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A B S T R A C T   

Dependent on phosphate availability the yeast Saccharomyces cerevisiae expresses either low or high affinity 
phosphate transporters. In the presence of phosphate yeast cells still express low levels of the high affinity 
phosphate transporter Pho84. The regulator Spl2 is expressed in approximately 90% of the cells, and is not 
expressed in the remaining cells. Here we report that deletion of RRP6, encoding an exonuclease degrading non- 
coding RNA, or BMH1, encoding the major 14-3-3 isoform, resulted in less cells expressing SPL2 and in increased 
levels of RNA transcribed from sequences upstream of the SPL2 coding region. SPL2 stimulates its own expression 
and that of PHO84 ensuing a positive feedback. Upon deletion of the region responsible for upstream SPL2 
transcription almost all cells express SPL2. These results indicate that the cell-to-cell variation in PHO84 and 
SPL2 expression is dependent on a specific part of the SPL2 promoter and is controlled by Bmh1 and Spl2.   

1. Introduction 

For microorganisms nutrient uptake is essential for survival and 
these organisms have to be able to adapt rapidly to changes in avail
ability of the various nutrients; for review see: [1–3]. For many nutrients 
microorganisms have the ability to express either high or low affinity 
transporters allowing nutrient uptake when concentrations in the envi
ronment are low or high, respectively [2]. This has been clearly 
demonstrated for phosphate uptake by the yeast Saccharomyces cer
evisiae. This organism can express low and high affinity phosphate 
transporters depending on phosphate availability. 

In S. cerevisiae phosphate homeostasis is a tightly regulated process; 
for review see [4–7]. When phosphate is abundant the low affinity 
transporters Pho87 and Pho90 are responsible for phosphate uptake 
[4,8]. Upon phosphate starvation intracellular phosphate levels 
decrease resulting in inactivation of the Pho80–Pho85 complex. As a 
consequence, the Pho4 transcription factor becomes de-phosphorylated 
and enters the nucleus resulting in expression of more than 20 genes 
involved in phosphate uptake (PHO genes) [9,10]. These genes include 
among others PHO5 [11], encoding an extracellular phosphatase, 
PHO84, encoding a high affinity phosphate transporter [12] and SPL2, 
encoding a protein with some similarity to cyclin-dependent kinase in
hibitors [13]. SPL2 was shown to be involved in translocation of the low 

affinity Pho87 transporter from the cell membrane to the vacuole during 
phosphate starvation [14]. Expression of PHO84 is further regulated by 
transcription in the antisense direction [15–17]. When phosphate is 
available, antisense transcription may result in histone modifications 
and inaccessibility of the promoter for transcription in the sense direc
tion. In Schizosaccharomyces pombe genes related to phosphate uptake 
are regulated by non-coding RNA as well [18–20]. 

At intermediate phosphate concentrations individual cells express 
predominantly either low- or high-affinity transporters [21]. This may 
provide the population a strategy for anticipating changes in environ
mental phosphate levels. This heterogeneity in gene expression is sta
bilized by positive and negative feedback loops in which Spl2p is 
involved [21]. In our previous study we showed that in the presence of 
phosphate GFP-tagged SPL2 is expressed in more than 90% of the cells, 
and in a small number of cells no expression is seen [22]. On the other 
hand, upon deletion of BMH1, encoding the major 14-3-3 protein iso
form [23–25], SPL2-GFP is expressed in only 20 to 30% of the cells and 
the majority of the cells are not expressing SPL2-GFP. After 60 min of 
phosphate or potassium starvation expression of SPL2-GFP is strongly 
induced in all cells, both in the wild type strain and in the bmh1Δ 
deletion mutant. This indicates involvement of 14-3-3 proteins in the 
heterogeneity of PHO gene expression when phosphate is available. 

In this study we further investigated the role of Bmh1 and non- 
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coding RNA in the regulation of phosphate homeostasis and in the cell- 
to-cell variation of the expression of SPL2 and PHO84. We mostly 
focused on conditions in which phosphate was available rather than on 
conditions of phosphate starvation. To allow comparison of all experi
mental data we standardized growth conditions, all data were obtained 
from cultures of exponentially growing cells in liquid YNB medium 
containing 7.2 mM phosphate (see Materials and methods). Our studies 
indicate that the expression of the PHO genes PHO84 and SPL2 and the 
cell-to-cell variation of PHO84 and SPL2 expression is dependent on the 
transcriptional regulation of SPL2. Expression of PHO84 and SPL2 is 
stimulated by SPL2 showing a positive feedback loop which can stabilize 
the heterogenic expression of SPL2. A new model for the regulation of 
SPL2 and PHO84 is proposed. 

2. Materials and methods 

2.1. Strains, plasmids, primers, media and culture conditions 

In this study the yeast strain BY4741 and strains derived from 
BY4741 were used, as listed in Table 1. Plasmids and primers used in this 
study are listed in Tables 2 and 3, respectively. Yeast transformations 
were performed using the lithium acetate method [26]. 

For cultivation at defined phosphate concentrations phosphate-free 
YNB medium (Formedium, UK) was used. If required, histidine, 
leucine, methionine and/or uracil were added to a final concentration of 
20 mg/L, potassium phosphate (pH 5.8) was added to a final concen
tration of 7.2 mM and potassium chloride was added to a final con
centration of 50 mM. To study the effects of phosphate starvation yeast 
strains were grown overnight at 30 ◦C in supplemented phosphate-free 
YNB medium containing 7.2 mM potassium phosphate (pH 5.8) and 
50 mM KCl. This culture was used to inoculate two times 50 mL of 
supplemented YNB medium containing 7.2 mM potassium phosphate 

(pH 5.8) and 50 mM KCl yielding A620nm 0.1. These cultures were grown 
to A620nm 0.5 and cells were isolated by centrifugation. Cells from one 
culture were washed twice with supplemented YNB medium containing 
7.2 mM potassium phosphate (pH 5.8) and 50 mM KCl and resuspended 
in 50 mL supplemented YNB medium. Cells from the other culture were 
washed twice with supplemented YNB medium lacking phosphate and 
resuspended in 50 mL supplemented YNB medium lacking phosphate 
but containing 50 mM KCl. Both cultures were incubated at 180 rpm at 
30 ◦C for 60 min. For transcriptome analysis cultures were frozen 
immediately in liquid nitrogen. 

2.2. Construction of plasmids 

The low copy plasmid pRS316[RRP6] was constructed by ligation of 
a 2546 bp PCR fragment containing the RRP6 promoter, coding and 
terminator sequences into pRS316 after digestion with EcoRI and Hin
dIII. The PCR fragment was obtained by using the primers RRP6-Fw and 
RRP6-Rev and BY4741 genomic DNA as template. The multicopy 
plasmid YEplac195[RRP6] was obtained by cloning this PCR fragment 
into YEplac195 after digestion with EcoRI and HindIII. Plasmid pRS316 
[SPL2] was constructed by ligation of a 1334 bp PCR fragment con
taining the SPL2 promoter, coding and terminator sequences into 
pRS316 after digestion with EcoRI and SacI. The PCR fragment was 
obtained by using the primers P-SPL2-Fw and T-SPL2-Rev and BY4741 
genomic DNA as template. Plasmid pRS316[NC-SPL2] was constructed 
by ligation of a 699 bp PCR containing the SPL2 promoter and 5′-end of 
the coding sequences into pRS316 after digestion with EcoRI and SacI. 
The PCR fragment was obtained by using the primers P-SPL2-Fw and 

Table 1 
Yeast strains used in this study.  

Strain Genotype Source/ 
reference 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Euroscarf 
bmh1∆ (GG3240) bmh1Δ::loxP in BY4741 [22] 
rrp6∆ rrp6Δ::kanMX in BY4741 Euroscarf 
spl2∆ spl2Δ::kanMX in BY4741 Euroscarf 
pho4∆ pho4Δ::kanMX in BY4741 Euroscarf 
BY4741 SPL2-GFP 

(GG3434) 
SPL2-GFP (HIS3) in BY4741 [22] 

bmh1∆ SPL2-GFP 
(GG3435) 

bmh1Δ::loxP SPL2-GFP (HIS3) in 
BY4741 

[22] 

rrp6∆ SPL2-GFP 
(GG3472) 

rrp6Δ::kanMX SPL2-GFP (HIS3) in 
BY4741 

This study 

pho4∆ SPL2-GFP 
(GG3473) 

pho4Δ::kanMX SPL2-GFP (HIS3) in 
BY4741 

This study 

BY4741 (PPHO84-GFP) 
(GG3437) 

leu2Δ0::pRS305[PPHO84-GFP](LEU2) 
in BY4741 

[22] 

BY SPL2-GFP ΔP 
(GG3467) 

BY4741 SPL2-GFP(HIS3) Δbox P This study 

BY PPHO84-GFP ΔP 
(GG3469) 

BY4741 leu2Δ0::pRS305[Ppho84- 
GFP](LEU2] Δbox P 

This study 

rrp6 SPL2-GFP ΔP 
(GG3471) 

rrp6Δ::kanMX in BY4741 SPL2-GFP 
(HIS3) Δbox P 

This study 

bmh1 SPL2-GFP ΔP 
(GG3484) 

bmh1Δ::loxP in BY4741 SPL2-GFP 
(HIS3) ΔboxP 

This study 

BY4741 ΔP (GG3474) BY4741 Δbox P This study 
rrp6 ΔP (GG3475) rrp6Δ Δbox P This study 
BY4741 Tpho84-Tcyc1 

(GG3479) 
BY4741 PHO84(Terminator) Δ::CYC1 
(Terminator) 

This study 

bmh1 Tpho84-Tcyc1 
(GG3480) 

bmh1∆ PHO84(Terminator) Δ::CYC1 
(Terminator) 

This study 

rrp6 Tpho84-Tcyc1 
(GG3481) 

rrp6∆ PHO84(Terminator) Δ::CYC1 
(Terminator) 

This study 

spl2 Tpho84-Tcyc1 
(GG3482) 

spl2∆ PHO84(Terminator) Δ::CYC1 
(Terminator) 

This study  

Table 2 
Plasmids.  

Plasmid Properties Source/reference 

pYM28 Plasmid for tagging with GFP. HIS 
marker. 

[27] 

pRS316 Yeast centromeric plasmid. URA3 
marker. 

[61] 

pRS316[RRP6] 
(pRUL1377) 

pRS316 with a 2546 bp genomic 
DNA fragment with RRP6 

This study 

pRS316[SPL2] 
(pRUL1379) 

pRS316 with a 1334 bp genomic 
DNA fragment with SPL2 

This study 

pRS316[NC-SPL2] 
(pRUL1380) 

pRS316 with a 699 bp genomic DNA 
fragment with the promoter and 5′- 
end of SPL2 

This study 

YEplac195 Yeast episomal plasmid. URA3 
marker 

[62] 

YEplac195[BMH1] 
(pRUL1170) 

YEplac195 with a 3.2 kb genomic 
DNA fragment with BMH1 

[63] 

YEplac195[RRP6] 
(pRUL1378) 

YEplac195 with a 2546 bp genomic 
DNA fragment with RRP6 

This study 

pRS316[PPHO84-GFP- 
TCYC1] 
(pRUL1337) 

pRS316 containing the PHO84 
promoter (600 bp), GFP and the 
CYC1 terminator (220 bp) 

[22] 

pRS316[PCYC -GFP- 
TCYC1] 
(pRUL1339) 

pRS316 containing the CYC1 
promoter (300 bp), GFP and the 
CYC1 terminator (220 bp) 

[22] 

pRS316[PSPL2 1-GFP- 
TCYC1] 
(pRUL1356) 

pRS316 containing the SPL2 
promoter (647 bp), GFP and the 
CYC1 terminator (220 bp) 

This study 

pRS316[PSPL2 0-GFP- 
TCYC1] 
(pRUL1386) 

pRS316 containing the SPL2 
promoter (568 bp), GFP and the 
CYC1 terminator (220 bp) 

This study 

pRS316[PSPL2-2- 
GFP-TCYC1] 
(pRUL1387) 

pRS316 containing the SPL2 
promoter (670 bp), GFP and the 
CYC1 terminator (220 bp) 

This study 

pML104 Plasmid for expression of Cas9 and 
contains guide RNA expression 
cassette. URA3 selection marker. 

(John Wyrick; 
Addgene # 67638) 
[64] 

pML104[P(SPL2)] 
(pRUL1375) 

CRISPR-Cas plasmid for deletion of 
block P of SPL2 promoter 

This study 

pML104[TPHO84:: 
TCYC1] 
(pRUL1385) 

CRISPR-Cas plasmid for replacement 
of PHO84 terminator sequences. 

This study  
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Table 3 
Primers.  

Primer Sequence (5′-3′) 

SPL2-GFP-Fw2 ATTGACGAAGACATATTCGAAGATTCGTCTGACGAAGAACAATCACGTACGCTGCAGGTCGAC 
SPL2-GFP-Rv GTCAATGCATATGTAACAGTACAGAGGTAGAAGGTATGTGTATCGATGAATTCGAGCTCG 
RRP6-Fw AA AAGCTT CCCAAAAATATGAGGGCATCG 
RRP6-Rev AA GAATTC CGGATAACCTCCGACGTTGAA 
P-SPL2-Fw AAA GAGCTC TTTACACTGGGATATTACAAGAC C 
P-SPL2-Rv2 AAA ACTAGT CATCTGTCCAATTTGCCCCTG 
P-SPL2-Rv3 AAA ACTAGT CATTTTGCCGCGTGGAGACAT 
P-SPL2-Rev-0 AAA ACTAGT CATGGGAAGTCATAGTAATAGATC 
T-SPL2-Rev AAA GAATTC AAAGGGCCAGCGAATGCGCG 
NC-spl2-Rv AAA GAATTC GTTGTCCTTGTGAAACTGCTG 
SPL2-NB1 GCATATGTAACAGTACAGAGG 
SPL2-NB2 AACATCGCAGTCACAATCTCT 
SPL2-NB3 CATGGGAAGTCATAGTAATAGA 
SPL2-NB4 CAACGCCGTAAAGTTCCAAAC 
ACT1-NB1 CAAGGTATCATGGTCGGTATG 
ACT1-NB2 GGGCTCTGAATCTTTCGTTAC 
PHO84-NB-Fw ATGAGTTCCG TCAATAAAGA TAC 
PHO84-NB-Rev TTATGCTTCATGTTGAAGTTGAG 
P-repair-1 ATGTTACAACAGTCAAAGTAATGAACTTTCGCCCACGTGCGTACATCATTTACTATCTCAAAAGAGAGAGCCGTACCGCAATAAAATGGACCCTTGTCGGTCACGTGAGCAAAAATACTA 
P-repair-2 TAGTATTTTTGCTCACGTGACCGACAAGGGTCCATTTTATTGCGGTACGGCTCTCTCTTTTGAGATAGTAAATGATGTACGCACGTGGGCGAAAGTTCATTACTTTGACTGTTGTAACAT 
SPL2-qPCR-4 GCTGTACCGCCAAGGTAGAT 
P-gRNA-5 GGGAACAAAAGCTGGAGCTCC 
P-gRNA-7 CTAGCTCTAAAACTAACTGCCATGCATTTATGTGATCATTTATCTTTCACTGCGGAG 
PHO84-gRNA-1 CTAGCTCTAAAACCAAAGATGCACTAAAACTTGGATCATTTATCTTTCACTGCGGAG 
PHO84-CYC1-Fw ATAATGACATTGAATCTTCCAGCCCATCTCAACTTCAACATGAAGCATAAACAGGCCCCTTTTCCTTTGTC 
PHO84-CYC1-Rev GAAATAATGAAATTAAAAGAAATTATCGAATAAATATGTAACCTGACAGTATGTTACATGCGTACACGCGT 
PHO84-qPCR-Fw ACAACCTTGTTGATCCCAG 
T-pho84-Rv2 AAA GAATTCC TATTTGACAACCTGCTTGACC  

M
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NC-spl2-Rv and BY4741 genomic DNA as template. 
The reporter plasmids pRS316[PPHO84-GFP-TCYC1], pRS316[PSPL2 0- 

GFP-TCYC1], pRS316[PSPL2 1-GFP-TCYC1], pRS316[PSPL2 2-GFP-TCYC1] 
and pRS316[PCYC1-GFP-TCYC1] were constructed as described previously 
[22]. To obtain PSPL2 1 primers P-SPL2-Fw and P-SPL2-Rv2 were used, to 
obtain PSPL2-0 primers P-SPL2-Fw and P-SPL2-Rev-0 were used and to 
obtain PSPL2-2 primers P-SPL2-Fw and P-SPL2-Rv3 were used. 

For removal of box P from the SPL2 promoter we made use of the 
CRISPR-Cas technology. Plasmid pML104 was digested with SacII and 
SwaI and the digested vector was isolated by gel electrophoresis. Guide 
RNA fragment P was obtained by PCR on undigested pML104 using 
primers P-gRNA-5 and P-gRNA-7. The guide fragment was digested with 
SacII and ligated in pML104 digested with SacII and SwaI yielding 
plasmid pML104[P(SPL2)]. 

For replacement of PHO84 terminator sequences by CYC1 terminator 
sequences using the CRISPR-Cas technology, plasmid pML104 was used. 
The guide fragment was obtained by PCR on undigested pML104 using 
primers P-gRNA-5 and PHO84-gRNA-1. The guide fragment was diges
ted with SacII and ligated in pML104 digested with SacII and SwaI 
yielding plasmid pML104[TPHO84::TCYC1]. 

2.3. Construction of yeast strains 

To tag chromosomal SPL2 at its 3′-end with GFP a PCR fragment was 
generated using the primer combination SPL2-GFP-Fw2 - SPL2-GFP-Rv 
and plasmid pYM28 [27] as template. This fragment was used to 
transform rrp6∆ and pho4∆ yielding the histidine prototrophic strains 
rrp6∆ SPL2-GFP and pho4∆ SPL2-GFP, respectively. Correct integration 
was verified by PCR. 

For deletion of box P of the SPL2 promoter by the CRISPR-Cas 
technique yeast strains were co-transformed with 250 ng of plasmid 
pML104[P(SPL2)] and 1 μg of the repair fragment and transformants 
were selected for uracil prototrophy. The repair fragment was obtained 
by annealing oligo's P-repair-1 and P-repair-2. Transformants are ex
pected to have the required deletion but they still contain the pML104[P 
(SPL2)] plasmid. The transformants were streaked on a plate containing 
5-fluoro-orotic acid (1 mg/mL) and uracil in addition to methionine, 
histidine and leucine to select for cells that have lost the plasmid. After 
incubation for 5 days at 30 ◦C, colonies were taken and plated on plates 
containing or lacking uracil. Uracil auxotrophic transformants were 
selected and DNA was isolated. The SPL2 promoter was analyzed by PCR 
using primers P-SPL2-Fw and SPL2-qPCR-4 followed by sequencing of 
the PCR fragments. 

For replacement of sequences of the PHO84 terminator by the 
CRISPR-Cas technique yeast strains were co-transformed with 250 ng of 
plasmid pML104[TPHO84::TCYC1] and 1 μg of the replacement fragment 
and transformants were selected for uracil prototrophy. The replace
ment fragment was obtained by PCR on BY4741 chromosomal DNA 
using primers PHO84-CYC1-Fw and PHO84-CYC1-Rev. The trans
formants were streaked on a plate containing 5-fluoro-orotic acid (1 mg/ 
mL) and uracil in addition to methionine, histidine and leucine to select 
for cells that have lost the plasmid. After incubation for 5 days at 30 ◦C, 
colonies were taken and plated on plates containing or lacking uracil. 
Uracil auxotrophic transformants were selected and DNA was isolated. 
The PHO84 terminator was analyzed by PCR using primers PHO84- 
qPCR-Fw and T-pho84-Rv2, followed by sequencing of the PCR 
fragments. 

2.4. Transcriptome analysis by strand-specific RNAseq 

Cultivation of yeast strains and isolation of RNA was done as 
described previously [28]. RNAseq was performed by BaseClear (Leiden, 
the Netherlands). The dUTP method was used to generate strand-specific 
mRNA-seq libraries including barcoding [29]. The Illumina TruSeq 
stranded RNA-seq library preparation kit is used and the purified mRNA 
is fragmented and converted to double-stranded cDNA. DNA adapters 

with sample-specific barcodes are ligated and a PCR amplification is 
performed. The library is size-selected using magnetic beads, resulting 
on average in libraries with insert size in the approximate range of 
100–400 bp and sequenced on the Illumina HiSeq 2500. At least 20 
million reads were obtained for each sample. 

Sequence reads were analyzed using CLC Genomic Workbench 
software. The reference sequences were downloaded from SGD (www. 
yeastgenome.org). Alignment files (.sam files) were displayed using 
Tablet [30]. Statistical analyses were done with the EdgeR package in R 
[31]. 

For BY4741 three independent cultures cultivated at 7.2 mM po
tassium phosphate and three independent cultures cultivated without 
phosphate were used. For spl2Δ three independent cultures cultivated at 
7.2 mM potassium phosphate and two independent cultures cultivated 
without phosphate were used. For bmh1Δ one culture cultivated at 7.2 
mM potassium phosphate was used. For rrp6Δ RNAseq was done in a 
separate experiment including two independent cultures of rrp6Δ and 
one culture of BY4741 cultivated at 7.2 mM potassium phosphate. For 
studying the effect of deletion of box P of the SPL2 promoter a separate 
experiment was conducted with one culture of BY4741 and one culture 
of BY4741 ΔP, cultivated at 7.2 mM potassium phosphate. The raw 
sequence data have been deposited in NCBI's Gene Expression Omnibus 
(GEO) and is accessible through GEO Series accession number 
GSE135911. All normalized read counts are shown in Supplementary 
Table S6. 

2.5. Northern blot analysis 

Total RNA was isolated as described [32] and 20 μg RNA of each 
sample was used for Northern blot analysis as described [33]. The 
indicated probes were prepared by PCR and subsequently labeled with 
[α-32P]dCTP by random-primed DNA synthesis using the Random 
Primers DNA Labeling System (Invitrogen) kit. 

2.6. Confocal microscopy and flow cytometry 

Yeast cells were grown in phosphate-free YNB medium supple
mented with KCl, potassium phosphate, histidine, methionine, uracil 
and leucine, when required. For image acquisition a Zeiss LSM 5 Exciter- 
AxioImager M1 confocal microscope with a Plan-Apochromat objective 
(63×/1.4 Oil DIC) and Zeiss ZEN 2009 software were used. GFP was 
imaged with excitation at 488 nm and emission at 505–600 nm. ImageJ 
(National Institute of Health) [34] was used to increase the visibility of 
the GFP signals and cells by linear adjustments of intensities. For flow 
cytometry, a Merck-Millipore Guava EasyCyte 5 Flow Cytometer was 
used. Fluorescence was determined after excitation at 488 nm and using 
the standard green 525/30 nm emission filter. For each analysis 5000 
cells were used. 

3. Results 

3.1. Deletion of BMH1 reduces SPL2 and PHO84 expression 

In our previous study [22] we showed that deletion of BMH1 resulted 
in a strongly reduced level of PHO84 and SPL2 mRNA. To further study 
the effect of the BMH1 deletion on the transcription of genes involved in 
phosphate homeostasis we analyzed the effect of the BMH1 deletion on 
genome-wide transcription using strand-specific RNAseq instead of 
using Serial Analysis of Gene Expression (SAGE)-tag sequencing. As 
shown in Table 4, the most strongly down-regulated genes are the PHO 
genes SPL2 (8.1-fold) and PHO84 (5.6-fold). Other PHO genes, like 
PHO5 (1.3-fold reduced) are less affected (for complete data set see 
Supplementary Table S1). Thus, despite the bmh1Δ strain still contains 
BMH2, the absence of BMH1 strongly reduces the level of SPL2 and 
PHO84 RNA and the effect is rather specific for these two genes and is 
not an effect on all PHO genes. Decreased expression of SPL2 in the 
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bmh1Δ strains at standard conditions was confirmed by Northern 
blotting. As shown in Fig. 1 (SPL2 probe B) a clear band hybridizing to 
the SPL2 probe was observed for the wild type strain BY4741, but SPL2 
RNA was hardly detectable in the bmh1Δ strain. The intensity of the 
bands strongly increased upon starvation for phosphate for 60 min for 
both BY4741 and bmh1Δ, in line with our previous observations [22] 
indicating that SPL2 can still be expressed in the bmh1Δ strain under 
starvation conditions. 

To further analyze the effect of the BMH1 deletion on the tran
scription of SPL2 and PHO84, the strand-specific RNAseq reads were 
aligned to the genomic DNA sequences of these genes. As shown in 
Fig. 2A, most of the PHO84 RNAseq reads of the wild type strain BY4741 
aligned in the sense direction, and few reads aligned in the antisense 
direction. On the other hand, almost all of the PHO84 RNAseq reads of 
the bmh1Δ strain aligned in the antisense direction (Fig. 2B), and hardly 
any reads aligned in the sense direction, in line with the strongly 
reduced levels of PHO84 RNA in the bmh1Δ strain (Table 4). The 
number of reads aligning in the sense direction increased upon phos
phate starvation (Fig. 2E). Quantification of the reads aligning in the 
antisense direction showed that the number of antisense reads was not 
altered by the BMH1 deletion (20.6 reads per million reads in bmh1Δ vs. 
21 ± 3, n = 3, reads per million reads in the BY4741 strain) (Table 5), 
suggesting a minor role of antisense RNA in the regulation of sense 
transcription by Bmh1p. On the other hand, upon phosphate starvation 
the number of PHO84 antisense reads strongly decreased (3.5 ± 0.5, n =
3, reads per million reads). In the BY4741 strain the SPL2 RNAseq reads 
aligned almost exclusively in the sense direction. However, only few 
reads aligned to the 5′-end of the gene, suggesting that this part of the 
gene is poorly transcribed (Fig. 2A). The number of reads aligning to the 
coding region of SPL2 is strongly reduced in the bmh1Δ mutant. How
ever, the remaining reads aligned equally over the 5′- and 3′-parts of the 
gene. Hardly any reads aligned in the antisense direction. The number of 
reads aligning to the 3′-part of SPL2 strongly increased upon phosphate 
starvation (Fig. 2E). 

3.2. Deletion of RRP6 reduces SPL2 and PHO84 expression and results in 
heterogeneity of SPL2 expression 

It has well been established that deletion of RRP6, encoding an 
exonuclease involved in degradation of non-coding RNA [35,36], affects 
PHO84 expression [15–17]. To further study the role of non-coding RNA 
in the regulation of the PHO genes we cultivated the rrp6Δ deletion 
strain under our standard cultivation conditions and performed strand- 
specific RNAseq analysis. As shown in Supplementary Table S2, 152 
genes were significantly up-regulated at least 2.0-fold and 25 genes were 
significantly down-regulated at least 2.0-fold. PHO84 sense RNA levels 
are 3.8-fold lower in the rrp6Δ strain than in BY4741 in agreement with 
published data. The levels of SPL2 sense RNA were 2.8-fold lower in the 
rrp6Δ strain, suggesting regulation of SPL2 by non-coding RNA. 
Decreased levels of SPL2 RNA in rrp6 mutants were observed before 
[15]. As shown in Fig. 2C, the PHO84 RNAseq reads of the rrp6Δ strain 
aligned in both the sense and antisense direction to the PHO84 gene, 
with a lower number of reads aligning in the sense direction compared to 
the wild type. Quantification of the reads aligning in the antisense di
rection showed that the number of antisense reads was similar as in the 
wild type strain (23 ± 4, n = 3, reads per million reads in rrp6Δ vs. 21 ±
3, n = 3, reads per million reads in the BY4741 strain) (Table 5). The 
SPL2 RNAseq reads of the rrp6Δ strain aligned in the sense direction, 
with almost equal alignment to the 5′- and 3′-parts of the gene, like what 
was found for the bmh1Δ strain. 

In our previous study we showed that deletion of BMH1 not only 
resulted in a strongly reduced transcription of PHO84 and SPL2, but also 
in heterogeneity in the expression of these genes. When phosphate is 
available, in BY4741 approx. 90% of the cells were expressing SPL2- 
GFP, whereas in the bmh1Δ strain only 20–30% of the cells were 
expressing SPL2-GFP. To investigate a possible role of non-coding RNA 
in the cell-to-cell variation of the expression of SPL2-GFP, we tagged 
SPL2 with GFP in the rrp6Δ deletion mutant. As shown in Fig. 3C, more 
than half of the rrp6Δ SPL2-GFP cells were not expressing SPL2-GFP, 
similar as observed for the bmh1Δ SPL2-GFP cells (Fig. 3B). In contrast, 
most cells of BY4741 SPL2-GFP were expressing SPL2-GFP (Fig. 3A). As 
shown in Fig. 3H, addition of a wild type copy of RRP6 (pRS316RRP6) to 

Fig. 1. Northern blot analysis of SPL2 RNA isolated from BY4741 and bmh1Δ cells grown at standard phosphate concentrations and after 60 min phosphate 
starvation. Total RNA was isolated from exponentially growing cultures (A620 of 0.5) in YNB with 7.2 mM potassium phosphate (+) or grown for 60 min in YNB 
medium lacking phosphate (− ). Probes were made by PCR, followed by labeling with [α-32P]dCTP. PCR Primers used: SPL2 Probe B, SPL2-NB1 and SPL2-NB2; SPL2 
Probe A, SPL2-NB3 and SPL2-NB4; ACT1, ACT1-NB1 and ACT1-NB2. Blots hybridized to the SPL2 probes were aligned based on non-specific hybridization on an 
unspecified RNA marker. 
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the rrp6Δ SPL2-GFP cells resulted in expression of SPL2-GFP in almost 
all cells, whereas addition of the empty vector (pRS316) had little effect 
(Fig. 3G). Analysis of the cells by flow cytometry (Fig. 3I and J) 
confirmed this observation, indicating that deletion of RRP6 is respon
sible for the lower number of cells expressing SPL2-GFP, suggesting a 
role of non-coding transcription in the cell-to-cell variation of SPL2-GFP 
expression. In the pho4Δ mutant expression of SPL2-GFP could not be 
detected, indicating an essential role of Pho4 in the expression of SPL2 
(Fig. 3D). 

To further investigate the relationship between the effect of the bmh1 
and rrp6 deletions on the expression of SPL2-GFP we introduced BMH1 
and RRP6 on the multicopy plasmid YEplac195 in the BY4741 SPL2- 
GFP, bmh1Δ SPL2-GFP and rrp6Δ SPL2-GFP strains. As shown in 
Fig. 4 introduction of YEplac195[BMH1] allowing overexpression of 
BMH1 increased SPL2-GFP expression in all three strains. However, 
overexpression of BMH1 in rrp6Δ SPL2-GFP still resulted in a lower 
expression of SPL2-GFP than after overexpression of BMH1 in BY4741 
SPL2-GFP, indicating that the effect of the RRP6 deletion cannot 
completely be suppressed by overexpression of BMH1. Introduction of 
RRP6 on the multicopy plasmid has little effect in all three strains, 
except in the rrp6Δ SPL2-GFP strain. The latter effect may be in part due 
to complementation of the deletion, although SPL2-GFP expression is 
not as high as in the wild type strain. 

3.3. Spl2 stimulates its own expression and that of PHO84 

In our previous study we observed Spl2-GFP in cellular structures 

resembling the nucleus [22]. A nuclear localization of Spl2 may indicate 
a role of Spl2 in transcriptional regulation. To investigate possible 
involvement of Spl2 in transcriptional regulation, we analyzed genome- 
wide transcription in a spl2Δ deletion mutant by strand-specific RNAseq 
(for complete data set see Supplementary Table S3). The effect of SPL2 
disruption on the transcriptome was very limited, only one gene 
(YGR109W-B, a transposable element gene) was significantly up- 
regulated more than 2.0-fold, and four genes (PHO84, PHM6, PHO12 
and VTC3) were significantly down-regulated more than 2.0-fold. The 
latter genes are related to phosphate uptake and the strongest decrease, 
except for SPL2, was found for PHO84 (6.1-fold). Alignment of the 
RNAseq reads to the genomic sequences of SPL2 showed the absence of 
alignment to the SPL2 coding region, as expected due to the deletion 
(Fig. 2D). Alignment of the RNAseq reads to PHO84 showed almost 
exclusively alignment in the antisense direction (Fig. 2D). However, 
quantification of the antisense reads showed no significant difference 
with the wild type: 25 ± 2, n = 2, reads per million align in the antisense 
direction in spl2Δ vs. 21 ± 3, n = 3, reads per million in BY4741 
(Table 5). 

To investigate the effect of the bmh1Δ, rrp6Δ and spl2Δ deletion on 
the activity of the PHO84 and SPL2 promoter rather than on the RNA 
level, we inserted the promoter sequences of these genes upstream of 
GFP in the pRS316 plasmid. The coding region of SPL2 may be different 
from the annotated coding region. Very close to the annotated start 
codon ATG is an upstream out of frame ATG, making it less likely that 
the annotated start codon is the correct start codon as mentioned before 
[21] (Supplementary Fig. S1A). Genome-wide studies on the transcrip
tional start sites suggest that the second downstream ATG may be the 
actual start codon for SPL2 translation [37]. To further investigate the 
SPL2 start codon, we used promoter sequences corresponding to the 
annotated start codon, to the first downstream ATG and to the second 
downstream ATG. As shown in Supplementary Fig. S1B, hardly any GFP 
expression was found using the promoter construct (PSPL2 0) corre
sponding to the annotated start codon. The highest expression was 
observed for the promoter construct corresponding to the second 
downstream ATG (PSPL2 2). Therefore, we used this construct for further 
studies. The constructed plasmids were introduced into BY4741 and the 
various deletion mutants and GFP fluorescence was determined by flow 
cytometry in exponentially growing cells. As shown in Fig. 5 the activity 
of the SPL2 and PHO84 promoter is lower in the bmh1Δ, rrp6Δ and 
spl2Δ deletion mutants, whereas the CYC1 promoter was hardly 
affected. Thus, the activity of the PHO84 and SPL2 promoter is not only 
affected by the bmh1 deletion, but also by the spl2 and rrp6 deletions. 
These results suggest that SPL2 stimulates its own expression and that of 
PHO84. 

To further investigate the possible self-stimulation of SPL2 an addi
tional copy of SPL2 was introduced in BY4741 SPL2-GFP and rrp6Δ 
SPL2-GFP by transformation with plasmid pRS316[SPL2] containing 
SPL2 including its own promoter and terminator. As shown in Fig. 6A 
and B there was no significant effect on the expression of SPL2-GFP in 
BY4741, whereas SPL2-GFP expression is strongly stimulated in the 
rrp6Δ background. Flow cytometry showed a decreased number of cells 
not expressing SPL2-GFP upon addition of an extra copy of SPL2 both in 
the BY4741 and rrp6Δ background (Fig. 6D and E, respectively). Similar 
observations were made by confocal microscopy (Fig. 6G and J, BY4741 
background; Fig. 6H and K, rrp6Δ background). 

As SPL2 deletion strongly reduced PHO84 expression we investigated 
the effect of an additional copy of SPL2 on the activity of the PHO84 
promoter. To this end, SPL2 on the low copy plasmid pRS316 (pRS316 
[SPL2]) was introduced into the strain in which GFP under control of the 
PHO84 promoter was integrated in the leu2 locus (BY4741 (PPHO84- 
GFP)). As shown in Fig. 6 (C, F, I and L) an additional copy of SPL2 
stimulated the activity of the PHO84 promoter almost 10-fold. 

To investigate the role of SPL2 in gene expression during phosphate 
starvation conditions, we analyzed the effect of phosphate starvation for 
60 min on the transcriptome of both BY4741 and spl2Δ strains. As 

Table 4 
Genes of which the RNA levels were significantly (FDR < 0.01) decreased more 
than 2.0-fold in the bmh1Δ strain compared to BY4741 after culturing in sup
plemented YNB-medium containing 7.2 mM potassium phosphate.  

Gene Function Fold 
decrease 

Probability 
(P) 

BMH1 14-3-3 protein, major isoform  (807.5) 2.79E− 211 
SPL2 Protein with similarity to cyclin- 

dependent kinase inhibitors; 
downregulates low-affinity 
phosphate transport  

8.1 2.77E− 09 

PHO84 High-affinity inorganic phosphate 
(Pi) transporter  

5.6 9.23E− 17 

HXT4 High-affinity glucose transporter  3.4 0.00047 
PHM6 Protein of unknown function; 

expression is regulated by phosphate 
levels  

2.9 6.40E− 05 

AGA1 Anchorage subunit of a-agglutinin of 
a-cells  

2.9 0.00041 

YHB1 Nitric oxide oxidoreductase  2.8 5.49E− 08 
YLR227W-B Retrotransposon TYA Gag and TYB 

Pol genes  
2.6 0.00031 

BAT2 Cytosolic branched-chain amino acid 
aminotransferase  

2.5 1.49E− 14 

VTC3 Regulatory subunit of the vacuolar 
transporter chaperone complex  

2.3 0.00030 

DDR48 DNA damage-responsive protein  2.3 1.34E− 07 
OYE2 Conserved NADPH oxidoreductase 

containing flavin mononucleotide  
2.2 2.23E− 23 

SFG1 Nuclear protein putative 
transcription factor  

2.2 0.00018 

GRE2 3-methylbutanal reductase and 
NADPH-dependent methylglyoxal 
reductase  

2.0 0.00012 

Selected 
PHO genes    
PHO89 Plasma membrane Na+/Pi 

cotransporter  
2.1 0.40 

PHO5 Repressible acid phosphatase  1.3 0.41 
PHO11 One of three repressible acid 

phosphatases  
1.3 0.35 

PHO12 One of three repressible acid 
phosphatases  

2.2 0.0012  
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shown in Supplementary Table S4 in BY4741 RNA levels of 38 genes 
were significantly at least 2.0-fold increased upon phosphate starvation 
and the levels of 4 genes were decreased at least 2.0-fold. In the spl2Δ 
deletion mutant the RNA levels of 26 genes were increased and that of 

15 genes were decreased (Supplementary Table S5). PHO genes 
including PHO84 and PHO5 were still upregulated in the spl2Δ strain 
upon phosphate starvation. These results indicate that the induction of 
gene expression in response to phosphate starvation is not affected by 

Fig. 2. Alignment of strand-specific RNAseq reads to genomic sequences of PHO84 and SPL2. Genomic sequences (S288c) were taken from SGD (www.yeastgenome. 
org). Reads were aligned using CLC Genomic Workbench and alignments were visualized using Tablet. Reads corresponding to the Watson-strand (left to right) are 
indicated in blue, reads corresponding to the Crick strand (right to left) are indicated in green. Both PHO84 and SPL2 coding regions are located on the Crick strand. 
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the SPL2 deletion. The number of antisense PHO84 reads strongly 
decreased upon phosphate starvation in both BY4741 and the spl2Δ 
strain (3.4 ± 0.3, n = 3, reads per million for spl2Δ and 3.5 ± 0.5, n = 3, 

reads per million for BY4741). 

3.4. The effect of the bmh1 and rrp6 deletion is not related to antisense 
PHO84 transcription 

It has been shown before that PHO84 expression is regulated by 
antisense transcription [15–17]. Therefore, we further tested whether 
the effect of the BMH1 and RRP6 deletions is via antisense transcription. 
To study the activity of the PHO84 and SPL2 promoters in these mutants 
we inserted the promoter sequences of PHO84 and SPL2 upstream of 
GFP in the pRS316 plasmid (pRS316[PPHO84-GFP-TCYC1]) and showed 
that the activity of the promoters was strongly decreased (Fig. 5). The 
used plasmids contain the terminator sequences of CYC1 and not the 
terminator sequences of PHO84 or SPL2. Alignment of antisense RNAseq 

Table 5 
Number of reads aligning in the antisense direction to PHO84.  

Strain Number of reads per million reads 

BY4741 21 ± 3 (n = 3)a 

bmh1Δ 20.6 (n = 1) 
rrp6Δ 23 ± 4 (n = 3) 
spl2Δ 25 ± 2 (n = 2) 
BY4741 without phosphate 3.5 ± 0.5 (n = 3)  

a The average with standard deviation with the number of replicates in pa
rentheses is shown. 

Fig. 3. Effect of deletion of RRP6 on the heterogeneity in SPL2-GFP expression. Microscopy images of BY4741 SPL2-GFP (A), bmh1Δ SPL2-GFP (B), rrp6 Δ SPL2-GFP 
(C), pho4Δ SPL2-GFP (D), BY4741 SPL2-GFP pRS316 (E), BY4741 SPL2-GFP pRS316[RRP6] (F), rrp6Δ SPL2-GFP pRS316 (G) and rrp6Δ SPL2-GFP pRS316[RRP6] 
(H) after growth in YNB medium supplemented with potassium and phosphate. Flow cytometry of BY4741 (I and J, no fill), BY4741 SPL2-GFP pRS316 (I, green), 
BY4741 SPL2-GFP pRS316[RRP6] (I, orange), rrp6Δ SPL2-GFP pRS316 (J, blue) and rrp6Δ SPL2-GFP pRS316[RRP6] (J, red). Results of a typical experiment 
are shown. 

M.E. Crooijmans et al.                                                                                                                                                                                                                         



BBA - Gene Regulatory Mechanisms 1864 (2021) 194714

9

reads to PHO84 suggests that PHO84 terminator sequences are respon
sible for the antisense transcription. This suggests that antisense PHO84 
transcription is not causing the reduced activity of the sense promoter in 
the mutants. On the other hand, the endogenous PHO84 gene is still 
present in the mutants and a trans effect of the chromosomal antisense 
transcripts on the promoter in the plasmid cannot be excluded [38]. To 
eliminate chromosomal PHO84 antisense transcription we replaced 96 
bp of the chromosomal sequences immediately downstream of the 
PHO84 stop codon by 220 bp of the CYC1 terminator using the CRISPR- 
Cas technology. If a trans inhibitory effect occurs, it is expected that 
replacement of the PHO84 terminator sequences results in increased 
GFP levels. As shown in Supplementary Fig. S2 GFP levels were strongly 
decreased rather than increased in the strain lacking the PHO84 termi
nator sequences, indicating that it is very unlikely that under the applied 
growth conditions the PHO84 or the SPL2 promoter is inhibited by 
PHO84 antisense RNA in a trans fashion. Similar effects were observed 

after replacement of the PHO84 terminator sequences in the bmh1Δ, 
rrp6Δ and spl2Δ strains (Supplementary Fig. S2). 

3.5. Deletion of the putative start site of upstream SPL2 transcription 
results in loss of heterogeneity of SPL2 expression and increased PHO84 
expression 

Alignment of RNAseq reads to the SPL2 genomic sequences suggests 
different transcription start sites (Fig. 2). It has been reported that non- 
coding RNA transcribed from an alternative upstream start site regulates 
transcription of the coding sequences of the meiosis genes NDC80, IME1 
and BOI1 [39–42]. Alignment of the RNAseq reads of the wild type strain 
BY4741 and the rrp6Δ mutant to the SPL2 genomic sequences are shown 
in more detail in Fig. 7A. The alignment profiles may be explained by 
two major transcriptional start sites resulting in different RNAs as 
illustrated by a blue and red arrow in Fig. 7A. To investigate the 

Fig. 4. Effect of YEplac195[BMH1] or YEplac195[RRP6] on SPL2-GFP expression in BY4741, bmh1Δ and rrp6Δ strains. The indicated strains were grown in YNB 
medium supplemented with potassium and phosphate and GFP fluorescence was measured by flow cytometry. A. Average GFP fluorescence with standard deviation 
of measurements on four independent transformants. Statistical analysis was performed with the Student's t-test, and the significance (P) of the difference between 
strains with the empty YEplac195 vector (195) and YEplac195[BMH1] (195BMH1) is indicated. The difference between strains with the empty YEplac195 vector 
(195) and YEplac195[RRP6] (195RRP6) was not significant. B. Flow cytometry graphs of one series of transformants. Blue, transformant containing YEplac195 
[BMH1] or YEplac195[RRP6], as indicated; Gray, transformant containing YEplac195; open graph, BY4741. 
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relevance of the upstream transcription we deleted 147 bp around the 
putative transcription start site by the CRISPR-Cas technology (Fig. 7A, 
box P). Adjacent to the SPL2 promoter a number of putative binding sites 
for the Pho4 transcription factor (5′-CACGTG-3′) [43] were found [44] 
as illustrated in Fig. 7A by yellow blocks. These binding sites remained 
unaffected by the deletion. Analysis by confocal microscopy and flow 
cytometry showed that deletion of box P in BY4741 SPL2-GFP resulted 
in a loss of the heterogenic expression of SPL2-GFP and a more uniform 
expression of SPL2-GFP in the individual cells (Fig. 7B–D). This is more 
clearly shown upon deletion of box P in bmh1 SPL2-GFP (Fig. 7E–G). 
Similarly, deletion of the box P in rrp6 SPL2-GFP resulted in a low SPL2- 
GFP expression in all cells instead of a heterogenic expression with the 

majority of the cells not expressing SPL2-GFP (Fig. 7H–J). These results 
indicate that the deleted part of the SPL2 promoter has a negative effect 
on the expression of SPL2, at least in the BY4741 and bmh1 background, 
and that upstream non-coding transcription may be responsible for the 
heterogenic expression of SPL2. 

As Spl2 influences the expression of PHO84 we also deleted box P in 
the BY4741 (PPHO84-GFP) strain, expressing GFP under control of the 
PHO84 promoter. Analysis by flow cytometry showed that in the un
transformed strain the PHO84 promoter is active in almost all cells, but 
is highly active in a small number of cells (Fig. 8A, gray curve). Deletion 
of box P of the SPL2 promoter resulted in a much higher number of cells 
with a very active PHO84 promoter (Fig. 8A, blue curve). Similar ob
servations were made by microscopic analysis of the cells (Fig. 8B and 
C). These observations indicate that deletion of box P of the SPL2 pro
moter not only affects the expression of SPL2 but also that of PHO84. 
Addition of a pRS316 plasmid containing the region of the SPL2 pro
moter corresponding to the upstream non-coding transcript and lacking 
the SPL2 coding sequences (pRS316[NC-SPL2]), did not result in an 
increased activity of the PHO84 promoter (Supplementary Fig. S3). This 
indicates that increased PHO84 expression is probably not caused by an 
increased level of non-coding RNA originating from the SPL2 promoter 
nor by an increased level of a putative small protein encoded by this 
RNA but rather by an increased level of the Spl2 protein. 

To show whether deletion of box P indeed affects upstream SPL2 
transcription we deleted box P in BY4741 and analyzed transcription by 
strand-specific RNAseq. As shown in Fig. 9A, upon deletion of box P in 
BY4741 (BY4741 ΔP) no upstream SPL2 transcripts were found, whereas 
it was detectable in BY4741 although at a low level. This result indicates 
that deletion of box P from the SPL2 promoter results in the absence of 
the upstream transcript. No major changes in the alignment of RNAseq 
reads to PHO84 were found upon deletion of box P, although deletion of 
box P resulted in an increased number of reads aligning to the PHO84 
open reading frame (354 vs. 249 reads per million; Fig. 9B), in line with 
the increased activity of the PHO84 promoter upon deletion of box P in 
strain BY4741 (PPHO84-GFP) (Fig. 8). Also the number of reads aligning 
to the SPL2 open reading frame increased modestly (34 vs. 24 reads per 
million; Fig. 9). 

The effect of deletion of box P on the SPL2 and PHO84 transcripts 
was further investigated by Northern blot analysis. As shown in Fig. 9C, 
the SPL2 probe (probe B, see Fig. 1) hybridizes to RNA of approximately 
600 nucleotides, slightly larger that found observed before (approx. 500 
nucleotides [52]). The amount of RNA hybridizing to this probe was 
strongly increased after deletion of box P, both in BY4741 and in rrp6Δ. 
A similar effect was observed for RNA hybridizing to the PHO84 probe. 
These results are in line with the effect of deletion of box P found by 
measuring the expression of SPL2-GFP (Fig. 7). We did not observe hy
bridization when we used a probe corresponding to sequences upstream 
of the SPL2 coding region (probe A, see Fig. 1), probably due to the lack 
of sensitivity of the probe used. 

4. Discussion 

In S. cerevisiae phosphate homeostasis is regulated by an interplay 
between low and high affinity phosphate transporters allowing survival 
at different environmental phosphate concentrations; for review see 
[3–5,7]. Expression of these transporters at different phosphate con
centrations is regulated by a complex network with a major role for the 
transcription factor Pho4. Upon phosphate starvation intracellular 
phosphate levels decrease resulting in inactivation of the Pho80 – Pho85 
complex and the Pho4 transcription factor becomes de-phosphorylated 
and enters the nucleus resulting in expression of more than 20 genes 
(PHO genes) necessary for growth and survival at low phosphate con
ditions. Under these conditions genes encoding the high affinity phos
phate transporters Pho84 [12] and Pho89 [45] are expressed. 
Furthermore, SPL2 is expressed to target the low affinity phosphate 
transporter Pho87 to the vacuole [14]. When phosphate is abundant low 

Fig. 5. Effect of deletion of SPL2, BMH1 and RRP6 on the activity of the SPL2, 
PHO84 and CYC1 promoter. The reporter plasmids pRS316[PPHO84-GFP-TCYC1], 
pRS316[PSPL2-GFP-TCYC1] and pRS316[PCYC1-GFP-TCYC1] were introduced in 
the indicated yeast strains. The obtained strains were grown in in YNB medium 
supplemented with potassium and phosphate and GFP fluorescence was 
measured by flow cytometry. The data shown are the average with standard 
deviation of measurements on six independent transformants. Statistical anal
ysis was performed with the Student's t-test, and the significance (P) of the 
difference between the deletion mutant and BY4741 with the same reporter 
plasmid is shown *, P < 0.02, **, P < 10− 5. 
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Fig. 6. Effect of an additional copy of SPL2 on the expression of SPL2-GFP and the activity of the PHO84 promoter. A, SPL2-GFP fluorescence of BY4741 SPL2-GFP 
containing pRS316 or pRS316[SPL2] (mean ± SD, n = 8). B, SPL2-GFP fluorescence of rrp6Δ SPL2-GFP containing pRS316 or pRS316[SPL2] (mean ± SD, n = 8). C, 
GFP fluorescence of BY4741 (PPHO84-GFP) containing pRS316 or pRS316[SPL2] (mean ± SD, n = 6). D, flow cytometry of BY4741 (no fill), BY4741 SPL2-GFP 
pRS316 (gray) and BY4741 SPL2-GFP pRS316[SPL2] (blue). E, flow cytometry of BY4741 (no fill), rrp6Δ SPL2-GFP pRS316 (gray) and rrp6Δ SPL2-GFP pRS316 
[SPL2] (blue). F, flow cytometry of BY4741 (no fill), BY4741 (PPHO84-GFP) pRS316 (gray) and BY4741 (PPHO84-GFP) pRS316[SPL2] (blue). D–F, results of a typical 
experiment are shown; 5000 cells were analyzed. G–L, confocal microscopy of BY4741 SPL2-GFP pRS316 (G), rrp6Δ SPL2-GFP pRS316 (H), BY4741 (PPHO84-GFP) 
pRS316 (I), BY4741 SPL2-GFP pRS316[SPL2] (J), rrp6Δ SPL2-GFP pRS316[SPL2] (K) and BY4741 (PPHO84-GFP) pRS316[SPL2] (L). 
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affinity phosphate transporters like Pho87 and Pho90 are mainly 
responsible for phosphate uptake. 

In the presence of phosphate the expression of PHO genes is very low. 
However, these genes are still expressed to some extent. Expression of 
high affinity phosphate transporters under these conditions may be a 
strategy to rapidly anticipate on changes in environmental phosphate 
levels or may be important for phosphate sensing in line with a possible 
role of Pho84 in this process [46]. In our previous study [22] we showed 
that in the BY4741 background expression of SPL2-GFP is easily 
detectable in more than 90% of the cells and no expression can be found 
in the remaining cells. Upon phosphate starvation SPL2-GFP expression 
is strongly increased in all cells. In the bmh1Δ deletion mutant, lacking 
the major 14-3-3 protein isoform, RNA levels of SPL2 and PHO84 are 
strongly reduced [22] (Table 4). The effect is quite specific for these two 
genes as other PHO genes are much less affected. We further showed that 
in the bmh1Δ deletion mutant SPL2-GFP is expressed in only 20 to 30% 
of the cells. This observation shows that in the presence of sufficient 
phosphate genetically identical cells express PHO genes differently and 
that the ratio between cells expressing SPL2 and cells not expressing 
SPL2 can alter. Deletion of RRP6, encoding an exonuclease involved in 
degradation of non-coding RNA, resulted in a similar reduction in the 
number of cells expressing SPL2-GFP (Fig. 3). 

Non-coding transcription (both in the sense as in the antisense di
rection) is involved in the regulation of the expression of many genes, 
both in yeast as in other organisms; for reviews see: [47–51]. It has well 
been established that PHO84 expression is repressed by antisense tran
scription [15–17]. In this study we aligned strand-specific RNAseq reads 
of the bmh1Δ, spl2Δ and rrp6Δ deletion mutant to the genomic se
quences of PHO84 (Fig. 2) and found that the number of reads aligning 
in the sense direction was strongly reduced compared to the wild type 
and that the remaining reads mainly aligned to PHO84 in the antisense 
direction. The number of reads of these mutants aligning in the antisense 
direction was comparable to the number of reads of the wild type. Using 
reporter constructs with GFP under control of the PHO84 promoter we 
showed that this promoter is less active in the bmh1Δ, spl2Δ and rrp6Δ 

deletion mutants [22] (Fig. 5). Although the transcription start site of 
the PHO84 antisense transcription is still unknown, alignment of RNA
seq reads suggests that antisense transcription starts just downstream of 
the coding region in the PHO84 terminator. Using reporter constructs 
lacking this terminator we still find a reduced activity of the PHO84 
promoter in the bmh1Δ, spl2Δ and rrp6Δ deletion mutants, suggesting 
that antisense transcription is not causing the reduced promoter activity. 
This was also found in strains lacking the chromosomal PHO84 termi
nator sequences indicating that PHO84 antisense transcripts are not 
responsible for the reduced promoter activity by a trans effect (Supple
mentary Fig. S2). 

RNAseq reads form the wild type strain BY4741 aligned to the 3′-end 
of the coding region of SPL2, whereas only few reads aligned to the 5′- 
end (Fig. 2A). Upon phosphate starvation many more reads aligned to 
SPL2 (Fig. 2E), but not to the 5′-end. The coding region of SPL2 may be 
different from the annotated coding region. Very close to the annotated 
start codon ATG is an upstream out of frame ATG, making it less likely 
that the annotated start codon is the correct start codon as mentioned 
before [21] (Supplementary Fig. S1A). Thus, SPL2 translation may start 
at one of the downstream ATG codons. As shown in Supplementary 
Fig. S1 a very low GFP expression was measured using a promoter 
construct corresponding to the annotated start codon, whereas a much 
higher expression was observed using a promoter corresponding to the 
second downstream ATG. However, still some expression was observed 
using the former promoter, although at a very low level, in line with the 
observed use of alternative transcription start sites [37,52]. Thus, mul
tiple different SPL2 transcripts are present. This is further supported by 
the detection of peptides corresponding to the N-terminal end of the 
annotated Spl2 protein [53]. In an attempt to further characterize the 
SPL2 transcripts we performed Northern blot analyses. Using a probe 
corresponding to 3′-end of SPL2 (Fig. 1, probe B) clear bands were 
visible. Using a probe hybridizing to the 5′-end, only very weak bands 
were found (Fig. 1, probe A). Thus, the nature of the upstream tran
scripts still have to be disclosed. 

Interestingly a few RNAseq reads did align to the 5′-end of the SPL2 

Fig. 7. Deletion of box P of the SPL2 promoter diminishes cell-to-cell variation of SPL2 expression. A: SPL2 transcription. RNAseq reads of BY4741 and rrp6Δ were 
aligned to genomic sequences of SPL2 using CLC Genomic Workbench (green, reads aligning in the sense direction; red, reads aligning in the antisense direction; 
profiles are at different scales; see also Fig. 2). The SPL2 coding sequences are indicated with a blue box. Putative transcripts are indicated by a red and blue arrow, 
Pho4 binding sites by yellow boxes. Sequences deleted by the CRISPR-Cas technology are shown by the red striped box P. The numbers indicate the position at 
chromosome VIII as shown in SGD (www.yeastgenome.org). Confocal microscopy of BY4741 SPL2-GFP (B) of BY4741 SPL2-GFP ΔP (C), of bmh1 SPL2-GFP (E), of 
bmh1 SPL2-GFP ΔP (F), of rrp6 SPL2-GFP (H) and of rrp6 SPL2-GFP ΔP (I). Flow cytometry of BY4741 SPL2-GFP ΔP (D), of bmh1 SPL2-GFP ΔP (G) and of rrp6 SPL2- 
GFP ΔP (J) and their relevant control strains. ΔP, deletion of box P. 

Fig. 8. Deletion of box P of the SPL2 promoter affects the PHO84 promoter. A: Flow cytometry of BY4741 (PPHO84-GFP) ΔP, BY4741 and BY4741 (PPHO84-GFP). 
Confocal microscopy of BY4741 (PPHO84-GFP) (B) and of BY4741 (PPHO84-GFP) ΔP (C). Microscopy settings used were optimal for the detection of high levels of GFP, 
low levels of GFP cannot be detected. 
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ORF or more upstream sequences and the number of these reads is 
relatively high in the bmh1Δ and rrp6Δ mutants. These observations 
suggest different transcription start sites. Data obtained by paired-end 
ditag sequencing of yeast RNA [52] also give evidence for upstream 
transcription; for visualization at SGD see: https://browse.yeastgenome. 
org/?loc=chrVIII%3A373197..376556&tracks=DNA%2CAll%20Annot 
ated%20Sequence%20Features%2CDoube_strand_break_hotspots% 
2CXrn1-sensitive_unstable%20transcripts_XUTs%2CScGlycerolMedia% 
2C3%27UTRs%2CPolII_occupancy_WT%2Cantisense_internal_CUTs 
_SUTs_XUTs%2Cnovel_transcripts%2Cupstream_ORF&highlight=. 

To address the role of this upstream transcription we deleted a part 
(box P) of the SPL2 promoter in BY4741, bmh1Δ and rrp6Δ expressing 

SPL2-GFP (Fig. 7). The consequence of deletion of box P is that in 
BY4741 and the bmh1Δ and rrp6Δ strains almost all cells express SPL2- 
GFP in contrast to the parental strains bmh1Δ and rrp6Δ in which the 
majority of the cells do no express SPL2-GFP. RNAseq experiments 
showed the absence of the upstream SPL2 transcript upon deletion of 
box P in BY4741 (Fig. 9). These results indicate that upstream SPL2 
transcription is determining the cell-to-cell variation of SPL2 expression. 
RNAseq analysis showed that upon deletion of box P the level of RNA 
transcribed from the SPL2 coding region is only modestly increased in 
BY4741 (Fig. 9). On the other hand Northern blot analysis showed that 
deletion of box P resulted in higher levels of RNA hybridizing to the SPL2 
and PHO84 probes in both BY4741 and rrp6Δ strains (Fig. 9C), in line 

Fig. 9. Effect of deletion of box P of the SPL2 promoter on the transcription of SPL2 and PHO84. Alignment of strand-specific RNAseq reads to genomic sequences of 
SPL2 (A) or PHO84 (B). Genomic sequences (S288c) were taken from SGD (www.yeastgenome.org). Reads were aligned and alignments were visualized using CLC 
Genomic Workbench. Reads corresponding to the Watson-strand (left to right) are indicated in green, reads corresponding to the Crick strand (right to left) are 
indicated in red. Both PHO84 and SPL2 coding regions are located on the Crick strand. The number of reads aligning to the SPL2 and PHO84 open reading frames are 
shown (in reads per million). Northern blot analysis (C) of RNA isolated from exponentially growing cultures (A620 of 0.5) in YNB with 7.2 mM potassium phosphate 
of BY4741 (BY), BY4741 ΔP (BY ΔP), rrp6Δ and rrp6Δ ΔP. Probes were made by PCR, followed by labeling with [α-32P]dCTP as described in Fig. 1. PCR Primers for 
the PHO84 probe: PHO84-NB-Fw and PHO84-NB-Rev. RNA markers (RiboRuler Low Range RNA Ladder, Thermo Scientific) were visualized with ethidium bromide 
after blotting. 

Fig. 10. Model of the regulation of PHO84 and SPL2 by Pho4, 14-3-3 proteins, Spl2 and non-coding transcription. A. In the presence of phosphate Pho4 is partly 
activated and is required for basal expression of PHO84. In addition, PHO84 is transcribed in the antisense direction, although at a low level. Under these conditions 
either basal coding SPL2 transcription (left panel) or upstream non-coding SPL2 transcription (right panel) is activated. If SPL2 coding transcription is active, the Spl2 
protein stimulates its own transcription and that of PHO84 ensuing a positive feedback (left panel). This feedback results in the bimodal SPL2 expression and the 
absence of cells with intermediate SPL2 expression. The 14-3-3 protein Bmh1 has a positive effect on SPL2 coding transcription. B. In the absence of phosphate Pho4 
is fully active and greatly stimulates both PHO84 and SPL2 transcription, overruling the effect of Spl2 and Bmh1. PHO84 antisense transcription is reduced. Coding 
transcription is shown by green arrows, non-coding transcription by red arrows. Active genes/proteins are shown by filled blocks, inactive ones by empty blocks. 
Putative Pho4 binding sites [44] are indicated with yellow blocks. 
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with the observed effect on the expression of SPL2-GFP (Fig. 7). These 
results suggest that upstream transcription is not only responsible for the 
on-off state of the SPL2 expression but also affects by an unknown 
mechanism the level of expression in cells in which SPL2 transcription is 
active. The results are in line with a model that SPL2 transcription is 
initiated either at an upstream site (within box P) or at the start site of 
the SPL2 coding transcript and that removal of the upstream initiation 
site results in expression of SPL2 in all cells. 

It has been proposed before that positive and negative feedback loops 
are involved in stabilization of the expression state of PHO genes 
[21,54]. In this study we showed that deletion of SPL2 resulted in a 
strong reduction of PHO84 RNA. In addition, the PHO84 and SPL2 
promoters are less active in the spl2Δ mutants (Fig. 5) and addition of an 
extra copy of SPL2 resulted in an increased expression of SPL2-GFP and 
activation of the PHO84 promoter (Fig. 6). These observations indicate 
that SPL2 activates its own transcription and that of PHO84, re
quirements for a positive feedback. 

Based on our results we refined the model describing the bimodal 
expression of the PHO genes SPL2 and PHO84 as postulated by Wykoff 
et al. [21]. In contrast to the previous model the role of Pho4 in the bi- 
modal expression of PHO84 and SPL2 is less prominent. In the presence 
of phosphate Pho4 is only partly activated and is required for basal 
expression of PHO84. Under these conditions either basal coding SPL2 
transcription (Fig. 10A, left panel) or upstream non-coding SPL2 tran
scription (Fig. 10A, right panel) is activated. The nature of the upstream 
transcription and the resulting transcripts have still to be characterized. 
Pho4 is required for SPL2 coding transcription probably by binding to 
one or more of the four Pho4 binding sites (5′-CACGTG-3′) in the SPL2 
promoter. If SPL2 coding transcription is active, the Spl2 protein stim
ulates its own transcription and that of PHO84 ensuing a positive feed
back. This feedback may explain the heterogeneity in PHO gene 
expression and the observations that cells either express or do not ex
press SPL2-GFP and hardly any cell has an intermediate expression. The 
14-3-3 protein Bmh1 has a positive effect on SPL2 coding transcription. 
PHO84 is also transcribed in the antisense direction, although at a low 
level. In the absence of phosphate Pho4 is fully active and greatly 
stimulates both PHO84 and SPL2 transcription, overruling the effect of 
Spl2 and Bmh1 (Fig. 10B). PHO84 antisense transcription is reduced. It 
is still unknown how the expression state of SPL2 is established initially. 
Stochastic fluctuations in the chromatin structure [55,56] or in the 
binding of transcription factors [57] may be important. These stochastic 
fluctuations may enable adaptation to environmental stresses [58–60]. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbagrm.2021.194714. 
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