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Simple Summary: Goat production is contributing to the economic and social development of rural
areas in arid lands, within harsh conditions of Southern Tunisia. In this geographic zone, there are
two caprine populations: the native goat population and the crossed goat population. Genotyping
goats for the prion protein gene (PRNP) allows us to estimate their level of genetic susceptibility
to scrapie disease. In the present work, the Sanger sequencing method of the entire PRNP coding
sequence was used to determine the different PRNP genotypes and haplotypes in two populations
(116 animals). This study represents the first investigation on goats’” PRNP genetic variability in
Tunisia, and the results are useful in the design of national breeding programs.

Abstract: Scrapie is a fatal prion disease. It belongs to transmissible spongiform encephalopathies
(TSEs), and occurs in sheep and goats. Similarly, to ovine species, the prion protein gene (PRNP)
plays a major role in conferring resistance or susceptibility to TSE in goats. This study assesses
the variability of PRNP in native and crossed-breed goat populations raised in the Southeast of
Tunisia and provides information on the distribution of PRNP haplotypes and genotypes in these
goat populations. A total of 116 unrelated goats including 82 native and 34 crossed-breed goats
were screened for PRNP polymorphisms using Sanger sequencing. Sequence analysis revealed
10 non-synonymous polymorphisms (G37V, M1371, R139S, 1142M, H143R, N146D, R154H, R211Q,
222K, and S240P), giving rise to 12 haplotypes and 23 genotypes. Moreover, four silent mutations
were detected at codons 30, 42, 138, and 179; the former was reported for the first time in goat
(nucleotide 60 c—t). Interestingly, the PrP variants associated with resistance (D146 and K222) or
with a prolonged incubation time of goat to scrapie (M142, R143, H154, Q211) were absent or detected
with low frequencies except for H154 variant, which is present with high frequency (1%, 1%, 4%,
0%, 88%, and 6%, respectively, for native goats, and 0%, 1%, 0%, 1%, 78%, and 1%, respectively, for
crossed goats). The analysis of PRNP polymorphisms of goats raised in other regions of the country
will be useful in getting a global view of PRNP genetic variability and the feasibility of goat breeding
programs in Tunisia.

Keywords: PRNP; polymorphism; goat; South-East; Tunisia

1. Introduction

The transmissible spongiform encephalopathies (TSEs) or prion diseases occur in
several mammal species such as humans (Creutzfeldt-Jakob disease or CJD), cattle (bovine
spongiform encephalopathy or BSE) and small ruminants (scrapie of sheep and goats).
These are fatal neurodegenerative disorders characterized by an accumulation of a patho-
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logical form (PrP5°) of the host cellular prion protein (PrP%), mainly in the central nervous
system [1].

The PrP gene (PRNP) encodes the prion protein and has been implicated in the
susceptibility of sheep [2] and goat [3] to scrapie. The caprine and ovine PRNP is positioned
in chromosome 13 [4]. Its functional length is about 21 kb with three exons. The third exon
contains the whole open reading frame. The amino acid sequence of wild-type PrP® seems
to be the same in goat and sheep with the exception of codon 240, which can code for serine
or proline in goat.

Goat PRNP displays a relatively high level of variability. So far, a total of 55 non-
synonymous polymorphisms have been recorded [3,5-13] in addition to 23 silent muta-
tions [3,8,14-21].

Similar to sheep, some caprine PRNP codon variants (G32stop, G127S, 1142M, H143R,
N146S/D, R154H, R211Q, and Q222K) were associated with different levels of resistance to
TSE [3,5-8,14,15,17-19,22-37]. However, the most promising results have been obtained for
variant K222, which was reported as conferring resistance in Italian goats [17,18]. Moreover,
5146 or D146 variants have been linked to high resistance in Cyprus [19]. For these latest
variants, additional studies evidenced the protection given by the presence of this allele
against oral or intracerebral scrapie infection [6,28-32,37].

Goat production has contributed to the economic and social development of rural
areas in arid lands and within harsh conditions of Southern Tunisia. In this zone, where
half of the national number of goats were raised [38], goat farming provides kids” meat
and milk for family consumption. This meat production is contributing efficiently to the
farmers’ income. In the oasis, where an autochthonous goat population and its crossbreeds
with French Alpine and with Damasquine of Cyprus are raised, this livestock is holding
to the traditional farming system and is characterized by low milk production per goat.
Mixed stock farming of goats and sheep is a common practice in the Southeast of Tunisia.
However, in the extensive pastoral mode, flocks of goats are complemented with sheep
farming and, occasionally, with camels. In this regard, Goldmann [2] reported that breeding
mixed sheep/goats in the same holdings is a possible risk factor for scrapie in goats.
However, no scrapie cases have been detected so far in Tunisia. Moreover, this disease is
not considered a priority and a specific program of surveillance remains absent [39] This
makes it impracticable to affirm the presence of the disease in the country.

The present study aimed to determine the variability of PRNP and the presence of
resistant haplotypes of Tunisian purebred native goat population (NGP) and its crossed goat
population (CGP) raised in the southeast of the country for developing or acquiring scrapie.

2. Materials and Methods
2.1. Sample Collection

Blood samples were collected randomly from 116 goats from goat populations in the
Southeast of Tunisia (Figure 1). Sampling was carried out between the years 2007 and 2012
on clinically healthy goats belonging to NGP (n = 82) and CGP (n = 34) of Tunisia. The
majority of the animals of CGP were from the local population crossbred with the Alpine
French breed. The rest were the result of the cross of NGP with the Cyprus Damascus
breed. Some phenotypic profiles of NGP and CGP raised in the sample collection zone are
shown in Figure 2. DNA was extracted using the standard phenol-chloroform method [40].

2.2. Genotyping

PCR amplification and sequencing were carried out as previously reported [41].
Briefly, primers were designed over the available sequence (GenBank accession number
EU032305.1) for the amplification of the entire PRNP coding sequence (CDS). The PCR re-
action included 1x Gold Buffer and 5 units of AmpliTaq Gold (Applied Biosystems, Foster
City, CA, USA), 2.5 mM MgCl,, 200 uM dNTPs, 0.25 uM of F1 (5'-CATTTATGACCTAGAAT
GTTTATAGCTGATGCCA-3') and R1 (5'-TTGAATGAATATTATGTGGCCTCCTTCCAGAC-
3’) primers and 50 ng of DNA. The PCR thermal profile started with an initial denaturation
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step at 94 °C (3 min) followed by 35 cycles of 30 s at 95 °C for DNA denaturation, 30 s
for primer annealing at 57 °C and 1 min 30 s at 72 °C for primer extension, with a final
extension step at 72 °C for 7 min. Sequencing reactions were performed with the primers T3
(5'-TTTACGTGGGCATATGATGC-3') and T4 (5'-GGCTGCAGGTAGACACTCC-3') using
a BigDye Terminator Cycle sequencing kit v1.1 and an ABI PRISM 3130 apparatus (Applied
Biosystems, Foster City, CA, USA). The sequences obtained have been aligned using Seq
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Figure 1. Geographical distribution of collected samples. NGP: native goat population; CGP: crossed

goat population.
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Figure 2. Some phenotypic profiles of NGP (A) and CGP (B) raised in Southern Tunisia.

2.3. Statistical Analysis

Allelic frequencies in the codons 37, 137, 139, 142, 143, 146, 154, 211, 222 and 240,
within populations, were estimated using Arlequin program v 3.5 [42]. The same program
was used to identify the haplotypes based on polymorphisms occurring at all codons
for each sample. Moreover, the haplotype and genotype frequencies were estimated by
direct counting.

The Hardy-Weinberg equilibrium at each codon in the two populations was assessed
using the locus-by-locus test type (number of steps in the Markov chain = 1,000,000; number
of dememorization steps = 100,000).

Moreover, calculation of chi-square (x%) was used to test for the deviation from the
Hardy-Weinberg equilibrium in each studied population (p < 0.05):

x> =Z ((0—E)*/E). 1)

In the equation, O is the frequency of the observed genotypes, and E is the frequency
of the expected genotypes.

Furthermore, the Reynolds (1983) [43] genetic distance was used in Populations 1.2.32
software [44] to compute the genetic distance between the NPG and CPG goat populations
in the present work. The pairwise fixation index (Fgr) of the analyzed populations was
assessed using the Arlequin program v 3.5 [42]. This index is a measure of population
differentiation, which occurs as a result of genetic structure in a population/breed.

3. Results

Overall, 10 non-synonymous polymorphisms within the PRNP CDS were identified
at codons 37, 137, 139, 142, 143, 146, 154, 211, 222, and 240 (Table 1). These polymorphisms
resulted in 12 estimated haplotypes (Hp) (Table 2). The allele frequencies reported in
Table 1 ranged from 0 to 1. The frequencies of P and S amino acids at codon 240 seem to be
similar for the two analyzed populations. Moreover, similar allele frequency values were
observed at codon 154 for the two populations. For all codons, the two studied populations
were in Hardy-Weinberg equilibrium.
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Table 1. Estimates of allele frequencies using Arlequin v 3.5 in the studied goat populations. n:
number of animals, NGP: native goat population, CGP: crossed goat population, AA: amino acid.

Goat Populations

Codon Position AA Code of AA
NGP (n = 82) CGP (n=34)
37 Glycine G 0.99 1
Valine A% 0.01 0
137 Methionine M 0.97 0.96
Isoleucine 1 0.03 0.04
139 Arginine R 1 0.99
Serine S 0 0.01
142 Isoleucine I 0.96 1
Methionine M 0.04 0
143 Histidine H 1 0.99
Arginine R 0 0.01
146 Asparagine N 0.99 1
Aspartate D 0.01 0
154 Arginine R 0.12 0.22
Histidine H 0.88 0.78
11 Arginine R 0.94 0.99
Glutamine Q 0.06 0.01
) Glutamine Q 0.99 0.99
Lysine K 0.01 0.01
240 Proline P 0.53 0.52
Serine S 0.47 0.48

Table 2. Estimates of haplotypes frequencies in the studied populations: native goat population (NGP) and crossed goat
population (CGP). n: number of animals.

F %) i
Haplotype 37 137 139 142 143 146 154 211 222 240 requency (%) in

NGP (n = 82) CGP (n=34)
Hpl G M R 1 H N R R Q P 43 34.5
Hp2 \Y% - - - - - H - - - 0 1
Hp3 - I - - - - - - - - 4 3
Hp4 - - S - - - - - - - 1 0
Hp5 - - - M - - - - - - 0 4
Hp6 - - - - R - - - - 1 0
Hp7 - - - - - D - Q - - 0 1
Hp8 - - - - - - H - - - 3 9.25
Hp9 - - - - - - H - - S 19 1
Hp10 - - - - - - - Q - S 1 425
Hpl1 - - - - - - - - K S 1 1
Hp12 - - - - - - - - - S 27 41

- Indicates no amino acid change with respect to Hp1.

In addition, four synonymous polymorphisms were detected, one reported here for
the first time at nucleotide positions 60 (C—T), and the other three previously reported at
nucleotides 126, 414, and 537.

The frequency distributions of the recorded genotypes in the two studied populations
are shown in Table 3. A total of 23 genotypes were detected in the whole sample; 16
genotypes were observed for each breed. Only 9 genotypes were observed in both goat
populations. The most common genotype was S240P, with a frequency of 24.5% for NGP
and 21% for CGP. The genotypes 5240S and P240P displayed the same frequency (15%) in
the CGP and ranked the second-most prevalent genotype in this population.
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Table 3. Frequencies (%) of different genotypes detected in native goat (NGP) and crossed goat (CGP)
populations. n: number of animals.

Frequency (%) in

Genotypes NGP (1 = 82) CGP (1 = 34)
2405 1 15
S240P 245 21
P240P 195 15
R154H; S240S 6 2.75
H154H; S240S 6 0
R154H; S240P 145 12
R154H; P240P 25 0
H154H; P240P 0 2.75
H154H; S240P 125 0
R154H; R211Q; S240S 125 0
T142M; P240P 0 5.75
[142M; S240P 0 2.75
G37V; R154H; S240P 0 2.75
M1371; P240P 25 2.75
M1371; S240P 35 2.75
N146D; R211Q; P240P 0 2.75
Q222K; S240S 0 2.75
R211Q; S240P 0 5.75
R211Q: S240S 125 2.75
H143R; P240P 125 0
M1371; R154H; P240P 25 0.75
Q222K; S240P 125 0
R139S, P240P 125 0

The number of haplotypes found in each goat population was 9 and 10 for NGP and
CGP, respectively. Seven haplotypes (Hp1, Hp3, Hp8, Hp9, Hp10, Hp11, Hp12) occurred
in both the populations sampled (Table 2). Hp1, Hp9, and Hp12 were the most frequent
haplotypes in NGP; however, Hp1, Hp8, and Hp12 were the most prevalent in CGP. Hp1
and Hp12 (the wild-type haplotype carrying S or P at codon 240) frequency values were not
close in the studied populations. Hp9 frequency (haplotype carrying H at codon 154) was
more frequent in NGP (19%) than in CGP (1%). Resistant haplotype Hp11 (carrying K222)
was observed in both populations with a similar frequency (1%), while Hp7 (carrying
D146) was observed only in the CGP breed (frequency 1%). Haplotypes Hp6 and Hp4
were observed only in the NGP group and haplotypes Hp7, Hp5, and Hp2 only in the CGP
group, all with a frequency ranging between 1% and 4%.

The Hardy—-Weinberg equilibrium was holding for the two populations (p > 0.05).
Table 4 shows similar values for the Reynolds distance (DR) and pairwise FST differences.
The two values were low and highlighted a very low genetic differentiation between NGP
and CGP, and thus the studied populations had small genetic distance.

Table 4. Reynolds distance (DR) estimates (above the diagonal) and pairwise Fgt differences (be-
low the diagonal) among pairs of populations: native goat population (NGP) and crossed goat
population (CGP).

Goat Populations @D (2)
NPG 1) - 0.011
CGP 2 0.005 -

4. Discussion

In the present study, we determined the PRNP polymorphisms of native and crossed
goat populations, which are the only two goat populations raised in the Southeast of Tunisia
in order to evaluate the presence of polymorphisms associated with scrapie resistance.



Animals 2021, 11, 1635

7of 11

The studied populations shared several polymorphisms and silent mutations for the
same haplotypes and genotypes. The difference in the frequencies of the haplotypes and
genotypes between the two populations could be attributed to the relatively small number
of individuals analyzed in the CGP as compared with the NGP.

The most frequent genetic variations were in H154 (88% and 78%, respectively, for
NGP and CGP) and in 5240 (47% and 48%, respectively, for NGP and CGP). The allele H154
was absent in some Italian goat breeds (Facciuta della Valnerina, Fulva del Lazio, Teramana,
Alpine, and Saanen) or present with very low frequencies for the rest of the breeds that
have been analyzed by Torricelli et al. [45]. Some variations in other codons were absent, or
were present with a low frequency, in the goat populations of the present work. The allele
V37 was absent in all Algerian goat breeds [46], in Tanzanian goat breeds [9], in Ethiopian
indigenous goat breeds [13], and in CGP. However, NGP showed a very low frequency of
V37 that did not exceed 1%.

The most frequent genotype in the studied populations of the present work was S240P.
The frequencies of this genotype were the highest also for the four Algerian goat breeds [46].
However, the frequency values of this genotype were zero in the three Turkish goat breeds
(Anatolian Black, Angora, and Kilis) [4] and in the two Italian goat breeds (Cilentana and
Aspromontana) [46]. For the cited Turkish and Aspromontana Italian goat breeds, the
frequencies of P240P were the highest [46,47].

Haplotypes Hpl and Hpl2 were the most common in these populations. High
frequencies of these haplotypes have been observed in goats from Italy, France, UK, Spain,
Greece, the Netherlands, Norway, Cyprus, Tanzania, Morocco, Japan, USA, China, Algeria,
and Ethiopia [9,12,20,46-49] and also in Pakistani goat breeds, which were raised near the
domestication center [50].

Some PRNP polymorphisms have been associated with different levels of resistance
to scrapie. However, neither of them is linked to full resistance. These polymorphisms were
G32stop, G1275, 1142M, H143R, N1465/D, R154H, R211Q, and Q222K [3,5-8,14,17-23,25-37,51].

Dassanayake et al. [32] proved that goats with the heterozygous (G/S 127) genotype
have an extended incubation period compared with goats homozygous for G127 (G/G 127)
following classical scrapie inoculation. This genotype was absent in the individual goats
analyzed in the present work, in Small East African and Norwegian white goats [9] and in
the Algerian and Italian goat breeds studied by Fantazi et al. [46], except for Aspromontana
Italian goats.

The 1142M polymorphism could extend the incubation period in goats [15]. In our
study, the frequency of M142 does not exceed 4% in CGP, and a similar frequency value
was observed in French Alpine bucks [22]. Lower frequency values were observed in three
Algerian goat breeds (Naine de Kabylie, Mekatia, M’zabite) and the Italian Cilentana goat
breed. These values ranged between 1.6 and 2.3% [46]. On the other hand, neither sample
of NGP showed this variation. Moreover, this polymorphism was absent in Small East
African goats [9].

According to Papasavva-Stylianou et al. [19], goats heterozygous for serine (S) and
aspartate (D) at codon 146 were resistant to scrapie. In the present study, there were
heterozygous goats for D146, but their frequency was too low and detected only in CGP.
Tables 2 and 3 show that Hp7 had two variations: D and Q in codon 146 and 211, respec-
tively, giving rise to a heterozygous genotype that has never been defined. These results
were the most probable genotype provided by the Arlequin program.

White et al. [6] tried to demonstrate whether 5146 confers resistance to disease by
infecting goats with an experimental challenge, and they concluded that this polymorphism
in a heterozygous form means lengthening of incubation period. This alteration was absent
in the whole studied sample of the current work, but present with very low frequencies in
some Turkish goat breeds [47]. The frequencies were higher in another Turkish goat breed,
as shown by Meydan et al. [11]. Regarding African goats, 5146 was absent in Algerian
goat breeds. However, in other studied goat breeds raised in Tanzania and Ethiopia, it was
present with a frequency that ranged between 20% and 60% [9,13].
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In its heterozygous form, the polymorphism H143R is reported to be associated with
reduced scrapie susceptibility [18] in goats. In our work, this genotype was present in NGP
with a low frequency. This variant was absent in Tanzanian, Ethiopian, and most of the
Algerian goats analyzed, except the Mekatia breed, for which the frequency did not exceed
23% [9,13,46].

Barillet et al. [22] revealed a lower susceptibility to the disease for the R211Q heterozy-
gous goats. In NGP and CGP, the frequencies of R211 heterozygote goats ranged between
2.75% and 5.75% in CGP but did not exceed 1.25% in NGP. This polymorphism was absent
in Tanzanian and Ethiopian goat breeds [9,12] but present in only two breeds from Algeria
with a lower frequency [46].

The experiment conducted by White et al. [6] and Acutis et al. [37] provided further
support for previous results obtained by Goldmann et al. [14] regarding the association
between K222 and the length of the classical scrapie incubation period. Moreover, Aguilar-
Calvo et al. [29] investigated its effect on oral bovine spongiform encephalopathy (BSE)
transmission to goats and underlined the pivotal protective effect of the K222 PRNP variant.
In both the analyzed populations (NGP and CGP), K222 was present in heterozygous form
with low frequencies. The Q222K (5240S) genotype was present with a low frequency only
in CGP; this genotype was observed in Algerian M’zabite (6.45%) and Italian Cilentana goat
(16.33%) breeds [46]. Another genotype combination containing Q222K (Q222K; 5240P) was
present only in NGP (frequency: 1.25%). Comparing this frequency with that of Moroccan
goat breeds, we remark that the D’'men showed the same frequency but the Chaouni
showed a similar frequency [51]. Higher values were shown in the M’zabite (6.45%) and in
two Italian goats (Cilentana (8.16%) and Aspromontana (16.39%)) breeds [46]. Q222K was
absent in Pakistani and some Small East African caprine breeds [9,10].

The analysis by Barillet et al. [22] revealed that no PrP>-positive case was found
in the R154 H heterozygous goats. This variant corresponds in our case to Hp2, HpS,
and Hp9. Furthermore, Hp2 showed the occurrence of the G37V polymorphism, and it
has been shown in CGP. The G37V variant was absent in the Algerian and Italian goat
breeds investigated by Fantazi et al. [46]. In other Italian goat breeds, this polymorphism
was registered but with the H/H genotype [17]. Furthermore, Vaccari et al. [18] and
Acutis et al. [48] found the G37V with R/R genotype in different Italian goat breeds.

On the other hand, the H154 Q222 5240 haplotype (Hp9) is a risk factor for Nor98
scrapie in goats [52]. This haplotype was detected in the two populations under study:
NGP (19%) and CGP (1%). Besides, Colussi et al. [52] suggested that histidine at codon 154
of the PRNP gene is a risk factor for Nor98 scrapie in goats; thus, haplotypes Hp2 and Hp8
are recognized to be a risk factor for atypical scrapie.

Four silent mutations at positions 60 (c—t), 126 (g—a), 414 (c—t), and 537 (g—t) were
recorded in the populations NGP and CGP. Two variants of these were detected in goats
for the first time. The first new silent variation was observed at position 537 in only three
animals of NGP and was shown with only the silent mutation at codon 126, whereas the
second was recorded at codon 60 in only one sample of the CGP. The silent nucleotide
mutation 126 was the most common in each of the populations investigated in the present
work. The silent mutations at positions 126 and 414 were reported also with medium to
high frequencies in Chinese goat breeds [16].

5. Conclusions

Our work investigated the genetic polymorphism of the PRNP gene in two goat
populations in the Southeast of Tunisia. The non-synonymous polymorphisms concerned
10 codons, whereas only 4 silent mutations were detected in the whole sample. The
two studied populations shared the most variations. The mutations associated with
different levels of resistance to scrapie in goats were observed in the current study with low
frequencies. The analysis of the genetic polymorphism of goat populations raised in the
other geographical regions of the country seems to be of importance. It will allow getting
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more information on the most prevalent haplotypes and genotypes in goat populations
belonging to different bioclimatic zones of Tunisia.

Author Contributions: Conceptualization, S.K., M.H.Y. and G.V.; formal analysis, S.K. and G.V,;
investigation, S.K., M.C., B.C. and G.V,; resources, TK., M.H.Y., G.V. and M.H.; writing—original draft
preparation, S.K., M.H.Y. and G.V,; writing—review and editing, S.K., M.H.Y. and G.V.; supervision,
M.H.Y,, TK. and G.V,; project administration, M.H.Y., TK. and G.V; funding acquisition, M.H.Y.,
T.K., G.V. and M.H. All authors have read and agreed to the published version of the manuscript.

Funding: Samia Kdidi was supported by MESRS and by the MOBIDOC scheme, funded by the EU
through the EMORI program and managed by the ANPR.

Institutional Review Board Statement: All blood samples used in the present work were taken
during routine animal sanitary controls by an authorized veterinarian.

Data Availability Statement: The data used in this study are available on request from the corre-
sponding author.

Acknowledgments: We would like to thank the breeders for their cooperation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Prusiner, S.B. Molecular biology of prion diseases. Science 1991, 252, 1515-1522. [CrossRef]

2. Goldmann, W. PrP genetics in ruminant transmissible spongiform encephalopathies. Vet. Res. 2008, 39, 1-14. [CrossRef]
[PubMed]

3. Vaccari, G.; Panagiotidis, C.H.; Acin, C.; Peletto, S.; Barillet, F; Acutis, P.; Bossers, A.; Langeveld, ]J.; Keulen, L.V,
Sklaviadis, T.; et al. State-of-the-art review of goat TSE in the European Union, with special emphasis on PRNP genetics
and epidemiology. Vet. Res. 2009, 40, 1-18. [CrossRef] [PubMed]

4. Jannuzzi, L.; Palomba, R.; Di Meo, G.P,; Perucatti, A.; Ferrara, L. Comparative FISH mapping of the prion protein gene (PRNP) on
cattle, river buffalo, sheep and goat chromosomes. Cytogenet. Cell. Genet. 1998, 81, 202-204. [CrossRef] [PubMed]

5. Bouzalas, 1.G.; Dovas, C.I; Banos, G.; Papanastasopoulou, M.; Kritas, S.; Oevermann, A.; Papakostaki, D.; Evangelia, C.;
Papadopoulos, O.; Seuberlich, T.; et al. Caprine PRNP polymorphisms at codons 171, 211, 222 and 240 in a Greek herd and their
association with classical scrapie. J. Gen. Virol. 2010, 91, 1629-1634. [CrossRef]

6.  White, S.N.; Reynolds, J].O.; Waldron, D.F,; Schneider, D.A.; O'Rourke, K.I. Extended scrapie incubation time in goats singly
heterozygous for PRNP 5146 or K222. Gene 2012, 501, 49-51. [CrossRef]

7. Benestad, S.L.; Austbo, L.; Tranulis, M.A.; Espenes, A.; Olsaker, I. Healthy goats naturally devoid of prion protein. Vet. Res. 2012,
43,87. [CrossRef]

8. Acin, C,; Martin-Burriel, I.; Monleén, E.; Lyahyai, J.; Pitarch, ].L.; Serrano, C.; Monzén, M.; Zaragoza, P; Badiola, ].J. Prion protein
gene variability in Spanish goats. Inference through susceptibility to classical scrapie strains and pathogenic distribution of
peripheral PrP¢. PLoS ONE 2013, 8, e61118.

9. Kipanyula, M.].; Chuma, L.S.; Brundtland, E.; Bardsen, K.; Msalya, G.; Kifaro, G.C.; Ulvund, M.]. Prion protein (PrP) gene
polymorphisms in Small East African and Norwegian white goats. Small Rumin. Res. 2014, 121, 200-206. [CrossRef]

10. Hassan, M.F;; Khan, S.H.; Babar, M.E.; Yang, L.; Ali, T.; Khan, ].M.; Shah, S.Z.A.; Zhou, X.; Hussain, T.; Zhu, T.; et al. Polymorphism
analysis of prion protein gene in 11 Pakistani goat breeds. Prion 2016, 10, 290-304. [CrossRef] [PubMed]

11. Meydan, H,; Pehlivan, E.; Ozkan, M.M.; Yildiz, M.A.; Goldmann, W. Prion protein gene polymorphisms in Turkish native goat
breeds. J. Genet. 2017, 96, 299-305. [CrossRef]

12.  Vitale, M.; Migliore, S.; Tilahun, B.; Abdurahaman, M.; Tolone, M.; Sammarco, I.; Vincenzo Di Marco Lo, P.; Gebremedhin, E.Z.
Two novel amino acid substitutions in highly conserved regions of prion protein (PrP) and a high frequency of a scrapie protective
variant in native Ethiopian goats. BMC Vet. Res. 2019, 15, 128. [CrossRef]

13. Teferedegn, E.Y,; Yaman, Y,; Un, C. Novel variations in native Ethiopian goat breeds PRNP Gene and their potential effect on
Prion protein stability. Sci. Rep. 2020, 10, 1-10. [CrossRef] [PubMed]

14. Goldmann, W.; Martin, T.; Foster, J.; Hughes, S.; Smith, G.; Hughes, K.; Dawson, M.; Hunter, N. Novel polymorphisms in the
caprine PrP gene: A codon 142 mutation associated with scrapie incubation period. J. Gen. Virol. 1996, 77, 2885-2891. [CrossRef]
[PubMed]

15. Billinis, C.; Panagiotidis, C.H.; Psychas, V.; Argyroudis, S.; Nicolaou, A.; Leontides, S.; Papadopoulos, O.; Sklaviadis, T. Prion
protein gene polymorphisms in natural goat scrapie. J. Gen. Virol. 2002, 83, 713-721. [CrossRef] [PubMed]

16. Zhang, L.; Li, N.; Fan, B.; Fang, M.; Xu, W. PRNP polymorphisms in Chinese ovine, caprine and bovine breeds. Anim. Genet. 2004,
35, 457-461. [CrossRef] [PubMed]

17.  Acutis, PL.; Bossers, A.; Priem, J.; Riina, M.V.; Peletto, S.; Mazza, M.; Casalone, C.; Forloni, G.; Ru, G.; Caramelli, M. Identification

of prion protein gene polymorphisms in goats from Italian scrapie outbreaks. J. Gen. Virol. 2006, 87, 1029-1033. [CrossRef]


http://doi.org/10.1126/science.1675487
http://doi.org/10.1051/vetres:2008010
http://www.ncbi.nlm.nih.gov/pubmed/18284908
http://doi.org/10.1051/vetres/2009031
http://www.ncbi.nlm.nih.gov/pubmed/19505422
http://doi.org/10.1159/000015030
http://www.ncbi.nlm.nih.gov/pubmed/9730603
http://doi.org/10.1099/vir.0.017350-0
http://doi.org/10.1016/j.gene.2012.03.068
http://doi.org/10.1186/1297-9716-43-87
http://doi.org/10.1016/j.smallrumres.2014.06.002
http://doi.org/10.1080/19336896.2016.1178422
http://www.ncbi.nlm.nih.gov/pubmed/27388702
http://doi.org/10.1007/s12041-017-0763-1
http://doi.org/10.1186/s12917-019-1870-4
http://doi.org/10.1038/s41598-020-63874-z
http://www.ncbi.nlm.nih.gov/pubmed/32332800
http://doi.org/10.1099/0022-1317-77-11-2885
http://www.ncbi.nlm.nih.gov/pubmed/8922485
http://doi.org/10.1099/0022-1317-83-3-713
http://www.ncbi.nlm.nih.gov/pubmed/11842266
http://doi.org/10.1111/j.1365-2052.2004.01204.x
http://www.ncbi.nlm.nih.gov/pubmed/15566469
http://doi.org/10.1099/vir.0.81440-0

Animals 2021, 11, 1635 10 of 11

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Vaccari, G.; Di Bari, M.A.; Morelli, L.; Nonno, R.; Chiappini, B.; Antonucci, G.; Marcon, S.; Esposito, E.; Fazzi, P,; Palazzini, N.;
et al. Identification of an allelic variant of the goat PrP gene associated with resistance to scrapie. J. Gen. Virol. 2006, 87, 1395-1402.
[CrossRef]

Papasavva-Stylianou, P.; Kleanthous, M.; Toumazos, P.; Mavrikiou, P.; Loucaides, P. Novel polymorphisms at codons 146 and
151 in the prion protein gene of Cyprus goats, and their association with natural scrapie. Vet. J. 2007, 173, 459-462. [CrossRef]
[PubMed]

Babar, M.E.; Nawaz, M.; Nasim, A.; Abdullah, M.; Imran, M; Jabeen, R.; Chatha, S.A.; Haq, A.U.; Nawaz, A.; Mustafa, H.; et al.
Prion protein genotypes in Pakistani goats. Asian-Aust. ]. Anim. Sci. 2008, 21, 936-940. [CrossRef]

Zhou, R.Y,; Li, X.L,; Li, L.H.; Wang, H.Y.; Lii, ].G. Polymorphism of the PRNP gene in the main breeds of indigenous Chinese
goats. Arch. Virol. 2008, 153, 979-982. [CrossRef]

Barillet, F.; Mariat, D.; Amigues, Y.; Faugeras, R.; Caillat, H.; Moazami-Goudarzi, K.; Rupp, R.; Babilliot, ]. M.; Lacroux, C.;
Lugan, S.; 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. J. Gen. Virol. 2009, 90, 769-776. [ CrossRef]

Goldmann, W.; Ryan, K.; Stewart, P.; Parnham, D.; Xicohtencatl, R.; Fernandez, N.; Saunders, G.; Windl, O.; Gonzalez, L.;
Bossers, A.; et al. Caprine prion gene polymorphisms are associated with decreased incidence of classical scrapie in goat herds in
the United Kingdom. Vet. Res. 2011, 42, 1-8. [CrossRef]

Papasavva-Stylianou, P.; Windl, O.; Saunders, G.; Mavrikiou, P.; Toumazos, P.; Kakoyiannis, C. PrP gene polymorphisms in
Cyprus goats and their association with resistance or susceptibility to natural scrapie. Vet. J. 2011, 187, 245-250. [CrossRef]
[PubMed]

Fragkiadaki, E.G.; Vaccari, G.; Ekateriniadou, L.V.; Agrimi, U.; Giadinis, N.D.; Chiappini, B.; Esposito, E.; Conte, M.; Nonno, R.
PRNP genetic variability and molecular typing of natural goat scrapie isolates in a high number of infected flocks. Vet. Res. 2011,
42,104. [CrossRef] [PubMed]

Eiden, M.; Soto, E.O.; Mettenleiter, T.C.; Groschup, M.H. Effects of polymorphisms in ovine and caprine prion protein alleles on
cell-free conversion. Vet. Res. 2011, 42, 30. [CrossRef] [PubMed]

Corbiere, E; Perrin-Chauvineau, C.; Lacroux, C.; Costes, P.; Thomas, M.; Bremaud, I.; Martin, S.; Lugan, S.; Chartier, C.;
Schelcher, F.; et al. PrP-associated resistance to scrapie in five highly infected goat herds. J. Gen. Virol. 2013, 94, 241-245.
[CrossRef] [PubMed]

Lacroux, C.; Perrin-Chauvineau, C.; Corbiére, F; Aron, N.; Aguilar-Calvo, P.; Torres, ].M.; Costes, P.; Brémaud, I.; Lugan, S.;
Schelcher, F.; et al. Genetic resistance to scrapie infection in experimentally challenged goats. J. Virol. 2014, 88, 2406-2413.
[CrossRef] [PubMed]

Aguilar-Calvo, P; Espinosa, ].C.; Pintado, B.; Gutiérrez-Adan, A.; Alamillo, E.; Miranda, A.; Prieto, I.; Bossers, A.; Andreoletti, O.;
Torres, ].M. Role of the goat K222-PrPC polymorphic variant in prion infection resistance. J. Virol. 2014, 88, 2670-2676. [CrossRef]
Ortiz-Pelaez, A.; Georgiadou, S.; Simmons, M.M.; Windl, O.; Dawson, M.; Arnold, M.E.; Neocleous, P.; Papasavva-Slianou, P.
Allelic variants at codon 146 in the PRNP gene show significant differences in the risk for natural scrapie in Cypriot goats.
Epidemiol. Infect. 2015, 143, 1304-1310. [CrossRef]

Dassanayake, R.P; White, S.N.; Madsen-Bouterse, S.A.; Schneider, D.A.; O’'Rourke, K.I. Role of the PRNP S127 allele in
experimental infection of goats with classical caprine scrapie. Anim. Genet. 2015, 46, 341. [CrossRef] [PubMed]

Maestrale, C.; Cancedda, M.G.; Pintus, D.; Masia, M.; Nonno, R.; Ru, G.; Carta, A.; Demontis, E; Santucciu, C.; Ligios, C. Genetic
and pathological follow-up study of goats experimentally and naturally exposed to a sheep scrapie isolate. J. Virol. 2015, 89,
10044-10052. [CrossRef]

Niedermeyer, S.; Eiden, M.; Toumazos, P.; Papasavva-Stylianou, P.; Ioannou, I.; Sklaviadis, T.; Panagiotidis, C.; Langeveld, J.;
Bossers, A.; Kuczius, T.; et al. Genetic histochemical and biochemical studies on goat TSE cases from Cyprus. Vet. Res. 2016, 47,
1-14. [CrossRef]

Kanata, E.; Arsenakis, M.; Sklaviadis, T. Caprine PrP variants harboring Asp-146, His-154 and GIn-211 alleles display reduced
convertibility upon interaction with pathogenic murine prion protein in scrapie infected cells. Prion 2016, 10, 391-408. [CrossRef]
Srithayakumar, V.; Mitchell, G.B.; White, B.N. Identification of amino acid variation in the prion protein associated with classical
scrapie in Canadian dairy goats. BMC Vet. Res. 2016, 12, 1-9. [CrossRef] [PubMed]

Georgiadou, S.; Ortiz-Pelaez, A.; Simmons, M.M.; Windl, O.; Dawson, M.; Neocleous, P.; Papasavva-Stylianou, P. Goats with
aspartic acid or serine at codon 146 of the PRNP gene remain scrapie-negative after lifetime exposure in affected herds in Cyprus.
Epidemiol. Infect. 2017, 145, 326-328. [CrossRef]

Acutis, P.L.; Martucci, E; D’Angelo, A.; Peletto, S.; Colussi, S.; Maurella, C.; Porcario, C.; Iulini, B.; Mazza, M.; Dell’Atti, L.; et al.
Resistance to classical scrapie in experimentally challenged goats carrying mutation K222 of the prion protein gene. Vet. Res.
2012, 43, 8. [CrossRef]

Administration Générale des Etudes et du Développement de I Agriculture, Annexe Statistique; Ministere de I’Agriculture: Tunis, Tunisia,
2017; Volume 8.

Kilani Deguiche, H. Chargée de la communication, de la formation et de la coopération internationale, Direction Générale des
Services Vétérinaires, Ministere de 1’Agriculture-Tunisie. Personal communication, 2014.

Sambrook, J.; Fritsch, E.F; Maniatis, T. Molecular Cloning: A Laboratory Manual; Cold Spring Harbor Laboratory Press: Cold Spring
Harbor, NY, USA, 1989; Volume 2.


http://doi.org/10.1099/vir.0.81485-0
http://doi.org/10.1016/j.tvjl.2005.09.013
http://www.ncbi.nlm.nih.gov/pubmed/16314132
http://doi.org/10.5713/ajas.2008.70493
http://doi.org/10.1007/s00705-008-0074-1
http://doi.org/10.1099/vir.0.006114-0
http://doi.org/10.1186/1297-9716-42-110
http://doi.org/10.1016/j.tvjl.2009.10.015
http://www.ncbi.nlm.nih.gov/pubmed/20093056
http://doi.org/10.1186/1297-9716-42-104
http://www.ncbi.nlm.nih.gov/pubmed/21961834
http://doi.org/10.1186/1297-9716-42-30
http://www.ncbi.nlm.nih.gov/pubmed/21324112
http://doi.org/10.1099/vir.0.047225-0
http://www.ncbi.nlm.nih.gov/pubmed/23100359
http://doi.org/10.1128/JVI.02872-13
http://www.ncbi.nlm.nih.gov/pubmed/24284317
http://doi.org/10.1128/JVI.02074-13
http://doi.org/10.1017/S0950268814002064
http://doi.org/10.1111/age.12291
http://www.ncbi.nlm.nih.gov/pubmed/25917307
http://doi.org/10.1128/JVI.01262-15
http://doi.org/10.1186/s13567-016-0379-0
http://doi.org/10.1080/19336896.2016.1199312
http://doi.org/10.1186/s12917-016-0684-x
http://www.ncbi.nlm.nih.gov/pubmed/27005313
http://doi.org/10.1017/S0950268816002272
http://doi.org/10.1186/1297-9716-43-8

Animals 2021, 11, 1635 11 of 11

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Kdidji, S.; Yahyaoui, M.H.; Conte, M.; Chiappini, B.; Zaccaria, G.; Sassi, M.B.; Khorchani, T.; Vaccari, G. PRNP polymorphisms in
Tunisian sheep breeds. Livest. Sci. 2014, 167, 100-103. [CrossRef]

Excoffier, L.; Lischer, H.E. Arlequin suite ver 3.5: A new series of programs to perform population genetics analyses under Linux
and Windows. Mol. Ecol. Resour. 2010, 10, 564-567. [CrossRef] [PubMed]

Reynolds, J.; Weir, B.S.; Cockerham, C.C. Estimation of the coancestry coefficient: Basis for a short-term genetic distance. Genetics
1983, 105, 767-779. [CrossRef] [PubMed]

Langella, O. Populations, 1.2.32. 1999. Available online: http:/ /bioinformatics.org/~{}tryphon/populations/ (accessed on 10
May 2021).

Torricelli, M.; Sebastiani, C.; Ciullo, M.; Ceccobelli, S.; Chiappini, B.; Vaccari, G.; Capocefalo, A.; Conte, M.; Giovannini, S.;
Lasagna, E.; et al. PRNP Polymorphisms in Eight Local Goat Populations/Breeds from Central and Southern Italy. Animals 2021,
11, 333. [CrossRef]

Fantazi, K.; Migliore, S.; Kdidi, S.; Racinaro, L.; Tefiel, H.; Boukhari, R.; Federico, G.; Marco Lo Presti, V.D.; Gaouar, S.B.S,;
Vitale, M. Analysis of differences in prion protein gene (PRNP) polymorphisms between Algerian and Southern Italy’s goats. Ital.
J. Anim. Sci. 2018, 17, 578-585. [CrossRef]

Akis, I.; Oztabak, K.; Atmaca, G.; Gursel, EE.; Ates, A.; Yardibi, H.; Gurgoze, S.; Durak, M.H.; Erez, I.; Un, C. PRNP gene
polymorphisms in main indigenous Turkish goat breeds. Trop. Anim. Health Prod. 2020, 52, 793-802. [CrossRef] [PubMed]
Acutis, PL.; Colussi, S.; Santagada, G.; Laurenza, C.; Maniaci, M.G.; Riina, M.V.; Peletto, S.; Goldmann, W.; Bossers, A.;
Caramelli, M.; et al. Genetic variability of the PRNP gene in goat breeds from Northern and Southern Italy. J. Appl. Microbiol.
2008, 104, 1782-1789. [CrossRef]

Zhou, R.; Li, X;; Xi, J.; Li, L.; Zhang, Z.; Zhao, Z. Genetic Variability of PRNP in Chinese Indigenous Goats. Biochem. Genet. 2013,
51,211-222. [CrossRef]

Hussain, A.; Babar, M.E.; Imran, M.; Haq, I.U.; Javed, M.M. Detection of four novel polymorphisms in PrP gene of Pakistani
sheep (Damani and Hashtnagri) and goats (Kamori and Local Hairy) breeds. Virol. |. 2011, 8, 1-5. [CrossRef]

Serrano, C.; Hammouchi, M.; Benomar, A.; Lyahyai, J.; Ranera, B.; Acin, C.; El Hamidi, M.; Monzén, M.; Badiola, J.J.;
Tligui, N.; et al. PRNP haplotype distribution in Moroccan goats. Anim. Genet. 2009, 40, 565-568. [CrossRef] [PubMed]

Colussi, S.; Vaccari, G.; Maurella, C.; Bona, C.; Lorenzetti, R.; Troiano, P.; Casalinuov, F.; Di Sarno, A.; Maniaci, M.G.;
Zuccon, F,; et al. Histidine at codon 154 of the prion protein gene is a risk factor for Nor98 scrapie in goats. J. Gen. Virol.
2008, 89, 3173-3176. [CrossRef]


http://doi.org/10.1016/j.livsci.2014.05.005
http://doi.org/10.1111/j.1755-0998.2010.02847.x
http://www.ncbi.nlm.nih.gov/pubmed/21565059
http://doi.org/10.1093/genetics/105.3.767
http://www.ncbi.nlm.nih.gov/pubmed/17246175
http://bioinformatics.org/~{}tryphon/populations/
http://doi.org/10.3390/ani11020333
http://doi.org/10.1080/1828051X.2017.1420430
http://doi.org/10.1007/s11250-019-02070-2
http://www.ncbi.nlm.nih.gov/pubmed/31630310
http://doi.org/10.1111/j.1365-2672.2007.03703.x
http://doi.org/10.1007/s10528-012-9556-7
http://doi.org/10.1186/1743-422X-8-246
http://doi.org/10.1111/j.1365-2052.2009.01873.x
http://www.ncbi.nlm.nih.gov/pubmed/19397523
http://doi.org/10.1099/vir.0.2008/004150-0

	Introduction 
	Materials and Methods 
	Sample Collection 
	Genotyping 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

