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Marker-assisted selection (MAS) is a promising approach for identifying genetic variants associated with economi-
cally important traits in livestock. The B3-adrenergic receptor gene (ADRBS3) is involved in the regulation of energy me-
tabolism and may influence growth, body development, and productive performance. This study aimed to characterize
ADRB3 polymorphism and evaluate its associations with milk productivity, live weight, and body conformation traits in
Ukrainian Red-and-White Dairy cows. Genotyping was performed in 98 cows and their paternal sires. Six alleles (A—F)
were identified, with allele A predominating (0.500), while alleles B and E were rare (0.015 each). The effective number
of alleles was 3.019, the Shannon information index was 1.319, and the polymorphism information content (PIC) was
0.624, indicating high genetic variability. All 96 genotyped cows were heterozygous, with observed heterozygosity of
1.000 and a negative fixation index (—0.495). All six paternal sires had the AA genotype, indicating that the alternative
alleles in daughters were inherited from the maternal side. Association analysis included 90 cows with AC, AD, and AF
genotypes; rare AB and AE groups were excluded because of their small size and deviation from normality. Significant
genotype-associated differences were found for 305-day milk yield, live weight, sacral height, chest depth, chest width,
chest girth, pelvic width, and cannon bone girth. Cows with the AC genotype had 662.2 kg (10.6%) higher 305-day milk
yield and 7.47 kg (1.5%) greater live weight compared with AD cows. The AC genotype was also associated with greater
sacral height and pelvic width, whereas AD cows showed greater chest dimensions, cannon bone girth, and body com-
pactness. Significant differences were additionally detected for leg length, pelvic-thoracic, compactness, and bone index-
es. The findings indicate that ADRB3 polymorphism may be a potential marker of variation in milk productivity, live
weight, and body conformation in Ukrainian Red-and-White Dairy cattle. However, the specific pedigree structure and
limited representation of sire families require cautious interpretation. Further studies in larger and independent populations
are needed to validate these associations and clarify their biological basis.
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Introduction

Modern livestock breeding increasingly relies on molecular gene-
tic information to complement conventional phenotypic selection and
accelerate genetic improvement. Marker-assisted selection (MAS)
enables the identification and preferential use of animals carrying
genetic variants associated with desirable traits, thereby increasing the
accuracy and efficiency of selection and potentially shortening the
generation interval (Lamido et al., 2024; Sharma et al., 2024; Va-
shchenko et al., 2025). Its application is particularly valuable for traits
that are difficult, costly, or time-consuming to measure, or that can
only be assessed later in life. By facilitating more precise selection for
productivity, health, reproduction, feed efficiency, and adaptation,
molecular breeding approaches can contribute to sustained improve-
ment in the biological and economic efficiency of livestock produc-
tion. Moreover, genetic improvement in production efficiency has
implications beyond animal productivity. Selection for greater effi-
ciency of resource use can help produce more animal-derived food
from a given amount of land and other resources, while the incorpora-
tion of environmental traits into breeding objectives creates opportu-
nities to reduce greenhouse gas emissions per unit of animal product.
In dairy cattle, genetic selection for reduced methane emissions is
increasingly considered a long-term and cumulative strategy for miti-
gating the environmental footprint of production (Zos-Kior et al.,
2016; Brockova et al., 2021; Zos-Kior et al., 2021).

Marker-assisted selection can be based on different types of mo-
lecular markers and approaches, including restriction fragment length
polymorphisms (RFLPs), microsatellites, insertion—deletion polymor-
phisms (indels), and single nucleotide polymorphisms (SNPs), with
markers differing in abundance, polymorphism, genotyping require-
ments, and their degree of linkage with loci affecting the trait of inter-
est (Bhatia & Bajwa, 2022; Saienko et al., 2023; Mustafa et al., 2026).
Marker-assisted selection has progressively evolved from the use of
individual markers linked to specific loci toward genome-wide ap-
proaches (Matiiuk et al., 2025). Genomic selection (GS) represents a
major advancement in this development, extending the principles of
MAS to the simultaneous analysis of thousands of markers distributed
across the entire genome. By estimating the combined effects of ge-
nome-wide markers, GS enables the prediction of genomic breeding
values without requiring prior identification of the specific quantita-
tive trait loci underlying a complex phenotype (Goddard & Hayes,
2007; Meuwissen et al., 2016; Zhu et al., 2025).

The development of GS has been recognized as one of the major
advances in modern breeding methodology, forming part of a broader
group of transformative approaches that have reshaped both crop and
livestock improvement, alongside association mapping, QTL map-
ping, high-throughput phenotyping, envirotyping, transgenesis, and
genome editing (Bernardo, 2016; Xu et al., 2020; Sharma et al.,
2024). In livestock, the implementation of GS has substantially ex-
panded the use of genomic information in breeding programs, par-
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ticularly for complex traits controlled by numerous loci with small
individual effects.

However, targeted marker-based approaches remain highly rele-
vant when investigating candidate genes or specific genomic variants
associated with economically important traits. Among the available
marker types, SNPs have become particularly important because of
their high abundance throughout the genome, suitability for high-
throughput and automated genotyping, and compatibility with dense
SNP arrays developed for major livestock species. Single nuclectide
polymorphisms can serve as linked markers for tracking quantitative
trait loci or, when located within functional genomic regions, as can-
didate functional variants potentially contributing directly to pheno-
typic variation. Their widespread distribution and relatively straight-
forward genotyping make them well suited for association studies and
for incorporating molecular information into livestock breeding pro-
grams (Lourenco et al., 2020; Vashchenko et al., 2022; Sahana et al.,
2025).

The ADRB3 gene, encoding the 3-adrenergic receptor, has at-
tracted considerable attention as a candidate gene involved in the
regulation of energy metabolism and body composition. The f3-adre-
nergic receptor is predominantly expressed in adipose tissue, where
activation by catecholamines stimulates lipolysis and thermogenesis
and thereby contributes to the regulation of energy balance (de Jong
etal.,, 2017). In humans, genetic variation in ADRBS3, particularly the
Trp64Arg substitution, has been investigated in relation to obesity and
metabolic disorders. The Arg64 variant has been associated in some
ethnic populations with increased body weight, altered obesity-related
parameters, and an earlier onset of non-insulin-dependent diabetes
mellitus, although the strength and direction of these associations
have varied among populations. Experimental studies in rodents have
provided additional evidence for a role of ADRB3 in body composi-
tion and energy metabolism. Reduced ADRB3 expression has been
observed in the adipose tissue of obese rats, whereas disruption of
ADRB3 in mice was associated with increased body fat and reduced
lean body mass. These findings suggest that alterations in ADRB3
signaling may influence the partitioning of energy between adipose
and lean tissues (Wu et al., 2012; Mei et al., 2018; Zeng et al., 2025).

In livestock, associations between ADRB3 polymorphism and
economically important traits have been reported primarily in sheep
(Malau-Aduli & Kashani, 2015; Ali et al., 2023). Different ADRB3
alleles have been associated with variation in birth weight, growth
rate, carcass compaosition, and cold survival, although the effects were
dependent in some cases on sex, birth rank, or genetic background.
For example, particular sire-derived alleles were associated with dif-
ferences in birth weight and growth rate, while variation in carcass
composition was observed between specific allele groups. These
findings indicate that ADRB3 polymorphism may contribute to varia-
tion in traits related to growth, body composition, and energy metabo-
lismin livestock (Wu et al., 2012).

In cattle, variation in the ADRB3 gene has been characterized in
the promoter region, where six allelic variants containing four single
nucleotide polymorphisms (SNPs) and three nucleotide deletions / in-
sertions were identified in a study of 737 animals representing New
Zealand and Chinese cattle populations (Hu et al., 2010). Allele A
was by far the most frequent variant, whereas alleles C, D, E, and F
occurred at low frequencies and showed breed- or population-specific
distributions. Notably, alleles D and E were detected exclusively in
the Chinese cattle examined, while allele C was found only in Charo-
lais and allele F in Hereford and Murray Grey cattle. The identified
promoter variation was suggested to have potential regulatory effects,
although its functional significance was not established. The authors
also proposed that these variants could be linked to functional varia-
tion elsewhere within the ADRB3 gene, emphasizing the need for
further investigation of their biological and phenotypic consequences.
However, despite the identification and characterization of ADRB3
polymorphism in cattle, its associations with milk productivity, body
development, and other economically important traits in dairy cattle
have received considerably less attention.

The Ukrainian Red-and-White Dairy breed represents an impor-
tant component of the national dairy cattle population and is charac-
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terized by a substantial population size, ranking third among dairy
breeds in Ukraine. Consequently, the productive performance and ge-
netic potential of this breed have considerable economic significance
for the Ukrainian dairy sector. Its relatively large population and es-
tablished breeding structure also make it a suitable model for investi-
gating genetic markers potentially associated with economically im-
portant traits (Machulnyi, 2018; Liubynskyi, 2023; Danshyn et al.,
2025).

Therefore, the objective of the present study was to investigate
the polymorphism of the ADRB3 gene and its associations with milk
productivity, live weight, linear body measurements, and body con-
formation indexes in Ukrainian Red-and-White Dairy cattle, thereby
providing new insights into the potential contribution of ADRB3 vari-
ation to economically important traits and its possible application in
marker-assisted selection.

Materials and methods

The study was conducted in accordance with the ethical princi-
ples governing the treatment and use of animals in scientific research
in Ukraine. The experimental procedures complied with the provisi-
ons of the Order of the First National Congress on Bioethics (Kyiv,
2001) and the Law of Ukraine On the Protection of Animals from
Cruelty No. 3447-IV of 21 February 2006, including subsequent
amendments. The research protocol was approved by the Committee
for the Maintenance and Use of Animals at Poltava State Agrarian
University. Particular attention was paid to minimizing animal dis-
turbance and stress throughout the study. The cows were maintained
under a loose-housing system in an enclosure that allowed them to
move freely within the available space and express their normal lo-
comotor and behavioral activities, without individual tethering or
prolonged restraint.

The study involved 96 cows of the Ukrainian Red-and-White
Dairy breed kept at the private agricultural company Ukraina in
Myrhorod District of Poltava Oblast, Ukraine. All procedures were
designed and performed with due consideration of animal welfare and
with the aim of minimizing stress and discomfort. Blood sampling for
molecular genetic analysis was performed using procedures intended
to minimize handling time and animal discomfort. The health and ge-
neral physiological condition of the animals were monitored through-
out the study. The principles of Replacement, Reduction, and Refine-
ment (3Rs), established by the European Convention for the Protec-
tion of Vertebrate Animals Used for Experimental and Scientific Pur-
poses (Strasbourg, 1985), were incorporated into the study design.
Replacement was addressed by restricting the experimental procedu-
res to those necessary to achieve the genetic and phenotypic objec-
tives of the study, without introducing additional experimental inter-
ventions. Reduction was achieved by using the existing herd popula-
tion and obtaining both genetic and phenotypic data from the same
animals, thereby avoiding the involvement of additional animals.
Refinement was ensured through minimally invasive blood sampling,
appropriate handling procedures, and loose housing that allowed
unrestricted movement within the enclosure and avoided prolonged
individual restraint. The general health and condition of the animals
were monitored throughout the study.

Particular emphasis was placed on the assessment of body size
and conformation, as these characteristics may reflect differences in
growth, body development, and the distribution of tissues among ge-
netically distinct groups. A set of linear body measurements was
recorded for each cow, including height at withers (cm), sacral height
(cm), oblique body length (cm), chest depth (cm), chest width (cm),
chest girth behind the shoulder blades (cm), pelvic width at the level
of the ischial tuberosities (cm), and cannon bone girth (cm). Live
weight (kg) was also recorded as an additional indicator of body de-
velopment.

Height at withers was measured vertically from the ground to the
highest point of the withers, whereas sacral height was determined
from the ground to the highest point of the sacral region. Oblique
body length was measured from the anterior edge of the shoulder
joint to the ischial tuberosity. Chest depth was determined as the verti-
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cal distance from the highest point of the withers to the lowest point
of the sternum, while chest width was measured as the distance be-
tween the lateral surfaces of the shoulder joints. Chest girth behind the
shoulder blades was measured with a tape around the thorax, just
behind the shoulder blades. Pelvic width was determined as the dis-
tance between the ischial tuberosities. Cannon bone girth was meas-
ured around the middle portion of the metacarpus.

The linear measurements were obtained using a measuring stick
with a scale division of 1 mm (Nasco Education, Ajax, Canada) and a
measuring tape (Kruuse, Langeskov, Denmark). Live weight was de-
termined using electronic livestock scales with an accuracy of 0.5 kg
(Dniproves, Dnipro, Ukraine), immediately after morning milking
and before feeding.

To characterize the proportional development of the body and the
exterior type of the cows, the following body conformation indexes
were calculated from the recorded linear body measurements (all
expressed as a percentage): the leg length index was calculated as the
ratio of the difference between height at withers and chest depth to
height at withers; the body length index was determined as the ratio of
oblique body length to height at withers; the pelvic-thoracic index
was calculated as the ratio of chest width to pelvic width at the level
of the ischial tuberosities; the thoracic index was determined as the
ratio of chest width to chest depth; the compactness index was calcu-
lated as the ratio of chest girth behind the shoulder blades to oblique
body length; the height proportion index was determined as the ratio
of sacral height to height at withers; and the bone index was calculat-
ed as the ratio of cannon bone girth to height at withers.

Individual milk production data were automatically recorded dur-
ing milking using milk yield sensors integrated into the GEA milking
parlour system (GEA, Germany). For each cow, total milk yield per
lactation (kg) and milk yield standardized to 305 days of lactation
(kg) were recorded and used for subsequent statistical analysis.

The study was performed according to a structured experimental
design comprising several consecutive stages. A schematic represen-
tation of the experimental workflow is provided in Figure 1.

ADRB3 gene genotyping
of Ukrainian Red-and-White Dairy cattle

U

Formation of genotype groups
based on the ADRB3 genotypes

U

Assessment of milk production,
live weight, and linear body measurements

s

Calculation of body conformation indices

U

Association analysis of ADRB3 genotypes
with economically important traits

Fig. 1. Research organization scheme

Throughout the study, the cows received diets formulated in ac-
cordance with the feeding standards for dairy cattle described by Iba-
tullin et al. (2016). The diets were formulated taking into account an
average live body weight of 550 kg and the changes in milk produc-
tion occurring during the 305-day lactation. The average daily milk
yield ranged from 26.5 kg during the second month of lactation to
15.1 kg during the tenth month. Since the applicable feeding stand-
ards provide nutrient requirements at 5 kg increments of daily milk
production, the animals were supplied with three progressively adjust-
ted dietary variants corresponding to milk yields of 15, 20, and 25 kg
per day.

The nutritional profiles of the three diets differed according to the
expected level of milk production. The diets supplied 156.6, 177.5,
and 202.8 MJ of metabolizable energy; 2,759, 2,836, and 3,120 g of
crude protein; 2,346, 2,269, and 2,340 g of rumen-degradable protein;
413, 567, and 780 g of rumen-undegradable protein; and 1,780,
1,830, and 2,047 g of digestible protein, respectively. The correspond-
ing amounts of crude fiber were 4,272, 4,392, and 3,900 g, while
starch and sugars were provided at levels of 2,403, 2,470, and 3,120 g
and 1,602, 1,647, and 2,047 g, respectively. The diets also contained
570, 586, and 702 g of crude fat, together with 115.7, 119.0, and
126.8 g of calcium and 80.1, 82.3, and 87.8 g of phosphorus. Thus,
the feeding program was adjusted to accommodate the changing
nutritional requirements of cows throughout lactation rather than
maintaining a uniform ration throughout the experimental period.

Seasonal changes in the composition of the feed ration were also
taken into consideration. During the winter feeding period, the basal
diet consisted of sainfoin, grass, and alfalfa hay, silage, fodder beet,
and concentrate feeds. A protein—mineral-vitamin supplement incor-
porated at a rate of 4% was used to provide additional protein, mine-
ral, and vitamin nutrients. During the summer period, the forage
component was based on green maize harvested at the milk—wax
stage, wilted alfalfa, Sudan grass, and oat hay, supplemented with
barley straw and the same 4% protein—mineral-vitamin supplement.
Throughout the experimental period, the cows had continuous access
to fresh drinking water. The quantity of feed supplied was recorded
daily for each experimental group, allowing the overall amount of
feed provided to the animals to be monitored throughout the study.
Because the animals were housed and fed as groups, individual feed
intake was not measured.

The animals were maintained under loose-housing conditions in
well-ventilated barns designed and operated in accordance with estab-
lished zoohygienic requirements. This housing system allowed the
cows to move freely within the available group area and avoided indi-
vidual tethering, thereby reducing prolonged physical restraint during
the production period. The combination of seasonally adapted forage
sources and nutritionally balanced diets was maintained throughout
the experimental period to provide consistent feeding conditions for
the assessment of milk productivity and other phenotypic traits
(Fig. 2).

Molecular-genetic analyses were performed at the certified Labo-
ratory of Genetics of the Research Institute of Pig Breeding and Agro-
Industrial Production, which holds Certificate of Accreditation No.
039-22 dated June 3, 2022, issued by the Ministry of Economic De-
velopment and Trade of Ukraine (State Enterprise Poltava Regional
Scientific and Technical Center for Standardization, Metrology and
Certification).

Genomic DNA was isolated from 200 pL blood samples using
the Chelex 100 method (Bio-Rad Laboratories, Inc., USA), according
to Walsh et al. (2013). The ADRB3 gene fragment was amplified by
polymerase chain reaction (PCR). The primer pair used for amplifica-
tion was selected based on previously published information on pol-
ymorphism of the bovine ADRB3 gene (Hu et al., 2010). The forward
primer was 5-GTCCTTTCCTTTACCTCCAG-3' and the reverse
primer was 5'-GTCACACACAGCACGTCCAC-3'". These primers
amplified an approximately 900 bp fragment of the bovine ADRB3
gene containing part of the promoter region and exon 1.

The PCR reaction was performed in a Tercyk-2 thermocycler
(Tertsik TP4-PCRO1, DNA-Technology, RF) using 0.5-mL Eppen-
dorf microcentrifuge tubes (Eppendorf, Germany). The optimized
PCR conditions included an annealing temperature of 58 °C, which
enabled amplification of the expected 900 bp ADRB3 fragment. The
amplification program consisted of an initial denaturation at 94 °C for
3 min, followed by 35 cycles of denaturation at 94 °C for 30 s, primer
annealing at 58 °C for 30 s, and elongation at 72 °C for 60 s. The
reaction was completed by a final elongation step at 72 °C for 2 min.

Variability of the ADRB3 amplicons was assessed using the sin-
gle-strand conformation polymorphism (SSCP) technique, which
allows the detection of sequence variation based on differences in the
electrophoretic mobility of single-stranded DNA molecules caused by
sequence-dependent conformational changes. The SSCP analysis was
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performed following the methodological approach recommended for
the detection of polymorphism in the bovine ADRB3 gene by Hu
etal. (2010).

For SSCP analysis, a 10 uL aliquot of the PCR amplicons was
mixed with 3 pL of loading dye containing 30% glycerol and bromo-
phenol blue and denatured at 95 °C for 5 min. The samples were then
rapidly cooled on wet ice and loaded onto 8% acrylamide (37.5:1)
gels. Electrophoresis was performed using a Cleaver electrophoresis
system (Cleaver Scientific Ltd., England) at 275 V and a current of 76

mA for 90 min in 1x TBE (Tris-borate-EDTA) buffer. The gels were
stained with ethidium bromide.

The SSCP profiles were used to identify sequence variants of the
ADRBS3 gene according to the previously described patterns and allele
characterization reported by Hu et al. (2010). In total, seven electro-
phoretic patterns were observed, of which five patterns (AB, AC, AE,
AD, and AF) were identified based on the characteristic profiles asso-
ciated with four single-nucleotide polymorphisms (SNPs) and two
insertion/deletion variants, c.-429_-430del AC and c.-468delC.

Fig. 2. Housing, feeding, and milking conditions of the experimental Ukrainian Red-and-White Dairy cows: a — cows in the outdoor loose-
housing enclosure with access to feed; b — cows in the milking parlour (private agricultural company Ukraina, Poltava Oblast, Ukraine;
Valentyn Polishchuk is shown during routine monitoring of the animals and the experimental conditions (photo by Pavio Vashchenko, 2024)

Visualization of the electrophoretic profiles were visualized using
a Clear View UV transilluminator (Cleaver Scientific Ltd., England)
and documented photographically under ultraviolet illumination. An
electropherogram of the 8% polyacrylamide gel showing the corres-
ponding ADRB3 patterns is presented in Figure 3.

Fig. 3. Electropherogram of the ADRB3 gene on an 8% polyacryla-
mide gel: 1 - AB; 2,3,5,6, 7, 8,and 10— AC; 4— AF; 9—- AD;
M — molecular weight marker, pBR322 DNA Mspl Digest Ladder

Allele and genotype distributions were determined using the
GenAlEx 6.0 software package (Peakall, Australia, 2012). The same
software was used to estimate the polymorphism information content

4

(PIC) of the studied ADRB3 locus and the fixation index (F) (Peakall,
2012). Observed genotype frequencies were compared with those ex-
pected under the corresponding theoretical distribution using the chi-
square () test. The fixation index was calculated according to the
following formula: F = (H. — H,) / He, where H. is the expected heter-
ozygosity and H, is the observed heterozygosity (Peakall, 2012).

Following the genotyping of the experimental cows, the genoty-
pes of their paternal sires were additionally determined to clarify the
inheritance pattern of the ADRB3 alleles. Six sires were identified as
fathers of the studied cows: Kandi (7 daughters), Kandi Red Tv Tl
(22 daughters), Saphir/30 (1 daughter), Chaklun/5276 (9 daughters),
Chop (15 daughters), and Chop/5836 (42 daughters). The sires were
genotyped using the same PCR-SSCP procedure as that applied to the
cows. Genomic DNA was extracted from frozen semen straws stored
at the farm, and the resulting DNA was subsequently subjected to
PCR amplification and SSCP analysis under the same conditions
described above.

Statistical analysis of milk production, live weight, morphometric
measurements, and body conformation indices was conducted with
SAS/STAT® 15.1 (SAS Institute Inc., USA, 2018). Descriptive statis-
tics are presented as arithmetic means with their standard errors (x +
SE). The effect of genotype on the investigated traits was assessed by
one-way analysis of variance (ANOVA). Fisher’s F-test was used to
determine the statistical significance of variation among genotype
groups relative to within-group variation. Where significant differen-
ces were detected, pairwise comparisons were performed using Tu-
key’s honestly significant difference (HSD) test. Statistical significan-
ce was established at P <0.05.
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Results

Genetic analysis of the studied cattle population revealed a non-
uniform distribution of alleles at the ADRB3 locus. Allele A was pre-
dominant, whereas alleles B and E were detected at the lowest frequ-
encies. The frequency of allele A was more than 33 times higher than
that of alleles B and E, and approximately 2.6 times higher than that
of alleles C and F. Among the identified genotypes, AC and AF were
the most prevalent, together accounting for more than three-quarters
of the animals examined. The remaining genotypes occurred consid-
erably less frequently. The observed genotype distribution differed
significantly from the expected distribution, as indicated by the highly
significant % value (Table 1). The ADRB3 locus exhibited a high le-

Table 1

vel of genetic variability in the studied population, with six alleles
detected and the locus classified as polymorphic. The effective num-
ber of alleles was 3.019, indicating that the contribution of individual
alleles to the observed genetic diversity was unequal. The Shannon
information index reached 1.319, further confirming the substantial
allelic diversity of the ADRB3 locus.

Because all 96 genotyped cows were heterozygous at the ADRB3
locus, the genotypes of their paternal sires were additionally analyzed
to clarify the inheritance pattern of the observed alleles. All six sires
identified as fathers of the studied cows were homozygous for allele
A (genotype AA). Consequently, each daughter inherited an A allele
from her sire, whereas the alternative allele observed in her heterozy-
gous genotype must have been inherited from the maternal side.

Allelic and genotypic composition of the ADRB3 locus in Ukrainian Red-and-White Dairy cattle (n = 98)

Allele frequencies [ Genotype frequencies Fixation

Locus A B C D E F AB AC AD AE AF z P Index
0031 0388 0173 003l 0378 o

ADRB3 0500 0015 0194 0087 0015 0189 oo lon (o8 (0015 (g %0 312101 04%

Note: values in parentheses represent the expected genotype distribution.

A pronounced excess of heterozygous individuals was therefore
observed in the studied population. The observed heterozygosity was
1.000, whereas the expected heterozygosity and unbiased expected
heterozygosity were 0.669 and 0.672, respectively. Thus, the obser-
ved level of heterozygosity substantially exceeded that expected
based on the allele frequencies. This pattern was also reflected by the
negative fixation index presented in Table 1, indicating a marked
excess of heterozygous genotypes at the ADRB3 locus. The polymor-
phism information content (PIC) of the ADRB3 locus was 0.624,
indicating a high level of polymorphism and marker informativeness.
The allelic structure of the ADRB3 locus in the studied population is
presented in Figure 4.

7.000 0.800
6000 - o N
- 0.600
5,000 - 2 mNafreg =%
- 0500 8
£ 4000 | o
] - 0400 ¥
2 3000 0 Hhe
’ - 0.300 %
2.000 - Cooo T |
1.000 L0100
0.000 - - 0.000 B No. Private Alleles

Ukraimén Red-and-White Dairy cattle
Fig. 4. Allelic patterns across populations

Six alleles (Na = 6) were identified, four of which occurred at fre-
quencies of at least 5% (Na Freq. > 5% =4). The effective number of
alleles (Ne = 3.019) was considerably lower than the total number of
observed alleles, reflecting unequal allele frequencies within the po-

Table 2

pulation. The Shannon information index (I = 1.319) further indicates
substantial allelic diversity. The analysis also identified six private
alleles (No. Private Alleles = 6), whereas no locally common alleles
occurring at frequencies of <25% or <50% were detected. The ob-
served heterozygosity (Ho = 1.000) exceeded the expected heterozy-
gosity (He = 0.669) and unbiased expected heterozygosity (uHe =
0.672), indicating a pronounced excess of heterozygous genotypes in
the studied population.

Overall, the ADRB3 locus demonstrated considerable allelic di-
versity and a high degree of polymorphism in the Ukrainian Red-and-
White Dairy cattle population. The combination of a high PIC value,
multiple alleles, and elevated heterozygosity indicates that this locus
provides sufficient genetic variability for investigating potential asso-
ciations between ADRB3 polymorphism and economically important
traits.

An association analysis was performed to evaluate the relation-
ships between ADRB3 genotypes and milk productivity, live weight,
and selected linear body measurements in Ukrainian Red-and-White
Dairy cows. Of the 98 animals genotyped at the ADRB3 locus, 96
were included in the association analysis of productive and morpho-
logical traits. Two animals, one carrying the AC genotype and one
carrying the AD genotype, were excluded from the association analy-
sis because of limb injuries that occurred during the experimental pe-
riod and could potentially affect the evaluated body conformation and
productivity traits. Also, animal groups with AB and AE genotypes
were not included in the association analysis due to the small number
of animals with these genotypes and the deviation from a normal
distribution. Thus, the association analysis was performed using 90
animals (Table 2).

Effect of ADRB3 genotype on milk productivity, live weight, and linear body measurements of Ukrainian Red-and-white cows (X + SE)

. . Genotype
Productive traits AC(=37) AD (n=16) AE(n=37) AB*(=3) AE*(n=3) P

Milk yield per lactation, kg 76849+ 2949 74954+2832  TA864+2768  6930.7 80140 053 0858
Milk yield for 305 days, kg 68857+1694° 622350489670 646449 +158.24% 64297 66440 3531 3.35%10°
Live weight, kg 497.16 +1.82° 48969+185°  49150+154° 48833 4983 4470 142%10°
Height at withers, cm 139.81+047 139.25+0.71 139224043 14033 1390 0489 0615
Sacral height, cm 145.49 +0.22° 14356 £041° 14416 +031° 1440 1427 10002 1.23*10°
Oblique body length, cm 17057088 169,00 + 1.49 160.78 +1.48 17433 169.7 0288 0751
Chest depth, cm 79114058 82,06 +0.83° 7908 0,67 823 793 4135  1.93%102
Chest width, cm 5381 +0.18° 5500 +0.26° 5392 +0.20° 550 530 6762 1.86*10°
Chest girth behind the shoulder blades, cm 199432 +0532¢  203875+1004°  200.757+0.432° 204000 199667 11053 5.28*10°
Pelvic width at the level 4010840218  39125+0301° 394860200 38333 39000 4276 0017
of the ischial tuberosities, cm

Cannon bone girth, cm 190568+0099°  19813+0188°  19622+0081° 19667 20000 3901 002386

Note: different letters within each row indicate significant differences between groups according to Tukey’s HSD test results; * — due to the small number of animals
with this genotype and the deviation from a normal distribution, this group was excluded from the statistical analysis.
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Significant differences among ADRB3 genotype groups were ob-
served for 305-day milk yield, live weight, sacral height, chest depth,
chest width, chest girth behind the shoulder blades, pelvic width at the
level of the ischial tuberosities, and cannon bone girth.

For 305-day milk yield, cows with the AC genotype had a signi-
ficantly higher yield than cows with the AD genotype, with a differ-
ence of 662.2 kg (10.6%). The AF genotype showed an intermediate
value and did not differ significantly from either AC or AD.

Significant differences were also observed in live weight. Cows
with the AC genotype were 7.47 kg (1.5%) heavier than those with
the AD genotype and 5.57 kg (1.1%) heavier than cows with the AF
genotype. No significant difference was detected between the AD and
AF groups.

Regarding body conformation, cows with the AC genotype had a
greater sacral height than cows with the AD and AF genotypes, by
1.93 cm (1.3%) and 1.33 cm (0.9%), respectively. By contrast, cows
with the AD genotype had 2.95 cm (3.7%) and 2.98 cm (3.8%) great-
er chest depth than both AC and AF cows, respectively. A similar
pattern was observed for chest width, where AD cows exceeded AC
and AF cows by 1.19 cm (2.2%) and 1.08 cm (2.0%), respectively.

Significant differences were also found for chest girth behind the
shoulder blades. Cows with the AD genotype had a greater chest girth

Table 3

than those with the AC and AF genotypes, by 4.44 cm (2.2%) and
3.12 cm (1.6%), respectively.

The pelvic width at the level of the ischial tuberosities was signif-
icantly greater in cows with the AC genotype, compared with cows
with the AD genotype, by 0.98 cm (2.5%). The AF group had an
intermediate value and did not differ significantly from either group.

Finally, cows with the AD genotype had a greater cannon bone
girth than cows with the AC and AF genotypes, by 0.25 cm (1.3%)
and 0.19 cm (1.0%), respectively.

Overall, the ADRB3 genotype was associated with differences in
several morphometric traits. Cows with the AC genotype were char-
acterized by greater sacral height, pelvic width, live weight, and 305-
day milk yield, whereas cows with the AD genotype had greater chest
depth, chest width, chest girth, and cannon bone girth. No statistically
significant differences were detected for total lactation milk yield,
height at withers, or oblique body length among the analyzed geno-
type groups.

Individual linear measurements characterize the absolute size of
the animals; however, the proportions between different body dimen-
sions offer a more comprehensive assessment of conformation. Ac-
cordingly, a set of body conformation indexes was calculated to char-
acterize the exterior type of the cows (Table 3).

Variation in body conformation indexes among Ukrainian Red-and-White cows with different ADRB3 genotypes (x + SE)

Genotype

Body composition index  ——&"—75 AD (n=16) AF (n=37) AB*(n=3) AE*(n=3) F P
Leg length, units 43436 +1.7022 41,082 +1595° 43.215 +2.2472 41.357 42974 9.010 2.78*10*
Body length, units 121.98+2.18 121.34+238 121.94+£571 124.22 122.05 0.157 0.855
Pelvic-thoracic, units 134.30 £4.852 140.71 £5.31° 136.65 + 4.452 143.70 136.01 10170  1.07*10*
Thoracic, units 68.16 +3.37 67.11+2.75 68.36 +3.79 66.99 66.98 0.750 0.476
Compactness, units 117.00 + 3.092 120.74 +3.65P 118.55 + 6.34% 117.06 117.79 3.488 0.035
Height proportion, units 104.10+2.34 103.14 £255 103.59 £2.48 102.65 102.74 0.959 0.387
Bone index, units 13.999 + 04422 14.408 + 0.556° 14.098 + 0.415% 14013 14.400 4597 0.013

Note: different letters within each row indicate significant differences between groups according to Tukey’s HSD test results; * — due to the small number of animals
with this genotype and the deviation from a normal distribution, this group was excluded from the statistical analysis.

Statistically significant differences among the ADRB3 genotype
groups were identified for leg length, pelvic-thoracic, compactness,
and bone indexes, whereas no significant differences were observed
for body length, thoracic, or height proportion indexes.

For the leg length index, cows with the AC genotype had signifi-
cantly higher values than those with the AD genotype, exceeding
them by 2.35 units (5.73%). The AF genotype also showed a signifi-
cantly higher leg length index than AD, with a difference of 2.13 units
(5.19%), while no significant difference was detected between AC
and AF cows.

A significant difference was also observed for the pelvic-thoracic
index. Cows with the AD genotype had 6.41 (4.77%) and 4.06 units
(2.97%) higher values than those with the AC and AF genotypes,
respectively.

Regarding the compactness index, AD cows exceeded AC cows
by 3.74 units (3.20%). The AF group had an intermediate value and
did not differ significantly from either AC or AD. A similar pattern
was observed for the bone index, for which cows with the AD geno-
type had significantly higher values than thase with the AC genotype,
by 0.41 units (2.92%), whereas the difference between AD and AF
was not statistically significant.

Overall, the observed differences indicate that ADRB3 polymor-
phism was associated primarily with variation in the relative propor-
tions of the limbs, pelvic and thoracic regions, as well as body com-
pactness and bone development. By contrast, body length, thoracic,
and height proportion indexes remained relatively stable across the
analyzed ADRB3 genotypes.

Discussion

The present study revealed substantial genetic variation at the
ADRBS3 locus in the Ukrainian Red-and-White Dairy cattle popula-
tion, with six alleles identified and a high polymorphism information
content. The allele distribution was markedly uneven, with allele A
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predominating, while the remaining alleles occurred at considerably
lower frequencies. The PIC value of 0.624 indicates a high level of
polymorphism and marker informativeness, exceeding the threshold
of 0.50 proposed by Botstein et al. (1980) for highly informative mar-
kers and supporting the suitability of the ADRB3 locus for association
analysis. Despite this predominance of allele A, all genotyped cows
were heterozygous, resulting in an unusually high observed heterozy-
gosity and a pronounced negative fixation index. This combination of
high allelic diversity and complete heterozygosity is of particular inte-
rest and warrants consideration of the pedigree structure of the studied
population.

The complete absence of homozygous individuals among the stu-
died cows, despite the relatively high frequency of allele A, is particu-
larly noteworthy. Genotyping of the six paternal sires demonstrated
that all of them carried the ADRB3 AA genotype. Consequently, the
A allele was consistently transmitted from the paternal side, whereas
the alternative alleles detected in the daughters must have originated
from their dams. This finding provides a plausible explanation for the
predominance of heterozygous genotypes in the studied group and
indicates that the observed allele distribution cannot be interpreted so-
lely from the genotype frequencies of the cows without considering
their pedigree structure. At the same time, the present data do not
allow the maternal origin of individual C, D, and F alleles to be assig-
ned to particular ancestral breeds, since the dams were not genotyped.
An additional consideration concerns the interpretation of the geno-
type-trait associations in relation to the pedigree structure of the studi-
ed population. Because all identified paternal sires were homozygous
for the A allele, the alternative alleles in the heterozygous daughters
were necessarily inherited from the maternal side. Consequently, the
AC, AD, and AF genotypes largely represent different maternal alle-
lic contributions within the studied group. Therefore, some of the ob-
served phenotypic differences among genotypes may reflect maternal
lineage or family effects rather than the direct functional effect of the
ADRBS3 variants themselves. This possibility is particularly relevant

Regulatory Mechanisms in Biosystems, 2026, 17(9), 26165



given the absence of homozygous individuals and the relatively limi-
ted number of paternal families represented in the sample. Further
studies including genotyped dams, a larger number of sire families,
and pedigree- or genomic-based models would be valuable for sepa-
rating the effects of ADRB3 genotype from family and population
structure.

The genetic background of the Ukrainian Red-and-White Dairy
breed may provide an important context for the allelic diversity ob-
served at the ADRB3 locus. The breed was developed through com-
plex reproductive crossbreeding, with Simmental cattle constituting
the maternal foundation and Holstein cattle providing the principal
paternal component; in some breeding schemes, Ayrshire and Mont-
béliarde cattle were also incorporated (Kruhliak et al., 2015; Krugliak
& Krugliak, 2023; Biriukova et al., 2025). The breed was officially
approved in 1993, and its modern genealogical structure continues to
involve genetic material from several breeds. Moreover, Holstein
bulls have played a particularly prominent role in the reproduction of
Ukrainian Red-and-White Dairy breeding stock, with earlier assess-
ments reporting a substantial contribution of Holstein sires (Ruban,
1996; Gladiy et al., 2018; Pochukalin et al., 2024). In the present herd,
all six identified paternal sires were Holstein bulls, whereas the stud-
ied cows represented the maternal component of this breeding popu-
lation. The combination of a historically diverse breed foundation and
continued use of Holstein sires may therefore contribute to the main-
tenance of multiple ADRB3 alleles in the population. The marked
differences in ADRB3 variant frequencies among sheep breeds re-
ported by Wu et al. (2012) also indicate that the allelic composition of
this locus should be interpreted within the specific genetic back-
ground of each population rather than considered as a universal pat-
tern across breeds. This consideration is particularly relevant to the
present population, in which the observed ADRB3 allele distribution
may reflect the complex breed history and specific breeding structure
of Ukrainian Red-and-White Dairy cattle. However, determining the
specific ancestral origin of the C, D, and F alleles would require geno-
typing of dams and, preferably, a broader pedigree- and population-
based analysis.

Despite the pronounced excess of heterozygous genotypes ob-
served in the present population, the high frequency of the ADRB3 A
allele is consistent with previously reported patterns in cattle. Hu et al.
(2010) found that allele A was the predominant variant across the
cattle populations examined in their study, including populations from
both New Zealand and China, and suggested that its widespread oc-
currence may reflect selective forces favoring the maintenance of this
allele. Thus, the predominance of allele A observed in the Ukrainian
Red-and-White Dairy cattle population does not appear to be an iso-
lated feature of the studied herd but is broadly consistent with the
distribution of ADRB3 alleles reported in other cattle populations. At
the same time, the complete absence of homozygous individuals in
our sample represents a distinct feature of the present population and
is more plausibly related to its particular pedigree structure and the
use of AA sires than to the general frequency pattern of the ADRB3
locus.

The associations observed between ADRB3 genotypes and body
conformation and productivity traits in the present study are broadly
consistent with previous observations in sheep (Forrest et al., 2003;
Yang et al., 2013; Ali et al., 2021), although the specific phenotypic
effects cannot be considered directly equivalent across species. Cows
carrying the AC genotype were characterized by higher 305-day milk
yield, greater live weight, greater sacral height, and wider pelvic de-
velopment, combined with relatively less pronounced chest dimen-
sions, corresponding overall to a more pronounced dairy-type body
conformation. The fact that a significant association was detected for
305-day milk yield but not for total lactation yield is also noteworthy.
Standardization to a 305-day lactation period reduces the influence of
differences in lactation duration and therefore provides a more com-
parable measure of productive performance among animals. The ab-
sence of a significant association with total lactation yield may conse-
quently reflect the greater variability of lactation length within the
studied population, which can mask genotype-related differences in
standardized milk production. The association of the C allele with

greater body mass is of particular interest in light of the findings of
Forrest et al. (2003), who reported that paternal inheritance of the C
allele in sheep was associated with greater birth weight of single-born
lambs compared with inheritance of the D allele. Similarly, Yang et
al. (2013) demonstrated that ovine ADRB3 haplotypes were associat-
ed with variation in weaning weight and postweaning growth, with
the presence of the C-a haplotype being associated with increased
postweaning growth, whereas other haplotypes were associated with
reduced growth. Taken together, these studies suggest that ADRB3
variation may contribute to inter-individual differences in body
growth and development across livestock species. Further evidence
for the involvement of ADRB3 variation in growth-related traits was
provided by Ali et al. (2021) in Kajli sheep. In that study, four synon-
ymous SNPs identified within the ovine ADRB3 gene were investi-
gated, and two variants (c.130C>T and ¢.294C>G) showed signifi-
cant associations with 180-day body weight. Notably, the ADRB3 po-
lymorphisms investigated by Ali et al. (2021) were not in Hardy—
Weinberg equilibrium, indicating a non-random distribution of geno-
types in the studied sheep population. Although the specific variants
and phenotypic traits differed from those examined in the present
study, the association of ADRB3 polymorphism with body weight
provides additional evidence that genetic variation in this locus may
be related to economically important growth and production charac-
teristics in livestock. Together with the findings reported in sheep by
Forrest et al. (2003) and Yang et al. (2013), these results support the
potential relevance of ADRB3 as a candidate gene for variation in
body development and production-related traits, while emphasizing
the need for species- and population-specific validation of individual
genotype—phenotype associations.

In the present study, however, the effects associated with the dif-
ferent genotypes were not limited to live weight. The AC genotype
was associated with a combination of higher milk productivity, grea-
ter sacral height, wider pelvic development, and relatively smaller
chest dimensions, indicating a more pronounced dairy-type confor-
mation. By contrast, AD cows showed greater chest depth, chest
width, chest girth, cannon bone girth, and compactness, accompanied
by lower live weight and 305-day milk yield. The pattern of associa-
tions across individual measurements and conformation indexes sug-
gests that the observed genotype differences were related not simply
to overall body size, but to differences in body proportions and struc-
tural type. The AC genotype was characterized by a relatively taller
and more dairy-oriented conformation, reflected by greater sacral
height and pelvic development together with less pronounced chest
dimensions and compactness. By contrast, the AD genotype was
associated with a deeper, wider, more compact and more strongly
boned body. Thus, the contrasting AC and AD phenotypes appear to
represent differences in body architecture rather than a uniform in-
crease or decrease in overall body size. This contrasting pattern may
indicate that ADRB3 variation is associated not with a uniform change
in body size, but with differences in the relative development of body
regions and, potentially, in the allocation of metabolic resources
among growth, body tissue development, and milk production. Im-
portantly, the absence of significant differences for several measure-
ments and conformation indexes indicates that the observed associa-
tions were trait-specific rather than reflecting a generalized effect of
ADRBS3 genotype on body size. In particular, the lack of differences in
withers height, oblique body length, body length index, thoracic in-
dex, and height proportion suggests that the genetic associations were
more closely related to selected aspects of body structure and propor-
tional development. The findings of Yang et al. (2013), who observed
both positive and negative associations of different ADRB3 haplo-
types with growth, provide indirect support for such genotype-
dependent effects. Nevertheless, because the ovine studies investigat-
ed different ADRB3 variants and growth or carcass-related traits,
further studies combining genotyping, detailed production pheno-
types, and indicators of body composition are required to determine
whether the associations observed in cattle reflect functional effects of
the identified variants or linkage with causative mutations.

The interpretation of genotype-specific associations is also con-
strained by the low frequency of several genotypes. In particular, the
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AB and AE groups each comprised only three animals and were
therefore excluded from the formal association analysis because of
insufficient sample size and deviation from normality. Consequently,
the present statistical comparisons primarily concern the AC, AD, and
AF genotypes, and the phenotypic effects of the rare B- and E-
associated variants cannot be reliably evaluated. Increasing the sam-
ple size and including additional populations would be necessary to
assess the effects of these rare variants.

Taken together, the available evidence indicates that ADRB3 vari-
ation is characterized by substantial population-specific diversity and
may be associated with multiple aspects of economically important
phenotypic variation, particularly growth, body development, and
production-related traits. The present study extends these observations
to Ukrainian Red-and-White Dairy cattle by demonstrating genotype-
associated differences in standardized milk yield, live weight, and
several structural and conformation traits.

Overall, the present findings support the relevance of the ADRB3
locus as a candidate genetic marker for variation in economically im-
portant traits in Ukrainian Red-and-White Dairy cattle. The observed
associations were most evident for 305-day milk yield, live weight,
and traits describing the relative development of the pelvic, thoracic,
and skeletal regions, suggesting that ADRB3 variation may be related
to both productive performance and body conformation. At the same
time, the unusual pedigree structure of the studied population, the pre-
dominance of heterozygous genotypes, and the limited representation
of rare genotypes require caution in interpreting these relationships as
direct genetic effects. Determining the reproducibility and biological
basis of the observed associations requires further validation in larger
and independent cattle populations, including a greater number of sire
and dam families and, where possible, genomic-based analyses.

Conclusions

The Ukrainian Red-and-White Dairy cattle population demon-
strated substantial genetic variability at the ADRB3 locus, with six
alleles identified and a high polymorphism information content
(PIC = 0.624). Allele A predominated (0.500), whereas alleles B and
E were rare (0.015 each). All analyzed cows were heterozygous,
resulting in exceptionally high observed heterozygosity (Ho = 1.000)
and a negative fixation index (F =—0.495), which was associated with
the specific pedigree structure of the studied population and the use of
AA paternal sires.

The ADRB3 genotype was significantly associated with 305-day
milk yield, live weight, sacral height, chest depth, chest width, chest
girth, pelvic width, and cannon bone girth (P < 0.05). Cows with the
AC genotype had higher 305-day milk yield and live weight, greater
sacral height, and wider pelvic development, whereas cows with the
AD genotype showed greater chest dimensions, cannon bone girth,
and body compactness. Significant differences were also observed for
leg length, pelvic-thoracic, compactness, and bone indexes, indicat-
ing genotype-associated variation in body proportions and confor-
mation.

The results indicate that ADRB3 polymorphism may serve as a
potential molecular marker for variation in milk productivity, live
weight, and body conformation in Ukrainian Red-and-White Dairy
cattle. However, the observed associations should be interpreted with
caution because of the specific pedigree structure, the absence of
homozygous cows, the limited number of sire families, and the low
frequency of AB and AE genotypes. Further studies involving larger
and independent populations, genotyped dams and a broader range of
sire families, as well as pedigree- or genomic-based analyses, are requi-
red to validate the observed associations and clarify the biological con-
tribution of ADRB3 polymorphism to economically important traits.

The authors declare no conflicts of interest.
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