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Abstract. Albumen quality is a leading economic trait in the chicken industry. Major studies have paid attention
to genetic architecture underlying albumen quality. However, the putative quantitative trait locus (QTL) for
this trait is still unclear. In this genome-wide association study, we used an F> resource population to study
longitudinal albumen quality. Seven single-nucleotide polymorphism (SNP) loci were found to be significantly
(p<8.43 x 1077) related to albumen quality by univariate analysis, while 11 SNPs were significantly (p<8.43 x
10~7) associated with albumen quality by multivariate analysis. A QTL on GGA4 had a pervasive function on
albumen quality, including a SNP at the missense of NCAPG, and a SNP at the intergenic region of FGFPBI.
It was further found that the putative QTLs at GGA1, GGA2, and GGA7 had the strongest effects on albumen
height (AH) at 32 weeks, Haugh units (HU) at 44 weeks, and AH at 55 weeks. Moreover, novel SNPs on GGAS
and GGA3 were associated with AH and HU at 32, 44, and 48 weeks of age. These results confirmed the
regions for egg weight that were detected in a previous study and were similar with QTL for albumen quality.
These results showed that GGA4 had the strongest effect on albumen quality. Only a few significant loci were
detected for most characteristics probably reflecting the attributes of a pleiotropic gene and a minor-polygene in

quantitative traits.

1 Introduction

Chicken eggs are one of the world’s perfect table foods. Egg
quality comprises external and internal quality, and can be
defined by the eggshell, albumen, and yolk quality, and spe-
cial emphasis on the importance of albumen quality, which is
the major component (accounting for ~ 60 %) of the whole
egg (Campbell et al., 2003). From an exterior view, good al-
bumen quality should keep the yolk in the center of the egg
(Li-Chan and Kim, 2008) and is a very important parameter
to indicate egg freshness. According to the interior structures
of an egg, albumen contains many functionally important
proteins and is a good protein food with complete amino acid
composition (Abeyrathne et al., 2013). The thicker the albu-
men height, the grater the foaming, emulsifying, and gelling

properties, and the proteome composition would be better,
which is meaningful in the food industry (Sun et al., 2017).
Thus, improving the egg albumen quality is the current focus
of breeding purposes. At present, the most widely used cri-
terion of albumen quality are the albumen height (AH) and
Haugh unit (HU) (Haugh, 1937).

Egg albumen quality is affected by several factors in-
cluding strain or breed, age, nutrition, storage, and disease
(Roberts, 2004). The most important factor is the strain or
breed, and studies have shown that different strains of hen
vary significantly in albumen quality. The heritability esti-
mates of AH were reported as moderate from 0.29 to 0.51
(Honkatukia et al., 2013), so albumen quality could be im-
proved by genetic selection (Scott and Silversides, 2000).
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Albumen quality decreases with the aging process, and
previous reports focused on the genetics of albumen qual-
ity and are based on one time point, especially on week 40.
Many of the quantitative trait loci (QTLs) detected are related
to albumen quality, Tuiskula-Haavisto et al. (2002) identified
regions located on chromosome 2 that affected the Haugh
unit. The QTL located on chromosomes 7 and Z are associ-
ated with albumen quality at 40 weeks old, while a region
located on chromosomes 4 and 26, detected by Honkatukia
et al. (2013), could explain 2 %-4 % of phenotypic vari-
ance. Far less attention has been paid to longitudinal albu-
men quality, although it is an age-dependent complex trait
(Honkatukia et al., 2005). Wolc et al. (2014) reported that the
AH of brown layer hens was affected by different QTL re-
gions at different ages. Consequently, it is necessary to study
longitudinal albumen quality.

A remarkable range of discoveries from genome-wide
association studies (GWASs) have been made in the past
decade (Visscher et al., 2017), both in human and animals.
GWAS results have been shown to be useful for prediction
and selection for phenotypic traits by a customized gene chip.
In the present study, we conducted GWAS analysis on the dy-
namic albumen quality at 11 time points using a 600 K high-
density SNP array in an F; resource population. The main
goals of our work were to dissect the genomic loci and genes
that contribute to the albumen quality and lay a foundation
for future QTL detection of albumen traits in chickens.

2 Materials and methods

2.1 Population and trait collection

Our experiment was carried out in the Jiangsu Institute of
Poultry Science, Yangzhou, China. Standard conditions were
maintained throughout and a daily cycle of 16 h light and 8 h
dark. A diet corresponding to National Research Council re-
quirements was provided to laying hens, which were fed and
watered ad libitum. White Leghorns (WL) and Dongxiang
Blue-Shelled (DX) chickens, a Chinese indigenous breed,
were crossed to generate the Fy population. Six DX males
were mated with 80 WL females and 6 WL males were mated
with 133 DX females to generate F; populations of 552 and
1029 chicks, respectively. An F; resource population of 1534
chicks was generated from WL/DX (25 males, 407 females)
and DX/WL (24 males, 235 females) in a single hatch origi-
nating from 49 half-sib and 590 full-sib F population. More
details on the source and housing in the current experiment
are described in previous reports (Yuan et al., 2015; Li et al.,
2015; Yi et al., 2015; Sun et al., 2015; Shen et al., 2016).
Albumen quality, including AH and HU, was measured
in eggs of the first lay from each of the hens and then in
eggs every 4 weeks from 32 to 60 weeks of age, and 6 weeks
from 60 to 72 weeks of age. Fresh eggs were collected within
1 week. Two eggs per hen were used for analysis and three
eggs when hens first start laying. Then the traits were eval-
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vated with an EA-01 egg analyzer (ORKA Food Technol-
ogy Ltd, Ramat Hasharon, Israel). The device measures HU
by the method of Haugh (1937).

Data on descriptive statistics and correlation analysis were
calculated with the R v3.0.3 project. The “rntransform” func-
tion in the GenABEL package (Aulchenko et al., 2007) of R
v3.0.3 was used for the rank-based inverse normal transfor-
mations of trait deviations.

2.2 Genotyping and quality control

Nucleic acids were extracted by phenol/chloroform from
1534 blood samples collected from venipuncture. The geno-
typing data were from a 600 K Affymetrix Axiom Chicken
Genotyping Array (Affymetrix, Inc. Santa Clara, CA, USA).
The Axiom GT1 algorithm in Affymetrix Power Tools
v1.16.0 (APT) software was used for genotype calling and
quality control (QC). Sequences with a dish quality con-
trol (DQC) < 0.82 and call rate < 97 % were excluded from
the subsequent analyses. Then, 1534 individuals and 532 299
SNPs remained valid after the application of APT for QC. To
enhance the quality of the detection, further QC was carried
out using the PLINK v1.90 program (Purcell et al., 2007),
with missing rate minor allele frequency (MAF) <5 % and
Hardy—Weinberg equilibrium (HWE) p<1 x 107%. We im-
puted the sporadic missing genotypes by using the BEAGLE
v4.0 package (Browning and Browning, 2009); SNPs were
retained only if the imputation quality score was R%>0.5.
Finally, a total of 1512 samples and 435 867 SNPs were used
in subsequent analysis. Detailed information on the quality
control has been described in previous papers (Yuan et al.,
2015; Yiet al., 2015; Sun et al., 2015; Shen et al., 2016).

2.3 Genome-wide association analysis

Principal component analysis (PCA) was conducted in the
PLINK package to prevent spurious associations that can
result from hidden population stratification or cryptic re-
latedness. Thresholds to determine significant or sugges-
tive genome-wide associations were determined by the “sim-
pleM” method (Gao et al.,, 2010) with correction for the
number of multiple tests. After Bonferroni adjustment, we
obtained 59 308 independent results. Hence the significance
levels for genome-wide significant and suggestive values
were obtained as explained in a previous paper (Shen et al.,
2016), which were 8.43 x 107 (0.05/59308) and 1.69 x
1073 (1.00/59 308), respectively.

The albumen quality at each point was first analyzed using
a univariate linear mixed model. After the quality control of
genotype data, the univariate analysis was implemented us-
ing the GEMMA v0.94 package (Zhou and Stephens, 2014).
The significance level was calculated from the P value de-
rived from the Wald test. The univariate linear mixed model
is as follows:
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y=Wa+XB+Zu+e, (1

where y is an n x 1 vector of phenotypic values for » individ-
uals; W is an n x ¢ matrix of covariates (fixed effects, top five
principal components (PCs) in our study including a column
of ones); & is a ¢ x 1 vector of the corresponding coefficients
including the intercept; X is an n x 1 vector of the genotypes
of the SNP marker; 8 is the substitution effects of marker; Z
is an n x n relatedness matrix of random effects; g is an n x 1
vector of random effects; and € is an n x 1 vector of errors.

When the SNPs that had suggestive associations with a
phenotype at the time points in univariate analysis were in-
cluded in the subsequent multivariate analysis to avoid com-
putational issues when considering all points simultaneously,
the formula is given as follows:

Y =WeDa"+XQDB*+(ZDu*" +¢&*, 2)

where Y* is an n x d matrix of d phenotypes for n samples,
W is an n X ¢ matrix of covariates (fixed covariates, top five
PCs in our study including a column of ones); «* is a ¢ x d
matrix of corresponding coefficients including the intercept;
X is an n vector of marker genotypes; and B* is a d vector of
the substitution effects of marker. Z is an n x d relatedness

Zr 0 O
matrix of random effects, Z = 0 Z, 0 |,Z;arethe
0 0 Zy

incidence matrices relating phenotype of the dth trait to ran-
dom effects; u* is an n by d matrix of random effects; &* is
an n by d matrix of errors; I is the identity matrix.

The Manhattan and Q-Q plots were created by the “gap”
and “qgman” packages (Zhao, 2007) in the R project. The
GenABEL package (Aulchenko et al., 2007) in the R project
was used to calculate the genomic inflation factor resulting
from the estimate of false positive signals.

2.4 Linkage disequilibrium analysis

We used Haploview v4.2 software (Barrett et al., 2005) to an-
alyze linkage disequilibrium (LD) between significant mark-
ers for loci that have a strong linkage to causal mutants. A
strong block was defined as a region with LD (r2 > 0.33) be-
tween all significant SNPs.

2.5 Estimation of variance explained and gene
annotation

SNP-based heritability (hgnp as genomic heritability) from
the GWAS was estimated by univariate restricted maximum
likelihood in the GCTA v1.24 program (Yang et al., 2011).
We used the bivariate mixed model to estimate pairwise phe-
notypic and genetic correlations simultaneously for each re-
sult relating to albumen quality. The genetic relationship ma-

trix partitioned the chicken genome into 28 autosomes and
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identified two linkage groups by calculating the contribution
to phenotypic variance (CPV) for each point.

The genes nearest or harboring significant SNPs asso-
ciated with albumen quality were chosen as candidate lo-
cations. Ensemble and the UCSC (http://genome.ucsc.edu/)
Genome Browser (Gallus gallus genome v5.0) were used to
identify annotated genes located in candidate regions.

3 Results

3.1 Phenotypic description and genetic parameters

The phenotype for albumen quality is given in Table 1. The
AH at the age of first egg (AFE) was largest when the egg
weight was lowest (Coorey et al., 2015). The AH and HU
at most points showed weak phenotypic correlations except
at weeks 60, 66, and 72. Trends observed in AH and HU
were nearly unchanged with the age of the hen. Moreover, no
significant differences were found in AH or HU at different
week time points.

The heritability of AH ranged from 0.15 to 0.35, which
was higher than HU at each point for the HU derived from
egg weight. The highest SNP-based heritability estimates of
AH and HU were both found at 32 weeks of age (hgnp =0.35,
0.31, respectively).

The phenotypic correlation and genetic parameters are
shown in Tables 2 and 3. The phenotypic correlation coeffi-
cient by Pearson correlation and the genetic correlation anal-
ysis by bivariate GCTA revealed that both AH and HU at
multiple ages are highly and positively interrelated. The cor-
relation coefficient between AH and HU at the same point
showed a positive and high value. Moreover, the correlation
coefficient indicated that AH or HU showed lower genetic
correlations with the traits at other points, compared with
those among albumen quality from 32 to 72 weeks of age.

3.2 Identifying candidate loci by GWAS

We performed GWAS analysis for AH and HU at 11 sepa-
rate time points. Using a univariate method, we found only
3, 2, and 1 SNPs reached a significant level related to AH
at 32 (GGA1, GGA4), 52 (GGA4), and 56 (GGA7) week
points, respectively. Two SNPs on GGA?2 are related to HU at
44 weeks. Moreover, a total of 221 genome-wide suggestive
SNPs was obtained from 11 independent univariate analy-
ses, located on 14 (GGA1-9, GGA14, GGA17-20, GGA23,
GGA24, GGA30) different chromosomes (Table S1 in the
Supplement). From the phenotypic and genetic data obtained
above, it is assumed that analysis of the data from 32 weeks
of age would be more reliable. A Q—Q and Manhattan plot
for all SNPs affecting AH at 32, 52, and 56 weeks and HU
at 44 weeks is given in Fig. 1, and the remaining parameters
are shown in the Supplement Fig. S1. The detailed significant
SNPs by univariate analysis are shown in Table 4.
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Figure 1. Manhattan plot (a, c, e, f) and quantile—quantile (Q—Q) plot (b, d, f, h) of the observed P values for albumen height at 32, 52, and
56 weeks of age and Haugh units at 44 weeks of age. For the Manhattan plots, the black and green lines depict the genome-wide significant
and suggestive thresholds with values of 8.43 x 10~7 and 1.69 x 107, respectively.
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Table 1. Phenotypic data of albumen quality.
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Age (week) No. Albumen quality (mean £ SD)  Phenotypic correlation ~ Genetic correlation
AH (mm) HU

AFE 1464 4.05+£0.8 71.324+6.49 0.918%* 0.904

32 1455 4.18+0.73 67.26 +6.23 0.955%* 0.933

36 1436 4.29+£0.95 67.48 +8.13 0.928%* 0.910

40 1446 4.42+0.76 68.02+6.23 0.948%* 0911

44 1393  4.33+£0.87 66.78 + 8.1 0.953* 0914

48 1201  4.30+£0.88 65.54 £8.27 0.950%* 0.878

52 1199 4.55+0.85 67.64+7.86 0.915% 0.899

56 1321 4.42+0.98 65.93 +8.58 0.908* 0.923

60 1336  4.48+£0.92 66.30+ 8.5 0.953* 0.906

66 1287 4.56+1.03 67.214+9.44 0.943* 0.939

72 1250 4.32+£0.95 64.45+9.37 0.944%* 0.929

No. is number of samples; AFE is age of first egg; AH is albumen height; HU is Haugh unit.
extremely significant correlation between albumen height and Haugh units at the same week.
Table 2. Phenotypic correlation and genetic parameters of albumen height.

Trait AFE_AH AH32 AH36 AH40 AH44 AH48 AH52 AHS6 AH60 AH66 AH72
AFE_AH 0.25 0.65 0.61 0.58 0.73 0.74 0.58 0.50 0.52 0.53 0.41
AH32 0.28 0.35 0.99 0.99 0.85 0.91 0.95 0.74 0.87 0.80 0.79
AH36 0.19 0.43 0.21 1.00 1.00 0.87 0.97 0.80 1.00 0.87 0.84
AH40 0.25 0.47 0.36 0.26 0.96 0.87 0.93 0.62 0.94 0.87 0.82
AH44 0.22 0.38 0.34 0.38 0.22 0.86 1.00 0.84 1.00 0.92 0.76
AH48 0.19 0.36 0.28 0.34 0.34 0.15 0.96 0.75 0.90 0.90 0.84
AHS52 0.18 0.46 0.34 0.40 0.34 0.34 0.29 0.86 1.00 0.88 0.78
AHS56 0.15 0.31 0.24 0.30 0.23 0.22 0.34 0.18 0.79 0.66 0.85
AH60 0.19 0.40 0.33 0.38 0.33 0.35 0.42 0.36 0.23 1.00 0.97
AH66 0.19 0.37 0.27 0.40 0.33 0.32 0.39 0.33 0.48 0.27 0.94
AH72 0.14 0.38 0.28 0.36 0.34 0.37 0.38 0.32 0.49 0.54 0.29

Genetic correlations (upper triangle) and phenotypic correlations (above diagonal) and with heritability estimates in the diagonal. AFE_AH = first egg
albumen height; AH32, AH36, AH40, AH44, AH48, AH52, AH56, AH60, AH66, AH72 = albumen height every 4 weeks from 32 to 60 weeks old, and

every 6 weeks from 60 to 72 weeks old.

The different points that had similar significant or sugges-
tive SNP regions were performed by a multivariate model.
Then we conducted GWAS for the AH and HU at 32, 44, and
48 weeks of age. Moreover, the AH at 32, 52, and 60 weeks
were also conducted by multivariate analysis in GEMMA.
Consequently, nine loci exceeded the threshold for genome-
wide significance association with AH at 32, 52, and 60
weeks. Figure 2 depicts the Manhattan and Q—Q plots for all
SNPs. Detailed information about significant and suggestive
SNPs by multivariate analysis are shown in Table S2.

One locus on GGAS and nine loci on GGA4 provided con-
vincing evidence for associations with AH at week 32. In ad-
dition, one locus on GGA3 was related to HU at 32, 44, and
48 weeks old. The results are given in Table 5.

3.3 SNP effects on albumen quality

LD analysis of the significant SNPs on GGA4 showed
that there are three strong LD blocks (Fig. 3) in the DX

www.arch-anim-breed.net/62/113/2019/

and WL crossed population, corresponding with the SNPs
rs314487178, rs14491030, and rs313185009. Overall, the
SNPs obtained from univariate analysis explained more than
2 % of the phenotypic variance for the AH. The proportion of
SNPs obtained from multivariate analysis was highest at 32,
44, 52, and 56 weeks old. To detect candidate genes, the sig-
nificant SNPs were used to blast the Gallus gallus assembly
5.0 on Ensemble. The detailed genes are showed in Tables 4
and 5. It is noteworthy that SNPrs/4491030 located in the
missense area of gene NCAPG has a significant association
with AH. The largest estimate was obtained from AH at 52
weeks old with the proportion reaching 2.47 %. The CPV of
the remaining SNPs ranged from 0 % to ~ 2 % (Table 6).

4 Discussion

Previous genome-wide studies have focused on albumen
quality from a limited time point, with different results from
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Table 3. Phenotypic correlation and genetic parameters of Haugh units (HU).

Trait AFE_ HU HU32 HU36 HU40 HU44 HU48 HUS2 HUS56 HU60 HU66 HU72
AFE_HU* 0.15 0.36 0.35 0.31 0.39 0.39 0.24 0.14 0.15 0.12 0.15
HU32 0.11 0.31 0.97 0.94 0.79 0.88 0.95 0.60 0.77 0.73 0.71
HU36 0.07 0.37 0.14 1.00 1.00 0.85 0.98 0.69 0.99 0.84 0.82
HU40 0.13 0.40 0.32 0.22 0.95 0.78 0.86 0.55 0.86 0.76 0.72
HU44 0.09 0.29 0.29 0.32 0.17 0.82 0.99 0.79 0.99 0.91 0.71
HU48 0.07 0.29 0.22 0.29 0.29 0.14 0.93 0.62 0.86 0.85 0.77
HU52 0.04 0.37 0.26 0.33 0.26 0.29 0.28 0.82 0.99 0.81 0.72
HUS56 0.04 0.28 0.20 0.26 0.20 0.20 0.31 0.20 0.78 0.58 0.85
HU60 0.06 0.33 0.26 0.32 0.27 0.31 0.36 0.37 0.21 0.99 0.92
HU66 0.07 0.30 0.25 0.34 0.27 0.27 0.32 0.34 0.44 0.22 0.89
HU72 0.02 0.30 0.22 0.29 0.27 0.30 0.31 0.31 0.45 0.51 0.25

Genetic correlations (upper triangle) and phenotypic correlations (above diagonal) and with heritability estimates in the diagonal.
* AFE_HU = first egg albumen height; HU32, HU36, HU40, HU44, HU48, HU52, HU56, HU60, HU66, HU72 = Haugh unit every 4 weeks from 32 to 60

weeks old, and every 6 weeks from 60 to 72 weeks old.

Table 4. SNP markers with significant effects on albumen quality by univariate genome-wide association study.

GGA SNP Position P value Traits MAF EA/AA Location Candidate gene  CPV (%)
1 rs14916807 169300311 5.14x10~7  AH32 0.36 A/C intron KPNA3 2.48
2 rs314035311 534249 7.13x 10”7 HU44 0.065 C/T intron CDC25A 2.24
2 rs317157401 5316830 2.37x 10”7 HU44 0344 G/C intron WDR48 2.29
4 rs315201454 76457427 4.69x10~7 AH32 0.059 G/A intron NCAPG 2.00
4 rs313185009 77654701 627 x 1077 AH52 0.058 G/A intergenic FGFBP1 2.47
4 rs313154528 77924330 729x 1077 AH52 0.061 G/T intergenic  BST1 2.42
7 rs312465596 31130005 4.36x10~7 AH56 0.179 C/T intron THSD7B 2.39

Abbreviations: GGA, Gallus gallus chromosome; EA, effect allele (minor allele); AA, alternative allele (major allele); MAF, minor allele frequency; CPV, contribution

to phenotypic variance (%).

different reports. In the current research, we integrated mul-
tiple ages, a high-density array, and statistical analysis strate-
gies with an aim to understand the molecular mechanisms of
albumen quality in chickens.

The value of AH ranged from 4.05 to 4.56 mm when mea-
sured by the egg analyzer, which was lower than the conven-
tional method used in previous reports (Ledur et al., 2002;
Sert et al., 2011; Honkatukia et al., 2013; Goto et al., 2014;
Rath et al., 2015). The first reason for this is that the egg an-
alyzer is an automatic testing device, therefore the albumen
at the thickest point is not within the range of testing because
the testing area is in a relatively fixed position. It is assumed
that the conventional method may be a more reliable method
to test AH. Second, the AH of unselected local hens had a
lower albumen compared to commercial hens (Kehua et al.,
2012). Our population of Fy is generated from a local Chi-
nese chicken, the DX chicken, which has a lower AH than
commercial lines.

Heritability estimation on AH and HU by GCTA was
lower, except for the value at 32 weeks of age, when com-
pared to previous studies (Honkatukia et al., 2013; Goto et
al., 2014; Rath et al., 2015; Wolc et al., 2012). The genetic
correlation between AH at different time points was from

Arch. Anim. Breed., 62, 113—-123, 2019

0.41 to 1.0, while the phenotypic correlation was lower. The
genetic parameters estimated from genomic relationship will
be more accurate compared to pedigree relationship (Wolc et
al., 2013), and are easily affected by the structure of statis-
tical models, depth of pedigree, and data size. On the other
hand, this suggests that the trait of albumen quality is eas-
ily affected by the environment; moreover, given that high-
density SNP genotypes increased accuracies of estimated
breeding value (Wolc et al., 2013), it is likely that genomic
selection should be applied in albumen quality breeding.

We obtained a total of seven significant SNPs located on
GGALl, 2, 4, and 7 that were associated with AH and HU
by univariate analysis, while 10 SNPs were found mainly on
GGA4 by conducting multivariate analysis, which indicated
that common variants were important contributors to the al-
bumen quality. The HU is influenced by the strain and age,
the calculation of which has been questioned (Silversides and
Villeneuve, 1994). In our results, the significant number of
SNPs that were associated with HU was less than for AH, this
may be because of the overcompensation for egg weight in
the HU formula (Silversides, 1994; Nestor and Jaap, 1963).
It suggests that only taking AH into account to describe al-
bumen quality would be sufficient.
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Figure 2. Manhattan plot (a, ¢, e) and quantile—quantile (Q—Q) plot

(b, d, f) of the observed P values for the albumen quality by multivariate

analysis. For the Manhattan plots, the black line and green lines are the genome-wide significant and suggestive thresholds with values of

8.43 x 10~7 and 1.69 x 102, respectively.

The QTL affecting albumen quality was on different chro-
mosomes with different breeds in previous reports. Goto et
al. (2014) found the region associated with albumen was lo-
cated on GGAIL, 2, 4, 5, 6, 8, 9, 27, and Z. Honkatukia et
al. (2013). obtained QTL on chromosomes 7 and Z chromo-
some related to HU, and Wolc et al. (2014) reported that a
region on GGA?2 significantly affected AH. Combined with
the results from our previous study, this suggests that albu-
men quality is a complex quantitative trait affected by poly-
genes.

From our study, evidence for the region between position
76.4 to 77.7 Mb on GGA4 associated with many traits cor-
responded to the previous findings of different resource pop-
ulations (Schreiweis et al., 2006; Kerje et al., 2003), which
suggests that GGA4 may play a key role in different traits.
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Moreover, our study identified candidate genes on GGA4
that provide strong confirmation of our previously reported
region for egg weight (Yi et al., 2015) and eggshell traits
(Sun et al., 2015). It is noted that the QTL that affects egg
weight or shell traits also influences albumen quality. The
significant SNPs on GGA4 were distributed into two blocks.
The rs14491030 located in the missense of gene NCAPG
(non-SMC condensin I complex, subunit G). The gene has
a pleiotropy function on many traits, like residual feed intake
in bovines (Widmann et al., 2015), withers height in horses
(Tetens et al., 2013), and body weight in chickens (Setoguchi
etal., 2009). The results of our population study revealed that
NCAPG may affect egg weight because albumen is the ma-
jor contributor to egg weight (Silversides and Budgell, 2004).
The egg weight gain may be through increasing albumen by
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Table 5. Eleven SNP markers with significant effects on albumen quality by multivariate analysis.

GGA SNP Position P value  Traits MAF EA/AA Location Candidate gene
4 rs14491074 76631420 3.21x 1078  AH32, AH52, AH60 0.054 C/T intergenic LDB2

4 rs315201454 76457427 438 x 1078  AH32, AH52, AH60 0.057 G/A intron NCAPG
4 rs316243629 76467271 438 x 108  AH32, AH52, AH60 0.057 A/G intron NCAPG
4 rs14491030 76458342 5.63x 1078 AH32, AH52, AH60 0.058 G/A missense  NCAPG
4 rs314745738 76406489 2.19x 1077  AH32, AH52, AH60 0227 G/A intron LCORL
4 rs16437368 77205038 2.86x 10~7  AH32, AH52, AH60 0.051 C/T intron BST1

4 rs313185009 77654701 4.71x 107  AH32, AH52, AH60 0.059 G/A intergenic FGFBP1
4 rs314487178 76400165 6.44 x 10~7  AH32, AH52, AH60 0.227 T/C intron LCORL
4 rs15619270 76450114 8.18 x 107 AH32, AH52, AH60 0.056 C/G intergenic NCAPG
5 rs314039089 28424606 6.06 x 1077 AH32, AH44, AH48 0.280 T/C intergenic RADS5I1B
3 1s314618917 104795435 3.87 x 10~7 HU32, HU44, HU48 0.083 A/G intron ZNF512

Abbreviations: SNP, single nucleotide polymorphism; GGA, Gallus gallus chromosome; EA, effect allele (minor allele); AA, alternative allele (major allele); MAF,

minor allele frequency.

Table 6. Contributions to the phenotypic variance in albumen quality by eight mutations at different weeks.

GGA SNP CPV (%)

Trait/age ~ AFE 32 36 40 44 48 52 56 60 66 72
1 1514916807  AH 0319 2477 1440 0628 0875 1.679 0001 0788 0304 0356 0.131
2 1314035311  HU 0.001 0.001 0.001 0057 2245 0262 0001 0001 0.001 0001 0.001
2 1s317157401 HU 0.001 0.134 0449 0.605 2292 0433 0421 0319 0438 0407 0267
3 1314618917 HU 0.001 0926 0460 0383 0290 0.743 0591 0.001 0.662 0745 0.549
4 1s14491030  AH 0.034 1.836 0.677 0705 0736 0.706 1.964 1293 0556 0.042 0.375
4 1s313185009 AH 0.047 1.637 0360 0413 0566 0.802 1.635 1.022 0368 0.098 0.583
5 1s314039089  AH 0.001 0.001 0465 0370 2333 0.001 0.147 0001 0.139 0464 0349
7 1312465596  AH 0.001 0.126 0471 0201 0710 0.001 0001 2393 0245 0.897 0.001

Abbreviations: CPV, Contributions to the phenotypic variance; AH, albumen height; HU, Haugh unit; AFE, age at first egg.
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Figure 3. LD analysis of the significant SNPs on GGA4. Three
strong blocks were observed in this significant region, number in
the diamond block is the R? value.
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NCAPG modulation. Another SNP rs373185009 located on
FGFBPI (fibroblast growth factor, FGF, binding protein 1)
showed 1.637 % CPV for AH at 32 weeks. FGFBPI binds
to FGFs to play a role in the control of wound healing and
tumor angiogenesis in humans (Tomaszewski et al., 2011).
In chickens, the release of FGFs from local extracellular ma-
trix storage is essential for chicken embryonic development
within the first 3 days (Gibby et al., 2009). Many genes dis-
played a pleiotropic effect in multiple phenotypes simulta-
neously (Mackay et al., 2009); it is speculated that FGFBP1
may be involved in albumen synthesis.

On GGAL, two regions around 50 Mb (Tuiskula-Haavisto
et al., 2004) and between 90.35 and 123.03 Mb (Yi, 2005)
are associated with albumen quality. The locus rs14916807
located on GGA1 with a physical position of 169.3 Mb was
significantly associated with AH at 32 weeks old, and the
CPV (2.48 %) was highest in all significant loci. Findings
obtained from other reports showed that this region was also
related to body weight (Wang et al., 2015; Xie et al., 2012)
and bone traits (Zhang et al., 2010), which indicated that the
region has a pleiotropic function on many traits. The locus is
located in the intron of gene KPNA3 (karyopherin alpha 3).
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KPNA3 affects breast muscle weight and leg muscle weight
in chicken (Xie et al., 2012), and is highly expressed in adi-
pose tissue acting on the importation of proteins in rat (Plant
et al., 2006). The changes in ovomucin significantly affect
thick albumen (Toussant and Latshaw, 1999). The aforemen-
tioned genes may participate in the process of synthesis and
transportation of ovomucin.

Notably, it was shown that the genomic region on 24.52—
29.72 Mb overlapped on GGA7 based on galgal 4.0 associ-
ation with AH and HU at the age of 40 weeks (Honkatukia
et al., 2013). Our results revealed that the rs312465596 at
position 31.13 Mb based on galgal 5.0 also influences albu-
men height at 56 weeks old. Accordingly, it was revealed
that the region around 31 Mb on GGA7 may be a candidate
QTL for albumen quality. The SNP rs312465596 located in
gene THSD7B (thrombospondin type-1 domain-containing
protein 7B precursor). THSD7B affects atherothrombotic dis-
ease in humans (Brand-Herrmann, 2008). Further study on
how this gene affects albumen quality is necessary.

Two adjacent SNPs on GGA?2 in our present study were
significantly associated with HU at 44 weeks, which did not
coincide with previous reports that show a QTL located at
10.05 Mb related to AH at 40 weeks (Liu et al., 2011). The
nearest genes to the two markers were CDC25A and WDR48.
The gene CDC25A (cell division cycle 25A) is a crucial reg-
ulator of cell cycle progression (Shreeram et al., 2008), while
WDR48 (WD repeat protein 48) is considered a potential tu-
mor suppressor (Gangula and Maddika, 2013), yet its func-
tion on albumen quality is almost unknown. Moreover, an-
other two SNPs on GGAS and GGA3 association with AH
and HU at three different ages did not agree with a pre-
viously reported region on the same chromosome (Abasht
et al., 2009). The results show compellingly that albumen
height is a complex trait that is affected by polygenes or mul-
tiple QTL regions.

Although the results from the current study may be more
vulnerable to different regions at longitudinal points, the
present research strongly suggests that at least one major
QTL on GGA4 and several other loci of minor effects are
involved in albumen quality, which suggests that the genetic
architecture of albumen quality is partially discrete at differ-
ent QTL regions and these QTLs have age-dependent man-
ners of controlling albumen trait (Goto et al., 2018). This has
important ramifications for understanding complex trait in-
teractions and pleiotropy in domestication. A complex trait is
often a quantitative trait that is affected by polygenes. More-
over, most of the genes detected in the current research have
not been reported in association with egg quality in previ-
ous work. This highlights that pleiotropy may occur between
traits that are not thought to be functionally related (Mackay
et al., 2009). For example, some diseases in humans are not
physiologically associated but can still be affected by the
same mutation (Flint and Mackay, 2009). Albumen quality
is a complex trait that involves transportation, protein syn-
thesis, and secretion; it is assumed that genetic relationships
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exist between the albumen and other traits in the process of
albumen formation. Despite all this, the impact on albumen
quality of the genes identified by us requires further investi-
gation.

5 Conclusions

From the current research, one major QTL detected on
GGA4 showed significant association with albumen quality.
In this region, NCAPG and FGFBPI were analyzed as can-
didate genes. Moreover, it was found that putative QTLs at
GGA1, GGA2, GGA7, GGAS, and GGA3 were associated
with albumen quality. This result suggests that albumen qual-
ity is a complex trait that is affected by one major QTL and
polygenes.
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