












































































































































































































































































































































































































































































immigrants from small areas of southwest England and southeast Ireland, there 

are likely to be founder effects in the genetic structure of the population. This is 

quite evident as there is an over representation of monogenic diseases in our 

population - approximately 10 fold higher than the other Atlantic Provinces (305). 

This evident founder effect could also serve to bias our results in both positive 

and negative fashions: it is possible for instance that our observed positive 

associations could be the result of a gene variant that is simply present in our 

population at a higher frequency than other admixed Caucasian populations due 

to the founder effect. Likewise, it is possible that our inability to replicate 

candidate gene variants observed in other populations could be due to an under 

representation of that variant in the founding population. 

PsA does present unique challenges in the study of complex disease 

when compared to others, as it represents a "disease-within-a-disease". As 

described previously in approximately 70% of PsA cases psoriasis precedes the 

onset of arthritis by between 7 - 10 years (25), and only about 30% of patients 

with psoriasis develop PsA (8). Distinguishing between genetic variants 

responsible for PsA and those responsible for uncomplicated psoriasis is a large 

challenge for well designed studies of PsA; however the time of onset of PsA 

from psoriasis does provide investigators with a potential mechanism to 

investigate genetic differences between the two. By performing a case control 

study using psoriasis patients who have had established disease for longer than 

10 years as a control group, an investigator will have ensured that the control 

group is unlikely to develop PsA, as they have surpassed the typical time frame 
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for development of PsA. Thus, any differences in allele frequencies between the 

PsA cohort and psoriasis control cohort may represent genuine PsA markers. For 

those markers which appear to be associated with both conditions, a comparison 

of the relative risk for each group could potentially reveal a real PsA association: 

as PsA represents a "disease-within-a-disease", an associated marker has the 

potential to appear in both PsA and psoriasis groups. If the calculated relative risk 

is higher for the PsA cohort as opposed to the psoriasis cohort, then that marker 

is likely to represent a PsA risk allele. The stratification of PsA patients by 

endophenotype can serve to further strengthen this finding by examining the 

marker in an AS cohort as well . If the marker is found to be associated with the 

spondylitis sub-form of PsA, and it is found to be associated with AS, then it is 

more likely to be involved with arthritic disease as opposed to psoriatic skin 

disease. 

A further manner in which to identify true PsA genes is through the use of 

expression studies. There are medications which can have different effects on 

psoriasis and PsA. The drug efalizumab (also known as Raptiva, which has 

recently been removed from the market) effectively treats psoriasis patients and 

the psoriasis of PsA patients; however it does not affect the arthritis portion of the 

disease, and may in fact worsen the course of arthritis (468,469). Examining the 

gene expression levels of PsA patients before and after treatment with 

efalizumab would likely provide more evidence regarding genes involved in PsA 

rather than uncomplicated psoriasis, as you would expect the expression levels 

of psoriasis-related genes to drop following treatment. Genes that still remained 
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over or under expressed after treatment when compared to healthy controls 

would likely be involved in the arthritis portion of PsA. 

More recent work has identified another source of genetic influence on 

psoriasis, as micro RNAs (miRNAs) have been implicated in the pathogenesis of 

psoriasis (470). MicroRNAs (miRNAs) are an abundant class of short (-22 

nucleotides), non-protein-coding RNAs that regulate the expression of protein­

coding genes at the posttranscriptional level. Specifically, the authors of this 

study identified the first miRNA that is entirely restricted to skin epithelium and 

showed that it is over expressed in psoriasis. One of the targets of this miRNA for 

post-transcriptional suppression is a negative regulator of the STAT3 pathway, 

which is activated by inflammatory cytokines (e.g. lnterleukin-6, interferon-y) and 

functions in the regulation of both innate and adaptive immunity. Constitutive 

activation of this pathway has been reported to lead to a psoriasis-like phenotype 

in transgenic mice, stressing its relevance in psoriasis (471 ). Their results 

suggest that the increased expression of this miRNA leads sustained activation of 

the ST AT3 signalling pathway, and thus may contribute to increased or prolonged 

skin inflammation in response to T cell-derived cytokines, due to a seemingly 

aberrant negative feedback in cytokine signalling in keratinocytes. Interestingly 

for the pathogenesis of both psoriasis and PsA, two other miRNAs (one which 

was found to be significantly over-expressed, and one which was significantly 

under-expressed) were direct mediators of the TNF-a pathway. Clearly, future 

genetic studies of PsA should examine these emerging genetic regulators. 
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Copy-number variation (CNV) is also another emerging area of genetic 

study that is worthy of consideration in the investigation of PsA, as data has 

already established that a deletion comprising the genes LCE3B and LCE3C is 

significantly associated with risk of psoriasis (4 72). Likewise, a higher copy 

number of the ~-defensin gene cluster found on chromosome 8 has been 

demonstrated to be a susceptibility factor for psoriasis (473). While no specific 

CNVs have been found for PsA, others have been found to be associated with 

susceptibility to autoimmune and inflammatory disorders (474). As the extent of 

CNVs in the human genome has only recently begun to be fully appreciated 

(475,476), investigating this form of genetic variation could lead to new insights 

regarding the genetic contribution to PsA. 

Regardless of the method used to investigate the genetics of PsA, the 

difficulties in study design and analysis can be overcome. As described 

previously, the choice of adequate control groups is crucial. The ideal genetic 

study of PsA (whether through SNPs, CNVs, miRNAs, or direct sequencing) 

would consist of large (the ideal sample size being over 1 000), well characterized 

and stratified PsA patient groups (according to pattern of arthritis, and also 

according to whether the cases were sporadic or had a family history), but would 

also contain multiple control groups. In addition to normal, healthy controls, 

control groups should consist of uncomplicated psoriasis patients, AS patients, 

and in addition to this every effort should be made by researchers to collect and 

characterized as many PsA patients as possible who develop arthritis prior to 

psoriasis - what is known as "psoriatic arthritis sine psoriasis" (477,478). The 
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inclusion of sufficient numbers of these proposed control cohorts would allow 

investigators to definitively distinguish between variations associated specifically 

with PsA as opposed to psoriasis. Comparison of DNA from disease sites as well 

as that from white blood cells would also be beneficial. In addition to identifying 

rare variants involved in common disease, examining tissue from these multiple 

groups of patients with autoimmune diseases would help to characterize the 

exact disease processes involved across multiple autoimmune diseases, and 

further help to elucidate the common shared pathways in these types of diseases 

(300). 

Finally, the possibility also exists that the genetic nature of PsA is more 

complex than we currently understand and thus, better targets than the ones we 

have chosen to investigate exist. There has, at the time of this writing, been only 

a single genome wide association study performed specifically in PsA. As we 

approach the post-genomic era and more and different markers are available for 

analysis such as the locations of Copy Number Variants and non-coding RNA 

silencers, the genetic analysis of complex and uncommon diseases such as PsA 

will become easier, especially as computational problems towards solving 

epistatic interactions between all of these variants are overcome, and the 

networks of interactions of all of these genetic elements are more clearly 

established. 

As a final summary of the work in this thesis, Figure 7 -2a describes all 

candidate genes which to date have been analysed in PsA. Figure 7 -2b indicates 
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those which have reported positive associations, and figure 7 -2c shows which 

have been replicated by subsequent reports. 
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Figure 7-2a: Summary of all candidate genes for PsA assessed in the literature 

up to September 2009. 

2 13 



1 2 3 4 5 6 7 8 9 10 11 

ReiA 

13 14 15 16 17 18 19 20 21 22 y 
~ 0 ~ 

~ !- ~ W53 i 
1 Rank 

KIR RunX1 
CARD15 SLC9A3R1 

CYP1A1 
Rank-L 
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Figure 7 -2c: Genes shown here are the only candidate genes with replicated 
associations with PsA reported in the literature - current as of September 2009. 
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-- - -------------------------------~---

Introductory Note 

The algorithm which follows was originally written by Mr. Mohammed Uddin as 

part of his Master's dissertation (2008). The algorithm is reprinted here with his 

kind permission. Mr. Uddin remains the sole copyright holder of this algorithm, 

and it is entirely his intellectual property. 

Co-operative Coevolutionary Algorithm (CCA) 

There is no recognized single best method to detect gene-gene 

interactions comprehensively. Moreover, it is not feasible to perform exhaustive 

search on non-trivial amounts of single nucleotide polymorphism (SNP) data to 

detect gene-gene interaction. A case-control cohort consists of m case and m' 

control individuals for a panel of n SNPs; hence, the case and control matrices M 

and M' consist of 2m and 2m' haplotype-rows, respectively, and n SNP-columns. 

In each column, let 1 and 0 denote the major and minor alleles, respectively, of 

the SNP associated with that column and "- " denote a missing value. The size 

of the search space of all haplotypes with contiguous and non-contiguous SNPs 

in M and M' is at least 2" (each row in M and M' is identical) and at most 

(2m x 2m'J2." (each row in M and M' is different). Given the size of this search 

space, any usable algorithm for large datasets must sample this search space in 

a quick yet approximately comprehensive manner. A genetic algorithm (which 
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approximates optimal solutions by iteratively evolving a population of initially 

random solutions) is one such type of algorithm. We use a variant of standard 

genetic algorithms called cooperative co-evolutionary genetic algorithms (CCA), 

which were defined by Potter et al. (479). The main distinction between a 

standard genetic algorithm and a CCA is that the latter simultaneously evolves 

multiple subpopulations, where each subpopulation evolves a portion of a 

solution for the given problem n and members of these subpopulations are 

combined to create complete solutions for n. Since each subpopulation's search 

space is smaller than the complete solution search space, CCA may find better 

solutions faster than standard genetic algorithms (480), and seems in practice to 

give better performance for various complex problems (481 ). Pseudocode for our 

CCA for detecting allelic interactions of genes from case-control haplotype data is 

shown in Figure 1. In this algorithm, each member x of subpopulation Sk 

corresponds to a haplotype-fragment over a certain set of contiguous SNPs. This 

haplotype-fragment is encoded as a vector of subpopulation-specific length lcs.J 

such that there is a 1, 0, or* at each position, where 1 and 0 represent the major 

and minor alleles of the SNP associated with that position and * means that this 

SNP is not included in the haplotype-fragment. A complete solution is a 

concatenation of subpopulation members forming a vector of length n such that 

here is a 1, 0, or * at each position. Details of the central aspects of and 

operations in this algorithm are given in the following subsections. 

1. gen = 0 
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2. for each subpopulation sk, 
3. randomly generate initial subpopulation members, i.e., S tk.o} 

4. while ( gen < gen"= ) 

5. for each subpopulation s(k .gen) 

6. select parent member(s) from S(k .gen} and apply genetic operators 

7. perform best member collaboration to form a complete solution C,,; 

8. for each member x of Stk.gen) 

9. evaluate fitness of x 
10. if (fitness of x > t) 
11. compute Haplotype Risk Ratio (HRR) for C,.; and perform Permutation Test 

12. apply Niching 
13. perform Selection 
14. gen = gen + 1 
end. 

Genetic Operators 

We use two genetic operators in our CCA. The first operator (one-point 

crossover) is applied to a pair of parents in a subpopulation to produce an 

offspring . A random point r is drawn from the range 1 to I, where I is length of the 

members in that subpopulation. The offspring is produced by copying positions 0 

to r-1 from the first parent and positions r to I from the second parent. The second 

operator (mutation) is applied to a single parent to produce an offspring, and is an 

adaptation of the one-point bit-flip mutation operator. A position in the parent's 

vector is chosen randomly and that position is flipped by the following rules: 

• if there is a 1, the bit is flipped to 0 
• if there is a 0, the bit is flipped to * 
• if there is a *, the bit is flipped to 1. 

We have used random selection to select parents for genetic operator application 

in line 6 of the algorithm. The proposed CCA is steady-state, such that parents 
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and offspring compete with each other to remain in Sk after the offspring are 

created. In particular, the fittest pair of the two parents and the offspring (in the 

case of crossover) and the fittest of the parent and the offspring (in the case of 

mutation) is selected and kept for subsequent processing. 

Collaboration 

Collaboration is a mechanism where a member from each subpopulation 

is picked to form a complete solution. We use the best member collaboration 

method proposed by De Jong et al. (480). In best member collaboration, the 

fittest member of each subpopulation is chosen as that subpopulation's 

representative. Each member x of a subpopulation is then combined with the 

provided representatives of other subpopulations to form a complete solution. 

The fitness of this solution becomes the fitness of x and is not shared with 

representatives of other subpopulations that participated in the collaboration. In 

our CCA, this process is first done relative to S1 , followed by S2 , and continuing 

to the other subpopulations. 

Complete-Solution Fitness Evaluation 

Our fitness function for complete solutions is based on the MDR approach 

proposed by Ritchie et al. for assessing the significance of haplotypes in case-
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control SNP data (482). This approach computes case-control frequency 

differences for each multilocus genotype and if a difference exceeds a specified 

threshold, that haplotype is considered significant. Similarly, we define the fitness 

of a complete solution haplotype Cf,; in terms of case-control frequency 

differences as fol lows: 

(2) 

This in turn relies on estimates of haplotype frequencies specific to a case or 

control matrix M, which are computed as 

2m n 

LIT F(Cx,i> J,y) 
fr (M ,C ) =..:...i=_l ..:...y=_l ___ _ 

-'·' 2m 
where, 

{ 

I, 

F(Cx,,, J, y) = Pva/(M, j ,C<,;(y], 

0, 

if M [j ,y ] = Cf,;(y ] and CxJ Y] :.e * 
if M [j , y ] = - and Cx.JY] :.e * 
if M [j,y ] ;e C.<Jy] and Cx.JY] ;e * 

(3) 

(4) 

Equation 3 computes the frequencies by scanning the Cx,i and ignores the 

computation for the positions c ... [Y] = *, where y ~ n . Hence, this computation 

allows the algorithm to compute frequency for haplotypes with non-adjacent 

SNPs from matrix M. Frequency is computed by scanning each row in matrix M, 

one row at a time, and matching the content of each position with the content of 

Cx.i at the corresponding position as specified in Equation 4 . Function 

Pval(M,J ,Cx,[y ]) is invoked when there is missing data in the matrix M. The 
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easiest and most commonly-used approach is to simply ignore such positions, 

i.e., Pval(M,J,Cx.JYD = 0; however, our algorithm uses a novel and much more 

intelligent approach that is described in a later section. 

Niching 

Maintaining the diversity of members in a subpopulation helps prevent the 

members of that subpopulation from prematurely converging to a local optimum 

as that subpopulation evolves. Niching is a method that maintains diversity and 

prohibits different members of a subpopulation from crowding into the same area 

of the solution search space (483). Our algorithm implements niching using the 

popular fitness sharing technique. This technique computes, for each 

subpopulation member x, the Hamming distance between x and all other 

members of a subpopulation and applies a fitness-reduction penalty to all other 

members that are close to x. As this penalty reduces the probability of a member 

being selected for the next generation, a high penalty rate can prematurely 

remove a useful member from the subpopulation and hence misdirect the 

evolutionary search. Therefore, we use a relatively moderate penalty rate of 15%. 

Measures of Haplotype Significance 
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Several measures of haplotype frequency difference significance are 

computed for the purpose of assessing the quality of derived haplotypes but do 

not affect the haplotypes derived by the CCA, i.e., these measures are not part of 

fitness evaluation or subpopulation evolution. After haplotype frequency 

estimation, the Haplotype Risk Ratio (HRR) is computed for each C . , and 
.t',l 

Pearson's X2 test (1 d.f.) issued to quantify the significance level of each HRR 

value. No test for multiple corrections exists relative to the large number of tests 

performed by the CCA in each generation. Hence, we have applied the standard 

permutation test to reduce type 1 error (484 ). AS the permutation test is 

computationally expensive, it is only applied when the HRR ~ 1.5 and the x2 

significance level is 1 0"3 . 

Estimating Haplotype Frequencies for Missing Data 

Missing data in haplotypes arises primarily in two ways - when errors 

occur in genotyping and when the phasing algorithm is unable to resolve certain 

genotypes into haplotypes. To handle such data when computing haplotype 

frequencies, we use the non-missing alleles and their relative LD information to 

impute the frequencies of the missing alleles. 

Algorithm 
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Let L denote the LD matrix, an n x n matrix that stores all pairwise r2 

values of the n SNPs from matrix M, where r2 measure defines the correlation of 

alleles in the SNP pair, such that r2 = 1 is known as complete LD and if the r2 

value between a pair of SNPs is greater than 1/3, the two SNPs are considered 

to be linked (414 ). Moreover, though LD decays as the distance between SNPs 

increases, extensive research has shown that an SNP can be linked with another 

SNP that is up to 1 OOkb distant (414,485). Thus, the algorithm will consider a pair 

of SNPs as linked if their physical distance on the chromosome is within 1 OOkb 

and their ,-2 value is greater than 1/3. When Mlj, y} contains a missing value "-", 

the function Pval(M, j , Cx.JY]) finds a set of SN Ps Z such that each z E Z is 

strongly linked with the yth SNP of matrix M, and uses this information to 

estimate the frequency of the alleles that can occur in C T,i in the position 

corresponding to the missing value Mlj, y} as follows: 

L fr(M,Cx,;[y],z) 

Pval(M, j , C.,;[Y]) = zeZ !Z! (5) 

Following the guidelines described above, Z is constructed such that each z in Z 

is within 1 OOkb with the yth SNP of matrix M and the r2 value between z and y is 

> 1/3. It is possible to have an empty set Z for a set of loosely linked SNPs where 

all pairwise LD values in L are < 1 /3; in this case, the set Z consists of all SNPs 

within 1 OOkb of the yth SNP of matrix M. The function fr(M, Cx.Jy], z) in Equation 

5 gives the average frequency of the allele CxAY] from matrix M. Essentially, this 
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function computes the average frequency of allele C [y] from the SNPs that are 
X,l 

in set Z, which gives the approximate frequency with which allele Cx}Y] can 

occur in a missing position of the matrix M. 

Comparison of New Algorithm with Existing Approaches 

To compare haplotype estimation in the presence of missing data, we 

compared haplotype frequencies within haplotype blocks computed by our CCA 

with those computed by the popular analysis package Haploview (387) on 5 

simulated datasets. To ensure realistic allele frequencies and SNP 

dependencies, we created our simulated datasets by mutating a real dataset cf. 

creation of simulated datasets ab initio from random allele sequences. Our 

source dataset consisted of 40 SNPs which span a 205 kb region on 

chromosome 2 genotyped from 401 ethnically matched individuals in Alberta 

population (data not shown). The haplotypes for this dataset were inferred for 

each individual using PHASE (348) and then used to create 5 progressively 

worse simulated missing-data haplotype datasets by randomly implanting 3%, 

5%, 10%, 15%, and 20% missing data, respectively, in the PHASE-produced 

haplotype dataset. Haplotype blocks in strong LD and their associated haplotypes 

frequencies were then obtained for each simulated dataset using Haploview. 

Recall that Haploview uses an EM-algorithm to impute missing values during the 

computation of frequencies for haplotypes 
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with missing data. For each haplotype block, we compared the frequencies 

obtained by our CCA and the EM-algorithm using the mean square error (MSE) 

measure given below, 

MSE = ~ X I (h/M - h,CCA)2 
I 

where H is the number of haplotypes in a block that are in strong LD, h ;EM is the 

frequency of i1h haplotype in that block obtained by the EM-algorithm, and h;cCA is 

the frequency of the i1h haplotype obtained by the proposed method. Note that 

MSE captures the overall differences between the haplotype differences 

computed by the two methods. 

Experiment Setup 

The optimal values for parameters to run a genetic algorithm are still 

unknown but parameters of the CCA were set to maintain a balance so that the 

algorithm's evolution is not disruptive and does not demonstrate random search 

behavior. The crossover rate was set to 1 00% as one-point crossover is not as 

disruptive as uniform crossover (486). To exploit the fitness landscape with 

adequate chromosomal swapping, this rate of crossover is favourable . The 

mutation rate was set to 5%. 100 CCA runs were carried out for each four 

datasets. The AS and Schizophrenia datasets were separated into two 

subpopulations to evolve independently. Each subpopulation of the AS and 

Schizophrenia data sets consists of 1 0 and 5 SNPs, respectively. The PsA 
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dataset was separated into three subpopulations; each containing 10 SNPs. The 

member of each subpopulation in the AS dataset was set to 250 and each run 

evolves for 1000 generations. The sub populations in the Schizophrenia dataset 

consists with 25 members due to it small number of SNPs. The strategy for the 

PsA cohort was to evolve large number of generations with small size 

subpopulation. Hence, each subpopulation with 100 members evolved for 1500 

generations in each CCA run. 

Results 

Performance of Missing-Data Handling Algorithm 

As expected, the MSE showed a positive correlation with error rate, such that 

error increased as the amount of missing data increased. However, below 15% 

missing data, there was no apparent difference observed between the haplotype 

frequencies obtained by our new method and the EM-algorithm in Haploview 

(Figure 2). In particular, for 3-15% missing data, the MSE varied between 4.12 x 

10-6 and 8.79 x 1 o·3 for haplotype frequencies in a block, and at 20% missing 

data, the MSE varied between 2.36 x 1 o·3 to 1.61 x 1 o·2. This validates our 

haplotype frequency estimation method, in that its results did not deviate 

significantly from those produced by EM-algorithm estimation up to 15% missing 

data. Our proposed CCA is scalable to large data sets and can handle up to 15% 

missing/ambiguous data. 
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Validation 

The cohorts for Ankylosing Spondylitis were taken from Maksymowych et al. 

(487). We have retained only the Newfoundland (NF) (112 AS cases, and 150 

controls.) and Alberta (AL) (200 cases and 200 controls) cohorts for our analysis 

and excluded the Toronto cohort due to the possibility of population stratification. 

The ethnic background of the Newfoundland and Alberta population cohorts have 

been stable with little in-migration for several generations which is likely to make 

them much more homogenous than that of the Toronto cohort (305). The 

genotype data for both populations includes a set of 20 SNPs located on 

chromosome 2q14 which includes interleukin 1 alpha (IL 1A; GeneiD 3552), 

interleukin 1 beta (IL 1 8; GeneiD 3553), interleukin 1 family member 7 (IL 1 F7; 

GeneiD 27178), interleukin 1 family member 6 (IL 1 F6; GeneiD 27179), 

interleukin 1 family member 8 (IL 1 FB; GeneiD 27177), interleukin 1 family 

member 10 (IL 1 F10; GeneiD 84639) and interleukin 1 receptor antagonist 

(IL 1 RN; GeneiD 3557) in a 360 kb region . The Schizophrenia cohort was taken 

from Fukasawa et al. (488) in which 10 SNPs were genotyped from Netrin G1 

(NTNG1 ; GeneiD 22854) gene located on chromosome 1 p13.3. The genotyping 

was done on 180 cases with confirmed Schizophrenia and an equal number of 

ethnically matched controls from the Japanese population. 
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Ankylosing Spondylitis 

After 1 00 runs of the CCA in our Alberta AS cohort, 53 haplotypes showed 

significance after 10000 permutations with p < 5.0 x 1 0-4 and HRR ~ 1.5. The 

significant haplotypes consisted of major alleles from SNPs rs3783550, 

rs3783543, rs3783526, rs1143630, rs3917354, rs1143627, rs2723187, and 

rs3811058 located in genes /L 1A, /L 18, /L 1F7 and IL 1F10. The interaction 

captured by the CCA can be defined entirely by rs3811 058 in the IL 1 F1 0 gene 

because the major allele of this SNP is included in all haplotypes containing 

markers from IL 1 A, IL 18, and IL 1 Fl. The most significant interaction observed 

was with the haplotype TT obtained from IL 18 and IL 1 F1 0 genes with a 

haplotype risk ratio (HRR) of 2.19. (95% Cl 1.63 - 2.91 ). In our Newfoundland 

cohort, only two haplotypes were detected with smaller frequency differences 

between case and controls; AGCCTG (p < 2.0 x 10-4, HRR = 2.125(95% Cl 1.445-

3.142)) and AGCCG (p < 1.0x 10-4, HRR = 2.144(95% Cl1.474-3.201)) and both 

haplotypes includes SNPs from genes IL 1A, IL 18 and IL 1RN (Fig. 5). These 

results are particularly interesting as we have previously reported a univariate 

analysis of this data set and observed no significance (347), however, using our 

model in the absence of single locus association or haplotype analysis of 

sequential SNPs we observed three genes interacting with in two significant 

haplotypes. 
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Schizophrenia 

Two analyses have been done in the Netrin G1 gene region that is located 

on chromosome 1. Fukasawa et a/. (488) conducted a case-control cohort 

analysis from the Japanese population that included genotypes for 10 SNPs in 

this Netrin G1 region. The authors performed single window, 2-window and 3-

window analyses to evaluate SNPs and their underlying haplotypes for possible 

susceptibility to schizophrenia. In their single window analysis, they have found 

significant association (p < 0.05) in SNP rs1373336. The 2-window and 3-window 

analyses showed significant association with haplotypes from SNPs rs894904, 

rs2218404, rs1373336, and rs1444042. The authors concluded that rs1373336 

was the most significant SNP which has been detected by the three different 

analyses. In another independent study (489), the authors performed a family 

based analysis on a broader chromosomal region that also includes the 10 SNPs 

in the Netrin G1 gene region. The authors reported strong association of SNPs 

rs4307594, rs3924253, rs1373336, and rs96501 in their single window results. In 

their 3-window analysis, the SNPs rs4307594, rs3924253, rs4132604, 

rs2218404, rs1373336, and rs1444042 showed susceptibility to Schizophrenia. 

The results in both studies detected the susceptibility of rs1373336 to 

Schizophrenia. In our results, we have found 8 haplotype patterns consisting of 

SNPs rs4481881, rs4307594, rs3924253, rs4132604, rs1373336, rs1444042, 

and rs96501 (see Figure). Our results also show that rs1373336 is the most 

significant SNP because all the haplotype patterns detected by the CCGA from 

the Schizophrenia cohort contain the major allele from SNP rs1373336. The 
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haplotype patterns that were captured by the CCGA contain major alleles in all 

SNPs except rs4132604, where the rare allele was included in the haplotype 

patterns. The most significant haplotype captured by our algorithm is ACT from 

SNP rs3924253, rs1373336, and rs96501, such that the HRR is 2.34 with p < 

0.0001. 
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Figure A-1: The mean squared error (MSE) measure for haplotype 
frequencies in 5 datasets in the presence of missing data. 

The plot illustrates the influence of missing genotypes on haplotype frequency 
estimation. Each line defines the error rate for a dataset, where the x-axis 
contains the number of haplotype block for that dataset and the y-axis is the 
corresponding MSE. 
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Figure A-2: Evolution of each subpopulation in a typical CCA run. 

The subpopulation in each dataset shows similar behaviour of fitness progression 
in the initial generations and convergence after certain generations of evolution. 
The average fitness for each subpopulation was plotted in the y-axis relative to a 
single CCA run. 

0.2 ILl-AL ILl-NF 

0.12 
0.16 

.. B 0.12 - Sltl Poj:U<tlon 1 0.08 - Sltl Poj:Ualon 1 

u: - Sltl Poj:U<tlon 2 Sltl PoptJ<tJon 2 

0.08 

0.04 

0.04 

0 0 

1 201 401 601 801 1001 1 201 401 601 801 1001 
Generation Generation 

0.12 
Netlin Gl PsA-NF 

0.2 

0 .08 - Sltl Poj:U<t10n 1 0.1!5 

"' 1!1 c 
Sltl Poj:Ualon 2 

~ 0.1 

0 .04 

0.05 

0 
201 401 001 801 1001 0 

Generation 201 401 601 801 1001 1201 1401 
Generation 

3 11 



FigureA-3: Fitness for 100 CCA run plotted for the IL 1-AL, IL 1-NF, Netrin G1, 
and PsA-NF dataset. 

The solid line represents the average maximum fitness in a CCA run and the 
dotted line is the average fitness for each CCA run. 
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Table A-1. Distribution characteristics and statistical significance tests for 
the performance of CCA on each dataset. 

The pairwise t-test was performed to quantify the level of significant difference 
among average fitness and average maximum fitness to ensure the evolvability 
of the CCA. 

Avera~ e Fitness Average Maximum Fitness 
Averag Std Mean (95% Cl) Ave rag Std Mean (95% Cl) t-test 
e e 

IL 1-AL 0.121 0.03 0.122(0.116- 0.143 0.02 0.144(0.137- 1.0 X 10· 
0 0.127) 7 0.149) 4 

IL 1-NF 0.103 0.01 0.1 04(0.099- 0.133 0.02 0.134(0.129- 1.0 X 10· 
6 0.107) 2 0.137) 4 

Netrin 0.085 0.01 0.085(0.081- 0.104 0.02 0.105(0.100- 1.0 X 10· 
G1 9 0.917) 4 0.1 09) 4 

PsA 0.191 0.03 0.192(0.184- 0.210 0.04 0.211 (0.202- 7.0 X 10· 
6 0.199) 0 0.218) 4 
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-----------------------------------------------------------------------------------------------------------

Figure A-4: Results of the Competitive Co-Evolutionary Algorithm for the 11-
1 gene cluster in AS 

J()O . 
80 .. 

u 
; 

60 : 

(\ '! . .. 40 • 8. I ~ 00 

I 
0 

I 

~ 

~ 
~ ~ ~ ~ ~ 

~ 
I! ~ § ~ ';l ~ E • 

~ ~ J. ~. ~ ? ~ ~ 
~ :to 

~ 
i!. 
~ ~ ~ ~ "' ?' Fl ~ ~ 

I" r: ~ :;1 ~ "' !! ~ 'B 'E ~ 'E ~ -

~ ~ ~ li; i1i ~ ~ 
~ 

~ 

~ 
~ § i E ';! .. ; 

~ ~ :?:l i 
~ ~ = ., M 

= 
~ ~ ~ 

314 

~ 

"' " 

Case fr Control fr URR (CI SIS"-) 

0.10-4 
0.701 

0.719 
o:~n 

0.719 
0.119 
0.719 
U.119 
0.11\1 
0.600 
M>!l 
0.635 
0.6!5 
0.600 
0/iOO 
O.t\00 
O.tl.l5 
0.619 
0.600 
0~91 
0.691 
0~91 
OA'~! 

0.600 
0.591 
0.6~ 

0.6$~ 

0.600 
0 .. 1 
0~16 
O.tl.l9 
o.m 
0~97 

0~91 
0.69-4 
0.69-4 
0~9· 
0~94 
04~ .. 
0~1>< 

0~9< 
11.515 
0.515 
0~1!-

O.tiJO 
0~15 
0.630 
0.630 
0.6.10 
0.676 
0.676 
OM6 
0.616 

o~w 

0~20 

O.!oli 
IIJ-48 

0~8 
0.5-48 
0.550 
OJ~ 
0.5!-0 
0.41.1 
0A88 
OA8B 
0.488 
OA:lJ 
0Al:l 
OAJJ 
OAIB 
OA!3 
0A35 
OA:U 
0A.I3 
IIA:U 
0A9<l 
om 
OA1~1 

OA!I<l 
OA!IO 
OAJ~ 
0A96 
0A$) 
0A96 
O.A35 
OA:l$ 
0A35 
·~35 
0~:1$ 
o.m 
0~35 
0~38 
0~38 

0.5l8 
0..423 
O.A·!J 
Q,llJ 
0.&18 
OA:tl 
0.178 
0.418 
0.t78 
0$2! 
Q$l5 
1).5!5 
0$2! 

1.19l(I.6Jt.l914) 
'l. I61(1Jil:l.~.811) 

!.11!0(1 '85·2S50) 
'1J19(l.S85-l.l..~) 

~J19(16U2.1.50) 

.:!J I 9(1~1J5..2.850) 

1»97(1~.121) 

!D97(1 MS..JJ2"l) 
!Jm(I.!68.2Jl'1) 
196.aO A86-2.60i ) 
I!J9l(I.501-Z.4!2) 
1.99.:(1.501-l.Ml) 
1992(1$0:t.2'5l) 
1.964(1A86-2.607) 
1.96.t(l .d6-2.607) 
1964(1 A86-2.607) 
I..P9~1.!Q2:!.6.5J) 

I.H5(1A74-2.589) 
1.944(1A71.1.SBO) 
1.9.&4(1A71 .2~1!1) 

I.P·U(lA71-~.stiO) 

1.9.&4(IA71·2~1) 
1Jn:(IAR1.1.6l6) 
194<(1A71-l90) 
1.9<4(IA71·l530) 
19r.(IA87.l~26) 
197l(IA1'7.J.6.:6) 
l.t><<(IA11·'-'*"l 
1.976(1AII<l·l.6JJ) 
I.P<44(1A!9. J.SCSI) 
1.96(1A7 • . !.60l) 
I 92-l(l .4!6- .:~!'3) 
1.9l4(1A56-.2:.5!l) 
IJ'l.l(l .456-!..153) 
1.97!(1AII3-l~'l 

1.975(1AI.s.J.64!) 
197!(1A8J.2.64! ) 
1.9'75(1AVJ..J.6 .. 5) 
I.Y.5~1A6H-~.619) 
1..9!5(1.4"-2~19) 

1.9!.5(1.Ai\$.l.619) 
I JW(\(1.397. :.447) 
''"6Cl.l9'7·l.4 .. 7) 
1.846(l.l97-.!A47) 
1.159(1.AQ5..2:A70) 
1.8<46(1.397·.!.4<47) 
U59(1A05~.170) 
1~9(1AO!.ZA70) 

1.8$9(1.40..-\.2.410) 
1.886(1AII·.l!o03) 
l..ll$6(1Ail·2..50.l) 
U86(1Ali-BOl) 
I~IAII·:.soJ) 



Figure A-5: Results of the Competitive Co-Evolutionary Algorithm in 
Schizophrenia 
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