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Part I: Introduction to linkage analysis

(notes from Part I by Kathryn Anderson)

Genetic maps provide information about the order of the genes along a chromosome and the distances between genes. Two different kinds of genetic maps order genes on a chromosome, genetic linkage maps and physical maps. Genetic linkage maps are based on the linked inheritance of different genes on the same chromosome. The second kind of genetic map, physical maps, define the order of DNA segments in a chromosome.

Meiosis produces gametes with new combinations of DNA sequences through independent assortment of chromosomes.

Because of the DNA sequence differences that exist between any two members of a sexually reproducing species, independent assortment, the independent alignment of nonhomologous chromosomes during meiosis, generates new genetic combinations in the gametes. The number of genetically distinct gametes produced by independent assortment from one individual is (2)n, where n = the number of different chromosomes in that species. In the case of Drosophila, with its four chromosomes, independent assortment can produce 24 or 16 different gametes from any one individual.  Organisms with more chromosomes can create more different combinations by independent assortment.  Humans have 23 chromosome pairs, so each person can make 223, or more than 8 million, genetically different gametes on the basis of independent assortment alone. 

The Drosophila white gene was the first sex-linked gene discovered.

The first gene shown to be inherited with a particular chromosome was an X-linked gene of Drosophila that controls eye color of the fruit fly Drosophila melanogaster.  To determine whether the white eyes of that fly were determined by a heritable property, the white-eyed male was mated with wild-type females.  The F1 progeny of this cross all had brick-red eyes, as expected if the white-eye trait were recessive to a wild-type red-eye trait. If w is a simple recessive allele, all of the F1 flies will be heterozygous at the white locus, w/w+.  In this case, if the red-eyed F1 males are mated with red-eyed F1 females, the F2 generation would have three red-eyed flies for each white-eyed fly.  In fact there was a 3:1 ratio of red-eyed to white-eyed flies in the F2 generation, showing that the white-eyed trait was indeed a heritable trait controlled by a recessive allele.  However there was an important surprise in the results: all the F2 females were red-eyed and the only white-eyed F2 animals were male.  The overall 3:1 ratio arose because 50% of the flies were male and 50% of the males had white eyes.

The results from these crosses led Morgan to propose that the white gene resides on the X chromosome, because it showed the same pattern of as the X chromosome. The white gene was the first of many Drosophila genes to show this pattern of sex-linked inheritance.  Shortly after the discovery of white, a mutation causing yellow body color instead of the normal grayish body, yellow (y), was discovered in a male fly and showed the same pattern of inheritance from father to daughter and from mother to son as the white gene. 
One or more recombination events insure correct chromosome segregation in meiosis.
In the vast majority of species, there is at least one recombination event per chromosome arm during meiosis, and generally only one, two or three crossovers per arm take place.  For example, there are approximately 1-2 crossovers during meiosis on each human, mouse, or Drosophila chromosome arm, despite the enormous differences in the amount of DNA per chromosome in these organisms.

Recombination appears to be important for correct chromosome segregation in meiosis I.  The physical coupling of homologous chromosomes through the sites of recombination holds the homologous pair together so that the spindle fibers from the one spindle pole attach to one homologue while spindle fibers from the other spindle pole attach to the other homologue. This is similar to the physical association of sister chromatids through centromere and the sister chromatid cohesion during mitosis.

Events in which both copies of a chromosome segregate to one spindle pole rather than one copy to one pole and the other copy to the other pole are called chromosome nondisjunction. The consequence of chromosome nondisjunction is that a child may inherit either two copies of genes on that chromosome from one parent or no copies of the genes on the chromosome from that parent.  In most cases, nondisjunction during meiosis causes death of the developing embryo because it has the wrong number of chromosomes. In humans, three copies (trisomy) of most autosomes is lethal to the embryo. Chromosome 21 is the smallest human chromosome, and therefore it is perhaps not surprising that extra copies of this chromosome are best tolerated. While 75% of all fetuses that are trisomic for chromosome 21 die before birth, the remainder survive. The survivors that are trisomic for chromosome 21 have Down's syndrome (also called trisomy 21), a complex set of traits including mental retardation, facial abnormalities, heart defects and a high incidence of some diseases, including Alzheimer's disease and leukemia. Down's syndrome is the most common genetically-caused form of mental retardation: about one in 1000 children that are born have Down's syndrome. Very rarely there are babies born that carry three copies of chromosome 18 or three copies of chromosome 13.  These trisomic children are much sicker than Down's syndrome babies, and most die during infancy.

Genetic maps are constructed based on recombination frequency.

Alfred Sturtevant, one of Morgan's students, realized that the frequency of recombination could be a reflection of the distance between the two genes: the further apart two genes are on the same chromosome, the more likely they are to be separated by recombination during meiosis. This principle is the basis of genetic maps, which can order all the genes along a chromosome.
 

To test this hypothesis, Sturtevant analyzed a set of Drosophila genes that all showed sex-linked inheritance and therefore were all on the X chromosome.  The mutations he used were:  yellow (y); white (w); vermilion (v), which causes bright red rather than brick-red eyes; rudimentary (r), which causes loss of wings, and miniature (m), which causes small wings.  Sturtevant carried out a series of crosses to determine the frequency of recombination between pairs of these markers.  For instance, he crossed y  v/ y v females to wild type males to produce F1 females that were heterozygous for alleles of both yellow and vermilion  (y  v/ y+ v+). These heterozygous F1 females were mated to y v/Y males, so that recombination between the y and v genes during female meiosis could be detected in the F2 progeny.  Sturtevant measured the fraction of F2 flies in which a recombination event during meiosis in the F1 female had separated the y and v or the y+ and v+ alleles. By repeating this type of cross using different pairs of mutations, he determined the frequency of recombinants recovered between each of these these pairs of genes:

	Gene pair
	recombinants/

total offspring *
	fraction of all progeny 

that are recombinants

	
	
	

	y - w
	214/21,736

	0.010

	y -v
	1,464/4,551

	0.322

	w - v

	471/1,584
	0.297

	v - m

	17/573
	0.030

	w - m

	2062/6116
	0.337

	w - r
	406/898
	0.452

	v - r
	109/405
	0.269

	
	
	


*  Note that the both classes of recombinants are included here.  For instance to look for recombinants that separate y and v, y  v/ y+ v+ females were mated to y  v/Y males, and both the flies that are y+ v (gray bodies and vermilion eyes) and y v+ (yellow bodies and dark red eyes) are scored as recombinants.



The fraction of recombinant progeny observed between each pair of markers was different, ranging from only 1% to almost 50%.  For any pair of genes, however, approximately the same recombination frequency was seen in repeated crosses, indicating that the recombination frequency reflects a fixed property of the two genes.  Based on the hypothesis that the frequency of recombinants reflects the distance between genes along the chromosome, the relative distances between different genes can be described:  for example, y and w appear to be much closer together than are y and v.

Sturtevant defined a unit of genetic distance, the map unit, as the distance between genes for which the probability is that one gamete out of 100 is recombinant.  The map unit is generally referred to as the centimorgan, abbreviated cM, and named after T. H. Morgan.  By this definition, two genes that are 1 cM apart are separated by recombination in 1% of gametes; two genes that are 10 cM apart are separated in 10% of gametes.

Genetic linkage maps are constructed by comparing recombination frequencies between pairs of genes on a chromosome.
The different genetic distances between pairs of genes suggested that each gene on the X chromosome lies at a fixed distance from every other gene on the X chromosome. Based on this idea, Sturtevant used these recombination frequencies to determine a unique order for these genes along a linear X chromosome.  

Because there is a low frequency of recombination between y and w, we can start by placing y and w relatively close to each other.  Because the frequency of recombinants between y and v is greater than the frequency of recombinants between w and v, then v should be farther from y than from w. To add m to the map, note that m is 3 map units (cM) away from v.  Because m is farther from w than is it is from v, the m and w genes must be on opposite sides of v: To place r on the map, we see that r is 27 map units from v and 45 cM from w.

Multiple crossovers decrease the genetic distance measured in large intervals.

The distances on the map of the Drosophila X chromosome are additive over short intervals, but not over longer distances.  The distance between y and v is 32 cM, which is approximately equal to the sum of the y to w interval (1 cM) and the w to v interval (30 cM).  Similarly, the w to m interval (34 cM) is approximately equal to the sum of the w to v (30 cM) and the v to m (3 cM) intervals.  In contrast, the distance measured between w and r, 45 cM, is substantially less than the sum of the w to v interval (30 cM) and the v to r interval (27 cM), which would be 57 cM. 

The frequency of recombination observed between two genes that lie far apart is less than the sum of the smaller intervals between the genes because the greater the genetic distance, the more likely it is that there will be more than one recombination event in that interval.


Following the inheritance of three genes on the same chromosome simultaneously makes it possible to determine gene order unambiguously.
 Statistical fluctuations can affect apparent gene order in genetic maps that are based on the frequency of recombination between pairs of genes.  In the map of the Drosophila X chromosome genes described above, y and v were placed on opposite sides of w because the frequency of recombinants between y and v (0.32) was greater than the frequency of recombinants between w and v (0.30).  However, is possible that in another repetition of the same two crosses, a greater frequency of recombinants would be obtained between w and v than between y and v. 
The three-factor cross is used to order genes relative to each other, without relying exclusively on relative recombination frequencies.  In a three-factor cross, the inheritance of three genes on the same chromosome is examined simultaneously.

The y and w genes both lie about 34 cM from the m gene on the Drosophila X chromosome.  This large genetic distance makes it difficult to score enough recombinant progeny in pairwise combinations to be confident whether there are more recombinants between y and m or w and m.  So based on pairwise crosses, we cannot be confident whether the order of the three genes on the chromosome is y, w, m or w, y, m.  However, by following the segregation of all three markers in the same cross, it is possible to identify which gene lies in the middle of the other two.  In this three-factor cross, females that are heterozygous for a chromosome carrying all three recessive mutants, y w m, and a chromosome carrying the three wild type alleles, y+ w+ m+ are crossed with y w m/ Y males.

To follow recombination events involving several different genes, a set of terms are useful to help describe the combinations of alleles present in the parental generation. Two alleles are coupled if they are on the same parental chromosome.  In contrast, when the alleles of two genes are present on the two different homologous chromosomes, the alleles are said to be in repulsion.  Phase is the general term to describe whether two alleles are on the same member of a pair of homologous chromosomes or on the opposite members of the pair.  

After recombination during meiosis in the y w m/y+ w+ m+ female, the classes of recombinant progeny that reveal the true gene order most clearly are those that have recombined in the small interval between yellow and white. Of those progeny that have the phenotype y w+, the clear majority (28/34) are m+.  Of those progeny that are y+ w, the clear majority (32/35) are m.  Thus most of the time, w and m retain their parental coupling, even when a recombination event has separated y and w. The maintenance of coupling between w and m when there is a recombination event between y and w reveals that the recombination event between y and w has not changed the coupling between w and m; therefore y lies on one side of w and m lies on the opposite side of w.  In contrast, the parental coupling of y and m is lost in the clear majority of cases in which there is a recombination event between y and w.  The loss of coupling between y and m reveals that when there is a recombination event separating w and y that event also separates y and m; thus w and m lie on the same side of y.  

_________________________________

The three-factor cross.

As an example of how the three factor cross provides unambiguous gene order, consider the three genes y w, and m. A group of y w m/ y+ w+ m+ females are crossed with  y w m /Y males, and the phenotypes of the offspring are scored:

	Phenotype
	Genotype
	Number
	Percentage
	

	y+ w+ m+
	y+w+m+/y w m
y+ w+ m+/Y
	3501
	33.4%
	Class A Combined

	y w m
	y w m/y w m
y w m /Y
	3471
	33.1%
	parental classes:  66.4%

	y+ w+ m
	y+ w+ m/y w m

y+ w+ m/Y
	1754
	16.7%
	Class B Combined

	y  w m+
	y w m+/y w m

y w m+/ Y
	1700
	16.2%
	recombinants between 

m and y, w :  32.9%

	y  w+ m+
	y w+ m+/y w m

y w+ m+/Y
	28
	0.27%
	Class C Combined

	y+ w m
	y+w m /y w m

y+w m/ Y
	32
	0.30%
	recombinants between

 yand w m   0.57%

	y  w+ m
	y w+m/y w m

y w+ m/ Y
	6
	0.06%
	Class D

	y+ w m+
	y+w m+/y w m
y+w m+/Y
	3
	0.03%
	Combined recombinants 

between w and y
and between w and m:  0.09%


Genetic recombination is accompanied by the physical exchange of material between homologous chromosomes during meiosis.
Alleles of two genes on the same chromosome tend to be inherited together, but they are not inherited together 100% of the time.  The parental allele combinations tend to remain together because they reside on the same DNA molecule, but the DNA molecules present in homologous chromosome must be able to exchange with each other in some cases.  Because the chiasmata that appeared during meiosis appeared to be physical exchanges between homologous chromosomes, Morgan and his students proposed that the new combinations of alleles that appeared in some of the progeny could be a consequence of the physical exchange of parts of chromosomes during meiosis.  

In 1931 Harriet Creighton and Barbara McClintock showed that genetic recombination was perfectly correlated with physical exchange between homologous chromosomes during meiosis.  Creighton and McClintock studied chromosome segregation during meiosis in the maize plant (corn).  They identified morphological variants of chromosomes that made it possible to distinguish between the two chromosomes of a homologous pair in the microscope.  One variant chromosome 9 had a knob on one end and an extension on the opposite end of the chromosome.  Although morphologically distinct, this variant chromosome 9 pairs with a normal chromosome 9 during meiosis. In some cases, they observed that after meiosis, chromosome 9 had a novel morphology: one novel chromosome had a knob at one end, but no extension on the opposite end; another new form of chromosome 9 had an extension but no knob.  The appearance of these novel chromosomes proves that physical exchange of material between homologous chromosomes does occur during meiosis.

To determine whether the physical exchange observed between the copies of maize chromosome 9 was the same kind of exchange that underlies the genetic recombination, Creighton and McClintock looked simultaneously at genetic exchange between alleles of two genes on chromosome 9 and the physical exchange between the normal and the variant chromosomes. In this experiment, the normal chromosome 9 carried a recessive mutation c, which causes colorless kernels, and the dominant allele Wx, which causes starchy kernels.  The variant chromosome 9 with the knob and the extension carried the wild type C allele, which causes purple kernels, and the recessive wx allele, which causes waxy kernels.  In appropriate test crosses, they identified C Wx and c wx recombinants, and then looked at the structure of the recombinant chromosomes.  They found that all the genetic recombinants also had a new chromosome structure:  the C Wx recombinant chromosomes had the knob but no extension, and the c wx recombinant chromosomes had the extension but no knob.  These observations proved that genetic recombination is indeed coupled with physical exchange between homologous chromosomes.

The relationship between genetic maps and physical maps varies across the genome.
The total frequency of recombination per chromosome is tightly controlled by the cell.  In addition, the amount of recombination within an interval is generally different in males and females of a species.  In most cases there is more recombination in the homogametic sex (the sex with 2 identical sex chromosomes) than the heterogametic sex (the sex with two different sex chromosomes).  For example, there is 50% more recombination per chromosome in human females than in males, and as a result the length of the human genetic map as measured by the frequency of recombination in meiosis in women is approximately 1.5 times longer than that measured in men.  Drosophila is the extreme: there is normally no meiotic recombination in males.

There are also differences in recombination rate per length of DNA among chromosomes. In the yeast Saccharomyces cerevisiae, for instance, the smallest chromosome is 250 kb in length and the longest is more than six times larger, with 1650 kb of DNA.  However, the linkage map of the long chromosome is 450 cM, only three times more than the 150 cM of the smallest chromosome.  Therefore there are twice as many recombination events per kb of DNA on the small chromosome as on the large chromosome.  

Even along the length of a single chromosome, there are pronounced differences in recombination rates per length of DNA.  In almost all cases, there is less recombination per kb of DNA near centromeres than in the middle of a chromosome arm.  In addition, some regions on the arms of chromosomes are hotspots for recombination, and others are recombinationally inert.

Considering all these factors, it is clear that there is no fixed relationship between distances measured on linkage maps and those on physical maps.  Within an organism, we can estimate how much DNA separates two genetic markers on the linkage map as a guide in planning experiments. However the actual physical distance between the two markers can only be determined empirically.

Recombination frequency per chromosome and per length of DNA in different organisms

	Organism
	Haploid genome size  (kb)
	Haploid chromosome number
	cM/genome
	Average cM/

chromosome
	Average kb DNA/cM

	Budding yeast:

Saccharomyces cerevisiae
	14, 000
	16
	3300
	206
	2.7 

	Fission yeast:

Schizosaccharomyces pombe
	14,000
	3
	2200
	733
	6.4

	Bread mold: 

Neurospora crassa
	47,000
	7
	1000
	142
	47 

	Nematode:

Caenorhabditis elegans
	90,000
	6
	300
	50
	300

	Unicellular algae:

Chlamydomonas reinhardtii
	100,000
	17
	850
	50
	118

	Thale cress:

Arabidopsis thaliana
	100,000
	10
	487
	97
	200

	Fruit fly: Drosophila melanogaster
	165,000
	4
	297
	74
	555 

	Corn: Zea mays
	5,000,000
	10
	1859
	186
	269 

	Mouse: Mus musculus
	3,000,000
	20
	1459
	73
	2060

	Human: Homo sapiens
	3,000,000
	23
	3577
	155
	1000 


Part II: Tetrad analysis

Linkage analysis when all of the products of a single meiosis can be recovered

In the budding yeast S. cerevisiae, meiosis is part of a cellular differentiation program that generates stress-resistant spores.  All of the products of meiosis from any given cell are bundled together inside of a sack called an ascus. After sporulation, the ascus wall can be enzymatically digested, and then the individual spores from an ascus can be dissected out with a micromanipulator and placed on rich medium to allow them to germinate and grow into a colony. Once the colonies have grown up, the plate can be replica-printed onto other plates containing various selective media, and the individual spore clones can then be scored for the segregation of specific markers. For example, the ARG4 gene is required for arginine biosynthesis, so an arg4 mutant cannot grow on medium lacking arginine. If an ARG4 haploid is mated to an arg4 mutant haploid and the resulting ARG4/arg4 diploid is sporulated, mendelian segregation will give 2 ARG4 spores and 2 arg4 spores. These can be scored based on growth of the cells on medium lacking arginine.

What’s so special about tetrad analysis? Previous discussions have focussed on linkage analysis and mapping using random meiotic products in obligate diploids.  This time, the focus will be analysis of segregation in yeast, where all of the products of a single meiosis can be recovered. This offers several advantages: One can directly analyze haploid products of meiosis, so direct detection of recessive mutations is possible. As we’ll see below, one can also use the segregation patterns in tetrads to determine genetic distances more accurately than is possible with organisms which don’t allow recovery of all meiotic products. In addition, one can follow the distribution of recombination events on all four chromatids (and all 8 DNA strands from a single meiosis); this is important for mechanistic understanding of meiotic recombination (discussed further in a later lecture).

Segregation patterns in a two-factor cross

Consider two haploid strains that differ from one another at two loci, A and B (the simplified nomenclature is just used for convenience/laziness). The diploid that results from mating these haploids would be A B/a b, and three possible types of tetrads can be generated by mendelian segregation in meiosis:

Spore 1: 
AB
Ab
AB

Spore 2:
AB
Ab
Ab

Spore 3:
ab
aB
aB

Spore 4:
ab
aB
ab

type of tetrad: 
parental
Nonparental
Tetratype


ditype (PD)
ditype (NPD)
(T)

Where do they come from? Case 1: unlinked genes (e.g., separate chromosomes)

[image: image1.emf]
[image: image2.emf]
[image: image3.emf]
T: crossover between one of the genes and its centromere

Note:  PD and NPD are predicted to be equal

(images from http://teosinte.wisc.edu/gen466_files/Lect11.pdf)
Where do they come from? Case 2: linked genes


PD: nonrecombinant or 2-strand double crossover


NPD: only from four-strand double crossover


T: single crossover or three-strand double crossover


Note:  disregard situations for 3 or more crossovers (rare for closely linked genes).

[image: image4.emf]
[image: image5.emf]
Using segregation patterns

If PD = NPD, then the genes are not linked. If PD > NPD, then the genes are linked. For linked genes, you can use the frequency of various tetrad classes to calculate map distances in cM (see Perkins, 1949).



map distance =
1/2 (T + 6NPD)  100





(PD + NPD + T)

Centromere linkage:  in a cross between mutation of interest and an unlinked mutation that is known to be tightly linked to its own centromere (e.g., trp1)



map distance =
    1/2 (T)     100





(PD + NPD + T)

Note that this is the sum of the distances of the two genes to their respective centromeres. Note also that this is a much cruder estimate because it does not take into account multiple crossovers.

Derivation of the Perkins equation

1. Recall: map distance = recombination frequency, 1 cM = recombination frequency of 1%. The Perkins equation uses tetrad segregation patterns to calculate map distances, correcting for the effect of double crossovers.

2. Start with NPD, because this is the only unambiguous class: can only come from double crossovers (DCO).

3. Some PD and some T can also come from DCO. If we assume that all of the types of DCO are equally likely (i.e., no chromatid interference), then the total number of DCO is 4 x NPD.

4. Single crossovers (SCO) can only give T, but some of the observed T can come from DCO. By the same assumption as in step 3, the number of T that came from DCO must equal 2 x NPD, therefore T – (2 x NPD) = the portion of T that came from SCO

5. Recombination frequency = (½ freq. of SCO tetrads) + (freq. of DCO tetrads). The ½ correction factor is because only half of the spores in a SCO tetrad are recombinant. Thus:



map distance =
1/2  (T – 2NPD) + 4NPD  100





    (PD + NPD + T)

which rearranges to:



map distance =
1/2 (T + 6NPD)  100





(PD + NPD + T)

Web resources:

http://www.nature.com/scitable/topicpage/thomas-hunt-morgan-and-sex-linkage-452
