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Introduction 

Genetic improvement of livestock populations often leads to inbreeding, that is, matings 

between closely related individuals resulting in inbred offspring. The inbreeding coefficient is 

the probability that two alleles sampled at a locus are identical by descent (IBD) and has 

traditionally been estimated from pedigree information (Wright, 1922). Because inbreeding 

reduces fitness-related quantitative traits, it increases the expression of deleterious recessive 

defects, and alters the distribution of genetic variance, its accurate estimation remains 

essential in population and quantitative genetics (Kristensen and Sorensen, 2005). To better 

characterize these processes and their biological consequences, different inbreeding 

coefficients have been developed (Baumung et al., 2015; Hedrick & García-Dorado, 2016; 

Nagy et al., 2025), particularly for testing whether genetic load can be purged through the 

joint action of purifying selection and increased autozygosity. Owing to the sex-specific 

transmission of the X chromosome, inbreeding measures also differ fundamentally between 

autosomal and X-linked loci and are therefore best considered as distinct but correlated 

parameters. Outside the pseudo-autosomal region (PAR), males are hemizygous for the X 

chromosome and therefore cannot be inbred in the classical sense. In addition, a father 

transmits his single maternal X chromosome unchanged to all daughters and never to sons, 

resulting in no Mendelian sampling variance for X-linked inheritance in males. To the best of 

our knowledge, apart from a few implementations that allow the calculation of sex-linked 

classical inbreeding coefficients (e.g., Grossman and Eisen, 1989; Wolak, 2012 and Vigeland, 

2020), no existing software provides estimates of other inbreeding-based measures such as 

ancestral or Kalinowski’s new inbreeding coefficients, nor any of their partial counterparts. 

Although the X chromosome is not exempt from deleterious mutations or the genetic 

consequences of inbreeding observed on autosomes, empirical evidence for the harmful 

effects of sex-linked inbreeding in females remains scarce, highlighting the need for further 

investigation.  

Thus, the objective of this study was to present GRainSX, an extended version of GRain v2.2 

(Baumung et al., 2015), written in FORTRAN 90, which enables the estimation of several 

sex-linked inbreeding coefficients. Specifically, GRainSX allows the calculation of the sex-

linked inbreeding coefficient (Fsx), Kalinowski’s new sex-linked inbreeding coefficient 

FNEWsx), Ballou’s ancestral sex-linked inbreeding coefficient (FABsx), Kalinowski’s ancestral 

sex-linked inbreeding coefficient (FAKsx), and the sex-linked ancestral history coefficient 

(FAHCsx), together with their partial counterparts that trace identity-by-descent segregation 

from specific founders. Except for Fsx, we are not aware of any other publicly available 

software capable of computing these coefficients related to sex-linked inheritance. 
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Software. The new implementation of GRainSX is organized into subroutines and modules to 

improve code readability and scalability, with subroutines grouped according to their 

functionality. The module common_decl contains the variables and arrays shared across the 

program, while ioutils includes subroutines for file input and output such as count_pedigree, 

read_pedigree, read_ancestors, write_coeff, and write_summary. The module prep_routines 

provides subroutines for checking, curating, and preparing the pedigree prior to simulation, 

including one_known_parent, set_alleles, order_animals, find_errors, and coeff_to_zero. The 

module simulation contains the core routines for gene dropping and coefficient calculation 

(gene_drop and calc_coeff), and the module utilities provides supporting routines for user 

interaction and path handling, namely press_enter, press_enter_memory, and handle_path. 

The entire workflow and array allocation/deallocation are managed by the main program 

coded in the source file GRainSX.f90. For the best performance, the new GRainSX 

implementation should be compiled using cmake and provided in a new directory (typically 

named build) created in the root directory of the program, alongside directory src. After the 

successful compilation, the executable named GrainSX.exe can be found in the directory 

build/src. Besides the changes in code design, GRainSX has new features implemented. A lot 

of attention has been paid to optimizing simulation performance. To this end, we have used C 

functions through the iso_c_binding interface for copying and initiating temporary arrays to 

store alleles and flags for tracking allele inheritance and IBD counting, as well as used local 

variables for ensuring index contiguity, the boolean values and an optimized condition 

workflow. Currently, GRainSX is freely available upon request from the last author. 

 

Inbreeding coefficients. GRainSX calculates all inbreeding coefficients as in the previous 

version, GRain v2.2 (Baumung et al., 2007; Doekes et al., 2020), and additionally reports 

Kalinowski’s new inbreeding coefficient (FNEW), which was not included in earlier outputs. A 

specific feature of GRainSX is the implementation of sex-linked inbreeding measures, 

including the sex-linked inbreeding coefficient (FSEX), Kalinowski’s new sex-linked 

inbreeding coefficient (FNEWSEX), Ballou’s ancestral sex-linked inbreeding coefficient 

(FABSEX), Kalinowski’s ancestral sex-linked inbreeding coefficient (FAKSEX), and the sex-

linked ancestral history coefficient (FAHCSEX), together with all corresponding partial 

inbreeding coefficients. 

 

Results & Discussion 

The purpose and computational capabilities of the GRainSX program are illustrated using a 

hypothetical pedigree A and a corresponding modified pedigree B (Figure 1). In pedigree B, 

the sexes of several selected individuals were altered in order to highlight the differences 

between autosomal and sex-linked segregation. This pedigree is like the one presented by 

Cole (2007) and mimics a modified genealogical record of the Blue Joe dog (individual 20), a 

member of the Miniature American Shepherd breed. The calculated inbreeding coefficients 

for individuals 16, 17, 18, 19, and 20 from the hypothetical pedigrees (see Figure 1) are 

presented in Table 1. It should be noted that sex-linked inbreeding coefficients cannot be 

defined for male individuals, since autozygosity is a property of diploid loci. Nevertheless, we 

allowed the calculation of sex-linked “ancestral” coefficients, as these values reflect the 

historical autozygosity of the X-chromosome transmitted to males. Although sex-linked 

inbreeding coefficients are undefined for males, ancestral measures such as FABSEX, FAKSEX, 

and AHC remain informative, as they describe the historical autozygosity of X-chromosomal 

haplotypes transmitted to males. These coefficients may therefore indicate the past exposure 

and potential purging of recessive deleterious alleles, offering a basis for testing X-linked 

detrimental effects in males. 
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Figure 1. Graphical representation of the hypothetical pedigree A (left) and the corresponding 

modified pedigree B (right) in which the sexes of selected individuals were altered (individual 

12 and 20 set as female; individuals 11, 13, 15, and 16 set as males). 

 

Table 1. Inbreeding coefficients (1Classical, 2Kalinowski, 3Ancestral Ballou, 4Ancestral 

Kalinowski and 5Ancestral History) for individuals 16, 17, 18, 19 and 20, calculated using 

GRainSX (109 drops) for the two hypothetical pedigrees presented in this study. 

Individual Sex 1F 2FNEW 3FAB 4FAK 5AHC 

Autosomal inbreeding coefficients calculated from the pedigree A and B information 

16 Female 0.2500 0.2500 0.0000 0.0000 0.0000 

17 Female 0.2500 0.2500 0.0000 0.0000 0.0000 

18 Male 0.3750 0.2500 0.1250 0.1250 0.1250 

19 Female 0.3281 0.1094 0.3438 0.2188 0.3750 

20 Male 0.5078 0.1269 0.4863 0.3809 0.6016 

Sex-linked inbreeding coefficients calculated from the pedigree A information 

16 Female 0.5000 0.5000 0.0000 0.0000 0.0000 

17 Female 0.5000 0.5000 0.0000 0.0000 0.0000 

18 Male / / 0.2500 0.0000 0.2500 

19 Female 0.5625 0.0625 0.5000 0.5000 0.5000 

20 Male / / 0.3438 0.0000 0.5313 

Sex-linked inbreeding coefficients calculated from the pedigree B information 

16 Male / / 0.0000 0.0000 0.0000 

17 Female 0.5000 0.5000 0.0000 0.0000 0.0000 

18 Male / / 0.0000 0.0000 0.0000 

19 Female 0.5000 0.2500 0.2500 0.2500 0.2500 

20 Female 0.7500 0.2500 0.3125 0.5000 0.3750 

 

Values of sex-linked inbreeding coefficients depend on the sex distribution of pedigree 

members, as illustrated in Table 1. Consequently, all classical (autosomal) inbreeding 

coefficients remain identical regardless of whether pedigree A or B is used, while sex-linked 

inbreeding coefficients differ between the two pedigrees. For example, for individual 19, all 
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five sex-linked inbreeding coefficients show different values when calculated from the two 

pedigrees. More generally, differences between classical and sex-linked inbreeding 

coefficients arise from the specific mode of X-chromosome inheritance. Any uninterrupted 

chain of male-to-male links in a pedigree breaks an X chromosomal transmission loop (closed 

ancestral paths), because males transmit their Y chromosome, not their X chromosome, to 

sons. In contrast, whenever a male does transmit the X chromosome, he passes his single X 

copy to all daughters with certainty. Consequently, X-linked identity-by-descent depends 

directly on the precise arrangement of males and females in the pedigree than does autosomal 

inbreeding. Software capable of calculating sex-linked classical and ancestral inbreeding 

coefficients provides analytical resolution that cannot be achieved with autosomal inbreeding 

alone. By reflecting the specific inheritance pattern of the X chromosome, these coefficients 

offer a more precise assessment of identity-by-descent for X-linked loci, including those 

carrying recessive or deleterious alleles that may contribute to sex-linked inbreeding 

depression. Extending ancestral inbreeding concepts to the X chromosome further enables 

evaluation of how often such alleles pass through inbred ancestors, providing a broader view 

of long-term genetic load and purging potential. These tools therefore enhance pedigree-based 

analyses and support more informed monitoring and management of sex-linked genetic risks. 
 

Conclusions 

GRainSX expands pedigree-based inbreeding analysis by enabling the calculation of classical, 

new, ancestral, and partial sex-linked inbreeding coefficients alongside autosomal measures. 

Results from the hypothetical pedigrees illustrate that sex-linked coefficients respond 

sensitively to the sex structure of the pedigree, revealing patterns not captured by autosomal 

inbreeding. By incorporating ancestral measures for the X chromosome, GRainSX also 

supports the evaluation of historical autozygosity and potential exposure to deleterious 

recessive alleles. Together, these features make GRainSX a practical and versatile tool for 

analyzing sex-linked genetic risks in livestock populations. 
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