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Single-mRNA detection in living S. cerevisiae
using a re-engineered MS2 system
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The MS2 system has been widely used, in organisms ranging from bacteria to higher eukaryotes, to image single mRNAs
in intact cells with high precision. We have recently re-engineered the MS2 system for accurate detection of mRNAs in
living Saccharomyces cerevisiae. Previous MS2 systems affected the degradation of the tagged mRNA, which led to
accumulation of MS2 fragments and to erroneous conclusions about mRNA localization and expression. Here we describe
a step-by-step protocol for the use of our latest MS2 system (MBSV6) for detecting endogenously tagged mRNAs using
wide-ﬁeld ﬂuorescent microscopy in living yeast. The procedure is divided into three stages: tagging of endogenous gene
with MBSV6 (~2 weeks), a two-color single-molecule RNA ﬂuorescent in situ hybridization (smFISH) procedure to
quantitatively assess whether mRNAs tagged with MS2 and MS2-coat protein (MCP) behave like untagged mRNAs (2 d,
plus additional time for quantiﬁcation), and a procedure to quantify single mRNAs by live imaging using wide-ﬁeld
microscopy (1 d, plus additional time for quantiﬁcation). With this method it is now possible to interrogate all phases of
mRNA expression, from transcription through decay. The described protocol is designed for S. cerevisiae; however, we
think that our approach and the considerations discussed here can be extended to Escherichia coli, Drosophila,
Caenorhabditis elegans, and mammalian cells.

Introduction
Quantitative detection of single mRNA molecules can be achieved in both ﬁxed and living cells.
Single-molecule RNA smFISH is a robust method to quantify the number of mRNA molecules and
localize them in single cells1,2. This approach provides information about a gene’s mode of expression
(i.e., constitutive versus inducible or ‘bursty’), expression levels (i.e., absolute number of nascent
RNAs at the transcription site, number of mature mRNAs in the cytoplasm), and variability in a
population of cells3–6. Although informative, this approach lacks the temporal resolution necessary to
study the expression program as a continuum and not as a compartmentalized process. For this
purpose, the MS2 system was developed to visualize single mRNAs in living cells7. For singlemolecule resolution, stem loops (usually 24) derived from the bacteriophage MS2 are inserted in the
3′ or 5′ UTR of an mRNA of interest8. Coexpression of the MCP fused to a ﬂuorescent protein
recruited to the mRNA allows the detection of a single mRNA as a diffraction-limited spot8–10. This
method was ﬁrst developed in S. cerevisiae to interrogate the localization of ASH1 mRNA7, which
controls the mating-type switch in the daughter cell, and later was extended to other organisms such
as E. coli11, Drosophila melanogaster12, and various mammalian cells10,13–17. By means of the
MS2 system, transcription elongation, splicing, mRNA nuclear export, and translation dynamics were
measured in living cells (see reviews18,19). However, some limitations of the MS2 system as a reporter
for mRNA expression have recently become apparent. Several groups have shown that in S. cerevisiae
MS2–MCP-labeled mRNAs display abnormal degradation20–24. Speciﬁcally, binding of the MCP to
MS2-binding sites (MBSs) blocked the degradation of the MBS cassette, but not of the mRNA coding
sequence, leading to the accumulation of MBS fragments that formed bright cytoplasmic aggregates.
This phenotype was particularly prominent for mRNAs that require rapid and precise degradation in
the cytoplasm, such as ASH1. To follow mRNAs from birth to death, we re-engineered the
MS2 system to report the life of unstable and highly regulated mRNAs24 (Fig. 1). The modiﬁcations
were twofold: the new system, MBSV6, was constructed with different loops interspaced by longer
linkers and with lower afﬁnity for the MCP, and the expression levels of MCP were optimized to
avoid an excess of coat protein. This reporter now degrades simultaneously with the tagged mRNAs,
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Fig. 1 | Scheme of MBS constructs. a–c, Schematic representation of different MS2 stem loops; adapted from ref. 24. a, Schematic representation of the
MS2 wt sequence from the bacteriophage. Nucleotide positions are relative to the translation start codon AUG (+1). b, Schematic representation of
MBSV5. MBSV5 stem loops have synonymized sequences, 30-nt linkers and 9-nt stems. All loops are C-variant. c, Schematic representation of
MBSV6. MBSV6 stem loops have synonymized sequences, 50-nt linkers and 7-nt stems. Twelve stem loops and linkers were synthesized and
duplicated to generate 24×MBSV6. All loops are U-variant. d, Schematic representation of how the MS2 system works for tagging endogenous
mRNAs in S. cerevisiae.

and it is particularly useful to study the expression of endogenously tagged mRNAs in living
S. cerevisiae, in which mRNAs have generally short half-lives.

Overview of the procedure
Here we extend the description of our published method24 and provide a complete protocol for
imaging and measurement of MS2-labeled mRNAs in living S. cerevisiae. The procedure is divided
into three parts: tagging of endogenous genes in S. cerevisiae with MBSV6 (Steps 1–49), a two-color
smFISH protocol to quantitatively assess whether the MS2–MCP-tagged mRNAs behave like the
untagged mRNAs (Step 50A), and a protocol to quantify single mRNAs by live imaging (Step 50B).
The plasmids encoding MBSV6 (12× or 24×) and the MCP fused to GFP (MCP–GFP) are available
from Addgene (Table 1).
First, for endogenous tagging of an mRNA 3′ UTR with the MS2 system, a cassette containing
MBS and a selective marker, kanamycin, are PCR-ampliﬁed and inserted into the genome by
homologous recombination (Fig. 2a,b, Steps 1–33). The selection marker, located between two loxP
sites, is then removed via expression of the CRE recombinase (Steps 34–43). Integration and marker
removal are conﬁrmed by PCR and sequencing (Fig. 2c,d, Steps 44–46).
Second, smFISH is used to conﬁrm that the MS2–MCP-tagged mRNAs behave identically to the
untagged mRNA (Step 50A). To this end, the MBS-tagged strain is transformed with the plasmid
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Table 1 | Plasmids
Code

Name

Yeast marker

Reference

Notes

pET157

YcpLac111

LEU2

Addgene 53249

pET184

pSH47 GAL1p CRE recombinase
URA3

URA3

pET264

pUC 24×MS2V6 50-nt linker
U-var loxP KANr loxP
YcpLac111 CYC1p 1×MCP-NLS2xyeGFP
pHIS3p mRuby2-Tub1 + 3′ UTR
HIS3

KAN

Rizzardi, L. F., Dorn, E. S., Strahl, B. D. & Cook, J. G.
Genetics 192, 371–384 (2012)
Güldener, U., Heck, S., Fiedler, T., Beinhauer, J. &
Hegemann, J. H. Nucleic Acids Res. 24, 2519–2524
(1996)
Tutucci, E. et al. Nat. Methods 15, 81–89 (2018)

LEU2

Tutucci, E. et al. Nat. Methods 15, 81–89 (2018)

Addgene 104394

HIS3

Markus, S. M., Omer, S., Baranowski, K. & Lee, W. L.
Trafﬁc 16, 773–786 (2015)

Addgene 50657

pET296
pET316

From EUROSCARF

Addgene 104393

expressing MCP–GFP or with a control empty plasmid (Steps 47–49). The wild-type strain (wt) is
also transformed with the control plasmid. The transformed cells are then grown in a selective
medium and ﬁxed, and spheroplasts are prepared for smFISH (Step 50A(v–xv)). The next day,
spheroplasts are pre-hybridized with a solution containing deionized formamide that equilibrates the
cells for subsequent hybridization with smFISH probes (Step 50A(xvi–xxxi)). For two-color smFISH,
we use two 20-mer DNA probe mixes, targeting either the coding sequence or the MBSV6 arrays,
labeled with spectrally distinguishable ﬂuorophores. The probes used in this protocol are synthetized
by Biosearch (probe synthesis takes ~1–2 weeks). After washing and mounting, the slides are cured
overnight. The next day, images are acquired with a wide-ﬁeld epiﬂuorescence microscope (see the
Equipment section) and mRNAs are counted with the freely available spot-detection software FISHquant25, written using the MATLAB programming language (Step 50A(xxxii–xxxiv)). These measurements allow one to determine whether the absolute number of MS2-labeled mRNAs, in the
absence or presence of MCP, recapitulates the number of mRNAs counted in the wt strain. In
addition, simultaneous two-color smFISH with probes against the coding sequence or the MBSV6
will conﬁrm whether the degradation of the coding sequence and the reporter occur simultaneously.
Finally, the smFISH results will provide important information about the number and localization of
the mRNAs expected to be visualized during live imaging.
Third, live imaging is used to follow variation in single-cell gene expression over time (Step 50B).
Cells expressing MS2–MCP-labeled mRNAs are grown in a selective medium until exponential
growth is reached (Step 50B(i)). While cells are growing, temperature-controlled Delta-T dishes are
coated with concanavalin A and then activated with a MnCl2 solution (Step 50B(ii–vi)). Cells are then
plated on coated slides and allowed to recover on the microscope stage for ~30 min (Step 50B
(vii–viii)) under temperature-controlled conditions (see the Equipment section). The imaging conditions should be adjusted for the experiment (see Experimental design). Typically, 13 Z-stacks with
an interval of 0.5 μm are acquired every 1–2 min to minimize photobleaching during the imaging
time (Step 50B(ix)). Next, 3D images are ﬁltered and single mRNAs are detected and counted with
Airlocalize14, a freely available spot-detection algorithm developed with MATLAB (Step 50B(x–xvii)).

Development of the protocol
The MS2 system is a genetically encoded reporter derived from the bacteriophage MS2 (Fig. 1a). In
the phage genome, dimers of MCP bind the MS2 loop to control the translation of the coat protein
and viral particle assembly26. In vitro characterization of MS2–MCP interactions identiﬁed the
so-called MS2 C-variant, in which the wt uridine at position −5 of the MS2 loop (relative to the start
codon of the MCP coding sequence) is substituted by a cytosine, thus increasing the afﬁnity of MCP
for the RNA by tenfold (Kd from 10 to 1 nM) and slowing the dissociation kinetics by ~90 times
(from minutes to hours)27–29. In addition, several MCP mutants were isolated to favor dimer formation and binding to the MS2 RNA30,31. On the basis of this information, we generated the ﬁrst
MS2–MCP system made of repeated high-afﬁnity C-variant MS2 loops in combination with the MCP
variant favoring dimerization7. Recently, to reduce recombination problems caused by the repeated
nature of the stem loops9,32, a new MBS version was generated (MBSV5) in which the MS2 loops
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Fig. 2 | Tagging endogenous mRNAs with the new MBS systems. a, Schematic representation of the PCR ampliﬁcation
strategy used to synthetize the 24×MBSV6 array and the selection marker (kanamycin). The template plasmid pET264
(Table 1) was used with oligos OET258 and OET259 (Table 3) having ~70-nt homology with the 3′ coding sequence of
DOA1 (STOP codon included) and the ﬁrst 70 nt of the DOA1 3′ UTR. b, Schematic representation of genomic insertion
of the MBS cassette by homologous recombination. The PCR product from a is puriﬁed and used for yeast
transformation to insert the 24×MBSV6 cassette by homologous recombination at the DOA1 locus. Kanamycinresistant cells are analyzed by PCR to test for genomic insertion of the 24×MBS cassette. c, Schematic representation of
marker removal by homologous recombination. The marker, ﬂanked by loxP sites, is removed by expression of the
inducible CRE recombinase enzyme. d, PCR product analysis on agarose gel. After recombination, kanamycin-negative
(KAN–) cells are tested by PCR to conﬁrm the correct size of the DOA1 3′ UTR. Forward and reverse oligos are designed
(shown in c). 1% (wt/vol) agarose gel is stained with ethidium bromide for (1) no template, (2) non-tagged wt strain,
(3) DOA1 24×MBSV6 KAN+, (4) DOA1 24×MBSV6 KAN–, and (M) 2-log DNA marker.
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(C-variants) were made of nonrepetitive sequences that preserved the loop structure and improved
the stability of MS2-containing reporters32,33 (Fig. 1b). Together, these reporters have been used to
image and follow single mRNA molecules in living eukaryotic cells to study mRNA transcription,
splicing, export, localization, and translation7,10,13,16,18,33,34.
However, the use of available MS2 systems to study the last step of gene expression regulation,
mRNA decay, revealed that mRNA degradation of tagged mRNAs was impaired. The binding of
MCP to MBS inhibited the degradation by the cytoplasmic exonuclease Xrn1 in S. cerevisiae20,21.
Consequently, a signiﬁcant fraction of the signal observed with the MS2 system was due to 3′ decay
fragments containing MS2 loops disconnected from the coding sequence20,23. This degradation
inhibition differed depending on the mRNA levels, whether the mRNA was expressed from a plasmid
or from the endogenous locus, and the intrinsic stability of the mRNA22, and it was enhanced in
stress conditions, such as glucose starvation23.
To generate an MS2 system that degrades together with the tagged mRNA (MBSV6), we modiﬁed
three variables: the afﬁnity of the coat protein for MBS, the expression level of the MCP, and the
distance between the MS2 loops (Fig. 1c,d). The MBSV6 MCP used to develop this protocol combines
the following characteristics: all loops contain the wt uridine (U-variant), which decreases the afﬁnity
of MCP for the loops from ~0.6 to ~2.5 nM; the distance between the loops is increased to 50 nt to
promote degradation by Xrn1; loops have different sequences to avoid recombination; STOP codons
are avoided in the three frames to prevent nonsense-mediated decay; and ﬁnally, MCP is localized in
the nucleus (via a nuclear localization sequence (NLS)) and the expression is kept constant and low to
improve the signal-to-noise ratio (SNR). Further characterization of MBSV624 also revealed that the
number of MBS loops inﬂuenced the efﬁciency of tagged mRNA degradation. Tagging a highly
inducible mRNA with a very short half-life, such as GAL1, with 24 MBS–MCPs can result in a slight
delay in mRNA degradation. However, one can overcome this limitation by reducing the number of
MBSs to 12. Therefore, we provide two constructs for mRNA tagging: 12×MBSV6, in which all loops
are U-variants, synonymized and ORF in the three frames (STOP codons are absent in the three
reading frames), to tag the highly unstable and abundant mRNAs; and 24×MBSV6, made by
duplication of 12×MBSV6, to tag all other mRNAs. As previously discussed in our Nature Methods
paper24, the change from C-variant to U-variant loops reduces the absolute brightness of single
mRNAs detected in vivo to ~20%. To facilitate the detection of single mRNAs in living cells, we
therefore recommend that, when possible, the mRNA of interest be tagged with 24×MBSV6.
These features result in a reporter that degrades together with the tagged mRNA and preserves the
sensitivity needed to detect single mRNA molecules in living S. cerevisiae24.

Applications of the method
The visualization of single mRNAs in living cells using the MS2 system is a powerful approach to
study gene expression dynamics in a variety of cell types and model systems7,11–14. Here we lay out
our protocol for the visualization of single mRNAs in living S. cerevisiae with the re-engineered
MBSV6. To demonstrate our approach, we describe the visualization of DOA1 mRNA, a constitutive
mRNA present at about four copies per cell in cells maintained in regular growing conditions5,24 (see
Reagents). We also summarize our previously published results for the cell-cycle-regulated mRNA
ASH1 to give an example of how to visualize an unstable mRNA with the MBSV6 system24. We think
that the most compelling applications of this method include the study of inducible and highly
regulated genes, such as cell-cycle mRNAs and the mRNAs involved in the stress response. All of
these mRNAs have in common a precise temporal control that can be measured with MBSV6. These
studies can provide information about the rate of transcription, the localization, and the decay of an
mRNA after induction.
The protocol is designed for yeast; however, we think that our approach can be extended to E. coli,
Drosophila, C. elegans, or mammalian cells. For mammalian cells, deﬁciencies in degradation have not
been observed with mRNAs tagged with previous MS2 systems24. However, it remains critical for
each new gene-tagging approach to prove that the reporter recapitulates the expression of the
endogenous gene. Immediate early genes involved in learning and memory or other rapidly degraded
mRNAs could be labeled via a similar approach. We note that the low-afﬁnity U-variant MBS arrays
have been successfully used in mammalian cells as well24,33.
Another possible application for MBSV6 would be labeling of noncoding RNAs. Many types of
noncoding RNAs, such as miRNAs, siRNA, antisense RNAs, tRNAs, and ribosomal RNAs, have
fundamental regulatory roles in cells. For long noncoding RNAs, a combination of fewer
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MBSV6 stem loops and bright dyes may be used to explore their function in living cells. However, to
label and track short and structured noncoding RNAs, additional technology development is required
to minimize the modiﬁcation of the target RNA. The design of brighter dyes could allow users to tag
short RNAs with possibly one or two MBSV6 stem loops, thus minimizing perturbations.
Finally, the MS2 system has been used previously for the biochemical puriﬁcation of single
messenger ribonucleoprotein species35,36. We think that for this purpose, Steps 1–49 and Step 50A of
this protocol, describing the integration of MBSV6 and validation by two-color smFISH, may be
of valuable use for the generation of cell lines aimed at identifying RNA-binding proteins or
RNA–RNA interactions.

Comparison with other methods
Several other aptamer-based RNA-tagging systems have been developed in recent decades18. PP7,
similar to the MS2 system, is a genetically encoded reporter made of arrays of stem loops derived
from the Pseudomonas phage PP737. Binding of the PP7 stem loops to the PP7 coat protein occurs
with a Kd ~ 1 nM (ref. 37), intermediate between the MS2 C-variant and U-variant. This allows the
visualization and quantiﬁcation of single mRNAs, as well as correct degradation of the tagged
mRNAs38–40. It was previously shown that the PP7 coat protein binds to the PP7 stem loops with
higher efﬁciency than MCP does with the MS2 stem loops41 (~100% and 75%, respectively). Thus,
fewer PP7 stem loops are needed to label an mRNA, which reduces the probability of accumulation
of decay intermediates. The same strategy outlined in this protocol for MBSV6 could be used for
the validation of mRNAs tagged with PP7 loops, thereby enabling the use of these orthologous
RNA-labeling systems for single RNA–single cell gene expression studies.
Other tagging systems such as U1A42,43 and λ-box44 also rely on the strong and speciﬁc binding of
an RNA-binding protein, U1Ap and boxB, respectively, to an RNA loop structure. U1A repeats have
been used to visualize the ASH1 mRNA in S. cerevisiae43, albeit without detection of single mRNAs.
Nonetheless, these reporters represent systems that are orthologous to MS2 and PP7, and with further
characterization, they could be used to multiplex single-mRNA detection in living cells. For a more
detailed review, see ref. 45.
An alternative RNA labeling strategy relies on the class of ‘RNA mimics of GFP’. Spinach46,
Spinach247, and Broccoli48 are short RNA aptamers that bind and trigger the ﬂuorescence of a small
molecule resembling the GFP core, 3,5-diﬂuoro-4-hydroxybenzylidene imidazolinone. Similarly,
Corn49 binds the small molecule 3,5-diﬂuoro-4-hydroxybenzylidene imidazolinone-2-oxime, which
resembles the DsRed ﬂuorophore, and Mango50 binds a thiazole orange derivative (TO1–biotin).
Despite the range of colors and relative photostability, these RNA aptamers have found limited
application for studies of gene expression regulation. For instance, Corn was recently used as a
reporter for strong RNA polymerase III (RNAPIII) transcription49. However, because the RNAPIII
reporters used in this study are expressed from plasmids, the use of this tag for quantitative measurements of RNA levels in live cells remains problematic. In addition, this strategy assumes
homogeneous loading of cells with small molecules that are not ﬂuorescent before binding to the
aptamer, which makes it difﬁcult to control for equal loading. Finally, structural studies showed that
these aptamer–ﬂuorophore complexes form G-quadruplexes51. These RNA structures are capable of
stalling and inhibiting diverse exoribonucleases, including Xrn152,53. Because a single aptamer is not
bright enough to label a single RNA, multiplexing is required to improve RNA quantiﬁcation, with
the risk of generating Xrn1-resistant reporters. Further work will be required to evaluate the target
speciﬁcity, the formation of artifacts, and the reliability of reporting single mRNAs in living cells.
Another class of RNA-labeling molecules is molecular beacons (MBs)18,54,55. MBs are singlestranded oligonucleotides that form a stem-loop structure with a ﬂuorophore and a quencher at the
two ends. In the presence of a target RNA, the loop sequence hybridizes with high speciﬁcity and
opens the stem-loop, activating the ﬂuorophore. For labeling of endogenous RNAs, MBs are delivered
by microinjection or microporation, which makes this approach of limited use for small cells (e.g.,
bacteria, yeast) or for delicate cells (e.g., neurons or other primary cells). Initial studies revealed that
the ﬁrst MBs, once delivered into the cells, were sequestered in the nucleus, which resulted in
signiﬁcant nonspeciﬁc labeling and digestion by nucleases56. A subsequent improvement came with
the modiﬁcation of MBs with 2′-O-methyl and phosphorothioate linkages throughout the RNA
backbone, which rendered the oligonucleotide resistant to degradation and considerably less prone to
nonspeciﬁc labeling56–58. Even though the initial advantage of MBs relied on the potential for labeling
endogenous nonmodiﬁed RNAs, this approach did not achieve single-molecule resolution, which
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reduced MBs’ application in studies of RNA localization and dynamics. Single-mRNA detection was
recently achieved via the expression of plasmids encoding transcripts containing 8–64 tandem repeats
of a 50-nt sequence59,60. This approach, now comparable to the aptamer systems described earlier
requiring the modiﬁcation of the target RNA, has the additional disadvantage of necessitating
invasive manipulation of the cells to achieve the MBs’ delivery.
All the methods for the visualization of single mRNA molecules described so far require the
engineering of target RNA with an aptamer sequence. Recently, an RNA-dependent Cas9 targeting
system was described for labeling of endogenous unmodiﬁed mRNAs in living mammalian cells61.
This approach uses a Cas9 fused to a ﬂuorescent protein and its associated single-guide RNA
targeting an RNA of interest. Although very promising, this method demonstrated limited sensitivity.
Nelles et al.61 used their approach to label mRNAs with high expression levels (e.g., GAPDH, ACTB),
and obtained diffuse staining of the cytoplasm that impaired the use of this reporter for single-RNA
tracking and colocalization with other biomolecules.

Limitations
Visualization of an mRNA can provide a substantial amount of information about its mode of
expression and its regulation. In contrast to smFISH, which does not require modiﬁcation of the target
mRNA sequence for labeling, the MBSV6 system requires genetic modiﬁcation of the target. We have
been successful with the endogenous labeling of several mRNAs with 12 or 24 MBSV6. Here we use, as
an example, DOA1, but we previously showed that highly regulated mRNAs such as ASH1 and GAL1 or
the constitutive MDN1 mRNA can be labeled efﬁciently24. Because mRNAs have regulatory sequences
located at different positions, each mRNA could be affected differently by the insertion of MBSV6. As
for any other reporter, it is critical to demonstrate that modiﬁcation does not affect the synthesis or
stability of the mRNA. This must be evaluated case by case. Our protocol provides a thorough strategy
to verify the effects of tagging with the MS2 system in S. cerevisiae or other model organisms.
Another limitation to take into consideration while performing single-mRNA imaging in living
S. cerevisiae is the number of labeled mRNAs. Yeast cells have a considerably smaller volume than
other eukaryotic cells, which limits the number of mRNAs that can be resolved in a single cell. As a
rule of thumb, mRNAs with expression between 1 and 40 copies per yeast cell can be successfully
quantiﬁed with MBSV6. If mRNAs are expressed at a higher concentration, single-mRNA detection
could be compromised. Studies in budding and ﬁssion yeasts revealed that cells express on average
between 0 and 1,000 mRNA molecules per cell, per gene62,63. However, 75% of genes have mRNAs
that are expressed at between zero and ten molecules62,63, which extends the potential uses of MBSV6
to many more mRNAs.
In this protocol, we describe the use of MBSV6 to tag mRNAs at the 3′ UTR. Previous studies
integrated MS2 loops in the 5′ UTR of different mRNAs for the study of transcription dynamics9,38.
Because the binding of MCP to MBSs located in the 5′ UTR can decrease the translation efﬁciency of
the tagged mRNA31, this approach may be problematic for essential genes. We faced this problem, for
instance, when tagging the ASH1 mRNA at the 5′ UTR to visualize its transcription (data not shown).
To avoid the deleterious phenotypes caused by the ASH1 protein deregulation, we used the ASH1
mRNA tagged at the 3′ UTR24. To increase the chances of visualizing the nascent MBSV6 MCPlabeled mRNA at the transcription site, we left the kanamycin-resistance gene used for integration of
the MBSV6 array at the 3′ UTR of the ASH1 locus. Longer ASH1 nascent transcript improved the
visualization of the transcription site of this short mRNA during the cell cycle of living cells24. This
approach could be used to visualize the transcription site of other short mRNAs in S. cerevisiae.
Experimental design
Plasmids required
The plasmids encoding MBSV6 and MCP fused to the yeast-optimized eGFP are available on
Addgene (104393, pET264-pUC 24×MS2V6 Loxp KANr Loxp; 104392, pET251-pUC 12×MS2V6
Loxp KANr Loxp; 104394, pET296-YcpLac111 CYC1p-MCP-NLS-2xyeGFPMCP-GFP; Table 1). In
addition, the CRE recombinase plasmids43, pSH47 (URA3) and pSH62 (HIS3), are available through
EUROSCARF.
Strain design
To improve the SNR, we suggest using white (ADE+) yeast strains (Table 2). In our study, we
successfully used BY4741 (EUROSCARF; MATa;his3Δ1;leu2Δ0;met15Δ0;ura3Δ0). All the experiments
2274
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Table 2 | Yeast strains
Code

Name

Background

Genotype

Reference

YET181
YET373

BY
DOA1 24×MS2V6 Lac111

BY4741
BY4741

EUROSCARF
Ref. 24

YET374

DOA1 24×MS2V6 Lac111
MCPNLS
ASH1 12×MS2V6 Lac111

BY4741

ASH1 12×MS2V6 Lac111
MCPNLS
ASH1 24×MS2V6 Lac111

BY4741

ASH1 24×MSV6 Lac111
MCPNLS
ASH1 24×MSV6 Lac111
MCPNLS + mRuby-TUB1

BY4741

MATa;his3Δ1;leu2Δ0;met15Δ0;ura3Δ0
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described in our Nature Methods paper24 and in this protocol require integration of the MBSV6
reporter at the endogenous locus of the gene of interest (Fig. 2). We found that the genomic
integration preserves endogenous expression levels and avoids the loss of loops observed when the
reporter is expressed from plasmids. To verify that addition of the MBSV6 reporter does not affect the
expression of endogenous mRNA, we carried out smFISH on tagged versus untagged strains (Fig. 3).
smFISH probe design
smFISH probes were designed with the Stellaris Probe Designer by LGC Biosearch Technologies
(https://www.biosearchtech.com/support/tools/design-software/stellaris-probe-designer) and purchased from Biosearch Technologies (Supplementary Table 1). The probe designer is not optimized
to exclude probes with high homology for more than one target in yeast. Thus, we manually blasted
the probes designed with Stellaris and excluded the nonspeciﬁc probes. For our purposes, ‘nonspeciﬁc
probes’ were probes with 85% homology with any other sequence in the yeast transcriptome, when
the mismatched nucleotides were not consecutive or at the 3′ or 5′ end. With the protocol described
here, mRNAs can be tagged either with 12× or 24× MBSV6, according to the mRNA under study. To
perform two-color smFISH of an mRNA labeled with 12×MBSV6, we use one set of 48 different
probes targeting the coding sequence (i.e., DOA1) and a set of 26 probes targeting the MS2 cassette
(i.e., 12×MBSV6). In the case of mRNAs labeled with the 24×MBSV6 reporter (generated by
duplication of the 12×MBSV6 reporter), the two-color smFISH is performed with the set of 48 coding
sequence (CDS) probes and a set of 52 MBS probes (see Supplementary Table 1 for details about the
probe sequences). In our experience, the minimum number of probes required to detect an mRNA by
smFISH is 20. We successfully used probes conjugated to Quasar 570 or Quasar 670.
Two-color smFISH
The two-color smFISH protocol is designed to detect simultaneously the CDS and the MBSV6
inserted in the 3′ UTR. We use it as a quality control test to (i) ensure that the integration of the
MBSV6 preserves the gene expression program of the tagged mRNA and (ii) that MBSV6–MCP
is a good reporter for the full-length mRNA. First, we strongly recommend carrying out in parallel the
same two-color smFISH on the wt strain to visualize the untagged mRNA. Signal from the
MBSV6 should be background. Quantiﬁcations obtained for single mRNA using the probes
that detect the CDS should be the same in the wt and the tagged strains. This comparison
provides information on any disturbance that the integration of the MBSV6 and the expression
of the MCP could introduce in the transcription, localization, half-life, and decay of the tagged
mRNA. Second, we recommend correlating the number of single mRNA molecules counted with
the MBSV6 and the CDS probes in the tagged strain. Molecular colocalization of the spots detected
with the MBSV6 and the CDS probes and correlation analysis in single cells will provide a good
indication of the effects of tagging on the expression (Fig. 3b,d). These values are good indicators of
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Fig. 3 | Two-color smFISH of DOA1 mRNA tagged with 24×MBSV6, and quantiﬁcations. a, Schematic representation of the DOA1 locus tagged with
24×MBSV6 inserted in the 3′ UTR. The dotted lines indicate the position of the probes that recognize the DOA1 (green) or the MBS sequence (red). The
total number of probes for each probe set is shown. b, Two-color smFISH for DOA1 mRNAs tagged with 24×MBSV6 in cells expressing MCP (YcpLac111CYC1p-MCP-NLS-2xyeGFP) or the vector alone (YcpLac111). The DIC/merged image shows the overlap of DAPI (blue; nuclei), smFISH for the DOA1
(green), and MBSV6 (red). The overlay image shows the molecular colocalization of DOA1 and MBSV6 spots determined by ComDet. DOA1 spots are
identiﬁed by green squares. MBSV6 spots are shown as red squares. Yellow squares represent positions in which both DOA1 and MBSV6 spots
colocalized within 4 pixels. The colocalization index for the cells shown in the overlay image is shown. Scale bars, 3 μm. c, Top, quantiﬁcation of smFISH in
a wt strain with DOA1 probes (smFISH not shown). Bottom, quantiﬁcation of cells represented in Fig. 3b, with DOA1 probes (green) or MBSV6 probes
(red), reported as the frequency distribution of mature DOA1 mRNAs per cell. Mean and s.d. of three independent cultures, n = ~500 cells per
experiment. d, Correlation between the number of single DOA1 and MBSV6 molecules per cell in the strain DOA1–24×MBSV6 expressing a control
plasmid (YcpLac111 empty). e, Correlation between the number of single DOA1 and MBSV6 molecules per cell in the strain DOA1–24×MBSV6 expressing
MCP (YcpLac111-CYC1p-MCP-NLS-2xyeGFP). Pearson r values calculated by combining three independent experiments (total cells: n = ~1,500).
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reliable single-molecule detection by live imaging. For further considerations about the smFISH
protocol, see refs. 64,65.
Live imaging
During live imaging, the major limitations to be considered are photobleaching and phototoxicity.
Continuous imaging can be performed for few minutes to track and measure the dynamic
movement of mRNAs in cells. Alternatively, one can image yeast cells for long periods of time
(1–4 h), over the course of a complete cell cycle, by acquiring images every few minutes. The size of a
typical yeast cell during mitosis is ~7–9 μm long and 7 μm thick. To cover the complete cell width,
we take 13–15 Z-stacks, each 0.5 μm, using an Olympus 150×/1.45-NA (numerical aperture)
oil-immersion objective lens coupled with a EMCCD (electron-multiplying charge-coupled
device) camera. Oversampling results in photobleaching; therefore, the number of Z-stacks is kept
to a minimum. The camera exposure for each Z-stack is 50 ms, which is enough to visualize
mobile mRNAs as bright cytoplasmic spots. Expression of 24×MBSV6-labeled mRNAs in living
cells allows the detection of ~80% of the mRNAs detected by smFISH24. The discrepancy is
probably due to the rapid movement of mRNAs in living cells and to the greater thickness of the
stacks acquired during live imaging compared with those for smFISH (0.5 versus 0.2 μm, respectively). We note that in our experience, labeling of mRNAs with 12×MBSV6, instead of 24×, still
allows us to visualize single mRNAs, albeit with lower efﬁciency. As we previously showed24,
we observed ~50% of the mRNAs with 12×MBSV6 compared with the number observed with
24×MBSV6 with our two-color high-speed microscope (see Equipment setup). For the two-color
simultaneous live imaging, the emission beam is split between the two synchronized cameras,
with consequent loss of signal. If simultaneous two-color imaging is not required, the use of a
single camera wide-ﬁeld epiﬂuorescence microscope could improve the detection of 12×MBSV6labeled mRNAs. We also foresee that the development of brighter dyes66,67 for the detection of
MS2–MCP-labeled mRNAs or improved microscopy tecniques will improve the detection of
12×MBSV6-tagged mRNAs.
A key parameter that improved the imaging capacity in S. cerevisiae was the optimization of
MCP–GFP protein expression. Previous constructs generated for live imaging in S. cerevisiae often
used inducible promoters, such as MET257,9,35,38. This kind of promoter guarantees low ﬂuorescence
background before induction; however, the expression is difﬁcult to modulate and varies substantially
from cell to cell. The use of a low-copy constitutive promoter such as CYC1p signiﬁcantly improved
our ability to see single mRNAs in the cytoplasm in a homogeneous population of cells24. For
increased SNR in the cytoplasm, fusion of a nuclear localization signal, from SV40, to the MCP was
also critical not only to increase imaging quality, but also to favor degradation of the MBSV6–MCPlabeled mRNAs. This is possibly due to continuous re-import of the unbound MCP, and the
resultant decreased probability that the coat protein will mask the MBS-tagged mRNAs from the
nuclease digestion.
Level of expertise needed to implement the protocol
The protocol presented here can be implemented by a competent graduate student or a postdoc. The
microscopes used for our studies are custom-made. However, for both smFISH and live imaging, the
equipment present in a typical imaging facility can be used for the visualization of single mRNAs in
both ﬁxed and living cells.

Materials
Reagents
Tagging of an endogenous gene with the MBSV6 cassette
● Yeast cells (EUROSCARF; BY4741: MATa;his3Δ1;leu2Δ0;met15Δ0;ura3Δ0; Table 2)
● Plasmids: pET264-pUC 24×MS2V6 Loxp KANr Loxp (or pET251-pUC 12×MS2V6 Loxp KANr Loxp;
Table 1)
● Primers (Thermo Fisher Scientiﬁc; Table 3)
● 100 mM dNTPS mix (Thermo Fisher Scientiﬁc, cat. no. 10297018)
●
Platinum Taq DNA polymerase (Thermo Fisher Scientiﬁc, cat. no. 10966034)
●
UltraPure agarose (Invitrogen, cat. no. 15510-027)
● Ethidium bromide (Bio-Rad, cat. no. 1610433) ! CAUTION
Ethidium bromide is a carcinogenic
solution; use gloves while handling.
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Table 3 | Oligos
Code

Name

Sequence 5′–3′

OET258

DOA1 3′-UTR tagging Fw

OET259

DOA1 3′-UTR tagging Rev

OET260
OET 261
OET214
OET157

DOA1 3′-end CDS Fw
DOA1 + 300 Rev
Kanr R 5′-end
ASH1 3′-UTR tagging Fw

OET257

ASH1 tagging Rev

GCTTGCAAACATCAAAAGGAGCTATGGGAACGTGCCAAGGTTTAAGGATATTTTCGACGATCTCT
CCTAACCGCTCTAGAACTAGTGGAT
GGGCAGAAAGAATTTTAAAGATTATTTGCTATCTAGACATTATGTGTTTTATATGATTGCTGTAAA
AGTAGCATAGGCCACTAGTGGATCTG
GGAACGTGCCAAGGTTTAAG
TTAGATGAGCTGTCTGTGTG
CTGATTGCCCGACATTATCGC
TGCGAAATTGAAGGGTACCGTTGCTTATTTTGTAATTACATAACTGAGACAGTAGAGAATTGACCG
CTCTAGAACTAGTGGAT
TGTACAATTGTTTCGTGATAATGTCTCTTATTAGTTGAAAGAGATTCAGTTATCCATGTAGCATAGG
CCACTAGTGGATCTG

2-Log DNA marker (New England Bioloabs, cat. no. N0469S)
Double-distilled water (DDW; Thermo Fisher Scientiﬁc, cat. no. 10977-015)
● PCR puriﬁcation kit (Thermo Fisher Scientiﬁc, cat. no. K310001)
● Yeast extract peptone dextrose (YEPD) powder (Clonetech, cat. no. 630409)
● YEPD–agar powder (MP, cat. no. 4001-232)
●
Geneticin (G418; Santa Cruz Biotechnology, cat. no. sc-29065)
●
5-ﬂuoroorotic acid (5-FOA; Thermo Scientiﬁc, cat. no. R0812)
● Yeast nitrogen base lacking amino acids and ammonium sulfate (Becton, Dickinson and Company,
cat. no. 233520)
● D-(+)Glucose (>99.5% (wt/wt); Sigma, cat. no. G8270)
● D-Galactose (>99.5% (wt/wt); Sigma, cat. no. G0750)
● −Leucine Drop Out (DO) supplement (Clonetech, cat. no. 630414)
● −Uracil DO supplement (Clonetech, cat. no. 630416)
● Uracil (2,4(1H,3H)-pyrimidinedione, 2,4-dihydroxypyrimidine, 2,4-pyrimidinediol) (Sigma, cat. no.
U1128)
● Lithium acetate dihydrate (LiOAc; Sigma, cat. no. L6883) ! CAUTION
Slightly hazardous in case of skin
or eye contact, ingestion, or inhalation. Use gloves while handling.
●
Trizma base (Sigma, cat. no. T6066)
● EDTA (Sigma, cat. no. EDS-100G)
● Polyethylene glycol (3350 PEG; Sigma, cat. no. P3640)
● Salmon sperm DNA (ssDNA; Sigma, cat. no. D1626)
● Sodium dodecyl sulfate (SDS; Fisher Biotech, cat. no. BP166-500)
● Sodium acetate (Fisher Biotech, cat. no. BP334-500)
● RNase A (ribonuclease A from bovine pancreas; Sigma, cat. no. R4875)
● Glycerol (Fisher Scientiﬁc, cat. no. BP229-4)
●
●

Two-color smFISH of MBSV6-tagged strains or control strain
● Yeast cells (EUROSCARF; BY4741: MATa;his3Δ1;leu2Δ0;met15Δ0;ura3Δ0; Table 2)
● Yeast nitrogen without amino acids, with ammonium sulfate (BD, cat. no. 291940)
● D-(+)Glucose (>99.5% (wt/wt); Sigma, cat. no. G8270)
● −LEU Drop out (DO) supplement (CloneTech, cat. no. 630414)
● HCl (1 N; Thermo Fisher Scientiﬁc, cat. no. A144-500) ! CAUTION HCl is corrosive. Wear gloves and
handle it in a fume hood to avoid contact with eyes and skin.
● Poly-L-lysine (10×; Sigma, cat. no. P8920)
● Paraformaldehyde (32% (wt/vol); Electron Microscopy Sciences, cat. no. 15714) ! CAUTION
Paraformaldehyde is a hazardous solution and a cross-linking agent. Wear protective gloves and handle it
under a fume hood.
●
D-Sorbitol (>98% (wt/wt); Sigma, cat. no. S1876)
● K HPO
2
4 (1 M; Thermo Fisher Scientiﬁc, cat. no. P288-500)
● K HPO
2
4 (1 M; Sigma, cat. no. P-0662)
● Na HPO
2
4 (1 M; Thermo Fisher Scientiﬁc, cat. no. S373-500)
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Na2HPO4 (1 M; Thermo Fisher Scientiﬁc, cat. no. S381-500)
NaOH (1 M, Sigma, cat. no. S-8045) ! CAUTION NaOH is a corrosive solution. Wear gloves and
handle it under the fume hood to avoid eyes and skin damage.
● β-Mercaptoethanol (Sigma, cat. no. M-6250)
● Ribonucleoside vanadyl complex (VRC; New England Biolabs, cat. no. S1402S)
● Lyticase (Sigma, cat. no. L5263)
● Ethanol (70% (vol/vol), made from 100% (vol/vol) ethanol; Thermo Fisher Scientiﬁc, cat. no.
P288-500) and DDW
● Saline-sodium citrate (SSC; 20×; Roche, cat. no. 11666681001)
● Deionized formamide (99% (wt/vol); Acros Organics, cat. no. 327235000) ! CAUTION
Formamide is a
toxic solution; avoid contact with eyes or skin and avoid inhalation and ingestion. Wear protective
gloves and handle it under the fume hood.
● smFISH DNA probes (20 nt long; Biosearch Technologies, custom-designed Stellaris RNA FISH probe
set; Supplementary Table 1)
● Sheared ssDNA (Sigma, cat. no. D7656)
● E. coli tRNA (Roche, cat. no. 1010951001)
● BSA (Roche, cat. no. 13465434)
● Triton X-100 (0.1% (vol/vol); Thermo Fisher Scientiﬁc, cat. no. BD 151500)
● PBS (Roche, cat. no. 11 666 789 001)
● 4′,6-Diamidino-2-phenylindole, dilactate (DAPI, dilactate; Sigma, cat. no. D9564)
● ProLong Gold mounting medium (Thermo Fisher Scientiﬁc/Invitrogen/Molecular Probes, cat. no.
P36934)
●
Double-distilled water (DDW; Thermo Fisher Scientiﬁc, cat. no. 10977-015)
●
●

Live imaging of MBSV6-tagged strains or control strain
● Yeast cells (EUROSCARF; BY4741: MATa;his3Δ1;leu2Δ0;met15Δ0;ura3Δ0; Table 2)
● Yeast nitrogen base lacking amino acids and ammonium sulfate (Becton, Dickinson and Company,
cat. no. 233520)
●
D-(+)Glucose >99.5% (wt/wt) (Sigma, cat. no. G8270)
● −LEU DO supplement (CloneTech, cat. no. 630414)
● Delta-T dishes (Bioptech, cat. no. 04200417C)
● Concanavalin A stock (10 mg/ml; Cayman Chemical, cat. no. 14951)
● Calcium chloride dihydrate (Fisher Chemical, cat. no. 92 M-16049)
● Manganese (II) chloride tetrahydrate (min 99% (wt/wt); Sigma, cat. no. M3634)

Equipment
Tagging of an endogenous gene with the MBSV6 cassette
●
Agarose gel electrophoresis equipment (Thermo Scientiﬁc)
● Centrifuges (tabletop): one up to 20,000g for samples of 1.5 ml (Thermo Scientiﬁc Sorvall, cat. no
75/002/446EW3) and another up to 1,000g for samples up to 50 ml (Eppendorf, Centrifuge 5810 R,
cat. no 022625501)
● Heat block (Eppendorf Thermo Mixer C, cat. no. 5382000023)
● Shaker (New Brunswick Scientiﬁc, Innova 42, cat. no. M1335-0000)
● PCR machine (Bio-Rad, Mycycler, cat. no. 170-9703)
● NanoDrop spectrophotometer (Thermo Scientiﬁc, cat. no. ND-1000 UV-Vis)
● Cryo-tube vials (cat. no. 368632)
● Velvet replica plating pads (Sunrise Science Products, cat. no. 3005-011)
● Standard mini vortex (VWR, cat. no. 0153-838)
Two-color smFISH of MBSV6-tagged strains and control strains
● Centrifuges (tabletop): one up to 20,000g for samples of 1.5 ml (Thermo Scientiﬁc Sorvall, cat. no
75/002/446EW3) and another up to 1,000g for samples up to 50 ml (Eppendorf, Centrifuge 5810 R,
cat. no 022625501)
●
Tissue culture plates (12-well; Falcon, cat. no. 353043)
● Heat block (Eppendorf Thermo Mixer C, cat. no. 5382000023)
● Shaker (New Brunswick Scientiﬁc, Innova 42, cat. no. M1335-0000)
● SpeedVac (Eppendorf, Vacufuge Concentrator cat. no. 07-748-13)
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Tweezers (Fisherbrand, straight tapered ultra-ﬁne tweezers, cat. no. 16-100-121)
Kimtek tissues (Science Brand, cat. no. 34155)
● Paraﬁlm (PM-999)
● Coverslips (18 mm; Fisherbrand, cat. no. 12-545-100 18 CIR.-1)
● Microscope slides (Fisher Scientiﬁc, cat. no. 12-544-2)
● Wide-ﬁeld ﬂuorescence microscope (see Equipment setup)
25
● Image analysis software (FISH-quant
, free software developed in the MATLAB programming
language (MathWorks). Download the FISH-quant package (http://code.google.com/p/ﬁsh-quant/)
together with the MCRInstaller, which allows one to run a MATLAB algorithm without separately
installing MATLAB onto the computer)
● Fiji
(Java software for image-processing analysis; freely available at https://ﬁji.sc/) and spot
colocalization tool Fiji Plugin ComDet (https://imagej.net/Spots_colocalization_(ComDet))
●
●

Live imaging of MBSV6-tagged strains and control strains
A wide-ﬁeld ﬂuorescence microscope with a 150× objective (see Equipment setup) and a temperaturecontrol system
● Fiji (Java software for image-processing analysis; freely available at https://ﬁji.sc/)
14
● Image analysis software (AIRLOCALIZE
, free software developed in the MATLAB programming
language (MathWorks). Download the Airlocalize script (available upon request from Timothee
Lionnet, NYU) together with the MCRInstaller, which allows one to run a MATLAB algorithm
without separately installing MATLAB onto the computer)
●

Reagent setup
Tagging of an endogenous gene with the MBSV6 cassette
Yeast growth medium and plates. All strains described are derived from the S. cerevisiae
BY4741 background (MATa;his3Δ1;leu2Δ0;met15Δ0;ura3Δ0; Table 1). For the introduction of
MBSV6 arrays by homologous recombination, yeast cells are grown in YEPD and transformed as
described below. Selection of MBSV6 strains is performed on YEPD–G418 plates. Prepare YEPD
by dissolving 50 g/l of the YEPD mix and then autoclaving; store at room temperature (20–25 °C).
For YEPD–agar plates, we used 67 g/l of YEPD–agar mix, and then autoclaved the mixture. Plates
are stored at 4 °C until use. For removal of the kanamycin-resistance gene, after insertion of
MBSV6, cells are transformed with pSH47 (GAL1p–CRE–URA3). Drop-out medium and plates
lacking uracil have to be prepared in advance. Prepare drop-out media by mixing yeast nitrogen base
(YNB) with ammonium sulfate (6.7 g/l), the appropriate drop-out mix (see Reagents), and 20 g/l
glucose. For plates, 20 g/l bacteriological agar is added before autoclaving. DDW is added to reach
1 L. For induction of CRE recombinase expression, cells transformed with pSH47 are grown in the
following medium: YNB with ammonium sulfate (6.7 g/l), drop-out mix lacking uracil, and DDW
up to 900 ml. After autoclaving, 100 ml of a ﬁlter-sterilized 20% galactose solution is added to
the medium and used for the cultures. After recombination, cells that have lost the kanamycinresistance gene are identiﬁed by lack of growth on G418–YEPD plates. To induce loss of the pSH47
plasmid, grow cells on 5-FOA plates. To prepare 5-FOA plates (500 ml), mix solutions A and B.
Solution A: 3.35 g of YNB, 0.025 g of uracil, 0.385 g of URA DO supplement, 10 g of glucose and 10 g
of agar in 400 ml DDW; autoclave. Solution B: 0.5 g of 5-FOA in 100 ml of sterile DDW; dissolve at
65 °C. Yeast cultures for smFISH and live imaging were performed in drop-out medium and plates
lacking leucine.
Li-TE (lithium-Tris-EDTA). Prepare a solution with 100 mM LiAc, 10 mM Tris, pH 7.5, and 1 mM
EDTA. Sterilize by autoclaving. This solution can be stored at room temperature for up to 1 year.
Li-TE-PEG (lithium-Tris-EDTA-PEG). Prepare a solution with 100 mM LiAc, 10 mM Tris, pH 7.5,
1 mM EDTA, and 466 mg ml−1 PEG 3350–4000 per 100 ml. Sterilize by autoclaving. This solution
can be stored at room temperature for up to 1 year.
Li-TE-SDS (lithium-Tris-EDTA-SDS). Prepare a solution with 100 mM LiAc, 10 mM Tris, pH 7.5,
1 mM EDTA, and 1% SDS. Sterilize by autoclaving. This solution can be stored at room temperature
for up to 1 year.
ssDNA. Resuspend 10.0 mg/ml lyophilized, sheared, and organically extracted and denatured
ssDNA in DDW. Store in aliquots of 0.1 ml at −20 °C indeﬁnitely.
Primer design for homologous recombination. The forward and reverse primers have ~20 nt
hybridizing at the beginning of the MBSV6 sequence or 20 nt after the kanamycin-resistance gene on
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plasmids pET264-pUC 24×MS2V6 Loxp KANr Loxp or pET251-pUC 12×MS2V6 Loxp KANr Loxp.
In addition, these primers have ~70 nt homologous to the 3′ end of the DOA1-coding sequence or the
3′ UTR, respectively (Table 3). Primers can be stored at −20 °C indeﬁnitely.
RNase A preparation. Prepare a DNase-free RNase stock by boiling. Prepare a 10 mg ml−1 stock
solution in 10 mM sodium acetate buffer, pH 5.2. Heat to 100 °C for 15 min, cool at room temperature, and adjust to pH 7.4 with 0.1 volume of 1 M Tris-HCl, pH 7.4. Prepare 500-µl aliquots and
store at −20 °C for up to 2 years.
Prepare YEPD-60% (vol/vol) glycerol by dissolving 50 g/l YEPD mix with 60% (vol/vol) glycerol in
DDW and then autoclave. Store the solution at room temperature for up to 2 years.
c

Two-color smFISH of MBSV6-tagged strains or control strain CRITICAL Use RNase-free reagents
to prepare all the solutions and maintain an RNase-free environment.
Competitor tRNA/ssDNA. To make 500 µl of 10 mg/ml competitor DNA, combine 250 µl of 10 mg/ml
sheared ssDNA with 250 µl of 10 mg/ml E. coli tRNA. Prepare the tRNA by dissolving 10 mg of
powder in 1 ml of DDW. Store it at −20 °C for up to 1 year.
smFISH probe mix. Stellaris FISH probes were custom-designed against MBSV6 and DOA1 with
the Stellaris RNA FISH probe designer (Biosearch Technologies) available online at http://www.
biosearchtech.com/stellarisdesigner (Supplementary Table 1). Each smFISH probe mix is shipped as a
dried set containing up to 48 individual smFISH probes hybridizing to different positions along the
target mRNA (Fig. 3a). We use probes conjugated to Quasar 570 or Quasar 670. Probes in each set are
mixed in an equimolar ratio. The probe mix is resuspended in Tris-EDTA (TE) buffer to a ﬁnal
concentration of 25 μM and can be aliquoted (10 μl each) and stored in the dark at −20 °C for several
years. The ﬁnal concentration of the probe mix depends on the mRNA. We found that 125 nM works
well for many probe mixes, including MBSV6 probes, and it is a good start to ﬁne-tune the
concentration.
Hybridization mix. To hybridize a cover of yeast cells with two smFISH probe mixes that are
spectrally different, prepare 25 µl of hybridization mix. The hybridization mix is made of two
solutions, solution F and solution H. Solution F is added ﬁrst to the tube containing the ﬁnal
concentration of the probes and competitor (Step 49A(xviii)). 100 μl of solution F contains 20 μl of
100% (vol/vol) deionized formamide (10% (vol/vol) ﬁnal, 1 μl of 1 M NaHPO4, pH 7.5 (10 μM ﬁnal),
and 79 μl of DDW). 100 μl of solution H contains 60 μl of DDW, 20 µl of 20× SSC (2× SSC ﬁnal
concentration), 10 µl of BSA (2 mg/ml ﬁnal concentration), and 10 µl of 200 mM
ribonucleoside–vanadyl complex (10 mM ﬁnal concentration). This solution is freshly prepared on
the day of the experiment. The remaining solution is discarded.
Live imaging of MBSV6-tagged strains or control strain
Convanavalin A stock. 10 mg ml−1 in sterile DDW (10× stock); aliquot and store at −20 °C for up to
2 years.
Concanavalin-A-coated plate activation solution. Prepare a solution of 50 mM CaCl2 and 50 mM
MnCl2 in DDW. Filter-sterilize and store at room temperature. Coated plates are prepared on the day
of the experiment. We successfully used the coated slides the day after the coating. We recommend
keeping the coated slides for no longer than 24 h, to avoid reduced attachment of the cells.

Equipment setup
Two-color smFISH imaging
We use an Olympus BX63 epiﬂuorescence wide-ﬁeld epiﬂuorescence microscope equipped with a
UPlanApo 100×/1.35-NA oil-immersion objective (Olympus). An X-Cite 120 PC Lamp (EXFO) and
an ORCA-R2 Digital Interline CCD (charge-coupled device) camera (C10600-10B; Hamamatsu;
6.45-μm pixel size) are mounted using U-CMT and 1X-TVAD Olympus c-Mount adaptors and zeropixel-shift ﬁlter sets: DAPI-5060C-Zero, Cy3-4040C-Zero, and Cy5-4040C-Zero from Semrock. A
Nomarski prism for the 60× and 100× objectives is also installed. To acquire optical sections with a
z-step size of 0.2 μm, we use the ULTRASONIC STAGE for BX3/IX3, PIEZO TECH LIN ENCO.
MetaMorph (Molecular Devices) software was used for instrument control and image acquisition.
Live imaging
All microscopy experiments were performed on a home-built microscope built around an IX71 stand
(Olympus)10,16. For excitation, a 491-nm laser (Calypso, Cobolt) and a 561-nm laser (Jive, Cobolt)
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were combined and controlled by an acoustic–optic tunable ﬁlter (AOTF; AOTFnC-400.650-TN, AA
Opto-electronic) before being coupled into a single-mode optical ﬁber (Qioptiq). The output of the
ﬁber was collimated and delivered through the back port of the microscope and reﬂected into an
Olympus 150×/1.45-NA oil-immersion objective lens with a dichroic mirror (zt405/488/561rpc, 2
mm substrate, Chroma). The tube lens (180-mm focal length) was removed from the microscope and
placed outside of the right port. A triple-band notch emission ﬁlter (zet405/488/561m) was used to
ﬁlter the scattered laser light. A dichroic mirror (T560LPXR, 3-mm substrate, Chroma) was used to
split the ﬂuorescence onto two precisely aligned EMCCDs (Andor iXon3, model DU897, pixel size
16 μm) mounted on the alignment stages (x, y, z, θ- and φ-angle). Emission ﬁlters FF03-525/50-25
and FF01-607/70-25 (Semrock) were placed in front of the green and red channel cameras, respectively. The two cameras were triggered for exposure with a transistor–transistor logic pulse generated
on a data acquisition (DAQ) board (Measurement Computing). The microscope was equipped with a
piezo stage (ASI) for fast z-stack and a Delta-T incubation system (Bioptech) for live cell imaging.
The microscope (AOTF, DAQ, Stage and Cameras) was automated with the software Metamorph
(Molecular Devices).

Procedure
Tagging of an endogenous gene with the MBSV6 cassette ● Timing ~2 weeks
1

2

3

4

Reagent

Volume for 50 μl

Final concentration

10 μM Fw primer
10 μM Rev primer
10 mM dNTPs
50 mM MgCl2
10× PCR buffer
Taq DNA polymerase
DNA template
DDW up to 50 μl

0.5 μl
0.5 μl
1 μl
1.5 μl
5 μl
0.2 μl
1 μl
40.25 μl

100 nM
100 nM
200 μM
1.5 mM
1×
2 U per reaction
25 ng

Amplify the cassette using the following PCR program:
Cycle number

Denaturation

Annealing

Polymerization

Hold

1
2–36
37

4 min at 94 °C
30 s at 94 °C
—

—
30 s at 55–57 °C
—

—
3 min 30 s at 72 °C
7 min at 72 °C

—
—
4 °C

Conﬁrm the correct ampliﬁcation of the cassette by running 5 μl of the PCR mix on a 1% (wt/vol)
agarose gel. The product should be ~3.4 kb.
? TROUBLESHOOTING
Purify the PCR product using a PCR puriﬁcation kit (i.e., Thermo Fisher PCR Puriﬁcation Kit)
according to the manufacturer’s instructions. Elute the PCR product in 50–60 μl of elution buffer,
depending on the PCR efﬁciency.
Quantify the PCR product using a Nanodrop or similar DNA quantiﬁcation system. The
concentration should be between 200 and 500 ng/μl.
PAUSE POINT The DNA can be stored at −20 °C for up to 6 months or can be used immediately
for yeast transformation.
Yeast transformation (Steps 6–20). Grow the yeast cells in YEPD at 26 °C, until an OD600 of 0.6–0.8
is achieved. For each transformation, a culture of 5 ml (3–5 OD600) is prepared.

j

5

MBSV6 cassette preparation by PCR (Steps 1–5). Amplify the MBSV6 cassette from pET264 using
Platinum Taq DNA polymerase and speciﬁc oligos containing homologous sequences for the target
gene (Fig. 2). See speciﬁc oligos designed for DOA1, for example, OET258 Fw and OET259 Rev
(Table 3). For each integration, prepare 400 μl of reaction mix and divide it into eight tubes
containing 50 μl each. Prepare one extra reaction without the DNA template as a negative control.
The typical reaction mix is prepared as follows:

6
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CRITICAL STEP Do not use cells grown over OD600 > 1. The transformation efﬁciency will be
signiﬁcantly reduced.
Centrifuge the cells for 3 min at 7,000g at room temperature. Discard the supernatant and
resuspend the cells in 5 ml of Li–TE.
Centrifuge for 3 min at 1,000g at room temperature, discard the supernatant, and resuspend the
cells in 100 μl of Li–TE.
Put 450 μl of Li–TE–PEG in an Eppendorf tube.
Add 5 μl of 10 mg ml−1 sterile and denatured ssDNA.
Add 10 μl of the PCR product from Step 5 (5 μg).
Add 100 μl of cells from Step 8 to the tube and mix by gentle vortexing (speed 5 out of 10).
Incubate at room temperature for 30 min.
Heat-shock the cells at 42 °C for 20 min.
? TROUBLESHOOTING
Centrifuge for 3 min at 7,000g at room temperature. Discard the supernatant and resuspend the
cells in 100 μl of DDW.
Repeat Step 15.
Resuspend the cells in 1 ml of YEPD, lock the cap by using Paraﬁlm or a heavy weight, and incubate
at room temperature overnight (12–15 h).
Centrifuge for 3 min at 1,000g at room temperature. Discard the supernatant and resuspend the
cells in 100 μl of YEPD.
Plate the entire transformation on selective G418–YEPD plates (see Reagent setup).
Incubate at 26 °C for 3–4 d.
? TROUBLESHOOTING
PAUSE POINT Growing colonies can be stored at 4 °C for 1–2 weeks. We recommended waiting
no more than 2 weeks to analyze the colonies, to avoid mutagenesis or contaminations.
Quick genomic DNA extraction and colony testing (Steps 21–33). Replicate the colonies on a fresh
G418–YEPD plate by streaking each colony separately, forming a square of 0.5 × 0.5 cm. Let the
cells grow at 26 °C for 24 h. We recommend streaking ﬁve to ten colonies.
For each clone, prepare one Eppendorf tube containing 100 μl of Li–TE–SDS and 1 μl of 10 mg
ml−1 RNase A.
Take one tip full of cells for each colony and resuspend in the LI–TE–SDS–RNase A mix.
Incubate at 65 °C for 30 min, with occasional vortexing at maximum speed.
Centrifuge for 3 min at 20,000g at room temperature. Transfer the supernatant in a new tube and
add 300 μl of ice-cold 100% (vol/vol) ethanol. Mix by vortexing.
Precipitate the DNA by centrifugation for 15 min at 20,000g at 4 °C.
Remove the supernatant and wash the pellet delicately by adding 100 μl of 70% (vol/vol) ethanol.
Spin for 5 min at 20,000g at 4 °C. Remove ethanol completely and let the pellet dry at room
temperature for 5 min.
Resuspend the pellet in 30 μl of TE, pH 8. The genomic DNA can be used as a template for
PCR ampliﬁcation. With this method, the ﬁnal concentration of the genomic DNA should be
~100–200 ng/μl.
PAUSE POINT The DNA can be stored at −20 °C for a few weeks or used right away for PCR
analysis.
Test the integration of the MBSV6 cassette by genomic DNA PCR ampliﬁcation. Primers can be
used in two ways: both outside of the sites of integration, or one inside the cassette (for instance,
annealing on the kanamycin-resistance gene) and the other outside the sites of integration. See
speciﬁc oligos designed for DOA1, for example, OET260 Fw and OET261 Rev or OET260 Fw and
OET214 Rev (Table 3). For each colony, prepare 25 μl of reaction mix. Prepare one extra reaction
without the DNA template as a negative control. If using the external oligos, use the genomic DNA
of the wt strain as a positive control. The typical reaction mix is prepared as follows:

7
8
9
10
11
12
13
14
15
16
17
18

j

19

20

21
22
23
24
25
26
27

j

28

29

Reagent

Volume for 25 μl

Final concentration

10 μM Fw primer
10 μM Rev primer
10 mM dNTPs
50 mM MgCl2

0.25 μl
0.25 μl
0.5 μl
0.75 μl

100 nM
100 nM
200 μM
1.5 mM
Table continued
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(continued)
Reagent

Volume for 25 μl

Final concentration

10× PCR buffer
Taq DNA polymerase
DNA template
DDW up to 50 μl

2.5 μl
0.2 μl
1 μl
19.55 μl

1×
4 U per reaction
50–100 ng

30 Amplify the cassette using the following PCR program:
Cycle number

Denaturation

Annealing

Polymerization

Hold

1
2–36
37

6 min at 94 °C
30 s at 94 °C
—

—
30 s at 55–57 °C
—

—
3 min 30 s at 72 °C
7 min at 72 °C

—
—
4 °C

j

j

j

j

j

31 Conﬁrm the insertion of the cassette by running 20 μl of the PCR mix on a 1% (wt/vol) agarose gel.
The product should be ~3.5 kb (Fig. 2d).
32 Grow positive colonies in YEPD until an OD600 of 0.6–0.8 is achieved. Mix 1 ml of culture with
1 ml of 60% (vol/vol) glycerol in YEPD. Mix thoroughly and freeze in cryo-tubes at −80 °C.
PAUSE POINT Positive colonies can be stored on plates at 4 °C for 1–2 weeks and in glycerol at
−80 °C for years. If cells on the plate get old, thaw the −80 °C glycerol stocks, replate them on a
fresh G418–YEPD plate, let the cells grow at 26 °C for 24 h, and proceed with the subsequent steps.
33 Removal of the kanamycin-resistance gene by expression of CRE recombinase (Steps 34–46). Repeat
Steps 6–16 to transform the cells that integrated the MBSV6 cassette with plasmid pSH47 encoding
the CRE recombinase under the control of the GAL1 promoter. The plasmid marker selection is
URA3.
34 Resuspend the pellet in 100 μl of DDW and plate the entire transformation on selective
URA– plates (see Reagent setup).
35 Incubate at 26 °C for 3–4 d.
PAUSE POINT Positive colonies can be stored on plates at 4 °C for 1–2 weeks.
36 Start a pre-culture inoculating a mix of colonies from the transformation in 5 ml of YEPD and grow
for 5–6 h at 26 °C until an OD600 of 0.6–0.8 is achieved.
37 Inoculate 50 μl of the pre-culture in 20 ml of SC-URA– 2% (vol/vol) galactose medium and grow
for 12–15 h at 26 °C with constant shaking (210 r.p.m.).
38 Dilute the cells in DDW to have ~103 cells per ml.
39 Plate 100 μl of cells on a YEPD plate and incubate at 26 °C for 24 h.
PAUSE POINT Colonies can be stored on plates at 4 °C for 1–2 weeks.
40 Replicate the colonies on YEDP–G418 and 5-FOA plates using Velvet replica plating pads.
41 Incubate the plates at 26 °C for 24 h.
42 Isolate the colonies that did not grow on G418 plates (i.e., lost the kanamycin-resistance gene) but
did grow on 5-FOA plates (i.e., lost the plasmid pSH47).
43 Loss of the kanamycin-resistance gene can be further tested by PCR ampliﬁcation by repeating the
protocol from Steps 22–32.
44 Purify the PCR product using a DNA puriﬁcation kit and send for sequencing to conﬁrm the size
and sequence of the MBSV6 cassette. The same primers used in Step 30 can be used for sequencing.
45 Freeze the positive colonies as described in Step 33.
PAUSE POINT Colonies can be stored at −80 °C for years.
46 MBSV6-tagged strain transformation with MCP-expressing plasmid (Steps 47–49). Transform the
strain that is endogenously tagged with MBSV6 with 1 μg of plasmid expressing MCP–GFP
(YcpLac111 MCP-NLS-2xyeGFP) or 1 μg of a control vector (YcpLac111) by following Steps 6–16.
47 Resuspend the pellet in 100 μl of DDW and plate the entire transformation on selective
LEU– plates.
48 Incubate at 26 °C for 3–4 d.
PAUSE POINT Colonies can be stored on plates at 4 °C for 2–3 d. Alternatively, a mix of colonies
grown in the LEU– medium can be frozen at −80 °C for years as described in Step 33.
2284
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Single-molecule mRNA imaging using smFISH and live imaging

c

c

c

c

j c

j

49 For two-color smFISH, follow option A; for live imaging, follow option B.
(A) Two-color smFISH of MBSV6-tagged strains and control strains ● Timing 3–4 d
(i) Pretreatment of the coverslips (Steps i–iv). In a 1-L beaker, boil two packs of microscope
coverslips (~200 total) in 500 ml of DDW containing 5 ml of 1 N HCl for 20–30 min. Use
gentle stirring to separate the covers.
! CAUTION HCl is corrosive. Wear gloves and handle it in a fume hood to avoid contact
with eyes and skin.
(ii) Rinse the coverslips ten times with water, and autoclave them in 200 ml of DDW.
PAUSE POINT The coverslips can be stored at 4 °C in 70% (vol/vol) ethanol for up to 1 year.
(iii) The day of the smFISH experiment, lay the coverslips on a piece of chromatography paper
and rinse them three times with water; aspirate the excess water and let the coverslips airdry. Treat the coverslips for 20 min with 200 μl of 0.01% (wt/vol) poly-L-lysine diluted in
DDW. Aspirate the poly-L-lysine and let the coverslips air-dry. Wash the coverslips three
times with DDW and allow them to air-dry.
(iv) Use forceps to place each coverslip face-up into a single well of a six-well culture plate and
store the dish at room temperature.
CRITICAL STEP Coverslips have to be dry for the spheroplasts to attach.
PAUSE POINT Dried poly-L-lysine-coated coverslips can be stored at room temperature
for up to 2 d.
(v) Growing yeast cells for smFISH (Step v). Grow 25 ml of yeast culture using the cells from
Step 48 by incubating in selective media at 26 °C, with shaking at 210 r.p.m. overnight.
CRITICAL STEP It is important to keep the cells growing in exponential phase
(OD600 < 1 at all times). Grow a low-density culture overnight and then re-inoculate it in
fresh medium in the morning to an OD600 of 0.1 and allow it to grow until OD600 0.3–0.4;
at this point, ﬁx the cells according to the steps below. At this OD, the autoﬂuorescence of
the cells is minimal and the expression of the MCP is optimal.
(vi) Fixation of the cells and preparation for smFISH (Steps vi–xv). To ﬁx the cells, pour 21 ml of the
yeast culture from Step 50A(v) in a 50-ml Falcon tube and add 3 ml of 32% (wt/vol) paraformaldehyde. Mix gently and incubate at room temperature for 45 min with constant shaking.
! CAUTION Paraformaldehyde is toxic if inhaled. Handle paraformaldehyde under the
fume hood and discard according to environmental health and safety instructions.
CRITICAL STEP Excessive ﬁxation periods will reduce the efﬁciency of yeast cell-wall
removal during lyticase treatment.
(vii) Centrifuge the cells at 2,400g for 5 min at 4 °C and remove the supernatant.
(viii) Wash the cells by adding 10 ml of ice-cold 1× buffer B. Centrifuge at 2,400g for 5 min at
4 °C and remove the supernatant. Repeat this step twice.
(ix) Resuspend cells in 1 ml of ice-cold buffer B and transfer them to a 1.5-ml Eppendorf tube.
(x) Centrifuge cells at 2,400g for 5 min at 4 °C, remove all buffer B, and resuspend the cells in
500 μl of spheroplasting buffer containing 25 U of lyticase per OD of cells (i.e., 21 ml at
OD600 0.3 = 6.3 OD600; use 6.3 μl of lyticase enzyme at 25 U/μl).
(xi) Incubate the cells in a water bath at 30 °C for 7–10 min, inverting gently and frequently.
CRITICAL STEP Duration of lyticase treatment varies with yeast strain and treatment.
Overdigestion will damage cell morphology and preclude accurate counting of single
molecules. Starting at 6 min of lyticase treatment, we usually take a 5-μl sample on a slide,
cover it, and observe it with a light microscope and phase contrast illumination. After
digestion, cells appear opaque (Fig. 4a). Take samples every 2 min and stop the lyticase
treatment when 50% of the cells in the sample are opaque.
(xii) Centrifuge the cells for 4 min at 1,300g at 4 °C. Remove the supernatant and wash the cells
by adding 500 μl of ice-cold 1× buffer B. Centrifuge and remove the supernatant.
CRITICAL STEP Do not vortex. Cells are very sensitive to mechanical distortion and lysis
after the lyticase treatment.
(xiii) Resuspend the cells in 800 μl of 1× ice-cold buffer B. Drop 125 μl on each poly-L-lysinecoated coverslip from Step 50A(iv).
(xiv) Incubate for 30–60 min at 4 °C to allow the cells to adhere to the coverslip.
(xv) Wash once by adding 1 ml of ice-cold B buffer per well of the 12× well plate. Remove the wash
by pipetting and add 1.5 ml of ice-cold 70% (vol/vol) ethanol. Seal with Paraﬁlm and store at
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a

50% digested spheroplasts

b

Humidified chamber

DDW

Upside-down
coverslip

Fig. 4 | Preparation of yeast spheroplasts and hybridization chamber for smFISH. a, Preparation of yeast
spheroplasts. Digestion of the cell wall is performed with the lyticase enzyme in spheroplast buffer, at a ﬁnal
concentration of 25 U per OD600 of cells. Digestion is done at 30 °C in a water bath for 7–10 min. After 6 min, 5 μl of
sample is transferred onto a glass slide, covered with a coverslip, and observed under a light microscope using a 20×
air objective and phase contrast illumination. After cell-wall digestion, cells appear opaque. The treatment is stopped
when 50–60% of the cells in the sample are opaque. Scale bar, 15 μm. b, Preparation of a humidiﬁed chamber for
smFISH hybridization. Once the F + H mix is ready, the bottom of a 150-mm Petri dish is covered with Paraﬁlm. One
drop of hybridization solution is spotted every 1 cm. Using tweezers, the dried coverslips are placed face down onto
the hybridization drops. To avoid excessive evaporation, add a 15-ml Falcon cap ﬁlled with DDW toward the edge of
the dish. The dish is closed and sealed with Paraﬁlm to make a hybridization chamber.

j

c

−20 °C for up to 6 months. Although a 20-min incubation on 70% (vol/vol) ethanol at −20 °C
should be enough for cell membrane permeabilization, we usually do an overnight incubation.
CRITICAL STEP 70% (vol/vol) ethanol perforates the cell membrane, which promotes
penetration of the smFISH probes during hybridization.
PAUSE POINT The cells can be stored in 70% (vol/vol) ethanol at −20 °C for up to
6 months.
Hybridization (Steps xvi–xxxi). Rehydrate the cells on the covers by moving the coverslips
into a new 12-well plate with 2 ml of 2×SSC per well. Wash twice (5 min each wash) with
2 ml of 2×SSC at room temperature.
Remove the 2×SSC and incubate the coverslips with 2 ml of pre-hybridization solution
(10% (vol/vol) formamide in 2×SSC) for a minimum of 30 min and up to 1 h at room
temperature.
Per coverslip, prepare a mixture containing 0.125 μl of a 25 μM stock of MBSV6 probes to
0.125 μl of 25 μM stock of the probe speciﬁc for the mRNA of interest (Supplementary
Table 1) and 5 μl of the tRNA/ssDNA (10 mg ml−1) competitor (see Reagent setup).
Dry the mixture in a vacufuge at 45 °C for 5 min.
Resuspend in 12.5 μl of solution F per coverslip.
Heat at 95 °C for 1 min to help the probes dissolve. Let the solution cool at room
temperature for 5 min in the dark (e.g., in a drawer).
Add 12.5 μl of solution H per coverslip to make 25 μl of hybridization solution per
coverslip.
Cover the bottom of a 150-mm Petri dish with Paraﬁlm (Fig. 4b). Drop 24 μl of the
hybridization solution from Step 50A(xxi) onto the Paraﬁlm.
Using tweezers, take a coverslip, remove the extra pre-hybridization solution with a
Kimtech tissue, and place the coverslip face-down onto the hybridization drop. To avoid
excessive evaporation, add a 15-ml Falcon cap ﬁlled with DDW toward the edge of the
dish, cover the dish, and seal it with Paraﬁlm to make a hybridization chamber. Incubate at
37 °C for 3 h.
Add 2 ml of pre-warmed (37 °C) pre-hybridization solution to each well of a 12-well plate.
Use forceps to place the coverslips back into the wells, face-up. Incubate for 20 min at
37 °C, replace with 2 ml of pre-hybridization buffer, and incubate for 20 min at 37 °C.

(xvi)

(xvii)

(xviii)

(xix)
(xx)
(xxi)
(xxii)
(xxiii)

(xxiv)
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(xxv) Wash once with 0.1% (vol/vol) Triton X-100 in 2×SSC for 5 min at room temperature.
CRITICAL STEP Cover the plate with aluminum foil to prevent photobleaching.
(xxvi) Wash the coverslips twice with 2 ml of 1× SSC for 5 min at room temperature.
(xxvii) Incubate in 500 μl of DAPI solution for 30 s at room temperature.
(xxviii) Wash the coverslips with 2 ml of 1× PBS for 5 min.
(xxix) Soak the coverslips once in 100% (vol/vol) ethanol using a Coplin jar.
(xxx) Air-dry the coverslips.
CRITICAL STEP Covers should be well dried before mounting for optimal ﬂuorophore
photostability.
(xxxi) Use forceps to mount the coverslips onto the microscope slides. Place a drop of mounting
medium and place the coverslips upside down without creating bubbles. Allow them to
cure in the dark.
PAUSE POINT We use the commercially available mounting medium ProLong Gold,
which needs ~12 h at room temperature to cure before imaging can begin. Coverslips are
sealed onto the microscope slides with transparent nail polish. Slides can be stored at
−20 °C for months before imaging.
(xxxii) Microscopy imaging (Step xxxii). Use a wide-ﬁeld epiﬂuorescence microscope (see
Equipment setup) and 200-nm Z-steps for optical sectioning, spanning an 8-μm Z depth.
Exposure times of 500–1,000 ms are typically used to acquire each plane in the Cy5 and
Cy3 channels (100% light source power), and ~50-ms exposure times are used to acquire
each plane in the DAPI channel (12% light source power). Then, acquire differential
interference contrast (DIC) images for 50–100 ms on a single plane.
CRITICAL STEP Start imaging from the longest to the shortest wavelength and ﬁnish
with the DIC. Long exposure times can cause photobleaching. It is recommended to
increase the number of probes per mRNA rather than increasing the exposure time over
1,000 ms to increase SNR.
? TROUBLESHOOTING
(xxxiii) Single-molecule detection and analysis (Steps xxxiii–xxxiv). Detect single mRNAs using the
algorithm FISH-quant25. Draw the outline for all the cells included in the analysis (n > 200)
using either the Cy3 or the Cy5 channel. After background subtraction, ﬁt the FISH spots
in the cytoplasm to a 3D Gaussian to determine the coordinates of the mRNAs. The
intensity and the width of the 3D Gaussian are thresholded to exclude nonspeciﬁc signal.
Use the option ‘Average of thresholded spots’ to obtain the average intensity of all the
mRNAs and use it to determine the intensity of each transcription site. Use the outlines
drawn in one channel to repeat the analysis for the single mRNA in the second channel.
Change manually the number of channels and the information on the wavelength in the
title of the ﬁle and in the ﬁle. For example, change w1_Cy5_NAME1 to w2_Cy3_NAME1
and analyze the second channel. For the analysis of multiple images, the ‘Batch mode’
option can be used as well.
CRITICAL STEP To correlate the number of single mRNAs detected for the CDS with the
ones detected for MBSV6, it is essential to assign them to the same cell. Thus, the outlines
created for one set of probes should be used for the other set of probes.
(xxxiv) To perform molecular colocalization of the spots detected by two-color smFISH with the
CDS probes or the MBS probes, use the spot-colocalization plugin ComDet (see
Equipment, ‘Two-color smFISH of MBSV6-tagged strains and control strains’). To detect
the spots, use the ﬁltered images saved from FISH-quant after the background-subtraction
step. Create an image containing the two-color channel and make a maximum projection
of the focused Z-stacks. Launch the plugin (Plugins > ComDet > Detect Particles) and
choose the parameters for spot detection. Standard parameters: particle size, 4 pixels;
intensity threshold, 3 s.d.; and maximum distance, 4 pixels. After detection, the plugin
provides a ‘Results table’ with the results of the colocalization (colocalization index) in two
channels, as well as an image with the results of the colocalization (Fig. 3b).
? TROUBLESHOOTING
(B) Live imaging of MBSV6-tagged strains and control strains ● Timing 2–3 d
(i) Growing yeast cells for live imaging (Step i). Grow 10 ml of yeast culture using the cells from
Step 48 by incubating in selective media at 26 °C with constant shaking at 210 r.p.m. Grow
a low-density culture overnight. In the morning re-inoculate the cells in 10 ml of fresh
medium to an OD600 of 0.05 and allow them to grow until OD600 0.2–0.3. At this
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c

concentration, the autoﬂuorescence of the cells is minimal and the expression of the MCP
is homogeneous.
CRITICAL STEP It is important to keep the cells growing in exponential phase
(OD600 < 1) at all times.
Coating Delta-T dishes and plating cells (Steps ii–viii). Incubate the Delta-T dishes with
400 μl of concanavalin A at a ﬁnal concentration of 1 mg ml−1 for 10 min at room
temperature.
? TROUBLESHOOTING
Aspirate the excess and allow the dish to air-dry completely.
? TROUBLESHOOTING
Activate the concanavalin A coating by incubating the dish with 400 μl of 50 mM CaCl2
and 50 mM MnCl2 solution for 10 min at room temperature.
? TROUBLESHOOTING
Aspirate the excess and allow the dish to air-dry completely.
? TROUBLESHOOTING
Wash the dish twice with sterile DDW and allow it to air-dry completely.
? TROUBLESHOOTING
CRITICAL STEP It is important to completely dry the dish for homogeneous and efﬁcient
coating.
Plate 500 μl of cells at OD600 0.2–0.3.
? TROUBLESHOOTING
CRITICAL STEP High-quality imaging is achieved only if the cells are imaged while
growing exponentially.
Place the dish on the microscope stage and let the cells attach for at least 15–30 min. Using
the Delta-T temperature-control system, allow the temperature to stabilize at 26 °C.
CRITICAL STEP It is important to wait until the cells attach and restart the cell cycle.
? TROUBLESHOOTING
Live image acquisition (Step ix). To cover the complete cell volume, take 13–15 Z-stacks,
each 0.5 μm. We use a 50-ms exposure for each Z-plane. To allow long-term imaging over
the course a complete cell cycle without signiﬁcant photobleaching, acquire Z-stacks every
2 min (~90 Z-stacks total). To visualize MBSV6–MCP–NLS–2xyeGFP-labeled mRNAs, use
a 488-nm-wavelength laser. For visualization of single mRNA molecules, the laser is set to
10% power (1–2 mW). Higher-frequency imaging acquisition can be used to follow
mRNAs with higher temporal resolution. However, because of photobleaching, the imaging
time should be reduced.
CRITICAL STEP The parameters for imaging single mRNAs in living cells (laser power,
exposure time) can be modiﬁed to increase the ﬂuorescence intensity of single mRNAs.
Choose parameters that will keep the ﬂuorescence intensity signal in the dynamic range of
the camera while minimizing photobleaching of the sample.
? TROUBLESHOOTING
Creating maximal projections and background removal (Steps x–xvii). Maximally project
the Z-stacks using Fiji. For large datasets, use the Smart Projector plugin.
Filter the maximally projected images using the Rolling average background subtraction
tool from Fiji (Fig. 5a).
Start AIRLOCALIZE14 from the MATLAB command prompter.
Select the type of data that you want to analyze (in this case, ‘2D single image ﬁle’).
Alternatively, a 3D image ﬁle can be selected. For large datasets, the option ‘batch mode’
can be used for both 2D and 3D image ﬁles.
Select the detection and quantiﬁcation parameters (Fig. 5b). Choose ‘ROI? Yes’ to select a
region of interest. The detection threshold is set by default to 3, but it can be adjusted
according to the image quality. Select ‘Output image’ of the spots to save a TIFF image with
the results of the spot detection. Adjust the voxel width according to the camera settings.
Determine the shape of a 3D Gaussian mask by choosing representative ﬂuorescent spots.
Select the spot; the ﬂuorescence intensity proﬁle (x, y) is shown as in Fig. 5c. Select ‘Local
gaussian ﬁt’ to record the ﬁt for the selected spot. The ﬁt will appear as a red line. Repeat
the local Gaussian ﬁt for ﬁve to ten spots.
CRITICAL STEP Precise determination of the point-spread function depends on how the
mRNAs are chosen to generate the Gaussian mask. Choose mRNAs whose ﬁt (red line)

(ii)

(iii)
(iv)

(v)

c

(vi)

c

(vii)

c

(viii)

c

(ix)

(x)
(xi)
(xii)
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(xiv)

c
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Live imaging
DOA1 24×MBSV6-MCP-NLS-2xyeGFP
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Fig. 5 | DOA1 24×MBSV6-MCP2xyeGFP live imaging and quantiﬁcation using Airlocalize. a, Cells expressing DOA1 24×MBSV6-MCP2xyeGFP
imaged with a wide-ﬁeld ﬂuorescence microscope. Maximum (MAX) projection of 13 Z-stacks before (left) and after background subtraction (right).
Background removal is done with the Fiji rolling ball tool set at 50. The background-subtracted image is then imported into Airlocalize as a ‘2D image’.
Scale bars, 2 μm. b, Selection window for PSF parameters, ROI selection, voxel width, and spot-identiﬁcation method. After starting Airlocalize on
MATLAB, a window opens that allows for the selection of the detection parameters. c, Example of Gaussian ﬁt for a single mRNA from the image
shown on the left. The blue line describes the ﬂuorescence intensity proﬁle, the peak represents a single mRNA, and the red line describes the
Gaussian ﬁt of that single mRNA. d, Single mRNAs with a ﬂuorescence intensity above the designated threshold are identiﬁed by yellow spots. e,
Output image of the spots. Airlocalize generates an output image that is saved in the same folder where the image is located. This image can be used
to evaluate the spot-detection efﬁciency.
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well describes the ﬂuorescence intensity proﬁle (blue line). This is critical to optimally ﬁt
the mRNAs.
(xvi) Adjust the threshold value to make sure that the Gaussian mask ﬁts the mRNAs (Fig. 5d).
Select ‘Done’ to apply the Gaussian mask to the entire image.
(xvii) Use the Output image ﬁle (Fig. 5e) to test whether the ﬁtting was accurate. A text ﬁle is
produced with the (x, y) coordinates of the spots and their brightness. This ﬁle is saved in
the same folder in which the image is saved. The information contained in this ﬁle can be
used for further analysis.

Troubleshooting
Troubleshooting advice can be found in Table 4.
Table 4 | Troubleshooting table
Step

Problem

Possible reason

Solution

Step 3

PCR ampliﬁcation results in The long oligos (~90 nt) containing the
products with multiple sizes homologous sequences for recombination
affect the PCR efﬁciency

Increase the annealing temperature
Reduce the amount of DNA template used for the PCR
Purify the entire PCR product on agarose gel and cut
the band corresponding to the right size
Step 14
No transformants
Tagging of mutant strains that are temperature Perform the heat-shock step at 37 °C for 15–20 min
sensitive
Step 20 No transformants
The insertion of the MBSV6 cassette affects
Use exponentially growing cells for the transformation
the expression of the tagged mRNA, with
that are more sensitive to G418 selection
detrimental effects on the cell’s viability
Increase the amount of DNA used for the
transformation (5–10 μg)
If you are tagging an essential gene, the insertion of
the MBSV6 cassette may affect the stability of the
mRNA; try to integrate MBSV6 in other positions in
the 3′ UTR of the tagged mRNA (but before the
cleavage and polyadenylation site)
The homologous sequences used for
Increase the length of the homologous regions to favor
recombination recognize other regions in the
recombination at the right locus
genome
The G418 plates used for transformation are
Use YEPD–G418 plates not older than 6 months
not selective
Step 50A Photobleaching
The illumination conditions are not optimal
Use lower exposure conditions
(xxxii)
The sample was not mounted properly
Dry the coverslips well before mounting with Prolong
Gold
The mounting medium is too old
Protect the Prolong Gold mountant from light
High background
One or more probes in the mix recognize
Design the probes with >85% homology or compete
another mRNA nonspeciﬁcally
with cold probes added at 100× concentration to the
original probe mix
To reduce background and nonspeciﬁc binding, do not
hybridize for >5 h at 37 °C
The pre-hybridization and the hybridization
Increase formamide to 15% if the background from
solution contain 10% (vol/vol) formamide in
speciﬁc probes is high
2×SSC. This concentration is optimal for
To reduce background and nonspeciﬁc binding, do not
~20-nt-long probes
hybridize for >5 h at 37 °C
Saturated spots
For highly inducible mRNAs, accumulation of
Use short induction times
nascent transcripts saturates the signal from
Use lower exposure conditions
the transcription site
Step 50A Poor correlation between
The tagging possibly affects the stability of the Integrate MBSV6 in other positions in the 3′ UTR of
(xxxiv)
MBS- and CDS-detected
mRNA
the tagged mRNA
spots
The MBSV6 cassette is inserted after the
cleavage and the polyadenylation site
Signiﬁcantly higher numbers The tagging possibly affects the stability of the Reduce the number of stem loops to 12
of MBSV6 compared with
mRNA
those of CDS in the presence The mRNA is expressed at high levels, and the
of MCP
MBSV6 cassette is not degraded as rapidly as
the tagged mRNA
The coating of the coverslip was not efﬁcient
Table continued
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Table 4 (continued)
Step

Problem

Possible reason

Step 50B Cells do not attach to the
(ii–viii)
dish

Step 50B Single mRNAs are not
(ix)
detected by live imaging

The cells are not growing exponentially
The expression of the coat protein is not
optimal

The illumination settings are not optimal

The sample is photobleaching too fast

Solution
Dry the dish well after concanavalin A coating and
after activation
Let the cells adhere to the dish for at least 15 min
Wash the dish delicately without removing the
concanavalin A
Use exponentially growing cells
Keep the cells in selective medium to maintain the
expression of the MCP–GFP plasmid
Image the cells that are exponentially growing to allow
homogeneous expression of MCP–GFP
If using another MCP–GFP construct, avoid the use of
inducible promoters. Keep the expression of MCP–GFP
low and homogeneous
The expression levels of the coat were optimized to
work with haploid yeast. If you are using cells with
different size and mRNA expression levels, you may
have to optimize the MCP expression
Measure the intensity of the 488-nm laser power used
to excite the MCP–GFP protein. Optimal intensity for
long-term imaging is between 1 and 2 mW
Try to reduce the intensity of the laser and the
exposure time

Timing
Steps 1–49, tagging of an endogenous gene with the MBSV6 cassette: 2 weeks
Steps 1–5, MBSV6 cassette preparation by PCR: 3.5 h
Steps 6–20, yeast transformation: 3.5 h + 3–4 d waiting for the colonies to grow
Steps 21–33, quick genomic DNA extraction and colony testing: 6 h
Steps 34–46, removal of the kanamycin-resistance gene by expression of the CRE recombinase: 3.5 h
yeast transformation + 3–4 d waiting for the colonies to grow + 1 d for colony selection
Steps 47–49, MBSV6-tagged strain transformation with MCP-expressing plasmid: 3.5 h yeast
transformation + 3–4 d waiting for the colonies to grow
Step 50A, two-color smFISH on MBSV6-tagged strains and control strains: 4 d
Steps i–iv, pre-treatment of the coverslips: 2.5 h
Step v, growing yeast cells for smFISH: 12–15 h
Steps vi–xv, ﬁxation of the cells and preparation for smFISH: 2.5 h
Steps xvi–xxxi, hybridization and washes: 5 h
Step xxxii, microscopy imaging: 4 h
Steps xxxiii and xxxiv, single-molecule detection and analysis: ~2 d (depending on the proﬁciency of
the user)
Step 50B, live imaging of MBSV6-tagged strains and control strains: 2 d + time for image analysis
Step i, growing yeast cells for live imaging: 15–20 h
Step ii–viii, coating Delta-T dishes and plating cells: 1 h
Step ix, live image acquisition: up to 3–4 h, depending on the experimental settings
Steps x–xvii, creating maximal projections and background removal: 2 h

Anticipated results
In this protocol, we used the DOA1 mRNA as a paradigm to illustrate the use of the MBSV6 reporter
for live single-mRNA imaging in S. cerevisiae. In addition, we summarized our previously published
results for the cell cycle of mRNA ASH1 to illustrate that the MBSV6 system works reliably for highly
regulated mRNAs.
In the ﬁrst part of the protocol (Steps 1–49), we detailed the procedure for the integration of
24×MBSV6 in the 3′ UTR of the DOA1 mRNA (Fig. 2a–c). The genomic insertion of 24×MBSV6
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by homologous recombination is veriﬁed by PCR ampliﬁcation (Fig. 2d, lane 3 versus lane 2). The
removal of the kanamycin-resistance marker is conﬁrmed by PCR and sequencing, and results in a
reduction of the insert size present in the 3′ UTR of the DOA1 gene (Fig. 2d).
In the second part (Step 50A), we detailed the two-color smFISH protocol that we used to
demonstrate that the insertion of 24×MBSV6-MCP in the 3′ UTR of DOA1 does not signiﬁcantly
alter its expression compared with that in a wt strain. smFISH with DOA1 probes binding the coding
sequence was used to quantify the number of DOA1 mRNA molecules in a wt population of cells
(Fig. 3c). Two-color smFISH of cells expressing DOA1–24×MBSV6, in the presence or absence
of MCP, was simultaneously performed with DOA1 probes and MBSV6 probes (Fig. 3a,b and
Supplementary Table 1). In both the absence and the presence of MCP, we obtained a high degree of
colocalization of the DOA1 and MBS spots, and similar numbers of mRNAs per cell compared with
those of the untagged mRNA (Fig. 3b,c). We performed molecular colocalization analysis using the
Fiji plugin (ComDet; described in the protocol) to count the number of spots detected with the DOA1
or MBS sequence probes. In the case of the DOA1–24×MBSV6 strain expressing the control vector,
we counted 1,006 particles with the CDS probes and 1,068 particles with the MBS probes. Of these
particles, 83% of MBSs were colocalized with CDS particles and 88% of CDSs were colocalized with
MBS particles. In the case of the DOA1–24×MBSV6 strain expressing MCP, we counted 853 particles
with CDS probes and 975 particles with MBS probes. Of these particles, 74% of MBSs were colocalized with CDS particles and 84% of CDSs were colocalized with MBS particles. These results are
consistent with the smFISH quantiﬁcations and the Pearson correlation analysis presented in Fig. 3c,
d. Although we observed a reduction in the percentage of colocalization, we think that our analysis
supports the conclusion that the DOA1–MBSV6-tagged mRNAs reproduce the behavior of the
untagged transcript.
In the third part (Step 50B), we provided a step-by-step protocol for the visualization and
quantiﬁcation of single DOA1 mRNA molecules in living cells. DOA1–24×MBSV6–MCP-labeled
mRNAs were detected in exponentially growing cells by wide-ﬁeld ﬂuorescence microscopy (Fig. 5).
By using Airlocalize, or other analysis software, one can determine the number, the position, and the
intensity of single mRNAs in individual cells. The DOA1 mRNA is constitutively expressed during
the cell cycle and is homogeneously distributed in the cytoplasm5,24, consistent with what we
observed by smFISH (Figs. 3 and 5). The imaging conditions described in this protocol allow one to
follow single mRNAs for at least one full cell cycle. Longer imaging is limited by an increase in
cellular conﬂuence of the cells.
To further illustrate the applicability of this protocol for the study of highly regulated mRNAs, we
also reported visualization of the cell cycle of ASH1 mRNA, which has rapid turnover and localizes to
the bud tip during anaphase7,24,68. The ASH1 mRNA was tagged either with 12×MBSV6 or with
24×MBSV6 (Fig. 6a–f). For two-color smFISH, the ASH1 coding sequence is targeted by a probe mix
containing 41 probes singly labeled with Quasar 670, whereas the MBSV6 sequence is recognized by a
probe mix containing 26 probes singly labeled with Quasar 570 (Supplementary Table 1). As discussed in the ‘Experimental design’ section, 26 probes are sufﬁcient to detect single mRNAs in ﬁxed
cells tagged with 12×MBSV6 (Fig. 6b). However, the use of more probes is recommended to increase
the SNR. Quantiﬁcation of the mRNAs after two-color smFISH revealed that tagging with
12×MBSV6 and coexpression of the coat protein did not alter cell-cycle-regulated expression or
localization of ASH1. We obtained similar results when we tagged ASH1 mRNA with 24×MBSV6
(Fig. 6d–f). For the two-color smFISH, the ASH1 coding sequence is targeted by the probe mix
containing 45 probes labeled with Quasar 670, whereas the MBSV6 sequence is recognized by the
probe mix containing 26 probes labeled with Quasar 570 (total number of probes binding on a single
mRNA: 52). We carried out live imaging using ASH1 mRNAs tagged with 24×MBSV6-MCP2xyeGFP because it behaves similarly to the untagged mRNA and because its brightness is higher
compared with that of the mRNAs tagged with 12×MBSV6, thus allowing long-term imaging
(Fig. 6g,h). To monitor the cell-cycle-stage progression, we tagged Tub1 protein with mRuby to
visualize during mitosis the microtubules extending from the spindle pole body between the mother
and daughter cells (Fig. 6g). ASH1 mRNA expression was preceded by microtubule stretching, which
allowed clear identiﬁcation of mother–daughter pairs and cell-cycle phase (Fig. 6g,h). After the
procedure described in this protocol, Z-stacks were acquired every 2 min (~90 Z-stacks total). As we
previously discussed24, this showed that the expression of ASH1 mRNA tagged with 24×MBSV6
+MCP-2xyeGFP occurred during the right phase of the cell cycle. Furthermore, after degradation of
the mRNA at the end of anaphase, we did not observe the accumulation of ﬂuorescent fragments
or aggregates.
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Fig. 6 | Two-color smFISH and live imaging for the cell-cycle mRNA ASH1. a, Scheme of the endogenous ASH1 locus tagged with 12×MBSV6 in the
3′ UTR. The ASH1 coding sequence is targeted by a probe mix containing 45 probes labeled with Quasar 670. The MBSV6 sequence is recognized by a
probe mix containing 26 probes labeled with Quasar 570. b, Two-color smFISH for ASH1 mRNA tagged with 12×MBSV6 in cells expressing MCP
(YcpLac111 CYC1p-MCP-NLS-2xyeGFP) or the vector alone (YcpLac111). DIC/FISH shows the overlap of the DAPI signal in the nucleus (blue), smFISH for
the ASH1 CDS (green), and the MBS (red) with the DIC image. Yellow outlines deﬁne the shape of single cells (the bud position is indicated for the ASH1expressing cells). For each cell, the cell cycle stage (G1 or M phase) is indicated. Scale bars, 5 μm. c, Quantiﬁcation of smFISH represented in b, with CDS
probes (green) or MBS probes (red) reported as the frequency distribution of mature ASH1 mRNAs per cell. Individual data points are shown as black
squares; bars indicate the average; n = ~500 cells per experiment. The distribution of the mRNAs was generated using the same binning.
d, Scheme of the endogenous ASH1 locus tagged with 24×MBSV6 in the 3′ UTR. The ASH1 coding sequence is targeted by a probe mix containing 45
probes labeled with Quasar 670. The MBSV6 sequence is recognized by a probe mix containing 52 probes labeled with Quasar 570. e, Two-color smFISH
for ASH1 mRNA tagged with 24×MBSV6 in cells expressing MCP (YcpLac111 CYC1p-MCP-NLS-2xyeGFP) or the vector alone (YcpLac111). DIC/Merge
shows the overlap of the DAPI signal in the nucleus (blue), smFISH for the ASH1 CDS (green), and the MBS (red) with the DIC image. Yellow outlines
deﬁne the shape of single cells (the bud position is indicated for the ASH1-expressing cells). For each cell, the cell cycle stage (G1 or M phase) is indicated.
Scale bars, 5 μm. f, Quantiﬁcation of smFISH represented in e with CDS probes (green) or MBS probes (red) reported as the frequency distribution of
mature ASH1 mRNAs per cell. Individual data points are shown as black squares; bars indicate averages; n = ~500 cells per experiment. The distribution of
the mRNAs was generated using the same binning. g, Scheme of ASH1 mRNA expression during the cell cycle (marked by red arrows). Green dots
represent ASH1 mRNA. mRubyTub1 (red) marks the spindle pole body (SPB), duplicated during S phase. The bud emergence (outlined) starts during
S-phase and ends with the formation of the daughter cell. The black arrow indicates the corresponding cell-cycle phase of the time lapse shown in h.
h, Representative images taken from Supplementary Movie 4 from ref. 24. Simultaneous two-color imaging of cells coexpressing ASH1 24×MBSV6-MCP
(gray) and mRubyTub1 (red). Time 0 indicates the beginning of anaphase. Images were acquired every 2 min. Accumulation of single molecules is seen at
10 min and ends at 24 min. White arrowheads indicate single mRNAs. Scale bar, 5 μm. b,c,e–h, Adapted with permission from ref. 24.
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The application of this method to other mRNAs and in combination with the localization of other
ﬂuorescently labeled cellular components will provide unprecedented information about how the
regulation of gene expression is achieved in single cells.

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.
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