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Abstract

The transcription factor Pho4 is crucial for the response to phosphate starvation in many
fungi, and it has been linked to tolerance to alkalinization of the medium and to pathogenic-
ity. It is widely accepted that it is encoded by a single gene. However, the industrially
relevant yeast Komagataella phaffii might contain two Pho4-encoding genes (PAS_chr1-1_0265
and PAS_chr2-1_0177, designated here PHO4(A) and PHO4(B), respectively), which have
never been functionally characterized. The phenotypic analysis of single and double mu-
tants suggests that Pho4(B) plays a major role in the adaptation to Pi scarcity. While single
mutants exhibited limited and non-overlapping phenotypic defects, the pho4(A) pho4(B)
strain was sensitive to multiple types of stress, including phosphate starvation and alkaline
pH. Transcriptomic analysis confirms that Pho4(B) is crucial for the transcriptional response
to phosphate starvation, including induction of typical gene markers (PHO5, PHO89, VTC1,
etc.). However, by using a GFP reporter, we found that PHO4(A) also participates in the
induction of PHO89 under high pH stress. Expression of both PHO4(A) and PHO4(B) in
Saccharomyces cerevisiae complemented the pho4 mutation under phosphate limitation by
restoring growth, expression of the Pho84 transporter, and secreted phosphatase activity.
Therefore, both transcription factors display partially overlapping functions, respond dif-
ferently to diverse stimuli, and together constitute a key component in the adaptation to
multiple stresses.

Keywords: transcriptional regulation; phosphate starvation; Pho4 transcription factors;
Komagataella phaffii; Saccharomyces cerevisiae

1. Introduction
Phosphate is a fundamental nutrient required for key cellular processes, including

energy metabolism, nucleic acid synthesis, membrane formation, and signal transduction.
Environmental phosphate availability can fluctuate widely, especially in the natural and
industrial niches yeast occupies. The ability to sense and respond to variation in phosphate
levels allows yeasts to maintain growth and viability by activating phosphate acquisition
systems, mobilizing internal phosphate reserves, and adjusting metabolic pathways to
conserve this resource [1,2].

Adaptation to inorganic phosphate (Pi) scarcity has been studied in detail in the
yeast Saccharomyces cerevisiae. Under conditions of Pi repletion, inositol phosphates
(possibly 1,5-IP8) inactivate the cyclin-dependent kinase inhibitor Pho81 through its SPX
domain [3,4], which leads to the activation of the cyclin-dependent kinase (CDK) complex
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Pho85-Pho80 [5,6]. This complex phosphorylates the crucial helix-loop-helix (HLH) Pho4
transcription factor (TF) at several Ser-Pro (SP) motifs, leading to its inactivation and cy-
tosolic location by means of the exportin Msn5 [7–11]. In contrast, during Pi starvation,
the inhibition of Pho85-Pho80 kinase by Pho81 leads to the dephosphorylation of Pho4
and its entry into the nucleus [12], thus resulting in the expression of ≈20 genes required
for survival under Pi limitation (the so-called PHO regulon), such as those encoding high-
affinity Pi transporters (PHO84 and PHO89) or various secreted phosphatases (PHO5 and
PHO11). In S. cerevisiae, effective gene induction requires the cooperative binding to the
promoters of another transcription factor, Pho2 (Bas2), which results in increased selectivity
of the response to phosphate starvation [13]. Although this response mechanism is well
conserved, some differences are found among fungi regarding the requirement for Pho2
cooperation. Thus, Pho2 exists in Candida albicans and Candida glabrata, but its absence
does not affect the ability to grow on Pi limitation conditions [14,15], whereas no Pho2
orthologs have been identified in Cryptococcus neoformans [16]. An extreme case is the fission
yeast Schizosaccharomyces pombe, in which the response to phosphate starvation is mediated
by a transcription factor structurally different from Pho4, the Zn2Cys6 binuclear cluster-
containing Pho7 [17,18]. In all these cases, such variations coincide with an expanded range
of genes whose expression depends on Pho4 [19].

The adaptive responses to alkalinization and to phosphate starvation have many points
in common. In S. cerevisiae, Pho4 also migrates to the nucleus upon alkalinization [20],
and it is required for the induction of PHO84 and PHO12 [21]. Concordantly, deletion of
PHO2, PHO4, or PHO81 results in strong sensitivity even to moderate alkalinization [22,23].
Similarly, mutation of PHO4 in C. albicans [24] and in C. neoformans [25] results in growth
defects not only under Pi limitation but also at alkaline pH. Notably, lack of Pho4 attenuates
the virulence of these two fungal pathogens [24–26].

Komagataella phaffii (formerly Pichia pastoris) is a methylotrophic yeast well known for
its use in heterologous protein production. Its strengths include the capability to grow at
high cell density, to carry out eukaryotic post-translational modifications, efficient secretion
of the produced proteins into the environment, and the availability of appropriate genetic
modification tools [27–30]. Surprisingly, despite its importance, our knowledge about
how K. phaffii adapts to Pi scarcity is virtually null, and the first hint about how this yeast
remodels gene expression under Pi limitation has been reported only recently [31]. Our
laboratory is interested in developing novel platforms for protein expression based on the
use of promoters that are regulated by mild alkalinization both in S. cerevisiae and in K.
phaffii [32–34], and we have recently charted in K. phaffii the contribution of the transcription
factors Crz1 and Rim101, which are key components of two signaling pathways crucial for
adaptation to alkalinization of the environment [35]. Given the functional links between Pi
starvation and alkaline pH response, we initiated a project to investigate the possible role
of Pho4 for adaptation to high pH, whose results have been published very recently [36].
The signaling machinery for Pho4 regulation seems reasonably well conserved in K. phaffii
when compared with other fungi, such as S. cerevisiae (Figure 1A). However, while Pho4
is found in fungi as a single gene, our search of the K. phaffii genome suggested that it
might contain two genes, PAS_chr1-1_0265 and PAS_chr2-1_0177, encoding possible Pho4
proteins of 380 and 365 amino acids, respectively. Notably, these proteins displayed rather
low identity among them as well as to other well-characterized fungal Pho4 proteins
(see Section 2). This raised a key question: Does K. phaffii encode two Pho4 transcription
factors? To address this issue, we created single and double mutants for these genes
and used them to carry out detailed phenotypic analyses and transcriptomic profiling
in response to phosphate starvation, as well as complementation experiments in S. cere-
visiae. Our data supports the notion that, although the functions of PAS_chr1-1_0265 and
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PAS_chr2-1_0177 (named here PHO4(A) and PHO4(B), respectively) do not fully overlap,
they both behave as Pho4 TF in K. phaffii. Adaptation to low Pi conditions relies largely on
Pho4(B). While cells lacking individual TFs are affected by certain specific stress conditions,
the double mutation yields cells sensitive to multiple stresses, indicating that, in combina-
tion, these proteins are key components in the stress response. In addition, we show that
both proteins can replace Pho4 in S. cerevisiae. Therefore, K. phaffii exceptionally encodes
two functional Pho4 transcription factors.

Figure 1. Identification of two genes encoding putative Pho4 transcription factors in K. phaffii.
(A) Downstream components of the regulon involved in the response to Pi starvation in S. cerevisiae
(left) and the putative components of the system in K. phaffii. (B) Clustal Ω alignment of S. cerevisiae
Pho4 (Uniprot P07270) and K. phaffii PAS_chr1-1_0265 (KpPho4(A)) and PAS_chr2-1_0177 (KpPho4(B))
protein products. The bHLH DNA-binding domains are underlined. Phosphorylatable dipeptides
SP and TP are highlighted in bold (the alignment was manually edited to better align the known
Pho85 recognition motifs). Residues whose phosphorylation is required for ScPho4 nuclear export
(sites 2 and 3) are denoted in magenta, and the ones required for inhibition of nuclear import (site 4)
and Pho2 interaction (site 6) in blue and red, respectively. The region in S. cerevisiae Pho4 involved
in nuclear import and export appears in italics. The known S. cerevisiae 9 aaTAD [37,38] and the
predicted equivalent regions for K. phaffii proteins are denoted in red font. (C) Amino acid identity
relationships between S. cerevisiae Pho4 and K. phaffii Pho4(A) and Pho4(B) proteins. (D) Phylogenetic
analysis of Pho4 proteins from 11 fungal species. Note that a single protein is identified in all cases
except for K. phaffii.

2. Results
2.1. Identification of PHO4 Candidates in K. phaffii

BLASTp (version 2.17.0) analysis of the NCBI reference proteome database using S.
cerevisiae Pho4 (Uniprot entry P07270) as bait revealed two possible hits in the K. phaffii
GS115 proteome (Supplementary Table S1). The first hit (E-value 4.0 × 10−10) corre-
sponded to the hypothetical protein of 380 amino acids encoded by PAS_chr1-1_0265,
named here Pho4(A), and the second (E-value 3.0 × 10−7) to the hypothetical protein of
365 residues encoded by PAS_chr2-1_0177, named here Pho4(B). However, the similarity
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was circumscribed to the predicted basic helix–loop–helix (bHLH) DNA binding domain
(Figure 1B). In fact, the overall identity in comparison with S. cerevisiae Pho4 was rather
low: 30.9% for Pho4(A) and 28.8% for Pho4(B) (Figure 1C), and both K. phaffii proteins were
only distantly related to each other (38.1% identity). As for ScPho4, and apart from the
bHLH-like region, AlphaFold predicts an intrinsically disordered structure for KpPho4(A)
(Supplementary Figure S1). This is also the case for KpPho4(B), except that an α–helical
region is predicted for the first 42 residues. As mentioned in the Introduction, the exis-
tence of two genes encoding different Pho4 proteins is an anomaly because, when present,
only one putative Pho4-encoding gene is found (Figure 1D and Supplementary Table S1).
Nevertheless, close examination revealed in both proteins several putative Pho85 SP phos-
phorylation sites, as well as a possible 9-amino-acid transcriptional activation domain
(9aaTAD). These elements are reminiscent of those that proved to be relevant in S. cerevisiae
for regulation of Pho4 activity and subcellular localization (see Figure 1B and Section 1).
This suggested that, despite their distant relationship in primary sequence, both proteins
could function as bona fide Pho4 transcription factors. We therefore proceeded with their
functional characterization.

2.2. Phenotypic Analysis of Single and Double Pho4 K. phaffii Mutants Reveals Both Specialized
and Redundant Functions

In diverse fungi, the lack of Pho4 function leads not only to an inability to transcrip-
tionally respond to phosphate starvation but also to increased sensitivity to diverse forms
of stress. Therefore, we exposed strains lacking Pho4(A), Pho4(B), or both proteins to a
set of stress conditions and evaluated the resulting phenotypes. As shown in Figure 2A,
growth of cells mutated for PHO4(A) did not differ from the wild-type strain under Pi
limitation, whereas pho4(B) mutants exhibited a slight growth defect in both liquid and
plate cultures that was aggravated in the double mutant. Cells lacking either Pho4(A) or
Pho4(B) exhibited normal tolerance to alkaline pH (Figure 2B) or high concentrations of
Ca2+, whereas the absence of both transcription factors caused a dramatic loss of tolerance
to high pH and a noticeable growth defect in the presence of calcium. Notably, pho4(A)
cells, but not pho4(B) mutants, were sensitive to Mn2+ cations, and this phenotype was
aggravated in the double mutant. Neither single nor double mutants displayed altered
tolerance to NaCl, although the double mutant grew slowly above 0.4 M NaCl (Figure 2B).
Remarkably, these cells did not show increased sensitivity to Li+ cations, a more toxic ana-
log of Na+, suggesting that the growth defect in the presence of high concentrations of NaCl
could be derived from the associated osmotic shock. In agreement with this hypothesis,
pho4(A) pho4(B) cells grew poorly in the presence of high amounts of sorbitol (Figure 2B).
The pho4(A) mutant, but not the pho4(B), was slightly sensitive to Zn2+ ions, and the effect
was intensified by the additional mutation of PHO4(B). The double mutants were also
unable to grow at 37 ◦C, whereas cells lacking Pho4(A) or Pho4(B) grew similarly to the
wild-type strain. Finally, pho4(A) mutants behaved as the wild-type strain in the presence of
the anionic detergent sodium dodecyl sulfate (SDS), whereas mutation of PHO4(B) resulted
in increased sensitivity that was further exacerbated by the additional deletion of PHO4(A)
(Figure 2B). A summary of these results is presented in Figure 2C.

Altogether, these results indicate that the absence of a single transcription factor
affects cell fitness only under specific conditions. Thus, lack of Pho4(B) renders cells
sensitive to SDS and, importantly, to Pi deprivation, suggesting that Pho4(B) is the major
component of the response to Pi starvation in K. phaffii. In parallel, the absence of Pho4(A)
yields cells sensitive to Mn2+ and Zn2+ cations. In contrast, while concurrent lack of both
transcription factors had no significant effect under standard culture conditions, it resulted
in marked growth defects under nearly all stress conditions tested. This suggests that the
functions of both proteins might be partially redundant and that, together, they orchestrate
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key mechanisms of stress resistance. It is worth noting that in all cases, two different
mutations were tested for each gene with virtually identical behavior. This indicates that
the observed phenotypes derive from the absence of the encoded TF and not from unwanted
off-target mutations.

Figure 2. Phenotypic characterization of KpPho4(A) and KpPho4(B) single and double mutant
strains. The wild-type strain X-33 (WT) and its isogenic derivatives PJA-004 (PA-1, pho4(A)-∆110),
PJA-005 (PA-2, pho4(A)-111), PJA-021 (PB-1, pho4(B)-∆314-315), PJA-022 (PB-2, pho4(B)-117), PJA-026
(PAB-1, pho4(A)-∆110 pho4(B)-315), and PJA-035 (PAB-2, pho4(A)-∆110 pho4(B)-∆115) were grown
either on synthetic medium carrying the indicated amounts of Pi (A) or (B), YPGly medium containing
the indicated compounds, or adjusted to the specific pHs, as described in Section 4. Growth in
liquid cultures was recorded after 18–20 h, and the mean ± SEM from nine independent cultures is
presented. *, p < 0.05; **, p < 0.005; ***, p < 0.001; ****, p < 0.0001. Purified agar (Condalab, Madrid,
Spain Cat. #1806) was used for testing growth on Pi limitation (panel (A), right). Growth on plates
was documented after 3 days at 28 ◦C. (C) Summary of phenotypes detailed in panels (A,B). Specific
details about the strains can be found in Supplementary Table S4.

2.3. The Role of Pho4(A) and Pho4(B) in the Transcriptional Response to Pi Starvation

The influence of both K. phaffii Pho4 candidates on gene transcription was ex-
amined by RNA-Seq (Supplementary Table S2). We first considered the possible
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impact of the mutations in conditions of phosphate repletion (high Pi) by setting
|log2 Fold Change| ≥ 1 and a p-value ≤ 0.01 as thresholds. As shown in Supplementary
Figure S2, lack of Pho4(A) had almost no effect, with only one gene moderately induced
(PAS_chr4_0080, encoding an uncharacterized protein with distant relatives in other fungi).
The mutation of PHO4(B) resulted in ten genes induced and none repressed. The induced
set was highly enriched in genes encoding functionally related ATP-dependent protein
folding chaperones, including Hsp60, Hsp82, Hsp78, Hsp104, Ssa1, Fes1 (Ssa1 nucleotide
exchange factor), and Ssa3 (Supplementary Figure S2). None of these genes were found
among the six induced in the double pho4(A) pho4(B) mutant, which included two amino
acid permeases: PAS_chr1_4_0479 (TAT2) and PAS_chr4_0287 (DIP5-1). Ten genes were
moderately repressed (2 to 3-fold) in the double mutant, including PAS_chr4_0337 (coding
for the putative high-affinity phosphate transporter Pho84-1).

Growth of wild-type cells for 24 h without phosphate resulted in a wide transcriptional
response, with 803 differentially expressed genes (DEGs), of which 444 were induced and
359 repressed when compared with cells grown in the presence of Pi (Figure 3A). These
values were alike for the pho4(A) mutant (413 genes induced and 383 repressed), but
somewhat lower for the pho4(B) and the double mutant, mostly due to a lesser number
of repressed genes (Figure 3A). A pairwise comparison of the changes occurring after Pi
starvation (Figure 3B) confirmed that the mutation of PHO4(A) has virtually no effect on the
transcriptomic profile in the absence of Pi. In contrast, the lack of Pho4(B) had a noticeable
impact that was amplified by the additional mutation of PHO4(A).

Figure 3. Effects of Pi starvation on the transcriptional response of wild-type and Pho4-deficient
cells. (A) Number of differentially expressed genes (DEGs), up-regulated or down-regulated
(log2 ≥ 1 or ≤ −1 and p-value ≤ 0.01 ratio for the low Pi/high Pi comparison) in wild-type cells and
the indicated mutants. The pho4(A) pho4(B) strain is denoted as pho4(AB). (B) Relationship between
the overall transcriptional changes induced by low Pi in wild-type cells (WT) in comparison with
those observed for cells mutated for PHO4(A), PHO4(B), or both transcription factor-encoding genes.
(C) Gene Ontology analysis with g:Profiler of induced and repressed genes is shown in panel (A).
MF, Molecular Function; CC, Cellular Component; BP, Biological Process; KEGG, Kyoto Encyclopedia
of Genes and Genomes [39].
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Gene ontology analysis of genes induced upon Pi starvation (Figure 3C) indicated an
induction of membrane transport and vacuole-related genes, which was largely abolished
by the lack of both Pho4 proteins. Examples were PHO84-1 or ENA2 transporters, as well
as VCX1, VPH1, VMA10, or VBA1 vacuole-related genes. Phosphate starvation resulted
in a drastic repression of genes involved in ribosome biogenesis and translation, and this
effect was not altered by the mutations tested (Figure 3C and Supplementary Table S2).
Genes involved in diverse amino acid biosynthetic pathways were also significantly re-
pressed. However, in this case, this effect was attenuated by mutation of PHO4(B) and
further decreased in the double mutant, except for several genes involved in sulfur assim-
ilation and Met and Cys biosynthesis (such as MET3, MET14, MET17, MET6, or STR3),
which were still repressed in the double mutant. Finally, lack of phosphate led to a mild
but consistent decrease in the expression of the genes implicated in the biosynthesis of
ergosterol from acetyl CoA (Figure 3C and Supplementary Figure S3), which was accen-
tuated in the pho4(A) pho4(B) mutant mainly for genes involved in the second half of the
pathway (biosynthesis of ergosterol from lanosterol). We then selected 28 K. phaffii genes
corresponding to the phosphate gene regulatory network defined for S. cerevisiae by Ming
Yip and coworkers [40] and plotted their changes in expression in response to Pi starvation.
As shown in Figure 4A, many well-known phosphate-responsive genes were induced
in the wild-type strain, including PHO89, PHO5, VTC1, VTC2, VTC4, and GDE1. These
results fit well (Supplementary Figure S4) with the recent transcriptomic data obtained by
Ishtuganova and coworkers [31], even though when our selection thresholds are applied,
the number of DEGs identified by these authors was markedly lower (about 25% of that
described in our work). We also observed induction of PHO4(B) itself and of upstream
components of the Pi starvation signaling pathway, such as the cyclin-encoding PHO80
and the PHO81 inhibitor (but not of PHO85). In any case, while mutation of PHO4(A) did
not modify the responses observed for the wild-type strain, the transcriptional changes
caused by Pi starvation in this set of genes were attenuated by lack of Pho4(B) and fully
blocked by mutation of both TFs. It is worth noting that in K. phaffii, there are two genes
possibly encoding Pho84 high-affinity H+/Pi co-transporters: PHO84-1 (PAS_chr4_0337)
and PHO84-2 (PAS_chr3_0141). Notably, PHO84-1 was strongly induced by Pi starvation,
but PHO84-2 was repressed, a situation also observed by Ishtuganova and coworkers
(Supplementary Figure S4). In any case, both effects were abolished in the double pho4(A)
pho4(B) mutant. In agreement with these results, we detected a large increase in se-
creted phosphatase activity in wild-type cells upon phosphate starvation (Figure 4B).
This increase was unaffected by mutation of PHO4(A) but was largely blocked by lack
of Pho4(B). The vestigial activity in the latter mutant was eliminated by the additional
mutation of PHO4(A).

We then quantified (Figure 5A) the differential impact of the mutations in cells growing
under Pi limitation (i.e., changes involving |log2 Fold Change| ≥ 1) and observed that
no DEGs are detected when comparing the pho4(A) and the wild-type strain, whereas 201
(96 induced and 105 repressed) were found for the pho4(B) strain, and 339 (157 upregulated
and 182 downregulated) for the double mutant. These results confirmed that Pho4(B), but
not Pho4(A), is important for the transcriptional response to Pi starvation. Gene Ontology
analysis (Figure 5B) and STRING association (Supplementary Figure S5) revealed an in-
creased expression of genes involved in amino acid metabolism in pho4(B) cells, whereas
the expression of genes related to phosphate metabolism, the vacuolar ATPase, and fructose
and mannose metabolism was negatively affected by the pho4(B) mutation. The induc-
tion of genes related to amino acid metabolism (mostly Lys, His, and branched-chain
and aromatic amino acids) was more intense in the pho4(A) pho4(B) strain (Figure 5B,C).
Notably, three genes encoding carnitine acetyltransferases were also induced. An even
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wider array of genes involved in Pi homeostasis, encoding vacuolar proteins (mostly
components of the vacuolar H+-ATPase), and genes related to ergosterol biosynthesis
were found among those whose expression decreased in the double mutant strain. We
then performed a computational analysis of the upstream regions of genes differentially
expressed in Figure 5A in search of putative TF binding motifs. In agreement with the
strong impact of the pho4(B) mutation on Pi homeostasis, the results revealed an enrich-
ment in Pho4-binding consensus sequences in the genes with decreased expression in
pho4(B) cells or the double mutant (7.6 and 5.1-fold, respectively), when compared with
a random selection of genes (Figure 5D). No particular enrichment was found for other
TFs known to be involved in the response to other stress conditions, such as Nrg1, Crz1,
or Aft1. In contrast, a moderate enrichment (1.5-fold) was detected for the Rim101 TF in
genes sensitive to the lack of Pho4(B), albeit it was not found for genes sensitive to the
double mutation.

Figure 4. Differential effect of the pho4(A) and pho4(B) mutations on the canonical PHO regulon under
Pi starvation. (A) Changes in mRNA levels (low Pi vs. high Pi) for members of the PHO regulon as
defined by Ming Yip and coworkers for S. cerevisiae [40] in wild-type cells and the indicated mutant
strains. (B) The indicated strains (see legend to Figure 2) were grown in the presence or absence of Pi
for 24 h, and the activity of secreted phosphatase was determined. Data are mean ± SEM from three
biological samples tested in duplicate.
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Figure 5. Functional analysis of genes affected by the pho4(A) and pho4(B) mutations in K. phaffii.
(A) Genes whose expression is affected by |log2 FC| ≥ 1 in the different mutants in comparison with
the wild-type strain in cells growing under Pi limitation. Up, upregulated by the mutation; Down,
downregulated. (B) Gene Ontology analysis of genes induced and repressed in panel (A). (C) STRING
network from genes differentially expressed in the double pho4 mutant. Unconnected proteins were
removed for simplicity. Colored shadows were applied manually to emphasize functional grouping.
(D) The upstream regions of the genes represented in panel (A) were analyzed for the presence
of consensus sequences for the indicated transcription factors (see Supplementary Methods S1 for
details), and the number of positive hits was represented as a percentage over the total number
of genes in each category. “Random” corresponds to the average computed from three sets of
200 randomly selected genes each.

2.4. Pho4(A) Contributes to the Regulation of the Expression of PHO89 Under High pH Stress

We showed above that the absence of Pho4(A) had no effect on gene expression
in response to Pi starvation. However, the lack of Pho4(A) aggravated the effect of the
pho4(B) mutation not only in response to Pi shortage but also when cells were exposed
to a variety of stresses (Figure 2). We then considered the possibility that Pho4(A) might
play a significant role under certain stress conditions. We tested this for the case of PHO89,
a gene that is potently induced by both Pi shortage and alkalinization, with the aid of a
reporter strain in which the PHO89 promoter was fused to GFP. Figure 4A shows that
the increase in PHO89 mRNA levels caused by low Pi was not changed in the pho4(A)
strain but decreased strongly in the pho4(B) mutant. In concordance, expression of GFP in
response to Pi starvation was not significantly affected by the lack of Pho4(A), whereas
the absence of Pho4(B) yielded minimal amounts of GFP that further decreased in the
double mutant (Figure 6A). Interestingly, when the same strains were subjected to alkaline
stress (Figure 6B), expression of GFP at short times (30–60 min) after the onset of stress
was equally decreased (≈50%) in both single mutants, while at longer times the absence of
Pho4(B) became more evident. The expression of GFP was fully abolished in cells lacking
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both TF (Figure 6B). These results confirmed that Pho4(A) is functional in K. phaffii and
suggest that its role might become relevant under specific stress circumstances.

Figure 6. PHO89-driven GFP expression in response to low Pi and high pH. (A) The indicated
cells carrying an integrated pPHO89-GFP construct were grown for 24 h in medium containing
7.35 mM KH2PO4 (high Pi) or no added phosphate (low Pi). (B) The indicated strains were grown
to OD600 0.6–0.8, and aliquots were resuspended in fresh YPGly adjusted to pH 5.5 or 8.0. Growth
was resumed, and samples were taken at the indicated times. In all cases, samples were processed
for flow cytometry as described in Section 4 to quantify fluorescence. Basal fluorescence produced
by cells lacking the pPHO89-GFP insertion was subtracted. Data are mean ± SEM, n = 7 (low Pi) or
n = 4 to 6 (high pH) independent cultures. *, p < 0.01; **, p < 0.005; ***, p < 0.0005; ns, not significant.

2.5. Both K. phaffii Pho4 Transcription Factors Are Functional in S. cerevisiae

We then sought to test whether the K. phaffii Pho4 proteins could functionally re-
place Pho4 in S. cerevisiae. To this end, we cloned both ORFs as an N-terminally tagged
3x-HA version in a multicopy vector downstream of the ADH1 promoter and introduced
them in two different genetic backgrounds (BY4741 and DBY746). BY4741 is the genetic
background used to generate the S. cerevisiae gene deletion collection and is employed in
many laboratories, whereas DBY746 has been extensively characterized in our laboratory
with respect to the responses to phosphate starvation and alkaline pH stress. However, ex-
pression of Pho4(A) from this construct in both genetic backgrounds dramatically affected
cell fitness, indicating that strong overproduction of the TF was toxic for the cells. For this
reason, the HA-tagged ORFs were inserted into the pCM189 vector under the control of the
“tet-off” promoter, which is repressed by doxycycline. This vector possesses a centromere
sequence that ensures its maintenance in low copy number. The vectors bearing HA-tagged
K. phaffii PHO4(A) and PHO4(B) ORFs, as well as their mutated versions pho4(A)∆110
and pho4(B)∆116 (obtained from strain PJA-036, which produce truncated, non-functional
versions of the TF), were introduced into the above-mentioned strains and their pho4∆
derivatives. We observed (Figure 7A) that in the absence of doxycycline, the expression
of both native KpPho4 isoforms (but not that of their mutated versions) in the DBY746
pho4∆ strain allowed growth with similar efficiency in medium lacking added Pi. When
these cells were grown at alkaline pH, KpPho4(B) was able to confer normal tolerance, but
KpPho4(A) provided only marginal growth. Surprisingly, when the same plasmids were
introduced in strain BY4741 (Supplementary Figure S6), only the native version of Pho4(A)
improved growth on plates lacking added Pi or at pH 8.0, whereas expression of Pho4(B)
provided marginal growth only at alkaline pH. When we checked the levels of KpPho4(A)
and KpPho4(B) in both strains we found that in the DBY746 background (Figure 7B) the
amounts of KpPho4(A) and KpPho4(B) were quite similar, whereas in BY4741 the level of
KpPho4(B) was substantially lower than that of KpPho4(A) (Supplementary Figure S6). We
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considered the possibility that the failure of KpPho4(B) to complement the pho4 mutation
in the BY4741 background could be due to insufficient levels of the transcription factor.

Figure 7. The expression of Pho4(A) and Pho4(B) complements the pho4 mutation in S. cerevisiae.
(A) Strain DBY746 and its derivative MAC008 (pho4::kanMX) were transformed with the empty vector
pCM189 (Ø) or the same vector carrying a 3xHA-tagged version of KpPHO4(A), KpPHO4(B), or
their mutated versions (Kppho4(A), Kppho4(B)). Transformants were spotted on synthetic medium
(Pi-free) plates at pH 5.5 carrying the indicated amounts of Pi or on YPD at the indicated pH (adjusted
with 50 mM TAPS), and growth was recorded after 6 or 4 days at 28 ◦C, respectively. (B) The
mentioned strains were transformed as above. Samples were taken after 20 h of growth in the
absence of doxycycline to allow expression of the heterologous Pho4 proteins, subjected to SDS-PAGE
(10 µg protein), transferred to membranes, and probed with anti-HA antibodies. The Ponceau-stained
membrane is shown for loading comparison. “+” and “−” denotes the presence or absence of the
wild-type PHO4 allele in the S. cerevisiae strain. (C) Strains DBY746 (PHO4) and MAC008 (pho4) were
transformed as in panel (B). After 20 h of growth in the absence of doxycycline, cells were washed
and resuspended in Pi-free medium (low Pi) or with added 7.35 mM KH2PO4 (high Pi), and growth
resumed for 6 h prior to determination of phosphatase activity. Data are mean ± SEM from four
biological replicates tested in duplicate. (D) Wild-type DBY746 (PHO4) and MAC008 (pho4) cells
were co-transformed with the indicated pCM189-based vectors plus YCp111-PHO84-GFP. Cultures
were treated as described in Section 4 and processed for flow cytometry measurement. Samples were
taken after 2 h at pH 8 (pH) or after 6 h upon Pi starvation (low Pi). Data are mean ± SEM from four
biological replicates.
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We then monitored the activity of secreted phosphatase, a known target for Pho4 in
S. cerevisiae, in response to Pi starvation in both wild-type and Pho4-deficient backgrounds.
In the wild-type DBY746 background (Figure 7C), phosphatase activity increased about
9-fold upon Pi starvation. This value was very similar to that obtained by expression of
KpPho4(B) in the pho4 background. Expression of KpPho4(A) in the pho4 mutant (MAC008
strain) led to significant levels of phosphatase activity even under repressive conditions
(high Pi), and the activity under Pi starvation exceeded nearly five-fold that of wild-type
cells. In contrast, expression of KpPho4(A) in the BY4741 pho4 background gave rise
to about 65% of the phosphatase activity generated by the native ScPho4 transcription
factor, but cells expressing KpPho4(B) failed to show significant phosphatase activity
(Supplementary Figure S6).

We finally tested the induction of the S. cerevisiae high-affinity H+/Pi transporter
Pho84 (whose expression is needed for growing under Pi limitation) by expressing from
the PHO84 promoter a C-terminally GFP-tagged version of Pho84 and monitoring the
produced fluorescence both in the Pho4-deficient DBY746 and BY4741 backgrounds. As
shown in Figure 7D, expression of Pho84 increased about six-fold in response to alkalin-
ization and nearly 60-fold upon Pi starvation in DBY746 cells, and this response was fully
abolished in the pho4∆ mutant of DBY746 (MAC008 strain). Expression of KpPho4(B) in
the pho4∆ mutant restored Pho84 expression to nearly wild-type levels under both stresses,
whereas Pho84 levels upon expression of KpPho4(A) exceeded seven-fold (alkaline pH)
and two-fold (Pi starvation) those observed for the wild-type strain. Interestingly, the
level of Pho84 in response to Pi limitation when KpPho4(A) was expressed in the pho4∆
mutant in the BY4741 background (Supplementary Figure S6) was well above that observed
in the wild-type. In contrast, Pho84 levels were far below (almost undetectable) when
KpPho4(B) was expressed.

Overall, these results indicate that both K. phaffii Pho4 TFs are able to substitute for S.
cerevisiae Pho4 in the response to Pi starvation in the DBY746 background. The inability of
KpPho4(B) to do so in the BY4741 background can be explained by the failure to properly
induce the Pho84 transporter and the secreted phosphatase, possibly because of insufficient
levels of the TF.

3. Discussion
While duplication or expansion of downstream phosphate transporter or phosphatase

gene families regulated by Pho4 is not unusual in fungi, it is widely accepted that
Pho4-encoding genes exist as a single instance [16,41]. However, we show here that
K. phaffii contains two genes encoding relatively distant proteins that function as Pho4
transcription factors. In fact, we have detected the presence of two likely Pho4 proteins
only in the proteome of the very close relative Komagataella kurtzmanii (LJB42_003486 and
LJB42_000190). In contrast, the related species Brettanomyces naardenensis, Pichia inconspicua,
and Pichia kluyveri show a single protein that could reasonably qualify as Pho4. Therefore,
the situation in K. phaffii is exceptional, especially considering that this yeast belongs to
a lineage prior to the whole-genome duplication event [42]. Given the relevance of this
organism as a host for foreign protein expression, we considered it worth investigating.

Our transcriptomic profiling of cells deprived of Pi for 24 h yielded 811 DEGs. This
number is almost 4-fold higher (when our threshold is applied) than that recently reported
by Ishtuganova and coworkers [31]. Because in both cases the X-33 strain was employed,
the composition of the medium was virtually identical, and the starvation period was the
same, we assume that a difference in the quantitative coverage of reads or the homogeneity
among replicates might explain the higher number of DEGs reported here. In any case, we
could confirm the induction of many genes required for efficient Pi transport or scavenging
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(Figures 4A and S4), as well as the opposite behavior of the two genes encoding homologs
of S. cerevisiae Pho84 under Pi starvation. We also detected repression of genes involved
in the metabolism of specific amino acids, such as Met and Cys, as well as a widespread
repression of genes encoding ribosomal proteins and translation factors. In contrast, we
did not find significant alterations in genes related to glycolysis/gluconeogenesis or the
fatty acid β-oxidation pathway reported by these authors [31].

Our results show that Pho4(B) has a major role in the response to Pi starvation, while
the single deletion of PHO4(A) has virtually no effect on transcription (Figures 3–5). Inter-
estingly, lack of both TF often results in full elimination of the response, suggesting that,
in the absence of Pho4(B), Pho4(A) gains some relevance. In fact, although PHO4(A) is
not induced by Pi starvation, its mRNA levels increase modestly but significantly in the
pho4(B) mutant (Figure 4A) and even more in the double mutant. Thus, in the absence
of Pho4(B), an increase in PHO4(A) expression might contribute to sustaining part of the
response to Pi shortage and would explain why, despite its prominent role in the transcrip-
tional response, deletion of PHO4(B) has a partial effect on growth under Pi limitation
(Figure 2A) and the elimination of both TFs is needed to fully block growth. It would
be worth investigating whether this behavior might reflect cross-regulation between the
two Pho4 TFs. In contrast, the expression of PHO4(B) is induced under Pi shortage, and
it is largely blocked in the absence of both TF (Figure 4A). This could be justified by the
presence of a possible Pho4-binding site at position −241 (CCACGTGG, p-value 3.5 × 10−5).
Notably, lack of phosphate does not alter Pho4 levels in S. cerevisiae or C. glabrata [15], but
induction of the CnPHO4 gene under Pi limitation has been reported for Cryptococcus neofor-
mans [43]. Thus, some fungi may resort to self-regulation of PHO4 expression to allow rapid
adaptation to Pi starvation.

Pho4(B) is required not only for the induction of genes involved in phosphate trans-
port and metabolism (the canonical PHO regulon) but also affects other aspects of yeast
physiology (Figure 5). For instance, lack of Pi triggers a modest but consistent repression of
many genes involved in ergosterol biosynthesis, and the repressive effect is accentuated by
mutation of PHO4(B) and further by lack of both TF (Supplementary Figure S3). We are
not aware of this effect being described for other yeast. Previous results [32,35] showed
the repression of several of these genes (ERG1, ERG25, and ERG3) under alkaline pH in K.
phaffii. However, a recent study carried out in our laboratory has shown that these changes
are not influenced by the absence of both Pho4 TFs [36].

In accordance with [31], we also observe that the lack of phosphate results in K. phaffii
in widespread repression of genes relevant to ribosome biogenesis (including ribosomal
proteins) as well as translation factors. This reaction, as well as the repression of ergosterol
biosynthetic genes, points to a halt in proliferation. A strong repression of Pi starvation
of genes associated with the ribosome and translation was also described in S. pombe [44],
and it was partially relieved by mutation of PHO7 [45]. A similar pattern was described
in N. crassa, although in this case it was shown that the effect was directly mediated by
NUC-1, the Pi-sensitive TF that also mediates most of the response to Pi starvation in this
organism [46]. In contrast, our data show that in K. phaffii, repression of ribosome and
translation-related genes does not depend on any of the transcription factors (Figure 3C).
It should be noted that this effect on ribosomal-related gene repression is not general for all
fungi, as it has not been reported for S. cerevisiae, C. neoformans [43], or C. albicans [24].

Our data show that, collectively, Pho4(A) and Pho4(B) regulate over 300 genes in
response to Pi starvation, of which 182 were less expressed in the absence of both TFs
(Figure 5A). This far exceeds the 20–30 Pho4-regulated genes reported for S. cerevisiae [40,47],
but it is in the range of the nearly 80 genes requiring Pho4 for induction by Pi starvation in
C. glabrata [14], or the around 150 genes identified in C. albicans [24] or C. neoformans [43].
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Interestingly, this expansion in the range of Pho4-regulated genes has been linked to a lower
or null functional dependence on the association with the Pho2 co-activator and a gain of
additional regulatory functions [14,19,48]. Among these additional functions, Pho4 was
revealed as a key element in the expression of stress response genes. Thus, a C. albicans pho4
null mutant was sensitive not only to lack of phosphate but also to sorbitol, NaCl, MnCl2,
CaCl2, H2O2 (peroxide stress), and alkaline stress (pH 8), among other stresses [24,26]. Lack
of the Pho4 TF in C. neoformans rendered cells sensitive to calcofluor white, amphotericin B,
CaCl2, and nitrosative stress, although this was observed only under Pi limitation, whereas
these cells were sensitive to alkaline pH even in the presence of normal Pi levels [25].
K. phaffii contains a possible Pho2 TF-encoding gene (PAS_chr2_2_0043) (Figure 1A), albeit
its level of identity with Pho2 from S. cerevisiae is rather low (28%). It would be interesting
to explore in the future whether it is required for any of the Pho4 isoforms to function.

In concordance with the above, we show here that K. phaffii cells lacking Pho4(A) and
Pho4(B) are not only sensitive to a lack of Pi in the medium but also strongly sensitive to
different kinds of stress. Interestingly, single mutants display different specific phenotypes.
Thus, pho4(A) cells are sensitive to high levels of Mn2+ and Zn2+, whereas pho4(B) is sensitive
to SDS (Figure 2), and in all cases, the phenotype of the single mutant is aggravated by the
double mutation. We have observed that expression of the ENA2 ATPase, a key element
for the tolerance to saline and alkaline stress [49–51], is induced by Pi starvation and that
such induction is virtually abolished in the double mutant. Since the double mutant is
strongly sensitive to alkaline pH, this might suggest that Pho4 TFs could also be involved
in the upregulation of ENA2 upon alkaline stress. However, we recently showed [36] that,
although the lack of both TFs affects the expression of nearly one hundred alkali-responsive
genes, including PHO89, VTC1, VTC2, VTC4, or even PHO4(B), the alkaline pH induction
of ENA2 is not altered in the pho4(A) pho4(B) strain. The observation that the double
mutant was sensitive to NaCl and sorbitol but not to the more toxic analog LiCl (Figure 2B)
argues against the involvement of Pho4 in the response to cation toxicity and points to a
role in osmotic homeostasis. It must be noted that mutation of Pho4 also causes osmotic
sensitivity in C. albicans [26]. Notably, osmotic defects have been historically associated
with alterations in the cell wall integrity (CWI) pathway based on the Slt2 MAP kinase
cascade and its crosstalk with accessory pathways, such as TOR, calcineurin, or the high-
osmolarity pathway [52], but no mechanistic link with the PHO pathway has been reported
so far. In this regard, we found that three genes encoding carnitine acyl transferases (YAT1,
YAT2, and CAT2) are found induced upon Pi starvation in the double mutant, but not in
wild-type cells (Figure 5C). These genes have been reported to be relevant for adaptation
to diverse forms of stress in S. cerevisiae [53]. Therefore, the induction observed here
could be interpreted as an attempt to reinforce their stress response arsenal, weakened by
the lack of both Pho4-encoding genes. In any case, our transcriptomic profiling cannot
provide an explanation for some of the observed phenotypes. It is particularly intriguing
that the sensitivity to Mn2+ ions of the pho4(A) and pho4(A) pho4(B) strains, since in these
mutants we do not observe changes in expression of the SMF transporters. These are
conserved proteins that belong to the Nramp family of transporters, which mediate Mn2+

transport [54]. A mild effect of the pho4 mutation on Mn+2 sensitivity has been described
for the pho4 mutant in C. albicans [24], and it was linked to the inability of this strain to
store polyphosphate. However, given the lack of effect of the pho4(A) mutation alone on Pi
homeostasis, such an explanation does not seem likely in our case.

We show here that the expression of both K. phaffii Pho4 isoforms can complement
the pho4 mutation when expressed in S. cerevisiae. This implies that both K. phaffii TFs are
responsive to the S. cerevisiae Pi-sensitive regulatory network, as deduced from the increase
in expression of the Pho84 transporter and the induction of secreted phosphatase activity in
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response to Pi starvation (Figure 7C,D and Supplementary Figure S6). However, the higher-
than-normal phosphatase activity and Pho84 levels in the presence of Pi when expressing
Pho4(A) in both DBY746 and BY4741 backgrounds suggest that this TF might escape
somewhat from the inactivation mechanisms. In any case, KpPho4(A) appears not only
fully functional in triggering Pi-starvation-related responses in S. cerevisiae, but even more
efficient than KpPho4(B) (Figure 7C,D). This is somewhat surprising, because our data show
that in K. phaffii, KpPho4(B) is the major contributor in controlling the expression of genes
related to phosphate homeostasis. It could be proposed that the consensus sequence for
Pho4 binding could be somewhat different in K. phaffii vs. S. cerevisiae. However, prediction
of putative Pho4 binding sites in the promoter for 9 phosphate-related, Pho4(B)-regulated
genes, in comparison to their homologs in S. cerevisiae, yielded a very similar pattern
(Supplementary Figure S6). A differential feature between KpPho4(A) and KpPho4(B)
is that, in the latter, the Ser at phosphorylation site 6 reported in S. cerevisiae is missing
(Figure 1B). Remarkably, it has been shown that mutation of this Ser to Ala reduced the
ability of the TF to activate transcription of acid phosphatase [9]. Therefore, the absence
of this phosphorylatable residue might explain the limited efficiency of KpPho4(B) in
comparison with KpPho4(A) when expressed in S. cerevisiae.

In conclusion, we demonstrate here an exceptional genetic feature among yeasts:
the presence in K. phaffii of two functional Pho4-encoding genes. In combination, their
protein products play a key role not only in the maintenance of phosphate homeostasis
but also in stress response. Gene duplication might have been favored by a process of
partial functional specialization, with Pho4(B) becoming the major regulator of phosphate-
starvation responses and Pho4(A) gaining relevance in adaptation to other kinds of stress,
such as alkalinization of the medium [36]. Because Pho4-regulated genes, such as PHO89,
have been successfully used to drive the expression of industrially relevant proteins both
under Pi limitation [55,56] or alkalinization of the medium [33], gaining knowledge about
how Pho4 TFs are regulated will help to set the basis for the development of improved
protein expression platforms.

4. Materials and Methods
4.1. Growth Conditions and Recombinant DNA Techniques

The DH5α Escherichia coli strain was grown at 37 ◦C in LB medium. When used
for plasmid host, the medium was supplemented with hygromycin B (100 µg/mL). E.
coli transformation and standard recombinant DNA techniques were performed as de-
scribed [57]. K. phaffii cells (X-33) were grown at 28 ◦C on YP medium (yeast extract 1%,
peptone 2%) supplemented with 2% glycerol (YPGly) as a carbon source (unless otherwise
stated) and were transformed by electroporation as described in [58] with a Gene Pulser
electroporator (Bio-Rad, Hercules, CA, USA). S. cerevisiae cells used in this work are BY4741
(MATa his3∆1 leu2∆0 met15∆0 ura3∆0) and its isogenic pho4::kanMX4 derivative [59,60], and
DBY746 (MATα his3∆1 leu2-3 leu2-112 ura3-52 trp1-289) and its isogenic derivative MAC008
(pho4::kanMX). Strain MAC008 was prepared by transformation of DBY746 cells with a
pho4::kanMX4 cassette amplified with oligonucleotides pho4_5′_amp and pho4_3′_amp
(Supplementary Table S3A) from the genomic DNA of strain ASC15 [61]. S. cerevisiae cells
were grown at 28 ◦C in YP medium supplemented with 2% glucose (YPD) or in synthetic
medium (SC) lacking uracil and leucine when required [62] and were transformed by a
variant of the lithium acetate method [63]. For growth on plates, 2% of bacteriological agar
(Condalab) was added to the medium, which was replaced by purified agar when testing
for growth under Pi limitation (Condalab, Cat. #1806).
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4.2. Generation of K. phaffii PHO4(A) and PHO4(B) Mutants

Different mutations were introduced in the ORFs of PHO4(A) (PAS_chr1-1_0265) and
PHO4(B) (PAS_chr2-1_0177) by CRISPR/Cas9-mediated gene disruption [64]. To this end,
two different single-guide RNAs (sgRNAs) were constructed for each gene (Supplementary
Table S3B) by overlapping extension PCR using oligonucleotides described in Supple-
mentary Table S3A and Q5 DNA polymerase (New England Biolabs, Ipswich, MA, USA).
The fragments were purified by agarose gel electrophoresis and ligated by a Golden Gate
assembly reaction into the vector BB3cH_pGAP_23*_pLAT1_Cas9 [64,65], taking advantage
of the flanking BpiI restriction sites. This vector expresses hCas9 from the LAT1 promoter
and can be selected in the presence of hygromycin (Addgene, Watertown, MA, USA #
104907). The CHOPCHOP v3 web toolbox [66] was employed for the selection of the
Cas9 target sequences. K. phaffii strain X-33 was transformed with the different constructs
and plated on YPD agar containing hygromycin (200 µg/mL). Colonies were processed
as in [35], and the mutations were identified by sequencing the relevant genomic region
with oligonucleotides listed in Supplementary Table S3A. Double mutations were made
by transformation of strain PJA-004 (pho4(A)∆110) with constructs p907_sgRNA-Pho4(B).1
and p907_sgRNA-Pho4(B).2 (Supplementary Table S3B) and selected as above. The specific
genotype of these strains and the effect of the mutations on the produced protein are shown
in Supplementary Table S4.

For evaluation of GFP expression from the PHO89 promoter, the pPHO89-GFP trans-
lational reporter described in [32] was digested with PmeI (which cuts once within the
AOX1 promoter), and 100 ng of DNA were used to transform the appropriate strains
(Supplementary Table S4). Transformants were recovered on YPD agar plates containing
hygromycin (200 µg/mL). The correct insertion of the plasmid into the chromosomal AOX1
locus was confirmed by PCR. The wild-type strain carrying the pPHO89-GFP insertion
(PJA-037) was previously described [32].

4.3. RNA Preparation and Transcriptomic Analysis

For assessment of the transcriptional response of K. phaffii to phosphate starvation,
cells were grown for ~40 h on 20 mL of synthetic medium prepared with Formedium
(Swaffham, England) premade mix (ref. CYN0803, Yeast Nitrogen Base without Amino
Acids and Phosphate) supplemented with 15 mM KCl, 2% glycerol, and 7.35 mM KH2PO4,
and adjusted to pH 5.8. For cultures to be subjected to Pi starvation (low Pi), cells (10 OD600)
were centrifuged and washed twice with medium without KH2PO4, whereas for control
cultures (high Pi), 2.5 OD600 were taken and washed twice with medium containing
7.35 mM KH2PO4. In all cases, cells were resuspended in 50 mL of the appropriate medium,
and growth resumed for 24 h. Then, ~5 OD600 of each culture was collected, placed on ice,
and immediately centrifuged (5 min at 1000× g) at 4 ◦C. Then, one mL of cold H2O was
added, and cells were transferred to pre-cooled 1.5 mL screw cap tubes and centrifuged
(two min at 1000× g) at 4 ◦C. Finally, the supernatant was removed, and samples were
snap-frozen in liquid N2 and stored at −80 ◦C.

Total RNA extraction was carried out as described in [32] from three independent
cultures of wild-type, pho4(A) (strain PJA-004), pho4(B) (strain PJA-021), and pho4(A) pho4(B)
(PJA-026) cells. RNA concentration and integrity were assessed by Qubit assay (Ther-
moFisher, Waltham, MA, USA) and with an Agilent 5400 Fragment Analyzer System
(Santa Clara, CA, USA), respectively. Messenger RNA was purified from total RNA using
poly-T oligo-attached magnetic beads. After fragmentation, synthesis of the first strand
cDNA was achieved by means of random hexamer primers, followed by the second strand
cDNA synthesis using dTTP. After end repair, A-tailing, and adapter ligation, fragments
were size-selected, PCR amplified, and purified. Libraries were then pooled and subjected
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to sequencing in a NovaSeq X Plus (Illumina, San Diego, CA, USA) by Novogene Co., Ltd,
Sacramento, CA, USA.

Raw reads (fastq format) were transformed into clean reads through fastp [67]. An
average ± SD of 2.4 × 107 ± 3.3 × 106 clean reads (3.62 ± 0.49 clean Gbases) were obtained,
and 97.2% ± 0.18 of them reached Q30 or above. The HISAT2 (v2.2.1) software [68] was
used to align paired-end clean reads to the K. phaffii GS115 reference genome (assembly
GCA_000027005.1), resulting in an average of 95.02% ± 1.78 of mapped reads. Differential
gene expression analysis was carried out using DESeq2 version 1.52.0 [69] by establishing a
|log2(Fold Change)| ≥ 1 and a p-value ≤ 0.01.

Gene Ontology enrichment analysis was performed with g:Profiler [70] using the
K. phaffii GS115 data from the Ensemble Genomes fungi database and the default settings.
Interaction networks between proteins were created with the STRING database v12.0 [71]
with a Minimum Interaction Score of 0.5 (medium-high confidence) and K-means clustering
(the number of clusters ranged from 6 to 10 depending on the protein set used).

4.4. Phenotypic Assays

K. phaffii and S. cerevisiae strains were assessed for diverse phenotypes in both liquid
and solid media. For studies in liquid medium, exponential cultures were inoculated at
OD600 = 0.004 in 300 µL of the appropriate medium in Bioscreen honeycomb microplate
plates (Torrance, CA, USA, #9502550) and cultured for 18–24 h at 28 ◦C in an Ika-Schuttler
MTS-2 orbital shaker (Königswinter, Germany) at 900 strokes/min. To evaluate the ability
to grow under phosphate limitations, the Formedium premade mix (ref. CYN0803) was
used as described in the transcriptomics section. For phenotyping in solid media, cultures
were diluted up to OD600 = 0.05, and 5-fold dilutions were prepared. Three µl of the
dilution were spotted on the appropriate plates and grown for the indicated times prior to
documentation. For low Pi plates, 1.5% of purified agar (Condalab, Ref. 1806) was used to
ensure a Pi concentration < 15 µM.

4.5. Expression of GFP from the PHO89 Promoter in K. phaffii

To monitor the response to phosphate starvation and to alkalinization, the appropri-
ate strains carrying the pPHO89-GFP insertion were grown to saturation on 5 mL of Pi-
deficient medium supplemented with 15 mM KCl plus 2% glycerol and 7.35 mM KH2PO4,
adjusted to pH 5.8. The cultures were then split into two 2.5 mL aliquots and centrifuged
(5 min, 1000× g) at room temperature. One aliquot was washed twice with the same
medium lacking the phosphate salt (Low Pi) and resuspended with 2.5 mL of the same
medium. The other aliquot was treated as above but using medium supplemented with
7.35 mM KH2PO4 (High Pi). After resuspension, cultures were incubated at 28 ◦C with
shaking for 24 h. To evaluate the response to alkalinization, o/n cultures on YPGly
were diluted to OD600 = 0.3, split into two 5 mL aliquots, and growth resumed until
OD600 = 0.6–0.8. Then one aliquot was resuspended in 5 mL fresh YPGly with 50 mM TAPS
and adjusted to pH 5.5, and the other in the same volume of YPGly with 50 mM TAPS
adjusted to pH 8.0, and growth was resumed. In all cases, 875 µL samples were collected at
different times and processed for flow cytometry as in [32]. The fluorescence of the samples
was analyzed in a CytoFLEX (Beckman Coulter, Brea, CA, USA) flow cytometer using the
FITC filter (525/40).

4.6. Determination of Pho84-GFP Expression by Flow-Cytometry

Wild-type DBY746 and its pho4∆ derivative MAC008 were co-transformed with vector
YCp111-PHO84-GFP together with either plasmids pCM189 (empty vector), pCM189-
KpPHO4(A), or pCM189-KpPHO4(B). Cells grew overnight until saturation in synthetic
media lacking uracil and leucine, supplemented with 100 µg/mL doxycycline. One OD600
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of cells was collected, centrifuged, washed with the same medium without doxycycline, and
resuspended in 10 mL of this medium. After growth for 20 h in the absence of doxycycline,
an aliquot (875 µL) was collected as a control sample and fixed as described above. From
the remaining volume of the culture, two aliquots of 3 mL were taken. One aliquot was
washed twice with low phosphate medium supplemented with 7.35 mM KH2PO4 at pH 8.0,
resuspended in 3 mL of the same media and growth resumed for 2 h (high pH). After this
time, an 875 µL sample was taken and fixed. The other 3 mL aliquot underwent the same
procedure with media lacking added Pi and pH adjusted to 5.8. In this case, samples were
fixed after 6 h of growth. Samples were analyzed using CytoFLEX equipment (Beckman
Coulter) as described above.

4.7. Determination of Secreted Phosphatase

To determine secreted acid phosphatase activity in response to phosphate starvation
in K. phaffii, wild-type X-33 cells and pho4(A), pho4(B), and pho4(A) pho4(B) derivatives
(two different variants each) were treated as described for transcriptomic analysis. In this
case, however, only 0.5 and 2 OD600 were collected for subsequent growth on high or
low Pi, respectively, and in both cases, cells were resuspended in 10 mL of fresh medium
after appropriate washing. Growth was resumed, and samples of one ml were taken
at the indicated times, washed with cold MilliQ water, and phosphatase activity was
measured in a suspension of intact cells essentially as described in [72], except that incuba-
tion was performed for 30 min, and released p-nitrophenol was measured at 405 nm.
For determination of phosphatase activity in S. cerevisiae, the relevant strains trans-
formed with pCM189-derived constructs grew to saturation in synthetic medium lacking
uracil in the presence of doxycycline. The appropriate volume of culture to yield an
OD600 of 0.05 when resuspended in a final volume of 10 mL was centrifuged and washed
with the same medium lacking doxycycline. Growth continued for 20 h, and then two
one-ml aliquots were taken. One aliquot was washed twice with Pi-free medium contain-
ing 7.35 mM KH2PO4 and finally resuspended in one ml of the same medium, while the
other was processed equally but using medium lacking added Pi. Growth was resumed
for 6 h, and cells were processed as above for determination of phosphatase activity.

4.8. Other Methods

Construction of vectors expressing KpPho4(A), KpPho4(B), and Pho84-GFP in S. cere-
visiae [73–75], immunoblotting [76], and diverse computational analyses are described in
Supplementary Methods S1 [77–80].

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms27156561/s1.
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