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Abstract

Prolificacy of most local goat breeds in China is low. Jining Grey goat is one of the
most prolific goat breeds in China, it is an important goat breed for the rural econ-
omy. ASMT (acetylserotonin O-methyltransferase) and ADAMTS1 (ADAM metallo-
peptidase with thrombospondin type 1 motif) are essential for animal reproduction.
Single nucleotide polymorphisms (SNPs) of ASMT and ADAMTS1 genes in the highly
prolific breed (Jining Grey goats), medium prolific breed (Boer goats and Guizhou
White goats) and low prolific breeds (Angora goats, Liaoning Cashmere goats and
Inner Mongolia Cashmere goats) were detected by polymerase chain reaction-re-
striction fragment length polymorphism and sequencing. Two SNPs (g.158122T>C,
g.158700G>A) of ASMT gene and two SNPs (g.7979798A>G, g.7979477C>T) of
ADAMTS1 gene were identified. For g.158122T>C of ASMT gene, further analysis
revealed that genotype TC or CC had 0.66 (p < 0.05) or 0.75 (p < 0.05) kids more than
those with genotype TT in Jining Grey goats. No significant difference (p > 0.05) was
found in litter size between TC and CC genotypes. The SNP (g.158122T>C) caused
a p.Tyr298His change and this SNP mutation resulted in changes in protein bind-
ing sites and macromolecule-binding sites. The improvement in reproductive perfor-
mance may be due to changes in the structure of ASMT protein. For g.7979477C>T of
ADAMTS1 gene, Jining Grey does with genotype CT or TT had 0.82 (p < 0.05) or 0.86
(p < 0.05) more kids than those with genotype CC. No significant difference (p > 0.05)
was found in litter size between CT or TT genotypes. These results preliminarily in-
dicated that C allele (g.158122T>C) of ASMT gene and T allele (g.7979477C>T) of
ADAMTS1 gene are potential molecular markers which could improve litter size of

Jining Grey goats and be used in goat breeding.
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1 | INTRODUCTION

Acetylserotonin O-methyltransferase (ASMT) is the last enzyme
of the melatonin (MLT) synthesis pathway (Botros et al., 2013).
The biosynthesis of MLT from serotonin needs two enzymatic
steps. First, serotonin N-acetyltransferase catalyses serotonin
to N-acetylserotonin (NAS), and then ASMT catalyses NAS to
O-methylated NAS, also known as MLT (Byeon & Back, 2016).

Melatonin is an important hormone synthesized and secreted
by the pineal gland and retina in dark. It plays important roles in
physiological functions including regulating the biological clock, cir-
cadian rhythms, animal reproduction and other activities (Dollins,
Zhdanova, Wurtman, Lynch, & Deng, 1994). One of the important
roles of MLT is to regulate the reproductive system, which can di-
rectly act on the gonads to control the secretion of reproductive
hormones and also can indirectly influence the gonad to regulate
the secretion of reproductive hormones through acting on the
anterior pituitary firstly (Recio, Mediavilla, Cardinali, & Sanchez-
Barcelo, 1994). Animals with seasonal reproductive characteristics
can be divided into short-day and long-day reproductive animals.
The role of MLT on the two kinds of animals is the opposite, which
can inhibit sexual activities of the long-day animals but stimulate the
short-day ones.

Up to now, ASMT gene of goat had been cloned and sequenced,
which is 28,511 bp (Capra hircus, NW_017189541.1). ASMT gene was
expressed in bovine cumulus oocyte complexes (COCs). Melatonin
receptors presented in COCs, and MLT could significantly enhance
oocyte nuclear maturation and cumulus cell expansion, it indicated
the potentially important roles of MLT in regulating bovine oocyte
maturation (El-Raey et al., 2011). ASMT is important for animal re-
production. It was expressed in human placenta throughout preg-
nancy (Soliman et al., 2015). There is however paucity of information
on ASMT gene in goats.

ADAMTS1 (ADAM metallopeptidase with thrombospondin
type 1 motif) protein is a multidomain, multifunctional metallopro-
tease. ADAMTS belongs to matrix metalloproteinase family. In the
amino-terminal region of ADAMTSL, it contains metalloproteinase
and disintegrin-like domains (Willis, Bridges, & Fortune, 2017). As
a multifunctional protease, ADAMTS1 is capable of cleaving ma-
trix proteoglycans such as aggrecan, versican and brevican (Kuno
et al., 2000; Rodriguez-Manzaneque et al., 2002; Sandy et al., 2001;
Yuan, Matthews, Sandy, & Gottschall, 2002).

The length of ADAMTS1 gene in goat is 9,470 bp (Capra hircus,
NC_030808.1). ADAMTS plays essential roles in various diseases
as well as organogenesis (Hirohata, Inagaki, & Ohtsuki, 2017;
Kunkle et al., 2019; Tan, Frewin, Ricciardelli, & Russell, 2019), and
is likely to be necessary for organ morphology and function, nor-
mal growth, and fertility. ADAMTS1 is very important for female re-
production. The newest clinical research suggested that ADAMTS1
was involved in the pathogenesis of polycystic ovary syndrome
(Karakose et al., 2016; Tola, Karatopuk, Koroglu, Ergin, & Oral, 2017).
Insufficiency of ADAMTS1 expression in Sertoli cells may be related

to male infertility, and it could be a potential diagnostic marker in

male azoospermia (Aydos, Yukselten, Ozkavukcu, Sunguroglu, &
Aydos, 2019).

In the granulosa cells of the preovulatory follicles, ADAMTS1
mRNA expression could be induced by administering luteinizing
hormone (LH), and the expression level was sustained in a pro-
gesterone-dependent manner (Boerboom, Russell, Richards, &
Sirois, 2003; Espey et al.,, 2000; Robker et al., 2000; Sayasith,
Lussier, & Sirois, 2013). ADAMTS1 was one of the extracellular sig-
nal-regulated kinase 1/2 (ERK1/2) dependent LH-induced genes
(Schuermann et al., 2018) and upregulated in bovine granulosa cells
during ovulation (Lussier, Diouf, Levesque, Sirois, & Ndiaye, 2017).
The expression of ADAMTS1 gene in ovaries of biparous Mongolian
sheep was about 30 fold higher than that of monotocous Mongolian
sheep (He et al., 2012). ADAMTS1 mRNA was expressed in endome-
tria, conceptus, and placentomes (Dunlap et al., 2010).

Both ASMT and ADAMTS1 are important for animal repro-
duction (Brown & Russell, 2014; El-Raey et al., 2011; Mishra
et al., 2013). Literature on polymorphisms of caprine ASMT and
ADAMTS1 genes and their association with reproductive traits is
rare. Goats reared in P.R. China display different litter sizes, which
provide the materials to analyse the association of ASMT and
ADAMTS1 genes with prolificacy in goats. Most of the local goat
breeds are low prolific in China, Jining Grey goat is one of the most
prolific caprine breeds in P.R. China, and Jining Grey goat displays
significant characteristics of year-round oestrus, and sexual pre-
cocity, it is an important goat breed for the rural economy. Sexual
maturity of Jining Grey goats is at 3-4 months, the first mating
age of that is 5-7 months. Sexual maturity of Guizhou White
goats and Boer goats is 4-6 months, the first mating age of that
is 6-8 months. Sexual maturity and the first mating age of Angora
goats, Liaoning Cashmere goats, and Inner Mongolia Cashmere
goats are the latest, about 6-8 months and 18 months respec-
tively. The meanlitter sizes of Jining Grey goats, Guizhou White
goats, Boer goats, Angora goats, Liaoning Cashmere goats, and
Inner Mongolia Cashmere goats were reported to be 2.83, 2.13,
2.10, 1.31, 1.15 and 1.05 respectively (Malan, 2000; Roberts &
Reeves, 1988; Tu, 1989). Single nucleotide polymorphisms (SNPs)
of ASMT and ADAMTS1 genes were identified and the association
of polymorphisms with litter size in goat were investigated in this
study. So as to acquire molecular markers related to prolificacy for

marker-assisted selection.

2 | MATERIALS AND METHODS

2.1 | Genomic DNA isolation

2.1.1 | Genomic DNA isolation for AMST gene
Venous jugular blood samples (10 ml per goat doe) were collected
from 296 Jining Grey does (Jining Grey Goats Conservation Base,

Jiaxiang County, Shandong Province, PR China), 60 Boer and 60

Angoradoes (Qinshui Demonstration Farm, Qinshui County, Shanxi
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Province, PR China), 60 Liaoning Cashmere does (Liaoning Cashmere
Goat Breeding Center, Liaoyang City, Liaoning Province, PR China),
44 Inner Mongolia Cashmere does (Inner Mongolia White Cashmere
Goat Breeding Farm, Etuokeqi, Ordos City, the Inner Mongolia
Autonomous Region, PR China). Ten milliliter blood per doe was col-
lected with vacutainer from the jugular vein. Genomic DNA was ex-
tracted using TIANamp Blood DNA kit (Tiangen Biotech Beijing CO.,
LTD.) and then dissolved in TE buffer and stored at -20°C.

The 296 Jining Grey does were selected at random and were the
progeny of five goat bucks (n = 55, 57, 60, 61, 63). No selection on
litter size or other fertility traits was conducted in the flock over pre-
vious years. Kidding seasons consisted of 3-month groups starting
with March to May as season 1 (spring, n = 76), June to August as
season 2 (summer, n = 68), September to November as season 3 (au-

tumn, n = 88) and December to February as season 4 (winter, n = 64).

2.1.2 | Genomic DNA isolation for ADAMTS1 gene

Blood samples were collected from 243 Jining Grey does (Jining Grey
Goats Conservation Base, Jiaxiang County, Shandong Province, China),
55 Guizhou White does (Guizhou White Goat Breeding Farm, Yanhe Tujia
Nationality Autonomous County, Guizhou Province, China), 32 Boer
does (Qinshui Demonstration Farm, Qinshui County, Shanxi Province,
China), 82 Liaoning Cashmere does (Liaoning Cashmere Goat Breeding
Center, Liaoyang City, Liaoning Province, China) and 60 Inner Mongolia
Cashmere does (Inner Mongolia White Cashmere Goat Breeding Farm,
Etuokeqi, Ordos City, the Inner Mongolia Autonomous Region, China).
Genomic DNA isolation method was the same with AMST gene.

The 243 Jining Grey does were randomly selected from the prog-
eny of five goat bucks (n =42, 46, 50, 51, 54). There was no selection
on litter size or other fertility traits in this population over the years.
Kidding happened in year-round: spring, n = 64; summer, n = 56; au-

tumn, n = 71; and winter, n = 52.

2.2 | PCR amplification

Three pairs of primers (P1-P3) were designed to amplify the
exon 8 and 3’ flanking region of goat ASMT gene (GenBank No.
NW_017189541.1) by Primer Premier 5.0 from 10 does of both
Jining Grey and Liaoning Cashmere goats randomly selected respec-
tively (Table 1). Seven pairs of primers (P1-P7) were designed to
amplify the exon 5-9 and 3’ flanking region of goat ADAMTS1 gene
(GenBank No. NC_030808.1; Table 2).

The PCR mixture contained 2 ul of dNTPs (2.5 mM each), 1 pl of
genomic DNA (200 ng/pl), 0.2 ul (5 U/ul) of LA Tag DNA polymerase
(Takara, Dalian, China), 0.5 pl (20 pM) of each forward and reverse
primers, and 12.5 ul of 2x GC buffer in a 25 pl volume, and run on
a Mastercycler® 5,333 (Eppendorf AG). The PCR amplification pro-
gram was: 95°C for 3 min, 30 cycles of 94°C for 40 s, annealing for
1 min (annealing temperature is shown in Table 1), and 72°C for

1 min and a final extension at 72°C for 10 min.

2.3 | Cloning and sequencing

PCR products were recovered using Geneclean Il kit (Promega),
and then ligated into the pGEM-T Easy vector (Promega) at 16°C
overnight according to the manufacturer's instructions. After liga-
tion, DNA was transformed into the competent cell (Escherichia coli
DH5aq). Positive clones were identified by the restriction enzyme
and then sequenced by Sangon Biotech (Shanghai) Co. Ltd.

2.4 | Restriction fragment length
polymorphism analysis

After sequence alignment, polymorphisms of ASMT and ADAMTS1
gene were screened between Liaoning Cashmere goat and Jining Grey
goat. Primers P3 and P7 were used for polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP) to detect the
polymorphisms for five goat breeds respectively. The mixture for PCR-
RFLP of ASMT gene was: 5 U of the restriction enzyme Afa | or Msp |
(Takara), 5 pl of PCR products and 1 ul 10x reaction buffer. The mixture
for PCR-RFLP of ADAMTS1 gene was: 5 U of the restriction enzyme
Nco | or Hha | (Takara), 5 pl of PCR products, and 1 ul 10x reaction
buffer. The mixtures were incubated at 37°C for 4 hr, and then sepa-
rated on a 12% polyacrylamide gel at 120 V. After electrophoresis, the
DNA fragments in the gels were visualized by silver nitrate staining,
photographed and analysed using an Alphalmagerm 2,200 and 1,220

Documentation and Analysis Systems (Alpha Innotech Corporation).

2.5 | Statistical analysis

Analysis of litter size in Jining Grey goat was performed using the
following fixed effects model. Least squares mean was used for mul-

tiple comparisons in litter size among different genotypes.

Yiiim =mM+S; +KS; + P+ G +€jjym,

where Yijk,m is the phenotypic value of litter size; u is the population
mean; S; is the fixed effect of the ith sire (i = 1, 2, 3, 4, 5); KS; is the
fixed effect of the jth kidding season (j = 1, 2, 3, 4); P, is the fixed effect
of the kth parity (k = 1, 2, 3); G, is the fixed effect of the Ith genotype

(I = three different genotypes); and e, is the random residual effect

ijkim
of each observation.

The general linear model and mean separation procedures of
SAS (Ver 8.1; SAS Institute Inc.) were used to analyse the least sig-

nificant differences.

2.6 | Bioinformatics analysis

First, the integral and coding sequences of gene were obtained from
NCBI (https://www.ncbi.nlm.nih.gov/), the amino acid sequences
were obtained from UniProt (https://www.uniprot.org/). Prediction of

the secondary structure of gene and its mutants was carried out using
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PredictProtein (https://www.predictprotein.org/). The 3-dimension
structure before and after mutation in gene were predicted via Phyre2
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index).

3 | RESULTS

3.1 | PCR amplicons of goat ASMT and ADAMTS1
genes

Using PCR with the primers P1-P3, the ASMT gene was successfully
amplified (Figure 1a). ADAMTS1 gene was also successfully ampli-
fied by primers P1-P7 (Figure 1b). The 2% agarose gels were used
to separate the PCR products. It showed that the sizes of amplified
fragments and the target ones were consistent and the specificity of
amplification results was apparent. It could be directly analysed by
RFLP and sequencing.

3.2 | RFLP for ASMT and ADAMTS1 genes

The PCR products of ASMT gene amplified by primer P2 were di-
gested by Afa |l and displayed three genotypes: TT (79/61/54 bp), TC

(115/79/61/54 bp) and CC (115/79 bp; Figure 2a). The PCR products
of ASMT gene amplified by P3 were digested by Msp | and displayed
three genotypes: GG (122/22/9 bp), GA (131/122/22/9 bp) and AA
(131/22 bp; Figure 2b).

Restriction enzyme Nco | was used to digest the PCR products
of ADAMTS1 gene amplified by primer P3, and three genotypes
(AA, AG and GG) were identified (Figure 3a). The PCR products of
ADAMTS1 gene amplified by primer P7 were digested by restriction
enzyme Hha |, and three genotypes (CC, CT and TT) were identified
(Figure 3b).

3.3 | SNPsidentified by sequencing

The PCR products with different genotypes were sequenced to
confirm the mutations. The sequences of different genotypes are
shown in Figure 4. One SNP g.158122T>C was found in the se-
quences amplified with primer P2 of the ASMT gene, which was
located in exon 8 (Figure 4a). One SNP g.158700G>A was found in
the sequences amplified with primer P3 of the ASMT gene, which
was located in 3'-regulatory region (Figure 4b). Meanwhile, SNP
g.158122T>C caused an amino acid change at residue 298 (Tyr to
His, Y to H).

TABLE 1 Amplified region, product size and annealing temperature for three pairs of primers used to amplify goat ASMT gene

Primer Primer sequence (5’ = 3')

P1 F: ATCCTGGTCATCGAGAGCCT
R: CCTCTTGGACTCTATGGTG

P2 F: ATCCTGGTCATCGAGAGCCT
R: GCCAAGACTGCATCGTAGGT

P3 F: AACCCAGCGACAAGGTCCT

R: GTTCCCGCCTCTTCCAGCTT

Product Annealing
Amplified region size (bp) temperature T (°C)
Exon 8 and 3’ flanking region 914 56
Exon 8 194 61
3’ flanking region 153 60

TABLE 2 Amplified region, product size and annealing temperature for seven pairs of primers used to amplify goat ADAMTS1 gene

Primer Primer sequence (5’ = 3')
P1 F: GAAGGGCTGATGCACTGAAATC
R: TCTTACCGACTCTCTTCAGAC
P2 F: CCTCATACAGCTCCCCTCTGAT
R: CAAAGTGTTCCCTGTTGGTCTG
P3 F: ACCCCTGTTCACGGAAGCTG
R: CGCTATTCTTCGGGCAGTCCTC
P4 F: AACCTTTAGGCTGGAACAGTGTG
R: GGGCTGCAAAACGAAGAAATAGC
P5 F: TGGTGGATGGCACCCCATGT
R: CTTGCACTGGTAACTGATCCTG
P6 F: ACCCGGCTACCATGATATCGT
R: TAACTGCACTCTGCCGTTGTG
P7 F: CCTCATACAGCTCCCCTCTGAT

R: CGTTGACACACCATTTCCCCTCTGC

Product Annealing

Amplified region size (bp) temperature T (°C)
3’ flanking region 789 60

Exon 5 257 60

Exon 6 187 62.2

Exon 7 169 59

Exon 8 175 58

Exon 9 699 58

Exon 5 221 60
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FIGURE 1 PCR products of ASMT and ADAMTS1 genes. (a) PCR products of the ASMT gene. M1: DL 2,000 DNA Marker (Takara, Dalian);
Lanes 1-4: primer P1; Lanes 5-8: primer P2; Lanes 9-12: primer P3; M2: DL 700 DNA Marker (Biomed, Beijing). (b) PCR products of
ADAMTS1 gene. M: DL 2,000 DNA Marker (Takara, Dalian); Lanes 1 and 2: primer P1; Lanes 3 and 4: primer P2; Lanes 5 and 6: primer P3;
Lanes 7 and 8: primer P4; Lanes 9 and 10: primer P5; Lanes 11 and 12: primer P6; Lane 13: primer P7

(a) (b)
1 2 3 4 56 7 8 910 11 M bp bp12345M67bp
501

489
404
353

bp

501
489
404
353

242 242

190 100

147 i%(l’
3 110
79, 89 110

89
67

61

54 67

FIGURE 2 RFLP analysis of PCR products of the ASMT gene (12% neutral polyacrylamide gel stained with silver nitrate). (a) RFLP (Afa I)
analysis of PCR products of primer P2. Lanes 1, 2, 3, 6, 9, 10 and 11: TT genotype; Lanes 4 and 5: CC genotype; Lanes 7 and 8: TC genotype;
M: pUC18 DNA/Mspl (Tiangen, Beijing). (b) RFLP (Msp I) analysis of PCR products of primer P3. Lanes 1-3: GG genotype; Lanes 4 and 5: GA
genotype; Lanes 6 and 7: AA genotype; M: pUC18 DNA/Mspl (Tiangen, Beijing)

For primer P3 of ADAMTS1 gene, the sequencing results of three 3.4 | Allele and genotype frequencies of ASMT and
genotypes (AA, AG and GG) revealed one mutation (g.7979798A>G; ADAMTS1 genes in five goat breeds
Figure 4c). For primer P7 of ADAMTS1 gene, three genotypes (CC,
CT and TT) were sequenced, and one mutation (g.7979477C>T) was Allele and genotype frequencies of the ASMT gene in five goat breeds
revealed (Figure 4d). are presented in Table 3. The results indicated that at g.158122T>C,
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FIGURE 3 RFLP analysis of PCR products of ADAMTS1 gene. (a) The result of primer P3, M: DNA Markerl (Biomed, Beijing); Lane 5: AA
genotype; Lanes 1, 3, 4 and 6: AG genotype; Lane 2: GG genotype. (b) The result of primer P7, M: DNA Markerl (Biomed, Beijing); Lane 1: TT
genotype; Lanes 9 and 10: CT genotype; Lanes 2, 3,4, 5, 6, 7, 8 and 11: CC genotype

C allele is dominant allele in Jining Grey goat, but not in Boer goat,
Angora goat, and Liaoning Cashmere goat. The homozygotes are
not present in Inner Mongolia Cashmere goat, only the heterozy-
gotes exist. g.158122T>C locus was moderately polymorphic
(0.25 < PIC < 0.5) in Jining Grey goat, Liaoning Cashmere goat, and
Inner Mongolia Cashmere goat, and at a low rate of polymorphism
(PIC < 0.25) in Boer goat and Angora goat. Chi-square test showed
that the population of Jining Grey goat and Liaoning Cashmere
goat were in a state of Hardy-Weinberg equilibrium (p > 0.05). And
at g.158700G>A, G allele is dominant allele in all five goat breeds,
and chi-square test showed that the population of five goat breeds
were all in Hardy-Weinberg equilibrium (p > 0.05). g.158700G>A
locus was moderately polymorphic (0.25 < PIC < 0.5) only in Boer
goat.

Allele and genotype frequencies of ADAMTS1 gene in five
goat breeds are shown in Table 4. The results indicated that g.
7979798A>G locus was moderately polymorphic (0.25 < PIC < 0.5)

in all five goat breeds. And chi-square test showed that the

(a) 158122 158122 (b)

158700

£.158122T7>C

(C) 7979798 7979798 (d) 7979477

\’ ¥ \

G CCAMT G G 6 6 ¢ C6T6e 66 CTGCGGA G A

GG
8.7979798A>G

C T 6T 6 6 5O

8.7979477C>T

populations of five goat breeds were all in Hardy-Weinberg equi-
librium (p > 0.05). At g.7979477C>T, C allele is dominant allele in
five goat breeds. Homozygotes TT genotype was only present in
Jining Grey goat. Chi-square test showed that the populations of
five goat breeds were all in Hardy-Weinberg equilibrium (p > 0.05).
8.7979477C>T locus was moderately polymorphic (0.25 < PIC < 0.5)
only in Guizhou White goat.

3.5 | Influence of different genotypes on litter size
in Jining Grey goats

The least squares means and standard error for litter size of different
ASMT genotypes in Jining Grey goats are presented in Table 5. For
g.158122T>C of ASMT gene, the Jining Grey goat does with geno-
type TC and CC had 0.66 (p < 0.05) and 0.75 (p < 0.05) kids more
than those with genotype TT respectively. No significant difference

(p > 0.05) was found in litter size between TC and CC genotypes

158700

g.158700G>A

7979477

)
FIGURE 4 Nucleotide mutations in

caprine ASMT and ADAMTS1 genes. (a)
Single nucleotide polymorphism (SNP)
g.158122T>C in caprine ASMT gene.

(b) SNP g.158700G>A in caprine ASMT
gene. (c) SNP g.7979798A>G in caprine
ADAMTS1 gene. (d) SNP g.7979477C>T in
caprine ADAMTS1 gene
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TABLE 3 Allele and genotype frequencies of the ASMT gene in five goat breeds

Allele
Genotype frequency frequency
i test
Locus Breed Number TT TC CcC T C PIC HE NE (p-value)
g.158122T>C  lJining Grey goat 296 0.10(30)  0.49 (146) 0.41(120) 0.35 0.65 0.45 0.35 1.83 0.3264
Boer goat 60 0.78 (47) 0.15(9) 0.07 (4) 0.86 0.14 0.24 0.21 1.32 0.0122
Angora goat 60 0.93 (56) 0.05 (3) 0.02 (1) 0.96 0.04 0.08 0.08 1.09 0.0151
Liaoning 60 0.54(32) 0.33(20) 0.13(8) 0.70 0.30 0.42 0.33 1.72 0.2788
Cashmere goat
Inner Mongolia 44 0.00(0) 1.00 (44) 0.00(0) 0.50 0.50 0.50 0.38 2.00  0.0000
Cashmere goat
GG GA AA G A
g.158700G>A  lJining Grey goat 243 0.79 0.19 (45) 0.02 (5) 0.89 0.11 0.20 0.8 1.25 0.4828
(193)
Boer goat 52 0.67 (35) 0.33(17) 0.00(0) 0.84 0.16 0.27 0.24 1.38 0.3706
Angora goat 32 0.91(29) 0.09 (3) 0.00(0) 0.95 0.05 0.09 0.09 1.10 0.9620
Liaoning 81 0.77 (62) 0.23 (19) 0.00(0) 0.88 0.12 0.21 0.19 1.26 0.4892
Cashmere goat
Inner Mongolia 60 0.98 (59) 0.02(1) 0.00(0) 0.99 0.01 0.02 0.02 1.02 0.9979

Cashmere goat

Note: Number in parentheses represent sample size.

Abbreviations: HE, heterozygosity; NE, effective number of alleles; PIC, polymorphism information content.

in Jining Grey goats. For g.158700G>A, no significant difference
(p > 0.05) was found in litter size between GG, GA and AA genotypes
in Jining Grey goats.

Table 6 shows the least squares means and standard error for
litter size of different ADAMTS1 genotypes in Jining Grey goats. For
SNP g.7979798A>G, there was no significant difference (p > 0.05)
in litter size of different genotypes in Jining Grey goats. Regarding
SNP g.7979477C>T, the Jining Grey goats with genotype CT or TT
had 0.82 (p < 0.05) or 0.86 (p < 0.05) more kids than those with gen-
otype CC. No significant difference (p > 0.05) was found in litter size
between TT and CT genotypes.

3.6 | Bioinformatics analysis of ASMT gene with
SNP g.158122T>C

SNP g.158122T>C (Figure 5c) of ASMT caused an amino acid (AA)
change at residue 298 (Tyr to His, Y to H). The protein secondary
structure before and after mutation at g.158122T>C was also pre-
dicted by PreditProtein. Compared with the wild-type allele (T) and
the mutant allele (C) caused one protein binding site (AA 129) and
five macromolecule-binding sites (AA 20, 88, 255, 310, 311) to be
lost, and alsoobtain a new protein binding site (AA 147) and three
new macromolecule-binding sites (AA 62, 64, 289; Figure 5a,b). The
3-dimension structure before and after mutation in ASMT were
predicted via Phyre2, it can be observed that the tertiary struc-
ture of the protein changed significantly before and after mutation
(Figure 5d,e).

4 | DISCUSSION

4.1 | ASMT gene

4.1.1 | Association between ASMT and reproductive
performance

ASMT is the last step key enzyme for catalysis of 5-serotonin to
MLT and MLT plays a crucial role in the regulation of animal re-
productive processes directly (EI-Raey et al., 2011; Iwasaki
et al., 2005; Lanoix, Beghdadi, Lafond, & Vaillancourt, 2008) and
indirectly (GnRH production in the hypothalamus). ASMT gene may
be involved in multiple functions including reproductive regulation.

In early research, ASMT mRNA was detected in the pineal gland,
retina and ovary in rat (Gauer & Craft, 1996; Itoh et al., 1997), as
well as oocyte, blastoderm and ovarian follicles in Japanese quail
(Olszanska, Majewski, Lewczuk, & Stepinska, 2007). ASMT gene
in the testes of rat expressed with 24-hr rhythms and reached the
maximal values during the dark phase (Coelho et al., 2019). But the
mRNA levels and enzyme activities of the ASMT and endogenous
MLT displayed no significant variation throughout the oestrous
cycle of rat (Skorupa et al., 2003) From sequencing data, it showed
ASMT mRNA has high expression level in the ovary, testis, adrenal
and mammary gland in mouse (Yue et al., 2014). In human, ASMT
mMRNA has the highest expression level in the ovary (Fagerberg
et al., 2014). The enzyme activity of ASMT and MLT were higher
in gestation-matched normotensive controls than the preeclamptic

pregnancy placentas, despite insignificant expression difference for
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TABLE 4 Allele and genotype frequencies of the ADAMTS1 gene in five goat breeds
Allele
Genotype frequency frequency
i test
Locus Breed Number AA AG GG A G PIC HE NE (p-value)
8.7979798A>G Jining Grey 243 0.18 (45) 0.78 (189) 0.04 (9) 0.57 0.43 0.37 0.49 1.96 0.0000
goat
Guizhou 55 0.18 (10) 0.66 (36) 0.16 (9) 0.51 0.49 0.50 0.37 2.00 0.0717
White goat
Boer goat 32 0.22(7) 0.78 (25) 0.00(0) 0.61 0.39 0.48 0.36 191 0.0014
Liaoning 82 0.23(19) 0.64 (52) 0.13 (11) 0.55 0.45 0.50 0.37 1.98 0.0397
Cashmere
goat
Inner 60 0.08 (5) 0.70 (42) 0.22(13) 0.43 0.57 0.49 0.37 1.97 0.0044
Mongolia
Cashmere
goat
cC CT TT (o T
8.7979477C>T Jining Grey 243 0.79 0.19 (45) 0.02(5) 0.89 0.11 0.20 0.18 1.25 0.4828
goat (193)
Guizhou 52 0.67 (35) 0.33(17) 0.00(0) 0.84 0.16 0.27 0.24 1.38 0.3706
White goat
Boer goat 32 0.91(29) 0.09 (3) 0.00(0) 0.95 0.05 0.09 0.09 1.10 0.9620
Liaoning 81 0.77 (62) 0.23(19) 0.00(0) 0.88 0.12 0.21 0.19 1.26 0.4892
Cashmere
goat
Inner 60 0.98 (59) 0.02(1) 0.00(0) 0.99 0.01 0.02 0.02 1.02 0.9979
Mongolia
Cashmere
goat

Note: Number in parentheses represent sample size.

Abbreviations: HE, heterozygosity; NE, effective number of alleles; PIC, polymorphism information content.

TABLE 5 Leastsquares mean and standard error for litter size of
different genotypes of the ASMT gene in Jining Grey goats

Number of
Locus Genotype  does Litter size
£.158122T>C T 30 1.76° £0.19
TC 146 2427 +0.14
ccC 120 2.51*£0.15
g.158700G>A GG 110 2.45%+0.17
GA 170 2.36*+0.14
AA 16 2.29°+0.20

Note: Means within the same group with different superscripts are
significantly different (p < 0.05).

both transcript and protein of ASMT in placentas between the af-
fected and controls (Lanoix, Guerin, & Vaillancourt, 2012). In sheep,
it has a high expression level in skin, kidney, testes, and hypothala-
mus (Jiang et al., 2014). A higher concentration of MLT was found
in ram seminal plasma than that in blood, gene expression of ASMT
was high in the testis, and ASMT protein in the testis was found
in the Leydig cells, spermatocytes, and spermatids (Gonzalez-Arto
et al., 2016).. Furthermore, our previous study showed that ASMT

TABLE 6 Leastsquares mean and standard error for litter size of
different genotypes of the ADAMTS1 gene in Jining Grey goats

Number of
Locus Genotype  does Litter size
52.8g.7979798A>G AA 45 2.40% £ 0.15
AG 189 2.29%+0.12
GG 9 2.01°+0.19
g.7979477C>T cc 193 2.13°+0.07
CT 45 2.95%+0.11
TT 5 2.99*+0.14

Note: Means within the same group with different superscripts are
significantly different (p < 0.05).

mRNA expressed dramatically distinctive between Jining Grey goat

and non-prolific Liaoning Cashmere goat (Huang., 2012).

4.1.2 | Polymorphisms of ASMT gene

Polymorphisms of the ASMT gene can be oneimportant cause for the

significant change of enzyme activity in humans (Chaste et al., 2011;
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FIGURE 5 Secondary structure and tertiary structure of ASMT protein before and after the mutation at g.158122T>C based on its
predicted amino acid sequence. (a) Protein secondary structure before the mutation (T Allele). (b) Secondary protein structure after the
mutation (C Allele). (c) CDS sequence alignment before and after mutation. (d) The 3-dimension structure prediction before mutation (T

Allele). () The 3-dimension structure prediction after mutation (C Allele)

Etain et al., 2012; Pagan et al., 2011). A large number of mutations
of human ASMT gene have been screened to determine candidate
alleles with some mental diseases, such as intellectual disability
(Pagan et al., 2011), attention-deficit/hyperactivity disorder (Chaste
et al., 2011), bipolar disorder (Etain et al., 2012), autism (Jonsson
et al., 2010; Wang et al., 2013). A polymorphism (rs4446909) of the
promoter of the ASMT gene associated with bipolar disorder influ-

ences sleep and circadian rhythms, and it associated with lower

ASMT transcription level and weaker activity in lymphoblastoid cell
lines (Geoffroy et al., 2014). More than ten nonsynonymous variants
of ASMT identified through the 1,000 genomes project, stopped or
reduced ASMT activity in patients with neuropsychiatric disorders,
and one of these variants (N17K, rs17149149) is a relatively frequent
polymorphism in the Han Chinese population (Botros et al., 2013).
A restriction enzyme Bglll site in intron 8 of the chicken ASMT
gene was found (Grechez-Cassiau, Bernard, Ladjali, Rodriguez, &
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Voisin, 1998). Two mutations in exon 5 (G606A) and exon 6 (A737C)
of sheep ASMT gene were identified, which was unassociated with
seasonal reproduction and litter size (Sun., 2013). However, poly-
morphism of the goat ASMT gene was rare reported, the association
of polymorphism with reproduction in goats was unclear.

The present study found two SNPs and one (g.158122T>C) was lo-
cated in the coding region and the other (g.158700G>A) was in 3'-reg-
ulatory region of the goat ASMT gene. For g.158122T>C, the genotype
distribution was different between prolific Jining Grey goat and the
other four non-prolific goat breeds, and C allele frequency in Jining Grey
goat was higher than other breeds with less litter size. g.158122T>C
locus was moderately polymorphic (0.25 < PIC < 0.5) in Jining Grey
goat, it indicated that the locus had strong selection potential in these
sheep populations. And the Jining Grey goats with genotype CC and
TC had more litter size than those with TT for g.158122T>C. And SNP
g.158122T>C caused an amino acid change from weakly polar aromatic
Tyr to polar basic His, in which amino acid residue His may participate
in the enzyme activity centre. And this mutation would cause a protein
binding site and five macromolecule-binding sites lost, and also obtain
a new protein binding site and three new macromolecule-binding sites.
The improvement in reproductive performance may be due to changes
in the structure of the ASMT protein.

So we speculated that the C allele of g.158122T>C locus may be
one of the causal candidates for prolificacy in Jining Grey goat. The
selection of individuals with CC would be more profitable. Further
study should validate the association study, given that TT individuals
were fewer than TC or CC.

4.2 | ADAMTS1 gene

4.2.1 | Association between ADAMTS1 and
reproductive performance

As a multifunctional protease, ADAMTS1 is capable of cleaving ma-
trix proteoglycans such as aggrecan, versican and brevican. During
Drosophila oogenesis, ADAMTS1 motif A (AdamTS-A) was identi-
fied as a novel target of Janus kinase/signal transducer and activator
of transcription (JAK/STAT) in epithelial follicle cells which regulates
egg chamber shape by remodelling the basement membrane(Wittes
& Schupbach, 2019). To the female mice which lack ADAMTS1, mature
oocytes trapped in the follicles, resulted in impaired ovulation and sub-
fertility (Mittaz et al., 2004). ADAMTS1 null ovaries had some unusual
atretic follicles (Shozu et al., 2005). The morphological assessment
revealed peri-ovulatory ovaries had abnormal morphogenesis (Brown
et al., 2010). In ovulation, ADAMTS1 could cleave versican in the mature
COC matrix. However, the ADAMTS1 null mice lost this function par-
tially (Russell, Doyle, Ochsner, Sandy, & Richards, 2003). Ovulation rate
reduced 77%, and the fertilization rate of oocytes reduced about 63%
in ADAMTS1 null mice, it caused reduced litter size and littered number.
Shindo et al. (2000) also found ADAMTS1 null mice had a significantly
low number of pups and delivery rate, it suggested ADAMTS1 null female

mice were infertile. It also reported that the number of implantation

sites was decreased in ADAMTS1 null mice (Mittaz et al., 2004; Shindo
et al,, 2000), and loss of the mature form of ADAMTS1 caused the de-
velopmental arrest of early secondary follicles (Meng et al., 2017). The
newest research also indicated ADAMTS family members play impor-

tant roles in follicle rupture in cattle (Willis et al., 2017).

4.2.2 | Polymorphisms of ADAMTS1gene

Current studies have found that the polymorphism of the
ADAMTS1 gene is associated with many diseases. Polymorphisms
of the ADAMTS1 gene (rs416905 and rs402007) may be associ-
ated with ischemic stroke caused by arge artery atherosclero-
sis (Lyu et al., 2015). Two SNPs (rs2738, rs229038) of ADAMTS1
were significantly associated with mandibular prognathism (Guan
et al., 2015; Liu et al., 2017). One SNP of ADAMTS1 (rs12140) de-
creased the risk of dying from colorectal cancer (Mullany, Herrick,
Wolff, & Slattery, 2017). Polymorphisms within the ADAMTS1 gene
influenced the effectiveness of a drug called statins in reducing the
risk of myocardial infarction, homozygous of ADAMTS1 rs402007
had the most benefit from statins (Peters et al., 2010).

The polymorphism of the ADAMTS1 gene is abundant. An SNP
of the ADAMTS1 gene was found in Landrace pig by RFLP and cor-
relation analysis indicated that this SNP was significantly correlated
with litter size and number born alive (Shan-Shan, 2008). Two mu-
tations in pig ADAMTS1 gene consisting of one C72G mutation in
exon 7 and one G512A mutation in intron 7 were detected, of which
the former one caused an arginine to proline change at position 622
(Arg622Pro). New Qingping sows with heterozygote genotype GC
(for SNP C72G) or GA (for SNP G512A) had more litter size and live
litter size than other genotypes (Le., 2008). There are 513 SNP loci of
goat ADAMTS1 gene published in Ensembl database. However, stud-
ies on the relationship between ADAMTS1 gene polymorphism and
reproduction are rare.

In our study, for g.7979477C>T of ADAMTS1 gene, it was mod-
erately polymorphic (0.25 < PIC < 0.5) only in Guizhou White goat,
it indicated that the locus had strong selection potential in these
goat populations. Nevertheless, Jining Grey goat, Boer goat, Liaoning
Cashmere goat, and Inner Mongolia Cashmere goat had low polymor-
phism (PIC < 0.25), it indicated that the genetic diversity of this locus
was relatively poor in these four goat breeds. But the populations of
five goat breeds were all in Hardy-Weinberg equilibrium (p > 0.05).
C allele is a dominant allele in all five goat breeds. Homozygotes TT
genotype was only present in Jining Grey goat. It may be related to
the small sample size of goats selected in this study. Jining Grey goats
with genotype CT or TT had 0.82 (p < 0.05) or 0.86 (p < 0.05) more
kids than those with genotype CC respectively. The Jining Grey goats
with genotype TT had 0.04 (p > 0.05) more kids than those with geno-
type CT. So we speculated that T allele of g.7979477C>T locus may be
one of the causal candidates for prolificacy in Jining Grey goat. The
selection of individuals with TT would be more profitable. In goats,
the T allele at the g.7979477C>T locus of ADAMTS1 gene could be a

potential marker for improving litter size of goat.
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5 | CONCLUSION

In this study, two SNPs in goat ASMT gene and two SNPs in goat
ADAMTS1 gene were identified. The results indicated that C al-
lele of the g.158122T>C locus of ASMT gene and the T allele at the
g.7979477C>T locus of ADAMTS1 gene were potential molecular mark-
ers which could improve litter size of Jining Grey goats and be used
in goat breeding. This novel mutation provides further evidence that
ASMT and ADAMTS1 gene may play key roles in reproductive function.
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PARTICIPATE
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