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Scott Keeney
Chromosome segregation in meiosis

For sexual reproduction, organisms must halve the chromosome number in gametes to maintain genome size with each generation. Meiosis is the specialized cell division that accomplishes this genome reduction. Meiotic cells carry out two rounds of chromosome segregation after a single episode of DNA replication. The first meiotic nuclear division separates maternal and paternal copies of each chromosome, with sister centromeres moving together to the same pole of the Meiosis I spindle. In the second meiotic division, sister centromeres are pulled apart (similar to a mitotic division). In order for homologous chromosomes to segregate correctly, the cell needs to “know” which chromosomes are homologous to one another. In most organisms, homology recognition and homolog segregation are achieved by physical pairing of the homologous chromosomes, exchange of genetic information, and formation of transient physical connections between the homologs at the points of genetic exchange, called “chiasmata”. The exchange of genetic information (and thus assurance of proper chromosome segregation) is carried out by an elaborate and tightly regulated system of homologous recombination. In this lecture, we will discuss the molecular mechanism of meiotic recombination. We will consider a series of models that have been proposed to explain how meiotic recombination works, and we will examine experiments performed in budding yeast and other fungi that tested the predictions made by these models.

Mendelian segregation patterns when all 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 ARG4 and arg4 mutant haploids are mated 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 focused on linkage analysis and mapping using random meiotic products in obligate diploids.  In contrast, in yeast tetrad analysis, 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. 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 as we will see in this lecture.

Non-Mendelian segregation

Because all of the products of a single meiosis can be recovered and analyzed for many fungi, it was possible to find that sometimes meiotic products showed a non-Mendelian segregation pattern. These unusual segregation patterns proved to be extremely useful for deducing the molecular mechanisms of meiotic recombination.

Before we look at the types of non-Mendelian segregation that have been observed, we need to introduce some additional nomenclature. Many fungi do things a bit differently from S. cerevisiae, packaging 8 haploid spores instead of 4. Aspergillus and Neurospora (bread molds) are examples. How do they do this? These fungi complete meiosis in more or less the same manner as S. cerevisiae to generate 4 haploid nuclei, but then each of these nuclei does an additional round of DNA replication and a mitotic division. This is called a “postmeiotic” division. The products of these mitotic divisions are then packaged in spore walls to yield 8 spores per ascus. See the figures in the handout for some examples. Why is this useful? After meiotic DNA replication but before chromosome segregation at the first meiotic division, there are four copies of each chromosome present: two sister chromatids from the ‘maternal’ homolog and two sister chromatids from the ‘paternal’ homolog. If you think about it, each of the 4 spores in an S. cerevisiae ascus contains the DNA duplex of one of these four chromatids. In contrast, in the postmeiotic division in Aspergillus, the two DNA strands of each duplex are separated and replicated, then each is packaged separately into a different spore. Thus, each spore in an Aspergillus ascus represents one of the 8 DNA strands that was present after meiotic DNA replication. This turns out to be useful in thinking about the mechanism of recombination, so we will use the 8 spore nomenclature even when we’re considering segregation in a 4-spore fungus like S. cerevisiae.

For any given locus, the Mendelian segregation pattern is 4:4 (i.e., an ascus has four spores of each of the parental genotypes). However, other types of segregation can also be observed. Non-Mendelian tetrads (or octads) are nearly always less frequent than Mendelian tetrads, but the frequency of non-Mendelian tetrads can vary quite a bit (from 0% to 20% of meioses or more, depending on the locus). There are three main classes of non-Mendelian segregation pattern. “Gene conversions” (GCs) are events in which genetic information segregates 6:2 or 2:6. Such an event would yield an octad with 6 spores of one parent’s genotype and 2 spores of the other. In S. cerevisiae, we would see a tetrad with 3 spores of one genotype and 1 spore of the other. These asci look as if one of the alleles has been converted or transformed into the other allele, hence the name gene conversion. 

Another type of non-Mendelian segregation pattern results in octads that have 5 spores of one genotype and 3 spores of the other (5:3 or 3:5 segregation). In S. cerevisiae, this kind of event shows up as a tetrad in which 2 spores have one parent’s genotype, 1 spore has the other parent’s, and the fourth spore has a mixed genotype, which gives rise to a sectored colony in which the two halves of the colony have different genotypes. This type of event is called a “postmeiotic segregation” (PMS), because the two genotypes segregated from each other in the first mitotic division after meiosis, instead of segregating away from each other during meiosis. The postmeiotic segregation happens before spore formation in an 8-spore fungus, but happens when the spore germinates and begins to grow to form a colony in S. cerevisiae. The last type of non-Mendelian segregation pattern we will consider is called an “aberrant 4:4”. This is when there are two sectored colonies and two-nonsectored colonies in the same tetrad. The overall ratio of genetic information is mendelian, but the arrangement in the tetrad is unusual.

Where do non-Mendelian segregation events come from?

Remember that we are considering how two different alleles segregate in a diploid that is heterozygous for these alleles. Obviously, there must be some sequence difference between the alleles, so what we are really following is the duplication and segregation of two different DNA sequences as the diploid cell progresses through meiosis. Considered this way, it should be easy to see that a postmeiotic segregation event is simply a case where the DNA duplex in one of the four products of meiosis has mixed genetic information: one DNA strand is from one parent and the other DNA strand is from the other parent, forming a mismatch in the DNA. If the two strands are separated and replicated while they are still mismatched, then the two daughter DNA duplexes will be different from one another, yielding the observed postmeiotic segregation event. We call this “heteroduplex DNA” when the two strands come from different sources. It then is also easy to see that gene conversions could arise from mismatch correction of heteroduplex DNA before the first mitotic division after meiosis.

Properties of non-Mendelian segregation events

Over the years, many investigators studied non-Mendelian segregation events at many different loci and in many different kinds of fungi. As they did so, they noticed certain patterns emerging, which gave clues about the molecular mechanism of meiotic recombination. 

1. Gene conversions and postmeiotic segregation events are often associated with crossing over of flanking markers. Consider a cross involving three very closely linked markers: ABC x abc. If we dissected a large number of tetrads to find a few tetrads in which the B locus had undergone some sort of non-Mendelian segregation event, we would find that those same tetrads showed a crossover in the genetic interval between A and C much more often than crossover appeared in the total population of tetrads. For example, if the genetic distance between A and C was 5 cM (i.e., 5% recombinant frequency), we might find that the crossover frequency was 50% in tetrads where B showed non-Mendelian segregation. 

2. In tetrads where there is non-Mendelian segregation accompanied by crossing over of flanking markers, the same chromatid is often involved in both. The simplest way to envision this is to consider a PMS tetrad where there is also a crossover between A and C. The sectored spore colony would show a crossover (nonparental) configuration of the flanking markers (i.e., this spore colony would be either A—B/bsectored—c or a—B/bsectored—C. 

Properties 1 and 2 imply that there is some sort of mechanistic connection between the formation of heteroduplex DNA (which gives rise to nonmendelian segregation events) and the act of forming a crossover.

3. Closely spaced markers can often be seen to convert simultaneously in the same tetrad. Such “co-conversion tracts” suggest that heteroduplex DNA can include more than one polymorphic (mismatched) portion of sequence.

4. For some loci, non-Mendelian segregation is more frequent in some positions in the gene, and decreases as a function of distance away from the most frequent position. This phenomenon is referred to as a “polarity gradient”. When it is seen, it suggests that there is a preferred site(s) where the recombination process starts. The closer a sequence polymorphism is to that site, the more likely it is that it will be included within the heteroduplex DNA (and therefore, the more likely it is that that polymorphism can show non-Mendelian segregation ratios).

5. The initiator of recombination is the recipient of genetic information. Most alleles at most loci show “parity”, that is, non-Mendelian segregation goes in both directions about equally. (E.g., you see just as many 6:2 as 2:6 segregation events.) Sometimes, however, you can observe combinations of alleles that show disparity, where the direction of information transfer is imbalanced such that one of the parental genotypes is recovered more often than the other. When this happens, it can be shown that the allele that initiates recombination is the one that is underrepresented, i.e., the initiator allele is the one that is converted to the non-initiator allele. One early example of this phenomenon was a mutant allele of the ade6 gene in S. pombe that gave an extremely high frequency of nonmendelian segregation events, much higher than for other ade6 alleles. This “hot” allele, ade6-M26, had the peculiar property that it “self-destructed”, i.e., most recombination events yielded a 6:2 segregation pattern (ade6+ : ade6-M26) in which the hot allele was selectively lost (Gutz, 1971, Genetics 69:317). See the paper by Nicolas et al. (1989) for a detailed look at another example of this phenomenon.
The Holliday model

In 1964, Robin Holliday proposed a simple and elegant molecular framework to explain many of these features of recombination (see Figure in the lecture handout). Holliday proposed that recombination initiates with a pair of single-strand nicks on the strands of same polarity on a pair of homologous chromosomes. If these nicked strands were unwound and displaced from their complementary strands, they could exchange base-pairing partners. This results in formation of a four-stranded branched DNA structure, which is now called a “Holliday junction” in recognition of Holliday’s contribution to this field.

Holliday pointed out that his proposed mechanism would result in formation of regions of heteroduplex DNA that would vary in length depending on how much of the DNA had been unwound from the initial nicks. If the heteroduplex DNA covered a region where the homologous chromosomes had a difference in sequence, the result would be a mismatched heteroduplex. It was Holliday who suggested that correction of such mismatches could explain the phenomenon of gene conversion. Holliday also pointed out that this four-stranded DNA junction could be resolved by cleaving two of the DNA strands, such that two nicked DNA duplexes would be released. Depending on which two strands were cleaved, the resulting DNA duplexes would have either a crossover or a noncrossover configuration for DNA sequences flanking (i.e., on either side of) the junction. See lecture figure for details. 

Holliday’s model was an exciting conceptual advance because it explained many features of meiotic recombination: a) the formation of heteroduplex DNA, along with correction or lack of correction, explained how non-Mendelian segregation events could arise and also explained how co-conversion tracts could occur; b) the branched DNA junction could be resolved either as a crossover or noncrossover, explaining the apparent mechanistic connection between non-Mendelian segregation and crossing over; c) the proposal that recombination begins with nicks introduced at specific places on both chromosomes could account for the observation of polarity gradients (i.e., preferred sites of recombination initiation). 

Problems with the Holliday model

As more and more studies were conducted, however, it began to be clear that Holliday’s model failed to account for some of the specific details of meiotic recombination patterns. As a result, additional models emerged over time to explain these details, and we will examine two of these models below. However, three key features of Holliday’s model have survived the test of time: creation of heteroduplex DNA by exchange of a single strand, formation of a branched DNA intermediate, and mismatch correction of heteroduplex DNA.

One major problem with the Holliday model was the fact that it predicted the formation of symmetric heteroduplex DNA, i.e., where both chromatids involved in the recombination event formed an equivalent region of heteroduplex DNA. (There were other issues as well, but we will set those aside in the interest of time.) Why was symmetric heteroduplex a problem? One reason is that the presence of symmetric heteroduplex predicts that if you have a situation where the mismatched heteroduplex DNA frequently escapes correction, you will observe a high frequency of aberrant 4:4 tetrads (or octads). Studies in Ascobolus (and later in other organisms) identified examples of mutant alleles of a spore-color locus that showed very frequent PMS (5:3 and 3:5), unlike most mutant alleles, which showed 6:2 and 2:6 segregation (if they showed non-Mendelian segregation at all). The interpretation was that these frequent-PMS alleles were somehow resistant to mismatch correction. [We now understand why this is true: these alleles were frameshift mutations resulting from 1- or 2-bp deletions or insertions. The heteroduplex DNA formed in crosses of these alleles to wild type would have 1- or 2-base mismatched “bubbles”, which we now know can be poor substrates for the enzymes that carry out the mismatch correction reaction.] Importantly, these alleles that showed frequent PMS did not show frequent Ab4:4, which in turn suggested that symmetric heteroduplex was rare.

The Meselson-Radding Model (*We won’t cover this in class in the interest of time…)

In 1975, Matt Meselson and Charlie Radding proposed a new model of recombination, which grew in large part from discussions at a conference on recombination held in Aviemore, Scotland. In contrast to Holliday’s model, Meselson and Radding proposed that only one chromatid is nicked to initiate recombination (see figure in lecture handout). The 3’ end of the nick could be used as a primer for DNA synthesis, which could displace the 5’ end. It was proposed that the displaced strand then somehow located and then invaded an intact homologous DNA duplex. This would allow base pairing of the invading strand with the complementary strand of the intact duplex, thereby displacing the other strand to form a “displacement loop” or D-loop. [We now know that just such a strand invasion event can be catalyzed by proteins of the RecA family of recombination proteins, but RecA was not purified until several years later.] Meselson and Radding proposed that the D loop could be degraded by single-strand specific nuclease, which would leave a patch of heteroduplex DNA on one chromatid and a branched DNA structure that could be isomerized and ligated to form a Holliday junction. 

This model retained Holliday’s suggestions of heteroduplex DNA (with correction to generate gene conversions) and a branched structure that could be resolved to give a crossover. But the model was particularly attractive because it proposed the formation of asymmetric heteroduplex DNA, so it got around the problems that arose from a model that predicted the presence of symmetric heteroduplex.

Again, however, further studies of meiotic recombination revealed details that didn’t quite fit with the predictions of this model. There were several such problematic details, but the one we will focus on concerns the direction of information transfer: because of the DNA synthesis step primed from the single-strand nick and the DNA degradation step where the D-loop is destroyed, there is a net gain of DNA sequence information from the chromatid that initiated the recombination reaction (i.e., the chromatid that was nicked). If you look at the heteroduplex DNA in the lecture figure, you can see that there are only two ways to do mismatch correction: if the blue strand is corrected to red information, the original Mendelian ratio will be restored. (In fact, this is what we refer to as a ‘restoration’ type of correction, for that reason.) If the red strand is corrected to blue information instead, then there is a gene conversion, which gives 6:2 segregation (blue:red). If there’s no correction, the PMS event will be 5:3 (blue:red). 

But recall that we said that the initiating chromatid is the recipient of information, not the donor. Thus, the Meselson-Radding model predicts the wrong direction of information transfer.

The Double-Strand Break Repair Model

New insight into these issues came from an unexpected direction: the study of recombination in mitotic rather than meiotic cells, in particular studies of transformation in budding yeast by Jack Szostak, Terry Orr-Weaver, and Rodney Rothstein in the late 70’s and early 80’s. These workers were studying how linear DNA introduced into a cell by transformation could recombine with the cell’s chromosomes to produce recombinant progeny that had many characteristics in common with the products of meiotic recombination. These studies led Szostak, Orr-Weaver, Rothstein and their collaborator Frank Stahl to propose in 1983 that the initiating step in recombination was a double-strand break (DSB) instead of a single-strand nick (see lecture handout figure). The Szostak et al. model proposed that the 5’ DNA ends on either side of the DSB were degraded by exonucleases, which would generate 3’-ended single-stranded tails. Similar to the strand exchange reaction proposed by the Meselson-Radding model, it was then proposed that one of these single-stranded tails could invade an intact, homologous DNA duplex to yield a D-loop. However, instead of degrading the D-loop, it was proposed that the D-loop would be extended when the invading 3’ DNA end served as the primer for DNA polymerase to carry out new DNA synthesis. Once the D-loop was big enough, the other end of the DSB could anneal to the displaced strand of the D-loop. After further DNA synthesis, junction isomerization, and ligation, the result would be a branched structure with a double Holliday junction and regions of asymmetric heteroduplex in between. Resolution of the Holliday junctions could again yield either a crossover or noncrossover final product.

Tests of the DSB model

The DSB repair model explained a lot of the features of meiotic recombination: like previous models, it retained the idea that formation and correction of heteroduplex DNA could lead to non-Mendelian segregation patterns and the idea that the formation of Holliday junctions allowed resolution of the recombination intermediate to form a crossover. Furthermore, because of the degradation of single-strands from the broken chromosome and resynthesis of DNA using the intact chromosome as the template, this model predicts a net loss of genetic information from the broken chromosome and a net gain of information from its partner. Thus, this model easily accounts for the direction of information transfer, in which the initiating chromosome is the recipient of information.

Nevertheless, this model met with a lot of resistance from researchers in the field. Probably the biggest reason for this resistance was the belief that DSBs were just too dangerous: it was already well appreciated that a DSB was a very toxic type of DNA damage, so it seemed suicidal for a cell to deliberately make DSBs in its own DNA. Single-strand nicks seemed so much safer according to the conventional wisdom, because in the worst case scenario they could simply be resealed by DNA ligase.

The breakthrough in distinguishing between these models came in the late 80’s when Jack Szostak’s lab and Nancy Kleckner’s lab independently demonstrated that DSBs did in fact form in the DNA of budding yeast cells undergoing meiotic recombination. They were able to show this by purifying DNA from sporulating yeast cultures and showing the presence of meiosis-specific DSBs at exactly the sites they expected, namely, the sites where they knew that meiotic recombination frequently initiated. More recently, DSBs have been directly demonstrated in S. pombe as well. The enzyme that makes the DSBs was discovered to be the Spo11 protein in 1997, independently by me when I was a postdoc in Nancy Kleckner’s lab and by Alain Nicolas and his colleagues. We now know that Spo11 is universally conserved among sexually reproducing organisms, and that it is required for meiotic recombination in every organism where it has been tested, including various fungi, plants, Drosophila, C. elegans, and mouse. Thus, it is now clear that DSBs are the initiators of meiotic recombination in most if not all organisms.

Unanswered questions...

The general outline of the mechanism of recombination is now clear, but there are still many unanswered questions that occupy researchers in the field to this day. One question traces back to the skepticism researchers used to have about the DSB model: DSBs really are dangerous DNA lesions, so it makes sense to think that the cell carefully controls when and where they form. Indeed, we know that Spo11’s activity is very tightly controlled, but we have only a limited understanding of how this control works. 

Another question traces back to a feature of the original DSB model that actually turns out to be wrong: dating back to the original Holliday model, an attractive feature of the Holliday junction was that it could be resolved to give either a crossover or a noncrossover. It was therefore always assumed that that resolution step was the point at which the “decision” was made whether to form a crossover or not. However, more recently it has become clear that most if not all of the double-Holliday junctions formed in meiosis actually get resolved as crossovers, even though in principal it should be possible to also resolve them as noncrossovers. This means that the “decision” about crossover vs. noncrossover is made much earlier than the step of Holliday junction resolution. It also means that noncrossovers must come from a pathway that avoids formation of Holliday junctions, and that the cell somehow knows what orientation Holliday junctions should be resolved in. These are all issues that are actively studied today.
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