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Quantitative RNA imaging in single live cells reveals
age-dependent asymmetric inheritance
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SUMMARY

Asymmetric inheritance of cellular content through cell division plays an important role in cell viability and
fitness. The dynamics of RNA segregation are so far largely unaddressed. This is partly due to a lack of ap-
proaches to follow RNAs over multiple cellular divisions. Here, we establish an approach to quantify RNA dy-
namics in single cells across several generations in a microfluidics device by tagging RNAs with the diSpi-
nach aptamer. Using S. cerevisiae as a model, we quantitatively characterize intracellular RNA transport
from mothers into their buds. Our results suggest that, at cytokinesis, ENO2 diSpinach RNA is preferentially
distributed to daughters. This asymmetric RNA segregation depends on the lifespan regulator Sir2 and de-
creases with increasing replicative age of mothers but does not result from increasing cell size during aging.
Overall, our approach opens more opportunities to study RNA dynamics and inheritance in live budding yeast

at the single-cell level.

INTRODUCTION

During the cell cycle, many cellular components have to be dupli-
cated. At cell division, the content of cells is distributed between
the progenies to ensure that both cells inherit all components
necessary for cell viability and adaptation. In some cases, this
segregation of cellular components is not equal, either because
of stochastic distribution or active transport, with both resulting
in different states of the sister cells (MUller et al., 2007; Chernova
et al., 2014; Zion et al., 2020). This asymmetric inheritance of
cellular content can play a key role in cell viability, cell differenti-
ation, adaptation to changing environments, and evolutionary
fitness and fulfills critical functions during the development of
multicellular organisms (Lerit et al., 2013; Moore and Jessberger,
2017; Shlyakhtina et al., 2019).

In the budding yeast S. cerevisiae, asymmetric inheritance of
cellular components is crucial for replicative aging and rejuvena-
tion of daughter cells in budding yeast (Shlyakhtina et al., 2019).
For example, aggregates of damaged proteins (Chernova et al.,
2014) as well as extrachromosomal ribosomal DNA circles
(Shcheprova et al., 2008; Denoth-Lippuner et al., 2014) are
asymmetrically accumulated in mother cells, contributing to
mother aging and supporting daughter cell rejuvenation. Thus,
although the implication of this asymmetric inheritance of cellular
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components on replicative aging is relatively well studied, little is
known about the effect of replicative aging on asymmetric
inheritance.

Our knowledge about the asymmetric distribution of organ-
elles and proteins heavily relies on use of fluorescent fusion pro-
teins, which enable us to follow the asymmetric distribution in
single cells using live-cell microscopy. However, these ap-
proaches cannot be transferred to study the dynamics and inher-
itance of RNA in single cells.

Several fluorescence microscopy-based methods have been
described to measure RNA levels in single live cells (Bratu
et al., 2003; Tyagi, 2007, 2009; Ozawa et al., 2007; Urbanek
et al., 2014; Lenstra and Larson, 2016), including fluorescently
tagged RNA binding proteins (coat proteins) that recognize spe-
cific RNA motifs, such as MS2 (Tyagi, 2007) or PP7 (Lenstra and
Larson, 2016), inserted into RNAs. Recently, “light-up” RNA ap-
tamers that specifically bind to an externally supplied fluoro-
phore have emerged as a promising alternative (Bouhedda
et al., 2018). Examples include the Spinach and Mango ap-
tamers, as well as their derivatives iSpinach and Mango Ill (Paige
et al., 2011; Autour et al., 2016, 2018; Dolgosheina et al., 2014;
Panchapakesan et al., 2017), which bind the fluorophores 3,5-di-
fluoro-4-hydroxybenzylidene imidazolinone (DFHBI), DFHBI-1T,
or thiazole orange-biotin fluorophore complexes (TO1-biotin and
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TOB-biotin), respectively. In S. cerevisiae, the Spinach aptamer
has been introduced into the galactose-inducible GAL7 gene
as well as STL1 and ASH1 without significantly modifying the
function of the tagged transcripts (Guet et al., 2015), but micro-
scopy analysis was limited to less than 20 min.

Here we study the inheritance of RNA from mother to daughter
cells at the single-cell level over multiple generations. We estab-
lished an approach to image and quantify highly and moderately
expressed RNAs in live yeast cells. We combined tagging of RNA
with the light-up RNA aptamer diSpinach with a custom-made
microfluidics device that enables parallel long-term imaging of
multiple yeast strains over many generations. This approach
can be used to simultaneously quantify RNA and protein levels
in single cells over time. We were able to quantitatively track
RNA transport from mother cells into their buds with high tempo-
ral resolution. As a model, we tagged ENO2 RNA with 8 xdiSpi-
nach and identified a preferential distribution of transcripts to
daughter cells. During replicative aging, the asymmetric distribu-
tion of the diSpinach signal between daughters and mothers is
lost. We show that this effect is not simply due to the increase
in cell size associated with aging but a direct consequence of ag-
ing and that it is dependent on the longevity factor Sir2.

RESULTS

The RNA aptamer diSpinach can be used for RNA
imaging in live yeast cells

To explore whether light-up aptamers are suitable for live-cell
RNA imaging and for following RNA inheritance throughout
cell division in budding yeast, we tested the RNA aptamer diS-
pinach (Figure S1) as well as the previously reported aptamer
Mango Il (Autour et al., 2018). diSpinach is a dimeric derivative
of the iSpinach aptamer (Autour et al., 2016), which combines
the decreased salt sensitivity and thermal stability of iSpinach
with increased fluorescence intensity. To improve the folding
efficiency of iSpinach and its interaction with DFHBI-1T, two re-
peats of the iSpinach aptamer were combined without any
linker (Figure S1A). We first tagged the RNA of the reporter
mCherry encoded on a 2uOri high-copy plasmid under control
of the strong ACT1 promoter with four repeats of diSPINACH or
12 repeats of MANGO Ill. This construct allows simultaneous
detection of the protein signal corresponding to the tagged
RNA because of expression of the reporter mCherry. We opted
for multiple aptamer repeats because use of single copies of
the original Spinach aptamer results in no or very low RNA sig-
nals (Zhang et al., 2015). To minimize interference with the
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RNA, we initially chose 4 repeats of diSpinach and 12 for
Mango Ill so that the total length is around half of that of
most fluorescent protein tags used for live-cell imaging of
proteins.

We imaged exponentially growing cells with DFHBI-1T or
TO1-B, the fluorophores binding diSpinach or Mango lll, respec-
tively (STAR Methods). For mCHERRY RNA tagged with 4 xdiS-
pinach, we observed a clear RNA signal above the control (Fig-
ure S2A) and noticed that cells with a strong mCherry signal
also showed bright fluorescent foci and overall increased fluo-
rescence in the diSpinach channel. This suggests a direct corre-
lation between protein and RNA signal strengths. In contrast, for
12xMango Il we detected no signal above the control even
though the corresponding protein signal was detected (Fig-
ure S2B). Deletion of the transporter PDR5 did not increase
Mango lll-associated RNA signals (Figure S2B), suggesting
that the lack of signals is not due to export of TO1-B from the
cells by multidrug transporters (Ernst et al., 2005). Thus, we
conclude that diSpinach is more promising for live-cell RNA im-
aging in S. cerevisiae.

Development of a microfluidics device for live single-
cell imaging and optimization of diSpinach repeat
number

For long-term single-cell imaging under defined conditions, we
designed and manufactured a custom-made microfluidics de-
vice that allows medium exchange with a wide range of flow
rates (STAR Methods), making it suitable for imaging RNA ap-
tamers. Briefly, this device consists of 8 separate chambers,
each with 10 regions for single-cell imaging; is easily adaptable
to any commercial microscope (Figure 1A); and can be used
for simultaneous imaging of 8 strains.

We first applied the microfluidics device to optimize the num-
ber of diSpinach repeats needed to detect RNAs with varying
levels of expression. For this, we compared strains transformed
with 2uOri expression plasmids encoding ACT1pr-mCHERRY
fused to 1%, 2%, 4%, 8%, or 16X repeats of diSPINACH (Fig-
ure 1B). the length of 8xdiSpinach (1,100 bp) is comparable
with the length of commonly used fluorescent protein tags.
Variation in copy number of 2uOri expression plasmids from
a few to ~100 copies per cell (Zakian et al., 1979) (e.g.,
because of unequal transmission of the plasmid to buds) gives
access to a wide range of different RNA expression levels. Even
in cells with relatively high mCherry expression, the signal
for the 1xdiSpinach tag (Figure 1C) yields only very weak
fluorescence, close to the autofluorescence observed for the

Figure 1. Pipeline for imaging and analyzing tagged RNA in single live cells

(A) Left: custom-made microfluidics device with 8 chambers for live-cellimaging. In each chamber, one yeast strain can be loaded and grown in the focal plane for
many hours (see magnification). Each chamber contains 10 regions with 3-um height for single-cell isolation. Center: representative images of a time-lapse
experiment at 0 and 10 h. Right: schematic summary of the image analysis (for more details, see Figure S2E).

(B) Schematic of RNA tagging with different numbers of diSpinach repeats.

(C) Comparison of representative images acquired in the indicated channels for yeast transformed with 2uOri plasmids containing ACT1pr-mCHERRY-1/2/4/8/
16 xdiSPINACH and non-transformed cells as an autofluorescence control. Cells were grown in the custom microfluidics device in SCD with 50 uM DFHBI-1T. All
images were acquired using the same settings. 10 h of imaging.

(D) Mean RNA (diSpinach) signal for cells with corresponding protein (mCherry) intensity values of 500, 1,000, 2,000, 4,000, and 8,000 (a.u.) (averaged
across +100 [a.u.] bins, N < 746 cells for each bin). Note the increase in RNA signal with increasing diSpinach repeat number for cells with similar protein signals.
Standard errors are smaller than 67 [a.u.] and, thus, not visible. Dashed line, median fluorescent intensity in control cells plus two standard deviations.
Mothers and buds were counted as separate cells starting from bud emergence. See also Figures S1, S2, and S3.
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non-transformed control. In contrast, the 8xdiSpinach and
16xdiSpinach tags resulted in a robust fluorescence signal,
enabling visualization of RNAs even in cells with relatively
weak mCherry fluorescence. Although northern blot analysis
with mCHERRY as a probe confirmed the presence of one ma-
jor RNA species corresponding to the expected full-length
RNAs (Figure S1C), using a probe against diSPINACH suggests
the additional presence of potential RNA cleavage or decay
products (Figure S1D) that do not contain the mCHERRY cod-
ing part.

To quantify RNA and protein signals, we used a 5 x 5 pixel
moving average filter approach to distinguish fluorescence sig-
nals from noise and corrected for the background signal
(Figures 1A, S2D, and S2E). We applied a semiautomatic pipe-
line for segmenting cell contours based on the phase-contrast
images using Phylocell (Fehrmann et al., 2013). For each strain,
we pooled the data for all analyzed cells at all time points and
compared the mean RNA signals with the mean protein signals
(Figures 1D and S1B). In agreement with our visual inspection
(Figure 1C), the 1xdiSpinach tag displayed fluorescence inten-
sity values close to those in control cells. An increased number
of diSpinach repeats allows visualization of RNAs in cells with
medium (4 xdiSpinach) and even low mCherry signal (8 xdiSpi-
nach and 16xdiSpinach). The 16xdiSpinach tag resulted in a
stronger signal than the 8 xdiSpinach tag but led to an increased
number of cells with enlarged cell size and a delay in cell cycle
progression. Therefore, we conclude that the 8 xdiSpinach tag
is best suited for live-cell imaging of RNAs with a wide range of
expression levels.

Analysis of RNA and protein levels in single cells over an
extended time

We next validated our approach for long-term imaging by
correlating RNA and protein levels in single cells over an
extended time. For this, we imaged cells transformed with
ACT1pr-mCHERRY-8xdiSPINACH on a 2uOri plasmid for
10 h (Figure S3). To reliably distinguish RNA-dependent signals
from autofluorescence in individual cells, we refined our anal-
ysis pipeline, which we called the “quantitative approach.”
We counted, for each cell at each time point, the number of
pixels with signal intensity above a threshold, set as median
plus two standard deviations of the signal intensities observed
in control cells (Figures S2E and S2F). For cells with more than
5 pixels above this threshold, we summed the intensity of all of
those pixels (after background subtraction) and normalized this
total intensity by cell area. In line with our initial observations,
this quantitative approach revealed a strong correlation be-
tween the intensity values for diSpinach (RNA) and mCherry
(protein) signals across all cells pooled together independent
of cell history (Pearson R = 0.84, p < 1073 Figure 2A). Next
we wanted to determine whether this correlation is mainly
due to inter-cell variability of, e.g., plasmid copy number or
also due to correlated changes in protein and RNA levels in in-
dividual cells over time. We therefore first compared mCherry
signal with and without the 8xdiSpinach tag (Figures S4A
and S4B), confirming a similar range of signals. Then we
tracked 27 cells with different mCherry expression levels and
calculated correlation coefficients between RNA and protein
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signals within single-cell traces (Figure 2B). We found that pro-
tein and RNA levels were correlated over time (median Pearson
correlation coefficient R = 0.62, p < 1072"). This demonstrates
that our pipeline can be used to detect and follow RNA in single
cells for at least 10 h.

The 8 xdiSpinach tag could be used for imaging
endogenous coding and non-coding RNAs

Next we used diSpinach to visualize transcripts with different
expression levels over time. For highly expressed genes, we
endogenously tagged ENO2, encoding for the phosphopyru-
vate hydratase enolase Il, and HTB2 (Miura et al., 2008), encod-
ing for histone H2B, with 8xdiSPINACH. As an example of
low expression levels, we chose the HHO1 promoter, which
produces only a few transcripts per cell (Nadal-Ribelles et al.,
2019; Miura et al.,, 2008), and integrated an HHO1pr-
mCHERRY-8xdiSPINACH-containing plasmid as a single
copy into the URAS3 locus. Visual inspection revealed clear
diSpinach signals for ENO2, HTB2, as well as the HHO1 pro-
moter-driven transcripts (Figure S3). By applying our quantita-
tive analysis approach, we found that the mean diSpinach
signal intensities obtained for ENO2 and HTB2 transcripts
were significantly higher than for the control (Figure 2C). In
agreement with previous studies, the mean ENO2 diSpinach
signal was stronger than the mean HTB2 diSpinach signal
(Nadal-Ribelles et al., 2019; Miura et al., 2008; Figure 2C).
However, the mean fluorescence values observed for HHO1
promoter-driven expression were not significantly different
from the control (Figure 2C). This may be due to weak expres-
sion and because the intensity values we obtained might be
dominated by cells with no HHO1 transcriptional activity; for
example, because of cell cycle-dependent expression.

To investigate this further, we introduced an alternative quan-
tification pipeline for which we determined the fraction of cells
with RNA signal above a threshold (Figures S2E and S2F). Using
this “binary” approach, we found that, for ENO2, practically all
cells (99%) showed detectable diSpinach signal. In contrast,
for HTB2 and HHO1 promoter-driven expression, only a small
but significant subpopulation of cells (10.4% and 17.2%,
respectively) displayed fluorescence RNA signals above the
selected threshold (Figure 2D).

Next we wanted to explore whether this low percentage of
expressing cells is due to cell cycle-dependent expression
of HTB2 and of the transcript generated from the HHO1 pro-
moter. We thus tracked cells over time, aligned them at the
time of bud emergence, and calculated the mean diSpinach
signal as a function of time throughout the cell cycle as well
as the number of cells with detectable diSpinach signal.
As expected (Spellman et al.,, 1998), we found that the
signals from endogenously tagged ENO2-8xdiSPINACH and
ACT1pr-mCHERRY-8xdiSPINACH expressed from a 2uOri
plasmid are largely cell cycle independent (Figure 3A) and
that RNA signals are present in nearly all cells (Figure 3B). In
contrast, for HTB2, the diSpinach signal and the fraction of
cells with diSpinach signal reach a maximum around the
time of bud emergence, which corresponds to the beginning
of S phase (Figures 3C and 3D). Similarly, using the binary
approach, we observed a clear cell cycle dependence for
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Figure 2. Correlation between RNA (diSpinach) and protein signals in single cells and comparison of two RNA quantification strategies

(A) Mean RNA (diSpinach) signal obtained by applying the quantitative approach, normalized by cell area, as a function of protein signal normalized by cell area in
cells transformed with the 2uOri plasmid carrying ACT1pr-mCherry-8xdiSPINACH (R = 0.84, p < 10~%%). Data from time-lapse experiments were pooled (N =
2,988 cells), and linear regression was fitted to the double-logarithmic data (solid line). Black line, binned means with standard error.

(B) RNA (diSpinach) and protein signals for a representative single cell over 10 h, normalized to the corresponding first time points. Pearson correlation between
RNA (diSpinach) and protein signals is R = 0.92 (p < 107%9).

(C and D) Data from time-lapse experiments pooled for analysis of autofluorescence control (N = 4,627 cells) and strains expressing ENO2-8XdiSPINACH (N =
6,094 cells), HTB2-8xdiSPINACH (N = 6,404 cells), and HHO1pr-mCHERRY-8xdiSPINACH (N = 5,331 cells).

(C) Mean RNA (diSpinach) signals normalized by cell area obtained from the quantitative approach. ***p < 1073 (according to Wilcoxon test and one-way ANOVA
with Bonferroni correction), **p < 10725 (Wilcoxon test) or p < 0.006 (one-way ANOVA with Bonferroni correction). NS, not significant. Standard errors are smaller
than 0.02 [a.u.] and, thus, not visible.

(D) Fraction of cells with detectable RNA (diSpinach) signal, calculated using the binary approach. ***p < 1072 (according to Wilcoxon test and one-way ANOVA
with Bonferroni correction).

Mothers and buds were counted as one cell before cytokinesis. Cells were imaged for 10 h in SCD with 50 uM DHFBI-1T.

See also Figures S2, S3, and S4.
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Figure 3. Cell cycle dynamics of RNA (diSpinach) signals

(A-F) Dynamics of RNA (diSpinach) signal over time, obtained by applying the quantitative approach (A, C, and E) or the binary approach (B, D, and F) for indicated
RNAs. Shown is visualization of the 8 xdiSpinach tag. Black line, autofluorescence control. Cell cycles selected for analysis were aligned at bud emergence (red
dashed line) and plotted from —21 min (corresponding to the median beginning of G1 phase) to +60 min (corresponding to the median time of cytokinesis).
Ribbons in (A), (C), and (E) indicate 95% confidence intervals as determined from 50,000 bootstrap samples.

(A and B) ACT1pr-mCHERRY-8xdiSPINACH expressed from a 2uOri plasmid (N = 107 cell cycles) and endogenously tagged ENO2 (N = 130) signals are largely
cell cycle independent. Control cells (N = 106 cell cycles) are shown for comparison.

(C and D) Endogenously tagged HTB2 shows a maximum RNA (diSpinach) signal at bud emergence (N = 146 cell cycles). Control cells (N = 106 cell cycles) are
shown for comparison.

(E and F) SUT509pr-SUT509-8 x diSPINACH expressed from a 2uOri plasmid exhibits cell cycle-dependent RNA (diSpinach) signal with a maximum around G2
(N = 104 cell cycles). Control cells (N = 106 cell cycles) are shown for comparison.

(G and H) Pedigree plots for single mother cells and their progeny over 10 h overlayed with heatmaps of RNA (diSpinach) signal levels. Vertical black lines,
cytokinesis times.

(G) Mean RNA (diSpinach) signal intensities obtained for ACT1pr-mCHERRY-8 X diSPINACH expressed from a 2uOri plasmid do not show obvious temporal
patterns.

(H) Mean RNA (diSpinach) signals obtained for HTB2 show cell cycle-dependent patterns.

Cells were imaged for 10 h in SCD with 50 uM DHFBI-1T. Mothers and their buds were counted as one cell before cytokinesis. See also Figures S2, S3, and S4.
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the weaker HHO1 promoter (Figure S4C). These results are
consistent with the previously reported cell cycle regulation
of histone genes (Spellman et al., 1998; Eriksson et al., 2012).

An advantage of RNA aptamers is that they do not require a
protein to be expressed and, thus, in principle, are applicable
to quantify non-coding RNAs (ncRNA) in live cells. To test this,
we chose SUT509 as a model, which has low (Xu et al., 2009)
to medium expression (Nadal-Ribelles et al., 2019) and still
unknown cell cycle dynamics. We tagged SUT509 on an
expression plasmid containing its own promoter with 8xdiS-
PINACH and followed ncRNA expression over 10 h. We
were able to visually detect diSpinach signal in this strain (Fig-
ure S8), and quantification revealed changes in the intensities
and the fraction of cells with the signal throughout the cell cy-
cle with a maximum around G2 phase (Figures 3E and 3F).
This cell cycle dependence was recapitulated using a smFISH
protocol (Figures S4D and S4E). This suggests that our
8xdiSpinach-based approach can be used to study protein-
coding and ncRNAs and to examine their temporal expression
dynamics.

8xdiSpinach tagging enables single-cell pedigree
analysis of RNA levels

We then wanted to determine whether we can follow RNAs over
several cell divisions and perform pedigree analysis. For this,
we focused on data obtained for cells expressing ACT1pr-
mCHERRY-8XdiSPINACH from a 2pOri plasmid and their
progeny over 10 h. We observed temporal fluctuations in the
diSpinach signal for mother and daughter cells (Figure 3G),
which could potentially be explained by copy number variability
of 2u0ri plasmids (Zakian et al., 1979). Leveraging the power of
single-cell tracking, we were able to observe a strong correla-
tion of the diSpinach signal in related mother and daughter cells
directly after cytokinesis (Pearson R =0.87, p< 3.2 x 107°). The
correlation values decreased to R = 0.64 (p < 0.008) after 78 min
and then became insignificant (R = 0.48, p > 0.068) (Figures S4F
and S4G). For endogenous HTB2 RNA tagged with 8 xdiSpi-
nach, we found that the diSpinach signal in the mothers and
the majority of daughters oscillated in a cell cycle-dependent
manner (Figure 3H), consistent with our results above (Fig-
ure 3C). Thus, we can robustly follow the diSpinach signal
over many cell divisions and determine the inheritance of
RNA dynamics within pedigrees.

Dynamics of RNA transport from mother to daughter
cells

Having established an approach to track RNA dynamics
through many cell divisions, we investigated RNA transport
from mother cells into their buds. We chose ENO2 as an
example of a constitutively expressed gene based on its rela-
tively high expression level, it being non-essential for yeast
function, and because Eno2 protein can be tagged without
obvious phenotypic effects (Huh et al., 2003; Fuller et al.,
2020). We observed robust diSpinach signals for the endoge-
nously tagged ENO2 RNA. We were able to visually observe
the movement of diSpinach signal (ENO2) from mothers into
buds (Videos S1, S2, and S3). For quantification, we analyzed
mothers and buds separately, applied the quantitative
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approach, and focused our analysis on the time points between
bud emergence and the median time of cytokinesis (60 min after
bud emergence) (Figure 4A). We found that the mean diSpinach
signal in the bud begins to exceed that in the mother 15 min
before cytokinesis and continues to increase (Figure 4B), sug-
gesting asymmetric inheritance of ENO2 diSpinach RNA. Calcu-
lating the ratio of bud to mother signal (Figure 4C) revealed that,
at the time of cytokinesis, the mean RNA signal in the bud is
about 1.6-fold higher than in the mother. We also confirmed
by fluorescence in situ hybridization (FISH) that, although there
is an effect of our tagging approach on RNA levels, it does not
affect the ratio of bud to mother signal (STAR Methods;
Figures S5A-S5C). To be able to visualize ENO2 (and its paralog
ENO1) RNAs using a smFISH protocol, we decreased its
expression level by changing the carbon source from glucose
to glycerol and ethanol. These experiments again showed
asymmetric segregation between the mother and bud
(Figures S5F-S5H). Northern blot analysis with ENO2 as a probe
confirmed the presence of a major RNA species corresponding
to the expected ENO2 or ENO2-8 x diSPINACH full-length RNAs
(Figure S5D). Using a probe against diSPINACH suggests the
additional presence of potential RNA cleavage or decay prod-
ucts (Figure S5E) that do not contain the ENO2 coding part.

To investigate potential effects of uneven fluorophore avail-
ability between mothers and buds on the asymmetrical inheri-
tance of ENO2 diSpinach RNA, we performed a DFHBI-1T
washout experiment and analyzed diSpinach signal dynamics
(Figures S6A-S6C). Our results show that, after the start of fluo-
rophore washout, the diSpinach signal drops rapidly and within
~20 min is reduced to 22%-25%. This decrease is comparable
between mothers and buds, suggesting that the asymmetry in
the diSpinach RNA signal is not simply due to the local fluoro-
phore availability. Next we performed a glucose withdrawal
experiment and observed that, upon glucose removal, the RNA
signal starts to form bigger foci (Figure S6D), an observation
that is in line with previous findings for multiple RNAs encoding
glycolytic proteins (Morales-Polanco et al., 2021). These experi-
ments strongly support the applicability of the 8 xdiSpinach tag
to study RNA and its distribution during cell divisions.

We then wanted to determine whether RNA transport mecha-
nisms are responsible for this asymmetric mRNA inheritance.
For this, we tracked the diSpinach (ENO2) signal upon genetic
manipulation of the RNA transport machinery by individually de-
leting SHE2, SHE3, and MYO4, all implicated in general RNA
transport and linked previously to asymmetric mRNA distribution
(Muller et al., 2007; Figures 4B and 4C). We observed that, in
these mutants, the diSpinach signal increases more slowly in
the buds compared with wild-type cells. For all three deletion
strains, the diSpinach signal in the bud never exceeds the signal
in the mother (Figures 4B and 4C). Through FISH experiments, we
confirmed that deletion of SHE2 results in a lower daughter-to-
mother ratio of the ENO RNA signal compared with wild-type cells
(STAR Methods; Figures S5A and S5C). Because Myo4 is a type V
myosin motor that conducts an active transport function, She2
co-transcriptionally binds to mRNAs, and She3 acts as an
adaptor protein that specifically binds Myo4 and She2 (Muller
et al., 2007), our results suggest that ENO2 diSpinach RNAs are
actively transported in a myosin-dependent manner. Upon
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(C) Ratios of the normalized mean signal intensities for buds and mothers plotted in (B). Dashed line, ratio at which mean RNA (diSpinach) signals in buds and

mothers are equal.

Cells were imaged for 10 h in SCD with 50 uM DHFBI-1T. Mothers and buds were counted as separate cells from bud emergence. Ribbons, 95% confidence
intervals determined from 50,000 bootstrap samples. See also Figures S3, S5, and S6.

deletion of MYO4, SHE2, or SHE3, active transport along actin
cables is most likely disrupted, and, consistent with transport
based on diffusion, the diSpinach signals in the bud and mother
reach similar intensities at cytokinesis.

To address how our observations for ENO2 diSpinach RNA are
reflected on the protein level, we tagged Eno2 with the fluores-
cent protein mCherry. As shown in Figures S6E and S6F, we
did not detect obvious asymmetric inheritance for Eno2 protein,
suggesting that the localization of RNA and protein are not
coupled. We also obtained a similar result for Eno2 tagged
with sfGFP (Figures S6G and S6H). Eno2 protein distribution is
not visibly affected in she24 cells.

To address whether the asymmetric inheritance of RNA we
observed is limited to glycolytic genes, we tagged another glyco-
lytic gene, PDC1 (pyruvate decarboxylase isozyme 1), as well as
a non-glycolytic gene, TEF1 (translation elongation factor EF-1
alpha), with 8xdiSPINACH and imaged diSpinach intensities.
We found that the PDC1 diSpinach signal also has a tendency to-
ward asymmetric inheritance, but less pronounced (~1.2-fold)
than that observed for ENO2 diSpinach, whereas TEF1 diSpi-
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nach signal exhibits asymmetry that is stronger (~2.7-fold)
than that of ENO2 diSpinach (Figure 5). Upon deletion of
MYO4 or SHE2, TEF1 diSpinach signal increases slower in the
buds compared with wild-type cells (Figures 5C and 5D). This
highlights again that active transport machinery is involved in
asymmetric RNA segregation. We observed no preferential diS-
pinach signal distribution toward daughters in cells with ACT1pr-
mCHERRY-8xdiSPINACH expressed from a 2uOri plasmid
(Figures S1E and S1F).

Our results suggest first that ENO2 diSpinach RNA is actively
transported from the mother into its bud, resulting in asymmetric
distribution with an increased RNA level in the bud just prior to
cytokinesis, and second that this asymmetric inheritance is not
limited to glycolytic genes.

Change in asymmetric distribution of RNA during
replicative aging

It has been shown previously that the symmetry of protein distri-
bution between mothers and daughters can change with aging
(Erjavec et al., 2007; Morlot et al., 2019). In particular, the
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Figure 5. Dynamics of diSpinach signal (PDC1 and TEF1) transport into buds
(A and C) Dynamics of mean diSpinach signal for PDC1 and TEF1 in mothers and buds (solid and dashed lines) normalized by corresponding cell area, aligned at

bud emergence, shown until the median cytokinesis time point (+ 60 min).

(A) PDCT1 plot: autofluorescence control (N = 203 cell cycles, black) and wild type (PDC71-8xdiSPINACH, N = 307 cell cycles, blue).
(C) TEF1 plot: autofluorescence control (N = 302 cell cycles, black), wild type (TEF7-8 xdiSPINACH, N = 200 cell cycles, blue), and transport mutants (she24 [N =

203 cell cycles, magenta] and myo44 [N = 204 cell cycles, green)).

(B and D) Ratios of the normalized mean signal intensities for buds and mothers. Dashed line, ratio at which mean RNA (diSpinach) signals in buds and mothers

are equal.

Cells were imaged for 10 h in SCD with 50 uM DHFBI-1T. Mothers and buds were counted as separate cells from bud emergence. Ribbons, 95% confidence
intervals determined from 50,000 bootstrap samples. See also Figures S1 and S3.

oxidized form of the Eno2 protein is preferentially retained in
mothers and has been linked to replicative aging (Erjavec
et al., 2007). For this reason, we decided to test whether the
asymmetric distribution of ENO2 diSpinach signal between
mothers and daughters at cytokinesis also changes during repli-
cative aging. Thus, we carried out time-lapse experiments with a
duration of up to 72 h (Video S4), using a microfluidics device de-

signed to study aging in yeast (Morlot et al., 2019; Goulev et al.,
2017). We analyzed the RNA signal in aging mothers and their
corresponding daughters at cytokinesis time points (Figure 6A)
by applying the quantitative approach and found that the mean
diSpinach signal in mothers stays largely constant over at least
16 divisions. In the corresponding daughters, the signal is largely
constant for the first 8 of these divisions but then decreases and
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(B) Mean diSpinach signal (ENO2) in mothers at cytokinesis (N = 40 cell tracks, red) and their daughters (N = 40 cell tracks, blue), normalized by corresponding cell
area, plotted against mother cell division (daughter generation) numbers for the wild type.

(C) Mean diSpinach signal (ENO2) in daughters at cytokinesis (N = 551 cells of different generations separated from their mothers at corresponding divisions,
purple) and granddaughters (N = 547 newly born cells, green), normalized by corresponding cell area, plotted against division (generation) number for the wild

type.

(D) Mean diSpinach signal (ENO2) in mothers at cytokinesis (N = 40 cell tracks, red) and their daughters (N = 40 cell tracks, blue), normalized by corresponding cell
area, plotted against mother cell division (daughter generation) numbers for the she24 strain.

(E) Mean She2 protein signal in mothers at cytokinesis (N = 41 cell tracks, red) and their daughters (N = 41 cell tracks, blue), normalized by corresponding cell area,
plotted against mother cell division (daughter generation) numbers for the She2-mCherry strain.

Cells were grown in SCD with 50 uM DHFBI-1T and imaged for up to 72 h. Whiskers (B-E) show standard errors. See also Figure S7.

reaches the same level as in the mothers around generation 16
(Figures 6B and S7A). This suggests that the preferential inheri-
tance of ENO2 diSpinach transcripts by daughter cells at cytoki-
nesis declines during replicative aging of the mother cell.

Next we wanted to determine whether this loss of asymmetry
during replicative aging is immediately restored in the first divi-
sion of daughter cells (Figure 6A). We found that, although the
mean diSpinach signal in the daughter and granddaughter cells
decreases and then stays largely constant with the mother cell
divisions, the asymmetry of ENO2 diSpinach RNA signal is main-
tained in the progeny of old mothers (Figure 6C). This observa-
tion is in line with the concept of daughter cell rejuvenation
(Unal et al., 2011).

Our data suggest that ENO2 diSpinach RNA levels at cytoki-
nesis in mother cells stay largely constant over multiple divisions,
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whereas its preferential distribution to daughter cells starts to
decrease as early as division 8 of the mother cell, resulting in
loss of asymmetric RNA inheritance.

Role of active transport in asymmetric RNA distribution
during replicative aging

To investigate how active transport is involved in the asymmetric
inheritance of ENO2 diSpinach RNA signal and its loss with repli-
cative aging, we performed additional aging experiments using
she24 cells. We found that, in these cells, the degree of RNA
asymmetric segregation between mother and daughter cells is
already much less pronounced starting from younger genera-
tions and stays largely constant during aging (Figure 6D). This
result supports our previous finding that active RNA transport
is required for asymmetric RNA inheritance and suggests that



Cell Reports

asymmetry may be lost during replicative aging because of a
switch from active to predominantly diffusion-based transport
(Figure 4). Next we endogenously tagged She2 with mCherry
and examined whether the levels of She2 proteins decrease
with age. We found that She2 protein levels remained the
same between mothers and daughters and were relatively con-
stant during aging (Figure 6E). These results suggest that,
although RNA transport via the She2-related machinery is
needed for the asymmetric transport of ENO2 diSpinach RNA,
changes in She2 protein levels do not account for the age-
dependent loss of asymmetric RNA inheritance.

Effect of cell morphology and cell cycle duration on
asymmetric RNA distribution during replicative aging
Replicative aging goes along with changes in cell morphology,
such as size or geometry, and cell cycle duration (Mortimer
and Johnston, 1959; Jo et al., 2015; Li et al., 2020). We thus
wondered whether these changes could explain the shift in the
asymmetric segregation of ENO2 diSpinach signal. We observed
in later cell divisions/generations an increase in cell size
(Figures S7B-S7D) as well as a change in the geometry of
mothers (more round) and daughters (more elongated) with pro-
nounced alterations in daughter cell shape (Figures S7E-S7J).
The increase in the mother cell area is inversely correlated with
changes in the daughter/mother diSpinach signal ratio (Fig-
ure S7D; Pearson correlation R = —0.94, p = ~1077), whereas
the mean RNA signal in mother cells stays roughly at a constant
level independent of the cell area (Figure S7C). Similarly, we
observed that the alterations in daughter cell shape are corre-
lated with lower diSpinach signal in the daughters (Figures S7I
and S7J) because we found a clear inverse correlation between
daughter/mother signal ratio and daughter geometry (Figure S7F;
Pearson correlation R = —0.93, p < 10~%). There is an increase in
cell cycle duration in older mother cells (approximately divisions
10-16) but not in daughter cells (Figure S7K). Again, we observed
that loss of asymmetric RNA segregation is inversely correlated
with changes in the cell cycle duration of mother cells (Fig-
ure S7L; Pearson correlation R = —0.84, p < 10~%) but not corre-
lated with changes in the duration of the cell cycle of newly born
daughter cells (Figure S7L; Pearson correlation R = 0.17, p =
0.53).

Having detected a correlation between cell geometry, cell cy-
cle duration, cell size, and replicative age with loss of asymmetric
RNA inheritance, we then investigated which of these parame-
ters is the most predictive for this phenomenon using multi-var-
iable regression (STAR Methods). We found that only replicative
age (p = 0.029) and mother cell area (p = 0.046), but not cell ge-
ometry (p = 0.795) or duration of mother S-G2-M phase (p =
0.132), are significantly predictive. This suggests that aging
and/or cell size might be causal for the reduction of ENO2 diSpi-
nach signal in the daughter cells and the loss of asymmetric in-
heritance. In fact, recent studies have causally linked large cell
size to the impaired function of old cells (Neurohr et al., 2019;
Lengefeld et al., 2021).

Effect of cell size on asymmetric RNA distribution
To experimentally test whether the increased cell size is the key
determinant explaining the loss of asymmetric ENO2 diSpinach
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signal at cytokinesis observed during replicative aging, we em-
ployed a previously established approach to genetically manip-
ulate cell size (Kukhtevich et al., 2020; Claude et al., 2021; Fig-
ure 7A). Inducible expression of Whi5 allows strong alterations
in steady-state cell size without major effects on population
doubling time. In the absence of the inducer B-estradiol, Whi5-
inducible cells are slightly smaller than wild-type cells, whereas
addition of B-estradiol results in steady-state populations with
an ~2-fold increase in average cell size (STAR Methods). There-
fore, we omitted B-estradiol from the medium or supplemented it
with one dose of 400 nM B-estradiol overnight to generate young
cells with a wide range of sizes and then performed time-lapse
experiments. We next calculated the mean ENO2 diSpinach
signal for newly born cells at cytokinesis of their first cell cycle
and analyzed the RNA signal as a function of cell area
(Figures 7B and 7C). Similar to aging mothers, the mean diSpi-
nach signal for young mothers stays largely constant indepen-
dent of cell area (Figure 7B). In contrast to the decrease of diS-
pinach signal in daughters of aging mothers, in daughters of
young mothers, the diSpinach signal does not decrease with
cell area (Figure 7C). These data suggest that, in the case of
young cells, ENO2 diSpinach RNA is inherited asymmetrically
by daughters independent of cell size.

We observed a loss of asymmetry in RNA distribution during
replicative aging, which is not a direct consequence of increased
cell size but rather due to additional aging-related processes
(Figure 7E) that can be restored during rejuvenation of daughter
cells.

Effect of Sir2 protein on age-dependent asymmetric
RNA distribution

Because our findings suggest that loss of asymmetric inheri-
tance of ENO2 diSpinach RNA during aging is mainly linked to
division/generation number, we next examined the age-depen-
dent segregation dynamics of the diSpinach signal in short-lived
cells. To accomplish this, we deleted the lifespan determinant
Sir2 (Wierman and Smith, 2014). We found that in sir24 cells,
mothers and daughters have almost identical diSpinach signals
for ENO2 RNA from the very first divisions onward, indicating a
lack of asymmetric inheritance in this mutant (Figure 7D). Thus,
sir24 cells fully resemble aged wild-type mother cells with
respect to diSpinach signal distribution. This finding is in line
with previous reports showing that sir24 cells exhibit a loss of
asymmetric segregation of oxidatively damaged proteins, mito-
chondria, and repair machinery between mother and daughter
cells (Wierman and Smith, 2014).

Our findings suggest that Sir2, in addition to controlling the
asymmetric distribution of oxidized Eno2 protein (Erjavec et al.,
2007), may also be required for the asymmetric inheritance of
ENO2 diSpinach RNA during aging (Figure 7E).

DISCUSSION

Here we followed, for the first time, the inheritance of RNA over
multiple generations in single cells, comparing aged and young
mother cells and their daughters and granddaughters. For
this, we tagged endogenous RNAs with eight repeats of the
RNA aptamer diSpinach and performed time-lapse imaging in
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Figure 7. Effect of cell size and reduction of replicative potential on the asymmetric diSpinach signal (ENO2) inheritance during replicative
aging

(A) Schematic of genetic manipulation of cell size in young cells by controlling Whi5 expression. For details, see text.

(B) Mean diSpianch signal (ENO2) per cell area at cytokinesis in young mothers for the Whi5-inducible strain (N = 289 cells at the first division, black) and aging
wild-type mothers (N = 646 cells with different division numbers, red) as a function of cell area.

(C) Mean diSpinach signal (ENOZ2) per cell area at cytokinesis in young daughters for the Whi5-inducible strain (N = 289 cells at the first division, black) and wild-
type daughters during aging experiments (N = 646 cells of different generations, red) as a function of cell area.

(D) Mean diSpinach signal (ENO2) in mothers at cytokinesis (N = 50 cell tracks, red) and their daughters (N = 50 cell tracks, blue), normalized by corresponding cell
area, plotted against mother cell division (daughter generation) numbers for the sir24 strain.

Cells were grown in SCD with 50 uM DHFBI-1T and imaged for up to 72 h for aging experiments with the wild-type and sir24 strains and 10 h with the Whi5-
inducible strain. Whiskers (B-D) show standard errors.

(E) Schematic summary of asymmetric ENO2 diSpinach signal inheritance during replicative aging. For details, see text. Cell size alone does not account for the
age-dependent decline of RNA inheritance to daughters. In the case of sir24 cells, the asymmetric RNA inheritance is abrogated.

See also Figure S7.
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a custom-made, multi-chamber microfluidics device (Figure 1A).
Critical for the questions addressed here, and in contrast to
commonly used endpoint analyses, the live-cell character of
our RNA visualization approach makes it possible to incorporate
the history of the individual cells into the analysis.

While establishing our approach, we observed that the distri-
bution of the RNA signal within cells can vary strongly (Figure S3).
In addition to different numbers of foci/spots per cell, we
observed cells with different spot morphologies, ranging from
a clear maximum of intensity in distinct foci to larger rather
diffuse signals and cells with simply overall increased fluores-
cence intensity within the cell contours, potentially because of
a large number of broadly distributed RNAs. Thus, we had to
develop pipelines to quantify the intensity of the RNA signal for
high, medium, and low RNA expression levels, which we
achieved with the “quantitative” and “binary” approaches,
respectively.

Using an MS2-based approach, Lui et al. (2014) also reported
a punctuated localization pattern for ENO2 RNA. Morales-Po-
lanco et al. (2021) demonstrated a granular localization pattern
of multiple glycolytic mRNAs (including ENO2 and PDCT) and
suggested that being “housed in large cytoplasmic bodies” is
a feature of mMRNAs of many glycolytic genes. It is still unclear
how many RNA molecules are harbored by the foci we observed
with the diSpinach-based imaging approach and whether these
are indeed full-length RNAs.

Our study provides, for the first time, evidence that ENO2 diS-
pinach RNAs are actively transported from the mother into the
bud in a Myo4-, She2-, and She3-dependent manner, resulting
in an asymmetric distribution at cytokinesis with a significantly
elevated RNA signal in the bud compared with the mother cell
(Figure 4). For PDC1 and TEF1 the diSpinach RNA signal seem
to be asymmetrically distributed at cytokinesis, but the levels
of asymmetry are different in comparison with ENO2 diSpinach
RNA (Figure 5). These results, together with data on ASH1
RNA (Heym and Niessing, 2012; Haber, 2012), HXT2 RNA (Stahl
et al., 2019) and CLB2 RNA asymmetric distribution (Tutucci
et al., 2022), suggest that asymmetric inheritance of RNA could
be widespread and is not limited to glycolytic genes. The Eno2
protein behavior is not recapitulating the asymmetry we
observed for the RNA, something that has also been described
recently for Clb2 protein (Tutucci et al., 2022).

We observed that asymmetric RNA inheritance changes in
ENO2-8xdiSPINACH cells with replicative age. In aging
mothers, diSpinach signal levels at cytokinesis are largely inde-
pendent of division number, whereas they decrease in daughter
cells with increasing generation number, resulting in loss of
asymmetric inheritance (Figure 7E). Our cell size manipulation
experiments suggest that in daughters of young mothers,
ENO?2 diSpinach signal is largely independent of cell size, and
asymmetric distribution is maintained even in bigger cells (Fig-
ure 7C). Thus, increased cell size alone does not explain the
loss of asymmetric RNA inheritance into daughters during repli-
cative aging. We did not find any signs that the transport machin-
ery itself is affected during replicative aging; She2 protein levels
remained largely constant in mothers and daughters (Figure 6E)
and are most likely not determining the age-dependent loss of
asymmetric RNA inheritance. However, we cannot exclude
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changes of other components of the transport machinery (such
as She3 or Myo4), F-actin, or ATP levels. Our data suggest
that Sir2 is required for asymmetric inheritance (Figures 7D and
7E) of ENO2 diSpinach RNA, and this is in line with the previously
described function of Sir2 in establishing cellular age asymmetry
that might lead to daughter cell rejuvenation (Aguilaniu et al.,
2003; Liu et al., 2010). Consistent with our findings, Sir2 protein
abundance progressively decreases in mother cells during repli-
cative aging, with the most significant reduction occurring at di-
vision numbers coinciding with the loss of asymmetric RNA in-
heritance (Dang et al., 2009).

Our northern blot analysis using a probe against diSPINACH
indicates the additional presence of potential RNA decay/cleav-
age products (Figures S1D and S5E). It is conceivable that these
could affect imaging results. However, northern blots only pro-
vide an average snapshot of RNA size and no information about
the localization of these fragments or accumulation in a subpop-
ulation of cells. Crucially, though, we did not observe asymmetric
inheritance of diSpinach signal for mCHERRY tagged with
8% diSPINACH (Figures S1E and S1F), suggesting that asym-
metric inheritance is not simply due to the presence of decay/
cleavage products. Similar RNA decay products have been
observed in northern blot analyses of the original versions of
MS2 tags, and they have been discussed in multiple publications
(Garcia and Parker, 2015, 2016; Haimovich et al., 2016; Heinrich
etal., 2017). The presence of RNA decay products has been miti-
gated by a re-engineered version of the MS2 tag (Tutucci et al.,
2018), suggesting that future engineering of diSpinach tags
might be beneficial. Thus, we advocate a cautionary approach
when using diSpinach; in particular, validation of results should
be performed using orthogonal methods such as FISH or
smFISH. Our FISH experiments for endogenous untagged ENO
RNAs (Figures S5F-S5H) confirmed their increased level in
buds compared with mothers. We consider it unlikely that the
observed loss of ENO2 asymmetry in transport mutants or during
aging occurs simply because of preferential loss of RNA decay/
cleavage products, but at this time, we cannot formally exclude
this possibility.

RNA imaging as described here opens opportunities to study
RNA transport and inheritance in live budding yeast at the single-
cell level to reveal regulatory principles, which are potentially
conserved across species. The asymmetric inheritance of
cellular components such as RNA could lead to different cell
states of the two resulting cells. Because these cell states can
affect cellular responses to external stimuli, they are critical for
the survival and fitness of unicellular organisms such as S. cere-
visiae as well as development and homeostasis of multicellular
organisms. Thus, the approach we describe here could also be
used to address key questions about phenotypic heterogeneity
in different organisms.

Limitations of the study

Specific RNA motifs such as MS2 (Tyagi, 2007) or PP7 (Lenstra
and Larson, 2016) have often been used for live detection of
RNAs and have enabled many discoveries in transcriptional dy-
namics. The MS2/PP7 system as well as RNA aptamer-based
imaging approaches rely on genetic insertions and recruitment
of coat proteins coupled to fluorescent proteins or binding to
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fluorophores. Therefore, potential biological effects as a result of
altered stability, turnover of the RNA itself, or expression should
be taken into account for each RNA studied. Both of these ap-
proaches have different caveats that have to be carefully consid-
ered; in particular, potential accumulation of mMRNA cleavage or
decay products because of RNA tagging. In the case of the diS-
pinach aptamer system, some of the caveats are mitigated by
use of fluorophores, like DHFBI-1T, because these molecules
are approximately 100 times smaller than, e.g., coat proteins
and generate fluorescence signals only upon RNA binding. How-
ever, RNA aptamers have other disadvantages. Specifically, the
aptamer system has limitations for counting RNA molecules as
well as multicolor imaging and has lower brightness, which is
potentially a constraint for imaging and tracking lowly expressed
RNAs. High numbers of aptamer repeats may increase the sensi-
tivity of detection but could have undesirable effects on the cells
or the RNA itself. Thus, the choice of approach should take into
consideration these caveats and be based on the RNA under
investigation.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

DFHBI-1T TOCRIS, UK Cat. No. 5610

TO1-B Laboratory of Peter Unrau Published in https://doi.org/10.1021/
cb500499x

Bl Lucerna, USA Cat. No. 600-1mg

Photoresist SU-8 2025
Photoresist SU-8 2002
Polydimethylsiloxane kit Sylgard 184

MicroChem, USA
MicroChem, USA
Dow Corning, USA

Product No. Y111069
Product No. Y111029
Material Number 1673921

Drop-out Mix Synthetic minus Histidine, US Biological L14110761
Leucine, Tryptophan, Uracil w/o yeast
Nitrogen Base
Drop-out-mix complete w/o yeast nitrogen US Biological Cat #D9515
base
Difco Yeast Nitrogen Base w/o Amino Acids Becton-Dickinson Ref 291940
L-Leucine Sigma L8000-50G
L-Histidine Sigma 53319-100G
D-(+)-Glucose Sigma G8270-100G
Ethanol Sigma-Aldrich 1.00983.1000
Glycerol Sigma-Aldrich G9012-1L
Stellaris® RNA FISH Hybridization Buffer Biosearch Technologies, UK SMF-HB1-10
Stellaris® RNA FISH Wash Buffer A Biosearch Technologies, UK SMF-WA1-60
Stellaris® RNA FISH Wash Buffer B Biosearch Technologies, UK SMF-WB1-20
Experimental models: Organisms/strains
Saccharomyces cerevisiae. See Table S1 N/A N/A
for details on strains
Oligonucleotides
Stellaris® ENO2 smFISH probes Biosearch Technologies, UK N/A
Stellaris® SUT509 smFISH probes Biosearch Technologies, UK N/A
Recombinant DNA
pRS406 Addgene, U03446
USA
pUG27 plasmid EUROSCARF, P30115
Germany
pSH47 plasmid EUROSCARF, P30119
Germany

Software and algorithms

PhyloCell
Autotrack
MATLAB

Cell ACDC

Python
Nikon NIS Elements
ZEN (Zeiss software)

Laboratory of Gilles Charvin
Laboratory of Gilles Charvin
MathWorks

Laboratory of Kurt M. Schmoller

Python Software Foundation, USA
Nikon, Japan
Zeiss, Germany

https://github.com/gcharvin
https://github.com/gcharvin

Versions
R2018b and R2021a

https://github.com/SchmollerLab/
Cell_ACDC

Python 3.8.5
Version 4.51.c1 and 5.02.01
ZEN 2.6, blue edition

(Continued on next page)

Cell Reports 41, 111656, November 15, 2022 et


https://doi.org/10.1021/cb500499x
https://doi.org/10.1021/cb500499x
https://github.com/gcharvin
https://github.com/gcharvin
https://github.com/SchmollerLab/Cell_ACDC
https://github.com/SchmollerLab/Cell_ACDC

¢? CellPress

OPEN ACCESS

Cell Reports

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Fiji (ImageJ) Wayne Rasband National Institutes of Version 1.53 ¢
Health, USA

Other

24 x 50 mm #1.5 glass coverslip

1 mm biopsy puncher

Tygon tubing 0.02 inch ID x 0.060 inch OD
18 gauge 0.5 inch bent 90° blunt needle
Microfluidic flow controller

Microfluidic flow sensor

Port selector valve

Objective heater

Heating chip holder

Epifluorescence microscope

100x Objective

Light engine

EMCCD camera
Confocal microscope
CCD camera

Knittel Glass, Germany
Integra Miltex, USA
Cole-Parmer, Germany
Techcon, USA
Elveflow, France
Elveflow, France

Idex, USA

Okolab, Italy
custom-built

Nikon, Japan

Nikon, Japan

Lumencor, USA
Andor, UK

Zeiss, Germany
Zeiss, Germany

Cat# VD12450Y1A.01
Cat# 33-31AA-P/25
Cat# GZ-06419-01
Cat# TE718050B90PK
Cat# OB1 MK3+

Cat# MFS 3

Cat# MXX778-605
N/A

N/A

Cat# Eclipse Ti-E

Cat# plan-apo A 100x/1.45 NA Ph3 oil
immersion

Cat# SPECTRA X
Cat# iXon Ultra 888
LSM 800

Axiocam 506 mono

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Robert Schneider (robert.

schneider@helmholtz-muenchen.de).

Materials availability

This study did not generate any unique reagents.

Data and code availability

o Datasets used for figures in the manuscript are included in Sl (Data S1).
® This paper does not report any original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All S. cerevisiae strains used in this study are based on Y7092 (wild-type), which was also used as an autofluorescence control. See
Table S1 for additional information on the strains. Strains are available from the lead contact upon request.

METHOD DETAILS

Strain construction

S. cerevisiae strains were constructed using standard lithium acetate transformation and additional information on them is available in
Table S1. Where specified, we used NAB2NLS-2xmCHERRY-URAS for visualization of nuclei, and ENO2-mCHERRY, ENO2-sfGFP
and SHE2-mCHERRY for assessing Eno2 and She2 protein levels. Strains with inducible Whi5 are constructed in analogy to strains
established in (Kukhtevich et al., 2020). Briefly, Whi5 is an inhibitor of the transcription factor SBF, which controls a large set of genes
required for S-phase entry (Figure 7A) (de Bruin et al., 2004; Costanzo et al., 2004). By controlling cell cycle entry in a size-dependent
manner (Schmoller et al., 2015), Whi5 acts as a cell size regulator. Thus, by tuning Whi5 concentration using an artificial controllable
promoter (Ottoz et al., 2014), we can strongly alter steady-state cell size without major effects on population doubling time (Kukhte-
vich et al., 2020; Claude et al., 2021). Strains are available upon request.
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Aptamer-based tagging strategy

We used the diSpinach aptamer (Figure S1A, Table S2) and the previously published Mango Il aptamer (Autour et al., 2018). The
diSpinach aptamer combines two repeats of the iSpinach aptamer (Autour et al., 2016), with the loop of the first repeat replaced
by the second repeat to improve the folding efficiency (Figure S1A). For all mRNAs, we inserted the tag directly after the stop codon,
while SUT509 ncRNA was tagged directly after the corresponding sequence. For MANGO Il repeats we used ‘AAAA’ as a universal
spacer; for diSPINACH repeats 20 random base pairs, except a middle 40 base pair spacer of 16xdiSpinach repeats, which was used
due to cloning restrictions (Table S2). The 20 base pair spacers were checked using IPknot to avoid the formation of secondary struc-
tures. We inserted 1x, 2x, 4x, 8x and 16x repeats of diSPINACH and 12x repeats of MANGO Il to tag ACT1pr-mCHERRY (1000 base
pairs upstream of the start codon were used as the promoter) on a 2uOri expression plasmids with URA3 as selection marker. Eight
repeats of diSPINACH were used to tag SUT509pr-SUT509 (500 base pairs upstream of the start codon were used as a promoter) on
a 2uOri expression plasmid. A plasmid carrying HHO1pr-mCHERRY-8xdiSPINACH (1000 base pairs upstream of the start codon
were used as the promoter) and URAS3 as a selection marker was assembled and integrated into the URA3 locus. Plasmids carrying
diSpinach-tagged constructs are based on pRS406. For high copy plasmids, a 2uOri was inserted at the Zral site. For endogenous
tagging of RNAs, we constructed a plasmid based on the pUG27 backbone with LEUZ2 as a selection marker, replacing HIS5 between
two LOXP sites and followed by eight repeats of diSPINACH. After successful tagging of endogenous RNAs with LOXP-LEU2-LOXP-
8xdiSPINACH, LEU2 was removed by Cre-Lox recombination as previously described (Guet et al., 2015). In brief, Cre-recombinase
was expressed from the pSH47 plasmid to promote the recombination.

Growth conditions

Prior to experiments, cells were grown overnight at 30°C in liquid synthetic complete medium with 2% dextrose as a carbon source
(SCD). Strains carrying 2puOri expression plasmids with URAS3 as a selection marker were instead grown in liquid synthetic complete
medium without uracil and with 2% dextrose. Saturated cultures were diluted in SCD and grown for 4-5 h to reach log phase (OD
~0.1-0.2) before starting microscopy experiments. Strains with inducible Whi5 were either not supplemented or additionally supple-
mented with one 400 nM dose of B-estradiol and grown over-night to achieve a wide distribution of accessible cell sizes. Note that we
found that strains based on Y7092 require a significantly higher concentration of B-estradiol (400 nM) to induce a ~2 fold change in
cell size compared to what we found for W303-based strains (Kukhtevich et al., 2020).

For the experiments described in Figures S2A, S2B, 50 uM DFHBI-1T (TOCRIS, Cat. No. 5610) or 1.25 or 12.5 um TO1-B (kindly
provided by Peter Unrau) was added to the cell culture 40 min prior to imaging in the well-device described below. For all time-lapse
experiments using microfluidic devices, SCD medium with 50 uM DFHBI-1T was used (Figures 1, 2, 3, 4, 5, 6, 7 and S1B, S3, S4A,
S4B, S4C, S4F, S4G, S7), except for a fluorophore washout experiment (Figures 6A-6C), for which SCD without DFHBI-1T was addi-
tionally used, and glucose withdrawal experiment (Figure S6D), for which SC (no glucose) with 50 uM DFHBI-1T was additionally
used. We also tested 50 uM Bl (Lucerna, Cat. No. 600-1mg) for imaging but 50 uM DFHBI-1T clearly performed better (Figure S2C).

Microfluidic devices
To acquire live single-cell data over a long period of time, we developed a custom-made microfluidics device that allows isolating
cells in a dedicated region of interest, limiting colony growth to the XY-plane. The device (Figure 1A) includes eight separate cell cul-
ture chambers with a controllable medium exchange that enables imaging of up to eight strains simultaneously. The design can be
provided upon request.

The microfluidic device was fabricated by means of standard soft lithography. Briefly, by using photolithography a master mold for
replication of the device design in polydimethylsiloxane (PDMS) was fabricated from SU-8 photoresist (MicroChem, USA) spin-
coated on a 3" Si wafer. The master mold was then filled with a 10:1 mixture of the base to curing agent of PDMS kit Sylgard 184
(Dow Corning, USA) and left at 60°C for 4 h to crosslink the PDMS. After crosslinking, the PDMS replica was cut and peeled off
from the master mold, and necessary inlets and outlets for tubing connections were made using a 1 mm puncher. Next, the replica
was sealed with a coverslip after both were treated in O, plasma.

To test that our device does not affect cell growth, we compared doubling times of wild-type cells growing in SCD in liquid cultures
and within the microfluidic device. Importantly, under typical imaging conditions, cell growth was not affected, and in both cases, we
observed doubling times of approximately 80 min at 30°C.

The microfluidic device introduced here could be adapted for high-throughput applications and applied to other light-up aptamers
(Bouhedda et al., 2018; Paige et al., 2011; Autour et al., 2016, 2018; Dolgosheina et al., 2014; Song et al., 2014; Chen et al., 2019).

For aging experiments, we used a microfluidic device designed to study aging in budding yeast (Morlot et al., 2019; Goulev et al.,
2017). This device was fabricated by means of standard soft lithography as described above.

Well-device

To take stillimages of different strains (Figures S2A-S2C), we used a custom-made well-device made of PDMS and a coverslip. This
device consists of eight separate wells, which can hold up to 100 pL of cell culture and can be sealed from the top with an additional
coverslip. This device allows measuring live cells using high magnification oil immersion objectives, while preventing the culture from
evaporation.
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Live-cell microscopy

For live-cell microscopy using the well-device (Figures S2A-S2C), 80 uL of each cell culture were transferred into different wells. Then,
the wells were sealed with a coverslip to prevent evaporation. Temperature control was achieved by setting a custom-made micro-
scope incubator to 30°C.

Live-cell time-lapse experiments (Figures 1, 2, 3, 4B, 4C, 5, 7B, 7C and S1B, S3, S4A,S4B,54C,S4F,S4G, S6A-S6F) were per-
formed using the custom-made microfluidic device described above. Different strains were separately loaded in different chambers
of the device. Constant medium flow at 20 uL/min was applied, enabling imaging of a colony growing over approximately 6 gener-
ations (10 h). For a fluorophore washout experiment, cells were grown for 3 h in SCD with the fluorophore and then for 7 h in SCD
without fluorophore supplement (Figure S6A-S6C). For a glucose withdrawal experiment, cells were grown for 3 h in SCD with the
fluorophore and then for 7 h in SC (no glucose) with the fluorophore supplement (Figure SED). In the case of aging experiments
(Figures 6B-6E, 7B-7D, and S7), we used an aging device described in (Morlot et al., 2019; Goulev et al., 2017), applied a constant
medium flow at 10 pL/min, and performed imaging for up to ~28 generations (up to 72 h). Temperature control was achieved by
setting both a custom-made heatable insertion and an objective heater to 30°C.

A Nikon Eclipse Ti-E with SPECTRA X light engine illumination and an Andor iXon Ultra 888 camera were used for epifluores-
cence microscopy. A plan-apo A 100x/1.45NA Ph3 oil immersion objective was used to take phase contrast and fluorescence im-
ages. diSpinach-related fluorescence was imaged by exposure for 300 ms, illuminating with the SPECTRA X engine at 480 nm and
19 mW power. Mango lll-related fluorescence was imaged by exposure for 400 ms, illuminating with the SPECTRA X engine at
504 nm and 62 mW power. mCherry fluorescence was imaged by exposure for 200 ms, illuminating with the SPECTRA X engine
at 556 nm and 13 mW power, except for endogenously integrated HHO1pr-mCHERRY-8xdiSPINACH and the corresponding au-
tofluorescence experiments for which an exposure time of 400 ms and 26 mW power was used, as well as ENO2-mCHERRY and
SHE2-mCHERRY strains for which exposure time of 200 ms and 26 mW power was used. sfGFP fluorescence was imaged by
exposure for 300 ms, illuminating with SPECTRA X engine at 480 nm and 19 mW power. sfGFP fluorescence (emission at ~
510 nm), mCherry fluorescence (emission at ~610 nm), DFHBI-1T fluorescence upon diSpinach binding (emission at ~505 nm)
and TO1-Biotin fluorescence upon Mango Ill binding (emission at ~535 nm) were imaged using corresponding emission wave-
lengths filters.

FISH experiments for ENO2 RNA in SCD

For RNA fluorescence in situ hybridization (RNA FISH) we followed the protocols suggested in (Brown et al., 2018; Youk et al., 2010)
and as described here. In brief, cells were grown in SCD medium overnight. The next day, cells were diluted in SCD medium for log-
phase growth, and 27 mL of OD 0.5 culture was fixed with 3 mL 37% formaldehyde for 45 min. Cells were washed twice with 10 mL
cold FISH buffer A (1.2 M sorbitol, 0.1 M KHPO, (pH 7.5)) and resuspended in 1 mL FISH buffer B (FISH buffer A, 20 mM ribonucle-
oside vanadyl complex (VRC), 20 uM 2-mercaptoethanol). Cell walls were digested with 375 U lyticase at 30°C for ~45 min until
~90% of cells were spheroplasted. From then on, spheroplasts were centrifuged at 400 g to prevent bursting. Cells were washed
twice with 1 mL cold FISH buffer B without 2-mercaptoethanol, resuspended in 1 mL 70% ethanol, and stored overnight at 4°C.
The next day, cells were resuspended in 100 pL FISH buffer C (2x SSC (300 mM NaCl, 30 mM sodium citrate), 10% dextran sulfate,
1 mg/mL E. coli tRNA, 2 mM VRC, 20 ug/mL BSA, 10% formamide) with 125 nM probe and incubated at 30°C overnight in the dark.
with the following modifications: we used custom Stellaris RNA FISH probes, which contained 48 oligos labeled with Quasar 670 to
detect ENO2 RNAs (Biosearch Technologies). We note that due to high sequence similarity, we expect these probes to also visualize
ENO1 RNAs, which is however much less abundant compared to ENO2 in cells grown in a glucose-containing medium (Nadal-Ri-
belles et al., 2019). The following day, 100 pL FISH buffer D (2x SSC, 10% formamide) was added to the sample. Cells were centri-
fuged and resuspended in 1 mL FISH buffer D and incubated at 30°C in the dark for 30 min. Cells were then washed again with FISH
buffer D (without incubation), resuspended in FISH buffer E (1 mL PBS with 25 ng/mL DAPI), and incubated at 30°C in the dark for
30 min. Cells were resuspended in a drop of ProLong Gold (Life Technologies) and mounted on a microscope slide with an
18 x 18 mm square #1 coverglass. The slides were stored overnight at room temperature in the dark. Finally, the coverslips were
sealed with nail polish before imaging.

To image FISH samples we used the same microscopy setup as described in the “live-cell microscopy” section above except for
different fluorescence imaging settings (Figure S5A). DAPI related fluorescence was imaged by exposure for 50 ms, illuminating with
the SPECTRA X engine at 387 nm and 118 mW power. mCherry fluorescence was imaged by exposure for 100 ms, illuminating with
the SPECTRA X engine at 556 nm and 26 mW power. FISH probes related fluorescence was imaged by exposure for 400 ms, illu-
minating with the SPECTRA X engine at 635 nm and 139 mW power. DAPI (emission ~461 nm), mCherry (emission ~610 nm) and
FISH probe fluorescence (emission ~670 nm) were imaged using corresponding emission wavelength filters.

FISH experiments for ENO2 RNA in SCGE and SUT509 in SCD

FISH experiments for ENO2 in liquid synthetic complete medium with 2% glycerol and 1% ethanol (SCGE) and for SUT509 in SCD
medium were performed according to the Stellaris® RNA smFISH Protocol for S. cerevisiae, available online at www.
biosearchtech.com/stellarisprotocols. For ENO2, the same custom Stellaris FISH probes were used as described for Figure S5F.
We note that due to high sequence similarity, we expect these probes to also visualize the paralog ENO1. For SUT509, custom
Stellaris FISH probes containing 40 oligos were used (Figure S4D). Each oligo was 20 nucleotides long and labeled with the
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Quasar® - 570 fluorophore (Biosearch Technologies). Cells were inoculated in 5 mL of SCD or SCGE medium and incubated for at
least 5 h at 30°C under shaking conditions (250 rpm). These cultures were then diluted to 50 mL and grown overnight to reach ODs
of around 0.1 the next morning. DHFBI-1T was added to the cultures at a concentration of 50 uM and the cells were allowed to
grow in media with DHFBI-1T for at least 2 h. Exponential phase cells were fixed at ODs 0.2-0.4 for SCD cultures and ODs 0.1-0.3
for SCGE cultures by addition of 5 mL of 37% formaldehyde to 45 mL of cell culture (final concentration 3.7%) and incubation at
room temperature for 45 minutes. Fixed cells were washed twice with ice-cold fixation buffer (1.2 M sorbitol (Sigma-Aldrich), 0.1 M
K2HPO4 (Sigma-Aldrich), pH 7.5), and were resuspended in 1 mL fixation buffer containing 6.25 ng zymolyase (Biomol). Cells were
incubated for 55 min at 30°C for cell wall digestion. Following cell wall digestion, the spheroplasts were only centrifuged at 4009 to
prevent cell bursting. The digested cells were washed twice with ice-cold fixation buffer, resuspended in 70% EtOH and stored
overnight at 4°C. Depending on the size of the cell pellet, 300-500 puL of digested cells were centrifuged and resuspended in
100 pL hybridization buffer (Stellaris® RNA FISH Hybridization Buffer (Biosearch Technologies) with 10% v/v formamide (VWR In-
ternational)) containing a final Stellaris® FISH probe concentration of 125 nM. The cells were incubated overnight with the probe at
30°C in the dark. The following day, cells were first treated with 100 pL wash buffer A (Stellaris® RNA FISH 1X wash buffer A (Bio-
search Technologies) with 10% v/v formamide), centrifuged and then incubated in 1 mL wash buffer A at 30°C for 30 min. Next,
the cells were centrifuged and resuspended in 1 mL of a DAPI solution (5 ng/mL DAPI in wash buffer A). After incubation in the
DAPI solution at 30°C for 30 min to stain the nuclear DNA, the cells were washed with Stellaris® RNA FISH wash buffer B by
shaking at 500 rpm for 12 min in the Eppendorf® VWR ThermoMixer™ C. Cells were centrifuged and resuspended in a drop
of ProLong Gold Antifade Mountant (Invitrogen) before being mounted onto glass microscopy slides (Epredia™, SuperFrost
Plus, 25 x 75 x 1 mm) using cover glasses (Carl Roth GmbH, High Precision Microscope Cover Glasses, 18 x 18 mm No.
1.5H). Each experiment consisted of at least two biological replicates and multiple images were acquired for each biological
replicate.

The slides were imaged on a Zeiss LSM 800 microscope with an additional epifluorescence setup using a 63x/1.4NA oil immersion
objective and a Zeiss Axiocam 506 camera. Epifluorescence stacks composed of 25 z-slices (0.24 um step size) were acquired to
cover the entire depth of cells. ENO2 FISH probes labeled with Quasar® - 670 fluorophore were imaged using the Colibri 630 LED
module at 50% power and an exposure time of 400 ms. SUT509 FISH probes labeled with Quasar® - 570 fluorophore were imaged
using the Colibri 511 LED module at 50% power and an exposure time of 5 s. DAPI signal was imaged using the Colibri 385 LED
module at 30% power and an exposure time of 130 ms. Bright-field images were acquired using the TL Lamp at an intensity of
6% for an exposure time of 100 ms.

Impact of aptamer-based tagging on RNA

To assess how tagging with 8xdiSPINACH impacts transcript concentrations we checked how it affects ENO2 RNA levels by
analyzing our quantitative FISH data for ENO2 RNA (see description above, Figures S5A-S5C). This revealed ~40% of ENO2
RNA in ENO2-8xdiSPINACH cells compared to wild-type cells, suggesting that the diSpinach aptamer may have a moderate effect
on mRNA abundance (Figure S5B). We wish to emphasize that our FISH analyses confirm that the asymmetric distribution is not due
to 8xdiSpinach tagging of the ENO2 RNA, since tagging does not affect the mother-daughter distribution (Figure S5C). Notably, the
reduced levels of ENO2 RNA seem to not majorly impair cell viability and growth, consistent with the fact that even eno24 cells are
viable and have no strong phenotype on glucose media (Entelis et al., 2006).

Northern blot

Northern blot analysis for ACT1pr-mCHERRY-0/1/2/4/8xdiSPINACH expressed from 2 uOri (Figures S1C, S1D) and endoge-
nously expressed ENO2 and ENO2-8xdiSPINACH (Figures S5D, S5E) was carried out as described in (Krumlauf, 1991). In brief,
equal amounts of total RNA (5ug per sample) were diluted in 10 uL TE buffer (final volume) and mixed with 1 pL 20x MOPS
(0.1 M sodium acetate, 0.4M MOPS, and 20 mM EDTA), 10 uL 100% formamide, 3.5 uL 37% formaldehyde, 2 pL Blue Juice
dye (0.1% xylene cyanol, 0.1% bromophenol blue, 1x MOPS, 50% glycerol). RNA was denatured at 60°C for 15 min, cooled
on ice and loaded immediately on a 1% agarose gel containing 1x MOPS and ~6.3% formaldehyde. The gel was run for 4h
at 60V and then soaked in 50 mM NaOH, 0.1M NacCl for 20 min with gentle shaking. The gel was then neutralized by incubating
in 0.1M Tris-HCI pH 7.6 for 20 min followed by incubation with 2x SSC (0.3M NaCl, 30mM sodium citrate) for 20 min with gentle
shaking. RNA was then transferred onto a positive Nylon membrane (Amersham Hybond™-N, GE Healthcare) overnight by
capillary transfer in 20x SSC buffer (3M NaCl, 0.3M sodium citrate). After blotting, the membrane was briefly rinsed with 6x
SSC buffer and RNA crosslinked to the membrane by 254nm UV light with a total energy output of 2400J. The membrane
was then placed between two sheets of 3SMM Whatman paper and baked at 80°C for 60 min. For prehybridization, the mem-
brane was incubated with hybridization buffer (50% formamide, 5x SSC, 1x Denhardt’s reagent, 20 mM sodium phosphate
buffer, pH 6.8, 100pg/mL sheared denatured Salmon sperm DNA, 1% SDS and 10% dextran sulfate) for 1h at 50°C. DNA
probes (MCHERRY, ENO2, diSPINACH) for hybridization were generated from PCR products or synthesized oligonucleotides
using the RadPrime DNA labeling system (Invitrogen) with incorporation of [y—32P]dATP (Hartmann Analytik) according to
the instructions of the manufacturer. Hybridization was done overnight at 50°C. The next day, the membrane was washed twice
in 30-40 mL of 0.1x SSC, 0.5% SDS at 60°C for 20 min and exposed to phosphor-imaging screens. Images were acquired with
the Typhoon FLA 7000 imaging system.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Cell segmentation

For experiments shown in Figures 1, 2, 3, 4, 5, 6, 7 and S1, S4A, S4B, S4C, S4F,S4G, S5A-S5C, S6, S7 cells were automatically or
manually segmented based on phase-contrast images using the Matlab-based Phylocell software (Fehrmann et al., 2013). Results of
automatic segmentation were visually inspected and manually corrected if necessary.

For FISH experiments shown in Figures S4D, S4E, S5F-S5H, cell segmentation, cell volume calculations, lineage annotations and
cell-cycle stage assignments were performed using the Cell-ACDC (v1) toolkit available at https://github.com/SchmollerLab/
Cell_ACDC (Padovani et al., 2022). More specifically, we used the YeaZ neural network option in Cell-ACDC for segmentation (Dietler
et al., 2020).

Image processing

To minimize the effect of pixel-noise and background fluorescence, we first applied a 5x5 pixel-moving average filter on fluorescence
images. We used this filter since a 5x5 pixel field is around the optical resolution of our microscope setup and therefore allowed us to
remove pixel and camera noise and robustly identify a signal that is higher than “autofluorescence” in a strain without any fluorescent
tag. Then for each image, we subtracted the background signal calculated as the median from two areas, 200x200 pixels (or equiv-
alent) each, selected to not contain any cells (Figures 1A, S2E). The background signal subtraction was not applied for the data pre-
sented in Figures 6, 7 and S7.

Cell autofluorescence control

The wild-type strain (Y7092) without any genetic modifications was used as the autofluorescence control for all experiments except
experiments that required the induction of Whi5 with B-estradiol. For these experiments, the Whi5-inducible stain constructed
without any additional modifications in the Y7092 background was used. Here, autofluorescence refers to cellular autofluorescence
as well as potential cell-dependent fluorescence of the fluorophores even in the absence of aptamers.

Quantification of the RNA and protein signals
To quantify the RNA signal, we further analyzed the images obtained after applying the moving average filter and background
subtraction.

For the ‘quantitative approach’ used in Figures 2A-2C, 3A, 3C, 3E, 3G, 3H, 4B, 4C, 5, 6B-6E, 7B-7D, and S1E, S6B, S6C, S6E-S6H,
S7A, S7C, S7D, S7F-S7J, S7L, we used a threshold defined as the median pixel intensity plus two standard deviations calculated
from the autofluorescence control to distinguish RNA or protein signal from autofluorescence. To measure the strength of the
RNA or protein signal, we then summed the intensity of all pixels within the cell contour with intensity above the threshold. If five pixels
or less were above the threshold, the RNA or protein signal was set to zero.

For the alternative ‘binary approach’ used in Figures 2D, 3B, 3D, 3F, and S4C, we instead used a threshold defined as the median
pixel intensity plus three standard deviations calculated from the autofluorescence control. We then classified a cell as “cell with RNA
signal” if the pixel intensity of more than five pixels exceeded the threshold.

Signal normalization

For most genes, bigger cells contain higher numbers of RNA molecules than smaller cells. Correspondingly, for most genes, RNA
concentration is more similar in small and big cells (Claude et al., 2021; Swaffer et al., 2021). It is also known that cell size is a major
reason for intrinsic variability in transcript or protein content between cells (Newman et al., 2006). To correct for this intrinsic variability
in the RNA, mCherry protein, She2-mCherry, Eno2-mCherry and Eno2-sfGFP signals caused by differences in cell sizes, we normal-
ized the signal by the corresponding cell area (Figures 1D, 2A, 2C, 3A, 3C, 3E, 3G, 3H, 4B, 4C, 5, 6B-6E, 7B-7D, and S1B, S1E, S1F,
S4B, S6B, S6C, S6E-S6H, S7A, S7C, S7D, S7TF-S7J, S7L). We decided to use the cell area for normalization because all images were
acquired only in one focal plane (in focus) during the time-lapse experiments and the localized character of the signal together with
the analysis approach implies that the signal recorded will be dominated by in-focus contributions.

Of note, for Eno2-mCherry and Eno2-sfGFP (Figures S6E-S6H), given a mean bud/mother area ratio of approximately 0.6, normal-
izing by the cell volume rather than the cell area would result in a bud/mother signal ratio of approximately 1.2. We expect this number
to be an upper estimate for the bud/mother protein signal ratio, and therefore conclude that Eno2 protein inheritance does not show
pronounced asymmetry.

For a direct comparison of RNA and protein dynamics for an individual cell over 10 h (Figure 2B), we normalized the RNA and pro-
tein signals on the corresponding values of the first time points shown.

Correlation analysis

For data presented in Figures 2A, 2B, and S1B, S4F, S4G, S7C, S7F, S7L, we applied the “corrcoef* function in MATLAB to calculate
Pearson correlation coefficients and corresponding p-values to test against the null hypothesis that there is no relationship between
the observed variables.
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Multi-variable linear regression

Multi-variable linear regressions were performed using the MATLAB function “gImfit”. For each parameter, linear regression provides
a coefficient and a corresponding p-value, which tests whether the coefficient is statistically significantly different from O. If the co-
efficient is statistically significantly different from 0, it implies that the corresponding parameter adds predictive information to the
model. In our case, we tested the following parameters against the daughter/mother ENO2 diSpinach RNA signal ratio: division/gen-
eration number, mother cell area, daughter cell geometry (length of cell major axis/length of cell major axis), and mother S-G2-M
phase duration. We found that only division/generation number (p = 0.029) and mother cell area (p = 0.046) but not cell geometry
(p = 0.795) or duration of mother S-G2-M phase (p = 0.132) are significantly predictive.

Testing different numbers of diSpinach repeats

To characterize the signal intensities of different numbers of diSpinach repeats, we compared the RNA (diSpinach) signal normalized
by cell area with the corresponding protein (mCherry) signal normalized by cell area for all analyzed cells at all time points (Figure S1B).
For Figure 1D, we calculated the mean RNA (diSpinach) signal for cells with mean protein (mCherry) signal within +/— 100 [a.u.] bins of
500, 1000, 2000, 4000, and 8000 [a.u.] (N<=746 cells for each bin). For this, mothers and buds were counted as separate cells starting
from bud emergence.

8xdiSpinach effect on expression from 2 1 Ori plasmids

For quantification of expression levels of ACT1pr-mCHERRY untagged and tagged with 8xdiSpinach from 2 pOri plasmids shown in
Figure S4B, we used the quantitative approach to calculate mean protein (mCherry) signals in analyzed cells. Then, we plotted the
number of cells (frequency) against the mCherry signal for both plasmids: without any tag (N = 8982 cells), with the 8xdiSpinach tag
(N = 7943 cells).

Endogenous tagging with diSpinach repeats

For the quantification of RNA levels of genomic transcripts, we pooled all data from time-lapse experiments and applied both the
quantitative and binary approaches. We plotted the mean RNA (diSpinach) signal normalized by cell area (Figure 2C) and the fraction
of cells with detectable RNA signal (Figure 2D) for all analyzed strains.

Cell cycle analysis

For cell cycle analyses shown in Figures 3A-3F and S4C, mothers and their buds were counted as one cell before cytokinesis. For
each strain, we analyzed at least 100 cell cycles. All data were aligned by bud emergence, and we included a range from 21 min
before bud emergence, corresponding to the median beginning of G1-phase, to 60 min after bud emergence, corresponding to
the median time of cytokinesis. For the data shown in Figures 3A, 3C, 3E, 95% confidence intervals were determined from 50000
bootstrap samples.

Single-cell pedigree analysis

For pedigree analysis shown in Figures 3G and 3H, the plots represent an overlay of pedigree information with heatmaps of RNA
(diSpinach) signal levels for single mother cells and all their progeny. Mothers and their buds were counted as one cell before cyto-
kinesis, which is depicted as a vertical black line in the plots. Mother-daughter connections were established by visual inspection
using phase-contrast images.

For correlation of related and unrelated cells shown in Figures S4F, S4G, we arranged cells in two groups for each test: related
mothers and daughters, unrelated mothers and daughters, and a mixture of unrelated mother or daughter cells in both groups.
Next, we calculated for each time point from cytokinesis to 81 min (the estimated median duration of the cell cycle) corresponding
Pearson correlation coefficients and p-values.

Analysis of RNA transport from a mother into its bud and corresponding protein levels

For RNA transport analyses shown in Figures 4, 5, S1E, S1F and protein level analyses shown in Figures S6E-S6H, mothers and their
buds were analyzed separately starting from bud emergence. For each strain, we collected data for at least 90 cell cycles. We limited
our analysis only to time points from bud emergence to median cytokinesis time (+60 min). We used the quantitative approach to
calculate the mean RNA signal or protein signal for the mother part and the bud (Figures 4B, 5A, 5C, and S1E, S6E, S6G). 95% con-
fidence intervals were determined from 50000 bootstrap samples. To characterize how the RNA signal or protein signal in the bud
changes relative to the mother signal, we calculated the corresponding ratios for all strains (Figures 4C, 5B, 5D, and S1F, S6F, S6H).

Analysis of fluorophore availability in cells during time-lapse experiments

For analysis of fluorophore availability during a washout experiment shown in Figure S6B, mothers and their buds (some of them
become daughters during the experiment) were tracked separately (N = 14 track cells for both) starting from the media change
time point until 60 min after it. In the case of the analysis shown in Figure S6C, 52 single cells born before the media change time
point and crossing it during their lifespan were tracked. For both analyses, we used the quantitative approach to calculate the
mean RNA signal.
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Analysis of experiments relating to replicative aging and cell size
For the analysis of asymmetric RNA inheritance shown in Figures 6 and 7, mothers and their daughters were analyzed separately at
mother cytokinesis, as well as daughters and granddaughters at daughter cytokinesis.

For aging experiments with wild-type cells (Figures 6B, 6C, 7B, 7C, and S7), we tracked 40 mother cells and all their daughters at
different divisions (N = 646 divisions overall), as well as daughters (N = 551 cells of different generations) and all the corresponding
granddaughters (N = 547 newly born cells) at the first divisions of daughter cells. For aging experiments with she24 cells (Figure 6D),
SHE2-mCHERRY cells (Figure 6E), and sir24 cells (Figure 7D), we tracked 40, 41, and 50 mother cells and all their daughters at
different divisions, respectively. We used the quantitative approach, but omitting the background subtraction step, to calculate
the mean RNA (diSpinach) and She2-mCherry signals for mothers, daughters and granddaughters (only for wild-type). It was not
feasible to apply background subtraction due to the design of the aging device (Morlot et al., 2019; Goulev et al., 2017). More spe-
cifically, the cavity-like structures and extensively dividing yeast cells inside and outside the cavities resulted in a completely blocked
field of view without the possibility to fit 200x200 pixels areas to calculate the median background value.

For experiments with the Whi5-inducible strain (Figures 7B and 7C), we collected data for 289 young mothers and 289 newly born
daughters at the first division of mother cells. We applied here the same analysis as for aging experiments to be able to correctly
match the two types of experiments.

Whiskers on Figures 6B-6E, 7B-7D and S7B, S7C, S7TE, S7K represent standard errors.

FISH data analysis for ENO2 RNA in SCGE/SUT509 in SCD

Cell masks obtained from segmentation were manually corrected in the Cell-ACDC GUI and the DAPI reference channel was used to
assign mother-bud pairs and cell-cycle stages. Cells with nuclear signal and no bud were assigned to G1 phase. Cells with nuclear
signal having a bud with no nuclear signal were assigned to S phase, but only if the ratio of bud volume to mother volume was less
than or equal to 0.2. The remaining cells with nuclear signal having a bud with no nuclear signal were assigned to G2/M phase. Cells
and corresponding buds with clearly dividing nuclei were also assigned to G2/M phase. Cells and corresponding buds with clearly
separated nuclei were only assigned to G2/M if bright-field images showed that cytokinesis was still underway.

The cell segmentation masks and mother-bud annotations obtained from cell-ACDC were used in the analysis of FISH spots, for
which we adapted a custom spot detection routine written in Python previously described in (Seel et al., 2022). Briefly, we first applied
a 3D Gaussian filter with a small sigma (0.75 voxels) followed by a ‘Difference of Gaussians’ filter. This was followed by 3D local max-
ima detection (peaks) by the peak_local_max function from the scikit-image library. The signal peaks were then filtered, in this partic-
ular case, by the Yen thresholding algorithm. Next, the peaks were subjected to quality control tests and overlapping spots were
discarded. Quality control was done as described in points 6 and 7 in (Seel et al., 2022), but replacing the mitochondrial network
by background intensity defined as a cellular signal not classified as spots. Specifically, spots with a mean signal lower than the
cellular background were discarded). The remaining peaks were counted as valid RNA spots. The number of RNA spots per cell
was combined with cell volumes and cell-cycle stages obtained from Cell-ACDC to obtain the plots shown in Figures S4C and
S5G, S5H. In the SUT509 FISH experiments, around 9% of the cells were saturated with signals of FISH probes and were therefore
excluded from the analysis.
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