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Preface

Currently, there is a need to consider the increasingly substantial issues related to sustainability,

whether they are economic, environmental, or social. In the dairy sector, these topics are strongly felt,

and, even if in recent years, considerable progress has been made in their improvement, much work

remains to be performed. For this reason, the Editors of this Special Issue considered it important

to collect some research contributions on dairy quality and sustainability. This Special Issue is thus

addressed to all readers and researchers interested in research in the dairy field, those who have an

overview of some of the current trends in research in this sector. These innovative studies can serve

as a valuable resource for generating new research ideas and developing novel and more sustainable

dairy products.

With this SI, we have taken the opportunity to contribute to the push towards a production system

that is more respectful of future generations.

Piero Franceschi and Paolo Formaggioni

Guest Editors
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Editorial

New Insights into Milk and Dairy Products: Quality and
Sustainability

Paolo Formaggioni 1,* and Piero Franceschi 2,*

1 Department of Veterinary Science, University of Parma, Via del Taglio 10, 43126 Parma, Italy
2 Department of Food and Drug Science, University of Parma, Via delle Scienze 27/A, 43124 Parma, Italy
* Correspondence: paolo.formaggioni@unipr.it (P.F.); piero.franceschi@unipr.it (P.F.)

1. Introduction

The dairy industry is confronting a major challenge that could profoundly affect its
future and its long-standing role as a cornerstone of human nutrition [1,2].

FAO, in its last report on the global trends, estimated an increase in the world’s
population to almost 10 billion people by 2050 and thus, by 2050, agriculture must produce
about 50% more food and feed than it did in 2013 [3]. Meeting the increased demand
for food will not be the only challenge; indeed, beyond producing food and feed, the
agriculture and food industries will have to produce it in a sustainable way [4].

Therefore, the primary mission will lie in providing adequate solutions to meet the
demand for nutritionally balanced and environmentally, economically and socially sus-
tainable products [5]. To this aim, generally, ensuring the safety of dairy products is the
most important requirement. However, the quality of milk and its derived products is
crucial. For instance, the capacity of milk to coagulate with rennet is essential for cheese
production, as it impacts both the yield and the quality of the cheese [6]. In addition to this,
rheological and microbiological properties are significant for obtaining dairy products that
serve various purposes [6]. Therefore, gaining new insights into how genetic, physiological,
pathological, environmental, and technological factors influence the quality of milk and
dairy products will contribute to the progress of the sector.

Furthermore, milk and dairy products are vital sources of nutrients for humans,
providing proteins, fats, calcium, and vitamins. The dairy industry also produces several
by-products, such as whey and buttermilk, which are valuable, due to their high nutritional
content and can be repurposed for other uses [7]. This repurposing also helps in reducing
the environmental pollution caused by the industry [7].

In addition, milk from certain species has not been extensively studied or characterised;
this untapped potential could be used to create new dairy products.

2. An Overview on the Published Articles

This Special Issue, titled “New Insights into Milk and Dairy Products: Quality and
Sustainability”, has collected 19 articles (14 original research studies and 5 reviews) that
make significant contributions to the field. These articles can be categorised into four main
groups: the first category includes studies that address the microbiological aspects of milk,
cheeses, and other dairy products; the second category has a focus on product innovation,
featuring seven studies that discuss technological advancements and compositional aspects
related to process improvements, new milk coagulants, and novel dairy foods; the third
category regards papers in which genetics are applied to milk quality, by means of identifi-
cation of functional genes or markers; the fourth category includes three reviews and an
original study addressing various and base aspects of dairy science.

Microbiological aspects of milk, cheeses, and dairy products. Alsulami et al. [contribution
1] focused their study on the sustainability of camel milk, a nutritious dairy product
widely consumed in the Middle East, particularly in Saudi Arabia. The study addressed

Foods 2024, 13, 1969. https://doi.org/10.3390/foods13131969 https://www.mdpi.com/journal/foods1
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the major concern of aflatoxin contamination in camel milk. Samples from the Arabian
Peninsula and North Africa were analysed for aflatoxins B1 and M1 by means of ELISA
and fluorometer methods. The results showed significant aflatoxin M1 contamination and
cross-contamination with aflatoxin B1. This study also demonstrated the effectiveness of
two probiotic bacteria strains, Lactobacillus plantarum NRC21 and Lactobacillus acidophilus
NRC06 (both categorised as probiotic strains), in inhibiting toxigenic fungi and reducing
aflatoxin levels in both liquid media and spiked samples of camel milk. The findings
suggest that fermenting camel milk with these probiotic strains could be an effective
method for reducing aflatoxin contamination.

Idland et al. [contribution 2] also address hygienic–sanitary issues and their impact
on human health. In particular, they investigated the presence and proliferation of Shiga
toxin-producing Escherichia coli (STEC) in raw milk, considering its association with hu-
man illnesses like diarrhoea, haemorrhagic colitis, and haemolytic uremic syndrome. The
pathogenicity of STEC is linked to its production of Shiga toxin (Stx) and its capability to at-
tach to the intestinal epithelium through the adhesion protein intimin, which is encoded by
the eae gene (intimin-encoding gene). The authors studied four eae-positive STEC isolates
from Norwegian dairy herds, analysing their ability to grow in unpasteurised milk (UPM)
under various temperature conditions. Genome analysis indicated that three of the isolates
were clonal, suggesting transmission between farms. All isolates produced Shiga toxin,
with one capable of growing at 8 ◦C, posing a significant health risk. This study suggests
the need for better consumer awareness and proper refrigeration practices; moreover, even
properly stored unpasteurised milk poses an increased risk of illness, especially for vulner-
able populations like young children, the elderly, and immunocompromised individuals.

Papadimitriou et al. [contribution 3] investigated the microbiome of Staka (a Cretan
sour cream) utilising various methods, including culture-based techniques, amplicon
sequencing, and shotgun metagenomics. Staka is a traditional Greek cultured cream
made from spontaneously fermented sheep’s milk or a mixture of sheep’s and goat’s
milk. The study revealed that the samples were predominantly composed of Lactococcus
and Leuconostoc species, along with other bacteria such as Streptococcus and Enterococcus,
and Gram-negative genera like Enterobacter, Pseudomonas, Buttiauxella, Escherichia-Shigella,
and Hafnia. They also found common genera of yeasts and moulds. Through shotgun
metagenomics, specific species were identified. This study also isolated novel strains
from Staka with antibacterial potential. Furthermore, several LABs, Hafnia paralvei and
Pseudomonas spp., have antimicrobial activity against pathogenic bacteria, indicating their
potential use in food safety and biomedical applications.

Tsouggou et al. [contribution 4] examined the microbiome of industrial PDO Sfela
cheese and its artisanal variants utilising 16S rDNA amplicon sequencing and shotgun
metagenomics, to better understand its complex microbial ecosystem, which is crucial for
sustainably enhancing production and safety measures. Sfela, a white, salted PDO Greek
cheese from the Peloponnese region, is made from sheep’s milk, goat’s milk, or a mixture
of both. The study examined two PDO industrial Sfela samples and two non-PDO variants
(Xerosfeli and Sfela touloumotiri) using MALDI-TOF MS, 16S rDNA amplicon sequencing,
and shotgun metagenomics. Analysis with culture media revealed the presence of Lactiplan-
tibacillus plantarum, Enterococcus faecium, Pediococcus pentosaceus, Levilactobacillus brevis, and
Streptococcus thermophilus as the most common bacterial species. Shotgun analysis revealed
Streptococcus thermophilus dominance in industrial Sfela 1 and high levels of Lactococcus
lactis in industrial Sfela 2. The samples of artisanal Xerosfeli and Sfela touloumotiri were
mainly composed of Streptococcus thermophilus and Tetragenococcus halophilus, respectively.
Additionally, Debaryomyces hansenii was the only yeast present in quantities exceeding 1%,
and was detected only in Sfela touloumotiri samples.

Sun et al. [contribution 5] investigated the relationship between the microbiota present
in raw milk and that found in the resulting cheese, specifically a Swedish long-ripened
cheese, with the aim of understanding why cheeses generally take longer to mature now
than in the past. Three commercial farm clusters were created to introduce variability in
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the microbiota of dairy silo milk utilised for the production of cheese. This latter process
took place in three different periods throughout the year, with milk from each farm cluster
being collected separately, pasteurised, and processed into cheese. Samples were collected
at different stages, including herd bulk milk and dairy silo milk, starting cultures, early
processing samples and samples of cheese at various maturation stages (7–20 months)
and analysed by means of 16S rRNA amplicon sequencing. The microbiota in herd bulk
milk varied significantly among periods and among clusters, while the microbiota in dairy
silo milk showed differences only across periods. The microbiota in cheese differed by
periods and groups, with Leuconostoc and Lactococcus emerging as the predominant genera
in both early processing and samples of cheese. Surprisingly, the abundance of Lactobacillus
was very low during cheese ripening, and even at later stages starter lactic acid bacteria
were dominant.

The review by Silva et al. [contribution 6] discusses the microbiological quality of
cheese made from raw milk. This review focuses specifically on alternative systems for
milk sanitisation other than pasteurisation. Plant extracts and lactic acid bacteria seem to
offer promising methods for minimising microbial contamination in artisanal raw milk
cheese. This is attributed to their natural components, like phenolic compounds in plant
extracts, and the capacity of lactic acid bacteria to produce antimicrobial substances such
as organic acids and bacteriocins. Furthermore, thermisation is considered an alternative
strategy to pasteurisation. It aims to preserve the sensory qualities of artisanal cheeses
while also effectively inactivating microorganisms by disrupting their cellular structure
and functions. This review explores the antimicrobial mechanisms, benefits, drawbacks,
and practical applications of all three strategies.

Process technological improvements, new milk coagulants, and novel foods. The papers in
this section can in turn be grouped into three subsections, each constituted by two studies:
high pressure as a sanitising process for milk or cream; new vegetable coagulants for milk;
the addition of vegetable to milk to obtain novel foods. The six papers are presented in
this order.

Lim et al. [contribution 7] investigated the impact of high-pressure processing (HPP)
for 10 min at 600 MPa on the quality, safety, and shelf life of raw milk stored at 6 ◦C for
60 days. This method provides an alternative to thermal processing and preserves the
nutritional integrity of raw milk. HPP-treated milk satisfied all microbiological safety
standards and demonstrated a shelf life exceeding 60 days, even under hot and humid
conditions. Additionally, it effectively preserved nearly all vitamins and minerals, including
phosphorus (99.4%), calcium (99.3%), and magnesium (99.1%). However, over the 60-day
storage period, there was partial degradation of vitamins A (25%), B3 (91%), B5 (35%), B6
(80%), and C (85%), as well as minerals like zinc (18%) and potassium (5%), compared
to fresh milk. This study highlights the significant benefits of adopting advanced HPP
processing technology in the dairy industry for maintaining the physico-chemical and
nutritional properties of milk and extending its shelf life beyond 60 days.

The study by Machado et al. [contribution 8] also evaluated the effects of high-pressure
processing (HPP) at 450 and 600 MPa for 5 and 15 min at 7 ◦C, compared to thermal
pasteurisation at 75 ◦C for 15 s, on the microbiological and physico-chemical quality of
dairy cream. The assessments were made both immediately after processing and during
refrigerated storage at 4 ◦C. HPP-treated samples were still microbiologically safe even after
51 days of storage, unlike samples treated with thermal pasteurisation. HPP effectively
reduced populations of Escherichia coli and Listeria innocua by more than 6 log units to
undetectable levels (1.00 log CFU/mL). The pH, colour, and fatty acid profiles of the cream
remained stable under various processing conditions and throughout storage. Furthermore,
there was a tendency for volatile compounds (VOCs) to increase in all treated samples
during storage, especially acids and aliphatic hydrocarbons. These findings suggest that
HPP can significantly extend the shelf life of highly perishable dairy cream by at least
15 days compared to thermal pasteurisation.
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Bande-De-Léon et al. [contribution 9] studied the effect of two novel plant milk
coagulants (freeze-dried extracts from Cynara humilis L. (CH) and Onopordum platylepis
Murb. (OP)) and compared their coagulation and proteolytic activities with those of Cynara
cardunculus L. (CC). They examined the impact of extract concentration (5–40 mg/mL), pH
(5–8), temperature (20–85 ◦C), and CaCl2 concentration (5–70 mM) on the milk coagulation
activity (MCA) of CC, CH, and OP extracts. At the same concentration, CC exhibited
significantly higher MCA values. Among these various extracts, the clotting activity of OP
increased with increasing temperature, reaching a maximum value at 70 ◦C. Adding CaCl2
improved the coagulation ability of the extracts, particularly for OP and CH. Additionally,
the proteolytic activity and the hydrolysis rate increased over time and with higher enzyme
concentrations, with CC showing the highest caseinolytic activity among all the extracts.

Nicosia et al. [contribution 10] studied the use of kiwi fruit aqueous extract as a
cheese coagulant. In particular, they used SDS-PAGE to detect actinidin, the kiwi enzyme
responsible for the hydrolysis of casein, in various parts (pulp, peel, and whole fruit) of
both ripe and unripe kiwi fruits. Actinidin was present in both the peel and the pulp.
While the peel extract could partially hydrolyse skimmed milk, it could not degrade casein.
On the contrary, the pulp extract demonstrated hydrolytic activity against both the casein
and the skimmed milk. Ripe kiwi extracts showed higher hydrolytic activity than unripe
ones. Using a 3% (v/v) extract from ripe kiwi pulp resulted in a curd yield of 20.27%,
similar to that achieved with chymosin. In summary, the extraction method for the aqueous
kiwi extract is fast, economical, chemical-free, and environmentally friendly, making it an
effective vegetable coagulant for cheese production.

Semeniuc et al. [contribution 11] developed a Gouda-type cheese from cow milk,
flavoured with pollen of lavender (0.5 g/L of mature milk), and aged for 30 days at 14 ◦C,
with 85% of relative humidity. They evaluated the physico-chemical, microbiological, and
textural properties of the lavender cheese and control cheese at 10-day intervals. Lavender
pollen significantly influenced the sensory and microbiological properties, as well as the
volatile compounds of the cheese, but had a modest impact on its physico-chemical and
textural properties. During the ripening process, the moisture, carbohydrate contents,
pH, viscosity, elasticity, and chewiness of both cheeses decreased, while increases were
observed for protein content, titratable acidity, ash, sodium chloride content, hardness,
streptococci, lactobacilli, and volatile compounds. Despite lavender’s known antibacterial
effects against Escherichia coli and Clostridium butyricum, it did not inhibit the growth of
microorganisms of the starter culture; instead, it promoted the growth of lactic acid bacteria.
Sensory evaluations revealed that the overall score for the lavender cheese was slightly
lower but comparable to the control cheese, with which consumers were more familiar.

In their review, Lima Nascimento et al. [contribution 12] examine the integration
of milk proteins with plant proteins, as a strategy to address the functional and sensory
limitations of plant proteins. This combination results in various colloidal systems, such as
suspensions, emulsions, gels, and foams, commonly found in food products. For example,
adding plant protein can solve technical problems, like preventing gel formation in high-
protein milk drinks during packaging. Dairy proteins can also improve the solubility of
certain plant proteins in dispersions of mixed protein. By understanding the technical and
functional properties of these proteins and their responses to environmental conditions,
such as temperature and pH, new products like yogurt, analogues of cheese, and beverages
with desired textures and sensory properties can be developed. To further optimise these
systems and their applications in the food industry, innovative techniques to modify the
technical and functional characteristics of both plant and dairy proteins, like pulsed electric
fields, precision fermentation, and high hydrostatic pressure, are being evaluated.

Genetics applied to milk quality: identification of functional genes or markers. The synthesis
of milk protein is regulated by a complex network involving numerous signalling pathways.
Chen et al.’s [contribution 13] study aimed to elucidate these pathways in goat mammary
epithelial cells (GMECs) utilising microproteomic techniques, and to identify the key
genes involved. Their analysis identified over 2253 proteins and annotated 323 pathways.
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This study highlighted the significant role of the IRS1 (insulin receptor substrate 1) gene
in influencing casein content in goat milk and the pathways that are involved in milk
protein synthesis in GMECs. Altering IRS1 expression increased the amounts of β-casein
and κ-casein but decreased α-casein levels. By identifying proteins that, in response to
IRS1 silencing, were differentially expressed, the researchers gained new insights into
the network and signalling pathways associated with goat milk protein synthesis. These
findings could lead to new strategies for modifying the content of casein in the dairy goat
sector and for developing milk products.

Yang et al. [contribution 14] studied the polymorphisms in the CCSER1 gene of Gan-
nan yaks, identifying three SNP loci and analysing their relationship with milk quality.
The study found that all three SNPs showed moderate polymorphism. The analysis of
correlations revealed that the mutant genotype at the CCSER1 g.183,843A>G locus signifi-
cantly increased milk fat content (p < 0.05). Additionally, mutant genotypes at the CCSER1
g.222,717C>G and g.388,723G>T loci significantly increased both casein and protein con-
tents in milk from Gannan yak (p < 0.05). Thus, mutations at these loci (g.183,843A>G,
g.222,717C>G, and g.388,723G>T) notably improved the quality of milk from Gannan
yak. The identification of these SNPs can allow the development of further research and
application in selecting Gannan yaks, helping in the improvement and optimisation of their
milk quality.

The study by Ma et al. [contribution 15] also investigated the polymorphism of Gannan
yak genes. In particular, they specifically focused on the PRKD1 and KCNQ3 genes. This
was a pioneering study examining the connection between these gene polymorphisms
and dairy traits; in particular, it evaluated the relationship between the single nucleotide
polymorphisms (SNPs) of these two genes and the milk quality of Gannan yaks, aiming
to identify potential molecular markers for breeding. Using a technology Illumina yak
cGPS 7K liquid-phase microarray, they detected, in 172 lactating Gannan yaks, three new
SNPs: two in the PRKD1 gene (g.283,619T>C, g.283,659C>A) and one in the KCNQ3 gene
(g.133,741T>C). Association analysis revealed significant correlations between these gene
polymorphisms and milk quality traits. Specifically, mutations at these loci were found to
significantly improve the levels of fat, lactose, protein, casein, non-fat milk solids (SNF),
and acidity in Gannan yak milk. Therefore, genotyping the PRKD1 and KCNQ3 genes can
effectively improve milk quality in Gannan yaks.

Reviews and experimental studies on general aspects of dairy. Franceschi et al. [contri-
bution 16] studied the distribution between the colloidal and soluble phases of calcium,
phosphorus and magnesium, and their level within yak milk casein micelles. They com-
pared nine samples of yak milk from Qinghai, China, with nine bulk cow milk samples. The
authors found similar levels of colloidal calcium, higher levels of magnesium, and lower
levels of colloidal phosphorus per casein unit in yak milk. Yak milk was characterised
by high casein and mineral content, and was particularly rich in colloidal forms of Ca,
P, and Mg, which could enhance the bioavailability of calcium and phosphorus during
digestion. Moreover, yak milk had lower prosthetic phosphorus per casein unit, suggesting
less phosphorylated amino acids, which may affect the micelle structure, as well as the
processability and the digestion of yak milk casein in comparison to cow milk casein.

The aim of the systematic review of Castellini et al. [contribution 17] was to examine
and categorise the conceptual attributes of milk quality, as perceived by citizen consumers,
farmers, and processing experts. Using PRISMA guidelines, they screened 409 papers
and assessed 20 full-text papers. This review identified 12 main attributes defining milk
quality, the most prominent of which were nutritional quality/healthiness, hygienic quality,
and knowledge and attitudes of workers. Farmers and processing experts had similar
technically focused perceptions of milk quality, emphasising expertise and knowledge. On
the contrary, citizen consumers gave a representation of milk quality in more simplistic and
subjective terms. This study underlined the need to create a common platform for commu-
nication and exchange of knowledge, to align the different perceptions and expectations of
milk quality.
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The review by Martuzzi et al. [contribution 18] summarises recent research on microor-
ganisms in fermented products from mare milk and their potential functional properties.
Mare milk is consumed by approximately 30 million people worldwide and is primar-
ily used in Asia and Eastern Europe to produce fermented and alcoholic beverages like
koumiss, airag, or chigee, made using bacteria and lactose-fermenting yeast cultures. The
review details the main bacterial and yeast species found in these products, highlighting
a complex population that includes lactic acid bacteria, yeasts, acetic acid bacteria, and
white moulds. The focus of this review is on the potential health benefits and functional
properties of these mare milk products, making them highly nutraceutical foods, with the
aim of optimising their use in industrial production, particularly for koumiss.

The review by Linehan et al. [contribution 19] compared milk production, nutri-
tional, and compositional properties between conventional and organic dairy systems,
highlighting the health benefits of organic milk and the global landscape of organic dairy
production. During the past two decades, organic dairy has increased in importance, due
to concerns over the use of antibiotics, fertilisers, and pesticides, as well as animal health,
and increasing environmental and self-health awareness. Most reports suggest that milk
generally has beneficial effects on human health, with few, if any, negative effects. Organic
milk offers some further benefits, due to a lower omega-6 to omega-3 ratio, attributed to
pasture-based practices of feeding. However, organic milk production can be difficult in
some regions, due to high costs and geographical conditions. The review also highlighted
future perspectives and identified knowledge gaps in organic dairy management.

3. Further Remarks and Conclusions

An interesting aspect of this Special Issue is that contributions related to milks other
than cow’s milk have also been included: camel milk [contribution 1], mare milk [contribu-
tion 18], yak milk [contributions 14–16], goat milk [contribution 13], goat milk, sheep milk,
or a mixture of goat and sheep milk [contributions 3,4].

Overall, this Special Issue “New Insights into Milk and Dairy Products: Quality and
Sustainability” presents readers with a wealth of innovative information that can serve as
a valuable resource for sustainability, for generating new research ideas and developing
novel dairy products.

To conclude, we want to express our gratitude to the research teams mentioned earlier
for their valuable contributions to this collection of articles present in this Special Issue.
Their studies demonstrate the diverse and interdisciplinary nature of cheese and dairy
research.
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Abstract: Camel milk is known as a source of nutritional and health supplements. It is known to
be rich in peptides and functional proteins. One main issue facing it is related to its contamination,
mainly with aflatoxins. The present study aimed to evaluate camel milk samples from different
regions while trying to reduce its toxicity using safe approaches based on probiotic bacteria. Collected
samples of camel milk were sourced from two main regions: the Arabic peninsula and North
Africa. Samples were tested for their contents of aflatoxins (B1 and M1) using two techniques
to ensure desired contamination levels. Additionally, feed materials used in camel foods were
evaluated. Applied techniques were also tested for their validation. The antioxidant activity of camel
milk samples was determined through total phenolic content and antioxidant activity assays. Two
strains of probiotic bacteria (Lactobacillus acidophilus NRC06 and Lactobacillus plantarum NRC21) were
investigated for their activity against toxigenic fungi. The result revealed high contamination of
aflatoxin M1 for all samples investigated. Furthermore, cross-contamination with aflatoxin B1 was
recorded. Investigated bacteria were recorded according to their significant inhibition zones against
fungal growth (11 to 40 mm). The antagonistic impacts were between 40% and 70% against toxigenic
fungi. Anti-aflatoxigenic properties of bacterial strains in liquid media were recorded according to
mycelia inhibition levels between 41 to 52.83% against Aspergillus parasiticus ITEM11 with an ability to
reduce aflatoxin production between 84.39% ± 2.59 and 90.4% ± 1.32 from media. Bacteria removed
aflatoxins from the spiked camel milk in cases involving individual toxin contamination.

Keywords: aflatoxin M1; aflatoxin B1; aflatoxin removal; antioxidant activity; camel milk; ELISA
technique; feed contamination; probiotic bacteria

1. Introduction

Milk is a nutrient-rich beverage that possesses health benefits. Milk contains essential
nutrients, minerals, and vitamins and is also considered an excellent source of protein.
Generally, it is recognized as a nutrient-rich fluid produced by female mammals to feed
their offspring. The most commonly consumed types of milk are buffalo, sheep, goat, and
cow’s milk, with cow’s milk being favorable in Western countries [1]. Dairy consumption is
sometimes a controversial issue, raising the critical question of whether milk consumption
is healthy or a source of harm. Camel milk forms the dietary habits of global nomads and
desert populations with all the nutrients represented in other milk varieties [2]. Both fresh
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and fermented, camel milk has been consumed for human nutrition and for illnesses treated
in traditional medicine [3]. Evidence suggests that camel milk has immunomodulatory
effects and is readily absorbed by the body. Children who lack the enzyme lactase and
are allergic to cow’s milk do well on a diet of camel milk. There is evidence that drinking
camel milk may help protect the body from the harmful effects of toxins and microbial
infection [4].

Like other types of milk, camel milk is a metabolite secreted by the mammalian gland,
which is affected by feed ingredients and any potential contamination. Feed contaminants
that can pass into the excreted milk include heavy metals, pesticide residues, hormones, and
mycotoxins. These contaminants indirectly threaten public health due to their accumulation
in small quantities via regular consumption of milk and dairy products. Mycotoxins
represent the most significant danger among these contaminants due to their classification
by the International Agency for Cancer Research as pre-carcinogens. Mycotoxins are
classified into 400 types, of which the most serious to public health are aflatoxins (AFs).
Due to cross-contamination, milk can be infected with aflatoxin (B or G) types. It also may
be contaminated with metabolic products from feed contamination, as in aflatoxin M types.

Recently, probiotics and lactic acid bacteria have been used as influential factors
in reducing contamination in dairy products [5]. Previous studies indicated the role
played by these strains due to their activity through antifungal action or their role in
reducing the secretion of mycotoxins [6,7]. Two probiotic strains were recorded with
antifungal activity via a simulated in vivo investigation [8]. The previous investigation
reveals the functionality of some strains of probiotic bacteria (lactobacillus acidophilus and
bifidobacteria) in the reduction of AFM1 contamination [9]. It should be noted that three
different mechanisms can explain the in vivo action of bacterial strains against mycotoxins.
Bacterial cell walls can chelate mycotoxins and generate a complex that facilitates removal
throughout the biological system [10]. In this method, mycotoxins can leave the body
securely, preventing them from causing tissue injury. Other mechanisms are linked to
bacterial metabolites [11].

Camel milk is consumed in the middle East and Arab regions in considerable quanti-
ties. It is handled in markets and sold for local consumption in some areas such as Saudi
Arabia. A few investigations discuss this point, but none recommend a solution. The
study investigated aflatoxin contamination in camel milk, which is known to be used for
nutritional and immunological consumption. The research was targeted to explore the cur-
rent situation of aflatoxin (AF) contamination in commercial samples of camel milk. Also
attempted to find the link between the source of feeding and the contamination levels and
reduce these contamination levels using a safe approach. Additionally, provides solutions
to consuming camel milk with a low hazard of mycotoxin contamination. The fermentation
using two probiotic strains was applied as a part of the strategy to enhance product safety.

2. Materials and Methods

2.1. Sample Collection

Camel milk samples were collected as commercial samples from markets in the Ara-
bian Peninsula (Saudi Arabia and United Arab Emirates) and North Africa (Egypt and
Libya). Samples were collected in 1 kg quantities each (5 samples/region), and each country
was classified into three areas.

Using the same manner described above, we also collected samples of feed materi-
als to evaluate contamination levels of camel milk. Two feed materials were collected:
ready-to-use (imported manufactured) feed and wild, green-feed materials. The aflatoxin
content of evaluated feed materials was utilized to further recommend healthy camel
milk consumption.

2.2. Materials and Chemicals

Microbiological media, including potato dextrose agar (PDA), De-man Rogosa and
Sharpe (MRS), yeast extract agar (YES), potato dextrose broth (PDB), and Czapek-Dox agar
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(CDA) were BD Difco analytical media acquired from Fisher Scientific, Guldensporenpark,
Merelbeke, Belgium. Methanol, Ethanol, Di-methyl-sulfoxide (DMSO), Trolox (6-hydroxy-
2,5,7,8-tetramethyl chroman-2-carboxylic acid), ABTS+ (2,2′-azino-bis-3-thylbensothiazoline-
6-sulfonic acid), DPPH (2,2-diphenyl-1-picryl-hydrazine-hydrate), and other solvents ap-
plied were of analytical grade, Merck Co., Ltd., Burlington, MA 1803, USA.

Two ELISA kits (an aflatoxin M1 Kit and a total aflatoxin kit) were applied to determine
AF content. The provided materials inside the Elabscience test kit® (14780 Memorial Drive,
Houston, TX 77079, USA) included a Microtiter plate pre-coated with linked antigen,
Horseradish peroxidase conjugate (HRP), AF standard solutions required to generate a
calibration curve, chromogen (tetra-methyl-benzidine), and a stop reagent.

2.3. Sample Preparation for the Analysis

Before the AF determination, collected samples were prepared according to the
methodology described by the manual of the applied technique of the ELISA kits. The milk
sample was centrifuged (5000× g/10 min/4 ◦C) for the cream separation, the formed cream
layer was discarded, and 40 μL of milk was taken for analysis using the ELISA technique.
Feed samples (1 g) were ground with aqueous methanol (10 mL; 80%) and 0.1 g of NaCl.
The slurry was filtered using filter paper (Whatman no.1), followed by the 0.45 μm filter,
where the filtrate cleanup was completed using an AflaTest® column. The column was
washed twice before aflatoxin was eluted with 1 mL methanol (HPLC grade). A quantity
of 40 μL was applied in the same way as it was for the milk-analysis step.

2.4. Determination of Aflatoxin Content Using the ELISA Technique

The aflatoxin content for the collected samples was determined according to the
methodology described in the kits’ manuals. The samples and standard solutions were
injected into prepared plate wells. A total of 80 μL of the HRP solution was added to wells
that were immediately sealed and oscillated (10 s) before undergoing shaded incubation
(40 min). When the incubation ended, wells were washed using 260 μL of washing buffer
(4 replicates, intervals of 30 s) and inverted for the drying step. Reagent A (50 μL) and
reagent B (50 μL) were added to each well, and the plate was re-incubated (15 min; 25 ◦C)
for the reaction performance. The stop reaction solution (50 μL) was added to each well
when the reaction time ended, and the optical density was immediately measured for the
wells at 450 nm. A calibration curve was performed using the standard concentration of
kits to calculate aflatoxin concentrations.

2.5. Determination of Aflatoxins Using the VICAM Technique

The aflatoxin content was determined following the methodology described previously [12].
In summary, 100 g (100 mL) of representative samples was blended with 10 g of NaCl and
200 mL of 80% aqueous methanol. The slurry was homogenized for one minute using a
high-speed blender and then filtered using Whatman paper (No. 1). Before re-filtering, the
filtrate (5 mL) was diluted with Milli-Q water (20 mL). Ten milliliters of the filtrate was
purified on a VICAM immunoaffinity column (Aflatest, VICAM, Milford, MA, USA). The
column was washed with 10 mL of Milli-Q water before the aflatoxin was eluted with 1 mL
of methanol. The eluted fraction was measured with the VICAM fluorometer after diluting
twice with Milli-Q water (VICAM Series 4EX Fluorometer). All operations were carried
out following the manufacturer’s instructions.

2.6. Validation of the Applied Methodologies

Before analyzing the samples, the ELISA and VICAM techniques were tested to guar-
antee the validity of the findings. Validation of ELISA was accomplished by calculating
recoveries. The mean coefficient of variation for fresh milk spiked with varying concentra-
tions of AFs (10, 20, 40, 80, and 160 ng/L), and results are summarized below in Section 3
of the results.
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2.7. Determination of Antioxidant Activity in Camel Milk

Total phenolic content, DPPH (2, 2-diphenyl-1-picryl-hydrazyl-hydrate free radical
method), and ABTS+ scavenging (2, 2′-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-
diammonium salt) were determined to indicate camel milk’s antioxidant activity. The
previous methodology (with modifications) was followed to evaluate the antioxidant
activity of camel milk [13]. Collected samples were first centrifuged (5000× g/4 ◦C/10 min)
to separate the cream layer. Briefly, phenolic content was measured in milk before and after
bacterial fermentation. Creamless milk (1 mL) was blended with ethanol (1.0 mL, 95% v/v)
and deionized water (5 mL). The Folin–Ciocalteu reagent (0.5 mL; 50% v/v) was added
to each sample, and after vigorous mixing, the solutions were let to stand (25 ◦C/5 min).
Sodium carbonate solution (1.0 mL, 5% g/100 mL) was added, and then the absorbance
was measured after an hour of incubation (at 725 nm). The total phenolic content was
measured as a microgram equivalent of Gallic acid (μg GAE/mL milk).

DPPH inhibition was determined by mixing 250 μL of milk with DPPH (3 mL of
60 mmol/L in ethanol) [14]. The mixture was shaken thoroughly and stood (25 ◦C/20 min).
The absorbance readings were measured (at 517 nm), and the DPPH inhibition (%) was
calculated as follows:

%DPPH = (Ac − As/Ac) × 100, (1)

where Ac represents absorbance of the control, and
As represents absorbance of the sample.
The same manner was applied for the ABTS+ scavenging determination with the

required suitable solutions described previously [15], and the absorbance was measured at
734 nm. The inhibition was expressed according to the following equation:

%ABTS+ = (Ac − As/Ac) × 100 (2)

where Ac represents absorbance of the control, and
As represents absorbance of a sample.

2.8. Activation of Bacterial Strains

Two strains of probiotic bacteria, Lactobacillus acidophilus NRC 06 and Lactobacillus
plantarum NRC 21, were gifted from the Dairy Department, National Research Centre,
Cairo, Egypt. The strains were reactivated once in sterile skimmed milk media (11%) and
twice in MRS media before the application. The bacterial concentration was adjusted using
a hemocytometer chamber at 1.3–1.7 × 109 CFU/mL.

2.9. Preparation of Bacterial Supernatant

Bacterial supernatant was prepared with the bacterial growth in 1 L of the MRS
media [16]; the bioactive components were regained using a dichloromethane and media
broth mixture at a ratio of 3:1. The supernatant was recovered using a rotary evaporator
(Heidolph, HeiVAP, GmbH, Landsberger, Germany). It was kept in an amber vial until
further applications.

2.10. Determination of the Antifungal Effect

The antifungal effect of bacterial strains and their supernatants was evaluated against
fungal strains of toxigenic fungi [17]; these strains are known to contaminate camel feed
material. The toxigenic fungal strains were Aspergillus flavus, A. parasiticus, A. niger,
A. fumigatus, Penicillium oxysporium, P. notatum, Fusarium graminaerum, and Alternaria alter-
nate. These strains were isolated from feed materials and identified by the Food Toxicology
and Contaminant Department, NRC, Egypt.
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The ability of bacterial strains to suppress isolated toxigenic fungal growth was inves-
tigated [18]. The bacterial antagonism was performed in vitro using PDA media on Petri
dishes. On a Petri plate, a disc of fungi was inoculated on one side, whereas a bacterial disc
was inoculated on the other. Suitable distances were left between each bacterial culture site
and the Agar discs of the examined fungus. Negative control of fungal agar discs without
bacterial culture spots was performed. The Petri plates were then incubated (5 days/30 ◦C).
The percentage of fungal growth inhibition was estimated using the following formula:

%A =

(
1 −

(
X

Y

))
× 100 (3)

where %A: represents antagonism ratio,
X: represents the distance between the fungal edge and bacterial edge, and
Y: represents the distance between the treated fungi’s upper edge and the control’s

upper edge.
The well-diffusion assay was applied to evaluate the antifungal activity of the bacterial

supernatant; each well was loaded with 100 μL of bacterial supernatant, as described
previously [19]. The results were expressed as millimeter diameters (mm) of the inhibition
zone achieved around the well; the greater the inhibition diameter, the more efficient
the supernatant.

2.11. Determination of the Anti-Aflatoxigenic Effects

The anti-aflatoxigenic effects of bacterial strains were evaluated using the YES media
containing a productive fungal strain of A. parasiticus ITEM 11, as described previously [20].
The experiment was divided into two major groups of flasks. The first group used the
fungal growth in the presence of a bacterial strain using potato dextrose broth (PDB) media
to suit the two microorganisms. This group comprised two flasks infected with fungus
(1.37 × 103 CFU/mL) and bacteria (1.71 × 109 CFU/mL), whereas the control flask was
inoculated with fungi. Flasks were incubated (30 ◦C/5 days), and mycelial reduction was
expressed as dry weight and a ratio of inhibition against the control.

The second group was tested after the fungus was grown and mycelia were discarded.
A. parasiticus fungal spores inoculated the flasks containing YES broth. The flasks were
incubated (30 ◦C/9 days) to enable aflatoxin production [19]. By the end of incubation, the
media were filtered using Whatman (No. 1) filter paper followed by a micro syringe filter
(Millipore, 45 μm). Bacterial strains were enriched on MRS media (24 h) and centrifuged to
collect the bacterial pellets that inoculated to the filtrate of fungal media. The flasks were
incubated (37 ◦C/2 h) before measurements of the aflatoxin content were taken. Aflatoxin
concentrations in media were measured before and after bacterial pellet treatment.

2.12. Application of Bacteria for Milk Fermentation

Bacterial strains of Lactobacillus acidophilus NRC 06 and Lactobacillus plantarum NRC
21 were utilized in camel-milk fermentation. Samples of camel milk were spiked with
aflatoxin M1 (220 ng/mL) and Aflatoxin B1 (400 ng/mL). Camel milk was packed in sterile
bottles, inoculated with bacteria at 1.7 × 109 CFU/mL, incubated (37 ◦C/2 h), and then
cooled overnight. Camel milk was inoculated with bacteria strains as individuals and as a
mix. Aflatoxin concentrations were measured in samples after 24 h of treatment.

2.13. Statistical Analysis

At least three results were given as means ± standard deviation (SD). ANOVA was
used to determine if there was a significant difference between the means, and Duncan’s
multiple range test (p = 0.05) was performed. The SPSS V.22.0 and Graph Pad Prism V.7.0
statistical programs were used to analyze the data expressed as means ± SD.
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3. Results

Collected samples from the four countries were inspected concerning the presence of
AFs for knowledge of potential contamination in camel milk. The results also illustrate the
variation in aflatoxin content in camel milk of the Arabian Peninsula and North African
regions. Moreover, two feed material sources, including dry imported and wild plant feeds,
were analyzed to detect potential contamination hazards. To our knowledge, wild plants
are the primary feed material consumed in North Africa, and imported dry feed is the
primary feed material consumed in the Arabian Peninsula.

3.1. Aflatoxin Determination
3.1.1. AFM1 Evaluation in Camel Milk

The AF content of camel milk was determined to identify natural contamination
caused by the AFM1 toxin and to check for the occurrence of cross-contamination with
the AFB1 toxin. Table 1 shows the AF contamination for the collected samples determined
using two techniques (ELISA and VICAM). A high presence of aflatoxin contamination
was demonstrated in collected samples from the coastal region (Region 1). The farthest
area of the coast seemed to have the lowest contamination level (Region 3). For the samples
collected in the United Arab Emirates, there were no significant differences between the
region samples concerning aflatoxin M1 content. This result could be explained by the fact
that these samples were taken from the most extended coastal areas occupying a narrow
geographical region.

Table 1. Determination of aflatoxin M1 in camel milk collected from two regions, the Arabian
Peninsula and North Africa, evaluated using ELISA and VICAM techniques.

AFM1 Detected via ELISA
(ng/L)

AFM1 Detected via VICAM
(ng/L)

Region 1 Region 2 Region 3 Region 1 Region 2 Region 3

Saudi 205.8 ± 69.93 b 166.6 ± 23.56 a 150.8 ± 31.23 a 206.6 ± 26.44 a 168.2 ± 22.52 b 152.8 ± 33.56 b

Emirates 291.1 ± 73.13 a 225.8 ± 65.53 a 256.1 ± 40.4 a 293.2 ± 74.86 a 223.6 ± 39.84 a 256.4 ± 62.24 a

Egypt 312.2 ± 21.45 a 177.4 ± 16.31 b 124.4 ± 25.43 c 314.8 ± 22.84 a 178.0 ± 16.81 b 124.6 ± 27.87 c

Libya 124.4 ± 15.63 a,b 66.2 ± 19.42 b 99.4 ± 17.46 a,c 128.8 ± 16.31 a,b 70.6 ± 18.61 b 100.0 ± 20.86 a,c

The data were expressed as means ± SD (n = 5; p < 0.05). For each technique, the data with the same superscript
letter in the same rows show no significant differences.

The AFM1 contamination levels recorded in the United Arab Emirates and Egypt
samples seemed similar in Region 1. We noticed that the primary type of feed in these areas
was dried-manufactured feed without any natural feed from wild plants [21]. Camel milk
samples from Region 3 in Egypt, which mainly utilized wild plants in camel feeding with
little dry-feed material, recorded lower AFM1 contamination. Bedouin pastoralists in these
areas referred to their dried feed as partial consumption due to the dried climate seasons
and rarely found wild plants. In Libya, wild pastoralism was found to be the primary
type. This behavior may explain the lowest contamination levels of the AFM1 in camel
milk samples from this area.

3.1.2. AFB1 Evaluation in Camel Milk

The main cause of the AFM1 contamination was AFB1 as it transformed metaboli-
cally from contaminated feed consumed by the mammalian, resulting in AFM entering
the animals’ bodily fluids. Furthermore, AFB1 could have been present through cross-
contamination in milk samples during handling, transportation, or storage. Collected
samples were inspected for AFB1 cross-contamination, and the results reflect its occurrence
in all camel milk samples (Table 2).
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The cross-contamination levels with the AFB1 in the investigated camel milk samples
were similar. This result reflects the need to pay attention to hygiene practices during
the production and product-handling stages. The contamination levels were remarkable
and exceeded the permissible limits in the collected samples. This indicates the need to
review the stages of production and storage well to preserve the therapeutic properties
of this type of milk. It is known that camel milk is healthy and can be relied upon to
boost immunity levels as it is rich in vital peptides and functional proteins. However,
the accidental or direct contamination of these kinds of milk may make it a source of
hazard to public health. The risk of this contamination is related to mycotoxins as they are
invisible and require specialized approaches for detection. Therefore, the best practice is to
check and adequately review the stages of production and the quality of feeding to reduce
contamination incidence caused by mycotoxins.

Table 2. Determination of aflatoxin B1 in camel milk collected from two areas, the Arabian Peninsula
and North Africa, evaluated via ELISA and VICAM techniques.

AFB1 Detected via ELISA
(ng/L)

AFB1 Detected via VICAM
(ng/L)

Region 1 Region 2 Region 3 Region 1 Region 2 Region 3

Saudi 80.8 ± 12.07 a 112.6 ± 8.45 b 108.0 ± 13.46 c 82.2 ± 13.67 a 113.2 ± 9.88 b 108.1 ± 14.11 c

Emirates 152.8 ± 54.28 a 180.2 ± 18.56 a 75.4 ± 13.69 b 156.4 ± 54.55 a 180.6 ± 38.35 a 76.0 ± 13.56 b

Egypt 57.8 ± 8.24 b 101.6 ± 13.33 a,b 108.8 ± 21.66 a 58.8 ± 6.79 a 101.2 ± 13.91 b 106.0 ± 21.56 b

Libya 61.2 ± 15.52 a,b 80.8 ± 6.7 a 42.4 ± 8.86 b 64.6 ± 16.9 a,b 80.4 ± 5.57 a 41.8 ± 8.69 b

The data were expressed as means ± SD (n = 5; p < 0.05). For each technique, the data with the same superscript
letter in the same rows show no significant differences.

3.2. Method Validation of Aflatoxin Determination

The validity of the method was first evaluated using spiked aflatoxin concentrations
for aflatoxin M1 (AFM1) and aflatoxin B1 (AFB1). The determination results are recorded in
Table 3, wherein the recovery seems acceptable for accurately evaluating aflatoxin content.

Table 3. Data validation for the samples using VICAM and ELISA techniques to determine AFM1

and AFB1 recovery.

Spiked

ELISA Technique Coefficient
Variation

(%)

VICAM Technique Coefficient
Variation

(%)

Samples
(n)AF Determined

(pg/L)
AF Recovered

(%)
AF Determined

(pg/L)
AF Recovered

(%)

AFM1
10 10.01 ± 0.01 100 ± 0.01 0 10.01 ± 0.02 100 ± 0.02 0 7
20 19.98 ± 0.03 99.9 ± 0.03 0.1 19.96 ± 0.02 99.8 ± 0.03 0.2 7
40 39.87 ± 0.05 99.67 ± 0.02 0.33 39.89 ± 0.08 99.73 ± 0.02 0.27 7
80 79.74 ± 0.11 99.67 ± 0.05 0.33 79.79 ± 0.14 99.74 ± 0.11 0.26 7

160 159.52 ± 0.28 99.7 ± 0.14 0.3 159.64 ± 0.11 99.78 ± 0.14 0.22 7
AFB1

10 10.01 ± 0.01 100 ± 0.01 0 10.01 ± 0.01 100 ± 0.01 0 7
20 19.99 ± 0.01 99.95 ± 0.02 0.05 19.99 ± 0.02 99.95 ± 0.02 0.05 7
40 39.89 ± 0.12 99.73 ± 0.03 0.27 39.93 ± 0.06 99.83 ± 0.09 0.17 7
80 79.65 ± 0.23 99.56 ± 0.18 0.44 79.77 ± 0.1 99.71 ± 0.22 0.29 7

160 159.21 ± 0.47 99.5 ± 0.21 0.5 159.54 ± 0.34 99.71 ± 0.16 0.29 7

The data were expressed as means ± SD (n = 7; p < 0.05). AF: aflatoxin; AFM1: aflatoxin M1; AFB1: aflatoxin B1.

It was noticed that the recovery at different concentrations showed acceptable levels,
and few changes were recorded regarding the factor influencing coefficient variation. The
results at this stage provide clarity regarding the aflatoxin evaluation.

3.3. Aflatoxin Determination in Plant Feeds

Feed samples were investigated for sources of risks that may be linked to AFM1 in
camel milk. First, wild plant samples consumed in natural pastoralism contexts were
analyzed, and the results are shown in Table 4. AFB1 was present in collected plant

15



Foods 2023, 12, 1666

material during the investigation; however, AFB1 was present in samples at low levels.
Determination of the changes in AFB1 using the two techniques of ELISA or VICAM
revealed that the presence of AFB1 was limited, showing small values. These results
indicate that natural pastoralism was not the main cause behind AFM1 contamination of
camel milk samples.

Table 4. Determination of Aflatoxin B1 in plant feed materials collected from camel pasture areas of
the Arabian Peninsula and North Africa.

AFB1 Detected via ELISA
(ng/kg)

AFB1 Detected via VICAM
(ng/kg)

Region 1 Region 2 Region 3 Region 1 Region 2 Region 3

Saudi 5.2 + 1.18 a 9.4 + 1.71 b 7.2 + 1.74 a,b 10.2 + 2.49 a 6.4 + 1.95 b 9.6 + 2.36 a

Emirates 12.2 + 3.05 a 5.2 + 2.55 c 7.8 + 1.80 b 13.8 + 2.59 a 6.2 + 6.95 b 5.2 + 1.77 b

Egypt 8.8 + 3.28 a 8.0 + 3.76 a 8.0 + 2.06 a 10.8 + 1.48 a 10.4 + 3.51 a 9.4 + 2.83 a

Libya 5.0 + 3.10 a 4.0 + 2.05 a 6.6 + 2.07 a 7.8 + 0.84 a 6.0 + 1.81 a 8.0 + 2.34 a

The data were expressed as means ± SD (n = 5; p < 0.05). For each technique, the data with the same superscript
letter in the same rows show no significant differences.

3.4. Aflatoxin Determination in Manufactured Feeds

The next step involved the investigation of manufactured dried feed material imported
for use as camel feed. The manufactured dried feed materials consumed as camel feed were
analyzed, and the results are shown in Table 5. AFB1 was present in the investigated sam-
ples; however, AFB1 was present in dry feed samples at high contamination levels. Changes
in AFB1 determination using the two techniques of ELISA or VICAM were recorded as
limited and fluctuated only slightly. These results may reveal that the consumption of
manufactured feed was the source of the AFM1 contamination of camel milk samples.

Table 5. Determination of Aflatoxin B1 in manufactured feed collected from camel pasture areas of
the Arabian Peninsula and North Africa.

AFB1 Detected via ELISA
(ng/kg)

AFB1 Detected via VICAM
(ng/kg)

Region 1 Region 2 Region 3 Region 1 Region 2 Region 3

Saudi 376.6 ± 73.96 a 461.2 ± 75.49 a 377.6 ± 48.86 a 378.2 + 73.19 a 463.0 + 72.42 a 381.0 + 109.08 a

Emirates 732.4 ± 159.51 a 646.2 ± 81.38 a 719.0 ± 165.6 a 731.2 + 157.28 a 645.2 + 81.10 a 719.2 + 161.27 a

Egypt 437.8 ± 49.70 a 360.4 ± 70.44 a 416.2 ± 93.03 a 438.0 + 50.19 a 363.6 + 69.79 a 417.6 + 93.07 a

Libya 365.6 ± 64.22 a 367.6 ± 58.04 a 321.4 ± 68.83 a 365.0 + 67.26 a 368.0 + 59.01 a 321.2 + 69.81 a

The data were expressed as means ± SD (n = 5; p < 0.05). For each technique, the data with the same superscript
letter in the same rows show no significant differences.

3.5. Determination of Antioxidant Activity

The total phenolic content and antioxidant activity of camel milk were part of our
bioactivity investigation of the camel milk. The collected samples of camel milk were inves-
tigated for their antioxidant activity using two assays (DPPH and ABTS+). Furthermore,
the total phenolic content of camel milk samples was determined to reflect their partial
activity as antioxidants. The results (Figure 1) showed that camel milk samples collected
from North Africa were distinct in their total phenols and antioxidant activity content.
Additionally, the samples collected from Libya for contained more antioxidants than those
collected from Egypt.
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The samples collected from the Arabian Peninsula were lower in their levels of an-
tioxidants compared to North Africa. Camel milk samples from the Arabian Peninsula
were collected from the Kingdom of Saudi Arabia and the United Arab Emirates. The low
content of antioxidants in these samples may be due to the consumption of these compo-
nents to maintain the product’s quality and safety against microbial contamination during
production or handling; it is not caused by any inherent lack of essential elements in the
camel milk of these regions. The antioxidant activity of the food product is known to play
a vital function in delaying microbial spoilage. Again, the primary type of feeding, such as
using wild plants, might contribute to these results due to their bioactive components.

Figure 1. Total phenolic content and antioxidant activity for the collected camel milk from the Arabian
Peninsula and North African regions. The columns with the same superscript letters show non-
significant differences (p = 0.05). TPC: total phenolic compound contents determined as microgram
Gallic acid equivalents per milliliter of milk sample. DPPH: DPPH (2, 2-diphenyl-1-picryl-hydrazyl-
hydrate free radical solution), ABTS+: ABTS+ scavenging (2, 2′-Azinobis [3-ethylbenzothiazoline-6-
sulfonic acid]-diammonium salt).

3.6. Antifungal Activity of Applied Probiotic Strains

The antifungal activities of the two applied strains (L. acidophilus NRC06 and L. plan-
tarum NRC21) were evaluated using two assays, and two representative methods expressed
the obtained results. The supernatant collected from the bacterial growth was applied
using a well-diffusion assay. The activity in this method is described as inhibition zone
diameter, which is recorded in Figure 2A. The results show that the strains possessed high
inhibition zone diameters, particularly for Fusarium and Alternaria: two toxigenic fungi
strains under investigation. Other fungi growth was recorded as being inhibited by lower
levels, but they were still significant compared to the control (complete fungal growth).
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Figure 2. Antifungal activity of applied probiotic strains against toxigenic fungal strains. (A) An-
tifungal activity evaluated with bacterial supernatants determined according to zone inhibition
diameter. (B) Antifungal activity of bacterial cells determined according to antagonistic ratio (%). For
each of the (A,B), the columns with different superscript letters show significantly differences. SN1:
supernatant of L. acidophilus NRC06; SN2: supernatant of L. plantarum NRC21; NRC06: bacterial cells
of L. acidophilus NRC06; NRC 21: bacterial cells of L. plantarum NRC21. AF: Aspergillus flavus; AP: A.
parasiticus; A. fum: A. fumigatus; AN: A. niger; P. oxy: Penicillium oxysporium; P. not: P. notatum; F. gra:
Fusarium graminarum; Alt: Alternaria alternata.

Bacterial cells used antagonistically to stop the growth of toxic fungi were successful
according to our results (Figure 2B). For the two strains, the effect of bacterial cells as
inhibitors of Aspergillus and Penicillium fungi ranged from 40 to 50%. This ratio, however,
has been documented to be up to 70% or more for some fungi, such as for the genus
Fusarium. It was noticed that the inhibition influence was efficiently detected by utilizing
two bacterial strains against eight strains of toxigenic fungi.
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3.7. Anti-Aflatoxigenic Effects of Bacterial Strains

The results in Table 6 show the extent to which the strain of fungus (A. parasiticus ITEM
11), which is known to highly produce aflatoxins, was affected by the presence of probiotic
bacteria in the fungal growth media. The effect on the fungus strain, associated with the
presence of bacteria, was shown to exhibit a reduction in fungi mycelial growth and in
aflatoxin secretion levels in the growth media compared to the control growth media.

The data reflected a high ratio of mycelial growth reduction at 41.003% ± 0.013 using
the bacterial strain NRC 06. This inhibition ratio increased to 52.83% ± 0.07 by applying the
NRC 21 bacterial strain. The reduction in aflatoxin concentration in the fungal growth media
ranged between 84.39% ± 2.59 and 90.4% ± 1.32 for the utilization of bacterial treatment.

Table 6. Anti-aflatoxigenic effects of bacterial strains against the fungal growth of A. parasiticus and
toxin production reduction in growth media.

Flasks Containing
NRC 06—Strain

Flasks Containing
NRC 21—Strain

Control
Flasks

Mycelia weight (g) 3.1117 ± 0.144 b 2.4876 ± 0.208 c 5.2741 ± 0.131 a

MIR (%) 41.003 ± 0.013 b 52.83 ± 0.07 a –
AFB1 (ng/mL) 76.11 ± 14.37 b 46.77 ± 9.81 c 487.6 ± 12.48 a

RR—AFB1 (%) 84.39 ± 2.59 b 90.40 ± 1.32 a –
The data were expressed as means ± SD (n = 5; p < 0.05). The data with the same superscript letter in the same
rows show no significant differences. NRC06: bacterial cells of L. acidophilus NRC06; NRC 21: bacterial cells
of L. plantarum NRC21. MIR: mycelial inhibition reduction; RR—AFB1: reduction ratio recorded for aflatoxin
B1 concentration.

3.8. Aflatoxin Reduction in Spiked Camel Milk Inoculated by Bacteria

The camel milk samples collected from Egypt were chosen as median samples for the
present part of the study. The samples utilized for the subsequent steps were collected from
pastoral nomads of the northwestern desert area (Matruh to Siwa).

The previous strains of bacteria, which were recorded to have antifungal and anti-
aflatoxigenic impacts, were tested in spiked samples of camel milk. Table 7 shows the
applied strains’ capability to remove the aflatoxin content from camel milk. Moreover,
the aflatoxin removal results from samples indicated that the approach efficiency is high.
Aflatoxin removal using bacterial strains was recorded for aflatoxin B1 and aflatoxin M1.
The efficiency of the NRC 21 bacterial strain for Aflatoxin removal was 100% as the treated
sample recorded detected no Aflatoxins. The results reveal that there was more bacterial
efficiency in removing toxins from individual spiked samples than in the mixed spiked
samples. However, the gap between removing toxins from individual samples or mixed-
toxin samples was still limited.

Table 7. Aflatoxin reduction using spiked camel milk fermented using bacterial strains of NRC 06
and NRC 21.

AFB1—Spike CM
(ng/mL)

AFM1—Spiked CM
(ng/mL)

CM Containing
AF Mixture

AFB1

(ng/mL)
AFM1

(ng/mL)

Spiked control 482.8 ± 5.24 a 299.2 ± 6.13 a 492.5 ± 3.71 a 316.9 ± 2.14 a

NRC 06 103.61 ± 7.64 b 54.71 ± 6.84 b 91.34 ± 4.55 b 76.18 ± 6.24 b

NRC 21 ND ND 23.66 ± 4.89 c 5.94 ±3.17 c

The data were expressed as means ± SD (n = 5; p < 0.05). The data with the same superscript letter in the same
columns show no significant differences. For each column, the result with different superscript letters were
significantly different.
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4. Discussion

Camel milk is one source of biologically active substances because it may contain
functional proteins and peptides that have activity against several pathogens [22]. Camel
milk and its production areas are often associated with Bedouins and desert regions, as
it is known for its widespread use in those areas [23]. Camel milk peptides are linked to
nutraceutical impacts when consumed [21,24]. Camel milk could be contaminated by food
hazards, like other milk types, and these contaminants may turn it from a source of health
benefits to a source of health issues. Camel milk could be contaminated due to production,
handling, transportation, storage, or marketing conditions. While good hygiene practices
are required for safe production, this may be difficult to apply in some production areas,
which affects the safety of camel milk.

Aflatoxins are a significant hazard, considering their classification as pre-carcinogens [25,26].
These chemical hazards may contaminate camel milk directly (AFM secreted from AFB
biotransformation) or indirectly through cross-contamination with AFB toxins [27]. Col-
lected samples of camel milk were investigated for both contamination types (direct or
indirect), and the results showed evidence of both types (Tables 1 and 2). Two geographical
areas were included in the present study: the Arabian Peninsula and North Africa. Two
countries represented each area for the collected samples along with six regions (three
regions for each country). The results reflected complete contamination of the collected
camel milk samples (with AFB1 and AFM1). The presence of aflatoxins in milk samples in
ascending order according to concentration was as follows: Libya < Egypt < Saudi Arabia <
United Arab Emirates. This result shows that the Arabian Peninsula was a more hazardous
production area compared to North Africa. The aflatoxin concentrations in tested samples
were evaluated using a VICAM fluorometer and ELISA reader. The method validation
of each approach was evaluated to ensure result accuracy (Table 3). Feed materials were
investigated, including wild plant feed and manufactured feed imported from outside
the country.

Aflatoxin contamination in camel milk has been previously tested in camel milk
samples by other researchers [28–30]. Still, these studies are few in number, and none of
them studied the relationship between the contamination of feed in the places of production
and the levels of aflatoxins in the milk produced in the same areas.

The current study evaluated the two types of feed used for camels. The results
indicated high levels of aflatoxin B1 contamination in the manufactured feed abundant
in the Arabian Gulf region. Additionally, manufactured fodder is the alternative source
in case of scarcity of wild plants and during drought periods throughout the year. The
results highlight the high level of AFB1 detected in the manufactured feed type (Table 5).
From these results, it could be concluded that the primary source of hazard for aflatoxin
contamination is manufactured feed. The low level of aflatoxin contamination in wild plant
feed may be linked to their bioactive components. These components play defensive roles
on behalf of the plants and preserve their spoilage.

It is essential to search for a method that aids in removing aflatoxin contamination
from camel milk and maintains its nutrition and health benefits. Several strategies have
been applied to detoxify aflatoxin in dairy products, such as using non-traditional oils [31].
Probiotic strains could play this function and support the milk’s beneficial properties. Two
isolates of local strains, L. acidophilus NRC 06 and L. plantarum NRC 21, were investigated
to evaluate their antifungal activity. The strains showed a high inhibition impact against
eight strains of toxigenic fungi (Figure 2). The application of bacterial supernatant using an
agar-well diffusion assay showed an inhibition zone diameter range between 11–40 mm
(Figure 2A). Using the bacterial cell antagonistic impact, the ratio of inhibition shown
reached up to 70% (Figure 2B).

A bacterial genus of Lactobacilli previously known for presenting probiotic properties
has been known to bind into pathogens and limit their growth [32,33]. Lactobacillus strains
also produce several secondary metabolites, including bacteriocins, active peptides, hydro-
gen peroxide, and organic acids. Bacteriocins of lactobacilli strains, such as L. plantarum,
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have been previously characterized. Pure substances were tested for their antifungal and
anti-aflatoxigenic impacts [34,35]. The bioactivity characteristics of L. plantarum make it a
distinguishable application for food preservation [36]. Incorporating probiotic bacteria as
an antifungal agent in food may minimize the incidence of fungal spoilage and toxicity, and
it may also extend shelf life and reduce mycotoxin concentrations [37]. The presence of pro-
biotics in food might change its physiochemical and organoleptic features. These changes
may be linked to the impacts referred to previously. In contrast, the predominant popula-
tion of fungi infecting a typical meal should be considered when choosing the most effective
probiotics/combinations of probiotic bacteria to prevent fungal development [7,10]. The
reason for this is that antifungal activities of probiotics are fungal-strain-specific, which
means that a probiotic strain may be very active against one fungus strain while having no
impact on the growth of another [32,36].

Previous results have shown that strain differences in AFB1 removal are unequal as
bacterial strains are differentiated in their activity [6]. Contrary to Gram-negative bacteria,
Gram-positive bacteria removed aflatoxin more efficiently [6,38]. It is also worth noting
that a study conducted by Line and Brackett [39] pointed out that the concentration and
the growth stage of the cells applied, besides the incubation time, possessed a function in
the elimination rates of mycotoxins as well as in the efficiency of their removal from the
growth media.

It is clearly shown from this study that both NRC 06 and NRC 21 have significant
effects in inhibiting toxigenic fungal contamination in growth media (Table 6). Additionally,
these strains could reduce aflatoxin levels of AFB1 and AFM1 in liquid media (Table 6)
and in spiked samples of camel milk (Table 7). Both NRC 06 and NRC 21 are classified
as probiotic strains. Although these strains were recorded to detoxify aflatoxins, they can
also remove other mycotoxins. The present bacterial strains are a potential approach for
reducing aflatoxin during the food pathway metabolism in the gastrointestinal tract. The
application of investigated bacteria to remove aflatoxin as in individual or in combination
contexts (AFB1 + AFM1) in spiked samples of camel milk could recommend their utilization
as a fast treatment for camel milk before consumption. This study also recommends the
fermented consumption of camel milk instead of fresh consumption due to the high
contamination recorded in the collected samples.

5. Conclusions

Camel milk is a beneficial dairy product consumed widely for its nutritional and
health benefits. Recently, aflatoxin contamination has been known to threaten several food
products, including dairy food materials. Camel milk samples were collected from the
Arabian Peninsula and North Africa and contaminated. Samples analyses using two vali-
dated techniques (ELISA and Fluorometer) indicated the presence of AFB1 and AFM1. The
AFM1 in camel milk was high in the Arabian Peninsula region. Cross-contamination with
AFB1 was also recorded. However, feed material was recorded as positively contaminated.
Two probiotic strains of NRC 06 and NRC 21 showed distinguished antifungal activity.
These strains were able to inhibit the growth of eight toxigenic fungi strains. They also
removed aflatoxin from the simulated media. Finally, the NRC 06 and NRC 21 bacterial
strains effectively reduced aflatoxin content whether applied individually or in mixtures to
spiked camel milk after incubation treatment. Based on these results, we recommend the
fermentation of camel milk using probiotic strains as an approach to limit aflatoxin contam-
ination in camel milk. Further studies are also recommended to find suitable solutions to
aflatoxin contamination in dairy products.
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[CrossRef]

11. Mogahed Fahim, K.; Noah Badr, A.; Gamal Shehata, M.; Ibrahim Hassanen, E.; Ibrahim Ahmed, L. Innovative application of
postbiotics, parabiotics and encapsulated Lactobacillus plantarum RM1 and Lactobacillus paracasei KC39 for detoxification of
aflatoxin M1 in milk powder. J. Dairy Res. 2021, 88, 429–435. [CrossRef] [PubMed]

12. Hafez, E.; Abd El-Aziz, N.M.; Darwish, A.M.G.; Shehata, M.G.; Ibrahim, A.A.; Elframawy, A.M.; Badr, A.N. Validation of New
ELISA Technique for Detection of Aflatoxin B1 Contamination in Food Products versus HPLC and VICAM. Toxins 2021, 13, 747.
[CrossRef] [PubMed]

13. Shori, A.B.; Baba, A.S. Antioxidant activity and inhibition of key enzymes linked to type-2 diabetes and hypertension by
Azadirachta indica-yogurt. J. Saudi Chem. Soc. 2013, 17, 295–301. [CrossRef]

14. Abu-Sree, Y.H.; Abdel-Fattah, S.M.; Abdel-Razek, A.G.; Badr, A.N. Neoteric approach for peanuts biofilm using the merits of
Moringa extracts to control aflatoxin contamination. Toxicol. Rep. 2021, 8, 1685–1692. [CrossRef] [PubMed]

15. Soleymanzadeh, N.; Mirdamadi, S.; Kianirad, M. Antioxidant activity of camel and bovine milk fermented by lactic acid bacteria
isolated from traditional fermented camel milk (Chal). Dairy Sci. Technol. 2016, 96, 443–457. [CrossRef]

16. Abdel-Nasser, A.; Fathy, H.M.; Badr, A.; Hathout, A.; Barakat, O.S. Prevalence of Aflatoxigenic Fungi in Cereal Grains And Their
Related Chemical Metabolites. Egypt. J. Chem. 2022, 65, 455–470. [CrossRef]

17. Abu-Seif, F.A.; Badr, A.N. Anti-aflatoxigenic of Agave Extracts to Increase Their Food Safety Applications. Egypt. J. Chem. 2022,
65, 407–418. [CrossRef]

18. Slama, H.B.; Cherif-Silini, H.; Chenari Bouket, A.; Qader, M.; Silini, A.; Yahiaoui, B.; Alenezi, F.N.; Luptakova, L.; Triki, M.A.;
Vallat, A.; et al. Screening for Fusarium Antagonistic Bacteria From Contrasting Niches Designated the Endophyte Bacillus
halotolerans as Plant Warden Against Fusarium. Front. Microbiol. 2019, 9, 3236. [CrossRef]

19. Abdel-Razek, A.G.; Badr, A.N.; Alharthi, S.S.; Selim, K.A. Efficacy of Bottle Gourd Seeds’ Extracts in Chemical Hazard Reduction
Secreted as Toxigenic Fungi Metabolites. Toxins 2021, 13, 789. [CrossRef]

20. Badr, A.N.; Ali, H.S.; Abdel-Razek, A.G.; Shehata, M.G.; Albaridi, N.A. Bioactive Components of Pomegranate Oil and Their
Influence on Mycotoxin Secretion. Toxins 2020, 12, 748. [CrossRef]

21. Alavi, F.; Salami, M.; Emam-Djomeh, Z.; Mohammadian, M. Chapter 36—Nutraceutical Properties of Camel Milk. In Nutrients in
Dairy and Their Implications on Health and Disease; Watson, R.R., Collier, R.J., Preedy, V.R., Eds.; Academic Press: Cambridge, MA,
USA, 2017; pp. 451–468. [CrossRef]

22



Foods 2023, 12, 1666

22. Swelum, A.A.; El-Saadony, M.T.; Abdo, M.; Ombarak, R.A.; Hussein, E.O.S.; Suliman, G.; Alhimaidi, A.R.; Ammari, A.A.;
Ba-Awadh, H.; Taha, A.E.; et al. Nutritional, antimicrobial and medicinal properties of Camel’s milk: A review. Saudi J. Biol. Sci.
2021, 28, 3126–3136. [CrossRef] [PubMed]

23. Degen, A.A.; El-Meccawi, S.; Kam, M. The Changing Role of Camels among the Bedouin of the Negev. Hum. Ecol. 2019, 47,
193–204. [CrossRef]

24. Ali Redha, A.; Valizadenia, H.; Siddiqui, S.A.; Maqsood, S. A state-of-art review on camel milk proteins as an emerging source of
bioactive peptides with diverse nutraceutical properties. Food Chem. 2022, 373, 131444. [CrossRef] [PubMed]

25. Badr, A.N.; Naeem, M.A. Protective efficacy using Cape-golden berry against pre-carcinogenic aflatoxins induced in rats. Toxicol.
Rep. 2019, 6, 607–615. [CrossRef] [PubMed]

26. Mukhtar, F. Implication of aflatoxins as potent carcinogens. Bayero J. Pure Appl. Sci. 2019, 12, 39–45. [CrossRef]
27. Nazhand, A.; Durazzo, A.; Lucarini, M.; Souto, E.B.; Santini, A. Characteristics, Occurrence, Detection and Detoxification of

Aflatoxins in Foods and Feeds. Foods 2020, 9, 644. [CrossRef]
28. Yousof, S.S.M.; El Zubeir, I.E.M. Chemical composition and detection of Aflatoxin M1 in camels and cows milk in Sudan. Food

Addit. Contam. Part B 2020, 13, 298–304. [CrossRef]
29. Shokri, H.; Torabi, S. The effect of milk composition, yeast-mould numbers and seasons on aflatoxin M1 amounts in camel milk.

J. Food Saf. 2017, 37, e12300. [CrossRef]
30. Fallah, A.A.; Fazlollahi, R.; Emami, A. Seasonal study of aflatoxin M1 contamination in milk of four dairy species in Yazd, Iran.

Food Control 2016, 68, 77–82. [CrossRef]
31. Badr, A.N.; El-Said, M.M.; El-Messery, T.M.; Abdel-Razek, A.G. Non-traditional oils encapsulation as novel food additive

enhanced yogurt safety against aflatoxins. Pak. J. Biol. Sci. 2019, 22, 51–58. [CrossRef]
32. Gerbaldo, G.A.; Barberis, C.; Pascual, L.; Dalcero, A.; Barberis, L. Antifungal activity of two Lactobacillus strains with potential

probiotic properties. FEMS Microbiol. Lett. 2012, 332, 27–33. [CrossRef] [PubMed]
33. Ruiz, F.O.; Gerbaldo, G.; Asurmendi, P.; Pascual, L.M.; Giordano, W.; Barberis, I.L. Antimicrobial Activity, Inhibition of Urogenital

Pathogens, and Synergistic Interactions Between Lactobacillus Strains. Curr. Microbiol. 2009, 59, 497–501. [CrossRef]
34. Shehata, M.G.; Badr, A.N.; El Sohaimy, S.A. Novel antifungal bacteriocin from lactobacillus paracasei KC39 with anti-mycotoxigenic

properties. Biosci. Res. 2018, 15, 4171–4183.
35. Shehata, M.G.; Badr, A.N.; El Sohaimy, S.A.; Asker, D.; Awad, T.S. Characterization of antifungal metabolites produced by novel

lactic acid bacterium and their potential application as food biopreservatives. Ann. Agric. Sci. 2019, 64, 71–78. [CrossRef]
36. Nasrollahzadeh, A.; Mokhtari, S.; Khomeiri, M.; Saris, P.E.J. Antifungal Preservation of Food by Lactic Acid Bacteria. Foods 2022,

11, 395. [CrossRef]
37. Afshar, P.; Shokrzadeh, M.; Raeisi, S.N.; Ghorbani-HasanSaraei, A.; Nasiraii, L.R. Aflatoxins biodetoxification strategies based on

probiotic bacteria. Toxicon 2020, 178, 50–58. [CrossRef] [PubMed]
38. Peltonen, K.D.; El-Nezami, H.S.; Salminen, S.J.; Ahokas, J.T. Binding of aflatoxin B1 by probiotic bacteria. J. Sci. Food Agric. 2000,

80, 1942–1945. [CrossRef]
39. Line, J.E.; Brackett, R.E. Factors Affecting Aflatoxin B1 Removal by Flavobacterium aurantiacum. J. Food Prot. 1995, 58, 91–94.

[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

23



Citation: Idland, L.; Bø-Granquist,

E.G.; Aspholm, M.; Lindbäck, T. The

Ability of Shiga Toxin-Producing

Escherichia coli to Grow in Raw Cow’s

Milk Stored at Low Temperatures.

Foods 2022, 11, 3411. https://

doi.org/10.3390/foods11213411

Academic Editors: Piero Franceschi

and Paolo Formaggioni

Received: 5 October 2022

Accepted: 22 October 2022

Published: 28 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

foods

Article

The Ability of Shiga Toxin-Producing Escherichia coli to Grow
in Raw Cow’s Milk Stored at Low Temperatures

Lene Idland 1, Erik G. Bø-Granquist 2, Marina Aspholm 1 and Toril Lindbäck 1,*

1 Department of Paraclinical Sciences, Faculty of Veterinary Medicine, Norwegian University of Life Sciences,
1432 Ås, Norway

2 Department of Production Animal Clinical Sciences, Faculty of Veterinary Medicine, Norwegian University of
Life Sciences, 1432 Ås, Norway

* Correspondence: toril.lindback@nmbu.no; Tel.: +47-97982726

Abstract: Despite the lack of scientific evidence, some consumers assert that raw milk is a natural
food with nutritional and immunological properties superior to pasteurized milk. This has led to the
increased popularity of unpasteurized cow milk (UPM) and disregard for the risks of being exposed
to zoonotic infections. Dairy cattle are healthy carriers of Shiga toxin (Stx)-producing E. coli (STEC),
and contaminated UPM has caused STEC outbreaks worldwide. The association between STEC,
carrying the eae (E. coli attachment effacement) gene, and severe diseases is well-established. We have
previously isolated four eae positive STEC isolates from two neighboring dairy farms in the Southeast
of Norway. A whole genome analysis revealed that isolates from different farms exhibited nearly
identical genetic profiles. To explore the risks associated with drinking UPM, we examined the ability
of the isolates to produce Stx and their growth in UPM at different temperatures. All the isolates
produced Stx and one of the isolates was able to propagate in UPM at 8 ◦C (p < 0.02). Altogether,
these results highlight the risk for STEC infections associated with the consumption of UPM.

Keywords: Shiga toxin-producing Escherichia coli; raw cow’s milk; unpasteurized; storage; tempera-
ture; food safety; Shiga-toxin; bacteriophage

1. Introduction

Enterohemorrhagic Escherichia coli (EHEC) is a globally distributed intestinal pathogen
associated with human diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome
(HUS) [1]. The term “EHEC” is restricted to Shiga toxin-producing E. coli (STEC) asso-
ciated with human disease. The main reservoir of STEC is the ruminant digestive tract
and undercooked beef and unpasteurized milk are considered high-risk foods for STEC
infections [1,2]. In 2020, 4446 cases of EHEC disease and 13 deaths were reported in the
EU [3]. The first large outbreak of EHEC occurred in the USA in 1982 and was caused by a
strain of serotype O157:H7 [4]. Since then, other serotypes have also been associated with
outbreaks of EHEC disease [5–7]. The most known non-O157:H7 strain is O104:H4, which
caused 855 cases of HUS and 50 fatalities during a large European outbreak in 2011 [2].
EHEC has a low infectious dose of 10–100 colony-forming units [8,9], and insufficient food
decontamination practices increases the risk for EHEC infections.

STEC can produce two different types of Shiga toxin, Stx1 and Stx2, both comprising
several subtypes. Stx2 is more often associated with HUS than Stx1, and Stx2a is considered
as the most potent subtype of the toxin [2]. The Stx-encoding genes are carried by temperate
bacteriophages [2], and the pathogenic potential of STEC has been suggested to be influ-
enced by the “EHEC phage replication unit” (Eru) located in the phage genome [10,11]. The
life cycle of temperate phages is regulated by the CI repressor protein, which represses the
transcription of the replication proteins during the lysogenic state of the phage [12,13]. The
de-repression of CI results in the production of Stx and new phage particles [14]. Based on
similarities in its amino acid sequence, the CI protein of Stx phages has been grouped into
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eight major clades (I–VIII) [11]. Exactly how the variability in the CI sequence influences
its regulatory properties and potentially the virulence properties of its host STEC strain
have not been explored so far.

Stx production combined with the ability to adhere to the intestinal epithelium via the
adhesion protein intimin are believed to be necessary for STEC to cause severe disease. The
intimin-encoding gene (eae) is part of the locus of the enterocyte effacement pathogenicity
island (LEE-PAI), which encodes proteins responsible for introducing attaching and effacing
(A/E) lesions to the epithelial cells [15]. Similar to CI, intimins display a structural diversity
that potentially reflects differences in host cell tropism. The most common types of intimin
are α, β, γ, ε, ζ, and η [15]. The β-type has been shown to predominate in non-O157 STEC
strains from diarrheal patients, while cattle isolates more often carry the ζ-type [16]. The
presence of eae is associated with a higher risk of developing HUS [17].

EHEC is regarded as an emerging public health challenge as new pathotypes and
serotypes constantly appear [18–20]. Milk contaminated with pathogens causes foodborne
disease worldwide, and 33% of all reported milk-borne disease outbreaks in England and
Wales between 1992–2000 were caused by EHEC [21]. Previous studies have shown that 27,
13, and 5% of cattle from Portugal [22], US [23], and the EU [3] carry STEC, respectively.
A study from Finland showed that 2% of on-farm, in-line milk filters were positive for
STEC of the serotype O157:H7 [24], while in Norway, STEC has been detected in 7% of
milk filters [25]. As STECs are carried by asymptomatic cows and frequently occur in dairy
farm environments [26], the milk from these sources can easily be contaminated during the
milking process. The lack of effective preventive measures in the primary production of
milk makes pasteurization necessary to ensure food safety. Pasteurization at 72 ◦C for 15 s
has shown to be very effective for the inactivation of STEC [27].

Low-temperature storage is important for preventing microbial growth in milk [28].
Previous studies have shown that STEC is not able to grow at 4 ◦C, but proliferation has
been observed at inadequate refrigeration temperatures [29,30]. It has been shown that
E. coli of the serotype O157:H7 grows in unpasteurized and pasteurized milk with a 2- to
3-log CFU/mL increase at 8 ◦C within a time period of seven days [31]. The European
Food Safety Authority (EFSA) recommend that certain unpasteurized and low-pasteurized
dairy products should be stored below 5 ◦C to minimize microbial growth [32]. However,
the temperature in domestic refrigerators has been shown to vary between 7.0 ± 2.7 ◦C and
6.1 ± 2.8 ◦C for southern and northern European countries, respectively [33]. In addition,
short breaks in the cold chain, for example, during meals, represent an additional but
unexplored factor that may add to the risk of consuming UPM.

To further assess the food safety risk associated with the consumption of UPM, we
need to gain more knowledge on the genetic- and growth characteristics of the STECs
isolated from raw cows’ milk. In the present study, we have compared the genome of
four STECs isolated from milk [25] with a focus on their content of virulence-associated
genes and Stx phages. The isolates were tested for their survival and growth in UPM milk,
incubated at recommended and abused storage temperatures, and for the production of
Stx at the body temperature of a human host. Altogether, the results highlight the risk for
EHEC infections associated with the consumption of UPM, particularly if the milk has been
stored at an abused temperature.

2. Materials and Methods

2.1. Culturing Conditions

This study comprises four stx- and eae-positive E. coli isolates from Norwegian dairy
farms [25]. Three of the isolates were from the same farm, two from fecal samples (S2 and
S4) and one from an in-line milk filter sample (S3), while the fourth isolate was isolated from
a fecal sample (S1) at a nearby farm. The isolates were collected at two different sampling
occasions separated by five months (Table 1). Raw milk, from the dairy cattle breed
Norwegian Red, was collected from a bulk tank at the Center for Livestock Experiments at
the Norwegian University of Life Sciences and used as cultivation medium in the growth
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experiments. The milk was collected in batches of approximately 2 L at two different
occasions (September 2021 and April 2022) and aliquoted in 40 mL batches in Falcon tubes
and frozen at −20 ◦C until use.

Table 1. Characteristics of the Shiga toxin-producing E. coli isolated from dairy farms located in the
southeast of Norway [25].

S1 S2 S3 S4

Source Cattle feces
(Farm B)

Cattle feces
(Farm A)

Milk filter
(Farm A)

Cattle feces
(Farm A)

Year of isolation 2019 (November) 2020 (January) 2020 (June) 2020 (June)
Country Norway Norway Norway Norway

Pathotype STEC STEC STEC STEC
Serotype ONT:H28 O108:H25 ONT:H28 ONT:H28

NCBI
accession no JANWGF000000000 JANWGE000000000 JANWGD000000000 JANWGC000000000

LEE operons five five five five
Intimin type gamma alpha gamma gamma

ehxA yes yes yes yes
astA ST toxin yes yes (2) yes yes

Stx type Stx1a Stx2a Stx1a Stx1a
Eru type lambdoid Eru1 lambdoid lambdoid

Stx phage
CI clade V II V V

To explore the ability of the STEC isolates to grow at different temperatures, over-night
cultures of the respective isolates grown in Lysogeny broth (LB) were diluted to OD600 = 0.3,
whereof 0.5 μL were transferred to 40 mL of thawed raw milk. Immediately after inocu-
lation, 10 μL of the milk samples was plated on CHROMagarTM STEC (Kanto Chemical
Co., Tokyo, Japan) and incubated at 37 ◦C for 24 h to enumerate the start concentration of
STEC. The inoculated raw milk samples were then incubated at five different temperature
settings: optimal refrigerator temperature (4 ◦C), abused refrigerator temperatures (6 ◦C
and 8 ◦C), room temperature (20 ◦C), and a temperature setting mimicking the situation
when milk is kept at room temperature during meals (4 ◦C except for 1.5 h daily at 20 ◦C). To
determine the temperature fluctuation of the samples incubated this way, the temperature
was recorded in an uninoculated 40 mL raw milk sample every 15 min during the 20 ◦C
incubation and until the milk temperature had returned to 4 ◦C, which encompassed a
total time of 4.5 h. For enumeration of STEC in the raw milk samples incubated at different
temperatures, dilutions of the samples were plated on CHROMagarTM STEC agar after 24,
48, and 72 h of incubation. The growth ratio, used as indicator of growth, was calculated
by dividing the number of STEC colonies appearing on the plates after 24, 48, and 72 h by
the number of the STEC colonies present in the cultures at time zero.

To determine growth of the STEC isolates in laboratory media without the impact
of competing bacteria, each isolate was inoculated into 40 mL LB and incubated at 20 ◦C.
For enumeration, appropriate dilutions of the cultures were plated on LB agar after 0
and 24 h. All experiments were performed in three biological replicates, except for STEC
incubated in raw milk at 20 ◦C, which was only performed with two replicates. To exclude
the presence of STEC in the two raw milk batches used, 6 × 100 μL raw milk samples
from each batch were plated on CHROMagarTM STEC agar and incubated according to
manufacturer’s instructions.

2.2. Stx Production

A volume of 100 μL overnight LB-cultures was transferred to 5 mL fresh LB and
incubated at 37 ◦C with agitation at 250 rpm until the optical density reached 0.5 at 600 nm
(OD600). Half of these cultures were induced by addition of 0.5 μg/mL of Mitomycin C
(MMC). Both induced and uninduced cultures were incubated further for 3 h. Six samples,
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three induced and thee uninduced, were processed and analyzed with respect to Stx content
for each STEC isolate. The Stx content was measured in 1:20 dilutions of the cultures using
the semi-quantitative enzyme immunoassay RIDASCREEN® Verotoxin kit (R-biopharm,
Darmstadt, Germany) according to the manufacturer.

2.3. Genome Sequence Analyses

DNA for long-read sequencing was extracted using Nanobind CBB Big DNA Kit
(NB-900-001-01, Circulomics, Baltimore, MD, USA), according to the manufacturer’s in-
structions (Nanobind HMW DNA Extraction protocol for Gram-Negative Bacteria, 2021).
Oxford Nanopore Technologies’ “Ligation Sequencing kit” (SQK-LSK109, Oxford Nanopore
Technologies Plc., Oxford, UK) was used for library preparation and “Native Barcoad-
ing Expansions” 1–12 (EXP-NBD104, Oxford Nanopore Technologies Plc., Oxford, UK)
for barcoding the libraries. Nanopore sequencing was performed on a FLO-Min106
(R9.4.1, Oxford Nanopore Technologies Plc., Oxford, UK) flow cell. Recovered reads
were assembled using the Flye assembler implemented in the “Dragonflye”-pipeline
(https://github.com/rpetit3/dragonflye, v.1.0.12 (accessed on 25 March 2022)), which
also performs adapter removal and assembly polishing. Virulence and antimicrobial resis-
tance genes, core genome MLST type, and serotype were identified using the following
tools on the CGE website: VirulenceFinder 2.0 [34,35], ResFinder 4.1 [36–38], cgMLSTFinder
1.1 [39,40], and SerotypeFinder 2.0 [41]. Prophage sequences were identified and annotated
using the Phaster web software [42]. Isolate diversities were examined by SNP using
Snippy v. 4.6.01 (https://github.com/tseemann/snippy (accessed on 20 May 2022)) and
Mauve v2.4.0 (https://darlinglab.org/mauve/mauve.html (accessed on 5 May 2022)) were
used to align the genomes (default parameters). This Whole Genome Shotgun project
has been deposited at DDBJ/ENA/GenBank under the accession JANWGC000000000 to
JANWGF000000000 (Table 1).

2.4. Statistics

For all growth experiments, a two-tailed paired Student’s t-test, performed via Mi-
crosoft Office Excel, was used to test for statistically significant differences between average
CFU determined at two different time points. p-values equal to or below 0.05 were consid-
ered significant. Standard deviation was calculated using Excel.

3. Results

3.1. Genetic Characterization of STEC Isolates from Raw Milk

Three of the four STEC isolates included in this study originated from the same farm
(S2, S3, and S4); two were collected from fecal samples (S2 and S4) and one from an in-line
milk filter sample (S3). Isolate S2 was collected five months prior to S3 and S4. The fourth
isolate (S1) originates from a fecal sample from a second farm located within 10 km from
farm one. The characteristics of the four STECs are listed in Table 1.

A genome sequence analysis revealed that isolates S1, S3, and S4 are highly similar
and differ by only 19–23 SNPs, suggesting that these isolates are clonal (Figure 1).

S1, S3, and S4 exhibit 5.2 Mb chromosomes and the sequence analysis shows that they
are of the serotype ONT:H28 and that they belong to the core genome multi-locus sequence
type (cgMLST) 7679. Their genomes harbor the LEE-PAI-encoding intimin gamma (eae)
and the gene encoding the translocated intimin receptor (Tir). The LEE-PAI is 99% identical
over 33.3 kbp to the E. coli O157:H7 strain EDL933 (NCBI accession number NZ_CP008957)
from the US outbreak in 1982 [4]. The lambdoid Stx1 phage of isolates S1, S3, and S4 is
99% identical over 22.8 kbp to Phage BP-4795 (E. coli, strain 4795/97, serotype O84:H4
human, Germany 1997) [15,43]. The CI repressor of this phage belongs to Clade V [11].
All three isolates carry a circular plasmid of 55 kbp encoding a heat-stable toxin (astA)
and enterohaemolysin (ehxA) [44,45]. The heat-stable toxin is known to cause sporadic
diarrhea in humans and animals [46], while enterohaemolysin is associated with bloody
diarrhea and HUS [47]. Furthermore, in the genome of each isolate, a total of 18 prophages
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of varying completeness were identified by Phaster [42,48]. The Stx phage harbored by
these stains is of the lambdoid type and encodes Stx1a [4,49].

 

Figure 1. Multiple genome alignment was performed using the Mauve software. Each sequence
is represented by a horizontal panel of blocks. The colored blocks indicate homologous sequence
regions between the genomes. Blocks below the center line in each genome are inverted sequences
with respect to the other genomes.

The genome of isolate S2 is highly different from those of S1, S3, and S4 (Figure 1).
It comprises two circular contigs including a chromosome of 5.4 Mbp and a plasmid of
80 kbp. A DNA-typing analysis revealed that the isolate belongs to serotypes O108:H25
and cgMLST 141324. S2 carries a bacteriophage of Eru type 1 and a CI repressor belonging
to Clade II [10,11]. The phage encodes the Stx2a type of Stx [50] and shares 99% identity
over 22.2 kbp covering the replication region of the Stx2 phage TL-2011c (NCBI accession
number NC_019442), which was carried by a highly virulent EHEC strain that caused an
outbreak in Norway in 2006 [51].

Similar to the other three isolates, S2 harbors LEE-PAI including both eae and tir. The
DNA sequence of the five LEE operons shows 87% identity over 30 kbp to the corresponding
sequence of E. coli O157:H7 strain EDL933 (NCBI accession number NZ_CP008957). The
80 kbp plasmid of isolate S2 contains both astA and ehxA. Phaster identified 30 prophage
regions on the chromosome and one prophage on the plasmid in isolate S2. ResFinder 4.1
did not detect antimicrobial resistance genes in any of the four isolates.

3.2. Stx Production

To explore the virulence potential of the STEC isolates, the Stx production was exam-
ined during growth in LB at 37 ◦C, with and without induction by MMC. All four isolates
produced Stx and the levels were higher three hours post-induction with MMC compared
to the uninduced samples (Figure 2).

3.3. Growth Characteristics of STEC Isolates in Raw Milk at Different Storage Temperatures

To examine the ability of the four STEC isolates to survive and grow in UPM, 40 mL
raw milk samples were inoculated with approximately 3000–5000 CFU/mL of STEC culture.
The samples were then incubated at 4 ◦C, 6 ◦C, 8 ◦C, and 20 ◦C for 72 h. After 0, 24, and
72 h, the samples were plated on ChromagarTM STEC for enumeration. The growth ratios
were calculated by dividing the number of STEC at 24 and 72 h by the number of bacteria
inoculated into the milk.
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Figure 2. Semi-quantitative determination of Stx production of STEC isolates S1, S2, S3, and S4 after
three hours induction with Mitomycin C (0.5 μg/mL). Error bars represent standard deviation.

At 4 ◦C, an average reduction in CFU (growth ratio below 1) was observed for all four
isolates after storage for 24 h. The reduction was, however, not significant for any of the
four isolates (Figure 3a). For isolates S1, S2, and S3, the number of CFU was further reduced
over the next 48 h, while the level of isolate S4 remained unchanged (Figure 3a). The
reduction in bacterial levels seen after 72 h, compared to the levels at the start of cultivation,
was only significant for isolate S3 (p < 0.01). At 6 ◦C, a decrease in CFU/mL was observed
during the first 24 h (p ≤ 0.05 for isolate S1 and S4) but the cell death stopped after 24 h
(Figure 3b). At 8 ◦C, S1, S3, and S4 multiplied over the first 24 h of storage (growth ratio
above 1), and all strains showed increased CFU counts after 72 h (Figure 3c). The increase
in CFU/mL after 72 h of storage, compared to the CFU at the start of cultivation, was
significant only for isolate S1 (p < 0.02). There was a large difference in growth between
isolate S2 and the three other isolates at 20 ◦C (Figure 3d).

Figure 3. Chart showing the minimum, maximum, and average of growth ratios for STEC isolates S1,
S2, S3, and S4 in unpasteurized milk at 4 ◦C (a), 6 ◦C (b), 8 ◦C (c), and 20 ◦C (d). Growth ratios below
1 indicate cell death while a growth ratio above 1 indicates growth. Asterisks represent statistical
differences from pairwise comparisons between inoculation point and 24 or 72 h using two-tailed
paired Student’s t tests (* p ≤ 0.05).
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Under abused conditions, wherein the inoculated milk samples were kept at 4 ◦C but
exposed to 20 ◦C for 90 min every 24 h, a trend of positive growth ratios was observed after
72 h of storage. However, only the increase in CFU/mL between 24 h and 48 h (p < 0.01)
and between 24 h and 72 h (p < 0.05) for isolate S2 were significant (Figure 4a). The average
growth ratios were lower than those observed at 8 ◦C (Figure 3c). The growth ratios of the
four isolates inoculated into LB and incubated for 24 h indicate that the ability to grow in
LB at 20 ◦C is similar for the four isolates (Figure 4b), and that they multiply faster in LB
compared to unpasteurized milk at 20 ◦C.

Figure 4. Chart showing the minimum, maximum, and average of growth ratios for STEC isolates S1,
S2, S3, and S4 in unpasteurized milk at 4 ◦C under a temperature abuse scheme of 90 min at 20 ◦C
every 24 h (a) and at 20 ◦C in LB-broth (b). Asterisks represent statistical differences from pairwise
comparisons determined using two-tailed paired Student’s t tests (* p < 0.01; ** p < 0.05).

Recordings of the temperature fluctuation in the 40 mL raw milk showed that after
reaching 20 ◦C, it took >3 h for the milk to reach below 5 ◦C (Figure 5).

Figure 5. Temperature fluctuation in 40 mL UPM incubated at 4 ◦C, interrupted with incubation at
20 ◦C for 90 min. Error bars represent standard deviation.

4. Discussion

Cattle represent a reservoir of STEC, and the consumption of unpasteurized milk
is, therefore, considered an important risk factor for contracting milk-borne STEC infec-
tions [1,2]. Herein, we explore the pathogenic potential of four eae-positive STECs (S1–S4)
isolated from Norwegian dairy herds and their ability to grow in UPM stored under optimal
and abused temperature conditions.

The genome analysis showed that isolates S1, S3, and S4 are clonal even though they
were isolated from two different farms and S1 was isolated seven months prior to S3 and
S4. This indicates that STEC has been transmitted between the two farms and persisted
in the farm environment over time. Previous studies have shown that E. coli O157:H7 can
survive for 99 days in soil [52] and 13 weeks in lake water at 15 ◦C [53]. The clonal isolates
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S4 from feces and S3 from a milk filter were isolated the same day from the same farm,
which strongly suggests that STEC can be transmitted from feces to the raw milk.

To explore the potential of the four isolates to cause disease, the genomes of the
isolates were examined with respect to known virulence-associated genes. Isolates S1,
S3, and S4 carry genes encoding Stx1a, while isolate S2 carries genes encoding Stx2a.
Stx2a is considered the most potent Stx subtype and is associated with high virulence and
HUS [50,54,55]. As isolate S2 has the potential to produce the more potent Stx2a form of Stx,
it is likely to be more virulent than the other three isolates described in this study. All four
isolates produced Stx, and the production was increased in the presence of MMC. In a study
by Muniesa et al. (2004), 18% of 168 stx2-carrying STEC strains, isolated from cattle, were
MMC-inducible [56]. Our results indicate a higher production of Stx1 by isolates S1, S2, and
S4 compared to the degree of Stx2 production by isolate S2. The kit used for the detection
of Stx, the enzyme immunoassay RIDASCREEN® Verotoxin kit (R-biopharm, Darmstadt,
Germany), detects all known Stx-types [57]; however, a direct comparison between the
amount of Stx1 and Stx2 produced is not applicable as the RIDASCREEN® Verotoxin kit
has a lower detection limit for Stx1 (12.5 pg/mL) than for Stx2 (25 pg/mL). The degree of
Stx production was examined at 37 ◦C, as this is the temperature in the human gut where
the toxin’s production occurs.

Stx-encoding prophages are very diverse and recent studies have suggested that
their pathogenic potential is determined by the phage replication region, encoding the
phage repressor protein CI and the phage replication proteins [10,11]. The EHEC phage
replication unit Eru1, which is carried by the highly pathogenic EHEC strains that caused
the Norwegian O103:H25 outbreak in 2006 and the large O104:H4 outbreak in Europe in
2011, is also carried by the S2 isolate described in this study [10]. Eru1 is often carried
together with a Clade II CI repressor, as is the case for the S2 isolate, and may also indicate
a high pathogenic potential [11]. It has previously been suggested that phage production
is not induced by MMC in the Eru1 type of Stx-phages [10]. Contrary to this suggestion,
we show herein that Stx production is induced by MMC in isolate S2, which suggests that
Stx production and the production of new phage particles are regulated differently even in
phages belonging to the same Eru type.

All four STEC isolates characterized in this study carry the gene encoding intimin,
which has been associated with an increased ability to cause severe disease [55]. They
also carry the large O157 plasmid harboring the virulence gene ehxA, encoding entero-
haemolysin, which is present in most isolates from clinical STEC-infections [55]. The
gene astA, encoding the heat-stable EAST1 toxin, which is present in several human di-
arrheagenic E. coli pathotypes was also found in in the genomes of the four isolates [46].
An EAST1-positive E. coli strain has been suggested to be the culprit of a large diarrhea
outbreak in Japan that affected 2697 children [58]. The astA gene is, however, also com-
monly found among E. coli isolates collected from the environment [59]. The presence
of genes encoding Stx, intimin, and enterohaemolysin as well as the EAST1 toxin in E.
coli isolates from Norwegian dairy farms strongly indicate that Norwegian raw milk may
contain highly pathogenic E. coli.

As raw milk may contain highly pathogenic bacteria such as STEC, Listeria monocyto-
genes, Campylobacter, and Salmonella, the temperature used for its storage is critical. In this
study, we observed that at 4 ◦C the STEC levels slightly decreased over 72 h; however, only
the reduction of S3 was significant (p < 0.01). At 6 ◦C, there was a trend towards decreased
STEC levels over the first 24 h of storage, whereafter the levels were constant over the
next 48 h. At 8 ◦C, there was an increasing trend in the STEC levels. Due to the large
variation between the three biological replicates in the growth experiments, the results are
not conclusive. However, at each temperature, at least one isolate showed a clear increase or
decrease in CFU (p ≤ 0.05), indicating that temperatures between 6 and 8 ◦C for more than
24 h may allow STEC to multiply in raw milk. These results are comparable to previous
studies that have shown that E. coli O157:H7 is capable of growing in raw milk at 7 and
15 ◦C [60], but not at 5 ◦C [31]. Another study showed that E. coli O157:H7 did not decrease
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during storage at 4 ◦C for five days. However, the study used streptomycin-resistant strains
and raw milk supplemented with streptomycin, which may have influenced the natural
microbiota of the raw milk [28]. The large growth variations between replicates of the same
isolate in our study indicate that even though the growth is not statistically significant,
sudden multiplications of STEC can occur in individual milk samples. The experimental
conditions in the present study are not directly comparable to natural conditions since the
raw milk was inoculated with 3000–5000 CFU/mL and such a high number of STEC is not
likely to be present in fresh bulk tank milk. The transition from LB media at 37 ◦C—used
for pre-culturing the isolates—to raw milk at low temperatures may also have influenced
the survival of the isolates.

To mimic a real-life scenario of temperature abuse during meals, the milk was stored
at 4 ◦C interrupted by exposure to room temperature (20 ◦C) for 1.5 h per day. Under
these conditions, a general increase in CFU/mL milk was observed after 72 h; however, the
increase was only significant for isolate S2 (p < 0.05). The recordings of the temperature
in 40 mL of raw milk moved from 4 ◦C to 20 ◦C showed that the sample reached room
temperature after 1.5 h. In a real-life situation, we assume that the volumes of raw milk
stored for consumption are larger than 40 mL and the temperature fluctuation in the stored
milk will be less pronounced.

Isolate S2 showed rapid growth during the storage of UPM at 20 ◦C, while the growth
rates of the clonal isolates S1, S3, and S4 were slower. However, in LB media, all isolates
showed similar growth rates and reached higher concentrations than they did in UPM,
stored for the same time. The growth inhibition of the three clonal isolates may be due to
the presence of milk-borne antimicrobial components such as lactoperoxidase, lysozyme,
xanthine, oxidase, lactoferrin, immunoglobulins, and bacteriocins, or by competing mi-
croorganisms [61]. Previous studies have shown a better survival of E. coli inoculated in
pasteurized milk compared to E. coli inoculated in UPM [31]. This is not surprising, since
UPM contains an indigenous microbiota that can influence the growth of STEC. Notably,
E. coli O157:H7 has been shown to be unresponsive to the antimicrobial activity of the
lactoperoxidase–thiocyanate–hydrogen peroxide system (LPS) in milk, and this may also
be the case for isolate S2 [60].

The survival and growth levels were only examined over a period of 72 h post-
inoculation, as raw milk is not recommended to be stored for a very long time before
consumption [62]. However, temperature abuse in consumers’ handling practices is com-
mon both during transport and storage. Most consumers are unaware of their refrigerator’s
temperature [63], and studies show that household refrigerators often hold higher tempera-
tures than recommended. Furthermore, milk is often kept at locations in the refrigerator
where the temperature varies, for example, in refrigerator door racks [63–66]. This is
particularly important to consider regarding the risk of disease from low-dose pathogens
such as EHEC [67].

5. Conclusions

STEC isolates harboring genes associated with pathogenicity such as stx1/2, eae, ehxA,
and astA are present in Norwegian dairy farms, and potentially pathogenic STEC isolates
are able to can grow in raw milk stored at temperatures above 6 ◦C. As previous studies
show that domestic refrigerators often hold higher temperatures than recommended, the
growth of STEC in stored raw milk is a likely scenario. Altogether, the results suggest
that UPM from Norwegian dairy farms may contain highly pathogenic STEC strains, and
that the storage of UPM under suboptimal refrigeration conditions increases the risk for
hemorrhagic colitis and HUS. To reduce the risk associated with the consumption of UPM,
consumers need more knowledge regarding the importance of keeping the milk sufficiently
chilled to prevent the growth and survival of STEC and other pathogenic bacteria. They
should also be made aware of that even correctly stored UPM is associated with an increased
risk for illness and that young children, elderly, and immunocompromised individuals are
particularly vulnerable.
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Abstract: Staka is a traditional Greek sour cream made mostly from spontaneously fermented sheep
milk or a mixture of sheep and goat milk. At the industrial scale, cream separators and starter cultures
may also be used. Staka is sometimes cooked with flour to absorb most of the fat. In this study, we
employed culture-based techniques, amplicon sequencing, and shotgun metagenomics to analyze
the Staka microbiome for the first time. The samples were dominated by Lactococcus or Leuconostoc
spp. Most other bacteria were lactic acid bacteria (LAB) from the Streptococcus and Enterococcus
genera or Gram-negative bacteria from the Buttiauxella, Pseudomonas, Enterobacter, Escherichia-Shigella,
and Hafnia genera. Debaryomyces, Kluyveromyces, or Alternaria were the most prevalent genera
in the samples, followed by other yeasts and molds like Saccharomyces, Penicillium, Aspergillus,
Stemphylium, Coniospotium, or Cladosporium spp. Shotgun metagenomics allowed the species-level
identification of Lactococcus lactis, Lactococcus raffinolactis, Streptococcus thermophilus, Streptococcus
gallolyticus, Escherichia coli, Hafnia alvei, Streptococcus parauberis, and Enterococcus durans. Binning of
assembled shotgun reads followed by recruitment plot analysis of single reads could determine near-
complete metagenome assembled genomes (MAGs). Culture-dependent and culture-independent
analyses were in overall agreement with some distinct differences. For example, lactococci could
not be isolated, presumably because they had entered a viable but not culturable (VBNC) state
or because they were dead. Finally, several LAB, Hafnia paralvei, and Pseudomonas spp. isolates
exhibited antimicrobial activities against oral or other pathogenic streptococci, and certain spoilage
and pathogenic bacteria establishing their potential role in food bio-protection or new biomedical
applications. Our study may pave the way for additional studies concerning artisanal sour creams to
better understand the factors affecting their production and the quality.

Keywords: artisanal; microbial ecosystem; starter culture; bacteriocin; foodborne; oral; medical;
pathogen; dead cells; VBNC

1. Introduction

Dairy products with high lipid content can have added nutritious value as milk lipids
represent a good dietary source of essential fatty acids, such as linoleic and α-linolenic
acid, as well as fat-soluble vitamins, such as retinol, α-tocopherol and β-carotene [1].
Bioactive fatty acids, such as butyric, oleic, and conjugated linoleic acid (CLA), may
also play key roles in the prevention of certain diseases [2–4]. Interestingly, although
dairy food consumption has been positively correlated with cardiovascular risk in the
past, recent observations suggest a potential inverse association of fermented dairy food
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consumption with cardiovascular problems and type 2 diabetes [5]. Additionally, the fatty
acid composition of milk affects the physical properties, organoleptic quality, and oxidative
stability of dairy products [6,7].

Fermented milk products of high fat content encompass fermented sour cream and
acidified sour cream (18–20% fat), as well as fermented butter (80–90% fat). Fermented
cream, also known as ripened cream [8,9], is manufactured from standardized, homog-
enized, and heat-treated sweet cream after fermentation with lactic acid bacteria (LAB).
It is a relatively heavy, viscous product with a delicate, lactic acid taste and a balanced,
pleasant, buttery-like aroma associated with the desirable flavor-active compounds of
diacetyl, acetoin, δ-decalactone, and 2-methyl-3-furanthiol [10,11]. Additionally, acidified
sour cream is prepared with safe and suitable acidifiers, such as lactic acid and citric acid,
with or without the use of LAB [12,13]. Finally, fermented butter is made after churning
fermented/cultured cream [13].

At the industrial level, mixed strains of mesophilic LAB are being used as starter
cultures for sour cream production, mainly belonging to Lactococcus lactis subsp. lactis,
Lactococcus lactis subsp. cremoris, Lactococcus lactis subsp. lactis biovar diacetylactis, Leu-
conostoc mesenteroides subsp. cremoris, and Leuconostoc citrovorum [10].These species are
used as aroma producers, converting citrate into diacetyl, which is one of the major flavor
compounds responsible for the typical sour cream flavor [14]. In many countries, though,
artisanal sour cream is produced by keeping cream at a suitable temperature to allow
autochthonous LAB to perform spontaneous fermentation [15]. A plethora of tradition-
ally fermented cream and butter types are produced worldwide, such as Créme Fraiche
in France, Kaymak in Turkey, Crema Espesa in Mexico, Pomazánkové Máslo in Czech
Republic, Jiaoke in Mongolia, China, traditional sour cream in Ukraine, Suero Costeño in
Colombia, and smetana/śmietana/śmietanka mainly in Russia and Poland [16–19].

Nowadays, amplicon sequencing and shotgun metagenomics are the main tools used
to study the microbiome of artisanal dairy products in depth [20,21]. Amplicon sequencing
refers to the sequencing of targeted amplified loci like the 16S rDNA of bacteria or the
internal transcribed spacer (ITS) of fungi found in the metagenomic DNA of food samples
and it usually resolves the microbiome composition at the genus level. In contrast, shotgun
metagenomics relies on the sequencing of the entire metagenomic DNA fraction and can
provide species- or even strain-level information of the microbiome under investigation
along with in silico predictions of its functional properties. These approaches allow the
rapid and comprehensive analysis of the microbial communities in dairy products and can
reveal important aspects of their technology, quality, and safety. The microbiology of sour
cream products has been reviewed in the recent past to an extent [22]. So far, very few such
studies exist, involving only amplicon sequencing approaches. Two studies concern the
characterization of the microbiome of traditional sour cream/butter products produced in
Russia [23,24], and one concerns the analysis of the microbiome of the traditional “Suero
Costeño” sour cream produced in Colombia [19].

Staka, also called “Anthogalo” (milk flower), is a traditional Greek sour cream, which
has risen at the surface of the spontaneously fermented sheep or mixtures of sheep and
goat milk [25]. The cream is naturally fermented in traditional clay pots called “kounenoi”
and/or exposed to air and sun depending on the region and season of the year (personal
communication). It can also be produced using separators with the addition of starter
cultures. Sometimes, Staka is cooked with flour, and in this case, most of the butter is
separated and called “Stakovoutyro” (Staka butter), while the cooked product is also called
Staka. Because of its rich taste and creamy mouthfeel, it has several culinary uses, and
the “stakopilafo” or “gamopilafo”, the special rice dish prepared in weddings, is the most
known and appreciated one.

Recently, the microbiota of one Cretan Staka sample was investigated using a combina-
tion of culture-dependent methods and MALDI-TOF for the identification of the microbial
isolates [25]. Following up these preliminary results, the aim of the current study was to

37



Foods 2024, 13, 1129

analyze the microbial ecosystem of Staka in depth using a combination of culture-based
microbiological analysis, amplicon sequencing, and shotgun metagenomics.

2. Materials and Methods

2.1. Samples

Five Staka samples, deriving from two geographical regions of Crete, namely Cha-
nia (Western Crete; Staka 1, 2, 3) and Sitia (Eastern Crete; Staka 4, 5), were included in
the present study (Table 1). Four samples (Staka 1, 2, 3, 5) were commercial and pur-
chased from mini markets in Athens or Chania; all were produced from pasteurized milk,
while Staka 5 was cooked with wholemeal flour. Staka 4 was homemade, produced from
raw milk, and cooked with wheat flour. One sample was analyzed for each Staka. For
each Staka sample, three technical replicates were performed in the physicochemical and
microbiological analyses.

Table 1. Description and physicochemical characteristics of Staka samples. Values presented are the
means ± SD (n = 3).

Concentration (% w/w)

Staka
Sample

Production
Geographical

Origin c Milk Type pH TA f Moisture
Dry

Matter
Ash Fat Protein

1 C a Sfakia, Chania S d 5.2 ± 0.2 0.3 ± 0.1 34.52 ± 1.5 65.48 ± 1.5 0.27 ± 0.07 41.87 ± 0.90 2.31 ± 0.40

2 C Keramia,
Chania S 4.6 ± 0.3 0.4 ± 0.1 29.54 ± 1.9 70.46 ± 0.9 0.21 ± 0.04 46.47 ± 0.74 2.62 ± 0.15

3 C Varypetro,
Chania S & G e 4.7 ± 0.4 0.5 ± 0.1 36.43 ± 0.8 63.57 ± 2.0 0.22 ± 0.03 40.57 ± 0.88 3.00 ± 0.25

4 H-M b Palaiokastro,
Sitia S & G 5.2 ± 0.2 1.2 ± 0.3 27.05 ± 1.1 72.95 ± 1.7 3.42 ± 0.49 32.68 ± 0.66 16.00 ± 0.78

5 C Chamezi, Sitia S & G 5.3 ± 0.1 0.2 ± 0.1 48.25 ± 0.7 51.75 ± 1.2 2.15 ± 0.31 30.31 ± 1.70 6.40 ± 0.11

a Commercial; b homemade; c Crete perfecture; d sheep; e goat; f titratable acidity expressed in lactic acid concentration.

2.2. Physicochemical Analyses

The pH of the Staka samples was measured using a pH meter (827 pH lab, Metrohm
Herisau, Switzerland). Titratable acidity was measured by titrating 10 g sample with a
standard solution of 0.1 N sodium hydroxide and phenolphthalein (Merck Darmstadt,
Germany) as pH indicator and expressed as % lactic acid (w/w). The moisture content was
measured according to ISO method [26]; ash content was determined according to [27];
and fat content was determined using the Gerber-van Gulik method [28]. The Kjeldahl
method was used for the determination of total nitrogen (TN), which was expressed as
protein content (% w/w) [28]. Finally, lactose, organic acids, and ethanol were determined
by HPLC analysis [29].

2.3. Microbiological Analysis

The following groups of microorganisms were enumerated: (1) total mesophilic bac-
teria on plate count agar (PCA, Biokar Diagnostics, Beauvais, France) at 30 ◦C for 3 days;
(2) psychrotrophic bacteria on PCA at 7 ◦C for 10 days; (3) lipolytic bacteria on PCA con-
taining 1% v/v tributyrin (Sigma Aldrich Co., St. Louis, MO, USA) at 30 ◦C for 3 days;
(4) proteolytic bacteria on PCA containing 10% w/v reconstituted skim milk (Oxoid, Hamp-
shire, UK) at 30 ◦C for 48 h; (5) thermophilic LAB on MRS agar adjusted at pH 5.4 (presum-
ably lactobacilli) (Biokar Diagnostics) at 42 ◦C for 48 h anaerobically (double agar layer);
(6) mesophilic LAB in MRS agar adjusted at pH 5.4 (presumably lactobacilli) at 22 ◦C for
3 days anaerobically (double agar layer); (7) thermophilic LAB on M17 agar (presumably
cocci) (Biokar Diagnostics) at 42 ◦C for 48 h; (8) mesophilic LAB on M17 agar (presumably
cocci) at 22 ◦C for 48 h; (9) non-starter lactic acid bacteria (NSLAB) on Rogosa agar (Biokar
Diagnostics) at 30 ◦C for 5 days, anaerobically (double agar layer); (10) enterococci on KAA
agar (Merck) at 37 ◦C for 24 h; (11) coliforms on VRBL agar (Biokar Diagnostics) at 37 ◦C
for 24 h; (12) Pseudomonas spp. on Pseudomonas agar base (Biokar Diagnostics), at 30 ◦C for
48 h; (13) yeasts and molds on YGC agar (Merck) at 25 ◦C for 3–4 days. Based on morphol-
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ogy (shape, color, and size), colonies were collected from MRS (42 and 22 ◦C), M17 (42 and
22 ◦C), Rogosa, KAA, PCA, PCA-tributyrin, and PCA-milk purified by repetitive streaking
and stored at −80 ◦C in nutrient broth containing 20% v/v glycerol for further study.

2.4. Amplicon and Shotgun Metagenomics Sequencing and Analysis

Metagenomic DNA was isolated by the protocol described previously [30]. All the pro-
cedures for the DNA amplification, the construction of the different libraries, the Illumina
sequencing, and preliminary quality control have been described before [30,31]. Sequencing
was performed at Molecular Research DNA (MR DNA, Shallowater, TX, USA). Amplicon
sequences and/or shotgun metagenomics were analyzed as described before with the CLC
genomics workbench 11.0.1 (Qiagen, Hilden, Germany), the BusyBee web tool [32], and the
metagenomics rapid annotation was analyzed using subsystems technology (MG-RAST)
server version 4.0.3 [33]. During analysis, reads deriving from Cellulosimicrobium sp. Were
removed from all sequence datasets due to the contamination by the lyticase used for the
lysis of yeasts [34,35]. Finally, shotgun sequencing reads were aligned against different
reference genomes in the CLC genomics workbench 11.0.1 and were processed into re-
cruitment plots with the Recplot_4 R package (https://github.com/KGerhardt/Recplot_4,
accessed on 1 February 2024) using default parameters. Reference genomes were selected
after manually determining the best BLASTn hits of at least four random contigs from each
of the top four species in abundance according to results of the BusyBee web tool (i.e., Lc.
lactis, Lactococcus raffinolactis, Streptococcus thermophilus, and Streptococcus gallolyticus).

2.5. Typing and Identification of Isolates with Rep-PCR Fingerprinting and 16S rDNA Sequencing

A previously reported protocol was employed for bacterial DNA extraction using 2 mL
of fresh overnight cultures in the exponential phase and fingerprinting of the new isolates
was performed by repetitive element palindromic PCR (rep-PCR) [36]. A SimpliAmp™
Thermal Cycler (ThermoFisher Scientific, Sunnyvale, CA, USA) was used for the PCR.
Rep-PCR fingerprint clustering was performed by BioNumerics v. 6.0 (Applied Maths,
Ghent, Belgium).

Identification at the species level of bacterial isolates was performed by 16S rDNA
sequencing [37]. The NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel, Duren, Ger-
many) were used for DNA purification after electrophoresis. BLASTn was used for the
identification at the species level.

2.6. Species Discrimination by Biochemical Tests

To discriminate species with ambiguous 16S rDNA sequencing results, several isolates
were subjected to biochemical tests. Isolates were first grown as follows: Enterococcus
spp. in M17 broth at 37 ◦C, Lacticaseibacillus spp. and Leuconostoc spp. in MRS broth at
30 ◦C, and Hafnia spp. in nutrient broth at 30 ◦C. Discrimination of enterococcal species
was performed using mannitol salt agar (Lab M, Heywood, Lancashire, UK), taking into
consideration the ability of E. faecalis to ferment mannitol [38]. Additionally, to verify the
E. faecium/E. faecalis discrimination, all enterococcal isolates were grown in M17 broth
containing ampicillin (final concentration 2 μg mL−1 from Sigma Aldrich), as E. faecalis is
susceptible to this antibiotic [38]. Arabinose fermentation (1% w/v from Sigma Aldrich) was
used for a preliminary discrimination of E. faecium, as Enterococcus durans and Enterococcus
hirae are not able to ferment this monosaccharide [39]. Similarly, Lacticaseibacillus casei
and paracasei were discriminated using mannitol (1% w/v), which is only fermented by L.
paracasei [40], while Leuconostoc mesenteroides/paramesenteroides isolates were differentiated
taking into consideration their ability to hydrolyze salicin (1% w/v from Sigma Aldrich)
and aesculin (1% w/v from Sigma Aldrich), as L. paramesenteroides rather fails to hydrolyze
both glucosides [41]. Finally, malonic acid (1% w/v from Sigma Aldrich) was used to
discriminate Hafnia alvei vs. paralvei as it is utilized only by H. alvei strains [42].
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2.7. Antimicrobial Activity of the Isolated Strains

All isolates were tested for their antimicrobial activity against 20 indicator strains,
including four LAB strains, 10 pathogenic streptococci, three Listeria spp., two Bacillus spp.
And one Pseudomonas sp. The well diffusion assay (WDA) was performed to assess the
antimicrobial activity of the cell-free culture supernatants with pH adjusted to 6.5 [43].
Treatment with ammonium sulfate (60% saturation from AppliChem GmbH, Darmstadt,
Germany), was applied in selected active supernatants for 10-fold protein concentration
and therefore increase of the antimicrobial activity.

3. Results and Discussion

3.1. Physicochemical Analyses

Physicochemical characteristics of Staka samples, namely pH and titratable acidity, as
well as moisture, ash, and fat and protein content, are summarized in Table 1.

The pH values, ranging from 4.6 to 5.3, were similar or higher than those reported for
other sour cream samples studied, where the pH ranged between 3.8 and 4.8 [44]. This is
an important finding as it has been reported that when the final product pH is very low
(e.g., around pH 4.0), the cream has an unpleasant sour flavor [10]. However, the high pH
when coupled with high moisture content, as in our study for Staka 1 and 5, may pose
spoilage and safety issues and thus shorten the product’s shelf-life. Titratable acidity was
low in four samples (Staka 1, 2, 3, and 5), ranging from 0.2 to 0.5% w/w with the exception
of Staka 4. The higher TA of Sample 4 (1.2 ± 0.3% w/w) is in accordance with the high
lactic acid concentration determined (16.3 ± 0.5 g/kg); at the same time, the rather high
pH of 5.2 ± 0.2 can be attributed to the buffering capacity of the proteins (16.00 ± 0.78%
w/w), which was the highest observed among samples, most probably due to the addition
of wheat flour during processing (cooking). These results are in agreement with reported
values for sour cream samples ranging from 0.5 to 1.7% [44].

Moisture and ash values ranged from 27.1 to 48.3% w/w and from 0.2 to 3.4% w/w,
respectively. Ash values varied from 1.9 to 2.7% w/w for samples of Ispir Kaymak, although
this product is not fermented [16].

Fat content values, ranging between 30.3 and 46.5% w/w, were consistent with values
reported for fat content of cultured creams, such as full-fat commercial sour creams collected
from across the US which ranged between 16.8–33.1% w/w [44], meeting the composition
requirements of full fat sour creams, which must have at least either 10% w/v [45] or
18% w/v [8,46] milk fat. Concerning the fat content, Staka samples resembled to the
Lithuanian créme fraîche and Ispir Kaymak, which had a fat content around 30–45% [10]
and 43–63% [16], respectively. Therefore, Staka is a dairy product with a high fat content
that may constitute a rich source of beneficial lipids [47]. Additionally, the fat content
expressed as fat in dry matter (FDM) was 64.1 and 56.0%, respectively, for Staka 1 and 3,
and these values were consistent to those reported on the labels of the products (min 40.0
and 55.0% w/w, respectively). Fat content was not reported for the rest of the samples.

Protein content of Staka 1, 2, 3 ranged from 2.3 to 3.0% w/w, while values for Staka 4
and 5 were significantly higher (16.0%, and 6.4% w/w, respectively); this can be attributed
to the processing (cooking) of these samples with flour, since wheat, no matter wholemeal
or not, contains ca. 12% w/w proteins. However, the difference between Samples 4 and 5
cannot be explained since we did not get any further information from the producers about
the ratio of milk cream and flour. High protein values ranging from 14.3 to 20.3% w/w have
been recorded for samples of Ispir Kaymak [16]. Furthermore, Staka 4 had also the lowest
fat content. This was due to the removal of the fat content to produce Stakovoutiro (butter)
in parallel to Staka. Such a procedure may alter the overall composition of the particular
sample and justify its deviation from the rest of the samples in terms of composition.

HPLC results (Table 2) showed that lactic acid was the prominent organic acid in
all samples, as also reported for commercial US sour creams [44], followed by acetic acid
(Staka 1, 2, 3, 5). Varying concentrations of lactic acid as well as acetic acid depend on the
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lactose catabolism pathway that the members of the samples’ microbiota follow, i.e., homo-
or hetero-fermentative or both.

Table 2. Concentration of lactose, organic acids and ethanol detected in Staka samples as determined
by HPLC analysis. Values presented are the means ± SD (n = 3).

Concentration (g/kg)

Staka
Sample

Lactose Lactic Acid Acetic Acid Succinic Acid Butyric Acid Propionic Acid Ethanol

1 24.7 ± 0.4 8.1 ± 0.5 1.4 ± 0.4 0.3 ± 0.1 nd nd 0.4 ± 0.2
2 17.2 ± 0.3 6.7 ± 0.5 1.0 ± 0.2 0.3 ± 0.2 0.1 ± 0 nd nd
3 18.5 ± 0.3 10.0 ± 0.6 0.8 ± 0.2 nd nd nd 0.3 ± 0.2
4 40.0 ± 1.1 16.3 ± 0.5 nd nd 1.3 ± 0.2 1.7 ± 0.3 nd
5 13.6 ± 0.6 2.0 ± 0.3 1.6 ± 0.3 0.1 ± 0.1 nd nd 0.2 ± 0.1

nd: not detected.

3.2. Culture-Based Microbiological Analysis

Table 3 summarizes the results obtained through culture-based microbiological analy-
sis. Interestingly, Staka 4 and 5 were obviously affected by the heating step in the presence
of flour that took place during their production. More specifically, Staka 4 presented low
populations of lipolytic bacteria, thermophilic LAB and NSLAB, while none of the microbial
groups tested could be detected in Staka 5.

Table 3. Microbial counts (log cfu g−1) of the Staka samples examined. Values presented are the
means ± SD (n = 3).

Staka Sample

Presumptive Microbial Group 1 2 3 4 5

Total mesophilic bacteria (PCA agar, 30 ◦C) 8.09 ± 0.09 7.10 ± 0.18 7.88 ± 0.26 0.00 0.00
Thermophilic lactobacilli (MRS agar pH 5.4, 42 ◦C) 4.51 ± 0.35 6.13 ± 0.17 7.45 ± 0.21 0.00 0.00
Mesophilic lactobacilli (MRS agar pH 5.4, 22 ◦C) 7.99 ± 0.11 6.88 ± 0.39 7.33 ± 0.22 0.00 0.00
Thermophilic cocci (M17 agar, 42 ◦C) 4.86 ± 0.19 6.18 ± 0.28 7.67 ± 0.42 3.80 ± 0.22 0.00
Mesophilic cocci (M17 agar, 22 ◦C) 8.14 ± 0.17 6.44 ± 0.81 7.60 ± 0.19 0.00 0.00
NSLAB (Rogosa agar, 30 ◦C) 7.84 ± 0.41 6.92 ± 0.16 7.52 ± 0.31 2.80 ± 0.23 0.00
Enterococci (KAA agar, 37 ◦C) 4.70 ± 0.19 6.03 ± 0.22 7.29 ± 0.26 0.00 0.00
Lipolytic bacteria (PCA-tributyrin, 30 ◦C) 8.05 ± 0.08 6.97 ± 0.10 7.91 ± 0.04 2.60 ± 0.08 0.00
Proteolytic bacteria (PCA-milk, 30 ◦C) 7.78 ± 0.35 6.70 ± 0.17 7.95 ± 0.59 0.00 0.00
Psychrotrophic bacteria (PCA, 7 ◦C) 7.35 ± 0.46 4.13 ± 0.09 5.92 ± 0.16 0.00 0.00
Pseudomonas spp. (Pseudomonas agar base, 30 ◦C) 7.72 ± 0.25 0.00 5.85 ± 0.30 0.00 0.00
Coliforms (VRBL agar, 37 ◦C) 7.54 ± 0.34 0.00 5.60 ± 0.26 0.00 0.00
Yeasts and molds (YGC agar, 25 ◦C) 4.11 ± 0.26 3.41 ± 0.40 5.50 ± 0.35 0.00 0.00

Regarding the rest samples (Staka 1, 2 and 3), which did not receive such treatment, in
the case of total mesophilic bacteria as well as the six major groups of presumptive LAB,
counts ranging from 6.03 to 8.09 log cfu g−1 were observed, and only in Staka 1 lower
counts were determined for thermophilic lactobacilli, thermophilic cocci and enterococci
(4.51–4.86 log cfu g−1). These differences could be attributed to the microbiota of the milk
used, the production environment and utensils employed as well as the technology applied.
LAB are known as the main actors in dairy fermented foods; comparable LAB counts have
been reported for traditional sour cream from Russia [48], Ukraine [18] and Colombia [19].

Analogous counts (6.70–8.05 log cfu g−1) were enumerated for lipolytic and proteolytic
bacteria. Such bacteria can have either beneficial or detrimental impact on fermented foods,
depending on the species of microorganisms and the flavor compounds they produce [49].
For instance, LAB, despite being only weakly lipolytic and proteolytic, play an important
role in dairy fermented foods as they shape not only their sensory traits but also their
nutritional attributes [50]. Regarding psychrotrophic bacteria, Pseudomonas spp. and
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coliforms, higher counts were detected in Staka 1, followed by Staka 3, while in Staka 2,
these populations were absent. Pseudomonas spp. have been associated with very high levels
of lipase and protease activities that can cause off-flavors [51]. Furthermore, the presence
of coliforms, which are indicators of poor hygiene conditions during food processing, has
also been reported in artisanal Colombian Suero Costeño sour cream [19].

Yeast populations varied, with the highest value corresponding to Staka 3 (5.50 log cfu g−1),
followed by Staka 1 and 2 (4.11 and 3.41 log cfu g−1, respectively). The presence of
yeasts has also been reported in Suero Costeño sour cream with values even higher than
6.0 log cfu mL−1 [19]. Sour cream is one of the cultured milk products which is a favorable
medium for the propagation of yeasts, since it exhibits relatively low pH values ranging
between 4.0 and 6.0 [52].

3.3. Amplicon Sequencing and Shotgun Metagenomics

Figure 1 presents the findings of the 16S rDNA amplicon sequencing analysis of
the Staka samples. In all samples, Firmicutes was the major phylum (>88% abundance),
followed by Proteobacteria, except for Staka 1, in which the abundance of the two phyla
was reversed with Proteobacteria reaching 72%. At the family level, significant differences
in bacterial composition across the samples could be observed. Streptococcaceae was the
dominant family in Staka 2, 3, and 4 with ca. 85% abundances in the first two and a 52%
abundance in the third. Enterobacteriaceae exhibited the highest abundance of 50% in Staka
1, while Leuconostocaceae dominated Staka 5 with a 94% abundance. Leuconostocaceae was
the second-highest population in Staka 1 (28% abundance) followed by Pseudomonadaceae
(22% abundance). Leuconostocaceae was also present in Staka 2, 3, and 4 but in much lower
abundances (<9%). Low levels of Pseudomonadaceae also appeared in the rest of the samples
with <5% abundance. Furthermore, Bacillaceae was present with 35% abundance as the
second-largest population in Staka 4, and Enterococcaceae appeared at low abundances (<6%
abundance) in Staka 2, 3, and 4. The analysis at the genus level demonstrated that Staka 1
was composed of Leuconostoc (28% abundance), Buttiauxella (25% abundance), Pseudomonas
(22% abundance), and Enterobacter (21% abundance). Staka 2, 3, and 4 were characterized
by the high abundance of Lactococcus (up to 84%). The second-largest population in Staka 2
was Streptococcus (24% abundance), while in Staka 4, it was Anoxybacillus (35% abundance).
Staka 5 was practically composed of Leuconostoc (94% abundance) and Pseudomonas (5%
abundance). In different samples, several genera were present in variable and relatively low
abundances, including Leuconostoc (Staka 2, 3, and 4, <9% abundance), Pseudomonas (Staka 2,
3, and 4, <2% abundance), Enterococcus (Staka 2, 3, and 4, <6% abundance), Enterobacteriaceae
ambiguous taxa (Staka 1 and 2, <4% abundance), Escherichia-Shigella (Staka 1, 2, and 3, <4%
abundance), and Hafnia (Staka 1 and 2, <3% abundance).

Alpha-diversity of total number of genus level operational taxonomic units (OTUs)
indicated that all samples were sequenced to a sufficient depth (Figure 1D). Staka 2 had the
most complex microbiome composition, while Staka 5 had the simplest one. The complexity
of the microbiomes of Staka 1, 3, and 4 seemed to be relatively comparable. In addition,
beta-diversity could segregate Staka 2, 3, and 4 from Staka 1 and 5 in a principal coordinate
analysis (PCoA) using Bray–Curtis distances (Figure 1E). This could be attributed to the
dominance of the genus Lactococcus in Staka 2, 3, and 4 versus the dominance of Leuconostoc
accompanied by the absence of Lactococcus in Staka 1 and 5.
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The findings of the analysis of the 16S rDNA amplicons support the presence of LAB,
Enterococcus sp., coliforms (e.g., Buttiauxella sp., Enterobacter sp., Escherichia or Shigella sp.
and Hafnia sp.), and psychrotrophs (e.g., Pseudomonas sp.) as also determined by the initial
culture-based microbiological analysis presented above. Several of these groups/genera
may contain strains that are lipolytic and/or proteolytic. It should be highlighted that both
Staka 4 and 5 provided 16S rDNA fingerprints, even though the ecosystem of both samples
was seriously affected by the heat treatment step employed during their productions. Sev-
eral bacterial OTUs could be assigned to Staka 4 and 5, even though the first presented very
low microbial populations and the second seemed to be sterile. Seemingly, DNA of dead
cells or unculturable cells was retained, and thus, 16S rDNA amplicon sequencing could
provide retrospective information of the original microbiome composition. In addition, the
distribution of genus level OTUs with >1% abundance did not always correlate with that
of the culture-based microbiological analysis. For example, enterococci were present in
the first three samples (Table 3), but they seemed to be practically absent from the OTUs
in Staka 1. This may be an effect of the different populations of enterococci among the
samples. As already mentioned, in Staka 1 enterococci had their lowest population ca.
2–3 log lower than their population in Staka 2 and 3 (Table 3), and thus, they may not be
presented in the genus level OTUs with >1% abundance. Our findings are partially in
agreement with those reported for Suero Costeño [19]. While several bacterial genera are
in common between Staka and the Colombian sour cream (e.g., Lactococcus, Leuconostoc,
Enterobacter, Escherichia-Shigella, etc.), the most abundant OTUs reported for samples of the
latter were Lactobacillus or Streptococcus. This is a major difference of our samples, which
were dominated by Lactococcus or Leuconostoc. Interestingly, in the Staka samples analyzed,
lactobacilli were only present with abundances <1%. A prevalence of Lactococcus or Strepto-
coccus accompanied with a low abundance of lactobacilli has also been reported for Russian
sour cream products [23,53]. Of note, Acetobacter sp. were reported for both Suero Costeño
and some of the Russian sour cream, but they were absent from the Staka samples.

All Staka samples were also analyzed using ITS amplicon sequencing (Figure 2).
Ascomycota was the prevailing phylum in all samples with an abundance >81%, reaching
up to >99% in Staka 3, 4, and 5 (Figure 2A). With the exception of Staka 4, an additional
population unidentified at kingdom level (k_unidentified) was also present in all samples,
with abundances reaching 19% in Staka 1 and 4% in Staka 2. Manual analysis with BLASTn
indicated that the relevant ITS sequence belongs to the ascomycete fungi Iodophanus sp.,
which could not be identified as such by the Unite database used in this study. At the
family level, Saccharomycetaceae was the predominant family in Staka 1, 3, and 4 with
abundances of 29%, 98%, and 83%, respectively. The Saccharomycetaceae family was the
second largest in Staka 2 with an abundance of 8% and was also present in Staka 5 with a
3% abundance. In contrast, the most abundant family for Staka 2 was Debaryomycetaceae
(81% abundance) and Pleosporaceae (86% abundance) for Staka 5. The Debaryomycetaceae
family was the second largest in Staka 1 (26% abundance) and was also found in low
abundances in Staka 3, 4, and 5, reaching up to 1% in Staka 3. The Pleosporaceae family
formed the second largest population in Staka 4 (13% abundance) and was also found in
the rest of the samples, reaching an abundance of 9% in Staka 1. Other fungi present in
the Staka samples were members of the Aspergillaceae family found in Staka 1, 2, and 3
with abundances equal to 14%, 7%, and 1%, respectively. Additionally, the Cladosporiaceae
family formed the second-largest population in Staka 5 with an 11% abundance, and it was
also identified in Staka 1, 2, and 4, reaching up to 3% abundance. The Herpotrichiellaceae
family was present only in Staka 1 with an abundance of 3%. Except for Staka 4, in all
samples the unidentified kingdom mentioned above corresponded to the Pezizaceae family
(determined manually), reaching 19% abundance in Staka 1. We then performed analysis to
establish the prevailing genera with >1% abundance in all samples (Figure 2C). Some of the
families described above had only one representative genus, i.e., the Debaryomyces for the
Debaryomycetaceae family, Coniosporium for the Herpotrichiellaceae, and Cladosporium for the
Cladosporiaceae family. The Saccharomycetaceae family was present with genera Kluyveromyces
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and Saccharomyces, the Pleosporaceae family consisted of Alternaria and Stemphylium genera,
and the Aspergillaceae family included the Penicillium and Aspergillus genera. As mentioned
above, the unidentified genus could be matched to Iodophanus sp. of the Pezizaceae family.

Alpha-diversity of the total number of genus level OTUs showed that a sufficient
sequencing depth of all samples was reached. Beta-diversity based on the genus level using
Bray–Curtis distances showed some similarity between pairs of Staka 1 and 2 and Staka
3 and 4, while Staka 5 was found separate from the rest. This could be attributed to the
presence of Debaryomyces in Staka 1 and 2, Kluyveromyces in Staka 3 and 4, and Alternaria
in Staka 5.

Unfortunately, information about the presence of yeasts or molds in sour cream
seems to be rare. Candida sp., Rhodotorula sp., and Cryptococcus sp. have been detected
in pasteurized cream (non-sour) [54]. Some studies have clearly indicated that yeast and
molds are related to the spoilage of sour cream [55,56]. These microorganisms may originate
from raw milk, but they may be also characteristic of the dairy facility. Almost all of the
genera identified in our samples are more or less common in fermented dairy products,
e.g., Debaryomyces, Kluyveromyces, Saccharomyces, Alternaria, Cladosporium, Penicillium, and
Aspergillus [57–60]. Three genera, i.e., Iodophanus, Cladosporium, and Stemphylium, seem to
be rather rarely related to the dairy environment [61–63], and thus their presence needs
further investigation. It should be noted that the uncontrolled presence of genera like
Penicillium and Aspergillus may be problematic, given their ability to produce mycotoxins
that can remain unaffected during normal production and storage conditions [59].

Staka 2 was chosen for further investigation of the Staka microbiome with shotgun
metagenomics, given the high complexity it showed in the alpha-diversity of both 16S rDNA
and ITS OTUs. The analysis revealed the dominance of members of the Streptococcaceae
family, i.e., Lc. lactis with an abundance of 41%, Lc. raffinolactis with an abundance of 11.7%,
and each of S. thermophilus and S. gallolyticus with abundances of ca. 6% (Figure 3A). The
unidentified species of the Enterobacteriaceae family and Escherichia coli were present with
abundances of 4.4% and 4.2%, respectively. H. alvei showed an abundance of 3.2%, followed
by Streptococcus parauberis with an abundance equal to 2.8%. Unidentified Streptococcus
spp. and E. durans were present with populations of 2.2% and 1.5%, respectively. Other
species present in Staka 2 occupied 16.4% abundance in total. Alpha-diversity suggested a
sufficient sequencing depth, while the taxonomic findings of the shotgun analysis of Staka
2 are in overall agreement with the 16S rDNA amplicon sequencing results (Figure 3B).
The absence of fungi from the shotgun analysis may be due to their low population in the
sample as mentioned above.

To identify putative metagenome-assembled genomes (MAGs), contigs from the as-
sembled reads of Staka 2 were further analyzed with the BusyBee server, and three bins
were determined (Figure 3C). The quality of the bins was not sufficient, but the taxonomic
analysis could assign the majority of contigs in Bin 1 and Bin 3 to Lc. lactis and Lc. raffinolac-
tis, respectively. Several contigs in Bin 2 could be assigned to S. gallolyticus, while contigs
assigned to S. thermophilus were relatively grouped together but did not form a separate
bin. To further aid the identification of chromosomal sequences in the dataset, at least for
the four most abundant species in the sample analyzed, and we employed recruitment
plots of the sequencing reads against reference genomes. As can be seen in Figure 4, almost
full draft genomes could be formed during the recruitment of the reads against each of
the reference genomes with relatively short gaps. In fact, an important number of reads
could be aligned with an identity > 95% despite the fact that the overall coverage was low,
ranging from 8.2× for Lc. lactis (the most abundant species) to 2× for S. thermophilus (the
least abundant species). Thus, recruitment plot analysis provided more comprehensive
results than the binning of the contigs.

45



Foods 2024, 13, 1129

F
ig

u
re

2.
Ta

xo
no

m
ic

pr
ofi

le
of

St
ak

a
so

ur
cr

ea
m

sa
m

pl
es

ba
se

d
on

IT
S

am
pl

ic
on

da
ta

at
th

e
ph

yl
um

(A
),

fa
m

ily
(B

),
an

d
ge

nu
s

(C
)l

ev
el

s.
Pa

ne
l

(C
)p

re
se

nt
s

ge
ne

ra
w

it
h

ab
un

da
nc

e
≥

1%
.A

lp
ha

-d
iv

er
si

ty
an

al
ys

is
of

IT
S

re
ad

s
m

ea
su

re
d

us
in

g
th

e
to

ta
ln

um
be

r
of

O
T

U
s

at
ge

nu
s

le
ve

lo
f

St
ak

a
so

ur
cr

ea
m

sa
m

pl
es

(D
).

Be
ta

-d
iv

er
si

ty
sh

ow
n

th
ro

ug
h

a
pr

in
ci

pa
lc

oo
rd

in
at

e
an

al
ys

is
(P

C
oA

)e
m

pl
oy

in
g

th
e

Br
ay

–C
ur

ti
s

di
st

an
ce

s
fo

r
th

e
sa

m
e

sa
m

pl
es

(E
).

46



Foods 2024, 13, 1129

F
ig

u
re

3
.

Ta
xo

no
m

ic
p

ro
fi

le
of

St
ak

a
2

so
u

r
cr

ea
m

sa
m

p
le

,b
as

ed
on

th
e

m
ap

p
in

g
of

sh
ot

gu
n

m
et

ag
en

om
ic

s
re

ad
s

at
th

e
sp

ec
ie

s
le

ve
l(

A
).

A
lp

ha
-d

iv
er

si
ty

of
sh

ot
gu

n
re

ad
s

m
ea

su
re

d
us

in
g

th
e

to
ta

ln
um

be
r

of
O

TU
s

of
St

ak
a

2
(B

).
Bi

ns
of

m
et

ag
en

om
ic

s
sc

af
fo

ld
s

of
St

ak
a

2
(C

).
D

ot
s

of
sa

m
e

co
lo

rs
re

pr
es

en
ts

ca
ff

ol
ds

th
at

or
ig

in
at

e
fr

om
th

e
sa

m
e

sp
ec

ie
s,

as
in

di
ca

te
d

in
th

e
fig

ur
e.

Fu
nc

tio
na

la
na

ly
si

s
of

an
no

ta
te

d
sc

af
fo

ld
s

of
St

ak
a

2
us

in
g

th
e

M
G

-R
A

ST
se

rv
er

(D
).

47



Foods 2024, 13, 1129

F
ig

u
re

4
.

R
ec

ru
it

m
en

tp
lo

ts
of

th
e

se
qu

en
ci

ng
re

ad
s

of
St

ak
a

2
so

ur
cr

ea
m

sa
m

pl
e

ag
ai

ns
tr

ef
er

en
ce

ge
no

m
es

of
La

ct
oc

oc
cu

s
la

ct
is

(C
P0

15
90

2.
1)

(A
),

La
ct

oc
oc

cu
s

ra
ffi

no
la

ct
is

(C
P0

23
39

2.
1)

(B
),

St
re

pt
oc

oc
cu

s
ga

llo
ly

tic
us

(C
P1

13
95

4.
2)

(C
),

an
d

St
re

pt
oc

oc
cu

s
th

er
m

op
hi

lu
s

(C
P0

31
54

5.
1)

(D
).

48



Foods 2024, 13, 1129

As mentioned above, Lc. lactis can be used as a starter for the acidification of the
cream [10]. Lc. lactis was also present in the full-length 16S rRNA amplicon sequencing
of sour cream collected in northeast Asia [53]. Lc. raffinolactis has also been reported as
a member of the microbiome of sour cream [53]. S. thermophilus has been detected in
the previous study of Staka [25], but its presence has been verified in other sour creams
as well [48]. Enterobacteriaceae are frequent member of the microbiome of artisanal dairy
products, and some genera of the family have been identified in sour cream [19,53]. To
the best of our knowledge, S. gallolyticus, H. alvei, and S. parauberis are reported for the
first time in sour cream. Even though the presence of enterococci in sour cream has been
reported, E. durans has been identified again only in Staka in the past [25].

In order to shed light on the functional potential of the Staka microbiome, functional
analysis of the assembled shotgun metagenomes of Staka 2 was performed using the
MG-RAST server. Scaffolds were annotated and annotations were assigned to functions.
As seen from the Figure 3D, the main part (16.4%) of the Staka 2 functional subsystems
belonged to clustering-based subsystems, but their role in the metabolic pathways is yet
unknown. Among other subsystems assigned were carbohydrates which occupied the
second place with 16.1%, followed by such subsystems as amino-acids and derivatives
(8.5%), miscellaneous (8.3%), protein metabolism (6.2%), RNA metabolism (6.1%), and
DNA metabolism (4.8%). Additional functional categories could also be identified with
decreasing percentages.

3.4. Isolates Typing and Identification

A total of 141 bacterial isolates were collected from the five Staka samples and iden-
tified. Based on rep-PCR analysis of bacterial strains, they were clustered in 49 groups
(Supplementary Table S1). Representative isolates of all groups were selected and sub-
jected to 16S rDNA sequencing. According to the results obtained, 78 isolates were identi-
fied as Enterococcus spp., 21 as Leuconostoc mesenteroides/pseudomesenteroides, 13 as Hafnia
alvei/paralvei, 5 as Pseudomonas spp., 6 as Bacillus subtilis, 6 as Serratia liquefaciens, 5 as Lacti-
caseibacillus casei/paracasei (basonym Lactobacillus casei/paracasei), 3 as Companilactobacillus
versmoldensis (basonym Lactobacillus versmoldensis), 2 as Latilactobacillus curvatus (basonym
Lactobacillus curvatus), 1 as Loigolactobacillus coryniformis (basonym Lactobacillus coryniformis),
and 1 as S. thermophilus.

It should be stressed, however, that 16S rDNA gene sequencing cannot discriminate
L. casei from L. paracasei [64]. The same is valid for closely related enterococcal species,
i.e., E. faecalis, E. faecium, E. durans and E. hirae [65], L. mesenteroides and L. pseudomesen-
teroides [66], and H. alvei and H. paralvei [42], as well as Pseudomonas species [67]. To
overcome this obstacle and identify the enterococcal isolates at the species level, manni-
tol and arabinose fermentation, as well as the ampicillin resistance of the isolates, were
considered. According to the results obtained, 24 isolates were identified as E. faecalis as
they fermented mannitol and were ampicillin susceptible, while 54 were identified as E.
faecium as they did not ferment mannitol, while they fermented arabinose. Respectively,
all L. casei/paracasei isolates were identified as L. paracasei as they fermented mannitol, all
L. mesenteroides/pseudomesenteroides isolates were identified as L. pseudomesenteroides as
they could not hydrolyze salicin and aesculin, and finally, all Hafnia alvei/paralvei isolates
were identified as Hafnia paralvei as they did not use malonic acid. Finally, the presence
of Gram-negative and Gram-positive spoilage or opportunistic pathogenic bacteria, i.e.,
Pseudomonas spp. (five isolates in Staka 1), Serratia liquefaciens (six isolates in Staka 1), and
B. subtilis (six isolates in Staka 4) were detected.

Interestingly, no Lactococcus spp. could be isolated from the samples during culture-
based analysis, in contrast to Leuconostoc spp. and Enterococcus spp., which were readily
isolated. Several isolates, also belonging to the genus Enterococcus, were detected in the
Staka sample examined by Lappa et al. (2021). In addition, Lappa et al. (2021) reported the
isolation of L. paracasei, Lactiplantibacillus plantarum (basonym Lactobacillus plantarum), and
Lactiplantibacillus paraplantarum (basonym Lactobacillus paraplantarum). Clearly, findings
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about the culturable fraction of the microbial ecosystem of the aforementioned study and
the present study cannot be directly correlated with those of the amplicon sequencing and
shotgun metagenomics analysis. There are several different putative reasons which may
underpin such differences. First of all, colonies in both studies were not picked randomly
but on the basis of differences in morphology, and thus, the frequency of taxa defined after
cultured-based analysis may not be correlated to that defined after culture independent
metagenomics analysis. Second, the conditions prevailing during cell culture may have
favored the growth and the subsequent selection of a fraction of the species present in the
microbiome of the Staka samples. Finally, the inability to isolate certain species exhibiting
high abundances in the Staka samples in silico may indicate that at least some of them
could have entered a viable but not culturable state (VBNC) during production and/or
storage. Such a scenario is plausible, and there are important data to support it as in the
case of Lc. lactis [68–71]. In detail, three strains of Lc. lactis used to produce a model
cheese could be identified as viable by RT-qPCR but could not be recovered by traditional
plating on M17 medium through the ripening period [70]. Lc. lactis can enter a VBNC state
under carbohydrate starvation [72], which may prevail during ripening and/or storage
of dairy products. In another study concerning the dynamics of LAB during long-term
ripening of cheddar investigated by culture-based analysis, qPCR and 16S rDNA amplicon
sequencing, the accumulation of a stable population of Lactococcus spp.-permeable cells
was demonstrated after treatment of cells with propidium monoazide (PMA) [69]. PMA
intercalates in the DNA of cells with membrane damage and inhibits its amplification by
PCR. This population was not able to form colonies. Moreover, the presence of Lc. lactis
cells in the VBNC state was verified in some traditional Lebanese products [68]. While Lc.
lactis was identified in the metagenomics of some samples, it was not possible to isolate it
under typical M17 isolation conditions. Most importantly, adding goat milk in the medium
allowed the recovery of Lc. lactis colonies, verifying the original VBNC state of these cells.
Furthermore, different Enterococcus spp. could be identified in the shotgun data of Staka
2 and in the 16S rDNA of the other samples. The same also applies for Hafnia spp. These
may explain the isolation of E. faecium and E. faecalis, as well as H. paralvei, rather than E.
durans and H. alvei, which were predicted through metagenomics analysis. Similar and
even more major deviations between culture-based analysis and metagenomics seem not
to be uncommon (Papadimitriou et al. unpublished results; [71]).

3.5. Antimicrobial Activity

All bacterial isolates were examined for antimicrobial activity against 20 indicator
strains. Cell-free culture supernatants (CFCSs) of milk as well as the MRS broth (bacilli)
or M17 broth (cocci) of overnight cultures were tested. The results for all isolates are
summarized in Supplementary Table S2. Positive results concerning the supernatants of
selected isolates exhibiting antimicrobial activity, which were further 10-fold concentrated,
are presented in Table 4.

Regarding antimicrobial activity against Gram-negative indicators, very low or bor-
derline inhibition was detected against Pseudomonas aeruginosa FMCC B-26 by a few strains,
namely L. paracasei ACA-DC 1119, L. pseudomesenteroides ACA-DC 1145, and Enterococcus
faecium ACA-DC 1117, 1200, 1201, and 1216. P. aeruginosa strains are considered responsi-
ble for an increased number of nosocomial infections incidents caused by Gram-negative
multi-drug resistant (MDR) bacteria [73]; therefore, these, even with low antimicrobial ac-
tivities, deserve further study so as to clarify if they correspond to bacteriocins. Bacteriocin
L-1077 and Enterocin E-760 produced by Ligilactobacillus salivarius (basonym Lactobacillus
salivarius) and E. faecalis, respectively, have been previously reported to be active against P.
aeruginosa [74,75].
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Table 4. Antimicrobial activity of 10-fold concentrated supernatants of selected LAB Staka strains.

Producer
Strain

ACA-DC
Number

Target Strain (Growth Medium of the Producer Strain—mm Inhibition Zone)

S. mutans
LMG 14558T

S. oralis
LMG

14532T

S. pneumoniae
LMG 14545T

S. agalactiae
LMG 14694T

S. salivarius
LMG 11489T

S. sanguinis
DSM 20068

S. sobrinus
LMG 14641T

S. gordonii
LMG

14518T

S. anginosus
LMG 14502T

L. curvatus 1135 MRS-10 mye-7t MRS-10
mye -9 nd nd MRS-15 nd MRS-15 MRS-13

L. coryniformis
1251 nd nd MRS-9

mye-7 nd nd nd nd nd

L. paracasei 1260 nd nd MRS-11 nd nd mye-9t nd nd MRS-10
mye-bl

C. versmoldensis
1262 MRS-10 nd MRS-13 nd nd nd nd nd MRS-10

L. pseudomesen-
teroides 1130 mye-10 mye15 MRS-20

mye-15
MRS-8t
mye-6t mye-7t mye-20 mye-11 mye-20 MRS-14

bl: border line inhibition, t: turbid inhibition zone, mye: milk supplemented with yeast extract, nd: not detected.

Regarding Gram-positive target strains, almost all isolates inhibited the growth of
at least one LAB target strain. S. thermophilus ACA-DC 4 was found to be the most sensi-
tive one, followed by Latilactobacillus sakei (basonym Lactobacillus sakei) ACA-DC 2313. L.
curvatus ACA-DC 1135, along with three L. pseudomesenteroides isolates, namely ACA-DC
1128, 1131, and 1249, were found active against the pathogenic Streptococcus pneumoniae
LMG 14545T. L. paracasei ACA-DC 1260 and C. versmoldensis ACA-DC 1262 were active
against Streptococcus oralis LMG 14532T. Two strains, namely L. coryniformis ACA-DC 1251
and L. pseudomesenteroides ACA-DC 1130, were active against both the above pathogenic
streptococci. The above-mentioned species have been previously reported to produce
bacteriocins, e.g., curvaticin L442 [76], leucocyclicin Q [77], and reuterin from L. coryni-
formis [78]. The antimicrobial activity of the isolated NSLAB strains against pathogenic
streptococci reinforces the suitability for their use as adjunct starter cultures and/or nu-
traceuticals. To our knowledge, there is no report on bacteriocin characterization from
C. versmoldensis; however, it has been included in a comparative genomics study where
bacteriocin production was predicted with bioinformatics tools [79]. Among the isolated
enterococci, 13 were found to have antilisterial activity, 10 were active against at least one
pathogenic streptococcal isolate (mostly S. oralis LMG 14532T), and among them, 3 inhibited
one pathogenic Streptococcus sp. strain (S. oralis LMG 14532T or Streptococcus sanguinis DSM
20068) along with one or three Listeria spp. strains.

Finally, various non-LAB isolates, namely H. paralvei, B. subtilis and Pseudomonas spp.,
exhibited antimicrobial activity against pathogenic streptococcal and Listeria species. Inter-
estingly, three Pseudomonas spp. isolates inhibited from three to ten pathogenic streptococci,
while two inhibited B. cereus LMG 6923T and B. subtilis FMCC B-109 strains and/or the
L. welshimeri 15008. This antimicrobial activity can be attributed either to antibiotic pro-
duction, as antibiotics like phenazine-1-carboxylic acid and mupirocin are produced by
Pseudomonas sp. [80], or to the so-called pyocins, the bacteriocins produced by P. aeurogi-
nosa [81]. Pyocins have been previously reported to possess activity against Gram-positive
bacterial species, e.g., pyocin SA189 against S. aureus, Streptococcus pyogenes, and L. monocy-
togenes [82], and pyocin RPU15 against S. aureus, L. monocytogenes, and Bacillus cereus [83].
These results need to be further elucidated, since antibiotics are not impactful anymore
against the MDR pathogens’ threat, and new approaches are gaining ground to produce
food antibacterial compounds.

4. Conclusions

Staka is a traditional Greek sour cream produced in Crete. Based on the physico-
chemical analysis, it may have a slightly higher pH compared to other sour creams. Its
titratable acidity aligns with similar dairy products, indicating a mild sourness. The rel-
atively increased moisture content along with high values of pH could negatively affect
its safety and shelf-life. The high fat content, like that of other creamy dairy products,
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contributes to its mouthful and its potential as a source of beneficial lipids. The protein
content varies, especially if Staka is processed with flour, affecting texture and nutritional
value. In all samples analyzed, lactic acid was the predominant organic acid detected,
while other acids were present in minor concentrations. The culture-based microbiological
analysis of Staka revealed how processing variations could influence microbial popula-
tions. Heating (with or without flour) may significantly reduce detectable microbes, even
leading to no detectable counts. Amplicon sequencing, both 16S rDNA and ITS analyses,
provided a comprehensive view of the Staka microbiome concerning bacterial and fungal
communities. As mentioned above, the production process affected microbial diversity,
as certain heat-treated Staka samples showed reduced or absence of culturable microbial
populations. Despite this, amplicon sequencing captured DNA from non-viable or uncul-
turable cells, offering insight into the original microbiome. Shotgun metagenomics analysis
of Staka provided a detailed picture of its microbiome, revealing a diverse community
predominantly composed of Streptococcaceae members like Lc. lactis and Lc. raffinolactis. The
construction of some near-complete MAGs, with both the binning of assembled contigs and
reference-based recruitment plots analysis of single reads, further refined the understand-
ing of the microbiome, assigning a majority of contigs and reads to specific bacterial species,
enhancing the specificity of microbial identification. Subsequently, isolated bacterial strains
were screened for their antimicrobial potential. Most isolates inhibited at least one LAB
strain, with various isolates being also active against oral or other pathogenic Streptococ-
cus species. Inhibition against Gram-negative P. aeruginosa was generally low, but some
isolates showed potential for further study due to their antimicrobial activity against this
indicator. Additionally, non-LAB isolates like H. paralvei, B. subtilis, and Pseudomonas spp.
showed broad antimicrobial activity, possibly due to their ability to produce antibiotics or
bacteriocins. These findings highlight that at least some of the isolates could be valuable
as starter cultures or as nutraceuticals. Overall, the findings of our study contribute to a
deeper knowledge of the microbial ecosystem in Staka, revealing potential influences on its
quality, safety, and sensory attributes. Further studies employing multi-omics approaches
may shed light on the relation between the microbiome and metabolome of Staka cream
which may affect its physicochemical and organoleptic characteristics. In such studies, the
cooking step with flour, wholemeal or not, should also be considered since it may have an
important effect on the quality of the final product.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods13071129/s1, Supplementary Table S1: Bacteria fingerprinting and
identification; Supplementary Table S2: Antimicrobial activity of the Staka bacterial isolates against
20 indicator strains.
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Abstract: Sfela is a white brined Greek cheese of protected designation of origin (PDO) produced
in the Peloponnese region from ovine, caprine milk, or a mixture of the two. Despite the PDO
status of Sfela, very few studies have addressed its properties, including its microbiology. For
this reason, we decided to investigate the microbiome of two PDO industrial Sfela cheese samples
along with two non-PDO variants, namely Sfela touloumotiri and Xerosfeli. Matrix-assisted laser
desorption/ionization–time of flight mass spectrometry (MALDI-TOF MS), 16S rDNA amplicon
sequencing and shotgun metagenomics analysis were used to identify the microbiome of these
traditional cheeses. Cultured-based analysis showed that the most frequent species that could be
isolated from Sfela cheese were Enterococcus faecium, Lactiplantibacillus plantarum, Levilactobacillus
brevis, Pediococcus pentosaceus and Streptococcus thermophilus. Shotgun analysis suggested that in
industrial Sfela 1, Str. thermophilus dominated, while industrial Sfela 2 contained high levels of
Lactococcus lactis. The two artisanal samples, Sfela touloumotiri and Xerosfeli, were dominated by
Tetragenococcus halophilus and Str. thermophilus, respectively. Debaryomyces hansenii was the only
yeast species with abundance > 1% present exclusively in the Sfela touloumotiri sample. Identifying
additional yeast species in the shotgun data was challenging, possibly due to their low abundance.
Sfela cheese appears to contain a rather complex microbial ecosystem and thus needs to be further
studied and understood. This might be crucial for improving and standardizing both its production
and safety measures.

Keywords: Sfela cheese; 16S rDNA; shotgun metagenomics; binning; lactic acid bacteria; microbiota

1. Introduction

White brined cheeses constitute an essential category of cheese produced worldwide
and they are an important part of the diet of Mediterranean and Balkan regions. The
white brined cheeses, also known as “pickled cheeses”, owe their name to the distinctive
white color and the high salt brines used during their manufacturing [1,2]. These cheeses
lack rinds and vary in texture and moisture levels, ranging from soft to semi-hard, with
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a pleasantly acidic and salty taste that becomes piquant as they ripen. Their unique
characteristics are mainly attributed to the lactic acid fermentation process taking place
in the initial steps of production, as well as during ripening in brine, which may last
for several months. These traits have been developed over centuries of household or
artisanal practices.

Sfela cheese has been recognized as PDO (protected designation of origin) according
to the Official Government Gazette of the Hellenic Parliament (25/18.01.94). It is a Greek
white brined cheese produced in the Messinia and Laconia regional units, located in the
southern Peloponnese. According to the PDO regulation, milk used for Sfela production
can be ovine, caprine, or a mixture of both. Traditional rennet or enzymes can be added,
while in the case of pasteurized milk, cultures of lactic acid bacteria (LAB) can be used.
The coagulation of the milk is conducted at 30–32 ◦C, and the resulting curd is cut into
small pieces and cooked at a temperature between 38◦C and 40 ◦C with continuous stirring.
The curd is transferred to cheesecloth to drain the whey and then placed on a cheese rack
where it is slightly pressed. Subsequently, the curd is sliced into strips called “sfelides”,
dry salting is applied, and it is moved into barrels or metal containers filled with a 20 Bé
brine. Finally, the cheese is left at room temperature for one month before being transferred
to cold rooms (4–6 ◦C), where it ripens for at least three months. When kept sealed under
brine, the cheese can be stored for up to two years [3]. The desired characteristics of Sfela
are a maximum moisture content of 45% and a minimum fat-in-dry matter of 40%. Based
on studies, the chemical composition of the cheese is estimated to be approximately 28%
fat, 21% protein, 6% salt and 12% salt in moisture [4]. Sfela is known for its distinctively
spicy and salty taste. Interestingly, it has been suggested that when it comes to marketing,
this cheese has limited export potential [5].

Today, manufacturing of white brined cheeses may include the addition of starter
cultures. Several starters have been evaluated, including Streptococcus thermophilus, Lacto-
bacillus delbrueckii ssp. bulgaricus and Lactococcus lactis [6,7]. Mixtures of mesophilic and
thermophilic LAB strains are also frequently employed as they have the ability to cause
fast acidification of the milk, which is necessary for cheese manufacturing. The selection of
the starter cultures is an essential step in the production of white brined cheeses using pas-
teurized milk to ensure safety while maintaining consistent quality and sensory properties.
Besides that, adjunct cultures have been suggested as potential additives to further enhance
the flavor, functional attributes, or safety properties of white brined cheeses. Overall, ad-
junct cultures may offer the potential to improve cheese quality and even create a probiotic
dynamic [8–11]. Additional members of the microbiome of white brined cheeses may
include various species and may be shifted throughout the ripening process. For instance,
Enterococcus faecalis, Enterococcus durans, Pediococcus pentosaceus and Pediococcus acidilactici
were initially present in high numbers in fresh Feta cheese but declined during ripening
and were outgrown by lactobacilli [12]. Counts for lactobacilli may increase during the
first stage of ripening. Lactobacilli are favored by low pH and high salt content, with
Lactiplantibacillus plantarum found to be the predominant species in Feta cheese [13]. These
bacteria are non-starter LAB (NSLAB) and can be detected in raw milk, enduring the initial
heat treatment, or can be transferred to the cheese and brine from the surrounding envi-
ronment [14]. Species of Leuconostoc (Leuconostoc lactis and Leuconostoc mesenteroides subsp.
dextranicum) have also been found in Beyaz Peynir cheese. Coliforms can also be present
in brined cheeses, but their numbers have been found to decrease during the reduction of
pH [15]. Micrococci can contribute to the development of flavor and aroma. Still, their num-
bers are usually low in white brined cheeses due to the inhibitory effect of the low pH of the
cheese and brine [16]. The microbiome of white brined cheeses may additionally contain
various yeasts. Species including Saccharomyces cerevisiae, Debaryomyces hansenii, Candida
famata, Pichia membranifaciens, Torulaspora delbrueckii, Kluyveromyces marxianus, Candida sake,
and Kluyveromyces lactis have been previously found in Feta cheese [17–19]. In Domiati
cheese, some of the yeast species that have been previously identified are Issatchenkia
orientalis, Candida albicans, Clavispora lusitaniae (Candida lusitaniae), Kodamaea ohmeri (Pichia
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ohmeri), K. marxianus, and Candida catenulate [20]. It is worth noting that, some yeast species,
such as C. albicans and other common yeast pathogens, which are found in fresh cheese
and brines, are probably unable to survive the maturation process [21]. An overgrowth of
yeasts may cause defects to the white brined cheeses like early blowing, characterized by
the presence of gas holes [22].

Furthermore, next generation sequencing (NGS) approaches are gaining momentum
as they can provide a more precise identification of rare or difficult-to-culture microbial
populations. Metagenomics, a culture-independent approach, is widely used for studying
microbial ecosystems in various foods, including traditional dairy and fermented prod-
ucts [23]. Currently, two main tools are employed: amplicon sequencing for identifying the
microbial populations mostly at the genus level and shotgun metagenomics analysis for
insights into the composition and functional properties of species (or even subspecies) in a
niche. Both techniques have been previously applied in studies conducted for the charac-
terization of various white brined cheese microbiomes. More specifically, amplicon-based
sequencing for the identification of both bacterial and yeasts genera has been employed
in the case of various Turkish white cheeses including Tulum and Ezine [24–26], Greek
artisanal cheeses like Kalathaki Limnou, Gidotyri and Batzos, [27–29], Brazilian Minas
cheese [30] and the Cypriot cheeses Halloumi and Halitzia [31,32]. Feta, which is the most
popular Greek cheese, has been selected as the basis for multiple studies employing ampli-
con sequencing and/or shotgun metagenomics to explore its microbiome under different
technological conditions [33–35].

While several studies have been conducted on the microbiology of Greek white brined
cheeses, to our knowledge, there is a notable gap in the study of Sfela cheese, despite its
PDO status and its significance for the local producers in the Peloponnese. Therefore, in this
study, we combined a culture-based approach with 16S rDNA amplicon-based sequencing
and shotgun metagenomics to initiate a first investigation of the microbiome of Sfela cheese,
which has not been reported in the literature before. Throughout this study, two different
variants of Sfela were also investigated, namely Sfela touloumotiri and Xerosfeli, which
were included to provide insight into these traditional cheeses’ microbial ecosystems.

2. Materials and Methods

2.1. Cheese Sampling

In this study, a total of four cheese samples were selected for analysis, including
two PDO industrial Sfela samples and two non-PDO artisanal variants (Xerosfeli and
Sfela touloumotiri). All samples analyzed were from different producers. For industrial
Sfela 1 and the two artisanal variants, a mixture of ovine and caprine milk was used,
while industrial Sfela 2 was produced from ovine milk solely. In all cases, milk was
pasteurized with the exception of Sfela touloumotiri that was thermised. Both the industrial
PDO samples and the two Sfela variants were produced in locations that fulfilled the
geographical requirements specified for PDO Sfela cheese. Furthermore, the industrial
Sfela cheese samples had been ripened for at least three months, as stipulated by PDO
regulations. The non-PDO Xerosfeli was produced in a similar manner to PDO Sfela, but
with a shorter ripening duration that may be distributed without being immersed in brine
(“xero” means dry in Greek). The Sfela touloumotiri cheese was ripened in a touloum
(animal skin bag) for an unknown period of time. All the samples were carefully transferred
to the laboratory and stored at a temperature of 4 ◦C until analysis.

2.2. Growth Conditions and Strain Isolation

To initiate the isolations of the different Sfela strains, ten grams (10 g) of the cheese
samples were homogenized in 90 mL of Buffered Peptone Water (BPW, Condalab, Madrid,
Spain). Serial dilutions were prepared, and plate pouring was performed using De Man,
Rogosa and Sharpe agar (MRS, Condalab, Madrid, Spain) and M17 agar (Himedia Lab-
oratories, Mumbai, India). MRS and M17 were supplemented with 0.1% cycloheximide
(AppliChem, Darmstadt, Germany), and they were incubated at 28 ◦C and 42 ◦C under

59



Foods 2024, 13, 1023

anaerobic conditions using AnaeroGen™ Sachet (Thermo Fisher Scientific Oxoid, Bas-
ingstoke, UK). Colonies were selected from each medium, based on their distinct shape
and color characteristics and then were further purified. The purified colonies were then
stored at −80 ◦C with 20% (v/v) glycerol for future use.

2.3. Identification by MALDI-TOF MS

Isolated strains were subjected to MALDI-TOF MS analysis for identification. Stored
strains were subcultured once using the respective medium each time. After incubation at
the appropriate temperature for 24 h, the cultures were streaked on MRS agar (Condalab,
Madrid, Spain) or M17 agar (Himedia Laboratories, Mumbai, India), depending on the
specific medium in which each strain was initially isolated during the sampling process
and incubated again for 24 h. Using a sterile toothpick, single colonies were carefully
spotted on a stainless-steel target plate, and 1 μL matrix of saturated solution of α-HCCA
(α-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 2.5% trifluoroacetic acid) (Bruker
Daltonics, Bremen, Germany) was added on top of the spots. The samples were left to
dry at room temperature and then analyzed with the MALDI-TOF MS AutoflexIII (Bruker
Daltonics, Bremen, Germany) using the default parameter settings within the MALDI
Biotyper software ver. 3.1 (Bruker Daltonics, Bremen, Germany). To ensure reproducibility,
each isolate was spotted two times on the plate. The identification of the isolates relied
on log (score) values ranging from 0 to 3, which were acquired from a search within
the reference database. Values of ≥2.0 signified identification at the species level, values
of ≥1.7 represented identification at the genus level, and values < 1.7 were considered
as unidentifiable.

2.4. DNA Extraction from Sfela Cheese Samples

DNA extraction from Sfela cheese samples was carried out using the DNeasy Power-
Food Microbial Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol
with slight modifications. To summarize the procedure, 0.5 g of Sfela cheese was collected
in ten sterile Eppendorf tubes (1.5 mL), and 750 μL of trisodium citrate [2% (m/v), pH 7.4]
was added to each tube. The suspensions were then centrifugated at 12,000× g for 10 min
at 4 ◦C, and the resulting pellet was washed several times with the citrate solution. After
each centrifugation step, any remaining fat was removed, and all the pellets from each
sample were combined into one tube. Next, the final pellets of each Sfela sample were
treated with 500 μL of lysozyme (25 mg mL−1 in Tris-EDTA buffer at pH 8.0), 20 μL of
mutanolysin (5 U mL−1), 15μL of RNase (10 mg mL−1) and 5 μL of lyticase (1 U μL−1)
(all reagents from Sigma-Aldrich ChemieGmbh, Munich, Germany). The samples were
then incubated at 37 ◦C for 1.5 h while vortexing every 15 min. After centrifugation at
10,500× g for two minutes, DNA extraction from the pellet was carried out following the
manufacturer’s instructions provided with the kit. The resulting eluted DNA was stored at
−20 ◦C. Subsequently, DNA concentration and the ratios of 260/280 nm and 260/230 nm
were determined using NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer
(Thermo Fisher Scientific, Cleveland, OH, USA). Furthermore, DNA integrity was assessed
through agarose gel electrophoresis.

2.5. Sequencing and Bioinformatics Analysis

Library preparation, Illumina sequencing and quality control for 16S rDNA and shot-
gun metagenomics were conducted by Beijing Genomics Institute (BGI) and Novogene
(Beijing, China). Data was imported into the CLC genomics workbench 23.0.5 (Qiagen,
Hilden, Germany), and at first, chimera removal and operational taxonomic unit (OTU)
clustering were performed with the default parameters, as previously described [35]. The
16S rDNA OTU tables were constructed using the Silva database version 138.1, with 99%
identity. A closed OTU picking was selected to avoid the high number of unidentified taxa.
Rarefaction of reads was performed using default settings. Alpha and beta diversities were
calculated using the total number of OTUs and principal coordinate analysis (PCoA) based
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on Bray–Curtis distances, respectively. For shotgun metagenomics, the initial taxonomic
profiling of samples was conducted by aligning the shotgun reads against a microbial
genome database after creating a taxonomic profiling index in the CLC genomics work-
bench with default parameters. Subsequently, the shotgun reads were assembled using the
de novo assembly function with a minimum length of 1Kbp for all the cheese samples with
the default settings. Bin identification and taxonomic assignment was performed by the
BusyBee web server [36,37]. For this analysis, the default parameters were chosen as well.
Cellulosimicrobium cellulans reads were excluded from all the datasets during the analysis
as their presence is due to the lyticase used for yeast lysis during DNA extraction [38,39].
The reference genomes in RefSeq of the most abundant species were employed to construct
recruitment plots using the RecruitPlotEasy software with the default settings [40]. The
initial step of mapping the sequence reads against the reference genomes was performed
with the CLC genomics workbench. The specific reference genomes chosen for the analysis
were those of Str. thermophilus CIRM 65, L. lactis LAC460, and Tetragenococcus halophilus
MJ4. Finally, functional analysis of the assembled metagenomic reads was conducted using
the CLC genomics workbench, for annotation and functional characterization of genetic
sequences using the Gene Ontology (GO) molecular function terms. GO molecular function
terms were visualized through heatmap construction using Euclidean distance for the first
25 molecular functions [41].

3. Results and Discussion

3.1. Identification of Isolates via MALDI-TOF MS Analysis

A total of 140 isolates from all the samples were selected based on their morphologies
and growth at different temperatures. These isolates were subsequently identified using
MALDI-TOF MS analysis, as shown in Table 1. The results revealed that the isolated species
originated from various genera within LAB. The identification was considered successful,
as all the species matches accounted for a score near or higher than 2.0. Among the total
microbes analyzed from the four Sfela samples, the most frequent species were E. faecium
(44.3%), Lcb. plantarum (23.6%), Lvl. brevis (10%), P. pentosaceus (8.6%), Str. thermophilus
(5%), Leu. mesenteroides (3.6%) and Lct. paracasei (1.4%). Other bacteria were also identified,
including Enterococcus gallinarum, Latilactobacillus curvatus, Lacticaseibacillus rhamnosus,
Streptococcus gallolyticus and Staphylococcus epidermidis, but with lower abundances (<1%).
Our results are in general accordance with previous studies conducted to identify LAB in
white brined cheeses using MALDI-TOF MS analysis. More specifically, E. faecium, Leu.
mesenteroides and P. pentosaceus have been isolated from white brined Serbian artisanal
cheeses [42]. Furthermore, in the same study there were additional bacterial species that
were absent from Sfela cheese, like Macrococcus caseolyticus and E. faecalis among others.
In another study on the Spanish cheeses type “Torta”, researchers also identified some
common bacteria shared with Sfela cheese, which included Ltl. curvatus, Lct. paracasei,
Lcb. plantarum, Lct. rhamnosus and Leu. mesenteroides [43]. Lcb. plantarum is a rather
frequent bacterial species of white brined cheeses that has been also identified with MALDI-
TOF MS in Touloumotyri [44]. Finally, the findings most closely resembling ours were
those of Feta cheese which was examined for its microbial shift during ripening [45].
During the initial ripening, some of the dominant lactobacilli species were Lcb. plantarum,
Lvl. brevis, Lct. rhamnosus, Lct. paracasei and Ltl. curvatus, while the most frequently
encountered Enterococcus species were E. faecalis, E. faecium and E. durans. Str. thermophilus
and P. pentosaceus were also present in significant quantities during the first three months
of ripening, while Staph. epidermidis was only detected after six months [45]. It is evident
that common LAB species may be present in different white brined cheeses, but variations
can also occur.
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Table 1. Species identification via MALDI-TOF MS.

Identified Species via MALDI-TOF MS Total Number

Enterococcus faecium 62/140 (44.3%)
Lactiplantibacillus plantarum 33/140 (23.6%)

Levilactobacillus brevis 14/140 (10%)
Pediococcus pentosaceus 12/140 (8.6%)

Streptococcus thermophilus 7/140 (5%)
Leuconostoc mesenteroides 5/140 (3.6%)
Lacticaseibacillus paracasei 2/140 (1.4%)
Enterococcus gallinarum 1/140 (0.7%)
Latilactobacillus curvatus 1/140 (0.7%)

Lacticaseibacillus rhamnosus 1/140 (0.7%)
Streptococcus gallolyticus 1/140 (0.7%)

Staphylococcus epidermidis 1/140 (0.7%)

3.2. 16S rDNA Amplicon Sequencing

The next step of our analysis was the 16S rDNA amplicon sequencing of all four cheese
samples. The clustering analysis of 16S rDNA reads, as shown in Figure 1A, reveals that
the Firmicutes phylum was predominant across all samples, indicating that the Sfela cheese
environment provides favorable conditions for the proliferation of Gram-positive bacteria.
Some examples of Firmicutes commonly found in white brined cheeses include members
of the Lactobacillaceae family and Streptococcus sp. The LAB are known for their role in the
fermentation of dairy products and their contribution to the development of specific flavors,
textures, and aromas [46]. Previous research conducted on Feta cheese has also reported
the prevalence of the Firmicutes phylum in the bacterial microbiota [33]. In addition to Feta,
Firmicutes was described to clearly dominate in various Greek PDO cheeses, including
Anevato, Batzos, Galotiri, Kalathaki Limnou and Kopanisti [29].

The bacterial composition was more diverse at the family level, as shown in Figure 1B.
More specifically, Streptococcaceae emerged as the dominant family in industrial Sfela 2 and
Sfela touloumotiri, accounting for 79% and 43.7%, respectively. In industrial Sfela 1 and
Xerosfeli, it also appeared with high percentages, particularly 39% and 48%, but in both
samples, it was the second most prevalent family. The family that predominated in indus-
trial Sfela 1 (61%) and Xerosfeli (49.9%) was Lactobacillaceae, which was the second highest
population in industrial Sfela 2 (21%) and in Sfela touloumotiri (30%). Sfela touloumotiri
contained two additional families, namely Enterococcaceae and Staphylococcaceae, with abun-
dances of 23.3% and 3%, respectively. Lachnospiraceae is a family that only appeared in
Xerosfeli but with a low abundance of 2%.

The differences between the samples became even more noticeable when compared for
the most dominant genera (Figure 1C). In the industrial Sfela 1 and the Xerosfeli samples,
the primary member of the Streptococcaceae family was the genus Streptococcus with 43% and
53% abundances, respectively. In contrast, the most abundant genus of the same family in
the other two samples was Lactococcus representing 78% of the industrial Sfela 2 and 45% of
Sfela touloumotiri. In these two samples, Streptococcus was present in low percentages (<1%
in industrial Sfela 2 and 3.9% in Sfela touloumotiri), as was also observed in the case of
Lactococcus detected in industrial Sfela 1 and Xerosfeli (<1%). Lactiplantibacillus was present
in industrial Sfela 1, industrial Sfela 2 and Xerosfeli with 18.9%, 10.9% and 2% abundance,
respectively. Lacticaseibacillus was identified only in industrial Sfela 1, occupying a notable
percentage of 28.2% of the total sample. The genus Companilactobacillus appeared only
in Sfela touloumotiri with a relatively high abundance (27.9%), while in the rest of the
samples, its presence was not significant (<1%). On the contrary, Latilactobacillus appeared
in industrial Sfela 1, industrial Sfela 2 and Xerosfeli with varying abundances of 2–9%,
while in Sfela touloumotiri with <1%. Lactobacillus is another genus of the same family,
which was detected in industrial Sfela 1, accounting for 2.4% and in Xerosfeli 36.9%. Finally,
Weissella was identified in industrial Sfela 2, Sfela touloumotiri and Xerosfeli with 3.1%,
2.1% and 3.5%, respectively.

62



Foods 2024, 13, 1023

Figure 1. Illustration of the taxonomic distribution of industrial Sfela cheese and its artisanal variants,
Sfela touloumotiri and Xerosfeli, using 16S rDNA amplicon sequence data. The samples were
analyzed at the phylum (A), family (B), and genus (C) levels.

Regarding the most prevalent bacterial genera reported in Sfela samples, the results
are in accordance with studies employing amplicon sequencing on various types of white
brined cheeses. More specifically, Lactococcus, Streptococcus and Lactobacillus were consis-
tently identified as the significant genera in Tulum, Minas Gerais, Feta, Halloumi and
Halitzia cheeses [25,30–32,34,47]. Additionally to these three frequent cheese genera, Lacti-
plantibacillus and Lacticaseibacillus were also identified with 16S rDNA amplicon sequencing
in Feta [35] and Weissella in Minas Gerais and Tulum cheeses [25,30]. Nevertheless, the
distribution of these bacteria varied between the cheeses, and there were also differences
concerning the presence of less abundant genera, including Bifidobacterium, Pediococcus
and Pseudomonas which uniquely appeared in specific studies [25,30,34,35]. As already
mentioned, white brined cheeses usually contain NSLAB that originate from raw milk
or contamination occurring after heat-treatment. The mesophilic lactobacilli are the pre-
dominant type of NSLAB found in white brined cheeses [12,48], which could explain the
high frequency of these genera in Sfela samples. Interestingly, the genus Tetragenococcus
of the Enterococcaceae family was exclusively found in Sfela touloumotiri, showing a sig-
nificant abundance of 23.3%. This genus consists of halophilic LAB, thriving in high-salt
environments, which makes them well-suited for white brined cheese environments, and
they have also been identified in cheese brines [49,50]. Some species show proteolytic and
lipolytic activities, contributing to the development of sensory characteristics in ripened
cheese products [51]. In a previous study, T. halophilus has been suggested as a potential
starter culture for fermented foods with high salinity [52].

The analysis at the phylum level did not reveal any taxonomic differences, but the
family and genus levels provided a deeper insight into the bacterial distribution among the
samples. The alpha diversity analysis (Figure 2A) confirmed that the sequence depth was
adequate for each sample. Furthermore, beta diversity revealed that some samples could
be clustered together when assessing the variation at the genus level. More specifically,
industrial Sfela 1 and Xerosfeli were classified together and separately from industrial Sfela
2 and Sfela touloumotiri according to PCo1 (Figure 2B).
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Figure 2. Alpha diversity analysis of 16S rDNA reads for a maximum depth of 18,000 read counts
based on the total number of OTUs at genus level (A) and beta diversity presented in a Principal
Coordinate Analysis (PCoA) employing the Bray—Curtis distances for the samples (B).

3.3. Identification of Sfela Microbiome at Species Level Using Shotgun Metagenomics Analysis

Species-level identification of the Sfela cheese microbiome was achieved by shot-
gun metagenomics. We compared the reads from these samples against a representative
database of bacterial and fungal genomes (Figure 3). The species-level analysis revealed that
industrial Sfela 1 was mainly characterized by the presence of Str. thermophilus (40.74% abun-
dance), which appeared in even higher abundance in Xerosfeli at 50.5% in particular.

Figure 3. Illustration of the taxonomic distribution of industrial Sfela cheese and its artisanal variants,
Sfela touloumotiri and Xerosfeli, using shotgun metagenomics sequence data. The samples were
analyzed at the species level (A). Heat-map analysis of the species identified in industrial Sfela 1,
industrial Sfela 2, Sfela touloumotiri and Xerosfeli (B).
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L. lactis predominated in industrial Sfela 2, reaching up to 79.2%, and it also appeared
in Sfela touloumotiri with 27.1% abundance. T. halophilus, the most frequent species in
Sfela touloumotiri, occupied 45.9% of the total sample, while it could not be detected
in the rest of the samples (<1% abundance). Lcb. plantarum was another species that
exhibited significant variations among the samples, and in particular, it reached 19.7% in
industrial Sfela 1 and 8.3% in industrial Sfela 2, while it appeared in less than 1% in the two
artisanal cheeses. Industrial Sfela 1 and Xerosfeli shared two additional species, namely Lb.
delbrueckii reaching 8.1% and 26.6% and Lct. paracasei with 19.7% and 2.4% abundance in
industrial Sfela 1 and Xerosfeli, respectively. Ltl. curvatus, was found in notable amounts in
industrial Sfela 1 (2.9%), industrial Sfela 2 (4.5%) and Xerosfeli (3.3%). Leu. mesenteroides was
also detected in substantial abundancies of 6.4%, 1.2% and 3.3% in industrial Sfela 1, Sfela
touloumotiri and Xerosfeli, respectively. Several other bacterial species were detected in
varying abundances, including P. pentosaceus, Lactococcus cremoris and Weissella jogaejeotgali.
Of note, some Bifidobacterium spp. were detected but their abundance was low (<1%). D.
hansenii was the only yeast species found in abundance exceeding 1%. Notably, it appeared
in a high percentage of 13.5% in Sfela touloumotiri. It was also present in the remaining
samples, occupying < 1% of the microbial population. Additional yeast species found in
the samples, but with low abundances (<1%), included Neurospora crassa, Tor. delbrueckii
and Debaryomyces nepalensis.

As previously described, the diverse array of bacterial species found across samples
verifies the rich and dynamic microbial profile of white brined cheeses like Sfela. Str.
thermophilus has been previously identified in various cheese types, particularly in those
produced through fermentation processes involving high temperatures. Its prevalence
and significance are noteworthy in Feta cheese [35,45] and other Mediterranean cheeses,
like Italian Grana Padano [53] and Parmigiano-Reggiano [54]. Its high abundance can
be attributed to the potential addition of starter cultures. The dominance of L. lactis in
the industrial Sfela 2 is in agreement with its widespread occurrence in various white
brined cheeses, including Feta cheese [35,55]. 16S rDNA amplicon sequencing and shotgun
metagenomics consistently identify L. lactis, Str. thermophilus, and Lb. delbrueckii as the
three most prevailing species in white brined cheeses [24,26,27]. Leu. mesenteroides has
been previously identified in the traditional Montenegrin brine cheese [56] and in Feta
cheese through shotgun metagenomics analysis [35]. W. jogaejeotgali, initially found in
traditionally fermented Korean jogae jeotgal [57], exhibits resistance to osmotic stress and
tolerance to acidic conditions. Recent discoveries have placed W. jogaejeotgali as part of
the cheese microbiome [26,58], though other species of this genus have been also isolated
from dairy environments in previous studies [51,59]. Furthermore, our findings align with
previous studies on Feta, Domiati, and Halloumi cheeses, indicating a consistent presence
of non-starter lactobacilli in mature samples [12,60,61].

The results from the shotgun analysis are generally in accordance with the 16S rDNA
amplicon sequencing analysis, which provided insights into the bacterial composition of
the samples up to the genus level. Moreover, the shotgun analysis at the species level is
partially consistent with the culture-based analysis and the identification of the isolates
with MALDI-TOF MS after culture-based isolation. In particular, both approaches revealed
the presence of Str. thermophilus, Lcb. plantarum, Lct. paracasei and Leu. mesenteroides.
However, it is worth noting that the data regarding the species with abundances exceeding
1% did not always match the culture-based analysis results. For instance, enterococci were
found in high populations among the identified isolates, in contrast to the metagenomics
results in which they were <1% abundant. Shotgun analysis revealed the presence of
highly abundant species that could not be isolated and characterized by the cultured-
based analysis. This discrepancy may be attributed to the selection of colonies based on
morphological variations rather than a randomized selection. Consequently, the identified
taxa through culture-based analysis may appear with different frequencies than those
found through metagenomics analysis. Another aspect to consider is that both amplicon
and shotgun sequencing techniques can detect bacteria even if they are no longer viable
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or able to be cultivated, as previously suggested [62]. Furthermore, during our study,
cell culture conditions might have provided an environment favoring the growth and
subsequent selection of certain species from the microbiome present in the Sfela samples.
In addition, the inability to isolate some taxa with high abundances, as indicated by the
shotgun metagenomics and the 16S amplicon sequencing, may suggest that some of them
could have been in a state where they are “viable but not culturable” (VBNC). For instance,
in one study, strains of L. lactis used in cheese making were found to be viable with RT-
qPCR, but they could not be grown on M17 throughout the ripening period [63]. Another
study supporting the VBNC condition of L. lactis in Lebanese fermented milk products
demonstrated that despite the inability to isolate the species on M17, the addition of goat
milk in the culture medium facilitated its recovery [64]. This phenomenon could potentially
be attributed to the depletion of carbohydrates, possibly occurring during ripening or
storage, leading to L. lactis entering a VBNC state [65].

Comparing the most dominant species within the four samples revealed that the
bacterial diversity in industrial Sfela 1 and Xerosfeli exhibited similarity and industrial
Sfela 2 was grouped together with Sfela touloumotiri, as illustrated in Figure 3B. Among
the bacterial species, the presence of Str. thermophilus, Lb. delbrueckii and P. pentosaceus were
responsible for grouping industrial Sfela 1 and Xerosfeli. The grouping of industrial Sfela 2
and Sfela touloumotiri relied on the presence of two distinct lactococci, i.e., L. lactis and
L. cremoris. In addition, T. halophilus was the characteristic species in Sfela touloumotiri.
Furthermore, Lcb. plantarum, Lactiplantibacillus paraplantarum, and Lct. paracasei were
prevalent in industrial Sfela 1.

Alpha diversity was also calculated for the shotgun metagenomic reads. As indicated
in Figure 4A, the depth of the sequencing was again adequate for each sample. As shown in
Figure 4B, the beta diversity analysis of the shotgun metagenomics sequencing segregated
the samples in a manner similar to the heatmap analysis of the most dominant species.
More precisely, industrial Sfela 1 and Xerosfeli were grouped together and distinct from
industrial Sfela 2 and Sfela touloumotiri according to PCo1.

Figure 4. Alpha diversity analysis of shotgun reads for a maximum depth of 14,000,000 read
counts based on the total number of OTUs (A) and beta diversity presented in PCoA employing the
Bray—Curtis distances for the samples (B).

3.4. Binning of Metagenome-Assembled Contigs of Sfela Cheese Samples—Construction of
Recruitment Plots

To identify metagenome-assembled genomes (MAGs), we performed binning using
the assembled contigs of each sample (Figure 5). As shown in Table 2, we were able to get
several bins with high completeness. Still, in most cases, these were accompanied by high
levels of contamination and/or strain heterogeneity. However, there were some exceptions
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of high-quality bins, like Bin 12 in industrial Sfela 1, as well as Bin 4, Bin 6 and Bin 8 in
Xerosfeli. These bins were identified as Lb. delbrueckii (Bin 12 and Bin 4), M. caseolyticus (Bin
6) and Lct. paracasei (Bin 8).

Figure 5. Cont.

67



Foods 2024, 13, 1023

Figure 5. Bins of metagenomics scaffolds of industrial Sfela 1 (A), industrial Sfela 2 (B), Sfela
touloumotiri (C) and Xerosfeli (D). The figure indicates the identified species’ contigs distributed in
different bins represented by dots of the same color.

68



Foods 2024, 13, 1023

Table 2. Quality of bins obtained from the assembled metagenomes of Sfela cheese samples.

Sample Bin Completeness * Contamination * Strain Heterogeneity *

Industrial Sfela 1

1 93.69 127.03 7.69
2 95.50 225.23 9.83
3 80.18 36.94 8.77
4 82.88 9.91 60.00
5 87.39 95.50 2.67
6 81.08 17.12 13.04
7 72.97 9.91 7.69
8 29.73 0.90 0.00
9 8.11 0.00 0.00

10 45.95 0.00 0.00
11 91.89 63.06 7.80
12 91.89 0.00 0.00

Industrial Sfela 2

1 20.72 1.80 50.00
2 79.28 122.52 14.80
3 11.71 3.60 100.00
4 93.69 80.18 12.73
5 94.59 161.26 10.29

Sfela touloumotiri

1 48.65 11.71 40.00
2 94.59 207.21 6.35
3 57.66 14.41 18.75
4 82.88 8.11 33.33
5 67.57 25.23 28.57
6 91.89 81.08 62.04
7 86.49 12.61 50.00
8 93.69 74.77 6.52
9 72.07 18.02 40.00

10 54.95 5.41 44.44
11 91.89 46.85 8.33
12 95.50 36.94 12.24
13 72.97 0.90 0.00

Xerosfeli

1 54.95 29.73 26.32
2 94.59 87.39 63.79
3 95.50 85.59 10.17
4 90.09 0.00 0.00
5 95.50 138.74 3.70
6 93.69 9.01 25.00
7 68.47 2.70 0.00
8 95.50 3.60 0.00
9 61.26 18.02 39.13

* determined through analysis with the BusyBee web tool.

The taxonomic evaluation of all the bins and contigs agreed with our species identi-
fication findings by the shotgun metagenomics analysis of single reads presented above.
However, BusyBee analysis demonstrated the presence of bins of contigs corresponding
to species appearing with less than 1% abundance in the shotgun analysis. This was the
case for the species Lcb. paraplantarum, E. durans, Streptococcus parauberis, M. caseolyticus
and other less frequent species found dispersed among the bins of the different samples.
Staphylococcus equorum was one of the aforementioned species, which is a non-pathogenic
staphylococcal member and was found to contribute to the intense flavor profiles found in
cheeses [66] and has been suggested as a starter culture for the manufacturing of semi-hard
cheeses [67]. The binning process also revealed the presence of some additional bacteria,
including Acinetobacter johnsonii and Acinetobacter sp. (TTH0-4, WCHA55), which have been
related to cheese spoilage [68] and can act as opportunistic pathogens [69]. Despite the fact
that Str. parauberis has been previously reported in cheese environments [33,70] and sheep
milk [71], its presence may be unwanted as it has been connected with cases of bovine
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mastitis [72]. Streptococcus suis is another bacterium that has been identified in cheese
samples [73], but its occurrence may pose safety concerns as a zoonotic pathogen [74]. De-
tecting these bacteria in Sfela samples can raise concerns regarding the hygienic conditions
during the cheese production and it underlines the importance of an improved surveillance
and monitoring of the process.

To surpass the problem of low-quality bins within our dataset and more specifically,
to determine the MAGs of the most prevalent species in each sample, we constructed
recruitment plots of sequencing reads against the reference genomes of Str. thermophilus (for
industrial Sfela 1 and Xerosfeli), L. lactis (for industrial Sfela 2) and T. halophilus (for Sfela
touloumotiri). As shown in Figure 6, this approach enabled the assembly of nearly complete
draft genomes for each of the reference genomes. Interestingly, a significant number of
reads exhibited alignments with an identity exceeding 95%, while also displaying a high
average depth of sequencing coverage.

Figure 6. Recruitment plots of metagenomic reads from industrial Sfela 1 against the sequence of the
reference genome of Str. thermophilus (CIRM 65) (A), industrial Sfela 2 against the genomic sequence
of the reference strain of L. lactis (LAC460) (B), Sfela touloumotiri against the genomic sequence
of the reference strain of T. halophilus (MJ4) (C), and Xerosfeli against the genomic sequence of the
reference strain of Str. thermophilus (CIRM 65) (D). Bottom left panel: reads that have been aligned to
the genome. The X-axis represents the position in the genome, while the Y-axis represents the percent
of identity. The color of the data points corresponds to the number of reads that match a particular
position on the genome with a specific level of identity indicated from the left bar. Upper left panel:
sequencing depth across different regions of the genome. Bottom right panel: number of nucleotide
bases at different levels of nucleotide identity. The Y-axis represents the nucleotide identity, and the
X-axis represents the number of bases. Upper right panel: histogram of the sequencing depth. Orange
and blue lines represent matches with nucleotide identity above and below the 95% cutoff, respectively.
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3.5. Functional Analysis of Metagenome Contigs

Functional analysis of the assembled shotgun metagenomes was performed in the
CLC genomics workbench. Heatmap analysis demonstrated that different functions had
different distributions in each sample (Figure 7). The grouping between industrial Sfela
2 and Sfela touloumotiri was again evident. In contrast, industrial Sfela 1 and Xerosfeli
did not form a distinct group. It should be mentioned that our analysis concerns the pres-
ence/absence of functions rather than their actual activity during the production of these
cheese samples, given that they derive from a metagenomics rather than a metatranscrip-
tomics dataset. Further research is required to explore the roles of the identified activities
and to develop a more comprehensive image of the molecular functions contributing to the
production of the different Sfela cheese types.

Figure 7. Heat map representing the results of functional analysis conducted on Sfela cheese samples
according to GO molecular function. The analysis was conducted using the Euclidean clustering
distance to group functional properties and the different cheese samples.
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4. Conclusions and Future Perspectives

Sfela cheese has a PDO status, signifying that its distinct organoleptic characteristics
are firmly connected to the Messinia and Laconia regions in the Peloponnese. In our study,
we utilized a combination of 16S rDNA amplicon sequencing and shotgun metagenomics
to evaluate four different Sfela samples: two produced on an industrial scale under PDO
regulation and two non-PDO variants of Sfela cheese. Notably, industrial Sfela 1 and
Xerosfeli were dominated by Str. thermophilus and Lb. delbrueckii subsp. bulgaricus, whereas
industrial Sfela 2 and Sfela touloumotiri were characterized both by high populations
of L. lactis, while T. halophilus prevailed in Sfela touloumotiri. As already mentioned,
bacteria employed as starter cultures may persist in the first stages of cheese fermentation,
while NSLAB may prevail at the later ripening stages due to the low pH and the elevated
salt content. The dominance of Str. thermophilus and Lb. delbrueckii subsp. bulgaricus
in industrial Sfela 1 and Xerosfeli may be attributed to production under strict hygiene
conditions, enabling these bacteria to thrive during ripening against other microbes [35].
Metagenomics analysis also revealed that NSLAB were detected in all samples, but they
were not among the most abundant species. The presence of yeast was rather scarce, as
indicated by shotgun metagenomics. The binning of scaffolds did provide several sequence
bins of varying completeness and quality. Notably, this analysis unveiled the presence of
Acinetobacter spp., Str. parauberis and Str. suis in Sfela. This suggests the need for stricter
surveillance during production, ensuring adherence to safety protocols, and compliance
with PDO regulations to ensure food safety and consumers’ health. Standardizing the
production of traditional cheese can also potentially enhance their demand [75,76]. Omics
approaches are critical as they can provide a very detailed picture of the microorganisms
participating throughout the whole procedure of cheese production. Culture-dependent
techniques also provide essential information about the product’s dominant microbiome,
and thus the combination of both methods can shed light on the dynamic changes that
the microbial composition undergoes along with the functional pathways they carry. The
information presented here provides a first framework concerning the intricate microbial
communities that may exist in Sfela cheese. Further exploration may be needed to unveil
a more comprehensive map of the Sfela cheese microbiome and its impact on sensory
attributes. The construction of a pool of naturally occurring strains with desirable properties
may lead to the isolation of novel strains for use as valuable starters or adjuncts specific to
the production of Sfela cheese. Such research will not only expand our understanding of
the Sfela cheese microbiome but also holds potential for enhancing its quality and safety
in the future. Our study may also encourage the application of shotgun metagenomics to
study the microbiomes of other types of white brined cheese produced in different parts of
the world.
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Abstract: The maturation of a traditional Swedish long-ripened cheese has shown increasing variation
in recent years and the ripening time is now generally longer than in the past. While the cheese
is reliant on non-starter lactic acid bacteria for the development of its characteristic flavour, we
hypothesised that the observed changes could be due to variations in the microbiota composition
and number of bacteria in the raw milk used for production of the cheese. To evaluate associations
between microbiota in the raw milk and the resulting cheese, three clusters of commercial farms
were created to increase variation in the microbiota of dairy silo milk used for cheese production.
Cheese production was performed in three periods over one year. Within each period, milk from
the three farm clusters was collected separately and transported to the cheese production facility.
Following pasteurisation, the milk was processed into the granular-eyed cheese and matured at a
dedicated cheese-ripening facility. For each cheese batch, farm bulk and dairy silo milk samples,
a starter culture, early process samples and cheese samples from different stages of maturation
(7–20 months) were collected and their microbiota characterised using 16S rRNA amplicon sequencing.
The microbiota in the farm bulk milk differed significantly between periods and clusters. Differences
in microbiota in dairy silo milk were observed between periods, but not between farm clusters,
while the cheese microbiota differed between periods and clusters. The top 13 amplicon sequence
variants were dominant in early process samples and the resulting cheese, making up at least 93.3%
of the relative abundance (RA). Lactococcus was the dominant genus in the early process samples and,
together with Leuconostoc, also dominated in the cheese samples. Contradicting expectations, the
RA of the aroma-producing genus Lactobacillus was low in cheese during ripening and there was an
unexpected dominance of starter lactic acid bacteria even at the later stages of cheese ripening. To
identify factors behind the recent variations in ripening time of this cheese, future studies should
address the effects of process variables and the dairy environment.

Keywords: farm and dairy silo milk microbiota; starter and non-starter lactic acid bacteria; Lactobacillus;
Lactococcus; cheese ripening

1. Introduction

The production of long-ripened extra-hard cheese is a complex process in which
microbial and biochemical processes contribute to the characteristic flavour and texture of
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the cheese [1]. The metabolic activity in the cheese core during ripening derives from native
enzymes in the milk, added rennet, added lactic acid bacteria (LAB) starter culture and
adventitious non-starter lactic acid bacteria (NSLAB). The major LAB metabolic pathways
involved in flavour formation in cheese during ripening can be categorised into primary
(lipolysis, proteolysis and metabolism of residual lactose, lactate and citrate) and secondary
(metabolism of fatty acids and amino acids) pathways [1]. Proteolysis is of the greatest
importance for the final texture and flavour of the cheese, and peptides and amino acids
resulting from activities of the starter culture provide the main nutritional compounds for
NSLAB. The amino acids also act as precursors in a series of catabolic reactions, resulting
in volatile aroma compounds, e.g., alcohols, aldehydes, ketones, esters and phenolic and
sulphur compounds [2].

The NSLAB in cheese is believed to originate from the milk, either by surviving
pasteurisation or by contaminating the pasteurised milk later in the manufacturing process
via the dairy environment, e.g., a facility-specific “house” microbiota [3]. NSLAB is a
heterogeneous group of mesophilic bacteria consisting of, e.g., Lactobacillus, Pediococcus
and Enterococcus. Species of facultative heterofermentative lactobacilli, e.g., Lactobacillus
casei, Lactobacillus paracasei, Lactobacillus plantarum, Lactobacillus curvatus and Lactobacillus
rhamnosus, predominate in Cheddar-type cheeses [4]. L. rhamnosus, L. casei and L. paracasei,
commonly referred to as the L. casei group, are highly abundant during the ripening of
extra-hard, cooked cheeses such as Grana Padano [5]. These bacteria are present in low
numbers and do not grow well in raw milk, but dominate the viable bacterial population
in the maturing cheese [6]. However, dependence on adventitious NSLAB introduces
variability into the ripening process, resulting in differences between cheeses produced at
the same cheese-making plant on different days, and even in different batches on the same
day [7].

In recent years, there has been increasing variation in the maturation of a Swedish
traditional long-ripened cheese and the ripening time is now generally longer than in the
past. Stricter hygiene on farms, including pre-milking, udder-cleaning, and teat-disinfection
routines, have likely contributed to reducing the total number of bacteria in bulk milk
and therefore also the number of NSLAB in the milk, with consequences for the cheese
maturation process. In a recent study, we explored farm-related factors contributing to the
variation in the microbial community in bulk milk from different dairy farms [8]. The results
revealed an effect of routines associated with teat preparation and cleaning of the milking
equipment on bulk milk microbiota, with milk from farms using an automated milking
system (AMS) having different microbial composition than milk from tie-stall farms. We
also observed a difference in the microbial composition between milk from AMS farms
using different brands of milking robots, which was likely explained by differences in the
performance of the robots. In contrast, Doyle et al. [9] concluded that teat preparation has a
limited impact on raw milk microbiota and that the herd habitat is the major driver of milk
microbiota composition. Gagnon et al. [10] investigated silage as a contamination source of
facultative heterofermentative LAB in milk and concluded that silage is probably a minor
contributor. We found similar results in a recent study (unpublished data). In practice,
NSLAB are difficult to control and their pathways to the milk are diverse. For this reason,
knowledge of the diversity and abundance of NSLAB species and factors affecting their
presence in the raw milk is essential for the successful production of long-ripened cheese.

The aim of this study was to analyse the microbiota in bulk milk and determine its
contribution to the microbiota in dairy silo milk and in the resulting long-ripened cheese.

2. Materials and Methods

2.1. Participating Farms

The participating farms were located in a region between 64◦1′ to 64◦9′ N and 20◦5′
to 21◦4′ E in the county of Västerbotten, Sweden. All selected farms routinely delivered
their milk to the participating cheese-making facility. To introduce greater variation in the
milk used for cheese-making, three different clusters of farms (A, B and C) producing milk

77



Foods 2023, 12, 3796

differing in various aspects were created. In total, 18 farms were selected based on data
on detailed milk composition and farm characteristics obtained in a previous study [11].
Cluster A consisted of farms delivering milk of average quality in terms of composition,
total bacteria count and microbiota. Cluster B consisted of mostly tie-stall farms delivering
milk characterised by higher fat and protein content and fewer clostridia. Milk from farms
in cluster C typically had higher total numbers of bacteria and larger proportions of lactic
acid bacteria (Table 1).

Table 1. Milk selection criteria and basic characteristics associated with farms in clusters A–C. Farms
belonging to cluster B had significantly smaller herd size than farms in clusters A and C and fed a
significantly higher proportion of silage as round bales than farms in cluster A.

Farm Cluster and
Selection Criteria

Number
of Farms

Average Number
of Cows per Herd

(Min–Max) 1

Dominant
Cow Breed 2 on the
Farm (Number of

Farms)

Milking
System

(Number of
Farms)

Proportion
of Silage

Fed as Round
Bales 1

A: Average milk
quality 4 110 a

(68–180)
SH (3)

Mixed (1)

AMS (3)
Milking

parlour (1)
29% b

B: Higher fat and
protein content,

fewer clostridia in
milk

9 49 b

(17–90)

SH (1)
SRB (2)
SKB (1)
SJB (1)

Mixed (4)

Tie-stall (6)
AMS (2)
Milking

parlour (1)

73% a

C: Higher total
bacteria number,

higher abundance
of lactic acid

bacteria in milk

5 84 a

(41–127)
SH (4)

SKB (1)

AMS (3)
Milking

parlour (2)
60% ab

1 Values within columns with different superscript letters differ significantly (p < 0.05). 2 Dominant cow breed,
i.e., >70% of cows in the herd: SH = Swedish Holstein, SRB = Swedish Red, SKB = Swedish Mountain breed or
SJB = Swedish Jersey. AMS = automatic milking system.

2.2. Cheese Production Practice

Cheese production was performed in three periods: November 2017 (period 1),
February–March 2018 (period 2) and September 2018 (period 3). In each period, bulk
milk from the farms belonging to each of the three clusters was collected separately and
transported to a dedicated dairy silo at the cheese-making facility. This was repeated
on two separate days during one week per period. The total volume of dairy silo milk
originating from each farm cluster was approximately 15,000 L, which was the volume
needed for full-scale production of one batch of cheese. After pasteurisation (72 ◦C,
15 s), the milk was processed into a Swedish traditional, granular-eyed long-ripened
cheese, using a mesophilic starter and a coagulant consisting of 75/25 bovine chymosin and
pepsin (180 IMCU, Sacco System Nordic [Kemikalia], Skurup, Sweden). Cheese making
comprised long cooking periods (several hours) at temperatures above 40 ◦C. The cheeses
were produced in 18 kg cylinders (16 cm high), brine-salted to a salt content of around
1.2%, waxed and ripened at specific temperatures between 10◦ and 13 ◦C at a dedicated
cheese-ripening facility. Thus, in each of the three periods, milk from each farm cluster was
used for one batch of full-scale cheese production on two separate days, resulting in a total
of 18 cheese batches (3 periods × 3 clusters × 2 production days × 1 batch per day).

2.3. Sampling of Farm Bulk Milk, Dairy Silo Milk and the Resulting Cheese

On each day of cheese production, individual farm bulk milk (250 mL) was sampled
by the tanker driver during milk collection on the farms. These milk samples were kept
in a cool box during transportation to the dairy facility. The raw dairy silo milk (250 mL)
used for cheese production was sampled before processing. During cheese production,
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samples of freshly propagated bulk starter (50 mL), milk gel (50 mL) and cheese grains
before pressing (40–50 g) were collected in the early cheese-making process (early process
samples, EPSs). Fresh cheese at 24 h, cheese matured for 7 months and cheese matured
for 12–20 months (with 2-month intervals) were also sampled. On each day of production,
approximately 80 cheese wheels were produced from the milk collected from a farm cluster
and of these, at least four cheese wheels produced in the middle of the batch were reserved
for this study. On each cheese sampling occasion, one drill core of cheese (25–30 g) was
extracted for microbiota analysis. An individual cheese was never sampled on more than
four occasions.

The farm bulk and dairy silo milk samples were stored at 4 ◦C at the dairy facility until
transportation to SLU, Uppsala, Sweden. Samples were transported at ambient temperature
using cooling pads, and upon arrival, all milk samples were aliquoted into 2-mL tubes and
stored at −80 ◦C until DNA extraction. The maximum time from sampling of bulk and silo
milk to storage at −80 ◦C was 24 h. The EPSs and cheese samples were stored at −60 ◦C
at the dairy facility until transportation to SLU, Uppsala. Upon arrival, all samples were
stored at −80 ◦C until DNA extraction. In addition, fresh cheese samples aged for 12 to
20 months (with 2 months interval) were transported refrigerated to SLU, Uppsala, and
stored at 4 ◦C until analysis of total bacteria count. The maximum time from sampling
of drill cores of the cheese to analysis of the fresh samples was 48 h. Due to practical
circumstances, the EPSs and fresh cheese samples at 24 h were missing in period 2 for
cluster B on cheese production day 2.

2.4. Total Bacteria Count in Farm Bulk Milk, Dairy Silo Milk and Cheese

Total bacteria count in farm bulk milk was analysed at Eurofins Food & Feed Testing
Sweden AB (Jönköping, Sweden) using Bactoscan FC (Foss, Hilleroed, Denmark), while
bacteria in the dairy silo milk samples were determined by culturing on plate count agar
(PCA; Casein-peptone Dextrose Yeast Agar, Merck KGaA, Darmstadt, Germany) followed
by incubation at 30 ◦C for 3 days at the cheese-making facility. Total bacteria count in fresh
cheese samples was analysed at SLU, Uppsala. In brief, 25 g of cheese was homogenised in
100 mL of phosphate-buffered saline (PBS, pH 7.4) for 2 min at normal speed in a stomacher
bag (400 Classic, Seward, West Sussex, UK) in a stomacher blender (Stomacher 400, Seward,
AK, USA) at room temperature. Decimal dilutions in PBS were prepared, 0.1 mL aliquots of
the appropriate dilutions were inoculated in duplicate on plate count agar and incubated
at 30 ◦C for 48 h to obtain viable counts as colony forming unit (cfu) per gram of cheese.

2.5. DNA Extraction from Bacteria in Milk and Cheese

Liquid samples (milk, starter culture and milk gel) were thawed at 37 ◦C for 15 min
in a water bath. Solid samples (cheese granules, cheese of different ages) were thawed at
room temperature for 15 min. Milk gel and solid cheese samples (25 g) were homogenised
as previously described for analysis of total bacteria count. For cheese grains before
pressing and cheese aged for 24 h, the homogenisation time was extended to 6 min. DNA
extraction was conducted using a PowerFood DNA isolation kit (Qiagen AB, Sollentuna,
Sweden) according to a customised protocol. In brief, a 1.8 mL portion of whole milk
or a homogenised aliquot was centrifuged at 13,000× g for 15 min at 4 ◦C, and then
incubated on ice for 5 min. The resulting cell pellets with carefully collected fat layer were
resuspended in 450 μL of MBL buffer (provided with kit). The resuspended mixture was
transferred to MicroBead tubes (provided with kit). Cell lysis was conducted by incubating
the tubes at 65 ◦C for 10 min, after which they were processed in a Fastprep 24 instrument
(MP Biomedicals, Santa Ana, CA, USA) at 5.0 speed for 60 s, repeated two times with a
5-min pause. The tubes were then centrifuged at 13,000× g for 15 min at 4 ◦C, followed
by incubation on ice for 5 min. The supernatant excluding the fat layer was transferred
to new 2 mL collection tubes and the remaining steps were carried out according to the
manufacturer’s protocol. The resulting DNA was eluted with 50 μL of buffer EB (provided
with kit) and stored at −20 ◦C until use.
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2.6. Illumina Amplicon Library Construction, Sequencing and Bioinformatic Analysis

The DNA extracted from the milk, EPSs and cheese samples was used to construct
a 16S rRNA gene library with primers 515F and 805R [12]. Illumina adaptors and bar-
codes were used for amplification, following a two-step PCR approach previously de-
scribed [13]. The 16S rRNA gene library was sequenced using the Illumina Miseq platform
at SciLifeLab (Stockholm, Sweden). The raw sequencing data have been deposited in the
Sequence Read Archive at the National Center for Biotechnology Information database
(http://www.ncbi.nlm.nih.gov/sra, (accessed on 10 September 2023)), under accession
number PRJNA1010645. Bioinformatic data processing was performed using Quantitative
Insights into Microbial Ecology 2 (Core 2020.11) [14]. The raw demultiplexed reads were
trimmed using Cutadapt to remove primer sequences [15]. Sequencing base with quality
score below 30 was trimmed off from the 3′ end. A read was discarded if it contained N
base or did not contain primer sequences. The trimmed reads were further processed using
DADA2 to de-noise, de-replicate reads, merge pair end reads and remove chimeras [16],
using a truncation length of 210 and 160 bp for forward and reverse reads, respectively. A
phylogenetic tree was built using FastTree and MAFFT alignment [17,18]. The SSU Ref NR
99 138 dataset was first trimmed to the corresponding primer region and used for training
the classify-sklearn taxonomy classifier [19–21]. Amplicon sequence variants (ASVs) were
assigned taxonomy using the resulting classifier. The weighted UniFrac distance matrix
and alpha rarefaction were generated using the QIIME2 diversity plugin [14]. To identify
the dominant ASVs present in farm milk, silo milk, EPS and cheese, the top 30 ASVs with
relative abundance (RA) higher than 0.04% in the total sequencing pool were selected
for analysis.

2.7. Statistical Analysis

Microbiota analyses were performed with the q2-diversity plugin. The rarefied ASV
table was used to calculate the number of observed ASVs. Kruskal–Wallis rank test [22] and
Benjamini and Hochberg (B-H) correction [23] were used to identify statistical differences
in RA of the ASVs between groups, i.e., periods and clusters. Principal coordinate analysis
(PCoA) was used to visualise differences in microbial composition based on the generalised
UniFrac distances. Permutational multivariate analysis of variance (PERMANOVA) testing
of generalised UniFrac distance matrix with (B-H) correction [24] was conducted to evaluate
differences between groups.

3. Results

The alpha diversity of the microbiota in farm bulk and dairy silo milk was higher
(p < 0.001) than that of the microbiota in EPSs and cheese in terms of the number of observed
ASVs (Figure 1a) and the Shannon index (p < 0.001). The beta diversity of the microbiota
present in farm bulk and dairy silo milk was also different from that in EPSs and cheese
(p < 0.001), as revealed using the generalised UniFrac distance (Figure 1b).

3.1. Exploring the Microbiota Present in Farm Bulk and Dairy Silo Milk

The microbiota in farm bulk milk showed significant differences between periods and
clusters (Figure 2a,b, both p < 0.001). A pairwise comparison confirmed that each period
was different from the others (p < 0.001). In the pairwise comparison of the microbiota in
bulk milk from the different clusters, a difference was observed between clusters A and
B (p < 0.05), and between clusters B and C (p < 0.01). However, there was no difference
between clusters A and C (p > 0.05) and no clear separation in the PCoA plot (Figure 2b). On
comparing the microbiota in the dairy silo milk samples, differences between periods were
still evident (Figure 3, p < 0.05). However, in the pairwise comparison of the microbiota
in dairy silo milk during different periods, the only significant difference observed was
between periods 1 and 2 (p < 0.05). There was no significant difference in microbiota in
dairy silo milk between the farm clusters.
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(a) (b) 

Figure 1. (a) Rarefaction curves of observed amplicon sequence variants (ASVs) and (b) principal
coordinate analysis plot of generalised UniFrac distance associated with farm bulk milk (FM), dairy
silo milk (SM), starter culture (ST), milk gel (MG), cheese grains (CG), fresh cheese aged for 24 h (CW)
and cheese samples ripened for 7–20 months (CS).

 
(a) (b) 

Figure 2. Principal coordinate analysis plot of generalised UniFrac distance comparing the microbiota
of farm bulk milk according to (a) the different cheese production periods (P1–P3) and (b) the different
farm clusters (A–C).

The microbiota in the dairy silo milk resulted from a combination of volume, total
bacteria count and microbiota composition of the bulk milk delivered from the individual
farms in the same cluster. This was illustrated in Figure 4 for farm no. 20 (F20) in cluster C,
with an elevated total bacteria count and a high relative abundance (RA) of Streptococcus
bd2e in the bulk milk used on the second cheese-making day (D2) in period 1. Since the
volume of milk delivered from this farm made up 40% of the total volume of the dairy silo,
Streptococcus bd2e also had a high RA in the dairy silo milk (SM).
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(a) (b) 

Figure 3. Principal coordinate analysis plot of generalised UniFrac distance comparing the microbiota
of dairy silo milk according to (a) the different cheese production periods (P1–P3) and (b) the different
farm clusters (A–C). One of the dairy silo milk samples for period 1, cluster A, is missing.

Figure 4. Relative abundance (RA, %) of the top 20 ASVs in bulk milk (FM) samples from the five
farms (F06, F20, F33, F40 and F43) in cluster C, and the corresponding dairy silo milk (SM) samples
on cheese-making days 1 and 2 (D1, D2) in period 1. The percentage given in the sample labels is
the relative proportion of bulk milk from each individual farm out of the total milk volume in the
dairy silo.
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3.2. Exploring the Microbiota in Cheese

The PCoA of generalised UniFrac distance showed significant differences in cheese
microbiota between the periods (Figure 5a, p < 0.001), and the pairwise comparison con-
firmed that all periods differed from each other (p < 0.001). There was also a significant
difference in cheese microbiota between the farm clusters (Figure 5b, p < 0.001), with
pairwise comparisons confirming that all clusters differed from each other (p < 0.01).

 
(a) (b) 

Figure 5. Principal coordinate analysis plot of generalised UniFrac distance comparing the microbiota
in different cheeses depending on (a) cheese production period (P1–P3) and (b) farm cluster (A–C).

The total bacteria count in cheese samples aged for 12 to 20 months varied from log
2.82 to 6.74 cfu/g cheese (Figure 6). There was fluctuation in total bacteria counts in cheese
during this stage of maturation, but there was a clear trend suggesting that cluster A had a
lower total bacteria count in all three periods.

To investigate the development of the microbiota in the early stages of the cheese-
making process and during ripening, samples of the starter culture, milk gel, cheese grains
and cheese aged for 24 h and 7–20 months were analysed (Figure 7). The top 13 ASVs were
dominant in both early process and cheese samples, making up at least 93.3% of the RA.
Lactococcus was the dominant genus in EPSs and in cheese aged for 24 h. In cheese samples
aged for 7 to 20 months, Lactococcus and Leuconostoc were the two dominant genera. In
some batches of cheese, Leuconostoc already started to increase in RA in the young cheese
(24 h). In contrast, the genus Lactobacillus was not among the most abundant genera in
most samples. However, this genus was detected in all cheeses, on at least one sampling
occasion for each batch of cheese and at a higher RA in some batches of cheese, especially
in period 1. Streptococcus was more common in cheese from cluster C and the RA of this
genus was higher in cheese from periods 1 and 3. Acinetobacter was occasionally detected,
with a higher RA in one batch of cheese produced in period 1 (cluster C). Several ASVs
within the genera Lactococcus, Leuconostoc and Lactobacillus were found. Within the genus
Lactobacillus, ASV c982 was the most commonly observed ASV, while ASV 2653 and 3486
were present at a high RA in a few cheese batches, in most cases associated with cluster
B. Lactococcus b39c was dominant compared with the other four ASVs in the same genus,
i.e., d90e, 072f, bb15 and cc1f. It is worth noting that Lactococcus bb15 and cc1f were more
commonly found in periods 1 and 2. For the genus Leuconostoc, in most batches ASV 7f62
had a higher RA than ASV 24cd, although the latter was present at a high RA in some of
the batches, e.g., in period 2, cluster B.
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Figure 6. Total bacteria count in cheese aged for 12 to 20 months (M12–M20). The cheeses were
produced using dairy silo milk from three different farm clusters (A–C) in a full-scale production
setting. Cheese production was performed in three periods (P1–P3) over one year, and within each
period milk from the three farm clusters was collected, and cheese production was performed, on
two separate days (D1, D2).

3.3. Common ASVs Found in Different Sample Types

Nine of the top 13 ASVs found in early process and cheese samples (Figure 7) were also
identified in the dairy silo milk samples (Figure 8). Most of the ASVs that were common in
cheese had rather low RA in the milk. Streptococcus bd2e was the exception, and this ASV
had a higher RA in dairy silo milk samples from cluster C than in samples from the other
two clusters in all three periods. As previously mentioned, cheese samples associated with
cluster C had a higher RA of this ASV. The four ASVs observed in cheese but not in dairy
silo milk were Acinetobacter 6933, Lactobacillus 2653, Lactococcus bb15 and Lactococcus 072f.

To avoid the risk of overlooking ASVs common to both silo milk and cheese due to
sequencing limitations, e.g., poor sequencing depth, screening for the ASVs common to
cheese and the associated farm bulk milk, dairy silo milk and EPSs was conducted (Table 2).
In this screening, the Lactobacillus 0b36, Lactobacillus 57c1 and Tetragenococcus 49a8 present
in the cheese were also found in the farm bulk milk, but not in the dairy silo milk or
EPS, and only at a very low frequency. Screening for the ASVs present in both EPSs and
cheese showed that the previously mentioned Lactococcus bb15 and Lactococcus 072f were
present at high frequencies in EPSs, including in the starter culture. Acinetobacter 6933 and
Lactobacillus bf19 were identified in EPSs, but not in farm bulk or dairy silo milk, and were
limited to one batch of production (period 1, cluster C) where Lactobacillus was identified in
the starter culture. However, Lactobacillus 2653, Lactococcus 6fa5 and Lactococcus ffd9 were
only identified in the cheese.
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Figure 7. Relative abundance (RA, %) of the top 13 ASVs present in early process and cheese samples.
Cheese production was performed in three periods (P1–P3) over one year. Within each period, milk
from three farm clusters (A–C) was collected, and cheese was produced on two separate days within
one week (D1, D2). Samples were taken at different time points in the cheese production process,
including starter culture (ST), milk gel (MG), cheese grains (CG), fresh cheese at 24 h (CW) and cheese
after ripening for 7 up to 20 months (M07–M20).
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Figure 8. Relative abundance (RA, %) in dairy silo milk samples of nine ASVs that were among the
top 13 ASVs found in cheese and also identified in the silo milk. Cheeses were produced using dairy
silo milk from three different clusters of farms (A–C) in a full-scale production setting in three periods
(P1–P3) distributed over one year. In each period, cheese was produced on two separate days (D1,
D2). One of the silo milk samples for period 1, cluster A, day 2 (D2) is missing.

Table 2. Top 30 amplicon sequence variants (ASVs) and their relative abundance (RA) in 18 batches
of cheese aged for 7 to 20 months, and number of batches in which ASV found in cheese were
also detected in the corresponding farm bulk milk (FM), dairy silo milk (SM) and early process
samples (EPS).

Batches with ASV Found in Cheese and in Samples
from Early Stages in the Process

Average RA (%) in Cheese
Sampled after Ageing for

7–20 MonthsASV FM SM 1 EPS 2

Lactococcus b39c 17 17 17 42.1
Leuconostoc 7f62 10 6 17 41.7
Leuconostoc 24cd 11 2 15 6.1
Lactococcus d90e 16 8 17 3.2

Streptococcus bd2e 18 16 9 1.8
Lactobacillus c982 17 12 11 1.3
Lactobacillus 2653 0 0 0 0.75
Lactobacillus 3486 6 4 2 0.61
Lactococcus 072f 0 0 14 0.52
Lactococcus bb15 0 0 11 0.51
Lactococcus cc1f 8 5 11 0.45

Lactobacillus 0b36 1 0 0 0.34
Acinetobacter 6933 0 0 1 0.17
Streptococcus 0c46 2 1 1 0.15
Lactobacillus bf19 0 0 1 0.13
Lactobacillus 57c1 1 0 0 0.064
Lactococcus 6fa5 0 0 0 0.041
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Table 2. Cont.

Batches with ASV Found in Cheese and in Samples
from Early Stages in the Process

Average RA (%) in Cheese
Sampled after Ageing for

7–20 MonthsASV FM SM 1 EPS 2

Romboutsia 464a 15 14 0 0.013
Tetragenococcus 49a8 1 0 0 0.011

Turicibacter dacd 12 11 0 0.011
Paeniclostridium 69a9 14 13 0 0.010

Streptococcus 84e3 1 1 0 0.010
Lactobacillus 61ee 2 2 1 0.008

Staphylococcus 1355 10 9 0 0.005
Clostridium ddf8 0 0 1 0.005
Trueperella b116 4 3 0 0.005

Enterococcus 028e 5 3 0 0.004
Lactococcus ffd9 0 0 0 0.003

Unclassified Enterobacteriaceae 0315 2 1 2 0.002
Unclassified Enterobacteriaceae 0942 0 0 1 0.0004

1 One silo milk sample missing. 2 EPS missing for one batch. EPS included freshly propagated starter culture,
milk gel and cheese grains before pressing.

4. Discussion

In this study, 16S rRNA gene amplicon sequencing was used to investigate the mi-
crobiota of raw bulk milk collected at farms, the resulting silo milk at the cheese-making
facility, samples collected early in the cheese-making process and samples taken repeatedly
during cheese ripening in order to investigate changes in the composition of the microbiota
throughout the cheese manufacturing process. A rarefaction curve and Shannon index
values revealed that the microbiota in farm bulk and dairy silo milk samples had a much
higher alpha diversity than that in EPSs and cheese samples (Figure 1). The low alpha
diversity in EPSs and cheese samples in our study is a consequence of the dairy processes,
i.e., pasteurisation of the raw milk and the fermentation taking place after addition of
the starter culture. Species that cannot compete with the active lactic acid bacteria, which
ferment lactose into lactic acid, thereby lowering pH, will be eliminated and disappear. This
was also illustrated by Choi et al. [25], who investigated the overall microbial community
shift during Cheddar cheese production from the raw milk to the aged cheese. SLAB inocu-
lation decreased the microbial richness by inhibiting the growth of other bacteria present in
the milk. In contrast, species richness increased with ripening time for the non-pasteurised
Parmigiano Reggiano [26].

Comparing the diversity associated with farm bulk and dairy silo milk, the higher
number of ASVs in dairy silo milk was probably explained by the fact that the dairy silo
comprised bulk milk from several farms, with each farm contributing a different microbiota.
A higher alpha diversity of the microbiota in farm bulk milk than in samples representing
the subsequent stages in cheese production was previously reported by McHugh, et al. [27],
who explored changes in the dairy microbiome from the farm through transportation
and processing to skimmed milk powder. Although the microbiota composition of the
bulk milk was not the only criterion used to create the three farm clusters in the present
study, the microbiota in the bulk milk from cluster B was different from that in the bulk
milk from clusters A and C (Figure 2). The period had a more pronounced effect on the
bulk milk microbiota, with each period being different from the other two in this respect.
Similarly, Skeie et al. [28] reported shifts in the microbiota composition of raw farm bulk
milk during a three-month monitoring period and suggested random variation due to
variable sources of contamination at the farm level. A follow-up study on the same farms
two years later concluded that temporal within-farm changes in bulk milk microbiota are
mostly driven by mastitis-related genera [29]. For some farms, there were major shifts
over time in milk microbiota which were not correlated with changes in management,
indicating that other factors, e.g., the weather during the harvesting season, contributed
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to the observed differences [29]. Investigating the variation in the microbiota in bulk milk
collected monthly on 42 dairy farms over one year, we found that the type of dairy farm
(milking system) had a strong effect on the bulk milk microbiota, an effect likely associated
with hygiene routines during the pre-milking and cleaning of the milking equipment [8].
The 18 farms used in the present study were selected from among those original 42 farms
and an effect of milking system on bulk milk microbiota was also clear in the present study.

In contrast to farm bulk milk, there were no significant differences in the microbiota in
dairy silo milk from the three farm clusters, while the difference between periods persisted
at the dairy silo level (Figure 3). Under certain conditions, the microbiota composition of
the dairy silo milk was strongly affected by the farm bulk milk microbiota. This is likely
explained by differences in the volumes of milk delivered to the dairy by the individual
farms. It was particularly obvious in period 1 (Figure 4), where one farm belonging to
cluster C contributed a large proportion of the milk in the dairy silo, and this had a clear
impact on the dairy silo milk microbiota. While Streptococcus salivarius ASV bd2e was
dominant in the bulk milk from this farm, it also became dominant in the dairy silo milk,
and it was one major ASV in the resulting cheese. This highlights the importance of good
herd management, especially on larger farms, to maintain high hygiene standards and keep
the total bacteria count in the bulk milk at low levels. The genera Romboutsia, commonly
associated with the intestinal tract, and Staphylococcus, a major mastitis pathogen associated
with the mammary gland tissue, had a relatively high RA in the bulk and silo milk samples,
but had low RA (<0.1%) in the cheese samples, which was explained by the pasteurisation
of the raw milk before cheese making.

Although there was no clear effect of farm cluster on the microbiota of the dairy silo
milk used for cheese production, the cheese microbiota showed significant differences
among both periods and clusters (Figure 4). In general, Lactobacillus, a NSLAB species
known from previous studies to be important for flavour development in this traditional
Swedish cheese, was present at a higher RA in cheeses produced in period 1 compared
with periods 2 and 3 (Figure 7). Acinetobacter was also more frequently observed in cheese
produced in period 1 associated with cluster C and day 1. Considering that the Acinetobacter
ASV 6933 was not detected in our farm or silo milk samples, contamination may have oc-
curred in the dairy environment. Within the genus Lactococcus, a single ASV was completely
dominant in period 3, while several minor ASVs of this genus were observed in periods
1 and 2. Screening of farm bulk milk, dairy silo milk and EPSs to identify ASVs common to
both milk and cheese revealed that the dominant ASVs found in cheese (average RA > 1%)
were also present in milk and EPS samples (Table 2, Figures 7 and 8). This confirms that the
LAB of importance for the cheese manufacturing process are common in both farm and
dairy environments. However, the dominant LAB species found in cheese were usually
present at low RAs in farm bulk and dairy silo milk, while NSLAB, specifically Lactobacillus,
showed very low RA in both milk and EPSs. It is, therefore, difficult to draw conclusions
regarding the origin of the Lactobacillus ASV found in the cheese; it could stem from the raw
milk, the dairy environment or both. More sensitive methods, e.g., qPCR using primers
targeting specific NSLAB, are needed for the identification of the origin of these bacteria.

The starter LAB were present in the EPS and cheese samples at a relatively high RA.
Some variation in the starter LAB was observed, e.g., the three less dominant Lactococcus
ASVs (d90e, 072f and bb15) were present at much lower RAs in the cheese from period 3
than in the cheese from periods 1 and 2 (Figure 7). Different steps in the cheese-making
process may have a major effect on the cheese microbiota, including changes in the abun-
dance of NSLAB. As an example, a previous study by Porcellato and Skeie [30] reported
that a small change (2 ◦C) in scalding temperature can significantly influence the cheese
microbiota. Stress and bacteriophage attack may also give rise to variation in the LAB
starter between different production periods, illustrating the importance of using starter
cultures with high strain diversity, e.g., undefined, mixed-strain starter cultures, which are
generally considered more resilient [31]. Lactococcus d90e was identified in the screening of
ASVs passing from milk to cheese and from EPSs to cheese, while 072f and bb15 were only
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observed in EPSs and cheese. The identification of ASVs which were only associated with
EPSs suggests a potential enrichment of specific LAB in the cheese production process, e.g.,
contamination by facility-specific “house” microflora from processing equipment and the
dairy environment [32]. According to Bokulich and Mills [3], this “house” microbiota plays
an important role in shaping site-specific product characteristics. In addition, three other
ASVs (Lactobacillus 2653, Lactococcus 6fa5 and Lactococcus ffd9) were only detected in cheese,
and were present neither in milk nor in EPS samples.

Comparing cheese aged for 12 months or longer, cheese from cluster A milk had a
consistently lower total bacterial count in all three periods (Figure 5). The numbers of
viable bacteria in the cheese were generally lower than expected, in most samples ranging
between 105 and 106 cfu/g cheese and in cluster A samples exhibited even lower counts,
i.e., 103–105 cfu/g. In a previous study on the same type of cheese [33], the number of
LAB cultured on MRS agar was in the order of 106–107 cfu/g cheese from 12 weeks until
56 weeks of ripening. The use of plate count agar instead of MRS for bacterial counting in
our study likely explains the difference in observed CFU levels. The sequencing results
revealed that cheese from cluster A had a lower RA of Lactobacillus in all periods, but
especially in periods 2 and 3 (Figure 7). This suggests that the low number of viable
bacteria in cheese from cluster A was likely associated with a low number of NSLAB.

A decline in starter LAB and proliferation of NSLAB usually take place during the
early stage of ripening. In a culture-based study on Cheddar cheese, Dasen et al. [34] found
that the Lactobacillus count on Lactobacillus-selective medium reached a peak after only
3 months, while counts on M17 medium declined from the beginning of ripening, reaching
the lowest value at around 9 months. In a study by Rehn et al. [33], starter LAB counts
were higher than NSLAB counts up to 3 weeks of ripening and decreased between 3 and
12 weeks, while after 26 weeks of ripening NSLAB dominated in the cheese. The high RA of
starter LAB (i.e., Lactococcus and Leuconostoc) in cheese from 7 until 20 months of ripening
was therefore unexpected (Figure 7). Although several studies have confirmed the presence
of viable Lactococcus at later stages of cheese ripening using RNA-based analysis [35,36],
their contribution at this stage needs further investigation. By using retentostat cultures,
van Mastrigt and co-workers mimicked the cheese ripening conditions and quantified the
aroma profile of Lactococcus lactis [37,38]. One possible explanation for the high abundance
of starter LAB in our study could be that the DNA from dead starter bacteria was amplified
and sequenced. In a study examining the effects of the cheese-making process on the
cheese microbiota in a Dutch-type cheese, treating bacteria cells with PMA (propidium
monoazide) to selectively detect viable bacteria, Porcellato and Skeie [30] found that the RA
of Lactobacillus spp. increased and the RA of Lactococcus lactis decreased in cheese ripened
for 1 and 3 months. Barzideh et al. [39] found that after PMA treatment the RA of Lactococcus
in a long-ripened Cheddar cheese was below 20% after 7 months, whereas non-PMA treated
Lactococcus had RA of 30% at the same timepoint. In our study, Leuconostoc reached high
RA at month 7 of ripening and in two batches had already increased to 25% and 39%
RA, respectively, at 24 h (Figure 7, period 3, clusters A and B). Although Leuconostoc was
included in the DL-type starter culture used in this study, its growth dynamic during cheese
ripening was similar to that of a typical NSLAB, in agreement with observations in the case
of Cheddar cheese [39].

The RA of Streptococcus (ASV bd2e) increased during ripening, and it was present at
a higher RA in the cheese from cluster C (Figure 7). It was also present at a high RA in
the bulk milk from one of the larger individual farms in cluster C; milk from this farm
contributed with 40% of the total volume of dairy silo milk in period 1 (Figure 4). Some
strains of Streptococcus, e.g., S. thermophilus, are used in thermophilic starter cultures for
the production of different types of cheese [40,41]. Since a mesophilic starter culture was
used to produce the cheese, the Streptococcus most likely originated from raw bulk milk,
surviving pasteurisation, and suggesting the passage of the Streptococcus ASV from farm
bulk to dairy silo milk, EPSs, and the resulting cheese (Table 2). According to Johnson
et al. [42], the Streptococcus group is commonly found in aged Cheddar cheese owing to the
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long production schedule in modern cheese manufacturing, which creates conditions that
support the growth of microorganisms in the processing environment. This may introduce
differences between cheese batches produced early and late during the same day, due to
bacterial growth on food contact surfaces and changes in the starter culture [42]. Due to the
short read length of the sequencing platform used, the type of Streptococcus could not be
identified in detail, so we cannot be sure that passage of the ASV truly reflected the transfer
of this group of bacteria from bulk milk to cheese. It is also worth noting that due to the
short read length, observing the same ASV in different sample types did not necessarily
confirm the presence of the same bacteria strain.

In contrast to our hypothesis that the increasing variation and longer ripening time
of the investigated cheese would reflect the variation in the raw milk microbiota, the
results showed little association between the milk microbiota and cheese ripening. Future
studies should therefore address facility-specific aspects, e.g., by characterising the in-house
microbiota, isolating and characterising the NSLAB from successful cheeses, evaluating
the possibility to use isolated NSLAB as an adjunct culture or assessing the effect of slight
differences in heat treatment of the milk used for cheese making.

5. Conclusions

Through careful selection of participating farms, we managed to create three clusters
with some variation in bulk milk microbiota between clusters, but this variation was
less apparent in the resulting dairy silo milk. Variation over time, i.e., between periods,
was more profound, both in farm bulk and dairy silo milk. The cheese microbiota varied
between periods and clusters, but the variation showed little association with the microbiota
in the dairy silo milk used for cheese-making. The microbiota in the ripened cheese was
generally dominated by starter LAB, while the RA of NSLAB was generally low. The
dominant bacteria ASVs present in the ripened cheese were also found in farm bulk and
dairy silo milk and in EPS, while some minor bacteria ASVs were only identified in EPSs
and cheese, or only in cheese, suggesting that the dairy environment likely enriched
such bacteria. Based on these results, the focus in future studies should be shifted from
the milk microbiota to the effects of process variables and the dairy environment on
cheese maturation.
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Abstract: The microbial quality of raw milk artisanal cheeses is not always guaranteed due to the
possible presence of pathogens in raw milk that can survive during manufacture and maturation. In
this work, an overview of the existing information concerning lactic acid bacteria and plant extracts
as antimicrobial agents is provided, as well as thermisation as a strategy to avoid pasteurisation
and its negative impact on the sensory characteristics of artisanal cheeses. The mechanisms of
antimicrobial action, advantages, limitations and, when applicable, relevant commercial applications
are discussed. Plant extracts and lactic acid bacteria appear to be effective approaches to reduce
microbial contamination in artisanal raw milk cheeses as a result of their constituents (for example,
phenolic compounds in plant extracts), production of antimicrobial substances (such as organic acids
and bacteriocins, in the case of lactic acid bacteria), or other mechanisms and their combinations.
Thermisation was also confirmed as an effective heat inactivation strategy, causing the impairment of
cellular structures and functions. This review also provides insight into the potential constraints of
each of the approaches, hence pointing towards the direction of future research.

Keywords: natural preservatives; inactivation; antimicrobial; dairy; food safety; pathogens

1. Introduction

Cheese is a highly nutritious food, with hundreds of varieties that have different
colours, odours, flavours and textures, depending on the type of milk used, production
and maturation processes, and age, for example [1].

Artisanal raw milk cheeses are particularly appreciated for their unique sensorial
characteristics (namely, texture, aroma and flavour) when compared to other types of
cheeses, and there has been a growing demand for specialty and artisanal cheeses due to
the number of consumers who currently prefer minimally processed foods that provide a
feeling of authenticity [2].

The unique sensorial characteristics of artisanal raw milk cheeses result, among other
factors, from the use of unpasteurised milk. In fact, despite having numerous advantages,
such as reducing the bacterial load and extending the shelf-life of milk, pasteurisation
causes, among other heat-induced changes, denaturation of whey proteins and complex
interactions among denatured whey proteins, casein micelles, minerals and fat globules [3].
These modify the biochemistry and microbiology of milk acidification and cheese ripening,
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and, consequently, the characteristic flavour, aroma and texture of raw milk cheeses cannot
be achieved using pasteurised milk [4].

Nonetheless, consumption of raw milk cheeses may pose health safety issues due to
the possible presence of pathogenic bacteria in raw milk that can remain viable during
manufacture and through ripening [5–7]. The consumption of this type of dairy product
has caused a few outbreaks [8–12], thus highlighting the need for preservation strategies to
improve the microbial safety of raw milk cheeses.

Chemical preservatives would not be suitable for artisanal cheeses, as they would
disregard the appeal of a traditional product derived from cultural heritage and produced
using only natural, healthy ingredients. Furthermore, they would be an outdated preserva-
tion strategy, as the mishandling and extensive consumption of some chemical additives
have been shown to induce gut microbiota dysbiosis, which is a contributing factor to
various diseases, including neurodegenerative ones [13–15]. Finally, current consumer ex-
pectations are increasingly towards “clean-label”, chemical preservative-free food products,
and consequently, the food industry and scientific community are compelled to investigate
novel food preservation methods [16].

Between other techniques, advanced non-thermal technologies (high pressure, cold
plasma, pulsed light, and ultrasound) and packaging systems (bioactive films, coating, and
modified atmospheric packaging) are among the innovative cheese preservation approaches
developed to inactivate microorganisms in milk and extend the shelf life of raw milk
cheeses [17]. However, these are not easily implementable for artisanal producers, mainly
because of the need for specific and costly equipment, as well as the need for training to
operate such technologies.

On the other hand, the incorporation of natural antimicrobial agents in artisanal
cheese production is more feasible since starter cultures (lactic acid bacteria, LAB), plant
extracts, essential oils and propolis [17,18] can be easily purchased and added directly
to the milk, cheese curd, or final product. Another alternative would be to implement a
mild thermal process such as thermisation, which uses sub-pasteurisation temperatures to
reduce bacterial load while avoiding large heat-induced changes in milk that would affect
the final typical organoleptic characteristics of raw milk cheeses [19,20]. This technology
would also be easy for artisanal producers to implement since it does not require specialised
equipment. Figure 1 displays a schematic diagram of the general cheesemaking process,
and the steps at which thermisation, addition of plant extracts, and addition of a starter
culture may be implemented are highlighted.

Figure 1. General cheesemaking process. Star symbols indicate at which steps thermisation, addition
of plant extracts and/or addition of a starter culture may be implemented.
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Considering the above-mentioned possibilities, this review presents an overview of
the existing information on LAB and plant extracts as biopreservative strategies, as well as
thermisation as a mild heat treatment, to be used in raw milk cheeses.

The main microorganisms involved in cheese spoilage are described, and for each bio-
preservation strategy, the various targets, mechanisms of antimicrobial action, limitations
and, when applicable, relevant commercial applications are discussed.

2. Spoilage Microorganisms in Raw Milk and Raw Milk Cheeses

The most prevalent spoilage fungi genera identified in raw milk and cheeses are
Candida, Cryptococcus, Debaryomyces, Geotrichum, Kluyveromyces, Trichosporon, Pichia, and
Rhodotorula spp. (yeasts), and Penicillium, Aspergillus, Cladosporium, Mucor, Fusarium and
Alternaria spp. (moulds) [21–24]. Candida rugosa, Geotrichum candidum, Torulaspora delbrueckii,
Kluyveromyces marxianus and Yarrowia lipolytica are among the common yeast species found
in raw milk, while Penicillium commune is one of the most frequently occurring mould
species [22,24,25].

In the case of excessive yeast growth, cheese softening and unpleasant flavours and
odours may occur, as well as the formation of brown spots on the cheese surface (caused by
Y. lipolytica, for example) and cheese blowing, caused by early gas formation (as a result of
high counts of T. delbrueckii, for instance) [22]. Yeasts are also able to promote an increase in
the pH of the cheese surface, enabling the growth of pathogenic bacteria [22]. Moulds can
also produce off-flavours and undesired pigments, as well as synthesise toxic metabolites,
such as mycotoxins [23].

Psychrotrophic bacteria dominate the microflora of raw milk, particularly species of the
genera Pseudomonas, Acinetobacter, Aeromonas, Serratia, Bacillus, Lactococcus, Microbacterium,
and Staphylococcus [21,26]. Other bacteria associated with cheese spoilage are Enterobacteriaceae
and clostridial species (E. cloacae, E. agglomerans, E. zakazakii, C. tyrobutyricum, C. butyricum,
C. sporogenes, and C. beijerinckii have been isolated from milk) [27,28]. Clostridial species
may produce excessive amounts of gas and butyric acid during growth, resulting in cheese
blowing [27]. Likewise, some Enterobacteriaceae species can also cause early blowing in
cheese, as well as negatively affect the organoleptic features of cheeses [29]. Moreover, the
Enterobacteriaceae family includes a wide range of pathogenic bacteria.

The main pathogens of concern that have been detected in raw milk cheeses in-
clude enterotoxin-producing Staphylococcus aureus, Shiga toxin-producing Escherichia coli
(STEC; E. coli O157:H7, for example), L. monocytogenes, Salmonella spp., Brucella spp. and
Campylobacter spp. [2,6,10,21,30]. These pathogens may be shed directly into milk via the
udder by a diseased or infected animal or may enter milk from the external surfaces of ani-
mals, the environment, the milking environment, equipment or from personnel (operators’
hands, for example) [6,30]. L. monocytogenes and STEC have been identified as especially
high-risk pathogens owing to the severity of illness and potential lethality associated with
each [19].

To reduce spoilage in dairy products, adequate cleaning and sanitation of the process-
ing environment is imperative, but on-farm interventions (to reduce the concentration of
spores and pathogens in bulk tank raw milk) and processing technologies (such as bactofu-
gation and microfiltration) may also be used [31]. However, in the context of artisanal
cheese production, the referred processing technologies are generally not used.

3. Biopreservation Strategies

3.1. Plant Extracts

The use of plants and herbs as colouring and flavouring agents in cheese manufacture
is not new, with some traditional herb-flavoured cheeses having centuries of history [32].
However, plants may be used for more than their organoleptic and decorative properties,
owing to their phytochemical constituents that have been shown to have antimicrobial
activity [18,33]. The addition of plants and herbs to cheese can be carried out by incorporat-
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ing them into milk (before cheese making), into cheese curd, or by rolling the cheese into
crushed herbs, for example [18].

Plant extracts can be obtained from a multitude of plants using various solvents and
extraction methodologies. However, if intended for human consumption, they must be
obtained using non-toxic solvents authorised for the industrial production of foodstuffs
and food ingredients [34], such as water, ethanol, or their combination.

Conventional extraction procedures include maceration, percolation, infusion, decoc-
tion, reflux extraction, Soxhlet extraction and hydro-distillation (which can be subcate-
gorised into steam-, water-distillation, or a combination of both) [35–37]. While these may
still be widely used, nowadays, it is crucial to consider the ecological impact of extraction
methods and those that are more sustainable and “green”, reducing the amount of solvents
used and waste generated, and optimising the recovery of bioactive compounds with
high added value, should be preferred [38]. To this, techniques such as subcritical water
extraction, supercritical fluid extraction, enzyme-, microwave- and ultrasound-assisted
extractions, pulsed electric field extraction and accelerated solvent extraction can be used,
among many other modern procedures [35–37,39]. Moreover, as the extraction method,
temperature, solvent and pressure, for example, influence the chemical profile of the
extracts produced, the most appropriate extraction parameters should be selected, con-
sidering the desired compounds and bioactivity [38,40]. In addition, the plant genotype,
geographical location, and environmental and agronomic conditions, among other factors,
also contribute to variations in the chemical composition of plant extracts [41].

Based on their structure, plant-derived chemicals may be classified as alkaloids,
organosulfur compounds, phenolic compounds, coumarins and terpenes [42]. Generally,
phenolic compounds are found in higher concentrations in plants [43] and are assumed to
be the main antimicrobial agents [43–45], although the remaining compounds have also
shown this capacity [42]. With respect to the chemical structure of the bioactive compounds,
it has been demonstrated that functional groups such as hydroxyl groups and the number
of double bonds can influence antimicrobial strength [37].

The exact targets of plant antimicrobials are often difficult to define, considering the
many interacting reactions taking place simultaneously [33] and the various compounds
found in plant extracts, each exerting its own effect [42]. Nonetheless, several mechanisms
have been suggested to explain the antimicrobial mode of action of plant extracts. These
include inhibition of efflux pumps (implicated in the export of harmful substances from
within the cell into the external environment) [42] and permeabilisation or disruption of
the cell membrane, which allows, respectively, the passage of compounds or the release
of intracellular contents (especially potassium, calcium, and sodium ions [34]), adding
to the loss of cellular integrity [33,37,43,45,46]. Disruption of the cell membrane may be
prompted, for example, by the interaction of phenolics with membrane proteins, inducing
alterations in their structure and function, namely in terms of electron transport, nutrient
uptake, synthesis of proteins and nucleic acids, and enzyme activity [37]. Additionally,
plant extracts may also inhibit DNA and protein synthesis [42], inactivate cellular enzymes
(including ATPase) [45,46], and dissipate cellular energy in the form of ATP [33].

Different mechanisms of action have been reported for distinct groups of compounds.
In fact, while membrane disruption is associated with the action of terpenoids and phenolics,
the antimicrobial properties of phenols and flavonoids seem related to their chelating
properties, complexing metal ions that are essential for bacterial growth, whereas coumarin
and alkaloids seem to produce effects on genetic material [33,41]. In turn, the antimicrobial
activity of some organosulfur compounds, such as onion and garlic isothiocyanates, is
due to the inactivation of extracellular enzymes through oxidative dissociation of -S-S-
bonds [37]. The mechanism of action may also be dependent on the concentration of the
compounds, as it has been shown that at a low concentration, phenols inhibit microbial
enzyme activity, whereas at high concentrations, they induce protein denaturation [44].
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Irrespective of the mode of action, it is recurrent that Gram-positive bacteria are more
susceptible to plant extracts and phenolic compounds than Gram-negative, whose greater
resistance is due to the existence of lipopolysaccharides in their outer membranes [37,43,47].

Considering that cheese is a fermented product that contains natural and, sometimes,
artificially added microbial populations of LAB, which are a group of Gram-positive organ-
isms, it is reasonable to question if using plants and plant extracts as preservatives may
influence bacterial metabolism and/or inhibit this beneficial set of bacteria, potentially com-
promising the fermentation process. Some studies have reported on this drawback [48–51],
including that of Shori et al., who observed a reduction in peptides content and free
amino acids of cheeses in the presence of three different types of plant extracts (I. verum,
C. longa, and P. guajava), caused by the impairment of LAB growth and, consequently, LAB
proteolytic activity [52].

Nonetheless, the ability of herbal extracts to impact LAB is determined by a number
of variables, including the genus, species and strain of the LAB, as well as the plant species
and the extraction method used, for example [53]. Various studies have shown that when
selected plant extracts are employed in appropriate amounts, they may be able to promote
the growth of desired microorganisms, or at least not affect them negatively while avoiding
the development of harmful bacteria [53]. For example, Mohamed et al. [54] reported
the inhibitory effect of ethanolic and aqueous extracts of Moringa oleifera leaves against
numerous pathogens in vitro, stressing that these did not inhibit LAB growth. In addition,
Ziarno et al. [53] investigated the effect of seven plant extracts (valerian, sage, chamomile,
cistus, linden blossom, ribwort plantain and marshmallow) with known antimicrobial
activity against pathogens on the activity and growth of LAB and observed that the addition
of such extracts up to 3% in milk did not hinder the growth of LAB in fermented milk
drinks such as yoghurts. Likewise, Chouchouli et al. [55] supplemented yoghurts but with
grape seed extracts and did not observe any effect on pH or the viability of Lactobacilli.

Considering the distinct results described in the literature, it is important to establish if
a particular plant extract can be successfully used in cheeses by evaluating its impact on the
growth and the technological properties of LAB populations, whether they are endogenous
raw milk flora or intentionally added starter cultures.

Other issues that should be considered when adding plant extracts to cheeses are,
for instance, the loss of bioactive compounds during cheesemaking and storage and the
interactions between plant extracts and the cheese matrix, which can have an impact on the
texture and organoleptic characteristics of the novel cheese [17]. Even though the sensory
attributes of the novel cheese may be different from the corresponding “traditional” cheese
right after manufacture, it seems that they do not change drastically during ripening and
storage, behaving similarly to cheeses without plant extracts [56,57].

The food matrix is an important factor as interactions with food ingredients occur,
resulting in reduced biological activities of the natural compounds when comparing the
results of in vitro and in situ (cheese) studies. More specifically, it is generally accepted
that high concentrations of lipids or proteins limit the antimicrobial efficacy of plant
extracts [58–61]. Studies regarding the effects of carbohydrates on the antimicrobial activity
of plant extracts are scarce [62], as most of the literature focuses on the interaction between
carbohydrates and plant essential oils. In this case, different authors report contrasting
results: Gutierrez et al. [63] observed a reduction in oregano and thyme essential oils
efficacy when testing 5% and 10% starch concentrations, whereas Shelef et al. [64] reported
that carbohydrates in foods do not protect bacteria from the antimicrobial action of essential
oils, at least not as much as fat and protein. The complexity of the food structure also plays
an important role in the biological activity of plant extracts in food, as well as the changing
variables during cheese production (namely water activity, pH, microflora composition,
temperature and nutrient composition) [43].

Natural compounds can be lost during cheese making or storage as a result of their
sensibility to environmental factors (including light, temperature, oxygen and pH [43,65],
which can cause the epimerisation of bioactive components [65]), solubility in whey [66]
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or solubility of hydrophobic active molecules in lipidic phases [18]. Aqueous phases are
generally the preferred ones for cell growth [67], not lipidic phases, although some bacteria
have been reported to prefer the fat–water interface in emulsion systems [68–70].

Although not as intense as essential oils, plant extracts may still negatively affect
the sensory characteristics of the food product, especially if the concentrations needed to
inactivate pathogens and ensure food safety are higher than those that lead to acceptable
sensory properties of the treated products [63]. Tayel et al. [71], for example, evaluated the
impact of flavouring with plant extracts on the sensory attributes of processed cheese, and
the trained panellists scored the taste and odour of cheeses with extracts of cloves, cress and
sage lower than those of the control cheeses. On the other hand, the same study reported
enhancements in terms of odour, taste, colour, and overall quality when cinnamon, lemon
grass, and oregano extracts were added to the cheese [71].

Other studies have also reported improved sensory quality of cheeses containing plant
extracts [72–75], thus showing that the sensory issue does not always arise and that it is
dependent on the type of extract used and the dose applied, as well as other factors. For
example, Lee et al. [72] observed that the addition of Inula britannica flower extract (0.25%
to 1%) did not significantly affect the odour and taste of Cheddar-type cheeses; and Abd
El-Aziz et al. [73] also evaluated the flavour of ginger extract-fortified (0.15 and 0.3%) soft
cheeses and found no differences compared to the controls. In turn, Mahajan et al. [74]
reported significantly higher scores for flavour and texture when applying pine needle
extract (2.5% and 5.0%) to cheeses.

To avoid interactions with food components, degradation and loss of bioactive com-
pounds, as well as the unpleasant taste of polyphenols, bio-based functional packaging
materials incorporating natural active compounds and ingredients may be used (for exam-
ple, coatings and edible films using nano- and microencapsulation techniques) [41,43,65].

Other concerns that must be considered include: (i) the effects of plant extracts and
their natural compounds on human health, as typical toxicological information such as
“acceptable daily intake” or “no observed adverse effect level” are usually not available [33];
and (ii) the economic costs, legislation, and practical effectiveness [43] of using plant extracts
as preservatives in the food industry.

The potential toxicity of plant extracts is generally difficult to define when consid-
ering the problems in terms of their standardisation due to the great variability in their
composition between batches [33]. In terms of economic costs and legislation, it is crucial
that the price of natural preservatives is competitive in comparison to that of synthetic
compounds providing comparable antimicrobial effect and that plant additions in and on
foods comply with the existing legislation [76,77], which nonetheless is still limited and
must be improved (for example, natural additives are legislated in the same manner as
synthetic ones, making it sometimes difficult to understand how production is carried and
what is their source [78]).

Overall, it is clear that plant extracts can be useful as antimicrobial agents in foods,
including raw milk cheeses, although further scientific and legal grounds are needed to
motivate and simplify the use of such additives.

3.2. Lactic Acid Bacteria (LAB)

Traditional raw milk cheeses exhibit a complex microbiota, including LAB naturally
occurring in milk and purposefully introduced LAB [79]. They comprise a large and
heterogeneous group, and bacterial communities differ vastly among raw milk cheeses,
but usually, the main genera identified in raw milk artisanal cheeses include Lactococcus,
Lactobacillus, Enterococcus, Streptococcus and Leuconostoc [79,80].

LAB can be relevant for their role as starter cultures, which promote the rapid acidifi-
cation of milk (crucial for adequate fermentation and production of high-quality cheeses)
through the production of organic acids (primarily lactic and acetic acids) [79]. Starter
cultures and adjunct cultures (also called non-starter LAB) can also contribute to the matu-
ration of cheese and the development of desirable texture, flavour, aroma and nutritional
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value as a result of their metabolic features [79,81]. Various selected LAB strains or mixtures
of strains are commercially available as starter cultures for cheese production, and the
most frequently used species are Lc. lactis (particularly subspecies lactis and cremoris),
S. salivarius subsp. thermophilus, L. helveticus, and L. delbrueckii [79,82].

Furthermore, LAB may also have probiotic potential, meaning that they can of-
fer health-promoting benefits to consumers. These include immune system modula-
tion [83], improvement of mental health via the gut–brain axis [83], degradation of nutrient-
damaging compounds, such as biogenic amines [84] and cholesterol [85], and increase the
quantity of beneficial compounds, such as antihypertensive peptides [86], short-chain fatty
acids [87], γ-aminobutyric acid and conjugated linoleic acid [88].

Besides their role in successful fermentations, contribution to textural and sensorial
characteristics, and health-promoting properties, some LAB species and strains can also act
as antimicrobial agents during and after fermentation throughout the maturation/storage
step. This can be due to competition for the adherence site [89], competition for nutrients
(i.e., Jameson effect [90]), ability to acidify the environment, and ability to produce an-
timicrobial metabolites during fermentation, which remain in the final product (except for
volatile compounds) [79,91]. In fact, some studies have screened the antimicrobial proper-
ties of these microorganisms as a strategy to improve the safety of cheeses and successfully
used cocktails of LAB strains to hinder the growth of pathogenic bacteria [91–93].

The antimicrobial metabolites produced by LAB that reduce the risk of pathogen
growth and survival include organic acids, hydrogen peroxide, diacetyl, fatty acids, reuterin
and bacteriocins [79].

Acidification of the environment by organic acids creates adverse conditions for the
growth of spoilage and pathogenic microorganisms [94]. S. aureus, for example, is strongly
inhibited by lactic and acetic acids, as most Gram-negative and neutrophilic bacteria [95].
Undissociated organic acids can diffuse across the cell membrane of pathogens when
pHenvironment < pKa and dissociate within the cell (due to the higher cellular pH), which
lowers the cytoplasmic pH [94]. This affects various metabolic processes, promotes the accu-
mulation of toxic anions, dysregulates cell homeostasis, and neutralises the electrochemical
proton gradient, disrupting the substrate transport systems and the cell membrane, which
potentially leads to the death of the organism [37,79,94]. The concentrations and types of
organic acids produced during fermentation are specie- and strain-dependent and also
vary with matrix composition and growing conditions [96].

Hydrogen peroxide can be produced by LAB in the presence of oxygen through the
action of flavoprotein oxidases or NADH peroxidases [96]. Since LAB cannot degrade
this compound, it accumulates in the medium, exerting its bactericidal effect through the
destruction of basic molecular structures of cell proteins, denaturation of metabolic enzymes
(by oxidation of sulfhydryl groups), and peroxidation of membrane lipids, which increases
cell membrane permeability [94,95]. Hydrogen peroxide may also serve as a precursor to the
DNA-damaging superoxide (O•−

2 ) and hydroxyl (•OH) free radicals [94]. In milk, hydrogen
peroxide activates the lactoperoxidase system, which has proven bacteriostatic and/or
bactericidal activity against various Gram-positive and Gram-negative bacteria [96,97].

Diacetyl is an aromatic compound produced by some LAB strains in the presence of
organic acids such as citrate, which is converted via pyruvate into diacetyl (citrate fermen-
tation) [94,96]. Figure 2 displays a schematic representation of the diacetyl production via
citrate fermentation.

Lactobacilli and Enterococci are the genera associated with high diacetyl production,
whereas Leuconostoc strains produce none or low amounts of diacetyl from citrate [99].
Jay [100] showed that diacetyl was much more effective against Gram-negative bacteria,
yeasts, and moulds than against Gram-positive bacteria, while LAB and clostridia were
virtually unaffected. The same study also showed that the inhibitory activity of diacetyl
against Gram-negative bacteria was related to its interference with arginine utilisation in
the periplasmic space, and that pH has an inverse synergistic effect on diacetyl’s bioac-
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tivity (lower pH, higher bioactivity) [100], statements corroborated by the research of
Tan et al. [95].

Figure 2. Diacetyl synthesis via citrate metabolism in lactic acid bacteria. TPP: thiamine pyrophos-
phate. Based on García-Quintans et al. [98].

LAB can produce various fatty acids that improve the sensory attributes of fermented
products while potentially exerting antibacterial and antifungal activity [79]. The antibacte-
rial mechanisms of action of these compounds include DNA/RNA replication inhibition,
cell wall biosynthesis inhibition in Gram-positive bacteria, inhibition of protein synthesis,
cytoplasmic membrane disruption and inhibition of metabolic pathways [101]. The litera-
ture available reports that both unsaturated and saturated fatty acids have antibacterial
properties towards Gram-positive and Gram-negative bacteria [101], but that fatty acids
with medium and long carbon chains, such as lauric (12C) and capric (10C) acids, provide
higher inhibitory effects than short chain fatty acids (<8C) [101,102]. For a scheme of the
possible cell targets and mechanisms of antimicrobial action of free fatty acids, please refer
to Desbois and Smith [102].

Lactobacillus reuterin strains can anaerobically convert glycerol into 3-hydroxy-
propionaldehyde (3-HPA), which in aqueous solutions exists in equilibrium as a dynamic
system of 3-HPA, 3-HPA hydrate, 3-HPA dimer and acrolein [96,103,104], as depicted in
Figure 3. This multi-compound system is commonly known as reuterin [96,103,104].

Effective against Gram-positive and Gram-negative bacteria, yeasts, moulds and pro-
tozoa [44], this broad-spectrum antimicrobial aldehyde can also be produced by other LAB,
including L. brevis, L. buchneri, L. collinoids, and L. coryniformis [105]. The antimicrobial activ-
ity of reuterin has been linked to the ability of 3-HPA to cause depletion of free thiol groups
in glutathione, proteins and enzymes, resulting in an imbalance of the cellular redox status
and leading to bacterial cell death [106]. However, the work of Engels et al. [103] suggested,
for the first time, that acrolein, and not 3-HPA, is the active compound responsible for
the antimicrobial activity attributed to reuterin, and the proposed mechanism of action
is schematically represented in their work [103]. The high potential of reuterin as a food
biopreservative is supported by its hydrosolubility, stability over a wide range of pH and
temperatures, and resistance to degradation by proteolytic and lipolytic enzymes [37,104].
Moreover, reuterin has a wider range of antimicrobial activity than bacteriocins and other
non-bacteriocin antimicrobial compounds [104]. However, due to legislative and regulatory
requirements, reuterin is not yet commercially available [107].

100



Foods 2023, 12, 3206

Figure 3. Formation of the reuterin system (comprised of 3-HPA, 3-HPA hydrate, 3-HPA dimer
and acrolein) as a result of the dehydration of glycerol by the enzyme glycerol dehydratase.
Enzymatic reaction; � Equilibrium reactions.

To that, bacteriocins are extracellularly released bioactive peptides or peptide com-
plexes synthetised in ribosomes [49]. They have a narrow-to-broad antimicrobial effect
against bacteria in the same species or across genera, respectively [108], and the producer
cell exhibits specific immunity to the action of its own bacteriocin [94]. The majority of bacte-
riocins produced by LAB are active only against LAB and other Gram-positive bacteria [109,
110], but some studies reported on their effectiveness also against Gram-negative bacte-
ria [110,111]. Antifungal bacteriocins have also been reported, with Lactobacillus species
being the most predominant isolates associated with such compounds [112]. Bacteriocin-
producing LAB include Lactococcus, Lactobacillus, Pediococcus, Streptococcus and Enterococcus
strains [108]. The mechanism of action of bacteriocins depends on their primary struc-
ture [111]. In bacteria, while some bacteriocins can promote the formation of pores in the
phospholipidic bilayer of the cytoplasmic membrane, causing the dissipation of the proton
motive force and loss of cell contents, others can inhibit cell wall synthesis or enter the
cytoplasm, and affect gene expression and protein synthesis [111]. The antifungal mode
of action of protein compounds by LAB, however, remains somewhat unclear, requiring
further studies [112,113]. Bacteriocins maintain activity at high temperatures and over a
large pH range, and as they are rapidly hydrolysed in the human gastrointestinal tract by
digestive proteases, they pose no negative impacts on the gut microbiota [79]. Currently,
and although other LAB bacteriocins have shown potential to be used as biopreserva-
tives, only nisin A, produced by Lc. lactis, and pediocin PA-1, produced by P. acidilactici,
have been approved as food preservatives for industrial application and are commercially
available [79,81].

Considering the vast diversity of LAB species and antimicrobial metabolites available,
there are numerous possibilities for improving food safety and preventing microbial food
spoilage. Nonetheless, it is important to consider any potential limiting factors that might
reduce the antimicrobial activity of LAB or its compounds. In this sense, the food matrix
and its inherent microflora [114], environmental conditions (such as temperature and pH),
aerobic conditions, LAB growth phase and load [89], and pathogen content, for example, are
among the factors that should not be disregarded when aiming to use such biopreservatives
in foods.

4. Thermisation

Thermisation is the standard description for a range of sub-pasteurisation heat treat-
ments of milk, generally from 57 to 68 ◦C with a holding time between 5 s and 30 min, that
is able to reduce bacterial contamination by 3 to 4 log [19,21,115–118].
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Unlike pasteurisation, thermisation causes minimum collateral heat damage to milk
constituents, has a mild effect on the raw milk flora and the functionality of milk caseins and
salts, and has a reduced impact on the sensory profile of the final cheeses [20,115–117,119].
For example, since the heat load is lower compared to that used in pasteurisation, en-
zymes involved in cheese flavour development, such as lipoprotein lipase, are less inac-
tivated [117]. For this reason, this process may be suitable for the production of artisanal
cheeses as it reduces microbial counts and simultaneously enables the profile of the heat-
treated milk to be closer to that of raw milk, thus allowing the desirable sensorial properties
of typical raw milk cheeses to develop [20].

The mechanisms for heat inactivation of mesophilic microorganisms have been exten-
sively studied, and while the ultimate cause leading to cell inactivation by heat remains
uncertain, it is clear that heat can affect a wide range of cellular structures and functions,
generally known as cellular targets [120,121]. Focusing on non-sporulating bacteria, the
cellular targets most affected by heat treatments are the outer and inner membrane, the
peptidoglycan cell wall, the nucleoid, the cell’s RNA, the ribosomes, and the proteins [120].

Damage to the outer cell layers of bacteria (cell wall for Gram-positive bacteria; outer
membrane for Gram-negative bacteria) has been reported by several researchers: in Gram-
negative bacteria, damage to the outer membrane after mild thermal treatment can be
verified by loss of outer membrane lipopolysaccharides [122] and morphological and struc-
tural changes [123] in membrane integrity and permeability, which leads to the release of
periplasmic proteins and sensitivity to hydrophobic antibiotics, for example [124,125]. The
cell wall of Gram-positive bacteria is also susceptible to heat, but these organisms are gen-
erally more heat-resistant due to the high content and extent of cross-linked peptidoglycan
of the cell wall [120].

Damage to the cytoplasmic or inner membrane (of Gram-positive and Gram-negative
bacteria, respectively) by heat injury can be detected through the loss of intracytoplasmic
material leaked from the heated cells, including RNA, DNA, proteins, enzymes, amino
acids, and potassium ions, for example [126–128]. Furthermore, the formation of membrane
vesicles and loss of membrane material and integrity after heat treatments have also been
reported [120,129,130].

Although DNA has high thermostability [131], less intense heat treatments can still
modify the nucleoid structure and damage the DNA molecule during and after the treat-
ment [120,130]. Heat-induced DNA damage is manifested by single- or double-strand
breaks, as well as increased mutation frequency in surviving populations after heat expo-
sure [132,133]. Moreover, single-strand denaturation induces the action of deoxyribonucle-
ases, which further degrades DNA via the hydrolysis of its phosphodiester backbone [134].

RNA and ribosomes, on the other hand, are more heat-sensitive than DNA [135]. In
that sense, mild temperatures have been reported to cause degradation of ribosomes and
ribosomal RNA (rRNA), with associated leakage of substances from the metabolic pool
(free amino acids and proteins, for example) [136–138] that precedes loss of cell viability.
Denaturation of 70S ribosomes and 30S and 50S ribosomal subunits can be a consequence
of membrane heat damage and subsequent depletion of magnesium ions from within the
cell, as they are essential for the maintenance of the coupled ribosome subunits [136].

Proteins, whether structural or functional (enzymes, for example), may undergo de-
naturation when bacterial cells are thermally stressed [121]. Protein pumps and channels
are also heat-sensitive [120], and, as a response to misfolding and denaturation, protein
aggregation may also occur [139]. Rosenberg et al. found a correlation between the thermo-
dynamic parameters of protein denaturation and the death rates of several bacteria [140].
Nevertheless, irreversible denaturation of some proteins might not be lethal to the cell if
they can be resynthesised after the heat treatment. On the other hand, it is hypothesised
that irreversible denaturation of all copies of RNA polymerase, for example, would rep-
resent a lethal event, as this enzyme could not be resynthesised by a cell lacking a single
copy [141]. Research has shown that proteins irreversibly denatured by heat are governed
by chemical modifications, including deamination of Asn/Gln residues, hydrolysis of
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peptide bonds at Asp-X residues (X being a small hydrophobic residue), and disulphide
bond scrambling [141].

To summarise, the most relevant cellular events that can occur after heat exposure
include permeabilisation of membranes, DNA and RNA alterations, loss of ribosome
or protein conformation and loss of intracellular components [120]. These events are
represented in Figure 4.

Figure 4. Main cellular events that occur in a vegetative bacterial cell (Gram-positive or Gram-
negative) after heat exposure. Based on Cebrián et al. [120].

As microbial inactivation by heat is a multi-target phenomenon, these events may be
interconnected and are likely to occur simultaneously [120]. In any case, the lethality of
heat treatment is contingent on the alteration of at least one critical component (one whose
destruction triggers cell death) beyond a critical threshold, which can be a result of the direct
effect of heat on the critical cellular target itself or a consequence of a parallel alteration
of another cellular target [120]. It is also crucial to consider that the resistance of each cell
target depends on the environmental conditions and the type of microorganism (pH and
water activity of the medium during the heat treatment, for example, Gram-positive vs.
Gram-negative bacteria, as mentioned before in this section) [120]. Additionally, exposure
to sublethal thermal stresses can mediate adaptive responses in bacteria, including the
induction of heat shock proteins, which are determinant for protein folding, repair and
degradation, and the prevention of aggregation, thus promoting increased heat resistance
and, consequently, bacterial survival [142,143].

Thermisation has been noted for both psychrotroph and pathogen control [30,144,145].
Nevertheless, and as previously described, different microorganisms may respond differ-
ently to heat treatments, depending on a variety of factors [19]. In this sense, a few authors
have reported the survival of some yeasts [146], that some pathogens may remain viable
at the lower end of the thermisation temperature range, where the lethal effect is more
reduced [30,117], and that thermisation may not be enough to significantly reduce the
population of vegetative cells of the more heat-resistant bacterial species (Enterococcus, for
example) [117,145]. Besides the possibility of some bacteria remaining viable in thermised
milk, other shortcomings associated with this thermal treatment are the possible germina-
tion of spores present in milk during subsequent cold storage (for example, thermisation at
65 ◦C for 10 s may be sufficient to stimulate the germination of B. cereus spores [115]) and the
possible selection for heat-resistant microorganisms such as M. tuberculosis and C. burnetii,
by enabling their survival while reducing competitive flora [2,116]. Thermisation may also
have a negative impact on LAB strains and the biodiversity of raw milk bacteria. To this,
Sameli et al. [119] observed that thermisation at 60 ◦C for 30 s reduced the total number
of Leuconostoc, Lactococcus and mesophilic Lactobacillus, while producing an enterococcal
selecting effect. To avoid such negative effects, it is important that thermisation parameters
are carefully selected, aiming to target pathogens while preserving LAB as much as possible.
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Moreover, the addition of a starter culture post heat treatment to counteract the reduction
in LAB numbers may also be recommended.

5. Conclusions

Artisanal raw milk cheeses may pose health risks to consumers, considering that the
manufacturing processes are not standardised, and good manufacturing practices are not
always followed, which can lead to undesirable microbiological quality of the cheeses. To
avoid pasteurisation and the use of chemical preservatives, which are unfit for this niche
product, this work collected and discussed the main antimicrobial action mechanisms,
bacterial targets, advantages, limitations and, whenever possible, relevant commercial
applications of two biopreservatives, plant extracts and lactic acid bacteria, as well as a
mild heat treatment of milk, thermisation, with the goal of promoting their use in cheese
production. The literature currently available is supportive of the use of these strategies
for the improvement of the microbiological quality of artisanal raw milk cheeses, although
some considerations, such as their impact on the sensory characteristics of the product and
on the natural microflora, must be carefully assessed, as referred in this review.
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Abstract: Dairy cream, a common ingredient in various dishes and food products, is susceptible to
rapid microbial growth due to its high water activity (≈0.97) and pH (≈6.7). Thus, it requires proper
processing conditions to ensure food safety and extend shelf life. High-pressure processing (HPP)
has emerged as a nonthermal food pasteurization method, offering an alternative to conventional
heat-based techniques to obtain tastier, fresh-like, and safe dairy products without undesirable heat-
induced alterations. This study assessed the impact of HPP (450 and 600 MPa for 5 and 15 min at 7 ◦C)
and thermal pasteurization (75 ◦C for 15 s) on the microbiological and physicochemical attributes of
dairy cream immediately after processing and throughout refrigerated storage (4 ◦C). HPP-treated
samples remained microbiologically acceptable even on the 51st day of storage, unlike thermally
pasteurized samples. Moreover, HPP decreased inoculated Escherichia coli and Listeria innocua counts
by more than 6 log units to undetectable levels (1.00 log CFU/mL). pH, color (maximum variation
of ΔE* up to 8.43), and fatty acid profiles remained relatively stable under varying processing
conditions and during storage. However, viscosity exhibited higher values for HPP-treated samples
(0.028 ± 0.003 Pa·s) compared to thermally processed ones (0.016 ± 0.002 Pa·s) by the 28th day of
storage. Furthermore, volatile compounds (VOCs) of all treated samples presented a tendency to
increase throughout storage, particularly acids and aliphatic hydrocarbons. These findings show
HPP’s potential to significantly extend the shelf life of highly perishable dairy cream by at least
15 days compared to thermal pasteurization.

Keywords: dairy cream; fatty acids; food safety; nonthermal and thermal processing; rheological
parameters; shelf life; volatile organic compounds

1. Introduction

Dairy cream is used as an ingredient in many products, including butter, ice cream,
and sour cream, among others [1]. However, it is a highly perishable product, with a pH
of around 6.7 and high water activity (around 0.97), requiring adequate preservation to
increase its shelf life [2]. Traditionally, most cream for retail and industrial use is thermally
pasteurized [3], aiming to destroy vegetative (pathogenic and spoilage) microorganisms
and inactivate enzymes, extending the cream’s shelf life. Nonetheless, depending on the
food matrix, heat pasteurization may not always be the ideal processing method since it may
cause substantial modifications to the product’s optimal quality, including the development
of off-flavors and the destruction of vitamins and other minerals. Consumers place a high
value on food’s texture, flavor, aroma, shape, and color, and there is a growing demand for
minimally processed, long-lasting products. As a result, alternative preservation techniques,
particularly nonthermal ones, capable of preserving food’s sensory and nutritional qualities,
have been tested and developed [4].

Foods 2023, 12, 3640. https://doi.org/10.3390/foods12193640 https://www.mdpi.com/journal/foods125
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High-pressure processing (HPP) is a common nonthermal method that utilizes ele-
vated hydrostatic pressures (approximately 400–600 MPa) to pasteurize, denature multiple
enzymes, and inactivate pathogenic and spoilage vegetative microorganisms, thereby as-
suring food safety [5]. Unlike thermal pasteurization, HPP does not affect covalent bonds
and is able to effectively retain food quality attributes, namely sensorial and nutritional
properties [4]. Additionally, as a pasteurization technique, nonthermal HPP does not target
bacterial spores, such as those from Bacillus spp., yet it can target some spores from yeasts
and molds, with the exception of those from Byssochlamys and Talaromyces spp. and some
species of Zygosaccharomyces [6]. As such, HPP products are to be kept under refrigeration.

Only a few studies have evaluated the effects of HPP on dairy creams [7,8]. One
observed that 450 MPa treatment (10 or 25 ◦C during 15 or 30 min) followed by refrigerated
storage (4 ◦C) for 8 days did not affect the fat globule size distribution and other physico-
chemical properties of pasteurized creams [8]. Regarding microbiological changes, another
study showed that it is possible to considerably reduce Listeria innocua load in creams (35%
fat), obtaining a decimal reduction time (D) of D450 MPa/25 ◦C for 7.4 min [9]. Differently,
Gervilla et al. (2000) obtained D400 MPa/25 ◦C = 4 min on ewe’s milk (6% fat), showing
the potential effect of fat to protect microorganisms against hydrostatic pressure [10].

Other methodologies have also been used for nonthermal pasteurization of dairy
products, such as ultraviolet radiation, pulsed electric field (PEF), ultrasound, etc., yet
these present lower efficacies compared to HPP, as PEF and US need to be combined with
moderate temperatures to increase the inactivation rates of the target microorganisms,
while ultraviolet radiation has low penetrance in opaque fluids. Other methodologies such
as membrane filtration, despite its possible continuous use, require frequent cleaning and
replacing the filters, which are rather expensive and do not allow a proper flow of bulky
liquids through the filters [11].

To evaluate the impact and safety of this nonthermal technology and compare it
with thermal pasteurization, (a) microbial load (endogenous and inoculated Escherichia
coli and L. innocua), (b) fatty acid composition, (c) color parameters, (d) viscosity, and (e)
volatile compounds were studied. Samples included the raw cream with no treatment
(control), after the heat treatment (conventional pasteurization at 75 ◦C for 15 s), and after
the pressure treatment (at 450 and 600 MPa for 5 min), followed by refrigerated storage
(4 ◦C). The effect of HPP on inoculated microorganisms in dairy cream was also studied in
a second set of experiments, at 600 MPa for 5 and 15 min.

2. Materials and Methods

2.1. Cream Samples

Industrially homogenized raw and thermally pasteurized (75 ◦C for 15 s) cream sam-
ples were kindly provided by a local cream-producing company (Portugal). Pasteurization
was performed according to the commercial procedure used in the company [12].

2.2. Preparation of Cream Samples and Inoculation

Triplicated samples (20 mL each), for each storage day, were aseptically packed in
UV-light sterilized low-permeability polyamide–polyethylene (PA/PE) bags and manually
heat sealed prior to HPP, excluding as much air as possible.

Cultures of E. coli (ATCC 25922) and L. innocua (ATCC 33090) were grown in Tryptic
Soy Broth (TSB; Liofilchem, Roseto degli Abruzzi, Italy) at 37 ◦C for 24 h to reach the sta-
tionary phase and then inoculated into raw cream to a final concentration of 108 cells/mL.

2.3. HPP Treatment of Samples

HPP treatments were performed in a pilot scale high-pressure device (Model 55, Hiper-
baric, Burgos, Spain) with 55 L of vessel capacity, 2000 mm of vessel length, and 200 mm of
vessel diameter. The pressure rise time was 200 MPa/min, and the decompression time was
almost instantaneous. A first cream batch was subjected to 450 MPa and 600 MPa for 5 min
each, at 7 ◦C, to optimize the pressure level required to achieve desirable microbial inactiva-
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tion levels to extend the shelf life of dairy cream. Additionally, as described in the literature,
the temperature of water increases between 2 and 3 ◦C for each 100 MPa [13]; so, in order
to have a maximum temperature of 19–25 ◦C while at 600 MPa, the water temperature
before pressurization was 7 ◦C. A second cream batch was processed at 600 MPa for 5 and
15 min at 7 ◦C to evaluate the effects of the processing time (at the most suitable pressure
obtained in the first batch) on dairy cream. After the respective processing, samples from
both batches were stored at 4 ◦C.

2.4. Storage Conditions

Thermally pasteurized and HPP samples from the first batch were stored under
refrigeration (4 ◦C) for 5, 9, 18, 33, and 51 days, while samples from the second batch were
stored for 3, 10, 28, and 52 days to evaluate and compare the shelf life of creams processed
at both conditions (thermal pasteurization and HPP).

2.5. Microbial Analyses

After each experiment, cream samples from the first batch were analyzed for total
aerobic psychrophiles (TAPs), Enterobacteriaceae (ENT), and lactic acid bacteria (LAB)
counts. Apart from ENT, samples from the second batch were analyzed for the same
microorganisms, along with inoculated E. coli (ATCC 25922) and L. innocua (ATCC 33090).
Both cultures that were used to inoculate the cream samples were stored on Trypticase
Soy Agar (TSA; Liofilchem, Roseto degli Abruzzi, Italy) Petri dishes at 4 ◦C. Briefly, one
colony of each microorganism, previously isolated in TSA plate, was collected, inoculated
in 250 mL of Tryptic Soy Broth (TSB; Liofilchem, Roseto degli Abruzzi, Italy), and incubated
at 37 ◦C, 150 rpm, for 10–12 h. The growth period was selected in order to ensure that cells
reached the stationary phase to be later inoculated into raw cream, with a final concentration
of about 108 cells/mL. Under aseptic conditions, 20 mL of each cell suspension was used
to inoculate 160 mL of the second batch of cream samples. The microbiological analyses
were performed as described by [14]. The results were expressed as a decimal logarithm of
colony-forming units per milliliter of cream (log CFU/mL). The maximum endogenous
microbial load considered in this study was 6.00 log CFU/mL [15], and the detection limit
was 1.00 log CFU/mL.

The experimental design of each cream batch is reported in Table 1.

Table 1. Experimental design of each cream batch and the aim of the study.

HPP Conditions Storage Period
(Days)

Nomenclature
To Study the Effect of HPP after

Processing and during Each Storage
Period On:Pressure (MPa) Duration (min)

First batch

- - - Raw
• General microbiology (TAP, LAB, and

ENT) and physicochemical parameters
- -

0, 5, 9, 18, 33, 51
Pasteurized

450 5 450/5
600 5 600/5

Second batch

- - - Raw • General microbiology (TAP and LAB)
and physicochemical parameters

• Inoculated E. coli and L. innocua

- -
0, 3, 10, 28, 52

Pasteurized
600 5 600/5
600 15 600/15

2.6. pH and Color

The pH of all cream samples was measured at room temperature (21 ± 2 ◦C) in tripli-
cate with a glass electrode (pH electrode 50 14, Crison Instruments, S.A., Barcelona, Spain).

The color was assessed using a Konica Minolta CM 2300d (Konica Minolta, Osaka,
Japan) spectrophotometer on three random spots per sample, recorded according to the
CIELab system, and the data were processed with the SpectraMagicTM NX software
(Konica Minolta, Osaka, Japan). The obtained parameters were L*-lightness, a*-redness,
and b*-yellowness. The total color difference (ΔE*) was calculated using Equation (1) [16].

ΔE* = [(L* - L*0)2 + (a* - a*0)2 + (b* - b*0)2]1/2 (1)
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where ΔE* is the total color change between a sample and the control (initial values
identified with the subscript “0”).

2.7. Apparent Viscosity Measurements

The cream’s apparent viscosity was determined using a controlled-stress rheometer
(AR-1000, TA Instruments, New Castle, DE, USA), equipped with a cone-and-plate ge-
ometry (acrylic cone, 6 cm diameter, and 2◦ angle). The bottom plate temperature was
kept constant using a circulating bath (Circulating Bath 1156D, VWR International, Car-
naxide, Portugal). Samples were equilibrated to 25 ◦C for about 15 min and then gently
homogenized and placed carefully (approximately 2 mL) on the top of the bottom plate to
minimize the damage to the sample structure and avoid trapping air bubbles. Flow curves
were obtained by applying a continuous shear stress ramp (0 to 3 Pa) for 3 min [17].

2.8. Fatty Acid Determination

Fatty acids (FAs) were determined by gas chromatography as methyl esters (FAMEs).
Briefly, fat was separated by centrifugation at 13,000 rpm for 20 min. Then, 40 μL of the
upper layer (fat phase) was dissolved in hexane (2 mL), and the FAs were converted to
their respective FAME by cold transmethylation (ISO 12966-2, 2011). Chromatographic
separation was achieved with an Agilent J&W Select FAME column (100 m × 0.25 mm,
J&W Agilent, Santa Clara, CA, USA) using a Chrompack CP 9001 gas chromatograph
(Chrompack, Middelburg, The Netherlands) equipped with an FID detector. FA identifi-
cation and FID calibration were accomplished with a certified reference standard mixture
(TraceCert–Supelco 37 component FAME mix) and individual FAME, all from Supelco.
Fatty acids were expressed in a relative percentage of their FAME.

2.9. Volatile Profile

The volatile compound (VOC) profiles were determined by headspace solid-phase
microextraction (HS-SPME) followed by gas chromatography–mass spectrometry (GC-MS),
as performed by [18], with modifications. Initially, 5 mL of each sample was placed in 20 mL
headspace vials, and then cyclohexanone was added as an internal standard along with 28%
sodium chloride (w/w). The vials were heated at 60 ◦C for 20 min with constant stirring
(250 rpm), and the SPME fiber (DVB/CAR/PDMS; 50/30 μm; Supelco Inc., Bellefonte, PA,
USA) was exposed for 30 min (60 ◦C). Volatiles were thermally desorbed for 5 min in the
injector port (splitless mode; 250 ◦C). Chromatographic separation was performed on a
fused-silica DB-5 MS column (30 m ×0.25 mm I.D. × 0.25 μm film thickness) from J&W
Agilent (Santa Clara, CA, USA), with a temperature program going from 40 to 235 ◦C and
a total run time of 60 min. The MS transfer line and ion source were at 280 ◦C and 230 ◦C,
respectively, and the MS quadrupole temperature was at 150 ◦C, with an electron ionization
of 70 eV set in full scan mode (m/z 40 to 650 at 1.2 scan/s). Compounds were identified by
comparing their respective mass spectra with a mass spectral database (NIST v14, nist.gov,
accessed on 21 September 2023). Semi-quantification was achieved as internal standard
equivalents basis and expressed in μg of internal standard equivalents per 100 mL of cream.

2.10. Statistical Analysis

The experiments were performed in triplicate, each analyzed in duplicate. Statistical
analysis of the results was performed using a two-way analysis of variance (ANOVA)
followed by a multiple comparison post hoc test and Tukey’s honest significant differences
(HSD) test at a 5% level of significance.

3. Results and Discussion

3.1. Microbial Analysis

Regarding the first batch experiments, TAP, LAB, and ENT were quantified before
(initial) and right after (day zero) thermal or HPP, and also on days 5, 9, 18, 33, and 51 under
refrigeration (4 ◦C) (Figure 1).
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(a) 

(b) 

(c) 

Figure 1. Microbial growth of (a) TAP, (b) LAB, and (c) ENT on initial raw cream after heat (75 ◦C,
15 s) treatment and after pressure treatment under 450 MPa and 600 MPa during 5 min (first batch).
Analyses were made on the initial cream and right after processing ( ) and after 5 ( ), 9 ( ), 18 ( ),
33 ( ), and 51 ( ) days of storage at 4 ◦C. Bars with * and # represent microbial loads below the
detection limit (lower than 1.00 log CFU/mL) and above 6.00 log CFU/mL, respectively. Different
letters denote significant differences (p ≤ 0.05) between storage days for each condition (A,B) and
treatment conditions for each storage day (a,b).

As represented in Figure 1, TAP, LAB, and ENT counts of thermally pasteurized cream
samples decreased to below the detection limit (<1.00 log CFU/mL), maintaining low
counts until the ninth day of storage. From the 18th day onwards, microbial growth was
observed for all microorganisms, except for ENT, which remained undetected. By the 51st
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day, TAP and LAB counts surpassed 6.00 log CFU/mL, and, therefore, no further analyses
were performed for the thermally pasteurized cream.

Right after processing at 450 MPa for 5 min, TAP loads observed were similar to those
of raw dairy cream, while for samples processed at 600 MPa for 5 min, a very small (not
statistically significant) decrease was observed. For ENT, regardless of the treatment, its
counts were reduced to below 1.00 log CFU/mL and kept constant throughout storage.
These results are in agreement with Permanyer et al. (2010), who reported a similar
barosensivity of ENT when human milk was pressurized at 400, 500, and 600 MPa for 5 min
at 12 ◦C [19]. Evert-Arriagada et al. (2014), working with starter-free fresh cheeses, also
observed that after HPP (500 MPa, 5 min, 16 ◦C), ENT was not able to recover during all the
cold storage period (21 days) [20]. From the 18th day onwards, both TAP and LAB counts
were above 6.00 log CFU/mL; thus, samples treated at 450 MPa for 5 min (450/5) were
considered spoiled. Samples processed at 600 MPa for 5 min (600/5) resulted in a slower
recovery of TAP and LAB under refrigeration in comparison to those processed at 450/5,
with TAP counts only increasing (p ≤ 0.05) after the 51st day (Figure 1). This demonstrates
the efficiency of HPP at 600 MPa to injure microorganisms, taking them additional time to
recover and develop compared to the thermal pasteurization process.

To evaluate the influence of pressurization time, a second study was performed, and a
new fresh cream batch was processed at 600 MPa for 15 min (600/15) instead of 5. Since
in the first study, ENT exhibited high sensitivity to both high pressure and pasteurization
treatments, the effect of 600/15 was evaluated only for TAP and LAB. In addition to
endogenous microorganisms, the effect of HPP (600/5 and 600/15) on inoculated L. innocua
and E. coli was also evaluated.

The 600/15 condition significantly reduced (p ≤ 0.05) TAP and LAB counts by about
1.4- and 1.8-fold, respectively, compared to the initial raw cream counts (Figure 2).

(b) 

(a) 

Figure 2. Cont.
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(c) 

(d) 

Figure 2. Microbial growth of (a) TAP, (b) LAB, (c) E. coli, and (d) L. innocua on initial raw cream
after heat treatment (75 ◦C, 15 s) and after pressure treatment under 600 MPa for 5 min and 600 MPa
during 15 min (second batch). Analyses were made on the initial cream and right after processing
( ) and after 3 ( ), 10 ( ), 28 ( ), and 52 ( ) days of storage at 4 ◦C. Bars with * and # represent
microbial loads below the detection limit (lower than 1.00 log CFU/mL) and above 6.00 log CFU/mL,
respectively. Different letters denote significant differences (p ≤ 0.05) between storage days for each
condition (A,B) and treatment conditions for each storage day (a–c).

By the 28th day of storage, TAP counts on thermally pasteurized samples increased to
values above 6.00 log CFU/mL, while those treated by HPP (600/15) presented counts of
4.53 ± 0.11 log CFU/mL, evidencing the efficacy of HPP in inhibiting long-term microbial
development and extending shelf life. Regarding LAB, a significant increase (p ≤ 0.05)
throughout storage was observed.

Concerning inoculated microorganisms, 600/5 and 600/15 treatments were able to sig-
nificantly reduce (p ≤ 0.05) E. coli counts compared to the initial inoculated load (Figure 2).
By the 10th day, E. coli counts on both 600 MPa treatments experienced a significant increase
(p ≤ 0.05), surpassing 6.00 log CFU/mL for 600/5 samples. However, on the following days,
E. coli counts on both 600 MPa treated samples presented values below 1.00 log CFU/mL,
probably due to the fact that E. coli is not able to survive after long exposures to low
temperatures, as suggested by Arias et al. (2001) [21]. Despite the similar outcomes by the
end of storage time, longer exposure to HPP at the same pressure appeared to be more
effective in delaying microbial growth over time, given the lower counts registered on days
3 and 10.

Previous works revealed that gram-positive bacteria are more resistant to HPP than
gram-negative [22,23]. In our study, L. innocua loads increased in both 600 MPa-treated
samples (p ≤ 0.05) from the 28th up to the 52nd day of storage, suggesting that cells may
recover from the injuries caused by HPP and grow during cold storage [24]. A larger
number of L. monocytogenes cells on milk samples, after 10 days of refrigerated storage,
was also observed by Liepa et al. (2018) [25]. This is probably due to the higher-pressure
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resistance of gram-positive bacteria, namely regarding their metabolic repair mechanisms,
in comparison with gram-negative E. coli.

Even though thermal pasteurization was able to reduce initial microbial loads and
inhibit microbial growth on the first days of storage, it is possible to conclude that HPP
has a more pronounced effect on slowing microbial growth rate over time, as evidenced by
lower microbial counts on the final day of storage (52nd).

Since milk and dairy products follow very strict regulations worldwide, further re-
search is also needed to accurately establish the safety of dairy cream processed by HPP,
namely to overcome these regulatory issues. For instance, in the United States, pasteuriza-
tion must inactivate Mycobacterium tuberculosis and Coxiella burnettii (which is more heat
stable than the first one), while also resulting in a negative phosphatase reaction [26].

3.2. pH and Color

The initial pH of the cream used in the first and second studies was similar to the
ones reported in the literature [27]: 6.74 ± 0.05 and 6.91 ± 0.14, respectively (Table S1—
available in the Supplementary Materials). Regarding the first batch, all treated samples
presented similar values to raw cream (p > 0.05), with small variations throughout storage
(Table S1—available in the Supplementary Materials). Contrarily, the pH of HPP samples
was higher (p ≤ 0.05) during the first 9 days of storage, decreasing thereafter, which was
probably caused by the observed microbial growth and the organic acids produced from
their metabolic activity [28]. On the second batch, no significant differences (p > 0.05)
between treatment conditions at each storage day were detected (Table S2—available in the
Supplementary Materials).

Regarding color measurements, detailed results for L*, a*, and b* values are presented
in Table S1 (available in the Supplementary Materials) (first batch) and Table S2 (available in
the Supplementary Materials) (second batch). In general, the L* parameter on both studies
remained stable at all different storage days and conditions, except on 600/5 samples,
where a significant increase (p ≤ 0.05) was observed when comparing the value obtained
immediately after processing with that obtained on the 51st day of storage. For the a*
parameter, it suffered some variations concerning both batches. On the first batch, compared
to the initial raw cream, it was significantly higher (p ≤ 0.05) for both HPP samples and
similar (p > 0.05) to the thermally pasteurized samples. On the contrary, in the second
study, initial a* values of all samples, treated and non-treated, were statistically different
(p ≤ 0.05) from each other, in the order from the highest a* value to the lowest: raw
cream >600/15 > thermally pasteurized. These variations between the first and second
studies are probably due to differences between the cream’s batch. By looking at every
storage period, 450/5 and 600/5 samples remained statistically similar to each other
(p > 0.05), differing only from thermally treated samples (p ≤ 0.05). The same happened
with 600/15 and thermally treated samples on the second batch (p ≤ 0.05); the a* parameter
on HPP samples was always higher than the thermally treated samples. Despite the small
variations obtained for L*, a*, and b* parameters, no statistical differences (p > 0.05) were
observed for the total color change (ΔE*) for all treatment conditions at each day of storage
on both studies.

3.3. Viscosity

Cream’s flow behavior was studied only for raw, thermally pasteurized, and 600 MPa-
processed samples in the second batch. Generally, samples showed a qualitatively similar
non-Newtonian flow behavior, with apparent viscosity decreasing with shear rate (shear
thinning). The observed behavior was expected for an emulsion and is in accordance with
Donsì et al. (2011), who evaluated the rheological behavior of milk cream under pressure
(400–500 MPa for 5–10 min at 25 ◦C) and reported that HPP milk cream also behaved as a
non-Newtonian pseudoplastic fluid [29].

The apparent viscosity of the studied samples was compared at a constant shear rate
of 33 s−1 (Table 2).
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Table 2. Apparent viscosity values determined at a particular shear rate (33 s−1) for initial raw cream
and cream at different treatment conditions (75 ◦C, 15 s, 600/5, and 600/15) right after processing
and after 3, 10, 28, and 52 days of storage at 4 ◦C. Results are presented as mean ± standard deviation.
Different superscript letters denote statistical differences (p ≤ 0.05) between storage days for each
condition (A–C) and treatment conditions for each storage day (a,b).

Storage Time (Days) Conditions Shear Rate (1/s) Viscosity (Pa·s)

0

Initial

33.19

0.015 ± 0.001 aA

Heat treated 0.017 ± 0.001 aA

600 MPa/5 min 0.016 ± 0.001 aA

600 MPa/15 min 0.015 ± 0.001 aA

3
Heat treated 0.018 ± 0.002 aA

600 MPa/5 min 0.031 ± 0.003 bB

600 MPa/15 min 0.026 ± 0.002 bB

10
Heat treated 0.017 ± 0.002 aA

600 MPa/5 min 0.027 ± 0.003 bB

600 MPa/15 min 0.026 ± 0.002 bB

28
Heat treated 0.016 ± 0.002 aA

600 MPa/5 min 0.028 ± 0.003 bB

600 MPa/15 min 0.030 ± 0.003 bBC

52
Heat treated –

600 MPa/5 min 0.030 ± 0.003 aB

600 MPa/15 min 0.034 ± 0.003 aC

No major differences in the initial viscosity values were detected between the raw
cream and all treated samples. Also, the apparent viscosity of the thermally pasteurized
samples remained similar (p > 0.05) throughout the storage time. After 3 days of refrigerated
storage, HPP samples presented viscosity values almost two times higher (p ≤ 0.05) than
the initial ones (immediately after processing). However, from this day forward, viscosity
values of HPP samples remained statistically similar (p > 0.05), only increasing (p ≤ 0.05) on
the 52nd day of storage for 600/15 samples. Dumay et al. (1996) reported that after HPP, the
flow behavior of the pasteurized cream samples did not show considerable changes after
7 days of storage (4 ◦C) [8]. In general, pressure-treated samples always presented a higher
viscosity (p ≤ 0.05) than the heat treated ones (Table 2), which can be advantageous in the
development of products with different texture characteristics and consumer acceptability.

3.4. Fatty Acid Analysis

To our knowledge, this is the first study that reports the changes observed in cream’s
fatty acid profile after thermal pasteurization and pressurization treatments, upon storage.
The GC analysis revealed the presence of twenty-nine FAs (Table S3—available in the
Supplementary Materials). The cream samples were essentially rich in saturated, followed
by monounsaturated, and a small percentage of polyunsaturated FAs. Raw cream’s main
fatty acids were palmitic (C16:0, 24.50 ± 0.12%), oleic (C18:1c, 20.03 ± 0.11%), and myristic
(C14:0, 11.25 ± 0.07%), similar to what was previously reported [28,30].

In general, the different treatments did not affect (p > 0.05) saturated and monoun-
saturated FAs, while polyunsaturated decreased (p ≤ 0.05) on the 52nd day of storage.
Regarding the main FA on cream, only C16:0 was present in higher (p ≤ 0.05) amounts in
raw cream (compared to processed samples). Moltó-puigmartí et al. (2011) reported that
HPP did not significantly change FA proportions compared to untreated human milk [31].

3.5. Volatile Analysis

A total of 39 different VOCs were identified in cream samples. Table 3 shows the
chemical families of the VOCs and the total volatile amounts (identified and non-identified)
detected. In general, there was a tendency for total volatiles to increase throughout storage.
In raw cream, the most abundant families were aliphatic hydrocarbons, followed by alde-
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hydes/ketones, acids, and lactones. Immediately after thermal and HPP treatments, a new
class of compounds, alcohols, was detected on cream samples (Table 3). Alcohols can be
produced by the reduction in their corresponding aldehydes and methyl ketones, through
the activity of LAB dehydrogenases or by sugar fermentation, which is in accordance with
the lower pH measured in these samples [32].

Table 3. Cream volatile profile (mg/100 g equivalents of cyclohexanone) at different treatment
conditions (75 ◦C, 15 sec, 600/5, and 600/15) of the initial cream and right after processing (0 d)
and after 3 (3 d), 10 (10 d), 28 (28 d), and 52 (52 d) days of storage at 4 ◦C. Results are presented
as mean ± standard deviation. Different superscript letters denote statistical differences (p ≤ 0.05)
between storage days for each condition (A–C) and treatment conditions for each storage day (a–d).

Storage Time
(Days)

Conditions Alcohols Acids Aldehydes/Ketones
Aliphatic

Hydrocarbons
Lactones Total Volatiles

0

Initial Nd 16.4 ± 2.5 aA 19.5 ± 1.3 aA 51.6 ± 1.9 aAB 0.2 ± 0.1 aA 315.1 ± 26.9 aAB

Heat treated 3.2 ± 0.4 aAB 33.5 ± 4.7 aAB 36.9 ± 1.0 aAB 80.5 ± 0.8 aB 1.1 ± 0.1 aB 492.8 ± 36.7 aB

600 MPa/5 min 4.1 ± 0.6 aAB 54.8 ± 3.3 aB 26.2 ± 4.6 aAB 41.6 ± 0.4 aA 0.4 ± 0.1 aAB 291.1 ± 11.4 aA

600 MPa/15 min 6.6 ± 0.6 aB 52.6 ± 6.4 aB 47.5 ± 1.0 bB 6.9 ± 0.2 aA 0.4 ± 0.1 aAB 314.1 ± 10.7 aAB

3
Heat treated 3.6 ± 0.3 aA 34.3 ± 2.8 aA 49.6 ± 10.2 abB 94.4 ± 2.8 abA 0.7 ± 0.1 aA 427.2 ± 64.5 aA

600 MPa/5 min 5.2 ± 0.3 aA 114.2 ± 13.7 cB 42.0 ± 0.7 abAB 152.5 ± 3.8 bB 0.9 ± 0.1 aAB 493.9 ± 21.7 bA

600 MPa/15 min 4.4 ± 0.7 aA 53.1 ± 0.7 aA 23.0 ± 0.8 aA 79.4 ± 2.9 bA 1.6 ± 0.1 bB 479.9 ± 58.2 aA

10
Heat treated 4.1 ± 0.2 aA 26.1 ± 3.7 aA 60.5 ± 1.7 bAB 121.6 ± 3.2 bA 1.5 ± 0.3 aA 373.5 ± 35.8 aA

600 MPa/5 min 6.6 ± 0.3 aA 84.4 ± 4.8 bB 70.8 ± 6.4 bB 220.2 ± 13.4 cB 2.4 ± 0.3 bB 703.2 ± 66.1 cB

600 MPa/15 min 8.3 ± 0.2 aA 78.9 ± 4.12 bB 43.4 ± 8.0 abA 310.2 ± 6.8 dC 2.3 ± 0.2 bAB 782.4 ± 32.4 bB

28
Heat treated 20.3 ± 5.0 bB 62.8 ± 9.8 bA 74.5 ± 11.8 bA 69.2 ± 5.7 aA 2.6 ± 0.2 bA 687.9 ± 37.8 bA

600 MPa/5 min 5.9 ± 1.2 aA 152.5 ± 3.8 dB 73.9 ± 2.6 bA 346.5 ± 36.4 dB 4.9 ± 0.3 cB 1007.3 ± 49.9 dC

600 MPa/15 min 4.6 ± 0.4 aA 220.7 ± 6.7 cC 71.4 ± 6.4 cA 83.3 ± 2.2 bA 5.6 ± 0.1 cB 797.6 ± 28.6 bB

52
Heat treated 50.5 ± 3.7 cB 126.1 ± 8.9 cA 61.9 ± 12.7 bB 64.2 ± 4.2 aA 2.6 ± 0.2 bA 751.2 ± 56.4 bA

600 MPa/5 min 4.1 ± 0.3 aA 167.1 ± 6.4 dB 52.2 ± 2.2 bAB 119.9 ± 8.1 bB 5.3 ± 0.5 cB 783.3 ± 30.2 cA

600 MPa/15 min 6.1 ± 0.3 aA 307.0 ± 3.3 dC 36.2 ± 3.4 abA 224.2 ± 1.2 cC 5.7 ± 0.2 cB 881.1 ± 112.7 bA

Nd—not detected.

From the 28th day onwards, thermally treated samples presented higher (p ≤ 0.05)
amounts of alcohol compared to HPP samples. Similarly, Chugh et al. (2014) studied the
effect of thermal pasteurization on skim milk’s volatile composition, observing that during
refrigerated storage, alcohol concentration increased as a result of the reduction in the
corresponding carbonyl compounds [33].

The initial amount of acid compounds in raw cream increased (p ≤ 0.05) immediately
after thermal and HPP treatments (Table 3). Throughout the storage, the number of acids
on HPP samples remained higher (p ≤ 0.05) than on thermally treated samples. Garrido
et al. (2015) observed a relevant increase of carboxylic acids in human milk after processing
at 400 or 600 MPa for 6 min, which was probably due to the release of short-chain FAs from
triglycerides (lipolysis) [34]. Acids can act as precursor molecules for a series of catabolic
reactions, which can lead to the production of other flavor compounds such as alcohols,
lactones, and methyl ketones [32].

All cream samples presented a similar (p > 0.05) content of aldehydes/ketones after
processing compared to the raw cream, except for 600/15 samples, which presented higher
levels (p ≤ 0.05) (Table 3). Vazquez-Landaverde et al. (2006) observed that at 25 ◦C, ketone
concentration in milk processed under 620 MPa at 1, 3, or 5 min was similar to raw milk [35].
Despite the fact that ketones are naturally present in raw milk, most of them can be formed
during heat treatment by β-oxidation of saturated fatty acids or by decarboxylation of
β-ketoacids. Furthermore, several authors reported that HPP enhances the oxidation of
free FAs, leading to the formation of ketone VOCs [34,36,37]. Vazquez-Landaverde et al.
(2006) also observed an increase in aldehyde concentration when milk was processed at
620 MPa, which was possibly due to a higher solubility of oxygen under high pressure,
which could enhance the formation of hydroperoxides, resulting in more aldehydes [35].

Aliphatic hydrocarbons were the major VOCs found on cream samples, presenting no
regular tendency throughout the storage days under all processing conditions; they were
statistically similar (p > 0.05) on both thermal and HPP samples. However, their content
was significantly higher on thermally treated samples (p ≤ 0.05). Accordingly, Chugh et al.
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(2014) observed a significant increase in hydrocarbon compounds after heat treatment of
skim milk [33].

Lactones, detected in very low levels in all cream samples, are related to lipid degra-
dation and are formed by the cyclization of γ- and β-hydroxy acids [32]. Lactone levels in
HPP samples were similar (p > 0.05) to raw cream but were higher in thermally pasteurized
samples (p ≤ 0.05). Throughout the storage, lactones increased significantly on all treated
samples (p ≤ 0.05) and were always higher on HPP samples.

In summary, initially treated samples were similar to raw cream with a general ten-
dency to increase volatile amounts throughout the storage period, without major differences
between heat pasteurized and HPP samples.

4. Conclusions

The present study evaluated the feasibility of using HPP for the nonthermal pasteur-
ization of raw dairy cream as an alternative to the conventional heat-based pasteurization
processes. HPP samples were still microbiologically acceptable by the 51st day of refrig-
erated storage, unlike thermally processed ones, which clearly highlights the use of this
nonthermal technology to extend the shelf life of dairy cream. For the effect of HPP on
inoculated microorganisms, even though HPP at 600 MPa for 15 min was able to reduce
microbial loads to lower counts than 600 MPa for 5 min (at the beginning of the stor-
age experiments), a similar microbiological development pattern was observed on both
processing conditions by the end of the shelf life evaluation period, indicating that the
inactivation effect is less likely to be dependent on processing time. In general, pH, color
(maximum variation of ΔE* up to 8.43), and fatty acids (mainly palmitic, oleic, and myristic
acids) were not considerably changed by the different processing conditions and storage,
while viscosity presented higher values (p ≤ 0.05) for HPP samples (0.034 Pa·s, at the
52nd day). Furthermore, VOCs of all treated samples presented a tendency to increase
throughout storage, particularly acids and aliphatic hydrocarbons. From a practical point
of view, commercial (heat pasteurized) refrigerated dairy cream usually presents a shelf
life <3 weeks. This shelf life could be considerably extended by at least 30 days using
HPP, without major changes in the products’ quality, clearly evidencing the potential of
this nonthermal technology for dairy cream pasteurization. Indeed, these results open the
possibility of using HPP for the nonthermal pasteurization of dairy products, such as fresh
cheeses, dairy creams, and even milk, either for retailing or using as food ingredients, as
the extended shelf life can not only increase food safety but also reduce food waste.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/foods12193640/s1, Table S1: Variation of pH and color throughout
different storage (4 ◦C) days of raw cream (initial) and after submitting to the different treatment
conditions (heat, 450/5 and 600/5). Results are presented as mean ± standard deviation. Different
letters represent statistical differences (p ≤ 0.05) between storage days for each condition (A,B) and
treatment conditions for each storage day (a,b); Table S2: Variation of pH and color throughout
different storage (4 ◦C) days of raw cream (initial) and after submitting to the different treatment
conditions (heat and 600/15). Results are presented as mean ± standard deviation. Different letters
represent statistical differences (p ≤ 0.05) between storage days for each condition (A,B) and treatment
conditions for each storage day (a,b); Table S3: Cream fatty acid composition (% of total fatty acids)
throughout different storage (4 ◦C) days of raw cream (initial) and after submitting to the different
treatment conditions (heat, 600/5 and 600/15). Results are presented as mean ± standard deviation.
Different letters represent statistical differences (p ≤ 0.05) between storage days for each condition
(A,B) and treatment conditions for each storage day (a,b).
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Abstract: The rising interest in finding alternatives to animal rennet in cheese production has led
to studying the technological feasibility of using and exploiting new species of herbaceous plants.
In this research work, and for the first time, freeze-dried extracts from Cynara humilis L. (CH) and
Onopordum platylepis Murb. (OP) were studied for mineral and protein content, and their clotting
and proteolytic activity were compared to those of Cynara cardunculus L. (CC). The effect of extract
concentration (5–40 mg extract/mL), temperature (20–85 ◦C), pH (5–8), and CaCl2 concentration
(5–70 mM) on the milk clotting activity (MCA) of CC, CH and OP extracts was evaluated. The
MCA values were significantly higher in CC at the same extract concentration. The extract that
showed the most significant increase in clotting activity due to increased temperature was OP, with
maximum activity at 70 ◦C. The pH value for maximum milk clotting was 5.0 for both CC and CH,
whereas, in the case of OP, the pH value was 5.5. CaCl2 enhanced the clotting capacity of the extracts,
particularly for OP and CH. Furthermore, proteolytic activity (PA) and the hydrolysis rate increased
with increasing time and enzyme concentration, with CC being the extract that achieved the highest
caseinolytic activity.

Keywords: milk clotting activity; vegetable coagulant; proteolytic activity

1. Introduction

The enzymatic clotting of milk is an essential step in most cheesemaking processes.
One of the main proteases responsible for this coagulation is chymosin, which is present
in ruminant rennet and has been used for centuries by the dairy industry to manufacture
different types of cheese [1].

Most of the commercial animal rennet used in dairies comes from recombinant sources,
while only 20–30% of it is of natural origin [2]. The worldwide increase in cheese production
has led to a decrease in the supply of animal rennet, thus increasing the demand for new
coagulant substitutes, such as plant-derived proteases [1].

These proteases are obtained via maceration in water of different plant sections or
organs (seeds, flowers, fruits, rhizomes, etc.) and have a high potential for use as milk
coagulants to manufacture cheese, replacing animal rennet [3–7].
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Numerous studies have been carried out on these plant enzymes obtained from
aqueous extracts, such as those derived from papaya (papain), pineapple (bromelain) [8,9],
and other plants, whose enzymes are characterised by a proteolytic to clotting activity ratio
that is not sufficiently high or proteolytic activity that is excessively high for the production
of commercial cheeses [10]. In addition, these vegetable coagulants have certain limitations,
mainly related to the texture and sensory quality of the produced cheeses [3].

However, cheeses made with plant proteases from the genus Cynara L. have a smooth,
creamy texture and exquisite flavour, thus explaining why these perennial herbaceous
plants have been used since ancient times to produce traditional cheeses [11].

The genus Cynara L. is native to the Mediterranean flora and belongs to the family
Asteraceae; it encompasses eight species and four subspecies, including Cynara cardunculus
L. (CC) and Cynara humilis L. (CH). Some of these Cynara species have traditionally been
used as milk coagulants in cheesemaking due to their high concentration of proteolytic
enzymes responsible for clotting, such as cyprosins or cardosins [12]. These enzymes,
present in the characteristic violet flowers that are dried and macerated for use, have
proven to be successful substitutes for animal rennet [6]. CC has been used since ancient
times for the manufacture of goat and sheep cheeses in several rural areas of Spain and
Portugal [13]; some examples are Los Pedroches (Córdoba), Torta del Casar (Cáceres), La
Flor de Guía (Gran Canaria), Serra da Estrela (Portugal), and Serpa (Portugal), among
others [14].

Various studies have shown that the use of aqueous extracts obtained via the macera-
tion of thistle flowers increases the initial microbial count of the milk and, consequently, of
the curd [15,16]. Subsequent studies have shown that freeze drying aqueous extracts does
not alter the initial microbial count after addition and have recommended its use as it is
soluble in water and milk, is free of viable micro-organisms, has a stable shelf life without
the need for preservatives, and has a coagulating activity that does not decrease after one
year of storage [7,17–19].

The available studies evaluating the milk clotting activity (MCA) of freeze-dried thistle
extracts and their use in cheese production have only been assessed in CC [7,17–22].

The genus Onopordum L. belongs to the family Asteraceae, and some of its species
are widely distributed in Europe, Northern Africa, the Canary Islands, and the Caucasus,
as well as Southwest and Central Asia. Thistles within this genus are native mainly to
the Mediterranean biogeographical region and have been studied for their potential as
antimicrobial, haemostatic, and hypotensive agents [23,24].

Very few studies describe the use of Onopordum spp. in cheese production. Very
recently, Mozzon et al. (2020) [25] and Foligni et al. (2022) [26] studied the milk clotting and
the caseinolytic activity of a freeze-dried extract from Onopordum tauricum Willd. in milk
of different origins. To the author’s knowledge, no study has evaluated the milk clotting
activity (MCA) and proteolytic activity (PA) of the species Onopordum platylepis Murb.

Optimal conditions for the milk clotting of aqueous extracts from flowers of C. car-
dunculus L., C. humilis L. and C. scolymus L. have already been described [27–30], as well
as has the proteolytic activity of cardosins A and B on goat casein [31], the proteolytic
activity of C. humilis L. on ovine Na-caseinate [32] and of C. scolymus L. flower extract on
bovine casein [33]. Available studies on CH describe the effect of pH and temperature on
the rheological properties of gels curdled with CH [34,35].

However, as far as the authors know, no research studies are available on freeze-dried
CH and OP performance as agents with clotting and caseinolytic activity.

The main objective of this research work was to characterize the MCA (the effect of
extract concentration, temperature, pH, and calcium chloride (CaCl2) concentration) and
PA of freeze-dried extracts obtained from CH and OP compared to those obtained from CC.
In order to characterize the freeze-dried extracts, the mineral and the protein content of the
extracts obtained from CH and OP were also reported.
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2. Materials and Methods

2.1. Freeze-Dried Enzymatic Extract Preparation

CC (from Cáceres, Extremadura, Spain), CH (from Cáceres, Extremadura, Spain),
and OP (from Sousse, Tunisia, Africa) were the thistle species used for the preparation
of the freeze-dried crude extracts. These were later freeze-dried following the procedure
described by Tejada and Fernández-Salguero (2003) [22]. The plant material, styles, and
stigmas were macerated in distilled water for 24 h at 25 ◦C in a 1:10 (w/v) ratio. The
aqueous extract obtained was sieved, and the filtrate was centrifuged at 3000× g for 5 min.
The supernatant obtained was filtered with Whatman No. 1 paper. The filtrate obtained
was frozen at −32 ◦C for 24 h and then lyophilised (Alpha 1-2LD plus, Christ, Osterode am
Harz, Germany) at a working pressure between 4 and 13 Pa. The lyophilised powder was
hermetically packed and frozen at −20 ◦C until its use.

2.2. Characterisation of Thistle Extracts
2.2.1. Total Protein Content

The total protein of CC, CH, and OP was determined according to the Bradford
method [36] using the Sigma (Sigma-Aldrich, Milan, Italy) ready-to-use reagent. A set of
bovine serum albumin (Merck, KGa, Darmstadt, Germany) solutions (0.1–1 mg/mL) was
used for calibration. Absorbance readings at 595 nm were carried out using a UV-1800
Shimadzu (Kyoto, Japan) spectrophotometer. The protein content of the three enzymatic
extracts studied was determined in triplicate.

2.2.2. Mineral Content

Ca, P, Na, K, Mg, Zn and Mn contents of the freeze-dried crude extracts from CH
and OP were determined according to the AOAC (2002) [37] method. Briefly, 0.3 g of each
sample was ashed. After mineralisation, samples were solubilised in 1 mL of HNO3 65%
and then adjusted to a final volume of 50 mL of 1% HNO3 (v/v) with 0.1% (w/v) CsCl
to avoid sodium and potassium ionisation and with 0.1% LaCL3 (w/v) for Ca and Mg
detection. Ca, Na, K, Mg, Zn and Mn were detected using Atomic Absorption Spectrometer
A. Analyst 300 (Perkin Elmer, Norwalk, CT, USA), while phosphorus content was measured
at 400 nm using a UV-1800 spectrophotometer (Shimadzu Corporation, Tokyo, Japan). NIST,
SMR1570a and SMR1846 (only for Mg) were used as standard reference materials.

2.2.3. Milk Clotting Activity Assay

The milk clotting activity (MCA) of the extracts was assessed using the Berridge test
according to the International Dairy Federation (IDF) [38] based on the visual evaluation
of the first clotting flakes’ appearance. For the clotting activity determination, 10 mL of
reconstituted skimmed milk powder (0.12 kg/L) was transferred into a clean and dry test
tube. A calcium chloride solution was added at the concentration established in each test
(Sigma-Aldrich, Milan, Italy). The assay tube was allowed to equilibrate for 5 min at the
desired temperature in an M20 thermostatic water bath (Lauda-Konigshofen, Germany)
before adding the enzymatic extract (CC, CH, and OP). After reaching the temperature,
0.1 mL of the enzymatic extracts were added. The time from the addition of the enzyme to
the first appearance of solid material was measured in seconds, as clotting. One Soxhlet
unit (SU/mL) of clotting activity was defined as the volume of milk that can be clotted by
one volume unit of the enzymatic extract in 40 min under defined temperature, pH, and
CaCl2 test conditions [25] and was calculated with the following equation:

MCA(SU/mL) = (2400 × M)÷ (T × V) (1)

where M is the volume of milk (mL); T is the clotting time in seconds; and V is the volume
of the enzyme (mL).

The effect of four independent variables was studied (extract concentration
(5–40 mg/mL), temperature (20–85 ◦C), pH (5–8), and CaCl2 concentration (5–70 mM)) on
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the milk clotting activity. The clotting activity of the three enzymatic extracts studied was
determined in triplicate.

To measure the effect of extract concentration (5, 10, 20, 30 and 40 mg/mL), the
conditions of temperature (32 ◦C), pH (6.2), and CaCl2 concentration (10 mM) were set.

The effect of temperature (20, 25, 30, 35, 40, 45, 50, 60, 70, 80, and 85 ◦C), pH (5, 5.5, 6,
6.5, 7, 7.5 and 8) and CaCl2 concentration (5, 10, 15, 20, 30, 50, 50, 60 and 70 mM) variables
were measured at two extract concentrations (20 and 40 mg/mL).

2.2.4. Proteolytic Activity

The proteolytic activity of the enzymatic extracts was determined following the
method employed by Silva and Malcata (2005) [39]. The substrate used was bovine milk
casein, free of carbohydrates and fatty acids (Calbiochem, Darmstadt, Germany) at 1%
(w/v) in a 10 mM citrate buffer (pH 6.2) (Sigma-Aldrich, St. Louis, MO, USA) with 0.03%
(w/v) sodium azide (Fisher Scientific, Madrid, Spain) to avoid microbial growth, and was
incubated in a bath at 32 ◦C. Hydrolysis was started by adding 0.12 mL of the reconstituted
extract at different concentrations (5, 10, 20, 30 and 40 mg of freeze-dried extract/mL) to
3 mL of the casein solution. Subsequently, 0.5 mL aliquots were sampled at different times
(5, 10, 20, 30, 40, 50 and 60 min) and put in Eppendorf tubes. The proteolytic activity was
quantified via an evaluation of the peptides soluble in aqueous 5% (w/v) trichloroacetic
acid (TCA) (Sigma-Aldrich, St. Louis, Missouri, USA). For this, 1 mL of 5% TCA (w/v)
was added to each tube, incubated for 10 min at 25 ◦C, and centrifuged at 12,000× g for 10
min, while the absorbance of the supernatant was measured at 280 nm in a quartz cuvette.
A proteolytic unit (U) was defined as the amount of enzymatic extract that produced a
0.001 unit increase in absorbance at 280 nm per minute under the stated test conditions. All
determinations were made in triplicate.

2.3. Statistical Analysis

All experiments were conducted in triplicate, and the results were expressed with the
mean and standard error. The statistical analysis of different parameters was computed
using the SPSS version 21.0 software package (IBM Corporation, Armonk, NY, USA). In
order to assess differences between the species, a one-way analysis of variance (ANOVA)
was applied to mineral composition. Regarding the MCA analysis, a two-way ANOVA
was performed to study the influence of temperature, pH, and CaCl2 concentration. For
PA, a two-way ANOVA was applied to analyse the effect of the species and reaction time.
Tukey’s HSD test (p < 0.05) was performed to determine significant differences between
the treatment groups. Differences were considered statistically significant when p-values
were equal to or below 0.05. Relationships among the studied factors are presented using
appropriate curves and tables.

3. Results and Discussion

3.1. Total Protein Content

The protein content of the reconstituted freeze-dried extracts was different (p < 0.05)
between species CC, CH, and OP, corresponding to 0.1018 ± 0.0065 (mean ± standard
error), 0.1121 ± 0.0102 (mean ± standard error) and 0.0764 ± 0.0011 (mean ± standard
error) mg protein/mg extract, respectively.

3.2. Mineral Content

In Table 1, the mineral contents of the freeze-dried extracts from CH and OP are shown;
in more detail, CH showed a higher content of calcium, potassium, magnesium, and zinc
(p < 0.05) than OP did, while phosphorous and manganese contents were higher in OP. No
differences were seen between these two species for sodium content.
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Table 1. Mineral composition (mg/100 g dry weight) of the freeze-dried extracts of Cynara humilis L.
(CH) and Onopordum platylepis Murb. (OP).

Minerals
Species

CH OP

Ca 346.1 ± 2.3 a 330.7 ± 4.1 b

P 638.9 ± 7.6 b 778.1 ± 13.3 a

Na 77.3 ± 3.4 a 73.6 ± 1.5 a

K 7577.7± 156.2 a 5918.6 ± 86.4 b

Mg 393.3 ± 0.4 a 311.1 ± 1.4 b

Zn 3.2 ± 0.1 a 2.5 ± 0.1 b

Mn 2.0 ± 0.0 b 2.2 ± 0.1 a

Data are mean ± standard deviation (n = 3). a,b different superscript letters in a row mean significant differences
(HSD test, p < 0.05). CH, Cynara humilis L.; OP, Onopordum platylepis Murb.

To the authors’ knowledge, very scarce data are currently available in the literature
about the mineral composition of thistle extracts and, above all, about the mineral composi-
tion of CH and OP. A recent study [26] analysed the mineral composition of a freeze-dried
extract prepared from Onopordum tauricum; the results of this investigation are consistent
with those herein reported for OP, especially for P, K, and Zn content.

Some currently available data refer to C. cardunculus L. subsp. scolymus (L) and C.
cardunculus L. var. altilis (DC) leaves, which have been recognised as a good source of K and
Ca; nevertheless, among the micronutrients, mainly Fe and Zn, the mineral composition
of thistle leaves is strictly affected by the concentration of nutrient solutions used for the
treatment of thistles during their cultivation [40].

In a further investigation, the mineral content of CC flowers and seeds was also
reported [41]. These vegetable parts contain considerable amounts of K, Ca, and Mg, while
they are poor in Na [42]. According to Hajji Nabih et al. (2021) [43], the main micro-
elements in stems of CC were Na, K, Ca, Mg, B, and P, along with other trace elements
(including Zn and Mn).

3.3. Milk Clotting Activity Assay

The milk clotting time measured for each variable studied at the different extract
concentrations is given in the Supplementary Materials (Supplementary Tables S1–S4).

3.3.1. Effect of Thistle Species and Extract Concentration

The effect of the concentration (5–40 mg/mL) of CC, CH, and OP extracts on the
clotting activity in milk at 32 ◦C, pH 6.2 and 10 mM CaCl2 is shown in Figure 1.

The milk clotting activity depends on the concentration of the enzyme. In this study,
the MCA value increased with increasing extract concentration (p < 0.001); the concentration
at which the maximum MCA was reached in all species was 40 mg/mL, and the highest
MCA value (409.28 SU/mL) was seen for CC at an extract concentration of 40 mg/mL. The
maximum values obtained for CH and OP were 170.64 and 63.16 (SU/mL), respectively.

The correlation between enzyme concentration and clotting time is well-known and
has been studied by many authors [30,31,39,44] whose results clearly showed a decrease in
clotting time as the concentration of proteases increased and are consistent with our results.

The great MCA performance of the CC species may be due to its high caseinolytic
capacity and its content of chymosin-like proteases (Cardosin A and B) acting on κ-casein,
more specifically on Phenylalanine105–Methionine106 bonds [45,46].

To the authors’ knowledge, no data are currently available on the performance of
Onopordum platylepis for MCA performance. Nevertheless, studies evaluating the milk
clotting properties of other subspecies of the genus Onopordum [25,47] also found maximum
MCA values at higher extract concentrations in bovine milk.
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Figure 1. Effect of the enzymatic extract concentration and the species, expressed in mg extract/mL,
on the clotting activity (MCA), expressed in SU/mL, of standard bovine skimmed milk at pH 6.2
and 10 mM CaCl2, using CC, (�) CH (�) and OP (•). Data are the mean of three independent
experiments (n = 3). Error bars correspond to standard deviations. Items with different letters (a–k)
are significantly different (HSD test, p < 0.05).

3.3.2. Effect of Thistle Species and Temperature

The effect of temperature on the clotting activity (p < 0.001) of the three extracts of
plant origin (CC, CH, and OP) on milk at pH 6.2 and a CaCl2 concentration of 10 mM was
evaluated at temperatures between 20 and 85 ◦C and different extract concentrations (20
and 40 mg/mL).

The clotting activity of these extracts increased with temperature, with higher coagula-
tion developing at 70 ◦C in all cases. Furthermore, the milk clotting activity was influenced
by the concentration of extract used, as the 20 mg/mL concentration showed lower MCA
values than the 40 mg/mL extract concentration did (Figure 2).

Figure 2. Effect of temperature, expressed in ◦C, on the clotting activity (MCA), expressed in SU/mL,
of standard bovine skimmed milk at pH 6.2 with10 mM CaCl2, using CC, (�) CH (�) and OP (•), at
the concentrations of 20 mg extract/mL (A) and 40 mg extract/mL (B). Data are the means of three
independent experiments (n = 3). Error bars correspond to standard deviations.

Comparing between species, at 70 ◦C and at an extract concentration of 20 mg/mL,
the CH extract showed significantly higher MCA (p < 0.05) than the other species herein
assayed did. Nevertheless, the clotting capacity of the OP extract concentration was much
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more highly favoured by an increase in temperature than that of the other thistle species.
Therefore, at the concentration of 20 mg/mL, OP showed a MCA 14.80 and 4.5 times higher
than that of CH (p < 0.05) at temperatures of 80 and 85 ◦C, respectively. Moreover, the
MCA for OP at 40 mg/mL was 1.23 and 1.64 times higher than that of CH at 60 and 70 ◦C
(p < 0.05).

At temperatures above 70 ◦C, the milk clotting activity of the extracts was found to
decrease in all the species herein assayed, indicating the denaturation of the enzymes.

The milk coagulating agents of plant origin assayed in this research consist of clearly
thermophilic enzymes whose clotting activity increased with temperature to relatively high
values. Several studies [44,48,49] reported that the optimum activity of an aqueous crude
extract obtained from CC was between 40 and 60 ◦C; the same authors reported a decrease
in the activity at temperatures over 70 ◦C, thus agreeing with our results. Furthermore,
Ref. [50] confirmed the thermal stability of the aqueous extracts obtained from CH flowers.
More recently, Mozzon et al. (2020) [25] investigated the clotting properties of a freeze-dried
extract from O. tauricum L., observing that its optimum coagulation temperature was 55 ◦C,
the highest in the range tested (35–55 ◦C), thus leading to the conclusion that temperature
positively affects the MCA of the freeze-dried extract.

3.3.3. Effect of Thistle Species and pH

Figure 3 shows the influence of pH on the clotting activity of CC, CH, and OP freeze-
dried crude extracts, at concentrations of 20 and 40 mg extract/mL, on milk at 32 ◦C with
10 mM CaCL2.

Figure 3. Effect of pH on the clotting activity (MCA), expressed in SU/mL, of standard bovine
skimmed milk at 32 ◦C with 10 mM of CaCl2, using CC, (�) CH (�) and OP (•), at the concentrations
of 20 mg extract/mL (A) and 40 mg extract/mL (B). Data are mean of three independent experiments
(n = 3). Error bars correspond to standard deviations.

The clotting activity of these extracts was observed to respond to a wide range of
pH values (5.0–8.0), with the maximum MCA value reaching between 5.0 and 5.5. This
evidence was expected since the aspartic proteinases from the Cardueae tribe have been
shown to have higher milk clotting and caseinolytic activity in acidic pH ranges [39,47].
More specifically, CC and CH presented a maximum MCA at an extract concentration of
40 mg/mL and a pH of 5.0, while OP presented this at a pH of 5.5. As the pH of the milk
was increased, the clotting activity of all extracts was observed to decrease drastically at
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both extract concentrations studied. The extract concentration used influenced the MCA,
which was more significant at higher concentrations.

These results indicate that an increase in pH has a greater negative effect on the MCA
of CC than that of CH and OP, and CH is the species whose MCA is the least affected by
the increase in pH.

Other studies concluded that aqueous extracts obtained from flowers of Cynara species
are more active at a slightly acidic pH [51]. Campos et al. (1990) [48] and Heimgartner et al.
(1990) [27] previously demonstrated that the proteases, mainly endopeptidases, have a
maximum clotting activity at pH values in the range of 5.1–5.7; these data are in accordance
with our results. According to Sousa-Gallagher and Malcata (1996) [52] and Chen et al.
(2003) [53], the maximum activity of an aqueous crude extract obtained from CC was seen
at pH 5.9–6.0. However, Martínez and Esteban (1980) [30] reported that CH shows its
highest clotting activity at pH 7.

To date, no data are available on OP; however, for a freeze-dried extract from Onopor-
dum tauricum, a higher MCA was recorded at pH values ranging from 4.9 to 5.7 [25,26].

3.3.4. Effect of Thistle Species and CaCl2
The effect of adding CaCl2 at different concentrations (5, 10, 15, 20, 30, 40, 50, 60 and

70 mM) on milk at a temperature of 32 ◦C and a pH of 6.2 is shown in Figure 4.

Figure 4. Effect of the concentration of CaCl2, expressed in mM, on the clotting activity (MCA),
expressed in U/mL, of standard bovine skimmed milk at 32 ◦C and pH 6.2, using CC, (�) CH (�)
and OP (•), at the concentrations of 20 mg extract/mL (A) and 40 mg extract/mL (B). Data are mean
of three independent experiments (n = 3). Error bars correspond to standard deviations.

For this purpose, three freeze-dried crude extracts (CC, CH, and OP) were assayed at
concentrations of 20 and 40 mg/mL. As a general trend, MCA increased at higher CaCl2
concentrations for all thistle extracts assayed (p < 0.001). As far as the extract concentration
is concerned, all the assayed species showed higher MCA values at 40 mg/mL than at
20 mg/mL.

All the species presented a maximum MCA value at 60 mM CaCl2 and at an extract
concentration of 40 mg/mL. By comparing the three thistle species, the MCA of CH, at
both extract concentrations, was significantly higher than that of CC and OP (p < 0.05) at all
CaCl2 concentrations tested. The MCA of OP at 20 mg/mL was higher (p < 0.05) than that of
CC at CaCl2 concentrations between 20–60 mM. At a 40 mg/mL extract concentration, the
MCA of OP was significantly higher than the MCA of CC except at CaCl2 concentrations
between 30 and 70 mM.
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These results indicate that the addition of CaCl2 significantly improved the clotting
activity of these freeze-dried crude extracts. Similar evidence emerges from other studies
on aqueous extracts from CC and CH, showing that an increase in CaCl2 concentration
leads to an improvement in clotting activity [30,44,54]. Nevertheless, based on the data
herein collected, the MCA of the freeze-dried extract from CC was enhanced the least
by an increase in CaCl2 concentration, compared to that of CH and OP; in contrast, the
performance of these latter two species was most positively affected by the addition of high
concentrations of CaCl2.

In the first phase of the coagulation process, once most of the Phenylalanine105–
Methionine106 bonds have been cleaved, Ca2+ ions combine with para-kappa casein frac-
tions to form firm clots. For this reason, the addition of CaCl2 to milk reduces the coagula-
tion time and allows the aggregation of casein micelles [25,55–57].

3.4. Proteolytic Activity and MCA/PA Ratio

The proteolytic activity (U) in bovine casein (32 ◦C and pH 6.2) at the reaction times
(5, 10, 20, 30, 40, 50 and 60 min) for each of the extract concentrations assayed (5, 10, 20, 30
and 40 mg extract/mL) are shown in Figure 5. For the calculation of the MCA/PA ratio,
the MCA values obtained at 32 ◦C, pH 6.2 and a concentration of 10 mM of CaCl2, and the
PA values obtained at 60 min were considered (Table 2).

Table 2. Milk clotting activity and proteolytic activity ratio (MCA/PA) of the species at different
extract concentrations.

[Extract] (mg/mL)
MCA/PA 1

CC CH OP

5 3.2740 2.7359 1.8765
10 3.3861 3.2477 2.5854
20 4.3226 6.0250 3.4263
30 7.3651 7.0204 4.6564
40 7.7977 7.2768 3.5884

1 MCA expressed in SU/mL; PA expressed in U. [Extract], extract concentration; CC, Cynara cardunculus L.; CH,
Cynara humilis L.; OP, Onopordum platylepis Murb.

Comparison data referring to proteolytic activity between the different species, concen-
trations of extracts, and reaction times are given in the (Supporting Information
Supplementary Tables S5 and S6).

The effects of the species on the proteolytic activity were compared at the same extract
concentrations previously evaluated for the MCA. As shown in Figure 5, significant differ-
ences emerged by comparing species and the reaction time at a specific extract concentration
(p < 0.001).

The CC and CH species reached a maximum PA value at the 40 mg/mL extract concen-
tration and at 60 min of the reaction, respectively, these values being 52.49 U and 41.24 U.
Regarding OP, the highest PA value (34.18 U) was recorded at an extract concentration of
40 mg/mL and at 50 min of hydrolysis.

As previously suggested, the increase in reaction time and extract concentration
favourably affects the hydrolysis rate [31,33]. This is consistent with the results herein
obtained.

It would be crucial to find the right extract concentration as an excess of proteolytic
enzymes can increase secondary proteolysis related to bitter flavours, and an insufficient
amount of these enzymes can affect the texture of the cheese by decreasing its consis-
tency [58].
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As far as the increase in hydrolysis rate is concerned, the extract obtained from CC
showed the highest rate of hydrolysis at the different extract concentrations assayed,
although in some cases, CH and CC extracts showed comparable activities. The slight
difference that emerged in the proteolytic activity of CC and CH might be due to the
fact that both species have in common the occurrence of an aspartic protease known as
cardosin A; however, CC has a second protease called cardosin B, which is even more
proteolytic [59].

As a general rule, a balanced degradation of caseins is necessary to develop favourable
organoleptic characteristics in cheese. An excess of proteolytic activity during cheesemaking
is associated with a low yield and an intense bitter taste due to the accumulation of
small low-molecular-weight peptides and hydrophobic peptides responsible for the bitter
taste [47,60].

Comparing the values obtained by the different species, the CC and CH species
showed a better MCA/PA relation than the OP species did under the conditions tested in
this study. Brutti et al. (2012) [47] found higher MCA and PA in the Cynara cardunculus
extract than in Onopordum acanthium; however, the MCA/PA ratio of onopordosin was
higher.

The MCA/PA ratio is an important measure related to higher cheese yield and quality.
Therefore, the species with the highest MCA/PA ratio is the most suitable for use in
cheesemaking. However, it would be advisable to explore the effect of various factors
on the MCA/PA ratio, and the optimal conditions of extract concentration, temperature,
pH and CaCl2 at which the performance of the extracts is increased should be taken into
account.

4. Conclusions

The performance of the freeze-dried thistle extracts against variations in the factors
involved in MCA and PA was as expected. The effect of the parameters (temperature,
pH, and CaCl2 concentration) on the MCA of the extracts was similar at two extract
concentrations (20 and 40 mg/mL). The results clearly showed the stability of these extracts
at elevated temperatures, showing clotting activity up to a maximum temperature of
70 ◦C. An increase in pH adversely affects milk coagulation, but an increase in the extract
concentration and the addition of CaCl2 improve this activity. Furthermore, proteolytic
activity in bovine casein increased at higher extract concentrations and longer hydrolysis
times.

To summarize, the milk clotting conditions to achieve maximum values for CH and
OP are [extract] = 40 mg/mL, T = 70 ◦C, pH 5, and 60 mM CaCl2, and [extract] = 40 mg/mL,
T = 70 ◦C, pH 5.5, and 60 mM CaCl2, respectively. The extract from CH showed similar
behaviour to that obtained from CC in the hydrolysis of bovine casein, while OP was the
species with the lowest caseinolytic capacity.

Given these points, CH and OP proved to be good milk coagulants, at least at the
laboratory level, for cheese production. Nevertheless, further research on the use of these
thistle-based coagulants in cheesemaking is ongoing to evaluate the changes they generate
in proteolysis and the sensory characteristics of final cheeses.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods12122325/s1, Table S1: Milk clotting time (seconds) for milk
coagulation of vegetable coagulants from Cynara cardunculus, Cynara humilis and Onopordum
platylepis at different extract concentrations; Table S2: Effect of temperature (◦C) on the MCT (seconds)
of the vegetable coagulants from Cynara cardunculus, Cynara humilis, and Onopordum platylepis
at different extract concentrations (mg/mL); Table S3: Effect of the pH on the MCT (seconds) of
the vegetable coagulants from Cynara cardunculus, Cynara humilis, and Onopordum platylepis at
different extract concentrations (mg/mL); Table S4: Effect of calcium chloride concentration (CaCl2)
on the MCT (seconds) of the vegetable coagulants from Cynara cardunculus, Cynara humilis, and
Onopordum platylepis at different extract concentrations (mg/mL); Table S5: Effect of species and
reaction times (minutes) on the proteolytic activity (Uabs) of Cynara cardunculus, Cynara humilis,
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and Onopordum platylepis plant extracts at different extract concentrations (mg/mL); Table S6:
Effect of species and extract concentrations (mg/mL) on the proteolytic activity (Uabs) of Cynara
cardunculus, Cynara humilis, and Onopordum platylepis plant extracts at different reaction times
(minutes).
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Abstract: In the present study, a kiwifruit aqueous extract was developed and used as a coagulant
enzyme in cheesemaking. In detail, polyacrylamide gel electrophoresis (SDS-PAGE) was used to
investigate the presence of actinidin, the kiwifruit enzyme involved in κ-casein hydrolysis, in different
tissues (pulp, peel, and whole fruit) of ripe and unripe kiwifruits. Data revealed the presence of
the enzyme both in the peel and in the pulp of the fruit. Although the aqueous extract obtained
from the kiwifruit peel was able to hydrolyze semi-skimmed milk, it did not break down κ-casein.
The aqueous extract obtained from the pulp showed a hydrolytic activity toward both κ-casein and
semi-skimmed milk. The values for milk-clotting and proteolytic activity of the kiwifruit pulp extract
were evaluated at different temperatures and pH parameters in order to obtain a high value of the
MCA/PA ratio; we found that a temperature of 40 ◦C in combination with a pH value of 5.5 allowed
us to obtain the best performance. In addition, the data revealed a higher hydrolytic activity of the
enzymatic preparation from ripe kiwifruits than that from unripe ones, suggesting the use of the
extract from pulp of ripe kiwifruits in the laboratory-scale cheesemaking. The data showed that 3%
(v/v) of the ripe kiwifruit pulp extract determined a curd yield of 20.27%, comparable to chymosin
yield. In conclusion, the extraction procedure for kiwifruit aqueous extract proposed in the present
study was shown to be a fast, cheap, chemical-free, and ecofriendly technology as a plant coagulant
for cheese manufacturing.

Keywords: vegetable coagulant; plant proteases; actinidin; milk-clotting activity; Actinidia deliciosa

1. Introduction

Milk-clotting proteases are essential enzymes for cheesemaking, and among them,
animal rennet, which is extracted from the abomasum of the newborn ruminants, is the
most widely used. It contains a high amount of chymosin (EC 3.4.23.4), an aspartic protease
that can hydrolyze a specific κ-casein bond (Phe105-Met106), thus causing the coagulation
of milk during cheesemaking [1]. The worldwide increase in cheese production, combined
with the reduction in supply and the increasing prices of calf rennet [2], as well as religious
components (in Islam and Judaism) and factors related to vegetarianism, have led to the
search for alternative enzymes for coagulation of milk as appropriate substitutes for animal
rennet [3]. Microbial coagulants are the most commonly substituted enzymes available;
they are aspartic proteases produced by Rhizomucor miehei and Rhizomucor pusillus used
to obtain various types of cheeses [4]. These enzymes have a low production cost, but
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also have some defects such as heat resistance, which involves a high proteolytic activity
and therefore defects in the cheese (bitterness, low cheese yield) [5]. The development of
recombinant DNA technology allowed the creation of fermentation-produced chymosin
(FPC) as an innovative substitute for animal rennet. This low-cost technology clones the
bovine chymosin gene into a host microorganism that will produce it through fermen-
tation [6], which obtains chymosin with the same characteristics of the animal one. By
using EPS, it is possible to obtain cheese with excellent quality [6]. However, technolo-
gies involving recombinant DNA are the subject of great debate for ethical reasons, and
many countries, such as France, Germany and the Netherlands, have restricted the use
of FPC [7,8]. Nowadays, a completely natural alternative is represented by plant-derived
milk-clotting enzymes, which are commercialized and used as valid substitutes for animal
rennet [3]. They have become of growing interest in the cheese industry due to their
easy availability and simple purification processes. Among them, proteases are present
in tissues of various plants, such as cardoon flower [9], Cynara scolymus artichoke [10],
ginger (Zingiber officinale) rhizomes [11], Dregea sinensis stems [12], and Citrus aurantium
flowers [13]. Many of these enzymes have been widely used for the production of the
Portuguese and Spanish soft cheese types. However, due the excessive proteolytic activ-
ity, plant-derived enzymes generate bitter flavors, limiting their industrial use. Among
plant-derived enzymes, kiwifruit extract was revealed to have promising milk-clotting
properties. Kiwifruit (Actinidia deliciosa) contains high amounts of actinidin (EC. 3.4.22.14),
a cysteine protease, which showed a high potential for its use as a milk-clotting agent in
cheesemaking [14]. Actinidin is composed of 220 amino acid residues with a molecular
mass of approximately 23.5 kDa [15]. The optimal parameters for actinidin activity, such as
pH and temperature, are compatible with those used during cheesemaking. Actinidin and
hydrolyze β-casein, followed by κ-casein at several points (Arg97–His98 or Lys111–Lys112
bonds), possess a higher specificity of hydrolysis against caseins than other proteases (such
as papain) [16]. Mazorra-Manzano et al. (2013) [17] demonstrated that cheese made with
kiwifruit extract showed a higher dairy yield, chewiness, springiness, and gumminess than
cheeses produced with melon (Cucumis melo) or ginger rhizomes (Zingiber officinale). In
addition, kiwifruit extract revealed the highest milk-clotting activity (MCA)/proteolytic
activity (PA) ratio, thus representing the most effective alternative to calf rennet. However,
the purification of kiwifruit extracts is a complex and time-consuming process, and often
requires expensive equipment [14,16–18].

In the present study, a cheap, quick, and easy kiwifruit aqueous preparation was
developed and used as a coagulant enzyme at the laboratory scale. The kiwifruit extract
was obtained from both the pulp and peel of the fruit at different ripening times, and
different extract concentrations of ripe fruit pulp were tested in a cheesemaking trial at the
laboratory scale to establish the effect of the vegetable coagulant on the yield of the cheeses.

2. Materials and Methods

2.1. Raw Materials

The kiwifruits (Actinidia deliciosa cv. Hayward) used to obtain the aqueous extracts
were purchased at a local market in Catania, Italy. The fruits were preliminarily evaluated
for their ripeness degree using a digital refractometer (Atago, RX-5000, Tokyo, Japan):
unripe (9.5◦ Brix) and ripe (14◦ Brix). Cow’s milk was kindly provided by the La Cava
dairy farm (Randazzo, Italy), and was used for cheesemaking at the laboratory scale.

2.2. Kiwifruit Aqueous Extracts Preparation

Unripe and ripe kiwifruits were washed, peeled with a knife, weighted, and pulped.
The aqueous extract of the kiwifruit pulp was obtained by pressure using a manual
stainless-steel press. The obtained juice was filtered twice through sterile gauze (50 grade,
20 × 20 cm) to separate all the seeds and the coarse content from the juice. The residual
peel was blended (30 s) and then filtered through two layers of sterile gauze to obtain the
peel’s aqueous extract.
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Whole fruits were separately weighted, washed, blended (30 s), pressed (as above), and
filtered to obtain whole-fruit aqueous extract following the same extraction procedure used
for pulp. The kiwifruits were processed to obtain different aqueous extract preparations as
follows: (i) ripe fruit pulp, (ii) ripe fruit peel, (iii) ripe whole fruit, (iv) unripe fruit pulp, (v)
unripe fruit peel, and (vi) unripe whole fruit.

Aqueous extract yields of kiwifruits were expressed as mL of obtained juice per kg of
whole kiwifruits processed. Finally, samples of 10 mL of each extract were placed in an
convective oven at 105 ± 2 ◦C until reaching a constant weight (24 h) to determine the dry
matter (DM) of the extracts.

2.3. Electrophoretic Analyses

An aliquot of all kiwifruit aqueous extract preparations was centrifuged for 10 min at
5000 rpm at 4 ◦C; then the supernatant was recovered and used for electrophoretic analyses.
The protein content of extract samples was assessed using a Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA). Extract samples (2 μg in protein) were
prepared for SDS-PAGE by adding an equal volume of loading buffer (62.5 mM Tris-HCl,
pH 6.8, 2% SDS, 25% glycerol, 0.01% bromophenol blue, and 5% 100 mM DTT).

The hydrolytic action of the aqueous extracts from the different tissues of ripe and
unripe fruits toward κ-casein (Sigma, Darmstadt, Germany) and semi-skimmed cow milk
was also evaluated. The hydrolysis was performed according to Puglisi et al. (2014) [14].
Partially skimmed milk and κ-casein (10 mg in protein) dissolved in 67 mM NaH2PO4 pH
7.2 buffer (final volume 300 μL) were used as substrates, and were incubated with each
aqueous kiwifruit extracts (10 μg protein) for 20 min at 55 ◦C. Aliquots of 10 μL samples
were loaded into gel wells.

SDS-PAGE patterns (4–20% slab gels) were determined according to the method of
Laemmli (1970) [19]. After the electrophoresis run was over (24 mA for 6 h), the gels were
immersed for 8 h in a dye solution (50% methanol, 7.5% acetic acid, and 0.2% Comassie
Blue R-250). The excess dye was removed via several washings (for about 4 h) with a
bleaching solution (15% methanol and 7.5% acetic acid).

2.4. Milk-Clotting Activity Determination

Based on the results obtained from the electrophoretic analysis, further tests were
conducted only on the extract obtained from ripe kiwifruit pulp. The milk-clotting activity
(MCA) was determined as described by Arima et al. (1970) [20] with slight modifications.
In detail, the aqueous extract obtained from pulp of ripe fruits was stabilized by adding an
equal volume (v/v) of 20 mM sodium phosphate buffer (pH 7.0), then 1 mL of coagulant
was added to 10 mL of low-fat (1%) pasteurized milk (containing 0.02% CaCl2). The period
elapsing between inoculation with the coagulant and the appearance of the first clot was
calculated and expressed as the clotting time (seconds). The MCA was defined in terms of
the Soxhlet unit (SU), representing the amount of protein in 1 mL of coagulant able to clot 1
mL of low-fat milk in 40 min (2400 s), and was expressed as: MCA (SU) = 2400/t × S/E,
where t = clotting time (sec), S = volume of milk (mL), and E = volume of extract (mL).

The MCA was tested at different temperatures (35 ◦C, 40 ◦C, 45 ◦C, 50 ◦C, and 55 ◦C)
and pH values (5.2, 5.5, 6.0, 6.5, 7.0, and 7.5). The temperatures were settled using a
thermostatic bath (WB-M50, Falc Instruments, Treviglio, BG, Italy), and the MCA was
assayed at a constant pH of 7.0. The pH effect was monitored at the optimal temperature of
40 ◦C by adjusting milk samples at the different pH values and monitoring with a digital
pH-meter (MettlerDL25, Mettler-Toledo International Inc., Columbus, OH, USA). The assay
was performed in triplicate.

2.5. Proteolytic Activity Determination

Proteolytic activity (PA) was determined using the method of Kunitz (1947) [21] with
low-fat milk powder as the substrate. Briefly, 50 μL of kiwifruit aqueous extract from the
pulp of ripe fruits was added to 450 μL of 1% substrate solution (0.1 M phosphate buffer,
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pH 7.0) and incubated at 40 ◦C for 60 min. After incubation, the reaction was stopped
by the addition of 500 μL of 5% (w/v) trichloroacetic acid (TCA); for the control sample,
the TCA was added immediately before incubation, and then the sample was placed on
ice. The mixture was vortexed (ZX3, Velp Scientifica, Usmate Velate, MB, Italy), left to
stand on ice for 30 min, and then centrifuged at 13,000 rpm for 20 min. The optical density
(OD) of the supernatant was then measured at 280 nm using a Perkin-Elmer Lambda 1
spectrophotometer. One unit of enzyme activity (U) was defined as the amount of protein
that increased the absorbance by one unit at 280 nm under the conditions described above.
PA was tested at different pH values (5.2, 5.5, 6.0, 6.5, 7.0, and 7.5) and at the optimum
temperature of MCA (40 ◦C) using 0.1 M sodium phosphate buffer at the different pHs.
The pH value was monitored using a digital pH meter (MettlerDL25, Mettler-Toledo
International Inc., Columbus, OH, USA). The assay was performed in triplicate.

2.6. Cheesemaking at the Laboratory Scale

The cheesemaking was carried out at the laboratory scale following the method
of Cologna et al. (2009) [22] with slight modifications, by placing Pyrex beakers in a
thermostatic bath using 500 mL of cow milk at the optimal MCA temperature (40◦ ± 1).
Once the temperature of 40 ◦C was reached, lyophilized commercial starter cultures,
provided by the La Cava farm, were added for milk acidification until reaching a pH of
5.5 ± 0.2, the optimal pH for the highest MCA/PA ratio. Different amounts of aqueous
extract, corresponding to 1.6, 2.0, 3.0, and 4.0% v/v, obtained from the pulp of ripe kiwifruits
were added to the milk samples. When coagulation was completed, the curd was broken
into very small irregular granules (4–6 mm) with a thorn, then pressed for 15 min in a
cheese mold. The curd was turned and pressed for 30 min to facilitate the purging of the
whey. Curd yields were calculated as curd weight/milk weight × 100. Chymosin and
microbial coagulant (supplied by Caglificio Clerici, Como, Italy) were used as a control.
The cheesemaking at the laboratory scale was conducted in triplicate.

2.7. Statistical Analysis

One-way ANOVA analysis with Tukey’s post hoc test was applied in the MCA de-
termination, PA determination, and cheesemaking test in three replicates using Statistica
software (TIBCO Software, Palo Alto, CA, USA) to evaluate the statistical differences
between the samples. Differences were statistically significant at p < 0.05.

3. Results

3.1. Kiwifruit Aqueous Extracts Preparation

The aqueous kiwifruit extract preparation was obtained by using the procedure de-
scribed in Section 2, and showed extract yields of 364 mL/kg and 457 mL/kg from unripe
and ripe kiwifruit pulp, respectively. Similarly, yields of the aqueous extracts obtained
from the whole ripe and unripe fruits were 469 mL/kg and 371 mL/kg, respectively, as
shown in Table 1. Yields from the peels of both ripe and unripe fruits were low (15 mL/kg
and 11 mL/kg, respectively).

Table 1. Aqueous extract yields from ripe and unripe kiwifruit tissues expressed as mL of obtained
juice/kg of kiwifruit and as percentage of dry matter (DM) of the extract.

Tissue Ripe Unripe
Extract (mL/kg) DM (%) Extract (mL/kg) DM (%)

Pulp 457 ± 2.5 17.5 ± 0.3 364 ± 3.1 14.5 ± 0.6
Peel 15 ± 2.1 12.4 ± 1.1 11 ± 1.8 10.8 ± 0.8

Whole fruits 469 ± 1.5 16.8 ± 0.4 371 ± 1.1 15.7 ± 0.9

155



Foods 2022, 11, 2255

3.2. SDS-PAGE Electrophoretic Profile

The presence of actinidin in the fruit tissues at different ripeness degrees was deter-
mined using electrophoresis; Figure 1 shows the pattern profiles of extracts from ripe fruit
pulp (lane B), ripe fruit peel (lane C), ripe whole fruit (lane D), unripe fruit pulp (lane E),
unripe peel (lane F), and unripe whole fruit (lane G). The results showed the presence of
two main bands of approximately 20 kDa and 23 kDa in all tissue samples. The band of
approximately 23 kDa corresponded to that of actinidin’s molecular weight, as previously
reported [23]. The hydrolysis electrophoretic patterns of κ-casein subjected to the enzymatic
action of kiwifruit aqueous extracts are reported in Figure 2. The band with a molecular
weight of 19 kDa, corresponding to κ-casein as reported by the producer (Sigma), was
completely hydrolyzed by the aqueous extracts from the pulp of ripe fruits (Figure 2, lane
D). Similarly, extracts from the pulp of unripe fruits (Figure 2, lane H) hydrolyzed κ-casein,
but to a lesser extent than the extract from pulp of ripe ones. On the contrary, the aqueous
extract from the peels of both ripe and unripe kiwifruits (Figure 2, lanes E and I) did not
hydrolyze κ-casein, which remained intact after treatment, as indicated in Figure 2 (lanes E
and I) by arrows. Finally, a partial hydrolysis of κ-casein due to the action of extracts from
both ripe and unripe whole fruits was detected (Figure 2, lanes F and L). Figure 3 shows
the patterns of semi-skimmed milk treated with the kiwifruit aqueous preparation. In all
samples, hydrolysis of the milk proteins produced peptides showing an apparent molecular
weight ranging from 8 to 9.6 kDa. These bands were less evident in milk treated with
extracts from peel samples (Figure 3, lanes E and H), suggesting that a different degree of
hydrolysis of the milk occurred. Furthermore, a band with a molecular weight of 16.9 kDa
was clearly detected in all samples.

Figure 1. SDS-PAGE patterns of aqueous extract of ripe and unripe kiwifruits. Lanes A, H: molecular
markers; lane B: ripe fruit pulp; lane C: ripe fruit peel; lane D: ripe whole fruit; lane E: unripe fruit
pulp; lane F: unripe fruit peel; lane G: whole unripe fruit. The arrows indicate actinidin bands
corresponding to approximately 23 kDa.
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Figure 2. SDS-PAGE patterns of κ-casein subjected to treatment with aqueous extracts of kiwifruit
tissues. Lane A: control κ-casein; lanes B, C, G: molecular markers; lane D: ripe fruit pulp; lane E: ripe
fruit peel; lane F: ripe whole fruit; lane H: unripe fruit pulp; Lane I: unripe fruit peel; lane L: whole
unripe fruit. The arrows indicate the band corresponding to κ-casein (19 kDa, Sigma).

Figure 3. SDS-PAGE patterns of semi-skimmed milk treated with aqueous extract of kiwifruit tissues.
Lane A: control semi-skimmed milk; lanes B, C, L: molecular marker; lane D: ripe fruit pulp; lane E:
ripe fruit peel; lane F: ripe whole fruit; lane G: unripe fruit pulp; Lane H: unripe fruit peel; lane I:
whole unripe fruit. Arrows indicate the peptides formed after milk hydrolysis.

3.3. Temperature and pH Effects on Milk-Clotting Activity (MCA)

Based on previous results, the aqueous extract from the pulp of ripe kiwifruits was
used for further experiments. The effect of temperature on MCA is shown in Figure 4. The
maximum (100%) MCA value (3.87 SU/mL) was reported at a temperature of 40 ◦C. The
MCA slowly decreased when the temperature reached 45 ◦C (3.41 SU/mL), showing a
drastic decrease at 55 ◦C (0.73 SU/mL). Furthermore, the effect of pH (ranging from 5.2 to
7.5) on MCA was evaluated, and the results are shown in Figure 5. The maximum (100%)
value of MCA was detected at pH 5.5 (5.43 SU/mL), which decreased at pH 6.0 and above.
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Figure 4. Temperature’s effect on MCA of aqueous extract of pulp ripe kiwifruits. The percentage (%)
of relative MCA represents the mean of three independent determinations performed in triplicate.
The maximum value of MCA was 100%. Error bars represent standard deviations. Different lowercase
letters (a, b, c and d) indicate a significant difference among samples at p < 0.05 (ANOVA with Tukey’s
post hoc test).

 

Figure 5. Effect of different pHs on milk-clotting activity of aqueous extract from ripe pulp kiwifruits.
The percentage (%) of relative MCA represents the mean of three independent determinations
performed in triplicate. The maximum value of MCA was 100%. Error bars represent standard
deviations. Different lowercase letters (a, b, c and d) indicate a significant difference among samples
at p < 0.05 (ANOVA with Tukey’s post hoc test).
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3.4. Effects of Different pHs on Proteolytic Activity (PA) and MCA/PA Ratio

The proteolytic activity was tested at different pH values (from 5.2 to 7.5) at a constant
temperature of 40 ◦C (which was the best temperature previously determined for MCA),
and results are shown in Figure 6. Proteolytic activity (PA) showed the maximum value
(0.754 U/mL) at pH 6.5, then a slight decrease at a more acid or alkaline pH. At pH 5.5
(the best pH for MCA), a lower PA value was recorded (0.596 U/mL), suggesting that this
pH may be a suitable value for an optimal condition for cheesemaking. Moreover, Table 2
shows the MCA/PA ratio at different pH values.

 

Figure 6. Effect of different pHs on proteolytic activity (PA) of aqueous extract from ripe pulp
kiwifruit. The percentage (%) of relative PA represents the mean of three independent determinations
performed in triplicate. The maximum value of PA was 100%. Error bars represent standard
deviations. Different lowercase letters (a, b and c) indicate a significant difference among samples at
p < 0.05 (ANOVA with Tukey’s post hoc test).

Table 2. Effect of pH on MCA/PA ratio at 40 ◦C. MCA was expressed in SU/mL and PA was
expressed in U.

pH

5.2 5.5 6.0 6.5 7.0 7.5

MCA/PA 7.43 ± 0.4 b 9.1 ± 0.5 a 5.1 ± 0.5 c 3.7 ± 0.9 c 1.3 ± 0.8 d 1.1 ± 0.5 d

Different lowercase letters (a, b, c and d) indicate a significant difference among samples at p < 0.05 (ANOVA with
Tukey’s post hoc test).

3.5. Cheesemaking Test

A cheesemaking trial at the laboratory scale was conducted using different amounts
of the aqueous extract from the pulp of ripe kiwifruits. Table 3 reports the results for yields
(%) of curds obtained from different percentages of the extract. In addition, the data were
compared to those obtained from chymosin and microbial coagulant. The data revealed
that a percentage (20%) of 3 (v/v) and 4 (v/v) of the kiwifruit extracts showed a comparable
yield to those of chymosin and microbial coagulants.
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Table 3. Comparison between yield of curds obtained with chymosin, microbial coagulant, and
different aliquots of aqueous extract from ripe kiwifruit.

Ripe Aqueous Extract Chymosin Microbial

Inoculum (v/v) 4% 3% 2% 1.6% 0.04% 0.1%

Yield (%) 20.03 ± 1.84 a 20.27 ± 1.16 a 11.43 ± 1.96 b 10.90 ± 0.79 b 20.93 ± 0.90 a 20.06 ± 0.70 a

The values are the means of data from three replications. Data are reported as percentage value, and the standard
deviation was calculated using three replications. Different lowercase letters (a and b) indicate a significant
difference among samples at p < 0.05 (ANOVA with Tukey’s post hoc test).

4. Discussion

Plant-derived enzymes have become of growing interest in dairy technology. Among
them, actinidin, a cysteine protease from kiwifruit, is a promising substitute for chymosin
due to its ability to form a good milk clot; moreover, the enzyme is fully compatible with
technological parameters used during cheese manufacturing. Currently, several kiwifruit-
extract preparation methods are already available in the literature [14,16–18,24]; however,
they are time-consuming and high-cost procedures.

In the present study, a fast and cheap preparation of the aqueous extract of kiwifruit
was developed and used for laboratory-scale cheesemaking. A higher yield in juice extract
may be obtained by using ripe kiwifruits as a starting material, thus allowing the use
of waste fruits with a high ripeness degree that are discarded by the food industry in
the preparation of different kiwi-based foods and drinks. The data revealed that the
kiwifruit aqueous extract from ripe fruit showed a higher clotting yield than that of unripe
ones, suggesting a higher actinidin concentration in ripe fruit. It was noteworthy that
the concentration of protein in kiwifruit is related to the growth stage, cultivar types, and
treatment of the fruit during postharvest storage [25,26]. Our data from the SDS-PAGE
profile suggested that the quantity of actinidin in the fruits’ tissues was strongly dependent
on the ripeness degree. These data were supported by other studies that demonstrated
that plant coagulants, such as those prepared using Noni (Morinda citrifolia L.) fruits [27]
and berries of S. elaeagnifolium [28], were obtained from ripe fruits. The hypothesis that
the ripeness degree of the fruit positively influenced the presence and the activity of the
actinidin enzyme was also confirmed by Karki et al. (2018) [29], who found that the
amount of actinidin was greater in ripe kiwifruits, which showed a higher level of activity
(299 U/mg) against total casein with respect to unripe fruits.

In the present study, the presence of actinidin in the peel samples was also revealed,
confirming the results of the study conducted by Nieuwenhuzen et al. (2007) [30], in
which the amount of actinidin was determined both in the pulp and in the peel of the
fruits. However, although actinidin was detected in the peel samples, the hydrolysis
electrophoretic pattern of the kiwifruit aqueous extracts toward κ-casein showed that
extracts obtained from the peel of the fruits, both ripe and unripe, seemed unable to
hydrolyze κ-casein (corresponding to the band at 19 kDa). The factors affecting hydrolysis
activity toward κ-casein could be the presence of actinidin in the peel of the fruit, which was
in a minimal quantity compared to the content present in the pulp, as reported by Lewis
and Luh (1988) [31]; or an insufficient extraction of the target components from the peel
during the procedure. Moreover, a lower hydrolysis pattern on κ-casein treated with the
extract of whole kiwifruits was shown with respect to that obtained using pulp extract. This
could be explained by the possible presence of substances in the peel of kiwifruits, which
can determine a putative inhibition of κ-casein hydrolysis. The patterns of semi-skimmed
milk treated with the aqueous extract of kiwifruits showed, in all the samples, bands of
about 8–9.6 kDa, which were similar to those generated by the hydrolysis of semi-skimmed
milk after the treatment with pure actinidin (Lo Piero et al., 2011) [16]. Moreover, according
to Chalabi et al. (2014) [32], bands corresponding to 16.9 kDa may be the result of hydrolysis
produced by actinidin upon α-casein. These results were also comparable to those obtained
by Puglisi et al. (2014) [14], which showed a digestion product with a molecular weight
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of 16.9 kDa generated by the hydrolytic action of an aqueous kiwifruit extract toward
semi-skimmed milk. The aqueous extract from the pulp of ripe fruits showed an optimum
temperature for MCA at 40 ◦C, in agreement with Mazorra-Manzano et al. (2013) [17]. This
optimum temperature revealed that this preparation may be compatible with industrial
cheesemaking. The MCA slowly decreased when the temperature reached 45 ◦C and
55 ◦C, probably due to the protease denaturation after the heat treatment. This result
was comparable with that reported by Lo Piero et al. (2011) [16], who demonstrated that
when 55 ◦C was reached, the caseinolytic activity of actinidin was reduced by 30%. Finally,
the maximum value of MCA detected at pH 5.5 was in agreement with results obtained
by Grozdanovic et al. (2013) [23] and Chalabi et al. (2014) [32], who demonstrated that
actinidin showed better performances at acid pHs ranging between 5.0 and 5.5.

The proteolytic activity (PA) of a clotting enzyme is an important parameter for cheese
ripening; high values of proteolysis are often associated with the formation of off flavor
and bitter taste due to the production of short peptides [7,23]. The maximum value of
proteolytic activity of the aqueous extract from the pulp of kiwifruits was reached at pH 6.5,
and decreased at more acidic or alkaline pHs (Figure 6), in agreement with Lo Piero et al.
(2011) [16]. Dehkordi et al. (2021) [33] found that, although kiwifruit extract was a good
substitute for animal rennet during cheesemaking, the use of this extract could lead to
defects in the cheese (bitterness and soft texture) caused by its high proteolytic activity.
Katsaros et al. (2009) [34] inactivated the actinidin after coagulation of the cheese using high
hydrostatic pressure (HHP) to reduce the defects caused by the high proteolytic activity
of the kiwifruit extract. Another method that allows researchers to obtain a better cheese
is to vary the parameters of pH and temperature in order to manage the MCA/PA ratio,
as high values of the MCA/PA ratio correspond to a coagulant capable of providing a
cheese free of defects such as bitter flavors [35]. In the present work, the highest calculated
MCA/PA ratio was 9.1, and it was reached at 40 ◦C and a pH of 5.5. The aqueous extract at
pH 6.0 reached an MCA/PA ratio of 5.2, which was similar to the ratio of 5.0 calculated by
Mazorra-Manzano (2013) [17].

The search for the suitable amount of coagulant is a critical point in cheesemaking, as
an excess of proteases can influence secondary proteolysis (developing defects such as bitter
flavors), while insufficient quantities lead to a loss in consistency of the cheese [5]. Moreover,
a long exposition to protease action can determine a proteolytic degradation of the casein
network (especially α- and β-casein), thus reducing approximately 0.3–0.7% the curd
yield [36]. In this work, curd made with an inoculum of 3% (v/v) of aqueous extract from
pulp of ripe fruits provided a yield of 20.27%, and similar results were achieved when 4%
of the coagulant was used (20.03%). These results suggested that an inoculum of about 3%
(v/v) is enough to obtain a maximum curd yield that is comparable to the yields obtained
using chymosin (20.93%) and microbial coagulant (20.06%). Lower yield values were
found in similar studies. Mazzorra-Manzano et al. (2013) [17] used an extract of kiwifruit
prepared from slices of peeled fruit stabilized by adding one equal part (w/v) of 20 mM
sodium phosphate buffer (pH 7.2) and then homogenizing in a blender, obtaining a yield
of 17.8% coagulated bovine low-fat milk. Ojha et al. (2021) [37] reached a yield of 16.69%
(goat milk) using a kiwifruit extract obtained after pressing the pulp and centrifuging it at
3000 rpm for 10 min as a coagulant. A statistical analysis showed that only the samples
inoculated with 2% and 1.6% of the extract produced significantly different results, which
meant that both amounts were not enough to reach an optimal yield.

The curd yield produced using 3% of the extract from the pulp of ripe kiwifruits
was also comparable to those obtained from other plant extracts: the yields (bovine milk)
obtained using latex from the plants of Euphorbiaceae family as a coagulant ranged from
20.73% (for E. tirucalli) to 21.30% (for E. nerifolia) [38]. Furthermore, enzymes from sunflower
used to coagulate cow milk showed a curd yield of 20.78% [39]. Finally, lower yields than
that obtained using the preparation from pulp of ripe kiwifruits occurred when using
several vegetable coagulants from berries of Solanum elaeagnifolium (17.77%) [40], melon,
and ginger (15.1% and 15.4%, respectively) [17].
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The high curd yield achieved in the present study may also have been related to the
use of ripe kiwifruits and to the extraction method proposed, which was based on a fast
and cheap procedure that was free of any added chemicals.

5. Conclusions

The extraction procedure for the kiwifruit aqueous extract proposed in the present
study is a fast, cheap, -free, and ecofriendly technology to obtain an aqueous kiwifruit
extract. The extract obtained from both the pulp and peel of the fruit at different ripening
degrees exhibited different hydrolytic actions on κ-casein, suggesting that the actinidin
concentration was influenced by the fruit ripening. Further studies on cheesemaking are
ongoing to develop cheese types with desirable organoleptic and textual characteristics for
industrial-scale cheese production.
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Abstract: This study aimed to formulate a Gouda-type cheese from cow’s milk, flavored with
lavender flower powder (0.5 g/L matured milk), ripened for 30 days at 14 ◦C and 85% relative
humidity. Physicochemical, microbiological, and textural characteristics, as well as the volatile
composition of the control (CC—cheese without lavender) and lavender cheese (LC), were assessed
at 10-day intervals of ripening. Consumers’ perception, acceptance, and purchase intention were only
evaluated for ripened cheeses. Moisture and carbohydrate contents, the pH, cohesiveness, indexes
of springiness and chewiness decreased during ripening in both CC and LC; however, protein, ash,
and sodium chloride contents, titratable acidity, hardness, lactobacilli, streptococci, and volatiles
increased. Fat and fat in dry matter contents, respectively, the energy value did not vary with ripening
time in LC and increased in CC; gumminess decreased in CC and did not change in LC. Lavender
flower powder significantly affected the cheese’s microbiological and sensory characteristics and
volatile composition but did not considerably impact physicochemical and textural ones. Populations
of lactobacilli and streptococci were substantially higher in LC compared to CC. The volatile profile
of LC was dominated by terpene and terpenoids, and that of CC by haloalkanes. Sensory scores
were slightly lower for LC than CC, even if it did not considerably affect consumers’ acceptance and
purchase intention.

Keywords: lavender-flavored Gouda-type cheese; physicochemical properties; textural properties;
microbiological properties; volatile compounds; sensory properties

1. Introduction

Gouda is a ripened firm/semi-hard cheese with a body color ranging from near-white
or ivory to light yellow or yellow and a firm texture. Its interior has a few to plenty of
gas holes uniformly distributed. This type of cheese has a smooth and dry rind, with few
openings and splits accepted [1]. It is ordinarily made from pasteurized cow’s milk and
acidified with a mesophilic starter culture containing miscellaneous lactic acid bacteria [2].
Gouda cheese generally has an inside diameter of approximately 25.4 cm and a thickness of
16.5 cm. The percentage of water varies from 41.25 to 45.43%, with an average of 43.5% [3].

Furthermore, since several brands of Gouda-type cheese are commercially available,
the sensory properties, mainly the cheese flavor, are the key factors affecting consumers’
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acceptance and are decisive for purchase intention [4,5]. Thus, dairy manufacturers have
started producing differentiated cheeses by incorporating some atypical ingredients, such
as lavender [6], cumin [7], red chili pepper [8], fenugreek [9], mustard [10], and garlic [10].
However, despite the potential appeal of these cheeses to consumers, there needs to be more
knowledge regarding the effects of adding these flavoring ingredients on the development
of texture and flavor in ripened cheese [6].

It is well known that microorganisms, especially those in the starter culture, play
an essential role in cheese making; the enzymes produced by them break down cheese
constituents such as lipids, proteins, and, to a lesser extent, carbohydrates, improving the
product texture and flavor during ripening [11]. The starter culture used in Gouda-type
cheese manufacturing includes Lactococcus, Leuconostoc, Lactobacillus, and Streptococcus
strains [12]. Members of the Leuconostoc genus and lactococcal variant Lactococcus lactis
subsp. lactis biovar. diacetylactis ferment milk citrate into various compounds, the most
significant being carbon dioxide (necessary for eye formation in Gouda cheese) and the
diacetyl and acetic acid flavors [13].

The antimicrobial properties of some spices/herbs used as ingredients are widely
known, and, thus, their possible effects on starter organisms in cheese. On the other
hand, the microbiome of these flavoring ingredients also affects the starter culture during
ripening, and hence the development of the cheese’s texture and flavor [11]. However,
to our knowledge, work has yet to be published regarding the impact of lavender flower
powder on the Gouda-type cheese’s ripening process and implicitly on its properties.
Therefore, this study proposes a manufacturing process for a Gouda-type cheese flavored by
adding lavender flower powder into matured milk to evaluate the effect of lavender flower
powder and the ripening time on the cheese’s volatile compounds and the physicochemical,
textural, and microbiological characteristics.

2. Materials and Methods

Raw milk (3.8% fat, 3.4% protein, 4.5% lactose, 87.5% moisture, and a pH of 6.5) from
Bălt,ată Românească cattle was used to manufacture the Gouda-type cheeses (LC—with
lavender flower powder and CC—without the flavoring ingredient). Cow’s milk was
received (as a donation) from a milk farm (P.F.A. Socaci L. Maria) in Chirileu, Mures,
County, Romania, with a herd of 30 cows (1–6 lactation cycles). Cows were kept in free
stabulation during the daytime to graze on green pastures. As additional roughage, they
were fed with a mixture of alfalfa, hay, orchard grass, and silage or a blend of corn, wheat,
sunflower, and barley flour.

Lavender (dried bunches of Lavandula angustifolia Mill.) was purchased from a laven-
der farm (Lavanda Lola) in Bont,ida, Cluj County, Romania. The flavoring ingredient,
lavender flower powder, was prepared by grinding lavender flowers (manually detached
from stems and separated from impurities) to a fine powder using a mortar grinder (RM 200;
Retsch GmbH, Haan, Germany); the powder thus obtained was then sealed into a glass jar
with a lid and kept in a cool, dry place until use.

2.1. Manufacturing of Gouda-Type Cheese

Gouda-type cheese was made as described in our previous paper [6]. An average
quantity of 3.85 kg CC and 3.95 kg LC was obtained from processing 30 L cow’s milk. The
flowchart in Figure 1 shows the manufacturing process steps for LC (see Figure 2a); CC
(see Figure 2b) was manufactured similarly but without lavender flower powder. Both
treated (LC) and untreated (CC) cheeses were produced in two batches. The amount of
lavender flower powder (15 g) added into matured milk (30 L) to flavor the cheese was
selected from a series of tested concentrations (30, 25, 20, and 15 g lavender powder per
30 L of milk) based on a sensory evaluation of cheese (performed using an internal, trained
panel of 6 assessors).
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Figure 1. Flowchart of lavender Gouda-type cheese manufacturing process.
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(a) (b) 

Figure 2. Gouda-type cheeses: (a) LC—lavender cheese; (b) CC—control cheese.

All analyses were performed both on the lavender (LC) and control cheese (CC) at
ten (T1), twenty (T2), and thirty days (T3) of ripening, as mentioned in Sections 2.2–2.6. In
addition, consumers’ perception, acceptance, and purchase intention were also determined
for ripened LC and CC, as described in Section 2.7.

2.2. Proximate Composition Analysis of Cheese and Calculation of Total Carbohydrate Content, Fat
in Dry Matter Content, and Energy Value

Moisture content was determined by drying the sample to a constant weight in an
electric oven (Digitheat; J.P. Selecta S.A., Barcelona, Spain), following instructions provided
by ISO 5534:2004|IDF 4:2004 [14].

Determination of the nitrogen content and calculation of crude protein was carried
out as described in ISO 8968-1:2014|IDF 20-1:2014 [15] using the Kjeldahl method. It
involved acid digestion of the sample (DK6 Heating Digester; VELP Scientifica SRL, Usmate
Velate, Italy), followed by alkalization and steam distillation of the acid digest (UDK 129
Distillation Unit; VELP Scientifica S.R.L., Usmate Velate, Italy), and finally by quantification
of the trapped ammonia through titration. The protein content in cheese was estimated by
multiplying the total nitrogen by 6.25, a nitrogen-to-protein conversion factor.

Fat content was determined directly using the Van Gulik method from ISO 3433:2008|
IDF 222:2008 [16], while fat in dry matter (FDM) content was calculated by the following
Formula (1):

FDM (%) =
F

DM
× 100 (1)

where F is the fat content (%) of the cheese, and DM is the dry matter content (%) of the
cheese (computed by subtracting moisture content (%) from 100).

Ash content was determined by incineration of the sample in a muffle furnace
(L3/11/B170; Nabertherm GmbH, Bremen, Germany), as detailed by Nagy et al. [17].
First, approximately 1.0 g of grated cheese was weighed to the nearest 1 mg (ABJ-220-4NM;
Kern & Sohn GmbH, Balingen, Germany) into a porcelain crucible, and it was then heated
at 600 ◦C for 12 h in the muffle furnace, cooled in a desiccator, and weighed again. Finally,
the percentage of ash content was calculated with the following Formula (2):

Ash (%) =
wa

ws
× 100 (2)

where wa is the weight (g) of ash, and ws is the weight (g) of the sample.
All samples were analyzed in triplicate, and results were expressed in percentages.
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Total carbohydrate content (%) was calculated from Formula (3) used by Nagy et al. [17]:

Total carbohydrate (%) = 100 − (% moisture + % protein + % fat + % ash) (3)

The energy value of cheese was calculated according to Nagy et al. [17] using the
following Formula (4):

Energy value (kcal/100 g) = 4 × (g protein + g carbohydrate) + 9 × (g f at) (4)

2.3. Determination of Sodium Chloride Content, pH, and Titratable Acidity of the Cheese

Sodium chloride content, expressed as a percentage, was determined following the
potentiometric titration method specified in ISO 5943:2006|IDF 88:2006 [18]. The pH mea-
surement of cheese was performed with a portable pH meter (HI 99161; Hanna Instruments,
Limena, Italy). Titratable acidity, expressed in Thörner degrees (◦T), was determined using
the titrimetric method from STAS 6353-85 [19], a Romanian standard. All samples were
analyzed in triplicate.

2.4. Texture Profile Analysis of Cheese

This analysis included measurement of the hardness (N), cohesiveness, springiness
index, gumminess (N), and chewiness index (N) of cheese sample using a texture analyzer
(CT3; Brookfield Engineering Laboratories Inc., Middleboro, MA, USA), according to the
method described by Ong et al. [20]. Samples, in 1.5 cm cubes, were taken from the central
part of the cheese using a knife and kept at 20 ◦C for 1 h in a closed container (to prevent
moisture loss) until analysis. The test consisted of sample deformation to 50% of its height
(7.5 mm), at a speed of 2 mm/s, with a TA25/1000 cylindrical probe attached to a 10 kg
compression cell. Measurements were carried out on each cheese batch in triplicate (six in
total for each treatment) using the TexturePro CT software.

2.5. Microbiological Analysis of Cheese

A portion of 5.0 g grated cheese was aseptically weighed into a sterile stomacher bag
and homogenized in 45 mL of 0.85% (w/v) sodium chloride solution (27810.295P; VWR
Chemicals, Leuven, Belgium) for 1 min using a laboratory blender (MiniMix 100 P CC;
Interscience, Saint-Nom-la-Bretèche, France), as described by Socaciu et al. [21]. Seven
ten-fold serial dilutions (10−2, 10−3, 10−4, 10−5, 10−6, 10−7, and 10−8) were prepared from
this stock solution (10−1).

Lactobacilli and streptococci counts were determined in cheese according to the
method described by the ISO 7889:2003|IDF 117:2003 standard [22] using MRS broth
(110611; Merck KGaA, Darmstadt, Germany) and M17 agar (CM0785; Oxoid Ltd., Bas-
ingstoke, England), respectively. Enumeration of lactobacilli and streptococci colonies was
performed after incubating inoculated plates at 37 ◦C for 48 h under anaerobic conditions.
All samples were analyzed in triplicate, and results were reported as log cfu/g. In addition,
the total lactic acid bacteria count (log cfu/g) was calculated as the sum of the lactobacilli
and streptococci counts.

2.6. Analysis of Volatile Compounds in Cheese

This was performed following the method described by Cozzolino et al. [23], with
minor modifications. Into a 20-mL SPME crimp neck vial (22.5 × 75.5 mm; VWR Inter-
national s.r.l., Milano, Italy), approximately 3.5 g of grated cheese was weighed to the
nearest 0.1 mg using an analytical balance (E42; Gibertini Elettronica S.R.L., Milano, Italy);
3 mL aqueous solution of hydrochloric acid (0.03% 6 M HCl; Merk KGaA, Darmstadt,
Germany) was added to cheese sample and mixed, followed by 5 μL methanolic solution
of methyl nonanoate (1175 μg/mL; Sigma-Aldrich Chemie GmbH, Steinheim, Switzer-
land), used as an internal standard. First, the vial’s content was stirred and then kept
for 30 min at 40 ◦C in the autosampler thermostat (HT2850T autosampler; HTA S.r.l.,
Brescia, Italy) to reach equilibrium. Next, an SPME fiber (50/30 μm DVB/CAR/PDMS;
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Supelco Inc., Bellefonte, PA, USA) was inserted into the vial’s septum and exposed to
the sample headspace at 40 ◦C for 30 min to adsorb the volatile compounds. Before its
first use, the fiber was conditioned at 270 ◦C for 60 min, according to the manufacturer’s
recommendations. After sampling, it was retracted and automatically injected into the gas
chromatograph injection port of a GCMS-QP2010 Plus instrument (Shimadzu Corp., Kyoto,
Japan) equipped with an Rtx-Wax capillary column (Crossbond® Carbowax® polyethylene
glycol; 30 mL × 0.25 mm ID × 0.25 μm film thickness; Restek Corp., Bellefonte, PA, USA),
where volatile compounds were desorbed for 10 min in spitless mode. Helium was the
carrier gas at 1 mL/min constant flow. The injector temperature was set to 250 ◦C, and
the oven one was programmed initially at 40 ◦C and held at this temperature for 2 min.
Subsequently, it was increased by 5 ◦C/min up to 65 ◦C and kept at 65 ◦C for 2 min, and
then by 10 ◦C/min up to 240 ◦C and held at 240 ◦C for 9 min. Interface and ion source
temperatures were set to 210 and 230 ◦C, respectively, and the filament voltage to 70 eV
(electronic impact). Chromatographic analysis was carried out in triplicate for each cheese
sample. Volatile compounds were identified by comparing their recorded mass spectra
with those found in the NIST27 and NIST147 libraries. The relative content of each volatile
compound was calculated as the ratio of its total ion current (TIC) area to the TIC area of
the internal standard using the following Formula (5):

Conc A (μg/kg cheese) =
(

Peak areaA
Peak areaIS

× aIS
wc

)
× 1000 (5)

where Conc A is the analyte concentration, Peak areaA is the analyte peak area, Peak areaIS
is the internal standard peak area, aIS is the amount of internal standard added to the
sample (μg), and wc is the cheese weight (g).

2.7. Sensory Analysis of Cheese and Determination of Consumers’ Acceptance and Purchase Intention

Cheese samples were assessed for appearance and color, consistency and texture,
odor and taste, aftertaste, and overall liking using a nine-point hedonic scale (1—dislike
extremely; 2—dislike very much; 3—dislike moderately; 4—dislike slightly; 5—neither
like nor dislike; 6—like slightly; 7—like moderately; 8—like very much; 9—like extremely).
They were coded with 3-digit random numbers and presented to panelists (50 women
and 30 men aged 20–43 years) on white ceramic plates. The sensory attributes of CC
and LC were rated at 20 ◦C (air conditioning) under white light. Panelists were asked
not to eat, drink, or smoke for at least 1 h before the evaluation session (conducted in
individual booths).

Consumers’ purchase intention was rated on a 5-point scale (1—definitely will buy;
2—probably will buy; 3—might or might not buy; 4—probably will not buy; 5—definitely
will not buy) [24]. The acceptance rate (AR) of each cheese type was calculated as described
previously by dos Reis Santos et al. [25] using the following Formula (6):

AR (%) =
X
N

× 100 (6)

where X is the mean sensory score of the cheese, and N is the maximum sensory score
given by panelists to the cheese.

2.8. Statistical Analysis

The Minitab statistical software (version 19.1.1; LEAD Technologies, Inc., Charlotte,
NC, USA) was used for data analysis. The effects of the lavender flower powder and
ripening time on the Gouda-type cheese’s characteristics and volatile compounds were
analyzed by one-way ANOVA with a post-hoc Tukey’s test at a 95% confidence level
(p < 0.05). In addition, hierarchical cluster analysis (HCA) was performed using the
MetaboAnalyst software (version 5.0; Xia Lab at McGill University, Montreal, QC, Canada).
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3. Results and Discussion

3.1. Nutritional Properties of Gouda-Type Cheese

Changes in the proximate composition, sodium chloride content, pH, titratable acidity,
and energy value of the control (CC) and lavender Gouda-type cheese (LC) at 10-day
intervals during 30 days of ripening are shown in Table 1. Moisture content significantly
decreased with ripening time, from 36.84 to 34.97% in CC and from 37.87 to 35.48% in LC,
causing an increase in protein (from 21.13 to 23.17% in CC; from 21.55 to 24.90% in LC), ash
(from 4.28 to 5.45% in CC; from 4.25 to 5.06% in LC), and sodium chloride contents (from
4.28 to 5.45% in CC; from 4.25 to 5.06% in LC). On the other hand, the fat content of the
Gouda-type cheese increased in CC (from 28.25 to 30.75%) while this matured but did not
vary significantly in LC (from 29.25 to 29.75%); the same trends were noticed for the fat in
dry matter content and energy value of CC and LC, respectively (see Table 1). Regarding
carbohydrates, their content significantly declined in both CC and LC during ripening, as
lactic acid bacteria consumed them, causing a fall in pH (from 4.87 to 4.60 in CC; from 4.99
to 4.65 in LC) and an increase in titratable acidity (from 85.2 to 95.0 ◦T in CC; from 79.8 to
92.0 ◦T in LC). It is well known that lactic acid bacteria use carbohydrates as a primary
carbon source [26], lactic acid being the major end-product of milk lactose fermentation [27].
These results are corroborated by microbiological findings showing the multiplication of
lactic acid bacteria in CC and LC with ripening. Furthermore, at the ripening period’s end,
protein and sodium chloride contents in LC were significantly higher than in CC, while
the ash content and titratable acidity were lower. Nevertheless, both CC and LC met the
quality requirements in the Codex standard for Gouda, namely CXS 266-1966 [1].

Table 1. Proximate chemical composition, sodium chloride content, pH, titratable acidity, and energy
value of control and lavender Gouda-type cheese at different ripening times (T1, T2, and T3).

Parameter/Energy Value
Control Cheese Lavender Cheese

T1 T2 T3 T1 T2 T3

Moisture (%) 36.84 ± 0.270aA 35.80 ± 0.060abA 34.97 ± 0.064bA 37.87 ± 0.282aA 36.57 ± 0.630abA 35.48 ± 0.165bA

Protein (%) 21.13 ± 0.191cA 22.11 ± 0.014bA 23.17 ± 0.212aB 21.55 ± 0.078cA 22.39 ± 0.134bA 24.90 ± 0.113aA

Fat (%) 28.25 ± 0.354cA 29.50 ± 0.0bA 30.75 ± 0.354aA 29.25 ± 0.354aA 29.25 ± 0.354aA 29.75 ± 0.354aA

Fat in dry matter (%) 44.73 ± 0.057cB 45.95 ± 0.042bA 47.29 ± 0.495aA 47.08 ± 0.354aA 46.11 ± 0.099aA 46.11 ± 0.431aA

Ash (%) 4.28 ± 0.014bA 4.49 ± 0.156bA 5.45 ± 0.014aA 4.25 ± 0.007bA 4.31 ± 0.035bA 5.06 ± 0.028aB

Total carbohydrate (%) 9.51 ± 0.700aA 8.10 ± 0.205aA 5.66 ± 0.488bA 7.09 ± 0.0aB 7.50 ± 0.177aA 4.82 ± 0.106bA

Sodium chloride (%) 2.37 ± 0.028cA 2.60 ± 0.021bB 2.71 ± 0.007aB 2.26 ± 0.028cA 2.91 ± 0.028bA 3.28 ± 0.071aA

pH 4.87 ± 0.014aB 4.73 ± 0.007bA 4.60 ± 0.0cA 4.99 ± 0.007aA 4.83 ± 0.092abA 4.65 ± 0.042bA

Titratable acidity (◦T) 85.2 ± 0.566cA 90.6 ± 0.849bA 95.0 ± 0.283aA 79.8 ± 0.283cB 83.8 ± 0.283bB 92.0 ± 0.0aB

Energy value (kcal/100 g) 377 ± 4.950bA 387 ± 0.707abA 393 ± 2.121aA 378 ± 2.828aA 383 ± 4.243aA 387 ± 2.121aA

T1—10 days of ripening; T2—20 days of ripening; T3—30 days of ripening. Data are expressed as mean ± standard
deviation values of all measurements. Different lowercase letters in the same row indicate significant differences
between ripening times (p < 0.05, Tukey’s test), and different uppercase letters show significant differences
between cheeses (p < 0.05).

3.2. Textural Properties of Gouda-Type Cheese

Instrumental measurements of texture attributes in CC and LC are presented in
Table 2. Consistent with the findings of Kanawjia et al. [28] on Gouda cheese, the hardness,
springiness index, gumminess, and chewiness decreased in CC and LC during ripening,
except for gumminess in LC, which did not change significantly. However, no significant
differences between the texture attribute values of CC and LC were found at the final stage
of ripening.

Hardness indicates the maximum force required to compress cheese between the
molar teeth. In CC, it significantly increased from a value of 35.43 N on day 10 of ripening
to 53.07 N on day 30, and in LC, it raised from 24.72 to 41.51 N, most likely due to a loss
of moisture.
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Table 2. Texture attribute values for control and lavender Gouda-type cheese at different ripening
times (T1, T2, and T3).

Texture Attribute
Control Cheese Lavender Cheese

T1 T2 T3 T1 T2 T3

Hardness (N) 35.43 ± 2.456bA 36.52 ± 5.547bA 53.07 ± 10.105aA 24.72 ± 3.534bB 40.56 ± 10.605aA 41.51 ± 9.777aA

Cohesiveness 0.46 ± 0.066aA 0.37 ± 0.047bA 0.24 ± 0.028cA 0.44 ± 0.061aA 0.29 ± 0.036bB 0.24 ± 0.030bA

Springiness index 0.83 ± 0.026aA 0.79 ± 0.061aA 0.54 ± 0.076bA 0.82 ± 0.088aA 0.80 ± 0.048aA 0.68 ± 0.019bA

Gumminess (N) 16.09 ± 2.530aA 19.90 ± 6.244aA 8.94 ± 2.153bA 10.72 ± 0.987aB 11.72 ± 2.580aB 10.17 ± 3.366aA

Chewiness index (N) 13.35 ± 2.229aA 15.71 ± 5.299aA 4.90 ± 1.587bA 8.57 ± 1.121aB 9.43 ± 2.914aB 6.96 ± 1.060bA

T1—10 days of ripening; T2—20 days of ripening; T3—30 days of ripening. Data are expressed as mean ± standard
deviation values of all measurements. Different lowercase letters in the same row indicate significant differences
between ripening times (p < 0.05, Tukey’s test), and different uppercase letters show significant differences
between cheeses (p < 0.05).

Cohesiveness, also known as consistency, shows the strength of the internal bonds
making up a cheese’s body. Surprisingly, and contrary to the findings of Kanawjia et al. [28],
we noticed a downward trend with ripening time for both CC (from 0.46 to 0.24) and LC
(from 0.44 to 0.24). Nevertheless, Ivanov et al. [29] reported changes in the cohesiveness of
Kashkaval cheese during ripening, like those we observed, being attributed to proteolysis.

The springiness index is a texture attribute that shows the viscoelastic properties of
cheese and ranges from 0 (completely viscous material) to 1 (completely elastic material).
As can be seen in Table 2 below, it significantly decreased during ripening, from 0.73 to
0.54 in CC and from 0.82 to 0.68 in LC. Our results are in accordance with those reported
by Zheng et al. [30] and reveal that the low moisture content in Gouda-type cheese is
associated with high firmness but low springiness and cohesiveness.

Gumminess is the energy required to disintegrate cheese into a state ready for swal-
lowing. Its level significantly decreased in CC as it ripened (from 16.09 to 8.94 N), as in the
study of Pinto et al. [31], while in LC (from 10.72 to 10.17 N), it did not vary considerably.

Chewiness indicates the energy required to chew cheese to a state whereby it is ready for
swallowing. The chewiness index is estimated as hardness × cohesiveness × springiness
index. It decreased with ripening time, from 13.35 N in CC and 8.57 N in LC to 8.57 and
6.96 N, respectively. In another study, Pinto et al. [31] also noticed a decreasing change in
cheese chewiness during ripening.

3.3. Microbiological Properties of Gouda-Type Cheese

The starter culture used for Gouda-type cheese-making contains a mixture of ther-
mophilic and mesophilic bacteria such as Lactococcus lactis ssp. cremoris, Lactococcus lactis
subsp. lactis, Lactococcus lactis subsp. lactis biovar. diacetylactis, Lactobacillus helveticus,
Lactobacillus paracasei, Leuconostoc species, and Streptococcus thermophilus. Therefore, the
effect of lavender flower powder on lactic acid bacteria growth in Gouda-type cheese was
evaluated by determining the lactobacilli and streptococci count, also, the total lactic acid
bacteria count (see Table 3).

Table 3. Counts of lactobacilli, streptococci, and total lactic acid bacteria in control and lavender
Gouda-type cheese at different ripening times (T1, T2, and T3).

Parameter
Control Cheese Lavender Cheese

T1 T2 T3 T1 T2 T3

Lactobacilli count 9.5 ± 0.007cB 9.7 ± 0.009bB 9.8 ± 0.004aB 9.7 ± 0.005cA 9.8 ± 0.004bA 9.9 ± 0.006aA

Streptococci count 8.7 ± 0.011cB 9.2 ± 0.011bB 9.3 ± 0.016aB 9.0 ± 0.024cA 9.5 ± 0.012bA 9.6 ± 0.013aA

Total lactic acid bacteria count 18.2 ± 0.004cB 18.9 ± 0.002bB 19.1 ± 0.020aB 18.7 ± 0.019cA 19.3 ± 0.008bA 19.5 ± 0.020aA

T1—10 days of ripening; T2—20 days of ripening; T3—30 days of ripening. Data are expressed as mean ± standard
deviation values of all enumerations. Different lowercase letters in the same row indicate significant differences
between ripening times (p < 0.05, Tukey’s test), and different uppercase letters show significant differences
between cheeses (p < 0.05).
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The antibacterial effect of lavender against Escherichia coli, responsible for early cheese
blowing, and Clostridium tyrobutiricum, responsible for late cheese blowing, was reported by
Librán et al. [32] in a previous study. Therefore, we assumed that lavender flower powder,
used as a flavoring ingredient in our Gouda-type cheese, could inhibit the growth of starter
culture microorganisms during ripening. Nevertheless, contrary to our expectation, it stim-
ulated the development of lactic acid bacteria since the counts of lactobacilli, streptococci,
and total lactic acid bacteria were significantly higher in LC at all ripening times.

However, in line with the study of Öztürk et al. [33], the flavoring ingredient re-
ported herein caused a significant increase in the lactobacilli and streptococci count in
CC and LC with ripening time (in CC, from 9.5 to 9.8 log cfu/g, and in LC, from 9.7 to
9.9 log cfu/g for lactobacilli count; in CC, from 8.7 to 9.3 log cfu/g, and in LC, from 9.0
to 9.6 log cfu/g for streptococci count; in CC, from 18.2 to 19.1 log cfu/g, and in LC, from
18.7 to 19.5 log cfu/g for total lactic acid bacteria count). These results also explain the
below-discussed accumulation of volatile compounds during cheese ripening in both CC
and LC.

3.4. Volatile Compounds in Gouda-Type Cheese

Results of headspace-SPME-GC/MS analysis for quantifying volatile compounds
in the Gouda-type cheeses are shown in Table 4. Thirty-seven volatile compounds were
detected in CC at T1, classified under six different identified compounds: haloalkane
(32.0%—one compound) was the most dominant group, followed by alcohols (23.2%—nine
compounds), carboxylic acids (15.4%—six compounds), cyanoalkanes (8.3%—one com-
pound), esters (8.1%—six compounds), and ketones (5.9%—three compounds). Moreover,
five compounds were classified within the chemical class of terpenes and terpenoids (3.3%),
three in aldehydes (2.2%), two in aromatic hydrocarbons (1.2%), and one in pyridines (0.4%).
To better visualize the similarities and differences between cheese samples at different
ripening stages regarding the volatile composition, hierarchical cluster analysis (HCA) was
run (see Figure 3).

Control cheese. Chloroform (32.0%; No. 5 in Table 4) was the most dominant com-
pound present in CC at T1, followed by acetonitrile (8.3%; No. 4), isopropanol (6.6%;
No. 2), 1-butanol (6.0%; No. 12), isoamyl alcohol (5.8%; No. 19), caproic acid (5.6%; No.
59), acetoin (5.6%; No. 28), and methyl hexanoate (4.2%; No. 17); of these, chloroform,
toluene, acetonitrile, and isopropanol were found in the Gouda-type cheese for the first
time. Previous findings have revealed the presence of chloroform in semi-hard goat cheese
(Kınık et al. [34]), chloroform and toluene in some varieties of Turkish cheese (Hayaloglu
and Karabulut [35]), and acetonitrile and isopropanol in Manchego cheese (Gómez-Ruiz
et al. [36]). It is well known that chloroform and acetonitrile derive from the breakdown of
milk carotene [35,36]. Chloroform may also derive from the chlorine-containing cleaning
products used for cheese-processing equipment disinfection [37]. Alcohols (23.2%), the
second most dominant class in CC at T1, would be the consequence of the abovementioned
compounds’ abundance, together with the presence of optical (0.9%) and meso isomers
(2.4%) of 2,3-butanediol. Meanwhile, 1-butanol, isoamyl alcohol, and 2,3-butanediol were
also discovered in Gouda-type cheese by Van Leuven et al. [38] and Van Hoorde et al. [39].
Some authors reported that they arise from butanal (resulting from fatty acid or amino
acid metabolism), leucine, and acetoin, respectively [36,40,41]. Carboxylic acids (15.4%),
the third class in abundance in CC at T1, were represented by acetic acid (2.8%), butyric
acid (2.4%), and caproic acid (10.2%), all previously reported in Gouda-type cheese by
other studies [38,39,42–46]. They can originate from milk fat lipolysis or lactose and lactic
acid fermentation [35]. Cyanoalkanes (8.3%), esters (8.1%), ketones (5.9%), terpene and
terpenoids (3.3%), aldehydes (2.2%), aromatic hydrocarbons (1.2%), and pyridines (0.4%)
were the subsequent classes of volatile compounds grouped in CC at T1. Acetoin, listed
among the significant volatile constituents in CC at T1, is a volatile compound from the
ketone class. It was identified as a derivative of milk citrates [36] and, therefore, detected
in Gouda-type cheese by other researchers [38,45,46]. Methyl hexanoate (4.2%), from the
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ester class, another notable volatile compound in CC at T1, was also reported in some
commercial Gouda cheeses [2]. Its occurrence is probably related to the esterase activity of
lactic acid bacteria [36]. As for aldehydes in cheese, they are produced by the catabolism of
fatty acids or amino acids via decarboxylation or deamination [35,47]; only benzaldehyde
(1.5%), hexanal (0.2%), and heptanal (0.5%) were detected in CC at T1, but it seems that
they are commonly present in Gouda-type cheeses [38,39,45]. Both hexanal and heptanal
disappeared during ripening; heptanal was no longer detected in CC on the 20th day
of maturation and hexanal on the 30th—hence the lower number of volatile compounds
found in CC at T2 (thirty-six) and CC at T3 (thirty-five). o-Cymene (1.7%), β-ocimene,
trans-β-ocimene (0.6%), γ-terpinene (0.2%), and linalool (0.3%), volatile compounds of the
terpene and terpenoid class, were also present in CC at T1; since this is the first time that
they have been detected in a Gouda-type cheese, they most likely arise from animal feed,
considering that the cows had pasture access in the afternoon and evening.

Figure 3. HCA heatmap of Gouda-type cheese based on volatile constituents.
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Lavender cheese. The volatile profile of LC at T1 (Table 4), however, was dominated
by terpenes and terpenoids (Te&Ts; 42.3%), followed by alcohols (Alc; 15.5%), haloalka-
nes (HoAlka; 13.3%), carboxylic acids (CA; 11.6%), esters (Es; 7.8%), ketones (Ket; 4%),
cyanoalkanes (CyAlka; 3.5%), aldehydes (Ald; 1.6%), aromatic hydrocarbons (AH; 0.2%),
and pyridines (Pyr; 0.1%). Sixty-two volatile compounds were detected in this sample, in-
cluding 12 alcohols, 3 aldehydes, 1 aromatic hydrocarbon, 5 carboxylic acids, 1 cyanoalkane,
10 esters, 1 haloalkane, 4 ketones, 1 pyridine, and 19 compounds from the terpene and
terpenoid class, with three more alcohols than in CC at T1 (3-octanol; 2-ethyl-1-hexanol;
2,6-dimethyl-3,7-octadien-2,6-diol), 1 aldehyde (phenylacetaldehyde), 5 esters (an isomer
of ethyl butyrate; isoamyl acetate; isoamyl butyrate; 1-octenyl acetate; hexyl butyrate),
1 ketone (3-octanone), and 15 compounds of the terpene and terpenoid class (β-myrcene;
1,8-cineole; 3 isomers of linalool oxide; trans-2-pinanol; linalyl acetate; camphor; lina-
lyl isobutyrate; 4-terpineol; lavandulyl acetate; α-terpineol; borneol; cis-geranyl acetate;
caryophyllene oxide). Moreover, isobutyric acid (CA) was identified along with linalyl
isobutyrate (Te&Ts), methyl decanoate (Es) with 4-terpineol (Te&Ts), and β-ocimene (Te&Ts)
with 3-octanone (Ket). Different from CC at T1, linalool (14.8%; Te&Ts; No. 45 in Table 4)
was the main volatile compound in LC at T1, followed by chloroform (13.3%; HoAlka; No.
5) and linalyl isobutyrate (13.1%; Te&Ts; No. 47), and then by caproic acid (4.9%; CA; No.
59), an isomer of trans-linalool oxide (3.9%; Te&Ts; No. 36), 1-hexanol (3.8%; Alc; No. 31),
isopropanol (3.7%; Alc; No. 2), acetonitrile (3.5%; CyAlka; No. 4), and 1-butanol (3.1%; Alc;
No. 12). The number of volatile constituents in LC did not change with ripening time, but
their amount increased from 16,366.71 μg/kg cheese at T1 to 29,619.78 μg/kg cheese at
T2 and decreased to 19,695.86 μg/kg cheese at T3. As for CC, the total amount of volatile
compounds increased during ripening from 3337.08 μg/kg cheese at T1 to 10,392.16 μg/kg
cheese at T2 and further to 14,743.17 μg/kg cheese at T3. The content of total volatile
compounds in the Gouda-type cheese was 79.6% higher in LC than in CC at T1, with 64.9%
at T2 and 25.1% at T3. As can be noticed in Figure 3, the concentration of volatile com-
pounds either decreased with ripening time, varied in a ∧-pattern, or remained unchanged
(cluster 1); in other cases, it increased (cluster 2).

3.5. Sensory Properties of Gouda-Type Cheese and Consumers’ Acceptance and Purchase Intention

Consumers’ perception of LC compared to CC was evaluated based on hedonic scores
of their sensory attributes (Figure 4). The use of lavender flower powder as a flavoring
ingredient in Gouda-type cheese-making has significantly affected its sensory properties by
reducing its rating for appearance and color (0.6 points), consistency and texture (0.7 points),
odor and taste (1.2 points), aftertaste (1.1 points), and overall liking (0.7 points). The overall
score for LC was 7.2, and that for CC was 8.1. However, the calculation resulted in
an acceptance rate of 80.2% for LC and 89.5% for CC. Furthermore, when asked about
their willingness to buy the Gouda-type cheese, 34% of respondents answered that they
“definitely will buy” LC, and 42% responded in this way for CC (see Figure 5). As regards
the undecided subjects, 24% answered “might or might not buy” and 8% “probably will
buy” the LC, which shows greater indecision about the flavored cheese. This outcome
highlights the lack of familiarity but a curiosity towards this new product. For LC, 8% of
survey participants responded with “definitely will not buy”. Overall, these results show
that there would be customers for LC if this were available on the market.
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Figure 4. Hedonic scores for sensory attributes of control and lavender Gouda-type cheese. Data are
expressed as mean values of all responses.

  
(a) (b) 
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Control Gouda-type cheese
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Figure 5. Response rates (%) for purchase intention of (a) control Gouda-type cheese; (b) lavender
Gouda-type cheese.

4. Conclusions

The manufacturing process proposed in this study resulted in a Gouda-type cheese
formulation with a lavender aroma. Using lavender flower powder as a flavoring ingredient
at a concentration of 0.5 g/L matured milk in Gouda-type cheese manufacturing conferred
upon the cheese a terpenic volatile profile and stimulated the growth of lactic acid bacteria
from the starter culture. During ripening, a concentration of volatile compounds and
lactic acid bacteria, both in the control and lavender cheese, and an improvement in their
nutritional and textural properties was noticed. However, it should be underlined that the
flavoring ingredient did not significantly impact the Gouda-type cheese’s gross composition

179



Foods 2023, 12, 1703

and textural properties. Regarding the sensory perception of the lavender cheese, it should
be noted that its overall score was slightly lower but very close to that received by the
unflavored cheese, definitively more familiar. Although the acceptance rate of the lavender-
flavored cheese was high, consumers were less willing to buy it, being a gourmet product.
However, with effective communication of this new product, perhaps accompanied by a
food pairing study, the lavender-flavored Gouda-type cheese could be a successful novelty
in the worldwide dairy market.
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Abstract: In the context of a diet transition from animal protein to plant protein, both for sustainable
and healthy scopes, innovative plant-based foods are being developing. A combination with milk
proteins has been proposed as a strategy to overcome the scarce functional and sensorial properties
of plant proteins. Based on this mixture were designed several colloidal systems such as suspensions,
gels, emulsions, and foams which can be found in many food products. This review aims to give
profound scientific insights on the challenges and opportunities of developing such binary systems
which could soon open a new market category in the food industry. The recent trends in the
formulation of each colloidal system, as well as their limits and advantages are here considered.
Lastly, new approaches to improve the coexistence of both milk and plant proteins and how they
affect the sensorial profile of food products are discussed.

Keywords: milk proteins; plant proteins; mixed systems; colloidal properties; innovative foods;
sensorial properties

1. Introduction

The human population is continuously growing, and it is estimated to reach 9.7 billion
people in 2050, which will naturally increase the demand for animal protein for human
nourishment (United Nations, 2015). A report conducted by Poore and Nemecek (2018) [1]
considered the environmental footprint of the production of 90% of global proteins based
on land use, freshwater usage, GHG emissions, and chemical emissions in soil and water.
The authors showed that proteins from animal sources (meat, dairy, eggs, and aquaculture)
use ~83% of the world’s available farmland and are responsible for 56–58% of general
emissions, providing, in the end, only 37% of food protein supply [1]. Thus, considering the
crescent demand for proteins and the deployment of the Glasgow Climate Pact (UNFCCC,
2021), the development of sustainable production systems to obtain alternative protein
sources is required.

Inside this scenario, plant proteins are good candidates to partially substitute animal
proteins in food since their production process has been associated with low cost and
low greenhouse effect [2]. Beyond this, plant proteins are less allergenic than animal
counterparts [3]. The consumer’s increasing awareness of healthy and sustainable food
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products has recently enhanced the demand for plant-based proteins as food ingredients
worldwide, and only in the United States, 83% of North American consumers are adding
plant-based foods into their diets to improve health (NDC, 2019). Proteins from various
vegetables have already been studied and employed as animal protein replacers in meat
and dairy analog products [4–6].

Many researchers have highlighted the positive nutritional aspects of this kind of pro-
tein which, among others, include a reduced glycemic index, reduced incidence/probability
of developing cardiovascular diseases, obesity, and metabolic syndromes; conditions that
reduce the overall all-cause mortality [7–9]. Therefore, the incorporation of plant proteins
is not only a necessity but also a consumer tendency to maintain its well-being and healthy
condition [10].

Despite the advantages in the use of plant proteins for human nutrition, their pro-
nounced taste and poor solubility limit their applicability in the food industry [11]. To
overcome this techno-functional drawback, association with animal proteins, such as milk
proteins, can be an interesting strategy to increase the use of plant proteins with low compro-
mising of food sensorial aspects. Among the potential animal proteins that can be combined
with the plant ones, milk proteins stand out due to high productions, easy isolation and
purification by membrane filtration systems, stability in the dry form, tecno-functionality in
dairy and non-dairy products and good acceptability for consumers [12–14]. The milk and
plant proteins association can improve the sensorial and nutritional aspects of foods, increase
the intake of plant proteins in processed foods, reduce costs of ingredients, decrease phase
separation and/or syneresis in dairy gels [15,16]. It is desired that plant proteins addition in
milk-based foods can improve some properties of the system, however, this addition can
alter significatively the characteristics of products, which could result in consumer rejection.

Thus, the impact of this association as well as the optimization of protein interactions
must be better understood for the development of innovative products with sensory
characteristics suited to the needs of consumers. In recent years, consistent research has
been delivered to study these associations in different colloidal states such as dispersions,
foams, gels and emulsions [17]. Indeed, these interactions depend on several aspects such as
type of proteins, protein ratio, pH, ionic strength, presence of salts; additionally, industrial
processes such as temperature, acids and enzymes can cause protein modification [18].

In this context, this review aims to describe the scientific advances regarding how
the mixing of milk and plant protein change the features of protein systems and how
these new characteristics can be useful in the formulation of foods with new textural and
sensorial aspects. Moreover, innovative approaches to modify protein techno-functionality
will be discussed here as a possible way to improve this combined system, limiting their
drawbacks and promoting their application in the food industry.

2. Milk Proteins

The main milk components are listed in Table 1 [19]. The raw fluid milk can be
transformed into a variety of food products such as ice cream, concentrated milk, milk
powders, yogurt, cheese, etc. These transformations come mainly from manipulating the
structure and organization of milk proteins, which influence taste, appearance, texture,
color, and stability of these products [20]. The milk protein fraction can be grouped into
two main classes: caseins, which are thermal resistant and have an isoelectric point in pH
around 4.6, and whey proteins, which are soluble at their isoelectric point (~pH 4.8–5.0)
but are precipitated by increasing the ionic strength and temperature [21,22].
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Table 1. Components of raw milk.

Component Proportion (%)

Water 85–87
Lipids 3.8–5.5

Lactose 4.8–5.0
Proteins 2.9–3.5

The structures and functional properties of these two main groups of milk protein will
be better discussed in the following paragraphs.

2.1. Caseins

Caseins compose about 80% of total milk proteins and are represented by four main
fractions: αs1-, αs2-, β-, and k- caseins in a molar ratio of 11:3:10:4, respectively [20]. In
natural milk conditions, these fractions interact with each other by hydrophobic and electro-
static interactions, and calcium phosphate nanoclusters forming supramolecular structures
named casein micelles (CMs) (Figure 1). κ-casein fraction contributes to the electrostatic
and steric repulsion among CMs and is the main casein responsible for stabilizing and
maintaining CMs in suspensions [23].

Figure 1. Casein micelle structure and its components: κ-casein (yellow); α-casein (blue); β-casein
(red); calcium phosphate nanoclusters (grey dots).

Commercially, the separation of caseins from other constituents of milk, occurs by
isoelectric precipitation, ultra and microfiltration, and rennet coagulation [24,25]. Acid
caseins can be obtained by adjusting milk pH to 4.6, after that, a centrifugation step can
separate the fractions. Due to their spherical structure, with large particle sizes, caseins
obtained by acidification are insoluble in water and generally requires neutralization for
their solubilization [26]. To overcome this problem, in food formulation caseins are typically
applied in the form of sodium or calcium caseinates. They are produced from CMs by the
addition of NaOH or CaOH to skimmed milk. The resulting caseinates are more soluble
and have better water holding capacity (WHC) compared to native CMs thanks to their
non-spherical shape and improved hydration of the particles, which confer small particle
sizes of about ~20 nm [27]. Caseins in different configurations, i.e., CMs, caseinates, acid
caseins, and rennet casein (caseins enzymatically precipitated), can be incorporated as
food ingredients in a variety of food products such as waffles, cake mixtures, bread, cream
liqueurs, coffee whiteners, processed meat and fish products and also dairy products such as
cheese analogs and ice cream yogurt, among others [25]. Despite their nutritional features,
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the main reasons for caseins applications are their suitable functional properties. Indeed,
thanks to their exceptional surface activity, emulsifying and self-assembly properties, and
gelation and water binding capacities, caseins and caseinates are largely employed in
food products as emulsifiers and foaming agents, fat replacers, and texture and thickening
improvers [28]. These properties derive from the ability of caseins to be modified and form
different colloidal systems such as dispersions, emulsions, foams, and gels [29].

2.2. Whey Proteins

In the past, whey was considered a waste created by the cheese and caseins pro-
duction but the panorama has changed since then, mainly due to the discovery of its
nutritional and techno-functional properties, which boost whey applications in the food
industry [30]. Whey proteins account for approximately 20% of milk proteins and are
composed mainly of β-lactoglobulin (60% w/w) and α-lactalbumin (20% w/w) with lower
contents of immunoglobulins (10% w/w), bovine serum albumin (3% w/w), and lactoferrin
(<0.1% w/w) [31]. Contrarily to the caseins, whey proteins are globular proteins with
well-defined secondary, tertiary, and quaternary structures that depend on medium condi-
tions such as pH, ionic strength, and temperature, but can also be modified by different
treatments such as pressure, ultrasounds, pulsed electric field, and enzymatic reactions [22].
When the whey proteins are heated above their denaturation temperature, the molecular
structure is unfolded and the formation of new hydrophobic interactions, hydrogen bonds,
and disulfide bounds is favored [32].

Whey proteins are usually obtained by ultra and microfiltration. This technology
allows the use of low temperatures and the absence of chemicals or enzymes added to
the milk, which results in the purification of whey proteins with similar structure to their
natural conformation, thus without interfering with their physicochemical properties. In
the food industry, the main products obtained from whey processing are whey protein
concentrates (WPCs) and whey protein isolates (WPIs). Those products can be used as
ingredients in food formulations due to their ability to strengthen food gels and/or stabilize
emulsions and foams. Additionally, WPCs and WPIs can be directly consumed by the
final consumer after powder resuspension, giving protein solubility a paramount role for
consumer acceptance [30].

3. Plant Proteins

3.1. Sources

Plant proteins are characterized by a different structure and morphology than animal
proteins, which highly influences their functionality [33]. During their evolution history,
plants have developed the ability to biosynthesize a large number of proteins for differ-
ent purposes and can be generally classified into two different groups: “metabolic” and
“storage” proteins. The first ones represent crucial proteins for the development of the
plant, while the second ones consist of the reservoir of vital amino acids to sustain plant
life [34]. These groups represent an important nutritional source for both humans and
livestock or animal feed thanks to the presence of essential amino acids which can satisfy
their nutritional requirements [35,36]. Plant proteins are generally obtained by dry or wet
extraction methods as co- or by-products from various starting materials of the oil and
starch extraction industries. More than 30 plant protein sources are currently used in food
formulation, and overall, they can be organized into three general groups: legumes, cereals,
and oilseeds [33] (Figure 2). Among the legumes, soybean and green peas are the most
employed nowadays, but also proteins from other beans such as fava beans, chickpeas,
and lentils are commonly requested by the food industry [37,38]. Regarding the cereals
group, the main sources of proteins are provided by wheat gluten, corn zein, and rice,
while proteins from oilseeds are separated from the oil, starch, and fibers of products such
as canola, sunflower, peanut, rapeseed, and flaxseed [39–42].
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Figure 2. Main plant-based sources and some of their applications. Adapted from Akharume et al.,
(2021) [43].

3.2. Structure and Functionality

Proteins’ polypeptide composition, in terms of amino acids and functional groups,
and their rearranged spatial structure greatly influence their physicochemical properties
and functionalities [44]. Plant proteins display a specific morphology when they are
biosynthesized, which allows them to express their biological functions. The natural 3D
structure is obtained through the folding and interaction of the protein-peptide chains,
driven by several forces such as van der Waals and hydrophobic attractions [34]. Hydrogen
bonds, disulfide bonds, electrostatic and steric attraction/repulsion, torsional angles, and
solvent interactions also participate in the morphology of the amino acid chains within a
protein, but the same interactions can also occur within different protein molecules. For
this reason, it is reasonable to believe that proteins physiologically exist in different states,
which can range from monomers to oligomers and, at a certain concentration, to assemblies
and aggregates, all characterized by this kind of natural forces [15,45]. It is good to know
that any kind of process applied to the raw vegetable material is possibly able to interfere
with these forces and thus influence biomolecules’ native structures and functionalities.

For example, the employed extraction methodology, purification, and any other pro-
cessing method can largely modify protein three-dimensional organization. It has been
proven that proteins extracted from the same source with different methodology may
present a greater functionality variation than proteins extracted from different sources with
the same method [46]. For instance, with a dry extraction, proteins tend to maintain their
native organization, while with a wet extraction, different solvents are adopted such as
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water or an alkali, acid, or a salt solution which interact with the native proteins causing a
potential disruption and rearrangement of their structures [15]. Therefore, it is fundamental
to adapt all of these processes to obtain the desired characteristics of isolated proteins and
be able to design specific food products.

When added as functional ingredients, proteins exhibit many roles in food matrices
influencing for example their texture and structure but also their organoleptic properties
such as flavor, color, odor, and appearance. Indeed, thanks to their amphipathic nature
they can interact with other macronutrients such as carbohydrates and fats but also with
water and air, working as gelling and thickening agents, stabilizers of foams and emulsions,
film-forming polymers, and binding agents for fat and water, which all together represent
colloidal properties [43]. Moreover, they could also have biological properties exhibiting
antimicrobial and antioxidant effects [11]. Some examples of plant protein sources and
their functional utilization in food formulation are resumed in Table 2.

Table 2. Plant proteins and their functionalities based on native physicochemical properties.

Plant Source Physicochemical Properties Functionality

Soy, almond, rice Hydrophilicity; surface
charge; hydrogen bonding Solubility

Soy, pea, lentils, beans

Aggregative behavior after
thermal and pH denaturation;
electrostatic and hydrophobic

interactions; disulfide
bonding

Gelling

Soy, pea, faba, sunflower,
pumpkin

Surface tension; interfacial
film forming ability;

amphipathic behavior
Emulsifying

Potato, pea, lentils, chickpea
Surface tension; interfacial

film forming ability;
amphipathic behavior

Foaming

4. Protein-Protein Interactions to Modify Food Techno-Functional Properties and
Colloidal Properties

Protein techno-functionality can be described as the protein behavior during food
processing and in a food system, a behavior which is strictly based on protein physicochem-
ical properties, without necessarily including its biological and nutritional activities [47].
For example, caseins’ biological function is not to make dairy products, but their colloidal
properties are responsible for several interactions that play a fundamental role in cheese
and yogurt manufacturing. Physicochemical interactions such as electrostatic attraction and
repulsion, hydrogen bonds, hydrophobic interactions, and disulfide bonds affect protein
colloidal properties. Thanks to these properties, proteins interact with each other and other
ingredients in food formulations determining their overall structure and colloidal state.
Colloidal systems such as dispersions, gels, emulsions, and foams containing proteins
are, thus, extremely influenced by their techno-functional properties, which can further be
modulated during food processing, when other ingredients are added into the formulation
and/or physical, chemical, or enzymatic treatments are employed. As complex systems,
foods are usually composed of more than one colloidal state; therefore, the knowledge
of how proteins behave in each of these colloidal states is precious to design any food
formulation and can be used as a tool to predict and tailor the final product features.

The following paragraphs will specifically focus on the protein-protein interactions
between milk and plant proteins, describing their role and characteristic in any type of
colloidal state, in order to obtain a general consciousness of their relationship for the
development of innovative food systems.
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4.1. Milk: Plant Proteins Dispersions

A dispersion is a colloidal system where a solid material is dispersed into a liquid,
where the solid is the dispersed phase, and the liquid is the continuous phase [48]. Thus,
the formulation of beverages arises as to the direct application of the knowledge gained
in these studies. Additionally, dispersions must be made before other systems, i.e., gels,
emulsions, and foams, and the type of interactions, as well as the dispersion properties
as viscosity, particle sizes, and solubility, affect the final product [49]. By the dispersion’s
definition, solubility is the most important factor and can be understood as the resultant of
the protein-protein and protein-solvent interactions [50]. The challenge increases when a
high percentage of protein dispersed is required, as observed in high-protein beverages,
mainly designed for the market of sports drinks [51]. The solubility of plant proteins, in
general, is lower than milk proteins and can even be worse when high temperatures are
used for the protein extraction. In mixed systems, the presence of a different protein can
impact the overall system solubility. Ben-Harb et al., 2018 (Ben-Harb et al., 2018), observed
an antagonistic effect in the solubility of mixed pea/milk proteins, where the mixture of pea
and milk proteins was less soluble compared to each protein individually. However, other
treatments can improve the solubility of mixed systems as demonstrated by Wang et al.,
(2019) [52], with the application of a pH-cycle technique. By variation of the dispersion pH
from 12.0 to 7.0, the authors observed an increase in proximately 30 times of rice protein
solubility when it was associated with WPI (1:1) compared to the pure rice suspension.
The main reason for the observed phenomenon was attributed to proteins complexation,
driven mainly by the formation of hydrogen bonds. Using the same method, Wang et al.,
(2018) [53], observed an increase in proximately 52 times in the solubility of rice protein
when combined with sodium caseinate in the ratio 1:0.01. In addition, the increase in
sodium caseinate content up to a 1:1 ratio did not significantly change the solubility of the
systems, while when it was reduced, a lower solubility of rice proteins was detected.

The viscosity and the particle size of the proteins in dispersion also change regarding
protein combination ratios, which directly impact the process parameters. It was observed
by Singh et al., (2019) [54], that the mixture of milk protein concentrate (MPC) and soy
protein hydrolytes (SPH) resulted in dispersions with higher viscosities when compared
with the systems formed only by one type of protein at equal protein concentrations. The
coagulation time of the systems also was impacted, SPH does not coagulate when exposed
to 145 °C for 15 min, and the MPC took 14 min to present the first sign of coagulation.
After the mix, depending on the ratio, coagulation time decreased to less than 2 min. These
results, which are summarized in Table 3, show that the general processing carried out in
the food industry for systems with only one protein source cannot be directly applied to
mixed systems.

Table 3. Summary of the key results obtained for mixed protein dispersions.

Mixed Dispersions Functionalities Reference

Milk/Pea Antagonistic effect on protein
solubility Ben-Harb et al., (2018) [18]

Whey/Rice Improved solubility with pH shift Wang et al., (2019) [52]
Caseinates/Rice Improved solubility with pH shift Wang et al., (2018) [53]

Milk/Soy Higher viscosities of the dispersions
with decreased coagulation Singh et al., (2019) [54]

Therefore, it can be said that, in general, the presence of a mixture of proteins in a
dispersion may negatively affect their solubility due to complex intermolecular interaction
between the proteins and the solvent, causing higher molecular aggregates and precipitates.
However, different treatments could be employed in order to modify the component
structure and improve its overall solubility. For example, physical treatments such as
homogenization, ultrafiltration, or ultrasounds have been applied to affect plant proteins
particle sizes and second structures, generally enhancing their solubility [55]. Saricaoglu
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(2020) [56], used high-pressure homogenization to significantly reduce particle size of lentil
proteins and increase their solubility, as well as influence their rheological properties. In the
same context, Wang et al., (2020) [57], employed an ultrasound-assisted extraction method
for pea protein isolate, which resulted in a partial protein unfolding and smaller particle
size that significantly improved their dispersion. Additionally, chemical modification,
such as phosphorylation, enzymatic hydrolysis, and biopolymer complexation, have been
applied to modify protein functional groups, structure and viscosity in order to improve
the interaction with the solvent [58–60].

Thus, solubility, viscosity and particle size, and how they are affected by different
treatments have to be considered when a mixed protein system is designed in order to
evaluate its stability and sensorial characteristics.

4.2. Milk: Plant Proteins Gels

A gel can be defined as a colloidal system where long thread-like molecules cross-
link, chemically or physically, and/or entangle to such an extent that a continuous three-
dimensional network is formed [61]. In rheological studies, a system where the elastic
modulus (G′) is higher than its viscous modulus (G”) is defined as a gel, thus resembling
a solid-like material [62]. In protein systems, gelation properties depend on intrinsic and
extrinsic factors, such as amino acid composition, presence of disulfide bonds, hydrophobic
and electrostatic interactions, protein concentration, ionic strength, temperature, pressure,
and pH [32]. Particularly in a mixed system, the type of proteins, their concentration, and
ratios affect the final gel properties. For example, the minimal protein concentration to
achieve thermal and acid gelation was determined for mixed pea and β-lactoglobulin sys-
tems [63]. In the pure systems, the minimal concentration required for thermal gelation was
7 and 5% for pea proteins and β-lactoglobulin, respectively. The mixed systems minimal
thermal gelation varied according to the protein ratio, 5% being the least concentration
between the mixed samples for 1:4 pea: β-lactoglobulin protein ratio. Smaller values were
found by Wong et al., (2013) [64], where the least gelation concentrations diminished when
different protein rates were mixed, i.e., 3% of total protein concentration is required to form
whey and pea gels. However, because of the synergistic enhancement of 2:8 pea/whey, 2%
of total protein was necessary for gelation to occur. Additionally, the methodology used to
obtain the gel is responsible for protein structures modification and their intermolecular
interactions which influence the final features of the gel product.

4.2.1. Heat-Induced Milk: Plant Proteins Gels

Protein gelation can occur when a sufficient amount of energy, in the form of heat, is
applied to a system. Generally, at high temperatures, globular proteins unfold, exposing
their hydrophobic residues that are hidden in the natural conformation. Once exposed, the
amino acids can associate by hydrophobic interaction, Van-der-walls forces, and hydrogen
bonds or can associate more strongly with disulfide bonds [46]. These new interactions
between the protein chains lead to aggregation and a three-dimensional structure starts to
form. In milk processing, heat treatment is used to promote aggregation between whey
proteins and CMs, which in turn leads to stiffer gels after acidification. Thus, when plant
proteins are added to milk, the first question that appears is if plant proteins can aggregate
with CMs as whey proteins. Some authors have investigated the interactions between CMs
and pea and soy proteins after heat treatment [65–68].

The common approach to access this information is using small-amplitude oscilla-
tion shear (SAOS) rheology technique to follow G′ during heat application. Silva et al.,
(2018) [65] studied the gelation profile of suspensions composed of CMs alone or in the
presence of whey, pea, or soy protein at pH 5.8. As expected, a reinforcement of CMs gels
was observed in the presence of whey protein, which was attributed to their co-aggregation.
However, no reinforcement of the gel was observed even at high temperatures for both
pea and soy protein, which suggests the absence of co-aggregation. Additionally, the
protein ratios, i.e., the proportion between CMs and plant proteins, or protein concentra-
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tions, did not lead to their co-aggregation. In mixed systems where both CMs and plant
proteins can form gels, the gel features are driven mainly by the protein that is in high
concentration and the presence of two independent three-dimensional structures leads to
less stiff gels [66]. Indeed, Mession et al., (2017) [68], studied the aggregation patterns of
CMs and two fractions of pea protein, i.e., legumin, and vicilin, at pH 7.2 using reducing
and non-reducing electrophoresis, DSC, and liquid chromatography. They concluded that
during heat treatment, denaturation of both pea protein fractions took place, followed by
the formation of protein aggregates. This aggregation occurs differently in each protein
fraction, with the formation of disulfide bonds for legumin and non-covalent interactions
for vicilin. However, the CMs did not participate in aggregation.

Despite the absence of co-aggregation between CMs and pea and soy proteins, the
presence of the plant proteins impacts the availability of free calcium in the mixed systems,
which seems to increase the CMs gelation temperature (Tgel) [65]. Tgel is defined as the
temperature where the sol-gel transition occurs, and in the case of CMs suspensions, it is
affected by free calcium concentration in the medium [69]. As the temperature increases
the calcium solubility decreases, which leads to calcium precipitation on the CMs surface.
As consequence, CMs destabilization occurs and ultimately leads to aggregation [70].
Thus, the less calcium available to precipitate, the harder it will be for aggregation to
occur. As observed by Silva et al., (2018), pea and soy protein can bind calcium from
the medium, where soy proteins bind more calcium than pea proteins, which resulted
in higher gelation temperature of CMs in the systems where soy proteins were present.
Thus, the authors argued that these plant proteins work as a chelating agent in mixed
systems, increasing the heat stability of mixed systems in comparison to the suspensions of
pure/isolated/native CMs.

The studies of how the plant protein specifically interacts with CMs are important to
understand the potential application of mixed systems in the food industry. Ben-Harb et al.,
(2018) [18], studied heat-induced gelation in mixed milk/pea suspensions at pH 6.33. They
found that 14.8% (w/w) mixed systems gel in protein ratios of 1:1 showed G′ as high as pea
protein alone, while the sample containing solely milk fractions formed a weak gel at 14.8%
(w/w) and did not gel at 7.4% (w/w) concentration. The data indicate that pea proteins
were responsible for gel structuration, since CMs do not form gels when heated at a pH as
high as 6.33 [69]. Nevertheless, pea proteins could not be the unique responsible for gel
structure since the mixed systems only with 7.4% (w/w) of pea protein showed gel stiffness
as high as the 14.8% (w/w) pea gels. Thus, interactions between whey and pea proteins
may take place. Indeed, Wong et al., (2013) [64], studied the gel formation achieved by
heating pea and whey protein in different rations, concentrations, and pH values. The best
synergistic enhancement in G′ was achieved by 16% (w/w) total protein concentration,
2:8 pea/whey ratio at pH 6.0. In general, small amounts of pea protein increased the gel
stiffness, but it varies depending on pH and protein concentration. Each protein has its
isoelectric point and solubility, thus a pH value that promotes a similar aggregation profile
of both proteins leads to the formation of a more homogeneous network. Additionally, the
decrease in the electrostatic repulsion caused by pHs close to the protein isoelectric point
leads to an increase in protein-protein interaction [64].

The mechanism of the interaction between β-lactoglobulin and pea after heat treatment
at pH 7.2 was hypothesized by Chihi et al., (2016) [71]. The authors suggested that the
unfolding of both protein types after heating exposed thiol groups and previously buried
hydrophobic groups. In this way, the proteins started to self-aggregate, and aggregations
between β-lactoglobulin and legumin potentially occur by disulfide bonds. Then, those
small protein aggregates interact mainly by hydrophobic and/or electrostatic interactions,
which increase their sizes. Despite the differences between soy and pea proteins, it is
reasonable to think that the interactions with whey proteins for both plant proteins are
similar. For instance, the formation of disulfide bonds after heat treatment of 6% (w/w)
soy-whey protein mixed system has been proposed by Roesh and Corredig, (2005) [72].
The authors showed that when high amounts of whey are present, the incorporation of
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soy proteins occurs, and the formed aggregate is composed of both proteins. However, the
presence of low amounts of plant proteins also led to the formation of aggregates formed
solely by whey proteins. These diverse profiles led to differences in the gel network, where
the gels formed with higher amount of whey protein showed a more homogeneous network
and higher G′. The same feature of mixed soy-whey protein gels was observed, even at 12
and 16% (w/w) total protein concentration. Thus, in mixed systems, the whey protein is
responsible for gel formation, while soy proteins appear as filler material within the gel
structure [73]. To resume, the incorporation of soy protein in whey gels decreases the G′
and changes the network structure. Additionally, the modeling the soy/whey protein ratio
allows the creation of 16% (w/w) protein gels with the same strength of 6% (w/w) [73].

In conclusion, it can be said that mixed-system heat-induced gel properties mainly
depend on intrinsic factors such as type of proteins, their concentration, and ratio, and
on environmental factors such as pH, ionic strength, and temperature applied for gel
formation. Thus, at an industrial level, the strict control of all of these parameters can
allow the design of products with desired techno-functional properties. In particular, the
employment of different protein fractions may allow to obtain heat induced gel with the
advantage of using less quantity of dairy protein as well as increasing the employment and
consumption of plant-based proteins, obtaining similar gel structures to heat induced gel
made out of animal proteins only.

4.2.2. Acid Induced Milk: Plant Proteins Gels

The acid gelation is induced by pH modification toward the isoelectric point of the
proteins. During the pH decreasing of protein suspensions, the electrostatic and steric
repulsion between the proteins is reduced, which causes approximation between them,
formation of new interactions, aggregation, and ultimately the formation of a continuous
three-dimensional network [74]. In milk, the solubilization of calcium phosphate cannot be
neglected once it causes protein rearrangement of the gel matrix. Acid gelation is widely
applied in the dairy industry, mainly in the production of fermented milks and cheeses to
develop desirable textural properties [75].

In mixed protein systems, the difference in protein origins and properties interfere
in gel formation during acidification. For example, the pH, where the gelation starts for
each protein, impacts directly the structure of the gel network [76]. In the acid gelation of
pea and milk proteins, Ben-Harb et al., (2018) [18], observed that pea proteins play a major
role in the first stages of gel formation because they reach the isoelectric point at higher
rates, due to their lower buffer capacity. Chihi et al., (2018) [63], showed that the rates of
acidification were equal for single and mixed systems composed of β-lactoglobulin and
pea protein at 4% protein concentration. According to the authors, pea protein gelation
occurred after 24 min of acidification in pH 6.6, while β-lactoglobulin gelation occurred
58 min after acidification at pH 5.7 in single systems. Thus, the increase in β-lactoglobulin
in the mixed systems resulted in a decrease in gelation pH. The same was observed for an
acid gel formed by mixing soy and cow’s milk at 4.5% total protein [76]. Soy gelation pH
is around 6.0, while milk did not form gels by acidification in pH higher than 5.6. Thus,
a gel network formed by the mixture of soy and milk in pH above 5.6 will be composed
only of soy protein. In addition, the presence of milk proteins interfered in the soy network
formation. If a rennet treatment is applied, the milk gelation pH rises to around 6.1; in this
way, the formed gel network counts either with soy protein or milk protein contributions.
The gelation of both proteins occurring at the same time increased G′ and formed a more
homogeneous network compared to cow’s milk not treated with chymosin. However, the
gels formed with only cow’s milk or soy milk presented higher G′ compared to the mixed
systems. It indicates that there is no co-aggregation of the proteins and a network formation
interferes in the other [76].

The presence of plant proteins in dairy products requires the evaluation of the changes
during the production process and the interferences caused by the presence of lactic acid
bacteria (LABs). Yousseef et al., (2016) [77], developed pea-milk yogurts with several
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LABs. In those systems, altering the pea/milk protein ratio from 0:100 to 40:60 at 4.5% total
protein led to faster gel formation and increased the product acidity. The same occurred
with the addition of lentil flour [37]. This phenomenon was explained by the lower buffer
capacity in the systems with less casein content. Another effect after increasing pea protein
amount was the increase in gels syneresis, which was related to the differences in gel
network formation. The presence of pea protein decreased the firmness of the mixed gels
compared to milk gels. It was suggested that the pea proteins prevented the formation
of most homogeneous casein networks, thus weakening the resulting gel. This behavior
highlights the possibility to develop gelled products of similar firmness with higher protein
content using vegetable proteins.

The supplementation of milk with milk protein powder to increase the solid content,
aiming at the development of a more elastic gel, is usual in the dairy industry. The
substitution of milk protein powder for lentil flour as a source of solids was evaluated by
Zare et al., (2011) [78]. The syneresis of yogurts supplemented with 3% lentil flower was
similar to the samples with 3% milk powder. However, the syneresis increased when a
lower quantity of lentil flour was added (1 and 2%). The increase in protein content in the
samples, with the addition of more solids, lead to more water retention in the gel matrix
compared to control samples. After 28 days of storage, the samples containing lentil flour
presented G′ comparable to the samples supplemented with milk proteins, showing the
potential of replacement of milk proteins for plant proteins.

The formulation of an acid-induced gel system does not exclude the application of
a pre-treatment before gelling. Indeed, thermal treatment of milk is generally applied
before fermentation in yogurt production to increase the stiffness of the final product. Pre-
treatments, such as heat, are useful in modifying the proteins and the types of interactions
between them, changing the building blocks of the acid gel. These building blocks are
the foundation of the gel and their size and organization can be modulated by modifying
the processing parameters such as pH, protein ratio, and the order of heat treatment,
i.e., heating proteins separated with posterior mixing or mix the proteins with posterior
heating [68]. The effect of the pre-heat treatment in the gel composed of sodium caseinate
(CasNa), an important milk ingredient used in the dairy industry with several applications,
and soy proteins were studied by Martin et al., (2016) [79]. The pH of the suspension
during heat impacted the acid gel structure. In general, the heat treatment in lower pHs
lead to more fragile and coarse gels. Additionally, the addition of soy protein without any
heat treatment resulted in a gel with a coarser microstructure. Concerning the processing
order, the heat treatment of only soy protein with posterior mixing with CasNa lowered
the mechanical properties of the gel in comparison with CasNa alone. However, mixing
the proteins before heat treatment increased the gel’s mechanical properties to a value
close to CasNa alone. Similar results were observed by Chihi et al., (2018) [63], studying
mixed β-lactoglobulin: pea protein gels. The authors showed that when the proteins were
heated separately and then mixed, the gels show a more open and disordered structure
with lower WHC compared to the sample in which the proteins were heated together
before acidification. However, in a study of casein-pea gels, Mession et al., (2017) [68],
observed that heating the proteins separately with their post-treatment mixture produced
more elastic gels, explaining that the type of pea protein fraction utilized represents a
critical factor for the final gel stiffness.

Thus, since each plant protein seems to have different acid gelation properties in-
fluenced by the presence of several fractions, by the specific isoelectric point, and by the
characteristic structure and functional groups of the molecule, a general rule for all mixed
milk-plant protein systems cannot be established. In other words, the nature of the proteins
involved changes completely the characteristics of the acid gel. Even though in fermented
products, plant proteins addition fastened the gelation and increased the acidity, when pea,
soy and lentils proteins were added into acid dairy gels, their presence sterically inhibited
the formation of a strong network, resulting in an increased syneresis and decreased gel
firmness. However, the employment of heat treatment before acidification has shown
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relatively positive effects on gelling properties, opening the possibility of the application
of a preliminary treatment to enhance proteins functionality. In this context, up to date,
there is a lack of comprehensive information on the effects of different protein modification
approaches to improve acid composite milk: plant protein gel, which needs to be carefully
addressed for future perspectives in the food industry.

4.2.3. Gelation Induced by Other Methods

Other physical methods employed to modify protein conformation, and thus structur-
ing food, is the use of enzymatic reactions and/or ultrasounds. While enzymatic gelation
has been known for many years in the dairy industry, i.e., the use of rennet in cheese-making
processes, the utilization of ultrasound treatment is increasing in the food industry as a way
to develop products with new features. Opposing the results reported by McCann et al.,
(2018) [73], who used heat treatment, Cui et al., (2020) [80], developed a whey-soy-based gel
with higher hardness compared to the gels produced from the sole protein sources. How-
ever, the authors used a combination of ultrasound treatment and transglutaminase enzyme
(Tgase). While ultrasounds treatment is known to promote the exposure of hidden amino
acid residues, Tgase can promote a cross-link reaction between them. The higher hardness
was recorded when the system was sonicated for 45 min. The ultrasound treatment also
influenced the water holding capacity (WHC) of all different systems, with or without
protein combination, and, in particular, the maximum WHC was recorded at 30 min of
ultrasound treatment, without differences between the mixed and separated systems. In
this specific enzymatic gelation, the caseins are the main product responsible for gel forma-
tion since they are more susceptible to Tgase action. However, the mixed gels had a lower
store modulus (G′) compared to pure milk gels, perhaps because the presence of a different
protein fraction inhibited the action of the enzyme [80]. A similar study was reported by
Ma et al., (2022) [81], where a combined treatment of ultrasounds and enzymatic hydrolysis
was applied to develop soy protein isolate (SPI) gels cross-linked by transglutaminase.
In this case, papain-mediated hydrolysis was also added as a pre-treatment, in order to
obtain a pool of different and modified proteins and peptides, which, associated with the
ultrasounds, facilitated the cross-linking action of transglutaminase. The treated SPI gel
showed a more uniform and dense structure, with significantly improved gel strength and
water-holding capacity when compared to the untreated SPI gel. The results obtained by
these studies highlighted the possible synergistic effects of these treatments, which could
thus represent an effective way of improving gelling properties also of combined protein
systems in which dairy and plant proteins coexist.

Another effective method to improve the gelation process is to combine the proteins
with biopolymers with gelling capacity. In particular, protein amyloid fibrils have recently
gained popularity for their ability to reinforce hydrogels thanks to their specific structure
and availability of functional groups [82]. Protein amyloid fibrils can be obtained from
a wide range of food proteins, including dairy and plant proteins, by hydrolysis and un-
folding mediated by thermal treatments in acidic environments [83]. For example, Khalesi
et al., (2021) [84] designed a gel composed of whey protein isolate and their amyloid fibrils
and discovered that it was a brilliant strategy to improve the gelling properties of proteins.
Indeed, the newly composed gel showed an enhanced elastic modulus by approximately
11 times compared to the control gel. This method has proven to be useful also for plant
proteins where Wu et al., (2022) [85], created amyloid from pea proteins to form an en-
hanced gel for lutein encapsulation with better stability against environmental stresses.
Additionally, the study conducted by Ge et al., (2022) [86], used amyloid fibrils from panda
bean to reinforce the gel structure of pea protein isolate gel. Even though the water holding
capacity and secondary structure were not modified, the gel strength was significantly
enhanced and intermolecular interactions such as hydrogen bonds and hydrophobic in-
teractions increased with increased fibrils concentration. Thus, this approach could also
be used in mixed dairy and plant proteins gel to modify their textural and rheological
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properties, opening the area for innovative research that could finally be employed by the
food industry.

As a conclusion, Table 4 summarizes all of the features and characteristics that have
been studied so far about mixed milk-plant gels. From all of these insights, it can be stated
that knowing the characteristic techno-functional properties of all the protein fractions
involved in a mixed system and how they behave in different environmental conditions
(pH; temperature; ionic strength) may allow the development of innovative gel products
such as yogurt, cheese analogues, and beverages characterized by appropriate textural and
sensorial properties.

Table 4. Summary of mixed dairy-plant gel.

Mixed Heat-Induced Gel Functionalities Reference

Caseins/Pea/soy No interaction in the gel formation and presence of
distinct phases Silva et. al., 2018 [66]

Whey/Pea
Increased gelation temperature; modulation of gel
structure and rheological properties; increased gel

stiffness; increased gel homogeneity at isoelectric pH
Wong et. al., 2013 [64]

Whey/Soy Formation of aggregates with disulfide bonds; reduced
gel strength Corredig et. al., 2015 [87]

Mixed Acid-induced gel

Whey/Pea Decreased gelation pH; decreased gel stiffness;
no interactions Chihi et. al., 2018 [63]

Milk/Pea Faster gelation; increased acidity; increased syneresis;
decreased gel firmness Yousseef et. al., 2016 [77]

Milk/Lentil Similar syneresis and rheological behavior to milk control Zare et. al., 2011 [78]

Enzymatic gel

Whey/Soy Increased gel hardness; optimal water holding capacity;
decreased rheological properties Cui et. al., 2020 [80]

4.3. Mixed Milk: Plant Proteins Emulsions

Emulsions are colloidal systems formed by two immiscible liquids, where one liquid
is scattered in small droplets, the dispersed phase, into the other liquid, the continuous
phase. Naturally, these systems are unstable, and require molecules able to adsorb in the
interphases to decrease the interfacial tension and increase their stability [88]. In foods,
emulsion systems are usually represented by water dispersed in oil (w/o emulsion) or
oil dispersed in water (o/w emulsion). Margarine and butters are practical examples of
the former, while mayonnaise and creams of the latter [48]. Milk by itself is an emulsion,
where the lipids are finely dispersed in the continuous water phase, and stabilized by
phospholipids, CMs, and whey proteins [89].

The combination of sodium caseinate and soy proteins with 5% oil fraction at 2%
protein concentration in a 1:1 ratio was performed by Ji et al., (2015) [90]. The emulsions
showed an average droplet size of 250 nm and a zeta potential of −45 mV at pH of
6.8. This high zeta potential value associated with the small droplet’s sizes conferred
remarkable stability to the emulsion. The long-term stability of the emulsions stabilized
by mixed proteins was higher than that of single proteins. After two weeks at room
temperature, the droplet’s sizes grow from 250 nm to more than 1100 nm for the single
protein emulsion, while it did not change for mixed system. Similar results were found by
Hinderink et al., (2019) [17], where emulsions stabilized by combination of pea/WPI and
pea/CasNa presented better stability after 14 days storage compared to emulsions where
only one kind of protein was present, showing the synergic effect of the protein blends
in the emulsion stability. The mixed emulsions layer was denser than the single proteins,
and it may be a reason for better emulsion stabilization, where the systems were mainly
stabilized by steric repulsion [90]. In the mixed systems, both proteins are absorbed at the
interfacial layer with low concentration of proteins in the aqueous phase. However, during

195



Foods 2023, 12, 2385

the storage time, a displacement of interfacial proteins can occur, as observed by Hinderink
et al., (2019) [17], where whey proteins could substitute pea proteins in the interface, as
well as pea protein displaced CasNa but without stability loss.

Liang et al., (2016) [91], studied emulsions formed by mixing CMs, pea, soy, and whey
protein with a protein total concentration of 10% w/w, which is high if compared to the
concentration of emulsifiers generally used. CMs mixed with plant proteins showed lower
droplet size compared to a combination of CM-whey. As a general consideration, the higher
the amount of whey, the higher the droplet size. Concerning heat stability, the systems
containing soy protein presented better results in comparison to the systems formed by
pea and whey.

Le Roux et al., (2020) [92], tried to produce infant formulas with a partial substitution
of dairy proteins by pea and faba proteins and compared their functional properties with
a traditional reference made entirely by dairy proteins. They found that the plant-based
products showed, in general, very similar physicochemical and functional properties to the
fully dairy infant formula reference. In particular, when the powders were mixed with an oil
component to produce an emulsion, all of the samples presented similar emulsion stability
with equivalent free fat release, independently from the protein source. However, it was
also seen that pea and faba proteins were difficult to disperse and created larger aggregates
with higher particle sizes when the powders were reconstituted. Further analyses are
therefore necessary to elucidate the protein functions in such emulsion system, as well as
to find a solution for particle size reduction.

The emulsions can also work as a delivery system for sensible hydrophobic bioactive
molecules, which can be applied in the fortification of foods. The mixed system CasNa/ Soy
proteins showed better protection properties compared to single protein systems, showing
retention of vitamin A around 93% after three months of storage [90]. This protection
over Vitamin A is due mainly to two factors: i. Proteins light deviation which diminishes
Vitamin A light exposure and ii. ability of protein to bind metals in the aqueous phase. Milk:
plant protein blends were also used as emulsifiers in lycopene emulsions [93]. The blends
containing whey-soy and whey-pea presented better emulsion stability than the proteins
alone. However, an antagonistic effect was observed in the blends of CasNa and the plant
fractions, which cause emulsion destabilization after 7 days of production, probably caused
by competitive absorption at the oil-drop surface between CasNa and pea [93].

The process that milk undergoes to develop milk products changes the protein struc-
ture and interaction. The understanding of the different processes employed in the dairy
and beverage industries for mixed systems is relevant to give a more concrete idea of
their potential uses. In addition to temperature, homogenization plays an important role
during milk and plant beverage processing. The impact of the homogenization order, i.e.,
homogenize cow’s milk with cream followed by soy milk addition, or homogenize soy milk
with cream followed by cow’s milk addition or homogenize both kinds of milk together
was studied by Grygorczyk et al., (2014) [87]. The homogenization order modulates which
protein will be predominant in the fat globule interfaces. When soy milk is homogenized
with milk cream in absence of cows’ milk, soy proteins are the major constituents in the
fat globule interface. The same occurs when milk is homogenized in absence of soy milk.
However, when both milks and cream are homogenized together, the fat globule interface
is composed mainly of milk proteins. The homogenization process did not have an impact
on the fat droplet’s sizes.

Based on the results of all of the studies here considered, which key aspects are
summarized in Table 5, it can be definitely said that mixed systems of milk and plant
proteins may represent a very useful tool to improve stability and techno-functionalities of
many food emulsions such as beverages, salad dressings, desserts, and cheese analogues.
Their synergic effect at the oil droplet interface indeed forms a dense protein layer and
maintain a steady droplet size for long periods of time; a feature that allows the inhibition
of creaming and sedimentation which cause emulsion breakdown and instability. Moreover,
dairy and plant protein mix also manifested interesting results as bioactive compounds
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carrier. Their employment in emulsion food formulations therefore could not only reduce
the use of additives and emulsifiers but could also be used to improve the transport of
several bioactive compounds, producing foods characterized by high protein content and
healthy claims. However, sensorial properties of the composed foods need to be evaluated
in order to also promote consumer acceptance.

Table 5. Summary of mixed dairy: plant emulsions.

Mixed Emulsions Functionalities Reference

Caseins/Soy Improved stability; small droplet sizes Ji et. al., 2015 [90]

Milk/Pea High stability; small droplet sizes;
dense interfacial layer

Hinderink et. al., 2019
[17]

Milk/Pea/soy Reduced droplet sizes and improved
heat-stability Liang et. al., 2016 [91]

Milk/Faba Overall optimal stability; decreased
solubility; larger particle sizes Le Roux et. al., 2020 [92]

Caseins/Soy Enhanced encapsulation ability for
vitamin a and lycopene Ho et. al., 2018 [93]

4.4. Mixed Milk: Plant Proteins Foams

Foams are described as mixed systems in which gas bubbles are uniformly dispersed
in a continuous liquid or solid phase. In food products such as cake, meringue, bread,
and whipped toppings, they are essential parts contributing to properties such as texture
and palatability [94]. Foams are thermodynamically unstable since gravitational forces
and colloidal activities can be responsible for bubble coalescence and disproportionation,
destabilizing the overall system. To prevent their collapse, surface-active substances
are needed to reduce the surface tension around each air bubble and inhibit their burst,
enhancing foam stability. Thanks to their amphipathic properties, proteins can be adsorbed
at the interface of the phases and form a viscoelastic film which physically entraps air
bubbles. Because of their high efficiency in these stabilization mechanisms, proteins from
both animal and plant sources are being employed in many food-grade foams [95,96]. Alves
et al., (2022) [97], evaluated the structural and foaming properties of mixing whey (WPI)
and soy protein (SPI) isolates in different ratios before and after heat treatment. They found
out that foam capacity (FC) values were similar for all of the samples despite their ratio
and the submitted heat treatment. However, the blends of the two proteins negatively
affected the foam stability (FS) even at moderate blends, with further antagonistic effect
after heat treatment. They hypothesized that, even in small amounts, the more hydrated SP
aggregates sterically prevented the formation of a strong and compact viscoelastic protein
film at the air-water interface. Moreover, the high temperature contributed to the formation
of insoluble aggregates, mainly stabilized by hydrophobic interactions, of both WPI and
SP which further reduced the flexibility of the interfacial film. Both of these phenomena
contributed to the reduction in FS values for the mixed proteins samples. Similar results
were obtained by the study of Krentz et al., (2022) [98], where the authors evaluated the
foaming properties of a mixture of casein micelles (CMs) and pea protein isolate (PPI). The
blends were compared to skim milk and pea protein isolate slurries which, respectively,
exhibited the highest and the lowest values for both FC and FS. The incorporation of CMs
in the blends enhanced the foaming properties of PPI control, while PPI presence did
not improve values of CMs control. It is then reasonable to say that in this study, pea
protein aggregates behaved similarly to the soy protein aggregates, sterically preventing
the formation of a strong viscoelastic film at the bubble interfaces and destabilizing the
overall system.

Therefore, it can be concluded that, even though producers may be able to find a
useful ratio of dairy and plant proteins to obtain a required functionality, their mix does not
manifest a synergic effect in stabilizing a foam system; a property which is instead given
by the sole characteristics of the proteins employed.
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However, proteins techno-functionality can be modified using different and non-
conventional physicochemical treatments in order to stimulate protein-protein interaction
and improve the overall stability of the system. Up to date, there are not many studies
regarding the possibility of treatment applications on dairy and plant proteins in mixed
system to increase their colloidal properties. More knowledge of these systems and their
possible manipulation is therefore required in the next years.

5. Possible Approaches to Improve Dairy-Plant Proteins Interaction and
Techno-Functionalities

To try to overcome dairy and plant proteins limits in forming and stabilizing any dif-
ferent colloidal system, lately new approaches have been explored. For example, the design
of innovative food products based on the combination of milk and plant proteins have also
been attempted exploiting microorganisms. While microbial fermentation is well known
to modify milk protein behavior, it has also been employed to reduce many off-flavors
linked to beans presence as well to improve plant proteins techno-functional properties on
different plant-based food systems [99,100]. Canon et al., (2022) [101], manufactured plant-
based yogurt alternatives by emulsifying milk and lupin protein and fermenting it with a
coculture of several species of lactic acid bacteria. The addition of the fermentation process
presented encouraging results; indeed, some cocultures developed a more firm and viscous
structure with a higher water holding capacity, in particular, when the milk/lupin protein
ratio was 67:33. Moreover, these yogurt alternatives were sensorially discriminated on the
sole protein ratio and fat type, not from the different starters employed. These findings
could thus lead to a wide variety of formulations with several interesting features that could
also promote the consumption of such innovative plant-based products. Additionally, the
fermentation with different starting cultures could represent a strategic tool to manufacture
newly mixed foods with the desired techno-functional and sensorial properties.

Other alternative technologies have also been studied recently to modify dairy and
plant protein behavior. Pulsed electric field (PEF), for example, are being used for their
ability to change the protein structure and, consequently, their physicochemical proper-
ties [102,103]. Indeed, PEF treatments can improve protein interactions by promoting
the unfolding of the molecules and the polarization of the amino acids by exposing hy-
drophobic regions as well as sulfhydryl groups and, thus, enhancing protein aggregation.
Several studies applied PEF treatments on dairy, and plant proteins and the main effects
are summarized in Table 6.

Table 6. Adapted with permission from Taha et al., (2022) [102].

Protein Effects on Functionality References

Whey Protein Isolate
(WPI)

Improved gelling properties of WPI
when treated with an intensity lower
than 45 kV/cm. However, weaker gel

strengths compared to heat-treated gels.

Jin et al., 2013; Rodrigues
et al., 2015 [104,105]

Caseins and WPI Increased rate of unfolding proteins
and their surface hydrophobicity

Sharma et al., 2016; Subasi
et al., 2021 [106,107]

Soy protein isolate (SPI) Decreased solubility and surface
hydrophobicity Li et al., 2007 [108]

Canola protein Improved solubility, foaming and
emulsifying properties Zhang et al., 2017 [109]

Sunflower protein Reduced interfacial tension at
protein/water interface Subasi et al., 2021 [107]

Pea protein isolate (PPI) Increased surface hydrophobicity and
gelling properties Chen et al., 2022 [110]

The effectiveness of PEF technology to improve protein functionality highly depends
on the specific conditions used (intensity, time, and temperature of the treatment), which
could thus be tailored for each type of protein to obtain the desired features in every

198



Foods 2023, 12, 2385

colloidal system. However, up to date, PEF has not yet been applied in a system where dairy
and plant proteins coexist. Thus, more studies are needed to elucidate if this technology
could promote their interaction and affinity.

High pressure processing (HPP) is a nonthermal processing technology used in the
food industry to extend food products shelf-life [111], but it has been also employed to
modify structure and functionality of food proteins in colloidal systems. While HPP for
animal and dairy proteins have been largely studied, little knowledge exists nowadays on
the effects of this processing method on alternative proteins. Queirós et al., (2018) [112],
reviewed the recent applications on a large variety of plant proteins and concluded that
HPP can tailor their functionalities by inducing unfolding paths and better exposition
of functional groups promoting their aggregation, solubility, emulsifying, gelling, and
foaming properties. Sim et al., (2020) [113], applied HPP treatment to develop plant protein
(mung bean, chickpea, pea, lentil, and faba bean) gels and emulsions and compared the
results to commercial dairy yogurts. The study revealed that HPP developed viscoelastic
gels and emulsions with comparable gel strength and viscosities to the controls, proposing
a new methodology to develop plant-based yogurt alternatives. However, how HPP affects
techo-functionalities of the proteins highly depends on a complex series of relationships
between the intrinsic characteristics and type of protein, the environmental conditions, and
the high-pressure parameters. Thus, in this context, when a system is composed of two
or more different biopolymers, such as dairy and plant proteins, the HPP conditions to
improve properties of both are most likely to be incompatible, thus, if this technology is to
be used to combine dairy and plant proteins in a mixture, perhaps it would be wise to treat
them separately, tailoring specific characteristics and then proceed with their mixture.

Nowadays, many other innovative processes are being investigated to try to improve
plant-based proteins’ physicochemical properties, such as partial hydrolysis, ohmic heating
and freeze-thaw cycle, which are capable of modifying proteins’ structure and intermolecu-
lar forces [114–116]. However, currently, little is known about these modifications when
milk and plant proteins are both present in the same medium. It will therefore be a task
and trend for the future food industry research to investigate how these processes can
affect a single or both proteins and if it could be useful to improve their interactions for the
development of innovations in the food industry.

6. Sensory Attributes of Mixed Systems

An important feature of any food is its sensorial attributes; required consumer intent,
desirable texture, taste, flavor, among others. However, studies regarding the sensory
evaluation of mixed proteins systems are still scarce. Zare et al., (2011) [78], compared
the smoothness, graininess, flavor, color, and overall acceptance of two supplemented
yogurts. The replacement of skim milk powder with lentil flour was evaluated sensorially.
The yogurt supplemented with 1.2 and 3% of lentil flour showed no significant difference
in smoothness, graininess, flavor, and overall acceptance when compared to yogurts
supplemented with 1.2 and 3% of skim milk powder. However, in the color parameter,
yogurts added with 2 and 3% of lentil flour were different from 2 and 3% skim milk yogurt.
Thus, the impact of the addition of vegetable protein was not perceived by the consumers in
the concentration studied, indicating that lentil flour can be used to fortify yogurts without
sensorial loss. The concentration of plant protein added in dairy products must be high
enough to cause desirable changes in the functional properties and, at the same time, cause
minimum interference in the sensorial attributes.

The sensorial impact caused by increasing concentration of pea protein in yogurts
produced using several starter cultures was evaluated by Yousseef et al., (2016) [77]. As
pea concentration increases, the intensity of the terms pea, earth, smoked, and vinegar
increased, which are considered negative sensory characteristics, while the positive terms
dairy and creamy decreased in intensity. Among the pea concentrations studied, yogurts
containing 20 to 40% of pea protein were characterized as products with undesirable fea-
tures, while 10% pea protein concentration was considered the closest to the control yogurt
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sample. In addition, the fermentation process also showed the potentiality of decreasing the
undesirable beany flavor of mixed milk-pea gels [117]. However, the type of metabolites,
as well as the microorganism growth, depend on the composition of the gel matrix [118].
Canon et al., (2022) [101], also manufactured mixed dairy and plant protein yogurt alterna-
tives, mixing, in particular, skim milk powder or whey proteins with lupin protein isolate
and milk fat or coconut oil. They evaluated not only the protein type proportion but also
the fermentation with several lactic acid bacteria strains. The sensorial results obtained
showed that yogurt alternatives were discriminated only on the basis of protein ratios and
fat components but not of starters. In particular, the milk/lupin ratio of 67:33 was more
accepted than the 50:50 ratio; however, the employment of cocultures of lactic acid bacteria
produced different aroma compounds, which increased 50:50 acceptance. Thus, the sensory
changes promoted by the addition of plant proteins cannot be underestimated, and studies
regarding the maximum quantity of protein addition are highly required.

Lastly, Grygorczyk et al., (2013) [76], using napping methodology investigated the
effect of the order of homogenization in the texture of systems formed by soy milk and
cow’s milk. The homogenization of milk with cream in the presence or absence of soymilk
leads to yogurts with high thickness, roughness, and mouthcoating. When the cream was
homogenized in soymilk with posterior addition of skim milk, the formed gel exhibits
thinner and watery features. The perception of fatty attributes was also influenced by the
homogenization order, since the fat content of all samples was the same. The samples,
where the aggregation of milk proteins started first, had more fatty-related attributes, while
the opposite happened when the aggregation of the protein occurred at the same time,
showing that, how the fat globules are disposed in the matrix, can influence the perception
of fats in the product.

7. Conclusions and Perspectives

The studies address evidence of concept, indicating that combination of plant and
milk proteins can be used to module colloidal systems with direct application in the food
industry. Some studies pointed out that the addition of plant protein can solve some
technological problems such as the production of high-protein dairy beverages which tend
to form a gel in the packaging. Moreover, the presence of dairy proteins can increase the
solubility of some plant proteins in mixed protein dispersions. However, plant protein
solubility remains the greatest challenge to overcome in the designing and manufacturing
of such products. The low solubility can in fact lead to complex intermolecular interactions
between the proteins and the solvent, causing higher molecular aggregates and precipitates.

On the other hand, this complex behavior could be useful for the development of a
gel system. Even though there is no general rule for the manufacturing of mixed dairy
and plant proteins gels, knowing the specific techno-functional properties of all the protein
fractions involved and how they are influenced by environmental conditions such as
pH and temperature, may allow the development of innovative gel products such as
yogurt, cheese analogues, and beverages characterized by appropriate textural and sensorial
properties. Moreover, different pre-treatments could be applied to the proteins such as
ultrasounds and enzymatic reactions that can improve their intermolecular interactions
and impact the overall structure of the final gel.

Regarding the emulsion colloidal system, mixed systems of dairy and plant proteins
manifested a better synergy for stabilizing the system. Indeed, the presence of both types
of protein at the interfaces of the emulsions (o/w or w/o) stabilized the droplets for long
periods of time and created a denser interfacial layer, inhibiting at the same time creaming
and sedimentation. The results here presented could be of paramount importance for
the design of enhanced emulsion food products such as salad dressings, sauces, and
cheese analogues.

Finally, foam systems with the presence of both proteins were taken into consideration,
reaching the conclusion that their mixture does not manifest a synergic effect in stabilizing
a foam system. Nonetheless, both proteins were able to create a viscoelastic film around
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each air bubble, they did not interact with themself, and the stabilization mechanisms were
only given via the characteristics of the single proteins employed, where dairy sources
presented higher foaming properties than plant ones.

However, to try to enhance these colloidal systems and thus promote their application
in the food industry, emergent and innovative approaches are being evaluated to modify
the techno-functional properties of both dairy and plant proteins. For example, precise
fermentation, pulsed electric field, and high hydrostatic pressure are able to modify protein
structures and physicochemical properties and can therefore be employed in these binary
systems to obtain the desired characteristics and promote their application in the food
system. Moreover, the sensorial profile of such foods needs always to be taken into account
since it can also be responsible for consumer rejection. In this context, a balanced proportion
of milk and plant proteins needs to be achieved depending on the desired characteristics of
the final product.

Thus, new studies are needed in the near future to evaluate the applicability of pre-
treatments to promote dairy and plant proteins’ coexistence, to improve their functional
and sensorial properties, and, consequently, to open a new market category of innovative
food products.
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Abstract: Goat milk has been consumed by humans since ancient times and is highly nutritious. Its
quality is mainly determined by its casein content. Milk protein synthesis is controlled by a complex
network with many signal pathways. Therefore, the aim of our study is to clearly depict the signal
pathways involved in milk protein synthesis in goat mammary epithelial cells (GMECs) using state-of-
the-art microproteomic techniques and to identify the key genes involved in the signal pathway. The
microproteomic analysis identified more than 2253 proteins, with 323 pathways annotated from the
identified proteins. Knockdown of IRS1 expression significantly influenced goat casein composition
(α, β, and κ); therefore, this study also examined the insulin receptor substrate 1 (IRS1) gene more
closely. A total of 12 differential expression proteins (DEPs) were characterized as upregulated or
downregulated in the IRS1-silenced sample compared to the negative control. The enrichment and
signal pathways of these DEPs in GMECs were identified using GO annotation and KEGG, as well
as KOG analysis. Our findings expand our understanding of the functional genes involved in milk
protein synthesis in goats, paving the way for new approaches for modifying casein content for the
dairy goat industry and milk product development.

Keywords: goat milk protein synthesis network; microproteomic analysis; IRS1 gene; milk protein
content evaluation

1. Introduction

Goat milk has greater digestibility and alkalinity, as well as a higher buffering capacity,
than cow’s milk. Therefore, it is highly praised for its unique nutritional and functional
properties. It also has better emulsifying and foaming properties and is favored by manu-
facturers in developing new food products. Goat milk proteins also contain higher levels of
certain amino acids, such as tryptophan and cysteine, compared to cow milk proteins and
are believed to possess immunomodulatory, allergy management, anti-inflammatory, and
antioxidant effects, as well as antimicrobial and anticancer properties [1,2]. Furthermore,
people who are allergic to cow milk may feel comfortable with goat milk because of its
lower lactose content and the different forms of proteins found therein [3–6].

Initial information on milk secretion was obtained from goats’ milk, and this has
provided an insight into the processes occurring in mammary glands and cows’ udders.
Milk protein is secreted by mammary epithelial cells (MECs), in which milk quality is
strongly influenced by casein production [7]. Milk protein, consisting of approximately
80% casein and 20% whey, plays an important role in the production of cheese and other
dairy products. Promoting milk production is a priority for food science in general, and
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the dairy goat sector is particularly in need of a way to increase casein content to ensure
its development.

Due to the high kinase activity of insulin receptors, the mammary gland remains
highly sensitive to insulin throughout pregnancy and the lactation period [8]. Milk protein
synthesis requires the activity of insulin, amino acids, and amino acid transporters, as well
as the mammalian target of rapamycin (mTOR) pathway [9–11].

To better understand the pathways of milk protein synthesis, proteomic techniques
have been used to investigate the functional proteins in animal tissues [12–14]. Although
standard (macro)proteomic application is suitable for large samples with protein losses
measured in micrograms or milligrams, it is not sensitive enough for small numbers of cell
samples. Moreover, sample preparation consists of several steps that can lead to protein
loss, thus reducing the levels of low-abundance proteins and preventing their accurate
identification. Fortunately, microproteomic (μP) approaches have been developed for the
analysis of samples with attomolar protein concentrations, where even proteins present in
sub-microgram levels can be analyzed while retrieving useful proteome data [15,16].

To date, no μP pipeline analyses have been performed on milk protein synthesis
pathways in goat mammary epithelial cells (GMECs). Therefore, the present study examines
the pathways of milk protein synthesis in GMECs using μP pipelines with the aid of state-
of-the-art mass spectrometers and Orbitrap instruments. The results will shed greater light
on the key genes taking part in milk protein synthesis networks and provide a novel insight
into milk protein synthesis mechanisms in GMECs.

2. Materials and Methods

2.1. Cell Culture

The purified primary GMECs were donated by Prof. Jernej Ogorevc from the Uni-
versity of Ljubljana, Slovenia. Mammary tissue was obtained from slaughtered lactating
Saanen goats (Capra hircus), which were approximately three years old at the peak of lacta-
tion [17]. The purified fourth-passage cells were selected with the basal medium, including
90% DMEM/F12 (11320033, Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 10%
fetal bovine serum (E5050, EURX, Gdańsk, Poland), 1% penicillin–streptomycin supple-
mented with 1 μg/mL of hydrocortisone (H6909, BioXtra, Sigma-Aldrich, Darmstadt, Ger-
many), 10 ng/mL of epidermal growth factor (PHG0311, Gibco, Thermo Fisher Scientific,
Waltham, MA, USA), 5 μg/mL of insulin solution from bovine pancreas (I0516, BioReagent,
Sigma-Aldrich, Darmstadt, Germany), and L-glutamine (G7513, BioXtra, Sigma-Aldrich,
Darmstadt, Germany) at a final concentration of 4.5 mM [17].

2.2. Microproteomic Analysis

A high-resolution mass spectrometer (MS) was used to analyze the microsample data.
The microsample data of MS were processed with MaxQuant’s integrated Andromeda
engine and the “match between runs” mode [15]. The analysis was based on peptide peak
intensity, peak area, and LC retention time related to MS1, as well as other information.
The data were subjected to statistical analysis and quality control before the GO, KOG,
pathway, and other functional annotation analyses.

2.2.1. Microsample Protein Extraction and Enzymolysis

Protein extraction and enzymolysis were performed by BGI Genomics Co., Ltd. (Shen-
zhen, China). The cell sample was mixed with 10 μL 50 mM ammonium bicarbonate,
subjected to ultrasonic lysis for 10 min, and incubated with DL-Dithiothreitol (DTT) at a
final concentration of 10 mM in a water bath at 37 ◦C for 30 min. Following this, iodoac-
etamide solution (IAM) was added to a final concentration of 55 mM and left to react for
45 min in the dark. Finally, 1 μg trypsin was added for enzymatic hydrolysis at 37 ◦C for
two hours [15].
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2.2.2. Microsample MS Analysis

Protein separation was performed using a Thermo UltiMate 3000 UHPLC through a
trap column and a self-packed C18 column at a flow rate of 500 nL/min. Peptide separation
for DDA (data-dependent acquisition) mode was performed using a combined nanoESI
source and Orbitrap Fusion™ Lumos™ Tribrid™ (Thermo Fisher Scientific, San Jose, CA,
USA). The identification data were selected at PSM-level FDR ≤ 1%, and the significant
identification was collected at protein-level FDR ≤ 1% [15].

2.3. Differential Quantification Analysis

The proteins identified in each sample were quantified using MaxQuant to determine
their levels in each sample [18]. The data were subjected to Welch’s t-test to test the preset
comparison group and calculate the multiple of differences. Significant differences were
indicated by a fold change > 1.5 and p value < 0.05.

2.4. Bioinformatics Analysis

In all samples, proteins were identified using Gene Ontology (GO) functional anno-
tation analysis [19]. The GO analysis was based on three ontologies (cellular component,
biological process, and molecular function); the IDs and the number of proteins of all the
corresponding proteins were listed. The identified proteins were classified into functional
divisions using eukaryotic orthologous group (KOG) annotation according to the KOG
database. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database was
used to help further understand their biological functions.

2.5. RNAi

The siRNA used in this study was synthesized by Merck Life Science (Poznań, Poland)
(Table 1). RNAi was performed by Lipofectamine™ RNAiMAX Transfection Reagent
(13778075, Invitrogen, Thermo Fisher, Waltham, MA, USA) with the Opti-MEM® I Reduced
Serum Medium (31985070, Gibco, Thermo Fisher, Waltham, MA, USA) [20]. MISSION®

siRNA Universal Negative Control #1 (SIC001, Sigma-Aldrich, Darmstadt, Germany) was
used as a negative control at a concentration of 20 μM. The cells were combined with a
transfection mixture at a concentration of 0.15 × 106/mL and then incubated for 48 h at
37 ◦C and 5% CO2. RNA was isolated to determine silencing efficiency.

Table 1. The design of siRNA.

Target Name Sense/Antisense siRNA Design Start on Target Target Sequence

IRS1 s CUACCAUUUCCCACCAGAAdTdT 1595 CTACCATTTCCCACCAGAA

IRS1 a UUCUGGUGGGAAAUGGUAGdTdT 1595 TTCTGGTGGGAAATGGTAG

IRS1 s CACUUUACCUCGGGCCCGAdTdT 2607 CACTTTACCTCGGGCCCGA

IRS1 a UCGGGCCCGAGGUAAAGUGdTdT 2607 TCGGGCCCGAGGTAAAGTG

IRS1 s CAUUGAGGAAUAUACUGAAdTdT 1641 CATTGAGGAATATACTGAA

IRS1 a UUCAGUAUAUUCCUCAAUGdTdT 1641 TTCAGTATATTCCTCAATG

IRS1 s CAAAGAACCUGAUUGGCAUdTdT 527 CAAAGAACCTGATTGGCAT

IRS1 a AUGCCAAUCAGGUUCUUUGdTdT 527 ATGCCAATCAGGTTCTTTG

2.6. RNA Isolation and Reverse Transcription Quantitative PCR (RT-qPCR)

Total RNA was isolated and purified with a NucleoSpin RNA Mini kit for RNA purifi-
cation (Macherey-Nagel GmbH & Co. KG, Düren, Germany). RNA quantity and purity
were determined using a Nanodrop 1000 (Thermo Scientific, Waltham, MA, USA) and a
Bioanalyzer (Agilent 2100, Santa Clara, CA, USA). RNA was reverse transcribed with a
Transcriptor First Strand cDNA synthesis kit (Roche, LifeScience Solutions, Basel, Switzer-
land) with random hexamer primers, according to the manufacturer’s instructions [20]. The
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final concentration of total RNA was approximately 595 ng/μL in all samples for cDNA
synthesis. The relative expression of genes was determined by RT-qPCR. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was adopted as a reference. The primers were copied
from previous studies on goat cells (Table 2).

Table 2. Primers for RT-qPCRs.

Gene Sequence Reference

GAPDH For 5′-CATGTTTGTGATGGGCGTGAACCA-3′, Rev
5′-TAAGTCCCTCCACGATGCCAAAGT-3 [17]

IRS1 IRS1-F GTAGTGGCAAACTCCTGTCTTGT, IRS1-R
GAGTAGTAGGAGAGGACGGGCT [21]

Expression analysis was performed using a LightCycler 480 SYBR Green I Master
(Roche, Basel, Switzerland) using at least three technical replicates for each sample [20].
The amplification reactions contained 2× Master Mix, 10× each PCR primer (0.4 μM), and
water, to a total volume of 20 μL. The following sequence was performed: pre-incubation
at 95 ◦C for 10 min, followed by amplification for 45 cycles at 95 ◦C for 10 s, 60 ◦C for 10 s,
and 72 ◦C for 10 s. The melting curve was 95 ◦C for 5 s and 65 ◦C and 97 ◦C for 1 min. The
2−ΔΔCt method was adopted to calculate relative gene expression.

2.7. Milk Protein Secretion Determination

The protein content was determined by the goat casein alpha (CSN1) ELISA kit, goat
beta-casein (Csn2) ELISA kit, and goat kappa casein (κ-CN) ELISA kit. The absorbance
was measured at OD450 nm with a microplate reader (TECAN F039300, Männedorf,
Switzerland). All calculations were performed using CurveExpert Professional 2.6.5 soft-
ware. All reagents were obtained from the Wuhan Xinqidi Biological technology Co., Ltd.
(Wuhan, China).

2.8. Statistical Analysis

All the experiments were repeated three times with three replicates. All results were an-
alyzed using Duncan’s multiple-range tests (p < 0.05) by SAS 9.0 software (Cary, NC, USA).

3. Results

3.1. Pathway Annotation Analysis of GMEC Proteins

Protein function is associated with its biological behavior, which is related to many
complex signal transduction pathways. The most important biochemical metabolic path-
ways and the signal transduction pathways formed by a protein can be determined by
pathway analysis. Our present findings indicate the presence of more than 2253 pro-
teins and about 337 pathway annotations among the quantified key proteins in GMECs
(Table S1). About 42 of the identified proteins have been recorded in the insulin signaling
pathway, and 44 in the mTOR signaling pathway. Milk protein synthesis is known to
involve many complex factors [22]. The insulin–mTOR signal pathway merited particular
attention because insulin has been reported to directly stimulate mTOR protein activity
through phosphorylation [23].

3.2. Relative Quantitation of IRS1 Expression during Silence

The proteins belonging to the Insulin Receptor Substrate (IRS) family, IRS1, IRS2, IRS3,
and IRS4, play a vital role in insulin signal transduction [24,25]. All four are phosphorylated
on multiple tyrosine residues following insulin receptor kinase activation [26]. Previous
studies found IRS1 to remarkably affect insulin-like growth factor and stimulate growth [27].
IRS1-deficient mice have mild glucose intolerance and insulin resistance [28]. IRS1 has also
been found to be downregulated and to play a key role in cell proliferation and survival in
breast cancer [29,30].
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The present study used four pairs of synthetic siRNAs to silence the IRS1 gene and
then measure the relative expression of mRNA in all samples using RT-qPCR. It was found
that mRNA expression was significantly reduced in all four siRNA samples compared
to the negative control (NC), indicating successful blockage by the four synthetic siR-
NAs (Figure 1). The samples treated with the four siRNAs demonstrated similar mRNA
expression, with no statistically significant difference between them.

Figure 1. RT-qPCR analysis of IRS1 expression in silenced GMECs. Relative gene expression was
determined after transfection with negative control (NC), Lipo (lipofectamine™ RNAiMAX), siRNA1,
siRNA2, siRNA3, and siRNA4 in GMEC for 48 h. The results are shown as mean ± SD, and the
statistically significant analysis was calculated by Duncan’s multiple-range tests. The asterisks
indicate statistically significant differences, p < 0.05.

3.3. Casein Production Detection of GMECs

Goat milk protein consists of approximately 80% casein and 20% whey. The two have
unique properties that can support the conversion of milk into yogurt and cheese. In
turn, goat milk casein consists of four principal proteins: αs1-casein (αs1-CN), αs2-casein
(αs2-CN), β-casein (β-CN), and κ-casein (κ-CN) [1]. Of these, β-casein is the most abundant
in goat milk, and the allergen αs1-casein is the most abundant in cow milk. As shown in
Figure 2, the content of κ-, β-, and α-casein differed significantly between IRS1-silenced
cells and controls: κ- and β-casein contents were higher, while α-casein content was lower.
As the samples treated with the four siRNAs demonstrated similar casein contents, siRNA1
was selected for further study.

Figure 2. Determination of the content of (a) αs-1, (b) β-casein, and (c) κ-casein in GMECs. The
casein content was determined after transfection with negative control (NC), Lipo (lipofectamine™
RNAiMAX), and siRNA1 in GMEC for 48 h. The column represents the mean ± SD; statistically signif-
icant differences were calculated by Duncan’s multiple-range tests; the asterisks indicate statistically
significant differences, p < 0.05.
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3.4. Identification of Differential Expression Proteins (DEPs) by Microproteomic Analysis

The DEPs in the test samples are depicted in volcano plots in Figure 3. Nine DEPs in
the siRNA1 sample were found to be upregulated, and three were downregulated compared
to the NC samples in GMECs (Table S2). The upregulated DEPs were identified as Keratin,
MAP7 domain, Syntaxin, KIAA1217 ortholog, Phosphodiesterase, Heme binding protein,
Rhophilin Rho GTPase binding protein, and Myosin XVIIIA. The downregulated proteins
were Protein arginine N-methyltransferase, Glutaredoxin, and Protein MAK16.

Figure 3. Volcano plot of screened DEPs. The x-axis indicates the protein difference multiple, while
the y-axis is the −log10 (p value). A gray dot indicates a non-significantly altered protein (following
silencing), a red dot indicates an upregulated protein, and a green dot indicates a downregulated protein.

3.5. KOG Analysis of the DEPs in GMECs

KOG analysis was used to classify DEPs in the NC vs. siRNA1 samples into three
divisions: cellular process and signaling, information storage and processing, and poorly
characterized. In Figure 4, it can be seen that most DEPs belong to the cellular process
and signaling division: post-translational modification, protein turnover, and chaperones.
Others were classified as information storage and processing, with the most common
function being transcription. Finally, in the poorly characterized division, general function
prediction only was noted.

Figure 4. DEPs’ KOG annotation. The x-axis represents protein count, and the y-axis represents
KOG terms.
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3.6. GO Analysis of DEPs

The DEPs in GMECs in NC vs. siRNA1 were classified into the cellular composi-
tion, biological processes, and molecular function groups according to GO annotation
(Table S3). The GO function up and down chart of the DEPs is given in Figure 5. In the
biological process division, the most upregulated proteins belong to biological regulation,
cellular process, and regulation of biological processes, while the major downregulated
proteins belong to cellular process and metabolic process. In the cellular component division,
both the most upregulated and downregulated proteins belonged to the cell, cell part,
and organelle groups. Finally, in molecular function, the most upregulated components
belonged to binding, while the most downregulated proteins belonged to binding and
catalytic activity.

Figure 5. DEP GO function classification up and down chart. The x-axis is GO annotation, and the
y-axis is DEP number.

A GO term relationship network was established to describe DEP enrichment (Figure 6).
In the diagram, a node indicates a GO term. Green indicates cellular components, red
biological processes, and blue molecular functions. Biological processes included two posi-
tive regulations (cellular process and response to stimulus) and nine negative regulations
(RNA metabolic process, cellular metabolic process, macromolecule metabolic process,
and nucleobase-containing compound metabolic process). No GO term regulation was
observed in the cellular component or molecular function divisions.
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Figure 6. GO term relationship network diagram. A node is a GO term. The colors indicate
different functional categories. Red indicates biological processes, green cellular components, and
blue molecular functions. Dark colors indicate significantly enriched GO terms, light colors indicate
insignificant GO terms, and grays indicate no enriched GO terms. A solid arrow indicates an inclusion
relationship between GO terms, while a dotted arrow indicates a regulation relationship. A red
dotted line suggests positive regulation, and a green dotted line negative regulation.

3.7. KEGG Pathway Analysis of DEPs

The KEGG pathway analyses classified the DEPs into cellular process, genetic informa-
tion processing, and metabolism divisions (Figure 7). The main pathways involved were
folding, sorting and degradation, translation, global and overview maps, and metabolism
of cofactors and vitamins.

3.8. Subcellular Localization Prediction of DEPs

Subcellular localization prediction refers to the computational task of determining the
specific location of a protein within a cell. Proteins perform their functions within specific
compartments or organelles within the cell. Understanding the subcellular localization of
molecules and organelles is essential for studying cellular processes, signaling pathways,
and the mechanisms underlying health and disease. Subcellular localization prediction can

213



Foods 2024, 13, 619

be crucial for understanding the functions of DEPs within cells, as it can provide insights
into their functions and roles within cellular processes. The DEPs were classified into six
divisions: plasma membrane (plas), cytosol (cyto), mitochondrion (mito), nucleus (nucl),
cytosol and nucleus (cyto_nucl), and endoplasmic reticulum (E.R.) (Table S4). The main
subcellular locations of DEPs were cyto, nucl, and mito (Figure 8).

 

Figure 7. DEP pathway classification by KEGG enrichment. The x-axis represents protein number,
and the y-axis represents KEGG pathway enrichment.

 

Figure 8. Subcellular localization prediction. The x-axis represents subcellular structure, and the
y-axis represents protein number.
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4. Discussion

Milk protein is secreted by mammary epithelial cells (MECs), and casein content is a
key determinant of milk quality [31]. Recent years have seen a number of studies aimed
at increasing milk protein secretion in MECs based on molecular mechanisms and signal
pathways [32,33]. However, milk protein synthesis is a complex process. AMP-activated
protein kinase (AMPK) and tumor suppressor LKB1 are located upstream of mTOR [34].
AMPK activates ATP-generating pathways and inhibits ATP consumption. The inhibition
of mTORC1 mediated by LKB1 relies on AMPK and TSC2. Milk protein synthesis also
involves the insulin–mTOR pathway. All these signaling pathways have been confirmed
by our μP approaches.

As shown in Table S1, about 66 of the proteins identified in GMECs belong to the
PI3K-Akt signaling pathway, which has been shown to play an important role in camel milk
protein networks [35]. Interference in the PI3K-Akt signal may lead to insulin resistance,
resulting in the creation of a vicious circle [36]. Additionally, many of the identified proteins
were found to be associated with more than 330 pathways, including MAPK signaling,
insulin signaling, necroptosis, apoptosis, biosynthesis of amino acids, AMPK signaling,
mTOR signaling, and TNF signaling; some of these are closely linked with milk protein
synthesis (Table S1). Previous studies indicate that the insulin–mTOR pathway plays a role
in regulating milk protein synthesis, with insulin directly stimulating the mTOR protein.

The IRS-family proteins are closely associated with the insulin signal pathway [37,38].
Indeed, IRS1 can be found in the central part of a signaling pathway network diagram
of camel milk proteins designed by Han (2022) [35]. Our study explored the role of IRS1
in goat milk synthesis and casein composition. Casein plays an important role in cheese
making as it dictates how well, and how rapidly, the milk clots and forms a curd. Any
changes in the amount of α-CN or β-CN would alter the properties of the milk and the
resulting cheese [39]. Our findings indicate that IRS1 silencing significantly influenced the
content of κ-casein, β-casein, and α-casein in GMECs (Figure 2).

Previous studies found goat milk with altered αS1-CN contents to be allergenic in
guinea pigs [40]. Goat milk lacking αS1-CN was less allergenic than other goat milks,
probably due to its modified ratio of β-LG to αS-CN. In the present study, the IRS1-silenced
sample demonstrated higher levels of β-casein and lower levels of α-casein. Unfortunately,
as little is currently known about casein synthesis, it is hard to explain these changes.
Nevertheless, these findings encourage further research in the area.

In the present study, microproteomic analysis identified about 12 DEPs among more
than 2253 proteins (Figure 3 and Table S2). Among these, the upregulated DEPs were
Keratin, MAP7 domain, Syntaxin, KI-AA1217 ortholog, Phosphodiesterase, Heme binding
protein, Rhophilin Rho GTPase binding protein, and Myosin XVIIIA. The downregulated
DEPs were Protein arginine N-methyltransferase, Glutaredoxin, and Protein MAK16.

Syntaxin is involved in vesicle trafficking and membrane fusion events within cells,
particularly during exocytosis [41], the cellular process in which substances are released
from vesicles into the extracellular space. Although syntaxin itself is not directly implicated
in the synthesis of milk proteins, proteins involved in vesicle trafficking, membrane fusion,
and intracellular transport could indirectly impact the secretion of milk proteins. These
processes are crucial for the proper packaging and release of proteins from cells, including
the MECs responsible for milk production.

Phosphodiesterases play a crucial role in intracellular signaling by hydrolyzing cyclic
nucleotides, particularly cyclic guanosine monophosphate (cGMP) and cyclic adenosine
monophosphate (cAMP) [42]. These cyclic nucleotides are involved in signaling path-
ways that regulate various cellular processes. Although there may not be a direct link
between phosphodiesterase and milk protein synthesis, alterations in cyclic nucleotide
levels regulated by phosphodiesterases could potentially influence cellular processes and
signaling pathways, indirectly impacting milk protein synthesis. Protein Arginine N-
Methyltransferase belongs to a family of enzymes involved in the methylation of arginine
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residues in proteins. They play various roles in cellular processes, including gene expression
regulation, signal transduction, and RNA processing [43].

All these upregulated and downregulated proteins were associated with the modi-
fied casein composition in GMECs. Doubtlessly, changes in the levels of α-CN or β-CN
would alter the properties of milk and the produced cheese, influencing their processing.
Furthermore, increasing evidence indicates that β-asomorphin-7 derived from A1 β-casein
contributes to milk intolerance syndrome. Our findings provide interesting information for
the fields of milk processing and nutrition mechanisms.

The GO annotations found two DEPs to be upregulated, with these associated with
cellular process and response to stimulus, and nine to be downregulated, related to
RNA metabolic process, cellular metabolic process, macromolecule metabolic process,
and nucleobase-containing compound metabolic process (Figure 6).

Milk protein synthesis is a complex process that occurs in the mammary glands and is
generally associated with hormonal signals, nutritional factors, and the specific needs of
the developing offspring [32,44]. Therefore, to better understand the role of IRS1 in goat
mammary glands and milk protein synthesis, further functional studies of the proteins
influenced by IRS1 silencing in GMECs are needed.

5. Conclusions

Our findings confirm that the IRS1 gene influences the casein content of milk in goats
and the milk protein synthesis pathways in GMECs. Modifying the expression of IRS1 could
increase the amount of κ-casein and β-casein but decrease the content of α-casein. This study
is the first to successfully use a microproteomic approach to analyze the proteins of GMECs
with low amount requirements. By identifying the proteins that were differentially expressed
in response to IRS1 silencing, it was possible to gain a new insight into the goat milk protein
synthesis network and related signal pathways. Some DEPs were found to indirectly influence
milk protein synthesis based on their GO annotation and their KEGG and KOG analysis. These
findings may have positive implications for future studies on the milk synthesis system in goats.
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Abstract: Coiled-coil serine-rich protein 1 (CCSER 1) gene is a regulatory protein gene. This gene
has been reported to be associated with various economic traits in large mammals in recent years.
The aim of this study was to investigate the association between CCSER1 gene single nucleotide
polymorphisms (SNPs) and Gannan yaks and to identify potential molecular marker loci for breeding
milk quality in Gannan yaks. We genotyped 172 Gannan yaks using Illumina Yak cGPS 7K liquid
microarrays and analyzed the correlation between the three SNPs loci of the CCSER1 gene and the
milk qualities of Gannan yaks, including milk fat, protein and casein. It was found that mutations at
the g.183,843A>G, g.222,717C>G and g.388,723G>T loci all affected the fat, protein, casein and lactose
traits of Gannan yak milk to varying extents, and that the milk quality of individuals with mutant
phenotypes was significantly improved. Among them, the milk fat content of AG heterozygous
genotype population at g.183,843A>G locus was significantly higher than that of AA and GG genotype
populations (p < 0.05); the casein and protein content of mutant GG and CG genotype populations
at g.222,717C>G locus was significantly higher than that of wild-type CC genotype population
(p < 0.05); and the g.388,723G>T locus of the casein and protein contents of the mutant TT genotype
population were significantly higher (p < 0.05) than those of the wild-type GG genotype population.
These results provide potential molecular marker sites for Gannan yak breeding.

Keywords: CCSER1 gene; milk quality; SNPs; Gannan yak

1. Introduction

Yaks (Bos grunniens) are mainly distributed in high altitude areas of 2500~6000 m above
sea level, and can fully adapt to extremely harsh environments such as those with low
temperature, high altitude, and strong ultraviolet radiation [1]. These animals rely entirely
on natural grasslands for food and nutrition and do not require supplemental feed [2].
Therefore, yak milk is an exceptionally non-polluting source of green food with great
potential for further development and utilization [3]. In the past, Tibetans mainly drank
yak milk, known as “liquid gold”. Yak milk and its dairy products provide most of the
energy, vitamins and nutrients that Tibetans need [4]. Compared with ordinary milk, yak
milk contains higher levels of dry matter, milk fat, milk protein and other nutrients. Among
them, yak casein is not only a source of antihypertensive peptides, but also a typical dietary
protein, which can be used for various high-value-added functional diets [5]. Also, casein is
the foremost source of essential amino acids [6,7]. Yak milk is a valuable source of nutrition
and therefore ideal for the production of a wide range of dairy products [8]. In recent

Foods 2023, 12, 4318. https://doi.org/10.3390/foods12234318 https://www.mdpi.com/journal/foods219



Foods 2023, 12, 4318

years, there has also been a significant increase in interest in yak milk, and more and more
research has been conducted on yak milk, such as studies on antioxidant properties [9],
lactation mechanisms [10] and yak milk product development [11].

The quantity and quality of milk produced by yaks is regulated by a number of factors,
such as seasonal variations, altitude and age. Milk composition is likewise a complex trait
influenced by a number of factors, including genetic factors and environmental conditions
(such as altitude, temperature, stage of lactation, season, herd and diet) [12,13]. It was
found that the regions affecting milk quality traits such as milk protein composition
were concentrated on chromosomes 1, 6, 11, 13, 14 and 18 [14]. Various genes have been
reported in the literature to be associated with milk production traits, such as DGAT1, HSF1,
MGST1, GHR, ABCG2, ADCK5 and CSN1S1 [14–16]. The diacylglycerol acyltransferase 1
(DGAT1) gene was shown to synergistically affect the milk quality of Egyptian Zaraibi goats
through single nucleotide polymorphism (SNP) in the gene [15]. Teng et al. conducted
a genome-wide association study of milk production traits in Holstein cows by using
medium density microarray data and found that among the new genes that have not yet
been reported, coiled-coil serine-rich protein 1 (CCSER1) also showed good potential as
a candidate gene for milk quality [16]. The CCSER1 gene, also named FAM190A (family
with sequence similarity 190, member A), is a regulatory protein gene [17]. As a regulatory
or structural component of normal mitosis, when CCSER1 gene expression is altered,
it causes chromosomal instability. In addition, the yak CCSER1 gene, with a length of
1,597,616 bp and the presence of 10 transcripts, is one of the important functional genes
located on chromosome 6 [18]. Studies have found that the CCSER1 gene is associated
with a variety of economic traits, such as growth traits [18,19], feed efficiency [20] and milk
quality. Notably, a sequence analysis revealed that the CCSER1 protein has 23 serines in
the first 69 amino acids, but no other identified structural domains or known functions [21].
Notably, the CCSER1 gene has also been studied in cancer therapy. The results of Kang et al.
demonstrated that transcript variants of the CCSER1 gene can serve as clinical therapeutic
targets for cancer patients and that the oncogenic properties of the CCSER1 gene involve
in-frame deletions [22].

Low yak milk yield limits the industrial production of yak milk [23]. Therefore,
improving milk yield and milk quality are among the important breeding objectives in the
yak industry [10]. It has been found that the bioactive components in yak milk have various
functional properties, such as antioxidant, anticancer, antibacterial and blood pressure
lowering abilities [24]. Compared to the milk fat of other animals, yaks, because of their
specific high-altitude, low-oxygen, etc., grazing environments, make it possible for their
milk fat to contain certain unique fatty acids [25]. These fatty acids may be associated
with potential health advantages, such as anti-cancer and anti-diabetic effects, as well as
positive effects on organs such as the brain, heart and eyes [26,27]. Hydrolysates of yak
milk casein were found to have the ability to scavenge free radicals such as superoxide
and hydrogen peroxide, as well as to inhibit the secretion of inflammatory actives such
as pro-inflammatory cytokines and tumor necrosis factor-alpha [28]. Thus, hydrolysates
of yak milk casein may be used for the prevention of oxidative-stress- and inflammation-
related diseases. It has also been shown that yak casein differs from cow casein in several
functional aspects due to its larger particle size, different amino acid sequence and richer
mineral concentration, which results in greater conformational stability [29,30]. Therefore,
the interest in yak milk quality has increased significantly. Within this is the improvement
of milk quality by means of single nucleotide polymorphisms (SNPs), which belong to
the third generation of genetic markers [12]. SNPs are changes in the DNA sequence
that are prevalent when a base in a gene is altered. This variation mainly includes four
types of single gene transition, transversion, deletion and insertion, but transition and
transversion are predominant [31]. SNPs have been used to identify genes related to milk
production traits in Holstein cows [32], but in dairy cows they have been used mainly for
the identification of loci related to milk yield, with fewer studies on specific milk quality.
However, SNPs have hardly been studied in yaks for milk yield or milk quality. The Gannan
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yak is an ancient and primitive livestock breed on the Tibetan Plateau, a unique local genetic
resource in Gansu Province, China, and has strong resistance to adversity through long-
term natural selection and artificial breeding. It is able to adapt to the ecological conditions
of high altitude, strong radiation, a large temperature difference between day and night, a
short growing period of pasture grass, extreme cold and little oxygen. In this study, Gannan
yak milk was used as the research object. It aimed to investigate the novel SNPs in the
CCSER1 gene and their relationship with the quality of Gannan yak milk.

2. Materials and Methods

2.1. Ethics Approval

All the animal experiments were approved by the Lanzhou Institute of Husbandry
and Pharmaceutical Sciences of the Chinese Academy of Agricultural Sciences (CAAS)
with the grant number 1610322020018.

2.2. Animal and Milk Composition Analysis

Gannan yak milk samples were collected in July 2023 in Xiahe County, Gannan Tibetan
Autonomous Prefecture, Gansu Province (34.99◦ E, 102.92◦ N, altitude 3000~3800 m). The
Gannan yaks used for sampling were all healthy, disease-free, in the same body condition,
had similar milk production, were not artificially supplemented with concentrate and
roughage and grazed on natural summer pastures in Gannan, grazing in the same native
pasture. A total of 172 yak milk samples were collected, and the parity of lactating yaks
was 2–3 times. The collected yak milk was used for milk composition analysis. The analysis
included the determination of fat, protein, lactose, casein, non-fat milk solids (SNF), acidity
and total solids (TS). A MilkoScanTM FT120 milk composition analyzer (Danish FUCHS
Analytical Instruments Ltd., Hellerup, Denmark) was used for determination.

2.3. Biological Material Sampling and DNA Extraction

Ear tissue samples from 172 Gannan yaks were collected and stored in liquid nitrogen
and brought back to the laboratory. They were preserved at −80 ◦C until DNA was
extracted. Tissue sample DNA was extracted using the magnetic bead method using
Magnetic Animal Tissue Genomic DNA Kit (DP341, Tiangen Biochemical Technology Co.,
Ltd., Beijing, China) [33]. The approximate operation was as follows: take 50 mg of ear
tissue, cut it into as small pieces as possible, and add 200 μL of tissue digest GHA and 20 μL
of Proteinase K for tissue grinding. Then, 300 uL of lysate GHB was added and incubated
at 75 ◦C for 15 min, after which 350 uL of isopropanol was added. Then, 30 uL of Magnetic
Bead Suspension G was added and the liquid was aspirated using the function of magnetic
bead adsorption. After that, 700 uL of buffer GDA and 700 uL of rinse solution PWD were
added sequentially, and magnetic bead adsorption was performed sequentially to absorb
the liquid. The sample was then allowed to dry at room temperature for 10–15 min. Then,
200 uL of elution buffer TB was added and incubated at 56 ◦C for 10 min. The sample
was placed on a magnetic rack for 2 min, and after waiting for complete adsorption of
the magnetic beads, the DNA solution was carefully transferred to a new centrifuge tube
and stored in appropriate conditions. The concentration of DNA samples was detected
by a Qubit fluorescence quantitative instrument. The integrity of the DNA samples was
detected with 1% agarose gel electrophoresis.

2.4. Genotyping

A total of 172 Gannan yaks were genotyped using an Illumina Yak cGPS 7K (Illumina,
Huazhi Biotechnology Co., Ltd., Changsha, China) liquid chip. Genotyping was performed
using cGPS (Genotyping by Pinpoint Sequencing of liquid captured targets). cGPS is based
on the optimized thermodynamic stability algorithm model to design specific probes for
target interval sequences. The synthesized specific probes are used to capture and enrich
multiple different target sequences located in different genomic locations through liquid-
phase hybridization, and then the library construction and second-generation sequencing
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are carried out on the target intervals captured and enriched, so as to obtain the genotypes
of all SNP/InDel marker sites in the target interval. Fastp was used to control the quality
of the raw reads data. Low-quality reads were filtered, and when the base with a mass
value of Q ≤ 20 in reads accounted for more than 50% of the total base, the reads pair was
removed. Reads with too many N bases were filtered, and reads containing more than 5 Ns
were removed, and reads with a length less than 100 were filtered. The genomic location
of the SNP was derived from the assembly of the yak reference genome Bosgru v3.0 [34]
(GCA_005887515.1).

2.5. SNPs Validation

The genotyping results of the Illumina Yak cGPS 7K microarray were validated by
amplifying sequences at the g.183,843A>G, g.222,717C>G and g.388,723G>T loci. PCR
amplification primers were designed using Primer Premier 5.0 software (Premier Biosoft
International, San Francisco, CA, USA) based on the yak CCSER1 gene published by En-
semble (accession number: ENSBGRG00000023090). All three loci are located in the yak
reference genome Bosgru v3.0 on chromosome 6 of the Yak reference genome (accession
number GCA_005887515.1). The g.183,843A>G, g.222,717C>G and g.388,723G>T loci in the
Gannan yak were amplified using the primer sequences listed in Table 1. The PCR amplifi-
cation system was 40 μL: 20 μL of 2× Accurate Taq Master Mix (dye plus), 1 μL of DNA
template (100 ng/μL), 1 μL each of the upstream and downstream primers (10 μmol/L),
and 17 μL of enzyme-free sterile water. PCR amplification program: pre-denaturation at
94 ◦C for 30 s; denaturation at 98 ◦C for 10 s; annealing for 30 s (the annealing temperatures
of the three pairs of primers were 57 ◦C, 50 ◦C and 53 ◦C, respectively); extension at 72 ◦C
for 1 min, 35 cycles; extension at 72 ◦C for 2 min; and storage at 4 ◦C for cooling. The am-
plification products were detected with electrophoresis under 1% agarose gel at the end of
amplification. Samples that showed specific amplification products of the expected length
were sent to Qinke Zexi Biotechnology Co., Ltd. (Xi’an, China) for Sanger sequencing.
Sequencing results were analyzed using MEGA11 software (version 11.0).

Table 1. SNPs amplification primer sequence of CCSER1 gene.

SNPs Primer Sequence (5′–3′) Product Size

g.183,843A>G F: TAACAGAACGGGCAGGTAGC 633 bp
R: AAATCAGCATACCTTTGGCAGG

g.222,717C>G F: AATAAATGATGTCGCCAATA 317 bp
R: CTGCGTAGAATACAAAAGAAT

g.388,723G>T F: AGCACCTTCTTCTTACTCAT 404 bp
R: ATTGTTCTGCTGCTGGGATT

2.6. Statistical Analysis

Homozygotes (HO) were calculated online using GDICALL (http://www.msrcall.com/
gdicall.aspx), (Last accessed on 5 October 2020). The heterozygosity (HE), number of effec-
tive alleles (NE), polymorphism (PIC), genotype and allele frequency of the two loci were
calculated, and the p-values of the chi-square test and Hardy–Weinberg test were calculated.

We used one-way analysis of variance (ANOVA) in IBM SPSS Statistics 25 (IBM,
Armonk, NY, USA) to explore the relationship between CCSER1 gene polymorphisms
and yak milk production traits. In order to analyze the influencing factors of yak milk
production traits, we used a general linear model, which was appropriately simplified
according to the current situation. The simplified model used Equation (1), where Yi is
the phenotypic value of milk quality traits, μ is the population mean of milk fat traits,
SNPi is the fixed effect of the genotypic category of the locus, and e is the random error
effect. Differences between means were tested using Duncan’s multiple comparisons test
and results were expressed as mean ± standard deviation. Differences were considered
significant at p < 0.05.

Yi = μ + SNPi + e (1)
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3. Results

3.1. Genotyping Results for CCSER1 and Genetic Parameter Analysis of the Loci in Gannan Yak

The genotype frequency, allele frequency and polymorphism information content of
the three SNPs loci of CCSER1 gene are shown in Table 2. The results showed that the three
SNPs loci showed three genotypes in the Gannan yak population. The chip typing results
were verified and the results are shown in Figure A1, indicating that the chip typing results
are correct. Figure 1 shows the distribution of three genotypes of SNPs in the main milk
production traits of the Gannan yak. It can be seen from the figure that the distribution of
SNPs is relatively uniform. Among the genotype frequencies of CCSER1 g.183,843A>G,
g.222,717C>G and g.388,723G>T, the genotype frequencies of AG, CG and GT were the
highest, and were 0.500, 0.414 and 0.525, respectively. This shows that among the three
SNPs sites, heterozygous types are dominant. In g.183,843A>G, the gene frequency of G is
0.571, indicating that the mutant allele accounts for the majority at this site. In g.222,717C>G
and g.388,723G>T, the gene frequencies are higher in C and G, respectively, indicating
that the unmutated alleles account for the majority in these two loci, but the difference is
small. The PICs of g.183,843A>G, g.222,717C>G and g.388,723G>T are 0.370, 0.374 and
0.375, respectively. The polymorphic information contents are between 0.25 and 0.5, and
all are moderately polymorphic. Except for the g.222,717C>G site, the other SNPs were
consistent with the Hardy–Weinberg equilibrium (p > 0.05).

Table 2. Variation information and diversity parameters of CCSER1 loci.

SNPs Position
Genotypic

Frequencies
Allelic

Frequencies
He Ne PIC p Value

g.183,843A>G Exon
AA AG GG A G

0.490 1.960 0.370 0.793
0.179 0.500 0.321 0.429 0.571

g.222,717C>G Intron
CC CG GG C G

0.498 1.994 0.374 0.030
0.321 0.414 0.265 0.528 0.472

g.388,723G>T Intron
GG GT TT G T

0.499 1.996 0.375 0.513
0.259 0.525 0.216 0.522 0.478

Note: He: heterozygosity; Ne: effective number of alleles; PIC: polymorphism. PIC < 0.25, low polymorphism;
0.25 < PIC < 0.5, moderate polymorphism; PIC > 0.5, high polymorphism; p > 0.05 suggests that the population
gene is in the Hardy–Weinberg balance and the sample comes from the same Mendel population.

3.2. Association Analysis between SNPs Genotypes and Milk Traits in Gannan Yak

The correlation between individual loci and yak milk composition was analyzed based
on SNPs genotyping data. The correlation analysis of the g.183,843A>G, g.222,717C>G
and g.388,723G>T loci of the CCSER1 gene in Gannan yaks with milk traits is shown in
Table 3. As shown in Table 3, the g.183,843A>G locus was significantly associated with milk
fat and lactose traits (p < 0.05). The AG heterozygous genotype had significantly higher
milk fat content than the AA and GG genotypes (p < 0.05). The lactose content of GG pure
genotypes was significantly higher (p < 0.05) than AG genotypes, but the difference from
AA genotypes was not significant (p > 0.05). The g.222,717C>G locus was significantly
associated with casein, protein, SNF and acidity traits (p < 0.05). The casein and protein
contents of GG and CG genotypes were not significantly different (p > 0.05), but both were
significantly higher than the CC genotype (p < 0.05). The differences in SNF content and
acidity between the mutant genotypes GG and CG were not significant (p > 0.05), but the
SNF content and acidity of the CG genotype was significantly higher than that of the CC
genotype (p < 0.05). The g.388,723G>T locus was significantly associated with casein and
protein traits (p < 0.05). The casein and protein contents were significantly higher in the TT
genotype than in the GG genotype (p < 0.05), but the difference between the TT and GT
genotypes was not significant (p > 0.05). This showed that the CCSER1 gene was mainly
associated with the traits of casein, protein, fat and lactose in Gannan yak milk, and both
the pure and heterozygous types of the mutant were significantly higher than that of the
wild type. This indicated that the individual yak milk quality was higher in the mutant type.
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Figure 1. Distribution of all the three genotypes of SNPs (the main significant milk production traits
of Gannan yak). (A) g.183,843A>G, (B) g.222,717C>G, (C) g.388,723G>T. The red line represents the
mean value of the milk quality trait corresponding to the three genotypes. The three different colored
points represent the distribution of data.

Table 3. Correlation analysis between CCSER1 g.183,843A>G, g.222,717C>G, g.388,723G>T and milk
traits in Gannan yak.

SNPs g.183,843A>G

Genotype Casein/% Protein/% Fat/% SNF/% Lactose/% Acidity/◦ T TS/%

AA 4.10 ± 0.25 4.92 ± 0.34 5.12 ± 2.09 b 11.27 ± 0.38 4.97 ± 0.14 ab 12.44 ± 1.15 16.57 ± 2.58
AG 4.11 ± 0.28 4.93 ± 0.38 5.82 ± 2.06 a 11.28 ± 0.46 4.96 ± 0.16 b 12.53 ± 1.25 16.90 ± 2.43
GG 4.05 ± 0.33 4.83 ± 0.45 4.97 ± 1.84 b 11.23 ± 0.55 5.03 ± 0.16 a 12.15 ± 1.41 16.49 ± 2.85

p-Value p = 0.453 p = 0.351 p = 0.042 p = 0.826 p = 0.047 p = 0.268 p = 0.652

SNPs g.222,717C>G
Genotype Casein/% Protein/% Fat/% SNF/% Lactose/% Acidity/◦ T TS/%

CC 3.99 ± 0.32 b 4.75 ± 0.41 b 5.12 ± 1.97 11.13 ± 0.49 b 5.02 ± 0.15 12.01 ± 1.18 b 16.77 ± 2.86
CG 4.14 ± 0.24 a 5.00 ± 0.34 a 5.26 ± 2.14 11.37 ± 0.38 a 4.96 ± 0.16 12.71 ± 1.14 a 16.49 ± 2.09
GG 4.12 ± 0.30 a 4.92 ± 0.42 a 5.98 ± 2.53 11.25 ± 0.54 ab 4.98 ± 0.16 12.33 ± 1.50 ab 16.99 ± 2.95

p-Value p = 0.020 p = 0.002 p = 0.069 p = 0.024 p = 0.083 p = 0.012 p = 0.607

SNPs g.388,723G>T
Genotype Casein/% Protein/% Fat/% SNF/% Lactose/% Acidity/◦ T TS/%

GG 4.02 ± 0.32 b 4.82 ± 0.43 b 5.37 ± 1.97 11.25 ± 0.47 5.03 ± 0.17 12.20 ± 1.25 16.31 ± 2.09
GT 4.09 ± 0.27 ab 4.90 ± 0.36 ab 5.51 ± 2.09 11.24 ± 0.47 4.98 ± 0.15 12.39 ± 1.26 16.78 ± 2.68
TT 4.17 ± 0.31 a 5.00 ± 0.42 a 5.28 ± 2.03 11.32 ± 0.49 4.94 ± 0.14 12.61 ± 1.40 17.00 ± 2.90

p-Value p = 0.038 p = 0.043 p = 0.852 p = 0.761 p = 0.582 p = 0.375 p = 0.406

Note: In the same group of data, different lowercase letters showed significant differences (p < 0.05). Data are
presented as the mean ± standard deviation.
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4. Discussion

Milk fat is a very high-quality lipid in milk, which is better absorbed by the body
because of its high fat-soluble fiber content [8]. It has been found that the digestibility of
milk fat in the human gastrointestinal tract is more than 98% [35]. The high protein level
in milk can provide essential amino acids for the growth of newborns, and some special
proteins can also improve immunity and promote the utilization of trace elements [36].
Moreover, yak milk is rich in calcium, protein, peptides, amino acids, iron, phosphorus,
vitamins and other nutrients and functional substances, and yak milk has a higher pro-
portion of iron, zinc, manganese, selenium, lactoferrin, immunoglobulin, etc., compared
with ordinary cow’s milk [9]. In terms of safety and hypoallergenicity, yak milk is closer to
breast milk than ordinary cow’s milk and goat’s milk, and has the effect of lowering blood
sugar, promoting growth and development, providing anti-inflammation properties and
strengthening immunity [37,38]. Therefore, yak milk has higher nutritional characteristics,
with fat and protein content being important indicators of quality in yak milk. Similarly,
the intake of protein and fat plays a very important role in the growth and development
of mammals. The results of this experiment showed that the g.183,843A>G locus mainly
affected the milk fat and lactose of Gannan yaks, in which the AG heterozygous group had
significantly higher milk fat content than the two pure groups. However, g.222,717C>G
and g.388,723G>T mainly improved the milk protein of the Gannan yak, and both mutant
heterozygous populations had significantly higher protein content than the wild-type
population. The experimental results indicated that the mutation of SNPs significantly
improved the milk quality of the Gannan yak.

SNPs are an important basis for the study of genetic variation in livestock and poultry.
SNPs have the characteristics of high reliability, wide distribution and ease of analysis [39].
They play an important role in analyzing the genetic basis of important economic traits
of livestock and poultry. In this study, we found that when the base of the CCSER1
g.183,843A>G locus was mutated from A to G, the mutant genotypes had a significant
effect on fat and lactose in Gannan yaks on analyzing the correlation between the loci
of the CCSER1 gene and milk traits. When the base of the CCSER1 g.222,717C>G locus
was mutated from C to G, both heterozygous and pure genotypes of the mutation had a
significant improvement on casein, protein and SNF in Gannan yaks. The mutation of the
CCSER1 g.388,723G>T locus was basically the same as that of the CCSER1 g.222,717C>G
locus, and the mutant genotype TT also had a significant improvement on casein and
protein and SNF in Gannan yaks, with significant improvement in casein and protein.
Overall, the mutations of all three SNPs positively affected the milk quality traits of Gannan
yaks to different degrees. Clancey et al. detected SNPs and gene sets associated with
305 standard milk yield in 781 primiparous Holstein cows, and identified new candidate
genes that cause milk production variation [32]. Jiang et al. analyzed the SNPs of 480 yaks
using a commercial high-density (600 K) yak SNP chip, and identified 12 and 4 SNPs that
may be related to the weight of male and female yaks, respectively [40]. Nevertheless, the
study of yak SNPs is still in its infancy, and a large amount of experimental data are needed
to elucidate the potential relationship between SNPs and economic traits.

It was found that CCSER1 is localized to the γ-microtubulin ring complex in early
mitosis, as well as to an intermediate in late cytokinesis [21]. Therefore, it has been
concluded that the CCSER1 gene is an important regulator or structural molecule that
plays an important regulatory role in normal cellular mitosis [16,21], which may alter
chromosome stability and somatic cell division. Based on bovine gene expression profiles,
it is expressed in 85 tissues or cell types in cattle, while its expression is relatively high in
the mammary gland [41]. The results of the present study also confirmed that the CCSER1
gene had a significant effect on milk quality traits in the yak population. This may provide
new insights to improve yak milk quality traits through selection strategies.

Here, we identified three SNPs loci, g.183,843A>G, g.222,717C>G and g.388,723G>T,
in the CCSER1 gene. Among them, the g.183,843A>G locus is located in the coding region
of the CCSER1 gene, which has an impact on gene expression and function, and thus may
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have a more direct effect on milk quality. In addition, we found that the g.222,717C>G and
g.388,723G>T loci are located in the intronic region of the CCSER1 gene, which does not
affect their association with yak milk quality. Although introns are sequences with no cod-
ing function in genes, they have important roles in the regulation of gene expression [42],
and the important function of SNPs in introns in altering the transcription level of genes
has been elucidated [43]. They cause shear abnormalities by altering the structure of the
shear site, which may lead to changes in protein structure and function [44]. In addition,
several SNPs sites in the intron region of the erb-b2 receptor tyrosine kinase 2 (ERBB2)
gene were reported to be significantly associated with milk protein content in Chinese
Holstein cows [45]. Five SNPs (g.29029T>C, g.29050A>G, g.29245C>T, g.29305C>T and
g.29347T>C) in the intron region of sorbin and the SH3 domain-containing 1 (SORBS1)
gene were reported to be significantly associated with milk fat traits in cattleyak [46]. All
of the above studies had results similar to this study. Therefore, the role of mutations
in the g.222,717C>G and g.388,723G>T loci of the CCSER1 gene in Gannan yaks on the
genetic characterization of this gene still needs to be further confirmed. The polymorphisms
of CCSER1 g.183,843A>G, g.222,717C>G and g.388,723G>T were 0.370, 0.374 and 0.375,
respectively, and the polymorphic information content of the three SNPs was moderate.
Among them, the p-value of the CCSER1 g.222,717C>G locus was greater than 0.05, in-
dicating that the population at this locus was genetically unbalanced and deviated from
Hardy–Weinberg. This may be due to a variety of factors such as sampling bias, natural se-
lection or human intervention. In our study, we used liquid-phase microarray genotyping,
which is a technique for precise positional sequencing typing based on the liquid-phase
capture of target sequences and is specifically designed for genotyping large samples at
specific SNP loci. Therefore, genotyping is unlikely to be the cause of this phenomenon.

Consistent with the present study, the functional role of the CCSER1 gene for milk
production traits was also identified as a positional candidate gene for lactation persistence
in Holstein cattle. Thus, the results of the present study and previously published studies
suggest that CCSER1 is a promising candidate gene with strong genetic effects on milk
production traits in Gannon yaks. In addition, single nucleotide polymorphism-based and
correlation analyses also suggest that the novel SNPs in the CCSER1 gene may be used as
potential genetic markers for genetic improvement in yak breeding programs.

5. Conclusions

In this study, we explored the CCSER1 gene polymorphisms, identified three SNPs
loci and analyzed the relationship between these polymorphisms and the milk quality of
Gannan yaks. The results showed that all three SNPs of the CCSER1 gene were moder-
ately polymorphic. Correlation analysis revealed that the mutant genotype of the CCSER1
g.183,843A>G locus in Gannan yaks resulted in a significant (p < 0.05) increase in milk fat
content, whereas the mutant genotypes of both CCSER1 g.222,717C>G and g.388,723G>T
loci resulted in a significant increase (p < 0.05) in the casein and protein content of Gan-
nan yak milk. Therefore, mutations in the CCSER1 g.183,843A>G, g.222,717C>G and
g.388,723G>T loci all significantly improved the quality traits of Gannan yak milk. The
identification of these SNPs opens the way for further research and applications in the
selective breeding of Gannan yaks. The results of this study can help to develop and
optimize the milk quality of Gannan yaks.
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Appendix A

Figure A1. Peak plots of three genotypes at the SNPs locus of the CCSER1 gene. (A) g.183,843A>G.
(B) g.222,717C>G. (C) g.388,723G>T.
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Abstract: Protein kinase D1 (PRKD1) functions primarily in normal mammary cells, and the potassium
voltage-gated channel subfamily Q member 3 (KCNQ3) gene plays an important role in controlling
membrane potential and neuronal excitability, it has been found that this particular gene is linked to
the percentage of milk fat in dairy cows. The purpose of this study was to investigate the relationship
between nucleotide polymorphisms (SNPs) of PRKD1 and KCNQ3 genes and the milk quality of
Gannan yak and to find molecular marker sites that may be used for milk quality breeding of Gannan
yak. Three new SNPs were detected in the PRKD1 (g.283,619T>C, g.283,659C>A) and KCNQ3 gene
(g.133,741T>C) of 172 Gannan lactating female yaks by Illumina yak cGPS 7K liquid-phase microarray
technology. Milk composition was analyzed using a MilkoScanTM milk composition analyzer. We
found that the mutations of these three loci significantly improved the lactose, milk fat, casein,
protein, non-fat milk solid (SNF) content and acidity of Gannan yaks. The lactose content of the
TC heterozygous genotype population at g.283,619T>C locus was significantly higher than that
of the TT wild-type population (p < 0.05); the milk fat content of the CA heterozygous genotype
population at g.283,659C>A locus was significantly higher than that of the CC wild-type and AA
mutant populations (p < 0.05); the casein, protein and acidity of the CC mutant and TC heterozygous
groups at the g.133,741T>C locus were significantly higher than those of the wild type (p < 0.05),
and the SNF of the TC heterozygous group was significantly higher than that of the mutant group
(p < 0.05). The results showed that PRKD1 and KCNQ3 genes could be used as candidate genes
affecting the milk traits of Gannan yak.

Keywords: milk quality; PRKD1 gene; KCNQ3 gene; single nucleotide polymorphism; Gannan Yak

1. Introduction

Yak is an important species in the Qinghai–Tibet Plateau (QTP). The means of pro-
duction such as meat, milk and fur produced by yak are closely related to the life and
economic income of herdsmen in the Qinghai–Tibet Plateau area [1]. Among them, yak
milk is a nutritious and widely consumed food, known as “liquid gold” [2]. Compared
with cow milk, yak milk is rich in all kinds of nutrients (except phosphorus) [3], cholesterol
and sphingomyelin content is also higher [4]. In the Qinghai–Tibet region, people cannot
often eat vegetables under plateau climate conditions; interestingly, people there do not
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have related nutritional deficiencies. It has been found that yak milk not only supplements
most of the energy consumed by people’s daily activities, but also provides vitamins and
minerals needed by the human body [5,6]. Yak milk contains more protein, casein, and
fat than European dairy cows (Bos taurus) [7]. In China, tens of thousands of tons of yak
milk and its dairy products are produced every year [8]. Gannan yaks are grazed in natural
pastures all year round without using additives and antibiotic drugs [9]. Therefore, Yak
milk has great potential for development and utilization, and is an ideal raw material for
producing various dairy products such as butter, ghee, cheese, yogurt, etc. Among them,
ghee is widely used in the religious activities of Tibetan Buddhism, and the amount of
use is huge. At present, lactating female yaks grazing in natural pastures still have the
disadvantage of low milk yield, with an average milk yield of about 3.18 Kg/d [10]. A lot
of research is needed to improve milk yield and milk quality [11].

The PRKD1 gene encodes protein kinase D1 (PKD1) [12]. The protein kinase D (PKD)
family of serine/threonine protein kinases has three members: PKD1-3 plays a role in
diacylglycerol and related signaling pathways. PKDs are involved in cell proliferation, mi-
gration, differentiation, angiogenesis and immune response [13]. PKD1 prevents epithelial-
mesenchymal transition (EMT) and maintains epithelial phenotype [14]. In addition, PKD1
also inhibits directional cell migration by blocking the actin recombination process at the
forefront of migrating cells [15,16]. These results indicate that PKD1 is a key protein that
inhibits the invasive phenotype in breast cancer, and the expression regulation ability of
PKD1 is down-regulated in breast invasive ductal carcinoma [17], mammary gland health is
the key to ensure milk yield and milk quality of dairy cows [18]. At present, a large number
of PRKD1 gene related studies mainly focus on breast cancer. In the yak, PRKD1 gene
is located on chromosome 17, and the correlation between PRKD1 gene polymorphism
and milk quality in yak has not been mentioned. Previously, we found that three SNPS
in the CCSER1 gene were associated with milk quality (milk fat, protein, and casein) in
Gannan yaks [19]. Regions reported to affect milk quality traits in dairy cows are con-
centrated on chromosomes 1, 6, 11, 13, 14, and 18 [20]. The KCNQ3 gene is located on
chromosome 18 of yak. According to the results of Zhou et al. [20], we speculated that the
gene may be a candidate gene affecting the milk quality traits of yak. In addition, Kolbe-
hdari et al. [21] found a SNP (rs41580517) related to milk fat content in the intron of the
potassium voltage-gated channel subfamily KQT3-KCNQ3 gene located in bovine BTA14.
KCNQ channels in the central nervous system neurons, the main subunits are KCNQ2,
3 and 5 [22], these genes are regulated by various signaling pathways, and they play a
crucial role in controlling membrane potential and neuronal excitability [23,24]. These
channels produce muscarinic-inhibited potassium currents that control excitability, known
as M currents [25]. The information RNA of KCNQ3 gene exists in the brain, including
cerebral cortex, cerebellum, basal ganglia and hippocampus. At present, the research on
KCNQ3 gene mainly focuses on diseases such as epilepsy, neuropathic pain and anxiety
disorders [26].

Yak milk has a high concentration of nutrients and has a good therapeutic effect on
some diseases [27]. Studies have shown that the milk of multiparous yaks contains more
unsaturated fatty acids than that of primiparous yaks [28]. In addition, yak milk also
contains other important nutritional values [29,30]. Yak milk contains several important
trace elements, such as zinc, iron, copper, manganese and selenium. Zinc plays an important
role in immune function, wound healing, cell growth and division [31]. Iron is an important
element to produce hemoglobin, and hemoglobin is the carrier of oxygen in animals, which
is crucial in the hypoxic plateau environment. It is reported that yak milk can prolong the
survival time of mice under normal hypoxic conditions and improve their red blood cells
and hemoglobin levels; thus, yak milk may indirectly improve the oxygen-carrying function
of plateau people [32,33]. As an important antioxidant, selenium helps to protect cells from
damage [32]. In the Qinghai–Tibet Plateau region, people can withstand the environment
of strong ultraviolet light. On the one hand, they have adapted to this environment over
a long period of evolution. On the other hand, it may be that the selenium contained in
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yak milk enhances the skin’s ability to resist ultraviolet light [34]. In recent years, there
has been increasing interest in developing the potential of yak milk [35]. However, due to
geographical location and folk culture, yak milk has not been fully developed and utilized.
Herders are still mainly manual milking, and the work efficiency is low, in addition, the
disadvantage of low milk yield of yak has not been improved. At present, there are few
studies on the relationship between milk yield and milk quality in yaks, and there is no
study on the relationship between PRKD1 and KCNQ3 gene polymorphisms and milk
quality in yaks. The purpose of this study was to investigate the genetic polymorphisms of
PRKD1 and KCNQ3 genes and their relationship with milk quality in Gannan yak, and to
provide a scientific basis for improving milk quality and marker-assisted selection (MAS)
in yak breeds (population).

2. Materials and Methods

2.1. Ethics Approval

The Lanzhou Institute of Husbandry approved all the animal experiments as well as
the Pharmaceutical Sciences of the Chinese Academy of Agricultural Sciences (CAAS) with
the grant number: No. 1610322020018.

2.2. Experimental Animals and Sample Analysis

This experiment was conducted in July 2023. The experimental animals were selected
from the same natural pasture in Gannan Tibetan Autonomous Prefecture, with an average
altitude of 3000 m. Milk samples were collected from 172 lactating yaks with 2 or 3 fetuses.
The milk’s composition was analyzed using a MilkoScanTM milk composition analyzer
(Danish FUCHS Analytical Instruments Co., Ltd., Hellerup, Denmark). The measured
indicators included milk fat, lactoprotein, lactose, casein, non-fat milk solid (SNF) content,
acidity and total solid (TS) content.

2.3. DNA Samples

The ear tissues of 172 Gannan yaks were collected using U-shaped ear forceps. The
collected tissues were placed in a 1.5 mL frozen tube and stored in liquid nitrogen. After
being brought back to the laboratory, the animal tissue genomic DNA was extracted using
the magnetic bead method (DP341, Tiangen Biochemical Technology Co., Ltd., Beijing,
China) [36]. For specific extraction steps, please refer to the kit instructions used in this
assay. After extraction, the concentration of DNA samples was detected by quantum
bit fluorescence quantitative analyzer. The integrity of DNA samples was checked by
electrophoresis on a 1% agarose gel.

2.4. Genotyping

Genotyping was performed on 172 Gannan yaks using the Illumina Huazhi Biotech-
nology Co., Ltd. (Changsha, China). cGPS 7K liquid chip. The genotyping was carried out
by precisely sequencing liquid capture targets. The cGPS applies an optimized thermody-
namic stability algorithm model to create a unique probe for a specific interval sequence.
The synthesized probes are utilized to capture and enrich multiple target sequences located
at different genomic locations via liquid-phase hybridization. The target intervals were
captured and enriched, followed by library construction and next-generation sequencing to
obtain the genotypes of all SNP/InDel marker loci in the target interval. After identifying
the low-quality reads, we screened and removed them. If the ratio of bases with a quality
value (Q) of 20 or lower in the reads was over 50% of the total bases, then we deleted those
reads. Additionally, we filtered out reads with too many N bases. Only reads with less than
or equal to 5 N bases were kept, and we removed reads that were less than 100 bases long.
The genomic location of this SNP was determined using the assembly of the yak reference
genome Bosgru v3.0 [37] (GCA_005887515.1).
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2.5. Statistical Analysis

I used the online software GDICALL (http://www.msrcall.com/GDICALL.aspx,
accessed on 7 October 2023) to calculate the homozygosity (HO) of our sample. We use
Cervus 3.0 (https://www.softpedia.com/get/Science-CAD/Cervus.shtml accessed on
7 October 2023) to calculate two loci heterozygosity (HE), the effective number of alleles
(NE) and polymorphism (PIC), genotype and allele frequency. I also calculated p values for
the chi-square test and the Hardy–Weinberg test.

We used one-way analysis of variance (ANOVA) of IBM SPSS Statistics 25 (IBM,
Armonk, NY, USA) to explore the relationship between PRKD1 and KCNQ3 gene poly-
morphisms and milk production traits in yaks. To analyze the factors that influence yak
milk production traits, a general linear model was used and simplified based on the actual
situation. Equation (1) shows the simplified model that was used. Here, Yi represents the
phenotypic value of milk traits, μ is the population mean of milk fat traits, SNPi is the fixed
effect of genotype category at this locus, and e is the random error effect. Duncan’s multiple
comparison test was carried out to determine the difference between the mean values. The
results were expressed as mean ± standard deviation. p < 0.05 was considered significant.

Yi = μ + SNPi + e. (1)

3. Results

3.1. Conducted Genotyping Analysis and Examined Genetic Parameters of PRKD1 and KCNQ3 in
Gannan Yak

The genotyping analysis of Gannan yak showed that there were T>C substitution
(g.283,619T>C) and C>A substitution (g.283,659C>A) in the PRKD1 gene on chromosome
17, and T>C substitution (g.133,741T>C) in the KCNQ3 gene on chromosome 18, which
were located at 43,090,728, 43,090,768 and 11,881,240, respectively. As presented in Table 1,
the 3 SNP loci showed 3 genotypes in the Gannan yak population. The genotypes of three
SNP sites, PRKD1 gene g.283,619T>C, g.283,659C>A, and KCNQ3 gene g.133,741T>C, were
analyzed. The most frequent genotypes observed were TC, CA, and TC; these genotypes
had frequencies of 0.512, 0.494, and 0.475, respectively, indicating that the heterozygous type
was dominant in all three SNP sites. In the genetic sequence g.283,619T>C, the frequency
of the T allele was 0.349, while the frequency of the C allele was 0.651. This suggests that
the mutant allele is predominant at this locus. In the genetic sequence g.283,659C>A, the
frequency of the unmutated C allele was 0.605, implying that there are a large number of
unmutated alleles. In the genetic sequence g.133,741T>C, C allele frequency was higher than
T, indicating more mutant alleles. According to the genetic diversity classification of PIC
(PIC < 0.25, low polymorphism; 0.25 < PIC < 0.5, moderate polymorphism; PIC > 0.5, high
polymorphism) analysis found that the PIC values of g.283,619 T>C, g.283,659 C>A and
g.133,741 T>C were 0.351, 0.346, 0.362, respectively, which were moderate polymorphisms.
The genotype frequencies of these three loci in the Gannan yak population conformed to
the Hardy–Weinberg equilibrium (p > 0.05).

Table 1. Information regarding the variation and diversity parameters of the PRKD1 and KCNQ3 loci.

SNPs Genotypic Frequencies Allelic Frequencies He Ne PIC x2 p Value

g.283,619T>C
TT (15) TC (83) CC (64) T (113) C (211)

0.454 1.833 0.351 2.649 0.104
0.093 0.512 0.395 0.349 0.651

g.283,659C>A
CC (58) CA (80) AA (24) C (196) A (128)

0.478 1.916 0.364 0.178 0.673
0.358 0.494 0.148 0.605 0.395

g.133,741T>C
TT (24) TC (77) CC (61) T (125) C (199)

0.474 1.901 0.362 0.001 0.970
0.148 0.475 0.377 0.386 0.614

Note: He: heterozygosity; Ne: effective number of alleles; PIC: polymorphism. PIC < 0.25, low polymorphism;
0.25 < PIC < 0.5, moderate polymorphism; PIC > 0.5, high polymorphism; p > 0.05 suggests that the population
gene is in the Hardy–Weinberg balance and the sample comes from the same Mendel population.
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3.2. Association Analysis of Milk Traits and Genotypes of SNPs in Gannan Yak

The association analysis of single nucleotide polymorphisms (SNPs) genotypes of
PRKD1 and KCNQ3 genes with yak milk composition in Gannan yak was shown in Table 2.
The results showed that the g.283,619T>C locus was significantly correlated with the
lactose traits of Gannan yak milk, and the lactose content of TC type yak population
was significantly higher than that of TT type and CC type (p < 0.05), indicating that the
mutation of PRKD1 gene improved the milk traits of Gannan yak; there were no significant
differences in casein, protein, milk fat, non-fat milk solids (SNF), acidity and total milk
solids (TS) among the three genotypes of yak milk (p > 0.05). The g.283,659 C > A locus
was significantly correlated with milk fat content; the milk fat content of CA heterozygous
genotype animal population was significantly higher than that of CC and AA genotypes
(p < 0.05). The correlation analysis between g.133,741T>C locus and milk composition
showed that the casein, protein and acidity of CC and TC groups were significantly higher
than those of TT group (p < 0.05). The SNF of heterozygote TC group was significantly
higher than that of CC group (p < 0.05). The results showed that the site mutations of
PRKD1 (g.283,619T>C, g.283,659C>A) gene and KCNQ3 (g.133,741T>C) gene increased
the casein, protein, milk fat and lactose traits of Gannan yak milk, and improved the milk
quality of Gannan yak.

Table 2. Association analysis between PRKD1 gene g.283,619T>C, g.283,659C>A loci, KCNQ3 gene
g.133,741T>C loci and milk traits of Gannan yak.

SNPs g.283,619T>C

Genotype Casein/% Protein/% Fat/% SNF/% Lactose/% Acidity/◦T TS/%

TT 4.14 ± 0.22 4.92 ± 0.33 6.77 ± 1.80 11.13 ± 0.55 4.90 ± 0.11 b 12.46 ± 1.02 17.96 ± 2.05
TC 4.09 ± 0.32 4.89 ± 0.43 7.10 ± 2.25 11.28 ± 0.49 5.00 ± 0.16 a 12.28 ± 1.39 16.77 ± 2.62
CC 4.08 ± 0.0.27 4.90 ± 0.37 6.80 ± 2.34 11.26 ± 0.47 4.98 ± 0.15 ab 12.39 ± 1.29 16.33 ± 2.59

p Value p = 0.777 p = 0.958 p = 0.538 p = 0.494 p = 0.024 p = 0.516 p = 0.082

SNPs g.283,659C>A

Genotype Casein/% Protein/% Fat/% SNF/% Lactose/% Acidity/◦T TS/%

CC 4.12 ± 0.25 4.89 ± 0.35 4.93 ± 0.95 b 11.21 ± 0.50 4.98 ± 0.15 12.23 ± 1.34 16.61 ± 1.75
CA 4.0 ± 0.33 4.89 ± 0.45 5.61 ± 1.64 a 11.27 ± 0.48 4.99 ± 0.17 12.41 ± 1.31 16.43 ± 2.58
AA 4.10 ± 0.25 4.96 ± 0.33 4.84 ± 1.38 b 11.37 ± 0.37 4.97 ± 0.16 12.70 ± 1.10 15.80 ± 1.99

p Value p = 0.595 p = 0.685 p = 0.035 p = 0.378 p = 0.816 p = 0.875 p = 0.345

SNPs g.133,741T>C

Genotype Casein/% Protein/% Fat/% SNF/% Lactose/% Acidity/◦T TS/%

TT 3.95 ± 0.32 b 4.61 ± 0.43 b 5.50 ± 3.00 11.02 ± 0.50 ab 5.04 ± 0.12 11.47 ± 1.30 b 16.41 ± 2.90
TC 4.14 ± 0.25 a 5.00 ± 0.34 a 5.30 ± 2.62 11.38 ± 0.43 a 5.05 ± 0.11 12.68 ± 1.14 a 16.54 ± 2.55
CC 4.12 ± 0.27 a 4.89 ± 0.39 a 5.92 ± 2.54 11.22 ± 0.48 b 4.98 ± 0.14 12.39 ± 1.32 a 17.03 ± 2.52

p Value p = 0.011 p = 0.000 p = 0.396 p = 0.003 p = 0.006 p = 0.000 p = 0.453

Note: In the same column of data, the difference between different lowercase letters was statistically significant
(p < 0.05). The data were expressed as mean ± standard deviation.

4. Discussion

Yak milk is a naturally concentrated milk that is softer and sweeter than regular
milk [38]. Yak milk protein contains 80% casein, which is much higher than human
milk [39]. These casein proteins consist of a group of phosphoproteins that form a gel
structure during the coagulation process, effectively improving the texture and nutritional
value of dairy products such as cheese and yogurt, which is the main reason why yak
milk is whiter in color than cow milk [32]. In this study, the mutation of g.133,741T>C
locus had a significant effect on the content of casein and protein in Gannan yak, the
content of casein and protein in CC mutant and TC heterozygous yak populations was
significantly higher than that in TT wild type, which indicated that the SNPs mutation
of KCNQ3 gene had a significant effect on the improvement of yak milk quality. Studies
have shown that the protein of yak milk is divided into four caseins (αS1-CN, αS2-CN,
β-CN, k-CN) and five major whey proteins (α-lactalbumin, β-lactoglobulin, lactoferrin,
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serum albumin and immunoglobulin) [40,41]. As a dietary protein, casein is a source of
antihypertensive peptides, which is positive for conditioning the body of patients with
cardiovascular disease [42]. It has been reported that whey protein can be rapidly digested
in the digestive tract and can quickly supplement amino acids for the body [43]. Previously,
researchers used iTRAQ-labelling proteomics to find 183 proteins in the whey of yak milk
and colostrum, of which 86 proteins were significantly different between colostrum and
milk [44]. Bioactive peptides found in yak milk play crucial roles in the metabolic and
overall health of humans. They perform various physiological functions and can enhance
the resistance of neonates and adults against diseases and pathogens [45]. We found that
the mutations of g.283,619T>C and g.283659C>A had no significant effect on casein and
protein of Gannan yak. It is worth noting that the mutation of g.283,659C>A site had an
effect on milk fat, and the milk fat content of CA heterozygous type was significantly higher
than that of CC wild type and AA mutant type. Yak milk has a high milk fat content and
large fat globules, so it can produce high-quality ghee products [4]. Yak milk is rich in
monounsaturated fatty acids (MUFAs, 20–25%) and polyunsaturated fatty acids (PUFAs,
3–6%), which play an important role in reducing the risk of cardiovascular disease and
improving lipid metabolism [46]. Since yak graze in natural pastures all year round, this
means yak milk may contain unique fatty acids [47]. Our results showed that the TC
heterozygote at the g.133,741T>C locus had significantly higher non-fat milk solid than the
CC mutant, and the acidity of the TC and CC genotypes was significantly higher than that
of the TT wild type.

Advances in molecular biotechnology have enabled the detection of the contribution
of some genes to genetic variation in important economic quantitative traits [21]. Georges
et al. first performed a genome-wide scan of dairy cows to determine the genomic region
of the genes responsible for phenotypic variation in production traits in dairy cows [48,49].
It can be seen from the quantitative trait loci (QTL) that there are many loci affecting the
quantitative traits of dairy cows. At present, single nucleotide polymorphism (SNP) has
been used for QTL detection and mapping of complex traits in many species [50]. In our
study, when analyzing the correlation between PRKD1 and KCNQ3 gene loci and milk
traits, it was found that when the PRKD1 g.283,619 T>C locus was mutated from T to C, the
heterozygote of the mutation site had a significant effect on the lactose of Gannan yak, and
the heterozygote was significantly higher than the wild type. The heterozygote genotype
composed of PRKD1 g.283659 C>A mutation site had a positive effect on milk fat. There
was no significant difference in casein, lactoprotein, SNF, acidity and TS between the PRKD1
mutant population and the wild type. When the base of KCNQ3 g.133,741T>C mutation
site changed from T to C, it had a positive effect on the content of casein, lactoprotein, SNF
and acidity of Gannan yak. In a word, the SNPs mutation sites we found have different
effects on the milk quality of Gannan yak.

As a serin/threonine kinase expressed in normal breast cells, the PRKD1 gene has been
proved to be a key protein to inhibit the invasive phenotype in breast cancer [17]. In our
study, we also confirmed the significant effect of PRKD1 gene on milk quality traits of yak.
In addition, KCNQ3 has been identified as a candidate gene that determines the association
of SNP markers (rs41580517) with milk fat content [21]. This study also found that the
KCNQ3 g.133,741T>C locus was associated with several milk components in Gannan yak.
Therefore, our findings provide candidate genes for improving milk quality traits of Gannan
yak, and also lay a foundation for subsequent research on improving milk yield of yak
through screening. It is worth noting that the three loci g.283,619T>C, g.283659C>A and
g.133,741T>C were located on the intron, but this does not exclude its effect on yak milk
quality. The intronic regions of genes cannot be encoded and expressed, but they also play
an important role in the regulation of gene expression [51]. It has been reported that the
intron SNPs of SLC22A4 gene affect the transcription efficiency of the gene [52], which
strongly indicates the important role of introns in the gene. In previous studies, five SNPs in
the intron region of SORBS1 gene were significantly associated with milk fat traits [53]. This
is similar to the results of our study. In addition, the polymorphism information content of
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the three loci g.283,619T>C, g.283659C>A and g.133,741T>C were 0.351, 0.364 and 0.362,
respectively, and the p values of the three loci were 0.104, 0.673 and 0.970, respectively, all
of which were greater than 0.05, indicating that each locus was in the Hardy–Weinberg
equilibrium. Therefore, PRKD1 and KCNQ3 genes can be used as DNA molecular markers
to improve milk production traits in yaks using marker-assisted selection.

5. Conclusions

This study is the first to investigate the association between PRKD1 and KCNQ3 gene
polymorphisms and dairy traits in Gannan yaks. The results of association analysis showed
that the polymorphisms of PRKD1 gene and KCNQ3 gene were significantly related to
the milk quality of yaks. Therefore, genotyping PRKD1 and KCNQ3 genes is helpful to
improve the milk quality of Gannan yaks.
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Abstract: This research was aimed to assess the distribution of calcium, phosphorus and magnesium
within the casein micelles of yak milk. To this aim, nine bulk yak milk samples (Y-milk), collected in
three yak farms located in the Chinese province of Qinghai, were compared to nine bulk cow milk
samples used as a reference. A quite similar content of colloidal calcium (0.80 vs. 0.77 mmol/g of
casein; p > 0.05), a higher content of magnesium (0.05 vs. 0.04 mmol/g of casein; p ≤ 0.01) and a lower
content of colloidal phosphorus (0.48 vs. 0.56 mmol/g of casein; p ≤ 0.01) between yak and cow
casein micelles were found. Moreover, the yak casein micelles showed a lower value of prosthetic
phosphorus (0.20 vs. 0.26 mmol/g of casein; p ≤ 0.05) compared to the cow micelles. The lower
values of colloidal and prosthetic phosphorus in yak casein micelles suggest that the yak casein is
less phosphorylated than the cow one.

Keywords: yak milk; protein fractions; mineral content; salt equilibria; casein micelles mineralisation

1. Introduction

The heat stability of milk and its ability to transfer high quantities of Ca and P in
a highly assimilable chemical form by the human organism depend on casein micelles
structure. Moreover, the casein micelles are the substrate of the coagulation of milk (acid
or enzymatic). This process is an essential step in milk cheesemaking and allows the
efficient release of biological active components of milk during digestion. Casein micelles
are organised roughly in spherical particles constituted by the four caseins and by an
amorphous mineral cluster defined as colloidal calcium phosphate. In bovine milk, micellar
minerals represent about 6% of the dry matter of casein micelles. Although there are several
models of casein micelles structure, there is a general agreement about the stabilising
effect played by k-casein on the surface of the micelles and by the nanoclusters of calcium
phosphate in the internal zones of the micelles. A quantitative model of the bovine milk
casein micelle, characterized by ion equilibrium and calcium phosphate sequestration by
individual caseins, was recently proposed by Bijl et al. [1].

The degree of mineralisation (or mineralisation level) of micelles can be defined as the
concentration of Ca, Mg and P within the casein micelle, in the form of calcium phosphate
nanoclusters or via ionic bonds with amino acid residues [1,2]. The degree of mineralisation
of casein micelles influences the processing and nutritional properties of milk and of the
products derived from it. In particular, a high level of mineralisation of casein improves the
rennet coagulation ability of milk but seems to decrease the degradation of casein during
in vitro gastric digestion [3,4].

Studies on the degree of mineralisation of casein micelles mainly concerned bovine
milk casein, although milk from other species was also examined. For example, in the
last years, some studies investigated the degree of mineralisation of casein in milk from
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sheep [5,6], goat [6,7], buffalo [7–9], camel [10], donkey [11–13] and wild ruminants [14]
such as red deer (Cervus elaphus), fallow deer (Dama dama), roe deer (Capreulus capreulus).

Yaks are extensively raised in the plateau of the western Tibetan region of China at
altitudes ranging approximately from 2000 to 5000 m above the sea level [15,16]. Generally,
yaks are raised mainly for their milk, their meat and their wool, which are a vital part of
the local economy in the Tibetan region of China [16]. In particular, yak milk is a food
product of great value for the population of the Qinghai plateau, where yaks are the only
raised animals producing milk [15]. Indeed, yak milk, besides being a beverage, is used to
produce many products. The main product is butter, but this milk is used for a variety of
other products as well, such as yogurt and fermented beverages, hard and soft cheeses and
other traditional products [17].

Nowadays, approximately 25% of yak milk is processed at industrial level [18] and,
for its relevance in the nutrition of the people living in the Tibetan plateau, during the
last years, several studies were carried out aimed to characterise the milk yield, chemical
composition, cheesemaking aptitude and nutritional properties.

Yak average daily milk yield ranges from about 0.8 to 3.2 kg/d, according to the breed
and rearing zone. Furthermore, also the length of lactation is variable, depending on the
same factors, from 100 to 180 days, and this leads to an average milk production from 150
to 500 kg/lactation [16].

Compared to cow milk, yak milk has a higher concentration of milk constituents such
as fat, protein and casein [15,19–21], a larger casein micelles size, better rennet coagulation
properties and a higher cheese yield [22,23]. Moreover, it was observed that yak casein
is less soluble than the cow one [24] and that these proteins differ from each other in
composition and hydration [25].

However, to date, only a scarce number of studies were carried out to analyse yak milk
mineral composition. Yak milk has a higher content of Ca, P and Mg than cow milk [26–28].
Most of Ca and P are in the colloidal phase, whereas 3/4 of Mg is in the soluble phase [27].
Nowadays, no one has yet investigated casein micelles mineralisation in yak milk in its
native state.

For this reason, the knowledge of the characteristics of casein micelles and their
mineral content can be useful to exploit the dairy potential and address the transformation
technology of yak milk for its valorisation. Thus, the characterisation of milk from yak
was carried out in this study, focusing on its mineral content and the distribution of Ca,
P and Mg between its soluble and micellar phases, as well as their concentration within
casein micelles.

2. Materials and Methods

2.1. Experimental Design and Sampling Procedure

Nine bulk yak milk samples were collected in three yak farms located in three different
zones of the Chinese province of Qinghai. All animals belonged to Plateau yak breed.
One herd was from the province of Guoluo (3719 m a.s.l.), one herd from the province of
Hainan (2835 m a.s.l.), and one herd from the province of Wulan (2960 m a.s.l.). Samples
were collected monthly from June to August in each herd. For the purpose of comparison,
nine bulk milk samples of Italian Friesian cows were collected and analysed with the same
method. These latter were taken from three farms located in the north of Italy raising only
Italian Friesian cows. As for the yak milk samples, the Italian Friesian milk samples were
collected monthly from June to August in each herd.

The milk samples were representative of the herd bulk milk and were collected at
the end of the morning milking. After sampling, they were frozen, transported to the
laboratories and kept at −20 ◦C until the analysis.

2.2. Analytical Methods

For each milk sample, total N (TN), non-casein N (SN) and non-protein N (NPN)
were determined by the Kjeldahl method [29–31] in milk, milk acid whey at pH 4.6 and
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trichloroacetic acid filtered whey (TCA 120 g/L; Carlo Erba Reagents, I-20010, Milan, Italy),
respectively. The Kjeldahl method was performed using a DK6 Digestor and an UDK126A
Distiller (VELP Scientifica, Usmate, Italy).

Moreover, for each milk sample, also by the Kjeldahl method, not-coagulable N
(NCN) on the rennet whey was determined. The rennet whey was obtained from milk,
according to Franceschi et al. [32], adding 2 mL of diluted 1:100 rennet (Christian Hansen,
DK-7172 Hørsholm, Denmark) into 100 mL of milk previously thermostated at 35 ◦C. After
coagulation of the milk, the whey outcome by curd syneresis was filtered on Whatman
1 paper filter (Merck Millipore Corporation, D-64293, Darmstadt, Germany).

From these data, crude protein (TN × 6.38/1000), whey protein (SN × 6.38/1000),
casein ((TN-SN) × 6.38/1000), casein number ((TN-SN) × 100/TN) and NPN × 6.38
(NPN × 6.38/1000) were calculated as described by Franceschi et al. [33], and paracasein
was calculated ((TN-NCN) × 6.38/1000) according to Franceschi et al. [34].

The lactose and fat contents were determined by the mid-infrared method [35] using
a MilkoScan FT 6000 (Foss Electric, DK-3400, Hillerød, Denmark). Moreover, somatic
cells and total bacterial count were assessed using the fluoro-opto-electronic method [36]
with Fossomatic (Foss Electric, DK-3400, Hillerød, Denmark) and the flow cytometry
method [37] with BactoScan FC (Foss Electric, Hillerød, Denmark), respectively, and dry
matter (DM) was obtained after oven-drying 20 g of milk at 102 ◦C [38].

Furthermore, each milk sample was skimmed and subsequently submitted to ultrafil-
tration process in Amicon 8200 ultrafiltration cells (Merck Millipore Corporation, Darmstadt,
Germany). The ultrafiltration process was performed as described by Petrera et al. [39] with a
Millipore membrane with 30 kDa cut-off in a N2 flow at 75 psi (polyethersulfone ultrafiltra-
tion membranes, Merck Millipore Corporation, Darmstadt, Germany).

The ash content was obtained by muffle calcination at 530 ◦C of 20 g of milk and of
10 g of ultrafiltered whey [40].

The ashes were solubilised in hydrochloric acid to obtain a hydrochloric ash solu-
tion [41] and, from this, by a colorimetric method [42], total P and soluble P were assessed
in the hydrochloric ash solution of milk and in the hydrochloric ash solution of ultrafiltered
whey, respectively. Moreover, also by the colorimetric method of Allen [42], the content
of total acid-soluble P was assessed in trichloroacetic (TCA) acid-filtered whey digested
at 240 ◦C by a DK6 digestion unit (VELP Scientifica, Usmate, Italy) for 1 h in perchloric
acid 65% (Carlo Erba Reagents, I-20010, Milan, Italy). The colorimetric method of Allen, in
brief, was performed by adding to 10 mL of hydrochloric ash solution, diluted 40 times,
2 mL of perchloric acid 65%, 2 mL of a solution with 20 g/L of 2,4-diaminophenol dihy-
drochloride, 200 g/L of sodium metabisulfite and 1 mL of ammonium molybdate (83 g/L)
solution (all reagents came from Carlo Erba Reagents, I-20010, Milan, Italy). After 25 min,
1 mL of this solution was read by a Helios spectrophotometer (Thermo Fisher Scientific,
Waltham, MA 02451, USA) at 750 nm. For the determination of P 5, standard solutions
from 25 mg/100 g to 400 mg/100 g were used (KH2PO4, Carlo Erba Reagents, I-20010,
Milan, Italy).

Moreover, starting from the hydrochloric ash solution of the milk and of the ultrafil-
tered whey, opportunely diluted ten thousand times, the total content of Ca and Mg and
their content in the solution were determined [41] by atomic absorption spectrometry using
a Perkin-Elmer 1100 B instrument (Perkin-Elmer, Waltham, MA 02451, USA). For both
Ca and Mg determination, calibration curves were obtained using 5 standard solutions,
(CaCl2·6H2O and MgCl2·6H2O of Carlo Erba Reagents, I-20010, Milan, Italy) ranging from
0.5 to 8 ppm for Ca determination and ranging from 0.05 to 0.8 ppm for Mg determination.

From these data, the colloidal fractions, namely, the minerals inside the casein micelles,
of Ca and Mg were calculated as the difference between their total and soluble contents.
Differently from Ca and Mg, colloidal P, within casein micelles, is present in two different
chemical forms, i.e., as part of the phosphorylated residues of caseins (casein P) and
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as a constituent of colloidal inorganic P. These fractions were calculated according to
Malacarne et al. [12] as follows:

Colloidal P = TP − SP (1)

Casein P = TP − TASP (2)

Colloidal inorganic P = TASP − SP (3)

where TP = total phosphorus; SP = soluble phosphorus; TASP = total acid-soluble phosphorus.
Furthermore, colloidal P content was corrected for the quota of P in phospholipids

according to Bonaga and Mascolo [43].
Then, the ratios of the mineral soluble contents with respect to their total amounts were

calculated and, according to Malacarne et al. [12], as well as the ratios between colloidal
minerals and casein, expressed in millimoles per gram of casein, were calculated.

Finally, the pH was measured by a Crison potentiometer (Crison Instruments, E-08328,
Barcelona, Spain), and the density at 15 ◦C by means of a Quevenne lactometer.

2.3. Statistical Analysis

The data collected were tested by analysis of variance, using the general linear model
procedure of SPSS (IBM SPSS Statistics 26, Armonk, NY 10504-1722, USA), according to the
following hierarchical model:

Yijkl = μ + Si + Tj + Hik + εijkl (4)

where Yijkl = dependent variable; μ = overall mean; Si = effect of the species (i = 1, 2);
Tj = effect of the trial (j = 1, . . . , 3); Hik = effect of herd nested within species (1, . . . , 5);
εijkl = residual error.

The significance of the differences between yak milk and cow milk was tested by the
Bonferroni post-hoc test.

3. Results

In Table 1, the chemical composition, physicochemical properties and counts of somatic
cells and total bacteria of yak bulk milk (Y-milk) and cow bulk milk (C-milk) are shown.

Table 1. Least-square means of chemical composition, physico-chemical properties and counts of
somatic cells and total bacteria for yak (Bos grunniens, Y-milk) and cow (Bos taurus, C-milk) milk.

Parameters
Unit of

Measure
Y-Milk
n 1 = 9

C-Milk
n 1 = 9

SE 2 p 3

Dry matter g/100 g 18.57 12.25 0.98 ***
Ash g/100 g 0.78 0.71 0.03 *
Lactose g/100 g 4.79 4.95 0.04 *
Fat g/100 g 6.17 3.46 0.34 **
Crude protein g/100 g 4.57 3.16 0.10 ***
Whey protein g/100 g 1.05 0.71 0.02 ***
Casein g/100 g 3.53 2.45 0.07 ***
Casein number % 77.12 77.58 0.17 NS
NPN × 6.38 g/100 g 0.26 0.17 0.01 ***
True protein g/100 g 4.31 2.99 0.10 ***
True whey protein g/100 g 0.79 0.54 0.02 ***
Paracasein g/100 g 3.05 2.87 0.08 ***

Density Kg/L 1.034 1.032 0.01 NS
pH-value value 6.69 6.70 0.02 NS

Somatic cells count 103 cells/mL 101.69 311.88 29.14 **
Total bacterial count 103 FCU/mL 890.99 82.11 285.25 **

1 Number of samples; 2 Standard error; 3 p-value: NS p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.
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The average values of dry matter, crude protein, whey protein, casein, NPN × 6.38
true protein, true whey protein and paracasein were different in Y-milk and C-milk, with
p ≤ 0.001. Furthermore, Y-milk and C-milk showed different average values of fat, somatic
cells count and total bacterial count, with p ≤ 0.01, and of lactose and ash, with p ≤ 0.05.

The content of dry matter and its main constituents (lactose, fat, crude protein and
ash), as well as of crude protein and its fractions (whey protein, casein, paracasein and
NPN × 6.38) and the total bacterial count were higher in Y-milk than in C-milk. On the
contrary, the somatic cell count was found to be lower in Y-milk than in C-milk. The casein
number and the values of density and pH were not different between the two types of milk.

In Table 2, the contents of Ca, P and Mg and their distribution between the colloidal
and the soluble phases of Y-milk and C-milk are reported.

Table 2. Least-square means of Ca, P and Mg contents and distribution between the colloidal and the
soluble phases of yak (Bos grunniens, Y-milk) and cow (Bos taurus, C-milk) milk.

Parameters Unit of Measure
Y-Milk
n 1 = 9

C-Milk
n 1 = 9

SE 2 p 3

Ash of ultrafiltered whey g/100 g 0.56 0.54 0.02 NS

Total Ca mg/100 g 160.74 113.65 7.25 **
Colloidal Ca mg/100 g 112.62 76.01 6.21 **
Soluble Ca mg/100 g 48.12 37.64 1.33 ***

Total P mg/100 g 113.88 87.70 3.91 **
Colloidal P mg/100 g 51.96 42.39 1.68 **
Colloidal inorganic P mg/100 g 30.27 22.34 1.15 **
Casein P mg/100 g 21.70 20.05 1.70 NS
Soluble P mg/100 g 58.40 43.20 3.06 **

Total Mg mg/100 g 12.52 9.49 0.51 **
Colloidal Mg mg/100 g 4.40 2.28 0.20 ***
Soluble Mg mg/100 g 8.12 7.22 0.33 *

Soluble Ca to total Ca ratio g/100 g of total Ca 30.24 33.13 0.87 *
Soluble P to total P ratio g/100 g of total P 50.70 49.24 1.03 NS
Soluble Mg to total Mg ratio g/100 g of total Mg 64.88 76.06 0.52 ***

1 Number of samples; 2 Standard error; 3 p-value: NS p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

Among the considered minerals, both in Y-milk and in C-milk, Ca was the most
abundant mineral, P being the second, and Mg the third.

The total contents of Ca, P and Mg and their fractions as well, except for casein P that
was not significantly different, were higher in Y-milk than in C-milk.

On the other hand, the percentage ratios of soluble Ca and soluble Mg with respect to
their total contents were lower in Y-milk than in C-milk, whereas no significant differences
were observed for the percentage ratio of soluble P with respect to total P.

In Table 3, the concentrations of Ca, P and Mg within the casein micelles of Y-milk and
C-milk, expressed as mmol per gram of casein, are reported.

The contents of colloidal Ca and colloidal Mg and the colloidal-Ca-to-colloidal-P
ratio showed significant differences between Y-milk and C-milk (p ≤ 0.01), while casein P
contents showed a significant difference between Y-milk and C-milk, with p ≤ 0.05.

The casein micelle of Y-milk had lower content of P and higher content of Mg, than
C-milk. Finally, no differences between the two types of micelles were observed for Ca.
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Table 3. Least-square means of Ca, P and Mg concentrations within the casein micelles of yak (Bos
grunniens, Y-milk) and cow (Bos taurus, C-milk) milk.

Parameters Unit of Measure
Y-Milk
n 1 = 9

C-Milk
n 1 = 9

SE 2 p 3

Casein g 100 g−1 3.53 2.45 0.07 ***

Colloidal Ca mmol/g of casein 0.80 0.77 0.05 NS
Colloidal P mmol/g of casein 0.48 0.56 0.02 **
Colloidal inorganic P mmol/g of casein 0.28 0.29 0.01 NS
Casein P mmol/g of casein 0.20 0.26 0.02 *
Colloidal Mg mmol/g of casein 0.05 0.04 0.01 **
Colloidal Ca to colloidal P value 1.67 1.39 0.05 **
Colloidal Ca to colloidal inorganic P value 2.95 2.66 0.24 NS
Soluble Ca to soluble P value 0.67 0.68 0.02 NS

1 Number of samples; 2 Standard error; 3 p-value: NS p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

4. Discussion

4.1. Yak Milk Chemical Composition and Physico-Chemical Properties

In general, the results of the main studies concerning the chemical composition of yak
milk were reported in several comparative reviews [44–48]. The concentration of the main
constituents of Y-milk (ash, lactose, fat and crude protein) were within the ranges reported
by previous studies [15,16,49]. Differently from C-milk, in which the principal constituent
of dry matter was lactose, in Y-milk the main constituent of dry matter was fat (33.22 g
100 g−1 of dry matter). In addition, the values of the protein fractions were comparable
with those reported in previous studies [18,20,49]. The higher casein content of Y-milk,
compared to C-milk, resulted in a higher paracasein content, which is the rennet-coagulable
fraction of casein.

Nevertheless, since the cheesemaking process consists in the formation of a three-
dimensional network of paracasein, in which fat globules and part of the whey are en-
trapped [50], milk the casein and paracasein contents are very important traits, for their
repercussions on the yield of both soft cheeses [51,52] and hard cheeses [53,54]. Indeed, the
cheesemaking yield is directly proportional to the milk casein and paracasein contents for
both soft and hard cheese production, as reported by many authors [23,33,51–54]

From this point of view, the yak milk high contents of casein, paracasein and fat can
result in a high cheese-yielding ability, as demonstrated by Zhang et al. [23]. The casein
number of Y-milk in the present research was higher than that reported by Li et al. [15],
who found an average value of 74.63% from 104 individual milk samples collected from
Maiwa breed yaks. This difference may depend on genetic differences between Maiwa and
Plateau yak breeds.

The Y-milk somatic cells average content was slightly higher than 100,000 cells/mL
of milk. Currently, there is not a clear threshold limit to assess intra-mammary infections
(IMI) in yak. If we consider the threshold limit for somatic cells commonly accepted for
individual cows reared in an intensive system (200,000 cells/mL), the value in yak bulk
milk observed seemed to indicate a low prevalence of IMI in the yak herds sampled here.
Moreover, it is important to highlight that a high somatic cells content in cow milk has
negative effects on its rennet coagulation aptitude [55–57] and, consequentially on the
cheese-making efficiency [50] and milk cheese-yielding ability [33,58].

In contrast, the total bacterial count in Y-milk was very high when compared to that in
C-milk one. This was probably due to differences between the raising systems of the yaks
and cows involved in this research. Indeed, C-milk was collected from a free-stall herd,
the more widespread housing system in Italy, and milking was mechanised and carried
out in a milking parlor [59]. With this system, the collected milk is transported through
pipes to a refrigeration tank where it is cooled. The limited contact between the milk and
the environment and the cooling of the milk keeps the total bacterial count low [60], and
refrigeration contributes to reducing the bacterial growth [61]. On the opposite, yaks were
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raised in high mountain pastures and were not reared in a stall, the milking procedure was
manually performed, and the milk was not immediately cooled after milking, conditions
that can all promote bacterial growth.

Clearly, improving the hygiene of the milking practices and cooling the yak milk at
the farm could be the best method to reduce somatic cell count and bacterial growth and to
limit the proteolytic and lipolytic activity of enzymes that can alter the milk quality [62].

Finally, the average pH value was consistent with that reported by Zhang et al. [63] in
a study on the factors influencing the rennet-induced coagulation properties of yak milk.

4.2. Yak Milk Mineral Content, Salt Equilibrium and Casein Micelles Mineralisation

Cui et al. [28], in a study carried out on milk from the same yak breed considered here,
found mineral contents quite higher than those observed in this study, using a different
method to assess mineral concentration (inductively coupled plasma atomic emission
spectroscopy), i.e., 227, 170 and 14.5 mg/100 g of milk for Ca, P and Mg, respectively. The
contents of total Ca and P were slightly higher, and that of Mg slightly lower than those
showed by Li et al. [15], reporting for Maiwa Y-milk average values of 1545.45, 922.04 and
154.10 mg/kg of milk for Ca, P and Mg, respectively.

Moreover, the percentages of soluble Ca and P were lower and higher, respectively,
than those reported by Wang et al. [27] for Y-milk produced by yak raised in the Qinghai-
Tibetan Plateau.

The higher concentrations of Ca, P and Mg in Y-milk compared to C-milk depended
mainly on the high amount of casein in the former milk with respect to the latter one.
Indeed, Ca, P and Mg contribute to the casein micelle structure, and thus, the milk casein
content positively affects the colloidal contents of Ca, P and Mg [64].

In general, the data om micelle mineralisation in C-milk are in agreement with the
results of previous studies carried out on individual and bulk milk samples [2,3]. Actually,
colloidal P is composed of two different fractions: inorganic P, which represents P in
inorganic calcium phosphate within the casein micelles, and casein P, corresponding to
phosphorus in the phosphorylated amino acid residues of caseins [3].

Differences were observed for inorganic P, while Y-milk showed a lower content of
casein P than C-milk. Thus, the micelles of the two types of milk had the same concentration
of inorganic salts, and Y-milk had a lower number of phosphorylated amino acid residues.
This observation was confirmed by the values of the colloidal-Ca-to-colloidal-P ratio and of
the colloidal-Ca-to-colloidal-inorganic-P ratio. Indeed, the first value was higher in Y-milk
than in C-milk, while the second did not show a significant difference when comparing the
milk of the two species.

5. Conclusions

Yak milk appeared to be characterised by a high content of casein and, therefore, of
minerals that contribute to the casein micelle structure. In particular, the milk of yak seems
to be extremely rich in Ca, P and Mg, especially in their colloidal forms, which should
positively influence the bioavailability of Ca and P during the digestion process.

Finally, in yak milk, the lower casein P content per casein unit suggests that the
yak caseins are less phosphorylated than the cow ones and have a lower number of
phosphorylated amino acid residues within the casein micelles. This feature may affect the
casein micelle structure, with repercussion on the processability and digestion of yak milk
casein when compared to the cow one.

However, it should be considered that this study was conducted on bulk milk samples,
using milk from only one breed (Plateau yak breeds) of yak.

Therefore, it could be important, in the future, to expand this research, examining milk
from other yak breeds.
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Abstract: Milk consumption has traditionally been recognized as a fundamental element of global
dietary patterns due to its perceived nutritional advantages. Nonetheless, a substantial decrease
in milk consumption has been identified within diverse populations in recent times. Specifically,
consumers’ expectations and representations of milk quality have undergone notable transformations,
contributing to the observed reduction in consumption. The objective of this systematic review was to
conduct a comprehensive examination and categorization of the conceptual attributes associated with
milk quality, considering the representations of citizen-consumers, farmers, and processing experts.
This review was conducted following the Preferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) guidelines. The titles and abstracts of 409 articles were screened, and 20 full-text
articles were assessed for eligibility. The results demonstrate the existence of a dual articulation in the
conceptual definition of milk quality. Farmers and processing experts exhibited a relatively similar
representation of milk quality, focusing on technical indicators. In contrast, citizen-consumers held
more simplistic and subjective concepts that are challenging to quantify. This study emphasized the
critical need for establishing a platform for communication and knowledge exchange to foster shared
representations and expectations regarding milk quality.

Keywords: milk quality; representations; citizen-consumer psychology; farmer; concept mapping;
processing expert

1. Introduction

Milk consumption has long been regarded as a fundamental element of global dietary
patterns due to its perceived nutritional advantages. However, a notable decline in milk
consumption has been observed across various populations in recent times [1]. More
specifically, there has been a 2% decline in milk consumption in the EU between 2013 and
2018, and this decrease is expected to continue [2]. The reduction in milk purchases is
particularly relevant in Italy, where its consumption has been decreasing in a progressive
way, from 56.4 L per capita in 2009 to 50.2 L in 2014 (6%) [3]. Research indicates that
this decline is influenced by several significant factors, with particular emphasis on the
profound shifts in consumers’ perceptions of milk quality. These altered expectations and
representations of milk quality have contributed to the observed consumption decrease [4].
Firstly, there has been a growing emphasis on health and nutrition as key dimensions
of milk quality. Consumers are increasingly focused on nutritional content, the absence
of harmful additives, and the overall health and environmental impact of the foods they
consume. For instance, recent studies have demonstrated how health and animal welfare

Foods 2023, 12, 3215. https://doi.org/10.3390/foods12173215 https://www.mdpi.com/journal/foods249



Foods 2023, 12, 3215

concerns can impact the hedonic and emotional response to milk and subsequently affect
consumption [5]. Additionally, sustainability and ethical considerations have taken center
stage as crucial aspects of food quality. Consumers now prioritize environmentally friendly
production methods, fair trade practices, and animal welfare in their definitions of quality.
These aspects seem to be particularly important for those countries that have limited
natural resources and are densely populated [6]. Asian countries such as China and
India are increasing the attention paid to food sustainability as they perceive the risk of
not having enough resources to meet the needs of the entire population [6,7]. Sensory
attributes and taste, though still crucial, are now being sought after for more diverse and
authentic taste experiences, often linked to cultural preferences and personal enjoyment.
A study conducted in Latin America (Mexico and Chile), Europe (Italy, Spain, Greece,
and Denmark), and Asia (Bangladesh) showed that, in European and Asian countries,
sheep and goat dairy products are not consumed because consumers dislike them, while in
Mexico a higher percentage of people do not consume these dairy products because they
are unfamiliar with them [8]. Moreover, convenience, affordability, and transparency in
the food supply chain are emerging as significant factors shaping consumer perceptions of
food quality, leading to profound shifts in how milk quality is defined.

From a legislative point of view, the rules introduced to protect the quality of milk
are many and vary from country to country [9]. European Union regulations encom-
pass a series of legislative measures that comprehensively cover various aspects of the
dairy sector. The production of dairy products adheres to general hygiene prerequisites
outlined in several European regulations: Regulation (EC) No 178/2002 [10], Regulation
(EC) No 852/2004 [11], and Regulation (EC) No 853/2004 [12,13]. Processed milk must
meet stringent hygiene criteria, including limits on microorganisms, somatic cell counts,
the absence of veterinary drug residues, and not surpassing acceptable levels of specific
contaminants. Moreover, compliance with public health standards is imperative. For
instance, non-EU nations must possess an approved monitoring scheme for “residues”.
Items introduced into the EU market must adhere to food law requisites, notably Regu-
lation (EC) No 178/2002 [10]. The legislation also incorporates specifications for product
labeling. Variations exist in standards and labels for milk fat and spread products across
different global regions [14]. Several authors have assessed the implications of the new EU
Regulation No. 1169/2011 [15,16]. Within the EU, Regulation No 931/2011 [10] pertaining
to the traceability of animal products, Regulation No 1169/2011 [17] addressing consumer
information provision, and Regulation No 1308/2013 [18] governing the organization of
agricultural markets collectively serve as the principal legislative frameworks overseeing
milk labeling.

However, current marketing strategies reveal a gap in adopting a comprehensive
approach that considers the perspectives of both dairy experts and citizen-consumers
regarding milk quality. This fragmentation in milk quality definitions has resulted in the
formulation of marketing and communication strategies that have proven to be ineffective
and unsuccessful, ultimately negatively impacting milk consumption [19]. Built upon these
premises, it is imperative for the dairy industry to grasp and explore the societal perspective
regarding milk quality as underscored by the Food and Agriculture Organization of the
United Nations (FAO) [20]. Specifically, it is of utmost importance to investigate the novel
representations and quality attributes of citizen-consumers pertaining to milk and ascertain
whether these are aligned with those of experts such as farmers and processing experts. This
comprehension plays a pivotal role in the development of products and the formulation of
marketing strategies that cater to the ever-evolving needs and demands of consumers [2,21].
Notably, for citizen-consumers, it is crucial that certain characteristics of milk are visible
and comprehensible in order to minimize uncertainty and prevent dissatisfaction.

However, the scope of research that focuses on the concept of milk quality beyond
the existing technological and hygienic definitions remains limited [22]. While current
knowledge about milk quality is valuable, it does not encompass all possible ways of
representing and conceptualizing its meaning.
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To bridge this knowledge gap, the objective of this systematic review was to un-
dertake a comprehensive examination and categorization of the conceptual attributes
associated with milk quality, considering the viewpoints of citizen-consumers, farmers, and
processing experts.

The specific objectives of this review are as follows: (a) to identify the primary at-
tributes that define milk quality, taking into account the perspectives and distinct rep-
resentations of citizen-consumers, farmers, and dairy processing experts (advisors and
processors); (b) to examine the differences and similarities in the representation of milk
quality among these key stakeholders in the dairy industry; (c) to categorize these at-
tributes of milk quality conceptualization utilizing an ecological framework to provide a
comprehensive description and analysis.

2. Materials and Methods

This systematic review was conducted and reported following the Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines [23].

2.1. Search Strategy

A comprehensive search strategy was formulated to identify relevant peer-reviewed
publications pertaining to the determinants influencing the perception of milk quality
among farmers, citizen-consumers, and processing experts (advisors and processors). In
the context of the milk supply chain, farmers are individuals or entities primarily engaged in
dairy farming. They manage farms where dairy animals, such as cows, goats, or sheep, are
raised for the purpose of producing milk. Processors are entities responsible for collecting,
pasteurizing, processing, and packaging milk. They play a vital role in ensuring that
raw milk is transformed into a safe, shelf-stable, and consumer-ready product through
processes that involve heat treatment, separation, and other techniques. [24]. The strategy
employed a combination of keywords extracted from titles and abstracts. The search terms
were grouped into three categories: (I) the concept of milk quality, which was searched
as a single term while excluding closely related concepts to ensure conceptual clarity;
(II) specific domains of interest such as perception, attitude, and expectation; and (III)
the target subjects of interest, namely, farmers, citizen-consumers, and processing experts
(identified as processors and advisors). The following search string was developed: (milk
quality) and (acceptance*) OR (opinion*) OR (perception*) OR (attitud*) OR (evaluation) OR
(valuation) OR (adopt*) OR (defin*) OR (expectation*) OR (determinant*) OR (criteri*) OR
(factor*) OR (representation*) OR (attribute*) and (consumer*) OR (citizen*) OR (shopper*)
OR (user*) OR (public) OR (buyer) OR (farmer∗) OR (processor∗) OR (stakeholder∗) OR
(supply chain∗) OR (producer).

This search strategy was adapted to the thesaurus characteristics of each considered
database (i.e., SCOPUS, PSYCINFO, WEB OF SCIENCE, and PUBMED) and launched
in December 2022. Literature search was limited to peer-reviewed studies published
in English or Italian. No time restriction was applied, so as to be as inclusive as possi-
ble. Reference lists of eligible studies and review articles were scanned to identify any
missed articles.

2.2. Study Selection and Data Extraction

A three-step screening process was implemented to identify suitable studies for inclu-
sion in this review, as described by [25]. In cases where there was disagreement between the
two reviewers, all three researchers discussed the articles until a consensus was reached.

For all selected studies, the authors extracted information included study author(s),
year of publication, countries where the study was carried out, sample characteristics (in-
cluding sample size, age, and percentage of females involved), and study design. Moreover,
the type of milk investigated and the type of participants (farmers, citizen-consumers,
or processing experts) involved in the studies were extracted. In addition, attribute cate-
gories of milk quality were mapped for citizen-consumers, farmers, and processing experts
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(advisors and processors). Since the selected studies considered different attributes to
define the concept of milk quality, they have been reviewed, selected, and grouped into
macro-categories.

The data were extracted systematically using a standardized data extraction form as
described by [25]. The extracted data were summarized in tables and a narrative synthesis
was developed using a textual approach to synthesis the findings [26].

Procedure of Grouping Variables

The included studies reported several attributes (namely, “micro-categories”) to de-
scribe the concept of milk quality. These micro-categories were then grouped into broader
macro-categories to allow for an effective synthesis of the results (Figure 1).

In particular, a qualitative content analysis procedure, widely implemented to analyze
textual data [27], was adapted to reduce the number of categories. More specifically, con-
ventional content analysis [27,28], also described as inductive category development [29],
was applied because this procedure allows categories and their names to flow from the data
instead of using preconceived categories [27]. The procedure for developing the categories
of the extracted attributes is presented in Figure 1 and was carried out by three researchers
independently (GC, SB and CB).

In order to handle the large amount of data, all the micro-categories that impact the
concept of milk quality were transcribed into Excel. After that, the micro-categories were
carefully re-read and those that referred to the same key concept were grouped under the
same macro-category (e.g., all variables that mentioned worker hygiene, animal hygiene, or
farm hygiene were grouped under the same macro-category), identifying labels that were
consistent with the micro-categories grouped (e.g., hygiene quality).

Finally, the macro-categories were further validated (formative check of reliability)
by the three researchers (GC, SB, and CB), checking the level of agreement among the
categories created by the researchers independently and discussing cases of doubt and
overlapping labels.

The validated macro-categories were used to compare differences and similarities
among the different actors (citizen-consumers, farmers, and processing experts) with
respect to the concept of milk quality.

Figure 1. Procedure of inductive category development, adapted from Mayring [30] and Schilling [13].
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2.3. Data Analysis

The macro-categories have been integrated and organized according to the framework
of Story et al. [31] which is based on the socio-ecological framework of Bronfenbrenner
and Capruso [32] and Bronfenbrenner [33]. This framework presents four systems within
which people act, and these systems can be paramount in influencing the formation of
one’s own opinions about social phenomena: (I) The Individual system, identified as the
place where people generate opinions based on their experiences with the phenomenon
(e.g., attributes related to milk-related sensory aspects); (II) The Microsystem, which is
the context where opinions are structured and formed through comparisons with others
(e.g., attributes related to the concept of trust towards milk producers); (III) The Mesosys-
tem, which is the context where one’s own opinions are shaped by considering the tangi-
ble features of a phenomenon (e.g., milk’s nutritional value on the label, packaging fea-
tures) or context (e.g., milk-related hygiene conditions, technological systems); and finally,
(IV) the Macrosystem, which relates to the context of social norms (e.g., attributes con-
cerning the legislative or policy systems related to milk). Subsequently, a comprehensive
diagram was created to offer a visual depiction of the outcomes. This diagram encompassed
the macro-categories linked to the concept of milk quality, which were subsequently classi-
fied and distinguished in alignment with the four systems of the socio-ecological framework.
Moreover, the diagram portrayed the percentage distribution of micro-categories within
each macro-category and system. Furthermore, the diagram facilitated a comparative
analysis of the macro-categories, accentuating the distinctions and similarities among
citizen-consumers, farmers, and processing experts (advisors and processors).

3. Results

3.1. Search Results

A total of 729 records were retrieved. A first screening round was conducted, elim-
inating 320 duplicate records. A further round of screening was applied to the title and
abstracts on the remaining 409 records. After applying the eligibility criteria, 49 records
were judged as potentially relevant. Another screening phase was applied to the remaining
full-text articles to exclude articles not in line with the study’s objectives. Finally, accord-
ing to the pre-defined eligibility criteria, 20 studies were identified as coherent with the
inclusion/exclusion criteria as they focused on the attributes of the milk quality concept.
Figure 2 describes the selection and screening process.

3.2. Studies’ Overview

Table 1 provides an overview of the studies included in this analysis. The publications
spanned from 2000 to 2022, with an increase in the number of studies observed in the recent
years (2021–2022), as shown in Figure 3. Geographically, most studies were conducted
in the Americas, including South America (n = 4, 20%) and the North America (n = 2,
10%), followed by Europe (n = 5, 25%), Africa (n = 5, 25%), and Asia (n = 4, 20%), as
illustrated in Figure 4. Quantitative research designs were predominantly utilized in most
studies (n = 11, 55%), as indicated in Figure 5. The sample sizes across the studies varied
from n = 40 to n = 1646, as detailed in Table 1. The focus of nearly all studies was on
cow’s milk quality (n = 20, 95%), with a significant involvement of farmers (n = 13, 65%).
When considering the study design and participants involved, recent research conducted
in 2021–2022 primarily employed qualitative methods (5 out of 7, 71%) and focused on the
perspective of citizen-consumers (4 out of 7, 57%), while earlier studies conducted from
2000 to 2020 predominantly employed quantitative designs (9 out of 13, 69%) and mainly
focused on the viewpoint of farmers (8 out of 13, 62%).
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Figure 2. PRISMA flow diagram of study selection.

Figure 3. Time distribution of papers on milk quality.
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Figure 4. Geographical distribution of papers.

Figure 5. Study design of papers.

3.3. Attributes and Macro-Categories Related to the Concept of Milk Quality

A total of 70 attributes (micro-categories) of milk quality were identified (see
Supplementary Table S1). By employing the procedure of inductive category develop-
ment adapted from Mayring [30], these 70 micro-categories were grouped into 12 macro-
categories (Figure 6). Specifically, the results showed that the concept of milk quality
is related to the following: (I) policy quality (i.e., transparency of the regulations ruling
milk production and processing); (II) relation quality with expert (i.e., trust that peo-
ple have in the producers and distributors of milk); (III) sensory quality (i.e., perceived
organoleptic properties of milk); (IV) packaging quality (i.e., clarity and comprehensive-
ness of information on the milk pack); (V) nutritional quality/healthiness (i.e., nutritional
value/perceived healthiness of milk); (VI) animal welfare quality (i.e., animal welfare
protection); (VII) animal safety quality (i.e., animal health protection); (VIII) transport
quality (i.e., speed and safety of product transportation/distribution); (IX) company quality
(i.e., company reputation); (X) workers’ knowledge and attitudes quality (i.e., knowledge
and experience of the producing company’s workers); (XI) hygiene quality (i.e., product
hygiene protection); and (XII) technological quality (i.e., level of technological advancement
of the producing company).

257



Foods 2023, 12, 3215

Figure 6. Macro-categories related to the concept of milk quality.

Some of these macro-categories are linked together by overarching dimensions. In
particular, the macro-categories “packaging quality” and “nutritional quality/healthiness”
refer to milk quality attributes related to the product; the macro-categories “animal welfare
quality” and “animal safety quality” concern attributes related to animals; and “technologi-
cal quality”, “hygiene quality”, “workers’ knowledge and attitudes quality”, “company
quality”, “transport quality” are attributes related to the organizational context in which
milk is produced or processed. Most of the micro-categories that connote the concept of
milk quality are attributes related to the organization level (49%) and the product level
(25%). In particular, the nutritional quality/healthiness (18%), hygiene quality (16%), and
workers’ knowledge and attitudes quality (13%) are the most salient attributes in defining
the concept of milk quality (Figure 6). Moreover, the results of this study showed that
sustainability and in particular welfare and health of animals are becoming paramount as-
pects in defining quality in milk. Indeed, 19 % of the micro-categories analyzed considered
this issue.

3.4. Classification of Micro- and Macro-Categories about the Concept of Milk Quality According to
Bronfenbrenner’s Socio-Ecological Framework

In accordance with Bronfenbrenner’s socio-ecological framework (1979), a significant
proportion of macro-categories and their corresponding micro-categories associated with
the concept of milk quality are situated within the Mesosystem (93%) (Figure 7). These
findings highlight the predominant influence of beliefs and perceptions concerning the
physical environment where milk is produced and processed on the understanding of
milk quality. Conversely, less emphasis is placed on individual factors such as personal
inclinations or taste preferences (Individual system; 5%), social norms encompassing
trust and social influence (Microsystem; 1%), and cultural norms and agricultural policies
(Macrosystem; 1%).
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Figure 7. Classification of micro- and macro-categories regarding the concept of milk quality.

3.5. Milk Quality through the Lens of Citizen-Consumers, Farmers, and Processing Experts
(Advisors and Processors)

In this section, we describe the semantic attributes associated with the representations
of the three main targets examined in this study. Figure 8 provides a detailed analysis of
the main overlaps and thematic content concerning the conceptualizations of milk quality
among these three representations.

 

Figure 8. Farmer, processing experts, and citizen-consumer thematic content related to milk quality.

Regarding the overlapping thematic content, our literature analysis reveals that sev-
eral attributes of milk quality are relevant across different actors. For citizen-consumers,
farmers, and processing experts (advisors and processors), milk quality is linked to trans-
parency in regulations regarding milk quality requirements, production, and distribution
processes. Additionally, all actors highlight the importance of an approach to milk quality
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and safety that ensures integrity from farm to glass. Furthermore, the results suggest a
need to enhance farmers’ knowledge and attitudes and implement hygienic control in
the milk production process to meet the required milk quality and food safety standards.
Moreover, the conceptualization of milk quality appears to be influenced by the level
of technological advancement of the production company. The more a company adopts
innovation to ensure a high-quality chain from farm to glass, the more the milk is perceived
as a quality product. Finally, citizen-consumers, farmers, and processing experts (advisors
and processors) converge in defining milk quality as a product that guarantees certified
animal health protection and exhibits high nutritional quality. However, the content of
these attributes/themes related to milk quality varies among actors (Figure 8). Dairy ex-
perts (farmers and processing experts) assert that milk can be considered a quality product
if animal welfare is upheld, including proper disease identification, milk culturing for
pathogen detection, appropriate treatment options, and effective management techniques
to reduce mastitis incidence. On the other hand, citizen-consumers contend that milk is
of good quality when animals have not suffered and continue to live according to their
natural behaviors (e.g., grazing, eating grass). Furthermore, while experts (farmers and
processing experts) associate high nutritional value with milk quality based on its energy
content, protein source, and calcium content, citizen-consumers perceive milk quality as
determined by the absence of added ingredients and the naturalness of the product.

This duality in thematic and content perspectives characterizing the representations
of milk quality by dairy experts and citizen-consumers, particularly regarding nutritional
aspects and animal welfare, highlights how the former prioritize technical aspects such as
animal diseases and somatic cell counts, whereas the latter hold simpler and more naïve
concepts (e.g., absence of animal suffering or “free-from” products) in their representation
of quality milk. Additionally, certain conceptual attributes of the milk quality definition
appear to be target-specific. For example, only citizen-consumers identify clear and trans-
parent labels related to nutritional properties, trust in dairy experts, and organoleptic
qualities (e.g., appearance, taste, smell) as attributes of milk quality. Conversely, farmers
and processing experts (advisors and processors) share similar perspectives on the defini-
tion of milk quality, emphasizing two attributes: the speed and protection of milk during
transportation from the farm to the industry and the credibility of the production company.

4. Discussion

The decrease in milk consumption can be attributed to several multifaceted factors,
among which the evolving notion of milk quality among citizen-consumers plays a pivotal
role in contributing to this decline [4]. To address this concern, it is essential to understand
how citizen-consumers perceive milk quality and ascertain whether their perception aligns
with that of experts, including processing experts and farmers. As a result, we undertook
a systematic review with the objective of identifying the crucial attributes that shape the
concept of milk quality across three key stakeholder groups: farmers, processing experts
(advisors and processors), and citizen-consumers.

The findings reveal that, while milk quality is a relatively new research area, there has
been a notable surge in studies conducted on this topic in recent years (2021–2022). Addi-
tionally, recent studies have predominantly adopted qualitative methodologies, focusing
on the perspective of citizen-consumers, in contrast to earlier research trends. This shift
can be attributed to evolving consumer demands, which have significantly reshaped the
broader notion of food quality [54]. Currently, food quality is not solely linked to functional
parameters like nutritional value, appearance, and taste; it is also deeply intertwined with
the ethical, identity, and emotional values of citizen-consumers [55,56]. Furthermore, in
terms of the geographical distribution of the studies, the results indicate a heightened inter-
est in the subject of milk quality in Africa and Asia. This observation could be attributed to
the necessity of these regions to enhance and promote high-protein foods as a strategy to
address malnutrition rates [57], where milk emerges as a potential key solution [58].

260



Foods 2023, 12, 3215

The findings show the presence of 12 main attributes (macro-categories) that charac-
terize the concept of milk quality. Many of these attributes pertain to the organizational
and product levels. Notably, nutritional quality/healthiness, hygiene quality, and workers’
knowledge and attitudes emerge as the most prominent attributes in defining the concept
of milk quality. These findings are consistent with previous research indicating that milk
quality is primarily associated with its nutritional and hygienic aspects [59] and the skills
of workers, which significantly impact the economic efficiency of dairy farms [60]. In par-
ticular, hygiene standards are defined and regulated differently depending on the country
of reference. As for the nations belonging to the European Union, appendix III, section
IX, chapter I of Regulation (EC) No 853/2004 of the European Parliament [11] and of the
Council of 29 April 2004 [12] describe the acceptable numbers of bacterial and somatic cells
in milk to define it as safe and therefore saleable. However, in some countries outside the
European Union, food safety legislation is poor, resulting in scarce hygienic practices in
the treatment of milk. In the South African territories, for example, the lack of regulation
with respect to hygienic standards in the treatment and sale of milk is considered the main
reason for losses, resulting in reduced income for the farmers and for the smallholder
dairies [61]. Also, in Ethiopia, there is no hygiene standard followed by producers during
milk production. Hygiene conditions vary depending on the production system. In most
cases, under small-scale farming conditions, the common hygiene measures adopted dur-
ing milk production, especially during milking, are limited to allowing the calf to suckle
for a few minutes and/or washing the udder before milking [62]. However, the aspect of
sustainability, particularly animal welfare and health, is increasingly recognized as a crucial
component in defining quality milk. In line with this, several studies have highlighted that
controlling cow mastitis and somatic cell count (SCC) is a significant concern for farmers
in maintaining milk quality [63]. Furthermore, there are some studies that claim farmers
are very attentive to the animals’ diets, as they are aware that it impacts the features of
milk [64,65]. For instance, it has been demonstrated that pasture feeding positively influ-
ences the nutritional profile of milk, enhancing its health benefits [66], which is highly
valued by consumers. Additionally, the animals’ diets affect the organoleptic qualities of
milk [67]. For example, the ratio between maize silage and lucerne silage can impact the
milk’s color, creaminess, and density, indirectly influencing quality assessment [68]. More-
over, the environmental and welfare conditions to which cows are exposed can influence
the organoleptic and nutritional characteristics of milk [69]. Specifically, subjecting cows
to significant stress due to poor welfare conditions results in decreased milk production
with lower levels of fat and protein, thus rendering the milk less nutritious and of inferior
quality [70]. Finally, paying attention to the well-being and health of animals is not only
important for producing quality milk, but also for achieving a positive economic return. In
fact, dirty and poorly maintained environments can increase the likelihood of animals get-
ting sick and requiring antibiotic treatments, resulting in additional and often prohibitive
costs for the farmers [71]. Considering citizen-consumers, recent research indicates that
they associate milk quality with factors such as free cow grazing, natural feed, and the
absence of medical treatment for cows [72,73]. Moreover, technological development and
automation of breeding and milking processes are relevant in defining milk quality, as
shown by past studies [74]. However, it is interesting to note that traceability technologies
are not mentioned. This aspect points out that, although such technologies have been
implemented to increase milk controls in order to ensure a quality product [75], these, in
the imaginations of the targets considered, are not linked to the attributes of milk qual-
ity. Supporting these findings, some studies showed that perceptions of and interest in
traceability change across countries [76]. Although in most cases traceability is strongly
perceived as synonymous with genuine and safe product, those who do not trust certifying
bodies, technology, and have little knowledge do not consider them as part of the safety-
and quality-assurance strategy in the food industry [77].

Regarding the classification of micro- and macro-categories within Bronfenbrenner’s
socio-ecological framework, it is evident that attributes related to taste preference received

261



Foods 2023, 12, 3215

minimal mention from the study participants. These findings appear to contradict previous
research, which commonly associates food quality with personal evaluations based on
taste and liking. However, the attributes utilized by individuals to describe quality are
dynamic and subject to change based on their interests, concerns, or needs [4]. Several
studies [4,21,78] have observed a recent shift wherein extrinsic quality attributes, which
pertain to characteristics associated with a product but are not physically inherent to it [79],
have gained increasing importance in defining food quality, alongside intrinsic attributes,
which are related to the physical composition of the product itself and cannot be altered
without changing its nature, such as aroma, taste, and color [79,80]. Of particular signifi-
cance are the extrinsic quality attributes known as “Search Qualities,” which individuals
can determine before purchasing a food product through direct examination (e.g., nutri-
tional value or packaging size and features), and “Credence Qualities” [81], which require
additional information for evaluation and cannot be directly experienced from the product
itself (e.g., environmental impact). These extrinsic qualities have gained importance as
sustainability and company practices have become priorities in food choices [82]. For
example, many quality food characteristics have been associated with farming practices
and the entire distribution chain, including the processes from farm to fork and how crops
and livestock are managed [4,83,84]. Therefore, the extrinsic quality aspects related to
product features and the physical environment in which food is processed and produced
are the most utilized attributes in defining food product quality, as affirmed by the present
study. In summary, it can be concluded that the perceived quality of milk is primarily
shaped by extrinsic attributes associated with the production and processing of milk, while
intrinsic attributes tied to individual sensory perceptions appear to have less prominence
in the representation of milk quality. Lastly, the attributes employed to define the concept
of milk quality vary among the study participants. Farmers and processing experts appear
to share a relatively similar perception of milk quality, marked by technical indicators
and a strong emphasis on knowledge and expertise. In contrast, citizen-consumers hold a
representation of quality milk rooted in simplified and less sophisticated concepts (such as
the absence of animal suffering or “free-from” products). For example, low-fat milk, milk
without additives, and milk derived from animals not treated with antibiotics are among
the aspects that consumers pay attention to [41,85]. These aspects can be challenging to
quantify and are primarily tied to their individual perceptions, which may not always be
based on concrete evidence. Previous research has highlighted citizen-consumers’ con-
cerns regarding farming practices that they believe impact the emotional well-being of
animals, the treatment of animals, and the idea of naturalness [86]. Furthermore, even
when various stakeholders share a common conceptual category for defining milk quality
(such as “animal welfare”), they diverge in the interpretations assigned to it (like “phys-
ical health of the animal” versus “well-being and safeguarding of the animal’s quality
of life”). This could suggest only an apparent alignment of perspectives, but it reveals a
profound fragmentation of the semantic framework within which the representations of
quality milk are generated by the different social actors involved in the milk production
and consumption arena. From our standpoint, this study offers valuable insights for fu-
ture research in the field. Primarily, it underscores the necessity to delve deeper into the
fundamental attributes that shape the concept of milk quality through both qualitative
and quantitative investigations. This endeavor will contribute to a more comprehensive
grasp of the representations held by various stakeholders, encompassing both experts and
non-experts within the dairy industry, especially given the notable disparities revealed in
this study. Moreover, it is imperative for scholarly experts in the dairy domain to adopt
a more holistic research approach when addressing these matters. Moving away from a
self-referential perspective, an interdisciplinary approach should be embraced to scrutinize
the concept of milk quality. This approach should encompass an ecological perspective
that integrates a variety of disciplines, aiming to present a more cohesive portrayal of milk
quality. Furthermore, this perspective should be reassessed and harmonized through a
bottom-up strategy in conjunction with the viewpoint of citizen-consumers. To facilitate
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this, initiatives that facilitate dialogue and collaboration between citizens and industry
experts, such as participatory and citizen science methods, should be encouraged. These
initiatives will serve to educate and involve citizen-consumers in conversations about milk
quality, ultimately fostering the development of a shared comprehension and addressing
the dual fragmentation present between the interpretations of milk quality among dairy
experts and citizen-consumers. Moreover, in order to have a more complete view related to
the “milk quality” topic, it might be interesting to conduct new research involving other
supply chain actors not included in this study, such as sellers. Lastly, it is also crucial
to investigate spontaneous discourse and social communication related to milk quality.
This analysis will enable a deeper insight into the ongoing conversations surrounding this
subject and yield valuable concepts and perspectives for further exploration in this field.

5. Conclusions

This systematic review marks the inaugural scientific effort dedicated to exploring the
psychosocial discourse surrounding milk quality as documented in the literature, yielding
promising outcomes. Specifically, the study delved into the core attributes associated with
the concept of milk quality across three key stakeholders: citizen-consumers, farmers,
and processing experts (including advisors and processors). The findings unveil that the
definition of milk quality revolves around 12 major conceptual categories, which can be
organized within the framework of Bronfenbrenner’s ecological theory into four distinct
systems. Notably, the representation of milk quality exhibits significant variation among the
three targeted groups, particularly between expert figures in the dairy system (processing
experts and farmers) and citizen-consumers. The study outcomes contribute to establishing
a more methodical comprehension of the representations connected to the concept of
milk quality, as perceived by all social actors involved in its production and consumption.
Moreover, the findings underscore the necessity of fostering transdisciplinary and cross-
sectoral links among perspectives stemming from diverse paradigms. Furthermore, the
results underscore the importance of instigating a collaborative process to construct a
shared social representation on this topic that effectively merges societal impact with
a solid scientific foundation. To bridge the gap in perception and align milk quality
representation, several educational strategies can be employed. For example, the experts
(farmers and processors) can be encouraged to provide consumers with insights into their
farming/production practices. This could involve hosting farm tours, workshops, or online
videos that showcase the daily routines, animal welfare standards, and quality control
measures undertaken on the farm and in the company. Moreover, organizing workshops
for both experts and consumers can serve as a platform for knowledge exchange. Experts
can gain insights into consumer preferences and concerns, while consumers can learn about
the complexities of milk production. This two-way dialogue can bridge understanding
and highlight the efforts that farmers and processors put into ensuring quality. Finally,
introducing educational programs in schools that highlight the journey of milk from
farm to table can cultivate informed consumer choices from a young age. Engaging
activities, like farm visits or virtual tours, can make the learning experience more interactive
and memorable. By implementing these educational strategies, farmers, processors, and
consumers can collaborate to build a shared perception of milk quality. These efforts will
not only foster transparency and trust but also contribute to the sustainability of the dairy
industry by ensuring that products meet the expectations of both experts and consumers.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/foods12173215/s1, Table S1. Micro and Macro categories
about milk quality representation.

Author Contributions: This paper derives from a collaboration of the authors. G.C.: conceptualiza-
tion, methodology, data curation, formal analysis, writing—original draft. S.B.: conceptualization,
methodology, data curation, formal analysis, writing—original draft. A.C.B.: writing—review and
editing, supervision. All authors have read and agreed to the published version of the manuscript.

263



Foods 2023, 12, 3215

Funding: This work was supported by IRCAF (Centro di Riferimento Agro-Alimentare Romeo e
Enrica Invernizzi) special project “Milk Quality: a multifaceted approach”.

Data Availability Statement: Data are fully available upon request to the corresponding author.

Acknowledgments: We want to thank IRCAF (Centro di Riferimento Agro-Alimentare Romeo e
Enrica Invernizzi) that supported this special project “Milk Quality: a multifaceted approach”.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Castellini, G.; Graffigna, G. Evolution of Milk Consumption and Its Psychological Determinants: A Mini-Review. Front. Nutr.
2022, 9, 845154. [CrossRef] [PubMed]

2. Bentivoglio, D.; Finco, A.; Bucci, G.; Staffolani, G. Is There a Promising Market for the A2 Milk? Analysis of Italian Consumer
Preferences. Sustainability 2020, 12, 6763. [CrossRef]

3. Zingone, F.; Bucci, C.; Iovino, P.; Ciacci, C. Consumption of milk and dairy products: Facts and figures. Nutrition 2017, 33, 322–325.
[CrossRef] [PubMed]

4. Petrescu, D.C.; Vermeir, I.; Petrescu-Mag, R.M. Consumer Understanding of Food Quality, Healthiness, and Environmental
Impact: A Cross-National Perspective. Int. J. Environ. Res. Public Health 2019, 17, 169. [CrossRef]

5. Jiang, R.; Sharma, C.; Bryant, R.; Mohan, M.S.; Al-Marashdeh, O.; Harrison, R.; Torrico, D.D. Animal welfare information affects
consumers’ hedonic and emotional responses towards milk. Food Res. Int. 2021, 141, 110006. [CrossRef] [PubMed]

6. Gao, Z.; Li, C.; Bai, J.; Fu, J. Chinese consumer quality perception and preference of sustainable milk. China Econ. Rev. 2020, 59,
100939. [CrossRef]

7. Kumar, A.; Joshi, P.K.; Kumar, P.; Parappurathu, S. Trends in the consumption of milk and milk products in India: Implications
for self-sufficiency in milk production. Food Secur. 2014, 6, 719–726. [CrossRef]

8. Vargas-Bello-Pérez, E.; Tajonar, K.; Foggi, G.; Mele, M.; Simitzis, P.; Mavrommatis, A.; Tsiplakou, E.; Habib, M.R.; Gonzalez-
Ronquillo, M.; Toro-Mujica, P. Consumer attitudes toward dairy products from sheep and goats: A cross-continental perspective.
J. Dairy Sci. 2022, 105, 8718–8733. [CrossRef]
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Abstract: Mare milk is consumed by approximatively 30 million people in the world. In countries in
Asia and East Europe, mare milk is mainly consumed as source of fermented products, called koumiss,
airag or chigee, alcoholic beverages obtained by means of a culture of bacteria and lactose-fermenting
yeasts. Recent research concerning mare milk and its derivatives deals mainly with their potential
employment for human health. Studies about the isolation and characterization of Lactobacillus spp.
and yeasts from koumiss have been aimed at assessing the potential functional properties of these
micro-organisms and to find their employment for the industrial processing of mare milk. The aim of
this literature review is to summarize recent research about microorganisms in fermented mare milk
products and their potential functional properties.

Keywords: mare milk; koumiss; airag; lactic acid bacteria; yeasts

1. Introduction

Mare milk is a fundamental aliment for the people of the Central Asia steppes. It
is consumed also in Europe, in particular in Hungary and in the Netherlands. It was
estimated that nearly 30 million people consume it regularly [1]. Besides the use of this
milk as a source of valuable nutrients, since ancient times it has been considered as a sort
of medication for its health-promoting characteristics in the regions of the former USSR
and Western Asia. It has been extolled for its many healing properties in some papers, but
clinical studies effectively proving its positive effects are scarce [2–4].

In the recent years of the 20th century, in Europe, studies about equine milk have mostly
dealt with protein compounds—the identification and characterization of caseins and whey
proteins (see reviews by Martuzzi and Doreau [5] and by Uniacke-Lowe et al. [6])—and to a
lesser extent other milk components [7], with some interest for its possible use as a substitute
for bovine milk for children with intolerance or allergy [8–10]. In particular, whereas most
studies in the world have dealt with horse’s milk, in Italy interest is more focused on
donkey’s milk, traditionally used in the past for orphaned or abandoned children, when
formulas were not yet available [11–13]. An extensive review about equid milk (horse and
donkey) composition and tolerability in human nutrition was published by Salimei and
Fantuz [14].

Whereas milk from most domestic ruminants is widely consumed as cheese after
processing, cheesemaking from equine milk is not possible, mainly due to its scarce casein
content. No curd is formed on the addition of rennet; under acidic conditions only a
weak coagulum appears, manufactured especially in the Netherlands for the production of
yoghurt-type products with the addition of fruit extract [6,15].

Equine milk is rich in its lactose content, and since most populations in Asia present
lactose malabsorption [16,17], in this part of the world mare milk undergoes fermentation
before consumption, and the resulting products are called koumiss [18] or qymyz (Eastern
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Europe, former Soviet Union Republics) [19,20], airag (Mongolia) [21,22] or chigee (Inner
Mongolia and Xinjiang, China) [23,24], which are alcoholic beverages obtained by means
of a mixed culture of bacteria and yeasts. During fermentation, the lactose is converted
into lactic acid, ethanol and carbon dioxide, and the milk becomes an accessible nutriment
for lactose-intolerant people. In addition, acidifying fermentation is the oldest method of
milk conservation [25]. Organic residue analysis, using δ13C and deuterium isotope (δD)
values of fatty acids, has revealed processing of mare milk products in ancient potsherds
dating back to about 3500 B.C.E., found in Northern Kazakhstan [26]. Kazakhstan is still at
present the nation with the largest koumiss production in the world [27,28].

Nevertheless, until recently, little was known about the numerous studies carried out
into koumiss in the former USSR, where this product has been consumed for centuries, due
to the difficult accessibility of these papers, written in the Russian language. This lack of
knowledge was overcome by a review by Kondybayev et al. [19] which surveyed many
studies of soviet authors.

The reader can find a lot of data about the composition of and variability in mare milk
in the aforementioned reviews. Recent research about mare milk deals mainly with its
derivatives, in particular fermented milk products and the potential probiotic properties of
the microorganisms living within [29].

The aim of this review is to present recent advancements in fermented mare milk
research, with a particular focus on its potential functional properties and effects on
human health.

The following search strategy for the review was adopted: to conduct the literature
search and include relevant references, we scanned the databases Medline, PubMed, Sci-
enceDirect, and CNKI for Chinese papers. For the search in the online databases, we used
the following keywords: (koumiss), (kumiss), (airag), and (mare milk). In addition, since
mare milk is one of the topics of our research group, we had collected most of the consid-
ered papers during the preceding years and therefore they were present in our collection of
studies already. Regarding the recent literature, at the first screening process, we scanned
titles and abstracts of the yielded articles or book chapters. Afterwards, if the publication
did not show any signs of incoherence, we screened the full text and searched the sections
“similar articles” or “related documents” according to the diverse databases. Three papers
were excluded as they studied several traditional fermented foods obtained by the milk
of diverse species (such as yak, cow, and camel) together, and it was not possible to select
data regarding the specific product obtained by mare milk.

2. Microorganisms in Fermented Mare Milk Products

The most abundant microorganisms naturally present in milk can be classified in order
of their possible roles (i) microorganisms involved in dairy fermentation (e.g., Lactococ-
cus, Lactobacillus, Streptococcus, Propionibacterium and fungal populations); (ii) involved
in spoilage (e.g., Pseudomonas, Clostridium, Bacillus, and other spore-forming bacteria);
(iii) involved in food disease (e.g., Listeria, Salmonella, Escherichia coli, Campylobacter and
mycotoxin-producing fungi); and (iv) involved in promoting health (e.g., lactobacilli and
bifidobacteria) [30]. Human milk from healthy women contains up to 109 microbes L−1 [31].
These organisms come mainly from the nipple and surrounding skin [31]. Ward et al. stud-
ied the complexity of the bacterial community in human milk, finding over 360 prokaryotic
genera, mainly belonging to the phyla of Proteobacteria (65%) and Firmicutes (34%), and
the genera of Pseudomonas (61.1%), Staphylococcus (33.4%) and Streptococcus (0.5%) [32].
Microbial colonization during the first few weeks of life in the gastrointestinal tracts of
humans and farm animals is remarkably similar. Bifidobacteria are the predominant lactic
acid bacteria (LAB) in infants, whereas lactobacilli are the primary LAB in the tract of
new-born foals [33].

The microbial composition of raw mare milk, like that in other similarly less common milk
types, has not been studied in depth: nevertheless, it is known to be widely variable, depending
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on many factors, such as the breed, season, and region [34]. However, many studies regarding
the microbiological composition of fermented mare milk are available.

Koumiss, airag and chigee are the main products obtained through mare milk fermen-
tation. Mare milk fermentation is due to lactic acid bacteria (LAB) and yeast interaction.
LAB are mainly involved in milk acidification, whereas the yeasts partly modify its titrat-
able acidity due to the production of acidic compounds, such as acetic acid. On the other
hand, yeasts produce ethanol that is very important for determining the properties and
increasing the stability of fermented milk [21,35].

The interaction between LAB and yeast can be complex and has to be studied in more
depth; however, different theories have been suggested. Positive relationships between the
two types of microorganisms can occur because lactic acid bacteria are responsible for the
lowering of the pH due to the secretion of organic acids, allowing the yeast population to
become competitive in the immediate environment, followed by yeast fermentation [36].
Sudun et al. observed a positive correlation regarding glucose and galactose produced by
the lactase of LAB, and consumed by yeast for their growth [21].

In addition, the interaction between the two types of microorganisms is reflected in
the product. Regarding its safety, the combination of the acidic condition, saturated with
carbon dioxide and alcohol, is inhibitory to many spoilage bacteria [36]. Regarding quality,
yeast proteolytic and lypolitic metabolism can stimulate LAB growth and play an important
role in aroma development [37].

Koumiss is a lactic acid–alcoholic beverage produced traditionally by the fermenta-
tion of mare’s milk by indigenous organisms or by a starter culture. First, lactic acid is
formed, and then alcoholic fermentation of the residual sugar content occurs. Koumiss
generally contains about 2% alcohol, 0.5–1.5% lactic acid, 2–4% sugar and 2% fat (Kerr
and McHale [38]; quoted by Danova et al. [39]). The alcohol has been known to reach a
level of 3.5% and, depending on its content, in Russia there is a differentiation between
weak koumiss with 0.7–1% ethanol, normal koumiss with 1–1.75% and strong koumiss
with 1.75–2.5% [40].

According to Danova et al., another distinction exists: depending on the lactic acid
content, three types of koumiss can be distinguished: ‘strong’, ‘moderate’ and ‘light’
koumiss. Lactic acid bacteria (Lactobacillus delbrueckii subsp. bulgaricus and Lactobacillus
rhamnosus) acidifying the milk to pH 3.6–3.3 and converting about 80–90% of lactose
into lactic acid produce ‘strong’ koumiss. In ‘moderate’ koumiss, other Lactobacillus (Lb.)
bacteria (Lb. acidophilus, Lb. plantarum, Lb. casei, and Lb. fermentum) with lesser acidification
properties and a conversion ratio of about 50% lower the pH to 4.5–3.9 at the end of
the process. ‘Light’ koumiss, produced by Streptococcus thermophilus and Str. cremoris,
is slightly acidic (pH 4.5–5.0) [39]. According to several authors, “moderate” koumiss
presents a sweet–sour taste and a yeasty odour and is the most appreciated [39,41]. It was
demonstrated that acetaldehyde is the most important substance determining aroma in
koumiss and the suitable range of its content is 78.25−257.07 μL L−1 [42,43].

Airag, which is called also tsege in Inner Mongolia, contains Lb. helveticus, Lactobacillus
fermentum, and Saccharomyces cerevisiae [44]. The traditional technique of production in a
cowhide vessel of this product in Mongolia was included in 2019 in the Representative List
of the Intangible Cultural Heritage of Humanity.

In an attempt to identify which properties are related to the most appreciated sensory
characteristics of airag, it was found that only its electrical conductivity has a statistically
significant relationship with its taste score: higher electrical conductivity values are associ-
ated with lower taste scores; even though the mean pH values were not different, calcium
and phosphorus concentrations were lower in the airag samples rated with high scores,
taking in account 51 different airag samples exhibited in a competition in Mongolia [22].

Many mesophilic LAB and yeasts have been detected in koumiss. According to tradi-
tion, fresh milk is inoculated with a small quantity of already-fermented milk as natural
starter, but many other different substances could be used as well [19]. The use of raw milk
and natural undefined starter cultures causes a strong variability in the microbial composi-
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tion. Many authors have observed a wide variability in species and strains [27,45]. It has
been evidenced that milk derivatives from each family have their particular microbiota [46].

A few studies have investigated the relationship between koumiss microbiota and
the production of volatile flavour compounds or organic acids, and their effects on taste.
Despite the wide variability of microbes and yeasts involved, a “core” microbiota was
identified, represented by four bacterial genera (Lactobacillus, Acetobacter, Lactococcus, and
Pseudomonas), and two yeast genera (Kazachstania and Candida), and it was observed that
notwithstanding the differences depending on the region and production techniques, the
basic volatile flavours in traditional koumiss are similar [45,47].

Since this product is administered in hospitals, in the former USSR guidelines were
started in 1969 to regulate its production according to a standard: in this case, a pure
culture should be used as starter (with L. bulgaricus and S. lactis, which have antibacterial
properties). Regardless, according to soviet authors, afterwards old koumiss was commonly
used as starter [19].

Like in other fermented dairy products, the genus Lactobacillus (Lb.) plays an important
role in affecting the aroma, texture, and acidity of koumiss. Recently, much interest has
been focused on the usage and safety of these strains, as the properties of probiotics are
more known and appreciated. For this reason, special attention has been paid to the
accurate identification and characterization of a potential probiotic microorganism to use
as the selected starter. Regarding probiotics selection, it is necessary to assess properties
affecting specific health benefits, such as the modulation of the immune system, survival
and persistence in the host, and proven safety and stability. Regarding LAB identification,
the comparison of molecular sequences, mainly 16S rRNA-encoding genes, is commonly
used even if it is not always effective to identify genetically close species. It was stated
that if the 16S rRNA gene sequence identity shared by two microorganism is lower than
97%, at the genomic level they are considered to belong to different species. If the shared
identity values are higher than 97% or the sequences are identical, the organisms appear
closely related and total DNA–DNA hybridization data or more discriminative analyses
are needed for species identification [48].

Regarding LAB characterization, several techniques can be used, from the more
traditional phenotypic approach like whole-cell protein and cell wall composition analysis,
and other morphological, physiological, and biochemical analyses [49] to more recent
molecular and genomic characterization [50]. Methods for characterizing probiotics were
recommended in the advisory report of the Working Group “8651 Probiotics” of the Belgian
Superior Health Council (SHC) by Huys et al. [51].

2.1. Lactic Acid Bacteria

Studies regarding the isolation, identification, and characterization of lactic acid bacte-
ria (LAB) in fermented mare milk have been carried out mainly by Asian research groups
in the regions where this production has been a tradition for centuries, namely, Mongolia
and Inner Mongolia and the autonomic Region of China.

These kinds of studies began with a notable frequency in the early years of the 2000s,
and are still actively going on, probably with the intent to find the most suitable combination
of LAB for the industrial production of horse milk derivatives.

The main LAB genera and species characterized in recent years are summarized in
Table 1. Different methodological approaches were used, also in consideration of the advent
of new increasingly powerful methods.
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Most of the knowledge of LAB in fermented mare milk has been gained through
culture-dependent methods, and the subsequent isolation and identification of these
microorganisms. The number of isolated and identified strains is strongly variable in
the manuscripts, depending on the aim of each piece of research, varying from 2 for
koumiss [63] to 258 for chigee [52]. In Table 1, the results of 18 studies carried out with
several methods are shown. Briefly summarizing the species identified with these ap-
proaches, it is possible to conclude that 45 different species have been identified, but the
most common were Lb. plantarum, identified in 12 of the 18 studies; Lb. casei, identified
in 10 studies; Lb. helveticus, found in 9 studies; Lb. kefiranofaciens, found in 7 studies; and
Lb. paracasei, found in 6 studies (Table 1). Less frequent were the species Lb. fermentum, Lb.
kefiri, and Leuconostoc mesenteroides, found in 5 studies; Lb. diolivorans, found in 4 studies;
Lc. lactis subsp. lactis, Enterococcus faecium and S. thermophilus, found in 3 studies; and
Lactococcus lactis subsp. cremoris, Lb. acidophilus, Lb. coryniformis, Lb. curvatus, Lb. farciminis,
Lb. pentosus, Weissella kandleri and Lb. delbrueckii, identified in two studies (Table 1). The
other species were found only one time (Table 1).

Recently, considerable efforts have been made to develop more rapid, culture-independent
methods. One study was carried out with this approach and in particular by means of
denaturing gradient gel electrophoresis (DGGE) [64]. The authors concluded that the
biodiversity of ten samples of collected koumiss, made by nomadic families in one region
of China, was high. In particular, the dominant species identified by DGGE were Lb.
acidophilus, Lb. helveticus, Lb. fermentum, and Lb. kefiranofaciens. Less frequent were
Enterococcus faecalis, Lactococcus lactis, Lb. paracasei, Lb. kitasatonis, and Lb. kefiri. Leuconostoc
mesenteroides, Streptococcus thermophilus, Lb. buchneri, and Lb. jensenii were occasionally
found [64].

Comparing all the data, it is possible to highlight that the only species found with high
frequency using the two approaches was Lb. helveticus, a thermophilic, homofermentative,
proteolytic species traditionally used both for the manufacture of Swiss-type cheeses
and long-ripened Italian cheeses or in the production of fermented beverages in north
Europe [65]. However, due to its high proteolytic activity, Lb. helveticus is very effective
in the production of bioactive peptides such as angiotensin-converting enzyme (ACE)
inhibitory peptides [66]. The strain heterogeneity of this species isolated from koumiss was
evidenced by an intra-species genotypic and phenotypic characterization [67].

The other three dominant species for DGGE have also been isolated and identified by
culture-dependent research, but surprisingly, the species isolated in 12 of the 15 culture-
dependent studies, Lb. plantarum, has not been recognized in the samples of koumiss
analysed with DGGE. Even if this aspect suggests some considerations about the advan-
tages and disadvantages of both approaches, other culture-independent research should be
conducted to discuss this comparison.

More recently, new next-generation sequencing technologies have been applied to
explore genes implicated in microbial metabolism: shotgun metagenomic analyses pro-
vide taxonomic and functional data about complex microbial communities, with culture-
independent methods [68]. In particular, a study investigated bacterial function during
several phases of koumiss fermentation by metagenomics. It was observed that the mi-
crobial composition of koumiss changes mostly in the first 36 h of fermentation, and the
predominant species is Lb. helveticus [68].

The predominance of this species was observed in another study, which analysed
the metagenomes of 23 koumiss samples collected in several regions of China: sequences
representing 216 different species were found and Lb. helveticus comprised 78.9% of the
total sequences in koumiss, followed by Lactobacillus kefiranofaciens (6.0%) and Lactococcus
lactis (4.2%) [69].

Analysing the bacterial metagenomes of koumiss from Mongolia and Inner Mongolia
by the single-cell genomics technique allowed the identification of rare bacterial species
never detected in koumiss before, such as Lb. otakiensis and Streptococcus macedonicus, both
present in other fermented foods or dairy products [70].
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Since new genetic methods provide more precise metrics to classify bacteria, the genus
Lactobacillus was recently re-evaluated and new genus and species names were recently
adopted [71]. Therefore, in the more recent studies, LAB names are in accordance with the
new taxonomy rules (see note for Table 1) [61,62].

Technological properties and probiotic aptitudes have been considered for strains
isolated from koumiss and airag. In particular, probiotic aptitude, such as bile tolerance
and other preliminary tests, has been evaluated for strains of Lb. casei, Lb. helveticus and
Lb. plantarum [56] and for different strains of Lb. acidophilus [72]. Different technological
properties have been investigated in several species. The fermentation properties of four
Lb. casei strains were studied by Xu et al. [73], and in Lb. rhamnosus and Lb. paracasei by
Zuo et al. [74]. The latter authors were also able to verify the performances of those strains
in cheese and yogurt manufacturing [74]. The effects of distinctive proteolytic activity on
casein degradation have been studied for six Lb. helveticus strains isolated from home-made
airag samples [75].

In airag collected in Mongolia, Watanabe et al. isolated two novel microorganisms
belonging to the genus Bifidobacterium. Their phenotypic and genotypic characteristics
demonstrated that the strains can be considered a single Bifidobacterium species never
observed before, and its proposed name was Bifidobacterium mongoliense sp. nov. [76].

2.2. Yeasts

The yeasts in koumiss are the main aspect responsible for the presence of ethanol and
carbon dioxide. The amount of ethanol in koumiss is slightly higher than in kefir because
the amount of lactose in mare milk is higher than in cow milk [9]. However, not only
are lactose-fermenting yeast species, belonging to the genus Kluyveromices (K.), mainly K.
marxianus and K. fragilis, and Candida (C.) kefir, common in koumiss, but also non-lactose-
fermenting species, such as Saccharomyces unisporus (S.), are found [77]. A study which
explored the correlation between microflora and volatile flavour substances demonstrated
a correlation with the genus Candida and ethanol, considered the most important alcohol
flavour compound [47].

In the manufacture of koumiss, a considerable amount of free amino acids are pro-
duced by yeasts, ranging around 470–490 mg kg−1 [40,43].

Few studies are available about the yeast composition of fermented mare milk. To
the authors’ knowledge, six studies have been conducted on koumiss [24,37,47,60,77,78],
one on chigee [79], one on airag [46] and one on hurunge, which is a the starter culture for
fermented traditional dairy products such as chigee [54]. To briefly summarise, 11 genera
and 24 species were isolated but only non-lactose-fermenting species S. cerevisiae was
isolated in all the studies, and lactose-fermenting K. marxianus was found in seven of the
nine studies. Lactose-fermenting species C. krusei and non-lactose-fermenting yeasts such
as Pichia (P.) membranaefaciens, C. kefyr, C. valida, Dekkera anomala, Kazachstania unispora,
and Issatchenkia orientalis were found in two studies, and the other species, C. buinensis,
C. pararugosa, Geotrichum sp., K. wickerham, P. cactophila, P. deserticola, P. fermentans, P.
manshurica, P. membranaefaciens, S. dairensis, S. servazzii, S. unisporus, Trichosporum asaii,
Penicillium carneum, Clavispora lusitaniae and Torulaspora delbrueckii, were found in only one
study (Table 2).

Interestingly, a polyphasic approach was used in a complete and complex study, using
a culture-independent and also culture-dependent method, to study yeasts present in
koumiss sampled from three representative regions of China, Mongolia, Xin Jiang and Qing
Hai [37]. Using 96 samples, 655 isolates and also DGGE, the authors were able to show
how the yeast community in koumiss is complex and rich in different species [37].
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Another research article showed that the prevalent yeast found at high altitudes
in Kazakhstan was S. unisporus, which was different from lower zones, where lactose-
fermenting yeasts are more common, mostly belonging to the Kluyveromyces genus [77]. The
authors hypothesized that a high altitude could affect the LAB population composition dur-
ing the preparation of koumiss, with a selection of LAB not metabolizing galactose, causing
therefore an enrichment of this sugar and the prevalence of C. buinensis, which ferments
galactose but not lactose, and of the Saccharomyces genus compared with Kluyveromyces [77].

In traditional koumiss from Inner Mongolia, Guo et al. identified 57 fungal species,
also, among them the genera Penicillium, Cladosporium and Aspergillus were detected in all
samples. These are filamentous fungi considered the cause of spoilage in dairy products.
Therefore, the production process of traditional koumiss requires sanitation measures and
a better control of environmental hygiene [60].

In conclusion, it could be observed that in comparison with fermented dairy products
from other species, in mare milk the higher lactose content (6–7% compared to 4–5% of cow,
yak, goat and camel’s milk) usually determines the prevalence of lactose-fermenting yeast
strains, but this trait could be modified by the altitude effect, which, when operating in a
selection of LAB, can increase the galactose content, causing therefore the major presence
of galactose-fermenting yeast strains.

3. Potential Functional Properties of Microorganisms in Fermented Mare Milk for
Human Consumption and Health

Probiotics are defined as “living microorganisms, which upon ingestion in certain
numbers, exert health effects beyond inherent basic nutrition” [80]. Probiotic cultures in
nutritional supplements, pharmaceuticals and functional foods are mainly constituted by
LAB belonging to the genera Lactobacillus and Bifidobacterium. The proteolytic systems of
LAB are exploited for the production of bioactive peptides in fermented dairy products,
because milk proteins need to be hydrolysed into peptides to exert some effect [81].

It is believed, but not yet definitively proven, that probiotics compete with undesirable
microorganisms and can inhibit their growth in the intestine. Therefore, probiotics must
survive through the stomach and upper intestine, tolerating the acidic and protease-rich
environment and the action of bile salts, and need to be numerous enough to exert their
effect in the colon [82]. According to several authors, a concentration of at least 106 c.f.u.g−1

of viable and active microorganisms is necessary in the product throughout its specified
shelf life [83].

Many recent studies regard koumiss as a source of microorganisms with potential pro-
biotic activities, and trials have been carried out to provide data about these properties [84].

In Figure 1, a synthesis of the main potential functional properties of microorganisms
in fermented mare milk is shown.

A Chinese research group has been particularly active in this research field: during
the years 2004–2009, 240 Lactobacillus strains were isolated from koumiss and investigated.
Among these strains, a novel strain, called Lb. casei Zhang, was screened out and its po-
tential probiotic properties were investigated in many trials, reported initially in national
and successively in international journals. According to the combined analyses of a phy-
logenetic dendrogram and partial sequences of 16S rDNA, this strain was classified as
Lb. casei subsp. casei [1,63,73]. The complete genome sequence of Lb. casei Zhang was
successively investigated by a whole-genome shotgun strategy, and comparative analyses
with other Lb strains evidenced a richer enzyme abundance, which could explain some of its
favourable properties in terms of its use of different sugar sources and behaviour in the host
environment [85]. Moreover, proteins expressed by Lb. casei Zhang in the exponential and
stationary phases were identified and characterized, mainly as stress response proteins, in a
proteomics study, evidencing their role in its adaptation to the environment [56]. Therefore,
the survival capacity of this strain was initially tested: yoghurt samples fermented with Lb.
casei Zhang showed a similar viable count (1.0 × 109 c.f.u. mL−1) as other samples inocu-
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lated with selected commercial probiotics after 28 d of refrigerated storage [83]. Similar
results were obtained by Zhou et al. [1].

Figure 1. Main potential functional properties of microorganisms in fermented mare milk for human
consumption and health.

In the following years, the properties of this strain were investigated with in vivo
experiments on rats and on humans; some of the results of these studies, showing positive
effects on several health problems, are listed by He et al. in the introduction of their paper,
concerning the effects of the long-term administration of Lb. casei Zhang on human gut
microbiota (see next section) [86].

Particular emphasis about the potential properties of the microorganisms from koumiss
in the prevention of chronic diseases is shown in a recent review by Xue et al. [84].

The following sections consider the results of studies aimed at assessing several
properties of LAB strains from koumiss as potential probiotics.

3.1. Survival of LAB through the Human Digestive Tract and Cholesterol Reduction Effect

The survival capacity of Lactobacillus strains isolated from mare milk products through
the human digestive tract is considered in several studies. In particular, survival under
acidic conditions, similar to gastric juice, and resistance to bile salts have been investigated.
Bile salts have antibacterial action but do not damage resident microflora. The physiological
concentration of human bile ranges from 0.3 to 0.5% (wt vol−1) [87]. It was recently
observed that some Lactobacillus strains excrete bile salt hydrolase, an enzyme that catalyses
the hydrolysis of conjugated bile salts. This action could reduce serum cholesterol levels,
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together with various other mechanisms [88]. According to Guo et al. [83], in vitro tests
demonstrated Lb. casei Zhang’s tolerance to simulated gastric and intestinal juices and in
the presence of 0.3% bile salts. The molecular mechanisms involved in the adaptation of the
bacterial cells under bile salt stress were investigated considering the growth and protein
expression patterns of Lb. casei Zhang with and without bile salts. It was observed that
twenty-six proteins were differentially expressed using two-dimensional gel electrophoresis.
These proteins were identified by peptide mass fingerprinting [87].

In the empty human stomach, pH is lower than 3.0 [89]. The tolerance to a low pH of
Lb. casei strains from home-made koumiss was investigated considering the expression of
H+-ATPase, which is supposed to play an important role in the maintenance of physiologi-
cal cytoplasmic pH, by means of a mechanism controlling the H+ concentration through the
cell membrane. The survival of the Lb. casei Zhang strain in artificial digestion was observed
and the expression of H+-ATPase, detected by the reverse transcription–polymerase chain
reaction method, increased accordingly to the pH lowering, in accordance with what has
been observed regarding other microorganisms. Therefore, it seems that the acid tolerance
of Lb. casei could have some relationship with the H+-ATPase gene [89].

It is assumed that an LAB strain could tolerate gastric acid if, after exposure to pH 3.0
with 0.04% pepsin for 3 h, it is detected at over 7 log c.f.u. mL−1. Lb. plantarum 05AM23
isolated from Mongolian airag showed good bile acid tolerance (97% viable colonies),
viability in low pH (8.1 log c.f.u. mL−1) and a high capacity of adhesion on Caco-2 cells
(72.0 × 103 c.f.u. mL−1) [58].

There is an increasing interest in the research of natural compounds in food with
effective abilities to decrease serum cholesterol concentrations, especially in countries
where coronary heart disease is the principal cause of death, such as China. It has been
known for many years that several Lactobacillus strains exert this property by means of
different mechanisms, mostly studied by in vitro experiments [90,91]. According to some
studies, which were published in Chinese national journals, several Lb strains have been
observed in diverse acidic conditions (pH 3.0 and pH 4.0) and bile salt concentrations (e.g.,
in media containing 0.6%, 0.4% and 0.3% bile salts) in vitro: some of them showed sufficient
tolerance and the cholesterol removed from the growth media was around 50% [72,92].
These properties were confirmed for the strain Lb. helveticus MG2-1, which, moreover,
showed a good adhesiveness to Caco-2 cells, an important property to be assessed as a
potential probiotic [93].

Evaluation of the cholesterol-reducing effects of LAB has been performed in vivo as
well by several studies; e.g., the acid and bile tolerance and cholesterol reduction activity of
Lb. fermentum SM-7, isolated from home-made koumiss in Xinjiang, China, were observed
in vitro and in vivo in artificially induced hyperlipidaemial ICR mice. The cholesterol
reduction rate in vitro observed in this study was 66.8%, and a significant decrease in
serum total cholesterol was also observed in vivo, in the groups treated with high and low
doses of Lb. fermentum SM-7 [90].

Nevertheless, observing the behaviour of three different strains, screened out from
68 Lb strains from koumiss produced in the same area mentioned above, it was concluded
that the results in vitro were not consistent with what was observed in vivo in mice, and
a precise explanation of the mechanisms of the hypocholesterolemic action of LAB is
seemingly quite difficult, also because different strains show different cholesterol-lowering
actions [91].

Regarding this issue, Zhong et al. [94], carrying out one of the aforementioned numer-
ous studies conducted in China into Lb. casei Zhang, investigated in rats how the expression
of several genes involved in fatty acid metabolic processes was differently affected by
the administration of Lb. casei Zhang, therefore providing some information about the
molecular mechanism of the cholesterol-lowering effect exerted by this bacterium [94].

Another quite recent study demonstrated, by metagenomic and metatranscriptomic
profiling, that in the human gut, the gene expression of Lb. casei Zhang was very different
from what was observed in vitro. Individual variabilities in the intestinal microbiomes
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among the healthy volunteers were higher than those induced by the probiotic ingestion.
Therefore, interactions between probiotics and resident microbiota are a further step in the
study of the effects of these promising strains [95]. Moreover, gut microbiota vary along
the different life phases, and the differences in the represented phyla in the elderly gut, in
comparison with those of younger adults, are well known.

In relation to this issue, He et al. studied the effects of the long-term administration of
this strain on the gut microbiota of healthy adults, divided into two groups according to age.
Modulating and stabilizing effects of Lb. casei Zhang on gut microbiota were observed in
both groups, but with age-dependent differences. According to some indices, the long-time
consumption of Lb. casei Zhang changed the microbiota composition in the older adult
group, making the microbial community more similar to that of younger people [86].

Another study [96] considered thirteen patients, diagnosed with severe hyperlipi-
daemia, who consumed 750 g of koumiss every day for 60 days. The composition of the
koumiss microbiota and the effects of koumiss consumption on patients’ faecal sample mi-
crobiota were investigated by the Pacific Biosciences single-molecule, real-time sequencing
technology (SMRT), a state-of-the-art tool which permits the profiling of microbiota. This
technique produces long-read sequences, allowing high-resolution taxonomic identification
by sequencing the full-length 16S rRNA gene. After 60 days of koumiss consumption, HDL
cholesterol values increased significantly, and hyperlipidaemia-associated symptom scores
decreased significantly. These results were attributed to the bacterial population of koumiss
and its metabolites. According to several indices, participants’ faecal samples reflected a
significant increase in the abundance and diversity of gut microbiota. This was the first
study which observed the relationship between koumiss consumption and gut microbiota
at the species level in hyperlipidaemic patients [96].

3.2. Antioxidative Effect

The action of binding toxins is among the favourable properties attributed to fermented
mare milk and its microorganisms, operating like natural chelators to remove the pollutants
from the body. This property and the antioxidative effect of koumiss and its LAB strains
have been investigated in a rat model: the strain Lb. acidophilus MG2-1, heat-killed or living,
extracted from koumiss, was orally administrated for 28 days and an antioxidative effect
was observed in serum and in rat liver tissue homogenate. In rats fed living Lb. acidophilus
MG2-1, the activity of superoxide dismutase (SOD) and of glutathione peroxidase (GSH-PX)
significantly increased in liver tissue and in serum, while the content of malondialdehyde
in serum and liver tissue homogenate decreased [97].

The oxidative stress effects and damage induced in the rats, which received 25 ppm
mercury (HgCL2) in drinking water for 6 weeks, was alleviated in the rat group fed
fermented mare’s milk prepared with starter cultures of Streptococcus thermophilus, Lb. aci-
dophilus and Bifidobacterium bifidum and supplemented with fibre (6% extract of Dandelium
root, Taraxacum officinalis). Nevertheless, the mechanism of action was not explained, and
the authors declared that it was still under investigation [98].

3.3. Immuno-Modulation Function

Some studies have been performed to assess a potential immuno-modulating function
of probiotic species isolated from koumiss [99]. Among them, five studies considered
the effects of live or heat-killed probiotic Lb. casei Zhang administration on healthy or
liver-injured rats or mice.

For example, varying doses of Lb. casei Zhang, isolated from koumiss, were orally
administered to healthy BALB/c mice and positive effects on several parameters of immune
response were observed, such as the increased production of interferon-γ (IFN-γ) and
decreasing levels of tumour necrosis factor-α (TNF-α). Moreover, interleukin-2 (IL-2) and
IL-2 receptor gene transcription increased, and the production of secretory Immunoglobulin
A (sIgA) was enhanced. It was concluded that the dose-dependent administration of living
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Lb. casei Zhang influences immune responses in mice and could be taken into account for
the probiotic’s use for humans as well [100,101].

The research group of Wang et al. also observed several protective actions of Lb. casei
Zhang in rats with induced liver injury, and demonstrated a positive effect of Lb. casei
Zhang upon pro-inflammatory cytokine and hepatic inflammation in rats with acute liver
failure [102–104].

3.4. ACE Inhibitory Activity

Angiotensin I-converting enzyme (ACE; dipeptidyl carboxypeptidase, EC3.4.15.1)
is a multifunctional enzyme which plays a role in the conversion of angiotensin-I to
angiotensin-II and in the degradation of bradykinin, causing increased peripheral blood
pressure [105]. It has been demonstrated that the proteolytic systems of several LAB
produce bioactive peptides exerting an inhibitory activity on the ACE, with a hypotensive
effect in the rat model and in clinical studies. In particular, Lb. helveticus cell-wall proteases
can activate antihypertensive tripeptides from the hydrolysis of casein. This capacity is
strain-dependent and the effect can be exerted by milk fermented by these strains [106,107].

In koumiss collected in the Xilingole region in Inner Mongolia, four ACE-inhibitory
peptides, called PI, PK, PM and PP, were identified and analysed: PI was derived from mare
milk β-casein (f213–241), and the peptide PK was derived from Actinobacillus succinogenes,
which had not been previously found in koumiss, whereas the other two peptides did not
correspond to any known milk peptides or proteins. The in vitro studies demonstrated the
thermal stability of the four peptides and a high ACE-inhibitory activity, maintained under
various pH and ACE treatments [18].

Another antihypertensive property of some LAB strains is the production of gamma-
aminobutyric acid (GABA), a neurotransmitter which is effective in lowering blood pressure.
Sixteen Lactobacillus strains isolated from koumiss collected in Xinjiang, China, demon-
strated high ACE inhibitory activity, and among them two strains produced GABA: the
Lb.–ND01 strain, which showed 99% homology to Lb. helveticus according to the sequence
of 16S rDNA, possesses both properties, and after further studies regarding its resistance to
acidic conditions and its production of free amino nitrogen, it was considered interesting
for its possible employment in probiotic dairy products [106].

3.5. Antibacterial Activity of LAB and Yeasts

The growth of pathogenic bacteria could be inhibited by particular toxins, produced
by LAB or yeasts present in several fermented foods.

Many LAB produce a high diversity of bacteriocins, proteinaceous or peptidic toxins
categorized in several ways, which kill or inhibit the growth of similar bacterial strains.
Antimicrobial activity was observed in as many as 53 LAB strains isolated from airag.
Class II bacteriocins of LAB are considered to have a large potential for food preservation,
due to their anti-Listeria activity and physicochemical properties [108,109]. Bacteriocins
produced by LAB isolated from fermented mare’s milk were characterized and tested
for their antibacterial effect against yeasts and spoilage bacteria. It was concluded that
bacteriocins A5-11A and B, isolated from Enterococcus durans issued from airag, could be
used in food preservation due to their anti-pathogenic-bacteria activity, whereas yeasts
were not inhibited [110]. Another interesting bacteriocin was identified in airag from
the strain Leuc. mesenteroides 406, which showed a narrow antimicrobial spectrum but is
effective against Listeria monocytogenes and Clostridium botulinum [108].

Recently, it was demonstrated that a bacteriocin produced by Lb. plantarum NMD-17,
isolated from koumiss from Inner Mongolia, has a broad spectrum against Gram-positive
and Gram-negative bacteria [111], and a bacteriocin produced by Lb. rhamnosus 1.0320, also
extracted from koumiss, besides its wide-spectrum action, is particularly active against E.
coli UB1005 [112].

Whereas the antimicrobial properties of LAB are widely documented, less is known
about similar properties in yeasts extracted from koumiss. Particular yeast strains produce
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toxins called mycocins: compounds extracted by Saccharomyces cerevisiae from koumiss
exerted antibacterial activity on pathogenic Escherichia coli in in vitro tests [113], and crude
extracts of mycocins from K. marxianus showed efficacy against Escherichia coli in mice
in vivo as well [114].

4. Conclusions

Research about mare’s milk and derivatives for human consumption is very active
especially in Asian countries. The identification and characterization of LAB and yeasts
have been performed in many studies: a wide variability of species and strains have been
observed. Even if fermented mare’s milk is a very ancient product, a lot of research is still
needed: whereas the yeast flora are quite well known, a wide range of scientific activity
remains to be carried out to clarify the interdependency and cooperation of its various
microbial components, because in fermented mare milk products really complex population
structures of yeasts, white moulds, lactic acid bacteria and acetic acid bacteria are present
and interacting.

Studies are actively going on to assess the properties of different strains for their
optimal employment in the production, at an industrial scale, of koumiss, in particular.

Trials in vitro and in vivo are confirming some of the beneficial effects and healing
properties traditionally attributed to mare milk derivatives: some probiotic properties of
LAB in fermented milk have been demonstrated, but more necessary experimental steps
must be performed to clearly assess their efficacy.
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Abstract: Milk is one of the most valuable products in the food industry with most milk production
throughout the world being carried out using conventional management, which includes intensive
and traditional systems. The intensive use of fertilizers, antibiotics, pesticides and concerns regarding
animal health and the environment have given increasing importance to organic dairy and dairy
products in the last two decades. This review aims to compare the production, nutritional, and
compositional properties of milk produced by conventional and organic dairy management systems.
We also shed light on the health benefits of milk and the worldwide scenario of the organic dairy
production system. Most reports suggest milk has beneficial health effects with very few, if any,
adverse effects reported. Organic milk is reported to confer additional benefits due to its lower
omega-6–omega-3 ratio, which is due to the difference in feeding practices, with organic cows
predominantly pasture fed. Despite the testified animal, host, and environmental benefits, organic
milk production is difficult in several regions due to the cost-intensive process and geographical
conditions. Finally, we offer perspectives for a better future and highlight knowledge gaps in the
organic dairy management system.

Keywords: organic; milk; dairy; composition; milk production systems

1. Introduction

Milk is among the most versatile and valuable foods in the food industry. In 2018,
global milk production reached 843 billion liters, with an estimated value of USD 307 billion
and is projected to grow by 22% by 2027 [1]. Approximately 80% of yearly milk production
comes from cows, with the rest from other dairy animals like buffaloes, goats, camels, and
sheep, according to the Food and Agriculture Organization [2]. Milk is also an essential
component of the human diet, consumed by 80% of the world’s population [3]. Milk and
dairy products are important sources of macro and micronutrients, including high-quality
proteins, fats, calcium, potassium, phosphorus, vitamin D, riboflavin, and vitamin B12 [4,5].
The majority of global milk production is carried out using traditional and intensive systems,
collectively referred to as the conventional milk production system [5]. For the purposes of
this review, the conventional milk production system, unless otherwise defined, will refer to
milk produced from traditional and intensive milk production systems. The intensive use of
mechanization, artificial fertilizers, pesticides and antibiotics within the conventional milk
production system has raised substantial concerns for the environment, animal welfare,
and consumer health [6]. Misuse of these practices can lead to soil, water and air pollution,
increased antibiotic resistance spread, loss of biodiversity, and elevated greenhouse gas
(GHG) emissions [7]. Moreover, the conventional milk production system, which prioritizes
high productivity and profitability, may compromise the nutritional quality of milk and
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dairy products [8]. The intensification and environmental repercussions of conventional
agriculture, coupled with heightened consumer awareness of animal welfare and demand
for safer and healthier food options, have prompted a re-evaluation of agricultural policy [9].
This shift has given rise to more environmentally and animal-friendly practices, such as
organic agriculture [10,11].

The FAO of the United Nations (UN) broadly defines organic agriculture as “a system
that relies on ecosystem management rather than external agricultural inputs” [12]. Organic
agricultural production is an alternative farming system rooted in the ethos of sustainable
production [13]. The objective is to prioritize the health and welfare of animals, ensuring
clean and sanitary conditions for their shelter and nourishment, along with effective waste
management [14]. Organic production promotes preventive health measures without the
constant use of stimulants or antibiotics, allowing animal access to pastures and providing
them with a diet consisting entirely of organic ingredients for optimal nutrition and wellbe-
ing [15]. In contrast to conventional agricultural production, the use of artificial fertilizers,
pesticides, herbicides, genetically modified organisms (GMOs), and antibiotics is banned
or restricted in organic agricultural production [16,17]. According to the International
Foundation for Organic Agriculture (IFOAM) in 2021, organic agriculture was practiced in
191 countries, on more than 76 million hectares of agricultural land by at least 3.7 million
farmers, and the size of the organic market reached 125 billion euros [18].

The intake of organic milk, whether in its natural state or as part of dairy products
such as pasteurized whole milk, yogurt, cheese, curd, cream cheese and butter continues
to grow worldwide [19]. Today, milk and dairy are the most in-demand organic products
after organic fruits and vegetables in the organic food market [20]. Organic milk and dairy
products, once available only in a few specialized shops, are now widely available to meet
increasing consumer demand [21]. In recent years, research on organic milk and dairy
products has also increased [22]. Several studies have reported compositional differences
between organic and conventional milk [23,24]. For instance, organic milk has consistently
been reported to contain significantly higher levels of whey proteins, total polyunsaturated
fatty acids (PUFA), n-3 PUFA and vitamin E (α-tocopherol) [25,26]. Organic milk production
has also been reported to influence the microbial content of milk [27]. Compositional
differences have been linked to conditions associated with organic production such as
breed, environment, health status, and feeding regime [25]. The health benefits of milk are
associated with the various bioactives mentioned and can be direct, such as contributing
to nutrient uptake, bone health and bone density development, and immunomodulatory
potential with effects reported starting from as early as childhood [28], while other benefits
can be indirect through the gut microbiota by exerting probiotic potential. Organic dairy
production is free from antibiotics and chemicals, thus helping in the reduction in antibiotic
resistance gene generation and spread. Further, the low ratio of omega 6 to omega 3 fatty
acids, and the higher PUFA content are associated with health benefits, though some results
are debated [29,30].

Despite the known benefits of organic farming practices, the debate over the advan-
tages of organic milk and dairy products compared to their conventional counterparts
persists [31]. Organic farming presents challenges for farmers involving changes in animal
husbandry, land, and crop management [21]. Furthermore, the switch is cost intensive,
resulting in comparatively low yields and higher estimated product prices [32]. In addition,
adhering to strict, mandatory, and country-specific regulations for organic farming and
food production, makes the transition a demanding process [33]. Consumers also often
express skepticism due to the high prices of organic dairy products and the lack of definitive
studies showcasing their benefits [34]. However, as sustainability concerns continue to gain
global attention, the organic dairy market is expected to grow [21].

In light of this information, this review aims to explore the latest research on the
production and composition of milk produced using organic agricultural practices. We com-
pare organic and conventional milk production systems in terms of practices and impact
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on the quality of milk. Furthermore, we discuss the human health benefits of organic milk
and dairy products and the future challenges and prospects of organic dairy management.

2. An Introduction to Organic Milk Production

In this section, we provide an introduction to organic milk production and present
the regulatory frameworks and principles that guide this farming practice. For this review,
organic milk production, unless otherwise defined, will refer to milk from dairy cattle.

Organic Milk Production Regulations

Organic milk production is permissible exclusively on certified farms, depending
on individual countries’ regulations or organizational certifications [35]. Despite sharing
fundamental principles, the specifics of organic milk production regulations exhibit notable
variations globally, primarily regarding the rules governing pasture access, nutrition,
use of antibiotics, and conventional to organic status conversion period, as detailed in
Table 1. Subsequently, organic milk products produced in one country may not retain
their organic status when exported to another country with distinct legal requirements [21].
Therefore, the diversity in organic regulations may contribute to the variability in organic
milk composition between countries [36].

Table 1. Country-specific organic dairy farming regulations regarding pasture access, forage feeding,
antibiotic usage, and conventional to organic status conversion period. Adapted from [36].

Country Pasture Access Nutrition Antibiotics Use
Organic Conversion

Period
Regulation

European
Union

Year-round, weather
permitting

≥60% of daily dry matter
intake must consist of

roughage, fresh or dried
fodder, or silage.

Permitted under veterinary
recommendation. ≥2 day milk
withdrawal. ≥3 treatments or
≥1 treatment (if productive
lifecycle is <1 y) will cause

animal to lose its organic status.

Land conversion period
of 24-months. Animals
must be under organic

management
≥6 months.

Regulation (EU)
2018/848 of the

European Parliament
and of the Council.

United States ≥120 days annually

≥30% of daily dry matter
intake must come from

pasture during
grazing season.

Prohibited. Usage will cause
animal to lose its organic status.

Animals must be under
organic management

≥12 months.

Organic foods
production act

provisions 2023.

Canada ≥120 days annually

≥30% of daily dry matter
intake must come from
pasture during grazing

season. 60% of dry matter
intake consists of hay,

fresh/dried fodder, or silage.

Permitted under veterinary
recommendation. ≥30 day milk

withdrawal. ≥2 treatments,
12 month transition period

before regaining organic status.

Animals must be under
organic management

≥12 months.

Organic Production
Systems General

Principles and
Management Standards

2021.

Japan ≥2 days per week,
year-round

≥50% of daily dry matter
intake must consist of

roughage, fresh or dried
fodder, or silage.

Permitted under veterinary
recommendation.

Animals must be under
organic management

≥6 months.

Japanese Agricultural
Standard for Organic
Livestock Products,

2018.

New Zealand ≥150 days annually

≥50% of daily dry matter
intake must consist of

roughage, fresh or dried
fodder, or silage.

Prohibited. Usage will cause
animal to lose its organic status.

Animals must be under
organic management

≥12 months.

AsureQuality Organic
Standard For Primary

Producers, 2018.

Australia Year-round, weather
permitting

100% of daily dry matter
intake must be sourced from
organic or bio-dynamic feed.

Permitted under veterinary
recommendation. 180 day

transition period before
regaining organic status.

Animals must be under
organic management

≥6 months.

National Standard for
Organic and

Bio-Dynamic Produce,
2022.

China Year-round, weather
permitting

≥60% of daily dry matter
intake must consist of

roughage, fresh or dried
fodder, or silage.

Permitted under veterinary
recommendation.

Animals must be under
organic management

≥6 months.

China Organic Standard
GB/T 19630-2019.

India Year-round, weather
permitting

≥85% of daily dry matter
intake must be sourced from

organic feed

Permitted under veterinary
recommendation.

Land conversion period
of 24 months. Animals
must be under organic

management
≥6 months.

Agricultural and
Processed Food
Products Export

Development Authority
(APEDA) 2018.
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3. Milk Production Systems

Traditional and intensive milk production systems are collectively referred to as the
conventional milk production system. The conventional system dominates milk production
practices worldwide, primarily focusing on high productivity [21]. The intensive system
is principally performed in developed countries, while milk production in developing
countries is carried out in an extensive (traditional) manner [37,38]. The organic milk
production sector is experiencing rapid growth, surpassing the expansion rate of other
dairy sectors worldwide [21,39]. A summary of the major distinctions between organic and
conventional milk production systems is provided in Table 2.

3.1. Conventional Systems
3.1.1. Traditional System

The traditional system relies on pasture as a low-cost primary feed source [40]. Farm-
ing practices are primarily determined by the climate and available resources in a given
region. Therefore, the traditional system is primarily employed in temperate climates, such
as in Ireland and New Zealand, which leads to a seasonal milk supply. Cows are kept
outdoors, grazing on pasture during the warmer months of the year. In the winter months,
cows are dried off and housed indoors and are fed a diet of primarily pasture-based silage
and hay, which is cut and ensiled from surplus pasture earlier in the year. Their feed is
typically administered ad libitum (without specialized equipment and calculation of feed
rations). When pasture-based feeds alone fail to meet energy requirements of the animal,
concentrate supplements are also provided. The ration is not consistent in this feeding
system, making it challenging to achieve a balanced diet and can potentially hinder high
milk yields [41]. The traditional system offers cows a more natural environment than
the intensive system, allowing the expression of normal behaviors [42]. Pasture-based
feeding systems have also been demonstrated to beneficially affect the nutritional quality
of milk and dairy products [43]. Milk and dairy products obtained from pasture-based
diets have larger proportions of beneficial nutrients for human consumption such as PUFA,
conjugated linoleic acid (CLA) and n-3 fatty acids than cows fed concentrate diets [44–48].
While the intensive milk production system is supplanting the traditional system, the latter
is expected to dominate for the foreseeable future in developing countries [37,38].

3.1.2. Intensive System

The intensive system is based on the use of a total mixed ration (TMR) diet adminis-
tered using a feed truck. The intensive system is primarily performed in countries with
climates which make pasture difficult to grow, including the United States, China, and
large areas of Europe [49,50]. TMR is a mixture of roughage (grass/maize/corn silage) as
well as concentrate feeds supplemented with vitamins and minerals [45]. TMR feeding
offers greater opportunities to enhance intake rates and meet nutritional needs more effec-
tively [51]. Furthermore, this system protects animals from extreme weather conditions [52].
The number of dairy cow farms employing the intensive milk production system has grown
significantly over the last 20 years [49]. Animal welfare concerns continue to grow regard-
ing indoor TMR feeding systems. These include increased incidences of lameness [53],
mastitis [54], mortality [55] and aggressive behavior due to reduced space [42]. Indoor
TMR feeding systems also restrict the animals’ ability to express their natural foraging
behavior [42]. The development of the partial mixed ration (PMR) feeding system may
alleviate some of these concerns. The PMR system combines indoor TMR feeding with
the outdoor grazing of fresh pasture by alternating the feeding approaches. PMR feeding
has been shown to increase levels of CLA, α-linolenic acid (ALA), vaccenic acid and PUFA
significantly compared to TMR feeding [56], in addition to non-significant differences in
milk yield and protein content [56].

290



Foods 2024, 13, 550

3.2. Organic System

Organic milk production is based on maximizing milk production in an environmen-
tally sustainable way, while prioritizing the health and wellbeing of animals. Distinctive
variances exist between organic and conventional milk production systems, each pre-
senting its own set of advantages and drawbacks. No single production system can be
deemed ideal, as milk production is an ongoing process. The merits of either system hinge
on a comprehensive evaluation encompassing longitudinal sustainability, environmental
impact, economic factors, and social considerations. There are several fundamental dif-
ferences between organic and conventional milk production systems [21,23]. In contrast
to the conventional systems, the organic system prioritizes the utilization of native cattle
breeds [57]. Crops must be fertilized organically, and the use of synthetic and chemical
fertilizers, herbicides and pesticides is prohibited, which has been shown to have beneficial
effects on soil composition and functionality compared to conventional systems [58,59].
Animals must be provided with organic feed containing ingredients sourced from organic
agricultural production, while the inclusion of natural non-agricultural substances is also
permitted. For example, vitamins and minerals are sourced from natural substances such
as sprouted grains, cod liver oil, and brewer’s yeast. In general, a minimum of 60% of
the feed must be sourced from the corresponding farm. Additionally, a minimum of 60%
of the dry matter in the feed ration must consist of roughage, green fodder, dried fodder,
or silage. During the summer season, cows are provided unrestricted access to pasture
vegetation, predominantly comprising low grasses (50%), tall grasses (30%), and legumes
(10–20%) [23].

On organic farms, the duration of pasture feeding frequently extends beyond 180 days,
whereas on traditional farms, it typically does not exceed 140 days [36]. Organic pas-
tures stand out for their rich sward biodiversity, encompassing various species of grasses,
legumes, and herbs. This diversity directly contributes to the nutritional value and quality
of fodder and milk produced [43,59]. During autumn and winter, cattle are required to be
provided with roughage, comprising silage made from combinations of cereals and legumes
or haylage. The inclusion of beets or potatoes in the cattle’s diet is reserved for the winter
season [60]. Similar to traditional farming methods, grazing access has been shown to
benefit the welfare and behavior of organic cows compared to conventional systems [61,62].
However, organic farms still show a need for improvement, especially regarding animal
health [62]. The main problems faced by organic and conventional systems are analogous,
with mastitis and lameness identified as particular areas for improvement [63].The use of
GMOs, growth stimulants, and synthetic amino acids is also prohibited in organic agricul-
ture [33], while antibiotics may only be utilized in emergencies for veterinary indication.
The rise of antimicrobial resistance (AMR) attributed to the excessive use of antibiotics
in food-producing animals has become a significant concern [64], especially concerning
the risk of developing newly resistant bacteria that could be transmitted from animals to
humans [65]. Encouragingly, organic farming has been demonstrated to markedly decrease
the occurrence of AMR in dairy cattle compared to conventional farming, globally [66].
Finally, pasture-based systems have been demonstrated to emit less GHG emissions, such
as methane (CH4) and carbon dioxide (CO2), than conventional farms [67,68].

Table 2. Management Practices of Organic and Conventional Milk Production Systems. Adapted
from [69].

Milk Production System

Management Practice Organic Conventional

Pasture access Required Not required

Nutrition All feed must be certified organic Concentrate feed

Antibiotics use In emergencies, for veterinary indication Allowed, for veterinary indication
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Table 2. Cont.

Milk Production System

Parasiticide use In emergencies, for veterinary indication Allowed, for veterinary indication

Growth Hormone use Prohibited Allowed, for veterinary indication

Weed Management Crop rotation, hand weeding, mulches Chemical Herbicides

Pest Management
Crop rotation, Companion Planting, trap crops,
promotion of beneficial insects and natural
predators

Chemical Pesticides

Green House Gas Emissions Lower per unit of area Higher per unit of area

Fertilizers Organic fertilizers only High dependence on synthetic NPK
fertilizers

Genetically Modified Organisms Prohibited Allowed

Synthetic food Additives Prohibited Allowed

Milk Yields Lower on average Higher on average

Shelf Life Higher on average Lower on average

Product Price Higher on average Lower on average

Soil Impact Reduced soil loss, increased organic matter,
water-holding capacity and microbial diversity

Increased soil loss and erosion, lower
water holding capacity, lower carbon
storage and microbial diversity

Water Consumption Lower Higher

Energy Usage Low intensity of energy use (higher energy
efficiency)

High intensity of non-renewable energy
use (agrochemicals, machinery, water
pumping etc.)

Impact on Landscape Larger floral and faunal biodiversity. Diverse
agricultural landscapes

Loss of biodiversity in agricultural
landscapes, Unified agricultural
landscapes (monocultures)

4. Impact of Production Systems on Farm Performance and Raw Milk Composition

The composition and physical characteristics of milk exhibit considerable variability,
influenced by factors such as environment, age, breed, nutrition, parity, stage of lactation,
and health [70]. Numerous studies have compared the quantity and quality of raw milk
produced using organic or conventional milk production systems [23]. The gross chemical
and physical composition of raw milk produced using organic and conventional milk
production systems is shown in Table 3.

4.1. Milk Yield

The primary determinant of the financial success of dairy cow farms is their level of
productivity. Organic dairy production has consistently been reported to have reduced milk
yields compared to conventional milk production systems [68]. Organic herds generally
attain lower milk yields, ranging from 15% to 28% less compared to the yields of a typical
conventional cow [23]. Such stark differences in milk yield are typically traced to lower
energy intake, through either less concentrated feeding or lower energy content in forages
from organic systems [71]. Furthermore, practices such as adjusting grain feeding levels,
selecting breeds to enhance cow milk yield, and employing fossil fuel-based fertilizers to
boost forage yields are typically linked to the increased yields in conventional systems [36].
Therefore, lower milk yield, and thus lower profitability of organic milk production, could
pose obstacles to the continued growth of the organic dairy industry worldwide [72].
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4.2. Udder Health and Somatic Cell Count (SCC)

Somatic cell count (SCC) serves as a crucial diagnostic parameter for assessing the
wellbeing of the mammary gland [73]. An SCC surpassing 400,000 cells per milliliter
of milk signifies gland inflammation. Inflammation has detrimental consequences on
the overall productivity of cows, impacting both the nutritional quality of milk and its
suitability for processing [74]. Factors related to management, such as milking hygiene and
the cleanliness of cows, play a role in the occurrence of udder infections. These infections
can impact both milk yield and composition [75]. Elevated SCC can exhibit a negative
correlation with both the yields and percentages of milk protein and fat [76]. Therefore,
any conclusions regarding compositional differences between organic and conventionally
produced milk should consider udder health as a contributing factor [23]. Conflicting
results have been reported regarding increased or decreased SCCs when comparing organic
and conventional dairy production systems [23]. Importantly, in most studies which
reported significant differences in SCC, the levels were still below 400,000 cells per mL in
both conventional and organic milk. At present, the employed farming system appears
to have less influence on udder health compared with management factors (e.g., routine
teat dipping and seeking veterinary treatment) and animal level variables (e.g., parity,
breed) [36,77–79]. Hence, making a generalization about whether organic farmers have a
lower tolerance for poor udder health is not feasible due to potential variations in ethical
considerations and divergent regulations regarding the use of antibiotics as a treatment
option for organic cows among different countries [63]. Therefore, establishing a definitive
relationship between SCC and the production system is challenging.

4.3. Microbiological Quality

The total bacterial count (TBC) is the most widely used measure of microbial quality of
raw milk and is measured using several methods including the standard plate count (SPC),
plate loop count (PLC), Petrifilm (3M) aerobic count, and flow cytometry methodologies
(e.g., Bactoscan, Foss Analytica, Hillerød, Denmark l) [80]. While specific values for SPC
vary worldwide, high-quality raw milk should always have a low TBC [81]. Similar to
milk SCCs, contradictory results have been reported regarding increased or decreased
TBCs when comparing raw milk produced using organic and conventional systems [23].
Differing TBCs across studies have been attributed to management factors and animal-level
variables [36,77–79].

The microbiome consists of the microbiota and its “theatre of activity,” encompassing
the collective nucleic acids (including viruses and bacteriophages), structural components,
and microbial metabolites associated with the microbiota [82]. The existence of a com-
mensal microbiota on the bovine teat canal and teat skin is widely acknowledged [83,84].
However, the demonstration of a commensal bovine milk microbiome has been disputed by
methodological issues, sampling difficulty, and a lack of consistency among studies [85,86].
Previous studies have shown that diet has a direct impact on the gut, rumen, and milk mi-
crobiota of bovines [87–89]. To our knowledge, only one study has compared the microbiota
of dairy cows from conventional and organic farming [27]. This study demonstrated that
the microbiome of the cow’s gut and milk was significantly different between agricultural
management systems, while no differences were found in the microbial communities of
soil and silage [27]. Milk samples from organic farms were significantly associated with
the family Rhodobacteraceae and elevated levels of Ruminococcaceae. Furthermore, there was
a notable association of the fungi Dothideomycetes, Tremellomycetes, and Pleosporales
with milk samples from organic farms. Fungi within these classes are commonly associated
with plant pathogens that thrive on wood debris or decaying leaves. Nevertheless, their
presence has been reported in the dairy farm environment [90] and on shelves used for
ripening cheese [91].
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4.4. Mastitis

Mastitis stands out as the most widespread and economically impactful disease in
dairy cattle globally, primarily attributed to diminished milk production, discarded milk,
premature culling, and associated treatment expenses [92]. Bovine mastitis is a polymicro-
bial disease with the principal etiological agents being Staphylococcus aureus, Streptococcus
dysgalactiae, and Streptococcus uberis [93]. Although treatment with antibiotics is the last
resort for organic farmers, their usage is permitted under the prescription of a veterinar-
ian [78]. Antibiotics are currently the preferred treatment for mastitis control on both
organic and conventional farms [94]. While the epidemiology of mastitis on organic farms
has not been extensively studied, available reports suggest that organic farms have an ele-
vated prevalence of Staphylococcus aureus compared with conventional dairy farms [95–98].
The incidence of clinical mastitis on organic dairy farms has been reported to be lower than
on conventional farms [99–101]. Additionally, no differences have been found in the inci-
dence of subclinical mastitis [102] or individual SCC [103] on organic versus conventional
farms. Such reports suggest that there may be differences in mastitis epidemiology between
conventional and organic dairy farms. Future studies are needed to assess the antimicrobial
resistance profiles and ubiquity of antibiotic-resistant bacteria, such as Methicillin-resistant
Staphylococcus aureus (MRSA) in mastitic milk from conventional and organic dairy farms.

4.5. Volatile Organic Compounds

Milk contains low concentrations of volatile organic compounds (VOCs) which are in-
fluenced by several variables, such as environment, breed, and lactation stage [104]. VOCs
have consistently been associated with the sensory profiles of milk products, especially
odors and flavors [105]. VOCs emanate in milk via metabolic processes of the cow (e.g.,
rumen gases, blood, etc.) or can be infused into milk through animal feed, which influences
the flavor of dairy products [106–108]. There have been conflicting reports regarding varia-
tion in the VOC composition of milk produced using the organic and intensive production
systems have been reported [36,109–111]. VOCs markers, such as terpenes, warrant further
exploration for their potential to authenticate dairy products [26,70,112].

Animal feeding systems (pasture or TMR) have been shown by numerous studies
to alter the sensory characteristics of milk and dairy products [113]. Some studies have
found little differences in the flavor and texture of milk and dairy products produced
using organic and conventional systems [36,109,114]. Studies have also indicated that raw
organic milk was creamier and tended to have greater ‘hay’ and ‘grass’ flavor notes than
conventional milk [115]. Irrespective of production system, a stronger odor of milk, butter,
and cheese (more intense ‘animal’ notes) has repeatedly been reported when cows are
pasture-fed vs. fed on conserved forages [46,116].

4.6. Protein

The total protein and casein content of organic and conventionally produced milk is
typically reported to not differ significantly [117–119]. Whey proteins, while making up
only 20–25% of the total protein, constitute a crucial group of milk proteins (the remaining
75–80% is casein). Albumins, i.e., α-lactalbumin (α-LA), β-lactoglobulin (β-LG), and
bovine serum albumin (BSA), make up approximately 75% of whey proteins. Other
minor whey proteins include bacteriostatic substances, i.e., immunoglobulins, lactoferrin,
lactoperoxidase, and lysozyme, which constitute 1–2% of total milk proteins. These proteins
exhibit diverse positive effects on the human body, encompassing antimicrobial (antiviral
and antibacterial), anticancer, immunomodulatory, and antioxidant properties. Whey
proteins serve as an excellent source of energy, essential amino acids, and peptides [120].
The concentration of whey proteins and albumins in organic and conventionally produced
milk is largely similar in studies to date [117,121,122]. Recent studies have indicated that
concentrations of lactoferrin and lysozyme are significantly higher in milk on organic farms
than on conventional farms [121,123]. Lysozyme is an antimicrobial enzyme that induces
cell lysis by hydrolyzing the peptidoglycan layer of both gram-positive and gram-negative
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bacterial cells. When ingested, lactoferrin induces various beneficial biological effects, such
as enhancing iron absorption, modulating the immune system, boosting the antimicrobial
activity of lysozyme, and promoting the growth of epithelial cells and fibroblasts [124].

4.7. Vitamins

Vitamin A (retinol) serves as the precursor to a group of compounds known as
retinoids, which exhibit the biological activity associated with vitamin A. Vitamin A en-
compasses a group of analogous fat-soluble vitamins that play ubiquitous roles in the
human body, such as enhancing vision, cell differentiation, embryogenesis, reproduction,
growth and immune system functioning [125]. In general, foods of animal origin provide
preformed vitamin A as retinyl esters while plant-derived foods provide precursors of
vitamin A, i.e., carotenoids. Only carotenoids with a β-ionone ring (e.g., β-carotene) can
function as precursors of vitamin A [126]. In cow’s milk, vitamin A is typically found in the
forms of retinol or β-carotene [126]. The concentration of vitamin A and carotenoids in milk
is significantly influenced by the carotenoid content of the animal’s diet. Milk from animals
fed on pasture generally contains higher levels of carotenes compared to milk from animals
fed on concentrate feeds [117]. Vitamin E constitutes a group of fat-soluble molecules
which primarily act as antioxidants in cell membranes where the primary function is to
prevent oxidative damage by trapping reactive oxyradicals [127]. Vitamin E is also essential
for body functions in both bovines and humans such as growth, reproduction, immunity
prevention, and protection of tissues [128]. β-carotene and Vitamin E concentrations differ
significantly in raw milk depending on the diet [25]. The dairy industry is interested in a
high content of vitamin E and β-carotene, as they can prevent the spontaneous oxidation of
milk and fatty acids [129]. Vitamin D3 plays a crucial role in the metabolism of calcium and
phosphorus, contributing to the proper mineralization of bones and teeth. Additionally, it
exhibits immunomodulatory and anti-cancer properties. In the case of animals spending
time at pasture, ultraviolet (UV) rays from sunlight induce the synthesis of vitamin D3
from 7-dehydrosterol present in the skin. Therefore, milk from cows that spend more time
outdoors at pasture is expected to be a more valuable source of this vitamin. Numerous
studies have reported higher vitamin D3 levels in milk from cows of organic and traditional
production systems compared to intensive systems [117,122,130].

4.8. Carbohydrates

Lactose is the main carbohydrate in milk and is generally reported to not significantly
differ in the feeding system [23]. Oligosaccharides are the third most abundant solid compo-
nent found in milk, after lactose and lipids [131]. These structurally and biologically diverse
molecules, despite being resistant to human digestive enzymes, are linked to numerous ben-
eficial functions [132]. Organic and conventional pasture-based farming systems have been
demonstrated to not significantly influence oligosaccharide abundance [110]. However, lev-
els of specific oligosaccharides were increased in organic milk irrespective of sampling date
or farm set [110], specifically, trisaccharides with three hexose units (3 Hex), trisaccharides
with three hexose units and one N-acetylneuraminic acid unit (3 Hex, 1 NeuAc), tetrasac-
charides with four hexose units and one N-acetylhexosamine unit (4 Hex, 1 HexNAc),
and trisaccharides with three hexose units and two N-acetylhexosamine units (3 Hex,
2 HexNAc) [110].

4.9. Fats

The total fat content of organic and conventionally produced milk is typically re-
ported to not differ significantly. Milk fat consists of over 400 different fatty acids. The
predominant fatty acids in milk are saturated fatty acids (SFA), with unsaturated fatty acids,
including monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA),
following. Nevertheless, recent scientific advancements have suggested that trans fatty
acids and certain saturated fatty acids in milk may have beneficial effects [113,133,134].
The concentrations of individual fatty acids in milk fat are affected by factors such as cow
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breed, stage of lactation, genetics, and diet [113,135]. The composition and quantity of fatty
acids in milk are primarily dictated by the feeding system [25,136].

Fresh herbs and grasses in the cow’s diet contribute a significantly higher quantity of
unsaturated fatty acids, whereas maize silage has a greater concentration of linoleic acid [113].
The TMR feeding system markedly diminishes the fat and fatty acid content in milk, attributed
to the insufficient dietary fiber and elevated starch levels in the diet [137,138]. Organic milk
has consistently been shown to contain a more favorable fatty acid profile than conventional
milk [139], containing more PUFAs, including omega-6 and omega-3 [24,139–141] and a lower
ratio of omega-6 to omega-3 fatty acids, which is beneficial for human health [139,142–146].
The omega-6 to omega-3 fatty acid ratio in bovine milk essentially characterizes the concentra-
tions of linoleic acid versus α-linolenic acid, as they represent the most abundant omega-6
and omega-3 fatty acids, respectively.

Forage is abundant in α-linolenic acid, while cereals such as barley, maize, oats, and
soybean contain higher quantities of linoleic acid [147]. A lower omega-6 to omega-3
fatty acid ratio is therefore suggestive of a forage-based diet [113]. Organic milk has also
been shown to contain higher Conjugated Linoleic Acid (CLA) content than conventional
milk [148,149]. The consumption of milk and dairy products rich in CLA is linked to
beneficial effects on human health, including improved brain function, antiatherogenic
effects, and lower levels of blood lipids [150,151]. CLA also demonstrates anti-carcinogenic,
immunostimulatory, and weight-reducing properties [151].

4.10. Minerals and Heavy Metals

The mineral content of milk is influenced by a variety of factors including animal diet,
genetics, breed, feeding system, and the surrounding environment [152]. The concentration
of minerals in milk is primarily contingent on their levels in fodder [153,154]. The mineral
content of forage is determined by the mineral content of soil and pasture, which is
influenced by fertilizers, the amount of sewage sludge generated, soil type, or the proximity
of mining and industrial areas [36]. In conventional farming, soil fertility can be increased
by using mineral fertilizers enriched with selected microelements [155]. Cow diets are also
supplemented with mineral mixtures to increase the mineral content of milk produced [23].
Both of these methods are restricted in organic farming; therefore, on-farm fodder is the
main source of minerals [23]. Green forage from legume plants offers substantial amounts
of calcium and magnesium. Cereal grains provide phosphorus, wheat bran serves as a
source of magnesium, and green forage contains smaller amounts of sodium [23]. Organic
milk has generally been reported to contain a marginally lower mineral content than
conventionally produced milk, with the difference primarily attributed to management
practices [24,25,156,157]. These practices include selenium supplementation to improve
reproductive performance, iodine-containing teat dipping as a disinfectant after milking,
and mineral supplementation [24,25,156,157]. Toxic elements, including heavy metals,
such as lead, chromium, mercury, and cadmium may also be present in milk and dairy
products [158]. Such heavy metals are non-essential elements, have no biological role
in mammals, and can cause toxic effects even at very low concentrations [159]. The
main source of heavy metals in agricultural systems is fertilizer [160]. Numerous studies
have reported significantly higher levels of heavy metals in conventionally produced
milk [119,161,162].

Table 3. Concentrations of select macronutrients, micronutrients, and general antimicrobial peptides
present in raw milk produced using organic, traditional and intensive systems. Traditional milk
refers to milk produced using the traditional milk production system. Intensive milk refers to milk
produced using the intensive milk production system.

Organic System Conventional Systems

Proteins Organic Milk Traditional Milk Intensive Milk

Total Protein (%) 3.1–3.26 3.1–3.24 3.48
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Table 3. Cont.

Organic System Conventional Systems

Casein (%) 2.54 2.52 2.78

Whey protein (%) 0.72–0.84 0.72–0.84 0.70–0.82

β-Lactoglobulin (g/L) 3.32–3.35 3.26–3.58 3.01–3.28

α-Lactalbumin (g/L) 1.07–1.19 1.05–1.21 0.98–1.14

Bovine serum albumin (g/L) 0.43 0.44 0.41–0.49

Lactoferrin (mg/L) 123.8–125.9 109.80–130.62 94.01–121.23

Lysozyme (μg/L) 11.14 9.92–10.71 6.90–12.13

Vitamins Organic Milk Traditional Milk Intensive Milk

Vitamin A (retinol) (mg/L) 0.468–0.800 0.410–0.556 0.347–0.465

β-carotene (mg/L) 0.195–0.580 0.231–0.252 0.175–0.190

Vitamin E (α-tocopherol) (mg/L) 1.358–2.655 1.656–1.953 1.075–1.302

Vitamin D3 (cholecalciferol) (μg/L) 0.461–0.768 0.610–1.212 0.589–0.700

Carbohydrates Organic Milk Traditional Milk Intensive Milk

Lactose (%) 4.80–5 4.7–5 nd

3 Hex (Trisa) (m/z) 60.82–61.11 51.37–55.86 nd

3 Hex, 1 NeuAc (m/z) 11.83–14.60 9.24–12.42 nd

4 Hex, 1 HexNAc (m/z) 0.87–0.93 0.63–0.69 nd

3 Hex, 2 HexNAc (m/z) 0.31–0.33 0.25 nd

Fat Organic Milk Traditional Milk Intensive Milk

Fat (%) 3.7–4 3.8–4 3.8–4

SFAs (g/100 g) 66.28 59.03–64.74 67.69–71.41

MUFAs (g/100 g) 26.11–34.07 30.33–32.16 21.87–28.15

Oleic acid (c9 C18:1) 20 16.10–22.66 16.16–17.20

Vaccenic acid (t11 C18:1) (g/100 g) 1.22–2.00 1.18–7.00 0.80–2.00

PUFAs (g/100 g) 3.85–5.36 3.69–5.32 1.65–3.77

Eicosapentaenoic acid, EPA (C20:5 n-3) (g/100 g) 0.05 0.08 0.05

Conjugated linoleic acid, CLA (cis9 trans11) (g/100 g) 0.83–1.53 0.54–0.93 0.42–1.19

Linoleic acid, LA (C18:2 n-6) (g/100 g) 0.59–2.08 1.17–2.18 1.4–2.39

α-linolenic acid, ALA (C18:3 n-3) (g/100 g) 0.44–1.05 0.49–1.25 0.39–0.42

γ-linolenic acid, GLA (C18:3 n-6) (g/100 g) 0.11 0.13 0.12

Proportion 18:3n3: 18:3n6 1.35 0.60–2.77 1.26

Minerals and Heavy Metals Organic Milk Conventional Milk

Calcium (mg/L) 971.33–1161 1170–1417.76

Iron (mg/L) 0.26–0.67 0.26–0.47

Manganese (mg/L) 0.023–0.047 0.022–0.139

Copper (mg/L) 0.023–0.084 0.038–0.161

Iodine(mg/L) 0.013–0.283 0.071–6.540

Aluminium (mg/L) 0.76 0.63

Potassium (mg/L) 1509–1896.92 1514–1844.37

Sodium (mg/L) 366.59 476.35
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Table 3. Cont.

Organic System Conventional Systems

Magnesium (mg/L) 86.21 113.87–118.50

Zinc (mg/L) 2.86–3.96 2.96–4.39

Selenium (mg/L) 0.002–0.020 0.008–0.040

Cobalt (mg/L) 0.001 0.001

Strontium (mg/L) 0.166 0.202

Ranges are shown where available. Values for the traditional system and intensive system are shown where
available. Values obtained from [23,110,142,144,163–165]. Abbreviations: Trisa, Trisaccharides; Hex, glucose or
galactose; HexNAc, N-acetylglucosamine or N-acetylgalactosamine; NeuAc, N-acetylneuraminic acid (sialic acid);
(m/z), mass divided by charge number; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty
acids; SFAs, saturated fatty acids; nd, no data.

5. Perceived Health Benefits of Organic and Conventional Milk

Milk and dairy products provide several health benefits beginning from the early stages
of life. Recommendations based on guidelines for several countries across the globe include
milk and other dairy products as part of daily healthy eating [166]. Research over the
past two decades has delineated the associations between milk consumption and health
benefits. Some of the highest increases in the numbers of diseases worldwide are seen
concerning obesity, type 2 diabetes, and cancer. A recent meta-analysis reported that children
consuming higher dairy intake had lower incidence of overweight compared to those having
lower dairy intake [167]. However, another meta-analysis failed to show any association in
children, though a slight positive association with a protective effect of dairy consumption
was reported in adolescence [167]. Other comprehensive short-term studies even report the
role of dairy products in facilitating weight loss in an energy-restricted diet, though long-
term studies fail to provide convincing results for the same [168,169]. Similarly, other meta-
analyses reported only a slight positive effect or no effect of dairy on diabetes [170,171] and
mixed or no association with risk of cardiovascular diseases [170,172]. Another meta-analysis
reported a positive role of dairy (particularly yogurt) in preventing the risk of type 2 diabetes;
however, no association with milk and a negative association with cheese consumption was
reported [173,174]. Furthermore, as observed from several meta-analyses, total dairy, full-fat
dairy, low-fat dairy, milk, cheese, and yogurt consumption have no association with the risk
of coronary heart disease [170,175]; though, controversial results with slightly positive effects
of dairy consumption on preventing risk of cardiovascular disease were reported based on
prospective cohort studies [176,177]. Variations in results based on different dairy products
can be because of their potential impact on the host microbiome, the variations in practices to
prepare them (such as fermented vs. not fermented), and the levels of nutrients in different
dairy products. Inconsistent results observed can also be attributed to the varying nutrient
content of the milk due to the varying laws and practices used by farms around the world.

Similarly, due to the high calcium and magnesium levels in milk, several studies
have associated milk intake in early life with a lower risk of osteoporosis and fracture
incidence [178,179]. Another meta-analysis reported that high dietary calcium through
dairy with or without vitamin D supplementation increases body and lumbar bone mineral
content, though this effect was only seen in children in the low baseline group as opposed
to the high baseline dairy intake group [180]. Similar results of the possible effects of
calcium along with vitamin D supplementation in reducing the risk of osteoporosis and
bone fractures are reported in adults [28]. This points towards the need for further studies
to understand the optimum levels of dairy and calcium intake to support bone mineral
content and density in children. Furthermore, calcium, magnesium, and other nutrients
from milk have similar benefits in adults and contribute to bone health and maintain bone
structure [181,182].

In population studies, the relationship between dairy consumption and cancer risk has
yielded mixed results, with limited and often inconclusive data. The bioactive compounds
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in dairy could have both positive (linked to calcium, lactoferrin, and fermentation products)
and negative (linked to insulin-like growth factor I (IGF-1)) effects on cancer development.
The World Cancer Research Fund (WCRF) continually reviews evidence on diet and cancer
prevention, and some findings suggest that dairy, particularly milk and calcium, may
reduce the risk of colorectal cancer [183]. Similar results were reported by other meta-
analyses [180,184]. However, the evidence regarding breast cancer is inconclusive [183],
although some studies suggest a potential protective effect of dairy intake, especially yogurt
and low-fat dairy [185,186]. While according to the WCRF, 2014 and 2015 reports, and
other observational studies, mixed results with limited evidence have been reported for
associations between dairy and risk of prostrate and bladder cancer [183,187].

As reviewed earlier in Section 3, though the nutritional composition of conventional
and organic milk is very similar, studies have reported differences in the levels of these
nutrients in the two milk types. These differences can lead to enhanced health benefits
as perceived and claimed by organic milk. It is important to consider these nutrients in
the recommended daily reference intake, so as to understand the benefits, if any. Studies
regarding the fatty acid composition are fairly consistent due to the direct effect of diet on
milk fatty acid composition; however, protein and carbohydrate compositional results vary
between studies. For instance, as mentioned above, it is now confirmed by several studies
that organic milk contains higher n-3 PUFAs, CLA, and a lower omega-6 to omega-3 ratio
than conventional milk [24,188]. The meta-analysis by Średnicka-Tober et al. also reported
higher levels of α-tocopherol, β-carotene, lutein, and vitamin E in organic than conventional
milk—an imbalance in omega 6–omega 3 ratio is associated with cardiovascular disease
risk, cancer, and hypertension and disease pathogenesis [189]. As reviewed by Givens and
Lovegrove, the differences in fatty acids between organic and conventional systems in the
context of overall diets are important but are minimal, thus further studies with larger
sample sizes are needed to underline the association between organic milk and health
benefits [24]. Similarly, Średnicka-Tober et al. also report lower levels of iodine and higher
levels of iron in organic milk compared to conventional milk [24]. However, milk is not the
primary source of iodine or iron for humans and an otherwise balanced diet must be used
to maintain levels of these nutrients. If milk is the source of iron for individuals, then those
consuming organic milk must consume the appropriate supplements to avoid deficiency.
These differences in nutrients are predicted to be observed under the circumstances of
the switch to organic dairy and can impact health [30]. Some studies suggest the positive
associations of organic dairy consumption with a lower risk of eczema in children [190]
and a higher prevalence of hypospadias in the male offspring of mothers consuming
conventional over organic dairy products [191].

A key characteristic of organic milk farming is avoiding the use of antibiotics and
pesticides, as this can help enhance the efficacy of existing antibiotics in animals and
humans. Even though this might not affect the nutritional composition of milk, it must be
noted that this will lead to a reduction in the generation of new antibiotic resistance genes
(ARGs) and the selection of antibiotic-resistant bacteria, thus lowering the chances of the
spread of ARGs to the calf and the environment. Furthermore, the limited or prohibited
use of antimicrobials and chemicals can positively impact the microbial quality of organic
dairy with lower numbers of antibiotic-resistant bacteria, but safety concerns are prevalent,
such as the risk of foodborne illness [192].

6. Global Market for Organic Milk Products

In the past decade, increasing awareness of self-health and the environment has given
much importance to the holistic approach to organic food production. Consumption of
organic products by consumers relies partly on their behavior with optimistic consumers
more inclined towards organic products than pessimistic consumers, with environmental
concerns driving higher consumption by pessimistic consumers [193]. Overall, the health
benefits, sensory appeal, and quality of organic food products are some of the prominent
factors along with environmental concerns for consumers [194]. Owing to these concerns,
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organic dairy products are no longer confined to first-world countries but form a big market
across populations throughout the world. The global organic dairy market is estimated
to be worth about $54 billion US dollars by 2030, nearly more than double the $24 billion
US dollars in 2021 [195]. Asia is one of the biggest contenders in organic dairy production,
followed by North America.

Organic dairy certification varies between countries; however, some standards as laid
out by the United States Department of Agriculture (USDA) under the Organic Foods
Production Act of 1990 and the National Organic Program (NOP), the European Union
Regulation (2018/848) (https://eur-lex.europa.eu/eli/reg/2018/848/oj, accessed on 14
November 2024), Draft Guidelines of Codex/WHO/FAO and the International Federation
of Organic Agricultural Movements (IFOAM) are similar and accepted on a large scale.
In the East, Southeast, and South Asia, the Asia Regional Organic Standard (AROS) sets
the regulation (https://www.fao.org/family-farming/detail/en/c/282204/, accessed on
8 November 2024). However, to be certified as organic, each farm must comply with the
regulations governing that area. These regulations can vary widely, such as the use of
antimicrobials for the treatment of mastitis in organic dairy farms is strictly prohibited in
the US but permitted under veterinary recommendation in the European Union [196].

Organic dairy is the second most consumed category after fresh fruits and vegetables
in the US, with retail sales totaling approximately $6 billion in 2020. In the US, an increase
in certified organic dairy cows from 2000 to 360, 000 has been observed from 1990 to 2019.
The increase in organic fluid milk sales from 1.92% to 5.5% of the total sales was observed
from 2009 to 2021; though the increase almost plateaued by 2014 in the US [197]. By 2019,
European countries including Austria, Denmark, Germany, and France had the highest
numbers of organic dairy cows in the total dairy herd (Eurostat, ING research). In Europe,
Germany, France, Denmark and Austria also produced the highest volume of organic milk
in 2017 [198]. However, an increase in the number of organic dairy cows from 2012 to
2019 was only about 2%, which is forecasted to be much higher by 2030 [198]. The total
increase in organic milk production from 2007 to 2015 also doubled in Europe, just like in
the US [199]. By 2019, organic milk production in the EU represented 3.5% of total EU milk,
which is also expected to be around 8% by 2031 [200].

India is the largest milk producer in the world, with an increasing demand for organic
dairy. The geographical and climatic conditions in some regions, and the disease-resistant
native breeds in particular provide additional benefits and are well suited for organic
farming. However, cost concerns and limited knowledge of organic farming in small farms
leave a large gap and a plethora of opportunities to maximize the capacity of dairy farming
in India [201,202].

Despite New Zealand and Australia being leading milk producers and exporters in the
world, their contributions to global organic milk were ranked 15th and 20th, respectively,
in 2017 [203]. A decreasing trend in milk production has been reported in Australia over
the last decade. Though the majority of dairies in Australia are in coastal areas, allowing
access to fresh grazed grass, a shift to concentrate feeding has been observed due to cost
and climatic conditions [43]. This could be because of the weather conditions restricting
the production system.

The Japanese Agricultural Standards (JAS) for Organic Agricultural Products was
established in 2000 with further development in 2005, with the addition of the JAS for
Organic Livestock Products. Organic farming is faced with several difficulties in Japan
due to the nature of the climate and crops prone to pests making the use of pesticides
unavoidable to an extent. However, it is strictly regulated by the JAS in Japan and due to
the environment-friendly approach involved, it is projected to increase [204].

7. Future Challenges and Perspectives

The organic dairy production system is associated with several perceived health ben-
efits for consumers, and most importantly with animal health and welfare. However, it
is crucial to acknowledge that the level of animal welfare can differ greatly within each
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production system. At present, there is no substantial evidence to support the claims that an-
imal welfare is better in the organic or conventional system [63]. The prohibitive/restricted
use of antimicrobials has invoked farmers to use various antibiotic alternatives such as
aloe vera and whey-based products for disease treatment [96], and has created opportu-
nities for several antimicrobial alternatives to be used in the dairy industry. However,
the transition from conventional to organic farming is expensive and requires changes
to animal husbandry, farm practices and land management. Along with these changes,
certification and compliance work is very challenging accompanied by higher costs for
animal maintenance [205]. Thus, incentives and support from the government are required,
especially in developing countries, to provide a boost for farmers to switch to organic
farming. This will help meet the challenge of demand and supply of organic dairy, which
might rise with the growing demand for organic food products. Further, studies are also
needed to evaluate the nutritional benefits of organic milk with the recommended daily
dietary intake. Along with this, appropriate education for consumers is necessary, allowing
a well-informed decision among consumers.

The benefits of organic dairy are suggested to be associated with the feed type; how-
ever, other factors including farm management and breed type are also variables in the
composition of organic and conventional milk [110]. Moreover, the claimed differences
in the composition of organic and conventional milk are sometimes associated with dif-
ferences in the abundance of bacteria such as lactic acid bacteria, which is reported to
be higher in organic dairy favored by higher concentrations of peptides and long-chain
PUFAs [206]. This points towards the need for further studies to understand the additional
probiotic, growth-promoting effects, and microbiological safety of organic dairy products.

Author Contributions: Conceptualization, C.S., R.P.R., K.L. and D.V.P. writing—original draft
preparation, K.L. and D.V.P. writing—review and editing, K.L., D.V.P., C.S. and R.P.R. visualization,
K.L. and D.V.P. supervision, C.S. and R.P.R. project administration, C.S., R.P.R. funding acquisition,
C.S. and R.P.R. All authors have read and agreed to the published version of the manuscript.

Funding: This publication has been supported by grants from Science Foundation Ireland to Vistamilk
[grant number 16/RC/3835] and APC Microbiome Ireland [grant numbers SFI/12/RC/2273-P2]
and by the European Union (ERC, BACtheWINNER, Project No. 101054719). Views and opinions
expressed are however those of the author(s) only and do not necessarily reflect those of the European
Union or the European Research Council Executive Agency. Neither the European Union nor the
granting authority can be held responsible for them.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created for the production of this manuscript. All of
the data here discussed and presented are available in the relative references here cited and listed.

Acknowledgments: SFI for funding from VISTAMILK and APC.

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

References

1. OECD-FAO. Agricultural Outlook 2018–2027. Available online: https://www.fao.org/documents/card/en/c/I9166EN (accessed
on 1 February 2024).

2. FAO. The Global Dairy Sector: Facts. 2019. Available online: http://www.dairydeclaration.org/Portals/153/Content/
Documents/DDOR%20Global%20Dairy%20Facts%202019.pdf (accessed on 1 February 2024).

3. Fusco, V.; Chieffi, D.; Fanelli, F.; Logrieco, A.F.; Cho, G.S.; Kabisch, J.; Böhnlein, C.; Franz, C.M.A.P. Microbial quality and safety of
milk and milk products in the 21st century. Compr. Rev. Food Sci. Food Saf. 2020, 19, 2013–2049. [CrossRef]

4. Cimmino, F.; Catapano, A.; Petrella, L.; Villano, I.; Tudisco, R.; Cavaliere, G. Role of Milk Micronutrients in Human Health. Front.
Biosci. -Landmark 2023, 28, 41. [CrossRef]

5. Lin, T.; Meletharayil, G.; Kapoor, R.; Abbaspourrad, A. Bioactives in bovine milk: Chemistry, technology, and applications. Nutr.
Rev. 2021, 79, 48–69. [CrossRef]

301



Foods 2024, 13, 550

6. Meier, M.S.; Stoessel, F.; Jungbluth, N.; Juraske, R.; Schader, C.; Stolze, M. Environmental impacts of organic and conventional
agricultural products–Are the differences captured by life cycle assessment? J. Environ. Manag. 2015, 149, 193–208. [CrossRef]
[PubMed]

7. Zhu, Z.; Chu, F.; Dolgui, A.; Chu, C.; Zhou, W.; Piramuthu, S. Recent advances and opportunities in sustainable food supply
chain: A model-oriented review. Int. J. Prod. Res. 2018, 56, 5700–5722. [CrossRef]

8. Gomiero, T. Food quality assessment in organic vs. conventional agricultural produce: Findings and issues. Appl. Soil Ecol. 2018,
123, 714–728. [CrossRef]

9. Reganold, J.P.; Wachter, J.M. Organic agriculture in the twenty-first century. Nat. Plants 2016, 2, 1–8. [CrossRef]
10. Knorr, D. Organic agriculture and foods: Advancing process-product integrations. Crit. Rev. Food Sci. Nutr. 2023, 1–13. [CrossRef]

[PubMed]
11. Lambotte, M.; De Cara, S.; Brocas, C.; Bellassen, V. Organic farming offers promising mitigation potential in dairy systems

without compromising economic performances. J. Environ. Manag. 2023, 334, 117405. [CrossRef]
12. Organic Agriculture: FAQ. 2021. Available online: http://www.fao.org/organicag/oa-faq/oa-faq1/en/ (accessed on

1 February 2024).
13. Yu, Y.; He, Y. Information disclosure decisions in an organic food supply chain under competition. J. Clean. Prod. 2021,

292, 125976. [CrossRef]
14. Kumar, D.; Willer, H.; Ravisankar, N.; Kumar, A. Current Scenario of Organic Farming Worldwide. In Transforming Organic

Agri-Produce into Processed Food Products; Apple Academic Press: Palm Bay, FL, USA, 2023; pp. 1–24.
15. David, R.A.R.; Silva, M.A.d.; Lopes, C.F.; Ferreira, M.C.d.Q.; Carvalho, F.V.d.B.; Santos, C.A.F.d.; Lima, N.S.; Vieira, T.A.d.S.;

Moreira, T.M.d.O.; Moreira, E.d.O. O LEITE ORGÂNICO: ASPECTOS GERAIS E COLABORAÇÃO PARA O DESENVOLVI-
MENTO SUSTENTÁVEL. Avanços Ciênc. Tecnol. Aliment. 2021, 5, 267–284.

16. Nechaev, V.; Mikhailushkin, P.; Alieva, A. Trends in demand on the organic food market in the European countries. In Proceedings
of the 2018 International Scientific Conference “Investment, Construction, Real Estate: New Technologies and Special-Purpose
Development Priorities”, Irkutsk, Russia, 26–27 April 2018; p. 07008.

17. Giampieri, F.; Mazzoni, L.; Cianciosi, D.; Alvarez-Suarez, J.M.; Regolo, L.; Sánchez-González, C.; Capocasa, F.; Xiao, J.; Mezzetti, B.;
Battino, M. Organic vs conventional plant-based foods: A review. Food Chem. 2022, 383, 132352. [CrossRef] [PubMed]

18. Willer, H.; Lernoud, J. The World of Organic Agriculture. STATISTICS and Emerging Trends 2023; Research Institute of Organic
Agriculture FiBL: Frick, Switzerland; IFOAM-Organics International: Bonn, Germany, 2023.
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135. Hanuš, O.; Samková, E.; Křížová, L.; Hasoňová, L.; Kala, R. Role of fatty acids in milk fat and the influence of selected factors on
their variability—A review. Molecules 2018, 23, 1636. [CrossRef]

136. Tzamaloukas, O.; Neofytou, M.C.; Simitzis, P.E.; Miltiadou, D. Effect of farming system (organic vs. conventional) and season on
composition and fatty acid profile of bovine, caprine and ovine milk and retail Halloumi cheese produced in Cyprus. Foods 2021,
10, 1016. [CrossRef]

137. Vanbergue, E.; Peyraud, J.L.; Ferlay, A.; Miranda, G.; Martin, P.; Hurtaud, C. Effects of feeding level, type of forage and milking
time on milk lipolytic system in dairy cows. Livest. Sci. 2018, 217, 116–126. [CrossRef]

138. Liu, S.; Zhang, R.; Kang, R.; Meng, J.; Ao, C. Milk fatty acids profiles and milk production from dairy cows fed different forage
quality diets. Anim. Nutr. 2016, 2, 329–333. [CrossRef] [PubMed]

139. Benbrook, C.M.; Davis, D.R.; Heins, B.J.; Latif, M.A.; Leifert, C.; Peterman, L.; Butler, G.; Faergeman, O.; Abel-Caines, S.;
Baranski, M. Enhancing the fatty acid profile of milk through forage-based rations, with nutrition modeling of diet outcomes.
Food Sci. Nutr. 2018, 6, 681–700. [CrossRef] [PubMed]

140. Benbrook, C.M.; Butler, G.; Latif, M.A.; Leifert, C.; Davis, D.R. Organic production enhances milk nutritional quality by shifting
fatty acid composition: A United States–wide, 18-month study. PLoS ONE 2013, 8, e82429. [CrossRef] [PubMed]

141. Tsiafoulis, C.G.; Papaemmanouil, C.; Alivertis, D.; Tzamaloukas, O.; Miltiadou, D.; Balayssac, S.; Malet-Martino, M.;
Gerothanassis, I.P. NMR-based μetabolomics of the lipid fraction of organic and conventional bovine milk. Molecules 2019, 24,
1067. [CrossRef] [PubMed]

142. Ellis, K.A.; Innocent, G.; Grove-White, D.; Cripps, P.; McLean, W.G.; Howard, C.V.; Mihm, M. Comparing the fatty acid
composition of organic and conventional milk. J. Dairy Sci. 2006, 89, 1938–1950. [CrossRef] [PubMed]

143. Collomb, M.; Bisig, W.; Bütikofer, U.; Sieber, R.; Bregy, M.; Etter, L. Fatty acid composition of mountain milk from Switzerland:
Comparison of organic and integrated farming systems. Int. Dairy J. 2008, 18, 976–982. [CrossRef]

144. Butler, G.; Stergiadis, S.; Seal, C.; Eyre, M.; Leifert, C. Fat composition of organic and conventional retail milk in northeast England.
J. Dairy Sci. 2011, 94, 24–36. [CrossRef]

145. Adler, S.A.; Jensen, S.K.; Govasmark, E.; Steinshamn, H. Effect of short-term versus long-term grassland management and
seasonal variation in organic and conventional dairy farming on the composition of bulk tank milk. J. Dairy Sci. 2013, 96,
5793–5810. [CrossRef]

146. Miyamoto, J.; Igarashi, M.; Watanabe, K.; Karaki, S.-i.; Mukouyama, H.; Kishino, S.; Li, X.; Ichimura, A.; Irie, J.; Sugimoto, Y. Gut
microbiota confers host resistance to obesity by metabolizing dietary polyunsaturated fatty acids. Nat. Commun. 2019, 10, 4007.
[CrossRef]

147. Khiaosa-Ard, R.; Klevenhusen, F.; Soliva, C.R.; Kreuzer, M.; Leiber, F. Transfer of linoleic and linolenic acid from feed to milk
in cows fed isoenergetic diets differing in proportion and origin of concentrates and roughages. J. Dairy Res. 2010, 77, 331–336.
[CrossRef]

148. Ferreiro, T.; Gayoso, L.; Rodríguez-Otero, J.L. Milk phospholipids: Organic milk and milk rich in conjugated linoleic acid
compared with conventional milk. J. Dairy Sci. 2015, 98, 9–14. [CrossRef] [PubMed]

149. Davis, H.; Chatzidimitriou, E.; Leifert, C.; Butler, G. Evidence that forage-fed cows can enhance milk quality. Sustainability 2020,
12, 3688. [CrossRef]

150. Bauman, D.E.; Lock, A.L.; Conboy Stephenson, R.; Linehan, K.; Ross, R.P.; Stanton, C. Conjugated linoleic acid: Biosynthesis and
nutritional significance. In Advanced Dairy Chemistry; Springer: Cham, Switzerland, 2020; Volume 2, pp. 67–106.

151. Badawy, S.; Liu, Y.; Guo, M.; Liu, Z.; Xie, C.; Marawan, M.A.; Ares, I.; Lopez-Torres, B.; Martínez, M.; Maximiliano, J.-E.
Conjugated linoleic acid (CLA) as a functional food: Is it beneficial or not? Food Res. Int. 2023, 172, 113158. [CrossRef] [PubMed]

152. Manuelian, C.L.; Penasa, M.; Visentin, G.; Zidi, A.; Cassandro, M.; De Marchi, M. Mineral composition of cow milk from
multibreed herds. Anim. Sci. J. 2018, 89, 1622–1627. [CrossRef] [PubMed]
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