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a b s t r a c t

Candida albicans is a major fungal pathogen of humans. Although its genome has been sequenced more
than two decades ago, there are still over 4300 uncharacterized C. albicans genes. We previously
generated an ORFeome as well as a collection of destination vectors to facilitate overexpression of
C. albicans ORFs. Here, we report the construction of ~2500 overexpression mutants and their evaluation
by in vitro spotting on rich medium and in a liquid pool experiment in rich medium, allowing the
identification of genes whose overexpression has a fitness cost. The candidates were further validated at
the individual strain level. This new resource allows large-scale screens in different growth conditions to
be performed routinely. Altogether, based on the concept of identifying functionally related genes by
cluster analysis, the availability of this overexpression mutant collection will facilitate the character-
ization of gene functions in C. albicans.

© 2023 The Authors. Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Candida albicans is a major fungal pathogen of humans. Despite
available antifungal treatments, the mortality rate of invasive or
disseminated candidiasis remains high [1,2]. In order to improve
the management of patients suffering from C. albicans infections
and their therapeutic outcome, new antifungal agents with
improved efficacy are urgently needed. A complete functional
annotation of the C. albicans genome is still lacking and 69% of the
predicted open reading frames (ORFs) remain uncharacterized [3].
Novel whole-genome approaches would be a game changer to
systematically determine the function of each ORF, better under-
stand the pathobiology of this opportunistic pathogen and identify
novel antifungals targets.

In this respect, ORFeomes that refer to the complete set of
protein-encoding open reading frames (ORFs) in a genome allow
ut Pasteur. This is an open access article under the CC BY-NC-ND license (http://
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such functional studies of the corresponding proteomes. The
C. albicans ORFeome has been previously established, covering 83%
of its genome and constitutes a novel and important resource to
implement systems biology analysis of C. albicans [4]. The
C. albicans ORFeome has been exploited to generate collections of
overexpression (OE) mutants that have been characterized indi-
vidually, allowing the identification of regulators of morphogenesis
fitness [5], and genome stability [6] with the recent identification of
a novel regulator of chromosome stability [7]. In the genome-wide
era, characterization of individual mutants remains a time-
consuming and laborious process that can be alleviated by
Signature-tagged mutagenesis (STM) [8,9]. STM is a high-
throughput method in which each mutant is uniquely labeled by
different sequence signature tags. These DNA signature tags, or
molecular barcodes, allow the detection and quantification of in-
dividual mutants in a pool after exposure to any experimental
condition, e.g., upon exposure to antifungal compounds. Several
methods can be used for tag detection, such as barcode microarrays
and next-generation DNA sequencing technologies (Bar-seq [10]).
Microarray profiling has been combined to gene OE to identify
geneswhose OE affects biofilm formation [11] or colonization in the
murine gut by C. albicans [12]. Bar-seq has also been combined with
a partial ORFeome (572 genes) to identify mediators of fluconazole
tolerance in C. albicans [13]. In addition to its increased robustness
as compared to microarrays, one of the advantages of Bar-seq is the
possibility to design multiplex experiments [10].

Here, we report the construction of (i) a collection of 2496 PTET-
driven OE plasmids, each containing a C. albicans ORF associated
to a unique 25bp barcode and (ii) a collection of 2454 C. albicans
OE mutant strains. As a proof of concept and because morpho-
genesis is a virulence factor of C. albicans, we exploited the
collection to investigate the impact of OE of 2454 genes in
C. albicans in terms of growth morphology. Also, fungal-specific
genes whose inappropriate expression is toxic for the cell are
potent targets to feed new antifungal drug research. Therefore, we
performed an in-vitro screen for growth defects upon gene OE in
pool experiments. We identified 193 genes whose controlled
expression is required for optimal growth of C. albicans in rich
medium.

We anticipate that the provision of a collection of barcoded OE
plasmids, covering currently 40% of the C. albicans ORFeome, will
stimulate genome-wide functional analysis, and in this way will
improve our understanding of C. albicans biology.

2. Materials and methods

2.1. Strains and growth conditions

C. albicans strains used in this study are listed in Table 1.
C. albicans strains were routinely cultured at 30 �C in YPD medium
Table 1
Candida albicans strains used in this study.

Strain Lab identifier Parental strain Relevant Geno

SC5314 CEC1 e Wild-type
SN76 CEC805 e ura3D::limm4

iro1D::limm43
SN76 NIMX CEC1447 CEC805 SN76 ADH1/ad
SN76 ARG4 CEC4640 CEC1447 SN76 ADH1/ad
SN76 ARG4 HIS1 CEC4642 CEC4640 SN76 ADH1/ad

his1D::hisG/HI
SN76 ARG4 HIS1 URA3 CEC4664 CEC4642 SN76 ADH1/a

his1D::hisG/H

2

(1% yeast extract, 2% peptone, 2% dextrose), or synthetic dextrose
(SD) medium (0.67% yeast nitrogen base, 2% dextrose). Escherichia
coli DH5⍺ or TOP10 strains were routinely cultured at 30 �C or 37 �C
in LB or 2 YT supplemented with either 10 mg ml�1 gentamicin or
50 mg ml�1 kanamycin or 50 mg ml�1 ticarcillin. Solid media were
obtained by adding 2% agar.

2.2. Barcode pool design and amplification

A set of 240,000 orthogonal 25mer DNA barcode (BC) sequences
designed as described previously [14] were filtered to exclude AvrII
(605), NheI (1225), KpnI (1396) or StuI (1098) restriction sites. The
resulting sequences (235,676) were BLASTed against the full-
genome sequences of C. albicans (strain SC5314, assembly 21 [15]),
C. parapsilosis (strain CDC317 [16]), C. glabrata (strain CBS138 [17])
and a set of sequences from our Cip-GTW vector series [4] to
remove BC sequences that match genome/vector sequences with
more than 50% identity (i.e. 13 nucleotides), yielding 65,777 BC se-
quences. The U1 (50-GATGTCCACGAGGTCTCT-30) and D1 (50-
CGGTGTCGGTCTCGTAG-30) primers previously used for creating the
barcoded Saccharomyces cerevisiae deletion collection [18] were
added upstream (U1) and downstream (D1) of the BC sequences to
allow for the amplification of the BC library. The resulting U1-BC-D1
sequences containing StuI, NheI or KpnI restriction sites (210, 99 and
93 sequences, respectively) were removed from the list. The
remaining 65,375 U1-BC-D1 DNA sequences were synthesized on a
glass slide using an array-based oligonucleotide library synthesis
approach (SurePrint Oligonucleotide Libraries, array #
253796610002, Agilent Technologies). Recovery of the DNA oligo-
nucleotides from the array surface was performed as described
previously [19]. Briefly, 500 ml of nuclease-free water was pipetted
onto a cover slide placed in an Agilent array hybridization chamber.
The BC array was sandwiched on top of the cover slide and rotated
overnight at 99 �C in a hybridization oven. The liberated oligonu-
cleotides (in ~300 ml H2O) were collected in a 1.5 ml Eppendorf tube
and sonicated 3 times for 3e5 s at 50% amplitude using an MSE
probe sonicator. The oligonucleotide pool concentration
(3.5 mg ml�1) was determined using a NanoVue Plus spectropho-
tometer. The BC pool was amplified by low cycle PCR using primers
AVRII-U1 (50-ATCATCCCTAGGGATGTCCACGAGGTCTCT-30), and NHEI-
D1 (50-CTACTAGCTAGCCGGTGTCGGTCTCGTAG-30), introducing an
AvrII and NheI restriction site, respectively (underlined) (all primer
sequences are listed in Table 2). For the first PCR cycle, denaturation
was performed at 94 �C for 1 min, followed by an annealing step at
55 �C for 20 s and an elongation step at 72 �C for 1 min. The
following 25 cycles used 10, 20 and 10 s at each respective tem-
perature, with a final elongation step of 5 min at 72 �C. The
amplified BC library was aliquoted in PCR tubes and stored
at �20 �C for subsequent directional cloning in Cip-GTW expression
vectors using AvrII and BmtI restriction sites.
type Reference

Gillum (1984) [28]
34/ura3D::limm434 iro1D::limm434/
4 arg4D/arg4D his1D/his1D

Noble (2005) [22]

h1::PTDH3-carTA::SAT1 Hernandez-Cervantes (2020)
h1::PTDH3-carTA::SAT1 arg4D/CaARG4 This study
h1::PTDH3-carTA::SAT1 arg4D/CaARG4
S1

This study

dh1::PTDH3-carTA::SAT1 arg4D::/CaARG4
IS1 RPS1/RPS1::CIp10

This study



Table 2
Oligonucleotides used in this study.

Name Sequence (50 to 30)

AVRII-U1 ATCATCCCTAGGGATGTCCACGAGGTCTCT
NHEI-D1 CTACTAGCTAGCCGGTGTCGGTCTCGTAG
CIpUL ATACTACTGAAAATTTCCTGACTTTC
CIpUR ATTACTATTTACAATCAAAGGTGGTC

For barcode amplification

Primer name Primer sequence (5′-3′)

Fd-Extension-0N-BC-SP1_Fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTAGGGATGTCCACGAGGTCT
Fd-Extension-4N-BC-SP1_Fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG CTAGGGATGTCCACGAGGTCT
Fd-Extension-8N-BC-SP1_Fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG CTAGGGATGTCCACGAGGTCT
Fd-Extension-12 N-BC-SP1_Fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG CTAGGGATGTCCACGAGGTCT
ReverseExtension-BC_Rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTTCAGTGACAACGTCGAGCA

Underlined sequences show the restriction sites.
Sequences in bold black show the Illumina overhangs.
Sequences in bold red show the spacer.
Underlined sequences show the DNA binding site.
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2.3. Barcode cloning

To optimize barcode cloning in the Cip10-PTET-GTW-SP vector
[5], we used the phd/doc toxin-antitoxin modules [20]. The Doc
toxin gene was inserted within the 17bp landing platform, leading
to Cip10-PTET-GTW-SP-DOC. In parallel, the chromosome of the
E. coli recipient strain had to be modified to integrate the gene
encoding the PHD antitoxin at attTn7 (glmS::PHD), yielding strain
ECC1081 that allows propagation of the toxin-bearing Cip10-PTET-
GTW-SP-DOC vector. Upon cloning and transformation in the toxin-
sensitive E. coli DH5a strain, we can select for vectors that suc-
cessfully integrated a barcode sequence in replacement of the Doc
toxin gene, improving the barcode recovery rate. The BC library
described above was amplified using forward primer AVRII-Long-
U1 and downstream primer BMTI-long-D1 using Phusion poly-
merase (NEB) (annealing temperature 60 �C). PCR products were
then precipitated with ethanol and digested by AvrII and BmtI prior
to ligation into AvrII and BmtI-digested Cip10-PTET-GTW-SP-DOC
using Rapid DNA ligase (Thermo Scientific). Ligation products were
transformed into One Shot ccdB Survival™ 2 T1 E. coli competent
cells (Invitrogen) and plated onto LB agar plates containing
100 mg ml�1 ampicillin, incubated at 30 �C for 2 days. The 9000
transformation colonies were harvested by scraping from the plate
surface and were grown in 150 ml 2 YT broth in triplicate flasks for
6 h at 30 �C. Cells were harvested and plasmid DNA extracted using
Qiagen Maxi kit columns following manufacturer’s recommenda-
tions. All plasmid DNA samples were pooled together, diluted 1:10
with EB buffer and then re-transformed into One Shot ccdB Sur-
vival™ 2 T1 E. coli competent cells (Invitrogen), transformed cells
were then plated onto LB agar plates containing 100 mg ml�1

ampicillin, incubated at 30 �C for 1e2 days. Individual colonies
were selected, grown on 2 YT medium plus ampicillin overnight at
30 �C and stored in 25% glycerol prior to sending for sequencing of
the barcodes.

2.4. Construction of C. albicans OE strains

Detailed methods for the transfer of C. albicans ORFs from
pDONR207 into the expression vectors as well as the integration of
the resulting expression plasmids at the RPS1 locus have been
described [21]. Briefly, ORFs were transferred from the entry clones
into our collection of 2496 barcoded PTET-driven overexpression
vectors using the Gateway™ LR Clonase™ II Enzyme Mix (Invi-
trogen). After E. coli DH5a transformation, the plasmids were
verified by EcoRV digestion. The URA3-bearing expression plasmids
were digested by StuI or I-SceI and transformed into C. albicans
3

strain CEC4642 (derived from SN76 [22]), according toWalther and
Wendland [23], and adapted to 96-well microplate format as fol-
lows. From a 50 ml overnight YPD culture, 600 ml YPD were
inoculated with CEC4642 at an OD600 of 0.2 and incubated at 30 �C
to an OD600 of 0.8. The culture was then distributed in twelve
50 ml Falcon tubes and centrifuged at 3500 rpm for 5 min at 4 �C.
Pelleted cells were washed with ice-cold 10X TE, resuspended in
1 ml TE 10:1/Lithium Acetate 100 mM (1X TELiOAc) and transferred
to 2 ml Eppendorf tubes. After a 1 min centrifugation at 3500 rpm,
cells were resuspended in 300 ml 1X TELiOAc and kept on ice. The
precipitated plasmid digests were transferred into deepwell 96
well plates with 5 ml of salmon sperm DNA. 50 ml of competent cells
were added, along with 300 ml of 4000 molecular weight poly-
ethylene glycol (PEG4000) dissolved in 1� TELioAc. After overnight
incubation at 30 �C, the cells were exposed to 44 �C for 15 min
followed by regeneration in 500 ml SD þ 0.4% glucose. The cells
were then resuspended in 100 ml SD þ 0.4% glucose, plated onto SD
agar plates and incubated at 30 �C for 3 days. Transformants were
selected for prototrophy and verified by PCR using primers CipUL/
CipUR that yields 1 kb product if integration of the OE plasmid has
occurred at the RPS1 locus.

2.5. Induction of the Tet-On system

Overexpression from PTET was achieved by adding anhydrote-
tracycline (Atc, 3 mg ml�1; Fisher Bioblock Scientific) in YPD at
30 �C. Overexpression experiments were carried out in the dark, as
Atc is light sensitive.

2.6. High-throughput screen for growth phenotypes on solid media

Strains in the PTET-driven OE collection were grown in 96-well
plate in YPD (30 h; 30 �C) and spotted on YPD plates supple-
mented or not with 3 mg ml¡1 Atc using a 96-pin replicator. Plates
were incubated at 30 �C for 2e5 days and photographed using the
PhenoBooth from Singer Instruments at high quality (4128 � 3096)
or the Leica M80 stereomicroscope. Differences in colony size were
automatically quantified using IRIS [24].

2.7. Preparation of strain pools

The 2454 barcoded OE strains, distributed in 32 96-well plates,
were spotted on Nunc omnitray plates (Thermo Scientific) con-
taining YPD agar supplemented with 50 mg ml�1 gentamycin using
a 96-pin replicator and allowed to grow for 3 days at 30 �C. No
major colony size alterations were noticed. Based on the number n
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of spots on the plate, (0.05882� n) milliliters of YPD supplemented
with 50 mgml�1 gentamycinwere added to each plate, and colonies
were scraped off using a cell spreader. A complete pool was made
with the 2454 OE strains. After adding glycerol at a final concen-
tration of 15% and adjusting OD600 to 50, cells were aliquoted in 1-
ml tubes and frozen at �80 �C.

2.8. Barcode sequencing

To quantify the relative concentration of each barcoded strain in
mixed populations, genomic DNA was prepared from 1 ml of
OD600¼ 50 culture, using theMasterPure Yeast DNA Purification Kit
(Epicentre). Libraries were prepared following the 16SMetagenomic
Sequencing Library Preparation protocol (Illumina, Inc., San Diego,
United States) recommendations. In addition to the so-called Illu-
mina overhang sequences, spacer bases (0, 4, 8, and 12 N) were
added to the forward primers to shift the signal during sequencing
to avoid mistakes during the sequencing due to the similar flanking
regions of the BC amplicons. The purified amplicons, which con-
tained the Illumina overhang, were then indexed with Illumina
Fig. 1. Schematic representation of experimental set up for the pooled growth assay and barc
the frozen pool. Cells were then grown for 96 h. Every 24 h, cells were harvested for further
DNA was purified from the cell pellets using the MasterPure Yeast DNA Purification Kit (Epic
an Illumina NextSeq500 sequencing system. Sequencing data were then analyzed for bar
represented in PlotCounts to compare variation across the different growth conditions for a
growth condition.

4

Nextera XT Index kit (Illumina, Inc., San Diego, CA, USA). Libraries
were quantified with Qubit and then quality-checked and quanti-
fied on a Bioanalyzer (Agilent). The libraries were pooled in equi-
molar amounts and sequenced on an Illumina NextSeq500
Sequencing System with 75 bp single-reads. Raw data have been
deposited in the NCBI Sequence Read Archive under BioProject ID
PRJNA911593.

For barcode quantification in the populations from the pool
enrichment assay, sequence read files were aligned against the
collection of barcodes using blastn (blast þ v 2.10.1). To determine
the occurrence of each barcode for each time point and condition,
each fastq file was first converted into FASTA format to be used as
query and the barcode collectionwas transformed beforehand with
makeblastdb to be used as database. Upon blastn search, counts for
each time point and condition were merged into a single text file.

To study the contribution of treatment and biological variations
to Bar-seq data, we applied the negative binomial models used to
analyze RNA-seq data. RNA-seq analysis tools such as DESeq2 [25]
are readily adapted to Bar-seq analysis as previously demonstrated
[26], providing estimates of effect sizes and their statistical
ode detection (A). Timeline for the pooled growth assay. Cultures were inoculated from
genomic DNA extraction and passaged in fresh media (B). Barcode detection. Genomic
entre). Barcodes were amplified from genomic DNA and subjected to sequencing using
code counting in the different conditions. The abundance of each OE mutant can be
given ORF or in Volcano plots to compare the abundance of the OE mutants in a given
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significance for each time point and conditions. Proportion of each
strain in the population was subsequently calculated and plotted
using DESeq2 library under Open Source R Software (v 4.0.3).
Volcano plots are plotted using EnhancedVolcano library (10.18129/
B9.bioc.EnhancedVolcano). At the initial time point (0 h in Fig. 1),
only 3% of the ORFs are not recovered upon the bioinformatics
treatment of read sequences.

2.9. In vitro competitive fitness assay

The pool frozen at OD600 of 50was diluted to an OD600 of 5 and
a 340 ml aliquot was used to inoculate 50 ml of YPD medium ± Atc,
allowing an inoculumwith ~300 cells per strain. The cultures were
then incubated at 30 �C with agitation (200 rpm) for 96 h, in the
absence or presence of Atc. Every 24 h, 50 ml were used for re-
inoculating 50 ml of fresh YPD and 50 OD600-unit cultures were
used for DNA extraction and barcode sequencing.

2.10. Confirmation of the in vitro fitness-profiling data by individual
liquid growth assay

C. albicans strains were individually grown three times inde-
pendently in 96-well microtiter plates in YPD, either with or
Fig. 2. Construction of the largest collection of C. albicans OE strains. ORFs in the 2634 pDON
GTW, using the Gateway system. The schematic map of the CIp10-PTET-GTW vector is shown.
OE vectors can be targeted to the C. albicans RPS1 locus when linearized with StuI or I-SceI. Th
barcoded OE plasmids. The StuI or I-SceI-digested OE plasmids are transformed into the r
C. albicans recipient strain is a derivative of the reference strain SC5314 [22] and has been mo
transcriptional activation at the TET promoter.

5

without Atc. Cells were inoculated at a starting OD600 ¼ 0.01 in a
final volume of 100 ml. The yeast strains were grown, shaking, for
48 h at 30 �C and the OD600 was monitored every 10 min using a
microplate reader (TECAN Sunrise). Doubling-time (DT) was
calculated by dividing by 2 the time between OD600 ¼ 0.15 and
OD600 ¼ 0.6.
3. Results and discussion

3.1. Development of a collection of barcoded overexpression vectors

We previously reported the establishment of a C. albicans
ORFeomewhere 5099 ORFs were successfully cloned and full-length
sequence-validated [4]. The entire entry clone collection, represent-
ing 5099 unique genes, is arrayed in 64 96-well plates numbered BP1
to BP64. TheC. albicansORFeomewasdeveloped inpDONR207 as this
allows subsequent transfer of the cloned ORFs to Gateway-adapted
destination vectors [27]. We leveraged the ORFeome to develop a
collection of Gateway vectors for inducible OE in C. albicans. To in-
crease experimental throughput, we aimed at generating a collection
of barcoded OE plasmids, meaning that a unique 25bp randomized
sequence (barcode) serves as a unique identifier for OE plasmids and
subsequently C. albicans OE strains (Fig. 2).
R plasmids are individually transferred into a barcoded destination vector CIp10-PTET-
The URA3 gene is used for selection of C. albicans transformants and derivatives of these
is high-throughput recombinational cloning of the ORFs resulted in a collection of 2496
ecipient strain resulting in a collection of 2454 barcoded C. albicans OE strains. The
dified to constitutively express the tetracycline-dependent transactivator rtTA, allowing
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3.1.1. The recipient overexpression vector for the barcodes
The CIp10-PTET-GTW vector [5] was modified by inserting the SP

cassette at the SacII site. The SP cassette contains the SP1 and SP2
sequencing primers from the Illumina technology with in between
(i) a 17bp fragment that carries the AvrII and BmtI restriction sites
and that will serve as the landing platform for the barcodes as well
as (ii) a fragment of the Kanamycin resistance gene to act as a
spacer and allow proper sequencing of the barcodes by Illumina
sequencing technology with the SP1 and SP2 primers. Using a PTET-
gLUC59 reporter system [5], we first confirmed that the insertion of
the SP cassette at the SacII site in the Cip10-PTET-GTW vector [4] did
not alter the level of PTET-driven expression (data not shown). To
optimize barcode cloning in the Cip10-PTET-GTW-SP vector, we
used the phd/doc toxin-antitoxin modules [20]. The Doc toxin gene
was ligatedwithin the 17bp landing platform of Cip10-PTET-GTW-SP
and transformation in E. coli ECC1081 strain harboring the gene
encoding for the PHD antitoxin at the attTn7 locus (glmS::PHD)
allowed obtaining the Cip10-PTET-GTW-SP-DOC vector. Upon clon-
ing and transformation in the toxin-sensitive E. coli DH5a strain, we
can select for vectors that successfully integrated a barcode
sequence in replacement of the Doc toxin gene, improving the
barcode recovery rate (Fig. S1).
3.1.2. Generation of the barcoded vector library
We have generated several python scripts to filter out 65,777

25mer DNA barcode sequences from the list designed by Xu et al.
[14] according to selected criteria as described below. We excluded
the DNA sequences containing restriction enzyme sites that were to
be used for subsequent cloning of the library, as well as sequences
that displayed high similarities to the C. albicans genome or cloning
vectors, resulting in 65,375 validated barcodes. The oligonucleo-
tides, synthesized on Agilent microarrays, were designed such that
each 25mer barcode sequences was flanked by common primer
sequences U1 and D1, and were cloned in the recipient over-
expression vector Cip10-PTET-GTW-SP-DOC.
Fig. 3. Growth and colony morphology phenotypes of C. albicans OE strains. (A). Exemple of
(SN76 ARG4 HIS1 URA3) (B) and (C). OE mutants with enhanced colony wrinkling upon OE o
of morphogenesis and fitness in our previous screen [5] and genes labelled x were already k
after 4 days (panels A and B) or 6 days (panel C) of growth on YPD ± ATc at 30 �C using a
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In this study, we have taken advantage of the Gateway meth-
odology to transfer all individual ORFs contained in odd number
ORFeome plates (2634 ORFs) into an array of destination vectors
each containing a unique barcode, resulting in a collection of 2496
PTET-driven OE plasmids, each containing a C. albicans ORF associ-
ated to a unique 25bp barcode (Table S1).

3.2. Establishment of a collection of C. albicans OE strains

The recipient strain for the collection of OE plasmids is
CEC4642, a derivative of C. albicans strain SN76 [22] (an auxotroph
derivative of the reference strain SC5314 [28]) transformed with
the linearized plasmid pNIMX [5] that provides the C. albicans-
adapted reverse Tet-dependent transactivator (cartTA) required
for the activation of the PTET promoter in a tetracycline-dependent
manner. Also, to optimize subsequent in vivo experiments, argi-
nine and histidine prototrophies have been restored in CEC4642.
To ensure that the successive transformation steps to obtain
CEC4642 did not trigger any phenotype, we verified its fila-
mentation properties in both liquid and solid media, as well as its
growth rate in rich and poor media. We did not observe any
changes when compared to the lab reference strain SC5314
(Figs. S2A and B).

We then investigated the ability of the recipient strain CEC4642
to induce OE in the proper conditions. To do so, we introduced the
StuI-linearized Cip-PTET-UME6 OE plasmid [4] in CEC4642. UME6
encodes a transcription factor whose OE has been shown to trigger
filamentation [29,30]. As expected, we were able to trigger
C. albicans filamentationwhen CEC4642 strains transformed with a
UME6 OE plasmid were grown in the presence of anhydrotetracy-
cline, validating the use of CEC4642 as a recipient strain for the OE
plasmid collection (Fig. S2C).

Prior to transforming CEC4642 with the entire OE plasmid
collection, we selected 12 random barcoded vectors to be tested
with UME6 to generate 12 expression plasmids. We were able to
successfully transfer theUME6ORF into the 12 barcoded OE vectors.
an OE mutant showing growth defect upon OE along with the parental strain CEC4664
n YPD þ ATc (3 mg ml�1) at 30 �C. Genes labelled * were already identified as regulators
nown to be involved in morphogenesis regulation [31,32]. Colonies were photographed
Leica M80 stereomicroscope. Scale bar ¼ 2.5 mm. All pictures are at the same scale.
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The UME6 OE plasmids were then successfully transformed in
CEC4642 and shown to integrate in the RPS1 locus as expected.
Further, the resulting transformed strains were shown to filament
upon anhydrotetracycline addition (Fig. S2C).

From there, all barcoded PTET-driven OE plasmids from the
collection were individually transformed into the C. albicans
recipient strain CEC4642, resulting in a collection of 2454 OE mu-
tants, which constitutes, to the best of our knowledge, the largest
OE collection in C. albicans.

3.3. Individual screening for genes affecting morphogenesis or
fitness upon OE

To exemplify the utility of the OE mutants, we have undertaken
an extensive OE screen to identify mutants with morphological or
growth phenotypes upon spotting on solid media containing
anhydrotetracycline. Out of 2454 OE mutants, we identified 51
genes whose OE results either in (i) growth defects, as illustrated by
smaller spots on YPD þ ATc agar plates as compared to YPD agar
plates or (ii) colonymorphological phenotypes, as illustrated by the
unusual appearance of the colony on YPD þ ATc agar plates as
compared to YPD plates (Fig. 3, Table S2). Eight out of these 51 OE
mutants display a growth defect (1 example is illustrated in Fig. 3A)
and 43 display a colony morphology phenotype (9 examples are
illustrated in Fig. 3B and C). Among these 51 mutants, we found six
genes that were already identified as regulators of morphogenesis
and fitness in our previous screen [5], as well as other genes known
to be involved in the regulation of morphogenesis such as UME6
[31] (Fig. 3B) and PHO81 [32].

3.4. Utilization of barcoded overexpression strains for pool
experiments

We employed the pooled C. albicans OE collection to examine
the impact of gene OE on the physiology of C. albicans. The pool of
2454 OE strains was grown in liquid YPD at 30 �C in the absence and
Fig. 4. Impact of induced-OE on fitness (A). Volcano plot of OE mutant abundance in presen
on Bar-seq experiment. Significance was determined using a fold-change (FC) cut-off of |log2
agreement of fitness estimates between OE mutant pools (Bar-seq) and individual OE strain
is plotted against the fitness ratio defined as (doubling time in -ATc)/(doubling time in þATc)
with Pearson correlation coefficient (PCC). (For interpretation of the references to color in
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presence of ATc. Cultures were diluted fresh at successive time-
points (24, 48, 72, and 96 h) to maintain exponential growth
(Fig. 1A). At each timepoint, genomic DNA was extracted, barcodes
were amplified, and sequencing libraries were prepared as
described in M&M (Fig. 1B). Sequencing was performed on an
Illumina NextSeq 500. We looked for OE mutants that exhibit dif-
ferences in abundance because of ATc treatment, illustrated by
changes in the number of BC reads. The validated mutants were
identified based on the fold-change (FC) in absence and presence of
ATc, as well as adjusted p-value (rlog2(FC)r>1 and padj<0.0001).
Using these criteria, we identified 65, 122 and 176 genes whose OE
results in a change in fitness at 48 h, 72 h and 96 h respectively
(Figs. 4A and S3, Table S2). Eight genes were identified at 24 h as
having a rlog2(FC)r>1 but no significant padj. Overall, the majority
of the OE mutants exhibiting a phenotype are less fit than the wild-
type. The 193 unique genes (Table S2) identified in these screens,
both on solid media and in pool liquid experiments, were biased for
genes with particular GO biological process or molecular function
annotations, such as genes involved in different aspects of fila-
mentous growth (Fig. 5).

3.5. Validation of fitness estimated in overexpression mutant pools
with targeted overexpression strains

To determine whether the growth deficiencies or advantages of
OE mutant strains in the pooled assays were predictive of the
mutant behavior when grown in isolation, we used liquid growth
assays of individually grown strains. The experimental design for
fitness analysis of individual OE mutants led us to compare the
fitness of 91 strains measured in the pooled assays at 48 h to that
measured in individual fitness assays; 49/91 had a Log2FC < �1
(fitness loss), 9/91 had a Log2FC > 1 (fitness gain) and for 33/
91,�1< Log2FC< 1. Correlations calculated across all samples using
the Pearson’s correlation coefficient (PCC ¼ 0.7560) show a strong
positive correlation between the values obtained via the two
methods (Fig. 4B).
ce of ATc relative to their abundance in absence of ATc at 72 h (log2 fold-change), based
(FC)| > 1 and an adjusted p-value (padj) cut-off of <0.0001 (B). Scatter plot showing the
for 91 mutants. The log2 fold-change (FC) of barcode abundance (þATc relative to -ATc)
of individual OE mutants. Red: linear regression between log2FC and fitness ratio, along
this figure legend, the reader is referred to the Web version of this article.)



Fig. 5. Schematic representation of the C. albicans overexpression collection (A). The top bar represents the 2454 genes present in the collection. The blue bar represents the eight
geneswhose OE caused slow growth on solid media; the orange bar represents the genes whose OE caused an aberrant morphological phenotype upon growth on solid media (42).
The genes whose OE results in fitness changes in pool experiment are depicted by the green bars: fitness change at 48 h, light green (65); fitness change at 72 h, medium green
(122); fitness change at 96 h, dark green (176) (B). Enrichment within the fitness and morphology gene datasets for biological process, molecular function and cellular component.
Genes in our dataset were classified by FungiFun (https://elbe.hki-jena.de/fungifun/fungifun.php). Enrichment in the various categories relative to the collection of 2454 OE mutants
- (grey columns) is depicted. (* padj<0.05, ** padj<0.01, *** padj<0.001, **** padj<0.0001). (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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4. Conclusions

Even with the advent of C. albicans-adapted CRIPSR Cas9 tech-
nology, gene deletion in C. albicans remains a tedious process,
mainly due to its heterozygous diploid genome and the relatively
low efficiency of gene replacement approaches. To circumvent this,
various OE collections have been generated and screens have been
performed to gain insights into different aspects of C. albicans
biology, such as morphological transitions, biofilm formation,
genome stability, drug resistance and gut colonization [7,33]. We
previously established an ORFeome collection (CandidaOrfDB
database at http://candidaorfeome.eu) covering 83% of C. albicans
genome with the aim to enable genome- and proteome-wide sys-
tematic analysis of C. albicans to improve our understanding of the
molecular networks and mechanisms underlying and governing its
pathogenesis. By generating a collection of 2496 PTET-driven bar-
coded OE plasmids, and a collection of 2454 C. albicans barcoded OE
mutant strains, we are expanding the use of the ORFeome and
validating the use of systematic OE approaches to study C. albicans.

In a fungal human pathogenwhere 69% of the ORFs remain to be
characterized, clustering approaches based on systematic pheno-
typic characterization of our collection of OE mutants will allow
inferring functions of uncharacterized genes or at least assign them
to a cellular process or pathway. Among these genes, it is likely that
a subset will be fungal specific and therefore could represent po-
tential targets for drug discovery.

Importantly, the OE collections presented here constitute ver-
satile tools that have several applications in WT and mutant
backgrounds. Indeed, genetic interactions can be inferred from
more sophisticated suppressor or enhancer screens that determine
8

whether OE of certain genes can complement the genetic or
chemical blockade of specific pathways, or on the contrary cause a
greater-than additive phenotype. At the inter-species scale, OE of
C. albicans genes in heterologous organisms could functionally
complement recessive mutations or in contrast cause deleterious
effects in the host and provide insights in gene function.

While we present here a collection of 2496 OE plasmids (cor-
responding to the odd-numbered BP plates [4]), the rest of the
ORFeome (corresponding to the even-numbered BP plates [4]) is
already being transferred into barcoded PTET-driven OE vectors and
OE strains are already being generated. Soon, the nearly complete
collection of OE mutants, expected to cover >80% of C. albicans
genome will allow large-scale, high-throughput phenotyping ex-
periments to fuel “phenomics” projects and define biological net-
works in C. albicans.
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