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Cryptococcus neoformans is an opportunistic human pathogenic fungus that causes meningoencephalitis.
Due to the increasing global risk of cryptococcosis and the emergence of drug-resistant strains, the
development of predictive genetics platforms for the rapid identification of novel genes governing
pathogenicity and drug resistance of C. neoformans is imperative. The analysis of functional genomics data
and genome-scale mutant libraries may facilitate the genetic dissection of such complex phenotypes but with
limited efficiency. Here, we present a genome-scale co-functional network for C. neoformans, CryptoNet,
which covers ,81% of the coding genome and provides an efficient intermediary between functional
genomics data and reverse-genetics resources for the genetic dissection of C. neoformans phenotypes.
CryptoNet is the first genome-scale co-functional network for any fungal pathogen. CryptoNet effectively
identified novel genes for pathogenicity and drug resistance using guilt-by-association and context-
associated hub algorithms. CryptoNet is also the first genome-scale co-functional network for fungi in the
basidiomycota phylum, as Saccharomyces cerevisiae belongs to the ascomycota phylum. CryptoNet may
therefore provide insights into pathway evolution between two distinct phyla of the fungal kingdom. The
CryptoNet web server (www.inetbio.org/cryptonet) is a public resource that provides an interactive
environment of network-assisted predictive genetics for C. neoformans.

C
ryptococcus neoformans is an opportunistic human pathogenic fungus. C. neoformans var. grubii (serotype
A) and C. neoformans var. neoformans (serotype D) generally cause fatal meningoencephalitis in immu-
nocompromised patients such as HIV/AIDS patients. In contrast, Cryptococcus gattii (formally known as

C. neoformans var. gattii serotypes B and C) affects immunocompetent individuals1. Systemic cryptococcosis
causes severe global mortality, with approximately 600,000 deaths per year2. Classical approaches have revealed
two major virulence factors, a polysaccharide capsule3 and melanin3,4, which are distinguishable from most fungal
pathogens. Although effective antifungal drugs are available, treatments of cryptococcosis often fail for several
reasons, including antifungal drug resistance5. Novel therapeutics for the treatment of cryptococcosis are cur-
rently in high demand. Like other pathogenic fungi, the pathways for pathogenicity and antifungal drug resistance
in C. neoformans remain elusive. C. neoformans requires a high level of integrity of its complex pathways to
successfully infect the cells of a human host. A reconstruction of the pathways of pathogenicity and drug
resistance in C. neoformans may provide new insights into antifungal treatments.

Systematic tools that accelerate the discovery of new genes for pathogenicity and drug resistance are needed to
meet the urgent demand for new anticryptococcal treatments. Gene expression signatures from microarray or
RNA-seq experiments have proven useful to investigate pathways that modulate pathogenicity and drug sus-
ceptibility6–8. The majority of expression responses, however, originate from indirect effects triggered when
primary genes change their activity, which hampers the identification of the genes directly associated with the
target pathways. In addition, not all cellular processes are regulated by gene expression, such as those that are
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subject to post-transcriptional regulation. Evidence from mutant
phenotypes is generally more reliable and intuitive for identifying
novel genes for virulence or drug resistance. Recently, a systematic
knockout library of 1,201 C. neoformans genes became available, and
was used to identify novel genes relevant to virulence9. This mutant
library, however, covers only 20% of the C. neoformans genome. The
construction of mutant strains for the remaining genes and the test-
ing for each virulence-related phenotype would be prohibitively
expensive and time-consuming.

Neither functional genomics data nor reverse genetics resources
alone, therefore, can meet the current demand for efficient gene-
tic dissection. Recently, several studies have suggested the use of
gene networks as bridges between these two research resources.
Co-functional gene networks have been shown to be effective in
gene-to-phenotype mapping10–12. Genes that lie closer to one another
in the network are highly likely to be involved in the same function or
phenotype. This principle of guilt-by-association recently has grown
in popularity for the identification of novel genes for a cellular func-
tion or phenotype. Previously, the network-assisted genetic dissec-
tion of complex phenotypes has proven effective in a model fungus,
Saccharomyces cerevisiae, using a genome-scale co-functional gene
network, YeastNet13,14. Because the genetic principles of complex
phenotypes are similar across fungal species, the network-assisted
approach may facilitate the effective identification of novel genes for
virulence and adaptation to chemical stresses in pathogenic fungi,
including C. neoformans, provided that a high quality co-functional
gene network becomes available.

Although a few molecular networks for pathogenic fungi have
been reported over the past several years, these networks were either
small protein-protein interaction networks15–17 or transcriptional
regulatory networks relevant to specific cellular conditions18,19. More
recently, a genome-wide scale-free network of Candida albicans has
been reported20, but its quality has been assessed by only a few net-
work hub genes with no experimental validation. The network edge

information and analysis tools for hypothesis generation are not avail-
able to the public for any of these networks, however, and therefore
neither the reassessment nor the reuse of these networks is possible.
The limited progress in the development of molecular networks for
non-model pathogenic fungi are due in large part to the lack of
experimental data. Nevertheless, this shortcoming may be partially
overcome by the orthology-based transfer of gene networks from
other species21,22. The transfer of potentially false links from other
species can be minimized by the judicious weighting of links for
pathogenic fungi.

In this work, we report a genome-scale co-functional network for
C. neoformans, CryptoNet (www.inetbio.org/cryptonet), which was
constructed by integrating 14 distinct types of large-scale data and
covers ,81% of the coding genome. We find that CryptoNet is highly
predictive for known C. neoformans virulence genes, and apply it to
predict novel genes involved in virulence and drug response. Our
results expand our view of the pathways relevant to fungal patho-
genicity and drug resistance, which potentially may lead to the
development of novel therapeutic targets.

Results
Construction of a genome-scale co-functional gene network for C.
neoformans. The network construction and network-assisted predic-
tions for the C. neoformans gene network are summarized in Figure 1.
To benchmark inferred co-functional links from large-scale data, we
used gold standard gene pairs derived from the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway annotations23. These known
links for the same metabolic pathways cover only 1,414 C. neoformans
genes (i.e., only ,20% of all 6,975 coding genes). Log likelihood scores
(LLS) based on a Bayesian statistical framework and weighted sum
(WS) methods were used to integrate diverse types of data derived
from three different species (C. neoformans, S. cerevisiae, and H.
sapiens); these methods were used previously in the construction of
the co-functional network for S. cerevisiae13.

Figure 1 | A summary of network-assisted genetics approaches to study C. neoformans pathogenicity and drug resistance. The co-functional links

between C. neoformans genes derived from 14 diverse data sets, including co-citation, co-expression, domain co-occurrence, gene neighborhood,

phylogenetic profiling, and associalogs from S. cerevisiae and H. sapiens, were integrated by Bayesian statistics into a single network, CryptoNet. Two

network approaches, guilt-by-association and context-associated hub, were used to predict novel genes involved in pathogenicity and drug resistance in

C. neoformans.
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Co-functional associations between two genes were inferred from
five distinct types of C. neoformans data: the probability of co-citation
in Medline articles (CC), co-expression patterns across microarray
samples (CX), the co-occurrence of protein domains (DC), phylo-
genetic profile similarity (PG), and orthologous gene neighborhoods
in bacterial genomes (GN). In addition, orthologous functional asso-
ciations (associalogs)21 were transferred from previously constructed
co-functional networks for S. cerevisiae13 and H. sapiens24. More than
half of the C. neoformans genes have orthologs in either S. cerevisiae
or H. sapiens. A total of 14 networks derived from C. neoformans
specific data and orthology-based transfer data were integrated into a
single network of C. neoformans genes, CryptoNet, which maps
156,506 co-functional links among 5,649 genes (i.e., ,81% of coding
genome). More details about the network construction are described
in the Supplementary Methods. Information about the data sources
and inference methods used for the co-functional links in CryptoNet
are summarized in Supplementary Table S1. A benchmark of the
networks using the percentage of gene pairs that share KEGG anno-
tations with bootstrapping shows that the network developed through
data integration improved the network quality both with respect to
the genome coverage and the accuracy compared with those networks
developed from individual data types (Figure 2A). The edge informa-
tion for the integrated CryptoNet as well as all individual networks for
the 14 distinct data types is available from the CryptoNet web server
(www.inetbio.org/cryptonet/). The CryptoNet web server also pro-
vides three network search options for hypothesis generation (Figure
S1): i) ‘Find new members of the pathway’; ii) ‘Infer functions from
network neighbors’; and iii) ‘Find context-associated hub genes’. All
predictions made in this study were generated by the network search
tools from the CryptoNet web server.

C. neoformans specific-data are critical for the prediction of fungal
pathogenicity. Many co-functional links in CryptoNet were derived
from S. cerevisiae and H. sapiens data. To examine the extent to which
genomic information derived from C. neoformans contributes to the
quality of the integrated network, we divided the CryptoNet links into
three species-associated networks, and then measured the accuracy
of each network and their intersections using the percentage of gene
pairs that share KEGG annotations (Figure 2B). The most accurate
network was the one conserved among all three species (89%),
followed by those conserved between two species (57% for the
network conserved between C. neoformans and H. sapiens, 53% for
the network conserved between S. cerevisiae and H. sapiens, and 36%
for the network conserved between C. neoformans and S. cerevisiae)
and species-specific links (32% for H. sapiens-specific links, 22% for
C. neoformans-specific links, and 18% for S. cerevisiae-specific links).
The observed hierarchy of network accuracy indicates that the
integration of co-functional links derived from multiple species
generally improves the quality of the C. neoformans gene network.

Next, we examined the predictive power of CryptoNet for C. neo-
formans pathogenicity. The assessment of predictive power requires
known pathogenicity genes. We collected 73 virulence genes for three
different virulence phenotypes from the literature: 28, 23, and 22
genes for capsule formation, melanin production, and thermotoler-
ance, respectively (Supplementary Table S2). A popular method of
gene prioritization is the guilt-by-association principle (see Figure 1).
We used a sophisticated version of guilt-by-association that takes into
account the weights on the network edges. The ranks of the virulence
genes were assigned by the sum of the edge scores (LLS) to all viru-
lence genes. We then assessed the predictive power of CryptoNet for
each of the three virulence phenotypes using a receiver operating
characteristic (ROC) analysis, the results of which were summa-
rized by the area under the ROC curve (AUC) (see Supplementary
Methods). If the known virulence genes are highly interconnected
within CryptoNet, then these genes become highly ranked using this
network-assisted prioritizing method. Using the ‘Find new members

of the pathway’ search option from the CryptoNet web server, we
found that 73 query genes for each of the three virulence phenotypes
were highly interconnected, which resulted in high AUC scores:
0.9031, 0.9483, and 0.9226 for capsule formation, melanin produc-
tion, and thermotolerance, respectively (Figure 2C). These results
suggest that CryptoNet is highly predictive for C. neoformans
pathogenicity.

S. cerevisiae has been used as a reference species for fungal patho-
gens, including C. neoformans. A co-functional network of S. cerevi-
siae, YeastNet v313, was transferred into CryptoNet. YeastNet v3
comprised ,59% (92,120 of 156,506) of the CryptoNet links. To
determine the extent to which the non-yeast-derived links contribute
to the observed predictability for pathogenicity, we compared the
predictability for the three C. neoformans virulence phenotypes
between a YeastNet-derived network (i.e., YeastNet-associalogs)
and CryptoNet. We found significantly reduced AUC scores for
the YeastNet-derived network: 0.7598, 0.8201, and 0.8068 for capsule
formation, melanin production, and thermotolerance, respectively
(Figure 2C). This result indicates that genomics data from C. neofor-
mans and H. sapiens contribute substantial information to C. neofor-
mans pathogenicity. By performing assessments of predictability for
162 UniProtGOA terms25, we also found that the superior prediction
power of CryptoNet to the YeastNet-derived network is not limited
to the three virulence phenotypes, but can be generalized to many
biological processes (Figure 2D). Notably, the network information
of 2,536 CryptoNet genes (,47% of the coding genes) was derived
from C. neoformans-specific data only, which suggests that C. neofor-
mans-specific data contributes significantly to the high genome cov-
erage of CryptoNet. Importantly, C. neoformans belongs to the
basidiomycota phylum. In contrast, many other popular laboratory
fungi, including S. cerevisiae, belong to the ascomycota phylum. S.
cerevisiae data are not expected, therefore, to be sufficient for the
study of C. neoformans, which belongs to a distant phylogeny group.
To the best of our knowledge, CryptoNet is the first genome-scale
gene network for a fungal species in the basidiomycota phylum.
CryptoNet may therefore provide insights into pathway evolution
between two distinct phyla of the fungal kingdom.

CryptoNet identifies novel genes for C. neoformans pathogenicity.
The effective retrieval of known virulence genes by CryptoNet suggests
that other highly ranked genes are also likely involved in the virulence
of C. neoformans. We therefore chose the top 100 candidate genes
for each of the three virulence phenotypes, and performed assays
of virulence factor production and thermotolerance with available
deletion mutant strains from the Madhani collection9, which was
obtained from the Fungal Genetics Stock Center (Supplementary
Table S3).

Capsule production assays validated four of the 40 tested strains
by either Madhani’s study or our study (discovery rate 5 10%,
Figure 3A): CNAG_03811, CNAG_01938 (KIN1), CNAG_05563
(HOS2), and CNAG_06086 (SSN3, a yeast ortholog). Although all
four of these mutant strains exhibited increased capsule production
compared with the parental CMO18 strain in our study (Figure 3B),
ssn3D and kin1D mutant strains were tested but reported not to
enhance capsule production in Madhani’s study9. This difference
in results may be attributed to the different experimental conditions
between the two studies. For example, we used a capsule-inducing
medium (Dulbecco’s modified Eagle solid medium) that was differ-
ent from the one used for Madhani’s study (10% Sabouraud medium
buffered to pH 7.3 with 50 mM MOPS). The relative capsule dia-
meter was determined by measuring the ratio of the capsule size to
the cell size (Figure 3B). Two more genes, CNAG_05222 (NRG1) and
CNAG_06730 (GSK3), were reported to regulate capsulate produc-
tion in Madhani’s study, but were not testable in our study due to a
failure in strain recovery. Another independent study has reported
that NRG1 is involved in capsule formation26.
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We next validated four of the 36 tested strains for melanin pro-
duction by either study (discovery rate 5 11.11%, Figure 3C). Four
deletion strains for CNAG_02915 (PDK1), CNAG_03290, SSN3, and
KIN1 showed altered levels of melanin production compared with
the CMO18 strain (Figure 3D). Notably, all of these strains were
tested but reported not to affect melanin production in Madhani’s
study9. This difference also may result from different experimental
conditions between the two studies. For example, we used a melanin-
inducing medium (Niger seed medium) that was different from the

one used for Madhani’s study (L-DOPA medium). There were also
three deletion strains that showed altered melanin production in
Madhani’s study but not in this study: CNAG_00415 (CDC2801),
CNAG_00556 (CCK1), and CNAG_04837 (MLN1).

To validate the predictions for genes that contribute to thermo-
tolerance, the growth of 37 candidate genes in the Madhani collection
was monitored at 30uC, 37uC, or 39uC. Ten genes were shown to be
involved in growth at high temperatures (37uC or 39uC, discovery
rate 5 27.03%, Figure 3E). Six additional strains were reported to

Figure 2 | Assessment of CryptoNet. (A) A performance curve shows that CryptoNet outperforms all individual networks associated with each data type.

The x-axis represents the percentage coverage of the C. neoformans coding genome and the y-axis represents the percentage of gene pairs that share KEGG

pathway annotations. Each data point represents a bin of 1,000 co-functional links ordered by the log likelihood score (LLS). Data sets are named as

XX-YY, where XX represents the origin species of data (CN, C. neoformans; HS, H. sapiens; SC, S. cerevisiae) and YY represents the data type (CC,

co-citation; CX, co-expression; DC, domain co-occurrence; GN, gene neighborhood; GT, genetic interaction; HT, high throughput protein-protein

interactions; LC, literature-curated protein-protein interactions; PG, phylogenetic profile similarity; TS, protein-protein interactions inferred from the

tertiary structure). (B) The Venn diagram illustrates the overlap among three species-associated co-functional links in CryptoNet. The number of genes

and links of the networks for each compartment of the diagram are also marked as ‘n:’ followed by the node (i.e., gene) count and ‘e:’ followed by the

edge (i.e., link) count. The accuracy of each network, which is the percentage of correctly retrieved gene pairs that share KEGG pathway annotations, is

also indicated in parentheses. (C) In a comparison of the AUC scores (i.e., network prediction power) between CryptoNet and a C. neoformans gene

network derived from YeastNet for three virulence phenotypes, CryptoNet exhibits substantially improved predictive powers for all three virulence

phenotypes. (D) For 162 UniProtGOA biological process terms (only terms with more than five annotated genes were considered), CryptoNet shows

significantly higher range of AUC scores than that of YeastNet-associalogs (p-value , 2.2 3 10216, Wilcoxon signed rank test), suggesting that the higher

prediction power of CryptoNet can be generalized to many biological processes.
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contribute to thermotolerance in Madhani’s study but were not
tested in this study: CNAG_02531 (CPK2), CNAG_03409 (SKN7),
CNAG_03967 (CAP1, a yeast ortholog), CNAG_04118 (CTK1),
CNAG_04282 (MPK2), and CNAG_03811. Five of the 10 tested
strains, CNAG_02675 (HSL1, a yeast ortholog), PDK1, CNAG_
03290, CNAG_05558 (KIN4), and CNAG_06845 (CDC15, a yeast

ortholog), were also reported in Madhani’s study to show grow defects
at 37uC9. The roles of CNAG_06552 (SNF1) and CCK1 in thermo-
tolerance have been reported in the serotype D JEC21 and the serotype
A H99 strain backgrounds, respectively27–29. The current study iden-
tified three new genes involved in thermotolerance: CDC2801,
CNAG_06697 (MPS1, a yeast ortholog), and KIN1 (Figure 3F).

Figure 3 | Network-assisted identification of novel genes for three virulence phenotypes. The cyan-colored nodes represent 73 genes known to be

associated with the three virulence phenotypes. The yellow-, orange-, and green-colored nodes indicate virulence genes that were identified in our study,

in Madhani’s study9, and in both studies, respectively. (A) The 28 known genes and 6 novel genes associated with capsule formation. (B) The capsule

formation assay results. The overnight cell culture (5 ml) was spotted onto the agar-based DME medium and further incubated for two days at either

30uC or 37uC. The capsules were visualized by India ink staining and photographed using an Olympus BX51 microscope equipped with a SPOT insight

digital camera. Quantitative measurement of capsule size was determined by measuring the ratio of capsule size to the cell size. The scale bar represents

10 mm. Quantitative measurement of capsule size was determined by measuring the ratio of capsule size to the cell size (indicated as percentage).

(C) The 23 known genes and seven novel genes associated with melanin production. (D) The cells were spotted onto Niger seed medium containing 0.1%

glucose, incubated at 30uC, and photographed after 4 days. (E) The 22 known genes and 16 novel genes associated with thermotolerance. (F) Each strain

that grew to the mid-logarithmic phase was 10-fold serially diluted and spotted on YPD medium, and further incubated at either 30uC, 37uC or 39uC for

the thermotolerance assay.
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Based on the virulence factor phenotypes, we performed an addi-
tional in vivo virulence assay with 13 strains that showed an altered
virulence factor formation using a wax moth model (Galleria mel-
lonela) (Figure 4 and Supplementary Figure S2). Among these 13
strains, three deletion strains for CDC2801, PDK1, or SNF1 exhibited
attenuated virulence at 37uC (Figure 4A–C), which reflects the growth
defects of these strains at higher temperatures (Figure 3F). These
results agree with the previously reported signature tagged mutagen-
esis (STM)-based mouse data9. In contrast, two mutant strains (dele-
tion of either CDC15 or KIN4) exhibited increased virulence at 30uC

but not at 37uC (Figure 4D and E). Notably, the deletion of CNAG_
03811 was shown to enhance capsule production (Figure 3B) and
induce hypervirulence in the insect infection model at both 30uC
and 37uC (Figure 4F).

To further validate CryptoNet, we deleted three candidate genes,
KIN1, CNAG_05499 (SHO1, a yeast ortholog) and CNAG_04678
(YPK1), that were predicted by CryptoNet to be involved in virulence
factor formation, and tested their in vitro and in vivo phenotypes.
First, we constructed two independent kin1Dmutants in the serotype
A H99S strain to confirm the altered virulence factor formations in

Figure 4 | In vivo virulence assay of candidate genes using a wax moth model system. Each larva (15 per group) was infected with 800,000 Cryptococcus

cells and incubated at either 30uC or 37uC. The percent survival (%) was monitored for two weeks post-infection. The results were as follows: p 5 0.0337

for CMO18 vs. the cdc2801D (CNAG_00415) mutant at 37uC; p 5 0.0064 for CMO18 vs. the pdk1D (CNAG_02915) mutant at 37uC; p 5 0.0269 for

CMO18 vs. the snf1D (CNAG_06552) mutant at 37uC; p 5 0.0394 for CMO18 vs. CNAG_06845 at 30uC; p 5 0.0021 for CMO18 vs. the kin4D

(CNAG_05558) mutant at 30uC; p 5 0.007 and p 5 0.0155 for CMO18 vs. CNAG_03811 at 30uC or 37uC, respectively.

www.nature.com/scientificreports
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the kin1D mutant on a CMO18 background. CMO18 (also known as
H99C) is an attenuated lab passaged derivative of H99S30. The H99S
kin1D mutants displayed increased thermosensitivity and enhanced
melanin, which is in accordance with the phenotypes observed in the
CMO18 kin1Dmutant (Figure S3A and B). The H99S kin1Dmutants
also showed decreased capsule production (Supplementary Figure
S3C), however, which was in stark contrast to the increased capsule
production of the CMO18 kin1D mutant (Figure 3B). Virulence has
been reported to be attenuated in the kin1D mutant of C. neofor-
mans31. The sho1D and ypk1D mutants both exhibited thermosensi-
tivity and produced enlarged capsules (Supplementary Figure S3A
and C). In terms of melanin production, the sho1D mutant exhibited
levels of melanin production comparable to wild-types, but the
ypk1D mutant exhibited highly defective melanin production
(Supplementary Figure S2B). To further confirm the role of Sho1
and Ypk1 in the virulence of C. neoformans, we performed in vivo
virulence assays for the sho1D and ypk1D mutants using a nasal
inhalation-murine cryptococcosis model. The ypk1D mutant was
avirulent (Supplementary Figure S3D), which agrees with a recent
report in which it was demonstrated that ypk1D mutant mice were
avirulent in a tail vein-injected murine model of systemic cryptococ-
cosis32. In contrast, the sho1D mutant exhibited normal virulence
(Supplementary Figure S3D).

In the tests described above, network-assisted prediction achieved
discovery rates of 10% (4 of 40), 11.11% (4 of 36), and 27.03% (10 of
37) for capsule formation, melanin production, and thermotoler-
ance, respectively. Madhani’s study previously tested 1,093 of the
1,201 deletion strains for the three virulence phenotypes and
reported 16, 40, and 104 validated genes for capsule formation, mel-
anin production, and thermotolerance, respectively (discovery rate
of 1.46%, 3.66%, and 9.52%, respectively). Our network-assisted gen-
etic screen, therefore, identified genes for three virulence phenotypes
with ,6.8-, ,3-, and ,2.8-fold enrichment over Madhani’s screen
for capsule formation, melanin production, and thermotolerance
genes, respectively (p , 0.01 for all phenotypes based on a binomial
test). Notably, 12 of the 29 identified genes (,41%) for the C. neofor-
mans virulence phenotypes could not have been predicted by
YeastNet-derived links alone, due to the lack of either conserved
genes (five of the 12) or conserved links. This result clearly demon-
strates the importance of species-specific data for the prediction of C.
neoformans pathogenicity.

CryptoNet identifies new antifungal drug resistance genes. One
major reason that cryptococcosis treatment fails is antifungal drug
resistance. The emerging complexity of the drug-mediated cell death
process suggests that a group of drug resistance genes collaborate to
overcome drug stress. The elucidation of the complete set of drug
resistance genes may therefore facilitate the development of more
efficacious antifungal treatments. Some C. neoformans genes that
change their expression levels during the early adaptation to drug
stress may provide clues about the mode of action of antifungal
drugs and cellular strategies to overcome drug stress. A majority of
signature genes result, however, from indirect effects of target pathway
perturbations. The identification of genes that directly contribute to
the drug response from gene expression data is hampered, there-
fore, by confounding signals from indirect effects. Moreover, many
cellular processes, including drug resistance, may be regulated by
post-transcriptional mechanisms. We therefore require a new search
algorithm for drug resistance genes to complement the gene expression-
based approach.

Exposing cells to a drug poses a challenge that can trigger express-
ion of many genes that contribute to drug stress resistance. In the
functional gene network, such up-regulated genes may be neighbors
of the same gene, which is the hub of the network among them. We
hypothesized that hub genes connected to many genes that are up-
regulated during a drug challenge are likely to be drug resistance

genes. To identify such hub genes, we formulated a method called
‘context-associated hub’ (see Figure 1 and Supplementary Figure S1).
This method requires two gene sets. One set is for the subnetwork,
which is composed of a hub gene connected to no less than 50
neighbors by CryptoNet and its neighbors. We predefined 2,135
subnetworks with 2,135 hubs. The other set is a set of genes that
are up-regulated during a drug challenge. We used 230 C. neofor-
mans genes that exhibited .2-fold up-regulation upon treatment
with fluconazole6 (Supplementary Table S4). For the given pair of
gene sets, one for the 230 up-regulated genes and the other for the
neighboring genes from one of the 2,135 subnetworks, we measured
the significance of the gene-set association by Fisher’s exact test. If
the neighbors for a hub gene are significantly enriched among the
genes up-regulated by fluconazole, then the corresponding hub gene
is considered to be associated with resistance to fluconazole treat-
ment (i.e., a context-associated hub). These algorithms are imple-
mented in the ‘Find context-associated hub genes’ search option on
the CryptoNet web server. Using this search option, we found that 94
of the 2,135 hub genes were significantly associated with a resistance
to fluconazole treatment (p-value , 0.05). We found that 16 of these
94 candidates genes are known to be involved in the ergosterol path-
way (see Supplementary Table S5), which is a known target pathway
of fluconazole. This result suggests that the regulation of sterol bio-
synthesis is a major mechanism of fluconazole resistance. Notably,
seven of the 16 (,44%) retrieved ergosterol pathway genes were not
up-regulated during fluconazole treatment, which demonstrates that
the network-assisted method complements the expression information.

We tested 11 candidate genes for fluconazole resistance that have
available mutant strains in the Madhani collection (see Supplementary
Table S5). We also tested the same candidate genes for other azole
drugs, including itraconazole and ketoconazole, which also inhibit
lanosterol 14a-demethylase, an enzyme that is required for the con-
version of lanosterol to ergosterol. We also tested amphotericin B,
which belongs to the polyene antifungal agents that change the per-
meability of the fungal membrane by binding to ergosterol, which
in turn leads to cell death33. Four of the 11 tested genes, CNAG_
04514 (MPK1), CNAG_05538 (JJJ1), CNAG_00711, and CNAG_00869
(PDR5), exhibited an increased resistance or sensitivity to the azole
drugs and amphotericin B compared with the wild-type strain (dis-
covery rate 5 36%, Figure 5A). Three genes, JJJ1, PDR5, and
CNAG_00711, previously have not been reported to be involved in
antifungal drug resistance. The deletion of MPK1, which is known to
regulate the integrity of the cell wall in response to the antifungal
drugs nikkomycin Z, caspofungin, and FK50634, resulted in severe
sensitivity to azoles and amphotericin B. A significant increase in
sensitivity to fluconazole in the MPK1-deleted study also was
observed in a previous study32. Two additional drug resistance genes
that have been reported previously were included among our 94
candidate genes: YPK1, the deletion of which significantly increases
sensitivity to fluconazole32, and CNAG_06241 (CFO1), the dele-
tion of which increases sensitivity to both amphotericin B and
fluconazole35.

CryptoNet can also provide insights into the pathways that under-
lie drug resistance. The validated drug resistance genes may be con-
nected to other genes in relevant pathways. We therefore measured
the enrichment of pathway annotations related to drug resistance
among their network neighbors. Given that the majority of the C.
neoformans genes are not yet annotated into pathways, we employed
the Gene Ontology biological process (GOBP) annotations for the S.
cerevisiae orthologs. We found that four GOBP terms relevant to drug
response or ergosterol biosynthesis were significantly enriched: sterol
biosynthetic process (GO:0016126), response to drug (GO:0042493),
transmembrane transport (GO:0055085), and cell wall organization
and biogenesis (GO:0071554) (p-value , 1024, Fisher’s exact test).
CryptoNet reveals a modular organization of the pathways to which
the drug resistance genes are highly connected (Figure 5B). Notably,
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CNAG_00711 is connected to neither the four relevant pathway genes
nor other drug resistance genes. To infer pathway functions for this
uncharacterized gene, we examined enriched GOBP terms among its
network neighbors using the search option ‘Infer functions from net-
work neighbors’ (see Supplementary Figure S1) from the CryptoNet
web server (Supplementary Table S6). The top two predicted GOBP
terms for CNAG_00711 are NADH oxidation (GO:0006116), which is
related to the process of delivering electrons to the electron transport
chain in the mitochondria, and intracellular accumulation of glycerol
(GO:0006973) rendered by GPD1 (glycerol 3-phosphate dehydrogen-

ase, GPDH). Previous studies have shown that mitochondrial dysfunc-
tion related to energy generation is required for azole susceptibility in
C. albicans36, and expression of Gpd3 (a putative GPDH protein) is
up-regulated 25-fold in an azole-resistant C. glabrata strain37. These
findings suggest that CNAG_00711 modulates azole drug resistance
via either energy production or glycerol synthesis mediated by Gpd1.
Further studies are needed to elucidate the mechanisms of azole drug
resistance that are connected to CNAG_00711. Taken together, we
conclude that CryptoNet provides new insights into drug resistance in
C. neoformans.

Figure 5 | Novel genes for antifungal drug resistance. (A) The antifungal drug resistance test. Cells grown to the mid-logarithmic phase were 10-fold

serially diluted (1 to 104) and spotted on YPD medium containing the indicated concentration of azole drugs (fluconazole: 16 mg/ml; itraconazole:

0.06 mg/mL; and ketoconazole: 0.25 mg/mL) or amphotericin B (1.2 mg/mL), and further incubated at 30uC for the antifungal drug resistance assay.

(B) The neighbors of six novel drug resistance genes are enriched for four biological processes: sterol biosynthetic process, response to drug,

transmembrane transport, and cell wall organization and biogenesis. The genes for the four enriched processes show high modularity in CryptoNet.
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Discussion
In this study, we have demonstrated the feasibility of network-
assisted identification of novel genes for pathogenicity and antifungal
drug resistance in C. neoformans. Network-assisted gene prioritiza-
tion requires two technical components. First is the need to construct
a highly accurate and comprehensive gene network for the target
species. We have demonstrated that heterogeneous genomics data
can be effectively integrated into a single gene network for C. neo-
formans. CryptoNet is distinct from the previously constructed fun-
gal networks from several clinical and evolutionary perspectives.
CryptoNet is the first genome-scale co-functional network for a
fungal pathogen and covers ,81% of the coding genome. In our
study, we demonstrated the power of CryptoNet in the study of
pathogenicity and drug resistance, which are major challenges in
the development of medicine for infectious diseases. CryptoNet is
also the first genome-scale co-functional network for a fungal species
in the basidiomycota phylum, as S. cerevisiae belongs to the asco-
mycota phylum. Given the evolutionary distance between C. neofor-
mans and S. cerevisiae, the orthology-based network from YeastNet
makes a limited contribution to the C. neoformans gene network
(e.g., Figure 2C).

The second key technical component for network-assisted gene
prioritization is the need to develop network algorithms that prior-
itize genes for the phenotype of interest. Here, we used two distinct
network algorithms for gene prioritization: ‘guilt-by-association’ and
‘context-associated hub’. We successfully identified 29 virulence
genes using guilt-by-association by propagating information from
73 known virulence genes in CryptoNet. Several known and novel
virulence genes were confirmed and discovered in this study, respect-
ively, and we provide an in-depth discussion about their molecular
functions in Supplementary Table S7. For the prediction of antifun-
gal resistance genes, we used an alternative network approach, con-
text-associated hub, which employs expression information that
depicts the given cellular context in combination with CryptoNet,
to identify six drug resistance genes, including 3 novel genes. Taken
together, these results demonstrate the versatility of CryptoNet with
other types of biological information incorporated.

There are some potential limitations to the use of CryptoNet and
network-assisted predictive genetics. First, we can only make predic-
tions for genes included in CryptoNet, which currently covers ,81%
of the coding genes. Second, CryptoNet cannot be utilized to deter-
mine the causality of functional relationships between genes. Third,
network-based inferences require known pathway genes to apply the
guilt-by-association method or expression data to use the context-
associated hub method. The limitation of network coverage will be
overcome gradually as more genomics or proteomics data for C.
neoformans becomes available. For example, large-scale protein-
protein interaction data for C. neoformans will significantly expand
the current network view.

From the systems genetics perspective, in which we imagine each
phenotype as a system composed of genetic components, the gene-
to-phenotype association mapping is critical to the understanding of
the genetic organization of complex phenotypes. A bottom-up
reconstruction of phenotypic systems as gene networks will not only
account for the emergent properties of genetic perturbations but also
provide novel functional insights into the individual genetic compo-
nents of the relevant pathways. The integration of large amounts of
high-throughput data produces a genome-scale gene network, from
which a list of highly probable candidate genes can be generated to
increase the rate of discovery. As an intermediary between high-
throughput and candidate gene approaches, gene networks therefore
can accelerate our progress in understanding the genetics of multiple
complex phenotypes in fungal pathogens, such as pathogenesis and
drug resistance. Because every component of our proposed method
can be adopted for any given species, this method is applicable to the
study of other pathogenic and saprobic microbes.

Methods
Sequences and functional annotation data for Cryptococcus neoformans. The
templates for the genome sequence and functional annotations employed in this
study are C. neoformans var. grubii H99 (serotype A) and S. cerevisiae GO
annotations, which are described in the Supplementary Methods.

Benchmarking and integration of co-functional links (Bayesian data integration).
Network benchmarking and data integration using Bayesian data integration were
performed as previously described13. For more details, see the Supplementary
Methods.

Construction of ypk1D, sho1D and kin1D mutants. The selected genes
[CNAG_01938 (KIN1), CNAG_04678 (YPK1), or CNAG_05499 (ScSHO1)] were
deleted in the H99S serotype A strain. For more details, see the Supplementary
Methods.

Assay for virulence factor production, thermotolerance, and antifungal drug
resistance. C. neoformans growth conditions, capsule assays, and melanin assays were
performed as previously described38. Further information can be found in the
Supplementary Methods. The antifungal drug assay and thermotolerance tests also
were performed as previously described39.

Galleria mellonella infection assay and in vivo mouse study. The G. mellonella
infection assay was performed by following the previously described methods40 with
minor modifications, the details of which can be found in the Supplementary
Methods. For the in vivo mouse study, we used four- to six-week-old female A/Jcr
mice. The experiment was performed as previously described41 with minor
modifications, the details of which can be found in the Supplementary Methods.

A web-based prediction server for C. neoformans biology. All network-assisted
predictions for C. neoformans genes described in this study can be performed using
the public web server at www.inetbio.org/cryptonet.
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