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ABSTRACT Because of its natural stress tolerance to low pH, Issatchenkia orientalis 
(a.k.a. Pichia kudriavzevii) is a promising non-model yeast for bio-based production of 
organic acids. Yet, this organism is relatively unstudied, and specific mechanisms of 
its tolerance to low pH are poorly understood, limiting commercial use. In this study, 
we selected 12 I. orientalis strains with varying acid stress tolerance (six tolerant and 
six susceptible) and profiled their transcriptomes in different pH conditions to study 
potential mechanisms of pH tolerance in this species. We identified hundreds of genes 
whose expression response is shared by tolerant strains but not by susceptible strains, 
or vice versa, as well as genes whose responses are reversed between tolerant and 
susceptible strains. We mapped regulatory mechanisms of transcriptomic responses 
via motif analysis as well as differential network reconstruction, identifying several 
transcription factors, including Stb5, Mac1, and Rtg1/Rtg3, some of which are known 
for their roles in acid response in Saccharomyces cerevisiae. Functional genomics analysis 
of short-listed genes and transcription factors suggested significant roles for energy 
metabolism and translation-related processes, as well as the cell wall integrity pathway 
and RTG-dependent retrograde signaling pathway. Finally, we conducted additional 
experiments for two organic acids, 3-hydroxypropionate and citramalate, to eliminate 
acid-specific effects and found potential roles for glycolysis and trehalose biosynthesis 
specifically for response to low pH. In summary, our approach of comparative transcrip
tomics and phenotypic contrasting, along with a multi-pronged bioinformatics analysis, 
suggests specific mechanisms of tolerance to low pH in I. orientalis that merit further 
validation through experimental perturbation and engineering.

IMPORTANCE Issatchenkia orientalis is a promising industrial chassis to produce biofuels 
and bioproducts due to its high tolerance to multiple environmental stresses such as low 
pH, heat, and other chemicals otherwise toxic for the most widely used microbes. Yet, 
little is known about specific mechanisms of such tolerance in this organism, hindering 
our ability to engineer this species to produce valuable biochemicals. Here, we report a 
comprehensive study of the mechanisms of acidic tolerance in this species via transcrip
tome profiling across variable pH for 12 different strains with different phenotypes. 
We found multiple regulatory mechanisms involved in tolerance to low pH in different 
strains of I. orientalis, marking potential targets for future gene editing and perturbation 
experiments.

KEYWORDS Issatchenkia orientalis, low pH, acidic stress, gene regulation

B iofuels and bioproducts made from sustainable biomass are becoming increasingly 
popular as a way to reduce greenhouse gas emissions (1). While current indus

trial manufacturing methods primarily rely on the use of sugar and starch from food 
crops, which could threaten food security (2), producing biofuels and bioproducts from 
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renewable and low-cost lignocellulosic biomass can be a more attractive choice (2–4). 
However, to build such production pipelines, we have to overcome several critical 
challenges, such as mitigating low pH stress for the microorganisms used during the 
bioproduction processes.

In the current pipeline of lignocellulosic biomass-based biofuels and bioproducts 
production, low pH stress arises due to several reasons. First, acid pretreatment is 
a popular approach for breaking down lignocellulosic cell wall structures to release 
sugar fragments for downstream enzymatic hydrolysis and fermentation (5, 6). The 
acid-pretreated lignocellulosic hydrolysates might theoretically be utilized directly as 
a carbon source for fermentation, but the low pH limits cell activity, resulting in a lower 
fermentation yield (7). In practice, a cost-added neutralizing step is required before 
the downstream enzymatic hydrolysis and fermentation. However, salts formed during 
the neutralizing step can also have negative impacts on microbes, resulting in reduced 
fermentation yield (8).

Therefore, adopting microorganisms tolerant to low pH for lignocellulosic biomass-
based biofuels and bioproducts production would be a more cost-effective and 
sustainable direction, bypassing the use of neutralization agents and the further removal 
of side-product salts. Having such microbes as a biofactory is even more crucial for the 
efficient production of lignocellulosic biomass-based organic acids, which are among 
the top value-added bioproducts and have long been recognized as essential building 
blocks in the chemical industry (9, 10). In this case, in addition to acid pretreatment, 
production and accumulation of organic acids throughout the fermentation process can 
decrease pH even further.

Compared to the model bacterial Escherichia coli system, yeast species possess 
many desirable industrial traits for bioproducts, such as lower growth temperature, 
tolerance to relatively low pH, and cellular compartments for sequestering toxic products 
(11). Furthermore, the adoption of yeasts tolerant to low pH in large-scale indus
trial fermentation can help reduce bacterial contamination and minimize the cost of 
maintaining sterility throughout fermentation by maintaining a lower pH condition or 
acid washing (12). In addition to the widely used Saccharomyces cerevisiae, nonconven
tional yeasts could be an excellent chassis for bioproducts due to their greater stress 
tolerance to inhibitors and product toxicity (13). A prominent example is Issatchenkia 
orientalis (previously known as Pichia kudriavzevii or Candida krusei) (14), which has a 
high potential for industrial-scale organic acid production due to its ability to tolerate 
various lignocellulosic inhibitors (15), low pH, high concentrations of organic acids (16–
19), salts (20), and temperature as high as 42°C (20–22).

While many studies report the remarkable tolerance of I. orientalis to low pH 
conditions and successfully engineer it to produce various acidic compounds, we still 
lack a mechanistic understanding of how such tolerance is achieved in this species. 
Several mechanisms and pathways have been reported as involved in tolerance to low 
pH, in the context of other microorganisms. These include reducing proton influx by 
altering cell membrane compositions (23), reducing the sizes of membrane channels 
(24), generating a chemiosmotic gradient (25), expressing more proton efflux pumps 
(26, 27), consuming protons via metabolism (28, 29), and producing basic compounds 
to prevent intracellular protons from accumulation (30, 31). Also, chaperone proteins 
and DNA repair systems are triggered to safeguard proteins, DNAs, and organelles if 
intracellular acidic stress persists (32, 33), and metabolic pathways are rewired to cope 
with the inhibitory effects induced by low pH such as increased glycolytic rates and 
catabolism of amino acids and RNAs (34).

Knowing which, if any, of the above mechanisms might be involved in the I. orientalis 
tolerance to low pH or whether there are any new ones, will provide insights into 
how to further improve these strains or other fungal species for more economical 
and sustainable organic acid production. In a recent study, it was noted that there 
is a remarkable variability in growth phenotype among different I. orientalis strains in 
extremely acidic environments, which cannot be explained by phylogeny alone (35). 

Research Article Microbiology Spectrum

January 2024  Volume 12  Issue 1 10.1128/spectrum.02536-23 2

https://doi.org/10.1128/spectrum.02536-23


Motivated by this finding, we performed here a systematic comparative transcriptome 
analysis of a specially selected group of pH-tolerant and pH-susceptible strains of I. 
orientalis in a variety of low pH conditions (including extremely acidic with pH 1.5) 
in search for molecular mechanisms of tolerance. We compiled sets of differentially 
expressed genes and functional categories separating tolerant and susceptible strains 
from each other. Furthermore, we identified a small set of transcription factors (TFs) and 
their binding motifs that are likely to control the expression of these genes. Our study 
provides insights into biological processes involved in the I. orientalis tolerance to low 
pH and suggests ways to manipulate it to our advantage by perturbing transcriptional 
regulatory networks (TRN).

MATERIALS AND METHODS

Growth measurements of the selected strains at pH 1.5

We first streaked the glycerol stock of the selected strains (Fig. 1a) on the yeast peptone 
dextrose (YPD) plate for growing overnight at 30°C. A single colony was picked up from 
the plate and inoculated into 2 mL yeast nitrogen base (YNB) broth (with amino acids 
and 2% glucose) at ~pH 5.5 for growing overnight at 30°C with constant shaking at 
250 rpm on the platform shaker. The 2 mL seed culture was pelleted and diluted in fresh 
YNB broth at ~pH 5.5 with an OD600 of 1.5 for growing at 30°C with constant shaking 
at 250 rpm on the platform shaker for 2 h. After 2 h, the culture was pelleted and then 
diluted to an OD600 of 0.1 in pH 1.5 YNB broth adjusted by HCl. Three replicates of 200 µL 
cultures from each strain were added to the plate wells, and then OD600 was measured 
every 30 min for 48 h at 30°C with constant shaking in the Synergy H1 Hybrid multimode 
microplate reader.

Cell growth and RNA sample collection

We first streaked the glycerol stock of the selected strains (Fig. 1a) on the YPD plate for 
growing overnight at 30°C. A single colony was picked up from the plate and inoculated 
into 2 mL of YNB broth (with amino acids and 2% glucose) at ~pH 5.5 for growing 
overnight at 30°C with constant shaking at 250 rpm on the platform shaker. The 2 mL 
seed culture was inoculated into 15 mL of YNB broth at ~pH 5.5 for growing overnight 
at 30°C with constant shaking at 250 rpm on the platform shaker. The overnight culture 
was pelleted and diluted in YNB broth at ~pH 5.5 with an OD600 of 1.5. We then grew the 
diluted culture for 2 h at 30°C with constant shaking at 250 rpm on the platform shaker. 
After 2 h, the OD600 was measured and collected as the 0 h low pH treatment samples. 
The culture was pelleted and then diluted to an OD600 of 1.0 in YNB broth of various pHs 
adjusted by HCl (i.e., pH 1.5, 2.0, and 2.5) and grown for 1 h at 30°C with constant shaking 
at 250 rpm on the platform shaker.

While our growth assays at pH 1.5 (Fig. 1b) were measured over a 48-h period, 
noticeable growth differences between tolerant and susceptible strains appeared as 
early as 1.5 h. Given that transcriptomic response to the switch in media conditions 
is typically quick (36), and that susceptible strains could not withstand long-term 
exposure to pH 1.5, we needed to collect RNA samples within a short timeframe 
from the exposure. Moreover, the upregulation of the glycosylphosphatidylinositol-anch
ored protein gene IoGAS1—a benchmark gene for low-pH tolerance—after just 1 h 
of exposure to pH 1.5, confirms the efficacy of this time point in capturing significant 
transcriptomic responses (Fig. S1). Thus, we picked the 1-h mark as a time point for the 
RNA-seq sample collection.

For organic acid treatments, I. orientalis SD108 seed culture was cultivated in YNB 
broth at pH 3.0 for 2 days prior to the acute 3-hydroxypropanoic acid (3-HP) and 
citramalate (CM) treatments. The pH of the YNB broth containing 3-HP and citramalate 
was adjusted to pH 3 using HCl. The 3-hydroxypropionic acid 30% solution (SKU# 
792659-1G) and potassium citramalate monohydrate (SKU# 27455-1G-F) utilized were 
purchased from Sigma-Aldrich.
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For every strain and culture condition, three replicates of the samples were collected, 
and the RNA samples were prepared by Direct-zol RNA Miniprep Plus Kit from Zymo 
Research.

RNA-seq sample collection and sequencing

Construction of libraries and sequencing on the Illumina NovaSeq 6000 were performed 
at the Roy J. Carver Biotechnology Center at the University of Illinois Urbana-Champaign. 
In brief, purified DNase-treated total RNAs were run on a Fragment Analyzer (Agilent, CA, 
USA) to evaluate RNA integrity. The total RNAs were converted into individually barcoded 
polyadenylated mRNA-seq libraries with the TruSeq Stranded mRNA Sample Prep kit 
(Illumina, CA, USA). Libraries were barcoded with Unique Dual Indexes (UDIs), which have 

FIG 1 (a) Phylogeny of I. orientalis strains selected for this study. Six tolerant strains (purple) and six susceptible strains (orange) were selected. The heatmap 

shows the relative growth of each strain under low pH conditions compared to the control pH (~5.5). (b) Optical density (OD) curves representing growth 

profiles of 12 selected strains at pH = 1.5. Purple and orange curves represent tolerant and susceptible strains, respectively. (c) Pairwise Spearman correlation 

between gene expression profiles [log2(CPM) of all genes, after 1 h of treatment at pH 1.5] of all replicates of all strains. (d-f ) Low-dimensional representations 

of transcriptomic profiles of all replicates of all strains (log2(CPM)) in the control condition (pH ~ 5.5) (d) or pH = 1.5 treatment after 1 h (e). Panel f shows the 

low-dimensional representations of changes in [log2(CPM)] transcriptomic profiles between 0 (control) and 1 h (treatment) samples, for all strains. Orange and 

purple points represent susceptible and tolerant strains, respectively. For dimensionality reduction, we first used principal component analysis (PCA) to obtain 

PCs, which were reduced to two-dimensional representations using UMAP. (g) UMAP plot of log2(CPM) counts for all replicates of tolerant strains subjected to 

varying pH levels. Colors represent the pH scale. The gray arrow indicates pH change toward more acidic media.
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been developed to prevent index switching. The adaptor-ligated double-stranded cDNAs 
were amplified by PCR for eight cycles with the Kapa HiFi polymerase (Roche, IA, USA). 
The final libraries were quantitated with Qubit (ThermoFisher, MA, USA), and the average 
cDNA fragment sizes were determined on a Fragment Analyzer. The libraries were diluted 
to 10 nM and further quantified by qPCR on a CFX Connect Real-Time qPCR system 
(Biorad, CA, USA) for accurate pooling of barcoded libraries and maximization of number 
of clusters in the flow cell. The barcoded RNA-seq libraries were loaded on a NovaSeq 
S4 lane for cluster formation and sequencing. The libraries were sequenced from both 
ends of the fragments for a total of 150 bp per end. The fastq read files were generated 
and demultiplexed with the bcl2fastq v2.20 Conversion Software (Illumina, San Diego, 
CA, USA). The RNA-seq reads were mapped to Pichia kudriavzevii CBS573 by using HiSAT2 
(37) (v2.2.0) with default arguments. Gene read counts were analyzed by featureCounts 
v2.0 with arguments: -s 2 C -p --primary -t exon. The reference genome sequences 
and gene annotation file were obtained from Mycocosm (https://mycocosm.jgi.doe.gov/
Pickud1/Pickud1.home.html).

RNA-seq analysis

Differentially expressed gene sets

We first analyzed the differential expressions (DE) of tolerant and susceptible strains 
under HCl treatments. To this end, for each gene and strain, we used edgeR (38) to 
characterize the differential expression between low pH (1.5) and control conditions. 
A combined P-value was obtained for each group (tolerant and susceptible) using 
Fisher’s method to combine differential expression P-values of the strains in that 
group. Expression profiles, differential expression P-values, and combined P-values were 
collectively used to define the following four gene sets (0.05 is used as the P-value 
significance level):

1. Tolerant-Exclusive: genes with a significant combined P-value (<0.05) in the 
tolerant group, which are significantly differentially expressed in the majority of 
tolerant strains (P-value < 0.05 in at least three out of six strains) with a consistent 
fold-change direction between low pH and control in the significant strains were 
selected. We additionally filtered out the genes that are potentially significant in 
the susceptible group by excluding the genes that have a significant combined 
P-value in the susceptible group and are significantly DE in at least one of the 
susceptible strains (fold-change directions were also considered when the gene is 
significant in more than one susceptible strain).

2. Susceptible-Exclusive: genes with a significant combined P-value (< 0.05) in the 
susceptible group, which are significantly differentially expressed in the majority 
of susceptible strains (P-value < 0.05 in at least three out of six strains) with a 
consistent fold-change direction between low pH and control in the significant 
strains were selected. We additionally filtered out the genes that are potentially 
significant in the tolerant group by excluding the genes that have a significant 
combined P-value in the tolerant group and are significant in at least one of the 
tolerant strains (fold-change directions were also considered when the gene is 
significant in more than one susceptible strain).

3. Tolerant-Susceptible-Flipped: genes with a significant combined P-value in both 
tolerant and susceptible groups were selected. We additionally demanded genes 
to be significantly differentially expressed in the majority of the strains in each 
group (significant P-value in at least three out of six strains in each group) 
with consistent intra-group but different inter-group fold-change directions (only 
significant strains were considered for fold-change analysis).
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4. Stress-correlated: this gene set was obtained based on the expression profiles of 
tolerant strains in control, intermediate (two pH levels), and low pH conditions. 
Differential expression of each gene in each of the tolerant strains under different 
acidic stresses was assessed by Kruskal-Wallis H-test. Spearman’s correlation 
between expression and pH levels (for each gene and strain) was additionally used 
to determine the strength and direction of response to acidic stress. Genes that 
show significant differential expression P-values (< 0.05) and significant correlation 
(|corr| > 0.75) in all the six tolerant strains were selected. We additionally deman
ded that each selected gene has a consistent response direction (i.e., the same 
correlation sign) in all the tolerant strains.

Similar to our analysis of HCl treatments, we assessed the differential expressions of 
SD108 tolerant strain under 3-HP and CM treatments. We used edgeR (38) to conduct 
four differential expression analyses between treatment and control for each of the 3-HP 
and CM at two treatment concentrations (40 and 80 g/L). We devised 3HP-CM-shared 
gene set by extracting the genes that show a significant differential expression (P-value < 
0.05) in all of the four comparisons with a consistent fold-change direction.

GO enrichment analysis

The GO terms were obtained from the JGI database. We discarded those GO terms 
that had less than three gene associations among the set of 5,140 genes included in 
our study. We performed hypergeometric tests to find significant GO terms that were 
associated with the six gene sets defined in the previous section. The universe was 
defined as the set of all the 5,140 genes included in the study. A GO term was called 
significantly enriched for a gene set if the overlap between the respective gene set and 
genes associated with the GO term was found to be significant based on the hypergeo
metric P-value.

Gene regulatory network analysis

We used GENIE3 (39) to infer gene regulatory networks (GRNs) from the transcriptomic 
profiles of tolerant and susceptible groups. Specifically, we collected 87 transcriptomic 
profiles for the tolerant group including 72 samples from six tolerant strains under HCl 
treatments (control and pH 2.5, 2.0, and 1.5) and 15 samples from one of the tolerant 
strains (SD108) before and after treatments by 3-HP and CM. Moreover, we used 36 
transcriptomic profiles for the susceptible group obtained from six susceptible strains 
under HCl treatments (control and pH 2.5, 2.0, and 1.5). GENIE3 was separately run 
on tolerant and susceptible profiles using 71 pre-selected TFs as regulators. For each 
group, we devised a GRN by extracting up to three regulators for each target gene 
with the highest GENIE3 scores among the TFs that show a GENIE3 score of at least 
0.05 (exclusive) and are highly correlated (Spearman’s correlation) with the target gene 
expression (|corr| > 0.5) in the same group.

We further analyzed the tolerant and susceptible GRNs to obtain differential GRNs. 
Specifically, for each group, we extracted the TF-gene regulations that are present in that 
group’s GRN but either show relatively small Spearman’s correlations (between TF’s and 
target gene’s expression) in the other group (|corr| < 0.5) or show different regulatory 
directions between the two groups (evidenced by the different sign of Spearman’s 
correlation). This step results in tolerant-specific and susceptible-specific differential 
GRNs.

Motif enrichment analysis

To identify enriched motifs in promoter sequences of I. orientalis, we used GEMSTAT’s 
(40) sequence annotation tool and motif position weight matrices (PWMs) from the 
YEASTRACT+ database (41). Promoters were defined as 1 kb upstream of each gene 
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and truncated shorter if they hit the previous gene (their sequences can be obtained 
from the MycoCosm portal). Promoter sequences were scored for motif presence using 
likelihood ratio (LR) (42). LR score for a promoter is obtained by taking the sum of the 
LR score of putative sites in the promoter. We used a threshold of 0.5 for the annotation 
tool. Thus, any location on a promoter, which is at least half as strong as the consensus 
site based on the LR score, is considered as a putative binding site. For a given TF, we 
assigned approximately the top 10% scoring promoters as putative targets and used 
them for enrichment analysis by hypergeometric test. The universe of genes consists of 
all the genes for which a promoter was present in the JGI database.

RESULTS

Strain selection and growth experiments

From a previous study on genotyping and phenotyping of 161 I. orientalis strains (35), 
we strategically selected two groups of pH-tolerant and pH-susceptible strains to study 
the transcriptional responses of I. orientalis under low pH stress (Fig. S2). Our strategy 
for strain selection included the following considerations: first, we only selected diploids, 
to exclude the impact of polyploidy; second, we selected two groups of strains with 
opposite growth patterns, i.e., the susceptible strains cannot grow on the synthetic 
defined (SD) media at pH 1.7, while tolerant strains grow on it almost as well on this 
media as in neutral pH; third, we diversified our selection by including strains from 
different clades, strains that are phylogenetically close and show similar tolerance, and 
strains that are phylogenetically close but show different tolerance. Based on these 
considerations, we chose six pH-tolerant and six pH-susceptible strains for physiological 
characterization and transcriptome analysis (Fig. 1a; Table S1).

We collected our samples from liquid cultures for ease of sample collection. To 
determine the low-pH condition for RNA-seq analysis, we set up liquid culture growth 
assays and noted that pH 1.5 is the most distinguishing in terms of the growth differen-
ces between tolerant and susceptible strains (Fig. 1b, and data not shown). We grew the 
cells in YNB media for 2 h with the addition of hydrochloric acid (HCl) to buffer pH up to 
5.5, then transferred them to the media with a lower pH of 1.5, grew them for another 
hour, and collected total RNA for the transcriptome analysis (see Materials and Methods 
for details).

Global views of transcriptomic diversity under low pH stress

To determine genes and pathways that might be responsible for tolerance or suscepti
bility, for each strain, we collected three independent biological replicates at two time 
points (before and after low pH stress) for sequencing and construction of RNA-seq 
libraries, obtaining 72 samples in total (12 strains × two time points × three biological 
replicates). For the pH-tolerant strains, we collected additional samples at intermedi
ate pH values (2.0, 2.5) to identify genes that respond gradually to the increase of 
acidic stress. This resulted in 36 additional RNA-seq samples (six tolerant strains × two 
conditions × three biological replicates).

First, to check the robustness of the data, we computed the pairwise Spearman 
correlation between transcriptomic profiles of all strains (all replicates) after 1 h of 
treatment at pH 1.5 (Fig. 1c, also see Fig. S3). We noted that tolerant strains are more 
similar to each other than susceptible ones, although two susceptible strains (I. orientalis 
NRRL Y-413 and I. orientalis NBRC 0013) have two replicates each, which are much closer 
to tolerant strains. Note that two tolerant strains (I. orientalis NRRL YB-431 and I. orientalis 
NRRL YB-758) are more phylogenetically distant from others (Fig. 1a), and these two 
strains had transcriptomic profiles distinct from the other tolerant strains (especially I. 
orientalis NCYC 2853, I. orientalis NCYC 3393, and I. orientalis NRRL YB-756).

We then asked if transcriptomic profiles of tolerant and susceptible strains are 
separable in a low-dimensional representation (Fig. 1d through f). We noted that the two 
groups of strains are separable in either control or treatment (pH 1.5 for 1 h) conditions 
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(Fig. 1d and e) but the separation is more conspicuous when plotting the changes in 
transcriptomic profiles (Fig. 1f), indicating a global difference in their responses to low 
pH stress. A 2D representation of tolerant strains treated at varying pH levels (Fig. 1g) 
suggested that global transcriptomic response presents a quantitative readout of the pH 
level.

Identification of differentially expressed genes

Our next goal was to identify genes involved in the transcriptomic response to low pH 
stress. To do this, we first identified genes that are differentially expressed in different 
pH conditions (Tables S2 and S3) and defined four gene sets based on the patterns 
of differential expression seen in different contrasts (Table 1; Fig. 2a and b; Table S4a 
through d) (see Materials and Methods for details). The gene sets “Tolerant-Exclusive” 
(531 genes) and “Susceptible-Exclusive” (766 genes) were found to be DE between low 
pH and control conditions exclusively in the tolerant and susceptible strains, respec
tively. A third gene set, “Tolerant-Susceptible-Flipped,” comprises 166 genes that were 
differentially expressed in strains of either group but in opposite directions. Finally, the 
fourth gene set, “Stress-correlated,” comprises 480 genes that are differentially expressed 
across the four different levels of acidic stress (pH 1.5, 2.0, 2.5, and control) in all six 
tolerant strains and whose expression levels are correlated with the pH level (Fig. 2b). We 
characterize these gene sets in the sections below.

Separately, we performed a direct comparison of expression levels (in pH 1.5 
conditions) between tolerant and susceptible strains, identifying a set of 111 genes 
significantly upregulated at least twofold in one of the groups compared to the other 
(FDR corrected P-value < 0.01) with 36 genes upregulated in tolerant strains compared 
to susceptible and 75 upregulated in susceptible compared to tolerant (Fig. 2c). Among 
these genes, there are many transporters belonging to the major facilitator superfamily, 
which was recently shown to be involved in acidic stress tolerance in other fungal species 
(43). We also detected overexpression of genes encoding adhesin proteins, which were 
previously reported to be involved in pH resistance in I. orientalis by exhibiting cell 
aggregation (filamentous growth and flocculation) in extreme acidic environments (44).

Gene ontology analysis reveals biological processes involved in response to 
low pH

We tested for the enrichment of Gene Ontology (GO) terms in the four gene sets given 
in Table 1, relying on GO annotations in S. cerevisiae and predicted orthology between 
genes in S. cerevisiae and I. orientalis strains (Table 2; Tables S5 and S6; Fig. S4, also see 
Materials and Methods). Two major insights emerged from this analysis. First, several GO 
term enrichments pointed to the dysregulation of energy metabolism-related pathways. 
For instance, the Tolerant-Susceptible-Flipped gene set is associated with glycolysis 

TABLE 1 Four gene sets are defined based on the patterns of differential expression across varying pH 
levels and strainsa

Gene set Size Description

TE 531 Significantly DE in the same direction (between low pH and control 
conditions) in majority of tolerant strains (P-value < 0.05 in at least three 
out of six strains), but not in any of the susceptible strains

SE 766 Significantly DE in the same direction in majority of susceptible strains 
(P-value < 0.05 in at least three out of six strains), but not in any of the 
tolerant strains

TSF 166 Significantly DE in majority of tolerant as well as susceptible strains but in 
opposite directions

SC 480 Significantly DE (across varying pH levels) in majority of tolerant strains and 
expression change is correlated with pH levels

aSee Materials and Methods for details. Gene sets: Tolerant-Exclusive (TE); Susceptible-Exclusive (SE); Tolerant-Sus
ceptible-Flipped (TSF); and Stress-correlated (SC).
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(hypergeometric test P-value 3.5E-5). A study by Guo and Olsson (45) noted that 
exposing S. cerevisiae to weak acid stress impairs growth and inhibits glycolytic flux. Guan 
et al. (46) observed proteins of the glycolysis pathway to be key responders to propionic 
acid stress in the acid-tolerant species Propionibacterium acidipropionici. Indeed, Guan 
and Liu (34) note that microbes strengthen the glycolytic pathway for improved acid 

FIG 2 (a) Heatmap showing expression data: log fold change between pH 1.5 and control. Rows = each strain (grouped by susceptible/tolerant, in orange/

purple font, respectively). Columns = genes that are in the union of gene sets Susceptible-Exclusive (SE), Tolerant-Exclusive (TE), and Tolerant-Susceptible-Flipped 

(TSF). Columns are grouped by gene set. (b) Heatmap showing expression data: log-transformed expression. Columns = genes in Stress-correlated gene set. 

Rows = Six groups of rows, one group for each tolerant strain; within each group, the 12 replicates are in ascending order of pH. (c) Top genes differentially 

expressed in a direct comparison between tolerant and susceptible strains under pH 1.5 stress (all replicates of all strains of resistant vs all replicates of all strains 

of the tolerant group). Only genes that significantly vary (FDR corrected P-value < 0.01) with a log fold change of at least 1.5 between the two groups are shown.

TABLE 2 Significant GO terms associated with one or more of the four gene setsa

GO term TE SE TSF SC

DNA-directed RNA polymerase activity 0.0001 0.9892 0.8270 1
rRNA processing 0.0001 1 1 1
Small subunit processome 0.0204 1 1 1
Glycolysis 1 1 0.0280 1
Peptide-methionine-(S)-S-oxide reductase activity 1 1 0.0349 1
Oxidoreductase activity, acting on sulfur group of donors, 

disulfide as acceptor
1 1 0.0349 1

Ribosome 1 1 1 0.0133
Structural constituent of ribosome 1 1 1 0.0133
Electron transport 1 1 1 0.0133
Translation 1 1 1 0.0133
Tricarboxylic acid cycle 1 1 1 0.0158
Oxidoreductase activity, acting on NADH or NADPH 1 1 1 0.0169
Proteolysis 1 1 1 0.0286
ATP synthesis coupled proton transport 1 1 1 0.0289
Hydrogen ion transporting ATP synthase activity, rotational 

mechanism
1 1 1 0.0289

Hydrogen ion transporting ATPase activity, rotational 
mechanism

1 1 1 0.0301

aNumbers indicate FDR adjusted P-value. Bold font indicates FDR < 0.1. Gene sets: Tolerant-Exclusive (TE); 
Susceptible-Exclusive (SE); Tolerant-Susceptible-Flipped (TSF); and Stress-correlated (SC).
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tolerance. Similarly, GO terms related to the TCA cycle, oxidoreductase activity, and 
hydrogen ion-transporting ATP synthase activity are enriched in the Stress-correlated 
gene set. This is consistent with prior research that showed that acid-stressed S. cerevisiae 
maintain pH homeostasis via H+-ATPase-mediated proton efflux (45, 47).

A second theme emerging from the GO analysis is the involvement of ribosome 
processing- and translation-related genes, which were enriched in Tolerant-exclusive and 
Stress-correlated gene sets. Ribosomes have been shown to be associated with tolerance 
to growth inhibitors and extension of cellular lifespan (48, 49), and ribosome-related 
pathways were previously found to be enriched in genes responding to acid stress in S. 
cerevisiae (50).

The above findings (Table 2) and related observations in the literature thus suggest 
changes in the energy metabolism pathways and translation machinery to be important 
aspects of response to low pH stress in tolerant strains of I. orientalis.

Transcription factor binding motif analysis identifies regulators of strong acid 
response

We sought to identify important transcriptional regulators of the large transcriptomic 
response to low pH observed above. For this, we considered the promoters of each 
gene set and tested them for the enrichment of binding motifs of transcription factors 
characterized in S. cerevisiae (41). Note that the motifs represent TF binding preferences 
in S. cerevisiae and hence may be noisy approximations for the orthologous TFs in 
I. orientalis; in such a case, a loss of sensitivity is possible, but statistically significant 
enrichments should point to biologically relevant TFs. Such cross-species use of motifs 
has been demonstrated in the literature (51).

As shown in Tables S7 and S8, several TF motifs were found to be enriched in the 
promoters of the Stress-correlated gene set (P-value < 0.001, FDR < 0.02), the most 
statistically significant motif being Mot3 (P-value 2.4E-6), which is known to be linked 
to osmotic stress response in S. cerevisiae (52). Another TF with motif enrichment in 
this gene set, Stb5, was previously reported to participate in resistance to weak acids 
in S. cerevisiae, with deletion of the transcription factor resulting in lower resistance to 
decanoic acid (53). Stb5 was also found to be among the three TFs with the largest 
number of regulatory targets among the genes required for acetic acid tolerance (54).

Motif enrichments in the other three gene sets were less prominent, so we examined 
the motifs significant at a nominal P-value of 0.05 (Table 3). The Mac1 motif was noted 
to be enriched in the Tolerant-Exclusive gene set (P-value = 3E-4). Mac1 is a copper 
ion-sensing TF (55), and copper homeostasis has been shown to be closely linked to 
acetic acid response in the acid-tolerant yeast Zygosaccharomyces bailii (56). The Azf1, 

TABLE 3 Significant motif enrichments in any of the three DE gene sets TE, SE, and TSFa

TFs Consensus TE SE TSF SC

Mac1 CGGNNNNNNNNCGG 0.0003 0.8234 0.9526 0.7082
Reb1 CAGCCAC 0.4092 0.0109 0.0397 0.1493
Lys14 WWNNNYARNHNNNVVCGR 0.0109 0.4484 0.6021 0.3989
Rtg1 NCCDTYNVNCCG 0.0109 0.9995 0.7017 0.0121
Rtg3 NCCDTYNVNCCG 0.0109 0.9995 0.7017 0.0121
Cup2/Haa1 CACATGC 0.8440 0.9290 0.0130 0.6501
Sfl1 CCGTTAACGG 0.1295 0.0204 0.3945 0.4613
Stb5 YCCNYTNRRCCG 0.0314 0.8234 0.9526 0.0356
Azf1 CACGTG 0.0314 0.7013 0.0649 0.7082
Ino4 CAGCGTG 0.0314 0.7457 0.3945 0.6501
Cup2/Haa1 HTHNNGCTGD 0.0431 0.1825 0.2185 0.1882
Cad1/Yap1 CGGCNNNNNNCGGC 0.0431 0.6040 0.1524 0.8514
aShown are the P-values of association between the selected TF motifs (rows) and all four DE gene sets (columns). 
Bold font indicates FDR < 0.2. Criteria for inclusion of motifs: at least one of the three gene sets has an association 
with P-value < 0.05. Gene sets: Tolerant-Exclusive (TE); Susceptible-Exclusive (SE); Tolerant-Susceptible-Flipped 
(TSF); and Stress-correlated (SC).
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Rtg1, and Rtg3 motifs are also enriched in this gene set. Rajkumar et al. (57) have 
previously shown that inserting Azf1 motifs is an effective way to induce a synthetic 
promoter to respond to low pH stress in S. cerevisiae, suggesting that Azf1 plays an 
important role in such response. Mitochondrial Retrograde (RTG) pathway is known for 
its involvement in acetic acid stress response (58). The Cup2/Haa1 motif was found 
enriched in the promoters of the Tolerant-Susceptible-Flipped gene set. This motif has 
been shown to increase low pH-induced gene expression (57).

In summary, motif analysis of tolerance-related gene sets revealed their potential 
regulation by TFs previously implicated in acid tolerance/response [Stb5 (53), Azf1 (57), 
Rtg1/Rtg3(58), and Cup2/Haa1(59)] and osmotic stress response (Mot3) in S. cerevisiae, 
and thus provided a first glimpse into the underlying GRN in tolerant strains of I. 
orientalis.

Gene regulatory networks underlying response to low pH stress in tolerant 
strains

Our data reveal a large variation in gene expression under different treatment conditions, 
including varying levels of acid stress and control conditions, in six tolerant strains 
of I. orientalis. A transcriptional regulatory network, comprising edges representing 
regulatory relationships between TFs and target genes, is a widely popular construct to 
simplify the presentation of such transcriptomic variation, while also providing testable 
hypotheses about gene regulation. Such TRNs can be reconstructed systematically from 
the expression profiles of varying biological conditions, by examining the co-expression 
patterns between TFs and genes (60). We used a state-of-the-art computational method 
for this task, called GENIE3 (39), which fits a random forest model to explain target 
gene expression as a non-linear function of TFs’ expression and infers TF-gene edges 
based on which TFs were most useful in this modeling task. Specifically, we considered 
87 transcriptomic profiles corresponding to six tolerant strains under low pH (1.5, 2.0, 
and 2.5) and control conditions (as well as organic acid stress conditions) and used 
GENIE3 to identify the putative regulators of each gene (see Materials and Methods). The 
resulting TRN comprises 11,650 edges involving 71 TFs and 4,671 target genes (Table S9). 
While the TRN was reconstructed based entirely on our data from I. orientalis strains, we 
refer to the TFs of the network by the names of their S. cerevisiae orthologs for easier 
contextualization with the literature.

We examined the TFs that had the most predicted targets (so-called “hubs”) in 
the TRN (Fig. 3a; Table S9) and the differential expression status of their targets (Fig. 
3b). The TF with the most targets is Dal80, known for its involvement in resistance 
to nitrogen starvation in S. cerevisiae (61). Nearly a third of its predicted targets are 
differentially expressed exclusively in tolerant strains, while over half belong to one of 
the four DE gene sets examined above. Three of the top 10 regulators—Kar4, Arg81, 
and Nrg1/2— primarily target DE genes of the Stress-correlated set. Of these, Kar4 and 
Nrg1/2 additionally had their predicted regulons supported by the presence of their 
respective motifs in the promoters of target genes (Fig. 3c). Nrg1 has been shown to 
be an important regulator in response to acetic acid (62) and to repress expression in 
response to low pH (57). Three other hub TFs—Put3, Fzf1, and Swi4—were observed 
to have predicted targets primarily in the Susceptible-exclusive gene set. This appears 
counterintuitive at first since the TRN that led to the identification of these regulators 
was derived from tolerant strains. However, this TRN is not meant to exclusively explain 
tolerant strain gene expression, and in fact, these three TFs are hub TFs in a correspond
ing TRN derived from susceptible strains as well (Fig. S5a; Table S10). Our interpretation 
thus is that these three TFs are key regulators of expression variation in I. orientalis, but 
not specifically for the stress-induced regulation in tolerant strains. We revisit this point in 
the next section, with the presentation of differential TRNs.

We reconstructed the TRN for susceptible strains following an identical procedure as 
above, deriving a network with 12,965 edges involving 71 regulators and 4,885 targets 
(Table S10; Fig. S5a). Comparing individual regulons from TRNs inferred from susceptible 
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and tolerant strains (Fig. 3d; Fig. S5 and S6), we noted several trends. First, strong hubs 
from one TRN are typically highly correlated with their targets in the corresponding set 
of strains (tolerant or susceptible) but not in the other, suggesting a degree of exclusivity 
in regulatory control of tolerant versus susceptible strains. Second, gene targets from 
the Stress-correlated gene set are highly correlated (positively or negatively) with the 
expression of their regulator in both strain groups (note red points in Fig. 3d; Fig. S6), 
while gene targets from Tolerant-Exclusive or Susceptible-Exclusive gene sets tend to be 
correlated with the expression of their regulator only in the corresponding set of strains 
(e.g., Stb5 in Fig. 3d). This is in line with the exclusivity of control between the two types 
of strains, as suggested above.

FIG 3 (a) GENIE3 reconstructed TRN for all tolerant strains (see Table S9). Only genes from the DE gene sets are shown. Nodes are colored according to the 

corresponding gene set: TE (Tolerant-Exclusive)—purple, SE (Susceptible-Exclusive)—orange, TSF (Tolerant-Susceptible-Flipped)—blue, SC (Stress-correlated)—

red, and TFs—gray, while their node size is proportional to the number of putative targets. Edges are colored according to the target gene set, light edges are 

GENIE3 predicted targets, while dark edges have additional motif presence evidence. (b) Top regulators in TRN and the gene sets they primarily regulate. (c) Motif 

evidence for discovered putative targets of top regulators. Dal80 is not shown here as none of the known motifs were detected. (d) Stb5, Mac1, and Cat8 targets 

in the TRNs for tolerant and susceptible strains and their expression correlation to the corresponding TF. Colors correspond to different DE gene sets; darker 

colors indicate the presence of the TF’s motifs in the target promoter region (see text).
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Differential gene regulatory networks of tolerant and susceptible strains

To focus on the regulatory mechanisms specific to tolerant strains, we derived a 
differential TRN that comprises regulatory relationships supported only by tolerant 
strains’ transcriptomic profiles (Table S11; see Materials and Methods). For this, we 
examined the top 500 edges in order of their specificity to tolerant strains and found 
the TFs Leu3, Dal80, Cat8, Mac1, and Ecm22/Upc2 to be the major hubs of the network 
(Table 4). Of special interest among these hubs is Mac1, a copper ion-sensing TF (55) 
whose binding motif was noted to be significantly over-represented in the promoters of 
the Tolerant-Exclusive gene set (Table 3), further supporting a regulatory role unique to 
the tolerant strains.

Closer inspection of the targets of Mac1 in the global TRN (Fig. 3d) revealed the genes 
primarily involved in amino acid metabolism, glycolysis, TCA cycle, lipid and peptidogly
can biosynthesis, as well as Porphyrin, Vitamin B6, Thiamine, Riboflavin, and Glutamate 
metabolism. These are known to play a role in response to oxidative and low pH stress, 
which might be evidence of the crucial role of Mac1 TF in the mitigation of acidic stress 
in I. orientalis. Among its targets, there are also a few genes involved in metal/copper/iron 
ion transport, binding, oxidation, and protein kinase CK2 activity, whose linkage to acidic 
stress is corroborated by the previous study of the acid-tolerant yeast Z. bailii (56).

Other hubs of the differential TRN include Cat8 (Fig. 3d), which is known to be 
required for evasion from acetic acid-induced programmed cell death when S. cerevisiae 
is grown in raffinose (58), and Ecm22/Upc2, previously shown to be associated with the 
regulation of transcriptomic response of S. cerevisiae during fermentation under oleic 
acid and ergosterol depletion (63). Interestingly, in our data, Cat8 primarily associated 
with targets from tolerant-exclusive and stress-correlated gene sets, sharing a noticeable 
fraction (~30%) with Mac1, suggesting tight cooperation of these TFs in acidic stress 
response mitigation. In contrast, the Ecm22/Upc2 regulator seems to be Susceptible-
Exclusive. See Table S12 for a similar examination of the differential TRN of susceptible 
strains.

Note that our TRN reconstruction identifies TF-gene relationships solely based on 
coordinate expression between the TF and target gene across varying conditions, 
without consideration of the pH treatment levels of those conditions. Thus, we next 
focused our attention on TFs whose regulatory targets in the differential TRNs are 
enriched for genes differentially expressed between low pH and control conditions. For 
this, we identified TFs whose target genes in the differential TRN (of tolerant strains) 
include the largest fraction of genes from the Tolerant-Exclusive gene set. As shown 
in Table 4, the top TFs thus identified included Stb5, which has 25 target genes in 
the differential TRN for tolerant strains, and 12 of these 25 targets (48%) are in the 
Tolerant-Exclusive gene set. The TF’s correlation with the 25 target genes is 0.61 (median) 
in the data on tolerant strains and only 0.31 (median) in susceptible strains, indicating its 
tolerant-specific regulatory effect; furthermore, the Stb5 motif was found to be enriched 
in the promoters of the Tolerant-Exclusive gene set (P-value < 0.05, Table 3). Examination 
of Stb5 targets in the global TRN (Fig. 3d) shows that it might be involved in the 
regulation of other parts of glycan and glycerolipid biosynthesis pathways as well as 
arginine and proline metabolism, which were previously associated with response to 

TABLE 4 Top five hubs of the differential TRN for tolerant strainsa

TF No. of targets

Leu3 76
Dal80 40
Cat8 40
Mac1 37
Ecm22/Upc2 26
aEdges of differential TRN were sorted in descending order of absolute difference between TF-gene correlation in 
tolerant strains and in susceptible strains, the top 500 edges were examined, and TFs were sorted by the number 
of targets.
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acidic stress. Another prominent activity of Stb5 in I. orientalis is that it is associated 
with many protein kinases (NF-kappaB, SAP, JUN, casein, etc.), the most notable being 
MAP kinase, known to be a key player in stress response in yeast (64). This TF has been 
previously shown to be involved in resistance to octanoic acid in yeast (53) and was 
among the three TFs with the greatest regulatory role on genes required for acetic acid 
tolerance (54).

Another important TF revealed in part (a) of Table 5, Rtg1, has a regulon of 128 
target genes; these genes have a median expression correlation of 0.57 with the TF 
when considering tolerant strains but only 0.16 when analyzing susceptible strains, thus 
underscoring the differential nature of those regulatory relationships; moreover, 41% of 
these target genes belong to the Tolerant-Exclusive DE gene set. The RTG pathway is 
known for its involvement in acetic acid stress response (58), along with Adr1, a hub TF of 
the TRN for susceptible strains (Table S10) and Cat8p, a hub TF of the differential TRN for 
tolerant strains (Table 4).

Similar analyses revealed the hub TFs of the differential TRN whose target genes 
belong to the Tolerant-Susceptible-Flipped gene set (Table S13); these included Rtg3, 
also of the RTG pathway noted above, and Haa1, whose binding sites have been shown 
to increase low pH-induced gene expression (57). The Haa1 motif was found above to 
be enriched in the Tolerant-Susceptible-Flipped gene set (P-value 0.01, Table S7), and its 
regulatory effects have been recorded in S. cerevisiae adaptation to weak acids (59). Hub 
TFs whose regulons are enriched for the stress-correlated gene set (Table S14) include 
Reb1, whose motif is strongly enriched in the Tolerant-Susceptible-Flipped gene set 
(P-value = 0.04).

We next examined hubs of the differential TRN for susceptible strains, focusing on 
TFs whose regulons are statistically enriched for DE gene sets (part (b) of Table 5; Tables 
S15 and S16), and found several of the same TFs we had noted as being hubs of the 
differential TRN for tolerant strains, e.g., Stb5, Nrg1/Nrg2, Skn7, Hac1, and Mac1. This 
observation suggests that certain TFs have context-specific regulatory roles on different 
modules of pH-responsive genes in tolerant and susceptible strains. At the same time, 
the differential TRN for susceptible strains also revealed a hub TF not observed in the 
analyses above: Rlm1/Smp1, which has 103 targets in the TRN. These targets have a 
median correlation of 0.82 with the TF in data from the susceptible strains and a far 
lower median correlation of 0.29 in tolerant strains. Moreover, 50% of these targets 

TABLE 5 Top regulators in the differential GRN of tolerant (a) and susceptible (b) strains, sorted by 
association with Tolerant-Exclusive (a) and Susceptible-Exclusive (b) gene sets

(a)

TF
No. of targets in 
tolerant GRNa

Median correlation in 
tolerant strains

Median correlation in 
susceptible strains

Fraction of targets in 
TE gene set

Stb5 25 0.61 0.31 0.48
Rtg1 128 0.57 0.16 0.41
Skn7 26 0.59 0.38 0.38
Leu3 371 0.64 0.22 0.37
Dal80 399 0.64 0.28 0.35

(b)

TF
No. of targets in 
susceptible GRNa

Median correlation 
in tolerant strains

Median correlation in 
susceptible strains

Fraction of targets in 
SE gene set

Smp1/Rlm1 103 0.29 0.82 0.50
Stb5 98 0.37 0.86 0.40
Nrg1/Nrg2 164 0.30 0.80 0.36
Skn7 78 0.28 0.79 0.36
Arg81 117 0.30 0.75 0.36
aNumber of targets is the number of genes predicted to be regulated by a TF in the differential GRN of tolerant 
strains. Median Spearman correlation coefficient between the TF and its target genes, computed from expression 
data in the tolerant and susceptible strains, respectively. TE—Tolerant-Exclusive gene set and SE—Susceptible-
Exclusive gene set.
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are differentially expressed (between low pH and control) exclusively in the susceptible 
strains. Rlm1 binding sites have been previously shown to increase response to low pH 
in yeast (57) and this TF is a key player in the CWI (cell wall integrity) pathway, which is a 
mechanism of response to low pH stress in S. cerevisiae.

In summary, differential TRN reconstruction and intersection with differential 
expression analysis revealed key TFs underlying transcriptomic responses of tolerant and 
susceptible strains to low pH stress.

Discriminating transcriptomic response to low pH from that of organic acids

I. orientalis was selected as a target organism in this study because it can tolerate low 
pH, potentially reducing production costs of organic acids such as 3-hydroxypropanoic 
acid and citramalate as well as other industrially relevant chemicals. Since our growth 
assays demonstrated (Fig. 1c) the tolerance of certain strains of I. orientalis to low pH 
media with HCl, we sought to determine the molecular and gene regulatory basis of such 
tolerance over and above the response to weak organic acids such as 3-HP and CM. Thus, 
for the strain with the highest acid tolerance, I. orientalis SD108, we used transcriptomic 
profiling (see Materials and Methods) to study the effect of different concentrations of 
organic acids 3-HP or CM in the media, in search for molecular mechanisms unique to 
HCl-induced low pH tolerance.

Examining the new transcriptomic profiles globally, we observed that the effect of 
these acids is different from that of low pH stress (Fig. 4a). We then identified genes that 
were differentially expressed between treatment and control at either concentration (40 
and 80 g/L) and defined a gene set called “3HP-CM-shared” that comprises DE genes 
common to both treatments (see Materials and Methods and Table S17). This gene set 
includes 25.1% of the genes in the Tolerant-Exclusive gene set, 20.6% of the Stress-cor
related set, and 25.9% of the Tolerant-Susceptible-Flipped set from the HCl-treatment 
experiments (Fig. 4b), while its overlap with the Susceptible-Exclusive gene set (9.4% of 
the latter) is much smaller, as expected since the organic acid response was profiled in 
a tolerant strain. The genes in these overlaps are the primary targets for future strain 
engineering experiments.

The 3HP-CM-shared gene set was significantly enriched for several GO terms related 
to energy metabolism and ion transport (Table S18; Fig. S7). This is consistent with prior 

FIG 4 (a) UMAP with 3HP- and citramalate (CM)-treated samples for I. orientalis SD108 (samples of pH = 1.5-treated tolerant and susceptible strains are also 

included for the reference). The control background of pH = 5.5 is subtracted for each strain. (b) Venn diagram showing overlap of 3HP-CM-shared with 

Tolerant-Exclusive, Susceptible-Exclusive, Tolerant-Susceptible-Flipped, and Stress-Correlated gene sets.
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studies that have found S. cerevisiae to counteract changes in cytoplasmic pH and proton 
gradient by activating the plasma membrane proton pump (65). The recorded response 
to organic acids also involved iron-sulfur cluster binding, a phenomenon observed in 
the response of the bacteria Bacillus megaterium to acid stress (65). The 3HP-CM-shared 
gene set also exhibited strong statistical enrichment for many TF binding motifs (Table 
S19), which included some TFs that were noted above in the analysis of HCl-responsive 
gene sets, e.g., Nrg1/Nrg2, Stb5, and also several TFs not observed above but known for 
their involvement in organic acids response, e.g., Stp1 (66), Mig1 (67), and Tda9 (68). This 
suggests to us that careful examination of transcriptomic responses has the potential to 
reveal molecular mechanisms that differ between the weak organic acid response and 
the response to HCl-induced low pH conditions.

To pursue the above possibility further, we defined a set of differentially expressed 
genes that are unique to the HCl response. This set, called the low-pH-Specific gene 
set, comprises genes that belong to any of the four HCl-responsive DE gene sets 
defined above but not to the 3HP-CM-shared gene set. The gene set was found to be 
significantly enriched (Table S20) not only for broad biological processes such as RNA 
processing and nucleic acid binding (FDR < 0.1) but also for highly specific processes 
such as protein disulfide isomerase activity (P-value 0.003), trehalose biosynthetic 
process (P-value 0.013), and glycolysis (P-value 0.018). Interestingly, trehalose has been 
previously demonstrated to increase tolerance to extremely low pH in the probiotic 
strain Lactobacillus acidophilus NCFM (69), and this finding had not emerged in the GO 
analysis of HCl-response without considering the difference from organic acid response.

DISCUSSION

Developing a microbe robustly tolerant to low pH is a critical step for more cost-effective 
and eco-friendly production of bio-based organic acids. I. orientalis is a promising chassis 
to engineer such systems on an industrial scale. To improve our understanding of specific 
mechanisms involved in tolerance to low pH stress of this species, we performed an 
extensive RNA-seq profiling of 12 strains of I. orientalis and detected and analyzed 
reproducible gene expression patterns associated with acidic conditions. The strains 
in our study were strategically selected to provide a sharp contrast between tolerant 
and susceptible phenotypes not explainable by their shared phylogeny. Overall, the 
transcriptomes of tolerant and susceptible strains are clearly separable, and the distance 
between transcriptomes correlates well with the pH level of the treatment. We identified 
several hundreds of genes that respond exclusively in tolerant strains or exclusively in 
susceptible strains. Over 150 genes responded in the opposite directions in tolerant 
and susceptible strains. Furthermore, the expression of nearly 500 genes is significantly 
correlated with the pH stress level of treatment in tolerant strains.

Gene Ontology analysis reveals that the different transcriptomic responses of 
tolerant and susceptible strains involve many energy- and metabolism-related processes. 
Systemic changes in cell’s energy and metabolism are perfectly understandable since 
low pH causes a significant increase in energy demand to maintain intracellular pH 
homeostasis (34). The importance of energy and metabolism-related processes in low 
pH tolerance has been previously reported in S. cerevisiae (45), P. acidipropionici (46), and 
other organisms [see reference (34) for a recent review]. We also observed changes in the 
ribosome and translation-related genes, consistent with earlier findings in S. cerevisiae 
(49, 50).

We then explored transcription factors responsible for the transcriptomic shifts in 
tolerant strains, explaining the differences thereof between tolerant and susceptible 
strains. One way to do that is via the analysis of known cis-regulatory motifs upstream of 
differentially expressed genes. Since these motifs are known to be generally conserved 
across species, we were able to perform enrichment analysis for S. cerevisiae motifs in 
I. orientalis promoter regions. More specifically, we found motifs of S. cerevisiae tran
scription factors Mot3 and Stb5 to be overrepresented upstream of the set of genes 
correlated with the pH level; motifs Mac1, Rtg1, and Rtg3 upstream of the set of genes 
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differentially expressed exclusively in tolerant strains and motifs Cup2/Haa1 upstream 
of genes shifting in the opposite direction in tolerant and susceptible strains. These TFs 
were previously described to be involved in acidic tolerance in S. cerevisiae (53, 57–59, 
64), suggesting that their function might be conserved across species, i.e., their orthologs 
in I. orientalis also regulate genes important for acidic stress relief.

The other method relied on a random forest-based network inference algorithm 
GENIE3 (39) to infer TRNs directly from transcriptomic profiles of tolerant and susceptible 
groups. We then used orthology to match identified I. orientalis TFs to known S. cerevisiae 
TFs and analyzed their respective regulons. This method is complementary to motif-
based analysis since it predicts TF-regulated gene pairs without explicit knowledge of 
the binding motif (or several motifs) mediating these regulatory interactions. Going one 
step further and comparing TF-gene relationships in TRNs for tolerant and susceptible 
strains, we found the TFs Mac1, Stb5, and Rtg1/Rtg3, noted also in the motif-based 
approach above, to be among the “hub TFs” in the differential TRN. This lends addi
tional credibility to their role in response to low pH stress since two complementary 
approaches (motif-based and expression-based) reported these three TFs among the top 
predictions. The implied involvement of the RTG pathway is especially noteworthy, given 
its well-studied role in tolerance to acid stress in S. cerevisiae (58, 70).

Further work is needed to experimentally test the specific role of these TFs through 
knockdown of the TF followed by either RNA-seq or phenotypic profiling. Specific 
TF-gene edges may be tested by augmenting the TF knockdown assays with genome-
wide cis-regulatory profiling using ChIP-seq assays. In particular, Dal80 ortholog could 
be a promising candidate for future investigation. It is a top regulator of tolerant strains’ 
TRN and differential TRN (Table 4; Tables S9 and S11). Remarkably, a third of Dal80’s 
target genes belong to the Tolerant-Exclusive gene set (see Fig. 3b and part (a) of Table 
5). Furthermore, Dal80 expression is flipped between Tolerant and Susceptible strains 
(Table S4), and its contrasting behavior could greatly influence target genes, resulting in 
differences between tolerant and susceptible strains at low pH. Such validation will be a 
crucial step in bridging our work with strain engineering based on the validated findings.

However, due to the complex and context-dependent regulatory nature of specific 
hub TFs, predicting the consequences of engineering them for enhanced low-pH 
tolerance can be challenging. An alternative strategy to enhance low-pH tolerance 
might focus on downstream targets directly linked to physiological functions, including 
genes involved in pH homeostasis and modifications of cell membranes and walls. For 
example, the genes of hydrogen ion-transporting ATP synthase and ATPase activities 
found in the Stress-correlated set are good targets for evaluation because of their 
potential functionality without the need for strain- or species-specific partner proteins or 
cofactors. Furthermore, genes that show differential expression when directly comparing 
expression levels under pH 1.5 conditions between tolerant and susceptible strains 
highlight the inherent transcriptional variations between the two strain groups (Fig. 2c). 
The enrichment of major facilitator superfamily transporters and cell aggregation-rela
ted proteins in this comparison suggests these genes could be preferable targets for 
evaluation.

The existing literature is relatively sparse regarding genes and regulatory mechanisms 
involved in low pH tolerance in I. orientalis. One of the few such studies identified a 
putative glycosylphosphatidylinositol-anchored protein gene IoGAS1 to be important for 
low pH tolerance, likely through maintaining cell wall integrity during low pH conditions 
(71). IoGAS1 is induced by low pH conditions, and the overexpression of IoGAS1 in S. 
cerevisiae enables growing under highly acidic conditions (i.e., pH 2.0) for a variety of 
different acids (71, 72). The authors suggest that this effect is mediated by the CWI 
pathway and the Rlm1 transcription factor. Interestingly, we found Rlm1 to be the top 
TF in the differential TRN of susceptible strains in terms of targets that are differentially 
expressed exclusively in susceptible strains, suggesting that acid tolerance in I. orientalis 
may involve rewiring of the CWI response to acid stress and transcriptomic changes of 
genes in this pathway. Another recent study showed that while I. orientalis shows greater 
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tolerance to low pH conditions than S. cerevisiae, it might be due to the changes in 
membrane composition, induction of arginine catabolism, switch to filamentous growth, 
and formation of tightly aggregated colonies (44). The last finding corroborates our 
observation that susceptible strains of I. orientalis increase the expression of adhesins 
while using ammonia as a proton acceptor.

While general acidic tolerance of I. orientalis is crucial to the industrial use of this 
strain, we note that specific mechanisms involved might vary depending on the acid 
since it imposes two types of stress on the organism: low-pH and solvent toxicity. 
To address this issue, we performed an additional set of experiments for the most 
pH-tolerant strain in our collection, I. orientalis SD108, in various concentrations of 
two potential bioproduct organic acids, 3-hydroxypropanoic acid and citramalate. We 
then identified genes differentially expressed in response to HCl but not differentially 
expressed in response to the organic acids in SD108. These genes, likely more specific 
to the low-pH stress of acids, showed enrichment in pathways associated with RNA 
processing, glycolysis, and trehalose biosynthesis. Higher levels of trehalose have been 
previously observed in S. cerevisiae under acid stress caused by acetic, formic, levulinic, 
and cinnamic acids (45), while increased glycolytic levels have been reported as a 
mechanism to compensate for inhibition in enzyme activity due to low pH and thus 
rescue normal metabolism (34).

However, for future efforts toward bioengineering I. orientalis strains, genes differen-
tially expressed in response to both HCl and organic acid are of greater interest and 
should be the primary targets. In particular, we identified 43 genes that are not only 
induced in 3-HP and citramalate media but also flip their expression when compar
ing tolerant and susceptible strains. Notably, this set includes several TFs, which are 
orthologs of Hcm1, Zap1, and Dal80 in S. cerevisiae.

Our study has several limitations. First, we note that bioinformatic reconstruction of 
GRNs is an area of active research and can make frequent errors in predicting TF-gene 
relationships (73). For this reason, our analysis interpretation underplayed the individual 
GRN edges and emphasized the “hub” TFs of various networks, since aggregating the 
GRN information at the level of TFs improves the reliability of inference. Identifying 
differential GRNs and their hub TFs also adopts the same strategy of aggregating 
evidence (in this case from two GRNs) to reduce erroneous predictions. Similarly, the 
motif analysis based on position-weight-matrix scanning of gene promoters is likely 
to be fraught with false positives, a recognized problem (74) that is mitigated parti
ally by doing enrichment tests on gene sets harboring the same motif. Future work 
profiling genome-wide TF-DNA binding through experimental assays such as ChIP-seq 
and ATAC-seq may provide greater resolution and reliability to that analysis.

Finally, in our study, we focus on acute stress response to low pH since it enables us 
to compare tolerant strains to the baseline of susceptible ones, which cannot tolerate 
acidic environments and die. Future studies should explore long-term low-pH stress 
experiments on tolerant strains. This would elucidate the regulatory differences between 
acute and prolonged low-pH stress adaptations.
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