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Abstract: Bulgarian yoghurt is associated with health benefits and longevity of consumers. The
specific microflora producing bioactive metabolites is responsible for this effect. The present study
examines the biodiversity in four homemade yoghurts from regions containing endemic microflora.
Metagenome sequencing indicated Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus ther-
mophilus were predominant in all samples. In addition, yoghurts contained accompanying lactic
acid bacteria (LAB) including Lacticaseibacillus paracasei, Lb. helveticus, Limosilactobacillus fermentum,
Lb. rhamnosus, Lactococcus lactis, Pediococcus acidilactici, Leuconostoc mesenteroides, and Leuc. pseudome-
senteroides. A negligible amount of pollutant strains was found. Twenty-four LAB strains were
isolated from the yoghurts and identified. Lb. delbrueckii subsp. bulgaricus strains were genotyped by
randomly amplified polymorphic DNA–PCR (RAPD), multi-locus sequence typing (MLST), and pulse
field gel electrophoresis (PFGE), which demonstrated their uniqueness and non-commercial origin.
To estimate the bioactive metabolites produced by the accompanying microflora, yoghurts fermented
by single LAB strains were analyzed using liquid chromatography and mass spectrometry (LC-MS).
The fermented samples contained large amounts of free essential amino acids (arginine, citrulline,
tryptophan, lysine, and histidine), the neuroprotector indole-3-propionic acid (IPA), and significant
quantities of the cyclic antimicrobial peptides cyclo(phenylalanyl-prolyl) and cyclo(leucyloprolyl).
The disclosure of these special qualities draws attention to the accompanying microflora as a source
of potential probiotic strains that can fortify the yoghurts’ content with bioactive compounds.

Keywords: Bulgarian yoghurt; Lactobacillus bulgaricus; Streptococcus thermophilus; metagenomics;
RAPD; MLST; PFGE; IPA; cyclic peptides

1. Introduction

For centuries, conventional yoghurt consumption has been associated with beneficial
effects on human health. Recent studies show cardio-metabolic benefits and ameliorative
effects on obesity, diabetes, and biomarkers of chronic diseases, including inflammation [1].
The regular intake of yoghurt lactic acid bacteria (LAB) and their metabolites also yields
anti-carcinogenic, anti-oxidative, and immunomodulatory effects and reduces blood choles-
terol [2]. LAB in yoghurt can regulate the microbiome supporting the gut barrier [3] and
improve the immune system response [4,5].

The remarkable properties of Bulgarian yoghurt are due exclusively to its microbial
content. The microbial flora of yoghurt is not a random set of species, but a unique microe-
cological niche [6]. The most studied yoghurt starters rely on the protocooperation between
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Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus [7,8]. According to
the FAO/WHO definition, yoghurt must contain no less than 107 viable colony-forming
units (CFU) per gram of product. Starter cultures produce volatiles, which are respon-
sible for the typical yoghurt aroma (acetaldehyde, diacetyl, acetoin, acetone, ethanol,
and 2-butanone) [9], organic acids, prebiotics such as galactooligosaccharides (GOS) [10],
and bioactive compounds. Bioactive peptides, such as bacteriocins, are connected with
the antimicrobial effects against pathogens in the gastrointestinal tract, such as clostridia,
Enterobacteriaceae, pseudomonads, and Helicobacter pylori [11–13]. Other peptides pro-
duced by Lb. delbrueckii subsp. bulgaricus are known to harmonize the blood pressure by
angiotensin-converting enzyme (ACE) inhibitory activity [14].

Contemporary culture-independent techniques, such as metagenomics, allow the
comprehensive investigation of the yoghurt consortia and reveal that they contain a wide
range of accompanying microflora with no less useful properties [15]. These microbial
communities are an object of increasing scientific interest, at least in three different di-
rections: (i) investigation of the symbiosis and other internal interactions between LAB
to select starters with better quality; (ii) elucidation of the specific dietetic properties of
yoghurt; and (iii) determination of the specific compounds produced by lactic acid bacteria
(LAB), which can resolve health problems without drug use. A study engaging healthy
volunteers revealed that the daily intake of yoghurt fortified with Lb. paracasei (L. casei
431®) improves immune response by enhancing NK cell activity and increasing inter-
leukin (IL)-12 and immunoglobulin (Ig) G1 levels, and IFN-γ concentration [16]. Another
strain of this species, Lb. paracasei CNCM I-1518, decreases bacterial translocation, gut
dysbiosis, and ileal oxidative damage, and increases ileal β-defensin-1 expression in rats,
suggesting an improvement in the intestinal barrier integrity [17]. Lb. helveticus H9 yoghurt
possesses excellent ACE-inhibitory (ACE I) activity with high levels of antihypertensive
peptides, such as Val-Pro-Pro and Ile-Pro-Pro [18,19]. Lb. helveticus LH-B02 is known
to favor the formation of bioactive peptides, such as αS1-CN f(24–32) and β-CN f(193–
209) [20]. The patent-protected Lb. rhamnosus GG (ATCC 53103) is the world’s most studied
probiotic bacterium with more than 800 scientific studies. The authors claim that it is
bile-stable, has a great avidity for human intestinal mucosal cells, and possesses various
health benefits, such as the alleviation of gastroenteritis, diarrhea, eczema, and many other
disorders [21–23].

Bulgarian yoghurt (kiselo mlyako) is the hallmark of the country, being one of the
most popular types of yoghurt worldwide. The present study adds novel comprehensive
information about Bulgarian yoghurt microflora to complement the discovery of Lb. del-
brueckii subsp. bulgaricus discovery one hundred years ago [24]. A collection of homemade
Bulgarian yoghurts from remote locations revealed unique microflora content. Considering
the significant influence of both starter cultures and the accompanying LAB on yoghurt’s
beneficial properties, the present work aims to reveal the biodiversity of Bulgarian yoghurts
using metagenomics, to isolate and identify new starters and accompanying LAB strains
by engaging modern genetic approaches, and to study the bioactive metabolites produced
from concomitant species using precise analytical methods.

2. Materials and Methods
2.1. Yogurt Sample Collection

Four samples were collected from remote territories known with endemic yoghurt
microflora: Rila, Pirin, and Rhodope Mountains, and the Thracian valley. The samples
derived from cow (Samples 1 and 3), goat (Sample 2), and buffalo milk (Sample 4). They
were prepared according to Bulgarian national recipes passed on by generations of local
people from the respective villages. By this technology, the milk for yoghurt production is
boiled and then fermented from an artisanal starter culture. The owners of the samples
declared that they did not use commercial starters. The samples were collected in the
period October–December 2015 in sterile containers and were stored frozen at −20 ◦C until
their analysis in 2020.
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2.2. Bacterial Strains, Media and Cultivation Conditions

The strains were isolated by the following procedure: 10–20 µL of the yoghurt was
inoculated in 5 mL MRS broth selective medium (Roth, Germany) and cultivated 24 h either
at 37 ◦C or 44 ◦C. Decimal dilutions (up to 10−9) of these cultures were mixed with MRS and
M17 agar selective for lactobacilli, and lactic acid cocci, respectively, and then loaded in Petri
dishes. The agar was stored with a temperature below 50 ◦C, the colonies appeared in the
agar after 48 h of cultivation. The selection was performed at two different temperatures:
at 37 ◦C and 44 ◦C. At 37 ◦C Pediococcus and Lactococcus strains appeared, at 44 ◦C—
Lb. delbrueckii subsp. bulgaricus and Str. thermophilus. Lactic acid rod-shaped bacteria were
cultivated in MRS medium; lactic acid cocci in M17 medium, at 42 ◦C, or 37 ◦C, respectively;
at anaerobic conditions, using an Anaerocult® A mini (Merck KGaA, Darmstadt, Germany).
The cultivation of strains was done in semi-skimmed milk, containing 1.2% fat and 4.1%
lactose. For cell propagation aimed at DNA isolation, the strains were cultured in MRS for
24 h, at optimal temperature for each strain. Single colonies were picked and inoculated
again in MRS or M17 broth (3 mL).

2.3. Total DNA Isolation from Yoghurt

Total DNA from yoghurt samples was extracted using a new method that combines
the first steps of the method of Lick et al. (1996) [25], followed by biomass lysis and DNA
purification by the use of PureLink™ Genomic DNA Mini Kit (InvitrogenTM, Thermo Fisher
Scientific, Waltham, MA, USA). Briefly, a yoghurt sample with volume 8 mL was mixed
with 2.4 mL of 0.4 M NaOH and 1.2 mL of 0.25 M Trisodium citrate dihydrate. The tubes
were vigorously shaken (at 2500 rpm/min) for 10 s and incubated at ambient temperature
for 5 min. The following centrifugation (5000× g, 10 min) separated three fractions: upper
white layer (fat), yellowish supernatant, and grainy pellet (microbial cells). The biomass
was re-suspended in 500 µL of the remaining supernatant, and after addition of 150 µL
0.4 M NaOH and 75 µL 40% Trisodium citrate dihydrate, the mixture was vigorously
shaken again, incubated at room temperature for 5 min, and centrifuged at 12,000× g for
3 min. The obtained pellet was resuspended in 200 µL of Lysozyme Digestion Buffer of the
PureLink™ Genomic DNA Mini Kit. Then, the procedure as described by the manufacturer
InvitrogenTM was followed. DNA concentration and quality were measured using a QB
3000 spectrophotometer (Quawell Ltd., Hong Kong, China).

2.4. Molecular Approaches in Strains’ Identification
2.4.1. Isolation of Chromosomal DNA, PCR Amplification of the 16S rRNA Gene
and Sequencing

Chromosomal DNA from LAB isolates was isolated from 24 h old cultures, grown
in MRS-starch medium, using a GeneJET Genomic DNA Purification Kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA), and following the manufacturer’s recommendations.
PCR amplifications were prepared with Prime Taq premix (Genet Bio, Daejeon, Korea),
in a total volume of 50 µL and final concentrations of primers 0.5 pmol/µL (Macrogen
Inc., Amsterdam, The Netherlands) in a QB-96 Satellite Gradient Thermal Cycler (LKB
Vertriebs GmbH, Vienna, Austria). The amplification of the 16S rRNA gene was performed
with universal eubacterial primer pair: 27F: 5′ AGAGTTTGATCCTGGCTCAG 3′ and
1492R: 5′ AAGGAGGTGATCCAGCC 3′. The final concentration of the template DNA
was 2 ng/µL, the temperature profile was: 95 ◦C for 5 min, 35 cycles consisting of 94 ◦C
for 1 min, 55 ◦C for 1 min, 72 ◦C for 2 min, followed by final elongation at 72 ◦C for
5 min. All obtained PCR amplification products were purified using the GFX PCR DNA
and gel band purification kit (Amersham Biosciences) and then sequenced by Macrogen
Inc. (Amsterdam, The Netherlands). Sequence comparison with the GenBank data was
performed using BLAST and ClustalW programs.
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2.4.2. Randomly Amplified Polymorphic DNA–PCR (RAPD) Analysis

RAPD analysis was performed using the modified procedure of Cebeci et al. (2011) [26].
The primers used were 1254: 5′CCGCAGCCAA3′ (10-mer), rpd1: 5′CCCGACTGA3′ (9-
mer), rpd2: 5′CCG AGACAC3′ (9-mer), rpd3: 5′GCCTGTTCTT3′ (10-mer), and rpd4:
5′-GCCAGAACAA-3′ (10-mer). The PCR mix contained: DNA—1 µL (100 ng), 100 pmol
primers—3 µL, 2× Phusion Master Mix (Thermo Scientific Inc., Waltham, MA, USA)—
10 µL, 25 mmol MgCl2—2 µL, H2O—1 µL. The program followed the temperature profile:
98 ◦C—30 s, 4 cycles: denaturation 98 ◦C 10 s, annealing 36 ◦C—20 s, elongation 72 ◦C—
15 s, 30 cycles 98 ◦C—10 s, 20 ◦C—20 s, 68 ◦C—15 s, 72 ◦C—5 min. The obtained products
were separated in 2% agarose, for 2.5 h, at 50 V (5 v/cm). A molecular size standard of
100 bp was used (Thermo Scientific Inc., Waltham, MA, USA).

2.4.3. Multi-Locus Sequence Typing (MLST)

This analysis was conducted as described by Naser et al. (2005) [27] using the primers
listed in Table 1. The primer pairs targeted the genes rpoB encoding the β-subunit of
bacterial RNA polymerase, groEL encoding the protein of the chaperonin family, pheS for
the α-subunit of phenylalanine tRNA synthetase, and pyrG encoding CTP synthase. The
sequencing was performed with the reverse primers. Divergence data were obtained by
combined similarities in 4 housekeeping genes analyzed by MEGA6 software.

Table 1. Primers used for multi-locus sequence typing (MLST) amplification and sequencing.

Gene Primer Name Sequence (5′→3′) Annealing
T ◦C

Product Position
in Gene

Position in Genome 1 Template Size (bp)

rpoB rpoB_F
rpoB_R

GGCGGAAAGAGTTATCGT
GATGTCGGCTGGAGTGAT

58 399–1170 334519–338184 772

groEL groEL_F
groEL_R

TCGGCAAGGACGGTGTT
GTGGATTACGGCTACGC

57 500–1134 1392354–1393967 635

pheS pheS_F
pheS_R

CATCGGCATGAGCTACCA
CCTCCTGACGGAATTGTTG

55 369–1042 1283032–1284081 674

pyrG pyrG_F
pyrG_R

AAGCCGACCCAGCAATC
AGCCCAGACGCAAGGTG

57 568–1309 301679–303298 742

1 Note: Position in the genome of Lb. delbrueckii subsp. bulgaricus ATCC11842T (GenBank Accession No: NC_008054).

2.4.4. Pulse Field Gel Electrophoresis (PFGE)

The cells for PFGE were prepared using a partially modified procedure of Michaylova et al.
(2007) [28]. The cells were grown overnight, to OD600 0.6–0.8, harvested, washed in 1 mL
ET buffer (1 M TRIS/HCl, 100 mM EDTA, pH 8), and resuspended in 50 µL ET buffer.
After incubation for 1 min at 45 ◦C, the suspension was mixed with 60 µL 1.5% low melting
agarose (Sigma-Aldrich, St. Louis, MO, USA) in LMP buffer (10 mM TRIS/HCl, 100 mM
EDTA, 20 mM NaCl, pH 8), and was pipetted in molds (Bio-Rad Laboratories, Hercules,
CA, USA). The molds were treated with 500 µl Buffer A: 1 mM TRIS/HCl, 100 mM EDTA,
1 M NaCl, 0.5% (v/v) TRITON X 100, pH 8 + 106 U/mL Lysozyme (Merck KGaA, Darmstadt,
Germany ) + 75 U/mL mutanolysin (Sigma-Aldrich, St. Louis, MO, USA). Incubation for
18 h at 37 ◦C was followed by washing for 5 h at 55 ◦C with 500 mL Lysis solution, which
contained 1mM TRIS/HCl, 250 mM EDTA, 1% SDS, pH 8, and 30 mU/mL (1 mg/mL)
Proteinase K (Merck KGaA, Darmstadt, Germany). Blocks were washed with TE Buffer
(10 mM TRIS/HCl, 1 mM EDTA, pH 7.5) and 1 mM phenyl methyl sulfonyl fluoride (PMSF)
for protease inactivation followed by washing 3 times with TE. Aliquots of inserts were
subjected to digestion for 24 h at 37 ◦C in 80 µL buffer containing 10× restriction buffer
and 20 U XhoI.—2 µL enzyme. After washing with TE, the blocks were inserted in the slots
of 1% PFGE agarose (Bio-Rad Laboratories, Hercules, CA, USA).

The apparatus used was a CHEF—DRII (Bio-Rad Laboratories, Hercules, CA, USA),
the electrophoretic buffer contained 0.5× TBB (45 mM TRIS, 45 mM Boric acid, 1 mM
EDTA, pH 8.3). The electrophoresis parameters were: initial pulse—3 s, final pulse—25 s,
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5 v/cm, and running time—24 h. The gels were stained with 200 µg/mL SYBR Green
(Thermo Fisher Scientific, Waltham, MA, USA) and examined by UV transillumination.

2.5. Metagenome Library Construction, Sequencing and Bioinformatics Analysis

Metagenome library construction and sequencing was done by Macrogen Inc., Repub-
lic of Korea. Preparation of the 16S metagenomic sequencing library was performed using
a Herculase II Fusion DNA Polymerase Nextera XT Index Kit V2. The sequencing (Illumina
platform) was conducted with reading length of 301 bp and FastQC quality control. The
assembly results showed that the quality-filtered data contained between 73,209,822 and
82,104,372 total bases, and around 243,222 read counts for each sample. The percentage of
Q20 quality reads was 94.52%.

2.6. Data Availability

Raw sequencing data were deposited in GenBank of NCBI with the following ac-
cession numbers: BioProject ID PRJNA681359, BioSample: SAMN16961356, Sequence
Read Archive (SRA) SUB8652830. The partial 16S rRNA gene sequences of strains used in
this study are deposited in GenBank with the following accession numbers: MG437344,
MG437345, MG437346, MG437357, MG437359, MG437363, MG437367, MG437372, MG437380,
MG437386, MG437389, MG437390, MG437352, MG437355, MG438473, MG438475, MG438468,
MG438466, MG437360, MG437368, MG437358, MG437375, MG437361, and MG438467.

2.7. Liquid Chromatography and Mass Spectrometry (LC-MS) Analysis

Analyses were carried out on a Q Exactive® mass analyzer equipped with TurboFlow®LC
system and APCI atmospheric pressure electrospray ionization module (Thermo Scientific
Inc., Waltham, MA, USA) using an iHILIC®-Fusion 1.8 µm, 100 A, 100 × 2.1 mm analytical
column (HILICON AB, Sweden) in gradient elution mode. The following mobile phases
were used: A—20 mM ammonium acetate in water; B—buffer A/acetonitrile (1/9 v/v) at a
flow rate of 300 µL/min and gradient elution. Full-scan mass spectra over the m/z range
67–1000 were acquired in negative ion mode at resolution settings of 140,000. Qualification
of the compounds was achieved using top 5N mode of operation of the mass spectrometer
at resolution settings of 17,500 and isolation window of 0.8 over the m/z range 67–1000. The
used value of the collision energy was HCD 30%. All MS parameters were optimized for
sensitivity to the target analytes using the instrument control software program. Data ac-
quisition and processing were carried out with the Xcalibur 2.4® software package (Thermo
Scientific Inc., Waltham, MA, USA). The raw data files were processed by Compound
Discoverer® 2.0 software (Thermo Scientific Co., USA).

3. Results and Discussion
3.1. Metagenomes Analysis

Several regions in Bulgaria are known to contain endemic microflora: the high moun-
tains of Rila, Pirin, and Rhodope, and the Thracian valley. The species biodiversity of
yoghurt samples collected from these locations was observed after metagenome sequenc-
ing (Figure 1, Table S1). As expected, between 68.4% and 99.6% of the total microflora
in the examined samples consisted of two species: Lb. delbrueckii subsp. bulgaricus and
Str. thermophilus, and the ratio between them varied widely. In Sample 2 (Rila), Str. ther-
mophilus was the most abundant species, whereas in Sample 4 (Rhodope), Lb. bulgaricus
strongly prevailed. Considering the distribution by region, the proto-cooperation between
Lb. bulgaricus and Str. thermophilus existed in all samples, however, the recommended ratio
of ~1:1 between strains was observed only in Sample 3 (from the Thracian valley). This
ratio in the starter strongly affects yoghurt qualities, such as texture, color, taste, and post-
acidification [29,30]. Hence, the artisanal yoghurts are usually characterized by a more
pronounced sour taste [10]. Rhodope’s yoghurt was the richest source of Lb. bulgaricus, and
this species is typical for Bulgarian yoghurt and is not as widespread in the neighboring
countries. For instance, in a Greek study, the isolation of only one Lb. delbrueckii subsp.
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bulgaricus strain from nine analyzed yoghurts was reported [31]. Comparatively low counts
of Lb. bulgaricus in Sample 2 could be explained by the repeated transfers of the same
starter culture in an unsterile home environment. Under these conditions, bacteriophages
could destroy part of the starter [32,33], thus giving rise to the microbial counts of the
accompanying microflora.

Figure 1. Metagenome study of species abundance in four samples of Bulgarian home-made yoghurt
prepared using an artisanal starter. Yoghurt origin: Sample 1 and 2, from villages in Rila and Pirin
mountains; Sample 3, from the Thracian Plain; Sample 4, from Rhodope mountain.

According to Sieuwerts et al. (2008), the traditional yoghurt culture is composed of
Lb. delbrueckii subsp. bulgaricus and Str. thermophilus, and the name “yoghurt” is only
allowed for those products that contain starters of these species [34]. Recent metagenome
studies devoted to the juxtaposition of yoghurt microbiota and gut microbiome revealed
the presence of Lacticaseibacillus paracasei, Lacticaseibacillus rhamnosus, Lb. parabuchneri,
Lb. parafarraginis, Lactiplantibacillus plantarum, Lactococcus lactis, Leuconostoc mesenteroides,
and Pediococcus acidilactici in both niches [35,36]. Our results partially confirmed these
observations, because among autochthonic lactobacilli in Bulgarian artisanal yoghurts
Lb. rhamnosus and Lb. paracasei were found. In addition, Lb. helveticus, Limosilactobacillus
fermentum, and Lb. equicursoris were detected (Table S1). However, whereas Lb. helveti-
cus was frequently observed in Bulgarian yoghurts and identified using genetic tech-
niques [37,38], the presence of Lb. fermentum, Lb. paracasei, and Lb. rhamnosus is highly
unusual. Lb. plantarum, typical of Greek yoghurt, was not found in Bulgarian yoghurt.
Although Lb. equicursoris belongs to the Lb. delbrueckii phylogenetic branch, our study
is the first that reports its presence in yoghurts. This species was initially isolated from
the feces of a thoroughbred racehorse by Morita et al. (2010) [39] and recently found in
kefir [40]. Other accompanying LAB species were Lc. lactis, Lc. garvieae, Lc. taiwanensis,
P. acidilactici, Leuc. lactis, Leuc. mesenteroides, and Leuc. paramesenteroides. A portion of these
species is known to contribute to the sweet, fruity, or vanilla aroma via the production of
ethanol, 2-butanone, 2-pentanone, and 2,3-pentanedione [41], and is currently preferred
by consumers. Other desirable additives to the starters are also the strains producing
extracellular exopolysaccharides and, importantly, those with high proteolytic activity.

Figure 2 and Table S2 present the spoilage species found in the metagenomes. Acineto-
bacter spp. and Chryseobacterium spp. were identified as the main spoilage species. These
Gram-negative, post-process contaminant bacteria limit the shelf life of milk produced
by microfiltration and subsequent pasteurization, and have also been found in yoghurts
in Germany, Austria, and Switzerland [42]. The presence of the Gram-negative, obligate
anaerobe Bacteroides graminisolvens in two cow samples from different regions (Samples 1
and 3) is indicative of soil contamination during milking and/or the transportation of the
raw milk. This species is ubiquitous in barns and rural areas.
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Figure 2. Metagenome study of species abundance of the contaminant microflora in four samples of
Bulgarian home-made yoghurt.

Other microbial species, such as Moraxella osloensis, Alcaligenes aquatilis, Str. ruminan-
tium, and Str. saliviloxodontae, were found in counts between 0.1% and 0.01%, or less. The
low microbial counts of contaminating species (Table S2) indicate that single cells from
the environment contaminated the milk, but these species did not multiply due to the
antagonistic activity of LAB [43]. Our observations are consistent with the research of other
authors reporting the presence of contaminant Gram-negative psychrotrophs in yoghurts,
such as Pseudomonas sp. and Klebsiella sp. [44]. Similarly, Bulgarian yoghurts were contami-
nated, but with insignificant amounts of Ps. japonica and Citrobacter europaeus. However,
dangerous zoonotic pathogens, such as coliforms, Salmonella sp., Listeria monocytogenes,
Campylobacter jejuni, Yersinia enterocolitica, Brucella sp., Mycobacterium bovis, or Enterobacter
sakazakii, were not found in any of the samples, although their presence in milk has been
previously reported [45–47].

3.2. LAB Strains Isolation and Identification

Twenty-four LAB strains belonging either to the starter or to the accompanying
microflora were isolated and identified by 16S rRNA gene sequencing: Lb. delbrueckii subsp.
bulgaricus (12 strains), Str. thermophilus (two strains), Lb. helveticus (two strains), Lb. paracasei
(two strains), Lb. fermentum (two strains), Lb. rhamnosus, P. acidilactici, Leuc. mesenteroides,
and Leuc. pseudomesenteroides. Although present in the sample, some species were not
isolated as pure cultures.

To examine the diversity and specificity of Lb. delbrueckii subsp. bulgaricus strains,
three different genotyping approaches were applied: RAPD, MLST, and PFGE.

3.2.1. RAPD Analysis

The analysis of the profile of PCR amplified DNA fragments is shown in Figure 3.
A set of five different primers was checked, and the most discriminative profiles were
obtained using the combination of primers 1254: 5′CCGCAGCCAA3′ (10-mer) and rpd1:
5′CCCGACTGA3′ (9-mer).

The results showed that the newly isolated Lb. delbrueckii subsp. bulgaricus strains
are genetically different and also that they differ from the starter cultures of the most
popular Bulgarian market yoghurts, i.e., those of the companies Domlyan and Group
Danone. However, RAPD was not the method that was able to distinguish all genetically
close strains. Two pairs of the isolates did not provide sufficiently good profiles (9, 25,
55, and 63). To prove their genetic uniqueness, the use of other molecular techniques
was needed.
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Figure 3. Randomly amplified polymorphic DNA–PCR (RAPD) analysis of 12 Lb. delbrueckii subsp.
bulgaricus isolates and two commercial Lb. delbrueckii subsp. bulgaricus strains. The strain 212 derives
from the yoghurt “Domlyan”, and 222 from the yoghurt “Na baba” of Danone.

3.2.2. MLST Analysis

MLST is generally regarded as a bacterial identification method that depends on
the genomic properties or experimental design (such as the kinds of genes analyzed),
and provides a higher resolution than RAPD. MLST uses automated DNA sequencing to
characterize the alleles present at different housekeeping gene loci. Because it is based on
nucleotide sequences, it is highly discriminatory and provides unambiguous results. MLST
analyses were performed with four housekeeping genes, shown at Figure 4: rpoB, groEL,
pheS, and pyrG, encoding the β-subunit of bacterial RNA polymerase, the chaperonin
family of molecular chaperones, the α-subunit of phenylalanine tRNA synthetase, and
CTP synthase, respectively. For the strains examined, parts of these genes were amplified
and sequenced.

By sequencing of the genes and sequence comparison using ClustalW, Lb. delbrueckii
subsp. bulgaricus strains were clustered into different branches according to the used
housekeeping gene. There were ten different alleles for rpoB, eleven for groEL, eleven for
pheS, and twelve for pyrG. Table 2 estimates the evolutionary divergence of combined
sequences, and the number of base substitutions per site from between sequences is shown.
It could be deduced that all strains are diverse and each strain is genetically different from
the others. Figure 5 shows the strains’ evolutionary relationships.

Table 2. Estimates of evolutionary divergence between combined sequences. The number of base
substitutions per site between sequences is shown. Analyses were conducted using the maximum
composite likelihood model. The analysis involved 14 combined nucleotide sequences. There were a
total of 2474 positions in the final dataset.

1 1 2 9 25 27 34 38 44 55 63 69 71 212

2 0.004
9 0.003 0.004
25 0.003 0.004 0.001
27 0.008 0.009 0.010 0.010
34 0.007 0.008 0.009 0.009 0.002
38 0.003 0.004 0.001 0.001 0.009 0.008
44 0.002 0.004 0.002 0.002 0.009 0.007 0.002
55 0.008 0.008 0.009 0.009 0.001 0.001 0.009 0.009
63 0.008 0.009 0.010 0.010 0.002 0.001 0.009 0.008 0.001
69 0.009 0.009 0.010 0.010 0.002 0.001 0.009 0.009 0.002 0.001
71 0.008 0.009 0.010 0.010 0.002 0.001 0.009 0.008 0.001 0.001 0.001

212 0.003 0.004 0.001 0.001 0.010 0.008 0.001 0.001 0.009 0.009 0.009 0.009
222 0.003 0.004 0.001 0.001 0.009 0.009 0.001 0.001 0.009 0.009 0.010 0.009 0.001
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Figure 4. Phylogenetic trees of Lb. delbrueckii subsp. bulgaricus isolates based on the sequences of four housekeeping genes:
rpoB (A), groEL (B), pheS (C), and pyrG (D). Evolutionary analyses were conducted using MEGA6 software. The evolutionary
history was inferred using the neighbor-joining method. The evolutionary distances were computed using the maximum
composite likelihood method and are in the units of the number of base substitutions per site. The analysis involved 14
nucleotide sequences. Codon positions included were 1st + 2nd + 3rd + Noncoding. All positions containing gaps and
missing data were eliminated.

Figure 5. Evolutionary relationships between newly isolated Lb. delbrueckii subsp. bulgaricus strains. The evolutionary
history was inferred using the minimum evolution method. The optimal tree with the sum of branch length = 0.01438984
is shown. The evolutionary distances were computed using the maximum composite likelihood method and are in the
units of the number of base substitutions per site. The ME tree was searched using the Close-Neighbor-Interchange (CNI)
algorithm at a search level of 1. All positions containing gaps and missing data were eliminated by MEGA6.
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3.2.3. PFGE

The PFGE method is strain-specific and provides precise insight into the isolated
strains (Figure 6).

Figure 6. Macro-restriction profiles of Xho I-digested DNA of Lb. delbrueckii subsp. bulgaricus strains.

Although several enzymes were engaged (NotI, ApaI), the most highly discriminative
profiles were obtained by the digest of chromosomal DNA using the restriction enzyme
XhoI. The results presented in Figure 6 display the affiliation of the strains to 14 different
groups, i.e., they are clustered separately because they are genetically different, indicating
the large genetic diversity among Lb. delbrueckii subsp. bulgaricus strains isolated from
home-made yoghurt.

3.3. Bioactive Metabolites Produced by the Accompanying Microflora of Bulgarian Yoghurts
3.3.1. Amino Acids and Their Derivatives

Aiming to elucidate the ability of the accompanying LAB strains to produce valuable
metabolites, single-strains fermented yoghurts were subjected to LC-MS analysis (Table S3).
Interestingly, Lb. delbrueckii subsp. bulgaricus is an auxotroph for several amino acids
(for instance, branched-chained amino acids) and the means of obtaining them is to use
those formed by the accompanying microflora in the course of biosynthetic processes [48].
Considering the available data, reports of free amino acids accumulation by LAB are
scarce. However, a Lb. helveticus strain isolated from kefir reached 53.38 mg free amino
acids per 100 g product [49]. In our study, the amino acid that was accumulated in the
largest amount was arginine, and Lb. helveticus 16 and 22 produced it the most compared
to the other LAB strains (Figure 7). Arginine is an essential amino acid and has been
suggested as a possible prebiotic [50]. L-arginine and its precursor L-citrulline are widely
used in the treatment of cardiovascular diseases associated with endothelial dysfunction,
such as hypertension, heart failure, atherosclerosis, diabetic vascular disease, and ischemia-
reperfusion injury [51]. The ability of the studied LAB to accumulate L-citrulline is highly
significant. Citrulline is known as a laxative and as a blood-plasma marker for human
irritable bowel syndrome. Supplementation of citrulline with Lb. helveticus can improve
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intestinal barrier functions [52]. L-arginine and L-citrulline oral intake improve erection
hardness in men; both amino acids are used as a treatment of erectile dysfunction [53,54].

Figure 7. Production of amino acids arginine, lysine, and histidine by analyzed LAB. The LC-MS
analyses were carried out using a Q Exactive® mass analyzer equipped with TurboFlow® LC system
and APCI atmospheric pressure electrospray ionization module. Data acquisition and processing
were carried out with the Xcalibur 2.4® software package.

Lb. fermentum 28, Lb. paracasei 25 and 47, and P. acidilactici 27 accumulated lysine and
tryptophan (Figure 8), and LAB enzymes involved in these pathways may have future
industrial applications [55,56]. Almost all strains produced histidine, but the potentially
toxic biogenic amines deriving from its degradation were not detected.

Figure 8. Production of indole-3-propionic acid, L-tryptophan, and L-citrulline by analyzed LAB. The
LC-MS analyses were carried out using a Q Exactive® mass analyzer equipped with a TurboFlow®

LC system and APCI atmospheric pressure electrospray ionization module. Data acquisition and
processing were carried out with the Xcalibur 2.4® software package.

3.3.2. Antimicrobial Peptides

One of the most important bioactive metabolites produced by the accompanying
microflora is indole-3-propionic acid (IPA) because it is being studied as a therapeutic in
the treatment of many neurodegenerative disorders. According to Mimori et al. (2019),
IPA acts as “chemical chaperone”, suppressing stress-induced cell death of neurons and
ceasing the aggregation of the denatured proteins in vitro [57]. IPA, and its esters or
salts, prevent the cytotoxic effects of amyloid beta-protein on cells and can be used as a
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treatment for fibrillogenic diseases. This inhibition of beta-amyloid fibril formation implies
novel therapy for Alzheimer’s disease [58,59]. IPA is an even more potent scavenger of
hydroxyl radicals than melatonin, moreover, it does so without generating subsequent
reactive and pro-oxidant intermediate compounds. In 2017, elevated concentrations of IPA
in human blood plasma were found to correlate with a lower risk of type 2 diabetes [60].
Because the phenomenon was also connected with the higher consumption of fiber-rich
foods (prebiotics), this effect was assigned to IPA, which is endogenously produced by the
human microbiota. Other beneficial metabolites produced by LAB of the accompanying
microflora were two cyclic peptides: cyclo(phenylalanyl-prolyl) and cyclo(leucyloprolyl)
(Figures 9 and 10).

Figure 9. Two- (2D), and three-dimensional (3D) structural formulas of antimicrobial compounds
produced by accompanying LAB in yoghurt. (A,B) Cyclo(phenylalanyl-prolyl), Mw 244 Da; (C,D)
Cyclo(leucyloprolyl), 210 Da. The models were obtained from the free chemical structure database of
the Royal Society of Chemistry ChemSpider [61].

Figure 10. Production of antimicrobial peptides by LAB strains. The LC-MS analyses were carried out
using a Q Exactive® mass analyzer equipped with a TurboFlow® LC system and APCI atmospheric
pressure electrospray ionization module. Data acquisition and processing were carried out with the
Xcalibur 2.4® software package.

Cyclo(phenylalanyl-prolyl) has broad-spectrum antimicrobial activity, including an-
tibacterial, antifungal, antiviral, anti-settlement, antiprotozoal, antiparasitic, and antitumor
properties, and has a radioprotective effect [62]. It is produced in significant amounts by
Leuc. pseudomesenteroides 24, Str. thermophilus 21, Lb. fermentum 28, and P. acidilactici 27.

Cyclo(leucyloprolyl), also known as the antibiotic Gancidin W, is another antimicrobial
compound produced by the concomitant LAB. It is synthesized in higher amounts by
Lb. fermentum, Leuc. mesenteroides, and P. acidilactici. It is a bioactive natural product, and an
alkaloid that provides the bitter component of sake and contributes to the flavor of the beer.



Processes 2021, 9, 114 13 of 16

Recently, the anticancer effect of Gandicin W against breast cancer was demonstrated [63].
Until now, both antimicrobial compounds have been found only in marine bacteria (named
drugs from the ocean) [64]. Our investigation reports for the first time their presence
in yoghurt.

4. Conclusions

Metagenomic study of authentic Bulgarian yoghurts revealed the presence of “classi-
cal” starter strains Lb. delbrueckii subsp. bulgaricus and Str. thermophilus, accompanied by
many LAB and spoilage genera. RAPD, MLST, and PFGE analyses showed that the Lb. del-
brueckii subsp. bulgaricus strains in homemade yoghurts are different, authentic, and do
not participate in commercial starters. The formation of unique metabolites belonging to
the class of amino acids is a significant novelty of the present work. The accumulation
of arginine, lysine, and histidine by the biosynthetic properties of the accompanying mi-
croflora is beneficial for the propagation of the starter cultures Lb. bulgaricus, but also for
the consumer of the yoghurt. Metabolites that are valuable for human health, such as
indole-3-propionic acid and L-citrulline, were detected. This identification could address
the issue of the “magic” effects of Bulgarian yoghurt on the elderly, who retain clear minds
and sexual activity to an advanced age. The strains producing the antimicrobial peptides
cyclo(phenylalanyl-prolyl) and cyclo(leucyloprolyl) may be included in future starter for-
mulations. In summary, the specific natural and climatic conditions in Bulgaria contributed
to the evolution of yoghurt starter cultures with unique features. The comprehensive
examination of the current status of the authentic Bulgarian yoghurt microbial diversity
showed that homemade yoghurts, produced in small farms in Bulgarian mountainous
areas, are the source of LAB with health-promoting effects.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-9
717/9/1/114/s1, Table S1: Metagenome study of Lactic acid bacteria—species abundance in four
samples of Bulgarian home-made yoghurt prepared using an artisanal starter. Yoghurt origin: Sample
1 and 2, from villages in Rila and Pirin mountains, Sample 3, from the Thracian Plain, Sample 4,
from Rhodope mountain; Table S2: Metagenome study of contaminant microflora species abundance
in four samples of Bulgarian home-made yoghurt prepared using an artisanal starter. Yoghurt
origin: Sample 1 and 2, from villages in Rila and Pirin mountains, Sample 3, from the Thracian Plain,
Sample 4, from Rhodope mountain; Table S3: LC-MS (Liquid chromatography/Mass spectrometry)
analysis of the valuable metabolites produced by the accompanying LAB strains in single-strain
fermented yoghurts. LC-MS analysis was carried out on Q Exactive®mass analyzer equipped
with TurboFlow®LC system and APCI atmospheric pressure electrospray ionization module. Data
acquisition and processing were carried out with Xcalibur 2.4®software package.
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