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Abstract

Fungal pathogens are an emerging cause of disease globally, and mycoses are
among the most difficult infections to treat. Antifungal drugs are limited in scope
compared to antibiotics. Furthermore, many species of fungi display inherent or
acquired antifungal resistance. Understanding the mechanisms by which these
pathogens counter antifungals is crucial for both improving current treatment and the
development of future antifungal agents. In this dissertation I have focused on the
pathogen Mucor circinelloides, which is inherently resistant to almost the entire
antifungal armamentarium. I have applied genetic techniques and sequencing to
uncover several genetic and epigenetic factors which affect Mucor drug resistance in
vitro, as well as established a new mouse model to study in vivo effects of resistance.

In Chapter 1, I will briefly introduce fungal diseases and antifungal resistance,
followed by a discussion of epigenetic factors which are known to confer to antifungal
resistance in fungi.

In Chapter 2, I will define the role played by a novel drug resistance pathway
discovered in Mucor. The epimutation pathway is an RNA interference-dependent
pathway, which enables Mucor to develop antifungal resistance by using its endogenous
RNAIi pathway to transiently suppress expression of drug target genes. Epimutation was

previously discovered as a mechanism that could silence expression of one gene, fkbA, to
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confer resistance to the antifungal FK506. Here we demonstrated that epimutation is not
limited to just one gene, but can confer drug resistance by targeting two other genetic
loci, pyrF and pyrG; the PyrF or PyrG enzymes convert 5-FOA into the active toxic form,
and silencing of either causes resistance to the antifungal 5-fluoroorotic acid (5-FOA).
We identified epimutant strains that exhibit resistance to 5-FOA without mutations in
either pyrF or pyrG. Using sSRNA hybridization and sRNA library analysis, we
demonstrate that these epimutants harbor sSRNA against either pyrF or pyrG, and further
show that this SRNA is lost after reversion to drug sensitivity.

In Chapter 3, I developed a systemic, intravenous murine model of Mucor
infection which we utilized to elucidate the role of epimutation in vivo. Infection with an
epimutant strain resistant to the antifungal agents FK506 and rapamycin revealed that
epimutant-induced drug resistance was stable in vivo over the course of infection, in a
variety of different organs and tissues. Reversion of the epimutant-induced drug
resistance was observed to be more rapid in isolates from the brain, as compared to
those recovered from the liver, spleen, kidney, or lungs. Importantly, infection with a
wild-type strain of Mucor led to increased rates of epimutation after strains were
recovered from organs and exposed to FK506 stress in vitro. Once again, this effect was
more pronounced in strains recovered from the brain than from other organs.

In Chapter 4, I describe a different mechanism through which Mucor can develop

drug resistance — transposon movement. This is the first known report of transposon-



induced resistance in Mucor. By studying the emergence of resistance to the antifungal
agent FK506 in wild-type Mucor after passage through a murine model of infection, I
identified a transposon that inserted in the promoter region of fkbA, the gene encoding
the drug target of FK506. Sequencing of this insertion revealed a transposon that shares
similarity with previously described Helitrons, a class of DNA transposons. In addition,
we were able to sequence and identify a second putative transposon, a retrotransposon,
which is also capable of disrupting the fkbA locus to induce FK506 resistance by
inserting into the coding or promoter regions of this gene. This second case of
transposon-induced drug resistance occurred across multiple independently-derived
strains of RNA interference-deficient Mucor.

In Chapter 5, I will conclude this thesis and discuss potential future directions

which could extend from this work.
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1. Introduction

This chapter was written in collaboration with Vikas Yadav, a postdoctoral
fellow in the Heitman lab, and Soo Chan Lee, an assistant professor at the University of

Texas, San Antonio and will be submitted as a review to Fungal Genetics and Biology.

1.1 Fungal diseases and antifungal resistance

Fungal diseases impact species across the plant and animal kingdoms,
influencing food security, plant and wildlife extinctions, and human health worldwide
(1, 2). Fungal infections are estimated to affect more than a billion people, with an
estimated 150 million people suffering from severe or life-threatening forms of the
disease (3). Furthermore, the overall incidence of fungal infections appears to be
increasing, with newly emerging pathogens also affecting all kingdoms of life including
humans.

One of the factors contributing to the severity of fungal infections is the rapid
emergence of antifungal drug resistance. There exist several barriers to the effective
treatment of fungal infections with antifungal drugs. First, the antifungal drugs
available to treat human fungal pathogens are limited, with only four major classes of
drugs clinically available: the azoles, polyenes, echinocandins, and a nucleotide analog
(4, 5). Secondly, there is overlap between the antifungals employed to counter human

and plant fungal infections. Both plant and human fungal pathogens can employ the
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same mechanisms to acquire drug resistance, exhibiting parallel evolution (6). Moreover,
human fungal pathogens can also acquire azole resistance by being exposed to
agricultural azoles (7). Finally, many species of fungi are intrinsically resistant to some
antifungal classes, and the mechanisms behind this resistance are yet to be completely
understood (8, 9).

Acquired antifungal resistance has been studied across many important
pathogens, and mechanisms of resistance have been identified for all four classes of
antifungals. These include several well-studied genetic mechanisms, including
mutations, aneuploidy, upregulation of stress response pathways, and biofilm formation
(8-10). However, the study of epigenetic pathways is beginning to shed new light on the
role played by epigenetic factors in existing and novel mechanisms through which fungi

develop antifungal resistance.

1.2 Epigenetic mechanisms in fungi

Epigenetics refers to potentially heritable alterations in gene expression mediated
by factors other than changes in DNA sequence. These changes do not directly affect the
DNA bases or alter protein coding, but instead transiently affect the expression of target
genes. Broadly, epigenetic modifications can be categorized into two main mechanisms:
RNA-based and chromatin-based.

RNA-based pathways include RNA interference (RNA1) and non-coding RNAs.

RNAI is a mechanism mediated by small RNAs (sRNAs), produced through a core RNAi
4



pathway involving RNA-dependent RNA polymerases and the endonuclease Dicer (11).
Processed sRNAs are then incorporated into the Argonaute complex, which selectively
targets complementary RNAs and either induces degradation or inhibits translation of the
target RNA. In some instances, the RNAi machinery can also recruit heterochromatin
proteins to the target genes, thus inhibiting gene expression (12).

Long non-coding RNAs (IncRNA) are defined as RNA molecules that are
generally larger than 200 bp, which distinguishes them from small nuclear RNAs (13).
Also, most small nuclear RNAs are transcribed by RNA polymerase III, whereas
IncRNAs are transcribed by RNA polymerase II. IncRNAs also undergo RNA processing
similar to mRNAs, including 5° capping, splicing, and polyadenylation. IncRNAs
comprise a high percentage of total RNA transcripts; for example, in the human genome,
the number of IncRNAs is ~4-fold higher than that of gene-coding RNAs (14). IncRNAs
are mainly found in the nucleus and are subjected to degradation by exosomes. Therefore,
they have previously been considered transcriptional noise (15). Several studies,
however, reveal that IncRNAs do play roles in epigenetic gene regulation (16-18).

Chromatin modifications consist of many mechanisms that alter chromatin either
chemically or structurally (19, 20). Chemical modifications mainly include post-
translation modifications (PTMs) of histone proteins and DNA methylation, whereas
structural changes include chromatin remodeling or DNA-DNA interactions. The N-
terminal tail of histone proteins in nucleosomes provides a substrate for a number of PTM
events (21). These include alkylation (methylation and acetylation), phosphorylation,

ubiquitination, and sumoylation among others. These modifications lead to changes in the
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chromatin organization that allow selective accessibility of certain parts of the genome by

transcription factors while restricting the binding of transcription machinery to other parts

of the genome. Examples of these epigenetic modifications are listed below.

a.

DNA methylation: A methyl group is added to the cytosine bases of the DNA to give
rise to 5-mC base modification (19). This modification is abundant in the human
genome as well as in some fungi. More recently, methylation of adenine bases has
been observed in some organisms and proposed to play crucial roles during
development (22).

Histone modifications: Histones are the core components of nucleosomes and act as
substrates for several PTMs (21, 23). Some well-characterized PTMs include
methylation, acetylation, and phosphorylation. While some of these modifications are
highly stable, most are dynamic. Additionally, the presence of one PTM can restrict
the existence of others on the same or neighboring residues, most likely due to steric
constraints. The enzymes that carry out these modifications include lysine
acetyltransferases (KAT), histone methyltransferases (HMT), and protein arginine
methyltransferases (PRMT), whereas enzymes responsible for the removal of these
modifications include lysine deacetylases (KDAC) and lysine demethylases (KDM)
(24). The KATs and KDACs specifically modifying the histones are termed as HATs
and HDAC:S, respectively. Histone modifications can alter gene expression levels by
allowing or restricting binding of transcription factors, enhancers, or chromatin
remodeling proteins. For example, acetylated histones lead to an open conformation

promoting more transcription, whereas deacetylated histones render the chromatin
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compact, thus inhibiting transcription. It is important to note that both HDACs and
HATSs catalyze reversible reactions and thus dynamically regulate transcription (21,
25, 26).

c. Chromatin remodeling: Chromatin is a highly dynamic structure, in contrast to
previous ideas that suggested it to be either euchromatin (loosely packed and
transcribed) or heterochromatin (tightly packed and nontranscribed). This dynamic
property allows chromatin to change nucleosome positioning in the genome, a critical
factor required for transcription initiation (25). The process of chromatin remodeling
is an active process and requires ATP-dependent nucleosome remodelers (27). Two
well-studied chromatin remodelers include ISWI and SWI/SNF proteins. Another
critical factor that contributes to chromatin compaction or loosening is the looping of
DNA sequences, providing 3-D interactions that can further influence transcription. A
well-studied example of such an interaction is enhancer-promoter communication that
can recruit transcription factors to initiate transcription.

Regardless of whether epigenetic modifications are RNA- or chromatin-based,
they offer an additional route through which organisms can rapidly respond to changing
environments. Epigenetic modifications can be heritable, but they are also transient and
rapidly reversible. Thus, they are more flexible than direct changes to the genetic code.
Epigenetic modifications serve as a bet-hedging strategy through which fungi can
increase their phenotypic plasticity to respond to environmental cues and stresses,

including drug stress.



1.3 RNA-based forms of epigenetic antifungal resistance

Two RNA-based mechanisms of epigenetic antifungal resistance have been

identified in fungi: epimutation and chromatin silencing directed via long non-coding

RNAs (IncRNAs).

1.3.1 Epimutation

Epimutation, a novel form of RNAi-based epigenetic drug resistance, was first
described in Mucor circinelloides. M. circinelloides is a zygomycete fungus with well-
characterized RNAi pathways, both canonical and non-canonical, which can induce
silencing of both endogenous and exogenous genetic elements (28). Epimutation was
discovered as a form of drug resistance to the antifungal agents FK506 and rapamycin
(29). Both of these drugs function by binding the peptidyl-prolyl isomerase FKBP12; the
resulting complex then serves to inhibit either the calcineurin pathway (FK506) or the
TOR pathway (rapamycin). Therefore, resistance to these agents can be induced through
mutation or loss of FKBP12, encoded by the fkbA gene.

Epimutants were identified as Mucor strains that became FK506 resistant through
the endogenous expression of SRNAs against the fkbA gene, leading to degradation of
fkbA mRNAs (Fig. 1A). sRNA sequencing of epimutant strains revealed that both sense
and antisense SRNAs were expressed, and these mapped specifically to the fkbA locus

without spreading to surrounding regions. Epimutation is transient and reversible; after



several passages on standard laboratory media without antifungal exposure, epimutant
strains cease to express sSRNAs corresponding to fkbA and revert to a wild-type level of
drug sensitivity. Selection of FK506 resistant isolates from a reverted epimutant strain
yields epimutants at the same frequency seen initially, showing that the process can be

strictly epigenetic.
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Figure 1: Modes of epigenetically-mediated drug resistance in fungi.

(A) RNAi-mediated epimutations are induced in the presence of a drug where
the mRNAs of the target gene are degraded, allowing the cells to grow in drug-
containing media. The question of how the mature mRNA become the target of the
RNAi machinery remains elusive. (B) Non-coding RNAs (ncRNAs) might repress
transcription of specific genes allowing the cells to grow in the presence of the drug.
One of the known mechanisms includes ncRNA-mediated genome condensation,
which restricts the binding of transcription factors at the promoter of the target gene.
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(©) KDAC:s (including HDACs) and KATs (including HATs) can modulate the gene
expression levels of target genes by (i) opening or closing the chromatin or (ii)
regulating the activity of chaperones like Hsp90, either of which can then affect
multiple stress-related responses.

The process of epimutation in M. circinelloides is carried out by components of the
canonical RNAi machinery. The Mucor genome contains multiple copies of all three
canonical RNAi components — RNA-dependent RNA polymerases (RdARPs), dicers, and
argonautes. The function of Dcll, Dcl2, Agol, and RARP2 are all essential for the process
of epimutation; mutation of any of the genes encoding these enzymes resulted in strains
that were unable to develop resistance (29-33). Further work identified two additional
components of the epimutation pathway, quelling induced protein (Qip1) and a Sad3-
like helicase, and demonstrated that the epimutation pathway competes with an
alternative RNA-dependent RNA polymerase-dependent, Dicer-independent RNA
degradation pathway (34, 35). Mutation of the components of this alternative pathway -
such as the RNA polymerases RARP1 or RARP3, or the RNase IlI-like protein R3B2 -
leads to increased rates of epimutation, potentially due to increased availability of the

target RNA for the epimutant pathway.

1.3.2 Silencing through long non-coding RNAs
A recent study demonstrated that IncRNAs can regulate drug tolerance in
Schizosaccharomyces pombe (36). Deletion of an IncRNA, ncRNA.1343, resulted in
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hypersensitivity to a broad spectrum of drugs, including the microtubule-
depolymerizing agent thiabendazole, the DNA synthesis inhibitor hydroxyurea, and the
cAMP synthesis inhibitor caffeine. Further investigation revealed that ncRNA.1343
controls the neighboring tgp1 gene, which encodes a glycerophosphodiester transporter
1 (Tgp1l) (Fig. 1B). The IncRNA increases nucleosome density to limit access for
transcription of the tgpI gene. Thus, the IncRNA regulates drug resistance through
transcriptional interference as the deletion of the IncRNA induces expression of tgp1,
rendering the cell drug-sensitive.

Even among evolutionarily closely related species, IncRNAs are in most cases
divergent. However, ncRNA.1343 neighboring the tgp1 gene is one of eight IncRNAs
conserved in three different Schizosaccharomyces species (36, 37). Thus, this IncRNA
mechanism appears to be a conserved regulatory circuit. It will be of interest to
determine if this type of IncRNA-associated drug sensitivity system is conserved in
other fungal systems. Overall, identification of IncRNAs and their roles in epigenetic
regulation of cellular processes in fungi has been understudied compared to humans
and other mammals (13, 38, 39). More investigation is required to determine whether
IncRNAs influence antifungal drug resistance in fungi other than S. pombe, especially

multi-drug-resistant pathogenic fungi.
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1.4 Chromatin-based forms of epigenetic antifungal resistance

Addition of a methyl or alkyl group to histone proteins is a major form of
epigenetic modification present among many organisms. These modifications can
modulate the gene expression levels by altering chromatin structure or recruiting a
specific set of proteins. Thus, these modifications can have considerable impact on
expression of resistance genes without changing the DNA sequence. However, the
potential of chromatin modifiers in regulating antifungal drug resistance is not well
explored.

Histone acetylation has been shown to be involved in the development of
antifungal resistance in C. albicans. Genes involved in deacetylation process were found
to be expressed at a higher level in azole-resistant cells of C. albicans. Interestingly,
expression decreased once the resistance was established, indicating that the genes play
a transient but crucial role in this process. This effect was attributed to the stability and
function of Hsp90 protein in the absence of deacetylating enzymes (Fig. 1C) (40-43).
Another study reported that depletion of H3K56 acetylation renders C. albicans cells
hypersensitive to echinocandins, but not fluconazole (44). Additionally, changes in

H3K56 acetylation, either genetically or pharmacologically, reduce C. albicans virulence
in murine models. Another deacetylase complex was shown to mediate drug resistance in
C. albicans biofilms, which are resilient, surface-attached communities of cells that

enable C. albicans to evade various drugs and colonize the human body (45). Multiple
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studies in Aspergillus and plant pathogenic fungi also showed the role of histone
deacetylases in virulence and growth (46) (Figure 1C).

In addition to histone deacetylases, histone acetyltransferases also play essential
roles in drug resistance and biofilm formation. One such complex, NuB4, was shown to
be required for stress resistance (47). Deletion of the regulatory subunit of this complex
led to increased antifungal drug tolerance. Overall, these results suggest that histone
deacetylation plays a crucial role in conferring drug resistance. While the exact mode of
action for most of these deacetylases remains to be identified, studies in both Candida
and Aspergillus suggested a role for Hsp90 in this process (41, 46). Deacetylation of
Hsp90 is vital for its proper interaction with client proteins such as calcineurin, which in
turn governs stress responses including drug resistance (42).

A Swi/Snf chromatin remodeling complex in C. albicans has been shown to be
involved in fluconazole resistance through alterations in Mdrl expression. The Swi/Snf
chromatin remodeling complex acts as a coactivator for Mrr1, the transcription factor that
enhances the expression of Mdrl, a drug efflux pump (48). Deletion of Snf2 leads
significantly reduces the increase in Mdrl expression, making it more susceptible to the
drug.

An analogous example of histone modification leading to epigenetic drug
resistance occurs in the malaria parasite, Plasmodium falciparum. During the asexual
blood cycle of the parasite, chromatin-based epigenetic silencing is required for switching
between copies of clonally variant gene families, including those encoding erythrocyte

membrane protein (PfEMP1), a major surface antigen, and clag3, a channel protein
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involved in erythrocyte invasion (49, 50). Silencing of clag3 was associated with
resistance to the antimalarial agent blasticidin S due to low uptake of the drug (51).
Further work suggested that other antimalarial drugs may also be taken up via clag3, such
that clag3 silencing may induce multi-drug resistance (52). P. falciparum repression of
these clonally variant gene families is mainly mediated by methylation of histone 3
(H3K9me3), whereas activation is mediated by acetylation (H3K9ac). A role for ncRNA
has also been proposed in this regulation and future studies may provide more insight

(49).

1.5 Summary

These diverse mechanisms of epigenetic antifungal resistance across the fungal
kingdom, both RNA- and DNA-based, represent a relatively new field where many
basic questions remain to be answered. Studying epigenetic mechanisms in fungal
pathogens both addresses the pressing issue of clinical and agricultural antifungal
resistance, and helps elucidate the basic biological roles of epigenetic control, potentially

uncovering new drug targets for antifungal development.
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2. Broad antifungal resistance mediated by RNA.I-
dependent epimutation in the basal human fungal
pathogen Mucor circinelloides

This chapter was modified from Chang Z, Billmyre RB, Lee SC, Heitman J. 2019.
Broad antifungal resistance mediated by RNAi-dependent epimutation in the basal

human fungal pathogen Mucor circinelloides. PLoS Genet 15:e1007957.

2.1 Author Summary

The emerging infection mucormycosis causes high mortality in part because the
major causative fungi, including Mucor circinelloides, are resistant to most clinically
available antifungal drugs. We previously discovered an RNA interference-based
resistance mechanism, epimutation, through which M. circinelloides develops transient
resistance to the antifungal agent FK506 by altering endogenous RNA expression. We
further characterize this novel mechanism by isolating epimutations in two genes that
confer resistance to another antifungal agent, 5-fluoroorotic acid. Thus, we demonstrate
epimutation can induce resistance to multiple antifungals by targeting a variety of
genes. These results reveal epimutation plays a broad role enabling rapid and reversible
fungal responses to environmental stresses, including drug exposure, and controlling
antifungal drug resistance and RNA expression. As resistance to antifungals emerges, a

deeper understanding of the causative mechanisms is crucial for improving treatment.
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2.2 Introduction

Mucormycosis, an emerging fungal infection, is notable for very high mortality,
ranging from 50% for rhino-orbital-cerebral infections to 90% in disseminated infections
(53). Mucormycosis primarily affects immunocompromised patients: most commonly
patients with diabetes, followed by those with hematologic cancers, prior organ
transplants, trauma, and iron overload disorders (54, 55). The increasing prevalence of
these immunosuppressive disorders may explain the rising incidence of mucormycosis.
Another major problem is that treatment options are very limited, with first-line therapy
consisting of surgical debridement combined with amphotericin B or isavuconazole, the
only FDA-approved antifungal agents for mucormycosis (56-58). Even after recovery
patients often suffer from permanent disfigurement.

The etiologic causes of mucormycosis are the Mucoralean fungi, of which the
three most common infectious genera are Rhizopus, Mucor, and Lichtheimia (59). Of these
genera, Mucor has served as a model organism in various aspects of fungal biology (e.g.
RNAI biology, virulence, and light sensing), and the scientific community has developed
a set of tools for genetic manipulation (35, 60-63). Despite this knowledge base, many
gaps remain in our understanding of the pathogenesis of Mucor as well as the biology of
all Mucoralean species. For example, the broad, intrinsic antifungal resistance common
to Mucoralean fungi results in limited treatment options and may contribute to the high

mortality associated with mucormycosis, yet the mechanisms underlying this resistance
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remain largely uncharacterized. Our laboratory previously identified a form of drug
resistance in Mucor that is dependent upon endogenous RNA interference (RNA1),
referred to as epimutation (29, 34).

RNAI is a mechanism that targets specific mRNA transcripts and inactivates
them through either mRNA degradation or inhibition of translation. The first
description of RNAI in fungi was quelling, a mechanism for silencing repetitive
sequences and transposons in the model fungus Neurospora crassa (64). Later, RNAi was
fully characterized in the nematode Caenorhabditis elegans (65), and has since been shown
to be conserved throughout many eukaryotic lineages including a variety of fungi (66).
Many other forms of RNAi have since been characterized in fungi, including meiotic
silencing by unpaired DNA in Neurospora, sex-induced silencing in Cryptococcus
neoformans, and heterochromatin formation in Schizosaccharomyces pombe (67-70). RNA-
based control of fungal drug sensitivity was previously described in S. pombe, where a
long non-coding RNA has been shown to epigenetically repress transcription of a
permease and, therefore, decrease global drug sensitivity (36). However, no RNAi-
mediated form of drug resistance was described prior to our previous finding of
epimutation in Mucor (29, 34). In the Mucoralean fungi, RNAi machinery is conserved
and functions to trigger silencing in Mucor circinelloides and Rhizopus delemar/Rhizopus
oryzae (60, 71, 72). Thus, Mucor serves as a model fungus for the study of RNAi and

epimutation.
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The novel mechanism of epimutation involves the intrinsic RNAi silencing
pathway, which transiently suppresses expression of fungal drug target genes.
Epimutants in Mucor were previously identified that confer resistance to the antifungal
agents FK506 and rapamycin. These epimutants harbor antisense small RNAs (sRNA)
specific to the fkbA gene that trigger mRNA degradation and thereby prevent expression
of the drug target FKBP12 (29). Epimutation is transient; after passage without FK506
drug selection, mRNA expression recovered gradually until fkbA mRNA returned to
wild-type expression levels and, conversely, expression of the fkbA-specific SRNA was
lost. Epimutation in Mucor requires multiple canonical RNAi proteins, including Dicer
(Dcll and Dcl2), Argonaute (Agol), and RNA-dependent RNA polymerase (RARP2).
Deletion of genes encoding these RNAi components in M. circinelloides led to an inability
to form epimutants, showing that epimutation is dependent upon the RNAi pathway.
Interestingly, deletion of two other RNA-dependent RNA polymerases, RARP1 or
RdRP3, or the RNAi pathway component R3B2, led to a significantly higher rate of
epimutation, suggesting these components play an inhibitory role (34). Taken together,
these findings reveal the intrinsic RNAi pathway in Mucor can suppress drug target
expression in a reversible fashion.

We report here the identification of epimutants resistant to an additional
antifungal, the laboratory agent 5-fluoroorotic acid (5-FOA). 5-FOA is converted into a

toxin by action of orotate phosphoribosyltransferase (PyrF) and orotidine-5'-
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monophosphate decarboxylase (PyrG), two enzymes in the uracil biosynthetic pathway.
Antifungal resistance is evoked by selective generation of SRNA against either pyrF or
pyrG. Similar to previous observations with FK506-resistant epimutants, SRNA
generation in 5-FOA-resistant epimutants is transient and lost after passage in the
absence of drug selection, or when the epimutants are grown in conditions lacking
uracil. These observations build on our prior findings to establish that epimutation is a
general phenomenon that can affect multiple genetic loci in Mucor and induce resistance
to multiple antifungal agents. The transient nature of epimutation allows for rapid
adaptation through generation of phenotypic diversity in response to a variety of
stresses, such as drug stress or auxotrophy. These findings advance our understanding
of the genetic and molecular basis for antimicrobial drug resistance with implications for

other pathogenic microbes with active RNAi pathways.

2.3 Results

2.3.1 Epimutation induces transient resistance to 5-FOA

Our previous work identified epimutation as a novel mechanism of antifungal
resistance, but we had only studied sSRNAs generated against a single locus, fkbA (29).
To determine the broader scope epimutation might play in Mucor drug resistance, we
generated epimutations against another antifungal compound. The well-characterized

laboratory antifungal agent 5-fluoroorotic acid (5-FOA) possesses efficacy against Mucor
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and is used as a tool for genetic manipulation (63, 73-75). The genes responsible for 5-
FOA toxicity in Mucor encode orotate phosphoribosyltransferase (pyrF) and orotidine-5’-
monophosphate decarboxylase (pyrG) (76, 77). PyrF and PyrG are responsible for the
conversion of 5-FOA, a prodrug, into 5-fluorouracil, which serves as a toxic nucleotide
analog. Therefore, a loss-of-function mutation in either of these two genes confers
resistance. Because these genes also play roles in the pyrimidine synthesis pathway, pyrF
or pyrG mutation also causes uracil auxotrophy. The clear understanding of the
mechanisms and targets of 5-FOA simplified the process of screening for epimutants.

To increase the possibility of isolating epimutants we performed initial screens
in two RNAi-deficient backgrounds, rdrpl1A and rdrp3A, which demonstrated an
enhanced rate of epimutation in previous studies of FK506-resistant epimutation (34).
These rdrp1A and rdrp3A mutant strains contain two copies of pyrG. The
original pyrG locus contains a known point mutation, G413A, which confers 5-FOA
resistance. Due to the limited selectable markers available for Mucor, a functional copy
of pyrG was subsequently inserted into either the rdrp1 or rdrp3 locus to generate the
RNAIi mutant strains. Therefore, to sequence and identify pyrG mutations in RNAi
mutant strains, we specifically amplified the copy of pyrG inserted in
either rdrp1 or rdrp3 using the appropriate locus-specific primers (Table 1). Of note, all of
the pyrG mutations found in this study match the original mutation seen in the

endogenous mutant pyrG locus (Table 2). This is most likely due to gene conversion
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from the endogenous locus, indicating a higher rate of gene conversion when compared

to de novo mutation. This phenomenon may have contributed to the relatively low

frequency of isolation of pyrG epimutants.

Table 1: Primers used in this study

Name Sequence Use

JOHE41713 GAGCTGCTGTAAGGCTGGAC R7B pyrF forward

JOHE41714 TGAAATGGGATCCATCAACA R7B pyrF reverse

JOHE41962 AGAGTCACCCATTTTGAGTGC R7B pyrF forward

JOHE41963 TTGCTAGATCCGGGTTTCAC R7B pyrF reverse

JOHE42127 CATTTGGCACCATCATTCAG Locus-specific amplification of
pyrG in rdrp3 mutant strains

JOHE42128 GITGGGTCGACTGTCGTTTIT Locus-specific amplification of
pyrG in rdrp3 mutant strains

JOHE43751 CGTCAGATCGTTCTTGCAGG Locus-specific amplification of
pyrG in rdrp1 mutant strains

JOHE43752 CGGTCTCTCCCCATAACACG Locus-specific amplification of
pyrG in rdrp1 mutant strains

JOHE44080 ATTGGGATGCTGTTGTCCAC R7B pyrG sequencing

JOHE42081 CAAATGACATTAGCCCCTTGA R7B pyrG sequencing

JOHE42082 CGAGGTTGGTCTTCCTCTTG R7B pyrG sequencing

JOHE42083 TGGTCTGGGTTGCCATAGAT R7B pyrG sequencing

JOHE41665 TTGAGTGTGCGGAGATCITG 1006PhL pyrF forward

JOHE41666 TGACCTCACGTGGTTGATCT 1006PhL pyrF reverse

JOHE41667 CGCTGGATCTGGGTGATATT 1006PhL pyrG forward

JOHE41668 CCTGCCTTAACTCCCATCAA 1006PhL pyrG reverse

JOHE41669 CGAGGACTTTGACCGTGATT 1006PhL pyrG sequencing

JOHE38278 GAGGAATGAGACCGGGGTAAC  24mer for size standard on sSRNA

CAC blots

JOHE42163 AGATCCACGATCACGAGATGA  2lmer for size standard on sRNA
blots

JOHE42212 TAATACGACTCACTATAGGGTIT  T7 promoter and 1006PhL pyrF

GAGTGTGCGGAGATCTTG

forward. For sSRNA antisense probe
synthesis combined with
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JOHE41666

JOHE42354 TAATACGACTCACTATAGGGCG  T7 promoter and 1006PhL pyrG
CTGGATCTGGGTGATATT forward. For sSRNA antisense probe
synthesis combined with
JOHE41668
JOHE42440 TAATACGACTCACTATAGGGAG T7 promoter and pyrF forward
AGTCACCCATTTTGAGTGC primer, R7B. For sRNA antisense
probe synthesis combined with
JOHE41963.
JOHE42441 TAATACGACTCACTATAGGGCG  T7 promoter and pyrG forward
AATGGAAAGTGAGTGGGT primer, R7B. For sRNA antisense
probe synthesis combined with
JOHE20867.
JOHE20867 GTACACTGGCCATGCTATCG pyrG reverse primer, R7B
JOHE37682 TAATACGACTCACTATAGGGAG T7 promoter and 5s rRNA, for
CTACGGCCATACAATGTTG amplification of the 5S tTRNA probe
JOHE37683 TAATACGACTCACTATAGGGGA  T7 promoter and 5s rRNA, for
ACTACAGCAACCAGTATTCCCA  amplification of the 55 rRNA probe
JOHE42636 ACCGCAAGGAAAAGAAGGAT R7B pyrF qRT-PCR
JOHE42637 CAAGGACACCAGCAAGTTGA R7B pyrF qRT-PCR
JOHE44065 TTGATGGAGCGTAAGCAATC R7B pyrG qRT-PCR
JOHE44066 AGCAACCAAATCGTGGTCA R7B pyrG qRT-PCR
JOHE24077 AAGCCCAATCCAAGAGAGGT R7B actin qRT-PCR
JOHE24078 GCCTCAGTCAAGAGGACAGG R7B actin qRT-PCR
Table 2: Strains generated in this study
Genetic
Strain # Epimutant background Mutation/cause of resistance
rdrp3A 1 MU500 Unknown; no mutations or pyrF/pyrG sRNA
found
5 MU500 Unknown; no mutations or pyrF/pyrG sRNA
found
3 MU500 Unknown; no mutations or pyrF/pyrG sRNA
found
4 MU500 Unknown; no mutations or pyrF/pyrG sRNA
found
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Unknown; no mutations or pyrF/pyrG sRNA

5 MU500 found

6 MU500 Unknown; no mutations or pyrF/pyrG sRNA
found

” MU500 Unknown; no mutations or pyrF/pyrG sRNA
found

g MU500 Unknown; no mutations or pyrF/pyrG sRNA
found

9 MU440 Unknown; no mutations or pyrF/pyrG sRNA
found

10 MU440 Unknown; no mutations or pyrF/pyrG sRNA
found

11 MU440 Unknown; no mutations or pyrF/pyrG sRNA
found

12 E1 MU439 pyrF epimutant

13 MU439 Unknown; no mutations or pyrF/pyrG sRNA
found

17 E2 MU439 pyrF epimutant

rdrplA 1 E6 MU419 pyrF epimutant

2 MU419 pyrG G413A; exon splice site

3 MU419 pyrG G413A; exon splice site

4 MU419 pyrG G413A; exon splice site

5 MU419 pyrG G413A; exon splice site

6 MU419 pyrG G413A; exon splice site

7 MU419 pyrG G413A; exon splice site

8 MU419 pyrG G413A; exon splice site

9 E7 MU419 pyrF epimutant

10 MU419 pyrG G413A; exon splice site

11 MU419 pyrG G413A; exon splice site

12 E3 MU419 pyrF epimutant

13 MU419 Unknown; no mutations or sSRNA found

14 E4 MU419 pyrG epimutant

15 MU419 Unknown; no mutations or sRNA found

16 MU419 pyrG G413A; exon splice site

17 MU419 pyrG G413A; exon splice site

18 MU419 pyrG G413A; exon splice site

19 MU419 pyrG G413A; exon splice site

20 MU419 pyrG G413A; exon splice site

21 MU419 pyrG G413A; exon splice site

22 MU419 pyrG G413A; exon splice site
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23 E5 MU419 pyrF epimutant
24 MU419 pyrG G413A; exon splice site
25 MU419 pyrG G413A; exon splice site
26 MU419 pyrG G413A; exon splice site
27 MU419 pyrG G413A; exon splice site
r3b2A 1 MU412 pyrG G413A; exon splice site
2 MU412 pyrG G413A; exon splice site
3 MU412 pyrG G413A; exon splice site
4 MU412 Unknown; no mutations or sSRNA found
5 MU412 pyrG G413A; exon splice site
6 MU412 pyrG G413A; exon splice site
7 MU412 pyrG G413A; exon splice site
8 MU412 pyrG G413A; exon splice site
9 MU412 pyrG G413A; exon splice site
10 MU412 pyrG G413A; exon splice site
11 MU412 pyrG G413A; exon splice site
12 MU412 pyrG G413A; exon splice site
13 MU412 pyrG G413A; exon splice site
14 MU412 Unknown; no mutations or sSRNA found
R7B 1 R7B Unknown; no mutations or pyrF/pyrG sRNA
found
Unknown; no mutations or pyrF/pyrG sRNA
2 R7B
found
1006PhL 1 1006PhL Unknown; no mutations or pyrF/pyrG sRNA
found
5 1006PhL Unknown; no mutations or pyrF/pyrG sRNA
found
3 1006PhL Unknown; no mutations or pyrF/pyrG sRNA
found
4 1006PhL Unknown; no mutations or pyrF/pyrG sRNA
found
5 1006PhL Unknown; no mutations or pyrF/pyrG sRNA
found
6 1006PhL Unknown; no mutations or pyrF/pyrG sRNA
found
” 1006PhL Unknown; no mutations or pyrF/pyrG sRNA
found
8 1006PhL Unknown; no mutations or pyrF/pyrG sRNA
found
9 1006PhL Unknown; no mutations or pyrF/pyrG sRNA
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10

11
12
13
14
15
16
17

18

19

20

21

22

23
24
25
26

27

28

29

30

31

32

33

34

1006PhL

1006PhL
1006PhL
1006PhL
1006PhL
1006PhL
1006PhL
1006PhL

1006PhL

1006PhL

1006PhL

1006PhL

1006PhL

1006PhL
1006PhL
1006PhL
1006PhL

1006PhL

1006PhL

1006PhL

1006PhL

1006PhL

1006PhL

1006PhL

1006PhL

found

Unknown; no mutations or pyrF/pyrG sRNA
found

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *
Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *
Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found
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35

36

37

38

39

40

41

42

43

44
45
46
47
48
49
50
51
52
53
54

55

56
57
58
59
60
61

1006PhL

1006PhL

1006PhL

1006PhL

1006PhL

1006PhL

1006PhL

1006PhL

1006PhL

1006PhL
1006PhL
1006PhL
1006PhL
1006PhL
1006PhL
1006PhL
1006PhL
1006PhL
1006PhL
1006PhL

1006PhL

1006PhL
1006PhL
1006PhL
1006PhL
1006PhL
1006PhL

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

Unknown; no mutations or pyrF/pyrG sRNA
found

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF T288 1bp deletion

pyrF C535T (nonsense mutation) *
Unknown; no mutations or pyrF/pyrG sRNA
found

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *

pyrF C535T (nonsense mutation) *
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* The prevalence of this single mutation in the 1006PhL background suggests these
could potentially be sibling strains derived from a mutation present in the original

population.

To derive 5-FOA-resistant isolates, rdrp1A and rdrp3A strains were grown in the
presence of 5-FOA in media supplemented with uridine and uracil. Under these
conditions the strains, initially sensitive, grew as abnormal, stunted hyphae; but after
approximately two weeks of incubation patches of resistant filamentous growth were
isolated and analyzed. Two pyrF epimutants (designated as strains E1 and E2) were
isolated from an rdrp3 mutant strain. In addition, four pyrF epimutants (including strains
E3 and E5) and one pyrG epimutant (E4) were isolated in an rdrpl mutant strain, a
second strain with enhanced rates of epimutation (29). Based on sRNA hybridization
analysis, representative epimutants express antisense SRNA against either the pyrF or

pyrG locus, but not both (Fig. 2a, b).
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Figure 2: SRNA hybridization and phenotypic analysis of 5-FOA-resistant
epimutants.

(A) sRNA hybridization of epimutants and revertants from an rdrp3 mutant
background, before (R - resistant) and after 5 (P5) or 10 (P10) passages without
selection. P, rdrp3A parental strain (MU439). Blots were hybridized with antisense-
specific probes against pyrF, pyrG, or 5S rRNA (loading control). (B) sSRNA blot of
epimutants and revertants from an rdrpl mutant background, before (R - resistant)
and after 5 passages without selection (P5). P, rdrp1A parental strain (MU419). Blots
were hybridized with antisense-specific probes against pyrF, pyrG or 55 rRNA
(loading control). (C) Phenotypic analysis of one representative epimutant, before and
after reversion. A pyrF epimutant (E2) is shown before and after 5 (P5) and 10 (P10)
passages without selection, grown on MMC media, MMC supplemented with uridine
and uracil, and MMC supplemented with 5-FOA, uridine, and uracil. pyrG-, a known
mutant of pyrG, served as a negative control; P, rdrp3A parental strain (MU439). (D) A
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pyrG epimutant (E4) is shown before and after 5 (P5) passages without selection,
grown on MMC, MMC supplemented with uracil, and MMC supplemented with 5-
FOA and uracil. P, rdrp1A parental strain (MU419).

No 5-FOA-resistant epimutant strains were identified in wild-type strains R7B
(M. circinelloides f. lusitanicus) or 1006PhL (M. circinelloides f. circinelloides), or in an r3b2A
strain, mutated for a different RNAi component (Table 2). Interestingly, rates of 5-FOA-
resistant epimutation in all strains tested were decreased compared to the rates seen in

the initial report of FK506-resistant epimutants (Table 3).

Table 3: Rates of pyrF and pyrG epimutation by background strain

Total Epimutant Mutant Unknown

Number of isolates 4 2 0 12
rarp3A Percentage 14.3% 0% 85.7%
Number of isolates 7 5 20 2
rarplA Percentage 185%  741%  74%
Number of isolates 4 0 12 2
r3b2A Percentage 0% 85.7% 14.3%
Number of isolates 2 0 0 2
R7B Percentage 0% 0% 100.0%
Number of isolates 61 0 28 33
1006PhL Percentage 0% 45.9% 54.1%

All epimutant strains were stably 5-FOA-resistant when maintained under drug
selection conditions. However, following passage on media lacking 5-FOA, all five
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strains reverted to a 5-FOA sensitive phenotype. To determine 5-FOA sensitivity,
epimutant and passaged strains were plated on MMC media without uracil, MMC with
uracil supplementation, and MMC with 5-FOA and uracil for phenotypic analysis (Fig.
2¢, d). Uracil auxotrophic strains with known mutations, such as the pyrG- mutant strain,
are unable to grow robustly on MMC alone. In contrast, the epimutant strains were able
to grow to some extent on MMC. Epimutant E2 shows qualitatively reduced growth on
agar plates relative to the parental strain, while epimutant E4 shows growth
indistinguishable from the parental strain. This suggests that epimutants placed in
auxotrophic conditions may still be able to synthesize uracil at a low level; or,
alternatively, that the epimutation has begun to revert toward wild-type when
epimutant spores are incubated on MMC. Complete reversion of epimutant strains - loss
of 5-FOA resistance and wild-type rates of growth on MMC - was observed for pyrF
epimutants E1, E3, and E5, as well as pyrG epimutant E4 after five passages (Fig. 2d).
The pyrF epimutant E2 demonstrated only partial reversion to drug sensitivity after five
passages but complete reversion after ten (Fig. 2c). sSRNA was isolated from these
reverted strains after five or ten passages and sRNA hybridization was performed.
Strains E1, E3, E4, and E5 demonstrated a complete loss of pyrF or pyrG sRNA after five
passages, corresponding with their phenotypic reversion; likewise, strain E2
demonstrated a reduction of pyrF sRNA after five passages and complete loss after ten

passages (Fig. 2a, b).
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2.3.2 5-FOA-resistant epimutants express sRNA specific to the pyrF
or pyrG locus

sRNA libraries were generated from pyrF epimutants (E1, E2) and the pyrG
epimutant (E4) as well as their corresponding revertants, and these libraries were
sequenced via [llumina. Epimutation induced a significant increase in both sense and
antisense sRNAs against pyrF or pyrG in their respective epimutants. For pyrF, which
contains no introns, these SRNAs were distributed across the ORF (Fig. 3a). sSRNAs
expressed against pyrG were localized specifically to the exons (Fig. 3b). In both cases,
these sSRNAs are homologous to the target loci and not to either upstream or
downstream regions. Genome-wide, pyrF and pyrG were among the genes most strongly
differentially enriched for sSRNAs in the epimutant versus the revertant strains, even
without complete reversion to wild-type levels in the revertants (Fig. 4). Expression of
the pyrF or pyrG specific sSRNAs was lost upon reversion to 5-FOA sensitivity, although

the E1 revertant did not return completely to parental levels after five passages.
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Figure 3: 5-FOA resistance is associated with increased levels of SRNAs against
either the pyrF or pyrG locus.

(A) Representative diagram of sSRNAs mapped across the pyrF locus showing
accumulation of both sense (- values) and antisense SRNA (+ values) in epimutant E1
(in red). Expression levels are greatly decreased in the revertant after 5 passages
without selection (in blue). No increase in SRNA levels is seen in the surrounding
regions. (B) Representative diagram of sSRNAs mapped across the pyrG locus showing
accumulation of both sense (+ values) and antisense SRNA (- values) in epimutant E4
(in red), with greatly decreased sSRNA levels in the revertant after 5 passages without
selection (in blue). No increase of sRNA levels is observed in the surrounding
regions.
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Figure 4: pyrF and pyrG are differentially enriched for sSRNAs in epimutant vs.
revertant strains.

Genome-wide sRNA levels are plotted between two sequenced libraries, with
values for one library plotted on the X and the other on the Y. The point representing
pyrF is depicted in red and the pyrG is depicted in blue. E1 and E2 are pyrF epimutant
strains; E4 is a pyrG epimutant strain.

2.3.3 pyrF and pyrG epimutants harbor sRNAs with characteristic
features

sRNAs from 5-FOA-resistant pyrF or pyrG epimutants also shared characteristics
typical of SRNAs involved in the canonical RNAi pathway. These features included a
high prevalence of a 5" terminal uracil, which was found in antisense sSRNAs in
particular (Fig. 5a, 5b). Representative analysis from the pyrF epimutant E1 is shown

here (Fig. 5a), as well as from the pyrG epimutant E4 (Fig. 5b). The same 5" uracil
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predominance was observed in the few antisense sSRNA reads found in the revertants.

This 5’ uracil prevalence was not identified in sense SRNAs from the same regions. In

addition, the lengths of SRNA molecules homologous to these loci were predominantly

between 21 and 24 nucleotides (Fig. 5¢c, 5d), a second feature of SRNAs generated by the

canonical RNAi pathway and which interact with the RNAi effector protein Argonaute.
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Figure 5: Length and terminal nucleotide analysis of SRNAs in epimutants.

Antisense sSRNAs from epimutant strains and their corresponding revertants
that map against the pyrF and pyrG loci. (A) Analysis of the 5" nucleotide of antisense
sRNAs that map to the pyrF locus, isolated from the pyrF epimutant strain E1 and
revertant. (B) Analysis of the 5" nucleotide of antisense SRNAs that map to the pyrG
locus, isolated from the pyrG epimutant strain E4 and revertant. (C) Analysis of the
size of antisense SRNAs that map to pyrF in strain E1 and revertant. (D) Analysis of
the size of antisense SRNAs that map to pyrG in strain E4 and revertant.
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2.3.4 A subset of genes with similarity to transposons exhibits altered
sRNA levels

Analysis of genome-wide sSRNA content also revealed a subset of genes that
behaved unexpectedly in different samples. This set of genes had reduced sRNA content
in the E2 epimutant, an rdrp3A mutant, compared to the rest of the rdrp3A strains that
were sequenced (Fig 6). Interestingly, while sSRNA levels of these genes in the wild-type
parent of the rdrp1A mutant were similar to levels in the rdrp3A mutant and its wild-type
parent, all three sequences of rdrpIA strains in this study had lower sRNA levels
corresponding to the same set of genes that behaved unusually in the E2 revertant (Fig
6). A cutoff of 15-fold enrichment in the E4 revertant over the E4 epimutant was
established, which selected 516 genes. Analysis of this gene set was complicated by
generally low quality functional annotation of the Mucor genome. These genes were not
grouped in any genomic location region but were relatively evenly distributed,
appearing on every scaffold of the genome over 41 kb in size (Fig 6). A search for
conserved domains in this gene set revealed only 152 genes that encoded identifiable
functional domains. However, 91 of these genes had predicted functions consistent with
transposons or retrotransposons, including reverse transcriptase or transposase
domains. These results may suggest that RARP1 plays a role in repressing transposable
elements via SRNA. However, the aberrant behavior of the E2 epimutant is not

explained by this hypothesis because both the epimutant and its revertant are in the
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rdrp3A background. This suggests another level of regulation of this unusual class of
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Figure 6: A set of genes with discordant SRNA expression in epimutants vs.
revertants are evenly distributed across the Mucor genome.

(A) Genome-wide sRNA levels are shown with the gene set that is expressed
more than 15-fold higher in the E2 revertant than in the E2 epimutant shaded in red.
That same gene set is also shaded in the comparison of the rdrp1A parent strain with
the WT parent to demonstrate that the same gene set is behaving anomalously in both
comparisons. (B) Genes with discordant sSRNA expression are shown across the Mucor
genome (red bars not to scale relative to scaffold). These genes appear on every
scaffold of the genome that is greater than 41 kb in size.
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2.3.5 Epimutants exhibit reduced expression of target genes

Analysis of pyrF and pyrG mRNA expression levels by quantitative real-time
PCR (qRT-PCR) showed a decrease in expression levels in epimutant isolates
corresponding with sSRNA generation. In pyrF epimutant strains, expression of pyrF
mRNA was significantly decreased relative to expression in the rdrp3 mutant parental
background. Moreover, pyrF expression levels were restored upon reversion of the pyrF
epimutation after five or ten passages (Fig. 7a). As expected, no significant decrease was
observed in pyrG expression in these pyrF epimutants either before or after reversion
(Fig. 7b). Correspondingly, in the pyrG epimutant strain, decreased expression of pyrG
but not pyrF mRNA was observed, with a subsequent increase upon reversion to 5-FOA

sensitivity (Fig. 7c, d).
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Figure 7: Epimutation decreases expression of pyrF and pyrG mRNA.

(A) Expression of pyrF mRNA in pyrF epimutant and revertant strains (Passage
5, P5) as determined through qRT-PCR, with actin expression used for the reference
gene. Gene expression levels were normalized relative to the rdrp3A parental strain
(PS), using actin as the reference gene via the comparative AACt method. N=3
experimental replicates. Significance determined via one-way ANOVA (P=0.0005,
F=13.37, 4 degrees of freedom) with post-hoc Tukey’s Multiple Comparison test. (B)
Expression of pyrG mRNA in pyrF epimutant and revertant strains. N=1. (C)
Expression of pyrF mRNA in a pyrG epimutant and revertant strain as determined
through qRT-PCR, with actin expression used for the reference gene. Percent
expression was normalized relative to rdrp1A parental strain (PS). N = 3 experimental
replicates; error bars depict SEM. Significance determined via one-way ANOVA
(P=0.51, F=0.74, 2 degrees of freedom). (D) Expression of pyrG mRNA in pyrG
epimutant and revertant strain. N = 3 experimental replicates. Significance
determined via one-way ANOVA (P=0.059, F=4.7, 2 degrees of freedom).
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2.4 Discussion

Epigenetic alteration of gene expression can lead to marked changes in
phenotype across a variety of organisms. The phenomenon of epimutation was first
described in plants and later in cancer biology; these particular alterations are
attributable to extensive DNA methylation leading to gene silencing. Epimutations in
snapdragons produce a phenotype wherein normal floral bilateral asymmetry is
converted to radial symmetry (78). In the field of cancer research, there is growing
awareness that carcinogenesis can be driven by epimutation rather than mutations,
including but not limited to cancers such as hereditary nonpolyposis colorectal cancer or
BRCA-associated breast cancer (79-83). Another role of epimutation that has gained
attention is as a mechanism of drug resistance, with a particular focus on the roles
played by DNA methylation and long noncoding RNAs in tumor drug resistance (84,
85). Finally, a third form of epigenetic drug resistance, RNAi-dependent epimutation,
was discovered to be a novel and transient mechanism of resistance to the agent FK506
in pathogenic fungi (29).

Identification of 5-FOA-resistant Mucor epimutants reveals that the targets of this
mechanism are broader than had been previously demonstrated. Epimutation is capable
of conferring resistance to multiple antifungal agents with different mechanisms of

action, by targeting multiple genes. 5-FOA-resistant epimutant strains were identified
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that demonstrated silencing of either the pyrF locus or the pyrG locus. Therefore,
generalization of the mechanism suggests that epimutation may broadly contribute to
resistance by silencing a variety of drug target genes. No specific triggers for RNAi-
based epimutation have been identified to date, although various stress conditions were
previously tested (29). The previous locus of epimutation, fkbA, was noted to have an
overlapping gene (patA), but deletion of patA did not cause a loss of epimutation (29).
pyrF and pyrG do not have any overlapping flanking genes.

Rapid loss of silencing was observed in 5-FOA-resistant epimutant strains after
five to ten passages without drug selection pressure. Epimutation — a transient and
reversible phenomenon — may provide multiple advantages over genetic mutations that
stably alter DNA sequence. In Mucor, which is aseptate and multinucleate, RNA-based
silencing may induce more rapid and complete loss of function of disadvantageous
genes compared to a recessive nuclear mutation, which would be required to sweep the
population to become homokaryotic. In addition, the reversible nature of epimutation
allows for subsequent reversal of adaptations that may be disadvantageous after a
selective pressure is no longer present. For example, the uracil auxotrophy induced
secondary to 5-FOA resistance could affect growth in low uracil conditions; under such
conditions, epimutants, which can rapidly revert to wild-type and resume uracil
synthesis, would have an advantage over pyrF or pyrG mutants. In support of this

hypothesis we observed that pyrF and pyrG epimutants grew more effectively than a
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pyrG mutant strain in MMC lacking uracil supplementation, indicating that the
epimutants may have incompletely silenced the pyrF or pyrG gene or may be
undergoing reversion in response to selective pressure (Fig. 2). This is further supported
by our qPCR data that demonstrated reduced, but not abolished, levels of pyrF or pyrG
expression in the respective epimutants (Fig. 7).

The phenomenon of epimutation could thus be comparable to other described
instances of fungal epigenetic heterogeneity, serving as a bet-hedging strategy that
enables rapid and reversible responses to a variety of environmental conditions. One
previously described example is telomeric silencing: genetic markers located near the
telomeres of S. cerevisiae, including URA3 as well as ADE2, were demonstrated to be
variably silenced in a given population of yeast cells (86, 87). These mixed populations
(URA*/uraor ADE*/ade") are attributable to telomeric heterochromatin expanding and
contracting across the integrated gene, resulting in silencing or expression. Likewise, in
the fungal pathogen C. neoformans, the phenomena of sex-induced silencing or mitotic-
induced silencing can be observed after tandem insertions of transgenes such as URA5
or ADE2. The variable silencing of this tandem array can be observed through the
phenomenon of variegation of colonies with both ADE and ade- phenotypes, or URA and
ura isolates (68, 70, 88).

Mucor is known to possess multiple functional RNAi pathways (35, 89). The

sRNAs generated from the pyrF and pyrG loci show hallmark properties of RNAs that
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induce silencing through the core RNAi pathway (89). Furthermore, sSRNAs from pyrG
localized to the exons of these genes, suggesting that the SRNAs were most likely
generated and processed from mature mRNA. The gene pyrF contains no introns, but
sRNAs were found to localize across the entire open reading frame without extending
into neighboring regions. This suggests introns are not required for epimutation, and
thus epimutation is distinct from previously described mechanisms of RNAi-mediated
degradation that target poorly spliced introns (90).

5-FOA-resistant epimutants were discovered in two distinct genetic
backgrounds: the rdrp1 and rdrp3 mutants, each of which lacks one of the three RNA-
dependent RNA polymerases with roles in RNAi in Mucor. However, unlike the
previous report of FK506-resistant epimutants, no 5-FOA-resistant epimutant strains
were identified in wild-type strains or in an ¥3b2A strain mutated for a different RNAi
component (Table 2). In both the rdrp1 and rdrp3 mutant backgrounds, the overall
frequency of 5-FOA-resistant epimutants was notably lower than the frequency of
FK506-resistant epimutants, potentially due to the auxotrophic effect caused by loss of
pyrF or pyrG. These RNAI deficient strains were previously demonstrated to have an
increased frequency of epimutation relative to wild-type (29, 34). Hence, one possibility
is that the frequency of wild-type epimutants resistant to 5-FOA may be even lower that
the frequency seen in RNAi mutant strains, making these epimutants difficult to isolate

in a wild-type background. Alternatively, it is possible that these mutant backgrounds
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are required for the isolation of 5-FOA-resistant epimutants. If RNAi deficiency is
required for generation of 5-FOA-resistant epimutants, these findings would illustrate
an interesting potential pathway to drug resistance that combines both a Mendelian
(rdrp1A or rdrp3A) and an epigenetic factor in a two-step process.

Epimutation may enable an organism to temporarily resist environmental
stresses to provide time for more permanent genetic diversity to arise. For example,
induction of drug tolerance has been shown to play a role in subsequent mutation and
the eventual development of bona fide drug resistance in bacteria (91, 92). Similarly,
aneuploidy has been reported to serve as a transient evolutionary adaptation that
enables other genetic changes to arise (93). One 5-FOA-resistant strain generated in this
study, epimutant E7, initially expressed sSRNA against pyrF and had no mutations in
pyrF or pyrG. It lost this SRNA expression by passage 15, but did not revert to 5-FOA
sensitivity even after 70 passages without selection (Fig 8). Neither pyrF nor pyrG
mutations were identified in this strain after passaging. One potential explanation based
on these results is that epimutation provided transient relief from drug toxicity for this
isolate and thus enabled the development of a more permanent form of resistance that

remains to be elucidated.
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Figure 8: Epimutant E7 maintains 5-FOA resistance after cessation of SRNA
expression.

(A) The pyrF epimutant E7 maintains a degree of 5-FOA resistance even after
70 passages without drug selection (P70). An independent repeat of passaging
demonstrates continued 5-FOA resistance through 40 passages (P40v2). Strains were
grown on MMC media, MMC supplemented with uridine and uracil, and MMC
supplemented with 5-FOA, uridine, and uracil. P, rdrp1A parental strain (MU419). (B)
sRNA hybridization of passaged strains of epimutant E7. Epimutant E7 expresses
sRNA against pyrF, but this SRNA is no longer expressed from 15 passages (P15)
through 70 passages (P70). Similarly, strains from an independent set of passages
demonstrate no sSRNA against pyrF at passages 15 (P15v2), 30 (P30v2), or 40 (P40v2).
The top portion of the gel was stained with ethidium bromide (EtBr) to visualize the
5S rRNA loading control, after which sSRNA was transferred to a membrane for
hybridization with an antisense-specific probe against pyrF.
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In broader clinical terms, it is interesting to consider the role epimutation may
play in Mucor’s intrinsic resistance to many antifungal agents, and whether epimutation
may affect development of further resistance. For example, it has been suggested that
amino acid substitutions in the Mucor Ergl1/CYP51 enzyme, the target of the azole drug
class, may explain part of Mucor’s innate resistance to certain structural classes of azoles
(i.e. short- vs long-tailed azoles) (94). However, this distinction alone is not sufficient to
explain why only two azoles possess efficacy against Mucor, as not all long-tailed azoles
are effective; additional mechanisms for intrinsic azole resistance should be investigated.
In addition, epimutation could play a role in development of resistance to effective
antifungals. The two front-line antifungals in clinical use against mucormycosis are the
azole isavuconazole and the polyene amphotericin B. Resistance to azoles and polyenes
in other pathogenic fungi, such as Candida species, can be mediated by loss of the
ergosterol biosynthetic enzymes Erg3 and Erg6 (95-100). Using bioinformatic analysis
we have identified three candidate ERG6 homologs and one candidate ERG3 homolog in
Mucor and we hypothesize that epimutation could induce silencing of these genes under
appropriate drug selection, leading to acquired drug resistance. In particular, the
presence of multiple copies of the gene encoding Erg6 could make this enzyme an
especially appealing target for epimutation; if there is sufficient homology between
these copies, we hypothesize RNAi could induce silencing of all three copies at once,

instead of requiring mutations at all three loci to develop resistance.
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Identification and characterization of 5-FOA resistance via RNAi-based
epimutation advances understanding of the general mechanisms of drug resistance in
Mucor circinelloides. The transient nature of epimutation is advantageous as it allows for
rapid, facile reversion and flexible responses to changing conditions, such as uracil
auxotrophy versus drug stress, enabling better adaptation to stressful conditions.
Further questions that remain include whether RNAi-based epimutation occurs in other
fungal species or other organisms with active RNAi systems. Further elucidation of the
mechanism of epimutation advances our understanding of RNAi, drug resistance, and
stress response mechanisms and may offer novel approaches to combat antifungal drug

resistance.

2.5 Materials and Methods

2.5.1 Strains and growth conditions

All epimutants in this study were generated from strains of Mucor circinelloides
forma lusitanicus. M. circinelloides f. lusitanicus RN A1 mutant strains MU439, MU440, and
MU500 (independently derived strains with the genotype leuA- pyrG- rdrp3A::pyrG) and
MU419 (leuA- pyrG- rdrplA::pyrG) were previously generated from the uracil and leucine
auxotrophic strain MU402, which was in turn derived from the wild-type strain

CBS277.49 (29, 34, 74). As these four RNAi mutant strains were generated by using a
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functional copy of the pyrG gene to interrupt the target RNAi gene, each strain contains
a mutant, nonfunctional copy of pyrG at the original locus as well as a functional copy
inserted in an RNAi component gene. MU439, MU419, and the wild-type strain R7B
served as controls for M. circinelloides f. lusitanicus studies, as appropriate. The strain
1006PhL was used for all M. circinelloides £. circinelloides studies.

Strains were grown at room temperature (approximately 24°C) with light
exposure. Strains were cultured on MMC media at pH=4.5 (10 g/L casamino acids, 20
g/L glucose, and 0.5 g/L yeast nitrogen base without amino acids or ammonium sulfate)
(74). Media was supplemented with both uridine (0.061 g/L) and uracil (0.056 g/L) for
potentially auxotrophic strains. 5-FOA selection was performed on MMC plates
supplemented with uracil/uridine and 2.5 mg/mL 5-FOA. Passages were performed in

liquid YPD (10 g/L yeast extract, 20 g/L peptone, 20 g/L dextrose) and on YPD agar.

2.5.2 Generation and phenotypic analysis of 5-FOA-resistant mutants
and epimutants

Epimutant candidates were generated by spotting Mucor spores on MMC media
supplemented with 5-FOA and uridine/uracil; plates were incubated for approximately
two weeks or until patches of resistant hyphal growth emerged from the periphery of
drug-sensitive colonies, which were identified as colonies with severely stunted hyphae.

Resistant isolates were passaged for at least two rounds of vegetative growth and
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sporulation under 5-FOA selection prior to sSRNA analysis, to ensure a high proportion
of drug resistance in the mycelia.

Epimutant strains were passaged in liquid YPD media without drug selection to
induce reversion. For the first passage, spores were added to 3 mL of media and grown
overnight at 30°C with shaking at 250 rpm. Subsequent passages were performed using
a sterile wooden stick to break off a small portion of mycelia for transfer to fresh media.
The final passage was performed using a sterile wooden stick to break off a small
portion of mycelia that was placed on an YPD plate without drug selection; the plate
was then incubated at room temperature (~24°C) with light to allow for growth and

sporulation. Spores were collected in sterile water for subsequent analyses.

2.5.3 Nucleic acid extractions

Isolates were grown on MMC media, pH = 4.5, supplemented with 2.5 mg/mL of
5-FOA and uridine/uracil as needed. DNA was extracted from hyphae using the
MasterPure Yeast DNA Purification Kit (Epicenter Biotechnologies, Madison, WI), with
the preliminary step of adding ~100 pL of 425-600 um glass beads and vortexing for one
minute to break up hyphae. pyrF and pyrG were sequenced in all resistant isolates to rule
out genetic mutations; primers are listed in Table 1.

Isolates for RNA extraction were grown on plates overlaid with sterile cellulose

film (ultraviolet irradiated for 10 minutes per side) to allow for easier removal of hyphae
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without agar contamination. Small and total RNAs were extracted using the mirVana kit

(Ambion, Foster City, CA) for hybridization and qPCR analysis.

2.5.4 sRNA hybridization

For sRNA hybridization, sSRNA for each sample (3.5 ug) was separated by
electrophoresis on 15% TRIS-urea gels, transferred to Hybond N+ filters, and cross-
linked by ultraviolet irradiation as previously described (2 pulses at 1.2 x 10° uJ per cm?)
(29). Prehybridization was carried out using UltraHyb buffer (Ambion) at 65°C. pyrF and
pyrG antisense-specific and 5S rRNA probes were prepared by in vitro transcription
using the Maxiscript kit (Ambion); primers are listed in Table 1. After synthesis,
riboprobes were treated by alkaline hydrolysis as previously described (71), to generate

an average final probe size of ~50 nucleotides.

2.5.5 mRNA quantification

Quantification of pyrF and pyrG mRNAs was performed by quantitative real-
time PCR. Single-stranded cDNA was synthesized using AffinityScript (Stratagene, La
Jolla, CA) from RNA samples treated with Turbo DNase (Ambion). cDNA synthesized
without the RT/RNase enzyme mixture was used as a “no-RT control” to control for
contamination by residual genomic DNA. Expression of target genes was measured

using Brilliant IIT ultra-fast SYBR green QPCR mix (Stratagene) using an Applied
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Biosystems 7500 Real-time PCR system. Technical triplicates were performed for all
samples in each run, and three biological replicates were performed for each experiment.
Gene expression levels were normalized using actin as the reference gene via the

comparative AACt method. Primers are listed in Table 1.

2.5.6 Statistics

One-way ANOVAs were used to determine the significance of qPCR replicates,
with Tukey’s Multiple Comparison Test as a post-hoc test where appropriate. All

statistical analysis was performed using GraphPad Prism.

2.5.7 High-throughput sRNA sequencing and mapping

sRNA libraries were prepared and sequenced at the Duke Center for Genomic
and Computational Biology using the Illumina TruSeq Small RNA Library Prep Kit
coupled with agarose gel size selection for the miRNA library. Reads have been
deposited at GEO under project accession number GSE113706.

Reads were trimmed using Trim Galore! with default settings to remove
adapters (101). Trimmed reads were then mapped to the Mucor circinelloides genome
from the JGI using Bowtie (102, 103). Reads mapping to gene loci were counted using
Cufflinks and guided by genome annotation from the Joint Genome Institute (JGI)

genome assembly (104).
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3. Drug-resistant epimutants exhibit organ-specific
stability and induction during murine infections caused
by the human fungal pathogen Mucor circinelloides

This chapter is in preparation for submission to mBio.

3.1 Importance

The emerging fungal pathogen Mucor circinelloides causes a severe infection,
mucormycosis, which leads to considerable morbidity and mortality. Treatment of
Mucor infection is challenging because Mucor is inherently resistant to nearly all clinical
antifungal agents. An RNAi-dependent and reversible mechanism of antifungal
resistance, epimutation, was recently described in Mucor. Epimutation has not been
studied in vivo and it was unclear whether it would contribute to antifungal resistance
observed clinically. We demonstrate that epimutation can be both induced and reverted
after in vivo passage through a mouse model; rates of both induction and reversion are
higher after brain infection than after infection of other organs (liver, spleen, kidneys, or
lungs). Elucidating the roles played by epimutation in drug resistance and infection will
improve our understanding of Mucor and other fungal pathogens, and may have

implications for antifungal treatment.

3.2 Introduction

The fungal infection mucormycosis is caused by a group of related fungi, the

most common of which are the genera Rhizopus, Mucor, and Lichtheimia (59).
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Mucormycosis encompasses a broad range of infections, from cutaneous infections to
invasive systemic disease, which can lead to rates of mortality greater than 90% (53, 105).
The most common manifestation of disease is rhino-orbito-cerebral mucormycosis,
which is often seen in patients with predisposing factors such as immunosuppression or
diabetes (106). Rates of mucormycosis are increasing worldwide, due in part to an
increase in the prevalence of predisposing factors (106, 107). As the causative fungi are
ubiquitous in the soil, outbreaks are often caused by exposure to environmental sources,
ranging widely from environmental disasters such as tornadoes to contaminated
hospital linen (108-110). Mucormycosis is highly drug resistant and only three antifungal
drugs are approved for treatment: amphotericin B, isavuconazole, and posaconazole (57,
58). Therefore, a better understanding of drug resistance in mucormy-cosis is necessary
for improving clinical outcomes of this emerging pathogen.

Among the Mucorales, the genus Mucor is unique in that it also serves as a
genetic model. In addition to its pathogenic nature, it has been utilized to study aspects
of fungal biology as diverse as biofuel production, RNA interference (RNAi), and light
sensing (35, 60-63, 111). It also serves as a model for a novel mechanism of intrinsic,
transient, and RNAi-dependent antifungal resistance known as epimutation. In
epimutation, Mucor endogenous RNAi pathways are activated and induce silencing of

various drug target genes to result in antifungal resistance (29, 112). The mechanism of
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epimutation requires the core RNAi pathway and competes with an alternative RNA
degradation pathway in Mucor (34).

Here we studied epimutation-based drug resistance with the antifungal drug
FK506 (also known as tacrolimus). FK506 binds the target protein, FKBP12, which is
encoded by the fkbA gene in Mucor. Mutation of FKBP12 or repression via RNAi-based
silencing of fkbA leads to drug resistance (113). The FKBP12-FK506 complex inhibits the
calcium-calmodulin activated protein phosphatase calcineurin, which is required for
Mucor dimorphism and virulence (75, 114). Wild-type Mucor strains grow as yeast when
exposed to FK506, whereas resistant strains are blocked in the dimorphic transition and
grow exclusively as filamentous hyphae in either the presence or absence of FK506
under aerobic conditions.

We report here the first observations of epimutation affecting antifungal
resistance after in vivo passage through a systemic murine model of mucormycosis.
Infection of mice with an epimutant strain resistant to FK506 revealed that epimutants
are largely stable during the course of infection. However, when epimutants were
observed to revert during in vivo infection, the reversion occurred most prominently in
the brain compared to other organs analyzed. Interestingly, infection with a wild-type
strain led to an increased induction of epimutant-based resistance when isolates were
recovered from in vivo passage and exposed to FK506 in vitro. Induction of resistance

was also observed to be more frequent in fungal isolates recovered from the brain
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compared to other organs. These observations suggest that rapid reversion and
induction of epimutation may enable fungal microbial responses to transitions between
the environment and the host. Elucidating the mechanisms by which Mucor responds to
stressful environmental conditions, including factors as diverse as vertebrate hosts and
antifungal drug stress, advances our understanding of mucormycosis, fungal pathogens,
and the mechanisms and pathways that lead to the development of antifungal drug

resistance and its maintenance and loss.

3.3 Results

3.3.1 Systemic intravenous infection of mice via retroorbital
inoculation

For the murine infections in this work, we developed a model of Mucor infection
via the retroorbital venous sinus (115). Intravenous infection of mice via tail vein
injection of Mucor spores is an established model of systemic infection that results in
high mortality (116). However, tail vein injections are technically challenging, which can
influence reproducibility of experimental results. Therefore, we wished to develop an
alternative systemic infection model. The retroorbital route of injection has been
established to be safe and effective, and has been shown to be equivalent to tail vein
injection for systemic delivery of intravenous drugs; it has also previously been used to

deliver larger moieties to the systemic circulation, including monoclonal antibodies and
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tumor cells (117, 118). In brief, mice are anesthetized with inhaled isoflurane, the area
behind either eye is injected with fungal spores in saline solution, and the animal is
removed from anesthesia and rapidly recovers over approximately 30 seconds.

To determine whether retroorbital infection would produce the same course of
disease as tail vein infection, we compared of the two injection methods using groups of
5 BALB/c mice. Spores of the 1006PhL strain of Mucor circinelloides f. circinelloides were
injected into immunocompetent, wild-type mice by either the retroorbital or tail vein
methods at a dose of 1.25 x 10° spores/100 uL PBS per mouse. Despite longstanding
experimental experience with the tail vein injection method, technical difficulties were
experienced when injecting 3 of the 5 mice via tail vein, potentially due to the viscosity
of the concentrated spore solution; no issues were noted with any animals in the study
group while injecting retroorbitally. All infections were allowed to proceed until mice
were euthanized at humane endpoints. No significant difference was noted between
retroorbital and tail vein groups with regard to time to mortality (Fig. 9A). Likewise, no
difference was seen in fungal burden in five organs (brain, liver, spleen, kidney, lungs)
from randomly sampled moribund mice from both groups (Fig. 9B). Histopathologic
analysis of animals by the Duke Research Animal Pathology Service revealed vascular,
multifocal dissemination of fungal elements after both routes of infection (Z. Chang,

unpublished data).
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Figure 9: Retroorbital and tail vein injections produce equivalent outcomes.

BALB/c mice were infected with 1.25 x 10 spores of M. circinelloides f.
circinelloides strain 1006PhL through either the retroorbital or tail vein routes. N =5
mice per group. A. The two methods of infection produce equivalent mortality. B. The
two methods of infection produce equivalent homogenized fungal burdens in
randomly sampled moribund mice (N=2 for retroorbital group, N=1 for tail vein

group).

3.3.2 Epimutants are largely stable and revert in an organ-specific
fashion during murine infection

To examine the role epimutation might play in infection, strains were recovered

after one in vivo passage through a murine model. Immunocompetent mice were
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infected retroorbitally with either wild-type Mucor strain 1006PhL, or the fkbA epimutant
strain SCV522. After four days, the moribund mice were euthanized with CO: and five
organs (brain, liver, spleen, kidney, and lung) were dissected and homogenized. Organ
homogenates were plated on nonselective YPD + antibiotic agar; plates were incubated
at room temperature under hypoxic conditions, which drives Mucor growth into discrete
yeast colonies instead of hyphae, to facilitate enumeration of CFU (119). In addition, the
spores of SCV522 and 1006PhL that were used to infect the mice were also plated on
nonselective YPD + antibiotic agar under the same hypoxic conditions. After two days,
the resulting yeast colonies were removed from hypoxia and patched onto YPD and
YPD + FK506 media to test for FK506 resistance. Patched plates were grown under
standard room conditions, where the normoxic conditions would lead to the resumption
of hyphal growth.

The plates were imaged after 16 hours of growth and FK506-resistant (hyphal)
versus FK506-sensitive (yeast) colonies were counted. All colonies grew as hyphae on
nonselective YPD under normoxic conditions, as expected. Among strains isolated from
the mouse infected with fkbA epimutant SCV522, it was noted that the epimutant strain
was largely stable in vivo. Reversion to FK506 sensitivity was found more often in strains
recovered from the brain compared to other organs (Fig. 10A). When quantified, more
than half of the brain isolates had reverted to FK506 sensitivity, while reversion in the

other organs was much more limited; reversion was not observed in colonies derived
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from the spores of SCV522 that did not undergo in vivo passage. In contrast, regardless
of the organ, none of the isolates recovered from the 1006PhL-infected mouse were able
to acquire FK506 resistance over the short time period of infection (Fig. 10B).
Quantification of FK506 resistance was performed with a target number of 150 patched
colonies from each organ condition; fewer colonies were used if less than 150 colonies

were recovered from the organ homogenate (Table S1).
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Figure 10: FK506 epimutants revert in an organ-specific manner after in vivo
passage.
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fkbA epimutant and wild-type M. circinelloides f. circinelloides strains were
recovered from multiple organs after in vivo infection/passage in one mouse each.
Strains were recovered after mouse was moribund, four days post infection. SCV522,
fkbA epimutant; 1006PhL, wild-type strain; R, resistant strain; S, sensitive strain. A.
Representative images of colonies recovered from the brains and livers of mice
infected with either SCV522 or 1006PhL and patched onto YPD with and without
FK506. All colonies patched on nonselective YPD media grow as hyphae. FK506-
sensitive strains patched on YPD+FK506 media grow as smaller yeast colonies. Loss of
FK506 resistance from the epimutant strain is observed in the brain but not in the
liver. B. Quantification of the percentage of FK506 resistance by organ, after in vivo
passage. N=150 colonies per organ; however, fewer than 150 colonies were recovered
from some organs. Spores: SCV522 and 1006PhL spores plated without in vivo
passage.

Table 4: Numbers of sensitive and resistant colonies for Figure 10B

Total colonies | FK506-resistant | Ratio of
Strain Organ | patched colonies resistance
SCV522 (fkbA epimutant) | Brain 57 27 47.4%
SCV522 (fkbA epimutant) | Liver 150 148 98.7%
SCV522 (fkbA epimutant) | Spleen 132 131 99.2%
SCV522 (fkbA epimutant) | Kidney 148 145 98.0%
SCV522 (fkbA epimutant) | Lung 1 1 100.0%
1006PhL (WT) Brain 88 0 0.0%
1006PhL (WT) Liver 150 0 0.0%
1006PhL (WT) Spleen 150 0 0.0%
1006PhL (WT) Kidney 156 0 0.0%
1006PhL (WT) Lung 4 0 0.0%
1006PhL spores (without
in vivo passage) N/A 150 0 0.0%
SCV522 spores (without
in vivo passage) N/A 150 150 100.0%

Representative sensitive and resistant isolates were selected for further analysis

from the strains recovered from organs after SCV522 infection. Small RNA (sRNA)
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hybridization revealed that all resistant strains expressed sSRNAs against the fkbA gene,
as would be expected if they had maintained their resistance through epimutation (Fig
11). Strains which had reverted to sensitivity, regardless of organ of origin, no longer

expressed sRNAs against fkbA (Fig 11).

13425 (fkbA epi)
1006PhL (WT)
Brain-R1
Brain-R2
Liver-R1
Spleen-R1
Spleen-R2
» 0 Kidney-R1
Kidney-R2
Lung-R1
Brain-S1
Brain-S2

Liver-R2
Liver-S1

Liver-S2
Spleen-S1

‘ Kidney-S1
\ Kidney-S2

5S rRNA (EtBr)

/
!
.
‘
‘
‘
'
'
(
(
(
{
|
'
|

24nt-»
fkbA .

21ntp

Figure 11: sSRNA hybridization of FK506-sensitive and -resistant strains

sRNA hybridization of representative sensitive and resistant strains randomly
selected from SCV522-infected mouse after passage. All resistant isolates continue to
express SRNA against fkbA, whereas reverted, FK506-sensitive isolates do not. 5S
rRNA was stained with ethidium bromide and served as the loading control.

This brain-specific tendency toward reversion is also seen in an alternative Mucor
model, in which the mice are immunosuppressed with cyclophosphamide two days
prior to infection. In this model, the mice are euthanized after two days due to a more
rapid course of infection; however, the brain-specific reversion of epimutation is

maintained (Fig 12A, Table 5). Similarly, analysis of representative sensitive and
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resistant isolates from all organs revealed that the phenotypic loss of FK506 resistance
was correlated with the cessation of SRNA expression against fkbA (Fig 12B). Infection

with 1006PhL in this model also does not lead to the development of FK506 resistance

from the recovered wild-type isolates.
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Figure 12: Organ-specific epimutant reversion is also observed in an
immunosuppressed murine model.

Brain-specific reversion was also observed after passage of strain SCV522
through a BALB/c mouse immunosuppressed with cyclophosphamide. Strains were
recovered when the animal was moribund, two days post infection. A. Quantification
of the percentages of FK506 resistance by organ. B. Representative sensitive and
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resistant colonies from the brain and liver were selected for sSRNA hybridization
analysis, along with resistant colonies from the spleen, kidney, and lung. sSRNA
expression against fkbA is observed in resistant but not sensitive colonies. fkbA and
5S rRNA loading control were quantified using radioactive probes.

Table 5: Colony counts from which ratios in figure 12B were derived

Total colonies | FK506-resistant Ratio of
Strain Organ | patched colonies resistance
SCV522 (fkbA
epimutant) Brain 96 14 14.6%
Liver 96 94 97.9%
Spleen 96 96 100.0%
Kidney 96 96 100.0%
Lung 87 87 100.0%
1006PhL (WT) Brain 95 0 0.0%
Liver 96 0 0.0%
Spleen 96 0 0.0%
Kidney 96 0 0.0%
Lung 32 0 0.0%

3.3.3 In vivo passage causes development of fkbA epimutants in an
organ-specific fashion after prolonged FK506 exposure.

In vivo passage in mice without drug exposure does not lead to direct induction
of epimutation-based FK506 resistance. However, passage through a murine host does
lead to increased rates of epimutation if recovered strains are exposed to FK506 for
longer periods of time.

As in previous experiments, immunocompetent mice were retroorbitally infected
with wild-type 1006PhL spores and euthanized after four days when moribund. Organ

homogenates from three mice were plated directly on YPD + antibiotics + FK506, as were
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1006PhL spores that did not undergo in vivo passage. Plates were incubated at room
temperature with light for five days; during this growth period sensitive yeast colonies
arose, some of which transitioned to form resistant hyphal patches. Yeast and hyphal
colonies from each organ were counted to calculate the percentage of FK506 resistance
arising over time. Intriguingly, the most significant effect was once again seen with
isolates from the brain (Fig 13A). In this case, brain-derived isolates developed FK506
resistance at an average rate of >5%, higher than the rate observed in isolates from any
other organ or spores which did not undergo in vivo passage.

sRNA hybridization was performed to detect fkbA sSRNA expression in
representative FK506-sensitive and -resistant strains from each mouse (Fig 13B). More
than 90% (25 of 27) of the resistant strains express sSRNA against fkbA, suggesting
epimutation is the predominant method by which resistance is gained after in vivo
passage. The overall rate of FK506 resistance was much lower in strains derived from
the liver, spleen, kidney, or lungs, or in spores which did not undergo in vivo passage;
however, the predominant mechanism of resistance in these isolates was still SRNA-
based. Sensitive strains isolated from the brain of each mouse did not express sSRNA

against fkbA (Fig. 13B).
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Five days after recovery, resistant and sensitive colonies were counted. A. Percentage
of FK506 resistance by organ, showing higher rates of resistance in the brain. 1006PhL,
1006Phl spores plated without in vivo passage. B. sSRNA hybridization analysis
against fkbA demonstrates the development of sSRNA expression against fkbA in
strains from all organs and spore conditions. SCV522, fkbA epimutant; 1006PhL, wild-
type strain; R, resistant strain; S, sensitive strain. Strains isolated from each
individual mouse are identified by the color of the label (blue, green, and red). Two
of the 27 resistant strains and all three of the sensitive strains (one from each mouse)
show no evidence of SRNA expression against fkbA.

3.4 Discussion

The phenomenon of epimutation was recently characterized as a novel
mechanism of RNAi-dependent drug resistance in Mucor (29, 34, 112). Here, we report
the first analysis of the impact of epimutation during infection. We identified two
contrasting epimutant-related phenomena that occur during a murine in vivo model of
systemic mucormyecosis. First, infection with an epimutant strain demonstrated that
epimutation is maintained in vivo over the course of infection, in multiple organs.
Reversion of epimutation was markedly higher in the brains of mice than in other
organs tested, at about 50%; this incomplete reversion may represent a bet-hedging
strategy, enabling the fungus to respond to a range of environments. Second, in vivo
passage of a wild-type strain of Mucor can lead to increased induction of epimutant-
driven drug resistance, especially passage through the brain. This induction of
epimutation does not appear to occur during the infection itself, but instead arises

several days after recovery of strains from organs under exposure to drug selection.
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It is intriguing that growth in the brain appears to induce rapid changes in
epigenetic states, including both reversion and induction of epimutation-driven FK506
resistance under different circumstances. One possibility is that there is simply more
fungal replication in the brain, enabling more opportunities for stochastic toggling of
epigenetic states. Clinically speaking, rhino-orbito-cerebral mucormycosis is the most
common manifestation of disease, and this could reflect an aspect of the cerebral
environment that makes the brain especially favorable for Mucor growth (53, 105).
Histopathologic analysis of the systemic Mucor infections carried out in this study
correlates with clinical evidence, as qualitatively more hyphal elements were visualized
in the brain than in the other organs studied (Z. Chang, unpublished data).
Alternatively, instead of merely serving as a location for growth, the brain environment
could provide a key, unidentified facet that induces epimutant switching. The rapid
reversion effect was not replicated in vitro using commercially available media made
from specific organs (tested using the bacteria media Brain Heart Infusion vs. Liver
Broth; Z. Chang, unpublished data). We note that the presence or absence of
cyclophosphamide immunosuppression in the mouse model did not alter the organ-
specific nature of this reversion.

Another interesting observation in this study is that induction of epimutants in
the brain was not immediate. Direct plating of wild-type strains recovered from the

brain did not identify any strains with FK506 resistance; conversely, resistance arose
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only after several days of exposure to the antifungal after strains were recovered from
organs. This suggests that the brain environment is not directly inducing fkbA
epimutants, but perhaps priming isolates to be able to subsequently respond rapidly to
stress that is encountered, including antifungal exposure. Over 90% of the resistant
strains identified in this study were epimutants, which correlated with previously
documented high rates of fkbA epimutant generation in the 1006PhL strain (29).
Additional studies will need to be conducted to further examine induction of
epimutation after in vivo exposure; it would be of interest to determine whether the rate
of epimutation is increased in infected animals treated with clinical antifungals.

This is the first example in which a stressful environmental condition — exposure
to the host brain — has led to increased rates of epimutation in wild-type Mucor.
Previously tested conditions which did not increase rates of epimutation included
previous epimutation (a second induction of epimutation in reverted strains), antifungal
drug exposure, cell wall stress, low nitrogen, low glucose, oxidative stress, and trisporic
acid (mating conditions); the only described method to increase the rate of epimutation
was to mutate components of the core RNAi pathway (29). We have unsuccessfully
attempted to replicate this brain-specific induction by testing various pH and hypoxia
conditions (data not shown); additional study is required to elucidate the factor(s) that

leads to this increased rate of resistance.
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Given that Mucor is an environmentally ubiquitous fungus encountered on a
global scale (120), it is also worthwhile to consider how non-host-pathogen interactions
in the soil environment might affect traits such as epimutation. Epimutation is not
limited to generating resistance to FK506 alone, but also functions to generate resistance
to antifungals with entirely different mechanisms of action, such as the nucleotide
analog 5-fluoroorotic acid (5-FOA) (112). Furthermore, antifungals including FK506 and
rapamycin, both of which bind to FKBP12, are known to be produced by members of the
bacterial genus Streptomyces, which are found in soil (121, 122). We speculate that
exposure to these and other antifungal compounds in the natural soil environment
might lead to the development of clinically relevant epimutations similar to the fkbA
epimutation, perhaps playing a role in the intrinsic resistance of Mucor to many
antifungal drugs. These environmental epimutations could then be rapidly induced or
reverted over the course of host infection, potentially serving as virulence factors that
affect treatment and clinical outcomes.

In summary, this study of epimutation revealed that epimutations affecting
antifungal resistance can be both induced and reverted over the course of in vivo
infection of M. circinelloides, with increased effects in the brain. Rapid switching of
epigenetic states may enable adaptation to the very different environments in which
Mucor can be found, from soil to invertebrate to vertebrate hosts. A better understanding

of the mechanisms by which fungi can adapt to antifungal stress will improve our
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understanding of fungal biology and pathogenesis, while opening potential avenues for

clinical treatment.

3.5 Materials and Methods

3.5.1 Growth of strains

The M. circinelloides f. circinelloides strain 1006PhL served as the wild type for all
studies. fkbA epimutant strain SCV522 was derived from 1006PhL in a prior study, and
recovered from -80°C laboratory freezer stocks (29). All strains were grown at room
temperature (approximately 24°C) with normal daylight exposure. Strains were cultured
on YPD agar (10 g/L yeast extract, 20 g/L peptone, 20 g/L dextrose). The antifungal drug
FK506 (Prograf, from Astellas Pharma in a sterile formulation) was added to YPD media

as required after autoclaving, to achieve a final concentration of 1 pug/mL.

3.5.2 Murine infection model

Mice used in this study were male BALB/c mice (Charles River) at 6 weeks of
age, weighing approximately 20 to 25 grams. Mice were infected intravenously with a
dose of 1.25 x 10°¢ spores of 1006PhL suspended in 100 pL of sterile phosphate buffered
saline (PBS). Infected mice were monitored by weighing and visual scoring twice daily,
and euthanized via COz exposure when humane endpoints were reached (including but
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not limited to weight loss greater than 20% of starting body weight, or significant loss of
grooming or mobility).

All intravenous infections were performed via retroorbital injection unless
otherwise noted, an approach developed based on previously published protocols (115).
To perform retroorbital injections, mice were anesthetized by exposure to isoflurane.
Fungal inoculum was then injected behind either the right or left eye, and the animal
was visually monitored while recovering from anesthesia in room air.

As needed, mice were immunosuppressed two days prior to fungal infection. A
single dose of 200 mg/kg cyclophosphamide in sterile PBS was delivered by

intraperitoneal injection.

3.5.3 Strain isolation after in vivo passage

Mice were euthanized via CO:z exposure at the humane endpoint, and up to five
organs (brain, liver, spleen, kidney, lung) were dissected. Whole organs were
homogenized in 1 mL of sterile PBS through bead beating in a tube with two 5 mm steel
beads (3 cycles of 1 minute each). Organ homogenates were plated on YPD agar
containing antibiotics (50 pg/ml ampicillin and 30 pg/ml chloramphenicol) for selective
isolation of fungal colonies.

When hypoxic conditions were required, the GasPak EZ Container System was

used (BD Diagnostics). YPD + antibiotic plates were placed in the GasPak EZ Large
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Incubation Chamber and three anaerobe satchets were added prior to sealing the
chamber. Maintenance of hypoxic conditions (less that 1% O: and greater than 13% COy)
was monitored using Dry Anaerobic Indicator Strips (BD).

If FK506 selection was required, 1 pg/mL FK506 was added to the YPD +
antibiotic agar. Representative FK506-resistant (hyphal) and sensitive (yeast) colonies

were picked for further analysis.

3.5.4 Fungal burden

Fungal burden was measured by plating organ homogenates (as described
above) on YPD + antibiotic agar and counting colonies. This method does not produce a
quantitative total for fungal burden in organs, due to the breakup of hyphae into
fragments during the bead beating step; however, the resulting counts allow for
qualitative comparison between test groups of a given experiment and recovery of

isolates for further analysis.

3.5.5 sRNA extraction and hybridization

Strains for SRNA extraction were grown on plates overlaid with sterile cellulose
film (ultraviolet irradiated for 10 minutes per side) to allow for easier removal of

hyphae. Small RNAs were extracted from hyphae using the mirVana miRNA Isolation
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kit (Ambion, Foster City, CA). 3.5 ug of purified sRNA for each sample (3.5 pug) was

separated by electrophoresis on 15% TRIS-urea gels.

When the 5s rRNA loading control was analyzed by ethidium bromide staining,

sRNA gels were cut in half prior to transfer; the top half was stained with ethidium

bromide and visualized under UV light, while the bottom half was transferred to

Hybond N+ filters, and cross-linked by ultraviolet irradiation (2 pulses at 1.2 x 10° uJ per

cm?) (29). When the 55 rRNA loading control was analyzed by radioactive probing

instead, the entire gel was transferred to the membrane as described.

Prehybridization of membranes was carried out using UltraHyb buffer (Ambion)

at 65°C. fkbA antisense-specific and 5S rRNA riboprobes were prepared by in vitro

transcription using the Maxiscript kit (Ambion); primers are listed in Table 6.

Riboprobes were treated by alkaline hydrolysis as previously described (71), to generate

an average final probe size of ~50 nucleotides. Hybridization was carried out overnight.

Table 6: Primers used in this study

Name Sequence Use
JOHE40635 | ACCCTGCTACAGTCGATGCT M. circinelloides f. circinelloides
1006PhL  fkbA  sRNA  probe
synthesis
JOHE40638 | TAATACGACTCACTATAGGGCT M. circinelloides f. circinelloides
GTACCATATGGACATTGTG 1006PhL  fkbA  sRNA  probe
synthesis (w/ T7 promoter)
JOHE37682 | TAATACGACTCACTATAGGGA 55 rRNA probe synthesis (T7
GCTACGGCCATACAATGTTG promotor included)
JOHE37683 | TAATACGACTCACTATAGGGG 55 rRNA probe synthesis (T7

AACTACAGCAACCAGTATTCC
CA
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JOHE38278 | GAGGAATGAGACCGGGGTAAC 24nt for size standard on sRNA

CAC blots
JOHE42163 | AGATCCACGATCACGAGATGA 2Int for size standard on sRNA
blots
3.5.6 Statistics

Statistical significance of the Kaplan-Meier survival curves was determined using
a log-rank test. One-way ANOVAs were used to determine significance when
comparing rates of FK506 resistance, with Tukey’s Multiple Comparison Test as a post-
hoc test where appropriate. All statistical analysis was performed using GraphPad

Prism.
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4. Transposition in the basal fungal pathogen Mucor
circinelloides confers antifungal resistance both in vitro
and in vivo

This chapter was written in collaboration with Jackie J. Lin, a former
undergraduate in the Heitman lab, and Marco A. Coelho, a postodoctoral fellow in the

Heitman lab, and is in preparation for submission.

4.1 Article Summary

We describe a novel mechanism via which the human fungal pathogen Mucor
develops antifungal resistance: transposon movement. Murine passage of wild-type
Mucor led to recovery of a resistant strain with a transposon inserted in the gene
encoding the drug target FKBP12. This transposon shares homology with Helitrons, a
class of DNA transposons. A second transposon, a retrotransposon, also disrupted fkbA
to induce resistance in independently-derived, RNAi-deficient strains. Our discovery of
Mucor transposons driving antifungal resistance through gene disruption in in vitro and
in vivo environments broadens our understanding of the pathways by which pathogens

adapt to the stress of drug exposure.
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4.2 Introduction

Rates of fungal infections and antifungal resistance are growing globally, and the
problem of antifungal drug resistance is increasing in clinical impact (8). This issue
becomes especially apparent when confronting diseases such as mucormycosis, a
disease notable both for high rates of mortality and for refractoriness to antifungal
therapy (53, 56-58). The intrinsic, broad antifungal resistance seen with this infection
limits treatment, yet the biological mechanisms underlying this resistance are
incompletely understood.

The three most common causes of mucormycosis are the infectious genera
Rhizopus, Mucor, and Lichtheimia (59). Of these genera, Mucor is particularly
experimentally tractable. Several tools for genetic manipulation have been developed,
including transformation, gene disruption, and RNAi, and Mucor circinelloides has been
studied as a model organism for aspects of fungal biology as diverse as virulence, RNAi
biology, and light sensing (35, 60-63). As a pathogen with intrinsic antifungal resistance,
Mucor also serves as a model for studying mechanisms of resistance. Our laboratory
previously identified epimutation, a novel form of transient drug resistance in Mucor,
via which the endogenous RNA interference (RNAi) pathway induces silencing of
various drug target genes (29, 34, 112).

Another well-known mechanism of antifungal drug resistance in human fungal

pathogens involves aneuploidy. In the ubiquitous systemic and mucosal human fungal
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pathogen Candida albicans, fluconazole resistance is conferred by aneuploidy involving
an isochromosome 5 (123). This confers azole resistance via two genes that lie on the left
arm of chromosome 5 (and which are thus present in four copies in the diploid isolates
bearing the isoCh5). ERG11 encodes the drug target, and TAC1 is a transcription factor
that activates drug efflux pump expression (124). Similarly, in the global human fungal
pathogen Cryptococcus neoformans, strains that are aneuploid and disomic for
chromosome 1 are resistant to fluconazole (125). Remarkably, Ch. 1 of C. neoformans also
carries the ERG11 gene, and in this case a second gene, AFR1, which rather than being a
transcription factor encodes the major efflux pump for azoles. In both examples, these
mechanisms of drug resistance conferred by aneuploidy readily arise both in vitro and in
patients and experimental animals treated with azoles (126).

We identified another mechanism that generates genetic diversity and drug
resistance in Mucor: transposition. Spontaneous transposition has resulted in antifungal
drug resistance in the model yeast Saccharomyces cerevisiae as well as the pathogen
Cryptococcus neoformans (127, 128). We document antifungal resistance in Mucor
developed through spontaneous, transposon-induced gene disruption. The antifungal in
this study, FK506, has been shown to exhibit efficacy against Mucor by binding to the
target protein, FKBP12, which is encoded by the locus fkbA; therefore, loss or disruption
of fkbA leads to drug resistance (113). FKBP12-FK506 inhibits calcineurin, which is

required for Mucor dimorphism necessary for virulence (75, 114). We identified isolates
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in which two different transposons disrupted the fkbA gene. First, we identified a
Helitron-like DNA transposon that inserted in the fkbA promoter and induced resistance
in Mucor after in vivo passage in a murine model. In addition, we identified a number of
large insertions leading to FK506 resistance in several RNAi-deficient strains of Mucor.
These strains shared inserted sequences of a second transposon, which shares homology
with a retrotransposon. Transposon-driven disruption and resistance was identified
across several independent mutants of multiple components of the RNAi pathway,
implicating RNAi in transposon control.

These observations build on our prior studies of epimutation and drug
resistance, establishing a second new avenue of genetic plasticity and drug resistance
using Mucor as a model human pathogenic fungus. The presence of multiple
transposons in the Mucor genome, which disrupted the fkbA gene under both in vitro and
in vivo conditions, suggests that transposon-induced gene disruption could play a
significant role in genetic variation. Advancing our understanding of the mechanisms by
which this virulent human pathogen adapts to the stresses of drug treatment has
implications for the development of future treatments against Mucor and other

pathogenic fungi and microbes.
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4.3 Materials and Methods

4.3.1 Growth of strains

The strain 1006PhL served as the wild type for all M. circinelloides f. circinelloides
studies. FK506-resistant, RN Ai mutant, M. circinelloides {. lusitanicus strains derived from
the genetically tractable parent strain CBS 277.49 were recovered from -80°C freezer
stocks generated in a prior study (29). All strains were grown at room temperature
(approximately 24°C) with normal daylight exposure. Strains were cultured on YPD agar
(10 g/L yeast extract, 20 g/L peptone, 20 g/L dextrose). FK506 (Prograf, from Astellas

Pharma) was added to YPD media as required at a concentration of 1 ug/mL.

4.3.2 Strain isolation after in vivo passage

Male BALB/c mice were infected intravenously with a dose of 1.25 x 10¢ spores of
1006PhL. Mice were euthanized via CO: exposure at the humane endpoint, and the
brain and kidneys were dissected. Whole organs were homogenized in 1 mL PBS by
bead beating in a tube with two 5mm steel beads (3 cycles of 1 minute each). Organ
homogenates were plated on YPD agar containing 1 pg/mL FK506, 50 pg/ml ampicillin,
and 30 ug/ml chloramphenicol for selective isolation of fungal colonies. Representative

FK506-resistant (hyphal) and sensitive (yeast) colonies were picked for further analysis.

81



4.3.3 Nucleic acid extractions

DNA was extracted from hyphae grown on YPD with or without FK506
supplementation using the MasterPure Yeast DNA Purification Kit (Epicenter
Biotechnologies, Madison, WI). Hyphae were placed in a 1.5 ml tube with ~100 uL of
425-600 um glass beads and 300 pL of yeast cell lysis buffer. Samples were vortexed for
one minute to break up hyphae, after which DNA isolation proceeded using the
standard procedure as described in the kit.

Isolates for RNA extraction were grown on plates overlaid with sterile cellulose
film (ultraviolet irradiated for 10 minutes per side), to allow for easier removal of
hyphae without agar contamination. Small RNAs were extracted using the mirVana
miRNA isolation kit (Ambion, Foster City, CA) and used for hybridization analysis with
radioactive probes created with the Maxiscript kit (Ambion) as previously described

(29).

4.3.4 Identification and sequencing of insertions

PCR was performed using ExTaq DNA polymerase (Takara Bio USA) with
primers listed in table 7. Samples were sent for Sanger sequencing at Genewiz (South
Plainfield, NJ). Identified sequences were compared to Repbase (a database of
eukaryotic transposons and repetitive elements), using the CENSOR web server at the

Genetic Information Research Institute (GIRI) (129, 130). In addition, transposon
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sequences were subjected to a BLASTX search to preliminarily identify conserved

protein domains, which were subsequently inspected and classified against InterPro's

signatures, using InterProScan (131). To determine the position of transposon insertion

sites, genomic regions flanking the fkbA locus were retrieved from the genome

assemblies of M. circinelloides f. circinelloides strain 1006PhL (GCA_000401635.1) and M.

circinelloides f. lusitanicus strain CBS277.49 (GCA_001638945.1) using BLASTN, and

subsequently aligned to the sequences containing insertions using CLUSTALW in

BioEdit v7.0.5.3.
Table 7: Primers used in this study
Name Sequence Use
JOHE40635 ACCCTGCTACAGTCGATGCT M. circinelloides f. circinelloides fkbA for
sequencing
JOHE40632 CCAAGGTATGCTAATCTGTGGT M. circinelloides £. circinelloides fkbA for

sequencing

JOHE45872 TCAGGGTACACGACGTTGTC Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE45897 GGGTTTTCTAATGGCCTTTGC Primer walking, helitron-like

transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE45939

TGGTTGCCATTGATTGACGA

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE45940

GGCTGTCITGGTGTTCTITGG

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE46009

ACGACTGTCAGCCATTACCT

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1
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JOHE46030

CCAAGAACACCAAGACAGCC

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE46031

CATCCAGGAGCTCTCTGTGT

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE46032

TGGTCGCCCGAGTATTCAAT

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE46033

AAGAATAGGGCGTGGACTCC

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE46034

TGGCAACCACAACAACAACA

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE46035

GCCTGCCATTGTAGATGCIT

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE46036

TCCTCCTCCCTCCCAATACA

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE46037

GCCACAACTCTCACATGCAA

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE46038

GCGTGAATTGAAATGTICTCCG

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE46039

CGTTTGCTGTITTCGCGTTTT

Primer walking, helitron-like
transposon in fkbA promoter in M.
circinelloides f. circinelloides strain KR1

JOHE38926

CTCAAGACGGACGAGCCTCA

M. circinelloides f. lusitanicus fkbA
gene sequencing

JOHE38278

GAGGAATGAGACCGGGGTAAC M. circinelloides f. lusitanicus fkbA

CAC

gene sequencing

JOHE37672

CATCGCAACGGAATTCCTGAC
CGGAC

M. circinelloides f. lusitanicus fkbA
gene sequencing

JOHE46146

GAATTGCTCCTGGTGATGGT

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46147

ACCATCACCAGGAGCAATTC

Primer walking, non-LTR
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retrotransposon in strains
SCV215/216/115

JOHE46149

CACCAAATCATCACCACTGC

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46150

TGCAGTGGTGATGATTITGGT

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46151

TTTTCGCCAACTTTGAACAAC

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46152

TTGTTCAAAGTTGGCGAAAA

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46153

CATTGTCAAGGAGCCAACCT

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46154

TTTCAACTCGCCAAACTCCT

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46172

ACAGGCACAGAAGACACACG

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46173

CGTGTGTCTTCTGTGCCTGT

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46174

GTATGCATCGAACGATGTGG

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46175

CGTTCGATGCATACTTGGAG

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46176

ATTGACTTGGGCTCAACGAG

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46177

CTCGTTGAGCCCAAGTCAAT

Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46178

CGTTGCTATGGCTGTCAAAA

Primer walking, non-LTR
retrotransposon in strains
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SCV215/216/115

JOHE46179 TTTTGACAGCCATAGCAACG  Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46180 CCACGTTTCCAAAGAGCAAT Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46181 TGAGTACGCAACCAGTGAGC  Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46182 CITTCCAACTTCGTGGGATGT Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46183 CGTAGTGGTGCTCCTTCTCC Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46208 GTGCTATTCGGGTCACCACT Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46209 CGATAGCTTCAGCATCGACA Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46210 TGGATGCAGCAGCTATCAAC  Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46211 ATTCTCGTCAAGCCGATGTC Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46212 TGAGTACGCAACCAGTGAGC  Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE46213 TGGATGCAGCAGCTATCAAC  Primer walking, non-LTR
retrotransposon in strains
SCV215/216/115

JOHE40635 ACCCTGCTACAGTCGATGCT M. circinelloides f. circinelloides
1006PhL fkbA sRNA probe synthesis

JOHE40638 TAATACGACTCACTATAGGGCT M. circinelloides f. circinelloides
GTACCATATGGACATTGTG 1006PhL fkbA sRNA probe synthesis
(w/ T7 promoter)
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4.3.5 Identification of additional Helitron-like and retrotransposon
copies

A search for additional copies of the newly identified transposons was
performed across the two Mucor genomes using TBLASTX. A ~10 kb region flanking
each BLAST best result (i.e. results with E-value lower than 1e-50; Table 8) was inspected
using InterProScan for the presence of the Rep (Helitron helicase-like; pfam14214) and
Hel (DNA helicase Pifl-like; pfam05970) domains typical of Helitrons, and for the
presence RT_nLTR-like domain (Reverse transcriptase domain; pfam00078) as found in

non-LTR retrotransposons. Identified results are provided in Table 8 and 9.
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Table 8: Locations of other putative helitron-like transposons in two M. circinelloides genomes.

TBLASTX best hits using the 5kb insertion in fkbA promoter region as query doRrﬁgin dokr!neellin
sct;)clJtr PF1421  PF059

Strain Contig Acc.No. % identity alignment length s. start s. end evalue e 4 70

KE124203.1 100 924 2 2773 0 2174 no yes

KE124081.1 99.892 924 71987 69216 0 2172 no yes

KE123992.1 99.892 924 136900 134129 0 2171 highly no yes

KE124189.1 100 895 2685 1 0 2117 Sigf;]iiftigant yes yes

KE124049.1 100 895 2685 1 0 2117 yes yes

KE124074.1 99.878 823 74586 72118 0 1911 no yes

KE123984.1 99.74 384 129470 130621 0 909 no no

KE123977.1 91.388 418 71842 73095 0 864 no yes

KE123976.1 81.818 330 102477 101488 0 644 yes no

ucor KE124238.1 71.94 335 3879 2875 0 609 yes yes

cir'cil?elloiqes f. KE124006.1 71.343 335 78348 77344 0 604 yes yes

cireinefloides KE123938.1 73.113 212 79925 79290 0 374 no yes

KE123943.1 55.093 216 3728 3081 0 271 yes yes

KE123947.1 88.983 118 40443 40090 0 259 no no

KE123935.1 70.588 102 166207 165902 0 158 no yes

KE123896.1 56.213 169 56660 56154  1.7E-174 219 less no no

KE123904.1 56.716 201 228784 228182 3.2E-107 254 Sigf;]iiftigant no yes

KE124091.1 90.141 213 12984 13622  8.2E-136 443 no yes

KE123939.1 54.438 169 54319 54825 8.4E-130 205 yes yes

KE123930.1 67.832 143 58182 57754  1.8E-114 226 no yes

KE123931.1 50.37 135 116045 116449  7.37E-88 167 no yes

KE124000.1 58.333 144 83473 83042  1.15E-71 190 no yes
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202 yes no

KE123911.1 52.071 169 217382 216876  8.73E-66
Rep Hel
domain = domain
bit
scor PF1421 PF059
Strain Contig Acc.No. % identity alignment length s. start s. end evalue e 4 70
AMYB01000010.1 54.839 217 464928 465578 0 267 no no
AMYB01000006.1 54.839 217 2E+06 2E+06 0 267 no no
AMYB01000006.1 54.839 217 3E+06 3E+06 0 267 yes yes
AMYB01000005.1 54.839 217 1E+06 1E+06 0 267 no no
AMYB01000005.1 54.378 217 2E+06 2E+06 0 267 yes yes
AMYBO01000004.1 54.839 217 3E+06 3E+06 0 267 yes yes
significant
AMYB01000003.1 54.839 217 589016 589666 0 267 hits no no
AMYB01000003.1 54.839 217 3E+06 3E+06 0 267 no no
AMYB01000003.1 54.839 217 4E+06 4E+06  9.1E-175 267 yes yes
Mucor AMYB01000003.1 54.839 217 3E+06 3E+06 9.1E-175 267 yes yes
circinelloides f.
lusitanicus AMYB01000007.1 54.839 217 183679 184329 7.5E-179 267 no no
CBS 27749 AMYB01000008.1 54.839 217 2E+06  2E+06  4E-177 267 yes yes
AMYB01000002.1 54.839 217 3E+06 3E+06 3.5E-175 267 yes yes
AMYB01000007.1 54.301 186 2E+06 2E+06  9.32E-57 221 yes no
AMYB01000006.1 47.015 134 2E+06 2E+06 0 156 no no
AMYB01000006.1 47.015 134 3E+06 3E+06 49E-155 156 yes yes
AMYB01000005.1 47.015 134 2E+06  2E+06 0 156 less yes yes
significant
AMYB01000005.1 47.015 134 64728 65129 1.5E-140 156 hits no no
AMYB01000003.1 47.015 134 3E+06 3E+06 0 156 yes yes
AMYBO01000011.1 47.015 134 451409 451810 4.3E-162 156 yes yes
AMYB01000001.1 47.015 134 2E+06 2E+06 1.9E-150 156 yes yes




06

AMYB01000010.1 46.269 134 472235 472636 0 155 no no
AMYB01000004.1 47.015 134 2E+06 2E+06  5.3E-151 155 yes yes
AMYB01000001.1 54.206 107 6E+06 6E+06 1.6E-147 146 yes yes
AMYB01000002.1 56.364 110 1E+06 1E+06  3.54E-92 143 yes no
AMYB01000002.1 43.868 212 3E+06 3E+06  8.23E-45 142 yes yes

scaffold containing fkbA
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Table 9: Locations of other putative non-LTR retrotransposons in two M. circinelloides genomes.

TBLASTX best hits using the putative non-LTR-like insertion in fkbA (SCV215) RT_nLTR_like RT zinc-binding
Strain Contig Acc.No. % identity ~ alignmentlength  s.start  s.end evalue bit score PF00078 /
cd01650 PF13966
KE123897.1 30.201 149 74199 74645 1.88E-80 91.8 yes no
KE123897.1 42.623 61 120509 120691 1.88E-80 64.3 yes no
KE123906.1 54.93 71 707 495 7.55E-68 98.7 yes no
KE123915.1 46.914 81 221378 221620 4.7E-81 91.3 yes no
KE123920.1 56.962 79 30477 30713 1.14E-91 111 yes no
KE123931.1 50 78 37867 37634 4.63E-74 95.9 yes no
KE123936.1 64.286 224 61359 62030 0 348 yes no
KE123959.1 78.261 161 155106 155588 1.34E-66 254 no no
Mucor KE123980.1 85.987 157 124540 125010 1.9E-120 322 no no
cir C’”?{’O"des KE124000.1 47.619 84 22737 22988  3.22E-71 100 yes no
circinelloides KE124024.1 34.615 52 21966 22121 1.7E-119 418 yes no
1006PhL KE124024 .1 79.71 138 47662 48075 1.7E-119 219 no no
KE124041.1 54.054 74 48310 48531 6.53E-93 100 yes no
KE124059.1 47.561 82 50819 51064 4.63E-88 93.2 yes no
KE124066.1 68.667 150 72660 72211 0 239 yes no
KE124069.1 63.014 73 10021 10239 2.24E-94 113 yes no
KE124075.1 66.667 162 32835 32350 0 270 yes no
KE124080.1 60 165 2192 2686 1.6E-174 243 yes no
KE124141.1 55.263 76 2636 2409 7.45E-89 100 yes no
KE124207 1 65.972 144 25988 26419 2.5E-107 223 yes no

RT_nLTR_like RT zinc-binding
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Strain Contig Acc.No. % identity alignment length s. start s. end evalue bit score -
PF13966

AMYB01000018.1 98.37 184 10167 10718 9E-110 397 no yes
AMYB01000016.1 94.098 610 38803 40632 0 1249 yes no
AMYB01000015.1 96.393 610 67087 68916 0 1292 yes no
AMYB01000014.1 94.098 610 148133 149962 0 1249 yes yes
AMYB01000012.1 94.91 609 824503 826329 0 1264 yes yes
Mucor AMYB01000011.1 94.59 610 927219 929048 0 1254 yes yes
circinelloides ~ AMYB01000010.1 96.557 610 955486 957315 0 1289 yes yes
Eg’;’?ffj{’g AMYB01000007.1  97.047 508 3E+06  3E+06 0 1099 no yes
AMYB01000006.1 99.836 610 801858 803687 0 1349 yes yes
AMYB01000004.1 93.103 522 81637 83202 0 1074 yes yes
AMYB01000004.1 94.426 610 94594 92765 0 1250 yes yes
AMYB01000003.1 94.262 610 165881 167710 0 1259 yes no
AMYB01000002.1 99.821 558 3E+06 3E+06 0 1240 yes no
AMYB01000001.1 93.607 610 2E+06 2E+06 0 1238 yes yes




4.4 Results

4.4.1 Identification of a large insertion causing FK506 resistance

The 1006PhL strain of Mucor circinelloides f. circinelloides was recovered from the
homogenized brain and kidney of a BALB/c mouse euthanized at the humane endpoint
of Mucor infection. Mucor strains were recovered on YPD agar containing FK506, where
they showed a mix of FK506-resistant (hyphal) and FK506-sensitive (yeast-like)
phenotypes. Representative sensitive and resistant colonies were colony purified on
YPD media with or without FK506, as appropriate, to confirm the phenotype of each
isolate (Fig 14A). The fkbA locus, mutations in which confer FK506 resistance, was PCR
amplified and sequenced to determine the cause of resistance (primers are listed in table
7). All resistant or sensitive strains, except one, produced a fragment of the expected ~1
kb size, regardless of whether they were phenotypically resistant or sensitive (Fig. 14B).
Further sequencing and analysis of small RNA (sRNA) populations demonstrated that
the majority of resistant isolates had become epimutants, strains which develop
resistance through expression of SRNA and induction of RNA silencing against drug

target genes (Fig. 15).
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Figure 14: FK506 resistance caused by a large insertion after in vivo passage.
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Representative FK506-resistant and FK506—sensitive M. circinelloides f.
circinelloides strains were recovered after in vivo infection/passage from multiple
organs in one mouse. fkbA-, fkbA epimutant; KR1, kidney FK506-resistant strain 1; BS,
brain FK506-sensitive strain 2; BR1, brain FK506-resistant strain 1; KS, kidney FK506-
sensitive strain. A. Phenotyping of sensitive and resistant strains on YPD vs
YPD+FK506 media. Resistant strains grow as hyphal patches, while sensitive strains
grow as yeast colonies. B. Initial PCR amplification of the fkbA locus in sensitive and
resistant strains revealed an ~5 kb insertion in strain KR1 not observed in resistant
strain BR1. C. Repeat PCR amplification of fkbA locus from strain KR1, with
improved amplification conditions, definitively demonstrates the ~5 kb insertion in
the fkbA locus. D. Via sequencing, the location of the ~5 kb insertion was determined
to be in the fkbA promoter region. E. Conserved protein domains of the identified
Helitron-like sequence in M. circinelloides {. circinelloides compared to Helitrons of
other two fungi.
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Figure 15: FK506 resistance after in vivo passage can be caused by multiple
mechanisms.
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Small RNA hybridization analysis of FK506-resistant M. circinelloides f.
circinelloides strains recovered after in vivo infection/passage from multiple organs in
one mouse. 1006PhL, wild-type strain used for infection; KR1, kidney resistant strain
1; KR2, kidney resistant strain 2; BR1, brain resistant strain 1. 5S rRNA was stained
with ethidium bromide prior to blotting to establish a loading control. Strain KR1
contains an insertion of a Helitron-like transposon, as described in Fig 1 and Table 1
in the text. Conversely, strains KR2 and BR1 have developed resistance through
expression of SRNA specifically against the fkbA locus, comparable to the known
fkbA epimutant strain 13425.

FK506-resistant strain KR1, however, appeared to contain a large insertion in the
fkbA locus. The PCR amplification was optimized and repeated, showing that
amplification of the fkbA locus in KR1 produces a single band about 5 kb larger than
expected (Fig. 14C). DNA spanning this unknown insertion was gel purified and Sanger
sequenced through primer walking, starting from the flanking fkbA regions. The
insertion point was identified in the fkbA promoter region, 21 base pairs preceding the

start codon (Fig. 14D, Fig. 16).
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TR T e TR AT AT GO T AT T T AR R R R TTACATATAT AR R R CTCAGRTCTTTATEECTTGCCCE
AR G R T TR R TTATTC AT T AT A CTT TG ETEETITACCTATTATCATGTTTTARTARCGEATTTATTC
ATARTE R AT T TTAGTTGATC T TCATAACTTCAACT TCARACT TCAAGETAGCCTTCCCACCARTGAGECL
GGGETAACCACCTTCACCATAACCATAATCATCGAGTACAGATCAACTTGECCTTCTCACCAACRACGACAATTC
AGTGACACCTAAR AT CACAC GGG TCAGATARTGTCGC TCCCCACTATACACACTATAATTTATATTTACCT
TCGTCCCAGCCCTTGATCACTTCACCARCACCAATGETACATTCCARACCAGATCCACCGATCCOCCAGARCAR
TCAARCTTGTCCCCGT TCTCGACACTACCARACGTAGTCCATCETALCTTTETCACCCTTCTTEECGAACGTTE
TTGCCATCACCAGGAGC AR TTCT T T AR CACTGATGATTGTATTTAATGCCTTGATCACAATETCCATATGE
TACAGCCAACAATACTTACCTAACACCCATCETTARTTATGTATTAT CTT'I?!AST—-.TRGAIGF-_:-_AGJ'..P.G.:-_'-"—_AE
GoTAGRR R R T I T IGI T TG I TTT AT ACTTIGRITAGCCGTCCIIGICTITATACGTCAT CTARCE
AT AR L R T AR T AT T A T T AR T T T E AR TCRAATTTCGTGATTTTRARATTGCTATTTCGTCARE
AT ARG GERT CCCTTCTICT T T AT CAT T ETC ARG AR R R R ATCCARCATRARRTTCATTCTCCTETACTAZ
TATTICTATCT AR T R ACT T TG AR TEACTCACTTGTATATACTCTGRGACTTTGTGCATTATCTATARCET
AT CRTGCTATTTRRT AT AT AT T AT T CT TG TITCRCACATTTTGARACCATCTARATCERATTATCICE

TATRCCCAGGATRCAGATRAGCCACCATGAATTCACTACCACAGATTAGCATACCTTCRR

Figure 16: Sequence of fkbA locus showing insertion site of Helitron-like
transposon in M. circinelloides f. circinelloides strain KR1.

Location of insertion marked by blue triangle.

4.4.2 Identification of the 5 kb insertion as a copy of Helitron-like
transposons located throughout the Mucor genome

To identify the unknown insertion, preliminary BLASTX analyses were
performed against the non-redundant (nr) database in GenBank. This search identified
hypothetical or uncharacterized proteins from other fungi as best matches but,
importantly, identified two conserved domains: a Rep/Helitron helicase-like domain

(pfam14214) and a Het/PIF1-like helicase (pfam05970) domain, both of which are
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structural hallmarks of Helitrons, a group of DNA transposons (132). For further
confirmation of this finding, the unknown sequence was compared with known repeat
sequences available in Repbase, a database of eukaryotic repetitive elements and
transposons (Fig 14E). The top five matches found in Repbase are listed in Table 10. Of
note, the unknown insertion again demonstrated significant similarity to a Helitron
identified in Rhizopus oryzae, a Mucoralean fungus phylogenetically closely related to M.
circinelloides. The remaining four matches with lower identity correspond to Helitrons of

distantly related Ascomycota and Basidiomycota fungal species.

Table 10: BLAST Identification of KR1 insertion as Helitron-like transposon

Nucleotide BLAST analysis of the ~5 kb KR1 insertion against Repbase, a
database of eukaryotic transposons and repetitive elements. The top results align with
Helitron transposable elements from several fungi, including the closely related

genus Rhizopus.

R Total

ep!oas.e Fungal Species Max ota Query E value |Identity
Description score | score cover
Helitron-1_ROr | Rhizopus oryzae 244 537 50% 8.00E-64 | 63.22%
Helitron-1_SLL | Serpula lacrymans | 73.4 | 202 6% 3.00E-12 | 74.55%
Helitron-1_AN | /Aspersillus 572 | 57.2 2% 2.00E-07 | 70.73%
nidulans
Helitron-1_PGr | Puccinia graminis | 49.1 | 49.1 2% 1.00E-04 | 68.91%
Helitron- | cinia triticina | 482 | 482 2% 1.00E-04 | 67.65%
3 PTrit
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Helitron-like transposons previously identified in systems as diverse as plants,
mammals, and fungi have all been characterized by precise transposition to AT
dinucleotide target sites (132) and these transposition events typically do not produce
target site duplication upon integration. In addition, they all have conservative 5’-TC
and CTRR-3’ termini (where R stands for A or G). Inspection of the insertion site of the
putative Helitron-like transposon in M. circinelloides £. circinelloides FK506-resistant strain
KR1 revealed the same pattern (Fig. 14D), further supporting the classification of this

element as a Helitron.

4.4.3 Sequencing of additional FK506-resistant strains containing
large insertions

This case of transposon-mediated antifungal resistance led us to search for other
strains that might contain insertions leading to antifungal resistance. We searched a
collection of FK506-resistant Mucor circinelloides {. lusitanicus isolates generated but not
characterized in detail in a previous report from our lab (29). From this collection of 363
strains we identified 14 isolates containing large insertions, all of which were derived
from strains with RNAi deficiencies (Table 11). The fkbA locus was amplified from all

strains and the presence of a large insertion was confirmed.
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Table 11: List of previously published, FK506-resistant, M. circinelloides f.
lusitanicus strains containing large insertions.

These strains were previously described in supplemental information (29).

# of large Total # of FK506-

Background strain % insertions

insertions resistant strains
NRRL3631 (WT) 0 33 0.0%
MU435 (patAA:pyrG leuA-) 0 33 0.0%
R7B (leuA-) 0 31 0.0%
MU406 (dcl1A:pyrG leuA-) 0 25 0.0%
MUA407 (dcl1A:pyrG leuA-) 0 21 0.0%
MU410 (dcl2A::pyrG leuA-) 1 34 2.9%

MU413 (ago1A:pyrG leuA-) 10 26 38.5%

MU426 (ago1A::pyrG leuA-) 2 27 7.4%
MU416 (ago2 A::pyrG leuA-) 1 23 4.4%
MU414 (ago3A::pyrG leuA-) 0 27 0.0%
MU419 (rdrp1A::pyrG leuA-) 0 31 0.0%
MU420 (rdrp2 Az:pyrG leuA-) 0 25 0.0%
MU428 (rdrp2 Ax:pyrG leuA-) 0 27 0.0%

We began Sanger sequencing of the insertions by choosing to sequence two of
the unknown isolates, SCV215 and SCV216. These isolates were derived from MU426, an
agolA mutant. Interestingly, the insertions in both of these strains were both at the same
site within the second exon of fkbA, and had identical sequences (Fig 17A). We also
sequenced the insertion in isolate SCV115, which was derived from MU410, a dcl2A
mutant background. This inserted sequence was identical to the first two, but the
insertion site was located within the fkbA promoter region, 60 bp before the start codon.
As with the Helitron transposon, we performed similar search analyses of the unknown

insertion. In this case, while we were not able to identify a clear match in Repbase, both
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BLASTX and InterProScan analyses suggested that the inserted sequence contains a
reverse transcriptase domain (pfam00078) typically associated with non-LTR (long
terminal repeat) retrotransposons (Fig. 17B). Analysis of the two insertion sites revealed
short (15 bp) target site duplications (TSDs), which are usually generated upon

transposition.
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Figure 17: FK506 resistance caused by insertion of a second transposon in an RNAi mutant strain.

Analysis of previously noted large insertions in FK506-resistant strains of M. circinelloides f. lusitanicus. Strains SCV215
and SCV216 are derived from an ago1A mutant background; Strain SCV115 was derived from a dcI2A mutant background. A.
Through sequencing, the point of insertion was determined to be at the same location in the fkbA coding sequence for SCV215
and 216, which was not shared with strain SCV115. B. Conserved protein domains of the putative non-LTR retrotransposon
targeting the fkbA locus in M. circinelloides f. lusitanicus.
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Finally, we screened the remaining isolates with unknown insertions to
determine if any of these isolates contained either of the two transposons identified thus
far. The remaining 10 isolates were derived from MU413, an agoIA mutant strain that
was generated independently from MU426. We first used fkbA-specific primers to PCR
amplify each insertion and its flanking fkbA region; these products were used for a rapid
PCR screen using a pair of the internal sequencing primers for the Helitron-like
transposon (JOHE46009/JOHE46032; see Table 7) and the non-LTR retrotransposon
(JOHE46208/JOHE46211). Fragments from strains KR1 and SCV215 were included as the
positive controls for each primer pair. None of the 10 isolates tested contained the
Helitron-like transposon fragment (Fig. 18A), but all contained the non-LTR
retrotransposon fragment, suggesting they contain part or all of the non-LTR

retrotransposon (Fig. 18B).

Helitron-like
transposon

Mon-LTR
retrotransposon

= 7 ¥ 7 v = v v

SC\V215

]
[=]
£
o=
[ ]
7]

KR1

Figure 18: Large insertions in other RNAi-mutant strains share sequence
homology with the putative non-LTR retrotransposon.

All strains tested were derived from an ago1A mutant background
independent of the ago1A background from which SCV215 and SCV216 were derived.
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PCR analysis was performed using internal sequencing primers from the Helitron-
like transposon and the non-LTR retrotransposon.

4.4.4 Mucor circinelloides genomes contain additional copies of the
two transposons

The newly identified transposable elements targeting the fkbA locus were found
in multiple copies dispersed throughout the genome of the wild-type 1006PhL strain of
M. circinelloides f. circinelloides, from which the KR1 strain was derived; as well as in the
genome of M. circinelloides f. lusitanicus strain CBS277.49 (102, 133, 134). We inspected an
~10 kb region around each of the significant matches obtained from TBLASX searches
(see Table 8, 9) using InterProScan. Several of the putative Helitron-like hits contained
the conserved Rep (Helitron helicase-like; pfam14214) and Hel (DNA helicase Pifl-like;
pfam05970) domains, but in many instances only one or the other domain was
identified, indicating that these are most likely partial sequences (Table 8). Likewise,
multiple copies of the non-LTR retrotransposon were found in both Mucor genomes
(Table 9), yet in most cases they do not seem to represent complete copies of the element.
Additionally, differences in sequence identity among the different copies of the two

elements are indicative of additional subgrouping.
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4.5 Discussion

We have characterized two different transposon candidates in M. circinelloides, a
Helitron-like DNA transposon and a non-LTR-like retrotransposon, both of which can
cause FK506 resistance. Transposable elements are known to be prevalent in all
tilamentous fungi (135). Specifically, previous work has identified several transposons in
the fungal order Mucorales. The first retrotransposon, Prtl, was identified in Phycomyces
blakesleeanus and found to be a tyrosine recombinase mobile element, later also identified
in Rhizopus (136-138). An LTR retrotransposon, Rhizot, was reported in the genomes of
multiple Rhizopus species (139). Whole genome and RNA sequencing of the Mucorales,
including the genera Apophysomyces, Rhizopus, and Mucor, resulted in annotation of
predicted retrotransposons (89, 140, 141). The Helitron DNA transposon has also been
reported in a variety of plant and animal genomes as well as more distantly related
fungi, such as the ascomycete Fusarium (132, 142). Helitron transposons were also
identified in Rhizopus through whole genome sequencing (141).

Reports of transposons inducing antifungal resistance are uncommon. In
contrast, bacterial transposons that induce antibiotic resistance were discovered only
two decades after the first discovery of transposons and their regulation of gene function
in maize (143, 144). The mechanism of transposon-induced resistance in fungi is also

significantly different, as bacterial transposons directly carry genes conferring antibiotic
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resistance (145). One intriguing case of transposon-driven antifungal resistance has been
studied: a transposon containing a strong promoter was able to drive upregulation of
CYP51b, leading to agriculturally important resistance to azole drugs in a plant
pathogen, Penicillium digitatum (146). Direct disruption of drug resistance genes through
spontaneous transposition has also been shown to confer resistance to antimycin A in S.
cerevisiae, and FK506/rapamycin in C. neoformans (127, 128). We document here the first
report of gene disruption leading to the development of antifungal resistance in Mucor.

It is also interesting that increased movement of the putative non-LTR
retrotransposon was seen specifically in RNAi-mutant strains. In other eukaryotes,
including Arabidopsis, C. elegans, and Drosophila, RNAi machinery is known to generate
sRNA against transposons to suppress transposon movement. Furthermore, this
mechanism of RNAi-based transposon suppression has also been reported in various
fungal species, including Cryptococcus, Candida, and Schizosaccharomyces (70, 147-150). M.
circinelloides was also previously reported to express sSRNAs that map to transposons,
but at relatively low levels compared to other fungi (89). It should be noted that from the
strains in our collection, we only identified retrotransposon-induced FK506 resistance in
strains that had lost RNAi function through mutation of either the Argonaute or Dicer
component.

RNAi components have been lost repeatedly across the fungal kingdom (66).

Loss of RNAi has been observed in clinically relevant fungi including the Cryptococcus
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species complex and Malassezia (151-153). This loss of RNAi is often correlated with a
loss of transposons throughout the genome (154). In contrast, short-term loss of RNAi in
Mucor seems to open up pathways by which the transposons present in the Mucor
genome can mobilize, thereby increasing genetic diversity and potentially conferring
drug resistance.

In summary, we report a new mechanism for transposon-driven drug resistance
in Mucor. We have identified two different transposons that have repeatedly induced
antifungal resistance in both in vitro and in vivo environments. Our finding of
transposons driving Mucor drug resistance through gene disruption helps broaden our
understanding of the mechanisms via which pathogenic organisms adapt to stresses,

including antifungal drug exposure.
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5. Conclusions

Here I have examined two different mechanisms of antifungal resistance in the
emerging fungal pathogen Mucor circinelloides. We employed sRNA hybridization and
sequencing to study the epimutation pathway of drug resistance, both in vivo and in
vitro. In addition, we identified the first cases of drug resistance in Mucor driven by
transposition of both a DNA and an RNA transposon. I will briefly summarize the major

findings from each chapter and discuss future directions.

5.1 In vitro studies of epimutation

In the second chapter, I examined the scope of resistance induced by epimutation
in an in vitro setting. Previous work had only demonstrated epimutation-induced
resistance against FK506 and rapamycin, through targeting of the shared drug target
protein FKBP12. I demonstrated that epimutation can also confer resistance to 5-FOA,
through targeting of either pyrF or pyrG, and that this resistance is dependent on
expression of SRNA against the corresponding gene. Furthermore, I showed that these
epimutations are transient and reversible. All 5-FOA-resistant epimutants were
generated from strains with either an rdrp1 or rdrp3 mutant background.

It is known that the epimutation pathway requires the core RNAi pathway along
with two additional proteins (Qip1l and a Sad3-like helicase), but their functions are not

yet well elucidated (Fig. 19). It is hypothesized that as an RNA helicase RnhA may be
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involved in separating the two strands of the siRNAs, while the QIP exonuclease is
known to play a role in the activation of the RISC complex in fungi including N. crassa.
Another key remaining question is how silencing is initiated. Two possibilities are
shown (Fig. 19). First, a naturally occurring antisense mRNA was detected for the fkbA
gene, which could bind to the fkbA mRNA to form double-stranded RNA and initiate
silencing after an unknown trigger. It is unknown whether similar natural antisense
mRNAs may exist for other genes targeted by epimutation, such as pyrF and pyrG.
Alternatively, an RNA-dependent RNA polymerase could be involved in production of
double-stranded RNA directly from the target mRNA, again following an unknown

trigger.
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Figure 19: Schematic of the epimutation pathway.

A summary of the mechanisms of epimutation. The core RNAIi proteins
essential for epimutation (Dicerl, Dicer2, Agol, and RdRP2) have been diagrammed
here. In addition, RnhA and QIP are known to be essential but their functions are not
as well defined. Components of an alternative, competing RNAi pathway — the non-
canonical, RARP-dependent, Dicer-independent silencing pathway — are inhibitory to
the epimutation pathway.

It also remains unclear what factors, if any, could trigger the initiation of
silencing, or whether stochastic gene silencing might be ongoing at low levels. In this

context, it is interesting to consider why isolation of 5-FOA epimutants required an
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RNAi mutant background with increased rates of epimutation, when the FK506
epimutants did not; these findings seem to illustrate a pathway to drug resistance that
combines both a Mendelian (rdrp1A or rdrp3A) and an epigenetic mechanism. In this
way, we could posit that epimutation might enable Mucor to temporarily resist harsh
environmental stresses and thus provide time for more permanent genetic diversity to
arise. One avenue of further study could be to examine whether RN Ai-deficient strains
are more or less tolerant of drug stress from various antifungals, compared to wild-type
strains.

Another unanswered question is just how widespread the mechanism of
epimutation is within the fungal kingdom, or even within eukaryotes as a whole. RNAi
is hypothesized to be ancestral to the eukaryotic kingdom, and active RNAi pathways
have been conserved across a number of pathogenic and nonpathogenic fungi, including
Schizosaccharomyces, Rhizopus, Neurospora, and Cryptococcus. Eukaryotic pathogens as
divergent from each other as Plasmodium falciparium and Candida albicans have been
shown to employ epigenetic mechanisms of drug resistance; however, these mechanisms
have been DNA- and chromatin-based, and no RN Ai-based mechanisms have been
reported to date. If epimutation could be identified in other fungi or eukaryotic
pathogens, it would help us understand just how generalizable this mechanism might

be.
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Finally, given our finding that epimutation can target multiple genes to confer
resistance to multiple antifungals, we have concluded that epimutation is a broad
mechanism of antifungal resistance. As epimutation represents a bet-hedging strategy
enabling the fungus to respond to a wider range of environments, I hypothesize
epimutation might be able to provide beneficial adaption to forms of environmental

stress other than drug resistance.

5.2 In vivo studies of epimutation

We developed a rapid and technically reproducible murine model of
mucormycosis, based on the technique of retroorbital inoculation. This model was used
to interrogate the role of FK506-resistant epimutants in vivo. We were able to show that
FK506 epimutation is mostly retained over the course of a systemic Mucor infection, in a
variety of tissues. There was a higher ratio of reversion in the brain than in other tissues.
We were also able to isolate FK506-resistant epimutant strains after in vivo passage of a
wild-type strain, but these did not arise until after isolates were exposed to several days
of in vitro drug selection. There was a higher ratio of induction in isolates from the brain
compared to other tissues, suggesting there is something unique to the brain
environment which influences epimutation in Mucor.

Attempts to replicate these organ-specific phenotypes in vitro using commercially

available media were not successful. An alternative method to study differences
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between organ sites without using an animal infection model could be the use of an
organoid model, which enables better simulation of some metabolic and structural
elements of the in vivo environment. If the organ-specific phenotypes are seen in brain
versus liver organoids, this model could enable studies to discern what is specific to the
brain environment.

It is interesting that passage through the brain of the murine host appears to
prime fungal isolates for increased epimutation-based FK506 resistance, but only after
several days of drug selection. In order to more closely examine the changes induced
during fungal infection, isolation from organs, and subsequent exposure to drug stress,
one possibility would be to generate a timecourse of fungal samples. A timecourse could
cover the days during which resistance develops, beginning with the fungi present in
the infected organ homogenate, and ending with the growth of FK506 resistant strains in
vitro. SRNA sequencing of these samples could reveal changes in SRNA expression over
time as the fungi transition from the host environment to overcoming FK506 selective
pressure, and might offer insight to the mechanisms which trigger epimutation.

The studies performed in this chapter involved mice that were inoculated with
Mucor but did not receive any antifungal treatment. Another logical step is to determine
how treatment with FK506 affects the induction and reversion rates of epimutants
during the course of an infection. If mice were treated with sufficiently high doses of

FK506, thereby providing selective pressure to the pathogen, could epimutants be
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induced in vivo instead? In addition, this study could reveal whether preexisting FK506-
resistant epimutants cause significantly increased morbidity or mortality when
compared with wild-type Mucor strains over the course of infection. Finally, FK506 is
not the only antifungal agent which can be used in a murine model. It would be
especially noteworthy if epimutants could be induced in vivo during treatment against
antifungals in active clinical use for treatment of mucormycosis, such as amphotericin B
or isavuconazole. Silencing of the erg3 and erg6 genes has been shown to confer
resistance to azoles and/or polyenes in other fungi, suggesting epimutational silencing of
these genes might result in resistance.

Given the environmental ubiquity of Mucor, a third fascinating question is
whether epimutants can be isolated directly from the wild. In the soil environment,
Mucor must compete with large numbers of other microorganisms, some of which are
undoubtedly producing antifungal compounds. It would be very interesting to see
whether sSRNA sequencing of environmental isolates reveals any natural epimutants,
and furthermore to determine which genes are silenced and whether these might have

any clinical impact.

5.3 Transposon-mediated drug resistance

Here we identified two transposons in the Mucor genome that are capable of

interrupting the fkbA gene to confer FK506 resistance. One, a Helitron, was discovered
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after in vivo passage of a wild-type strain of Mucor. The other, a retrotransposon, was
discovered after in vitro selection in several RNAi-mutant backgrounds.

These two different types of transposons may have been induced under different
circumstances. Some evidence suggests that temperature may play a role in the
movement of DNA transposons, with increased rates of transposition at either high or
low temperatures, depending on the transposon type and the host genome. Passage
through the murine host, with its elevated temperature compared to the soil
environment, might have increased the chance of Helitron movement. However, only
one instance of Helitron-mediated FK506 resistance was identified, making it difficult to
gauge whether the rates of transposition were altered. Repeat mouse infections with the
wild-type strain might lead to isolation of additional instances of transposon-mediated
drug resistance.

Retrotransposon-mediated resistance was only identified in RNAi-mutant strain
backgrounds. This suggests the retrotransposon’s movement may be suppressed by the
intrinsic RNAi pathway, as has been described in other organisms. Fine control over
levels of transposon movement is essential; while low levels of transposon mobility may
lead to beneficial genetic plasticity, as was seen here with the development of drug

resistance, high levels can lead to excessive mutation and decreased fitness.
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5.4 Conclusion

I have presented an analysis of two new mechanisms of antifungal drug
resistance in the model organism and pathogen M. circinelloides: the RNAi-dependent
epimutation pathway and transposition. Elucidating the role of these mechanisms
contributes to our understanding of Mucor’s pathways to drug resistance. Better
understanding the mechanisms by which pathogenic fungi can adapt to antifungal stress
will improve our understanding of fungal biology and disease, while opening potential
avenues for improving clinical treatment. Furthermore, the study of antifungal
resistance serves more generally as a method to uncover the broad biological
mechanisms by which fungal pathogens can respond to stressful changes across very

different environments.
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