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Abstract: Animal biodiversity is essential for maintaining the functionality of local food systems
and ensuring sustainable livelihoods. Starting in 2000, the Food and Agriculture Organization of
the United Nations (F.A.O.) has drawn attention to the decline in cattle populations, including the
Transylvanian Pinzgau breed from Romania. Renowned for its hardiness, adaptability, and enhanced
resistance to diseases and climate change, the Transylvanian Pinzgau is regarded as an important
genetic asset for advancing livestock production. As a result, tracking genetic diversity has become a
key focus in breeding programs, particularly for small, endangered local populations that play a vital
role in regional agro-ecological systems. This research paper sought to assess the genetic diversity
of a group of 24 head of cattle from the Transylvania region by analyzing two mtDNA markers,
cytochrome b and D-loop sequences, both widely recognized for their relevance and importance in
the analysis of genetic diversity of cattle and phylogenetic studies. The findings, derived through
statistical analysis of nucleotide sequences using specialized software, indicated that the analyzed
cattle are part of the ancestral T haplogroup, with a direct lineage tracing back to Bos taurus. This
information can aid in developing crossbreeding programs focused on conserving essential genetic
resources, improving other cattle breeds, and protecting biodiversity.

Keywords: animal production; biodiversity; genetic diversity; phylogeny; Pinzgau; mitochon-
drial DNA

1. Introduction

Human societies have primarily concentrated on cattle husbandry in the agricultural
sector, considering it an essential activity for supporting rural economies [1,2]. This practice
was closely linked to the needs of communities, providing not only food sources through
meat and milk production but also resources for agricultural labor, transportation, and
construction, thereby contributing to the social and economic development of society [1–3].

The domestication of cattle, dating back to the dawn of civilization, has represented
a crucial influence on agricultural practices and the development of societies throughout
history. Indigenous cattle breeds belong to a significant social and cultural identity, highly
valued for their remarkable resilience to harsh environmental conditions and climatic
challenges, innate resistance to diseases and ectoparasites, and rapid recuperative capacity
post-illness [1,2,4–8].

In recent decades, there has been a marked global decline in livestock genetic diver-
sity [8,9], primarily driven by production specialization that prioritizes the most widespread,
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highly productive breeds. Notably, the rigorous selection process of “elite sires” for the pur-
pose of artificial insemination in extensive cattle populations has further reduced genetic
diversity within breeds [6,8,10–13].

Among the oldest European cattle breeds is the Transylvanian Pinzgau, whose histori-
cal origins remain incompletely understood [1,13–15]. The Romanian Pinzgau breed, also
known as the Transylvanian Pinzgau after its location area in the Transylvania region, is an
alpine cattle breed, adapted to growth and exploitation in mountainous altitudes [12,16,17].
This breed was developed between 1670 and 1740 through the interbreeding of native cattle
from the Pinzgau region (in the Salzburg area of Austria) with the Bernese spotted cattle
(imported from Switzerland, specifically from Tux and Zillertal, between 1690 and 1740).
Key attributes of this breed include robust resistance to pathogens and environmental
stressors, extended productive longevity, and superior mobility compared to improved
breeds. These morphological and functional attributes are crucial for the breed’s persistence
under the specific demands of high-altitude regions [1,4,7,12]. Consequently, it is essential
to prioritize the preservation and growth of the current Pinzgau nucleus, in addition to
preserving the breed’s genetic diversity, especially considering accelerating global climate
change [15–18].

Since 2000, reports from the FAO organization have indicated that the Transylvanian
Pinzgau cattle breed faces a risk of extinction due to a significant population decline [19,20].

The genetic composition and lineage relationships between the Transylvanian Pinzgau
and other varieties from the Pinzgau breed worldwide reveal varying degrees of kinship
and evolutionary divergence [16]. Comparative genetic studies have shown that, while the
Transylvanian Pinzgau shares ancestral genetic markers with other Pinzgau populations
in Europe, distinct genetic drift and adaptation to local environmental conditions have
shaped its unique genetic profile over time [16,17]. By analyzing molecular markers and
constructing phylogenetic trees, researchers can assess the genetic distances between these
populations, which provide insights into their common heritage and the evolutionary
processes that have led to regional genetic variations. Such analyses are essential for
understanding both the conservation needs and the genetic uniqueness of the Transylvanian
Pinzgau within the broader context of the Pinzgau breed globally (Austrian Pinzgau,
German Pinzgau, Slovak Pinzgau, Swiss Pinzgau, etc.) [18]. The common lineage of this
cattle breed can be traced to the wild progenitor Bos taurus, which was considered extinct
by the 16th century [21–23]. From this ancestral stock, cattle have inherited numerous
valuable traits [2].

Numerous studies focused on the origin of cattle [14,21,24–26], based on mtDNA
analysis, have established that all taurine descend from a common ancestor in the area
of Near East approximately 10,000 years ago, coinciding with the shift to the Neolithic
era. Recent investigations into the mitochondrial genome of Bos taurus have identified
macro-haplogroup T [21,27], which comprises two sibling clades, T1’2’3 and T5. The T1’2’3
clade includes the initially characterized haplogroups T1, T2, T3, and T4, with T4 being
a subgroup of T3. All T haplogroups are believed to have likely originated in the Fertile
Crescent, where domestication occurred. From this region, they disseminated alongside the
movement of domestic cattle herds of Bos taurus. The mitochondrial DNA of contemporary
cattle is not wholly identified by haplogroups T1–T5 [21,28–30].

Presently, the Research and Development Station for Cattle Breeding in Târgu-Mures, ,
Romania, houses 24 Pinzgau individuals included in a nationwide biodiversity conserva-
tion program. The cows are not known to be closely related. They were identified in the
Transylvanian region and selected based on their phenotypic traits characteristic of the
Transylvanian Pinzgau breed, ensuring the representation of the breed’s diversity. This
population serves as the biological material utilized for ongoing research efforts, aimed
at protecting biodiversity and the key genetic materials of this cow, which represents a
sustainable alternative to the increasingly pronounced climate changes to which modern
improved cattle are increasingly susceptible [4,12,31].
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The population trend of this breed demonstrates a decline from approximately 5% of
Romania’s total cattle population in 1937 to 1.35% by 1995 [32–35]. This breed is distin-
guished by its unique coat pattern, which is a deep cherry color marked with characteristic
white patterns (Figure 1).
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Figure 1. The Transylvanian Pinzgau cattle from the Research and Development Station for Cattle
Breeding, Târgu-Mures, , Romania (original photograph).

The Transylvanian Pinzgau reaches an average weight up to 900 kg and a height of
approximately 134 cm in males, while females can weigh up to 500 kg and reach a height of
127 cm [35]. Morphologically, Transylvanian Pinzgau cattle are considered descendants of
Bos taurus, with cranial features that exhibit notable similarities to certain Spanish breeds,
making it valuable in terms of a genetic perspective [34].

Studying the phylogeny of the Transylvanian Pinzgau is crucial for several reasons.
First, understanding its genetic lineage and evolutionary history can provide insights into
the breed’s unique adaptations and resilience to local environmental conditions [12,31].
Additionally, phylogenetic analysis can reveal the relationships between the Transylvanian
Pinzgau and other Pinzgau populations worldwide, enhancing our comprehension of
genetic diversity within the breed [10,14,31]. Moreover, examining the phylogeny of the
Transylvanian Pinzgau can aid in identifying genetic markers linked to disease resistance
and overall fitness, thereby contributing to improved management practices [4,5,18]. Ulti-
mately, this research is essential not only for the conservation of this specific breed but also
for the continued sustainability of livestock farming in Romania and beyond.

This study sought to assess the diversity of genetic resources of the Transylvanian
Pinzgau cattle population utilizing mitochondrial genes (cytochrome b and D-loop) that
are pertinent to investigations of variability, phylogeny lineage, and genetic mapping of
phylogeography. In mitochondrial DNA (mtDNA), cytochrome b (cyt b) is a component of the
cytochrome bc1 complex (also known as Complex III) in the mitochondrial electron transport
chain [17,21,24,29]. This protein plays a crucial role in cellular respiration by facilitating
electron transfer and contributing to the generation of the proton gradient used for ATP
synthesis. Cytochrome b is encoded by the mitochondrial DNA and is highly conserved
across species, making it a popular target in studies of genetic variation, phylogenetics,
and species identification [21,24,30]. The D-loop is a non-coding region known for its role in
the onset of DNA replication and transcription. It contains control elements essential for
regulating the replication and expression of the mitochondrial genome. This region is often
used in genetic studies because it has a high mutation rate, making it useful for analyzing
genetic diversity, maternal lineage, and evolutionary studies [24,30].

Yan et al., in 2019, assessed the genetic diversity and phylogenetic relationships of
Chinese cattle using mtDNA, specifically the cytochrome b marker. The researchers found
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that the analysis of these mitochondrial markers clarified the evolutionary relationships
among different cattle breeds and was essential for the safeguarding and oversight of these
populations of animals [11].

Another study, published by Prihandini et al. (2020) on the genetic diversity of the
mitochondrial cytochrome b gene in a native Indonesian cattle nucleus, demonstrates that the
mitochondrial cytochrome b marker can be effectively used to understand genetic structure
and identify the main haplogroups that define different cattle breeds [15].

A study published by Davidescu et al. (2022) focusing on the phylogenetic analysis of
endangered Grey Steppe cows shows that cytochrome b was the mt marker highly skilled
for accurately assessing the phylogenetic lineage between the studied breed and other
cattle breeds in Europe, demonstrating importance for identifying genetic differences.
Meanwhile, the D-loop mt gene provided the most reliable topological support [13].

This research aims to investigate the genetic composition and evolutionary links of
the endangered Transylvanian Pinzgau cattle, a key resource for biodiversity conservation
and the sustainability of livestock production.

2. Materials and Methods
2.1. Collection of Blood Samples

The initial phase in fulfilling the research objectives involved obtaining blood speci-
mens from 24 female Transylvanian Pinzgau cattle, a population housed at the Research and
Development Station for Cattle Breeding in Târgu-Mures, , within Romania’s Transylvania
region. The average age of the analyzed cows was 52 months, with limits between 12 and
90 months, respectively. Blood samples were acquired via jugular venipuncture, using 2 mL
vacutainer tubes containing EDTA (ethylene-diamine-tetra-acetic acid) to prevent blood
clotting. The collected blood samples were numbered from tp_01 to tp_24, “tp” being the
abbreviation from the name of breed, namely Transylvanian Pinzgau. The blood samples
were preserved under ideal storage conditions in a freezer at −20 ◦C before the stage of
DNA isolation and analysis.

2.2. Extraction and Quantification of Genomic DNA from Blood Samples

The DNA was isolated from blood through an automated protocol using the Maxwell™
16 and 16 MDx systems, with a specific kit supplied by the Promega distributor (Promega
Corporation, Madison, WI, USA): the Maxwell 16 LEV Blood DNA Kit (catalog code
AS1290) [36,37]. This kit includes 50 LEV cleansing cartridges, 50 collection tubes for
elution, 20 mL of cell lysis reagent, two 1 mL solutions of K proteinase, and 20 mL of
washing buffer. The Maxwell™ 16 system is capable of processing 16 samples in 40 min,
and the extracted DNA can be applied to several techniques, including PCR and agarose
gel electrophoresis.

The DNA quantification was conducted with the spectrophotometer Nanodrop ASP-
3700 (ACTGene Inc., Princeton, NJ, USA), measuring absorbance at absorbance wave-
lengths of A260 nm and A280 nm to determine DNA extraction yield. This spectropho-
tometric technique is guided by the principle that most biological substances exhibit a
characteristic absorbance rate within the ultraviolet (UV) radiation spectrum. Specifically,
an absorption rate at 260 nm corresponds to nucleic acids (DNA/RNA), 280 nm to proteins,
and 230 nm to various contaminants. Beer–Lambert’s law establishes a linear correlation
between the concentration of a compound and its absorbance at a specific wavelength. This
principle underlies the measurement of DNA concentration, enabling assessments of purity
in relation to protein content [37,38].

2.3. Primer Design, PCR Amplification, and Gene Sequencing

The amplification of mitochondrial markers, specifically cytochrome b and the D-loop,
was conducted through polymerase chain reaction (PCR), a molecular technique used to
efficiently generate millions to billions of copies of targeted DNA segments using specific
amplification primers. In this study, PCR amplification of cytochrome b and the D-loop
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genes was achieved with two primer pairs (forward primer and reverse primer, detailed in
Table 1) designed based on the Bovine Reference Sequence (BRS; GenBank V00654) [39]. The
mitochondrial genome in Bos taurus measures 16,341 base pairs (bp) in total length. The
cytochrome b marker, approximately 1140 bp in length, and the mitochondrial D-loop control
region, about 910 bp long (Figure 2), were amplified using the PCR technique.

Agriculture 2024, 14, x FOR PEER REVIEW 5 of 17 
 

 

2.3. Primer Design, PCR Amplification, and Gene Sequencing 
The amplification of mitochondrial markers, specifically cytochrome b and the D-loop, 

was conducted through polymerase chain reaction (PCR), a molecular technique used to 
efficiently generate millions to billions of copies of targeted DNA segments using specific 
amplification primers. In this study, PCR amplification of cytochrome b and the D-loop 
genes was achieved with two primer pairs (forward primer and reverse primer, detailed 
in Table 1) designed based on the Bovine Reference Sequence (BRS; GenBank V00654) [39]. 
The mitochondrial genome in Bos taurus measures 16,341 base pairs (bp) in total length. 
The cytochrome b marker, approximately 1140 bp in length, and the mitochondrial D-loop 
control region, about 910 bp long (Figure 2), were amplified using the PCR technique. 

 
Figure 2. Total mitochondrial genome of Bos taurus: focus on mt markers analyzed—cytochrome b 
(1140 bp); D-loop-(910 bp) [13,40–42]. 

Table 1. Amplification primer pair characteristics for gene sequence analyzed. 

Primer  
Selection 

Primer Specificity 
Gene 

Primer Sequence (5′-3′) 

Base  
Composition 

G1 + C2 

(%) 

GenBank  
Accession No. 
and Genome  
Position [43] 

Amplicon 
Length (bp) 

BCYT 
cytochrome b Forward sequence primer: 

TTCTTACATGGAATCTAACCATGA 
33.3 V00654.1 

14,443–14,466 1140 
cytochrome b Reverse sequence primer:  

GGGAGGTTAGTTGTTCTCCTTCTC 50.0 V00654.1 
473–497 

BRS 
D-loop Forward sequence primer:  

CCTAAGACTCAAGGAAGAAACTGC 45.8 V00654.1 
15,718–15,741 

910 
D-loop 

Reverse sequence primer:  
CAGTGAGAATGCCCTCTAGGTT 50.0 

V00654.1 
496–517 

“G1”—guanine. “C2”—cytosine. 

The DNA extracts that were isolated and purified were processed through amplifica-
tion using polymerase chain reaction (PCR). The total reaction volume for PCR was set at 
25.5 µL, comprising 2 µL of DNA extract, 12.5 µL of GoTaq® Green Master Mix (Promega, 
Madison, WI, USA), 1.5 µL of both primers, and 7.5 µL of deionized water without 
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Table 1. Amplification primer pair characteristics for gene sequence analyzed.

Primer
Selection

Primer Specificity
Gene Primer Sequence (5′-3′)

Base
Composition G1 +

C2(%)

GenBank
Accession No. and Genome

Position [43]

Amplicon Length
(bp)

BCYT
cytochrome b Forward sequence primer:

TTCTTACATGGAATCTAACCATGA 33.3 V00654.1
14,443–14,466 1140

cytochrome b Reverse sequence primer:
GGGAGGTTAGTTGTTCTCCTTCTC 50.0 V00654.1

473–497

BRS
D-loop

Forward sequence primer:
CCTAAGACTCAAGGAA-
GAAACTGC

45.8 V00654.1
15,718–15,741 910

D-loop Reverse sequence primer:
CAGTGAGAATGCCCTCTAGGTT 50.0 V00654.1

496–517

“G1”—guanine. “C2”—cytosine.

The DNA extracts that were isolated and purified were processed through amplifica-
tion using polymerase chain reaction (PCR). The total reaction volume for PCR was set at
25.5 µL, comprising 2 µL of DNA extract, 12.5 µL of GoTaq® Green Master Mix (Promega,
Madison, WI, USA), 1.5 µL of both primers, and 7.5 µL of deionized water without nucle-
ases. The reaction was further enhanced with 0.5 µL of MgCl2. For cytochrome b fragment
amplification, the primer annealing temperature was adjusted to 62 ◦C, while for D-loop
fragment amplification, it was set to 60 ◦C. The PCR protocol for amplifying cytochrome b
and D-loop sequences comprised 35 cycles, with conditions detailed in Figure 3a,b.



Agriculture 2024, 14, 2234 6 of 17

Agriculture 2024, 14, x FOR PEER REVIEW 6 of 17 
 

 

nucleases. The reaction was further enhanced with 0.5 µL of MgCl2. For cytochrome b frag-
ment amplification, the primer annealing temperature was adjusted to 62 °C, while for D-
loop fragment amplification, it was set to 60 °C. The PCR protocol for amplifying cyto-
chrome b and D-loop sequences comprised 35 cycles, with conditions detailed in Figure 
3a,b. 

 
(a) (b) 

Figure 3. PCR_Program: (a) cytochrome b; (b) D-loop. 

The analyzed markers were successfully replicated, after which the PCR products 
were submitted to Macrogen Europe Genomic Sequencing Lab in Amsterdam, The Neth-
erlands, for sequencing genes. Sanger sequencing was employed to determine the genetic 
code sequences of markers, using the primers specified in Table 2. 

2.4. Validation of Amplified PCR Products in Agarose Gel Electrophoresis 
To assess the degree of purity, molecular size, and potential nonspecific contami-

nants, the amplicons resulting from the amplification of the gene sequences (cyt b and D-
loop) were validated using agarose gel electrophoresis (Figure 4a,b). The PCR amplicons 
were validated using a 1% agarose gel with 0.5× TBE buffer solution, followed by electro-
phoretic migration conducted at 100 volts for 30 min. To approximate the length of the 
PCR fragments, a 100-base-pair molecular weight marker was used. The sequences of in-
terest were effectively amplified, with the specific primers showing strong specificity for 
the targeted mtDNA markers. The PCR amplicons had lengths of around 1140 base pairs 
for cytochrome b and about 910 base pairs for the D-loop, aligning with the reported values 
for the complete Bos taurus mitochondrial genome (GenBank accession no.: V00654). 

(a) 

Figure 3. PCR_Program: (a) cytochrome b; (b) D-loop.

The analyzed markers were successfully replicated, after which the PCR products were
submitted to Macrogen Europe Genomic Sequencing Lab in Amsterdam, The Netherlands,
for sequencing genes. Sanger sequencing was employed to determine the genetic code
sequences of markers, using the primers specified in Table 2.

2.4. Validation of Amplified PCR Products in Agarose Gel Electrophoresis

To assess the degree of purity, molecular size, and potential nonspecific contaminants,
the amplicons resulting from the amplification of the gene sequences (cyt b and D-loop)
were validated using agarose gel electrophoresis (Figure 4a,b). The PCR amplicons were
validated using a 1% agarose gel with 0.5× TBE buffer solution, followed by electrophoretic
migration conducted at 100 volts for 30 min. To approximate the length of the PCR
fragments, a 100-base-pair molecular weight marker was used. The sequences of interest
were effectively amplified, with the specific primers showing strong specificity for the
targeted mtDNA markers. The PCR amplicons had lengths of around 1140 base pairs for
cytochrome b and about 910 base pairs for the D-loop, aligning with the reported values for
the complete Bos taurus mitochondrial genome (GenBank accession no.: V00654).
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2.5. Quantitative Assessment of Nitrogenous Base Proportions in Cyt b and D-loop Sequences from
Transylvanian Pinzgau

The complete mitochondrial DNA (mtDNA) cytochrome b sequence, measuring 1140
base pairs [24], was successfully obtained for all 24 samples analyzed. The nucleotide
composition was determined to be as follows: 30.5% adenine, 25.4% thymine, 29.9%
cytosine, and 14.2% guanine. In addition, the nucleotide composition of the D-loop marker,
which spans 910 base pairs [24], was characterized as follows: 32.6% adenine, 29.1%
thymine, 24.5% cytosine, and 13.8% guanine. These results demonstrate the success of the
sequencing (Figure 5).
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The values are very similar to those obtained in analyses of sequences specific to
the Pinzgau breed from other studies, with only slight variation [16,17]. This indicates a
balanced proportion among the four DNA nucleotides.

2.6. The Coefficient of Specificity

The specificity coefficient was determined using the frequencies of the nucleotide bases,
represented by the A + T/C + G ratio, which illustrates the variations among individuals of
a species. This parameter is utilized in molecular phylogenetic research to assess variability
in nucleotide structure. Typically, it exhibits values ranging from 1.2 to 1.5 [21], which are
characteristic of most animal species. When considering the nitrogenous dominant bases in
frequency, two distinct types of DNA can be identified: AT-type DNA (where A + T > C +
G) and GC-type DNA (where A + T < C + G). In the analysis of the cytochrome b nucleotide
sequences, all individuals examined displayed a characteristic AT-type DNA profile (A +
T > C + G). A comparable conclusion was reached regarding the nucleotide sequences of
the D-loop region. The coefficient of specificity for the two combined nucleotide sequences
averaged 1.43, a value consistent with the typical range observed in animal organisms.

2.7. Data Analysis

Data analysis was conducted using a series of specialized software programs (Table 2).
Initial analysis of the sequences, including fluorogram generation and correction, was
performed with DNABaser (DNA assembly programs). To examine the phylogenetic
lineage between the Transylvanian Pinzgau cattle and their wild ancestor, Bos taurus, we
aligned the total mitochondrial genome sequences of the species, alongside the specific
cytochrome b genes and mitochondrial fragments (D-loop) of the Pinzgau cows, obtained from
database GenBank-NCBI [43]. For every sample, the sequences forward and reverse were
combined based on the sequences generated by the two primers, then trimmed to produce
a single, unique sequence. ClustalW was used to align all sequences from the samples [44],
implemented in the MegaAlignment module. Sequence alignment and phylogenetic tree
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generation were performed using the MEGA X 11.0.10 software (Center for Evolutionary
Medicine and Informatics, Tempe, AZ, USA, providing Molecular Evolutionary Genetics
Analysis).

Table 2. Data analysis tools and software used.

Software No. Specification of the Software Program
Utilized Type of Data Analysis Reference

1.
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The sequence diversity under examination was assessed using LaunchDnaSP ver-
sion 4.50.3 program [52]. Median-joining network analysis was conducted utilizing the
PopART 1.7 software. The neighbor-joining tree was constructed employing the Kimura
2-parameter model, incorporating the following parameters: 1000 bootstrap replicates, a
gamma distribution (+G) utilizing five rate categories and an evolutionary invariability
model (+I).

3. Results
3.1. Dynamics of the Evolutionary Rate of mtDNA Markers

To evaluate variation in the genetic makeup of D-loop sequences, the analysis included
aligning the 24 sequences to identify haplotypes and nucleotide variation sites, using the
reference sequence encoded V00654 in the GenBank database. The haplogroup T3 exhibited
the most frequent occurrence, consistent with predictions for European cattle [57,58]. Also, the
observed genetic variation in haplotypes was measured at 0.908 ± 0.005. Utilizing the gene
sequences of the mitochondrial markers studied, the demographic and territorial expansion of
the Transylvanian Pinzgau cattle was evaluated through the model for calculating mismatch
distribution [59,60]. This model illustrates the distribution of nucleotide differences observed
among haplotype pairs. Generally, the distribution can take a unimodal form, indicative
of populations that have experienced recent expansion in population or area, characterized
by significant migration, or multimodal, typical of populations in a stable demographic
equilibrium. Concerning the population investigated, the analysis of both mitochondrial
markers yielded a multimodal distribution (Figure 6a,b).
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Figure 6. Demographic expansion of the Transylvanian Pinzgau cattle: (a) cytochrome b; (b) D-loop.

The gene sequences were aligned using the ClustalW method via the MegAlign
module. This process involved merging both forward and reverse sequences for each
animal through alignment with the respective primer sequences, followed by the separation
of the two strands and their subsequent combination into a singular sequence. A total of
23 variable sites (1.98%) were identified, among which 17 were classified as informative
sites (1.51%). In the analysis of D-loop sequences, 22 variable sites (2.44%) were recorded,
with 15 of these being informative sites (1.61%).

The occurrence rates of the nitrogenous bases were 30.5% A, 25.4% T, 14.3% G, and
29.9% C (cytochrome b). A<->G- and T<->C-type transversions exhibited values of 4.6481
and 0.5065, respectively (Figure 7a), with their proportion being 0.637 (Table 3).
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Table 3. Count of nucleotide sites and Ti/Tv ratio for cyt b and D-loop mtDNA characteristic of the
Transylvanian Pinzgau.

Sequences Total of
Informative Sites % Total of

Variable Sites % Tr/Tv 1 Ratio

cyt b 17 1.51 23 1.98 0.637
D-loop 15 1.61 22 2.44 5.267

1 ti/tv: transition/trasversion ratio.

For the D-loop sequences, the distribution of nitrogenous bases was as follows: 32.6%
A, 29.1% T, 24.5% C, and 13.8% G. The Ti/Tv ratio exhibited a value of 5.267 (Table 3 and
Figure 7b).

3.2. Haplotype Frequency Evaluation

Through the analysis and interpretation of the DNA sequences of the two mitochon-
drial markers (cyt b and D-loop), three haplotypes with varying frequencies were identified
(T1, T2, and T3), into which the 24 cows examined were grouped (Figure 8). The molecular
diversity assessment revealed that contemporary taurine mitochondrial genomes cluster
within several closely related lineages, designated as T haplogroup, respectively T1, T2, T3,
and T4, exhibiting distinct geographical structuring: T1 is predominantly located in Africa;
T2 is believed to have originated in the Near East and Western Asia; T3 is primarily found
in Europe and is originating from the growth of a small cattle population domesticated in
the Middle East; T4 was identified as a derived subclade within T3, likely disseminated
throughout East Asia due to a founder effect resulting from the eastward migration of
cattle [21,40].

The T3 haplotype had the highest frequency, occurring in 18 of the analyzed animals
(75%). The T2 haplotype was found in five animals, representing 21% and one animal
individual was included in the T1 haplotype, which showed the lowest occurrence, at only
4% (Table 4).
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Table 4. Identified haplotypes and their representative individuals within the Transylvanian Pinzgau
population.

Identified
Haplotypes Representative Individuals of Haplotype Total No. of

Individuals/Haplotype

T1 tp_09 1
T2 tp _01; tp _11; tp _12; tp _20; tp _21 5

T3 tp _02; tp _03; tp _04; tp _05; tp _06; tp _07; tp _08; tp _10; tp _13; tp _14;
tp _15; tp _16; tp _17; tp _18; tp _19; tp _22; tp _23; tp _24 18

3.3. Analysis of Haplotype Networks and Construction of Phylogenetic Trees

The gene sequences were examined by utilizing the Network 10.2.0.0 software, pro-
ducing the haplotype design (Figure 9). Three primary haplotypes (T1, T2, and T3) were
identified, each with distinct connection patterns. All haplotypes were associated with a
specific number of animals.
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The analysis of the distribution of the three haplotypes revealed that the T3 haplo-
type had the highest frequency, found in 18 of the 24 individuals studied. The genetic
divergence between haplotypes T1, T2, and T3 ranged from one to four nucleotide sites.
The identification of T-derived haplotypes indicates that the population has undergone
demographic expansion and confirms that the cattle analyzed are directly descended from
Bos taurus. This is a crucial finding for genetic conservation programs aimed at preserving
this valuable breed (Figure 10).
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4. Discussion

Until now, only a limited number of studies have been conducted regarding the
genetic structure of endangered Romanian cattle breeds in comparison to other cattle
breeds globally. Most of these studies have been restricted to a limited number of breeds
and primarily concentrated on the nuclear DNA. This research presents, for the first time,
the genetic diversity and phylogenetic characteristics of native Transylvanian Pinzgau
cattle, derived from the sequencing of mitochondrial DNA genes (cytochrome b and D-loop).

Numerous studies show that the haplotypes identified in the Transylvanian Pinzgau
were found to be identical to those documented in Austrian Pinzgau, German Pinzgau,
Slovak Pinzgau, and Swiss Pinzgau populations [17,57,58].

Recent investigations [17,55,57,61–63] have demonstrated that nearly all taurine cattle
are assigned to the T macro-haplogroup, with a predicted divergence time of approximately
16,000 years, suggesting a significant evolutionary bottleneck in the taurine lineage within
the Bos taurus genus. The T macro-haplogroup is further subdivided into two related
subclades (T5 and T1/T2/T3), with T1/T2/T3 being the most common subclade. Over
time, T4 has been incorporated into T3 [17,64].

The phylogeny of the Transylvanian Pinzgau cattle breed, when analyzed alongside
other Pinzgau breeds in Europe and beyond, reveals both shared ancestry and unique
genetic distinctions shaped by regional breeding practices and geographic isolation. Mito-
chondrial DNA (mtDNA) studies, often leveraging markers like the D-loop region, trace
maternal lineage and suggest that the Transylvanian Pinzgau shares a close ancestry with
other European Pinzgau populations, particularly the Austrian Pinzgau [18,32,34,35]. This
connection reflects historical breed movements across central and eastern Europe, although
some genetic markers show divergence, possibly due to limited gene flow in isolated
regions such as Transylvania [18,32,34,64–66]. Genomic studies indicate that while Tran-
sylvanian Pinzgau cattle maintain a unique genetic profile, they are also closely linked to
broader European cattle populations, shaped by shared domestication and migration pat-
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terns [64–66]. Understanding these phylogenetic relationships is crucial for conservation,
as it highlights the variability of genetic traits within the breed and underscores the need to
preserve this unique lineage.

Current research in bovine genomics emphasizes the importance of maintaining
genetic diversity in isolated breeds like the Transylvanian Pinzgau to ensure the resilience
and sustainability of global cattle genetics [23,24,67].

The Transylvanian Pinzgau cattle, like many European cattle breeds, are primarily
associated with mitochondrial haplogroup T3, which is common across Europe and reflects
maternal lineage tracing back to Near Eastern domestication events that later spread
into Europe. Haplogroup T3 is widely prevalent in central and eastern European breeds,
including the Pinzgau lineage, due to shared ancestry and historical cattle movement
within Europe [40,64,68]. Although rarer, minor occurrences of other haplogroups such
as T1—more common in African cattle—have occasionally been identified in European
cattle, likely due to ancient trade and migration influences, though it is less common in
the Pinzgau [21,69]. These haplogroups, studied through mitochondrial DNA analysis,
highlight the genetic distinctions and evolutionary history of the Transylvanian Pinzgau
relative to other Pinzgau and European breeds, offering valuable insights for conservation
and genetic diversity assessments [21,24,67].

The Transylvanian Pinzgau cattle population analyzed shows a strong presence of
haplogroup T3 (18 out of 24 individuals), which is typical of European cattle breeds and
mirrors findings in other Pinzgau populations, such as the Austrian Pinzgau, where T3 also
predominates due to shared ancestry from early European domesticated cattle [21,67]. The
presence of haplogroups T2 (in five individuals) and T1 (in one individual) adds diversity
to the Transylvanian Pinzgau’s lineage, with T2 being relatively common in Near Eastern
and European breeds and reflecting ancient domestication patterns that reached Europe.
The single T1 individual is intriguing, as T1 is typically associated with African cattle and
likely entered Europe through historic trade or migration routes, as occasionally seen in
Mediterranean breeds [21]. These findings align with genomic studies on European cattle
that show clustering but with distinct genetic variations based on geographic isolation, as
seen in the Transylvanian Pinzgau, which may have undergone genetic bottlenecks due
to isolation in Transylvania [23,70]. This diversity highlights the conservation value of
the Transylvanian Pinzgau, as preserving unique haplotypes within isolated populations
contributes to overall genetic resilience in cattle breeds [7].

Studies of mitochondrial DNA (mtDNA) across various Pinzgau cattle populations,
including Austrian, German, Slovak, and Swiss breeds, reveal a strong predominance
of haplogroup T3, which is the dominant lineage in European cattle [23,70]. In Austrian
Pinzgau, haplogroup T3 accounts for nearly all identified mtDNA haplotypes, consistent
with its ancestry from early domestication events in the Near East. Similarly, German Pinz-
gau cattle predominantly exhibit haplogroup T3, with occasional instances of haplogroup
T2, reflecting historical breeding practices and limited genetic mixing from neighboring
regions. The Slovak Pinzgau also primarily features haplogroup T3, with rare occurrences
of T2 and even more infrequently, T1, which may indicate low-level gene flow from ancient
trade routes [71–77]. Likewise, Swiss Pinzgau cattle show a similar pattern, predominantly
carrying haplogroup T3, with T2 appearing sporadically [78]. Collectively, these findings
highlight the genetic homogeneity within Pinzgau breeds, largely shaped by shared ances-
try and geographical isolation, with haplogroup T3 serving as a marker of their common
European lineage [79].

The occurrence of haplotypes derived from haplogroup T indicates a demographic
expansion model for these individuals and signifies their lineage within Bos taurus, along
with domestication in the Fertile Crescent during the Neolithic era [80–82].

5. Conclusions

This research highlights the importance of conserving the genetic diversity and unique
phylogenetic lineage of the endangered Transylvanian Pinzgau cattle. Using mitochondrial
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DNA markers, we identified strong genetic links to other European Pinzgau populations,
alongside distinct variations shaped by geographical isolation. The detection of hap-
logroups T3 and T1 emphasizes shared ancestry and ancient gene flow, contributing to the
breed’s genetic richness.

These findings underscore the need for targeted conservation efforts to preserve
isolated breeds like the Transylvanian Pinzgau, which enhance global cattle resilience.
Additionally, maintaining unique haplotypes supports sustainable breeding practices,
ensuring adaptability to future environmental and agricultural challenges.
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