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S. CEREVISIAE AS A PLATFORM FOR QUANTIATIVE BIOLOGY: EVOLUTION, GENOMES,
LIFE CYCLE, CELL TYPE-SPECIFICATION, CHROMOSOME BEHAVIOR, and MATING

I.

Resources

Guide to Yeast Genetics: Functional Genomics, Proteomics and Other Systems Analysis, Volume
470, Second Edition (Methods in Enzymology) J. Weissman, C. Guthrie, G. Fink (editors).
Academic Press 2010
From a to a: yeast as a model for cellular diferentiation. H. Madhani Cold Spring Harbor Press
2007
Advanced Genetic Analysis: Genes, Genomes, and Networks in Eukaryotes. P. Meneely.
Oxford University Press 2009
Can a Systems Perspective Help Us Appreciate the Biological Meaning of Small Effects? H. ElSamad, HD. Madhani Developmental Cell, 21(1): 11-13, 2011.
II.

Learning objectives:

•Describe the features of S. cerevisiae life cycle
•Describe the molecular basis of cell type specification
•Understand chromosome behavior in mitosis
•Understand chromosome behavior in meiosis
•Understand the pheromone response pathway
•List key unsolved questions
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Fungi
The fungal kingdom contains at least 70,000 species. Many fungi grow as filaments (e.g. the bread mold
Neurospora crassa), but some grow as yeast. Yeasts are defined as fungi which can grow as free-living
single cells (as opposed to filaments, the more common growth form of fungi -- e.g. bread mold). The most
commonly studied yeasts are Saccharomyces cerevisiae and Schizosacchomyces pombe. They divide by
budding and fission, espectively. A small percentage of fungi are dimorphic -- they can grow as yeast or
filaments. S. cerevisiae is dimorphic, as are some pathogenic fungi of humans including Candida albicans
and Histoplasma capsulatum. S. cerevisiae can grow as single cell yeast or switch to a filamentous from
called pseudohyphae, which are invasive filaments of elongated cells.
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Ascomycota: Eurotiomycetes

“Zygomycota”

Ascomycota:
Dothideomycetes

Basidiomycota:
Urediniomycotina

1087 Coprinopsis cinerea
468 Henningsomyces candidus
285 Cortinarius iodes
564 Pleurotus ostreatus
449 Armillaria mellea
558 Flammulina velutipes
556 Marasmius alliaceus
480 Lycoperdon pyriforme
626 Coprinus comatus
563 Clavaria zollingeri
673 Amanita brunnescens
625 Pluteus romellii
542 Ampulloclitocybe clavipes
729 Hygrocybe aff. conica
557 Collybia tuberosa
439 Calostoma cinnabarinum
713 Boletellus projectellus
714 Hygrophoropsis aurantiaca
717 Suillus pictus
576 Fibulorhizoctonia sp.
484 Phlebia radiata
767 Climacodon septentrionalis
776 Phanerochaete chrysosporium
562 Grifola sordulenta
701 Grifola frondosa
770 Fomitopsis pinicola
455 Echinodontium tinctorium
682 Lactarius deceptivus
452 Bondarzewia montana
492 Stereum hirsutum
447 Coltricia perennis
688 Fomitiporia mediterranea
518 Hyphoderma praetermissum
700 Cotylidia sp.
466 Gautieria otthii
724 Ramaria rubella
471 Hydnum albomagnum
438 Calocera cornea
454 Dacryopinax spathularia
1088 Cryptococcus neoformans
505 Ustilago maydis
867 Cintractia sorghi vulgaris
870 Tilletiopsis sp.
865 Tilletiaria anomala
675 Agaricostilbum hyphaenes
709 Colacogloea peniophorae
674 Rhodotorula hordea
456 Endocronartium harknessii
1459 Puccinia graminis
710 Platygloea disciformis
138 Scutellospora heterogama
139 Glomus mosseae
845 Glomus intraradices
844 Paraglomus occultum
574 Geosiphon pyriformis
141 Mortierella verticillata
144 Umbelopsis ramanniana
184 Phycomyces blakesleeanus
1241 Rhizopus oryzae
539 Endogone pisiformis
136 Dimargaris bacillispora
140 Coemansia reversa
1062 Orphella aff. haysii
29 Smittium culisetae
185 Spiromyces aspiralis
142 Rhopalomyces elegans
145 Piptocephalis corymbifera
301 Basidiobolus ranarum
633 Olpidium brassicae
28 Entomophthora muscae
137 Conidiobolus coronatus
20 Rhizoclosmatium sp.
43 Rhizophlyctis rosea
182 Spizellomyces punctatus
24 Polychytrium aggregatum
27 Cladochytrium replicatum
21 Batrachochytrium dendrobatidis
689 Rhizophydium macroporosum
635 Synchytrium macrosporum
25 Monoblepharella sp.
26 Hyaloraphidium curvatum
638 Neocallimastix sp.
19 Physoderma maydis
18 Coelomomyces stegomyiae
300 Allomyces arbusculus
1068 Encephalitozoon cuniculi
1089 Antonospora locustae
297 Rozella allomycis
Caenorhabditis elegans
Ciona intestinalis
Homo sapiens
Drosophila melanogaster
Monosiga brevicollis (Choanoflagellida)
Dictyostelium discoideum (Mycetozoa)
Cryptosporidium parvum
Toxoplasma gondii
Phytophthora sojae
Thalassiosira pseudonana
Cyanidioschyzon merolae (Rhodophyta)
Arabidopsis thaliana
Populus trichocarpa
Oryza sativa
Chlamydomonas reinhardtii

1078 Neurospora crassa
216 Sordaria fimicola
1085 Podospora anserina
217 Chaetomium globosum
1081 Magnaporthe grisea
935 Diaporthe eres
952 Gnomonia gnomon
51 Xylaria hypoxylon
63 Xylaria acuta
1082 Fusarium graminearum
161 Fusarium aff. solani
186 Hydropisphaera erubescens
52 Hypocrea citrina
914 Microascus trigonosporus
413 Lindra thalassiae
424 Lulworthia grandispora
1 Leotia lubrica
166 Cudoniella clavus
49 Lachnum virgineum
151 Chlorociboria aeruginosa
Ascomycota:
76 Mollisia cinerea
Leotiomycetes
279 Monilinia fructicola
59 Botryotinia fuckeliana
941 Dermea acerina
147 Coccomyces dentatus
744 Potebniamyces pyri
1004 Pleopsidium chlorophanum
1005 Acarospora schleicheri
1007 Acarospora laqueata
106 Echinoplaca strigulacea
958 Diploschistes ocellatus
78 Acarosporina microspora
398 Stictis radiata
296 Orceolina kerguelensis
962 Trapelia placodioides
224 Pertusaria dactylina
Ascomycota:
358 Dibaeis baeomyces
Lecanoromycetes
645 Umbilicaria mammulata
687 Hypocenomyce scalaris
134 Peltigera degenii
196 Mycoblastus sanguinarius
639 Lecanora hybocarpa
6 Canoparmelia caroliniana
3 Cladonia caroliniana
642 Bacidia schweinitzii
84 Physcia aipolia
Ascomycota:
56 Geoglossum nigritum
Leotiomycetes
64 Trichoglossum hirsutum
891 Peltula umbilicata
Ascomycota:
892 Peltula auriculata
Lichinomycetes
896 Lichinella iodopulchra
101 Anisomeridium polypori
1036 Trematosphaeria heterospora
1037 Westerdykella cylindrica
283 Pyrenophora phaeocomes
54 Cochliobolus heterostrophus
940 Pleospora herbarum
110 Trypethelium sp.
274 Dothidea sambuci
921 Dothidea insculpta
939 Capnodium coffeae
355 Dendrographa minor
Ascomycota:
126 Roccella fuciformis
80 Simonyella variegata Arthoniomycetes
1079 Aspergillus fumigatus
1080 Aspergillus nidulans
426 Monascus purpureus
1083 Histoplasma capsulatum
1084 Coccidioides immitis
430 Spiromastix warcupii
657 Capronia pilosella
668 Exophiala dermatitidis
659 Ramichloridium anceps
669 Exophiala pisciphila
684 Agonimia sp.
91 Dermatocarpon miniatum
661 Endocarpon pallidulum
697 Staurothele frustulenta
342 Pyrgillus javanicus
387 Pyrenula pseudobufonia
148 Cheilymenia stercorea
62 Scutellinia scutellata
65 Aleuria aurantia
949 Pyronema domesticum
50 Sarcoscypha coccinea
152 Caloscypha fulgens
Ascomycota:
176 Gyromitra californica
Pezizomycetes
179 Disciotis sp.
60 Morchella aff. esculenta
66 Helvella compressa
181 Ascobolus crenulatus
507 Peziza vesiculosa
71 Peziza proteana
905 Orbilia vinosa
Ascomycota: Orbiliomycetes
906 Orbilia auricolor
1069 Saccharomyces cerevisiae
1070 Saccharomyces castellii
1073 Candida glabrata
1071 Kluyveromyces waltii
1072 Ashbya gossypii
1075 Kluyveromyces lactis Ascomycota:
1074 Candida albicans
Saccharomycotina
1269 Candida tropicalis
1270 Candida guilliermondii
1077 Debaryomyces hansenii
1268 Candida lusitaniae
1076 Yarrowia lipolytica
1199 Schizosaccharomyces pombe
1192 Pneumocystis carinii
Ascomycota:
265 Taphrina wiesneri
Taphrinomycotina
266 Protomyces inouyei
Ascomycota:
Sordariomycetes

... to Ascomycota

...

Fungi numerous experimental advantages for experimental studies of eukaryotic biology. For example,
S.cerevisiae can be cultured in haploid (one set of each chromosome) or diploid (two sets) forms (wild
isolates are always diploid). The generation time is rapid, 90 min in rich media.
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Fungal genomes are generally small (15 Mbp for S. cerevisiae, about 6000 genes). For comparison,
the Drosophila genome encodes about 12,000 genes. Pure cultures of fungi can be grown in chemically
defined media (S. cerevisiae can grow in ammonium sulfate as the sole nitrogen source and glucose as the
sole carbon source), allowing complete control of both genotype and environment. Last, but not least, most
fungi have very active homologous recombination system. This allowed the construction of a complete
collection of strains containing deletions in virtually every nonessential gene in S. cerevisiae and S. pombe
and partial genome knockout collections in the human pathogens Cryptococcus neoformans and Candida
albicans. Strain collections in which every gene has been tagged by an affinity tag or green fluorescent
protein (GFP) have also been constructed.
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Genomes of S. cerevisiae
S. cerevisiae has 16 linear chromosomes, each with a centromere (the site of microtubule attachment
during mitosis) and two telomeres (the ends).
Yeast has several other inherited elements: an endogenous nuclear plasmid (the 2 micron circle), a
mitochondrial genome, a double-stranded RNA cytoplasmic virus system that encodes a toxin and
resistance (L-A virus), and some strains harbor a cytoplasmic prion: [Psi+] and [URE] were the first two to
be described, but many others have been identified.
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Mitochondrial Genome
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X-ray structure of L-A virus

2 micron circle (plasmid)
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Mitotic Cell Cycle
The yeast cell cycle has two purposes with respect to the genome: 1) replicate each chromosome exactly
once per division. 2) give each daughter cell one copy of each chromosome at mitosis. Mistakes can mean
death (or cancer in humans).
The size of the daughter bud is a visual marker for cell cycle position. G1 cells are unbudded, S phase
cells have a small bud, and mitotic cells are “dumbells.” G2 is usually very short or nonexistent in yeast.
Because yeast divides by budding, every cell division is asymmetric. Daughters are born smaller than
mothers. A mother can bud many times, but eventually dies (mother cell senescence or aging).
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Budding Patterns
The process of choosing a division site is tightly controlled. Depending on cell-type and environmentalconditions,
yeast divide on one of two budding patterns: axial or bipolar. In axial budding, new buds are formed
proximal to where the previous bud occurred (as evidenced by a bud scar). In bipolar budding, new buds
are formed at distal to the previous bud, that is on the other end of the cell. Budding patterns offer a way to
study how cells lay down intracellular landmarks to control morphogenesis.
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Sister chromatid cohesion
Once cells reach a certain size, S phase and bud growth are simultaneously initiated. How cells know how
big they are (size control) is a major unsolved problem. DNA replication (S phase) occurs once and only
once. Multiple origins of replication occur on each chromosome and fire bidirectionally. Yeast origins are
called ARS elements (autonomously replicating sequences) because they were first isolated as sequences
that allow foreign DNA to replicate in yeast. The replicated chromosomes, called sister chromatids, remain
associated with each other via a crucial protein-mediated interaction termed sister chromatid cohesion. A
complex of proteins responsible for cohesion have been identified, termed the cohesin complex. It includes
two members of the Structural Maintenance of Chromosomes (SMC) family and the protein Scc1/Mcd1.
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One model for how these proteins mediate cohesion is diagramed below. The idea is that the SMC proteins are
loaded onto DNA as a ring which is closed by the Scc1 protein. After DNA replication, the two sister chromatids
are held together topologically.

Mitosis
The purpose of mitosis is to segregate faithfully the 16 pairs of sister chromatids to opposite poles of the mitotic
spindle. This is accomplished by attachment of a microtubule to each kinetochore, which is formed by the
assembly on the centromere of a protein complex capable of capturing a microtubules. The other end of the
kinetochore microtubule is attached to the centrosome (microtubule organizing centers called spindle pole bodies
(SPBs) in yeast), which themselves are duplicated during the cell cycle. In fungi, SPBs are embedded in the
nuclear envelope (which does not break down during mitos
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Anaphase is the precipitous loss of sister chromatid cohesion that occurs once the assembly of the mitotic
spindle is completed. It is triggered in part by proteolysis of the cohesion proteins. Unlike metazoan mitoses,
fungal mitoses do not involve breakdown of the nuclear envelope. Rather, nuclear division occurs by fission.
The migration of one of the nuclei into the daughter bud triggers mitotic exit and cytokinesis. There has been
spectacular progress in recent years on the regulatory mechanisms that ensure the orderly progression of these
events in yeast.
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Sex
Yeast exists in two haploid mating types, a and a. Each cell type produces a different mating pheromone. a cells
produce a-factor and a cells produce a-factor. In turn a cells express an a-factor receptor and a cells encode
an a-factor receptor. Detection of pheromone results in arrest of the cell cycle in G1 followed by polarized
growth towards the mating partner (chemotropism). Cell-cell attachment (agglutination), cell wall breakdown and
membrane fusion cause the formation of a transient heterokaryon. Karyogamy is the process by which the two
haploid nuclei move toward each other on microtubule tracks and culminates in nuclear fusion. The resulting a/a
diploid (the third cell type) cell resumes its cell cycle and can be propagated stably.
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Developmental potential of the three cell types
The three cell types of yeast have distinct developmental properties:
While a and a cells can mate, a/a diploids cannot. a/a cells form pseudohyphae in reponse to nitrogen starvation,
but haploid cells do not. a/a cells (but not a or a cells) can undergo meiosis to produce four haploid progeny in
response to combined nitrogen and carbon starvation. In yeast, this process is called sporulation and the haploid
gametes are packaged in hardy spores. These are packaged in a spore sac called an ascus. Four spores
in an ascus is called a tetrad. Two other processes are controlled by cell-type: budding pattern and mating
type switching. a and a cells bud in the axial pattern, whereas a/a cells bud in the bipolar mode. Mating type
switching is a process that will be discussed in lecture 5 that occurs in a and a cells, but not in a/a cells.
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How the mating type locus, MAT, controls cell type
Mating type is controlled by a single locus on chromosome III: MAT. MAT has two alleles. a cells have the MATa
allele, a cells have the MATa alelle. This is the only genotypic difference between the two sexes. The a/a state
is programmed by the combination of a and a information present in the heterozygous MATa/MATa diploid.
The MAT locus encodes transcription factors of the homeodomain family. The MATa allele encodes two proteins,
a1 and a2. a2 has no known function.
MATa encodes a transcriptional activator a1 and a repressor a2.

Of course neither a1 or a2 function in MATa cells. In a cells, a1 activates a-specific genes, such as the a-factor
receptor gene and the a pheromone genes. a2 represses a-specific genes such as the a-factor receptor and
the a pheromone gene. In the MATa/MATa diploid, a1 and a2 form a heterodimer that represses haploid specific
genes. One of the haploid-specific genes is RME1, which encodes a repressor of meiosis. Deletion of RME1
allows haploid cells to sporulate.
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Meiosis
Diploids produce haploids through meiosis, which entails one round of DNA synthesis and two cell divisions
(meiosis I and meiosis II). The key is understanding meiosis I (a.k.a. reductional division).
Premeiotic S phase, sister cohesion establishment and homolog pairing
Following carbon and nitrogen starvation, a/a cells (2C) undergo premeiotic DNA synthesis (4C). As in normal
mitosis, sister chromatid cohesion is produced. This is accompanied by pairing of homologs (requires a homology
search).
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Crossovers: sites of genetic exchange required for proper chromosome segregation
Genetic exchange between the parental chromosomes is acheived by crossovers which occur preferentially
between homologs instead of sisters (mechanism of this preference is not well-understood). Crossovers have
a second purpose: they are required for proper chromosome segregation (disjunction) at the ensuing meiosis
I division. Without crossovers, the duplicated homologs segregate randomly to each pole (nondisjunction).

Page 16

The second key difference with mitosis is that sister chromatid cohesion is not completely destroyed during
meiosis I. Indeed it is essential to maintain it at the centromere so that sisters stay together during the reductional
division. However, cohesion in the arms must be destroyed because the regions of chromatids distal to a crossover would otherwise be pulled in two directions: toward the pole of their sister by cohesion and towards the
other pole because they are now attached to their homolog. Thus, there are two distinct types of sister chromatid
cohesion in meiosis: centromeric and arm cohesion, which are subject to differential regulation during meiosis I
and meiosis II. Not surprisingly, the proteins involved in meiotic sister cohesion are different from those involved
in mitotic sister cohesion. Once crossovers are resolved, homologs (one from each parent) segregate away from
each other and nuclear division ensues.
Meiosis II is a mitotic division in which sister cohesion (which remains at centromeres after meiosis I) is
lost and sister chromatids segregate aways from each other, yielding four haploid products.
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Note: no DNA synthesis
between MI and MII
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Phereomone response requies a G-protein coupled receptor and a kinase cascade
The molecules by which S. cerevisiae sense mating pheromone from the opposite mating type were identified
by first identifying mutants incapable of mating ( “sterile” mutants), isolating the corresponding genes, and then
defining the molecular function of the encoded proteins using biochemical approaches. This is arguably the
most powerful, tried-and-tested approach in biology and is the means by which most of our knowledge of the
molecules that control cell behavior has been obtained.
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The pheromone response pathway shares signaling components with other pathways: signaling
specificity
A major surprise was the finding that many elements of the pheromone response pathway are also required
for S. cerevisiae to undergo filamentous growth. How erroneous cross-talk is prevented between these two
pathways remained a mystery until it was discovered that the MAP kinase for the pheromone respone pathway,
Fus3, phosphorylates and triggers the ubiquitin-dependent degradation of the Tec1 transcription factor specific
to the filamentous growth pathway.
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Nomenclature and markers
Genetic nomenclature in S. cerevisiae is simple. Genetic names are italicized. Three letters and a number for
each gene (e.g. HIS3). Wild type and dominant alleles are capitalized. Recessive mutant alleles are lower case
and the allele is designated by a number (e.g. his3-1).
Because yeast can be grown in defined media, popular markers are mutations that produce auxotrophies
(a nutrient requirement). These are assayed on synthetic media. “Drop-out” media lacks a particular small
molecule, typically an amino acid or nutrient. For example, a his3-1 mutant is defective in the biosynthesis of
histidine. While it can grow on synthetic complete medium (medium containing all amino acids and nucleotides),
it fails to grow on histidine drop-out media (abbreviated “SC-His” for “synthetic complete minus histidine”), and
therefore is said to have a His - (as opposed to His+) phenotype.
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