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(0.414 ± 0.012 g·g� 1) was greater than that of log-phase planktonic
cells (0.396 ± 0.007 g·g� 1) (ANOVA, P < 0.05), whereas biomass
yield on glucose was much less (0.006 ± 0.005 g dry wt ·g� 1 vs.
0.027 ± 0.001 g dry wt ·g� 1). Ethanol productivity per gram of cell
biomass was therefore nearly fivefold greater in immobilized than in
planktonic cells, consistent with previous reports of very high gly-
colytic flux in immobilized yeast (26). Thus, although immobilized
well-fed yeast ceases to divide, it retains high fermentative capacity.
Plentiful glycogen provides yeast with survival and reproductive

advantages (27). Indeed, CLS has been dramatically extended in
starving planktonic cells by periodically exposing them to glucose
concentrations that are sufficient to replenish glycogen reserves,
but insufficient to support reproduction (28). Glycogen content in
immobilized yeast (Fig. 1B) greatly exceeded that observed in
either starving planktonic cells or in planktonic cells grown an-
aerobically in glucose-limited chemostats. Glycogen levels rose
from 0.7 mg of glucose equivalents per gram of dry wt at day 1 to
4 mg of glucose equivalents at day 17, a >fivefold change. The
steep increase in cells’ glycogen content commenced after day 3,
the point at which immobilized yeast ceased to divide (Fig. 2B),
suggesting that these cells reallocate resources to storage that
would otherwise be directed toward growth and reproduction. No
comparable increase was detected in yeast’s other major storage
carbohydrate, trehalose, whose increase under aerobic conditions

reportedly protects calorie-restricted planktonic cells from oxi-
dative damage (29).
In summary, population, physiological, and cytometric data

demonstrate that metabolism and reproduction are uncoupled in
encapsulated, continuously fed yeast and that such cells remain
viable for extended periods of time, features reminiscent of many
types of postmitotic metazoan cells.

Patterns of Gene Expression in Immobilized Yeast Markedly Differ
from Those in Planktonic Yeast. To better understand how ICR
yeast uncouples metabolism from reproduction and remains
viable in prolonged culture, we performed microarray analysis
using the Affymetrix platform. GeneSpring was first used to
analyze transcript levels in immobilized cells and planktonic cells
grown either in chemostat or in batch culture, the latter har-
vested at midlog and stationary phases. Overall, 4,308 of 5,804
genes assayed were found to be differentially expressed (Fig.
S4A). Considering only immobilized yeast, 2,375 transcripts were
differentially expressed, although most of these differences could
be attributed to using stationary-phase planktonic cells for en-
capsulation. Immobilized yeast at day 0 was indistinguishable
from stationary-phase yeast for >90% of transcripts assayed. Day
10 immobilized cells were harvested just before the medium was
replenished, which did not change the sign of but rather exag-
gerated expression changes seen after day 3. Pairwise volcano
plot comparisons showed that only 79 genes varied by more than
twofold over the course of 2 wk of continuous immobilized
culture (Fig. S4B). Over this interval, immobilized yeast con-
sumed �1.2 kg of glucose with little or no cell division.
Next, the GeneSpring dataset was imported into GenMapp

and criteria set to uncover genes differentially expressed by
twofold or greater between immobilized cells and any of the
planktonic states. Day 0 immobilized cells were excluded from
GenMapp analyses, as their profile was essentially identical to
that of planktonic stationary-phase yeast, as were day 1 immo-
bilized cells, which were still dividing. GenMapp data were
overlayed onto Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway maps for glycolysis, the tricarboxylic acid (TCA)
cycle, and the yeast cell cycle. Consistent with observations that
continuously fed immobilized yeast is highly fermentative, anaer-
obic, and not dividing (30), we found that many glycolytic genes,
such as HXK2, PFK2, and PGK, were expressed highly, whereas
TCA cycle genes, such as CIT1 and ACO1, were expressed at low
levels (Fig. 3A). Strikingly, multiple genes whose products help
drive transitions between G1, S, and G2 phases of the cell cycle
were down-regulated relative to every planktonic state assayed
(Fig. 3B and the full KEGG cell cycle pathway in Fig. S5). Low
transcript levels of cyclin CLN1 and master cyclin-dependent
kinase CDC28 were consistent with flow cytometric and de-
mographic analyses indicating that immobilized yeast is in a state
of G1-like arrest.
Two-class SAM reveals immobilization-specific changes in gene expression.
A two-class Significance Analysis of Microarrays (SAM) (31) was
undertaken by grouping batch-log, batch-stationary, and chemostat
expression data into a single planktonic group, then comparing
their expression profiles to that of an immobilized group consisting
of days 1 through 17. Although planktonic cells in chemostat,
batch-log, and batch-stationary cultures obviously differ in their
nutritional states, growth rates, and gene expression profiles (Fig.
S4A), comparing their aggregated expression patterns to those of
immobilized cells uncovered classes of genes whose altered regu-
lation could be attributed to immobilization per se. SAM identi-
fied 379 significantly up-regulated and 204 down-regulated genes
in immobilized relative to planktonic yeast (Table S1). To discern
its dominant features, the two-class SAM dataset was further in-
terrogated by K-means clustering and by Gene Ontology (GO)
analysis using Database for Annotation, Visualization, and In-
tegrated Discovery (DAVID).

Fig. 2. Cell cycle status of (A) planktonic and (B) immobilized yeast through
17 d cultures. DNA content of planktonic batch cultured yeast and immo-
bilized yeast released from its alginate matrix was assayed by flow cytometry
of ethanol-fixed, SYTOX Green-stained cells. SYTOX Green is measured in
mean fluorescence intensity. Red and black lines indicate fluorescence pro-
files of independent biological replicates. Insert displays fluorescence pro-
files of actively dividing planktonic haploid and diploid yeast, which display
prominent G1 and G2 peaks indicative of mitotic activity.
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K-means clustering indicates that immobilizing yeast favors cell wall
remodeling, anaerobic fermentation, and cell cycle arrest. Among genes
up-regulated in immobilized but not in planktonic cells, K-means
clustering associated genes whose products act in spore wall as-
sembly (Fig. S6A), whose products localize to the cell membrane
(Fig S6B), and that lie near telomeres (Fig. S6C). Conspicuously
up-regulated are subtelomeric loci in the PAU seripauperin gene
family, whose functions are unknown, and subtelomeric loci in the

TIR cell wall mannoprotein gene family; both families have been
described as being activated during anaerobic alcoholic fermen-
tation (32, 33). Down-regulated clusters illuminate how immo-
bilization uncouples reproduction from metabolism. One cluster
(Fig. S6D) consisted of genes in nucleotide and amino acid syn-
thesis, and the cell cycle, notably SWI5, a transcription factor that
controls genes expressed at the M/G1 boundary and in late G1
(34). Another (Fig. S6E) included genes that act in DNA repli-
cation, chromosome segregation, and the spindle checkpoint,
among them the forkhead family transcription factor, FKH1,
which plays a key role in cell cycle progression at G2/M (35). We
also observed down-regulation of RAS1 (Fig. S6E), a G protein
essential for cell proliferation linked to the PKA-activating ade-
nylate cyclase pathway (36). A third cluster of down-regulated
transcripts (Fig. S6F) included those whose products play essen-
tial roles in iron assimilation and metabolism and in cytokinesis
(e.g., HOF1, UTR2) (37, 38).
GO analysis further confirms that immobilized yeast remodels its cell wall,
up-regulates glycolysis, and ceases to divide. The two-class SAM dataset
was further analyzed using DAVID, which clusters functionally
similar GO terms into groups ranked by enrichment scores, with
a score >1.3 being considered statistically significant (39). This
procedure uncovered seven gene clusters that were significantly
up-regulated in immobilized but not in planktonic yeast—cell wall
(enrichment score, 6.3), cell membrane (3.5), spore wall (3.4),
sporulation (2.5), zinc-finger proteins (2.0), GPI anchor (1.8), and
thiamine biosynthesis (1.8)—as well as three clusters that were
significantly down-regulated—cell cycle (2.0), chromosome segre-
gation (1.6), and ribosome biogenesis (1.3) (Table S2).
Of 50 genes up-regulated in the cell wall (Fig. 4A) and spore

wall (Fig. S7) clusters, 24 are involved in cell wall biogenesis.
Altered expression of so many cell wall remodeling transcripts
suggests that immobilization induces the Cell Wall Integrity
(CWI) pathway. In this regard, RPI1 up-regulation in immobi-
lized but not in planktonic cells is especially noteworthy (Fig.
S7C). Rpi1 acts as an antagonist to the RAS–cAMP pathway and
prepares yeast for entry into the stationary phase by inducing
transcription of genes whose products fortify the cell wall (40).
The TIR and DAN gene families, which encode cell wall man-
noproteins and are induced under anaerobic conditions (41),
were conspicuously up-regulated in ICRs. However, as plank-
tonic yeast was also cultured under anaerobic conditions, and
TIR and DAN genes were only up-regulated in immobilized cells,
these genes must be specifically induced in response to being
encapsulated and maintained in ICRs.
Dramatically increased expression of essential genes in asco-

spore biogenesis was observed in immobilized, but not in plank-
tonic, yeast (Fig. 4A). These included SPR1 and SPS22, whose
products are required to synthesize the spore wall’s β-glucan layer
(42); SPR3 and SPO19, which respectively encode meiosis-
specific septin and prospore proteins (43); and CRR1, a glucoside
hydrolase essential for spore wall assembly. Induction of these
genes indicated overlap between the transcriptional programs of
well-fed, nondividing vegetative cells and spores. Indeed, most
genes belonging to the sporulation cluster (Fig. 4B) encode spore
membrane and spore wall proteins—for example, OSW1—which
is required for construction of the outer spore wall. The over-
expression in immobilized haploid yeast of genes involved in
spore formation was unexpected, as our strain carries mutations
in HO and MAT that prevent mating-type switching. Moreover,
flow cytometry showed that ICR yeast remained haploid; thus,
mating, diploidization, and meiosis did not occur en masse in
ICRs. However, the sporulation cluster also showed that immo-
bilized yeast had elevated transcript levels for MSN4 and RIM15
that encode, respectively, a stress-responsive transcription factor
and a glucose-repressible protein kinase required for nutrient
signaling, especially during the onset of the stationary phase.
RIM15 was originally identified in a genetic screen for mutants

Fig. 3. Comparison of gene expression in immobilized relative to plank-
tonic yeast: (A) intermediary metabolism and (B) cell cycle. Differentially
expressed transcripts identified using GeneSpring were overlayed onto the
S. cerevisiae KEGG biological pathway maps using GenMapp software. De-
tailed KEGG pathway cell cycle results are presented in Fig. S5. Transcript
levels in immobilized well-fed yeast for days 3, 5, 10, and 17 were averaged
across replicate experiments. Red indicates instances where those values were
at least twofold greater in immobilized cells than in planktonic cells. Green
indicates instances where those values were at least twofold less in immobi-
lized cells than in planktonic cells. White indicates that the gene was not found
among the significant gene list identified earlier using GeneSpring. Gray
denotes instances where transcript levels differed by less than twofold.

Nagarajan et al. PNAS | Published online March 31, 2014 | E1541

M
IC
RO

BI
O
LO

G
Y

PN
A
S
PL

U
S

D
ow

nl
oa

de
d 

at
 U

N
IV

 O
F

 M
O

N
T

A
N

A
 o

n 
A

pr
il 

5,
 2

02
1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323918111/-/DCSupplemental/pnas.201323918SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323918111/-/DCSupplemental/pnas.201323918SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323918111/-/DCSupplemental/pnas.201323918SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323918111/-/DCSupplemental/pnas.201323918SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323918111/-/DCSupplemental/pnas.201323918SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323918111/-/DCSupplemental/pnas.201323918SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323918111/-/DCSupplemental/pnas.201323918SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323918111/-/DCSupplemental/st02.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323918111/-/DCSupplemental/pnas.201323918SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323918111/-/DCSupplemental/pnas.201323918SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323918111/-/DCSupplemental/pnas.201323918SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323918111/-/DCSupplemental/pnas.201323918SI.pdf?targetid=nameddest=SF5


having a reduced ability to undergo meiosis (44), and was later
shown to transiently induce early meiotic genes (45). Thus,
RIM15 up-regulation may help explain induction of certain mei-
otic genes in well-fed, nondividing haploid yeast.
Zinc-finger proteins formed another GO cluster (Fig. S7B),

members of which include MSN4, which acts in concert with
MSN2 to activate transcription of stress-resistance genes (46).
Significantly, the cytoplasmic-to-nuclear translocation of MSN2/
MSN4 gene products depends not only on stress and on PKA
(47) but also on Rim15 (48). Although TPK/BCY1 was not up-
regulated in immobilized yeast, both RIM15 and MSN4 were
(Fig. 4B), showing that immobilization per se activates these key
stress response regulators (46, 49). Two other zinc-finger pro-
teins in this cluster, NRG2 and MIG2, are transcription factors
that negatively regulate expression of glucose-repressible genes.
Up-regulation of NRG2, MIG2, and MIG3 in immobilized cells
(Fig. S7B) likely reflects high glucose levels in their external
milieu. Immobilization was also correlated with increased ex-
pression of transcription factor TYE7 (Table S1). Although not
a zinc-finger protein, TYE7 binds E-boxes of glycolytic genes
and contributes to their activation (50). Thus, its differential
expression helps to explain elevated levels of ENO2, PGK1, and
GPM1 (Fig. 3A), whose products help support immobilized

yeast’s high rate of fermentation. Another gene of interest in the
zinc-finger cluster is YPR015C, which encodes a protein of un-
known function whose overexpression leads to cell cycle delay or
arrest (51). Increased expression of YPR015C may be yet an-
other factor contributing to cell cycle arrest in highly fermenta-
tive ICR yeast.
Consistent with other analyses, cell cycle (Fig. S8A) and chro-

mosome segregation (Fig. S8B) clusters were both down-regulated
in immobilized yeast, including genes such as HOF1 and BUD4,
which encode structural proteins required for axial budding (52),
and ACE2, which encodes a transcription factor required for
cytokinesis (53). Expression of 22 genes related to ribosome
biogenesis (Fig. S8C) was decreased in immobilized relative to
planktonic yeast. As ribosomal gene expression is directly
proportional to growth rate (54), low transcript levels here
may result from G1-like arrest (54).
To validate our microarray results, we performed quantitative

reverse-transcription PCR (qRT-PCR) to assay transcript levels
for three key regulatory genes (RIM15,MSN4, and TYE7) and one
constitutively expressed gene, ACT1, which encodes the structural
protein actin. qRT-PCR results for all three regulatory genes,
normalized to ACT1 expression, were consistent with array results,
with correlation coefficients ranging from 0.68 to 0.93. If anything,
microarray results tended to underestimate the magnitude of
change in expression (Fig. S9).

Immobilized Yeast Is Thermotolerant and Zymolyase Resistant. To
test whether up-regulation of cell wall remodeling genes (e.g.,
CRR1 and RPI1) and stress response regulators (e.g., RIM15 and
MSN4) made immobilized yeast more stress resistant than
planktonic yeast, we tested its susceptibility to heat shock and
zymolyase digestion. Thermal tolerance is often used as a proxy
for stress resistance (55), which in yeast has been associated with
CLS extension (56). Rapidly proliferating log-phase yeast is
known to be more heat-shock sensitive than either growth-
arrested (57) or slowly dividing yeast (58). We therefore com-
pared the thermotolerance of cells either confined to or released
from their calcium–alginate matrix to planktonic cells in the log
or stationary phase by exposing each to 48 °C for 2 h (Fig. 5A).
Immobilized and stationary-phase planktonic yeasts were sig-
nificantly more heat-shock tolerant than planktonic yeast in the
log phase (P = 0.00964 and P = 0.00637, respectively, by two-
tailed t test). Thermal tolerance in immobilized cells was due not
only to their physiological status, but also to the presence of the
alginate matrix, as evidenced by the intermediate survivorship of
cells released from beads.
Yeast thermal tolerance is strongly correlated with changes in

cell wall structure that occur in planktonic cells following spor-
ulation or entry into the stationary phase (57). To test whether
immobilized yeast underwent similar changes in cell wall struc-
ture, as suggested by its increased transcription of cell wall and
sporulation genes, we assayed its resistance to zymolyase (Fig.
5B), a glucanase–protease suspension that enables the state and
integrity of the yeast cell wall to be assessed qualitatively. As
expected (59), midlog-phase planktonic cells were most susceptible,
lysing at a higher rate (Vmax = –11.7) and to a greater extent over
the experimental time course. Late stationary planktonic and day
5 immobilized yeast lysed at similar rates (Vmax = –5.49 and –5.81,
respectively) and to the same extent. Immobilized cells were much
more susceptible to zymolyase digestion on days 1 and 3, when they
were still dividing, than on days 5, 10, and 17, when they were not.

Rim15 Helps Mediate Cell Cycle Arrest in Immobilized Yeast. Immo-
bilized yeast undergoes cell cycle arrest in the presence of excess
nutrients. Because RIM15 was up-regulated in immobilized but
not in planktonic cells, because RIM15 can play a role in cell
cycle arrest, because multiple nutrient-sensing pathways con-
verge on Rim15p (48), and because it promotes chronological

Fig. 4. Functional annotation clustering using DAVID of gene expression
differences in immobilized relative to planktonic yeast. Groups with signif-
icant (>1.3) enrichment scores include (A) cell wall (score, 6.3) and (B) spor-
ulation (2.5).
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