise stated, all the experimental results were expressed as the
mean ± standard deviation (SD) of three determinations. Statistical analysis of data was
performed by the Student’s t-test. p values less than 0.001 were regarded as significant.

3. Results
3.1. Microbial Analysis

The four acid lactic bacteria strains used were capable of growth in palm date bars
media without external prebiotic supplementation or pH adjustment, reaching a concen-
tration ranging from 3.1 to 4.9 × 109 CFU/g after 48 h of fermentation (Table 1). The
shelf-life analysis performed, consisting of 4 weeks of storage at 4 ◦C, indicated that the
surviving cell was easily affected by the storage, and the fermented product keeps func-
tional probiotic concentration (approximately 109 CFU/g) able to exert beneficial effects in
the consumers. Regarding pH, it decreased approximately by a single unit (with a slight
difference depending on the bacteria strain used) and remained almost unchanged after
the storage time.

Table 1. Monitoring of pH and cell survival (expressed as CFU/ g of LDB) in fermented and unfermented version of palm
date bars. Means and standard deviations for n = 3.

Time Surviving Cells (CFU/g)

L. acidophilus L. bulgaricus L. plantarum L. rhamnosus

0 1.4 ± 0.2 × 106 1.2 ± 0.3 × 106 1.6 ± 0.4 × 106 1.3 ± 0.2 × 106

48 h 4.2 ± 0.3 × 109 3.1± 0.4 × 109 4.4 ± 0.2 × 109 4.9 ± 0.3 × 109

4 weeks 2.8 ± 0.2 × 109 1.9 ± 0.2 × 109 2.1 ± 0.3 × 109 2.8 ± 0.2 × 109

pH

L. acidophilus L. bulgaricus L. plantarum L. rhamnosus
0 4.90 ± 0.01 4.97 ± 0.2 4.82 ± 0.20 4.84 ± 0.08

48 h 3.20 ± 0.09 3.53 ± 0.30 3.47 ± 0.07 3.21 ± 0.09
4 weeks 3.17 ± 0.02 3.22 ± 0.36 3.23 ± 0.12 3.14 ± 0.09

3.2. Total Polyphenols and Antioxidant Activity

In order to obtain an overview of the effects of lactofermentation on palm date bars’
polyphenolic composition, Folin–Ciocalteau’s assay was performed on hydroalcoholic LDB
and control (unfermented bar) extracts. With this assay, we evaluated the non-specific
quantitative variation of polyphenolic compounds in hydroalcoholic extracts, thus the
change in terms of extractable polyphenols. Un-inoculated date bars exhibited a total
phenol content of 44.87 mg GAE (gallic acid equivalent) for date bars. This value increased
after 48 h of fermentation with acid lactic bacteria and its positive variation, showing
changes in a strain-specific manner. As reported in Table 2, L. rhamnosus fermented bars
exhibited an increase in total polyphenolic content of 71.58% compared to the control,
while the inoculation with L. bulgaricus and L. acidophilus brought slightly lower results
with an increase of 41.19% and 59.03%, respectively. L. plantarum fermentation, instead,
has shown a completely different influence on the phenolic composition, with a negligible
activity on free polyphenols increase. The same trend was also maintained after four
weeks of storage at 4 ◦C, where the relevant increases in free phenolic compounds obtained
were preserved with a slight reduction (Table 2). The antioxidant activity of the LDBs
and the control, instead, was evaluated by a DPPH test and the results obtained were
expressed as mg of trolox equivalent/LDB (Table 3). The results obtained show that the
hydroalcoholic extract of L. rhamnosus LDB possesses a stronger antioxidant activity than
the other fermented versions, with an increase in radical scavenging activity by 39.97%.

58



Foods 2021, 10, 1760

The other bacteria strains also showed a positive influence on the antioxidant potential
of this product. Particularly, L. acidophilus fermentation shows a remarkable effect on the
antioxidant activity of the present product, with an increase in antioxidant activity of
30.91%, while L. plantarum and L. bulgaricus LDBs show a weak change in terms of radical
scavenging activity, with a slight increase (calculated against the control according to the
formula: (TPC fermented products − TPC of control)/TPC control × 100) in TE/LDB of
2.8 to 23.61%, respectively. Additionally, in this case, the storage for 4 weeks at 4 ◦C seems
to not significantly affect the antioxidant potential of the LDBs.

Table 2. Total phenol content (TPC) evaluated by Folin–Ciocalteu method in fermented and unfermented date bars after 48
h of fermentation at 37 ◦C and 4 weeks of storage at 4 ◦C. Data are expressed as mean value (mg gallic acid equivalents
(GAE)/g LDB) ± SD of three repetitions.

mg GAE/Date Bars

Probiotic Strains 48 h of Fermentation 4 Weeks at 4 ◦C
% Increase in Free

Polyphenols after 48 h
of Incubation

% Increase in Free
Polyphenols after

4 Weeks at 4 ◦C

L. acidophilus 71.34 ± 0.08 * 63.13 ± 0.32 * 59.03 45.82
L. bulgaricus 63.29 ± 0.16 * 59. 67 ± 0.20 * 41.19 36.12
L. plantarum 47.27 ± 0.04 ** 49.94 ± 0.05 ** 4.91 7.02
L. rhamnosus 77.56 ± 0.15 * 71.34 ± 0.61 * 71.58 61.54

Control 44.87 ± 0.07 43.88 ± 0.10

Statistical significance is calculated by Student’s t-test analysis: * p < 0.0001 TPC of L. acidophilus, L. bulgaricus, L. rhamnosus LDB vs. control
(44.87 mg of GAE/date bars) for 48 h fermented sample; ** p < 0.001 TPC of L. plantarum LDB vs. control (44.87 mg of GAE/date bars) for
48 h fermented sample; * p < 0.0001 TPC of L. acidophilus, L. bulgaricus, L. rhamnosus LDB vs. control (43.88 mg of GAE/date bars) for 4-week
fermented sample; ** p < 0.001 TPC of L. plantarum LDB vs. control (43.88 mg of GAE/date bars) for 4-week fermented sample.

Table 3. Radical scavenging activity evaluated by DPPH method in fermented and unfermented date bars after 48 h of
fermentation at 37 ◦C and 4 weeks of storage at 4 ◦C. Data are expressed as mean value (mg Trolox equivalents (TE)/LDB)
± SD of three repetitions.

mg TE/Date Bars

Probiotic Strains 48 h of Fermentation 4 Weeks at 4 ◦C
% Increase in

Antioxidant Activity 48 h
of Incubation

% Increase in
Antioxidant Activity
after 4 Weeks at 4 ◦C

L. acidophilus 140.64 ± 0.31 * 111.78 ± 0.79 * 30.91 21.74
L. bulgaricus 133.53 ± 0.91 * 128.83 ± 0.15 * 23.61 40.00
L. plantarum 111.05 ± 0.13 ** 108.33 ± 0.58 ** 2.80 17.73
L. rhamnosus 150.13 ± 0.15 * 141.26 ± 0.43 * 39.97 53.50

Control 108.03 ± 0.16 92.02 ± 0.17

Statistical significance is calculated by Student’s t-test analysis: * p < 0.0001 TPC of L. acidophilus, L. bulgaricus, L. rhamnosus LDB vs. control
(108 mg of TE/date bars) for 48 h fermented sample; ** p < 0.001 TPC of L. plantarum LDB vs. control (108.03 mg of TE/date bars) for 48 h
fermented sample; * p < 0.0001 TPC of L. acidophilus, L. bulgaricus, L. rhamnosus LDB vs. control (92.02 mg of TE/date bars) for 4-week
fermented sample; ** p < 0.001 TPC of L. plantarum LDB vs. control (92.02 mg of TE/date bars) for 4-week fermented sample.

3.3. Polyphenolic Composition of LDB

HPLC-DAD quantitative analysis results of the main representative palm date polyphe-
nols occurring in LDBs and the control are reported in Table 4. Data show that fermentation
has remarkable effects on the qualitative composition of the date polyphenolic fraction.
The total phenolic acid concentrations are increased after the lactic fermentation. The gallic
acid amount is significantly increased (8-fold compared to the control) in L. rhamnosus LDB.
Lower results, but still significant, were obtained by fermentation with the other strains
(Table 4). The amount of caffeic acid, ferulic acid, and syringic acid are almost doubled
in the fermented product and specifically, the highest increase was achieved, once again,
in L. rhamnosus LDB. Concerning the phenolic acids, only the chlorogenic acid concen-
tration drastically decreased after lactofermentation; indeed, its concentration halved in
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formulated products. In regard to the flavonoid composition, interestingly, the amount
of quercetin is increased around +50% in all the different versions of LDB formulations.
However, the latter results are accompanied with a relevant decrease in quercitrin and
isoquercetin levels.

Table 4. Polyphenolic composition of date bars (control) and of its lactofermented versions (LDB) formulated by fermentation
with different Lactobacillus strains.

Phenolic Compound L. acidophilus
LDB

L. bulgaricus
LDB

L. plantarum
LDB

L. rhamnosus
LDB Control

Gallic acid 1.87 ± 0.07 * 1.74 ± 0.09 * 1.39 ± 0.07 ** 8.05 ± 0.03 * 1.40 ± 0.03
Syringic acid 3.97 ± 0.02 * 3.77 ± 0.03 * 3.53 ± 0.03 ** 4.15 ± 0.02 * 2.46 ± 0.03
Caffeic acid 3.97 ± 0.03 * 3.73 ± 0.02 * 3.41 ± 0.03 ** 4.42 ± 0.03 * 3.32 ± 0.03
Ferulic acid 5.17 ± 0.04 * 4.88 ± 0.02 * 4.73 ± 0.03 ** 5.46 ± 0.03 * 4.26 ± 0.04

Chlorogenic acid 2.82 ± 0.03 * 3.01 ± 0.02 * 3.93 ± 0.03 ** 2.64 ± 0.03 * 4.73 ± 0.05
Cathechin 1.56 ± 0.03 * 1.55 ± 0.05 * 1.43 ± 0.03 ** 1.78 ± 0.03 * 1.34 ± 0.02

Rutin 0.56 ± 0.04 * 0.48 ± 0.01 * 0.56 ± 0.06 ** 0.42 ± 0.03 * 0.91 ± 0.02
Quercitrin (Quercetin

3-O-rhamnoside) 0.23 ± 0.02 * 0.26 ± 0.02 * 0.21 ± 0.03 ** 0.29 ± 0.02 * 0.78 ± 0.02

Isoquercetin 0.28 ± 0.02 * 0.26 ± 0.03 * 0.23 ± 0.03 ** 0.1 ± 0.03 * 0.76 ± 0.03
Quercetin 0.21 ± 0.01 * 0.29 ± 0.01 * 0.25 ± 0.03 ** 0.32 ± 0.01 * 0.11 ± 0.05

Statistical significance is calculated by Student’s t-test analysis: * p < 0.0001 polyphenolic composition of L. acidophilus, L. bulgaricus,
L. rhamnosus LDB vs. control; ** p < 0.001 polyphenolic composition of L. plantarum LDB vs. control.

4. Discussion

Our results indicated that all the inoculated bacteria strains in date fruit pulp are
capable of growing well, without nutrient supplementation or pH alteration. These findings
agree with previous works, which have proposed different vegetable or fruit juices as good
media for probiotic growth [13,20,21]. During the last decade, the consumption of probiotic
products is a trend in continuous evolution due to its widely documented health-promoting
effects [21–25].

It is fundamental to emphasize that, to exert beneficial effects in the host, probiotic
bacteria must be alive and abundant in the product at the time of consumption [20].
Today, no general agreement has been established regarding the minimum concentration of
probiotics necessary to obtain healthy effects in humans; however, a daily intake ranging
from 106 to 108 CFUmL−1 is generally recommended [26]. LDB products possessed, after
fermentation, a probiotic concentration, largely above the minimum daily probiotic intake
recommended. Particularly, L. rhamnosus strain showed the best growth in date fruit pulp,
using the date fruit components as a nutritional source for their growth and development,
reaching the concentration of 4.9 × 109 CFU/g of LDB. Our results are in line with findings
of other authors, that indicated the L. rhamnosus strain as the strain most able to survive in
unfavorable conditions such as fruit or vegetable juice [20,21]. The latter probiotic potential
of the formulated products agrees with another relevant nutraceutical feature of this one:
the increase in bioaccessible polyphenolic fraction. The results obtained after the lactic
fermentation of palm date pulp indicated a general increase in total polyphenolic level
(Table 2) and the related antiradical activity of fermented products (Table 3).

These positive chemical and biological changes vary in a strain-specific manner
(Tables 2 and 3), L. rhamnosus has shown to be the most effective stain able to improve
the biochemical characteristics of the LDBs. These data would be related to the bacteria
enzymatic activities (hydrolase, esterase, etc.), that would catalyze the release of phenolic
compounds from soluble and insoluble date fruit fiber.

Consequently, the intestinal date polyphenols’ bioaccessibility and consequential
potential bioavailability may increase [13,27–29]. It is widely documented that the polyphe-
nolic compounds are massively absorbed in the small intestine, and it is also well known
that the intestinal bioaivability of the polyphenols is low, especially due to their high molec-
ular weight and polarity [30]. In this scenario, lactofermentation is a precious strategy
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to release polyphenolic compounds from the food matrix, but also a tool to remodel the
polyphenolic composition of palm date fruit in favor of a smaller and less polar one, thus
reasonably creating more absorbable bioactive molecules. HPLC-DAD analysis of the LDB
polyphenolic extracts indicated a drastic change in terms of polyphenolic composition. The
fermented version of palm date bars showed a radical reduction in chlorogenic acid in
favor of its molecular component: caffeic acid [31]. This molecule may exert more health-
promoting effects than its precursor and, due to its lower polarity and dimension, it is better
absorbed in the small intestine than its precursors [32]. The observed increase in cinnamic
acids (i.e., ferulic and caffeic acids) is also related to feruloyl esterase enzymes (E.C. 3.1.1.73),
produced by bacteria, responsible for catalyzing the resolution of polyphenolic esterified
forms to the vegetable cell wall, that turn into the release of free phenolic acids, available
to be absorbed at the intestinal level [33]. Furthermore, the release of gallic acid in LDB
was observed. This compound may be released via tannase activity. Tannase or tannin acyl
hydrolase (EC 3.1.1.20) catalyzes the hydrolysis of ester bonds that occur in hydrolysable
tannins and gallic acid esters, and releases glucose and gallic acid [34]. The fermented
version, moreover, was also enriched in quercetin, a not polar polyphenol largely absorbed
at the intestinal level. Microbial α-rhamnoside (widely produced by L. rhamnosus) can hy-
drolyze quercitrin (quercetin 3-O- rhamnoside) in its aglycone form (quercetin). Similarly,
rutin may be hydrolyzed by a-rhamnosidase to produce quercetin-3-O-glucoside, and then
further hydrolyzed by α-glucosidase (bacteria enzyme) to release quercetin [35,36]. In light
of these considerations, the polyphenolic richness of these products was not only fortified
by the deep remodeling operated by bacteria activities, but the general polyphenolic sta-
bility was improved by pH change (from neutral to mild acid), enhancing the intestinal
bioaccessibility and bioavailability of these bioactive compounds [37].

5. Conclusions

On the basis of functional ingredients occurring in date fruit, LDB products, and
especially L. rhamnosus LDB, may be proposed as a prototype of functional food, mainly
indicated for athletics nutrition and supplementation. LDB products may be considered
as bi-functional, because after the biotransformation, LDB increases the rate of free and
simple phenolic compounds, which are more absorbable at the intestinal level, and, at
the same time, acts as a carrier of probiotics. The higher amounts of free phenolic com-
pounds may be a precious support able to contrast the strong oxidative stress to which
athletes are constantly subjected. Moreover, the high glucose content is a good source of
energy, and the high mineral levels may rebalance the loss of minerals during sportive
activities. Finally, the active probiotics may aid athletes with secondary health benefits
that could positively influence physical performance through improved recovery from
fatigue, enhanced immune function, and the maintenance of healthy gastrointestinal and
upper respiratory tract function [38]. Accordingly, a recent clinical trial has proven the
importance of probiotic supplementation to contrast the high oxidative stress level [39]
and to increase muscle strength and resistance [40]. Undoubtedly, further in vivo studies
are necessary to confirm such promising results.
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Abstract: Rice bran was fermented using a functional starter culture of Lactiplantibacillus plantarum
EM, which exhibited high cholesterol removal and strong antimicrobial activity. Highest viable cell
counts (9.78 log CFU/mL) and strong antimicrobial activity were obtained by fermenting 20% rice
bran supplemented with 1% glucose and 3% corn steep liquor (pH 6.0) at 30 ◦C for 48 h. The fermented
rice bran slurry was hot air-dried (55 ◦C, 16 h) and ground (HFRB). HFRB obtained showed effective
cholesterol removal (45–68%) and antimicrobial activities (100–400 AU/mL) against foodborne
pathogenic bacteria and food spoilage fungi. Phytate levels were significantly reduced during
fermentation by 53% due to the phytase activity of L. plantarum EM, indicating HFRB does not present
nutrient deficiency issues. In addition, fermentation significantly improved overall organoleptic
quality. Our results indicate that HFRB is a promising functional food candidate. Furthermore, HFRB
appears to satisfy consumer demands for a health-promoting food and environmental and legal
requirements concerning the re-utilization of biological byproducts.

Keywords: L. plantarum EM; rice bran fermentation; cholesterol removal; antimicrobial activity;
sensory quality

1. Introduction

Rice bran is produced during rice milling and is one of the most abundant agricultural
byproducts. Most of the rice bran produced is used as an animal feed ingredient and to
produce fertilizers due to its poor taste and smell [1]. However, rice bran is rich in dietary
fiber, protein, minerals, and phytochemicals, which are important health-promoting food
ingredients [1,2]. Thus, to enhance the nutritional qualities of rice bran, many food process-
ing techniques such as fermentation using fungi or extraction with different solvents have
been used [3–6]. In particular, fermentation has been used to improve sensory qualities,
enhance nutritional qualities, and reduce undesirable compound levels [7]. Specifically, for
rice bran fermentation, most investigators have adopted solid-state fermentation using non-
toxigenic filamentous fungi, such a Rhizopus and/or Aspergillus strains, as starter cultures to
develop prebiotic, antioxidant or preservative, or to enhance cosmeceutical properties [2–5].
Most bacterial rice bran fermentations described have been carried out using lactic acid
bacteria (LAB) to produce useful compounds (lactic acid or ornithine), to improve sensory
characteristics, or to enhance LAB viabilities or phytochemical levels [8–13]. Generally,
fungi grow well in rice bran cultures without additional nutrients, but LAB are difficult to
grow in rice bran, as they have complex nutrient requirements, which include amino acids,
vitamins, fatty acids, purines, and pyrimidines [12,14]. Thus, other investigations on rice
bran fermentation using LAB used enzyme hydrolyzed rice bran, rice bran extract, or rice
bran supplemented with other nutrients such as milk, yeast extract, soybean hydrolysate,
arginine, or whey [9,12–14]. However, the utilization of rice bran as a functional food is
limited despite its potential as a rich source of valuable health-promoting compounds.
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Hypercholesterolemia is strongly associated with coronary heart disease, which is an
important cause of death [7]. Several LAB strains have been reported to have cholesterol-
lowering effects in vitro or in vivo [7]. We also reported on the cholesterol-lowering effect of
Lactobacillus plantarum EM isolated from kimchi [15]. Lactobacillus plantarum was renamed
Lactiplantibacillus plantarum according to a reclassification of the genus Lactobacillus in
2020 [16]; thus, we refer to it throughout as Lactiplantibacillus plantarum. Lactiplantibacillus
plantarum EM showed high cholesterol removal by growing cells and even dead bacterial
cells. Cholesterol removal mechanisms by L. plantarum EM were verified to enzymatic
assimilation including bile salt hydrolase assimilation and cell surface-binding. L. plantarum
EM also appeared to meet the functional criteria required for health-promoting probiotics,
including acid and bile tolerance and antibiotic susceptibility [15]. Moreover, L. plantarum
EM exhibited strong antimicrobial activities against different foodborne pathogenic bacteria
and food spoilage fungi, and the active compounds involved were identified as 3-hydroxy-
5-dodecenoic acid and lactic acid [17]. Cabbage-apple juice was also fermented using L.
plantarum EM as a functional starter culture, and the fermented juice obtained exhibited
significant hypocholesterolemic and anti-obesity effects in rats [7,18].

Recently, environmental and legal pressures have forced the food and agricultural
industries to find means of re-utilizing biological byproducts [2]. As consumer’s interests
in the health benefits of food continue to increase, functional LAB starter culture-based
fermentation has attracted attention as a means of producing food materials containing a
wide range of health-promoting compounds. We considered rice bran fermentation using a
functional starter culture such as L. plantarum EM might satisfy the demands of consumers
and meet environmental and legal requirements.

In this study, rice bran was fermented using L. plantarum EM as a functional starter
culture. We describe the optimization of fermentation conditions with respect to L. plan-
tarum EM growth and antimicrobial activity, and the fermented bran produced was hot
air-dried to produce a fermented rice bran product, which was evaluated for its functional
and organoleptic properties to assess its potential as a functional food candidate.

2. Materials and Methods
2.1. Microbial Cultures and Media

Microorganisms and culture media used in this study are listed in Table S1. LAB were
cultivated in de Man Rogosa Sharpe (MRS; Difco, Sparks, MD, USA) broth. Non-LAB
bacteria were cultivated in Luria-Bertani (LB, Difco) agar. Molds were grown on malt
extract agar (MEA, Difco) or potato dextrose agar (PDA, Difco). Strains were purchased
from the American Type Culture Collection (ATCC; Manassas, VA, USA). The LAB L.
plantarum EM and Weissella koreensis DB1 were isolated from kimchi, as we previously
described [13,15].

2.2. Optimization of Rice Bran Fermentation Conditions

To prepare a starter culture, L. plantarum EM was cultivated in MRS broth at 30 ◦C
for 24 h, centrifuged (9950× g, 5 min, 4 ◦C), washed with sterile distilled water, and
resuspended in sterile distilled water containing the same volume of culture. Thereafter,
the prepared starter culture was inoculated (1%; equivalent to ~7.0 log CFU/mL) in rice
bran slurry as described in Sections 2.2.1–2.2.3 and fermented at 30 ◦C for 48 h.

To prepare rice bran filtrate, fermented rice bran slurry was filtered through four
layers of sterile thin cloth, and filtrates were tested for pH, viable LAB cell count, and
antimicrobial activities [13].

2.2.1. Rice Bran Concentration in Rice Bran Slurry

Rice bran slurries containing 5, 10, 15, 20, 25, or 30% (w/v) of rice bran powder
(Henanum Co., Yangpyeong, Korea) in distilled water (Table S2) were autoclaved (121 ◦C,
15 min), immediately cooled (20 ◦C), and viscosities were determined using different
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spindle speeds of 12–60 rpm using a viscometer (AMETEK Brookfield, Middleboro, MA,
USA) equipped with a No. 4 spindle.

2.2.2. Rice Bran Slurry Supplementation

To investigate the effects of different nutrients on rice bran fermentation, different
nutrients including carbon (glucose, maltose, sucrose, or fructose), nitrogen (peptone,
soytone, beef extract, or yeast extract), and/or complex compound sources (corn steep
liquor; CSL) at different concentrations (1–5%) were added to rice bran slurry containing
20% rice bran powder (Table S2).

2.2.3. pH and Temperature

To investigate the effect of temperature, L. plantarum EM was cultivated at 24, 30, or
37 ◦C for 24 h or 48 h in pH non-adjusted rice bran slurry. To investigate the effect of
pH, L. plantarum EM was cultivated in rice bran slurry consisting of 20% rice bran with
3% CSL and 1% glucose at pH values ranging from 4.0 to 8.0 for 24 h or 48 h at 30 ◦C.
Thereafter, viable cells [13] and antimicrobial (antibacterial and antifungal) activities [17]
were determined.

2.2.4. Viable Cells and pH

To investigate the effects of rice bran concentration and other nutrients on the cell
growth and antimicrobial activity of L. plantarum EM, L. plantarum EM was inoculated (7.0
log CFU/mL) into each prepared rice bran slurry and cultivated at 30 ◦C for 48 h, after
which viable cells were counted. Viable cell counts in fermented rice bran were counted by
plating on MRS agar [13]. pH values were determined using a pH meter (Fisher, Hanover
Park, IL, USA).

2.2.5. Antimicrobial Activities

Antimicrobial activities were determined using spot-on-the-lawn assays [17]. To
prepare MRS cultures, L. plantarum EM was cultivated in MRS broth for 24 h at 30 ◦C.
Prepared MRS broths of L. plantarum EM and rice bran filtrates were centrifuged (9950× g,
15 min, 4 ◦C) and filtered (0.45 µm; Millipore, Beverly, MA, USA). Prepared cell-free MRS
filtrates and cell-free rice bran filtrates were analyzed for antimicrobial activities. Plates
were prepared by adding mold spores (6.0 log spores/20 mL of MEA or PDA) to 1.5% bacto
agar for the antifungal assay or by spreading bacterial cells (6.0 log CFU/mL) onto LB
agar for the antibacterial assay. Thereafter, 10 µL aliquots of the sample were spotted onto
prepared plates. Antimicrobial activity, expressed as arbitrary units (AU) per milliliter, was
defined as the reciprocal of the highest dilution that produced an inhibitory zone towards
sensitive microorganisms. Activities were calculated using (1000/d) D, where D is the
dilution factor and d is dose (10 µL of prepared antimicrobial sample).

2.3. Preparation of Fermented Rice Bran

Under optimized fermentation conditions, rice bran was fermented at 30 ◦C for 48 h
using L. plantarum EM as a starter culture, and hot air-dried at 55 ◦C for 16 h (Temperature
& Humidity Chamber, HB-105SP, Hanbaek, Bucheon, Korea) to produce hot air-dried
fermented rice bran (HFRB). Thereafter, it was ground using a blender (BW-3000, Buwon,
Daegu, Korea) and tested for cholesterol removal, antimicrobial activity, phytic acid content,
and organoleptic qualities. Raw rice bran (RRB) and hot air-dried non-fermented rice bran
(HNRB) were used as controls.

2.4. Cholesterol Removal

Cholesterol removal by fermented rice bran was determined using the method devised
by Rude and Morris [19]. To assay cholesterol removal, ~2 g of HFRB (obtained from 10 mL
of fermented rice bran slurry) was resuspended in MRS broth containing 0.5% oxgall and
0.1 g/L of water-soluble cholesterol as well as 0.5% TDCA and 0.1 g/L of water-soluble
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cholesterol in 10 mL. Separately, RRB or HNRB slurries were also prepared. To prepare dead
LAB cells, L. plantarum EM was incubated at 30 ◦C in MRS broth (10 mL) containing 0.5%
oxgall or 0.5% TDCA and harvested (9950× g, 5 min, 4 ◦C). Cell pellets were suspended in
saline and autoclaved at 121 ◦C for 15 min. Dead cells were harvested and then resuspended
in MRS broth (10 mL) containing 0.5% oxgall and 0.1 g/L water-soluble cholesterol as well
as 0.5% TDCA and 0.1 g/L water-soluble cholesterol [15].

Prepared resuspensions (10 mL) were incubated at 37 ◦C for 24 h in a GasPak EZ
system (Becton Dickinson, Sparks, MD, USA) and harvested (9950× g, 4 ◦C, 5 min), and
cholesterol concentrations in supernatants were determined as previously described [15].
Briefly, 1 mL of supernatant was added to 2 mL of 33% (w/v) potassium hydroxide and
3 mL of 95% (v/v) ethanol, heated for 10 min in a 60 ◦C water bath, and then cooled with
tap water. Hexane (5 mL) was then added, mixed, and 1 mL of distilled water was added.
After standing for 10 min to allow phase separation, the hexane phase was evaporated
under a nitrogen stream. The concentrated aqueous fraction was then added to 4 mL of
freshly prepared o-phthalaldehyde (Sigma-Aldrich, St. Louis, MO, USA, 0.5 mg in 1 mL
acetic acid), mixed, allowed to stand for 10 min, and treated with 2 mL of concentrated
sulfuric acid for 10 min. Thereafter, absorbances were measured at 550 nm using an
Ultrospec 2100 pro (Biochrom, Cambridge, UK). Cholesterol removal (%) was expressed as
{0.1 g/L of cholesterol—concentration of remaining cholesterol in the cultures}/0.1 g/L of
cholesterol ×100.

2.5. Phytase Activity and Phytic Acid

Phytase activity of L. plantarum EM was determined using phytase-specific medium
as previously described [20]. Overnight grown L. plantarum EM was harvested (9950× g,
5 min, 4 ◦C), and suspended in the same volume of distilled water. W. koreensis DB1, which
was used as a starter culture for rice bran fermentation in our previous study [13], and
L. plantarum ATCC 14,917 were used as controls. Paper discs (diameter 8 mm; Advantec,
Tokyo, Japan) were placed on phytase-specific medium (1.5% glucose, 0.5% calcium phytate,
0.5% NH4NO3, 0.05% KCl, 0.05% MgSO4·7H2O, 0.001% FeSO4·7H2O, 0.001% MnSO4, and
1.5% micro agar, pH 5.5), and 100 µL of prepared LAB suspensions was spotted onto the
paper discs. Plates were incubated at 30 ◦C for 24–48 h, and the diameters of haloes formed
on plates were measured using a caliper (Mitutoyo, Tokyo, Japan).

Total phytic acid contents of the rice bran products were determined using a phytic
acid assay kit K-PHYT (Megazyme; Wicklow, Ireland) according to the manufacturer’s
instructions. Briefly, the rice bran products (1 g) were extracted using 0.66 M hydrochloric
acid and then neutralized with 0.75 M sodium hydroxide. Extracted samples were tested
for total phosphorus and free phosphorus produced by phytase and alkaline phosphatase
using the assay kit. Phytate contents were calculated using the following Equation (1):

Phytate content (g/100 g) =
Phosphorus content (g/100 g)

0.282
(1)

where, phosphorous content (g/100 g) = mean M × 0.1112 × ∆A phosphorous, ∆A phos-
phorous = Absorbance of total phosphorous − Absorbance of free phosphorous, and mean
M (µg/∆A phosphorous) = mean of phosphorous standard values (standard solutions 1–4
in the Megazyme K-PHYT kit).

2.6. Sensory Evaluations

Sensory evaluations were performed after obtaining approval from the Institutional
Review Board of Chosun University (Gwangju, Korea; IRB#2-1041055-AB-N-01-2019-33).
Nine trained students who had performed more than 30 evaluations per year at the
Department of Food and Nutrition, Chosun University, constituted the sensory evaluation
panel. Four samples of RRB, HNRB, HFRB, or HFRB containing 0.07% stevia (Viomix,
Seoul, Korea; HFRB-S) were presented to the panel. Prior to sensory evaluations, panelists
rinsed their mouths with water and waited for 1–2 min before performing each evaluation.
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Sensory attributes were evaluated using a 5-point scale for sourness, bitterness, sweetness,
hay smell, and pleasant flavor (1 = very weak, 3 = moderate, and 5 = very strong) and
mouthfeel texture and overall acceptability (1 = very bad, 3 = moderate, and 5 = very good).

2.7. Statistical Analysis

Data were expressed as the mean and standard deviation (mean ± SD) of triplicate deter-
minations. Experimental data were statistically analyzed by Duncan’s multiple range test for
one-way ANOVA in SPSS 26.0 software, and p < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Rice Bran Fermentation
3.1.1. Rice Bran as a Nutrient Source for LAB Cell Growth

High L. plantarum EM cell growth during rice bran fermentation is most important to
obtain in terms of developing a functional rice bran product, as L. plantarum EM, whether
alive or dead, has shown high cholesterol removal ability [15]. L. plantarum EM was
inoculated (7.00–7.04 log CFU/mL) in rice bran slurries (5–30% rice bran powder in distilled
water) and cultivated at 30 ◦C for 24–48 h. Highest viable cell counts were obtained at 24 h
(8.30–8.67 log CFU/mL), and these were maintained at 48 h. Viable cell counts were not
affected by rice bran concentration (5–30%) (Table 1). The viscosities of 25–30% rice bran
slurries could not be determined because they were almost solid. However, 20% of slurry
viscosities ranged from 5733 to 17,514 cp at 12–60 rpm (data not shown); thus, we used
this concentration for further experiments. The majority of previous studies have been
conducted using solid-state fungal fermentations of 30–50% (w/v) rice bran slurries [2–5],
whereas liquid-state rice bran fermentations of bacteria (LAB) have been performed using
lower concentrations (<10% of rice bran or rice bran extract) [9,12,14].

The effects of other nutrients added to rice bran on LAB cell growth were also deter-
mined (Table 1). In carbon source supplementation to 20% rice bran, viable LAB cells of
the cultures were 8.60–8.69 log CFU/mL. Whereas supplementation with 3% beef extract
as a nitrogen source or 3% CSL as a complex compound source resulted in significantly
better cell growth. Based on the above results, we decided that nutrients should be added
to rice bran fermentations at 1% for glucose (as a primary carbon source), 3% CSL, and/or
3% beef extract. Two or three of these nutrients were used in combination, and then viable
cell counts were determined. The highest viability (9.60–9.78 log CFU/mL) was obtained
from 20% rice bran slurries containing 3% CSL supplemented with other nutrients (Table 1;
20% RB + combined nutrients); this cell growth was almost the same as that obtained
(9.59 log CFU/mL) by MRS cultivation. In the present study, neither beef extract, peptone,
soytone, nor yeast extract significantly affected the growth of L. plantarum EM, whereas CSL
obviously increased L. plantarum EM growth. These results indicated that CSL addition
is important to enhance LAB cell growth in rice bran culture. The cost of fermentation
medium has been reported to account for almost 30% of the total cost of microbial fer-
mentation [21]. CSL is a byproduct of corn wet-milling and contains carbon and nitrogen
sources as well as minerals and vitamins. Thus, CSL has been proposed as an alternative
to expensive nutrients such as beef extract, yeast extract, or peptone [21]. Behr suggested
CSL be used as a nutrient for microorganisms as long ago as 1909 [22]. The usage of CSL
as a component of nutrient media can be summarized as follows: Production of penicillin
by mold, Penicillium sp. [22], production of ethanol, succinic acid, or arabinase by yeasts,
Zymomonas sp. [23], Pichia sp. [24], Anaerobiospirillum sp. [25], or Fusarium sp. [26], and
production of lactic acid by LAB [21,27–29]. However, its use in microbiology was limited
to yeast fermentation until recently. Specifically, in studies on the fermentation using LAB,
CSL has been used as an alternative for yeast extract to produce lactic acid [21,27–29].
However, results were less than satisfactory as CSL did not produce as much lactic acid as
yeast extract [30]. In this study L. plantarum EM cell growth in rice bran culture was suc-
cessfully enhanced byadding the biological byproduct CSL instead of expensive nutrients
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such as beef extract or yeast extract, which satisfies environmental and legal requirements
concerning the re-utilization of biological byproducts.

Table 1. Effect of rice bran and other nutrients on the cell growth of L. plantarum EM.

Culture Viable Cells
(log CFU/mL)Nutrient Concentration (%)

MRS (control) 9.59 ± 0.13 A

Rice bran
(RB)

5 8.58 ± 0.13 a

10 8.39 ± 0.41 a

15 8.64 ± 0.39 a

20 8.67 ± 0.38 aB

25 8.36 ± 0.01 a

30 8.30 ± 0.01 a

20% RB + Carbon-source

Glucose
1 8.69 ± 0.16 aB

3 8.66 ± 0.10 a

Maltose
1 8.62 ± 0.02 a

3 8.63 ± 0.05 a

Sucrose
1 8.65 ± 0.12 a

3 8.60 ± 0.04 a

Fructose
1 8.63 ± 0.05 a

3 8.62 ± 0.12 a

20% RB + Nitrogen-source

Peptone 1 8.86 ± 0.19 a

3 8.94 ± 0.06 ab

Beef extract
1 8.79 ± 0.11 a

3 9.05 ± 0.03 aB

Yeast extract
1 8.84 ± 0.12 a

3 8.76 ± 0.04 a

Soytone 1 8.81 ± 0.04 a

3 8.89 ± 0.04 ab

20% RB + Complex compound source

Corn steep liquor
(CSL)

1 9.29 ± 0.18 b

2 9.33 ± 0.11 b

3 9.70 ± 0.11 aA

4 9.38 ± 0.09 b

5 9.40 ± 0.09 b

20% RB + Combined nutrients
20% RB + 1% Glucose + 3% Beef extract 9.03 ± 0.28 b

20% RB + 1% Glucose + 3% CSL 9.78 ± 0.06 aA

20% RB +3% Beef extract + 3% CSL 9.60 ± 0.05 aA

20% RB + 1% Glucose + 3% CSL + 3% Beef extract 9.65 ± 0.12 aA

L. plantarum EM was cultivated in rice bran slurry at 30 °C for 48 h when viable cells were counted. Values are the
mean ± SD of three independent cultivations. Different lowercase letters indicate significant differences (p < 0.05)
between supplemented nutrients in the same column. Different uppercase letters indicate significant differences
(p < 0.05) between cultures (indicated by shading).

3.1.2. Antimicrobial Activity of Fermented Rice Brans

MRS culture of L. plantarum EM (9.59 log CFU/mL) showed strong antifungal ac-
tivity against A. fumigatus ATCC 96,918 (600 AU/mL) and antibacterial activity against
B. cereus ATCC 14,579 (300 AU/mL) (Table 2). Rice bran cultures of L. plantarum EM
(8.30–8.67 log CFU/mL) prepared from 5 to 30% rice bran/distilled water slurries did not
exhibit antibacterial or antifungal activity. Rice bran cultures in rice bran slurries composed
of 20% rice bran supplemented with different carbon or nitrogen sources showed antibacte-
rial activity (100 AU/mL) against B. cereus ATCC 14,579 but no antifungal activity against
A. fumigatus ATCC 96918. However, supplementation (>2% by weight) of CSL in rice
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bran slurry resulted in antibacterial (200 AU/mL) and antifungal (100 AU/mL) activities,
and these antimicrobial activities were markedly higher than those of rice bran cultures
supplemented with carbon or nitrogen but lower than those obtained by MRS culture.
The addition of 3% CSL with glucose or/and beef extract increased the antifungal activity
of fermented rice bran to 400 AU/mL, and the effect of beef extract supplementation on
antimicrobial activity was similar to that of glucose. Supplementation with 3% CSL or 3%
CSL + 1% glucose to rice bran culture both resulted in viable LAB cell counts of 9.70–9.78
CFU/mL, but the antifungal activity of rice bran culture supplemented with 3% CSL + 1%
glucose was higher than that supplemented with 3% CSL (400 vs. 100 AU/mL) (Table 1).
The results in Tables 1 and 2 show supplementation with 3% CSL and 1% glucose achieved
high L. plantarum EM cell growth (9.78 log CFU/mL) and strong antibacterial activity
(200 AU/mL) against B. cereus ATCC 14,579 and antifungal activity (400 AU/mL) against
A. fumigatus ATCC 96918. Notably, these results demonstrate that replacement of beef
extract, peptone, soytone, or yeast extract with CSL resulted in higher LAB cell growth and
antimicrobial activities. The antimicrobial mechanism was verified as L. plantarum EM with
antimicrobial activity induced dimples on the surface of vegetative B. cereus cells, which
resulted in cell death. L. plantarum EM showing antimicrobial activity also affected the cell
membranes of A. fumigatus conidium and B. cereus endospore, which led to collapsed and
shrunken morphologies resulting in cell death [17].

Based on these results, L. plantarum EM was cultivated in 20% rice bran slurry supple-
mented with 3% CSL + 1% glucose in subsequent experiments.

3.1.3. Effects of pH and Temperature

Prior to adjustment, the pH of the prepared rice bran slurry composed of 20% rice
bran + 3% CSL + 1% glucose was pH 5.6 ± 0.3. To investigate the effects of pH and
temperature on the fermentation, pH values and temperatures of rice bran slurry were
adjusted in ranges pH 4.0–8.0 and 25–37 ◦C, respectively, and then viable LAB counts and
antibacterial and antifungal activity were measured (Table 3). Highest cell growth and
antimicrobial activity were obtained at pH from 6.0 to 7.0 and at 30 ◦C. Based on these
results, rice bran at pH 6.0 was fermented at 30 ◦C in further experiments.

3.2. Characterization of Rice Bran Products

We fermented rice bran using a functional starter culture L. plantarum EM, which
exhibited effective cholesterol removal regardless of LAB viability coupled with strong
antimicrobial activities against foodborne pathogenic bacteria and food spoilage fungi.
To address the unsuitability of rice bran as a growth medium for LAB, others have used
enzyme hydrolyzed rice bran, rice bran extract, or rice bran with other nutrient supple-
mentations [8–13]. However, in this study highest LAB cell growth (9.78 log CFU/mL)
and strong antimicrobial activity were obtained by simply fermenting 20% rice bran in the
presence of 3% CSL and 1% glucose (pH 6.0) at 30 ◦C for 48 h.

For customer convenience and to extend shelf-life, fermented slurries must be further
processed by a drying process such as freeze-drying or hot air-drying. We adopted a hot
air-drying method, which is more cost-effective than freeze-drying. After the fermented
rice bran had been hot air-dried, no viable LAB cells were detected. Advantages of the
hot air-drying method used in this study are that the used starter culture L. plantarum EM
can represent its bioactivities (cholesterol removal and antimicrobial activity) even in dead
cells [15,17], and that the used substrate in this fermentation is a heat-stable cereal-based
material, rice bran.
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Table 2. Effect of rice bran and other nutrients on the antimicrobial activities of L. plantarum EM.

Culture. Antimicrobial Activity
(AU/mL)

Nutrient Concentration
(%) Antibacterial Antifungal

MRS (control) 300 600

Rice bran
(RB)

5 0 0
10 0 0
15 0 0
20 0 0
25 0 0
30 0 0

20% RB + Carbon-source

Glucose
1 100 0
3 100 0

Maltose
1 100 0
3 100 0

Sucrose
1 100 0
3 100 0

Fructose
1 100 0
3 100 0

20% RB + Nitrogen-source

Peptone 1 100 0
3 100 0

Beef extract
1 100 0
3 100 0

Yeast extract
1 100 0
3 100 0

Soytone 1 100 0
3 100 0

20% RB + Complex compound source

Corn steep liquor
(CSL)

1 100 100
2 200 100
3 200 100
4 200 100
5 200 100

20% RB + Combined nutrients
20% RB + 1% Glucose + 3% Beef extract 100 0

20% RB + 1% Glucose + 3% CSL 200 400
20% RB + 3% Beef extract + 3% CSL 200 400

20% RB + 1% Glucose + 3% CSL + 3% Beef extract 200 400
Rice bran slurry was fermented at 30 ◦C for 48 h, after which antimicrobial activities were assayed on B. cereus
ATCC 14,579 and A. fumigatus ATCC 96,918 lawn plates as described in Materials and Methods.

3.2.1. Cholesterol Removal by Fermented Rice Bran Products

The effect of the hot air-dried fermented rice bran product (HFRB) on reducing
cholesterol levels in vitro was examined (Table 4). In this assay, raw rice bran (RRB),
hot air-dried non-fermented rice bran product (HNRB), and dead cells of L. plantarum EM
were used as controls. In our previous study, L. plantarum EM showed high cholesterol
removal regardless of cell viability, but cholesterol removal by growing cells (88.12%)
was greater than that by dead cells (39.02%) in oxgall assay [15]. Meanwhile, it has been
reported that bioactive compounds, including tocotrienols, γ-oryzanol, and dietary fiber,
in rice bran have cholesterol-lowering effects [31]. As shown in Table 4, RRB and HNRB
achieved 7.77–9.75% cholesterol removal, and dead cells of L. plantarum EM achieved
34.67–39.58% cholesterol removal, while HFRB attained 44.93–67.58% in oxgall and TDCA
assays. Cholesterol removal by HFRB was slightly lower than that achieved by L. plantarum
EM live cells (47.66–88.12% in oxgall and TDCA assays [15]). These results demonstrated
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that the cholesterol removal efficacy of rice bran was significantly enhanced by fermentation.
We suppose these results were due to the synergistic effects of bioactive compounds in rice
bran, the strong cholesterol-binding ability of L. plantarum EM cell walls, and the effects of
unidentified compounds produced during fermentation.

Table 3. Effect of pH and temperature on cell growth and the antimicrobial activities of L. plan-
tarum EM.

Factor
Viable Cells (CFU/mL)

Antimicrobial Activity (AU/mL)

Antibacterial Antifungal

24 h 48 h 24 h 48 h 24 h 48 h

Temp. (◦C) *
25 9.49 ± 0.08 b 9.28 ± 0.25 a 100 200 100 200
30 9.78 ± 0.11 a 9.33 ± 0.21 a 200 200 200 400
37 9.47 ± 0.06 b 8.69 ± 0.09 b 100 200 100 200

pH **
4.0 9.39 ± 0.10 c 8.90 ± 0.30 cd 100 100 100 100
5.0 9.44 ± 0.17 c 9.22 ± 0.15 bc 100 200 100 100
6.0 9.81 ± 0.10 a 9.59 ± 0.07 a 200 200 200 400
7.0 9.76 ± 0.13 ab 9.49 ± 0.16 ab 200 200 200 400
8.0 9.53 ± 0.14 bc 8.70 ± 0.14 d 100 200 100 200

* Rice bran slurries were incubated at 25, 30, or 37 °C without pH adjustment. ** pH values of rice bran slurries
were adjusted to 4.0–8.0 and then incubated at 30 °C. Different letters (a–d) represent significant differences
(p < 0.05) on the same factor at 24 h and 48 h, respectively.

Table 4. Cholesterol removal by the fermented rice bran products.

Sample
Cholesterol Removal (%)

0.5% Oxgall 0.5% TDCA

Dead cells of L. plantarum EM 39.58 ± 0.49 b 34.67 ± 1.34 b

RRB 8.87 ± 3.77 c 7.77 ± 1.33 c

HNRB 9.75 ± 1.06 c 9.29 ± 3.10 c

HFRB 67.58 ± 3.34 a 44.93 ± 1.21 a

Rice bran slurry consisting of 20% rice bran powder (RRB) + 3% CSL + 1% glucose in distilled water (pH 6.0)
was fermented using L. plantarum EM for 0 h (HNRB) or 48 h (HFRB) at 30 ◦C, hot air-dried at 55 ◦C, and then
ground. Separately, L. plantarum EM was cultivated in MRS containing 0.5% TDCA or 0.5% oxgall at 37 ◦C for
24 h. Cell pellets were harvested and suspended in saline and heat-killed at 121 ◦C for 15 min. Prepared samples
of RRB, HNRB, HFRB, and of the dead cells of L. plantarum EM were incubated at 37 ◦C for 48 h in 0.5% oxgall or
0.5% TDCA containing cholesterol media as described in Materials and Methods. Values in the same column with
different letters indicate significant difference (p < 0.05).

3.2.2. Antimicrobial Activity

As we previously reported, L. plantarum EM showed antimicrobial activities against
various foodborne pathogenic bacteria and food spoilage molds [17]. The compounds
showing antibacterial and antifungal activities were identified as 3-hydroxy-5-dodecenoic
acid and lactic acid. Furthermore, the antimicrobial effects of these active compounds were
found to act synergistically [17].

Cholesterol removal and antimicrobial (both antibacterial and antifungal) activity are
distinctive and important bioactivities of L. plantarum EM. Fermented rice bran products
intended to be used as functional food or ingredients should possess these bioactivities.
Thus, in this study, we examined whether the fermented rice bran product produced by hot
air-drying (at 55 ◦C for 16 h) retained antimicrobial activity. To determine the antimicrobial
activity of HFRB, 2 g (equivalent to 10 mL of rice bran slurry) was resuspended in 10 mL of
distilled water, allowed to stand for 4–5 h at 4 ◦C, and filtered. The antimicrobial activities
of the filtrates obtained were then evaluated against various foodborne pathogens and
food spoilage microorganisms (Table 5). The antimicrobial activities of RRB (pH 6.3),
HNRB (pH 5.6), HFRB (pH 3.8), and MRS culture filtrate (pH 3.8) of L. plantarum EM were
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measured. HFRB showed the same or slightly less antimicrobial activity against foodborne
pathogenic bacteria (200–400 AU/mL) and food spoilage fungi (100–400 AU/mL) than L.
plantarum EM MRS filtrate (200–400 AU/mL antibacterial and 100–600 AU/mL antifungal),
but no antimicrobial activity was observed for RRB or HNRB (Table 5). Fermented rice
bran product and MRS culture of L. plantarum EM had similar cell counts (Table 1) and pH
values, and lactic acid amounts detected in HFRB and MRS culture filtrates were similar
(data not shown). The reason why the antimicrobial activities of MRS culture filtrate
against A. fumigatus, P. expansum, and B. cereus were slightly higher than those of HFRB
(in Table 5) is believed to be due to the sodium acetate present in MRS medium. Stiles
et al. reported that sodium acetate, a basic component of commercial MRS medium, has
microorganism-dependent antifungal effects [32].

Table 5. Antimicrobial activity of the fermented rice bran products.

Indicator Strains
Antimicrobial Activity (AU/mL)

RRB HNRB HFRB MRS Culture
Filtrate *

Molds Aspergillus flavus ATCC 22546 0 0 200 200
Aspergillus fumigatus ATCC 96918 0 0 400 600
Penicillium roqueforti ATCC 10110 0 0 100 100
Penicillium expansum ATCC 7861 0 0 0 100

Bacteria Bacillus cereus ATCC 14579 0 0 200 300
Escherichia coli O157:H7 ATCC 43895 0 0 200 200
Pseudomonas aeruginosa ATCC 29853 0 0 400 400

Salmonella enterica servoar. Typhi ATCC 14028 0 0 200 200
Rice bran slurry consisting of 20% rice bran powder (RRB) + 3% CSL + 1% glucose in distilled water (pH 6.0)
was fermented using L. plantarum EM for 0 h (HNRB) or 48 h (HFRB) at 30 ◦C, hot air-dried (55 ◦C), and ground.
Products were resuspended in distilled water, and cell-free filtrates were prepared to assay antimicrobial activities,
as described in Materials and Methods. * To prepare MRS culture filtrate, L. plantarum EM was cultivated in MRS
broth at 30 ◦C for 48 h, centrifuged, and filtered.

These results showed that the fermented rice bran product even after hot air-drying
(HFRB) retained strong antimicrobial activities against different foodborne pathogenic
bacteria and food spoilage molds. The results suggest that the natural antimicrobial agent,
HFRB, could be used as a functional food.

3.2.3. Phytic Acid

As shown in Table S3, L. plantarum EM showed obvious phytase activity (18 mm
clear zone on phytase-specific medium), while other LAB strains showed lower activities
(9–12 mm clear zone).

Phytic acid (myo-inositol hexaphophoric acid) is found in the seeds of plants and has
some beneficial properties, which include antioxidant, anticancer, cholesterol-lowering,
and blood-sugar-lowering activities [33]. However, phytic acid also inhibits the absorptions
of essential minerals such as iron, zinc, calcium, and magnesium in the digestive tract due
to its ability to bind polycations and incorporate them in insoluble complexes. Thus, phytic
acid is considered an antinutrient, especially in children and the elderly, in whom calcium
absorption is important [33].

As shown in Table 6, phytic acid contents were 3.99 g per 100 g for HFRB, 7.93 g per
100 g for HNRB, and 8.48 g per 100 g for RRB; that is, L. plantarum EM phytase reduced
phytic acid content by 53% during fermentation. It has been reported that the amount of
phytic acid present in foods depends on the preparation methods used, such as milling,
soaking, germinating, or fermentation [33]. In healthy people eating a balanced diet, the
inhibitory effect of phytic acid on mineral absorption is minimal, and phytic acid con-
sumption at 1000–2000 mg per day has not been associated with nutrient deficiencies [34].
Therefore, consumption of HFRB is unlikely to have any antinutritional effect.
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Table 6. Phytic acid content of fermented rice bran products.

Sample Phytic Acid (g/100 g)

RRB 8.48 ± 0.47 a

HNRB 7.93 ± 0.44 a

HFRB 3.99 ± 0.26 b

Values displayed with different letters are significantly different (p < 0.05).

3.2.4. Sensory Evaluation

As shown in Table 7, HFRB had a pleasant flavor, a soft mouthfeel, and a strong sour
taste. The strong hay smell and bitterness of RRB and HNRB were notably reduced by
fermentation. The sourness of HFRB was attributed to low pH (3.80 due to 83,726 mg/kg
of lactic acid; data not shown), but this was improved by adding only 0.07% by weight
of stevia without affecting sweetness. The consumption of rice bran has been limited
despite its health-promoting compound contents because of its smell, taste, and coarse
texture [1]. This study shows that the organoleptic qualities of rice bran, except sourness,
were significantly improved by L. plantarum EM fermentation, and that this sourness was
easily managed by adding a calorie-free sweetener, such as stevia (HFRB-S).

Table 7. Results of sensory evaluations of fermented rice bran products.

Indicator Strains RRB HNRB HFRB HFRB-S

Sourness 1.11 ± 0.33 d 2.22 ± 0.44 c 4.67 ± 0.50 a 3.89 ± 0.78 b

Bitterness 3.33 ± 0.71 b 4.11 ± 0.33 a 2.00 ± 0.00 c 2.00 ± 0.00 c

Sweetness 2.00 ± 0.00 a 2.00 ± 0.00 a 2.00 ± 0.00 a 2.00 ± 0.00 a

Hay smell 5.00 ± 0.00 a 4.00 ± 0.00 b 1.67 ± 0.71 c 1.67 ± 0.71 c

Pleasant flavor 1.78 ± 0.83 c 2.78 ± 0.83 b 4.89 ± 0.33 a 4.89 ± 0.33 a

Mouthfeel texture 1.56 ± 0.53 c 2.67 ± 0.50 b 4.11 ± 0.60 a 4.11 ± 0.33 a

Overall acceptability 1.67 ± 0.50 c 2.00 ± 0.00 c 3.00 ± 0.50 b 4.11 ± 0.60 a

Rice bran slurry was fermented at 30 ◦C for 0 h (HNRB) or 48 h (HFRB), hot air-dried at 55 ◦C for 14 h, and
then ground. Sensory evaluations were carried out on raw rice bran (RRB), fermented rice bran product (HFRB),
non-fermented rice bran product (HNRB), and HFRB containing 0.07% by weight of stevia (HFRB-S). Evaluations
were performed using a 5-point scale; 1, 3, and 5 corresponding to “very bad, moderate, and very good” for
mouthfeel texture and overall acceptability, and using “very weak, moderate, and very strong” for the other
items. Results are expressed as the mean ± SD. Different letters for sensory items indicate significant differences
(p < 0.05).

4. Conclusions

In this study, the fermented rice bran product (HFRB) showed high cholesterol removal
(45–68%) and antimicrobial activities (100–400 AU/mL) against foodborne pathogenic
bacteria and food spoilage fungi. Levels of phytic acid, which has a combination of
beneficial and antinutrient properties, were significantly reduced (from 8480 mg/100 g to
3990 mg/100 g) during fermentation, which showed the antinutritional aspects of HFRB
were not a cause for concern. HFRB showed much better organoleptic qualities than RRB
and HNRB, except sourness, though this was easily improved by adding a small amount
(0.07% by weight) of stevia. Commercially successful functional food products must satisfy
consumer requirements for health-promoting properties and good sensory properties, and
the results of this study show that HFRB well meets these requirements. Thus, we conclude
that HFRB produced using L. plantarum EM is a promising functional food candidate or
ingredient that can be incorporated into foods as a natural antimicrobial agent and health-
promoting material without adversely affecting flavor or texture. The most important
aspect of this study is that it resulted in the low-cost production of a valuable functional
food candidate or functional food ingredient from an inexpensive food byproduct. We are
currently evaluating HFRB in animals to confirm its beneficial health effects in vivo.
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Abstract: Natto is a popular food because it contains a variety of active compounds, including
nattokinase. Previously, we discovered that fermenting natto with the combination of Bacillus subtilis
GUTU09 and Bifidobacterium animalis subsp. lactis BZ25 resulted in a dramatically better sensory and
functional quality of natto. The current study further explored the effects of different fermentation
parameters on the quality of natto fermented with Bacillus subtilis GUTU09 and Bifidobacterium BZ25,
using Plackett–Burman design and response surface methodology. Fermentation temperature, time,
and inoculation amount significantly affected the sensory and functional qualities of natto fermented
with mixed bacteria. The optimal conditions were obtained as follows: soybean 50 g/250 mL, triangle
container, 1% sucrose, Bacillus subtilis GUTU09 to Bifidobacterium BZ25 ratio of 1:1, inoculation 7%,
fermentation temperature 35.5 ◦C, and fermentation time 24 h. Under these conditions, nattokinase
activity, free amino nitrogen content, and sensory score were increased compared to those before
optimization. They were 144.83 ± 2.66 FU/g, 7.02 ± 0.69 mg/Kg and 82.43 ± 5.40, respectively. The
plate thrombolytic area and nattokinase activity both increased significantly as fermentation time
was increased, indicating that the natto exhibited strong thrombolytic action. Hence, mixed-bacteria
fermentation improves the taste, flavor, nattokinase activity, and thrombolysis of natto. This research
set the groundwork for the ultimate manufacturing of natto with high nattokinase activity and free
amino nitrogen content, as well as good sensory and thrombolytic properties.

Keywords: natto; nattokinase; combination fermentation; thrombolytic property

1. Introduction

People’s living standards have gradually risen in recent years, and the incidence of
thrombosis in blood arteries has increased year after year [1]. Acute myocardial infarction,
hypertension, and stroke, for example, are commonly linked to excessive fibrin deposition
in blood arteries [2]. Meanwhile, the prevalence of cardiovascular and cerebrovascular
diseases has skyrocketed. As a result, the importance of healthy products and foods in
the prevention of cardio-cerebrovascular diseases has grown. In recent years, a natural
fermentation enzyme known as nattokinase has been a prominent study issue among
those nutritious foods. Natto is a soybean that has a distinct flavor and texture, which
is made by fermenting soybeans with Bacillus subtilis. It originated in ancient China and
evolved into a new form of fermented food after being exported to Japan during the Tang
Dynasty. The fermentation of natto produces a number of bioactive components, including
nattokinase, daidzein, phytosterols, superoxide dismutase, and several biologically active
peptides, in addition to preserving the nutritional value of soybeans [3]. Nattokinase is a
fibrinolytic enzyme released by the Bacillus subtilis natto bacteria during the fermentation
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process [4]. Nattokinase has better thrombolytic activity and selectivity when compared to
other fibrinolytic enzymes [5]. Furthermore, after oral administration, nattokinase is rapidly
absorbed across the gastrointestinal tract [6], causing fibrinolysis. Thus, it is evaluated
as a possible clot-dissolving agent for the treatment and prevention of cardiovascular
disease [7].

Natto has limited public awareness due to its distinct flavor produced by Bacillus sub-
tilis. The dispute continues to focus on natto’s pungent ammonia smell and flavor, as well
as a lack of convincing proof that it reduces the risk of thrombotic disorders. Overall, the
higher the nattokinase activity, free amino nitrogen content and sensory score, the better the
natto’s health advantages and acceptance. As a result, increasing the content of multiple
biological activities, and improving the sensory score and flavor of natto for the general
population are demanded. Bifidobacterium may produce lactic acid and acetic acid, which
can cover the ammonia and its distinct taste, as well as other functional compounds; thus,
adding additional Bifidobacterium to the natto may improve the flavor and quality.

We previously isolated nattokinase-producing Bacillus subtilis GUTU09 (CCTCC M 2021641)
which may be used to produce natto and Bifidobacterium BZ25 (CGMCC NO.10225) [8]. However,
the two bacteria strains’ fermentation parameters for producing natto were not investigated. As a
result, the goal of the current study was to apply Plackett–Burman design (PB) in conjunction
with Box–Behnken design (BBD) to investigate the effect of fermentation parameters to produce
high-quality natto. In addition, the natto’s thrombolytic properties were examined.

2. Materials and Methods
2.1. Materials

The Bacillus subtilis GUTU09 (B9) and Bifidobacterium animalis subsp. lactis BZ25 were
strains with excellent performance screened by our laboratory from Guizhou local charac-
teristic food [9,10]. Thrombin (1000U) and bovine fibrinogen were purchased from Solarbio
Science and Technology Co. (Beijing, China). Other culture media and analytical chemicals
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Seed Preparation

BZ25 was inoculated in MRS medium (natural pH) and anaerobically cultured at
37 ◦C for 48 h [11]. B9 was cultivated in the liquid seed medium containing 10 g/L glucose,
5 g/L yeast extract, 10 g/L beef extract, and 5 g/L NaCl with pH of 7.0–7.5 at 37 ◦C
and 180 r/min for 18 h. After that, the cells were extracted by centrifugation at 4000× g
(TGL20M High-speed freezing centrifuge, Maijiassen instrument, and equipment Co., Ltd.,
Changsha, China) for 10 min and resuspended in a small amount of sterile physiological
saline. The concentrations of BZ25 and B9 were then determined by anaerobic or aerobic
culture in either MRS agar plates (MRS agar medium was prepared by adding 20 g of agar
per liter MRS broth medium) or B9 liquid medium (B9 agar medium was prepared by
adding 20 g of agar per liter B9 liquid medium) at 37 ◦C for 48 h. Subsequently, its cell
concentrations were diluted to 1 × 108 CFU/mL with physiological saline [12].

2.3. Natto Preparation

Soybeans from Heilongjiang, China, were soaked overnight in 20 ◦C water. Wet beans
(50 g) were sterilized at 121 ◦C for 20 min, then cooled to 25 ◦C in a 250 mL conical flask. Soy-
beans were inoculated by 4% of BZ25(1 × 108 CFU/mL) and 4% of B9 (1 × 108 CFU/mL)
and fermented under static conditions (250 mL flask is sealed with eight layers of gauze)
for 24 h at 37 ◦C. The fermented soybeans were then ripened for 24 h at 4 ◦C before being
used to make natto.

2.4. One-Factor-at-a-Time Experiments

Using pH (initial pH was 7.5), nattokinase activity, free amino nitrogen, and sensory
scores as indicators, the effects of NaCl, sucrose, the ratio of B9 to BZ25 strains, inoculation
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amount, fermentation temperature, fermentation time, and after-ripening time on natto
were investigated by one-factor-at-a-time experiments.

2.5. PB Design

NaCl (A), sucrose (B), fermentation temperature (D), fermentation time (E), strain
ratio (G), inoculation amount (J), and after-ripening time (L) were chosen for PB design
based on the findings of the single-factor experiment. Seven independent and four dummy
variables (C, F, H, and K) were examined at two levels in total (Table 1).

Table 1. Minimum and maximum range of the parameters selected in the PB design.

Variables Units
Levels

1 −1

A—NaCl content % 0 1
B—Sucrose addition % 1 3

D—Fermentation temperature ◦C 37 34
E—Fermentation time h 30 24
G—strain proportion 2:1 1:1

J—inoculation volume % 8 6
L—after-ripening time d 3 1

C, F, H, K 1 −1

2.6. BBD

The results of the PB design demonstrate that the most critical parameters influencing
soybean fermentation were fermentation time, fermentation temperature, and inoculation
amount. We applied BBD and used nattokinase activity, free amino nitrogen, and sensory
scores as response values. Each of the parameters is listed in Table 2.

Table 2. Coded and real values of variables in the BBD.

Variables Units
Levels

−1 0 1

D—Fermentation
temperature

◦C 31 34 37

E—Fermentation time h 24 30 36
J—Inoculation volume % 4 6 8

2.7. pH Measurement and Extraction of Crude Enzyme Solution

Natto (10 g) was dissolved in 90 mL deionized water, homogenized for 30 s, and
extracted for 24 h at 4 ◦C. A pH meter was used to determine the pH of the suspension.
The supernatant was kept at 4 ◦C after centrifugation at 16,000× g (TGL20M High-speed
freezing centrifuge, Maijiassen instrument, and equipment Co., Ltd., Changsha, China) for
10 min for nattokinase activity determination.

2.8. Free Amino Nitrogen Contents (FANs)

The natto suspension was centrifuged at 1800× g for 10 min after being extracted at
4 ◦C for 24 h, and the supernatant was kept at 4 ◦C for later use. The method described by
Lu et al. [13] was used to determine the free amino nitrogen.

2.9. Nattokinase (NK) Activity Assay

The fibrinolytic activity of nattokinase was measured using the V. Deepak
et al. [14] technique.
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2.10. Sensory Properties

The sensory properties of natto were evaluated by the method of Feng et al. [15] with
some modifications. A sensory evaluation team of 15 teachers and graduate students
with sensory evaluation experience in food-related courses was assembled. The sensory
evaluation of natto was carried out in a well-ventilated food lab with plenty of light and
room. Appearance, viscosity, flavor, mouthfeel, and chewiness are the key determinants
of sensory properties. The appearance of the product was evaluated by color intensity,
color consistency, brightness, and gloss. The length, density, and adhesion of natto to
the chopsticks were used to determine stickiness. The flavor of natto was evaluated by
fragrance, ammonia, and beany flavor. It was expected that the flavor would be mild
or somewhat sour. The overpowering bitterness was unappealing. Teeth’s feedback to
the softness, hardness, stickiness, and smoothness of natto comprised chewiness. Rating
values of 1 to 5 were utilized for independent evaluation of these five sensory properties
(5 = like very much, 4 = like more, 3 = average, 2 = dislike very much, 1 = dislike very
much). Finally, each sensory rating was multiplied by a factor of four to provide an index
score. The greater the index score, the higher the natto’s quality [16].

2.11. Thrombolytic Effect

The area and diameter of the dissolution circle in the fibrin plate were used to evaluate
the thrombolytic action of crude enzyme solution using the agarose fibrinogen plate method
as described by Gao [10].

2.12. Anticoagulant Activity

The anticoagulant activity was determined by measuring the inhibition of fibrinogen
to fibrin conversion, using Wei’s [17] approach with minor changes. The details are as
follows: First, 0.3 mL of fibrinogen solution (7.2 mg/mL) was combined with 1.2 mL of
Tris–HCl (50 mM, pH 7.8) buffer in a colorimetric cuvette with 1.0 mL of the diluted sample
solution. After that, 0.1 mL of thrombin solution (20 U/mL) was added, the mixture
was incubated at 37 ◦C for a while, and the absorbance was measured at 405 nm (UV-Vis
Spectrophotometer TU-1810PC Pullout General Instrument Co., Ltd., Beijing, China.). As a
control, no sample solution was used. The anticoagulant activity of natto is estimated by
formula (1) below:

Activity of coagulation inhibitory % =
(

1 − ODsample

)
/ODControl × 100% (1)

2.13. Statistical Analysis

All of the tests were performed in triplicate. The data are presented as mean ± standard
deviation (SD). One-way ANOVA was performed using SPSS 19.0 (SPSS Inc., Chicago, IL,
USA), and differences were determined using Tukey’s HSD test, with p values < 0.05 con-
sidered statistically significant. Design-Expert 8.0.6 software (Stat-Ease, Inc., Minneapolis,
MN, USA) was used for the PB test and BBD and for their data analysis, and Origin 2018
software (OriginLab, Northampton, MA, USA) was used for drawing the graph.

3. Results
3.1. Effect of NaCl on Natto

Figure 1(a1,b1,c1) show the effect of NaCl on natto. The sensory qualities of natto
were significantly affected by different NaCl concentrations. The highest sensory score
was earned by 1% NaCl. The sensory scores, on the other hand, showed no significant
difference (p > 0.05) between 0% and 1%. However, as the salt concentration increased
above 1%, the sensory score rapidly decreased, and the difference was extremely significant
(p < 0.01). Figure 1(b1,c1) demonstrate that as NaCl levels rise, pH, nattokinase activity,
and free amino nitrogen levels fall, with the highest indices appearing in the control group
(NaCl equal to 0).
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3.2. Effect of Sucrose on Natto

Figure 1(a2,b2,c2) reveals that the amount of sucrose has a highly significant (p < 0.01
obtained by one-way ANOVA analysis) impact on the sensory score of natto. The sensory
score was highest when the sugar concentration was 1–2%. When the sugar level in
the flask fermentation environment reached over 2%, the higher sugar content made the
mixed-bacteria fermentation produce more acid. This is mainly due to the fact that O2
would become almost depleted in the solid fermentation of soybean, and this favored
the growth of the Bifidobacterium and inhibited the strictly aerobic Bacillus strain. The
extra acid made the natto taste and flavor worse, as well as making the bean difficult to
chew and increasing the stringiness viscosity. When the sugar content approached 3%, the
sensory score, nattokinase activity, and free amino nitrogen levels all decreased significantly
(p < 0.05).

3.3. Effect of Strain Proportion on Natto

Figure 2(a1,b1,c1) depict the influence of strain ratio on natto fermentation. The ratio
of strains did not affect free amino nitrogen or sensorial properties (p > 0.05). The pH, on
the other hand, rose initially and subsequently fell as the strain ratio rose. When the strain
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ratios were 2:1, 1:1, and 1:2, there was no significant change in pH (p > 0.05). Furthermore,
when the ratio increased, nattokinase activity reduced progressively but not significantly.
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Figure 2. Effects of strain proportion (a1,b1,c1) and inoculation volume (a2,b2,c2) on natto fermenta-
tion. Different letters above each bar means significant differences.

3.4. Effect of Inoculation Amount on Natto

Figure 2(a2,b2,c2) show the effect of inoculation amount on fermented natto. The
activity of nattokinase and free amino nitrogen concentration increased and then reduced
when the inoculation amount was increased, which was consistent with earlier studies [18].
The highest levels of nattokinase activity, sensory score, and free amino nitrogen were
attained when the inoculation amount reached 6–8%. When the inoculation concentration
was less than 6% or higher than 8%, nattokinase activity, free amino nitrogen, and sensory
score decreased.

3.5. Effect of Fermentation Temperature on Natto

As demonstrated in Figure 3(a1,b1,c1), the nattokinase activity was highest at 40 ◦C;
however, the sensory score was not the best at this temperature. In terms of flavor, tex-
ture, stringiness, and appearance, the temperature has a bigger impact on these sensory
characteristics. When the temperature was between 31–34 ◦C, the bacteria grew slower
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and had an impact on various biochemical reactions throughout the fermentation. When
the temperature was higher than 37 ◦C, the sensory score gradually decreased, and the
activity of nattokinase first increased and eventually decreased. In addition, as the temper-
ature rose, the pH increased as well (Figure 3(b1)), and the amount of free amino nitrogen
also increased.
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3.6. Effect of Fermentation Time on Natto

Figure 3(a2,b2,c2) show the effect of fermentation time on fermented natto. Natto hade
a high sensory score when fermented for 18 or 24 h. The color of the natto darkened as
the fermentation time progressed, and the ammonia smell became stronger. Excessive
fermentation softened the bean grains, lowering the sensory score. However, the activity
of nattokinase and the quantity of free amino nitrogen increased as the fermentation
duration increased.

3.7. Effect of After-Ripening Time on Natto

Figure 4a–c depicts the influence of after-ripening time on natto. Natto scored a higher
sensory score of 2–3 days after ripening time. However, extending the after-ripening time
reduces the product quality and freshness, lowering the sensory score. The pH changes
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slightly during the after-ripening process, suggesting the dynamics of the composition of
natto. The free amino nitrogen steadily rose as the after-ripening period increased, demon-
strating that the protease was still hydrolyzing soybean protein even at low temperatures.
Despite the fact that the overall trend in nattokinase was increasing, it seemed that there
was a downward trend in the end, which is consistent with prior observations [19].
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3.8. Plackett–Burman (PB) Design

According to the analysis of the single factor test, the Design-Expert software was
used to carry out the PB design (Table 1, Supplementary Materials Table S1), and the key
factors that significantly affected the fermentation of natto were screened out.

The analysis of variance response values with nattokinase activity, free amino nitrogen
content, and sensory scores are shown in Table 3. The p-values of the three ANOVA models
are all less than 0.05, indicating that the three ANOVA models are significant and have
a good degree of fit. We discovered that NaCl, sucrose, fermentation temperature, and
fermentation duration all had significant (p < 0.05) influences on nattokinase activity. The
following is the sequence in which factors impact nattokinase: NaCl > sucrose > fermen-
tation temperature > fermentation time. The amount of NaCl and sucrose, fermentation
temperature, and fermentation time had an extremely significant (p < 0.01) effect on the
content of free amino nitrogen. The following is the sequence in which factors impact the
production of free amino nitrogen: NaCl > sucrose > fermentation time > fermentation
temperature. Fermentation temperature, fermentation period, and inoculum amount all
had an impact on the sensory score (p < 0.05). The following is the sequence in which factors
affected sensory score: inoculum amount > fermentation time > fermentation temperature.
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In order to obtain products with good sensory characteristics, as a result, three factors
were chosen for the next response surface analysis: fermentation time (E), fermentation
temperature (D), and inoculation amount (J).

3.9. Response Surface Analysis by Box–Behnken Design (BBD)

The result of the BBD is shown in Table S2 (Supplementary Materials). All data are
fitted to a second-order polynomial model (Y1, Y2, Y3). The significance of these models
is expressed as a low p value (Supplementary Materials Table S3, nattokinase activity
p = 0.0174; free amino nitrogen content p = 0.0041; sensory score p = 0.0004), and the
lack of fit of these models was not significant, suggesting the models as being credible.
When the R2 value is greater than 0.8, the response surface model is generally considered
appropriate [20]. The higher R2 (R2 > 0.8) of the three responses indicates a high correlation
between the predicted value and the actual value.

Y1 = 132.58 + 5.08 × A − 1.16 × B − 3.04 × C + 1.79 × AB − 1.29 × AC + 0.78 × BC + 7.27 × A2

−3.28 × B2 + 2.7 × C2 (2)

Y2 = 5.51 + 1.71 × A + 0.65 × B − 0.28 × C + 0.89 × AB + 0.12 × AC − 0.24 × BC + 0.94 × A2

−0.73 × B2 + 0.59 × C2 (3)

Y3 = 85.28 − 3.15 × A − 2.18 × B + 1.83 × C − 3.90 × AB − 1.30 × AC + 2.75 × BC − 8.76 × A2

+0.085 × B2 − 6.22 × C2 (4)

According to the model equation Y1, the linear term A, cross-product terms AB and
BC, and quadratic terms A2–C2 had a positive effect on the nattokinase activity, while the
linear terms B and C, cross-product term AC, and quadratic term B2 showed a negative
effect. Table S3 (Supplementary Materials) shows that only the linear terms of fermentation
time (A), inoculation volume (C), and quadratic terms of A2 (p < 0.05) were substantially
linked with NK production.

The 3D surfaces of the interactive effects of fermentation time (A), fermentation tem-
perature (B), and inoculation volume (C) on the NK are illustrated in Figure 5. Figure 5(A1)
shows with the increase in temperature and time, the activity of nattokinase decreased at
first and then increased. As shown in Figure 5(B1), with the extension of the fermentation
time, the activity of nattokinase showed an increasing trend. This is because the longer
the fermentation time, the more time the bacteria will have to grow and ferment, resulting
in more nattokinase being produced by the bacteria. The combined effect of inoculum
amount and fermentation temperature revealed that nattokinase activity was affected by
fermentation temperatures between 31 and 37 ◦C, but the effect was minor (Figure 5(C1)).

Similar to nattokinase activity, Table S3 (Supplementary Materials) shows that the
linear terms A-B, cross-product terms AB and AC, and quadratic terms A2-C2 had a
significantly (p < 0.05) positive influence on the free amino nitrogen (FAN)content, while
the linear terms C, cross-product terms BC and quadratic terms B2 presented a significantly
(p < 0.05) negative effect (equation Y2).

The level of FAN increased as the temperature and fermentation time increased
(Figure 5(A2)). The fermentation period influences the accumulation of products. The free
amino nitrogen concentration first declined and subsequently increased as the amount of
inoculation and fermentation time increased (Figure 5(B2)).

Table S3 (Supplementary Materials) shows that the linear term C, cross-product term
BC, and quadratic term B2 had a significantly (p < 0.05) positive influence on the sensory
score, while the linear terms A-B, cross-product terms AB and AC, and quadratic terms
A2-C2 presented a significantly (p < 0.05) negative effect (equation Y3). The sensory score
of natto climbed as fermentation time, fermentation temperature, and inoculum amount
increased, reaching a maximum. Then, it began to decline as these three elements continued
to rise (Figure 6).
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3.10. Determination and Verification of Natto Process

After response surface optimization, according to the second-order model formula,
the theoretical optimal conditions were: sucrose addition was 1%, inoculation amount was
6.96%, fermentation temperature was 35.44 ◦C, and fermentation time was 24 h. Under
these conditions, the predicted value of nattokinase activity was 132.56 FU/g, the sensory
score predictive value was 81.21, and the free amino nitrogen content was 4.34 mg/kg. The
preceding parameters were slightly modified as follows: sucrose at 1%, inoculation amount
at 7%, fermentation temperature at 35.5 ◦C, and fermentation period at 24 h, taking into
account the feasibility of the actual operation.

In order to verify the effectiveness and feasibility of the model, three replicate tests
were performed under the optimal culture conditions. The results show that the activity of
nattokinase was 144.83 ± 2.66 FU/g, the sensory score was 82.43 ± 5.40, and the free amino
nitrogen content was 7.02 ± 0.69 mg/Kg. All of the above values were in line with the
expected outcomes. As a result, we came to the conclusion that the model could accurately
predict the real fermentation data for natto.

3.11. Thrombolytic Activity, Fibrin Degradation Ability, and Anticoagulant Activity

The thrombolytic activities of natto were investigated utilizing the agarose–fibrinogen
plate method under the abovementioned ideal circumstances. The fibrinolysis action of
natto extract is shown in Figure 7A. The diameter of the dissolution circle given in Table 4
was measured under aseptic conditions. The area of the dissolution circle was calculated
according to the diameter (π = 3.14). The area of thrombolysis is the area of the dissolution
circle minus the area of the central pore (1.98 ± 0.39 mm 2).
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Table 4. Changes in fibrinolytic activity during fermentation.

Center Hole Area
1.98 ± 0.39 mm2

GUTU09 Single-Strain Double-Strain Fermentation

Dissolving Circle
Diameter (mm) Thrombolytic Area (mm2) Dissolving Circle

Diameter (mm) Thrombolytic Area (mm2)

6 h 5.46 ± 0.45 g 21.53 ± 3.4 G 4.77 ± 0.69 g 16.16 ± 4.75 G

12 h 14.17 ± 0.31 f 155.76 ± 6.55 F 13.75 ± 0.51 f 146.64 ± 10.66 F

18 h 16.13 ± 0.48 e 202.46 ± 11.86 E 16.12 ± 0.45 e 202.11 ± 11.02 E

24 h 17.1 ± 0.20 d 232.64 ± 5.08 D 17.77 ± 0.2 c 245.83 ± 5.18 C

30 h 18.28 ± 0.38 b 272.8 ± 10.66 B 19.70 ± 0.35 a 302.73 ± 10.37 A

Note: Data are mean values of three independent experiments ± standard deviation. Mean values displaying different letters within each
row are significantly different according to the Duncan test at 95% confidence level.

As shown in Table 4, as the fermentation time rose, the corresponding diameter of the
dissolving circle increased in proportion to the thrombolytic area, and the thrombolysis
became more obvious.

Figure 7B depicts the variations in nattokinase activity throughout single-strain and
mixed-strain fermentation. The activity of nattokinase gradually increased as the fermen-
tation period was extended. The maximum activity of nattokinase was found in a 36 h
fermentation of mixed bacteria, with an enzyme activity of 161 ± 1.96 FU/g recorded.
When comparing the two fermentation methods, single-bacteria fermentation had higher
natto enzyme activity before 18 h, and equal the enzyme activity at 18 h. After 18 h, the
mixed-bacteria fermentation had higher enzyme activity than single-bacteria, which was
similar to the fibrinolytic activity indicated before. Finally, the mixed-bacteria fermentation
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method produced higher nattokinase activity, more free amino nitrogen, and a superior
sensory evaluation. As a result, it is a nutritious food that is readily available to the
general public.

The antithrombotic process was recorded when the crude enzyme extract of natto
(151.06 ± 2.34 FU/g) was diluted 50 times, 90 times, and 130 times with no added sample
as a control (Figure 7C). The control group reached the maximum fibrin concentration
(OD405 = 1.107) at 20 min. When the dilution ratio was 130 times, the formation of fibrin
was inhibited and the OD405 was 0.494 at 46 min, and fibrin was completely degraded
within 100 min. In contrast, the formation of fibrin in a 90-fold diluted sample solution
was inhibited at 38 min, and fibrin was almost completely degraded within 60 min. The
inhibitory effect, on the other hand, was better and the time was shorter. When the dilution
ratio was 50 times, there was no significant change in the curve, indicating that it had
strong anticoagulant activity.

4. Discussion

The formation of a blood clot in a blood vessel is one of the main causes of cardiovas-
cular diseases [5]. Blood clots are formed from fibrinogen via proteolysis by thrombin, and
can be hydrolyzed by plasmin to avoid thrombosis in blood vessels [21]. Natural products
with anticoagulant activity can hinder the conversion of fibrinogen into fibrin and play
a role in the final stage of the anticoagulation process [22]. Natto offers several health
benefits, with nattokinase being the most essential functional component. Nattokinase, a
serine protease secreted by Nattobacillus, has high fibrinolytic activity and has been proved
to be an effective thrombolytic in vitro and in vivo [23]. The health benefits of natto have
always attracted people’s interest [24], and the improvement in its quality has always been
a goal that people pursue, including improving the flavor and taste of natto, and increasing
the content of functional ingredients. The combination of Bacillus subtilis GUTU09 and Bifi-
dobacterium BZ25 (mixed bacteria) was utilized to ferment natto in this study. Sensory score,
pH, nattokinase, and free amino nitrogen concentration were used as indexes to investigate
the impact of various variables on the sensory and functional quality of fermented natto.

The indexes of natto decreased with the addition of NaCl (Figure 1(b1,c1)). It may
be due to the inhibition of some enzyme activities of the two strains under high- and
medium-salt conditions. Yue [25] et al. found that histidine decarboxylase was completely
inactivated in high- and medium-salt conditions, but remained active when the salt concen-
tration decreased. Meanwhile, because of health concerns associated with high salt intakes,
the demand for low-salt foods has surged. High salt intake is linked to diseases such as
hypertension and renal impairment [26]. As a result, excessive salt should not be used in
the fermentation process. Hypertension can be prevented and controlled by eating low-salt
foods [27]. It is very beneficial to people with coronary heart disease and hypertension,
and it meets the nutritional needs of modern society.

The effect of raising the sucrose content differs from that of raising the salt concentra-
tion (Figure 1). Adding about 1–2% sugar will improve the sensory characteristics. The
stringiness, flavor, taste, and chewiness of natto are all affected by the sugar concentration.
Despite the presence of oligosaccharides and polysaccharides in the steamed soybean, it
lacks a carbon source that BZ25 can utilize directly. Increasing the carbon source sugar
that the microbes can consume directly results in accelerated growth and metabolism. Our
findings are in line with a previous study by Wu et al. [28]. On the one hand, more sucrose
provides a better environment for BZ25 to grow, and acid production as a by-product
of the microbe increases rapidly, lowering the pH throughout the fermentation process
(Figure 1(b2)) and improving the texture and aroma of natto. Adding sucrose for B9, on
the other hand, causes rapid fermentation and the production of numerous enzymes to
hydrolyze the macromolecular components in soybeans. This not only promotes BZ25
proliferation but also accumulates a significant number of fermentation products.

In the same fermentation environment, a high strain ratio not only prevents the
synergy between the strains from working, but also lowers the quality of the fermented
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product due to nutrient competition between the two strains [29]. A high strain ratio of
BZ25 to GUTU09 also produced much acid (Figure 2(b1)), which led to the decline in sensory
quality. The reason may be that the internal oxygen content in the solid fermentation was
generally low, and increasing the ratio of Bifidobacterium BZ25 to Bacillus subtilis GUTU09
can enhance the resistance of Bifidobacterium to a small amount of oxygen and make it
easy to propagate rapidly and produce more acid in the fermentation. Therefore, it is not
beneficial to natto fermentation if the ratio of strains GUTU09 to BZ25 is too large or too
small. As a result, the suitable strain ratio was approximately 2:1 or 1:1 (Figure 2(a1,b1,c1)).

The number of initial bacteria in the fermentation process is determined by the amount
of inoculation, and the appropriate starting bacteria concentration can shorten the strain’s
growth and proliferation period, allowing it to enter the fermentation stage sooner. An
inoculation quantity ranging from 6 to 8% (Figure 2(a2,b2,c2)) is more appropriate; too high
or too low inoculation may impair the natto quality. If the initial bacteria concentration
is lower, the time needed for reproduction will be longer and the fermentation speed
will be slower, which is not conducive to the accumulation of fermentation products.
Higher inoculation concentrations, on the other hand, resulted in a strong and speedy
bacterial metabolism, requiring the cell to consume the majority of the nutrients in order to
continue its rapid growth and hinder the accumulation of fermentation products. When
a large amount of metabolic waste is produced, the bacteria’s cell senescence may be
accelerated, and its functionality may be lowered [30]. Ultimately, the quality of natto
could be compromised.

Fermentation temperature is one of the important parameters affecting fermentation.
The suitable growth temperature for Bacillus subtilis and Bifidobacterium is around 37 ◦C. The
activity of nattokinase and the sensory score decreased as the fermentation temperature
of natto increased (Figure 3(a1,b1,c1)). The increasing temperature, on the one hand,
causes the water in the soybeans to evaporate more quickly. The surface layer of the
beans becomes dry, affecting mucus formation and, as a result, the taste. On the other
hand, we used a 250 mL flask, which may have led to fermentation, as the heat could
not be properly dissipated over time, and an accumulation of heat formed in the core.
The high temperature impacts strain development and enzyme reactions, causing uneven
natto fermentation and hence affecting nattokinase synthesis [31]. pH increased with the
increasing temperature (Figure 3(b1)). The amine bases produced by the breakdown of
soybeans and the organic acids produced by BZ25 are the primary sources of the pH
changes. The pH of mixed-bacteria fermented natto was practically the same as that of
single-bacteria fermented soybean when the temperature was greater than 37 ◦C, indicating
that the effect of BZ25 is not noticeable after 37 ◦C. It is possible that the high temperature
prevents BZ25 from growing. BZ25’s ability to generate acid may be hampered by the
higher temperature. The alterations in free amino nitrogen and nattokinase were varied
at different temperatures, as shown in Figure 3(c1). The generation of nattokinase was
inhibited by high temperatures, while free amino nitrogen levels increased dramatically.
The breakdown of soybean protein by excess protease was the predominant source of free
amino nitrogen. As a result, high temperatures suppress nattokinase expression while
having little to no influence on protease activity.

One of the determining factors of product quality was fermentation time. As the
fermentation duration increased (Figure 3(a2,b2,c3)), sensory score decreased, and nat-
tokinase activity and free amino nitrogen increased. It could be because the bacteria in
the fermentation reached a steady state of productivity. The catalytic biological reaction
did not cease and the fermentation products continued to increase. Nevertheless, longer
fermentation times will cause bacteria to enter senescence, resulting in the accumulation of
hazardous compounds [32]. As a result, choosing the right fermentation period can help
reduce nutrient waste and the formation of toxic metabolites.

After-ripening time can help to minimize natto’s unpleasant smell and make it taste
richer and fuller. A longer after ripening time will degrade the product’s quality and
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freshness, resulting in a lower sensory score (Figure 4). As a result, selecting the most
appropriate after-ripening time is critical.

Through the PB test (Supplementary Materials Table S1 and Table 3) and response sur-
face test (Supplementary materials Tables S2 and S3), it was determined that fermentation
time, fermentation temperature, and inoculation amount were significant factors affecting
natto fermentation. PB test and response surface test can effectively be used to estimate the
effect of fermentation time, fermentation temperature, and inoculation amount, and their
interactions on the natto. According to the findings of the study, the optimal fermentation
conditions for achieving the finest natto quality were as follows: soybean 50 g/bottle, NaCl
was 0%, sucrose 1%, ratio of GUTU09 to BZ25 1:1, inoculum 7%, fermentation temperature
35.5 ◦C, and fermentation time 24 h. The nattokinase activity in the above conditions was
144.83 ± 2.66 FU/g, which was higher than the nattokinase activity in the single-bacteria
fermentation procedure. The level of free amino nitrogen was 7.02 ± 0.69 mg/Kg. Further-
more, these optimal conditions resulted in an overwhelming sensory score, with the mixed
bacteria fermentation natto scoring much higher on appearance, stringiness, flavor, taste,
and chewiness than the non-optimized natto.

Under the optimal circumstances outlined above, the thrombolytic action of natto
was investigated (Table 4, Figure 7(A1,A2)). It indicates that as fermentation progressed,
strains produced more nattokinase and its thrombolytic activity was improved. The
antithrombotic effect includes two aspects: one is the fibrinolysis of the formed thrombus,
which is evaluated by the fibrin degradation ability (nattokinase activity); the other is the
anticoagulant activity during the formation of fibrin, that is, the inhibition ability of fibrin
on the original coagulation [17]. The fibrinolytic activity and anticoagulant activity may
reflect the thrombolytic ability to some extent [33].

Single-bacteria fermentation had higher enzyme activity for the first 18 h, but after
that, mixed-bacteria fermentation had higher enzyme activity than single-bacteria fer-
mentation (Figure 7B). When both Bifidobacterium BZ25 and Bacillus subtilis GUTU09 are
inoculated at the same time, BZ25 growth is impeded due to the presence of oxygen in
the soybean medium at the start of fermentation [34]. According to Hosoi et al. [35], the
viability of Lactobacilli in the presence of Bacillus was greatly improved, and they specu-
lated that the production of subtilisin and catalase may play a part in this improvement.
Another explanation for the improvement was that the growth of B. subtilis GUTU09 in
solid-state substrates used dissolved oxygen, allowing Bifidobacterium BZ25 to flourish [36].
Simultaneously, the released protease assisted in the hydrolysis of soy protein, providing a
nitrogen source for BZ25. Its amylase and other enzymes degraded the polysaccharide in
soybeans to give BZ25 a carbon source. These factors promoted the growth of BZ25 [37].
Furthermore, Bifidobacterium growth may produce certain compounds that aid Bacillus
metabolism. As a result, BZ25 and GUTU09 boosted each other more than single-bacteria
fermentation, which had more advantages and was more favorable for bioactive ingredient
accumulation. Our experiments revealed that adding a diluent to a natto extract prevented
fibrin production, and that the anticoagulant action increased as the enzyme concentration
increased (Figure 7C). Thus, mixed-bacteria fermentation methods result in greater nattoki-
nase activity, free amino nitrogen concentration, and sensory assessment. As a result, it is a
nutritious food that is readily available to the general public.

5. Conclusions

Mixed fermentation increased nattokinase activity, free amino nitrogen and the sensory
score of natto. Substantial thrombolytic and anticoagulant effects were also observed. A
healthy fermented natto with good sensory characteristics was studied and developed.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10112547/s1, Table S1 PB experiment resµlts; Table S2 response surface experimental
results; Table S3 analysis of experimental variance with Nattokinase Activity, amino acid nitrogen
and sensory scores as response value
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Abstract: “Chinese paocai” is typically made by fermenting red radish or cabbage with aged brine
(6–8 w/w). This study aimed to reveal the effects of paocai raw materials on fermentation microor-
ganisms by metagenomics sequencing technology, and on volatile organic compounds (VOCs) by gas
chromatography–mass spectroscopy, using red radish or cabbage fermented for six rounds with aged
brine. The results showed that in the same fermentation period, the microbial diversity in cabbage
was higher than that in red radish. Secundilactobacillus paracollinoides and Furfurilactobacillus siliginis
were the characteristic bacteria in red radish paocai, whereas 15 species of characteristic microbes
were found in cabbage. Thirteen kinds of VOCs were different between the two raw materials and
the correlation between the microorganisms and VOCs showed that cabbage paocai had stronger
correlations than radish paocai for the most significant relationship between 4-isopropylbenzyl
alcohol, α-cadinol, terpinolene and isobutyl phenylacetate. The results of this study provide a theo-
retical basis for understanding the microbiota and their relation to the characteristic flavors of the
fermented paocai.

Keywords: red radish; cabbage; fermented foods; microbial ecology; flavor components

1. Introduction

Fermentation is a widely used technology to preserve foods, improve nutritional value
and extend shelf-life, and fermented vegetables are popular and traditional in Asian coun-
tries [1]. Among the fermented vegetables, “paocai” is a beloved food with a history of more
than 3000 years, which are typically consumed as side dishes or appetizers and are charac-
terized by their tender, crisp texture and rich health benefits owing to the lactic-acid bacteria
(LAB) [2–4]. Vegetables for making paocai are usually immersed in 6–8% (w/w) sodium chlo-
ride solution and allowed to undergo spontaneous anaerobic or microaerobic fermentation by
the epiphytic microbes (mostly LAB) present on the raw materials for 6–10 days [5].

The microbial composition and flavor in paocai fermentation systems are related to
various factors, especially the raw materials. Previous studies have found that the microbial
niches in raw ingredients determine the eventual microbial community [6], this conclusion
has been confirmed in some studies on microorganisms in Sichuan paocai; for instance,
Rosenbergiella, Staphylococcus, Hyphopichia and Kodamaea dominated the fermentation of
chili pepper [7], while Lactobacillus, Leuconostoc, Achromobacter and Pediococcus were the
main microbial organisms during the fermentation of cabbage pickle [8]. This is due to the
fact that the spontaneous fermentation of vegetable products is highly dependent on the
naturally occurring LAB present on the raw materials. A large amount of different LAB can
be accumulated in the aged brine in the process of continuous periodic fermentation, and
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the total viable count can be up to 8.79 Log CFU/mL [9]. It is worth noting that the microor-
ganisms were shown to rapidly build a stable fermentation system at the initial stages and
finally obtain paocai products with different flavors. Due to the complex microbial ecology
in the fermentation system, two or three strains of artificially isolated LAB are often used
in industry to accelerate the fermentation process and to achieve a uniform quality of the
products [10]. However, based on consumer surveys, the quality of the final products is
not as good as homemade paocai. Homemade paocai usually uses aged brine as the starter,
which is brine fermented for many years and even decades [11,12]. The microorganisms in
the fermentation system metabolize the nutrients in the raw materials to produce acids,
that makes the fermented vegetables have a unique flavor [13], which is another source
of paocai flavor besides that of the raw materials. Therefore, understanding the effects of
raw materials and fermentation periods on the microbial ecology and volatile components
is of far-reaching significance for understanding how microorganisms construct stable
fermentation systems.

Metagenomics sequencing technology can extract all microbial DNA from the fermen-
tation system, construct a metagenomic PE library and use genomics research strategy
to study the genetic composition and gene function of all microorganisms contained in
environmental samples. This technique can avoid amplification and sequencing bias, which
commonly occurred in other sequencing techniques [14]. Metagenomics, although still
underexploited, can reveal the succession and function of microorganisms and establish
the relationship between microorganisms and substance metabolism [15–17]. However,
to the extent of authors’ knowledge, little insights on relationship between “raw material–
microorganism-VOCs” in the process of paocai fermentation are available, especially based
on metagenomics sequencing technology.

Therefore, in this study, red radish and cabbage, the most common paocai raw materials
in Sichuan, were used as raw materials for multiround fermentation, and the composition of
microbial and volatile components in paocai fermentation systems were analyzed by metage-
nomics and gas chromatography–mass spectrometry (GC–MS), in order to reveal the effects
of vegetable raw materials on the microbial community structure during Chinese homemade
paocai multiple fermentation rounds and their relationship with volatile compounds.

2. Materials and Methods
2.1. Paocai Preparations

Red radish (Red raphanus L.) and cabbage (Brassica oleracea L.) were purchased from
the local market in Ya’an, Sichuan Province, China. The fresh vegetables were cleaned
under the same conditions to ensure the consistency of the initial flora on the surface of the
vegetables. Paocai was made according to the local traditional method, specifically: one
kilogram of each vegetable was cut into 2–3 cm pieces and set in 4 L pottery jars with garlic
(3%), hot red peppers (3.5%), ginger (3%), and Chinese prickly ash (3%) (all percentages
were calculated according to the volume of brine in the pottery jars, in w/v). Two liters of
brine was prepared with cooled, boiled water containing 8% salt, 1% Chinese baijiu and
20% aged Sichuan paocai brine (in terms of w/v, collected from the homemade paocai of a
local family used for more than 5 years). The pottery jars were sealed by adding water to
the jar edge and stored at 24 ± 2 ◦C for six rounds of fermentation for about 9 d, 7 d, 5 d,
4 d and 3 d, respectively.

2.2. DNA Extraction, Library Construction and Metagenomic Sequencing

A total of 50 mL of initial aged brine and paocai brine at the end of each fermentation
round were enriched on a 0.22 µm sterile microfiltration membrane. According to the
manufacturer’s recommendation, the microbial DNA from brine samples was extracted
with the E.Z.N.A.® DNA Kit (Omega Bio-tek, Norcross, GA, USA). The concentration and
purity of the DNA were determined with Turner Biosystems (Sunnyvale, CA, USA) and a
NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, TBS-380, Shanghai, China),
and the integrity of the DNA was detected by 1% w/w agarose gel electrophoresis.
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DNA was fragmented to an average size of about 400 bp using Covaris M220 (Gene
Company Limited, Hong Kong, China) for paired-end library construction, and the
paired-end library was constructed using NEXTflexTM Rapid DNA-Seq (Bioo Scientific,
Austin, TX, USA).

Adapters containing the full complement of sequencing primer hybridization sites
were ligated to the blunt end of fragments. Paired-end sequencing was performed on Illu-
mina NovaSeq (Illumina Inc., San Diego, CA, USA) at Majorbio Bio-Pharm Technology Co.,
Ltd. (Shanghai, China) using NovaSeq 6000 according to the manufacturer’s instructions.
Sequence data associated with this project have been deposited in the NCBI Short Read
Archive database (accession number: PRJNA731323).

2.3. Metagenome Data Integration

The raw reads from the metagenome sequencing were used to generate clean reads by
removing adaptor sequences, trimming and removing low-quality reads (length < 50 bp,
or with a quality value < 20 or having N-bases) using the fastp [18] (https://github.com/
OpenGene/fastp, version 0.20.0, accessed on 1 December 2020) on the free online platform
of Majorbio’s Cloud Platform (https://cloud.majorbio.com/, accessed on 1 December 2020).
Megahit (parameters: kmer_min = 47, kmer_max = 97, step = 10) (http://www.l3-bioinfo.
com/products/megahit.html, version 1.1.2, accessed on 6 December 2020) based on the
principle of succinct de Bruijn graphs was used to assemble the optimized sequences [19].
Among the splicing results, contigs ≥ 300 bp were selected as the final assembly result.
MetaGene was used to predict the open reading frames (ORFs) of contigs in the stitching
results (http://metagene.cb.k.u-tokyo.ac.jp/, accessed on 11 December 2020) [20].

The predicted ORFs with lengths over 100 bp were retrieved and translated to
amino acid sequences using the NCBI translation table (https://www.ncbi.nlm.nih.gov/
Taxonomy/taxonomyhome.html/index.cgi?chapter=tgencodes#SG1, accessed on 15 De-
cember 2020). CD-HIT (http://www.bioinformatics.org/cd-hit/, version 4.6.1, accessed
on 15 December 2020) was used to classify all sequences with 90% sequence identity and
90% coverage as nonredundant gene catalog [21]. Reads after quality control were mapped
to the representative genes with 95% identity using SOAPaligner (https://github.com/
ShujiaHuang/SOAPaligner, version 2.21, accessed on 20 December 2020) [22], and gene
abundance in each sample was evaluated.

2.4. Species Annotation

Diamond (https://github.com/bbuchfink/diamond, version 0.8.35, accessed on 21 De-
cember 2020) was employed for taxonomic annotations by aligning nonredundant gene
catalogs against the NCBI NR database using blastp as implemented in DIAMOND v0.9.19
with an e-value cutoff of 1 × 10−5 [23].

2.5. Determination of VOCs Using GC–MS

The analysis of the VOCs was performed by HS–SPME combined with GC–MS (7890A
GC, Agilent, USA, 5975C MS; Agilent Technologies, Santa Clara, CA, USA). The paocai
brine (5 mL) were accurately weighed into 15 mL headspace glass vials containing 1 g
of salt, the vials were immediately placed in a heating block to equilibrate for 30 min at
50 ◦C and the VOCs were extracted using a 65 µm 50/30 um DVB/CAR/PDMS optical
fiber for 10 min at 50 ◦C. VOCs were desorbed from the SPME fiber at 250 ◦C for 5 min in
the injector in splitless mode. The carrier gas was helium, and it was supplied at a flow
rate of 1.2 mL/min (constant linear velocity). The column temperature was programmed
as follows: maintained at 36 ◦C for 3 min, increased at 5 ◦C/min to 65 ◦C, increased at
3 ◦C/min to 155 ◦C, increased at 10 ◦C/min to 200 ◦C, and maintained at 200 ◦C for 3 min.
The MS condition was set as: 280 ◦C for the transfer line, 230 ◦C for the ionization, 70 eV for
the ionization energy [10]. The quantification analysis was done by using cyclohexanone
(27.424 g/L, w/v) as an internal standard. The NIST11.L standard mass spectral database
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was used to identify VOCs based on retention time and mass spectral similarity match.
Each sample was analyzed in triplicates at each sampling time.

2.6. Statistical Analysis

The nonmetric multidimensional scaling analysis (NMDS), the analysis of similarities
(ANOSIM), the heatmap and the bar plot were performed in the Vegan package of R (version
3.3.1). The differences between classes were analyzed using Linear discriminant analysis Ef-
fect Size (LEfSe) (http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=lefse_upload,
Version 1.0, accessed on 1 December 2020). SIMCA-P (Version14.0 (Umetrics, Umeå, Swe-
den) was used to analyze VOCs by partial least squares discriminant analysis (PLS-DA).

3. Results and Discussion
3.1. Metagenomic Sequencing Statistics and Quality Control

A total of 39 samples were sequenced by the Illumina NovaSeq 6000 sequencing
systems, and 1708.39 × 106 raw reads, about 257.97 GB, with an average of 6.61 GB of each
sample were generated. After the quality processing and eliminating the sample host gene,
the sequence utilization of each sample was more than 98.48, including 787.85 × 106 clean
reads in the red radish samples and 776.19 × 106 clean reads in the cabbage samples. A
total of 966,355 contigs were assembled with Megahit, and the single sample’s contigs
were between 9431 to 47,483. N50 and N90 were two indices for the distribution of contig
lengths within a draft assembly, and the longer the assembly of samples the better. In
all samples, the minimum value of N50 reached 1677 bp, the average value was 6680 bp,
the N90 minimum was 421 bp, and the average value was 528 bp. Furthermore, a total
of 1,778,731 genes were obtained by ORF prediction of the contigs, and the sequence
length was 1,150,522,526 bp (Table S1). All predicted genes were clustered using CD-HIT
(parameters: identity, 95; coverage, 90), resulting in a total of 122,012 nonredundant gene
set. Figure 1A shows the sequence length distribution of nonredundant gene sets, mostly
concentrated between 201~600 bp, with an average sequence length of 557.88 bp, and the
information was used for subsequent species and functional annotations to reveal microbial
community of samples.

3.2. Microbial Structure

The sequences comprising the total reads corresponded to five domains, eight king-
doms, 47 phyla, 99 classes, 207 orders, 353 families, 706 genera, and 2068 species, of which
four domains were known. These four were identified to be bacterial, fungal, archaeal and
virus domains, of which the bacterial domain had the highest proportion at 99.31% and
the lowest was for the fungal domain. In addition, eight kingdoms in all samples were
detected, of which the major phyla were Firmicutes and Ascomycota with Firmicutes the most
abundant, contributing to over 98% in all samples, consistent with previous reports of other
fermentation vegetables [24,25]. Further, it was interesting to note that with the progress of
fermentation, the content of Ascomycota decreased gradually in the red radish samples, but
there was no obvious change in the cabbage samples. The major classes, order and family
were Bacilli and Saccharomycetes, Lactobacillales and Saccharomycetales and Lactobacillaceae
and Saccharomycetaceae, consistent with the phyla identified.
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Figure 1. (A) Sequence length distribution of nonredundant gene catalog. (B) NMDS analysis at
species level. Analysis of similarities between different groups by ANOSIM (C,D) of red radish
paocai and cabbage paocai in the 3rd and 4th round, separately. (E) LDA score of the two kinds of
red radish paocai and cabbage paocai. (F) Wilcoxon rank-sum test of different species in red radish
paocai and cabbage paocai. * 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, *** p ≤ 0.001.

As for the genus level, a total of 706 microbe genera were detected, of which 319, 521
and 664 genera were detected in the initial red radish and cabbage brines, respectively.
Among them, 303 genera occurred in all paocai samples, wherein 38 genera only appeared
in the red radish samples, 171 genera only appeared in the cabbage samples and 303 genera
appeared in both paocai samples (Figure 2A). The microbial diversity of paocai was found
to be relatively simple, and there were only three genera with abundance more than 1%
of the diversity, and they belonged to the Lactobacillus, Pediococcus and an unclassified
Lactobacillaceae genus. The average abundance of Lactobacillus in the initial brine, red radish
paocai and cabbage paocai reached 92.35%, 85.10% and 81.84%, respectively. Furthermore,
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Lactobacillus was the predominant bacteria in the multiround fermentation, and was found
to be in agreement with other paocai studies [8]. However, with the progress of fermenta-
tion, Lactobacillus gradually decreased, accounting for only 67.4% of red radish paocai at
the end of the sixth round of fermentation and 69.5% of cabbage paocai. Although previous
studies have different conclusions about whether pediococcus is the dominant bacterium in
fermented vegetables [12,26,27], the proportion of Pediococcus genus was found in general to
be increasing along with the fermentation. Specifically, its abundance was found to increase
from 2.82% to 28.37% in the red radish and 2.58% to 26.28% in the cabbage paocai brines
(Figure 2B), respectively. These data indicate that although they belong to the same phylum
(Firmicutes), Pediococcus may be more stress-resistant or competitive than Lactobacillus in
the later stage of fermentation.
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At the species level, a total of 2068 microbial species were detected by sequencing, of
which 870, 1525 and 1923 species were detected in the initial, red radish and cabbage brines.
Among the detected species 826 of them occurred in all paocai samples (Figure 2C), whereas
129 species appeared only in the red radish samples, and 505 species only in the cabbage
samples. A further 564 species commonly appeared in all the red radish and cabbage
paocai samples, but only 11 of them were recorded with relative abundances of more than
1%. In addition, a higher number of microbial species were present in the cabbage paocai
than in the red radish paocai with a brine of the same age; moreover, with the increase of
fermentation time, the number of microorganisms in the red radish paocai increased first
and then decreased, while the number of microorganisms in the cabbage paocai did not
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obviously change, but after six rounds of fermentation, the number of microorganisms in
the cabbage paocai was significantly higher than that in the red radish paocai.

As for the individual detected species, the Lentilactobacillus buchneri (9.9%) and Lac-
tobacillus acetotolerans (12.5%) in the initial brine were found to be the dominant species.
Lactiplantibacillus paraplantarum species were found to be gradually decreasing with the
progression of fermentation rounds from 29.1% to 8.6% in the cabbage paocai and from
29.1% to 7.9% in the red radish paocai samples. With regard to the Pediococcus ethanlidurans,
Pediococcus damnosus and Secundilactobacillus paracollinoides species, their proportions were
found to be gradually increasing with fermentation rounds. Specifically, P. ethanlidurans
species registered a significant increase from the first to the last round of fermentation
from 0.7% to 20.67% in the red radish and 0.94% to 22.39% in the cabbage paocai samples,
respectively. This occurrence indicates that P. ethanlidurans might have a better growth com-
petitiveness compared to L. paraplantarum under the final round of fermentation conditions
characterized by a high salinity and acidity.

Further, Lactiplantibacillus pentosus, which is used as the starter in the production of
homemade paocai to improve the quality [5], was observed to be the dominant strain, and
increased gradually until the third round of fermentation, then decreased continuously
until the last round of paocai fermentation (from 38.8% to 18.0% and from 47.4% to 12.2%
in red radish samples and cabbage samples, respectively). This could be due to the prepa-
ration process and some limitations as reported in previous studies [28,29]. The microbial
community in the later stages of fermentation for both the red radish paocai and cabbage
paocai was found to be similar. The proportion of Lentilactobacillus parafarraginis was found
to be relatively higher in the cabbage paocai (15.2%) than that in the red radish paocai
(7.3%), whereas the relative abundance of S. paracollinoides was higher in the red radish
paocai (17.7%) than that in the cabbage paocai (1.7%) (Figure 2D).

3.3. Microbial Composition Comparison

The heatmap analysis was utilized to reveal the relative relationship of the top 40 mi-
crobial genera detected with the colors representing the species abundance (Figure 3A). It
can be clearly observed from the heatmaps that in both evaluated samples, the abundance
of Lactobacillus and Pediococcus in bacteria and Kazachstania in eukaryotes was relatively
stable during all six rounds of fermentation. Moreover, Weissella was found to be rela-
tively rich during the whole fermentation process, but its relative abundance decreased
as the fermentation progressed. This decrease in Weissella’s abundance can be attributed
to the increase in the types of species and the subsequent competition for nutrients, as
was also observed in other studies [30,31]. In addition, the abundance of Geotrichum and
Kazachstania decreased gradually during the fermentation in the two fermented vegetables,
whereas the abundance of Enterococcus, Streptococcus, Clostridium and Bacillus showed a
trend toward a gradual increase in the fermentation process, with no change in their rel-
ative abundance in both fermentation systems even though they exhibited significantly
opposite microorganisms.

In fact, metagenomics sequencing allows the obtained data to be compared with a
database to extract the information of microorganisms at the species level [32,33]. Within
the top 40 abundant species detected (Figure 3B), 30 species belonged to the genus of
LAB. Within the LAB species, a varying behavior of abundance was observed along
the fermentation process with species such as L. paraplantarum, Levilactobacillus brevis,
L. acetotolerans decreasing in abundance during the fermentation in both samples.

A UPGMA cluster analysis of the samples was performed based on the identified
genus and species, demonstrating the higher similarity between the red radish samples.

103



Foods 2022, 11, 62

Figure 3. Cont.

104



Foods 2022, 11, 62

Figure 3. (A) The heatmap analysis of the top 40 microorganisms at the genus level. (B) The heatmap
analysis of the top 40 microorganisms at the species level.

To further understand the microbiota structure during paocai fermentation, NMDS
and LDA Effect Size (LEfSe) was used to analyze the microbial differences. The NMDS
analysis (Figure 1B) showed that the microbial community of the red radish and cabbage
paocais displayed an obvious spatial structure during the fermentation process, where
the composition of microorganisms in different vegetable fermentation systems exhibited
greater differences (stress = 0.016 < 0.05). With the progress of the fermentation, the dis-
tance between spatial positioning of different fermented vegetable samples of the same
round gradually increased, indicating that the influence of raw materials on the microbial
composition increased with the increase of fermentation time. These observed results were
consistent with the ANOSIM analysis, with the R value closer to 1 confirming the greater
differences between groups with a p-value less than 0.05 indicative of the high reliability of
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the test (Figure 1C,D). Towards the end of the third and fourth rounds of paocai fermenta-
tion, the different samples were significantly separated (R = 0.46, p = 0.009) with a further
increase in distance at the end of the fifth and the sixth fermentation rounds (R = 0.89,
p = 0.003). The aforementioned data further confirm that the microbial composition of
different vegetable paocais presented continuous changes in the multiround fermentation
with the differences significantly increasing along the fermentation time.

LEfSe (Figure 1E) was used as an algorithm for high-dimensional biomarker discov-
ery and identifying genomic features characterizing the differences between two or more
biological conditions [34]. In this study, LEfSe was performed to evaluate the differences
between the bacterial community structures of the different paocais. In the paocai, a total of
31 taxa were found to represent a remarkable difference in their relative abundance, with an
LDA (log10) > 2. At the species level, S. paracollinoides and Furfurilactobacillus siliginis were
found to be the characteristic bacteria of the red radish paocai, whereas a total of 15 species
of microbes were found characteristic of the cabbage paocai, of which 13 species belonged
to the Firmicutes (namely, L. parafarraginis, L. buchneri, Levilactobacillus zymae, Levilactobacil-
lus namurensis, Lentilactobacillus diolivorans, Ligilactobacillus acidipiscis, Lacticaseibacillus casei,
Lentilactobacillus parabuchneri, Lentilactobacillus hilgardii, Lentilactobacillus farraginis, Paralacto-
bacillus selangorensis, Lentilactobacillus sunkii, Lentilactobacillus otakiensis) and two species
to that of Proteobacteria (namely, Kluyvera ascorbata, Pectobacterium carotovorum). Further,
the differential microorganisms were screened by a Wilcoxon ranksum test (Figure 1F),
which revealed that only nine species were significantly different in the red radish paocai
and cabbage paocai, with L. parafarraginis, S. paracollinoides, L. namurensis, P. selangorensis
and F. siliginis being the significantly different species in the paocais tested. In fact, all
the nine species detected were also screened by LEfSe and regarded as biomarkers for the
subsequent analysis.

3.4. Profiles of VOCs during Different Paocai Fermentations

The compositions of VOCs in the paocai samples are shown in Table S2. A total
of 62 and 59 volatile substances were identified in the red radish and cabbage paocais.
As shown in Figure 4A, the main VOCs detected were alcohols, hydrocarbons, esters,
sulfide and ketones during the whole fermentation process. Alcohols were the most
abundant compounds among those detected and ranged from 74.1% to 79.3%, with a total
of 17 different components. The second largest group was heterocycles which ranged from
9.8% to 13.1% and included 23 component types.

Figure 4B shows 22 major VOCs that accounted for more than one of the two paocai
volatile profiles. In general, the types of VOCs identified were similar, both types included
compounds like linalool, α-terpineol, eucalyptol, D-carvone and other substances. Among
these, linalool registered the highest proportions reaching up to 35% and 41.6% in the
red radish and cabbage paocais, respectively, similar to previous studies [8]. Linalool
contributes to the unique flavor of paocai and is described as having a strong scent, similar
to bergamot oil or French lavender, with a mixture of woody, floral aromas with a touch of
spiciness [35]. Other alcohols were also evaluated to have a positive effect on paocai’s flavor
with α-terpineol contributing a floral typically lilac odor; eucalyptol with a eucalyptus,
herbal and camphor odor; and nerol with notes of roses [36,37].

Red radish and cabbage belong to the Cruciferae family of plants, and typically have a
strong aroma, bitter taste and pungent taste similar to that of mustard. The compounds
responsible for these special flavors were found to be mainly the secondary defense metabo-
lite, glucosinolate and its hydrolysate isothiocyanate [38]. The composition and content of
isothiocyanates is variable based on the type of vegetables subsequently imparting charac-
teristic flavor components and compositions in the fermented paocais. Both tested paocais
were found to contain butyl isothiocyanate and amyl isothiocyanate, with significantly
higher values in the red radish paocai. Among the sulfides, dimethyl disulfide and dimethyl
trisulfide were uniquely found in the red radish paocai, whereas 3-butenylisothiocyanate
was found to be the unique sulfide in the cabbage paocai.
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Figure 4. (A) Changes of VOCs in red radish paocai and cabbage paocai during fermentation.
(B) Major VOCs with relative abundance of more than 1% of the red radish paocai and cabbage paocai.
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Among the various potential detected substances, those with a low content (lower than
the threshold values) were excluded in the statistical analysis to narrow down the range of
key volatiles. In detail, 36 potential volatile substances were screened out, which included
14 alcohols, 3 ketones, 5 esters, 10 hydrocarbons, 3 sulfides, and 1 phenol compounds.

To further screen the different VOCs in two kinds of paocai, a PLS-DA model was
established, as shown in Figure 5A,B. Variable projection importance (VIP) was used to
evaluate the contribution of variables. Substances with VIP value ≥1.0 were selected
and combined with the conditions with a significant difference between the two groups
(p < 0.05). The point distance between the VOCs of paocai fermented with two different
raw materials was obvious, which indicated that the VOCs of paocai fermented with
different raw materials were different. The total contribution rate of the first two principal
components on variable X was 52.7% (R2X = 0.527), and the contribution rate on variable Y
was 95.7% (R2Y = 0.957). At the same time, the prediction ability based on cross-validation
was 94.0% (Q2 = 0.94), indicating that the model had a good explanatory degree. The
stability and reliability of this model were verified by the cross-validation model with
200 permutation validations. As shown in Figure 5B, all Q2 values on the left were lower
than the original point on the right, and the regression line of point Q2 intersected with
the vertical axis below zero, and the intercept of −0.306 was less than 0.05, indicating
that this PLS-DA model did not exhibit over-fitting and had good representativeness.
A total of 13 compounds were screened out as the difference substances and included
compounds like (−)-4-terpineol, α-terpineol, nerol, 4-isopropylbenzyl alcohol, carveol,
α-cadinol, terpinolene, isobutyl phenylacetate, 1-isothiocyanatobutane, dimethyl disulfide,
1,4-dithiane, dimethyl trisulfide and 2,4-ditert-butylphenol.

Further to explore the correlation between microorganisms and VOCs, a Spearman
correlation analysis was carried out with a relative abundance exceeding 5% and the nine
biomarkers previously identified. It can be seen from Figure 5C that the microorganisms
have different effects on the VOCs of paocai fermented by two kinds of vegetables. Nerol
was also significantly correlated with six kinds of microorganisms in the red radish paocai to
different degrees. In the cabbage paocai, the correlations between nerol, α-cadinol, isobutyl
phenylacetate and the microorganisms were consistent, that is, they have a significant
positive correlation with seven species and a significant negative correlation with three
species at the same time, indicating that these 13 microorganisms have the same regulatory
effect on the changes of these three substances. In addition, 1-isothiocyanatobutane, 1,4-
dithiane and dimethyl trisulfide, which account for a high proportion of compounds in the
red radish paocai, were related to six kinds of microorganisms, especially L. paraplantarum
species. However, 2,4-ditert-butylphenol in the cabbage paocai and α-cadinol in the red
radish paocai were not related to microorganisms.

From the perspective of the relationship between microorganisms and VOCs, F. siliginis,
L. parafarraginis, L. namurensis, L. zymae and S. paracollinoides were found to be the key
microorganisms for distinguishing the two kinds of paocai, and 4-isopropylbenzyl alcohol,
α-cadinol, terpinolene and isobutyl phenylacetate were the key VOCs for distinguishing
the two kinds of paocai made from red radish and cabbage.
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4. Conclusions

In this paper, metagenomic sequencing and a HS–SPME method based on a GC–MS
method were used to systematically study the changes of microbial flora and VOCs in
paocai fermented with different vegetables in six rounds of fermentation, combined with
a multivariate statistical method to explore the intrinsic associations of “raw materials—
microorganism—VOCs”. The results revealed that after multiple rounds of fermentation,
a higher number of microbial species were present in the cabbage paocai than in the red
radish paocai with a brine of the same age. At the species level, S. paracollinoides and
F. siliginis were found to be the characteristic microbial species of the red radish paocai, as
well as 13 species belonging to the Firmicutes phylum (namely, L. parafarraginis, L. buch-
neri, L. zymae, L. namurensis, L. diolivorans, L. acidipiscis, L. casei, L. parabuchneri, L. hilgardii,
L. farraginis, P. selangorensis, L. sunkii and L. otakiensis) and two species belonging to Pro-
teobacteria (namely, K. ascorbata and P. carotovorum) for the cabbage paocai. By constructing
a PLS-DA model, it was found that there were 13 kinds of different VOCs in the paocai
from two raw materials. In addition, the correlation between the microorganisms and
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VOCs in the cabbage paocai was stronger than that in the red radish paocai, and the most
significant differences were found to be in 4-isopropylbenzyl alcohol, α-cadinol, terpino-
lene and isobutyl phenylacetate. The metagenomic sequencing in this study allowed the
detection, identification and screening of the microbial ecology as well as the characteristic
microorganisms of two different fermentation systems of the vegetable paocais. Further,
the study also effectively allowed the identification of the VOCs and the establishment of
their relationship to the microorganisms, which provided insights into the microbial flavor
profiles of the studied paocais.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods11010062/s1, Table S1: Statistics profiles of the metagenome, Table S2: Content of volatile
organic compounds in the two kinds of paocai.
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Abstract: The microbiota of Protected Designation of Origin (PDO) cheeses plays an essential role in
defining their quality and typicity and could be applied to protect these products from counterfeiting.
To study the possible role of cheese microbiota in distinguishing Grana Padano (GP) cheese from
generical hard cheeses (HC), the microbial structure of 119 GP cheese samples was studied by DNA
metabarcoding and DNA metafingerprinting and compared with 49 samples of generical hard cheeses
taken from retail. DNA metabarcoding highlighted the presence, as dominant taxa, of Lacticaseibacillus
rhamnosus, Lactobacillus helveticus, Streptococcus thermophilus, Limosilactobacillus fermentum, Lactobacillus
delbrueckii, Lactobacillus spp., and Lactococcus spp. in both GP cheese and HC. Differential multivariate
statistical analysis of metataxonomic and metafingerprinting data highlighted significant differences
in the Shannon index, bacterial composition, and species abundance within both dominant and
subdominant taxa between the two cheese groups. A supervised Neural Network (NN) classification
tool, trained by metagenotypic data, was implemented, allowing to correctly classify GP cheese
and HC samples. Further implementation and validation to increase the robustness and improve
the predictive capacity of the NN classifier will be needed. Nonetheless, the proposed tool opens
interesting perspectives in helping protection and valorization of GP and other PDO cheeses.

Keywords: Grana Padano cheese; generical hard cheeses; bacterial diversity; DNA metabarcoding;
DNA (meta)fingerprinting; predictive models; neural network

1. Introduction

Protected Designation of Origin (PDO) products represent the excellence of European
agricultural food production and are the result of the interplay between environmental (e.g.,
climate) and human factors (e.g., production techniques handed down over time), which are
typical of a given territory. To this regard, many cheeses benefit from the PDO quality label.
PDO cheeses are subject to specific production conditions, which producers spontaneously
adhere to by joining the Consortia, which establish the transformation criteria through
specific shared rules and guidelines. In this way, the consumer is guaranteed in terms of
transparency and traceability, while benefiting from high-quality products [1]. The overall
quality of cheeses, including PDO cheeses, is the result of many concomitant factors, such
as the quality of the raw material, the farming methods, and the processing technology,
which, in some cheeses (such as Grana Padano, Parmigiano Reggiano, Silter, Pélardon,
Poro), involves the use of undefined microbial cultures. The interaction between these
elements contributes to shape the qualitative and quantitative microbiological content
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of the ripened product, giving it a specific composition [2–8]. On the other hand, the
increasing frequency of imitations and frauds involving PDO foods, including cheeses [9],
addressed the search for finer and more sensitive methods of discrimination.

In 2020, 210,000 tons (or approximately 5,200,000 cheeses) of Grana Padano (GP)
were produced. With a growing export trend (40% of total production, +3.3% compared
to 2019), GP is increasingly consumed both in EU and non-EU countries (https://www.
granapadano.it, accessed on 5 July 2021) [10]. Grana Padano is a cooked, long ripened PDO
cheese made from raw and partially skimmed milk, which is fermented by lactic bacteria
present in natural starters (‘sieroinnesto’). The sieroinnesto, which is one of the typical
elements of Grana Padano, is prepared by backslopping, i.e., using part of the drained
whey from the previous day’s cheese making, which is left for 18–24 h at 42–45 ◦C until a
final acidity of approx. 60 ◦SH/100 (pH 3.3–3.6) is reached [2,11,12]. On the other hand, GP
is also one of the most imitated and counterfeited cheeses. This has stimulated the search
for increasingly sensitive analytical approaches to GP mapping and characterization. A
recent investigation carried out on a limited number of cheese samples using untargeted
metabolomics revealed differences in chemical fingerprints between PDO and non-PDO
grana-like cheeses [13]. In other studies, geographic or technological differences were
observed in the microbiota of cheese, suggesting it as a possible tool to establish cheese
authenticity and diversity [14–17]. In a previous study, the bacterial taxa present in GP
were highlighted by 16S rRNA gene sequencing (DNA metabarcoding) [18]. In the present
study, the usefulness of the cheese microbiota to distinguish GP cheese from generical hard
cheeses, i.e., cheeses whose appearance could be confused with Grana Padano PDO cheese,
was investigated. The structure and the genotypic fingerprinting of the bacterial taxa of
119 GP samples were evaluated by 16S rRNA gene sequencing (DNA metabarcoding) and
RAPD-PCR from total cheese DNA (RAPD-PCR metafingerprinting), respectively, and
compared with 49 samples of generical hard cheeses retrieved from retail.

2. Materials and Methods
2.1. Sampling of Cheeses

One hundred nineteen samples (2-kg slice each), representative of all producers of GP
and the entire geographical area of production, were collected. Cheeses had been produced
in August 2018 and had a ripening time of 6–7 months. Forty-nine samples of generical
hard cheeses (from now on ‘HC’), labelled as EU and extra-EU products, were retrieved
from retail. All cheese samples were stored at −20 ◦C. After thawing at 4 ◦C for 18 h, slices
(10 g each) including three different sections of the cheese (i.e., outer, central, and inner)
were sampled and put into sterile containers.

2.2. Total DNA Extraction

The 10-g cheese slices were treated as described by Zago et al. [18]. Briefly, the samples
were homogenized twice in a Stomacher 400 Circulator (Seward Laboratory, London, UK)
with sterile sodium citrate (NaCt 2% w/v, pH 7.5). The cheese homogenate was centrifuged
(14,400× g for 7 min at 4 ◦C) for fat removing. The pellet was then resuspended in Triton
X-100 (2.5% v/v), washed twice with phosphate-buffered saline (pH 7.5), and centrifuged
(8700× g, 7 min, 4 ◦C). Finally, after the pellet was resuspended in Tris-EDTA (0.1 M, pH 8),
total dsDNA was extracted using a QIAcube HT automated station (Qiagen, Milan, Italy)
using QIAamp 96 QIAcube HT kit (Qiagen, Milano, Italy). Total dsDNA was quantified
fluorometrically (QubitTM, Life Technologies, Monza, Italy).

2.3. DNA Metabarcoding

Total DNA extracted from the 119 GP and the 49 HC samples was subjected to DNA
metabarcoding analysis (IGATech, Udine, Italy) by sequencing of the variable V3–V4 re-
gions of the 16S rRNA gene using an Illumina MiSeq platform, as described previously [18].
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2.4. RAPD-PCR Metafingerprinting

RAPD-PCR from total DNA of each sample was carried out according to Zago
et al. [18]. PCR products were separated by QIAxcel electrophoresis using dedicated
DNA Screening Gel Cartridges (Qiagen, Milan, Italy). Two QX Alignment Markers (15 bp–
5 kb and 15 bp–600 bp, in a 1:1 ratio) and the QX DNA Size Marker (100 bp–2.5 kb) were
included on each run. The repeatability and reproducibility of this method was evaluated
by repeated amplification and analysis of four different DNA cheese samples, with both
primers for every analysis performed.

2.5. Data Analysis and Bioinformatics Processing

Reads were de-multiplexed based on the Illumina indexing system. Following the
QIIME pipelines, the USEARCH algorithm (version 8.1.1756, 32-bit) allowed the following
steps: chimera filtering; grouping of replicate sequences; sorting sequences per decreasing
abundance; and OTU identification, with a species-level taxonomic resolution. When the
taxonomy assignment did not reach the species level, the genus or family name were
reported. After removing OTUs <5 reads [19], alpha (α) diversity (richness and Shannon
indexes), beta (β) diversity (principal component analysis-PCA and principal coordinate
analysis-PCoA), and the rarefaction curves were estimated, on the resulting OTU table,
by means of R (http://www.r-project.org/index.html; accessed on 7 April 2021), using
“vegan” [20] and “agricolae” [21]. Statistical differences (p value ≤ 0.05) and evaluation
of the influence of the two cheese samplings on the microbial indexes were evaluated by
ANOVA followed by the Tukey HSD test. Relative abundance for each OTU across all
cheeses was calculated, and “subdominant” and “dominant” OTUs were discriminated
according to Zago et al. [18]. Taxonomic analysis was carried out through “reshape2”
and “ggplot2” packages [22,23]. RAPD-PCR profiles were imported and analyzed by
BioNumericsTM (version 7.6, Applied Maths, Sint-Martens-Latem, Belgium), as previously
described [18].

A Neural Network (NN), trained to discriminate GP cheese and HC samples, was
implemented with the aim to assess the feasibility of automatic classification for cheese
samples and to compare the discriminatory power of metabarcoding and metafingerprint-
ing analyses. The NN was implemented from scratch using Keras python library [24]. The
input layer received PCoA data and contained 64 fully connected ReLU units; the second
layer had ReLU 32 nodes; the third layer had 16. The last layer had only one sigmoid unit
and performed the final binary classification. NN were trained on 80% of the available
data, picked as a random stratification (thus maintaining the GP cheese/HC ratio).

Adam optimizer was used to minimize “binary cross-entropy” loss function. The
following other performance metrics were measured: Area Under Curve (AUC), true
and false positive counts (TP, FP), and true and false negatives count (TN, FN). We also
derived Precision, True Positive and True Negative Rates (TPR, TNR), and Accuracy and
Binary accuracy. All reported performance metrics were averaged over 10 repetitions of the
training process, so as to avoid possible biases due to the random selection of validation
set samples. Given the unbalance of tally classes, class weights were computed via the
‘compute_class_weight’ function from the sklearn [25] package and passed to the optimizer.

As a post-hoc investigation, we decided to repeat the NN training tuning class weights
so as to explore the limits of the detection power of a hypothetical automated NN-based
screening system. Specifically, it measured the possibility to raise True Positive Rate (TPR),
i.e., the fraction of HC that were correctly identified, without significantly lowering the
True Negative Rate (TNR), i.e., the fraction of GP cheese that were correctly classified.
Given that, by definition, there is a tradeoff between TPR and TNR, we fixed the target
thresholds to have both metrics higher than 0.9.
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3. Results
3.1. DNA Metabarcoding Analysis

One hundred and nineteen GP cheese samples and 49 samples of generical hard
cheeses (i.e., cheeses whose appearance could be confused with Grana Padano PDO cheese,
or HC) were analyzed. Overall, 35,842,968 reads were sequenced, with 218,554 reads per
sample on average (range 80,636–805,340). A total of 477 OTUs, of which 130 were further
split into 48 dominant (≥1% total reads) and 82 subdominant (0.1–1% total reads) taxa,
were identified (data not shown).

3.1.1. Species Abundance

According to the aim of this study, the samples were divided into GP cheese and
HC. Considering the relative abundance of the dominant bacterial species (48 taxa; ≥1%
total reads) found both in GP and in HC, Lacticaseibacillus rhamnosus was the prevalent
species, followed by Lactobacillus helveticus, Streptococcus thermophilus, Limosilactobacillus
fermentum, Lactobacillus delbrueckii, Lactobacillus spp., and Lactococcus spp., with average
values between 2% and 46% in GP cheese samples. Notably, the dominant species were
less abundant in HC samples compared to GP cheese (Figure 1). In the cheese microbiota,
many contaminating bacteria deriving from raw milk or the process environment, such as
potentially pathogenic lactic acid bacteria (LAB) (i.e., Streptococcus uberis and Lactococcus
garviae) and other non-LAB taxa (i.e., Micrococcus, Staphylococcus, Acinetobacter, Pseudomonas,
and many enterobacteria), were also detected (Figure 1).
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Figure 1. Average values of relative abundance of the 48 dominant taxa retrieved in Grana Padano (GP) and similar hard
cheese (HC) samples.

A different distribution between GP cheese and HC samples of the 82 subdominant
species (0.1–1% total reads) was also observed (Figure S1).

3.1.2. Alpha and Beta Diversity

Richness (i.e., the number of different species in each sample) and Shannon indexes are
reported (Figure 2). A greater uniformity of species was retrieved in GP cheese, compared
to HC, as stated by the statistical significance of the Shannon diversity index (d.f. = 1,
F = 16.89, p < 0.001), whereas there was not a significant difference in the number of species

116



Foods 2021, 10, 1826

as indicated by Richness (d.f. = 1, F = 2.02, p = 0.157). The PCA showed no differences
between GP cheese and HC, which were clustered together (Figure 3a). Conversely, the
PCoA reported some differences between GP cheese and HC, as the latter were isolated on
both sides of the panel (d.f. = 1, F = 4.70, p < 0.001; Figure 3b).

1 
 

  
(a) (b) 

 Figure 2. (a) Shannon diversity and (b) Richness of Grana Padano cheese (GP) and generical hard cheese (HC) samples.
Different letters indicate significant (p < 0.05) differences between samplings.

1 
 

  
(a) (b) 

 

  
(a) (b) 

 

Figure 3. (a) Principal component analysis (PCA) and (b) Principal coordinate analysis (PCoA) based on operational
taxonomic unit (OTU) relative abundance of Grana Padano cheese (GP, red) and generical hard cheeses (HC, green). The
first component (horizontal) of PCA accounts for 28.14% of variance, and the second component (vertical) of PCA accounts
for 23.43% of variance.

3.2. RAPD-PCR Metafingerprinting Analysis

After RAPD-PCR amplification of the total microbial DNA extracted from all the
cheeses, the resulting patterns were analyzed to detect sample-associated profiles and/or
specific bands, with a repeatability and reproducibility of 70%. The presence of a panel
of shared bands (labelled I in the left side of Figure S2) was highlighted. It included five
series of common bands, present in more than 65% of the whole set of samples (GP cheese
and HC). Moreover, a panel of unshared bands (or single bands), marked II in the right
side of Figure S2, was observed. The matrix obtained from the data was analyzed by PCA,
and statistically significant differences were observed between samples (d.f. = 1, F = 3.49,
p < 0.001), which allowed to clearly separate the GP cheese and HC at the top and bottom
of the panel, respectively (Figure 4a). The same data set was subjected to PCoA, and this
trend was confirmed (d.f. = 1, F = 18.43, p < 0.001; Figure 4b).
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 Figure 4. (a) Principal component analysis (PCA) and (b) Principal coordinate analysis (PCoA) based on band matching and Pearson
correlation analysis of the metafingerprinting data of Grana Padano cheese (GP, red) and generical hard cheeses (HC, green). The first
component (horizontal) of PCA accounts for 7.99% of variance and the second component (vertical) of PCA accounts for 7.31% of
variance.

3.3. Implementation of a Classifier

DNA metabarcoding and RAPD-PCR metafingerprinting PCoA data were used to
implement a classifier that could provide a fast, reliable, and automatic categorization of
cheese samples into GP cheese or HC. Results for several performance metrics, measured
on a randomly picked 20% of the data acting as validation set, are reported in Table 1.
The same metrics measured on the training set are reported in Table S1. In general, the
metafingerprinting dataset performed better than the metabarcoding dataset, e.g., for Area
Under Curve (0.934 vs. 0.657, respectively) and Accuracy (0.928 vs. 0.637, respectively).
Metafingerprinting showed a very low average level of False Positives (0.262), indicating
that, on average, on about four out of five runs, no False Positives were detected, and in
the fifth run, only one GP cheese was erroneously classified as HC.

Table 1. Performance statistics on the validation set for a Neural Network classifier trained on
either DNA metabarcoding or RAPD-PCR metafingerprinting PCoA data. The table reports statistics
averaged over 10 rounds of training on an 80/20 stratified split of training and validation set. The
rightmost column reports metrics when the default class weight for class GP cheese is adjusted by a
multiplicative coefficient equal to 0.25, chosen so that both TPR and TNF resulted above a threshold
of 0.9.

Statistics Metabarcoding Fingerprinting Fingerprinting
Weight Adjusted

FN 3.952 2.188 0.840
FP 8.022 0.262 2.320
TN 15.978 23.738 21.680
TP 5.048 7.812 9.160

AUC 0.657 0.934 0.972
Loss 1.147 0.338 0.312

Precision 0.386 0.968 0.798
TPR 0.561 0.781 0.916
TNR 0.666 0.989 0.903

Accuracy 0.637 0.928 0.907
Balanced Accuracy 0.613 0.885 0.910

FN: number of False Negatives. FP: number of False Positives. TN: True Negatives. TP: True Positives. AUC: Area
Under Curve. Loss: final value of loss function, optimized during the training phase. Precision: TP/(TP+FP). TPR,
True Positive Rate: TP/(TP+FN). TNR, True Negative Rate: TN/(TN+FP). Accuracy: (TP+TN)/(TP+TN+FP+FN).
Balanced Accuracy: (TPR+TNR)/2.
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As a post-hoc analysis, we decided to repeat the NN training on the metafingerprinting
PCoA dataset using class weights more skewed toward the detection of HC samples, with
the declared target of having both TPR and TNR metrics above the threshold of 0.9. We
tested several configurations of weights (data not reported) and found that using an
adjustment coefficient equal to 0.25 on the GP cheese class weight, the desired performance
was achieved. On the DNA metabarcoding PCoA dataset, no weight adjustment was found
to be able to bring both TPR and TNR above the 0.9 target threshold.

4. Discussion

Differences in microbial profiling could be useful to establish which microbial com-
ponents may be responsible for the authentication of PDO cheeses [16,17,26]. On this
basis, the microbial diversity of a large sampling that included the entire production area
of the GP cheese was investigated and compared with that of 49 generical hard cheeses
(HC) taken from retail. Two metataxonomic methods were applied, i.e., 16S rRNA gene
sequencing and metagenotyping using RAPD-PCR from total cheese DNA, to identify
and implement a robust classifier to differentiate GP cheese from HC. Metataxonomic
data revealed a total of about 477 OTUs, including GP cheese and HC, but an overall
greater relative abundance in the former ones. This trend occurred among both dominant
(among which Lcb. rhamnosus, L. helveticus, S. thermophilus, Limosilactobacillus fermentum,
L. delbrueckii, Lactobacillus spp., and Lactococcus spp. prevailed) and subdominant species.
While detected LAB taxa within both dominant and subdominant taxa belong to the typical
microbiota generally recovered from hard cheeses, the finding of residual psychrotrophic
bacteria is not uncommon. Indeed, raw milk for Grana Padano is normally kept under
refrigerated conditions before collection and subsequent transport to processing sites [18].
The presence of bacterial DNA of potentially pathogenic LAB and non-LAB taxa is not
uncommon, but it has no safety significance, as these bacteria are inactivated by the com-
bined effects of cooking temperature, the curd acidification during the early phases of
cheesemaking, and the long ripening times under the harsh conditions (low moisture, low
activity water) that characterize the production of hard cheeses [27–29]. The Shannon index,
which accounts for both microbial richness and evenness, was significantly influenced by
the two samplings, highlighting a greater uniformity of species in GP cheese but a similar
richness. Differential analysis based on Bray–Curtis dissimilarity between all samples and
calculated using species relative abundancies delineated a significant, although incomplete,
separation between the two groups.

Cheese production conditions within a PDO area were selected for specific microbial
populations. The microbiota of cheeses, especially those (such as Grana Padano) obtained
with artisanal processes and from raw milk, plays a fundamental role in defining the quali-
tative characteristics and safety parameters of the final products. Its composition, structure,
and modulation are the result of different selective pressures, e.g., microbiological quality
of milk, technology, type of starter used, and processing environment [30]. Therefore, dif-
ferences in one or more of these factors can be decisive in shaping specific microbiological
profiles in cheese. Grana Padano cheese is obtained from raw milk produced in a large
production area, which includes most of the provinces of northern Italy included in the Po
Valley. Although animal feed is substantially similar, the microbiological composition of
milk aimed at GP cheese production can be influenced by management practices at the farm
level and by seasonal, climatic, and environmental variations. For example, the presence
of some LAB species, such as Lactiplantibacillus plantarum, Lentilactobacillus parabuchneri,
Lentilactobacillus parafarraginis, Lentilactobacillus hilgardii, used also as silage starters, can be
related to corn silage fed to cows producing milk for GP [31]. The microbial content of raw
milk is subsequently modulated by the selective action of the technology and the practice
of using undefined whey starter cultures [32,33]. The greater microbial heterogeneity of
raw milk for GP, coming from a large production area, and the ‘balancing’ action exerted
by the application of a very similar technology and the addition to raw milk of whey
starter cultures, which are usually prepared with comparable methods among the different
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dairies, are critical to explain the higher species abundance and uniformity observed in
GP cheese. On the other hand, HC not being subject to the constraints of a PDO can be
produced from milk outside the production area (with its specific microbial content) and
with technologies that, although substantially similar, often rely on the use of selected
starter cultures and/or the application of thermization, pasteurization, bactofugation, or
microfiltration of milk [34]. These selective pressures could be decisive in explaining the
lower OTU abundance and species uniformity in HC. The above trends were corroborated,
and the separation between the two groups of samples, which was highlighted by the
Bray–Curtis dissimilarity test, was noted.

DNA fingerprinting methods, such as RAPD-PCR, are often applied to evaluate the
endemicity, or the prevalence, of a given strain. Furthermore, this technique was found
useful in discriminating soil microbial communities and estimating their relatedness [35,36].
In a previous study, RAPD-PCR proved useful to highlight a pattern of bands present
in all the samples, as well as more specific bands, which aggregated groups of samples,
or distinguished single samples, within the microbial community of GP [11]. In the
present work, RAPD-PCR was applied to fingerprint the overall bacterial community of
GP cheese and HC samples. The obtained metagenotypes were evaluated as possible tools
to differentiate the two sampling groups, assuming, unlike metataxonomic analysis, that
this technique was able to identify strain- or group-specific differences within complex
microbial communities. Data processing of RAPD-PCR profiles using PCA and Bray–Curtis
dissimilarity analysis allowed to obtain a clear and statistically very significant separation
between GP cheese and HC samples. Metataxonomic and meta-fingerprinting data were
then used as inputs to train and validate a two-class (GP cheese vs. HC) classifier based on
a neural network as computational model. While metataxonomic data did not allow for
reliable classification, the discriminatory power of metafingerprinting enabled to build an
extremely robust model (very high binary accuracy). When trained by metagenotyping
data, the model correctly classified GP and HC samples. The origin of this differentiation is
not currently known, although it is likely that strain-specific peculiarities in the microbial
community, determined by previously outlined ecological, geographic, or technological
selective pressures, might explain it. The molecular (meta)fingerprint of the entire microbial
community could be promising to assist to authenticate GP cheese and to distinguish it
from imitation products as part of an attempt to hinder any counterfeits. Further validation
will be needed to increase robustness of the classifier and confirm, with unknown samples,
its discriminating ability.
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.3390/foods10081826/s1, Figure S1: Average values of relative abundance of the 82 subdominant
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matching cluster analysis showing the relationship between Grana Padano and similar hard cheese
samples and M13-/BOXA1R-RAPD-PCR bands; Table S1: Performance statistics on the training set
for a Neural Network classifier trained on either metabarcoding or fingerprinting PCoA data.
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Abstract: Microbial fermentation plays an important role in the manufacturing of artisanal sausages
and can have major effects on product quality and safety. We used metagenomics and culture-
dependent methods to study the presence of Hepatitis E virus (HEV) and Rotavirus-A (RV-A),
and fungal and bacterial communities, in artisanal Colonial salami-type dry-fermented sausages
in Santa Catarina state, Brazil. Lactic acid bacteria (LAB) and yeast dominated the microbiome.
Latilactobacillus sakei and Debaryomyces hansenii were ubiquitous and the most abundant species. The
DNA of some foodborne pathogens was found in very low concentrations although viable cells of
most of these species were undetectable by cultivation methods. The characteristics of the raw mate-
rial and hygiene of the artisanal sausage manufacturing process resulted in high loads of beneficial
microorganisms and the absence of HEV and RV-A viruses as determined by RT-qPCR assays. In
conclusion, high LAB load in sausages was more relevant to preventing pathogen growth than the
ripening time and/or physicochemical characteristics. However, the presence of Clostridium spp.
and other pathogens in some samples must be taken into account for the development of future
preservation methods; appropriate LAB starter cultures and health surveillance are required in the
production process to prevent foodborne outbreaks.

Keywords: swine and pork production chain; Hepatitis E virus; Rotavirus-A; metagenomic analysis;
food safety

1. Introduction

Fermented sausages (dry and semi-dry) make up a substantial proportion of pork
produced and consumed in western Santa Catarina State. This is in part a consequence
of the European origin and cultural characteristics of the population in this region in the
south of Brazil. Several small and medium-scale production companies are dedicated to
the transformation of pork meat, employing artisanal production techniques including
natural fermentation. However, these production practices can allow the survival and mul-
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tiplication of spoilage and pathogenic microorganisms if hygiene and sanitary conditions
and process parameters are not strictly controlled.

There is a great diversity of dry-fermented sausages produced in the world. Different
raw meat types, formulations, additives, processes, casing, and drying periods are used [1].
Colonial sausages produced in Santa Catarina State are characterized by low acidity and
high moisture content when they are offered for sale, but they continue the ripening process
outdoors in the market, gradually losing moisture [2]. These uncontrolled conditions can
lead to a risk for the multiplication of undesirable microorganisms.

The production of artisanal sausages involve fermentation by the indigenous micro-
biota of meat (composed mainly by lactic acid bacteria—LAB) producing organic acids, and
consequently a decrease in the pH that allows preservation of the product. Lactobacillus,
Pediococcus, Enterococcus, and Leuconostoc are believed to be the principal genera involved
in sausage fermentation [3,4], and diverse LAB are found in food products according to the
manufacturing practices used. The preservation ability of LAB is based on competition
for nutrients and the production of antimicrobial metabolites, hydrogen peroxide and
bacteriocins. The selective influence of diverse factors (e.g., pH, redox potential, water
activity (aw), temperature, relative humidity, oxygen availability) in fermented sausage
will contribute to determining the microbial consortium present.

The microbial communities in fermented sausage play significant roles in the flavor,
texture, quality, and safety of sausages [5,6]. Understanding the ecology of fermented
sausages is clearly key to understanding the physical and chemical changes that occur
during fermentation and ripening [7]. High-throughput sequencing of the microbiota
from salami-type dry-fermented sausages of different origins indicates that LAB and
coagulase-negative cocci, including both micrococci and coagulase-negative staphylococci
(CNS) are the predominant groups in spontaneously fermented artisanal sausages [8].
Debaryomyces, Penicillium, and Aspergillus are the yeast and mold genera most commonly
found [6,9–11]. Studies involving metagenomics for this type of fermented product are
scarce in Brazil, and therefore, the ecology of Brazilian artisanal dry-fermented sausages
needs further investigation.

Hepatitis E virus (HEV) and Rotavirus—A (RV-A) belong to the human enteric viruses
group. They are non-enveloped and icosahedral viruses, and are very persistent in the
environment [12]. HEV has a positive-sense single-stranded RNA and RV-A a double-
stranded and segmented RNA (11 segments) that facilitates reassortment events among
species [12]. Both are zoonotic viruses that infect many animal species as well as humans.
They are mainly transmitted by the fecal-oral route, although HEV is also transmitted
parenterally (rare), or by the ingestion of contaminated meat from viremic animals [12,13].

HEV and RV-A infect domestic pigs, which serve as reservoirs, and are emerging
risks for human infection [13,14]. These viruses are excreted at high concentrations in
animal stools (mainly from swine) so animal waste can contaminate water supplies, and
when used in crops may contaminate food. Indeed, they persist as infectious particles in
the environment, e.g., water and sewage, for several weeks at lower than body tempera-
tures [13,15–17]. HEV circulation has already been reported in humans and domestic swine
in Brazil [17–19].

The present study aimed to detect and quantify HEV and RV-A in artisanal Colonial
salami-type dry-fermented sausages. We also analyzed the presence of fermenting, spoiling,
and pathogenic microorganisms in the sausages. Both culture-dependent and -independent
(metagenomic) approaches were used.

2. Materials and Methods
2.1. Colonial Salami-Type Dry-Fermented Sausage Production

Colonial salami-type dry-fermented sausages were collected from 13 production sites
(Table 1) under the state inspection system (SIE) in the Vale do Rio do Peixe zone, Santa
Catarina state, Brazil (ca. 27◦10′ S; 51◦30′ W). The sausages were prepared using the same
manufacturing process in all sites. Pigs were slaughtered and the carcasses underwent
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temperature equalization for up to 24 h in cooling chambers to establish rigor mortis. The
carcasses were exposed and shanks and palettes were used to prepare the sausages. The
meat was comminuted in a meat grinder and seasoned with NaCl, curing agent (NO2),
and spices.

Table 1. Origin of Colonial salami-type dry-fermented sausages in Santa Catarina State, ripening time and physical-chemical
characteristics.

Sample City Ripening
(Days) Casing pH Moisture

(%) NaCl (%) WPS (%) aw

L01 Piratuba 40 N 5.50 30.02 4.30 12.50 0.891
L02 Herval Velho 16 S 6.30 50.53 3.70 6.80 0.950
L03 Jaborá 1 S 6.10 51.14 3.17 5.80 0.957
L04 Concórdia 7 S 5.10 30.20 6.15 16.90 0.829
L05 Luzerna 2 N 5.80 50.22 4.20 7.70 0.943
L06 Videira 9 N 5.50 41.03 4.32 9.50 0.927
L07 Salto Veloso 12 N 6.40 40.85 4.75 10.40 0.917
L08 Salto Veloso 6 N 5.60 38.10 3.01 7.30 0.946
L09 Tangará 6 N 6.00 56.69 4.18 6.90 0.949
L10 Caçador 16 N 6.00 28.48 5.04 15.00 0.857
L11 Videira 2 N 6.00 43.22 4.49 9.40 0.928
L12 Iomerê 10 N 5.70 39.02 4.92 11.20 0.908
L13 Lacerdópolis 7 S 5.40 39.06 4.41 10.10 0.920

WPS: water phase salt; aw: water activity; N: natural; S: synthetic.

The production of these sausages does not involve addition of commercial starter
cultures for pan-curing. The fermentation is due to the natural microbiota of the meat and
environment. After homogenization in a mixer, the meat is extruded into a natural bovine
or a synthetic cellulose casing. The sausages are placed in a smoker where the drying is
started, and the curing is completed under smoking. After smoking, the sausages are ready
for sale. Thereafter, drying took place in the market, subject to the environmental conditions
of the market stall site. The 13 sausage samples used had drying times of between one and
40 days, with half of the samples having been dried for more than seven days.

2.2. Physical-Chemical Evaluation

The physical-chemical characteristics of the sausages (Table 1) were determined using
the official methods of the Ministry of Agriculture, Livestock and Supply (MAPA) [20]. The
pH was determined using a potentiometer (Quimis, model Q400A, Diadema, SP, Brazil).
The moisture content was determined by a gravimetric method, placing the samples in a
drying oven (SP Labor, model SP-100/150, SP, Brazil) at 105 ◦C for 24 h [21]. The NaCl
content was determined by the mercury metric method [20]. The aw was determined
by grinding the samples and placing them into a digital hygrometer at 25 ◦C (Aqualab
Model-Series 3 TE, Decagon Devices Inc., Pullman, USA). Water phase salt (WPS) was
calculated from the values of NaCl and moisture content, according to Koral and Köse [22],
using the following equation:

WPS% = (NaCl%/(NaCl% + moisture%)) × 100

2.3. Microbiological Analyses

The samples were tested for several microbial groups: total coliforms (TC), thermotol-
erant coliforms (TTC), coagulase-positive staphylococci (CPS), sulfite-reducing clostridia
(SRC), LAB, Enterococci, Salmonella and Listeria monocytogenes. TC were counted by spread
plating on Violet Red Bile Lactose agar (VRBL, Oxoid Limited, Hampshire, United King-
dom), incubated aerobically at 37 ◦C for 24 h [23]; TTC by pour plating on double-layered
VRBL agar, incubated aerobically at 44 ◦C for 24 h; CPS by spread plating on Baird-Parker
agar (BPA, Neogen, Lansing, MI, USA), incubated aerobically at 35 ◦C for 24–48 h [24]; SRC
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by pour plating on Iron Sulfite agar (ISA, Neogen), incubated anaerobically at 37 ◦C for
24–48 h [25]; LAB by pour plating on De Man, Rogosa and Sharpe agar (MRS, Neogen), incu-
bated anaerobically at 30 ◦C for 72 h [26]; Enterococci by spread plating on m-Enterococcus
agar (Neogen), incubated anaerobically at 35 ± 2 ◦C for 24–48 h; Salmonella by incubating
a 25 g pre-enrichment sample in buffered peptone water (BPW, Neogen) at 34–38 ◦C for
18 h, selective enrichment by adding 0.1 mL of the BPW to modified semi-solid Rappaport-
Vassiliadis medium (MSRV, Neogen) at 41.5 ± 1 ◦C for 24 h and 1 mL of BPW to Muller-
Kauffmann Tetrathionate-Novobiocin broth (MKTTn, Neogen) at 37 ± 1 ◦C for 24 h,
plating-out in xylose lysine deoxycholate agar (XLD, Neogen) at 37 ◦C for 24 h and bril-
liant green agar (BGA, Neogen) at 37 ◦C for 24 h, with confirmation by biochemical and
serological testing [27]; Listeria spp. by incubating a 25 g pre-enrichment sample in demi
Fraser broth (DF, Neogen) at 30 ◦C for 24 h, selective enrichment by incubating 0.1 mL
of the DF in Fraser broth (Neogen) at 35 ± 1 ◦C for 24–48 h, then plating-out on Listeria
agar (ALOA, Laborclin, Pinhais, Paraná, Brazil) at 37 ◦C for 24 h, with confirmation by
biochemical testing [28].

Yeasts and molds were counted by spread plating on dichloran glycerol agar (DG18,
Neogen) containing chloramphenicol (0.1 g/L) and incubating at 25 ◦C for 5–7 days [29].
Macroscopic observation was used to distinguish between yeasts and molds among the
colonies growing on the plates.

2.4. Viral Detection by RT-qPCR

Virus was detected by mechanical disruption of tissues followed by silica-membrane
RNA extraction, as described by García et al. [14] and Rodríguez-Lázaro et al. [30]. Briefly,
25 g samples of sausage (Table 1) were collected, chopped using a sterile scalpel blade and
homogenized; aliquots of 0.25 g were taken from the samples, and they were inoculated
with ~105 PFU (Plaque Forming Units) of MNV-1 (Murine Norovirus-1) as sample process
control virus (SPCV). Each sample (including SPCV) was homogenized in 1 mL of lysis
buffer RLT (Qiagen, Hilden, Germany) containing 0.14M β-mercapto-ethanol in a tissue
homogenizer, and incubated for 5 min at room temperature. The samples were then
centrifuged at 10,000× g for 20 min at 4 ◦C and the supernatants (800 µL) were transferred
to new tubes for nucleic acid extraction with the RNeasy® Mini kit (Qiagen, Germany),
following the manufacturer’s protocols. The resulting nucleic acid samples were subjected
to RT-qPCR, both undiluted and diluted tenfold to reduce the inhibitory effects of any
contaminants in the samples.

The TaqMan technique was used for RT-qPCR, as previously described by Baert
et al. [31] for MNV-1 as SPCV, Jothikumar et al. [32] for HEV and [33] for RV-A. All amplifi-
cations were performed in a StepOne Plus® Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA), and each sample was analyzed in triplicate. Ultrapure water was
used as the non-template control for each assay.

2.5. Metagenomic Analyses

DNA was extracted from samples with the DNeasy Power Soil Pro kit (Qiagen,
Germany), following the manufacturer’s instructions. Total DNA extracted was used as the
template for Next Generation Sequencing (NGS), on the Illumina MiSeq platform (Illumina
Inc., San Diego, CA, USA).

The microbiome of the samples was studied by high throughput sequencing for
bacterial taxonomic identification based on conserved and variable regions V3/V4 of
the 16S rRNA gene with primers 341F (CCTACGGGRSGCAGCAG) and 806R (GGAC-
TACHVGGGTWTCTAAT) [34,35]. Extracted DNA was subjected to PCR using a previously
described protocol [36] developed by Neo-prospecta Microbiome Technologies (Florianop-
olis, Brazil). The first PCR used sequences based on Illumina’s TruSeq adapters, which
allows a second PCR with primers with indexed sequences. PCRs were carried out in trip-
licate using Taq Platinum (Invitrogen, Waltham, MA, EUA) with the following conditions:
PCR1—95 ◦C/5 min, 25 cycles (95 ◦C/45 s, 55 ◦C/30 s, 72 ◦C/45 s) and final extension
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72 ◦C/2 min; PCR2—95 ◦C/5 min, 10 cycles (95 ◦C/45 s, 66 ◦C/30 s, 72 ◦C/45 s) and final
extension 72 ◦C/2 min.

The community of filamentous fungi and yeasts was studied by amplifying the ITS1
region using ITS1F (GAACCWGCGGARGGATCA) and ITS2R (GCTGCGTTCTTCATC-
GATGC) primers [37], and the same conditions for PCR1. For PCR2, the conditions were:
95 ◦C/5 min, 15 cycles (95 ◦C/45 s, 66 ◦C/30 s, 72 ◦C/45 s) and final extension 72 ◦C/2 min.
The final reaction products were purified using a protocol developed by Neoprospecta
involving magnetic beads. The samples were grouped in libraries quantified by Real-Time
PCR using KAPA Library Quantification (KAPA Biosystems, Woburn, MA, USA). Library
pools were sequenced in a MiSeq sequencer system (Illumina Inc., USA) using V2- 300 cycle
kit, in a paired-end run, without normalization of libraries. The raw data (DNA sequences
in fastq files) were analyzed through bioinformatics workflow considering accumulated
error in the sequencing to be at most 1%. To identify the species of microorganisms present
in the samples, the DNA sequences obtained were compared with a proprietary database
containing well-characterized DNA sequences.

Sequencing data for each sample were processed with the Quantitative Insights into
Microbial Ecology (Qiime) software package [38]. The sequencing output was analyzed
by a read quality filter; reads with an average Phred score < 20 were removed and then
100% identical reads were clustered. Clusters with fewer than five reads were excluded
from further analysis, to remove putative chimeric sequences. The remaining good-quality
sequences were further clustered at 97% similarity to define operational taxonomic units
(OTU). OTUs were classified by comparison with a custom 16S rRNA/ITS1 database
(NEORefDB, Neoprospecta). Sequences with at least 99% identity to the reference database
were taxonomically assigned. Each OTU was given an arbitrary unit corresponding to the
relative abundance (r.a.) calculated as the number of reads pertaining to each species as a
percentage of the total number of sequences read for each sample. Species with a r.a. below
1% were grouped in the category “others”. The r.a. values were compared between OTUs
using heatmaps prepared on Qiime.

2.6. Statistical Analyses

Differences in virus parameters between samples collected from different sites and
seasons were analyzed by nonparametric analysis of variance (Kruskal–Wallis) performed
with Statistic 7.0. Pearson correlation and linear regression tests, ANOVA, and Student’s
t-tests were performed using GraphPad Prism 5.0 (USA). Differences were considered
statistically significant at a p-value ≤ 0.05.

3. Results and Discussion
3.1. Physical-Chemical Characteristics

Selected physical-chemical characteristics (pH, moisture, NaCl, WPS and aw) of the
sausage samples are summarized in Table 1. The sausages can be classified into two
subgroups according to the criteria of Brazilian legislation [39]: (i) dry sausages, with
moisture ≤ 40% and aw ≤ 0.92, and (ii) semi-dry sausages, for which these parameters
are not stipulated. A particular feature of these locally produced sausages is that they
are offered for sale as semi-dry sausages and, due to the environmental conditions, they
start to present dry sausage characteristics as the ripening continues. The dry sausages
(L01, L04, L07, L10, L12) had undergone seven or more days of ripening, whereas the
semi-dry sausages (L02, L03, L05, L06, L08, L09, and L11) had undergone up to six, except
for samples L02 and L06; these two sausages had been maintained under refrigeration at
the site of sale, reducing dehydration.

All the samples presented pH between 5.1 and 6.4 (Table 1), characteristic of the
sausages produced in the region. This weak acidity is also characteristic of Italian sausages,
produced in the Mediterranean region only with pork meat. Low pH and aw are the
two main obstacles to spoilage and the development of pathogenic microorganisms in
fermented sausages [40]. If these factors are weak, as is the case in our samples due to the
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relatively high pH of the samples (≥5.1), the association between aw and the competitive
microbiota (mainly LAB) becomes very important to the safety of the product. The WPS is
not frequently used to assess the potential for multiplication of spoilage and/or pathogenic
microorganisms in meat sausages in Brazil, but it is a potentially valuable indicator for
small producers, due to its relationship with water activity.

The minimum salt concentration in the samples was 3.01 (sample L08) and the maxi-
mum was 6.15 (sample L04). The upper limit of sensorial consumer acceptability for salt in
cured meats is 3.5% to 5.0% with 1.5% to 2.0% being optimal. The salt concentration was
therefore acceptable in the samples, except for sample L04. The higher concentration of salt
in this case appears to be a consequence of excessive drying: the moisture content was only
30.2%. In artisanal cured products, salt is still the main resource used for conservation, and
this is the main reason for the high salt content in these sausages, mostly between 3.7% and
5.04% (Table 1). These values are compatible with those required for the preservation of
sausages and related products [41].

3.2. Viral Detection

The samples of artisanal Colonial salami-type dry-fermented sausages from different
production sites (Table 1) were tested by RT-qPCR for HEV and RV-A. Neither virus was
detected in any of the sausage samples, and the mean viral extraction efficiency (measured
as SPCV -MNV-1 recovery) was 30%.

HEV is more frequently detected in feces than serum and liver samples from infected
animals [42], but there is nevertheless a risk of foodborne hepatitis E infection from con-
sumption of pork products. Boxman et al. [43] found HEV RNA in 14.6% of pork sausages
collected from a Dutch market from 2017 to 2019, and HEV RNA was detected in 18.5% of
salami (n = 92) samples; sequence-based typing was successful for 33 samples, and all were
genotype 3c. Berto et al. [44] found HEV RNA in four samples of liver sausage in France,
and three of them had infectious particles of HEV as assessed by cell culture assay. Colson
et al. [45] found HEV RNA of genotype 3 in seven samples of raw figatelli purchased in
French supermarkets. However, HEV RNA was not detected in any of the 22 sausages
from different production sites analyzed in this work. This contrasts with Souza et al. [17],
who detected HEV in effluent after swine manure digestion by psychrophilic anaerobic
biodigesters (PABs) in Concórdia city, in Santa Catarina state. This demonstrates the circu-
lation of HEV in the pig-finishing farms in the zone where the Colonial sausage we studied
was produced.

Lowering pH during meat fermentation is believed to inhibit the growth of certain
pathogens. Wolff et al. [46] tested the pH resistance of a genotype 3 strain of HEV. Only
minimal inactivating effects were found at pH conditions common in sausages during
curing (4.5 to 6.5), simulated using D/L-lactic acid. High salt concentrations are also used
to preserve meat products and to inactivate foodborne pathogens. Wolff et al. [47] tested
the effects of NaCl, sodium nitrite, and sodium nitrate concentrations on the infectivity of
HEV. Conditions consistent with those in fermented sausages were simulated. Treatments
with up to 20% NaCl for 24 h at 23 ◦C, with and without the addition of 0.015% nitrite
or 0.03% nitrate, did not inactivate the virus, demonstrating that HEV is highly stable at
salt concentrations used to preserve raw meat products. Therefore, the acid pH and high
salinity of the products we tested were unlikely to be responsible for the absence of HEV.

Organs from naturally HEV-infected pigs were tested by García et al. [14] and the HEV
virus was not detected in loin samples: meat even from infected animals may therefore
be only a low risk for HEV transmission. The main ingredient used in the preparation
of Colonial salami is the loin, and this may explain the absence of HEV RNA from the
samples tested, despite evidence of the circulation of HEV in pig farms in the region [17].
Other organs would need to be analyzed to assess the HEV contamination of the pigs in
the region.

RV-A RNA was not detected in the Colonial sausage samples analyzed, evidencing the
good sanitary conditions during slaughter and sausages preparation. RV-A zoonotic trans-
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mission to humans usually occurs via direct contact with infected animals or fomites [15].
RV-A causes diarrheic diseases in swine and meat contamination could occur in the slaugh-
terhouse or during sausage preparation by handlers and fomites. RV-A is the most preva-
lent rotaviral cause of diarrhea in swine [48]. Other RV species that can infect pigs were
not investigated in this work.

3.3. Microbiological and Metagenomic Analyses

The combined culture-dependent and -independent approaches are best for analyses
of the microbiota of fermented foods [49]. Culture-dependent analysis showed high levels
of LAB and yeasts and the presence of enterococci and molds in all samples. There
were low or undetectable counts of undesirable microbiota, in accordance with Brazilian
standards (Table 2). In general, the samples showed similar cell count values that were
independent of the ripening time. Likewise, there was no correlation between ripening
time and microbiota in the metagenomic analyses. The pH in all samples was higher
than 5.0, indicating that LAB community was mostly bacteria with low acid production
capacity, resulting in low acidity fermented sausages. Although low acidity does not favor
the inhibition of undesirable microbiota, it enhances the water-retention capacity of meat
proteins, contributing to the maintenance of moisture during ripening [50]. The yeast
community is important for the development of flavor and inhibition of toxigenic molds.

Table 2. Microbial analyses of Colonial salami-type dry-fermented sausages.

Sample TC * TTC * CPS * SRC * LAB * Enterococci * Yeasts * Molds * Salmonella ** Listeria spp. **

L01 2.04 2.00 2.00 1.00 7.60 5.89 8.34 <2.00 A P
L02 <1.00 <1.00 <2.00 <1.00 6.91 4.29 6.64 7.00 A P
L03 1.70 1.70 <2.00 <1.00 8.32 3.11 3.11 7.30 A A
L04 3.89 3.81 <2.00 1.48 6.60 5.68 6.81 4.30 A A
L05 4.73 4.73 2.48 <1.00 7.84 5.78 8.30 7.48 A P
L06 2.26 <1.00 <2.00 <1.00 7.84 3.63 7.28 7.00 A A
L07 1.00 1.00 4.73 <1.00 7.86 6.20 6.81 7.30 A A
L08 <1.00 <1.00 <2.00 <1.00 7.91 3.67 6.78 7.00 A A
L09 2.08 1.60 2.90 <1.00 8.38 6.25 7.20 4.48 A A
L10 <1.00 <1.00 <2.00 <1.00 6.79 3.15 6.55 7.30 A A
L11 2.86 2.28 2.00 <1.00 6.75 4.70 7.47 7.30 A A
L12 2.00 2.00 2.30 <1.00 8.48 3.87 7.95 4.00 A P
L13 <1.00 <1.00 <2.00 1.00 7.96 2.30 6.83 <2.00 A P

* cfu·log−1; ** Presence (P) or absence (A) in 25 g of sausage; TC: total coliforms; TTC: thermotolerant coliforms; CPS: coagulase-positive
staphylococci; SRC: sulfite-reducing clostridia; LAB: lactic acid bacteria.

The 16S amplicon target sequencing identified more than 60 species each with a r.a.
above 0.1% (Figure 1 shows the 31 species with over 1% r.a., in one or more samples).
Species with a very small number of reads (r.a. < 1%) were classified into the category
“others”.

LAB and CNS were the most abundant groups in our samples (Figure 1), consistent
with previous reports for dry sausages from Spain and Italy [6,8]. LAB was predominant in
11 of the 13 sausage samples: Latilactobacillus sakei was the most abundant taxon in samples
L01, L03, L05, L06, L08, L10, L12, and L13 (r.a. of 43.56%, 65.85%, 49.57%, 38.38%, 42.70%,
62.75%, 40.30%, and 92.14%, respectively); Latilactobacillus curvatus was predominant in
sample L02 (r.a. 60.31%); Lactococcus lactis in sample L04 (r.a. 33.33%), and Pediococcus
pentosaceus in sample L11 (r.a. 36.39%).
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Figure 1. Relative abundance (%) of bacterial species in artisanal Colonial salami-type dry-fermented sausages. Species
with a very small number of reads (relative abundance < 1%) were classified into the category “others”.

Most samples (Figure 1) contained three or four species with r.a. above 5%, although
in sample L13 Lb. sakei was massively predominant and the microbial community was not
very diverse. Lb. curvatus was found at r.a. of between 5% and 12% in samples L01, L07,
L09, and L12, Lactococcus lactis at between 9% and 14% in samples L05 and L12, Lactococcus
garvieae at around 13% in samples L08 and L011, Leuconostoc mesenteroides at 17% in L08,
Lactiplantibacillus plantarum at 7% in L02 and Weissella hellenica at 18% in L10. Lb. sakei, Lb.
curvatus and Lp. plantarum are the species of LAB commonly found in sausages with no
added starters. Other species of Weissella, Leuconostoc, Lactococcus, and Pediococcus were
also found, but as part of the subdominant microbiota in our samples. The fermentation in
these sausages is spontaneous, so the microorganisms detected come from the meat and
the surrounding environment [6].

The manufacturing process of artisanal Colonial salami-type dry-fermented sausages
from Santa Catarina includes spontaneous fermentation, cure and drying as conservation.
Thus, the obstacles to the development of spoilage and pathogenic microbiota are the
addition of preservatives (NaCl and sodium nitrite), pH, aw, and the competitive micro-
biota, mostly LAB. The protective effects of LAB are due in part to their production of
bacteriocins with antimicrobial activity against pathogens [51]. Hebert et al. [52] showed
that Lb. curvatus CRL705 isolated from Argentinean artisanal fermented sausage produces
bacteriocin with anti-listeria activity. Palavecino et al. [6] describe coagulase-negative
staphylococci (CNS) with antimicrobial activity. The presence of CNS (Staphylococcus sapro-
phyticus, Staphylococcus galinarum, and Staphylococcus equorum) in our samples (Figure 1)
may be one of the reasons for the absence of pathogens common in meat products, such as
Clostridium botulinum, Staphylococcus aureus, Listeria monocytogenes, and Escherichia coli [53].

In general, the sausage samples (Table 2) that showed the best hygiene indicator results
(TC, TTC, CPS, SRC, and Salmonella) were drier (e.g., L10) and had longer ripening time (e.g.,
L02). This is in contrast to the observation for the high LAB semi-dry sausage subgroup,
which corroborates the metagenomic data (Figure 1). Listeria spp. were detected in 38.4%
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of the samples, but L. monocytogenes was not detected at a significant r.a. in any sample
(Figure 1). Listeria spp. are detected in many fermented sausages with low acidity and high
aw [54–56]. Listeria spp. counts determined by culture-dependent methods are generally
low in fermented sausages [57,58], and culture-dependent methods employ enrichment
and cell concentration steps. Therefore, the possibility of isolating a microorganism is
greater than for the metagenomic analysis when it is present at low r.a.

In addition to LAB, species of the Micrococcaceae family, mainly belonging to the genus
Staphylococcus, are commonly found in artisanal sausages. S. saprophyticus, Staphylococcus
xylosus, S. equorum, and Staphylococcus carnosus are often predominant. Staphylococcus
succinus is also frequently observed in sub-dominant populations [7,59]. For samples L07
and L09 (Figure 1), the predominant microorganism was S. saprophyticus (r.a. 42.60% and
61.65%, respectively). This species was also found in samples L01, L06, L08, L10, and L12
(r.a. from 15% to 26%). S. succinus was found in sample L09 at an r.a. off 20%.

Brochothrix thermosphacta, Carnobacterium spp., clostridia, and Pseudomonas spp. are
among the bacteria most frequently causing spoilage of refrigerated pork meat [60]. Pseu-
domonas fragi (Figure 1) was found in samples L01, L03, L05, L06, and L011 with r.a. between
10% and 23%. Carnobacterium divergens (r.a. 1.87%) and Clostridium perfringens (r.a. 27.76%)
were found in sample L04, in which the abundance of lactobacilli was low. B. thermosphacta
was detected in samples (Figure 1) with a low abundance of lactobacilli (L03, L05, and
L11). However, for sample L09, S. saprophyticus was predominant, and although the r.a. of
lactobacilli were low, no sequences belonging to B. thermosphacta, C. divergens (r.a. 1.87%),
Pseudomonas spp. or clostridia were detected.

Taxonomical assignment of the yeasts (Figure 2) showed the dominance of Debary-
omyces hansenii in L02, L04, L06, L07, L09, L10, L11, and L12 (r.a. 63.49%, 44.25%, 82.44%,
80.01%, 65.71%, 35.20%, 28.92% and 10.85%, respectively) followed by Candida zeylanoides,
predominant in samples L01, L03, and L12 (r.a. 73.91%, 19.13%, and 58.23%, respectively),
Yarrowia galli predominant in L05 (r.a. 42.15%), and Kodamaea ohmeri in L08 (r.a. 53.31%).
D. hansenii, C. zeylanoides and Yarrowia lipolytica were found in all the samples, although
they were less abundant than the other yeast groups. Y. galli, Pichia kudriavzevii, K. ohmeri,
Candida parapsilosis and Candida tropicalis were also found with relevant r.a. in the sub-
dominant populations of the samples.

D. hansenii is the most common yeast in fermented sausages and contributes to two
important characteristics: production of volatile compounds during ripening, especially
esters, branched alcohols, and aldehydes [61,62], and bioprotective antifungal activity
against toxigenic penicillia [63]. Species belonging to the genera Candida, Yarrowia, and
Pichia are also frequently found [6,51,64].

Development of mold on the surface of the casings during ripening of fermented
sausages is common, and molds are present in the environment at the production and
ripening sites. Molds are important in the development of flavor, but some fungi of the
genera Aspergillus and Penicillium can produce undesirable mycotoxins [65]. For example,
a combination of high moisture, low temperature and the predominance of penicillia
has been found to be conducive to the production of penicillic acid, a carcinogen [66].
The filamentous fungus found at the highest abundance was Aspergillus cibarius in L02,
L11 and L12 (3.38%, 42.51%, and 35.30%, respectively) followed by Penicillium thymicola
(r.a. 8.78% in L12), and Geotrichum candidum (r.a. 4.90% in L04). Aspergillus and Penicillium
are the main genera found in fermented sausages, while Geotrichum is found with lower
frequency [6,51,67–69].
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Figure 2. Relative abundance (%) of fungal species in artisanal Colonial salami-type dry-fermented sausages. Species with a
very small number of reads (relative abundance < 1%) were classified into in the category “others”.

4. Conclusions

The present study suggests that LAB may provide a larger contribution to prevent
pathogen growth than ripening time and/or physicochemical characteristics (pH, moisture,
NaCl, and aw) in dry-fermented, low-acid artisanal Colonial sausages. Although we
provide some evidence for a protective role of LAB, and enteric zoonotic viruses (HEV
and RV-A) were not detected in the sausage samples, the presence of Cl. perfringens is an
indication of the need for sanitary improvements in the production process to prevent
foodborne outbreaks.
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Abstract: The wide array of spontaneously fermented sausages of the Mediterranean area can repre-
sent a reservoir of microbial biodiversity and can be an important source of new technological and
functional strains able to preserve product properties, counteracting the impoverishment of their
organoleptic typical features due to the introduction of commercial starter cultures. We analysed
15 artisanal salamis from Italy, Spain, Croatia and Slovenia to evaluate the microbiota composi-
tion, through culture-dependent and culture-independent techniques (i.e., metagenomic analysis),
chemical–physical features, biogenic amines and aroma profile. The final pH varied according to
origin and procedures (e.g., higher pH in Italian samples due to long ripening and mold growth).
Lactic acid bacteria (LAB) and coagulase-negative cocci (CNC) were the dominant population, with
highest LAB counts in Croatian and Italian samples. Metagenomic analysis showed high variability
in qualitative and quantitative microbial composition: among LAB, Latilactobacillus sakei was the
dominant species, but Companilactobacillus spp. was present in high amounts (45–55% of the total
ASVs) in some Spanish sausages. Among staphylococci, S. epidermidis, S. equorum, S. saprophyticus, S.
succinus and S. xylosus were detected. As far as biogenic amines, tyramine was always present, while
histamine was found only in two Spanish samples. These results can valorize the bacterial genetic
heritage present in Mediterranean products, to find new candidates of autochthonous starter cultures
or bioprotective agents.

Keywords: natural fermentation; dry fermented sausages; microbial biodiversity; lactic acid bacteria;
CNC; 16S metagenomics

1. Introduction

Fermented meat products represent an important industrial sector in Europe, par-
ticularly in the Mediterranean countries (MC). In addition to the economic importance
of this supply chain, the cured products constitute a valued cultural heritage strongly
linked to the identity of a population or specific production areas. Particularly, a wide
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variety of sausages are produced using typical regional recipes and ancient processes [1,2].
Many authors reported that the microbiological features and technological attributes of
fermented foods, including dry fermented sausages, are affected by the geographical ori-
gin, due to the specific manufacturing process conditions and different raw materials and
formulations [3–7].

For years, sausages have undergone massive technological, economic, social, and even
nutritional transformations. Innovations in the meat industry, meeting production and
safety standards, helped to reduce waste and save production time, energy, and costs [1].

Particularly, in the last decades, the use of starter cultures has been introduced in the
meat industry to guide fermentation, enhancing product safety but losing biodiversity [8].
However, in the different areas of the MC, the presence of numerous local products still
obtained through spontaneous fermentation is recognized as a formidable treasure chest of
unexplored microbial biodiversity.

Spontaneous fermentation relies on the presence of indigenous microorganisms confer-
ring peculiar characteristics to the products in terms of both technological and organoleptic
traits [9]. The meat environment and the process applied to facilitate the growth of some
microbial groups, among which lactic acid bacteria (LAB) and coagulase-negative cocci
(CNC) play a major role. Besides, filamentous fungi and yeasts can exert important effects,
preventing excessive dehydration and the oxidation of the lipid fraction due to oxygen [9].
The development of the peculiar sausage flavor, aroma and texture relies on the interactions
among microorganisms, raw materials and processing technology, due to biochemical and
physicochemical reactions in which several bacteria, yeast and fungi cooperate within the
meat matrix and its surface [10,11].

The study of traditional spontaneously fermented product characteristics and their
microbiota can be a strategy to explore new technological and functional strains and to add
value to local productions while preserving authenticity and traditional features. In this
context, producers in the rural areas of MCs could take advantage of competitive oppor-
tunities and development, safeguarding the traceability and diversification of fermented
sausages.

This work aimed to generate new knowledge about the microbial ecology in sponta-
neously fermented sausages produced in four MCs (Italy, Spain, Croatia, and Slovenia),
using a combination of cultivation-dependent and metagenomic techniques. In addition,
the safety (i.e., biogenic amine content) and chemical–physical features of the products, as
well as their aroma profile, were evaluated.

2. Materials and Methods
2.1. Sample Collection

A total of fifteen samples of artisanal fermented sausages, produced without starter
addition, were collected at the end of production from four different MCs: two samples of
Italian salami produced by two different small companies in the Marche region (IM1 and
IM2); one salame Alfianello coming from the Lombardia region (IAL); two traditional Slove-
nian smoked salami (SN and SWO, that differed only for the presence of nitrate/nitrite);
seven traditional salchichón and chorizo produced in different locations from Andalusia
(Spain): a salchichón Alhendín (ESA), a salchichón Bérchules (ESB), a salchichón Écija
(ESE), a salchichón Olvera (ESO), a chorizo Bérchules (ECB), a chorizo Écija (ECE), and
a chorizo Olvera (ECO); and three samples from Croatia, a traditional unsmoked salami
(HNS), a traditional smoked salami (HS) and a Salami Zminjska Klobasica (HZK).

2.2. pH and Composition Analysis

The pH of the 15 ripened samples was detected by using a pH-meter Basic 20 (Crison
Instruments, Barcelona, Spain). Aw detection was performed with an Aqualab CX3-TE
(Labo- Scientifica, Parma, Italy). All measures were performed in triplicate. A FoodScan
instrument (Foss, Hilleroed, Denmark) was used to carry out the sausage centesimal
composition. This technique uses near-infrared transmission (NIT), with a wavelength
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between 850–1050 nm, for inhomogeneous samples. The absorbance data obtained are
processed with a mathematical function and a calibration model to calculate the expected
value to provide the % of fat, moisture, protein, collagen and salt.

2.3. Microbial Counts

For bacterial enumeration, the samples were prepared by removing aseptically the
casing, and a slice of approx. 10 g of the sausage was transferred into a stomacher bag,
mixed with 90 mL of 0.9% (w/v) NaCl sterile solution and homogenized in a Lab Blender
Stomacher (Seward Medical, London, UK) for 2 min. Appropriate decimal dilutions were
prepared and plated onto selective media: (i) Mannitol Salt Agar (MSA) for enumeration
of CNC (30 ◦C for 72 h); (ii) de Man-Rogosa-Sharpe (MRS) agar for LAB (30 ◦C for 48 h
in anaerobic conditions); (iii) Slanetz and Bartley medium for enterococci (44 ◦C for 24 h);
(iv) Sabouraud Dextrose Agar, added with 200 mg/l of chloramphenicol for yeasts and
molds (28 ◦C for 72 h); (v) pour plating on Violet Red Bile Glucose Agar for Enterobac-
teriaceae (37 ◦C for 24 h); (vi) Violet Red Bile Agar with MUG (4-methylumbelliferyl-ß-
D-glucuronide) for the enumeration of Escherichia coli (42 ◦C for 24 h). All media were
provided by Oxoid (Basingstoke, UK). The results reported are the means of 3 different
sausages. Each sausage was sampled in triplicate.

The presence of Listeria monocytogenes and Salmonella was evaluated according to the
methods EN ISO 11290–1 and EN ISO 6579, respectively [12,13].

2.4. DNA Extraction and Sequencing

Total genomic DNA was directly extracted from 200 mg of frozen sausage samples,
which were treated with lysozyme at 37 ◦C for 1 h, followed by mechanic lysis through
TissueLyser II (Qiagen) with a frequency of 30 Hz for 5 min. The DNA was then purified
using a Wizard genomic DNA purification kit (Promega, Mannheim, Germany) according
to the manufacturer’s recommendations. The purified DNA resuspended in water was
quantified using a Qubit 4 Fluorimeter (ThermoFisher Scientific, Waltham, MA, USA).
After the normalization of DNA concentration, the sequencing was carried out through
the Illumina MiSeq platform, generating 300 bp pair-end sequencing reads. The library for
Illumina sequencing was generated from V3–V4 variable regions of ribosomal 16S rRNA
to characterize the bacterial population of the samples.

2.5. Bioinformatic Analysis

FASTQ sequence files from Illumina reads were analysed using DADA2 version 1.8 [14]
with the R 3.5.1 environment, which implements a new quality-aware model of Illumina
amplicon errors without constructing OTUs [14].

The parameters applied, as described in https://benjjneb.github.io/dada2/tutorial.
html (access date on 26 July 2021), were the following: trimLeft equal to 30 and truncLen
option set to 270 and 200 for the forward and reverse fastq files, respectively. The compari-
son between the amplicon sequence variant (ASV) predicted from DADA2 against SILVA
database (version 138 updated according to the reclassification of the genus Bacillus and
Lactobacillus) was used for the taxonomic assignment. ASVs belonging to taxa classified
as external sample [15] contamination were not included in the composition analysis for
microbial population or for ASVs with low abundance setting, specifically a threshold of
relative abundance equal to 0.5%. The assignment at the species level for the remaining
ASVs was confirmed.

2.6. Biogenic Amine Determination

The samples were extracted with trichloroacetic acid, according to Pasini et al. [16]. The
extracts were subjected to a dansyl chloride derivatization (Sigma Aldrich, Gallarate, Italy),
according to Martuscelli et al. [17]. An HPLC Agilent Technologies 1260 Infinity with the
automatic injector (G1329B ALS 1260, loop of 20 µL), equipped with a UV detector (G1314F
VWD 1260) set at 254 nm, was used. For the chromatographic separation a C18 Waters
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Spherisorb ODS-2 (150 × 4.6 mm, 3 µm) column was used with the following gradient
elution: 0–1 min acetonitrile/water 35:65, 1–6 min acetonitrile/water 55:45, 6–16 min
acetonitrile/water 60:40, 16–24 min acetonitrile/water 90:10, 24–35 min acetonitrile/water
90:10, 35–40 min acetonitrile/water 35:65, 40–45 min acetonitrile/water 35:65, all at a flow
rate 0.6 mL/min.

The amounts of amines were expressed as mg/kg with reference to a calibration curve
obtained through aqueous dansyl-chloride-derivatized amine standards of concentrations
ranging from 10 to 200 mg/L (Sigma-Aldrich, Milano, Italy). The detection limit for all the
amines was 3 mg/kg of the sample under the adopted conditions. All the analyses were
performed in triplicate.

2.7. Aroma Profile Analysis

Gas-chromatography-mass spectrometry coupled with the solid-phase microextrac-
tion (GC-MS-SPME) technique was employed for sausage volatile organic compound
(VOCs) analysis. A total of 3 g of samples were combined with a known amount of
4-methyl-2-pentanol (Sigma-Aldrich, Steinheim, Germany) as internal standard and anal-
ysed according to the protocol reported by Montanari et al. [18]. Volatile peak identification
was carried out using Agilent Hewlett–Packard NIST 2011 mass spectral library (Gaithers-
burg, MD, USA) [19].

The mass spectrum identification was confirmed in the same conditions by the injec-
tion of the pure standards (Sigma- Aldrich, St. Louis, MO, USA). Data are expressed as the
ratio between each molecule’s peak area and the peak area of internal standard and are the
mean of six determinations for each sample.

2.8. Statistical Analysis

Principal component analysis (PCA) and cluster analysis (LDA) were carried out using
Statistica 8.0 (StatSoft Inc., Tulsa, OK, USA).

3. Results and Discussion
3.1. Geographical Origin and Manufacturing Processes

The dry-fermented sausages in the study were produced according to traditional
recipes with the addition of salt and different spices. The peculiar characteristics of the
fifteen products are described in Table 1. The sausage diameter varied between 2.5 and
6 cm. All products were obtained using only pork meat and fat, apart from two Slovenian
samples (SN and SWO) that also contained 20% of beef meat. The ripening conditions
(temperature, time etc.) differed between the samples, and only three samples were smoked,
i.e., two Slovenian samples (SN and SWO) and a Croatian sample (HS sample).

3.2. Physico-Chemical Characterization

In Table 2 the chemical–physical parameters of the fermented sausages at the end of
ripening are shown. Wide differences in the final pH were observed, with values ranging
from a minimum of 4.52 in the ECO samples to a maximum of 6.42 in IM1.

In general, Italian products have the highest pH values (between 5.88 and 6.42),
together with Croatian ones (between 5.72 and 6.05). On the other hand, Slovenian
sausages showed lower pH values (5.20 and 5.39). These values agree with those re-
ported by Lešić et al. [20] for Croatian and Slovenian sausages and with the data reported
by Cardinali et al. [21] for Italian Fabriano sausages.

Slovenian products are probably more subjected to northern European production in-
fluences. In fact, northern products are generally dried sausages with a pH around or even
below 5 and often undergo a smoking phase (that inhibits molds), while Mediterranean
sausages are usually long-ripened and with pH values up to 6.2–6.4, given the possible
growth of desirable molds [22,23].
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The Spanish fermented products were widely different in terms of pH, due to the
heterogeneous traditional manufacturing process developed in the whole country. In fact,
chorizo samples showed a very low pH (between 4.52 and 5.04), while the salchichón had
a pH ranging from 5.13 to 5.83. There are different set of data reported in the literature for
chorizo characteristics, and among them the pH can vary: results of Galician chorizo showed
a pH value of about 5.6 [24], while Asturian products had pH between 5.0 and 5.1 [25].

Great variability was also observed in the final aw of the products. In some case, this
parameter reached extremely low values, such as in IM2 (0.760), ESB (0.811), IM1 (0.824)
and SN (0.823). On the other hand, HNS showed the highest value (0.928). In any case, the
aw values reflected the water content of the final products. This parameter ranged from
20.42% in IM2 to 39.04% in ESO. The salt content in the final products ranged from 2.94
(HNS) to 4.48 (IM2).

3.3. Microbiological Analysis

Microbial counts were performed to enumerate in the final product LAB, CNC, ente-
rococci, enterobacteria (including E. coli) and yeasts (Table 3).

The largest microbial population was generally represented by LAB, whose counts
ranged from 4.4 (ECB) to 8.7 (HNS) log cfu/g. The highest LAB counts were found
in samples collected from Croatia and Italy. The lowest numbers were associated with
sausages from Spain, particularly ECB and ECE. LAB have been described as the main bac-
terial population in the dominant microbiota of Croatian traditionally fermented sausages
and in Italian spontaneously fermented salami, with loads of 7–8 log cfu/g in the final
products [26–28].

The counts of CNC were higher in Italian Fabriano salami (7.1 log cfu/g) and in HZK
(7.2 log cfu/g). This microbial group was below the detection limit in SN, ECB, ECE and
ECO, while in SWO, its concentration was very low (1.4 log cfu/g). The presence of CNC
was strongly related to pH, and in particular, they seem to be inhibited by lower pH.

Enterococci were not detected or were detected in sporadic quantities (<1 log cfu/g) in
Italian and Slovenian samples and in three Spanish samples (ESA, ECB, ECO). The highest
counts of this microbial group were found in Croatian samples (3.2–4.8 log cfu/g).

Yeasts ranged from 2.3 to 5.4 log cfu/g, except for SN sausage. This microbial popula-
tion can have an important role in sausage-ripening, contributing to the formation of the
aroma and to the evolution of product sensory features [29,30].

Enterobacteriaceae were present in detectable amounts only in Croatian products, with
values ranging between 2.7 (HS) and 5.1 (HZK). In all other samples, this population
was below the limit of determination. High levels of Enterobacteriaceae can indicate the
low microbiological quality of the product, and high concentrations (>4 log cfu/g) of this
population have been enumerated in several ripened traditional products [31–33].

The counts of E. coli were always below the detection limit. In addition, a search for
pathogenic microorganisms such as Listeria monocytogenes and Salmonella was carried out,
and no positive samples were found.

3.4. Metagenomic Analysis

A more detailed picture of the bacterial composition of spontaneously fermented
sausage was obtained through amplicon sequencing and metagenomic analysis.

Only species and genera that reached a concentration higher than 0.5% of amplicon
sequence variants (ASVs) in at least one of the samples were considered. A total of more
than 500 ASVs were detected, indicating very high biodiversity in the composition of the
microbiota of the European salamis taken into consideration. The relative abundance of
the ASVs attributed to genera or species is given in Table 4.

Beyond a large number of microbial species, their relative composition was also very
variable among the products, even for those collected in the same geographical area.
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While in some samples most of the ASVs were attributed to a single group/species,
some sausages were characterized by higher biodiversity, with an important diversification
in the microbiota composition (e.g., HZK and ESO).

Among LAB, several genus and species were present. Members of the genus Latilac-
tobacillus were found in all the sausages. Latilactobacillus sakei was the dominant species
(>50% of ASVs in IM2, IAL, and SN). The Latilactobacillus sakei group (which included
Lat. curvatus, Lat. graminis and Lat. fuchuensis) was found in all the sausages, even if in
lower percentage, except for IM1 and ESA. Lat. sakei, and to a lesser extent Lat. curvatus,
have been reported as the prevailing LAB species in fermented meat products originating
from France, Italy and Spain [6,34,35]. In fact, LAB species diversity of fermented sausages
is known to be limited, being Lat. sakei-predominant during the ripening process, due to the
species’ excellent adaptation, competitiveness and assertiveness in the meat matrix [36–41].
This predominance over other LAB can be attributed to its salt-tolerant and psychrotrophic
nature and its specialization in metabolic pathways in the meat environment, including the
arginine deiminase pathway and the utilization of nucleosides [36,42–46].

Other lactobacilli were sporadically detected in low amounts, such as Lacticaseibacil-
lus casei group in ESB, Lactiplantibacillus plantarum group in ESO, Ligilactobacillus sp. and
Loigolactobacillus rennini in HS and Dellaglioa algida in SWO. High levels of the member of
the genus Companilactobacillus (Com. alimentarius, Com. heilongjiangensis and Com. versmol-
densis) were present in many Spanish sausages, in particular ESE and ECB, in which they
represented 55.3 and 45.0% of the total ASVs. The abundance of Companilactobacillus found
only in Spanish sausages, is a regional peculiarity already reported in the literature [47,48].
Moreover, these species have been isolated as spoilage organisms in ready-to-eat meats
and from other dry fermented sausages originating from Belgium and Italy [6,49,50] and
have been proposed as autochthonous probiotic starter cultures for meat products [51].

Heterofermentative lactobacilli were present only in ESO and ECE (Levilactobacillus
yonginensis group and Limosilactobacillus mucosae, respectively). In addition, ASVs belong-
ing to some dairy LAB (Lactobacillus helveticus, Streptococcus thermophilus and Lactococcus sp.)
were found in some Spanish products. These species can be related to the use of powdered
milk or other dairy derivatives during manufacturing. The heterofermentative cocci were
represented by Leuconostoc carnosum, present in relevant percentages in IM1 (15,8%), SN
(19.1%), SWO (23.3%) and HZK (14.8%); Leuconostoc sp. (17.6% in IAL and 15.6% in SWO);
and Weissella sp., found only in ESO.

Five species of staphylococci were detected (Staph. epidermidis, Staph. equorum, Staph.
saprophyticus, Staph. succinus and Staph. xylosus). They were found only in some sausages,
and they were dominant in IM1 (67.7% of ASVs belonging to Staph. equorum and 1.5% to
Staph. succinus) and ESA (98.1 of ASVs belonging to Staph. xylosus).

Among CNS, Staphylococcus xylosus is the prevalent species associated with salamis,
even if greater species diversity can be found, Staphylococcus epidermidis, Staphylococcus
equorum and Staphylococcus saprophyticus also being reported in these products [52–54].

Staphylococci exert several important technological roles in sausage production, such
as contribution to flavor and color [54,55], and since they are able to use alternative energy
sources, such as arginine and nucleoside, their ecological persistence is assured [37]. These
bacteria were detected as subdominant fractions in several fermented meat products, and
their presence was associated with mammal skin, being competitive in the acidic and
anaerobic conditions prevailing during meat fermentation [56,57]. It is noteworthy that
many samples showed a very low pH (i.e., Spanish products) that could have hindered
their growth. The results therefore underline the sensitivity of this genus to low pH, even
in a potentially favorable environment, thanks to the low aw values. These populations
probably suffered the strong initial acidification in these products, which was not followed
by a significant increase in pH (scarcity of molds, etc.).

Carnobacterium sp. was highlighted only in some Croatian samples, i.e., HS and
HNS, albeit with a relevant percentage (19.11% and 9%, respectively). This genus has

143



Foods 2021, 10, 2691

been found in Fabriano-like products [21], and it has been associated with meat spoilage
phenomena [58].

Among Actinobacteria, Kocuria sp. and Corynebacterium sp. were present only in HZK,
while Brevibacterium casei and Rothia sp. were present in ECE.

The meat spoiler Brochothrix thermosphacta was detected in several sausages, and its
concentration was particularly relevant in HZK (19.58%), IM2 (14.91%) and ESE (14.23%).
This species has been reported to be part of the Fabriano-like sausage microbiota by Cardi-
nali et al. [21], and it is commonly associated with spoiled meat-based products [59,60].

Among Gram-negative bacteria, Pseudomonas sp. appeared at a high concentration in
the Slovenian samples, in the Spanish ESE (16.7% of ASV) and especially in HNS, in which
this genus represented 26.8% of ASVs. Enterobacteria (Klebsiella sp. and Escherichia/Shigella
group) were found in ESB, ESO and ECE.

To better evidence the differences in the ASV composition, a cluster analysis was
carried out. The results are reported in Figure 1.
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Figure 1. Tree diagram for the similarity of sausage metagenomic analysis obtained using Euclidean
distances as distance metric and Ward’s method for amalgamation rule.

Four different clusters were obtained. The first contained only the Italian sausage IM1.
In the second cluster were grouped three Spanish sausages (ESE, ECE and ESO) and the
Croatian sample HZK. The third cluster was represented only by ESA. The fourth cluster
included nine samples, and in particular the Spanish sausages ECB, ECO and ESB; the
Croatian HNS and HS; the Slovenian sausages; and the Italian samples IM2 and IAL.

To highlight the microorganisms responsible for the clustering of sausages, a PCA was
applied whose first two components explained 59.76% of the variability (Figure 2).

The grouping of the sausages reflected the results of the tree diagram. In Figure 2,
factor coordinates of the metagenomic variables are shown. Only the metagenomic vari-
ables with coordinates characterized by an absolute value higher than 1 are reported. The
Lat. sakei and the Lat. sakei group were the main ones responsible for the description of the
largest group located in the first quadrant, while Staph. xylosus determined the collocation
of ESA in the left part of the second quadrant. The position of IM1 depends on the variable
Staph. equorum, while the remaining group collocation is mainly influenced by the pres-
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ence of Companilactobacillus (especially for the Spanish samples), Corynebacterium for the
Croatian sausage and Brochothrix thermosphacta for all the samples grouped in this cluster.
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also reported, which represent the projection of the metagenomic variables on the factor-plane.

3.5. Biogenic Amine Concentrations

The biogenic amine concentrations in the sausages are reported in Table 5.
Tyramine was present in all the samples, with concentrations ranging from 47.7 mg/kg

(IM2) to 366.8 mg/kg (HNS). The mean content of this biogenic amine was 165.5 mg/kg,
with a standard deviation of 88.8 mg/kg, indicating a fair variability among the fifteen dry
fermented sausages. In general, the Italian products showed lower tyramine concentrations,
while the highest amounts were found in the Croatian salamis HNS and HS. These amounts
are similar to those reported by EFSA [61], which indicated tyramine mean concentration
of 136 mg/kg, with the 95th percentile of 397 mg/kg, in 400 European salami samples.

Histamine was found only in two Spanish samples (ESB and ECE) at concentrations
of 195.8 and 174.7 mg/kg, respectively. This amine is considered the most dangerous for
human health as it can cause various adverse effects known as “histamine poisoning” [62].
The quantities found in the two Spanish samples, although not very high, are nevertheless
significant, especially when compared with the maximum amounts allowed in some fish
products. These latter are the only ones regulated for histamine presence and generally
admit a maximum quantity of 100 mg/kg in fresh fish and of 200 mg/kg for processed
products [63].

The presence of putrescine was more variable: in four samples, this amine was not
detected, while two Croatian samples (HNS and HS) showed the highest amounts (about
300 mg/kg). In the same samples, higher quantities of cadaverine were also observed.

Both Gram-negative and Gram-positive bacteria have been described as biogenic
amine producers, with wide variability in aminobiogenetic potential between different
strains of the same species. Spoilage microorganisms such as enterobacteria and pseu-
domonads can be strong histamine, cadaverine and putrescine accumulators, and bio-
genic amines produced by these microbial populations can also be found in fermented
sausages [64,65]. On the other hand, decarboxylase activity has been found in Gram-
positive strains, also belonging to the genus Staphylococcus and LAB. While Lat. sakei is
usually known for its inability to produce BAs, in many other LAB species, strains with de-
carboxylase activity are present. Lat. curvatus, for example, can accumulate both tyramine
and histamine as well as Com. alimentarius [66–68]. The ability to produce BAs has been
found in other genera found in this investigation, such as Leuconostoc sp., Weissella sp. and
Carnobacterium [68].
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3.6. Sausage Aroma Profile

The aroma profile of the fifteen ripened sausages has been studied. The unidentified
compounds accounted for less than 1% of the total peak area in each sample.

The analysis of the volatile organic compounds (VOCs) allowed the clear differenti-
ation of the samples, reflecting the different formulations and production and ripening
conditions traditionally adopted in the Mediterranean geographical areas. Indeed, it has
been reported that these differences can influence sausage aroma, being dry fermented
sausage flavor affected by many processing factors, i.e., raw materials, spices, microbiota
composition, smoking, etc. [55].

Within this wide variability, some common characteristics can be found by grouping
the identified molecules in homogeneous chemical groups: ketones, aldehydes, alcohols,
acids, and esters (Table 6), as well as molecules deriving from spices and smoking, reported
as Supplementary Materials (Tables S1 and S2, respectively).

Concerning the molecules associated with the spices included in the meat batter
formulation (Table S1), they belong to terpenes and terpenoids, phenylpropenes and
compounds deriving from garlic (dimethyl disulfide, diallyl sulfide, etc.) [69]. These latter
compounds are particularly present in Slovenian salami, Spanish chorizo and Croatian
products, except for the HNS sample. Among terpenes, D-limonene certainly is the
prevalent molecule in products in which pepper has been used. Many other terpenes
deriving from this spice, such as myrcene, linalool, copaene, carene, o-cymene, etc. [70],
have been detected in these products, while they are absent in chorizo sausages, where
oregano has been used. On the other hand, eugenol, safrole and methyl-eugenol are
associated with the use of spices such as nutmeg, cinnamon and cloves [71,72].

The VOCs derived from smoke (Table S2) include furans and phenols, already re-
ported for smoked products [73], and their presence is higher in the Slovenian sausages
(SN and SWO) and HS, characterized by a smoking phase during their production. Fur-
thermore, some of these VOCs were detected also in the Spanish chorizo samples, due to
the traditional use of smoked paprika [74].

Table 6 reports VOCs derived from the microbial biochemical activities that occurred
during sausage fermentation and ripening. The compounds are grouped into chemical
families, whose total amounts are shown in Figure 3. Higher quantities of VOCs were
found in some Spanish products and two Croatian samples.

Ketones were evenly distributed in the analysed samples, except for chorizo and
HNS samples where their total amount was higher. On the other hand, lower values were
found in salchichón ESA. These molecules mostly derive from fatty acid oxidation and, in
particular, from β-oxidation. Some microbial groups such as staphylococci and fungi can
have a role in these phenomena. It is interesting to observe that products characterized by
high concentrations of fat (for example HNS) showed the higher presence of ketones. HS,
having the same formulation of HNS but subjected to smoking, presented lower ketone
amounts: this can be attributed to the antioxidant role of some of the compounds produced
by smoking. It is also interesting to note that chorizo samples are characterized by higher
ketone amounts among Spanish products. These fermented sausages did not contain
nitrates or nitrites, which exert a well-known antioxidant activity, while these preservatives
were present in salchichón formulations.

Among ketones, 2-butanone prevailed in some samples, i.e., ECB and HNS (Table 6).
The presence of this molecule in fermented meat products is common but its contribution
to aroma profile can be negative depending on its amounts and the balance with other
VOCs [75]. Diacetyl (2,3-butanedione) and acetoin (3-hydroxy-2-butanone) are particularly
present in some Spanish products (ECB and ECO), in Slovenian samples and in two
Croatian sausages (HNS and HZK). Diacetyl and acetoin are mainly produced through the
catabolism of pyruvic acid by LAB [10,76].
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of the compound considered and the area of the internal standard.

Aldehydes are particularly relevant in the Italian sausage IM2 and a Spanish salchichón
(ESO), but the maximum amounts were found in Croatian HNS and HS. Most of the
detected aldehydes can derive from fatty acids oxidation. Within certain limits, these
compounds can contribute to the typical sausage aroma profile. Nevertheless, given their
strong aroma perception characterized by herbaceous notes, excessive quantities can lead
to organoleptic defects (i.e., rancidity) [10]. Hexanal, together with nonanal, is certainly the
most characteristic molecule of this VOC group. On the other hand, the methyl-branched
aldehydes, such as isovaleric aldehyde (3-methyl-butanal), have often been associated with
fermented sausage aroma and can derive from the bacterial metabolism of branched amino
acids, in particular leucine [44,77]. Benzaldehyde and benzeneacetaldehyde are present
in most of the samples. In particular, HS contained higher amounts of benzeneacetalde-
hyde, while benzaldehyde is predominant in HNS and ECO. These VOCs are the result of
aromatic amino acid (phenylalanine and tyrosine) metabolism and can contribute to the
sausage flavor imparting floral and almond notes [78].

Alcohols are present in all the samples, but their amounts were higher in HNS and
HS and some Spanish samples, particularly in ESA and ESO samples (Table 6). Among
alcohols, ethanol was the most abundant in the samples, with high amounts in some
Spanish salchichón (ESB, ESA, ESO) and in Croatian sausages, while a lower presence
was highlighted in Italian and Slovenian salamis. The presence of this compound can be
influenced by the wine addition in meat batter formulation or it can be the result of several
microbial pathways, i.e., pyruvate or amino acid metabolisms [77,79], being therefore
strongly influenced by the natural microbiota composition of each product. Phenethyl
alcohol, which is the results of benzenacetaldehyde reduction and that can give a rose odor,
was present in significant amounts in HS and ESA, samples characterized by high amounts
of its precursor.

Acids prevailed in chorizo samples but they were the most represented molecular
class in Slovenian sausages (Figure 3). Acetic acid was found in low amounts in Italian
salamis and in ESA, ESE and HZK, which showed high pH values. In contrast, significantly
higher amounts of acetic acid were detected in the chorizo samples, particularly in ECE.
These samples had the lowest pH, ranging from 4.52 to 5.04. Acetic acid can be produced,
similarly to ethanol, with many bacterial metabolic pathways and different microbial
groups able to be responsible for its accumulation, including LAB, staphylococci and fungi.
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It is interesting to underline the presence of isovaleric acid (3-methyl, butanoic acid)
(Table 6), whose occurrence in fermented sausages is well-documented and which can exert
a very strong organoleptic impact even in low quantities [80,81]. Higher amounts of this
VOC have been detected in IM1, while it was not present in very small quantities in HS
and HNS.

Esters were present in lower amounts in comparison to other VOC classes and were
mainly represented by ethyl acetate, ethyl hexanoate and ethyl octanoate (Table 6). Their
levels showed dependence on sausage type. They were more abundant in some Spanish
samples and in HS (Figure 3), being related to the presence of their precursors and to the
esterase activities typical of the microbial communities forming the microbiome.

4. Conclusions

The analysis of the microbial communities associated with traditional spontaneous
fermented meat products highlighted the high variability in the qualitative and quantitative
composition of the microbiota involved in these natural fermentations. LAB and CNS were
the most representative microorganisms in all the sausages. However, their relative ratio
drastically changed. In addition, within each group, the relative presence of species and
genus was extremely different. From this point of view, LAB was characterized by high
biodiversity, and Latilactobacillus was the only genus found in all the products. The great
LAB biodiversity can derive from both meat and the production environment, affecting the
growth and survival of the different microbial groups.

These differences are reflected in the first instance in sausage safety characteristics,
i.e., biogenic amine concentrations. Moreover, also the volatilome, and consequently the
peculiar sensory traits of traditional products, is dependent on the complexity of the
microbiota. In many sausages considered here, increased microbial biodiversity caused
VOCs to be more complex, both qualitatively and quantitatively.

In other words, the biodiversity highlighted the need for these microbes to be exploited
to find new strain candidates to be used as autochthonous starter cultures or bioprotective
agents in meat products. Indeed, this work provided a basin of indigenous LAB strains,
belonging to different species, that will be further studied for their features, considering
both safety and technological aspects, in order to select the most promising for food
applications. Being highly adapted to specific ecological niches, they can be successfully
used in traditional meat products to control undesirable microbiota (also avoiding the
accumulation of biogenic amines) and/or to endow the final product with peculiar aromatic
characteristics. Moreover, they can become an important part of innovation in small-scale
productions, enhancing the sustainability and competitiveness of these small industries.

Finally, a deep knowledge of the peculiar characteristics of traditional fermented
sausages can valorize these niche productions, guaranteeing their recognizability.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10112691/s1, Table S1: Volatile organic compounds (VOCs) detected by SPME-GC-MS
deriving from spices or allium. Results are expressed as a ratio between the peak area of each
molecule and the peak area of the internal standard (4-methyl-2-pentanol). The standard deviation
was always below 5%. Table S2: Volatile organic compounds (VOCs) detected by SPME-GC-MS
deriving from smoking. Results are expressed as a ratio between the peak area of each molecule and
the peak area of the internal standard (4-methyl-2-pentanol). The standard deviation was always
below 5%.
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Abstract: In this study, high-throughput sequencing and culture-dependent and HPLC methods
were used to investigate the contribution and regulation of biogenic amines (BAs) by dominant
microorganisms during fish sauce fermentation. The results showed that the microbial composition
constantly changed with the fermentation of fish sauce. Tetragenococcus (40.65%), Lentibacillus (9.23%),
Vagococcus (2.20%), Psychrobacter (1.80%), Pseudomonas (0.98%), Halomonas (0.94%) and Staphylococcus
(0.16%) were the dominant microflora in fish sauce. The content of BAs gradually increased as the
fermentation progressed. After 12 months of fermentation, the histamine content (55.59 mg/kg)
exceeded the toxic dose recommended by the Food and Drug Administration (FDA). Correlation
analysis showed that dominant microorganisms have a great contribution to the accumulation of
BAs. By analyzing the BA production capacity of dominant isolates, the accumulation of BAs in fish
sauce might be promoted by Tetragenococcus and Halomonas. Moreover, four strains with high BA
reduction ability were screened out of 44 low BA-producing dominant strains, and their influence
on BA accumulation in fermented foods was determined. Results demonstrated that Staphylococcus
nepalensis 5-5 and Staphylococcus xylosus JCM 2418 might be the potential starters for BA control. The
present study provided a new idea for the control of BAs in fermented foods.

Keywords: fish sauce; biogenic amines; microbial community dynamics; starter; correlation analysis

1. Introduction

Fish sauce, a seasoning with a unique flavor, is spontaneously fermented from
anchovies and salt in a certain proportion, and the fermentation time was more than
6 months [1,2]. Fish sauce, with a particular aroma and rich in amino acids, is often used as
a seasoning and nutritional supplement in Southeast Asian countries. In China, fish sauce
is mainly popular in eastern coastal areas such as Shandong, Guangdong and Fujian, with
an annual output of over 100,000 tons [3,4]. In the process of fish sauce fermentation, a
large number of microorganisms are introduced, which may produce biogenic amines from
amino acids. Due to increasing occurrences of food-borne disease outbreaks caused by
biogenic amines, food safety has received more concern in the production of fish sauce [5].

BAs are small molecule nitrogen-containing compounds which are formed by the
decarboxylation or transamination of amino acids by microorganisms [6]. Although BAs
have certain physiological functions in the human body, excessive intake may bring safety
risks [7]. Due to the hazardous effects of BAs on humans, such as rash, migraine, hyperten-
sion and hypotension, the determination of BAs in food products has attracted worldwide
attention [5]. Fish products are typical foods containing high contents of BAs [8]. The
common BAs in fish sauce are Tryptamine, β-phenylethylamine, putrescine, cadaverine,
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histamine, tyramine, spermine and spermidine, among which putrescine, cadaverine, his-
tamine and tyramine are the most common BAs [6,9,10]. In particular, some fish sauce
products have been reported to contain histamine of 349 to 5487 mg/kg, which exceeded the
FDA limit (50 mg/kg) for histamine [11–14]. Therefore, it is very important to demonstrate
the formation mechanism and control of BAs in the fermentation of fish sauce.

The microbial community in naturally fermented fish sauce is complex, but it is a
significant factor in determining product quality and safety [15]. Therefore, by defining
the succession of bacterial communities and their correlation with BAs, the contribution of
microorganisms on the accumulation of BAs in fish sauce fermentation could be explained.
Previous studies have shown that only a small number of bacteria may contribute to the
formation of biogenic amines [16]. For example, Sang et al. [17] showed that the 30 high
BA-producing strains detected in the shrimp paste might be the key factor causing the high
BA content in shrimp paste. Microorganisms not only have the ability to produce BAs, but
can also reduce BAs by producing amine oxidase [18,19]. Mah et al. [20] found that the
content of BAs in Myeolchi-jeot inoculated with S. xylosus NO.0538 was 16.0% lower than
that in the control group. From this perspective, evaluating bacterial BA production and
reduction ability is critical in understanding the BAs accumulation mechanism. Therefore,
compared with previous studies, our study not only analyzed the role of microorganisms
in BA accumulation, but also identified the strains that can reduce BAs on this basis, which
were successfully applied to fish sauce and other fermented foods.

The fish sauce factories in northern China are concentrated in Shandong, and the
fish sauce factory that provided samples for us is the largest factory in Shandong, with a
complete and representative fermentation process. In this study, the fish sauce samples
at different fermentation stages from Rongcheng (Shandong province, PR China) were
characterized by BAs assays, high-throughput sequencing analysis of bacterial diversity
and cultural isolation of dominant bacteria. The microbial community information was
used to clarify the contribution of microorganisms to the accumulation of BAs. Candidate
starters isolated from fish sauce to control BA accumulation were screened. This research
provides new ideas for improving the quality of fish sauce and reducing the risk of eating
fish sauce.

2. Materials and Methods
2.1. Sample Collection
2.1.1. Fish Sauce Samples Collection

The fish sauce samples were collected from the Rongcheng Baozhiyuan fish sauce
factory (Shandong province, PR China). Fish sauce is made by the natural fermentation
of anchovies and salt at a ratio of 7:3 for more than 12 months (Figure 1). The annual
factory output of the fish sauce is 2000–2500 tons, and it is a large-scale factory in northern
fish sauce factories. Samples were collected at 3, 6, 9, 12 and 18 months of fermentation.
Three groups of samples were taken in parallel from three fermentation tanks. In order
to ensure the uniformity and representativeness of samples, equal amounts (0.25 kg) of
samples were taken from the upper, middle and lower parts of each fermentation tank,
and the final samples were mixed from the three parts. We placed the sample in the sterile
sampling bags and quickly transported them back to the laboratory. Parts of the samples
were immediately used for microbial analysis, and the remaining samples were stored
at −80 ◦C.
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Figure 1. Schematic diagram of fish sauce natural fermentation.

2.1.2. Fermentation Experiments

Fish sauce samples fermented for 9 months and shrimp paste, Doujiang and Sufu,
purchased at the market, were selected as the raw materials to determine the effect of strains
on the accumulation of BAs in different fermented foods. The isolated strain (OD600 = 0.4)
was inoculated into the above-mentioned fermented foods (50 g) with an inoculum of 5%
(v/v), and the fermentation was continued for 7 days at 37 ◦C. The control group was
inoculated with 5% (v/v) sterilized water in different fermented foods. All experiments
were performed in triplicate.

2.2. Microbiological Analyses
2.2.1. Microbial Community Analysis

To further analyze the changes in microbial composition in the fish sauce during
fermentation, the fish sauce samples were subjected to high-throughput sequencing anal-
ysis. Primer pairs 338F and 806R were used to amplify the hypervariable V3–V4 region
of bacterial 16S rRNA gene. The amplified product was purified using the AxyPrep DNA
gel extraction kit (Axygen Biosciences, Union City, CA, USA) according to the manufac-
turer’s instructions, and was run on the Miseq Illumina platform at Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China) [21].

2.2.2. Strains Identification

Luria-Bertani (LB) medium with 15% NaCl, de Man Rogosa and Sharp (MRS) medium
with 15% NaCl and Plate Count Agar are the main media used in this study. A total of
90 mL of sterile normal saline (0.85%, v/v) was added to 10 g fish sauce sample, and the
mixture was shaken at 37 ◦C at 150 rpm for 30 min. The mixtures were serially diluted
(10−1 to 10−5) with the sterile normal saline, and 100 µL of each dilution was plated onto
the above medium. The single colony was isolated and purified on the corresponding
medium at least 4 times to obtain the pure isolates. For the identification of bacteria, the
Gen-EluteTM Kit (Tiangen Biotechnology Co., Ltd., Beijing, China) was used to extract
the genomic DNA of the bacteria. The bacterial 16S rDNA gene was amplified with the
universal primer pairs 27F and 1492R. The PCR programswere carried out as follows:
pre-denaturation at 94 ◦C for 5 min, followed by 30 cycles at 94 ◦C for 30 s, 56 ◦C for 30 s,
72 ◦C for 1 min and elongation at 72 ◦C for 10 min. The amplified fragments were then
sent to sequencing (Beijing BGI Huada Biotech Co., Ltd., Beijing, China). The pure isolates
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were stored at −80 ◦C in the corresponding liquid culture medium containing 32% (v/v)
glycerin [17].

2.3. Biogenic Amines Determination
2.3.1. Determination of BAs

Eight BAs or amine hydrochlorides, namely Tryptamine, β-phenylethylamine, pu-
trescine, cadaverine, histamine, tyramine, spermine and spermidine (Aladdin, Shanghai,
China), and derivating agent (dansyl chloride (Meilunbio, Dalian, China)) were purchased
from Sangon Biotech (Shanghai, China) and Meilun biotech (Dalian, China).

The BA content in each sample was assessed according to the method developed by
Sang et al. [21]. In detail, add 80 µL 2 M NaOH, 120 µL saturated NaHCO3, and 800 µL
dansyl chloride solution (10 mg/mL in acetone) to 400 µL pretreated sample. The mixtures
were incubated in water at 45 ◦C for 40 min. A total of 550 uL of acetonitrile was added
to the mixture to dissolve the residue and then the mixture was centrifuged at 3000× g
for 5 min at 4 ◦C. The supernatant was filtered through the 0.22 filter for three times. The
quantification of BA was carried out using a Huapu S6000 HPLC unit (ACCHROM, Beijing,
China) which consisted of an ACCHROM Tnature C18 (4.6 × 250 mm) column coupled
to a quaternary pump and a diode array detector. Two elution solutions are (A) ultrapure
water and (B) acetonitrile. A 10 µL sample was injected into the column at a flow rate
of 1.0 mL/min. The gradient elution program was carried out as follows: 0–10 min, 45%
A; 10–15 min, 35–45% A; 15–20 min, 20–35% A; 20–25 min, 20% A; 25–30 min, 10–20% A;
30–33 min, 10% A; 33–35 min, 10–45% A; 35–40 min, 45% A. During analysis, the column
temperature was lower than 35 ◦C, and the absorbance was monitored with a UV detector
at 254 nm. Each BA was quantified with a calibration curve generated by analyzing
standard BA mixed solution. The experiment was carried out in triplicate.

2.3.2. Pretreatment of Samples of Fish Sauce and Other Fermented Foods

After adding 20 mL of 10% trichloroacetic acid (TCA) (SCR, Shanghai, China) to 5 g
of sample to extract biogenic amines, the mixture was left at 4 ◦C for 2 h. The mixture
was centrifuged at 8000× g for 10 min at 4 ◦C. An equal volume of 10% TCA was used to
extract the remaining BA in the supernatant again. The obtained mixture was centrifuged
at 3000× g for 10 min at 4 ◦C. The BA in the samples was determined according to the
method described in Section 2.3.1.

2.3.3. Determination of BA Production and Reduction Properties of Strains

The strains were cultured in a 5 mL medium containing 0.5% (w/v) histidine, tyrosine,
ornithine hydrochloride and lysine (BBI, Shanghai, China). The BA concentrations after
48 h of incubation were determined to evaluate the BA production ability of the strains.
The strain was incubated at 37 ◦C for 12–24 h and then centrifuged at 6000× g for 5 min to
collect bacterial pellets. The bacterial pellets were washed twice with 0.05 mol/L phosphate
buffer (PBS, pH = 7), and then centrifuged at 6000× g for 5 min. We added 0.05 mol/L
PBS containing putrescine, cadaverine and histamine (100 mg/L) to the bacterial pellet
until the OD600 of the mixture reached 0.4. The mixture was then cultured at 37 ◦C for 48 h
and the residual BAs in the suspension were determined. Sterile PBS (including 100 mg/L
putrescine, cadaverine and histamine) was used as a control. The BA reduction efficiency
was calculated as:

A = [(C − S)÷ C]× 100% (1)

A is the BA reduction percentage and C and S are the BA concentrations of the control
and strain specimens, respectively [22]. To extract the biogenic amine in the bacterial
solution, 9 mL TCA was added to 1 mL bacterial solution, and the mixture was left at 4 ◦C
for 2 h. BAs were determined by the method described in Section 2.3.1.
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2.4. Statistical Analysis

The statistical software SPSS 26 was used to analyze the significance of the difference
by one-way ANOVA method. The high-throughput sequencing analysis was performed
using the free online platform of the Majorbio I-Sanger Cloud Platform (www.i-sanger.com,
accessed on 2 February 2021). For the data of high-throughput sequencing, raw data
were quality-filtered by Fastp (version 0.20.0). Operational taxonomic units (OTUs) were
clustered with 97% similarity cutoff using Uparse (version 7.1) (http://www.drive5.com/
uparse/, accessed on 2 February 2021). The taxonomy of each 16S rRNA gene sequence was
analyzed by RDP Classifier (version 2.2) algorithm (https://sourceforge.net/projects/rdp-
classifier/, accessed on 16 July 2021) against the Silva 128/16s_bacteria, using a confidence
threshold of 0.7.

2.5. Nucleotide Sequence Accession Numbers

The raw reads of bacterial 16S rRNA gene sequencing were deposited into the NCBI
Sequence Read Archive (SRA) database (Accession Number: SRR15851749).

3. Results
3.1. BA Contents in Fish Sauce Samples at Different Fermentation Stages

The content of BA in fish sauce samples at different fermentation stages was shown in
Table 1. In the fish sauce samples of five fermentation stages, six main BAs were detected,
including histamine (18.39–74.50 mg/kg), tyramine (13.23–20.88 mg/kg), tryptamine
(9.59–20.41 mg/kg), β-phenylethylamine (7.63–27.26 mg/kg), putrescine
(14.71–60.41 mg/kg), and cadaverine (23.44–90.61 mg/kg), and the content of total BAs
ranged from 89.38 to 296.82 mg/kg. Spermidine was not detected in the early period
(3–6 months) and was formed during the medium (6–12 months) and late period
(12–18 months), while spermine was only detected in the early period of fermentation.
During the fermentation process, the concentration of BAs gradually increased. The content
of histamine and cadaverine increased to the maximum at the 18th month of fermentation,
which was 74.50 mg/kg and 90.61 mg/kg, respectively.

Table 1. Content of BAs in fish sauce samples at different fermentation stages.

BAs (mg/kg) R3M R6M R9M R12M R18M

TRY 9.59 ± 0.40 e 10.78 ± 0.24 d 12.77 ± 0.34 c 17.76 ± 0.26 b 20.41 ± 0.42 a

PHE 7.63 ± 0.25 e 9.14 ± 0.12 d 13.56 ± 0.62 c 21.24 ± 0.25 b 27.26 ± 0.06 a

PUT 14.71 ± 0.92 e 19.77 ± 0.10 d 28.15 ± 1.25 c 47.67 ± 0.42 b 60.41 ± 0.27 a

CAD 23.44 ± 1.21 e 29.75 ± 0.20 d 42.08 ± 1.90 c 71.03 ± 0.55 b 90.61 ± 0.28 a

HIS 18.39 ± 0.91 e 22.99 ± 0.17 d 32.75 ± 1.48 c 55.59 ± 0.45 b 74.5 ± 0.17 a

TYR 13.23 ± 0.50 e 15.18 ± 0.28 d 17.86 ± 0.59 c 19.07 ± 0.16 b 20.88 ± 0.06 a

SPD ND ND 2.41 ± 0.01 c 2.7 ± 0.01 b 2.75 ± 0.002 a

SPM 2.39 ± 0.04 a 2.41 ± 0.01 a 1.98 ± 0.04 b ND ND
Total 89.38 ± 3.97 e 110.01 ± 1.01 d 151.55 ± 7.24 c 235.05 ± 1.79 b 296.82 ± 0.71 a

Data are expressed as mean ± SDs (n = 3).; ND: not detected. Different letters (a, b, c, d, e) indicate the mean
value of significant difference at p < 0.05. (R3M, R6M, R9M, R12M, R18M indicated for 3, 6, 9, 12, 18 months,
respectively. TRY: tryptamine, TYR: tyramine, PHE: β-phenylethylamine, HIS: histamine, PUT: putrescine,
CAD: cadaverine, SPM: spermine, SPD: spermidine).

3.2. Dynamic Changes of Microorganisms in Fish Sauce Samples during Fermentation

We analyzed the change in microbial diversity during fish sauce fermentation by
high throughput sequencing. At the phylum level, Firmicutes predominated during the
entire fermentation, particularly in 18-month samples with up to 94.29% of the total
sequences. The species abundance of Cyanobacteria was high during the process from
3 months to 12 months of fermentation, especially in 12-month samples (21.10%), while
after 18 months of fermentation, the abundance of Cyanobacteria dropped sharply to 0.01%.
Proteobacteria and Actinobacter rose rapidly between 3 and 12 months of fermentation, and
the abundance reached 19.14% and 15.13%, respectively. The abundance of these two
phyla decreased significantly after fermentation to 18 months. (Figure 2A). At the genus
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level, Lentibacillus (approximately 45.90%) was the most dominant bacteria in the early
phase of fish sauce fermentation. Then, Tetragenococcus (9.15–45.78%) rapidly replaced
Lentibacillus as the dominant genus at the 6th month of fermentation. In the 18th month of
fermentation, Tetragenococcus became the most dominant bacteria (approximately 91.99%),
and Halomonas became the second most dominant genus with an abundance of 2.74%.
The genus Pseudomonas appeared as the dominant genus during the late fermentation
period (9–18 month), especially in the 12-month samples, and the abundance reached 3.69%
(Figure 2B).

Figure 2. Analysis of bacterial community dynamics in the fish sauce fermentation process.
(A) Bacterial community dynamics at the phylum level. (B) Bacterial community dynamics at
the genus level. (C) Bacterial community dynamics analysis by traditional separation and screening
methods. (R3M, R6M, R9M, R12M, R18M indicated for 3, 6, 9, 12, 18 months, respectively).

To further determine the microbial diversity of fish sauce, we used traditional sep-
aration and screening methods to isolate and identify the microorganisms in fish sauce.
According to 16S rDNA gene sequence, a total of 284 strains were classified into 35 genera
and 77 species (Figure 2C). Some microorganisms contributing to fermentation were iso-
lated, such as Tetragenococcus, Bacillus, Staphylococcus, Lentibacillus, Psychrobacter, Halomonas
and Pseudomonas. Species level analysis showed that two species of Tetragenococcus were
found. Among them, the isolation frequency of Tetragenococcus halophilus strains was
high during the fermentation process. Seven species of staphylococcus were also found.
Staphylococcus nepalensis and Staphylococcus saprophyticus were more frequently found in
the early period of fermentation, while Staphylococcus epidermidis, Staphylococcus captis and
Staphylococcus lentus were in the later fermentation period. Lentibacillus and Pseudomonas
strains were only isolated in the 3- and 12-month samples, respectively. These results also
verified the results of high-throughput sequencing.

The effect of fermentation time on the microbial composition of fish sauce was an-
alyzed. Bray–Curtis principal coordinate analysis (PCoA; beta-diversity) was used to
qualitatively examine the differences in bacterial composition, and the results showed
the clear cluster pattern of the five samples, and the microbiological composition of sam-
ples fermented for 6 months was more similar to that at 9 months (Figure 3A). ANOSIM
(analysis of similarities) analyzed the significant differences between fish sauce samples in
five fermentation stages, indicating that the bacterial composition varied greatly in time
distribution (Figure 3B). The communities which had significant differences in the grouping
of samples were found by LEfSe analysis. Lentibacillus, Psychrobacter, Gallicola, Pseudomonas
and Tetragenococcus were the representative bacteria in the fish sauce samples fermented
for 3, 6, 9, 12 and 18 months, respectively (Figure 3C).
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Figure 3. The influence of fermentation time on the microbial composition in fish sauce. (A) PCoA
(Bray–Curtis). Different samples are represented by points of different colors or shapes. The closer
the points are, the more similar the species composition of the samples. (B) ANOSIM. The “Be-
tween” boxes refer to differences between groups, the others represent differences within each group.
(C) LEfSe. Microorganisms that are significantly enriched in the corresponding group are represented
by nodes with different colors and have a significant impact on the differences between groups.
(R3M, R6M, R9M, R12M, R18M indicated for 3, 6, 9, 12, 18 months, respectively).

3.3. Microbial Contribution to BA Contents in Fish Sauce

The RDA (redundancy analysis) analysis among BAs, fermentation time and domi-
nant microorganisms are shown in Figure 4A. This result showed that all BAs are positively
correlated with fermentation time, especially β-phenylethylamine. Among the dominant
microorganisms, Tetragenococcus and Lentibacillus had the strongest correlation with BAs.
Tetragenococcus is positively correlated with BAs, while Lentibacillus is negatively correlated
with BAs. The correlation network analysis between species and BAs shows that most
genera were negatively related to BAs. However, some bacterial genera still exhibited as
being positively related to BAs (Figure 4B). For example, Tetragenococcus is positively corre-
lated with all BAs, Halomonas is positively correlated with histamine, β-phenylethylamine,
putrescine and tryptamine, and unidentified genus from family Clostridiaceae is positively cor-
related with tyramine, cadaverine, tryptamine and histamine. Pearson correlation analysis
showed the correlation between BAs and the top 50 genera. Except for Tetragenococcus
and Lentibacillus, which are strongly correlated with BAs, we found that the dominant
genus Pseudomonas was weakly positively correlated with BAs, while Staphylococcus and
Psychrobacter were weakly negatively correlated with BAs (Figure 4C).
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Figure 4. Correlation analysis between microorganisms and BAs during fish sauce fermentation. (A) RDA. Different
samples are represented by points of different colors or shapes. The length of the arrows represents the degree of impact
of environmental factors on the species data. The correlations are represented by the angle between the arrows (acute
angle: positive correlation; obtuse angle: negative correlation; right angle: no correlation). (B) Correlation network
analysis. The size of the nodes indicates the abundance of species, and different colors indicate different species. Red
line: positive correlation, green line: negative correlation. (C) Pearson correlation heatmap diagram. * 0.01 < p ≤ 0.05,
** 0.001 < p ≤ 0.01, *** p ≤ 0.001. (R3M, R6M, R9M, R12M, R18M indicated for 3, 6, 9, 12, 18 months, respectively. TRY:
tryptamine, TYR: tyramine, PHE: β−phenylethylamine, HIS: histamine, PUT: putrescine, CAD: cadaverine, SPM: spermine).

In order to better illustrate the role of dominant bacteria on the accumulation of
BAs, we evaluated the ability of producing the BAs of 100 dominant strains isolated
from fish sauce (Table 2). A total of 56.00% of the dominant strains can produce a large
amount of BAs. About 65.96% Tetragenococcus strains, 45.83% Staphylococcus strains, 33.33%
Lentibacilluis strains and all strains of Psychrobacter and Pseudomonas had a high ability
to produce BAs. These strains may be the main factor causing the large accumulation
of BAs in fish sauce. The analysis of the correlation between dominant bacteria with
BAs and the determination of BA production ability of the dominant isolates showed
that Tetragenococcus, Lentibacillus, Psychrobacter, Pseudomonas and Staphylococcus and other
bacteria had a regulatory effect on the accumulation of BAs in fish sauce fermentation. For
example, Tetragenococcus positively regulated BAs and promoted the accumulation of BAs,
while Lentibacillus negatively regulated BAs and inhibited the accumulation of BAs.

Table 2. Percentage of strains with BA production activities, shown in vitro by the different bacteria
species isolated from fermented fish sauce.

Genus Number of Total Strains The Percent of BA-Production Strains

Tetragenococcus 47 (16) 65.96%
Staphylococcus 48 (26) 45.83%
Lentibacillus 3 (2) 33.33%
Psychrobacter 1 (0) 100.00%
Pseudomonas 1 (0) 100.00%

For each genus, the number of isolates with low production of BAs is shown in brackets.
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3.4. Screening of Novel Starter Cultures for Reducing Biogenic Amines

Due to the regulation of microbes on the accumulation of BAs, it is feasible to select
microorganisms to reduce the content of BAs in fish sauce. Therefore, eight strains with
the lowest BA production capacity (especially histamine) were screened from the genera
and their BA reduction ability was determined (Tables 3 and S1). Staphylococcus strains,
particularly S. nepalensis, had the best ability to reduce BAs. The reduction efficiencies of
S. nepalensis 5-5 on putrescine, cadaverine and histamine were significantly higher than
other strains, which were 17.64%, 19.80% and 16.77%, respectively. The isolated Lentibacil-
lus strains also showed a high ability to reduce BAs. The ability to reduce the histamine
of Lentibacillus salicamp SF-20 was higher than that of Lentibacillus amyloliquefaciens
LAM0015. Tetragenococcus halophilus NBRC 12172 and Tetragenococcus muriaticus LMG
18498 had a low ability to reduce BAs, especially histamine. Strains with high BA reduction
ability can be used as candidates for reducing BAs in fermented foods.

Table 3. Percentage of strains with BA reduction activities.

Strains PUT (%) CAD (%) HIS (%)

Staphylococcus nepalensis 5-5 17.64 ± 0.44 a 19.80 ± 0.93 a 16.77 ± 1.04 a

Staphylococcus xylosus JCM 2418 11.96 ± 0.71 b 6.74 ± 0.31 c 5.04 ± 0.27 d

Staphylococcus hominis ICC_10-1_SCI_contig_1 9.32 ± 0.34 c 8.68 ± 0.69 b 7.81 ± 0.73 b

Staphylococcus capitis +Y36 9.78 ± 0.37 c 7.26 ± 0.51 c 5.64 ± 0.79 cd

Lentibacillus salicamp SF-20 8.62 ± 0.12 d 8.21 ± 0.62 bc 6.87 ± 0.47 c

Lentibacillus amyloliquefaciens LAM0015 8.78 ± 0.89 cd 5.26 ± 0.68 d 4.54 ± 0.65 d

Tetragenococcus halophilus NBRC 12172 5.34 ± 0.64 e 3.50 ± 0.61 e 2.59 ± 0.63 e

Tetragenococcus muriaticus LMG 18498 4.68 ± 0.78 e 3.91 ± 0.24 e 2.00 ± 0.15 e

Data are expressed as mean ± SDs (n = 3).; Different letters (a, b, c, d, e.) indicate the mean value of significant
difference at p < 0.05. (PUT: putrescine; CAD: cadaverine; HIS: histamine)

S. nepalensis 5-5, S. xylosus JCM 2418, S. hominis ICC_10-1_SCI_contig_1 and L. salicampi
SF-20 might be potential candidates for controlling the BAs due to their high BA reduction
ability as well as low BA production activity. In order to ascertain the BA reduction ability
of the strains in the food matrix, we inoculated the strains into different fermented foods
and determined the BA content in the samples after 7 days of continuous fermentation. All
four strains can reduce the BAs in fish sauce, and S. nepalensis 5-5 and S. xylosus JCM 2418
especially showed the best BA reduction ability. In the shrimp paste, only S. nepalensis 5-5
and S. xylosus JCM 2418 can reduce the BAs, while the remaining strains increase the BA
content. S. xylosus JCM 2418 has the highest reducing ability on HIS in Doujiang, while
S. hominis ICC_10-1_SCI_contig_1 and L. salicampi SF-20 increased the content of HIS in
Doujiang. S. nepalensis 5-5 had the best BA reduction ability in Sufu among all the strains
(Figure 5). The above results indicate that S. nepalensis 5-5 and S. xylosus JCM 2418 had
excellent capacities for controlling BAs in fermented food.
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Figure 5. The content of BAs in fermented foods inoculated with different strains (A: Fish sauce.
B: Shrimp paste. C: Doujiang. D: Sufu.). Different letters (a, b, c, etc.) indicate the mean value of
significant difference at p < 0.05. (PUT: Putrescine; CAD: Cadaverine; HIS: Histamine).

4. Discussion

Excessive consumption of BAs can cause a variety of harmful effects [11]. Natural
fermentation gives the fish sauce a rich microbial community, some of which can produce
decarboxylase for the decarboxylation of amino acids to produce BAs, which is detrimental
to food safety [2,9]. On the contrary, BAs can also be degraded by the amine oxidase of
some bacteria. In this study, six common BAs were detected in the fish sauce samples at
five fermentation stages, and putrescine, cadaverine and histamine existed in all samples.
The histamine content of the fish sauce sample at the end of fermentation was much higher
than the toxic level (50 mg/kg) suggested by the United States FDA [14] (Table 1). BAs
could be recognized as signs of the quality and safety of products. Therefore, the contents
of BAs in food should be effectively reduced and legitimately controlled.

The microbial community structure changed constantly during the fermentation of
fish sauce. This may be due to the introduction of a large number of microorganisms
in the natural fermentation mode, which made the microbial composition in the early
fermentation samples significantly different from those in other groups. However, as the
fermentation progressed, the stability of the microbial composition gradually improved,
and the advantages of the fermented genus gradually appeared (Figures 2B and 3A,B).
Traditional isolation and screening methods have obtained a large number of Staphylococcus
strains. The high-throughput sequencing results showed that the abundance of Staphylococ-
cus was not very high, but it could be detected at every fermentation stage, indicating that
it was also a very important genus for fermentation (Figure 2C).

There are differences in the representative bacterial genera in the samples at different
fermentation stages (Figure 3C). Lentibacillus is a representative microorganism in fish
sauce samples fermented for 3 months, which is considered as a common microorganism
in fish sauce [22]. Psychrobacter as a genus, often detected in fermented food, was a repre-
sentative microorganism in fish sauce samples fermented for 6 months. It is reported that
the presence of Psychrobacter celer can lead to a high production of pleasant volatile aroma
compounds such as aldehydes, ketones and sulfur compounds [23]. However, some re-
ports stated that Psychrobacter inoculated into cheese might produce HIS [24]. Pseudomonas
as a representative microorganism in fish sauce samples fermented for 12 months was a
common spoilage bacterium, which could produce a large amount of hydrogen sulfide in
fish juice and has the ability to produce BAs [25]. Tetragenococcus is the dominant genus
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in each fermentation stage, but the abundance in the samples fermented for 18 months
is significantly different from other fermentation stages (the abundance in samples of 3,
6, 9, 12 and 18 months of fermentation was 9.15%, 45.78%, 30.00%, 26.34% and 91.99%,
respectively). Therefore, it might be a key genus that determines the quality and safety of
the final products. Tetragenococcus exhibits certain halotolerant characteristics and plays a
major role in sauce flavor [26,27]. In addition, the previous report showed that Tetragenococ-
cus halophilus MJ4 clearly repressed the formation of cadaverine during fermentation to
improve the safety of fish sauce products [28]. However, it was reported that Tetragenococ-
cus had a high BAs production ability, which had a great effect on the accumulation of BAs
in sausage, shrimp paste, etc. [17,29]. Some genera detected throughout the fermentation
process, such as Staphylococcus, also played an important role in the quality and safety of
fish sauce products, which is often used as a starter in fermented foods and can be used to
control BAs during food fermentation [30].

The microbial composition of fish sauce samples had significant differences in time
distribution, and BAs were also related to fermentation time (Figure 4A) [5], indicating
that the characteristic microorganisms in samples of specific fermentation time might have
a great contribution to the formation of BAs. Therefore, it is necessary to analyze the
correlation between the characteristic microorganisms and BAs. The accumulation of BAs
in the samples was low at the early fermentation period (3–6 months), and the early repre-
sentative microorganism, Lentibacillus and Psychrobacter, were negatively correlated with
BAs, suggesting the BA accumulation might be inhibited by Lentibacillus and Psychrobacter
during this period. As the microbial composition of the samples fermented for 6 months
was similar to that of 9 months, BA accumulation was also low during the fermentation of
fish sauce from 6 to 9 months. Pseudomonas, positively related to BAs, was a representative
microorganism in fish sauce samples fermented for 12 months. During the fermentation
period of 9–12 months, the content of BAs in fish sauce increased greatly, indicating that
Pseudomonas might be promote the accumulation of BAs. Tetragenococcus was dominant
during the whole fermentation process, and it was significantly positively correlated with
BAs, indicating that Tetragenococcus might play a key role in the accumulation of BAs
(Figure 4B,C).

To verify the results of the correlation analysis, we tested the BA production capacity of
the isolated dominant strains (Table 2). The BA production ability of isolated strains could
prove the results of the correlation analysis, indicating that Tetragenococcus and Pseudomonas
may promote the accumulation of BAs, while Lentibacillus and Staphylococcus may inhibit
the accumulation of BAs. Isolated Psychrobacter strains produced high BAs, while the results
of high-throughput sequencing showed a negative correlation between Psychrobacter and
BAs, possibly due to the limitations of isolation and screening methods, and the ability
to produce BAs was strain specific. The accumulation of BAs in fish sauce fermentation
could be affected by changing the species and abundance of dominant microorganisms.
The method of adjusting the microbial community structure by changing the fermentation
process is very common. The difference of salt concentration in fermentation affected the
composition of microorganisms in the samples, and the content of BAs in the products
with different salt concentrations was obviously different [16]. In addition, temperature
can also affect the accumulation of BAs during fermentation. Delgado-Ospina et al. [31]
demonstrated that temperature helped to simulate the off and on of the amine metabolism
during cocoa fermentation, thus regulating BA accumulation and reduction. Recently,
microbial fermentation as a means to improve the safety and quality of fermented food has
been widely used. Xia et al. [32] used Lactobacillus plantarum and Staphylococcus xylosus as
starters to co-inoculate Chinese rice wine. Co-inoculation induced a significant reduction
in total BAs (43.7%), putrescine (43.0%), tyramine (42.8%), and histamine (42.6%) content.
Therefore, it is feasible to select suitable starters to reduce the accumulation of biogenic
amines during the fermentation of fish sauce.

About 44.00% of the dominant strains in this study produce very little Bas; therefore,
they may have BA reduction ability and potential as fish sauce starter cultures. Eight
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isolated strains were selected from the dominant species of fish sauce samples, including
four Staphylococcus strains, two Lentibacillus strains and two Tetragenococcus strains, and
their BA reduction abilities were evaluated (Table 3). Among them, the Staphylococcus and
Lentibacillus isolates showed high BA reduction ability. The results show that microbial-
based solutions can be designed to reduce the BA content in fermented foods [30]. In
previous studies, Staphylococcus is often used as a starter to reduce BAs in fermented foods.
For example, Muhammad et al. [33] found that HIS concentration was reduced by 27.7%
by Staphylococcus carnosus FS19 and could also reduce other amines during fermentation.
Li et al.’s [30] study showed that the Staphylococcus isolates including Staphylococcus pas-
teuri, Staphylococcus epidermidis, Staphylococcus carnosus, and Staphylococcus simulans could
significantly reduce BAs and have the potential to control BAs in fermented meat prod-
ucts. Lentibacillus is a common genus of bacteria in fish sauce [34]. Thus, the effects of
Lentibacillus and Staphylococcus isolates on BA accumulation were assessed in different
fermented foods to screen the potential starters for BA control (Figure 5). The content of
BAs in fermented foods inoculated with S. nepalensis 5-5 and S. xylosus JCM 2418 were sig-
nificantly reduced, indicating that the two strains could be utilized as potential candidates
for controlling BAs in fermented foods.

5. Conclusions

In summary, the bacterial community structure and BA profiles in fish sauce at differ-
ent fermentation stages were comprehensively evaluated. The dominant bacteria of fish
sauce were found to be Tetragenococcus, Lentibacillus, Pseudomonas, Halomonas, Vagococcus
and Staphylococcus by high-throughput sequencing. The correlation analysis between mi-
croorganisms and BAs indicated that Tetragenococcus, Halomonas and Pseudomonas were
positively correlated with BAs, while Lentibacillus, Vagococcus and Staphylococcus were
negatively correlated with BAs. By analyzing the BA production capacity of dominant
isolates, the accumulation of BAs in fish sauce might be promoted by Tetragenococcus and
Halomonas. Additionally, S. nepalensis 5-5 and S. xylosus JCM 2418 isolated from fish sauce
were applied as starters to fish sauce and other fermented foods for reducing health risk.
Our research assessed the BA reducing application of S. nepalensis 5-5 and S. xylosus JCM
2418 during fish sauce fermentation for the first time, and provided a theory to support the
standardized and secure production of fish sauce.
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Abstract: Here, we explored the influences of thyme microcapsules on the growth, gene expression,
and histamine accumulation by Proteus bacillus isolated from smoked horsemeat sausage. RT-qPCR
was employed to evaluate the gene expression level of histidine decarboxylase (HDC) cascade-
associated genes. We used HPLC to monitor histamine concentration both in pure culture as well as
in the processing of smoked horsemeat sausage. Results showed that histamine accumulation was
suppressed by thyme microcapsule inhibitory effect on the histamine-producing bacteria and the
reduction in the transcription of hdcA and hdcP genes. Besides, compared with thyme essential oil
(EO), thyme microcapsules exhibited higher antibacterial activity and had a higher score for overall
acceptance. Therefore, the addition of thyme microcapsules in Xinjiang smoked horsemeat sausage
inhibits histamine accumulation.

Keywords: thyme microcapsules; Proteus bacillus; histamine; histidine decarboxylation pathway;
smoked horsemeat sausage

1. Introduction

Histamine is a low molecular weight nitrogenous organic compound that plays a
pivotal role in human learning as well as memory, body temperature, and immune re-
sponses [1]. Histamine oxidases quickly degrade the exogenous histamine that is ingested
in food under normal conditions; however, when the process of detoxification is insuf-
ficient, or the concentrations of histamines present in food are very high, the histamine
might lead to histamine intolerance or intoxication [2,3]. A food-poisoning incidence
reported in January 2009 that was associated with histamine toxicity caused illness in 53
persons [4]. The Xinjiang smoked horsemeat sausage made via spontaneous fermentation
is popular for its appetizing sensory features as well as excellent nutritional properties [5].
Nevertheless, the traditional sausage is often produced in small-scale plants after a process
of spontaneous fermentation [6], which more easily leads to the accumulation of high
levels of biogenic amines (BAs), e.g., putrescine, tyramine, as well as histamine [7]. In
fermented meat products, histamine is formed through histidine decarboxylation mediated
by the histidine decarboxylase enzymes originating from the bacteria present in food [8].
The bacterial histidine decarboxylases have been broadly studied and characterized in
various organisms [9], and two distinct enzyme classes have been differentiated, namely
pyridoxal phosphate dependent as well as the pyruvoyl dependent. The diverse species of
gram-negative bacteria, especially the lactic acid bacterial species involved in food spoilage
or fermentation possess, the pyridoxal phosphate-dependent decarboxylases, whereas the
gram-positive bacteria possess the pyruvoyl-dependent decarboxylases [10]. Studies have
shown that the histidine genes clusters related to histidine decarboxylase (HDC) consist of
4 ORFs, hdcA, hdcRS, hdcP, as well as hdcB, and their sequences are highly conserved in
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numerous lactic acid bacteria. The hdcA OFR codes for the histidine decarboxylase, hdcP
encodes a histidine/histamine protein, whereas hdcRS encodes a histidyl-tRNA synthetase;
nonetheless, the role of the hdcB gene is still unclear [8,11].

The histamine content in fermented sausages depends on many factors, including the
existence of microorganisms, which decarboxylate the amino acids, as well as a conducive
environment for the growth of decarboxylase-producing microbes [12]. Furthermore, due
to its heat stability, once histamine is formed, it is difficult to destroy with high-temperature
treatment [13]. Hence, microbial food contamination should be prevented to minimize
the possibility of histamine production [5,14]. Therefore, varieties of antibacterial agents
have been applied in food to prevent the histamine aggregation. Thyme oil obtained from
Thymus vulgaris L. has been opined to possess elevated antimicrobial, insecticidal, as well
as phytotoxic features owing to the phenolic constituents, particularly carvacrol (2-methyl-
5-methyl ethyl)-phenol) as well as thymol (5-methyl-2 (1methylethyl) phenol) [15,16].
However, the application of thyme essential oil (EO) in food preservation is limited because
it is likely to change the original flavor of food products. Moreover, when the oil is
exposed to heat, oxygen, or light, it is highly susceptible to oxidative deterioration [17].
The technology of encapsulation provides an efficient approach to stabilize EOs as well as
impede volatile ingredients loss [18]. Encapsulation of cinnamon EO is achieved through
the inclusion complexation approach using the β-cyclodextrin and has high antifungal
bioactivity against Botrytis spp. [17]. Ginger EO microcapsules, with a particle size of
8.2–15.3 µm, were encapsulated by gum arabic (GA) and/or maltodextrin (MD) through
spray drying and possess effective antioxidant activity, extending the shelf life of the food
products [19]. Hence, EO microcapsules confer antibacterial and antioxidants effects, with
prospective application in meat products

However, to the best of our knowledge, there is a knowledge gap in the application of
thyme microcapsules in sausages. Hence, the purpose of the research was to assess if mi-
crocapsules of thyme affect the accumulation of histamine, the growth of microorganisms,
transcription of histidine decarboxylase (HDC) cascade-associated genes, and the sensory
quality of smoked horsemeat sausage.

2. Materials and Methods
2.1. Microorganisms and Growth Conditions

A previously isolated histamine-producing microorganism, Proteus bacillus, from
naturally smoked horsemeat sausage in our laboratory, was used in this study (Animal
Product Processing Laboratory, Shihezi, China). The sequences were deposited in GenBank
databases under accession number MN483275. Proteus bacillus was grown on Brain-Heart
Infusion Broth (BHI) media, enriched with 100 Mm histidine (Sigma, Santa Clara, CA,
USA) at 37 ◦C. The strain used in this work had been previously identified by molecular
methods [20]. Overnight cultures of P. bacillus strains were used as inoculum for all fermen-
tation assays. Each fermentation experiment was performed using the same stock culture
medium and overnight culture inoculants to ensure the same CFU/mL (105–106). Thyme
microcapsules and thyme essential oil were supplied by the Boao Extension Technology
Co. Ltd. in Beijing. Five batches were prepared (10 mL): a batch without histidine (control);
histidine and 0% thyme microcapsules (0% microcapsules); histidine and minimum in-
hibitory concentration (MIC) thyme microcapsules (MIC microcapsules); histidine and 1/2
MIC thyme microcapsules (1/2MIC microcapsules); and histidine and the same amount
of essential oil as microcapsules (essential oil). Brain-Heart Infusion Broth (BHI) media
(10 mL) required the following ingredients: beef brain (20%), beef heart infusion juice
(25%), peptone (1%), glucose (0.2%), NaCl (0.5%), and agar (2%). Brain-Heart Infusion
Broth (BHI) media was obtained from AoBoXing Company (Beijing, China). Samples were
collected (2 mL) every four hours for 48 h. To check the microbial growth in all cultures,
we measured the absorbance at 600 nm (OD600) using a multi-modal reader (Bio Tek,
Unalaska, AK, USA).
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2.2. Determination of Relevant Indicators in a Pure Culture System

The pH of the samples was measured using a Sartorius UB pH-meter (Sartorius,
Gogenting, Germany). We calibrated the pH meter with phosphate buffer and potassium
hydrogen phthalate buffer. After the calibration was completed, we washed the composite
electrode with distilled water and dried the filter paper and inserted it into the sample
solution to ensure that the glass bulb at the front of the electrode was in uniform contact
with the standard buffer solution. After the pH meter stabilized, showing the pH value
of the unknown solution, we pressed the “OK” button to measure the solution again [2].
The measurement accuracy of the pH meter is 0.01. P bacillus MN483275 was cultured
in BHI medium and supplemented with 100 Mm histidine to activate the transcription
of the hdc gene [21]. To harvest the cells, we centrifuged the broth culture after 24 h
of growth at 10,000× g for 3 min at 4 ◦C and resuspended in 1 mL of TRIzol reagent.
TRIzol reagent (Sigma, Santa Clara, CA, USA) was used to extract total RNA, as previously
described by del Rio et al. [22]. Sample supernatants were obtained by centrifugation at
5000× g for 10 min at 4 ◦C. High-performance liquid chromatography (HPLC) was used
to determine histamine concentration [5]. Three biological replicates were performed for
each experiment.

2.3. Sausage Sample Preparation

The horse meat was cut into cubes about 1 cm3 in size. Four batches of smoked
horsemeat sausage were processed: a control batch without P. bacillus or thyme microcap-
sules (batch CK); a batch inoculated with P. bacillus (batch P); a batch inoculated with P.
bacillus and thyme microcapsules (batch PMT); and a batch inoculated with P. bacillus and
thyme essential oil (batch PO). Sausage preparation (10 kg/batch) required the following
ingredients: basic raw materials of lean horsemeat (80%) and fat horsemeat (20%); and
auxiliary raw materials of pepper (0.1%), white sugar (2%), sodium chloride (2.5%), ginger
powder (0.2%), monosodium glutamate (0.1%), spiced powder (0.1%), star anise (0.1%), and
a smoke solution (1%). Thyme microcapsules and thyme oil were added at a concentration
of 0.156%. Each batch was kept at 4 ◦C for 24 h and then stuffed (300–350 g/sausage)
into a natural casing (horse’s small intestine) previously soaked in salt water and with a
diameter of 5–6 cm [3]. The culture of P. bacillus was suspended in sterile water (100 mL) to
attain a final level of 104 CFU/g of sausage. Fermentation and ripening of the sausages
was performed at a steady humidity as well as temperature in an incubator (DNP-9272,
Jinghong Company, Shanghai, China) at 90–95% relative humidity (RH) and 18–20 ◦C first
for 2 days and then at 75–80% RH for 26 days at 10–12 ◦C [23]. We collected the samples at
0 (initial sausages), 3 (after fermentation), 7, 14, 21, as well as 28 days.

2.4. Microbial Counts

The bacterial numbers were enumerated during the 28 days fermentation period using
a previously document protocol [5] with slight adjustments. Using aseptic techniques,
10 g of each sample was homogenized in 90 mL of sterile saline (containing 0.85% NaCl),
mixed in a stomacher for 10 min at 250 rpm, and the suspension was diluted serially
(1:10) using sterilized saline in triplicates [24]. This was followed by inoculation of the
diluted suspensions in different agars: gram-positive catalase-positive cocci (GCC+) were
examined using mannitol salt agar (MSA) medium at 37 ◦C for 48 h; Enterobacteriaceae were
analyzed using Violet Red Bile Glucose Agar (VRBGA) for 48 h at 37 ◦C, whereas lactic
acid bacteria (LAB) were determined on de Man Rogosa Sharpe agar (MRS) medium at
30 ◦C for 2 days [5]. AoBoXing Company, Beijing, China provided all the growth media.

2.5. RNA Extraction

The RNA from experimental sausages was isolated, as per protocol documented by
del Rio et al. [22] with slight adjustments. In brief, 1 mL of Trizol was added to 100 mg
of shredded sausages in a 1.5-mL centrifuge tube, followed by homogenization, and left
to stand for 5 min at room temperature. Chloroform (0.2 mL) was introduced into the
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homogenate and then mixed through, shaking for 15 s, then left standing for another
2 min. Next, we spun the mixture for 10 min at 12,000× g at 4 ◦C and then aliquoted
the supernatant into clean tubes. We added 0.5 mL isopropanol into the mixtures, gently
mixed, and maintained standing for 10 min at room temperature. After that, 10-min
centrifugation of the mixture was performed at 12,000× g at 4 ◦C, and the supernatant was
discarded. The resulting precipitate was rinsed using 1 Ml 75% ethanol to precipitate it
further. We air-dried the precipitate and re-suspended in DEPC-treated H2O. The RNA
was inoculated with DNase (ABM, Vancouver, BC, Canada) to degrade any contaminating
DNA. The concentration of the RNA was estimated by measuring its absorbance at 260 nm
as well as 280 nm on a NanoDrop ND-2000c UV/vis Spectrophotometer (Thermo Scientific,
Shanghai, China).

2.6. Assessment of RNA Levels by RT-qPCR

The 5X All-In-One RT Master Mix (AccuRT Genomic DNA Removal Kit) (ABM, Van-
couver, BC, Canada) was employed to convert the RNA into cDNA via reverse transcription.
Thereafter, qPCR was performed using the Stratagene MX 3000 sequence detection system
(Agilent Technologies, Santa Clara, CA, USA) in 25 µL reaction mixture, as documented
previously [25]. The reaction mixture contained the primers as well as the EvaGreen 2X
qPCR Master Mix, which uses low ROX as a passive reference (ABM, Vancouver, BC,
Canada). The specific primers utilized are listed in Table 1. The hdcA-F/hdcA-R as well
as hdcP-F/hdcP-R primer pairs targeted the hdcA (the first gene of the HDC cluster) and
hdcP (encoding for histidine/histamine exchanger) [11]. The hdcRS-F/hdcRS-R as well
as hdcB-F/hdcB-R primer pairs [9] targeted the hdcRS gene (encoding the histidyl-tRNA
synthetase) and hdcB (whose role is unclear), respectively [8]. The tufF/tufR and recA-
F/recA-R primer pairs [9] targeted the thermo-unstable elongation factor (tuf) as well as the
RNA polymerase alpha-subunit (recA) genes, respectively, which served as the reference
genes. Negative controls were included as samples without DNA in each run. The 2−∆∆Ct

approach was employed to determine the relative gene-expression level [26]. RT-qPCR
was conducted on RNA samples extracted from 3 different cultures for each condition.

Table 1. Primers used in this work.

Gene Primer Sequence (5′→3′)

hdcA
hdcA-F GATGGTATTGTTTCKTATGA
hdcA-R CCAAACACCAGCATCTTC

hdcP
hdcP-F GTCTGATCCATGGACACGGCTGAAC
hdcP-R GTTGCCGCGAATCTAGAATC

hdcB
hdcB-F TACCGTTAGAGGCGAGTTCC
hdcB-R GGCAGCACAGGATTAGCATC

hisRS
hisRS-F CACACAGATTGGTTGTGAGGC
hisRS-R CGTCCCGTGTTTCTTTGTCAC

tuf
tuf-F TCTTCATCATCAACAAGGTCTGCTT
tuf-R GAACACATCTTGCTTTCACGTCAA

recA
recA-F CAAGGCTTAGAGATTGCCGATG
recA-R ACGAGGAACTAACGCAGCAAC

2.7. Histamine Determination from Sausage Samples

The aggregated histamine in the experimental sausages was isolated using a previously
described protocol [5] with slight adjustments. We homogenized 5 g of the sausages using
an ULTRA-TURRAX T25 basic ZKA (WERKE, Sasel, Hamburg, German) in 20 mL of 0.4 M
perchloric acid. The mixture was centrifuged for 10 min at 5000× g at 4 ◦C and collected
the supernatant. (AllegraX-22, Santa Clara, CA, USA). The volume of the filtrate was
adjusted to 50 mL using 0.4 M perchloric acid. Derivatization of biogenic amines was
conducted using dansyl chloride according to the protocol documented by Lu et al. and
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Sun et al. [5,27]. We put the sample extract (1 mL) into a 5-mL volumetric flask and then
added sodium hydroxide (2 N, 200 mL), saturated sodium bicarbonate (300 mL), and dansyl
chloride (10 mg/mL; Sigma, CA, USA) to the volumetric flask and incubated at 40 ◦C in
the dark for 45 min. To remove residual dansyl chloride, we added 100 mL of ammonia,
incubated at room temperature for 30 min, adjusted the volume of the reaction mixture
to 5 mL with acetonitrile, and centrifuged at 3000× g for 5 min [5]. For HPLC analysis,
a 0.45-µm membrane syringe filter was employed to filter the supernatant. Histamine
content was detected by HPLC (LC-2010AHT, Shimadzu Corporation, Beijing, China) by
a C18 column (Spherisob, 2.5 µm octadecylsilane, 250-mm 94.6-mm internal diameter),
an injection volume of 10 µL, a flow rate of 0.8 mL/min, as well as column temperature
of 35 ◦C. The mobile phase was composed of ultrapure water (eluent A) and acetonitrile
(eluent B), and the gradient program was 40% A + 60% B at 0 min; 30% A + 70% B at 5 min;
10% A + 90% B at the 10th minute; 100% B at the 15th minute; and 40% A + 60% B at the
25th minute. The 1.00 mg/L histamine standard solution was appropriately diluted with
acetonitrile and then derivatized and determined according to the method of Park et al. [28].
The detection limit (RSN = 3) and the limit of quantification (RSN = 10) were determined
by the signal-to-noise ratio. Histamine was assayed at 254 nm. Moreover, all analytical
determinations were performed in triplicate for each sausage sample.

2.8. Sensory Evaluation

The sensory quality of the smoked horsemeat sausages was assessed at the end of
the fermentation, as previously documented, with slight modifications [27]. The sensory
analysis was carried out using a sensory panel of 10 investigators, comprising of 5 females
as well as 5 males. The assessors were selected based on their sensory potential and prior
experience in performing a sensory assessment of meat products (Table 2). Each panel
investigator was tasked with rating the appearance (color, gloss, dry), flavor (sourness,
odor), and texture (hardness, organizational structures) of the sausage samples. Attributes
were quantified with a numerical intensity scale from 0 to 7, where 0 = attribute not detected,
and 7 = attribute very intense [29]. The total scores for each sample were calculated by
adding the average score given by each panel member for each of the seven attributes.

Table 2. Sensory standard of smoked horse sausage.

Attribute Definitions (Developed by the Panel)

Appearance
color The actual hue of the color, pink brown to dark brown
gloss Shiny, attractive marinated color and uniform color
dry The absence of moistness, resembling dried meat

Flavor
sourness The smell of oranges

odor Scented with horse meat and marinated flavors

Texture
hardness Tough and hard to chew

organizational
structure Tissue is delicate and elastic

2.9. Statistical Analyses

The Origin 8.5 software (Origin Lab) was utilized for data analysis. Means ± standard
deviations were computed from three independent replicates. The SPSS software 23
package (IBM, Armonk, NY, USA) was employed to evaluate the differences between
groups. p < 0.05 signified statistical significance.

3. Results and Discussion
3.1. The Thyme Microcapsules Effect on P. bacillus Growth and Histamine Generation

As indicated in (Figure 1a), the absorbance values (at 600 nm) of the microbial cultures
treated with thyme oil was consistently lower than that of control batch at 48 h, suggesting
that thyme essential oil (EO) repressed P. bacillus growth. Moreover, compared with the
thyme oil group, thyme microcapsules exhibited higher antibacterial bioactivity [18,30].
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However, thyme microcapsules only prolonged the life of the strain but did not change
the growth pattern. Thyme microcapsule at varied levels had different suppressive in-
fluences on the strain (p < 0.05), and microbial growth decreased with escalating thyme
microcapsules.
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Figure 1. Effect of thyme microcapsules on P. bacillus growth (a), pH (b), gene expression of HDC cluster (c) and histamine
accumulation (d) during 48 h. Batch Control: without histidine (control); 0% microcapsules: histidine + 0% microcapsules;
MIC microcapsules: histidine + MIC microcapsules; 1/2MIC microcapsules: histidine +1/2MIC microcapsules; essential oil:
histidine + essential oil.

The changes in pH over 48 h in all batches are shown in Figure 1b. The pH values
decreased in the first 12 h and stabilized gradually after 20 h in the control batch, indi-
cating that the microbes started to grow rapidly, and the products of fermentation were
accumulating slowly. In the histidine-treatment batches, the microbial culture pH values
(0% microcapsules, MIC microcapsules, 1/2 MIC microcapsules and essential oil) were
higher relative to control batch, attributable to the aggregation of alkaline substances, such
as histamine.

The thyme microcapsules group’s pH was lower compared to the other groups, which
revealed that thyme microcapsules inhibit P. bacillus growth as well as the HDC gene cluster
expressions, thereby reducing the histamine accumulation.

The histamine standard solution with a mass concentration of 1.00 mg/L was diluted
into different low-mass concentration solutions, and samples were injected for deter-
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mination after derivatization. The results showed that when the RSN was 3, the mass
concentration of histamine standard solution was 0.03 mg/L; when the RSN was 10, the
mass concentration of histamine standard solution was 0.12 mg/L. Therefore, the detection
limit of the instrument was 0.03 mg/L, and the limit of quantification was 0.12 mg/L. The
accumulation of histamine over 48 h in all batches is shown in Figure 1d. Histamine was
detected at 4 h and was found to gradually stabilized after 28 h in the control batch. In
the histidine treatments, the histamine levels in the thyme microcapsules batches (MIC
microcapsules and 1/2 MIC microcapsules) were significantly lower (p < 0.05) in contrast
with the other batches (control and 0% microcapsules). Additionally, the thyme micro-
capsules influence on histamine accumulation was higher compared to that of thyme EO,
suggesting that thyme microcapsule significantly decreased the accumulation of histamine.
Moreover, the biosynthesis of histamine decreased with increased concentration of thyme
microcapsules. The accumulation of histamine may confer resistance to acid stress acquired
via the consumption of intracellular protons through a decarboxylation process, as has
been documented in other bacterial species [31–33]. Thyme microcapsules suppressed
histamine accumulation by inhibiting the histamine-producing bacteria and the expression
of hdcA as well as hdcP genes.

3.2. Gene Expression in Pure Culture

The transcription of the HDC gene cluster is shown in Figure 1c. The HDC gene
cluster includes the hdcA gene, histidyl-tRNA synthetase (hdcRS), a transporter (hdcP),
as well as the hdcB gene, with the four genes oriented in a similar direction [34]. The
comparative assessment showed that the expression of hdcB as well as hdcRS gene was not
modulated by thyme microcapsule levels in the growth medium. However, the hdcA and
hdcP gene expressions were remarkably repressed by increased thyme microcapsule levels.
The highest expression activity of the hdcA gene was reported at 0% thyme microcapsules
(181.02 times the expression in MIC thyme microcapsules), and the highest transcriptional
activity of the hdcP gene was reported at 0% thyme microcapsules (78.25 times the expres-
sion in MIC thyme microcapsules). The hdcA gene encodes a 377 amino acid polypeptide
and is believed to be a pyridoxal-P-dependent histidine decarboxylase. On the other hand,
the hdcP gene is considered to be a histidine⁄ histamine antiporter [31]. The lack of hdcB
and hdcRS indicates that they are not important to the histidine decarboxylation cascade
and are likely to encode the accessory roles [34]. The integration of the histidine/histamine
exchanger (hdcP) with a histidine decarboxylase (hdcA) forms a classical decarboxylation
cascade in bacteria [8].

3.3. Microbiological Analyses of Smoked Horsemeat Sausages

The alterations in bacterial numbers are indicated in Table 3. LAB as well as GCC+
comprised the primary microbes in the fermentation as well as ripening given the ele-
vated numbers of indigenous LAB and GCC+ in raw horsemeat coupled with their rapid
growth. The Enterobacteriaceae initial numbers were more remarkably elevated in batches
PMT and PO than in batch CK (p < 0.05), associated with the richness of P. bacillus in the
initial population. In addition, the number of LAB and GCC+ in all batches rose sharply,
reached the maximum on the seventh day, and then decreased slightly. Besides, there
was no significant difference between the four smoked horsemeat sausage batches in the
later period (p > 0.05). Thyme microcapsules have no significant bactericidal biological
activity against LAB and GCC+ in all batches, which may be attributed to the fact that the
sensitivity of microorganisms to thyme microcapsules varied from species to species [24].
This is consistent to findings documented by Lu et al. [5] on a similar pattern in LAB and
GCC+ numbers in smoked horsemeat sausages augmented with plant extracts. The num-
bers of Enterobacteriaceae remarkably reduced in the fermentation as well as the ripening
(p < 0.05). On day 28, Enterobacteriaceae was completely depleted in the PMT batch, while
the count in the CK, P, and PO batches were 1.01 ± 0.03, 3.36 ± 0.01, 1.85 ± 0.029 log10
CFU g−1, respectively, revealing that thyme microcapsules repressed Enterobacteriaceae
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growth. Similarly, Scacchetti et al. [18] reported that thyme microcapsules showed high
antimicrobial properties. The thyme microcapsule antibacterial mechanism is attributed to
thyme EO slow release, which contains carvacrol, thymol, and other phenolic compounds,
which are considered to be fungicides or antibacterial agents [35]. These components can
attack the phospholipids in the cell membrane, increasing cell permeability, cytoplasmic
leakage, or interaction with enzymes located on the cell wall to extend the shelf life of
sausages in thyme microcapsule samples [17,18,35].

Table 3. Microbial counts (log 10 CFU g-1) during ripening of smoked horsemeat sausage.

Microbiological
Counts Batch

Days (d)

0 3 7 14 28

LAB CK 3.86 ± 0.04 d 6.68 ± 0.01 c 7.19 ± 0.01 a 7.03 ± 0.02 b 7.11 ± 0.04 ab
P 3.93 ± 0.07 d 6.81 ± 0.06 c 7.13 ± 0.01 ab 7.15 ± 0.02 a 7.09 ± 0.03 b

PMT 3.91 ± 0.02 d 6.59 ± 0.02 c 7.09 ± 0.02 a 6.89 ± 0.01 b 7.01 ± 0.05 a
PO 3.91 ± 0.03 e 6.66 ± 0.03 d 7.13 ± 0.02 b 6.92 ± 0.04 c 7.17 ± 0.08 a

GCC+ CK 3.97 ± 0.02 c 6.87 ± 0.01 b 7.79 ± 0.04 a 6.63 ± 0.08 b 6.54 ± 0.02 b
P 3.95 ± 0.01 c 6.75 ± 0.04 b 7.46 ± 0.02 a 6.47 ± 0.03 b 6.45 ± 0.03 b

PMT 3.95 ± 0.05 c 6.59 ± 0.06 b 7.79 ± 0.02 a 6.44 ± 0.04 b 6.26 ± 0.02 b
PO 3.96 ± 0.03 c 6.61 ± 0.02 b 7.56 ± 0.02 a 6.43 ± 0.04 b 6.27 ± 0.07 b

Enterobacteria CK 3.09 ± 0.07 a 3.16 ± 0.04 a 2.92 ± 0.02 b 2.11 ± 0.04 c 1.01 ± 0.01 d
P 5.64 ± 0.05 a 4.92 ± 0.04 b 4.18 ± 0.06 c 3.97 ± 0.03 d 3.36 ± 0.01 e

PMT 5.47 ± 0.02 a 4.31 ± 0.01 b 3.53 ± 0.02 c 3.09 ± 0.01 d nd
PO 5.59 ± 0.07 a 4.68 ± 0.02 b 3.96 ± 0.03 c 3.12 ± 0.01 d 1.85 ± 0.029 e

Batch CK: the spontaneously fermented as the control; batch P: inoculated with P. bacillus; batch PMT: inoculated with P. bacillus and thyme
microcapsules; batch PO: inoculated with P. bacillus and essential oil; LAB, lactic acid bacteria; GCC+, gram-positive catalase-positive cocci.
Data are expressed as mean ± standard deviation (n = 3). a–e: values in the same row and batch not followed by a common letter are
significantly different (p < 0.05), differences between days. nd, not detected.

3.4. Gene Expression of hdcA and hdcP in Smoked Horsemeat Sausages

The hdcA and hdcP gene expression is involved in the production of histamine,
which is found in our previous pure-culture system. The transcription of hdcA and hdcP
genes in smoked horsemeat sausage is shown in Figure 2. The expression of hdcA and
hdcP genes in all batches increased over the first seven days, then reached a maximum.
There was a remarkable difference in the expression of hdcA and hdcP genes among the
four batches (p < 0.05). The expression of the hdcA gene in batches CK, PO, and P was
9.58-, 18.64-, and 537.45-fold, respectively, which was higher compared to batch PMT.
Similarly, the expression of the hdcp gene in batches CK, PO, and P was 10.06-, 1.89-, and
72.00-fold, respectively, which was higher than in batch PMT. Thyme microcapsules had
a significantly higher effect on the expression of hdcA and hdcP compared to thyme oil.
Studies have previously reported that the activity of the histamine synthesis gene cluster
(HDC) affects the accumulation of histamine [31]. The factors affecting its activity include
pH, temperature, salinity, and oxygen content, with pH being the main influencing factor.
The acidic environment inhibits the growth of the test bacteria to a certain extent and
affects the production and activity of enzymes. The expression of hdcA and hdcP genes
increased under low pH conditions and the presence of extracellular histidine. Histamine
accumulation by P. bacillus might confer resistance to the prevailing acidic stress via the
consumption of intracellular protons through a decarboxylation reaction, as documented
in other bacterial species [9,31,32]. Herein, the sausage processing conditions in all the
samples were similar. Besides, the lack of significant difference in pH among the four
batches showed that thyme microcapsules affected the activity of histidine decarboxylase
and suppressed the expression of hdcA and hdcP genes.
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by a common letter are significantly different (p < 0.05) between days. Batch CK: the spontaneously fermented as the control;
batch P: inoculated with P. bacillus; batch PMT: inoculated with P. bacillus and thyme microcapsules; batch PO: inoculated
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3.5. Histamine Accumulation in Smoked Horsemeat Sausages

The changes in histamine concentration in smoked horsemeat sausage are indicated
in Figure 3. The histamine quantities in the four groups were measurable three days
post fermentation and were found to increase during the first seven days, congruent with
previous data in fermented sausages [24]. Higher levels of histamine (76.17, 35.18, and
44.09 mg/kg) were reported in the P, PO, and CK batches on day 7. On day 28, the
histamine concentration in batches PMT and PO was 20.34 and 30.52 mg/kg, respectively,
corresponding to a 66.15% and 49.22% decrease relative to batch P (p < 0.05) and suggesting
that the presence of thyme oil prevented the accumulation of histamine. Compared
with batch (PO), there was a 33.35% reduction in the accumulation of histamine in batch
PMT, indicating that thyme microcapsule had a stronger inhibitory effect than thyme
oil (p < 0.05). Additionally, thyme microcapsules decreased histamine aggregation by
suppressing the expression of histidine decarboxylase (hdcA) as well as histidine/histamine
antiporter (hdcP) genes (p < 0.05). Our data demonstrated that the encapsulation with
thyme microcapsules reduced the accumulation of histamine, thus suggesting that the
thyme microcapsule application can promote the safety of smoked horsemeat sausage as
well as other meat products.
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3.6. Sensory Quality

The sensory qualities of the smoked horsemeat sausages were assessed at day 28
and are shown in Figure 4. The sausages with thyme microcapsules had significantly
higher score for color than other batches (CK, P, PO) (p < 0.05), which may be attributed to
the presence of nitrite. Thyme microcapsules can lower the pH value, and under acidic
conditions, more nitrosomyoglobin will be produced, which plays an important role in
color development [36]. The gloss of fermented meat products is an important sensory
attribute. There was lower score for gloss in the batch P, which may be attributed to the
presence of a large number of microorganisms than other batches. Numerous factors impact
the sensory quality of smoked horsemeat sausage, such as raw meat, microbial activity, pH
value, and any other factors in sausage [37]. There was no remarkable difference (p > 0.05)
in the sourness and dry scores among all sausage batches. Compared with the thyme EO
group, the thyme microcapsules group had a better odor. Besides, thyme microcapsule
as an encapsulated plant extract covered up the bad smell of thyme EO and also slowed
down its release. This may also be attributed to the fact that thyme microcapsules reduce
the accumulation of histamine. Ardö et al. [38] reported that though lipid oxidation is
the primary cascade to the generation of flavor compounds, amino acid metabolism also
plays a pivotal role in development of flavor. Additionally, compared to the batches P and
PO, there were higher score for hardness and structure in the batch PMT. Some reports
showed that the addition of EO microcapsule to fermented products can maintain tissue
hardness and prolong the food shelf-life [35,39]. Therefore, adding thyme microcapsules
can effectively inhibit the accumulation of histamine in smoked horsemeat sausage and
can also improve its sensory quality.
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Figure 4. Sensory evaluation of smoked horsemeat sausage. Batch CK: the spontaneously fermented
as the control; batch P: inoculated with P. bacillus; batch PMT: inoculated with P. bacillus and thyme
microcapsules; batch PO: inoculated with P. bacillus and essential oil.

4. Conclusions

Herein, we demonstrated that both thyme microcapsules and thyme essential oil (EO)
could diminish histamine levels, down-regulate the expression of HDC gene cluster, and
repress the microbial growth, e.g., Enterobacteria in smoked horsemeat sausage. Accumula-
tion of histamine is not only linked to histamine-generating microbes but also associated
with the histidine decarboxylase (HDC) gene cluster expression. Thyme microcapsules
and thyme EO had insignificant influence on the expression of hdcRS and hdcB; however,
they remarkably suppressed the transcriptional activation of hdcA as well as hdcP genes
(p < 0.05). The suppressive influence of thyme microcapsules was remarkably higher
(p < 0.05) relative to that in thyme EO. Additionally, the addition of thyme microcapsules
enhanced the sensory quality of the smoked horsemeat sausage. Hence, the use of thyme
microcapsules not only improves the smoked horsemeat sausage sensory quality but also
enhances its safety.
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Abstract: This work investigated the effect of lipase addition on a Chinese traditional fermented fish
product, Suanzhayu. The accumulation of lactic acid and the decrease of pH during the fermentation
were mainly caused by the metabolism of Lactobacillus. The addition of lipase had little effect on pH
and the bacterial community structure but promoted the growth of Proteus. The addition of lipase
promotes the formation of volatile compounds, especially aldehydes and esters. The formation of
volatile compounds is mainly divided into three stages, and lipase had accelerated the fermentation
process. Lactobacillus, Enterococcus and Proteus played an important role not only in inhibition of
the growth of Escherichia-Shigella, but also in the formation of flavor. This study provides a rapid
fermentation method for the Suanzhayu process.

Keywords: fermented fish; Proteus; lipase; volatile compounds; aldehydes; esters

1. Introduction

Fermentation is a traditional preservation technique that provides a unique aroma and
nutritional values with the action of microorganisms or endogenous enzymes. Suanzhayu
is a type of traditional solid fermented fish in China, which is produced by mixing rice
powders with seasonings and fresh fish meat in a sealed fermentation condition. Due to the
metabolism of microorganisms during the fermentation process, the product develops a
unique sour aroma; thus, it is popular among the consumers [1]. In recent years, the effects
of a starter culture on Suanzhayu’s quality, safety, bacterial community structure, and base
flavor formation have been extensively studied [1]. However, the process still involves
a long fermentation period. Moreover, it is difficult to control the changes of microbial
community and flavor during fermentation, which often leads to unstable product quality.
Therefore, the addition of enzymes, such as protease and lipase to shorten the fermentation
maturation process has attracted the attention of many researchers [2,3].

Lipase increases the content of free fatty acids through hydrolysis reactions. Free fatty
acids can be converted to volatiles such as aldehydes and ketones by microbial enzymatic
or non-enzymatic reactions in the system [4], which increase the flavor of the product.
Many papers have reported that lipases are associated with the formation of characteristic
food flavors. For example, the lipolysis of lipase is essential for the characteristic flavor of
food, such as that in the mature white cheese flavor [5]. Researchers found out that lipase
addition improved the desirable dairy volatile compounds, such as butyric acid, hexanoic
acid, 2-nonanone, and hexanal resulting from lipolysis in milk [6]. In addition, it has been
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reported that lipase addition can promote the formation of antibacterial flavor substances,
such as octanal and nonanal, thereby inhibiting the growth of citrus Geotrichum citri-aurantii
mycelium [7]. However, thus far, there are no studies on the relationship between lipase
on bacterial community succession, physicochemical indicators and changes in aroma
properties of Suanzhayu.

Based on the previous studies, we hypothesized that lipase addition might improve
the aromas, such as aldehydes and esters during Suanzhayu fermentation. Therefore,
in this study, the effect of lipase addition on Suanzhayu fermentation was investigated.
The correlation between bacterial community succession and the changes of Suanzhayu
product properties, such as pH, lactic acid content, and volatile components, were analyzed
and discussed.

2. Materials and Methods
2.1. Preparation of Suanzhayu Samples

Suanzhayu samples were purchased from a local Qianhe Market (Dalian, Liaoning,
China) using fresh carp (Cyprinus carpio L.) with an average weight of 2 ± 0.2 kg. The fish
were gutted, cleaned, and cut into cubes of 2.5 × 2.5 × 2.5 cm.

The lipase addition is based on the following reasons. First, the lipase activity
(PANGBO ENZYME, Nanning, China) is 100,000 U/g, and the recommended dose is
0.1 to 0.3%, i.e., 100 U/g to 300 U/g. Second, 100 to 300 U/g is a common addition in
fermented products [8]. For example, Rani and Jagtap reported that 200 U/g of lipase was
added to cheese, and the cheese maturation time was shortened from 90 days to 60 days
while maintaining its quality [8]. Finally, different lipase addition at 100, 200 and 300 U/g
were prepared, and the pre-experiment showed that the effect of adding 100 U/g fish
meat of lipase was of good acceptance. Therefore, we decided to add 100 U/g lipase in
Suanzhayu. Two groups were prepared: (i) group U100, in which 100 U/g fish meat of lipase
was added; and (ii) group U0, in which the same volume of sterile water was added. Each
fermented jar was added with 200 ± 5 g of fish meat, mixed with 3% salt, 30% rice flour and
the enzyme solution. Then, the mixtures were placed in completely sealed jars and kept at
25 ◦C for 14 d. Samples was performed in triplicate from independent jars incubated for 0,
3, 5, 7, and 14 d. Samples for volatile compounds and microbiological analysis were kept at
−80 ◦C and samples for other analysis were stored at −20 ◦C. Subsequent analysis was
carried out as soon as possible within two months.

2.2. Determination of pH and Lactic Acid Contents

Sterile water (20 mL) was added into 2 g of sample, and the mixture was homoge-
nized (4 × 15 s at 8000 rpm), (T25 digital ULTRA TURRAX®, IKA, Staufen, Germany).
The supernatant was then subjected to pH measurement using a pH meter (FE28, Met-
tler Toledo, Greifensee, Switzerland). The lactic acid content was determined according
to the previous method [9]. Briefly, 0.1 g sample was thoroughly minced with 10 mL
sterile water. Lactic acid was extracted by ultrasonic for 10 min. The supernatant was
filtered through a 0.45 µm membrane filter, following by a Cleaner SC18 SPE column. The
lactic acid content was determined with high-performance ion chromatography (Dionex
ICS-5000 + DC, Thermo Scientific, Waltham, MA, USA) with the same chromatographic
condition described by Lv et al. [9]. All the experiments were carried out in triplet and
expressed as the mean ± standard error.

2.3. Analysis of Bacterial Community

Suanzhayu was aseptically sampled from the fermented jar and stored at −80 ◦C, and
then samples were sent to the Biomarker Bioinformatics Technology Co., Ltd. (Beijing, China)
for 16S rRNA gene amplicon. The total genomic DNA was extracted from a 0.25 g sample
with EZNA® DNA kit (Omega, Norcross, GA, USA). The hypervariable regions V3 and V4
of 16S rRNA were amplified using special primers 338F (5’-ACTCCTACGGGAGGCAGCA-
3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). After amplification and purification
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of the fragments, the gene library was established using DNA Library Preparation Kit (Ade
Technology Co., LTD, Beijing, China) and was subjected to sequencing using an Illumina
HiSeq 2500 platform.

Paired-end reads were assembled using FLASH version 1.2.7 to obtain raw tags, which
were then filtered based on quality using Trimmomatic version 0.33. The chimera tags
were then removed using UCHIME version 4.2, and the effective tags were obtained. The
effective tags with a similarity of more than 97% were clustered, and operational taxonomic
units (OTUs) were determined using UPARSE software. For each OTU, a representative
sequence with a high frequency of occurrence is classified by searching the Silva database
using the Ribosomal Database Project (RDP) classifier version 2.2. The raw data have been
submitted to the National Centre for Biotechnology Information (NCBI) website (Accession
number: SRP230170).

2.4. Volatile Compounds Analysis by HS-SPME-GC-MS

Volatile compounds in the sample were determined by HS-SPME-GC-MS (Agilent
Technologies, Santa Clara, CA, USA) equipped with HP-5MS capillary column (30 m ×
250 µm × 0.25 µm) (Agilent, USA). Suanzhayu was steamed for 20 min and then minced
thoroughly. Samples (2 g) were placed in a headspace extraction vial (20 mL, 18 mm) and cy-
clohexanone (Aladdin, American) (50 mg/L) were added to each sample (0–3 d 20 µL, 5–7 d
40 µL, 14 d 60 µL) as the internal standard. The volatile compounds were extracted with a
solid-phase micro-extraction needle with divinylbenzene/Carboxen/polydimethylsiloxane
(PDMS) fiber for 40 min. The GC-MS parameters were set according to Bao’s study. The
volatile compounds were thermally desorbed at 250 ◦C for 5 min. The initial oven temper-
ature kept at 30 ◦C for 5 min, and then reached to 50 ◦C at a rate of 3 ◦C/min and kept
for 3 min. After that, the oven temperature was raised to 150 ◦C at a rate of 5 ◦C/min,
following by raising to 250 ◦C at a rate of 20 ◦C/min (held for 5 min). The ionization source
with the energy of 70 eV at 230 ◦C was used, and the mass scan range was 40–400 mass
unit with an emission current of 150 µA. The retention index (RI) of n-alkanes (C7–C30,
Sigma-Aldrich, St. Louis, MO, USA) under the same GC conditions as Bao’s study was
calculated [10], and the volatile compounds were identified by comparing the calculated RI
and the mass spectra of fragments in the NIT14 library. The peak area of each compound
was used to semi-quantify the concentration of volatile compounds in the sample. Then,
the odor activity value (OAV) was calculated based on OAV = C/OT, where C was the
concentration of volatile compounds, and OT was the odor threshold, which was obtained
from the literature [11]. All samples were conducted in triplicate.

2.5. Statistical Analysis

Statistical analysis was analyzed by one-way ANOVA and Spearman correlation
using SPSS (version 22.0, IBM, Armonk, NY, USA) software. When p < 0.05, the data
was considered to have a significant difference. The histograms were conducted using
Origin 8.5 (Origin Lab Corp., Northampton, MA, USA). The heat maps were carried out
by using R Studio (version 3.4.4). The heat maps of Pearson correlation coefficient were
performed by TBtools (version 0.6652).

3. Results and Discussion
3.1. Changes of pH and Lactic Acid Contents during Fermentation

The changes in pH and lactic acid content were shown in Figure 1. The pH dropped
rapidly in the first 7 d and slowed to 4.4 at the end of the fermentation. According to
Zeng’s study, Suanzhayu with a pH lower than 4.6 is generally considered as mature [12,13];
thus, both of the groups almost went on the same fermentation process. Additionally,
the lactic acid content gradually increased from 2.7 to 7.6 and 6.8 mg/kg in U0 and U100
groups, respectively. The culture pH decreases with the increase in the concentration of
lactic acid. This accumulation of lactic acid during the fermentation process can inhibit
the growth of spoilage and pathogenic bacteria, thereby extending the shelf life of the
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product [14]. However, the lactic acid content of the U100 group at the end of fermentation
was lower than that of the U0 group. Sun [15] and Knez [16] reported that lipase can
catalyze the esterification of lactic acid and other fatty acids with alcohol. Therefore, the
lower lactic acid content in U100 group might be due to the consumption of lactic acid by
lipase-catalyzed esterification. This may also provide the possibility of flavor enhancement
in the enzyme addition group. In all, the results indicate that the addition of lipase had no
effect on the pH of Suanzhayu.

Figure 1. Changes of pH (a) and lactic acid content (b) in the samples during the fermentation of Suanzhayu without (U0)
and with (U100) lipase. Samples were collected at 0, 3, 5, 7, and 14 d, respectively.

3.2. Microbial Succession during Fermentation

The sequencing coverage rate was above 99.8% (Supplementary Table S1), suggesting
that the sequencing depth was sufficient to reflect the composition of the bacterial ecosystem
in Suanzhayu samples. The sequences with a similarity of above 97% were clustered,
resulting in 383 OTUs.

As for the phylum level (Figure 2a), at day 0, Firmicutes, Proteobacteria, and Bac-
teroidetes were the dominant phyla with a relative abundance of 28.8%, 26.3%, and 19.4%,
respectively. With the extension of fermentation time, Firmicutes and Proteobacteria
rapidly grew, and their relative abundance increased to more than 98.0%, which inhibited
the growth of other phyla. Firmicutes in the U0 group became the only dominant phylum
in the final product (71.42%). In contrast, the dominant bacteria in the final product of the
U100 group were Firmicutes (58.91%) and Proteobacteria (40.39%). The results suggest
that the addition of lipase could influence the distribution of bacterial communities in
Suanzhayu at phylum level.

At the genus level (Figure 2b), Escherichia-Shigella was the dominant bacterium on day
0 with a relative abundance of 17.1%. Escherichia-coli is a spoilage bacterium found in most
fermented foods. It can lead to the formation of harmful biogenic amines in fermented
meat and fish products [17]. The relative abundance of Lactobacillus increased rapidly from
3 days of fermentation, from 2.08% to 25.35% (U0) and 31.64% (U100), respectively. As
the fermentation proceeded, the abundance of Lactobacillus remained basically stable, and
became the dominant genus. Compared with the U0, the abundance of Proteus in U100
increased significantly (p < 0.01), especially after 7 days of fermentation, reaching 17.69%.
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It was inferred that the addition of lipase could promote the growth of Proteus. Proteus’
growth was reported to facilitate flavor formation. In a cheese model, Proteus vulgaris was
found to be closely related with 3-methyl-1-butanol and more volatile aroma substances,
such as aldehydes and esters, were detected [18].

Figure 2. The relative abundances of bacteria at the phylum level (a) and the genus level (b) during the fermentation of
Suanzhayu without (U0) and with (U100) lipase. (c) Heat map of the bacterial community compositions during the Suanzhayu
fermentation without (U0) and with (U100) lipase. The colors indicate low (blue) to high (red).

The cluster analysis of the two groups was shown in Figure 2c. According to the
results, Suanzhayu samples could be divided into three categories: (1) samples 0 d and
U0-7 d; (2) samples U03-5 d and U100-3-7 d; and (3) samples U0-14 d and U100-14 d. The
above results show that the fermentation process of the Suanzhayu sample mainly goes
through three stages, early fermentation, middle fermentation and late fermentation. In
addition, from the clustering results of U0 group and U100 group, it can be seen that the
three stages of the two groups are relatively synchronized.

3.3. Volatile Components Generated during Fermentation

A total of 21 volatile compounds were detected in Suanzhayu samples (Table S2). Only
11 volatile compounds were found in the day 0 samples, with a total of 9327.4 µg/kg
of volatile flavor compounds, indicating that the rest of the compounds were produced
during fermentation. The content of volatile flavor compounds continued to accumulate as
fermentation proceeded. At the end of fermentation, the content of volatile compounds
in the U100 group (18,196.9 µg/kg) was significantly higher than that in the U0 group
(15,428.5 µg/kg). Moreover, the contents of aldehydes and esters were significantly in-
creased in the U100 group, which were 1.4 and 11.1 times higher than those in the U0
group, respectively. The above results indicate that the addition of lipase for fermenta-
tion could promote the formation of volatile substances (especially aldehydes and esters)
in Suanzhayu.

Alcohols were one of the important components of volatile compounds contributing
to the aroma of Suanzhayu. Only two alcohols, 1-hexanol and 1-octene-3-alcohols, were
detected in unfermented samples. This suggests that most of the volatile alcohols detected
in Suanzhayu were produced by fermentation. During the fermentation process, both of
the content (Table S2) and percentage (Figure S1) of alcohols in the U0 group continued to
increase, while the U100 group showed a trend of first increase and then decrease. This may
be the result of the conversion of alcohols and acids (e.g., fatty acids, etc.) into esterification
by microorganisms in the system [19]. This also coincided with the increase in the content
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of ethyl ester hexanoic acid and ethyl ester octanoic acid in the U100 group (Table S2).
Some specific alcohols, for example, 3-methyl-1-butanol, was found to be 3.5 times higher
in the U100 group than in the U0 group. It has been reported that 3-methyl-1-butanol is
produced by the auto-oxidation of unsaturated fatty acids, which plays an important role
in the faint aroma (e.g., mushroom or metallic taste) of fresh seafood [20]. Therefore, the
addition of lipase may have increased the fatty acids, precursors of 3-methyl-1-butanol, and
thus played a positive role in the formation of product aroma. At the end of fermentation,
there was no significant difference (p < 0.05) in the alcohol content between U0 and U100
samples, which were 6857.8 µg/kg and 6870.9 µg/kg, respectively, indicating that the
addition of lipase had little effect on the total alcohol content of Suanzhayu. Therefore, the
addition of lipase had little effect on the total amount of alcoholic substances in Suanzhayu
but promoted its characteristic flavor substances, such as 3-methyl-1-butanol.

Aldehydes were also one of the main volatile components of Suanzhayu. At the end of
fermentation, the total content of aldehydes in the U100 group (9570 µg/kg) was higher
than that in the U0 group (7002 µg/kg), indicating that the accumulation of aldehydes was
promoted by the addition of lipase. Benzaldehyde, pentanal, hexanal, heptanal, and octanal
were significantly increased 1.1, 1.5, 1.4, 1.1 and 2.2 times, respectively, in the U100 group
compared to the U0 group. These aldehydes were reported as the main compounds of the
typical fresh fish flavor [21]. Benzaldehyde offers almond flavor and typical mushroom
flavor [22]. Pentanal, hexanal and octanal have an odor similar to the aroma of fat and
green [23,24]. Heptanal and octanal were considered to as important flavor compounds in
fermented sausages [25]. Pentanal, hexanal, heptanal, and octanal were fatty aldehydes,
which were oxidation products of unsaturated fatty acids. The addition of exogenous
lipase could promote the release of free fatty acids (FFAs). The degradation and oxidation
of lipids promotes the production of aldehydes, creating the characteristic fatty and grassy
taste of Suanzhayu.

Esters have a low threshold and produce fruit and flower odors [26]. They were
generally result from the esterification of short-chain acids and alcohols. Only two esters,
ethyl ester hexanoic acid and ethyl ester octanoic acid, were detected in the samples. At the
beginning of the fermentation (day 0), no esters were observed. As fermentation proceeded,
esters started to appear at day 5 and gradually accumulated. At the end of fermentation,
esters in the U100 group (276.1 µg/kg) were 11 times higher than those in the U0 group
(24.7 µg/kg). Lipase catalyzes the hydrolysis of triglycerides et al. [27], producing large
amounts of FFAs. With microbial esterase, FFA esterifies with alcohols to produce esters,
such as ethyl ester hexanoic acid and ethyl ester octanoic acid in this study, providing
a special fruity and ester flavors for the product [28]. These results suggested that the
addition of lipase could promote the production of esters and promote the formation of
fruity and ester odors in Suanzhayu.

The odor activity value was calculated to assess the contribution of volatile compounds
to Suanzhayu. Thirteen volatiles with OAV > 1 were considered to contribute significantly
to the characteristic flavor of the product (Table 1). Octanal had the largest OAV value.
Octanal was reported to provide a grassy flavor to the product [24]. In addition, pentanal,
hexanal, nonanal and 1-hexanol also have relatively large OAV values (OAV > 1500), and
these substances may contribute to the formation of fat, grass, mushroom, and flower
aromas in Suanzhayu [24,29]. The main odor active compounds were similar in both groups,
indicating that the addition of lipase did not change the main odor profile of the product.
In addition, the OAV values of most substances in the U100 group were higher than those
in the U0 group, indicating that the addition of lipase elevated the concentration of volatile
compounds (OAV > 1) that could be perceived, i.e., enhanced the flavor of Suanzhayu.
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Table 1. Concentration and OAV values of odor-active compounds in Suanzhayu (fermentation 14 day) with (U100) and
without (U0) lipase.

Compound
Threshold

Value Content (µg/kg) OAV*10
Significance

(µg/Kg) U0 U100 U0 U100

pentanal 0.019 437.2 671.2 2300.8 3532.5 *
hexanal 3.3 4992.6 6931.7 151.3 210.1 *
heptanal 0.011 319.3 359.4 2902.6 3267.5

benzaldehyde 0.85 230.8 253.5 27.2 29.8
octanal 0.0005 387.0 839.3 77,397.7 167,855.4 **
nonanal 0.02 391.7 300.1 1958.5 1500.7 *

3-methyl-1-butanol 28 546.2 1903.9 2.0 6.8
1-pentanol 3.6 303.6 259.2 8.4 7.2
1-Hexanol 0.25 3938.3 2795.9 1575.3 1118.4 *

1-octene-3-ol 0.03 1829.7 1794.1 6776.7 6644.9
ethyl ester hexanoic acid 1 24.7 199.9 2.5 20 **
ethyl ester octanoic acid 40 0.0 76.2 0.0 0.2 **

2-pentyl furan 6 447.9 438.3 7.5 7.3

Note: * stands for significant difference (p < 0.05), and ** stands for extremely significant difference (p < 0.01).

Hierarchical clustering analysis was performed with volatile compounds among
different groups during the fermentation process and shown in Figure 3. The samples were
divided into three categories: (1) 0d, U0–3d and U0–5d, the first stage of fermentation;
(2) U0–7d and U100 group 3–5d, the second stage of fermentation; (3) U0–14d and U100
group 7–14d, the final stage of fermentation. The sample fermented for 7 days in the lipase
addition group reached the flavor profile of the 14 d sample in the natural fermentation
group, which could be considered as the maturation stage. Therefore, the addition of lipase
might contribute to the formation of volatile substances. Similar reports had been reported
in Chouguiyu, in which the volatile profile LW5 (inoculated with Lactococcus lactis M10 and
Weissella cibaria M3 and fermented from 5 days 5) was the most similar to C7 (naturally
fermented for 7 days) [10]. Therefore, the starter culture inoculation could promote the
flavor formation in Chouguiyu products with time shortened. Ansorenaetal et al. also
reported that the addition of lipase and protease reduced the fermentation time of dry
sausages from 35 to 21 d [2]. Thus, lipase addition could be used as a method to promote
the formation of volatile substances in Suanzhayu.

3.4. Correlation between Bacterial Community and Volatile Compounds, pH, and Lactic Acid Content

The correlations of the bacterial community with volatile compounds (OAV > 1), pH
and lactic acid content were calculated and displayed in Figure 4. Lactobacillus showed a
negative correlation with pH (R = −0.645) (p < 0.05) and a positive correlation with lactic
acid content (R = 0.611) (p < 0.05), indicating that the accumulation of lactic acid and the
decrease in pH were mainly caused by Lactobacillus. In contrast, Escherichia-Shigella had a
positive correlation with pH (R = −0.849) (p < 0.01) and a negative correlation with lactic
acid content (R = −0.653) (p < 0.05). Escherichia-Shigella was also found to be negatively
correlated with Enterococcus (R = −0.619) (p < 0.05) and Proteus (R = −0.565) (p < 0.05),
indicating that Lactobacillus, Enterococcus and Proteus had an inhibitory effect on the growth
of Escherichia-Shigella, a typical spoilage bacterium [30]. Lactobacillus, Enterococcus and
Proteus were important microorganisms for the safety of Suanzhayu, probably by producing
acid and lowering the pH value, thus inhibiting of Escherichia-Shigella.
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Figure 3. The heat map of volatile compositions during the fermentation Suanzhayu samples without (U0) and with (U100)
lipase. The colors indicate low (blue) to high (red).

For flavor, Lactobacillus, Enterococcus and Proteus showed significant positive corre-
lations with the 13 compounds (OAV > 1, Table 1), suggesting that these strains played
an important role in the production of the characteristic compounds. These results were
similar to the report in sourdough fermentation, that the group added with Lactobacillus
plantarum had the highest content of heptanal [31]. In another study, 1-pentanol was pro-
duced during growth of all LAB species in sourdough [32]. In the fermented fish sausages,
Enterococcus played a significant role in the formation of flavor characteristics [33], such
as hexanal, heptanal, octanal, benzaldehyde, etc. Proteus species were reported to play
important roles during cheese ripening [18], especially in the formation of flavor substances,
such as 3-methyl-1-butanol, ethyl ester hexanoic acid, etc. Deetae et al. also found in the
cheese model that Proteus was closely related to aldehyde content and played an important
role in the formation of 3-methyl-1-butanol [18]. The above correlation analysis results
showed that Lactobacillus, Enterococcus and Proteus played significant roles not only in
product safety, but also in the formation of product flavor.
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Figure 4. Correlations between the bacterial communities with volatile compounds (OAV > 1), pH and lactic acid in
Suanzhayu samples. Red indicates positive correlations, while blue indicates negative correlations. Significant at: * (p < 0.05);
** (p < 0.01); *** (p < 0.001).

4. Conclusions

The addition of lipase had no significant effect on the pH of the Suanzhayu. The
addition of lipase promoted the growth of Proteus and the formation of volatile substances
(especially aldehydes and esters). The correlation analysis showed that Lactobacillus, Entero-
coccus and Proteus played an important role not only in the safety of the product but also in
the formation of flavor. Addition of lipase could be used as a novel means to enhance the
quality of Suanzhayu.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/foods10112529/s1, Figure S1: The percentage of volatile compounds during the fermentation
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in Suanzhayu with and without lipase, Table S2: Concentration of volatile compounds in Suanzhayu
with or without lipase.
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28. Marušić, N.; Vidaček, S.; Janči, T.; Petrak, T.; Medić, H. Determination of volatile compounds and quality parameters of traditional
Istrian dry-cured ham. Meat Sci. 2014, 96, 1409–1416. [CrossRef]

29. De Schutter, D.P.; Saison, D.; Delvaux, F.; Derdelinckx, G.; Rock, J.-M.; Neven, H.; Delvaux, F.R. Characterization of Volatiles in
Unhopped Wort. J. Agric. Food Chem. 2008, 56, 246–254. [CrossRef]

30. Zhao, D.; Lu, F.; Qiu, M.; Ding, Y.; Zhou, X. Dynamics and Diversity of Microbial Community Succession of Surimi During
Fermentation with Next-Generation Sequencing. J. Food Saf. 2015, 36, 308–316. [CrossRef]

31. Liu, T.; Li, Y.; Yang, Y.; Yi, H.; Zhang, L.; He, G. The influence of different lactic acid bacteria on sourdough flavor and a deep
insight into sourdough fermentation through RNA sequencing. Food Chem. 2020, 307, 125529. [CrossRef]

32. Kaseleht, K.; Paalme, T.; Mihhalevski, A.; Sarand, I. Analysis of volatile compounds produced by different species of lactobacilli
in rye sourdough using multiple headspace extraction. Int. J. Food Sci. Technol. 2011, 46, 1940–1946. [CrossRef]

33. Yue, Z.A.; Yw, A.; Cla, B.; Lla, B.; Xya, B.; Ywa, B.; Sca, B.; Yza, B. Novel insight into physicochemical and flavor formation in
naturally fermented tilapia sausage based on microbial metabolic network. Food Res. Int. 2021, 141, 110122.

195





foods

Article

Solid-State Fermentation of Arthrospira platensis to Implement
New Food Products: Evaluation of Stabilization Treatments and
Bacterial Growth on the Volatile Fraction

Francesco Martelli , Martina Cirlini * , Camilla Lazzi , Erasmo Neviani and Valentina Bernini

Citation: Martelli, F.; Cirlini, M.;

Lazzi, C.; Neviani, E.; Bernini, V.

Solid-State Fermentation of

Arthrospira platensis to Implement

New Food Products: Evaluation of

Stabilization Treatments and Bacterial

Growth on the Volatile Fraction. Foods

2021, 10, 67. https://doi.org/

10.3390/foods10010067

Received: 14 December 2020

Accepted: 27 December 2020

Published: 30 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Food and Drug, University of Parma, Parco Area delle Scienze 49/A, 43124 Parma, Italy;
francesco.martelli@studenti.unipr.it (F.M.); camilla.lazzi@unipr.it (C.L.); erasmo.neviani@unipr.it (E.N.);
valentina.bernini@unipr.it (V.B.)
* Correspondence: martina.cirlini@unipr.it

Abstract: Arthrospira platensis is a cyanobacterium widely used in food formulation and mainly
consumed as a food supplement because of its high amount of proteins, vitamins and minerals.
Different probiotic food supplements are present in the market, and a lactic acid fermented food
product like dried spirulina could be useful not only to introduce lactic acid bacteria (LAB) with
beneficial effects to the diet of consumers, but also to improve or change the aromatic profile of the
substrate. Therefore, the aim of this study was the evaluation of lactic acid fermentation of A. platensis
biomass, focusing on the consequent changes in the aromatic profile. For this purpose, two different
stabilization treatments (UV light treatment and sterilization) were applied prior to fermentation
with two LAB strains, Lacticaseibacillus casei 2240 and Lacticaseibacillus rhamnosus GG. The biomass
proved to be a suitable matrix for solid-state fermentation, showing a LAB growth of more than
2 log CFU/g in 48 h. The fermentation process was also useful for off-flavor reduction. In particular,
the fermentation process significantly influenced the concentration of those compounds responsible
for aldehydic/ethereal, buttery/waxy (acetoin and diacetyl), alkane and fermented aromatic notes
(isoamyl alcohol). The heat treatment of the matrix, in addition to guaranteed safety for consumers,
led to an improved aroma after fermentation. In conclusion, a fermented spirulina powder with a
different aromatic profile was obtained with the applied heat treatment. Fermentation with lactic acid
bacteria can be an interesting tool to obtain cyanobacterial biomasses with more pleasant sensory
properties for potential use in food formulations.

Keywords: Arthrospira platensis; fermentation; lactic acid bacteria; food supplement; aromatic profile

1. Introduction

Arthrospira platensis, commercially known as Spirulina, is a cyanobacterium com-
monly consumed as a food supplement because of its high nutritional value [1,2]. It is
characterized by a high percentage of proteins (60%), providing all of the essential amino
acids, followed in abundance by carbohydrates and polyunsaturated fatty acids (ω-3 and
ω-6). Moreover, discrete quantities and varieties of minerals, vitamins and pigments
(C-phycocyanin, chlorophyll and carotenoids) [3] are present. To date, microalgae and
spirulina, defined as the novel food of the future [4], are used for various purposes in nu-
traceutical, cosmetic [5], feed [6] and pharma [7] sectors, and they continue to increasingly
attract the interest of consumers and companies because of several bioactivities that this
cyanobacterium is being proved to possess in many studies [8,9]. Applications with the
aims of conferring macro- and micro-nutrients and improving color are increasing, and
many food products, such as bread, cookies and pasta [10–12], cheeses [13], yogurt [14,15]
and beverages [16], supplemented with A. platensis have been developed. To date, most
of the algal biomass produced is consumed in the form of powder or tablets as protein-
and micronutrient-rich supplements. Positive results have also been obtained using this
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cyanobacterium as a prebiotic for lactic acid bacteria (LAB). Indeed, it was able not only
to preserve LAB viability in food matrixes [17,18] but also to stimulate their growth in
broth [19–21]. The effect of A. platensis biomass on LAB could be exploited for the pro-
duction of probiotic food supplements or ingredients in particular. Fortification of foods
with probiotic strains shows beneficial effects such as anti-inflammatory, antioxidant and
immunomodulatory effects; protection against colitis; and damage to epithelial cells [22].
Moreover, probiotics, once ingested, are believed to play an important role in the intesti-
nal tract against foodborne pathogens [23] and can reduce symptoms due to antibiotic
therapies, thereby relieving food allergies and reducing atypical dermatitis [24]. A lactic
acid fermentation process applied to spirulina dried powder could be useful not only to
supply consumers of LAB with beneficial effects to their diet, but also to improve or change
the aromatic profile as seen in the case of vegetable matrices [25]. Indeed, a biological
process to reduce unpleasant smells may represent an important tool for applications of
algal biomass in complex foods for the avoidance of off-flavors. During fermentation,
the metabolic activity of LAB leads not only to rapid acidification of the substrate and
fast consumption of easily fermentable sugars, with a competitive advantage in the use
of LAB in nutrient-rich environments, but also to the production of volatile compounds
belonging to different chemical classes, such as alcohols, aldehydes, ketones, acids, esters
and sulfur compounds. These compounds mainly derive from the catabolism of citrate
and from the degradation of proteins and lipids. The formation of aromatic compounds is
a complex process in which precursors are initially generated and subsequently converted
into aromatic compounds [26].

On the other hand, complex issues arise in the production of spirulina-based products
that can be considered safe for consumer health. Because of cultivation conditions and
manipulation during downstream processing, A. platensis can be contaminated by alterative
and pathogenic bacteria [27] that may duplicate during fermentation, thus compromising
quality and safety.

The aromatic fraction of A. platensis is characterized by several volatiles present in
different concentrations and with different odor thresholds formed in the matrix during
growth and maturation [28]. The most abundant volatiles identified as aromatic com-
ponents of A. platensis are hydrocarbons, especially heptadecane, followed by furanic
compounds, pyrazines, sulfur compounds, aldehydes, ketones and alcohols [28–30]. All of
these substances, naturally present in the matrix and ascribed to amino acid and fatty acid
microorganism metabolism, contribute to the typical fishy odor that characterizes algae
and algae-derived products [31,32]. This unpleasant flavor could be reduced by applying a
fermentation step to the product, as described in recent works in which yeasts and bacteria
were used to ferment different algae matrixes [30,33].

On the basis of these considerations, the aim of the present study was to evaluate solid-
state fermentation of A. platensis biomass considering two LAB species, Lacticaseibacillus
rhamnosus and Lacticaseibacillus casei, belonging to the Lacticaseibacillus casei group, for the
production of a lactic acid-fermented food product. In order to reach this goal, to stabilize
the biomass, two different treatments based on UV light irradiation and thermal steriliza-
tion were applied prior to fermentation. The effects on LAB growth were evaluated and
the aromatic fraction of A. platensis was characterized in order to assess the improvements
in the volatile profile given by LAB fermentation.

2. Materials and Methods
2.1. Arthrospira Platensis Stabilization Treatments

The dehydrated A. platensis, kindly provided by Bertolini Farm (Fidenza, PR, Italy),
was used as a substrate for fermentation. It is a commercial product cultivated in raceway
pond and marketed as “Organic Spirulina” according to EU Organic Aquaculture Reg-
ulation (EC No. 834/07). In order to reduce the microbial contamination present on the
biomass, two different treatments were applied separately. The first consisted of UV light
irradiation for 15 min to reduce the microbial total charge applied under a Faster BH-EN
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2004 Class II Microbiological Safety Cabinet (S/N 1113) (Richmond Scientific, Chorley, UK)
with a lamp emitting light at an intensity of 253.7 nm in the spectrum of UV-C (UV), while
the second was based on a thermal treatment of 121 ◦C for 20 min applied in an autoclave
(3870MLV, Tuttnauer, NY, USA) to sterilize the algal biomass (ST). Specifically, the time for
the complete sterilization cycle was of approximately 50 min. To reach the temperature
of 121 ◦C, 15 min were necessary, while 20 min were required to perform the sterilization
process and a further 15 min to cool the autoclave after treatment. To evaluate the efficacy
of the stabilization treatments, microbial plate counts were performed following treatments
and after 48 h of incubation at 37 ◦C in order to determine the residual microbial load. To
this purpose, samples were ten-fold serially diluted in Ringer solution (Oxoid, Basingstoke,
UK) and plated on plate count agar (PCA) (Oxoid, Basingstoke, UK) incubated at 37 ◦C
for 48 h. Analyses were performed in duplicate and average values ± standard deviations
were reported as log CFU/g.

2.2. Lactic Acid Bacteria Strains

Two LAB strains were used to ferment A. platensis biomass: Lacticaseibacillus casei 2240,
isolated from Parmigiano Reggiano cheese, belonging to the collection of the Department
of Food and Drug (University of Parma), and Lacticaseibacillus rhamnosus GG, a probiotic
commercial strain. They were maintained at −80 ◦C in de Man, Rogosa and Sharpe (MRS)
cultivation medium (Oxoid, Basingstoke, UK), with 12.5% glycerol (v/v) added before use.

2.3. Arthrospira Platensis Biomass Fermentation

LAB strains were revitalized twice in MRS broth (Oxoid) (inoculation of 3% v/v)
incubated for 16 h at 37 ◦C under aerobic conditions. They were then inoculated in fresh
MRS broth (3% v/v) and incubated for 15 h at 37 ◦C to obtain a bacterial concentration of
9 log CFU/mL. After centrifugation (Eppendorf centrifuge 5810 R, Eppendorf, Hamburg,
Germany) (12,857× g for 10 min at 4 ◦C), cells were collected, washed twice in Ringer
solution (Oxoid, Milan, Italy) and suspended in sterile bidistilled water.

A. platensis biomass was rehydrated with 70% w/w sterile water, and then inoculated
individually with each bacterial suspension in order to obtain an estimated LAB concen-
tration of 7 log CFU/mL in each sample. LAB concentration was evaluated following
the inoculation (T0), and after 24 h (T1) and 48 h of fermentation (T2). Serial dilutions of
the samples in Ringer (Oxoid) were plated on MRS agar (Oxoid) and incubated for 48 h
at 37 ◦C in aerobic conditions. pH of all the samples, before and after the fermentation
step, was also measured (Mettler Toledo, Greifensee, Switzerland). Fermentations were
carried out in duplicate, and for each sampling time analyses were performed in duplicate.
Colonies were counted manually, and to calculate the CFU/g concentration, the following
equation was applied:

Σc
(1 × na + 0.1 × nb + 0.01 × nc)d

(1)

where ∑C is the summation of all the counted colonies, na is the number of plates of the
first countable serial dilution, nb is the number of plates of the second countable serial
dilution, nc is the number of plates of the third countable serial dilution, and d is the serial
dilution factor of the first countable serial dilution.

Average values ± standard deviation were reported as log CFU/g. Treated but not
inoculated samples were also incubated at 37 ◦C and analyzed at the same sampling times
as control samples. The 48 h fermented and stabilized but not fermented samples were
then lyophilized by a Freeze dryer Lio-5P (5Pascal, Milan, Italy) for 48 h, and then the LAB
concentration was determined by plate counting on MRS.

2.4. HS-SPME/GC-MS Analysis

The characterization of the volatile fraction was conducted on all the fermented and
stabilized but not fermented A. platensis samples. To this purpose, the protocol reported
by Ricci et al. 2019 [25] was applied with some modifications. Briefly, 2 g of biomass and
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5 µL of an aqueous Toluene standard solution (100 µg/mL in 10 mL) were used for the
analyses. The headspace of the samples was extracted by a divinylbenzene–Carboxen–
polydimethylsiloxane (DVB/Carboxen/PDMS) SPME fiber (Supelco, Bellefonte, PA, USA)
for 30 min at 40 ◦C after an equilibration time of 15 min at the same temperature. The
separation of the volatile compounds was achieved using a SUPELCOWAX 10 capillary
column (Supelco, Bellefonte, PA, USA; 30 m × 0.25 mm × 0.25 µm) placed on a Thermo
Scientific Trace 1300 gas chromatograph coupled with a Thermo Scientific ISQ single
quadrupole mass spectrometer equipped with an electronic impact (EI) source. All the
parameters applied for the analyte separation and detection, such as the injector, transfer
line and column compartment temperatures, injection mode and gas carrier flow, were the
same as those reported by Ricci et al. 2019 [25]. The detected volatile compounds were
then identified on the basis of their linear retention indexes, calculated using as reference
a C8–C20 alkane solution analyzed under the same chromatographic conditions applied
for sample analysis, and by the comparison of the registered mass spectra with those
reported in the instrument libraries (NIST 14). The semiquantification of all the identified
volatiles was achieved on the basis of the use of a reference compound (Toluene). Data
were reported as µg/g of wet weight.

2.5. Statistical Analysis

In order to determine the actual growth of tested LAB strains in A. platensis samples,
results obtained from microbial counts were statistically treated applying one-way ANOVA
test, comparing different growing times and lyophilized samples.

One-way ANOVA was carried out also considering data obtained from semiquan-
tification of all the detected volatiles to underline analogies and differences among the
considered samples in terms of production/diminution and/or release of volatiles. More-
over, two-way ANOVA was applied in order to evaluate the influence of two different
factors, fermentation and stabilization treatment, on the volatile profile. All the analyses
were performed using IBM SPSS Statistics 23.0 software (SPSS Inc., Chicago, IL, USA)
applying Tukey’s test as a post hoc test (p ≤ 0.05).

3. Results and Discussion
3.1. Arthrospira Platensis Fermentation

One of the aims of the study was the evaluation of solid-state fermentation of
A. platensis with L. casei bacteria that could lead not only to the implementation of new lactic
acid-fermented food products but also to modifications of algae biomass aromatic fraction.
Fermenting a matrix having a high bacterial charge could negatively affect the finished
product considering that spoilage and/or pathogenic bacteria may also grow during the
process. In this specific case, the biomass utilized for the experiment was cultivated in a
raceway pond. This type of cultivation is associated with undesired microflora, such as
Bacillus spp., Alteromonas spp., Flavobacterium spp. and Pseudomonas spp. [27], and previous
studies have reported a variable concentration of bacteria, ranging from 2 to 7 log CFU/g,
in this type of matrix [3]. For this reason, prior to fermentation, carried out for 48 h in
sterilized glass cans, samples were subjected to UV radiation treatment (which does not
seem to affect A. platensis composition [34]) or sterilization treatment in an autoclave in
order to reduce the presence of microbiological contaminants. The UV treatment was
ineffective for the reduction of microbial contamination, which was maintained at the same
level of untreated samples (5.10 ± 0.2 log CFU/g). In order to predict the UV disinfection
rates on food surfaces, it is necessary to consider the interactions between microorganisms
and surface materials while trying to avoid the shielding effects from incident UV and
predict the dependency on the surface structure or topography [35]. For this reason, UV
treatment did not reduce the initial microbial contamination because of an uneven distri-
bution of rays in the dehydrated samples. Furthermore, the presence of a high amount of
pigments, phenolic compounds and other components with a protective effect against UV
rays may contribute to microbial survival [36]. After UV treatment, a fermentation process
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of 48 h was conducted considering two Lacticaseibacillus casei bacteria. L. casei 2240 and
L. rhamnosus GG concentrations were determined following inoculation, and growth was
determined after 24 and 48 h of incubation at 37 ◦C. The endogenous contamination did
not affect the counts, giving a much more higher LAB inoculation of 7 log CFU/g.

As shown in (Figure 1A), the two strains showed a similar growth trend in the UV-
treated matrix. After 24 h of fermentation, both species showed good replication capacity,
reaching a concentration higher than 9 log CFU/g. In particular, L. rhamnosus GG increased
by 2.23 log CFU/g (from 7.13 ± 0.09 to 9.36 ± 0.03 log CFU/g; p < 0.05), and to a higher
extent than L. casei 2240 with a growth of 1.78 log CFU/g (from 7.52 ± 0.06 to 9.30 ±
0.21 log CFU/g).

Figure 1. Lactic acid bacteria (LAB) growth (log CFU/g) and pH values in Arthrospira platensis biomass after 24 and 48 h of
fermentation at 37 ◦C for Lacticaseibacillus rhamnosus GG (GG) and Lacticaseibacillus casei 2240 (2240) bacteria: (a) UV-treated
samples; (b) heat-treated samples. Data are represented as average ± SD (bars); two replicates for each sample were
measured. Letters indicate significant differences (p < 0.05).

After 48 h of fermentation, a decrease in the concentration of both strains was observed.
L. casei 2240 decreased by 0.86 log CFU/g (from 9.30 ± 0.21 log CFU/g to 8.44 ± 0.28 log
CFU/g), while L. rhamnosus GG decreased by 0.70 log CFU/g (from 9.36 ± 0.03 log CFU/g
to 8.66 ± 0.14 log CFU/g) (Figure 1A) (p < 0.05). However, the values remained higher
than the inoculation. The L. casei 2240 strain has previously been used to ferment other
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matrixes, such as Himanthalia elongata, but the growth ability on this brown seaweed was
lower than that observed in this study [37]. The best capacity of this strain to grow on
A. platensis can be linked to the high amount of proteins and small peptides [2]. L. rhamnosus
GG is a probiotic commonly supplemented to fermented milk [38], but applications to
other matrices have also been evaluated. For instance, a sausage supplemented with L.
rhamnosus GG has been produced [39] though this strain grew to a lesser extent than in
A. platensis.

During fermentation, the initial pH of the hydrated A. platensis biomass decreased
from 7.0 ± 0.1 to 5.2 ± 0.1 in the first 24 h for both samples and remained stable until
the end of the fermentation process. This decrease in pH during fermentation reflects the
growth of the LAB strains with consequent production of organic acids, mainly lactic acid.

Considering the possibility to use lactic acid-fermented A. platensis in a food supple-
ment formulation or as an ingredient, the survival of LAB was evaluated after a lyophiliza-
tion process.

L. rhamnosus GG was reduced at 8.22 ± 0.02 log CFU/g (p < 0.05), and L. casei 2240
was reduced by more than 1 log CFU/g (from 8.44 ± 0.28 to 6.9 ± 0.03 log CFU/g)
(p < 0.05) (Figure 1A).

The second fermentation process was carried out on A. platensis samples treated at
121 ◦C for 20 min in order to eliminate the presence of any microbial contamination. The
absence of residual contamination after treatment was confirmed by plate count below the
detection limit (1 log CFU/g). The sterilization treatment involves the use of a particular
apparatus, the autoclave, and high energy to reach the temperatures and pressures required
by the process. This treatment is therefore longer and more expensive than that based
on UV rays, but the results show that it is certainly more effective in reducing the initial
microbial concentration of the product. Following the heat treatment, the characteristic
green-blue color of A. platensis changed to a dark green, brownish color. This may be
due to the degradation of pigments such as carotenoids, xanthophylls, phycocyanins
and chlorophyll caused by the high temperatures reached [40–42]. The growth trend of
LAB strains is presented in (Figure 1B). In particular, after 24 h, L. casei 2240 increased by
2.13 log CFU/g (from 7.57 ± 0.142 to 9.70 ± 0.320 log CFU/g) (p < 0.05) and L. rhamnosus
GG by 1.5 log (from 7.10 ± 0.06 to 8.63 ± 0.21 log CFU/g) (p < 0.05) and then remained
constant (with no significant differences) up to 48 h.

The ability of these Lacticaseibacillus species to grow on different matrixes has been
challenged over the years, with different results [25,39,43,44]. In particular L. casei and
L. rhamnosus strains grown on sterilized vegetables’ by-products increased by more than
that observed on A. platensis [45]. However, the ability of this cyanobacterium to boost the
growth of LAB is known in the literature [20], and because of its richness in small peptides
and proteins, A. platensis can be considered a good matrix to allow for the growth of LAB
species such as L. casei and L. rhamnosus.

After fermentation of the sterilized biomass, a lower acidification rate than that of
the UV-treated fermented samples was observed. The pH value of the sterilized fer-
mented biomasses after 24 h was 5.8 ± 0.1 and 6.1 ± 0.1, respectively, for L. casei 2240 and
L. rhamnosus GG and also remained stable at 48 h of fermentation (Figure 1B).

Analogously to the UV-treated samples, a lyophilization process was applied to
the sterilized products after fermentation. A decrease in the microbial concentration of
0.5 log CFU/g was observed for both strains; in particular, L. rhamnosus GG was reduced to
8.15 ± 0.05 log CFU/g and L. casei 2240 to 8.86 ± 0.05 log CFU/g (p < 0.05) (Figure 1B).

L. rhamnosus GG better survived the lyophilization process than L. casei 2240, whose
viability showed a decrease of more than 1 log CFU/g. The survivability of freeze-dried
strains is of particular importance for the production of foods containing live cells, and, for
this reason, many studies focus on enhancing the viability of LAB after this process [46,47].
The better survivability of L. casei 2240 to lyophilization in sterilized biomass than UV-
treated samples was observed on the basis of the applied statistical model (Figure 1).
Several authors [17,48,49] tested the addition of A. platensis to dairy products, such as
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yogurt, cheese and fermented milk, with positive results, including an increase in the
number of LAB and an improvement in the nutritional quality of the fermented product
during storage.

The fermentation process leads to increased production of phenolic compounds and
phycocyanobilins and consequently increased radical scavenger properties of the cyanobac-
terium [50]. Lactic acid fermentation is an appropriate method to enhance the functional
properties of spirulina and also to integrate beneficial bacteria into consumers’ diets,
thereby providing further advantages to the final product. However, to meet the definition
of probiotic products, microorganisms must be viable for the entire shelf life of the product,
and in such quantities to be able to multiply and integrate the intestinal flora. The activity
of A. platensis to enhance LAB vitality, such as that of L. casei, Streptococcus thermophilus,
Lacticaseibacillus acidophilus, and Bifidobacteria, has been documented [3,19–21]. There is no
consensus regarding the minimum quantity of probiotic microorganisms to be ingested
to guarantee their functionality in the human intestine. Usually, to observe a positive
effect on health, 6 to 7 log CFU/g of live probiotic microorganisms, able to colonize the
intestine, should be consumed daily [51]. All of the fermented biomasses obtained in this
study presented a sufficient amount of bacteria, allowing the production of fermented
foods with a high functional value. An image of the fermented biomasses produced after
lyophilization is presented in Figure 2.

Figure 2. Representative image of fermented and lyophilized Arthrospira platensis biomasses subjected to UV and sterilization
treatments.

3.2. Volatile Profile Characterization of A. platensis and Changes in Volatile Components after
Fermentation

Recently, several studies have been conducted on the characterization of the aromatic
fraction of A. platensis, and, in particular, a number of studies were carried out with the
aim of identifying how the characteristic fishy odor of this product can be reduced in
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order to use it as additive or ingredient in food [29,30,33]. The reduction of unpleasant
aromatic notes can be achieved by solvent extraction [29], such as by fermentation using
fungi or bacteria [30,33]. The deodorization of A. platensis can be performed by applying an
extraction procedure to the biomass; Cuellar-Bermúdez et al. stated that the fishy odor can
be reduced by treating spirulina with a solvent (e.g., ethanol, acetone or hexane) capable
of dissolve aromatic compounds, thereby preserving the nutritional characteristic of the
product [29]. On the other hand, fermenting A. platensis with lactic acid bacteria, such as
Lacticaseibacillus plantarum or Bacillus subtilis, may remove the volatile compounds initially
present in the matrix and lead to the formation of new components, such as acetoin, that
provide fermented and creamy aromatic notes [30]. In the present study, lactic acid bacteria
fermentation was applied to stabilized A. platensis materials, and changes in the volatile
fraction were determined.

A total of 61 different volatile compounds were identified in the volatile fraction of
treated but not fermented and fermented A. platensis samples (Table 1). In particular, 7 alde-
hydes, 9 ketones, 4 esters, 9 terpenes/norisoprenoids, 7 alcohols, 4 furans, 11 hydrocarbons,
7 pyrazines and 3 sulfur compounds were detected. These results are consistent with data
reported by Bao et al. (2018), who detected the same classes of volatile compounds in
spirulina samples fermented with different strains of L. plantarum, L. acidophilus and Bacillus
subtilis [30].

The class that quantitatively mainly represents the aromatic fraction of A. platensis,
both before and after the fermentation process, is that of hydrocarbons (Supplementary
Table S1), as also demonstrated in previous studies [30]. The concentration of these com-
pounds was higher in respect to the amount of all the other components. Hydrocarbon
release was significantly different when comparing fermentations (p = 0.007) and opposing
technological treatments (p < 0.001).

Statistical differences were observed in hydrocarbon quantity among the UV- and heat-
treated samples (p < 0.001), among samples subjected to the same process, and between
fermented and not fermented samples (p = 0.007), but no interaction between factors (type
of treatment and fermentation) was observed (Figure 3, Supplementary Table S1).

Figure 3. Heat map performed on volatile chemical classes’ concentrations detected in sterilized (ST) or UV-treated (UV)
A. platensis biomasses fermented with L. casei 2240 (2240) and L. rhamnosus GG (GG) as well as treated but unfermented
biomasses (Cntr). A scale ranging from a maximum of 10 µg/g (dark green) to a minimum of 0 µg/g (light green) was used.
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Pentadecane, hexadecane and heptadecane are hydrocarbons derived from the de-
carboxylation of palmitic and stearic acids, respectively [29,67], and they were the most
representative among all of the hydrocarbons identified in this work. In particular, hep-
tadecane was the volatile found in the highest amount in all of the considered samples as
observed in a recent study focused on the fermentation of spirulina using Lacticaseibacillus
plantarum and Bacillus subtilis [30]. The presence of this compound could contribute to the
off-flavor of algae associated with crude fish notes, despite the fact that it presents a high
odor threshold [29]. Heptadecane was significantly lower in the sterilized samples when
compared to the UV-treated ones, despite the fact that the fermentation process seemed to
increase its concentration in both cases; indeed, both considered factors, stabilization treat-
ment (p < 0.001) and fermentation (p = 0.006), appeared to influence its release/formation.
In other studies considering L. plantarum and B. subtilis, the fermentation caused a 27%
reduction in the relative content of heptadecane, but no information regarding the actual
quantity found in the samples was reported [30]. The LAB species considered in the present
work, L. casei and L. rhamnosus, provided significantly different results in the production
of heptadecane in the differently treated substrates, which is indeed linkable to LAB fer-
mentation [68]. It can be speculated that the production and/or release of this compound
may depend on the applied LAB species. The same phenomenon can be observed also
for pentadecane. A higher amount was detected in the UV-treated samples when com-
pared to the sterilized ones. It can be observed that the quantity of hydrocarbon grew
following fermentation when both the strains were used (Supplementary Table S1). The
significant difference observed in the fermented biomasses (i.e., heptadecane: UV 2240 =
7.65 ± 1.95 µg/g; ST 2240 = 2.53 ± 0.66 µg/g) can be ascribed to the different stabilization
processes applied; the higher concentration of these volatiles in the UV-treated biomass
could be ascribed to the metabolism of the endogenous microflora typical of the spirulina
biomass. Since the UV treatment, unlike the heat treatment, did not completely eliminate
contaminating microflora, this behavior can be ascribed to the residual microflora deriving
from cultivation in open ponds.

Terpenes, the second most important class in terms of concentration, were positively
influenced by sterilization treatment, and an interaction between the two factors was
observed (p = 0.013). Terpenes and norisoprenoids are fundamental compounds in food
aroma. β-cyclocitral and β-ionone, with pleasant fruity and floral notes, are two volatiles
typical of cyanobacteria. The formation of these compounds is due to the oxidation of
carotenoids following carotene oxygenases. Norcarotenoids are an important group of
compounds formed by several species of cyanobacteria, generated by enzymatic degrada-
tion of carotenes and carotenoids. For example, the oxygenase reaction of carotenoids was
first described in Microcystis. β-cyclocitral is formed by the cleavage reaction of β-carotene
catalyzed by the enzyme [59]. β-ionone and norcarotenoids of the β-ionone-type are an
important group of compounds that were found in axenic cyanobacterial cultures and
a monoxenic culture of Phormidium sp. [69]. Significant differences in the presence of
β-cyclocitral, the compound that mainly characterizes the class of terpenes and noriso-
prenoids, were found because of the biomass stabilization treatment (p < 0.001), while no
significant differences were found in β-ionone production.

Regarding the production of aldehydes and ketones and/or release, both fermenta-
tions and treatments produced significant differences in the samples (p < 0.02); in addition,
a strong interaction was noticed between the two factors for these two volatile classes
(p < 0.005). While differenced were noted among the two stabilization treatments (p = 0.012),
ketone concentration was mainly affected by fermentation, (Figure 3, Supplementary Table
S1). In particular for aldehydes, a reduction following the fermentation of the sterilized
biomass using both the tested strains was observed. Conversely, by fermentation of the
UV-treated biomass, the amount of aldehydes increased. This behavior could be due to the
presence of the epiphytic bacteria typical of the spirulina biomass. Considering these data,
it can be suggested that fermentative LAB can reduce the amount of these compounds, but
the typical microflora of A. platensis can produce aldehydes, thereby giving the fermented
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biomass a different aroma profile. Hexanal was found in several microalgae [70–73]. Fer-
mentation of sterilized biomass by both of the strains led to a significant diminution of
hexanal content (p < 0.01), while only fermentation of the L. rhamnosus GG strain seemed
to produce this compound in UV-treated samples. Since the presence of C6 aldehydes
may be associated with fish odor [32], this can be considered an undesired aromatic notes,
especially in certain food preparations, such as those of dairy products; thus, fermentation
could provide a valuable improvement of in aromatic profile of the sample. Methional
was found in both of the UV-treated fermented samples, suggesting, as already suggested
by other studies [74,75], that this aldehyde is produced by LAB. This compound was also
previously isolated from Rhodomonas, another microalgae [71]. Both fermentation and
treatments applied prior to it, as well as their combination, produced significant differences
in methional production (p < 0.001). Benzaldehyde is a typical aroma formed in several
species of microalgae by enzymatic and chemical degradation of phenylalanine (generating
benzaldehyde) [71]. This compound is often associated with pleasant notes of almond. It
was found in the sterilized A. platensis biomass, and it was produced by the fermentation
process applied to the UV-stabilized samples without differences among the two strains
used. A similar trend was noticed for isovaleraldehyde (Supplementary Table S1), an
aldehyde produced by LAB via the metabolization of the amino acid leucine [76].

Regarding ketones, a growing amount of these compounds was noticed following the
fermentation of both the tested biomasses. In general, the number of ketones in sterilized
biomass was higher than in the UV-treated biomass, proving the role of thermal treatment
in the formation of these compounds (Supplementary Table S1). Diacetyl and acetoin are
two typical aromatic compounds produced during fermentation with the characteristic
buttery aroma [77]. Fermentation produced significant differences in the presence of these
molecules. In particular, the fermentation with L. casei 2240 produced a higher amount
of diacetyl compared to L. rhamnosus GG (p < 0.05) in both the UV-treated and sterilized
materials. Production of these ketones derives from metabolization of pyruvate and citrate
and is dependent on the strains used for fermentation [78]. Sulcatone is a citrus-like aroma.
This compound was found after sterilization of the biomass with a significant difference
when compared to the UV-treated samples, and its concentration was maintained after the
fermentation step with both the strains. Interestingly, the presence of this aroma was never
linked to A. platensis biomass or microalgae in general.

Fermentation was the only factor affecting the total content of alcohols and esters. Al-
cohols were found in all of the analyzed samples. The most representative was 1-octen-3-ol
with the typical mushroom aroma, previously isolated from the microalgae aromatic frac-
tion [72]. The statistical model underlined that this compound was significantly improved
after sterilization when compared to UV-treated but not fermented samples (0.13 ± 0.03
and 0.04 ± 0.00 µg/g, respectively), but fermentation did not affect its amount. Significant
differences were found for ethanol. A significantly higher amount of ethanol was found
in the UV-treated biomasses compared to the heat-treated samples (p = 0.001). The higher
amount of this alcohol in the samples could be linked to the sterilization treatment that
affected the composition of the starting biomass and therefore the presence of precursors for
the production of alcohols, or to the presence of epiphytic bacteria and yeasts that survived
the UV treatment. Significant differences were also found in the production of ethanol
during fermentation (p = 0.03). Both L. casei and L. rhamnosus are heterofermentative species
and produced slight amounts of ethanol in the biomass during fermentation. Isoamyl
alcohol, a volatile compound typical of beverages and fermented foods, is formed from
leucine during fermentation [72]. This alcohol was found in sterilized samples following
lactic acid fermentation. Although isoamyl alcohol has also been reported in phototrophic
cultures of Chlorella vulgaris [71], in this study, it was not found in treated biomass, but
rather in unfermented A. platensis biomass.

The UV treatment and the sterilization process produced significant differences in the
total amount of furans, pyrazines and sulfur compounds.
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Four furans were found as a component of the aromatic profile of fermented A. platensis
biomass. 2-Pentylfuran is an important product of lipid degradation and is responsible
for beany and licorice-like sensory qualities in various food products [79]; it has been
associated with the typical beany, green and metallic odor of spirulina, and it was detected
in considerable percentages of about 10% in fermented spirulina samples in a previous
study [30]. In our case, this furan was formed following the sterilization of the biomass
(0.10 ± 0.04 µg/g), but it decreased following fermentation, while in UV-treated samples,
it was not detected in the not fermented substrate, but it increased after fermentation.

Pyrazines are molecules typical of roasted and thermally treated foods. Seven pyrazines
were found in the analyzed samples, and most of them were connectable to the sterilization
process. For example, 2,5-dimethylpyrazine, a pyrazine with a typical chocolate aroma,
was found in the sterilized biomass and not in the UV-treated samples. Interestingly,
some of these compounds were also produced following lactic acid fermentation. Small
amounts of 2-methylpyrazine were produced by L. rhamnosus GG (0.02 ± 0.00 µg/g) in
the sterilized biomass. This is not the first time that the production of pyrazine by L. casei
group bacteria was underlined [80]. Among all of the pyrazines detected in the tested
samples, 2,5-dimethylpyrazine and 2-methylpyrazine are of particular interest, because
these compounds have been associated with the off-flavor of A. platensis [30].

Similar behavior was observed for sulfur compounds, prevalently found in the ster-
ilized samples. Dimethyl disulfide is a sulfuric compound formed following thermal
oxidation of other volatile sulfur compounds such as methanethiol [72]. The number of
sulfur compounds seemed to be related especially to the stabilization treatment, as the
concentration of these compounds was higher in the sterilized samples when compared
to those treated with UV (p = 0.019). Generally, sulfur compounds may contribute to the
unpleasant odor of algae products because of their low threshold value. Seo et al. (2017)
stated that sulfides were responsible for about 26% of the total odor profile of sea tangle
extract, and fungal fermentation lead to a total reduction of dimethyl disulfide after two
days from the inoculation [33]. In our case, the fermentation step did not reduce the amount
of this compound detected only in UV-treated materials (Supplementary Table S1).

Esters, with floral and waxy notes, are the category that presented the lower quantities
in the analyzed samples. Four compounds were identified, and this is in line with what
has been reported in other studies [30,33]. The stabilization treatment did not seem to
affect their content, while fermentation led to a decrease in the initial quantity (p = 0.021)
(Supplementary Table S1).

3.3. Sensory Properties of the Detected Volatile Components

In order to evaluate the modifications in the sensory properties of fermented
A. platensis in respect to the unfermented materials and to determine the changes in aromatic
notes due to the different stabilization processes applied, all of the volatile compounds
and their relative concentrations were grouped based on the odor type that they were able
to provide. The following ten main different aroma attributes were identified: aldehy-
dic/ethereal, sulfurous, green/herbal, buttery/waxy, spicy, fruity, floral, nutty/roasted,
alkane and fermented. On the basis of this classification, analogies and differences in odor
type production among different samples were observed by applying a two way ANOVA
test considering fermentation and stabilization treatments as factors (Figure 4, Supplemen-
tary Table S2). Lactic acid fermentation of spirulina biomass caused an enhancement in the
aromatic profile.
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Figure 4. Heat map performed on the volatile concentration of volatiles grouped on the basis of their odor type detected in
sterilized (ST) or UV-treated (UV) A. platensis biomasses fermented with L. casei 2240 (2240) and L. rhamnosus GG (GG) as
well as treated but unfermented biomasses (Cntr). A scale ranging from a maximum of 10 µg/g (dark green) to a minimum
of 0 µg/g (light green) was used.

In particular, the fermentation process significantly influenced the concentration of
those compounds responsible for aldehydic/ethereal, buttery/waxy, alkane and of course
fermented aromatic notes (p < 0.01). As expected, buttery/waxy and fermented notes
increased with the fermentation process (Figure 4). These aromatic properties can be
mainly associated with the presence of diacetyl, acetoin (buttery/waxy) and isoamyl
alcohol (fermented). The concentration of all these volatiles showed an improvement
in both of the stabilized materials after the fermentation process, but while in sterilized
spirulina, L. casei 2240 produced a higher amount of diacetyl and acetoin, in UV-treated
material, L. rhamnosus GG affected the content of these compounds more prominently
(Supplementary Table S1). In addition, buttery/waxy and fermented aromatic notes were
also influenced by stabilization treatment; in particular, a statistically significant interaction
was observed for fermented notes of the two considered factors (p < 0.001) (Supplementary
Table S2). Moreover, aldehydic/ethereal and alkane attributes, provided mainly by the
presence of aldehydes and hydrocarbons, were strongly influenced by the fermentation
step, especially in UV-treated samples (Figure 4). It must be emphasized that hydrocarbons,
and in particular heptadecane, could be associate with the off-flavor of algae [41]. Alkane
attribute concentrations were also influenced by the applied stabilization method (p < 0.01),
as clearly represented in Figure 4. Thus, to limit the formation of these sensory attributes,
sterilization must be chosen as the stabilization treatment.

On the other hand, significant differences were found in the production of sulfurous,
green/herbal, fruity, and nutty/roasted notes (p < 0.02) among the stabilization treatments
(Supplementary Table S2). The concentrations of all of these aromatic classes were statisti-
cally higher in the sterilized samples (p < 0.02). High temperature can cause the formation
of pyrazine and sulfur compounds associated with nutty/roasted and sulfurous notes, as
well as the degradation of carotenoids and fatty acids leading to an increase in hexanal,
methional, 1-hexanol and 1-octen-3-ol (green/herbal and earthy notes), and benzaldehyde,
β-cyclocitral, β-ionone 5,6-epoxide and other compounds associated with fruity aromatic
notes. In addition, a statistically significant interaction between these two factors was
noted for green/herbal and fruity notes (p < 0.001). Since fruity attributes are generally
considered as pleasant aromatic properties, in this case, it is also possible to speculate that
sterilization may represent the better stabilization treatment because it leads to an augment
of this odor class [59,69,77,78].

In conclusion, despite the fact that sterilization may lead to some modifications of the
aromatic characteristic of the starting material, A. platensis, it seemed to be the best choice to
reduce the initial microbial count naturally occurring in the tested samples. Fermentation
by L. casei bacteria can generate or enhance some volatile compounds responsible for
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pleasant aromatic notes, such as fruity and creamy (buttery) notes, associated with volatiles
produced by LAB metabolism.

4. Conclusions

In this study, A. platensis biomass, treated by UV or sterilization at 121 ◦C, was
fermented by LAB (L. casei 2240 and L. rhamnosus GG) in order to evaluate the fermentative
and aromatic potential. The LAB growth was not affected by the applied treatment,
confirming A. platensis as a fermentable substrate that may be used for the development
of new fermented foods and supplements with high functional values. Furthermore, the
survivability of LAB to freeze-drying may allow the production of food products which, in
addition to integrating proteins and vitamins typical of A. platensis, also include LAB or
probiotic bacteria in the diet.

Considering the importance of aroma and flavor for consumers’ acceptability, the
main volatile compounds involved in A. platensis biomass fermentation were screened. An
overall improvement of smell was obtained.

In particular, a greater presence of fermentation aroma was found during the fermen-
tation of the sterilized sample, highlighting that in addition to guaranteeing safety for the
consumer, this process may enhance applications, thereby avoiding side effects due to
off-flavor. In conclusion, a fermented lyophilized spirulina powder with an interesting
aromatic profile and high LAB concentration was obtained with the applied heat treatment,
opening up perspectives for new applications in food productions.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-815
8/10/1/67/s1, Table S1: Concentration (µg/g) of compounds identified in UV-treated and sterilized
Arthrospira platensis fermented with L. casei 2240 and L. rhamnosus GG and in controls (not fermented
UV-treated and sterilized Arthrospira platensis) after 48 h. Table S2: Concentration (µg/g) of odor
type identified in UV-treated and sterilized Arthrospira platensis fermented with L. casei 2240 and
L. rhamnosus GG, and in controls (not fermented UV-treated and sterilized Arthrospira platensis)
after 48 h.
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