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Abstract

A software suite KINALYZER reconstructs full-sibling groups without parental informa-
tion using data from codominant marker loci such as microsatellites. KINALYZER utilizes
a new algorithm for sibling reconstruction in diploid organisms based on combinatorial
optimization. KINALYZER makes use of a Minimum 2-Allele Set Cover approach based on
Mendelian inheritance rules and finds the smallest number of sibling groups that contain
all the individuals in the sample. Also available is a “Greedy Consensus’ approach that
reconstructs sibgroups using subsets of loci and finds the consensus of the partial solutions.
Unlike likelihood methods for sibling reconstruction, KINALYZER does not require
information about population allele frequencies and it makes no assumptions regarding
the mating system of the species. KINALYZER is freely available as a web-based service.
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Kinship reconstruction using codominant markers such as
DNA microsatellites has become an important component
of many investigations of wild populations (e.g. Pemberton
2008). The aim of kinship or pedigree reconstruction is to
identify family groups, including parents, siblings, and
higher-order relationships. Several methods and software
for parentage assignment (maternity and paternity) are
widely used and available (reviewed in Blouin 2003).
Sibgroup reconstruction, with no or only partial parental
information, is conceptually and computationally more
difficult than parentage assignment, and sibling reconstruc-
tion studies have lagged behind those that use parentage
assignment. More accurate and efficient approaches for
sibgroup reconstruction are needed for cases where field
studies sample cohorts of offspring, but obtaining samples
of some or all candidate parents is less feasible. Recent
examples include sampling of juvenile lemon sharks from
nursery lagoons (Feldheim et al. 2004), brood parasitic
cowbird nestlings sampled from host nests (Strausberger &
Ashley 2003; Strausberger & Ashley 2005), wood duck eggs
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and nestlings (Roy Nielsen et al. 2006) and kelp bass larval
cohorts (Selkoe et al. 2006). More studies would likely employ
sibling reconstruction in data analysis if more robust
approaches were widely available.

There have been several approaches taken for recon-
structing full-sibling groups, although none has emerged
as a clear favourite among molecular ecologists. Most
sibgroup reconstruction methods use statistical likelihood
models (Thomas & Hill 2000; Smith et al. 2001; Konovalov
et al. 2004; Wang 2004) and, thus, rely on accurate estimates
of underlying population allele frequencies, which may be
difficult to obtain independently of the sample of potential
siblings. The software Pedigree, available for use as on online
service, employs Markov chain Monte Carlo (MCMC)
methods for sib reconstruction by maximizing the joint
likelihood of the entire sibship reconstruction rather than
the pairwise relatedness ratio (Smith et al. 2001). Family
Finder (Beyer & May 2003) uses a graph-based model, with
edges representing pairwise sibling relationships that are
weighted by the relationship likelihood (Goodnight &
Queller 1999). Graph ‘clusters’ corresponding to sibling
groups are identified by finding light edge cuts. Most of the
available methods do not allow for genotyping errors or
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mutations (Almudevar & Field 1999; Thomas & Hill 2000;
Smith et al. 2001; Konovalov et al. 2004), yet errors are likely
to occur at least at low frequencies in any large microsatellite
data set. One exception is COLONY (Wang 2004). COL-
ONY uses simulated annealing to exhaustively search for
sibling reconstruction based on overall maximum likelihood,
accounting for genotyping errors in the process.

In a test of four methods using simulated data, Butler et al.
(2004) conclude that none of the algorithms performed well
over the range of conditions tested, which included varying
number of loci and alleles, family distributions, and errors
in the data. In our recent review (Ashley et al. 2008) testing
sibling reconstruction methods, we found that among
statistical methods, COLONY (Wang 2004) accurately
reconstructed siblings when sufficient number of loci were
sampled (at least six) and allele diversity was high. However,
COLONY is limited by an assumption of one gender
monogamy and is too computationally demanding for
analysis of moderate to large data sets in a reasonable time.

In contrast to statistical likelihood approaches, combina-
torial approaches construct potential sibling groups using
only Mendelian properties (Almudevar & Field 1999;
Berger-Wolf et al. 2007; Sheikh et al. 2008) and search for the
most parsimonious solution, such as the smallest number
of mating pairs or parents. The method of Almudevar & Field
(1999) uses a heuristic approach (rather than established
computational optimization methods) to find a local
optimum, but is not guaranteed to find the overall best solution
(i.e. the smallest number of mating pairs). Alternatively,
KINALYZER uses a combinatorial approach based upon a
simple rule for allele inheritance in diploid organisms: an
offspring inherits one allele from each of its parents for
each locus. This rule of Mendelian inheritance introduces a
necessary constraint on full-sibling groups in the absence
of genotyping errors or mutations: the 2-allele property
(Berger-Wolf et al. 2007; Ashley et al. 2008; Sheikh et al. 2008).
The 2-allele property states that there exists an assignment
of individual alleles within a locus to maternal and paternal
parents such that the number of distinct alleles assigned
to each parent at this locus does not exceed two. Barring
mutation or genotyping error, any sibling group must
satisfy this constraint.

Formally, a diploid individual i sampled at [ loci is
represented by its [ pairs of alleles: i = [(a;;, b;), (a;, byy), ..,
(a4, by)]. A set of individuals S in a population sample U has
the 2-allele property if for each individual i in S at each
locus there exists an assignment of the two alleles a; = ¢;
and b; = ¢; or a; = ¢; and b; = ¢;; such that
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KINALYZER employs the Minimum 2-Allele Set Cover
approach to find the smallest number of sibgroups S, ..., S,,
such that each sibgroup consists of a subset of individuals

Vi<j<lI: <2and <2

in U, the 2-allele property is satisfied for every sibgroup,
and every individual is contained in at least one sibgroup
(US; = U). This smallest number of feasible sibgroups
(that satisfy the 2-allele constraint) is found using a com-
binatorial optimization technique to select the fewest
possible sibgroups.

Combinatorial optimization is a class of problems where
the qualitative (combinatorial) structure is more important
than the numerical values. Such problems are defined
by structural constraints on potential solutions and a cost
associated with each solution. The objective is to find a
solution which optimizes (minimizes or maximizes) the cost.
For the Minimum 2-Allele Set Cover, a feasible solution is
any partition of individuals into groups that satisfy the 2-
allele property (the structural constraint). The cost of each
solution is the number of groups, and the objective is to
find the solution with the smallest number of groups. Such
combinatorial optimization problems are typically provably
hard (computationally infeasible) and the Minimum 2-Allele
Set Cover is no exception (Ashley et al. 2008).

There are a wide variety of computational techniques
that solve combinatorial optimization problems (Cook et al.
1997; Papadimitriou & Steiglitz 1998). While any technique
applied to any particular combinatorial problem may take
along, even infeasible, time to find a solution, such solution,
when found, is guaranteed to be optimal. Combinatorial
optimization in KINALYZER is based on the implementa-
tion of CPLEX,' a commercially available optimization
software package. CPLEX employs multiple optimization
algorithms including simplex, cutting plane, interior point,
barrier, and branch-and-bound to solve difficult combinatorial
optimization problems and is guaranteed to find the overall
optimum. Note that while every optimization technique
will find the overall optimum, some may take longer than
others on any given problem. The main advantage of
CPLEX is that the most efficient optimization algorithm is
used based on the structure of the problem.

The computational objective of minimizing the number
of sibling groups is formally equivalent to minimizing the
number of mating pairs, and provides the most parsimonious
reconstruction goal. The solution satisfies Mendelian rules
of inheritance and is guaranteed to be the optimal solution
if the underlying objective of the smallest number of matings
is correct. As we develop computational methods with
different biological objectives, such as minimizing the
number of fathers or maximizing family size, these will be
added to the KINALYZER software suite.

KINALYZER also includes a consensus-based approach
(‘Greedy Consensus’) that discards individual loci one at a
time and reconstructs solutions using the remaining loci.
The final solution output is a consensus of the partial solu-
tions. The consensus is calculated by first computing the
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(B) Simulated data: Parents = 10, Families = 5,
Offspring = 5, Alleles = 10
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Fig. 1 Comparison of accuracy of different sib reconstruction approaches. A-C show results using simulated data. Simulated data was
generated by first randomly generating parent pairs based on population parameters (alleles per locus, number of loci), and then randomly
generating their offspring. The number of male/female parents, families and the offspring per family were varied as indicated to generate
the simulated populations. Each algorithm was run on simulated data sets created with the specified parameters until the mean and
standard deviation of error rates were stable for 10 consecutive iterations. Accuracy was calculated by the Gusfield Partition Distance
(Gusfield 2002) between the algorithm’s reconstruction and the known sibling relationships (see Ashley et al. 2008 for further details on
simulations). 2-Allele’ refers to the minimum set cover implemented in KINALYZER. ‘G. Consensus’ (Sheikh et al. 2008) refers to the
consensus approach described in the text that is also available in KINALYZER. D shows analysis of real data where sibling relationships
(from controlled crosses) were known for tiger shrimp Penaeus monodon (Jerry et al. 2006), Atlantic salmon (Herbinger ef al. 1999) and the

polygynous ants Leptothorax acervorum (Hammond et al. 1999).

groups that are in common and then greedily (taking the
best immediate, or local, solution) merging the nearest pair
of groups iteratively. Distance is computed based on costs
associated with errors and allelic information shared (see
Sheikh et al. 2008 for details).

Using simulated and real data with known sibling rela-
tionships, we have compared available sibling reconstruction
software (Berger-Wolf et al. 2007; Ashley et al. 2008; Sheikh
et al. 2008). An example of a comparison of KINALYZER to
three of the commonly used statistical methods, Pedigree
(Smith et al. 2001), COLONY (Wang 2004) and Family
Finder (Beyer & May 2003) is shown in Fig. 1. Error rates
were calculated using the Gusfield partition distance
(Gusfield 2002), the minimum number of individuals to
remove in order to make the two partitions (the recon-
structed sibgoups and the actual sibgroups) equivalent.
Overall, KINALYZER performed as well or better than other
methods on a wide range of data set parameters. It remains
robust even when the allelic diversity is low (Fig. 1A), the
number of loci sampled is small (Fig. 1B), and there are
genotyping errors (Fig. 1C). It also performed well on three
different biological data sets tested, while three other avail-
able methods were less consistent (Fig. 1D) (Berger-Wolf
et al. 2007; Ashley et al. 2008).
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KINALYZER is a web-based program that requires an
input file comprising the individuals and genotypes to
analyse. Because many users will already be familiar with
Kinship (Goodnight & Queller 1999), KinGroup (Konovalov
et al. 2004), GeruD (Jones 2005) or Cervus (Marshall et al.
1998) input files, we have preserved these for KINALYZER
with the exception that no population allele frequencies are
needed to run the program. To upload the genotype data
file, the user logs into the website and provides their name
and e-mail address (Fig. 2) which are necessary to deliver
the results. Currently KINALYZER only accepts .csv
input files from Excel. Three- or two-digit coded alleles are
automatically recognized by the program and missing data
should be coded as -1 (failure to do so will prompt the
program to display a message to correct the format). The
columns should correspond to the identity of individuals
and name of loci. The input file may contain extra columns
not used by KINALYZER (i.e. sex, locality, group, etc.);
the software has an option to disable them prior to
uploading the file. There is no limit to sample sizes or
number of loci. The web address for KINALYZER is http://
kinalyzer.cs.uic.edu/.

Because this is a web-based program, the user will be
given an input file number and the results are delivered via
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Fig. 2 Screenshot of KINALYZER software interface, showing user login, data upload and formatting windows, and confirmation of

submissions with information on receiving the results.

e-mail. The time to analyse the data will depend on how
many jobs the server is processing at that time. Users can
find out about the status of the queue job online at any time
(using the input file number). The output file will show
individuals divided into full-sib groups (sets). Each one of
these sets will list the individuals by the identification
name (or number) that was provided in the input file.
Because sibling reconstruction is still a developing field,
we recommend that investigators try different approaches,
and select an appropriate procedure based on their study
systems and the assumptions and limitations of currently
available methods. No single method is guaranteed to
provide the correct answer, but we favour the 2-allele method
implemented in KINALYZER because of the available
methods, it makes the fewest number of assumptions and
performs well over a wide range of data parameters. It is,
therefore, a good general method, especially when few loci

are sampled or the allelic diversity is low (Fig. 1). The ‘Greedy
Consensus’ method was found to be highly accurate in
tests using benchmark data, especially when allelic variation
was low, and was highly tolerant of genotyping errors and
mutations (Sheikh et al. 2008). As mentioned above, other
reconstruction objectives will also be added to KINALYZER
as they are developed.
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