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FIG. 9. Electron micrographs of wild-type andpkcl (cly15)-deficient cells. (A) Wild-type strain SEY6210. (B) Temperature-sensitive strain
MCY15-3A (clylS) grown at 25°C shows wild-type morphology. When grown at 37°C, however (D), cells exhibit small buds and darker stained
cell walls than at 25°C. For comparison, small buds of the wild-type strain (which has random bud size distribution) grown at 37°C are also
shown (C). One of the Apkcl cells shown in panel E contains a strongly elongated bud; in several of the remaining cells, the plasma membrane
appears to be partially detached from the cell wall. (F) Chain of unseparated Apkcl cells. With the exception of one bud, the cytoplasm
appears to be continuous throughout the chain. The Apkc1 cell walls appear darker than wild-type cell walls. Bars, 1 pm.

shown in Fig. 9E displays the elongated bud phenotype
described above; in approximately one-third of the cells, the
plasma membranes were partially detached from the cell
walls, and electron-transparent regions appeared in the
cytoplasm. Figure 9F shows a chain of incompletely budded
Apkcl cells. For one of the buds, the septum seems to be
closed, whereas in the rest of the chain, the cytoplasm is
continuous. Also in the Apkcl strain, the cell walls stained
darker than the wild-type cell walls. Thus, the findings of the
electron microscopic analysis are consistent with those of
the light microscopic studies and demonstrate in detail the
aberrant shapes associated with the Apkcl mutant cells. As
was found in the complementation and cell lysis tests de-
scribed above, in the microscopic analysis, the Apkcl mu-
tant strain also displayed a more severe phenotype than the
temperature-sensitivepkcl mutant strain, suggesting that the
temperature-sensitive pkcl cells possess some residual
Pkclp activity at 37°C.

DISCUSSION

In order to gain a better understanding of the factors
involved in the osmotic stability of yeast cells, a new
multistep scheme was devised to isolate a number of mutants
with defects in this process. A collection of temperature-
sensitive S. cerevisiae mutant strains were screened at the
restrictive temperature in a plate overlay assay, detecting
alkaline phosphatase activity. The colonies which showed
cell permeability or lysis at the restrictive temperature were
picked, restreaked onto medium containing 1 M sorbitol as
an osmotic support, and incubated again at the restrictive
temperature. Only those cell lysis mutants which were
rescued on osmotically stabilized medium were chosen for
further genetic analysis. With this approach, seven mutants
were isolated, which fell into four complementation groups.
This suggests that this mutant-screening approach has not
been exhaustively exploited and that more mutants exhibit-
ing an osmotically reversible cell lysis phenotype may be
isolated.
The alkaline phosphatase and propidium iodide assays

which were used really measure cell permeability rather than
direct cell lysis, and cell permeability is also an indirect
result of simple cell death. However, although all the mu-
tants which were screened are temperature sensitive for
growth at 37°C, only a small subset of the collection were
positive in the two permeability assays. This suggests that
the mutants isolated do not simply die and become perme-
able, but may exhibit a specific defect which results either in
rapid loss of cell integrity after cell death or in cell death due
to the loss of cellular integrity. The latter point is also
supported by the fact that the mutants isolated can be
osmotically rescued at the restrictive temperature.
We chose to isolate the wild-type CLY1S gene because, in

the FACS analysis, the cly15 mutant phenotype appeared to
be completely reversed by osmotically stabilized growth
medium. Unexpectedly, the cIylS-complementing DNA
fragment encoded a partial PKCI gene, which had been

isolated previously (17). Several lines of evidence indicate
that CLY1S and PKCJ represent identical loci in the yeast
genome. (i) The cly15 mutation is complemented by the
entirePKC1 gene in single copy. (ii) The integrative mapping
experiment demonstrates that the PKC1 locus is tightly
linked to the CLYIS locus. (iii) A Apkcl mutant strain is not
complemented by a clylS mutant strain. The originally
isolated complementing fragment was predicted to encode
only the C-terminal catalytic domain of the Pkcl protein
(17). We could show that this fragment, at least when present
in high copy numbers, was sufficient to complement the
temperature-sensitive pkcl cell lysis phenotype and rescue
the growth and morphology defects of the Apkcl mutant
strain.

Tetrad dissection of PKClJApkcl heterozygous diploids
demonstrated that the Apkcl strain was able to germinate
and grow on osmotically supported medium. Compared with
the wild type, however, the growth rate was reduced by
50%, and the alkaline phosphatase overlay assay as well as
propidium iodide FACS analysis indicated that, in a growing
culture of a Apkcl strain, a portion of the cells were
consistently lysed, whereas the temperature-sensitive pkcl
mutation was completely rescued at the restrictive temper-
ature on medium containing 1 M sorbitol. Apkcl cells are
able to grow on medium supplemented not only with sorbitol
but also with different salts such as NaCl and KCl. There-
fore, it appears that it is the increased osmolarity of the
growth medium which rescues the cells, and not sorbitol- or
cation-specific effects, although the high salt concentration
may have toxic effects. For example, for NaCl, the optimal
concentration appears to be between 100 and 500 mM, and at
1 M NaCl, wild-type cells also show impaired growth. The
dependence of the Apkcl strain on osmotic support is also
demonstrated by a strikingly rapid loss of viability after
transfer to medium lacking sorbitol.
When Apkcl cells carrying the PKCJ gene on a plasmid

under the control of the GALl promoter were shifted to
glucose medium, they arrested with small buds but with
replicated DNA (17). We observed the same phenotype with
our temperature-sensitive pkcl strain after a shift to the
restrictive temperature (data not shown). In addition, the
cells became rapidly permeable, which paralleled the loss of
viability. Upon arrest, conditional pkcl mutant cells have
been shown to stop protein synthesis and release cellular
contents into the medium (16). Thus, although the osmotic
fragility of the cells could be initiated at any time point after
eliminating Pkclp activity, it is manifested at a specific point
in the cell cycle and results in the uniform terminal-arrest
phenotype of conditional pkcl mutant cells (16). DNA syn-
thesis is normally initiated before bud emergence (19), and
since completion of replication does not require protein
synthesis (4), it appears that it can be completed after the
cells become osmotically sensitive. Subsequently, however,
the loss of cell integrity interferes with further progression
through the cell cycle.
When temperature-sensitive pkcl cells are shifted to the

restrictive temperature or when Apkcl cells carrying the
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PKCJ gene on a plasmid under the control of the GALl
promoter are shifted to glucose medium, their defect results
in a cell cycle-specific arrest phenotype. When a Apkcl
strain is maintained on osmotically stabilized medium and is
then shifted to hypotonic medium, the cells lyse without a
uniform phenotype, with any size of buds, before completing
a cell cycle. These cells have been completely depleted of
Pkclp and, presumably, its phosphorylated substrates.
Therefore, it has been suggested that multiple execution
points exist, one being more sensitive than the others to
reduced levels ofPKCI activity or levels of phosphorylated
substrate (16). Alternatively, since Apkcl cells are inherently
fragile, the PKC1 gene may be involved in cell cycle control
through its effect on cell wall maintenance or organization of
the cytoskeleton.

In a temperature-sensitive pkcl mutant, the gradual in-
crease in osmotic fragility may be manifested at the time of
bud emergence, when cells could be especially sensitive to
osmotic imbalances. If the manifestation of this defect is
suppressed by osmotically supported medium and the os-
motic stabilizers are removed later on, the cells have become
inherently fragile and lyse in a cell cycle-independent man-
ner. The view that the PKC1 gene may play a role in cellular
morphogenesis is also supported by the fact that a gene,
BCK1, has been isolated, which in a mutated dominant
active form bypasses the requirements for PKC1 (15). Dele-
tion of the BCK1 gene results in a temperature-sensitive cell
lysis defect that is specifically manifested in budded cells and
is suppressed by osmotically stabilizing agents (15). The
BCK1 gene is allelic to the SLK1 gene (9), which is involved
in cell morphogenesis in vegetatively growing cells and in
pheromone-induced morphogenesis.
The 4pkcl strain can only be maintained on osmotically

supplen-nted medium. When grown in liquid medium, the
Apkcl cells did not undergo any obvious morphological
change compared with wild-type cells. When maintained on
agar plates, however, many Apkcl cells developed large
tubelike structures or formed chains of unseparated cells in
which one or two nuclei were stained with DAPI. Deposition
of cell wall components still appeared to be localized to the
cell tip, since the cells enlarge unidirectionally but not
spherically. On agar plates, cells are not embedded in
osmotically supplemented medium but grow on a stabilized
surface, and the surface of the growing culture is exposed to
air. Thus, when grown under these conditions of imbalanced
osmolarity, cells with weakened cell walls may not be able to
resist turgor pressure and develop these structures. The fact
that the temperature-sensitive pkcl mutants did not exhibit
this phenotype when cultivated at the restrictive tempera-
ture on agar plates containing osmotically stabilized medium
is in agreement with the notion that thepkcl deletion results
in a more severe phenotype than the temperature-sensitive
mutation, which may possess some residual activity.
The electron microscopic analysis showed thatpcl mu-

tant cell walls were darker than wild-type cell walls, which
may reflect changes in cell wall composition. Intense stain-
ing of cell walls was also described for krel mutant cell walls
(2), which in addition were found to possess reduced
amounts of 1,6-3-glucan. The KREJ gene, however, was not
essential for spore germination or vegetative growth (2).
Since deletion of the PKC1 gene is lethal, one could expect
the Apkcl mutant cell walls to lack one or several key
compounds required for viability of the cells. Clearly, more
detailed analyses will be necessary to determine the role of
the PKC1 gene in yeast cell morphology.
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