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Abstract

Scrapie is a slowly progressive neurodegenerative disease of small ruminants caused by an
accumulation of an abnormal isoform of prion protein in the central nervous system. Poly-
morphisms of the prion protein gene (PRNP) strongly modulate scrapie resistance and incu-
bation period in goats. The aim of this study was to identify PRNP genetic variability in goats
across the United States. Blood from a total of 6,029 apparent scrapie disease-free goats
from 654 operations and 19 breeds were analyzed. Sequencing of PRNP revealed 26 geno-
types with different rates based on eight codons. The GG127, RR154, and QQ222 geno-
types were predominant and showed a remarkably high rate across all goats. The QK222
and NS146 genotypes, known to be protective against scrapie, were found in 0.6% [with
95% Cl = (0.3, 1.2)] and 22.0% [95% CI = (19.1, 25.2)] of goats, respectively. The QK222
genotype was found in 23.1% of Oberhasli goats tested, with 95%CI = (3.9, 68.7)] and
22.0% of Toggenburg goats tested with 95%ClI = (9.7, 42.5)], while NS146 was found in
65.5% of Savannah goats tested, with 95%CI = (30.8, 89.9), 36.7% of Boer goats tested,
with 95%CI = (33.1, 40.4), 36.3% of Nubian goats tested, with 95%CI = (27.0, 46.7)], and
35.6% of LaMancha goats tested, with 95%CI = (22.8, 50.8%). The MM142 and IM142
genotypes were found more frequently in goats on dairy operations, while the HR143,
NS146, and ND146 genotypes were found more frequently in goats on meat operations.
Goats in the east region had a higher percentage of goats with RH154, RQ211, and QK222
genotypes than goats in the west region. The results of this study showed high genetic vari-
ability of PRNP among the U.S. goat population, with differences by location and breed, and
may serve as a rationale for development of goat breeding programs at the national level to
mitigate the risk of scrapie.
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Introduction

The goat population in the United States (U.S.) totaled 2.6 million head on over 136,000 opera-
tions on January 1, 2020 [1], making it a noteworthy source of milk and meat for human con-
sumption. Goat-producing agricultural systems in the U.S. generally involve a variety of goat
breeds in various production systems including meat production, dairy production, angora/
cashmere production, brush control, and show or companion goats. Therefore, surveillance of
the U.S. goat population is valuable to investigate goat genetics and susceptibility to pertinent
diseases, such as scrapie.

Scrapie, a transmissible spongiform encephalopathy (TSE), is a fatal, slowly progressive
neurodegenerative disease affecting sheep and goats [2-5]. TSEs affect a variety of mammalian
species including humans [e.g. Creutzfeldt-Jakob disease (CJD)]; [6], cattle [e.g. bovine spon-
giform encephalopathy (BSE)]; [7], and deer and elk [e.g. chronic wasting disease (CWD)];

[8]. Scrapie was first reported in U.S. sheep and goats in 1947 and 1969, respectively, and has
since been considered a major health issue in both small ruminants. The presence of scrapie in
the U.S. costs around $20 million annually due to significant production losses, export loss of
sheep and goat products including genetic materials, and increased expenditures for carcass
disposal [9].

Scrapie susceptibility and the incubation period in ruminants has been proven to be largely
mediated by polymorphisms in the prion protein gene (PRNP) [3]. A common feature to all
TSEs is the accumulation of an abnormal isoform (PrP*) of the cellular host-encoded prion
protein (PrP®) in the central nervous system and peripheral tissues [10]. The incubation
period of scrapie is typically between 18 months and five years, during which the infected ani-
mals can transmit the infectious agent to other animals [11]. Clinical signs of scrapie in sheep
and goats include head and neck tremors, changes in gait, progressive weight loss despite
retention of appetite, behavioral changes, lip smacking, teeth grinding, increased sensitivity to
noise, skin biting, and excessive salivation [12]. The characteristic lesions seen in the central
nervous system include widespread neuronal degeneration, spongiform disintegration, and
prominent astrocytosis [13].

Scrapie in goats has been reported in Greece [3], France [14,15], United Kingdom
[4,16,17], Japan [18,19], Korea [20], Netherlands [21], Cyprus [17,22], Canada [23], Italy [24]
and the United States [25]. In goats, previous research has revealed polymorphisms in a num-
ber of PRNP codons are associated with susceptibility to disease including 21, 24, 37, 49, 102,
110, 127, 133, 137, 142, 143, 146, 151, 154, 168, 211, 218, 220, 222, and 240 [4,24,26].

To the best of our knowledge, large scale association studies between PRNP genetic vari-
ability and polymorphisms that exhibit a role on resistance or susceptibility to scrapie in the U.
S. goat population are limited. However, some studies have reported the genetic variability and
polymorphism of the PRNP gene in goats. Resistance to natural scrapie development and
increased scrapie incubation periods in goats has been associated with PrP variants. The
GS127, M142, Q211, and HR154 polymorphic variants are associated with prolonged incuba-
tion periods [14]. The S146 and K222 variants have been associated with scrapie resistance
after experimental challenge in which none of the NS146 or QK222 goats had tissue accumula-
tion of PrP* or developed clinical signs of scrapie for 7.5 years [25]. Further research on the
PRNP codon 222 indicated all goats that were diagnosed with classical scrapie were almost
entirely composed of the QQ222 variant [27].

While there is evidence that goat genetics play an important role in scrapie susceptibility,
no related management measures have been implemented. To determine the viability of breed-
ing goats for scrapie resistance, a large-scale goat surveillance program to determine the overall
scrapie susceptibility in the U.S. goat population was needed. The aim of this study was to
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identify PRNP genetic variability in goat breeds raised in the U.S. to assess its likely impact on
scrapie occurrence in goats and evaluate the potential of implementing breeding management
programs to enhance the prevalence of scrapie resistant variants. This study was part of the
National Animal Health Monitoring System (NAHMS) Goat 2019 study, which was a two-
phase cross-sectional study to provide essential information on goat health and management.

Materials and methods
Study design

NAHMS is a nonregulatory program within the U.S. Department of Agriculture, Animal and
Plant Health Inspection Service, Veterinary Services [28], that was initiated in 1983 to collect,
analyze, and disseminate data on animal health, management, and productivity across the
United States. NAHMS has been conducting national studies to collect detailed health and
production information for livestock, poultry, equine, and aquaculture periodically, and on a
rotating basis, since 1990. Producer participation in all NAHMS studies is voluntary; and, to
protect producer identities, individual operation data are kept confidential. In 2019, NAHMS
conducted a national cross-sectional study to collect health and production information about
the U.S. goat industry. A subset of operations volunteered to allow for biologic sample collec-
tion, including blood, from their goats. Generally, NAHMS analyses of study data take into
account the complex survey sampling design by accounting for stratification, sampling without
replacement, and unequal probabilities of selection and nonresponse using adjusted sampling
weights so that inference reflects the population from which the sample was initially drawn
[see [29] for an overview of statistical survey sampling methodology and [28] for the specific
methodology used for the 2019 NAHMS Goat study].

Data collection and biological sampling

Data were collected on U.S. goat operations participating in the NAHMS Goat 2019 study.
The national adult and kid goat inventory in January 2019 was 2.6 million head on approxi-
mately 136,000 operations [1]. The NAHMS Goat 2019 study included 24 states, representing
76.6 percent of U.S. goat operations with five or more adult goats and 82.3 percent of goats on
these operations were tested. This study targeted operations with five or more adult goats to
reduce the percentage of operations included in the study that were non-commercial (e.g.,
kept goats as pets). Participating states were categorized into two regions: west (California,
Colorado, Oklahoma', Oregon, Texas', and Washington) and east (Alabama, Connecticut,
Florida, Georgia, Indiana, Iowa, Kentucky, Michigan, Minnesota, Missouri, New York, North
Carolina, Ohio, Oklahoma, Pennsylvania, Tennessee, Texas, Vermont, Virginia, Wisconsin;
Fig 1).

For the study, operations selected from the National Agricultural Statistics Service (NASS)
list frame were stratified by state, size, and primary production of the operation (meat, dairy,
and other). To ensure larger operations and dairy operations were included in the study, they
were selected with a higher probability than would have occurred with simple random sample
selection. Producers with 5 or more goats were personally interviewed by NASS enumerators
from July 1st through August 9th, 2019. All producers completing the NAHMS Goat Manage-
ment Questionnaire were then invited to complete the Veterinary Services (VS) Questionnaire
and biologic sampling. The second interview was conducted by federal or State veterinary
medical officers or animal health technicians from September 10th, 2019, through March 20th,
2020. Each operation was assigned a herd size based on their July 1, 2019, inventory of goats
and kids reported in the Goat Management Questionnaire. Operations were placed into three
size categories: small (5-19 head), medium (20-99 head), and large (100 or more head).
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States/regions participating in the NAHMS Goat 2019 study

Regions
. West
[ East

Fig 1. Map of the states and regions for the NAHMS Goat 2019 study. To reflect climate variation and production
management, Texas and Oklahoma were divided between the east and west regions roughly on a line corresponding to
north-south Interstate 35. The western halves of the states were included in the west region, and the eastern halves
were included in the east region. The used and displayed data in that map is the 20m US County boundaries shapefile
and are available here: Cartographic Boundary Shapefiles (census.gov).

https://doi.org/10.1371/journal.pone.0254998.9001

Additionally, each operation was assigned a primary production type based on the most com-
mon commercial reason that the operation kept goats as reported in the Goat Management
Questionnaire. Primary production types were meat, dairy, and other (including angora/
fiber). All questionnaires, collection records, study reports, and study methodologies for the
NAHMS Goat 2019 Study can be reviewed online (https://www.aphis.usda.gov/aphis/
ourfocus/animalhealth/monitoring-and-surveillance/nahms/nahms_goat_studies). Opera-
tions that completed the VS Questionnaire were offered biologic testing, which included blood
collected from up to 15 goats that were at least 15 months of age. Samples were collected from
no more than 5 unrelated bucks and 5 unrelated does (regardless of gestational status) of one
breed on each operation. If an operation had more than one breed present, they submitted an
additional 5 samples from unrelated bucks or does from the other breed(s). Goats were consid-
ered unrelated if they did not share the same sire. Blood samples, up to 7 mL per goat, were
collected by USDA veterinary medical officers or animal health technicians using 20-gauge
needles and EDTA whole blood vacutainer tubes. Samples were labeled and shipped with ice
packs to the USDA National Veterinary Services Laboratories (NVSL) in Ames, Iowa, USA,
where processing and testing occurred.

Biological testing: Genomic DNA extraction, PCR and sequencing

DNA was extracted from all blood samples using the MagMax Core bead extraction kit
(Thermo Fisher Scientific, Waltham, MA) following the manufacturer’s protocols. Briefly,
blood samples were bead beaten in 0.1mm glass beads for 2 minutes in the Biospec 48 tube
bead beater and centrifuged for 10 minutes at 13000 x rpm. Following centrifugation, 200 ul of
sample from those tubes were transferred to a deep well plate with 30 pl of bead/Proteinase K
mixture and 700 ul of the Lysis-binding solution. Finally, the deep well plate was loaded on
automated MagMax 96 machine for binding, washing, and elution of the DNA using MagMax
CORE Flex program (Thermo Fisher Scientific, Waltham, MA). The concentration of DNA
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was assessed using a Qubit (Life Technologies, Grand Island, NY, US) with the High Sensitiv-
ity DNA Kit (Agilent Technologies, Santa Clara, CA, US) and stored at -20°C pending analysis.
Approximately 1 ug genomic DNA was used as a template for PCR amplification of the open
reading frame of PRNP using the primers PrP uniF (5'-AGTCAGTGGAACAAGCCCAG-3’) and
PrP_uniR (5'-TGAGGAGGATCACAGGAGGG-3'). The PCR product included PRNP codons
(127, 142, 143, 146, 154, 211, 222 and 240). PCR conditions were 95°C for 5 minutes followed
by 35 cycles of 94°C for 30 seconds, 56°C for 30 seconds, and 72°C for 30 seconds. This was
followed by an extension incubation at 72°C for 10 minutes. Amplified DNA was purified and
cleaned before running the sequencing reaction using ExoSAP-IT (Thermo Scientific™, US).
PCR fragments were then sequenced using an Applied Biosystems ABI 3500xL genetic ana-
lyzer (Applied Biosystems, Foster City, CA, US) using dye-terminating sequence reaction.
Briefly, the sequencing reaction was made using the ABI BigDye Terminator v3.1 cycle
sequencing kit, following manufacturer instructions. Reactions were cleaned following the
BigDye XTerminator Purification Kit product insert at the 10 pl reaction size, and DNA
sequencing was performed on both strands of the purified PCR product.

Bioinformatic and statistical analysis

Sequencing analysis. The sequence data were analyzed for PRNP polymorphisms using
Geneious prime software (http://www.geneious.com). DNA sequences were compared and
aligned with the Capra hircus PrP gene reference sequence (GenBank: HM038415.1). The full
open reading frame was examined for amino acid polymorphisms to estimate the genetic vari-
ability of PRNP gene in goats based on codons 127, 142, 143, 146, 154, 211, 222 and 240. All
sequence data obtained in the current study were uploaded to the sequence read archive on
the NCBI website with a bio-project accession number PRINA728650.

Survey-based descriptive analysis. Weighted genotypic and allelic proportions were cal-
culated across all operations, goat breeds (Alpine, Angora, Boer, Cashmere, Fainting goats,
Kiko, LaMancha, Nigerian dwarf, Nubian, Oberhasli, Pygmy, Pygora, Saanen, Sable, Savan-
nah, Spanish, Toggenburg, Crossbred, and Other breeds), region of the operation (west and
east), primary production of the operation (meat, dairy, and other), and goat sex (does and
bucks). Weighted descriptive estimation was carried out using SAS-callable SUDAAN soft-
ware (version 11.0.1, Research Triangle Institute, 2012; version 9.4, SAS Institute, 2012), which
allows for the proper analysis of data from complex surveys by accounting for the study design.
The estimation of genotypic and allelic frequencies accounted for stratification by State, opera-
tion size, and primary production type of the operation, sampling without replacement, finite
population corrections, and unequal probabilities of selection adjusted for nonresponse within
each stratum. Standard errors and 95% confidence intervals were computed using Taylor
series linearization to reflect measurements of uncertainty in the estimates presented. These
adjustments were made so that inference could be generalized to the population of doe and
buck goats aged 15 months or older in the states included in the study.

Univariate analysis. While descriptive estimates were made using both genotypic and
polymorphic variants proportions, statistical comparisons of variants proportions were made
between levels of the breakout variables (breed, region, primary production, and gender)
because of low proportions of goats being homozygous in the minor variants at each codon.
Opverall differences among levels of the breakout variables were assessed using log-linear test
p-values adjusting for the survey design and weights in SUDAAN [30,31]. For overall tests that
were statistically significant at the 0.05 significance level, pairwise comparisons between levels
of the given breakout variable with respect to allelic proportions were made using Tukey-Kra-
mer multiple comparisons adjusted p-values from logistic regression models regressing allele
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presence (0 if the animal had the most common genotype at the given codon and 1 if the ani-
mal had a minor allele at the codon) on the significant breakout variable fit using SAS’ SUR-
VEYLOGISTIC procedure, which accounts for the survey design. Statistically significant
pairwise comparisons were made at the 0.05 level on the adjusted p-value scale. A capital letter
coding is used to indicate whether levels of breakout variables are significantly different from
one another using the Tukey-Kramer-adjusted p-values. Levels of the same variable that share
a letter are not significantly different, and levels that do not share a letter are significantly dif-
ferent at the 0.05 family-wise significance level. In the results and discussion sections, percent-
ages of goats by breed are reported without making explicit statistical comparisons to other
breeds with respect to genotypic or allelic proportions.

Intraclass correlation coefficient. In order to assess the clustering of prolonged incuba-
tion and resistant genotypes on operations, the intraclass correlation coefficients (ICCs) as
described by [32] was performed. The ICC estimate and the variance components estimates
are asymptotically equivalent and were identical to the hundredths decimal place in all except
for one codon, and so only the Fleiss and Cusick estimates are presented [32]. The ICC esti-
mate was computed as:

Where
o i=1,...,m indexes operations and m is the number of operations,
« n;is the operation sample size and # = L 3"" n, is the average operation sample size,
o X;is the number of animals on operation i with the genotype of interest (e.g., S127),
o 7 is the estimate of the prevalence of the genotype of interest among all animals.

The closer pgc is to 0, the lower the correlation among animals on a given operation with
respect to presence of the genotype of interest (meaning if one animal has the genotype of
interest, the less likely we are to find another animal on the same operation with the genotype
of interest). Conversely, the closer prcis to 1, the higher the correlation among animals on a
given operation (meaning if one animal has the genotype of interest on an operation, the more
likely we are to find more).

Multivariate analysis. To assess the multivariate variability of allelic representations, an
Analysis of Molecular Variance (AMOVA) framework was adopted [33]. Using this method,
the variance among dissimilarities in individual animal’s allelic representations in multivariate
space can be partitioned and attributed to factors of interest. In this case, the stratification vari-
ables (State, operation size, and primary production), gender, breed, and operation identifier
were used to explore variability between animal-level [34] dissimilarities in multivariate space.
The adonis function from the vegan package in R (version 3.5.3; R Core Team, 2019), imple-
mented within R Studio (version 1.1.463; R Studio Team, 2020) was used to fit AMOV A mod-
els using the method proposed in [35], which is akin to Multivariate Analysis of Variance
(MANOVA) on dissimilarity matrices, though test statistics are estimated using non-paramet-
ric permutation tests rather than distributional assumptions. Type Il AMOVA sums of squares
were used to partition variance and test for the significance of terms, where the order of terms
added to the model was the fully crossed stratification variables, gender, breed, State-breed
interaction, and operation identifier. Permutations were performed assuming animals within
the same sampling stratum were exchangeable. In addition, a multivariate extension of
Levene’s test for homogeneity [36] was used to test for the multivariate homogeneity of
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dispersion among groups defined by goat breed using the betadisper function from the vegan
package in R.

To explore the multivariate genetic distance between breeds, correspondence analysis [37]
was used to reduce the dimensionality of the weight-scaled allelic rate measures at the breed
level and to visualize multivariate distance relationships between breeds and between codons.
The correspondence analysis was carried out using the dudi.coa function from the ade4 pack-
age [38] in R on the weight-scaled, pairwise Nei distance matrix. To further explore relation-
ships between breeds, a neighbor-joining tree was estimated using the nj function from the
ape package in R, which estimates neighbor-joining tree structures [34].

Statistical significance as a tool. Statistical significance is a tool used here to focus the
analysis and discussion towards common or likely relationships in the population in a com-
plex, multivariate system of genetic expressions in goats within a hierarchical population struc-
ture. Relationships that do or do not meet the significance levels are not implied to be present
or absent at a practical scale; they just did or did not meet the requirements to be statistically
significant given the methods described above. Point estimates and variance estimates are
given for the reader to be able to further investigate relationships beyond the binary decisions
made regarding statistical significance.

Descriptions of PRNP genotypes

In text and figures, genotypes are described by the single letter amino acid code: D, aspartic
acid; G, glycine; H, histidine; I, isoleucine; K, lysine; M, methionine; N, asparagine; P, proline;
Q, glutamine; R, arginine; and S, serine.

Results
Sample profile

Samples were collected from a total of 6,029 apparently scrapie disease-free goats (17.6% bucks
and 82.4% does) from 654 goat operations with 5 or more goats across the U. S. The total num-
ber of samples collected from each operation ranged from 1 to 20, with a mean of 9.2 samples.
Overall, 61.7% of the tested goats (62.2% of operations) were located in the east region, and
38.3% of goats (37.8% of operations) were located in the west region. Of the sampled goats,
21.1% (31.7% of operations) were from small operations, 51.1% (46.9% of operations) were
from medium operations, and 27.8% (21.4% of operations) were from large operations. Over-
all, 34.0% of the tested goats (33.6% of operations) were from primarily meat-producing opera-
tions, 45.8% of goats (43.9% of operations) were from primarily dairy-producing operations,
and 20.2% of goats (22.5% of operations) were from operations with a primary production of
other. The goats sampled accounted for 19 different breeds that are commonly reared in the U.
S. including: Crossbred (17.8% of tested goats), Boer (16.8%), Nubian (11.9%), Alpine (11.5%),
Nigerian dwarf (10.6%), Saanen (7.7%), LaMancha (6.1%), Kiko (2.8%), Toggenburg (2.2%),
Spanish (2.2%), Oberhasli (1.8%), Angora (1.5%), Fainting goats (1.5%), Savannah (1.1%),
Pygmy (0.9%), Cashmere (0.6%), Sable (0.4%), and Pygora (0.4%), and other breeds not listed
(2.3%). The total number of goat breeds collected from each operation ranged from 1 to 8,
with a mean of 2.1 breeds per operation site. The average age of the sampled goats was 4.0
years (standard deviation 2.4 years).

Twenty-six PRNP polymorphic variants at codons 127, 142, 143, 146, 154, 211, 222 and 240
were detected in this study compared to the PRNP reference sequence. The GG127, NN146,
RR154 and QQ222 were the predominant variants of the caprine PRNP gene and showed high
rate across all goats from the U.S. (Fig 2).
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Fig 2. Percentage of goats by caprine PRNP polymorphic variants.
https://doi.org/10.1371/journal.pone.0254998.9002

Weighted descriptive analysis of genotypic and allelic proportions. Descriptive esti-
mates of percentages of goats and goat operations with specific genotypes, by breakout variable
and by codon follow, along with the results from tests of significance of the effects of each of
the breakout variables (gender, region, primary production, and breed) on the presence of the
prolonged incubation or resistant genotypes at the animal and operation levels, by codon
(Tables 1 and 2). Full sets of descriptive statistics for percentages of goats by genotype, break-
out variable, and codon can be found in Figs 3-6 and in STA-S1I Table and similar statistics
for percentages of operations can be found in Figs 7-9 and in S2A-S21I Table.

Codon 127. At codon 127, the G allele was predominant, with 99.7% [95%CI = (99.5,
99.8)] of goats across all operations being GG127 homozygotes. The GS127 heterozygote was
detected in only 0.3% [95%CI = (0.2, 0.5)] of goats across 2.3% [95%CI = (1.0, 5.2)] of opera-
tions. The SS127 homozygote was extremely rare, occurring in 0.001% [95%CI = (0.0, 0.0)] of
goats across 0.0% [95%CI = (0.0, 0.1)] of operations (Figs 2A and 7A).

Testing for differences at the goat level among breakout categories with respect to the
GG127 homozygote versus the GS127 and SS127 genotypes, there was no significant difference
at codon 127 genotype frequencies between regions (P = 0.881, Fig 4A) and breed (P = 0.187,
Fig 6A). There was a significant difference between bucks and does (P = 0.013, Fig 3A) and by
type of operation (P = 0.015, Fig 5A). Does presented a higher rate of the GS127 genotype
compared to bucks [0.3% with 95%CI = (0.2, 0.6), 0.1% with 95%CI = (0.0, 0.2) respectively].
A higher percentage of goats on dairy operations [0.8% with 95%CI = (0.4, 1.8)] compared to
goats on meat operations [0.0% with 95%CI = (0.0, 0.3)] presented with the GS127 genotype
(Table 1).

At the goat operation level, a significantly higher percentage of operations in the east region
[3.1% with 95%CI = (1.3, 7.3)] had goats with GS127 genotype compared to operations in the
west region [0.6% with 95%CI = (0.1, 2.2)] (P = 0.040; Fig 8A). Also, a higher percentage of
operations with goats kept primarily for dairy [7.2% with 95%CI = (2.6, 18.8)] had goats with
GS127 genotype than operations that kept goats primarily for meat [0.2% with 95%CI = (0.0,
1.6)] (P = 0.008; Fig 9A and Table 2). These differences were driven by the GS127 heterozygote
as the SS127 homozygote was very rare (S1A and S2A Table).

Codon 142. At codon 142, the majority, 91.9% [95%CI = (89.5, 93.8)], of goats across
99.6% [95%CI = (98.1, 99.9)] of operations were 11142 homozygote. The IM142 heterozygote
occurred in 7.5% of goats [95%CI = (5.8, 9.7)] across 26.8% [95%CI = (21.1, 33.4)] of opera-
tions and the MM 142 homozygote occurred in 0.6% [95%CI = (0.3, 1.1)] of goats across 3.9%
[95%CI = (2.0, 7.5)] of operations (Figs 2B and 7B).

Comparing IM142 and MM142 to the I1142 genotypes at the goat level revealed no signifi-
cant differences between bucks and does (P = 0.080, Fig 3B), nor goats from east and west
regions (P = 0.232, Fig 4B). Goats showed significant differences in genotypic frequencies by
operation (P<0.001, Fig 5B) and breed (P = 0.003, Fig 6B). IM142 and MM142 genotypes
were found at a higher percentage in goats on dairy operations [20.6% with 95%CI = (15.1,
27.5)] compared to goats on meat operations [5.2% with 95%CI = (3.1, 8.7)]. Higher rates of
IM142 and MM142 genotypes occurred in Toggenburg [67.2% with 95%CI = (38.7, 87.0)],
Sable [54.9% with 95%CI = (14.2, 90.0)], and Alpine [38.2% with 95%CI = (22.9, 56.3)] goats
(S1B Table). Neither of IM142 nor MM142 genotypes were observed in Cashmere, Pygmy or
Pygora goats (Table 1).

At the operation level, a higher percentage of dairy operations [42.6% with 95%CI = (31.4,
54.6)] had goats with IM142 or MM142 genotypes compared to operations raising goats
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Table 1. Proportion of goats with genotypes associated with prolonged incubation period or resistant genotypes, by codon along with significance test results for
overall effect of each breakout variable (gender, region, primary production, and breed).

Codon 127 142 143 146 154 211 222 240 146, 222
Type of protection Prolonged | Prolonged Prolonged Resistance Prolonged | Prolonged Resistance | Prolonged | Resistance
Incubation |Incubation Incubation Incubation | Incubation Incubation
Allele S M R S,D H Q S S,D,K
Overall proportion 0.3 8.1 14.8 333 1.1 5.4 0.6 46.0 33.8
Gender (P value) 0.013 0.081 0.708 0.028 0.600 0.398 0.442 0.392 0.033
Doe 03|a 8.4 14.7 342 | a 1.0 5.6 0.6 45.7 347 | a
Buck 0.1 | ab 5.1 15.8 23.6 | ab 1.3 3.6 1.0 499 244 | ab
Region (P value) 0.881 0.232 0.974 0.077 0.034 0.002 0.005 0.135 0.113
West 0.3 6.6 14.8 37.6 05|a 22 |a 0.1|a 432 37.7
East 0.3 9.3 14.8 29.7 1.5 | ab 8.1 |ab 1.0 | ab 48.3 30.7
Primary production (P value) 0.015 <0.001 <0.001 <0.001 0.415 0.401 0.133 0.240 <0.001
Meat 00 |a 52 |a 179 | a 41.1 | a 13 5.0 0.6 439 417 | a
Dairy 0.8 | ab 20.6 | ab 6.7 | ab 17.1 | ab 0.7 7.3 1.1 49.3 18.2 | ab
Other 0.4 | ab 4.8 | ab 13.9 | ab 275 | a 0.9 4.9 0.1 48.6 27.6 | ab
Breed (P value) 0.187 0.003 <0.001 <0.001 0.207 <0.001 0.805 <0.001 <0.001
Alpine 0.0 38.2 | abce 0.1]a 3.8 |ab 0.1 11.0 | abc 0.4 512 |a 4.2 | abc
Angora 0.0 1.2 | abed 0.1 a 09 | a 0.0 0.0 | abed 0.0 50.7 | a 0.9 | ab
Boer 0.1 3.5 | abed 26.6 | b 47.0 | abc 0.5 2.1 | abcdef 0.1 514 |a 47.0 | abed
Cashmere 0.0 0.0 |a 17.1 | abed 23.0 | abc 0.0 2.0 | abcdef 0.0 29.7 | a 23.0 | abede
Fainting goats 0.0 7.7 | abed 0.0 a 3.4 | abed 19.7 0.4 | abcdefg 0.0 388 | a 3.4 | abcdef
Kiko 0.0 4.9 | abed 18.0 | abed 17.2 | abc 1.3 14.6 | abc 0.0 46.3 | a 17.2 | abcde
LaMancha 0.1 13.5 | abed 0.0 |a 35.8 | abcde 0.0 9.2 | abcdef 0.1 315 | a 35.9 | abede
Nigerian dwarf 0.0 1.3 | ab 329 | ab 0.7 | a 0.1 0.8 | abcde 0.0 470 | a 0.7 | ab
Nubian 0.2 10.6 | abed 4.7 | abed 38.6 | abcde 0.2 0.3 | abcdef 0.0 46.6 | a 38.6 | abcde
Oberhasli 0.0 12.8 | abed 0.4 | abc 1.7 | ab 0.0 28.5 | abc 23.1 959 | b 24.8 | abcde
Pygmy 0.0 0.0 a 27.0 | abcde 0.6 | ab 0.0 0.0 | abed 0.0 52.8 | abc 0.6 | abc
Pygora 0.0 0.0 a 0.0 | abcdef 1.1 | ab 0.0 0.0 | abed 0.0 94.8 | abc 1.1 | abc
Saanen 1.7 13.8 | abcd 0.4 | abcd 2.8 | ab 2.6 8.1 | abcdefg 0.1 338 | a 2.9 | abc
Sable 0.5 56.4 | abcde 0.0 | abcdef 8.5 | abc 0.0 59.7 | ab 0.0 85.7 | ab 8.5 | abcde
Savannah 0.0 15.9 | abcde 20.9 | abed 65.5 | abcde 0.4 0.0 | abed 0.1 47.2 | abc 65.5 | abcde
Spanish 0.0 6.0 | abcd 11.6 | abcde 42.6 | abcde 0.8 7.4 | abcdef 0.8 353 | a 43.4 | abcdef
Toggenburg 0.0 67.2 | abcde 0.6 | abcd 13.0 | abc 0.0 0.5 | abcdef 22.0 294 | a 35.0 | abcde
Crossbred 0.9 9.7 | abed 12.5 | abcde 37.7 | abede 2.0 8.4 | abc 0.7 488 | a 38.3 | abcde
Other 0.0 8.6 | abed 7.1 | abed 12.3 | abbcde 2.3 14.1 | abcdef 39 53.4 | abc 16.2 | abcde

Lower case letter coding denotes which levels of a given breakout variable have significantly different proportions of goats with the prolonged incubation or resistant

genotypes. Levels that share a letter are not significantly different and levels that do not share a letter are significantly different at the 0.05 significance level with Tukey-

Kramer adjustments.

https://doi.org/10.1371/journal.pone.0254998.t001

primarily for meat [23.5% with 95%CI = (15.9, 33.3)] or other purposes [24.0% with 95%CI =
(15.0, 36.1)] (P = 0.017; Fig 8B; S2B Table).
Codon 143. At codon 143, 85.2% [95%CI = (82.9, 87.3)] of goats across 99.8% [95%CI =
(99.1, 99.9)] of operations were HH143 homozygote. The HR143 heterozygote was detected in
13.7% of goats [95%CI = (11.8, 15.9)] across 48.7% [95%CI = (42.0, 55.4)] of operations. The
RR143 homozygote occurred in 1.1% [95%CI = (0.6, 1.8)] of goats across 8.1% [95%CI = (5.3,
12.2)] of operations (Figs 2C and 7C).
At codon 143, There was no significant difference between HR143, RR143, and HH143
genotypes between bucks and does (P = 0.708, Fig 3C) or between goats from the east and west
regions (P = 0.974, Fig 4C). The HR143 and RR143 genotypes showed significant differences
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Table 2. Proportion of goat operations with any goats with prolonged incubation period or resistant genotypes, by codon along with significance testing for overall
effect of each breakout variable (gender, region, primary production, and breed).

Codon 127
Type of protection Prolonged
Incubation
Allele S
Overall proportion 2.4
Region (P value) 0.040
West 06 a
East 3.1 ab
Primary production (P value) 0.008
Meat 02 a
Dairy 7.2 | ab
Other 2.3 | ab

142 143 146 154 211 222 240 146, 222
Prolonged Prolonged Resistance Prolonged |Prolonged Resistance | Prolonged |Resistance
Incubation | Incubation Incubation |Incubation Incubation
M R S,D H Q K S S,D,K
28.0 49.8 72.3 5.6 15.1 2.1 93.3 72.8
0.355 0.681 0.438 0.044 0.018 0.520 0.065 0.463
23.6 52.0 75.6 2.7 |a 8.6|a 3.0 87.8 76.0
29.8 48.8 70.8 6.8 | ab 17.9 | ab 1.8 95.7 71.5
0.017 0.014 <0.001 0.572 0.051 0.146 0.964 <0.001
235 a 59.9 | a 889 a 6.0 12.6 3.1 93.7 895 a
42.6 | ab 344 | ab 51.0 | ab 3.5 23.7 1.9 92.5 52.1 | ab
240 a 429 | ab 57.6 | ab 6.6 12.6 0.4 93.3 57.6 | ab

Capital letter coding denotes which levels of a given breakout variable have significantly different proportions of operations with any goats with the prolonged

incubation or resistant genotypes. Levels that share a letter are not significantly different and levels that do not share a letter are significantly different at the 0.05

significance level with Tukey-Kramer adjustments.

https://doi.org/10.1371/journal.pone.0254998.t002

by operation (P<0.001, Fig 5C) and by breed (P<0.001, Fig 6C). A higher percentage of goats
on meat operations [17.9% with 95%CI = (15.0, 21.3)] compared to dairy operations [6.7%
with 95%CI = (4.8, 9.2)] were found to have HR143 or RR143 genotypes. Conversely, the
HH143 genotype was found at a higher percentage in goats on dairy operations compared to
goats on meat operations [93.3% with 95%CI = (90.8, 95.2) versus 82.1% with 95%CI = (78.7,
85.0), respectively, Fig 5C]. The R143 allele was observed in all breeds except Pygora and Sable.
HR143 heterozygosity or RR143 homozygosity was represented with higher rate in Nigerian
dwarf [32.9% with 95%CI = (25.0, 41.9)], Pygmy [27.0% with 95%CI = (15.7, 42.2)], and Boer
goats [26.6% with 95%CI = (22.5, 31.1)] (Fig 6C; Table 1).

At the operation level, 59.9% [95%CI = (48.9, 70.0)] of operations raising goats primarily
for meat was significantly higher than the 34.4% [95%CI = (23.1, 47.9)] of dairy operations
that had goats with HR143 or RR143 genotypes (P<0.001; Fig 8C; S2C Table).

Codon 146. At codon 146, 66.7% [95%CI = (62.2, 71.0)] goats across 94.1% [95%CI =
(88.7,97.0)] of operations were NN146 homozygote. The NS146 heterozygote was observed in
22.0% [95%CI = (19.1, 25.2)] of goats across 68.6% [95%CI = (62.5, 74.1)] of operations and
the SS146 homozygote was observed in 4.0% [95%CI = (2.9, 5.5)] of goats across 19.6% [95%
CI = (14.5, 26.0)] of operations. The ND146 heterozygote occurred in 6.3% [95%CI = (3.6,
10.7)] of goats across 4.3% [95%CI = (2.4, 7.3)] of operations and the DD homozygote
occurred in 0.7% [95%CI = (0.2, 2.3)] of goats on 1.2% [95%CI = (0.4, 3.8)] of operations. The
SD heterozygote was detected in and 0.3% [95%CI = (0.1, 1.1)] of goats on 1.0 [95%CI = (0.3,
3.3)] of operations (Figs 2D and 7D).

At codon 146, There was no significant difference in genotype frequencies between regions
(P =0.077, Fig 4D). Genotypes associated with resistance (e.g. NS146, ND146, S5146, DD146,
and SD146 genotypes) versus NN146 genotypic rates overall differed significantly by bucks
and does (P = 0.028, Fig 3D), type of the operation (P<0.001, Fig 5D), and breed (P<0.001,
Fig 6D). A significantly higher percentage of does [34.2% with 95%CI = (29.7, 38.9)] displayed
genotypes with resistant alleles compared to bucks [23.6% with 95%CI = (16.7, 32.4)]. The
resistant alleles were found less frequently in goats on dairy operations [17.1% with 95%CI =
(13.2,21.9)] compared to goats on meat operations [41.1% with 95%CI = (35.8, 46.7)] or other
operations [27.5% with 95%CI = (18.8, 38.2)] (Fig 5D), which was primarily driven by
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https://doi.org/10.1371/journal.pone.0254998.9004
PLOS ONE | https://doi.org/10.1371/journal.pone.0254998  July 19, 2021 13/28


https://doi.org/10.1371/journal.pone.0254998.g004
https://doi.org/10.1371/journal.pone.0254998

PLOS ONE

Prion protein genetic variability in goats from the United States

A

100 1
90 1
80 1
704
60
50 1
40 1
301
20 1
101

Percent goats

01

100 1
90 1
80
704
60
50 1
401
301
201
101

Percent goats

0

100 1
90 1
80 1
701
60 1
50 1
401
301
201
104

Percent goats

01

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, B
2]
©
o
o
=
O
e
o)
o

Meat Dairy Other
Primary production
Codon 127
GG GS . SS
E
(2
©
o
o
f=
O
=
o)
o
Meat Dairy Other
Primary production
Codon 146
NN ND | DD
NS SS - SD
12
@©
)
(o))
<
O
IS4
o
o
Meat Dairy Other

Primary production

Codon 222

QQ QK

104
01

Meat Dairy Other
Primary production

Codon 142

Il IM . MM

100 1
90 1
80
704
60 1
50 1
40 1
301
201
101
04

Meat Dairy Other
Primary production

Codon 154
RR

RH.HH

100 1
90 1
80 1
701
60 1
50 1
401
301
201
104
04

Meat Dairy Other
Primary production

Codon 240
PP

PS.SS

Percent goats

Percent goats

Percent goats

104
01

Meat Dairy Other
Primary production

Codon 143
HH

HR.RR

100 1
90 1
80
704
60
50 1
40 1
301
201
101
04

Meat Dairy Other
Primary production

Codon 211
RR

ra ] ca

100 1
90 1
80 1
701
60
50 1
401
301
201
104
04

Meat Dairy Other
Primary production

Resistant Genotypes
(S146, D146, K222)

Absent Present

Fig 5. Percentage of goats by caprine PRNP polymorphic variants at codons 127, 142, 143, 146, 154, 211, 222 and 240 and by primary production

types.

https://doi.org/10.1371/journal.pone.0254998.9g005

PLOS ONE | https://doi.org/10.1371/journal.pone.0254998  July 19, 2021

14/28


https://doi.org/10.1371/journal.pone.0254998.g005
https://doi.org/10.1371/journal.pone.0254998

PLOS ONE

Prion protein genetic variability in goats from the United States

ccent goals
sHesasdEsE

s88s8832888

3383883888

| ]

Apine

s g2 23] ¢

1S

Pygmy

Fig 6. Percentage of goats by caprine PRNP polymorphic variants at codons 127, 142, 143, 146, 154, 211, 222 and 240 by goat breed (widths of bars are taken to be
the cubed roots of the weighted frequencies of goats by breed).

https://doi.org/10.1371/journal.pone.0254998.9006

differences in genotypes NS146, ND146, and SS146 (S1D Table). Generally, the resistant geno-
types were represented with a greater percentage in Savannah [65.5% with 95%CI = (30.8,
89.0)], Boer [47.0% with 95%CI = (42.9, 51.5)], Spanish [42.6% with 95%CI = (30.1, 56.1)], and
Nubian [38.6% with 95%CI = (29.8, 48.2)] goats. Specifically, the biggest driver of this was the
resistant NS146 genotype, which was observed in all breeds except Angora and Pygora goats.
The NS146 genotype was found at relatively higher frequencies in Savannah [65.5% with 95%
CI =(30.8, 89.0)], Boer [36.7% with 95%CI = (33.1, 40.4)], Nubian [36.3% with 95%CI = (27.0,
46.7)] and LaMancha goats [35.6% with 95%CI = (22.8, 50.8)] (S1D Table). The ND146,
SD146 DD146, and SS146 genotypes were detected at very low percentages across all the goat
breeds with the only notable exceptions being ND146 being detected in 25.4% [95%CI = (15.8,
38.2)] of Spanish goats and SS146 in 8.9% [95%CI = (6.4, 12.5)] of Boer goats (Table 1; S1D
Table).

At the operation level, a higher percentage of operations raising goats primarily for meat
[88.9% with 95%CI = (80.7, 93.9)] had goats with any resistant genotypes at codon 146 than
operations raising goats primarily for dairy [51.0 with 95%CI = (39.1, 62.7)] or other purposes
[57.6% with 95%CI = (43.7, 70.4)] (P<0.001; Fig 9D; S2D Table).

Codon 154. At codon 154, 98.9% [95%CI = (98.3, 99.3)] of goats across 100.0% of opera-
tions showed RR154 homozygote on both alleles at this location of the PrP gene. The RH het-
erozygote was detected in 1.0% [95%CI = (0.6, 1.6)] of goats across 5.6% [95%CI = (3.3, 9.3)]
of operations. The HH homozygote was very rare, occurring in only 0.02% [95%CI = (0.004,
0.204)] of goats across 0.3% [95%CI = (0.0, 2.0)] of operations and was only detected in faint-
ing goat breeds (Figs 2E and 7E).

At codon 154, there was no significant difference in genotype frequencies between bucks
and does (P = 0.600, Fig 3E), operation (P = 0.415, Fig 5E), or breed (P = 0.207, Fig 6E). There
was a statistically significant difference between the percentage of goats with the RR154 homo-
zygote and those with the RH154 or HH154 genotypes between regions (P = 0.034, Fig 4E),
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Fig 7. Percentage of goat operations by caprine PRNP polymorphic variants at codons 127, 142, 143, 146, 154, 211, 222 and 240.

https://doi.org/10.1371/journal.pone.0254998.9007

though the difference was small [1.5% with 95%CI = (0.8, 2.6) in the east region versus 0.5%
with 95%CI = (0.3, 1.1) in west region]. The predominant genotype at codon 154 across all
breeds was RR154 homozygote with 100.0% of Angora, Cashmere, LaMancha, Oberhasli,
Pygmy, Pygora, Sable, and Toggenburg goats. The RH154 genotype showed a generally higher
percentage in Fainting goats [16.6% with 95%CI = (6.3, 37.1)] (across 46.0% of the 3.1% of
operations overall that had any Fainting goats) and less than 3% in all other breeds (Table 1;
S1E Table).

At the goat operation level, the 6.8% [95%CI = (3.7, 12.2)] of operations in the east region
was significantly higher than the 2.7% [95%CI = (1.3, 5.3)] of operations in the west region
with the RH154 or HH154 genotypes (P = 0.044; Fig 8E; S2E Table).

Codon 211. At codon 211, 94.6% [95%CI = (92.3, 96.2)] of goats across 100.0% [95%CI =
(99.9, 100.0)] of operations were RR211 homozygote. The RQ211 heterozygote occurred in
5.0% [95%CI = (3.5, 7.2)] of goats across 15.0% [95%CI = (11.3, 19.7)] of operations and the
QQ211 heterozygote occurred in 0.4% [95%CI = (0.2, 1.1)] of goats across 3.4% [95%CI = (1.4,
7.9)] of operations (Figs 2F and 7F).

At codon 211, There was no significant difference between the RQ211,QQ211 and RR211
genotypic frequencies between bucks and does (P = 0.398, Fig 3F) or primary production
types (P = 0.401, Fig 5F). The genotypes RQ211 and QQ211 were displayed at a higher
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percentage in goats in the east region [8.1% with 95%CI = (5.5, 11.7)] compared with goats in
the west region [P = 0.002; Fig 4F; 2.2% with 95%CI = (1.0, 4.5)]. Comparing the genotype fre-
quencies at codon 211 exhibited significant differences among breeds (P<0.001, Fig 6F) with
RQ211 and QQ211 genotypes generally observed at higher percentages in Sable [59.7% with
95%CI = (18.0, 90.9)], Oberhasli [28.5% with 95%CI = (9.1, 61.5)], Kiko [5.7% with 95%CI =
(6.5,29.5)], and Alpine [11.0% with 95%CI = (7.0, 16.9)] goats (Table 1; Fig 6F).

At the goat operation level, the percentage of operations in the east region [17.9% with 95%
CI=(12.8,24.4)] with RQ211 or QQ211 genotypes was higher than the same percentage of
operations in the west region [8.6% with 95%CI = (5.0, 14.3)] (P = 0.44; Fig 8F; S2F Table).

Codon 222. At codon 222, the Q allele predominated across all goats, with 99.4% [95%CI
=(98.8, 99.7)] of goats across 100.0% of operations being QQ222 homozygotes. Only 0.6%
[95%CI = (0.3, 1.2)] of goats across 2.1% [95%CI = (1.0, 4.6)] of operations were QK222 het-
erozygotes and no KK222 homozygotes were observed (Figs 2G and 7G).

Comparing the genotype frequencies at codon 222 no significant difference between bucks
and does (P = 0.442, Fig 3G), production type (P = 0.0133, Fig 5G), or breeds (P = 0.805, Fig
6G). There was a significant difference in the percentage of the QK222 genotype in goats in the
east region [1.0% with 95%CI = (0.5, 2.1)] compared to the west region [0.1% with 95%CI =
(0.0,0.4)] (P =0.005, Fig 4G; S1G Table).

No significant differences between percentages of operations with QK222 and QQ222
genotypes was observed at the operation level (Table 2; S2G Table).

Codon 240. At codon 240, 54.0% [95%CI = (50.6, 57.3)] of goats across 95.0% [95%CI =
(90.5, 97.5)] of operations were PP240 homozygous and 36.7% [95%CI = (33.6, 39.8)] of goats
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across 90.1% [95%CI = (84.5, 93.8)] of operations were PS heterozygous. The SS homozygote
was detected in 9.3% [95%CI = (7.9, 11.0)] of goats across 47.0 [95%CI = (40.4, 53.7)] of opera-
tions (Figs 2H and 7H).

Comparing the genotype frequencies at codon 240 no significant differences were exhibited
across gender (P = 0.392, Fig 3H), region (P = 0.135, Fig 4H), or operation (P = 0.240, Fig 5H).
Comparing the genotype frequencies at codon 240 significant differences among breeds was
detected (P<0.001, Fig 6H) with generally higher percentages in Oberhasli [78.3% with 95%CI
= (60.0, 89.6)] (across 97.9% of the 1.1% of operations overall that had any Oberhasli goats)
and Pygora [34.0% with 95%CI = (15.7, 58.7)] goats being $5240 homozygous. SS240 was
observed in 10% of goats of Other breeds, Angora, Nigerian dwarf, Nubian, Pygmy, and Boer
(Table 1; SIH Table).

No significant differences between percentages of operations with PS240 and SS240 geno-
types was observed at the operation level (Table 2; S2H Table).

Resistant genotypes

Considering the genotypes offering prolonged incubation period, rather than protection,
NS146, ND146, SS146, DD146, SD146, and QK222, 33.8% [95%CI = (29.6, 38.3)] of goats
across 72.8% [95%CI = (66.9, 78.0)] of operations displayed at least one of the resistant geno-
types (Figs 2I and 71).

Comparing the percentages of goats with any of the resistant genotypes versus the percent-
ages of goats without showed significant differences by gender (P = 0.033, Fig 31), operation
(P<0.001, Fig 5I), and breed (P<0.001, Fig 6I), but no significant differences by region
(P =0.113, Fig 4I). A higher percentage of does [34.7% with 95%CI = (30.3, 39.4)] had a resis-
tant genotype compared to bucks [24.4% with 95%CI = (26.3, 35.4)]. Similarly, a higher per-
centage of goats on meat operations [41.7% with 95%CI = (36.5, 47.2)] compared to goats on
dairy operations [18.2% with 95%CI = (14.2, 23.0)] had any resistant genotype. Savannah
[65.5% with 95%CI = (30.8, 89.0)], Boer [47.0% with 95%CI = (42.9, 51.1)], Spanish [34.4 with
95%CI = (30.9, 56.7)], and Nubian [38.6 with 95%CI = (29.8, 48.2)] breeds had higher percent-
ages of goats with any of the resistant genotypes. In addition, over 20% of Crossbred, LaMan-
cha, Toggenburg, Oberhasli, and Cashmere goats had any of the resistant genotypes as well
(Table 1; S1I Table).

At the operation level, a higher percentage of meat-producing operations [89.5% with 95%
CI = (81.3, 94.4)] had goats with any of the resistant genotypes compared with dairy operations
[52.1% with 95%CI = (40.2, 63.7)] or other operations [57.6% with 95%CI = (43.7, 70.4)]
(P<0.001; Fig 9T; S2H Table).

Resistant genotypes by goat gender. While the majority (99.9%) of operations had does,
approximately 63.0% of operations had bucks and 62.8% had both does and bucks. Consider-
ing the distribution of resistant genotypes across operations with each type of goat, approxi-
mately 69.5% (95%CI = (63.4, 75.0)] of the operations with does had does with any resistant
genotype. Approximately 21.3% [95%CI = (16.3, 27.3)] of all operations had resistant bucks.
Considering the operations that had both does and bucks, 17.9% [95%CI = (13.3, 23.7)] of
operations had both resistant does and resistant bucks. And, considering all operations, 72.8%
[95%CI = (66.9, 78.0)] had any goats with any of the resistant genotypes.

Clustering of genotypes

The ICCs for the prolonged incubation or resistant genotypes at each codon varied from
approximately 0.098 for the S127 genotypes to 0.239 for the S146 and N146 genotypes. The
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ICC for the combined S146, D146, and K222 genotypes was 0.225, and was primarily driven

by the genotypes at codon 146 (Table 3).

Population description

Using AMOVA, the percentage of variability in allele presentations were inferred from Nei
distances between goats and partitioned by the stratification variables from the sampling
design (State in which the animal resided, size of the operation, and primary production of the
operation, fully crossed), gender, breed, the State-breed interaction, and operation identifier.
Approximately 41.1% of the variability was explained by all the factors taken together. Using
Type I AMOVA sums of squares the stratification variables accounted for 11.1% of the vari-
ability, gender accounted for less than 0.1%, breed accounted for 10.0%, breed by State
accounted for an additional 5.6%, and between-operation variability accounted for the remain-
ing 14.0% of the explained variability. The effects of the stratification, breed, breed-State inter-
action, and operation were all statistically significant, based on permutation tests (P<0.001).
Using Anderson’s multivariate test for homogeneity of dispersion, there were significant dif-
ferences in dispersion by breed group (P<0.001). Given this observation, in the present study,
even differences between breeds with respect to dispersion are nearly as meaningful as differ-

ences between breeds with respect to location.

To further develop the analysis of the effect of breed on allelic presentations in the popula-
tion at the given codons, a correspondence analysis was performed on the breed-level,
weighted allelic frequencies. The cumulative projected inertia of the first two dimensions was
approximately 89.4% (68.8% and 20.6%), meaning approximately 89.4% of the variability in
allelic frequencies was explained by the first two dimensions in the reduction. The goats and
the codon alleles were both plotted on the first two dimensions in Fig 10A. The coordinates of
the variables (codon alleles) represent the approximate weighting represented in the particular
dimension. From Fig 10A, dimensions 1 and 2 are primarily influenced by the differentiation
of breeds by their presentation of the S146, the P240, the N146, and the 1142 alleles, which is
mirrored by the observed variability of descriptive proportions of goats by allele presentations
in panels D and H in Fig 6. The coordinates of breeds correspond to the relative distance to
other breeds according to the codon allele presentations. For example, Savannah and Boer
goats are more similar to one another compared to other breeds primarily because of their
similar presentations of goats with S146 alleles. Oberhasli, Pygora, and Sable goats are similar
to one another compared to other breeds primarily because of their presentations of goats with
S240 alleles. Likewise, Toggenburg goats are different from others primarily on the 1142 axis as
goats of that breed tended to display a higher rate of M 142 alleles compared with goats of

other breeds.

Table 3. Intraclass correlation coefficients (ICC) estimated at the goat operation level, by codon.

Codon Type of protection Allele

Intraclass correlation coefficient estimate

127 Prolonged incubation | GS, SS 0.098
142 Prolonged incubation | IM, MM 0.231
143 Prolonged incubation | HR, RR 0.185
146 Resistance NS, ND, SS, DD, SD 0.239
154 Prolonged incubation | RH HH 0.146
211 Prolonged incubation | RQ, QQ 0.147
222 Resistance QK, KK 0.113
240 Prolonged incubation | PS, SS 0.103
146, 222 | Resistance NS, ND, SS, DD, SD, QK, KK 0.225
https://doi.org/10.1371/journal.pone.0254998.t1003
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https://doi.org/10.1371/journal.pone.0254998.9010

Pairwise, weight-scaled Nei distances at the breed level are displayed in Fig 10B in the form
of a heatmap and in Fig 10C in the form of a neighbor-joining tree. The relative distance of
Oberhosli, Pygora, and Sable breeds are highlighted here, primarily because of the influence of
allelic presentations at codon 240. Toggenburg appears distant from a number of other breeds,
primarily due to its distance at the M 142 codon allele (along with Oberhasli). Similar results
can be found in the neighbor-joining tree in Fig 10C, though the bifurcations in the tree dia-
gram can be further explored using the full distance matrix in Fig 10B or the biplot in Fig 10A.

Discussion

The scrapie eradication program in sheep demonstrated that it is possible to substantially miti-
gate the prevalence of scrapie using PRNP genotype variabilities [39]; however, resistant alleles
were present in over 60% of the US sheep population in the early period of genetic testing for
sheep [9]. Despite the low incidence of scrapie in goat population [40], goats may still serve as
a scrapie reservoir; therefore, determining the appropriate candidate genotypes present in the
goat population will allow for breeding programs that promote scrapie resistance. Breeding
goats resistant to scrapie, while keeping valuable phenotypic traits, will help with eradication
efforts and can be a valuable tool for goat producers and industry stakeholders. This
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information is particularly helpful for operations that need to bring in large numbers of does,
which puts them at increased risk for scrapie introduction. Although PRNP genotypes have
been previously characterized in the U.S. goat population [26], estimates of allele and genotype
frequencies for the U.S. goat population have not been established. In this study, the genetic
variability of eight codons 127, 143, 146, 154, 211, 222 and 240 in the PRNP gene locus and the
differences in PRNP genotype frequencies were estimated in 6,029 goats representing 19 goat
breeds. This is the first large-scale population study involving apparently scrapie disease-free
goats from a large number of breeds and primary production type of operations in the U.S.

Similar to other studies, the genotypes that are associated with scrapie susceptibility
(GG127, HH143, NN146, RR154 and QQ222) were predominant across all goats
[14,22,26,41]. The relatively dominant homozygous genotypes over heterozygous genotypes
may be due to inadequate crossbreeding and nonrandom mating practices among U.S. goat
populations [42]. The wildtype allele $240 and its variant P240 are also commonly found
across all goats and divided equally between the two allele sequences except in Oberhasli,
Cashmere, and Toggenburg goats. A similar distribution of S240 and P240 has been reported
previously in Italian [41], Cyprus gats [22,43], Moroccan [26], Norwegian white [44], and U.S.
goats [26]. Association of the wild type alleles at codon 240 with scrapie resistance is weak
because this codon is most likely excluded during the PrP post-translational processing inside
the cell to generate the mature cellular protein and therefore cannot directly influence prion
misfolding processes [15,21,24,41,45].

According to previous studies, allelic frequencies vary widely across populations. The S127,
M142, R143, H154, S146, D146, H154, Q211, and K222 have been associated with scrapie
resistance or a prolonged incubation period of scrapie in goats [4,24,25,46]. However, the
resistant effect against scrapie was conferred by S146, D146, and K222 variants; and, therefore,
they are considered the most ideal candidates for selective breeding programs in goats [25,47].

In this study, the resistant NS146 genotype was found in 22.0% [95%CI = (19.1, 25.2)] of
goats across 68.6% [95%CI = (62.5, 74.1)] of operations. The NS146 was observed with varying
frequencies across goat breeds. The NS146 genotype presented in more than 20% of Savannah,
Boer, Nubian, LaMancha, Crossbred, and Cashmere goats and less than 5% of Alpine, Faint-
ing, Saanen, Oberhasli, Nigerian, Pygmy, Angora, and Pygora goats. The NS146 genotype was
most often observed in Savannah and Boer goat breeds, which have been mostly reared for
meat production in the U.S. Similarly, the NS146 genotype was previously reported in Boer,
Alpine, Fainting, LaMancha, Nubian, Pygmy, and Saanen goats from the U.S. and the UK
[4,26]. This study added the Savannah, Cashmere, Kiko, Toggenburg, Nigerian dwarf, Spanish
and Sable breeds to the list of known carriers of the resistant NS146 genotype. Another resis-
tant genotype of the same codon ND146 was observed in 25.4% of Spanish goats [95%CI =
(15.8,38.2)], and in 1.2% or less of Boer, Cashmere, Angora, and Kiko goats. Akis et al., (2020)
also reported a high frequency of the ND146 genotype in goats [42]. Comparisons between the
goats from different primary operation production types showed a different distribution of the
PRNP alleles with a higher percentage of the resistant genotypes in goats from meat operations
compared to goats from dairy operations; which, was mainly driven by the observation of the
NS146, ND146, and SS146 genotypes in higher percentages of Boer and Savannah goats. Resis-
tant genotypes at 146 were the most widely distributed across operations, being present on
72.3% [95%CI = (66.3, 77.5)] of operations, and had the highest percentage of bucks with
homozygous resistance, and therefore presents the greatest opportunity for building resistance
in the US goat population.

In line with other studies, no homozygous KK222 goats were detected in this study [11,45].
The QK222 genotype was relatively rare and was estimated to be found in less than one percent
of goats. Previous research in the U.S. reported the presence of K222 in only Toggenburg and
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LaMancha goats [26]. Our study added Alpine, Boer, Oberhasli, Saanen, Savannah, and Span-
ish breeds to the list of known carriers of the resistant K222 allele. Goats on operations in the
east region had significantly higher percentages of the K222 allele, primarily driven by the fact
that dairy operations are more frequently found in this region and the goat breeds that were
observed with the highest percentages of the K222 allele were primarily dairy breeds (Oberha-
sli and Toggenburg). The low percentage of the QK222 genotype was also detected previously
in goats, particularly in Saanen and Toggenburg goats [11]. In contrast, previous research in
Italy reported higher frequencies of the K222 allele in goat breeds from southern Italy which
may have occurred via breeding selection due to a higher prevalence of scrapie in goats in this
region [48]. Several experimental challenge studies have examined the protective effect of the
K222 allele against scrapie in goats. In the study of Acutis et al. (2012), all of the QK222 intra-
cerebral challenged goats remained alive and scrapie disease free up to 4.5 years post inocula-
tion [45]. Similarly, in the study of Lacroux et al. (2014), all QK222 heterozygous goats
remained scrapie disease free up to approximately 6.8 years after scrapie oral inoculation [49].
Given the low percentage of the K222 allele in the U.S. goat population, breeding for scrapie
resistance using the K222 allele will be challenging and therefore may require a stringent
breeding strategy in breeds where the K222 allele is present. However, given the increased
presence of the NS146 allele in a variety of goat breeds, it may be a promising allele to breed
scrapie resistance into a higher number of U.S. goats. Alternatively, enhanced reproductive
techniques, including artificial insemination could be an option in goat breeds that have the
K222 allele present in low numbers to initially augment the number of animals with the pro-
tective allele. This could then be followed up with a more general breeding program to increase
the resistance against scrapie.

Other alleles that were associated with increasing the scrapie incubation period (e.g., S127,
M142, R143, H154, and Q211), previously reported in U.S. goats [26], were observed with
varying frequencies in this study. Goats from the east region had a higher rate of RH154 and
RQ211 genotypes. Similarly, the phylogeographic genetic structure has been previously dem-
onstrated in goat breeds from different geographic regions [41,50,51]. In the study of Acutis
et al., (2008), the genetic distance analysis revealed that the PRNP alleles of goats from north-
ern locations differed than the goats from southern locations in Italy [41]. Similar differentia-
tion between Italian goat breeds from northern and southern locations were obtained in a
study that assessed PRNP genetic structure related to geographic distribution in European and
Middle Eastern goat breeds using microsatellite and SNP markers [52]. Accordingly, the key
determinants of the PRNP genetic variability are linked to the geographic origin of goat breeds
combined with their population structure and the used breeding program that mainly depend
on inbreeding strategies, that later results in genetic distinction of goat breeds [42,51,53].

Although not substantially different, the GS127 genotype was more common in Saanen and
Sable goats compared with other goat breeds. According to a previous epidemiological study
and in an experimental challenge, allele S127 appeared to give some protection against goat
scrapie by delaying the appearance of clinical signs and increasing the incubation period when
compared to wild-type goats [4,54]. A higher percentage of IM142 and MM142 genotypes
were observed in Sable, Toggenburg, and Alpine goats, but these genotypes were absent in
Cashmere, Pygmy, and Pygora goats. Similarly, the M142 variant had previously been found
in Alpine, Toggenburg, Oberhasli, and LaMancha goats [26], and has been associated with
lengthened scrapie incubation periods [14,21]. The mechanistic explanation of how the IM142
genotype plays a role in lengthening the incubation period of scrapie after experimental infec-
tion or increased scrapie resistance under natural conditions is still under investigation; how-
ever, it is likely related to the mutation in this allele that affects the conversion kinetics of PrP“
to PrPS° [44].
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The R143 allele was detected in all examined goat breeds except Pygora and Sable goats.
More than 20% each of Nigerian dwarf, Pygmy, Boer, and Savannah goats displayed the
HR143 genotype while less than 5% each of Nubian, Toggenburg, Oberhasli, Saanen, Alpine,
and Angora goats were HR143. Similarly, R143 allele had previously been found in goats
located in Greece, the UK, and Japan and has been associated with resistance to scrapie
[3,16,18]. In contrast, the study by Acutis et al. (2006) revealed no association of genotype
HR143 with scrapie resistance in Italian goats [24]. This inconsistent result is therefore inade-
quate to support the role of the R143 allele in future breeding program to enhance scrapie
resistance.

The RH154 genotype was found in a higher percentage of Fainting goats [16.6% with 95%
CI = (6.3, 37.1)], Saanen [2.6% with 95%CI = (1.0, 6.8)], and Kiko goats [1.3% with 95%CI =
(0.4, 3.9)] and less than 1.0% in all other specific, tested goat breeds. Similarly, RH154 genotype
was detected at a high rate in both Afar and Arsi-Bale goat breeds [53]. Previous studies
showed that the RH154 genotype confers an incomplete protection against scrapie in goats
and showed similar frequencies in both scrapie-affected and healthy goats [22,24]. In contrast,
the study by Lacroux et al. (2014) revealed that the RH154 genotype provide protection against
scrapie after oral exposure [49]. The H154 allele is of particular interest because it is present in
both the ovine and caprine PRNP gene and has been correlated with high susceptibility to the
atypical scrapie in sheep, suggesting that it could be a risk factor for atypical scrapie in goats
[14].

The RQ211 was present in most of the U.S. goat breeds with a higher rate in Sable, Oberha-
sli, Kiko, Alpine, LaMancha, Saanen, and Spanish goats and higher rates in goats from the east
region. In other studies, the Q211 allele showed a different profile in goat breeds from different
geographical locations with higher rate In Italian Pantellaria goats [42,55]. The RQ211 was
also previously observed in U.S. goats [26], and has been associated with increasing the scrapie
incubation period [22,43]. Similarly, epidemiological and experimental studies have indicated
that the Q211 allele is associated with partial scrapie resistance, but scrapie positive cases in
Q211 goats have been regularly found [56].

The most effective distribution of resistant genotypes throughout the goat population is
through the mode of resistant bucks. From this study, it is estimated that 24.4% [95%CI =
(17.4, 33.3)] of bucks accounting for just under a quarter of all operations [21.3% with 95%CI
= (16.3, 27.3)] had bucks with resistant genotypes at codons 146 or 222, which represents a
good baseline from which a growth of resistant bucks across U.S. goat operations could occur.
Additionally, the results from this study suggest that a substantial portion of the overall differ-
ences in PRNP genetic diversity can be attributed to goat breeds, overall (10.0% of variability
across allelic presentations across codons) and within State (5.6% of variability explained),
after accounting for State, size, and primary production type of the operation, though there is
still a substantial amount of residual variability between operations. In fact, the low intraclass
correlation coefficients, ranging only from 9.8 to 23.9 across codons, and the relatively higher
percentage of operations [72.8% with 95%CI = (66.9, 78.0)] with any goats with resistant geno-
types (S146, D146, or K222) compared to the percentage of goats with resistant genotypes
[33.8% with 95%CI = (29.6, 38.3)] supports this finding that resistant genotypes tend to occur
at a shallow level on operations but more broadly across operations in the U.S.

Collectively, within the U.S. goat population there are goats with PRNP sequences that are
associated with prolonged incubation periods and scrapie resistance, and the resistance associ-
ated alleles could be used to support breeding programs for enhanced scrapie resistance in
goats reared in the U.S. It is therefore important to further investigate the caprine PRNP
genetic variability using more herds naturally exposed to scrapie to clarify the association
between PRNP genotypes and scrapie resistance or susceptibility. Additionally, further studies
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are needed to evaluate the protective level of PRNP genotypes in homozygous and heterozy-
gous goats for an accurate assessment of breeding strategies to increase scrapie resistance in
goats.
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