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Abstract: Marek’s Disease (MD) has a significant impact on both the global poultry economy and
animal welfare. The disease pathology can include neurological damage and tumour formation.
Sexual dimorphism in immunity and known higher susceptibility of females to MD makes the
chicken Z chromosome (GGZ) a particularly attractive target to study the chicken MD response.
Previously, we used a Hy-Line F6 population from a full-sib advanced intercross line to map MD QTL
regions (QTLRs) on all chicken autosomes. Here, we mapped MD QTLRs on GGZ in the previously
utilized F6 population with individual genotypes and phenotypes, and in eight elite commercial
egg production lines with daughter-tested sires and selective DNA pooling (SDP). Four MD QTLRs
were found from each analysis. Some of these QTLRs overlap regions from previous reports. All
QTLRs were tested by individuals from the same eight lines used in the SDP and genotyped with
markers located within and around the QTLRs. All QTLRs were confirmed. The results exemplify
the complexity of MD resistance in chickens and the complex distribution of p-values and Linkage
Disequilibrium (LD) pattern and their effect on localization of the causative elements. Considering
the fragments and interdigitated LD blocks while using LD to aid localization of causative elements,
one must look beyond the non-significant markers, for possible distant markers and blocks in high LD
with the significant block. The QTLRs found here may explain at least part of the gender differences
in MD tolerance, and provide targets for mitigating the effects of MD.

Keywords: Marek’s Disease; QTLR; chicken Z chromosome; sexual dimorphism; linkage disequilib-
rium; LD blocks

1. Introduction

Sexual dimorphism in immunity is widely reported [1,2]. Although in some studies
females were found to be more susceptible to some infections [3], in many vertebrates
they are more immunocompetent than males [4]. Males exhibit higher susceptibility to
infection [5], are less able to cope with infection [6], or suffer more severe symptoms than
females [7].

In diploid species, sex chromosomes occur either as heterogametic females (ZW) and
homogametic males (ZZ), or homogametic females (XX) and heterogametic males (XY) [8].
Degeneration of chromosomes W (avian) or Y (mammals) during the evolution of the sex
chromosomes can result in only a single functional allele in the heterogametic sex, a dosage
imbalance often not tolerated during development [9]. Consequently, dosage compensation
(DC) evolved to balance expression between X or W and the autosomes on one side, and to
balance X or W expression between the sexes on the other side.
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DC is documented in many species, including both animals and plants. Neverthe-
less, many organisms do not display chromosome-wide expression equalization of sex
chromosomes. It seems that chromosome-wide DC is much more frequent in XY systems,
while it is comparably rare in ZW species [9]. Indeed, expression analysis did not support
inactivation on the chicken Z Chromosome [8]. This accords well with the report that, in
chicken, the Z and W chromosomes are almost completely differentiated [10]. The almost
complete differentiation also implies a minimal size of the chicken pseudoautosomal region
(PAR). Indeed, the sizes of pseudoautosomal regions tend to reduce from primitive groups
of birds to more evolutionarily advanced [11]. The exact coordinates of the chicken PAR
are yet to be completely defined, although various studies have attempted to map this
region [11,12].

Marek’s Disease (MD) is responsible for an estimated ~2 billion USD annual loss to
the global poultry industry through mortality, lost production and vaccination costs [13].
It is caused by the immunosuppressive Marek’s Disease Virus (MDV) [14]. MDV is a
cell-associated oncogenic α herpesvirus which can cause symptoms such as depression,
paralysis due to involvement of the peripheral nervous system, loss of appetite, loss of
weight, anemia, dehydration and diarrhoea. Mortality can be substantial with virulent
strains. The virus is highly immunosuppressive, thus leaving surviving birds susceptible
to secondary infections [15,16]. This is caused by an early cytolytic phase in lymphoid
cells, which is followed by a latent period when virus infects T-cells. This can then become
transformative, with the emergence of T-cell lymphomas [15].

Few studies have been reported on sexual dimorphism in response to MDV. Though
Bettridge et al. [17] reported that “MDV was also correlated more with males and/or birds
with heavier weights”, gender and weight were possibly confounded in that particular
study. Contrarily, a few studies have reported higher susceptibility of females [18–20].
Sexual dimorphism was also reported in response to vaccination against MD [21].

Different factors have been shown to contribute independently to the immune re-
sponse’s sex-based disparity. Hormonal mediators such as testosterone and estrogen are
reported to be immunosuppressive substances and modulators of differentiation, matura-
tion and lifespan in various innate immune cell lineages [22], with fundamental differences
in male and female life histories [23]. However, higher susceptibility to infections was
observed in heterogamete gender from birth to adulthood. In accordance, it was reported
that mammalian females tend to live longer than males, while male birds tend to live
longer than females [24]. On average the homogametic sex lives 17.6% longer than the
heterogametic sex. Intriguingly, homogametic males live only 7.1% longer than females,
while homogametic females live no less than 20.9% longer than males [21]. The so called
“unguarded X” hypothesis suggests that the reduced or absent chromosome in the het-
erogametic sex, exposes recessive deleterious mutations on the other sex chromosome.
These findings suggest that sex chromosomes rather than sex hormones have a major role
in sexual dimorphism of immune response.

Innate immunity is the first line of defense against pathogens, and also plays a fun-
damental role in the activation, regulation, and orientation of the adaptive immune re-
sponse [22]. Interestingly, in mammals several genes encoding innate immune molecules
are located on the X chromosome, and this may have significant differential consequences
on their expression in each gender. Similarly, various genes involved in the immune re-
sponse are mapped on the chicken Z chromosome (GGZ), such as the interferon (IFN)
cluster, complement component genes, interleukin receptors, TRIM genes, and others [10].

Currently available vaccines prevent the formation of tumours, but do not prevent
MDV infection or shedding of the pathogenic virus [25]. Consequently, both vaccine and
pathogenic MDVs are found in vaccinated flocks, resulting in the emergence of increas-
ingly more virulent strains [26]. As more virulent strains emerge, vaccine treatments are
becoming less and less effective [27].

The emergence of these new and more virulent virus strains calls for additional means
of control, such as genetic improvement. Indeed, genetic selection to aid breeding for
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viral resistance has already been applied to improved survival in commercial chicken
populations [28]. In recent years, genomic selection has become widely and successfully
used in plants and animals [29]. Nevertheless, it was shown that the involved truncation
selection based on genomic estimated breeding values could reduce the full potential of
genetic value by up to 40% in the long term, due to allele loss of favorable quantitative
trait loci (QTL) [30]. Knowing the genomic elements and causative variants associated
with a trait can preserve the variation and prevent that loss. This can be achieved by
QTL mapping.

For decades, researchers have sought to identify the genomic elements responsible
for MD resistance, with limited success. It has become clear that many genomic elements
are involved in the resistance phenotype, most with relatively small effect, thus making
it difficult to identify causal variants [31,32]. Nevertheless, it has long been known that
the chicken MHC, located on microchromosome 16, has a major role in disease resistance,
including for MD [32]. Hence, identification of non-MHC genes must be done within the
context of MHC background to avoid confounding due to MHC segregation.

Previously we used an F6 population from a full-sib advanced intercross line to map
MD QTL regions (QTLRs) on the chicken autosomes [33]. Here, we extend that study, to
identify and test regions on GGZ associated with response to MD challenge.

2. Materials and Methods
2.1. Populations

All procedures carried out on the birds involved in this study were conducted in compli-
ance with Hy-Line International Institutional Animal Care and Use Committee guidelines.

Nine populations described by Smith et al. [33] were used in the present study. These
comprised 1192 females from five families of an F6 population from a Full Sib Advanced
Intercross Line (FSAIL) used to map QTLRs affecting MD resistance, and 9077 males from
eight elite commercial egg production lines used in that same study to test the QTLRs.
The FSAIL was produced by inter-crossing two White Leghorn lines. The eight lines
represented three different breeds; White Leghorn (WL), White Plymouth Rock (WPR) and
Rhode Island Red (RIR). The F6 females were used to map QTLRs affecting age at death
or survival following MDV challenge, by individual genotyping [33]. Males from the elite
lines were used to map QTLRs affecting daughter MD mortality following MDV challenge,
by Selective DNA Pooling (SDP). The same males were also used to test elements in the
QTLRs as described in Smith et al. [33].

2.2. Mapping QTLRs Affecting Age at MD Death or Survival Using the F6 Population

At the F6 generation, 1615 females were challenged with vv+ MDV strain 686 following
the protocol of Fulton et al. [28]. Following MDV challenge, F6 females were phenotyped
for age at death or survival, and genotyped using SNPs located on GGZ by high density
SNP array, as part of our previous study [33]. The phenotypes and genotypes were used to
map MD QTLRs independently within each of the five families of this study, using JMP
Genomics SNP-Trait association Trend test (JMP Genomics, Version 9, SAS Institute Inc.,
Cary, NC, USA, 1989–2019). As previously described [33], survival was taken as the censor
variable; age at death as a survival trait and MHC as a class variable and fixed effect (details
of the MHC genotyping will be published in the future). Following Lipkin et al. [34] and
continuing in Smith et al. [33], QTLs were identified using a moving average of −LogP
(mAvg) of a window of ~0.1 Mb (27 markers) with steps of 1 marker, and a critical threshold
of mAvg ≥ 2.0 (p = 0.01); QTLR boundaries were defined by Log drop 1 [35]. As in Smith
et al. [33], QTLRs within 1 Mb of one another were conservatively consolidated.

2.3. Mapping QTLRs Affecting Daughter MD Mortality in Eight Elite Lines by Selective DNA
Pooling (SDP)

Males from eight lines were used, with each line sampled across 15 generations.
Sires had known MHC genotypes, and daughter tests for MD mortality following MDV



Genes 2023, 14, 20 4 of 15

challenge [36,37]. Males were mated to multiple females as part of the routine selection
process within the Hy-Line, to produce 30 half-sib female progeny per sire. Progeny
females were vaccinated at 1 day of age with HVT/SB1 and at 7 days of age inoculated
subcutaneously with 500 PFU of vv+ MDV (provided by Avian Disease and Oncology
Lab, East Lansing MI). Mortality was recorded from 3 to 17 weeks of age (termination of
experiment), as described in Fulton et al. [28]. The sire MD tolerance phenotype is the
proportion of survivors among the daughters upon MD challenge.

MD values corrected for MHC genotype were obtained as follows: within each line
a two-way ANOVA was used to get LS estimates of MHC effects using JMP Pro (ver-
sion 15.1.0, SAS Institute Inc., Cary, NC, USA), with MD mortality as the dependent
variable, and generation, MHC genotype and generation x MHC interaction as model
effects. A correction factor was then calculated by subtracting the LS estimate of the target
genotype from the LS estimate of the most frequent MHC genotype. Finally, the corrected
factor was added to the MD value of each sire carrying the target genotype.

Forty males with high or 40 males with low corrected daughter MD mortality were
selected within-generations and within-lines for the phenotypic tails of the populations.
A total of 192 selected DNA pools comprised of these males were constructed from the
individual DNA samples of the same males used by Smith et al. [33]. All pools were
genotyped by Affymetrix 600K chicken SNP array, and markers on GGZ were used in the
present analysis. Following Lipkin et al. [34], frequencies of SNP alleles were estimated
based on raw intensities of alleles A and B, B% = B/(A + B). P-values of the frequency
difference between tails were calculated based on empirical standard error (SE) within tails,
assuming no QTL effect within tails. As for the F6, QTLs were then identified within lines
by mAvg ≥ 2.0, and QTLR boundaries were defined by Log Drop 1. Again, as in the F6,
QTLRs within 1 Mb of one another, were conservatively merged within a line.

2.4. Bioinformatics

The gene content of all QTLRs was examined to identify possible candidate genes. Genes
were identified using the BioMart tool within Ensembl (v101) (https://www.ensembl.org/
info/data/biomart/index.html) accessed on 1 September 2020. The QTLRs obtained were
also compared to the Chicken QTL database (ChickenQTLdb: https://www.animalgenome.
org/cgi-bin/QTLdb/GG/index) accessed on 31 August 2020, using the options ‘align to
NCBI Chicken SNPs’ and ‘align to chicken genome’.

2.5. Analysis of all QTLRs by Individual Genotyping

Sequence information obtained previously for each line [38], was used to identify
segregating SNPs in and around all QTLRs. Markers were chosen on the basis of their
location and being equally spaced as much as possible across and around the QTLR, with
no regard for genetic function. Sires from the eight lines were individually genotyped
at the selected markers by Kompetitive Allele Specific PCR (KASP) [39]. Once all SNP
genotyping was completed, haplotypes were identified. For some of the very long QTLRs,
it was difficult to define specific haplotypes, so partial haplotypes were defined within
each region.

2.6. Linkage Disequilibrium (LD) in QTLRs

LD r2 values between all possible marker pairs were obtained using the same JMP
Genomics software used for the association test. Calculations were carried out within each
of the eight lines. As described in Lipkin et al. [40], LD blocks were defined as a group of
markers having high LD with each other (r2 ≥ 0.7) or moderate LD (0.15 ≥ r2 < 0.70). The
definition was applied even if markers with low LD appeared between the markers with
high or moderate LD. This definition allowed a “look over the horizon” and identification
of fragmented and interdigitated blocks.

https://www.ensembl.org/info/data/biomart/index.html
https://www.ensembl.org/info/data/biomart/index.html
https://www.animalgenome.org/cgi-bin/QTLdb/GG/index
https://www.animalgenome.org/cgi-bin/QTLdb/GG/index
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3. Results
3.1. Mapping of MD QTLRs in a Full-Sib Advanced Intercross F6 by Individual Genotyping

F6 females from five families were used to map MD QTLRs on GGZ within a family.
After consolidating QTLRs within 1 Mb of one another, four QTLRs were found, but only
in Family 2 (Table 1, Figure 1). Finding QTLs in only one family aligns GGZ with what has
been seen in the autosomes (see Section 4. Discussion).

Table 1. QTLRs found on Chromosome Z in F6 Family 2.

QTLR Start End Length Distance

F6-1 3,436,518 9,672,022 6,235,505

F6-2 21,264,317 23,659,630 2,395,314 11,592,295

F6-3 31,809,463 35,385,408 3,575,946 8,149,833

F6-4 81,712,738 81,894,873 182,136 46,327,330
QTLR, QTLR serial number within dataset; Start, End, bp location on the GRCg6a reference of the first and last
markers in the QTLR; Length, the size of the QTLR in bp; Distance, bp between the start of the QTLR and the end
of the previous QTLR.

QTLRs F6-1, F6-2 and F6-3 overlapped seven QTLRs found by Heifetz et al. [36,37],
and QTLR F6-1 also overlapped a QTLR reported by McElroy et al. [41] (Table 2). QTLR
F6-4 has not been reported before.

Table 2. Overlaps between QTLRs found in F6 Family 2 and previous reports.

F6 QTLdb

QTLR Start End Reference Mb

F6-1 3,436,518 9,672,022

36 0–19.1

37 0–36.9

41 9.2–10.2

F6-2 21,264,317 23,659,630

36 20.2–28.8

37 0–36.9

37 13.9–27.0

F6-3 31,809,463 35,385,408
37 0–36.9

37 17.1–66.9

F6-4 81,712,738 81,894,873
QTLdb, ChickenQTLdb: https://www.animalgenome.org/cgi-bin/QTLdb/GG/index accessed on 31 August 2020.

https://www.animalgenome.org/cgi-bin/QTLdb/GG/index
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Figure 1. QTLR analysis. Markers (Table S2), QTLRs (Tables 1 and 3), and genes (Table S1) on
GGZ used in the present study. QTLRs are presented by the location of the markers used to scan
them (Table S2); as the markers also included the flanks of the regions, the boundaries in the
figure are somewhat different from Tables 1 and 3; Mb, megabase position on the GRCg6a chicken
genome assembly.
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3.2. MD QTLR Mapping by Selective DNA Pooling (SDP) in Eight Pure Lines

Selected DNA pools of males from eight lines were used to map MD QTLRs on GGZ.
Six QTLRs were found in four of the eight lines (Table 3). The first three QTLRs overlapped
each other, and all were within QTLR F6-1 (Table 1). As described in the Methods, the three
overlapping QTLR were consolidated, to give a final list of four QTLRs (Table 3, Figure 1).

Table 3. QTLRs found on Chromosome Z by pools of four of the eight pure lines.

Analysis Line QTLR Start End Length Distance

By Line

WL2 1 6,802,425 7,250,635 448,211
WL4 2 7,138,346 7,297,108 158,763 −112,289
RIR1 3 7,208,372 7,459,200 250,829 −88,736
WPR2 4 27,496,986 27,807,851 310,866 20,037,786
WL2 5 63,831,711 64,162,739 331,029 36,023,860
WPR2 6 78,740,304 79,239,183 498,880 14,577,565

Consolidated
across lines

WL2, WL4, RIR1 P-1 6,802,425 7,459,200 656,776
WPR2 P-2 27,496,986 27,807,851 310,866 20,037,786
WL2 P-3 63,831,711 64,162,739 331,029 36,023,860
WPR2 P-4 78,740,304 79,239,183 498,880 14,577,565

Analysis: By line, QTLR mapping within line; Consolidated across lines, QTLRs within 1 Mb of each other were
consolidated across lines. QTLR, QTLR serial number within dataset; Start, End, bp location on the GRCg6a
reference of the first and last markers in the QTLR; Length, the size of the QTLR in bp; Distance, bp between the
start of the QTLR and the end of the previous QTLR; negative distance indicates overlap between QTLRs.

Three of the QTLRs found by pools confirmed the previous reports of Heifetz et al. [36,37]
(Table 4). QTLR P-4 has not been previously reported.

Table 4. Overlaps between QTLRs found by the pools of the eight pure lines and previous reports.

Pools QTLdb

Lines QTLR Start End Reference Mb

WL2, WL4, RIR1 P-1 6,802,425 7,459,200 37 0–36.9

WPR2 P-2 27,496,986 27,807,851

37 0–36.9

36 20.2–28.8

37 13.9–27.0

37 17.1–66.9
WL2 P-3 63,831,711 64,162,739

WPR2 P-4 78,740,304 79,239,183
Pools, QTLRs from Table 3; QTLdb, ChickenQTLdb: https://www.animalgenome.org/cgi-bin/QTLdb/GG/
index accessed on 31 August 2020.

3.3. Analysis of All Regions by Individual Genotyping

The mapped QTLRs were scanned in silico for genes residing within them (Table S1),
and were tested for association with MD response by individual genotyping of sires from
the same eight lines used in the SDP (Table S2).

A total of 113 markers and 12 haplotypes were tested (Figure 1, Table S2). Numerous
significant (0.05 ≥ p > 0.01) to highly significant (p ≤ 0.01) results were obtained (exem-
plified in Table 5). There was a large excess of small P-values up to 0.05 or 0.10 over the
proportion expected by chance, both within and across lines for both individual markers
and haplotypes (Table S3), attesting to the presence of true QTL effects.

https://www.animalgenome.org/cgi-bin/QTLdb/GG/index
https://www.animalgenome.org/cgi-bin/QTLdb/GG/index
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Table 5. An example of association tests by individual genotyping, of all markers and haplotype in
QTLR P-4 (Table S2).

QTLR Marker/Haps bp Distance
Line Across

LinesWL1 WL2 WL3 WPR1 WPR2 WL4 WL5 RIR1 Gene
P-4 73225 73,225,511 8,641,932 2.9 × 10−2 6.3 × 10−2 4.9 × 10−1 4.0 × 10−1 GTF2H2
P-4 73435 73,435,755 210,244 3.6 × 10−2 2.9 × 10−1 7.4 × 10−1 9.8 × 10−1

P-4 78892 78,892,243 5,456,488 1.0 × 10−8 1.7 × 10−4 6.1 × 10−2

P-4 79212 79,212,166 319,923 9.9 × 10−1 6.8 × 10−9 8.7 × 10−5 6.2 × 10−1 1.4 × 10−1 2.6 × 10−7

P-4 79463 79,463,296 251,130 7.2 × 10−9 1.7 × 10−4 4.2 × 10−2

P-4 79671 79,671,839 208,543 9.6 × 10−9 1.7 × 10−4 1.3 × 10−3

P-4 79878 79,878,110 206,271 1. × 10−2 9.2 × 10−1 2.4E × 10−2 1.5 × 10−3 4.4 × 10−1

P-4 Haps 7.2 × 10−1 6.3 × 10−1 4.6 × 10−2 1.9 × 10−3

QTLR, QTLR serial number found by the Pools (Table 3); Marker/Haps, marker or haplotype tested; bp, location
on GGZ (haplotypes have no specific location); Distance, bp between markers; Line, test within a line; Across
lines, test across all lines; pink highlight, p ≤ 0.05; Gene, a gene found in the QTLR (Table S1). Markers are ordered
by location (GRCg6a).

With the above overlap between QTLRs F6-1 and P-1, a total of seven QTLRs were
found. Taking one significant test as a validation [33], individual genotyping confirmed the
association of all QTLRs (Table 6).

Table 6. Examination of the QTLRs by individual genotyping.

QTLR

Marker Tests Haplotype Tests
Sum

ConfirmedMarkers Ac Lines Lines Ac Lines

Tests Sig Tests Sig Tests Sig Tests Sig Tests Sig

F6-1, P-1 50 4 26 5 6 2 0 - 82 11 3

F6-2 45 5 16 2 6 0 2 0 69 7 3

P-2 13 0 7 3 0 - 1 1 21 4 3

F6-3 24 1 13 0 2 0 2 0 41 1 3

P-3 20 3 8 0 0 - 1 0 29 3 3

P-4 21 13 7 4 3 1 1 1 32 19 3

F6-4 23 4 7 1 2 0 0 - 32 5 3

QTLR, QTLR serial number as found by F6 (Table 1) and the Pools (Table 3); Ac Lines, across lines; Tests, number
of tests conducted; Sig, number of test significant at p ≤ 0.05.

3.4. Linkage Disequilibrium among Markers from All Regions

LD r2 values among and between all regions distributed from 0.0 to 1.0. Blocks were
defined as a group of markers sharing LD, either with high LD (r2 ≥ 0.70) or moderate LD
(0.15 ≤ r2 < 0.70). Though differing between lines due to different marker informativity,
blocks were found in all regions examined (Table S4).

Some of the blocks were interdigitated and fragmented, an observation we reported
previously in a similar population [40]. Table 7 presents two fragmented interdigitated
high LD blocks in Line WL4 in QTLR F6-2. Block 1 comprises three markers (labelled in
yellow), namely the first upstream Markers 23073 and 23086 and last downstream Marker
23651. This block is split by and interdigitated with Block 2 (green), including the three
Markers 23217, 23250 and 23277. Note that if the markers of Block 2 were not included in
the analysis (e.g., because they were not in the marker list, were filtered out by the quality
control, or were not polymorphic in this line), then one clear unambiguous Block 1 would
have been identified (Table 8). Thus, though mixed, the two groups of linked markers
behave as a genuine LD block.
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Table 7. Fragmented interdigitated blocks found in Line WL4 in QTLR F6-2. All markers. LD Block 1
(yellow) is fragmented and interdigitated with Block 2 (green).

Gene, PDE8B PDE8B PDE8B SV2C
Bp, 23,073,692 23,086,227 23,217,357 23,250,769 23,277,739 23,651,225

Dis., 12,535 131,130 33,412 26,970 373,486
Marker, 23073 23086 23217 23250 23277 23651
23073
23086 1.000
23217 0.088 0.088
23250 0.090 0.090 0.981
23277 0.090 0.090 0.981 0.990
23651 0.830 0.830 0.082 0.084 0.084

p: 2.82 × 10−2 2.82 × 10−2 5.10 × 10−1 5.12 × 10−1 4.88 × 10−1 1.61 × 10−3

Markers are ordered by location. Mb, location on GRCg6a in Mb; Dis, distance in bp from the pre-vious marker;
Marker, number of the marker; yellow and green, LD Blocks 1 and 2; red, LD r2 ≥ 0.7; white, r2 < 0.15; p, p-value
of the Trend association test (Table S2): pink highlight, p ≤ 0.05; white, p > 0.05.

Table 8. Fragmented interdigitated blocks found in Line WL4 in QTLR F6-2. LD Block 1 alone.
Without the markers of Block 2 (Table 7), one clear unambiguous Block 1 would have been identified.

Gene: SV2C
bp: 23,073,692 23,086,227 23,651,225

Dis.: 12,535 564,998
Marker: 23073 23086 23651

23073
23086 1.000
23651 0.830 0.830

p: 2.82 × 10−2 2.82 × 10−2 1.61 × 10−3

Markers are ordered by location. Mb, location on GRCg6a in Mb; Dis, distance in bp from the previous marker;
Marker, number of the marker; yellow, LD Blocks 1; red, LD r2 ≥ 0.7; p, p-value of the Trend association test (Table
S2): pink highlight, p ≤ 0.05.

Tables 7 and 8 also presents the p-values of the Trend association tests. The accord
between the LD blocks and the distribution of the p-values is obvious. Similar to identical
p-values were obtained within each LD block. Block 1 was significant while Block 2 was not.

These results justify the use of such blocks along with association results and bioinformat-
ics data, to infer location of causative elements (below and in the Supplemental material).

4. Discussion
4.1. General

MD QTLRS were mapped on the chicken Z chromosome using a previously utilized
F6 population with individual genotyping and phenotype, and DNA pools of sires from
eight lines with daughter tests and selective DNA pooling.

Four QTLRs were found in the F6 population, in a single family out of five tested.
Finding QTLRs in only one family aligns GGZ with findings by Smith et al. [33], where
10 of 19 autosomes with MD QTLRs, showed QTLRs in only one family, representing 32 of
the 38 identified autosomal QTLRs. This seemingly family specific QTLRs phenomenon
could be a result of this population design. The two lines that were used to produce the
five families that eventually produced the F6 were not inbred lines. Segregation of the
QTLR within the original lines would result in not all families containing identical genetic
variation, thus not all families would show the same QTLR. In fact, one of the values of this
particular FSAIL population was the possibility of finding various segregating QTLR.

Then again, it was found previously that many QTLs/genes are involved in the
resistance phenotype, most with relatively small effect, which makes the QTLRs difficult
to identify [31]. Thus, the lack of identification of QTLRs in four of the five families
may indicate that indeed most QTLR effects are too small for identification in the current
experimental design.

Three of the four F6 QTLRs overlapped QTLRs found Heifetz et al. [36,37] and by
McElroy et al. [41]. QTLR F6-4 was not reported before. Given that this is the same
population used in all three studies, the overlaps are not surprising. Thus, the present
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study nicely confirms previous results. The use of more dense SNPs in the present study
allows for finer mapping of the QTLR compared with microsatellite markers used in the
previous studies.

Four QTLR were found by DNA pools in eight elite commercial egg production lines,
one of which is embedded within QTLR F6-1. Thus, the same region on GGZ was identified
by individual genotyping in F6, and by SDP in three lines. Three of the QTLRs found by
the pools confirmed previous reports, while one QTLR has not been previously reported
(and is, in fact, the most significant QTLR).

The mapped QTLRs were tested for association with MD response by individual
genotyping of sires from the same eight lines used in the SDP. Taking one significant test as
a validation, all QTLRs were confirmed.

LD was calculated for all possible pairs of markers, and LD blocks were identified.
Some of the LD blocks were interdigitated and fragmented as we reported previously.
The blocks accorded well with the distribution of the p-values, justifying their use to infer
location of causative elements, along with association results and bioinformatics data.

4.2. Detailed Analysis of Three Regions

Results of association tests, LD analysis and in silico investigation of all regions, were
used to assess potential candidate genes for MD resistance and narrow possible location
of causative elements. Thorough examination of the distribution of the p-value locations
and LD pattern revealed some interesting observations, but also shows the complexity of
such analysis with the limited available data. Three QTLRs are presented below, with the
remainder of the QTLRs detailed in the Supplemental Material.

4.2.1. QTLRs F6-1 + P-1

In this study alone, the same region was identified in no less than four independent
populations, namely F6, Line WL2, Line WL4 and Line RIR1.

In the F6 + P-1 region, significant tests with similar p-values were obtained in Lines
WL2 and WL4, where this QTLR was found (Table 3). However, QTLR P-1 was also found
in Line RIR1, where no marker was significant by individual genotyping. Then again,
further examination show that this line had no informative markers covering the region
7.2–7.5 Mb, initially identified in this line as a QTLR (Tables 3 and S2). Thus, individual
genotyping confirmed the pools results in Lines WL2 and WL4, while no information was
available for Line RIR1.

Line WL2 presented a seemingly simple distribution of P-values with three consecutive
significant Markers—70632, 71261 and 93290. This allegedly simple pattern, however, is
broken up by both the QTLR mapping procedure and the LD blocks. There were no
informative markers between Markers 71261 and 93290, the latter located more than 1 Mb
downstream of the F6-1 + P-1 region. The significant Markers 70632 and 71261 in the
F6-1 + P-1 region had perfectly equal p = 1.5 × 10−2, while Marker 93290 had a different
p = 3.6 × 10−2 (Tables S2 and S4). Furthermore, while the two upstream markers were in
complete LD with one another (r2 = 1.000), both had practically no LD with Marker 93290
(r2 = 0.056; Table S4).

Thus, the combined results of association tests and LD analysis suggest two causative
elements. The first most likely located within the F6-1 + P-1 region at about 7.0–7.2 Mb, in or
near the genes KIAA1328 (protein hinderin isoform X4) and AQP7 (aquaporin-7 isoform X2)
(Table S2). Both genes, however, are positional candidates only, with no known relationship
to MD. Thus, either one of the genes has unknown effect on the response to MD, or another
yet unknown element in this region is the causative one. The second putative causal
element is indicated to be more than 2 Mb downstream, in the downstream F6-1 only
region, close to the CCBE1 gene (collagen and calcium-binding EGF domain-containing
protein 1 isoform X1). CCBE1 has been shown to act as both a tumour suppressor [42] and
as an oncogenic factor [43].
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4.2.2. QTLR F6-2

QTLR F6-2 was confirmed by 5 significant tests in Lines WL2, WL3 and WL4, and by
2 tests across lines (Tables 6 and S2). These results suggest a single causative element segre-
gating in Lines WL2 and WL3, in the region of the PDE8B gene (Phosphodiesterase 8B). In
human this gene was found related to striatal degeneration [44] and thyroid carcinoma [45].

Line WL4 exemplifies the complexities of p-value distribution and LD pattern occa-
sionally seen in GWAS and LD analyses. Three markers were significant—the adjacent
Markers 23073 and 23086, and the separate Marker 23651 (Table S2). The significant pair
and the single marker were separated by three non-significant markers. The LD pattern
accorded well with this fragmented distribution of the p-values. The upstream significant
marker pair 23073-23086 form a very high fragmented LD block with the significant Marker
23651 (Table 7), located 0.56 Mb downstream. The above Marker 23217 that was significant
in Lines WL3 and WL4 but not in Line WL4, formed a second block with the next two
adjacent Markers 23250 and 23277, splitting and interdigitated with the previous block.

These complex results make it difficult to locate the causative elements in Line WL4
in QTLR F6-2. The common assumption underlying QTL mapping is that a marker is
significant due to its linkage with a causative element. Based on this assumption, Block
1 is supposed to be linked to at least one causative element, while Block 2 is not. But
Block 1 is split, surrounding Block 2. So where is the causative element? Clearly it is not
necessarily near one of the significant markers, but could be near a distant marker in high
LD with the first. Thus, the causative element may be located near Markers 23073-23086
just upstream of PDE8B, or near Marker 23651 in the region of the SV2C gene (Synaptic
Vesicle Glycoprotein 2C), or there could be two causative elements—one on either side,
with high LD between them.

Thus, given the fragmented and interdigitated LD blocks, while using LD to aid local-
ization of causative elements, one must look further beyond the non-significant markers,
for possible distant markers and blocks in high LD with the significant block. The causative
element may, in fact, reside there.

All in all, these results indicate one causative element distributing in Lines WL2 and
WL3, and a different causative element or elements distributing in Line WL4.

4.2.3. QTLR P-4

QTLR P-4 was first reported in this study. This was the most significant QTLR tested by
individual genotyping in the eight lines, with the highest number of significant results, the
highest number of lines in which it was significant, and the highest number of significant
p-values (Table 5). Lines WL1, WPR1, WPR2 and RIR1 had significant tests in the range
p = 4.6 × 10−2 to 6.8 × 10−9 (note that QTLR P-4 was identified in Line WPR2), while
Across Lines P-values ranged from 1.9 × 10−3 to 1.3 × 10−13.

Plotting p-values against location (Figure 2), Lines WPR1 and WPR2 peaked at Marker
79463 located at 79.5 Mb. The Across Lines tests peaked at 79.7 Mb, decreased at Marker
79463, but peaked in the next marker. This decrease, however, is most likely the result of a
dilution effect by the three non-significant Lines WL2, WL5 and RIR1 tested here and not
in the markers around it (Table 5, Figure 2). In both Lines WPR1 and WPR2, the four most
significant Markers, from 78892 to 79671, formed a high LD block, and limited LD (if at all)
with other markers in the QTLR (Table S4). These results suggest one causative element
toward the distal part of QTLR P-4.

The first marker in this QTLR (73225) is in the single candidate gene identified here,
namely GTF2H2 (General Transcription Factor IIH Subunit 2). GTF2H2 has been linked in
human to spinal muscular atrophy [46] and to the neurodegenerative disorder Cockayne
syndrome [47].

QTLR P-4 appears to be the prime region for a follow-up finer mapping study.
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Figure 2. Markers -LogP plotted over locations in QTLR P-4. WL3 is not presented, as it had no
informative markers within QTLR P-4.

5. Conclusions

Complex LD patterns necessitate searching for fragmented interdigitated LD blocks in
regions around the significant LD block, beyond the non-significant markers. The confirmed
QTLRs and their candidate genes may explain at least part of the gender difference in
MD response. This information can be used to help improve the chicken response to MD.
The data and results presented in this study exemplify the complexity of MD resistance in
chickens. Even though multiple studies have reported specific genes, or genetic regions
which can have an impact on resistance to this virus, these can be line-specific or even viral
strain specific. However, with specific candidate genes identified, further studies on these
particular genes will likely provide additional insights into the overall function of these
genes in viral immunity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes14010020/s1. Table S1: QTLR genes. Table S2: Association tests of all markers and
haplotypes in the QTLRs. Table S3: Distribution of p values in the QTLRs. Table S4: LD matrices.
Details of QTLR association and LD analyses.

Author Contributions: E.L. performed all association analyses and wrote the manuscript; J.S. carried
out whole genome sequence and variant analyses, downstream biological analyses; M.S. participated
in the data analyses; J.E.F. provided all experimental animals, DNA samples and individual genotypes;
D.W.B. conceived and managed the project. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the Biotechnology and Biological Sciences Research Council
(grant number BB/K006916/1).

Institutional Review Board Statement: The animal study protocol was approved by Hy-Line Inter-
national Institutional Animal Care and Use Committee guidelines. Hy-Line do not have specific
project identification codes. All of these samples had been collected in the past and stored frozen
until use. They were collected as part of the routine health monitoring of the flocks each year, under
the approval of the Hy-Line IACUC and supervision of licensed veterinarians.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/genes14010020/s1
https://www.mdpi.com/article/10.3390/genes14010020/s1


Genes 2023, 14, 20 13 of 15

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Ariel Shabtay for information on sexual di-
morphism in immunity. This research was funded in whole, or in part, by BBSRC grant number
BB/K006916/1. For the purpose of open access, the author has applied a creative commons attribution
(CC BY) licence to any author accepted manuscript version arising.

Conflicts of Interest: The authors declare no conflict of interest and no competing financial interest.

Ethics Approval: All procedures carried out on the birds involved in this study were conducted in
compliance with Hy-Line International Institutional Animal Care and Use Committee guidelines.

References
1. Møller, A.P.; Sorci, G.; Erritzøe, J. Sexual dimorphism in immune defense. Am. Nat. 1998, 152, 605–619. [CrossRef]
2. Caillaud, D.; Prugnolle, F.; Durand, P.; Théron, A.; De Meeûs, T. Host sex and parasite genetic diversity. Microbes Infect. 2006, 8,

2477–2483. [CrossRef] [PubMed]
3. Guilbault, C.; Stotland, P.; Lachance, C.; Tam, M.; Keller, A.; Thompson-Snipes, L.; Cowley, E.; Hamilton, T.A.; Eidelman, D.H.;

Stevenson, M.M.; et al. Influence of gender and interleukin-10 deficiency on the inflammatory response during lung infection
with Pseudomonas aeruginosa in mice. Immunology 2002, 107, 297–305. [CrossRef]

4. Folstad, I.; Karter, J. Parasites, bright males, and the immunocompetence handicap. Am. Nat. 1992, 139, 603–622. [CrossRef]
5. Semple, S.; Cowlishaw, G.; Bennett, P.M. Immune system evolution among anthropoid primates: Parasites, injuries and predators.

Proc. R. Soc. Lond. B 2002, 269, 1031–1037. [CrossRef] [PubMed]
6. Lindsey, E.; Altizer, S. Sex differences in immune defenses and response to parasitism in monarch butterflies. Evol. Ecol. 2009, 23,

607–620. [CrossRef]
7. Cernetich, A.; Garver, L.S.; Jedlicka, A.E.; Klein, P.W.; Kumar, N.; Scott, A.L.; Klein, S.L. Involvement of gonadal steroids and

gamma interferon in sex differences in response to blood-stage malaria infection. Infect. Immun. 2006, 74, 3190–3203. [CrossRef]
8. Wang, Q.; Mank, J.E.; Li, J.; Yang, N.; Qu, L. Allele-Specific Expression Analysis Does Not Support Sex Chromosome Inactivation

on the Chicken Z Chromosome. Genome Biol. Evol. 2017, 9, 619–626. [CrossRef]
9. Basilicata, M.F.; Keller Valsecchi, C.I. The good, the bad, and the ugly: Evolutionary and pathological aspects of gene dosage

alterations. PLoS Genet. 2021, 17, e1009906. [CrossRef]
10. Bellott, D.W.; Skaletsky, H.; Pyntikova, T.; Mardis, E.R.; Graves, T.; Kremitzki, C.; Brown, L.G.; Rozen, S.; Warren, W.C.;

Wilson, R.K.; et al. Convergent evolution of chicken Z and human X chromosomes by expansion and gene acquisition. Nature
2010, 466, 612–616. [CrossRef]

11. Blagoveschensky, I.Y.; Sazanova, A.L.; Stekol’nikova, V.A.; Fomichev, K.A.; Barkova, O.Y.; Romanov, M.N.; Sazanov, A.A.
Investigation of pseudoautosomal and bordering regions in avian Z and W chromosomes with the use of large insert genomic
BAC clones. Genetika 2011, 47, 312–319. [CrossRef]

12. Smeds, L.; Kawakami, T.; Burri, R.; Bolivar, P.; Husby, A.; Qvarnström, A.; Uebbing, S.; Ellegren, H. Genomic identification and
characterization of the pseudoautosomal region in highly differentiated avian sex chromosomes. Nat. Commun. 2014, 5, 5448.
[CrossRef] [PubMed]

13. Morrow, C.; Fehler, F. Marek’s Disease: A Worldwide Problem in Marek’s Disease, An Evolving Problem; Davison, F., Nair, V., Eds.;
Elsevier Ltd.: Oxford, UK, 2004; pp. 49–61. [CrossRef]

14. Nair, V. Evolution of Marek’s disease—A paradigm for incessant race between the pathogen and the host. Vet. J. 2005, 170,
175–183. [CrossRef]

15. Morimura, T.; Ohashi, K.; Sugimoto, C.; Onuma, M. Pathogenesis of Marek’s disease (MD) and possible mechanisms of immunity
induced by MD vaccine. J. Vet. Med. Sci. 1998, 60, 1–8. [CrossRef] [PubMed]

16. Islam, A.F.M.F.; Wong, C.W.; Walkden-Brown, S.W.; Colditz, I.G.; Arzey, K.E.; Groves, P.J. Immunosuppressive effects of Marek’s
disease virus (MDV) and herpesvirus of turkeys (HVT) in broiler chickens and the protective effect of HVT vaccination against
MDV challenge. Avian Pathol. 2002, 31, 449–461. [CrossRef] [PubMed]

17. Bettridge, J.M.; Lynch, S.E.; Brena, M.C.; Melese, K.; Dessie, T.; Terfa, Z.G.; Desta, T.T.; Rushton, S.; Hanotte, O.; Kaiser, P.; et al.
Infection-interactions in Ethiopian village chickens. Prev. Vet. Med. 2014, 117, 358–366. [CrossRef] [PubMed]

18. Biggs, P.M.; Payne, L.N. Studies on Marek’s disease. I. Experimental transmission. J. Natl. Cancer Inst. 1967, 39, 267–280.
[CrossRef] [PubMed]

19. CABI. Invasive Species Compendium; CAB International: Wallingford, UK, 2021; Available online: https://www.cabidigitallibrary.
org/product/qi (accessed on 1 June 2021).

20. Khare, M.L.; Grun, J.; Adams, E.V. Marek’s disease in Japanese quail—A pathological, virological and serological study. Poult. Sci.
1975, 54, 2066–2068. [CrossRef]

21. Gimeno, I.M.; Cortes, A.L.; Montiel, E.R.; Lemiere, S.; Pandiri, A.K.R. Effect of Diluting Marek’s Disease Vaccines on the Outcomes
of Marek’s Disease Virus Infection When Challenged with Highly Virulent Marek’s Disease Viruses. Avian Dis. 2011, 55, 263–272.
[CrossRef]

http://doi.org/10.1086/286193
http://doi.org/10.1016/j.micinf.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16872857
http://doi.org/10.1046/j.1365-2567.2002.01508.x
http://doi.org/10.1086/285346
http://doi.org/10.1098/rspb.2001.1950
http://www.ncbi.nlm.nih.gov/pubmed/12028760
http://doi.org/10.1007/s10682-008-9258-0
http://doi.org/10.1128/IAI.00008-06
http://doi.org/10.1093/gbe/evx031
http://doi.org/10.1371/journal.pgen.1009906
http://doi.org/10.1038/nature09172
http://doi.org/10.1134/S1022795411020050
http://doi.org/10.1038/ncomms6448
http://www.ncbi.nlm.nih.gov/pubmed/25378102
http://doi.org/10.1016/B978-012088379-0/50009-8
http://doi.org/10.1016/j.tvjl.2004.05.009
http://doi.org/10.1292/jvms.60.1
http://www.ncbi.nlm.nih.gov/pubmed/9492353
http://doi.org/10.1080/0307945021000005824
http://www.ncbi.nlm.nih.gov/pubmed/12427339
http://doi.org/10.1016/j.prevetmed.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25085600
http://doi.org/10.1093/jnci/39.2.267
http://www.ncbi.nlm.nih.gov/pubmed/18623944
https://www.cabidigitallibrary.org/product/qi
https://www.cabidigitallibrary.org/product/qi
http://doi.org/10.3382/ps.0542066
http://doi.org/10.1637/9579-101510-Reg.1


Genes 2023, 14, 20 14 of 15

22. Jaillon, S.; Berthenet, K.; Garlanda, C. Sexual Dimorphism in Innate Immunity. Clin. Rev. Allergy Immunol. 2019, 56, 308–321.
[CrossRef]

23. Nunn, C.L.; Lindenfors, P.; Pursall, E.R.; Rolff, J. On sexual dimorphism in immune function. Phil. Trans. R. Soc. B Biol. Sci. 2009,
364, 61–69. [CrossRef] [PubMed]

24. Xirocostas, Z.A.; Everingham, S.E.; Moles, A.T. The sex with the reduced sex chromosome dies earlier: A comparison across the
tree of life. Biol. Lett. 2020, 16, 20190867. [CrossRef] [PubMed]

25. Witter, R.L. Protective Efficacy of Marek’s Disease Vaccines. In Marek’s Disease. Current Topics in Microbiology and Immunology;
Hirai, K., Ed.; Springer: Berlin/Heidelberg, Germany, 2001; Volume 255. [CrossRef]

26. Read, A.F.; Baigent, S.J.; Powers, C.; Kgosana, L.B.; Blackwell, L.; Smith, L.P.; Kennedy, D.A.; Walkden-Brown, S.W.; Nair, V.K.
Imperfect Vaccination Can Enhance the Transmission of Highly Virulent Pathogens. PLoS Biol. 2015, 13, e1002198. [CrossRef]
[PubMed]

27. Boodhoo, N.; Gurung, A.; Sharif, S.; Behboudi, S. Marek’s disease in chickens: A review with focus on immunology. Vet. Res.
2016, 47, 119. [CrossRef] [PubMed]

28. Fulton, J.E.; Arango, J.; Arthur, J.A.; Settar, P.; Kreager, K.S.; O’Sullivan, N.P. Improving the outcome of a Marek’s disease
challenge in multiple lines of egg type chickens. Avian Dis. 2013, 57 (Suppl. 2), 519–522. [CrossRef]

29. Hayes, B.J.; Bowman, P.J.; Chamberlain, A.J.; Goddard, M.E. Invited review: Genomic selection in dairy cattle: Progress and
challenges. J. Dairy Sci. 2009, 92, 433–443. [CrossRef] [PubMed]

30. Vanavermaete, D.; Fostier, J.; Maenhout, S.; de Baets, B. Preservation of Genetic Variation in a Breeding Population for Long-Term
Genetic Gain. G3 2020, 10, 2753–2762. [CrossRef] [PubMed]

31. Wolc, A.; Arango, J.; Jankowski, T.; Settar, P.; Fulton, J.E.; O’Sullivan, N.P.; Fernando, R.; Garrick, D.J.; Dekkers, J.C.M. Genome-
wide association study for Marek’s disease mortality in layer chickens. Avian Dis. 2013, 57 (Suppl. 2), 395–400. [CrossRef]

32. Miller, M.M.; Taylor, R.L., Jr. Brief review of the chicken Major Histocompatibility Complex: The genes, their distribution on
chromosome 16, and their contributions to disease resistance. Poult. Sci. 2016, 95, 375–392. [CrossRef]

33. Smith, J.; Lipkin, E.; Soller, M.; Fulton, J.E.; Burt, D.W. Mapping QTL Associated with Resistance to Avian Oncogenic Marek’s
Disease Virus (MDV) Reveals Major Candidate Genes and Variants. Genes 2020, 11, 1019. [CrossRef]

34. Lipkin, E.; Strillacci, M.G.; Eitam, H.; Yishay, M.; Schiavini, F.; Soller, M.; Bagnato, A.; Shabtay, A. The Use of Kosher Phenotyping
for Mapping QTL Affecting Susceptibility to Bovine Respiratory Disease. PLoS ONE 2016, 11, e0153423. [CrossRef] [PubMed]

35. Weller, J.I. Quantitative Trait Loci Analysis in Animals, 2nd ed.; CABI Publishing: London, UK, 2009.
36. Heifetz, E.M.; Fulton, J.E.; O’Sullivan, N.P.; Arthur, J.A.; Wang, J.; Dekkers, J.C.M.; Soller, M. Mapping quantitative trait loci

affecting susceptibility to Marek’s disease virus in a backcross population of layer chickens. Genetics 2007, 177, 2417–2431.
[CrossRef]

37. Heifetz, E.M.; Fulton, J.E.; O’Sullivan, N.P.; Arthur, J.A.; Cheng, H.; Wang, J.; Soller, M.; Dekkers, J.C.M. Mapping QTL affecting
resistance to Marek’s disease in an F6 advanced intercross population of commercial layer chickens. BMC Genom. 2009, 10, 20.
[CrossRef] [PubMed]

38. Kranis, A.; Gheyas, A.A.; Boschiero, C.; Turner, F.; Yu, L.; Smith, S.; Talbot, R.; Pirani, A.; Brew, F.; Kaiser, P.; et al. Development of
a high density 600K SNP genotyping array for chicken. BMC Genom. 2013, 14, 59. [CrossRef]

39. Alvarez-Fernandez, A.; Bernal, M.J.; Fradejas, I.; Martin Ramírez, A.; Md Yusuf, N.A.; Lanza, M.; Hisam, S.; Pérez de Ayala, A.;
Rubio, J.M. KASP: A genotyping method to rapid identification of resistance in Plasmodium falciparum. Malar. J. 2021, 20, 16.
[CrossRef]

40. Lipkin, E.; Dolezal, M.; Bagnato, A.; Fulton, J.E.; Settar, P.; Arango, J.; O’Sullivan, N.; Rossoni, A.; Meuwissen, T.; Watson, K.; et al.
Linkage Disequilibrium and Haplotype Blocks in Cattle and Chicken Populations. In Proceedings of the Plant & Animal Genomes
XXI Conference, San Diego, CA, USA, 11–16 January 2013; Genome Mapping, Tagging & Characterization; General Comparative.

41. McElroy, J.P.; Dekkers, J.C.M.; Fulton, J.E.; O’Sullivan, N.P.; Soller, M.; Lipkin, E.; Zhang, W.; Koehler, K.J.; Lamont, S.J.; Cheng,
H.H. Microsatellite markers associated with resistance to Marek’s disease in commercial layer chickens. Poult. Sci. 2005, 84,
1678–1688. [CrossRef]

42. Barton, C.A.; Gloss, B.S.; Qu, W.; Statham, A.L.; Hacker, N.F.; Sutherland, R.L.; Clark, S.J.; O’Brien, P.M. Collagen and calcium-
binding EGF domains 1 is frequently inactivated in ovarian cancer by aberrant promoter hypermethylation and modulates cell
migration and survival. Br. J. Cancer 2010, 102, 87–96. [CrossRef]

43. Song, J.; Chen, W.; Cui, X.; Huang, Z.; Wen, D.; Yang, Y.; Yu, W.; Cui, L.; Liu, C.Y. CCBE1 promotes tumor lymphangiogenesis and
is negatively regulated by TGFβ signaling in colorectal cancer. Theranostics 2020, 10, 2327–2341. [CrossRef]

44. Ni, J.; Yi, X.; Liu, Z.; Sun, W.; Yuan, Y.; Yang, J.; Jiang, H.; Shen, L.; Tang, B.; Liu, Y.; et al. Clinical findings of autosomal-dominant
striatal degeneration and PDE8B mutation screening in parkinsonism and related disorders. Park. Relat. Disord. 2019, 69, 94–98.
[CrossRef] [PubMed]

45. Sun, Z.; Yuan, X.; Du, P.; Chen, P. High Expression of PDE8B and DUOX2 Associated with Ability of Metastasis in Thyroid
Carcinoma. Comput. Math. Methods Med. 2021, 2021, 2362195. [CrossRef] [PubMed]

http://doi.org/10.1007/s12016-017-8648-x
http://doi.org/10.1098/rstb.2008.0148
http://www.ncbi.nlm.nih.gov/pubmed/18926977
http://doi.org/10.1098/rsbl.2019.0867
http://www.ncbi.nlm.nih.gov/pubmed/32126186
http://doi.org/10.1007/978-3-642-56863-3_3
http://doi.org/10.1371/journal.pbio.1002198
http://www.ncbi.nlm.nih.gov/pubmed/26214839
http://doi.org/10.1186/s13567-016-0404-3
http://www.ncbi.nlm.nih.gov/pubmed/27894330
http://doi.org/10.1637/10408-100212-Reg.1
http://doi.org/10.3168/jds.2008-1646
http://www.ncbi.nlm.nih.gov/pubmed/19164653
http://doi.org/10.1534/g3.120.401354
http://www.ncbi.nlm.nih.gov/pubmed/32513654
http://doi.org/10.1637/10409-100312-Reg.1
http://doi.org/10.3382/ps/pev379
http://doi.org/10.3390/genes11091019
http://doi.org/10.1371/journal.pone.0153423
http://www.ncbi.nlm.nih.gov/pubmed/27077383
http://doi.org/10.1534/genetics.107.080002
http://doi.org/10.1186/1471-2164-10-20
http://www.ncbi.nlm.nih.gov/pubmed/19144166
http://doi.org/10.1186/1471-2164-14-59
http://doi.org/10.1186/s12936-020-03544-7
http://doi.org/10.1093/ps/84.11.1678
http://doi.org/10.1038/sj.bjc.6605429
http://doi.org/10.7150/thno.39740
http://doi.org/10.1016/j.parkreldis.2019.11.002
http://www.ncbi.nlm.nih.gov/pubmed/31726290
http://doi.org/10.1155/2021/2362195
http://www.ncbi.nlm.nih.gov/pubmed/34966441


Genes 2023, 14, 20 15 of 15

46. Vorster, E.; Essop, F.B.; Rodda, J.L.; Krause, A. Spinal Muscular Atrophy in the Black South African Population: A Matter of
Rearrangement? Front. Genet. 2020, 11, 54. [CrossRef] [PubMed]

47. Peissert, S.; Sauer, F.; Grabarczyk, D.B.; Braun, C.; Sander, G.; Poterszman, A.; Egly, J.M.; Kuper, J.; Kisker, C. In TFIIH the Arch
domain of XPD is mechanistically essential for transcription and DNA repair. Nat. Commun. 2020, 11, 1667. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fgene.2020.00054
http://www.ncbi.nlm.nih.gov/pubmed/32117462
http://doi.org/10.1038/s41467-020-15241-9
http://www.ncbi.nlm.nih.gov/pubmed/32245994

	Introduction 
	Materials and Methods 
	Populations 
	Mapping QTLRs Affecting Age at MD Death or Survival Using the F6 Population 
	Mapping QTLRs Affecting Daughter MD Mortality in Eight Elite Lines by Selective DNA Pooling (SDP) 
	Bioinformatics 
	Analysis of all QTLRs by Individual Genotyping 
	Linkage Disequilibrium (LD) in QTLRs 

	Results 
	Mapping of MD QTLRs in a Full-Sib Advanced Intercross F6 by Individual Genotyping 
	MD QTLR Mapping by Selective DNA Pooling (SDP) in Eight Pure Lines 
	Analysis of All Regions by Individual Genotyping 
	Linkage Disequilibrium among Markers from All Regions 

	Discussion 
	General 
	Detailed Analysis of Three Regions 
	QTLRs F6-1 + P-1 
	QTLR F6-2 
	QTLR P-4 


	Conclusions 
	References

