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Introduction

In the last 15 years, mycologists studying human fungal pathogens have seen great improve-
ments in the methods for manipulating the genomes of these organisms. One result of these
improvements is that large-scale deletion sets for Candida albicans (1], C. glabrata [2], Crypto-
coccus neoformans 3], and Aspergillus fumigatus [4] are available to the communities. This has
greatly improved the depth and breadth of single gene-based genetic profiling of these impor-
tant human pathogens. To date, however, these methods and resources have not been applied
to the logical next step: functional genetic interaction analysis using strains with multiple
mutations. The power of this approach has been most dramatically demonstrated in the model
organism Saccharomyces cerevisiae based on the systematic approaches pioneered by Andrews,
Boone, and others [5]. Although genetic networks have been constructed for important pheno-
types in pathogenic fungi based on single gene analysis, expression profiling, and chromatin
immunoprecipitation, the functional significance of such interactions have rarely been tested
with double mutants.

The exception to this general statement is the systematic genetic interaction studies of C.
albicans that have been described, recently. In this Pearl, we highlight biological [6], technical
[7, 8, 9], and strategic developments [10] that have greatly improved the ability of researchers
to generate systematic sets of C. albicans strains containing deletion mutations at multiple loci.
We hope this discussion prompts the more routine use of this powerful genetic tool in the
study of pathogenic fungi.

Principles and rationale of genetic interaction analysis

Traditionally, gene function has been inferred from single mutations, yet there are important
limitations to this approach. Inherent in the evolution of genomes is the capacity for genetic
buffering, which prevents the mutation of 1 gene from causing disruption of function and/or
death of the organism [11]. Therefore, the observed phenotype of a single gene mutation is
generally a composite of the effect of the mutation itself modulated by genetic interactions.
One of the most common approaches to characterizing these interactions is to generate strains
pairing a loss of function mutation in the gene of interest with loss of function mutations in
candidate interacting genes (Fig 1A); the other most common approach is to overexpress can-
didate interacting genes, but our review will focus on the former approach.

The combination of 2 loss of function mutations results in 3 possible phenotypes (Fig 1A):
(1) the double mutant phenotype is the simple product of the individual mutations, indicating
that the genes do not interact; (2) the double mutant displays a more severe phenotype than
the simple product of the individual mutant phenotypes and thus shows a negative interaction
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Fig 1. Principles of genetic interaction. (A) Definitions of genetic interactions based on the multiplicative model. AA and BA represent generic mutants. (B)
Negative genetic interactions of multiple genes (indicated by solid line) with a shared (often essential) gene frequently indicates a hub model. A set of genes
with multiple positive interactions (indicated by dashed line) frequently indicates regulatory pathway interactions. (C) The CRIME method to generate
multiple homozygous deletion mutants in Candida albicans [6]. Transformation reactions include CaCAS9, a deletion construct with flanking homologous
sequence to deletion site; gRNA for the gene deletion target; and a gRNA for the marker to allow for marker excision and recycling. CRIME,
CRISPR-Cas9-induced marker excision; gRNA, guideRNA.

https://doi.org/10.1371/journal.ppat.1008399.9001

(also called synergistic or synthetic); (3) the double mutant is less affected than expected and
hence displays a positive interaction (also called suppressive or alleviating). The large-scale,
systematic genetic interaction studies in S. cerevisiae [12, 13] have provided fundamental infor-
mation about the nature and biological meaning of genetic interactions. For example, an aver-
age gene participates in 100 negative interactions and 65 positive interactions (Fig 1A).
Negative genetic interactions can result if 2 genes carry out redundant functions, are part of a
larger protein complex, or are components of a simple regulatory hub (Fig 1B). In contrast,
positive interactions typically imply that 2 genes function in the same pathway or that the 2
genes are part of a highly interconnected network of genes that buffers a given biological pro-
cess. Based on these general principles, testable, mechanistic hypotheses regarding the func-
tions of gene pairs and networks can be generated from interaction data.

CRISPR/Cas9 cuts the time to a C. albicans double mutant by at least half

The principle barrier to routine genetic interaction analysis in C. albicans was the simple fact
that a total of 4 separate transformations were required to make a double mutant using tradi-
tional genetic approaches [14]. Because CRISPR allows one to create a homozygous mutant in
a single transformation [7, 8], a double mutant can now be made in half the time using 2
genetic markers instead of 4 (without recycling), using what have become now standard
CRISPR methods [15]. The efficiency of gene deletion using CRISPR-Cas9 systems approaches
80% for many loci, making it is also possible to disrupt 2 genes in a single transformation with
reasonable efficiency, as described by Nguyen and colleagues [13]. The efficiency of multigene
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deletions per transformation is the product of each individual gene deletion rate, and thus, tri-
ple and quadruple deletions are likely to be difficult to achieve without extensive screening.

Consequently, the ability to efficiently disrupt multigene families will still require marker
recycling strategies. CRISPR-based approaches have also led to improvements in this area. In
addition to the system developed by Nguyen and colleagues [16], Huang and colleagues [8]
have devised an elegant recycling system called CRIME (CRISPR-Cas9 induced marker exci-
sion). Following CRISPR-Cas9-induced deletion of a gene (Fig 1C), a marker excision
CRISPR transformation is conducted to excise the marker from the deletion site. Within the
same transformation, a second guide RNA can also be introduced to delete another gene locus,
resulting in the simultaneous excision of the initially used marker from the first disrupted gene
locus and deletion of the second gene locus with a second marker. Subsequent rounds of
marker recycling enable the deletion of multiple genes within a single strain using only 2
marker types. It is also possible to use traditional recyclable markers as repair constructs in
CRISPR-based deletion schemes [17].

These methods are expected to greatly improve C. albicans biologists’ ability to probe the
function of families of highly homologous genes. For example, Gonzalez-Hernandez and col-
leagues used a combination of traditional and CRISPR-based genetics to generate strains lack-
ing multiple homologs of the phosphomannosyltransferase, Mnn4 [18]. They were able to
show that although a number of homologs appeared to be partially redundant with Mnn4, it
was the predominant phosphomannosyltransferase under the majority of in vitro growth con-
ditions. It would be interesting to see if those functional relationships are also extant during
infection.

Gene drive-based arrays of multiple deletion mutants generated from
haploid C. albicans strains

Recently, Shapiro and colleagues [9] reported a creative approach to the systematic generation
and study of large sets of double homozygous deletion mutants by taking advantage of the
recent discovery of a stable haploid form of C. albicans [6]. In this approach, genes are dis-
rupted in a haploid strain using an integrated cassette encoding Cas9 and guide RNAs for that
gene. The haploid strain is then mated with another haploid strain containing a second gene
disrupted with guideRNAs (gRNAs) (Fig 2A); the incoming gRNAs will mediate disruption of
the respective alleles provided by the opposite mating type. Importantly, wild-type reference
strains generated from the less fit haploid parents retain their virulence in mice. As Shapiro
and colleagues reported [9], X x Y matrices of double mutants for large gene families such as
drug efflux pumps and adhesins can be systematically generated and studied. An informative
observation from their initial report is that the network of adhesins required for C. albicans to
adhere to abiotic surfaces varies with the exact chemical nature of the surface (Fig 2B). These
data nicely highlight the power of this approach, particularly in the setting of analyzing multi-
gene families with potentially redundant functions.

Complex haploinsufficiency

The methods described in the previous sections are used to generate C. albicans strains with
homozygous deletions in multiple genes. Essential genes are not amenable to these approaches.
It is important to keep in mind that essentiality does not just apply to viability. For example,
many C. albicans transcription factors (TFs) are absolutely essential for important processes
such as biofilm formation and hyphal morphogenesis [19, 20]. If a double homozygous mutant
is constructed with such a TF, then only positive genetic interactions will be measurable. We

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008399  April 23, 2020 3/6


https://doi.org/10.1371/journal.ppat.1008399

PLOS PATHOGENS

A C
YFG1:GD CaCAS9 Double
I
2 e Heterozygote Heterozygote
é_ o T j= YFG1::GD CaCAS9 yfg1A:MRK1 Vfg1A:MRK1
£ YFG2 — 5 Co— w—__al
Lgiaeh 23 L Y1020 MIRK2 i
X R O |:>
24::GD Q.
E Vet YFG2:GD CaCAS9 VEG YFG2
T YFG2::GD CaCAS9
—(E——
. D
B _ Gene-drive-generated networks of Complex haploinsufficiency-generated networks
ALS3 interactions during adhesion to abiotic surfaces for TEC1 during stages of biofilm formation

@
@

Polystyrene

@

&)
g

&

D

Silicone

®

Adherence Mature Biofilm

Fig 2. Gene-drive and complex haploinsufficiency-based approaches to systematic genetic interaction analysis. (A) Haploid strains of opposite mating
types containing a construct harboring CaCAS9, NAT, and a cassette comprised of guide RNAs with homology sequences for either YFGI or YFG2 are inserted
into the putatively empty NEUS5L intergenic region. The haploid a (yfgIA) and haploid o (yfg2A) are mated. The diploid contains both cassettes, and thereby,
homozygous deletions strains are isolated. (B) Shapiro and colleagues [7] developed the platform and showed that the genetic interactions of the adhesion ALS3
vary with the type of surface to which C. albicans is adhering (negative interaction indicated by solid line, and positive interaction indicated by dash). (C)
Generation of double heterozygote strains using standard homologous recombination driven C. albicans gene disruption. (D) TECI functions as a co-
regulatory hub in the adherence step of biofilm formation but has a very different set of interactions at the mature biofilm stage. C. albicans, Candida albicans.

https://doi.org/10.1371/journal.ppat.1008399.g002

and others have shown that double heterozygous mutants can be used to identify genetic inter-
actions by virtue of a phenomenon called complex haploinsufficiency (CHI) [10, 21].

CHI is observed when a strain with heterozygous mutations in 2 different loci (Fig 2C)
shows a phenotype relative to the single mutants that is consistent with a genetic interaction
(Fig 1C). We used a CHI to identify genetic interactions among a set of 6 TFs that are required
for biofilm formation (Fig 2D); because deletion of any of the TFs essentially abolished biofilm
formation, double homozygous mutants would not provide useful information [20, 21]. From
this set of data, we identified a new function for TECI. During the adherence step of biofilm
formation [10], tecIAA has no phenotype, but tecIA negatively interacts with all 5 biofilm TF
heterozygous deletion mutants. Thus, TECI plays an important co-regulatory function during
adherence that would not be evident from single gene analysis. At the mature biofilm stage,
interestingly, TECI interacts with only 3 of the other TFs [21], indicating that the functional
relationships between this network of TFs are dynamic and dependent on the stage of biofilm
formation. CHI, therefore, can be a useful complement to the study of homozygous deletions,
particularly when homozygous deletions are either lethal or completely abolish the phenotype
of interest.

Beyond single gene analysis in C. albicans

The genetic analysis of C. albicans has identified many genes that contribute to important viru-
lence-related phenotypes, such as hyphal morphogenesis and biofilm formation. For example,
at least 20 TFs have a reduced ability to form hyphae in C. albicans [1]. At this point, however,
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we know very little about how those TFs work together to regulate. Genetic interaction analysis
as described earlier will allow those relationships to be defined functionally. Our initial studies
in this area indicate that specific TFs work with others and that these relationships are dynamic
[10]. As demonstrated by our CHI experiments [10, 21] and the double mutant array approach
of Shapiro and colleagues [9], modestly sized, focused arrays of strains containing systematic
deletions of pairs of genes with previously characterized functions can provide new insights
into genetic network function without recourse to large scale sets of mutant arrays. Thus,
genetic interaction analysis does not need to be genome wide to be informative. Now, thanks
to the tools and approaches summarized previously, C. albicans genetic interaction analysis
can be brought into the mainstream. It is our hope that other pathogenic fungi will follow.

Acknowledgments

The authors would like to thank Aaron Mitchell for helpful discussions of C. albicans genetics.

References

1. Homann OR, Dea J, Noble SM, Johnson AD. A phenotypic profile of the Candida albicans regulatory
network. PLoS Genet. 2009; 5(12):1000783. https://doi.org/10.1371/journal.pgen.1000783 PMID:
20041210

2. Schwarzmiiller T, Ma B, Hiller E, Istel F, Tscherner M, Brunke S, et al. Systematic phenotyping of a
large-scale Candida glabrata deletion collection reveals novel antifungal tolerance genes. PLoS
Pathog. 2014; 10(6):1004211. https://doi.org/10.1371/journal.ppat. 1004211 PMID: 24945925

3. LiuOW, Chun CD, Chow ED, Chen C, Madhani HD, Noble SM. Systematic genetic analysis of virulence
in the human fungal pathogen Cryptococcus neoformans. Cell. 2008; 135(1):174—188. https://doi.org/
10.1016/j.cell.2008.07.046

4. Furukawa T, van Rhijn N, Fraczek M, Gsaller F, Davies E, Carr P, et al. The negative cofactor 2 com-
plex is a key regulator of drug resistance in Aspergillus fumigatus. Nat Commun. 2020; 11:427. https://
doi.org/10.1038/s41467-019-14191-1 PMID: 31969561

5. Costanzo M, Kuzmin E, van Leeuwen J, Mair B, Moffat J, Boone C, et al. Global genetic networks and
the genotype-to-phenotype relationship. Cell. 2019; 177(2):85-100.

6. Hickman MA, Zeng G, Forche A, Hirakawa MP, Abbey D, Harrison BD, et al. The ‘obligate diploid’ Can-
dida albicans forms mating-competent haploids. Nature. 2013; 494(7435):55-59. https://doi.org/10.
1038/nature11865 PMID: 23364695

7. Vyas VK, Barrasa MI, Fink GR. A Candida albicans CRISPR system permits genetic engineering of
essential genes and gene families. Sci Adv. 2015; 1(3): €1500248. https://doi.org/10.1126/sciadv.
1500248

8. Huang MY, Mitchell AP. Marker Recycling in Candida albicans through CRISPR-Cas9-induced marker
excision. mSphere. 2017; 2(2):pii:e0050-17.
9. Shapiro RS, Chavez A, Porter CBM, Hamblin M, Kaas CS, DiCarlo JE, et al. A CRISPR-Cas9-based

gene drive platform for genetic interaction analysis in Candida albicans. Nat Microbiol. 2018; 3:73-82.
https://doi.org/10.1038/s41564-017-0043-0 PMID: 29062088

10. Glazier VE, Murante T, Koselny K, Murante D, Esqueda M, Wall GA, et al. Complex haploinsufficiency-
based genetic analysis of Candlida albicans transcription factors: tolls and applications to virulence-
associated phenotypes. G3(Bethesda) 2018; 8(4):1299-1314.

11. Hartman JL 4th, Garvik B, Hartwell L. Principles for the buffering of genetic variation. Science. 2001;
291(5506):1001-1004. https://doi.org/10.1126/science.291.5506.1001 PMID: 11232561

12. Kuzmin E, Costanzo M, Andrews B, Boone C. Synthetic genetic arrays: automation of yeast genetics.
Cold Spring Harb Protoc. 2016; 2016(4):pdb.top086652.

13. Costanzo M, Baryshnikova A, Bellay J, Kim Y, Spear ED, Sevier CS, et al. The genetic landscape of a
cell. Science. 2010; 327(5964):425-431. https://doi.org/10.1126/science.1180823 PMID: 20093466

14. Hernday AD, Noble SM, Mitrovich QM, Johnson AD. Genetics and molecular biology of Candida albi-
cans. Methods Enzymology. 2010; 470:737-758.

15.  Morio F, Lombardi L, Butler G. The CRISPR toolbox in medical mycology: state of the art and perspec-
tives. PloS Pathog. 2020; 16(1):e1008201.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008399  April 23, 2020 5/6


https://doi.org/10.1371/journal.pgen.1000783
http://www.ncbi.nlm.nih.gov/pubmed/20041210
https://doi.org/10.1371/journal.ppat.1004211
http://www.ncbi.nlm.nih.gov/pubmed/24945925
https://doi.org/10.1016/j.cell.2008.07.046
https://doi.org/10.1016/j.cell.2008.07.046
https://doi.org/10.1038/s41467-019-14191-1
https://doi.org/10.1038/s41467-019-14191-1
http://www.ncbi.nlm.nih.gov/pubmed/31969561
https://doi.org/10.1038/nature11865
https://doi.org/10.1038/nature11865
http://www.ncbi.nlm.nih.gov/pubmed/23364695
https://doi.org/10.1126/sciadv.1500248
https://doi.org/10.1126/sciadv.1500248
https://doi.org/10.1038/s41564-017-0043-0
http://www.ncbi.nlm.nih.gov/pubmed/29062088
https://doi.org/10.1126/science.291.5506.1001
http://www.ncbi.nlm.nih.gov/pubmed/11232561
https://doi.org/10.1126/science.1180823
http://www.ncbi.nlm.nih.gov/pubmed/20093466
https://doi.org/10.1371/journal.ppat.1008399

PLOS PATHOGENS

16.

17.

18.

19.

20.

21,

Nguyen N, Quail MF, Hernday AD. An efficient, rapid and recyclable system for CRISPR-mediated
genome editing in Candida albicans. mSphere. 2017; 2(2):e00149—17. https://doi.org/10.1128/
mSphereDirect.00149-17 PMID: 28497115

Min K, Biermann A, Hogan DA, Konopka JB. Genetic analysis of NDT80 family transcription factors in
Candida albicans using new CRISPR-Cas9 approaches. mSphere. 2018; 3(6):e00545—18. https://doi.
org/10.1128/mSphere.00545-18 PMID: 30463924

Gonzélez-Hernandez RJ, Jin K, Hernandez-Chavez MJ, Diaz-Jiménez DF, Trujillo-Esquivel E, Clavijo-
Giraldo DM, et al. Phosphomannosylation and the functional analysis of the extended Candida albicans
MNN4-like gene family. Front Microbiol. 2017; 8:2156. https://doi.org/10.3389/fmicb.2017.02156
PMID: 29163439

Homann OR, Dea J, Noble SM, Johnson AD. A phenotypic profile of the Candida albicans regulatory
network. PLoS Genet. 2009; 5(12):1000783. https://doi.org/10.1371/journal.pgen.1000783 PMID:
20041210

Nobile CJ, Fox EP, Nett JE, Sorrells TR, Mitrovich QM, Hernday AD, et al. A recently evolved transcrip-
tional network controls biofilm development in Candida albicans. Cell. 2012; 148(1-2):126—138. https://
doi.org/10.1016/j.cell.2011.10.048 PMID: 22265407

Glazier VE, Murante T, Murante D, Koselny K, Liu Y, Kim D, et al. Genetic analysis of the Candida albi-
cans biofilm transcription factor network using simple and complex haploinsufficiency. PLoS Genet.
2017; 13(8):1006948. https://doi.org/10.1371/journal.pgen.1006948 PMID: 28793308

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008399  April 23, 2020 6/6


https://doi.org/10.1128/mSphereDirect.00149-17
https://doi.org/10.1128/mSphereDirect.00149-17
http://www.ncbi.nlm.nih.gov/pubmed/28497115
https://doi.org/10.1128/mSphere.00545-18
https://doi.org/10.1128/mSphere.00545-18
http://www.ncbi.nlm.nih.gov/pubmed/30463924
https://doi.org/10.3389/fmicb.2017.02156
http://www.ncbi.nlm.nih.gov/pubmed/29163439
https://doi.org/10.1371/journal.pgen.1000783
http://www.ncbi.nlm.nih.gov/pubmed/20041210
https://doi.org/10.1016/j.cell.2011.10.048
https://doi.org/10.1016/j.cell.2011.10.048
http://www.ncbi.nlm.nih.gov/pubmed/22265407
https://doi.org/10.1371/journal.pgen.1006948
http://www.ncbi.nlm.nih.gov/pubmed/28793308
https://doi.org/10.1371/journal.ppat.1008399

