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Potential scrapie-associated
polymorphisms of the prion protein
gene (PRNP) in Korean native black
goats

Seon-Kwan Kim'23, Yong-Chan Kim'?3, Sae-Young Won'2 & Byung-Hoon Jeong®*

Small ruminants, including sheep and goats are natural hosts of scrapie, and the progression of scrapie
pathogenesis is strongly influenced by polymorphisms in the prion protein gene (PRNP). Although
Korean native goats have been consumed as meat and health food, the evaluation of the susceptibility
to scrapie in these goats has not been performed thus far. Therefore, we investigated the genotype and
allele frequencies of PRNP polymorphisms in 211 Korean native goats and compared them with those in
scrapie-affected animals from previous studies. We found a total of 12 single nucleotide polymorphisms
(SNPs) including 10 nonsynonymous and 2 synonymous SNPs in Korean native goats. Significant
differences in allele frequencies of PRNP codons 143 and 146 were found between scrapie-affected
goats and Korean native goats (p < 0.01). By contrast, in PRNP codons 168, 211 and 222, there were

no significant differences in the genotype and allele frequencies between scrapie-affected animals and
Korean native goats. To evaluate structural changes caused by nonsynonymous SNPs, PolyPhen-2,
PROVEAN and AMYCO analyses were performed. PolyPhen-2 predicted “possibly damaging” for
W102G and R154H, “probably damaging” for G127S. AMYCO predicted relatively low for amyloid
propensity of prion protein in Korean native black goats. This is the first study to evaluate the scrapie
sensitivity and the first in silico evaluation of nonsynonymous SNPs in Korean native black goats.

Small ruminants, including sheep and goat, are natural hosts of scrapie belonging to the group of trans-
missible spongiform encephalopathies (TSEs), which also includes bovine spongiform encephalopa-
thy (BSE) in cattle, chronic wasting disease (CWD) in deer and elk, and kuru, fatal familial insomnia (FFI),
Gerstmann-Stréussler-Scheinker syndrome (GSS) and Creutzfeldt-Jakob disease (CJD) in humans'~”. TSEs are
characterized by neurodegenerative symptoms in brain tissue and are attributed to the conformational change
from the normal prion protein (PrPC) to the deleterious isoform of prion protein (PrP5), which entails distribu-
tional changes in secondary structure of PrP¢%.

Prion protein gene (PRNP) polymorphisms have a critical effect on prion disease susceptibility among a wide
range of hosts”!°. In our previous studies, PRNP polymorphisms in Korean people, chickens, horses and cattle
have been reported, and evaluation for susceptibility to prion diseases was performed''~**. In addition, several
polymorphisms in paralogs of the PRNP gene have been reported in cattle and goats®*~*. In humans, distributions
of the single nucleotide polymorphisms (SNPs) at codons 129 and 219 of the PRNP gene are correlated with the
susceptibility to sporadic and variant CJD'!. For example, M129V and E219K heterozygotes are protective against
the development of sporadic CJD. In addition, all variant CJD patients were 129MM homozygous**. In cattle,
insertion/deletion polymorphisms in the regulatory region of the PRNP gene may influence the expression level
of PrP¢, leading to different incubation periods and an increase in BSE susceptibility*>?°. According to recent
studies, 23-bp insertion/deletion polymorphisms in the promoter region and 12-bp insertion/deletion polymor-
phisms in the promoter region of intron 1 of the PRNP gene are associated with BSE susceptibility*!>?7.

In sheep, several nonsynonymous SNPs of the PRNP gene have been identified at codons M112T, A136V,
M137T, S138N, L141F, R151C, R154H, Q171R/H, N176K, and R211Q>**-3°. Among these alleles, heterozygosity
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Genotype frequency, n (%) Allele frequency, n (%) *HWE
c126G>A GG GA AA G A
42p 114 (54.03) | 78(36.97) |19(9.00) |306(72.51) | 116(27.49) | 0.291
c.302A>G AA AG GG A G
QI101R 209 (99.05) 2(0.95) 0 (0.00) 420 (99.53) 2(0.47) 0.945
c.304T > G TT TG GG T G
W102G 197 (93.36) 14 (6.64) 0(0.00) 408 (96.68) 14 (3.32) 0.618
c379G>A GG GA AA G A
G127S 203 (96.21) 8(3.79) 0(0.00) 414 (98.10) 8(1.90) 0.779
c.414T>C TT TC CC T C
138S 121 (57.35) 74 (35.07) 16 (7.58) 316 (74.88) 106 (25.12) 0.325
c426A>G AA AG GG A G
1142M 211 (100) 0(0.00) 0(0.00) 422 (100) 0(0.00)
c428A>G AA AG GG A G
H143R 103 (48.82) 87 (41.23) 21(9.95) 293 (69.43) 129 (30.57) 0.6773
c437A>G AA AG GG A G
N146S 193 (91.47) 17 (8.06) 1(0.47) 403 (95.50) 19 (4.50) 0.360
c461G>A GG GA AA G A
R154H 210(99.53) | 1(0.47) 0(0.00) 421 (99.76) 1(0.24) 0.973
c.503C>A CcC CA AA C A
P168Q 211 0 0 422 0
c512A>G AA AG GG A G
Q171R 210(99.53) | 1(0.47) 0 (0.00) 421(99.76) | 1(0.24) 0.973
c.632G>A GG GA AA G A
R211Q 207 (98.10) 3(1.42) 1(0.47) 417 (98.82) 5(1.18) <0.01
c.652A>C AA AC CC A C
1218L 208 (98.58) 3(1.42) 0(0.00) 419 (99.29) 3(0.71) 0.917
c.664C>A CC CA AA C A
Q222K 211 (100) 0(0.00) 0(0.00) 422 (100) 0(0.00)
c.718C>T CC CT TT C T
P240S 135 (63.98) 67 (31.75) 9(4.27) 337 (79.86) 85(20.14) 0.851

Table 1. Genotype and allele frequencies of twelve PRNP polymorphisms in Korean native black goats. "'HWE:
Hardy-Weinberg equilibrium.

at codons R154H and Q171R has been shown to have a protective effect against the development of classical scra-
pie>?8-30, Recently, several studies have shown that the ARR allele at codons 136, 154 and 171 of the PRNP gene
is associated with a highly protective effect against natural or experimental infection with classical scrapie and
BSE, while the VRQ and ARQ alleles of the PRNP gene are susceptible to classical scrapie and BSE in sheep®*'-33.
According to previous studies, a number of PRNP polymorphisms such as V21A, L23P, G37V, G49S, W102G,
T110N, T110P, G127S, L133Q, M1371, 1142M, H143R, N146S, N146D, R151H, R154H, P168Q, R211Q, I218L,
Q220H, Q222K and S240P have been identified in goats>***~*°. Among these alleles, the heterozygosity at codons
1142M, H143R, N146S, R211Q and Q222K confers decreased susceptibility to scrapie development in goats.

Korean native black goats are the only Korean indigenous breed that has been farmed for over 2,000 years.
According to the Statistics Korea (http://kostat.go.kr/portal/korea/index.action) 2015 survey, Korean native black
goats are known as the only breed raised in Korea. In addition, 300,000 heads of Korean native black goats were
raised in 9,400 farm houses and were consumed as meat and health food. To date, scrapie in goat has not been
reported in Korea. In addition, the estimation of the susceptibility to scrapie has not been investigated in Korean
native black goats thus far.

The purpose of this study was to evaluate the degree of potential scrapie susceptibility in Korean native black
goats. Thus, we investigated the genotype and allele frequencies of PRNP polymorphisms in 211 Korean native
black goats and compared them with those of scrapie-affected animals in previous studies. In addition, we inves-
tigated linkage disequilibrium (LD) and analyzed haplotypes of the PRNP polymorphisms. Furthermore, we
also evaluated the biological impact, such as the protein structure and functions of nonsynonymous SNPs, using
PolyPhen-2, PROVEAN and AMYCO analyses.

Results

Investigation of genetic characteristics of the PRNP gene in 211 Korean native black goats. We
performed automatic direct sequencing at the open reading frame (ORF) of the PRNP gene in 211 Korean native
black goats. The sequenced ORF in the Korean native black goats was 771 bp in length and homologous with the
PRNP gene of Capra hircus registered in the GenBank website (Gene ID: EU870890.1). We found a total of 12
SNPs, including 10 nonsynonymous SNPs. The genotype and allele frequencies of the caprine PRNP gene are
shown in Table 1. Previous reported 3 nonsynonymous SNPs, c.426A > G (I142M), ¢.503C > A (P168Q), and
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c.126G>A | ¢.302A>G | ¢.304T > G | ¢.379G> A | c.414T >C | c428A>G | c.437A > G | c.461G> A | ¢.512A > G | €.632G> A | c.652A>C | c.718C>T

42P Q101R W102G G127S 138S H143R N146S R154H Q171R R211Q 1218L P240S
CI26G>A | _ 10 1.0 0.511 10 1.0 1.0 10 10 1.0 1.0 0.983
c302A>G
G101R — — 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
€304T>G
W102G — — — 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
€379G>A
C1ars — — — — 0.548 1.0 1.0 0.492 1.0 1.0 1.0 1.0
c414T>C
3as — — — — — 1.0 1.0 1.0 1.0 1.0 1.0 0.984
c428A>G
H143R — — — — — — 1.0 1.0 1.0 1.0 1.0 0.923
c437A>G
N1465 — — — — — — — 1.0 1.0 1.0 1.0 1.0
cA461G>A
R1%4H — — — — — — — — 1.0 1.0 1.0 0.375
c512A>G
QI71R — — — — — — — — — 1.0 1.0 1.0
c632G>A
R211Q — — — — — — — — — — 1.0 1.0
c652A>C
1218L - - - - - - - - - - - 10
c.718C>T _ _ _ _ _ _ _ _ _ _ _
P240S

Table 2. Linkage Disequilibrium (LD) of twelve PRNP polymorphisms in Korean native black goats.
c302A>G |c304T>G |c379G>A |c428A>G |c437A>G | cd61G>A [c512A>G | c.632G>A | c.652A>C |c.718C>T

Haplotypes | Q101R W102G G1278 HI143R N146S R154H Q171R R211Q 1218L P240S N=422
Haplotype1 | Q W G H N R Q R I P 153 (0.363)
Haplotype2 | Q w G R N R Q R I P 128 (0.303)
Haplotype3 | Q w G H N R Q R I N 62 (0.146)
Haplotype 4 | Q w G H S R Q R I P 19 (0.045)
Haplotype5 | Q w G H N R Q R I P 16 (0.039)
Haplotype 6 | Q G G H N R Q R I S 14 (0.033)
Haplotype 7 | Q w G H N R Q R 1 P 15 (0.036)
Haplotype 8 | Q w S H N R Q R I P 5(0.012)
Others? 10 (0.023)

Table 3. Haplotype frequencies of 10 nonsynonyomous single nucleotide polymorphisms of PRNP gene in
Korean native black goats. Others® contain rare haplotype with frequency < 0.01.

c.664C > A (Q222K), were not found in Korean native black goats. Except for ¢.632G > A (R211Q), all genotype
frequencies of SNPs were in Hardy-Weinberg Equilibrium (HWE) proportions.

We also investigated the LD among the 12 SNPs of the caprine PRNP gene by analyzing Lewontin’s D’ (|D’|)
values (Table 2). The SNP ¢.379G > A showed low LD with 3 other SNPs (¢.126G > A (0.511), c.414T > C (0.548),
and c. 461G > A (0.492). In addition, ¢.718C > T showed low LD with ¢.461G > A (0.375). The remaining SNPs
showed strong LD with a score range of 0.9-1.0.

Next, we examined the haplotype frequency of these 10 PRNP nonsynonymous SNPs. As shown in Table 3,
8 major haplotypes were identified. Among the 8 haplotypes, the haplotype QWGHNRQRIP had the highest
frequency (36.3%), followed by QWGRNRQRIP (30.3%) and QWGHNRQRIS (14.6%).

Evaluation of potential scrapie susceptibility in Korean native black goats. To evaluate potential
scrapie susceptibility in Korean native black goats, we compared the genetic distribution of scrapie-associated
SNPs (R143H, N146S, R154H, P168Q, R211Q and Q222K) between Korean native black goats and scrapie-affected
goats in other countries. These 6 scrapie-associated SNPs of the caprine PRNP gene, which were reported pre-
viously, were selected to evaluate potential scrapie susceptibility in Korean native black goats®¢333437-3941.42,
In PRNP codons 143 and 146, there was a significant difference in allele frequencies between scrapie-affected
Greek goats and healthy Greek goats (p < 0.01). In addition, a significant difference in allele frequencies of PRNP
codons 143 and 146 was found between scrapie-affected Greek goats and Korean native black goats (p < 0.01)
(Fig. 1A,B). The allele frequencies at PRNP codon 154 showed significant differences between scrapie-affected
French goats and healthy French goats (p =0.0011). Interestingly, the allele frequencies of this SNP were not
significantly different between scrapie-affected French goats and Korean native black goats (p =1.0) (Fig. 1C).
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Figure 1. Comparisons of the allele frequencies of PRNP codons 143, 146, 168, 211, and 222 in Greek, French
and Korean goats. (A) Comparisons of the allele frequency of the PRNP codon 143 between Greek goats and
Korean native black goats®. (B) Comparisons of the allele frequency of PRNP codon 146 between Greek goats
and Korean native black goats®. (C) Comparisons of the allele frequency of the PRNP codon 154 between
French goats and Korean native black goats®®. (D) Comparisons of the allele frequency of PRNP codon 168
between Greek goats and Korean native black goats™. (E) Comparisons of the allele frequency of PRNP codon
211 between French goats and Korean native black goats®. (F) Comparisons of the allele frequency of PRNP
codon 222 among French goats, Greek goats and Korean native black goats®**!. Differences in allele distributions
were calculated by chi-squired (x?) tests and Fisher’s exact test. S: scrapie-affected goats, C: healthy goats.
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Korean native

Pakistani goats | Chi goats | Jap goats | French goats black goats

“3 “ 4 3 In this study
References Healthy Healthy Healthy Scrapie Healthy p-value Healthy
Haplotype
ARQ 143 (99.31) 665 (99.85) 588 (98.33) 1036 (100) 3389 (97.61) 0.629 420 (99.53)
ARR 0(0.00) 0(0.00) 8(1.34) 0(0.00) 0(0.00) 1(0.24)
AHQ 1(0.69) 1(0.15) 2(0.33) 0 (0.00) 83 (2.39) <0.001 1(0.24)
Genotype
ARQ/ARQ 71 (98.61) 332(99.70) 292 (97.66) 518 (100) 1653 (95.22) 209 (99.05)
ARQ/AHQ 1(1.39) 1(0.30) 0(0.00) 0(0.00) 83 (4.78) <0.001 1(0.47)
ARQ/ARR 0(0.00) 0(0.00) 4(1.34) 0(0.00) 0(0.00) 1(0.47)
ARR/ARR 0(0.00) 0(0.00) 2(0.67) 0(0.00) 0(0.00) 0(0.00)
AHQ/AHQ 0(0.00) 0(0.00) 1(0.33) 0(0.00) 0(0.00) 0(0.00)

Table 4. Distributions of haplotype and genotype frequencies at PRNP codons 136, 154 and 171 between
scrapie affected goats and healthy goats.

The allele frequencies at PRNP codon 168 showed significant differences between scrapie-affected Greek goats
and healthy Greek goats (p < 0.05). Interestingly, the allele frequencies of this SNP were not significantly differ-
ent between scrapie-affected Greek goats and Korean native black goats (p=0.109) (Fig. 1D). In French goats,
a significant difference in allele frequencies at codon 211 of the PRNP gene was found between scrapie-affected
goats and healthy goats (p < 0.001). There was no significant difference in the allele frequencies between French
scrapie-affected goats and Korean native black goats (Fig. 1E). In PRNP codon 222 of French and Greek goats,
significant differences in allele frequencies were detected between scrapie-affected goats and healthy goats. In
addition, a significant difference in allele frequencies at this codon of the PRNP gene was found between French
and Greek healthy goats and Korean native black goats (p < 0.001) (Fig. 1F).

Comparison of genetic distributions of PRNP codons 136, 154 and 171 in Korean native black
goats and goats in other countries. We investigated the caprine PRNP haplotypes of codons 136, 154
and 171 in Korean native goats. In addition, the PRNP haplotypes were compared with those previously reported
in 4 countries, namely, Pakistan, China, Japan and France®*>**-%. In all countries, the ARQ haplotype was dis-
tributed over 97% of goats. In Pakistani goats, Chinese goats and Japanese goats, the frequency of the detected
AHQ haplotype was less than 1%. Notably, ARR was found in over 1% of Japanese goats, and AHQ was found in
2.39% of French goats. In French goats, a significant difference was found in the allele distribution of the AHQ
haplotype between scrapie-affected goats and healthy goats (p < 0.001)*. In addition, more than 95% of the ARQ/
ARQ genotype was distributed in all countries, and significant differences in the distribution of the ARQ/AHQ
genotype in French goats were found between scrapie-affected goats and healthy goats. (p < 0.001). There were
few ARQ/ARR genotypes in Korea (0.47%) and Japan (1.34%), and the ARR/ARR genotype was found only in
Japan (0.67%) (Table 4).

Evaluation of nonsynonymous SNPs of the caprine PRNP gene. PolyPhen-2 predicts the possible
effect of an amino acid substitution induced by nonsynonymous SNPs on the structure and function of proteins*®.
A total of 10 nonsynonymous SNPs on the caprine PRNP gene were assessed by PolyPhen-2. According to the
impact degree of nonsynonymous SNPs, 9 nonsynonymous SNPs were predicted into three categories as follows:
“benign”: QI01R (0.099) H143R (0.129), N146S (0.024), Q171R (0.035), R211Q (0.447), 1218L (0.023); “possi-
bly damaging”: W102G (0.603), R154H (0.934); “probably damaging”: G127S (0.992) (Table 5). We also used
PROVEAN to predict the biological impact of the 10 nonsynonymous SNPs of the caprine PRNP gene®’. All 10
nonsynonymous SNPs of the caprine PRNP gene were predicted as “neutral” (Table 5).

Lastly, we investigated amyloid propensity of goat prion protein according to alleles of nonsynonymous
SNPs. Previous studies have been reported that prion protein with alleles of 143R, 1468, 154H, 211Q and 222K
(RSHQK) was highly resistant to conformational change for becoming deleterious form of prion protein. Thus, we
analyzed the prion protein based on those alleles. RSHQK haplotype was measured with 0.27 values by AMYCO.
In addition, we analyzed the prion protein of Korean native black goats. Amino sequences of prion protein in
Korean native black goats were classified to 4 haplotypes (HNRRQ, RNRRQ and HSRRQ) based on alleles of
nonsynonymous SNPs. HNRRQ and HSRRQ haplotypes were measured with 0.27 values. RNRRQ haplotype was
measured with 0.24 values (Fig. 2).

Discussion
Polymorphisms of the PRNP gene are major genetic determinants of the susceptibility to scrapie in sheep and
goats. Although the prion protein in goats shares 99% protein sequence identity with that in sheep, the amino acid
residues related to scrapie susceptibility are not identical*>*. Previous studies reported that the ovine PRNP gene
was highly polymorphic and that the distributions of genotype and haplotype frequencies at codons 136, 154, and
171 were strongly related to the susceptibility of the scrapie progression®*484,

We examined the genotype and haplotype distributions of caprine PRNP codons 136, 154 and 171 from
other countries, including Pakistan, China, Japan and France. As a typical feature, the Val allele of PRNP codon
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Position AA, AA, Methods Score Prediction
PolyPhen-2 0.099 Benign

101 Q R
PROVEAN —1.046 Neutral
PolyPhen-2 0.603 Possibly damagin,

102 w G Y Y gmne
PROVEAN —1.554 Neutral
PolyPhen-2 0.992 Probably damagin,

127 G S Y Y g8
PROVEAN —1.581 Neutral
PolyPhen-2 0.129 Benign

143 H R
PROVEAN —1.429 Neutral
PolyPhen-2 0.024 Benign

146 N S
PROVEAN —1.057 Neutral
PolyPhen-2 0.934 Possibly damagin

154 R H th Y ging
PROVEAN —0.261 Neutral
PolyPhen-2 0.035 Benign

171 Q R
PROVEAN —0.619 Neutral
PolyPhen-2 0.447 Benign

211 R Q
PROVEAN —0.177 Neutral
PolyPhen-2 0.023 Benign

218 I L
PROVEAN —0.675 Neutral
PolyPhen-2 Not available Unknown

240 S P
PROVEAN —0.614 Neutral

Table 5. Measurement of the effect of amino-acid substitutions of PRNP nonsynonymous SNPs in Korean

native black goats.
1 10 10 10 10
08 0.8 08 08 0.8
06 £ 06 0.6 0.6 0.6
S
wv
o
o
z
-04Z 04 0.4 0.4 0.4
0.2 0.2 0.2 0.2 0.2
0 0.0 0.0 0.0 0.0
RSHQK HNRRQ RNRRQ HSRRQ
Resistance
Korean native black goat
haplotype

Figure 2. Prediction of amyloid propensity of caprine prion protein according to nonsynonymous SNPs.
AMYCO predicted amyloid propensity as values from 0.0 to 1.0. The AMYCO scores < 0.45 and >0.78
indicated low and high aggregation propensities of the protein, respectively. “RSHQK?” indicates haplotype

of arginine allele at the codon 143, serine allele at the codon 146, histidine allele at the codon 154, glutamine
allele at the codon 211 and lysine allele at the codon 222. “HNRRQ” indicates haplotype of histidine allele

at the codon 143, asparagine allele at the codon 146, arginine allele at the codon 154, arginine allele at the
codon 211 and glutamine allele at the codon 222. “RNRRQ” indicates haplotype of arginine allele at the codon
143, asparagine allele at the codon 146, arginine allele at the codon 154, arginine allele at the codon 211 and
glutamine allele at the codon 222. “HSRRQ” indicates haplotype of histidine allele at the codon 143, serine allele
at the codon 146, arginine allele at the codon 154, arginine allele at the codon 211 and glutamine allele at the
codon 222.

136, which is known to be associated with susceptibility to scrapie in sheep, was not found in goats, and no
polymorphisms of codon 136 were found (Table 4). Interestingly, PRNP codon 171 polymorphism was found
only in Korea and Japan. The major haplotype of the caprine PRNP gene was ARQ, and ARR haplotypes were
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distributed at the lowest level in Japan and Korea. The major genotype ARQ/ARQ was distributed over 97% in
Pakistani goats, Chinese goats, Japanese goats, French goats and Korean native black goats. In addition, there
was a statistically significant difference in allele distribution between scrapie-affected and healthy goats in France
with distributions of 2.39% for the AHQ allele (p < 0.001) and 4.78% for the ARQ/AHQ genotype (p < 0.001).
The haplotypes and genotype distributions of French goats were 100% of ARQ and 100% of ARQ/ARQ, respec-
tively, in scrapie-affected animals. The haplotype distribution in Korean native black goats was similar to that in
Pakistani goats, Chinese goats and Japanese goats, and the genotype distribution in Korean native black goats was
similar to that in Pakistani goats and Chinese goats (Table 4).

Next, we tried to evaluate the potential scrapie susceptibility by comparing distributions of PRNP polymor-
phisms in Korean native black goats with those of scrapie-affected goats. From previous studies, homozygotes of
codons 143H, 146N, 154R, 211R and 222Q in the PRNP gene are known to be susceptible to goat scrapie>*>4-%0-2,
On the other hand, heterozygotes of codons H143R, N146S, R154H, R211Q, and Q222K in the PRNP gene are
associated with a lower risk of developing classical scrapie®?*$41->2-54, The PRNP codon 168 polymorphism has
been reported in Greece, Italy, and Cyprus goats, and 168P homozygotes were associated with scrapie suscepti-
bility>*7**°. Korean native black goats have 100% of the Ile allele in codon 142, and we did not find genetic poly-
morphisms. Because the 1421 allele was associated with a shorter incubation period in experimentally challenged
goats with the TSE isolate*, and the [142M heterozygote had a lengthened incubation period after experimental
inoculation with BSE and scrapie*’. In addition, Korean native black goats had similar allele distributions of the
PRNP gene in codons 154R, 168P, 211R, and 222Q with those of scrapie-affected goats (Fig. 1C-F). In contrast,
comparing the allele distributions of PRNP polymorphisms between healthy goats and Korean native black goats,
codons 143H and 146S of Korean native black goats showed similar distributions to healthy goats (Fig. 1A,B).
However, because the caprine PRNP gene has too many polymorphisms involved in susceptibility to scrapie,
evaluating the susceptibility by comparing the genetic distribution of individual SNPs is difficult. Therefore, we
analyzed LD and haplotype among PRNP SNPs.

In Korean native black goats, 10 polymorphisms showed strong LD among PRNP SNPs (Table 2). We
found 4 major haplotypes, QWGHNRQRIP (0.363), QWGRNRQRIP (0.303), QWGHNRQRIS (0.146) and
QWGHSRQRIP (0.045), by analyzing the haplotype distributions. (Table 3). Using the haplotype found in this
study, a scrapie reagent inoculation test will be helpful for evaluating scrapie susceptibility in Korean native black
goats in the future. However, since it cannot be ruled out that the differences of genotype, allele and haplotypes
frequencies in the current study were a consequence by the lack of selective pressure due to negligible exposure to
scrapie in Korea, additional confirmation studies are needed in the future.

In addition, we predicted the effects of nonsynonymous SNPs on caprine PRNP gene by PolyPhen-2 and
PROVEAN analyses. In the PolyPhen-2 assay, G127S (0.992) was ‘probably damaging’ and W102G (0.603) and
R154H (0.934) were ‘possibly damaging’ Interestingly, all 10 nonsynonymous SNPs of PRNP gene were predicted
to be ‘neutral’ by PROVEAN. The inconsistencies in the results of PolyPhen-2 and PROVEAN are due to the
differences in algorithms that translate the impact on the protein function*®>>. Because the PolyPhen-2 analysis
is based on the structural influence of nonsynonymous SNPs on the protein and the PROVEAN analysis is based
on phylogenetic differences among species, we presume that two nonsynonymous SNPs may have an effect on the
structure of goat prion protein. Point mutation at the codon 102 of human PRNP gene (codon 105 in goat) has
been linked to GSS of human familial prion diseases. In addition, polymorphism at the codon 154 of ovine PRNP
gene (codon 154 in goat) has been associated with the susceptibility of scrapie in sheep. Thus, further investiga-
tion of caprine PRNP at the codons 102 and 154 is highly desirable in the future.

Next, we evaluated potential scrapie susceptibility according to alleles of nonsynonymous SNPs of caprine
PRNP gene. Interestingly, the degree of amyloid formation of prion protein according to haplotypes of the PRNP
gene of the Korean native black goats was lower than or equal to that of prion protein which are known to be
resistance to prion diseases. Since scrapie in Korean native black goats has not been reported thus far, this result
seems likely to be consistent with the data of AMYCO analysis. Thus, to the best our knowledge Korean native
black goat presumed to have resistance to scrapie thus far. However, to verify the nonsynonymous effect of the
goat prion protein, it is necessary to perform in vivo or in vitro experiments using models that contain these two
polymorphisms.

Numerous scrapie-related SNPs have been investigated in small ruminants for identifying correlations
between the genetic diversity of the PRNP gene and scrapie susceptibility in various countries; however, Korean
native black goats have not been tested for scrapie susceptibility thus far. Here, we suggest that the multiple PRNP
alleles of Korean native black goats can predict potential scrapie susceptibility and may contribute to the onset of
the disease. In addition, to exclude the probability of quite different frequencies of PRNP gene polymorphisms
in other regions of Korea, we collected 41 blood samples of Korean native black goats from a slaughter house of
another region, which is located in Jecheon-si, Chungcheongbuk-do, Republic of Korea and investigated geno-
type, allele and haplotype frequencies of caprine PRNP gene. The genotype, allele and haplotype frequencies of
caprine PRNP gene showed similar distributions between Chungcheongbuk-do goats and Jeollanam-do goats
(Supplementary Table 1). Since direct transmission of classical scrapie to primates after a 10 years incubation
period was recently reported™, it is very important to investigate the scrapie susceptibility of Korean native black
goats to prevent the possibility of scrapie transmission through the species barrier to humans.

In conclusion, we performed direct sequencing and investigated the genotype and allele distributions of
caprine PRNP gene polymorphisms in 211 Korean native black goats. We also reported the distributions of 4
major haplotypes and the strong LD among PRNP SNPs. Using comparative analysis of the genetic distributions
in PRNP codons 136, 154 and 171 that are major contributors to the scrapie incidence of sheep, between sheep
and Korean native black goats, we confirmed that sheep and Korean native black goats had significant differ-
ences in genetic distributions in PRNP codons 136, 154 and 171. In addition, we performed a potential scrapie
susceptibility test for the first time in Korean native black goats through a comparison of the allele frequencies
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of previously reported scrapie-associated SNPs. Furthermore, we investigated the damaging impact of nonsyn-
onymous SNPs found in Korean native black goats for the first time using i silico analysis tools, PolyPhen-2 and
PROVEAN. To the best of our knowledge, we conducted the first PRNP genetic study in Korean native black
goats.

Methods

Ethical statement. All experimental procedures were approved by the Chonbuk National University
Institutional Animal Care and Use Committee (IACUC number: CBNU 2017-0076). All experiments using
Korean native black goats were performed in accordance with the Korea Experimental Animal Protection Act.

Blood sample collection and DNA extraction. Blood samples of 211 Korean native black goats were
collected from a slaughter house of Hwasun-gun, Jeollanam-do, the Republic of Korea. These samples were pro-
vided from 8 farms, which is located in Jeollanam-do. We collected samples 5 times from March 2016 to June
2016. The sample size used in the present study may be enough to identify rare polymorphisms, including below
1% genotype frequency. In addition, the sample size can also represent the total population of Korean native
black goats with a 95% confidence level and a confidence interval of 7. Whole blood samples were treated with
ethylenediaminetetraacetic acid (EDTA) and were frozen at —80 °C prior to analysis. Genomic DNA was purified
from 200 pl frozen blood using the QIAamp DNA Blood Mini Kit (Qiagen, Valencia California, USA) following
the instructions from the supplier.

Polymerase chain reaction (PCR) and DNA sequencing. To amplify the caprine PRNP gene,
PCR was performed with gene-specific primers as follows: caprine PRNP-Forward (5-ATTTTGCAGAGAAGT
CATCATGGTGA-3') and caprine PRNP-Reverse (5'-AACAGGAAGGTTGCCCCTATCCTA-3’). The primers
were designed based on the genomic sequence of the caprine PRNP gene, which was registered in the GenBank
website (Gene ID: EU870890.1). The PCR mixture contained 10 uM of each primer, 2.5l of 10 x Taq polymerase
reaction buffer containing 25 mM of MgCl,, 2.5mM of each ANTP mixture, and 2.5 units of Solg™ Tag DNA pol-
ymerase (SolGent, Daejeon, Republic of Korea). The PCR was carried out as follows: predenaturation at 95 °C for
2min, 30 cycles of denaturation at 95 °C for 20 sec, annealing at 58 °C for 40 sec, extension at 72 °C for 1 min, and
final extension at 72 °C for 5 min. The purification of PCR products for sequencing analysis was performed with a
QIAquick Gel Extraction Kit (Qiagen, Valencia California, USA). The PCR products were directly sequenced by
an ABI 3730XL sequencer (Applied Biosystems, Foster City, California, USA).

Statistical analysis. Analysis of HWE, LD and haplotype distributions of the PRNP gene in Korean native
black goats were performed using Haploview Version 4.2 (Broad Institute, Cambridge, MA, USA). Differences in
genotype, allele and haplotype frequencies of the PRNP gene were tested by chi-squire test (x?) or Fisher’s exact
test using SAS 9.4 Software (SAS Institute Inc., Cary, NC, USA).

Evaluation of nonsynonymous SNPs in the caprine prion protein. We evaluated a total of 10 non-
synonymous SNPs of the PRNP gene using PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) and PROVEAN
(http://provean.jcvi.org/index.php). PolyPhen-2 utilizes a naive Bayes classifier to provide independent count
(PSIC) scores using information from sequence alignment and protein structural properties***’. PolyPhen-2 pre-
dictions are subdivided into three types, “benign’, “probably damaging”, and “possibly damaging”, according to
a numerical score ranging from 0.0 to 1.0. PROVEAN calculates the impact score by predicting the functional
effect on all classes of protein functions for protein sequence changes such as deletion and multiple substitution
as well as single amino acid substitutions*’. The PROVEAN program predicts the biological impacts of nonsyn-
onymous SNPs, including effects on protein function and structure. Score predictions form PROVEAN have two
types of threshold; scores below —2.5 are considered “deleterious’, and scores above —2.5 are considered “neutral”
Amyloid propensity of caprine prion protein according to alleles of PRNP SNPs was analyzed by AMYCO (http://
bioinf.uab.cat/amyco)*’. AMYCO is the algorithm used to predict amyloid fibril propensity from amino acid
sequences.

Received: 4 February 2019; Accepted: 2 October 2019;
Published online: 25 October 2019

References

1. Lithken, G. et al. Epidemiological and genetical differences between classical and atypical scrapie cases. Vet Res 38, 65-80, https://
doi.org/10.1051/vetres:2006046 (2007).

2. Groschup, M. H. et al. Classic scrapie in sheep with the ARR/ARR prion genotype in Germany and France. Emerg Infect Dis 13,
1201, https://doi.org/10.3201/eid1308.070077 (2007).

3. Lacroux, C. et al. PClassical scrapie transmission in ARR/ARR genotype sheep. ] Gen Virol 98, 2200-2204, https://doi.org/10.1099/
jgv.0.000861 (2017).

4. Vernerova, K. et al. BSE-associated polymorphisms in the prion protein gene: an investigation. ] Anim Breed Genet 131, 403-408,
https://doi.org/10.1111/jbg.12090. Epub 2014 Apr 10 (2014).

5. Billinis, C. et al. Prion protein gene polymorphisms in healthy and scrapie-affected sheep in Greece. ] Gen Virol 85, 547-554, https://
doi.org/10.1099/vir.0.19520-0 (2004).

6. Aguilar-Calvo, P. et al. Effect of Q211 and K222 PRNP polymorphic variants in the susceptibility of goats to oral infection with goat
bovine spongiform encephalopathy. J Infect Dis 212, 664-672, https://doi.org/10.1093/infdis/jiv112 (2015).

7. Tongue, S. C. et al. Estimation of the relative risk of developing clinical scrapie: the role of prion protein (PrP) genotype and selection
bias. Vet Rec 158, 43-50, https://doi.org/10.1136/vr.158.2.43 (2006).

8. Prusiner, S. B. Molecular biology and pathogenesis of prion diseases. Trends Biochem Sci 21, 482-487, https://doi.org/10.1016/
$0968-0004(96)10063-3 (1996).

SCIENTIFIC REPORTS |

(2019) 9:15293 | https://doi.org/10.1038/541598-019-51621-y


https://doi.org/10.1038/s41598-019-51621-y
http://genetics.bwh.harvard.edu/pph2/
http://provean.jcvi.org/index.php
http://bioinf.uab.cat/amyco
http://bioinf.uab.cat/amyco
https://doi.org/10.1051/vetres:2006046
https://doi.org/10.1051/vetres:2006046
https://doi.org/10.3201/eid1308.070077
https://doi.org/10.1099/jgv.0.000861
https://doi.org/10.1099/jgv.0.000861
https://doi.org/10.1111/jbg.12090.
https://doi.org/10.1099/vir.0.19520-0
https://doi.org/10.1099/vir.0.19520-0
https://doi.org/10.1093/infdis/jiv112
https://doi.org/10.1136/vr.158.2.43
https://doi.org/10.1016/S0968-0004(96)10063-3
https://doi.org/10.1016/S0968-0004(96)10063-3

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,

45.

46.

47.

48.

. Zhang, L. et al. PRNP polymorphisms in Chinese ovine, caprine and bovine breeds. Anim Genet 35, 457-461, https://doi.

org/10.1111/j.1365-2052.2004.01204.x (2004).

Vaccari, G. et al. State-of-the-art review of goat TSE in the European Union, with special emphasis on PRNP genetics and
epidemiology. Vet Res 40, 48, https://doi.org/10.1051/vetres/2009031 (2009).

Jeong, B. H. et al. Association of sporadic Creutzfeldt-Jakob disease with homozygous genotypes at PRNP codons 129 and 219 in
the Korean population. Neurogenetics 6, 229-232, https://doi.org/10.1007/s10048-005-0016-y (2006).

Jeong, B. H. et al. Genotype distribution of the prion protein gene (PRNP) promoter polymorphisms in Korean cattle. Genome 49,
1539-1544, https://doi.org/10.1136/vr.104123 (2006).

Jeong, B. H. et al. Polymorphisms of the prion protein gene (PRNP) in a Korean population. ] Hum Genet 49, 319-324, https://doi.
org/10.1007/s10038-004-0150-7 (2004).

Jeong, B. H. et al. PRNP 1368 polymorphism is not associated with sporadic Creutzfeldt-Jakob disease in the Korean population. Eur
J Neurol 15, 846-850, https://doi.org/10.1111/j.1468-1331.2008.02203.x (2008).

Jeong, B. H. et al. Polymorphisms of the prion protein gene (PRNP) in Hanwoo (Bos taurus coreanae) and Holstein cattle. Genes
Genet Syst 80, 303-308, https://doi.org/10.1266/ggs.80.303 (2005).

Jeong, B. H. et al. Bovine spongiform encephalopathy (BSE)-associated polymorphisms of the prion protein (PRNP) gene in Korean
native cattle. Anim Genet 44, 356-357, https://doi.org/10.1111/age.12004 (2013).

Kim, Y. C. & Jeong, B. H. Lack of germline mutation at codon 211 of the prion protein gene (PRNP) in Korean native cattle. Acta Vet
Hung 65, 147-152, https://doi.org/10.1556/004.2017.015 (2017).

Kim, Y. C,, Jeong, M. J. & Jeong, B. H. The first report of genetic variations in the chicken prion protein gene. Prion 12, 197-203,
https://doi.org/10.1080/19336896.2018.1471922 (2018).

Kim, Y. C. & Jeong, B. H. The first report of polymorphisms and genetic characteristics of the prion protein gene (PRNP) in horses.
Prion 12, 245-252, https://doi.org/10.1080/19336896.2018.1513316 (2018).

Jeong, M. J., Kim, Y. C. & Jeong, B. H. Prion-like protein gene (PRND) polymorphisms associated with scrapie susceptibility in
Korean native black goats. PLoS One 13, €0206209, https://doi.org/10.1371/journal.pone.0206209 (2018).

Kim, Y. C. & Jeong, B. H. Bovine spongiform encephalopathy (BSE) associated polymorphisms of the prion-like protein gene
(PRND) in Korean dairy cattle and Hanwoo. J Dairy Res 85, 7-11, https://doi.org/10.1017/S0022029917000814 (2018).

Kim, Y. C. & Jeong, B. H. The first report of prion-related protein gene (PRNT) polymorphisms in goat. Acta Vet Hung 65, 291-300,
https://doi.org/10.1556/004.2017.028 (2017).

Kim, Y. C. & Jeong, B. H. First report of prion-related protein gene (PRNT) polymorphisms in cattle. Vet Rec 182, 717, https://doi.
org/10.1136/vr.104123 (2018).

Collinge, J. et al. Molecular analysis of prion strain variation and the aetiology of ‘new variant’ CJD. Nature 383, 685, https://doi.
org/10.1038/383685a0 (1996).

Sander, P. et al. Bovine prion protein gene (PRNP) promoter polymorphisms modulate PRNP expression and may be responsible for
differences in bovine spongiform encephalopathy susceptibility. J Biol Chem 280, 37408-37414, https://doi.org/10.1074/jbc.
M506361200 (2005).

Gurgul, A. & Slota, E. Effect of bovine PRNP gene polymorphisms on BSE susceptibility in cattle. Folia Biol (Krakow) 55, 81-86,
https://doi.org/10.3409/173491607781492533 (2007).

Gurgul, A. et al. Polymorphism of the prion protein gene (PRNP) in Polish cattle affected by classical bovine spongiform
encephalopathy. Mol Biol Rep 39, 5211-5217, https://doi.org/10.1007/s11033-011-1318-9 (2012).

Vaccari, G. et al. PrP genotype in Sarda breed sheep and its relevance to scrapie. Arch Virol 146, 2029-2037, https://doi.org/10.1007/
5007050170050 (2001).

Thorgeirsdottir, S. et al. PrP gene polymorphism and natural scrapie in Icelandic sheep. ] Gen Virol 80, 2527-2534, https://doi.
0rg/10.1099/0022-1317-80-9-2527 (1999).

Hunter, N. ef al. Natural scrapie in a closed flock of Cheviot sheep occurs only in specific PrP genotypes. Arch Virol 141, 809-824,
https://doi.org/10.1007/BF01718157 (1996).

Houston, E. et al. Comparative Susceptibility of Sheep of Different Origins, Breeds and PRNP Genotypes to Challenge with Bovine
Spongiform Encephalopathy and Scrapie. PLoS One 10, 0143251, https://doi.org/10.1371/journal.pone.0143251 (2015).

Jeftrey, M. et al. Incidence of infection in Prnp ARR/ARR sheep following experimental inoculation with or natural exposure to
classical scrapie. PLoS One 9, €91026, https://doi.org/10.1371/journal.pone.0091026 (2014).

Corbiere, F. et al. PrP-associated resistance to scrapie in five highly infected goat herds. ] Gen Virol 94, 241-245, https://doi.
org/10.1099/vir.0.047225-0 (2013).

Baylis, M. & Goldmann, W. The genetics of scrapie in sheep and goats. Curr Mol Med 4, 385-396, https://doi.
org/10.2174/1566524043360672 (2004).

Goldmann, W. PrP genetics in ruminant transmissible spongiform encephalopathies. Vet Res 39, 1-14, https://doi.org/10.1051/
vetres:2008010 (2008).

Goldmann, W. et al. The shortest known prion protein gene allele occurs in goats, has only three octapeptide repeats and is non-
pathogenic. ] Gen virol 79, 3173-3176, https://doi.org/10.1099/0022-1317-79-12- (1998).

Papasavva-Stylianou, P. et al. PrP gene polymorphisms in Cyprus goats and their association with resistance or susceptibility to
natural scrapie. Vet ] 187, 245-250, https://doi.org/10.1016/.tvjl.2009.10.015 (2011).

Papasavva-Stylianou, P. et al. Novel polymorphisms at codons 146 and 151 in the prion protein gene of Cyprus goats, and their
association with natural scrapie. Vet J 173, 459-462, https://doi.org/10.1016/j.tvj1.2005.09.013 (2007).

Acutis, P. L. et al. Identification of prion protein gene polymorphisms in goats from Italian scrapie outbreaks. ] Gen Virol 87,
1029-1033, https://doi.org/10.1099/vir.0.81440-0 (2006).

Kurosaki, Y. et al. Polymorphisms of caprine PrP gene detected in Japan. ] Vet Med Sci 67, 321-323, https://doi.org/10.1292/
jvms.67.321 (2005).

Bouzalas, I. G. et al. Caprine PRNP polymorphisms at codons 171, 211, 222 and 240 in a Greek herd and their association with
classical scrapie. ] Gen Virol 91, 1629-1634, https://doi.org/10.1099/vir.0.017350-0 (2010).

Goldmann, W. ef al. Novel polymorphisms in the caprine PrP gene: a codon 142 mutation associated with scrapie incubation period.
J Gen Virol 77, 2885-2891, https://doi.org/10.1099/0022-1317-77-11-2885 (1996).

Babar, M. et al. Prion protein genotypes in Pakistani goats. Asian-Aust ] Anim Sci 21, 936-940 (2008).

Zhou, R. Y. et al. Polymorphism of the PRNP gene in the main breeds of indigenous Chinese goats. Arch Virol 153, 979-982, https://
doi.org/10.1007/s00705-008-0074-1 (2008).

Imamura, M. et al. Identification of the first case of atypical scrapie in Japan. J Vet Med Sci 78, 1915-1919, https://doi.org/10.1292/
jvms.16-0379 (2017).

Goldmann, W. ef al. PrP genotype and agent effects in scrapie: change in allelic interaction with different isolates of agent in sheep,
a natural host of scrapie. ] Gen Virol 75, 989-995, https://doi.org/10.1099/0022-1317-75-5-989 (1994).

Adzhubei, I, Jordan, D. M. & Sunyaev, S. R. Predicting functional effect of human missense mutations using PolyPhen-2. Curr
Protoc Hum Genet 7, 20, https://doi.org/10.1002/0471142905.hg0720s76 (2013).

Choi, Y. et al. Predicting the functional effect of amino acid substitutions and indels. PloS one 7, 46688, https://doi.org/10.1371/
journal.pone.0046688 (2012).

SCIENTIFIC REPORTS |

(2019) 9:15293 | https://doi.org/10.1038/s41598-019-51621-y


https://doi.org/10.1038/s41598-019-51621-y
https://doi.org/10.1111/j.1365-2052.2004.01204.x
https://doi.org/10.1111/j.1365-2052.2004.01204.x
https://doi.org/10.1051/vetres/2009031
https://doi.org/10.1007/s10048-005-0016-y
https://doi.org/10.1136/vr.104123
https://doi.org/10.1007/s10038-004-0150-7
https://doi.org/10.1007/s10038-004-0150-7
https://doi.org/10.1111/j.1468-1331.2008.02203.x
https://doi.org/10.1266/ggs.80.303
https://doi.org/10.1111/age.12004
https://doi.org/10.1556/004.2017.015
https://doi.org/10.1080/19336896.2018.1471922
https://doi.org/10.1080/19336896.2018.1513316
https://doi.org/10.1371/journal.pone.0206209
https://doi.org/10.1017/S0022029917000814
https://doi.org/10.1556/004.2017.028
https://doi.org/10.1136/vr.104123
https://doi.org/10.1136/vr.104123
https://doi.org/10.1038/383685a0
https://doi.org/10.1038/383685a0
https://doi.org/10.1074/jbc.M506361200
https://doi.org/10.1074/jbc.M506361200
https://doi.org/10.3409/173491607781492533
https://doi.org/10.1007/s11033-011-1318-9
https://doi.org/10.1007/s007050170050
https://doi.org/10.1007/s007050170050
https://doi.org/10.1099/0022-1317-80-9-2527
https://doi.org/10.1099/0022-1317-80-9-2527
https://doi.org/10.1007/BF01718157
https://doi.org/10.1371/journal.pone.0143251
https://doi.org/10.1371/journal.pone.0091026
https://doi.org/10.1099/vir.0.047225-0
https://doi.org/10.1099/vir.0.047225-0
https://doi.org/10.2174/1566524043360672
https://doi.org/10.2174/1566524043360672
https://doi.org/10.1051/vetres:2008010
https://doi.org/10.1051/vetres:2008010
https://doi.org/10.1099/0022-1317-79-12-
https://doi.org/10.1016/j.tvjl.2009.10.015
https://doi.org/10.1016/j.tvjl.2005.09.013
https://doi.org/10.1099/vir.0.81440-0
https://doi.org/10.1292/jvms.67.321
https://doi.org/10.1292/jvms.67.321
https://doi.org/10.1099/vir.0.017350-0
https://doi.org/10.1099/0022-1317-77-11-2885
https://doi.org/10.1007/s00705-008-0074-1
https://doi.org/10.1007/s00705-008-0074-1
https://doi.org/10.1292/jvms.16-0379
https://doi.org/10.1292/jvms.16-0379
https://doi.org/10.1099/0022-1317-75-5-989
https://doi.org/10.1002/0471142905.hg0720s76
https://doi.org/10.1371/journal.pone.0046688
https://doi.org/10.1371/journal.pone.0046688

www.nature.com/scientificreports/

49. Lithken, G. et al. Prion protein allele A 136 H 154 Q 171 is associated with high susceptibility to scrapie in purebred and crossbred
German Merinoland sheep. Arch Virol 149, 1571-1580, https://doi.org/10.1007/s00705-004-0303-1 (2004).

50. Fragkiadaki, E. G. et al. PRNP genetic variability and molecular typing of natural goat scrapie isolates in a high number of infected
flocks. Vet Res 42, 104, https://doi.org/10.1186/1297-9716-42-104 (2011).

51. Vaccari, G. et al. Identification of an allelic variant of the goat PrP gene associated with resistance to scrapie. ] Gen Virol 87,
1395-1402, https://doi.org/10.1099/vir.0.81485-0 (2006).

52. Lacroux, C. et al. Genetic resistance to scrapie infection in experimentally challenged goats. J Virol 88, 2406-2413, https://doi.
org/10.1128/JV1.02872-13 (2014).

53. Aguilar, C. P. et al. Role of the goat K222-PrP(C) polymorphic variant in prion infection resistance. J Virol 88, 2670-2676, https://
doi.org/10.1128/JV1.02074-13 (2014).

54. Bossers, A. et al. Scrapie susceptibility-linked polymorphisms modulate the in vitro conversion of sheep prion protein to protease-
resistant forms. Proc Natl Acad Sci USA 94, 4931-4936, https://doi.org/10.1073/pnas.94.10.4931 (1997).

55. Walters-Sen, L. C. et al. Variability in pathogenicity prediction programs: impact on clinical diagnostics. Mol Genet Genom Med 3,
99-110, https://doi.org/10.1002/mgg3.116 (2015).

56. Comoy, E. E. et al. Transmission of scrapie prions to primate after an extended silent incubation period. Sci Rep 5, 11573, https://doi.
org/10.1038/srep11573 (2015).

57. Iglesias, V. et al. AMYCO: evaluation of mutational impact on prion-like proteins aggregation propensity. BMC Bioinformatics 20,
24, https://doi.org/10.1186/s12859-019-2601-3 (2019).

58. Barillet, E et al. Identification of seven haplotypes of the caprine PrP gene at codons 127, 142, 154, 211, 222 and 240 in French Alpine
and Saanen breeds and their association with classical scrapie. ] Gen Virol 90, 769-776, https://doi.org/10.1099/vir.0.006114-0
(2009).

Acknowledgements

This research was supported by the Basic Science Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education, Science and Technology (2015R1D1A1A01059945;
2018R1D1A1B07048711). This research was supported by the Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of Education (2017R1A6A1A03015876).
Mr. Seon-Kwan Kim and Yong-Chan Kim were supported by the BK21 Plus Program in the Department of
Bioactive Material Sciences.

Author contributions

S.K. Kim, Y.C. Kim and B.H. Jeong conceived and designed the experiment. S.K. Kim, Y.C. Kim and S.Y. Won
performed the experiments. S.K. Kim, Y.C. Kim, S.Y. Won and B.H. Jeong analyzed the data. S.K. Kim, Y.C. Kim
and B.H. Jeong wrote the paper. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-51621-y.

Correspondence and requests for materials should be addressed to B.-H.J.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:15293 | https://doi.org/10.1038/541598-019-51621-y


https://doi.org/10.1038/s41598-019-51621-y
https://doi.org/10.1007/s00705-004-0303-1
https://doi.org/10.1186/1297-9716-42-104
https://doi.org/10.1099/vir.0.81485-0
https://doi.org/10.1128/JVI.02872-13
https://doi.org/10.1128/JVI.02872-13
https://doi.org/10.1128/JVI.02074-13
https://doi.org/10.1128/JVI.02074-13
https://doi.org/10.1073/pnas.94.10.4931
https://doi.org/10.1002/mgg3.116
https://doi.org/10.1038/srep11573
https://doi.org/10.1038/srep11573
https://doi.org/10.1186/s12859-019-2601-3
https://doi.org/10.1099/vir.0.006114-0
https://doi.org/10.1038/s41598-019-51621-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Potential scrapie-associated polymorphisms of the prion protein gene (PRNP) in Korean native black goats

	Results

	Investigation of genetic characteristics of the PRNP gene in 211 Korean native black goats. 
	Evaluation of potential scrapie susceptibility in Korean native black goats. 
	Comparison of genetic distributions of PRNP codons 136, 154 and 171 in Korean native black goats and goats in other countri ...
	Evaluation of nonsynonymous SNPs of the caprine PRNP gene. 

	Discussion

	Methods

	Ethical statement. 
	Blood sample collection and DNA extraction. 
	Polymerase chain reaction (PCR) and DNA sequencing. 
	Statistical analysis. 
	Evaluation of nonsynonymous SNPs in the caprine prion protein. 

	Acknowledgements

	﻿Figure 1 Comparisons of the allele frequencies of PRNP codons 143, 146, 168, 211, and 222 in Greek, French and Korean goats.
	Figure 2 Prediction of amyloid propensity of caprine prion protein according to nonsynonymous SNPs.
	Table 1 Genotype and allele frequencies of twelve PRNP polymorphisms in Korean native black goats.
	Table 2 Linkage Disequilibrium (LD) of twelve PRNP polymorphisms in Korean native black goats.
	Table 3 Haplotype frequencies of 10 nonsynonyomous single nucleotide polymorphisms of PRNP gene in Korean native black goats.
	Table 4 Distributions of haplotype and genotype frequencies at PRNP codons 136, 154 and 171 between scrapie affected goats and healthy goats.
	Table 5 Measurement of the effect of amino-acid substitutions of PRNP nonsynonymous SNPs in Korean native black goats.




