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MAPK-mediated bimodal gene expression
and adaptive gradient sensing in yeast
Saurabh Paliwal1, Pablo A. Iglesias1,2, Kyle Campbell3, Zoe Hilioti1, Alex Groisman3 & Andre Levchenko1
The mating pathway in Saccharomyces cerevisiae has been the focus of considerable research effort, yet many quantitative
aspects of its regulation still remain unknown. Using an integrated approach involving experiments in microfluidic chips and
computational modelling, we studied gene expression and phenotypic changes associated with the mating response under
well-defined pheromone gradients. Here we report a combination of switch-like and graded pathway responses leading to
stochastic phenotype determination in a specific range of pheromone concentrations. Furthermore, we show that these
responses are critically dependent on mitogen-activated protein kinase (MAPK)-mediated regulation of the activity of the
pheromone-response-specific transcription factor, Ste12, as well as on the autoregulatory feedback of Ste12. In particular,
both the switch-like characteristics and sensitivity of gene expression in shmooing cells to pheromone concentration were
significantly diminished in cells lacking Kss1, one of the MAP kinases activated in the mating pathway. In addition, the
dynamic range of gradient sensing of Kss1-deficient cells was reduced compared with wild type. We thus provide
unsuspected functional significance for this kinase in regulation of the mating response.
The pheromone sensing MAPK pathway in the yeast S. cerevisiae
affects the expression of an estimated 200 genes and directly participates in yeast chemotropism in pheromone gradients1. The pheromone response involves the formation of a diploid zygote from two
haploid cells of opposite mating types through pheromone gradient
sensing, directed localized cell growth (shmooing) and eventual cell
fusion, and requires an integrated regulatory network. In spite of a
long and productive research history, the control mechanisms
involved in pheromone gradient sensing and chemotropism are
still not completely understood. For example, it is not clear how the
mean value and the gradient of the pheromone concentration are
integrated by a chemotropic cell, whether the dose response in this
pathway is graded, as suggested by a recent analysis2, or switch-like,
as observed in other MAPK cascades3, and whether the response is
affected by molecular-level noise. In addition, the respective roles of
two MAP kinases activated by the pathway, Fus3 and Kss1, remain
unclear.
Microfluidic chip-based experimental platform
To perform repeated high-throughput experiments on yeast pheromone response in precisely defined gradients, we developed a novel
microfluidic device (Fig. 1a, b; Supplementary Fig. 1). Its functional
area consists of an array of 5-mm-deep parallel rectangular test chambers of various lengths (short horizontal channels in Fig. 1a, b) and
two 25-mm-deep mirror-symmetric flow-through channels adjacent
to opposite edges of the test chambers (long vertical channels with
kinks in Fig. 1a, b). Cells loaded into the test chambers are exposed to
linear concentration profiles of pheromone (Supplementary Fig. 2).
The pheromone gradient profiles are created by molecular diffusion
between the left flow-through channel with a high concentration
pheromone solution and the right flow-through channel with plain
medium. In contrast to a previous microfluidic design for experiments on gradient response4, cells in the test chambers are not
exposed to any active flow, which is critical for experiments with
non-adherent yeast cells. The pheromone gradient profiles in the

test chambers remain stable over at least 20 h. A single microfluidic
device contains multiple copies of test chambers of different lengths,
allowing exposure of cells to a continuous range of pheromone concentrations presented in gradients of different steepness, as well as
analysis of hundreds of cells per experiment. Therefore, long-term
pheromone dose and gradient responses of individual cells can be
analysed at high throughput. In addition, the cell phenotype and the
expression level of specific fluorescently tagged genes can be monitored concurrently, an important capability unachievable with flow
cytometry.
Phenotype co-existence versus bimodal gene expression
We used the device to study the phenotypic dose response of individual cells to pheromone concentration, cph, gradually varying from
0–80 nM. Although cell response was tracked continuously, the final
analysis was performed six hours after pheromone exposure to
reduce the effect of cell cycle stage variability at the beginning of
the experiment. Specifically, cells past the G1-stage on pheromone
exposure had sufficient time to complete their cell cycles and then
attain their eventual phenotypic states. At six hours, cells adopted a
variety of pheromone response phenotypes. At relatively high cph,
cells formed multiple mating projections or exhibited prolonged
chemotropism (‘shmooing’ or SHM phenotype), whereas at lower
cph they underwent cell cycle arrest without formation of a shmoo
(CCA phenotype). At yet lower cph, they showed no detectable response and continued dividing (‘budding’ or BUD phenotype)5.
Additionally, some cells reverted from the SHM to the BUD phenotype (‘reverted from shmooing’ or RFS phenotype; see Supplementary Methods for cell phenotype determination). Surprisingly, distinct phenotypes often co-existed in cell subpopulations exposed to
the same cph (Fig. 1e–g, i), indicating the existence of a range of cph,
where the decision to acquire a specific phenotype might depend on
stochastic features of the underlying biochemical reactions.
To gain insight into the phenotype co-existence, we generated cells
expressing Fus3 and Fus1 proteins fused to yeast enhanced green
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Mathematical model for transcriptional regulation
The phenotype co-existence and bimodality in Fus1–EGFP and
Fus3–EGFP expression indicated that the underlying gene regulation
network might exhibit at least two distinct stable states (bistability).
Many natural and engineered biochemical networks can exhibit bistability or multistability, usually as a consequence of one or more
positive feedback interactions7–14. Deterministic bistable systems
eventually converge to one of the two distinct steady states available
under a given constant input, where the chosen steady state is determined by the system’s history (hysteresis). Such systems produce
histograms with unimodal distributions. In contrast, a combination
of bistability with inherent stochastic noise might allow the system to
switch between the two stable steady states, resulting in co-existence
of two discrete response levels in cell populations exposed to the same
level of stimulus, that is, response bimodality3,15. To investigate possible mechanisms of bistability in the pheromone pathway, we constructed a mathematical model incorporating the activity of the
MAPKs Fus3 and Kss1, the pheromone-response specific transcription factor Ste12, and upregulation in expression of FUS1, FUS3 and
STE12 by activated Ste12 (refs 1 and 6; Fig. 3a; Supplementary Figs
8–15). Unphosphorylated Kss1 exerts an inhibitory effect on the
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Figure 1 | Pheromone dose–response analysis using a microfluidic
experimental setup. a, The microfluidic device consists of two layers of
microchannels: a flow layer (labelled inlets) of flow-through channels and
test chambers and a control layer, with 5 membrane valves30 (numbered 1–5)
actuated from 4 separate control inlets (not labelled). b, Magnified view of an
area with two 25-mm-deep flow-through channels (wide vertical strips) and
5-mm-deep test chambers between them (see Supplementary Information
for details). c, d, Phase contrast and fluorescence microscopy images of two
adjacent chambers with Fus3–EGFP cells six hours after pheromone
exposure. (cph in the field of view increases from right to left, from 10 to
50 nM). Yellow dashed lines indicate boundaries between cell clusters
merged owing to cell division. Arrows in c denote the direction of increasing
pheromone (see Supplementary Fig. 2 for gradient image). e–g, Close-up
Fus3–EGFP fluorescence images of cell clusters I, II and III displaying
mixtures of different phenotypes. h, Fus1–EGFP expressing cells displaying
chemotropism in a similar chamber. Scale bars are 20 mm (c, d), 10 mm
(e–g) and 5 mm (h). i, Fraction of different phenotypes of wild-type cells six
hours after pheromone exposure. Phenotypes are colour coded as: BUD
(green); CCA (red); RFS (black); and SHM (blue). Numbers on the top are
the total numbers of cells in the bins.

Intensity (a.u.)

d

Fraction of cells

1.0

Intensity (a.u.)

c

b

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

Intensity (a.u.)

Test
Pheromone chambers Plain medium

a

microscope (as in Fig. 2a) correlated well with the total membranelocalized fluorescence estimated by confocal imaging (Supplementary Information and Supplementary Fig. 4). We subdivided cell
clusters into groups of cells (4–11 cells per group) displaying one
of the BUD/CCA/SHM/RFS phenotypes and explored the correlation between phenotype and gene expression. Strikingly, differences
in Fus1–EGFP expression levels between BUD, CCA and RFS cells
were insignificant, whereas the difference between SHM cells and
cells of all other phenotypes was markedly significant (Fig. 2a). The
dose response for Fus3–EGFP expression was qualitatively similar,
but the bimodality was much less prominent (Supplementary Fig. 5).
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fluorescent protein (EGFP), Fus3–EGFP and Fus1–EGFP, by genomic integration of EGFP at the respective native loci (referred to as
wild-type strains henceforth, see Supplementary Methods). These
two genes, known targets of the pheromone pathway1,6, were selected
as indicators of a more general gene expression response to pheromone. To exclude the effects of possible gradient variability between
different chambers, we analysed Fus1–EGFP expression levels of cells
in multicellular clusters (4–15 cells) with cph variation ,5 nM across
a cluster (Fig. 2a). (The same cph was assigned to all cells within one
cluster for all further analysis.) At cph 5 20–50 nM, cells within one
cluster frequently exhibited different phenotypic responses uncorrelated with their positions in the cluster. In the same cph range, there
was clear bimodality in the expression of Fus1–EGFP in individual
cells (Fig. 2a; Supplementary Fig. 4). The fluorescence intensity of
membrane-localized Fus1–EGFP measured with an epi-fluorescence
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Figure 2 | Quantification of Fus1 protein and gene expression.
a, Membrane-localized Fus1–EGFP in wild type (strain AL4). b, YFP driven
by the FUS1 promoter in wild type (strain SP42). c, Membrane-localized
Fus1–EGFP in a PSTE123PREmut strain (strain ZH579). d, YFP driven by the
FUS1 promoter in fus3D (strain SP44). The data (mean 6 s.d.) from
different cell groups (n 5 4–11 cells, cell groups with n , 4 cells are
neglected) are colour-coded as in Fig. 1i: BUD (green circles), CCA (red
squares), RFS (black triangles) and SHM (blue diamonds). Fluorescence
intensities are normalized so that the maximal (mean 1 s.d.) value in each
experiment corresponds to unity. Insets in a and c are the corresponding
predictions of the model (see also Supplementary Fig. 11). Expression levels
of SHM and CCA cells in the region of co-existence are significantly different
according to a two-sample t-test (assuming a two-tailed distribution and
unequal variances): P 5 2:6|10{4 for a; P 5 6:3|10{6 for b; and
P 5 1:1|10{5 for c. a.u., arbitrary units.
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pathway by binding to Ste12 and potentiating Dig1,2-mediated
repression of Ste12 (ref. 16), whereas phosphorylated Fus3 and
Kss1 can activate Ste12 thus enhancing the pathway activation16–18.
Therefore, the model included activation of Ste12 by phosphorylated
Fus3 and Kss1, and repression of Ste12 by unphosphorylated Kss1.
The model generated FUS1 and FUS3 transcription dose–response
curves with a combination of monostable and bistable regions (Figs
2a and 3b, insets; Supplementary Fig. 5d), thus reproducing the
experimentally observed dose–response curves.
The bimodal expression of Fus1–EGFP and Fus3–EGFP (Fig. 2a;
Supplementary Fig. 5a) suggested substantial stochastic variation in
the concentrations of key pheromone pathway molecules across the
cell population. Cell–cell differences in the signalling pathway components can be a significant source of variation in the pheromone
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Figure 3 | Computational modelling of transcriptional regulation in the
pheromone response. a, A simplified diagram of signalling and
transcriptional regulation in the pheromone pathway. ‘P’ denotes
phosphorylated forms of the species. Ste12b denotes the Kss1-bound
repressed Ste12. b, Ste12 autoregulation is a critical determinant of
bistability in the model. For each binding constant Kd of Ste12-P to the
STE12 promoter, the bistability region is confined between the red and blue
curves. The inset shows the hysteretic dependence of [Fus1] (a.u.) on
pheromone (a.u.) for nominal Kd. a.u., arbitrary units. Dashed green lines in
the inset and b and c indicate the bistability ranges for nominal Kd. Filled and
open circles in the inset correspond to low and high initial concentrations of
the relevant species, respectively (Supplementary Table 1 and 2). c, Plot
similar to b shows the region of bistability for various values of normalized
Kss1 expression (d). d 5 1 corresponds to the wild-type case and d 5 0 to the
kss1D case (see Supplementary Information for a model description).

response, especially at low pheromone concentrations19. Stochastic
variability is also likely to diminish the effect of hysteresis in a bistable
system15. Indeed, we did not observe any significant hysteretic effects
in the response (Supplementary Figs 3 and 5b).
Transcriptional regulation: roles of MAPKs and Ste12
To verify that the bistability is regulated at the transcriptional level,
as suggested by the model, we studied cells expressing yellow fluorescent protein (YFP) under the control of the FUS1 promoter (also
referred to as a wild-type strain, see Supplementary Methods). These
cells gave a bimodal distribution of fluorescence intensity (Fig. 2b),
which was qualitatively similar to but less pronounced than that
of the Fus1–EGFP cells (see Supplementary Information for a
discussion).
Analysis of the model further suggested that the nonlinear
transcriptional autoregulation of Ste12 is essential for the bistable
response. To investigate this, we mutated the three consensus pheromone response element (PRE) sequences in the promoter region
upstream of STE12 (PSTE123PREmut), leaving only non-consensus
sites available for binding by activated Ste12 (Supplementary
Information). We modelled this mutation by increasing Kd of
Ste12 binding, which resulted in the bistability region moving to
higher cph and becoming wider (Figs 2c, inset, and 3b; Supplementary Figs 11d and 12i). Both effects were observed experimentally,
with the CCA phenotype in mutated cells found at much higher cph
than in wild-type cells (Fig. 2c).
To investigate the respective roles of Fus3 and Kss1, we first analysed fus3D cells. Shmooing and polarized growth were severely hampered, occurring at much higher cph (Fig. 2d; Supplementary Figs 6
and 7), in agreement with previous studies that have highlighted the
importance of Fus3 for the mating response20–22. Up to the highest cph
tested (cph . 100 nM), these cells displayed a mixture of different
phenotypes. We also observed hyperinvasive growth at low cph18,23,
and a moderate increase in the FUS1-promoter-driven transcription
over the entire pheromone range. Results of the mathematical model
agreed with the experiments regarding the important role of Fus3 in
the pathway response (Supplementary Fig. 9).
To study the role of Kss1, we evaluated Fus1–EGFP expression
(Fig. 4a) and FUS1-promoter-driven transcription (Fig. 4b) in
kss1D cells as functions of cph. The model predicted substantial reduction of bistability in these cells, which was expected to lead to reduced
bimodality in Fus1–EGFP expression. Additionally, knocking out
KSS1 was expected to reduce the cph at which FUS1 expression starts
to increase and saturate (Fig. 3c; Supplementary Figs 10 and 11a). In
close agreement with the model, bimodality in gene expression in
kss1D cells was drastically reduced, and the pheromone sensitivity
saturated at substantially lower cph. Strikingly, in contrast to wildtype cells, the levels of gene expression in Kss1-deficient BUD and
CCA cells were highly sensitive to variation in cph, whereas in SHM
cells gene expression was essentially saturated (compare Fig. 2a, b
with Fig. 4a, b). The increased activation of BUD cells is consistent
with previously observed Fus1 upregulation without concomitant
cell cycle arrest in kss1D cells21.
We predicted that the graded increase of Fus1–EGFP expression in
wild-type SHM cells was closely connected to pheromone-dependent
phosphorylation of Kss1, leading to gradual reduction in Kss1mediated repression of Ste12 (ref. 24). To test this hypothesis, we
transformed Fus1–EGFP expressing kss1D cells either with the
YCpU-kss1(AEF) or the YCpU-kss1(Y24F) plasmids16,24,25. Kss1AEF
cannot be phosphorylated by the MAPKK Ste7, and hence lacks kinase
activity. Kss1Y24F can be phosphorylated by Ste7 to the same level as
wild-type, but its phosphorylated form lacks kinase activity. Unlike in
kss1D cells, in both mutants, CCA cells showed only a modest increase
in gene transcription, which was probably a consequence of repression
of Ste12 by unphosphorylated Kss1Y24F and Kss1AEF, which acted
similarly to unphosphorylated Kss1 in wild-type cells. The bimodality
and the growth of Fus1–EGFP expression with cph in Kss1Y24F SHM
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cells were both similar to those in wild-type cells, indicating that the
kinase activity of phosphorylated Kss1 is not essential for the observed
behaviours (Fig. 4c). In contrast, the Kss1AEF mutant showed a stronger bimodality than wild type (Fig. 4d), and unlike wild-type SHM
cells, Kss1AEF SHM cells showed no appreciable enhancement of
Fus1–EGFP expression with increasing cph. This behaviour is predicted by the model: since Ste7 does not phosphorylate Kss1AEF, the
repression of Ste12 by Kss1AEF is not likely to be weakened with
increasing cph. All major trends in Kss1 mutants were consistent with
mathematical model predictions (Fig. 4 and Supplementary Fig. 11).
Gradient sensing of wild-type and kss1D cells
Our observations of wild-type SHM cells indicated that, as expected,
the mating projections were predominantly oriented in the direction
of increasing cph. Gradient sensing was strongest at lower cph,
whereas, at higher cph, the orientation of projections became increasingly random. Interestingly, the cph range of gradient sensitivity
seemed to coincide with the range of sensitivity of FUS1 expression
to variation of cph. Pheromone dependence of FUS1 expression may
be representative of a large subset of genes, some of which are likely to
be essential for gradient sensing. Hence, we proposed that the cph
sensitivity of gene expression reflects sensitivity of the signalling
apparatus necessary for precise gradient sensing. Accordingly, the
saturated FUS1 expression in SHM kss1D cells might coincide with
impaired gradient sensitivity. Therefore, we used the microfluidic
device to further examine gradient sensing in wild-type and kss1D
cells.
We found (Fig. 5a, d, e, h, i) that the directional bias in wild-type
cells increased significantly with time, in general agreement with
previous reports26. Moreover, the highest gradient sensitivity was
consistently observed at high values of the gradient, c~Lcph =Lx
and low cph. We quantified the precision of gradient sensing within
a cluster of cells (4–11 SHM cells) by a parameter s, the root mean
square of the angles between the observed projections in the cluster
and the direction of the gradient (precision decreases with increasing
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Figure 4 | Role of Kss1 in regulating the pheromone response. a, b, kss1D
cells expressing Fus1–EGFP (ZH552) (a) and YFP driven by the FUS1
promoter (SP43) (b) were exposed to the same conditions as in Fig. 2. Similar
experiments were performed with a YCpU-kss1(Y24F) plasmid (c) and a
YCpU-kss1(AEF) plasmid (d) introduced into the Fus1–EGFP kss1D strain
used in a. Fluorescence intensities are normalized and plotted (mean 6 s.d.)
as in Fig. 2. a.u., arbitrary units. Insets (a, c, d) are the predictions of the
mathematical model for the corresponding strains (see also Supplementary
Fig. 11). P-values (calculated as in Fig. 2) were 1:0|10{8 for c and
3:2|10{11 for d indicating significant difference in expression levels of SHM
and CCA cells. In contrast, this difference was relatively insignificant in a with
a P-value of 0:017 and was insignificant in b with a P-value of 0:35.

s). s values were binned into two equal intervals, 0–55u and 55–110u,
covering the whole experimental range, and were plotted on the cph–c
plane, with bin-specific symbols (Fig. 5f). The results suggested a
linear relationship between the c and cph values for cell clusters having
the same range of s, that is c~r:(cph {c0 )zc0 , where c0 and c0 are
constant and r is different for the two sets of cell clusters. We notice
that c0 < 15–20 nM, the value of cph where the two linear regression
lines intersect, is also the lowest concentration at which SHM cells are
observed. s remained constant at constant fractional gradient,
r~(c{c0 )=(cph {c0 ), and more precise gradient sensing (lower s)
corresponded to larger r (Fig. 5f). These findings suggest that yeast
cells respond to the fractional rather than absolute gradient of pheromone, and that gradient sensing in yeast is optimized for exponential
concentration profiles (see Supplementary Information). The sensitivity to the fractional gradient of a chemical cue is in surprising
agreement with the results reported for gradient sensing by the
amoeba Dictyostelium discoideum and grasshopper neurons27,28.
Sensitivity of cells to fractional gradients further implies that
gradient sensing can dramatically deteriorate at higher pheromone
concentrations. We observed this deterioration in both wild-type and
kss1D cells, but in kss1D cells it occurred at substantially lower cph
than in wild type (Fig. 5g). Therefore, deficiency in Kss1 leads to a
decrease in the range of cph in which gradient sensing is efficient, just
as predicted above. Similarly, we observe that wild-type cells sense
gradients substantially better than kss1D cells by comparing their
values of s for different ratios of c to cph (Fig. 5i). Interestingly,
wild-type cells performed only marginally better than kss1D cells in
terms of the initial projection direction, but showed markedly better
alignment along the gradient over time as compared to kss1D cells
(Fig. 5h–i). It thus seems that the progressive improvement in gradient sensing in wild-type SHM cells is strongly correlated with the
sensitivity of pheromone-induced gene expression to variation of
cph. We also studied the gradient sensing of the strain containing
the STE12 promoter with three mutated consensus PRE sites (Supplementary Fig. 16), as well as the two Kss1 mutant strains, Kss1Y24F
and Kss1AEF (Supplementary Fig. 17). In all cases, the existence of an
extended dynamic range of gradient sensing was correlated with the
cph sensitivity of the pheromone-induced gene expression in SHM
cells.
Conclusions
This study yielded several important insights into the physiology of
pheromone response in S. cerevisiae. The observed combination of
switch-like and graded dose responses, combined with stochastic
variability across a cell population, can provide significant benefits
for mating yeast populations. First, bimodality in gene expression
allows a cell population to diversify its transcriptional response at
relatively low pheromone concentrations, reducing the cost of possible inappropriate engagement in expensive pheromone-dependent
gene amplification. Thus, when exposed to weak pheromone signals,
some cells continue to suppress the pheromone response, whereas
others display amplified gene expression correlated with the formation of mating projections. These shmooing cells, capable of sensing
fractional pheromone gradients, benefit from the particularly high
gradient-sensitivity that we observe at low cph (higher fractional gradient). Second, continued sensitivity of gene expression in shmooing
cells to increasing cph seems to extend the cph range in which cells can
sense gradients. Thus, as cells approach the mating partner, they can
adjust to increasing pheromone concentrations with only partial
compromise of gradient sensing. Strikingly, many features of the
wild-type pheromone response, including bimodality in gene
expression and high dynamic range of gradient sensing, are critically
dependent on the presence of Kss1. In particular, the switch-like
increase of gene expression in shmooing cells is a result of the combined effect of Ste12 repression by unphosphorylated Kss1 and of
Ste12 autoregulation. The graded increase of gene expression with
increasing cph depends on pheromone-regulated phosphorylation of
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Kss1, which results in graded reduction in Kss1-mediated repression
of Ste12, and possibly, on the ability of phosphorylated MAPKs to
activate the pathway. A reduction in the graded increase of gene
expression in kss1D cells correlates with lower precision and reduced
dynamic range of gradient sensing. Our results suggest that the role of
Kss1 is not redundant with that of Fus3, and provide functional
f
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Yeast and nucleic acid manipulations were performed as previously described29.
Details on strain construction are present in the Supplementary Information.
Fabrication and operation of the microfluidic device is described in detail in
Supplementary Information. Evaluation of the pheromone concentrations and
gradients, and of the levels of fluorescent reporter expression was performed
using custom-written Matlab programs (See Supplementary Information for
details). Mathematical model simulations were run in Matlab.
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Figure 5 | Quantification of pheromone gradient sensing. a, Chemotropism
at 4, 5 and 7 hours (top to bottom) following exposure to a pheromone
gradient (scale bar, 10 mm). b, c, cph profile (visualized with Alexa Fluor 555
dye) and Fus3–EGFP, respectively, at 5 hours. d, e, Polar plots representing
the dependence of the absolute value of the angle between individual cell
projections and the gradient, on cph (radial dimension in d) and c (radial
dimension in e), normalized to the maximal values of cph and c, respectively.
Data are shown for the same cells at 4 hours (red) and 20 h (blue) poststimulation. f, Cell clusters with s 5 0–55u and s 5 55–110u are plotted in
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