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Introducing the SNP technology to pigeon breeding will enhance the competitiveness of a sector that pro-
duces one of the healthiest and best quality meats. The present study aimed to test the applicability of the
Illumina Chicken_50K_CobbCons array on 24 domestic pigeon individuals from the Mirthys hybrids and
Racing pigeon breeds. A total of 53,313 SNPs were genotyped. Principal component analysis shows a sig-
nificant overlap between the two groups. The chip performed poorly in this data set, with a call rate per
sample of 0.474 (49%). The low call rate was likely due to an increase in the evolutionary distance. A total
of 356 SNPs were retained after a relatively strict quality control. We have demonstrated that it is tech-
nically feasible to use a chicken microarray chip on pigeon samples. Presumably, with a larger sample
size and by assigning phenotypic data, efficiency would be improved, allowing more thorough analyses,
such as genome-wide association studies.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The domestic pigeon (Columba livia domestica) has always been
a popular model species for scientific research because of its rich-
ness of form, colouration and behaviour (Darwin, 1859; Hsu, 2017;
Peñuela et al., 2019; Sarker et al., 2019; Wimsatt et al., 2020; Yang
et al., 2021). Only the European Association of Poultry, Pigeon and
Rabbit Breeders officially registers more than 1,100 domestic
pigeon breeds (Entente Européenne d’ Áviculture et de
Cuniculture, 2018), but the real number of pigeon breeds can cer-
tainly be higher, because there are numerous non-federally regis-
tered local breeds in Europe and the other parts of the world.
Pigeon breeds can be classified into groups based on the purpose
of utilization, which can be the following: racing pigeons, fancy
pigeons and squab pigeon. The common characteristic of the
breeds belonging to the racing pigeon category is sport flying,
the group of fancy pigeons consist of special breeds, these two
breed groups do not generate profit from an economic point of
view, the breeders keep them as a hobby. It is worth mentioning
an important similarity between racing pigeons and squab
pigeons; the nice meat shapes and muscularity are expected in
both types, this justified the joint examination of this type of the
two groups (Appendix Fig. S1). Pigeons are a good quality, high bio-
logical value meat source with high biological value and a high
recoverable meat ratio (70%) (Omojola et al., 2012), and appear
on the market as a special quality, premium product (Bagi and
Kusza, 2014; Jilly, 2018). Pigeon racing is popular and economically
significant in many countries around the world (Proskura et al.,
2014; Dybus et al., 2018; Dybus et al., 2020; Chang et al., 2021).
The appearance of a group of customers with special needs and/
or awareness is also increasingly important worldwide, those
who want to consume more easily digestible types of meat, or
those who take into account the ecological footprint of meat pro-
duction (e.g. water demand) or the naturalness of production (ab-
sence of GMOs, hormones, antibiotics). In the same way, various
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diets affect an ever wider segment of society, but the number of
customers who are different from the usual and/or looking for high
quality is also constantly growing (Osman et al., 2014). Pigeon
hybrids can be ideal for meeting these needs. Therefore all novel
scientific results concerning pigeons attract considerable interest
and are rapidly utilized.

Previously, various genetic markers have been successfully
used to explore genetic diversity and phylogenetic relationships,
and to identify polymorphisms associated with competitive per-
formance and meat production in the domestic pigeon, which
has been effective in expanding our knowledge of the species
(Bigi et al., 2016; Boer et al., 2019; Dementieva et al., 2021;
Dybus et al., 2006, 2018, 2020; Jacob et al., 2015; Boer et al.,
2019; Jędrzejczak-Silicka et al., 2019; Lee et al., 2007; Pacheco
et al., 2020; Proskura et al., 2015; Ramadan et al., 2018;
Stringham et al., 2012; Proskura et al., 2014; Proskura et al.,
2015). In contrast to the more advanced technologies and meth-
ods (e.g., microarrays, next-generation sequencing, transcriptome
sequencing, genome-wide association studies), these provide
only a limited amount of data at higher unit cost. Genetic char-
acterization of animal breeds is usually carried out with neutral
markers, such as microsatellite analysis, but SNP panels help to
examine the genome at a higher resolution. SNP chips can be
used in a variety of genomic studies, including inference of pop-
ulation history, structure, and admixture, estimation of effective
population size, QTL mapping strategies, and genome-wide asso-
ciation studies and genomic selection. It also allows the explo-
ration of the degree of genomic variation and linkage
disequilibrium (LD) between breeds. Because SNPs only focus
on genetic sequences, they reduce evaluation time and cost.
Compared with traditional approaches, SNP genotyping tech-
niques provide an informative genetic background, improve
breeding prediction accuracy and breeding quality on the farm
(Gärke et al., 2011; Chang et al., 2021; Huang et al., 2015;
Muñoz et al., 2019; Gärke et al., 2011).

Due to the importance of the domestic pigeon, there is a great
need for more detailed phylogenetic, diversity and genome associ-
ation studies (in connection with meat and racing performance
traits), for which SNP-based genotyping can be an universal tool.
These days the use of genome- and marker-based selection sup-
ported by modern genomic technology in studies on various
domestic animals (e.g., cattle, sheep, chicken, etc.) is very common
(Hillier et al., 2004; Ibtisham et al., 2017; Fleming et al., 2016). The
technology employing DNA microarrays (or SNP chips) with differ-
ent densities is a highly efficient method for the comparison of
genomes, the detection of SNPs, as well as for studying molecular
variance, population structure, and genealogy. It yields much more
information than earlier methods at lower specific cost. The adap-
tation of DNAmicroarray technology to pigeons would increase the
information available for analysis in many areas, such as genomic
diversity and phylogenetic studies, and improve selection methods
in pigeon breeding.

As far as we know, SNP-based chip technology has not been
attempted in the domestic pigeon species, and studies on gene
polymorphisms are not widely extensive either.

Since there is no commercially available SNP chip specialized
for the domestic pigeon, SNP chips developed for other domestic
animal taxa appear to be the best adaptable alternatives. Nowa-
days, to investigate ecologically important traits in certain wild-
life populations, this type of screening has been initiated in
several species of songbirds, for example, in the case of the great
tit (Parus major), several improvements have been made to the
existing SNP chip, demonstrating the increasing use of this tech-
nology in evolutionary and ecological research (Van Bers et al.,
2012; Kim et al., 2018). There have been several examples of
successful (although less efficient) applications of species-
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specific chips to closely related species, for example, using the
dog (Canis familiaris) chip to wolf (Canis lupus) (Harmoinen
et al., 2021) and golden jackal (Canis aureus) (Pollinger et al.,
2011), the pig (Sus domesticus) chip to wild boar (Sus scrofa)
(Herrero-Medrano et al., 2013) the cattle (Bos taurus) chip to
European (Bison bonasus) or American bison (Bison bison)
(Pertoldi et al., 2010), and the chicken (Gallus domesticus) chip
to various forms of grouse (Tetraoninae) (Minias et al., 2019).
Commercial arrays developed for domesticated species have
been used mostly to study wild species, but domestication and
selection can make a significant difference. Miller et al. (2012)
showed an exponential decrease in the retention of polymor-
phisms, and a linear decrease in call rate was also observed
(�1.5 % per million years) with increasing evolutionary distance.
The chicken and pigeon lineages diverged more than 85 million
years ago (Claramunt and Cracraft, 2015), which is quite signifi-
cant. However, in this case both species are domesticated, and it
is important to note that human selection often takes place in a
similar environment and involves similar criteria. Carcass- and
meat-related trait loci may be conserved among different species
(Debus et al., 2001; Barendse, 2009; Zhao et al., 2020). This is
also a logical conclusion due to the biological functions of skele-
tal muscle and the similar selection goals of domestic animals.
This hypothesis is supported by the fact that successful cross-
amplification of chicken microsatellites in domestic pigeons has
already been reported (Sathyakumar, 2013). Based on this we
tried to adapt the Illumina Chicken_50K_CobbCons array, devel-
oped for the closest species (chicken) to the domestic pigeon.
The questions addressed were: (1) What is the efficiency of
using the SNP chip developed for chickens in domestic pigeons?
(2) Following necessary quality control screening, how many
SNPs remain suitable for carrying out statistical tests/
evaluations?

If successful, this approach could also be used to improve prac-
tical selection programmes. In addition, it could pave the way for
more in-depth research into related species (order Columbiformes)
using more modern methodologies.
2. Materials and methods

2.1. Illumina Chicken_50K_CobbCons array

Two important lines, the broiler and the laying line were
included in developing this array account. In order to create the
chip, additional SNPs were identified with other sequences in the
chicken genome assembly. The SNP chip contains a total of
57,636 SNPs (Groenen et al., 2011) and these are also segregated
in chicken populations. The SNP identification procedure appears
to be highly reliable, with an overall validity rate of 94 % for SNPs
on the chip. The high reliability of the chip is also due to the selec-
tion of SNPs with high MAF values. 328 SNPs from 454 sequence
contigs of the chicken genome were mapped. During the develop-
ment of the chip, the SNPs were selected based on a certain priority
score, for which criteria such as validation, Illumina design score,
MAF information in both broilers and eggs were taken into
account.
2.2. Animal samples

A total of 24 blood samples (1 ml/animal) were collected from
domestic pigeons (Columba livia domestica). Twelve of these were
Mirthys hybrids, a genotype optimized for meat production.
Another 12 pigeons were Racing Pigeon from racing lofts (Appen-
dix Fig. S1). The study was carried out in accordance with the local
ethics committee’s guidelines of the University of Debrecen.



Table 2
The GeneCall rate values for racing pigeons per-sample.

DNA ID Call rate

533 0.557
534 0.576
535 0.443
536 0.452
537 0.433
539 0.381
541 0.408
542 0.500
543 0.345
544 0.424
545 0.396
546 0.448
Mean 0.447

Table 3
The 50% GC values and their corresponding loci are 0.97 or above.

Locus Name 50 % GC Score

Gga_rs13639808 0.973

K. Balog, A.E. Mizeranschi, G. Wanjala et al. Saudi Journal of Biological Sciences 30 (2023) 103594
2.3. SNP genotyping and data analysis

Individual sample genotyping was carried out using the Chicken
50K_CobbCons chip (Illumina, San Diego, CA, USA). Genotyping
was performed by the Neogen Corporation (Lansing, Michigan,
USA). Input files were created using RStudio software (Haneem
et al., 2017). We included two groups based on the individual
breed (squab and racing pigeons). Next, the SNPviewer 4.1.2. soft-
ware (Biosearch Technologies, United Kingdom) was used to exam-
ine the call rate of alleles. We then checked the GenCall and
Gentrain scores. It was very difficult to set appropriate parameters
for quality control; we tried to keep as many variables as possible
in the study. Since pigeons have 80 chromosomes, the set flag for
autosomes was 40 (--chr-set 40), and in the case of birds, the
sex-determining chromosome has a different name (ZZ, ZW),
therefore we also set their acceptance (--allow-extra-chr). Subse-
quently, to avoid excluding all variants, we set the --geno 0.05 flag.
The next flag we used removes all SNPs with minor allele frequen-
cies<0.01. The --indep pairwise 50 5 0.5/ 50 5 0.9 flag values
greater than 0.5/ 0.9 were excluded from the analysis. For the anal-
yses, we used the argyle package and the PLINK ver. 1.9. (Chang
et al., 2015; Morgan, 2015).
Gga_rs13812139 0.971
Gga_rs14169707 0.970
Gga_rs14645079 0.971
Gga_rs14955642 0.972
Gga_rs15156959 0.973
Gga_rs15355522 0.971
Gga_rs15446715 0.970
Gga_rs15696835 0.973
Gga_rs16250090 0.972
GGaluGA331730 0.972

Table 4
The 10% GC values and their corresponding loci are 0.96 or above.

Locus Name 10 % GC Score

Gga_rs13623776 0.962
Gga_rs13651288 0.961
Gga_rs14113315 0.964
Gga_rs14278292 0.963
Gga_rs14321447 0.967
Gga_rs14389188 0.968
Gga_rs14406330 0.969
Gga_rs14603968 0.962
Gga_rs14645079 0.971
Gga_rs14691722 0.961
Gga_rs14774295 0.965
Gga_rs15143506 0.964
Gga_rs15169386 0.963
Gga_rs15839686 0.961
3. Results

A total of 53,313 SNPs were genotyped in the two pigeon
breeds. Evaluation of the GenCall and GenTrain scores was then
started. GenCall can be used to rank and filter out failed genotypes,
DNAs, and/or loci. The GenCall score cutoffs are used to assess
genotyping quality, with scores below 0.2 generally indicating
failed genotypes, whereas scores above 0.7 generally indicate
well-functioning genotypes (Edriss et al., 2013). In our case there
were no scores below 0.2, therefore all were placed in the well-
functioning category. In Table 1 and Table 2 we summarized the
per-sample GenCall rate values for the two groups (squab and rac-
ing pigeon). The average call rate for all the samples was 0.474,
whereas the average for the squab pigeon group was 0.501 and
for the racing pigeons, 0.447.

Table 3 and Table 4 show the GC values at 50% and 10%, respec-
tively, indicating the accuracy of genotyping in the loci. It can be
seen from the tables that of the 53,313 cases, only an extremely
small number, 11 and 21 loci remain after filtering at 0.96 and
0.97, respectively. Table 5 and Table 6 show the 50% and 10% GC
score values with different thresholds. For the GenTrain score,
out of 57,636 cases, 70 cases scored 0.95 or above, which are sum-
marized in Appendix Table S1.
Table 1
The GeneCall rate values for squab pigeons per-sample.

DNA ID Call rate

334 0.501
358 0.384
370 0.456
371 0.430
385 0.473
388 0.465
392 0.593
411 0.761
412 0.368
417 0.451
420 0.572
499 0.562
Mean 0.501

Gga_rs15898329 0.963
Gga_rs15919667 0.960
Gga_rs16101593 0.963
Gga_rs16265898 0.962
Gga_rs16729144 0.960
GGaluGA221832 0.962
GGaluGA346860 0.963

3

Allele call rateswere computed via SNPviewer, for a value of 49%.
This low value was probably due to the low number of individuals
and missing phenotypic values, and the call rate per sample was
0.474, which was also<50 %. We calculated the linkage disequilib-
rium (LD) value for each SNP, characterized by the correlation coef-
ficient (R2). This value can vary between 0 and 1, with 0 indicating
that in a pairwise comparison, the two alleles are inherited indepen-
dently (i.e., they are ‘‘in equilibrium” with each other), whereas a
value of 1 indicates complete linkage, i.e., the two alleles always



Table 5
Distribution of 50% GC scores of marker genotypes over all loci.

Tresholds Number of loci

0 < 0.15 11,559
0.15 < GC < 0.40 16,329
0.50 < GC < 0.60 3,317
0.70 < GC < 0.80 3,859
0.80 < GC < 0.90 4,991
0.90< 3,981

Table 6
Distribution of 10% GC scores of marker genotypes over all loci.

Tresholds Number of loci

0 < 0.15 40,619
0.15 < GC < 0.40 7,453
0.50 < GC < 0.60 682
0.70 < GC < 0.80 546
0.80 < GC < 0.90 624
0.90< 389
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occur together in the population. For all SNPs, 27% of our data set
showed complete linkage, probably due to the origin of the two
groups. The list of 356 SNPs remaining after quality control is sum-
marized in Appendix Table S2. After quality control and R2 testing,
we wanted to test the LD-based pruning for the 356 SNPs because
of the linkage results. To do this, we used the indep-pairwise com-
mand from PLINK, which prunes SNPs based on variance inflation
factor (VIF), and recursively removes those below the set value
within a sliding window. This method is based on pairwise geno-
typic correlation. This test generates two SNP lists, a list of excised
SNPs and another of retained SNPs. When a parameter of --50 5
0.5 was entered for the indep pairwise command, values greater
than 0.5 were excluded from the analysis, and in this case 179 SNPs
were excluded out of 356 SNPs. With a value of 0.9, 38 SNPs were
removed. These values support the percentage of R2 values per-
formed for all SNPs, as the percentage of SNPs with solid linkage is
negligible compared to those with medium linkage. In Table 7 we
summarized the R2 values of significant SNPs from the literature
(Luo et al., 2014; Mignon-Grasteau et al., 2015; Bihan-Duval et al.,
2018; Pampouille et al., 2018; Li and Li, 2019; Zhang et al. in 2020).

Principal component analysis were performed to investigate the
overlap between the two breeds. After stringent quality control
(QC) conditions, 356 SNPs remained in the study and were used
for principal component analysis (PCA) (Fig. 1).

As shown in Fig. 1, the two groups are not entirely separated;
they overlap. The reason can be that the two pigeon types
employed for different purposes still not to be significantly sepa-
rated from each other on molecular genetic level. This can also
be explained by the fact that muscles play an important role in
both utilization types. One individual was an outlier in the squab
pigeon group and two individuals in the racing pigeon group.
4. Discussion

Currently, commercially available DNA chips are species-
specifically effective. They are also applicable with lower efficiency
even in some taxonomically related or chromosomally similar spe-
cies (Pertoldi et al., 2010; Hofman et al., 2013; Minias et al., 2019;
Abdelmanova et al., 2021; Fountain et al., 2021).

In 2021, Berry et al. quantified the rate of genotype and allele
matching between single nucleotide polymorphism (SNP) geno-
types differing in GenCall (GC) score on 771 cattle and 80 sheep
samples. They found that the effect was larger and more consistent
4

in the cattle population with more individuals than in the sheep
population. In this study, we used thresholds (Oliphant et al.,
2002) for GenCall, which put genotypes into the relatively well-
functioning category. Based on the GenTrain measure (Luigi-
Sierra et al., 2021), 5.29% of our data fell into the category of 0.5
or below, whereas 75% of the data were 0.8 or above. In fact, out
of 57,636 cases, 70 scores of 0.95 or higher were obtained. Studies
on phylogenetically divergent taxa can provide important clues to
low call rates; in 2013, Hoffman et al. used a CanineHD BeadChip to
genotype 24 Antarctic fur seals (Arctocephalus gazella). Seals and
dogs diverged about 44 million years ago, resulting in a genotyping
rate of 19.2%. The effectiveness of DNA chips has also been tested
in non-model organisms, but closely related within species, in
orangutans (Pongo spp.), chimpanzees (Pan troglodytes), and goril-
las (Gorilla spp.) (Fountain et al., 2021). Using a specific microarray
technique, the recovery rates of polymorphic SNPs were slightly
higher than in their previous studies (4% in chimpanzees, 4% in
gorillas, and 5% in orangutans). However, their high relative geno-
typing rates may be due to a relatively recent separation from the
common ancestor (Fountain et al., 2021). In our case, the separa-
tion of pigeons and chickens occurred 85 million years ago
(Claramunt and Cracraft, 2015), which, in addition to the low num-
ber of individuals and missing phenotypes, probably accounts for
the low call rate (49%).

The reliability of genotyping is usually estimated with several
measures, two of which are the 50% GC score and the 10% GC score.
For each sample, this represents the 10th and 50th percentiles,
respectively, of the distribution of GenCall scores across all called
genotypes. At very high values, such as 0.96 and 0.97, 11 and 21
loci were detected. However, the smaller the value we used after
filtering, the more loci remained in our data series, which suggests
the success of the medium call rate.

SNPs were evaluated via the squared correlation value (R2) of
the linkage disequilibrium. The design and interpretation of
genetic association studies depend on the relationship between
the genotyped variants and are often parameterized as the squared
correlation or R2 measure of linkage disequilibrium between two
loci (Wray, 2005). When designing association studies, selecting
markers that are representative of the LD landscape of the region
under study is common, such that the excludedmarkers are in high
LD with one or a combination of the selected markers, for example,
when studying associations with disease. A similar method can
also be used to perform SNP selection, excluding markers with R2

values greater than a certain threshold with any of the selected
markers (e.g., Carlson et al., 2004). This involves selecting SNPs
based on their frequency to increase the likelihood of detecting
an association with a nearby LD (Garner and Slatkin, 2003;
Ohashi and Tokunaga, 2001). A similar method can also be used
to perform SNP selection, excluding markers with an R2 greater
than a certain threshold with any of the selected markers (e.g.
Carlson et al, 2004). This involves selecting SNPs based on their fre-
quency to increase the likelihood of detecting an association with a
nearby square (Garner and Slatkin, 2003; Ohashi and Tokunaga,
2001). This method, which excludes SNPs only if the R2 with the
retained SNP is greater than a certain t threshold, imposes strin-
gent constraints on the allele frequencies of the excluded SNPs.
For the 356 SNPs that remained after the quality check, we
searched the NCBI dbSNP database (https://www.ncbi.nlm.nih.-
gov/snp/) and found 7 studies that examined 8 SNPs that were also
detected in our dataset (Li et al., 2013; Luo et al, 2014; Mignon-
Grasteau et al., 2015; Bihan-Duval et al., 2018; Pampouille et al.,
2018; Li and Li, 2019; Zhang et al., 2020), and the literature found
suggests that these SNPs are associated with meat production, feed
utilization, and abdominal fat development in poultry.

Pairwise epistatic interaction was investigated using a 60 K sin-
gle nucleotide polymorphism (SNP) chip in an 11th generation
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Table 7
SNPs based on literature with R2 values.

SNP CHR_A BP_A SNP_A CHR_B BP_B SNP_B R2

Gga_rs14769351 Z 51,758,183 Gga_rs13768836 Z 51,933,697 Gga_rs14769351 0.282
Z 51,804,319 Gga_rs14769274 Z 51,933,697 Gga_rs14769351 0.317
Z 51,838,052 GGaluGA353240 Z 51,933,697 Gga_rs14769351 0.259
Z 51,861,645 Gga_rs14769311 Z 51,933,697 Gga_rs14769351 0.329
Z 51,874,066 GGaluGA353255 Z 51,933,697 Gga_rs14769351 0.316
Z 51,902,294 Gga_rs14769339 Z 51,933,697 Gga_rs14769351 0.326
Z 51,933,697 Gga_rs14769351 Z 52,093,707 Gga_rs14769471 0.045
Z 51,933,697 Gga_rs14769351 Z 52,110,787 GGaluGA353313 0.234
Z 51,933,697 Gga_rs14769351 Z 52,127,726 GGaluGA353318 0.044
Z 51,933,697 Gga_rs14769351 Z 52,149,216 Gga_rs14769506 0.258

Gga_rs14902012 1 151,513,250 GGaluGA050024 1 151,674,077 Gga_rs14902012 0.446
1 151,541,208 Gga_rs13955386 1 151,674,077 Gga_rs14902012 1
1 151,674,077 Gga_rs14902012 1 151,716,082 Gga_rs15460229 1
1 151,674,077 Gga_rs14902012 1 151,723,704 Gga_rs13955548 0.568
1 151,674,077 Gga_rs14902012 1 151,798,977 Gga_rs13955659 0.345
1 151,674,077 Gga_rs14902012 1 151,846,128 Gga_rs15460398 0.349
1 151,674,077 Gga_rs14902012 1 151,882,692 Gga_rs13955712 0.9
1 151,674,077 Gga_rs14902012 1 151,895,690 Gga_rs13955716 0.323
1 151,616,243 GGaluGA050037 1 151,674,077 Gga_rs14902012 0.742

Gga_rs15060839 2 8,366,215 Gga_rs14135744 2 8,567,871 Gga_rs15060839 0.415
2 8,399,260 Gga_rs14135812 2 8,567,871 Gga_rs15060839 0.215
2 8,427,707 Gga_rs14135839 2 8,567,871 Gga_rs15060839 0.228
2 8,458,409 GGaluGA132838 2 8,567,871 Gga_rs15060839 1
2 8,498,212 GGaluGA132855 2 8,567,871 Gga_rs15060839 0.511
2 8,533,018 GGaluGA132861 2 8,567,871 Gga_rs15060839 0.612
2 8,567,871 Gga_rs15060839 2 8,650,283 Gga_rs13536859 1
2 8,567,871 Gga_rs15060839 2 8,677,097 GGaluGA132897 0.555
2 8,567,871 Gga_rs15060839 2 8,716,749 Gga_rs13536888 0.538
2 8,567,871 Gga_rs15060839 2 8,751,462 GGaluGA132922 0.200

Gga_rs15990597 Z 73,314,219 Gga_rs16683601 Z 73,541,821 Gga_rs15990597 0.285
Z 73,335,087 Gga_rs14685517 Z 73,541,821 Gga_rs15990597 0.333
Z 73,354,579 Gga_rs14685507 Z 73,541,821 Gga_rs15990597 0.217
Z 73,389,952 Gga_rs14685494 Z 73,541,821 Gga_rs15990597 0.409
Z 73,432,595 Gga_rs15991578 Z 73,541,821 Gga_rs15990597 0.831
Z 73,456,840 Gga_rs14743561 Z 73,541,821 Gga_rs15990597 0.457
Z 73,479,829 Gga_rs16087363 Z 73,541,821 Gga_rs15990597 0.269
Z 73,541,821 Gga_rs15990597 Z 73,593,177 Gga_rs14684720 0.228
Z 73,541,821 Gga_rs15990597 Z 73,638,063 Gga_rs15990713 0.727
Z 73,541,821 Gga_rs15990597 Z 73,657,363 Gga_rs14684801 1
Z 73,541,821 Gga_rs15990597 Z 73,680,011 Gga_rs14684826 0.731
Z 73,541,821 Gga_rs15990597 Z 73,723,053 Gga_rs15990798 0.425
Z 73,541,821 Gga_rs15990597 Z 73,743,296 Gga_rs14684876 0.439

Gga_rs16650878 8 30,476,893 Gga_rs15942756 8 30,630,313 Gga_rs16650878 0.587
8 30,484,231 Gga_rs16650811 8 30,630,313 Gga_rs16650878 1
8 30,516,115 Gga_rs14658627 8 30,630,313 Gga_rs16650878 0.765
8 30,518,213 GGaluGA333545 8 30,630,313 Gga_rs16650878 0.533

GGaluGA287132 5 49,329,620 Gga_rs14543719 5 49,506,678 GGaluGA287132 0.272
5 49,336,875 GGaluGA287110 5 49,506,678 GGaluGA287132 0.245
5 49,357,471 GGaluGA287112 5 49,506,678 GGaluGA287132 1
5 49,398,171 Gga_rs16505237 5 49,506,678 GGaluGA287132 1
5 49,477,573 Gga_rs14543773 5 49,506,678 GGaluGA287132 1
5 49,506,678 GGaluGA287132 5 49,529,646 Gga_rs16505363 1
5 49,506,678 GGaluGA287132 5 49,588,594 Gga_rs14543844 0.272
5 49,506,678 GGaluGA287132 5 49,609,623 GGaluGA287141 0.392
5 49,506,678 GGaluGA287132 5 49,658,774 Gga_rs14543895 1
5 49,506,678 GGaluGA287132 5 49,694,082 Gga_rs16505461 0.264

GGaluGA263381 4 67,253,998 GGaluGA263285 4 67,437,915 GGaluGA263381 0.583
4 67,274,906 Gga_rs16426682 4 67,437,915 GGaluGA263381 0.463
4 67,289,718 Gga_rs14483584 4 67,437,915 GGaluGA263381 0.597
4 67,318,887 GGaluGA263331 4 67,437,915 GGaluGA263381 0.441
4 67,369,879 GGaluGA263357 4 67,437,915 GGaluGA263381 0.600
4 67,389,921 GGaluGA263363 4 67,437,915 GGaluGA263381 0.552
4 67,427,107 Gga_rs16426865 4 67,437,915 GGaluGA263381 0.214
4 67,437,915 GGaluGA263381 4 67,458,181 GGaluGA263389 0.814
4 67,437,915 GGaluGA263381 4 67,491,463 GGaluGA263399 0.468
4 67,437,915 GGaluGA263381 4 67,494,877 GGaluGA263401 0.432
4 67,437,915 GGaluGA263381 4 67,590,939 GGaluGA263439 0.576
4 67,437,915 GGaluGA263381 4 67,618,962 Gga_rs14483890 0.349
4 67,437,915 GGaluGA263381 4 67,663,914 GGaluGA263464 1
4 67,437,915 GGaluGA263381 4 67,678,721 GGaluGA263467 0.650

GGaluGA273676 5 8,625,056 Gga_rs14511113 5 8,758,944 GGaluGA273676 0.323
5 8,758,944 GGaluGA273676 5 8,841,213 GGaluGA273721 0.290
5 8,758,944 GGaluGA273676 5 8,914,272 Gga_rs16460497 1
5 8,758,944 GGaluGA273676 5 8,922,412 GGaluGA273743 0.251
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Fig. 1. Clustering of two species (12 individuals per group) with Principal Component Analysis using autosomal loci.
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broiler chicken line differentially selected for abdominal fat con-
tent by Li et al. (2013). They performed network analysis and found
that SNPs located in the middle of the subnetwork,
Gga_rs14303341 and Gga_rs14988623, are important nodes in
the development of abdominal fat (Jiang et al., 2014). In this study,
the function of 5 genes in one of the subnetworks was significantly
affected in the SNP Gga_rs14988623, which we also detected. The
protein encoded by the FPGT gene is involved in an alternative
pathway with a role in mammalian tissue formation (Makunin
et al., 2016). TNNI3K is a cardiac-specific kinase that plays an
important role in the cardiovascular system (Rabie et al., 2005).
CRYZ is the major protein of the vertebrate eye lens (Graw,
2009). The protein encoded by the LHX8 gene is a member of the
LIM homeobox protein family, which is involved in patterning
and differentiation of various tissue types (Nakamura et al,
2008). In our study, the Gga_rs14988623 SNP on chromosome 13
also showed a high R2 value in all pairwise comparisons (Table 1),
indicating high heritability, and a high GenTrain score (0.761).

A similar study was conducted by Zhang et al. in 2020 on chick-
ens’ carcass, growth and meat characteristics. For this study, lean
and fat broiler chicken lines were selected and a total of 132 hap-
lotypes were significantly associated with abdominal fat mass,
among which the SNP Gga_rs15060839 on chromosome 2 was
mentioned, which we also detected in our data. In this case, we
also obtained a high GenTrain value (0.8208), but the R2 value
was high in only one case (Table 7).

In 2014, Luo and colleagues investigated the major loci influ-
encing the immune response to IBV, using 43,211 SNP markers to
perform a genome-wide association study. This study identified
20 single-nucleotide polymorphisms that affect the levels of anti-
IBV antibodies (Patterson et al., 2006; Petit et al., 2017). These
included the GGaluGA287132 SNP located on chromosome 5. It
was also located on chromosome 5 in our pigeon samples, but in
our case it showed a low R2 value in pairwise comparisons
(Table 7), but the GenTrain score was very high (0.923) (Table S1).
6

In 820 meat chickens, birds were studied for growth, feed intake
and feed conversion ratio, breast and abdominal fat yield, and
digestive tract anatomy (Mignon-Grasteau et al., 2015). 16 QTLs
were detected for feed intake, 13 for feed efficiency, 49 for
anatomy-related traits, 7 for growth, 6 for body composition and
10 for selection. Among the QTL, several QTL were found in the
same position for traits that are very similar but occur at different
ages. Such traits were feed intake, body weight and development of
digestive tract anatomy. However, in this case, as only two SNPs
were detected that were quite close to each other, the accuracy
of localisation on this chromosome was poor. In this study, the
SNP Gga_rs14769351 was on chromosome ZW, which we also
detected among our samples. This SNP did not show a high R2

value in our case (Table 7), but its GenTrain value was very high
(0.898) (Table S1).

SNPs and QTL regions associated with meat quality traits were
investigated in two different lines of chickens with meat defects
(Pampouille et al., 2018). Several candidate genes involved in mus-
cle metabolism and structure, as well as muscle dystrophies were
identified. More than one third of the detected SNPs were located
on GGA4 and two QTL regions (QTL3, QTL4) were identified. The
first one (QTL3) was determined by a unique SNP (GGa-
luGA263381) that regulates both PMY and BMY (Markljung et al.,
2012; Pampouille et al., 2018). We detected this SNP on chromo-
some 4 in pigeons, the R2 value was variable when tested, however
the GenTrain value was high (0.921) (Table S1).

The SNP Gga_rs14902012 was also detected in pigeon samples,
which was tested for pyloric pH by Bihan-Duval et al., 2018. In
pairwise comparisons, this SNP occurred in 2 cases, one with a
low value (0.446) and the other with the highest value (1), (Table 7)
with a high GenTrain value (0.893) (Table S1).

SNP GgaluGA273676 is found in pigeons and has been studied
in the past in relation to body weight in male birds (Li and Li,
2019). The R2 values in our case were low, with one case with a
maximum value and a high GenTrain value (0.833).
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All of the 8 SNPs found had a high GenTrain value in the pigeons,
and from the R2 values it can also be concluded that these SNPs are
inherited with relatively high reliability. In the future, during our
investigations involving phenotypic data, these SNPs linked tomeat
quality could be targeted, and it can also be determined, at the indi-
vidual level, in pigeons of which utilization type they occur in.

5. Conclusion

Despite the small number of elements and the lack of pheno-
typic data, SNPs that remained in the study after quality control
could be associated with meat quality. We expected relatively
weak genotyping values, which can be related to the low number
of individuals and early evolutionary segregation. We found that
the DNA chip developed for chickens can be used for genotyping
domestic pigeons.

In the future, it would be worthwhile to conduct the experi-
ment with biometric data (e.g. body weight, girth, breast bon
length, height) during which many additional analyzes could be
included. Therefore, we would like to record the body weight, body
circumference and sternum length of the pigeons, as well as to
examine the function of the already identified SNPs and possibly
identify new ones. A correlation study could be conducted between
gene polymorphisms and biometric data looking for significance,
and allele and genotype frequencies, allele frequency variences
and Hardy-Weinberg distribution could be examined per locus.
Furthermore, we would like to find an answer to whether there
is a difference between the genetic backgrounds of meat pigeons
and homing pigeons. Also, we plan to conduct GWAS studies with
a larger sample size and more breeds.

6. Data and model availability statement

None of the data were deposited in an official repository. The
data presented in this study are available on request from the cor-
responding author.

Funding

Supported by the ÚNKP-21–4 New National Excellence Program
of the Ministry for Innovation and Technology from the source of
the National Research, Development and Innovation Fund.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

We thank Erzsébet Fejes for language corrections, and the
anonymous Reviewers for scientific comments on the manuscript.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.sjbs.2023.103594.
References

Abdelmanova, A.S., Dotsev, A.V., Romanov, M.N., Stanishevskaya, O.I., Gladyr, E.A.,
Rodionov, A.N., Vetokh, A.N., Volkova, N.A., Fedorova, E.S., Gusev, I.V., 2021.
Unveiling comparative genomic trajectories of selection and key candidate
7

genes in egg-type russian white and meat-type white cornish chickens. Biology
10, 876. https://doi.org/10.3390/biology10090876.

Bagi, Z., Kusza, S. Values of Hungarian pigeon breeding. 2014. AAD. (57), 9–14.
https://doi.org/10.34101/actaagrar/57/1952

Barendse, W. 2009. Genetic-based diagnostic tools for predicting meat quality. In:
Improving the sensory and nutritional quality of fresh meat, CSIRO Livestock
Industries, Australia. 292–317. https://doi.org/10.1533/9781845695439.2.292.

Berry, D.P., Dunne, F.L., Evans, R.D., McDermott, K., O’Brien, A.C., 2021. Concordance
rate in cattle and sheep between genotypes differing in Illumina GenCall quality
score. Anim. Genet. 52 (2), 208–213. https://doi.org/10.1111/age.13043.

Bigi, D., Mucci, N., Mengoni, C., Baldaccini, E.N., Randi, E., 2016. Genetic
investigation of Italian domestic pigeons increases knowledge about the long-
bred history of Columba livia (Aves: Columbidae). Ital. J. Zool. 83, 173–182.
https://doi.org/10.1080/11250003.2016.1172121.

Bihan-Duval, E.L., Hennequet-Antier, C., Berri, C., Beauclercq, S.A., Bourin, M.C.,
Boulay, M., Boitard, S., 2018. Identification of genomic regions and candidate
genes for chicken meat ultimate pH by combined detection of selection
signatures and QTL. BMC Genom. 19 (1), 294. https://doi.org/10.1186/s12864-
018-4690-1.

Boer, E.F., Van Hollebeke, H.F., Park, S., Infante, C.R., Menke, D.B., Shapiro, M.D.,
2019. Pigeon foot feathering reveals conserved limb identity networks. Dev.
Biol. 454, 128–144. https://doi.org/10.1016/j.ydbio.2019.06.015.

Carlson, C.S., Eberle, M.A., Rieder, M.J., Yi, Q., Kruglyak, L., Nickerson, D.A., 2004.
Selecting a maximally informative set of single-nucleotide polymorphisms for
association analyses using linkage disequilibrium. AJHG 74, 106–120. https://
doi.org/10.1086/381000.

Chang, C.C., Chow, C.C., Tellier, L.C., Vattikuti, S., Purcell, S.M., Lee, J.J., 2015. Second-
generation PLINK: rising to the challenge of larger and richer datasets.
GigaScience 4 (1), s13742–s14015. https://doi.org/10.1186/s13742-015-0047-
8.

Chang, C.C., Silva, B.B.I., Huang, H.Y., Tsai, C.Y., Flores, R.J.D., Tayo, L.L., Yang, J.L.,
2021. Development and validation of KASP assays for the genotyping of racing
performance-associated single nucleotide polymorphisms in pigeons. Genes 12,
1383. https://doi.org/10.3390/genes12091383.

Claramunt, S., Cracraft, J., 2015. A new time tree reveals Earth history’s imprint on
the evolution of modern birds. Sci. Adv. 1, e1501005.

Darwin, C. 1859. On the Origin of Species by Means of Natural Selection John
Murray, London, pp. 336.

Debus, N., Dutour, A., Vuaroqueaux, V., Oliver, C., Ouafik, L.H., 2001. The ovine
somatostatin receptor subtype 1 (osst1): partial cloning and tissue distribution.
Domest. Anim. Endocrinol. 21, 73–84. https://doi.org/10.1016/s0739-7240(01)
00109-6.

Dementieva, N.V., Mitrofanova, O.V., Dysin, A.P., Kudinov, A.A., Stanishevskaya, O.I.,
Larkina, T.A., Plemyashov, K.V., Griffin, D.K., Romanov, M.N., Smaragdov, M.G.,
2021. Assessing the effects of rare alleles and linkage disequilibrium on
estimates of genetic diversity in the chicken populations. Animal 15 (3), 1751–
7311. https://doi.org/10.1016/j.animal.2021.100171.

Dybus, A., Pijanka, J., Cheng, Y.H., Sheen, F., Grzesiak, W., Muszyńska, M., 2006.
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