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Inbreeding can have negative effects, such as increasing the expression of deleterious alleles or 
reducing fitness. A method based on Hidden Markov Models (HMM) was developed to determine 
the probability of an individual genome in a homozygous-by-descent state (HBD). As a result of 
an experiment of divergent selection for birth weight environmental variability two lines were 
created: high variability line (H-Line) and low variability line (L-Line). The L-Line demonstrated a 
better performance in traits related with robustness than the H-Line. From a selection period of 
20 generations, a total of 655 individuals from the H-Line and 675 individuals from the L-Line were 
genotyped with a high-density SNP array. We used a predefined multiclass HMM with a total of 9 
age related HBD classes and 1 non HBD class. The sum of the probabilities of each HBD class was 
defined as the total HBD inbreeding (FHBD). In addition, FHBD was divided into age related groups 
as recent and ancient. Moreover, recent pedigree inbreeding (FPEDR) was defined using different 
generation thresholds (4 to 14). The evolution of FHBD across generations was similar in both selected 
lines. However, the distribution in each age-related class was different between lines in more recent 
generations. The H-Line presented twice as much FHBD by ancestors from 8 generations ago than the 
L-Line. Moreover, the correlations between recent FHBD and FPEDR obtained with different generation 
thresholds were greater in the H-Line when very recent FHBD was calculated from classes related with 
ancestors from 1 to 8 generations ago. However, in the L-Line, considering more than 4 generations 
ago to define very recent inbreeding did not affect the correlations with FPEDR. The HBD was the first 
methodology that could detect differences in the inbreeding pattern between the selected lines that 
could be related with the divergent selection, despite being under the identical mating policy and 
similar intensity of selection.

In livestock species, most breeds are selected and in a quantitative breeding scheme, reproducers that are selected 
are likely to be related. Inbreeding, resulting from the mating of related individuals, is associated with deleterious 
effects in fitness traits. This is known as inbreeding depression1,2. Therefore, the selection process leads to an 
inevitable increase in inbreeding over the generations and breeders have to deal with inbreeding depression 
on traits of interest3. It has been hypothesized that a purging process naturally occurs with the elimination of 
deleterious alleles throughout the generations and deleterious alleles are mostly young and maintained at low 
frequency4. Thus, the presence of homozygosity caused by ancient ancestors could probably be possible if alleles 
undergo a purging process and, therefore, ancient identity by descent is more likely to be beneficial.

Numerous genomic estimators of realized inbreeding have been proposed. Of these, runs of homozygosity 
(ROH) were shown to be useful estimators of realized inbreeding4. Moreover, the length of ROH was inversely 
related to the number of generations that have elapsed from the common ancestor and, therefore, ROH 
detection can distinguish between recent and ancient inbreeding4–6. However, ROH were highly dependent 
on the parameters setting to be detected4,7,8. Other authors proposed other likelihood-based approaches that 
relied on Hidden Markov Models (HMM) to identify homozygous by descent segments (HBD). This HMM 
were modelled as a function of marker allele frequencies, the genotyping error rates and intermarker genetic 
distances9. The HMM was initially proposed with some constrains: all the autozygosity appeared from a single 
event; all the HBD segments originated in the same generation; and all these segments had an identical expected 
length10. However, in natural populations the historical demographic events were complex. Therefore, new 

1Dpto. Producción Animal, Facultad de Veterinaria, UCM, Madrid, Spain. 2Dpto. Producción Agraria, E.T.S. Ingeniería 
Agronómica, Alimentaria y de Biosistemas, UPM, Madrid, Spain. email: candelao@ucm.es

OPEN

Scientific Reports |         (2025) 15:5511 1| https://doi.org/10.1038/s41598-025-89254-z

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-89254-z&domain=pdf&date_stamp=2025-2-13


HMM methods have been developed with multiple age-based classes9. In these models, the length of the HBD 
segments have distinct expected distributions related with the number of generations that passed from the 
common ancestor2,9,11.

Current animal breeding programmes are implementing new selection objectives related with uniformity 
of some productive selection traits as significant variation around the optimal value of a trait can have a 
negative impact on production performance12. Moreover, selection for uniformity would result in animals that 
are more robust and better prepared to face environmental challenges. This uniformity is directly related to 
higher profitability and improvement in animal welfare13,14. A divergent selection experiment for birth weight 
variability in mice carried out over 33 generations demonstrated that it was possible to modify the genetic 
control of the birth weight environmental variability15. Following this experiment, two divergent lines were 
created: high variability line (H-Line) and low variability line (L-Line). The L-Line presented advantages in 
production, animal welfare, heritability, and traits related with robustness such as feed efficiency or longevity5–8. 
Furthermore, the L-Line showed higher response to selection than the H-Line20.

It is hypothesized that the residual variance decreases when the number of homozygous loci increases21–23. In 
previous studies performed in the mice lines divergently selected for birth weight variability, it was shown that 
there were no differences in the global level of homozygosity between the lines that could explain the differences 
in performance24,25. This same level of homozygosity could be expected as both lines were subjected to the 
same population size under the same selection intensity and under the same optimized mating policy, also 
avoiding sharing grandparents between mated animals17. However, differences were detected in the distribution 
of inbreeding across chromosomes between lines24.

The objective of this analysis was to examine the HBD patterns in both lines of mice divergently selected for 
birth weight environmental variability across generations in terms of ancient and recent inbreeding in each line. 
HBD ability to discriminate patterns of homozygosity increase in this population was evaluated.

Methods
Data
The pedigree and the genotype data were originated from an experiment of divergent selection for birth weight 
environmental variability in mice17. The housing and management conditions of the animals were in accordance 
with the Spanish legislation RD 53/2013 on the basic rules for the protection of animals used in experiments 
and other scientific purposes (Boletín Oficial del Estado 2013) and approved by the Animal Experimentation 
Committee (PROEX 224/18). Pedigree data contained 5,054 individuals, including the 1,340 individuals used 
for the study and their ancestors up to five generations of pedigree of the founder population of the experiment. 
Optimized matings during the selection experiment were restricted to animals not sharing grandparents with 
a selection intensity equivalent to around 30%. In each selection generation 43 females were mated with 43 
males having a maximum of two parturitions. More details could be found in Formoso-Rafferty et al.17. Animals 
belonging to the five generations carried out before selection were randomly mated.

A total of 1,340 individuals from 20 generations of selection from generation 6 to generation 26 of the 
selection experiment (655 of H-Line and 675 of L-Line) were genotyped using the high density Affymetrix 
Mouse Genotyping Array. All the individuals had a call rate higher than 97%. single nucleotide polymorphisms 
(SNPs) with more than 3% missing data and SNPs mapped to sex chromosomes were removed. After that, 
545,656 SNPs were kept. A minor allele frequency filter was not applied as pruning for low MAF can ignore large 
homozygous regions in the genome26. This subset of SNPs was used to detect ROH segments and estimate HBD 
probabilities. We used genotypes of individuals from generation 6 and not from the start of the experiment to 
ensure that individuals had a pedigree deep enough to compute recent pedigree inbreeding.

Methods to compute HBD probabilities
Under HMM the individual genome is described as a mosaic of multiple HBD and non HBD states. In the 
multiple age-based models, these HBD states are expected to arise from different generation of ancestors that 
are classified by the method in different age-related classes9. Each age-related class was defined by its rate Rk, 
defined by the authors that developed this algorithm as the length of the inbreeding loop or approximately 
half the age of the underlying ancestor9.The mean expected length of the HBD segments in this class was 1/Rk 
Morgans. Therefore, the number of generations from the common ancestors in which HBD segments appeared 
was approximately 0.5*Rk.

We calculated the HBD probabilities using two alternatives of HMM with multiple age-based models.

	1.	� Model with predefined Rk or mixKR. We used a total of 10 predefined classes. The Rk of HBD classes was set 
in a 2-exponential distribution: 21, 22, 23, 24, 25, 26, 27, 28, 29 and of one non HBD class was set to 29. In this 
analysis, only one non HBD state was used as recommended2,9,11. These values of Rk were defined to have a 
constant and limited degree of overlap between the exponential distribution9,11. The age related classes were 
defined based on previous works9,27. Thus, for example, the probability that a marker belongs to an HBD 
class 23 (8) is approximately equal to the probability that this marker is identity by descent from 4 generations 
ago.

	2.	� Models without predefined Rk or KR. With this model, the Rk was calculated in each individual and the 
number of classes could be selected according to the best (lowest) BIC in the population. The Rk of each class 
could be obtained by the median value of the Rk of all the individuals9. We fitted six models with a different 
number of classes: 2 (KR2), 3 (KR3), 4 (KR4), 5 (KR5), 6 (KR6) and 8 (KR8).

These two types of models were chosen because the first allows a better calculation of individual autozygosity 
and identification of HBD segments that can be captured by marker density9,11. The second model, was chosen 
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because inbreeding coefficients were estimated with respect to the same reference population and offer more 
resolution on the contribution of the ancestral generation to total autozygosity9,11.

Estimation of genomic and pedigree inbreeding
The HMM with multiple age-based provided the calculation of the contribution of each class to the overall level 
of individual inbreeding by averaging the probabilities of each SNP being in each class over the whole genome. 
Global HBD genomic inbreeding (FHBD) was obtained by summing up the contribution of HBD in all HBD 
classes. In the KR models, only the global FHBD was calculated for each model namely FHBD_KR. In addition, from 
the mixKR model, global autozygosity was computed namely FHBD as the summed of autozygosity contribution of 
each HBD K(FHBD_2, FHBD_4, FHBD_8, FHBD_16, FHBD_32, FHBD_64, FHBD_128, FHBD_256 and FHBD_512)9. The proportion 
of FHBD in each class was calculated in the intermediate generations (6, 7, and 9) and the most recent generations 
of the experiment of selection (23, 24, 25 and 26) in both lines to compare the evolution of the age on ancestors 
contributing to total FHBD.

Other groups of HBD classes were formed from the mixRK model regarding the number of generations that 
have elapsed from the common ancestor based on the results obtained from the distribution in the classes of 
FHBD within each selected line: very recent HBD genomic inbreeding, recent and ancient.

The ROH genomic inbreeding was calculated as FROH =
∑

LROH

LAUT O
28 where LROH and LAUTO are respectively 

the total length of all ROH segments and the autosomal genome (2,456,563 kb). ROH were detected using the 
sliding windows (SW) algorithm29. The parameters set for SW were 50 SNPs per window; 1 heterozygote allowed 
in a window; 5 missing SNPs allowed in a window; the minimum length of a ROH was 1000 kb; the minimum 
number of homozygous SNPs in a ROH was set to 100; the minimum density was set at 1 SNPs/50 Kb; window 
threshold was set to 0.5 and the minimum distance between two SNPs was 1000 kb. More details can be found 
in Ojeda-Marín et al.24.

Third, genealogical inbreeding (FPED) defined as the probability that two alleles from an individual were 
identical by descent, was computed following Meuwissen and Luo30. Furthermore, FPED was decomposed in 
recent and ancient inbreeding as shown by Wright31. Recent pedigree inbreeding coefficients (FPEDR) were 
calculated using the classical method32. Thresholds of the generations to consider FPEDR were essayed considering 
different thresholds checking from 4 to 14 generations back.

Pearson correlation coefficient was calculated between different genomic and pedigree inbreeding estimators.
The R package RZooRoH was used to analyse HBD segments9,27. PLINK v1.9 was used to detect ROH29, 

ENDOG v4.9 was used to compute FPED
33 and our own FORTRAN code was developed to determine FPEDR. 

Correlations were calculated with the R function “cor”.

Results
The evolution of FHBD, FROH and FPED is shown in Fig.  1. The trend was positive for the three inbreeding 
coefficients in both selected lines. The trend of FHBD and FROH was nearly parallel during the analysed twenty 
generations. However, FROH was greater than FHBD: in the 26th generation when the FROH was 0.68 in the H-Line 
and 0.67 in the L-Line and FHBD was 0.58 in the H-Line and 0.57 in the L-Line. The lowest values were observed 
for FPED, being 0.35 in both selected lines.

Figure 2 shows the proportion of genomic inbreeding captured by the mixKR model in each predefined class 
in both selected lines in intermediate and most recent generations of the selection experiment. The difference in 
the HBD pattern between lines was different in intermediate generations (6, 7, 8 and 9) from recent generations 
(23, 24, 25 and 26). In the intermediate generations, the highest contribution was from FHBD_32 in both selected 
lines, followed by FHBD_16 and FHBD_64. However, in the most recent generations the distribution of FHBD shifted 
to younger HBD classes in both lines. The contribution of FHBD_8 was similar in both selected lines in most recent 
generations (0.17). However, the contribution of FHBD_16 was almost twice as much in the H-Line (0.17) than in 
the L-Line (0.10).

Therefore, given the distribution of FHBD in the different age-related classes, we defined the genomic 
inbreeding regarding the number of generations elapsed from the common ancestor in each line in two ways 
to check the impact of considering, more or less, generations back. In the alternative 1 recent FHBD was defined 
between Rk 2 to Rk 16 (FHBD_R1), and the ancient FHBD was defined between Rk 32 to Rk 512 (FHBD_A1) regarding 
the distribution of HBD in the H-Line. In the alternative 2 very recent FHBD was defined between Rk 2 to Rk 8 
(FHBD_R2) and ancient FHBD was defined between Rk 16 to Rk 512 (FHBD_R2) regarding the distribution of HBD 
in the L-Line. Figure 3 represents the evolution of recent and ancient HBD inbreeding in both selected lines 
across generations. In the case of very recent and recent inbreeding, was calculated from the distribution of 
HBD in the H-line (Fig. 3a) and in the L-Line (Fig. 3b). Both FHBD_R1 and FHBD_R2 showed a positive evolution 
in both selected lines. The FHBD_R1 was 0.19 in both selected lines in generation 6 and 0.34 in both selected lines 
in generation 26. The FHBD_R2 was 0.08 at generation 6 in both selected lines and 0.22 in the H-Line and 0.24 in 
the L-Line at generation 26. The evolution of FHBD_A1 was positive in the L-Line and negative in the H-Line. The 
evolution of FHBD_A2 was negative in both selected lines.

The correlations between different inbreeding coefficients are shown in Table 1. In both selected lines, the 
total genomic inbreeding obtained from total HBD probabilities presented higher correlations with the other 
inbreeding coefficients than FHBD calculated from different HBD age classes. In the H-Line the correlation 
between FPED and FHBD was 0.78, while the correlation between FPED and FROH was 0.82. Nevertheless, in the 
L-Line both the correlations FPED-FHBD and FPED-FROH were 0.83. The correlations between FHBD and FROH were 
0.97 in the H-Line and 0.98 in the L-Line. When FHBD were divided into age related subtypes, FHBD_R1 and 
FHBD_R2 showed the greatest correlation with FHBD, FPED and FROH , while most of the correlations with FHBD_A1 
and FHBD_A2 were negative or close to zero. Moreover, in the H-Line the correlations between FHBD_R1 and FHBD 

Scientific Reports |         (2025) 15:5511 3| https://doi.org/10.1038/s41598-025-89254-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


(0.71), FPED (0.62), and FROH (0.68) were greater than the correlations between FHBD_R2 and FHBD (0.58), and FROH 
(0.52). However, in the L-Line the correlations between FHBD_R1 and the rest of the inbreeding coefficients were 
only slightly lower than for FHBD_R2, except for FPED, where the correlation was slightly higher for FHBD_R1 (0.55) 
than for FHBD_R2 (0.52) but also quite similar.

Figure 4 shows the correlations between FHBD_R1 and FHBD_R2 with FPEDR calculated with different generation 
thresholds (4 to 16) in both selected lines. In this figure, the correlations between FPEDR and FHBD calculated 
from classes between 2 to 32 and between total FHBD are shown to test whether the correlations change with 
different age thresholds in the calculation of FHBD. The correlations with FHBD_R1 were in general higher than 
with FHBD_R2 in both selected lines. The greatest correlation was detected earlier with FHBD_R2 (when a threshold 
of 11 generations was used to calculate FPEDR) than with FHBD_R1 (when a threshold of 13 generations was used 
to calculate FPEDR) in the L-Line. In the H-Line the greatest correlation was observed at the same generation 
threshold (9 generations) in both alternatives. Correlations between FHBD≤32 and FPEDR were not better than 
with FHBD_R1 and FHBD_R2 in either line. The correlations between FHBD and FPEDR in the H-Line increased up 
to generation 9 and then appeared to be stable. In the L-Line, the correlations between FHBD and FPEDR tend to 
increase when older generations were used as a threshold for calculating FPEDR.

Table 2 shows the comparison between the fitted KR models with different number of classes in both selected 
lines. The model with the best BIC for most of the individuals was the model with two HBD classes for both lines: 
624 individuals in the H-Line and 623 individuals in the L-Line. The median of the Rk for the best KR model 
was similar between lines for both HBD classes, around 15 for the first HBD class and 160 for the second HBD 
class. The mean FHBD_KR in the H-Line was between 0.52 and 0.53 for all the models in the H-Line and 0.53 in the 
L-Line. The correlation between FHBD_KR and FHBD was 1.00 for all the models and in both selected lines. When 
the number of classes increased, the last class, that corresponded to the oldest common ancestors, was older in 
the L-Line than in the H-Line.

Discussion
Inbreeding is linked to an increase of expression of deleterious alleles. A purging process produces deleterious 
alleles to be mostly inherited due to recent inbreeding and thus maintained at a low frequency in populations15. 
Moreover, it has been described that the homozygous tracts of the genome are non-randomly distributed across 
the genome and could appear due to selection34. The lines of mice used in this analysis was selected for the same 
trait, birth weight environmental variability, but in opposite directions. In both lines, animals to be mated were 
not allowed to share grandparents. This prevented the possibility of very recent inbreeding. Moreover, it has been 
hypothesised that selection for homogeneity could result in more homozygous individuals21,23. Previous studies 
performed in this population showed that there were no differences in global inbreeding between lines but there 

Fig. 1.  Evolution across selection generations of genomic inbreeding calculated from homozygosity by descent 
probabilities obtained from a multi-class Hidden Markov Model (FHBD), runs of homozygosity (FROH) and 
pedigree inbreeding (FPED) in high variability line (H-Line) and in low variability line (L-Line). FHBD and FROH 
are represented on the left axis and FPED is represented on the right axis.
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Fig. 3.  Evolution across the selection generations of genomic inbreeding calculated from homozygosity 
by descent probabilities divided into recent inbreeding, and ancient inbreeding in the high variability line 
(H-Line) and in the low variability line (L-Line). (a) Recent inbreeding (FHBD_R1) and ancient inbreeding 
(FHBD_A1) calculated depending on the distribution of HBD in the H-Line. (b) Recent inbreeding (FHBD_R2) and 
ancient inbreeding (FHBD_A2) calculated depending on the distribution of HBD in the L-Line.

 

Fig. 2.  Proportion of genomic inbreeding captured by homozygosity by descent segments computed with a 
predefined multi-class Hidden Markov Model (FHBD) in each class. The proportion of FHBD in each HBD class 
was computed in individuals from the high variability line (H-Line) and the low variability line (L-Line). The 
proportion of FHBD is represented in intermediate generations (6, 7, 8 and 9) and in most recent generations 
of the selection experiment (23, 24, 25 and 26). FHBD_2: genomic inbreeding coefficient obtained from 
homozygosity by descent probabilities (FHBD) of age class 2. FHBD_4: FHBD of age class 4. FHBD_8: FHBD of age 
class 8. FHBD_16: FHBD of age class 16. FHBD_32: FHBD of age class 32. FHBD_64: FHBD of age class 64. FHBD_64: FHBD 
of age class 64. FHBD_128: FHBD of age class 128. FHBD_256: FHBD of age class 256. FHBD_512: FHBD of age class 512.
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were differences in the distribution of homozygosis across the genome24,25. Therefore, this population of mice 
divergently selected for environmental birth weight provided an opportunity to study the power of genomic 
inbreeding assessed using HBD probabilities, which can determine the number of generations that elapsed from 
the common ancestor to produce homozygous segments of a specific length9,35.

Fig. 4.  Correlation between recent pedigree inbreeding (FPEDR) computed with different generation 
thresholds (4 to 16 generations) and different inbreeding coefficients computed from homozygosity by 
descent probabilities (HBD) calculated from a multi-class Hidden Markov Model. (a) Correlations between 
different FPEDR and different genomic inbreeding coefficients computed from HBD in high variability line. (b) 
Correlations between different FPEDR and different genomic inbreeding coefficients computed from HBD in low 
variability line. FHBD_R1: genomic inbreeding coefficient obtained from homozygosity by descent probabilities 
(HBD) by summing class 2 to class 16. FHBD_R2: genomic inbreeding coefficient obtained from HBD by 
summing class 2 to class 8. FHBD≤32: genomic inbreeding coefficient obtained from HBD by summing class 2 to 
class 32. FHBD: genomic inbreeding coefficient obtained from HBD by summing all classes.

 

FHBD FHBD_R1 FHBD_R2 FHBD_A1 FHBD_A2 FPED FROH

High variability line

FHBD 1 0.71 0.58 -0.12 -0.40 0.78 0.97

FHBD_R1 1 0.24 -0.87 0.03 0.62 0.68

FHBD_R2 1 0.15 -0.90 0.31 0.52

FHBD_A1 1 -0.28 0.08 -0.06

FHBD_A2 1 -0.42 -0.38

FPED 1 0.82

FROH 1

Low variability line

FHBD 1 0.66 0.69 -0.25 -0.18 0.83 0.98

FHBD_R1 1 0.32 -0.87 0.06 0.55 0.65

FHBD_R2 1 0.00 -0.84 0.52 0.67

FHBD_A1 1 -0.20 -0.15 -0.25

FHBD_A2 1 -0.17 -0.16

FPED 1 0.83

FROH 1

Table 1.  Correlation coefficients between different inbreeding coefficients. FHBD: genomic inbreeding 
coefficient obtained from homozygosity by descent (HBD) probabilities. FHBD_R1: genomic inbreeding 
coefficient obtained from HBD classes 2 to 16. FHBD_R2: genomic inbreeding coefficient obtained from HBD 
classes 2 to 8. FHBD_A1: genomic inbreeding coefficient obtained from HBD classes 32 to 512. FHBD_A2: genomic 
inbreeding coefficient obtained from HBD classes 16 to 512. FPED: pedigree inbreeding. FROH: genomic 
inbreeding coefficient calculated from runs of homozygosity.
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The authors who developed the multi class HBD model recommended using this kind of model because it 
can determine which generations of ancestors contribute to the present autozygosity. Thus making it possible 
to compare an individual’s feasibility because the same number of age classes is used in all of them9. Moreover, 
the results of the present analysis showed a correlation of 1.00 between each fitted genomic inbreeding obtained 
from the KR model (FHBD_KR) and with the mixKR model (FHBD). The total levels of FHBD in both lines were 
high. Another study performed in the European Bison also detected high levels of FHBD: mean 0.31 in one of 
the analysed populations and 0.40 in the other population2. Moreover, Solé et al.25 detected a mean of genomic 
inbreeding coefficient higher than 0.30 in Belgian Blue Beef Cattle. Other authors reported high levels of 
homozygosity in sheep and dog populations9. These studies reported different likely origins of the high FHBD 
detection as intense selection11 or severe bottlenecks2,9. In this mice population the high levels of genomic 
inbreeding could be explained by the relatively low effective population size (around 32) and the high intensity 
of selection17,25.

The evolution of total pedigree and genomic inbreeding was highly similar across the selection generations. 
This excluded the possibility that the difference in performance between lines was produced because of a higher 
level of total homozygosity in one of the lines, as what was described in the previous studies performed in 
this population using other approaches to detect genomic inbreeding24,25. The trend of FROH and FHBD was 
almost parallel across generations, FROH was greater than FHBD in all the generations. One explanation of this 
observation could be that FROH and FHBD are not being measured with the same unit, FROH is defined as the 
proportion of genome covered by ROH28 and FHBD is the sum of the probability across the genome of be in HBD 
state9. Moreover, it has been described that the detection of ROH and HBD are dependent on the user defined 
parameters9,11. In the present study only one set of parameters was used and these could be affecting the scale of 
both FHBD and FROH. Another possible explanation could be the reference generation set to consider FHBD (≤ Rk 
512). In another study, the total value of FHBD was greater than FROH but Rk ≤ 8192 was considered to calculate 
FHBD

11. However, in the present study the minimum length applied to consider a ROH was 1 Mb which is almost 
equivalent to consider homozygous segments that appeared approximately 50 generations ago36. Moreover, 
Alemu et al.10 detected that the mean value of FROH was always under the different values obtained with different 
generation thresholds of FHBD. These results might suggest that in the divergently selected lines the smallest 
segments could not be detected with the HMM or are masked by more recent segments11. Furthermore, when 
the FHBD was subdivided in coefficients related with the distance of the common ancestor, FHBD_R1 and FHBD_R2 
trend was positive across the selection generations. This could be explained by the change in the mating policy 
since the start of the experiment that results in lower effective population size as shown in other studies25. This 
might explain the higher correlations with the other inbreeding coefficients compared to FHBD_R1 and FHBD_R2 
which showed a more stable evolution. Solé et al.25 observed that the effect of using or not ancient segments to 
calculate the correlations between total FHBD and accumulative FHBD was almost non-existent. This implied that 
the recent FHBD classes were probably more relevant to manage because it explained most of the variation in the 
individual genomic inbreeding.

In general, the correlations detected between FHBD and the other inbreeding coefficients were high in both 
selected lines. Other authors, detected high correlations between FHBD and other genomic inbreeding coefficients 
but lower correlations between FHBD and FPED (0.46)11. Nevertheless, their study was not done in a divergent 
selection experiment in mice that could result in faster and more efficient than in cattle, which is usually not 
that intense nor divergent. However, Alemu et al.1 detected high correlations between FHBD and FPED that were 
greater when only most recent HBD classes were used to calculate FHBD. Moreover, correlations with FPED were 
also high with FROH. These three coefficients matched with the definition of IBD and FROH and FHBD had been 

Number of fitted HBD classes N Mean FHBD_KR Correlation with FHBD

Median of estimated class rate per K

1 2 3 4 5 6 7

H-Line 1 2 0.52 1.00 64

2 624 0.53 1.00 15 167

3 39 0.53 1.00 9 45 261

4 0 0.53 1.00 8 19 53 269

5 0 0.53 1.00 7 12 27 59 275

7 0 0.53 1.00 7 11 18 35 59 120 283

L-Line 1 0 0.52 1.00 66

2 623 0.52 1.00 14 160

3 43 0.52 1.00 8 50 280

4 0 0.52 1.00 7 20 60 299

5 0 0.52 1.00 7 12 29 66 312

7 0 0.52 1.00 7 10 20 38 62 112 324

Table 2.  Comparison of models without predefined classes used to calculate genomic inbreeding coefficients 
with different numbers of classes (K): 1, 2, 3, 4, 5 and 7. N: number of individuals with the corresponding 
model selected as best based on the BIC. FHBD_KR: genomic inbreeding obtained from non-predefined rate 
multiclass Hidden Markov Model. FHBD: genomic inbreeding obtained from predefined rate multiclass Hidden 
Markov Model. H-Line: High variability line. L-Line: Low variability line.
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demonstrated at capturing IBD more efficiently than other genomic inbreeding measures1. Furthermore, the 
comparison of molecular inbreeding measures with FPED is not straightforward because FPED cannot necessarily 
be considered as the golden standard1. Nevertheless, the correlations between FHBD and the other inbreeding 
coefficients were lower compared to what was observed in other studies in this population24,25. In these studies, 
the high correlations were attributed to the high number of animals belonging to different generations and to a 
good quality of the pedigree. In the present study, a lower number of generations were used to ensure that all the 
individuals had enough pedigree depth to calculate the FPEDR.

This study was designed to check whether the selection process had differently affected the lines, but using 
a methodology that allowed to distinguish the number of generations back where homozygosis appeared24,25. 
We showed that the distribution of FHBD in age-related classes was different between lines and changed across 
generations. In both selected lines, most of the increase was associated with FHBD_8, which represented HBD 
probabilities from 4 generations ago. This might be related to the design of the experiment, where the mated 
females and males did not share grandparents17. However, FHBD_16 in the H-Line only made a greater or 
equal contribution than FHBD_8. Moreover, when this distribution was shown to determine the boundaries to 
calculate recent and ancient HBD inbreeding in the selected lines, the correlations in the H-Line improved 
for very recent inbreeding with the rest of inbreeding coefficients and with FPEDR calculated with different 
generation thresholds. In addition, the correlations between total FHBD and the different recent FHBD suggest 
that the realized autozygosity was represented by older pedigree inbreeding in the L-Line than in the H-Line. 
This different distribution between lines could be due to the opposite direction of the selection. The selection for 
homogeneity has been hypothesized to increase the homozygosity. However, Holland et al.37 reported a decrease 
or maintenance of the genetic variance in that case. Moreover, none of the previous analyses done in the mice 
experiment found any differences between lines in terms of inbreeding or homozygosity as expected according 
to the strictly additive genetic model used for selection24,25. However, these results show that the main origin 
of inbreeding in the L-line was explained by ancestors 4 generations back, whilst in the H-line it seems to have 
come from ancestors 8 generations back, thus showing a partial effect of selecting to modify the variability. In 
the Blue Beef Cattle most of the FHBD was explained by HBD segments produced less than 16 generations ago11. 
Furthermore, in the European Bison differences in the distribution of HBD were detected in each analysed 
line: the Lowland line presented a higher proportion of the genome in more younger classes than the Lowland-
Caucasian line that was consistent with the higher genetic drift sustained by the Lowland line2. Nevertheless, in 
other studies in sheep or humans, the youngest HBD classes represented the smaller percentage of total genome-
wide autozygosity9,38.

These differences between lines in the distribution of the proportion of the genome in HBD classes were 
reflected in the correlations between recent FHBD and FPEDR calculated with different generation thresholds. 
The H-Line presented the maximum of correlation earlier than the L-Line. A study performed in the Pura Raza 
Española horses39 showed that FHBD calculated with the Viterbi algorithm9 divided by generations presented 
the highest correlations with recent pedigree inbreeding from a similar number of generations. Therefore, the 
results obtained in this study suggested that, contrary to expectations, the H-Line had higher percentage of 
recent genomic autozygosity than the L-Line, despite being under the same mating policy and similar intensity 
of selection.

In the present study, the KR model that better fit in both selected lines was the 2 HBD classes and 1 non-
HBD class. Other authors11 detected that for a high density SNP array the model that better fitted was a KR 
model with 3 HBD classes and 1 non HBD class while the 2 HBD classes and 1 non-HBD classes was better for 
a medium density SNP array. A possible explanation is that the best model in both lines could be a reflection of 
the particular structure of this population created through selection and with the particular constraints in the 
mating policy17. However, the medians obtained with the 2KR model of the first and the second class in Sole et 
al.20 (15 and 198, respectively) were similar to the medians detected for both lines in the present study. Moreover, 
other authors that performed HBD analysis in whole genome sequence data suggested that the HBD algorithm 
could better detect shorter segments than the ruled based methods i.e. the sliding windows algorithm to detect 
ROH. The mentioned authors also emphasised the need for a good quality control of the SNPs to obtain the best 
results in this type of analysis40. Lavanchy et al.41 determined that with a marker density between 22 SNPs/Mb 
and 2 SNPs/Mb was enough to estimate FHBD and FROH correctly. In the selected mouse lines, the marker density 
was approximately 9 SNPs/Mb when only the polymorphic markers were considered.

The availability of genotypes from different generations enabled the study of FHBD evolution across a wide 
number of generations. However, in other livestock populations, it is common for the generation interval to be 
longer, and only a few generations could be genotyped. This could complicate the comparison of FHBD across 
different generations.

Conclusions
Differences in robustness between lines would not be attributed to global pedigree and genomic inbreeding. 
However, the distribution of FHBD in different HBD classes was different between lines. The H-Line presented 
a higher contribution of ancestors from 4 to 8 generations ago than the L-Line, in which most of the recent 
inbreeding were produced 4 generations ago, despite being under the same mating policy and similar intensity 
of selection.

Availability of data and materials
The data that support the findings of this study are not openly available and are available from the corresponding 
author upon reasonable request.
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