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Here, we summarize the composition and uses of Schizosaccharomyces pombe media and discuss key
issues for consideration in the generation of S. pombe cultures. We discuss the concept of “culture
memory,” in which the growth state and stress experienced by a strain during storage, propagation, and
starter culture preparation can alter experimental outcomes at later stages. We also describe the triggers
that are widely used to manipulate signaling through the environment sensing pathways.

INTRODUCTION

Schizosaccharomyces pombe cells are rod-shaped and grow by tip extension until they attain a critical
cell length whereupon growth ceases and mitosis is initiated (Mitchison 1957). This highly reproducible cell size control is just one of the cellular growth and morphogenesis pathways that are regulated
by environmental cues. The Sty1/Spc1 MAP kinase stress response and the target of rapamycin (TOR)
pathways respond to changes in the extracellular environment to modulate functions as diverse as
growth, division, the cytoskeleton, protein synthesis, transcription, and translation (Shiozaki and
Russell 1995; Weisman 2004; Petersen 2009; Loewith and Hall 2011). The choice of media and
culture conditions, therefore, heavily impacts the outcome of studies in virtually every arena of
ﬁssion yeast biology.

FISSION YEAST GROWTH MEDIA

Fission yeast has the ability to grow on a range of different media. These include complex rich medium,
synthetic minimal medium, and different types of “sporulation” media used to promote sexual
differentiation. Rich medium, known as yeast extract with supplements (YES) (see Recipes section
below), is made with yeast extract and glucose with speciﬁc amino acids or nucleobases added as
needed. YES supports fast growth rates (Table 1); hence, it is used for general nonselective growth. YES
is also preferable for growth before long-term storage at −80˚C and for some experimental procedures, including protoplast generation. Synthetic media recipes are based on the original Edinburgh
minimal media (EMM) developed by Murdoch Mitchison for his cell cycle analyses (Mitchison 1970).
The totally deﬁned nature of synthetic minimal media for logarithmic growth facilitates the reproduction of culture conditions between physiological experiments and laboratories, as well as the
selection of a variety of auxotrophic markers on exogenous vectors or integrated DNA fragments.
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TABLE 1. Approximate generation times of healthy haploids according to medium (A) and nitrogen source (B), and
cell dimensions according to ploidy (C)
A. Approximate generation times of healthy haploids
Medium

Temperature

Generation time

YES

20˚C
25˚C
28˚C
30˚C
32˚C
35˚C
20˚C
25˚C
28˚C
30˚C
32˚C
35˚C

~8 h
3h
2 h 45 min
2 h 30 min
2 h 10 min
2h
~10 h
4 h 30 min
3 h 45 min
3h
2 h 30 min
2 h 20 min

EMM2

B. Nitrogen-dependent generation times of healthy haploids
Nitrogen source

Temperature

Generation time

EMM2 (ammonium)
EMMG (glutamic acid)
EMMP (proline)
MSL (arginine)
YES (complex)

28˚C
28˚C
28˚C
28˚C
28˚C

3 h 45 min
3 h 30 min
4 h 30 min
3 h 30 min
2 h 45 min

Ploidy

Cell length

Cell width (constant)

Haploid
Diploid

12–14 μm
20–24 μm

~3.5 μm
~4.5–5 μm

C. Cell dimensions

Changes to the nitrogen or carbon composition of synthetic minimal media are commonly used to
manipulate growth and cell cycle controls and promote sexual differentiation.
Carbon Sources in Growth Media

Although glucose is routinely used as the sole carbon source in growth medium, S. pombe can also use
glycerol, sucrose, rafﬁnose, and maltose (Schlanderer and Dellweg 1974). When ﬁssion yeast is grown
on glucose alone, the levels of several respiratory enzymes are reduced (Poole and Lloyd 1973).
Monitoring carbon dioxide production to gauge glycolytic ﬂux has revealed that glycolysis accounts
for most of the ATP production during aerobic growth in 3% glucose (Hamburger et al. 1977).
In contrast, the catabolite repression that arises from propagation in glucose is lost when glycerol
is the sole carbon source (Poole and Lloyd 1974), making growth in glucose highly reminiscent of the
Warburg effect seen in cancer cells (Upadhyay et al. 2013). Removal of glucose while maintaining the
provision of nitrogen can maintain cells in a G0-like state for extended periods; this growth state is
used to study S. pombe metabolic controls and ageing (Su et al. 1996).
Nitrogen Sources in Growth Media
Modified Versions of EMM

Several modiﬁed versions of EMM can be selected according to the desired source of nitrogen (Table 2).
Each distinct nitrogen source induces signature ﬂuxes through the TOR and Sty1 growth control
pathways to alter the architecture and ﬂux of most cellular processes. The most widely used synthetic
medium is EMM2 (see Recipes section below) (Nurse 1975), which employs the excellent nitrogen
source ammonium chloride. The switch from the sodium acetate and sodium dihydrogen orthophosphate of the original EMM medium to 15 mM potassium hydrogen phthalate and disodium hydrogen
14
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TABLE 2. Nitrogen sources in modified versions of EMM
Medium (EMM[X])

Nitrogen source

EMM2
EMMG
EMMP
EMMSer
EMMUr

Ammonium chloride
L-Glutamic acid
L-Proline
L-Serine
Uracil

orthophosphate was introduced by Paul Nurse to reduce clumping of wee1-50 (also known as cdc9-50)
mutant cells (Nurse 1975); however, as cells were generally healthier in EMM2, it became the medium
of choice for most studies. EMM2 was further modiﬁed by Fantes and Nurse (1977) to assess the impact
of nutrient variation on cell cycle controls, and different nitrogen sources were substituted for ammonium chloride. EMM2 without nitrogen is called EMM–N (see Recipes section below). (Note that
EMM–N is commercially available from several providers, including Formedium in the U.K.) Replacement of the ammonium chloride of EMM2 with glutamic acid, proline, uracil, or serine generated
the alternative media EMMG (see Recipes section below), EMMP (see Recipes section below), EMMUr
(see Recipes section below), and EMMSer (see Recipes section below), respectively (Fantes and Nurse
1977). Of these media, EMMG, and EMMP have been the most widely used (Petersen and Nurse 2007).
Because glutamic acid is a good nitrogen source and proline a very poor one, a switch between the two
reveals the impact of changing the “quality” of the nitrogen source upon the cell cycle, stress, and TOR
signaling networks (Petersen 2009). EMMP is also useful for cell cycle analysis, because cells are born in
G1 phase and initiate growth before committing to the cell cycle at START (Fantes and Nurse 1978).
This contrasts with all other media, in which passage of START precedes cytokinesis.
Confusingly, the name EMMG was later used to describe an EMM2 variant in which the ammonium is replaced with 5.91 mM glutamate to support sporulation of diploids (Moreno et al. 1991). This
led to the use of the name PMG (Pombe Minimal Glutamate) to describe the medium in which the
ammonium of EMM2 is replaced with 20 mM glutamic acid (Sabatinos and Forsburg 2010). Throughout this collection, we return to the original nomenclature of EMMG for medium with glutamic acid.
There is no mention in this collection of the medium with 5.91 mM glutamate described by Moreno
et al. (1991). Wherever EMMG is used, it refers to medium with 20 mM glutamic acid.
EMMG is often a medium of choice when propagating certain auxotrophs. There appear to be two
transporters for basic amino acids, of which one is inhibited by ammonium ions (Fantes and Creanor
1984). Growth on EMMG therefore has the advantage that both transporters can be used for uptake of
basic amino acids. Empirical observations of a set of aromatic auxotrophic mutants show that EMMG
supports much better growth than EMM2 in these mutants as well (Strauss 1979). For most researchers, however, EMMG is used because ura4-d18 mutants are ﬁtter when grown with EMMG than with
EMM2, presumably because uracil uptake exploits the same channels. This negative impact of ammonium ions on the uptake of basic amino acids becomes a major issue when performing mass
spectrometric analyses using SILAC (stable isotope labeling by amino acids in cell culture), in which
strains are engineered to rely entirely upon the import of exogenous arginine and lysine that incorporate heavy carbon or nitrogen isotopes at key positions. Critically, the addition of lysine inhibits
arginine uptake by the ammonium insensitive channel. As both lysine and arginine must be imported
from the medium for SILAC to be successful, the high levels of ammonium in EMM2 either block
growth altogether or generate an excessive lag phase before growth takes off. One solution is to reduce
the ammonium levels in the EMM2 used for SILAC from 96 to 24 mM (Bicho et al. 2010); another is to
switch to EMMG (Carpy et al. 2015).
Sporulation Media

Minimal sporulating liquid or agar (MSL/MSA) medium (see Recipes section below) was developed
by Egel et al. (1994) to facilitate the efﬁcient induction of sexual differentiation in ﬁssion yeast. Like
EMM-based media, it supports logarithmic growth; however, it employs arginine as its sole nitrogen
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source. Egel selected arginine because a switch from MSL containing arginine to MSL without it,
induced sexual differentiation far more rapidly and efﬁciently than a similar switch from EMM to
EMM−N. Furthermore, when the background ﬂuorescence of a ﬂuorescent fusion protein obscures
the speciﬁc signal in EMM2 medium, a switch from EMM2 to MSL often abolishes background
ﬂuorescence to reveal the “true” location of fusion-protein. A further reduction in background
ﬂuorescence in live cell imaging can be achieved by using a ﬁlter rather than autoclaving to sterilize
medium. MSL and MSA are also useful for hygromycin and G418/kanamycin selection, which cannot
be applied in EMM2. In contrast, sporulation agar (SPA) medium (see Recipes section below), in
which no nitrogen is present, invokes an abrupt nitrogen starvation shock for cells (Leupold 1970).
Cells plated on SPA either mate or arrest division, whereas they undergo one or two rounds of division
when plated on MSA. MSA therefore produces efﬁcient mating of most strains. However, spontaneous ascus breakdown is faster and more synchronous following mating on SPA than MSA, making
SPA a medium of choice for mating strains for tetrad analysis.
Supplementation of Minimal Media with Amino Acids and Nucleobases

For growth on solid media, 200 mg/L of the relevant supplements (e.g., leucine, uracil, histidine,
adenine, lysine, arginine, or histidine) can be added. Note that amino acid supplements are often
added to a ﬁnal concentration of 225 or 250 mg/L; however, this high level of amino acids stems from
Paul Nurse’s observation that survival of a mutant in cdc2 required addition of 250 mg/L leucine.
Consequently, 250 mg/L supplements are commonly used, although 150 mg/L is sufﬁcient. It is
notable that variance in size at division (i.e., variance in passage through the G2 phase of the cell
cycle) is lowest at 150 mg/L, rather than 250 mg/L (J Petersen and P Russell, unpubl.).
Amino acid stock solutions are often prepared as 7.5 mg/mL, however, both adenine and uracil
have solubility issues. Adenine should be made as a 5-mg/mL stock solution and uracil solutions will
need to be heated (e.g., by microwave) to dissolve the solid before adding to medium. The inconvenience and evaporation arising from repeated heating of the stock solution has prompted many to use
the much more expensive uridine for ad hoc supplementation of media at the bench and only use
uracil when making up large batches of medium.
Mutations in ade6+

Mutations in the ade6 + gene are widely used in S. pombe genetics because a precursor in the adenine
biosynthesis pathway, P-ribosylaminoimidazole, accumulates in the mutants and oxidizes to a red
pigment (Reaume and Tatum 1949). Consequently, supplementation with a limiting level of adenine
(10 μg/mL) supports growth yet reveals the red pigmentation (Schar and Kohli 1994). ade6-M210
colonies appear dark red while ade6-M216 colonies appear pink (Schar and Kohli 1994). Colonies
harboring the ade6-705 nonsense mutation are a deep crimson when not complemented by the sup3-5
tRNASer mutation, but appear white when the opal suppressor allows reading through the stop mutation to produce a functional phosphor-ribosylaminoimidazole carboxylase enzyme (Hofer et al. 1979).
This color difference has been used for colony color/sectoring assays in genetic screens, for example,
to detect the loss of a nonessential mini-chromosome. The suppression of ade6 + mutations by minichromosome-borne sequences, which generates white colonies, is lost with the mini-chromosome.
This produces neighboring red colonies or reveals a red sector within a colony when plates are supplemented with 10 μg/mL adenine (Niwa et al. 1986, 1989; Takahashi et al. 1994; Allshire et al. 1995).
Phloxin B Staining

Phloxin B (2′ ,4′ ,5′ ,7′ -Tetrabromo-4,5,6,7-tetrachloroﬂuorescein disodium salt or cyanosine) is a red
dye that is used as vital stain when added to YES; see yeast extract with supplements (YES) and phloxin
B (see Recipes section below). Dead cells are unable to exclude phloxin B and thus appear red. This is
especially useful for identifying colonies consisting of haploid or diploid cells, as the latter are more
likely to die and therefore stain more darkly with phloxin B (Tange and Niwa 1995); thus, the overall
16
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colony will be a darker pink. Phloxin B can also be useful for identifying colonies of temperaturesensitive lethal mutants because of increased cell death at the restrictive temperature.
5-FOA Selection

The orotidine 5′ -phosphate decarboxylase encoded by the ura4 + gene decarboxylates 5-ﬂuorooroticacid (5-FOA) to generate 5-ﬂuorouracil, which blocks DNA replication. Therefore, strains from
which the ura4 + gene has been deleted or mutated are resistant to 5-FOA, making Yeast Extract
with Supplements (YES) and 5-Fluoroorotic Acid (5-FOA) (see Recipes section below) an excellent
reagent for positive selection for the loss of ura4 + marker.

STRAIN HUSBANDRY
Storage

The best method for long-term storage of ﬁssion yeast is in 25% glycerol at −80˚C. After 2 d of growth
in 10 mL of YES to generate a dense culture, cells are resuspended in 1 mL of YES containing 25%
glycerol and transferred to a cryotube. If a plasmid that relies upon the selection of an auxotrophic
marker must be maintained during storage, the strain should be grown with appropriate selection in
minimal medium before resuspension in YES with 25% glycerol for storage at −80˚C. To reisolate
strains from −80˚C, a sterile pipette tip is used to transfer a small lump of the frozen cell suspension to
a “spot” on a plate (while taking care not to let the stock thaw). The cells are streaked out to generate
single colonies whose genotypes should be checked before use.
For short-term storage, cells can be maintained at 4˚C as patches on agar plates wrapped in plastic
ﬁlm for 2–3 wk. However, storage at 4˚C can increase the frequency of diploidization and the emergence of phenotype-reversing mutations. It is therefore essential to reisolate the stored strain to a single
colony and check the relevant genotypes (see below) each time it is used from a patch at 4˚C.
Checking Genotypes by Replica Plating

Replica plating is an efﬁcient way to determine genotypes after storage. The plate containing the cells is
inverted onto velvet or ﬁlter paper stretched over a replica plating block, and a low, even pressure is
applied to ensure that a portion of each colony is retained on the paper after the plate is removed. The
procedure is then repeated with dry blank plates to transfer cells from each colony on the paper to each
blank plate. The addition or omission of appropriate supplements or drugs in these replica copies is
used to reveal the genotype of each colony. Cells with a ura4 − genotype divide several times after
replica plating onto plates lacking uracil, making it necessary to sequentially replicate these colonies on
two consecutive days to clearly differentiate uracil prototrophic from auxotrophic colonies.

GROWTH STATE

Controlling cell physiology lies at the core of successful, reproducible experimentation with ﬁssion
yeast. There are ﬁve principal impacts upon growth state: (1) changes in amino acid provision or
requirement; (2) cell density; (3) the status of the starter culture used to inoculate the main culture; (4)
the timing of inoculation; and (5) the level of aeration.
Auxotrophic/Prototrophic Status and Amino Acid Provision

Auxotroph markers are invaluable tools for selecting for the maintenance of vectors or integration of
foreign DNA sequences into the genome. When auxotrophs are propagated, supplements must be
added to the medium to support cell growth. The addition of certain amino acids alone can radically
change cell physiology (Weisman et al. 2005; Bonﬁls et al. 2012; Han et al. 2012; Kim et al. 2013; Xu
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A

Wild-type prototroph in minimal medium

Cell length at division (μm)

15
14.5
14
13.5
13
12.5
12
11.5
2.4×106

3.6×106

2.4×106
3.6×106
+ Leucine + Leucine

Cells/mL

B
EMMG

EMM2

EMMP

C

10× objective

50× objective

Iodine staining of sporulating diploids

FIGURE 1. (A) Wild-type cells grown in EMMG with or without 150 mg/L leucine added. Cell lengths at division
(±SEM, 200 cells) are shown. (B) Calcofluor staining of wild-type cells grown in medium (EMM2, EMMG, or EMMP) to
a cell density of 1.5 × 106 cells/mL. (C) Pheromone secretion by wild-type h − cells. A diploid tester strain was mixed
100:1 with haploid h − cells on MSA. Iodine staining was used to visualize the halo of sporulating diploid cells around
the pheromone-producing haploid cells.

et al. 2013). For example, leucine addition transiently blocks mitotic commitment (Hartmuth and
Petersen 2009) and alters cell length at division during steady-state growth (Fig. 1A). Therefore, it is
essential to ensure that all strains in a given experiment have identical auxotrophic genotypes or,
preferably, are all prototrophs. Amino acid dropout mixes that are commonly used for culturing
Saccharomyces cerevisiae strains in synthetic growth media are not typically used for ﬁssion yeast,
although they might be useful for isolating and culturing mutants that have caused unexpected
auxotrophic phenotypes. If cell length at division is to be measured and the provision of amino
acids cannot be avoided, supplementation with 150 mg/L of the relevant amino acid is recommended,
as the standard deviation of cell length at division is lowest at this concentration of supplements
(J Petersen and P Russell, unpubl.).
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Starvation-Induced Memory from Starters to Main Cultures

A widespread assumption, which may stem from work with budding yeast, is that because a new yeast
cell is generated in one generation, a culture at any cell density will be the same irrespective of when it
was inoculated. An extension of this misconception is the assumption that diluting a culture from a
saturated stationary phase culture into the early log phase the evening before or the morning of an
experiment will generate a culture from which meaningful conclusions can be drawn. However, this is
not always the case. There is clear evidence of “culture memory” in S. pombe.
At the crudest level, the behavior of the spindle pole body shows that cells take at least two cell
cycles to fully mature (Grallert et al. 2004). More generally, drop/spot test assays derived from cultures
that were not in exponential phase can often produce misleading or irreproducible results. The ability
to synchronize cultures by elutriation can be inﬂuenced by culture density. Inoculation from a dense
culture the evening before elutriation often generates a size-selected population whose synchrony
declines rapidly after the ﬁrst division. Finally, the dynamic properties of microtubules vary according
to culture age, time of inoculation and age of preculture (A Grallert, pers. comm.).
Changes in the heterochromatin that alter the global transcription landscape account for culture
memory (Yamanaka et al. 2013). Alarmingly, once these modiﬁcations are established they may be
stably inherited for many generations over several weeks of continual culture. There can be no
stronger warning for taking extreme care to follow good practice in strain maintenance, propagation,
and culture than this clear demonstration of culture memory.
Physiological Experiments Using Liquid Cultures

The ability to grow S. pombe in deﬁned minimal media has been a cornerstone of ﬁssion yeast
research. Importantly, culture history (discussed above) and the density that a correctly inoculated
culture achieves at the point of analysis are equally important to achieving reproducible results. For
most studies, growth until early to mid-log phase is recommended: 1 × 106–5 × 106 cells/mL in
EMM2 and 1 × 106–1 × 107 cells/mL in YES. Cell physiologies change signiﬁcantly if cultures are
grown beyond the upper ranges of these cell densities. For cell cycle analyses, comparisons should
be made between cultures with identical biomass rather than cell densities. The optical density (OD) at
595 nm is a useful indirect measure of culture biomass (mass accumulation). Each spectrophotometer
should be calibrated with cell number determined using a hemocytometer, but typically for wild-type
haploid strains, OD595 = 0.1 equates to ~1.5–2 × 106 cells/mL.
Culture Setup

The physiological state of a culture is inﬂuenced by the level of oxygenation; therefore, best practice
dictates that a freshly isolated colony is inoculated into a 50-mL conical ﬂask containing 5–10 mL of
the same medium that will be used for the main culture. However, for particularly sick mutants,
inoculating the starter culture in YES can be preferable. Following overnight shaking at the appropriate temperature, the starter culture should be diluted to early-exponential phase (~1 × 106 cells/
mL) if needed, and left to grow exponentially during the day. Alternatively, a freshly isolated colony
can be inoculated into a nonshaking preculture which will then need to be grown with aeration and no
starvation for at least 30 h before the experiment.
The main culture should be inoculated from the exponentially grown culture into a ﬂask large
enough to ensure the liquid is below the ﬁrst line of graduation. Furthermore, when comparing two
cultures, it is important to standardize aeration speed as well as culture and ﬂask volume.
The following formula can be used to calculate the amount of starter culture needed to inoculate
the ﬁnal overnight culture:
Volume (mL) =

(Volumefinal [mL] × ODfinal )/2X
,
ODstarter culture

where X = number of generations = number of hours/generation time. If the starter culture is not in
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exponential phase, one generation is subtracted to account for the time required for cells to reach
optimum growth rate.
Generation Time

The generation times for haploid wild-type S. pombe strains are listed in Table 1. Diploid strains have
similar generation times. If the generation time of a mutant strain is unknown, it can be easily
calculated from two cell number measurements (cells/mL) within exponential growth phase (1 ×
106–5 × 106 cells/mL in minimal medium)
Generation time: T = ln(2)/K
K=

ln([Cell numberT2 /Cell numberT1 ]∗ )
.
Hours (T2 − T1)

∗

For wild-type and mutant strains with normal coupling of growth and cell division, cells/mL at Time
2 (T2) and Time 1 (T1) can be replaced by OD595 measurements at T2 and T1 as follows:
K=

ln(ODT2 /ODT1 )
.
Hours (T2 − T1)

Temperature

Wild-type ﬁssion yeast cells can grow between 18˚C and 37˚C, although growth at 37˚C or below
20˚C is far from ideal. However, this breadth of temperature range has been invaluably exploited in
the use of temperature-sensitive mutations that maintain function at 25˚C but not at 35˚C–37˚C, or
cold-sensitive mutations that maintain function above 30˚C but not below 20˚C.
Nutrient Availability and Cell Physiology

Starvation arrests cell cycle progression to initiate a differentiation program that improves viability
(Egel et al. 1990). When cultures reach stationary phase in most media, depletion of glucose will
become the limiting factor and cells will arrest in G2. In contrast, cells arrest in G1 when speciﬁcally
starved of nitrogen (a response that prepares them for sexual differentiation). When the nitrogen
source is changed, proliferation continues but at a rate that is speciﬁc for each nitrogen source
(Table 1; Fig. 1B; Fantes and Nurse 1977). This distinction in the physiological response to growth
on different nitrogen sources makes it difﬁcult to compare experiments performed in different media
(Table 1). For example, the plo1.S402E mutation has no impact upon cell length at division (a measure
of the duration of G2 phase) in EMM2, but decreases it by 1.1 µm in EMMG (Petersen and Hagan
2005; Petersen and Nurse 2007).
Changes in the ﬂux through the “stress response” Sty1/Spc1 MAP kinase cascade are revealed by
changes in activating phosphorylation of the Sty1/Spc1 by the MAPK kinase Wis1, or in the nuclear
import of Sty1-GFP (Shiozaki and Russell 1995; Gaits et al. 1998; Toone and Jones 2004). Importantly,
the steady-state “nonstressed” Sty1/Spc1 and TOR activities differ depending on the medium of
choice (Shiozaki and Russell 1995; Petersen and Nurse 2007). A ﬁnal point that is often ignored is
that the slight differences in cell density arising from the gradual depletion of nutrient supply during
growth alter cell physiology. Consequently, cell length at division of wild-type prototrophs increases as
cell density/biomass increases (Fig. 1A). It is therefore essential to compare length at division at
identical biomass (OD measurement) rather than cell number.
Sources of Unwanted Stress in Liquid Cultures

Most studies inadvertently induce stress by harvesting cells through centrifugation. Exposure to the
800 g routinely used to harvest cells in a microfuge enhances Sty1/Spc1 signaling (Shiozaki et al. 1998),
making cell isolation by ﬁltration the only option for some experiments. However, it is important to
20
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ensure that ﬁlters are not overloaded or dried out during ﬁltration, and that the conical ﬂask and
medium receiving the ﬁltered cells are prewarmed to the appropriate temperature.

GROWTH RATE MEASUREMENTS
Monitoring Optical Density

Monitoring OD at 595 nm provides a measurement of growth rate or biomass accumulation.
A parallel estimate of cell numbers over time can be used to determine whether the exponential
increase in cell growth and cell division displays the linear correlation of wild-type strains under steady
state growth conditions. Importantly, in wild-type cells this coupling between cell growth and division
is altered by environmental changes including starvation. Cell counting with a hemocytometer is a
simple way to monitor cell number increases, although more accurate measurements can be attained
using a Coulter counter.
Assessing Fitness with Spot/Drop Tests

Testing the ability of 10-fold serial dilutions of cultures to form colonies on agar plates provides a
powerful assessment of gene function and the impact of multiple genetic interactions upon cell
viability. It is particularly useful for detecting subtle differences in growth rate or viability. It is
essential that the cultures used to inoculate such spot/drop tests have been grown under identical
physiological conditions (in the same way and to the same cell density), and are diluted 10-fold
without any prior centrifugation or ﬁltration. While spot/drop tests have traditionally been end
point analyses that catalog colony formation after 2–3 d, technologies developed for genome-wide
analyses can be used to monitor colony formation by time-lapse microscopy (Banks et al. 2012). This
new approach has proven highly informative, indicating that checking plates on a daily basis reveals
early differences that are lost when colonies saturate toward the end of growth.

NITROGEN STARVATION

Nitrogen starvation can be used to arrest the cell cycle in G1 (Egel 1971; Nurse 1975); however, it is
important to remember that cell metabolism is altered by this starvation. If both mating types are
present, nitrogen starvation will induce sexual differentiation. If sexual differentiation is to be monitored in liquid cultures, increasing aeration through the use of bafﬂed conical ﬂasks will considerably
enhance the efﬁciency of differentiation. (The expression of agglutinins ensures cells aggregate for
mating in the most turbulent of conditions.)
Nitrogen Starvation to Enhance Phenotype Penetrance in Deletion Spores

Heterozygous diploids, in which one copy of a gene of interest has been replaced with a selectable
marker, can be sporulated by switching a log-phase culture into nitrogen-free medium. Preferential
growth of the deletant spores over the nondeletants can be ensured when the spore mix is inoculated
into liquid cultures by selecting for or against the gene encoded in the deletion cassette. Although such
spores will have low levels of the protein encoded by the deleted gene, some protein and mRNAs may
be inherited from the parental zygote to confound phenotype analysis. This residual protein can be
eliminated by germination in nitrogen-free EMM2 (EMM2−N). The lack of nitrogen prompts
autophagy to scavenge nitrogen for protein synthesis by turning over existing proteins, including
any residual parental protein. Thus, the germinating spore depletes the protein of interest so that the
subsequent addition of nitrogen provides true insight into the “null” phenotype.
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Starvation-Induced Pseudohyphal Growth

When nitrogen deprivation is combined with a good carbon source at a remote location, pseudohyphal growth produces elaborately branched pseudohyphae that invade deep into solid medium to
scavenge for nutrients (Amoah-Buahin et al. 2005).

HALO ASSAYS

Mating pheromones are secreted by ﬁssion yeast upon nitrogen starvation. Egel et al. (1994) developed
a semiquantitative plate assay for monitoring pheromone secretion. A diploid strain that only sporulates upon exposure to exogenous pheromone is used to monitor the gradient of pheromone
produced by the strain of interest. Iodine staining reveals a halo of dark asci around individual
cells (Fig. 1C). The diameter of the halo is indicative of the level of pheromone secreted. In principle,
halo assays—in which drug-soaked ﬁlter papers are placed on lawns of cells—should be as effective in
ﬁssion yeast as they are in budding yeast for the assessment of cell growth in response to small
molecules. If a small molecule blocks growth, a clearing zone of no growth will be observed
(Gassner et al. 2007).

GROWTH IN RESPONSE TO STRESS AGENTS

Although the Sty1/Spc1 MAPK pathway is activated in response to stress (Toone and Jones 2004), it is
rarely appreciated that a low level activation of the Sty1/Spc1 pathway under steady-state, or “nonstressed,” conditions makes a signiﬁcant contribution to the timing of cell division (Shiozaki and
Russell 1995). Thus, it may be more appropriate to consider the Sty1/Spc1 pathway as a homeostasis,
rather than stress, pathway. Cellular stresses simply enhance the signaling through the pathway, which
is already setting a level of response for a particular steady state. Stimulation of the Sty1/Spc1 pathway
by a wide range of agents promotes a remarkably sophisticated set of changes to help the cell deal with
each individual insult with a speciﬁc response.
Osmotic Stress

Either 1.2 M sorbitol or 0.65–1.0 M KCl is added to plates to invoke an osmotic stress response;
however, it is important to note that, unlike sorbitol, KCl also induces salt ion stress. For osmotic
stress in liquid cultures, 0.6–0.9 M KCl results in progressively increased activation of Spc1/Sty1.
Temperature

Survival after brief exposure to higher temperatures (42˚C) is commonly used to assess tolerance to
heat stress. Furthermore, steady-state growth at 37˚C is stressful, and mutants in the Sty1/Spc1
signaling pathway cannot grow at this temperature.
Nutrients

The reduction in the quality of nutrient supply in a shift from EMMG to EMMP stimulates Sty1/Spc1
signaling (Fantes and Nurse 1977; Hartmuth and Petersen 2009). The generation time in medium
using proline as a nitrogen source is longer compared with medium exploiting glutamic acid
(Table 1), and cells are born in the G1 rather than G2 phase of the cell cycle.
Heavy Metals

Exposure to heavy metals, including copper and cadmium, stimulates Sty1/Spc1 signaling to promote
survival. CdCI2 or CdSO4 is added to medium at a ﬁnal concentration of 0.2 mM (Ortiz et al. 1992),
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and CuCl2 or CuSO4 to a concentration of 16 nM (Labbe et al. 1997). Metalloid arsenite (0.5 M) also
activates Spc1/Sty1 (Rodriguez-Gabriel and Russell 2005).
Oxidative Stress

Oxidative stress can be generated with several different chemicals. The most commonly used oxidative
stress agent is hydrogen peroxide (H2O2). Hydrogen peroxide is highly unstable; therefore, it is best
to freeze small aliquots from a new bottle and discard these ~1 wk after thawing. The concentration of hydrogen peroxide can be modiﬁed to suit the experimental goals, but as a general guideline
a ﬁnal concentration of 0.2 mM H2O2 is sufﬁcient to cause rapid and robust activation of Sty1/
Spc1. The growth of wild-type cells is inhibited by 0.5–1.0 mM H2O2 in plates containing YES
and lower concentrations in plates containing EMM2. Tert-butyl hydroperoxide, also known as tBuOOH or under the trade name Luperox, can also be used at concentrations of ~1 mM to cause
oxidative stress.
DNA Damage

Fission yeast has been an excellent model organism for studying cellular responses to DNA damage
and replication inhibition. A large variety of DNA damaging agents have been used for these studies.
Ionizing radiation (IR) is often used to cause double-strand breaks (DSBs), which are among the most
lethal forms of DNA damage. The exact protocols vary depending on the speciﬁc type of γ irradiator.
For laboratories that do not have access to a γ irradiator, the glycopeptide antibiotic bleomycin (~5
mU/mL) and the related compound phleomycin (~10 µg/mL) are effective substitutes for IR. The
precise mechanism of action for these genotoxins is unknown, but it is believed to involve a generation
of free radicals in close proximity to DNA. The quinolone alkaloid camptothecin (CPT), which is a
DNA topoisomerase I (topo I) inhibitor, can also be used to create DSBs. In this case, DSBs arise when
replication forks encounter cleavage complexes formed by DNA, CPT, and topo I, thereby converting
single-strand DNA breaks into one-ended DSBs. CPT is typically used at concentrations between 0.1
and 10 µM. The DNA alkylating agent methyl methanesulfonate (MMS) is used in agar plates at
concentrations between 0.001% and 0.01%. Toxicity from methylated DNA primarily arises from
replication fork stalling and collapse. Ultraviolet (UV) radiation causes several types of DNA damage,
most notably cyclobutane–pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs). UV exposure
can be performed with a UV cross-linker (254 nm), originally designed for ﬁxing puriﬁed nucleic
acids to membranes. In this event, plates must be dry and cells present in a monolayer. Hydroxyurea
(HU), an inhibitor of ribonucleotide reductase, causes replications forks to stall by depleting deoxyribonucleotides. HU is used at concentrations in the range of 0.1–10 mM and upon extended exposure
can lead to DNA strand breaks.

GROWTH CONDITIONS FOR EFFICIENT MATING

Malt extract agar (MEA) medium (see Recipes section below) and EMM−N can be used to invoke
sexual differentiation, but SPA and MSL both support more efﬁcient and more rapid mating (Gutz
and Doe 1973). Zygotes form after 2 d on EMM2−N but overnight on SPA. When setting up crosses,
there are a number of points to bear in mind. It is important to remember that S. pombe can recycle the
nitrogen of added amino acids to use as a nitrogen source for the synthesis of all amino acids. Thus,
when mating auxotrophs, it is important to supply only the amino acids required to support growth of
the two parental strains (i.e., do not simply use a mixture of the ﬁve most commonly required amino
acids) and to supply them at a minimal level (5–40 μg/mL). The nitrogen starvation response and,
consequently, mating efﬁciency declines with every microgram of amino acid supplied. Although
wild-type cells can mate from colonies or patches on plates stored at 4˚C, it is important to remember
that all discussions around the beneﬁts of working with healthy cells for proliferating cultures apply to
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the optimization of mating efﬁciency. Cells entering the stationary phase invoked by nutrient exhaustion on old plates mate poorly, while those entering from actively growing, fresh, healthy colonies are
much more efﬁcient. When a mating persistently fails it can be useful to change to another mating
medium. If this is still unsuccessful, then mixing equal numbers of cells from mid-log phase liquid
cultures and washing them in nitrogen-free medium before plating them on the surface of the mating
plate can persuade the most reluctant of partners to form zygotes. A ﬁnal point to remember is that
mating is blocked above 33˚C and probably most efﬁcient at 30˚C.
RECIPES
EMM2

Reagent

Quantity (for 1 L)

Ammonium chloride
Potassium hydrogen
phthalate
Na2HPO4
Glucose
Salt stock (50×)
Vitamins (1000×)
Minerals (10,000×)
H2O

Final concentration

5g
3g

93.5 mM
14.7 mM

2.2 g
20 g
20 mL
1 mL
0.1 mL
to 1 L

15.5 mM
111 mM
1×
1×
1×

Prepare 1 L of EMM2 by combining the reagents above. To prepare solid medium, include agar
(20 g/L). Sterilize by autoclaving at 10 psi for 10 min (for liquid medium) or 15 min (for solid
medium). (For liquid medium, low pressure and a short cycle is essential to avoid caramelization of
glucose and breakdown of vitamins and minerals. For live cell imaging, ﬁlter-sterilized medium has
lower background ﬂuorescence than autoclaved medium. Use a 0.22-µm pore size for ﬁltration.)
Store at 4˚C. If desired, add 12 µM thiamine (364 µL of a ﬁlter-sterilized stock solution of 10 mg/
mL on H2O) after autoclaving to fully repress expression from nmt1-derived promoters (Maundrell 1990).
EMMG

Reagent
L-Glutamic

Quantity (for 1 L)

acid,
monosodium salt
Potassium hydrogen
phthalate
Na2HPO4
Glucose
Salt stock (50×)
Vitamins (1000×)
Minerals (10,000×)
H2O

Final concentration

3.38 g

20 mM

3g

14.7 mM

2.2 g
20 g
20 mL
1 mL
0.1 mL
to 1 L

15.5 mM
111 mM
1×
1×
1×

Prepare 1 L of EMMG by combining the reagents above. To prepare solid medium, include agar
(20 g/L). Sterilize by autoclaving at 10 psi for 10 min (for liquid medium) or 15 min (for solid
medium). (For liquid medium, low pressure and a short cycle is essential to avoid caramelization
of glucose and breakdown of vitamins and minerals. For live cell imaging, ﬁlter-sterilized medium
has lower background ﬂuorescence than autoclaved medium. Use a 0.22-µm pore size for ﬁltration.) Store at 4˚C. If desired, add 12 µM thiamine (364 µL of a ﬁlter-sterilized stock solution of
10 mg/mL on H2O) after autoclaving to fully repress expression from nmt1-derived promoters
(Maundrell 1990).
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EMM−N

Reagent

Quantity (for 1 L)

Final concentration

3g
2.2 g
20 g
20 mL
1 mL
0.1 mL
to 1 L

14.7 mM
15.5 mM
111 mM
1×
1×
1×

Potassium hydrogen phthalate
Na2HPO4
Glucose
Salt stock (50×)
Vitamins (1000×)
Minerals (10,000×)
H2O

Prepare 1 L of EMM−N (EMM2 without nitrogen) (Nurse 1975) by combining the reagents above.
To prepare solid medium, include agar (20 g/L). Sterilize by autoclaving at 10 psi for 10 min
(for liquid medium) or 15 min (for solid medium). Store at 4˚C. If desired, add 12 µM thiamine
(364 µL of a ﬁlter-sterilized stock solution of 10 mg/mL on H2O) after autoclaving to fully repress
expression from nmt1-derived promoters (Maundrell 1990).
EMMP

Reagent

Quantity (for 1 L)

Final concentration

2.3 g
3g
2.2 g
20 g
20 mL
1 mL
0.1 mL
to 1 L

20 mM
14.7 mM
15.5 mM
111 mM
1×
1×
1×

L-Proline

Potassium hydrogen phthalate
Na2HPO4
Glucose
Salt stock (50×)
Vitamins (1000×)
Minerals (10,000×)
H2O

Prepare 1 L of EMMP by combining the reagents above. To prepare solid medium, include agar (20
g/L). Sterilize by autoclaving at 10 psi for 10 min (for liquid medium) or 15 min (for solid medium).
(For liquid medium, low pressure and a short cycle is essential to avoid caramelization of glucose and
breakdown of vitamins and minerals. For live cell imaging, ﬁlter-sterilized medium has lower
background ﬂuorescence than autoclaved medium. Use a 0.22-µm pore size for ﬁltration.) Store
at 4˚C. If desired, add 12 µM thiamine (364 µL of a ﬁlter-sterilized stock solution of 10 mg/mL on
H2O) after autoclaving to fully repress expression from nmt1-derived promoters (Maundrell 1990).
EMMSer

Reagent

Quantity (for 1 L)

Final concentration

L-Serine

2.1 g
3g
2.2 g
20 g
20 mL
1 mL
0.1 mL
to 1 L

20 mM
14.7 mM
15.5 mM
111 mM
1×
1×
1×

Potassium hydrogen phthalate
Na2HPO4
Glucose
Salt stock (50×)
Vitamins (1000×)
Minerals (10,000×)
H2O

Prepare 1 L of EMMSer by combining the reagents above. To prepare solid medium, include agar (20
g/L). Sterilize by autoclaving at 10 psi for 10 min (for liquid medium) or 15 min (for solid medium).
(For liquid medium, low pressure and a short cycle is essential to avoid caramelization of glucose and
breakdown of vitamins and minerals. For live cell imaging, ﬁlter-sterilized medium has lower background ﬂuorescence than autoclaved medium. Use a 0.22-µm pore size for ﬁltration.) Store at 4˚C. If
desired, add 12 µM thiamine (364 µL of a ﬁlter-sterilized stock solution of 10 mg/mL on H2O) after
autoclaving to fully repress expression from nmt1-derived promoters (Maundrell 1990).
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EMMUr

Reagent
Uracil
Potassium hydrogen phthalate
Na2HPO4
Glucose
Salt stock (50×)
Vitamins (1000×)
Minerals (10,000×)
H2O

Quantity (for 1 L)

Final concentration

1.12 g
3g
2.2 g
20 g
20 mL
1 mL
0.1 mL
to 1 L

10 mM
14.7 mM
15.5 mM
111 mM
1×
1×
1×

Prepare 1 L of EMMUr by combining the reagents above. To prepare solid medium, include agar (20
g/L). Sterilize by autoclaving at 10 psi for 10 min (for liquid medium) or 15 min (for solid medium).
(For liquid medium, low pressure and a short cycle is essential to avoid caramelization of glucose and
breakdown of vitamins and minerals. For live cell imaging, ﬁlter-sterilized medium has lower
background ﬂuorescence than autoclaved medium. Use a 0.22-µm pore size for ﬁltration.) Store
at 4˚C. If desired, add 12 µM thiamine (364 µL of a ﬁlter-sterilized stock solution of 10 mg/mL on
H2O) after autoclaving to fully repress expression from nmt1-derived promoters (Maundrell 1990).
Malt Extract Agar (MEA) Medium

For 1 L of MEA (Gutz and Doe 1973), mix 30 g of malt extract with 20 g of agar and bring
to 1 L with H2O. Sterilize by autoclaving at 10 psi for 15 min. Store at 4˚C.
Minerals (10,000×)

Reagent
Boric acid
MnSO4
ZnSO4 · 7H2O
FeCl2 · 6H2O
Molybdic acid
KI
CuSO4 · 5H2O
Citric acid

Quantity (for 1 L)

Final concentration

5g
4g
4g
2g
0.4 g
1g
0.4 g
10 g

80.9 mM
23.7 mM
13.9 mM
7.40 mM
2.47 mM
6.02 mM
1.60 mM
47.6 mM

Store at 4˚C.
Minimal Sporulating Liquid or Agar (MSL/MSA) Medium

Reagent
Glucose
Arginine hydrochloride
KH2PO4
NaCl
MgSO4 · 7H2O
CaCl2 · 6H2O
Minerals (10,000×)
Vitamins (1000×)
H2O

Quantity (for 1 L)

Final concentration

10 g
2g
1g
0.1 g
0.2 g
0.15 g
0.1 mL
2 mL
to 1 L

55.5 mM
9.5 mM
7.3 mM
1.7 mM
0.81 mM
0.68 mM
1×
1×

Prepare minimal sporulation liquid (MSL) medium (Egel et al. 1994) by combining the reagents in
the list above. To prepare solid minimal sporulating agar (MSA) medium, include 20 g/L of agar.
Sterilize by autoclaving at 10 psi for 10 min (for liquid medium) or 15 min (for solid medium). (For
liquid medium, low pressure and a short cycle is essential to avoid caramelization of glucose and
breakdown of vitamins and minerals. For live cell imaging, ﬁlter-sterilized medium has lower
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background ﬂuorescence than autoclaved medium. Use a 0.22-µm pore size for ﬁltration.) Store at
4˚C. If desired, add 12 µM thiamine (364 µL of a ﬁlter-sterilized stock solution of 10 mg/mL on H2O)
after autoclaving to fully repress expression from nmt1-derived promoters (Maundrell 1990).
Salt Stock (50×)

Reagent

Quantity (for 1 L)

Final concentration

52.5 g
0.735 g
50 g
2g

0.26 M
4.99 mM
0.67 M
14.1 mM

MgCl2 · 6H2O
CaCl2 · 2H2O
KCl
Na2SO4
Store at 4˚C.
Sporulation Agar (SPA) Medium

Reagent
Glucose
KH2PO4
Vitamins (1000×)
Agar
H2O

Quantity (for 1 L)

Final concentration

10 g
1g
1 mL
20 g
to 1 L

55.5 mM
7.3 mM
1×
20 g/L

To prepare SPA medium (Munz and Leupold 1970), combine the ingredients listed above. Sterilize
by autoclaving at 10 psi for 15 min. Store at 4˚C. If desired, add 12 µM thiamine (364 µL of a ﬁltersterilized stock solution of 10 mg/mL on H2O) after autoclaving to fully repress expression from
nmt1-derived promoters (Maundrell 1990).

Vitamins (1000×)

Reagent

Quantity (for 1 L)

Final concentration

1g
10 g
10 g
10 mg

4.20 mM
81.2 mM
55.5 mM
40.8 µM

Pantothenic acid
Nicotinic acid
Inositol
Biotin
Store at 4˚C.
Yeast Extract with Supplements (YES)

Reagent

Amount to add (1 L)

Glucose
Yeast extract
Adenine
Uracil
Histidine
Leucine
Lysine
Agar (for solid medium only)
H2O

30 g
5g
0.2 g
0.2 g
0.2 g
0.2 g
0.2 g
20 g
to 1 L

Prepare 1 L of YES by combining the reagents listed above. Sterilize by autoclaving at
10 psi for 15 min. Store at 4˚C. (Note that the yeast extract contains sufﬁcient thiamine
to repress nmt1 promoters.)
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Yeast Extract with Supplements (YES) and 5-Fluoroorotic Acid (5-FOA)

Reagent

Amount to add (1 L)

Glucose
Yeast extract
Adenine
Uracil
Histidine
Leucine
Lysine
Agar (for solid medium only)
H2O

60 g
10 g
0.4 g
0.1 g
0.4 g
0.4 g
0.4 g
40 g
to 1 L

Prepare 1 L of 2× YES by combining the reagents listed above. Sterilize by autoclaving at
10 psi for 15 min. Dissolve 2 mg of 5-FOA (Sigma-Aldrich F5013) in 1 mL of sterile
milliQ H2O. Mix 1:1 with 55˚C 2× YES using a sterile stir bar. (5-FOA from SigmaAldrich is very expensive; cheaper reagents from other suppliers do not work as well.
Calculate the quantities that you will require to make up the precise number of plates you
need for your selection.) Store at 4˚C. (Note that the yeast extract contains sufﬁcient
thiamine to repress nmt1 promoters.)
Yeast Extract with Supplements (YES) and Phloxin B

Reagent

Amount to add (1 L)

Glucose
Yeast extract
Adenine
Uracil
Histidine
Leucine
Lysine
Agar (for solid medium only)
H2O

30 g
5g
0.2 g
0.2 g
0.2 g
0.2 g
0.2 g
20 g
to 1 L

Prepare 1 L of YES by combining the reagents listed above. Sterilize by autoclaving at
10 psi for 15 min. Add 4 mL of Phloxin B stock solution (5 g/L, ﬁlter-sterilized) to 1 L of
YES after autoclaving. Store at 4˚C. (Note that the yeast extract contains sufﬁcient
thiamine to repress nmt1 promoters.)
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