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Abstract. The quantitative trait loci associated with the immune properties of chickens are of interest from the
point of view of obtaining animals resistant to infectious agents using marker-assisted selection. In the process
of selecting markers for genomic selection in broiler-type chickens, a non-standard genotype frequency of the
RACKT gene allele (SNP Gga_rs15788101) in the B5 line of broiler-type chicken cross Smena 8 was identified and
it was suggested that this gene was involved in selection. Therefore, it was decided to investigate the available
polymorphisms in the three genes responsible for the IgY titer (DMA, RACKT and CD1B). Molecular typing of single
nucleotide polymorphisms of three loci revealed an approach to fixation of the unfavorable allele of the DMA gene
(SNP Gga_rs15788237), an approach to fixation of the unfavorable allele of the RACK7 gene and the prevalence of
the favorable CD1B gene allele (SNP Gga_rs16057130). Analysis of the haplotypes revealed a strong linkage disequi-
librium of these genes. This suggests that these genes experience selection pressure. Analysis of the protein-coding
sequences of the CD1B and DMA genes of various breeds of chickens revealed a negative selection of these genes.
In order to understand whether the fixation of the studied alleles is the result of artificial selection of the B5 line of
the cross Smena 8, an analysis of similar loci in layer chickens Hisex White was carried out. The frequencies of the
alleles at the loci of the CD1B gene (Gga_rs16057130) and the RACKT gene (Gga_rs15788101) in the Hisex White
chicken genome differ from the frequencies of the alleles obtained for chickens of the B5 line of the cross Smena 8.
It can be assumed that the fixation of the allele in the DMA gene (SNP Gga_rs15723) is associated with artificial or
natural selection, consistent in broilers and layers. Changes in the loci Gga_rs16057130 and Gga_rs15788101 in the
B5 line of the Smena 8 chickens are most likely associated with artificial selection of broiler productivity traits, which
can subsequently lead to fixation of alleles at these loci. Artificial breeding of chickens leads to degradation of the
variability of genes encoding elements of the immune system, which can cause a decrease in resistance to various
diseases. The study of the negative impact of selection of economic traits on immunity should provide means to
mitigate negative consequences and help find ways to obtain disease-resistant animals.
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MNHTEPEeC C TOUKMN 3PEeHNA NONYUYEHNA YCTOMUMBBIX K MHOEKLMOHHbBIM areHTam »KMBOTHbIX NPU NOMOLUM MapKep-
OMnoCcpeAoBaHHO (reHoMHoOW) cenekumu. B npouecce nof6opa MapKepoB AnsA reHOMHON cenekuyun y Kyp 6poii-
NepHOro Tuna BbiABNeHa HecTaHJapTHaA yacTtota annend reHa RACKT (SNP Gga_rs15788101) y Kyp nuHum B5
MACHOTo Kpocca cenekumm Cr'L «CmeHa» 1 BO3HMKIO NPefnonoXeHNe O TOM, YTO STOT reH BOBJIEYEH B CENeKLMI0.
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MosTomy 6bIN10 peLleHo NccneaoBaTb AOCTYMHbIE NOAMMOPGU3MbI B TPEX reHax, OTBETCTBEHHbIX 3a TUTP IgY (DMA,
RACKT n CD1B). MoneKynapHoe TUN1poBaHmne OfHOHYKIEOTUAHbBIX NOAMMOPGU3MOB TPEX JIOKYCOB NOKa3asno npu-
6nmkeHre K Prkcaumm HebnaronpuATHbIX annenein reHos DMA (SNP Gga_rs15788237) n RACKT n npeobnagaHue
6naronpusTHoro annensi reHa CD1B (SNP Gga_rs16057130). MNpu aHanv3e ranioTMnoB BbIBNEHO CUNIbHOE He-
paBHOBeCHOe cLenieHne STUX reHOB. OTO CBUAETENbCTBYET O TOM, YTO AaHHbIE FeHbl UCMbITbIBAIOT CeNeKLNUOHHOE
ZaBneHue. ViccnefoBaHue 6enoK-KogupyoLwmx nocneaoBatenbHocTel reHoB CD1B u DMA pa3nnyHbix Nopoa Kyp
NPOAEMOHCTPUPOBAJIO HEraTUBHYIO CeNeKLMIo STUX reHOB. 1A Toro utobbl NOHATbL, ABNAETCA NN PpUKCauma n3y-
YeHHbIX annenen pesynbTaTomM HanpaBAeHHON cenekummn Kyp nuHum b5 macHoro kpocca Cr'L «CmeHna», npoBefeH
aHaNn3 aHanorMyYHbIX TOKYCOB Y KYp ANYHON cenekumm «Xaiceke 6enblit». YacToTbl annenein B nokycax reHa CD1B
(Gga_rs16057130) v reHa RACKT (Gga_rs15788101) B reHOMe Kyp «XaiceKc 6enblii» OTINYAOTCA OT YacToT annenen,
nonyyeHHbIX Ana Kyp nnHumn b5 macHoro kpocca cenekuyun CrL «CmeHa». MoXHO NpeanonoXuTb, 4to prkcaumsa
annens B reHe DMA (SNP Gga_rs15788237) cBf3aHa C NCKYCCTBEHHbIM UM €CTECTBEHHBIM OTOOPOM, efIMHbIM A1
KYp MACHOW 1 AnYHON cenekuun. IameHeHmna B nokycax Gga_rs16057130 n Gga_rs15788101 y kyp nuHum b5 mac-
Horo Kpocca cenekuyun Cr'l «CmeHay, ckopee BCero, CBA3aHbl C MCKYCCTBEHHOW ceneKuuei MpU3HakoB NpoayKTyB-
HOCTV 6POIINEePOB, KOTOPas B AaNbHeNLIEM MOXET MPUBECTY K GUKCaLUy annenei B 3TUx noKycax. MickycctseHHasn
ceneKkuys Kyp BefieT K Aerpagauuy BapuabesnbHOCTU reHOB, KOAMPYIOLWMUX SNIeMeHTbl UMMYHHOW CUCTEMbI U, Kak
CnefCcTBME, YMEHBLLIEHUNIO PE3NCTEHTHOCTM K Pa3fnyHbiM 3aboneBaHmAM. /I3yyeHne HeraTMBHOrO BAVAHNA Cenek-
L1 XO3ANCTBEHHBIX MPU3HAKOB Ha UMMYHUTET JOMKHO CMOCOOCTBOBATL CHIKEHWIO OTPULLATENbHBIX MOCEACTBUIA

1 NMONCKY cnoco6os nonyyeHmAa pe3ncTeHTHbIX K 3aboneBaHNAM XNBOTHBIX.
KntoueBble c/ioBa: reHbl I/IMMyHHOIh CNCTEMDI KYP; ¢M Kcauuma annenemn; HeraTuBHasA cenekyums.

Introduction

Selecting production traits in the broiler chicken has a negative
effect on the breed’s resistance to infectious diseases (Zekarias
etal., 2002) and harms their immune competence. On the other
hand, resistant chickens are poor producers, e.g. high leucosis
resistance in layers reduces egg yield. The only exclusion to
this rule has been known so far is resistance to Marek’s disease
that stimulates egg laying (Zekarias et al., 2002). One of the
studies has demonstrated that broilers produce a short-term
humoral response, while layers — a long-term humoral and
strong cell-mediated response (Koenen et al., 2002). Another
study claims genetic selection to improve the broiler’s grow-
ing trait reduces the humoral and increases the cell-mediated
and inflammatory responses (Cheema et al., 2003). There
are studies proving intensive selection has no negative effect
on poultry immune competence (Emam et al., 2014). At the
same time, there is a theory saying the resources necessary
for physiologically normal immunity are taken to provide the
productivity trait in chicken (Zekarias et al., 2002).

After it was found out that antibody titers are genetically
inherited, the certain genes affecting this process were detected
(Yonash et al., 2001; Kaiser et al., 2002). The quantitative
trait loci associated with the immune properties in Gallus
gallus belong to different chromosomes (Slawinska, Siwek,
2013; Zhang et al., 2015). A genome-wide search for associa-
tions allowed one to detect in chromosomes 1, 3, 5, 12 and
16 nine single-nucleotide polymorphisms (SNPs) in the loci
associated with total immunoglobulin Y (IgY) concentration
in sera. The most significant five of them are located within
a narrow region covering 0.26 Mb of chromosome 16 in the
MHC-B locus that determines resistance to viral, bacterial and
parasitic infections in chickens. Locus’s variability determines
a breed’s resistance to different pathogens (Iglesias et al.,
2019). Keeping in mind that the number of haplotypes in the
locus is almost one order lower in broilers than in their wild
ancestors, it partially may explain the difference in resistance
(Nguyen-Phuc et al., 2016). The genes of this region may play
a crucial role in immune response modulation (Zhang et al.,
2015), so chickens produce IgY to provide their offsprings
with an effective humoral response to the most wide-spread

pathogens before their own immune system matures (Dias da
Silva, Tambourgi, 2010). While choosing genomic selection
markers in the parental lines of the B5 line/Smena 8 cross
broilers, a nonstandard allele genotype of the RACK1 gene
was identified and a suggestion was made that it might be
involved in the selection process. For that reason, a decision
was made to study the polymorphisms of all the three genes
responsible for the IgY titer.

Materials and methods
To isolate the DNA, feather samples from the 100 broilers
belonging to the 79th generation of the B5 line/ Smena 8 cross
(Cornish breed) bred at Breeding and Genetic Center “Smena”
were collected. To isolate the DNA of layer chickens, the
feather samples of 48 the Hisex White layer chickens bred at
the Zagorskoe Experimental Farm of Federal Scientific Center
”All-Russian Research and Technological Poultry Institute”
of the Russian Academy of Sciences were used. The DNA
was isolated from the animals’ quill of 0.3—0.5 cm in length
as it is required by the investigation protocol for the M-sorb
kit (No. HG-501, Syntol LLC, Russia). The PCR required
1.5 pl of isolated DNA and was performed in real time using
an ANK-M device (Institute for Analytical Instrumentation
of the Russian Academy of Sciences, Russia). The SNPs
were typed in two different ways: with the primers contain-
ing a modified LNA nucleoside on their 3" end (Latorra et
al., 2003); and introducing two different LNA nucleosides
into the 5’ end of a probe in a position compliment to an SNP
being studied. While the probe/target mismatch destabilized
the interaction, the proper positioning facilitated it. This was
due to the presence of LNA modification that significantly
changed the thermodynamic characteristics of the samples
(You et al., 2006). Using two different channels to detect a
fluorescent signal enabled us to detect an SNP in a single test
tube, increasing the assay’s effectiveness and simplifying data
interpretation. The primer/probe sequences for SNP detection
can be seen in Table 1.

Such dyes as 6-carboxyfluorescein (6FAM) and 5-carboxy-
rhodamine 6G (5SR6G) were used as fluorescent markers,
and the BHQ1 dye — as a quencher. The accumulated data

756 BaBunoscKkuii XXypHan reHeTtuku un cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 7



A.M. BopopauH, .M. Anekcees, K.E. lepacumos ...
.U, Tyuemcknia, A.A. Komapos, B.. OucrmHnH

2020
24.7

CeneKkuys NpoayKTUBHOCTA Kyp
BSIMAET Ha reHbl UMMYHHOW CUCTEMbI

Table 1. Studied SNPs and their positions in chromosome 16, genes responsible for IgY titers,

probes and primers used for the analysis

SNP Gene
Gga_rs16057130 CD1B
G>A

Gga_rs15788237 DMA
T>C

Gga_rs15788101 RACK1

A>G

Primer/probe sequences (5'—3’)

Note. Here and also in Table 2, 4 the nucleolytic sequence enhancing the IgY titer is marked in bold.

were put through the Ensamble genome browser at https://
www.ensembl.org/index.html (Zerbino et al., 2018). The
linkage disequilibrium was analyzed using the CubeX web-
tool (Gaunt et al., 2007) and the DNASp v.6 software (Ro-
zas et al., 2017). The positive and negative selection was
analyzed in the HyPhy software (Kosakovsky Pond, Frost,
2005) from the Datamonkey web server (http://datamonkey.
org) using the following sequences from GenBank:
AB268588.1,AY849318.1,NM_001024582.1, AB204802.1,
AY375530.1 for the CDI1B gene; AB268588.1, FJ770458.1,
NM 001099353.2, HM545127.1, AB426148.1 for the
DMA gene; and AY393848.1, M24193.1, NM_001004378.2,
CR386189.1, AY694127.1 for the RACKI gene. Protein se-
condary structure errors due to mutations were analyzed on
the Dim-Pred (Disorder inducing mutation prediction) server
at http://www.iitm.ac.in/bioinfo/DIM_Pred/ (Anoosha et al.,
2015). The protein 3D structures of corresponding genes were
modeled on the SWISS-MODEL web server at http://www.
expasy.ch/swissmod/SWISS-MODEL.html (Waterhouse et
al., 2018).

Results and discussion

SNP typing of the three loci responsible for enhanced IgY
titer in the B5 line/Smena 8 cross broilers was carried out.
All the three SNPs were localized within their corresponding
genes. Fixation of the allele Gga rs15788237 determining the
lowest IgY titer in the locus was revealed, as well as that of an
unfavorable allele Gga_rs15788101 and the predominance of
a favorable allele Gga rs16057130. The results of SNP typing
can be seen in Table 2.

CD1B gene. The CD1 proteins are a family that is similar
to MHC class I glycoproteins that expose alien and native
antigens, so they can be recognized by T-cells (Barral, Brenner,
2007). The ratio of synonymous (dS) and nonsynonymous
(dN) mutations in the 5’ coding sequences of the CD 1B gene in
the chickens of different origin demonstrated a negative selec-
tion to present in two regions. The analysis performed using
the HyPhy software showed the gene has two codon- altera-
tion regions that result in amino acid replacement (Table 3).

FEHETUKA U CENTIEKUMA XXUBOTHDbIX / ANIMAL GENETICS AND BREEDING

However, while replacing nonpolar valine by alanine may not
affect the protein’s structure and functions, a replacement of
polar serine by nonpolar glycine may significantly alter both
the structure and the way the protein interacts with ligands.
Analyzing the two mutations on the DIM-Pred server dem-
onstrated their destructive effect on the protein’s secondary
structure in which the coding glycine occurred to bind the
favorable SNP Gga rs16057130 allele. 3D modeling of the
protein’s structure revealed no visible changes in case of
mutual replacements.

DMA gene. The DMA gene encodes the alpha-chain of
glycoprotein being the receptor to expose alien antigens with
specialized T-cells (Chazara et al., 2011). The gene’s dN/dS
ratio suggests there is one negative selection site in this gene
(see Table 3). The Ser27Leu replacement does not disrupt the
protein’s secondary structure but can probably affect the way
it interacts with its surrounding and ligands. However, if the
site really presents in the DMA gene, a question rises why the
unfavorable allele prevails for the IgY titer. A possible expla-
nation can be a balancing selection when a positive selection is
substituted by a negative one if the allele frequency becomes
high. In this case allele fixation never occurs, so they cannot
be regarded either as favorable or unfavorable (Hurst, 2009).
In essence, the issue remains open.

RACKI gene. The gene encodes C1, an activated kinase
receptor subunit. Analysis of the gene’s dN/dS ratio reveals
no signs of the selection determined by the encoding part of
the gene, which is hardly a surprise, for this protein is very
conservative and 100% match of that in humans. Thus, the
hypothetic reason of RACKI selection remains unidenti-
fied and can be predetermined as by the encoding as by the
regulation sites in both encoding and non-encoding domains
(Chen, Blanchette, 2007; Koonin, Wolf, 2010). Since struc-
tural conservation can not be a strong selection factor of its
own (Drake et al., 2006; Katzman et al., 2007), several such
factors may probably exist.

The allele fixation effect that produces extended runs of
homozygosity as a response to environmental and artificial
selection factors has recently been found in chickens (Rubin
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Table 2. Genotypes and alleles distribution
in the B5 line/Smena 8 cross broilers (n = 100)

SNP Gene Genotype Allele
frequency
Gga_rs16057130  CDIB GG =0.09,AA=047, G=0.31,
G>A(1) GA=044 A=0.69
Gga_rs15788237  DMA TT=0.92,CC=0.00, T=0.96,
T>C TC=0.08 C=0.04
Gga_rs15788101 RACK1T  AA=0.87,GG=0.00, A =0.935,
A>G AG=0.13 G =0.065

Table 3. Nucleotide changes in the CD1B and DMA genes,
leading to amino acid replacements

Gene Nucleotide Codon Amino acid

change replacement
CD7B .......... -|->C ...................... GTG>GCG ............ Va|202A|a ..................
CD7B .......... G > A ...................... GGC>AGC ............ G|y283ser ..................
DMA ........... CA >-|-G .................. TCA >-|--|-G ............. 5er27|_eu ...................

et al., 2010; Fleming et al., 2016). The runs are 3 million
base pairs on average and contain a certain number of linked
homozygous SNPs (McQuillan et al., 2008; Keller et al.,
2011; Hedrick, GarciaDorado, 2016). Finding such runs al-
lows one to detect the genome regions and genes involved
in both natural and artificial selections. In tropical climate,
adaptation of chickens to traditional poultry production leads
to natural selection of birds with favorable genotypes, so the
frequency of corresponding alleles increases in the next gene-
rations, affecting the homeostasis and immune system genes
(Marchesi et al., 2018). For us to understand if the fixation
of studied alleles was the result of artificial selection in the
B5 line/Smena 8 cross broilers, analysis of similar loci in the
Hisex White layer chickens was carried out (Table 4).

Similar to the results obtained from the B5 line/Smena 8
chickens, the Hisex White layers had an allele Gga rs15788237
fixation in the locus. However, the allele frequencies Gga
rs16057130 and Gga rs15788101 in the Hisex White ge-
nome are different from the frequencies obtained for the B5/
Smena 8 chickens.

Based on the data obtained, an assumption can be made that
the allele fixation in DMA gene is related to either artificial or
natural selection that is similar for both layer and broiler chi-
ckens. The changes in Gga_rs16057130 and Gga rs15788101
loci observed in the B5 line/ Smena 8 cross chickens are most
likely related to artificial selection of the productivity traits
typical for broilers, which in the future may result in complete
allele fixation in these loci. While the fixation, the so-called
genetic hitchhiking can take place when an allele changes its
frequency not because it is being selected but because it is
located next to a gene being selected (Smith, Haigh, 1974,
Futuyma, 2013). This phenomenon may involve both favor-
able and unfavorable alleles of the neighboring gene.

Thus, the presented experiment has confirmed that artifi-
cial selection for productivity traits may possibly affect the
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Table 4. Allele and genotype frequencies distribution
in the genome region containing immune system genes
in the Hisex White chickens (n =48)

SNP Gene Genotype Allele
frequency

Gga_rs16057130 CDIB GG=0.21,AA=035  G=043,
G>A GA =044 A=0.57
Gga_rs15788237 DMA TT=0.92,CC=0.00, T=0.96,
T>C TC=0.08 C=0.04
Gga_rs15788101 RACK1T ~ AA=0.25,GG=0.06, A=0.59,
A>G AG =0.69 G=041

immune system of chickens, the effect that was first studied
by J.J. Lietal. (2017). Typing of the /F/H1 and IFIT5 innate
immunity genes has demonstrated an interaction between
the production traits and the immune system. It can also be
assumed that artificial selection of commercial traits may
result in passive selection for immune traits. A study to iden-
tify artificial selection regions in chickens (Ma et al., 2018)
detected two immunity genes: BCL2L 14 (apoptosis mediator)
and CDH13 (encoding protein enhancing immune resistivity
to Campylobacter jejuni). Resequencing of the cockfighting
chicken genome (Guo et al., 2016) detected multiple immunity
genes involved in the selection process.

All the authors mentioned above reported about the genes
being involved in selection but not directly related to produc-
tivity traits. However, they did not mention whether favorable
or unfavorable alleles were selected. The fact that unfavorable
alleles can be selected as well has long been known since
both artificial and natural selection increases the frequency
of the rare recessive alleles having a negative effect on vi-
ability (Hocking, 2014). This can be exemplified by skeleton
and muscle diseases in growing chickens and by multiple
ovulations in broilers’ adult parents (Hocking, 2014) mean-
ing the corresponding diseased genes are a part of the parent
lines. Other negative manifestations of artificial selections
include reduced resistance to infectious disease, pulmonary
hypertension and osteoporosis that can be promoted by nega-
tive pleiotropic effect or genetic hitchhiking (Elferink et al.,
2012). A stark example of such unexpected selection results
can be a 22% body mass increase in the chickens bred from
crossing the Livorno White lines, which were selected for a
long term to produce two-yolk eggs (Abplanalp et al., 1977).
All these data prove that selection affects multiple genes. In
our study, selection of two unfavorable and one favorable
alleles of a single trait was observed, which is important
because unfavorable alleles can be beneficial for artificial
selection. Forecasting of the unfavourability is based on the
variants that greatly affect the phenotype but often turn out to
be unstable in nature. However, in artificial conditions, these
variants may be quite viable (Hedrick, GarciaDorado, 2016;
Bosse et al., 2018).

Conclusion

Artificial selection in chickens leads to degradation of the vari-
ability of the genes encoding the immune system elements that
may worsen the birds’ resistance to certain diseases. Studying
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the negative effect productive trait selection has on the im-
munity may give us a tool not only to mitigate the effect but
also to breed disease-resistant animals.

References

Abplanalp H., Lowry D.C., Van Middelkoop J.H. Selection for increased
incidence of double-yolked egg in white leghorn chickens. Br: Poult.
Sci. 1977;18(5):585-595. DOI 10.1080/00071667708416407.

Anoosha P., Sakthivel R., Gromiha M.M. Prediction of protein disorder
on amino acid substitutions. Anal. Biochem. 2015;491:18-22. DOI
10.1016/j.ab.2015.08.028.

Barral D.C., Brenner M.B. CD1 antigen presentation: how it works.
Nat. Rev. Immunol. 2007;7(12):929-941. DOI 10.1038/nri2191.

Bosse M., Megens H.J., Derks M.F.L., de Cara AMR., Groe-
nen M.A.M. Deleterious alleles in the context of domestication, in-
breeding, and selection. Evol. Appl. 2018;12(1):6-17. DOI 10.1111/
eva.12691.

Chazara O., Tixier-Boichard M., Morin V., Zoorob R., Bed’hom B. Or-
ganisation and diversity of the class II DM region of the chicken
MHC. Mol. Immunol. 2011;48(9-10):1263-1271. DOI 10.1016/
j-molimm.2011.03.009.

Cheema M.A., Qureshi M.A., Havenstein G.B. A comparison of the
immune response of a 2001 commercial broiler with a 1957 ran-
dombred broiler strain when fed representative 1957 and 2001
broiler diets. Poult. Sci. 2003;82(10):1519-1529. DOI 10.1093/ps/
82.10.1519.

Chen H., Blanchette M. Detecting non-coding selective pressure in
coding regions. BMC Evol. Biol. 2007;7(Suppl 1):S9. DOI 10.1186/
1471-2148-7-S1-S9.

Dias da Silva W., Tambourgi D.V. IgY: a promising antibody for use
in immunodiagnostic and in immunotherapy. Vet. Immunol. Immu-
nophatol. 2010;135(3-4):173-180. DOI 10.1016/j.vetimm.2009.12.
011.

Drake J.A, Bird C., Nemesh J., Thomas D.J., Newton-Cheh C., Rey-
mond A., Excoffier L., Attar H., Antonarakis S.E., Dermitzakis E.T.,
Hirschhorn J.N. Conserved noncoding sequences are selectively
constrained and not mutation cold spots. Nat. Genet. 2006;38(2):
223-227.DOI 10.1038/ng1710.

Elferink M.G., Megens H.J., Vereijken A., Hu X., Crooijmans R.P.,
Groenen M.A. Signatures of selection in the genomes of commercial
and non-commercial chicken breeds. PLoS One. 2012;7(2):¢32720.
DOI 10.1371/journal.pone.0032720.

Emam M., Mehrabani-Yeganeh H., Barjesteh N., Nikbakht G., Thomp-
son-Crispi K., Charkhkar S., Mallard B. The influence of genetic
background versus commercial breeding programs on chicken im-
munocompetence. Poult. Sci. 2014;93(1):77-84. DOI 10.3382/ps.
2013-03475.

Fleming D.S., Koltes J.E., Markey A.D., Schmidt C.J., Ashwell C.M.,
Rothschild M.F., Persia M.E., Reecy J.M., Lamont S.L. Genomic
analysis of Ugandan and Rwandan chicken ecotypes using a 600 K
genotyping array. BMC Genom. 2016;17:407. DOI 10.1186/s12864-
016-2711-5.

Futuyma D.J. Evolution: Third Edition. Sunderland, MA: Sinauer As-
sociates, Inc., 2013. 656 p.

Gaunt T.R., Rodrigues S., Day I.N. Cubic exact solutions for the esti-
mation of pairwise haplotype frequencies: implications for linkage
disequilibrium analyses and a web tool ‘CubeX’. BMC Bioinform.
2007;8:428. DOI 10.1186/1471-2105-8-428.

Guo X., Fang Q., Ma C., Zhou B., Wan Y., Jiang R. Whole-genome
resequencing of Xishuangbanna fighting chicken to identify signa-
tures of selection. Genet. Sel. Evol. 2016;48(1):62. DOI 10.1186/
s12711-016-0239-4.

Hedrick P.W., Garcia-Dorado A. Understanding Inbreeding Depres-
sion, Purging, and Genetic Rescue. Trends Ecol. Evol. 2016;31(12):
940-952. DOI 10.1016/j.tree.2016.09.005.

Hocking P.M. Unexpected consequences of genetic selection in broilers
and turkeys: problems and solutions. Br: Poult. Sci. 2014;55(1):1-12.
DOI 10.1080/00071668.2014.877692.

FEHETUKA U CENTIEKUMA XXUBOTHDbIX / ANIMAL GENETICS AND BREEDING

2020
24.7

CeneKkuys NpoayKTUBHOCTA Kyp
BSIMAET Ha reHbl UMMYHHOW CUCTEMbI

Hurst L.D. Fundamental concepts in genetics: genetics and the un-
derstanding of selection. Nat. Rev. Genet. 2009;10(2):83-93. DOI
10.1038/nrg2506.

Iglesias G.M., Canet Z.E., Cantaro H., Miquel M.C., Melo J.E., Mil-
ler M.M., Berres M.E., Fulton J.E. Mhc-B haplotypes in “Campero-
Inta” chicken synthetic line. Poult. Sci. 2019;98(11):5281-5286.
DOI 10.3382/ps/pez431.

Kaiser M.G., Deeb N., Lamont S.J. Microsatellite markers linked to
Salmonella enterica serovar enteritidis vaccine response in young F1
broiler-cross chicks. Poult. Sci. 2002;81(2):193-201. DOI 10.1093/
ps/81.2.193.

Katzman S., Kern A.D., Bejerano G., Fewell G., Fulton L., Wilson R.K.,
Salama S.R., Haussler D. Human genome ultraconserved elements
are ultraselected. Science. 2007;317(5840):915. DOI 10.1126/
science.1142430.

Keller M.C., Visscher P.M., Goddard M.E. Quantification of inbreed-
ing due to distant ancestors and its detection using dense single nu-
cleotide polymorphism data. Genetics. 2011;189(1):237-249. DOI
10.1534/genetics.111.130922.

Koenen M.E., Boonstra-Blom A.G., Jeurissen S.H. Immunological
differences between layer and broiler type chickens. Vet. Immunol.
Immunophatol. 2002;89(1-2):47-56. DOI 10.1016/S0165-2427(02)
00169-1.

Koonin E.V., Wolf Y.I. Constraints and plasticity in genome and mole-
cular-phenome evolution. Nat. Rev. Genet. 2010;11(7):487-498.
DOI 10.1038/nrg2810.

Kosakovsky Pond S.L., Frost S.D. Not so different after all: a com-
parison of methods for detecting amino acid sites under selection.
Mol. Biol. Evol. 2005;22(5):1208-1222. DOI 10.1093/molbev/
msil05.

Latorra D., Campbell K., Wolter A., Hurley J.M. Enhanced allele-spe-
cific PCR discrimination in SNP genotyping using 3’ locked nucleic
acid (LNA) primers. Hum. Mutat. 2003;22(1):79-85. DOI 10.1002/
humu.10228.

Li JJ., Wang Y., Yang C.W., Ran J.S., Jiang X.S., Du H.R., Hu Y.D.,
Liu Y.P. Genotypes of IFIH1 and IFITS5 in seven chicken breeds in-
dicated artificial selection for commercial traits influenced antiviral
genes. Infect. Genet. Evol. 2017;56:54-61. DOI 10.1016/j.meegid.
2017.10.019.

MaY., Gu L., Yang L., Sun C., Xie S., Fang C., Gong Y., Li S. Identi-
fying artificial selection signals in the chicken genome. PLoS One.
2018;13(4):e0196215. DOI 10.1371/journal.pone.0196215.

Marchesi J.A.P., Buzanskas M.E., Cantdo M.E., Ibelli A.M.G., Peixo-
to J.0., Joaquim L.B., Moreira G.C.M., Godoy T.F., Sbardella A.P.,
Figueiredo E.A.P., Coutinho L.L., Munari DP., Ledur M.C. Relation-
ship of runs of homozygosity with adaptive and production traits in a
paternal broiler line. Animal. 2018;12(6):1126-1134. DOI 10.1017/
S1751731117002671.

McQuillan R., Leutenegger A.L., Abdel-Rahman R., Franklin C.S.,
Pericic M., Barac-Lauc L., Smolej-Narancic N., Janicijevic B., Po-
lasek O., Tenesa A., Macleod A.K., Farrington S.M., Rudan P., Hay-
ward C., Vitart V., Rudan 1., Wild S.H., Dunlop M.G., Wright A.F.,
Campbell H., Wilson J.F. Runs of Homozygosity in European Popu-
lations. Am. J. Hum. Genet. 2008;83(3):359-372. DOI 10.1016/
j-ajhg.2008.08.007.

Nguyen-Phuc H., Fulton J.E., Berres M.E. Genetic variation of major
histocompatibility complex (MHC) in wild Red Junglefowl (Gallus
gallus). Poult. Sci. 2016;95(2):400-411. DOI 10.3382/ps/pev364.

Rozas J., Ferrer-Mata A., Sanchez-DelBarrio J.C., Guirao-Rico S., Lib-
rado P., Ramos-Onsins S.E., Sanchez-Gracia A. DnaSP 6: DNA Se-
quence Polymorphism Analysis of Large Data Sets. Mol. Biol. Evol.
2017;34(12):3299-3302. DOI 10.1093/molbev/msx248.

Rubin C.-J., Zody M.C., Eriksson J., Meadows J.R., Sherwood E.,
Webster M.T., Jiang L., Ingman M., Sharpe T., Ka S., Hallbodk F.,
Besnier F., Carlborg O., Bed’hom B., Tixier-Boichard M., Jensen P.,
Siegel P., Lindblad-Toh K., Andersson L. Whole-genome rese-
quencing reveals loci under selection during chicken domestication.
Nature. 2010;464(7288):587-591. DOI 10.1038/nature08832.

759


https://doi.org/10.1080/00071667708416407
https://www.ncbi.nlm.nih.gov/pubmed/?term=Anoosha P%5BAuthor%5D&cauthor=true&cauthor_uid=26348538
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sakthivel R%5BAuthor%5D&cauthor=true&cauthor_uid=26348538
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gromiha MM%5BAuthor%5D&cauthor=true&cauthor_uid=26348538
https://www.ncbi.nlm.nih.gov/pubmed/26348538
https://www.ncbi.nlm.nih.gov/pubmed/?term=Barral DC%5BAuthor%5D&cauthor=true&cauthor_uid=18037897
https://www.ncbi.nlm.nih.gov/pubmed/18037897
https://doi.org/10.1038/nri2191#_blank
https://www.ncbi.nlm.nih.gov/pubmed/?term=Qureshi MA%5BAuthor%5D&cauthor=true&cauthor_uid=14601727
https://doi.org/10.1093/ps/82.10.1519
https://doi.org/10.1093/ps/82.10.1519
https://www.ncbi.nlm.nih.gov/pubmed/?term=Immunological+differences+between+layer-+and+broiler-type+chickens
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mehrabani-Yeganeh H%5BAuthor%5D&cauthor=true&cauthor_uid=24570426
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nikbakht G%5BAuthor%5D&cauthor=true&cauthor_uid=24570426
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thompson-Crispi K%5BAuthor%5D&cauthor=true&cauthor_uid=24570426
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thompson-Crispi K%5BAuthor%5D&cauthor=true&cauthor_uid=24570426
https://www.ncbi.nlm.nih.gov/pubmed/?term=Charkhkar S%5BAuthor%5D&cauthor=true&cauthor_uid=24570426
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mallard B%5BAuthor%5D&cauthor=true&cauthor_uid=24570426
https://www.ncbi.nlm.nih.gov/pubmed/?term=The+influence+of+genetic+background+versus+commercial+breeding+programs+on+chicken+immunocompetence
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gaunt TR%5BAuthor%5D&cauthor=true&cauthor_uid=17980034
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guo X%5BAuthor%5D&cauthor=true&cauthor_uid=27565441
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fang Q%5BAuthor%5D&cauthor=true&cauthor_uid=27565441
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ma C%5BAuthor%5D&cauthor=true&cauthor_uid=27565441
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou B%5BAuthor%5D&cauthor=true&cauthor_uid=27565441
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wan Y%5BAuthor%5D&cauthor=true&cauthor_uid=27565441
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jiang R%5BAuthor%5D&cauthor=true&cauthor_uid=27565441
https://www.ncbi.nlm.nih.gov/pubmed/27565441
https://www.ncbi.nlm.nih.gov/pubmed/19119264
https://doi.org/10.1093/ps/81.2.193
https://doi.org/10.1093/ps/81.2.193
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boonstra-Blom AG%5BAuthor%5D&cauthor=true&cauthor_uid=12208050
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jeurissen SH%5BAuthor%5D&cauthor=true&cauthor_uid=12208050
https://www.ncbi.nlm.nih.gov/pubmed/?term=Immunological+differences+between+layer-+and+broiler-type+chickens
https://doi.org/10.1016/S0165-2427(02)00169-1#_blank
https://doi.org/10.1016/S0165-2427(02)00169-1#_blank
https://doi.org/10.1093/molbev/msi105
https://doi.org/10.1093/molbev/msi105
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wolter A%5BAuthor%5D&cauthor=true&cauthor_uid=12815597
https://www.ncbi.nlm.nih.gov/pubmed/?term=Enhanced+Allele-Specific+PCR+Discrimination+in+SNP+Genotyping+Using+30+Locked+Nucleic+Acid+(LNA)+Primers
https://doi.org/10.1002/humu.10228
https://doi.org/10.1002/humu.10228
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li JJ%5BAuthor%5D&cauthor=true&cauthor_uid=29066169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang Y%5BAuthor%5D&cauthor=true&cauthor_uid=29066169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang CW%5BAuthor%5D&cauthor=true&cauthor_uid=29066169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ran JS%5BAuthor%5D&cauthor=true&cauthor_uid=29066169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jiang XS%5BAuthor%5D&cauthor=true&cauthor_uid=29066169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Du HR%5BAuthor%5D&cauthor=true&cauthor_uid=29066169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hu YD%5BAuthor%5D&cauthor=true&cauthor_uid=29066169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu YP%5BAuthor%5D&cauthor=true&cauthor_uid=29066169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Genotypes+of+IFIH1+and+IFIT5+in+seven+chicken+breeds+indicated+artificial+selection+for+commercial+traits+influenced+antiviral+genes
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ma Y%5BAuthor%5D&cauthor=true&cauthor_uid=29698423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gu L%5BAuthor%5D&cauthor=true&cauthor_uid=29698423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang L%5BAuthor%5D&cauthor=true&cauthor_uid=29698423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sun C%5BAuthor%5D&cauthor=true&cauthor_uid=29698423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xie S%5BAuthor%5D&cauthor=true&cauthor_uid=29698423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fang C%5BAuthor%5D&cauthor=true&cauthor_uid=29698423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gong Y%5BAuthor%5D&cauthor=true&cauthor_uid=29698423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li S%5BAuthor%5D&cauthor=true&cauthor_uid=29698423
https://www.ncbi.nlm.nih.gov/pubmed/29698423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marchesi JAP%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marchesi JAP%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cant�o ME%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ibelli AMG%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peixoto JO%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peixoto JO%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Joaquim LB%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Moreira GCM%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Godoy TF%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sbardella AP%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Figueiredo EAP%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Coutinho LL%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Munari DP%5BAuthor%5D&cauthor=true&cauthor_uid=29065939
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ledur MC%5BAuthor%5D&cauthor=true&cauthor_uid=29065939

A.M. Borodin, Ya.l. Alekseev, K.E. Gerasimov ...
L.I. Tuchemskiy, A.A. Komarov, V.I. Fisinin

Slawinska A., Siwek M. Meta - and combined - QTL analysis of diffe-
rent experiments on immune traits in chickens. J. Appl. Genet. 2013;
54(4):483-7. DOI 10.1007/s13353-013-0177-6.

Smith J.M., Haigh J. The hitch-hiking effect of a favorable gene. Genet.
Res. 1974;23(1):23-35. DOI 10.1017/S0016672308009579.

Waterhouse A., Bertoni M., Bienert S., Studer G., Tauriello G., Gumien-
ny R., Heer F.T., de Beer T.A.P., Rempfer C., Bordoli L., Lepore R.,
Schwede T. SWISS-MODEL: homology modelling of protein
structures and complexes. Nucleic Acids Res. 2018;46(W1):W296-
W303. DOI 10.1093/nar/gky427.

Yonash N., Cheng H.H., Hillel J., Heller D.E., Cahaner A. DNA micro-
satellites linked to quantitative trait loci affecting antibody response
and survival rate in meat-type chickens. Poult. Sci. 2001;80(1):22-
28. DOI 10.1093/ps/80.1.22.

You Y., Moreira B.G., BehLke M.A., Owczarzy R. Design of LNA
probes that improve mismatch discrimination. Nucleic Acids Res.
2006;34(8):¢60. DOI 10.1093/nar/gkl175.

Zekarias B., Ter Huurne A.A., Landman W.J., Rebel J.M., Pol J.M.,
Gruys E. Immunological basis of differences in disease resistance

ORCID ID

A.M. Borodin orcid.org/0000-0002-1478-1261
Ya.l. Alekseev orcid.org/0000-0002-1696-7684
K.E. Gerasimov orcid.org/0000-0003-3945-4969
N.V. Konovalova orcid.org/0000-0003-4316-1077
E.V. Terentjeva orcid.org/0000-0003-2777-0948

Chickens productivity selection
affects immune system genes

in the chicken. Vet. Res. 2002;33(2):109-125. DOI 10.1051/vetres:
2002001.

Zerbino D.R., Achuthan P., Akanni W., Amode M.R., Barrell D., Bhai J.,
Billis K., Cummins C., Gall A., Girén C.G., Gil L., Gordon L., Hag-
gerty L., Haskell E., Hourlier T., Izuogu O.G., Janacek S.H., Juette-
mann T., ToJ.K., Laird M.R., LavidasI., LiuZ., Loveland J.E., Mau-
rel T., McLaren W., Moore B., Mudge J., Murphy D.N., Newman V.,
Nuhn M., Ogeh D., Ong C.K., Parker A., Patricio M., Riat H.S.,
Schuilenburg H., Sheppard D., Sparrow H., Taylor K., Thormann A.,
Vullo A., Walts B., Zadissa A., Frankish A., Hunt S.E., Kostadi-
ma M., Langridge N., Martin F.J., Muffato M., Perry E., Ruffier M.,
Staines D.M., Trevanion S.J., Aken B.L., Cunningham F., Yates A.,
Flicek P. Ensembl 2018. Nucleic Acids Res. 2018;46(D1):D754-
D761. DOI 10.1093/nar/gkx1098.

Zhang L., LiP., LiuR., Zheng M., Sun Y., WuD., Hu Y., Wen J., Zhao G.
The identification of loci for immune traits in chickens using a ge-
nome-wide association study. PloS One. 2015;10(3):e0117269. DOI
10.1371/journal.pone.0117269.

D.N. Efimov orcid.org/0000-0002-4152-2476

Zh.V. Emanuilova orcid.org/0000-0002-8855-2947
L.I. Tuchemskiy orcid.org/0000-0002-6951-2843
A.A. Komarov orcid.org/0000-0002-1026-7513

V.l Fisinin orcid.org/0000-0003-0081-6336

Acknowledgments. The study was performed under state assignment No. 075-01297-20-00 of 18.12.2019 for Breeding and Genetic Center “Smena.”

Conflict of interest. The authors declare no conflict of interest.

Received March 02, 2020. Revised August 31, 2020. Accepted September 02, 2020.

760

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 7


https://www.ncbi.nlm.nih.gov/pubmed/?term=Slawinska A%5BAuthor%5D&cauthor=true&cauthor_uid=24114202
https://www.ncbi.nlm.nih.gov/pubmed/?term=Slawinska A%5BAuthor%5D&cauthor=true&cauthor_uid=24114202
https://www.ncbi.nlm.nih.gov/pubmed/?term=Siwek M%5BAuthor%5D&cauthor=true&cauthor_uid=24114202
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/ps/80.1.22
https://www.ncbi.nlm.nih.gov/pubmed/?term=You Y%5BAuthor%5D&cauthor=true&cauthor_uid=16670427
https://www.ncbi.nlm.nih.gov/pubmed/?term=Moreira BG%5BAuthor%5D&cauthor=true&cauthor_uid=16670427
https://www.ncbi.nlm.nih.gov/pubmed/?term=Owczarzy R%5BAuthor%5D&cauthor=true&cauthor_uid=16670427
https://www.ncbi.nlm.nih.gov/pubmed/?term=Design+of+LNA+probes+that+improve+mismatch+discrimination
https://dx.doi.org/10.1093%2Fnar%2Fgkl175#_blank
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ter Huurne AA%5BAuthor%5D&cauthor=true&cauthor_uid=11944802
https://www.ncbi.nlm.nih.gov/pubmed/?term=Landman WJ%5BAuthor%5D&cauthor=true&cauthor_uid=11944802
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rebel JM%5BAuthor%5D&cauthor=true&cauthor_uid=11944802
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pol JM%5BAuthor%5D&cauthor=true&cauthor_uid=11944802
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gruys E%5BAuthor%5D&cauthor=true&cauthor_uid=11944802
https://www.ncbi.nlm.nih.gov/pubmed/11944802
https://doi.org/10.1051/vetres:2002001
https://doi.org/10.1051/vetres:2002001
https://www.ncbi.nlm.nih.gov/pubmed/29155950
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li P%5BAuthor%5D&cauthor=true&cauthor_uid=25822738
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu R%5BAuthor%5D&cauthor=true&cauthor_uid=25822738
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zheng M%5BAuthor%5D&cauthor=true&cauthor_uid=25822738
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sun Y%5BAuthor%5D&cauthor=true&cauthor_uid=25822738
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wu D%5BAuthor%5D&cauthor=true&cauthor_uid=25822738
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hu Y%5BAuthor%5D&cauthor=true&cauthor_uid=25822738
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wen J%5BAuthor%5D&cauthor=true&cauthor_uid=25822738
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhao G%5BAuthor%5D&cauthor=true&cauthor_uid=25822738
https://doi.org/10.1371/journal.pone.0117269#_blank

