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Invasive fungal infections caused by Candida species are life threatening with high mortality, posing a severe public health
threat. New technologies for rapid, genome-wide identification of virulence genes and therapeutic targets are urgently
needed. Our recent engineering of a piggyBac (PB) transposon-mediated mutagenesis system in haploid Candida albicans
provides a powerful discovery tool, which we anticipate should be adaptable to other haploid Candida species. In this
protocol, we use haploid C. albicans as an example to present an improved version of the mutagenesis system and provide
a detailed description of the protocol for constructing high-quality mutant libraries. We also describe a method for
quantitative PB insertion site sequencing, PBISeq. The PBISeq library preparation procedure exploits tagmentation to
quickly and efficiently construct sequencing libraries. Finally, we present a pipeline to analyze PB insertion sites in a de
novo assembled genome of our engineered haploid C. albicans strain. The entire protocol takes ~7 d from transposition
induction to having a final library ready for sequencing. This protocol is highly efficient and less labor intensive than
alternative approaches and significantly accelerates genetic studies of Candida.

Introduction

Many Candida species, particularly C. albicans, are commensal fungi commonly found in the gas-
trointestinal tract and other mucosal surfaces in humans1–3. Several Candida species are prevalent
pathogens that can cause superficial mucosal infection in immunocompetent individuals and life-
threatening systemic disease in patients with severely compromised immunity4. The mortality rate of
invasive Candida infection often exceeds 40% despite treatment with current antifungal therapies5.
The problem is exacerbated by the limited options of antifungal drugs, global emergence and spread
of drug-resistant species and rapidly growing populations of susceptible patients6–8, posing a grave
public health threat. The development of innovative technologies is crucial for driving our under-
standing of Candida biology and pathogenicity and the development of effective antifungal therapies.
Genome-wide genetic screening of Candida is a powerful approach to comprehensively profile and
identify genes involved in a biological process, such as resistance and response to antifungal drugs or
essential genes that can serve as targets of antifungal therapies.

Being the most common species that causes candidiasis, C. albicans has been used as a model to
study pathogenic Candida for decades. However, as C. albicans is a diploid organism without a
complete sexual cycle, large-scale, genome-wide genetic studies have been severely constrained.
Recently, several haploid C. albicans strains were isolated under specific laboratory conditions9. Even
though haploidy is not a natural state of this fungus, and numerous recessive mutations were
unmasked due to the loss of alleles, the haploid C. albicans does possess traits characteristic of the
species and important for virulence, such as yeast-hyphae transition, white-opaque switching, mating,
chlamydospore formation and biofilm formation9–11. Importantly, the haploids open up opportu-
nities to apply many genetic tools previously unsuitable or difficult to use in C. albicans research.
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Using the haploids as a discovery tool, we have found new genes and mechanisms involved in the
control of hyphal growth12, biofilm formation10, white-opaque switching11, fluconazole resistance13

and virulence14, and developed new technology platforms with broad applications13,14. However, due
to the lack of virulence and the presence of numerous single nucleotide polymorphisms with
unknown effects, we do not recommend using the haploid C. albicans strains as a model to study the
biology and pathogenicity of the species.

Taking advantage of the haploid C. albicans, we have engineered an efficient, piggyBac (PB)
transposon-based mutagenesis system to conduct genome-wide genetic screens13. The PB transposon,
which was initially isolated from the cabbage looper moth Trichoplusia ni, has been applied in a wide
range of species, including insects, yeast and mammals15. In contrast to other transposons that
display local hopping and leave footprints at the insertion sites, the PB transposon does not leave any
footprints behind when jumping out of a donor site16–18. The PB system overcomes many limitations
of existing methods used to introduce random mutations in diploid C. albicans, enabling functional
analyses on a genome-wide scale. Using this system, we successfully created insertional mutation
libraries in C. albicans, covering nearly all non-essential genes13: 4,791 genes out of a total of 6,198
annotated and predicted genes in the Candida Genome Database, in agreement with the ~77%
(4,612) non-essential genes reported in another study19. The mutant libraries provide a powerful tool
for the rapid identification of genes responsible for a phenotype of interest, which can then be
subjected to further functional investigations in diploid C. albicans. As two other clinically important
Candida species, C. glabrata20 and C. auris21, are naturally haploid organisms, we are currently
introducing the PB-based mutagenesis system into these species as well.

This protocol presents two critical resources: (i) a highly stable C. albicans haploid strain har-
boring an in vivo PB-based mutagenesis system and (ii) detailed procedures for constructing and
analyzing PB-based transposition mutant libraries, which rely entirely on off-the-shelf reagents. We
hope that making these tools accessible to scientists will accelerate their application in the Candida
field and that this protocol can serve as a starting point for optimization to suit various experimental
needs. In this protocol, to showcase the procedures for the application of the PB-based mutagenesis
system in C. albicans, we use tagmentation-based high-throughtput sequencing to analyze a newly
prepared mutant library obtained by inducing transposition in the haploid tool strain carrying the PB
system and then map PB insert distribution in the de novo assembled haploid C. albicans genome.

Development of the protocol
The protocol described here includes substantial improvements from our earlier publication, where
we first reported our approach for generating PB-mediated insertional mutation libraries13. First of
all, we obtained a stable haploid C. albicans isolate to engineer the tool strain to construct PB-
insertion libraries. Second, reagent costs and sample losses during high-throughput sequencing
library preparation are minimized. Furthermore, we have assembled a high-quality genome sequence
of the stable haploid C. albicans isolate used for generating the tool strain to facilitate the precise
mapping and distribution analysis of PB insertion throughout the entire genome (Supplementary
Results and Supplementary Data 1).

Generation of a highly stable PB transposon-carrying C. albicans strain
The first few haploid C. albicans isolates have been shown to undergo frequent autodiploidization9,
rendering them unsuitable for genetic studies. To isolate stable haploid strains, we cultured hundreds
of independent colonies through many passages to look for, by flow cytometry, the ones that
remained haploid over time. Using this strategy, we obtained one highly stable strain, GZY89222.
Although it remains unclear what genetic changes led to the stability, this strain is phenotypically
indistinguishable from the parental haploid strain YJB128819. Then, we used GZY892 to construct a
PB-transposon–mediated mutagenesis system using a similar strategy as previously described13. The
system consists of two components: the PB[URA3] cassette containing the inverted terminal repeats
of the PB transposon flanking the URA3 selectable marker and a codon-optimized hyperactive
transposase gene23, CaPBase, under the control of the doxycycline (Dox)-inducible Tet-On promoter.
PB[URA3] was inserted at a TTAA motif (nucleotides 709–712) in the open reading frame (ORF) of
the ARG4 gene, and the CaPBase cassette was inserted in the promoter region of ADH1 of GZY892,
yielding strain YW03 (Fig. 1). We further characterized the new PB-based mutagenesis system by
determining the ploidy stability of YW03 and its transposition frequency. As described in the
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Supplementary Results, GZY892, YW03 and the transposants are consistently stable haploids and
exhibit high-frequency transposition, making YW03 ideal for generating PB-based mutant libraries.

PB insertion site sequencing (PBISeq), a method for quantitative identification of PB insertion sites
Rapid and exhaustive identification of all mutated genes in a mutant pool is crucial for the success of
a genetic screen. The splinkerette PCR method has been widely used in high-throughput identifi-
cation of transposon insertion sites in transposon mutant libraries24,25. However, this approach
involves a cumbersome sequence of procedures including DNA fragmentation by restriction digestion
or acoustic shearing, followed by end repair, A-tailing, the ligation of splinkerette adaptor and nested
PCR. Besides, the adapter ligation step may induce bias26. To circumvent the limitations of the
splinkerette PCR approach, we have modified it to develop the PBISeq method for quick, high-
throughput mapping of PB transposon insertion sites13. PBISeq involves tagmentation of genomic
DNA, followed by PCR enrichment of the transposon-genome junction fragments using transposon-
specific and adaptor-specific primers. The method can be adapted for any transposon of interest
simply by redesigning the transposon-specific primer. The main advantage of PBISeq is that DNA
fragmentation and adapter ligation occur in a single step, and the adaptor-tagged fragments are ready
for PCR amplification, which significantly reduces the amount of input DNA required and shortens
the time for sequencing library preparation. Compared with the sequencing approach described in
our earlier publication13, library preparation can now be performed using dual-index barcoding,
making it easy to scale up and sequence large numbers of samples in a single sequencing run to
reduce the cost of PBISeq. We also applied bead-based purification through the entire library con-
struction process to minimize sample loss. Therefore, this easy-to-operate approach is scalable and
cost effective, suitable for use in high-quality and high-throughput next-generation sequencing (NGS)
to quantify independent mutants present in PB-based transposon mutant libraries.
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Fig. 1 | PB transposon-based mutagenesis system in C. albicans. Schematic description of the construction of
YW03. First, linearized pARG4-PB[URA3] was used to integrate the PB[URA3] transposon cassette via homologous
recombination into the ORF of ARG4. Transformants were selected on GMM plates supplemented with arginine. In a
second round of transformation, the transformants containing PB[URA3] were transformed with linearized pNIM1-
CaPBase to integrate the CaPBase expression cassette into the promoter region of ADH1. Transformants were
selected by plating the cells on YPD plates supplemented with 250 μg/ml nourseothricin. A resulting strain
harboring arg4::PB[URA3] and expressing CaPBase was named YW03. PARG4, ARG4 promoter; PBL, the left arm of
PB; PBR, the right arm of PB; TARG4, ARG4 terminator; PADH1, ADH1 promoter; Ptet, Tet-On promoter; 3×SV40, SV40
nuclear localization signal; TACT1, ACT1 terminator; cartTA, C. albicans–adapted reverse tetracycline-controlled
transactivator; caSAT1, nourseothricin resistance marker; NotI, XhoI and BamHI, restriction sites used to obtain the
fragments used for transformation. Hyperactive mutations are shown as the red vertical lines in the CaPBase gene.
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Comparison with other methods
Large-scale genetic analyses of C. albicans have relied heavily on generating mutant libraries through
various genetic approaches. In recent years, the development of new methods for genetic manip-
ulation combined with NGS has enabled a growing number of genome-wide functional studies and
unbiased discovery of many new genes involved in C. albicans pathogenicity and biology19,27–29.
However, the construction of mutant libraries with a genome-wide coverage remains challenging.

In vitro transposon mutagenesis is one of the most frequently used approaches to introduce
random mutations in C. albicians. In this approach, the mutant libraries are constructed by first
transposing bacterial Tn7 or Tn5 derivatives into isolated C. albicans genomic DNA fragments
in vitro, which will then be cloned and amplified in Escherichia coli before transforming the DNA
library into C. albicans cells27,30. The transposon will integrate into the C. albicans genome through
homologous recombination. Although this approach has been applied to genetic screens in diploid
C. albicans to identify a small number of haploinsufficient genes, its usefulness has been severely
limited by two main drawbacks: (i) the procedure is tedious and labor-intensive, and (ii) the inac-
tivation of one copy of most genes in diploid C. albicans produces no noticeable phenotype.

Recently, advances in the CRISPR technology have revolutionized genome editing for many
fungal species31–37. Compared to traditional homologous recombination-based methods for gene
deletion, the CRISPR system, which consists of a Cas9 endonuclease, a site-specific single guide RNA
(sgRNA) and the complementary repair template spanning the cut site33, offers high deletion effi-
ciency. The sgRNA-Cas9 complex interacts with a locus through complementary binding of the
sgRNA to the target region. Once bound, the Cas9 endonuclease generates a double-stranded break
within the target DNA, which will then be repaired by repair donor DNA via homology-directed
recombination38. This system has proved to be a convenient method to mutate both copies of a gene
or delete several copies of a multigene family in a single transformation. Furthermore, the high
frequency of CRISPR-induced mutations makes it easy to obtain mutants without selection. However,
as the CRISPR system must be efficiently delivered into cells, the transformation step and the
relatively poor efficiency of C. albicans transformation significantly limit CRISPR-based editing
strategies to produce genome-wide mutations. Off-target mutations also pose additional challenges.
These technical limitations remain as significant hurdles for system-level functional genomic analysis
in C. albicans.

A related technology using the maize transposable elements Activator (Ac)/Dissociation (Ds) has
also been designed to introduce genome-wide insertion mutations in C. albicans22. It is based on a
design principle similar to that of our PB transposon-based system. In this approach, a Ds-NAT1
transposon carrying a selectable marker is integrated into the ADE2 promoter, and a codon-adapted
hyperactive Ac transposase gene is inserted into the neutral NEUT5L locus. Upon the induction of
transposase, transposants in which transposon excision restores the ADE2 expression will be able to
grow in medium without adenine. This system has been used to predict gene essentiality together
with a machine learning analysis method19. However, a potential drawback of the Ac/Ds system is the
possibility of accumulation of multiple mutations in a single cell caused by the footprints left behind
after multiple rounds of transposition. Thus, the causal relationship between the transposon insertion
and the mutant phenotype should be analyzed carefully.

Taking advantage of the precise excision of the PB transposon, we have successfully constructed a
robust and easy-to-use PB-transposon–based mutagenesis system to generate high-quality mutant
libraries. Compared with alternative approaches, this system has several significant advantages. First,
as PB transposition is launched from within a selectable marker gene, insertional mutants can be
easily selected and enriched. Second, transposition occurs at high frequencies and in a random
manner, leading to a mostly uniform PB transposon distribution throughout the entire genome.
Third, only one PB insertion exists per cell, and a mutation can be reverted by inducing a precise
excision of PB from the insertion site, which allows easy verification of the insertion-phenotype
correspondence. Fourth, the transposon elements can be easily introduced into any genetic back-
ground to generate mutant libraries to screen for synthetic phenotypes. Furthermore, PB insertions
outside of ORFs may result in hypomorphic alleles that are particularly valuable for the study of
essential genes.

Limitations
As a useful genetic toolkit, our system enables genome-wide mutagenesis and high-throughput
analysis of mutations in haploid C. albicans. However, due to genetic and phenotypic differences

PROTOCOL NATURE PROTOCOLS

2708 NATURE PROTOCOLS | VOL 15 |AUGUST 2020 | 2705–2727 |www.nature.com/nprot

www.nature.com/nprot


between the haploids and diploids9, mutations found in the haploids should then be verified and their
functions investigated in the diploid background.

Transposons tend to insert in the vicinity of the donor locus, a phenomenon called local hop-
ping39. Compared to other transposons, PB has a low tendency for local hopping40. However, it
remains a factor to be considered, especially for our system, in which transposition is initiated from a
fixed chromosomal locus. As a result, an integration bias favoring the region surrounding the donor
site may appear during transposition. Transposons are also known to have integration preferences on
a genome-wide scale governed by their intrinsic selectivity, which may lead to a certain degree of
integration bias among chromosomes.

Applications of the approach
The simplicity and high efficiency of our system and the increase in throughput make many
applications possible, including but not limited to the following. (1) Rapid generation of genome-wide
loss-of-function mutations will significantly improve the amount and quality of genomic information
available for studying C. albicans. (2) PB insertions frequently occur in intergenic regions, and
insertions in transcriptional regulatory sequences may alter the expression of neighboring genes,
which make it particularly useful for revealing the functions of essential genes. (3) The PB transposon
can be easily engineered to add regulatable promoters to construct conditional expression
libraries. Furthermore, the system can be introduced into other haploid Candida species such as C.
glabrata20 and C. auris21, two emerging multi-drug-resistant pathogens currently with scarce data
from genome-scale studies.

Experimental design
The overall workflow of this protocol is illustrated in Fig. 2, which includes three major components:
induction and selection of PB transposition events (Steps 1–18), identification of PB insertion sites by
PBISeq (Steps 19–62) and the complete computational analysis pipeline (Steps 63–70).

Preparation of a large-scale PB insertion library
The precise excision of the PB transposon from the donor site within the selectable marker, ARG4,
allows easy selection and enrichment of transposants in Arg− medium. In our system, the PB[URA3]
transposon cassette was initially inserted in the middle of a TTAA motif (nucleotides 709–712) within
the ARG4 ORF, thereby rendering the starting strain auxotrophic for arginine and prototrophic for
uridine (Arg−, Uri+). When CaPBase expression is induced by growing cells in medium containing
Dox, PB[URA3] is excised from the ARG4 donor locus and inserted into another locus, restoring the
function of ARG4 and converting the cell to arginine prototrophy (Arg+, Uri+). Thus, the
excision and reinsertion of PB[URA3] can be simultaneously selected by growing cells on a medium
lacking both arginine and uridine to generate the mutant library, which is ready for subsequent
genetic screens.

Mapping PB insertion sites by PBISeq
The next step is to conduct PBISeq to map PB insertion sites in the mutant library or a mutant pool
derived from a screen. PBISeq includes the following stages. Steps 34–50: tagmentation of genomic
DNA using a hyperactive derivative of the Tn5 transposase that catalyzes in vitro integration of
predetermined oligonucleotides into target DNA41. This creates a library of tagmented DNA frag-
ments with an average size of 200–600 bp. Steps 51–53: PCR amplification of the PB insertion
junction using a primer specific for the left end of the PB transposon, PBLseq, and a primer annealing
to the Tn5 i7 adaptor, N8XX. Approximately 50 ng of input DNA and 11 cycles of PCR are sufficient
to produce enough material for the following steps. Steps 54–58: addition of nucleotide sequences to
attach the DNA library to the flowcell of the sequencing instrument. This is done by using a TruSeq i5
adaptor primer, P5XX, and a shortened Tn5 i7 adaptor primer, illumina-R, for a few cycles (up to
eight) of PCR to obtain a sufficient amount of DNA for sequencing and avoid PCR-generated bias. To
improve sensitivity and adapt for liquid-handling automation, we purify DNA with AMPure XP
beads in the library preparation steps and replace the Nextera PCR Master Mix used in the Kit
(Nextera DNA Library Preparation Kit) with the NEBNext Ultra II Q5 Master Mix. Ultra II Q5
Master Mix was recently optimized for the amplification of NGS libraries and found to introduce the
least bias compared with other polymerases42,43, further improving the uniformity of DNA library
amplification. For parallel experiments, each library can be tagged with a different Tn5 i7 adaptor
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N8XX or TruSeq i5 adaptor P5XX to diversify the barcodes among samples. As long as there are no
overlapping barcodes, the resulting libraries can then be pooled and sequenced together in the same
lane of an Illumina sequencer. Primers used in PBISeq are shown in Supplementary Table 1.

Analysis of PB insertion libraries
To support the use of our system and rapidly gain insights into the abundance of distinct mutants in
the population, we have developed a portable processing and analysis pipeline implemented in the
Perl and R languages. The workflow performed by our analysis pipelines can be briefly summarized as
follows. First, Illumina adaptor sequences are trimmed off, and Read 1 is filtered to identify the subset
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Fig. 2 | Overview of the procedure for PB transposon mutant library preparation and insertion site identification using PBISeq. a, Outline of the
procedure and the corresponding steps. b, The design for PCR enrichment of PB insertion junctions and barcoding. gDNA, genomic DNA from a PB
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of reads that have a prefix matching the terminus of the PB transposon (TTTCTAGGG); second, the
PB terminal sequences are removed to obtain the PB-flanking genomic DNA sequence; and third, the
striped reads are aligned onto the genome to identify the insertion site (and strand) of each read, and
then the insertions are assigned to ORFs or intergenic regions. Only unique and perfect matched
reads are then processed for more sophisticated analyses, for example, the quantification of differ-
ences in read counts, and hence mutant frequencies, between experimental conditions to identify the
relative contribution of all mutagenized genes to fitness under the screening condition and select
candidate genes whose mutations are likely responsible for the phenotype of interest.

Materials

Biological materials

c CRITICAL All biological materials listed below are available upon request from the corresponding
author.
● C. albicans haploid strain YW03: MATa his4 galΔ ura3Δ::HIS4 PTet-On-CaPBase::SAT1 ARG4::PB
[URA3] (inserted at TTAA, nucleotides 709–712 of ARG4).

● The transposon plasmid pARG4-PB[URA3]: this plasmid contains the inverted terminal repeats of the
PB transposon flanking the URA3 selectable marker for C. albicans selection, an ampicillin resistance
marker for E. coli selection and a DNA fragment homologous to the C. albicans ARG4 locus to enable
the genomic integration of the plasmid at the TTAA (nucleotides 709–712) motif of ARG4.

● Transposase plasmid pNIM1-CaPBase: this plasmid contains a codon-optimized transposase gene
(CaPBase), a nourseothricin resistance marker, SAT1, for selection in Candida, an ampicillin resistance
marker for selection in E. coli and a DNA fragment homologous to the promoter region of C. albicans
ADH1 to enable genomic integration of the plasmid.

Reagents

c CRITICAL Extreme caution should be taken to avoid nuclease contamination of the reagents. Use
nuclease-free reagents and materials. Change gloves regularly throughout the entire procedure.
● Primers (see Supplementary Table 1 for a complete list)
● Oxoid yeast extract powder (Thermo Scientific, cat. no. LP0021B)
● Oxoid peptone bacteriological (Thermo Scientific, cat. no. LP0037B)
● Yeast nitrogen base without amino acids (BD Difto, cat. no. 291940)
● D-(+)-glucose (Sigma-Aldrich, cat. no. G8270)
● Agar (BD Bacto, cat. no. 214010)
● MasterPure yeast DNA purification kit (Epicentre, cat. no. MPY80200)
● Phusion Hot Start II DNA polymerase (2 U/µl) (Thermo Scientific, cat. no. F549L)
● 10 mM dNTP mix (Thermo Scientific, cat. no. 18427088)
● UltraPure DNase/RNase-free distilled water (Thermo Scientific, cat. no. 10977023)
● UltraPure agarose (Thermo Scientific, cat. no. 16500100)
● SYBR Safe DNA gel stain (Thermo Scientific, cat. no. S33102) ! CAUTION SYBR Safe DNA Gel Stain
has no or very low mutagenic activity but may cause skin and eye irritation. Wear gloves and safety
glasses when using this reagent.

● 1-kb DNA ladder (NEB, cat. no. N3232L)
● Gel loading dye, purple (6×) (NEB, cat. no. B7024S)
● Gibco PBS, pH 7.4 (Thermo Scientific, cat. no. 10010049)
● Doxycycline hyclate (Sigma-Aldrich, cat. no. D9891) ! CAUTION Doxycycline hyclate may cause skin
and eye irritation. Wear gloves and safety glasses when using this reagent. Refer to the MSDS
before use.

● Glycerol (Sigma-Aldrich, cat. no. G2025)
● Ethyl alcohol, pure (Sigma-Aldrich, cat. no. E7023) ! CAUTION Ethyl alcohol is highly flammable and
may cause eye irritation. Wear gloves and safety glasses when using this reagent. Keep the container
tightly closed and stored in a fire-resistant safety cabinet. Refer to the MSDS before use.

● Isopropanol (Sigma-Aldrich, cat. no. I9516) ! CAUTION Isopropanol is flammable and may cause eye
irritation. Wear gloves and safety glasses when using this reagent. Keep the container tightly closed and
stored in a fire-resistant safety cabinet. Refer to the MSDS before use.

● E.Z.N.A. gel extraction kit (Omega Bio-tek, cat. no. D2500-02)
● Qubit dsDNA HS assay kit (Thermo Scientific, cat. no. Q32854)
● TAE buffer (Tris-acetate-EDTA) (50×) (Thermo Scientific, cat. no. B49)
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● Nextera DNA library prep (96 samples) (Illumina, cat. no. FC-141-1007)
● Sodium dodecyl sulfate (SDS) solution (Sigma-Aldrich, cat. no. 71736) ! CAUTION Sodium dodecyl
sulfate solution may cause skin and severe eye irritation. Wear gloves and safety glasses when using this
reagent. Refer to the MSDS before use.

● DreamTaq PCR master mix (2×) (Thermo Scientific, cat. no. K1072)
● Agencourt AMPure XP 450-ml kit (Beckman Coulter, cat. no. A63882)
● NEBNext Ultra II Q5 master mix (NEB, cat. no. M0544L)
● High-sensitivity DNA kit (chips and reagents) (Agilent Technologies, cat. no. 5067-4626)

Equipment
● QSP filter pipette tips (Thermo Scientific, cat. nos. TF113-100-Q, TF104-10-Q, TF140-200-Q and
TF112-1000-Q)

● Serological pipettes (Thermo Scientific, cat. no. 170361)
● Sterile Petri dishes, 90 × 15 mm (Thermo Scientific, cat. no. 101VR20)
● Disposable loops and needles (Thermo Scientific, cat. no. 253287)
● 50-ml conical sterile polypropylene centrifuge tubes (Thermo Scientific, cat. no. 339652)
● 1.7-ml MaxyClear Snaplock microcentrifuge tube (Axygen, cat. no. MCT-175-C)
● 0.2-ml thin-wall PCR tubes with flat cap (Axygen, cat. no. PCR-02-C)
● PCR 1 × 8 strip flat caps (Axygen, cat. no. PCR-2CP-RT-C)
● 0.2-ml polypropylene PCR tube strips (Axygen, cat. no. PCR-0208-C)
● 1.5-ml DNA LoBind tubes (Eppendorf, cat. no. 0030108051) c CRITICAL We strongly recommend
using Eppendorf LoBind tubes to store the final sequencing library to minimize the loss of
nucleic acids.

● Semi-micro cuvette (Sarstedt, cat. no. 67.742)
● Qubit assay tubes (Thermo Scientific, cat. no. Q32856)
● Sterile disposable filter units with polyethersulfone membrane (Thermo Scientific, cat. nos. 166-0045,
168-0045 and 564-0020)

● Target2 polyethersulfone syringe filters (Thermo Scientific, cat. no. F2500-17)
● Incubators (Yi Heng Yi Qi, cat. no. DHP-9032)
● Dry bath (Yi Heng Yi Qi, cat. no. TU-100C)
● Desktop frozen constant-temperature oscillator (Tai Cang Shi Yan She Bei Chang, cat. no. THZ-C-1)
● Magnetic stand (BioCanal Scientific, cat. no. BMB16-2)
● S1000 thermal cycler (Biorad, cat. no. 1852148)
● HE-90 mini horizontal gel electrophoresis cell (Tanon, cat. nos. 90-1000B, 90-1101, 90-1200, 90-1501,
90-1502, 90-1600 and 90-1601)

● Power supply (Tanon, cat. no. EPS-600)
● Chemiluminescent imaging system (Tanon, cat. no. 6100)
● M-microcentrifuge (AndyBio, cat. no. AB000E02)
● Sorvall Legend micro 17 microcentrifuge (Thermo Scientific, cat. no. 75002430)
● Sorvall ST 8 small benchtop centrifuge (Thermo Scientific, cat. no. 75007204)
● Vortex-Genie 2 (Scientific Industries, Inc., cat. no. SI-0236)
● UV-visible microplate spectrophotometer (SpectraMax 190 absorbance plate reader; Molecular
Devices, cat. no. 190)

● OptiMair vertical laminar flow clean benches (ESCO, cat. no. ACB-6A1)
● Qubit 2.0 fluorometer (Thermo Scientific, cat. no. Q32866)
● Agilent 2100 bioanalyzer (Agilent Technologies, cat. no. G2938C)

Computer, programs and source code
● A computer with at least sixteen 64-bit processors and ≥64 GB RAM is recommended.
● A Ubuntu Linux distro, such as Ubuntu server 18.04 LTS, is recommended (https://www.ubuntu.com/
download/server)

● A package and environment management system, Conda (v4.8.0; https://docs.conda.io/en/latest/
miniconda.html)

● Python 3 (v3.7.4; https://www.python.org)
● Perl 5 (v22; https://www.perl.org/get.html)
● BWA software package (0.7.17-r1188; http://www.bio-bwa.sourceforge.net)
● SAMtools (v.1.9; http://www.samtools.sourceforge.net)
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● Bedtools (v2.29.2; https://bedtools.readthedocs.io/en/latest)
● FASTX Toolkit (v0.0.14; http://hannonlab.cshl.edu/fastx_toolkit)
● PBISeq scripts (https://github.com/xchromosome219/PBseq.pipeline)

Example datasets
● N801, N802 and N803 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA564479): three independent
sequencing libraries prepared by PBISeq using genomic DNA extracted from a freshly generated
mutant library

Reagent setup
Yeast extract peptone dextrose (YPD) broth
For 1 liter, dissolve 10 g of yeast extract, 20 g of peptone and 20 g of glucose in distilled water, and
then autoclave to sterilize. Store the medium at 4 °C for ≤2 months.

YPD plates
For 50 plates (~20 ml per plate), dissolve 10 g of yeast extract, 20 g of peptone, 20 g of glucose and 20
g of agar in 1 liter of distilled water, and then autoclave to sterilize. Allow the medium to cool to
~60 °C and pour 20 ml into each 90 × 15-mm sterile Petri dish. Store the plates at 4 °C for ≤1 month.

Glucose minimal medium (GMM) plates
For 50 plates (~20 ml per plate), dissolve 6.7 g of yeast nitrogen base without amino acids, 20 g of glucose
and 20 g of agar in 1 liter of distilled water, and then autoclave to sterilize. Allow the mixture to cool to
~60 °C and pour 20 ml into each 90 × 15-mm sterile Petri dish. Store the plates at 4 °C for ≤1 month.

1,000× Dox solution (50 mg/ml)
For 10 ml, dissolve 0.5 g of Dox in 10 ml of distilled water and mix by quick vortexing. Sterilize the
solution by filtration with a 0.20-μm filter unit, and store the solution at −20 °C for ≤1 year.

Agarose gel, 1% (wt/vol)
Mix agarose with 1× TAE buffer at a ratio of 1:100 (wt/vol), and boil the solution. Allow the solution
to cool to ~40–50 °C and add 1× SYBR Safe DNA gel stain to the dissolved agarose. Mix the solution
and pour into a gel tray with a comb placed, and then allow the gel to cool to room temperature
(22–25 °C) to solidify before use. ! CAUTION SYBR Safe DNA gel stain has very low mutagenic activity
but may cause skin and eye irritation. Exercise care and wear gloves when using this reagent. Follow
standard protocols for proper disposal of agarose gels.

0.2% (wt/vol) SDS solution
For 500 μl, dilute 10 μl of 10% (wt/vol) SDS solution in 490 μl of nuclease-free water. Quickly vortex
to mix thoroughly. Store at room temperature for ≤1 year.

1× TAE buffer
For 1 liter, add 20 ml of 50× TAE buffer in 980 ml of distilled water and mix by stirring with a
magnetic stir bar. Store at room temperature for ≤1 year.

Primers
Dissolve all primers (see Supplementary Table 1) except for N8XX primers in nuclease-free water to
achieve a concentration of 10 μM. Dissolve N8XX primers in nuclease-free water to obtain a con-
centration of 2 μM. Dissolved primers can be stored at −20 °C indefinitely.

Procedure

Induction and selection of PB transposition events ● Timing ~6 d
1 Refreshing YW03 cells on a YPD plate. Streak the parental strain YW03 from a −80 °C glycerol

stock onto a YPD plate and incubate at 30 °C for 2 d to obtain single colonies.

j PAUSE POINT The refreshed YW03 cells can be stored on the plate at 4 °C for ≤2 weeks.
2 Induction of PB transposition (Steps 2–15). Randomly pick four to five individual colonies of YW03

with sterile inoculation loops and inoculate each colony into 5 ml of liquid YPD medium in a 50-ml
centrifuge tube. Incubate for 10–15 h in a 30 °C shaking incubator with shaking at 220 rpm.
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c CRITICAL STEP Always inoculate four to five colonies each time, just in case the basal expression
of CaPBase excises the PB[URA3] transposon cassette from the ARG4 locus.

3 Transfer 20–40 μl of the cultures to 1.7-ml microcentrifuge tubes, pellet the cells by centrifugation
at 13,800g for 1 min at room temperature and discard the supernatant.

c CRITICAL STEP Keep the remaining cultures in 50-ml centrifuge tubes at 4 °C. They will be used
for transposition induction in Steps 9–15 once the genotype of the cells is verified by genomic PCR.

4 Purify genomic DNA using the MasterPure yeast DNA purification kit (please refer to the
supplier’s manual for full procedures) and finally dissolve the DNA in 400–500 μl of nuclease-
free water.

5 Perform genomic PCR using two pairs of primers, namely ARG4F-ARG4R and ARG4F-PBLR,
respectively (see Supplementary Table 1), to verify that the PB[URA3] transposon cassette remained
inserted in the ARG4 locus. Prepare the PCR mix according to the following table for all reactions
plus one additional reaction to allow for pipetting loss. Vortex the mixture briefly, and spin down
the mixture at 13,800g for 2–3 s at room temperature.

Component Volume (μl) Final concentration

Phusion HF buffer (5×) 4 1×

dNTPs (10 mM) 0.4 200 μM each

Forward primer (ARG4F, 10 μM) 1 0.5 μM
Reverse primer (ARG4R or PBLR, 10 μM) 1 0.5 μM
Phusion Hot Star II DNA polymerase (2 U/μl) 0.2 0.02 U/μl
Nuclease-free water 11.4 –

Total volume 18 –

6 Aliquot 18 μl of the PCR mix into the eight-strip PCR tubes, and then add 2 μl of the genomic DNA
from Step 4 to obtain a final reaction volume of 20 μl. Mix the reaction by gentle vortexing.

7 Spin down the samples using a minicentrifuge at 13,800g for 2–3 s at room temperature to collect
the liquid at the bottom of the tubes, and perform the reaction in a thermal cycler with a heated lid,
as described below.

Temperature (°C) Time Cycle

98 °C 3 min 1

98 °C 10 s 30

58 °C 30 s –

72 °C 30 s –

72 °C 10 min 1

4 °C Hold 1

8 Load 10 μl of the product of each PCR reaction on a 1% (wt/vol) agarose gel and run the gel for
10–15 min at 150 V in 1× TAE buffer. Visualize the PCR products with a gel imaging system. The
cultures that yield only the 649-bp band amplified with primers ARG4F and PBLR can be used for
subsequent transposition induction.
! CAUTION SYBR Safe DNA gel stain has no or very low mutagenic activity but may cause skin and
eye irritation. Exercise care when using this reagent. Follow standard protocols for the proper
disposal of agarose gels.
? TROUBLESHOOTING

9 Spin down one of the correct overnight cultures from Step 2 for 5 min at 1,500g at room
temperature and discard the supernatant.

10 Wash the cells with 5 ml of PBS buffer or sterile water three times by quick vortexing and
centrifuging at 1,500g for 5 min at room temperature, and finally resuspend cells in 5 ml of PBS
buffer or sterile water.

11 Dilute the cell suspension by adding 100 μl of the cell suspension into 1,900 μl of PBS buffer or
sterile water in a 10-mm cuvette. Mix the diluted cell suspension by gently pipetting up and down a
few times and measure OD600. A 2-ml aliquot of PBS buffer or sterile water is used as a blank.
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12 Calculate the dilution fold required to achieve a final cell concentration of OD600 = 0.68, which
corresponds to ~1 × 107 cells/ml, according to the table used for indicating yeast cell density by
OD600 readings (http://www.pangloss.com/seidel/Protocols/ODvsCells.html). Dilution fold =
(a/1 × 107) × 20. ‘a’ is the cell density corresponding to the OD600 value of the diluted cell
suspension from Step 11.

13 Dilute the cell suspension from Step 10 with PBS buffer or sterile water based on the dilution fold
calculated in Step 12 to prepare 1 ml of cell suspension with an OD600 of 0.68 (~107 cells/ml) in a
1.7-ml microcentrifuge tube.

14 Further dilute 100 µl of the cell suspension with OD600 of 0.68 into 900 µl of PBS buffer or sterile
water to prepare 1 ml of inoculum with OD600 of 0.08 (~106 cells/ml) in a 1.7-ml
microcentrifuge tube.

c CRITICAL STEP Serial dilution is recommended to obtain accurate cell density for optimal
transposition efficiency and a sufficient number of mutants.

15 Spot 10 μl of the inoculum from Step 14 onto YPD plates supplemented with 50 µg/ml Dox (the
induction plates) to induce CaPBase expression and PB transposition. In parallel, use YPD plates
without Dox as a negative control. Each spot contains ~10,000 cells. Typically, a 9-cm plate can
accommodate 18 spots. Then, allow the cell spots to dry completely in the air, and incubate the
plates at 30 °C for 1 d.

c CRITICAL STEP Spot the inoculum onto three to four YPD+Dox plates simultaneously to grow a
total of 54–72 patches, which will produce a sufficient number of transposon-insertion mutants. A
non-induction YPD plate is included as a negative control. The total length of the haploid C.
albicans genome is 14,599,091 bp. On average, there are ~80 unique insertion sites in a 10-kb
window for the de novo assembled genome of GZY892 (Fig. 3f), i.e., ~1 every 130 bp. Thus, a
minimum of 1.2 × 105 (14,599,091/130) transposants should be used for genome-wide
genetic screens.

c CRITICAL STEP YPD+Dox plates should be kept in the dark as Dox is light sensitive.
16 Enrichment of PB transposition (Steps 16–18). Replica-plate the cells on the induction plates and the

non-induction plate onto GMM plates (the selection plates) to select for cells that have undergone
transposition (Arg+, Ura+). Incubate at 30 °C for 1 d to enrich the transposants.

17 Scrape the transposed cells from all of the selection plates and transfer them to a 50-ml centrifuge
tube containing 10 ml of PBS buffer or sterile water.

18 Wash the cells with 10 ml of PBS buffer or sterile water three times by quick vortexing and
centrifuging at 1,500g for 5 min at room temperature, and finally resuspend the cells in 5 ml of PBS
buffer or sterile water. The transposon mutant library is now ready for conducting screens for the
desired phenotype.

c CRITICAL STEP We recommend that users generate the mutant library freshly for application
every time. The diversity of mutants decreased after frequent restreaking from the frozen stock.

j PAUSE POINT The mutant library can be stored in 30% (vol/vol) glycerol at −80 °C until use.

Identification of PB insertion sites using PBISeq ● Timing ~3 d

c CRITICAL A thermal cycler with a heated lid set at 105 °C is utilized throughout this part.
19 Cell lysis and extraction of genomic DNA (Steps 19–27). To obtain enough DNA for subsequent

NGS library preparation, transfer ~4–5 × 108 cells from Step 18 into a 1.7-ml microcentrifuge tube,
centrifuge at 13,800g for 1 min at room temperature to pellet the cells and discard the supernatant.
The volume of the cell pellet should be ~40–50 μl.

c CRITICAL STEP It is better to perform the DNA purification steps in a DNA-free area to prevent
potential cross-contamination. Genomic DNA extraction is carried out using the MasterPure yeast
DNA purification kit protocol with modifications.

20 Add 400 μl of yeast cell lysis solution to the cell pellet. Suspend the cells thoroughly by quick
vortexing.

21 Incubate the suspended cells in a dry bath at 65 °C for 25–30 min and then place on ice for 5 min.

c CRITICAL STEP A longer incubation time at 65 °C than suggested by the manufacturer’s protocol
is crucial for enhancing the yield of DNA.

22 Add 200 μl of MPC protein precipitation reagent to the ice-cooled cell suspension and vortex mix
for 10 s at an intermediate speed.

c CRITICAL STEP High vortexing speed negatively affects the quality of DNA.
23 Centrifuge the cell suspension at 13,800g for 10 min at room temperature to remove cell debris.
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Fig. 3 | Intermediate quality control data and example sequencing results. a, Characterization of individual colonies of YW03 used for transposition
induction by genomic PCR (Steps 3–8). Gel electrophoresis results of PCR products obtained with genomic DNA from four independent colonies of
YW03 using primers ARG4F and ARG4R or PBLR. b, An illustration of the transposition induction and enrichment procedure (Steps 1–18).
Transposition events were enriched by replica-plating cells from YPD+Dox plates onto GMM plates. YPD plates were included as a control.
c, Representative gel electrophoresis results of RNA-free genomic DNA from the transposon mutant library (Step 33). DNA was extracted according
to Steps 19–27 using the MasterPure yeast DNA purification kit and was treated with RNase A for 1 h to remove RNA. d, Bioanalyzer electropherogram
of the final sequencing library (Step 59). A representative profile of a library derived from the transposon mutant library prepared using Nextera
DNA library preparation kit as described in Steps 34–58. e, Reproducibility of PBISeq. Genomic DNA extracted from a freshly generated mutant library
was processed for PBISeq in three independent experiments. The libraries were submitted for sequencing. After processing the raw sequencing data
with the analysis pipeline, the total matched reads of each sample were adjusted to the same level by downsampling to compare PB-specific site
counts per 10-kb window. f, Density curve of PB-specific site counts per 10-kb window. g, Genome-wide NGS analysis of PB distribution
in the haplotyped C. albicans genome, A22 and the de novo assembled haploid C. albicans genome, A892. PB-specific site counts were plotted in 10-kb
sliding windows.
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24 Transfer ~400 μl of the supernatant to a 1.7-ml microcentrifuge tube and then add 600 μl of
isopropanol to the supernatant. Mix thoroughly by gentle inversion 15–20 times.

25 Spin down DNA by centrifugation in a microcentrifuge for 10 min at 13,800g at room temperature,
and then remove the supernatant by aspiration and discard it.

26 Wash the DNA pellet with 600 μl of 70% (vol/vol) ethanol by gently pipetting up and down 10
times. Carefully remove the ethanol by aspiration without disturbing the pellet. Briefly spin down
the DNA pellet to collect the residual ethanol at the bottom of the tube and remove it by aspiration.

c CRITICAL STEP The ethanol solution must be freshly made each time. Moisture absorption may
change the final concentration of the solution.

27 Remove any trace of ethanol and let the DNA pellet dry completely, leaving the tube at room
temperature for 5 min or until the DNA pellet becomes transparent.

c CRITICAL STEP Residual ethanol may affect downstream applications.
28 RNase A treatment (Steps 28–30). Dissolve the DNA pellet in 50 μl of nuclease-free water containing

3 μl of 10 μg/μl RNase A.

c CRITICAL STEP It is necessary to completely remove RNA from DNA using RNase A, as residual
RNA will cause failure in the subsequent tagmentation reaction of DNA using Tn5 transposase.

29 Quickly vortex the tube to accelerate dissolving DNA and thoroughly mix the solution; then, spin to
collect the DNA solution at the bottom.

30 Incubate the DNA solution in a dry bath at 37 °C for 1 h to degrade RNA.
31 Preparation of RNA-free DNA. Purify the RNase A–treated DNA using a column-based method

such as the E.Z.N.A. gel extraction kit (please refer to the supplier’s protocol for the enzymatic
reaction). The typical yield of RNA-free DNA extracted from ~4–5 × 108 cells is ~20–30 ng/μl if
eluted with 30 μl of nuclease-free water.

c CRITICAL STEP The purity and concentration of DNA are crucial for the success of insertion site
identification using PBISeq. Hence, a column-based purification method is strongly recommended.

32 Concentration and quality check of the DNA (Steps 32 and 33). Determine the concentration of
DNA from Step 31 by Qubit following the manufacturer’s instructions.

c CRITICAL STEP We use Tn5 to fragment DNA for library construction, which is sensitive to
DNA concentration. To obtain high-quality sequencing libraries, it is necessary to accurately
determine the concentration of DNA. Besides Qubit, PicoGreen is also applicable. Both methods
are based on specific recognition of double-stranded DNA by fluorescent dyes. Avoid using
methods based on absorbance such as NanoDrop.
? TROUBLESHOOTING

33 Check the quality of DNA from Step 31 by loading 50 ng of the purified DNA on a 1% (wt/vol)
agarose gel and running for 10–15 min at 150 V in 1× TAE buffer. Visualize the DNA bands with a
gel imaging system. The purified DNA molecules are 40–50 kb in length without smaller RNA or
DNA degradation fragments.
! CAUTION SYBR Safe DNA gel stain has no or very low mutagenic activity but may cause skin and eye
irritation. Exercise care when using this reagent. Follow standard protocols for proper disposal of agarose gels.

j PAUSE POINT Purified DNA can be stored at −20 °C until use.
34 DNA tagmentation (Steps 34 and 35). To accurately quantify PB insertion sites and generate

reproducible data from the transposon mutant library, 50 ng of purified RNA-free DNA from
Step 31 is tagmented using the Illumina Nextera DNA library preparation kit with modifications.
Set up the tagmentation reaction on ice in a 0.2-ml thin-walled PCR tube as described below and
mix the solution thoroughly by pipetting gently 10 times.

Component Volume (μl)

Tagment DNA buffer (2×) 9

DNA (50 ng total) Variable

Tagment DNA enzyme 5

Nuclease-free water Variable

Total volume 18

c CRITICAL STEP To achieve the best tagmentation efficiency, the input DNA should not exceed 50 ng.
Excessive DNA leads to incomplete cutting, resulting in DNA libraries with larger fragment sizes.
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c CRITICAL STEP The optimal reaction temperature of Tn5 transposase is 55 °C, but some activity
also occurs at room temperature. Thus, we recommend preparing the reaction on ice.

35 Perform the tagmentation reaction in a thermal cycler with a heated lid by using the
following program.

Temperature (°C) Time Cycle

55 10 min 1

10 Hold 1

36 Stripping Tn5 transposase off the tagmented DNA (Steps 36 and 37). Immediately after
tagmentation, add 2 μl of 0.2% (wt/vol) SDS into 18 μl of DNA solution containing the tagmented
DNA from Step 35 to strip off Tn5 transposase from tagmented DNA. Mix thoroughly by gently
pipetting up and down 10 times.

37 Incubate in a thermal cycler with a heated lid by using the following program.

Temperature (°C) Time Cycle

70 20 min 1

10 Hold 1

c CRITICAL STEP Stripping off Tn5 transposase from the tagmented DNA ensures subsequent
DNA polymerase binding and PCR amplification efficiency.

38 Chain displacement reaction (Steps 38 and 39). Set up the chain displacement reaction as follows
and mix thoroughly by gently pipetting up and down 10 times.

Component Volume (μl)

DreamTaq PCR master mix (2×) 25

Tagmented DNA (from Step 37) 20

Nuclease-free water 5

Total volume 50

39 Incubate in a thermal cycler with a heated lid by using the following program.

Temperature (°C) Time Cycle

72 10 min 1

4 Hold 1

40 Tagmented DNA purification (Steps 40–50). Before commencing the purification steps, equilibrate
AMPure XP beads at room temperature for 15 min, and then vortex well for several seconds to
suspend the beads.

41 Add 50 μl of the beads at a ratio of 1:1 to the DNA solution from Step 39 and mix thoroughly by
gently pipetting up and down 10 times or until the beads are thoroughly resuspended in the solution.

42 Incubate the mixture at room temperature for 5 min to let the DNA bind to the beads.
43 Place the tube on the magnetic stand to separate the beads and the liquid. Wait for 5 min or until

the solution is clear and the beads are concentrated to one side of the tube.
44 Keep the tube on the magnetic stand, and carefully remove the liquid by aspiration, without

disturbing the beads.
45 Wash the beads with 200 μl of 80% (vol/vol) ethanol solution, incubate the samples for 30 s and

then remove the ethanol.

c CRITICAL STEP The ethanol solution must be freshly made each time. Moisture absorption may
change the final concentration of the solution.
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46 Repeat the ethanol wash in Step 45 once.

c CRITICAL STEP Remove any trace of ethanol. Residual ethanol may affect downstream processes.
47 Keep the tube on the magnetic stand to allow the beads to air dry for 5 min.

c CRITICAL STEP Avoid overdrying the beads. Resuspend the beads with nuclease-free water if
small cracks are observed on the bead pellet. Over-dehydration leads to low DNA yield.

48 Remove the tube from the magnetic stand and add 21 μl of nuclease-free water to elute DNA by
gently pipetting up and down 10 times.

49 Place the tube on the magnetic stand, and wait for 5 min or until the solution appears clear and the
beads are concentrated to one side of the tube.

50 Collect 19 μl of the supernatant without disturbing the beads and carefully transfer it to a new
0.2-ml thin-walled PCR tube.

c CRITICAL STEP Avoid aspirating all the supernatant. Leave 2 μl at the bottom to ensure minimal
carryover of the beads.

51 PCR enrichment of PB insertion junction and Read 2 barcoding (Steps 51 and 52). Prepare
the PCR reaction using the following reagents and gently pipette up and down to mix
it thoroughly.

Component Volume (μl)

Ultra II Q5 master mix (2×) 25

DNA (from Step 50) 19

PBLseq (10 μM) 1

N8XX (2 μM) 5

Total volume 50

52 Perform the PCR in a thermal cycler with a heated lid by using the following program.

Temperature (°C) Time Cycle

98 °C 60 s 1

98 °C 10 s 11

65 °C 75 s –

65 °C 5 min 1

4 °C Hold 1

c CRITICAL STEP To save processing time, thaw all the reagents in advance and prepare the PCR
mix while performing purification of the tagmented DNA.

c CRITICAL STEP To provide a more accurate representation of the input, 11 PCR cycles are
recommended to obtain sufficient output DNA for the final round PCR from 50-ng DNA input for
tagmentation.

53 Purification of PCR products. Repeat Steps 40–50 to purify PCR products using AMPure XP beads,
but add 25 μl of nuclease-free water into the tube to elute DNA and collect 23 μl of the supernatant
in a new 0.2-ml thin-walled PCR tube as the template for the final PCR enrichment.

54 PCR enrichment of PB insertion junction and Read 1 barcoding (Steps 54 and 55). Prepare the PCR
reaction using the following reagents and gently pipette up and down to mix it thoroughly.

Component Volume (μl)

Ultra II Q5 master mix (2×) 25

DNA (from Step 53) 23

Illumine-R (10 μM) 1

P5XX (10 μM) 1

Total volume 50
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55 Perform the PCR in a thermal cycler with a heated lid by using the following program.

Temperature (°C) Time Cycle

98 °C 60 s 1

98 °C 10 s 8

65 °C 75 s –

65 °C 5 min 1

4 °C Hold 1

c CRITICAL STEP Limiting PCR amplification cycles will reduce bias. Eight PCR cycles are
recommended to obtain a sufficient amount of DNA for the preparation of a high-quality
sequencing library.

c CRITICAL STEP Read 1 is processed to count reads corresponding to each uniquely mapped PB
insertion. Thus, single-index can be applied for barcoding during library preparation, and also
sequence the library using single-end mode.

c CRITICAL STEP The volume guidelines in the table below for AMPure XP beads used in the first
round (R1) and second round (R2) of the size selection process are based on 50 μl of PCR reaction.
Due to the evaporation during PCR, it is important to make sure that the total volume of the PCR
solution is 50 μl; otherwise, a library of fragments of undesirable sizes may be obtained. We
sequence PBISeq libraries on the Illumina HiSeq 4000 platform. Thus, the best average library size
is ~450 bp. For other instruments, the final average size of the sequencing library can be selected
according to the above table using corresponding R1 and R2 volume of beads.

Average length
of the library

Range of length
of the library

Volume of beads in
the first round

Volume of beads in
the second round

~350 bp 250–450 bp R1 = 35.0 μl (0.70×) R2 = 7.5 μl (0.15×)
~450 bp 300–700 bp R1 = 30.0 μl (0.60×) R2 = 7.5 μl (0.15×)
~550 bp 400–900 bp R1 = 25.0 μl (0.50×) R2 = 7.5 μl (0.15×)

56 Size selection and purification of the sequencing library (Steps 56-58). Purify and select the final
sequencing library by AMPure XP beads following Steps 40–43, but add 30 μl of the beads (R1) into
the DNA solution from Step 55.

57 Carefully transfer the supernatant to a new 0.2-ml thin-walled PCR tube and discard the beads.

c CRITICAL STEP Avoid aspirating all the supernatant to ensure minimal carryover of beads.
58 Repeat Steps 41–50, excluding Step 47, but transfer 7.5 μl of the beads (R2) into the supernatant

from Step 57, and finally add 17 μl of nuclease-free water into the tube to elute DNA and collect
15 μl of the supernatant in a new 1.5-ml DNA LoBind tube to minimize DNA absorption to the
tube during long-term storage.

c CRITICAL STEP Due to the low volume of the beads used for R2, it is crucial not to over-dry the
beads. Proceed directly to resuspension with nuclease-free water without waiting for the beads to
dry to ensure maximum elution efficiency.

59 Concentration and quality check of the final sequencing library. Measure the concentration of the
library by Qubit according to the manufacturer’s instructions. Check the quality and the size
distribution on an Agilent high-sensitivity chip. Typically, a broad peak with a specific average size
will be observed. The library is now ready for sequencing.

j PAUSE POINT The sample can be stored after this step at −20 °C for 3 months.
? TROUBLESHOOTING

60 Library pooling and DNA sequencing (Steps 60–62). Use the concentration (ng/μl) obtained with the Qubit
and the average size obtained on the Agilent high-sensitivity chip to calculate the molarity of the final library.

61 Combine equal nanomoles of each sample marked by different i5 or i7 indexes into a single 1.5-ml
DNA LoBind tube.

c CRITICAL STEP The required concentration may vary if a different sequencing instrument is
used. Refer to the system manual instructions for the instrument used for sequencing or confirm
with the sequencing facility.
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62 Submit the libraries for single or paired-end sequencing according to the manufacturer’s protocol
using the standard Illumina dual-index sequencing primers on either a HiSeq 2000, 2500 or 4000
instrument. A library typically requires a sequencing depth of 20 million reads.

Data analysis ● Timing ~1 d

c CRITICAL This pipeline was developed to process the raw sequencing data from PBISeq experiments
generated on an Illumina sequencer, map the transposon insertion sites, count the numbers of reads
associated with respective sites and generate output files of the analyzed data. Several programs used in
the analysis should be installed first, such as BWA, samtools and fastx-toolkit (see Equipment). All the
steps below assume that all required software programs have been installed and correctly configured.
The commands below describe a general workflow that may be altered for specific needs. Please refer to
the manuals of the individual tools for more information. Please note that software is underlined,
commands are stated as a monospaced font and file names are given in angle brackets (i.e., ‘<’ and ‘>’).
63 Find and install relevant software by the package manager conda. Run the following command:

# create Ca_PBISeq analysis work enviroment
conda create –n PBISeq python=3
conda info –envs
# install all required softwares
conda install -c bioconda bwa samtools
conda install -c biobuilds fastx-toolkit

64 Download the appropriate reference genome, which can be either the haplotyped diploid C.
albicans genome (A22) or our de novo assembled haploid genome, A892. Users can prepare the
genome index file in .fasta format using BWA by running the follow command:

# create reference genome index
conda activate PBISeq
bwa index A892.assembly.fasta > A892.assembly.fasta
conda deactivate

c CRITICAL STEP The version A22 genome sequence can be obtained from the Candida Genome
Database, and its genome annotation file can be download from the following website: http://www.
candidagenome.org/download/chromosomal_feature_files/C_albicans_SC5314/.

c CRITICAL STEP We established the haploid C. albicans reference genome by de novo assembly of
PacBio and Illumina sequencing data, which are available in Supplementary Data 1
(A892_Genome.zip).

c CRITICAL STEP We strongly recommend using the de novo assembled haploid C. albicans
genome, A892 for reads mapping.

65 Create an experiment directory where you want to store your analysis results by running the
following command:

# create a new home directory < Ca_PBISeq_results >
mkdir –p ./Ca_PBISeq_results

66 In this example, we name our demonstration PBISeq files as < demo >, so all resultant file names contain
the prefix ‘demo’. Users should use their own file name. Demo data with the name < PBISeq.demo.R1.fq.
gz > and < PBISeq.demo.R2.fq.gz > can be downloaded from https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA564479. Input data must be imported in uncompressed fastq format. All fastq format pair-end
sequencing files need to be unzipped from compressed fastq (fastq.gz). Run the following command:

# copy demo sequence raw data to Ca_PBISeq result directory
zcat PBISeq.demo.R1.fq.gz > ./Ca_PBISeq_results/PBISeq.demo.R1.fastq
zcat PBISeq.demo.R2.fq.gz > ./Ca_PBISeq_results/PBISeq.demo.R2.fastq

67 Trim Illumina adaptor sequences in FASTQ files, using our in-house Perl script (step1.remove.
adaptor.pl) by running the following command:
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# remove Illumina adaptor
cat ./Ca_PBISeq_results/PBISeq.demo.R1.fastq |\
perl step1.remove.adaptor.pl \
-p ./Ca_PBISeq_results/PBISeq.demo.R1 \
-q ./Ca_PBISeq_results/PBISeq.demo \
-t 15

68 Filter all Read 1 for the presence of the transposon-genomic junction and prepare reads for
mapping by trimming the transposon sequence (TTTCTAGGG) in Read 1 to leave only the
insertion motif and the genomic sequence. Then, a text file < specific_reads_ratio.txt > will be
generated, which contains various statistics for the sequencing data, including the percentage of
reads being mapped (that have the transposon), the percentage of reads kept in the initial ARG4
site, the percentage of reads due to non-specific PCR amplification, the number of raw reads and
the total number of reads being mapped. Run the following command:

# identify and trim the PB transposon sequence in Read 1
perl step2.PB.site.pl ./Ca_PBISeq_results/PBISeq.demo.R1_clean.fastq \
./Ca_PBISeq_results/PBISeq.demo.R1_filter_cut.fastq
conda activate PBISeq
fastx_reverse_complement -Q 33 \
–I ./Ca_PBISeq_results/PBISeq.demo.R1_filter_cut.fastq \
-o ./Ca_PBISeq_results/PBISeq.demo.R1_filter_rc.fastq
conda deactivate
# calculate PB transposon insertion site reads ratio
perl step3.PB.specific_ratio.pl \
./Ca_PBISeq_results/PBISeq.demo.R1_clean.fastq ./Ca_PBISeq_results/
specific_reads_ratio.txt

69 Align the reads against the genome to filter unambiguously mapped reads. Run the following scripts
in series, or run in parallel. Two output files will be produced:

# align the reads to the reference genome using bwa mem module
conda activate PBISeq
bwa mem A892.assembly.fasta \
./Ca_PBISeq_results/PBISeq.demo.R1_filter_rc.fastq > ./Ca_PBISeq_re-
sults/PBISeq.demo.R1.sam
# convert sam file to bam file
samtools view -bS \
./Ca_PBISeq_results/PBISeq.demo.R1.sam > ./Ca_PBISeq_results/PBISeq.
demo.R1.bam
# sort bam file
samtools sort ./Ca_PBISeq_results/PBISeq.demo.R1.bam \
-o ./Ca_PBISeq_results/PBISeq.demo.R1.sorted.bam
# filter unambiguously mapped reads by the bamToBed function of SAMtools
to transform the bam file to the BED format
samtools index PBISeq.demo.R1.sorted.bam
bamToBed -i PBISeq.demo.R1.sorted.bam > PBISeq.demo.R1.sorted.bed
conda deactivate
# count the read number per insertion site
Perl step4.PB.reads.site.pl \
./Ca_PBISeq_results/PBISeq.demo.R1.sorted.bed ./Ca_PBISeq_results/
PBISeq.demo_readsPsite

< PBISeq.demo_readsPsite >: contains the processed mapping output with the following format:
‘chromosome or contig name’, ‘insertion position’, ‘the total number of reads mapped to that
position’, ‘strand orientation’.
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# convert read count per site to read count per gene
perl step5.PB.reads.genelevel.pl \
./Ca_PBISeq_results/PBISeq.demo.readsPsite ./Ca_PBISeq_results/PBI-
Seq.demo.readsPgene

< name_readsPgene >: lists genes mapped by insertions. The format is as follows: ‘chromosome or
contig name’, ‘gene position’, ‘the total number of reads mapped to the ORF of that gene’.

70 Perform downstream analysis of the insertion sites according to individual needs. For example,
using the contact matrix will give users an overview of the interactome of inserted genes.
Alternatively, perform a Tally analysis of the uniqueness of the insertion sites in each sample to
reflect their relative abundance across samples treated under different conditions. Statistical
analysis, including differentially expressed genes analysis, function enrichment, etc., can be
performed with R or other statistical framework of choice.

Troubleshooting

Troubleshooting advice can be found in Table 1.

Timing

Steps 1–18, induction and selection of PB transposition events: ~6 d
Steps 1 and 2, refresh and inoculation of YW03: ~2 d
Steps 3–8, PCR genotyping of YW03: ~3 h
Steps 9–15, transposition induction: 1 d
Step 16, transposition enrichment: 1 d

Table 1 | Troubleshooting table

Step Problem Possible reason Solution

8 No PCR product is detected. PCR failed. Make sure all PCR reagents are working by
including a positive control.

Increase the amount of genomic DNA used in
PCR reactions.

Increase the number of PCR cycles.

32 The total yield of RNA free-DNA is low
or lower than expected.

The amount of cell pellet used for DNA
extraction is insufficient.

Increase the amount of cell pellet used for DNA
extraction.

Elution did not occur properly. Warm nuclease-free water to 60–70 °C before
elution.

Let nuclease-free water into the column for
2 min at room temperature before centrifugation.

59 Sufficient input DNA is used for
tagmentation, but the yield of the
sequencing library is very low after
enrichment PCR.

PCR amplification is insufficient. Increase the number of PCR cycles in Steps 52
and 55.

There is residual RNA in the sample. Extend the RNase A digestion time from 1 h to up
to 3 h.

The sequencing library shows a wide
distribution with a tail of longer
fragments.

Excessive DNA is used in the
tagmentation reaction.

Reset the standard curve of Qubit, where
possible, to measure the accurate concentration
of DNA used for tagmentation.

Equilibrate all reagents of Qubit at room
temperature (22–28 °C) before measurement.

Incubate the assay tube for 2 min in the dark
after mixing the sample with the working
solution.

Low cutting efficiency of Tn5
transposase

Increase the amount of Tn5 transposase used for
DNA tagmentation.

Primer dimers are present on the
Bioanalyzer profile.

Overamplification Reduce the number of PCR cycles.
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Steps 17 and 18, transposon mutant library collection: ~1 h
Steps 19–62, identification of PB insertion sites using PBISeq: ~3 d
Steps 19–27, genomic DNA extraction: 1 h
Steps 28–30, RNase A digestion: 1 h
Step 31, RNA-free genomic DNA purification: 30 min
Steps 32 and 33, concentration and quality check of the genomic DNA: 30 min
Steps 34 and 35, DNA tagmentation: ~15 min
Steps 36 and 37, Tn5 transposase strip off: ~25 min
Steps 38 and 39, chain displacement: ~15 min
Steps 40–50, tagmented DNA purification: ~45 min
Steps 51 and 52, PB insertion junction amplification and Read 2 barcoding: ~40 min
Step 53, PCR purification: ~45 min
Steps 54 and 55, PB insertion junction amplification and Read 1 barcoding: ~35 min
Steps 56–58, PCR purification and size selection: 1 h
Step 59, concentration and quality check of the final sequencing library: 1 h
Steps 60–62, library pooling and DNA sequencing: ~2 d
Steps 63–70, data analysis: ~1 d

Anticipated results

The goal of this protocol is to produce whole-genome PB transposon insertion libraries in C. albicans and
apply deep sequencing to analyze the libraries and quantify the abundance of individual mutants. To assist
in reaching these goals, we summarize anticipated intermediate quality control data to allow the
experimenters to check the progress and anticipated results of example sequencing and data analysis.

Intermediate quality control data
At Step 8 of the procedure, it is important to make sure that the PB[URA3] transposon cassette
remains inserted at the ARG4 locus in YW03 before transposition induction. We randomly picked
four to five single colonies to perform the check. In the absence of transposition, only the 649-bp
band will be amplified from the primer pair of ARG4F-PBLR, but not the 472-bp band from the
ARG4 gene (Fig. 3a).

After transposition induction and the selection of transposants on GMM plates through replica-
plating, one has the opportunity to estimate the overall efficiency of the induction in Step 16. Com-
pared to the non-induction plates, there should be many more transposed cells in patches on GMM
plates after replica transfer from the induction plates. The larger the difference of patches replicated
between the induction and non-induction plates, the higher the efficiency of transposition (Fig. 3b).

A good genomic DNA preparation shows a clear band on the agarose gel in Step 33. This band
should run at ~40–50 kb and is free of short RNA fragments (<500 bp) or any other nonspecific
fragments (Fig. 3c).

After Step 59, the genomic DNA of the mutant library has been tagmented and amplified with
transposon-specific and adaptor primers that specifically enrich the final library for fragments car-
rying the transposon-genome junction. The expected average size of the library is ~450 bp, and the
amount of primer dimers is low (Fig. 3d). A qualified library from this step is ready for sequencing.

Example sequencing and data analysis results
The PBISeq analysis pipeline produces several output files with data at the level of individual
insertions and genes (Supplementary Table 2 and Supplementary Data 2 and 3). We find that
normally a good library should have ~18% of raw reads that contain the transposon sequence and
consistent data from biological and technical replicates. This moderate proportion of mappable reads
is mainly due to the non-specific binding of PBLseq primer with C. albicans genomic DNA, which, in
some cases, could lead to the predominant amplification of genomic sites that are not true transposon
insertions. Compared to a similar technology using the maize transposable elements Ac/Ds to
introduce genome-wide insertion mutations in C. albicans, <0.8% of raw reads were mapped to the C.
albicans genome sequence. Our method produces much higher efficiency.

A comparison of the sequencing results from replicate experiments demonstrates high reprodu-
cibility (Fig. 3e). Thus, we pooled the three demo data from replicate experiments and treated them as
a single data set to align with the haplotype A sequence of SC5314 genome Assembly 22 and our de
novo assembled haploid genome, A892, to visualize PB distribution across the genome. Consistent
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with our previous study13, we found that PB insertion does not appear to significantly favor or avoid
any particular regions of the C. albicans genome (Fig. 3g), except for a moderately higher PB insertion
rate on chromosome 7, which harbors the original PB[URA3] cassette at the ARG4 locus (Fig. 3g). On
average, there are ~94 insertion sites in a 10-kb window for chromosome 7 in comparison to ~80 in a
10-kb window throughout the entire A892 genome (Fig. 3f,g), suggesting a mild local hopping effect.
Previous haplotype mapping of several C. albicans haploids demonstrated that while each chromo-
some primarily contains alleles from one parental homolog, some allelic crossovers occurred during
haploidization9, leading to the formation of mosaic chromosomes with fragments from both A and B
alleles. This resulted in a slightly lower number (100,416) of PB insertion sites mapped onto the
haplotype A sequence of SC5314 than that (116,704) mapped onto the de novo assembled genome.
Thus, some data were lost using either haplotype A or B of the SC5314 genome alone for reads
mapping. This also partly explains the observed differences in the PB insertion site profiles for
chromosome R (Fig. 3g). Therefore, we recommend using the de novo assembled haploid genome,
A892, for reads mapping, although one can choose to use both A and B alleles of the SC5314 genome
sequence for reads mapping.

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.

Data availability
Demo data derived from using a freshly induced transposon mutant library has been deposited in the
NCBI Sequence Read Archive under accession numbers SRX6817047, SRX6817048 and SRX6817049
(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA564479). The haploid C. albicans GZY892 assembly
and annotation reported here are available as Supplementary Data 1. Raw sequence reads from the
Illumina library and the PacBio library have been deposited in NCBI under accession numbers
PRJNA605578 and PRJNA605577, respectively. This Whole Genome Shotgun project has also been
deposited at DDBJ/ENA/GenBank under the accession number JAAGWN000000000. The version
described in this paper is the first version, JAAGWN010000000.

Code availability
The in-house scripts of PBISeq are publicly available in GitHub at https://github.com/
xchromosome219/PBseq.pipeline under an MIT license.
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