Genetic linkage analysis of a large African stuttering family suggests polygenic inheritance and assortative mating
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Abstract 
We describe a large pedigree of 71 individuals from the Republic of Cameroon in which at least 33 individuals have a clinical diagnosis of stuttering. The high concentration of stutterers suggests that the pedigree either contains a single highly penetrant gene variant or that assortative mating led to multiple stuttering-associated variants being transmitted in different parts of the pedigree.  We found no evidence for linkage to a single locus in genome-wide scans with microsatellite and SNP markers.  By dividing the pedigree into five sub-pedigrees, we found evidence for linkage to novel recessive loci on chromosomes 2p, 3p, 3q, and weaker evidence for a locus on 14q. We also found evidence for a locus under an additive model on 15q, overlapping a region that had been suggested in at least one previous genetic linkage study of stuttering. By using the two-locus model of SuperlinkSuperlink, we showed that the “single additive locus” on 15q could be better explained by two separate but weakly linked loci on 15q, each with dominant inheritance, achieving a two-locus LOD score of over 6 in a portion of the family containing three of the five sub-pedigrees. Combining the recessive locus on 2p and a single-locus additive representation of the 15q loci is sufficient to achieve a two-locus score over 64 on the entire pedigree.  Our findings provide strong evidence for linkage at several loci, and support for the hypothesis that assortative mating contributed to the unusual clustering of stuttering in this family.




[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction
[bookmark: what][bookmark: diagnosed][bookmark: treated][bookmark: research]Stuttering is a common disorder affecting the flow of speech, characterized by involuntary repetitions or prolongations of words or syllables, and by interruptions in speech known as blocks. Stuttering typically appears in children at the age of three to five years, where the incidence rate is about five percent. More than 75% of these children recover, either spontaneously or with speech therapy, leading to a prevalence of stuttering of about one percent in the adult population (Craig et al. 2002; Felsenfeld 2002). Twin and adoption studies have suggested high heritability in this disorder (Andrews et al. 1991; Bloodstein 1961; Dworzynski et al. 2007; Fagnani et al. 2011; Felsenfeld et al. 2000; Felsenfeld and Plomin 1997; Godai et al. 1976; Howie 1981; Ooki 2005; van Beijsterveldt et al. 2010), however Mendelian segregation typically does not occur, and a number of traditional linkage studies have produced limited success (Shugart et al. 2004; Suresh et al. 2006; Wittke-Thompson et al. 2007). This is not surprising in view of the characteristics of this disorder, such as the high recovery rate and absence of clear segregation, and supports the view of stuttering as a complex genetic disorder. 
In an effort to address these impediments to genetic analysis, a number of studies have been done in highly consanguineous populations, particular Pakistan.  Studies in this population first revealed a highly significant linkage to markers on chromosome 12 (Riaz et al. 2005). This linkage was used to subsequently identify mutations in the GNPTAB gene at this locus in families and unrelated individuals, initially in the Pakistani population and subsequently in additional populations (Kang et al. 2010).  More recently, strong evidence of linkage to stuttering was found in consanguineous Pakistani families on chromosome 3q (Raza et al. 2010), and in another study, significant evidence of linkage was found at chromosome 16q (Raza et al. 2012).  In both of these studies there was suggestive evidence for linkage at additional loci in the families studied, underscoring the complex nature of inheritance for this disorder.  
Whole-exome and whole-genome sequencing approaches are being used to identify the mutant genes underlying Mendelian disorders (Lindhurst et al. 2011; Ng et al. 2010a; Ng et al. 2010b; Rehman et al. 2010). However, these approaches have so far been much less successful in indentifying the genes that underlie non-Mendelian complex genetic disorders. In such disorders locus heterogeneity, reduced penetrance, and the frequent occurrence of phenocopies all work to obscure the correlation of a particular genetic variant with the disease. Thus linkage information, based on co-segregation of a potentially causative variant with the disorder in families, has been used in the successful application of next generation sequencing technologies in disease gene discovery (Rehman et al. 2010).
In pursuit of additional gene loci for stuttering, we have ascertained an extended family in Cameroon, West Africa, designated CAMST01, that includes a large number of affected individuals.  In contrast to the previously studied families from Pakistan, we can find no evidence for consanguinity in CAMST01. However, features of this family raised the possibility of identifying one or more stuttering loci not yet observed in the Pakistani population. The existence of multiple affected individuals in several different lineages within the family raised the possibility that assortative mating contributed to the large total number of affected members present in the pedigree.  Assortative mating has been shown to play an important role in the epidemiology of hereditary deafness, another communication disorder, where it affects the occurrenceclinical presentation and management of such cases (Arnos et al. 2008). Thus, documentation of similar assortative mating could provide an improved understanding of the epidemiology of stuttering.  Accordingly, we undertook genetic linkage studies in this family using an array of genotyping methods and genetic linkage analyses.
Materials and Methods
Family ascertainment, sampling, and diagnosis
	Family CAMST01 was ascertained via the International Stuttering Awareness Day Online Conference hosted by the Stuttering Home Page (http://www.mnsu.edu/comdis/kuster/).  The family members and 47 age- and gender-matched normal Cameroonian control subjects were enrolled with written informed consent approved by the IRB of the National Institutes of Health (protocol # 97-DC-0057) and the Institute of Tropical Medicine IRB, Kumba, South West, Republic of Cameroon.  DNA from peripheral blood was obtained from 51 family members, 48 of whom provided recorded speech samples.  The Stuttering Severity Index, 3rd Edition (SSI-3, Riley, 1994) was used to quantify stuttering dysfluencies. 
Assignment of affection status 
After removing individuals whose genotypes were inconsistent with the reported genealogical relationship (163, 152 and the assigned ghost fathers 214, 212), the pedigree contained 71 individuals. Of these 71 individuals, 42 were evaluated for stuttering using SSI-3. For the initial linkage scans using both microsatellite and SNP data, individuals were classified as affected if they demonstrated a reading or free speech percent disfluency of four percent or greater.  For subsequent more detailed analyses, we considered individuals with a disfluency score < 2.61 as definitely unaffected and there were five such individuals: 109, 113, 118, 129 and 133. We considered individuals with a disfluency score > 5.78 to be definite stutterers and there were 33 such individuals: 123, 125, 132, 135, 137, 142, 143, 145, 147, 148, 149,150, 151, 153, 155, 157,160, 162, 172, 173, 175, 179, 184, 185, 187, 188, 189, 190, 193, 194, 198, 200 and 206. There were four individuals with disfluency scores in the range [2.61, 5.78]; these were classified as unknown (0) for some analyses and were classified with the following phenotypes for other analyses: 130 (score 2.61, unaffected), 154 (4.07, affected), 111 (5.07, affected), 170 (5.78, affected).  An additional six individuals were assigned a phenotype for some analyses based on family history: 110, 156, 158 all affected and 141, 191, 205 all unaffected.
Genotyping
	Microsatellite genotyping was performed using 50ng and 25 ng of genomic DNA extracted from peripheral blood for multiplex and single plex PCR reactions, respectively. The initial genome-wide scan was performed using the Marshfield Weber 10 panel set (http://www.marshfieldclinic.org/research/pages/index.aspx)). From this set, 332 autosomal  containing 388 microsatellite markers passed quality contrwith an average inter-marker genetic distance of 10 cM. ol. We genotyped an additional seven microsatellite markers on chromosome 2, eight microsatellite markers on chromosome 3, three microsatellite markers on chromosome 14, and 55 microsatellite markers on chromosome 15 for fine mapping. PCR amplifications were performed in 10 l reaction volumes using thermocycling programs and the reaction conditions as previously described (Weber and Broman 2001). Capillary electrophoresis was performed on ABI PRISM® 3730 Genetic Analyzer. GeneMapper software was used to call and extract the genotypes from the electropherograms generated by the 3730 Genetic Analyzer.  SNP genotyping was performed using the the Illumina Infinium II Assay and Human Linkage-12 Panel, which includes 6,090 single-nucleotide polymorphism (SNP) markers chosen from validated HapMap DNA assays.  These SNPs are distributed with an average spacing of 0.58 cM.  Illumina BeadStudio v3.2 was used for analysis of genotypes as previously described (Raza et al. 2012).  A total of 5670 SNPs passed quality control and were used for subsequent linkage analyses.  
Linkage Analysis of Single Loci
	Preliminary computations were done with MERLIN. Partly because MERLIN cannot handle pedigrees of the size of our pedigree and partly because it was quickly evident that no single locus can explain the stuttering in CAMST01, the pedigree was split into subpedigrees as shown below, and LOD scores shown here were computed with SUPERLINKSuperlink (Fishelson and Geiger 2002). Among the loci suggested below based on SUPERLINKSuperlink computations, those loci that have strong scores on a subpedigree tractable for MERLIN had been found by MERLIN computations as well. SUPERLINKSuperlink supports simultaneous analysis of two loci, which can be either unlinked or linked to each other on the same chromosome, and we used both variants. Some of the SUPERLINKSuperlink computations, especially for two-locus analysis, are computer-intensive and were feasible only via the SUPERLINKSuperlink-online version that uses many computers in a distributed fashion (Silberstein et al. 2006). 
	To determine likely loci for multi-locus analyses, we first performed single-marker analysis for a variety of subpedigrees. In Figure 1 (see Results), the overall pedigree is divided into five largely non-overlapping subpedigrees, lettered A through E. Therefore, there are 25 – 1 = 31 ways to choose a subpedigree that includes at least one of A through E and may include them all. We analyzed all 31 such subpedigrees. We used SUPERLINKSuperlink to compute single-marker LOD scores at all genome scan microsatellite 332 microsatellite markers, covering the 22 autosomes with a spacing of roughly 10cM, and 150 different penetrance functions, later reduced to 30. The penetrance functions represent one of three alternative modes of inheritance: dominant, additive, or recessive. The general approach to try multiple penetrance functions has been suggested long ago and studied statistically e.g., (Greenberg et al. 1998; Sham et al. 2000). These studies suggested that the LOD scores generated by such optimization are statistically valid, but one should add 0.3 (= log102) or perhaps twice that to thresholds typically used to decide whether a LOD score has genome-wide significance.
Penetrance functions
	The disease locus is modeled as having two alleles, which we denote by h(ealthy) and d(isease-associated). Using this notation, a penetrance function has three terms: P(affected | hh), P(affected | hd), and P(affected | dd). The first term is sometimes called the “phenocopy rate”; the third term is sometimes called the “penetrance”. In these penetrance functions, the phenocopy rate varied between 0.01 and 0.05, the penetrance for a heterozygous mutation (P(affected | hd) varied from 0.01 to 0.99, and the penetrance for homozygous mutation varied from .5 to 0.99. In this notation, dominant inheritance means that P(affected|hd) = P(affected|dd), recessive  inheritance means P(affected | hh) = P(affected| hd), and additive inheritance means that P(affected | hh) <  P(affected| hd) < P(affected | dd). We used only combinations in which P(affected | hh) ≤  P(affected| hd) ≤ P(affected | dd) because additional copies of the disease associated allele should never reduce the probability of being affected.  For each combination of marker and penetrance function, scores were calculated for 40 values of the recombination fraction θ varying evenly from 0 to 0.39. 
	The maximum LOD score for each subpedigree was computed at each marker.  The maximum was taken over all values of the penetrance function and all values of the recombination fraction θ, but was computed individually for each pedigree.  
Initial single-marker analyses were done with identical penetrance values for males and females. However, it is known that stuttering affects many more males than females, including in familial cases (Drayna et al. 1999; Yairi et al. 1996). Therefore, at a variety of markers that showed high scores in the gender-neutral analysis, we re-analyzed the data using gender-specific penetrance functions. This refined analysis did not substantially increase any scores, so the results are not shown. 
Allele Frequencies
	Disease allele frequencies were generally set at 0.01. Marker allele frequencies were set by averaging in 50:50 proportions the genotypes in the pedigrees and the genotypes in 50 unrelated controls from Cameroon. While it is more typical to use only controls to estimate marker frequencies, we found that at a some markers the distributions of pedigree allele frequencies and control allele frequencies were sufficiently to different to skew the LOD scores.
Multi-Marker Analysis and Evaluation of a Locus
	Loci of interest in a subpedigree were suggested by single marker analysis with microsatellites. Each locus of interest is considered to have one “core microsatellite” that was used in multi-marker analysis with nearby markers, either microsatellites or SNPs. Markers were combined in subsets of size two, three, and four with the disease locus moving across the marker map. Marker maps and positions were derived from the Rutgers map (Matise et al. 2007). We generally considered a region to be of interest if there were multi-marker LOD scores consistently above 3.0 for more than one marker subset.  Note: I generally try to avoid the phrase “a variety of” because it’s non-scientific.
	The loci we identified generally scored high in supedigree sets containing one to four of the five lettered subpedigrees A through E. To evaluate these loci in the context of the full pedigree, we computed heterogeneity LOD scores (HLOD) using the program HOMOG [Ott1999]. For example, if a locus scores high in subpedigree set ACD, then we model that there are three subpedigrees, ACD, B, and E, and present three sets of scores to HOMOG.
The extent of each locus was determined tentatively by the peak LOD – 1 rule ([Ott 1999 )}, but this was interpreted with respect to local peaks in the multi-marker scores. For example, if there were two separate peaks scoring 3.9 and 3.7, tentative boundaries would be where the score drops below 2.9 near the first peak or below 2.7 near the second peak.  
Linkage Simulations
	We did a variety of linkage-related simulations using the package FastSLINK (Ott 1989; Schaffer et al. 2011). The simulations were aimed at estimating both power and significance. For power calculations we used 10200 replicates and a single marker with five equally frequent alleles, displaying a recombination fraction with the disease locus of 0.05. The primary purpose of the power calculations was to see what LOD scores may be achievable, when there is linkage, for various subpedigrees and penetrance functions. Because we were interested in “typical behavior” of the maximum and average scores, we used a standard marker of heterozygosity 0.8 and this relatively low number of replicates.  
One weakness of the simulation studies is that we generated and analyzed the simulated data using the same penetrance function, although this is not required by FastSLINK (Schaffer et al. 2011). Note: the preceding sentence sounds more like Discussion than Materials and Methods.  After we complete the results text for our 2-locus analyses we can see if additions to the Discussion are warranted, and this might be included there.
Two-locus analysis
	We used the two-locus option of SuperlinkSuperlink to determine whether simultaneous analysis of multiple loci would yield a higher score, or yield high scores in larger subpedigrees than analysis of single loci. We also used the two-locus option of SuperlinkSuperlink to undertake more detailed study of a single extended linkage peak that scored best with an additive model in a subsequent analysis that divided the linkage region into two weakly linked dominant loci that scored best on separate subpedigrees. The settings for two-locus penetrance functions are explained in results because our usage of SuperlinkSuperlink two-locus analysis is context-dependent and unusual.
Results
	We performed an initial linkage scan of the autosomes using 332 microsatellite markers.  LOD scores were computed and optimized for mode of inheritance as described in Methods.  In the initial scan, twenty-one markers displayed a LOD score of at least 1.0 on the full pedigree ( Table 1).   Several of these, including the highest scoring markers D3S2432 and D2S405, were found on chromosomes 2 and 3.
	We divided the full pedigree into five subpedigrees labeled by the letters A through E, as shown in Figure 1.  We then computed LOD scores for all 31 combinations of the five subpedigrees.  Markers with LOD scores above 2.0 are shown in Table 2. As in Table 1, the scores for Table 2 have been optimized for mode of inheritance, but more coarsely than was done for Table 1; see Methods.
[bookmark: _GoBack]	The data in Table 2 suggest several regions of interest, and markers on chromosomes 2 and 3 again produce the highest scores. The marker D15S659 on subpedigree E was also of interest, because it segregates nearly perfectly with disease status in this subpedigree.  We then performed genotyping at a total of 6090 SNP loci using the Illumina Infinium II assay and genotyping with more microsatellite markers for fine mapping at selected locations.  Based on multi-marker runs using the SNP data and the fine-mapped microsatellite data, we found evidence for linkage on the short arms of chromosomes 2 and 3, on the long arm of chromosome 3, and on chromosomes 14 and 15.  In our discussion of these below, we present these loci in genome order because they are not easily ordered by strength of evidence. Then we summarize the loci in Table locus-summary, and we compare the evidence among these loci. Finally, we carry out two-locus analyses to see which pairs of loci could together explain a larger group of subpedigrees.
Chromosome 2p
	A peak LOD score of 2.81 at D2S405 on the full pedigree first drew our attention to this locus.   There is a group of high-scoring markers on the short arm of chromosome 2 extending from about 29 Mbp to 31 Mbp.  The subpedigree set ACD generated the highest scores at this locus under a recessive mode of inheritance with incomplete penetrance.  We used the penetrance function 0.01;0.01;0.8 to analyze this pedigree.; see Methods for a description of the meaning of the parameters of the penetrance function.
The marker D2S405 generated a LOD score of 3.69 when analyzed in subpedigree set ACDE with the penetrance function 0.01;0.01;0.8. This also now seems redundant with the preceding sentence. Preliminary multi-marker computations (data not shown) suggested that omitting subpedigree E resulted in a modest decrease in single-point LOD scores, but improved multi-makers LOD scores (data not shown).  We therefore considered subpedigree set ACD to be optimal for this locus.
	Table 2p shows the results of LOD score computations using markers on chromosome 2p.  Single-marker LOD scores are shown at recombination fraction θ = 0.  For multi-marker runs, one marker was allowed to vary; those that were fixed are so indicated.  Multi-marker LOD scores represent either the peak LOD scores with the disease locus located within (those labeled inner within?) the interval defined by the markers (those labeled inner), or located outside (those labeled outer adjacent?) the interval.  Note that the peak score within the marker interval can be much higher than the score outside the markers.  Note: the preceding sentence does not seem essential to me. Maybe “can be” has some theoretical importance, in which case we should probably explain it.  If it’s just an observation, then the reader can observe this for him/herself.    Outer LOD scores were unidirectional, computed only for the end that was bounded by the marker that was allowed to vary.  Combinations not calculated are marked with a “---“.
	The SNP rs2272386 (28.72 Mbp) appears to be the telomeric boundary of this linkage interval.  Single-point scores suggest that the interval may extend as far as rs305175 (36.22 Mbp), but multi-point runs suggest that the interval extends no further than rs1054889 (31.41 Mbp).  The peak LOD score using markers rs11127193, D2S405 and rs7560152, which are all firmly within the linkage interval, wawas 3.86.  Note: I think we need to choose to write in either the past tense or the present tense and make conforming changes accordingly.  I like the past tense, since we’re not doing the analyses at the moment, but I’m happy to listen to other opinions.
Chromosome 3p
	A locus on the long arm of chromosome 3 contains the marker that attains the highest score on the full pedigree, D3S2432. The interval with high linkage scores extends from about 29 to about 38.5 Mbp.  The optimal subpedigree set for this locus is ACE under a recessive mode of inheritance, using.  We used the penetrance function 0.01;0.01;0.8 when analyzing this locus.  
The marker D3S2432 attains a LOD score of 2.97 on the full pedigree with the  penetrance function 0.03;0.03;0.6.  D3S2421 attains a LOD score of 3.69 on subpedigree set ACDE with the penetrance function 0.01;0.01;0.8.  However, subpedigree set ACE maximizes the two-marker LOD score of D3S2432 with its neighboring microsatellite markers D3S3727 (LOD score 2.71) and D3S3518 (LOD score 2.98), so we take ACE as the optimal subpedigree set for this locus.   
LOD scores for markers near D3S2432 are shown in Table 3p.  The marker rs1381397 (28.74 Mbp) appears to be the telomeric boundary of the linkage region, and rs762318 (38.49 Mbp) appears to be the centromeric boundary.  The highest multipoint LOD score within the linkage region was attained for the three markers rs304838, D3S2432 and D3S3518 with a peak score of 3.18 between rs304838 (30.78 Mbp) and D3S2432 (32.14 Mbp).
Chromosome 3q
	There is a high-scoring locus on the short arm of chromosome 3 from approximately 196 to 199 Mbp.  The optimal subpedigree set for this locus is ADE with a recessive mode of inheritance.  For this locus, we calculated LOD scores using penetrance function 0.01;0.01;0.99. 
The microsatellite maker D3S1311 first drew our attention to this locus.  On the full pedigree, this microsatellite attains a peak LOD score of 1.42 for a recessive mode of inheritance under the penetrance function 0.01;0.01;0.6.  The optimal subpedigree set for this marker is ADE, where it attains a peak LOD score of 2.90 under the penetrance function 0.01;0.01;0.99.  Two-marker scores using neighboring SNPs (Table 3q) and preliminary three-marker scores (data not show) were promising, so we genotyped thean additional nearby microsatellite, D3S1305.  
	Table 3q shows three-marker LOD scores calculated by keeping D3S1311 and D3S1305 fixed and varying the third maker.  LOD scores above 3.4 were common from this analysis, with the highest scoring combination being rs711995, D3S1311, and D3S1305, which produceding a peak LOD of 3.47 lying between rs711995 and D3S1311.  The SNP rs7627589 (195.33 Mbp) appears to be the centromeric boundary of thise maximal linkage region, and whereas the SNP rs718501 (198.57 Mbp) appears to be the telomeric boundary.  
The most centromeric marker listed in Table 3q, D3S2418, is less than 2Mbp from the marker D3S3054 that is at the center of a linkage region identified in a study of stuttering in the Hutterite population (Wittke-Thompson et al. 2007). Thus, this locus in the CAMST01 pedigree may be considered as a replication of the prior result. 	Comment by schaffer: We looked at the paper again and their peak is broad and goes in the telomeric direction. Unfortunately, they show it only as a plot (Figure 3) and do not state the extent.
Chromosome 14
	There is a high-scoring locus on chromosome 14 extending from approximately 65.5 to 70.7 Mbp.  The optimal subpedigree set is ABDE with a recessive mode of inheritance.  For this locus, we calculated the LOD scores using the penetrance function 0.01;0.01;0.99.  
The microsatellite D14S588 attains a LOD score of 3.31 on subpedigree set ABDE, which first drew our attention to the locus.  The results from the analysis of this locus areis summarized in Table 14. Scores for two-marker runs in which markerwith D14S588 was fixed had highly variable LOD scores.  Three-marker runs fixing D14S588 and rs987579 gave very high LOD scores (data not shown), but the addition of the intermediate marker rs8688 in four-marker analysis lowered the LOD score. Marker D14S125 was genotyped at this locus for fine mapping purposes. 
Based on multi-marker runs, the marker D14S125 (65.45 Mbp) marks the promixal boundary of the linkage region and rs221924 (70.65 Mbp) marks the distal boundary.  The highest LOD score in the region is 3.45, obtained in an analysis using rs975232, D14S588, rs8688, and rs987579.
Chromosome 15
	There are two weakly linked loci on chromosome 15.  One locus came to our attention because the marker D15S659 (44.16 Mbp) segregates perfectly with disease status in subpedigree E under a dominant mode of inheritance, yielding a LOD score of 2.01.  We genotyped additional markers in the region, several of which also generated a LOD score of 2.01 on subpedigree E, which is the maximum attainable when individual 112 (who was not genotyped) is an obligate homozygote; see Table 15E.  The markers D15S143, D15S1025 and D15S978 also generate a multi-marker LOD score of 2.01.  Thise linkage region on E extends from rs1426932 (43.47 Mbp) to D15S962 (54.36 Mbp).
	We did further investigation over the other subpedigrees of nearby markers on chromosome 15 for two reasons. First, there was some evidence of linkage to D15S822 in subpedigree set CD, although this locus/subpedigree combination turned out not to be well-supported in multi-marker analyses. Second, a prior study had suggested a locus on chromosome 15 at approximately 23cM (Suresh et al. 2006). Our investigations of the upper part of chromosome 15 revealed that the marker GATA50C03  (34.78 Mbp, 34.58cM) had a single-point LOD score of 1.71 on subpedigree B with a dominant mode of inheritance; the 1.71 score was comparable to peak scores derived by SLINK, although for subpedigree B the SLINK scores are sensitive to marker allele frequencies.  Several nearby markers also had LOD scores above 1, and multi-marker runs yielded scores above 2; see Table 15B.   The large region consistent with linkage in subpedigreeon B extends from rs2703955 (24.85 Mbp) to rs276855 (37.32 Mbp). This encompasses and thus replicates the previously suggested locus.  The promising region on subpedigree B is near the region on 15 optimal for subpedigree E, but separated from it by about 4 cM.
	The potentially distinct linkage regions on B and E suggested an analysis of these subpedigrees together.  On chromosome 15, the highest scoring mode of inheritance for the BE subpedigree ishappens to be additive.  Several markers in the region had suggestively high LOD scores under anfor additive modelinheritance; see Table 15BE.  Scores at intermediate markers, however, were inconsistent (data not shown) so additive inheritance was not an entirely satisfactory explanation.  The peak multi-marker LOD score for the microsatellites D15S514, D15S537, and D15S659 was 1.55.  
As shown below, treating the two loci as separate, interacting and weakly linked yields a surprising LOD score of 0000, higher than the sum of the best LOD scores for the two loci treated separately.
Comparing the evidence for the different loci
	Table locus-summary summarizes the evidence for the loci presented above and adds HLOD values (as described in Methods) and SLINK percentiles. In these analyses, the SLINK replicates are generated and analyzed under the same single-locus penetrance model, while the observed data represent likely polygenic inheritance analyzed under an oversimplified single-locus model. Thus, it is surprising that the SLINK percentiles are as high as 98.2% for the loci on 2p and 3p and 3q.  Note: the use of the phrase “it is surprising” in the preceding sentence makes it sound like Discussion as much as Results.  Either we can take out the clause or we’ll need to add a bit more text somewhere, in my view.  
Among the four recessive loci, we suggest that the evidence for linkage on chromosomes 2p, 3p, and 3q is stronger than the evidence for the chromosome 14 locus. The chromosome 14 locus has the lowest SLINK percentile and the chromosome 14 multipoint scores in Table 14q do not give a smooth peak. The other three recessive loci are stronger, but hard to compare definitively against each other. The locus on chromosome 2 has the highest LOD and HLOD, but has the lowest of the three SLINK percentiles (94.7%) and is narrow. The locus on 3p is the broadest of the recessive loci and has a high SLINK percentile (97.4%), but the score goes down considerably if subpedigree B is included. The locus on 3q has the strengths that it is a possible replication of a previously reported linkage (whereas 2p and 3p are novel), has the highest SLINK percentile (98.2%) and the multi-marker scores in Table 3q show an ideal, flat peak. However, the locus on 3q has the weakness that it generatesgets low scores on subpedigrees B and C, which are two of the bigger subpedigrees.
	Considered as single loci, the three possible loci on chromosome 15 15 loci in Table locus-summary are much weaker than the four recessive loci based on the total LOD scores and the HLODs. Nevertheless, these two dominant loci have important strengths. The locus for subpedigree E is the only perfectly segregating locus in any subpedigree. The locus for subpedigree B is a replication of previous findings and may be the best explanation for subpedigree B, since among the four recessive loci, B is covered only by the 14q locus. The additive BE locus is shown primarily because it is the best way we found to combine the favorable chromosome 15 evidence into a single locus for both subpedigrees B and E. The next section on two-locus analysis provides a much better rationale to consider the chromosome 15 loci favorably.
Twolocus analyses
After recognizing that various loci showed evidence of linkage in different subpedigree sets, we investigated how these loci could segregate in pairs. This is feasible via the two-locus analysis option of Superlink-online (Silberstein et al. 2006). Unfortunately, analysis of more than two loci simultaneously is not implemented. Due to computational limitations, we have to use only one microsatellite per locus. 
Two basic methodological issues in two-locus analysis are what penetrance functions to use (Strauch et al. 2003) and what LOD scores to treat as significant (Terwilliger et al. 1993). For the choice of penetrance functions, we used functions that are a composite of the functions that give high scores at single loci. Terwilliger et al. (1993) suggested adding 0.5 to the LOD score threshold. A more general approach suggested in (Ott 1999) is to add 0.3 for each extra free parameter. In doing two-locus analysis we are choosing pedigree subsets for each locus and a mode of inheritance for each locus. We consider this to involve four choices, so it is appropriate to add 1.2 to the LOD score threshold one would use for single-locus analysis with no extra parameters. Since the current typically used threshold is 3.0-3.3, this suggests that a threshold of 4.2-4.5 should be used for significance. Terwilliger et al. (1993) pointed out that the two-locus LOD score is especially compelling when it exceeds the sum of the scores at the two loci.
We used three different types of penetrance function in two-locus analysis. The first type of penetrance function was used exclusively for analysis of the two weakly linked loci on chromosome 15. The mode of inheritance in this model is a weakly epistatic model in which an individual is likely affected when that individual has a total of at least two disease-associated alleles at the two loci combined.  The corresponding penetrance function is shown in Table dom.and.  Though in this case the matrix is symmetric, the columns represent increasing counts of the disease allele for the first locus (around 34.78 Mbp, chromosome 15), and rows represent increasing counts of the disease allele in the second locus (around  45.69 Mbp). Superlink’s implementation of two-locus analysis does permit the loci to be linked. In the case of chromosome 15, we were led to use a two-locus epistatic model because a one-locus additive model gave mildly interesting scores suggesting that disease-associated alleles for both loci entered both subpedigree sets of interest.
The second type of penetrance function was used when the optimal subpedigree sets for the two loci being tested were disjoint (e.g., ACD and B).  For this type, we included two penetrance classes in our model.  Individuals were assigned to a penetrance class based on their position in a pedigree. All individuals in the subpedigree set optimal for the first locus were assigned to penetrance class 1.  Similarly, all individuals in the subpedigree set optimal for the second locus were assigned to penetrance class 2.  Within each penetrance class, the corresponding disease-associated allele was assumed to explain the phenotype.  This led to penetrance functions similar to that shown in Table logical.or, which is the penetrance function used for the locus on the p-arm of chromosome 2 (marker D2S405) and the locus on chromosome 15 with additive inheritance (marker D15S537). The reason to use two penetrance classes when the subpedigree sets are disjoint is that there is not compelling evidence that disease alleles for more than one locus entered either of the disjoint sets. 
The third type of penetrance function was used when the optimal subpedigree sets for the two loci were not disjoint.  When the subpedigree sets are not disjoint, this suggests that: in the subpedigrees unique to locus 1, only disease-associated alleles for locus 1 entered, in the subpedigrees unique to locus 2, only disease-associate alleles for locus 2 entered, and in the subpedigrees shared by the two loci, disease-alleles for both loci entered. Therefore, we included three penetrance classes in our model.  For the disjoint parts of the optimal subpedigree sets, we assigned two penetrance classes analogously to the case in which the optimal subpedigree sets were entirely disjoint. Individuals in the intersection of the optimal subpedigrees were assigned to a third penetrance class. 
Within this third penetrance class, both disease alleles were relevant.  The resulting penetrance functions are similar to that shown in Table intersecting, which shows the penetrance function used for the locus on the p-arm of chromosome 2 and the locus on the q-arm of chromosome 3. It so happened that in such cases the best model for the single loci were recessive, but we had no intuition for how to set the middle value in the table corresponding to individuals that inherit one disease-associated allele at each locus. In an epistatic model, one disease-associated allele would lead to a high penetrance value, as worked for chromosome 15 where each individual locus is dominant. For the pairs of recessive loci, the epistatic model worked poorly, so in Table intersecting, the middle value for class 3 is low, and that is what we used in the analyses shown below.
Table 2-locus runs shows LOD scores generated by combining pairs of high-scoring loci.  Next to each LOD score is the subpedigree set used in the test.  The penetrance functions used to model the mode of inheritance at each pair of loci are described in Methods.  These penetrance functions depend on the subpedigree set that is optimal at each locus in the pair, and the penetrance functions used to evaluate the individual loci.  These subpedigree sets are shown in the row and column labels of Table 2-locus runs.
By the heuristics discussed above, the entries in Table 2-locus runs with LOD scores above 4.5 show significant evidence for linkage, whereas those with scores below 4.2 show only weak evidence.  There are no entries with scores in the grey zone of 4.2-4.5.  Analyzing the data on chromosome 15 as two weakly linked loci yields a LOD score of 6.17 on subpedigree set BCE, which is much higher than either single-locus LOD score or their sum. This strongly suggests that there are two distinct stuttering loci on chromosome 15 (one previously described and one new) and that they interact. Unfortunately, when we analyze chromosome 15 in conjunction with a locus on anaother chromosome, we have to represent chromosome 15 by a single additive locus. Despite this limitation, the 2p locus also has notably high LOD scores when combined with loci on 15.  The high-scoring combination, with a LOD score of 6.57, is the pairing of a marker on 2p (D2S405) with a marker on 15 (D15S537).




Discussion
	Although twin studies have indicated a high heritability for stuttering, further genetic studies have been hampered by a number of features of the disorder, including unequal rates of occurrence in males and females, a high recovery rate, and a general lack of Mendelian transmission in families (Drayna et al. 1999), Bloodstein & Ratner 2011, ref).  Studies in consanguineous families have generated a number of clear linkage loci for this disorder (Raza et al. 2012; Raza et al. 2010) and one such locus on chromosome 12 (Riaz et al. 2005) has led to the discovery of causative genes for this disorder.  However the known loci can explain only a fraction of familial stuttering, and it appears likely that numerous additional loci remain to be identified.  	Comment by SchafferPC: Problem with the parentheses here.
	Family CAMST01 was ascertained in large part because it includes a large number of affected individuals.  While large families with many members who stutter have been described in outbred populations (Macfarlane et al. 1991), such families are rare and most family clusters of stuttering contain a modest number of cases (Shugart et al. 2004; Suresh et al. 2006; Viswanath et al. 2004; Wittke-Thompson et al. 2007).  Thus in the case of family CAMST01, two hypotheses were possible.  One hypothesis was that stuttering in this family was due to an allele at a single locus with an unusually large effect that was widely distributed across the family by polygamous marriages.  An alternative hypothesis was that multiple alleles at different loci gave rise to the many observed cases in this family.  Our analysis demonstrates that the latter is the case, and thus to date, single highly penetrant alleles that exert an effect large enough to generate very large families that contain many cases of stuttering are typically not observed.  
	Our findings give rise to the question of how such multiple alleles came into this single extended family.  Because stuttering in Cameroon does not occur at a higher rate than elsewhere (ref. needed?), the most likely explanation is assortative mating, in which stuttering individuals non-randomly marry other stuttering individuals.  Such assortative mating became the norm in hereditary deafness, another communication disorder, when non-random matings were associated with the attendance of large numbers of affected individuals at schools or universities for the deaf (Arnos et al. 2008).  The factors that contributed to such assortative mating in this population are unknown, but our results indicate that non-random mating can play a role in the epidemiology of stuttering.
	The results of our analyses did not differ substantially when different parameters were used for males and females.  Given the significant gender difference in this disorder, with males more frequently affected than females, this was a surprising result. The family in this study may have unique genetic and environmental causes of stuttering, which are not subject to the gender differential observed in other samples.


Table 1
	Marker
	Chr
	Mbp
	cM
	Penetrance
	theta
	LOD

	D3S2432
	03
	32.14
	56.76
	0.02;0.02;0.7
	0.0
	2.97

	D2S405
	02
	29.33
	50.20
	0.03;0.03;0.6
	0.0
	2.81

	D2S1334
	02
	136.17
	148.10
	0.05;0.05;0.5
	0.0
	2.19

	D2S1788
	02
	36.11
	58.64
	0.02;0.02;0.6
	0.05
	2.08

	D3S1768
	03
	34.60
	59.46
	0.02;0.02;0.5
	0.0
	2.00

	D2S2374
	02
	35.36
	57.98
	0.01;0.01;0.7
	0.09
	1.86

	D1S1594
	01
	238.85
	263.36
	0.01;0.9;0.9
	0.0
	1.54

	D3S1305
	03
	196.79
	219.85
	0.01;0.01;0.7
	0.070
	1.54

	D2S2283
	02
	31.29
	53.71
	0.05;0.05;0.5
	0.00
	1.47

	D2S367
	02
	34.29
	56.88
	0.02;0.02;0.5
	0.09
	1.46

	D12S372
	12
	3.46
	8.92
	0.03;0.03;0.6
	0.0
	1.46

	D3S1311
	03
	198.50
	222.81
	0.01;0.01;0.6
	0.13
	1.42

	D3S3727
	03
	30.65
	54.36
	0.02;0.02;0.5
	0.06
	1.35

	D18S858
	18
	53.05
	81.99
	0.03;0.03;0.6
	0.06
	1.27

	D19S245
	19
	38.79
	56.39
	0.01;0.01;0.5
	0.12
	1.24

	PAH
	12
	---
	109.47
	0.05;0.05;0.99
	0.09
	1.21

	D2S2170
	02
	25.01
	46.63
	0.05;0.05;0.5
	0.0
	1.21

	D2S2247
	02
	27.16
	48.16
	0.05;0.05;0.5
	0.02
	1.20

	D2S1400
	02
	11.52
	27.14
	0.01;0.01;0.8
	0.15
	1.18

	D2S2168
	02
	24.94
	46.57
	0.05;0.05;0.5
	0.03
	1.18

	D2S1328
	02
	125.90
	135.77
	0.04;0.04;0.5
	0.02
	1.18

	D22S689
	22
	27.19
	35.21
	0.05;0.05;0.5
	0.01
	1.17

	D14S588
	14
	69.29
	65.14
	0.01;0.01;0.99
	0.17
	1.12

	D8S373
	08
	144.30
	167.45
	0.01;0.01;0.6
	0.13
	1.04

	D10S1239
	10
	103.19
	120.67
	0.05;0.99;0.99
	0.0
	1.03

	D2S1360
	02
	17.36
	37.92
	0.05;0.05;0.5
	0.01
	1.02

	D3S3518
	03
	33.66
	59.01
	0.02;0.02;0.5
	0.10
	1.02

	D14S608
	14
	27.92
	21.54
	0.01;0.2;0.5
	0.0
	1.02

	D14S290
	14
	62.60
	60.07
	0.01;0.2;0.99
	0.0
	1.01

	D18S1163
	18
	7.46
	26.85
	0.03;0.03;0.99
	0.13
	1.01

	D18S1357
	18
	56.97
	89.38
	0.03;0.03;0.99
	0.16
	1.00




Table 2
	Subped.
	Marker
	Chr
	Mbp
	cM
	Penetrance
	θ
	LOD

	ACDE
	D2S405
	02
	29.33
	50.20
	0.01;0.01;0.8
	0.0
	3.69

	ACDE
	D3S2432
	03
	32.14
	56.76
	0.01;0.01;0.8
	0.0
	3.52

	ABCE
	D3S1768
	03
	34.60
	59.46
	0.02;0.02;0.7
	0.0
	3.36

	ABDE
	D14S588
	14
	69.29
	65.14
	0.01;0.01;0.99
	0.0
	3.31

	BCD
	D2S1334
	02
	136.17
	148.10
	0.02;0.02;0.5
	0.01
	3.14

	CD
	D15S822
	15
	24.97
	11.84
	0.01;0.01;0.99
	0.07
	2.90

	ADE
	D3S1311
	03
	198.50
	222.81
	0.01;0.01;0.99
	0.0
	2.90

	BCD
	D1S1594
	01
	238.85
	263.36
	0.01;0.99;0.99
	0.0
	2.45

	ACE
	D3S3727
	03
	30.65
	54.36
	0.01;0.01;0.5
	0.0
	2.41

	AB
	D8S262
	08
	3.66
	7.36
	0.01;0.01;0.9
	0.0
	2.39

	AE
	D18S1163
	18
	7.46
	26.85
	0.01;0.8;0.99
	0.0
	2.34

	ACD
	D2S1788
	02
	36.11
	58.64
	0.01;0.01;0.6
	0.09
	2.31

	ADE
	D3S1305
	03
	196.79
	219.85
	0.01;0.01;0.99
	0.0
	2.25

	ABDE
	D3S1764
	03
	140.67
	146.88
	0.01;0.01;0.99
	0.0
	2.18

	ABDE
	D14S290
	14
	62.60
	60.07
	0.01;0.01;0.6
	0.0
	2.18

	BD
	ATA52D02
	05
	---
	189.23
	0.02;0.02;0.99
	0.0
	2.16

	AE
	D3S1309
	03
	142.21
	148.58
	0.01;0.01;0.99
	0.0
	2.11

	ACE
	D3S3518
	03
	33.66
	59.01
	0.01;0.01;0.5
	0.01
	2.09

	ACE
	D18S858
	18
	53.05
	81.99
	0.02;0.02;0.6
	0.0
	2.02

	E
	D15S659
	15
	44.16
	44.34
	0.01;0.99;0.99
	0.0
	2.01

	BE
	GATA138C05
	16
	---
	81.15
	0.01;0.01;0.99
	0.0
	2.01




Table 2p.
	Marker
	Chr
	Mbp
	cM
	ACD
	2-marker outer
	3-marker outer
	4-marker inner

	rs2053372
	02
	24.76
	46.45
	-0.99
	1.37
	1.46
	2.86

	rs2891409
	02
	24.87
	46.53
	-0.47
	2.86
	3.00
	3.67

	D2S2168
	02
	24.94
	46.57
	-0.74
	1.86
	1.91
	3.14

	rs2033654
	02
	24.96
	46.58
	0.48
	3.70
	3.85
	4.07

	rs7591460
	02
	24.96
	46.59
	0.47
	3.70
	3.86
	4.08

	D2S2170
	02
	25.01
	46.63
	0.37
	2.52
	2.59
	2.99

	D2S2350
	02
	26.58
	47.79
	-0.75
	1.53
	1.62
	2.82

	rs6727852
	02
	26.69
	47.87
	0.28
	2.74
	2.91
	3.38

	rs714513
	02
	27.06
	48.09
	0.40
	2.11
	2.25
	3.93

	D2S2247
	02
	27.16
	48.16
	0.018
	1.66
	1.73
	2.79

	rs3792253
	02
	27.86
	48.42
	-1.22
	2.45
	2.56
	3.04

	rs6720083
	02
	28.28
	48.74
	0.93
	3.60
	3.79
	3.93

	rs2272386
	02
	28.72
	49.23
	-0.22
	2.38
	2.46
	2.60

	rs11127193
	02
	28.99
	49.61
	1.44
	3.75
	fixed
	fixed

	D2S405
	02
	29.33
	50.20
	3.58
	fixed
	fixed
	fixed

	rs1358514
	02
	29.34
	50.21
	0.91
	---
	---
	---

	rs7560152
	02
	31.21
	53.54
	0.14
	3.49
	3.66
	fixed

	D2S2283
	02
	31.29
	53.71
	0.54
	1.74
	1.78
	3.35

	rs1054889
	02
	31.41
	53.89
	0.40
	1.76
	1.91
	3.90

	rs927087
	02
	32.89
	54.61
	0.65
	1.98
	2.11
	4.07

	rs218197
	02
	33.20
	54.73
	1.01
	3.53
	3.68
	3.94

	rs1990838
	02
	34.28
	56.84
	0.95
	3.43
	3.59
	3.93

	D2S367
	02
	34.29
	56.87
	0.81
	1.55
	1.61
	3.99

	D2S2374
	02
	35.36
	57.98
	0.91
	1.44
	1.49
	3.88

	rs2048983
	02
	35.77
	58.29
	0.08
	3.18
	3.32
	3.89

	D2S1788
	02
	36.11
	58.64
	1.33
	1.65
	1.66
	---

	rs305175
	02
	36.22
	58.76
	-0.84
	2.20
	2.32
	---

	rs1403858
	02
	36.57
	59.32
	0.39
	1.90
	2.01
	---

	rs884215
	02
	36.60
	59.38
	-0.51
	2.32
	2.44
	---

	rs1504
	02
	36.92
	59.94
	1.05
	3.37
	3.50
	---




Table 3p.
	Marker
	Chr
	Mbp
	cM
	ACE
	2-marker outer
	3-marker outer
	3-marker inner

	rs892940
	03
	24.51
	46.51
	-0.53
	2.07
	2.11
	3.09

	rs2076993
	03
	24.63
	46.64
	0.23
	2.21
	2.26
	3.07

	rs1872143
	03
	25.29
	47.50
	2.55
	3.46
	3.36
	3.36

	rs922943
	03
	25.38
	47.65
	0.65
	2.35
	2.40
	3.09

	rs6768396
	03
	25.40
	47.67
	2.46
	3.46
	3.36
	3.36

	rs1502377
	03
	26.40
	49.11
	0.13
	2.97
	2.86
	3.12

	rs7616789
	03
	27.00
	49.90
	-0.36
	1.38
	1.47
	2.85

	rs669607
	03
	28.05
	50.89
	-0.62
	2.28
	2.34
	3.04

	rs966029
	03
	28.24
	51.06
	0.43
	2.54
	2.58
	3.13

	rs1463535
	03
	28.65
	51.43
	0.12
	2.48
	2.61
	3.07

	rs1381397
	03
	28.74
	51.52
	-0.36
	2.39
	2.46
	2.99

	rs736357
	03
	29.32
	52.24
	-0.07
	2.50
	2.57
	3.14

	rs1506297
	03
	30.05
	53.40
	0.01
	3.23
	3.02
	3.11

	D3S3727
	03
	30.65
	54.36
	2.16
	2.69
	2.75
	2.88

	rs304838
	03
	30.78
	54.54
	2.10
	3.46
	3.18
	3.18

	rs12629588
	03
	31.77
	56.06
	0.00
	3.44
	3.10
	3.10

	D3S2432
	03
	32.14
	56.76
	3.50
	---
	fixed
	fixed

	rs4796
	03
	32.50
	57.45
	1.83
	2.63
	---
	2.95

	D3S3518
	03
	33.66
	59.01
	1.94
	2.81
	fixed
	fixed

	rs1127732
	03
	33.88
	59.11
	2.07
	3.75
	2.87
	3.14

	rs1406568
	03
	34.41
	59.36
	-0.48
	2.55
	2.66
	2.93

	D3S1768
	03
	34.60
	59.46
	2.30
	2.66
	2.75
	3.04

	rs1976146
	03
	34.80
	59.55
	1.35
	3.39
	2.86
	3.10

	rs12639495
	03
	35.05
	59.71
	0.01
	3.27
	2.86
	3.11

	rs713144
	03
	35.06
	59.72
	1.36
	3.44
	2.94
	3.15

	rs1455326
	03
	35.42
	59.99
	1.33
	2.63
	2.87
	3.14

	rs967672
	03
	36.80
	60.93
	1.07
	3.39
	3.04
	3.14

	rs1392748
	03
	37.24
	61.15
	0.01
	3.15
	2.89
	3.11

	rs883523
	03
	37.29
	61.18
	2.24
	3.49
	3.09
	3.15

	rs267538
	03
	37.56
	61.37
	0.81
	2.84
	2.99
	3.13

	rs2226462
	03
	38.04
	61.71
	0.55
	2.44
	2.58
	3.03

	rs762318
	03
	38.49
	62.07
	-0.01
	1.99
	1.46
	2.97

	rs1405796
	03
	39.67
	63.04
	0.00
	3.00
	2.86
	3.10

	rs1405793
	03
	39.73
	63.09
	0.03
	2.64
	2.88
	3.13

	rs1996562
	03
	40.11
	63.41
	0.94
	3.16
	3.00
	3.11

	rs749932
	03
	41.35
	64.61
	-0.82
	1.23
	1.20
	3.02




Table 3q.
	Marker
	Chr
	Mbp
	cM
	ADE
	2-marker_outer
	3-marker_outer
	3-marker_inner

	D3S2418
	03
	193.80
	212.10
	-1.42
	0.25
	---
	---

	rs2986
	03
	194.01
	212.53
	0.89
	2.76
	3.13
	3.45

	rs769592
	03
	194.13
	212.79
	-0.76
	1.15
	1.56
	3.43

	rs2088335
	03
	194.88
	214.64
	0.33
	2.23
	2.45
	3.47

	rs7627589
	03
	195.33
	216.10
	-2.23
	0.59
	0.85
	3.33

	rs8513
	03
	195.56
	216.83
	1.02
	2.75
	3.25
	3.43

	rs789998
	03
	195.81
	217.64
	0.15
	2.68
	3.25
	3.43

	rs711995
	03
	195.84
	217.73
	0.87
	2.97
	3.36
	3.47

	rs1075870
	03
	196.16
	218.74
	0.55
	2.88
	3.34
	3.44

	rs823507
	03
	196.74
	219.78
	0.95
	2.99
	3.41
	3.46

	D3S1305
	03
	196.79
	219.85
	2.23
	3.37
	fixed
	fixed

	rs903196
	03
	197.06
	220.26
	0.12
	2.80
	---
	3.43

	rs9844652
	03
	197.07
	220.28
	1.21
	2.97
	---
	3.45

	rs9343
	03
	197.44
	220.94
	0.85
	3.03
	---
	3.44

	rs338180
	03
	198.50
	222.80
	0.48
	3.07
	---
	3.44

	D3S1311
	03
	198.50
	222.81
	2.90
	fixed
	fixed
	fixed

	rs338217
	03
	198.51
	222.83
	0.02
	2.90
	3.41
	3.42

	rs718501
	03
	198.57
	222.93
	-0.21
	1.56
	1.79
	3.05

	rs6788537
	03
	198.65
	223.07
	-0.90
	1.50
	1.76
	3.05

	rs2686085
	03
	198.71
	223.17
	0.17
	1.53
	1.78
	3.10

	rs1030576
	03
	198.79
	223.33
	-0.77
	1.40
	1.72
	3.09



 
Table 14.
	Marker
	Chr
	Mbp
	cM
	ABDE
	2-marker inner
	4-marker outer
	4-marker inner

	rs1253113
	14
	59.03
	57.53
	-0.90
	1.63
	1.82
	2.66

	rs4901928
	14
	59.04
	57.53
	-0.90
	1.61
	1.80
	2.65

	rs932606
	14
	59.89
	57.61
	-0.18
	1.38
	1.53
	2.62

	rs12887312
	14
	60.72
	58.12
	2.63
	3.81
	3.63
	3.64

	rs912377
	14
	61.43
	59.11
	0.21
	2.94
	2.80
	3.14

	rs869834
	14
	62.25
	59.93
	0.16
	2.02
	1.88
	2.95

	rs2065632
	14
	62.34
	59.97
	0.98
	3.40
	3.26
	3.40

	rs243147
	14
	62.37
	59.99
	1.03
	2.29
	2.66
	2.83

	rs1956011
	14
	62.39
	60.00
	0.65
	3.28
	3.08
	3.31

	rs1950572
	14
	62.46
	60.02
	-0.59
	2.17
	1.89
	3.05

	rs1255504
	14
	62.49
	60.03
	0.40
	2.05
	2.41
	2.86

	D14S290
	14
	62.60
	60.07
	2.13
	2.71
	2.62
	3.51

	rs1453007
	14
	64.04
	61.09
	0.03
	3.00
	2.87
	3.13

	rs1542313
	14
	64.07
	61.12
	-0.01
	2.10
	1.82
	3.05

	D14S982
	14
	64.15
	61.20
	-0.94
	0.45
	1.00
	2.14

	rs229670
	14
	64.35
	61.41
	-0.28
	1.83
	1.69
	2.71

	rs1959144
	14
	65.02
	62.15
	0.16
	2.34
	2.41
	2.67

	D14S125
	14
	65.45
	62.53
	0.97
	1.76
	1.94
	2.17

	rs975232
	14
	65.65
	62.66
	1.20
	3.52
	3.41
	3.45

	rs1316226
	14
	67.01
	62.93
	0.18
	2.67
	2.49
	2.60

	rs718212
	14
	67.27
	63.05
	0.72
	3.14
	2.98
	2.98

	rs961700
	14
	67.40
	63.13
	1.20
	2.27
	2.80
	2.93

	rs1950769
	14
	67.42
	63.15
	1.10
	2.26
	2.76
	2.91

	rs1015023
	14
	67.43
	63.16
	1.10
	2.26
	2.76
	2.91

	rs927221
	14
	67.91
	63.56
	-0.23
	3.33
	3.15
	3.23

	rs1043254
	14
	68.78
	64.50
	0.34
	2.26
	2.43
	2.69

	D14S588
	14
	69.29
	65.14
	3.31
	fixed
	fixed
	fixed

	rs8688
	14
	70.21
	66.80
	0.51
	2.56
	fixed
	fixed

	rs987579
	14
	70.58
	67.28
	0.51
	3.39
	fixed
	fixed

	rs221924
	14
	70.65
	67.34
	-0.26
	1.92
	1.20
	2.73

	rs917284
	14
	71.81
	68.48
	0.56
	2.21
	2.77
	3.29

	rs6574106
	14
	72.46
	69.60
	0.27
	3.10
	2.85
	3.17

	rs7155380
	14
	72.55
	69.74
	-0.63
	0.73
	1.04
	3.18

	rs1558174
	14
	73.37
	70.48
	-0.50
	1.80
	2.20
	3.18

	rs1468507
	14
	73.64
	70.70
	-1.47
	0.56
	0.52
	3.10




Table 2-locus runs
	
	2p
	3p
	3q
	15 on B
	15 on E
	15 on BE

	2p
	-
	-
	-
	-
	-
	-

	3p
	4.75 ACDE
	-
	-
	-
	-
	-

	3q
	4.10 ACDE
	3.99 ACDE
	-
	-
	-
	-

	15 on B
	5.28 ABCD
	4.98 ABDE
	4.55 ABDE
	-
	-
	-

	15 on E
	5.59 ACDE
	3.50 ACE
	2.90 ADE
	6.17 BCE
	-
	-

	15 on BE
	6.57 full
	5.54 ABCE
	4.76 ABDE
	-
	-
	-



Each of these score represent a run using one microsatelite marker for each locus.  I am planning on following up on at least the five runs with scores > 5 using two-markers per locus.  I am unsure if these runs are computationally feasible. Table dom.and. The pentrance function used to analyze the two weakly linked loci on 15.
	First Locus \ Second Locus
	Zero Disease Alleles
	One Disease Allele
	Two Disease Alleles

	Zero Disease Alleles
	0.01
	0.01
	0.01

	One Disease Allele
	0.01
	0.99
	0.99

	Two Disease Alleles
	0.01
	0.99
	0.99



Table logical.or. An example of a penetrance function with two penetrance classes.
	First Locus \ Second Locus
	Zero Disease Alleles
	One Disease Allele
	Two Disease Alleles

	Penetrance Class One

	Zero Disease Alleles
	0.01
	0.01
	0.01

	One Disease Allele
	0.01
	0.01
	0.01

	Two Disease Alleles
	0.8
	0.8
	0.8

	Penetrance Class Two

	Zero Disease Alleles
	0.01
	0.6
	0.99

	One Disease Allele
	0.01
	0.6
	0.99

	Two Disease Alleles
	0.01
	0.6
	0.99



Table intersecting. An example of a penetrance function with three penetrance classes.
	First Locus \ Second Locus
	Zero Disease Alleles
	One Disease Allele
	Two Disease Alleles

	Penetrance Class One

	Zero Disease Alleles
	0.01
	0.01
	0.01

	One Disease Allele
	0.01
	0.01
	0.01

	Two Disease Alleles
	0.8
	0.8
	0.8

	Penetrance Class Two

	Zero Disease Alleles
	0.01
	0.01
	0.99

	One Disease Allele
	0.01
	0.01
	0.99

	Two Disease Alleles
	0.01
	0.01
	0.99

	Penetrance Class Three

	Zero Disease Alleles
	0.01
	0.01
	0.99

	One Disease Allele
	0.01
	0.01
	0.99

	Two Disease Alleles
	0.8
	0.8
	0.99






Table 2-locus runs. Results for pairwise analysis of loci.
	
	2p (ACD)
	3p (ACE)
	3q (ADE)
	15 (B)
	15 (E)
	15 (BE)

	2p (ACD)
	-
	-
	-
	-
	-
	-

	3p (ACE)
	4.75 ACDE
	-
	-
	-
	-
	-

	3q (ADE)
	4.10 ACDE
	3.99 ACDE
	-
	-
	-
	-

	15 (B)
	5.28 ABCD
	4.98 ABDE
	4.55 ABDE
	-
	-
	-

	15 (E)
	5.59 ACDE
	3.50 ACE
	2.90 ADE
	6.17 BCE
	-
	-

	15 (BE)
	6.57 full
	5.54 ABCE
	4.76 ABDE
	-
	-
	-
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Figure 1.  Pedigree of family CAMST01
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