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Abstract 20 

Our hypothesis was that polymorphisms in the PRNP locus controlling animal resistance to scrapie do 21 

not adversely affect overall performance of dairy goats reared under low-input pastoral farming 22 

systems. Hence, the objective was to investigate the association of polymorphisms at codons 146 23 

(N/S/D), 211 (R/Q) and 222 (Q/K) in the PRNP gene locus with milk production, udder health and 24 

body condition score (BCS) of dairy goats in Greece. A total of 766 goats from seven farms were 25 

used. Goats belonged to two indigenous Greek breeds, Eghoria (n=264) and Skopelos (n=287), and 26 

one foreign breed, Damascus (n=215); the former two were treated together as one indigenous 27 

population. Nuclear DNA was extracted from individual blood samples. Polymorphisms at the studied 28 

mailto:arsenosg@vet.auth.gr


codons were detected with Real-Time PCR analysis. Milk production, udder health and BCS of 29 

individual animals were recorded monthly for two consecutive milking periods. Milk production traits 30 

included daily and total milk yield and corresponding milk fat, protein, lactose and solids-non-fat 31 

(SNF) content and yield. Udder health traits included udder asymmetry, fibrosis, abscesses and total 32 

number of udder problems per milking period, milk somatic cell count, and total viable count. The 33 

allele substitution effect at codons 146, 211 and 222 on the studied traits was assessed with mixed 34 

linear models. Overall, resistance-associated alleles did not affect the studied traits. Nominally 35 

statistically significant effects on some milk composition, udder health and BCS traits were detected, 36 

which did not remain significant after correcting for multiple testing.  In conclusion, genetic selection 37 

for scrapie resistance in dairy goats is not likely to compromise animal performance. Nevertheless, 38 

continuous monitoring of selective breeding programmes is advised to safeguard against possible 39 

emerging side-effects on animal performance and genetic diversity.  40 

Keywords: dairy goat; low-input farming; breeding; scrapie; performance 41 

 42 

1. Introduction 43 

Small ruminants are raised in large numbers in developing countries and have an important cultural 44 

and socio-economic impact for local communities. Such animals, especially of indigenous breeds, are 45 

well-adapted to diverse environments, where they can utilise a wide range of pastures in less-favoured 46 

and remote areas (Kosgey & Okeyo, 2007; Mrode et al., 2018). 47 

Under such conditions sheep and goat populations remain largely unselected as breeding programmes 48 

developed under intensive systems are inapplicable (Iniguez, 2017; Mrode et al., 2018). However, 49 

farmers still aspire to animals with enhanced productivity, adaptability and health. The latter is a 50 

prerequisite to successful, sustainable and competitive livestock farming in low-input pastoral systems 51 

(Philipsson et al., 2011). However, animals reared under these systems are usually challenged by 52 

chronic degenerative diseases that are difficult to resolve by genetic selection, since matings are 53 

uncontrolled and artificial insemination is not practiced (Kosgey & Okeyo, 2007; Philipsson et al., 54 

2011; Iniguez, 2017; Mrode et al., 2018). 55 



A typical example of such a disease is scrapie, which is a transmissible spongiform encephalopathy 56 

affecting sheep and goats causing substantial production and financial losses worldwide. Monitoring 57 

and declaring scrapie occurrence are mandatory in many countries (Fast & Groshup, 2013) and has led 58 

to the adoption of preventive measures aiming to control and eradicate the disease. 59 

Research has shown that the genetic profile of animals dictates the susceptibility to scrapie infection 60 

(Baylis & Goldmann., 2004) and selective breeding of resistant individuals has been practiced in sheep 61 

(Commission Decision 2003/100/EC, 2003), but not in goats. There is evidence in the literature that 62 

polymorphisms at codons 142 (I/M), 143 (H/R), 146 (N/S/D), 154 (H/R), 211 (R/Q) and 222 (Q/K) of 63 

the PRNP gene are associated with resistance or susceptibility to clinical manifestation of scrapie in 64 

goats. Especially alleles 222K, 146S/D and 211Q have been reported to confer a strong degree of 65 

resistance in various goat breeds raised in diverse farming conditions (Acutis et al., 2006; Papasavva-66 

Stylianou et al., 2007; Barillet et al., 2009; Boukouvala et al., 2014). The notion is that these alleles 67 

could be considered in selective breeding programmes for scrapie resistance in goats (Ricci et al., 68 

2017). However, attention should be paid to ensure that these breeding programmes do not 69 

compromise animal performance (Ricci et al., 2017). There might be a direct effect of PRNP gene on 70 

the phenotypic expression of performance traits and/or genetic linkage with other genes affecting such 71 

traits (Dawson et al., 2008; Sweeney & Hanrahan, 2008). Relevant studies in goats are largely missing 72 

from the literature; therefore, the likely impact of selection for goat scrapie resistance on other 73 

important animal traits can only be extrapolated from studies in sheep (Ricci et al., 2017). 74 

Scrapie is a major issue in low-input dairy goat herds of Greece, which comprise the largest 75 

population in EU (FAOSTAT, 2016). In a previous study, we detected significant genetic variation in 76 

codons 146, 211 and 222 of the PRNP gene locus in the Greek goat population, with reported 77 

resistance-associated allele frequencies being amongst the highest in Europe (Vouraki et al., 2018). 78 

Presence of genetic variation suggests that breeding programmes for enhanced scrapie resistance in 79 

goats could be designed and implemented in Greece if they did not compromise animal performance. 80 

In this regard, we hypothesised that resistance-associated polymorphisms in the PRNP gene locus do 81 

not affect animal productivity and health. Therefore, the objective of this study was to investigate the 82 



association of codons 146, 211 and 222 of the PRNP gene locus with milk production, udder health 83 

and body condition score (BCS) in dairy goats in Greece. 84 

 85 

2. Materials and methods 86 

2.1. Ethics statement 87 

This study followed the European Directive 86/609/EEC and its national implementation in Greece 88 

Presidential Decree No 160/1991 (Governmental Gazette No A' 64). Blood sampling of dairy goats 89 

was performed in commercial farms within the European Commission FP7 Programme for SOLID 90 

project (FP7-KBBE-266367). This research was approved by the Research Committee of the Aristotle 91 

University of Thessaloniki (26362/03.05.2011).  92 

 93 

2.2. Animals 94 

A total of 766 dairy goats of two indigenous Greek breeds (Eghoria, n = 264 and Skopelos, n = 287) 95 

and one foreign breed (Damascus, n = 215 goats) were used. These breeds have never been 96 

systematically selected for resistance to scrapie or any other trait. In the present study, Eghoria and 97 

Skopelos goats were considered together as one indigenous population, while Damascus goats were 98 

considered separately. Animals of 1-4 years of age were randomly selected from seven farms; two 99 

with Eghoria, two with Skopelos and three with Damascus goats located in Northern and Central 100 

Greece. Goat herds were representative of the typical farming systems in these areas according to the a 101 

posteriori typology described by Gelasakis et al. (2017). These were low-input pastoral farming 102 

systems characterised by grazing throughout the year, random mating and minor differences in 103 

management practices between herds (Gelasakis et al., 2017). Due to random matings no pedigree 104 

information was available.  105 

 106 

2.3. Genotyping 107 

All animals were genotyped for polymorphisms at codons 146 (N/S/D), 211(R/Q) and 222 (Q/K) of 108 

the PRNP gene locus with Real-Time PCR analysis as described by Vouraki et al. (2018).  109 

 110 



2.4. Phenotypic data collection 111 

Given the lack of official recordings in the Greek goat populations, all phenotypic data were collected 112 

for the purposes of the present study during monthly visits on designated farms. Individual animal 113 

recording was performed for two consecutive milking periods, corresponding to kiddings between 114 

November 2011 and January 2012, and November 2012 and January 2013, respectively. Sampling 115 

started after kids’ weaning (approximately 42 days post-partum) and lasted five months during each 116 

milking period.  117 

Prior to milking, the body condition of each goat was assessed by palpation of the dorsal lumbar 118 

region and a score (BCS) was recorded based on the 5-point scale (1-emaciated to 5-obese, in 0.5 119 

point increments) proposed by Russel et al. (1969). Assessment of BCS was performed by the same 120 

qualified veterinarian in order to eliminate classifier variability. Then, each goat was clinically 121 

assessed for udder asymmetry, fibrosis and abscess. Following hand-milking of each goat, milk was 122 

weighed and a milk sample was collected from both udder halves to be tested for total viable count 123 

(TVC). A second milk sample was collected from the milking bucket to assess milk composition (fat, 124 

protein, lactose and solids-non-fat (SNF) content) and milk somatic cell count (SCC). Sampling and 125 

analyses of milk samples have been described in detail in previous studies (Gelasakis et al., 2016; 126 

2018). 127 

 128 

2.5. Phenotypic data handling 129 

Daily milk yield and milk component content were estimated according to the official A4 method of 130 

the International Committee of Animal Recording (ICAR, 2016); daily milk fat, protein, lactose and 131 

SNF yields were also calculated. Total milk yield and milk components yield and content for each 132 

milking period were calculated using the Fleishmann method of ICAR (ICAR, 2016). Based on the 133 

monthly records of udder examination, presence of udder asymmetry and fibrosis, the number of udder 134 

abscess incidents, and total number of udder problems per milking period were calculated for each 135 

animal. Finally, additional data including sampling date, age of goats and last kidding date were used 136 

to determine period of kidding, age at kidding and days from kidding. 137 



Quality control of phenotypic records was implemented based on biological limits set for each trait 138 

(Supplementary Table S1). Limits were set to reflect the real productive profile and capacity of the 139 

studied goat populations. These limits set 0.8-4.5% of milk yield and composition records, and 4.2% 140 

of SCC records to missing values; 16.6% of SCC records were not estimable and were also set as 141 

missing. Moreover, 16 records (0.25%) with missing kidding date or sampling date were removed. 142 

Finally, a minimum of three valid monthly records for each goat was required to calculate total milk 143 

yield for the milking period. Descriptive statistics of the edited data used in the ensuing analyses are 144 

shown in Table 1. 145 

 146 

2.6. Statistical analysis 147 

Milk production traits, SCC and TVC were logarithmically transformed (natural log) to ensure 148 

normality of the respective distributions prior to statistical analyses. Preliminary analyses were 149 

performed to identify environmental factors with significant effects on the studied traits. The effects of 150 

farm, calendar period of kidding, age at kidding, days from kidding and milking period length, and 151 

interactions between them were tested. 152 

The allele substitution effect at codons 146, 211 and 222 of the PRNP gene locus on BCS, daily milk 153 

yield and milk fat, protein, lactose and SNF content and yield, and milk SCC and TVC was analysed 154 

with the following model, which included all significant effects from the preliminary analysis: 155 

 156 

Yijmn= μ + Fi + Pj + FiPj + b1*A + b2*D + b3*AS + Dam + eijmn    [1] 157 

 158 

Where:  159 

Yijmn is the dependent variable (nth trait measurement on animal m); μ is the overall population mean; 160 

Fi is the fixed effect of farm (i = 1-7); Pj is the fixed effect of period of kidding (j = 1-2, 1 = November 161 

2011 to January 2012, 2 = November 2012 to January 2013); FiPj is the fixed effect of the interaction 162 

between farm and period of kidding; b1 is the regression coefficient on age at kidding (A); b2 is the 163 

regression coefficient on days from kidding (D); b3 is the regression coefficient on allele substitution 164 

effect (AS), defined as a 0, 1, 2 denoting the number of favourable (resistance-associated) alleles in 165 



each codon (S/D in 146, Q in 211, K in 222); Dam is the random effect of the interaction of days from 166 

kidding (D) and animal (m = 1-766 goats), modelled with a second-order polynomial, describing the 167 

time trajectory and accounting for co-variances between repeated measurements on the same animal; 168 

eijmn is the random residual effect. 169 

 170 

Total milking period milk yield and milk fat, protein, lactose and SNF content and yield, were 171 

analysed with the above model after removing the days from kidding effect and including the 172 

regression on milking period length. Presence of udder asymmetry and udder fibrosis (binary traits), 173 

and number of udder abscess incidents and total number of udder problems (count traits) were 174 

analysed with a non-linear model including the same effects as model [1] except for days from 175 

kidding. In these cases, a logit function for binomial distribution was fitted for the analyses of the 176 

binary traits, whereas a log function for Poisson distribution was fitted for the analyses of the count 177 

traits. 178 

In a separate series of analyses, the animal genotype was fitted as a fixed effect in the above models 179 

instead of the allele substitution effect. The predicted trait values for each genotype were used to 180 

estimate additive and dominance effects on the studied traits as described by Miltiadou et al. (2017). 181 

In the first instance, each trait, codon and population were analysed separately. Populations were 182 

analysed separately because allelic frequencies at the studied codons have been found to differ 183 

between indigenous and Damascus goats (Vouraki et al., 2018). Nevertheless, a secondary joint 184 

analysis of the two populations was also performed for comparison purposes. Furthermore, in a 185 

separate series of analyses the three codons were fitted jointly in the model in order to compare the 186 

marginal effect of each codon adjusted for the other two with results from the initial analyses. Since 187 

breeds were confounded within farms, the farm effect was essentially a farm-breed combination effect 188 

in the latter analyses. All analyses were conducted with R package “lme4” (Bates et al., 2015). 189 

The nominal level of statistical significance was initially set at P = 0.05. However, statistical 190 

significance had to account for multiple null hypotheses in order to minimise the true Type I and II 191 

errors. For this reason, the nominal P-value of 0.05 was adjusted by the total number of separate 192 

statistical analyses conducted. In the present study, we ran 25 separate analyses of as many animal 193 



traits for three codons and two populations. Therefore, the total number of hypothesis tests was 150 194 

(25×3×2) and a correction based on the Holm-Bonferroni method (Holm, 1979) was used to adjust for 195 

multiple testing. Based on the above, the new level of statistical significance was initially adjusted to P 196 

= 0.0003 and was corrected for each test until the first non-rejected hypothesis was reached. 197 

 198 

3. Results 199 

Estimates of the allele substitution effects at codons 146, 211 and 222 of the PRNP gene locus on all 200 

studied traits in the two goat populations are presented in detail in Supplementary Tables S2, S3, S4 201 

and S5. Significant effects are summarised in Table 2. These effects refer to the substitution of one 202 

resistance-associated allele (146S/D, 211Q, 222K) for a non-resistance associated allele (146N, 211R, 203 

222Q).  204 

Following the Holm-Bonferroni correction, none of the effects remained statistically significant 205 

(nominal P > 0.0003.Ten effects were nominally statistically significant (P < 0.05; Table 2) although 206 

they did not maintain significance after Holm-Bonferroni correction. The test with the lowest nominal 207 

P-value (P = 0.0015) was for the effect of the resistance-associated allele 146S/D on daily SNF 208 

content of indigenous goats, which was unfavourable. A copy of 146S/D allele was also unfavourably 209 

associated with other milk composition traits and total number of udder problems per milking period 210 

in indigenous goats, whereas it was favourably associated with milk SCC in Damascus goats. An 211 

adverse effect was also detected for 222K allele on daily milk fat yield and TVC in indigenous goats. 212 

Finally, allele 211Q was associated with a decreased BCS in Damascus goats. Results from the 213 

analysis where data from the indigenous and Damascus goat populations were joined together revealed 214 

only one statistical association that of allele 211Q with BCS (nominal P = 0.0215), which however did 215 

not remain significant after Holm-Bonferroni correction. Estimated codon effects were practically the 216 

same when analysed separately or fitted jointly in the model.   217 

Estimates of genotype effects on milk production and composition, udder health and BCS (not shown) 218 

corroborated the allele substitution effects. As with the allele substitution, the genotype effect at codon 219 

146 on daily milk SNF content of indigenous goats had the lowest nominal P-value (P = 0.0015) 220 

although statistical significance was not maintained after Holm-Bonferroni correction. The NS/ND 221 



genotype was associated with a decrease in SNF content by 9.28% (95% Confidence Interval 3.48 - 222 

15.40%) compared to NN genotype. Overall, there were no genotypes carrying two copies of the 223 

resistance-associated alleles. An exception was that of codon 146 where one Damascus goat with SS 224 

genotype was detected. In this case, a favourable association with milk SCC for SS compared to NN 225 

genotype (nominal P = 0.0217) and a respective additive effect were reported (nominal P = 0.0213) 226 

prior to Bonferroni correction.  227 

 228 

4. Discussion 229 

As asserted in the introduction, we investigated the possible impact of polymorphisms in the PRNP 230 

locus, which dictates animal resistance to scrapie, on the performance of dairy goats raised in low-231 

input pastoral farming systems. Breeding programmes are being considered to select on these 232 

polymorphisms in order to enhance disease resistance. Outcomes from the present research will 233 

determine whether such programmes can be implemented without compromising animal performance. 234 

We looked at the association of polymorphisms at codons 146, 211 and 222 of the PRNP gene locus 235 

with milk production, udder health and BCS of indigenous and Damascus dairy goat populations in 236 

Greece. Overall, alleles and genotypes in the PRNP locus did not significantly affect the studied traits 237 

after a Holm-Bonferroni correction for multiple null hypotheses was implemented. 238 

Pedigree information was not available because matings are not monitored in these extensive low-239 

input production systems. Furthermore, the studied goat populations are highly unselected; therefore, 240 

no familial structures have been developed as a result of systematic directional genetic selection. Thus, 241 

lack of pedigree data is not expected to have affected our results. 242 

Our goal was to assess the impact of PRNP gene locus on various animal traits after accounting for 243 

variation between animals. The latter was included in the model as the random animal effect, which 244 

collectively describes genetic and permanent environmental factors. Distinguishing between the two 245 

was not possible without pedigree data but was also not necessary for the purposes of the present 246 

study.  247 

To our knowledge, this is the first study investigating associations of PRNP polymorphisms at codons 248 

146, 211 and 222 with other economically important traits in goats. In native Chinese goat breeds, the 249 



effects of codon 42 and a 28-bp insertion-deletion polymorphism within the PRNP gene on milk (yield 250 

and composition), growth (body weight and mass) and cashmere traits (cashmere yield and fibre 251 

length) were tested (Lan et al., 2012a; 2012b). No significant associations were reported in that study 252 

with milk  fat, protein and lactose content. Although these results are from a totally different goat 253 

population and involve different PRNP polymorphisms, they are in agreement with those of the 254 

present study after correcting for multiple testing. However, Lan et al. (2012a; 2012b), reported 255 

significant antagonistic associations with milk yield and SNF content in Chinese goats which were not 256 

corroborated by our results. 257 

The effect of PRNP gene on milk yield has been widely studied in dairy sheep, and was not 258 

significantly different from zero in breeds such as East Friesian (De Vries et al., 2005), Churra 259 

(Álvarez et al., 2006), Sarda (Salaris et al., 2007), Chios (Psifidi et al., 2011) and Latxa (Vitezica et 260 

al., 2013). Such results are consistent with ours regarding milk yield of dairy goats in Greece. In the 261 

above studies, associations with milk composition in terms of fat and protein yield and content have 262 

also been investigated resulting in no significant effects. However, there are no references regarding 263 

possible effects on milk lactose and SNF content. 264 

The present study showed no significant effect (following Holm-Bonferroni correction) of PRNP gene 265 

polymorphisms on udder health traits. Ligios et al. (2015) reported an association of PrPSc with 266 

mammary gland lymphoid follicles of ewes with clinical scrapie indicating a possible adverse effect of 267 

PRNP gene on udder health. However, no significant effects on SCC, an indicator of mastitis, were 268 

detected in East Friesian (De Vries et al., 2005) and Churra sheep (Álvarez et al., 2006). The latter 269 

results are in general agreement with those of our study. There are no available references regarding 270 

the possible effects of PRNP gene on other udder health indicators. The present study is the first one 271 

assessing such effects on milk TVC, udder asymmetry, fibrosis and abscess incidents.  272 

There were no effects of PRNP gene polymorphisms on BCS of dairy goats. This association has 273 

never been studied before. Body condition scoring by palpation is a long standing practical tool for 274 

assessing back fat thickness in both goats and sheep (Detweiler et al., 2008). In this regard, our 275 

findings indicate no significant PRNP associations with back fat thickness in dairy goats. In the study 276 

of Moore et al. (2009), the association with back fat thickness was investigated using ultrasonography 277 



in three meat sheep breeds. That study indicated a positive association of VRQ haplotype with 278 

ultrasonic back fat thickness in Charollais breed, but no significant effects for any PRNP haplotypes 279 

were reported in Texel and Poll Dorset sheep breeds. The latter findings are in accordance with those 280 

found in indigenous and Damascus dairy goats of Greece. 281 

Generally, our results confirm our hypothesis of no unfavourable association between the PRNP locus 282 

and overall performance of dairy goats raised in low-input pastoral farming systems in Greece. This 283 

assertion is further supported by results of the joint analyses of the three codons in the PRNP locus 284 

implying no interdependencies among them with regards to animal production and udder health. These 285 

results are in agreement with the scientific opinion of EFSA which, based on studies in sheep, inferred 286 

that a direct effect on health and production of goats is unlikely (Ricci et al., 2017). Nevertheless, 287 

there was a tendency of resistance-associated alleles S/D in codon 146 to affect some milk 288 

components content in indigenous Greek goats although results were not statistically significant 289 

(following Holm-Bonferroni correction). It should be noted, however, that the frequency of 146S and 290 

146D alleles in indigenous Greek goats is very low (ca. 0.10%; Vouraki et al., 2018), which might 291 

have led to an overestimation of the effects of these alleles. Unexpected occasional indirect effects on 292 

other animal traits might occur in such cases due to inbreeding and reduction of genetic variability 293 

(Ricci et al., 2017). Therefore, although not advisable due to their low frequency, if selection for 294 

alleles 146S and 146D in indigenous Greek goats were to be exercised it should be done with caution 295 

and their effect on animal traits re-examined after a higher frequency in the population has been 296 

achieved.  297 

A previous study of the same two goat populations revealed that 222K and 146S are the most frequent 298 

resistance-associated alleles in indigenous and Damascus goats, respectively (frequency of ca. 6.0%; 299 

Vouraki et al., 2018). Furthermore, based on the findings of the present study, increasing the 300 

frequency of these alleles would not compromise overall animal productivity and udder health. A 301 

certain degree of caution may have to be exercised because of a tendency of 222K to be adversely, 302 

albeit non-significantly associated with milk fat yield and TVC. Nevertheless, our results collectively 303 

suggest that alleles 222K and 146S/D would be the best candidates for selective breeding programmes 304 

aiming to enhance scrapie resistance in the respective goat populations reared under low-input pastoral 305 



farming systems in Greece. Monitored selection for enhanced scrapie resistance is expected to enhance 306 

the health and welfare status of dairy goats and the overall sustainability of low-input pastoral farms. 307 

 308 

5. Conclusion 309 

According to the present study, polymorphisms at the PRNP locus that controls scrapie resistance in 310 

goats are not expected to affect overall animal performance. Nevertheless, the possibility of certain 311 

individual animal traits being adversely affected cannot be fully dismissed.  Therefore, selective 312 

breeding programmes aiming to enhance scrapie resistance should be closely monitored to ensure 313 

potential undesirable side effects are properly and timely dealt with.  Such breeding programmes will 314 

contribute to the control and eradication of scrapie in dairy goats reared under low-input pastoral 315 

farming systems in Greece and hence, underpin the economic viability and competitiveness of the 316 

sector. 317 
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