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ABSTRACT Preservatives increase the shelf life of cosmetic products by preventing
growth of contaminating microbes, including bacteria and fungi. In recent years, the
Scientific Committee on Consumer Safety (SCCS) has recommended the ban or re-
stricted use of a number of preservatives due to safety concerns. Here, we character-
ize the antifungal activity of ethylzingerone (hydroxyethoxyphenyl butanone [HEPB]),
an SCCS-approved new preservative for use in rinse-off, oral care, and leave-on cos-
metic products. We show that HEPB significantly inhibits growth of Candida albicans,
Candida glabrata, and Saccharomyces cerevisiae, acting fungicidally against C. albi-
cans. Using transcript profiling experiments, we found that the C. albicans transcrip-
tome responded to HEPB exposure by increasing the expression of genes involved
in amino acid biosynthesis while activating pathways involved in chemical detoxifica-
tion/oxidative stress response. Comparative analyses revealed that C. albicans pheno-
typic and transcriptomic responses to HEPB treatment were distinguishable from those
of two widely used preservatives, triclosan and methylparaben. Chemogenomic analy-
ses, using a barcoded S. cerevisiae nonessential mutant library, revealed that HEPB
antifungal activity strongly interfered with the biosynthesis of aromatic amino acids.
The trp1D mutants in S. cerevisiae and C. albicans were particularly sensitive to HEPB
treatment, a phenotype rescued by exogenous addition of tryptophan to the growth
medium, providing a direct link between HEPB mode of action and tryptophan avail-
ability. Collectively, our study sheds light on the antifungal activity of HEPB, a new
molecule with safe properties for use as a preservative in the cosmetic industry,
and exemplifies the powerful use of functional genomics to illuminate the mode of
action of antimicrobial agents.

KEYWORDS cosmetics, ethylzingerone, hydroxyethoxyphenyl butanone, HEPB,
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Preservatives are molecules of natural or synthetic origin intended to inhibit the de-
velopment of microorganisms that can contaminate food, pharmaceutical, or cos-

metic products (1–3). Many cosmetic, household, and pharmaceutical products avail-
able on the market are supplemented with a variety of preservatives, including parabens
(e.g., methylparaben, MPB), isothiazolinones, organic acids, formaldehyde releasers, tri-
closan (TCS), and chlorhexidine (2, 4). Importantly, parabens appear to be the most fre-
quently used preservatives, found in 44% of cosmetics and 9% of detergents (4), while
TCS reaches an estimated ;75% of the U.S. population likely due to exposure via
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consumer goods and personal care products (5). Both MPB and TCS are members of the
phenols/alcohols chemical class of preservatives and have distinct mechanisms of anti-
microbial action. TCS blocks lipid biosynthesis in bacteria by specifically inhibiting the
enzyme enoyl-acyl carrier protein reductase (6, 7), whereas MPB exerts its inhibitory ac-
tivity on membrane transport and mitochondrial function and is more active against
fungi than bacteria (8).

Although chemical preservatives prevent microbial growth, their safety is ques-
tioned by a growing number of consumers and investigational reports. For instance,
the Scientific Committee on Consumer Safety (SCCS, European Commission) has rec-
ommended the ban or restriction of using some parabens due to their potential in pro-
moting carcinogenesis through endocrine disruption (2). Yet, the scientific community
considers parabens one of the least allergenic preservatives available (9) that also have
an excellent safety record (10). However, TCS has been recommended to be removed
from all human hygiene biocidal products by the SCCS, as it promotes the emergence
of antimicrobial resistance and was shown to cause various adverse effects in cellular
and animal models of exposure to TCS (5).

In this context, effort from the cosmetic industry is ongoing for the identification of
novel preservative molecules with improved safety profile while retaining antimicrobial
activity. Ethylzingerone (hydroxyethoxyphenyl butanone [HEPB]) is one of the recently
investigated molecules for use as a cosmetic preservative (11, 12). HEPB is a derivative
of zingerone, one of the active compounds in ginger and member of the methoxyphe-
nol family, known to have potent pleiotropic pharmacological activities (13), including
antimicrobial activity (14). Importantly, the use of HEPB in rinse-off, oral care, and
leave-on cosmetic products was recently considered safe by the SCCS, provided it is
supplied at a maximum concentration of 0.7% (wt/vol) (11, 12).

Fungi are responsible for a variety of infections of the skin and mucosa. Fungal growth
in cosmetic products can be a source of superficial infections, following a long exposure
to the contaminated product in day-to-day use (15). Consequently, microbial stability of
cosmetic products is a crucial parameter in evaluating product quality and safety and
requires the use of preservatives that are well tolerated and whose mechanism of action
is well characterized. Many approaches allowing to investigate the mode of action of
preservatives with antifungal activity rely on testing the physiological response of fungal
species to preservative exposure (16). With the development of fungal genetics resources
and functional genomics technologies, it is possible to better characterize the antifungal
mode of action of compounds by exploring the transcriptional response of fungal species
to chemical treatment and screening yeast mutant libraries for altered growth following
chemical exposure (17). Using such approaches, we characterized the antifungal activity
of HEPB and provided clues on its mechanism of action.

RESULTS
Characterization of HEPB antifungal activity. We tested the antifungal activity of

HEPB and compared it to that of two widely used preservatives, MPB and TCS (Fig. 1A).
We performed MIC assays and reported MIC values allowing inhibition of 90% of
growth (MIC90) of C. albicans SC5314, C. glabrata CBS138, and S. cerevisiae BY4741
strains (Table 1). These Candida species are clinically relevant, both in terms of preva-
lence (two most isolated species in candidiasis) and their ability to cause cutaneous
candidiasis/skin infections (18, 19), while S. cerevisiae is the prototypical fungal species
for molecular genetics analyses. MICs were evaluated in both synthetic (synthetic dex-
trose and RPMI) and rich (yeast extract-peptone-dextrose, YPD) media at 30°C (Table
1). We repeated the MIC assays with strains C. albicans ATCC 10231, C. glabrata BG2,
and S. cerevisiae BY4742, and the results were similar between strains of the same spe-
cies (data not shown). MICs for MPB and HEPB were in the range of 5 to 20mg/ml for
all tested species except S. cerevisiae, which shows significantly lower MIC for MPB in
YPD medium (1.25mg/ml). MICs for TCS were significantly lower in all tested species,
ranging from 0.015 to 0.25mg/ml (Table 1).
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To determine whether these compounds exert fungicidal or fungistatic activities,
we performed killing curves in rich media (YPD) by exposing C. albicans cells to each of
the three compounds at various concentrations during 0, 10, 30, and 60min (Fig. 1B).
Cells were washed and plated on YPD for CFU counting. At MIC90, TCS was highly fungici-
dal, with a killing ability observed within a 10-min exposure period (Fig. 1B). Compound
HEPB was also fungicidal, although with a lower killing ability (Fig. 1B). Increasing HEPB
concentration (from 1� MIC to 2� MIC, Fig. 1B) correlated with increased fungicidal
action, resulting in the viability of only ;10% of total cells after 60-min exposure. In con-
trast, at MIC90, MPB displayed fungistatic activity and 100% of total cells were viable, even
following a 60-min exposure (Fig. 1B).

Taken together, our results show that all tested compounds display antifungal activ-

TABLE 1MIC90
a (mg/ml) for methylparaben, triclosan, and HEPB

Species/strain Growth medium MPBb TCSb HEPBb

C. albicans SC5314 YPD 5 0.06 10
RPMI 5 0.06 10
SD 10 0.25 20

C. glabrata CBS138 YPD 10 0.06 20
RPMI 5 0.12 10
SD 10 0.12 20

S. cerevisiae BY4741 YPD 1.25 0.015 10
aMIC90 value, determined as the first concentration (mg/ml) of the preservative able to reduce growth by 90%
compared with that of control cells grown in the absence of preservative in YPD, RPMI at pH 7, and SD at pH 5.4.

bMPB, methylparaben; TCS, triclosan; HEPB, ethylzingerone.

FIG 1 Antifungal activities of ethylzingerone, triclosan, and methylparaben. (A) Chemical structures of
methylparaben (MPB), triclosan (TCS), and ethylzingerone (HEPB). (B) Representative killing curves of
C. albicans strain SC5314 exposed to different concentrations of each preservative in YPD medium. x
axis, exposure time (min) to the indicated concentrations of each preservative; y axis, percentage of
CFU counts at each time point relative to CFU counts at time point 0. (n) control with solvent alone,
( ) MPB at 5mg/ml (1� MIC), (l) HEPB at 10mg/ml (1� MIC), ( ) HEPB at 20mg/ml (2� MIC), and
(h) TCS 0.062mg/ml (1� MIC).
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ities against C. albicans, C. glabrata, and S. cerevisiae, with HEPB and TCS exerting fungi-
cidal activities and MPB displaying a fungistatic action.

Transcriptional response of C. albicans exposed to HEPB. To gain insight into
potential molecular pathways involved in HEPB antifungal activity, we performed tran-
scriptomics analyses of C. albicans cells exposed to low (4mg/ml, equivalent to 0.4�
MIC) and higher (10mg/ml, equivalent to 1.0� MIC) concentrations of HEPB relative to
untreated cells, during 10, 30, and 60min (see Materials and Methods). These treat-
ments strongly affected the C. albicans transcriptome and led to a potent modulation
of gene expression (Table S1). Following treatment with 4mg/ml HEPB, we found 322,
386, and 489 upregulated and 338, 446, and 393 downregulated genes at time points
10, 30, and 60min, respectively (Fig. 2A and Table S1) (fold change $2 or #22,
P, 0.05). Upon increasing the concentration of HEPB to 10mg/ml, 754, 1,052, and 858
genes were upregulated and 817, 1,117, and 1,094 genes were downregulated at time
points 10, 30, and 60min, respectively (Fig. 2A and Table S1). Many targets of transcrip-
tion factor Tac1p (20) were strongly upregulated at all tested time points (Fig. 2A, blue
asterisks, and Table S1), suggesting that HEPB treatment elicited an early and strong
detoxification response through activation of the expression of efflux pumps. Similarly,
many genes involved in amino acid biosynthesis were upregulated, including ARG1,
ARG3, ARG4, ARG8, LEU1, and others (Fig. 2A, red asterisks, and Table S1). To group the
total expressed genes into clusters based on similar expression patterns, we performed

FIG 2 Transcript profiling in C. albicans exposed to ethylzingerone. (A) Heat maps of the 50 highest (left panel, red) and lowest (right panel, green)
transcriptionally modulated genes (log2-transformed ratios are shown and color scale indicates the maximum and minimum expression ratios, 1/210.08)
following exposure of C. albicans strain SC5314 to 4mg/ml (0.4� MIC) or 10mg/ml (1.0� MIC) HEPB for 10, 30, and 60min (combination of 2 or 3
biological replicates in each condition). The most upregulated (descending signal intensity, sorted by average expression under all conditions, left panel) or
downregulated (ascending signal intensity, sorted by average expression under all conditions, right panel) genes in HEPB-treated versus untreated cells are
indicated with their corresponding name or systematic nomenclature on the right side of each panel. Genes highlighted with a blue asterisk are those that
are transcriptionally modulated by activation of transcription factor Tac1p (20), while genes highlighted with a red asterisk are those involved in amino
acid biosynthesis. Heat maps were constructed using Genesis version 1.8.1 (50). (B) K-means profile plots of 2 selected clusters (cluster 1, 118 genes, upper
panel and cluster 2, 83 genes, lower panel) out of 10 clusters generated through mining of the complete transcript profiling data set (Table S1) using
Genesis version 1.8.1 (50). The expression dynamics of each gene (log2-transformed ratios, gray line) are plotted on the y axis, whereas the experimental
condition is indicated on the x axis (bottom). (C) GO term enrichment scores (black bars, representing the negative value of log10 transformed P values
shown on the x axis) of the significantly enriched functional categories (P value,0.05) among the 118 and 83 genes from K-means clusters 1 (upper chart)
and 2 (lower chart), respectively. The GO terminologies are indicated on the y axis. The number of genes belonging to each GO terminology are indicated
between parentheses.
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K-means analysis (see Materials and Methods). We generated 10 different clusters of
coregulated genes, among which two were selected for further analysis (Fig. 2B).
Cluster 1 includes a subset of upregulated genes whose expression further increased
with increasing HEPB concentration (Fig. 2B, upper panel), whereas cluster 2 may
reflect genes whose upregulation is required only during early events following HEPB
exposure (Fig. 2B, lower panel). Cluster 1 was significantly enriched in genes involved
in amino acid biosynthesis as well as those involved in response to oxidative stress, the
latter being particularly observed upon exposure to 1.0� MIC (Fig. 2C, upper panel).
Consistently, a significant proportion of the upregulated genes were targets of tran-
scription factor Cap1p, including CIP1, EBP1, OYE32, OYE23, GRP2, CAP1, TRX1, and
others (Table S1) (21), suggesting that at higher concentration levels, HEPB induces an
oxidative stress response via Cap1p. Cluster 2 is enriched in genes involved in biosyn-
thesis of purine-containing compounds, the metabolism of serine family/glycine amino
acids, and aromatic compound biosynthetic process (Fig. 2C, lower panel). It is likely
that early HEPB treatment readily perturbs amino acid/purine metabolism, which are
interconnected processes (22). Notably, we observed a sequential enrichment of amino
acid biosynthesis-, translation-, protein turnover-, and ubiquitination-related Gene
Ontology (GO) terms among HEPB (1.0� MIC)-upregulated genes over treatment time.
These included “cellular amino acid biosynthetic process” (ARG, HIS, ILV, LEU, SER, and
TRP genes, P= 4.53� 10216) after 10-min treatment, followed by “peptide biosynthetic
process” (P=7.39� 1026), “translation” (P= 1.09� 1025), and “response to starvation”
(P=4.94� 1024) after 30-min treatment, then “proteolysis involved in cellular protein
catabolic process” (P=3.06� 10224), “proteasome assembly” (P=2.17� 1029), and “ubiq-
uitin-dependent protein catabolic process” (P= 1.83� 10222) after 60-min treatment.

To independently validate our data, C. albicans cells were regrown in the presence
of HEPB at 1.0� MIC for 0, 10, 30, and 60min, followed by total RNA extraction, reverse
transcription, and qPCR analysis (Fig. S1 and see Materials and Methods). We tested
the expression of ARG1 and LEU1 together with GCN4, encoding a key regulator of
amino acid biosynthesis (23), at time points 10, 30, and 60min relative to time point
0min using ACT1 as an endogenous control (Fig. S1 and see Materials and Methods).
The three genes were upregulated at all three time points, with ARG1 and GCN4 dis-
playing a gradual increase in their expression levels over time (Fig. S1).

We suggest that HEPB exposure impairs the integrity of amino acid/protein metab-
olism in C. albicans, possibly through alteration of amino acid biosynthesis with a con-
sequence on protein synthesis/folding.

C. albicans antimicrobial susceptibility is not altered upon exposure to HEPB.
Because HEPB treatment transcriptionally induced a Tac1p-mediated multidrug resist-
ance response (Fig. 2A), we sought to determine whether such transcriptional induc-
tion can translate into acquisition of antifungal resistance in C. albicans. We hypothe-
sized that induction of the Tac1p-mediated multidrug resistance pathway may be a
transient adaptive response to preservative treatment, a commonly observed detoxifi-
cation mechanism when yeast cells are exposed to unrelated toxic compounds (24).

We first tested whether HEPB treatment could favor the development of HEPB re-
sistance in C. albicans, using a predictive protocol that allows to evaluate the propen-
sity of microorganisms to develop resistance to antimicrobials (see Materials and
Methods). We found that 24-h exposure to HEPB (0.1% wt/vol) did not alter the suscep-
tibility of C. albicans strain ATCC 10231 to HEPB (Table 2). Next, we exposed strain
ATCC 10231 to HEPB under the same growth conditions and determined its suscepti-
bility to a panel of 9 antifungal agents (Table 2). While a 2-fold increase in 5-flucytosine
MIC was detected (Table 2), the susceptibility of C. albicans to the remaining major
antifungal agents (including azoles) was unaffected, indicating that although a Tac1p-
mediated transcriptional response was induced by HEPB, no significant alterations in
antifungal drug susceptibility were subsequently observed.

Comparative transcriptomic analyses. To determine the extent of specificity of C.
albicans transcriptional response to HEPB exposure compared to that which could be
induced by treatment with unrelated chemical preservatives, we equivalently exposed
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strain SC5314 to MPB (2mg/ml, 0.4� MIC and 5mg/ml, 1.0� MIC) and TCS (0.006mg/
ml, 0.1� MIC and 0.062mg/ml, 1.0� MIC) during 10, 30, and 60min (see Materials and
Methods). We analyzed the resulting transcript profiling data using hierarchical cluster-
ing. As shown in Fig. 3, the transcriptomes of HEPB-treated cells were clearly distinct
from those of cells treated with MPB and TCS, except for the transcriptomes of cells
treated at low doses of MPB during 30 and 60min (Fig. 3), which cluster with those of
1.0� MIC HEPB-exposed cells at time points 30 and 60min. Such a similarity could be
explained, at least in part, by the common induction of strong Tac1p- and Cap1p-medi-
ated transcriptional signatures following HEPB and MPB treatments (Table S1). This
indicates that although HEPB (fungicidal) and MPB (fungistatic) seem to exert different
antifungal activities on C. albicans (Fig. 1B), consistent with distinct modes of action,
they may share some common effects on the C. albicans transcriptome. Taken to-
gether, comparative analysis of the transcriptomes of C. albicans cells exposed to
HEPB, MPB, and TCS suggests distinct mechanisms of antifungal activities of the three
compounds, supported by little overlap between their transcriptional signatures.

Large-scale phenotypic profiling in S. cerevisiae links HEPB mode of action to
tryptophan availability. We performed phenotypic profiling of all nonessential gene
deletion strains of the haploid S. cerevisiae mutant collection (25) in rich medium sup-
plemented with HEPB (see Materials and Methods). We hypothesized that our screen
would identify a set of genes whose individual deletion sensitizes cells to HEPB treat-
ment, thus providing information on the metabolic or cellular pathways that are most
important in tolerating the toxic activity of HEPB. The pool of mutants was grown for
11 generations in the absence or presence of 0.937mg/ml or 1.25mg/ml HEPB, and
the relative abundance for each mutant was quantified using barcode microarrays (see
Materials and Methods). Strikingly, the trp1D strain was the most sensitive mutant
among all 4,885 competing S. cerevisiae strains, followed by strains deleted for SOD1,
GCN4, ERG2, and DAL81 (Fig. 4A and Table S2). The abundance of additional strains car-
rying deletions in genes involved in aromatic amino acid biosynthesis (ARO7, ARO3)
was also decreased following HEPB treatment (Fig. 4A and Table S2). We hypothesized
that HEPB exerts its inhibitory activity by directly or indirectly blocking pathways
involved in tryptophan cellular availability and tested whether tryptophan addition to
HEPB-containing growth medium rescues the defective growth of the trp1D mutant
(Fig. 4B). As shown in Fig. 4B, tryptophan supplementation restored the generation
time of HEPB-treated trp1D mutant to levels similar to those observed in the wild-type
strain, contrasting with the nonaddition of tryptophan (Fig. 4B, compare “2” white ver-
sus gray bars to “1” white versus gray bars). We also confirmed the specific require-
ment of exogenous tryptophan for restoring significant growth levels of the trp1D mu-
tant in the presence of HEPB, unlike the addition of tyrosine, phenylalanine, or leucine
(Fig. 4C, purple curve).

Chemical-genetic interaction profile of HEPB displays little overlap with that of
TCS and MPB. To evaluate the extent at which the trp1D mutant phenotype is specific
to HEPB growth-inhibitory activity, we also performed fitness profiling of the whole set
of S. cerevisiae mutant collection in the presence of TCS (15 and 20mg/ml) and MPB
(300 and 400mg/ml, Table S2). We found that none of these two unrelated preserva-
tives strongly affected the growth of the trp1D mutant (Fig. 5, bottom row). Similarly,
growth of the gcn4D, cin8D, and sac1D mutants was not significantly altered by TCS or
MPB treatments (Fig. 5). However, the dal81D and aro7D mutants were sensitive to MPB,
suggesting a link between the mode of action of MPB and amino acid metabolism. On

TABLE 2 Antifungal and HEPB susceptibilities of C. albicans ATCC 10231 (MIC,mg/ml6 standard deviation) after 24-h exposure to 0.1% HEPB
(wt/vol, n=3)

Treatmenta HEPB AND AB MF CAS FC PZ VOR IZ FZ
2HEPB 5 mg/ml6 0.00 0.106 0.03 0.506 0.00 0.0156 0.00 0.066 0.00 0.126 0.00 0.066 0.00 0.066 0.00 0.256 0.00 2.006 0.00
1HEPB 5 mg/ml6 0.00 0.106 0.03 0.506 0.03 0.0156 0.00 0.066 0.00 0.256 0.00 0.066 0.00 0.066 0.00 0.256 0.00 2.006 0.00
aTreatment:2HEPB, no addition of HEPB;1HEPB, addition of 0.1% HEPB (wt/vol); HEPB, ethylzingerone; AND, anidulafungin; AB, amphotericin B; MF, micafungin; CAS,
caspofungin; FC, 5-flucytosine; PZ, posaconazole; VOR, voriconazole; IZ, itraconazole; FZ, fluconazole.
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the other hand, sensitivity of the sod1D and sod2D mutants to HEPB and MPB is likely to
be linked to induction of oxidative stress by both chemicals, clearly reflected in our tran-
script profiling data where activation of Cap1p-mediated pathway was observed (Fig. 2).

Taken together, our fitness profiling experiments in S. cerevisiae show that HEPB
interferes specifically with aromatic amino acid availability, rendering cells that cannot
synthesize tryptophan hypersensitive to its growth-inhibitory activity.

C. albicans trp1D/trp1D and gcn4D/gcn4D mutants are sensitive to HEPB
treatment. Our finding that deletion of TRP1 enhances the susceptibility of S. cerevisiae
to HEPB treatment, compared to the parental BY4742 wild-type strain (Fig. 4B), fos-
tered us to test whether a C. albicans trp1D/trp1D mutant displays a similar phenotype

FIG 3 Comparative analysis of the transcriptomics data. Hierarchical clustering using average linkage
WPGMA (clustering of both genes and conditions) showing the relationships between the distinct 18
compound treatments (top). Each gene is represented by a rectangle colored according to the level of
upregulation (red) or downregulation (green) as indicated in the colored scale showing adjusted
maximal (15.0) and minimal (25.0) log2-transformed ratios. The relatedness between conditions is
shown on the upper cladogram, whereas relatedness between gene expression profiles is indicated on
the left cladogram. The hierarchical clustering heatmap was generated using Genesis version 1.8.1 (50).
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FIG 4 Phenotypic profiling in S. cerevisiae links HEPB mode of action to tryptophan availability. (A)
Histogram depicting the relative abundance of each group of S. cerevisiae mutants (histogram bins)

(Continued on next page)
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under the same growth conditions. We therefore exposed both C. albicans trp1D/trp1D
and parental TRP1/TRP1 strains to 5mg/ml HEPB in YPD medium and measured their
generation time in the presence or absence of HEPB (Fig. 6A). In the absence of HEPB,
both trp1D/trp1D and parental TRP1/TRP1 strains displayed similar growth rate (Fig. 6A,

FIG 5 Chemical-genetic interactions of TCS and MPB with S. cerevisiae mutants that are sensitive to
HEPB. Fitness profiling matrix displaying the relative abundance of mutant strains sod2D, aro7D,
vrp1D, sac1D, cin8D, dal81D, erg2D, gcn4D, sod1D, and trp1D following exposure to TCS (15 and
20mg/ml), MPB (300 and 400mg/ml), and HEPB (937 and 1,250mg/ml). Fitness defect intensities
(numerical values) are also displayed as colored squares, according to the color scale shown at the
bottom of the panel. Negative values indicate decreased abundance of the corresponding mutant.

FIG 4 Legend (Continued)
measured as the log2-transformed ratio of barcode signal intensity in HEPB-treated samples (n=3)
compared to untreated control sample (x axis). The number of strains per histogram bin are shown
on the y axis. Mutants with significantly decreased abundance following HEPB treatment are shown
on the left part of the histogram, whereas those with increased relative abundance are shown on the
right part of the histogram. (B) Parental BY4742 (gray bar) and the trp1D mutant derivative (white
bar) were grown in the absence (2) or presence (1) of 0.4mg/ml tryptophan in YPD medium (YPD)
supplemented (12mg/ml HEPB, 11mg/ml HEPB) or not (YPD) with 2mg/ml or 1mg/ml HEPB.
Generation times (in hours) of each strain under each condition are indicated on the y axis calculated
as the mean of 3 independently grown cultures with error bars denoting standard deviations. (C)
Growth curves of the trp1D mutant grown in YPD medium (YPD) or in YPD medium supplemented
with 2mg/ml HEPB (12mg/ml HEPB) are depicted in different colors depending on the identity of
the amino acid being added to the growth medium. Turbidity (OD600, y axis) was recorded every
5min as a function of time (hours, x axis) in a Tecan Sunrise device.
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YPD). Exposure to HEPB increased generation time of the TRP1/TRP1 strain and further
increased that of the trp1D/trp1D mutant (Fig. 6A, 5mg/ml HEPB), phenocopying the S.
cerevisiae trp1Dmutant (Fig. 4B).

Another S. cerevisiae mutant whose growth was significantly altered by HEPB treat-
ment is the gcn4D strain (Fig. 4A). GCN4 encodes a key transcription factor that controls
the amino acid biosynthesis pathway in S. cerevisiae and C. albicans (23, 26). We
hypothesized that a C. albicans gcn4D/gcn4D mutant would be susceptible to HEPB
treatment. We tested growth of both gcn4D/gcn4D mutant and parental GCN4/GCN4
strain, together with the SC5314 strain by spot assay on YPD medium in the presence
or absence of HEPB (Fig. 6B). In the absence of HEPB, the three strains displayed similar
growth pattern, albeit with a slight advantage for SC5314 (Fig. 6B, left panel). Addition
of 12.5mg/ml of HEPB significantly altered growth of the C. albicans gcn4D/gcn4D mu-
tant, compared to that of strains DAY286 (parental) and SC5314.

Taken together, our results indicate that, like in S. cerevisiae, HEPB treatment inter-
feres with amino acid biosynthesis in C. albicans.

DISCUSSION

We used complementary functional genomics approaches to propose a potential
mechanism of action of a new preservative candidate with antifungal activity, HEPB.
Genome-wide expression analyses provide insights into gene function or pathways
and circuits activated upon applying environmental perturbations. When a chemical
stress is exerted on cells, it induces transcriptional changes reflecting both general and
specific responses of the organism to alteration of one or more biological pathways
that are affected by treatment with the chemical. In our case, HEPB treatment led to a
transcriptional signature reflective of a potent detoxification response controlled by
the multidrug resistance regulator Tac1 (Fig. 2 and Table S1), which we propose as a

FIG 6 C. albicans trp1D/trp1D and gcn4D/gcn4D mutants are sensitive to HEPB treatment. (A) Parental
CAI4 (TRP1/TRP1, gray bar) and the trp1D/trp1D mutant derivative (white bar) were grown in YPD
medium supplemented (5mg/ml HEPB) or not (control) with 5mg/ml HEPB. Generation time (in
hours) of each strain under each condition are indicated on the y axis, calculated as the mean of
values from 3 independently grown cultures with error bars denoting standard deviations. Asterisk,
P, 0.05 based on a Welch’s t test comparing mean values of the trp1D/trp1D mutant to those of the
parental strain TRP1/TRP1 in the presence of HEPB (5mg/ml HEPB). (B) HEPB susceptibility of strains
DAY286, gcn4D/gcn4D (gcn42/2), and SC5314 was tested by spot assay on YPD plates supplemented
(or not supplemented, left panel, control) with 12.5mg/ml of HEPB (12.5mg/ml HEPB, right panel).
Plates were incubated at 30°C for 3 days.
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general response to chemical treatment. This response does not translate into the ac-
quisition of stable HEPB or antifungal resistance phenotypes (Table 2), reinforcing the
notion that the Tac1 response pathway is a transient adaptation mechanism to the tox-
icity of HEPB. However, HEPB treatment generated an early, sustained, and more spe-
cific transcriptional response, reflected in the upregulation of many genes involved in
amino acid biosynthesis (Fig. 2 and Table S1), suggesting that alteration of amino acid
biosynthesis and/or availability is one of the mechanisms that could explain HEPB
growth-inhibitory activity. Such transcriptional signatures can originate from the spe-
cific inhibition of the direct target of HEPB or could be part of a response that is tightly
linked to the mode of action of HEPB. Based on previous investigations on the mode of
action of antifungals, one could expect that inhibition of the function of a target would
lead to increased expression of the genes that function in a common pathway with the
target as a result of a compensatory transcriptional response due to reduced activity of
the target (27–30). Our K-means analyses are in agreement with such expectations, as
we clearly detect the enrichment of functional categories pertaining to amino acid bio-
synthesis and/or availability among genes that are upregulated, both early and late,
following exposure to HEPB (Fig. 2B and C). A series of transcriptional profiles from cells
treated with unrelated compounds, in our case TCS and MPB (Fig. 3), further delineated
the extent of specificity of the C. albicans transcriptional response to HEPB treatment
and allowed to discriminate, to some extent, the specific responses from the general
ones, narrowing down the list of pathways that could be involved in HEPB’s mecha-
nism of action.

Our transcriptional analyses could have been compared to a set of transcript profil-
ing data of C. albicans gene deletion or gene overexpression strains, allowing to estab-
lish and refine chemical-gene associations and improve the inference of HEPB’s mode
of action. One nice example reflecting this approach is the study by Hughes et al., in
which gene expression profiles of yeast cells treated with both known and unknown
drugs were compared with a compendium of transcript profiles from an array of yeast
deletion mutants (31). The study particularly identified the mode of action of dyclo-
nine, a topical anesthetic with antimicrobial properties (31). In our case, we directly
focused on phenotypes rather than transcriptional signatures and used chemoge-
nomic analyses of the S. cerevisiae haploid knockout collection (Fig. 4), since an equiva-
lent collection in C. albicans is not yet available to the scientific community. Our
genetic approach is still powerful, since it allows to map, on the nonessential genome
scale, genes whose loss of function chemically interacts with HEPB. It also focuses on
genes whose deletion strongly sensitizes cells to HEPB treatment, providing a comple-
mentary strategy to transcript profiling for the characterization of the mode of action
of HEPB (32). Unlike the heterozygous S. cerevisiae deletion, which carries individual
deletions of both essential and nonessential genes, our assay does not allow to identify
the direct target of HEPB, which might be expected to have an essential role. However,
it is relevant for the identification of subsets of genes and pathways that modulate
HEPB sensitivity (i.e., displaying buffering interactions), which are required for growth
in the presence of the chemical (32). It also can mimic a double-deletion mutant con-
text, whereby one gene is deleted and the function of the second is altered through
chemical inhibition by HEPB. We could have used the C. albicans GRACE (gene replace-
ment and conditional expression) collection (33); however, it relies on tetracycline
derivatives to turn off gene expression, which may chemically interfere with HEPB. In
the event that HEPB does not directly target a protein, our phenotypic assay can still
identify protein-encoding genes that are involved in the synthesis, import/trafficking,
or metabolism of HEPB target(s). Clearly, complementary approaches to transcriptom-
ics and chemogenomics are needed for the precise identification of the direct target(s)
of HEPB.

One of the mechanisms that could potentially explain the requirement of trypto-
phan to rescue the severe growth defect of the S. cerevisiae trp1D mutant in the pres-
ence of HEPB may involve direct inhibition of one of the enzymes involved in
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tryptophan biosynthesis or alteration of the function of proteins involved in trypto-
phan transport into the cell. Our data argue in favor of a decrease in the pool of amino
acids following HEPB treatment, as we detected the upregulation of many genes
involved in amino acid biosynthesis as well as the activation of the amino acid starva-
tion regulator GCN4 in our transcript profiling data (Fig. S1 and S2 and Table S1) (26).
Furthermore, the gcn4D strain was among the most depleted mutants following treat-
ment with HEPB (Fig. 4A), reflecting the need for an efficient response to amino acid
starvation in HEPB-treated cells. In addition to trp1D, gcn4D, aro7D, aro3D, and gly1D
(Fig. 4A), the list of S. cerevisiae mutants that are sensitive to HEPB included strains
with deletions in PRS3, involved in the synthesis of phosphoribosyl pyrophosphate
(PRPP, required for nucleotide, histidine, and tryptophan biosynthesis) (34), TAT1,
encoding a low-affinity transporter for histidine and tryptophan (35), and TKL1, coding
for a transketolase required for the synthesis of erythrose-4-phosphate, a precursor of
the aromatic amino acids (36) (Table S2 and Fig. 7). The biosynthetic processes of the
aromatic amino acids tryptophan, tyrosine, and phenylalanine are linked together by
the shikimate pathway (37) (Fig. 7). Phosphoenolpyruvate and erythrose 4-phosphate,
deriving from glycolysis and the pentose phosphate pathway, enter into a series of
reactions involving the activity of the Aro1-4 enzymes, whose final product is choris-
mate, the common precursor for the synthesis of the other two main metabolites, pre-
phenate (via Aro7) and anthranilate (via Trp2 and Trp3, Fig. 7). The first (prephenate)
generates tyrosine and phenylalanine, and the last (anthranilate) produces tryptophan
following a sequence of enzymatic reactions involving Trp4 (requires PRPP), Trp1, Trp3,
and Trp5 (37) (Fig. 7). Almost all HEPB-sensitive mutants with a role in amino acid

FIG 7 Simplified schematic representation of the aromatic amino acid biosynthetic pathway. A sequence of enzymatic reactions encoded by many ARO
and TRP genes are crucial for the biosynthesis of aromatic amino acids. Specific steps from the pentose phosphate pathway (top box, left) and glycolysis
(top box, right) generate erythrose-4-phosphate and phosphoenolpyruvate, which are processed by the products of ARO and TRP genes to generate
tryptophan (whose chemical structure is shown at the bottom right), tyrosine, and phenylalanine. Tryptophan can also be taken up from the medium
owing to the activity of a low-affinity permease encoded by TAT1 (gray oval). Genes with a role in amino acid biosynthesis whose deletion strongly
sensitizes S. cerevisiae to HEPB treatment are colored in red.
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metabolism are deficient in key enzymes of the aromatic amino acid biosynthetic path-
way described above (trp1D, aro7D, aro3D, prs3D, and tkl1D, Fig. 7), further reinforcing
our hypothesis that HEPB exerts a potent perturbation of aromatic amino acid homeo-
stasis and that tryptophan availability plays a key role in the HEPB growth-inhibitory
effect.

Our comparative analyses indicate that HEPB’s mode of action is quite distinct from
that of two commonly used preservatives, MPB and TCS (Fig. 1, 3, and 5). Still, our tran-
script profiling experiments detected partial overlapping responses in C. albicans cells
exposed to HEPB and MPB (Fig. 3). Both chemicals elicited Tac1- and Cap1-mediated
transcriptional signatures and induced the expression of a subset of genes involved in
amino acid biosynthesis (Table S1). We also observed some correlations between the
chemogenomic profiles of HEPB- and MPB-treated cells (Fig. 5 and Table S2), yet these
two chemicals, which respectively have fungicidal and fungistatic activities on C. albi-
cans (Fig. 1B), have distinct modes of action. Few studies have addressed the mecha-
nisms through which MPB and TCS exert their antifungal activities. MPB was shown to
perturb microbial membrane function (8), and its effect on microbial membranes was
recently tested in two-dimensional lipid systems, called the Langmuir monolayers (38),
mimicking Staphylococcus aureus, Pseudomonas aeruginosa, and C. albicans mem-
branes. Although MPB was shown to be more active against fungi than against bacte-
ria, the strongest destructive effect of MPB was observed on bacterial membranes (38),
suggesting that MPB may act differently on C. albicans. Our transcriptomic analyses in
C. albicans pointed to perturbation of carbohydrate metabolism and activation of fila-
mentous growth following MPB treatment, whereas chemogenomics data did not
clearly identify cellular processes that were significantly affected by MPB. Unexpectedly,
TCS treatment sensitized yeast mutants linked to mitochondrial function (Table S2). In
line with an alteration of mitochondrial activity, our transcriptomics data revealed that
many genes involved in oxidation/reduction processes were upregulated upon TCS
treatment (Table S1). It is possible that respiration is a major factor that allows cells to
survive in the presence of TCS. The potential molecular basis of this phenomenon is not
known; however, TCS was shown to inhibit FabI, an enoyl-acyl carrier protein reductase
important for the synthesis of fatty acids in bacteria (7). Eukaryotes have two different
fatty acid synthesis systems, one of which is mitochondrial, similar to the bacterial sys-
tem, and essential for respiration (39). Our results together with the previous knowledge
on the mechanism of action of TCS in E. coli (6, 7) may indicate that, in yeast, the preserv-
ative affects mitochondrial fatty acid synthesis, leading to respiratory failure.

MATERIALS ANDMETHODS
Strains, media, and chemicals. C. albicans strains SC5314 (40), ATCC 10231 (41), CAI4 and CAI4t

(trp1D/trp1D) (42), and DAY286 and CJN913 (gcn4D/gcn4D) (43), Candida glabrata strains BG2 (44) and
CBS138 (45), and S. cerevisiae strains BY4741 and BY4742 (46) were used in this study. Strains were rou-
tinely grown at 30°C in YPD medium (1% yeast extract, 2% peptone, 2% glucose) or synthetic dextrose
(SD) minimal medium (0.67% yeast nitrogen base without amino acids [Difco], 2% glucose) supple-
mented with 2% agar in case of growth on a solid medium. RPMI 1640 (Gibco, supplemented with 2%
glucose, buffered with 0.165 M morpholinepropanesulfonic acid [MOPS], and adjusted to pH 7 with
NaOH) or SD (buffered with 0.165 M MOPS and adjusted to pH 7 with NaOH) media were used for MIC90

determinations. Stock solutions of ethylzingerone (HEPB, 0.5 g/ml), triclosan (TCS, 1.0 g/ml), and methyl-
paraben (MPB, 1.0 g/ml), all provided by L’Oréal, France, were prepared in dimethyl sulfoxide (or in etha-
nol, for fitness profiling experiments in S. cerevisiae).

Evaluation of the antifungal activities of HEPB, TCS, and MPB. MIC assays were determined in
flat-bottom microtiter plates according to the EUCAST method (47) with an inoculum of 1� 105 cells/ml
using C. albicans strains SC5314 and ATCC 10231, C. glabrata strains BG2 and CBS138, and S. cerevisiae
strains BY4741 and BY4742. MIC90 were determined in triplicate at 30°C in YPD, SD pH 5.4, and RPMI pH
7.0, as well as in RPMI pH 7.0 at 37°C. To determine killing curves of MPB, TCS, and HEPB, an overnight
culture of C. albicans strain SC5314 was diluted to an optical density at 600 nm (OD600) of 0.05 and grown
to an OD600 of 0.4 in YPD, and the culture was treated with various concentrations of each compound or
with an equal volume of solvent. Cells were sampled after 0, 10, 30, and 60min of exposure, washed,
diluted 105 times, and plated on preservative-free YPD plates for CFU counting. Killing curves were per-
formed in duplicate. CFU at time zero were normalized to 100% and CFU of other time points were cal-
culated relative to CFU obtained at time zero.
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Microarray experiments. Gene expression analyses of the C. albicans laboratory strain SC5314 were
performed by comparing planktonic cells with and without exposure to HEPB (0.4� and 1.0�MIC90),
TCS (0. 1� and 1.0�MIC90), or MPB (0.4� and 1.0�MIC90). For each compound and concentration, an
exponentially grown C. albicans culture in YPD medium at 30°C was exposed to the compound and sam-
ples were collected after 10, 30, and 60min for transcript profiling. Total RNA was isolated using the
RNeasy minikit (Qiagen, Courtaboeuf, France) according to the manufacturer’s instructions. The concen-
tration, purity, and integrity of the isolated RNA were evaluated using a Nanodrop spectrophotometer
(Thermo Fisher, Illkirch, France) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn,
Germany). We used the microarray technology at the time the project was initiated and RNA samples
were obtained (2010). cDNA synthesis, labeling, and hybridization on C. albicans microarrays (Agilent
026869) were performed as described in Zeidler et al. (48). Sample comparisons at 10, 30, and 60min
were performed using at least two biological replicates, and each biological replicate was subjected to
technical replication with dye swaps.

Microarray data analysis. Microarray scans were generated using a GenePix 4000A scanner and
data were acquired using the GenePix 5 software. Data analysis was carried out using Arraypipe (49) and
Genesis version 1.8.1 (50). Data were normalized using the LOESS (locally estimated scatterplot smooth-
ing) method, and statistical analyses were conducted using Welch’s t tests. We used the August 2017
annotation from the Candida Genome Database (CGD) (51) and converted the orf19 nomenclature from
Assembly 19 to the new Assembly 22 nomenclature (Table S1). Some oligonucleotides on the microar-
rays (Assembly 19) did not match any ORF in the current version of CGD (Assembly 22), as some genes
have been removed from CGD or their coordinates modified. Data for these oligonucleotides were not
analyzed further. The genes whose mRNA level changed by at least 2-fold with a P value,0.05 were
considered significantly modulated. Microarray data have been deposited at ArrayExpress under acces-
sion number E-MTAB-7908. Normalized data are available in Table S1. Gene ontology analyses were per-
formed using the GO term finder tool available at the Candida Genome Database, with P values calcu-
lated as described in Boyle et al. (52), and enrichment scores were calculated as the negative values of
the log10-transformed P values (P value cutoff used was 0.05). K-means (10 clusters, 50 iterations, and 5
runs with 20 randomizations for testing variable dependence) and hierarchical (average linkage WPGMA
[weighted pair group method with arithmetic mean]) clustering were performed using the Genesis soft-
ware (50).

Confirmation of transcriptomics data by RT-qPCR analysis. Strain SC5314 was grown three times
independently to an OD600 of 0.8 in YPD medium at 30°C, before being exposed to 10mg/ml of HEPB
(1.0� MIC) for 10, 30, and 60min. Twenty OD units were withdrawn at each time point for RNA extrac-
tion (for time point 0min, samples were withdrawn prior to addition of HEPB to the growth medium).
Total RNA was extracted using the RNeasy Mini kit (Qiagen) according to the manufacturer’s instructions.
cDNA was synthetized from 1mg of total RNA using the QuantiTect Reverse transcription kit (Qiagen).
The qPCRs (20ml) were made of 5ml of cDNA (25 ng) combined with 1ml of primer mix at 10 pmol/ml
each (forward and reverse primers of the selected genes), 10 ml of 2� SsoAdvanced universal SYBR
green supermix (Bio-Rad), and 4 ml of H2O. Reactions were processed in a Hard-Shell 96-well PCR plate
(Bio-Rad) using a CFX96 real-time PCR instrument (Bio-Rad) with 1 cycle at 50°C for 2min, 1 cycle at 95°C
for 10min, and 40 cycles at 95°C for 15 sec and 59°C for 1min, followed by melting-curve generation to
rule out amplification of unspecific products. Levels of relative gene expression (n-fold) for the HEPB-
treated samples at time points 10, 30, and 60min compared to time point 0min of ARG1 (forward primer
59-GTGAAGTTAGAGCCATCAGAGATCAA-39 and reverse primer 59-TGAACGAACGTATTCTCCTTCTGG-39)
(53), GCN4 (forward primer 59-CCAGAAATGCAAAAGGCTTC-39 and reverse primer 59-GACTTTGGCT
CCGTCCATAA-39) (54), and LEU1 (forward primer 59-GCTCCAAAGGGACAAGAATGGG-39 and reverse
primer 59-GTTGCTGGGTCTGGGACACT-39) (55) were calculated using the 22DDCT method (amplification
of ACT1 serving as an endogenous control gene with forward primer 59-TATGAAAGTTAAGATTA
TTGCTCCACCAGAAA-39 and reverse primer 59-GGAAAGTAGACAATGAAGCCAAGATAGAAC-39) (56), as fol-
lows: DCT = CT(selected gene) 2 CT(ACT1 reference gene), calculated for each treatment time point, and
DDCT = DCT(HEPB-treated samples) 2 DCT(time point 0min sample). Assays were performed using 3 bio-
logical replicates. A two-tailed Student’s t test was applied by comparing, for a given gene, the n-fold rel-
ative gene expression values between treatment time points (10, 30, and 60min, Fig. S1). Statistical sig-
nificance threshold was P, 0.05.

Antifungal susceptibility testing following exposure to HEPB. This protocol was previously vali-
dated to evaluate antimicrobial susceptibility profile before and after exposure to an antimicrobial in
“during use” conditions (57–59). Briefly, a test suspension of ;107 C. albicans ATCC 10231 cells was pre-
pared in 1ml of tryptone sodium chloride (TSC, 1.0 g/liter tryptone, 8.5 g/liter NaCl) medium. This sus-
pension (1ml) was added to 9ml of HEPB (diluted in H2O) at 1.25 times the required concentration
(0.1% wt/vol) and incubated for 24 h at 20°C. Following exposure, C. albicans cells were filtered through
a 0.2-mm filter and washed with 5ml neutralizer (1.5% vol/vol Tween 80 and 3% wt/vol lecithin, Fisher
Scientific), then with 5ml TSC. The filter was placed in a bottle with 5ml TSC and 5 g of glass beads,
then vortexed for 1min to recover survivors. Antifungal susceptibility testing was performed 3 times in-
dependently, using the colorimetric microdilution assay Sensititre YeastOne with Micafungin and
Anidulafungin (YO10) system (ThermoFisher Scientific, UK) following the manufacturer’s recommendations.
MIC values were determined for anidulafungin, amphotericin B, micafungin, caspofungin, 5-flucytosine, posa-
conazole, voriconazole, itraconazole, and fluconazole (Table 2). Susceptibility to HEPB was tested by deter-
mining MIC before and after 0.1% HEPB (wt/vol) exposure using the BS EN ISO: 20776-1 (2006) microdilution
protocol. The highest HEPB concentration tested of 2% wt/vol corresponded to ;3� the prospective in-use
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concentration in formulae. The MIC was taken as the lowest concentration of HEPB that showed no growth
after 24 h of incubation at 25°C.

Fitness assay with a barcoded haploid S. cerevisiae knockout collection. Fitness assays were per-
formed with 4,885 S. cerevisiae haploid deletion mutants from the systematic deletion collection as
described in Giaever et al. (background strain BY4741) (25). Mutants were grown individually in 96 deep-
well plates at 30°C for 2 days in YPD medium, pooled, and aliquots were stored at 280°C. We did an ini-
tial growth test for S. cerevisiae in YPD medium at 30°C with 5 different concentrations of TCS, MPB, and
HEPB, all solubilized in pure ethanol as stock solutions. Final concentrations used for the fitness assay
were as follows: HEPB, 3.4mM (700mg/liter), MPB, 1.95mM (300mg/liter), and TCS, 51mM (15mg/liter).
The pool of mutants was grown for 11 generations in the absence or presence of each preservative, and
growth of individual strains in the different cultures was determined by amplifying, labeling, and hybrid-
izing the barcodes on custom barcode microarrays (Agilent G2509F - AMADID N°026035) as described in
detail in Malabat and Saveanu (60). Briefly, genomic DNA from the collected cells was extracted with
phenol-chloroform by extensive vortexing in the presence of glass beads (425 to 600 nm size). Primers
U1 and KU (Table S3) were used to amplify the upstream barcodes and primers KD and D1 (Table S3) to
amplify the downstream barcodes. Twenty-five cycles of PCR with an annealing temperature of 50°C
were used. The resulting PCR products were verified by electrophoresis on an agarose gel and used in a
labeling PCR with the Cy3 or Cy5 59-labeled oligonucleotides U2comp (Table S3) for the upstream tags
and D2comp (Table S3) for the downstream tags and unlabeled U1 and D1 as a control. Only 15 cycles
of amplification were used in the labeling step. The labeled PCR products were mixed and precipitated
in the presence of linear acrylamide and of a mixture of complementary oligonucleotides (U1, D1,
U2block, and D2block, Table S3) in 4-fold molar excess to avoid binding of the fluorescently labeled oli-
gonucleotides to the microarray probes. Hybridization was performed using the DIG Easy Hyb buffer
(Roche Applied Science) at 24°C, overnight, in a rotating Agilent hybridization chamber. The slides were
washed in decreasing concentrations of SSPE buffer (10mM potassium phosphate [pH 7.4], 150mM
NaCl, 0.5mM EDTA, 0.05% [wt/vol] Triton X-100) down to 0.2� SSPE, dried, and treated immediately
with the Agilent stabilization and drying solution to avoid ozone-induced degradation of the Cy5 fluoro-
phore. Scanning was performed on a Genepix 4200AL scanner, and the images were analyzed using
Axon Genepix Pro 7. We filtered the data according to our previous estimates of the reliability of the
microarray signal. Filtered data were normalized using the LOESS algorithm (R package marray,
Bioconductor) (61) separately for signals coming from upstream or downstream barcodes. The average
of the values for the upstream barcode and the downstream barcode was calculated. The log2 of the ra-
tio between the signal obtained for a given mutant growing with and without preservative was used as
an estimate of the drug’s effect on the growth rate of the mutant. Data processing and statistical analyses
were performed using R package (http://cran.r-project.org/). The complete data set of the fitness profiling
data was deposited at Gene Expression Omnibus database under accession number GSE125353.

Spot and liquid growth assays. Fitness assay data were validated using individually grown S. cerevi-
siae or C. albicans mutants in 96-well plates. Cells were grown three times independently with agitation
in a Tecan Sunrise plate reader at 30°C in YPD medium, and optical densities at 600 nm were recorded
every 5 to 10min, followed by growth curve generation and calculation of doubling times as described
previously (62). The S. cerevisiae (parental BY4742 and the trp1D mutant derivative) and C. albicans (pa-
rental CAI4 and the trp1D/trp1D mutant derivative CAI4t [42], kindly provided by Bernard Turcotte)
strains were cultured in the absence or presence of 2mg/ml and 5mg/ml HEPB, respectively. Amino
acids were added to the S. cerevisiae cultures at a final concentration of 2mM. For spot assays, C. albicans
strains DAY286, the gcn4D/gcn4D mutant derivative (43), and SC5314 were resuspended in water to an
OD600 of 0.1. Tenfold serial dilutions of each strain were spotted onto YPD plates supplemented with
12.5mg/ml of HEPB. The plates were incubated for 3 days at 30°C.

Data availability. Microarray data have been deposited at ArrayExpress under accession number
E-MTAB-7908. The complete data set of the fitness profiling data was deposited at Gene Expression
Omnibus database under accession number GSE125353.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
SUPPLEMENTAL FILE 2, XLSX file, 4 MB.
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