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A summary of previously defined phenotypes in the yeast Saccharomyces cerevisae is presented. The purpose of this
review is to provide a compendium of phenotypes that can be readily screened to identify pleiotropic phenotypes
associated with primary or suppressor mutations. Many of these phenotypes provide a convenient alternative to
the primary phenotype for following a gene, or as a marker for cloning a gene by genetic complementation. In
many cases a particular phenotype or set of phenotypes can suggest a function for the product of the mutated gene.
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INTRODUCTION

Overview
The phenotypes associated with mutations are

the most basic tools of genetics. The primary

phenotype can be used to genetically follow the
mutant allele, to clone the wild-type allele of the
primary defect by complementation, or to select
for suppressors of the primary defect. For sup-
pressors, a secondary phenotype associated with
the suppressor phenotype is often essential for
subsequent analyses. Suppressors that do not con-
fer a secondary phenotype, either on their own or
in combination with the primary mutation, are
usually difficult to define and often not worth
pursuing.
Multiple pleiotropic phenotypes associated with

single mutations are generally indicative of the
importance of the gene product to cell function.
Furthermore, certain phenotypes can provide
valuable clues to gene function. Presently, less than
half of the approximately 6000 genes defined by
the Saccharomyces cerevisiae genome sequencing
project have been identified either genetically or
biochemically.85 Of the remaining genes, only
about 30% exhibit sequence similarity to proteins
of defined function. This leaves more than a third
of all yeast genes for which there is no known
function. Furthermore, approximately half of all
gene disruptions confer no obvious growth defects.
It is therefore imperative to have at hand a reper-
toire of easily scored phenotypes to screen yeast
mutants, which can now be generated at will.
In this review I present a summary of pheno-

types compiled from the yeast literature. The em-
phasis is on phenotypes that can be easily scored
or selected. The format of the review is to describe
the phenotype, include one or two examples of
mutants displaying the phenotype, how it is
scored, and, whenever appropriate, discuss func-
tional implications of the phenotype. In all cases,
I include at least one reference that describes the
phenotype.
I have summarized a broad spectrum of pheno-

types. These are described in the text that follows
and are summarized in Table 1. Abbreviations
are included for phenotypes that are commonly
denoted by two- or three-letter symbols. It is
important to recognize that this review is by no
means comprehensive. Also, it will be rather obvi-
ous that the chosen examples are weighted toward
my own interest in transcription, reflecting the
literature that I know best. I have tried to group
specific phenotypes into several general categories.
As a cautionary note, though, I want to stress that
many of these phenotypes could be included in
multiple categories and in many cases a particular
phenotype can arise as a consequence of several
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Table 1. Summary of phenotypes.

Phenotype1 Assay or score2 Functional implications3 Reference4

I. Conditional phenotypes
Heat-sensitivity (ts) YPD or SC @ 35)C–38)C General protein defect; heat-lethality usually

indicates an essential gene
12, 181, 188

Cold-sensitivity (cs) YPD or SC @ 11)C–24)C General protein defect; cs is often associated
with defect in assembly of a multisubunit
complex

64, 175, 178

Slow-growth (Slg) YPD or SC @ 30)C General protein defect; important for cell
growth

129

Ethanol-sensitivity YPD+6% ethanol General protein defect 3
Formamide-sensitivity YPD+1·5–3% formamide General protein defect 2
D2O-sensitivity SC made with 90% D2O General protein defect 11

II. Cell cycle defects
G1 arrest Small unbudded cells; large unbudded if

arrested at Start
Defective in progression through G1n phase
of cell cycle

44, 58, 72, 109

Failure to arrest on G1 Low proportion of unbudded cells Failure to arrest at Start in G1 phase of cell
cycle

72, 109, 149

G2/M arrest Large budded cells Defective in progression through the G2/M
transition of cell cycle

72, 109, 149

III. Mating and sporulation defects
Mating efficiency Halo formation in response to

pheromone-induced growth inhibition
Sometimes correlates with transcriptional
defects

72, 153

Sporulation efficiency Number of asci following induction of
sporulation; alternatively, score
haploid-specific, drug-resistant segregants

Sometimes correlates with transcriptional
defects

72, 153

Inappropriate sporulation Sporulation in rich medium Aberrant regulation of entry into meiosis 169

IV. Auxotrophies, carbon catabolite repression and nitrogen utilization defects
Inositol auxotrophy (Ino) SD—inositol Defects in inositol biosynthetic pathway;

Ino" often correlates with transcriptional
defects

7, 12

Methionine auxotrophy (Met) SD—methionine Defects in methionine biosynthetic pathway;
Met" often correlates with transcriptional
defects

105, 125

Phosphate auxotrophy (Pho) Phosphate-depleted YPD Defective induction of acid phosphatases;
Pho" often correlates with PHO5
transcriptional defects

65

Continued
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Table 1. Continued

Phenotype1 Assay or score2 Functional implications3 Reference4

Sucrose fermentation (Snf; Ssn) YP+2% sucrose or rafinose (plus
anaerobic conditions for increased
stringency)

Defective in carbon catabolite repression; snf
mutants are generally defective in
transcriptional derepression; ssn mutants
are generally defective in transcriptional
repression

25, 132

Maltose fermentation (Mal) YP+2% maltose+bromcresol purple Defective in carbon catabolite repression 88
Galactose fermentation (Gal) YP+2% galactose (plus anaerobic

conditions for increased stringency)
Often defective in transcriptional activation 87, 88

Respiratory deficiency YPG (3% glycerol) Failure to produce respiratory-competent
mitochondria

184

Resistance to 2-deoxyglucose YP+2% sucrose+200 ìg/ml 2-DG Constitutive carbon catabolite derepression 133
Accumulation of storage carbohydrates I2 staining of glycogen Defective entry into stationary phase 54, 183
Glutamate auxotrophy Failure to grow in ammonium medium,

rescued by glutamate
TCA and glyoxylate cycle defects; defective
retrograde regulation

38, 110, 119

Proline utilization Failure to grow in proline medium PUT gene defects; ñ" mutants 18, 19

V. Cell morphology and wall defects
Flocculence Ribbon-like colony morphology or

clumping in liquid culture
Often associated with transcriptional defects 172

Bud localization Calcofluor staining; light microscopy Defects in mechanisms governing bud site
selection

30, 148

Elongated cell and bud morphologies Light microscopy Sometimes associated with protein
phosphatase defects

134, 186

Multibudded cells Light microscopy Often associated with defects in progression
through G1 phase of the cell cycle

165, 171

Pseudohyphae formation Light microscopy; agar ‘scarring’ Often associated with defects in MAP kinase
signal transduction cascade

60, 152

Osmotic sensitivity (Osm) YPD+1·0–1·2 -sorbitol Cell wall or cytoskeletal defects 75. 123, 138
Osmotic remediability YPD+1·0–1·2 -sorbitol Phenotypic suppression of cell lysis,

translation, and other defects
123, 148

Calcofluor white YD+0·05–0·10% calcofluor white Defective in cell wall biogenesis 154
Cercosporamide SC+5 ìg/ml cercosporamide Defective in cell wall biogenesis 75
Papulacandin B YD+20 ìg/ml papulacandin B Defective in cell wall biogenesis 26
Spore wall defects Sensitivity to 55)C heat shock, exposure to

ether, or glusulase
Defective in signal transduction required for
spore wall biogenesis

101

Killer toxin: expression, maintenance
and resistance

Zone of growth inhibition in response to
K+ strain on methylene blue medium

Defective in many cellular processes,
including cell wall biogenesis and secretory
pathway

190
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VI. Stress response defects
Sensitivity to heat-shock Loss of cell viability following 1-h heat

shock @ 55)C on SC medium; score
survival on YPD medium @ 30)C

Defects in RAS-adenylate cyclase signal
transduction pathway

36, 160

Sensitivity to starvation Loss of cell viability following 2-day
incubation on omission medium; score
survival on YPD medium

Defects in RAS-adenylate cyclase signal
transduction pathway

16, 160

H2O2 Zone of growth inhibition surrounding
filter disk spotted with 1·5–6 ìl of 30%
H2O2

Altered sensitivity to oxidative stress 99, 100

Menadione SC+20–50 ì-menadione Altered sensitivity to oxidative stress 114
Diamide SC medium containing 1·5 m-diamide Altered sensitivity to oxidative stress 103
Paraquat SC medium+1–10 ì-paraquat Altered sensitivity to oxidative stress 112
Divalent cations and heavy metals YPD+various concentrations of divalent

cations or heavy metals
Altered expression of plasma membrane
Altered expression of plasma membrane
ATPases; defects in many other biological
processes, depending upon the cation or
heavy metal used

134, 140, 196

VII. Sensitivity to analogs, antibiotics and other drugs
Canavanine SD or -Arg omission

medium+0·8–1·0 ìg/ml canavanine
Resistance to low levels of canavanine
sometimes correlates with ubiquitin pathway
defects

32, 53, 88

Methylamine See references Defective ammonium ion uptake 37, 46, 155, 156
-Histidine See references Defective general amino acid uptake 37, 158
3-Aminotriazole SD+10–50 m-3-AT Induces histidine starvation, invoking general

control response; altered sensitivity correlates
with general control defects

74, 123

Sulfometuron methyl SD+3 ìg/ml sulfometuron methyl Induces isoleucine and valine starvation,
invoking general control response; altered
sensitivity correlates with general control
defects

51

Aminoglycoside antibiotics Variable Often correlates with defects in protein
synthesis

1, 49, 123

Cycloheximide YPD+1 ìg/ml cycloheximide Defects in protein synthesis; cell cycle 124
Trichodermin YPD+10 ìg/ml trichodermin Altered peptidyl transferase activity 55
Immunosuppressants YPD+0·1 ìg/ml rapamycin Defects in signal transduction (rapamycin);

altered amino acid import
68, 69, 163

Oligomycin YPGE+1 ìg/ml oligomycin Defective ABC transporter 91
o-Dinitrobenzene YPD+175–500 ì-o-DNB Resistance to metals and other toxins 197
Multidrug resistance Resistance to a broad range of drugs and

other toxins; e.g. YPD, pH 4·5, 1 ìg/ml
reveromycin

Defective ABC transporters; defects in
certain gene-specific transcriptional
activators

41

Continued
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Table 1 Continued

Phenotype1 Assay or score2 Functional implications3 Reference4

VIII. Carbohydrate and lipid biosynthesis defects
Vanadate YPD+7–10 m-o-vanadate Defective protein glycosylation; secretory defects 8, 35
Fenpropimorph SD+0·3 ì-fenpropimorph Defective sterol biosynthesis 104, 120
Nystatin SD+1–6 units/ml nystatin Defective sterol biosynthesis 83
Mevinolin and lovostatin YPD+400 ìg/ml mevinolin Defects in sterol biosynthesis 10

IX. Nucleic acid metabolism defects
UV light YPD or SC medium exposed to 10–200

Joules/m2 UV light
Defective repair of UV-induced DNA damage 63, 67, 199

Alkylating agents YPD+0·05% MMS Defective repair of alkylation-induced DNA
damage

122

Radiomimetic drugs YPD+2–20 ìg/ml bleomycin Defective repair of ionizing- or
radiomimetic-induced DNA damage

122

Hydroxyurea YPD+100 m-hydroxyurea Defective DNA replication 204
Distamycin A YPD+80–400 ì-distamycin or

YPG+4–20 ì-distamycin
Defective DNA replication 61

Actinomycin D SC+10 ì-actinomycin D Defective DNA replication 47
Camptothecin SC+0·1 ìg/ml camptothecin Defective DNA replication, transcription and

recombination due to effects on topoisomerase
activity

48, 92

Ciclopyroxolamine See reference Defective DNA replication 107
6-Azauracil SC+30 ìg/ml 6-azauracil Defective transcription elongation 5, 50
Mycophenolic acid YPD medium+45 ìg/ml mycophenolic acid Defective transcription elongation 147
Thiolutin YPD+3 ìg/ml thiolutin Defective transcription; defective RNA

polymerase II
71

Inositol secretion (Opi) Crossfeeding of ino1 mutants on -Ino
medium

Defects in transcriptional repression 79, 81, 189

Mutator phenotype Resistance to á-aminoadipate,
cycloheximide, canavanine or
5-fluoro-orotic acid

Enhanced rate of mutations in LYS2, CYH2,
CAN1 or URA3

43

X. A few other phenotypes
pH-sensitivity YPD, pH 3·0 Defective vacuole function 9
Sensitivity to benomyl, nocodazole
and thiabendazole

YPD+0·5 ìg/ml benomyl (for sensitive
mutants)

Defective microtubule function 174

Staurosporine YPD+0·1 ìg/ml staurosporine Defective protein kinase C; cell signaling;
plasma membrane development

136, 168

Caffeine YPD+8–10 m-caffeine Defective MAP kinase signaling pathways;
other defects

54, 134

1Phenotypes with a commonly used two- or three-letter symbol are denoted in parentheses.
2A standard method for scoring each phenotype is indicated. More than a single assay or score has been described for most of these phenotypes (see the corresponding
sections of the text). Standard media, including YP, YPD, YPG, SC, SD are defined by Sherman.166
3The functional implications associated with these phenotypes are intended to denote a common functional defect. However, it should be recognized that a broad
spectrum of functional defects is often associated with certain phenotypes.
4The listed references are taken from the text and are not comprehensive.
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distinctly different functional defects. In other
words, the principal objective of this review is
simply to provide a compendium of phenotypes
that have proven useful to the yeast community.

Genetic considerations
Although genetic analysis of yeast mutants is

beyond the scope of this review, it is important
to stress that genetic linkage between a primary
phenotype and any potential pleiotropic pheno-
type must be established. This is usually done by
following phenotypes through meiosis. Consider,
for example, the sua-7-1 mutation, which sup-
presses the effect of an aberrant ATG start codon
in the leader region of the cyc1-5000 gene.145 The
effect of the sua7-1 primary mutation in the cyc1
background is to restore respiratory capacity,
scored as growth on lactate medium (Lat pheno-
type). Thus, the primary phenotype of the sua7-1
suppressor of cyc1-5000 is Lat+. In addition, a
cyc1-5000 sua7-1 mutant is cold-sensitive (cs").
But is cs" a pleiotropic phenotype of the sua7
suppressor? This was determined by a backcross of
the cyc1-5000 sua7-1 revertant (Lat+ cs") with a
cyc1-5000 SUA7+ mutant (Lat" cs+), followed by
sporulation and dissection of the resulting diploid.
As expected for a single-gene suppressor of cyc1-
5000, the Lat+ : Lat" phenotypes segregated 2 : 2.
Similarly, the cs+ : cs" phenotypes segregated
2 : 2, demonstrating that the cs" phenotype is also
conferred by a single-gene mutation. Moreover,
the Lat+/cs" and Lat"/cs+ phenotypes coseg-
rated, thereby confirming that cs" is indeed a
pleiotropic phenotype of the sua7-1 suppressor.
Since cs", but not Lat+, could be counterselected,
cs" was exploited to clone the SUA7 wild-type
gene from a genomic library,145 and subsequently
to select for suppressors of the sua7-1 defect.175

It is also important to determine whether a
suppressor phenotype is manifest in the absence of
the primary mutation. If this is the cases, then the
suppressor phenotype can be followed as a single-
gene characteristic, simplifying analysis of the
suppressor.82 Using the example above, the cs
phenotype associated with sua7-1 was found to be
independent of the cyc1-5000 allele. However, a
suppressor phenotype that is dependent upon the
primary mutation can also be extremely valu-
able since this establishes a functional (genetic)
relationship between the two genes. For example,
the ssu71-1 suppressor of the sua7-1 cs" pheno-
type confers a heat-lethal phenotype, but only in

the presence of sua7-1; a SUA7+ ssu71-1 mutant
has no phenotype. This result provided the first
clue that SSU71 is functionally related to SUA7.
Subsequent analysis identified SSU71 (TFG1) as
the structural gene for the largest subunit of the
general transcription factor TFIIF, a satisfying
and informative result for a suppressor of the
sua7-1-encoded form of TFIIB.175

A standard procedure to determine whether a
secondary phenotype is dependent upon the pri-
mary mutation is to examine the meiotic progeny
of a diploid resulting from a cross between the
suppressor and a wild-type strain. Recovery of
the suppressor phenotype in 50% of the progeny
establishes that the suppressor phenotype is
independent of the primary mutation, whereas a
suppressor phenotype that is dependent upon the
primary mutation will be recovered in 25% of
the progeny. Alternatively, a recessive primary
mutation can be complemented by a plasmid-
borne wild-type allele and the resulting mero-
diploid can be scored for the secondary phenotype.

Media
Many of the phenotypes summarized here are

scored on standard media, including rich (YPD),
glycerol (YPG), synthetic complete (SC), synthetic
minimal (SD), and omission (e.g. -Ura) media.166

Most other media are prepared by addition of
the indicated compounds to either YPD or SC
medium. In all cases the medium composition is
either described or a reference is provided.

CONDITIONAL PHENOTYPES

The concept of conditional mutants was first
introduced by Horowitz and Leupold to isolate
mutants that are defective in genes essential for cell
viability.76 Accordingly, conditional mutants are
those which grow well under permissive con-
ditions, yet are inviable or grow slowly under the
restrictive condition. Heat- and cold-sensitivity are
the most common conditional phenotypes and are
certainly the easiest to score. Nonetheless, the
repertoire of conditional phenotypes includes
many others. Conditional phenotypes generally
refer to sensitivity to the particular condition,
although in some cases resistance is the relevant
phenotype. It should also be noted that con-
ditional phenotypes can be assessed with respect
to specific functions. As an example, rad55 null
mutants are cold-sensitive and osmotic remedial
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for repair of ionizing radiation-induced DNA
damage.117

Heat-sensitivity (ts)
Heat-sensitive mutations are generally indicative

of defects in protein coding genes and often define
genes that are essential for cell viability. Hartwell
exploited the ts phenotype to obtain a collection of
yeast mutants that turned out to be extraordinarily
valuable for defining genes involved in essential
cellular events including replication, transcription,
translation, cell cycle control, and formation of the
cytoskeleton.66 Heat-sensitive mutants are defined
by distinctly impaired growth at elevated tempera-
ture, with little or no growth impairment relative
to a related wild-type strain at normal tempera-
ture. Heat-sensitivity is typically scored on rich
(YPD) medium, although ts is sometimes more
pronounced on SC medium. Significant threshold
effects are often observed for ts mutants. For
example, certain sua8/rpb1 ts mutants do not form
discernible colonies at 38)C, yet grow nearly as
well as the parent strain at 36)C.12

Heat-sensitive alleles of essential genes can be
especially useful for addressing the function of the
encoded protein. For example, ts mutants some-
times display terminal phenotypes at specific stages
of the cell cycle (see below), thereby demonstrating
that the affected gene product is required for
progression through the cell cycle. As another
example, ts srb mutants were used to establish a
general requirement for the RNA polymerase II
holoenzyme complex in vivo.181 Conversely, ts taf
mutants were used to demonstrate, quite unexpect-
edly, that TAF components of the core transcrip-
tion factor TFIID are not generally required for
transcriptional activation in vivo.188

Cold-sensitivity (cs)
Cold-sensitivity is most often associated with

defects in assembly of multisubunit complexes,
presumably because protein–protein interactions
are entropy driven and intrinsically cs.161 Accord-
ingly, this phenotype was first exploited to isolate
mutants defective in ribosome assembly.64,178

Analogous to ts mutants, cs mutants are defined
by differential growth rates of parent and mutant
strains at reduced temperature, while exhibiting
comparable growth rates on the same medium at
normal temperature. Mutations that confer cs
typically do not also confer ts. A drawback to cs
mutants is that the normal control strain often

grows very slowly at the restrictive temperature.
Occasionally more than 2 weeks is required to
ascertain differential growth of normal and mutant
strains at very low (e.g., 11)C) temperatures.
Nonetheless, cs mutants have been extremely valu-
able for identifying components of multisubunit
complexes. As mentioned above, we uncovered the
yeast gene encoding TFIIB, a component of the
transcription preinitiation complex, based on a cs
mutation in SUA7.145 The gene (SSU71/TFG1
encoding another component of the complex, the
largest subunit of TFIIF, was subsequently ident-
ified based on suppression of the sua7 cs defect.
The double sua7 ssu71 mutant was ts, which was
then exploited to clone SSU71.175 As for ts, cs is
typically scored on rich medium, although in some
cases the phenotype is more pronounced on
synthetic medium.
A caveat to cs is that S. cerevisiae trp1 mutants

often exhibit a cs growth defect. Therefore, screens
for high-copy suppressors of cs phenotypes in a
trp1 background will often pick up TRP1, or genes
encoding amino acid permeases, including TAT2,
BAP1 and BAP2 (A. Brys, Z.-W. Sun, W. Zehring
and M.H., unpublished results). To avoid this
problem, work with cs mutants in a TRP1
wild-type background.

Slow-growth (Slg)
Slow growth is defined simply by impaired

growth at normal temperature, usually on rich
(YPD) medium. Although not actually a con-
ditional phenotype, Slg" is a common phenotype
that is easy to score, often serving as a valuable
marker to follow a gene, to select for suppressors,
or to clone by complementation. For example, a
mutation in the SUA5 gene, isolated as a suppres-
sor of an aberrant ATG codon in the cyc1 leader
region, conferred a pronounced Slg" phenotype,
which was exploited to clone SUA5.129

There are several disadvantages to Slg"

mutants. First, the phenotype is always manifest;
unlike conditional mutants, there is no condition
under which a Slg" mutant grows normally.
Therefore Slg" mutants require long incubation
periods for either colony formation or to reach
a particular cell density. Secondly, pleiotropic
phenotypes associated with Slg" mutations must
be distinguished from phenotypes that are simply
due to an impaired rate of growth. Thirdly, upon
prolonged incubation, Slg" mutants will ‘catch-
up’ with wild-type strains, eventually forming
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colonies of comparable size. Therefore, Slg" must
be scored within an appropriate window of
incubation time. Finally, Slg" mutants are under
constant selective pressure to revert. For this
reason, care must always be taken to assure that a
Slg" mutant has neither reverted nor is contami-
nated by Slg+ revertants that will quickly overtake
the mutant population.

Ethanol sensitivity
Yeast mutants that are sensitive to growth on

YPD medium in the presence of 6% ethanol have
been described.3 Genetic analysis of these mutants
suggested that a large number of genes can be
mutated to produce ethanol sensitivity. About
one-third of the ethanol-sensitive mutants were
also ts, implying that ethanol-sensitivity and ts
arise by a common mechanism. Furthermore,
there is a correlation between heat shock and
ethanol tolerance, and induction of the chaperonin
Hsp104 conferred both thermotolerance and
ethanol tolerance.146 Almost none of the ethanol-
sensitive mutants described by Aguilera are glyco-
lytic or lipid biosynthetic pathway mutants.
Rather, ethanol-sensitivity most likely correlates
with mutations that affect protein stability, a
premise consistent with the ability of ethanol to
disrupt hydrogen bonds.

Formamide sensitivity
Formamide sensitivity was described recently as

a novel conditional phenotype in yeast.2 Like
ethanol, formamide is readily taken up by yeast,
but offers the advantage of being non-
metabolizable. Aguilera defined formamide-
sensitivity as impaired growth on YPD medium
containing 3% formamide. In that study, 230% of
formamide-sensitive mutants were also ts, suggest-
ing that sensitivity to formamide and ts share a
common basis, presumably disruption of hydrogen
bonding. Still, 230% of formamide-sensitive
mutants displayed no other phenotype, thereby
defining formamide-sensitivity as a novel con-
ditional phenotype. In my laboratory, many of our
wild-type strains grow poorly on 3% formamide.
However, we often find differential sensitivity
of wild type and mutants on YPD medium
containing 1·5–2% formamide.

D2O sensitivity
Bartel and Varshavsky11 described sensitivity to

D2O as a novel conditional phenotype. The D2O-

sensitive phenotype was defined as impaired
growth on minimal medium containing 90% D2O.
The adverse effect of D2O is presumably a conse-
quence of an isotope effect on protein confor-
mation, either as a component of the intracellular
solvent or as an integral component of the protein.
D2O-sensitive mutants were reported to arise at
least as frequently as ts mutants and most D2O-
sensitive mutants did not display other conditional
phenotypes. The cost of media containing 90%
D2O and deuterium–hydrogen exchange while pre-
paring and storing the media are limitations to the
general use of this phenotype.

CELL CYCLE DEFECTS

Mutations that affect progression through the cell
cycle are often recognized simply by observing a
population of cells under the light microscope. Cell
cycle mutants typically arrest at a specific stage of
the cell cycle following a shift to non-permissive
growth temperatures. Thus, morphological analy-
ses of cells grown at permissive versus non-
permissive temperatures can reveal cell cycle
mutants. Cell cycle mutants that do not exhibit a
conditional growth defect can also be recognized.
For example, some cell cycle mutants exhibit a
Slg" phenotype due to impaired progression
through a specific stage of the cell cycle. Such
mutants can be recognized by a higher than nor-
mal fraction of cells displaying a particular cell
cycle morphology.
A convenient method to score cell cycle stages

under conditions that promote cell cycle arrest has
been described.108 Strains are grown overnight in
medium lacking an auxotrophic marker. The miss-
ing nutrient is then added to induce cell growth.
Following sonication to disperse clumps, cells
are observed under a light microscope using a
hemacytometer.
A useful depiction of cell morphologies and

cytoskeletal rearrangements that occur during pro-
gression through the cell cycle are presented else-
where.72,109 These are briefly summarized below.
More involved techniques can be used to confirm
or extend analysis of cell cycle defects. These
include (i) cell size distribution by Coulter counter
analysis; (ii) Hoechst staining of DNA to visualize
nuclei; (iii) flow cytometry analysis of DNA con-
tent by fluorescence-activated cell sorting (FACS);
and (iv) cell cycle arrest in response to mating
pheromone.
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G1 arrest
A normal, asynchronous population of logarith-

mically growing yeast includes cells at all stages of
progression through the cell cycle. This is in con-
trast to cells that are restricted in progression
through G1. G1-arrested cells appear as a uniform
population of small unbudded cells. Arrest in G1
restricts passage through Start (commitment to
DNA replication) so that haploid G1-arrested cells
contain a 1N DNA content. Accordingly, flow
cytometry can be used to define or confirm arrest
in G1 by the appearance of an abnormally high
proportion of cells in an asynchronous population
with a 1N DNA content. Examples of G1-arrested
strains include cdc25ts, cdc35/cry1ts and ras2ts

mutants.44,58,127 It should be noted that mutants
arrested in G1 at Start form large unbudded cells,
sometimes with shmoo, rather than rounded, mor-
phology. G1 arrest at Start is typified by mutants
defective in the G1 cyclins and p34

CDC28 protein
kinase (reviewed in references 131, 150). In ad-
dition to the G1 phenotypes reviewed here, certain
G1 mutants exhibit a multibudded cell morphology
(see below).

Failure to arrest in G1
Normal strains of S. cerevisiae arrest in G1 as

single unbudded cells when the population enters
stationary phase or undergoes nutrient starvation.
However, mutants have been described that fail
to arrest in G1, defined by a low proportion of
unbudded cells and a high proportion of cells with
different size buds. For example, crl mutants,
isolated as cycloheximide-resistant strains that are
ts-lethal, fail to arrest in G1 when grown to station-
ary phase or when starved for nitrogen.123 Thus,
both G1 arrest in logarithmically growing cells,
and failure to arrest in G1 in stationary phase
or under starvation conditions, are easily scored
phenotypes indicative of cell cycle defects.

G2/M arrest
Failure to progress through the G2/M transition

of the cell cycle results in formation of large
budded cells. DNA replication occurs with nuclear
migration to the neck of the bud. Consequently,
Hoechst staining of G2/M, blocked cells reveals
single nuclei, typically at the neck of the bud,
and FACS analysis shows a 2 -DNA content.
Examples of G2/M arrest are described for cdc17
and cdc20 mutants (early G2), cdc15 mutants (late
G2),

149 and for tsm1 and taf90 heat-sensitive

mutants, which encode altered forms of the TFIID
subunits yTAFII150 and yTAFII90.4,188 These
TAF mutants are likely to affect transcription of
cell cycle-specific genes since mutants defective
in RNA polymerase II transcription do not uni-
formly arrest at any stage of the cell cycle.105 This
is in contrast to conditional mutants that are
defective in DNA replication, which typically
arrest as large, budded cells at the restrictive
temperature.42

MATING AND SPORULATION DEFECTS

The ability of haploid cells to mate, and of diploid
cells to undergo sporulation, is dependent upon
the expression of genes specific for these develop-
mental programs. Therefore, defects in mating and
sporulation are sometimes associated with defects
in transcription. As examples, mutations in the
SPT3, SPT7, SPT8 and SPT15 genes, which are
involved in transcription initiation, are associated
with both mating and sporulation defects.57

Although I have focused on spt mutants as
examples, there is a vast collection of yeast
mutants with mating and sporulation defects.
Moreover, many of these mutants affect signal
transduction pathways and other processes in
addition to transcription.

Mating efficiency
Mating efficiency can be conveniently assayed

by a plate test. Serial dilutions of mutant and
wild-type strains are spotted onto rich medium,
crossed to a comparable strain of opposite mating
type, incubated on rich medium for 1 day, and
replica printed to minimal medium to select for
diploids. Mating-defective mutants, when crossed
with one another in this assay, produce fewer
homozygous diploid colonies than comparable
wild-type strains. Mating-defective mutants
crossed with a wild-type strain may or may
not produce fewer heterozygous diploid strains
than wild type. Using this assay, Roberts and
Winston reported that crosses of spt20Ä#spt20Ä
mutants produced significantly fewer diploids
than did crosses of either spt20Ä#SPT20 or
STP20#SPT20; thus, SPT20 is required for
efficient mating.153

A mating factor assay can also be used to screen
for mating defects. In this assay, production of
mating pheromone causes growth inhibition of a
lawn of cells of opposite mating type, resulting in a
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halo around cells that produce the pheromone.72

Pheromone-induced growth inhibition is generally
scored using sst1/bar1 or sst2 alleles, which render
cells super-sensitive to mating factors.28,29,173

Mutations at the SST1 locus are mating-type
specific, causingMATa cells to be supersensitive to
á factor. On the other hand, mutations at the
SST2 locus confer supersensitivity to the phero-
mone of opposite mating type for bothMATa and
MATá cells. Mutants to be tested, along with
wild-type MATa and MATá control strains, are
spotted onto a Petri dish that has been seeded with
the tester strain. Plates are scored for halo for-
mation following 2–3 days of incubation at 30)C.
Whereas the wild-type strain of the same mating
type should cause no growth inhibition, the strain
of opposite mating type should cause a distinct
halo of inhibition. Mutants defective in production
of mating factor will diminish halo formation.
Mating defects can also be mating-type specific.

For example, KEX2 encodes a protease required
for production of active killer toxin that is also
required for proteolytic processing of á factor.190

Since á factor is produced and secreted by MATá
cells to prepare MATa cells for mating, kex2
mutants are á-sterile. Also, mutations in the TUP1
and SSN6/CYC8 genes, which encode a complex
involved in glucose repression,93 confer multiple
phenotypes, including á-sterility.192

Sporulation efficiency
Sporulation defects can be assayed simply by

counting asci. Diploid strains are inoculated into
liquid sporulation medium166 and incubated with
constant agitation. Sporulated cultures are then
visualized by light microscopy and quantified with
a hemacytometer.153 Sporulation efficiency can
also be scored by a plate assay that takes advan-
tage of drug-resistant markers that are manifest
only in haploid cells. Two convenient markers
are can1 and cyh2, which confer resistance to
canavanine and cycloheximide, respectively. Dip-
loid strains that are heterozygous for can1 or cyh2
are sensitive to these drugs, whereas haploid seg-
regants carrying either marker are drug-resistant.
Therefore, sporulation efficiency can be deduced
from the frequency of drug-resistant haploid
segregants.72

Inappropriate sporulation
Normal diploid strains are induced to enter

meiosis and undergo sporulation in nutrient-

deficient medium containing potassium acetate.
However, certain mutations cause diploid strains
to sporulate in rich medium. For example, heat-
sensitive cdc25 and cdc35 mutants, which are
defective in the RAS-adenylate cyclase signal
transduction pathway, undergo sporulation in
rich medium at the restrictive temperature.167,169

Abnormal amino acid metabolism, associated with
an spd1 mutation, has also been reported to induce
sporulation in rich medium.45 Sporulation is
readily assayed, as described in the preceding
section.

AUXOTROPHIES, CARBON CATABOLITE
REPRESSION AND NITROGEN
UTILIZATION DEFECTS

Auxotrophies
Specific nutritional auxotrophies are most

readily explained by failure to express the genes
required for biosyntheses of the particular nutri-
ent. In addition, mutants that are defective in
components of the transcriptional apparatus often
exhibit specific auxotrophies. General transcrip-
tional defects are sometimes evident at the level of
carbon catabolite repression. For example, certain
spt15 mutants, which express altered forms of the
TATA-binding protein (TBP), are unable to grow
on galactose medium.6 Other auxotrophies are
also commonly associated with general transcrip-
tion factor defects. A simple screen for potential
transcription factor mutants is to score for auxo-
trophies using a complete set of omission medium,
using synthetic complete medium as the control.
Three common auxotrophies associated with
transcription factor mutants are described here.

Inositol auxotrophy (Ino)
Inositol auxotrophy is often indicative of defects

in the general transcriptional apparatus, presum-
ably due to the extreme sensitivity of the INO1
gene to general transcriptional perturbations.135

As examples, altered forms of the following pro-
teins are associated with distinct Ino" phenotypes:
subunits of RNA polymerase II;7,12 TBP, and the
Spt7 protein;6,57 components of the SWI/SNF
complex;126 and the Sub1 and Spt20/Ada5
transcriptional coactivator proteins.98,153 Conse-
quently, an Ino" phenotype is often an important
clue that a mutant is defective in a component of
the RNA polymerase II general transcriptional
machinery. Inositol auxotrophy is scored on
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synthetic medium lacking inositol. It is important
to establish that impaired growth in the absence of
inositol is indeed a consequence of inositol limi-
tation, which is done by scoring for the ability of
exogenous inositol to rescue the Ino" phenotype.
Inositol omission medium (-Ino) is prepared as
described elsewhere; control medium contains
10 mg/l inositol.166

Methionine auxotrophy (Met)
Like Ino", impaired growth in the absence of

exogenous methionine is often associated with
transcriptional defects. For example, mutation in
the MMS19 gene, which affects both nucleotide
excision repair and RNA polymerase II transcrip-
tion, confers tight methionine auxotrophy.105

Also, mutation in the CPF1 gene, which encodes a
centromere-binding protein that also functions in
transcription, confers methionine auxotrophy.125

In the case of the cpf1 mutation, the Met" pleio-
tropic phenotype is leaky. In such cases it is
important to establish that growth impairment can
be rescued by the addition of exogenous methio-
nine to the medium. Methionine auxotrophy
is scored on standard -Met omission medium;
control medium contains 20 mg/ml methionine.166

Phosphate auxotrophy (Pho)
The PHO system, initially characterized by

Oshima and colleagues,142 is involved in regulating
phosphate metabolism and has provided valuable
insight into a mechanism of signal transduction106

and the role of chromatin structure in transcrip-
tional regulation.176 The PHO5 gene encodes the
predominant secreted acid phosphatase and is
activated in response to phosphate starvation.
Pho" mutants fail to activate PHO5 transcription
and grow poorly on phosphate-depleted medium
(Pho"). Mutations affecting either the Pho2 or
Pho4 transactivators, or the Pho81 component of
the signal transduction pathway, confer a Pho"

phenotype. Recently, we have also identified Pho"

mutants that are defective in a component of the
general transcriptional machinery (W.-H. Wu and
M.H., unpublished results). Low phosphate
medium is prepared by precipitation of inorganic
phosphate from YPD medium using magnesium
sulfate and concentrated ammonium hydroxide.65

Alternatively, phosphate depletion can be mim-
icked by using a temperature-sensitive allele of the
PHO80 gene, which encodes the cyclin component

of the Pho80/Pho85 cyclin/cyclin-dependent kinase
pair that functions as a negative regulator of
PHO5 transcription.106,162

Carbon catabolite repression
Glucose is the preferred carbon source of

S. cerevisiae. In the presence of glucose, genes
involved in utilization of other carbon sources are
repressed by a general regulatory system defined as
glucose repression or carbon catabolite repres-
sion.86 Mutants that are unable to utilize alterna-
tive carbon sources, including galactose, sucrose,
raffinose, maltose and others, are either the
result of mutations in structural genes encoding
enzymatic activities involved in sugar uptake or
fermentation, or are a consequence of mutations in
regulatory genes required for either derepression
or activation of those genes. Summarized in this
section are easily scored phenotypes that are often
associated with mutants that either fail to over-
come glucose repression (defective in derepression)
or fail to induce expression (defective in activation)
of genes required for growth on carbon sources
other than glucose. Also included in this section
is a discussion of phenotypes associated with
mutants that fail to maintain glucose repression
(defective in repression).

Sucrose fermentation (Snf; Ssn)
The ability of yeast to utilize sucrose and raffi-

nose requires invertase, the product of the SUC2
gene. SUC2 is repressed in the presence of glucose
and derepressed as much as 200-fold in the pres-
ence of alternative carbon sources.56 There is
no activation of SUC2 expression in the presence
of sucrose; however, maximal SUC2 expression
requires low levels of glucose.143 Mutations in
genes designated SNF were identified by the inabil-
ity of mutants to derepress SUC2 in the presence
of either sucrose or raffinose.25 SNF genes encode
proteins required for derepression of a large
number of genes and include the Snf1 protein
kinase and components of the Swi/Snf complex,
which functions in overcoming the repressive
effects of chromatin.194 An Snf" phenotype is
defined as impaired growth on either sucrose
or raffinose medium, with no growth defect on
glucose medium. Snf" phenotypes are generally
associated with defects in genes involved in
overcoming glucose repression. However, other
mutations can also confer Snf phenotypes. For
example, snf3 mutants are defective in expression
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of the high-affinity glucose transporter.27 Raffinose
is a poorer substrate than sucrose for invertase;
consequently the ability to utilize raffinose is a
more stringent indicator of diminished SUC2
expression.132

Growth of yeast strains on carbon sources other
than glucose causes derepression of many genes,
including genes involved in respiration. Conse-
quently, cells growing on alternative carbon
sources such as galactose, raffinose or sucrose
acquire more robust respiratory systems than cells
growing on glucose. This effect can partially mask
the growth defects associated with snf mutations.
It is therefore best to score snf phenotypes under
anaerobic conditions. Anaerobic conditions can be
attained by addition to the medium of antimycin A
(1 ìg/ml), an inhibitor of the electron transport
chain; by addition of ethidium bromide (20 ìg/ml)
to promote deletions within the mitochondrial
genome; or by incubation of strains in a GasPak
(Difco Laboratories) anaerobic chamber.

Maltose fermentation (Mal)
The S. cerevisiae genome contains fiveMAL loci

that confer the ability to ferment maltose. Each
locus is composed of three genes that code for a
maltose permease, maltase and a transcriptional
activator.95 As for other genes involved in alterna-
tive carbon source utilization, the MAL genes are
subject to glucose repression. In the absence of
glucose and presence of maltose, expression of the
MAL genes is induced by the Mal transcriptional
activator protein. In this sense, MAL gene expres-
sion is regulated similarly to GAL gene expression
(below), but different from SUC gene expression
(above). The ability of yeast to ferment maltose
can be conveniently assayed on indicator medium
that includes 2% maltose and bromocresol
purple.88 Maltose-fermenting strains turn yellow
on this medium, whereas strains that are unable to
ferment maltose remain white.

Galactose fermentation (Gal)
In contrast to utilization of sucrose, fermen-

tation of galactose requires activation rather than
derepression of gene expression. In the presence of
galactose and absence of glucose, the Gal4 acti-
vator induces GAL gene expression as much as
1000-fold.87 Consequently, one class of Gal"

mutants fails to respond to the Gal4 transcrip-
tional activator. An example of the utility of this
phenotype is described by Arndt and Winston,

who used Gal" (along with Ino") to screen
for activation-defective TBP mutants.6 A Gal"

phenotype is defined by impaired growth on galac-
tose medium with no growth defect on glucose
medium. As described for Snf mutants, growth of
Gal mutants on galactose medium can be affected
by the respiratory capacity of the cell. Thus, the
Gal phenotype is best scored under anaerobic
conditions (see above).
The Gal" phenotype can also be scored on

galactose indicator medium. In this case the indi-
cator bromthymol blue is added to YPGal medium
at 4 mg/ml.88 Gal+ strains turn yellow on indicator
plates, whereas Gal" strains remain white. It
should be noted that laboratory strains related
to S288C are generally gal2". The GAL2 gene
encodes the galactose transporter; consequently,
these strains are phenotypically Gal". This prob-
lem can be circumvented by conversion of strains
to GAL2+ using plasmid pAA1.195

Respiratory deficiency
Respiration-deficient yeast mutants form

smaller (petite) colonies on glucose medium as a
consequence of the inability to metabolize the
ethanol produced by fermentation of glucose.184

Most petite mutants result from either complete
loss of the mitochondrial genome (ñ0) or from
large deletions (ñ"). The other class of petite
mutants are due to mutations in nuclear genes,
denoted PET, that are required for respiration.
Respiratory-deficient mutants can be recognized

by their inability to grow on non-fermentable
carbon sources, while retaining the ability to grow
on glucose medium. Mitochondrial ñ" mutants
can be distinguished from nuclear pet mutants by
crossing petite mutants with a ñ0 PET+ tester
strain. If the resulting diploid strains grow on
a non-fermentable carbon source, the mutants
are usually the result of a recessive pet mutation.
However, some pet mutants (e.g., pet18) tend to
spontaneously become ñ" or ñ0, which would lead
to misdiagnosis of a pet mutant as a ñ mutant. A
more definitive distinction is to score the meiotic
progeny of a cross between a petite and normal
strain. Two : two segregation of the petite pheno-
type would confirm a single-gene, nuclear defect.
The simplest medium to score for respiratory
mutants contains 3% glycerol (YPG) as the sole
carbon source. Other non-fermentable carbon
sources, including ethanol and lactate, are also
commonly used and generally provide a more
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stringent score for respiratory deficiency. Inability
to grow on acetate is diagnostic for a defect in the
TCA cycle.96,110

Resistance to 2-deoxyglucose

Mutants that are constitutively glucose dere-
pressed have been described. For example, the ssn
class of mutants were isolated as suppressors of snf
mutations by selecting for restoration of growth
on sucrose medium. An example is the ssn6/cyc8
suppressor, which confers constitutive SUC2
expression.164 Another phenotype associated with
constitutive glucose derepression is the ability to
grow on sucrose in the presence of 2-deoxyglucose
(2-DG). 2-DG is a glucose analog that confers
glucose repression, yet is not metabolized. There-
fore only strains that are glucose-derepressed can
utilize sucrose in the presence of 2-DG.54,133

2-DG-resistance is assayed on either rich or syn-
thetic medium containing 2% sucrose and 200 ìg/
ml 2-DG under anaerobic conditions (GasPak;
Difco Laboratories). Sucrose, rather than raffi-
nose, is used as the carbon source to reduce the
stringency of the screen.133

Accumulation of storage carbohydrates

Glycogen is a storage carbohydrate that accu-
mulates in S. cerevisiae under starvation con-
ditions or when cells enter stationary phase.111

Accordingly, failure to accumulate glycogen is
indicative of defective entry into stationary phase.
Accumulation of glycogen is conveniently assayed
by a simple iodine-staining reaction, which is
based on intercalation of I2 into the tightly coiled
helical structure of glycogen.34 Strains are first
grown as either colonies or patches on YPD
medium. Plates are then flooded with 0·2% I2–
0·4% KI solution, or by inverting plates over
iodine crystals.24 Strains will stain dark brown or
violet in proportion to their intracellular levels of
glycogen; glycogen-deficient mutants either do
not stain or stain yellow. Glycogen-deficient glc
mutants include mutations in the GLC2/SNF1,
GLC5/RAS2 and GLC3 genes.24 Mutations in the
GLC3-encoded glycogen debranching enzyme
change the color of the iodine stain from brown to
bluish-purple.157 bcy1 and reg1 mutants are good
controls for iodine staining since bcy1 mutants
fail to accumulate glycogen,23 whereas reg1 null
mutants overaccumulate glycogen.77

Nitrogen utilization
Glutamate, asparagine and ammonia are pre-

ferred nitrogen sources for yeast.38,119 Ammonia is
assimilated exclusively by its incorporation into
glutamate and glutamine. Glutamate dehydrogen-
ase converts ammonia and á-ketoglutarate to
glutamate, whereas glutamine synthetase converts
ammonia and glutamate to glutamine. S. cerevisiae
can also use alternative nitrogen sources, including
arginine, proline, allantoin, ã-aminobutyrate and
urea, when preferred nitrogen sources are unavail-
able. Genes encoding catabolic enzymes and
permeases required for utilization of less preferred
nitrogen sources are repressed in the presence of
preferred nitrogen sources, a process defined as
‘nitrogen repression’. Nitrogen repression is mani-
fest primarily by the products of the GLN3 and
URE2 genes. Gln3 activates transcription in the
absence of preferred nitrogen sources, whereas
URE2 represses transcription when preferred
nitrogen sources are available. In this section I
summarize a few of the many auxotrophic
phenotypes associated with defects in nitrogen
regulation.

Glutamate auxotrophy
Glutamate auxotrophy is defined by the inability

of cells to grow on medium containing ammonia as
the sole nitrogen source, while retaining the ability
to grow in the presence of glutamate. Glutamate is
synthesized by either glutamate dehydrogenase
or glutamate synthase, both of which utilize
á-ketoglutarate as a substrate. Consequently,
glutamate auxotrophy occurs when both the TCA
and glyoxylate cycles are defective. For example,
mutations in the CIT1 and CIT2 genes, which
encode mitochondrial and peroxisomal citrate syn-
thase, respectively, confer glutamate auxotrophy.96

Mutations in the RTG1 or RTG2 genes, which are
involved in communication from the mitochon-
drion to the nucleus (retrograde regulation), also
confer glutamate auxotrophy.110 Glutamate auxo-
trophy is scored on YNB medium containing 2%
glucose in the absence or presence of 0·02%
glutamine.110

Proline utilization
Cellular nitrogen requirements can be obtained

from proline in the absence of preferred nitrogen
sources. Proline is converted to glutamate by the
reverse of its biosynthetic pathway, although the
reactions are catalysed by different enzymes.
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Screens for mutants that affect proline utilization
identified the PUT genes.17,18,121 PUT1 and PUT2
encode the two enzymes required for conversion of
proline to glutamate, PUT3 encodes a transcrip-
tional activator of the proline utilization pathway,
and PUT4 encodes a proline permease. In addition
to put mutants, ñ" strains are unable to utilize
proline as the sole nitrogen source due to mito-
chondrial sequestration of the proline catabolic
enzymes.19 Proline utilization is scored in the pres-
ence of 0·1% proline as described previously.17,198

CELL MORPHOLOGY AND WALL
DEFECTS

Flocculence
Cell flocculence is readily scored as severe cell

clumping in liquid culture and can usually be seen
as a rough or ribbon-like colony morphology on
agar plates. Many defects in the RNA polymerase
II transcriptional machinery confer cell floccu-
lence. For example, all ssn mutations cause severe
flocculence.172 Flocculence can serve not only as a
marker in genetic crosses, but has been used suc-
cessfully as a cloning marker by scoring transform-
ants for restoration of smooth colony morphology.

Bud localization
The surface expansion associated with cell

growth in S. cerevisiae is normally focused at the
bud site.159 Diploid cells exhibit a bipolar pattern
of bud formation, meaning that daughter cells
emerge at the pole opposite the bud site from the
previous cell cycle. By contrast, haploid cells dis-
play an axial bud pattern with the daughter cell
emerging adjacent to the previous bud site. The
distinction between these two patterns is governed
by the mating type locus. Yeast mutants have been
identified that alter the normal budding pattern
of haploid and/or diploid cells.30 As examples,
mutations in the BUD1, BUD2 or BUD5 genes
result in a random bud pattern in diploid cells and
in haploid cells of either mating type, whereas
mutations in BUD3 and BUD4 specifically affect
the axial bud pattern in haploid cells. Mutants
displaying altered patterns of bud localization can
be recognized by observing cells grown on agar
under a light microscope30 or by staining bud scars
with Calcofluor and observing by fluorescence
microscopy.148

Elongated cell and bud morphologies
Conditional yeast mutants that are defective in

cytokinesis become elongated and multinucleate

under the restrictive condition. As examples, dele-
tion of either TPD3 or CDC55, which encode
homologs of the A and B regulatory subunits,
respectively, or mammalian protein phosphatase
2A, caused elongated and multinucleated cells at
the restrictive temperature.186 Overexpression of
the PPH21-encoded catalytic subunit of protein
phosphatase 2A also confers elongated and multi-
nucleate cell morphology. Mutants have also been
described that display normal cell morphology,
but acquire an elongated bud morphology. Exam-
ples are the septin mutants encoded by the cdc3,
cdc10, cdc11 and cdc12 alleles.94 Elongated cell
and bud morphologies can be scored by standard
microscopy.

Multibudded cells
Cell cycle mutants that are defective in progres-

sion through the G1 phase of the cell cycle some-
times exhibit a multibudded cell morphology. Bud
formation depends upon activation of the Cdc28
protein kinase by the G1 cyclins, Cln1–Cln3. DNA
replication also requires activation of Cdc28,
in this case by the B-type cyclins, Clb1–Clb6.
Mutations in the CDC34-encoded ubiquitin conju-
gating enzyme, as well as mutations in CLB1–
CLB6, have been shown to result in G1 arrest with
accumulation of multibudded cells.165 Mutations
in the check-point control gene CDC4 also arrest
as multibudded cells.171 Interestingly, certain tran-
scription factor mutants, including those express-
ing specific forms of TBP, exhibit growth arrest
as multibudded cells at the restrictive growth
temperature, comparable to cdc4 mutants.39

Multibudded cells can be scored by standard
microscopy.

Pseudohyphae formation
S. cerevisiae is dimorphic, existing either in a

spherical, unicellular yeast-like morphology or in
a filamentous form, termed pseudohyphae, that
results from elongated chains of cells that remain
attached to one another.60 The dimorphic tran-
sition to pseudohyphal growth is a diploid-specific
event that occurs in response to nitrogen star-
vation. Filamentous growth is controlled by com-
ponents in the mitogen-activated protein (MAP)
kinase signal transduction cascade (STE20,
STE11, STE7 and STE12) that are also compo-
nents of the pheromone response pathway.113

Other genes, including ELMs (elongated mor-
phology,13,14 PHD1 (pseudohyphal growth),59 and
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SHR3 (super high histidine resistant),115 also affect
pseudohyphal growth. Haploid cells can also
undergo pseudohyphal growth, a transition that
involves a switch from axial to bipolar bud site
selection and requires the same MAP kinase com-
ponents necessary for pseudohyphal growth in
diploids.152 The distinction between yeast-like and
filamentous growth is readily apparent using a
light microscope: unicellular growth results in a
smooth colony morphology, whereas filamentous
growth produces colonies with rough edges repre-
senting pseudohyphae. Filamentous growth also
results in agar penetration. Therefore, this pheno-
type can be scored as ‘scarred’ agar after washing
cells from the agar surface of a YPD plate.152

Osmotic sensitivity (Osm)
Growth impairment under conditions of high

osmotic strength is often associated with defects in
the cell wall or components of the cytoskel-
eton,75,89,138 although other classes of mutants also
exhibit osmotic sensitivity, including those affect-
ing vacuolar development9 and translational
fidelity.123 A MAP kinase signal transduction
pathway that involves osmosensing has also been
identified.20 Osmotic sensitivity is typically scored
on rich medium containing KCl (0·75–1·5 ),
NaCl (0·9–2·5 ), sorbitol (1·0–1·2 ) or glycerol
(1·0–2·5 ). Optimal concentrations of these com-
pounds vary, depending on the strain background.

Osmotic remediability
High osmolarity sometimes remediates other

phenotypes. This phenomenon is known as pheno-
typic suppression, since the suppressed phenotype
requires the continued presence of the condition
(high osmolarity) rather than a genetic condition.
There are many examples of osmotic remediability
in yeast. In some cases, high osmolarity affects
specific cell functions. One well-documented
example is suppression of mutations that affect
the fidelity of translation elongation by high con-
centrations of KCl or glycerol.123 In other cases,
high osmolarity suppresses cell lysis defects; for
example, 1 -sorbitol suppresses the cell lysis
phenotype of null mutations in components of the
MAP kinase pathway.134

Calcofluor white
Calcofluor white is a fluorochrome that exhibits

antifungal activity and has high affinity for yeast
cell wall chitin.154 Resistance to calcofluor can be

used to screen for mutants that are defective in
chitin biosynthesis and cell wall morphogenesis.154

Also, hypersensitivity to calcofluor has been found
as a pleiotropic phenotype associated with certain
yeast cell wall mutants. In the case of the cwh47-1
mutant, calcofluor hypersensitivity was exploited
to clone CWH41/PTC1, the structural gene encod-
ing a type 2C serine/threonine phosphatase.84

Calcofluor-resistant mutants can be selected on
YD medium containing 0·05–0·10% calcofluor
white.154

Cercosporamide
Cercosporamide is an antifungal antibiotic.

Enhanced sensitivity to cercosporamide has been
reported for cell wall mutants of yeast. For
example, knr4 mutants, which contain reduced
levels of both (1]3)-â-glucan synthase activity
and (1]3)-â-glucan content in the cell wall, are
cercosporamide sensitive.75 Sensitivity is scored
on synthetic medium containing 5 ìg/ml of
cercosporamide.75

Papulacandin B
Papulacandin B is an antifungal agent that

interferes with synthesis of the (1]3)-â-glucan
component of the yeast cell wall. Resistance to
papulacandin B has been used to select mutants
in both Schizosaccharomyces pombe and S. cer-
evisieae.26 A single complementation group was
defined in S. cerevisiae and designated pbr1. The
PBR1 gene encodes a protein that appears to be a
component of the (1]3)-â-glucan synthase com-
plex. PBR1 was also identified in several other
genetic selections, including FK506- and cyclo-
sporin A-hypersensitivity (FKS1); hypersensitivity
to calcofluor white (CWH53); resistance to echino-
candin (ETG1); and synthetic lethality with cal-
cineurin mutations (CND1) (reviewed in reference
26). Resistance is scored on YD medium (1% yeast
extract, 2% glucose) containing 20 ìg/ml of
papulacandin B.26

Spore wall defects
Yeast spores are normally resistant to heat

shock, ether and glusulase digestion. Mutants that
are able to complete meiosis but are defective in
spore wall formation exhibit enhanced sensitivities
to all three of these conditions. For example, a
mutation in the SMK1 gene, which encodes a
developmentally regulated MAP kinase required
for spore wall assembly, results in a dramatically
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reduced plating efficiency following 40-min expo-
sure to 55)C heat shock, 5-min exposure to ether,
or 1-h treatment with glusulase.101 Defects in spore
wall formation can also be visualized by phase
contrast and fluorescence microscopy.101

Killer toxin: expression, maintenance and
resistance

Killer strains of S. cerevisiae secrete a protein
that kills sensitive strains.190 The killer phenotype
(K+) is encoded by one of several distinct, virus-
encapsidated double-stranded RNA molecules.
Altered ability of K+ cells to kill sensitive strains
(R"), or of R+ strains to resist killing, can arise as
a consequence of mutations in different classes of
genes, includingMAK (maintenance of killer), SKI
(superkiller), KEX (killer expression), REX (resist-
ance expression) and SEC (secretion).190 There-
fore, mutants that are defective in expression or
maintenance of the viral genome encoding killer
toxin, or in resistance to killer toxin, are suggestive
of alterations in a number of basic cellular pro-
cesses. Prominent among genes associated with
killer expression and maintenance are those in-
volved in translation, including genes affecting 60S
subunit biogenesis, ribosomal frameshifting, and
translation of non-poly(A) mRNA.190

Resistance to killer toxin is typically associated
with defects in genes involved in the structure or
biosynthesis of the cell wall. This is because killer
toxin binds to â-glucan components of the wall.
For example, the K1 toxin binds (1]6)-â-glucan
as the initial step in the action of the toxin.80

One class of killer-resistant genes are designated
KRE, for killer resistance.22 Genetically related
genes involved in (1]6)-â-glucan biosynthesis
apparently function along a secretory pathway.
Consequently, killer-resistant mutants have been
valuable for defining secretory pathways,26 and
Golgi components involved in glycosylation of cell
wall mannoproteins.118

Sensitivity to killer is scored on MB medium,
defined as YPD that has been buffered to pH 4·7
with 50 m-sodium citrate and containing 0·003%
methylene blue.191 Strains to be tested are replica
printed from YPD medium to MB medium that
has been spread with a lawn of a killer-sensitive
strain and incubated at 20)C. Potential K+ strains
should be scored for killer using diploid R"

strains to ensure that the zone of growth inhibition
does not correspond to pheromone arrest.

STRESS RESPONSE DEFECTS

Sensitivity to heat shock

Altered sensitivity to heat shock is defined as the
ability of cells to survive a brief incubation at high
temperature. In contrast to heat-sensitivity (ts; see
above), resistance to heat shock is scored at nor-
mal growth temperature. In one study, resistance
to heat shock was scored by replica printing cells
to minimal medium preheated to 55)C, followed
by incubation at 55)C for 1 h.160 Heat-shock sen-
sitivity was then scored as the density of cell
patches after 2 days of incubation at 30)C. Resist-
ance to heat shock was used to clone the PDE2
gene as a dosage-dependent suppressor of heat-
shock sensitivity associated with the RAS2val19

mutation.160 Variations of this phenotype have
been described. For example, scoring cell viability
following prolonged incubation at 39)C and
42)C was used to establish that the Rpb4 subunit
of RNA polymerase II is involved in stress
tolerance.36

Sensitivity to starvation

Sensitivity to nitrogen starvation is another
method to score stress tolerance. Sensitivity to
nitrogen starvation and heat shock (preceding
section) are both hallmarks of defects in the
Ras–adenylate cyclase pathway. For example, the
RAS2val19 allele increases the rate of signaling
through the Ras pathway and renders cells sensi-
tive to both conditions.160 Conversely, high copy
expression of PDE2, which encodes phosphodi-
esterase and thereby diminishes signaling through
the Ras pathway, suppresses the sensitivity to
nitrogen starvation and heat shock associated with
RAS2val19.160 Sensitivity to starvation is scored at
30)C by growing cells for 2 days on omission
medium, replica printing to synthetic medium
lacking nitrogen, incubating for 7 days, replica
printing back to rich medium, and scoring for
growth following 2 days of incubation.
Sensitivity to starvation can also be scored by a

colorimetric assay. In this case, cells are incubated
on glucose-limited medium in the presence of
erythrosin B, which penetrates and accumulates in
dead cells.16 Consequently, starvation-sensitive
mutants turn pink or dark pink on this medium,
whereas normal strains remain white. Erythrosin B
staining is done on SD medium containing 7·5 ì-
erythrosin B.16

1115 

? 1997 John Wiley & Sons, Ltd.  . 13: 1099–1133 (1997)



H2O2
Many different enzymes are involved in protect-

ing aerobic cells from the potentially harmful
effects of oxygen derivatives. An approach to
identifying genes involved in relief of oxygen stress
is to screen for mutants that have become sensitive
to hydrogen peroxide. In one study, mutants rep-
resenting 16 complementation groups (pos genes)
were identified based on enhanced hydrogen
peroxide sensitivity.99 The pos10 gene is allelic to
ZWF1/MET19, the gene encoding glucose-6-
phosphate dehydrogenase, an enzyme known to be
involved in relief of oxidative stress. Interestingly,
pos9 is allelic to SKN7, a homolog of prokaryotic
‘two-component’ response regulators. This result
suggests that a two-component system is involved
in the oxidative-stress response in yeast.100

Sensitivity to hydrogen peroxide can be scored
in a simple zone inhibition assay. Cells from liquid
culture are streaked radially on a YPD plate with
1·5–6 ìl of 30% H2O2 spotted onto a filter paper
disk. The zone of growth inhibition reflects the
degree of sensitivity to hydrogen peroxide.99 As an
alternative to H2O2, methylviologen can be used as
the oxidant.100

Menadione
Menadione (vitamin K3) is a pro-oxidant that

generates superoxide anion (O2
.") through redox

cycling.114 As such, menadione can be used as an
inducer of oxidative stress. Deletion of the super-
oxide dismutase gene (SOD1) rendered cells sensi-
tive to menadione-induced oxidative stress, defined
by failure of cells to grow on synthetic medium in
the presence of menadione. Expression of CUP1,
which encodes metallothionine, suppresses this ef-
fect. Consequently, sensitivity (or resistance) to
menadione can be used to score for mutants with
altered sensitivity to oxidative stress. Menadione
medium is prepared by adding 50 m-menadione
in ethanol to synthetic medium at a final concen-
tration of either 20 ì or 50 ì.114

Diamide
Diamide is a thiol-oxidizing drug that induces

oxidative stress by depleting cells of reduced
glutathione.103 Therefore, sensitivity to diamide
can be used to score for mutants with increased
tolerance or resistance to oxidative stress due to
changes in glutathione concentrations. In one
study, this phenotype was used to clone

Arabidopsis cDNA that confers diamide tolerance
to S. cerevisiae. Diamide tolerance is scored on SC
medium containing 1·5 m-diamide.103

Paraquat
Paraquat is a generator of superoxide anions.

Yeast mutants that are hypersensitive to paraquat
have been described. In one study, mutation in the
ATX1 gene, which encodes a small protein with
structural similarity to bacterial metal trans-
porters, conferred paraquat hypersensitivity, as
well as increased sensitivity to hydrogen perox-
ide.112 Apparently ATX1 protects cells against the
toxicity of both superoxide anion and hydrogen
peroxide. Paraquat medium consists of SC
medium supplemented with 1–10 ì-paraquat.112

Divalent cations and heavy metals
Resistance or sensitivity to divalent cations and

toxic heavy metals has been extensively studied in
yeast. In many cases resistance is conferred by
membrane ATPases that serve to pump toxins
from the cell; in other cases oxidoreductases are
responsible for detoxification. I have included here
the effects of only two cations, Ca2+, a divalent
cation that is essential for cell growth, and Cd2+,
a cell toxin. Phenotypes associated with high
levels of other elements, including arsenite, cobalt,
chromium, copper, iron, mercury, magnesium,
manganese, nickel, lead and zinc, have also been
described.32,197 Be careful to distinguish between a
cation-specific effect and an osmotic effect due to
high salt concentration. This can be done simply
by asking if either sorbitol or KCl is able to confer
a similar phenotype.
Ca2+ ions affect many cellular processes.139

Both calcium-sensitive and calcium-dependent
yeast mutants have been described. For example,
a cls4 mutant of S. cerevisiae failed to grow in
the presence of 100 m-CaCl2, producing large,
round, unbudded cells. The cls4 mutation is allelic
to CDC24. Characterization of this mutant
suggested that the Ca2+ ion controls bud for-
mation and bud-localized cell surface growth.141

Conversely, a cal1-1 mutant exhibited Ca2+-
dependent growth. In Ca2+-poor medium, cal1
mutants arrested with tiny buds and the nucleus
was arrested in the G2 stage of the cell cycle. In this
case the calmodulin inhibitor trifluoperazine could
restore growth in Ca2+-poor medium. These re-
sults suggested that Ca2+ ions and calmodulin play
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important roles in the yeast cell division cycle at
the stage of bud growth and nuclear division.140

Phenotypic suppression by elevated levels of Ca2+

has also been reported. For example, the ts effect
of bck1 null mutations, affecting a MAP kinase
pathway, is suppressed by addition of 25 m-Ca2+

to the medium.134 Neither 50 m-KCl nor 75 m-
sorbitol had the same suppressive effect, demon-
strating that the effect is due specifically to Ca2+

and not to osmotic remediation.
Yeast cell growth is inhibited by low levels of

cadmium. The toxicity associated with cadmium
might be due, in part, to disruption of protein
structure.32 There appear to be multiple mech-
anisms by which yeast resist the toxic effects of
cadmium. One factor involved in resistance is
glutathione, which binds heavy metals and is also
involved in the detoxification of reactive oxygen
intermediates.32 Mutations in the YAP1 gene,
which encodes a homolog of the mammalian tran-
scription factor c-Jun, confer cadmium hypersen-
sitivity, and overproduction of either YAP1 or
CAD1, another c-Jun homolog, confers multi-
drug resistance and tolerance to toxic levels of
cadmium, zinc, and the iron chelator, 1,10-
phenanthroline.196 Cadmium sensitivity can be
scored on YPD medium containing 5–10 mg/l of
cadmium chloride.32

SENSITIVITY TO ANALOGS, ANTIBIOTICS
AND OTHER DRUGS

There is a plethora of amino acid analogs, many of
which have been useful for identifying and charac-
terizing transport systems, general amino acid
control, and amino acid biosynthetic pathways
in S. cerevisiae. An excellent summary of these
analogs was published by Cooper.37 Only a few
of these analogs and associated phenotypes are
reviewed here.
This section also includes antibiotics. Altered

sensitivities to many of these drugs have been
instrumental in defining components and functions
associated with the translational machinery.
Accordingly, resistance or sensitivity is often in-
dicative of translational defects. As for the amino
acid analogs, there is an enormous number of these
compounds, only a few of which are described
below. Finally, this section includes several other
drugs and toxins that can be useful for identifying
defects associated with transporters and signal
transduction pathways.

Canavanine
Canavanine is an arginine analog that is

imported into yeast cells by the CAN1-encoded
arginine permease. Canavanine is readily incorpor-
ated into proteins in vivo, resulting in accumu-
lation of aberrant proteins. Resistance to high
levels of canavanine (60 mg/l) is conferred exclu-
sively by mutations at the can1 locus. However,
low-level canavanine resistance (e.g., 0·8 mg/l) can
arise by mutations at other loci or by overexpres-
sion of ubiquitin. Aberrant proteins containing
amino acid analogs are degraded by the ubiquitin
pathway,53 and overexpression of ubiquitin can
suppress canavanine toxicity.32 These results
suggest that low-level canavanine resistance or
sensitivity might correlate with alterations in the
ubiquitin pathway of protein turnover. Since
canavanine is a competitive inhibitor of arginine,
arginine must be excluded from the media used to
score for canavanine sensitivity. Also, canavanine
sensitivity must be scored in the presence of pre-
ferred nitrogen sources (e.g., SD or -Arg medium)
to prevent induction of the general amino acid
permease system that provides an alternative route
for uptake of arginine and canavanine.88 Thus,
canavanine medium typically consists of SD
or -Arg omission medium containing variable
concentrations of canavanine.
Sensitivity of yeast mutants to many other

analogs has been described. For example, the crl
mutants were isolated as cycloheximide-resistant
strains that are heat-lethal and hypersensitive
to the alanine analogs â-2-thienylalanine,
â-chloroalanine and triazolealanine.123 Some crl
mutants are also hypersensitive to 3-aminotriazole
(3-AT), suggesting that these crl mutants fail to
invoke the general control response. Analogs that
have been useful for defining transport systems,
and their resistance phenotypes, are reviewed by
Cooper.37

Methylamine
Methylamine is an ammonia analog, whose up-

take is mediated by an active transport system.
Three genes, designated amt, mep1 and mep2, were
identified based on their ability to confer methyl-
amine resistance and are required for either
high- or low-capacity ammonia import.46,156 Thus,
methylamine resistance correlates with defects in
the ammonia transport system. Methylamine re-
sistance must be scored in the absence of preferred
nitrogen sources (glutamine, asparagine and
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ammonia) on medium described by Larimore and
colleagues.155

-Histidine
The GAP genes encode components of the

general amino acid transport system. Mutations in
GAP genes can be directly selected on proline
medium in the presence of -histidine.158 Accord-
ingly, resistance to -histidine can be used to score
for mutants that are defective in general amino
acid uptake. Resistance is scored on minimal
medium containing 0·5 mg/ml proline as the sole
nitrogen source and 0·5 m--histidine.158

3-Aminotriazole
3-Aminotriazole is an inhibitor of the HIS3 gene

product, imidazoleglycerol phosphate dehydrat-
ase. Exposure of yeast cells to 3-AT causes histi-
dine starvation, which in turn elicits the ‘general
control’ response, resulting in transcriptional acti-
vation by Gcn4 of at least 35 genes encoding
primarily amino acid biosynthetic enzymes.73

3-AT is commonly used to select or screen for
mutants that are defective in the general control
response. One class of mutants, designated gcd, are
3-AT-resistant due to constitutive derepression of
HIS3 and other general control-responsive genes.
Conversely, gcn mutants are general control non-
derepressible and are hypersensitive to 3-AT. 3-AT
sensitivity is scored in SD medium containing
10–50 m-3-AT.123

Sulfometuron methyl
Sulfometuron methyl (SM) is a herbicide that

inhibits isoleucine and valine biosynthesis. As
such, SM can be used to invoke the general control
response by causing starvation for these two amino
acids.187 SM-resistant mutants have been de-
scribed and include mutations in the SMR1,
SMR2 and SMR3 genes.51 SMR1 is allelic to
ILV2, which encodes an isoleucine/valine biosyn-
thetic enzyme, and smr2 is allelic to PDR1, a
multidrug resistance gene.51 SM-resistant mutants
were selected on SD medium containing 3 ìg/ml
SM.51

Aminoglycoside antibiotics
Aminoglycoside antibiotics promote mistrans-

lation of the genetic code in both prokaryotic
and eukaryotic organisms, in many cases as a

consequence of decreased translational fidelity
during elongation. Several aminoglycosides, in-
cluding hygromycin B, lividomycin, paromomycin
and neomycin, promote phenotypic suppression of
nonsense mutations in S. cerevisiae.144,170 This
effect does not involve genomic mutations; rather,
phenotypic suppression is defined as a conditional
loss of the mutant phenotype that is dependent
upon the presence of the suppressing condition.
These results suggest that altered sensitivities of
yeast strains to aminoglycoside antibiotics can be
useful screens for mutants defective in components
of the translational apparatus.
There is broad variability in naturally occurring

resistance to translational inhibitors.1 It is there-
fore important to determine the minimal inhibitory
concentration of aminoglycoside antibiotics before
scoring mutants for increased resistance or sensi-
tivity. This procedure and suggested drug concen-
trations for addition to YPD medium have been
described previously.1,49,123 Although mutations
affecting translational fidelity are most often as-
sociated with increased sensitivity to aminoglyco-
side antibiotics, it is important to recognize that
mutations conferring increased resistance have also
been characterized. An alternative method for
scoring sensitivity to aminoglycoside antibiotics is
to dispense a solution of the drug to a sterile paper
disk on solid media that has been seeded with the
strain to be scored.144,170 This allows for a strain to
be scored for sensitivities to multiple antibiotics on
a single plate.
Enhanced sensitivities of yeast mutants to a

broad range of aminoglycoside antibiotics, includ-
ing G-418, hygromycin B, destomycin A, gen-
tamicin X2, apramycin, kanamycin B, lividomycin
A, neamine, neomycin, paromomycin and tobra-
mycin, were described by Ernst and Chan.49 The
genes defined in that study were designated ags, for
aminoglycoside sensitive. In another study, crl
mutants, which are cycloheximide resistant but
lethal at 37)C, were screened for altered sensi-
tivities to aminoglycoside antibiotics.123 All crl
mutants were found to be hypersensitive to
hygromycin B and some exhibited sensitivity to
cryptopleurine, anisomycin and G-418. Based
on different aminoglycoside sensitivities, the crl
mutations appear to be different from the ags
mutations.123 Most recently, sensitivity to paromo-
mycin was found to be associated with the mof4-1
allele of UPF1, which encodes a component of the
nonsense-mediated mRNA decay pathway and is
involved in reading frame maintenance.40
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Although eukaryotic cells are naturally resistant
to the aminoglycoside streptomycin, a yeast
mutant displaying enhanced susceptibility to
streptomycin has been described. A single base
substitution within yeast 18S rRNA decreases re-
sistance to streptomycin when rRNA is expressed
solely from a plasmid-borne copy of the rDNA;
interestingly, this base substitution occurs at the
position equivalent to a substitution that confers
streptomycin resistance in Escherichia coli.33 This
same yeast mutation also increases resistance to
paromomycin and G-418.

Cycloheximide
Cycloheximide is a potent inhibitor of protein

synthesis in eukaryotic cells and acts by binding to
the 60S ribosomal subunit to inhibit both initiation
and elongation. Mutants resistant to high con-
centrations of cycloheximide (>10 ìg/ml) are the
result of mutations in a single gene, CYH2, which
encodes ribosomal protein L29. Growth inhibition
also occurs in the presence of low levels of cyclo-
heximide that do not completely inhibit protein
synthesis. The effects on cell growth of low levels
of cycloheximide (e.g. 1 ìg/ml) are apparently due
to an increase in the duration of the G1 phase of
the cell cycle.124 Hunts for mutants resistant to
low levels of cycloheximide have turned up strains
that affect the cell cycle, protein synthesis, and
permeability of the cell to cycloheximide.124 In
addition, a screen for mutants that are both resist-
ant to low concentrations of cycloheximide and
heat-lethal turned up mutations in genes desig-
nated crl. crl mutants have characteristics of
both general control defects and omnipotent
translational suppressors. These mutants were
suggested to affect the fidelity of protein syn-
thesis.123 This establishes resistance to cyclohex-
imide as an easily scored phenotype that at high
concentrations is indicative of mutations in the
CYH2 gene, but at lower concentrations can be
associated with a broad range of defects.

Trichodermin
Trichodermin is an antibiotic that inhibits pep-

tidyltransferase activity. The isolation and charac-
terization of trichodermin-resistant yeast mutants
have been described.55 Resistance was conferred
by mutation in the TCM1 gene, which encodes
ribosomal protein L3. tcm1mutants are also resist-
ant to structurally-distinct antibiotics that inhibit
peptidyltransferase activity, including verrucarin

A, anisomycin and sparsomycin. Furthermore,
tsm1 is allelic to MAK8, which was identified as a
gene essential for the maintenance of the yeast
killer phenotype.190 Trichodermin medium con-
sists of YPD plus 10 ìg/ml trichodermin.55 Aniso-
mycin medium is YPD containing 20–50 ìg/ml
anisomycin.123

Immunosuppressants
Rapamycin, cyclosporin (CsA) and FK506 are

immunosuppressive drugs that block signal trans-
duction pathways involved in T-cell activation.
They also exhibit antifungal properties.102

Rapamycin, in particular, has been useful for
selecting mutants that define components of signal
transduction pathways in yeast. The effects of
these drugs first requires their association with
intracellular receptors. CsA binds cyclophilin
and both rapamycin and FK506 bind the FK506
binding protein, FKBP. Cyclophilin and FKBP
are proline isomerases. However, the effects of
rapamycin, CsA and FK506 are not due to
inhibition of the isomerase activity. Rather, CsA-
cyclophilin and FK506-FKBP target calcineurin,
a serine/threonine phosphatase, to interfere
with Ca2+-dependent signal transduction. In
yeast, CsA-cyclophilin and FK506-FKBP block
recovery from pheromone-induced G1 arrest. The
rapamycin–FKBP complex does not target cal-
cineurin, but instead interacts directly with the
phosphatidyl inositol (PI) 3-kinase family mem-
bers Tor1 and Tor2 to block progression through
G1.

69,116 These two proteins were initially impli-
cated as the targets of the rapamycin–FKBP
complex based on the ability of tor1 and tor2
mutations to suppress the cytotoxic effect of
rapamycin.69

Normal laboratory yeast strains are extremely
sensitive to rapamycin, exhibiting growth arrest on
YPD medium containing 0·1 ìg/ml rapamycin.69

Mutations in FPR1, which encodes the rapa-
mycin receptor FKBP 12, suppress this effect,
allowing cells to grow in the presence 100 ìg/ml
rapamycin.69

Neither CsA nor FK506 is as toxic as rapamycin
and normal yeast strains exhibit varying degrees of
susceptibility to both drugs. Nonetheless, yeast
mutants exhibiting altered sensitivity to CsA and
FK506 have been informative. For example,
FK506 was found to inhibit amino acid import68

and either overexpression of, or mutations in, the
TAP1/TAT1 and TAP2/TAT2/SCM2 genes, which
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encode amino acid permeases, affects FK506
sensitivity.163

Oligomycin
Oligomycin is an inhibitor of oxidative phos-

phorylation that blocks ADP-dependent stimu-
lation of oxygen consumption. The YOR1 gene
encodes an ABC transporter that was identified as
a high-copy-suppressor of oligomycin toxicity;
conversely a yor1 deletion confers hypersensitivity
to oligomycin.91 YOR1 was also identified in a
selection for reveromycin-sensitive mutants (see
below).41 Oligomycin resistance can be scored on
YPGE medium containing 0·1 ìg/ml oligomycin.91

o-Dinitrobenzene
o-Dinitrobenzene (o-DNB) is an agent that un-

couples electron transport from oxidative phos-
phorylation. o-DNB is inactivated by covalent
attachment to glutathione, catalysed by the en-
zyme glutathione-S-transferase. In an effort to
identify genes involved in o-DNB detoxification in
yeast, the ROD1 gene was isolated as a high copy
suppressor of o-DNB toxicity.197 ROD1 encodes a
novel protein that conferred resistance not only to
o-DNB, but also to high levels of calcium and zinc;
conversely, a rod1 deletion rendered cells sensitive
to o-DNB, calcium, zinc and diamide. o-DNB
resistance can be scored on YPD medium contain-
ing 175–400 ì-o-DNB.197

Multidrug resistance
Yeast, like mammalian cells, can acquire pleio-

tropic drug (multidrug) resistance. Two classes of
genes are associated with this process. One encodes
membrane transporter proteins such as the ATP
binding cassette transporters (ABC transporters)
that function as drug efflux pumps. The other
class encodes transcription factors that activate
expression of genes involve in drug detoxification.
Examples include the PDR5 gene (pleiotropic drug
resistance), which encodes an ABC transporter,
and the PDR1 and PDR3 genes, which encode
zinc-finger transcription factors that control PDR5
expression.90 Multidrug resistance genes confer
resistance to many distinct drugs, including actino-
mycin D, adriamycin, bleomycin, chlorampheni-
col, colchicine, cycloheximide, 5-fluorouracil and
sulfometuron methyl, as well as resistance to the
toxic effects of certain divalent cations. A single
example, altered sensitivity to reveromycin, is
described here.

Reveromycin is an anionic drug that inhibits
progression through the G1 phase of the mam-
malian cell cycle. Hypersensitive mutants have
been isolated and characterized.41 Mutations in the
YRS1/YOR1 gene, which encodes a homolog of
the human multidrug resistance protein, were
found to cause sensitivy to a broad range of
organic anions, including the anionic drugs tauto-
mycin and leptomycin B. However, yrs1 mutants
did not exhibit increased sensitivity to other drugs,
including cycloheximide, fluphenazine, cerulenin
and 4-nitroquinoline. The Ysr1 protein is struc-
turally similar to Ycf1, which is required for
resistance to cadmium, and ysr1 mutants exhibit
increased cadmium sensitivity. Sensitivity to
reveromycin was scored on YPD medium, pH 4·5,
containing 1 ìg/ml reveromycin.41 The low pH
of the medium was critical, presumably because
the cell membrane is more permeable to the
protonated form of reveromycin.

CARBOHYDRATE AND LIPID
BIOSYNTHESIS DEFECTS

Vanadate
Resistance to vanadate is a useful screen for

mutants that are defective in protein glycosylation
events.8 Since glycosylation is tightly coupled to
secretion, vanadate-resistant mutants have been
informative with respect to both processes.35

Although protein glycosylation occurs primarily
in the Golgi, early glycosylation events occur in
the endoplasmic reticulum. Interestingly, charac-
terization of a vanadate-resistant, hygromycin
B-sensitive mutant identified the OST4 gene,
which encodes a polypeptide of only 36 amino
acids that is required for normal levels of oligosac-
charyltransferase activity.35 Vanadate resistance
can be scored on YPD medium containing
7–10 ì-sodium ortho-vanadate.35

Fenpropimorph
Fenpropimorph is a fungicide that acts by inhib-

iting biosynthesis of ergosterol, the yeast counter-
part of mammalian cholesterol.104,120 Exposure of
yeast cells to fenpropimorph results in accumu-
lation of ergosterol precursors and inhibits cell
growth by ergosterol starvation.120 As is common
for other forms of nutritional deprivation,
fenpropimorph-induced ergosterol deprivation
leads to a block in the G1 phase of the cell cycle.
Mutants resistant to fenpropimorph have been
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isolated.104 The fen1-1 mutation enhances the level
of ergosterol and causes a general resistance to
sterol biosynthesis inhibitors. The FEN1 gene and
its homolog SUR4 have been suggested to be
involved in the dynamics of cortical actin cyto-
skeleton in response to nutrient availability.151

Fenpropimorph resistance can be scored on
SC medium. Whereas growth of a wild-type strain
is inhibited by 0·3 ì-fenpropimorph, fen1
mutants resist growth inhibition by 66 ì-
fenpropimorph.104,120

Nystatin
Nystatin is a polyene antibiotic that binds to

membrane ergosterol. Nystatin resistance is a hall-
mark of erg mutants, which are defective in ergos-
terol biosynthesis;83 reviewed in reference 70.
Resistance to nystatin can be scored on SD
medium containing 1–6 units/ml nystatin.83

Resistance to other antifungal compounds,
including amphotericin B (another polyene antibi-
otic) and syringomycin-E (a cyclic lipodepsipep-
tide),179 is also associated with erg mutations.
Therefore, resistance to these and other com-
pounds is often indicative of defects in ergosterol
biosynthesis.

Mevinolin and lovostatin
Mevolin and lovostatin are competitive inhibi-

tors of 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) reductase. The isolation and initial
characterization of mevinolin-resistance mutants
of S. cerevisive have been reported.10 All mevindin-
resistant mutants were also slightly resistant to
nystatin, a result consistent with the diminished
sterol levels in these strains. Mevinolin-resistant
mutants were isolated on YPD medium containing
400 ìg/ml mevinolin, either in the presence or
absence of exogenous ergosterol. Mutants were
resistant to the same concentrations of mevinolin
regardless of whether glucose or glycerol was the
carbon source, demonstrating that resistance
occurred under either fermentative or respiratory
metabolism.10

NUCLEIC ACID METABOLISM DEFECTS

UV light
Sensitivity to UV irradiation is an easy pheno-

type to score for defects in repair of DNA damage.
As examples, mutations in the SSL1 and SSL2
(RAD25) genes, which were initially identified

based on suppression of a stem-loop structure in
the leader region of the HIS4 gene, confer sensi-
tivity to UV irradiation.63,199 The SSL1 and SSL2
genes were subsequently identified as subunits of
the general transcription factor TFIIH, which also
functions in nucleotide excision repair of DNA
damage.52,177 Sensitivity to UV irradiation is
scored by plating parent and mutant strains on
either SC or YPD medium and irradiating with
either a calibrated dose or increasing doses of UV
light. Typical doses for scoring sensitivity to UV
irradiation are 10–200 Joules/m2. A simple germi-
cidal lamp or UV crosslinker is an adequate source
of UV light for this purpose. Irradiated plates must
be incubated in the dark for at least 24 h to
eliminate activation of photo-induced repair.67

Alkylating agents
There are many examples of yeast strains that

show hypersensitivity to different alkylating
agents, including ethyl methanesulfonate (EMS),
methyl methanesulfonate (MMS), N-methyl-N*-
nitro-N-nitrosoguanidine, cisplatin and mitomycin
C. As an example, cdc2 mutations confer MMS
sensitivity, presumably caused by failure of cdc2-
encoded DNA polymerase ä to fill in single-strand
gaps arising during base excision repair of meth-
ylation damage.15 Sensitivity to EMS and MMS
are particularly easy to score. For example, MMS
sensitivity is scored on YPD medium containing
0·05% MMS.122 Alternatively, chemical concen-
tration gradients can be used in assays based on
zonal growth inhibition, as described above for
peroxide sensitivity.

Radiomimetic drugs
Bleomycin is a radiomimetic, antitumor drug

that induces single- and double-strand DNA
breaks through the production of free radicals. A
screen for yeast mutants that are hypersensitive to
bleomycin was recently described.122 In that study,
the IMP2 gene was identified as the structural gene
encoding a transcriptional activator that mediates
protection against DNA damage caused by bleo-
mycin as well as other oxidants.122 Sensitivity of
yeast strains to bleomycin can be scored on YPD
medium containing 2–20 ìg/ml bleomycin.
Yeast strains can also be scored for sensitivity

to other radiomimetric compounds, including
4-nitroquinoline oxide (4-NQO) and streptonigrin.
rad52 mutants exhibit poor survival on YPD
medium containing 0·5 ìg/ml 4-NQO.122
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Mutations in the functionally related TEL1 and
MEC1 genes, which encode members of the PI
3-kinase family, confer sensitivity to streptonigrin,
scored on YPD medium containing 0·5 ìg/ml
streptonigrin.128 Neither tel1 nor mec1 alone con-
ferred streptonigrin sensitivity, but a double tel1
mec1 mutant was sensitive to both streptonigrin
and bleomycin, as well as other DNA damaging
agents.128

Hydroxyurea
Hydroxyurea (HU) is an inhibitor of ribonu-

cleotide reductase, which catalyses the reduction of
ribonucleotides to deoxyribonucleotides. Exposure
of yeast cells to HU diminishes dNTP pools,
thereby preventing DNA synthesis and progres-
sion through S phase of the cell cycle. There are
many examples of HU-sensitive yeast mutants.
One is the crt collection of mutants, which are
constitutive for expression of RNR3, a highly
regulated gene encoding a subunit of ribonucleo-
tide reductase.204 HU sensitivity can be scored on
YPD medium containing 100 m-HU.204

Distamycin A
Distamycin A binds to the minor groove of

DNA with a preference for AT-rich sequences.
Distamycin A and other minor groove ligands
such as DAPI and Hoechst 33258 were found to be
toxic to S. cerevisiae.61 Consistent with the rela-
tively AT-rich content of mitochondrial DNA,
distamycin A was more toxic to yeast cells grown
on glycerol medium, which requires a functional
respiratory system, than to cells grown on glucose
medium. Minimum inhibitory concentrations of
distamycin A range from 80 to 400 ì with glucose
as the carbon source and 4–20 ì with glycerol as
the carbon source.61

Actinomycin D
Actinomycin D is a DNA intercalator with

preference for GC-rich sequences. Exposure of
yeast cells to actinomycin D has been reported to
induce expression of RNR3, the highly inducible
gene encoding a subunit of ribonucleotide re-
ductase.47 Exposure of yeast cells to 10 ì-
actinomycin D in synthetic medium was sufficient
to stimulate RNR3 expression, although it was not
reported whether this concentration of actinomy-
cin D was sufficient to cause a growth phenotype.47

Camptothecin
Camptothecin is an anti-cancer drug that targets

eukaryotic DNA topoisomerase I by reversibly
trapping a covalent enzyme–DNA intermediate.31

Consequently, camptohecin interferes with pro-
cesses that involve topoisomerase I, including
replication, transcription and recombination. The
enzyme–DNA adduct interferes with replication,
resulting in accumulation of double-stranded
DNA breaks, which in turn lead to cell cycle arrest
in G2. Both camptothecin-sensitive and -resistant
mutants of S. cerevisiae have been described.
Mutations in the TOP1 gene, which encodes
topoisomerase I, confer camptothecin resistance,
whereas overexpression of TOP1 enhances sensi-
tivity to camptothecin.48,97,137 Consistent with the
proposed model for camptothecin toxicity, rad52
mutants, which are deficient in recombinational
repair of double-stranded DNA breaks, exhibit
increased sensitivity to camptothecin.48,137 In a
recent study, suppression of camptothecin-induced
lethality identified dominant mutations in the
SCT1 gene.92 Camptothecin medium is prepared
by adding camptothecin dissolved in dimethyl-
sulfoxide (or sodium camptothecin dissolved
in water) to either YPD or minimal medium.
Since camptothecin is less stable at acidic pH,
medium should be buffered to pH 7·2–7·5.137

Camptothecin-sensitive mutants were identified on
YPD medium containing 5–50 ìg/ml campto-
thecin;137 suppressors of camptothecin sensitivity
were selected on minimal medium containing
10 ìg/ml camptothecin.92

Ciclopyroxolamine
Ciclopyroxolamine (CPX) is an inhibitor of

mammalian DNA replication that causes arrest at
the G1/S stage of the cell cycle. CPX is also a
broad-spectrum anti-fungal antibiotic, implying
that it is permeable to yeast cells. Therefore,
Levenson and Hamlin suggested that CPX sensi-
tivity might be used to screen for yeast mutants
that are altered in DNA replication. 107

6-Azauracil
6-Azauracil (6-AU) is an inhibitor of both

orotidylic acid decarboxylase and IMP dehy-
drogenase, which are components of the UTP and
GTP biosynthetic pathways. Consequently, 6-AU
diminishes the intracellular pools of UTP and
GTP. A screen for mutants exhibiting sensitivity to
6-AU identified the ppr1 and ppr2 genes.50 PPR1
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encodes a transcriptional regulator of the pyrimi-
dine pathway and the growth defect of a ppr1 null
mutant can be rescued by the addition of uracil to
the growth medium.50 PPR2 encodes the tran-
scription elongation factor TFIIS.78,130 The sensi-
tivity of ppr2 mutants to 6-AU is thought to be a
consequence of the TFIIS requirement of elongat-
ing RNA polymerase II under conditions of NTP
deprivation.50 Consistent with this interpretation,
the sensitivity of ppr2 mutants to 6-AU can be
rescued by addition of uracil or guanine to the
growth medium. Deletion of the Sz. pombe gene
encoding TFIIS (tfs1) also confers sensitivity to
6-AU, which can be rescued by either uracil or
guanine.193 6-AU-sensitive mutations were also
uncovered in the rbp1/rpo21 gene, which encodes
the largest subunit of RNA polymerase II.5 These
mutants could be rescued either by increased dos-
age of the PPR2 gene or by addition of guanine to
the medium. These results suggested that func-
tional interaction between RNA polymerase II and
TFIIS is critical for elongation through pause sites.
Therefore, sensitivity to 6-AU often correlates
with defects in the elongation phase of transcrip-
tion by RNA polymerase II. Sensitivity can be
scored on minimal medium supplemented with
6-AU at concentrations of either 30 ìg/ml in
S. cerevisiae5 or 300 ìg/ml in Sz. pombe.193

Mycophenolic acid
Mycophenolic acid is an inhibitor of IMP dehy-

drogenase, an enzyme in the GTP biosynthetic
pathway. Consequently, mycophenolic acid is
assumed to diminish the intracellular pool of GTP.
Consistent with this premise, mycophenolic acid
sensitivity can be reversed by addition of guanine
to the growth medium. Mutations in PPR2
(TFIIS) result in increased sensitivity to mycophe-
nolic acid, presumably due to the increased re-
quirement by RNA polymerase II for TFIIS when
the pool of NTP substrates is limiting.147 Yeast
strains are typically less sensitive to mycophenolic
acid than to 6-AU (see above), perhaps because
6-AU diminishes the pools of both GTP and
UTP.50 Sensitivity to mycophenolic acid can be
scored on YPD medium containing mycophenolic
acid at a final concentration of 45 ìg/ml.147

Thiolutin
Thiolutin is an inhibitor of RNA polymerase in

yeast.182 Thiolutin has been used in lieu of the ts

rbp1-1 allele as a means of shutting off de novo
mRNA synthesis in vivo.71 Conceivably, altered
sensitivity to thiolutin might be a means to
uncover RNA polymerase II mutants or other
transcriptional defects. Thiolutin at a final con-
centration of 3 ìg/ml was reported to inhibit
RNA polymerase II transcription to <5% of
normal.71

Inositol secretion (Opi)
As described above, inositol auxotrophy often

correlates with defects in components of the gen-
eral transcriptional apparatus, resulting in dimin-
ished expression of the INO1 gene. Conversely,
mutations in certain genes encoding transcrip-
tional repressors cause overproduction and secre-
tion of inositol.62 This secretory phenotype,
denoted Opi+, correlates with overexpression of
INO1 and has been reported for deletions in the
OPI1, SIN3 and UME6 genes, each of which
encodes a transcriptional repressor.79,81,189 The
Opi+ phenotype can be scored in a crossfeeding
assay. For example, wild-type and mutant strains
are allowed to grow on -Ino agar medium, fol-
lowed by streaking a homozygous ino1 diploid
mutant away from these strains. Whereas the
wild-type strain fails to rescue growth of the ino1
mutant, repressor mutants secrete inositol, thereby
crossfeeding the ino1mutants, scored as a streak of
growth that diminishes with distance from the
repressor mutant.81

Mutator phenotype
The potential for mutations to confer a mutator

phenotype, defined by an enhanced rate of
mutagenesis, can be conveniently assessed by
scoring the frequency of resistance to certain
toxins or antibiotics where resistance is known to
arise by mutations in specific genes. For example,
mutations in the LYS2, CYH2, CAN1 and
URA3 genes confer resistance to á-aminoadipate,
cycloheximide, canavanine, and 5-fluoro-orotic
acid, respectively. Therefore a mutator pheno-
type can be scored by determining the frequency
at which resistance to one or more of these
compounds arises in a mutant strain relative to
a wild-type control.43 As an example of this
phenotype, mutations in components of the
replication machinery have been shown to
confer increased frequency of resistance to
á-aminoadipate.21
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A FEW OTHER PHENOTYPES

pH-sensitivity

Mutants defective in vacuolar function and
protein sorting often exhibit multiple pleiotropic
phenotypes. Emr and colleagues reasoned that
mutants defective in vacuole acidification might
also be defective in regulation of intracellular pH.9

Indeed, mutations in the VPT13 gene, as well as
mutations in other vacuole protein targeting genes,
confer extreme sensitivity to low pH. VPT13
mutants were also defective in accumulation of
quinicrine in the vacuole. Sensitivity of vpt
mutants to low pH were scored on YPD medium
adjusted to pH 3·0 with 6--HCl.9

Sensitivity to benomyl, nocodazole and
thiabendazole

Benomyl is an antimitotic drug that destablizes
microtubules and has been shown to inhibit
microtubule-mediated processes, including nuclear
division, nuclear migration and nuclear fusion. As
part of their efforts to understand microtubule
function, Botstein and colleagues isolated and
characterized yeast mutants based on either resist-
ance or hypersensitivity to benomyl. All benomyl-
resistant mutants were the result of mutations in
a single gene, TUB2.180 Benomyl-hypersensitive
mutants fell into six complementation groups.174

One group was composed of TUB1, TUB2 and
TUB3, the three tubulin structural genes. The
other three genes were designated CIN1, CIN2 and
CIN4, genes that were also identified based on
increased rates of chromosome loss. Additional
experiments suggested that the three CIN genes
act together in the same pathway or complex to
affect microtubule function.174 Other antimitotic
drugs that destabilize microtubules include
nocodazole and thiabendazole, both of which are
toxic to yeast. Wild-type yeast strains grow well
on YPD medium containing 10 ìg/ml benomyl,
whereas hypersensitive tub and cin mutants are
inhibited on YPD medium containing as little
as 0·5 ìg/ml benomyl.174 Benomyl sensitivity
is temperature dependent, with increased sensi-
tivity at lower temperatures.174 Nocodazole
sensitivity can be scored on YPD medium con-
taining 0·25–4 ìg/ml nocodazole;174 sensitivity
of Sz. pombe mutants to thiabendazole was
scored on YPD medium containing 10–30 ìg/ml
thiabendazole.168

Staurosporine
Staurosporine is a protein kinase inhibitor that

at low concentrations specifically inhibits protein
kinase C.136 Several different genes, designated
STT, were identified in a hunt for mutants that are
both staurosporine- and temperature-sensitive.
Several of the STT genes have been characterized.
STT1 is identical to PKC1, the gene encoding
protein kinase C, which activates signaling
through the MAP kinase pathway.200 Other STT
genes are functionally related to PKC1/STT1 and
are involved in cell signaling and plasma mem-
brane development.201–203 Staurosporine sensitiv-
ity is scored on YPD medium containing 0·1 ìg/ml
staurosporine. Alternatively, staurosporine sensi-
tivity can be conveniently scored in a halo assay
by spotting 5 ìl of 200 ìg/ml staurosporine on a
sterile filter disk in the center of YPD plates seeded
with wild-type and mutant strains.168

Caffeine
Caffeine is a purine analog that affects many

cellular processes. Growth sensitivity to caffeine is
often associated with defects in components of
MAP kinase pathways. As an example, mutations
in BRO1, which encodes a protein that interacts
with components of the Pkc1p–MAP kinase path-
way, confers caffeine sensitivity.134 Caffeine also
inhibits mammalian cAMP phosphodiesterase,
although it is not clear that caffeine has a similar
inhibitory effect on PDE1- or PDE2- encoded
cAMP phosphodiesterase in yeast. Caffeine
sensitivity is typically scored on YPD medium
containing 8–10 m-caffeine.54,134

A FEW TRICKS

Cell permeabilization
Many drugs exert specific effects in vitro and

would be potentially useful reagents in genetic
selections or screens. However, these drugs are not
toxic because they are impermeable to the cell. In
some cases this problem can be alleviated by
selecting for mutants that are permeable to other
drugs. For example, permeability to camptothecin
was increased by first selecting for a mutant with
enhanced sensitivity to cycloheximide.137 Other
techniques can also be used to increase cell
permeability. For example, Nitiss and Wang cite
as unpublished results their use of yeast trans-
formation protocols, including LiCl treatment, to
enhance camptothecin permeability.137
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Phenotypic enhancement

Mutant phenotypes are often ‘leaky’, which
can make the phenotype difficult to follow
through meiosis or render it useless as a selectable
marker. However, the leaky phenotype of certain
mutations can in some cases be enhanced by
conditions that do not significantly affect the
growth of the wild-type strain. One of the simplest
methods to enhance a phenotype is to switch
from rich (YPD) to synthetic complete (SC)
medium.
Changes in growth temperature and osmotic

pressure are additional methods that sometimes
confer phenotypic enhancement. For example, the
sensitivity of certain crl mutants to hygromycin B
is enhanced by growth at elevated temperature
(37)C) or by addition of 2·5 -glycerol to the
growth medium.123 For some crl mutants, the
combination of hygromycin B and either heat or
glycerol abolished growth under conditions where
neither condition alone conferred a phenotype.
Another method to enhance a phenotype is to

supplement the growth medium with drugs or
other reagents that have the potential to impair
growth of a specific class of mutants. A recent
example using this logic is provided by the MCB1
gene, which encodes a multiubiquitin-chain-
binding component of the 26S proteasome.
Whereas disruption of MCB1 had no growth
defect on SC medium, addition of canavanine to
the same medium conferred a severe growth defect,
yet had minimal effect on growth of the isogenic
wild-type strain.185 Canavanine is an amino acid
analog that is incorporated into proteins in the
place of arginine, resulting in structural defects. It
therefore stands to reason that deletion of a pro-
teasome component involved in turnover of aber-
rant proteins would exhibit enhanced susceptibility
to canavanine. This same logic can be applied to
screen for other enhanced phenotypes.
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