Human
Heredity

Hum Hered 2011;71:126-134
DOI: 10.1159/000324177

Published online: July 6, 2011

Coordinated Conditional Simulation with SLINK
and SUP of Many Markers Linked or Associated

to a Trait in Large Pedigrees

Alejandro A. Schiffer®  Mathieu Lemire® Jurg Ott“? G. Mark Lathrop®f

Daniel E. Weeks?9

2National Center for Biotechnology Information, National Institutes of Health, DHHS, Bethesda, Md., USA;
bOntario Institute for Cancer Research, Toronto, Ont., Canada; “Institute of Psychology, Chinese Academy
of Sciences, Beijing, China; Laboratory of Statistical Genetics, Rockefeller University, New York, N.Y., USA;
€Commissariat a 'Energie Atomique, Institut Genomique, Centre National de Genotypage, Evry,
fFondation Jean Dausset-CEPH, Paris, France; 9Departments of Human Genetics and Biostatistics,
Graduate School of Public Health, University of Pittsburgh, Pittsburgh, Pa., USA

Key Words

Coordinated conditional simulation - SLINK - SUP - Linkage
study - Association study - Pedigree, large - Pedigree,
complex

Abstract

Simulation of genotypes in pedigrees is an important tool to
evaluate the power of a linkage or an association study and
to assess the empirical significance of results. SLINK is a wide-
ly-used package for pedigree simulations, but its implemen-
tation has not previously been described in a published pa-
per. SLINK was initially derived from the LINKAGE programs.
Over the 20 years since its release, SLINK has been modified
to incorporate faster algorithms, notably from the linkage
analysis package FASTLINK, also derived from LINKAGE.
While SLINK can simulate genotypes on pedigrees of high
complexity, one limitation of SLINK, as with most methods
based on peeling algorithms to evaluate pedigree likeli-
hoods, is the small number of linked markers that can be
generated. The software package SUP includes an elegant
wrapper for SLINK that circumvents the limitation on num-
ber of markers by using descent markers generated by SLINK

to simulate a much larger number of markers on the same
chromosome, linked and possibly associated with a trait lo-
cus. We have released new coordinated versions of SLINK
(3.0; available from http://watson.hgen.pitt.edu) and SUP
(v090804; available from http://mlemire.freeshell.org/soft-
ware or http://watson.hgen.pitt.edu) that integrate the two
software packages. Thereby, we have removed some of the
previous limitations on the joint functionality of the pro-
grams, such as the number of founders in a pedigree. We
review the history of SLINK and describe how SLINK and SUP
are now coordinated to permit the simulation of large num-
bers of markers linked and possibly associated with a trait in
large pedigrees. Copyright © 2011 S. Karger AG, Basel

Introduction

Computer simulation of genotype data on pedigrees
has been used for more than two decades for power and
significance evaluations of genetic linkage studies. For
example, MacCluer et al. [1] describe a software imple-
mentation of the gene-dropping method (see Tmplemen-
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tation of SLINK and SUP’) and its application to studies
of large animal pedigrees. One commonly-used pedigree
simulation package is SLINK, which was initially derived
from the LINKAGE [2] package in 1989-1990. Instead of
focusing on gene dropping, SLINK supports simulation
conditional on observed trait (and/or marker) pheno-
types. Conditional simulation is valuable because, for ex-
ample, it permits estimates of whether linkage studies are
likely to be successful based on partially collected data.
To evaluate the level of SLINK usage, we checked the Sci-
ence Citation Index, which shows that the abstract [3],
which SLINK users are asked to cite, has been cited over
350 times, at a steady rate of 15-20 citations per year. The
theory of SLINK was formally described by Ott [4], but
the initial implementation was announced only by a con-
ference abstract [3]. Here, we describe subsequent im-
provements that make SLINK much faster and more ca-
pable, especially when its usage is coordinated with an-
other software package, SUP [5].

Typical usages of SLINK may be loosely classified into
three types: (1) to evaluate power; (2) to evaluate signifi-
cance, and (3) to evaluate new methods in linkage and/or
association analysis.

The typical usage of SLINK to evaluate power happens
prospectively, before any genotype data are collected for
a possible linkage or family-based association study. One
or more pedigree structures are collected, phenotypes are
collected, and either DNA samples are collected or some
speculation is made about which DNA samples will be
available. Then r replicates of the pedigree structures
have simulated genotypes filled in by the principal pro-
gram slink of the SLINK package. Then, taking linkage
studies as an illustration, linkage statistics, such as LOD
scores, are computed on the r replicates by other pro-
grams, which may be part of the simulation package or
not. SLINK includes the programs msim, Isim, and isim
to compute summary statistics; msim, Isim, isim are re-
spectively analogs of the LINKAGE programs mlink (es-
pecially suited for one-marker analysis), linkmap (multi-
point analysis with a fixed marker map of recombination
fractions), and ilink (numerically optimized recombina-
tion fractions) that compute LOD scores in the different
practical situations summarized in parentheses. Finally
one computes the probability that a significant outcome
will arise from the linkage study. A typical assessment
would be: what is the probability, conditional on the ped-
igree structures and observed trait phenotypes, that the
LOD score will be >3.0? If this probability is high enough,
typically 0.8 (80% of the replicates), then the investigator
is encouraged to proceed with the study.

Coordinated Conditional Simulation
with SLINK and SUP

In the typical usage for significance testing, the real
data are collected first and analyzed using genetic link-
age analysis methods such as LINKAGE/FASTLINK |2,
6]. These methods produce a test statistic, such asa LOD
score or NPL score. Then the researchers must decide
whether the observed score is large enough to conclude
that the evidence for linkage is statistically significant.
Although various significance thresholds have been es-
tablished based on theory and experience [7], some cases
are borderline. For example, LOD scores slightly over 3.0
for an autosomal study are usually considered of ques-
tionable significance [7, chapter 4]. General thresholds
for declaring significance can be derived by asymptotic
theory. However, the asymptotic theory depends on hav-
ing a large number of families, and is not tailored to the
details of a particular data set [7]. A more accurate mea-
sure of significance may be obtained by estimating an
empirical p value [7]. To compute an empirical p value,
one would generate r replicates in which the markers are
unlinked to the trait and again calculate a score for each
replicate. The empirical p value is then the percentage of
times a simulated score is larger than the observed score.
Because one does not have to condition on a trait locus,
simulation of unlinked markers is usually much faster
than simulation of linked markers, and more specialized
software such as SIMULATE [8] may be better suited for
simulation of unlinked markers for significance testing.
Empirical p values are particularly useful when one has
a single family, where asymptotic arguments about ap-
propriate significance thresholds do not apply. Zuppan
et al. [9] used this approach to determine that their ob-
served LOD score of 1.85 for linkage between breast can-
cer and the estrogen receptor in a single extended family
was expected to occur only once in 2,000 trials by chance.

In any simulation experiment, both the simulation step
and analysis step include parameters such as the number
of markers, the allele frequencies, the recombination frac-
tions between the loci, the mode of inheritance, and pen-
etrances. Because the simulation and analysis steps are
separate, the parameters may be set differently, and simu-
lation can be used to predict how well linkage methods
will do in a variety of situations. For example, one can test
if false linkages are likely when parameters are mis-spec-
ified [e.g. 10] or test whether a generic set of parameters
has good power to detect linkage when the true values of
the parameters cannot be easily estimated [e.g. 11]. SLINK
can generate linked replicates, unlinked replicates, or a
mixture in a user-specified proportion.

The third category of SLINK usage, evaluation of new
methods, takes advantage of the simulation step and the
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analysis step being separate in SLINK. (This is also one
of the differences between SLINK and SIMLINK [12], as
SIMLINK uses the same model for both simulation and
analysis.) Any analysis method that can take as input
LINKAGE-formatted files can be used instead of msim,
Isim, or isim to evaluate the replicates. For other methods,
minimal reformatting of the LINKAGE-formatted files is
generally sufficient. Recent examples of using SLINK to
test new methods include: a method to detect parent-of-
origin effects in large pedigrees [13]; a test of the deleteri-
ous effects of incorrect phenotypes on the power of a com-
mon linkage study design [14]; a method to identify influ-
ential observations in quantitative-trait linkage analysis
[15]; and a method to evaluate whether an association re-
sult and a linkage result at the same locus have the same
underlying cause [16]. These four examples collectively
make use of some important features of SLINK: (1) that
simulation can be conditional on any part of the data be-
ing observed, leaving the rest to be simulated; (2) that
linkage disequilibrium (LD) is supported, even with the
trait locus, by specifying haplotype frequencies rather
than allele frequencies for each marker, and (3) that traits
for simulation can be quantitative, not just dichotomous.

After the initial release, development of SLINK con-
tinued in various spurts during 1990-1994. The software
was stable during 1994-2006 - continually used, but not
improved. SLINK improvements resumed in 2006 when
Lemire [5] made a technological breakthrough, described
further below, that allowed the simulation of many more
linked markers in one run. This was implemented as a
separate package called SUP that functions as a set of
wrapper programs around SLINK, some data formatting
scripts, and a program run after receiving output from
SLINK. In 2007-2010, we re-engineered SLINK and SUP
so that they are easier to use together and limitations that
existed in 2006 have been removed. Documentation and
release of the new versions of SLINK (3.0; available from
http://watson.hgen.pitt.edu) and SUP (v090804; available
from http://mlemire.freeshell.org/software or http://wat-
son.hgen.pitt.edu) have been coordinated. These new
software releases motivate us to formally describe the en-
gineering of SLINK and recent developments coordinat-
ing SLINK and SUP.

Implementation of SLINK and SUP

High-Level Summary of a Typical Usage
The primary intended usage of SLINK and SUP is to
generate genotype data for markers linked and possibly
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associated with a trait locus. As explained above, power

estimation is the most common situation in which simu-

lated markers linked to a trait locus are used. Therefore,

we summarize and compare how power estimation can

be done with SLINK alone and with SLINK+SUP.
SLINK alone:

(0)Prepare LINKAGE-formatted files, adding availabili-
ty codes which indicate which individuals are avail-
able and should have genotypes simulated.

(1) Simulate r replicates of m markers together with the
trait.

(2)Compute test statistics and summary distributions.
The usage of SLINK alone is generally limited to 5 or

fewer markers because the computation time grows ex-

ponentially with the number of markers. For what follows
below, we emphasize that in step 1, all m + 1 loci are sim-
ulated together, so any genotypes computed internally
are multi-locus phase-known genotypes.

SLINK + SUP:

(0)Prepare LINKAGE-formatted files, adding availabili-
ty codes, as above. Additionally, assign unique alleles
to founders at one marker locus, hereafter referred to
as the descent marker.

(1) Use SLINK to simulate r replicates of one descent
marker together with the trait.

(2) Use SUP to extend the inheritance process via gene
dropping from one descent marker to m markers.

(3) Compute test statistics and summary distributions.
This SLINK+SUP approach can handle many more

markers than SLINK alone can, because step 1 uses only

two loci, and the time for step 2 (SUP) grows linearly with
the number of markers. The need for extra alleles (steps

0 and 1) can slow the computation if there are a lot of

founders, but the time grows quadratically with the num-

ber of founders and alleles, not exponentially. Figure 1a
illustrates step 1. Figure 1b illustrates identifying possible
haplotypes to transmit to founders. Figure 1c illustrates
selecting and dropping the haplotypes down to non-
founders. The stages of panels 1b and 1c are done togeth-

er in a single run of SUP and hence are considered as a

single computational step above.

Converting a Method to Compute Pedigree

Likelihoods into a Method to Simulate Genotypes

SLINK implements the simulation algorithm pro-
posed by Ott [4]. In this algorithm, we wish to sample a
genotype vector g for the entire pedigree, given a vector
of phenotype information x, i.e. we wish to sample ac-
cording to the conditional probability P(g | x). Ott’s bril-
liant insight was that this can be broken down into a se-
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dD DD dD DD
12 34 12 34
i lz]2 33404
i 24 i 2 i 24 i 2
dD DD dD DD
13 56 13 56
Thia
me O me O
dD dD DD DD dD dD DD DD
a 15 16 35 36 b 15 16 35 36
Fig. 1. Three stages of sampling markers linked to a trait with
SLINK and SUP. a The descent marker alleles (1, 2, 3, 4, 5, 6) are
specified at the founders and the affection status may be specified db DD
in all individuals, if known. All alleles at the trait locus and the al- 12 34
leles of the non-founders at the descent marker locus are sampled 12 22
by SLINK. b To begin filling in data at a SNP marker, SUP identi-
fies possible haplotypes, which are shaded, combining the descent ?'33 26D
marker and a new SNP marker in the founders. In general if m - 1 12 12
markers are to be added, there would be 2™ possible haplotypes.
However, if some of the newly sampled markers are in LD with each
other, then the probabilities of some haplotypes may be 0. ¢ To com-
plete the sampling, SUP does haplotype dropping from founders to dD dD DD DD
non-founders, while modeling the recombination process. In this 15 16 35 36
example, there is a single recombination between the descent mark- c 11 12 22 22
er and the new SNP marker, occurring in the maternal meiosis to
the unaffected grandson, and those alleles are shown in italics.

ries of incremental sampling choices according to this
equation [equ. 1 from ref. 4]:

P(g|x) = P(g1 | ©P(g2 | g1 ))P(g3 | 820 81> ©P(ga | €3> 820 1> %) ...

To implement this, we select a genotype at random for
person 1 from the probability distribution P(g, | x) of per-
son 1’s possible genotypes given the phenotypes. Once a
genotype for person 1 has been selected, then we select a
genotype at random for person 2 from the probability
distribution P(g; | g, X). In essence, this is a series of risk
calculations, one for each person in the pedigree, each
time conditioning on the phenotypes and all selected
simulated genotypes assigned so far. Thus, the newly se-
lected genotype for the current proband is guaranteed to
be consistent with the previously selected genotypes for
this replicate.

SLINK was derived from LINKAGE [2], which imple-
ments a generalized peeling algorithm for likelihood
computations in pedigrees, generalizing the Elston-Stew-

Coordinated Conditional Simulation
with SLINK and SUP

art algorithm [17]. LINKAGE’s algorithm is a generaliza-
tion for several reasons including that complex and
looped pedigrees can be accepted, and there is increased
flexibility in the order of traversal (peeling) of the pedi-
gree; the latter change is important in SLINK. Using
LINKAGE, it is possible to carry out a risk computation
for one individual P, the ‘proband’ this meaning is dif-
ferent from the clinical meaning of “first patient recruited
in a family’. To do this risk computation, the pedigree
likelihood is computed by iteratively traversing the pedi-
gree, from nuclear family to nuclear family, ultimately
‘collapsing’ all the information in the pedigree down onto
the chosen proband P. To implement Ott’s simulation al-
gorithm, SLINK does one traversal of the pedigree for
each individual whose genotype is to be simulated, choos-
ing that individual as P.

In practice, the computations during the traversal of
the pedigree are done one nuclear family at a time, rather
than one individual at a time. A main loop of LINKAGE
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implicitly chooses how to number the nuclear families
and individuals. In SLINK, this main loop is wrapped
inside a new outer loop over all individuals.

For each available individual, let that individual be the pro-
band P for one traversal.
For each nuclear family, renumber so that the nuclear fam-
ily containing the proband P is last.
Update conditional probabilities.
Select a genotype for P by sampling from the appropriate
conditional probability distribution.

If there are n individuals in the pedigree, then after n it-
erations of the new outer loop, every individual will have
a genotype assigned. The SLINK code has never enforced
that the order of individuals in the outer loop have any
mathematical relationship with the order in which the
nuclear families are updated in the inner loop.

For readers who may wish to modify the code, perhaps
following the ideas suggested in the Discussion, it is use-
ful to know where the two principal loops are implement-
ed. The inner loop and the genotype selection are imple-
mented by a small change to the LINKAGE procedure
‘likelihood’. The outer loop is added to the LINKAGE
procedure ‘iterpeds’, which in LINKAGE iterates over
pedigrees and recombination fraction values. Other than
the genotype selection, all other procedure calls from
within ‘likelihood’ in the original version of SLINK were
essentially unchanged from LINKAGE.

After all available individuals have genotypes filled
in, the replicate can be output. SLINK has substantial
new code to keep track of the replicates and choose for
each replicate whether the trait locus should be linked or
unlinked to the marker loci. In all versions except the
current one, the output format of each replicate looked
exactly like a post-makeped LINKAGE-formatted pedi-
gree file, except that the input availability code was
printed back out in an extra column on the right. Of par-
ticular relevance to the recent changes, only genotypes at
the marker loci were printed; the value of the phenotype
locus (for a discrete trait) was printed as one of 0 (un-
known status), 1 (unaffected), or 2 (affected), even though
SLINK would have also chosen underlying genotypes for
the trait locus as part of the simulated multi-locus geno-

type.

Improvements to SLINK

LINKAGE was implemented in PASCAL, since that
language was popular in the 1980s. The first version of
SLINK was also in PASCAL, as it was originally derived
from LINKAGE 4.9. When LINKAGE was substantially
upgraded to version 5.1 in the early 1990s, most of those
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changes were ported to SLINK as well. During 1989-1992
various bugs were fixed, and the ability to simulate under
heterogeneity was added, allowing the user to specify the
proportion p of the replicates in which the markers are
linked to the trait.

In 1992, version 1.0 of FASTLINK [6] was released as
animprovement to LINKAGE and further improvements
were done in 1992-1997. The most important improve-
ments in the early versions of FASTLINK were to the pro-
cedures for computing the conditional genotype proba-
bilities. Since these methods were identical in LINKAGE
and SLINK, it was not difficult to port the improved
methods for probability calculations to SLINK.

However, FASTLINK was implemented in C, rather
than PASCAL, by starting from a machine translation by
p2c of the LINKAGE 5.1 code. By the early 1990s, C was
far more popular than PASCAL, and the language trans-
lation yielded an immediate speed improvement because
C compilers have better code optimization than PASCAL
compilers. Therefore, as a first step towards combining
FASTLINK and SLINK, the simulation program was also
translated to C. Then the procedures called (indirectly)
from within ‘likelihood” in FASTLINK could be reused
identically in SLINK. Other improvements in the initial
FASTLINK/SLINK combination included: some modu-
larization of the code, compilation with make, and some
dynamic allocation of memory that was previously allo-
cated at compilation time. Except for one bug fix, and a
few syntactic changes to improve portability, SLINK was
unchanged during 1994-2007.

The new SLINK code release includes three important
sets of improvements implemented in 2007-2009. First,
some additional algorithmic improvements implemented
in FASTLINK during 1994-1996 were ported to SLINK.
These include making allocation of almost all important
arrays dynamic at run time. Consequently, some impor-
tant ‘constants’ that determine array sizes no longer need
to be set by the user and the subsequent code recompila-
tion is avoided. When the ‘constants’ in version 2 were
higher than they needed to be, arrays occupied unneces-
sary memory, and the new code (version 3) runs faster.
For example, using the complex pedigree in [18] that has
55 individuals and 15 founders, and a Linux computer
and the gcc compiler, to generate 1,000 replicates with the
disease plus one five-allele marker takes 11 s with the new
version as compared with 22 s with the previous version.
To generate 100 replicates with the disease plus two five-
allele markers takes 437 s with the new version and 572 s
with the previous version. When the constants in version
2 were set too low for some input data, the user would get
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error messages and needed to change the code; now this
problem is eliminated.

Second, the old code had an inherent limit of 32 alleles
at a marker. This arose because LINKAGE implemented
the alleles that an individual has as a bit array, meaning
that if an individual has alleles 3 and 7, then positions 3
and 7 in the array are set to 1, while all other positions are
set to 0. There were two reasons to do this when LINK-
AGE was originally implemented, but both reasons have
become unimportant 20 years later. First, memory was
much more precious, and a single integer-size bit array
takes less space than two integers. Second, some labs were
using markers (such as the ABO blood group) where the
genotype at a marker is determined by a set of binary
tests, not numbered alleles. The bit array representation
could compactly store the results of b binary tests, pro-
vided b is at most the number of bits in a computer inte-
ger. The limitation of alleles at a marker in SLINK had the
unfortunate consequence of creating a limitation of at
most 16 founders in a pedigree when SLINK and SUP
were used together, as explained below. In the current
version (3.0), each marker allele is stored as an integer, so
there is no meaningful limit to the number of alleles or
founders that SUP can handle.

Third, SLINK can now print the internally selected al-
leles at the trait locus to a second, new output pedigree
file. Previously, these alleles could only be obtained by
simulating a marker locus in perfect LD with the trait lo-
cus. Since SUP needs the trait locus alleles in order to
simulate LD between them and any marker loci, this sim-
plifies the workflow, as described below.

Improvements to SUP

SUP is a package, developed by Lemire, that interacts
with SLINK to permit the generation of many markers
linked to the trait, overcoming the limitation that the
time and memory usage of the methods in SLINK grow
exponentially with the number of markers. The primary
programs of SUP are implemented in C++; some auxil-
iary programs are implemented in Perl. The ideas and
methods underlying SUP were originally discussed in [8],
but not implemented.

SUP combines three techniques used previously in
disparate genetic linkage analysis applications. To de-
scribe these methods, we assume there is a single pedi-
gree, but they can be applied to each pedigree in sequence.
In the descriptions below, we assume autosomal inheri-
tance, but the latest version of SUP also supports X chro-
mosome inheritance.

Coordinated Conditional Simulation
with SLINK and SUP

The first technique is called ‘gene dropping’ or ‘allele
dropping’. To generate simulated data for a single marker,
tirst select alleles at random (sampling from the allele fre-
quency distribution specified in the input locus file) and
assign them to the founders. Then the allelesare ‘dropped’
(equivalent to ‘transmitted’ or ‘inherited’) down from the
founders to the most recent generation, following the
rules of Mendelian inheritance. More specifically, sup-
pose Nis a non-founder such that the alleles of the parents
of N have been selected. For N, we select at random one
of the two alleles from the father and one of the two alleles
from the mother. By traversing the pedigree from top to
bottom, all non-founders eventually get their alleles se-
lected (fig. 1b, c). If in the observed pedigree, some indi-
vidual is unavailable for sampling, then the genotype se-
lected for that individual can be printed as unknown
(usually 0 0) in the output replicate. To combine this tech-
nique with the next technique, it is important that within
the gene-dropping procedure the genotypes have known
phases (meaning that we distinguish the paternal and
maternal alleles), even though LINKAGE-formatted ped-
igree files are usually treated as phase-unknown.

The second technique is to model the recombination
process along the chromosome, from one marker to the
next. Suppose one has generated genotypes for the entire
pedigree on m — 1 markers, and the recombination frac-
tion between the last marker generated and the m-th
marker is specified in the input as 6. The phase-known
alleles for the m-th marker in the founders are chosen at
random from the population distribution, just as for the
tirst marker. The pedigree is traversed from top to bot-
tom, one meiosis at a time. For each meiosis, the paren-
tal allele on the same haplotype the child has at marker
m — 1 is inherited with probability 1 - 6, and the allele on
the other haplotypeisinherited with probability 6(fig. 1c).
Because each meiosis is sampled separately, this method
can be used if the male and female recombination frac-
tions differ. Because the genotypes are phase-known, no
markers preceding the (m — 1)-th marker enter into the
sampling for the m-th marker, and hence the time and
space needed grows only linearly with the number of
markers.

The techniques of gene dropping and sampling the re-
combination process can be used to generate a long series
of markers along a hypothetical chromosome, and this
was implemented, for example, in the software packages
SIMULATE [8], SimPed [19] and SimM [20]. However, to
extend the capability to include a linked trait locus re-
quires a third technique called a ‘descent marker’. Fol-
lowing the notation of [5], users of LINKAGE/FASTLINK
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usually model a discrete trait locus as having two alleles
D (lower risk) and d (disease or higher risk). One might
be tempted to consider D and d as numbered alleles 1 and
2 at a typical marker, and then simulate the data at the
trait locus by gene dropping. Doing so would be incorrect
for two reasons. First, the usage of gene dropping as ex-
plained above does not take into account the observed
phenotypes and the penetrance function (relating pheno-
type to genotype) at the trait locus. Second and more im-
portantly, using only two alleles creates ambiguities in
phase, when individuals are homozygous, for example.
When all the loci are simulated together within SLINK,
the phase is disambiguated because the internal represen-
tation of genotypes distinguishes each possible phase-
known multi-locus genotype. When the simulation of the
descent marker in SLINK is separated from the genera-
tion of the additional conditional markers in SUP, then
SUP needs to receive or infer more information about the
phase than previous versions of SLINK would print.
Therefore, SLINK had to be modified to output addition-
al information needed by SUP to keep track of the phase
of inheritance of the descent marker alleles.

SUP uses the insight that as long as mutations cannot
occur within the meioses of the pedigree, all distinct al-
leles represented by D and d get introduced in the found-
ers (fig. 1a). If there are F distinct founders, then 2F dis-
tinct alleles may be needed; this explains why the limita-
tion on the number of alleles in earlier versions of SLINK
was a serious limitation when SLINK was used with SUP.
To formalize this idea that the founders introduce all the
trait locus alleles, SUP uses a descent marker with alleles
1, ..., 2F assigned to the founders by the auxiliary program
DistinctAlleleToFounders. The descent marker is a regu-
lar numbered allele marker perfectly linked (6 = 0) to the
trait locus; it describes both the descent path and the
phase of the trait locus alleles along the pedigree lines.

Because each founder gets alleles distinct from all oth-
er founders, the phase of the descent marker alleles at
each meiosis is unambiguous. With only two loci, one
trait and one descent marker, SLINK can be used to sim-
ulate replicates for these two loci, conditional on the in-
put phenotypes (fig. 1a). The founders keep the input ge-
notypes rather than having their genotypes selected at
random. Since all founder alleles are specified to be dis-
tinct, the allele frequencies at the descent marker (which
would be part of the input) are irrelevant to the computa-
tions in SLINK.

Given the replicate data for the trait and descent mark-
er, the main program of SUP uses the techniques of gene
dropping and of simulating the recombination process
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on both sides of the trait locus/descent marker, condi-
tional on the observed descent marker alleles, to generate
as many more markers as desired (fig. 1b, c). Both SLINK
and SUP support LD, and when SUP fills in markers by
gene dropping, it can sample from the set of possible hap-
lotypes (fig. 1b). To simplify this implementation and to
allow for LD between the markers and the trait locus, it
helps to have the phase-known genotypes from the two
loci simulated by SLINK (the descent marker and the trait
locus). So, as explained above, SLINK was adjusted to
output the alleles at the trait locus, in addition to the usu-
al affection status. The marker genotypes selected by SUP
are output in a LINKAGE-formatted pedigree file that
can then be used to compute test statistics, as explained
in the Introduction.

SUP is very fast. Using the same 55-individual, 15-
founder pedigree [18] used above, SLINK takes 109 s to
simulate the descent marker for 1,000 pedigrees. SUP
takes less than 3 s to fill in marker data for anywhere from
two to ten SNPs; the time increase as more SNPs are add-
ed is miniscule. The time for the SLINK phase is different
from that reported above because, for this experiment, we
are using a 30-allele descent marker (twice the number of
founders) and filling in the alleles for the founders. Above,
we used a five-allele marker but did not fill in any alleles
prior to the computation.

Discussion

We described the integration of the software packages
SLINK, FASTLINK, and SUP to make it possible to gen-
erate simulated pedigree replicates for large pedigrees,
with many markers, linked to the trait locus and possibly
associated with it. SLINK and SUP support LD among
the markers and among the markers and the trait locus,
and can be used to generate two interacting trait loci, as
explained in [5]. The limitations on early versions of SUP
have been removed and usage is simpler. Other simula-
tion packages include SIMLINK [12], SIMULATE (8],
SimPed [19], SIMLA [21], and ALLEGRO [22]. These five
packages are all compared to the initial version of SUP in
[5], and to our knowledge have not changed much since
2006.

The most important strength of SLINK is that it can
simulate data linked and possibly associated with a trait
locus and more generally conditional on other observed
data, such as the phenotypes and/or genotypes of some
individuals. In contrast, SSIMULATE, SimPed, and SIM-
LA have either no or very limited capability to generate
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markers linked to a trait. SIMLINK can generate data
linked to a trait, but has the same severe limitation on
number of markers that SLINK had before SUP was in-
troduced. The principal limitation on ALLEGRO is that
the pedigrees have to be small, while SLINK can simulate
replicates for pedigrees of hundreds of individuals.

Within the SLINK package, the focus of improve-
ments has been on the program slink itself that generates
the replicates, rather than the analysis programs msim,
isim, and lsim. For these, we have translated the three
programs to C via p2c and resolved some portability
problems. Reasons to focus effort on the generation of
replicates include:

(1) The generation of a replicate takes much more time
than its analysis, because the generation requires one
pedigree traversal per individual, while the analysis
requires only one traversal.

(2) The replicate generation usually starts with no geno-
types filled in, while the analysis works on a pedigree
with genotypes filled in.

(3) Newer, fast linkage analysis packages such a MERLIN
[23] and Superlink [24] can be used to analyze the rep-
licates, but either have no simulation capability or sim-
ulation capability limited to unconditional gene drop-
ping.

The 1993-1994 improvements of SLINK focused on
speed. Recent improvements focused on software engi-
neering for both better speed and integration with SUP.
Conversely, recent improvements to SUP included add-
ing support for X chromosome markers and taking ad-
vantage of the increased capabilities of SLINK to simplify
usage. Without SUP, SLINK is severely limited in terms
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