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Outline of a Monte Carlo method to test departure from expected phenotype levels under the null hypothesis that this is caused by complete association with a fully penetrant binary locus, together with phenotyping error
1. Background and citation

Suppose you have a hypothesised Mendelian binary trait (e.g. presence/absence), determined by a dominant binary locus such as SNP.  You have information both on genotype frequencies and phenotype for a given population, but from separate samples.  If your hypothesis is correct, then the genotype frequencies will correctly predict the phenotype frequency, allowing for sampling error.  [Note that if you had genotype and phenotype information from the same sample, then you could look directly for individual matching of phenotype to genotype, and the test described here would not be necessary].
Under normal circumstances, one could test this hypothesis via a simple contingency test (e.g. a chi-squared test) in a 2x2 table of genotypes (combining the dominant homozygotes with the heterozygotes) versus phenotypes.  However, now suppose you have reason to believe there is appreciable error in assigning phenotypes correctly.  Now the assumptions for a chi-squared test no longer hold, as here we assume individuals have been classified without error.
This situation (of appreciable phenotyping error) was encountered in a study undertaken at UCL on lactase persistence in various sub-Saharan African populations.  This program and algorithm are described in the following paper, which should be cited when referring to this software:

Mulcare CA, Weale ME, Jones AL, Connell B, Zeitlyn D, Tarekegn A, Swallow DM, Bradman N & Thomas MG (2004). The T allele of a single-nucleotide polymorphism 13.9 kb upstream of the lactase gene (LCT) (C-13.9kbT) does not predict or cause the lactase-persistence phenotype in Africans. American Journal of Human Genetics 74:1102-1110

In the rest of this document, I will use this lactase example to illustrate the use of the program.

2. Theory

It is hypothesised that the T allele is a completely penetrant dominant allele for the lactase persistence phenotype (here called Lac P).  There are no phenocopies, and the C/T locus is assumed to be under HW equilibrium.

For this test you require the following.

(1) From a sample of size NLNP of known lactase nonpersistent individuals, the observed number FN of false negatives (appear persistent when not).

(2) From a sample of size NLP of known lactase persistent individuals, the observed number FP of false positives (appear nonpersistent when not).

(3) From a sample of size NG (the genotyped sample), the observed number of T alleles and C alleles (T+C=2NG).

(4) From a sample of size n (the phenotyped sample), the observed number nL of apparently lactase persistent individuals.

We now take both phenotyping error and four possible sources of sampling uncertainty into account: (1) sampling uncertainty in p, the frequency of the T allele in the genotyped group; (2) sampling uncertainty in fn, the frequency of false negatives according to the phenotyping method used; (3) sampling uncertainty in fp, the frequency of false positives according to the phenotyping method used; and (4) sampling uncertainty in Lapp, the frequency of apparent lactase persistence in the phenotyped group.

The procedure is as follows.
(1) A value for p was drawn from a Beta(T+1, C+1) distribution, where T is the number of T alleles and C is the number of C alleles found in the genotyped group.  This Beta distribution describes the posterior probability distribution for p having observed the genotype data, assuming a Uniform(0,1) prior.
(2) The predicted frequency of true lactase persistence in the population, Ltrue, was calculated as p2+2p(1-p) (i.e. the expected frequency of TT+CT genotypes under Hardy-Weinberg equilibrium).

(3) Values for fn and fp were drawn from Beta(FN+1,NLNP-FN+1) and Beta(FP+1,NLP-FP+1) distributions respectively (again, these Beta distributions describe the posterior probabilities for fn and fp having observed the combined false error rate data reported above and assuming a Uniform(0,1) prior).  
(4) The predicted frequency of apparent lactose digesters accounting for phenotyping error, Lapp, was calculated as Ltrue(1-fp) + (1-Ltrue)fn.  
(5) A simulated value for nL, the number of lactose digesters observed in the phenotyped group was drawn from a Binomial(n,Lapp) distribution, where n is the number sampled in the phenotyped group.  
(6) Steps 1-5 were repeated N=100,000 times to build up a Monte Carlo sampling distribution for nL under the null hypothesis (that C/T genotype and phenotyping error alone account for the apparent frequency of lactose digesters).  
(7) Let Sg be the sum of simulated nL values greater than or equal to the observed nL value, and let Sl be the sum of simulated nL values less than or equal to the observed nL value.  A two-tailed P-value for the observed nL under the null hypothesis was found as 2*min(Sg,Sl)/N.

3. Implementation
The above algorithm has been implemented in the statistical package R.  R is free to download and install from the following website: http://www.r-project.org/
The algorithm has been implemented, with some example data, in the text file “GenoPheno_lactase_eg.txt”.  To modify the test to your needs, change the parameter values in the “Input Parameters” section.  Then cut and paste the entire text document into the R command window.  The two-tailed P-value for a difference between observed and expected frequencies of the apparent phenotype is printed once the Monte Carlo iterations have been completed.
