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Materials and Methods 
Strains and plasmids construction 

Standard methods for the growth, maintenance and transformation of yeast and bacteria 
and for manipulation of DNA were used throughout. The yeast strains used in this study were 
generated from BY4741 (MATa his3D1 leu2D0 met15D0 ura3D0) strain background. The 
information of strains, plasmids, and primers is provided in Tables S4 – S6.    
 

To make the nuclear-anchored iRFP reporter, an iRFP-KanMX fragment was PCR 
amplified and integrated into the C-terminus of NHP6a at the native locus by homologous 
recombination. To make the TOM70-mCitrine(VA) reporter, a mCitrine(VA)-HIS3 fragment was 
PCR amplified and integrated into the C-terminus of TOM70 at the native locus by homologous 
recombination. Similarly, mCherry-HIS3 or GFP-URA3 fragments were PCR amplified and 
integrated into the C-terminus of the target genes at its native locus by homologous recombination.  

 
To make sir2D mutants, a CgHIS3 fragment was amplified to replace the SIR2 open reading 

frame by homolog recombination. Similarly, the HAP4 ORF was replaced with CgHIS3. The 
URA3 ORF is absent in the BY4741 background. To add a mutated URA3 gene (ura3-1) back to 
its native locus, a CgURA3 fragment was amplified and inserted at URA3, then CgURA3 was 
replaced with a ura3-1 allele from the W303 strain.  

 
To make the HS1 heme reporter (NHB0558), a SalI_HS1_SacI fragment from pDH013 

(15) was ligated into the pRS306 vector. To make the HS1M7A, H102A, H63N heme reporter 
(NHB0560), a SalI_ HS1M7A, H102A, H63N_SacI fragment from pJA010 (15) was ligated into the 
pRS306 vector.  

 
To make the cytosolic iRFP reporter, a NotI_PNHP6a-GFP-linker-iRFP_SalI fragment 

containing 600 bp of the NHP6a promoter, iRFP ORF and GFP ORF was made by fusion PCR 
and then ligated into pRS306, yielding plasmid NHB0454.  

 
To make the SIR2 double expression plasmid, a XbaI_pSIR2_SIR2_EcoRI fragment 

containing 620bp of the SIR2 promoter, SIR2 ORF was made by PCR and then ligated into 
pRS305, yielding plasmid NHB0638.  
 

To make the HAP4 overexpression plasmid, a SalI_PTDH3_HAP4_SacI fragment containing 
680bp of the TDH3 promoter, HAP4 ORF was made by fusion PCR and then ligated into pRS305, 
yielding plasmid NHB0658.  
 

To make the ADH1 promoter-driven HAP4 plasmid, a SalI_PADH1_HAP4_SacI fragment 
containing 705bp of the ADH1 promoter, HAP4 ORF was made by fusion PCR and then ligated 
into pRS303, yielding plasmid NHB0854.  

 
To make the mitochondrial membrane potential reporter, a SalI_PTDH3-preCox4-

mCherry_SacI fragment was made by fusion PCR then ligated into pRS306 to yield plasmid 
NHB0683.  
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To make the mCherry tagged NOP1 plasmid, a SacI_PNOP1-NOP1-mCherry_SalI fragment 
containing 732bp of the NOP1 promoter, NOP1 ORF and mCherry ORF was made by fusion PCR 
and then ligated into pRS303, yielding plasmid NHB0825.  

 
Yeast strains with heme reporters were generated by transformation with either NHB0558 

or NHB0560, which were digested with StuI for integration at ura3-1. The strain with the cytosolic 
iRFP reporter was generated by transformation with NHB0454 digested with ClaI for integration 
at the promoter region of NHP6a. The strain with the preCOX4-mCherry reporter (19) was 
generated by transformation with NHB0683, digested with SnaBI for integration at the promoter 
region of TDH3. The TDH3 promoter-driven HAP4 overexpression strain was generated by 
transformation with NHB0658, digested with XbaI for integration at the HAP4 ORF. The ADH1 
promoter-driven HAP4 overexpression strain was generated by transformation with NHB0854, 
digested with XbaI for integration at the HAP4 ORF. The NOP1-mCherry reporter strain was 
generated by transformation with NHB0825, digested with EcoRV for integration at the NOP1 
promoter region.  

 
The strain with 2-fold overexpression of SIR2 (NH0897) was generated by transformation 

with the SIR2 double expression plasmid (NHB0638), digested with Sph1 for integration at the 
SIR2 promoter region. After transformation, both analytical PCR and qPCR optimized to detect 
copy number variation were performed to check the copy number of the plasmid integration (Fig. 
S15).  

 
Several colonies were picked and genomic DNA of those colonies were prepared for PCR. 

The integration of the SIR2 double expression plasmid was examined by PCR with primers 
SIR2_F1 and SIR2_R2. The primers SIR2_F1 and SIR2_R1 were used to check the copy number 
of SIR2 plasmid integration. Multiple copy integration of SIR2 plasmid yields a PCR product 
around 3100 bp, whereas a single copy integration yields no PCR product (see Fig. S15 for details). 
In this way, the strain NH0897 with a single copy integration of the plasmid was selected. To 
further confirm the copy number of SIR2 in the strain, NH0897 and multiple controls were 
evaluated by qPCR optimized to detect copy number variation, using the primers SIR2_F3 and 
SIR2_R3. The strain NH0897 showed the gene dosage of SIR2 about 2-fold that of haploid WT, 
confirming the single copy integration of SIR2 in this strain.  

 
All transformations were performed with the standard lithium acetate method, and 

integration was confirmed by PCR.  
 
We noted that BY4741 contains an in-frame Ty1 insertion near the 3’ end of the HAP1 

gene. The resulting hap1-Ty1 fused gene is expressed and replaces the 13 amino acids of the Hap1 
C-terminus with 32 amino acids from the Ty1 element (33). To exclude the possibility that the 
divergent aging and age-dependent heme decay revealed in this study are related to this mutation, 
we monitored phenotypic changes and nuc. iRFP dynamics during aging in the WT strain with the 
W303 genetic background (MATa trp1 leu2 ura3 his3 can1 GAL+ psi+), in which the HAP1 gene 
is intact. Similar to that observed in BY4741, about half of W303 cells underwent Mode 1 aging 
with elongated daughters and an increased heme level, whereas the other half underwent Mode 2 
aging with a sharp decay in heme levels (Fig. S3). These results confirmed that the divergent aging 
and age-dependent heme decay we observed are not specific to BY4741. 
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Microdissection plate assay 
Replicative lifespan (RLS) experiments using the classic microdissection approach (5) 

were performed with a hydraulically driven Narishige micromanipulator on an Olympus BH-2 
microscope. Cells on YPD plates were incubated at 30˚C, except during storage periods. Pedigrees 
were traced by hand and images captured with a Chameleon3 monochrome camera (CM3-U3-
13S2M-CS) that mounted on the microscope.  
 
qPCR for SIR2 copy number confirmation 

Genomic DNA was prepared in duplicate from overnight cultures of wild-type haploid, 
diploid, the strain with a single copy integration of the plasmid NHB0638 (NH0897), and a control 
strain with multiple copies of the plasmid integrated. DNA quality was assessed by gel 
electrophoresis and samples were normalized to 400 ng/ µL. Relative quantification of SIR2 was 
determined by ΔΔCt, comparing a known diploid sample with known haploid, NH0897, and a 
control strain with multiple copies of the plasmid integrated.  Primers SIR2_F3 and SIR2_R3 were 
designed using Primer3 (http://primer3.ut.ee). 5 ng of duplicate DNA templates were amplified 
with BioRad SSO Advanced Syber Green Supermix run in triplicate on a CFX Connect Real-Time 
PCR Detection System. The reaction was run using CFX Connect program at 95°C for 3 minutes, 
followed by 39 cycles of 95°C for 10 seconds and 55°C for 30 seconds. Additional details are 
available upon request. 

 
Microfluidic device fabrication 

Design and fabrication of the microfluidic device for yeast replicative aging followed 
previously published work (6). In brief, SU8 2000 series photoresists (MicroChem), chrome glass 
masks (HTA Photomask) and an EVG620 contact mask aligner (EV Group) were used to construct 
and pattern the desired features for each layer onto silicon wafers (University Wafer Inc.). Feature 
heights were validated using a Dektak 150 surface profiler (Veeco). 
 
Setting up a microfluidic experiment 

Each chip contains four identical individual microfluidic devices with each checked 
carefully before use to ensure no dust or broken features were present. Before setting up a 
microfluidics experiment, the device was placed under vacuum for 20 min. After removing the 
device from the vacuum, all of the inlets of the device were immediately covered with 0.075% 
Tween 20 (Sigma- Aldrich Co.) for more than 5 min. The microfluidic device was placed on the 
stage of an inverted microscope with a 30°C incubator system. Media ports were connected to 
plastic tubing, which connected to 60 ml syringes with fresh SD (prepared from CSM powder from 
Sunrise Science, #1001-100, with 2% glucose) medium containing 0.04% Tween-20. The height 
of the medium syringes is about 24 inches above the stage. The waste port of the microfluidic 
device was connected to plastic tubing, which was set to stage height. Yeast cells were inoculated 
into 2 ml of synthetic complete medium (SD, 2% glucose) and cultured overnight at 30°C. From 
this culture, 2 µl of saturated culture was diluted into 20 ml of fresh SD and grown at 30°C 
overnight until it reached OD600nm ~ 1.0. For loading, cells were diluted 4 - fold and transferred 
into a 60 ml syringe (Luer-Lok Tip, BD) connected to plastic tubing (TYGON, ID 0.020 IN, OD 
0.060 IN, wall 0.020 IN). To load cells, the media port was replaced with a syringe filled with the 
yeast culture. The height of the cell loading syringe is also about 24 inches above the stage. The 
flow of medium in the device was maintained by gravity and drove cells into traps. Most traps 
were filled with cells within 1-2 minutes, after which the loading tubing was replaced with the 
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media supply tubing and syringe. Heights of all tubing were adjusted to make the height difference 
around 60 inches. Waste medium was collected in a 50 ml tube to measure flow rate, which was 
about 2.5 ml/day. Note that Tween-20 is a non-ionic surfactant that helps reduce cell friction on 
the PDMS. We have validated previously that this low concentration of Tween-20 has no 
significant effect on cellular lifespan or physiology (6). 
 
Time-lapse microscopy  

Time-lapse microscopy experiments were performed using a Nikon Ti-E inverted 
fluorescence microscope with Perfect Focus, coupled with an EMCCD camera (Andor iXon X3 
DU897). The light source is a spectra X LED system. Images were taken using a CFI plan 
Apochromat Lambda DM 60X oil immersion objective (NA 1.40 WD 0.13MM). During 
experiments, the microfluidic device was taped to a customized device holder inserted onto the 
motorized stage (with Encoders). In all experiments, the microscope was programmed to acquire 
images for each fluorescence channel every 15 min for a total of 80 hours or more. The exposure 
and intensity setting for each channel were set as follows: Phase 50 ms, GFP 10 ms at 10% lamp 
intensity with an EM Gain of 50, mCherry 50 ms at 10% lamp intensity with an EM Gain of 200, 
iRFP 300 ms at 15% lamp intensity with an EM Gain of 300, and YFP 100 ms at 10% lamp 
intensity with an EM Gain of 300. The EM Gain settings are within the linear range. We had 
previously confirmed that this fluorescence imaging setting did not affect lifespan (6).  
 
Quantification of single-cell traces 

Fluorescence images were processed with a custom MATLAB code. Background of 
images from each channel were subtracted. Cell nuclei were identified by thresholding the iRFP 
images. Each image was evenly divided into 6 parts, each containing a single cell trap. The position 
of the indentation in the cell trap was labeled. In each trap, the positions of the nuclei for single 
cells were labeled. Mother cells were identified by comparing the positions of the dent and the 
positions of the nuclei. For fluorescent reporters that are evenly diffuse inside the cell, the nuclei 
of mother cells were further dilated to generate a mask to quantify the fluorescence intensities. The 
mean intensity value of the top 40% of the pixels of fluorescence reporters was quantified, as 
described previously (6). We have also tested segmenting the whole cell using phase images and 
quantified the mean fluorescence intensities of the whole cell. The resulting time traces were 
similar to those obtained using the nucleus-based segmentation. Because the nucleus-based 
segmentation is more robust and enables automated analysis of a large number of cells, we chose 
to use this method for all imaging analysis.  

 
To plot the reporter level changes as a function of the percentage of lifetime, the total 

lifetime of each mother cell was equally divided into 50 fractions. The mean intensities of nuclear 
iRFP reporter and rDNA silencing reporter in each fraction were calculated and used for plotting. 
Cell divisions of each mother cell were manually identified and counted at the time that the nuclei 
become completely separated between mother and daughter cells. To quantify the change of cell 
cycle length during aging, the lifetime of each single cell was equally divided into 10 fractions. 
The mean length of all cell cycles in each fraction was calculated and plotted. For single-cell aging 
dynamics and replicative lifespan (RLS) analyses, we collected data from at least 3 independent 
experiments and only counted cells that were retained in the device throughout their entire 
lifespans. All escaping or washed-out cells and a small fraction of cells that showed apparently 
abnormal morphologies even at the very beginning of the experiment were excluded from the 
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analysis, as described previously (6, 7). Significance numbers for the RLS changes (log rank test 
and Gehan-Breslow-Wilcoxon test) were calculated using Prism GraphPad 7 (GraphPad Software, 
CA).  
 
Categorization of aging modes 

Cells were categorized into different aging modes based on their aging phenotypes, 
characterized by the morphologies of their late daughters. Mothers continually producing round 
daughters at the last four generations were categorized as Mode 2. Mothers continually producing 
elongated daughters at the last four generations were categorized as either Mode 1 or Mode 3. 
Among these cells, those that have an intensity of rDNA-GFP reporter below 200 (the cutoff 
obtained from the average initial state of the population) at the last cell cycle were categorized as 
Mode 3, whereas cells that have an intensity of rDNA-GFP reporter above 200 (indicating loss of 
silencing) at the last cell cycle were categorized as Mode 1.  
 

Supplementary Text 
Computational Modeling 
Deterministic model 

In this model, we used two Hill functions of order 4 for both HAP and Sir2 positive 
feedbacks. The mutual inhibition was expressed by other two Hill functions of order 2 modulated 
by two strength factors, 𝛼 and 𝛽. The difference between these two equations is that Sir2 (S) is 
regulated by activation and deactivation, while HAP (H) is regulated by synthesis and degradation. 
The nullclines were calculated numerically with the MATLAB “root” function and complex roots 
were omitted.  
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The parameters used in the model are listed below in Table S1. 
 
Potential landscape computation  

Stochastic dynamics of aging can be described by the following Langevin equations in 
which two noise terms,	𝜉$ and 𝜉-, are added to the deterministic equations: 
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The noise terms are modeled as two independent white Gaussian processes with 
magnitudes 𝐷$ , 	𝐷- ,  H𝜉I(𝑡)𝜉K(𝑡L)M = N𝐷I	𝐷K𝛿IK𝛿(𝑡 − 𝑡L); 𝑖, 𝑗 ∈ {𝐻, 𝑆} . To generate potential 
landscapes 𝐸(𝐻, 𝑆), we deduced the associated two-dimensional Fokker-Planck equation from 
(3)(4) for the dynamics of the probability distribution 𝑝(𝐻, 𝑆, 𝑡),  

 
∂𝑝(H, S, t)

∂t = −
𝜕
𝜕𝐻

[𝐹$𝑝(𝐻, 𝑆, 𝑡)] −
𝜕
𝜕𝑆
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𝜕5𝑝
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𝜕𝑆5 									(5) 

 
where 𝐹$, 𝐹-  are the right-hand sides of equations (1), (2). We simulated the Fokker-Planck 
equation in a rectangular domain 0 < 𝐻 < 𝐻d@e, 0 < 𝑆 < 𝑆%?%@A  with no-flux boundary 
conditions (to conserve probability) until 𝑡 = 𝑇d@e when the probability density converged to the 
asymptotic state 𝑃(𝐻, 𝑆) and used the formula 𝐸(𝐻, 𝑆) = − logk𝑃(𝐻, 𝑆)l to obtain the potential 
landscape.  As initial condition we used a Gaussian probability distribution 	𝑝(𝐻, 𝑆, 0) =
(2𝜋𝜎$𝜎p)*(𝑒𝑥𝑝 s−

($*$t)3

uv
3 − (-*-t)3

uw
3 x  (see Table S2 for the parameters of simulations). We 

employed first-order in time and second-order in space finite-difference scheme with 256 x 256 
collocation points.  
 
HAP and Sir2 both have potential to generate bistability 

When α and β are set to be 0 in our model, i.e. the negative feedback terms 
((*+)-./012/

./

-./012/
./  

and 
((*;)$.<012<

.<

$.<012<
.<  are equal to 1, and the system does not have mutual inhibition. HAP and Sir2 

form two independent positive feedback loops. These two positive feedbacks have 3 x 3=9 fixed 
points, four of which are stable. In the phase plane, the nullclines are intersecting vertical or 
horizontal lines (Fig. S17A). When α and β are set to non-zero values, the straight nullclines are 
distorted. In the WT case, α=0.35 and β=0.95, HAP has strong inhibition on Sir2. As a result, the 
Sir2 nullclines are greatly distorted, causing the disappearance of the HAPHigh Sir2High state (Fig. 
S17B). 
 
hap4D and sir2D  

To simulate the aging process of the sir2D mutant, we set the total amount of Sir2 to a very 
low level (20 compared to 225 for WT; non-zero value to allow a comparison with the data using 
the rDNA-GFP reporter).  In this case, Sir2 loses its bistability, as depicted by only one line (Fig. 
S18, blue) in the phase plane plot. This is consistent with the experimental results that sir2D mutant 
have similar extremely low Sir2 levels (as indicated by high rDNA-GFP levels) for both aging 
modes (Fig. 2A).  

 
For the hap4D mutant, as Hap4 is a component of the HAP complex, we assume the 

deletion of Hap4 does not completely abolish HAP activity; instead, the mutant weakens the 
production of HAP (𝑘( = 32 for this mutant).  As shown in Fig. S19, the high HAP stable fixed 
point moves closer to the unstable fixed points, resulting in a bias fate decision toward Mode 2, in 
agreement with the experimental data of the hap4D mutant (Fig. 2B). 

  
Dependence of the system’s behaviors on total Sir2 level and the basal level of HAP production    
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An increase in the total amount of Sir2 (Stotal = 450 instead of 225) can distort the HAP 
nullclines. More importantly, the increase in Sir2 can partially counteract the inhibition from HAP 
and lead to the emergence of the fourth stable point (Fig. 3C). The Sir2 nullclines are extended 
and intersect with the high HAP nullcline (compare Fig. S20, A and B). This new stable fixed 
point can account for the generation of Mode 3 in the 2 x SIR2 strain observed experimentally 
(Fig. 2D). However, further increase in Sir2 (over 1200) makes the stable fixed point disappear 
again, due to the strong inhibition of Sir2 on HAP (lowered HAP nullclines in Fig. S20C). We 
plotted a bifurcation diagram to show that the Mode 3 aging happens within a critical range of Sir2 
total amount, from 400 to 1200 (Fig. S20D). 
 

We also investigated the stability dependence on the Hap4 basal expression (k2). As shown 
in Fig. S21, the minimal amount of Sir2 needed to generate the new Sir2highHAPhigh stable point is 
affected very modestly by k2 (the lower bound of the shaded area). However, the upper limit of 
Sir2 greatly depends on the level of Hap4 production. This analysis led to the prediction that the 
combined overexpression of Sir2 and Hap4 can promote Mode 3 aging (Fig. 3D), which had been 
further tested experimentally (Fig. 4). 

 
Observations of daughter morphologies during aging using classical microdissection assay 

To determine whether divergent aging can be observed using classical microdissection 
assay, we performed the assay and found that, similar to what we observed using microfluidics, 
yeast cells exhibit two different types of daughter morphological changes upon aging, producing 
elongated daughters (Mode 1) or small round daughters (Mode 2) (Fig. S2). These results are 
consistent with previous microdissection observations of different bud morphologies at the 
terminal stages of aging cells (34, 35). 
 
Nucleolar enlargement in a subpopulation of aging cells 

As shown in Fig. 1B, we found that nucleolar enlargement occurs in Mode 1 aging cells, 
but not in Mode 2 aging cells. We note that a recent study by Morlot et al. (12), however, observed 
nucleolar enlargement in most aging cells. In this work, the authors used an extensively engineered 
strain (from the Kobayashi lab) to monitor nucleolar enlargement, in which a 50 x lacO sequence 
(bound by GFP-LacI) is inserted close to replication fork barrier (RFB) at every single rDNA 
repeat (150 x). Net1, an essential component of the RENT complex that mediates rDNA silencing, 
is also endogenously tagged with mCherry in the same strain. It is likely that these extensive 
manipulations may influence the aging fate decision and direct most cells to Mode 1 aging, as we 
found that the proportion of each Mode in an aging population is sensitive to genetic perturbations 
(Fig. 2). In support of our speculation, another study from the Kobayashi lab (36) showed that the 
insertion of a GAL promoter (with Gal binding under galactose) at a similar position of every 
rDNA copy affects rDNA stability. Therefore, the different observations between Morlot et al. and 
our study may arise from the different strains used in the two studies.  
 
The effects of HAP4 overexpression under different promoters on lifespan 

In Fig. 4B, we showed that HAP4 overexpression only modestly extends lifespan. A 
previous study by Lin SJ et al (20) that examined HAP4 overexpression showed a more dramatic 
lifespan extension, in which HAP4 is overexpressed under the ADH1 promoter, a much weaker 
promoter than the TDH3 promoter that we used. To reconcile these different results, we measured 
the replicative lifespan (RLS) for HAP4 overexpression under the ADH1 promoter. In this case, 
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we observed a more dramatic extension of RLS with a high significance (p<0.0001 log rank test; 
p<0.0001 Gehan-Breslow-Wilcoxon test) (Fig. S13), consistent with Lin SJ et al. In our study, 
based on the modeling analysis (Fig. S21), the strong promoter-driven (e.g. the TDH3 promoter) 
HAP4 overexpression contributes to the synergistic effect on RLS when combined with 2 x SIR2.  
 
RLSs of Mode 1, Mode 2 and Mode 3 in WT and overexpression strains  

In WT (Fig. 1, E and F), 2 X SIR2 (Fig. 2, E and F), and O/E HAP4 + 2 X SIR2 (Fig. S22), 
we observed similar results that the RLS of Mode 1 is longer than that of Mode 2; Mode 3 has the 
longest RLS. At the same time, Mode 2 features a more dramatic extension of cell cycle length 
during aging compared to Mode 1; Mode 3 retains a normal cell cycle length throughout the entire 
lifespan. Therefore, the relative RLS ranking and cell cycle phenotypes of Mode 1, 2 and 3 in 
isogenic populations hold true for WT and various overexpression perturbations.  
 

To interpret this RLS ranking, we would like to first emphasize that either heme depletion 
or Sir2 silencing loss leads to aging and death. Therefore, we need to consider both the heme level 
and the Sir2 silencing level when considering the RLS. Mode 2 has high silencing but heme 
depletion, whereas Mode 1 has high heme but silencing loss. Heme depletion and mitochondrial 
decline might be more detrimental to the cell than rDNA silencing loss, resulting in a shorter RLS 
of Mode 2 than that of Mode 1. In support of this possibility, Mode 2 cells (heme depleted) suffer 
a much earlier and much more dramatic extension of cell cycle length (Fig. 1E; Fig. S10C; Fig. 
2F; Fig. S22B). Mode 3 cells are the most long-lived as they can maintain a balance between Sir2 
silencing and heme, keeping high levels of silencing and heme, close to the state of newborn cells 
(compare the initial state and terminal state in Fig. 2D), throughout the entire aging process. With 
this high silencing, high heme state, Mode 3 cells are able to avoid age-dependent extension of 
cell cycle length throughout the entire lifespan (Fig. 2F; Fig. S22B).  

 
Finally, we did observe some changes in the absolute RLS of a mode among WT and 

overexpression strains. For instance, the RLS of Mode 2 in 2 X SIR2 is longer than that in WT 
(Mode 2 in Fig. 2E vs Fig. 1E), suggesting an additional pro-longevity role of Sir2 in heme 
depleted cells. Similarly, Hap4 overexpression reduces the RLS of Mode 3 in 2 X SIR2 (Mode 3 
in Fig. S22A vs Fig. 2E), suggesting excessively high HAP activity might accelerate aging. We 
speculate that these effects may be mediated by additional functions of Sir2 and HAP (both are 
pleiotropic) that will require further investigation in future studies.  

 
  



 10 

 

 
 
 
 
Fig. S1. Microfluidic device for analyzing replicative aging in yeast. (A) Overview of the 
device, which consists of four units with independent media inlets and waste ports. The device 
allows for a maximum of four different strains to be analyzed during a single experiment. Each 
device contains a total of 400 traps, with each individual unit having 100 cell traps. (B) Close-up 
of a single unit, consisting of two layers: media channels (blue, 15 µm tall) and cell traps (gray, 
4.5 µm tall). Cells are loaded into chambers that trap mother cells while allowing them to bud 
continuously up toward the entrance of the trap or down through a small 3 µm opening toward the 
bottom of the trap.     
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Fig. S2. Observations of daughter morphologies during aging using the microdissection 
assay. (A) Representative images of aging yeast cells at terminal stages of their RLSs observed by 
phase microscopy. “M” and yellow arrows point to the mother cells; “D” and white arrows point 
to the daughter cells. Similar to the morphologies observed using microfluidics, yeast cells exhibit 
two different types of daughter morphological changes upon aging, producing elongated daughters 
(Mode 1) or small round daughters (Mode 2) (B) Proportions of Mode 1 (red) and Mode 2 (blue) 
aging cells from the microdissection assay (n=65). See Supplementary Text - Observations of 
daughter morphologies during aging using classical microdissection assay. 
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Fig. S3. Divergent aging in the W303 WT strain. (A) Representative time-lapse images of Mode 
1 and Mode 2 aging processes in W303 WT, for phase (top) and nuc. iRFP (bottom). Time-lapse 
images are representatives of all Mode 1 and Mode 2 cells measured in this study (n=252). 
Replicative age is shown at the top left corner of each image. For phase images, aging and dead 
mother cells are denoted by yellow and red arrows, respectively. In fluorescence images, aging 
mother cells, newborn daughter cells, and dead mother cells are circled in yellow, grey and red, 
respectively. (B) Proportions of Mode 1 (red) and Mode 2 (blue) aging cells in BY4741 and W303. 
BY4741: Mode 1: n=89, Mode 2: n=99; W303: Mode 1: n=132, Mode 2: n=120. These results 
confirmed that the divergent aging and age-dependent changes of heme level revealed in this study 
are not specific to BY4741. 
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Fig. S4. Color map aging trajectories of Nop1-mCherry in Mode 1 and Mode 2 aging. Single-
cell color map trajectories of (A) Nop1-mCherry, and (B) cell cycle length for Mode 1 (left) and 
Mode 2 (right) aging cells. Each row represents the time trace of a single cell throughout its life 
span. Color represents the fluorescence intensity or cell cycle time as indicated in the color bar. 
Cells are sorted based on their RLS. Single-cell data in (A) and (B) were from the same cells 
(n=116). 
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Fig. S5. Chemical perturbations drive Mode 1 or Mode 2 aging. (A) Nicotinamide (NAM) 
represses Sir2 and rDNA silencing, leading to an increased proportion of cells undergoing Mode 
1 aging. Left: representative images illustrating the effects of NAM on the rDNA-GFP reporter; 
Right: proportions of Mode 1 (red) and Mode 2 (blue) aging cells in SD medium in the absence 
(n=187) or presence (n=138) of 5 mM NAM. Note that NAM induces sustained silencing loss and 
hence accelerates the progression of Mode 1 aging towards death (RLS = 10 generations). (B) 
Yeast cells became elongated in liquid culture with SD + 5 mM NAM. Representative phase 
images of cells cultured in SD or SD + NAM for 10 hours are shown. These results suggested a 
possibility that the elongated cell morphology is a phenotype of Sir2 activity loss, independent of 
microfluidic confinement. (C) Succinylacetone (SA) inhibits heme biosynthesis, leading to an 
increased proportion of cells undergoing Mode 2 aging. Left: representative images illustrating the 
effects of SA on the nuc. iRFP reporter; Right: proportions of Mode 1 (red) and Mode 2 (blue) 
aging cells in SD medium in the absence (n=187) or presence (n=94) of 0.05 mM SA. 
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Fig. S6. Validation of HS1 and iRFP reporters. (A) Illustration of the ratiometric fluorescent 
heme sensor, HS1. Left: the reporter consists of a heme-binding domain (Cyt b562), fused to GFP 
and mKATE2. Right: because binding of heme to Cyt b562 quenches GFP fluorescence, but not 
mKATE2 fluorescence, a low GFP signal indicates a high heme level whereas a high GFP signal 
indicates a low heme level. mKATE2 is insensitive to the changes in heme level and serves as a 
control of reporter expression. (B) Responses of the HS1 reporter during Mode 1 and Mode 2 
aging, with mKATE2 as an expression control. Top panel: representative time-lapse images of the 
HS1 responses during Mode 1 and Mode 2 aging. Replicative age is shown at the top left corner 
of each image. Aging mother cells, newborn daughter cells, and dead mother cells are circled in 
yellow, grey and red, respectively. For the HS1 reporter, both GFP and mKATE2 are shown. GFP 
fluorescence increased during Mode 2 aging, but not Mode 1 aging. mKATE2 fluorescence 
remained unchanged in both modes, confirming the expression of the reporter did not change in 
either mode of aging (n=230). Bottom panel: responses of a variant of HS1 with His102 and Met7 
mutated to Ala and His63 to Asn (HS1-M7A, H102A, H63N) during aging. This variant reporter 
is insensitive to heme level changes and therefore showed no changes in either mode of aging 
(n=183), confirming that the increase of HS1-GFP signal observed in Mode 2 aging is due to a 
change in heme level. These results also confirmed that the observed changes in rDNA-GFP and 
nuc. iRFP reporters during Mode 1 or Mode 2 aging (Fig. 1) are not caused by age-associated 
global effects on gene expression. (C) Illustration of the phytochrome-based near infra-red 
fluorescent protein (iRFP) reporter. Because the fluorescence of iRFP depends on a heme 
degradation product, biliverdin, high iRFP fluorescence may indicates high heme levels whereas 
low iRFP fluorescence indicates low heme levels. (D) IRFP fluorescence in hmx1D cells. HMX1 
encodes the heme oxygenase that catalyzes the oxidative breakdown of heme to biliverdin. IRFP 
fluorescence was dramatically decreased in hmx1D cells, confirming the dependence of iRFP 
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fluorescence on biliverdin. (E) Responses of HS1 and iRFP reporters to chemical perturbations of 
heme level. HS1 and iRFP reporters were co-expressed in the same cells. SA inhibits heme 
biosynthesis and decreases heme level. Consistently, increased HS1-GFP and decreased iRFP 
signals were observed in response to 1.5 mM SA for 8 hours. In contrast, increased iRFP signal 
was observed in response to 0.8 mM 5-aminolevulinic acid (5-ALA), a precursor in heme 
biosynthesis, which increases intracellular heme levels. HS1, as a high-affinity heme sensor, is 
saturated and hence insensitive to the increase of heme level induced by 5-ALA. (F) Responses of 
cytoplasmic iRFP reporter during Mode 1 and Mode 2 aging (n=124). Cytoplasmic and nuclear-
anchored (Fig. 1D) iRFP reporters showed similar patterns of fluorescence changes during aging, 
confirming that the iRFP signal changes during aging is independent of reporter localization. To 
facilitate single-cell tracking and image quantification, the nuclear-anchored iRFP reporter (nuc. 
iRFP) was used throughout this study. 
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Fig. S7. Expression levels of HAP-regulated genes in Mode 1 and Mode 2 aging. 
Representative time-lapse images of Cox5a-GFP and Cyc1-GFP during Mode 1 and Mode 2 aging 
processes. Replicative age is shown at the top left corner of each image. Aging mother cells, 
newborn daughter cells, and dead mother cells are circled in yellow, grey and red, respectively. 
Levels of Cox5a-GFP (n=165) and Cyc1-GFP (n=179) decreased specifically during Mode 2 
aging, but not Mode 1 aging. 
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Fig. S8. Color map aging trajectories of Cox5a-GFP in Mode 1 and Mode 2 aging. Single-cell 
color map trajectories of (A) Cox5a-GFP, and (B) cell cycle length for Mode 1 (left) and Mode 2 
(right) aging cells. Each row represents the time trace of a single cell throughout its life span. Color 
represents the fluorescence intensity or cell cycle time as indicated in the color bar. Cells are sorted 
based on their RLS. Single-cell data in (A) and (B) were from the same cells. 
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Fig. S9. Heme depletion coincided with increased abundance of Pma1 and loss of 
mitochondrial membrane potential in Mode 2 cells. (A) Representative time-lapse images of 
Pma1-mCherry during Mode 1 and Mode 2 aging processes. Responses of the nuc. iRFP reporter 
from the same cells have also been included to reflect the convergence of changes in heme and 
Pma1 levels during Mode 2 aging. Replicative age is shown at the top left corner of each image. 
In the Pma1-mCherry images, aging mother cells and dead mother cells are denoted by yellow and 
red arrows, respectively. Previous studies showed that Pma1 is a proton ATPase that accumulates 
in aging cells and induces cytosolic pH increases, leading to reduced vacuolar acidity and loss of 
mitochondrial membrane potential. Concurrently with decreased heme level, Pma1 accumulated 
more dramatically during Mode 2 aging than Mode 1 aging (n=159), suggesting that the changes 
in heme level may converge onto the Pma1-mediated aging pathway. (B) Localization of proteins 
to the mitochondrial matrix in Mode 1 and Mode 2 aged cells. Representative images showed the 
localization of proteins to the outer mitochondrial membrane (Tom70-YFP) or the mitochondrial 
matrix (preCox4-mCherry) at the terminal stage of Mode 1 and Mode 2 aging (n=228). PreCox4-
mCherry containing the inner mitochondrial membrane targeting pre-sequence of Cox4 fused with 
mCherry is a reporter for mitochondrial matrix targeting that depends on inner mitochondrial 
membrane potential. In Mode 1 aged cells, preCox4-mCherry remained colocalized to the tubular 
structure with Tom70-YFP; in contrast, in Mode 2 aged cells, preCox4-mCherry failed to localize 
to mitochondria and showed diffuse cytoplasmic localization, indicating a loss of mitochondrial 
membrane potential. (C) Chemical depletion of heme induces the accumulation of Pma1-mCherry, 
suggesting a causal role of heme decline on Pma1 accumulation. Cells expressing Pma1-mCherry 
was treated with SA for 10 hours (n=116). 
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Fig. S10. Color map aging trajectories of the dual reporter strain in Mode 1 and Mode 2 
aging. Single-cell color map trajectories of (A) rDNA-GFP reporter, (B) nuc. iRFP reporter, and 
(C) cell cycle length for Mode 1 (left) and Mode 2 (right) aging cells. Each row represents the time 
trace of a single cell throughout its life span. Color represents the fluorescence intensity or cell 
cycle time as indicated in the color bar. Cells are sorted based on their RLS. Single-cell data in 
(A)(B)(C) were from the same cells, in which the two reporters were co-expressed. These data 
were used to generate Fig. 1G. 
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Fig. S11. Deletion of Sir2 increases the expression levels of HAP-regulated genes. 
Representative images showing Cox5a-GFP and Cyc1-GFP in WT and sir2D cells. 
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Fig. S12. Color map aging trajectories of rDNA-GFP reporter in sir2D.  Each row represents 
the time trace of a single cell throughout its life span. Color represents the fluorescence intensity 
as indicated in the color bar. Cells are sorted based on their RLS. The single-cell color map 
trajectories of WT Mode 1 aging cells (right) were from Fig. S10A and were included here to allow 
a direct comparison with those of sir2D, using the same color bar. The sir2D cells differ from WT 
Mode 1 cells in that they experience sustained loss of rDNA silencing from the beginning of their 
lives resulting in accelerated progression towards death (RLS = 14 generations), whereas WT 
Mode 1 cells lose silencing at the late phase of the aging process. 
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Fig. S13. Replicative lifespans for WT and HAP4 overexpression under the ADH1 promoter 
(n=139). RLS curves for WT and the strain with HAP4 overexpression under the ADH1 promoter. 
Hap4 overexpression under the ADH1 promoter significantly extends the RLS (p<0.0001 log rank 
test; p<0.0001 Gehan-Breslow-Wilcoxon test). See Supplementary Text - The effects of HAP4 
overexpression under different promoters on lifespan. 
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Fig. S14. WT cells aging under caloric restriction (CR, 0.02% glucose). (A) Aging trajectories 
under CR. The vast majority (98%) of cells aged with Mode 1 phenotypes (red). Only 2% of cells 
underwent Mode 2 aging (blue). (n=138). CR-treated cells were defined as Mode 1 cells based on 
their elongated daughter morphology and the changes in the silencing and heme reporter levels 
during aging. Our observations were not based on direct measurements of rDNA stability and 
hence do not contradict previous results from Smith’s lab (Smith JD et al, Aging Cell 2009) 
showing that CR reduces the frequency of rDNA recombination in a Sir2 and silencing-
independent way.  (B) Replicative lifespans (RLSs) of WT cells under CR and non-CR conditions. 
CR significantly extends the lifespan (p<0.0032 log rank test; p<0.0001 Gehan-Breslow-Wilcoxon 
test). (C) Changes of cell cycle length under CR and non-CR conditions. Average lengths of cell 
cycles have been quantified and plotted between generation 1 to 9 for CR (red) and non-CR (black) 
conditions. Shaded areas represent SEM. CR-treated cells showed Mode 1 phenotypes, 
characterized by elongated daughters, and gradually decreased silencing and increased heme, with 
a cell cycle slowdown. 
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Fig. S15. Confirmation of SIR2 copy number in the 2 X SIR2 strain (NH0897). (A) Illustration 
of the chromosomal integration of the SIR2-DE plasmid (NHB0638). Plasmid containing the SIR2 
ORF and its promoter was linearized by SphI for chromosomal integration.  (B) Diagrams of 
possible conformations for SIR2-DE plasmid integration and primers used for checking SIR2 
integration and copy number. Case 1 (upper panel), depicts a single copy of the SIR2-DE plasmid 
integrated at the SIR2 promoter region. Case 2 (lower panel), depicts multiple copies of the SIR2-
DE plasmid integrated at the SIR2 promoter region. Using genomic DNA from transformants as 
the template, primer F1 and primer R2 were used for checking SIR2-DE plasmid integration. A 
PCR product around 3100 bp indicates a successful integration of plasmid. Primer F1 and primer 
R1 were used for checking whether a single copy or multiple copies of the SIR2-DE plasmid was 
integrated: a PCR product around 3100 bp indicates that multiple copies of the plasmid were 
integrated and no PCR product suggests single-copy integration of the plasmid. F1 and R1 are 
unique sequences that anneal to the plasmid backbone, whereas R2 primer is a specific sequence 
that is only located downstream of the SIR2 ORF. F3 and R3 anneal to the ORF of SIR2 and 
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amplify a ~80 bp sequence. The sequence information of these primers is provided in Table S6. 
(C) Gel electrophoresis of PCR products from analytical PCR using primer pairs F1/R2 and F1/R1, 
respectively. PCR reactions using the F1/R2 pair generated a 3100 bp band for NH0897 and 2 
other transformant colonies, confirming the integration of the plasmid at the SIR2 locus in all three 
colonies. PCR reactions using the F1/R1 pair generated a ~3100 bp band for the two control 
colonies, indicating that they both have multiple copies of the plasmid integrated; in contrast, the 
reaction yielded no PCR product for NH0897, indicating single-copy integration of the plasmid. 
(D) Determination of the gene dosage of SIR2 by qPCR. To further confirm the copy number of 
SIR2 in NH0897, qPCR optimized to detect gene copy number variations was performed using the 
F3/R3 primer pair. Haploid (one copy of SIR2), wild-type diploid (two copies of SIR2), and Multi-
Copy Colony 1 (with multiple copies of the plasmid integrated; from panel (C) were included as 
the controls. Relative quantification of SIR2 gene dosage was determined by ΔΔCt. Mean and 
SEM were shown in the bar graph. NH0897 showed the gene dosage of SIR2 about 2-fold of that 
of haploid WT, confirming the single copy integration of the SIR2-DE plasmid (NHB0638) in this 
strain. 
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Fig. S16. Cell-to-cell variations in cell cycle length during Mode 1, 2, 3 aging in the 2 x SIR2 
strain. The lifetime of each mother cell has been equally divided into 5 fractions. The distribution 
of all cell cycle lengths in each time fraction was plotted in the box plot. In the plot, the bottom 
and top of the box are first (the 25th percentile, q1) and third quartiles (the 75th percentile, q3); 
the band inside the box is the median; the whiskers cover the range between q1-1.5x(q3-q1) and 
q3+1.5x(q3-q1).   
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Fig. S17. Phase planes and nullclines when the mutual inhibition is absent or present. Red: 
HAP nullclines. Blue: Sir2 nullclines. (A) Phase plane in the absence of mutual inhibitions. Four 
stable fixed points are labeled with filled black circles, corresponding to the HAPHighSir2High, 
HAPHighSir2Low, HAPLowSir2High, and HAPLowSir2Low states. Unstable fixed points are labeled with 
open circles. (B) Phase plane in the presence of mutual inhibitions. The HAPHighSir2High state 
disappears when the nullclines are distorted by the mutual inhibition.  
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Fig. S18.  Phase plane and nullclines for the sir2D mutant. Red: HAP nullclines. Blue: Sir2 
nullclines. 
 
 
  



 30 

 
 
 

 
 
 
Fig. S19.  Phase plane and nullclines for the hap4D mutant. Red: HAP nullclines. Blue: Sir2 
nullclines.  
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Fig. S20.  Dependence of the system’s behavior on the total amount of Sir2. (A-C) Phase planes 
for three different total Sir2 amounts. To generate the bifurcation diagram, only the fixed points 
that changes considerably (highlighted with circles, other fixed points are not highlighted) are 
plotted. (D) Bifurcation diagram for total amount of Sir2. Solid curve - stable fixed points. Dashed 
curve - unstable fixed points. The shaded area indicates the parameter range that enables the 4th 
stable fixed point (Mode 3 in the data).  
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Fig. S21. Stability dependence on basal Hap4 expression (k2). The shaded area shows the region 
in which the Sir2highHAPhigh stable fixed point (corresponding to Mode 3 aging) emerges in the 
parameter space. The long arrow corresponds to the changes of Sir2 amount in Figure S20D.  
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Fig. S22. Replicative lifespans and cell cycle lengths for Mode 1, Mode 2 and Mode 3 for 
HAP4 overexpression combined with 2 x SIR2. (A) Replicative lifespans for Mode 1, Mode 2 
and Mode 3 in the HAP4 overexpression + SIR2 2-fold overexpression strain (O/E HAP4 + 2 X 
SIR2). Note that only 6 Mode 2 cells (out of 103 cells) were observed in O/E HAP4 + 2 X SIR2, 
so the RLS of Mode 2 has a low statistical power. (B) Changes of cell cycle length during Mode 
1, 2 and 3 aging in the HAP4 overexpression + SIR2 2-fold overexpression strain (O/E HAP4 + 2 
X SIR2). The lifetime of each mother cell has been equally divided into 10 fractions. In each time 
fraction, the average length of all cell cycles has been quantified and plotted. Shaded areas 
represent standard errors of the mean (SEM). See Supplementary Text - RLSs of Mode 1, Mode 2 
and Mode 3 in WT and overexpression strains. 
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Fig. S23. Replicative lifespans for WT, fob1D (n=135), and HAP4 overexpression combined 
with fob1D (O/E HAP4 + fob1D; n=120). RLS curves for SIR2 2-fold overexpression (2 X SIR2) 
and combined HAP4 overexpression and SIR2 2-fold overexpression (O/E HAP4 + 2 X SIR2) are 
included for comparison. Deletion of FOB1 extends RLS (p<0.0001 log rank test; p<0.0001 
Gehan-Breslow-Wilcoxon test), and importantly, O/E HAP4 leads to a further RLS extension in 
fob1D (p<0.0001 log rank test; p<0.0001 Gehan-Breslow-Wilcoxon test). 
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Parameter Value Description 
𝑘( 40 min-1 HAP production rate 
𝑘5 1 min-1 Basal level of HAP production rate 
𝑘7 0.004 min-1 HAP degradation rate 
𝑘: 0.02 min-1 Sir2 activation rate 
𝑘B 0.04 min-1 Basal level of Sir2 activation rate 
𝑘C 0.004 min-1 Sir2 deactivation rate 
𝐾z( 280 Equilibrium constant for Sir2 inhibition of HAP 
𝐾z5 4250 Equilibrium constant for HAP autoregulation 
𝐾z7 2200 Equilibrium constant for HAP inhibition of Sir2 
𝐾z: 90 Equilibrium constant for Sir2 autoregulation 
𝑛( 2 Hill coefficient for Sir2 inhibition of HAP 
𝑛5 4 Hill coefficient for HAP autoregulation 
𝑛7 2 Hill coefficient for HAP inhibition of Sir2 
𝑛: 4 Hill coefficient for Sir2 autoregulation 
𝛼 0.35 Strength factor for Sir2 inhibition of HAP 
𝛽 0.95 Strength factor for HAP inhibition of Sir2 

𝑆%?%@A  225 Total amount of Sir2 
 
 
Table S1. Kinetic parameters used in the model for WT strain. 
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Table S2. Parameters of numerical simulations of the Fokker-Planck model (WT strain). 
  

𝐷$ 500 
𝐷- 0.45 
𝐻| 3725 
𝑆| 112 
𝜎$ 5000 
𝜎p 150 
𝑇d@e 5000 
𝐻d@e  15000 
Δt 0.01 
ΔH 𝐻d@e/256 
ΔS 𝑆%?%@A/256 
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Table S3. Significance numbers for the RLS changes in Fig. 4B. Significance numbers are 
calculated using Prism GraphPad 7. * stands for “statistically significant”, ** stands for “very 
significant”, ***/**** stands for “extremely significant” (based on the definitions from Prism 
GraphPad 7). These tests were chosen based on (37). 
 
 
 
 
 
 
  

 Log rank (Mantel-COX) Test Gehan-Breslow-Wilcoxon Test 
 p value p value 
hap4D vs WT < 0.0001 (****) < 0.0001 (****) 
sir2D vs WT < 0.0001 (****) < 0.0001 (****) 
2 X SIR2 vs WT < 0.0001 (****) 0.0002 (****) 
O/E HAP4 vs WT 0.6989 0.0416 (*) 
O/E HAP4 + 2 X SIR2 
vs WT 

< 0.0001 (****) < 0.0001 (****) 
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Strain Name Description 
NH0083 W303 MATa trp1 leu2 ura3 his3 can1 ADE+ GAL+ psi+, NHP6a-iRFP-kanMX 
NH0270  BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, RDN1::NTS1-PTDH3-GFP-URA3, 

NHP6a-iRFP-kanMX 
NH0277 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, RDN1::NTS1-PTDH3-GFP-URA3, 

NHP6a-iRFP-kanMX, sir2::CgHIS3 
NH0283 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, ura3-1::URA3-

PTDH3-GFP 
NH0294 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, RDN1::NTS2-PTDH3-GFP-URA3, 

NHP6a-iRFP-kanMX, fob1::CgHIS3 
NH0505 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, RDN1::NTS1-PTDH3-GFP-URA3, 

NHP6a-iRFP-kanMX, PMA1-mCherry-HIS3 
NH0599 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-mCherry-HIS3, NHP6a:: 

PNHP6a -iRFP-GFP-URA3 

NH0664 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, ura3-1:: HS1-
URA3 

NH0666 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, ura3-1:: 
HS1M7A, H102A,H63N-URA3 

NH0717 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, COX5a-GFP-
URA3 

NH0719 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, RDN1::NTS1-PTDH3-GFP-URA3, 
NHP6a-iRFP-kanMX, hap4::CgHIS3 

NH0787 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, CYC1-GFP-
URA3 

NH1114 
 

BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, NOP1:: PNOP1-
NOP1-mCherry-HIS3 

NH0804 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, CYC1-GFP-
URA3, sir2::CgHIS3 

NH0805 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, COX5a-GFP-
URA3, sir2::CgHIS3 

NH0868 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, RDN1::NTS1-PTDH3-GFP-URA3, 
NHP6a-iRFP-kanMX, HAP4:: PTDH3-HAP4-LEU2 

NH0880 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, RDN1::NTS1-PTDH3-GFP-URA3, 
NHP6a-iRFP-kanMX, HAP4:: PTDH3-HAP4-LEU2, SIR2:: PSIR2 -SIR2-HIS3 (extra 
copy of SIR2) 

NH0892 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, TOM70-
mCtrine(VA)-HIS3 

NH0897 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, RDN1::NTS1-PTDH3-GFP-URA3, 
NHP6a-iRFP-kanMX, SIR2:: PSIR2 -SIR2-HIS3 (2 X SIR2) 

NH0926 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, NHP6a-iRFP-kanMX, TOM70-
mCtrine(VA)-HIS, PTDH3:: PTDH3 -preCOX4-mCherry-URA3 

NH1106 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, RDN1::NTS2-PTDH3-GFP-URA3, 
NHP6a-iRFP-kanMX, fob1::CgHIS3, HAP4:: PTDH3-HAP4-LEU2 
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NH1134 BY4741 MATa his3D1 leu2D0 met15D0 ura3D0, RDN1::NTS1-PTDH3-GFP-URA3, 
NHP6a-iRFP-kanMX, HAP4:: PADH1-HAP4-HIS3 

NH1117 BY4743 MATa/MATa   his3Δ/his3Δ   leu2Δ/leu 2Δ   LYS2/lys2Δ   MET15/met15Δ   
ura3Δ/ura3Δ  

 
 

Table S4. Strains used or constructed in this study.   
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Plasmid Name  Description  
NHB0558 pRS306-HS1 
NHB0560 pRS306- HS1M7A, H102A,H63N 
NHB0454 PRS306-PNHP6a-GFP-linker-iRFP 
NHB0658 pRS305-PTDH3-HAP4 
NHB0638 pRS303-PSIR2-SIR2 
NHB0683 pRS306-PTDH3-preCOX4-mCherry 
NHB0825 pRS303-PNOP1-NOP1-mCherry 
NHB0854 pRS303-PADH1-HAP4 

 
 
Table S5. Plasmids constructed in this study.  
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Primer Sequence(5’à 3’) Description 
Nuc_iRFP_F ATATGAATCCGAAAAGGAGTTA

TATAACGCCACTTTGGCTGGTG
ACGGTGCTGGTTTA 

Forward primer for amplification of iRFP-
KanMX for making nuclear-anchored iRFP 
reporter 

Nuc_iRFP_R AATTAAATCACACAGACAAAAA
CGCGGGGAGGAAGTATCC 
TCGATGAATTCGAGCTCG 

Reverse primer for amplification of iRFP-
KanMX for making nuclear-anchored iRFP 
reporter 

TOM70_C-
tag_F 

TCAAGAAACTTTAGCTAAATTA
CGCGAACAGGGTTTAATGGGTG
ACGGTGCTGGTTTA 

Forward primer for amplification of 
mCitrine(VA)-HIS3 for C-terminal tagging of 
TOM70 

TOM70_C-
tag_R 

TTTGTCTTCTCCTAAAAGTTTTT
AAGTTTATGTTTACTGTTCGATG
AATTCGAGCTCG  

Reverse primer for amplification of 
mCitrine(VA)-HIS3 for C-terminal tagging of 
TOM70 

PMA1_C-tag_F TGCTATGCAAAGAGTCTCTACT
CAACACGAAAAGGAAACC 
GGTGACGGTGCTGGTTTA 

Forward primer for amplification of 
mCherry-HIS3 for C-terminal tagging of 
PMA1 

PMA1_C-tag_R GTGACAAAAATTATGATTAAAT
GCTACTTCAACAGGATTA 
TCGATGAATTCGAGCTCG  

Reverse primer for amplification of mCherry-
HIS3 for C-terminal tagging of PMA1 

COX5A_C-
tag_F 

TGCTAATCCTTGGGGTGGTTATT
CTCAGGTCCAATCTAAA 
GGTGACGGTGCTGGTTTA 

Forward primer for amplification of GFP-
URA3 for C-terminal tagging of COX5a 

COX5A _C-
tag_R 

AACCCCTATTGATTTCCTTTCAA
AATTTCTGGCCTGTTCA 
TCGATGAATTCGAGCTCG 

Reverse primer for amplification of GFP-
URA3 for C-terminal tagging of COX5a 

CYC1_C-tag_F CAGAAACGACTTAATTACCTAC
TTGAAAAAAGCCTGTGAG 
GGTGACGGTGCTGGTTTA 

Forward primer for amplification of GFP-
URA3 for C-terminal tagging of CYC1 

CYC1_C-tag_R CTAATTACATGATATCGACAAA
GGAAAAGGGGCCTGTTTA 
TCGATGAATTCGAGCTCG 

Reverse primer for amplification of GFP-
URA3 for C-terminal tagging of CYC1 

SIR2_del_F CATTCAAACCATTTTTCCCTCAT
CGGCACATTAAAGCTGG 
ACAGGAAACAGCTATGACC 

Forward primer for amplification of CgHIS3 
for SIR2 deletion 

SIR2_del_R ATTAATTTGGCACTTTTAAATTA
TTAAATTGCCTTCTAC 
GTTGTAAAACGACGGCCAGT 

Reverse primer for amplification of CgHIS3 
for SIR2 deletion 

FOB1_del_F TTAACGATTGTGTGAGTGTGAA
TTTGTGCTGAGGATAACAACAG
GAAACAGCTATGACC 

Forward primer for amplification of CgHIS3 
for FOB1 deletion 

FOB1_del_R CTATGGTGACTCCTCCTTTCATT
CTATCCTACATATTAGTTGTAA
AACGACGGCCAGT 

Reverse primer for amplification of CgHIS3 
for FOB1 deletion 

HAP4_del_F ACCTACATTTTCTAGTACAAAA
AAAAAACAAAAAAAGAATC 
ACAGGAAACAGCTATGACC 

Forward primer for amplification of CgHIS3 
for HAP4 deletion 

HAP4_del_R TGATTTTTAGTTGTTTTCGTTTT
ATTGCAACATGCCTATT 
GTTGTAAAACGACGGCCAGT 

Reverse primer for amplification of CgHIS3 
for HAP4 deletion 
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Not1_NHP6a_F ATAAGAATGCGGCCGCTTTTAT
GGCCCTTGAAGAAGTTCATG 

Forward primer for amplification of NHP6a 
promoter for fusion PCR of  NotI_PNHP6a-
GFP-linker-iRFP_SalI 

NHP6a_R GTGAATAATTCTTCACCTTTAG
ACATTTTGTTTGCGACTGTGCTT
TACTATGTATAGGGT 

Reverse primer for amplification of NHP6a 
promoter for fusion PCR of  NotI_PNHP6a-

GFP-linker-iRFP_SalI 
GFP_F ACCCTATACATAGTAAAGCACA

GTCGCAAACAAAATGTCTAAAG
GTGAAGAATTATTCAC 

Forward primer for amplification of GFP 
ORF for fusion PCR of  NotI_PNHP6a-GFP-
linker-iRFP_SalI 

GFP_R GTTAATTAAACCAGCACCGTCA
CCTTTGTACAATTCATCCATACC
ATG 

Reverse primer for amplification of GFP 
ORF for fusion PCR of  NotI_PNHP6a-GFP-
linker-iRFP_SalI 

iRFP_F TACAAAGGTGACGGTGCTGGTT
TAATTAACATGGCTGAAGGTTC
TGTTGCTAG 

Forward primer for amplification of iRFP 
ORF for fusion PCR of  NotI_PNHP6a-GFP-
linker-iRFP_SalI 

SalI_iRFP_R ACGCGTCGACCCGGTAGAGGTG
TGGTCAATAAG 

Reverse primer for amplification of iRFP 
ORF for fusion PCR of  NotI_PNHP6a-GFP-
linker-iRFP_SalI 

XbaI_SIR2_F ATATTCTAGAACAATAGCTTCG
ATTGGCTG 
 

Forward primer for amplification of SIR2 
ORF and SIR2 promoter for making SIR2 
double expression plasmid 

EcoRI_SIR2_R ATATGAATTCACGGGACATTTT
CGCCTTTAC 
 

Reverse primer for amplification of SIR2 
ORF and SIR2 promoter for making SIR2 
double expression plasmid 

SalI_PTDH3_F ACGCGTCGACCAGTTCGAGTTT
ATCATTATC 

Forward primer for amplification of TDH3 
promoter for fusion PCR of  SalI_PTDH3-
HAP4_SacI 

PTDH3_R GTAGTAGAAAAGTCTTTGCGGT
CATTTTGTTTGTTTATGTGTGTT
TATTC 

Reverse primer for amplification of TDH3 
promoter for fusion PCR of  SalI_PTDH3-
HAP4_SacI 

PTDH3_HAP4_F GAATAAACACACATAAACAAA
CAAAATGACCGCAAAGACTTTT
CTACTAC 

Forward primer for amplification of HAP4 
ORF for fusion PCR of  SalI_ PTDH3-
HAP4_SacI 

SacI_HAP4_R TCCGAGCTCTCAAAATACTTGT
ACCTTTAAAAAATC 

Reverse primer for amplification of HAP4 
ORF for fusion PCR of  SalI_ PTDH3-
HAP4_SacI or SalI_PADH1-HAP4_SacI 

SalI_PADH1_F CGAGGTCGACATCCTTTTGTTGT
TTCCGGGTGTACA 

Forward primer for amplification of ADH1 
promoter for fusion PCR of  SalI_PADH1-
HAP4_SacI 

PADH1_R GTAGAAAAGTCTTTGCGGTCAT
TTTGTTAGTTGATTGTATGCT 

Reverse primer for amplification of ADH1 
promoter for fusion PCR of  SalI_PADH1-
HAP4_SacI 

PADH1_HAP4_F AGCATACAATCAACTAACAAAA
TGACCGCAAAGACTTTTCTAC 

Forward primer for amplification of HAP4 
ORF for fusion PCR of  SalI_PADH1-
HAP4_SacI 

SIR2_F1: ACTGGCCGTCGTTTTAC Forward primer for checking the integration 
or the copy number SIR2 double expression 
plasmid 
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SIR2_R1: CAGGAAACAGCTATGAC Reverse primer for checking the copy number 
of integrated SIR2 double expression plasmid 

SIR2_R2: TGTACGGATTGGACCTTACTTG 
 

Reverse primer for checking the integration 
SIR2 double expression plasmid 

SacI_NOP1_F TTGGAGCTCAAGGGAGTGAACC
AAGACTG 

Forward primer for amplification of NOP1 
for fusion PCR of  SacI_PNOP1-NOP1-
mCherry_SalI 

NOP1_R TAAACCAGCACCGTCACCTTTC
TTCAAACCGCTTCTCATGTATC 

Reverse primer for amplification of NOP1 for 
fusion PCR of  SacI_PNOP1-NOP1-
mCherry_SalI 

mCherry_F GATACATGAGAAGCGGTTTGAA
GAAAGGTGACGGTGCTGGTTTA 

Forward primer for amplification of mCherry 
for fusion PCR of  SacI_PNOP1-NOP1-
mCherry_SalI 

SalI_mCherry_
R 

ACGCGTCGACCCGGTAGAGGTG
TGGTCAATAAG 

Reverse primer for amplification of mCherry 
for fusion PCR of  SacI_PNOP1-NOP1-
mCherry_SalI 

SIR2_F3 AAAATGTGGCTGGACGATTC Forward primer for qPCR quantification of 
SIR2 copy number 

SIR2_R3 CGCCCTTATCCTTCTCTTGG Reverse primer for qPCR quantification of 
SIR2 copy number 

 
 
Table S6. Primers used in this study.  
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Movie S1. Time-lapse movies showing fate decisions of isogenic WT cells during aging. Right, 
movies of representative Mode 1 (top) and Mode 2 (bottom) aging cells (encircled) are played 
sequentially. RDNA-GFP reporter and nuc. iRFP reporter were co-expressed in the same cells and 
their fluorescence were measured during aging. Left, real-time quantification of reporter 
fluorescence plotted within a 3D aging space, in which z-axis represents the percentage of lifetime. 
After the aging trajectories of the two representative cells were quantified and plotted, trajectories 
of a population of isogenic WT cells were plotted in the space, generating Fig. 1G (Mode 1 – red; 
Mode 2 – blue).         
 
 
Movie S2. Time-lapse movies showing changes of cell cycle length during Mode 1, 2 and 3 
aging in the 2 x SIR2 strain. Movies of representative Mode 1 (top), Mode 2 (middle), and Mode 
3 (bottom) cells are played sequentially. Each movie contains time-lapse phase images of an aging 
mother cell (left) and real-time quantification of each cell cycle length (right), throughout its entire 
lifetime. The aging mother cell is denoted by an arrow. Red dots record the lengths of all cell 
cycles during the aging process of the mother cell (numbers on top of the red dots record the 
number of cell cycles – replicative age).     
 
 
 
 



 

References and Notes 

1. B. K. Kennedy, S. L. Berger, A. Brunet, J. Campisi, A. M. Cuervo, E. S. Epel, C. Franceschi, 

G. J. Lithgow, R. I. Morimoto, J. E. Pessin, T. A. Rando, A. Richardson, E. E. Schadt, T. 

Wyss-Coray, F. Sierra, Geroscience: Linking aging to chronic disease. Cell 159, 709–713 

(2014). doi:10.1016/j.cell.2014.10.039 Medline 

2. M. M. Crane, M. Kaeberlein, The paths of mortality: How understanding the biology of aging 

can help explain systems behavior of single cells. Curr. Opin. Syst. Biol. 8, 25–31 (2018). 

doi:10.1016/j.coisb.2017.11.010 Medline 

3. C. He, C. Zhou, B. K. Kennedy, The yeast replicative aging model. Biochim. Biophys. Acta 

Mol. Basis Dis. 1864, 2690–2696 (2018). doi:10.1016/j.bbadis.2018.02.023 Medline 

4. M. Kaeberlein, Lessons on longevity from budding yeast. Nature 464, 513–519 (2010). 

doi:10.1038/nature08981 Medline 

5. K. K. Steffen, B. K. Kennedy, M. Kaeberlein, Measuring replicative life span in the budding 

yeast. J. Vis. Exp. 2009 1209 (2009). doi:10.3791/1209 Medline 

6. Y. Li, M. Jin, R. O’Laughlin, P. Bittihn, L. S. Tsimring, L. Pillus, J. Hasty, N. Hao, 

Multigenerational silencing dynamics control cell aging. Proc. Natl. Acad. Sci. U.S.A. 

114, 11253–11258 (2017). doi:10.1073/pnas.1703379114 Medline 

7. M. Jin, Y. Li, R. O’Laughlin, P. Bittihn, L. Pillus, L. S. Tsimring, J. Hasty, N. Hao, Divergent 

aging of isogenic yeast cells revealed through single-cell phenotypic dynamics. Cell Syst. 

8, 242–253.e3 (2019). doi:10.1016/j.cels.2019.02.002 Medline 

8. D. A. Sinclair, K. Mills, L. Guarente, Accelerated aging and nucleolar fragmentation in yeast 

sgs1 mutants. Science 277, 1313–1316 (1997). doi:10.1126/science.277.5330.1313 

Medline 

9. A. L. Hughes, D. E. Gottschling, An early age increase in vacuolar pH limits mitochondrial 

function and lifespan in yeast. Nature 492, 261–265 (2012). doi:10.1038/nature11654 

Medline 

10. S. Fehrmann, C. Paoletti, Y. Goulev, A. Ungureanu, H. Aguilaniu, G. Charvin, Aging yeast 

cells undergo a sharp entry into senescence unrelated to the loss of mitochondrial 

membrane potential. Cell Rep. 5, 1589–1599 (2013). doi:10.1016/j.celrep.2013.11.013 

Medline 

11. D. A. Sinclair, L. Guarente, Extrachromosomal rDNA circles—A cause of aging in yeast. 

Cell 91, 1033–1042 (1997). doi:10.1016/S0092-8674(00)80493-6 Medline 

12. S. Morlot, J. Song, I. Léger-Silvestre, A. Matifas, O. Gadal, G. Charvin, Excessive rDNA 

transcription drives the disruption in nuclear homeostasis during entry into senescence in 

budding yeast. Cell Rep. 28, 408–422.e4 (2019). doi:10.1016/j.celrep.2019.06.032 

Medline 

13. M. R. Gartenberg, J. S. Smith, The nuts and bolts of transcriptionally silent chromatin in 

Saccharomyces cerevisiae. Genetics 203, 1563–1599 (2016). 

doi:10.1534/genetics.112.145243 Medline 

http://dx.doi.org/10.1016/j.cell.2014.10.039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25417146&dopt=Abstract
http://dx.doi.org/10.1016/j.coisb.2017.11.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29552673&dopt=Abstract
http://dx.doi.org/10.1016/j.bbadis.2018.02.023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29524633&dopt=Abstract
http://dx.doi.org/10.1038/nature08981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20336133&dopt=Abstract
http://dx.doi.org/10.3791/1209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19556967&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1703379114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29073021&dopt=Abstract
http://dx.doi.org/10.1016/j.cels.2019.02.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30852250&dopt=Abstract
http://dx.doi.org/10.1126/science.277.5330.1313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9271578&dopt=Abstract
http://dx.doi.org/10.1038/nature11654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23172144&dopt=Abstract
http://dx.doi.org/10.1016/j.celrep.2013.11.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24332850&dopt=Abstract
http://dx.doi.org/10.1016/S0092-8674(00)80493-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9428525&dopt=Abstract
http://dx.doi.org/10.1016/j.celrep.2019.06.032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31291577&dopt=Abstract
http://dx.doi.org/10.1534/genetics.112.145243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27516616&dopt=Abstract


 

14. H. Atamna, D. W. Killilea, A. N. Killilea, B. N. Ames, Heme deficiency may be a factor in 

the mitochondrial and neuronal decay of aging. Proc. Natl. Acad. Sci. U.S.A. 99, 14807–

14812 (2002). doi:10.1073/pnas.192585799 Medline 

15. D. A. Hanna, R. M. Harvey, O. Martinez-Guzman, X. Yuan, B. Chandrasekharan, G. Raju, 

F. W. Outten, I. Hamza, A. R. Reddi, Heme dynamics and trafficking factors revealed by 

genetically encoded fluorescent heme sensors. Proc. Natl. Acad. Sci. U.S.A. 113, 7539–

7544 (2016). doi:10.1073/pnas.1523802113 Medline 

16. G. S. Filonov, K. D. Piatkevich, L.-M. Ting, J. Zhang, K. Kim, V. V. Verkhusha, Bright and 

stable near-infrared fluorescent protein for in vivo imaging. Nat. Biotechnol. 29, 757–761 

(2011). doi:10.1038/nbt.1918 Medline 

17. S. Buschlen, J.-M. Amillet, B. Guiard, A. Fournier, C. Marcireau, M. Bolotin-Fukuhara, The 

S. Cerevisiae HAP complex, a key regulator of mitochondrial function, coordinates 

nuclear and mitochondrial gene expression. Comp. Funct. Genomics 4, 37–46 (2003). 

doi:10.1002/cfg.254 Medline 

18. K. A. Henderson, A. L. Hughes, D. E. Gottschling, Mother-daughter asymmetry of pH 

underlies aging and rejuvenation in yeast. eLife 3, e03504 (2014). 

doi:10.7554/eLife.03504 Medline 

19. J. R. Veatch, M. A. McMurray, Z. W. Nelson, D. E. Gottschling, Mitochondrial dysfunction 

leads to nuclear genome instability via an iron-sulfur cluster defect. Cell 137, 1247–1258 

(2009). doi:10.1016/j.cell.2009.04.014 Medline 

20. S. J. Lin, M. Kaeberlein, A. A. Andalis, L. A. Sturtz, P.-A. Defossez, V. C. Culotta, G. R. 

Fink, L. Guarente, Calorie restriction extends Saccharomyces cerevisiae lifespan by 

increasing respiration. Nature 418, 344–348 (2002). doi:10.1038/nature00829 Medline 

21. J. L. DeRisi, V. R. Iyer, P. O. Brown, Exploring the metabolic and genetic control of gene 

expression on a genomic scale. Science 278, 680–686 (1997). 

doi:10.1126/science.278.5338.680 Medline 

22. A. Ellahi, D. M. Thurtle, J. Rine, The chromatin and transcriptional landscape of native 

Saccharomyces cerevisiae telomeres and subtelomeric domains. Genetics 200, 505–521 

(2015). doi:10.1534/genetics.115.175711 Medline 

23. Z. Hu, P. J. Killion, V. R. Iyer, Genetic reconstruction of a functional transcriptional 

regulatory network. Nat. Genet. 39, 683–687 (2007). doi:10.1038/ng2012 Medline 

24. J. Reimand, J. M. Vaquerizas, A. E. Todd, J. Vilo, N. M. Luscombe, Comprehensive 

reanalysis of transcription factor knockout expression data in Saccharomyces cerevisiae 

reveals many new targets. Nucleic Acids Res. 38, 4768–4777 (2010). 

doi:10.1093/nar/gkq232 Medline 

25. M. Becerra, L. J. Lombardía-Ferreira, N. C. Hauser, J. D. Hoheisel, B. Tizon, M. E. Cerdán, 

The yeast transcriptome in aerobic and hypoxic conditions: Effects of hap1, rox1, rox3 

and srb10 deletions. Mol. Microbiol. 43, 545–555 (2002). doi:10.1046/j.1365-

2958.2002.02724.x Medline 

26. L. Pillus, J. Rine, Epigenetic inheritance of transcriptional states in S. cerevisiae. Cell 59, 

637–647 (1989). doi:10.1016/0092-8674(89)90009-3 Medline 

http://dx.doi.org/10.1073/pnas.192585799
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12417755&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1523802113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27247412&dopt=Abstract
http://dx.doi.org/10.1038/nbt.1918
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21765402&dopt=Abstract
http://dx.doi.org/10.1002/cfg.254
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18629096&dopt=Abstract
http://dx.doi.org/10.7554/eLife.03504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25190112&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2009.04.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19563757&dopt=Abstract
http://dx.doi.org/10.1038/nature00829
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12124627&dopt=Abstract
http://dx.doi.org/10.1126/science.278.5338.680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9381177&dopt=Abstract
http://dx.doi.org/10.1534/genetics.115.175711
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25823445&dopt=Abstract
http://dx.doi.org/10.1038/ng2012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17417638&dopt=Abstract
http://dx.doi.org/10.1093/nar/gkq232
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20385592&dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2958.2002.02724.x
http://dx.doi.org/10.1046/j.1365-2958.2002.02724.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11929514&dopt=Abstract
http://dx.doi.org/10.1016/0092-8674(89)90009-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2684414&dopt=Abstract


 

27. D. Moazed, Mechanisms for the inheritance of chromatin states. Cell 146, 510–518 (2011). 

doi:10.1016/j.cell.2011.07.013 Medline 

28. K. Sneppen, I. B. Dodd, Cooperative stabilization of the SIR complex provides robust 

epigenetic memory in a model of SIR silencing in Saccharomyces cerevisiae. Epigenetics 

10, 293–302 (2015). doi:10.1080/15592294.2015.1017200 Medline 

29. T. Zhang, P. Bu, J. Zeng, A. Vancura, Increased heme synthesis in yeast induces a metabolic 

switch from fermentation to respiration even under conditions of glucose repression. J. 

Biol. Chem. 292, 16942–16954 (2017). doi:10.1074/jbc.M117.790923 Medline 

30. F. Wu, R. Q. Su, Y. C. Lai, X. Wang, Engineering of a synthetic quadrastable gene network 

to approach Waddington landscape and cell fate determination. eLife 6, e23702 (2017). 

doi:10.7554/eLife.23702 Medline 

31. M. Kaeberlein, K. T. Kirkland, S. Fields, B. K. Kennedy, Sir2-independent life span 

extension by calorie restriction in yeast. PLOS Biol. 2, e296 (2004). 

doi:10.1371/journal.pbio.0020296 Medline 

32. yaj030, yaj030/aging_science2020 v1.1, Version 1.1, Zenodo (2020); 

http://doi.org/10.5281/zenodo.3770529. 

33. M. Gaisne, A. M. Bécam, J. Verdière, C. J. Herbert, A ‘natural’ mutation in Saccharomyces 

cerevisiae strains derived from S288c affects the complex regulatory gene HAP1 

(CYP1). Curr. Genet. 36, 195–200 (1999). doi:10.1007/s002940050490 Medline 

34. M. McVey, M. Kaeberlein, H. A. Tissenbaum, L. Guarente, The short life span of 

Saccharomyces cerevisiae sgs1 and srs2 mutants is a composite of normal aging 

processes and mitotic arrest due to defective recombination. Genetics 157, 1531–1542 

(2001). Medline 

35. J. R. Delaney, A. Chou, B. Olsen, D. Carr, C. Murakami, U. Ahmed, S. Sim, E. H. An, A. S. 

Castanza, M. Fletcher, S. Higgins, M. Holmberg, J. Hui, M. Jelic, K.-S. Jeong, J. R. Kim, 

S. Klum, E. Liao, M. S. Lin, W. Lo, H. Miller, R. Moller, Z. J. Peng, T. Pollard, P. 

Pradeep, D. Pruett, D. Rai, V. Ros, J. Schleit, A. Schuster, M. Singh, B. L. Spector, G. L. 

Sutphin, A. M. Wang, B. M. Wasko, H. Vander Wende, B. K. Kennedy, M. Kaeberlein, 

End-of-life cell cycle arrest contributes to stochasticity of yeast replicative aging. FEMS 

Yeast Res. 13, 267–276 (2013). doi:10.1111/1567-1364.12030 Medline 

36. K. Saka, S. Ide, A. R. Ganley, T. Kobayashi, Cellular senescence in yeast is regulated by 

rDNA noncoding transcription. Curr. Biol. 23, 1794–1798 (2013). 

doi:10.1016/j.cub.2013.07.048 Medline 

37. M. M. Crane, A. E. Russell, B. J. Schafer, B. W. Blue, R. Whalen, J. Almazan, M. G. Hong, 

B. Nguyen, J. E. Goings, K. L. Chen, R. Kelly, M. Kaeberlein, DNA damage checkpoint 

activation impairs chromatin homeostasis and promotes mitotic catastrophe during aging. 

eLife 8, e50778 (2019). doi:10.7554/eLife.50778 Medline 

http://dx.doi.org/10.1016/j.cell.2011.07.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21854979&dopt=Abstract
http://dx.doi.org/10.1080/15592294.2015.1017200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25830651&dopt=Abstract
http://dx.doi.org/10.1074/jbc.M117.790923
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28830930&dopt=Abstract
http://dx.doi.org/10.7554/eLife.23702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28397688&dopt=Abstract
http://dx.doi.org/10.1371/journal.pbio.0020296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15328540&dopt=Abstract
http://dx.doi.org/10.1007/s002940050490
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10541856&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11290710&dopt=Abstract
http://dx.doi.org/10.1111/1567-1364.12030
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23336757&dopt=Abstract
http://dx.doi.org/10.1016/j.cub.2013.07.048
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23993840&dopt=Abstract
http://dx.doi.org/10.7554/eLife.50778
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31714209&dopt=Abstract

