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Abstract. Kumalawati DS, Maharani D, Sari APZNL, Pratomo GH, Sasongko H, Fathoni A, Susanti T. 2023. Short Communication:
Polymorphism of collagen type X (COLX) gene and their association with egg production traits and egg weight in Alabio and Mojosari
ducks. Biodiversitas 24: 1518-1523. Type X collagen (COLX) is non-fibrillar collagen expressed in the white isthmus of the avian
oviduct and plays a role in egg formation. This study aimed to identify COLX gene polymorphism and its association with egg
production and egg weight in Alabio (Anas platyrhynchos Borneo) and Mojosari ducks (Anas platyrhynchos Javanicus). Blood samples
of 100 female ducks were collected, and their deoxyribonucleic acid (DNA) was extracted. In addition, a 220 bp fragment of COLX
gene was amplified using the polymerase chain reaction (PCR) method and sequenced for single nucleotide polymorphism (SNP)
identification and genotyping. Data analysis was performed to calculate genotype and allele frequencies, and an independent sample t-
test was used to examine the association between genotype and egg production and egg weight of each individual. Three genotypes (CC,
TT, and CT) of SNP g.74C/T were detected in both breeds. Allele C (0.77) was dominant in Alabio population; otherwise, allele T
(0.81) dominated Mojosari population. The frequency of CC (0.59) was highest in Alabio ducks, followed by CT (0.37) and TT (0.04),
while TT (0.65) was highest in Mojosari ducks, followed by CT (0.33) and CC (0.02). Meanwhile, association analysis showed that
ducks with CC genotype had significantly higher egg production at 28 and 34 weeks in Alabio than those with CT genotype (p<0.05).

These results indicate that COLX is an effective genetic marker for a breeding program to increase egg production in Alabio ducks.
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INTRODUCTION

Alabio (Anas platyrhynchos Borneo) and Mojosari
ducks (Anas platyrhynchos Javanicus) are two Indonesian
local ducks that are widely developed in South Kalimantan
and East Java (Turnip et al. 2018; Rohaeni et al. 2021). As
genetic resources that are known to have high productivity,
both reached the average age of first laying at 24 weeks
and could produce 55-67 eggs in the first three months of
production (Prasetyo and Susanti 2000; Damayanti et al.
2019). Furthermore, crossbreeding of selected male
Mojosari ducks (Mojomaster-1 Agrinak) with selected
female Alabio ducks (Alabimaster-1 Agrinak) had been
proven to produce hybrid ducks called Master ducks (MA),
which could produce more eggs than their parents. The
average age at the first laying of Master was 22 weeks and
produced 74 eggs in the first three months of production
(Prasetyo and Susanti 2000). As ducks intended to become
superior commercial breeds for egg production, Master had
high feed conversion (3.55) (Ketaren and Prasetyo 2002)
and was still considered costly for some breeders. To
obtain local ducks with superior characteristics, genetic
improvement is needed through selection, especially in
terms of production consistency and efficiency. During the

last few years, selection activities based on phenotypic
traits to increase livestock productivity have shown rapid
development in cattle (Bos indicus) (Mustefa et al. 2021);
goats (Capra hircus) (Sheriff et al. 2021); sheep (Ovis
aries) (Tortereau et al. 2020); pig (Sus scrofa domesticus)
(Nguyen et al. 2021); chicken (Gallus gallus) (Jambui et al.
2017); duck (Anas platyrhynchos domesticus) (Li et al.
2020); turkey (Meleagris gallopavo) (Hiscock et al. 2022);
and quail (Coturnix coturnix) (Naring et al. 2016). An
intensive selection of Alabio and Mojosari was still being
carried out to increase egg production and finally reduce
the feed conversion ratio of Master ducks. However, this
selection method still has some limitations, such as the
duration of one-generation interval observations, difficulty
in measuring phenotypic traits with low heritability, and
high cost (Ibtisham et al. 2017).

Along with the development of molecular technology, a
new selection method emerged called genomic selection,
where we could select livestock using single nucleotide
polymorphism (SNP) markers (Collins et al. 2019).
Genomic selection has been widely used in cattle (de las
Heras-Saldana et al. 2020; Li et al. 2020); goat (Massender
et al. 2022); sheep (Lillehammer et al. 2020); pig (Hidalgo
et al. 2020); chicken (Dou et al. 2022); duck (Zhang et al.
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2022); turkey (Abdalla et al. 2022); quail (Lee et al. 2021).
The basic concept of this method was to use
deoxyribonucleic acid (DNA) sequence changes in single
nucleotides that differed in each individual, then associated
with specific phenotypic traits and utilized for selection
purposes. Utilization of this genomic selection would cover
the lack of conventional selection to design more efficient
breeding programs.

Egg production is highly dependent on the reproductive
performance of poultry, while reproduction is a trait with
low heritability (Collins et al. 2019). Several candidate
genes had been explored in ducks and identified as having
polymorphic properties that could be used as gene markers
for duck productivity, such as collagen type X (COLX).
Collagen type X or COL10Al gene is located on
chromosome 3 and has three exons based on the
assessment number nc_051774.1, gene id. 101802636 (in
ducks). It is a network-forming collagen and has a short-
chain structure (Chang et al. 2012). COLX was mainly
found in hypertrophic chondrocytes in cartilage and some
calcified matrix (Gudmann and Karsdal 2016; Taylor et al.
2019), so it was thought to be involved in the
mineralization process (Chang et al. 2012). This protein
was also expressed in tubular gland cells in the white
isthmus of the avian oviduct and related to egg formation
(Wang et al. 2002: Yin et al. 2020).

The role of COLX in egg formation was evidenced by
its presence in shell membrane (Du et al. 2015; Rose-
Martel et al. 2015; Ahmed et al. 2017), eggshell matrix
(Mann and Mann 2015; Marie et al. 2015a), and uterine
fluid in early stages of eggshell mineralization (Marie et al.
2015b). Eggshell membrane is a double-layered fibrous
meshwork consisting of collagens (type 1, V, X),
glycoproteins, keratin and calcium carbonate (Sah and Rath
2016). It plays an important role in preventing
microorganisms contamination (Kaweewong et al. 2013)
and supporting enzyme immobilization (Jiang et al. 2017;
Morrovat et al. 2022). Collagen type X on eggshell
membrane facilitates inhibiting mineralization of egg
white, yolk, and on shell membrane fibers itself (Arias et
al. 1997a). However, several studies have also reported the
role of COLX in stimulating the early stages of
mineralization (Marie et al. 2015a, b). COLX was highly
cross-linked, insoluble, and tended to self-aggregate (Arias
et al. 1997a, b), thus supporting the integrity of eggshell
membrane structure and allowing it to play a role in
eggshell formation and structure. Furthermore, the presence
of this collagen in the eggshell membrane indicated its
involvement in vascularization and transfer of calcium
from eggshell to chicken embryo.

Indication of the contribution of COLX gene to the egg
weight of Tsaiya ducks was reported by Chang et al.
(2012), as one SNP and three genotypes (TT, TC, CC)
were detected in the coding region (T74C:Val24Ala), with
the first two genotypes contributing to the trait. Another
study reported similar results, where T allele reached
84.25% in Central Java local ducks (Susanti and Yuniastuti
2020). However, no study had been conducted on this gene
in Alabio or Mojosari ducks. Therefore, it was necessary as
a preliminary study to identify polymorphisms in COLX
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gene and its association with production traits and egg
weight of Alabio and Mojosari ducks.

MATERIALS AND METHODS

Animal handling and blood collection

One hundred female ducks aged 46 weeks consisting of
49 Alabio ducks and 51 Mojosari ducks from the
Indonesian Livestock Research Center, Ciawi, were used in
the study. Each duck was kept in an individual cage under
the same environmental and maintenance condition. The
ducks fed with a limited diet (160 g/day) containing 16-
18% protein and provided with ad libitum drinking water
during laying. As for data were collected when the ducks
started laying until they were 40 weeks old. The data
included: age at the first egg (AFE), body weight at first
egg (BWFE), the weight of first egg (EWFE), egg weight
at 28, 34, and 40 weeks (EW28, EW30, EW40), and the
number of eggs produced to 28, 34 and 40 weeks (EN28,
EN30, EN40). Blood was drawn from each duck through
pectoralis vein, and transferred into a vacutainer containing
tripotassium ethylenediaminetetraacetic acid (K3EDTA)
and then stored at -18-C.

DNA extraction and amplification

The DNA was extracted by gSYNCTMDNA Extraction
Kit (Geneaid, Taiwan) according to the manufacturer’s
instructions from 100 individual blood samples. While
amplification was conducted using Primus 25 Advanced
thermocycler (PEQLAB Biotechnologie, Fareham, UK),
with primers based on a reference by Chang et al. (2012).
The total reaction volume was 25 L, consisting of 2 pL
genomic DNA, 05 pL of each primer (F:5’-
CTGGCAGTGCTGTCATCGAT-3' and R:5-
GCGTGACCTCCTAAAGGACATC-3), 12,5 yL Tag DNA
Polymerase (with 10x combination buffer), and 9.5 pl ddHO.
PCR conditions were as follows: pre-denaturation at 94-C for
5 minutes, 35 cycles of denaturation at 94-C for 1 minute,
annealing at 55°C for 1 minute, extension at 72°C for 1.5
minutes, and final extension at 72-C for 10 minutes.

Sequencing

The DNA sequencing was conducted by 1st BASE
DNA Sequencing Division of PT. Genetics Science, and
then analyzed using Bioedit 7.0 software. SNP and
genotype were determined based on the sequence
alignment results and confirmed by looking at the peaks at
the exact location of each individual. SNP was named
based on the sequence of the duck COLX gene by Chang et
al. (2012).

Data analysis

Genotype, allele frequencies, heterozygosity, and
Hardy-Weinberg equilibrium of each breed were analyzed
using PopGene32 software, with Hardy-Weinberg
equilibrium indicated by the analysis's chi-square value.
All data was performed by SAS software version 9.4.
Except for EWA40 in Alabio and AFE in Mojosari ducks, all
trait data had been verified to have a normal distribution
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using the Shapiro-Wilk test. The verified traits were
utilized to perform genotype-trait association analysis with
an independent sample t-test, while the two unverified
traits were tested using the Wilcoxon Mann-Whitney U-
test. The values are presented as LSM+SE and were
considered significant at p<0.05.

RESULTS AND DISCUSSION

SNP identification and genotyping

The use of genetic markers using SNPs takes into
consideration most of the factors that may affect the
breeding program because those SNP in different
quantitative traits might affect economic traits in animals.
As a result, one SNP ¢.74C/T was identified in both
populations, which consists of three genotypes (CC, TT,
and CT) (Table 1). It was indicated by a clear peak in the
chromatogram (Figure 1). These results confirmed previous
studies that the same SNP with CC, TT, and CT genotypes
had been found at the same location in Brown Tsaiya ducks
(Chang et al. 2012); and local ducks in Central Java
(Susanti and Yuniastuti 2020).

Based on analysis using Expasy.org software, SNP
g.74C/T of COLX gene was a missense mutation with a
change in the amino acid from valine to aline. Richards and
Hawley (2011) reported that several missense mutations
altered protein structure, protein folding, and the ability of
proteins to interact with other molecules, allowing changes
in protein function and ultimately changing the phenotype.
However, sometimes these mutations had little or no
change in the protein's function when the original amino
acid and its replacement had the same size, shape, charge,
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and polarity (Richards and Hawley 2011). These mutations
were called conservative mutations, including mutation in
the present study, where valine and aline were amino acids
that were non-polar and had a neutral charge (Zhang 2000).

Genetic diversity

The variation in genes and genotypes within a species is
referred to as genetic diversity. It is critical for the survival
of a species. Genetic diversity gives individuals different
physical characteristics and allows them to adapt better to
stress, diseases, and unfavorable environmental conditions.
The present study showed that at SNP ¢.74C/T, C allele
(0.77) dominated the Alabio population, whereas T allele
(0.81) was dominant in the Mojosari population. Similar
allele frequencies with Mojosari were founded in Brown
Tsaiya ducks (0.78-0.86) as well as ducks in Central Java
(0.84) (Chang et al. 2012; Susanti and Yuniastuti 2020). A
locus was considered polymorphic when the dominating allele
did not have a frequency above 0.95 (95%) (Hanzawa et al.
2012). Furthermore, the heterozygous genotype frequency of
both populations had similar values, while the homozygous
genotype showed distinct values. The frequency of CC (0.59)
was highest in Alabio ducks, followed by CT (0.37) and TT
(0.04), while TT (0.65) was highest in Mojosari ducks,
followed by CT (0.33) and CC (0.02). These differences
might be due to the genetic distance between the two
breeds, which was quite far, according to Gunawan (1998)
report based on the analysis of polymorphisms of both blood
proteins. This difference supported the high probability of
heterosis in the crosses, as indicated by the superior
performance of production traits of Master ducks compared to
both parents (Prasetyo and Susanti 2000).

Figure 1. Visualization of the SNP g.74C/T of COLX gene in Mojosari duck: (A) CC genotype; (B) TT genotype; and (C) CT genotype

Table 1. Allele and genotype frequencies, heterozygosity, and chi-square test values on the SNP g.74C/T COLX gene in Alabio and

Mojosari ducks

Breed Genotype n fGenotype Allele Allele Observed' Expected_ 2
reguency frequency heterozygosity  heterozygosity

Alabio cC 29 0.59 C 0.77 0.37 0.35 0.10
TT 2 0.04 T 0.23
CT 18 0.37

Mojosari cC 1 0.02 C 0.19 0.33 0.30 0.42
TT 33 0.65 T 0.81
CT 17 0.33

Note: 2, chi-square test value
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Alabio and Mojosari populations had similar
heterozygosity values, with slightly higher observed
heterozygosity (0.37 and 0.33) than expected (0.35 and
0.30). As one of the parameters to measure genetic
diversity, heterozygosity values in the present study
indicated that the populations of the two breeds had low
genetic diversity. It might be due to a specific selection
purposely applied at the Indonesian Livestock Research
Center to both populations of ducks. In agreement with
this, the Chi-Square test resulted that the chi-square of the
Alabio and Mojosari ducks was smaller than the chi-square
critical values (y200s(1) = 3.84), indicating the population
was in a state of genetic balance (in Hardy-Weinberg
equilibrium). 1t means that allele and genotype frequencies
in populations remained constant from generation to
generation as long as there was no selection, mutation,
migration, genetic drift caused by evolutionary force and
assortative mating (non-random mating) (Gupta 2022: Xu
2022).

Association with production traits and egg weight
Genetic association studies are used to find candidate
genes or genome regions that contribute to a specific trait
by testing for a correlation between the trait and genetic
variation which are represented by genotype of animals. In
this study, an analysis of the association between genotypes
with production traits and egg weight of ducks was
conducted to discover the COLX role in Alabio and
Mojosari ducks. As TT genotypes in Alabio ducks and CC
genotypes in Mojosari ducks were only found in one and
two samples, association tests were only carried out
between two main genotypes and their phenotypic traits.
The association of SNP ¢.74C/T on production traits and
egg weight in Alabio and Mojosari ducks showed in Tables
2 and 3. Significant associations were found in egg
production at 28 and 34 weeks in Alabio ducks (p<0.05)
but not in Mojosari and other traits in both breeds. The CC
genotype significantly had higher egg production when
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compared to the CT genotype. This information could be
used as a reference to determine selection or/and mating
programs for obtaining a population with a higher CC
genotype frequency. Chang et al. (2012) found the same
results in Tsaiya ducks, where there was no significant
association between the SNPs on egg production at 40
weeks of age. Nevertheless, a significant association was
also found for egg weight at 40 weeks, which differed from
the results of the present study.

The direct effect of the COLX gene on egg production
was still unclear and needed further study. However, the
correlation between egg production, eggshell quality, and
eggshell membrane might temporarily explain the results of
this study. It was well known that almost 10% of shell
membrane protein fibers consist of cross-linked collagens
(types I, V, X) (Arias et al. 1997a; Wang et al. 2002; Zhao
and Chi 2009), with type X having the largest percentage
compared to other types (Arias et al. 1991). Arias et al.
(1997b) reported that the disruption of cross-linked
collagen in the shell membrane would result in shell quality
and strength decreasing. It was related to the role of COLX
in stimulating the initial stages of shell mineralization
(Kirsch et al. 2000; Marie et al. 2015a; Marie et al. 2015b),
as evidenced by the discovery of peptides from COLX in
the eggshell matrix, which was associated with mammillary
cones (Marie et al. 2015a; Rose-Martel et al. 2015) and in
uterine fluid during early stages of mineralization (Marie et
al. 2015b). Mineralization started from the outer membrane
surfaces, where the nucleation sites developed into
calcified mammillary cones that led to the mineralization of
the eggshell inner layer (Du et al. 2015). This initial
process affects the texture of the shell and mammillary
cones and the attachment to membrane fibers and is
substantial for shell strength (Hincke et al. 2012).
Meanwhile, a genetic correlation between the number of
eggs and eggshell strength in poultry had been reported in
ducks (-0.33) at 40 weeks of age (Cheng et al. 1995) and
quail (-0.62) (Lotfi et al. 2012).

Table 2. Association between genotype and production traits in Alabio and Mojosari ducks

Breed Genotype n AFE BWE ENZ28 EN34 EN40
Alabio CcC 22-27 147.55+09.24 1768.23+69.15 44.65+09.03? 80.17+10.59? 113.91+14.53
CT 15-18 152.89+11.75 1778.80+36.88 37.41+08.79° 72.76£10.74° 109.68+13.74
Mojosari TT 22-25 168.92+17.72 1536.88+113.14 23.68+14.27 59.80+16.89 96.44+18.36
CT 13-14 167.57+19.41 1568.50+143.85 22.69+18.37 55.85+25.43 88.38+32.52

Note: AFE: age at the first egg; BWFE: body weight at first egg; EN28: number of eggs produced to 28 weeks; EN34: number of eggs
produced to 34 weeks; EN40: number of eggs produced to 40 weeks; 2 different uppercase letters represent a significant difference at

the p<0.05 level for ducks with different genotypes within a trait

Table 3. Association between genotype and egg weight in Alabio and Mojosari ducks

Breed Genotype n EWFE EW?28 EW34 EW40
Alabio cC 22-27 53.70+05.87 53.93+06.44 59.10+06.00 60.28+03.99
CT 15-16 53.56+05.60 52.46+03.62 57.74+03.95 60.91+04.98
Mojosari TT 19-25 51.64+03.64 61.47+05.20 63.03+05.03 67.52+04.24
CT 9-14 54.38+06.41 63.35+04.12 63.18+05.93 68.83+06.82

Note: EWFE: weight of first egg; EN28: egg weight at 28 weeks; EN34: egg weight at 34 weeks; EN40: egg weight at 40 weeks
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In conclusion, one SNP g.74C/T of COLX gene had
been identified in both Alabio and Mojosari duck breeds
and had been shown to affect egg production in Alabio
ducks. Therefore, it indicated that COLX gene could be
used as a DNA marker in a breeding program to increase
egg production in Alabio ducks without affecting their egg
weight.

ACKNOWLEDGEMENTS

The authors are grateful to SIMLITABMAS Ministry of
Research and Technology, Indonesia for the research
funding support, with contract agreement No.
2195/UNL/DITLIT/DIT-LIT/PT/2021. The authors also
would like to express their sincere gratitude to the
Indonesian Livestock Research Center for their cooperation
in obtaining blood samples of Alabio and Mojosari ducks.

REFERENCES

Abdalla EAE, Makanjuola BO, Wood BJ, Baes CF. 2022. Genome-wide
association study reveals candidate genes relevant to body weight in
female turkeys (Meleagris gallopavo). Plos One 17 (3): €0264838.
DOI: 10.1371/journal.pone.0264838.

Ahmed TAE, Suso HP, Hincke MT. 2017. In-depth comparative analysis
of the chicken eggshell membrane proteome. J Proteom 155: 49-62.
DOI: 10.1016/j.jprot.2017.01.002.

Arias JL, Fernandez MS, Dennis JE, Caplan Al. 1991. Collagens of the
chicken eggshell membranes. Connect Tissue Res 26 (1-2): 37-45.
DOI: 10.3109/03008209109152162.

Arias JL, Nakamura O, Fernandez MS, Wu JJ, Knigge P, Eyre DR,
Caplan Al. 1997a. Role of type X collagen on experimental
mineralization of eggshell membranes. Connect Tissue Res 36 (1):
21-33. DOI: 10.3109/03008209709160211.

Arias JL, Cataldo M, Fernandez MS, Kessi E. 1997b. Effect of beta-
aminoproprionitrile on eggshell formation. Br Poult Sci 38 (4): 349-
354. DOI: 10.1080/00071669708418001.

Chang MT, Cheng YS, Huang MC. 2012. A novel non-synonymous SNP
of the COLX gene and its association with duck reproductive traits.
Mol Cell Probes 26 (5): 204-207. DOI: 10.1016/j.mcp.2012.05.003.

Cheng YS, Poivey JP, Rouvier R, Tai C. 1995. Genetic parameters of
body weight, egg production and shell quality traits in the Brown
Tsaiya laying duck. Genet Sel Evol 27 (5): 459-472. DOI:
10.1186/1297-9686-27-5-459.

Collins AA, Zou K, Lu L, Zhang SW, Xue Y, Su Y, Zhao Z. 2019.
Genetic effects of polymorphisms of candidate genes associated with
ovary development and egg production traits in ducks. Anim Reprod
Sci 211 (106219): 1-9. DOI: 10.1016/j.anireprosci.2019.106219.

Damayanti |, Maharani D, Sudaryati S. 2019. Genetic parameters of egg
production trait in Alabio and Mojosari ducks under selection. In:
Umami N, Putra RARS, Muhlisin, Widi TSM (eds). 8th International
Seminar on Tropical Animal Production (ISTAP). Gadjah Mada
University, Yogyakarta, 23-25 September 2019. [Indonesian]

de las Heras-Saldana S, Lopez BI, Moghaddar N, Park W, Park JE, Chung
KY, Lim D, Lee SH, Shin D, van der Werf JHJ. 2020. Use of gene
expression and whole-genome sequence information to improve the
accuracy of genomic prediction for carcass traits in Hanwoo cattle.
Genet Sel Evol 52 (54): 1-16. DOI: 10.1186/s12711-020-00574-2.

Dou D, Shen L, Zhou J, Cao Z, Luan P, Li Y, Xiao F, Guo H, Li H, Zhang
H. 2022. Genome-wide association studies for growth traits in
broilers. BMC Genom Data 23 (1): 1-9. DOI: 10.1186/s12863-021-
01017-7.

Du J, Hincke MT, Rose-Martel M, Hennequet-Antier C, Brionne A,
Cogburn LA, Nys Y, Gautron J. 2015. Identifying specific proteins
involved in eggshell membrane formation using gene expression
analysis and bioinformatics. BMC Genom 16 (792): 1-13. DOI
10.1186/512864-015-2013-3.

Gudmann NS, Karsdal MA. 2016. Type X collagen. In: Karsdal MA

BIODIVERSITAS 24 (3): 1518-1523, March 2023

(eds). Biochemistry of Collagens, Laminins and Elastin-Structure,
Function and Biomarkers. Academic Press, United Kingdom.

Gunawan B. 1988. Teknologi pemuliabiakan itik petelur Indonesia.
Prosiding Seminar Nasional Peternakan dan Forum Peternak “Unggas
dan Aneka Ternak” Il. Center for Research and Development of
Animal Husbandry, Bogor, 18-19 July 1988. [Indonesian]

Gupta P. 2022. Population genetics. In: Kar D, Sarkar S (eds). Genetics
Fundamentals Notes. Springer Nature Singapore Pte Ltd., Singapore.

Hanzawa N, Gotoh RO, Sekimoto H, Goto TV, Chiba SN, Kuriiwa K,
Tamate HB. 2012. Genetic diversity and evolution of marine animals
isolated in marine lakes. In: Caliskan M (eds). Analysis of Genetic
Variation in Animals. InTech, Croatia.

Hidalgo J, Tsuruta S, Lourenco D, Masuda Y, Huang Y, Gray KA,
Misztal I. 2020. Changes in genetic parameters for fitness and growth
traits in pigs under genomic selection. J Anim Sci 98 (2): 1-2. DOI:
10.1093/jas/skaa032.

Hincke MT, Nys Y, Gautron J, Mann K, Rodriguez-Navarro AB, McKee
MD. 2012. The eggshell: Structure, composition and mineralization.
Front Biosci 17 (4): 1266-1280. DOI: 10.2741/3985.

Hiscock HM, Leishman EM, Vanderhout RJ, Adams SM, Mohr J, Wood
BJ, Baes CF, Barbut S. 2022. Describing the relationships among
meat quality traits in domestic turkey (Meleagris gallopavo)
populations. Poult Sci 101 (10): 1-9. DOI: 10.1016/j.psj.2022.102055.

Ibtisham F, Zhang L, Xiao M, An L, Ramzan MB, Nawab A, Zhao Y, Li
G, Xu YM. 2017. Genomic selection and its application in animal
breeding. Thai J Vet Med 47 (3): 301-310.

Jambui M, Honaker CF, Siegel PB. 2017. Selection for juvenile body
weight in chickens: Standardizing for scaling. Poult Sci 96 (8): 2562-
2568. DOI: 10.3382/ps/pex080. DOI: 10.3382/ps/pex080.

Jiang C, Cheng C, Hao M, Wang H, Wang Z, Shen C, Cheong LZ. 2017.
Enhanced catalytic stability of lipase immobilized on oxidized and
disulfide-rich eggshell membrane for esters hydrolysis and
transesterification. Intl J Biol Macromol 105 (1): 1328-1336. DOI:
10.1016/j.ijbiomac.2017.07.166.

Kaweewong K, Garnjanagoonchorn W, Jirapakkul W, Roytrakul S. 2013.
Solubilization and identification of hen eggshell membrane proteins
during different times of chicken embryo development using the
proteomic approach. Protein J 32: 297-308. DOI: 10.1007/s10930-
013-9487-0.

Ketaren PP, Prasetyo LH. 2002. Effect of restricted feeding on
productivity of Mojosari x Alabio cross-bred layer ducks (MA): 2.
Second phase of laying from 44-67 weeks old. Jurnal Ilmu Ternak
Veteriner 7 (2): 76-83. DOI: 10.14334/jitv.v7i2.278.

Lee J, Kim DH, Brower AM, Schlachter |, Lee K. 2021. Research Note:
Improved feed efficiency in quail with targeted genome editing in the
myostatin  gene. Poult Sci 100 (8): 101257. DOl
10.1016/j.psj.2021.101257.

Li B, VanRaden PM, Guduk E, O'Connell JR, Null DJ, Connor EE,
VandeHaar MJ, Tempelman RJ, Weigel KA, Cole JB. 2020. Genomic
prediction of residual feed intake in US Holstein dairy cattle. J Dairy
Sci 103 (3): 2477-2486. DOI: 10.3168/jds.2019-17332.

Li GS, Zhu F, Yang FX, Hao JP, Hou JC. 2020. Selection response and
genetic parameter estimation of feeding behavior traits in Pekin
ducks. Poult Sci 99 (5): 2375-2384. DOI: 10.1016/j.psj.2020.01.013.

Lillehammer M, Sonesson AK, Klemetsdal G, Blichfeldt T, Meuwissen
THE. 2020. Genomic selection strategies to improve maternal traits in
Norwegian White Sheep. J Anim Breed Genet 137 (4): 384-394. DOI:
10.1111/jbg.12475.

Lotfi E, Zerehdaran S, Raoufi Z. 2012. Genetic properties of egg quality
traits and their correlations with performance traits in Japanese quail.
Br Poult Sci 53 (5): 585-591. DOI: 10.1080/00071668.2012.723197.

Mann K, Mann M. 2015. Proteomic analysis of quail calcified eggshell
matrix: A comparison to chicken and turkey eggshell proteomes.
Proteom Sci 13 (22): 1-19. DOI: 10.1186/s12953-015-0078-1.

Marie P, Labas V, Brionne A, Harichaux G, Hennequet-Antier C,
Rodriguez-Navarro AB, Nys Y, Gautron J. 2015a. Quantitative
proteomics provides new insights into chicken eggshell matrix protein
functions during the primary events of mineralisation and the active
calcification  phase. J  Proteom 126: 140-154. DOI:
10.1016/j.jprot.2015.05.034.

Marie P, Labas V, Brionne A, Harichaux G, Hennequet-Antier C, Nys Y,
Gautron J. 2015b. Quantitative proteomics and bioinformatic analysis
provide new insight into protein function during avian eggshell
biomineralization. J Proteom 113: 178-193. DOL:
10.1016/j.jprot.2014.09.024.

Massender E, Brito LF, Maignel L, Oliveira HR, Jafarikia M, Baes CF,



KUMALAWATI et al. — Association of COLX gene with egg production

Sullivan B, Schenkel FS. 2022. Single-step genomic evaluation of
milk production traits in Canadian Alpine and Saanen dairy goats. J
Dairy Sci 105 (3): 2393-2407. DOI: 10.3168/jds.2021-20558.

Morovvat F, Shariat SZAS, Davoudi M, Norouian D. Immobilization of
urease onto modified egg shell membrane through cross linking. Iran
Biomed J 26 (2): 132-141 DOI: 10.52547/ibj.26.2.132.

Mustefa A, Belayhun T, Melak A, Hayelom M, Tadesse D, Hailu A,
Assefa A. 2020. Phenotypic characterization of Raya cattle in
northern Ethiopia. Trop Anim Health Prod 53 (48): 1-11. DOI:
10.1007/s11250-020-02486-1.

Naring D, Aksoy T, Kaplan S. 2016. Effects of multi-trait selection on
phenotypic and genetic changes in Japanese quail (Coturnix coturnix
japonica). J Poult Sci 53: 103-110. DOI: 10.2141/ jpsa.0150068.

Nguyen TQ, Knap PW, Simm G, Edwards SA, Roehe R. 2021. Evaluation
of direct and maternal responses in reproduction traits based on
different selection strategies for postnatal piglet survival in a selection
experiment. Genet Sel Evol 53 (28): 1-16. DOI: 10.1186/s12711-021-
00612-7.

Prasetyo LH, Susanti T. 2000. Reciprocal crosses between Alabio and
Mojosari ducks: Early egg production. Jurnal Ilmu Ternak Veteriner 5
(4): 209-213. DOI: 10.14334/jitv.v5i4.184.

Richards JE, Hawley RS. 2011. The Human Genome, A User’s Guide.
Academic Press, UK.

Rohaeni ES, Saptati RA, Hutahaean L. 2021. Alabio ducks, germplasms
of South Kalimantan, as protein and income sources. In: Widodo E,
Jayanegara A, Suyadi, Nurgiartiningsih VMA, Ciptadi G, Natsir MH,
Wahjuningsih S, Sjofjan O, Marjuki (eds). The 2™ International
Conference on Environmentally Sustainable Animal Industry (The 2"
ICESAI 2021). Brawijaya University, Malang, 12 October 2021.
[Indonesian]

Rose-Martel M, Smiley S, Hincke MT. 2015. Novel identification of
matrix proteins involved in calcitic biomineralization. J Proteom 116:
81-96. DOI: 10.1016/j.jprot.2015.01.002.

Sah K, Rath SN. 2016. Soluble eggshell membrane: A natural protein to
improve the properties of biomaterials used for tissue engineering
applications. Mater Sci Eng C Mater Biol Appl 67: 807-821. DOI:
10.1016/j.msec.2016.05.005.

1523

Sheriff O, Alemayehu K, Haile A. 2021. Phenotypic ranking experiments
in identifying breeding objective traits of smallholder farmers in
northwestern Ethiopia. Plos One 16 (3): e0248779. DOI:
10.1371/journal.pone.0248779.

Susanti R, Yuniastuti ARI. 2020. Short communication: Prolactin and X-
collagen genes polymorphism in Central Javanese Local Ducks,
Indonesia. Biodiversitas 21 (2): 605-610. DOL:
10.13057/biodiv/d210223.

Taylor RW, Mitchell GK, Andrade JL, Svoboda KK. 2019. Expression of
collagen types I, I, IX and X in the mineralizing turkey
gastrocnemius tendon. Anat Rec 303 (6): 1664-1669. DOI:
10.1002/ar.24091.

Tortereau F, Marie-Etancelin C, Weisbecker JL, Marcon D, Bouvier F,
Moreno-Romieux C, Frangois D. 2020. Genetic parameters for feed
efficiency in Romane rams and responses to single-generation
selection. Animal 14 4): 681-687. DOl
10.1017/S1751731119002544.

Turnip |, Putri BRT, Sukanata IW. 2018. Financial feasibility analysis of
Mojosari Laying Duck breeding farm with intensive rearing system
(case study at UD Sinar Harapan at Kedawung Village Blitar Regency
East Java). Sustain Environ Agric Sci 2 (1): 72-79. DOI:
10.22225/seas.2.1.632.72-79.

Wang X, Ford BC, Praul CA, Leach RM. 2002. Collagen X expression in
oviduct tissue during the different stages of the egg laying cycle.
Poult Sci 81 (6): 805-808. DOI: 10.1093/ps/81.6.805.

Xu S. 2022. Quantitative Genetics. Springer Nature Switzerland,
Switzerland.

Yin ZT, Lian L, Zhu F, Zhang ZH, Hincke M, Yang N, Hou ZC. 2020.
The transcriptome landscapes of ovary and three oviduct segments
during chicken (Gallus gallus) egg formation. Genomic 113: 243-251.
DOI: 10.1016/j.ygen0.2019.02.003.

Zhang F, Zhu F, Yang FX, Hao JP, Hou ZC. 2022. Genomic selection for
meat quality traits in Pekin duck. Anim Genet 53 (1): 94-100. DOI:
10.1111/age.13157.

Zhang J. 2000. Rates of conservative and radical nonsynonymous
nucleotide substitutions in mammalian nuclear genes. J Mol Evol 50
(1): 56-68. DOI: 10.1007/s002399910007.



