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Abstract
Runs of homozygosity (ROH) are defined as long continuous homozygous 
stretches in the genome which are assumed to originate from a common ancestor. 
It has been demonstrated that divergent selection for variability in mice is possible 
and that low variability in birth weight is associated with robustness. To analyse 
ROH patterns and ROH-based genomic inbreeding, two mouse lines that were di-
vergently selected for birth weight variability for 26 generations were used, with: 
752 individuals for the high variability line (H-Line), 766 individuals for the low 
variability line (L-Line) and 74 individuals as a reference population. Individuals 
were genotyped using the high density Affymetrix Mouse Diversity Genotyping 
Array. ROH were identified using both the sliding windows (SW) and the con-
secutive runs (CR) methods. Inbreeding coefficients were calculated based on 
pedigree (FPED) information, on ROH identified using the SW method (FROHSW) 
and on ROH identified using the CR method (FROHCR). Differences in genomic 
inbreeding were not consistent across generations and these parameters did not 
show clear differences between lines. Correlations between FPED and FROH were 
high, particularly for FROHSW. Moreover, correlations between FROHSW and FPED 
were even higher when ROH were identified with no restrictions in the number 
of heterozygotes per ROH. The comparison of FROH estimates between either of 
the selected lines were based on significant differences at the chromosome level, 
mainly in chromosomes 3, 4, 6, 8, 11, 15 and 19. ROH-based inbreeding estimates 
that were computed using longer homozygous segments had a higher relation-
ship with FPED. Differences in robustness between lines were not attributable to a 
higher homozygosis in the L-Line, but maybe to the different distribution of ROH 
at the chromosome level between lines. The analysis identified a set of genomic 
regions for future research to establish the genomic basis of robustness.
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1  |  INTRODUCTION

Inbreeding coefficients have been traditionally computed 
through pedigree information (Howard et  al.,  2017). 
However, inbreeding can be estimated using molecular 
information by assessing the homozygous sites. Given 
the strong relationship with genealogical inbreeding 
(McQuillan et  al.,  2008), runs of homozygosity (ROH) 
are continuous homozygous segments of DNA sequence 
(Ceballos et  al.,  2018) that are useful to quantify indi-
vidual autozygosity. The intense selection of livestock 
has resulted in an increase of inbreeding. Moreover, the 
detection of common ROH regions in a population may 
not only result from genetic drift but may also become 
fixed in the population due to artificial selection. In ad-
dition, may reflect the population historical events as 
bottlenecks (Boyko et al., 2010; Kim et al., 2013; Sams & 
Boyko, 2019). It was, therefore, necessary to develop strat-
egies to preserve genetic variability in populations and, to 
characterize and monitor autozygosity in animal breeding 
programmes (Peripolli et al., 2017).

The software program PLINK (Chang et  al.,  2015) is 
frequently used to analyse ROH in livestock populations 
such as cattle, sheep, swine, goat and horse (Peripolli 
et  al.,  2017). The algorithm in PLINK employs a sliding 
window approach for analysing the genome whereby 
users define some parameters. This window moves along 
the genome of an individual, detecting homozygous sin-
gle nucleotide polymorphisms (SNPs) that, depending on 
the defined parameters, are part of a ROH (Meyermans 
et  al.,  2020). However, some reports indicate that the 
PLINK ROH algorithm may identify both artificial runs 
shorter than the fitted window or fail to identify segments 
longer than the window. Therefore, other algorithms 
were proposed to identify consecutive homozygous SNPs. 
A ‘consecutive runs’ algorithm can also enable the user 
to define a set of parameters to consider whether a ho-
mozygous SNP is part or not of a ROH (Ferenčaković 
et al., 2013; Marras et al., 2015).

New selection objectives relating to uniformity 
are becoming important in current animal breed-
ing programmes (Marjanovic et  al.,  2016; Rönnegård 
et  al.,  2013; Vandenplas et  al.,  2013). Selecting to re-
duce the environmental variability of a particular trait 
has been shown to be possible (Blasco et  al.,  2017; 
Formoso-Rafferty et  al.,  2016a) with increasing im-
portance in the breeding programmes of different live-
stock species (dos Santos Daltro et  al.,  2022; Garreau 
et  al.,  2008; Poyato-Bonilla et  al.,  2021). Selection 
for uniformity would result in animals more robust 
and better prepared to face environmental challenges 
(Broom,  2008). These are directly related to higher 
profitability and improvement in animal welfare (Bolet 

et  al.,  2007; Poigner et  al.,  2000). Recently, Casto-
Rebollo et al. (2021) have shown that selection to mod-
ify the environmental variance of litter size involve 
genes with a functional mutation in their transcrip-
tion units and are mostly implicated in the immune 
response and stress response pathways. More uniform 
animals would be less affected by unappreciable envi-
ronments environment changes thus keeping their per-
formance, which is a sign of robustness. In addition, it 
has been empirically confirmed that the more uniform 
the animals are the more robust they are.

In fact, Formoso-Rafferty et al. (2016a) developed a di-
vergent selection experiment for birth weight variability in 
mice for 29 generations and concluded that it was possible 
to modify the genetic control of the birth weight environ-
mental variability. As a result of the divergent experiment, 
two divergent lines were created: a high variability line 
(H-Line) and a low variability line (L-Line). The L-Line 
presented benefits in production, animal welfare, herita-
bility and traits related with robustness traits such as feed 
efficiency or longevity (Formoso-Rafferty et  al.,  2016b, 
2017, 2019, 2022; 2023). Moreover, a higher response to 
selection was observed in the L-Line than in the H-Line 
(Formoso-Rafferty et al., 2020).

The aim of this study was to analyse the variation of 
both patterns of ROH and ROH-based genomic inbreed-
ing due to divergent selection in the two mouse lines. 
ROH-based inbreeding was estimated using different ROH 
lengths and two different algorithms: sliding windows and 
consecutive runs, and then compared with inbreeding co-
efficients computed using pedigree information within 
selection lines.

2  |  METHODS

The experimental mouse population was created from 
a population originating from genetic contribution of 
three inbred mice lines: BALB/c, C57BL and CBA. This 
mixed starting population was maintained under pan-
mixia for 40 generations and was the same as that used 
for the origin of other selection experiments (Fernández 
& Toro,  1999; Gutiérrez et  al.,  2006; Gutiérrez & 
Goyache,  2005; Ibáñez-Escriche et  al.,  2008; Moreno 
et al., 2012; Pun et al., 2013). A divergent selection ex-
periment was designed and performed using the pre-
dicted breeding value for birth weight environmental 
variability as the selection criterion, which was consid-
ered as a trait of the mother. A total of 64 males and 64 
females from the panmictic population were randomly 
selected to be mated one male to one female and that 
formed the founder population. Then, the pup weight 
and its environmental variability were considered as 
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maternal traits: A genetic selection was then carried 
out for low and high environmental variability. While 
avoiding mating between individuals that shared grand-
parents, mating was implemented using a simulated an-
nealing approach to optimize the response to selection 
while restricting the increase in inbreeding (Formoso-
Rafferty et al., 2016a).

2.1 | Data

Mouse tail samples were collected during 24 genera-
tions. A total of 1824 samples were genotyped using 
Affymetrix Mouse Diversity Genotyping Array, which 
included 616,316 SNPs. The Axiom Analysis Suite 3.1. 
(ThermoFisher Scientific) was used to extract genotypes 
and to create standard PED and standard map PLINK files. 
Quality control (QC) measures were then applied on the 
obtained genotypes. Animals with a call rate lower than 
97% were removed. Finally, 752 females from the H-Line 
and 766 females from the L-Line were kept for this study. 
Furthermore, 74 females, including five females from the 
founder population and 69 from the first generation of se-
lection, were used as a reference population (RP). Other 
QC measures were: 3% of missing genotypes were allowed 
but removed SNPs mapped in the sex chromosome and 
mitochondrial DNA. A minor allele frequency (MAF) 
filter was not applied to maximize the genome coverage 
calculated as recommended by Meyermans et al. (2020). 
Finally, 545,656 SNPs were kept, thus ensuring that 99% 
of the genome was covered.

The pedigree data contained 5054 individuals, includ-
ing the 1592 individuals used this study and their an-
cestors up to five generations of pedigree of the founder 
population. The number of genotyped individuals per 
generation is given in Figure 1.

2.2 | Analysis

ROH were identified using two different algorithms: sliding 
windows (SW) as implemented by the PLINK v 1.9 program 
(Chang et  al.,  2015; Purcell et  al.,  2007) and consecutive 
runs (CR) (Ferenčaković et al., 2013; Marras et al., 2015) 
as implemented in the detectRuns package (Biscarini 
et al., 2018) of the R program. First, we tested different pos-
sibilities for each parameter involved in the computation 
of ROHs. We then decided to show only the variation in 
the number of heterozygotes allowed per ROH because we 
observed that this parameter is the most influential in the 
ROH detection in our data set—both in the number of seg-
ments detected and in the correlation between FROH and 
FPED. The results of the other tests are not shown due to the 
final dimension of the article. The SW algorithm was fitted 
using the following parameters: 50 SNPs per window; one 
heterozygote site was allowed in a window; one heterozy-
gote site was allowed per ROH; five missing SNPs were al-
lowed in a window; a minimum ROH length of 1000 kb; 
the minimum number of homozygous SNPs in a ROH was 
set to 100; the required minimum density was set in one 
SNPs/50 kb; window threshold was set to 0.05; and the 
minimum distance between two ROHs was 1000 kb. The 
parameters fitted for CR were as follows: one heterozygote 
site allowed in a ROH; five missing SNPs allowed in a ROH; 
minimum ROH length of 1000 kb; the minimum number of 
homozygous SNPs in a ROH was set to 100; and the mini-
mum distance between two ROH was 1000 kb.

Moreover, we also wanted to analyse how the selected 
number of heterozygotes affected the detection of ROH in 
these populations. For some of the computations in SW, 
no limit was set in the number of heterozygotes per ROH. 
SW with no limits in the heterozygotes per ROH labelled 
SW0. When only one heterozygote was allowed per ROH, 
the SW label used was SW1 and the CR label was CR1.

F I G U R E  1  Number of genotyped 
individuals per generation in the high 
variability line (H-Line), in the low 
variability line (L-Line) and in the 
reference population (RP) formed by 
individuals of generation 0 and of the first 
generation of selection.
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where LROH was the total length of all ROH segments and 
LAUTO was the autosomal genome distance covered by SNPs 
(2,458,711,710 bp) (McQuillan et al., 2008). Eight different 
FROH coefficients were calculated for each animal depend-
ing on the ROH length: FROH 1–2 Mb, FROH 2–4 Mb, FROH 4–8 Mb, 
FROH 8–12 Mb, FROH 12–16 Mb, FROH 16–20 Mb, FROH 20–26 Mb and 
FROH 26–32 Mb. Where x–y Mb was the minimum and max-
imum length (in Mb) of the ROH used for computations. 
Furthermore, FROH coefficients were calculated into ac-
cumulative classes: FROH > 1 Mb, FROH > 2 Mb, FROH > 4 Mb, 
FROH > 8 Mb, FROH > 12 Mb, FROH > 14 Mb, FROH > 20 Mb, FROH > 26 Mb 
and FROH > 32 Mb, with FROH > 1 Mb being equivalent to FROHi

 as 
defined above.

Genealogical inbreeding (FPED) is the probability that 
an individual had two identical alleles by descent and was 
computed following Meuwissen and Luo (1992) using the 
program ENDOG v4.9 (Gutiérrez & Goyache, 2005).

To compare the evolution of genealogical inbreeding 
and molecular inbreeding, individual inbreeding coeffi-
cients were standardized by the mean inbreeding coeffi-

cient of the RP as: Fxsi =
(Fxi−FxRP)
1−FxRP

; where x is ROHSW1, 
ROHCR1, ROHSW0 or PED and i is the individual. The stan-
dardized inbreeding coefficients are, therefore, labelled 
FROHSW1s, FROHCR1s, FROHSW0s and FPED.

The Pearson correlation coefficient between the differ-
ent inbreeding measures was estimated for both selected 
lines using the R program. FROH–FPED correlations were 
also calculated in different generation groups: initial gen-
erations (2, 3, 4 and 5), intermediate generations (13, 14, 
15 and 16) and the most recent generations (23, 24, 25 and 
26). We carried out correlations in different generation 
groups with the algorithm and parameters that showed 
the best correlations between FPED–FROH using all the in-
dividuals of the selected lines. These were done to clear up 
if there were differences in FPED–FROH correlation across 
the selection generations and to compare correlations of 
a few numbers of individuals with correlations of all the 
genotyped individuals.

Consensus regions were defined as ROH regions within 
each selected line that were detected in the 99% of the an-
alysed individuals and with a 99% of allelic match. These 
consensus regions were analysed in initial, intermediate 
and most recent generations to observe whether there 
were differences between lines and the evolution across 
generations. PLINK v1.9 was used to detect these regions 
(Chang et al., 2015; Purcell et al., 2007).

Furthermore, we calculated FROH within each chromo-
some (FROHchr) with the method and the parameters that 
best correlated with FPED to identify differences in FROH 

in each chromosome between lines. We also calculated 
FROHchr in different generation groups: initial generations, 
intermediate generations and most recent generations. 
We then compared L-Line and H-Line to identify differ-
ences due to selection at the chromosome level. FROHchr 
that was computed for both the intermediate and the most 
recent generations of both selection lines was used to ac-
count for drift: Differences were consistently assessed in 
intermediate and most recent generations and considered 
likely to be linked to selection rather than genetic drift. To 
deal with this objective, FROHchr in each chromosome and 
in each generation group were analysed using a general 
linear model procedure with equation:y = � + line + e, 
where y was the individual's FROHchr in the analysed chro-
mosome, � was the mean, line the selection line with two 
levels (H-Line and L-Line) and e the residual. The R pack-
age car (Fox & Weisberg, 2019) was used to perform the 
statistical analysis of the data.

2.3 | Candidate ROH regions

Chromosomes with statistically significant differences in 
FROHchr between lines, in both intermediate and most re-
cent generations, and the line that presented more FROHchr 
in both generation groups were considered as harbour-
ing candidate ROH regions. We defined ROH candidate 
regions as chromosome regions identified in 99% of the 
individuals belonging to the intermediate generations 
and most recent generations of both lines in two different 
scenarios:

 (i) ROH regions exclusive of the L-Line not identified in 
the other selection line.

 (ii) ROH regions exclusive of the H-Line not identified in 
the other selection line.

These scenarios were designed to test the hypothesis of 
dominant inheritance. In one of the lines, only one of the 
alleles was fixed and in the other line heterozygotes were 
also selected.

3  |  RESULTS

Descriptive statistics of ROH are given in Table 1 that 
were identified under SW1, CR1 and SW0 in both selec-
tion lines and in the RP. The L-Line had more ROH seg-
ments than the H-Line under both methodologies and 
irrespective of any restrictions in the number of allowed 
heterozygotes per ROH. However, the identified mean 
number of segments was similar between lines: 338 for 
the H-Line and 336 for the L-Line under SW1, 335 for 

Genomic inbreeding was computed as FROHi
=

∑

LROH
LAUTO
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the H-Line and 336 for the L-Line under CR1 and 293 
for the H-Line and 299 for the L-Line under SW0. The 
mean and the maximum ROH lengths were greater in 
the selection lines than in the RP. The longest segment 
detected in RP under SW1 was 63.54 Mb, under CR1 it 
was 64.59 Mb and under SW0, it was 99.89. In contrast, 
the longest segment in the H-Line was 90.46 Mb under 
SW1, 89.07 Mb under CR1 and 136.50 Mb under SW0. 
And in the L-Line, it was 80.14 under SW1, 82.64 Mb 
under CR1 and 132.22 Mb under SW0. A greater number 
of segments were detected using SW1 and CR1 rather 
than using SW0, whereas the mean length and the maxi-
mum length of the segment were larger under SW0 in 
both selected lines and in the RP.

Table 2 shows ROH segments with a length between 
1 and 12 Mb were more frequent. In the H-Line, those 
segments were 75.63% in total, in the L-line, they were 
76.44% of the total and in the RP, they amounted to 82.54% 
of the total under SW1. Moreover, for CR1 in the H-Line, 
those segments were 73.90% of the total identified, in the 
L-Line, they were 75.18% of the total and in the RP, they 
amounted to 80.99% of the total. For SW0, the segment 
lengths between 1 and 12 Mb represented 56.63% in the 
H-Line, 59.96% in the L-Line and 69.59% in the RP. ROH 
segments between 4 and 8 Mb were the most frequent: 
26.68% (H-Line), 26.41% (L-Line) and 28.43% (RP) under 
the SW1 algorithm. Under the CR1 approach segments be-
tween 4 and 8 Mb were 26.57% (L-Line), 26.41% (H-Line) 

T A B L E  1  Descriptive statistics of runs of homozygosity number and length obtained by sliding windows (SW1) and consecutive runs 
(CR1) when one heterozygote was allowed per ROH and sliding windows when no restriction in the number of heterozygotes per ROH was 
set (SW0) in the reference population (RP), in the high variability line (H-Line) and in the low variability line (L-Line).

Number of 
segments

Mean number of segments per 
individual (SE)

Mean length of segments 
(Mb) (SE)

Maximum length 
of segments (Mb)

H-Line

SW1 274,060 338 (1.63) 4.20 (0.01) 90.46

CR1 273,489 335 (2.54) 4.50 (0.01) 89.07

SW0 220,123 293 (0.62) 5.55 (0.02) 136.50

L-Line

SW1 276,777 336 (1.44) 4.17 (0.01) 80.14

CR1 276,665 336 (2.36) 4.40 (0.01) 82.64

SW0 228,880 299 (0.59) 5.35 (0.01) 153.90

RP

SW1 29,430 327 (2.38) 3.79 (0.02) 63.54

CR1 29,300 322 (4.60) 4.04 (0.02) 64.59

SW0 21,290 288 (1.29) 4.62 (0.03) 99.89

Abbreviation: SE, standard error.

T A B L E  2  Percentage of the total sum of ROH per length of ROH segment in the high variability line (H-Line), in the low variability 
line (L-Line) and in the reference population (RP). ROH were obtained using the sliding windows (SW1) and the consecutive runs (CR1) 
approaches when one heterozygote was allowed per ROH and using sliding windows when no restriction in the number of heterozygotes 
per ROH was set (SW0).

H-Line 
SW1 (%)

H-Line 
CR1 (%)

H-Line 
SW0 (%)

L-Line 
SW1 (%)

L-Line 
CR1 (%)

L-Line 
SW0 (%) RP SW1 (%) RP CR1 (%) RP SW0 (%)

1–2 Mb 12.91 11.58 8.56 13.25 12.20 8.98 14.98 12.94 10.90

2–4 Mb 20.59 19.82 14.15 19.82 19.80 15.25 23.54 22.25 18.43

4–8 Mb 26.68 26.41 20.58 26.41 26.57 20.97 28.43 28.61 24.30

8–12 Mb 15.45 16.09 13.34 16.09 16.61 14.76 15.59 17.19 15.96

12–16 Mb 8.57 9.56 9.34 9.56 9.29 9.06 7.82 8.70 9.51

16–20 Mb 5.81 6.50 8.18 6.50 6.20 7.64 3.90 4.40 6.65

20–26 Mb 4.65 4.96 7.45 4.96 4.80 6.86 3.08 3.47 5.08

26–32 Mb 2.42 2.57 5.08 2.08 2.41 4.86 1.44 1.29 3.05

≥32 Mb 2.94 2.49 13.29 2.66 2.12 10.59 1.23 1.16 6.13
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and 28.61% (RP). Furthermore, under SW0, segments be-
tween 4 and 8 Mb represented 20.58% (H-Line), 20.97% 
(L-Line) and 24.30% (RP). RP had the lowest percentage 
of segments longer than 32 Mb: 1.23% under SW1, 1.16% 
under CR1 and 6.13% under SW0. These percentages were 
2.94% under SW1, 2.49% under CR1 and 13.29% under SW0 
for the H-Line and 2.66% under SW1, 2.12% under CR1 and 
11.57% under SW0 for the L-Line. When both algorithms 
were compared, SW1 and CR1 showed a similar proportion 
of segments in each class. Nevertheless, SW0, as excepted, 
detected the highest percentage of segments longer than 
16 Mb in both the selected lines and in the RP.

Figure  2 shows the evolution of FPEDs, FROHSW1s, 
FROHCR1s and FROHSW0s across generations in both lines. 
The four parameters had a positive trend. In the last 
generation, the average for these parameters, FPEDs, 
FROHSW1s, FROHCR1s and FROHSW0s, were respectively: 
0.34, 0.26, 0.27 and 0.31 for the H-Line. And for the 
L-Line: 0.34, 0.23, 0.25 and 0.28 respectively. More dif-
ferences were detected in the evolution of FROHSW1s, 
FROHCR1s and FROHSW0s than in FPED for the selected 
lines. The L-Line presented a noticeable decrease in the 
25th generation in FROHSW1 (0.16) and FROHCR1 (0.17). 
This decrease was not observed in FROHSW0 (0.28). In 
RP, FROHSW1 was 0.50, FROHCR1 was 0.53, FROHSW0 was 
0.54 and for FPED, it was 0.03.

The variation of FROH per ROH length classes and al-
gorithm (SW1, CR1 and SW0) in both selection lines is 
shown in Figure  S1. When FROH was calculated using 
segments greater than 12 Mb, FROHSW1 and FROHCR1 cal-
culated by segments between 12 and 16 Mb explained 
more FROH than larger segments in both selection lines 
(see Figure  S1b,d). However, FROHSW0 obtained from 
segments longer than 32 Mb contributed more to FROH 
than segments between 12 and 32 Mb in both selection 
lines (see Figure  S1). Nevertheless, segments between 
4 and 8 Mb explained most of FROH across methods and 
restrictions.

The correlation of FPED with FROH calculated with 
information from all the genotyped animals across gen-
erations computed using SW1 were: 0.85 in the H-Line 
and the L-Line, and 0.11 in the RP. These correlations 
computed using CR1 were 0.78 in the H-Line, 0.80 in the 
L-Line and 0.13 in the RP. When SW0 was used to cal-
culate ROH, correlations between FPED and total FROH, 
these were 0.89 in the H-Line, 0.88 in the L-Line and 
0.12 in the RP. Figure 3 shows the correlations between 
FPED and FROHSW1, FROHCR1 and FROHSW0 that were cal-
culated using different ROH length and accumulative 
length classes for both selection lines and the RP. In 
general, correlation coefficients were highest for the 
pair FPED–FROHSW0, and FROHSW1–FPED correlations were 

F I G U R E  2  Evolution of average inbreeding coefficients adjusted by the average inbreeding of the reference population based on 
pedigree (FPEDs) and genomic inbreeding calculated by sliding windows (FROHSW1s) and consecutive runs (FROHCR1s) when one heterozygote 
was allowed per ROH and sliding windows when no restriction in the number of heterozygotes per ROH was set (FROHSW0s); in high 
variability line (H-Line) and low variability line (L-Line). H-Line: black, L-Line: grey.
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higher than FROHCR1–FPED correlations. The lowest cor-
relations were observed when segments between 1 and 
4 Mb were used to calculate FROH (Figure 3a); the pairs 
FROHSW0 1–2 Mb–FPED and FROHSW0 2–4 Mb–FPED showed the 
lowest correlations (Figure 3b). Furthermore, using ROH 
segments ≥2 Mb length, the correlation coefficients were 
0.88 in both selected lines for SW0 approach, 0.69 and 
0.58 in the H-Line, and 0.69 and 0.56 in L-Line for the 
SW1 and the CR1 approaches. The correlations between 
FROH and FPED when segments longer than 32 Mb were 
used, remained higher with: SW0 (0.57 in the H-Line and 
0.63 in the L-Line) than with SW1 (0.23 in the H-Line and 
0.25 in the L-Line) and with CR1 (0.22 in the H-Line and 
0.24 in the L-Line). Regardless of the selection line or al-
gorithm considered, the shorter length of ROH used for 
computations, the lower the correlation coefficients with 
FPED. This decrease was not observed in RP.

We observed an irregular pattern in the correlations 
of H-Line and L-Line in the different group of genera-
tions when using different algorithms and restrictions. 
Correlation coefficients reached values from moderate 
to low when only a few generations were considered. 
When cumulative categories were considered to calculate 
FROHSW0, correlations were positive in all the generation 
groups and higher in the intermediate generations (see 
Figure S2).

The evolution of consensus regions in the H-Line and 
L-Line detected in initial, intermediate and most recent 
generations are represented in Figure 4. With the genera-
tions pass, more consensus regions were detected in both 
lines. The greatest difference between lines were observed 
in intermediate generations, where the H-Line presented 
175 consensus regions and the L-Line presented 191 con-
sensus regions. Table S1 shows all the consensus regions 

F I G U R E  3  Correlations between pedigree inbreeding (FPED) and genomic inbreeding calculated by runs of homozygosity (ROH) 
computed using sliding windows setting one heterozygote per ROH (FROHSW1), consecutive runs (FROHCR1) and sliding windows setting no 
restrictions in the number of heterozygotes allowed by ROH (FROHSW0) in both divergent lines and in the reference population. FROHSW1, 
FROCR1 and FROHSW0 are divided in eight classes (1–2, 2–4, 4–8, 8–12, 12–16, 16–20, 20–26 and 26–32 Mb) and in eight cumulative categories 
(≥2, ≥4, ≥8¸ ≥12, ≥16, ≥20, ≥26 and ≥32 [Mb]). Plot (a) represented FPED–FROHSW1 and FPED–FROHCR1 correlations. Plot (b) represented FPED–
FROHSW0 correlations. High variability line: black. Low variability line: grey. Reference population: striped black.
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F I G U R E  4  Number of consensus 
regions in different groups of generations: 
initial (2, 3, 4 and 5), intermediate (13, 14, 
15 and 16) and most recent (23, 24, 25 and 
26) generations, detected in low variability 
line (L-Line) and high variability line 
(H-Line).
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detected per line and per group of generations. Some 
differences were observed in chromosome distribution 
between lines, for instance, consensus regions in chromo-
some 19 were detected from the initial generations in the 
H-Line while in the L-Line they were not detected until 
the most recent generations.

Table  3 shows the mean and the standard error of 
FROHchr in H-Line and L-Line in intermediate and most 
recent generation groups. Moreover, also shown is the 
significance in differences in the FROHchr between lines 
in intermediate and most recent generations. Consistent 
significant differences were detected in chromosomes 3, 
4, 6, 8, 11, 15 and 19 in intermediate and recent genera-
tions. Only chromosome 3 presented greater FROHchr in 
the L-Line; 0.54 in H-Line and 0.60 in L-Line in inter-
mediate generations and 0.62 in the H-line and 0.70 in 
the L-Line in most recent generations. Chromosomes 4, 
6, 8, 11 and 15 presented greater FROHchr in the-H Line. 
In chromosome 4: FROHchr was 0.62 in the H-Line and 
0.58 in the L-Line in intermediate generations; and 0.66 
in the H Line and the 0.58 in L-Line in most recent gen-
erations. In chromosome 6, this was: 0.77 in H-Line and 
0.64 in L-Line for the intermediate generations; and 0.83 
in the H-Line and 0.65 in the L-Line in most recent gen-
erations. In the intermediate generations, chromosome 

8 for the: H-Line had 0.69 and 0.63 for the L-Line; and 
in the most recent generations, the H-Line had 0.73 and 
0.65 for the L-Line. In chromosome 11, in the interme-
diate generations: FROHchr was 0.53 for the H-line and 
0.48 for the L-Line; and 0.61 for the L-Line and 0.54 for 
the L-Line in most recent generations. In chromosome 
15 for the intermediate generations: FROHchr was 0.69 in 
the H-Line and 0.56 in in the L-Line; and 0.75 for the 
H-Line and 0.64 for the L-Line in the most recent gen-
erations. Finally, in chromosome 19: FROHchr was 0.50 in 
H-Line and 0.47 in L-Line in intermediate generations; 
and 0.60 in H-Line and 0.53 in L-Line in most recent 
generations.

Candidate regions exclusive to the H-line covered 
84,490,502 bp of the mice genome, with a total of 176 re-
gions: 36 of which were identified in chromosome 4; 30 
in chromosome 6, 26 in chromosome 8; 35 in chromo-
some 11, 28 in chromosome 15 and 21 in chromosome 
19. Candidate regions exclusive to the L-Line covered 
21,645,521 bp of the mice genome, with a total of 55 re-
gions all of which were detected in chromosome 3. The 
longest candidate region exclusive to the H-Line was de-
tected in chromosome 15 (4,985,142 bp), and the longest 
candidate region exclusive to the L-Line was detected in 
chromosome 3 (2,219,748 bp) (see Table S2).

Chromosome

Intermediate generations Most recent generations

H-Line L-Line H-Line L-Line

Mean SE Mean SE Mean SE Mean SE

1 0.59 0.01 0.57 0.01 0.61*** 0.01 0.69*** 0.01

2 0.66** 0.01 0.69** 0.01 0.67 0.01 0.68 0.01

3 0.54*** 0.01 0.60*** 0.01 0.63*** 0.01 0.71*** 0.01

4 0.62** 0.01 0.58** 0.01 0.66*** 0.01 0.58*** 0.01

5 0.65*** 0.01 0.68*** 0.01 0.71 0.01 0.72 0.01

6 0.77*** 0.01 0.64*** 0.01 0.83*** 0.01 0.65*** 0.01

7 0.55 0.01 0.57 0.01 0.62 0.01 0.62 0.01

8 0.69** 0.01 0.63** 0.01 0.73*** 0.01 0.65*** 0.01

9 0.59 0.01 0.62 0.01 0.61*** 0.01 0.71*** 0.01

10 0.76 0.01 0.75 0.01 0.79 0.01 0.79 0.01

11 0.53*** 0.01 0.48*** 0.01 0.61*** 0.01 0.54*** 0.01

12 0.54*** 0.01 0.60*** 0.01 0.64 0.01 0.66 0.01

13 0.60*** 0.01 0.65*** 0.01 0.66 0.01 0.70 0.01

14 0.66 0.01 0.65 0.01 0.79*** 0.01 0.66*** 0.01

15 0.69*** 0.01 0.56*** 0.01 0.75*** 0.01 0.64*** 0.01

16 0.63 0.01 0.63 0.01 0.69 0.01 0.69 0.01

17 0.54 0.01 0.54 0.01 0.61 0.01 0.64 0.01

18 0.55*** 0.01 0.62*** 0.01 0.64 0.01 0.65 0.01

19 0.50* 0.01 0.47* 0.01 0.60*** 0.01 0.53*** 0.01

*p < 0.05; **p < 0.01; ***p < 0.001.

T A B L E  3  Mean and standard error 
(SE) of ROH inbreeding computed 
using sliding windows per chromosome 
with no restrictions in the number of 
heterozygotes allowed per ROH (FROHchr). 
Significance of differences in FROHchr for 
the selection line effect compared between 
intermediate generations (13, 14, 15 and 
14) and most recent generations (23, 24, 
25 and 26).
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4  |  DISCUSSION

Since high levels of inbreeding produce an increase in 
the frequency of homozygous alleles, ROH have become 
useful to estimate inbreeding (Peripolli et  al.,  2017). 
Selection pressure and mating schemes can influence 
ROH length and distribution in the genome causing a 
non-random distribution of these genomic features. 
Therefore, ROH detection can also be used to minimize 
inbreeding and to improve mating systems (Mastrangelo 
et al., 2018).

ROH studies have been performed in many other spe-
cies such as cattle (Caivio-Nasner et  al.,  2021; Doekes 
et al., 2019; Lozada-Soto et al., 2022; Marras et al., 2015; 
Peripolli et al., 2020; Pryce et al., 2014; Purfield et al., 2012; 
Schiavo et  al.,  2022; Zhang et  al.,  2015), pigs (Ganteil 
et al., 2020; Joaquim et al., 2019; Saura et al., 2015; Schäler 
et al., 2020; Schiavo et al., 2020), sheep (Álvarez et al., 2020; 
Nosrati et al., 2021; Rodríguez-Ramilo et al., 2019), horses 
(Bizarria dos Santos et al., 2021; Druml et al., 2018; Grilz-
Seger et al., 2019), goats (Cortellari et al., 2021; Onzima 
et al., 2018; Signer-Hasler et al., 2022), poultry (Elbeltagy 
et  al.,  2019; Marchesi et  al.,  2018), turkeys (Strillacci 
et  al.,  2020), dogs (Mastrangelo et  al.,  2018; Mooney 
et  al.,  2021; Sams & Boyko,  2019; Soh et  al.,  2021) and 
salmon (Yoshida et al., 2020). However, both within and 
between species, the comparison between studies is chal-
lenging because the density of the available genotypes 
and the high variability of the parameters fitted to identify 
ROH (Peripolli et al., 2017; Rodríguez-Ramilo et al., 2019).

Therefore, the authors cannot agree what parameters 
and algorithms to use to identify the ROH. This makes 
it difficult to compare results from different studies 
(Peripolli et al., 2017). In addition, there are few studies 
aimed at evaluating the impact of fitting different pa-
rameters in the performance of the algorithms used to 
identify ROH. This also affects the estimation of FROH 
(Biscarini et al., 2018; Ferenčaković et al., 2013; Howrigan 
et al.,  2011; Meyermans et al.,  2020; Mulim et al.,  2022; 
Rodríguez-Ramilo et  al.,  2019). To optimize ROH detec-
tion as recommended by Meyermans et  al.  (2020), the 
MAF thresholds and linkage disequilibrium pruning were 
not applied in this study. These authors reported losses of 
ROH information when these filters were applied on gen-
otype data.

In this study, segments between 1 and 12 Mb of length 
identified under both SW1 and CR1 were highly consis-
tent. These ROH segments played a major contribution to 
the total sum of ROH, as reported for other species: cat-
tle (Ferenčaković et al., 2013; Marras et al., 2015), horse 
(Grilz-Seger et al., 2019), swine (Saura et al., 2015; Schiavo 
et al.,  2020) or dogs (Mastrangelo et al.,  2018). The per-
formance of both algorithms can be considered highly 

consistent for many practical purposes. Other authors 
(Bertolini et  al.,  2018) have estimated that ROH shorter 
than 8 Mb originated from ancestors living more than six 
generations before, whereas ROH segments longer than 
16 Mb originated from ancestors living less than three 
generations before. Furthermore, Howrigan et al.  (2011) 
estimated that the ROH lengths of 10 Mb, 5 Mb and 2.5 Mb 
would, respectively, originate from ancestors living 5, 10 
and 20 generations before. Similar distances from ances-
tors were reported by Curik et al. (2014). Hence, most of 
the segments detected in both selection lines and in the 
RP with both algorithms could be generated more than six 
generations previously and might be related to ancient in-
breeding. Moreover, the RP had a lower proportion of seg-
ments longer than 12 Mb suggesting that this population 
would have lower levels of recent inbreeding. However, it 
is worth mentioning that not all ROH originated in iden-
tity-by-descent events. Some ROH could be located in ge-
nomic regions showing a low recombination rate and high 
linkage disequilibrium present in individuals that might 
not share common ancestors, therefore, considered iden-
tical-by-state (Purfield et al., 2017).

In this study, the total FROH (FROH≥1 Mb) had higher 
correlations with FPED. This is consistent with previous 
reports in other populations, such as: Iberian pig 0.63 
(Saura et  al.,  2015), cattle 0.75 (Marras et  al.,  2015), 
sheep 0.76 (Purfield et  al.,  2017), goat 0.64–0.88 
(Bertolini et al., 2018) and even human 0.86 (McQuillan 
et al., 2008). Our results confirm that FROH can be con-
sidered a good measure of the individual inbreeding. 
Nevertheless, it should be noted that they were in the 
extreme of the reported range given that the genotypes 
belonged to a considerable number of different gener-
ations. Thus, probably influencing the appearance of 
such higher correlation between total FROH and FPED 
in both divergent selection lines. This was supported 
by the fact that correlations between FPED and FROH 
were lower when generation groups were considered 
(Figure  4). Some authors reporting moderate to low 
correlations between FPED and FROH justified their find-
ings to a shallow pedigree available to them (Biscarini 
et al., 2020; Purfield et al., 2017; Schiavo et al., 2022). 
Hence, the moderate to high correlations between FPED 
and FROH computed in this study when all the available 
generations were considered was likely to be explained 
by both the presence of a deep enough pedigree and 
the high variability of inbreeding coefficients across 
generations. Furthermore, when the performance of 
the algorithms was compared, SW gave higher correla-
tions between FPED and FROH and, therefore, should 
be preferred in our population. In fact, when no re-
strictions in the number of heterozygotes per ROH 
were set, SW tended to give the highest correlations, 
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except for segments between 1 and 8 Mb. Some au-
thors recommended no heterozygous calls per ROH 
(Ceballos et al., 2018; Howrigan et al., 2011). However, 
Ferenčaković et al. (2013) suggested that genotyping er-
rors in SNP chip data do occur and, therefore, by not al-
lowing heterozygous calls can make shorter segments. 
These authors also suggested that the number of het-
erozygous sites allowed per ROH should be adapted to 
the length of the target ROH segments. Nevertheless, 
in the available software, there is no option for setting 
the number of heterozygotes sites as a function of the 
ROH length. Furthermore, other authors (Aramburu 
et al., 2020; Biscarini et al., 2020) reported that allow-
ing one heterozygote per sliding window enables the 
identification of a higher proportion of longer ROH 
when compared to not allowing heterozygotes per win-
dow, as the findings of this study confirm (Table  2; 
Figure S1). Furthermore, they suggested that allowing 
heterozygotes sites should be considered in function of 
both the sequencing technology and the marker den-
sity to avoid the mistaken break of ROH. Therefore, al-
though other authors used CR instead of SW to avoid 
the identification of spurious ROH (Ferenčaković 
et al., 2013), FROHSW1 correlated better than FROHCR1 in 
our case. When no restrictions were fitted in the num-
ber of heterozygotes per ROH (SW0), the correlations 
between FPED and FROH were even higher. Moreover, 
when increasing the minimum length for calculating 
FROH, correlations were still the highest between FPED 
and FROHSW0. This was probably because SW0, adapted 
better to the presence of heterozygote sites in function 
of the ROH length and, because of a lower number of 
wrongly broken ROH. When the heterozygotes were set 
by a sliding window and not per ROH.

Saura et al. (2015) reported negative correlations using 
sliding windows between FROH<5 Mb and FPED suggesting 
that these negative correlations should be interpreted with 
caution. Although shorter ROH are likely to have origi-
nated from remote common ancestors, they could be cov-
ered or included in some of the longer ROH. Therefore, 
although longer ROH were associated with recent inbreed-
ing (Howrigan et al., 2011; Rodríguez-Ramilo et al., 2019), 
the amount of recent and old inbreeding mirrored in each 
ROH segment might be affected by other factors rather 
than their length such as: population size, mating system 
or selection pressure. Hence, in our closed population, it 
is likely that longer ROH segments better depict identi-
ty-by-descent events than shorter segments due to both 
the high selection pressure applied and the low number of 
mating animals per generation.

In any case, comparison between ROH-based genomic 
inbreeding parameters and genealogical inbreeding is 
not straightforward. Pedigree inbreeding is the expected 

proportion of the genome that is identical by descent 
and, therefore, cannot capture the variation caused by 
other forces, such as Mendelian sampling or the linkage 
disequilibrium in the gamete formation, that are differ-
ent to matings between relatives (Howard et  al.,  2017; 
Rodríguez-Ramilo et al., 2019).

Differences in trends of both pedigree and molecular 
inbreeding were not high between lines. Some authors 
developed models by assuming that the residual vari-
ance decreases when the number of homozygous loci 
increases (Lerner, 1954; Lewontin, 1964; Zhivotovsky & 
Feldman, 1992). In any case, the current results suggest 
that selection for low variability of birth weight do not 
cause a higher increase of homozygosity in the L-Line 
when compared with the H-Line. The highest differ-
ence between lines in molecular inbreeding occurred 
in the 25th generation when using SW1 and CR1. This 
decrease was not observed when SW0 was used, that 
had the highest correlations with FPED in both selected 
lines and possibly be more representative of identity by 
descent in these lines. Currently, there is no convinc-
ing or conclusive explanation for the decrease observed 
using SW1 and CR1, which is still being investigated, but 
a sampling effect, together with the parameter criteria 
used to detect the ROH regions, might play an import-
ant role here. Nevertheless, ROH presented a different 
consensus regions distribution pattern between lines 
across chromosomes. Moreover, the differences in 
FROHchr detected in chromosomes 3, 4, 6, 8, 11, 15 and 19 
made it possible to identify candidate ROH regions, also 
known as ROH islands or ROH hotspots in other spe-
cies (Biscarini et  al.,  2020; Caivio-Nasner et  al.,  2021; 
Grilz-Seger et  al.,  2019; Lozada-Soto et  al.,  2022; 
Peripolli et  al.,  2020; Rodríguez-Ramilo et  al.,  2021; 
Schiavo et al., 2022; Signer-Hasler et al., 2022; Yoshida 
et al., 2020), that could be the result of selection and be 
implicated in the different performance between lines. 
This question is currently under investigation together 
with other methodologies specifically designed to find 
candidate genes.

5  |  CONCLUSIONS

Estimates of FROH and FPED had from moderate to high 
correlation. However, they correlated better for the SW 
approach, and when no restriction was set in the num-
ber of heterozygotes per ROH to identify ROH. The use of 
the same heterozygote restriction per ROH regardless of 
the size of the segment could mistakenly break the ROH 
segments. ROH-based molecular inbreeding was bet-
ter represented by longer segments in these populations. 
Differences in robustness between the low variability line 
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and the high variability line were not likely to be caused 
by differences in the total amount of genomic homozygo-
sis. Nevertheless, different distribution of ROH in chro-
mosomes may underlie performance differences between 
lines that are candidate ROH regions. The genomic re-
gions identified in chromosomes 3, 4, 6, 8, 11, 15 and 19 
can be a target for future research aimed at establishing 
the genomic basis of robustness.
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