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Abstract
Errors in meiotic recombination and its sequelae are one of the fundamental causes of newborn morbidity and mortality and results in a significant burden on public health.  Current dogma regarding mechanisms of human meiosis states that recombination must occur in order for chromosomes to segregate properly.  Recently, investigators have reported a positive correlation between reduced or absent recombination on chromosome 21 and a reduced genome-wide recombination rate.  Although recombination rates vary among individuals, successful disjunction is not inextricably tied to recombination rate, and successful meiotic disjunction can occur in the absence of recombination.  In addition to individual variation, recombination rates vary between genders and among different species.  To better explore relationships between nondisjunction, disjunction and recombination, studies of an animal model with inherently lower genome-wide rates of recombination are useful.  This project assesses the role of meiotic recombination in disjunction and nondisjunction based on studies of humans and Monodelphis domestica.  Understanding the mechanisms that influence correct chromosomal segregation during meiosis could lead to methods of prophylaxis that could reduce the occurrence of such errors, and subsequently reduce newborn morbidity and mortality.Candace Kammerer, Ph.D.
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Infant morbidity and mortality.  Infant morbidity and mortality are major indicators of societal health and well-being.  Infant morbidity refers to the prevalence of disease and illness among infants, while infant mortality is the death of a live-born infant before their first birthday.  An infant mortality rate reflects the number of infant deaths for every 1,000 live births.  In 2011, the infant mortality rate in the U.S. was 6.05 (MacDorman et al., 2013).  In other words, for every 1,000 babies born in this country, about 6 die during their first year.  Compared with other developed countries, the U.S. ranked 27th among infant mortality rates in 2008 (National Center for Health Statistics, 2012).  Despite a decline in infant mortality in the U.S. from 2008 to 2011, the 2011 U.S. infant mortality rate is still higher than the 2008 international infant mortality rates of 26 other countries.  Clearly, there is substantial room for improvement and this is a significant public health problem.

Role of genetics in infant morbidity and mortality.  The differences in these statistics across the world infer that environmental factors, such as prenatal care and breastfeeding, likely play a role in infant morbidity and mortality.  The five leading causes of infant deaths in the U.S. in 2011 were, in order, the following: 1) congenital malformations, deformations, and chromosomal abnormalities, 2) short gestation / low birth weight, 3) sudden infant death syndrome, 4) maternal complications, and 5) unintentional injuries (MacDorman et al., 2013).  According to this data, which was summarized in an April 2013 data brief by the National Center for Health Statistics (NCHS), the category ‘congenital malformations, deformations and chromosomal abnormalities’ is the leading cause of infant mortality with 126.1 deaths per 100,000 live births in 2011.  Unsurprisingly, there is significant overlap in the causes of infant morbidity and mortality, and many infants who do not die from these causes persist with morbid health conditions.  Therefore, in addition to environmental factors, genetic factors such as chromosomal abnormalities play a major role in both infant morbidity and mortality.

Chromosomal abnormalities.  At least 5% of all clinically recognized human pregnancies include chromosomal abnormalities (Hassold et al., 2007).  The majority of these pregnancies terminate in utero but some are viable.  Because most miscarriages are not reported, and many occur before the woman is aware that she is pregnant, statistics on miscarriage rates are difficult to determine and interpret.  Prenatal testing can provide predictive statistics of chromosomal abnormalities during pregnancy, and some women choose to terminate affected fetuses.  Most chromosomal abnormalities are present in the oocyte or sperm, thus, the abnormality exists in every cell of the offspring’s body.  However, some chromosomal abnormalities occur after conception, which results in mosaicism, where the abnormality exists only in some cells of the offspring’s body.  Chromosomal abnormalities are anomalies of chromosome structure or number.  Types of structural abnormalities include genetic deletions, duplications, translocations, inversions, and rings.  Numerical abnormalities encompass situations when the offspring is missing an entire chromosome(s) or has more than two chromosomes of a pair.  An abnormal number of chromosomes within a cell is referred to as aneuploidy.  

Aneuploidy nomenclature.  Terminology under the concept of aneuploidy includes nullisomy, monosomy, disomy, trisomy, tetrasomy, and pentasomy.  Nullisomy (2n-2) is a lack of both copies of a chromosome pair and is lethal for diploid organisms.  Monosomy (2n-1) refers to the presence of only one chromosome from a pair.  Disomy (2n), which is normal for diploid organisms such as humans, is the presence of two copies of a chromosome.  Trisomy (2n+1) refers to the presence of three copies, instead of the normal two in diploids, of a particular chromosome.  Tetrasomy and pentasomy are the presence of four or five copies of a chromosome, respectively, and have been reported for viable human sex chromosome aneuploid conditions but are rarely seen among human autosomes.

Aneuploid conditions.  Most monosomic pregnancies result in miscarriage.  The only full monosomic condition that is viable in humans is Turner syndome (45, X0), occurring in about 1 in 5,000 female births.  There are several examples of viable human trisomics.   Klinefelter syndrome (XXY) and XYY syndrome each occur in about 1 in 1,000 male births.  The most common type of viable human aneuploid is trisomy 21 (Down syndrome) and occurs at a frequency of about 0.15 percent of all live births.  In 2011, the Centers for Disease Control and Prevention estimated the frequency of Down syndrome in the United States at 1 in 691 live births.  The only other human autosomal trisomics that survive to birth  have either trisomy 13 (Patau syndrome) or trisomy 18 (Edwards syndrome).  Both show severe physical and mental abnormalities and have an extremely short life expectancy (Griffiths et al., 2000).   Consequently, aneuploidy is both the leading known cause of miscarriage and the leading cause of congenital birth defects and mental retardation among humans (Hassold et al., 2007).

Meiosis.  The fundamental cause of aneuploidy is due to errors in meiosis.  Meiosis is a type of cell division that reduces the number of chromosomes in germ cells from diploid to haploid, resulting in the gametes necessary for reproduction in eukaryotes.  Normal meiosis results in four genetically unique cells, each with half the number of chromosomes as the parent cell.  The process of recombination, in which homologous chromosomes exchange segments with one another, is the fundamental mechanism that makes each gamete genetically unique.  The reduction in chromosome number from diploid to haploid is achieved by normal cell divisions through two stages, meiosis one (MI) and meiosis two (MII).  Normal cell division requires proper chromosomal segregation into the resulting daughter cells.  Proper segregation must include successful disjunction of chromosomes during each stage of meiosis.  Nondisjunction (Figure 1) is the failure of paired homologous chromosomes (in MI) or sister chromatids (in MII) to segregate into different cells, resulting in gametes with an imbalanced number of chromosomes, also known as numerical aneuploidy.   
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Figure 1.	Nondisjunction at Meiosis I and II  

Research on aneuploidy.  The first human aneuploid conditions were identified about 50 years ago.  Since then, considerable research has been conducted to determine the causes of aneuploidy.  Because most monosomies spontaneously terminate in utero, the majority of research on aneuploidy has focused on trisomies.  Early studies revealed the following three generalities of human nondisjunction:  1) Regardless of the specific chromosome, most trisomies originate during oogenesis.  2) For most chromosomes, maternal MI errors are more common than maternal MII errors.  3) The proportion of cases of maternal origin increases with maternal age.  (Hassold et al., 2001).  Although these generalities still hold true, later studies have identified chromosome-specific differences in nondisjunction, such as maternal MI errors being primarily causal in trisomy 21, whereas maternal MII errors are primarily causal in trisomy 18.  The three generalities listed above focus on maternal meiosis, and it is therefore important to note that the first meiotic division in oogenesis begins in the fetal ovary and is then arrested until ovulation of each oocyte.  Ergo stability of cell division machinery must be maintained for decades and it seems logical that the likelihood of nondisjunction would increase with maternal age.  However, research has made it clear that the origin of aneuploidy is not this simple, nor homogeneous in nature, and that there are varied nondisjunctional mechanisms that likely respond differently to factors that influence meiotic processes.

Research on environmental factors and nondisjunction.  In addition to maternal age, environmental factors studied in relation to nondisjunction include exposure to pesticides, toxic waste, medical radiation therapy, oral contraceptives, and others (Hassold et al., 2007).  However, associations between most of these environmental factors and nondisjunction have not been verified.  The maternal age effect remains the primary factor associated with nondisjunction.  In fact, researchers speculate that other exogenous factors do influence the fidelity of meiotic processes, but that the magnitude of the maternal age effect likely interferes with identification of other factors.  Although not incontrovertibly linked to human aneuploidy, there have been a few positive associations of environmental factors with meiotic errors.  For example, exposing pregnant mice to bisphenol A (BPA) showed a ‘grandmaternal’ aneugenic effect (Hunt et al., 2003).  In other words, the eggs of the female fetuses within the exposed pregnant mouse displayed a higher incidence of aneuploidy.  Other positive correlations between environmental factors and increased nondisjunction include cigarette smoking and maternal MII errors, and low socio-economic status and maternal MII errors (Christianson et al., 2004).  Recently Hollis et al. (2013) reported an association between lack of preconception folic acid and maternal MII errors, specifically in the aging oocyte.  Identification of the genetic consequences of modifiable factors such as these presents an opportunity to reduce the public health burden caused by nondisjunction.


Recombination in Humans

Genes and recombination.  Early efforts to identify genes that influence nondisjunction indicated that recombination, the fundamental process that generates genetic diversity, also plays a major role in the proper segregation of chromosomes during meiosis.  Consequently, much research has been done to identify specific genes with regulatory roles in recombination.  Notable success in this area includes identification of the gene PRDM9, which has a role in the placement of recombination events along a chromosome.  Furthermore, variants of PRDM9 have also been associated with the proportion of crossovers that occur in hotspots, which are genomic regions that exhibit elevated rates of recombination (Baudat et al., 2010).  Individual variation in mean recombination rate across the genome has been associated with the gene RNF212.  Interestingly, the RNF212 haplotype associated with increased recombination in males has the opposite association in females (Kong et al., 2008).  Also, an inversion at genomic region 17q21.31 has been correlated with increased recombination in female carriers (Stefansson et al., 2005).  Other loci that have been associated with mean recombination rates in either males or females include KIAA1462, PDZK1, UGCG, and NUB1 (Chowdhury et al., 2009).

Differences in recombination between genders, populations, and individuals.  Beyond identification of genes with specific influences on recombination frequency and location, studies have unveiled general differences in recombination phenotypes among genders, populations, and individuals.  For example, different sequence variants have been associated with female and male recombination phenotypes, suggesting that recombination within each gender is not under the influence of the same set of genes (Chowdhury et al., 2009).  It is also noteworthy that both recombination rate and placement are markedly different between genders; in comparison to females, human males typically exhibit lower genome-wide recombination rates and a higher concentration of crossover events in telomeric regions.   Furthermore, a comparison of male and female recombination maps indicates that about 15% of hotspots in each map are gender-specific.  Another major difference is that male recombination tends to result in more shuffling of exons within genes, whereas female recombination tends to result in more new combinations of nearby genes (Kong et al., 2010).  Recombination also varies significantly at the population level.  For example, recombination phenotypes differ between Europeans and Africans and this difference is partially explained by population frequency differences of PRDM9 variants (Kong et al., 2010).  Differences in recombination rates and patterns have also been observed at the individual level, and this phenomenon is a primary focus of research on the molecular mechanisms giving rise to Down syndrome.  In a recent study of individual variation in recombination in oocytes, researchers reported a correlation between reduced genome-wide rates and nondisjoined chromosomes 21, indicating a role for globally acting factors (Middlebrook et al., 2013).   The investigators examined two levels of recombination count regulation within each individual.  Genome-wide recombination counts across many oocytes was defined as maternal level analysis.  Recombination count was also investigated at the level of single oocytes within an individual.  In other words, in addition to averaging counts across many oocytes of an individual (maternal level), counts were recorded across the chromosomes of oocytes within the individual (oocyte level).  At the maternal level, both oocytes with an MI error and their sibling oocytes within the same individual exhibited reduced recombination when compared to controls.  At the oocyte level, recombination in oocytes with an MI error showed an additional reduction of recombination counts among the chromosomes of the trisomic oocyte compared to their sibling oocytes and controls.  The investigators hypothesized that regulation at the higher order maternal level likely predisposes to MI error (e.g., reduced levels of recombination overall), but additional oocyte-specific dysregulation contributes to the nondisjunction event in the individual oocyte (Middlebrooks et al., 2013).

Patterns and number of recombination events in relation to nondisjunction.  Previous studies of maternal chromosomes 21 with a single crossover have implicated certain recombination configurations as risk factors for either maternal MI or maternal MII nondisjunction.  Specifically, a single distal exchange has been associated with maternal MI errors, while maternal MII errors have been associated with a proximal pericentromeric exchange (Oliver et al., 2008).  The investigators emphasize that these results must be interpreted along with the caveat that human nondisjunction is a multifactorial trait and risks of recombination configurations interact with other factors such as maternal age.  This recombination pattern analysis was used in a more recent study to examine maternal chromosomes 21 exhibiting multiple crossover events (Oliver at al., 2012).  Results showed that, for maternal MI errors with multiple crossovers, the average location of the distal recombination was proximal to that of normally segregating chromosomes 21.  This pattern differs than that seen for maternal MI errors with single crossover events.  For maternal MII errors with multiple crossovers, the most proximal recombination was closer to the centromere than that on normally segregating chromosomes 21 and this proximity was associated with increasing maternal age.  This pattern is the same as that seen among MII errors with a single crossover (Oliver et al., 2012).

Absence of recombination in relation to nondisjunction.  In addition to studies of the patterns of recombination profiles of maternal chromosomes 21 associated with single and multiple crossover events, oocytes without any crossovers on chromosome 21 have also been studied.  There is a strong association between chromosomes 21 with no recombination events and nondisjunction.  However, there is also evidence of normal segregation in the absence of crossovers on chromosome 21.  Compared to oocytes with maternal MI errors, the grouping of ‘normal’ oocytes with absent recombination on chromosome 21 exhibits higher genome-wide recombination (Middlebrooks et al., 2013).  This two-level perspective of regulatory factors considers both genome-wide recombination rates and chromosome-specific events.  Under the current dogma that recombination must occur on a chromosome for proper segregation, it is intriguing that there is now evidence of normal segregation for chromosomes with no recombination events.  The only clue thus far differentiating chromosome 21 nondisjunction from successful disjunction under conditions of no recombination events is the rate of genome-wide recombination.  Therefore, a logical next step is to seek a better understanding of normal meiotic events under varying rates of genome-wide recombination.  Studies of an animal model, such as Monodelphis domestica, exhibiting consistent normal chromosomal disjunction amid very low genome-wide recombination would be ideal.  A variety of research questions can be formulated based on the hypothesis of two-levels of regulatory factors described above.  For example, at the higher order level, are exceptionally reliable globally acting factors at play in a species exhibiting normal meiosis with very low genome-wide recombination?  At the lower order, are there gamete-level regulatory factors with high fidelity in negating the risk imposed by low genome-wide recombination?  Results of such studies may identify distinct individual-level and gamete-level regulatory mechanisms influencing nondisjunction.  These pathways might possibly be targeted for the prevention of meiotic errors by, for example, dietary prophylaxis, and thus mitigate the public health issues caused by trisomic conditions.


Recombination in Monodelphis domestica

Background of Monodelphis domestica.  One of the first steps required to gain a better understanding of normal chromosomal disjunction under varying rates of genome-wide recombination, is to assemble and process data for updating the genetic map of the gray, short-tailed opossum, Monodelphis domestica.  The updated map will facilitate a more thorough investigation of meiosis under inherently low genome-wide recombination rates.  Monodelphis domestica is the most widely used marsupial research model.  Basic characteristics of Monodelphis domestica include the following features: Females are physically smaller, ranging in size from 60 – 100 grams, while males range in size from 90 – 150 grams.  Sexual maturity is reached at 5 – 6 months.  Typical litter sizes range from 7 – 9, and can reach 13 offspring.  One female may produce 3 – 4 litters per year.  The evolutionary divergence between metatheria, such as Monodelphis domestica, and eutheria, such as humans, provides a platform for differentiating ancestral states of genomic characteristics from derived states (Samollow, 2008).  This angle is useful for structural and functional studies of comparative genomics, such as the overarching aim of this project.  Adding to the utility of an updated Monodelphis domestica genetic map, the full genome sequence – the first of any marsupial – was completed in 2007.  Of particular importance in regard to this project, Monodelphis domestica have very low levels of recombination in general.  As a fascinating contrast to trends in human gender-specific recombination, Monodelphis domestica females exhibit further reduced recombination rates compared to males.  This phenomenon is opposite of what is seen in humans and many other mammals, and was demonstrated with the first-generation linkage map of Monodelphis domestica (Samollow et al., 2004).

Linkage maps of Monodelphis domestica.  The first-generation linkage (or recombination) map of Monodelphis domestica included 83 loci across 8 autosomal linkage groups.  Considering the large genome size of Monodelphis domestica, at about 3.6 Gb, the first-generation map demonstrated a remarkably short size, with a full-length sex-averaged estimate at about 891 cM informed by the 83 loci and corrected for putative unmapped chromosome ends and the unmapped X chromosome.  A short linkage map of a large genome implies a very low rate of meiotic recombination.  This first-generation map also demonstrated the strong gender bias in recombination rates, with an overall female to male map-length ratio of about 50% across all linkage groups.  This observation represented the largest overall gender difference in recombination rates known in mammals.  Furthermore, the gender bias of a longer male genetic map compared to females is opposite that of almost all other vertebrates (Samollow et al., 2004).  The Monodelphis domestica linkage map was expanded a few years later to encompass 150 loci across the 8 autosomes.  This updated map replicated the patterns of inherently low genome-wide recombination and the directionality of the strong gender bias.  In addition, the greater number of loci fine-tuned the full-length sex-averaged map estimate to 866 cM, with a male map estimate of approximately 1065 cM, a female map estimate of approximately 579 cM, for a female to male ratio of 0.54 (Samollow et al., 2007).  The same year, the full genome sequence of Monodelphis domestica was completed (NIH News, 5/9/2007), which provided a very good draft assembly.  However, draft assemblies have inaccuracies including improperly placed scaffolds, improperly oriented scaffolds, and unincorporated scaffolds and contigs.  These inaccuracies are problematic for studies on recombination, which also requires family-based data.  Therefore, the full genome sequence does not preclude the need for a more dense linkage map to facilitate the aim of better understanding and elucidating the mechanisms behind normal meiotic events under very low genome-wide recombination.  With this in mind, genotyping of considerably more loci has been performed in order to create an even more dense linkage map and re-examine the recombination trends.  The technical goal of this project is to compile, clean, and process this genotype data through various software applications to attain the third and most dense linkage map of Monodelphis domestica.
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Characteristics of the Data

BBBX mapping panel.  The Monodelphis domestica animals used to generate this dataset are the same as those used in the 150-marker linkage map (Samollow et al., 2007).  The population of animals is referred to as ‘BBBX,’ an acronym for Brazilian/Bolivian backcross, which was established by crossing two outbred laboratory populations with distant geographic origins, designated Population 1 (Pop1) and Population 5 (Pop5).  Crossing 29 Pop1 females with 8 Pop5 males produced the F1 generation, consisting of 33 animals.  The F1 offspring of both genders were then crossed to 33 Pop1 mates, producing 468 backcross offspring.  The data collected from these 571 animals, comprised by 35 complete 3-generation pedigrees is referred to as the BBBX mapping panel (Samollow et al., 2007).  In the 150-locus map, about 90% of the Monodelphis domestica genome was covered by the included markers.  This update totaling nearly 300 loci covers about 95% of the genome (Samollow, 2012).

Types of loci.  The majority of the loci are microsatellite markers, also known as simple sequence repeats (SSRs) or short tandem repeats (STRs).  Microsatellite markers represent repeated sequences of two to six nucleotides typically in non-coding regions of DNA.  Individuals are typed for microsatellite variants by running PCR-amplified fragments of DNA on an electrophoretic gel, through which fragments of different size travel at different rates and create bands in the gel.  Different bands indicate size variants of the microsatellite marker.  An individual can have one or two bands at a particular locus.  Two distinct bands indicate a heterozygote at that locus.  A single band may indicate a homozygote at that locus or a heterozygote with a null allele.  A null allele does not appear as a band on the gel because the fragment of DNA fails to amplify in PCR assays.  The phenomenon of null alleles can be due to altered sequences in flanking regions that lead to poor primer annealing in the PCR process, or the presence of a heterozygote may be masked by certain size alleles being preferentially amplified.  The technical problem of null alleles complicates the interpretation of microsatellite allele frequencies and therefore they must be excluded from analysis when they cannot be distinguished from real biological properties in an individual at a particular locus.  Other types of loci included in the dataset are restriction fragment length polymorphism (RFLP), protein coding, and single nucleotide polymorphism (SNP) sites.  Although the homozygote / heterozygote conditions of individuals at all loci as a group will be from hereon referred to as genotypes, bands on a gel do not define specific nucleotide sequences and therefore are technically phenotypes.







Data Management

File formatting.  Due to the time intensive nature of individually typing/cataloging hundreds of genotype assays for hundreds of individuals, several laboratory personnel developed this dataset over several years.  Consequently, different file formats were developed over time with different coding conventions.  The original file types included flat text files formatted for PEDSYS software (.out and .cde) and excel formatted files (.xls).  These files were used to create a single large data file (.csv) containing the animal ID, sire ID, dam ID, pedigree number, sex, and all of the marker data.

Merging files.  Five of the genotype files were in the PEDSYS format (.out and .cde), in which the variable names and lengths are stored separately from the data, while two other genotype files (.xls) included descriptive information as the first line in the data file.  The descriptive information about the variables in all PEDSYS format files was combined with their respective genotype data and these files were then, along with the two excel format genotype files, merged into a single large file (.csv) using ID as the common variable.  Reformatting and merging was accomplished by using Unix and R software.

Separating by chromosome.  After all of the data were gathered into a single file, chromosome-specific files were created using a linkage map file (.xls) that designated which markers were on each autosome.  The chromosome-specific files consist of 3 file types for each autosome, storing marker names (.dat), Kosambi map position of markers (.map), and genotype data (.ped).  Separating by chromosome was accomplished with R software.
Data Cleaning

Checks for comprehensive data and coding consistency.  Throughout the processes described above, thorough assessment and modification for consistency of data formatting was conducted.  For example, spacing conventions, variable formats, missing genotype value codes (NA, 999, -99, 0, blank, etc.), and null allele value codes were made consistent across files before merging them.  Numbers of individuals, markers, and genotypes were monitored throughout all file handling.

Detection of mendelian inconsistencies.  The chromosome-specific files, consisting of 3 files (.dat, .map, .ped) for each autosome were used to check for deviations from mendelian inheritance patterns.  The Mega2 software was used for this purpose.  First, the input files were processed in Unix with a script provided by Mega2 to generate the required annotated file formats (names., map., pedin.), which added a descriptive header line to the file containing genotype data.  These annotated files were processed through Mega2, which produced reports of mendelian inconsistencies by chromosome.

Visualization of mendelian inconsistencies.  In order to determine the appropriate course of action for correction or removal of genotypes, it was necessary to view allele transmission surrounding the mendelian inconsistencies.  The Cranefoot software was used for this purpose.  An example image generated by Cranefoot depicting the inheritance pattern at a marker with a mendelian inconsistency in the particular pedigree is displayed as Figure 2, below.  The appropriate course of action was determined by visual inspection.  Reasons for genotype changes included: half-typed, inferred null, indeterminate, known mutation, mis-read gel, un-interpretable, and data entry typo. 
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Pedigree: 42, Marker: md619 (chr 4)

Figure 2.	Example Pedigree Structure

Interpretation of mendelian inconsistencies.  As described above in the ‘Types of loci’ section, a single band on a gel may indicate a homozygote at that locus or a heterozygote with a null allele.  In the process of making coding formats consistent across files before merging the data, genotypes missing one allele of a pair were coded as homozygotes.  If this created a mendelian inconsistency within the family but a null allele was not present, the entire genotype for that individual at that marker was blanked and classified as half-typed.  If there was a null allele present in the family at that marker and its segregation was clear at the location, a null was inferred.  If the allelic segregation was unclear even in the presence of a null allele, the genotype for the individual at that marker was blanked and classified as indeterminate.  There were two instances of known mutations that were classified as such and blanked for the purpose of this linkage analysis.  If an identified mendelian error was due to a very close band number designation in which the parental allele segregated through the problematic individual to the grand-offspring, it was corrected and classified as a mis-read gel.  On the other hand, if an identified mendelian error could not be interpreted from the rest of the pedigree, it was blanked and classified as un-interpretable.  There was one instance of an obvious data entry typo that presented as a half-typed situation because there was not a space between alleles, it was classified as such and corrected.  A complete list of identified mendelian errors and the changes made to address them is displayed in the appendix, Table A1.

Correction of mendelian inconsistencies.  The changes listed in Table A1 were corrected in each file containing chromosome-specific genotype information.  Most individual animals are members of multiple family pedigrees, and the genotype files (.pedin) include a separate row of duplicated genotype information for each family occurrence of the individual.  Therefore, special care was taken to make the appropriate changes to the individual’s genotype at the particular marker within every pedigree that they are present.  After the changes were made, the mendelian inconsistency check was repeated via Mega2 with the updated files to ensure that changes did not create new errors in other pedigrees.  The correction of mendelian inconsistencies was accomplished with use of R software.


Data Processing

Formatting for linkage analysis.  After genotype corrections were made and all updated Mega2 annotated formatted files (names., map., pedin.) passed subsequent mendelian checks, Mega2 was used to convert files to PreMakePed format (Ppedin. and Pdatain.).  R software was then used to slightly modify descriptive formatting in order to create new files (lnktocri_in.) matching input requirements for a modified Perl script that was written to reformat files for Crimap software.  The resulting chromosome-specific files for input to Crimap software (.gen) include both descriptive information and genotype information.

Construction of linkage map.  The Crimap software prepare option was used to generate additional file types (.dat, .loc, .ord, .par) for each chromosome.  These files were used in the Crimap build option, incorporating loci into the linkage map in decreasing order of informativeness.  The minimum LOD scores [i.e., logarithm (base 10) of the odds of linkage versus no linkage] for marker inclusion in the linkage map were set to 3.  A LOD score = 3 between two DNA markers represents genome-wide evidence for linkage at p ≤ 0.05.  Crimap’s build option constructs the linkage map and displays sex-averaged and sex-specific genetic distances between each ordered loci.  This was repeated and recorded in output files (.build) for each chromosome.




Genetic Map of Monodelphis domestica with 297 Loci 

Summary of marker numbers.   Of the 297 markers included in this dataset, 274 were ordered on the map (about 92%).  Markers below the minimum LOD score threshold of 3 were not ordered.  Also, markers with indeterminate locations in relation to other markers were not ordered.  In comparison to the previous map, 140 of 150 markers were ordered on the map (about 93%).  It is important to note that greater efforts, such as examining markers with LOD scores above 2 and performing/interpreting Crimap flip analyses of each marker relative to adjacent markers, were applied to incorporate the maximum number of high confidence markers on the previous map before publication.  Similar efforts will be applied to this dataset before publication of the updated map.  Marker number information, detailed for each chromosome, is displayed side-by-side with the corresponding information from the previous map in Table 1, below.

Table 1.  Summary of Markers and Sex-Averaged Map Lengths 
[image: Screen shot 2013-11-22 at 2]

Summary of sex-averaged map lengths.  The sex-averaged genetic map length estimate of the updated 297-marker map is 939.6 cM.  The 150-marker map estimated the sex-average map length at 714.8 cM, which included correction for putative unmapped autosomal and X-linked markers.  Although the updated map estimate does not include correction for unmapped markers, a very high proportion of the genome is now evenly covered and it is therefore reasonable to assume that such a correction would be minimal.  Therefore, the estimated sex-averaged genetic map length of Monodelphis domestica has increased by about 31% with this update.  Sex-average map length estimates increased for each chromosome, ranging from about 9% (chromosome 1) to 77% (chromosome 3) inflation.  Sex-averaged map length information, detailed for each chromosome, is displayed side-by-side with the corresponding information from the previous map in Table 1, above.

Summary of sex-specific map lengths and ratios.  The sex-specific genetic map length estimates of the updated map are 754.5 cM for females and 1140.0 cM for males.  Compared to the previous map, the female map estimate grew by about 46% while the male estimate grew by about 20%.  This differential growth increased the female to male ratio from 0.544 to 0.662.  Sex-specific map lengths and ratios, detailed for each chromosome, are displayed side-by-side with the corresponding information from the previous map in Table 2, below.





Table 2.  Summary of Sex-Specific Map Lengths and F/M Ratios
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As mentioned above, chromosome 3 exhibited the largest sex-averaged map distance inflation with this update, with the estimate growing by 77% from 78.7 cM to 139.3 cM.  Comparing the sex-specific inflation of map length estimates for chromosome 3 leads to a plausible explanation.  The male-specific map length estimate for chromosome 3 grew by about 43%, from 120.2 cM to 172.4 cM, while the female estimate grew by over 141%, from 44.3 cM to 107.1 cM.  The large sex-specific difference of inflation resulting from addition of the same markers indicates vastly greater recombination rates for females in genomic regions of chromosome 3 that are better represented in the updated map.  Although it has lower sex-averaged map inflation at about 57%, chromosome 6 exhibits an even larger disparity in sex-specific map inflations, with the female map expanding by over 155% and the male map growing by only 10%.  The full map of chromosome 6 for each gender is displayed in Table 3, below.  Even in this chromosome map with close overall gender-specific lengths, females exhibit reduced recombination in central regions and relatively increased recombination in telomeric regions compared to males.
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Sex-specific maps of chr 6 including all ordered markers, recombination fractions, and distances.[image: Screen shot 2013-11-22 at 2]

CONCLUSIONS

Comparison to Previous Monodelphis domestica Linkage Map

Trends confirmed and strengthened.  The results of this updated genetic map for Monodelphis domestica with 297 markers strengthen the general conclusions made in the publication of the previous map with 150 markers.  Specifically, the genome-wide recombination rate is still remarkably low.  Each of the gender-specific estimates increased, but not in equal ratios.  The male estimate grew by about 20%, from 948.2 cM to 1140 cM, while the female estimate grew by about 46%, from 515.5 cM to 754.5 cM.  A proposed explanation for the inflation in map length estimates is based on the differential gender-specific expansion.  The female map grew proportionately two-times more than the male map grew, even though the same markers were added across genders.  Samollow (2012) hypothesized that newly added markers in the telomeric regions differentially inflate the female map.  In other words, females likely exhibit more recombination in the telomeric regions compared to their male counterparts.  Even with the differentially inflated female map estimate, the fundamental characteristics of Monodelphis domestica recombination remain unchanged.  The sex-averaged genetic map length is still the shortest known of any mammal.  Recombination in Monodelphis domestica is remarkably infrequent, particularly considering the large size of the genome.  There is still a strong gender bias in recombination with reduced genome-wide rates among females.  With the new female to male recombination ratio estimate of 0.662, females exhibit only about 2/3 as much recombination as males.  This still represents the largest genome-wide recombination rate gender difference known in mammals.  Furthermore, the direction of the bias is opposite that of nearly all other vertebrates.  Again, the overall conclusions of this updated map are in line with the conclusions of the previous maps.  Doubling the marker number from 150 to almost 300 significantly increases confidence in the validity of the unique recombination characteristics seen in Monodelphis domestica.  The strength of these data underscores the utility of this alternative mammalian organism in the study of meiosis under inherently low genome-wide recombination.


Potential Application of Updated Linkage Map

Comparative and contrasting model of human recombination.  Interestingly, the female Monodelphis domestica trend of reduced overall gender-specific recombination along with increased telomeric-region recombination is also seen in male humans.  This is one example of many potential applications of lessons learned in future studies of Monodelphis domestica using a dense linkage map in the investigation of recombination.  For example, do gender-specific genes in the regulation of human male recombination have homologs in female Monodelphis domestica?  Likewise, do gender-specific genes in the regulation of human female recombination have homologs in male Monodelphis domestica?  If they do, the Monodelphis domestica model organism may be of tremendous value in the search for therapeutic targets to increase the fidelity of meiotic processes in humans.  The key observation that reduced recombination in humans is associated with nondisjunction while reduced recombination in Monodelphis domestica appears to be the norm may also present a unique opportunity to tease out factors that act at the genome-wide level from factors that act at the gamete level in humans.
Epigenetic regulation of recombination.  An additional application of this updated linkage map to better understanding normal meiotic processes is the study of epigenetics in relation to recombination phenotypes.  Of particular relevance to the overarching aim of this project, a dense linkage map such as this may enable studies of epigenetic control of gender-specific recombination.  In addition, knowledge of imprinted genes provides potential targets for modifying risk factors if they can be associated with epigenetic gene regulation.  It would be of great interest to know the imprinting profiles of Monodelphis domestica homologs of genes that influence human meiotic recombination.  Public health initiatives cannot change an individual’s genetic composition, but knowledge of fundamental genetic mechanisms may reveal specific aspects that can be altered by environmental (or exogenous) factors.  Such knowledge could provide an opportunity to lessen the public health burden of conditions caused by genetic predisposition.


Future Public Health Intervention Strategy

Prevention by identifying and modifying risk factors.  Although it is unlikely that conditions such as Downs syndrome could be adequately treated with knowledge of modifiable environmental risk factors related to gene regulation, perhaps this line of research will present an opportunity for prevention of such conditions at the maternal level.  If researchers are equipped with a more thorough understanding of normal meiotic processes and the pathways that result in successful chromosome segregation, there may be an opportunity in the future for public health intervention by modifying factors that influence those pathways.  A classic example of modifying an environmental factor to address a perturbed pathway due to a genetic etiology is the exclusion of phenylalanine from the diets of individuals with Phenylketonuria (PKU).  Although incredibly effective, dietary therapy for PKU is an example of treating the condition rather than preventing it.  Due to the presence of an entire extra chromosome in trisomic conditions, prevention with modifiable risk factors seems to be a more promising approach than treatment with modifiable risk factors.  An example of modifying an environmental factor in the prevention of a congenital condition is maternal folic acid supplementation to prevent Spina Bifida.  A similar preventive approach at the level of modifying maternal risk factors for nondisjunction may have substantial potential for reducing the public health burden caused by chromosomal abnormalities.  In fact, as mentioned earlier, there is recent evidence that lack of preconception folic acid is associated with maternal MII errors specifically in the aging oocyte (Hollis et al., 2013).  However, human nondisjunction is a multifactorial trait, thus, a simple intervention such as folic acid supplementation for older women will not solve the problem.  In particular, folic acid was only associated with MII in aging oocytes, whereas the majority of nondisjunction events occur at maternal MI.  Nonetheless, this observation presents an opportunity to determine the role of a modifiable risk factor in a molecular pathway involved in recombination, perhaps opening the door to discovery of additional targets with greater potential impact for the prevention of nondisjunction.

Public health preventive approach.  In order to address the public health burden of conditions caused by meiotic errors, the fundamental causes of nondisjunction must be better understood.  Basic science research is essential in this area for the acquisition of new insights and the development of innovative solutions on how to approach the problem.  In fact, as depicted below in Figure 3, research is at the center of the model for delivering public health services in the U.S.  
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Figure 3.	Research at the Center of Public Health
(Centers for Disease Control and Prevention, 2011)

Without an understanding of the molecular events underlying chromosomal abnormalities, the best medical care that can be offered is predicated on treatment of symptoms.  However, as researchers gain an understanding of preclinical molecular events and the ability to detect at risk individuals, prevention becomes possible.  In terms of the public health burden, preventive approaches are typically many orders of magnitude more effective and more financially prudent.  Prenatal services have become quite good at predicting conditions caused by nondisjunction.  For example, Sequenom’s MaterniT21 PLUS test detects fetal chromosomal abnormalities, including the more common trisomies (21, 18, 13) and even the rare trisomies (16 and 22), and sex aneuploidies (Sequenom Laboratories, 2013).  Although impressive, early detection is not prevention and parents of affected fetuses face difficult decisions.  There is a promising avenue of research toward a potential future molecular treatment of trisomic conditions.  Specifically, a recent study demonstrated that the extra chromosome in trisomy 21 could be silenced at the cellular level by utilizing XIST, the non-coding RNA that normally silences one X chromosome in females (Jiang et al., 2013).  Although fascinating, this approach is still predicated on treatment rather than prevention of chromosomal abnormalities.  In order to develop preventive approaches, avenues of basic research on nondisjunction such as those described in this project must be pursued.  As more data is gathered about the genetic features of nondisjunction, the potential for preventive therapies increases.  For example, perhaps there may be a future therapy available to people identified as having low genome-wide recombination rates, or a screening program for recombination related genes conferring a high risk for nondisjunction.  The developmental of such preventive measures relies on basic research facilitated by tools such as the updated linkage map compiled here.

General conclusion.  This project contributed to the management and analysis of a dataset that has great potential to increase our understanding of factors that influence meiosis.  Knowledge of factors that influence meiosis may reveal methods by which meiotic errors in humans can be reduced, resulting in a consequential reduction in the public health burden of birth defects due to improper segregation.  
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[image: Macintosh HD:Users:kjacoby:Desktop:Screen shot 2013-11-22 at 3.45.02 PM.png]




Table A1 continued.  
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Table A1 continued.  
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Table A1 continued.  
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Table A1 continued.  
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Table A1 continued.  
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