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SI Materials and Methods
Strains and Culture Media. Saccharomyces cerevisiae BY4722 (MATα
leu2Δ ura3Δ0) and a MAT-a leu2Δ0 ura3Δ0 rim15Δ derivative
congenic to BY4730 were maintained at –80 °C in 15% (vol/vol)
glycerol stocks. Routine subculturing was done on yeast extract,
peptone, dextrose (YEPD) agar (per liter, yeast extract, 10 g;
peptone, 20 g; dextrose, 20 g; Bacto-agar, 20 g). Inocula for both
planktonic (chemostat and batch) and immobilized cell cultures
were prepared by inoculating an individual colony from freshly
streaked plates and growing cells into liquid YEPD and culturing
at 30 °C for 24–48 h in a shaking incubator (New Brunswick Scientific). The culture media used in immobilized cell reactor (ICR),
batch, and chemostat studies was the Synthetic Minimal (SM) medium described by Verduyn et al. (1), modified for anaerobic culture
with Tween-80 (0.42 g·L−1 and 0.01g·L−1 ergosterol) and amended
with auxotrophic requirements leucine and uracil (0.06 g·L−1 and
0.02 g·L−1, respectively). Because previous studies (2, 3) had shown
that starvation for auxotrophic requirements accelerates cell aging,
these were provided in fivefold excess to planktonic cells. As the
medium feeding ICRs was regularly replenished, auxotrophic requirements leucine and uracil were provided there at recommended
concentrations (4). All reagents were of analytical grade and procured from Fisher Scientific, unless otherwise specified.
Preparation of Alginate-Encapsulated Cells. Yeast was cultured in
300 mL YEPD until the early stationary phase (48 h, A600 ∼ 3),
harvested by centrifugation at 2,862 × g for 10 min, 25 °C, then
washed, suspended in 10 mL of sterile water, and mixed with
300 mL of sterile, aqueous 3% high-viscosity sodium alginate
(MP Biomedicals). This mixture was added drop-wise into 0.2 M
CaCl2 using a 60 mL syringe fitted with a 19-gauge needle, resulting in 3-mm-diameter Ca2+-crosslinked alginate beads; the
initial cell concentration per bead was ∼2.3 × 106. Beads were
hardened by two successive 15-min incubations in fresh, sterile
0.5 M CaCl2, then packed to a volume of 100 mL in a custombuilt ICR.
Structural and Operational Features of the ICR. A schematic of the
ICR used in this study is shown in Fig. S1A. The Pyrex glass
reactor column had a radius of 2.7 cm and a working length of
40 cm. Overall, the apparatus was similar to that described in
ref. 5, modified by placing an in-line cell trap to remove planktonic
cells from the nutrient flow path and a stainless-steel piston at the
base to permit bed recompression following sampling. Total reactor
volume was 1.75 L, consisting of 1.65 L of medium and 100 mL of
alginate beads. The reactor was fed continuously by recirculating
the medium at a rate of 6 L·h−1; temperature was set at 32.5 °C. The
pH was regulated to 5.5 by addition of 0.2 N NaOH via a peristaltic
pump controlled by a Celligen control system. At this flow rate, the
void volume within the column was replaced once every minute.
When the glucose concentration fell below 5 g·L−1, spent medium
was replaced with fresh medium containing 100 g·L−1 of glucose
(Fig. S1B).
Sampling Procedures. Planktonic cells were harvested for biomass
estimate, glycogen assay, and expression profiling by rapidly
withdrawing 10 mL from fermentation vessels, and fast-filtering
this volume through sterile, tared 47 mm, 0.45 μm Nylon filters
(Whatman). Filters were either immediately frozen in liquid N2
(expression and carbohydrate analyses) or dried overnight in an
80 °C oven (biomass). Frozen cells were stored at −80 °C until
further processed. Cells were harvested for enumeration and
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estimate of viability, budding index, and bud scar number by
aseptically withdrawing ∼5 mL of live cultures, then processing as
described later. Immobilized cells were harvested aseptically by
temporarily stopping media flow, taking the reactor offline, and
removing a ∼10 mL volume of alginate beads in a laminar flow
hood. Several beads were set aside for enumeration and viability
estimates, and the rest were immediately frozen in liquid N2 and
maintained at −80 °C until processed for estimate of budding and
budscar patterns, glycogen content, and mRNA abundance.
Demographic Parameters: Population Density, Viability, Budding
Index, and Replicative Age Structure. Planktonic cells were enu-

merated either by hemocytometry at 640× using phase contrast
microscopy or by measuring absorbance at A600 using a BioMate
spectrophotometer (Thermo Scientific). Viability was determined
by plating known dilutions onto YEPD agar and counting colonyforming units (CFUs) after incubation for 48 h at 30 °C. Following Calcofluor (Sigma) staining (6), budding index and bud
scar analyses were performed by differential interference contrast
and epifluorescence microscopy using a Zeiss Axioskop microscope (Carl Zeiss Microimaging, Gmbh) equipped with a PlanNeofluar 100× N.A. 1.30 oil objective using a DAPI filter set. For
immobilized cells, before estimating demographic parameters,
ICR cells were released from their matrix by resuspending beads
in 10% wt/vol sodium metaphosphate, which depolymerizes calcium alginate by chelating Ca2+, the cross-linking agent. A total
of 10–15 frozen beads were suspended in 10 mL of NaPPi, vigorously vortexed, placed in a drum roller for 30 min, and vortexed for
1 min at 5-min intervals. Yeast were separated from the dissolved
matrix by 10-min centrifugation at 716 × g, washed once, and resuspended in sterile PBS, pH 7.4. Cells were then enumerated,
assayed for viability by scoring CFUs and for budding pattern and
budscar number as described earlier.
Resistance to Heat Shock and Zymolyase Digestion. Log-phase and
stationary-phase planktonic cells were cultured in SM at 30 °C for
16 h and 48 h, respectively. Cells were then harvested by centrifugation at 3,500 × g for 10 min, washed twice with PBS, resuspended in sterile prewarmed YEPD broth, then incubated at
48 °C for 2 h. At specified intervals, samples were withdrawn,
serially diluted in YEPD broth, then plated on 1% YEPD agar
and incubated for 3 d at 30 °C. Alginate-encapsulated cells were
cultured in ICRs for 5 d before being harvested, whereupon they
were split into two portions. In one, cells were released from
their alginate matrix as described earlier, then subjected to heat
shock following the same procedure used to assay planktonic
cells. In the other, whole alginate beads were subjected to heat
shock, then cells released from their extracellular matrix, diluted in YEPD broth, then plated on YEPD agar, and incubated
for 3 d at 30 °C. Survivorship was estimated as the ratio of
CFUs, corrected for dilution, to total cell number estimated
by hemocytometry.
Susceptibility of the yeast cell wall to zymolyase digestion was
assayed as described in ref. 7, but scaled for a 96-well format.
Briefly, immobilized cells released from their extracellular matrix
and planktonic cells cultured to late stationary or midlog phase
were washed twice with 5 mL sterile deionized water, then resuspended in 0.1 M sodium citrate, 10 mM EDTA, pH 6.5. Cell
suspensions were adjusted to an OD660 of 0.6. For each condition,
six wells at 200 μL·well−1 were set up in a sterile, flat-bottom,
96-well plate (Costar 3370). A 1:40 dilution was made from
the zymolyase (100 T, MP Biomedicals) stock (20 mg·mL−1 in
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50% glycerol). Diluted zymolyase was rapidly added to a final
concentration of 6.67 μg·well−1 to three wells of each set.
Samples were incubated in an Eon Microplate Spectrophotometer (BioTek) with constant temperature (30 °C) and
shaking (200 rpm) and read at OD660 every 4 min for 1 h. The
kinetics (Vmax) of cell wall digestion was estimated using Eon’s
Gen5 Data Analysis Software.
Microarray Hybridization and Scanning. Microarray analysis was
performed using Yeast GenomeChip 2.0 arrays. RNA was prepared for hybridization as described in the Affymetrix Gene Chip
Expression Analysis Technical manual using the One c-Cle Target
Labeling kit. A dataset was generated using 26 Yeast Gene Chip
2.0 arrays: six for the planktonic states and 12 for the six time
points in the duplicate ICR runs. An additional eight arrays went
into technical replicates of one ICR for days 3 through 17.
Microarray data have been deposited in the Gene Expression
Omnibus repository under accession no. GSE21187.
GeneSpring Analysis. Microarray data were first analyzed using
GeneSpring software version 7.3 (Silicon Graphics). Affymetrix
CEL files were log-transformed, robust microarray-normalized
(8), and median-centered, whereafter genes were filtered for
a minimum threshold raw signal intensity of at least 100 in four
of the 26 arrays. Statistically significant differentially expressed
genes were identified through a series of pairwise volcano plot
comparisons using a Welch t test and fold-change threshold of 2,
which provided P values for each pairwise comparison. Following
the Welch t test, significant genes were further subjected to hierarchical clustering using the TIGR MeV software suite (www.tm4.
org) with support trees in Euclidian metric for 100 iterations, along
with bootstrapping.
Significance Analysis of Microarrays (SAM) was performed
using TIGR (MEV) TM4 software based on ref. 9. An unpaired
1. Verduyn C, Postma E, Scheffers WA, Van Dijken JP (1992) Effect of benzoic acid on
metabolic fluxes in yeasts: A continuous-culture study on the regulation of respiration
and alcoholic fermentation. Yeast 8(7):501–517.
2. Gomes P, Sampaio-Marques B, Ludovico P, Rodrigues F, Leão C (2007) Low auxotrophycomplementing amino acid concentrations reduce yeast chronological life span. Mech
Ageing Dev 128(5-6):383–391.
3. Boer VM, Amini S, Botstein D (2008) Influence of genotype and nutrition on survival
and metabolism of starving yeast. Proc Natl Acad Sci USA 105(19):6930–6935.
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two-class SAM analysis was adopted to identify genes differentially expressed between the planktonic and immobilized states.
The δ cutoffs were assigned manually, a strategy in which the
tuning parameter (δ) was adjusted to reflect the natural break in
the plot of observed versus expected d values from a line with
a slope of 1. The False Discovery Rate (FDR) was set such that
Gene Ontology analyses following SAM identified important
functional classes of genes. An FDR of 8% was obtained by
adjusting the tuning parameter (δ) to minimize FDR and maximize recovery of genes whose expression was altered by immobilization per se. Genes deemed significant by two-class SAM
analysis were subjected to K-means clustering using the TIGR
MeV software suite.
Quantitative RT-PCR (qRT-PCR) was performed on RIM15,
MSN4, TYE7, and ACT1 using the BioRad MyiQ Real-Time
PCR System (Biorad). Primers were designed for RIM15 [forward
primer (FP) 5′-CCATATCCGGTTCTCCTTCA-3′; reverse primer
(RP) 5′-GAGCTCACGGTGGTGGTATT-3′], MSN4 (FP 5′-TCGTGAATGACGGTGAGAAA-3′; RP 5′-GAAGTTGCATGTTGGTGTGG-3′), TYE7 (FP 5′-GATGACAATGCCCTTTCGTT-3′; RP
5′-GTGAGCTTGCTTTTGGAAGG-3′), and ACT1 (FP 5′-AGCTCCAATGAACCCTAAATCA-3′; RP 5-’ACGACGTGAGTAACACCATCAC-3′) using Primer 3.0 software (Integrated DNA
Technologies). We treated 10 μg aliquots of total RNA with RNasefree DNase to remove residual DNA, and we reverse-transcribed
them using the ABI High-Capacity cDNA Reverse Transcription
Kit; 1 μL of cDNA was added to the Sso FastEvaGreen Supermix
(Biorad) containing 300 nM of each primer. Reactions were cycled
using the cycling program provided in Sso FastEva Green Kit instructions specific for the MyiQ machine. Relative transcript
amounts were calculated using the ΔΔCt method using ACT1 as an
endogenous control.
6. Pringle JR (1991) Staining of bud scars and other cell wall chitin with calcofluor.
Methods Enzymol 194:732–735.
7. Ovalle R, et al. (1998) A spheroplast rate assay for determination of cell wall integrity in
yeast. Yeast 14(13):1159–1166.
8. Bolstad BM, Irizarry RA, Astrand M, Speed TP (2003) A comparison of normalization
methods for high density oligonucleotide array data based on variance and bias.
Bioinformatics 19(2):185–193.
9. Tusher VG, Tibshirani R, Chu G (2001) Significance analysis of microarrays applied to
the ionizing radiation response. Proc Natl Acad Sci USA 98(9):5116–5121.
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Fig. S1. (A) Schematic of ICR. SM medium containing nutrients is controlled for pH and temperature and constantly recirculated through an ICR column
packed with beads containing alginate-encapsulated yeast. Cells released from damaged beads are collected in the cell trap and removed daily. Pump speed
was set to exchange the column void volume once per minute. (B) ICR column containing beads with cells. (C) Beads removed from reactor before assay. (D)
SEM of bead surface (Upper) and bead interior (Lower) shows that encapsulated yeast form discrete microcolonies.
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Fig. S2. Ethanol production (Upper) coincides with glucose consumption (Lower) when yeast is cultured in ICR. A total of 1.75 L of fresh SM medium containing 100 g·L−1 glucose was provided approximately every 48 h. Over the course of each cycle, glucose levels fell from 100 g·L−1 to <5 g·L−1. The ability to
consume glucose did not diminish over 17 d of continuous culture. Immobilized yeast exhibit high volumetric ethanol productivity, producing up to 50 g·L−1 of
ethanol using 100 g·L−1 of glucose every 48 h.
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Fig. S3. Replicative status (A) and replicative age (B). Black, budded; gray, unbudded yeast. Error bars represent 1 SD from the mean value.
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Fig. S4. (A) Affymetrix expression profiling of immobilized and planktonic yeast cultures was performed on planktonic yeast (batch-log, batch-stationary, and
chemostat) and on immobilized yeast at different time points following their introduction into continuously fed ICRs. Expression bar indicates twofold change
in expression for any pairwise comparison. Each column represents average values from at least two independent replicates. (B) Volcano plot of significantly
up- or down-regulated genes (relative to background) in immobilized yeast. Immobilized expression pattern becomes established by day 3. Between day 3 and
day 17, only 79 transcripts were differentially expressed.
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Fig. S5. Comparison of gene expression in immobilized relative to planktonic yeast: the yeast cell cycle. Differentially expressed transcripts identified using
GeneSpring were overlayed onto the Kyoto Encyclopedia of Genes and Genomes pathway map for the S. cerevisisae cell cycle using GenMapp software (www.
Genmapp.org). 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 immobilized 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.
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Fig. S6. K-means clustering indicates that relative to planktonic yeast, immobilized yeast highly expresses (A) sporulation genes, (B) genes encoding membrane proteins, and (C) subtelomeric loci, and weakly expresses genes in (D) the cell cycle, (E) cell signaling and chromosome segregation, and (F) iron assimilation.
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Fig. S7. Functional annotation clustering using Database for Annotation, Visualization, and Integrated Discovery (DAVID) uncovers up-regulated gene classes
in immobilized yeast. Groups having significant (>1.3) enrichment scores include (A) spore wall (3.4), (B) zinc-finger proteins (2.0), and (C) thiamine biosynthetic
proteins (1.8).
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Fig. S8. Functional annotation clustering using DAVID uncovers down-regulated gene classes in immobilized yeast. Groups with significant (>1.3) enrichment
scores are (A) cell cycle (score, 2.0), (B) ribosome biogenesis (1.3), and (C) chromosome segregation (1.6).
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Fig. S9. qRT-PCR of RIM15, MSN4, and TYE7 expression. BL, batch-log; BS, batch-stationary; CS, chemostat; Imm, immobilized day 5. Expression levels were
normalized to qRT-PCR values of ACT1, which is constitutively expressed.

Table S1. Two-class SAM reveals 379 genes whose expression is increased and 204 genes whose expression is decreased in immobilized
relative to planktonic yeast
Table S1

Table S2. Functional annotation clustering of two-class SAM data using DAVID reveals six classes of significantly up-regulated genes
and three classes of significantly down-regulated genes. A group enrichment score >1.3 is deemed significant; P value cutoff < 0.01, and
FDR for term members < 15%
Table S2
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