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Abstract 
 
The tractability of the budding yeast genome has provided many insights into the fundamental 
mechanisms regulating cellular life. With the advent of synthetic biology and single-cell 
measurements, novel tools are required to manipulate the yeast genome in a more controlled 
manner. We present here a new family of yeast shuttle vectors called Single Integration 
Vectors (pSIV). Upon transformation in yeast, these plasmids replace the entire deficient 
auxotrophy marker locus by a cassette containing an exogenous marker. As shown using flow 
cytometry, this complete replacement results in a unique integration of the desired DNA 
fragment at the marker locus. In addition, a second transcriptional unit can be inserted to 
achieve the simultaneous integration of two constructs. The selection marker cassettes, 
present in the pSIV, were also used to generate a complete set of gene tagging plasmids 
encompassing a large palette of fluorescent proteins, from a Cyan Fluorescent Protein (CFP) 
to a near-infrared tandem dimer Red Fluorescent Protein (tdiRFP). These tagging cassettes are 
orthogonal to each other thanks to the use of different TEF promoter and terminator couples 
thereby avoiding marker cassette switching and favoring integration in the desired locus. In 
summary, we have created two sets of robust molecular tools for the precise genetic 
manipulation of the budding yeast. 
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Introduction 
 
Pioneer model organism in the study of eukaryotic cells, Saccharomyces cerevisiae has 
contributed to the understanding of many cellular mechanisms such as cell-cycle regulation, 
cell polarity, signal transduction, metabolism or aging (Drubin	and	Nelson	1996;	Nasmyth	
1996;	Chen	and	Thorner	2007;	Cai	and	Tu	2012;	Longo	et	al.	2012). This important role in 
fundamental biology can be attributed in a large part to the variety of tools developed to 
manipulate the yeast genome (Botstein	et	al.	1997;	Gietz	and	Woods	2006;	Botstein	and	
Fink	 2011). The generation of genome-wide collections of ORF deletions or ORF-GFP 
tagged strains are two excellent illustrations of this ability (Winzeler	et	al.	1999;	Huh	et	al.	
2003). 
 
Shuttle vectors, allowing the transfer of cloning plasmids directly from a bacterial host to a 
yeast strain, have also participated in the success of S.cerevisiae as a eukaryotic model 
system. A standard set of plasmids (pRS) with four auxotrophy markers for HIS3, LEU2, 
TRP1 and URA3 is widely used in the yeast community (Sikorski	and	Hieter	1989). Three 
variants of these plasmids are available: two-micron, centromeric and integrative. Two-
micron plasmids are high copy number plasmids used for the over-expression of proteins. 
Centromeric plasmids possess an autonomously replicating sequence (ARS) allowing them to 
be replicated at each cell cycle and segregated between mother and daughter cells. For these 
constructs, the average number of plasmids per cell in the population is around one. However, 
at the single-cell level, some yeast contains two copies of the plasmid while others have lost 
it. Finally, integrative plasmids are directly inserted into the yeast genome via homologous 
recombination at a specific locus. This generates an evident uniformity between sister cells 
bearing the plasmids since they are isogenic. Moreover, the insert can be maintained at its 
locus even in absence of selection. 
 
Centromeric plasmids have been used successfully in countless studies, where responses were 
measured at the population level. In the last decade, with the development of single-cell 
studies and synthetic biology, a need has emerged to control precisely the genetic information 
in each individual cell. The integrative plasmids have thus gained in importance. The stable 
integration in the host genome allows a more uniform expression of the exogenous construct 
in each cell of the population. This can be crucial for synthetic gene regulatory circuits where 
each part of the network has to be expressed at a stable and defined level (Cantone	 et	 al.	
2009). Studies in the transcription field also require the stable integration of expression 
reporters in order to assess noise in gene expression. Indeed, the presence of multiple copies 
will alter the characterization of the variability in expression or will change the measured rate 
of protein expression.  
 
Unfortunately, the standard pRS integrative plasmids have a large tendency to integrate 
multiple times at the same locus. In this paper, we have designed a new family of shuttle 
vectors that integrate only once thanks to a complete replacement of the deficient auxotrophy 
locus. We assessed the efficiency of unique integration of our plasmids against the standard 
pRS vectors by yeast transformation and flow cytometry analysis of the transformants 
fluorescence. Additionally, using the same auxotrophy cassettes, we generated a complete set 
of gene tagging plasmids comprising five commonly used fluorescent proteins, thus covering 
a large spectral range from blue to near-infrared. 
 
 
Materials and methods 
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Strains and plasmids 
All experiments were performed in W303 background. Yeast strains are listed in Table S1. 
The Single Integration Vector URA (pSIVu) was constructed by Gibson Assembly (Gibson 
Assembly Master Mix, New England BioLabs) of PCR amplified fragments (Microsynth) and 
synthetized DNA geneblocks (Integrated DNA technologies) with overlapping compatible 
tails. The Single Integration Vectors LEU (pSIVl), HIS (pSIVh) and TRP (pSIVt) were 
constructed by restriction digest of pSIVu with PacI to retrieve the bacterial part (Fig. 2a 
white part) and ligating it with synthetic DNA fragments (Biomatik) bearing the synthetized 
yeast part sequences, either coming from a different yeast species or codon shuffled in silico 
(Table 1).  
 
For the FACS analysis, the same construction (pPRS2-mCherry-tSIF2) was inserted into a 
standard pRS306 plasmid and the newly designed Single Integration Vector URA (pSIVu). 
Additionally, in the pSIV vector, we inserted a second transcriptional unit in the MCS2 
encoding for a double green fluorescent protein (pTEF-PP7-2xGFP-tCYC1). This construct 
was first cloned in the minimal plasmid (pMCV) and subsequently cloned with AatII-SphI 
into the pSIV. Thes plasmids are listed in Table S2 
 
Transformants generation and flow cytometry analysis 
Chemically competent cells were generated from a culture of W303 wild type strain (ySP2) 
following standard protocol (Gietz	and	Woods	2006) and transformed with either 1.5µg of 
EcoRV linearized pRS vector (pVW110) or 1.5µg of PacI linearized pSIV vector (pVW169) 
and plated on SD-URA selection plates. Four replicates were performed in parallel, leading to 
four transformation plates per vector. After three days of growth at 30 °C, twenty-four 
transformants were randomly picked from each transformation plate and streaked on a new 
selection plate for one day of growth. All isolated transformants were then grown overnight in 
200µL selective medium to saturation in 96 well plates (Greiner CELLSTAR 96 M9311-
100EA). The next morning, cells were diluted 40-fold into 200 µl of non-selective medium 
(SD-Full) and analyzed by flow cytometry after at least four hours of growth.  
 
Samples were loaded as 96 well plates with the High Throughput Sampler into an 
LSRFortessa flow cytometer (BD Biosciences). Red and green fluorescently tagged histones 
strains were used as fluorescence positive controls. Isolated versus clustered cells were 
separated by a gating based on FSC and SSC values of a sonicated WT culture. Measurements 
were acquired for 10’000 recorded events in the defined gate or 100 seconds. For the red 
fluorescence, samples were excited with a 561 nm yellow-green laser and the fluorescence 
emission was detected through a 610/20 nm filter. Green fluorescence was measured by 
exciting with a 488 nm blue laser and detected with a 530/30 nm filter.  
 
Flow cytometry data were analyzed with Matlab (The MathWorks). A gating on the FSC and 
SSC was applied to select the single cell events. Only 6 samples out of 192 had fewer than 
8’000 events in the gate. The fluorescence of these samples was within the expected 
distribution of the population suggesting that they were less concentrated due to low 
inoculation or small dilution issues during sample preparation. Definition of the single 
integrant status was performed by setting low and high thresholds for the median fluorescence 
value of the sample. For the pSIV, the difference between the lowest and highest single 
integration transformant is 750. For the pRS, we added 500 to the lowest transformant 
intensity above background to set the high fluorescence threshold. 
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Gene tagging and transformation 
Gene tagging primers were designed with consensus forward and reverse sequences annealing 
to all pGT vectors (Fig. 4a blue primers): 5’-GCGGCCGCTCTAGAACTA-3’ and 5’-
ATGGAAAAACGCCAGCAACG-3’respectivelly, to which a gene specific sequence of 40 
bp was flanked and used for the homologous recombination with the C-terminus of the 
targeted ORF. Table S3 lists all the primers used in this study. Gene tagging PCRs were run 
as 50 µl reaction at an annealing temperature of 65 °C (30s), with an extension time of 2 min 
(72 °) for all pGTs, using a high-fidelity enzyme (Q5 High-Fidelity polymerase, New England 
Biolabs). After a gel electrophoresis control of the PCR specificity, 20µl of PCR reaction 
were used to transform the cells following a standard lithium acetate protocol (Gietz	 and	
Woods	2006).  
 
Microscopy 
Images were acquired on an inverted epi-fluorescence microscope (Ti-Eclipse, Nikon) 
controlled by micro-manager (Edelstein	et	al.	2010), with a 60X oil objective and excitation 
and emission filters: CFP, YFP, RFP and iRFP. The excitation light is provided by a solid-
state light source (SpectraX, Lumencor) and the images were recorded with an sCMOS 
camera (Flash4.0, Hamamatsu) with the following exposure times: CFP (100ms), YFP 
(300ms) RFP (100 ms) iRFP (100 ms). Log-phase yeast cultures were diluted to OD 0.04, 
briefly sonicated and 200 µl of culture were loaded in a well coated with ConcanavalinA 
(0.5 mg/ml, C2010-250MG, Sigma-Aldrich). Cells were stressed by addition of 100 µl of SD-
full NaCl 1.2M in the well to a final concentration of 0.4M NaCl. 
 
All pSIV and pGT plasmids presented in this study will be made available on Addgene. Their 
accession numbers are provided in Table 1 and Table 2. 
 
 
Results 
 
pRS integration 
The integration of the vectors from the pRS family requires a linearization of the backbone by 
enzymatic restriction in the selection marker. In the W303 background, auxotrophy for all 
selection markers is due to deficient marker genes, with one or two point mutations (leu2-
3,112; trp1-1; ura3-1; his3-11,15) (Ralser	et	 al.	 2012). Homologous recombination can be 
obtained by digestion of the pRS plasmid within the ORF of the marker. In BY4741, there is a 
complete deletion of the auxotrophy ORFs (his3∆, leu2∆ and ura3∆) (Brachmann	 et	 al.	
1998). Integration of the pRS vectors is performed by cutting either in the promoter or the 
terminator of the marker to obtain homology regions with the corresponding genomic 
sequence. In either case, the integration of a wild type sequence restores the prototrophy of 
the targeted gene thanks to a duplication of the genomic region upon integration (Fig. 1a). 
These two sequences can in turn serve as recombination sites for other transformed DNA 
molecules, possibly leading to multiple integrations. Therefore, transformants have to be 
screened for single integration of the vector. This screening process can be relatively 
straightforward in the case of a fluorescent construct. However, genotyping by PCR is 
typically difficult due to the large size of the plasmid backbone. Alternatively, single versus 
multiple integrations can be verified by qPCR or Southern blots. 
 
Single Integration Vector architecture 
The solution to this multiple integration issue is rather simple and can be achieved by having 
two sites of homology at the 5’ and 3’-ends of the integrating cassette such that the entire 
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locus is replaced at each integration event (Fig. 1b). This implies, however, that the 
auxotrophy marker should not have any homology with the endogenous locus to prevent 
recombination at wrong sites. To this purpose, we synthetized four exogenous auxotrophy 
cassettes (Table 1). For the URA3 and HIS3 loci, we used the C. albicans and S. pombe 
homologs, respectively, which were already used in the gene tagging plasmids (pKT, (Sheff	
and	 Thorn	 2004)). For LEU2 and TRP1, we scrambled the endogenous S. cerevisiae 
sequence to preserve the amino acid order while randomizing the codon usage and 
considering the codon bias of the budding yeast. We also optimized the DNA sequence to 
remove the most commonly used restriction sites. Similarly to a large family of gene deletion 
plasmids (Wach	et	al.	1997;	Longtine	et	al.	1998), we used TEF promoters and terminators 
to control the expression of these four markers (Steiner	and	Philippsen	1994). In order to 
avoid marker switch when transforming successively multiple pSIV plasmids in the same 
strain, we used four different combinations of pTEF and tTEF from close relative yeast 
species (Table 1). We verified by growth curve and spot assays that these new markers can 
sustain growth in selective and non-selective media (Supp. Fig. 1). To have the ability to 
recycle some selection markers, we inserted inverted loxP sites (Fig. 2a) at each side of the 
markers to offer the possibility to loop out the marker using the Cre recombinase (Sauer	
1987). 
 
The homology with the genomic DNA is based on two 250 bp regions in the promoter and 
terminator of the marker gene (Table 1). The sequence in the promoter region was selected 
upstream of the transcription start site based on tiling array data (David	et	al.	2006), in order 
to prevent the production of transcripts arising from the genomic promoter inside the plasmid. 
Upstream of the promoter and downstream of the terminator homology regions, two 
restriction sites for PacI and BstBI have been inserted. As it can be seen on the map of the 
pSIV vector on Figure 2a, digestion of the plasmid with either of one of these restriction 
enzymes will generate two fragments. One half contains the yeast integrative element (green 
elements in Fig. 2a) and the other contains all the sequences required for the plasmid 
amplification in bacteria. In opposition to what happens with the pRS plasmid, this bacterial 
part will not be integrated in the yeast genome, which reduces the size of the integrated DNA. 
 
A multiple cloning site (MCS) is present downstream of the TEF terminator (Fig. 2a). This 
MCS contains all the sites present in the MCS of the standard pBLUESCRIPT or pRS vectors 
(Sikorski and Hieter 1989). The sequences of the vector have been optimized in order to 
ensure that each one of these sites is unique. Because it is often necessary to introduce 
multiple constructs in one strain, we created the possibility to integrate a second MCS, 
between the unique restriction sites AatII and SphI, which are positioned upstream of the TEF 
promoter. For this purpose, we generated a MCS2 cloning vector (pMCV) containing the 
bacterial part from the pSIV and a standard MCS flanked by AatII and SphI that we call 
MCS2 (Fig. 2b). The second construct can be assembled in this minimal plasmid, sequence 
verified and sub-cloned into the pSIV. Note that since the MCS1 and MCS2 contain the same 
restriction sites, insertion of the second MCS often leads to a duplication of many sites. 
Sequences annealing to the standard sequencing primers T3/T7 and M13forward/reverse were 
inserted on each side of the MCS1 and MCS2, respectively, allowing independent sequencing 
of each MCS. 
 
Verification of single insertion into the genome 
To compare the efficiency of the pSIV and pRS plasmids to generate single integration 
transformants, we cloned a red fluorescent protein (RFP) variant mCherry under the control of 
the constitutive promoter pRPS2 in a pSIV URA3 (pSIVu) and in a pRS URA3 (pRS306). A 
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similar amount of these two backbones was linearized by restriction digest (respectively PacI 
and EcoRV). Without purification, the entire restriction digestion mix was added to 
chemically competent W303 wild type cells following standard transformation protocol 
(Giesecke	et	al.	2006). 
 
After three days of growth on SD-URA plates, twenty-four single colonies from each 
transformation were streaked on selective plates. They were then grown overnight in 96-well 
plates in liquid medium to saturation, diluted 40 fold and grown for 4 hours before the 
fluorescence of individual cells was measured by flow cytometry. Figure 3a represents the 
histogram of the fluorescence of more than eight thousand cells for ten pSIV transformants. 
All the curves show an almost complete overlap. In comparison, the ten transformants bearing 
the pRS plasmid display a large variability in fluorescence levels (Fig. 3b). The median 
fluorescence intensities of the 24 selected colonies are plotted in increasing order for the four 
replicates (Fig. 3c and 3d). Out of the total 96 colonies screened for the pSIV, only two of 
them display an aberrant fluorescence level. One is non-fluorescent, the other one is 6-times 
brighter than the other clones (Figure 3c). The picture is strikingly different with the pRS 
plasmid, where the clones cover a large range of fluorescence (Figure 3d). In both cases, we 
defined a range of fluorescence intensity that we consider as single integration transformants. 
For the pSIV, 98% of the clones fell in this range, while only 12.5% can be considered to 
have a single integration for the pRS transformation. The rest of them are false positives 
(23%) or multiple integrations (64.5%) (Fig. 3e). 
 
Correlation of MCS1 and MCS2 integration 
In order to verify if the MCS1 and the MCS2 present on the pSIV plasmid integrate with the 
same efficiency in the genome, the pSIV vector with the pRPS2-mCherry construct also 
contained a pTEF 2xGFP inserted in the MCS2. The fluorescence intensity of the pSIV 
transformants was scored simultaneously in the red and green channels of the flow cytometer 
(Fig. 3f). Out of the 96 clones, three outliers were found: the two previously measured clones 
with no RFP and very high RFP intensities, plus one additional strain that has a normal RFP 
level but displays a two-fold higher GFP intensity. Overall this analysis suggests that the 
simultaneous transformation of both MCSs is the most likely outcome.  
 
Development of a complete set of gene tagging plasmids 
In parallel to plasmid integration, the ability to tag genes directly with fluorescent proteins has 
provided many insights into the localization and function of yeast proteins (van	Drogen	et	al.	
2001;	Maeder	et	al.	2007;	Cai	et	al.	2008;	Pelet	et	al.	2011). Moreover, it is often desirable 
to tag simultaneously multiple proteins in the same cells to correlate their location. The pKT 
plasmids are widely used in the yeast community to tag proteins with various fluorescent 
spectral variants. However, only two auxotrophy markers (HIS and URA) and one antibiotic 
resistance (KAN) are available for selection of the positive transformants. In addition, the 
same TEF promoter and terminator are used for all these cassettes. This increases the chances 
of inducing a marker exchange rather than the correct insertion of a second fluorescent tag at 
the desired locus. 
 
In order to allow the tagging of four different proteins, each with a different fluorescent tag, 
we decided to use the auxotrophy marker generated for the pSIV plasmids and create a family 
of gene tagging plasmids (pGT) that covers the spectrum of commonly used FPs from CFP to 
iRFP (Table 2). For the CFP channel, we used the yeast enhanced monomeric variant of CFP 
(yemCFP) (Sheff	 and	 Thorn	 2004). In the YFP channel, the mCitrine variant was used 
because of its higher photostability compared to the faster maturing Venus. Note that two 
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mutations (A206K, L221K) are used to render it monomeric (Zacharias	 et	 al.	 2002;	 Sheff	
and	 Thorn	 2004). The superfolder GFP (sfGFP) was chosen due to its brightness, fast 
maturation and a recognized ability to tag proteins that are usually difficult to render 
fluorescent (Pédelacq	 et	 al.	 2006). We selected the RFP variant mCherry due to its 
brightness and photostability (Shaner	et	al.	2004). In the far-red region of the spectrum, we 
use the tandem dimer infrared FP (tdiRFP) (Filonov	et	al.	2011). This protein has a relatively 
low brightness compared to other FPs, and should mostly be used to tag abundant proteins. In 
order to facilitate the PCR amplification of this tandem dimer protein, we codon shuffled the 
coding sequence of the second copy of the iRFP.  
 
All monomeric fluorescent proteins are cloned between XbaI and XhoI sites, allowing an easy 
exchange of the tagging peptide, which could be newer versions of FP or protein affinity tags 
for biochemistry experiments (Fig. 4a). An ADH terminator is placed downstream of the 
fluorescent protein sequence. As in the pSIV, loxP sites flank the marker cassette to excise 
and recycle it for other genetic manipulations. 
 
To test the efficient tagging of pGT plasmids and their orthogonality, we used all four 
markers to tag four proteins inside the same cell: Pma1-yemCFP:URA3 (membranes), Dcp2-
mCitrine:LEU2 (P-bodies), Hog1-mCherry:TRP1 (cytoplasm and nucleus) and Hta2-
tdiRFP:HIS3 (nucleus). Cells were imaged before and after a hyper-osmotic shock. This stress 
leads to the accumulation of Hog1 in the nucleus (Reiser	et	al.	1999) and the formation of P-
bodies (Teixeira	et	al.	2005) (Fig. 4b).  
 
 
Discussion 
 
In this study, we developed two sets of plasmids for precise genetic manipulation of the 
budding yeast based on optimized auxotrophy markers. Theses non-endogenous cassettes 
were then used to build four shuttle vectors that only integrate once into the genome (pSIVs, 
Table 1) and new gene tagging plasmids (pGTs, Table 2). The presence of a different set of 
promoter and terminator for each one of the markers allows an orthogonality within the pGTs 
and pSIVs within a single cell and increases the efficiency of correct genetic integrations 
during yeast transformation.  
 
To demonstrate the unique genomic integration of the Single Integration Vectors (pSIVs), we 
scored the number of single integrations against the standard pRS vectors. As expected, pSIV 
transformation led to a clearly improved homogeneity between the transformants, compared 
to pRS transformants. Surprisingly, the low RFP fluorescence intensity range that we 
attributed to single integration events was not the same for both types of transformants. The 
single integration threshold for the pSIV plasmids was set higher than for the pRS vectors 
(Fig. 3c and 3d dashed blue lines). The fact that virtually all pSIV transformants displayed the 
same fluorescence intensity strongly hinted that they were single integration clones. In order 
to verify that single integration was the predominant form of integration of the pSIV plasmid, 
we transformed an empty plasmid and verified by PCR on genomic locus the size of the 
inserted cassette using forward and reverse primers outside of the integration region (Supp 
Fig. 2). The eleven transformants tested displayed the expected band at 2.2kb versus 1.5kb for 
the endogenous URA3 locus in the mother strain. Thus, the discrepancy in fluorescence 
intensity between pSIV and pRS plasmids is not due to multiple integrations of the pSIV. A 
more likely explanation of this difference resides in the backbone composition. Terminators 
are known to play a key role in mRNA stability and therefore in controlling the steady-state 
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level of protein expression. Our red fluorescent construct carries a SIF2 terminator, which has 
been described to be of intermediate strength (Yamanishi	 et	 al.	 2013). Thus, if not all 
transcription is terminated within the 500bp of the terminator, the sequence directly following 
this terminator could influence the stability of the mRNA and thereby explain the difference 
between pSIV and pRS transformants intensities. 
 
Because there is only a handful of available selection markers, a second insert can be cloned 
between AatII and SphI in the pSIVs, with an intermediate cloning step into a specifically 
designed MCS2 cloning vector (Fig. 1b). The two transcriptional units can be expressed and 
integrated within the same plasmid. Care must be taken, however, when designing the 
plasmid, to avoid large homology regions between the two inserts. These similar DNA 
sequences could perturb the whole replacement of the cassette when multiple successive 
homologous recombinations happen in the same cell. 
 
In summary, pSIVs transformation provides a clearly improved reliability in generating single 
integration transformants. Combined integration of the two MCSs happens in an 
overwhelming majority of cases. Despite this great fidelity, individual transformants have to 
be screened. However, the number of transformants to screen is reduced to a minimum, 
allowing to perform directly a deeper phenotypic analysis of each one of these few clones. In 
comparison, the pRS plasmid transformation generates a great diversity in fluorescence 
expression levels, which renders careful screening processes essential and time-consuming. It 
has to be noted that the amount of plasmid transformed and the competency of the cells will 
strongly influence the output of this transformation. Reducing the amount of plasmid tends to 
decrease the number of multiple integrations in the final clones. In each one of the four pRS 
transformations performed, we identified at least one single integration clone, but the large 
diversity in fluorescence intensity makes it difficult to set the threshold with high precision.  
 
To conclude, we described here four new non-endogenous transcriptional units expressing 
auxotrophy markers for the design of a set of Single Integration Vectors (pSIV) and their 
derivative Gene Tagging plasmids (pGT). In comparison to the standard yeast shuffle pRS 
vectors, which integrate inside the coding sequence of selection markers, pSIV plasmids 
integrate into the host genome thanks to two homology sequences: the first one in the 
promoter and the second one in the terminator of the auxotrophy locus. This complete 
exchange of the deficient gene by an exogenous DNA fragment leads to a single integration 
of the vector. In comparison, the pRS plasmids integrate multiple times because of the 
duplication of the marker locus. We demonstrated these behaviors by quantifying the 
integration of a fluorescent protein construct using flow cytometry. Moreover, thanks to this 
mechanism of integration, pSIVs can be applied identically for transformation in the two most 
commonly used S. cerevisiae backgrounds W303 and BY4741. In addition, using the same 
four auxotrophy markers, we constructed a complete family of gene tagging plasmids for the 
fluorescent labeling of endogenous proteins. We tagged four different proteins in the same 
cell with different FP spectral variants demonstrating that pGTs can be used in parallel to 
visualize multiple proteins in the same strain, thanks to their orthogonality. All the plasmids 
described here are available on Addgene together with their sequences. 
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Figure Legends 
 
Figure 1. Integration mechanism of pRS vectors compared to Single Integration Vectors 
a. Scheme describing the integration of a pRS plasmid at the marker locus. The first 
integration event duplicates the marker generating one functional and one non-functional 
copy of the auxotrophy marker. Subsequent homologous recombination events will result in 
further multiplication of the marker and MCSs. b. Integration of the pSIV in the auxotrophy 
locus by homologous recombination with the promoter and terminator regions (pLOC, tLOC). 
The complete replacement of the locus results in a single MCS being integrated even if 
multiple successive homologous recombination events take place. 
 
Figure 2. Map of the Single Integration Vector. a. The vector is composed of two parts, the 
bacterial part (white) and the yeast part (green). The expression of the marker is controlled by 
a TEF promoter and terminator couple. The homologous recombination occurs via the 
homology regions pLOCUS and tLOCUS. The MCS1 is composed of a set of unique 
restriction sites. A second MCS can be inserted between the AatII and SphI sites. b. Map of 
the MCS2 cloning vector composed only of the bacterial part and an MCS1 flanked by AatII 
and SphI for sub-cloning into the pSIV. 
 
Figure 3. Comparison of the single integration efficiency for pSIV and pRS vectors. a. 
and b. Histograms of the RFP fluorescence of 10 transformants bearing the pSIV (a) and the 
pRS backbone (b). The insets in each panel describe the integrated construct. c. and d. 
Median RFP fluorescence intensities of 24 transformants obtained from four independent 
transformations of the pSIV (c) or the pRS (d) vectors. The colonies were sorted according to 
their median intensity level. The dashed lines delimit the intensity intervals considered as 
single integration transformants. e. Percentages of false positives, single integrations and 
multiple integrations for the transformation of the two different backbones. f. Correlation 
between RFP and GFP intensities in the 96 transformants quantified by flow cytometry. The 
inset is a blown-up of the region where the large majority of the clones are found. 
 
Figure 4. Four colour tagging of a yeast strain using the pGT cassettes. a. Schematic of 
the gene tagging cassette. b. Images of cells bearing four fluorescent proteins imaged before 
and after (20 min) stress with 0.4M NaCl. Hta2-tdiRFP stains the nucleus. Pma1-CFP 
localizes at the plasma membrane and the vacuole. Hog1-mCherry translocates in the nucleus 
after stimulus. The aggregation of P-bodies induced by the stress can be visualized by local 
enrichments of Dcp2-mCitrine.  
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Supplementary Figure 1: 
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Supplementary Figure 1: Integration of the synthetic marker cassettes in the genome 
has little influence growth rate. a) Growth curves of hta2-mCherry pGT tagged strains 
bearing each of the four marker cassettes, compared to the wt W303 background, the four 
colors tagged strain from Fig. 4b and a pSIVu clone from Fig 3, in SDfull and selective 
medium (SD-AA, except WT). The curves represent the mean and standart deviation of 8 
replicates automatically measured every 30 min in a 96 wells plate by a Tecan Infinite 
microplate reader (Tecan Group Ltd, Männedorf, Switzerland), starting from an OD600 0.1 
diluted overnight culture. (b) Spot assay performed with the same cultures as the growth 
assay. Cells were initially diluted to 1.26x107 cells (first column) and then followed by 1/10 
serial dilutions.



Supplementary Figure 2: Genotyping pSIV transformants for single integration

W303T1 T11T10T9T8T7T6T5T4T3T2Marker

TX: transformant number

2kb

gDNA pSIVu URA3*

1500 bp2200 bp

pURA3/tURA3 colony PCR product

Supplementary Figure 2: Colony PCR to confirm the single integration of the pSIVu 
plasmid. Scheme showing the location of the primers (sequence found in Table S3) on the 
genomic DNA used for genotyping the presence and number of integrated plasmids (grey 
box) versus the endogenous locus (white box), and the expected PCR product size. Com-
pared to the mother strain, all eleven transformants returned a band of 2.2 kb corresponding 
to the single integration of the empty plasmid, as shown in the agarose gel.
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Supplementary Table S1: Strains used in this study 
 
Yeasts Genotype Resistance 
ySP2 MATa {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15} - 
yVW81 w303 pRPS2 mCherry tSIF2 U 
yVW82 w303 pRPS2 mCherry tSIF2 pTEF PP7 2xGFP tCYC1 U 
yVW140 w303 hta2-iRFP:HIS dcp2-mCitrine:LEU hog1-RFP:TRP 

pma1-yemCFP:URA 
UHTL 

ySP2: W303 naked background. U: URA3 resistance. UHLT: URA3, TRP1, LEU2 and HIS3 resistance  
 
 
Supplementary Table S2: Plasmids used in this study 
 
Plasmids Insert Selection 
pVW110 pRS306 pRPS2 mCherry tSIF2 URA 
pVW169 pSIVu pRPS2 mCherry tSIF2 pTEF PP7 2xGFP tCYC1 URA 
 
 
Supplementary Table S3: Primer sequences 
 
Primer name 5’-3’ Sequence 
pURA3 agaaaaggattaaagatgctaagagatag 
tURA3 actcttgttgttctttggagttca 
T3 AATTAACCCTCACTAAAGGG 
T7 TAATACGACTCACTATAGGG 
M13fw TGTAAAACGACGGCCAGT 
M13rev CAGGAAACAGCTATGACCATG 
pGT fw GCGGCCGCTCTAGAACTA 
pGT rev ATGGAAAAACGCCAGCAACG 
Dcp2 fw cgaatggaacttcagggtctaatgaattattaagcattttgcataggaagGCGGCCGCTCTAGAACTA 
Dcp2 rev tcaaattgtgttatggttgtttaatcttattgaataccagtatcaaggatATGGAAAAACGCCAGCAACG 
Hog1 fw cggtaaccaggccatacagtacgctaatgagttccaacagGCGGCCGCTCTAGAACTA 
Hog1 rev gctgataaacaaacaatacgccataagtgacggttcttggATGGAAAAACGCCAGCAACG 
Pma1 fw acttcatggctgctatgcaaagagtctctactcaacacgaaaaggaaaccGCGGCCGCTCTAGAACTA 
Pma1 rev agttgattaaaatgtgacaaaaattatgattaaatgctacttcaacaggaATGGAAAAACGCCAGCAACG 
Hta2 fw acttgttgccaaagaagtctgccaagactgccaaagcttctcaagaactgGCGGCCGCTCTAGAACTA 
Hta2 rev cgtaacaaaagaaagagagcctagctgtaatatatctttataacatgtatATGGAAAAACGCCAGCAACG 
Capital letter: plasmid-annealing sequence. Lower case: sequence annealing to genomic DNA. 
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