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Sequential Logic of Polarity Determination during the Haploid-to-
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In many organisms, the geometry of encounter of haploid germ cells is arbitrary. In Saccharomyces cerevisiae, the resulting zy-
gotes have been seen to bud asymmetrically in several directions as they produce diploid progeny. What mechanisms account for
the choice of direction, and do the mechanisms directing polarity change over time? Distinct subgroups of cortical “landmark”
proteins guide budding by haploid versus diploid cells, both of which require the Bud1/Rsr1 GTPase to link landmarks to actin.
We observed that as mating pairs of haploid cells form zygotes, bud site specification progresses through three phases. The first
phase follows disassembly and limited scattering of proteins that concentrated at the zone of cell contact, followed by their reas-
sembly to produce a large medial bud. Bud1 is not required for medial placement of the initial bud. The second phase produces a
contiguous bud(s) and depends on axial landmarks. As the titer of the Axl1 landmark diminishes, the third phase ultimately re-
directs budding toward terminal sites and is promoted by bipolar landmarks. Thus, following the initial random encounter that
specifies medial budding, sequential spatial choices are orchestrated by the titer of a single cortical determinant that determines

whether successive buds will be contiguous to their predecessors.

he relative orientation of each cell in a Saccharomyces cerevisiae
mating pair is arbitrary, in the sense that the cells’ axes of
polarization as they extend toward each other to produce a zygote
do not bear a fixed relation to their previous budding. When the
resulting zygotes then bud, they produce medial, lateral, or termi-
nal buds (Fig. 1A). The causes of this spatial variability represent a
longstanding puzzle. Some, but not all, previous studies have con-
cluded that most initial buds are medial (1-4). In mammalian
fertilization, the arbitrary site of sperm entry into the oocyte
guides the polarity of initial cleavage. Moreover, in higher organ-
isms, early development often can proceed even if individual
cleavage events occur with less than perfect geometry (5).
Haploid and diploid cells of S. cerevisiae exhibit spatial mem-
ory for bud placement. Thus, in the “axial” budding of haploid
cells, landmark proteins mark sites of bud emergence and succes-
sive bud scars are contiguous with each other, forming un-
branched chains. The history of their budding is stably indicated
by their circular chitin-rich scars, each of which normally contacts
the scar of the preceding and subsequent bud. In contrast, diploid
cells usually exhibit “bipolar” budding, with each bud initiating at
a polar patch of “landmark” proteins, near which successive bud
scars cluster without contacting each other. Daughter cells first
bud at the pole that is distal to the mother and then alternate
between poles, while the mother cell rebuds at either pole (6-9).
Bud site specification depends on landmark proteins of the cell
cortex. Deletion of axial landmarks (Axl1, Axl12/Bud10, Bud3, and
Bud4) from haploid cells results in bipolar budding but does not
affect budding by diploids. Deletion of bipolar landmarks (Bud8
and Bud9) affects the budding pattern of a/a diploid, but not
haploid, cells, causing a “unipolar” appearance, in which scars/
buds are clustered at one pole but do not contact each other.
Despite their apparently distinct roles, seven of these landmarks
are present in both haploid and diploid cells. The exception is
Axl1, which is absent from diploid cells. It is also required for
production of mating factor a and for cell fusion (10-16) (see
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Table S1 in the supplemental material). Expression of Axll in
diploid cells allows them to bud axially (17).

Orientation of actin toward a cortical landmark results in po-
larized transport of secretory vesicles containing new surface pro-
teins and cell wall components. Such orientation occurs when a
landmark protein interacts with the guanine nucleotide exchange
factor (GEF) of the transducer GTPase, Bud1/Rsr1. The activated
form of Budl then interacts with the GEF (Cdc24) of a second
GTPase, Cdc42, that guides actin in conjunction with the formin
Bnil. Deletion of Budl randomizes successive budding in cycling
cells (6, 7, 18-21). Related events linking surface determinants to
actin are characteristic of many eukaryotes (22).

Like haploid yeast, yeast zygotes can bud at least 20 times (2, 3).
As haploid cells bud repeatedly, they accumulate extrachromo-
somal rDNA circles in the nucleus and exhibit genetic instability,
dysfunctional mitochondria, increased vacuolar pH, and accumu-
lation of aggregated and oxidized proteins in the cytoplasm. Ac-
cording to most studies, such molecular burdens are asymmetri-
cally retained by the mother. Age thus can be reset in daughters
(23-26). It is not known whether polarity options and mecha-
nisms change during the early stages of development or during
replicative aging.

MATERIALS AND METHODS

Cell culture. Cells were pregrown at room temperature in synthetic me-
dium with glycerol as a carbon source to ensure respiratory competence.

Received 3 July 2014 Accepted 21 August 2014

Published ahead of print 29 August 2014

Address correspondence to Alan Michael Tartakoff, amt10@case.edu.
Supplemental material for this article may be found at http://dx.doi.org/10.1128
/EC.00161-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/EC.00161-14

p. 1393-1402 ecasm.org 1393


http://dx.doi.org/10.1128/EC.00161-14
http://dx.doi.org/10.1128/EC.00161-14
http://dx.doi.org/10.1128/EC.00161-14
http://ec.asm.org

Zapanta Rinonos et al.

A 9
O &GO ¢
M L T

B Initial Buds
1007 mm — . - = r —

80 - = -
B % Terminal
60 1 0 % Lateral
40 0 % Medial
20 -
0

Wt bud1A axI2A bud3A bud4A bud8A bud9A rax1A

FIG 1 Sites of bud emergence. (A) Zygotes can bud either from the midzone
(medial [M]), along the flanking surfaces (lateral [L]), or toward their ends
(terminal [T]). The sum of L and T is referred to as “nonmedial.” (B) Land-
marks needed for initial bud site specification. Homotypic crosses were con-
ducted, fixed, and counted. Averages of the bud distributions (medial, lateral,
and terminal) from at least three independent experiments are plotted in each
case. The dashed horizontal line indicates the control value for medial budding
as a point of reference. Quantitation is given in Table S2 in the supplemental
material. Note that most budding is medial unless Rax1 has been deleted. (We
were unable to examine ax/IA crosses because Axll is required for mating.
Since rax2A strains are prohibitively petite and therefore likely to be genetically
unstable, we have not explored the possible significance of the protein.)

Prior to crossing, the cells were shaken for 3 h in fresh glucose-containing
medium. The one exception was for experiments in which excess Axl1 was
induced. In this case, the cells were pregrown in 2% raffinose and then
shifted to 1% raffinose-1% galactose for 3 h before the cross; 1% raffinose-
1% galactose was then present during the entire period of zygote forma-
tion and budding. Cell growth and experimentation were at room tem-
perature. For experiments in which bud scars were stained, cells were
precultured at low density to ensure a minimum of preexisting bud scars.

Almost all experiments were done with cells of $288C background. We
have not studied rax2A strains because we find that they do not grow on
glycerol.

Strain construction. Standard yeast genetic procedures were used
throughout (27). For tagging the N terminus of Rax1 with green fluores-
cent protein (GFP), we used the integrative plasmid pHP1109, obtained
from Hay-Oak Park. For tagging the C terminus of Cdc3 with mCherry,
we used the integrative plasmid Yip128-CDC3-mCherry from E. Bi.
Landmark deletion strains and tagged strains were verified either by col-
ony PCR or by bioassay, i.e., confirmation of the expected budding phe-
notype by observation under bright-field microscopy and/or calcofluor
white staining of bud scars. Colony PCR was performed using a High-
Fidelity PCR kit (Roche).

The diagnostic primers used were as follows. For RAXI, Fwd (5'-CA
GAGCAATGCTGGTTATGTAA-3") and Rev (5'-AAGCCTGCACTTAA
CGGC-3"). For BUDI, Fwd (5'-TATCATCGCTTAGAAATATTTGGCT-
3')and Rev (5'-AACGCAGCATCTACCGTAAA-3"). To delete RAX1, we
copied the hygromycin resistance cassette from pFA6a-hphNT1 (28), us-
ing primer Fwd (5'-GTGCACAACGACCTCTAACAATTTCTGCCAAA
AAGAAAGTTCAAGAGCGTCCCATTCATCATGCGTACGCTGCAGG
TCGAC-3') and primer Rev (5'-CTGTTTCTTGTACTTAGCGTCACGC
GCTATGGAAATATGCGGTGCACAGGTGTTTTTATAATCGATGAATT
CGAGCTCG-3"). The product was gel purified and used for transformation.
Candidate colonies were then characterized by colony PCR, using the diag-
nostic primers indicated above.

Strains are listed in Table S4 in the supplemental material. Plasmids
are listed in Table S5 in the supplemental material.
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Staining and counting of bud scars. Living cells were stained with
calcofluor white (1 pg/ml) (29). After sedimentation and washing, 1-pl
samples of the pellet were applied to 1.5% agarose pads, including com-
plete synthetic-glucose growth medium. After overlaying a coverslip and
sealing it with Vaseline, they were examined using DAPI (4',6-diamidino-
2-phenylindole) filters with a Deltavision RT epifluorescence microscope
and an automated stage (Applied Precision, Inc.). The microscope was
equipped with a 100X oil immersion objective (Olympus UPlanApo,
100X/1.40; 0/0.17/FN26.5), and images were recorded without binning.
The microscope uses an Insight Solid State Illuminator 7-color combined
unit to deliver the specified excitation bandwidth, combined with an op-
timized polychroic bandpass filter (Semrock 34-100608-001 Rev. A) and
appropriate emission filters. The relevant filters have the following char-
acteristics: DAPI (390/18,435/48), GFP (475/28,523/36), and tetramethyl
rhodamine isocyanate (TRITC) (542/27, 594/45). Z-stacks of 14 images
were captured at 0.2- to 1-pm intervals using a charge-coupled-device
(CCD) digital camera (Photometrics CoolSnap HQ). Out-of-focus light
was digitally removed using the Softworks deconvolution software (Ap-
plied Precision, Inc.). Images were exported as TIF files, and figures were
composed using Adobe Photoshop CS (Adobe, Inc.). They were then
systematically analyzed. Terminal buds emerge from the external hemi-
spheres of the parental domains. Lateral buds are those that are not ter-
minal and do not emerge from the zygote midzone (ZMZ).

Mating assays. Equal volumes of actively growing cultures (MATa
and MATa) at an optical density at 600 nm (ODy,) of ~0.5 were mixed,
sedimented, resuspended, and incubated in stationary plastic microtiter
wells without shaking at room temperature. After settling, the cell layer
was 50 to 80% confluent, allowing cell-cell contact for the following 4 to 5
h. The cells were then either (i) fixed for 5 min by adding 0.1 volume of
29% formaldehyde and then washed and stored in water, (ii) washed twice
in doubly selective medium and then reincubated in the medium with
shaking, or (iii) stained with calcofluor white. The composition of the
selective medium was designed to limit growth of haploid parental cells
(e.g., if one parent was Leu™ ura3 and the other was leu2 Ura™, the selec-
tive medium lacked both leucine and uracil). Samples were sonicated
before counting.

Note that crosses were not conducted on the surfaces of filters or on
solid culture medium to avoid possible changes of surface tension and
drying. The often complex shapes of axI2A haploid cells and zygotes made
it necessary to count only the subpopulation that had conventional
shapes.

Data analysis and statistics. All experiments were conducted three or
more times. For each experiment listed in Table S2 in the supplemental
material, 200 zygotes were examined to quantitate the relative numbers of
zygotes with medial, lateral, or terminal buds. Averages and standard de-
viations (SD) were calculated. The results from zygotic budding patterns
were also analyzed for statistical significance by two-tailed, homoscedastic
t tests.

Imaging. For microscope studies, cells carried chromosomal inte-
grants or centromeric plasmids in which expression of functional copies
of FP-tagged proteins was driven from their own promoters. These strains
were generated in our laboratory or obtained from other laboratories that
have studied them or from Invitrogen.

For microscopy, samples of mating mixtures were applied to agarose
pads and imaged as described above. At least 20 cells were observed for
each condition, and the selected illustrations are representative of the
large majority (>80%). Bright-field images, when present, are in blue.
Complete through-focal series were examined in all cases.

RESULTS

Phase I, de novo budding. (i) Most initial budding occurs at the
midzone. In isogenic 4-h crosses of wild-type (wt) haploid cells of
several genetic backgrounds, ~85% of initial buds are medial,
judging from inspection of fixed preparations (Fig. 1B; see Table
S2, crosses 1 and 2, in the supplemental material). Bud scars
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stained with calcofluor white that are inherited from haploid par-
ents are seldom adjacent to the zone of contact (ZOC) (30), as we
have confirmed (data not shown). This independence of previous
budding history motivated our investigation of the nature of ini-
tial buds and the contribution of classical budding equipment. We
began by localizing tagged proteins that participate in the con-
struction of buds of haploid cells.

(ii) Proteins needed for bud emergence concentrate at the
ZOC. When pairs of cells in mating mixtures establish a synapse-
like ZOC prior to cell fusion, cortical proteins redistribute to po-
larize the cell surface into three regions (Fig. 2A to C and G; see
Fig. S1A in the supplemental material). They are characterized by
(i) a group of “apical” proteins at the ZOC, as at the tip of the
mating projection (31-34); (ii) a “collar” of septins that encircles
mating projections and likely serves as a diffusional barrier (35—
37); and (iii) a distinct group of proteins that occupies the more
distal portion of the cell surface.

The apical group includes proteins that are of central impor-
tance for polarized growth and bud construction (Bnil, Cdc24,
and Sec5). Moreover, the a-factor transporter, and components of
the mitogen-activated protein kinase (MAPK) cascade that re-
sponds to mating factors, concentrate at the ZOC, where they
surely contribute to intense signaling. Several landmark proteins
are also present. Among them is Rax1, which has a particular
significance for initial budding (see below). The ZOC is the site of
frequent exocytosis and endocytosis, judging from the presence of
exocyst proteins, proteins implicated in endocytosis, and evidence
of new cell wall synthesis (38) (see Fig. S2A and S3 in the supple-
mental material). Hypotonicity sensors and proteins that signal to
Pkcl are also present, presumably regulating cell fusion and re-
modeling of the cell wall. The basal group of proteins includes the
proton ATPase Pmal, as well as the glycerol transporter Fps1,
which promotes cell fusion (39). Upon cell-cell fusion, the apical
proteins resolve into foci that scatter along the cortex of the zygote
midzone (ZMZ) without accumulating at more terminal regions
of the zygote, where Pmal remains. Furthermore, the septin collar
is supplanted by a medial annulus (35) that gives rise to foci of
septins that are interspersed among the foci of apical proteins
along the ZMZ (Fig. 2D to F; see Fig. S2B in the supplemental
material).

The medial bud then forms de novo. In this process, the field of
scattered apical proteins (e.g., Bnil, Cdc24, Sec5, and also the
scaffold protein Bem1 [data not shown]) reorganizes so that foci
of the septin (red) preferentially flank the apical proteins (green).
They then further reorganize to form cortical “triads” that mature
to become buds (Fig. 2D and E; see Fig. S1B and C in the supple-
mental material). As in haploid cells, this progressive reorganiza-
tion of septins likely results from the balance of local exocytosis
and endocytosis (18, 40-42).

The distribution of apical proteins after cell fusion has mech-
anistic implications for bud site specification. This is because
many yeast plasma membrane proteins have only limited lateral
mobility and because septin assemblies are likely to further curtail
their dispersion (18, 33, 40, 41, 43). Thus, since the ZOC furnishes
an enriched group of key proteins—some of which already func-
tioned in polarized growth before cell fusion—it can be thought of
as priming the ZMZ for de novo budding. During these events,
cortical sites may continually associate with actin filaments that
converged at the ZOC prior to cell fusion. These filaments do
appear to lose uniformity of orientation upon cell fusion; how-
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ever, this would be expected to result from the splaying out from
the ZOC of fixed sites at which they contact the cortex (30, 35, 44).

(iii) Distinctive features of de novo buds. Calcofluor white
staining of zygotes formed over a 4-h period shows that the large
majority have a single medial bud scar. We refer to this as a “de
novo” bud, since it forms at a site where previous budding had not
occurred. The diameter of this scar was generally at least 1.5 times
greater than the diameter of other zygotic bud scars and even
larger than the scars of cycling haploid cells and diploid cells (Fig.
3AtoD).Indeed, the buds themselves are disproportionately large
in comparison to the size of the parental lobes of the zygote
(Fig. 2H).

(iv) Genetic requirements for initial bud site specification.
To learn whether initial bud site specification relies on Budl and
landmarks, we evaluated the sites of budding in crosses of corre-
sponding deletion strains. Strikingly, most initial buds emerge at
the ZMZ regardless of whether Budl is present. Indeed, in its
absence, medial budding becomes even more frequent than in the
wt. Moreover, single deletion of AxI2, Bud3, Bud4, Bud8, or Bud9
does not reduce the predominance of medial budding (Fig. 1B; see
Table S2, crosses 3 to 8, in the supplemental material). AxI1 dele-
tions were not studied, since the protein contributes to produc-
tion of the MATa mating factor (17). Although tagged Axl1 was
detected at the ZOC and AxI2 was detected at the site of initial bud
emergence, Bud3 and Bud4 were not detected at these sites (data
not shown; see Fig. S1A in the supplemental material).

(v) A role for Raxl, Farl, and the position of the nucleus?
Unlike Axl and Bud landmarks, Rax1 is implicated in polarity
specification in both haploid and diploid cells. When deleted from
haploid cells, its importance is evident if Axl1, Bud3, or Bud4 is
also missing. Each of these deletion strains shows increased axial
budding in a raxIA background (45, 46). When Raxl1 is deleted
from diploid cells, daughter cells bud indiscriminately at both
poles, perhaps due to delocalization of Bud8 or Bud9 (13, 14, 45).

In raxIA zygotes, initial nonmedial budding increases to
~50% (Fig. 1B; see Table S2, cross 9, in the supplemental mate-
rial). This increase does not appear to reflect extensive relocation
of proteins responsible for actin guidance. For example, thereisno
indication that fusion of raxIA cells quickly allows Bnil or Cdc24
to spread along the length of early zygotes (see Fig. S1G and H in
the supplemental material). Deletion of a second protein (Sst2)
with an RGS domain that can regulate G-protein signaling (simi-
lar to the RGS domain of Rax1) (47) does not increase nonmedial
budding (see Table S2, cross 10, in the supplemental material).

Interestingly, the increase in nonmedial budding in raxIA zy-
gotes requires Budl (see Fig. SIF and Table S2, cross 15, in the
supplemental material). Thus, a latent Bud1-dependent bud site
specification pathway does exist in early zygotes. To learn whether
this latent pathway depends on known landmarks, we deleted sin-
gle landmarks from the raxIA strains used to generate zygotes and
then evaluated the sites of budding in homotypic crosses. None of
the classical landmarks is strongly implicated (see Fig. S1F and
Table S2, crosses 14 and 16 to 19, in the supplemental material).

Rax1 concentrates at the ZOC and appears at the midpoint of
triads upon definition of the site of bud emergence. It is also irreg-
ularly distributed along much of the zygote surface (see Fig. S1A to
E in the supplemental material), where it generally forms patches
that can have a characteristic rough or “floret” substructure in face
view (see Fig. S1D in the supplemental material). Interestingly,
upon fusion of a cell expressing GFP-Rax1 with a nonfluorescent
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FIG 2 Initial bud formation and reorganization of proteins from the ZOC. (A) Diagram of typical apical and basal protein distributions. The two opposed cells
have established a ZOC. They have not yet fused. Selected cortical proteins assume highly polarized distributions at this point. Two distributions are indicated:
apical (green) and a subapical “collar” (red). Proteins implicated in membrane fusion, actin polarization, and secretion are in the apical group (panel B; see Fig.
S2A in the supplemental material). Septins form the collar. A further group has a basal orientation (see below). (B) Examples of distributions of GFP-tagged
proteins that are adjacent to the ZOC (*). In each case, a cell expressing the tagged protein in question (the formin Bnil; the guanine exchange factor for Cdc42,
Cdc24; or the exocyst protein Sec5) was crossed with a cell expressing a septin (Cdc3-mCherry). Note that the septin forms a collar subapical to the ZOC (35).
The example for Cdc24-GFP—some of which is in the nucleus (N)—shows that septins can also persist at cortical sites (s) that mark sites of previous cytokinesis.
The brackets mark the position and orientation of the apposed pairs of cells. The strains were ATY5176 (Bnil), ATY4980 (Cdc24), ATY4312 (Sec5),and ATY5545
(Cdc3). (See Fig. S1A in the supplemental material.) (C) Example of a protein that has a basal distribution. A cell expressing both the GFP-tagged plasma
membrane proton ATPase, Pmal, and the septin, Cdc3-mCherry, was crossed with a nonfluorescent cell. The left image shows only GFP. The right image shows
both signals, as well as a bright-field image in blue. The strains were ATY5297 X ATY5545. (D) Scattering of an exocyst protein along the ZMZ cortex. Time lapse
series of a cell expressing Sec5-GFP crossed with a cell expressing Cdc3-mCherry. Note that at time zero many foci of Sec5-GFP are beginning to be flanked by
the septin. At the 15-min time point, Sec5-GFP forms a patch (circled) before completion of the septin ring to form a triad at 20 min. The strains were ATY4312 X
ATY5545. (E) Stages of redistribution of the apical protein, Cdc24-GFP, and Cdc3-mCherry. After cell fusion, the nuclear pool of Cdc24-GFP vanishes, the septin
annulus (A) is transiently visible, and Cdc3-mCherry and Cdc24-GFP resolve into foci that then scatter and intermix throughout the cortex of the ZMZ. Over the
following 10 to 20 min, they sort so that the red foci (septin) progressively flank the green signal. This culminates in the formation of a characteristic “triad,” which
subsequently bends and can be recognized as a small bud, which will further enlarge. The three diagrams beneath the micrographs illustrate the progressive
morphogenesis that gives rise to the triad. To avoid photobleaching, a composite, not time lapse, series is shown. The strains were ATY4980 X ATY5545. (F)
Domain separation persists after cell fusion. (F1) A cell expressing Pmal-GFP and Cdc3-mCherry was crossed with an unlabeled cell, and the two cells have fused.
The red septin signal has redistributed symmetrically and shows initial stages of formation of the medial annulus. Note that septins continue to abut on
Pmal-GFP, which does not invade the ZMZ. For clarity, the right-hand image includes only the red. V, vacuole. The strains were ATY5896 X ATY4373. (F2)
Crosses were conducted between cells expressing Pmal-GFP and cells expressing Cdc3-mCherry. After 5 h, note the sharp discontinuity (d) of distribution of
Pmal-GFP at the bud neck. Also note the lack of transfer beyond the ZMZ (M) of preexisting Pmal-GFP from the parent that contributed the lower-left portion
of the zygote. B, bud. The strains were ATY5297 X ATY5545. (G) Diagram of apical (Ap) and basal (Ba) domains of early zygotes. The ZMZ is labeled. (H)
Overview of the initial bud. Note the size of the nearly mature medial bud of this calcofluor white-stained zygote. It is not unusual to encounter initial buds that
are even larger relative to the size of the body of the zygote. The calcofluor white signal is pseudocolored green. The strains were ATY3852 X ATY4373. Scale bars,
5 pm.

cell, GFP-Rax1 distributes symmetrically across the ZMZ (see Fig.  ding, circumstances that destabilize the ZMZ could promote non-
S1E in the supplemental material) but does not further invade the  medial budding. To test this idea, we inactivated Cdc12, one of the
other parental domain (see Fig. S1E in the supplemental material). ~ septins that concentrates at the ZMZ. When cdc12-6 strains were

Ifindeed the ZMZ concentrates factors that direct medial bud-  crossed at a semirestrictive temperature, there was a modest but
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FIG 3 Localization of bud scars stained with calcofluor white. In each case, zygotes were formed over 5 h and then allowed to bud for an additional 15 h. The
calcofluor white signal is pseudocolored green. (A) Note the large medial scar (*), as well as smaller terminal scars (t). The strains were ATY4307 X ATY4303. (B)
Note the twin medial scars. The strains were ATY4307 X ATY4303. (C) Note the necklace of medial scars. As many as six encircling scars can be found. The strains
were ATY4307 X ATY4303. (D) (Left two images) Size difference between the small preexisting contiguous haploid scars (Hap) and the terminal scars (t) formed
by the zygote. (Right image) Diploid bud scars (Dip) imaged at the same magnification. The strains were ATY4307 X ATY4303. (E) Cross between a wt strain and
astrain in which excess AxI1 can be induced. The cells were shifted from raffinose to galactose medium for 3 h before mixing. They were then crossed for 5 h and
reincubated for 15 h in the presence of galactose. Note the lanyards that extend from the ZMZ. The strains were ATY3328 X ATY6125. (F) Cross between two
strains that lack Bud8. Note the arrays of scars that lie adjacent to each other but are not generally contiguous. Comparable observations were made in crosses
between strains that lack Bud9. The strains were ATY5884 X ATY6284. (G) Quantitation of contiguity. Pairs of cells were crossed for 5 h and reincubated for 15
h, as described in the text. The mating mixtures were then stained with calcofluor white and examined. To calculate the contiguity index, the number of zygotes
that showed medial contiguity was divided by the total number of zygotes that had a medial scar. The penultimate bar describes a cross (in galactose) between a
wt cell and a cell carrying galactose-inducible AxI1. The final bar pertains to a cross identical to wt X GAL-Axl1, with the inclusion of [pbud1"] in both partners.
The data are presented as averages = standard deviations. The dashed horizontal line indicates the control value for medial budding. In comparison to the
wild-type cross, the data for crosses of bud8A strains and bud9A strains and the GAL-AxI1 cross are significant, with P values of <<0.05. The strains were wt X wt
(ATY3207 X ATY4303), budlA X budlA (ATY402 X ATY4907), axI2A X axI2A (ATY5881 X ATY5860), bud3A X bud3A (ATY5882 X ATY5861), bud4A X
bud4A (ATY5883 X ATY5862), bud8 A X bud8A (ATY5884 X ATY5863), bud9A X bud9A (ATY5885 X ATY5864), raxIA X raxIA (ATY5052 X ATY5477),
wt X GAL-Axl1 (ATY3328 X ATY6125), and wt [pbud1"] X GAL-Axl1 [pbud1®"] (ATY5056 X ATY6179). All crosses were in the presence of glucose, except
for the last two, which were in galactose-inducing medium. Scale bar, 5 pm.

distinct decrease in initial medial budding to ~60% (see Table S2,
cross 13, in the supplemental material). Temperatures above 26°C
could not be studied because of the bizarre shapes of zygotes and
buds that form under these conditions.

Other candidate participants, the Far1 protein and the position
of the nucleus, appear not to be relevant to the predominance of
medial budding. (i) Farl is required for the polarization of mating
pairs toward each other and does not require Budl to do so (30,
48-52). We observe that homotypic crosses of farl-H7 strains still
show ~85% medial budding (see Table S2, cross 11, in the sup-
plemental material). Moreover, Farl-GFP, which was present at
the ZOC, vanishes well before bud emergence (see Fig. S2C in the
supplemental material). (ii) Regarding the possible importance of
the position of its cytoplasmic microtubules (1, 8, 53), initial buds
remain predominantly medial in karl X wt crosses in which nu-
clear congression is inhibited (54) (see Table S2, cross 12, in the
supplemental material).
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PhaseII, contiguous budding: a transient haploid-like phase.
Initial buds are largely medial. When zygotes are allowed to form
for 4 h and then are incubated for an additional 2 h under condi-
tions that oppose further zygote formation (see Materials and
Methods), an adjacent medial scar is present on ~30% of them
(n = 144). Figure 3B illustrates this situation in a cross that in-
cluded further incubation. We therefore consider these “twins” to
be the first and second buds that form. The margins of these scars
contact each other, as in the axial budding of haploid cells. Strik-
ingly, when the reincubation is extended to 15 h, about half of the
zygotes have either twins or “necklaces” of scars that encircle
much of the ZMZ (Fig. 3C). To provide a simple measure of the
frequency of contiguous budding, we calculated a contiguity in-
dex. This is the number of zygotes that show contiguity (twins,
necklaces, or lanyards [see below]) divided by that number
plus the number that have a solitary medial bud. In 5-h-plus-
15-h protocols, the index for wt crosses is 0.53 % 0.08 (Fig. 3G;
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see Table S3 in the supplemental material). At this time, a range
of budding histories is evident: 14% have no medial scar, 42%
have a single medial scar, 31% have a twin, and 13% have a
necklace (n = 138).

Although de novo medial buds form regardless of whether
Bud1 and axial landmarks are present, formation of twins requires
both Budl and the axial landmarks: Ax12, Bud3, and Bud4. Thus,
in each case, homotypic 5-h-plus-15-h crosses of corresponding
deletion strains show an index of <0.01 (Fig. 3G; see Table S3 in
the supplemental material). Correspondingly, at cytokinesis, as
for haploid and diploid cells, the necks of de novo buds are encir-
cled by double rings of Ax12, Bud3, and Bud4 (see Table S1 in the
supplemental material). Both the genetic evidence and these lo-
calizations argue that these proteins guide the formation of the
second bud of the twin.

Since deletion of Axl1 drastically reduces zygote formation, to
investigate its possible involvement in contiguity, we induced
AxI1 during zygote formation and studied the distribution of scars
using 2-step protocols with a 15-h reincubation. The resulting
zygotes showed a dramatic increase in contiguity (index = 0.91 +
0.05). Moreover, in addition to having twins and necklaces, lan-
yards of up to nine contiguous scars extended away from the ZMZ
(Fig. 3E). In these cases, almost all the scars were included in the
lanyards. The contiguity that results from excess Axll requires
Budl, judging from the impact of coexpression of a dominant-
negative form of Bud1 (20) (Fig. 3G, far-right bar; see Table S3 in
the supplemental material). In contrast to the impact of deleting
axial landmarks, deletion of bipolar landmarks (especially Bud8)
modestly increases the contiguity index (Fig. 3G; see Table S3 in
the supplemental material). Since, as we explain below, at least
Bud8 and Bud9 promote terminal budding, the impact of their
deletion on medial contiguity could reflect competition between
these pathways.

Thus, haploid bud site specification equipment is active in
early zygotes, and although there are diminishing amounts of
Axl1, haploid determinants often cause buds to be contiguous to
the de novo bud or to each other.

These observations also provide a novel explanation of why
Axl1 is no longer transcribed after cell fusion: were Axl1 to con-
tinue to be synthesized in zygotes, lanyards would be common-
place and lateral, and especially terminal, budding would be re-
duced. Dispersal of progeny would therefore be at least somewhat
limited.

Phase III, lateral and terminal bud emergence. Later budding
must account for most of the diploid progeny of zygotes. In fact,
bud sites become widely distributed and progressively more ter-
minal with time. Thus, examination of fixed preparations showed
that ~75% of buds were nonmedial at the +15-h time point and
that more buds were emerging at terminal sites than at lateral sites
(Fig. 4A). Calcofluor white staining showed that the cumulative
ratio of terminal to lateral scars (the T/L ratio) was 1.16 * 0.16
(n = 138) (see Table S3 in the supplemental material). At this
time, the average number of scars per zygote was 5.2 = 0.56 (SD),
and no systematic clustering or contiguity of scars occurred out-
side the midzone. Scars were found in both parental domains of
~90% of zygotes (n = 138).

Despite the modest progression toward increasingly terminal
sites with time, there was no absolutely constant order of bud
emergence. Thus, inspection of fixed preparations showed that
some terminal buds were present at the end of the initial 5-h cross

1398 ec.asm.org

(see Table S2 in the supplemental material) and that the relative
frequency of lateral-bud emergence increased to a plateau value
rather than peaking at intermediate times and then diminishing.
Moreover, although terminal buds accounted for more than half
of all buds being formed after 15 h, lateral and medial buds were
still forming at this time (Fig. 4A; see Table S2, crosses 1 and 20, in
the supplemental material). Flexibility in the order of placement
of successive buds is also indicated, after calcofluor white staining,
by the presence of zygotes (~14% of the total) that lacked medial
scars and yet had lateral and/or terminal scars.

Zygotes that have budded over 15 h can generally be recog-
nized by deformations of their shape that reflect the presence of
bud scars (Fig. 4B). Bud emergence per se nevertheless appears
normal at this time and therefore seems to provide a visible coun-
terpart of the phenotypic resetting of age that is characteristic of
the progeny of older mothers (24, 55). Thus, Bnil, Cdc3, and
Cdc24 constituted typical triads during formation of their non-
medial buds, and both the bud neck septin ring and the shape of
daughter cells appeared pristine (Fig. 4B and C and data not
shown). Also, as for early zygotes, Ax12, Bud3, and Bud4 formed
double rings at the site of cytokinesis (see Table S2 in the supple-
mental material), and a sharp discontinuity of composition was
characteristic of the cell surface at the level of the bud neck
(Fig. 4B).

Genetic requirements for later bud site selection. Calcofluor
white staining of 5-h-plus-15-h crosses of corresponding deletion
strains showed that Budl and landmarks are not required to re-
orient budding toward nonmedial sites (see Fig. S4A in the sup-
plemental material). Nevertheless, Budl and certain landmarks
do affect the balance between lateral and terminal events. Thus,
crosses of Budl deletion strains showed somewhat less terminal
budding than wt crosses (Fig. 4D; see Table S3 in the supplemental
material), suggesting that some landmark(s) normally promotes
reorientation of actin toward terminal regions of the cortex. Con-
sistent with this hypothesis, deletion of Bud8 or Bud9 also de-
creased the T/L ratio. Moreover, upon deletion of Bud8 or Bud9
(but not Rax1), a minor proportion of zygotes (~15%) accumu-
lated striking lateral “arrays” of bud scars in which no systematic
contiguity was obvious (Fig. 3F). As expected for a functional
landmark, a limited amount of tagged Bud8 could be detected at
the cell cortex, including terminal regions (see Fig. S4B in the
supplemental material).

The impact of deleting axial landmarks is altogether distinct
from that of deleting bipolar landmarks. Thus, deletion of Bud3 or
Bud4 actually promoted bud emergence at terminal sites (Fig.
4D). (Deletion of AxI2 has a similar effect, but it cannot be accu-
rately quantitated because of the often bizarre shapes of axI2A
zygotes.) This effect again provides evidence of competition be-
tween the participation of haploid and bipolar landmarks.

The nonmedial shift that normally occurs over 15 h does not
depend on events that are characteristic of replicative aging. Thus,
deletion of Fob1 (56, 57) did not affect the proportion of medial
versus nonmedial buds (see Table S2, cross 21, in the supplemen-
tal material). Furthermore, unlike haploid cells that have under-
gone replicative aging (58), we did not observe enlargement or
fragmentation of the nucleolus in 15-h zygotes (Fig. 4E).

The sequential use of axial and then bipolar landmarks is sum-
marized in Fig. 5 and Table 1.
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FIG 4 Impact of repeated budding. (A) Population-based time course of budding. After 4 h, crosses were transferred to doubly selective medium and then were
sampled at a succession of time points before fixation and counting to tabulate the abundance of medial, lateral, and terminal buds. Note the progressive decline
in the frequency of medial budding with time and the reciprocal increase in lateral and terminal buds. Shown are averages of three experiments * SD. The strains
were ATY4307 X ATY4303. (B) Shapes of zygotes and their buds. After allowing zygote formation for 5 h between cells that express Pmal-GFP and cells that
express Cdc3-mCherry, the mating mixture was transferred to doubly selective medium for 15 h. A variety of unusually shaped zygotes is seen, often with a medial
bulge (bu) or a terminal curve, as on the right. The discontinuity (d) of distribution of Pmal-GFP at the bud neck is evident. B, bud; V, vacuole. The strains were
ATY5297 X ATY5545. (C) The zygote midzone after overnight culture. Crosses of cells expressing Cdc24-GFP and cells expressing Cdc3-mCherry were
transferred to doubly selective medium after 5 h, cultured overnight, and then examined. Note that the midzone of the zygotes (bracket) shows no sign of
persistence of the two labeled proteins. When no bud is present, Cdc24-GFP is not obviously localized. H, haploid. The strains were ATY5001 X ATY5545. (D)
Lateral versus terminal distribution of bud scars. Isogenic pairs of cells were crossed for 5 h and then reincubated for 15 h before staining with calcofluor white
to localize bud scars and calculate the ratio of terminal to lateral scars. The data are presented as averages = standard deviations. The dashed horizontal line
indicates the control value for medial budding. In comparison to the wild-type cross, the P values for the other crosses (budIA, bud3A, bud4A, bud8A, and bud9A)
are significant, with P values of <0.05. The strains were as in the legend to Fig. 3G. (E) Lack of disorganization of the nucleolus with age. In the illustrated zygote,
one of the parental cells expresses a tagged nucleolar protein, Sik1-mRFP, and the tagged nucleoporin, Nup49-GFP. The cross was allowed to proceed for 5 h and
was then cultured for an additional 15 h in medium that allows zygotes to bud but limits growth of the parental haploid cells. Note the compact appearance of
the large nucleolus, as in our previous studies of initial budding (64). The strains were ATY4066 X ATY4373. Scale bars, 5 pm.

DISCUSSION
The relative orientation of parental yeast cells is arbitrary when

linked to the newly synthesized—and perhaps chemically dis-
tinct—portion of the cell wall that surrounds the ZMZ; (ii) the

they encounter each other. The phase I de novo budding by zygotes
nevertheless shows spatial uniformity and bypasses any preexist-
ing landmarks and/or bud scars. Production of these new buds
does not depend on the Bud1l GTPase, perhaps because no reori-
entation of actin is required. Moreover, apart from Raxl, land-
mark proteins are not required. These observations strongly con-
trast with the well-established paradigms for bud site specification
in cycling cells.

The initial medial preference appears be a manifestation of the
process by which the ZOC concentrates proteins that will contrib-
ute to bud formation and then gives rise to the ZMZ. Their lack of
dispersion along the length of the zygote could reflect (i) restric-
tion of the diffusion of underlying binding sites, which could be
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same protein-specific features that caused them to concentrate at
the ZOG; or (iii) their association with actin filaments that persist
from prior to cell fusion.

There is no counterpart of de novo buds during the life cycle of
haploid or diploid cells since—apart from the buds that emerge
from germinating spores—budding is continuous. The large di-
ameter of the necks of these buds signifies that the size of the
cytokinetic ring of septins and contractile proteins is not fixed,
reminiscent of consequences of deletion of the bud neck kinase,
Cla4, from haploid cells (59).

Rax1 promotes initial medial budding, likely due to its pres-
ence at the midpoint of triads. In the absence of Rax1, the pathway
that increases nonmedial events depends on Budl but is only
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FIG 5 Model of sequential-budding options for zygotes. An unbudded zygote (new zygote) is at the upper left. (Phase 1) The first bud (de novo) is medial for ~
85% of zygotes. This step does not require Bud1. It becomes less frequent in the absence of Rax1. (Phase 2) After the initial medial bud—if Axl1 is still sufficiently
abundant and the other axial landmarks are present—further contiguous budding occurs. These events generate the pattern labeled “twin” and, subsequently,
that labeled “necklace.” Judging from the distribution of bud scars after overnight budding, 42% of the initial zygotes have a single medial bud, while 31% have
twins and 13% have a necklace. In the presence of excess Axl1, contiguous chains of scars (lanyards) extend from the midzone along the lateral flank of the zygote
(bottom left). (Phase 3) Regardless of whether medial buds are present, both lateral and terminal buds can emerge (3a). In the presence of Bud8 and Bud9, the

relative amount of terminal budding increases (3b).

modestly dependent on classical landmarks. A seemingly inde-
pendent and novel characteristic of Rax1 is that the consequences
ofits deletion for later budding are distinct from the consequences
of deleting Bud8 or Bud9.

In phase II, buds often form adjacent to the de novo bud. Their
contiguity and dependence on Bud1 and axial landmarks are rem-
iniscent of haploid budding. Taken together with the observation
that forced expression of Axll increases contiguous budding,
these events can be considered a manifestation of holdover of the
full set of determinants of haploid budding. The later transition to
predominant lateral and terminal budding can thus be attributed
to the decrease of the titer of AxII.

Without further guidance, the absence of AxI1 could lead to
full randomization of bud site selection. Indeed, buds do emerge
at lateral and terminal sites in the absence of single landmarks or
Budl. Nevertheless, deletion of Bud8 or Bud9 diminishes the fre-
quency of terminal budding and leads to the accumulation of

TABLE 1 Budl and landmark involvement in successive phases of

budding

Influence by
Phase Event Bud1 Landmark participation
I Medial, de novo No Rax1
11 Medial, contiguous Yes Axl1, Ax]2, Bud3, Bud4
11T Lateral/terminal Yes Bud8, Bud9
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lateral “arrays” of scars. These arrays may be a counterpart of the
unipolar budding that is characteristic of diploid cells from which
either one of these proteins has been deleted. In diploid cells, Bud8
and Bud9 concentrate at the two poles, having been deposited at
either the apex (Bud8) or base (Bud9) of new buds (14, 60). Upon
expression from high-copy-number plasmids, we detected a faint
GFP-Buds8 signal along the cortex and at the termini of late zy-
gotes.

Bud site selection often involves both an “overt” (most fre-
quent) option and a backup or “latent” option(s). For example, in
cycling cells, in addition to the well-recognized axial and bipolar
budding patterns, modest numbers of buds do form at other sites.
Changes of bud site selection also occur (i) upon repeated bud-
ding by diploid cells and (ii) in haploid cells after starvation. These
changes are attributable to shifting of actin orientation, as occurs
upon stress (8, 61, 62).

Bud site specification in zygotes usually begins with a medial
bud and then shows hallmarks of involvement of classical land-
marks; however, conformity is incomplete—some zygotes lack
medial buds, some have a medial bud that is not twinned, some
buds emerge at terminal sites even when bipolar landmarks are
absent, etc. The functional plasticity of these cells could be essen-
tial for their survival.

In brief, for 85% of zygotes, the first bud is medial, apparently
because of the local concentration of factors that are essential for
bud formation. The importance of Rax1 likely is a reflection of its
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normally being part of the initial triad. The following one or more
buds can also be medial, and if so, they are usually contiguous to
the de novo bud. Since this situation is exaggerated upon overex-
pression of Axl1, and since it requires Budl and each of the axial
landmarks, we attribute this contiguity to the lingering presence of
Axl1, along with the other axial landmarks. Upon escape from
contiguous budding, lateral and terminal budding increase. Given
the relative timing of lateral versus terminal bud emergence and
the impact of bipolar landmarks on terminal budding, we con-
clude that this phase is a composite, i.e., an early stage that allows
both lateral and terminal budding and a later, landmark-depen-
dent stage that is more terminal.

The lack of a geometrically precise pattern of zygotic bud site
specification over the period that we have studied should be con-
trasted with the seemingly more precise patterning of the follow-
ing (diploid) generation. In this regard, these zygotes lack accurate
spatial memory. They may constitute a normally occurring vari-
ant of the stochastic “wandering” of polarity guidance proteins in
cells exposed to low doses of pheromone and in cells with lesions
in signal transmission to actin (19, 52, 63). We suggest that a
prerequisite for this increased consistency is that progeny cells
emerge from a bud neck that provides a fixed spatial point of
reference.
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