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Abstract
Microsatellite markers (MS) have been widely used for parentage verification 
in most of the livestock species over the past decades mainly due to their high 
polymorphic information content. In the genomic era, the spread of genotype 
information as single- nucleotide polymorphism (SNP) has raised the question to 
effectively use SNPs also for parentage testing. Despite the clear advantages of 
SNP panels in terms of cost, accuracy, and automation, the transition from MS to 
SNP markers for parentage verification is still very slow and, so far, only routinely 
applied in cattle. A major difficulty during this transition period is the need of 
SNP data for parents and offspring, which in most cases is not yet feasible due to 
the genotyping cost. To overcome the unavailability of same genotyping platform 
during the transition period, in this study we aimed to assess the feasibility of a 
MS imputation pipeline from SNPs in four native sheep dairy breeds: Comisana 
(N = 331), Massese (N = 210), Delle Langhe (N = 59) and Sarda (N = 1003). Those 
sheep were genotyped for 11 MS and with the Ovine SNP50 Bead Chip. Prior to 
imputation, a quality control (QC) was performed, and SNPs located within a 
window of 2 Mb from each MS were selected. The core of the developed pipeline 
was made up of three steps: (a) storing of both MS and SNP data in a Variant 
Call Format file, (b) masking MS information in a random sample of individuals 
(10%), (c) imputing masked MS based on non- missing individuals (90%) using an 
imputation program. The feasability of the proposed methodology was assessed 
also among different training − testing split ratio, population size, number of 
flanking SNPs as well as within and among breeds. The accuracy of the MS im-
putation was assessed based on the genotype concordance as well as at parent-
age verification level in a subset of animals in which assigned parents' MS were 
available. A total of 8 MS passed the QC, and 505 SNPs were located within the 
±2 Mb window from each MS, with an average of 63 SNPs per MS. The results 
were encouraging since when excluding the worst imputed MS (OARAE129), and 
regardless on the analyses performed (within and across breeds) for all breeds, we 
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1  |  INTRODUCTION

Microsatellite markers (MS), also known as short tandem 
or simple sequence repeats, consist of motifs from 1 to 6 
base pairs (bp) repeated in tandem. Thanks to their high 
polymorphic information content, MS markers have been 
widely used for parentage verification in most livestock 
species over the past decades (Glowatzki- Mullis et al., 2009; 
Visscher et al., 2002). Their impact on pedigree correctness 
has been enormous, both ensuring parental verification of 
registered animals, as well as parental identification when 
multi- sire candidates in the same herd are present (Davis & 
DeNise,  1998; Gomez- Raya et  al.,  2008). Indeed, pedigree 
correctness is a crucial requirement for the estimation of 
genetic parameters and breeding values, prediction of ge-
netic gain, and genetic diversity management (Harlizius 
et  al.,  2011; Israel & Weller,  2000). However, it has been 
shown that allele scoring in MS is difficult to be accurately 
and fully automated, due to the presence of preferential al-
lele amplification, imperfect repeats, null alleles and allelic 
dropouts (Kelly et  al.,  2011). Thus, manual MS scoring is 
still widely performed, although this might cause human 
errors, due to the high MS polymorphic nature (Baruch & 
Weller,  2008; Kelly et  al.,  2011). Concurrently, the spread 
of genotype information in the form of single- nucleotide 
polymorphism (SNP) has been massive, raising the question 
of the possibility to use SNPs for parentage testing instead 
of MS in the livestock breeding. However, this switch has 
been very slow and so far, routinely applied only in cattle 
(International Society for Animal Genetics, 2012). The SNPs 
are less informative due to their biallelic nature, causing the 
need of more markers to be typed for parentage verification 
(generally in the range of 200–700 SNPs) compared to MS 
(Strucken et al., 2016). Nevertheless, the most tangible ben-
efits in the use of SNPs are the ease of automation and thus 
the standardization across laboratories, lower error rates 
as well as the possibility to use these technologies for sev-
eral other applications, ranging from genomic selection to 
genetic diversity management. In this scenario, despite the 
clear advantages of SNP panels in accuracy and automation, 
a current major drawback in species where genotyping is not 
yet routinely performed is the need of the same genotyping 
technology for parents and offspring. Unfortunately, this is 

not always possible, especially in small populations, where 
DNA sources of ancestors might not be any longer available 
and thus SNP genotyping cannot be performed. Moreover, 
to avoid extra costs in the case of parents with MS and off-
spring with SNP data and to overcome the issue of DNA 
unavailability, a possible solution is the imputation of MS 
alleles from SNP data. This approach has been successfully 
proposed in several cattle breeds (McClure et al., 2012, 2013) 
as well as in the Assaf sheep breed (Marina et  al.,  2021). 
In Italy, where over 6 million sheep and almost 100 breeds 
are reared (BDN,  2022), parentage verification using SNP 
data is not yet implemented although the number of gen-
otyped animals has been increased in the latest years. The 
MS imputation based on SNP data might allow parentage 
verification when different genotype platforms are available 
and limited economic resources do not allow to test both 
parents and offspring with genotype data. This latter aspect 
could be particularly attractive for local breeds, where often 
the economic resources are restricted and which existence 
is tightly linked to their sociocultural and economic (e.g., 
protected designation of origin cheeses; PDO) contribution 
(Marsoner et al., 2018). This methodology might boost the 
transition from MS to SNPs in the field of parentage testing 
by providing the possibility to check parentage when dif-
ferent genotyping platform are available (i.e., parents with 
MS and offspring with SNP) encouraging the use of SNP in 
younger animals (without the need to still have MS data for 
those animals). This possibility might help the transition to 
the use of SNP data in the coming generations which will 
in turn allow to verify parentage directly by using SNP data 
only which has been proven to be the best option (McClure 
et al., 2018; Tortereau et al., 2017). Therefore, we aimed to 
evaluate the feasibility of MS imputation pipeline from a 
medium density SNP panel in four Italian sheep breeds to 
boost this transition period. Specifically, the objectives were 
to: (a) test the effect of the training/testing split ratio on the 
accuracy of MS imputation from SNPs data; (b) assess the 
accuracy of MS imputation via a within- breed analysis, (c) 
assess the accuracy of MS imputation via a across- breeds 
analysis from SNPs data coming from breeds representing 
the major breeding scenario in the Italian territory and 
(d) evaluate the concordance in trio parentage verification 
using original offspring MS and imputed ones.

achieved an overall concordance rate over 94%. In addition, on average, the im-
puted offspring MS resulted in equivalent parentage outcome in 94% of the cases 
when compared to verification using original MS, highlighting both the feasibility 
and the eventual practical advantage of using this imputation pipeline.

K E Y W O R D S

imputation, local breeds, microsatellites, parentage testing, single- nucleotide polymorphism

 14390388, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jbg.12839 by U

niversita D
i M

ilano, W
iley O

nline L
ibrary on [12/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 3ABLONDI et al.

2 | MATERIALS AND METHODS

2.1 | Dairy sheep breeds

Data for the present study were provided by the (Asso. Na. 
Pa.) and included both MS and SNP information from 1603 
animals belonging to four native dairy breeds: Comisana 
(N = 331), Massese (N = 210), Delle Langhe (N = 59) and 
Sarda (N = 1003). Those animals were chosen to represent 
as much variability as possible within breed to reduce the 
potential bias due to highly related animals, with an aver-
age of 2.78 offspring per sire (Table 1).

The Sarda is an autochthonous breed of the Sardinia 
Island (Italy, Western Mediterranean Sea) and belong to 
the Mediterranean group. This breed accounts for more 
than 50% of whole sheep population in Italy (BDN, 2022) 
with over three million animals. Data were available from 
flocks both located in the Sardinia Island and from spe-
cialized dairy sheep farms from other Italian regions. The 
Sarda is a large size, polled breed with white wool. Most of 
the milk from Sarda ewes is used to produce three of the 
most important ovine PDO cheeses (Pazzola et al., 2014). 
The Comisana sheep breed belongs to the Mediterranean 
type and originated from the Maltese and Sicilian breeds 
in the late 19th and early 20th century in the Southeast 
region of Sicily Island (Italy, Central Mediterranean Sea). 
Also known as ‘red head’ due to its characteristic red face, 
the Comisana is a medium- large size, polled breed, with 
white wool. This breed is well adapted to the semi- arid 
Mediterranean environment representing an important 
resource for the marginal areas of Southern Italy (Selvaggi 
et al., 2017) with more than 60,000 animals (BDN, 2022). 
The Massese is an indigenous breed of Tuscany (Central 
Italy), it belongs to the Alpine group, and counts roughly 
25,000 animals (BDN, 2022). Nowadays is mainly reared 
in the Tuscany and Emilia Romagna regions (Northern- 
Central Italy). This is a medium- small size, horned breed, 
with black wool. For the Comisana and Massese, data 
were available from the Asso. Na. Pa. nucleus farm, which 
manages the breeding and provides semen and rams for 
genetic improvement of these two breeds in commercial 
flocks. The Delle Langhe is an autochthonous breed of the 
Piedmont region (Northern Italy), native to the province 
of Cuneo, in the Delle Langhe hilly area. This breed ac-
counts for about 6000 animals (BDN, 2022), whose milk is 
mostly used to produce typical cheeses and PDO products. 

The Delle Langhe is reared in the province of Cuneo, Asti 
and Savona (Northern Italy). It is a medium size polled 
breed, with white wool.

2.2 | Microsatellite and data preparation

Specifically, MS were sequenced and stored by the 
Associazione Nazionale della Pastorizia Asso. Na. Pa. as 
part of the official parentage verification routine. In 2015, 
SNP genotyping and storing for the Italian sheep breeds 
was established in the framework of two national projects, 
CHEESR and SHEEP&GOAT, both funded by the European 
Agricultural Fund for Rural Development (Measure 10.2: 
Support for conservation and sustainable use and develop-
ment of genetic resources in agriculture). The sheep used 
in this study were genotyped with 11 MS routinely used for 
parentage testing and with the Ovine SNP50 Bead Chip. The 
position of each MS in the ovine genome (OAR_v4.0) was 
obtained through the alignment of the primer sequences 
to the sheep reference genome using BLAT (Kent,  2002). 
Prior to imputation, a quality control (QC) was performed 
and MS with a call rate below 80% were removed. After 
the QC, each MS was recoded to fit the variant call format 
(VCF) required by the VCFtools software specifications 
(Danecek et al., 2011). The most common allele in each MS 
was considered as the reference and recoded as “0,” whereas 
consecutive numbers (1, 2, 3, … , n) were assigned to the re-
maining ones based on the MS allele length. To keep haplo-
type diversity in the sample, a MAF filter was not performed 
in the case of SNP data and only SNPs and animals with a 
call rate lower than 90% were removed using PLINK v1.9 
(Purcell et  al.,  2007). Plink v1.9 was also used to extract 
SNPs located within a window of ±2 Mb (as suggested by 
Marina et al. (2021)) from each MS and to recode the SNP 
data in the VCF format (Purcell et al., 2007). The two VCF 
files were than merged using MergeVcfs in GATK version 
4.1 (Auwera et al., 2013).

2.3 | Imputation procedure and 
accuracy evaluation

The imputation of MS based on SNP data was per-
formed following the procedure described in Marina 
et al. (2021). The core of this methodology was made up 

COM MAS ODL SAR

Sire 187 151 14 269

Dam 169 252 33 887

Average offspring per sire 1.77 1.39 4.21 3.73

Average offspring per dam 1.96 0.83 1.79 1.13

T A B L E  1  Population structure of the 
1603 animals used in the study divided by 
breed: Comisana (COM), Massese (MAS) 
Delle Langhe (ODL), and Sarda (SAR).
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of three main steps: (a) storing of both MS and SNP data 
in a Variant Call Format (VCF) text file, (b) masking 
the MS information in a random sample of individuals, 
and (c) imputing masked MS based on SNP and MS data 
from individuals with non- masked information using 
an imputation program. In the Figure  S1, a thorough 
description of all the steps for the imputation procedure 
is available.

To test the feasability of the proposed methodology 
with different sample size as well as within and across 
breeds the following approach was used. Specifically, the 
accuracy of MS imputation were assessed by three differ-
ent Cross- Validation (CV) procedures:

 (i) To evalute the effect of the training/testing split ratio, 
only the data available for the Sarda breed were used. 
We tested different split ratio from 10% training and 
90% testing till 90% training and 10% testing of the 
total records, increasing each run of 10% the train-
ing set. To account for individual variability, all the 
procedures were repeated 20 times per each of the 
nine different split ratio scenarios randomly select-
ing the test and reference populations each time. 
Furthermore, the nine split ratio scenarios were run 
while increasing the population size (randomly sam-
pling 50, 100, 500, 1000 animals – 20 replicates each) 
to evaluate the combined effect of split ratio and pop-
ulation size.

 (ii) To evaluate the imputation accuracy within- breed, 
the available records within breed were splitted into 
a training and a testing dataset that contained 90% 
(training) and 10% (testing) of the total records, re-
spectively. To account for individual variability, the 
procedure was repeated 100 times.

 (iii) To evaluate the imputation accuracy among breeds, 
all the records were splitted into a training and a test-
ing dataset that contained 90% (training) and 10% 
(testing) of the total records, respectively. In this CV, 
a proportional random sampling (10% within breed) 
was used in order to ensure that, in each training and 
testing sets, a balanced number of samples per each 
of the four breeds was included. To account for in-
dividual variability, the procedure was repeated 100 
times.

For all the aforementioned CV procedures, the MS in-
formation was masked in the testing set, and consequently 
phased and imputed in BEAGLE 5.4 software (Browning 
et  al., 2018) using the training VCF file that contained 
both MS and SNP data. Phasing and imputation were im-
plemented after correcting for small effective population 
size (Ciani et al., 2014).

The accuracy of the MS imputation was assessed based 
on the genotype concordance rate, which was defined as 0 
if none of the imputed alleles matched the true allele, 0.5 
if only one of them matched, and 1 if both alleles matched 
the true alleles. The imputation accuracy was established for 
each MS separately and calculated as the average over all the 
MS within- breed as well as in the across- breeds analysis. In 
addition, in the case of Comisana and Massese, for over 60% 
of the animals, assigned parents' MS were available. Thus, a 
further accuracy evaluation was tested via the comparison 
between parentage verification performed using original off-
spring MS and imputed ones. The parentage verification was 
applied in Cervus, which uses maximum- likelihood meth-
ods to predict parent- offspring relationships (Kalinowski 
et  al.,  2007). A concordance rate was established for trios 
given that if parentage was either verified or discarded based 
on both methods for that animal a value of one was assigned, 
otherwise a zero. We scored the parentage verification at trio 
level and not as performed at allele level (0, 0.5 and 1), since 
this is what is going to happen in practice. Finally, since the 
number of SNPs located within a window of ±2 Mb from 
the MS was significantly lower for one MS (OARAE129–10 
SNPs instead of over 50 in the remaining ones) we randomly 
selected 10 SNPs within the ±2 Mb window per each MS to 
assess the effect of SNPs number on the concordance rate. 
The latter analysis was performed in the Sarda breed as it is 
the breed with the highest sample size.

3  |  RESULTS

3.1 | Quality control (QC)

The MS assessed in the present study are presented in 
Table  2. Specifically, eight out of the 11 MS routinely 
used for parentage verification passed the QC and were 
further used in the imputation process. The number 
of alleles per MS ranged between 12 in the case of the 
OARAE129 to 28 for OARCP49. The variability of the 
MS allele size weakly differed across breeds. The least 
variable MS, although presenting 18 allelic size in the 
whole population, was the FCB304 in the Comisana and 
in the Sarda with the most common allele size being the 
170 found in 46.4% and 71.0% of the sheep, respectively. 
In the Massese, the least variable MS was the MAF214 
with 62.0% of the sheep carrying the 189 allelic sizes, 
while in the whole population 14 allelic sizes were ob-
served. In contrast, in the Delle Langhe breed, the least 
variable MS was the OARAE129 with 70.0% of the ani-
mals carrying the 147 allelic size (Figure  1). Although 
few breed- specific MS allele size were found in the data-
set, they had low allele frequencies. A total of 506 SNPs 
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were located within a window size of ±2 Mb from each 
MS, with an average of 63 SNPs per MS (Table 2). In the 
case of the OARAE129 MS, only 10 SNPs were located in 
the ±2 Mb window size, while 76 SNPs overlapped the 
INRA063 and HSC MS ± 2 Mb region. Thus, since some 
level of breed similarity at MS level was visible, testing 
an imputation of all breeds together seemed feasible and 
further tested in the across- breeds analysis.

3.2 | Training − testing Split ratio  
evaluation

Prior to testing the within and among breed procedures, 
the effect of data dimension in the developing an MS- 
SNP imputation model has been quantified in the Sarda 
breed (Figure  2). The average of the concordance rate 
across split ratio scenario varied considerably with a non- 
linear increase between the lowest in the case of split ratio 
10:90 (mean = 75%) and the highest in the 90:10 scenario 
(mean = 91%). The variability of replicates (N = 20) across 
the tested split ratio scenarios assumed erratic values. 
The pattern observed in Figure  2 shows the importance 
of carefully consider the proportion of animals to include 
in the training and in the testing sets for monitoring the 
concordance rate. Specifically, the 90:10 scenario resulted 
in the highest concordance rate while the largest variation 
across replicates was found in the case of 50:50 scenario.

In Figure 3, the concordance rate per each split ratio 
scenario across MS is presented. Although the average 
values of concordance rates were quite different, the pat-
terns from the 10:90 to 90:10 split ratio scenarios were sim-
ilar across MS, except in the case of OARAE129. Most of 
the MS seemed to reach a concordance rate plateau from 
40:60 split ratio scenario onwards (Figure 3). The highest 
average concordance rate across split ratio scenarios was 
achieved by the FCB304 with a mean of 96% (SD = 0.02) 
followed by CSRD247 (mean = 94%, SD = 0.03). The 
OARAE129 performed always worse than the others hav-
ing an average concordance rate of 59% (SD = 0.16) across 

split ratio scenarios and presenting a cubic pattern across 
split ratio scenarios. The evaluation of the combined effect 
of split- ratio and population size showed that when popu-
lation size was over 500 animals, already with 50% of the 
animals in the training set − which translates in 250 ani-
mals in practice − the imputation accuracy was over 85% 
and it reached a plateau at this point. Similar pattern was 
shown for the 1000 animals' scenario already at the 30:70 
split ratio scenario which corroborates the hypothesis that 
the accuracy was roughly 85% even if a limited number 
of animals were included in the training set. Likewise for 
the 50 and 100 animals' scenario, a plateau was visible al-
though more variability was present across validation sets 
(Figure 4). In Figure 5 is shown the concordance rate for 
the 8 MS when only 10 SNPs within the ±2 Mb window 
were retrieved to assess the effect of SNPs number in the 
concordance rate. The highest concordance rate was still 
found for the FCB304, which reached a mean of 93.7%, 
and in contrast there were 4 MS that performed worse 
than the OARAE129 (Figure 5).

3.3 | Within and among breeds analysis

Figure  6 shows the concordance rate from the within 
breed analysis per each different MS and breed. The 
within breed average concordance rate ranged from 91.0% 
(SD = 0.04) in the Delle Langhe to 95.0% (SD = 0.03) in 
the Sarda breed across MS. The concordance rate varied 
among MS as well, with the least performing one being 
the OARAE129 in all within breed analysis. In contrast, 
the highest concordance rate was found for the FCB304 
for all the breeds (mean = 98.3%) except for the Comisana 
where the MAF214 reached a concordance rate of 98.6% 
(Figure 6).

The average concordance rate, calculated from all 
MS and regardless breed type, in the among breeds 
analyses was equal to 94% (SD = 0.04). In particular, the 
highest concordance rate was 98% (SD = 0.007) for the 
FCB304, whereas the lowest was 84% (SD = 0.023) for the 

Microsatellite Chr. Position (bp) Range
NO. 
alleles

No. 
SNPs

FCB11 2 248,883,054 118–144 15 50

OARAE129 5 78,045,895 135–165 12 10

CSRD247 14 15,515,671 211–257 22 69

INRA063 14 41,508,190 167–207 19 76

MAF214 16 33,667,891 181–265 14 75

OARCP49 17 14,426,572 76–134 28 75

FCB304 19 49,669,589 146–188 18 75

HSC 20 25,684,012 263–297 18 76

T A B L E  2  Microsatellite (MS) used 
in the current study. For each MS, the 
following information are shown: the 
genome position in the Oar_4.0, the 
allele length expressed in base pairs, the 
number of alleles per MS and the number 
of SNPs located within a window size of 
±2 Mb from the start position of each MS.
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OARAE129. Similar trends were found when evaluating 
the concordance rate per MS within breed in the among 
breeds analysis. The lowest concordance rate was found 
for the OARAE129 for all breeds ranging between 68% 
for the Delle Langhe to 86% for the Sarda. The FCB304 
was the best performing one in all breeds except for the 
Comisana where the best concordance rate was found for 
the MAF214 (98%; Figure 7). The breed with the highest 
concordance rate and lowest standard deviation was the 
Sarda (94% ± 0.3), whereas the lowest concordance was 

found in the Delle Langhe with an average rate of 89% and 
the largest variation across testing sets (Figure 7).

3.4 | Concordance rate at trio parentage 
verification

For 60% of Comisana and Massese, the assigned parents' 
MS were available and thus, the parentage verification 
was performed using both original and imputed offspring 

F I G U R E  1  Allele frequency per each microsatellite divided by the breeds used in this study: Delle Langhe (ODL), Massese (MAS), 
Comisana (COM) and Sarda (SAR), respectively. The name and length of the MS is expressed as name plus length divided by _ on the right 
of the figure and the frequency is shown as sequential palette with lighter blue being the lowest frequent allele and the dark pink being the 
most frequent one. Hierarchical clustering of MS is shown as dendrogram at the top of the figure.
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MS based on the within breed imputation pipeline. A total 
of 2985 imputed MS- animal combinations based on the 
100 times imputation procedure was available and used 
to assess parentage verification concordance rate. The 
comparison with the parentage verification using original 
offspring MS resulted in an overall accuracy of 95.6% in 
the case of Comisana and of 93.1% in the Massese breed, 
respectively.

4  |  DISCUSSION

In this study, we tackled the need to evaluate a method 
which might bridge traditional and new technologies in 
the field of parentage testing in sheep breeds. Thus, this 
study comprised a total of 1603 animals from the most 
important four Italian sheep breeds that depict different 
farming system scenarios from the Pulina et  al. (2018). 
The experimental design employed followed the criteria 
on optimal window distance suggested in a previous study 
in sheep, where SNPs located within a window size of 
±2 Mb from each MS were used in the imputation strate-
gies (Marina et  al.,  2021). This approach allows to keep 
the number of SNPs used in the imputation process to a 
limited number (N = 506), which in turn results to a cost- 
effective solution which might be used in practice.

Another key aspect to consider prior to potentially use 
this methodology in practice, it is to assess how much 
variability to include in the training test to ensure high 
accuracy in the imputation. Therefore, in this study, we 
tested different proportions of the data to include in the 
training set to dig into how the performance of the model 
changes as the amount of training data changes. For this 
first objective, we limited the analysis to the Sarda breed 
due to the highest number of observations available in this 

breed (N = 1003) and since it represents the most spread 
local breed in the Italian territory. As expected, the 90:10 
scenario resulted in the highest concordance rate (above 
90%), which highlights the importance to include in the 
training set as much variability as possible to achieve accu-
rate results. Nevertheless, it is important to also consider 
that by excluding the worst performing MS (OARAE129), 
the average concordance rate increased considerably 
(from ~40% to 88.8%) regardless of the split ratio scenario. 
In addition, several MS seem to reach a concordance pla-
teau from 40:60 split ratio scenario onwards except for the 
FCB304 which reached at scenario 10:90 already a concor-
dance rate of 91%. Conservatively and to be aligned with 
previous studies, we opted to use the 90:10 CV scenario 
in the within- breed and across- breeds analyses (Marina 
et  al.,  2021; McClure et  al.,  2013; Nolte et  al.,  2022). It 
is key to realize that the objective of the cross- validation 
using different spilt ratio was to test the effectiveness of 
the methodology and its accuracy while including differ-
ent percentage of the whole variability in the data. At the 
field level, all individuals with both SNPs and MS have to 
be used in the imputation. Nevertheless, the analysis com-
bining different split ratios and population sizes indicated 
that the methodology is robust also when a limited num-
ber of animals have both SNPs and MS.

The within breed analyses showed a concordance 
rate over 91% in all the tested breeds highlighting that 
MS genotypes can be accurately imputed based on SNP 
genotypes. However, similarly to what presented above, 
differences among MS imputation performances were 
shown. Yet, the worst imputed MS was the OARAE129, 
and this result was found also in the among breeds anal-
yses. Out of all the MS tested, the OARAE129 clearly 
represented the greatest challenge and in all analyses 
had the lowest concordance rate. While this marker 

F I G U R E  2  Boxplot of concordance 
rate (%) across validation sets per each 
split ratio scenario in the Sarda breed. The 
mean is shown as grey dot, the median as 
straight line and outliers as black dots.
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performed slightly better in the within breed analysis 
(mean = 83.36%) compared to the among breeds anal-
ysis (mean = 79.64%), both analyses resulted into an 
insufficient concordance rate. A possible explanation 
might be related to the position of this MS, which is lo-
cated on chromosome 5:78045895 and where a limited 

number of SNPs overlapped the ±2 Mb window from 
OARAE129. Indeed, only 10 SNPs downstream of this 
MS were used for imputation which might prejudice 
the concordance rate. This potential explanation is in 
line with what previously found in horses where a MS 
located on a telomeric region end, which overlapped 

F I G U R E  3  Boxplot of concordance rate (%) across testing sets per each split ratio scenario per MS in the Sarda breed. The median is 
shown as straight line and outliers as black dots.
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with eight SNPs only, yielded to worst accuracy results 
(Nolte et  al.,  2022). This hypothesis was corroborated 
by performing the analysis with 10 flanking SNPs only 
from each MS where all MS showed concordance rate 
lower than what found including all SNPs available in 
the ±2 Mb window. On top of that, we found MS that 
performed even worse than the OARAE129, which in-
dicated the importance of the combined effect of the 

number of flanking SNPs and their informative value on 
the imputation accuracy.

The breed with the lowest concordance rate both in 
the within and among breeds analyses was the Delle 
Langhe, which reached an overall imputation accu-
racy of over 90% only in the within- breed analysis. 
Unfortunately, this might be due to the very limited 
number of animals available for this breed, which might 

F I G U R E  4  Boxplot of concordance rate (%) across validation sets per each split ratio scenario in the Sarda breed randomly sampling 50, 
100, 500 and 1000 animals. The mean is shown as grey dot and the median as straight line.

F I G U R E  5  Boxplot of concordance rate (%) per MS in the Sarda breed when only 10 SNPs within the ±2 Mb window per each MS were 
retrieved to assess the effect of SNPs number in the concordance rate. The mean is shown as grey dot and the median as straight line.
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not be sufficient to underline the genetic variability 
present in the Delle Langhe breed. Moreover, we can-
not either rule out the hypothesis that a peculiar genetic 
structure of this breed might determine those results. 
Still, we decided to keep this breed in the model since 
it is quite remarkable that although the reference panel 
is so limited in numbers, we could nonetheless reach 
appreciable level of concordance rate, especially when 
we did not consider the OARAE129 (within breed and 
among breeds average were 93.3% and 92.6%, respec-
tively). We decided to keep the Delle Langhe breed since 
it resembles several small autochthonous populations 
reared in the Italian context.

The breeds analysed in this study represent different 
scenario in terms of breeding management although all 
are officially milk- recorded and routinely genetically eval-
uated for milk yields. The Sarda is managed using a py-
ramidal scheme (Carta et  al.,  2009), while the selection 

scheme for Comisana and Massese is based on two dif-
ferent closed nucleus flocks reared at the Genetic Center 
of Asciano (Siena, Italy). The selection in Delle Langhe is 
mainly performed using an estimated breeding value to 
improve milk production. In addition, breeders can use a 
software to optimize genetic breeding values and manage 
mating to reduce inbreeding in the coming generations. 
Therefore, the inclusion of all those different types of 
breeding scheme paves the way to ensure that this im-
putation approach can be efficiently used in the Italian 
sheep scenario which is quite heterogeneous in terms of 
breeding strategies. We believe that by including more an-
imals we will be able to account for most of the variability 
present in the Italian sheep population which in turn will 
lead to higher accuracy in the imputation process. Indeed, 
although the total number of animals tested in this study 
was lower than what found in Marina et al., the concor-
dance rates were on the same scale (Marina et al., 2021).

F I G U R E  6  Boxplot of concordance rate (%) from the within 
breed analysis per each different microsatellite and breed. The 
mean is shown as grey dot, the median as straight line and outliers 
as black dots. Comisana (COM), Massese (MAS), Delle Langhe 
(ODL) and Sarda (SAR).

F I G U R E  7  Boxplot of concordance rate (%) from the among 
breeds analysis per each different microsatellite and breed. The 
mean is shown as grey dot, the median as straight line and outliers 
as black dots. Comisana (COM), Massese (MAS), Delle Langhe 
(ODL) and Sarda (SAR).
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It is known that in local breeds, the imputation accu-
racies might be overestimated mostly due to either highly 
structured and related population (Bolormaa et al., 2015) or 
due to a low effective population size (Druet et al., 2014). 
Although all tested breeds were limited in size, there are 
recent evidence that their inbreeding level is modest since 
all breeds except Sarda showed average inbreeding between 
1% and 6% based on Runs of Homozygosity estimate (FROH) 
(Cortellari et al., 2022). The Sarda breed showed an average 
FROH of 13.5%, which might partially explain, together with 
the highest number of animals considered in the study, 
why the highest concordance rate was found in this breed. 
Finally, thanks to the availability of MS data of the assigned 
parents in the case of Comisana and Massese breeds, we 
could bring forward the evaluation of the accuracy of the 
imputation pipeline. The concordance between parentage 
verification performed using original offspring MS and im-
puted ones was on average over 94%, which encourages the 
implementation of this imputation pipeline in practice.

5  |  CONCLUSIONS

This study represents the first attempt to evaluate a multi- 
breed imputation approach in several Italian breeds to 
help the transition from MS to SNPs data in the field of 
parentage testing. The results are encouraging since when 
excluding the worst imputed MS (OARAE129) and regard-
less on the analyses performed (within and among breeds) 
for all breeds we achieved an overall concordance rate 
over 94%. In addition, at the parentage verification level, 
the imputed offspring MS resulted in equivalent diagnoses 
for about 94% of the cases in the Comisana and Massese 
breeds, where assigned parents' MS were available. By 
combining different split ratios and population sizes we 
showed a concordance rate plateau of over 85% when at 
least 250 animals were included in the training set. This 
latter aspect indicated that the imputation can be used 
also when a limited number of animals have both MS and 
SNP information. At the field level, all animals with both 
information must be included in the imputation pipeline 
to ensure higher accuracy rate. Moreover, this approach 
should be tested in other species and scenarios. A techni-
cal note, when performing this type of study, is key to con-
sider which set of MS was used and with which reference 
genome was performed the alignment of MS position.

In the future, the use of this approach in practice might 
lead to a substantial reduction in cost for breeders and 
breeding associations since they might not have to double 
genotype animals to test parentage. This in turn might en-
courage the use of SNP data only in young animals, which 
will allow to a full transition of SNP data for parentage 
verification in the future.
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