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Abstract

Mucorales are an emerging group of human pathogens that are responsible for the lethal

disease mucormycosis. Unfortunately, functional studies on the genetic factors behind the

virulence of these organisms are hampered by their limited genetic tractability, since they

are reluctant to classical genetic tools like transposable elements or gene mapping. Here,

we describe an RNAi-based functional genomic platform that allows the identification of new

virulence factors through a forward genetic approach firstly described in Mucorales. This

platform contains a whole-genome collection of Mucor circinelloides silenced transformants

that presented a broad assortment of phenotypes related to the main physiological pro-

cesses in fungi, including virulence, hyphae morphology, mycelial and yeast growth, carote-

nogenesis and asexual sporulation. Selection of transformants with reduced virulence

allowed the identification of mcplD, which encodes a Phospholipase D, and mcmyo5,

encoding a probably essential cargo transporter of the Myosin V family, as required for a

fully virulent phenotype of M. circinelloides. Knock-out mutants for those genes showed

reduced virulence in both Galleria mellonella and Mus musculus models, probably due to a

delayed germination and polarized growth within macrophages. This study provides a

robust approach to study virulence in Mucorales and as a proof of concept identified new vir-

ulence determinants in M. circinelloides that could represent promising targets for future

antifungal therapies.

Author Summary

Mucormycosis is an infectious disease caused by organisms of the order Mucorales. It is a

lethal infection that is raising the alarm in the medical and scientific community due to its

high mortality rates, unusual antifungal drug resistance and its emerging character.

Among the reasons explaining the nescience about this disease is the lack of knowledge

on the biology of the organisms that cause mucormycosis, which is encouraged by the

reluctance of these species to genetic studies. In this work, we have developed an RNAi-
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based functional genomic platform to study virulence in Mucorales. It is a powerful tool

available for the scientific community that will contribute to solve the reluctance of

Mucorales to genetic studies and will help to understand the genetic basis of virulence in

these organisms. Secondly, and as a proof of concept, we have used this genetic tool to

identify two new virulence determinants in Mucor circinelloides. Lack of function of these

determinants delays germination and growth of spores, conceding time to macrophages

for the inactivation of the pathogen. The two genes identified, mcplD and mcmyo5, repre-

sent promising targets for future development of new antifungal therapies against

mucormycosis.

Introduction

Mucormycosis is a fungal infection caused by species of the order Mucorales that represents

the third most common angio-invasive fungal infection after candidiasis and aspergillosis.

Due to the unusual antifungal drug resistance of Mucorales, mucormycosis is considered one

of the most important medical complications in immunocompromised patients [1]. Among

current antifungal drugs, fluconazole, voriconazole, posaconazole and itraconazole are potent

agents of choice used in aspergillosis and candidiasis that, unfortunately, present poor activity

against mucormycosis [2]. More specifically, amphotericin B, an old-known macrolide anti-

fungal compound with severe adverse effects, and more recently isavuconazole are used

against mucormycosis although they only achieve partial activity [3–5]. As a consequence of

this lack of efficient antifungal drugs, mortality rates of mucormycosis remain higher than

50% and reach up to 90% in disseminated infections [6, 7]. Another negative aspect of mucor-

mycosis is its emerging condition. Only a few years ago, mucormycosis was considered a rare

infection limited to immunocompromised patients suffering diabetes, organ transplant or

other diseases associated with immunosuppression [8]. However, the current improvement in

the diagnostic techniques has revealed an alarming number of mucormycosis cases in immu-

nocompetent patients that have severe trauma (e.g. burn patients, traumatic injuries), since it

is now rarely misdiagnosed as aspergillosis [9]. Thus, the isolation of new strains that are capa-

ble of infecting healthy individuals and the increasing number of reported cases have raised

the alarm on this emerging disease. Together, the lack of effective treatments and the emerging

character of this devastating disease are urgently demanding new strategies to prevent and/or

treat mucormycosis.

The development of therapies to treat mucormycosis is restricted by the lack of knowledge

about the disease and the organisms that cause the infection. One of the main reason explain-

ing the scarce information about mucormycosis is the high reluctance of Mucorales to modern

molecular genetics techniques. Among Mucorales, Rhizopus oryzae and Mucor circinelloides
are two study models in which genetic transformation is available [10, 11]. Study of pathogene-

sis in these two models has revealed iron uptake, spore size, spore coat proteins and dimor-

phism as virulence determinants in mucormycosis [12–18]. In M. circinelloides, along with

genetic transformation, the application of molecular tools has allowed the dissection of its

RNAi mechanism, which has become a useful tool for functional genetics in this fungus [19–

22]. Besides its applications as a genetic tool, the RNAi mechanism of M. circinelloides has a

regulatory role that controls complex physiological processes such as growth, sexual and asex-

ual sporulation and death by autolysis [19, 23–27]. Moreover, the extensive study of the RNAi

mechanism in M. circinelloides led to the discovery of the first link between this endogenous
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regulatory mechanism and the unusual antifungal drug resistance of Mucorales [28]. This

novel mechanism generates spontaneous resistance to the antifungal drug FK506 by epigenetic

RNAi-mediated post-transcriptional silencing of the fkbA gene encoding the protein FKBP12,

which is the natural target of FK506. As a result, the lack of target blocks the action of FK506

and the fungus becomes resistant to this drug, suggesting that similar mechanisms could be

behind of the exacerbated resistance to antifungal drugs in Mucorales.

The limited knowledge about Mucorales, mainly due to the phylogenetic distance and

genetic differences of these basal fungi with other well-known fungi like Ascomycota and Basi-

diomycota [29], together with the low efficiency of the current antifungal drugs, makes it

urgent the development of novel strategies to study this group of organisms and, more specifi-

cally, the finding of new virulence determinants that could become future antifungal drug tar-

gets in Mucorales. Consequently, the main purpose of this work has been the establishment of

a functional genomic approach based on the RNAi mechanism of M. circinelloides to select

phenotypes relevant for the biology of Mucorales and related to virulence, and subsequently to

identify the genes responsible for these phenotypes. RNAi has been used as a powerful reverse

genetic tool to develop functional whole-genome studies in many organisms, including worms

[30], flies [31] and mammal cells [32]. In these reverse genetic approaches, a defined library is

laboriously constructed by designing a silencing vector for each annotated gene of the studied

organism. In these studies, the model organism requires an easy transformation method ready

to be arrayed in large-scale assays in which each silencing vector/molecule is individually deliv-

ered. Unfortunately, this is not the case of M. circinelloides or any other emerging Mucoral.

These inconveniences have led us to design a different approach that uses RNAi as a forward

genetic tool in which a library representing M. circinelloides whole genome was constructed in

a vector that silenced the cloned inserts. Transformation with this silencing library generated a

collection of silenced transformants ready for phenotype screenings in a similar way as in clas-

sic chemical or insertional mutagenesis approaches. This transformant collection and the

silencing library represent a new genetic tool in Mucorales for forward genetics and functional

analysis at whole genome level. Using this approach we have isolated phenotypes related to vir-

ulence leading to the identification of two new virulence determinants in M. circinelloides, the

enzyme Phospholipase D (PLD) and a Myosin 5 (Myo5) motor protein, which are required for

full virulence in Galleria mellonella and Mus musculus host models. Overall, this work illus-

trates a new approach to study virulence in Mucorales at the whole genome level.

Results

A genome wide RNAi-based library provides a representative collection

of silenced transformants in M. circinelloides

A vector capable of inducing RNAi from any random DNA fragment was designed previously

to the construction of the gDNA library for phenotypic screening based on RNAi. RNAi can

be triggered in M. circinelloides by using self-replicative plasmids containing either complete

or fragmented genes with their own promoters, obtaining silencing frequencies ranging

between 3% and 30% [21]. However, highest silencing frequencies (nearly 95%) can be

achieved when the plasmid contains a strong promoter and hairpin structures that directly

transcribe dsRNA [22]. To circumvent the limitations of constructing a hairpin producing

vector for each gene of M. circinelloides genome, we designed a high-throughput silencing vec-

tor (pMAT1700) with two convergent promoters and no terminator sequences that are flank-

ing a multiple cloning site (MCS) in which random gDNA fragments can be cloned (Fig 1A).

In addition, a sequence of 0.5 kb of carB gene was cloned next to the MCS to be used as a

reporter of silencing (Fig 1A). This gene encodes a phytoene dehydrogenase involved in the
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production of β-carotene, a pigment responsible for the typical yellow color of M. circinelloides
[33]. Triggering of RNAi after transformation by plasmids containing this reporter produces

albino transformants that are easily detectable and also signalize silencing of any other

sequence cloned next to it. Fragments of 0.5–4 kb were isolated from M. circinelloides gDNA

partially digested with Sau3A and filled in with dGTP-dATP to avoid self-ligation. The geno-

mic fragments thus obtained were ligated with vector pMAT1700 digested with XhoI and filled

in with dCTP-dTTP to make their ends compatible with Sau3A filled fragments and avoid

self-ligation, thus favoring the frequency of recombinant clones in the library [34]. Ligation

mixtures were introduced into Escherichia coli cells to generate the genome-wide RNAi library

(Fig 1B) consisting in roughly 83,000 clones, which determined a confidence level higher than

99%. Pooled plasmids were directly purified from the E. coli colonies and used to transform M.

circinelloides MU402 (pyrG- and leuA-) strain. The empty vector pMAT1700 and a version of

this vector lacking the carB fragment (pMAT1701) were used as controls to monitor silencing

efficiency. Up to sixty transformations following this approach were required to obtain a col-

lection of 51,657 silenced transformants (S1 Table), which ensured a 95% confidence level.

Fig 1. Schematic diagram of the RNA silencing vector pMAT1700 (A) and the platform for functional genomics in M.

circinelloides (B). Pzrt1, M. circinelloides zrt1 promoter; Pgpd1, M. circinelloides gpd1 promoter; carB#, 0.5 kb fragment of M

circinelloides carB gene; pyrG, M. circinelloides orotidine 5’-phosphate decarboxylase gene; ampR, ampicillin-resistant gene. Asterisks

indicate unique restriction sites in the vector.

doi:10.1371/journal.ppat.1006150.g001
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Comparison of silencing frequencies obtained with the empty vector and the high-throughput

silencing library showed a pronounced increase of carB silenced transformants among those

obtained with the library (87%) relative to the empty plasmid pMAT1700 (43%) (S1 Table). As

expected, the plasmid pMAT1701 did not trigger silencing in any of the transformants (S1

Table). The increase in silencing frequency among transformants obtained with the library

could be explained if the 0.5 kb fragment of carB gene that is cloned between the two promot-

ers was not long enough in the empty plasmid to allow efficient convergent transcription from

both promoters. Nevertheless, once the convergent cassette assimilates new fragments in the

library, the silencing efficiency increases close to the maximum previously observed with hair-

pin triggering molecules [22]. These results demonstrated a high silencing efficiency of our

high-throughput library in M. circinelloides.

Selection of avirulent phenotypes

The main purpose of generating a high-throughput functional genomic tool in M. circinelloides
was to use it as a new approach to find unknown virulence determinants in Mucorales (Fig

1B). In order to find candidate genes involved in M. circinelloides pathogenesis, we focused the

screening of silenced strains on abnormal growth and morphology, since those aspects of fun-

gal physiology have been related to pathogenesis in M. circinelloides and other fungi [14, 35].

Special attention was paid to transformants growing as yeast-like colonies and showing altered

dimorphism and strong reduction of the growth rate, as it is one of the few processes previ-

ously associated with virulence in M. circinelloides [13]. Plates from the transformations with

the silencing library were directly screened for abnormal phenotypes (51,657 silenced transfor-

mants), resulting in the selection of fifteen transformants with different abnormalities. Later,

the transformation plates were further incubated and vegetative spores were pooled together

to obtain the collection of silenced spores harboring the high-throughput silencing library

described in the previous section. A total of 1x104 viable spores from this collection were

grown in new plates for a second screening, resulting in the selection of eleven abnormal can-

didates. In addition, the second screening confirmed that silencing is maintained in the collec-

tion of silenced spores, since the frequency of silenced colonies (79±4% of albino colonies) was

similar to the previously described in the original transformants (S1 Table). Growth rate and

sporulation efficiency of the twenty six isolated candidates from the two screenings were quan-

tified and classified into five categories based on the different morphological abnormalities

that they presented (Fig 2 and Table 1). The first category, the most abundant with 16 isolates,

presented a reduced growth (RG1-16) compared with control transformants, but wild-type

sporulation. Two transformants presenting a highly reduced growth (HRG1 and HRG2) were

included in the second category, as they showed clear differences with the first category,

including a reduced vegetative sporulation. The third category comprised five transformants

that showed a strong lack of vegetative sporulation (LVS1-5). In addition to the lack of sporula-

tion, some of these five transformants also presented a reduced growth similar to the first

category (Table 1). The fourth category contained only one transformant that showed a yeast-

like growth (YLG1). This transformant presented the slowest growth, forming small colonies

similar to yeasts rather than mycelial colonies. The morphology of YLG1 under the optical

microscope also showed strongly deformed cell walls incapable of forming regular filaments

(Fig 2). These filaments appeared to be septated, although one of the main characteristics

of Mucorales is their coenocytic mycelium. This contradictory observation could be explained

if this transformant is immersed in a hyphae-yeast transition state in which the tip of the

hyphae produces yeast cells that resemble a septated structure before the yeast cells are liber-

ated (Fig 2, yeast-like growth). The last category included two transformants showing a
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Fig 2. Representative images of wild type strain and the five groups of abnormal phenotypes selected from screenings. Colonial

mycelia were grown in MMC medium at pH 3.2 during 72 hours. For the micrographs below each colony, a piece of mycelium from the edge of

each colony was observed under the light microscope. Red arrows point to swollen hyphae and green arrow points to yeast cells. Scale bars

represent 50 μm.

doi:10.1371/journal.ppat.1006150.g002
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satellite growth phenotype (SG1 and SG2). These two transformants grew slower than control

transformants, producing long sporangia that bent to the media to form new colonies, acquir-

ing this unusual satellite phenotype in transformation plates at pH 3.2 (Fig 2). When SG1 and

SG2 were grown in MMC medium at pH 4.5 (a rich medium but selective for uracil auxotro-

phy, [36]), they showed reduced growth and sporulation, but not the satellite phenotype. HRG

and SG transformants also presented abnormal mycelia under the optical microscope, showing

swollen hyphae with abnormal branching (Fig 2). Accordingly with the mechanism of silenc-

ing previously described in M. circinelloides [21], the twenty six transformants showed a

reversible phenotype and they lost the abnormalities when they were grown in a non-selective

Table 1. Phenotypic characterization of silenced transformants with abnormal phenotypes.

Strain Growth rate* Sporulation# Pathogenicity

WILD TYPE

MU402+pMAT1700 5.98 ±0.12 5.86±0.40 VIRULENT

REDUCED GROWTH (RG)

RG1 4.09±0.13 5.53±0.15 VIRULENT

RG2 4.45±0.27 5.61±0.17 VIRULENT

RG3 4.26±0.22 5.62±0.21 VIRULENT

RG4 5.01±0.19 5.53±0.31 VIRULENT

RG5 4.27±0.20 5.63±0.26 VIRULENT

RG6 4.05±0.14 5.43±0.35 VIRULENT

RG7 4.94±0.22 5.56±0.11 VIRULENT

RG8 5.27±0.10 5.46±0.31 VIRULENT

RG9 4.15±0.22 5.41±0.26 VIRULENT

RG10 3.94±0.17 5.63±0.25 VIRULENT

RG11 4.03±0.14 5.71±0.21 VIRULENT

RG12 5.01±0.20 5.75±0.17 VIRULENT

RG13 4.38±0.23 5.55±0.45 VIRULENT

RG14 4.25±0.13 5.26±0.37 VIRULENT

RG15 5.01±0.19 5.43±0.41 VIRULENT

RG16 4.07±0.33 5.22±0.26 VIRULENT

HIGHLY REDUCED GROWTH (HRG)

HRG1 2.03±0.33 4.06±0.20 AVIRULENT

HRG2 2.04±0.27 4.01±0.15 AVIRULENT

REDUCED SPORULATION

RS1 6.04±0.31 3.13±0.35 VIRULENT

RS2 4.74±0.19 4.21±0.31 VIRULENT

RS3 6.00±0.17 3.21±0.41 VIRULENT

RS4 4.23±0.25 4.21±0.26 VIRULENT

RS5 7.11±0.26 3.46±0.35 VIRULENT

YEAST LIKE GROWTH (YLG)

YLG1 0.48±0.06 0.04±0.01 AVIRULENT

SATELLITE GROWTH (SG)

SG1 3.19±0.23 2.51±0.41 VIRULENT

SG2 3.19±0.26 2.53±0.25 VIRULENT

Data are represented as mean ± SEM.

* Diameter (cm).
# Spores x106/(cm2). Bold numbers represent significant differences (P<0.01, t-test).

doi:10.1371/journal.ppat.1006150.t001

An RNAi-Based Platform to Study Virulence in Mucormycosis

PLOS Pathogens | DOI:10.1371/journal.ppat.1006150 January 20, 2017 7 / 26



medium for several vegetative cycles, confirming that the phenotypes were caused by the

silencing of some genes harbored in the plasmids.

As this work focuses on the identification of new virulence determinants in M. circinel-
loides, we performed virulence tests with all the selected transformants in a heterologous host,

Galleria mellonella, which was previously established as a host model for M. circinelloides [14].

The viability of larvae infected with two thousand spores was monitored at one day intervals

for all the transformants except YLG1, which was unable to produce spores for this assay and,

therefore, yeast-like cells were used for the infection assay [13] (Fig 3 and S1 Fig). Among the

twenty six transformants, only three isolates were significantly less virulent than the virulent

control strains, the two HRG transformants (Fig 3A, HRG1 and HRG2) and the single YLG

transformant (Fig 3B, YLG1). The isolation of these three transformants with reduced viru-

lence confirmed that our RNAi-based functional genomics strategy can be used to select phe-

notypes related to virulence and pathogenesis in M. circinelloides.

Candidate gene identification and validation of the silencing phenotypes

The self-replicative nature of M. circinelloides plasmids used to construct the RNAi libraries

facilitates the identification of the silencing sequences responsible for the phenotypes in the

selected transformants, since library plasmids are maintained as episomes. Thus, the gDNA

sequence present in the silencing plasmids can be identified by PCR amplification and

sequenced using oligonucleotides flanking the cloning site. Alternatively, silencing plasmid

can be re-cloned in E. coli and sequenced. In order to validate this hypothetical forward genetic

approach in Mucorales, five independent transformants (HGR1, HGR2, YLG1, SG1 and SG2)

were selected for gene identification and validation of the silencing phenotype. Three transfor-

mants (HGR1, HGR2 and YLG1) were selected due to their avirulent phenotype, whereas the

transformants presenting the satellite growing phenotype (SG1 and SG2) were selected to

demonstrate that genes involved in other physiological processes can also be identified follow-

ing this approach. Amplifications from gDNA of these five transformants generated PCR

products only in YLG1, SG1 and SG2. After purification and sequencing of these PCR prod-

ucts, the DNA sequences were analyzed and compared to the genome database of M. circinel-
loides v1.0 and v2.0 (http://genome.jgi-psf.org/Mucci1/Mucci1.home.html and http://genome.

jgi-psf.org/Mucci2/Mucci2.home.html, respectively). The two strains sharing the satellite

growth phenotype, SG1 and SG2, exhibited both equal size PCR products and DNA sequences,

indicating that these two transformants harbored the same plasmid. The analysis of the

sequence amplified from this plasmid revealed the presence of three different ORFs: ID 84675

(CLIP-associated proteins (CLASPs), v1.0), ID 156742 (intracellular protein transport, v2.0)

and ID 145873 (DNA repair protein RAD51/RHP55, v2.0) (Table 2). The analysis of the

sequence obtained from transformant YLG1 also unveiled a DNA insert containing two differ-

ent ORFs: ID 51513 (myosin class V heavy chain, v1.0) and ID 166338 (no description in either

v1.0 or v2.0). For the analysis of transformants HGR1 and HGR2, plasmid re-cloning in E. coli
was required, revealing that both transformants shared a plasmid with the same insert

sequence (pMAT1726). In this case, the sequence of the plasmid insert harbored only one

ORF, ID 134906, which encoded a Phospholipase D like protein (v2.0). The analysis of the

sequences found in the plasmids of the five selected transformants has been summarized in

Table 2, which shows that six different candidate genes could be responsible for three selected

phenotypes. In order to identify which genes are behind the phenotypes, a silencing validation

experiment was performed for each of the six candidate genes. Five new silencing validation

plasmids were engineered by cloning a 1 kb fragment of each candidate gene in the MCS of

pMAT1700 (Table 2). After transformation of the recipient wild type strain with these five
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plasmids and pMAT1726, only three plasmids reproduced the three phenotypes previously

observed in the original transformants obtained with the high-throughput silencing libraries

(Table 2). Silencing of gene ID 84678 resulted in the satellite growing phenotype previously

observed in the transformants SG1 and SG2, whereas the yeast like growth phenotype of YLG1

Fig 3. Virulence assays of selected transformants with abnormal phenotypes. (A) Virulence assays of all

highly reduced growth (HRG) and satellite growth (SG) transformants, and two representative transformants

from reduced growth (RG) and low vegetative sporulation (LVS) phenotypes. Ten G. mellonella larvae were

injected with 2,000 spores of each tested strain. Only transformants HRG1 and HRG2 showed a significant

reduced virulence (p = 0.0014 and p = 0.0016, respectively) (B) Virulence assays of wild type strains and the

yeast-like growth (YLG) transformant using an inoculum of 20,000 yeast cells in the infections (y). The

transformants YLG1 showed a significant reduced virulence (p = 0.0017). NRRL3631 and MU402+pMAT1700

were used as avirulent and virulent control strains, respectively. These data are representative of three

independent experiments.

doi:10.1371/journal.ppat.1006150.g003
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was reproduced only by silencing of gene ID 51513. As expected, silencing of the only gene

(ID 134906) found in the transformants HRG1 and HRG2 resulted in the highly reduced

growth phenotype.

To confirm that the phenotypes obtained after the introduction of plasmids harboring

sequences of genes IDs 84675, 51513 and 134906 are due to the lack of function of these genes

through a canonical RNAi mechanism, we checked the mRNA levels and the production of

siRNAs for the three candidate genes in both the original transformants containing the plas-

mids from the high-throughput RNAi libraries and the transformants obtained with the vali-

dation plasmids (Fig 4). All transformants for the three genes showed a reduction of mRNA

levels and a production of siRNA for the corresponding gene, confirming the expected mecha-

nism of action of the RNAi high-throughput library. These results demonstrated that the

RNAi high-throughput library can be used as a new means to perform forward genetics and

functional genomics in the study of virulence of Mucorales.

Disruption of genes mcmyo5 and mcplD induces morphological

abnormalities and avirulent phenotypes in M. circinelloides

The approach of RNAi-based functional genomics in M. circinelloides resulted in the identifi-

cation of two genes that could be new virulence determinants in Mucorales (Fig 3). The role of

these two genes was confirmed through the generation of the corresponding knockout strains

and the study of their phenotype and virulence in a heterologous host model. The gene ID

51513 (v2.0) encodes a Myosin class V protein that contains the three characteristic domains

of this protein family: a motor domain, the IQ motifs and the cargo-binding globular tail.

Thus, the gene encoding M. circinelloides Myosin 5 was denominated mcmyo5. In order of

adding more evidence to the identity of mcmyo5 gene, we performed a detailed phylogenetic

analysis that included myosin proteins identified in other fungi (S3 Table). This analysis

revealed that gene mcmyo5 encodes a myosin protein that is perfectly clustered among other

fungal myosin 5 proteins (S2A Fig). The second gene, ID 134906 (v2.0), encodes a Phospholi-

pase D like protein (accordingly denominated mcplD), that contains the characteristic domains

(C2, PX, PH), the active site and other functionally important parts of the enzyme [37]. Simi-

larly to mcmyo5, we performed a detailed phylogenetic analysis that included phospholipase

proteins identified in other fungi (S4 Table). This analysis revealed that gene mcplD encodes a

phospholipase protein that is perfectly clustered among other fungal phospholipases type D

(S2B Fig). In addition, the gene ID 84675 (v1.0) was also mutated, as mentioned above, to

Table 2. Gene identification and phenotypic validations.

Strains Candidate Genes Description Validation Plasmids Phenotype

HIGHLY REDUCED GROWTH (HRG)

HRG1 & HRG2 ID 1349062 Phospholipase D pMAT1726 Highly reduced growth

YEAST LIKE GROWTH (YLG)

YLG1 ID 515131 Myosin class V heavy chain pMAT828 Yeast like growth

ID 1663382 (Unknown) pMAT798 Wild type

SATELLITE GROWTH (SG)

SG1 & SG2 ID 846751 CLIP-associated proteins (CLASPs) pMAT823 Satellite growth

ID 1567422 Intracellular protein transport pMAT824 Wild type

ID 1458732 DNA repair protein RAD51/RHP55 pMAT825 Wild type

(1) Version 1.0 of M. circinelloides genome (http://genome.jgi-psf.org/Mucci1/Mucci1.home.html).
(2) Version 2.0 of M. circinelloides genome (http://genome.jgi-psf.org/Mucci2/Mucci2.home.html)

doi:10.1371/journal.ppat.1006150.t002
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Fig 4. Validation of RNAi-mediated silencing in transformants with selected phenotypes. (A) Levels of mcmyo5 mRNA and siRNAs in

YLG1 original transformant and three transformants carrying a plasmid designed to specifically silence mcmyo5 (pMAT828). (B) Levels of

mcclasp mRNA and siRNAs in SG1 and SG2 transformants, and three transformants carrying a plasmid designed to specifically silence

mcclasp (pMAT823). (C) Levels of mcplD mRNA and siRNAs in HRG1 and HRG2 transformants, and three transformants carrying a plasmid

designed to specifically silence mcplD (pMAT1726). The mRNA loading controls were performed by re-probing the membranes with a 28S

rRNA probe, whereas siRNAs loading controls were obtained by Ethidium Bromide staining [21].

doi:10.1371/journal.ppat.1006150.g004
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prove that the strategy presented in this work is also valid to study other fungal processes dif-

ferent than virulence, and also as a control to prove that not all growth defects are related to

reduced virulence. This gene, named as mcclasp, encodes a CLIP-associated protein like

(CLASPs), as the CLASP N-terminal domain is the main conserved region, which shares an

87% identity with a hypothetical CLASP protein of Mucor ambiguous. The disruptions of these

three genes were carried out through the construction of knockout vectors designed to replace

each candidate gene with pyrG gene, which was used as a selective marker (S3 Fig). These

knockout vectors contained an engineered cassette with adjacent regions of the target genes

flanking the pyrG gene (S3A Fig) and were used to transform MU402 strain (pyrG-, leuA-).

After transformations, candidates presenting the phenotype previously associated with silenc-

ing of each gene were isolated and the disruptions analyzed by Southern blot analysis (S3B

Fig). The two transformants selected from mcplD disruption (MU466 and MU467) and the

transformant selected from mcclasp disruption (MU464) only showed the DNA fragments cor-

responding to the correct integration of the disruption fragment at the corresponding loci

(S3B Fig), indicating that they were homokaryons for the mutant allele. In order to confirm

the identity of the product encoded by the gene mcplD, activity of the enzyme PLD was mea-

sured in the mutant ΔmcplD and compared to the wild type strain (“Phospholipase D Assay

Kit”, from Sigma-Aldrich). This assay showed a significant reduction (p = 0.0017) of PLD

activity of almost 30% in the mutant strain, but not a total lack of PLD activity (S4 Fig). These

results could be explained if there are other proteins with similar activity in the crude extracts

of this mutant. Regarding the deletion of mcmyo5 gene, two transformants showing the yeast-

like growth phenotype were selected after transformation with a replacement cassette for the

gene mcmyo5. One of these transformants, MU468, probably harbored a chromosomal rear-

rangement at the mcmyo5 locus, whereas the second one, MU465, showed the correct pyrG
insertion of 4.1 kb replacing mcmyo5 gene (S3B Fig). However, it was impossible to obtain a

homokaryotic knockout strain for the gene mcmyo5, as the transformant containing the

mutant allele maintained some wild type nuclei even after ten vegetative cycles on selective

media (3.4 kb fragment in S3B Fig). These results suggested that mcmyo5 gene may play an

essential role in the viability of M. circinelloides and a homokaryotic state of the mutant nuclei

might be lethal. The heterokaryotic strain containing mcmyo5 mutant nuclei was named

Δmcmyo5(-)(+).

The phenotype of each knockout strain was equivalent to those observed in the silencing

transformants (Fig 5A). The three mutants showed a reduction of growth and sporulation

rates, as well as an increase in the production of β-carotene (Fig 5C, 5D and 5E, respectively).

The accumulation of β-carotene in the three mutants might be due to the growth stress present

in these strains, since diverse stress factors have been previously linked to the production of β-

carotene in other organisms [38]. Regarding virulence, infection assays in G. mellonella larvae

with sporangiospores from mutants ΔmcplD and Δmcclasp, and yeast cells from mutant

Δmcmyo5(-)(+), revealed a significant reduction in virulence of mutants Δmcmyo5(-)(+) and

ΔmcplD but not in Δmcclasp (p = 0.0007, p = 0.0002 and p = 0.4420, respectively) (Fig 5B), as

expected from the results previously obtained with the strains containing silencing vectors (Fig

3). The moth G. mellonella is a convenient model to study virulence when numerous candi-

dates have to be tested. However, the immune system of this invertebrate model presents sev-

eral differences compared to vertebrates, especially with warm blooded animals like mammals.

Thus, the avirulent phenotype of mutants Δmcmyo5(-)(+) and ΔmcplD was tested in a mouse

model, where temperature and immune system components and action mechanisms are simi-

lar to humans. Yeast cells and spores of mutants Δmcmyo5(-)(+) and ΔmcplD (respectively) were

injected in immunodepressed mice and survival was daily monitored during twenty days after

the infection with inocula of both 1x105 (S5 Fig) and 1x106 (Fig 6). Both inocula generated
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Fig 5. Phenotypic analyses of mcclasp, mcmyo5 and mcplD knockout mutants. (A) Colonies of the three mutants and a

wild type strain (R7B) cultivated in rich medium MMC at pH 4.5 for 48 h. (B) Virulence assays using spores of mcclasp and mcplD

knockout mutants, and yeast cells from the mcmyo5 (y) heterokaryon mutant in the heterologous host model G. mellonella.

NRRL3631 and R7B (spores and yeast cells) were used as avirulent and virulent control strains, respectively. Quantification of

growth rate (C), vegetative sporulation (D) and β-carotene production (E) was performed in the same growth conditions as in (A).

Values are means and standard errors of 10 independent experiments.

doi:10.1371/journal.ppat.1006150.g005
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similar results, confirming the avirulent phenotype of mutant ΔmcplD in the murine model

with a strong statistical significance (p = 0.0081 in S5A Fig and p = 0.0065 in Fig 6A). However,

although a reduced virulence was also observed for the heterokaryotic strain Δmcmyo5(-)(+)

compared to the wild type R7B strain, difference was not statistically significant (p = 0.1595 in

S5B Fig and p = 0.0526 in Fig 6B). This was probably due to the long time-course of the viru-

lence assay in mice, since heterokaryotic Δmcmyo5(-)(+) cells might segregate to a wild type

phenotype by losing mutant nuclei when grown under non-selective conditions. In fact, grow-

ing of mutant Δmcmyo5(-)(+) in non-selective culture medium gave rise to patches of wild-type

phenotypes after few days of incubation (S6A Fig). To test this hypothesis, retrieved CFUs

from infected organs of both agonizing mice that showed signs of an imminent death and

apparently healthy mice were analyzed in a Southern blot assay that distinguishes between the

Fig 6. Virulence tests of the ΔmcplD and Δmcmyo5(-)(+) mutants of M. circinelloides in a murine host model. (A) Virulence assays

using spores of wild type strains and the mutant ΔmcplD. Mice were injected with 1x106 sporangiospores. (B) Virulence assays using

yeast cells of wild type strains and the mutant Δmcmyo5(-)(+). Injections contained 1x106 yeast cells. (C) Quantification analyses of fungal

DNA in mice target organs after two days post infection. (D) Quantification analyses of fungal DNA in mice target organs after five days

post infection. Infections were carried out with yeast (y) or spore inocula forms of the different strains of M. circinelloides.

doi:10.1371/journal.ppat.1006150.g006
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mutant and wild type genotypes (S6B Fig). Quantification of the proportion of wild type and

mutant nuclei in these retrieved CFUs showed correlation between the segregation to wild

type genotype and the restitutions of virulence, which supported the role of the gene mcmyo5
in the pathogenesis of M. circinelloides (S6C Fig). In order of acquiring more insights about the

virulence of the strains ΔmcplD and Δmcmyo5, the fungal burden was quantified in the relevant

organs of mice infected with wild type R7B and both mutant strains. Quantification of fungal

gDNA on relevant target organs (brain and lung) revealed prevalence of R7B in tissues from

mice infected with both yeast and spore forms, showing a more significant presence in lung tis-

sues (Fig 6C and 6D). In particular, the presence of R7B in lung tissue was higher at day 2 post

infection (Fig 6C) than at five days (Fig 6D), indicating a decrease of fungal biomass in mice

over time. Such fungal burden decrease was less accentuated on infection with R7B yeasts, sug-

gesting that this fungal form is more persistent in mice during the infection progression.

Despite these differences in fungal load, symptoms and mortality rates were similar after infec-

tion with R7B spores and yeasts (Fig 6A and 6B). Conversely, a low amount of fungal DNA in

mice infected with NRRL3631 and mutant strains ΔmcplD and Δmcmyo5 was detected, even

below the limit of detection (0.005 ng) after five days of infection (Fig 6C and 6D). These

results, together with survival outcomes, indicated a greater capacity of R7B strain to infect

and invade mice tissues, causing higher mortality rates than the mutants ΔmcplD and

Δmcmyo.

Delayed germination and reduced polar growth as new virulence

determinants in mucormycosis

The determinants of virulence in M. circinelloides have been studied during the initial inter-

action of spores with macrophages, in which the main factor distinguishing virulent and

avirulent strains was the size of the spores [14]. Therefore, spore and yeast cell sizes of viru-

lent and avirulent strains were determined. The size of yeast cells produced by the avirulent

control strain NRRL3631(+) was pronouncedly reduced compared with yeasts produced by

virulent control strain R7B(-) (S7B Fig), in the same manner as occurred with the size of the

spores [14] (S7A Fig). However, the sizes of the spores or yeast cells of the mutant strains

ΔmcplD, Δmcmyo5(-)(+) and Δmcclasp were not significantly reduced when compared to the

virulent strain R7B (S7 Fig). These results suggested that the reduction of virulence in the

strains ΔmcplD and Δmcmyo5(-)(+) might be due to other factors that are independent of the

initial size of the fungal spore or yeast cells. In order to find these factors, the interaction

between macrophages and the mutant strains ΔmcplD and Δmcmyo5(-)(+) was also studied.

Spores and yeast cells (from ΔmcplD and Δmcmyo5(-)(+), respectively) were co-cultured with

the mouse macrophage cell line J774A.1 (ATCC, TIB-67), during four hours. At this time of

interaction, all the spore/yeast cells have been phagocytized by macrophages and virulent

strains initiate germination and polar growth trying to escape before being inactivated [14].

Thus, we quantified the germination rate and polarity index (a quotient between cell length

and cell width [39]) as a measure of virulence of the different strains tested here. A germina-

tion delay and a reduced polarity index were observed in mutants ΔmcplD and Δmcmyo5(-)(+)

relative to wild type (Fig 7). Mutant ΔmcplD presented a germination delay and polarity

index similar to the avirulent strain NRRL3631, whereas mutant Δmcmyo5(-)(+) showed a

reduction of the polarity index even more pronounced than the avirulent control strain, as

well as a similar germination delay. Mutants grown in absence of macrophages also pre-

sented the same delay in germination and polar growth. The knockout strain in the mcclasp
gene showed a non-significant reduction of the polarity index and no changes in the germi-

nation rate when compared to the wild type. As mutant Δmcclasp is not affected in virulence,
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Fig 7. Interaction of macrophage cells and mcclasp, mcmyo5 and mcplD knockout mutants. (A) Representative

optical microscopic images of the interaction between macrophage cells (J774A.1) and spores of mcclasp and mcplD

mutants. Scale bars represent 50μm. (B) Quantification of germination and polar index of mcclasp and mcplD mutant spores

after four hours of interaction in the presence or absence of macrophage cells. (C) Representative optical microscopic

images of the interaction between macrophage cells and yeast cells of the mcmyo5 knockout mutant. (D) Quantification of

germination and polarity index of mcmyo5 mutant yeast cells after four hours of interaction with macrophage cells.

An RNAi-Based Platform to Study Virulence in Mucormycosis

PLOS Pathogens | DOI:10.1371/journal.ppat.1006150 January 20, 2017 16 / 26



these results highlight the relevance of spore germination and hyphal growth rates within

macrophages for M. circinelloides virulence.

Discussion

Here, we have developed a new approach based on RNAi high-throughput libraries that allows

the identification of genes responsible for virulence in M. circinelloides. This work represents

the first application of a functional genomic approach to identify virulence determinants in

Mucorales. RNAi-based reverse genetics has allowed successful whole-genome functional

studies in animals (see Introduction), but this technology presents several restrictions in fungi

that have prevented its use at whole genome level. Following this reverse genomic approach,

the only known study carried out in fungi was firstly reported in a plant pathogen, Magna-
porthe oryzae, in which the function of a calcium-signaling family of 37 genes was studied

using silencing plasmids for each gene of this family [40]. Our platform presents an opposite

approach in which a collection of phenotypes are generated by transformation with a whole-

genome RNAi library and afterward the genes responsible for a particular phenotype are iden-

tified. This approach represents the first forward genetic strategy to study gene function at the

whole genome level in Mucorales. Following this strategy, a general screening of a collection of

silenced M. circinelloides transformants led us to the isolation of twenty-six strains showing a

wide range of distinct phenotypes in fungal processes such as virulence, growth and sporula-

tion. One advantage of this approach versus traditional chemical or insertional mutagenesis is

that essential genes could be isolated, since RNAi usually reduces the expression of the target

gene rather than a total inhibition. Another advantage of this RNAi-based functional genomic

platform is the possibility of designing conditional screenings. The screenings shown here

were performed under non-specific growth conditions, as it was intended to prove the general

utility of the platform to apply functional genomics and to show how genes related to virulence

can be identified from general screenings. However, the collection of silenced transformants

offers the opportunity to carry out specific screenings under particular conditions to select

phenotypes related to virulence, such as yeast growth, thermotolerance, protease over-produc-

tion, etc. Moreover, another attractive advantage of this approach is its exportability to other

Mucorales or fungi from different groups like Ascomycota and Basidiomycota, since the only

conditions required are the existence of a functional RNAi mechanism and an efficient trans-

formation method, which are both present in many fungal groups [41].

The application of the RNAi-based functional genomic platform has facilitated the identifi-

cation of the genes mcplD as an essential factor to maintain full virulence in M. circinelloides,
both in a heterologous model like G. mellonella and a murine host model. Knockout mutants

in mcplD showed deficient growth accompanied with sporulation reduction and increased

production of β-carotene, and more importantly, reduced virulence in the host models G. mel-
lonella and M. musculus. The gene mcplD codes for a Phospholipase D enzyme (PLD), a well-

known protein that is highly conserved in different organisms. This enzyme catalyzes the

hydrolysis of the phosphodiester bond of glycerophospholipids to generate phosphatidic acid

and a free headgroup [37]. Phosphatidic acid functions as an intracellular lipid messenger that

activates different target kinases, which in turn activate a broad range of cellular processes

such as receptor signaling, control of intracellular membrane transport, and reorganization of

the actin cytoskeleton [37]. This pleiotropic function of PLD could explain the complex phe-

notype observed in the M. circinelloides mutant for the mcplD gene. In addition, PLD has been

NRRL3631 and R7B were used as avirulent and virulent control strains, respectively. Values are means and standard errors

of 500 independent measurements.

doi:10.1371/journal.ppat.1006150.g007
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described as a major virulence factor in Corynebacterium pseudotuberculosis, being involved in

macrophage death and systemic dissemination of this pathogen [42]. In fungi, Aspergillus
fumigatus PLD regulates its internalization into lung epithelial cells, and the pld gene of Pur-
pureocillium lilacinum is significantly up-regulated during infection of Meloidogyne incognita
eggs [43, 44]. In M. circinelloides, mcplD may regulate some signaling pathways involved in

germination and hyphal growth, since mutants in this gene showed delayed germination and

reduction of the polarity index. The other gene related to virulence that has been found in this

study, mcmyo5 encodes a processive cargo transporter belonging to the Myosin V Class

(Myo5). Myosins play important roles in morphogenesis of filamentous fungi, since they are

involved in the establishment and/or maintenance of polarity [45]. Among Myosins, Myo5

supplies a constant transport of organelles, membranous cargo, secretory vesicles, mRNA,

lipid and protein vesicles on actin tracks [46]. In M. circinelloides, Myo5 might play an essential

role in viability, since the knockout mutant was viable only as a heterokaryon containing a

small proportion of wild type nuclei. This heterokaryotic strain was unable to produce regular

hyphae and presented a yeast-like phenotype with no polar growth. Likely, the lack of a contin-

uous transport mediated by Myo5 impairs the correct formation of the mycelium. Since fila-

mentous growth is a major determinant of virulence in M. circinelloides [13], the yeast-like

knockout strain Δmcmyo5(-)(+) presented a pronounced reduced virulence in G. mellonella.

Similarly, in the dimorphic plant pathogenic fungus Ustilago maydis, a single Myosin class V

protein encoded by myo5 was involved in hyphal growth and pathogenicity [47]. However, the

reduction of virulence shown by the Δmcmyo5(-)(+) heterokaryotic mutant in a murine host

model did not reach the significance level stablished, although the reduction in the fungal bur-

den was similar to the mutant mcplD. These partially contradictory results obtained from the

two host models could be precisely due to the heterokaryotic state of mutant Δmcmyo5(-)(+).

The virulence assays in G. mellonella are performed during eight days, whereas in M. musculus
the assays are prolonged until the twentieth day, which could be time enough for the hetero-

kayotic strain under non selective conditions to segregate and lose mutant nuclei, reverting to

the wild type phenotype. According to this hypothesis, wild type patches segregating from

Δmcmyo5(-)(+) mutant cells growing under non selective culture conditions are easily observed

after several days of incubation. In addition, a correlation between the segregation to wild type

genotype and the restitutions of virulence was observed after genotyping the nuclei proportion

of several retrieved CFUs, which further supported a role of gene mcmyo5 in the virulence of

M. circinelloides. Similar results were obtained in Rhizopus oryzae when FTR1 gene was dis-

rupted by double cross-over homologous recombination, but multinucleated R. oryzae could

not be forced to segregate to a homokaryotic null allele [48]. The heterokaryotic strain

Δmcmyo5(-)(+) showed the strongest reduction of polar growth and germination rates when

phagocyted by macrophages, since it was tested during only four hours in non-selective

medium, which is not time enough for segregation. Our results from the in vitro analysis and

the intravenous infection model showed the potential role of mcmyo5 in virulence of M. circi-
nelloides. Although Myo5 is a highly conserved protein, which disqualifies it as a specific anti-

fungal target, the fungal cargo domain and the proteins that interact with this domain could

represent a promising target for future antifungal developments.

The analysis of germination and polar growth of Δmcmyo5(-)(+) and ΔmcplD mutants and

their interaction with mouse macrophages revealed a delayed germination and reduced polar-

ity index of those strains relative to the wild type strain, although the size of the infecting parti-

cles (spores or yeast cells) was not reduced in these mutants. These results suggested that a big

size of the infecting particle (spore or yeast cells) is not enough to counteract a delayed germi-

nation and reduced polarity index. Time of germination and polarity index are two values that

measure the velocity of the pathogen growing inside the macrophage and escaping from it.
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Thus, a possible explanation of the reduced virulence observed in ΔmcplD and Δmcmyo5(-)(+)

mutants might be that delayed germination and reduced polarity index concede macrophages

time enough to inactivate the pathogen before it escapes from its cytoplasm. Along with the

size of the spore previously described [14], our work demonstrated that the time required for

germination and the hyphal elongation rate, measured as polarity index, are two new factors to

be considered in the analysis of M. circinelloides virulence.

Besides genes related to virulence, a third gene named mcclasp was selected from the RNAi-

based functional genomic screenings for further studies. Mutant Δmcclasp presented a com-

plex phenotype affecting several fungal processes like vegetative growth, carotene production

and sporulation in a similar manner to the Δmcmyo5(-)(+) and ΔmcplD mutants, although the

Δmcclasp strain was not affected in virulence. Besides that, the main differences between

Δmcclasp and those mutants were the formation of sporangiophores, which were normal in

length in Δmcclasp mutants, allowing the formation of satellite colonies in low pH media,

along with a less pronounced reduction of growth and sporulation. The gene product of

mcclasp is similar to CLASP proteins that are involved in the attachment of microtubules to

the cell cortex in animals and plants, thereby contributing to self-organization of cortical

microtubules [49]. During mitosis, CLASP proteins control the interactions of astral microtu-

bules with the cell cortex, helping the proper positioning and orientation of the spindle [50].

This important role of CLASP proteins during cell division might be behind the reduced

growth and decreased sporulation observed in the Δmcclasp mutants. In addition, the role of

CLASP proteins in the stability of microtubules is essential for the motility of motor proteins,

such as kinesins and dyneins. Kinesins participate in the maintenance of the polarity of fila-

mentous fungi (reviewed by Harris, 2006), which could explain the reduction in the polarity

index of the Δmcclasp mutant relative to the wild type strain. However, unlike Myo5, kinesins

does not seem to be involved in polarity establishment in M. circinelloides, since strains with-

out CLASP protein are still able to generate hyphal growth, although their elongation rate is

lower than the wild type strain. Mutant Δmcclasp showed a reduced growth rate and vegetative

sporulation and an increase in β-carotene production compared to control strain R7B (Fig 5C,

5D and 5E, respectively), similarly to the phenotypes observed in ΔmcplD and Δmcmyo5
mutants. However these phenotypes are not associated with reduced virulence in mutant

Δmcclasp, indicating that growth defects are not necessarily linked to attenuated virulence and

suggesting a possible specific role of mcplD and mcmyo5 genes in pathogenesis. The identifica-

tion and analysis of mcclasp gene demonstrated that along with virulence, other fungal pro-

cesses can be studied and genetically dissected with the RNAi-based functional genomic

platform developed in this work.

In summary, the absence of classic molecular genetic tools and the scarce information

about virulence and pathogenesis in Mucorales encouraged us to develop a robust system for

RNAi-based functional genomics in M. circinelloides. It is a new genetic tool that can be used

in the study of a wide range of biological processes, including the identification and study of

genes related to virulence and pathogenesis. As a result of its implementation, we have identi-

fied new virulence determinants in Mucorales that could represent new targets for future anti-

fungal therapies.

Materials and Methods

Strains, growth and transformation conditions

The leucine auxotroph R7B, derived from the (-) mating type M. circinelloides f. lusitanicus
CBS 277.49 (syn. Mucor racemosus ATCC 1216b), was used as the wild type strain. Strain

MU402 is a uracil and leucine auxotroph derived from R7B used as recipient strain of the
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silencing library [36]. The M. circinelloides f. lusitanicus strain of the (+) mating type

NRRL3631 was used in virulence assays as an avirulent control.

M. circinelloides cultures were grown at 26˚C in complete YPG medium or in MMC

medium as described previously [36]. Media were supplemented with uridine (200 μg/ml)

when required. The pH was adjusted to 4.5 and 3.2 for mycelial and colonial growth, respec-

tively. Transformation was carried out as described previously [10]. Macrophage cells, J774A.1

(ATCC, TIB-67), were cultured in L15 medium (Capricorn Scientific GmbH) supplemented

with 10% FBS at 37˚C and without CO2 supplementation.

Plasmids and genomic libraries

Plasmid pMAT1726 was recovered from gDNA of HRG1 and HRG2 transformants. In order

to construct dsRNA-expressing vectors with the target candidate genes, plasmid pMAT1700

was used as cloning vector. Insert fragments corresponding to the 5’ end of each candidate

gene (0.5–2 kb) were amplified with primers containing NotI and XhoI restriction sites to facil-

itate cloning into pMAT1700 (S2 Table). Plasmid pMAT828 harbors a 2 kb fragment of gene

ID 51513 which was PCR-amplified using primer pairs FYL1 and RYL1 (S2 Table). Plasmid

pMAT798 contains a 0.9 kb fragment of gene ID 166338 amplified by PCR reactions using

primer pairs FYL1.2 and RYL1.2 (S2 Table). To identify the candidate gene responsible for the

satellite growth phenotype, three different plasmids were constructed: pMAT823, pMAT824

and pMAT825. These plasmids contain 1.2 kb, 0.9 kb and 0.5 kb fragments corresponding to

genes ID 84675, ID 156742 and ID 145873, which were amplified using primer pairs FYL10.1/

RYL10.1, FYL10.2/RYL10.2 and FYL10.3/RYL10.3, respectively (S2 Table).

To calculate the coverage of the genomic libraries in the genome of M. circinelloides and

confidence levels, we followed the formula: N = ln(1-P)/ln(1-f); where N is the necessary num-

ber of recombinants, P is the desired probability that any fragment of the genome is repre-

sented in the library at least one time, and f is the fractional proportion of the genome in a

single recombinant. “f” can be further shown to be f = i/g, where i is the insert size and g is the

genome size [51].

To disrupt the candidate genes, a pyrG selective marker (2 kb fragment amplified from

gDNA using primers F-pyrG and R-pyrG (S2 Table) was fused with adjacent sequences of the

candidate coding regions using fusion PCRs, generating a gene replacement fragment. This

fragment was cloned into pGEMT-easy vector (Promega) and used to disrupt the candidate

genes via homologous recombination. Plasmid pMAT833 was constructed to disrupt the

mcclasp gene. It contains a 4.2 kb fragment that includes the pyrG gene flanked by 1.3 kb of

upstream and downstream sequences of mcclasp gene, amplified with primers FYL10U/

RYL10-pyrG and FYL10-pyrG/RYL10D (S2 Table), respectively. The 4.2 kb fusion fragment

was amplified with internal primers FYL10 and RYL10 (S2 Table). Plasmid pMAT832 was

constructed to disrupt mcmyo5 gene, following the same strategy described for pMAT833, but

using primers FYL1U/RYL1-pyrG and FYL1-pyrG/RYL1D to amplify 1.3 kb of upstream and

downstream sequences of the mcmyo5 gene, respectively (S2 Table). In the case of gene mcplD,

plasmid pMAT1733 was constructed also following the same fusion strategy, but with the spe-

cific primers FPLD/RPLD-pyrG and RPLD/FPLD-pyrG, for two fragments of 0.95 kb from

upstream and downstream regions of mcplD (S2 Table), respectively.

Nucleic acid manipulation and analysis

Genomic DNA from M. circinelloides mycelia was extracted as previously described [36].

Recombinant DNA manipulations were performed as reported [52]. Total RNA was extracted

from mycelia grown during 48 hours at 26˚C in liquid MMC pH 4.5 medium under light
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conditions using RNeasy Plant Mini Kit following the supplier’s recommendation (Qiagen).

Southern blot and Northern blot hybridizations were carried out under stringent conditions

[22]. DNA probes were labeled with [α-32P] dCTP using Ready-To-Go Labeling Beads (GE

Healthcare Life Science). For Southern and Northern blot experiments, DNA probes were

directly amplified from genomic DNA using the primer pairs FPLD/RPLD-pyrG, FYL10/

RYL10-pyrG and FYL1N/RYL1-pyrG for genes mcplD, mcclasp and mcmyo5, respectively (S2

Table). For siRNA analysis, small RNA samples were extracted from mycelia grown 72 hours

in liquid MMC medium pH 4.5 at 26˚C using the miRVana kit (Ambion), following the

instructions of the supplier. Northern blots for siRNAs were performed as previously

described using antisense specific riboprobes generated by in vitro transcription of the DNA

probes described above (MAXIscriptsT7, Ambion) [21]. Quantifications of signal intensities

were estimated from autoradiograms using a Shimadzu CS-9000 densitometer and the ImageJ

application (rsbweb.nih.gov/ij/). Computational phylogenetic analyses were performed using

Phylogeny software (http://phylogeny.lirmm.fr) [53]. Multiple protein sequence alignments

were conducted with ClustalW program and phylogenetic trees were inferred by maximum

likelihood statistical methods using a bootstrapping procedure of 1000 iterations.

Phenotypic analysis

Vegetative sporulation, growth rate, carotene production and virulence measurements were

carried out as previously described [14, 19, 36, 54]. Interactions between different strains of M.

circinelloides and J774A.1 macrophage cells were carried out in L15 medium, during 4 hours at

37˚C. Regarding polarity index, ten images were taken from each interaction and a total of

fifty germinating spores were measured from each image with ImageJ [55]. From the same

images, germination was calculated considering germinated spores all those that presented a

protuberant bud from the spherical spore. For the phospholipase D activity measurements,

spores of the wild type strain and mutant mcplD were grown in MMC medium at pH = 4.5

during six hours. The mycelia from five biological replicates were filtrated, washed and

weighted to perform the assay with exactly 100 mg of biomass from each strain.

The virulence assays in G. mellonella were performed by injection of 5 μl of phosphate buff-

ered saline (PBS) containing 2000 spores or 20,000 yeast cells into the wax moth larvae (10 per

strain). For the murine host model, groups of 8 four-week-old OF1 male mice (Charles River,

Criffa S.A., Barcelona, Spain) weighing 30 g were used. Mice were immunosuppressed 2 days

prior to the infection by intraperitoneal (i.p.) administration of 200 mg/kg of body weight of

cyclophosphamide and once every 5 days thereafter. Animals were housed under standard

conditions with free access to food and water. Mice were challenged intravenously (i.v.) via the

lateral tail vein with a suspension consisting on 1x105 sporangiospores or 1x105 yeast cells per

animal. Animals were checked twice daily for 20 days. Surviving animals at the end of the

experimental period or those meeting criteria for discomfort were euthanized by CO2 inhala-

tion. Significance of mortality rate data was evaluated by using the Kaplan-Meier (Graph Pad

Prism 4.0 for Windows; GraphPad Software, San Diego California USA). Differences were

considered statistically significant at a P value of<0.05.

Fungal burden quantification and genotyping

For absolute DNA quantification and genotyping, organs were ground up on liquid nitrogen

and gDNA was extracted as previously described [56]. For DNA quantification by real-time

PCR (qRT-PCR) specific primers of M. circinelloides chitin synthase gene (ID153118) and

mice β2 microglobulin gene (ID12010) were used (S2 Table). Samples analyses were carried

out in triplicate in 15 μl PCR reactions containing 180 ng of test sample gDNA form three
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individuals using SybrGreen kit (Fast SYBR Green Master Mix -ABI) in a StepOne Real-Time

PCR System (ABI). gDNA from non-infected mice was used as negative control. Relative

amount of fungal and mice gDNA was quantified on the basis of their standard curves, elabo-

rated with known fungal DNA concentrations (0.005 ng—10 ng) in a background of 150 ng of

non-infected mice gDNA and mice DNA concentrations (1 ng—200 ng) and their corre-

sponding amplification cycle threshold (Ct).

Ethics statement

Animal care procedures were supervised and approved by the Universitat Rovira i Virgili Ani-

mal Welfare and Ethics Committee. The experimental animal facilities are registered under

reference T9900003 of the Generalitat de Catalunya in compliance with the regulations of Real

Decreto 53/2013, of February 1st (BOE of 8 February). Procedures included into the project

number 280 were supervised and approved by L. Loriente Sanz (ID 39671243) of the Veteri-

nary and Animal Welfare Advisory of the Universitat Rovira i Virgili Animal Welfare and Eth-

ics Committee (Reus, Spain).

Supporting Information

S1 Fig. Virulence assays of the twenty-six transformants showing abnormal phenotypes.

HRG: highly reduced growth; SG: satellite growth; RG: reduced growth; LVS: low vegetative

sporulation; YLG: yeast-like growth. Virulence assays of the YLG1 transformant compared to

the wild type strains were performed using yeast cells in the infections (y). NRRL3631 and

MU402+pMAT1700 were used as avirulent and virulent control strains, respectively.

(TIF)

S2 Fig. Identity of the products encoded by the genes mcmyo5 and mcplD. (A) Phylogenetic

study of fungal phospholipase genes and their relationship with mcplD. Names and ID number

of these fungal phospholipases are listed in S4 Table. (B) Phylogenetic study of fungal myosin

genes and their relationship with mcmyo5. Names and ID number of these myosins are listed

in S3 Table.

(TIF)

S3 Fig. Disruption of genes mcclasp, mcmyo5 and mcplD. (A) Schematic representation of

wild-type (WT) and mutant (MUT) loci after homologous recombination with the disruption

fragments of genes mcclasp (left), mcmyo5 (middle) and mcplD (right). The position of the

probes used (a, b and c) and the expected sizes of the restriction fragments are indicated; pyrG
selectable marker; dashed lines, sequences not included in the disruption fragment. (B) South-

ern blot analysis of the wild-type strain R7B and transformants obtained with the disruption

fragments after ten vegetative cycles in selective medium. Genomic DNA (1 μg) was digested

with SalI (left, gene mcclasp), BglII (middle, gene mcmyo5) and PuvII (right, gene mcplD) and

hybridized with probes a, b and c, which recognized wild-type and disrupted alleles but could

discriminate between them. The positions and sizes of the GeneRuler DNA ladder mixture

(M) (Fermentas) size markers are indicated.

(TIF)

S4 Fig. Phospholipase D activity assay in mutant ΔmcplD. The total phospholipase D activi-

ties in wild type (R7B) and mutant ΔmcplD were measured using a commercial Phospholipase

D Assay Kit (Sigma-Aldrich). In this assay, PLD hydrolyzes phosphatidylcholine to choline,

which is determined using choline oxidase resulting in a colorimetric (570nm) product, pro-

portional to the PLD activity in the sample.

(TIF)
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S5 Fig. Virulence tests of the ΔmcplD and Δmcmyo5(-)(+) mutants of M. circinelloides in a

murine host model. (A) Virulence assays using spores of wild type strains and the mutant

ΔmcplD. Mice were injected with 1x105 sporangiospores. (B) Virulence assays using yeast cells

of wild type strains and the mutant Δmcmyo5(-)(+). Injections contained 1x105 yeast cells.

(TIF)

S6 Fig. Segregation of the heterokaryon Δmcmyo5(-)(+) under no selective conditions. (A)

segregation of the heterokaryon Δmcmyo5(-)(+) in MMC medium. A colony of the hetero-

karyon Δmcmyo5(-)(+) was grown either with (right) or without uridine (left) in MMC medium

during 3 days. Under no selective conditions (with uridine), the heterokaryon Δmcmyo5(-)(+)

segregates and produces patches reverting to the wild type phenotype. (B) Segregation of the

heterokaryon Δmcmyo5(-)(+) in retrieved CFUs from infected mice. Two types of retrieved

CFUs, from agonizing mice (aCFUs) or apparently healthy mice (hCFUs) were analyzed in a

southern blot similar to the assay described in S2 Fig. (C) Densitometric analysis of the bands

corresponding to the mutated nuclei (blue arrow in B) and wild type nuclei (red arrow in B).

(TIF)

S7 Fig. Size of the infecting inoculum. (A) Spore sizes of the mcclasp and mcplD mutants. (B)

Yeast cell sizes of the mcmyo5 mutant. Yeast cells were obtained after growing mycelia in liquid

MMC pH 4.5 under anaerobiosis conditions during 24h.

(TIF)

S1 Table. RNAi induced by high-throughput silencing plasmid pMAT1700 in M. circinel-
loides. Plasmid pMAT1700 was generated by cloning a synthetic insert between SacI/KpnI
restriction sites of pBluescript SK+ (Promega). This insert contains two inverted M. circinel-
loides strong promoters, Pzrt1 (1 kb) and Pgpd1 (0.76 kb), a MCS and a 0.5 kb fragment of the

5’ end of carB gene.

(DOCX)

S2 Table. Oligonucleotides used in this work. Red letters represent added restriction enzyme

sites to facilitate cloning of the PCR products.

(DOCX)

S3 Table. List of names and ID numbers of the fungal myosins studied in S2 Fig.

(DOCX)

S4 Table. List of names and ID numbers of the fungal phospholipases studied in S2 Fig.

(DOCX)

Acknowledgments

We thank the Joint Genome Institute for early access to the M. circinelloides genome sequence.

Author Contributions

Conceptualization: FEN VG RMRV JC STM.

Data curation: FEN VG RMRV.

Formal analysis: FEN VG RMRV.

Funding acquisition: FEN VG.

Investigation: TAT MINM MS PNR LLF CPA FEN.

An RNAi-Based Platform to Study Virulence in Mucormycosis

PLOS Pathogens | DOI:10.1371/journal.ppat.1006150 January 20, 2017 23 / 26

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006150.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006150.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006150.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006150.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006150.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006150.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006150.s011


Methodology: FEN VG JC.

Project administration: FEN VG.

Resources: FEN VG JC.

Supervision: FEN.

Validation: FEN VG JC.

Visualization: FEN VG.

Writing – original draft: FEN.

Writing – review & editing: FEN VG.

References
1. Kennedy KJ, Daveson K, Slavin MA, van Hal SJ, Sorrell TC, Lee A, et al. Mucormycosis in Australia:

contemporary epidemiology and outcomes. Clin Microbiol Infect. 2016.

2. Salas V, Pastor FJ, Calvo E, Alvarez E, Sutton DA, Mayayo E, et al. In vitro and in vivo activities of posa-

conazole and amphotericin B in a murine invasive infection by Mucor circinelloides: poor efficacy of

posaconazole. Antimicrob Agents Chemother. 2012; 56(5):2246–50. doi: 10.1128/AAC.05956-11

PMID: 22290952

3. Biswas D, Kotwal A, Kakati B, Ahmad S. Amphotericin B Resistant Apophysomyces elegans Causing

Rhino-oculo-Cerebral Mucormycosis in an Immunocompetent Host. J Clin Diagn Res. 2015; 9(8):

DD01–2. doi: 10.7860/JCDR/2015/13929.6272 PMID: 26435947

4. Gebremariam T, Wiederhold NP, Alqarihi A, Uppuluri P, Azie N, Edwards JE Jr., et al. Monotherapy or

combination therapy of isavuconazole and micafungin for treating murine mucormycosis. J Antimicrob

Chemother. 2016.

5. Marty FM, Ostrosky-Zeichner L, Cornely OA, Mullane KM, Perfect JR, Thompson GR 3rd, et al. Isavu-

conazole treatment for mucormycosis: a single-arm open-label trial and case-control analysis. Lancet

Infect Dis. 2016; 16(7):828–37. doi: 10.1016/S1473-3099(16)00071-2 PMID: 26969258

6. Bal AM. Importance of identification of zygomycetes in the era of newer antifungal agents. Transpl Infect

Dis. 2006; 8(2):122–3. doi: 10.1111/j.1399-3062.2006.00145.x PMID: 16734636

7. Kontoyiannis DP, Lewis RE. Invasive zygomycosis: update on pathogenesis, clinical manifestations,

and management. Infect Dis Clin North Am. 2006; 20(3):581–607, vi. doi: 10.1016/j.idc.2006.06.003

PMID: 16984870

8. Petrikkos G, Skiada A, Lortholary O, Roilides E, Walsh TJ, Kontoyiannis DP. Epidemiology and clinical

manifestations of mucormycosis. Clin Infect Dis. 2012; 54 Suppl 1:S23–34.

9. Mignogna MD, Fortuna G, Leuci S, Adamo D, Ruoppo E, Siano M, et al. Mucormycosis in immunocom-

petent patients: a case-series of patients with maxillary sinus involvement and a critical review of the lit-

erature. Int J Infect Dis. 2011; 15(8):e533–40. doi: 10.1016/j.ijid.2011.02.005 PMID: 21764345

10. Gutierrez A, Lopez-Garcia S, Garre V. High reliability transformation of the basal fungus Mucor circinel-

loides by electroporation. J Microbiol Methods. 2011; 84(3):442–6. doi: 10.1016/j.mimet.2011.01.002

PMID: 21256886

11. Skory CD. Homologous recombination and double-strand break repair in the transformation of Rhizo-

pus oryzae. Mol Genet Genomics. 2002; 268(3):397–406. doi: 10.1007/s00438-002-0760-8 PMID:

12436261

12. Ibrahim AS, Spellberg B, Walsh TJ, Kontoyiannis DP. Pathogenesis of mucormycosis. Clin Infect Dis.

2012; 54 Suppl 1:S16–22.

13. Lee SC, Li A, Calo S, Heitman J. Calcineurin plays key roles in the dimorphic transition and virulence of

the human pathogenic zygomycete Mucor circinelloides. PLoS Pathog. 2013; 9(9):e1003625. doi: 10.

1371/journal.ppat.1003625 PMID: 24039585

14. Li CH, Cervantes M, Springer DJ, Boekhout T, Ruiz-Vázquez RM, Torres-Martı́nez SR, et al. Sporan-

giospore size dimorphism is linked to virulence of Mucor circinelloides. PLoS Pathog. 2011; 7(6):

e1002086. doi: 10.1371/journal.ppat.1002086 PMID: 21698218

15. Liu M, Lin L, Gebremariam T, Luo G, Skory CD, French SW, et al. Fob1 and Fob2 Proteins Are Viru-

lence Determinants of Rhizopus oryzae via Facilitating Iron Uptake from Ferrioxamine. PLoS Pathog.

2015; 11(5):e1004842. doi: 10.1371/journal.ppat.1004842 PMID: 25974051

An RNAi-Based Platform to Study Virulence in Mucormycosis

PLOS Pathogens | DOI:10.1371/journal.ppat.1006150 January 20, 2017 24 / 26

http://dx.doi.org/10.1128/AAC.05956-11
http://www.ncbi.nlm.nih.gov/pubmed/22290952
http://dx.doi.org/10.7860/JCDR/2015/13929.6272
http://www.ncbi.nlm.nih.gov/pubmed/26435947
http://dx.doi.org/10.1016/S1473-3099(16)00071-2
http://www.ncbi.nlm.nih.gov/pubmed/26969258
http://dx.doi.org/10.1111/j.1399-3062.2006.00145.x
http://www.ncbi.nlm.nih.gov/pubmed/16734636
http://dx.doi.org/10.1016/j.idc.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16984870
http://dx.doi.org/10.1016/j.ijid.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21764345
http://dx.doi.org/10.1016/j.mimet.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21256886
http://dx.doi.org/10.1007/s00438-002-0760-8
http://www.ncbi.nlm.nih.gov/pubmed/12436261
http://dx.doi.org/10.1371/journal.ppat.1003625
http://dx.doi.org/10.1371/journal.ppat.1003625
http://www.ncbi.nlm.nih.gov/pubmed/24039585
http://dx.doi.org/10.1371/journal.ppat.1002086
http://www.ncbi.nlm.nih.gov/pubmed/21698218
http://dx.doi.org/10.1371/journal.ppat.1004842
http://www.ncbi.nlm.nih.gov/pubmed/25974051


16. Gebremariam T, Liu M, Luo G, Bruno V, Phan QT, Waring AJ, et al. CotH3 mediates fungal invasion of

host cells during mucormycosis. J Clin Invest. 2014; 124(1):237–50. doi: 10.1172/JCI71349 PMID:

24355926

17. Chibucos MC, Soliman S, Gebremariam T, Lee H, Daugherty S, Orvis J, et al. An integrated genomic

and transcriptomic survey of mucormycosis-causing fungi. Nat Commun. 2016; 7:12218. doi: 10.1038/

ncomms12218 PMID: 27447865

18. Lee SC, Li A, Calo S, Inoue M, Tonthat NK, Bain JM, et al. Calcineurin orchestrates dimorphic transi-

tions, antifungal drug responses and host-pathogen interactions of the pathogenic mucoralean fungus

Mucor circinelloides. Mol Microbiol. 2015; 97(5):844–65. doi: 10.1111/mmi.13071 PMID: 26010100

19. Cervantes M, Vila A, Nicolas FE, Moxon S, de Haro JP, Dalmay T, et al. A single argonaute gene partic-

ipates in exogenous and endogenous RNAi and controls cellular functions in the basal fungus Mucor cir-

cinelloides. PLoS One. 2013; 8(7):e69283. doi: 10.1371/journal.pone.0069283 PMID: 23935973

20. de Haro JP, Calo S, Cervantes M, Nicolas FE, Torres-Martinez S, Ruiz-Vazquez RM. A single dicer

gene is required for efficient gene silencing associated with two classes of small antisense RNAs in

Mucor circinelloides. Eukaryot Cell. 2009; 8(10):1486–97. doi: 10.1128/EC.00191-09 PMID: 19666782

21. Nicolas FE, Torres-Martinez S, Ruiz-Vazquez RM. Two classes of small antisense RNAs in fungal RNA

silencing triggered by non-integrative transgenes. EMBO J. 2003; 22(15):3983–91. doi: 10.1093/emboj/

cdg384 PMID: 12881432

22. Calo S, Nicolas FE, Vila A, Torres-Martinez S, Ruiz-Vazquez RM. Two distinct RNA-dependent RNA

polymerases are required for initiation and amplification of RNA silencing in the basal fungus Mucor cir-

cinelloides. Mol Microbiol. 2012; 83(2):379–94. doi: 10.1111/j.1365-2958.2011.07939.x PMID:

22141923

23. Ruiz-Vazquez RM, Nicolas FE, Torres-Martinez S, Garre V. Distinct RNAi Pathways in the Regulation

of Physiology and Development in the Fungus Mucor circinelloides. Adv Genet. 2015; 91:55–102. doi:

10.1016/bs.adgen.2015.07.002 PMID: 26410030

24. Nicolas FE, Vila A, Moxon S, Cascales MD, Torres-Martinez S, Ruiz-Vazquez RM, et al. The RNAi

machinery controls distinct responses to environmental signals in the basal fungus Mucor circinelloides.

BMC Genomics. 2015; 16:237. doi: 10.1186/s12864-015-1443-2 PMID: 25880254

25. Nicolas FE, Moxon S, de Haro JP, Calo S, Grigoriev IV, Torres-Martinez S, et al. Endogenous short

RNAs generated by Dicer 2 and RNA-dependent RNA polymerase 1 regulate mRNAs in the basal fun-

gus Mucor circinelloides. Nucleic Acids Res. 2010; 38(16):5535–41. doi: 10.1093/nar/gkq301 PMID:

20427422

26. Nicolas FE, Ruiz-Vazquez RM. Functional diversity of RNAi-associated sRNAs in fungi. Int J Mol Sci.

2013; 14(8):15348–60. doi: 10.3390/ijms140815348 PMID: 23887655

27. Trieu TA, Calo S, Nicolas FE, Vila A, Moxon S, Dalmay T, et al. A non-canonical RNA silencing pathway

promotes mRNA degradation in basal Fungi. PLoS Genet. 2015; 11(4):e1005168. doi: 10.1371/journal.

pgen.1005168 PMID: 25875805

28. Calo S, Shertz-Wall C, Lee SC, Bastidas RJ, Nicolás FE, Granek JA, et al. Antifungal drug resistance

evoked via RNAi-dependent epimutations. Nature. 2014; 513(7519):555–8. doi: 10.1038/nature13575

PMID: 25079329

29. Hoffmann K, Pawlowska J, Walther G, Wrzosek M, de Hoog GS, Benny GL, et al. The family structure

of the Mucorales: a synoptic revision based on comprehensive multigene-genealogies. Persoonia.

2013; 30:57–76. doi: 10.3767/003158513X666259 PMID: 24027347

30. Kamath RS, Fraser AG, Dong Y, Poulin G, Durbin R, Gotta M, et al. Systematic functional analysis of

the Caenorhabditis elegans genome using RNAi. Nature. 2003; 421(6920):231–7. doi: 10.1038/

nature01278 PMID: 12529635

31. DasGupta R, Kaykas A, Moon RT, Perrimon N. Functional genomic analysis of the Wnt-wingless signal-

ing pathway. Science. 2005; 308(5723):826–33. doi: 10.1126/science.1109374 PMID: 15817814

32. Berns K, Hijmans EM, Mullenders J, Brummelkamp TR, Velds A, Heimerikx M, et al. A large-scale

RNAi screen in human cells identifies new components of the p53 pathway. Nature. 2004; 428

(6981):431–7. doi: 10.1038/nature02371 PMID: 15042092

33. Velayos A, Blasco JL, Alvarez MI, Iturriaga EA, Eslava AP. Blue-light regulation of phytoene dehydroge-

nase (carB) gene expression in Mucor circinelloides. Planta. 2000; 210(6):938–46. doi: 10.1007/

s004250050701 PMID: 10872226

34. Werner E, Patel K, Holder AA. Construction of a library for sequencing long regions of malarial genomic

DNA. Biotechniques. 1997; 23(1):20, 2, 4. PMID: 9232219

35. Kashem SW, Igyarto BZ, Gerami-Nejad M, Kumamoto Y, Mohammed J, Jarrett E, et al. Candida albi-

cans morphology and dendritic cell subsets determine T helper cell differentiation. Immunity. 2015; 42

(2):356–66. doi: 10.1016/j.immuni.2015.01.008 PMID: 25680275

An RNAi-Based Platform to Study Virulence in Mucormycosis

PLOS Pathogens | DOI:10.1371/journal.ppat.1006150 January 20, 2017 25 / 26

http://dx.doi.org/10.1172/JCI71349
http://www.ncbi.nlm.nih.gov/pubmed/24355926
http://dx.doi.org/10.1038/ncomms12218
http://dx.doi.org/10.1038/ncomms12218
http://www.ncbi.nlm.nih.gov/pubmed/27447865
http://dx.doi.org/10.1111/mmi.13071
http://www.ncbi.nlm.nih.gov/pubmed/26010100
http://dx.doi.org/10.1371/journal.pone.0069283
http://www.ncbi.nlm.nih.gov/pubmed/23935973
http://dx.doi.org/10.1128/EC.00191-09
http://www.ncbi.nlm.nih.gov/pubmed/19666782
http://dx.doi.org/10.1093/emboj/cdg384
http://dx.doi.org/10.1093/emboj/cdg384
http://www.ncbi.nlm.nih.gov/pubmed/12881432
http://dx.doi.org/10.1111/j.1365-2958.2011.07939.x
http://www.ncbi.nlm.nih.gov/pubmed/22141923
http://dx.doi.org/10.1016/bs.adgen.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26410030
http://dx.doi.org/10.1186/s12864-015-1443-2
http://www.ncbi.nlm.nih.gov/pubmed/25880254
http://dx.doi.org/10.1093/nar/gkq301
http://www.ncbi.nlm.nih.gov/pubmed/20427422
http://dx.doi.org/10.3390/ijms140815348
http://www.ncbi.nlm.nih.gov/pubmed/23887655
http://dx.doi.org/10.1371/journal.pgen.1005168
http://dx.doi.org/10.1371/journal.pgen.1005168
http://www.ncbi.nlm.nih.gov/pubmed/25875805
http://dx.doi.org/10.1038/nature13575
http://www.ncbi.nlm.nih.gov/pubmed/25079329
http://dx.doi.org/10.3767/003158513X666259
http://www.ncbi.nlm.nih.gov/pubmed/24027347
http://dx.doi.org/10.1038/nature01278
http://dx.doi.org/10.1038/nature01278
http://www.ncbi.nlm.nih.gov/pubmed/12529635
http://dx.doi.org/10.1126/science.1109374
http://www.ncbi.nlm.nih.gov/pubmed/15817814
http://dx.doi.org/10.1038/nature02371
http://www.ncbi.nlm.nih.gov/pubmed/15042092
http://dx.doi.org/10.1007/s004250050701
http://dx.doi.org/10.1007/s004250050701
http://www.ncbi.nlm.nih.gov/pubmed/10872226
http://www.ncbi.nlm.nih.gov/pubmed/9232219
http://dx.doi.org/10.1016/j.immuni.2015.01.008
http://www.ncbi.nlm.nih.gov/pubmed/25680275


36. Nicolas FE, de Haro JP, Torres-Martinez S, Ruiz-Vazquez RM. Mutants defective in a Mucor circinel-

loides dicer-like gene are not compromised in siRNA silencing but display developmental defects. Fun-

gal Genet Biol. 2007; 44(6):504–16. doi: 10.1016/j.fgb.2006.09.003 PMID: 17074518

37. McDermott M, Wakelam MJ, Morris AJ. Phospholipase D. Biochem Cell Biol. 2004; 82(1):225–53. doi:

10.1139/o03-079 PMID: 15052340

38. Raja R, Hemaiswarya S, Rengasamy R. Exploitation of Dunaliella for beta-carotene production. Appl

Microbiol Biotechnol. 2007; 74(3):517–23. doi: 10.1007/s00253-006-0777-8 PMID: 17225103

39. Schuster M, Treitschke S, Kilaru S, Molloy J, Harmer NJ, Steinberg G. Myosin-5, kinesin-1 and myosin-

17 cooperate in secretion of fungal chitin synthase. EMBO J. 2012; 31(1):214–27. doi: 10.1038/emboj.

2011.361 PMID: 22027862

40. Nguyen QB, Kadotani N, Kasahara S, Tosa Y, Mayama S, Nakayashiki H. Systematic functional analy-

sis of calcium-signalling proteins in the genome of the rice-blast fungus, Magnaporthe oryzae, using a

high-throughput RNA-silencing system. Mol Microbiol. 2008; 68(6):1348–65. doi: 10.1111/j.1365-2958.

2008.06242.x PMID: 18433453

41. Choi J, Kim KT, Jeon J, Wu J, Song H, Asiegbu FO, et al. funRNA: a fungi-centered genomics platform

for genes encoding key components of RNAi. BMC Genomics. 2014; 15 Suppl 9:S14.

42. McKean SC, Davies JK, Moore RJ. Expression of phospholipase D, the major virulence factor of Cory-

nebacterium pseudotuberculosis, is regulated by multiple environmental factors and plays a role in mac-

rophage death. Microbiology. 2007; 153(Pt 7):2203–11. doi: 10.1099/mic.0.2007/005926-0 PMID:

17600064

43. Li X, Gao M, Han X, Tao S, Zheng D, Cheng Y, et al. Disruption of the phospholipase D gene attenuates

the virulence of Aspergillus fumigatus. Infect Immun. 2012; 80(1):429–40. doi: 10.1128/IAI.05830-11

PMID: 22083709

44. Yang F, Abdelnabby H, Xiao Y. The role of a phospholipase (PLD) in virulence of Purpureocillium lilaci-

num (Paecilomyces lilacinum). Microb Pathog. 2015; 85:11–20. doi: 10.1016/j.micpath.2015.05.008

PMID: 26026833

45. Harris SD. Cell polarity in filamentous fungi: shaping the mold. Int Rev Cytol. 2006; 251:41–77. doi: 10.

1016/S0074-7696(06)51002-2 PMID: 16939777

46. Reck-Peterson SL, Provance DW Jr., Mooseker MS, Mercer JA. Class V myosins. Biochim Biophys

Acta. 2000; 1496(1):36–51. PMID: 10722875

47. Weber I, Gruber C, Steinberg G. A class-V myosin required for mating, hyphal growth, and pathogenic-

ity in the dimorphic plant pathogen Ustilago maydis. Plant Cell. 2003; 15(12):2826–42. doi: 10.1105/tpc.

016246 PMID: 14615599

48. Ibrahim AS, Gebremariam T, Lin L, Luo G, Husseiny MI, Skory CD, et al. The high affinity iron permease

is a key virulence factor required for Rhizopus oryzae pathogenesis. Mol Microbiol. 2010; 77(3):587–

604. doi: 10.1111/j.1365-2958.2010.07234.x PMID: 20545847

49. Ambrose JC, Wasteneys GO. CLASP modulates microtubule-cortex interaction during self-organization

of acentrosomal microtubules. Mol Biol Cell. 2008; 19(11):4730–7. doi: 10.1091/mbc.E08-06-0665

PMID: 18716054

50. Espiritu EB, Krueger LE, Ye A, Rose LS. CLASPs function redundantly to regulate astral microtubules

in the C. elegans embryo. Dev Biol. 2012; 368(2):242–54. doi: 10.1016/j.ydbio.2012.05.016 PMID:

22613359

51. Clarke L, Carbon J. A colony bank containing synthetic Col El hybrid plasmids representative of the

entire E. coli genome. Cell. 1976; 9(1):91–9. PMID: 788919

52. Sambrook J and Russell D.W.. Molecular Cloning: A Laboratory Manual: Cold Spring Harbor Labora-

tory Press; 2001.

53. Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F, et al. Phylogeny.fr: robust phyloge-

netic analysis for the non-specialist. Nucleic Acids Res. 2008; 36(Web Server issue):W465–9. doi: 10.

1093/nar/gkn180 PMID: 18424797

54. Nicolas FE, Calo S, Murcia-Flores L, Garre V, Ruiz-Vazquez RM, Torres-Martinez S. A RING-finger

photocarotenogenic repressor involved in asexual sporulation in Mucor circinelloides. FEMS Microbiol

Lett. 2008; 280(1):81–8. doi: 10.1111/j.1574-6968.2007.01044.x PMID: 18194338

55. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat Meth-

ods. 2012; 9(7):671–5. PMID: 22930834

56. Fernandez-Molina JV, Abad-Diaz-de-Cerio A, Sueiro-Olivares M, Pellon A, Ramirez-Garcia A, Garaizar

J, et al. Rapid and specific detection of section Fumigati and Aspergillus fumigatus in human samples

using a new multiplex real-time PCR. Diagn Microbiol Infect Dis. 2014; 80(2):111–8. doi: 10.1016/j.

diagmicrobio.2014.06.003 PMID: 25063549

An RNAi-Based Platform to Study Virulence in Mucormycosis

PLOS Pathogens | DOI:10.1371/journal.ppat.1006150 January 20, 2017 26 / 26

http://dx.doi.org/10.1016/j.fgb.2006.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17074518
http://dx.doi.org/10.1139/o03-079
http://www.ncbi.nlm.nih.gov/pubmed/15052340
http://dx.doi.org/10.1007/s00253-006-0777-8
http://www.ncbi.nlm.nih.gov/pubmed/17225103
http://dx.doi.org/10.1038/emboj.2011.361
http://dx.doi.org/10.1038/emboj.2011.361
http://www.ncbi.nlm.nih.gov/pubmed/22027862
http://dx.doi.org/10.1111/j.1365-2958.2008.06242.x
http://dx.doi.org/10.1111/j.1365-2958.2008.06242.x
http://www.ncbi.nlm.nih.gov/pubmed/18433453
http://dx.doi.org/10.1099/mic.0.2007/005926-0
http://www.ncbi.nlm.nih.gov/pubmed/17600064
http://dx.doi.org/10.1128/IAI.05830-11
http://www.ncbi.nlm.nih.gov/pubmed/22083709
http://dx.doi.org/10.1016/j.micpath.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26026833
http://dx.doi.org/10.1016/S0074-7696(06)51002-2
http://dx.doi.org/10.1016/S0074-7696(06)51002-2
http://www.ncbi.nlm.nih.gov/pubmed/16939777
http://www.ncbi.nlm.nih.gov/pubmed/10722875
http://dx.doi.org/10.1105/tpc.016246
http://dx.doi.org/10.1105/tpc.016246
http://www.ncbi.nlm.nih.gov/pubmed/14615599
http://dx.doi.org/10.1111/j.1365-2958.2010.07234.x
http://www.ncbi.nlm.nih.gov/pubmed/20545847
http://dx.doi.org/10.1091/mbc.E08-06-0665
http://www.ncbi.nlm.nih.gov/pubmed/18716054
http://dx.doi.org/10.1016/j.ydbio.2012.05.016
http://www.ncbi.nlm.nih.gov/pubmed/22613359
http://www.ncbi.nlm.nih.gov/pubmed/788919
http://dx.doi.org/10.1093/nar/gkn180
http://dx.doi.org/10.1093/nar/gkn180
http://www.ncbi.nlm.nih.gov/pubmed/18424797
http://dx.doi.org/10.1111/j.1574-6968.2007.01044.x
http://www.ncbi.nlm.nih.gov/pubmed/18194338
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://dx.doi.org/10.1016/j.diagmicrobio.2014.06.003
http://dx.doi.org/10.1016/j.diagmicrobio.2014.06.003
http://www.ncbi.nlm.nih.gov/pubmed/25063549

