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Alpacas are one of four South American Camelid species living in the highlands of the Andes. Production of alpaca fiber contributes to the economy of the region and the livelihood of many rural families. Fiber quantity and quality are important and in need of a modern breeding program based on genomic selection to accelerate genetic gain. To achieve this is necessary to discover enough molecular markers, single nucleotide polymorphisms (SNPs) in particular, to provide genome coverage and facilitate genome wide association studies to fiber production characteristics. The aim of this study was to discover alpaca SNPs by genotyping forty alpaca DNA samples using the BovineHD Genotyping Beadchip. Data analysis was performed with GenomeStudio (Illumina) software. Because different filters and thresholds are reported in the literature we investigated the effects of no-call threshold (≥0.05, ≥0.15, and ≥0.25) and call frequency (≥0.9 and =1.0) in identifying positive SNPs. Average GC Scores, calculated as the average of the 10% and 50% GenCall scores for each SNP (≥0.70) and the GenTrain score ≥ 0.25 parameters were applied to all comparisons. SNPs with minor allele frequency (MAF) ≥ 0.05 or ≥ 0.01 were retained. Since detection of SNPs is based on the stable binding of oligonucleotide probes to the target DNA immediately adjacent to the variant nucleotide, all positive SNP flanking sequences showing perfect alignments between the bovine and alpaca genomes for the first 21 or 26 nucleotides flanking the variant nucleotide at either side were selected. Only SNPs localized in one scaffold were assumed unique. Unique SNPs identified in both reference genomes were kept and mapped on the Vicugna_pacos 2.0.2 genome. The effects of the no-call threshold ≥ 0.25, call frequency = 1 and average GC ≥ 0.7 were meaningful and identified 6756 SNPs of which 400 were unique and polymorphic (MAF ≥ 0.01). Assignment to alpaca chromosomes was possible for 292 SNPs. Likewise, 209 SNPs were localized in 202 alpaca gene loci and 29 of these share the same loci with the dromedary. Interestingly, 69 of 400 alpaca SNPs have 100% similarity with dromedary.

Keywords: alpaca, bovine, SNP, genotyping, polymorphic

INTRODUCTION

Alpacas are an important animal resource living in the highland areas of the Andes. They provide fiber, skins, meat and manure for agricultural production and, along with llamas, are a cornerstone of cultural heritage. Peru hosts about 85% of the worldwide alpaca population of which 80% belong to the Huacaya type, 12% to the Suri type and 8% are intermediate Ministerio de Agricultura y Riego [MINAGRI] (2017). Alpacas are kept mainly for fiber production and meat is a secondary product. Production of alpaca fiber contributes to the regional economy and is in high demand by the textile industry. In 2015 fiber production reached 4,478t at national level, of which 90% was for export market and 10% for the Peruvian market. Individual alpaca breeding program initiatives by private companies, NGOs and farmer cooperatives aimed to improve fiber quality by reducing fiber diameter. Much could be gained with the application of genomic selection to accelerate genetic gain. However, there is still limited information about the alpaca genome organization and a paucity in developing molecular markers necessary for the application of modern animal selection programs.

Several advances in the understanding of the organization of the alpaca genome have occurred in the last decade. The alpaca genome has been sequenced by two separate research groups at a depth of ∼22X (Warren et al., 2013) and 72.5X (Wu et al., 2014). Their corresponding genome assemblies are publicly available. Similarly, chromosomal identification of syntenic regions between human, bovine and camelid by Zoo-FISH have allowed the preliminary assignment of alpaca genome scaffolds to specific alpaca chromosomes (Balmus et al., 2007). Avila et al. (2014) extended the latter, by developing the first cytogenetic map containing 230 chromosomally localized molecular markers and genes. However, there is still a limited number of available molecular markers (Pérez-Cabal et al., 2010; Paredes et al., 2014) and subsequently a very limited number of association studies of genetic markers to production traits in alpacas have been performed (Guridi et al., 2011; Paredes et al., 2014; Chandramohan et al., 2015). Therefore the identification of additional single nucleotide polymorphisms (SNPs) is necessary to improve the SNP coverage across the genome (Munyard et al., 2009), to increase the possibility of identifying linkage disequilibrium between markers and therefore to perform genome-wide association analyses with production traits (Hayes and Goddard, 2010; Dekkers, 2012).

The lack of SNP microarrays for non-model organisms has led to test commercially available SNP microarrays of closely related species to discover common SNPs. Slate et al. (2009) have reviewed alternatives to cross-species application of commercial SNP chips for SNP discovery. Most are labor intensive, high cost, and yield low numbers of SNP in comparison to genotype-by-sequencing (GBS) methods that yield abundant species-specific SNPs at low cost (Miller et al., 2012). However, GBS is prone to higher calling rate errors than genotyping with SNP chips because it relies on pooling random sequence information from several individuals and loci increasing the probability of low coverage for some individual/locus combinations. SNP chips, on the other hand, have the advantage that each locus is present multiple times in the chip and genotypes are called by averaging over all of the individual calls per SNP, resulting in accurate genotype calls (Oliphant et al., 2002). Another advantage of SNP chips is the evaluation of the same loci across all individuals per experiment, which is possibly more difficult to achieve with GBS within experiment and across experiments. The latter is because GBS methods are based on generating sequencing libraries with restriction enzyme digested DNA that leads to variance representation of loci among individuals. Some of these limitations could be overcome by genotype imputation (Li et al., 2009) if a reference panel of genotypes is available. The latter is mostly lacking for non-model organisms.

The main purpose in using commercially available SNP chips is the identification of conserved cross species SNPs, reported in the literature as cross-species amplification, cross-amplification or cross-species genome-wide arrays. For example, Malhi et al. (2011) genotyped seven old world monkey species using an Illumina Golden Gate Array of Macaca mulatta, a closely related species, reporting 173 polymorphic SNPs. Likewise, Miller et al. (2012) studied the relationship between the successful applicability of cross-species SNP microarrays and evolutionary time using OvineSNP50, BovineSNP50 and EquineSNP50 BeadChips to identify SNPs in target wild species. They reported that the call rate decreased ∼1.5% per each million years of divergence time between species and the polymorphism retention of SNPs declined exponentially leveling off after about 5 Myr of divergence. Moreover, SNP genotyping in wood bison, plains bison and European bison (Pertoldi et al., 2010), scimitar-horned and Arabian oryx (Ogden et al., 2012) were performed using the Illumina BovineSNP50 BeadChip, reporting 1524, 1403, 929, 148, and 149 polymorphic SNPs, respectively. SNP genotyping in dromedary was performed using the Illumina Bovine 777K SNP BeadChip and the Illumina Ovine 600K SNP BeadChip microarrays (Bertolini et al., 2017), reporting 29900 bovine and 14179 ovine SNPs successfully genotyped.

Kharzinova et al. (2015) also reported that 43.0 and 47.0% of all SNPs in the Illumina BovineSNP50 BeadChip and the Illumina OvineSNP50 BeadChip, respectively, could be genotyped in reindeer. In addition, Haynes and Latch (2012) and Moravèíková et al. (2015) reported that 38.7 and 53.89% of the SNPs in the Illumina Bovine SNP50 BeadChip, respectively, were identified in cervids, in at least 90% of individuals, despite 25.1–30.1 million years divergence between Bovidae and Cervidae (Hassanin and Douzery, 2003). Furthermore, Hoffman et al. (2013) reported that 19.2% of all SNPs of the Illumina CanineHD BeadChip could be genotyped in seals, and reported 173 polymorphic SNPs despite a phylogenetical divergence time of around 44 million years. Therefore, the use of SNP microarrays of species with well-studied genomes have the potential to identify SNPs in related and widely diverged species.

Interestingly, all of the reported cross species analysis used different versions of GenomeStudio (Illumina, United States) and were not comparable as each research group gave different weights to parameters used to generate their genotyping results. Haynes and Latch (2012) and Moravèíková et al. (2015) used a Call Frequency (Call Freq) ≥ 0.9 while Pertoldi et al. (2010) and Kharzinova et al. (2015) used a Call Freq = 1. Call Frequency was calculated as the number of genotype calls divided by the sum of no-calls and calls for each SNP. Lower Call-Frequency increases accuracy (Oliphant et al., 2002). Aiming at increasing the stringency of the analysis other research groups considered GenTrain score ≥ 0.25 (Hoffman et al., 2013) or the average GC score (average GC) ≥ 0.7 (Bertolini et al., 2017). The GenTrain score takes into account the quality and shape of the genotype clusters (Figure 1) and their relative distances from one another for each SNP while the average GC is calculated for each SNP as the average of the 10th percentile and 50th percentile of the distribution of GenCall scores.


[image: image]

FIGURE 1. Single nucleotide polymorphisms (SNPs) from the BovineHD Genotyping Beadchip that cross-amplify in alpacas. Genotypes are called for each sample (dot) by their signal intensity (Norm R, Y-axis) and Allele Frequency (Norm Theta, X-axis) relative to canonical cluster positions (dark shading) for a given SNP marker (red = AA, purple = AB, blue = BB). Black points represent no call samples. Polymorphic SNP genotype cluster patterns (A–C) selected with Method VI are presented. Difficult to interpret genotype cluster patterns (D,E) that were not retained are also shown and a monomorphic genotype cluster pattern (F) present among the 6756 positive SNPs.



Given the above experiences, the aim of this study was to evaluate SNP genotyping in alpacas using the BovineHD Genotyping Beadchip (Illumina, United States), in spite of 42.7 million years of evolutionary divergence between these two species (Wu et al., 2014) and to evaluate the different analysis methods reported in the literature.

MATERIALS AND METHODS

DNA Samples and Genotyping

Blood samples from 40 Huacaya type alpacas (4 females and 36 males) were collected by venipuncture and transferred to FTA cards. Organic DNA extraction and genotyping was done at Neogen-Geneseek laboratories (United States). Samples were genotyped using the BovineHD Genotyping Beadchip (777962 SNPs, Illumina). The sample set of unrelated animals originated from two geographical distinct Andean regions and from two separate alpaca farms within region, Chagas Chico and San Pedro de Racco in the central Andes and INCA TOPS S.A. and MICHELL & CIA S.A in the most southern Andes. The number of animals used for this study was determine to be the minimum necessary to identify SNPs with minor allele frequency (MAFs) = 0.0125 that will allow to observe at least one heterozygous genotype per sample and per SNP.

Data Analysis

Bioinformatics analysis was performed at the Universidad Nacional Agraria La Molina, Lima, Peru. The software GenomeStudio 2011.1 (Genotyping module version 1.9.4, Illumina, United States) was used to analyze the genotyping reports. GenomeStudio normalizes the intensities of signals for each locus and assigns a cluster position for each sample. Three parameters, no-call threshold, call frequency, and average GC were evaluated. No-call threshold or GenCall score cutoff is a quality metric calculated for each genotype (data point) and ranges from zero to one. GenCall scores decrease in value the further they are from the center of the cluster to which they are associated (Figures 1A–C). A no-call threshold of 0.15 is normally used for analysis of Infinium data when genotyping the same species. Hence, genotypes with GenCall scores less than 0.15 are not assigned genotypes because of being far away from the center of a cluster and therefore are categorized as a no call for the locus (Figures 1D,E; black dots). Call Frequency is calculated as the number of genotype calls divided by the sum of no-calls and calls for each SNP. The average GC is the simple average of the 50%GC and the 10%GC scores calculated for each SNP, where the 50%GC score represent the 50th percentile of GenCall scores across all called genotypes and the 10%GC score represents the 10th percentile. The parameters of call frequency, 50%GC and 10%GC evaluate the quality and performance of DNA samples within an experiment. Our analysis was performed using seven combinations of values for the latter three parameters. These seven combinations are labeled as Methods and are presented in Table 1. These methods aimed at comparing the effect of call frequency 0.9 and 1 under different no-call threshold values of ≥0.05 (Method I and Method II), ≥0.15 (Method III and Method IV) and a more stringent no-call threshold ≥0.25 (Method V, Method VI. and Method VII; Hoffman et al., 2013) in selecting SNPs. The average GC score calculated for each SNP ranks the genotype call signal from 0 (bad) to 1 (good) (Bertolini et al., 2017). We have used an average GC score value of ≥0.7 for all methods except Method VII. Similarly, a GenTrain score ≥ 0.25 (Hoffman et al., 2013) was used for all methods evaluated. The GenTrain score, calculated for each SNP by GenomeStudio, takes into account the shape of the genotype cluster and their relative distance from one another within a cluster. For all methods, positive SNPs with MAF ≥ 0.01 were retained as polymorphic SNPs.

TABLE 1. Parameter values used for each method of analysis.
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Alignment of Flanking Sequence of Alpaca Positive Bovine SNPs With Reference Alpaca Genomes

To confirm that discovered alpaca SNPs were indeed polymorphic, two alpaca genome assemblies [Vicugna_pacos-2.0.2, GCA_000164845.3, with 22X coverage and assembled into 3374 scaffolds (KB632434-KB635807); and Vi_pacos_V1.0, GCA_000767525.1, with 72.5X coverage and assembled into 4322 scaffolds (KN266727–KN271048)] were used to align flanking sequences of alpaca positive polymorphic bovine SNPs for each method under comparison.

Microarray genotyping of SNPs result from hybridizing denatured fragments of the DNA being genotyped (target DNA) to 50 bp long SNP probes anchored on beads within a microarray chip. We hypothesize that for the identification of positive SNPs at least the first 21 to 26 nucleotides flanking the polymorphic nucleotide of the probe would need to be 100% similar to the target DNA, allowing for the rest of the probe and target sequences less than perfect similarity while permitting the priming extension of the probe fragment by the polymerase. This latter hypothesis is supported in part by Sechi et al. (2009) who reported that increased sequence divergence (mismatches) toward the 3′ end of the probe immediately flanking the variant nucleotide would have the greatest destabilizing hybridization effect resulting in no calls. Therefore, the 5′ end sequences used for BLAST analysis started at the 20th or 25th nucleotide 5′ to the polymorphic nucleotide and ended with allele A or allele B of the polymorphic nucleotide at the 3′ end. Conversely, the 3′ end flanking sequences were read on the negative DNA strand, started at the allele A or allele B of the polymorphic nucleotide, and ended at the 20th and 25th nucleotide at its 5′ end. These alignments were performed using the BLAST (blastn-short task) software of the Galaxy Platform hosted at the Minnesota Supercomputing Institute (University of Minnesota). SNPs flanking sequences that showed perfect alignments were selected, and a list with these SNPs was generated for each alpaca reference genome. Only SNPs that were unique and detected in both reference genomes were retained. Since only 100% sequence similarity between a positive bovine SNP and the alpaca genome was observed for the first 20 or 25 nucleotides flanking the variant nucleotide, the rest of the sequence to generate the 101 nucleotide sequence of alpaca SNPs was retrieve from the Vicugna_pacos 2.0.2. Hardy–Weinberg equilibrium, based on genotype distributions for each SNP, was evaluated with Genpop (Rousset, 2017) and ChiTest_p100 (Illumina Proprietary, 2008). Finally, these SNPs were assigned to alpaca chromosomes based on chromosome syntenies between cattle and camelid as described by Balmus et al. (2007) and scaffold assignments to chromosomes as described by Avila et al. (2014). Since, the phylogenetic analysis done by Kadwell et al. (2001) suggested a Latin name change for alpacas to Vicugna pacos; we have adopted the acronym VPA for alpaca chromosomal naming in this manuscript.

Identification of Nearest Genes to Alpaca Polymorphic SNPs and Alpaca/Dromedary SNPs

The Vicugna_pacos 2.0.2 reference genome was used to identify the most proximal gene to each polymorphic SNPs. A list of these genes was develop and used for gene ontology (GO) analysis1 for biological process GO terms. Similarly, we aligned alpaca polymorphic SNP sequences to the dromedary reference genome (PRJNA234474_Ca_dromedarius_V1.0, GCF_000767585.1) to assess SNP sequence conservation between alpaca and dromedary.

RESULTS

The number of bovine SNPs yielding positives signals are reported in Table 2 for each of the analysis methods as described in Table 1. As expected, the parameters call frequency and no-call threshold had an inverse effect on the total number of positive SNPs, decreasing in number as no-call threshold and call frequency increased. Out of the 777962 SNPs analyzed 68.1, 47.3, and 33.7% were detected with a call frequency of 0.9 (Methods I, III, and V), while 14.3, 5.1, and 3.0% were detected with a call frequency of 1 (Methods II, IV, and VI, respectively). However, when average GC ≥ 0.7 was applied, a further reduction of positive SNPs was observed with 2.9, 1.5, 3.2, 1.1, 3.3, and 0.9% for Methods I, II, III, IV, V, and VI, respectively.

TABLE 2. Number of positive SNPs by method.
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The percentage decrease in positive SNPs observed between Methods I and II is 21.0%, Methods III and IV is 10.7%, and Methods V and VI is 8.9%. Hence, the percentage difference of positive SNPs within a no-call threshold value decreases as the call frequency increases. However, this decrease is less pronounced as the no-call threshold increased. The differences of detected SNPs between Method I and Method II (53.8%), Method III and Method IV (42.3%) and, Method V and Method VI (30.7%), suggested that the effect of call frequency decreases when the no-call threshold increases.

The comparison of results between Methods VI and VII illustrate the effect of the average GC parameter. The number of retained SNPs in Method VI is 6756 representing a reduction of 71.2% when compared to Method VII. Hence, the effect of the average GC parameter was important in reducing the number of false positive SNPs. The GenTrain score ≥ 0.25 did not show any effect on the number of retained SNPs when the average GC ≥ 0.7 was applied. In Supplementary Table S1 we present the minimum, maximum, mean, and standard deviation scores of average GC and GenTrain score observed for each method. However, we did not test if these latter two parameters are interchangeable.

Significant reduction in the number of SNPs retained was observed when SNPs with MAF ≥ 0.05 are selected going from 91% reduction for Method I to 96% for Method VI. Under the conditions of our analysis, Method VI showed the highest stringency and identified 6756 SNPs with MAF ≥ 0.01.

In Table 3 we present results obtained from the alignment of all retained SNPs, with MAF ≥ 0.05, to both alpaca reference genomes. Likewise, similar analysis is presented for Method VI for SNPs with MAF ≥ 0.01.

TABLE 3. Number of positive bovine SNPs aligned to the alpaca reference genomes.
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Out of all the polymorphic SNPs with MAF ≥ 0.05 presented in Table 2, 5.3, 5.6, 4.6, 6.1, 5.0, 6.9 and 8.0%, were aligned to the Vicugna_pacos-2.0.2 genome assembly for Methods I, II, III, IV, V, VI, and VII, respectively. Moreover, 5.3, 5.2, 4.5, 5.6, 5.0, 6.6, and 7.7% were aligned to the Vi_pacos_V1.0 genome assembly for Methods I, II, III, IV, V, VI, and VII, respectively. Some of the SNPs with MAF ≥ 0.05 presented in Table 2 were identified in more than one scaffold and a few were repeated within a single scaffold. Therefore, only 4.0, 4.0, 3.6, 4.2, 4.0, 5.8, and 6.3% were unique and were common to both genomes, for Methods I, II, III, IV, V, VI, and VII, respectively.

From the unique SNPs identified for each method we could only assigned 57, 29, 49, 15, 45, 13, and 98 SNPs to alpaca chromosomes for Methods I, II, III, IV, V, VI, and VII, respectively. These assignments are based on chromosome homology between cattle and camelid described by Balmus et al. (2007) or based on the cytogenetic map information developed by Avila et al. (2014).

Since the no-call threshold, call frequency, and average GC parameters were more stringent for Method VI, we selected the 400 unique SNPs with MAF ≥ 0.01 common to both reference genomes as a new set of alpaca SNPs identified in this study. The MAFs of these SNPs ranged from 0.0125 to 0.075 of which 342 SNPs had a MAF = 0.0375 (Supplementary Table S2) and only seven SNPs were not in Hardy–Weinberg equilibrium.In Figure 1 we present three examples of selected unique and three unselected SNPs obtained with Method VI. All 400 SNPs showed the classical genotype cluster pattern expected from polymorphic SNPs (Figures 1A–C) while the unselected showed difficult to interpret genotype cluster patterns (Figures 1D,E) with the exception of monomorphic SNPs (Figure 1F). Of the 400 unique SNPs, 292 SNPs were assigned to alpaca specific chromosomes (Figure 2 and Supplementary Table S2). Interestingly, no SNP was assigned to VPA19.
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FIGURE 2. Distribution of positive and unique SNPs in alpaca chromosomes by predicted localization.



Of the 400 polymorphic 209 were localized within 202 annotated alpaca genes (Vicugna_Pacos-2.0.2) and 69 of 400 SNPs showed perfect flanking alignment of 101 nucleotides between alpaca and dromedary. Moreover, 29 SNPs of the 69 SNPs were localized in similarly annotated dromedary and alpaca genes (Supplementary Table S3). The ontology analysis of the 202 annotated genes displays five GO terms that were enriched for genes at the polymorphic SNPs. The five GO terms identified were, (1) positive regulation of synaptic transmission (10 genes), (2) cell morphogenesis (20 genes), (3) cell adhesion (24 genes), (4) generation of neurons (35 genes), and (5) regulation of multicellular processes (52 genes). The majority of these genes are involved in biological developmental processes.

DISCUSSION

The application of genome wide association studies (GWASs) studies to alpacas will only be possible when enough SNPs are identified to provide a reasonable coverage of their genome. This study tested a cross hybridization approach for the identification of conserved polymorphic cattle/alpaca SNPs using the available BovineHD Genotyping Beadchip. The assessment of combination of scores for no-call threshold, call frequency and average GC yielded an optimum method that identified 400 conserved polymorphic SNPs. However, these latter SNPs are affected by ascertainment bias because of our small sample population and lack of information as to whether the SNPs originate from coding or non-coding regions that influence their minor allele frequencies. This small sample population will allow to detect SNPs with MAF ≥ 0.0125 therefore rare SNPs will not be represented. It has been suggested by Hoffman et al. (2013) that SNPs cross-amplified from high-density arrays might be enriched for conserved genomic regions retaining ancestral polymorphisms. However, the commercially available Bovine HD SNP chip we used in this study was designed to provide uniform genome coverage with evenly spaced SNPs and therefore it can be inferred that our discovered SNPs are selectively neutral. Nielsen (2004) provides a thorough review on ascertainment bias for SNP data.

One measure of genotyping success is the SNP conversion rate defined as the proportion of all genotyped SNPs showing clear genotyping clusters (Figures 1A–C). Our conversion rate was very low (0.008%) and is in line with observed conversion rates for cross hybridization genotyping experiments (Hoffman et al., 2013). The 400 polymorphic SNPs remain to be validated by genotyping a different and larger alpaca population sample.

Data Analysis

The percentage of SNPs identified in at least 90% of samples by Method I and Method III was higher, 68.1 and 47.3%, respectively, than those SNPs found in the genotyping of deers (38.7%, Haynes and Latch, 2012). Moreover, the percentage of SNPs in Method I was also higher than those SNPs reported in cervids (53.9%, Moravèíková et al., 2015) using the Illumina BovineSNP50 Bead Chip. However, the percentage of SNPs observed using a more stringent no-call threshold (Method III) was less than these reports.

The percentages of SNPs identified with call frequency = 1 in Methods II (14.3%), IV (5.1%), and VI (3.0%) were less than those found in the genotyping of bisons (97.0%, Pertoldi et al., 2010) using the Illumina BovineSNP50 Bead Chip, and reindeers (43.0%, Kharzinova et al., 2015) using the Illumina BovineSNP50 v2. Bead Chip.

The percentages of SNPs identified with call frequency = 1 and selected based on their average GC ≥ 0.7 in Methods II (1.5%), IV (1.0%), and VI (0.9%) are less than those found in the genotyping of camels (3.8%, Bertolini et al., 2017) using the Illumina Bovine 777K SNP BeadChip. This could be due to higher heterogeneity of the dromedary sample in comparison to our alpaca sample set and/or in part determined by higher false positives identified in the dromedary-bovine cross hybridization experiments as stated by Bertolini et al. (2017).

The effects of the no-call threshold ≥ 0.25, call frequency = 1 and average GC ≥ 0.7 were significant in reducing the number of positive SNPs. However, under the conditions imposed by our analysis the use of GenTrain score threshold ≥ 0.25 (Hoffman et al., 2013) did not have any effect on the identification of positive SNPs in all methods at an average GC ≥ 0.7. However, it cannot be discarded that the GenTrain score threshold ≥ 0.25 might have a similar effect if it is used in substitution of the average GC ≥ 0.7 parameter.

The percentage of polymorphic SNPs in Methods II (1.5%), IV (1.1%), and VI (0.9%) is less than those found in the genotyping of deers (2%, Haynes and Latch, 2012), bisons (4.1%, Pertoldi et al., 2010), cervids (2.8%, Moravèíková et al., 2015), reindeers (2.3%, Kharzinova et al., 2015), and camels (3.6%, Bertolini et al., 2017). When a call frequency of 0.9 was used [Methods I (2.3%), III (3.2%), and V (3.3%)], the percentage of retained SNPs was higher in comparison to those reported by Haynes and Latch (2012); Kharzinova et al. (2015), and Moravèíková et al. (2015). In addition, the number of SNPs with MAF ≥ 0.05 were rare among the 40 samples analyzed.

Method VI identified 6756 SNPs with MAF ≥ 0.01 of which 400 showed perfect flanking alignment of 20 or 25 nucleotides adjacent to the polymorphic nucleotide and were further analyzed by manually observing their genotype cluster distributions where at least one sample was identified as heterozygous for each SNP. When applying the exponential polymorphic decay function developed by Miller et al. (2012) to our findings, the expected percentage of polymorphic SNPs is 0.000515% and our observed 6756 SNPs with MAF ≥ 0.01 identified with Method VI represent 0.008684%, which is 16.5 times higher than expected. However, this observed number of SNPs could represent an overestimate since we have not ascertained the polymorphic status of each of these putative SNPs. However, the 400 polymorphic SNPs reported in this study represent 0.000514%, which is similar to the calculated expected percentage of polymorphic SNPs obtained with the exponential decay function formula developed by Miller et al. (2012). Examples of polymorphic SNPs discovered in this study are presented in Figures 1A–C, showing the genotype cluster distributions of positively identified SNPs. For illustration purposes, we also present cluster distributions of two SNPs that are difficult to interpret and were not retained (Figures 1D,E) with our analysis as well as a monomorphic SNP (Figure 1F). The so-called monomorphic SNPs, represent alpaca DNA fragments that have hybridized to specific probes in the SNP chip and are homozygous for the A or the B alleles in the sample population. These monomorphic SNPs could also be referred as false negatives. Monomorphic SNPs could very well be polymorphic SNPs if a larger sample set or a different sample set is used.

Only 292 out of the 400 polymorphic SNPs were mapped to alpaca chromosomes and 108 (27%) could not be assigned to chromosomes with available indirect methods (Balmus et al., 2007; Avila et al., 2014). The absence of SNPs assigned to VPA19 and the low number of SNPs (≥5) assigned to 14 other chromosomes is difficult to explained with our available data. In this study, all SNPs identified using Method VI were located across all bovine chromosomes (Supplementary Figure S1). Bertolini et al. (2017) also reported this latter distribution for dromedary SNPs. In this study, of SNPs identified by less stringency methods (Method I and Method III) localized one bovine SNP (BovineHD1300018765) on VPA19. Hence, we believe that the observed distribution of SNPs across chromosomes is due to the stringency applied in Method VI and our inability to chromosomally assigned 27% of the identified SNPs based on the level of resolution of the methods used, in this study, to infer alpaca chromosomal assignments.

A comparison of the 400 SNP sequences between alpaca and dromedary identified 209 of the 400 SNPs to be localized within 202 annotated alpaca genes (Vicugna_Pacos-2.0.2) and 69 SNPs showed perfect flanking alignment of 101 nucleotides between alpaca (Vicugna_Pacos-2.0.2) and dromedary (PRJNA234474_Ca_dromedarius_V1.0, GCF_000767585.1). Moreover, 29 SNPs out of the 69 SNPs were localized in similarly annotated dromedary and alpaca genes (Supplementary Table S3). An ontology analysis of the 202 annotated gene display five GO terms were identified as enriched for genes at the polymorphic SNPs that were Bonferroni corrected for P < 0.05. The five GO terms identified were positive regulation of synaptic transmission (10 genes), cell morphogenesis (20 genes), cell adhesion (24 genes), generation of neurons (35 genes), and regulation of multicellular processes (52 genes). The majority of these genes are involved in biological developmental processes. It is possible that for this latter reason they exhibit sequence conservation between alpaca and bovine that would explain the conserved retention of polymorphic SNPs at these loci. However, because of our small sample size and small number of genes associated to polymorphic SNPs, the latter analysis should be treated with caution.

CONCLUSION

In spite of 42.7 million years of evolutionary divergence between cattle and alpacas (Wu et al., 2014), the application of the cross hybridization approach for the identification of polymorphic alpaca SNPs, based on the use of the BovineHD Genotyping Beadchip (Illumina), was successful. The comparison of different filtering methods indicated that no-call threshold, call frequency and average GC are important parameters to consider for the successful identification of polymorphic SNPs in cross hybridization experiments. Based on our results, the filters of no call threshold ≥ 0.25, call frequency = 1, average GC ≥ 0.7, and GenTrain score ≥ 0.25 are recommend for detection of SNPs in non-model species. The application of these filters allowed the identification of 6756 alpaca SNPs of which 400 are polymorphic and 292 SNPs were assigned to alpaca chromosomes. Further, 209 SNP were localized in 202 alpaca gene sequences and 29 of these were also located at similar gene loci in dromedary. Of the 400 alpaca SNPs, 69 shared 100% percent sequence similarity to dromedary. Our results represent a significant increase in polymorphic molecular markers for alpaca at this moment and indicates that investing in discovering SNPs by GBS or by sequencing reduced representation libraries of a larger number of samples would be necessary to generate an alpaca SNP chip for the successful application of GWAS to this species.

ETHICS STATEMENT

The Universidad Nacional Agraria La Molina has recently established an Ethics Committee for Scientific Research by University Resolution No. 0345-2018-CU-UNALM of October 22, 2018 which has not initiated its operations as of yet. However, we have a letter signed by the Dean of the college of Animal Sciences corroborating that the protocol used for blood collection titled “Collection of Blood for FTA cards” is of conventional application and it follows the requirements of the National Act No. 30407 “Ley de Proteccion y Bienestar Animal” (Act for the Protection and Well-being of Animals).

AUTHOR CONTRIBUTIONS

FPL and MR conceived the study. MM, GG, and FPL participated in data analysis. MM and FPL co-wrote the manuscript. GG and FPL supervised the study. MR and FB reviewed and corrected the manuscript. All authors read and approved the manuscript.

FUNDING

The authors acknowledge the financial support from CONCYTEC through project 125-2015 FONDECYT, and VLIR-UOS funding to the UNALM (IUC) programme. Opinions of the author(s) do not automatically reflect those of either the Belgian government or VLIR-UOS, and can bind neither the Belgian Government nor VLIR-UOS. Funding was also provided, in part, by Hatch project MIN-16-103, MN Experiment Station, the State of Iowa and the Ensminger Endowment Fund.

ACKNOWLEDGMENTS

The authors acknowledge the Minnesota Supercomputing Institute (MSI) at the University of Minnesota for providing resources that contributed to the research results reported within this paper (http://www.msi.umn.edu). Likewise, authors acknowledge the farm communities of Chagas Chico and San Pedro de Racco and, INCA TOPS S.A. and MICHELL & CIA S.A. for facilitating the collection of alpaca blood samples at their facilities. They are grateful to the reviewers for their valuable comments and suggestions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2019.00361/full#supplementary-material

FOOTNOTES

1 geneontology.org

REFERENCES

Avila, F., Baily, M., Perelman, P., Das, P., Pontius, J., Chowdhary, R., et al. (2014). A comprehensive whole-genome integrated cytogenetic map for the alpaca (Lama pacos). Cytogenet. Genome Res. 144, 193–204. doi: 10.1159/000370329

Balmus, G., Trifonov, V., Biltueva, L., O’brien, P., Alkalaeva, E., Fu, B., et al. (2007). Cross-species chromosome painting among camel, cattle, pig and human: further insights into the putative Cetartiodactyla ancestral karyotype. Chromosome Res. 15, 499–515. doi: 10.1007/s10577-007-1154-x

Bertolini, F., Elbeltagy, A., and Rothschild, M. (2017). Evaluation of the application of bovine, ovine and caprine SNP chips to dromedary genotyping. Livestock Res. Rural Dev. 29:31.

Chandramohan, B., Renieri, C., La Manna, V., and La Terza, A. (2015). The alpaca melanocortin 1 receptor: gene mutations, transcripts, and relative levels of expression in ventral skin biopsies. Sci. World J. 2015:265751. doi: 10.1155/2015/265751

Dekkers, J. (2012). Application of genomics tools to animal breeding. Curr. Genomics 13, 207–212. doi: 10.2174/138920212800543057

Guridi, M., Soret, B., Alfonso, L., and Arana, A. (2011). Single nucleotide polymorphisms in the melanocortin 1 receptor gene are linked with lightness of fibre colour in Peruvian Alpaca (Vicugna pacos). Anim. Genet. 42, 679–682. doi: 10.1111/j.1365-2052.2011.02205.x

Hassanin, A., and Douzery, E. (2003). Molecular and morphological phylogenies of ruminantia and the alternative position of the moschidae. Syst. Biol. 52, 206–228. doi: 10.1080/10635150390192726

Hayes, B., and Goddard, M. (2010). Genome-wide association and genomic selection in animal breeding. Genome 53, 876–883. doi: 10.1139/G10-076

Haynes, G., and Latch, E. (2012). Identification of novel single nucleotide polymorphisms (SNPs) in Deer (Odocoileus spp.) using the BovineSNP50 BeadChip. PLoS One 7:e36536. doi: 10.1371/journal.pone.0036536

Hoffman, J., Thorne, M., McEwing, R., Forcada, J., and Ogden, R. (2013). Cross-amplification and validation of SNPs conserved over 44 million years between seals and dogs. PLoS One 8:e68365. doi: 10.1371/journal.pone.0068365

Illumina Proprietary (2008). GenomeStudioTM Genotyping Module v1.0 User Guide. Available at: https://www.illumina.com/content/dam/illumina-support/documents/documentation/software_documentation/genomestudio/genomestudio-2011-1/genomestudio-gt-module-v1-0-user-guide-11319113-a.pdf (accessed January 7, 2019).

Kadwell, M., Fernandez, M., Kadwell, H., and Baldi, R. (2001). Genetic analysis reveals the wild ancestors of the llama and the alpaca. Proc. R. Soc. Lond. 268, 2575–2584.

Kharzinova, V., Sermyagin, A., Gladyr, E., Okhlopkov, I., Brem, G., and Zinovieva, N. (2015). A study of applicability of SNP chips developed for bovine and ovine species to whole-genome analysis of reindeer Rangifer tarandus. J. Hered. 106, 758–761. doi: 10.1093/jhered/esv081

Li, Y., Willer, C., Sanna, S., and Abecasis, G. (2009). Genotype Imputation. Annu. Rev. Genomics Hum. Genet. 10, 387–406. doi: 10.1146/annurev.genom.9.081307.164242

Malhi, R., Satkoski, J., Shattuck, M., Johnson, J., Chakraborty, D., Kanthaswamy, S., et al. (2011). Genotyping single nucleotide polymorphisms (SNPs) across species in old world monkeys. Am. J. Primatol. 73, 1031–1040. doi: 10.1002/ajp.20969

Miller, J., Kijas, J., Heaton, M., McEwan, J., and Coltman, D. (2012). Consistent divergence times and allele sharing measured from cross-species application of SNP chips developed for three domestic species. Mol. Ecol. Res. 12, 1145–1150. doi: 10.1111/1755-0998.12017

Ministerio de Agricultura y Riego [MINAGRI] (2017). Diagnostico de crianzas priorizadas para el. Plan Ganadero 2017-2012. Lima: Autor.

Moravèíková, N., Kirchner, R., Šidlová, V., Kasarda, R., and Trakovická, A. (2015). Estimation of genomic variation in cervids using cross-species application of SNP arrays. Poljoprivreda 21(Suppl. 6), 33–36. doi: 10.18047/poljo.21.1.sup.6

Munyard, K., Ledger, J., Lee, C., Babra, C., and Groth, D. (2009). Characterization and multiplex genotyping of alpaca tetranucleotide microsatellite markers. Small Rumin. Res. 85, 153–156. doi: 10.1016/j.smallrumres.2009.07.012

Nielsen, R. (2004). Population genetic analysis of ascertained SNP data. Hum. Genomics 1, 218–224.

Ogden, R., Baird, J., Senn, H., and McEwing, R. (2012). The use of cross-species genome-wide arrays to discover SNP markers for conservation genetics: a case study from Arabian and scimitar-horned oryx. Conserv. Genet. Resour. 4, 471–473. doi: 10.1007/s12686-011-9577-2

Oliphant, A., Barker, D., Stuelpnagel, J., and Chee, M. (2002). BeadArray technology: enabling an accurate, cost-effective approach to highthroughput genotyping. BioTechniques 32(Suppl. 56), 60–61.

Paredes, M., Membrillo, A., Gutiérrez, J., Cervantes, I., Azor, P., Morante, R., et al. (2014). Association of microsatellite markers with fiber diameter trait in Peruvian Alpacas (Vicugna pacos). Livestock Sci. 161, 6–16. doi: 10.1016/j.livsci.2013.12.008

Pérez-Cabal, M., Cervantes, I., Morante, R., Burgos, A., Goyache, F., and Gutiérrez, J. (2010). Analysis of the existence of major genes affecting alpaca fiber traits. J. Anim. Sci. 88, 3783–3788. doi: 10.2527/jas.2010-2865

Pertoldi, C., Wójcik, J., Tokarska, M., Kawałko, A., Kristensen, T., Loeschcke, V., et al. (2010). Genome variability in European and American bison detected using BovineSNP50 BeadChip. Conserv. Genet. 11, 627–634. doi: 10.1007/s10592-009-9977-y

Rousset, F. (2017). Genepop Version 4.7.0. Available at: https://kimura.univ-montp2.frrousset/Genepop4.7.pdf (accessed April 10, 2017).

Sechi, T., Coltman, D. W., and Kijas, J. W. (2009). Evaluation of 16 loci to examine the cross-species utility of single nucleotide polymorphism arrays. Anim. Genet. 41, 199–202.

Slate, J., Gratten, J., Beraldi, D., Stapley, J., Hale, M., and Pemberton, J. (2009). Gene mapping in the wild with SNPs: guidelines and future directions. Genetica 136, 97–107. doi: 10.1007/s10709-008-9317-z

Warren, W., Wilson, R., and Merriwether, A. (2013). Direct Submission. Sequence Assembly Submitted by The Genome Institute. St. Louis, MO: Washington University School of Medicine.

Wu, H., Guang, X., and Wang, J. (2014). Camelid genomes reveal evolution and adaptation to desert environments. Nat. Commun. 5:5188. doi: 10.1038/ncomms6188

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 More, Gutiérrez, Rothschild, Bertolini and Ponce de León. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fgene-10-00361-t003.jpg
Reference genome

Vicugna_pacos-2.0.2

Aligned to more than one scaffold

Unique SNPs

Vi_pacos_V1.0

Aligned to more than one scaffold

Unique SNPs

SNPs common to both reference genomes
SNPs with predicted chromosomal localization

Method |

10
94

10
95
79
57

Method Il

45

41
36
29

Method Il

72

72
62
49

Method IV Method V

MAF > 0.05

23

21
18
15

67

68
59
45

Method VI

18

17
16
13

Method VII

154

11
146
129

98

Method VI

MAF > 0.01

33
467

30
466
400
292





OPS/images/fgene-10-00361-t001.jpg
Parameter Method | Method Il

No-call threshold >0.05 >0.05
Call frequency >0.9 1
Average GC >0.7 >0.7
GenTrain score >0.25 >0.25

*In Method VI, average GC > 0.7 parameter was not applied.

Method IlI

>0.15
>0.9
>0.7
>0.25

Method IV

>0.15
1

>0.7

>0.25

Method V

>0.25
>0.9
>0.7
>0.25

Method VI

>0.25
1

>0.7

>0.25

Method VIl

>0.25
1
*
>0.25





OPS/images/fgene-10-00361-t002.jpg
Parameter of analysis Method | Method Il Method Il Method IV Method V Method VI Method VII
No-call threshold >0.05 No-call threshold >0.15 No-call threshold >0.25

Call freq > 0.9 Call freq =1 Call freq > 0.9 Call freq =1 Call freq > 0.9 Call freq =1 Call freq =1
Call frequency 530106 111471 368001 39279 262506 23429 23429
Average GC (>0.7) 22437 11364 24979 8232 25609 6756 *
GenTrainScore (>0.25) 22437 11364 24979 8232 25609 6756 23429
MAF (>0.01) 22435 11364 24962 8232 25563 6756 23427
MAF (>0.05) 1970 898 1724 430 1467 274 2044

*In Method VI, average GC > 0.7 parameter was not applied.





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers

in Genetics

Evaluation of SNP Genotyping in
Alpacas Using the Bovine HD
Genotyping Beadchip









OPS/images/logo.jpg
’ frontiers
in Genetics





OPS/images/fgene-10-00361-g001.jpg
Norm R

Norm R

UNALM_VPA_Bovine777K_250 B UNALM_VPA_Bovine777K_241 €  UNALM_VPA_Bovine777K_350

BovineHD1100005634 BovineHD1000006742 BovineHD2000021170
1.80 |
4l 1.60F | ®
1.40 F 3 i L ]
3t 120} 2ry WA
® 2 omf e j é 9] B
r ” ® 0.40 - - Il Nocall
020} o d
= = =
‘:9 1 1 1 1 0I 020-\‘8 1 I2 1 1 Ol N;6 1 1 4I 1 Ol
0.20 0.40 0.60 0.80 T 0.20 0.40 0.60 0.80 1 0.20 0.40 0.60 0.80 1
Norm Theta Norm Theta Norm Theta
ARS-BFGL-NGS-105614 E ARS-BFGL-BAC-11655 F Hapmap25303-BTA-150600
[l
200 F 1.20
801 1.80 | . 1k
L
1.60 [ g @ L (S
60 140 ¢ 0.80 =
‘ﬁ 1.20 S ‘ﬁ H
a0t g 18 . g %% H-e
Z 080 foe 5wl
% 0.60 |- [l : e
i 0.40 | 0.20 - L) °
A ;
A 020 foafotss o o % I Nol
0 . 0 0
D\ 6/ 17 o[ B0 2. | Q 40, 0 |0
1 ] 1 1 1 1 1 1 1 1 0.20 1 1 1 1 1
0 0.20 0.40 0.60 0.80 1 0 0.20 0.40 0.60 0.80 1 0 0.20 0.40 0.60 0.80 1

Norm Theta Norm Theta Norm Theta





OPS/images/fgene-10-00361-g002.jpg
Number of SNPs

S
|
|

1284516 7 8910111213 14.1516 1718 19 20 2122 23 24 2526 272829 30 3132 33'34 35 36 - X X/Y
Chromosomes





