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1 Background

This manual describes the implementation and use of the XWAS software package (chromosome
X-Wide Analysis toolSet, v1.1). The package is designed to perform single-marker and gene-based
association analyses of chromosome X. It also includes quality control (QC) procedures for X-
linked data. For convenience, the abbreviation “X” is used to refer to chromosome X throughout
the manual.XWAS version 1.1 is based on version 1.0, and have included these new features:

1. Improved quality control pipeline for X chromosome.

2. Included imputation step by applying IMPUTE2

3. Implemented new SNP tests: weighted variance heterogeneity test, the combined variance
heterogeneity, Clayton’s test for Association on X Chromosome, and a new version of
epistasis test that uses t test for quantitative traits.

4. Performed gene-based gene-gene interaction test.

5. Added a new --run-all command to run several X-related tests at once.

6. Added a new script that uses the marker based association tests’ results to run gene-level
association tests automatically.

For more details about v1.0, please refer to:

1. Chang D, Gao F, Slavney A, Ma L, Waldman YY, Sams AJ, Billing-Ross P, Madar A,
Spritz R, Keinan A. 2014. No eXceptions: Accounting for the X chromosome in GWAS reveals
X-linked genes implicated in autoimmune diseases. PLoS ONE 9(12): e113684.

2. Gao F, Chang D, Biddanda A, Ma L, Guo Y, Zhou Z, Keinan A. 2015. XWAS: a toolset
for chromosome X-wide data analysis and association studies. Journal of Heredity.

2 Downloading and Extracting XWAS

The software package can be freely downloaded from the Keinan lab website
(http://keinanlab.cb.bscb.cornell.edu/ or http://www.alonkeinan.com):

http://keinanlab.cb.bscb.cornell.edu/data/xwas/XWAS_v1.1.tar.gz

After downloading the file, use the following command to extract locally:

tar -zxvf XWAS v1.1.tar.gz

All necessary binary files and scripts are included in the folder ./bin/. The user can also compile
the XWAS software on their system by downloading the source code from http://keinanlab.cb.

bscb.cornell.edu/data/xwas/xwas_src.tar.gz and building the executable using the follow-
ing commands:

tar -zxvf xwas src.tar.gz

cd xwas src

make
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In our current version, the XWAS software package is optimized for LINUX, but can be compiled
for Windows and MAC OS. The provided XWAS software is compiled on Linux machine. You may
want to consult MAKEFILE to make necessary changes on other machines.

3 Quality-Control Pipeline

We have implemented a pre-quality control and quality control pipeline that applies standard
autosomal GWAS quality control steps as implemented in PLINK (Purcell et al. 2007) and
SMARTPCA (Price et al. 2006), as well as procedures that are specific to X. It is recommended
(not required) to perform imputation on the dataset using IMPUTE2. A feature of IMPUTE2

(Howie et al. 2009) is to assume that the effective population size on chromosome X is 25% less
than on the autosomes, and we recommend using this feature. Based on the output of IMPUTE2,
we recommend excluding variants with an imputation quality < 0.5. In this version, we have
incorporated the imputation pipeline. Please refer to Chapter 4 for more detail. We have pro-
vided an excerpt of data from HapMap (International HapMap Consortium. 2003) project as our
example.

In the following quality control steps, the dataset is initially split into two datasets, one consisting
only on males and the other on females. Then, the General Quality Control steps are performed
separately on each of the two datasets, which are then merged, before additionally applying the
X-specific Quality Control. Note: all P -value thresholds in the QC procedure are divided by
the number of SNPs in the dataset (Bonferroni-corrected) when determining exclusion criteria.

3.1 Pre-QC

The XWAS software treats individuals without parental information as “founder”, and those
with parental information as “non-founder”, regardless of whether or not the parents are included
in the sample. When running the software, “non-founder” will be removed by default. To avoid
this behavior, there are two options: 1) revise the XWAS QC pipeline to add --nonfounders to
all XWAS command line; 2) revise your input file and set all parental information to be missing,
“0”. NOTE: you have to make sure that all individuals included in the analysis are independent.
Parent-child or siblings should be treated so that only one of them is retained.

Before feeding data to the XWAS QC pipeline, we need to pre-process the data so that interde-
pendent individuals are removed. Specifically, for parent-child pairs, only parents are retained
and the children are removed. For siblings, only one is arbitrarily chosen and the rest are re-
moved. All individuals included in the study are independent, from the standpoint of the known
familial relationship (Note that the relationship will be further identified by the IBD-based
analysis). The final step is to remove all parental information in the *.fam file by setting the
corresponding fields to 0. In this manner, all samples are considered as “founder” in the XWAS
QC pipeline.

3.2 General Quality Control

1. SNPs (single nucleotide polymorphisms) are filtered if they have a missingness rate above
some threshold (recommended is 10%), if they have a minor allele frequency (MAF)
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below some threshold (recommended is 0.005, i.e. 0.5%), or if they are not in Hardy-
Weinberg equilibrium in females (the recommended P -value threshold is 0.05). Note: all
P -value thresholds in the QC procedure are divided by the number of SNPs in the dataset
(Bonferroni-corrected) when determining exclusion criteria.

2. Variants are filtered if their missingness is significantly correlated with phenotype (rec-
ommended P -value threshold is 0.05). Note: this step is only applied to case-control
studies.

3. Individual samples are removed if they are inferred to be related based on the proportion
of shared Identity-by-Descent segments (recommended is 10%). Identity-by-Descent is
calculated using the --genome flag in PLINK. To avoid removing too many samples, only
one individual from each pair of related individuals is removed.

4. Individuals are removed if they have a genotype missingness rate above some threshold
(recommended is 10%) or if their reported sex does not match the heterozygosity rates
observed on X. IMPORTANT: The relatedness filtering analysis based on shared IBD
segment assumes that the samples are from a homogeneous population. If the samples are
from different populations, this analysis will be problematic.

5. Population structure is assessed with the software SMARTPCA from the package EIGENSTRAT
(Price et al. 2006) and outlier individuals are removed.

3.3 X-Specific Quality Control

1. Variants on chromosomes other than X are removed, as well as variants in the pseudoau-
tosomal regions (PARs) on X.

2. Variants are filtered if they have significantly different MAF between male and female
controls (recommended P -value threshold is 0.05).

3. Variants are filtered if they have significantly different missingness between male and female
controls (The recommended P -value threshold is 0.05).

3.4 Specifying the QC Parameters

The necessary information should be recorded in a text file (for example, params qc.txt),
with the following parameters, where every parameter is listed on a separate line in the format
“parameter name [value]”. An example file with default values (example params qc.txt) is
given in the folder ./example/qc, along with resulting output. This example performs both
pre-qc and qc steps for you.

filename [Name of dataset file (without the extension)]

xwasloc [Location of XWAS executable]

eigstratloc [Location of the SMARTPCA and convertf executables]

exclind [0/1] This parameter allows you to exclude a predefined set of individuals. To
specify individuals to be removed, set the value to 1 and list individuals in a file named
according to the format: $filename exclind.remove, where the $filename variable is
the same as the filename parameter. Otherwise, set the value to 0.
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excludexchrPCA [YES/NO] Set value to YES to exclude X data when calculating PCA,
or NO to include it.

build [17/18/19] Specify the genome build of the dataset. Currently available options
are 17, 18 or 19 for hg17, hg18 and hg19 respectively.

alpha [alpha value for statistical significance, i.e. 0.05] This is used in determining
Bonferroni-corrected P -value for exclusion criteria

plinkformat [ped/bed] Specify whether data is in ped/map or binary format

maf [Cutoff for removing variants, i.e. 0.005] Variants with minor allele frequency less
than this value are removed.

missindiv [Cutoff for removing individuals with missing data, i.e. 0.10] Individuals
with missing genotype rate greater than cutoff are removed.

missgeno [Cutoff for removing variants with missing data, i.e. 0.10] Variants with
missing genotype rate greater than cutoff are removed.

numpc [Number of PCA principal components to include as covariates, i.e. 10]

related [Cutoff for removing individuals based on relatedness, i.e. 0.125, which corre-
sponds to the relatedness between first-degree cousins] Individuals with a proportion of
shared IBD segments above the cutoff proportion are considered for removal.

quant [0/1] Specify whether the phenotype is quantitative (1) or binary (0)

Once the quality control variables have been set in the parameter file, the pipeline, including
both the pre-qc step and general qc step, can be run using the following command.

$path/run QC.sh params qc.txt

The variable $path denotes the location of the shell script run qc.sh. The output dataset files
after QC are named as $filename.preprocessed final x (with suitable extensions), which
should now only contain data for X.

In addition to the parameter file, a few select flags and options, including saving logs, inter-
mediate files, and debug information, can be directly passed to the QC script. Please see
$path/run QC.sh --help and the example for more usage details.

The package provides and makes use of a compiled SMARTPCA executable in the /bin folder.
If you encounter errors running the executable, try downloading the source code for EIGENSOFT
from the the Price Lab at the following URL and compiling locally.

http://www.hsph.harvard.edu/alkes-price/software/
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4 Imputation

We implemented a pipeline that performs X imputation with IMPUTE2 (Howie et al. 2009) using
1000 Genomes Phase III reference data.

4.1 Reference Files Preparation

The 1000 Genomes Phase III reference files for X can be downloaded from https://mathgen.

stats.ox.ac.uk/impute/1000GP_Phase3_chrX.tgz. After downloading, type

tar -zxvf 1000GP Phase3 chrX.tgz

gzip -d 1000GP Phase3 chrX NONPAR.hap.gz

to uncompress the downloaded file. The files that are needed for imputation are
1000GP Phase3 chrX NONPAR.hap, genetic map chrX nonPAR combined b37.txt and our up-
dated 1000GP Phase3 chrX NONPAR.legend.gz file, which can be easily retrieved from http://

keinanlab.cb.bscb.cornell.edu/data/xwas/1000GP_Phase3_chrX_NONPAR.legend.gz. Please
unzip it once downloaded. Please move these three files into a common directory that stores all
the reference files for IMPUTE2. In the provided example, the directory is ./imputation pipeline/imputation reference files.
All other files generated by uncompressing 1000GP Phase3 chrX.tgz will not be used and can
be deleted.

4.2 Parameter File

The parameters for imputation should be provided in a parameter file with an identical structure
to example.par under the folder ./imputation pipeline. The content of file is explained as
follows:

1. The file starts with explanatory comments which have a # sign at the beginning of each
line. This comment is not required.

2. FILE: Name of pre-imputation PLINK files, WITHOUT extension.

3. OUTPUT: Name of the output file defined by the user, WITHOUT extension.

4. NJOBS: Number of parts to break down chrX. These jobs can be run sequentially or in
parallel. Default value is 31.

5. BUILD: Build of the data (17 for hg17 and 18 for hg18).

6. FILELOC: Location of the pre-imputation PLINK files.

7. REFLOC: Location of 1000G reference files (1000GP Phase3 chrX NONPAR.hap,
genetic map chrX nonPAR combined b37.txt and 1000GP Phase3 chrX NONPAR.legend).

8. TOOLSLOC: Location of imputation tools (./imputation pipeline/imputation tools for
this package).

9. RESLOC1: Intended location to store the output files after step 1 (Please make sure that
this folder exists).
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10. RESLOC2: Intended location to store the output files after step 2 (Please make sure that
this folder exists).

11. FINALRESLOC: Intended location to store the final results (Please make sure that this folder
exists).

12. MAFRULE: Population name of the samples and the corresponding minor allele frequency for
filtering out the sites in the 1000 Genomes reference file with a MAF ≤ this value in that
population. The value must be one of: AFR.MAF (Africa), AMR.MAF (America), EAS.MAF
(East Asia), EUR.MAF (Europe), SAS.MAF (South Asia), ALL.MAF (all above popuations
together), combined with ≤ VAL. For example, if the sample is from European population
and the minor allele frequency threshold is 0.005, the value will be EUR.MAF ≤ 0.005.

NOTE: For file locations, make sure to include the whole path, including the ending “/”.

4.3 Usage

After putting the par file under the same folder as make imputation files.py, please take the
following steps to execute the imputation pipeline:

1. In the command line, type python make imputation files.py FILE.par. This will gen-
erate all the necessary shell scripts for imputation.

2. Type ./FILE preimpute.sh. This will perform the pre-imputation step. The results after
this step will be located in RESLOC1.

3. There are two options for the imputation step: (1) If you choose to run all of the jobs in
sequence, directly type ./FILE impute2 run all.sh; (2) If you choose to run the jobs in
parallel, type each command in the file FILE impute2 run all.sh in a separate command
window. The results after this imputation step will be located in RESLOC2.
WARNING: if you run the imputation pipeline in a local machine, running concurrent
jobs jobs may be very memory-consuming! It is recommended to run the jobs one after
the other on a local machine.
BENCHMARK: On a 8 cores, 7.8 GB RAM, ubuntu 14.04LTS machine, to run on a
sample of 198 individuals, 32526 SNPs data that is divided into 30 jobs, on average it
takes approximately 20 minutes to run each job with approximately 1 GB memory.

4. Type ./FILE impute2 cat.sh. This step combines the files from different jobs in the
imputation step. The results after this step will be located in FINALRESLOC, which include
the PLINK files after imputation for conducting next-step QC and the info files for reference.

5 Post Imputation Quality Control

If you have run the imputation step with our pipeline, we recommend complete a post imputa-
tion quality control step. This step resembles the quality control described above. However, it
doesn’t include pre-qc step. The necessary information should be recorded in a tex file similar
to the one used in the quality control step, with the same set of parameters, except the genome
build of the dataset. After the imputation, field build should be 19. The filename might also
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need to be changed according to the name of dataset file after IMPUTE2. Once the post imputa-
tion quality control variables have been modified, it can be run using the following command.

$path/xwas qc post imputation.sh params qc.txt

6 Association Testing with XWAS

The XWAS software contains new functions for conducting X-wide association studies while keep-
ing all previous functions that are provided by the commonly-used PLINK. XWAS provides 3 new
C++ files (xoptions.h , xoptions.cpp, xfunctions.cpp), as well as minor changes to source
code from PLINK. The newly-added functionality is described below:

--xhelp Shows brief descriptions of all the XWAS-specific functions.

--xwas In order to use any of the options below, this option needs to be called.

--freq-x Outputting the allele frequencies for each polymorphic site in males and females
separately.

--freqdiff-x α Tests for significantly different minor allele frequency between male
and female controls, according to P -value threshold α. This option is used within the QC
script to filter out SNPs that have significantly different minor allele frequencies between
males and female controls.

--strat-sex Sex-stratified test, which first carries out an association test in males and
females separately and then combines the two test results to produce a final sex-stratified
significance value for each SNP.

--fishers Combines p-values from sex-stratified test (--strat-sex) for males and fe-
males using Fisher’s method (This is the default method for combining p-values).

--stouffers Combines p-values from sex-stratified test (--strat-sex) for males and
females using Stouffer’s method. Our sample-size-based analysis of Stouffer’s method
within this software follows that of Willer et al.

--sex-diff Sex-difference test, which tests the difference in the effect size between males
and females for each SNP.

--var-het Variance-Heterogeneity test, which tests for X-linked association by looking
for higher phenotypic variance in heterozygous females than homozygous females at each
SNP. This method is described in further detail in Ma et al.

--var-het-weight Weighted-Heterogeneity test, which tests for X-linked association by
a weighted regression approach to account for the variance inflation. This method is
described in further detail in Ma et al.

--var-het-comb Combined test of variance and weighted association by Stouffer’s ap-
proach, which combined the variance-based test and the weighted association test into
a single test statistic using the Stouffer’s Z score method. This method is described in
further detail in Ma et al.
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--xbeta This option can accompany --strat-sex or --sex-diff to output regression
coefficients (in addition to the default odds ratios) for each sex.

--clayton-x Test for association on X chromosome using Clayton’s method under the
assumption that the allele frequency does not vary with sex. This method is described in
further detail in Clayton.

--run-all This option conveniently runs sex-stratified test (combines p values from sex-
stratified test with Fishers and Stouffers methods), sex-difference test, variance-heterogeneity
test, Clayton’s test for association on X chromosome together.

--xepi Runs the epistasis test, which tests SNP× SNP epistasis for qualitative/quantitative
phenotypes. This function is modified from the original –epistasis in PLINK. For qualita-
tive phenotypes, --xepi is essentially the same as --epistasis. Both use a logistic model
and test the interaction term with a Wald test. For quantitative phenotypes, --epistasis
in PLINK uses a linear model with a Wald test, while --xepi uses a linear model and
then tests the interaction with a t test.
Use the command: ./bin/xwas –xwas –bfile yourData --xepi, which will send output to
the files:

xwas.xepi.cc NOTE: cc:case/control; for quantitative traits, replaced by qt.
xwas.xepi.cc.summary

Note that cc represents case/control, and it will be replaced by qt for quantitative traits.
This file records the pairwise p value. The file xwas.xepi.cc.summary records the sum-
mary information for each SNP.

For quantitative phenotypes, there will be another output file xwas.xepi.qt.summary.corr
that records the correlation between SNP based interaction test. It is used in the gene-
based gene-gene interaction test.

There are four different modes for --xepi to assign which SNPs are tested:

1. ALL × ALL e.g. bin/xwas xwas --bfile yourData --xepi --out result

2. SET1 × SET1 (where set.file contains only 1 set) e.g. bin/xwas --xwas --bfile

yourData --xepi --set set.file --out result

3. SET1 × ALL (where set.file contains only 1 set) e.g. bin/xwas --xwas --bfile

yourData --xepi --set set.file --set-by-all --out result

4. SET1 × SET2 (where set.file contains 2 sets) e.g. ../bin/xwas --xwas --bfile

yourData --xepi --set set.file --out result

--xepi can be combined with the following commands:
--set {set.file} There can only be one or two sets in the set file for --xepi. To specify
sets of SNPs to be tested, set.file should be in the following format:
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SET A
rs001
rs002
END

SET B
rs101
rs102
rs103
END

-- set-by-all Specifies the SET1 × ALL mode for --xepi
-- covar {c.file} Supports the inclusion of one or more covariates for --xepi.
-- xepi1 {1} Sets the threshold for SNP pair p-value, only output tests with p-values
less than the threshold (default is 1e-4)
-- xepi2 {1} Sets the threshold for significant --xepi tests in .summary file. Default is
1e-4.

In addition to these new functions, the options below, which have already been implemented in
PLINK, can be useful in carrying out X-wide association studies.

--logistic, --linear The options to carry out logistic regression and linear regression
for binary and quantitative traits respectively. Note that the genotypes of males will follow
0/1 coding by default, i.e. a male allele is considered as equivalent to a single female copy.

--xchr-model 2 This option can be used together with --logistic or --linear to
code genotypes of males as 0/2, i.e. males are always considered equivalent to either
female homozygote. When relevant, the above newly-added tests can also consider either
0/1 or 0/2 coding using this option.

6.1 Examples

For examples on running the functions above, please execute the following:

cd tests

make file

# Get allele frequencies for Males and Females Separately

../bin/xwas --bfile dummy case1 --xwas --freq-x

# Perform the sex-stratified test, using Fisher’s method to combine p-values

../bin/xwas --bfile dummy case1 --xwas --strat-sex --fishers

# Perform the sex-stratified test, using Stouffer’s method to combine p-values

../bin/xwas --bfile dummy case1 --xwas --strat-sex --stouffers

# Perform the sex-difference test

../bin/xwas --bfile dummy quant1 --xwas --sex-diff

# Perform the variance-heterogeneity test (with covariates)

../bin/xwas --bfile dummy quant1 --xwas --var-het --covar dummy quant1.covar

# Perform linear regression using 0/2 coding for males

../bin/xwas --bfile dummy quant1 --xchr-model 2 --linear

The output files will all have the prefix xwas and be in the format of column-delimited tables.
For example, one of the output files is xwas.xstrat.logistic. This file contains columns that
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detail the SNP identifier, the Stouffer’s Z-score, and the overall P -value of the test (among other
data) for each SNP.

To verify that the executable is built correctly one can execute the command make all in the
tests folder, which will both create datasets as well as execute test xwas.py which provides
a comprehensive test of all of the commands and options available in XWAS. For the user’s con-
venience, all of the commands that are executed within the testing sequence are printed so the
user can replicate them on their own data.

7 Gene-based Association Testing on X

The gene-based association testing is based on the VEGAS (Liu et al. 2010) framework. Here,
the procedure is modified to utilize the truncated tail strength (Jiang et al. 2011) and truncated
product (Zaykin et al. 2002) method to combine individual SNP-level P -values. In order to run
the gene-based test, the following two packages must be installed in R: corpcor and mvtnorm.
One way to install such packages is from within R’s command line by typing the following com-
mands.

install.packages("corpcor")

install.packages("mvtnorm")

7.1 Automated Gene Based Association Tests

Gene-based testing builds upon the SNP-level analyses shown previously by using the P -values
obtained for each SNP. For your convenience, we have provided a script that automatically
searches for the temporary files our XWAS software has created when you run the SNP-level
analyses, and generates the gene based results for you. The script for the automated gene based
testing requires several input files to run:

1. A dataset in binary PLINK format (bed/bim/fam).

2. A file with a list of genes to test. The gene list file should contain one gene per line and the
following information in the listed order:

[chromosome #] [gene starting position] [gene end position] [gene name]

3. A file (params genes auto.txt) listing all of the parameters necessary to run the script. An
example (example params gene test auto.txt) is available in the folder example/gene automated.
The parameters required are:

filename [Name of dataset file (without the extension)]

xwasloc [Location of XWAS executable]

genescriptloc [Location of the provided R script truncgene.R]

genelistname [Location and filename of a list of genes to test]
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pvfolder [Location of the association results files]

buffer [Integer specifying the buffer region around genes (in base-pairs)] We determine
a buffer region so that we do not exclude SNPs that may be slightly outside the defined
gene region

Note that the output file will be in the directory of the association result files.
After installing the required R packages and assembling all the required files, the automated
gene-based test can be run using the following command:

$path/gene based test automated.sh params genes auto.txt

The output of the gene-based association test will have the following columns:

[gene] [reps] [tail p value] [prod p value]

The first column states the name of the gene. The second is the number of (adaptively deter-
mined) bootstrap replicates. The third column is the P -value for the gene using the truncated
tail strength method. The last column shows the P -value calculated using the truncated product
method.

7.2 Single Gene Based Association Test

Gene-based testing builds upon the SNP-level analyses shown previously by using the P -values
obtained for each SNP. The script for each gene based testing requires several input files to run:

1. A dataset in binary PLINK format (bed/bim/fam).

2. A file with a list of genes to test. The gene list file should contain one gene per line and the
following information in the listed order:

[chromosome #] [gene starting position] [gene end position] [gene name]

Gene positions in this file should correspond to the same build as referenced in the binary PLINK

format files. We recommend using the “UCSC knownCanonical” transcript file for a compre-
hensive list of genes on chromosome X. We have placed correctly formatted compressed gene
lists on chromosome X for human genome builds hg19 and hg38 in the genes directory.

3. A file with association statistics for SNPs, with one SNP per line:

[SNP name] [SNP P-value]

These P -values can be obtained from any of the SNP-based tests mentioned in the previous
section (i.e. the sex-stratified test –strat-sex ). This input file will consist of the two columns
representing the SNP name and P -value from the output files of the SNP-based tests.

4. A file (params genes.txt) listing all of the parameters necessary to run the script. An
example (example params gene test.txt) is available in the folder /example/gene test. The
parameters required are:

filename [Name of dataset file (without the extension)]
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xwasloc [Location of XWAS executable]

genescriptloc [Location of the provided R script truncgene.R]

genelistname [Location and filename of a list of genes to test]

assocfile [Location and filename of the association results file]

buffer [Integer specifying the buffer region around genes (in base-pairs)] We determine
a buffer region so that we do not exclude SNPs that may be slightly outside the defined
gene region

numindiv [Number of individuals with which to estimate linkage disequilibrium for es-
timating dependency between single-SNP tests] We recommend that this number is a
minimum of 200.]

output [Location and filename of the output file]

After installing the required R packages and assembling all the required files, the gene-based test
can be run using the following command:

$path/gene based test.sh params genes.txt

The variable $path denotes the location of the shell script gene based test.sh. Note that you
need to run the script in the directory of your data files. For a full example of running the
gene-based tests, execute:

/example/gene test/run example gene test.sh params genes.txt

The output of the gene-based association test will have the following columns:

[gene] [reps] [tail p value] [prod p value]

The first column states the name of the gene. The second is the number of (adaptively deter-
mined) bootstrap replicates. The third column is the P -value for the gene using the truncated
tail strength method. The last column shows the P -value calculated using the truncated product
method.

8 Gene-based Gene-gene Interaction Testing

The gene-based gene-gene interaction (GGG) tests is based on a framework we previously de-
veloped (Ma et al. 2013). The tests combine SNP-based interaction tests between all pairs of
SNPs in two genes to produce a gene-level test for interaction between the two. There are four
GGG tests that extend the following P value combining methods: minimum P value, extended
Simes procedure, truncated tail strength (Jiang et al. 2011), and truncated P value product
(Zaykin et al. 2002). Currently, the GGG tests can only deal with quantitative phenotypes. In
order to run the GGG tests, the following two packages must be installed in R: corpcor and
mvtnorm. Please refer to Chapter 7 for installation instruction.
GGG tests are built upon the SNP-level interaction test function --xepi, and use the P values
obtained for each SNP pair. The script requires several input files to run:
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1. A dataset in binary PLINK format (bed/bim/fam)

2. A file with a list of genes to test interaction for each pair of gene. The gene list file should
contain one gene per line and the following information in the listed order:

[chromosome #] [gene starting positio] [gene end position] [gene name]

3. A file (params genes.txt) listing all of the parameters is necessary to run the script. An ex-
ample (example params gene test.txt) is available in the folder /example/gene gene inter. The
parameters required are:

filename [Name of dataset file (without the extension)]

xwasloc [Location of XWAS executable]

genescriptloc [Location of the provided R script gene based inter.R]

genelistname [Location and filename of a list of genes to test]

buffer [Integer specifying the buffer region around genes (in base-pairs)] We determine
a buffer region so that we do not exclude SNPs that may be slightly outside the defined
gene region

covarfile [Name of covariant file (optional)]

output [Location and filename of the output file]

After installing the required R packages and assembling all the required files, the gene-based test
can be run using the following command:

$path/gene based interaction.sh params genes.txt

The variable $path denotes the location of the shell script gene based interaction.sh. For a
full example of running the GGG tests, execute:

/example/gene gene inter/run example GGG test.sh example params GGG test.txt

The output of the GGG test will have the the two kinds of files:

1. genepair results.txt, which has the following columns:

[gene1] [gene2] [min P value] [gate P value] [tail p value] [prod p value]

The first and second columns state the names of two genes. The third through sixth
columns record P values for each method: minimum P value, extended Simes procedure,
truncated tail strength, and truncated P value product.

2. gene1name gene2name.qt The SNP-based interaction result from the xepi function for
each pair of genes. The file formats refers to the --xepi function.
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9 Troubleshooting

The Keinan Lab is continually developing XWAS and new features/fixes will be distributed often.
Strongly recommend to join our mailing-list for updates and announcements by signing up on
our website http://keinanlab.cb.bscb.cornell.edu/content/xwas. Please report bugs or
ask questions by sending an email to
keinanlab.xwas@gmail.com. We are also collaborating with several groups by running desired
features of XWAS on their data, and we welcome additional such collaborations. Please email
Alon Keinan (ak735@cornell.edu) regarding collaboration opportunities.

Note: XWAS requires the newer liblapack.so.3 in place of the older liblapack.so.3gf

library. Run ldconfig -p | grep liblapack to locate which version is currently installed. In
Debian based linux distros, liblapack.so.3 can be installed from the liblapack3 package,
while the lapack package provides it in rpm based systems.
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