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ABSTRACT: SNP allelic dosage data have been widely 
used in SNP genotyping and many other analyses. Here we 
proposed a new method to estimate the recombination rate 
between SNPs using this kind of data. This method exploits 
sperm samples from only one male animal, and extracts 
linkage information from the sperm cells. It is established 
on the principle of recombination and the statistical 
distributions of alleles. The method has power to 
simultaneously capture the recombination information on 
the entire genome from a larger amount of sperm cells, and 
estimate the individual-level recombination rate. Simulation 
studies showed that this method is very accurate and precise 
because of the integration of a large amount of information. 
This method has implication for constructing fine linkage 
maps, which has potential to be further used in genome 
analysis and research areas such as recombination hotspots. 
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INTRODUCTION 
Genetic linkage is one of the most important 

concepts in genetics, as linkage information is necessary for 
many genomic data analyses. Recombination rate between 
two genetic markers is a measure of genetic distance of 
these markers on the genome, and the estimation of 
recombination rate has been an interesting topic in genetic 
analysis for more than 100 years (Sturtevant (1913)). 

The most widely used method to estimate 
recombination rate is the maximum likelihood method 
using designed experimental populations with known 
pedigree (pedigree methods). The multi-generation 
designed experiment has being widely used to construct 
medium-density genetic maps for decades (Rohrer, 
Alexander, Keele, et al. (1994); Archibald, Haley, Brown, 
et al. (1995); Barendse, Vaiman, Kemp, et al. (1997); 
Groenen, Cheng, Bumstead, et al. (2000)). These have also 
utilized physical maps, for example using Bacterial 
Artificial Chromosome (BAC) libraries (Snelling, Chiu, 
Schein, et al. (2007)) and radiation hybrid mapping (RH 
mapping) (McKay, Schnabel, Murdoch, et al. (2007)). 
However, all of these methods have high costs, long times, 
or high technical difficulty associated with them (Hoh & 
Ott (2005)).  

An alternative way to estimate recombination rate 
is to use a single-sperm typing method (Li, Gyllensten, Cui, 
et al. (1988)), which can also greatly reduce the cost and 
time associated with animal experiments. This method uses 
the genotypes of a large number of individual sperm from a 
male animal to achieve a high accuracy (Li et al. (1988); 
Cui, Li, Goradia, et al. (1989)). This method has also been 
widely used in the construction of fine genetic maps 
(McVean, Myers, Hunt, et al. (2004); Jeffreys & May 
(2004)). However, the single-sperm typing method is 

somehow “low-throughput”, so most of the studies in 
single-sperm analysis are limited in scale to small regions 
of genome (Auton & McVean (2007); Wang, Fan, Behr, et 
al. (2012)).  

In 2001, another method was proposed to estimate 
recombination rate, which is also based on the genotypic 
data from a population (Fearnhead & Donnelly (2001)). 
Compared with pedigree methods, the population does not 
need to be well-designed, and pedigree information is also 
not necessary. This method provides another option for fine 
linkage mapping, and some good estimators are proposed 
based on this idea. However, these methods are not able to 
estimate the recombination rate directly, and the 
assumptions in the analysis are not always met very well 
(Auton & McVean (2007)).   

Here we proposed a new method to estimate 
recombination rate. In contrast to traditional methods, this 
new method is able to make better use of genomic data, and 
detect the recombination events that happen in a huge 
number of meioses. It is expected to be more efficient in 
terms of the cost of both time and money. 

 
MATERIALS AND METHODS 

Allele dosage data: Our proposed method of 
recombination rate calculation is based on the SNP allelic 
dosage in sperm samples, which refers to the total number 
of each of all possible alleles. As the analysis of high 
density SNP panel can be divided into the estimation 
between each pair of SNPs, here we consider a simplified 
two-locus model in a diploid male animal. Two 
heterozygous loci on the male’s autosomes are labeled as 
locus 1 and 2, with genotype A1B1 and A2B2, respectively. 
In a sperm sample from this male animal, every sperm cell 
must carry one and only one possible allele at each locus. 
The allele dosages for the four possible alleles (A1, B1, A2, 
and B2) in the sperm sample are denoted as nA1, nB1, nA2 and 
nB1, respectively.  

Simulated data: Three simulation experiments 
were conducted to compare the new method with traditional 
ones, and explore the performance of the new method when 
1) different amounts of sperm cells are included in each 
sperm sample; 2) different numbers of sperm samples are 
used; and 3) different recombination rates are assumed. In 
these experiments, we designed a sperm genome with only 
two SNPs, for each one of which the genotype could either 
be A or B. In the simulation, we simulate the genotype of 
each sperm in sperm samples. But in the estimation, only 
allelic dosage data, i.e. the total number of each kind of 
alleles in each sperm sample, are used, and the genotype of 
any certain sperm cell remains unknown. The parameters 
for the simulated data are shown in Table 2. Each 
experiment was repeated 500 times. The performance of 
estimation was measured by mean square error (MSE), 



which is a joint measurement for accuracy and precision 
(Walther & Moore (2005)). A smaller MSE means a better 
performance: 
MSE =  ∑( r� −  rtrue )2 500⁄  

Estimation: The recombination rate between 
Locus 1 and 2 can be estimated as: 
𝐫� = (𝟏 −  𝛒𝐧′𝐀𝟏,𝐧′𝐁𝟏  )/𝟐, [1] 
where 𝑛′𝐴1  (𝑛′𝐵1 ) is a standardized measurement of 𝑛𝐴1 
(𝑛𝐵1). It can be calculated based on the observed 𝑛𝐴1 (𝑛𝐵1). 
Here 𝜌𝑛′𝐴1,𝑛′𝐵1  represents the Pearson’s correlation 
coefficient between those two standardized allelic dosages. 
A detailed statistical proof is provided in the Appendix. 

 
RESULTS AND DISCUSSION 

Performance of the new method: The results of 
simulation experiments are shown in Figures 1-3. The 
estimation tends to have a better performance when more 
sperm cells are included in each sperm sample (Figures 1), 
or when more sperm samples are used (Figures 2), but the 
marginal increase tends to be smaller. We can also see that 
the new method tends to have a better performance when 
recombination rate is smaller (Figures 3). 

Comparisons: In Experiment 2 and Experiment 3, 
we also compared the performance of our method and two 
typical traditional methods (single sperm typing and 
pedigree). In single sperm typing, the genotype of each 
sperm cell is used, which is the result of only one meiosis, 
and it can be treated as a special case of our new method 
when there is only one sperm cell in each sperm sample. 
For the pedigree methods, each genotype from a diploid 
animal is the combination of the genotype of two gametes, 
and it represents the result of two meioses (one for each 
parent). Therefore, we used two sperm cells in each sample 
to approximate the performance of pedigree methods. Our 

simulation results show that our new method (with 10000 
sperm cells in each sample) outperformed the two 
traditional methods (Figures 2, 3). 

Discussion: The basic idea of this new method is 
that the SNP allele dosage data contains the information of 
a large number of meiosis, as each sperm cell can be treated 
as an independent result of meiosis. In our new method, the 
density of the recombination information is higher than 
traditional methods, so the estimation is expected to be 
more accurate and precise, which is supported by the 
simulation study. As we can see from the simulation results, 
when we increase the number of sperm cells used in the 
analysis, no matter if this is by using more sperm samples 
or by including more sperm in each sample, the 
performance of the estimation tends to be better.  

Another important advantage of the new method is 
that the allelic dosage data can now be easily obtained with 
high throughput technologies. The rapid development in 
nucleic acid molecule quantification technologies, such as 
array-based quantitative genotyping, has been making it 
faster and cheaper to get access to whole-genome allelic 
dosage data. While some traditional methods, such as single 
sperm typing methods or RH mapping, are still labor-
intensive and technically difficult. 

When compared with those methods that obtain 
the linkage information from multiple individuals’ 
genotypes, our new method has a third advantage. It has 
been reported that there is remarkable variation in 
chromosome structure and recombination rate across 
different individuals in the same populations (Coop, Wen, 
Ober, et al. (2008)), which implies that the estimated 
recombination rate from a population may be less accurate 
if we assume the true value is identical across the 

Table 1 Parameters used in simulation experiments 

# 
# Sperm cells  per 

sample 
# Samples rtrue 

1 1/10/102 /103/104 100 0.005 

2 1/2/104 
5/10/20/40 

/80/160/320 
0.005 

3 1/2/104 100 
0.001/0.005/0.0

1 /0.05/0.1 

 

Table 2 Four different kinds of sperm cells 
# Sperm Type Genotype Proportion1 

1 parental A1B1 P11 = (1-r)/2 

2 parental A2B2 P22 = (1-r)/2 

3 recombinant A1B2 P12 = r/2 

4 recombinant A2B1 P21 = r/2 

1 r represents the recombination rate between Locus 1 
and 2. 
 

Figure 1. Performance of Estimation when different 
numbers of sperm cells are included in each sample. 

 

Figure 2. Performance of Estimation when different 
numbers of samples are used. 



population. Our method provides a more accurate 
individual-level estimation as least for males. And it is also 
a promising way to detect the variation in recombination 
rate across individuals.  

 
CONCLUSION 

The method we propose in this article is able to 
successfully achieve a high accuracy and precision, as a 
result of its ability to capture information simultaneously 
from a huge amount of meioses. The method provides a 
promising way to estimate the distribution of recombination 
rate across the genome, and can be used in a wide range of 
genetic analyses in animals.  
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Appendix: Derivation of the method 
Distribution of allelic dosage: Consider a random 

sperm sample with 𝑛𝑡 sperm cells. In the two-locus model, 
when only two heterozygous loci (Locus 1 and Locus 2) are 
taken into consideration, the dosage of each of those alleles 
follows a binomial distribution: 
𝐧𝐀𝟏~𝐁𝐢𝐧𝐨𝐦𝐢𝐚𝐥(𝐧𝐭,𝟎.𝟓),𝐧𝐁𝟏~𝐁𝐢𝐧𝐨𝐦𝐢𝐚𝐥(𝐧𝐭,𝟎.𝟓) (2) 
, where 𝑛𝑡  is the total number of the sperm cells in the 
sperm sample. There are four possible types of sperm: two 
with parental genotypes and two recombinants. Assuming 
that parental genotypes are A1B1 and A2B2, the joint 
distribution of the number of these four different 
combinations would follow a multinomial distribution:  
𝐍 = (𝐧𝟏𝟏,𝐧𝟏𝟐,𝐧𝟐𝟏,𝐧𝟐𝟐)~𝐌𝐮𝐥𝐭𝐢𝐧𝐨𝐦𝐢𝐚𝐥(𝐧𝐭,𝐏). (3) 
Here 𝑷 = (𝑝11, 𝑝12, 𝑝21, 𝑝22)  represents the expected 
proportion of the four kinds of sperm (Table 1). A 
variance-covariance matrix can then be calculated based on 
the property of multinomial distribution. When 𝑛𝑡 is large 
enough, we can approximate the binomial distribution (2) 
with a normal distribution, and the covariance of 𝑛𝐴1  and 
𝑛𝐵1 can be derived from the multinomial distribution: 
𝐂𝐨𝐯(𝐧𝐀𝟏 ,𝐧𝐁𝟏) = 𝐂𝐨𝐯(𝐧𝟏𝟏 + 𝐧𝟏𝟐,𝐧𝟏𝟐 + 𝐧𝟐𝟐)  
                             =  𝐕𝐚𝐫(𝐧𝟏𝟏) + 𝐂𝐨𝐯(𝐧𝟏𝟏,𝐧𝟐𝟏) 
                              + 𝐂𝐨𝐯(𝐧𝟏𝟏,𝐧𝟐𝟏) + 𝐂𝐨𝐯(𝐧𝟏𝟏,𝐧𝟐𝟏) 
                         = 𝟎.𝟐𝟓(𝟏 − 𝟐𝒓)𝒏𝒕 (4) 
Therefore, we have: 

�𝒏𝑨𝟏𝒏𝑩𝟏
�  ~ 𝑵�𝟏

𝟐
�𝒏𝒕𝒏𝒕� , 𝟏

𝟒
𝒏𝒕 �

𝟏 𝟏 − 𝟐𝒓
𝟏 − 𝟐𝒓 𝟏 �� (5) 

Estimator of the recombination rate: According 
to the property of the bivariate distribution above, we can 
estimate the Pearson’s correlation between 𝑛𝐴1 and 𝑛𝐵1: 

𝛒𝒏𝑨𝟏,𝒏𝑩𝟏 = 𝐂𝐨𝐯(𝐧𝐀𝟏,𝐧𝐁𝟏)
�𝐕𝐚𝐫(𝐧𝐀𝟏)𝐕𝐚𝐫(𝐧𝐁𝟏)

 = 𝟏 − 𝟐𝒓 (6) 

So the recombination rate can be estimated as: 
𝒓� = (𝟏 − 𝛒𝒏𝑨𝟏,𝒏𝑩𝟏)/𝟐 (7) 

Standardization: Assuming we have a set of 
sperm samples from a male animal, and all of them have 
exactly the same number of sperm cells, then the estimator 
above is good enough. However, in most case it is 
impossible to manipulate the sperm sample to meet this 
assumption. A standardization process can help us to get a 
more accurate and precise result when the sperm samples 
we used have different numbers of sperm cells. For a sperm 
sample 𝑖 that includes 𝑛𝑡𝑖  sperm cells, we can standardize 
the observed allelic dosage 𝑛𝐴1,𝑖 as: 

𝒏′𝑨𝟏,𝒊 = 𝒏𝑨𝟏,𝒊−𝑬(𝒏𝑨𝟏,𝒊)

�𝑽𝒂𝒓(𝒏𝑨𝟏,𝒊)
= 𝒏𝑨𝟏,𝒊−𝟎.𝟓𝒏𝒕𝒊

�𝒏𝒕𝒊
 (8) 

, and the standardized allelic dosage for all different sperm 
samples follows the same normal distribution: 
𝒏′𝑨𝟏 ~𝑵(𝟎,𝟎.𝟐𝟓) (9) 
And we will get a generalized estimator that can be used 
even when the sperm samples we used have different 
amounts of sperm cells: 
𝒓� = (𝟏 −  𝝆𝒏′𝑨𝟏,𝒏′𝑩𝟏 )/𝟐 (1) 

Figure 3. Performance of Estimation for different 
recombination rates. 


