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 1 

Abstract 2 

Inbreeding coefficients and consanguineous mating types are usually inferred from population 3 

surveys or pedigree studies. Here, we present a method to estimate them from dense genome-4 

wide SNP genotypes and an application on the 940 unrelated individuals from the Human 5 

Genome Diversity Panel (HGDP-CEPH). Inbreeding is observed in almost all the populations 6 

of the panel, and the highest inbreeding levels and frequencies of inbred individuals are found 7 

in populations of the Middle East, Central South Asia, and the Americas. In these regions, 8 

first-cousin marriages are the most frequent but we also observed marriages between double 9 

first cousins and between avuncular. Interestingly, if double-first cousin marriages are 10 

preferred to avuncular marriages in Central South Asia and the Middle East, the contrary is 11 

found in the Americas. There are thus some regional trends but there are also some important 12 

differences between populations within a region. Individual results can be found on the CEPH 13 

website at ftp://ftp.cephb.fr/hgdp_hbd/. 14 

 15 
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Introduction 1 

In many human populations, mating between relatives is relatively frequent and 2 

encouraged for social and/or economic reasons. Measuring inbreeding levels around the world 3 

has been the subject of many studies dating back to the 1950s 1. Estimates of theses levels 4 

were often obtained by determining the prevalence in population of different types of 5 

marriages between relatives (usually up to second-cousins). When pedigree information is 6 

available, it is possible to evaluate individual inbreeding coefficient by counting the number 7 

of meioses in the different inbreeding loops. However, these estimates are dependent on the 8 

accuracy of genealogy data and can be quite unreliable.  9 

With the availability of dense, genome-wide marker maps it has become possible to 10 

estimate individual inbreeding coefficients by inferring from observed homozygosity the 11 

proportion of the individual genome that is identical by descent (IBD) or equivalently 12 

autozygous. We will refer hereafter to homozygosity due to IBD as homozygosity by descent 13 

(HBD). This approach provides a genome-based alternative to genealogy 2-4 and has been 14 

used so far in homozygosity mapping studies 5-7 or to study levels of inbreeding in isolated 15 

human populations 8,9. Here, we propose to use the approach in population surveys to infer 16 

mating type habits.  17 

To do so, we have extended the FEstim method 2, which provides more reliable 18 

inbreeding coefficient estimates than other available methods 9. We propose to estimate by a 19 

maximum-likelihood method the proportion of some specific mating types (first-cousin, 20 

double first-cousin, avuncular, second-cousin, etc…) based on the distribution of HBD 21 

segments over the genome of individuals from the studied populations. Indeed, the number 22 

and length of HBD segments in an individual genome depends on the relatedness of his/her 23 

parents and can thus be used to assess parental mating type preferences. FEstim requires that 24 

the markers in the map are in minimal linkage disequilibrium (LD), since otherwise inflation 25 

in inbreeding estimates has been demonstrated 9. To avoid this bias, we developed an original 26 

strategy consisting in generating multiple sparse genome maps. This strategy has the 27 

advantage of not requiring any LD computation on the sample and of minimizing the loss of 28 

information as compared to a strategy that consists of using a single map of markers in 29 

minimal LD (as can be done with PLINK4 or MASEL10 for instance).  30 

 31 
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Materials and Methods 1 

HGDP-CEPH panel 2 

We applied the method on the individuals from the Human Genome Diversity Panel 3 

(HGDP-CEPH) 11 sampled from 52 populations in 7 geographic regions in all inhabited 4 

continents. The panel is managed and maintained at the Foundation Jean Dausset-CEPH. 5 

Genotypes for 644,258 (Illumina650Y) autosomal single nucleotide polymorphisms (SNP)12 6 

are available for 1,043 individuals (available on the HGDP-CEPH web page). This group of 7 

individuals contains first and second degree relative pairs 13. After excluding one member of 8 

each relative pair, 940 HGDP-CEPH individuals could be used for this study (details in 9 

supplementary Table 1). SNPs that had less than 95% genotype calls (1,344 SNPs) and were 10 

monomorphic across all populations (51 SNPs) on the 940 individuals were removed, leaving 11 

642,863 SNPs for the analysis. Finally, one Tujia individual (HGDP01097) was removed 12 

because almost all his chromosome 1 genotypes were found homozygous. This was confirmed 13 

by other microsatellite and SNP genome scan data available in the HGDP-CEPH genome 14 

database and is presumably a cell-line artifact. 15 

Minimal LD map 16 

To produce a sparse map with minimal LD, a random SNP was selected on each 17 

chromosome, and subsequent SNPs were then selected every 0.5cM in both directions from 18 

the initial marker. To avoid the systematic selection of the same SNPs after a gap (inter-19 

marker distance >0.5cM), a random SNP was selected beyond the gap, and the map-building 20 

process was continued. This process was repeated to produce M maps. The genetic distances 21 

used here are the ones provided by Illumina and are based on the deCODE map 14. 22 

We generated 100 sparse maps that each contained about 6,500 SNPs (~1% of the 23 

original markers). This is similar to the number of SNPs present in the Illumina Linkage-12 24 

panel (but note that we could not use the SNPs from the Illumina Linkage panel for 25 

comparison as most of them are not included in the Illumina650Y chip). The 100 maps 26 

captured 34% of the markers from the original map of 642,863 SNPs (only one SNP located 27 

between two gaps on chr8 was common to all the maps). When gaps were not treated as 28 

described above (41 gaps were found), the different maps had much more overlap and only 29 

11% of the markers from the original map could be captured (data not shown).  30 
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Genomic inbreeding coefficient estimation 1 

FEstim2 is a maximum likelihood method that uses a hidden Markov chain to model 2 

the dependencies along the genome between the (observed) marker genotypes and the 3 

(unobserved) HBD status. In addition to the inbreeding coefficient, a parameter A is 4 

estimated, where A*F is the instantaneous rate of change per unit map length (here cM) from 5 

no HBD to HBD. Both HBD and non-HBD segment lengths are assumed to be distributed 6 

exponentially with mean lengths 1/[A*(1-F)] and 1/[A*F], respectively. The inbreeding 7 

coefficient Fm and parameter Am were estimated for each map m. The median values over the 8 

M maps were reported as F and A respectively for each individual.  9 

To test whether F was significantly different from zero, we performed a likelihood 10 

ratio test contrasting the maximum likelihood and the likelihood of being outbred. P-values 11 

(based on a 2with 2 degrees of freedom) were obtained for each map and the median values 12 

over the M maps were reported. 13 

Marker allele frequencies, required to estimate F, were determined separately for each 14 

of the 52 populations. They provided slightly more accurate F estimates than allele 15 

frequencies determined at the regional level (7 geographic regions). This is especially true for 16 

Sub-Saharan Africa and the Americas (supplementary Figure 1) where populations are more 17 

differentiated from each other than in other regions.  18 

A few individuals had extreme A value estimates (either zero or much larger than one 19 

on most of the 100 maps) and were removed from subsequent analyses. Values of A have to 20 

be strictly positive and are usually observed < 1. Values of A>1 are possible, but would mean 21 

that the average HBD segment length is < 1cM which is unlikely to be detected with a SNP 22 

per 0.5cM. Two individuals (one Bedouin HGDP00621 and one Mozabite HGDP01270) had 23 

A>1. Interestingly, we found from principal component analysis (data not shown) that these 24 

two individuals (probably the same individuals found by Jakobsson et al 15 in their analysis) 25 

were closer to the sub-Sahara African than to the Northern African-Middle East populations 26 

where they were supposed to belong. It is thus likely that F and A were not correctly 27 

estimated for these two individuals because of some levels of admixture that was not taken 28 

into account.  29 

As the sparse genome maps used here were based on intermarker distances of about 30 

0.5 cM, we checked the data for deletions greater than 0.5 Mb that might interfere with our 31 

inbreeding estimations by artificially increasing the estimates. Itsara et al 16, reported CNV 32 

calls for the HGDP-CEPH samples based on rigorous analysis of  SNP intensity data. Only 3 33 
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individuals had a deletion larger than 0.5Mb, 3.2Mb for HGDP00894, 1.2Mb for 1 

HGDP01156 and 1.6Mb for HGDP00780. These individuals all had estimates of F = 0. So it 2 

is unlikely that large deletions have interfered with our results. 3 

To test the significance of the differences of the genomic inbreeding estimates F 4 

among populations and among geographic regions, we performed a variance components 5 

analysis. Two linear mixed models for F were compared: one including region and population 6 

information as random effects, and the other including region information only. We used the 7 

lme function from nlme package (version 3.1-96) in R software (version 2.10.1) and, to deal 8 

with non-normality of F, we used log(F) for values of F>0, and log(T), where T is one- half of 9 

the lowest non-zero F value, for F=0. The Akaike Information Criterion (AIC) 17 as 10 

implemented in the nlme package was used to select the best model. 11 

Inference of population mating types () and individual parental 12 

mating types (P) 13 

We assume that a population is a mixture of offspring from several mating types. Here 14 

we considered four different consanguineous mating types: second cousin (2C), first cousin 15 

(1C), avuncular (AV) or double first cousin (2x1C) mating. We want to classify the 16 

individuals into each mating type group in order to estimate the proportion of the (parental) 17 

mating types in the population. Note that an individual is not usually classified into a single 18 

mating type group, but rather has a probability for each mating type group. The population 19 

proportion of a mating type can then be thought of as the sum of the individual probabilities 20 

for this mating type. To estimate the proportion of parental mating k for a given map m 21 

( mk , ), the following likelihood was maximized in each population (of size n): 22 

 23 

(1) 24 

 25 

 26 

where Lk,m
(i) is the likelihood of individual i being the offspring of mating type k and L0,m

(i) 27 

the likelihood for individual i to have unrelated parents (i.e. individual i is outbred). We 28 

computed each likelihood Lk,m
(i) as in Leutenegger et al 2 but instead of estimating F and A, 29 

we used fixed values calculated from the genealogy of the mating type. For the genealogy-30 

based inbreeding coefficient, we used the usual Wright’s path counting method18. For the 31 

genealogy-based value of A, we used simulations as in Leutenegger et al 2. The fixed values 32 
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were: for k=2C, (F,A)= (0.015625, 0.080); for 1C, (F,A)= (0.0625, 0.063); for AV, (F,A)= 1 

(0.125, 0.057); for 2x1C, (F,A)= (0.125, 0.068). Maximization of (1) was performed with 2 

ConstrOptim function from stats package (version 2.10.1) in R software (version 2.10.1) with 3 

multiple starting points to avoid local maxima. 4 

For each individual i, we used Bayes formula to determine the posterior probability 5 

Pk,m
(i) of mating type k: 6 
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The median of k,m and Pk,m
(i) over the M maps (noted k and Pk

(i) respectively) were 8 

considered and plotted using Distruct software 19. 9 

Simulation Study to validate the mating type inference 10 

 Genotype data at 5,000 SNPs (corresponding roughly to the number of SNPs in one 11 

sparse map) were simulated over the genome for 2C, 1C, AV and 2x1C offspring using the 12 

Genedrop program of MORGAN2.8 [available from Pangaea web site 13 

http://www.stat.washington.edu/thompson/Genepi/pangaea.shtml]. We also generated 14 

genotype data over the genome for outbred individuals. For each of these mating types, we 15 

performed 1,000 replicates of a population of 20 individuals (equivalent to an average sized 16 

population in HGDP-CEPH panel). At each replicate, we estimated  and P as presented 17 

above. In addition, we estimated the true values of (F,A) from the true HBD data (accessible 18 

through the haplotype label of the founder individuals of the genealogy).  19 

 20 

Results 21 

From the simulation study, we found that when individuals were 1C, 2C and outbred 22 

offspring, the mating types were usually correctly inferred (average proportion of individuals 23 

correctly inferred over replicates [95% variation interval]): 1C =0.94 [0.75;1], 2C =0.94 24 

[0.73;1] and 0 =1 [0.98; 1] respectively. In the case of 2x1C and AV, these numbers were 25 

0.67 [0.40; 1] and 0.78 [0.39;1] respectively. Incorrect inferences in these latter cases were 26 

most often from 2x1C offspring to AV offspring and vice versa as could be expected from the 27 

fact that they have the same genealogy-based inbreeding coefficient (0.125), but different 28 

distributions of the HBD regions along their genomes: offspring of 2x1C matings tend to have 29 
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multiple, shorter HBD segments compared to AV mating offspring who have longer HBD 1 

segments. This is well illustrated in supplementary Figure 2A. The true inbreeding 2 

coefficient is plotted against the true mean HBD segment length with the ellipses representing 3 

the boundaries containing 95% of replicates for each mating type. In supplementary Figure 4 

2B, we plotted each simulated 2x1C offspring. Whenever the posterior probability of a mating 5 

type was higher than 0.7, the individual was considered to be inferred as an offspring of this 6 

mating type and coloured accordingly. One can see that the simulated 2x1C offspring who are 7 

inferred as AV offspring (green dots) do tend to look like AV offspring (dashed lines ellipse) 8 

more than 2x1C offspring (dotted lines ellipse). The reverse can be observed for simulated 9 

AV offspring in supplementary Figure 2C. 10 

Overall in the sample, 36% of the individuals (Figure 1) have an estimated inbreeding 11 

coefficient F significantly different from 0. These inbred individuals are found in all 12 

geographic regions, but the most inbred individuals are from the Americas, the Middle East 13 

and Central South Asia (details in supplementary Table 2). F estimates show significant 14 

differences at the regional as well as population level with the model including the population 15 

level providing a better fit to the data (AIC difference = 66.8, Table 1). Indeed, within 16 

population differences account for most of the variability of F (63%).  17 

To illustrate the advantage of the proposed strategy of using several maps, we show in 18 

Figure 1 the variability of the inbreeding estimates across all maps: nearly a quarter of the 19 

individuals with a median F at 0 have at least one map-specific Fm of 0.015 (expected for 20 

second cousin offspring) or higher. 21 

We then continue on to characterize the nature of the inbreeding within each 22 

population by inferring the mating type habits. We found that for 23% of the individuals from 23 

the sample the inferred parental mating type (posterior probability≥0.7) was second cousin 24 

(2C), for 9% it was first cousin (1C), for 3% double first cousin (2x1C) and for 0.2% 25 

avuncular (AV). Finally, 55% of the individuals were inferred as offspring of unrelated 26 

parents. Note that there is a difference between this number and the number of individuals 27 

with an F not significantly different from 0 who were found to represent 64% of the sample. 28 

This could be related to the fact that when inferring mating type preferences, we take into 29 

account the population context contrarily to what is done when testing whether F is different 30 

from 0. An individual from a population where most of the individuals are offspring of 31 

consanguineous mating is then given a high prior of being inbred and thus even if his F is 32 

very close to 0, he might still be inferred as inbred.  33 
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Of interest is the difference in the distribution of consanguineous marriages. In Figure 1 

2A and supplementary Table 3, the results of the inference of the most likely parental 2 

mating type ( k) are presented per population grouped by region. The most likely mating 3 

types are very different among populations, and in some instances between regions, e.g. 4 

Middle East, Central South Asia and the Americas versus sub-Saharan Africa, Europe and 5 

East Asia. In the regions showing the highest inbreeding levels (Middle East, Central South 6 

Asia and the Americas), 2x1C matings were more frequent in Central South Asia and the 7 

Middle East than AV matings while the contrary was usually observed in the Americas. The 8 

Surui, Pima, Karitiana and Kalash populations stand out from the others, as all or almost all 9 

individuals in these populations are found to have related parents. 10 

In Figure 2B, one can see the parental mating type posterior probabilities for each 11 

individual. For about 63% of the individuals, the data clearly point to one mating type 12 

(Pk
(i)≥0.95). For the remaining individuals, the picture is a mixture of at most three mating 13 

types. This happens mostly in Middle Eastern, Central South Asian and American individuals.  14 

 15 

Discussion 16 

Relying on genomic data, we have estimated the inbreeding levels and mating type 17 

proportions in 52 populations from all inhabited continents. We found that consanguinity was 18 

present in almost all populations. 19 

A global overview of consanguinity was recently published by Bittles and Black1 20 

based on self-reported information: household surveys, obstetric inpatients and pedigree 21 

information. Compared to this study, we found the same general trend with high rates of 22 

inbreeding in North Africa, the Middle East and Central-South Asia.  23 

They estimated a world-wide rate of marriages between second-cousins or closer of 24 

10.4%. It might be difficult to compare the Bittles and Black worldwide estimates with those 25 

of the HGDP-CEPH panel, which does not include the same populations and, in many cases, 26 

is concerned with more isolated ancestral populations. Moreover, consanguinity is found to be 27 

very different between populations, and discussing it globally is probably less interesting than 28 

focusing on specific regional and population patterns. 29 

Even in the few populations common between Bittles and Black and the HGDP-CEPH 30 

panel, the population results are different. The reason might be the differences in sampling 31 

location and time. This is well illustrated by the Yoruba of Nigeria for whom Bittles and 32 

Black found 51% of consanguineous marriages in a rural sampling location in 197420 when 33 
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we only report 6% of consanguineous matings in an urban area in the 1990’s (see population 1 

description on ALFRED website). In the case of the Bantu from South Africa, where we 2 

estimated 22% of consanguineous marriages and Bittles and Black reported 6%, another 3 

explanation could be the self-reported consanguinity in the latter that is less likely to account 4 

for remote relationships than our genome-based that is not limited by the available 5 

genealogical depth. 6 

Among the HGDP-CEPH panel populations not considered by Bittles and Black are 7 

the Surui and the Karitiana, both isolated and endogamous groups in Brazil, for whom we 8 

estimated that nearly all individuals are consanguineous. This can be explained by the small 9 

population sizes from which the individuals were sampled and the history of peopling of the 10 

Americas. The Surui individuals were sampled from a single village of 85 inhabitants in the 11 

1980s 21. The Karitiana individuals, also sampled the 1980s, come from a population 12 

numbering less than 150 people who is essentially one family in a single village 22. In 13 

addition, the isolated Amazonian populations have been shown to have the lowest genetic 14 

diversity worldwide likely due to serial founder effects along the colonization routes of the 15 

Americas 23. 16 

We found that our genome-based estimate was highly variable (see Figure 1 and 17 

ellipses in Supplementary Figure 2). So it can be seen as unreliable depending on the goal 18 

of the study. The genome-based and genealogy-based approaches are in fact complementary. 19 

The former is probably best for homozygosity mapping and genetic studies and the latter for 20 

anthropological studies. Thus, when studying a population, it would be most informative to 21 

have both types of information. 22 

Previous studies 9,24,25 have highlighted the risk of over-estimating inbreeding 23 

coefficients when the studied markers are in LD. The strategy developed here, which consists 24 

of generating several sparse maps, seems to be a reliable strategy that avoids loosing as much 25 

information as when a single sparse map is considered. Recently, Browning and Browning26 26 

proposed a new method for HBD detection that incorporates a comprehensive LD model. The 27 

method was developed for the study of outbred individuals with Northern European ancestry 28 

and does not allow estimating F. However, if the method is modified to estimate F, then it 29 

would be interesting to see how it would apply to the HGDP-CEPH panel where 30 

consanguinity and diverse populations are present. 31 

Inferring relationships from the genome has been used to check the relationship 32 

between two individuals with the goal of data cleaning or genealogy reconstruction 27-29 . To 33 

our knowledge, this is the first study where it is done in a sample of (singleton) individuals to 34 
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assess mating type preferences. The method we proposed can be used on any population-1 

based sample genotyped on SNP-chip to infer the frequency of consanguineous marriages in 2 

the population and estimate, for each individual, the probability of being inbred. No 3 

genealogical information is required, avoiding relying on self-reported genealogy or detailed 4 

pedigree studies.  This method and the results obtained on the HGDP-CEPH panel will be 5 

useful in disease studies to evaluate the impact of consanguinity but also more generally to 6 

describe human populations and their pattern of marriages. 7 
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Table 1: Variance components (%) of the inbreeding coefficient estimates F 
 Between 

Regions 
Within Regions AIC 

Between 
Populations 

Within 
Populations 

Region+Population 26% 11% 63% 3362.659 
Region  26% 74% 3429.419 
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Figure 1: F estimates for each individual by population sample and geographical region. 

Closed circles represent the median values over 100 (LD minimal) maps. Dots represent Fm 

estimates for each map m.  

 

Figure 2: Inference of mating type preferences. (A) Population mating type frequencies . 

(B) Parental mating type probabilities P for each individual within the population. Matings 

between unrelated individuals are in white; second-cousin, first-cousin, double first-cousin 

and avuncular matings are in increasing shades of grey. 

 


