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Recently we reported an unusual multicellular organization in yeast that we termed stalk-like structures.
These structures are tall (0.5 to 3 cm long) and narrow (1 to 3 mm in diameter). They are formed in response
to UV radiation of cultures spread on high agar concentrations. Here we present an anatomical analysis of the
stalks. Microscopic inspection of cross sections taken from stalks revealed that stalks are composed of an inner
core in which cells are dense and vital and a layer of cells (four to six rows) that surrounds the core. This outer
layer is physically separated from the core and contains many dead cells. The outer layer may form a protective
shell for the core cells. Through electron microscopy analysis we observed three types of cells within the stalk
population: (i) cells containing many unusual vesicles, which might be undergoing some kind of cell death; (ii)
cells containing spores (usually one or two spores only); and (iii) familiar rounded cells. We suggest that stalk
cells are not only spatially organized but may undergo processes that induce a certain degree of cell special-
ization. We also show that high agar concentration alone, although not sufficient to induce stalk formation,
induces dramatic changes in a colony’s morphology. Most striking among the agar effects is the induction of
growth into the agar, forming peg-like structures. Colonies grown on 4% agar or higher are reminiscent of
stalks in some aspects. The agar concentration effects are mediated in part by the Ras pathway and are related
to the invasive-growth phenomenon.

Some unicellular organisms are capable of forming cooper-
ative multicellular structures, mainly in response to stress con-
ditions, such as starvation or dryness. For example, cells of the
bacterium Bacillus subtilis change their colony organization in
order to reach potential food sources at distant sites (2, 18).
Filamentous fungi are capable of forming hyphae for the same
purpose (29, 31). Other organisms form specialized fruiting
bodies and even highly differentiated stalks in order to produce
and disperse spores (e.g., myxobacteria [4, 13] and the social
amoeba Dictyostelium discoideum [12]). Such developed and
differentiated structures have not been observed in the yeast
Saccharomyces cerevisiae. Yet, in this organism too, there are
developmental switches and modifications in colony organiza-
tion in response to environmental stresses. In response to ni-
trogen starvation, diploid yeast cells form filamentous struc-
tures known as pseudohyphae (10, 21). This phenomenon is
genetically related to another phenotype, known as invasive
growth, that is observed in haploid yeast cells (24). When
grown on solid agar supplemented with rich media, haploid
cells penetrate the agar and are not washed away when placed
under a water current. Both invasive growth and filamentous
growth require an intact Ras/cyclic AMP (cAMP) cascade and
Ras/Ste11/Kss1 cascade (19–21, 24, 26, 30). These Ras path-
ways are required for activation of specific invasive/pseudohy-
phal genes, such as Flo11 (15, 21, 26), and for suppression of
stress-related genes, targets of the Msn2/4 system (30). Inter-
estingly, some laboratory strains, such as (1278b, are capable
of showing the pseudohyphal/invasive phenotypes, whereas

other strains, such as S288C, W303, and SP1, are either com-
pletely incapable of invasiveness or show inefficient invasive-
ness (14, 30). In the SP1 genetic background, invasive growth
can be obtained through constitutive activation of the Ras
pathway (e.g., through the RAS2Val19 and bcy1D mutations).
The basis for the differences in invasive capabilities of the
different genetic backgrounds is not fully understood. Some
strains seem to harbor mutations in genes essential for inva-
siveness (14). Another explanation is the constitutive suppres-
sion of the stress response in the (1278b background. Cells of
this genetic background contain high cAMP levels; conse-
quently, their Msn2/4/STRE machinery cannot properly re-
spond to stress (30).

Recently, yet another multicellular organization of S. cerevi-
siae cells was reported. Engelberg et al. reported stalk-like
structures that are formed when cultures are spread on high
agar concentrations and are subsequently exposed to UV ra-
diation (see details in reference 6) (see examples in Fig. 3
below of this paper). The average length of a stalk is 1 cm
(varying between 0.5 and 3 cm) and consists of 0.5 3 106 to 3 3
106 cells. A large variety of yeast genetic backgrounds as well
as various mutants were tested for their ability to form stalks,
and all were found capable (6; data not shown). Notably, these
mutants also included strains that are defective in invasive/
pseudohyphal growth. Furthermore, other types of yeast (Can-
dida albicans and Schizosaccharomyces pombe) and even the
bacterium Escherichia coli were found capable of forming
stalks under similar conditions. We suggested therefore that
stalk formation might not be genetically regulated and pro-
posed a mechanical/environmental model to explain the for-
mation of stalks (Fig. 3 in reference 6). Briefly, the model
assumes that when a dense layer of cells is spread on a plate,
some cells fall into tiny pits in the agar. Most of the cells on the
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surface die under intensive UV radiation, but cells in the pits,
which are shaded, or covered by other cells have better chances
of survival. Surviving cells proliferate, but when the pit is filled,
only cells in the bottom are in contact with nutrients and
continue to divide. Dividing cells continue to fill the already
crowded pit and thereby extrude other cells of the colony out
of the pit just as toothpaste is squeezed out of the tube. The
continued extrusion forms the stalk (Fig. 3 in reference 6). It is
not fully understood why dividing cells in the bottom do not
penetrate the agar. It seems, however, that the geometry of the
pit, the concentration of the agar, and its dryness are the key
factors that induce stalk formation and may prevent penetra-
tion. This model suggests that a stalk is simply a pile of unor-
ganized cells, passively extruded from the pit by dividing cells
in the bottom.

In this report we present further investigation of the yeast
stalk phenomenon. Surprisingly, microscopic inspection of
cross sections suggested that a stalk is not composed of ran-
domly piled cells but is rather an organized, multicellular struc-
ture. We report that a stalk is composed of an inner core in
which cells are dense and seem vital. The core is surrounded by
an outer layer of cells (composed of four to six rows of cells).
The outer layer is physically separated from the core, thereby
forming a protective shell for the core cells. Further, within the
population of stalk cells we observed at least three types of
cells distinct in their morphology: (a) familiar rounded cells;
(b) dying or dead cells containing a large number of vesicles;
and (c) cells containing spores. We suggest therefore that stalk
cells are not only spatially organized but manifest some degree
of specialization.

In addition to analyzing stalk anatomy, we attempted to
dissect the roles of UV radiation and high agar concentrations
on the formation of stalks. We report that UV radiation alone
does not affect colony organization, nor does it induce stalk
formation. High agar concentration, on the other hand, has a
dramatic effect on the size, height, and shape of the colonies.
We further report that high agar concentrations induce inva-
sive growth. Rather strikingly, cells of a colony, unlike cells
plated to form a lawn, do not invade homogenously. Cells in
the center of the colony invade more deeply, forming a peg-
like structure. We show that the agar effect on formation of
peg-like structures is mediated through the Ras pathway, sug-
gesting a linkage between invasive growth and multicellular
organization of yeast colonies.

MATERIALS AND METHODS

Yeast strains and media. Cells were plated on yeast-peptone-dextrose (YPD)
medium (2% glucose, 1% yeast extract, and 2% Bacto Peptone). The agar
concentration used for stalk formation was 4%. Agar concentrations in other
experiments are described for each experiment. The strains used in this study are
listed in Table 1.

Stalk formation. Stalks were formed as previously described (6).
Invasive-growth assay. Cells were plated on YPD supplemented with the agar

concentrations described in each experiment. Plates were washed under a water
current as described (24).

Fixation for microscopic analysis. As stalks were found to disaggregate readily
when incubated in solution (data not shown), standard fixation protocols could
not be applied. The following protocols were therefore developed and used:
stalks were cut out from the plates together with the piece of agar on which they
grew. They were then placed horizontally on 1% agar drops that were kept on the
verge of solidifying temperature (40 to 42°C). Stalks were immediately covered
with similar agar drops at the same temperature. Agar drops solidified readily
upon contact with stalks. This treatment embedded intact stalks inside agar
cubes. In most cases stalks were not affected by this treatment. The agar cubes
that were containing stalks were incubated in fixation solution (2.5% parafor-
maldehyde and 2% glutaraldehyde in 0.1 M cacodylic acid) in room temperature
for 1 h and were further incubated at 4°C for 48 h. Then fixation solution was
diluted (1:2) in cacodylic acid, and the cubes were incubated at 4°C for 1 week.
The cubes were washed in the following order: 0.1 M cacodylic acid (10 min,
three to five times), double distilled water (DDW) (10 to 15 min, three times),
metaperiodate (2% in DDW; 40 to 60 min), DDW (10 to 15 min, two times), and
cacodylic acid (10 to 15 min, three times). The cubes were then incubated in
osmium solution (1% OsO4, 0.1 M cacodylic acid buffer, and 1% potassium
ferricyanide) for 2 h and were further washed with 0.1 M cacodylic acid (four to
five times for 1 min and three times for 15 min), ethanol (30, 50, 70, 90, and 95%
for 15 min each and 100% for 30 min, three to five times), and propylene oxide
(10 min, two times). The cubes were then incubated with agar 100 resin diluted
in propylene oxide in the following order: 1:3 dilution for 24 h, 1:1 dilution for
24 h, 3:1 dilution for 24 h, and an undiluted solution for 24 h two times. Finally
the cubes were incubated at 60°C overnight.

Preparation of cross sections. For light microscopy analysis, blocks were sliced
in a microtome (thickness, 4 to 7 mm) by using glass knives. The slices were
placed on slides, dried, and covered by cover glass. For electron microscopy
analysis, blocks were sliced in a microtome (thickness, 700 Å) by using diamond
knives.

RESULTS AND DISCUSSION

Cross sections of stalks reveal a core and shell organization.
The present model describing stalk formation is a mechanical/
environmental model (6). According to this model, a stalk is a
pile of unorganized, nondividing, similar cells that were ex-
truded out of a pit in the agar. To test whether stalks are
indeed composed of randomly localized, unorganized, similar
cells, we prepared cross sections (thickness, 4 to 7 mm; see
Materials and Methods) from different locations along the

TABLE 1. Yeast strains used in this study

Strain Genotype Source or reference

SP1 MATa his3 leu2 ura3 trp1 ade8 Can 32
TK161R2V (SP1RAS2Val19) Isogenic to SP1 but RAS2Val19::HIS3 32
SP1ras2D Isogenic to SP1 but ras2::LEU2 30
SP1ras2Dyap1D Isogenic to SP1 but ras2::LEU2 yap1::HIS3 30
SL5527 MAT ura3 trp1 30
Sras2D Isogenic to L5527LH but ras2::LEU2 30
L5585 (Sste20D) MATa ste20::TRP1 trp1::hisG ura3-52 24
SR599 (Sira1D) MATa ira1::LEU2 leu2::hisG, his3::hisG ura3-52 26
419M MATa/MATa ade2/ade2-R8 ura3-52/ura3-52 his4-912/HIS4 lys2-201/lys2

trp5-d/TRP5 leu2-3,112/LEU2 his7/HIS7 metX/MET can1/CAN
G. Simchen’s stock

W303 MATa can1-100 ade2-1 his3-11, 15 leu2-3 trp1-1 ura3-1 Yeast Genetic Stock Center
(Berkeley, Calif.)

YPH102 MATa ura3-52 lys2-80 ade2-101 leu2-1 his3-200 28
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stalk and inspected them under the microscope (Fig. 1). A
cross section of the stalk’s tip showed, as expected, a layer of
cells (Fig. 1a and b). Strikingly, however, a cross section taken
from several millimeters below the tip showed that in this area
there are no cells in the center of the stalk (Fig. 1c). Cross
sections made further below revealed an even more unex-
pected picture (Fig. 1d and e). These cross sections revealed an

inner core that is composed of a large number of dense cells.
Surrounding the core is an outer layer, physically separated
from the core. The layer is composed of four to six rows of
cells. Cells of the outer layer seem less dense and are usually
bigger than core cells (Fig. 1d and e). Closer inspection of the
outer layer cells showed that some of them are transparent,
maybe lacking vital cytoplasm and organelles (Fig. 1d9 and e9

FIG. 1. Stalks are composed of a core and shell structure. Light microscopy inspection of cross sections (thickness, 4 to 7 mm) prepared from
different locations along a stalk. Locations from which cross sections were taken are indicated in the schematic illustration on the left. Stalks were
prepared from the strain 419M. Cross sections were prepared from three different stalks, and a similar pattern of organization was observed.
Pictures were taken using the following lens objectives (note that additional enlargements were made during printing processes): (a) 403; (b and
c) 203; (d) 163; (d9) same cross section as for panel d but with a 203 lens; (e) 203; (e9) same cross section as for panel e but with a 403 lens.
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and 2a). Many of the cells in the outer layer may actually be
dead cells that form a protective shell around the stalk (see
below).

In summary, the analysis of cross sections at the light mi-
croscopy level strongly suggests that a stalk is an organized
structure and not a random pile of cells. More importantly,
these observations suggest that there are morphological differ-
ences between cells in different areas of the stalk. Do these
results invalidate the mechanical model for stalk formation?

We believe that stalks are formed through the mechanism
suggested by this model, but spatial organization, cell death,
and (perhaps) specialization take place in a later phase, after
the stalks have been formed (see below).

Some cells in stalk contain many unusual vesicles, while
others contain spores. To further test the notion suggested by
the analysis of cross sections that morphological differentiation
does exist between cells in a stalk, we examined stalk cells using
electron microscopy. This analysis revealed significant differ-

FIG. 2. Stalks are composed of dying and dead cells, spore-containing cells, and familiar cells. Electron microscopy inspection of cross sections
(thickness, 700 Å) of different locations within a stalk. Cross sections of stalks and regular colonies were prepared as described in Materials and
Methods. The 419M strain (an a/a diploid) was used in all cases. Electron microscopy analysis was performed on two stalks and two colonies. (a)
Cells of a stalk. (b) Cells of a regular colony, used as control. (c and d) Cells of a stalk that contain many vesicles (that could be fat bodies or
autophagic bodies), a wide cell wall, and unidentifiable nucleus and ribosomes (these cells may be dying). (e) Cell of a regular colony, used as
control. (f) Intact cell of a stalk. (g to i) Cells of a stalk that contain spores.

VOL. 183, 2001 ANALYSIS OF YEAST STALKS 5405



ences in the morphological structure of different cells in the
stalk. Many stalk cells show an aberrant (very wide) cell wall
and possess many vesicles and in many cases unidentifiable
nuclei and ribosomes (Fig. 2a, c, and d). Many other stalk cells
seem more like familiar yeast cells (Fig. 2f), but even these
cells contain several vesicles or fat bodies and are somewhat
different from cells taken from regular colonies (Fig. 2e). The
vesicles observed could be autophagic bodies, suggesting that
many cells are undergoing autophagy (1). To verify that the
aberrant appearance of many cells was not the consequence of
fixation and staining protocols, we looked at cells taken from a
normal colony that had been treated in parallel to a stalk with
the same technical procedures. These cells showed a familiar
phenotype (Fig. 2b and e), supporting the idea that the aber-
rant morphology of some stalk cells is not a technical artifact.
Interestingly, all stalk cells inspected, including those with ab-
errant cytoplasm, organelles, and cell wall, maintained cell
shape. Namely, although unusually wide, in all cases a com-
plete cell wall surrounded the cell. Only intracellular compo-
nents were affected and ultimately destroyed, rendering the
cells transparent to the electron beam (Fig. 2a). This situation
is reminiscent of cells from higher eukaryotes when they are
undergoing programmed cell death (11, 22). We tested stalk
cells for apoptotic markers but could observe neither the clas-
sical chromatin condensation nor DNA ladder (data not
shown). We therefore cannot define the process responsible
for cell death in the stalk. It is possible that many of the dying
cells reside in the perimeter of the stalks, an area that is
exposed to the environment and is less protected from dryness.
As a result, the cells may be simply drying out.

Another type of cell found in the stalk was those that contain
spores (Fig. 2g to i). Interestingly, in most cases inspected by
us, those cells were not classical asci and contained only one or
two spores (Fig. 2g and i). In fewer cases three spores were
observed (Fig. 2h), and only in very rare cases did we see an
ascus containing four spores, as is the common case of cultures
exposed to sporulation medium (8). We do not know why most
spore-containing cells contain less than four spores. Curiously,
in mammals and plants, meiosis of an egg results in a single
gamete, containing the cytoplasm of the other three meiosis
products, rather than four gametes (9).

These findings show that stalks are composed of at least
three morphologically distinct types of cells. Combining the
analysis of cross sections (Fig. 1) with the electron microscopy
studies, it seems that dying cells are located mostly in the outer
layers of the stalk, whereas most of the spore-containing cells,
as well as rounded, familiar cells, are located in the inner core.
Previously it was reported that asci are localized to the upper
parts of the stalk (6). Thus, cell specialization is observed both
along the longitude and latitude of stalks.

High agar concentration but not UV irradiation affects mor-
phology of yeast colonies. High agar concentrations and UV
irradiation are both essential for stalk formation (6), but each
of these treatments alone is not sufficient to induce stalks. It is
still possible, however, that these treatments have some effect
on the morphology of yeast colonies. To test whether UV
irradiation per se has any effect on colony organization, yeast
cells were plated (106 cells/plate) on YPD with different agar
concentrations (1 to 6%) and were subsequently UV irradiated
(;40 J/m2) as described previously (6). All surviving colonies

were inspected carefully for any unusual morphology. Also, the
number of stalks formed on each agar concentration was
counted. As shown in Table 2, no stalks were formed on plates
containing less than 2% agar. Stalks were reproducibly ob-
served on plates supplemented with agar concentrations higher
than 4%. We noted that in some cases stalks aggregated in
small areas on the plate, suggesting that particular, localized
properties of the agar are beneficial for stalk formation. In
some cases, several stalks originated from a single colony (Fig.
3c). Finally, we noted that on plates supplemented with high
agar concentrations, even colonies that were not considered
stalks acquired a particular appearance and tended to aggre-
gate (Fig. 3b). However, no unusual morphology of colonies
was observed on plates containing less than 2% agar (and
lacking stalks), showing that UV irradiation alone does not
induce any unusual form of multicellular organization.

High agar concentration alone induces dramatic changes in
a colony’s morphology. Next, we tested the effect of agar con-
centration alone on the morphology of yeast colonies. We
plated yeast cells (about 50 cells of the wild-type strain SP1 per
plate) on YPD media with different agar concentrations (1 to
6%) and allowed colonies to develop without any exposure to
UV radiation. We found that the agar concentration dramat-
ically affected the size and shape of the colonies. As the agar
concentration increased from 1 to 4%, the diameter of the
colonies decreased logarithmically (Fig. 4a, upper row). At
agar concentrations higher than 4%, the colonies’ diameter
decreased only slightly. The decrease in the size of colonies was
associated with a decrease in the total number of cells per
colony (data not shown). Corresponding to the decrease in
diameter observed at high agar concentrations, the height of
the colonies increased. This effect can be seen in Fig. 4b (upper
row), which shows a side view of the same colonies shown in
Fig. 4a. Colonies formed at low agar concentrations (,1.5%)
acquired the shape of a large, flat disk. At high agar concen-
trations (.3%), colonies became slim and relatively tall (1 to
3 mm) and acquired a cone shape (Fig. 4b and c, upper rows).
In all strains tested (see below), colonies appeared on the
plates and acquired their typical morphology within 24 to 72 h
after plating. Yet we noticed that colonies grown at high agar
concentrations undergo changes in their morphology if further
incubated for 2 to 3 weeks at room temperature. As shown in
Fig. 4c, 3 weeks after plating, the colonies lose the cone shape
and the upper part of the colony becomes narrower. Some of

TABLE 2. Number of stalks obtained with different agar
concentrations

Agar
concn (%)a

No. of stalks
per plate

1 ................................................................................................ 0
1.5 ............................................................................................. 0
2 ................................................................................................ 0.66
3 ................................................................................................ 2.33
4 ................................................................................................ 1
5 ................................................................................................ 3.33
6 ................................................................................................ 9

a Cells of the 419M strain were plated on YPD medium, supplemented with
the indicated agar concentrations, and subsequently UV irradiated (;40 J/m2).
The number of stalks formed on each agar concentration was counted, and the
average number of stalks per plate (three plates of each concentration) is shown.
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FIG. 3. Stalks and minute stalks tend to aggregate. (a) Two stalks merging into one. (b) Aggregation of minute stalks, on a plate supplemented
with 4% agar (see text for details). (c) Eight stalks originating from one colony. Pictures were taken by David Darom. The 419M strain was used.
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the 3-week-old colonies are reminiscent of stalks in their over-
all appearance (although significantly shorter) and were there-
fore termed “minute stalks.” The appearance of minute stalks
after 3 weeks suggests that colonies are dynamic, multicellular
structures in which morphological and structural changes take
place after they have been formed.

Although minute stalks were observed, it should be stressed
that on all agar concentrations tested, not a single stalk was
observed.

In summary, agar concentration alone, unlike UV, did affect
the morphology of the colonies but could not give rise to
well-developed stalks. High agar concentrations induce forma-
tion of minute stalks, which are morphologically different from
the disk-shaped colonies formed on low agar concentrations.
Namely, just as with stalk morphology, the structure of a com-
mon colony is also regulated, at least partially, by mechanical
and environmental factors.

Formation of minute stalks is regulated both environmen-
tally and genetically. The results described above show that the
agar concentration affects the morphology of yeast colonies of
the strain SP1. To verify that the phenomenon is general, we
tested the effect of agar concentrations on strains of different
genetic backgrounds. Cells of the haploid strains W303,
YPH102 (isogenic to S288C), and (L5527 (isogenic to
(1278b) and the diploid strain 419M were plated on YPD
media with different agar concentrations (1 to 6%) and were
allowed to grow without any exposure to UV irradiation. All
strains showed a similar phenotype. Namely, as the agar con-
centration increased, the colony’s shape changed from a flat
disk to a cone or to a minute stalk (data not shown). In spite
of the overall similar pattern, we observed some morphological
differences between colonies of the different strains. For ex-
ample, colonies of the (1278b background (the (L5527 strain
in Fig. 4a and b) are larger than SP1 colonies (Fig. 4). Also,

FIG. 4. Agar concentration, incubation time, and the Ras pathway affect the colony’s morphology. The indicated strains were grown on YPD
supplemented with different agar concentrations (1 to 6%) as indicated in the bottom of each panel. (a) Photographs of colonies taken from above,
1 week after plating. (b) Photographs taken from a side view, 1 week after plating. Same colonies are shown in panels a and b. (c) Photographs
taken from a side view, 3 weeks after plating.
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FIG. 5. High agar concentrations in combination with an active Ras pathway induce formation of organized structures under the agar (peg-like
structures). The indicated strains were grown on YPD supplemented with the indicated agar concentrations. Photographs were taken from side
view, usually 3 weeks after plating. Colonies were illuminated from the back, using a high-intensity lamp, to allow photographing the structures
formed inside the agar. Pictures were taken by David Darom.
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SP1 colonies are smooth, while (L5527 colonies are furrowed
(Fig. 4a and c and 6). These differences between strains suggest
that the structure of colonies, unlike that of stalks, might be
genetically controlled in combination with the environmental
control. This notion is in agreement with the study of Reynolds
and Fink, who showed that a combination of low agar concen-
tration with the activity of the FLO8 and FLO11 genes is
required for biofilm formation in S. cerevisiae (23).

Which genes may affect the shape and morphology of the
colonies? One of the differences between SP1 and (1278b
genetic backgrounds is the more active Ras pathway in (1278b.
Cells of the (1278b genetic background were shown to contain
higher cAMP levels, to induce constitutive Gcn4 activity, and
to suppress the cellular stress response (16, 30). All those
characteristics are known to be associated with an active Ras
pathway (3, 5, 7, 17, 25, 27). To test whether the Ras cascade
is involved in determining colony morphology, we used mu-
tants in the Ras pathway and plated them on YPD medium
with different agar concentrations (1 to 6%). We found that
mutants carrying a constitutively active Ras cascade formed
unusual colonies compared to the corresponding wild-type
strains. As shown in Fig. 4b, colonies of the SP1RAS2Val19

strain did not form a flat disk on low agar concentrations and
acquired a conical shape even at 1% agar. Additionally, on
high agar concentrations, this strain formed colonies of very
small diameter (;3 mm), reminiscent in structure but not in
size of stalks. Activation of the Ras pathway in the (1278b
background (by deleting the IRA1 gene) had a similar but not
identical effect (Fig. 4b). Similar to SP1RAS2Val19 colonies,
colonies of the (ira1D strain did not form a flat disk on low
agar concentration but rather formed a bulge at their center.
This bulge grew more significant as agar concentrations in-
creased (Fig. 4b). These results support the notion that a
combination of environmental and genetic factors determines
the colony’s morphology. They point at the Ras pathway as an
important element in the machinery that controls the colony’s
morphology.

The same components affect a colony’s morphology and
invasive growth. During the course of growing colonies at high
agar concentrations, we noticed that unusual morphological
changes occur not only above agar surface but also inside the
agar under the visible colony. In fact, some of the colonies
developed structures inside the agar, large enough to be clearly
observed through the agar (Fig. 5). In most cases “under-agar”
structures originated from the center of the colony and formed
a structure reminiscent of a peg or even a short root (Fig. 5).
The tendency to grow into the agar was clearly affected by agar
concentrations. Colonies of the SP1 strain, for example, devel-
oped shallow peg-like structures when grown on 2% agar,
whereas deep structures were developed on 4% agar (Fig. 5,
top row). Yet formation of under-agar structures is also genet-
ically controlled. Colonies of the SP1ras2D strain did not pro-
duce significant peg-like structures on 2 or 4% agar (Fig. 5,

second row), whereas SP1RAS2Val19 colonies developed such
structures on both low and high agar concentrations (Fig. 5,
fourth row). The most unusual under-agar growth was ob-
served in colonies of the (ira1D strain. This strain manifested
its unusual under-agar growth at high agar concentrations but
not at low concentrations (Fig. 5, fifth row). Thus, also in the
(1278b genetic background, a combination of environmental
and genetic components is required for formation of peg-like
structures. In addition to their well-developed under-agar
growth, the (ira1D colonies had an unusual, furrowed appear-
ance (Fig. 5, fifth row, and 6). It is clear that the Ras cascade
has a strong impact not only on colony size and height (Fig. 4a
and b), but also on the development of an unusual growth
pattern under the colony.

It seems that the colony’s size, height, and under-agar
growth are related phenotypes and are all controlled by the
same biochemical activity, seemingly that of the Ras pathway.
The Ras pathway has been previously shown to control inva-
sive-growth activity through the cAMP pathway and the Kss1
mitogen-activated protein kinase pathway (19–21, 24, 26, 30).
As formation of peg-like structures requires agar invasiveness,
it is not surprising that ras2D colonies cannot form fully devel-
oped pegs and that the RAS2Val19 and ira1D strains develop
deep pegs (Fig. 5). The idea that formation of pegs is part of
the invasive-growth phenomenon is further supported by the
fact that the SP1ras2Dyap1D strain produced deeper and more
developed peg-like structures than did SP1ras2D colonies
(compare second and third rows of Fig. 5). It was previously
shown that while ras2D cells cannot invade, they regain some
invasiveness capability if their YAP1 gene is disrupted, thereby
suppressing their stress response (30).

To directly test the linkage between classical invasive growth
and formation of peg-like structures, we tested the invasive-
growth capability of the various mutants. As expected, strains
that developed deep pegs (RAS2Val19, ira1D, and ras2Dyap1D
strains; Fig. 5) showed strong invasive activity (Fig. 6). In
contrast, strains that did not develop deep pegs (ras2D strain
[Fig. 5] and ste20D strain [data not shown]) showed very low
invasive activity, supporting the idea that the phenotypes are
linked. Strikingly, however, some of the strains that do not
invade well (e.g., SP1ras2D strain ) did invade if plated on high
agar concentrations (Fig. 6), in particular if incubated for long
periods (2 to 3 weeks). Three-week-old colonies are attached
to the agar much more strongly than 1-week old colonies (Fig.
6b; compare colonies of the (iraD strain). Thus, time plays an
important role in invasive growth. Perhaps the increasing dry-
ness and reduction in nutrient availability are the driving forces
for time-dependent increase in invasiveness. This result
strengthens the notion that colonies are dynamic moieties that
change their properties in time. This experiment also revealed
that the pattern of invasiveness of colonies is different from
that of patches. As was shown in numerous studies (19, 24, 26,
30), patches invade the agar homogeneously. Colonies, on the

FIG. 6. Formation of structures inside the agar is linked to classical invasive growth. The indicated strains were grown on YPD plates
supplemented with different agar concentrations (1 to 6%, as indicated in the bottom of each panel). Colonies were photographed before washing
(2), washed under a water current, and photographed again (1). (a) Colonies were washed 1 week after plating. (b) Colonies were washed 3 weeks
after plating. For the (ira1D strain the 1-week-old colonies are also shown. Note that a complete layer of cells was washed off the 3-week- old
(ira1D colonies. These layers lay above the colony and are indicated by arrows.
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other hand, seem to invade differentially. Cells in the perime-
ter do not invade the agar deeply, whereas cells in the center
invade deeply and form peg-like structures (Fig. 6).

Colonies may be forming a core and shell structure just like
stalks. While washing the colonies, we noticed that in many
strains, even invasive ones, cells of the upper layer of the
colony were easily washed off the colony by a water current. As
this upper layer was most fragile and usually peeled off in many
small fragments, only in rare cases were we able to remove it in
one piece for demonstration (Fig. 6, colonies of the (ira1D
strain grown on 1% and 1.5% agar). Such a composition of an
outer layer covering a core colony is reminiscent of stalks’
spatial organization reported above (Fig. 1). To further verify
that colonies are similar to stalks in this respect, we prepared
cross sections of a regular colony for microscopic inspection.
Figure 7 shows that, similarly to stalks, colonies are also com-
posed of an outer layer and a core. Yet some differences
between colonies and stalks are apparent. First, the outer layer
of the colony is not well separated from the core as was shown
for stalks (compare Fig. 1 and 7). In addition, cells in the outer
layer of the colony seem denser than cells in the core of the
colony, whereas in stalks the phenotypes are opposite (Fig. 1).
It could be that separation of outer layer and further differen-
tiation of this layer (perhaps involving cell death) are slow
processes in colonies and may be observed in colonies that are
several months old. This idea is supported by the fact that the
outer layer is easily peeled off only in older colonies. Clearly
many more experiments are required to determine the spatial
and temporal organization of yeast colonies. Yet based on our
initial analysis, we suggest that many morphological character-
istics of stalks are found in regular colonies. A stalk could
therefore be considered a colony in which, as a result of par-
ticular conditions, many properties are extended or empha-
sized. It must be noted, however, that although from the mor-

phological point of view, stalks could be considered a type of
regular colony, the mechanism and regulation of stalk forma-
tion are still a puzzle. Clearly, environmental conditions affect
the morphology (size, height, invasiveness, and formation of
peg-like structures) of both colonies and stalks of S. cerevisiae.
Yet while those properties observed in colonies are also ge-
netically controlled, we could not measure any genetic control
on stalk formation or morphology. Namely, all mutants tested,
including a large variety of mutants of the Ras cascade, were
capable of forming fully developed stalks (6; data not shown).
Thus, stalk formation is a robust property, which seems to be
controlled exclusively by environmental components. Further
spatial organization and temporal differentiation of the stalk
may be controlled genetically. The biological relevance of cell
organization within the stalk is not clear. The possibility re-
mains that these structures are formed only in the laboratory,
in response to a most unique set of conditions. Nevertheless, it
is clear from the present study that both stalks and regular
colonies are organized and dynamic multicellular moieties in
which active processes continuously take place a long time
after the formation of the colony or stalk.
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