
Topic 11.  Meiosis

I. The Process of Meiosis
Meiosis is a process of two sequenced nuclear divisions neither of which is identical
to mitosis. Meiosis always begins with a nucleus with two sets of chromosomes (a
diploid nucleus) where each chromosome has two chromatids. Meiosis produces
four nuclei each with one set of chromosomes (haploid nuclei) in which each
chromosome has one chromatid. Meiosis together with syngamy constitutes
sexuality in eukaryotes. Sexual reproduction generates individuals with new and
unique genotypic combinations each generation.

Meiosis, by itself, can generate new combinations of genetic material. It does so in
two ways.

- through the independent assortment of different homologous pairs of
chromosomes

and 
- through crossing over between homologous pairs of chromosomes.

Pop Beads as Models of Chromosomes
The shuffling and recombination of genetic material can be modeled using pop
beads. Your TA will illustrate the process of meiosis for you using pop beads......

1. with one pair of homologs without consideration of crossing over to simply
demonstrate the differences between meiosis and mitosis.

2. with two pairs of homologs without consideration of crossing to demonstrate the
independent movement of differently pairs of homologs.

3. with one pair of homologs showing crossing over to demonstrate how the
genetic information is exchanged between homologous chromosomes.

You should then work with a partner to recreate these scenarios, and to do a fourth
with two sets of homologs and with crossing over.
Note, we have a lesson on the web page that clearly explains how we use pop beads
to model chromosomes in meiosis. You will need to be able to interpret  questions
about the process of meiosis that requires both an understanding of meiosis, and also
of how pop beads are used in lab to represent chromosomes in the various stages of
meiosis.

II. Microsporogenesis in Lily
In plants, meiosis results in the formation of spores. In flowering plants, spores
(specifically microspores) are produced in the anthers of flowers. These spores
mature into pollen grains. Meiosis in the anthers of lily is outlined in lessons,
available on the computer on the side bench, and also on the web page. You should
recognize each stage of meiosis and also be able to answer questions relating to the
events occurring in each stage.



III. Analysis of the Process of Meiosis Using Asci of Sordaria

The consequences of independent assortment and crossing over are generally
only apparent through analyzing patterns of inheritance over a number of
generations. In the case of the fungus, Sordaria, however, the products of
meiosis, the spores, are aligned in the narrow mother cell wall. Hence, for the
trait “spore color”, the consequences of crossing over and of independent
assortment are immediately apparent. The following activity was adapted from
one written by Jon Glase at Cornell University.

________________________________________________________________

Tetrad Analysis and Gene Mapping  in the Fungus Sordaria fimicola
Jon C. Glase
Cornell University
Ithaca, New York

Introduction: The Genetics of Fungi.
Because of the existence of dominance-recessive relationships among alleles, one

of the problems inherent in genetic studies of diploid organisms, like Mendel’s pea
plants, is the difficulty of inferring genotypes from phenotypes. For example, in
peas, homozygous dominant individuals (TT) and heterozygous individuals (Tt) are
phenotypically the same, both tall. In contrast, haploid organisms have only one
chromosome for each of the chromosome types, so they have only one allele for
each trait. This simplifies the interpretation of genetic crosses considerably because
each allele is expressed in the phenotype. For this reason, and another discussed
shortly, geneticists have long favored haploid organisms like the fungi as subjects for
their studies.

Early genetic studies with the fruit fly, Drosophila melanogaster, suggested that
a mechanism must exist to allow exchange of genetic material between homologous
chromosomes. Microscopic studies of meiosis show that this exchange, called
crossing over, takes place during prophase I when  homologous chromosomes are
in synapsis. During crossing over, breakage-refusion points called chiasmata
develop between synapsed chromosomes. These chiasmata result from pieces of the
two homologues being switched in an equal and reciprocal fashion. Crossing over
combines genetic material that had previously been on separate homologues and
produces individuals with new genetic combinations. Geneticists also came to realize
that crossing over could be used as an important tool for discerning the physical
location of genes on chromosomes. They reasoned that if chiasmata can form at any
point between two homologous chromosomes, then the frequency of crossing over
in the region between two different genes on a chromosomes should vary directly
with the physical distance between the genes. When this hypothesis was confirmed it
was possible to begin mapping the positions of genes on chromosomes.

In most genetic studies, a cross, or mating, is made between parents whose
genotypes may be partially known. These parents contain gametes that have
resulted from many meiotic divisions within their gamete-producing structures. Each



meiotic division produces four haploid nuclei collectively called a tetrad. In most
organisms the products of each meiotic division are not kept separate but become
part of a “pool” of meiotic products (gametes). The mating activities of the parents
combine these meiotic products in a random fashion to produce the next generation.
Thus, in most organisms, it is impossible to examine the assortment of alleles in an
individual meiotic division. However, such a genetic description of an individual
meiotic division would be particularly advantageous in studying the occurrence and
frequency of crossing over, and for demonstrating the random assortment of the
chromosomes to the daughter nuclei during meiosis I.

In certain fungi such as the pink bread mold, Neurospora crassa, and Sordaria
fimicola (the organism you will study during this lab), meiosis occurs within a
structure called an ascus, which isolates each tetrad. The four products of meiosis
occur within the ascus in the order in which they arose during meiosis. With these
organisms a special type of genetic analysis called tetrad analysis can be used. In
tetrad analysis, the genetic make-up of each cell of a tetrad can be studied with
respect to a particular trait, and this information can be related to the meiotic
division that produced the tetrad. Tetrad analysis makes it possible to determine the
alternate directions in which homologous chromosomes move during anaphase of
meiosis I. Further it makes it possible to determine when crossing over has
occurred. This information can be used to map the locations of genes on
chromosomes relative to a chromosomes centromere and to each other.

Fertilization consists of two separate, sequential events. First, fusion of the
contents of two cells, called plasmogamy, forms one cell with two haploid nuclei.
Second, fusion of the haploid nuclei, called karyogamy, forms a zygote with a
diploid nucleus. In most organisms, karyogamy immediately follows plasmogamy. In
the fungi, cells with two nuclei (called dikaryotic cells) remain for extended periods
of time and can undergo cytokinesis to form new dikaryotic cells. Only at a later
time does karyogamy occur to form a diploid zygote. In most fungi, the zygote is
the only diploid stage in the life cycle.

 In Sordaria fimicola, the fungal body is composed of haploid cells arranged in
long filaments called hyphae; the whole network of filaments is called a mycelium.
If conditions are right, the fungus forms sex organs containing numerous haploid
nuclei. These sex organs will conjugate and nuclei will migrate from one organ to
the other where they pair up. Hyphae with cells containing two different nuclei will
grow from these junctures. Karyogamy occurs within a cell called an ascus
primordium to form a diploid zygote. Each zygote immediately undergoes meiosis,
producing four haploid nuclei, and each of these divide once, mitotically, yielding a
total of eight haploid cells. Each cell develops a resistant cell wall and is called an
ascospore. All of these events occur within an elongate sac called an ascus. At
maturity an ascus contains eight ascospores arranged in a precise manner. Clusters
of asci develop within a special spore dispersal structures called a fruiting bodies.
As the spores within each ascus mature, the ascus tip ruptures, and hydrostatic
pressure within the ascus propels the spores outward. The entire life cycle from
spore germination to production of new spores in perithecia takes about 10 days.

One important feature of ascus-forming fungi is their spore formation process.
The meiotic and mitotic divisions producing eight ascospores from one zygote are
subject to the physical limitations imposed by the shape of the ascus. The long, thin



ascus causes both meiotic spindles and the mitotic spindles to be aligned during
spore formation. As a result, the positioning of the ascospores directly reflects the
arrangement of homologous chromosome pairs during metaphase I of meiosis. Also,
since ascospores are haploid, all alleles are phenotypically expressed.
The equivalence of the genotype with the phenotype in the haploid cells; the
short generation time, and the preservation of the sequenced events of
meiosis through the arrangement of the spores in each ascus, make Sordaria a
useful subject  for study by geneticists.

The Genetic Determination of Spore Coloration
The spore color of the normal (wild type) Sordaria is black. The black coloration

of wild type Sordaria spores is due to the production of the pigment melanin and its
deposition in the cell walls. Several different genes are involved in producing this
phenotype and each gene has two possible allelic forms. We will be concerned with
the tan spore gene which has two forms: a wild type allele (t+) and a mutant allele
(t). Normal black spores are produced only if the wild type allele is present. Thus,
black ascospores have the genotype t+ (remember, spores are haploid). Those with
the genotype t ascospores are tan.

Melanin is produced within the cell by a series of sequenced, coupled reactions
called a biosynthetic pathway. You need to consider this pathway in order to
better understand the inheritance of spore coloration in Sordaria.

In a hypothetical biosynthetic pathway for melanin production, each reaction is
catalyzed by a different enzyme. The wild type allele produces a normal enzyme for
one reaction in the biosynthetic pathway for melanin biosynthesis. The mutant allele
for tan spore gene (t), does not produce a normal enzyme for that stage of the
pathway. The enzyme produced is defective, blocking the pathway resulting in the
accumulation of a tan-colored precursor and the formation of tan colored spores.

Crossing Over in Sordaria
Observing Sordaria Life Cycle Stages. Examine the plates on each bench
containing colonies of Sordaria fimicola. The plates were inoculated by placing
small pieces of agar containing mycelia from both wild and tan-spored parental
strains at four positions on the plate.

Note the fuzzy appearance on the plate surface; this is the fungal mycelium
composed of highly branched filaments containing haploid nuclei. Because the spore
color genes affect melanin production and deposition in the cell walls of the
mycelium as well as the spores, you should be able to see a difference in the color of
the mycelia on different regions of each plate.

Look for many small black objects on the surface of the agar. These are the
fruiting bodies. Each contains numerous asci, in various stages of development.

Note a dusty coating on the lid in areas immediately above regions on the
plate where perithecia are common. These are deposits of ascospores that have been
ejected from fruiting bodies.

Observing Outcomes of the Cross. On these plates, mycelia from two genetically
distinct strains are growing together, mating and producing perithecia, each



containing numerous asci. This cross is symbolized as.....

t    x    t+

where t = tan spores and t+ = wild (black) spores:

 The ordering of the ascospores within each ascus will reflect the arrangement of
homologous chromosomes during metaphase 1, and will also reveal if crossing over
occurred between the locus of the spore color gene and the centromere.

Modeling Sordaria Crosses
Work with the preconfigured popit beads and meiotic diagrams on each

bench. Note that these beads represent the DNA that make up each chromosome.
The magnets to which the beads are attached represent the centromere of a
chromosome. Also note that the chromosome contributed from one stain is
represented by the red strand, and the other by the yellow. The fact that these are
homologous is indicated by their identical shape. The locus for spore color is
occupied by beads of a different color. On one strand is a purple bead symbolizing
the wild color gene (t+ ) on the other is a green bead symbolizing the tan color gene
(t).

1. Start your simulation with karyogamy. Bring a single-stranded “red”
chromosome together with a single stranded “yellow” chromosome into the top
circle. The contents of this circle now represents the karyotype of a zygote.
2. Next simulate DNA replication in the zygote by attaching identical strands
together at each centromere. The karyotype of the zygote is now represented by
two chromosomes and four chromatids.
3. Now proceed through the process of meiosis as earlier demonstrated by your
TA, without crossing over. Note that, depending on the direction of the movement
of the chromosomes during anaphase of meiosis I, you can derive two different
types of asci which are mirror images of one another. In each case the phenotypes
observed are:

t= tan and
b= black

and your derived asci are
ttttbbbb (can be simplified as ttbb), and
bbbbtttt (can be simplified as bbtt).

Modeling Crossover Tetrads:  You should now derive the other types of asci
possible which are possible through crossing over. These are:

tbtb tbbt
btbt bttb

Decide what type of crossover will be required to produce each ascus and break and
re-couple bead strands to reflect the crossover. Note that to produce a crossover
ascus the crossover must occur between the gene’s locus and the centromere.



Crossovers on the opposite arm of the chromosome or on the same arm but beyond
the gene’s locus do not produce crossover asci.

Squashing Fruiting Bodies

Each fruiting body is derived from one cell containing two nuclei that
formed from plasmogamy. Unlike many fungi, Sordaria is self-fertile and some of
the fruiting bodies you will examine have resulted from intrastrain matings. Fruiting
bodies resulting from self-mating will contain asci with all tan or all black ascospores.
Since an ascus must contain at least two different phenotypes in order to detect a
crossover, you will be concerned exclusively with fruiting bodies that have resulted
from interstrain matings. Fruiting bodies containing interstrain asci (with spores of at
least two different phenotypes) should be most abundant in the areas of the dish
where the two strains grew together. These cultures will not be used after this lab,
so you need not use sterile technique to obtain fruiting bodies.

1. Place a drop of distilled water on a clean microscope slide.

2 Remove the petri dish lid, and, remove 10 to 15 Fruiting bodies by scraping
teasing needle over the surface of the agar. Do not dig into the agar.

3. Place the fruiting bodies into the drop on the slide and uniformly distribute the
fruiting bodies throughout the drop. Place a cover slip over the fruiting bodies
and water.

4. Plush down gently, but a little firmly, on the cover slip. If you rub the cover
slip back and forth (very slightly) over the slide, you will spread the asci better.

5. View the slide with the compound microscope first with the 10x objective
in place.

6. Select for study only those fruiting bodies that contain asci with more than one
spore phenotype. Identify the phenotypes of the spores in each ascus with
the 40x objective in place.

Data Collection

Properly squashed fruiting bodies will eject their asci in a radial arrangement, like
the spokes of a wheel. In collecting data it is best to start at one point, systematically
moving in a clockwise or counterclockwise fashion, classifying each ascus that can
be clearly seen until a full circle has been completed. You will need to focus carefully
to see all the spores in an ascus. Note that the ascus narrows on the end that
connects it to the fungal mycelium. Locating the narrowed, broken end will allow
you to properly classify any isolated asci that may be found on your slides.
Your lab instructor will display several images showing tetratype asci so you can
start to learn the two different spore phenotypes. To be most successful at
identifying spore phenotypes be sure to...



1. Keep light intensity low so you can see color differences better.

2. Focus up and down carefully to see all eight ascospores.

3. Avoid immature asci (their spores will have a granular appearance and very little
color).

4. Seek your instructor’s help until you become confident in your ability
to identify the phenotypes.

As you classify asci, record the sequence of spores within each ascus on the tally
sheet (attached).

Each individual should classify at least 30 asci to insure an adequate sample size for
the class data.

Add your count to the class data sheet. Next week record the counts for all students
from a master data sheet to be posted.



Tetrad Analysis Tally Sheet

Intrastrain Asci

tttt bbbb

Interstrain Asci (Non-crossover)

ttbb bbtt

Tally: Tally:

Interstrain Asci (Crossover)

btbt tbtb

Tally: Tally:

tbbt bttb

Tally: Tally:



Data Sheet

Your Total Count Section Total Count All Students

bbtt

ttbb

btbt

tbtb

tbbt

bttb

Ratio of bbtt:ttbb (all students) ________________

Percent crossover asci: =  bttb   +  tbbt  +   tbtb  +  btbt x 100
Total Interstrain Asci

= __________________

Crossover frequency =  bttb   +  tbbt  +   tbtb  +  btbt x 100
2 x Total Interstrain Asci

= __________________

Calculated Distance Between Centromere and Locus of Tan Gene:

________________________

 
Is this distance accurate? If not what other factor needs to be considered?

________________________



Metaphase I

Metaphase II

Telophase II

Three Stages of Meiosis in Lily



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


