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Abstract

The Aspergillus fumigatus sterol regulatory element binding protein (SREBP) SrbA belongs to the basic Helix-Loop-Helix
(bHLH) family of transcription factors and is crucial for antifungal drug resistance and virulence. The latter phenotype is
especially striking, as loss of SrbA results in complete loss of virulence in murine models of invasive pulmonary aspergillosis
(IPA). How fungal SREBPs mediate fungal virulence is unknown, though it has been suggested that lack of growth in hypoxic
conditions accounts for the attenuated virulence. To further understand the role of SrbA in fungal infection site
pathobiology, chromatin immunoprecipitation followed by massively parallel DNA sequencing (ChIP-seq) was used to
identify genes under direct SrbA transcriptional regulation in hypoxia. These results confirmed the direct regulation of
ergosterol biosynthesis and iron uptake by SrbA in hypoxia and revealed new roles for SrbA in nitrate assimilation and heme
biosynthesis. Moreover, functional characterization of an SrbA target gene with sequence similarity to SrbA identified a new
transcriptional regulator of the fungal hypoxia response and virulence, SrbB. SrbB co-regulates genes involved in heme
biosynthesis and demethylation of C4-sterols with SrbA in hypoxic conditions. However, SrbB also has regulatory functions
independent of SrbA including regulation of carbohydrate metabolism. Loss of SrbB markedly attenuates A. fumigatus
virulence, and loss of both SREBPs further reduces in vivo fungal growth. These data suggest that both A. fumigatus SREBPs
are critical for hypoxia adaptation and virulence and reveal new insights into SREBPs’ complex role in infection site
adaptation and fungal virulence.
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Introduction

Invasive fungal infections have increased in frequency due to a

substantial rise in the number of immune compromised patients

[1–3]. In particular, the filamentous fungal pathogen Aspergillus

fumigatus is a major cause of morbidity and mortality in patients

undergoing immunosuppressive therapy for organ transplants

and/or cancer treatment [2,4,5]. Treatment options for invasive

aspergillosis (IA) remain limited and associated mortality rates are

high [6]. Epidemiological studies suggest that over 200,000 cases
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of aspergillosis occur worldwide on an annual basis, and there is

general consensus that disease caused by A. fumigatus is under

diagnosed [2]. It is clear that new insights into the pathophysiology

of this too often lethal disease are needed to develop new

diagnostic and treatment strategies to improve patient outcomes.

Along these lines, investigating fungal growth in vivo at infection

site microenvironments is an important area of research with

significant therapeutic potential.

Observations from human IA cases and recent discoveries in

murine models of invasive pulmonary aspergillosis (IPA) indicate

that the infection microenvironment is characterized in part by

low oxygen availability (hypoxia) [7–10]. Hypoxia is associated

with poor clinical outcomes for many human diseases, but its

impact on invasive fungal infections remains understudied [11–

16]. One hypothesis is that hypoxia promotes fungal virulence

through induction of a fungal metabolic, or bioenergetics,

program that contributes to host damage. In support of this

hypothesis, fungal genes required for hypoxic growth are generally

critical for fungal virulence in murine models, and airway ischemia

was recently shown to promote A. fumigatus invasion in an

orthotropic tracheal transplant model of Aspergillus infection [15–

20].

One fungal gene family required for hypoxia adaptation and

growth is the sterol regulatory element binding protein family

(SREBP) [21]. First identified in mammals, two distinct mamma-

lian SREBP genes exist, SREBP-1 and SREBP-2. SREBP-1

produces two isoforms, SREBP-1a and SREBP 1-c, derived from

alternative splicing of the first exon [22]. These SREBP-1 isoforms

share the same DNA-binding domain, the sterol regulatory

element (SRE), and have been shown to mainly regulate lipid

metabolism, whereas SREBP-2 predominantly regulates choles-

terol metabolism [23]. Recent genomic approaches have yielded

new insights into mammalian SREBP functions through identifi-

cation of novel target genes. In mice, ChIP-seq analyses revealed

that SREBP-1c binds upstream of genes associated with lipid

biosynthesis, insulin dependent pathways, carbohydrate metabo-

lism, and additional novel gene ontology (GO) categories including

intracellular protein trafficking, cell proliferation and differentia-

tion, and apoptosis [24]. ChIP-seq analysis of SREBP-2 target

genes in murine hepatic chromatin revealed new roles for this

protein in apoptosis and autophagy [25]. Thus, it has been

suggested that SREBPs are necessary for coordination of the

cellular nutritional state and transcriptional activation by inter-

acting with different cofactors in response to dynamic nutritional

microenvironments [26].

With regard to SREBP function in fungi, a seminal study in the

fission yeast Schizosaccharomyces pombe identified a molecular link

between SREBP function and fungal hypoxia adaptation and

growth [27]. In this organism, the SREBP bHLH domain

containing protein, Sre1, has been identified as a primary

regulator of anaerobic gene expression [28]. Accordingly, an

sre1 deletion mutant is unable to grow in anaerobic conditions

confirming an indirect molecular mechanism of oxygen sensing

through Sre1 mediated monitoring of ergosterol levels [27,29].

Sre1 proteolytic cleavage requires an E3 ligase, which is distinct

from the mammalian SREBP cleavage mechanism utilizing site-1

and site-2 proteases [27–35]. Subsequent studies in the human

pathogenic yeast Cryptococcus neoformans and filamentous fungus

A. fumigatus identified a critical role for fungal SREBPs and

associated regulatory factors in hypoxia adaptation, iron homeo-

stasis, azole drug responses, and importantly fungal virulence

[18,19,36–39].

The molecular basis for fungal SREBPs’ role in virulence

remains to be fully elucidated. Identification of putative SREBP

target genes through genome-wide gene expression analyses

indicates that fungal SREBPs are important regulators of

ergosterol metabolism and iron uptake [18,21,38,39]. In A.
fumigatus, microarray analyses of gene expression in the presence

and absence of SrbA in hypoxic environments revealed significant

changes in transcript levels of approximately 12% of the genes in

the genome [36–38]. Many of the gene transcript levels that are

affected by SrbA are associated with biological processes induced

by hypoxia in wild type A. fumigatus including: ergosterol

biosynthesis, iron homeostasis, cell wall biosynthesis, amino acid

biosynthesis, general carbon metabolism, and the GABA shunt

[40]. However it remains unclear which hypoxia induced genes

are directly SrbA dependent. Understanding fungal SREBP

function is further complicated by the presence of at least two

SREBPs in many of the fungal genomes queried to date

[21,27,36,41,42]. Data also suggest that additional SREBP

interacting partners are required for proper modulation of sterol

levels in several organisms [21,26,43].

Given the little we know of direct fungal SREBP target genes,

and the differing transcriptional networks that organisms utilize to

respond to similar microenvironments, we sought to precisely

define the SrbA-mediated transcriptome (regulon) of A. fumigatus
in response to hypoxia. In order to definitively delineate the SrbA

hypoxia regulon, we utilized a multi-faceted approach to validate

not only direct transcriptional targets of SrbA, but also the putative

significance of these targets during an invasive pulmonary

infection. In addition to identifying a role for A. fumigatus SrbA

in direct transcriptional regulation of novel genes involved in the

fungal hypoxia response, we identified and functionally charac-

terized a second SREBP family member, designated SrbB, which

is a direct transcriptional target of SrbA in hypoxia. Together,

SrbA and SrbB regulate and co-regulate genes critical for fungal

metabolism, virulence, and responses to antifungal drugs. These

results place SrbA and SrbB as central transcriptional regulators of

fungal metabolic responses required for in vivo fungal growth and

host damage. Consequently, further characterization of the

pathways and networks regulated by SrbA-SrbB is expected to

promote a novel research direction aimed at inhibiting the

Author Summary

Despite improvements in diagnostics and antifungal drug
treatments, mortality rates from invasive mold infections
remain high. Defining the fungal adaptation and growth
mechanisms at the infection site microenvironment is one
research focus that is expected to improve treatment of
established invasive fungal infections. The Aspergillus
fumigatus transcription factor SrbA is a major regulator
of the fungal response to hypoxia found at sites of invasive
fungal growth in vivo. In this study, new insights into how
SrbA mediates hypoxia adaptation and virulence were
revealed through identification of direct transcriptional
targets of SrbA under hypoxic conditions. A major novel
finding from these studies is the identification of a critical
role in fungal hypoxia adaptation and virulence of an SrbA
target gene, srbB, which is also in the SREBP family. SrbB
plays a major role in regulation of heme biosynthesis and
carbohydrate metabolism early in the response to hypoxia.
The discovery of SrbA-dependent regulation of srbB gene
expression, and the target genes they regulate opens new
avenues to understand how SREBPs and their target genes
mediate adaptation to the in vivo infection site microen-
vironment and responses to current antifungal therapies.

SrbA Genetic Network and Fungal Virulence
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function of this in vivo associated fungal genetic network to

improve IPA prognosis.

Results

ChIP-seq Analysis Identifies a Core Set of Novel SrbA
Target Genes in Response to Hypoxia

The workflow for this study was informed by previous research

that assessed the significance of SrbA in hypoxia growth and

fungal pathogenesis [36] and subsequent studies looking at

transcriptional changes associated with the A. fumigatus response

to hypoxia [38,40,44]. To gain new mechanistic insights into how

SrbA mediates these important phenotypes, ChIP-seq analysis

using an SrbA specific antibody after 4 hours (two biological

samples) and 12 hours (one biological sample) exposure to hypoxia

was conducted [37,38]. The overall number of Illumina 76 base-

pair paired end reads used for peak calling among the three sets of

ChIP-seq samples were 2992021 and 3345809 for ChIP and input

control respectively (Table S1). Reads were aligned to the A.
fumigatus A1163 genome (Figure 1A) and used for peak calling

with the Macs2 program either in aggregate, or one sample at a

time [45]. By including input controls (samples with no SrbA

antibody) in the analysis with an FDR of 0.05, a core set of 111

peaks corresponding to 97 genes were identified (Table S2). A

subset of 30 genes of biological interest associated with SrbA

binding events are listed in Table 1. 25 of 30 (83%) of these peaks

were located within 1 kb upstream of translational start sites

(Table 1). Figure 1B shows examples of peak regions from eight

target genes. Using additional independent biological replicates,

ChIP-qPCR confirmed SrbA binding to the promoter regions of

the selected genes in response to hypoxia (Figure 1C).

An SrbA-bound DNA motif (Figure 1D) was discovered using

multiple EM for motif elicitation (MEME) of the identified peaks

[46]. The SrbA DNA binding motif was identified as an 11-bp

binding region predominated by ATCA in positions 1–4, a

cytosine in position 7, and an adenine in position 9. Other

positions were more variable, with a predominance of cytosine

residues. This DNA motif (59 (A/G)TCA(T/C/G)(C/

G)CCAC(T/C)-39) is similar to a previously identified SrbA

DNA binding motif that was discovered using bioinformatic tools,

59-ATC(G/A)(T/G)(A/G)(C/T)(G/C)AT-39 [47]. The sequence

TCACNCCAC has been identified in humans as the SRE binding

motif [48,49]. Additionally in S. pombe, a motif was defined using

MEME to be (A/G)(C/T)C(A/G/T)NN(C/T)(C/T/G)A(C/T),

which contains similar conserved residues as our sequence [28].

Recently, the bHLH transcription factor Hms1 in C. albicans was

found to bind the consensus sequence ATCACCCCAC, which is

strikingly similar to the identified motif for SrbA [50]. Using this

motif, we analyzed a previously published DsrbA microarray

dataset, which revealed that this SrbA DNA binding motif is

overrepresented among the differentially expressed genes when

comparing wild type to DsrbA further validating the SRE motif

[38]. Five of the identified peaks had two-to-three occurrences of

the motif, including SrbA itself. The binding of SrbA to its own

promoter reveals an autoregulatory positive feedback loop for

modulation of srbA mRNA levels.

To further determine the biological processes and molecular

function of SrbA direct target genes, SrbA target genes were

analyzed for gene ontology (GO) and FunCat enrichment with

FungiFun2 (Figure 1E, Table S3) [51]. Of the 97 unique SrbA

target genes, only 19 were significantly enriched in FunCat categories

(P#0.05) and 33 in GO categories (P#0.05). Overall, approximately

35% of the SrbA target genes are not currently annotated. Consistent

with our previous microarray-based transcriptome analysis, and

known functions of yeast and mammalian SREBPs, SrbA is a direct

regulator of genes involved in lipid, fatty acid and isoprenoid

biosynthesis, which includes ergosterol biosynthesis (Table S3). In

addition, A. fumigatus SrbA target genes were associated with heme

and oxygen binding and nitrate metabolic processes. Taken together,

annotated SrbA direct target genes are associated with biological

processes impacted by both oxygen and iron limitation that are

critical for fungal virulence. These results thus indicate that SrbA is a

major transcriptional regulator of fungal metabolism (bioenergetics)

in response to hypoxia.

RNA-seq and Transcript Analysis of DsrbA in Hypoxia
Confirms SrbA Target Genes and Associated Biological
Functions

To further define SrbA target genes and confirm SrbA

regulation of genes with associated SrbA DNA binding events in

their promoter regions, RNA-seq analysis of the hypoxia

transcriptome of DsrbA was conducted pooling total RNA samples

from independent biological cultures in triplicate. A 30 and

120 minute response to hypoxia was examined by comparing

DsrbA samples to the same time point as the wild type. Consistent

with the previously published microarray and RNA-seq analyses of

the A. fumigatus hypoxia response, RNA-seq analyses here

revealed substantial changes to the transcriptome of wild type

and DsrbA in response to hypoxia [38,40,44].

Somewhat surprisingly, loss of SrbA had minimal effect on the

transcriptome of A. fumigatus after 30 minutes exposure to

hypoxia, as only 48 genes had transcript levels decrease 4-fold

or greater in DsrbA compared to wild type (Table S4) during this

time period. Perhaps of interest, these 48 genes were enriched for

functions involving post-translational modification of amino acids.

Notably, genes involved in ergosterol biosynthesis are generally

unaffected at this time point in the absence of SrbA. However, at

30 minutes post-hypoxia exposure, loss of SrbA resulted in

transcript level increases for 383 genes compared to wild type.

Interestingly, these genes were enriched for degradation of the

amino acids tyrosine and phenylalanine. Previously, an analysis of

the free amino acid pool in DsrbA in response to iron replete and

limiting conditions revealed substantial changes in the amino acid

pools of DsrbA [38].

SrbA’s role in hypoxic adaptation becomes evident at

120 minutes post-exposure to hypoxia with 520 genes having a

4-fold or greater decrease in transcript levels in the absence of

SrbA compared to wild type. These genes are enriched for fatty

acid and lipid biosynthesis, iron ion binding, carbohydrate

metabolism, virulence, isoprenoid metabolism, and cellular

oxidoreductase activity (Figure 2A). Importantly, the majority of

SrbA direct target genes identified in our ChIP-seq analysis fall

into this group of genes with reduced mRNA levels strongly

suggesting that SrbA directly positively regulates their mRNA

abundance in response to hypoxia. Conversely, 467 genes had a 4-

fold or greater increase in transcript levels in the absence of SrbA

compared to wild type. These genes were enriched in part for

transcription factor activity, and as no enrichment of the SRE

motif could be found in this dataset (P-value - 0.96 Fisher Exact

test), we interpret the increase in transcript levels of these genes as

indirect responses to the loss of SrbA activity in the cell, rather

than SrbA acting as a transcriptional repressor of these genes.

Alternatively, SrbA may positively regulate an unidentified

transcriptional repressor(s). Taken together, these results strongly

suggest that SrbA is a direct positive transcriptional regulator of

genes required for adaptation to hypoxia. Moreover, these results

strongly suggest that loss of SrbA fundamentally alters fungal

cellular bioenergetics in response to hypoxia.

SrbA Genetic Network and Fungal Virulence
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Figure 1. Genome wide ChIP-seq Analysis Identifies Direct Transcriptional Targets of SrbA in Hypoxic Conditions. (A). Genome scale
view of ChIP-seq data for one 4-hour ChIP sample. Blue lines rising above background are peaks identified as an excess of sequence fragments
aligning to the genome of A. fumigatus sequenced strain A1163. The genome-wide view of the ChIP-seq reads aligned to the A1163 genome reveals
strong visible peaks in the SrbA antibody ChIP sample, with few strong peaks observed in the A1163 wild type input control sample. Grey lines
demarcate genome scaffolds. (B). ChIP-seq peaks for selected genes: srbA, srbB, erg 11A and erg 25A were among the highest ChIP-seq peaks and have
relatively high enrichment (lower panels) vs. input control (upper panels). alcC, hem13, niiA and AFUB_071500 show significant, though lower
enrichment vs. input control. In each case the peaks are upstream of the translational start site of the indicated genes. Asterisks mark the relevant
gene model within each 3 kb region. (C). ChIP qPCR was conducted to validate ChIP-seq results for select targets. Data are presented as the mean

SrbA Genetic Network and Fungal Virulence
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Nanostring nCounter Transcript Abundance Analysis
Reveals High Transcript Levels for SrbA Target Genes in a
Murine Model of Invasive Pulmonary Aspergillosis

To gain insights into SrbA target genes critical for pathogenesis,

we interrogated the mRNA abundance of a sub-set of SrbA target

genes in an in vivo murine model of IPA, and in vitro in response

to normoxia and hypoxia utilizing Nanostring nCounter technol-

ogy [52,53]. Consistent with the RNA-seq data, nCounter analyses

confirmed that transcript abundance of sterol biosynthesis genes in

hypoxia decreased in vitro with loss of srbA (Figure 2B).

Moreover, erg3B, erg11A, erg25A, erg25B, all displayed high

transcript levels in vivo in lung parenchyma tissue consistent with

their SrbA-dependent hypoxia induction in vitro and the

occurrence of hypoxia in vivo (Figure 2B, Table S5). Additional

genes that showed strong SrbA dependency in vitro and high

transcript levels in vivo included AFUB_091650 (sit1), a putative

siderophore-iron transporter, that is critical for response to low

iron and previously shown to be directly transcriptionally

regulated by SrbA using ChIP-qPCR [38,54]. Sit1 may be critical

for virulence as mRNA abundance is higher in vivo than in either

of the tested in vitro conditions. The high transcript levels of sit1
early in infection confirm the iron-limited environment of the

murine lung. These data support direct regulation of iron uptake

in vivo by SrbA, and further support the link between SrbA,

hypoxia adaptation, and iron homeostasis in A. fumigatus.
In addition to sit1, two other metabolic genes, hem13 and alcC,

show less SrbA dependency in vitro than the ergosterol

biosynthesis genes, but significant transcript induction in vivo.

Hem13 is a coproporphyrinogen III oxidase that involved in heme

biosynthesis, and heme has been characterized as a major oxygen-

sensing molecule in S. cerevisiae [55]. It has been reported that

expression of genes encoding the main heme biosynthesis enzymes

are induced in response to hypoxia in S. pombe, C. neoformans,
and A. fumigatus [19,27,38]. In yeast, heme and oxygen

negatively regulate HEM13 expression, and the repression of

HEM13 involves a negative transcriptional regulator of hypoxic

genes, ROX1 [56,57]. AlcC is the alcohol dehydrogenase critical

for ethanol fermentation in A. fumigatus and important for in vivo
fungal growth as previously observed by Grahl et al. 2011. While

SrbA is involved in regulation of these two metabolic genes, their

dependency on SrbA is not as significant as genes involved in

ergosterol biosynthesis.

SrbA itself intriguingly displays higher transcript levels in vivo
than in vitro and 2 additional putative transcriptional regulators,

AFUB_090280 (Table S5) and AFUB_099590 (Figure 2B), display

strong in vitro hypoxia induction that is partially SrbA dependent

with strong expression in vivo. Previous informatics based analyses

of AFUB_099590 [21,58], suggested an important role for this

DNA binding protein in both metabolism and virulence.

Transcript levels for AFUB_099590, which we designate srbB,

are highly induced in response to hypoxia in vitro in a partially

SrbA dependent manner as our microarray based analysis of

DsrbA also previously suggested. Intriguingly, srbB transcript is

one of the highest in vivo abundant genes relative to in vitro
normoxic conditions. Moreover, a temporal analysis of srbA and

srbB transcript levels in response to hypoxia revealed that srbB
mRNA levels increase before srbA transcript levels and rise five

minutes after exposure to hypoxia (Figure 3). Consequently,

functional characterization of SrbB was undertaken with genetic

and phenotypic analyses.

Characterization of SrbB Reveals a New Hypoxia
Transcriptional Regulator with a Role in A. fumigatus
Virulence

Amino acid sequence alignment of SrbB (HLH domain, Figure

S1) revealed that this protein is an SREBP homolog, as previously

suggested [21]. Characteristic of SREBP family members, SrbB

contains a tyrosine substitution in the basic portion of the bHLH

domain. Intriguingly, SrbB does not contain any predicted

transmembrane domains, suggesting this SREBP family member

may not be regulated via proteolytic cleavage like SrbA.

Functional analysis of srbB was initiated through generation of a

genetic null mutant and reconstituted strain (Figure S2). Loss of

SrbB results in ,50% reduction in colony radial growth on solid

glucose minimal media (GMM) in hypoxia (Figure 4A). In

addition to the decrease in growth rate on solid medium, DsrbB
colonies were noticeably less dense and often contained fluffy

mycelia in hypoxic conditions. Though not statistically significant,

there was a trend toward increased growth and mycelial density in

normoxic conditions with DsrbB. The impact of SrbB loss in

response to hypoxia was pronounced in liquid GMM culture

conditions where a significant reduction of biomass was observed

compared to normoxia cultures (Figure 4B). These results strongly

suggest that SrbB is a major transcriptional regulator of the fungal

response to hypoxia. Unlike our previous reports with DsrbA, a

minimal increase in tolerance to the triazole voriconazole was

observed in DsrbB in normoxia and hypoxia suggesting a limited

role for SrbB in regulating responses to triazoles (Figure 4C). Of

significant note, upon culture in liquid GMM, DsrbB exhibited a

strong red pigmentation of the mycelia (Figure 4D). This

coloration was limited to the mycelia, and only occurred in

hypoxic conditions.

SrbB is a Major Hypoxia Transcriptional Regulator of
Carbohydrate, Heme, and Lipid Metabolism

To better understand SrbB’s function in hypoxia, the origin of

the red pigment produced in DsrbB hypoxic mycelia, and SrbB’s

genetic relationship to SrbA, RNA-seq analysis was conducted

with DsrbB and wild type under the same conditions and time

points as DsrbA (Figure 2, Figure 5). In contrast to DsrbA, but

consistent with SrbB’s early induction in response to hypoxia

(Figure 3), the transcriptome of DsrbB was significantly changed at

30 minutes post-exposure to hypoxia. 490 genes had 4 fold or

greater reductions in transcript levels in DsrbB compared to wild

type under hypoxic conditions (Table S4 and S6). These genes

were enriched (P#0.05) in FunCat categories of carbohydrate

metabolism, virulence, secondary metabolism, and detoxification

(Figure 5). In contrast, 135 genes had transcript levels increase 4-

fold or greater in DsrbB compared to wild type at this early

hypoxia time point. Genes with increased transcript levels in

DsrbB were enriched in transport of toxic products, which could

suggest a global dysregulation of metabolism in DsrbB. At

120 minutes post-exposure to hypoxia, the impact of SrbB loss

on transcript levels was particularly strong, with 1026 transcripts

decreasing 4-fold or greater. Over half of these genes are not

currently annotated (522), but those annotated are enriched in

and standard error of two biological replicates. The actin promoter (actA(p)) was included as a non-specific target. SrbA was enriched on the
promoters of all tested genes. (D). SrbA binding motif as identified using MEME. (E). GO pie chart.
doi:10.1371/journal.ppat.1004487.g001
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carbohydrate and nitrogen metabolism, virulence, secondary

metabolism, and transport of various molecules. Moreover, at

120 minutes 491 genes had transcript levels increased 4-fold or

greater in DsrbB compared to wild type. Perhaps associated with

the enrichment of toxic product detoxification in the genes with

reduced transcript levels, genes with increased transcript levels in

DsrbB were associated strongly with amino acid metabolism and

degradation. Overall, these data suggest a significant metabolic or

bioenergetics dysregulation in A. fumigatus cultured under

hypoxic conditions when SrbB function is absent. Consequently,

loss of SrbB results in major alterations of the A. fumigatus
hypoxia transcriptome that impact hypoxia growth.

Interestingly, hem13 transcript levels were markedly reduced in

DsrbB mycelia exposed to hypoxia, providing a potential cause of

the red pigment previously observed in this strain. To test the

hypothesis that the red pigmentation of DsrbB is associated with a

defect in heme metabolism, we quantified the accumulation of

heme biosynthesis intermediates in DsrbB in normoxia and

hypoxia (Figure 6A–B). Consistent with the red pigmentation

and RNA-seq analysis of DsrbB, a striking accumulation of heme

biosynthesis intermediates including protoporphyrin IX were

observed in DsrbB (Figure 6A–B). Intriguingly, when 5 mM hemin

was exogenously added into the culture media, DsrbB growth was

significantly improved in hypoxia compared to GMM alone

(Figure 6C). In contrast, addition of hemin to DsrbA did not

restore this strain’s growth under the conditions examined. Taken

together, these data suggest that SrbB is a critical regulator of

heme biosynthesis in A. fumigatus and that accumulation of toxic

heme intermediates may contribute to the hypoxia growth defect

observed in DsrbB.

SrbA and SrbB have Dependent and Independent
Functions in Hypoxic Gene Regulation

Inspection of genes regulated by SrbA and SrbB identified using

ChIP-seq and RNA-seq analyses suggested a close functional

relationship between these two SREBP family members. To

compare expression patterns of strains lacking each respective

transcription factor, a hierarchical clustered heat map was

generated for SrbA direct annotated target genes (Figure 7).

Examination of the heat map reveals that a sub-set of SrbA target

genes also depends on SrbB for wild-type transcript levels in

hypoxia. Examples of these target genes include hem13, niiA, and

erg25A. In contrast, a sub-set of SrbA target genes had increased

or wild type transcript levels in the absence of SrbB. These include

srbA itself and its target genes erg11A/cyp51A, erg11B/cyp51B,

and erg3B. These latter genes appear to be dependent on SrbA

and not SrbB under the examined conditions.

Next, to further define the genetic relationship between SrbA

and SrbB, we generated 3 additional strains: (1) DsrbADsrbB (2)

srbB over-expression in DsrbA (srbB-ove;DsrbA) and (3) srbA over-

expression in DsrbADsrbB (srbA-ove;DsrbB). In order to over-

express srbB in DsrbA, the A. fumigatus flavohemoprotein

(flavA(p), AFUB_099650) or A. nidulans glyceraldehyde 3-

phosphate dehydrogenase (gpdA(p), AN8041) promoters were

utilized. These promoters were chosen because their respective

genes are highly expressed in hypoxia in glucose minimal media

with nitrate as a sole nitrogen source. The flavA(p) was chosen

from the RNA-seq conditions where AFUB_099650 was one of

the highest expressed genes in response to hypoxia [59].

Previously, in A. oryzae, it was reported that the FlavA homolog

responds strongly to nitric oxide stress, which could occur in our

media conditions with NO3 as a nitrogen source [60]. The

resulting strains were designated TDC43.18 (flavA(p):srbB;DsrbA)

and TDC44.2 (gpdA(p):srbB;DsrbB), respectively, and TDC43.18
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was selected to study gene expression in the srbB-ove;DsrbA strain.

qRT-PCR analysis of select SREBP targets was conducted on

cultures exposed to hypoxia for four hours, similar to ChIP-seq

conditions. Consistent with the RNA-seq data, loss of SrbB

resulted in a modest increase in srbA transcript levels (Figure 8).

Conversely, loss of SrbA results in a strong decrease in srbB
transcript levels suggesting that SrbA positively regulates srbB
mRNA levels in hypoxia.

Transcript levels of nine genes, plus srbA and srbB, representing

ergosterol biosynthesis, heme biosynthesis, carbohydrate metabo-

lism, and nitrate assimilation from ChIP-seq data were investigat-

ed in DsrbA, DsrbB, DsrbADsrbB, srbB-ove;DsrbA, and srbA-

ove;DsrbB compared to wild type in hypoxia for four hours. Genes

that require both SrbA and SrbB for full abundance include erg1,
erg25A, niiA, and hem13 as suggested by the RNA-seq analysis. In

contrast, expression of erg3B, erg5, erg11A, and niaD requires

SrbA but not SrbB (Figure 8). However, interpretation of this data

is complicated by the fact that SrbA positively regulates srbB
transcript levels. This is exemplified with mRNA levels of the

ethanol fermentation and virulence factor alcC. Loss of SrbA

significantly reduces alcC transcript levels, but not to the extent as

loss of SrbB (Figure 8). SrbA is modestly enriched on the alcC
promoter (Table 1, Table S2, Figure 1). However, over-expression

of SrbB in DsrbA essentially fully restores alcC transcript levels.

Taken together, these results strongly suggests that alcC transcript

levels are primarily regulated by SrbB, although SrbA can bind the

SRE site found in the alcC promoter and contribute to its

regulation.

To seek further insights into regulation of a sub-set of these

target genes by SrbA and SrbB, we performed ChIP-qPCR with a

SrbB:GFP strain using a GFP antibody. SrbB tagged with GFP

was ectopically expressed in the A. fumigatus wild type

background. Transcript levels of srbB in the SrbB:GFP strain

under the same conditions used for ChIP-qPCR was similar to

wild type, and SrbB:GFP is localized to the nucleus in this strain

(Figure S3). Cultures for ChIP were prepared in hypoxia for

4 hours and enrichment of SrbB on the SrbA binding sites of srbA,

srbB, erg11A, erg25A, hem13 and alcC was examined compared

to wild type (Figure 9A). The negligible SrbB enrichment on the

actin promoter supports binding specificity of the GFP antibody

Figure 2. RNA-seq and nCounter Analyses of DsrbA Confirms SrbA Regulation of ChIP-seq Target Genes in vitro and in vivo during
Invasive Pulmonary Aspergillosis. (A). Enrichment of RNA-seq differentially expressed genes in GO/Funcat categories of up- and down-regulated
genes in srbA cells under hypoxia 120 minutes versus WT (B). Analysis of transcript levels of 12 of the ChiP-seq target genes in vivo in a murine model
of invasive pulmonary aspergillosis for wild type (CEA10) and in vitro under normoxic/hypoxic conditions for DsrbA and wild type in vivo samples
were at 48–96 hours post-infection (grey, n = 16). in vitro samples were wild type normoxia (red, n = 2) and hypoxia (blue, n = 6) followed by DsrbA
under normoxia (red, n = 2) and hypoxia (blue, n = 6). Time under hypoxia for both wild type and DsrbA ranged from 30 to 120 minutes. Expression
values are represented as total number of normalized counts per transcript. Quantitation and normalization was as follows: Digital counts for 60
genes (ChIP targets, housekeeping genes and other genes of interest) were adjusted for binding efficiency with background subtraction using the
included positive and negative controls from the manufacturer as per NanoString nCounter data analysis guidelines. Data sets were normalized to
facilitate across sample comparisons using the geometric mean of 20 stably expressed genes.
doi:10.1371/journal.ppat.1004487.g002
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used for ChIP. ChIP-qPCR results show that SrbB binds to the

SrbA binding sites of srbA, erg25A, and hem13 whose transcript

levels require both SrbA and SrbB as described above.

In contrast, SrbB enrichment on the SrbA binding site of

erg11A, whose transcript level solely relies on SrbA, was not

significant compared to wild type. Interestingly, similar to SrbA,

SrbB binds to its own promoter (Figure 9A). We next tested

whether loss of SrbB would affect binding of SrbA to its direct

target genes (Figure 9B). Compared to wild type, SrbA binding on

the promoters of srbA, srbB, and erg11A did not change in DsrbB.

Considering that both SrbA and SrbB are able to bind promoters

of hypoxic genes including srbA, srbB, and erg11A (Figure 9A),

these two transcription factors may form either homodimers or

heterodimers to regulate gene expression. Thus, similar SrbA

enrichment between wild type and DsrbB observed in Figure 9B is

likely because the SrbA homodimer (or monomer) is the major

form bound to the promoters of these genes. Overall, our data

suggest that SrbA and SrbB are critical for hypoxia adaptation in

A. fumigatus with both dependent and independent functions in

regulation of genes critical for hypoxia adaptation and growth.

Restoration of Full srbB Transcript Levels in the DsrbA
Background Partially Restores Hypoxic Growth

These data suggest that SrbB co-regulates a sub-set of SrbA

target genes and that loss of SrbA also markedly reduces SrbB

levels. Consequently, we hypothesized that restoration of full SrbB

levels in DsrbA may ameliorate the severe hypoxic growth defect of

DsrbA. As described above, we generated two strains that have

restored srbB expression in DsrbA using two promoters, flavA(p)
and gpdA(p) (TDC43.18 and TDC44.2, respectively). Quantita-

tive real-time PCR was conducted to verify if these promoters

induced transcript level increases of srbB. Compared to DsrbA,

srbB transcript levels increased by 5.1- and 3.7-fold in normoxia

and 2.7- and 1.4-fold in hypoxia in TDC43.18 (Figure 10A).

Restoration of srbB transcript levels strongly promotes growth of

DsrbA in hypoxia, however growth is not fully restored to wild type

levels and was dependent on srbB transcript levels (Figure 10B). In

addition, as predicted, restoration of srbB transcript levels in

DsrbA did not rescue the triazole drug susceptibility of DsrbA
(Figure 10C). This result is consistent with cyp51A/erg11A mRNA

levels primarily regulated directly by SrbA.

The DsrbADsrbB strain generated to study gene transcript levels

of SrbA target genes was further characterized to study the genetic

relationship between SrbA and SrbB. DsrbADsrbB showed similar

phenotypes to DsrbA, with a complete lack of growth in hypoxia

and marked increased in azole drug susceptibility compared to

wild type (Figure S4A–B). Moreover, when srbA was over-

expressed in DsrbADsrbB, the resulting strain grew similar to wild

type in hypoxia (Figure S4C). Taken together, these data are

consistent with a model where SrbA positively regulates srbB gene

expression in response to hypoxia. It also further supports that

both SrbA and SrbB are involved in hypoxic gene regulation but

SrbA plays a dominant role over SrbB with regard to genes

essential for hypoxia growth in the tested conditions.

SrbB is Required for Full Virulence of Aspergillus
fumigatus

Of particular importance for understanding A. fumigatus
pathogenesis, loss of SrbB results in a significant virulence

attenuation in a steroid murine model of IPA (Figure 11A).

Kaplan-Meier curves with DsrbB show a significant increase in

survival for animals inoculated with DsrbB compared to wild type

and reconstituted strains (Log rank test, p = 0.0027). To gain

insights into the relative contributions of SrbA and SrbB to

virulence, we examined total fungal growth in vivo utilizing qRT-

PCR based quantitation of fungal burden as we have previously

described (Figure 11B) [7,61]. As expected, DsrbA displayed a

significant decrease in fungal burden compared to wild type

consistent with its attenuated virulence in murine models of IPA

(P = 0.008) [36,37]. Surprisingly, DsrbB fungal burden was as low

as DsrbA despite it having a higher level of virulence than DsrbA as

measured by murine survival. Consequently, DsrbADsrbB exhib-

ited an even a greater reduction in virulence than either single

mutant alone (P = 0.016 between DsrbB and DsrbADsrbB), though

the difference with DsrbA did not achieve statistical significance

(P = 0.31), Figure 11B). Taken together, these data suggest that

Figure 3. Temporal transcriptional induction of SrbA and SrbB in response to Hypoxia Reveals SrbB transcript levels are induced
prior to SrbA. Aspergillus fumigatus wild type was cultured in normoxia at 37uC for 18 hours and shifted to hypoxia for additional incubation for 5,
15, and 30 minutes. Data are presented as the mean and standard error of three biological replicates. Compared to normoxia (Hyp 09), srbB
expression was significantly induced in hypoxia 15 min, which was earlier than the initial srbA induction. The data were analyzed by two-way ANOVA
followed by Bonferroni posttests.
doi:10.1371/journal.ppat.1004487.g003
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SrbB is an important SrbA-dependent regulator of the fungal

response to hypoxia and required for full fungal virulence, and that

both SrbA and SrbB make novel contributions to A. fumigatus
virulence.

Discussion

Previously, a link between the transcription factor SrbA, and the

ability of A. fumigatus to cause disease in murine models of IPA

has been observed [36–38]. However, the mechanism(s) by which

SrbA mediates in vivo fungal growth and virulence are not fully

defined. Given the conservation of SrbA with mammalian

SREBPs, uncovering the fungal specific functions of SrbA is

important in order to yield potential mechanisms that can be

targeted for therapeutic development. Support for this rationale

comes from several elegant studies showing that targets of

conserved transcription factors are often not shared between

distantly related organisms and even closely related species

[62–65]. Thus, in order to fully maximize the attenuated virulence

of fungal pathogens lacking SREBP homologs for therapeutic

benefit, in-depth investigation into their regulons and mechanisms

of regulation and activity are needed.

Here, the A. fumigatus SrbA transcriptional regulon in response

to hypoxia was interrogated utilizing ChIP-seq, RNA-seq and

Nanostring nCounter technologies. Ninety-seven genes whose

promoters were strongly bound by SrbA were identified in the

ChIP-seq analysis. This number appears low considering the large

number of genes differentially expressed in the absence of SrbA as

detected here via RNA-seq and previously with microarray

analysis [38]. However, a low overlap between transcript levels

of genes affected by transcription factor loss and target genes

identified in ChIP experiments appears to be the norm rather than

the exception [66]. Consequently, our results suggest that we may

have herein underestimated our direct SrbA targets or, more

Figure 4. Loss of the Hypoxia Induced Transcriptional Regulator SrbB Results in a Significant Growth Defect and Red Pigmented
Mycelia in Hypoxia. (A). Growth of DsrbB in normoxia and hypoxia on solid media. Wild type, DsrbB, and srbB-reconstituted strains were incubated
on GMM at 37uC for 3 days in normoxia or hypoxia. The number of conidia used for inoculation is illustrated by the plate image. Compared to wild
type and the reconstituted strain, growth of DsrbB is restricted in hypoxia. (B). A biomass test with wild type, an srbB null mutant, and an srbB
reconstituted strain in liquid cultures in normoxia or hypoxia. Mycelia of wild type, DsrbB and srbB-reconstituted (srbB-recon) strains in liquid cultures
were harvested, dried and weighed for the biomass study. Data are presented as the mean and standard error of three biological replicates. No
significant differences between wild type and srbB-recon biomass were observed in all conditions tested. When analyzed by two-way ANOVA
followed by Bonferroni posttest, biomass of DsrbB was not different from wild type or srbB-recon in normoxia. However, biomass of DsrbB
significantly decreases in hypoxia compared to wild type (p,0.001). (C). E-test strips were utilized to test susceptibility to VCZ. 105 conidia were
overlaid on RPMI media, cultured at 37uC for 2 days. Minimal inhibitory concentrations (MIC, marked as an arrow) were measured. In both normoxia
and hypoxia, DsrbB is slightly more tolerant to VCZ compared to wild type and the srbB reconstituted strain. MIC ratios of DsrbB to wild type are 1.76
and 3.42 in normoxia and hypoxia, respectively. (D). Conidia of each strain were cultured in LGMM at 37uC, 200 rpm for 2 days in hypoxia. DsrbB
produces reddish mycelia compared to the wild type and reconstituted strain.
doi:10.1371/journal.ppat.1004487.g004
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likely, there is an extensive network of genes involved with SrbA

that are indirectly regulated though other transcription factors,

small molecules, and proteins. The identification of ergosterol

biosynthesis genes as SrbA direct targets and the sequence

conservation of the ChIP identified SRE DNA binding motif

strongly support the robustness of our analyses.

A major novel finding from our study of SrbA target genes was

the identification of SrbB and its genetic relationship with SrbA.

Based on sequence similarity, Bien and Espenshade hypothesized

that SrbB was an SREBP-like transcription factor [21]. While our

amino acid sequence analysis of SrbB did not reveal the presence

of transmembrane domains that are found in the prototypical

SREBPs, SrbB contains the hallmark tyrosine residue in the

bHLH domain characteristic of SREBP family members. More-

over, a srbB::GFP fusion protein was observed to localize solely to

the nucleus on preliminary analyses (Figure S3) further suggesting

that SrbB is not membrane bound like SrbA and other SREBP

family members (though constitutive cleavage cannot currently be

ruled out). Transcript levels of srbB were strongly induced in

response to hypoxia, earlier and to a greater magnitude than srbA.

Thus, transcriptional regulation of srbB mRNA levels appears to

play a major role in regulation of its function. In hypoxia, SrbA

was found to bind to the promoter region of srbB at three

locations. Loss of SrbA, however, did not completely eliminate

srbB transcript levels in hypoxia suggesting the presence of

additional srbB transcriptional regulators that remain to be

defined.

Consistent with increased transcript in vitro in response to

hypoxia and strong induction of transcript levels in vivo in a

murine model of IPA, loss of SrbB markedly attenuated hypoxia

growth and virulence of A. fumigatus. Unlike loss of SrbA, loss of

SrbB had a minor effect on susceptibility to triazole antifungal

drugs. The lack of an azole drug phenotype is consistent with the

observation that SrbB does not appear to regulate cyp51A/erg11A
mRNA levels, at least under the conditions tested here. However,

full expression of the ergosterol biosynthesis genes erg1 and

erg25A does require the presence of SrbB. In a similar manner, a

major finding with regard to SrbB function is its clear importance

Figure 5. SrbB is a transcriptional regulator of genes involved in carbon metabolism, lipid metabolism, and heme biosynthesis. The
FungiFun2 web server was utilized to assign FunCat and gene ontology enrichment in genes with transcript levels increased or decreased 4 fold in
DsrbB compared to the wild type strain. Statistically significant (P#0.05) FunCat categories are presented at the respective time points in hypoxia.
doi:10.1371/journal.ppat.1004487.g005
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for regulation of heme biosynthesis in normoxia and hypoxia.

Heme plays a critical role in oxygen sensing and gene expression

regulation in many organisms, and here our results link SrbB

mediated regulation of heme biosynthesis with A. fumigatus
hypoxia growth and virulence [67–70]. While SrbA binds to the

promoter of hem13, and hem13 mRNA levels are reduced in

DsrbA, SrbB appears to be the major transcriptional regulator

required for hem13 in hypoxia and consequently heme biosyn-

thesis (Figure 8). Further investigations are needed into the role of

heme in oxygen sensing and virulence in A. fumigatus.
SrbB displays significant sequence similarity with the recently

characterized Aspergillus oryzae transcription factor sclR that is

critical for hyphal morphology and sclerotial formation [71].

Intriguingly, the authors noted that loss of sclR negatively affected

pellet formation in liquid culture. DsclR pellets exhibited hollow

interiors and fluffy exteriors that is consistent with SclR having a

role in hypoxic adaptation. In addition to sclR, SrbB has sequence

similarity with the Candida albicans bHLH transcription factor

Cph2, though reciprocal BLAST analyses do not confirm

orthology. Like srbB, CPH2 is expressed in vivo in models of

candidiasis and is required for colonization of the murine

gastrointestinal tract [72–75]. Its role in hypoxia adaptation in

C. albicans is unclear; though also similar to SrbB it is induced

early in the Candida hypoxic response [76].

While further analyses are needed to define the genetic and

potentially physical relationships between SrbA and SrbB in A.
fumigatus, our data hint at likely mechanisms that are modeled in

Figure 12. First, data suggest that SrbA and SrbB have both

mutually exclusive and co-regulated target genes in their regulons,

and that they are involved in reciprocally regulating transcript

levels. The increase in srbA transcript levels in the absence of srbB
suggests that at some level SrbB could act as a transcriptional

repressor. It is unclear if the effect on srbA transcript levels is direct

and experiments to uncover direct SrbB target genes are ongoing

in our laboratory. Analysis of SrbB DNA binding utilizing a

SrbB:GFP fusion protein strongly suggests that SrbB can bind the

Figure 6. Loss of srbB impairs heme biosynthesis and results in accumulation of heme intermediates. (A–B). Amount of Protoporphyrin
IX (PP IX) and intermediate compounds including uroporphyrin (C8), heptacarboxylporphyrin (C7), hexacarboxylporphyrin (C6), pentacarbox-
ylporphyrin (C5), and coproporphyrin (C4) were analyzed using HPLC. Mycelia used for HPLC analysis were harvested from cultures in LGMM at 37uC
for 2 days in hypoxia. Compared to wild type, DsrbB produces more PP IX and other intermediates in hypoxia. (A) is a chromatogram from HPLC
analysis, and (B) is a graph to present the HPLC result with statistical analysis. Data are presented as the mean and standard error of three biological
replicates, and analyzed by one-way ANOVA followed by a Tukey’s multiple comparison test. (C). A thousand conidia were inoculated on GMM or
GMM containing 5 mM hemin. In 2 days, radial growth of each strain in normoxia or hypoxia was observed. Addition of hemin improved DsrbB growth
in hypoxia.
doi:10.1371/journal.ppat.1004487.g006
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Figure 7. A sub-set of SrbA ChIP Target Genes are co-regulated by SrbB. The RNA-seq data for annotated genes corresponding to SrbA
ChIP-seq peaks are shown as ratios of 30 and 120-minute wild-type hypoxia vs. wild-type normoxia, and gene deletion strains are shown as the
deletion strain vs. the equivalent wild type hypoxia time point. Genes discussed and/or examined in detail in this manuscript are noted with asterisks.
MeV analysis was performed using hierarchical clustering. Optimized gene and leaf ordering groups the wild type 30- and 120-minute hypoxic
conditions together, with the 30-minute DsrbA sample more similar to wild type for the SrbA targets, using Pearson correlation with complete linkage
clustering.
doi:10.1371/journal.ppat.1004487.g007

Figure 8. Co-Regulation of SrbA target genes by SrbB. Conidia of each strain were cultured in normoxia at 37uC, 250 rpm for 18 hours and
shifted to hypoxia for additional incubation for 4 hours. Expression of SrbA target genes involved in ergosterol biosynthesis, nitrate assimilation,
heme biosynthesis, and carbohydrate metabolism in the strains was studied using qRT-PCR. Data are presented as the mean and standard error of
two biological replicates, and analyzed by one-way ANOVA followed by Bonferroni’s posttests. Expression of erg1, erg25A, niiA, hem13, and alcC
requires both SrbA and SrbB. In contrast, expression of erg3B, erg11A, and niaD are regulated by only SrbA. SrbB appears to have a dominant role over
SrbA in regulation of hem13 and alcC expression. DDsrbAsrbB: a double knock-out mutant of srbA and srbB, srbB-ove;DsrbA: DsrbA with restored srbB
expression, srbA-ove;DsrbB: a srbA overexpression strain in DsrbADsrbB.
doi:10.1371/journal.ppat.1004487.g008
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SRE motif found in the srbA promoter region. It is likely, however,

that the increase in transcript levels of several SrbA target genes in

DsrbB is driven by increases in SrbA levels and activity. In this

model, besides its role as a transcriptional activator of genes

important for the hypoxia response, SrbB also functions in a

negative feedback loop to modulate SrbA activity. Accordingly,

persistence of high SrbA levels would at some point become

detrimental to cellular homeostasis perhaps through increases in

an SrbA dependent molecule(s) that become toxic to the cell. We

note that genes associated with export of toxic molecules were

enriched in the upregulated gene set in DsrbB.

Of course there are several possible mechanisms through which

SrbA and SrbB could co-regulate gene transcription, however in

mammals it is known that SREBPs can physically interact to

regulate gene expression through formation of homo and

heterodimers [77,78]. It may be possible that genes co-regulated

by SrbA and SrbB in response to hypoxia are regulated through

heterodimer formation, while genes exclusive to the respective

transcription factor are regulated in part by homo-dimer

formation. Moreover, in mammals, SREBP homo-and heterodi-

mers have different levels of transcriptional activity [77]. Thus, it is

plausible that in DsrbB, SrbA homodimers are more potent

activators of SrbA target genes such as srbA itself than an SrbA-

SrbB heterodimer that is present in the wild type. It is well

established that the ability of bHLH proteins to form multiple

dimer combination based on availability of binding partners and

environmental conditions is a critical and elegant form of gene

regulation [79]. Along these lines, genetic null mutants of fungal

SREBPs alter the stoichiometric ratios of potential binding

partners, which is further complicated by the fact that SrbA and

SrbB are involved in regulating the other’s expression. We also

note that a third SREBP family member, SrbC, exists in A.
fumigatus and awaits further investigation. Whether a preferred

dimer form exists for regulation of specific SREBP regulated genes

has not been extensively studied. Together, our data suggest that

transcriptional activity of SrbA homodimer is efficient to activate

erg3B, erg5, erg11A, and niaD, and an SrbA homodimer might

be a preferred or dominant dimerization form for regulation of

these genes over SrbA-SrbB heterodimers. In contrast, erg1,

erg25A, niiA, alcC, and hem13 might be favorably regulated by

SrbA-SrbB heterodimers rather than SrbA- or SrbB- homodimers.

Another possibility is that the promoter of erg1, erg25A, niiA,

Figure 9. Binding of SrbB to the promoter of specific SrbA target genes and binding of SrbA in DsrbB. (A) SrbB tagged with GFP was
expressed in A. fumigatus wild type. The resulting strain was cultured in normoxia at 37uC, 250 rpm for 18 hours and shifted to hypoxia for additional
incubation for 4 hours. ChIP was conducted using GFP antibody followed by ChIP-qPCR to study SrbB enrichment on the promoters of SrbA target
genes. Compared to wild type control, SrbB enrichment was significant in SrbB:GFP for srbA, srbB, erg25A, hem13, and alcC, which suggest SrbB
directly binds on the promoter of these genes for transcriptional regulation. In contrast, SrbB enrichment on the promoters of erg11A and actA were
not significant. Data are presented as the mean and standard error of two biological replicates, and analyzed by two-way ANOVA followed by
Bonferroni posttest. (B) SrbA binding to the promoter of srbA, srbB, and erg11A in DsrbB was examined by ChIP-qPCR. Compared to wild type, SrbA
enrichment on the gene promoters was not altered by disruption of SrbB. Data are presented as the mean and standard error of two biological
replicates and analyzed by two-way ANOVA followed by Bonferroni posttests.
doi:10.1371/journal.ppat.1004487.g009
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alcC, and hem13 might contain an SrbB-specific binding site(s) in

addition to the identified SrbA SRE motif. Consequently, both

SrbA and SrbB could simultaneously regulate these genes by

binding at the separate promoter sites.

However, the utilization of genetic null mutants and over-

expression strains in null mutant backgrounds has allowed us to

pinpoint the contribution of SrbA and SrbB to expression of

specific target genes (Figure 8). These target genes yield new

additional insights into how A. fumigatus adapts and grows in the

mammalian lung environment. Of particular interest is the strong

reduction in DsrbB growth in the murine model that was similar to

the reduction in growth observed in mice inoculated with DsrbA.

The difference in murine survival between mice inoculated with

the two strains could be due to increases in host damage caused by

DsrbB. For example, as SrbB is the major regulator of the ethanol

fermentation alcohol dehydrogenase AlcC, one would predict an

increase in inflammation in DsrbB inoculated mice due to the

immune suppressive effects of ethanol previously reported in our

murine model [7]. Alternatively or in conjunction with increased

immunopathogenesis, it may be plausible that host heme is utilized

by DsrbB to promote growth and host death later in infection

when host damage is more severe and free heme may be available

as addition of hemin to DsrbB partially restored in vitro hypoxia

growth. In addition, the further decrease in fungal burden

observed in DsrbADsrbB strain inoculated strongly suggests that

the combination of decreased iron uptake and ergosterol

biosynthesis, regulated by SrbA, and defects in carbon metabolism

and heme biosynthesis, regulated by primarily by SrbB, conse-

quently severely inhibit in vivo fungal growth. As all of these

biological processes related to fungal metabolism/bioenergetics

are impacted by oxygen availability, manipulation of in vivo
oxygen levels may be a viable therapeutic strategy to reduce A.
fumigatus growth in vivo.

In conclusion, while it is well established that fungal SREBPs

are critical regulators of ergosterol biosynthesis and iron homeo-

stasis, our analyses of SrbA and SrbB expand the known functions

Figure 10. Restoration of srbB transcript levels in DsrbA promotes growth in hypoxia. (A). Using two promoters, flavA(p) and gpdA(p), srbB
was expressed in DsrbA. Expression levels of srbB in TDC43.18 (flavA(p)) and TDC44.2 (gpdA(p)) in normoxia or hypoxia 2 h were verified using
quantitative PCR. Data are presented as the mean and standard error. Compared to DsrbA, srbB transcript in TDC43.18 and TDC44.2 was more
abundant by 5- and 3.7-fold in normoxia and 2.7- and 1.4-fold in hypoxia 2 h, respectively. This indicates these promoters function properly. (B).
Sequentially diluted conidia (102–105) were inoculated on GMM plates and culture in normoxia or hypoxia at 37uC for 3 days. Increased expression of
srbB using flavA(p) or gpdA(p) partially restores defective hypoxia growth in DsrbA. (C). Susceptibility of TDC43.18 and TDC44.2 to the triazole drug,
voriconazole (VCZ) was tested. A million conidia were overlaid on GMM, and VCZ in DMSO was applied to the center of the plate. Cleared areas
represent inhibited fungal growth in response to VCZ. Although growth in hypoxia was partially rescued in both strains as shown (B), increased
susceptibility to VCZ in DsrbA compared to wild type was not affected by restoration of srbB expression.
doi:10.1371/journal.ppat.1004487.g010
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Figure 11. Loss of SrbB attenuates Aspergillus fumigatus virulence through reductions in pulmonary fungal burden. (A). 6–8 week old
immunosuppressed CD-1 mice (each group N = 20) inoculated via the intranasal route with 26106 conidia of wild type, DsrbB and srbB-reconstituted
strains. Comparing wild type and reconstituted strain Kaplan-Meier curves with the DsrbB strain shows a significant increase in survival for the animals
inoculated with the DsrbB strain (Log rank test, p = 0.0027). All control PBS inoculated animals survived. (B) Triamcinolone mouse model was used for
fungal burden analysis. Mice were infected with 106 conidia of each strain and lungs were collected on day +3. Data represented are the mean and
standard error of 3–5 mice per group.
doi:10.1371/journal.ppat.1004487.g011

Figure 12. Working models for transcriptional regulation of the hypoxia response by SrbA and SrbB in A. fumigatus. A. fumigatus
SREBPs, SrbA and SrbB have dependent and independent functions in regulation of hypoxic genes involved in ergosterol biosynthesis, carbohydrate
metabolism, heme biosynthesis, and nitrate assimilation. In response to hypoxia, srbB transcription is induced earlier than srbA (15 minutes in
hypoxia) possibly by an unknown factor (marked as ‘X’). SrbA regulates srbB and its own transcript abundance. Similarly, SrbB regulates srbA and its
own transcript abundance. qRT-PCR and ChIP-qPCR data presented in this study show that abundance of erg1, erg25A, hem13, niiA, and alcC is
regulated by both SrbA and SrbB. In contrast, abundance of erg11A, erg3B, erg5, and niaD is dependent on SrbA. SrbB appears to have a dominant
function over SrbA in regulation of hem13 and alcC transcript abundance (indicated by dotted lines).
doi:10.1371/journal.ppat.1004487.g012
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of these fungal virulence and antifungal drug-associated transcrip-

tion factors (Figure 12). The major enrichment of genes involved

in oxidoreductase activity, carbohydrate and nitrogen metabolism,

and heme biosynthesis in the regulons of SrbA and SrbB presents

an exciting and important area for further investigation into how

these processes affect hypoxia adaptation, fungal virulence, and

responses to antifungal drugs. From the big picture of the SrbA-

SrbB regulons, we propose that the SrbA-SrbB genetic network

allows A. fumigatus to ‘‘reprogram’’ its bioenergetics to allow

invasive growth to cause disease in the mammalian lung in the face

of oxygen and iron limitation. Consequently, these fungal SREBPs

are much more than regulators of sterol biosynthesis, rather they

are global regulators of fungal bioenergetics potential/metabolism;

also an emerging theme with mammalian SREBPs [80]. Finding a

mean(s) to unplug this fungal genetic network is an ongoing

research goal that is expected to yield a significant therapeutic

breakthrough for IPA.

Materials and Methods

Strains and Media
Aspergillus fumigatus strain CEA17 was used to construct the

DsrbA mutant [36]. The wild type strain referred to in this article is

strain CBS 144.89, also called CEA10. All strains are routinely

grown on glucose minimal media (GMM) that contains 1%

glucose, salt solution and trace minerals, at 37uC [81]. The recipe

for liquid glucose minimal media is identical to that for GMM,

except without agar. Liquid cultures for RNA analysis were grown

under agitation (200 RPM) in baffle flasks.

Construct Design for an srbB Null Mutant and srbA or
srbB Over-Expression Strains

To generate an srbB null mutant, a 1.2 kb up- and downstream

sequences were PCR-amplified from A. fumigatus genomic DNA

(gDNA). As a selectable marker, a 3.2 kb pyrG from A. parasiticus
was PCR-amplified from the plasmid pJW24. The three DNA

fragments were used as a template to generate a final construct via

double-joint PCR, and the PCR product was transformed to A.
fumigatus wild type CEA17 [30]. Southern blot analysis was

conducted to confirm homologous gene replacement (Figure S2).

To regain srbB expression in the srbB deletion strain, a 4.1 kb

DNA fragment including a srbB promoter and a coding sequence

was PCR-amplified. As a selectable marker, a 3.0 kb hygB
fragment was PCR-amplified from pBC-hyg plasmid DNA. These

two PCR products were used as a template to generate a final

reconstituted construct via a double-joint PCR [82]. The final

PCR product was transformed to DsrbB and transformants were

screened using PCR.

A double null mutant of srbA and srbB was generated by

deletion of srbB in the DsrbA (pyrG-) strain. The srbB deletion

construct designed to generate DsrbB above was transformed to

DsrbA. Gene replacement in the resulting transformants were

screened by PCR and verified by Southern bot analysis. To over-

express srbB in DsrbA background, either A. fumigatus flavohe-

moprotein (flavA(p), AFUB_099650) or A. nidulans glyceralde-

hyde-3-phosphate dehydrogenase (gpdA(p), AN8041) promoter

was utilized. A 1 kb flavA(p) and a 2 kb gpdA(p) DNA fragment

was PCR-amplified from A. fumigatus and A. nidulans gDNA. A

2.5 kb DNA fragment including the srbB coding region and

downstream sequence was PCR-amplified from A. fumigatus
gDNA. As a selectable marker, a 3.2 kb pyrG from A. parasiticus
was PCR-amplified from the plasmid pJW24. These three PCR

products were used to generate a 6.5 (flavA(p)) and 7.5 kb

(gpdA(p)) final construct via double-joint PCR [82]. The final

constructs were transformed into DsrbA resulting in TDC43.18

(flavA(p)) or TDC44.2 (gpdA(p)) strains. Single copy integration of

the srbB-overexpression construct in DsrbA was confirmed by

Southern blot analysis.

To over-express srbA in DsrbADsrbB, srbA was amplified along

with 1.2 kb 59 upstream sequence from A. fumigatus wild type

gDNA. Purified PCR product was transformed in the DsrbADsrbB

strain. Transformants were selected in hypoxia using the inability

of hypoxia growth of DsrbA. Over-expression of srbA in the

resulting transformants was confirmed by qRT-PCR (Figure 8).

Chromatin Immunoprecipitation (ChIP): Growth
Conditions

For ChIP experiments, 16106 spores/mL of Aspergillus
fumigatus strain CBS144.89 and DsrbA were grown in 200 mL

of liquid glucose minimal media (LGMM) in 500 mL shaking flask

cultures for 24 hours. Samples were centrifuged, and 200 mg of

mycelia were transferred to 100 mL pre-conditioned fresh LGMM

in 250 mL Erlenmeyer flasks, and then placed in hypoxia chamber

on platform shaker at 200 rpm for 4 and 12 hours hypoxia

exposure. Samples were collected by vacuum filtration and

transferred to cross-linking solution for ChIP experiments, or

flash frozen and lyophilized for RNA extraction.

Cross-linking
A sample of mycelia for later RNA isolation was frozen on

liquid nitrogen immediately before crosslinking, and stored at 2

80uC. Remaining filtered samples were added to 20 mL of buffer

for crosslinking (0.4 M Sucrose, 10 mM Tris-HCl, pH 8.0, 1 mM

EDTA, adding 1 mM PMSF and 1% formaldehyde just before

use) in a 125 mL flask for 20 min under shaking (100 rpm) at

30uC. Crosslinking was stopped by adding 1 mL of 2 M glycine,

and continued shaking incubation for 10 minutes. Mycelia were

collected and dried using vacuum filtration and rinsed with sterile

ddH2O and transferred sample to 2 mL screw cap tube, and

frozen immediately with liquid nitrogen and stored at 280uC.

DNA Sonication
Approximately 200 mg of frozen mycelia were ground to a fine

powder in a chilled mortar and pestle with liquid nitrogen added.

Powder was transferred to 10 mL of ChIP lysis buffer (CLB:

50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%

Triton X-100, 0.1% Deoxycholate (Sigma D6750), 0.1% SDS,

1 mM PMSF, 16 fungal proteinase inhibitor cocktail (Sigma,

USA)). Each sample was vortexed and then split into multiple

300 ml volume (maximum volume for sonication) 1.5 mL micro-

fuge tubes appropriate for sonication. Samples were sonicated with

Biorupter UCD-200 (Diagenode, USA) with the following

condition: 30 sec ON and 30 sec OFF at power level High for a

total of 30 minutes in a cold room. Ice was added every

10 minutes to ensure samples remain at 4uC. Tubes were

centrifuged at 10,000 g for 5 minutes at 4uC. Supernatant was

transferred into new tube. 30 mL was reserved as input control (IC)

fraction for reverse crosslinking to verify sonication and control for

ChIP and qPCR.

Chromatin Immunoprecipitation
30 mL of Protein A Dynabeads (Dynal, Invitrogen) were used

for each sample. Beads were washed twice on magnetic stand with

500 mL of CLB, with 5 minutes of slow rotation at 4uC for each.

100 mL of blocking buffer (0.1 mg BSA, 200 mg Yeast tRNA, in

1 mL of CLB) with 1 mg of antibody/100 mL (IgG (Invitrogen,

Rabbit) or SrbA (Willger et al. 2008, anti-rabbit antibody) was
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added to the washed Dynabeads on a magnetic stand. The beads

and blocking buffer were incubated 16 hours at 4uC with slow

rotation to coat Dynabeads. After incubation, Dynabeads were

washed twice by 500 mL of CLB as above. Immediately after

removing last wash, 100 mL of sonicated sample was added to

beads. Samples were incubated 16 h at 4uC with rotation. In cold

room, samples were washed twice by 500 mL of CLB as above,

then washed as above with 0.5 ml of LNDET (0.25 M LiCl; 1%

NP40 (Nonidet P40 Substitute, USB); 1% Deoxycholate; 1 mM

EDTA), and finally washed twice with 0.5 ml of Tris-EDTA (TE:

10 mM Tris-HCl, pH 8.0; 1 mM EDTA, pH 8.0). After removal

of last TE wash, DNA was eluted from antibody with 50 ml of fresh

elution buffer (EB: 1% SDS; 0.1 M NaHCO3; 0.2 mg/ml

proteinase K; 1 mM DTT) and incubated at 65uC for 10 minutes.

On a magnetic stand, supernatant was transferred to a new tube.

A second elution with 50 ml of EB was performed so that the final

elution volume was 100 ml. All samples were incubated for

16 hours at 65uC for reverse crosslinking.

DNA Purification for ChIP Samples
After reverse crosslinking, samples were treated with 2.5 mg of

RNase A and incubated for 30 minutes at room temperature.

DNA was extracted either by using PCR purification kit (Qiagen)

following the high pH protocol, or EtOH precipitation, with

50 mL as final volume. 5 mL of sample was assayed on Qubit using

high sensitivity dsDNA kit (Invitrogen). To check sonication,

10 mL of IC was run on E-gel EX 2% agarose gel (Invitrogen) and

fragment size ranged from 1 kb to 100 bp.

ChIP Sequencing
ChIP-seq libraries were created following a published Illumina

ChIP-seq library preparation protocol [83]. Briefly, fragmented

ends were repaired, an adenine molecule was added to the

repaired end, PAGE-purified adapters were added to the

overhang, and the mixture amplified with primer 1.0 and primer

2.0 with an individual index tag to allow for multiplex of samples

in a single lane. Samples were gel purified to obtain a size range

between 200–400 bp. Libraries were validated by real time PCR,

concentration was determined with Qubit (Invitrogen) and

integrity was checked with an Agilent Bioanalyzer. Samples were

sent to the Ohio State University sequencing facility for 76 bp

paired end sequencing and four ChIP samples were indexed per

lane on the Illumina HiSeq 2000. Full read data are deposited at

the NCBI GEO repository under accession GSE61974.

ChIP Sequencing Alignment, Peak Finding
Paired end reads from three independent ChIP-seq experiments

(multiplexed in 1 lane each) were quality checked with fastqc

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).

Reads were trimmed and cleaned of contaminating Illumina

adaptors using trimmomatic [84] and aligned to the A.
fumigatus A1163 CADRE genome from ensembl fungi, version

18 using bowtie2-2.1.0 [85]. Reads that aligned concordantly as

paired ends were retained and used for peak calling. The

resulting bam files were used as input for peak calling and for

plotting. Peaks were called using Model-based Analysis for ChIP-

Sequencing (MACS2) version 2.0.10.20131216 [45], with the

subpeak calling option enabled. Peak calling was done with the

wild type ChIP-seq samples and wild type input control samples

using an fdr cutoff of 0.05. Results reported herein are for the

combined reads from all 3 samples. Similar sets of peaks and

genes were identified when each independent biological replicate

was assessed separately.

Motif Discovery and Enrichment in SrbA Regulated Genes
To find sequence motifs within ChIP-seq peaks, 100 bp

centered on each of the peaks (Table S2) were selected. Multiple

Em for motif elicitation (Meme) version 4.9.1 [86] was run with

the minimum and maximum motif widths of 4 and 12, the zoops

model and the x_branch option. The resulting 11 bp motif was

reported for 54 sites. Similar motifs were found using the meme

oops and anr models or using other motif discovery tools [87,88].

ChIP qRT-PCR
Prior to sequencing, all ChIP samples were diluted 10-fold for

PCR. 1 ml of template was used in a 10 ml total volume reaction

using Promega 26GoTaq qPCR master mix and 0.4 mM of each

primer. Realtime PCR was performed with 40 cycles of 95uC for

15 s and 60uC for 30 s on Mastercycler ep realplex PCR machine.

PCR was performed in triplicate for each separate ChIP

experiment using primers designed for regions identified as

enriched in preliminary analysis. Three genes were chosen from

this analysis as positive for enrichment in all ChIP conditions

(srbA, erg11A and erg25A) based on previous microarray

experiments [40]. Percent input method was used to calculate

the signal of enrichment of the promoter region for each

gene (http://cshprotocols.cshlp.org/cgi/content/full/2009/9/pdb.

prot5279 and Invitrogen website). Briefly, 100*(2(InputCt-ChIPCt))

was calculated for each reaction and the average and standard

deviation calculated from these values. No correction for adjusted

input was necessary as both templates were diluted equally prior to

PCR. Lack of enrichment for at least two of the three genes, or

non-amplifying PCR, was evidence for poor ChIP, and these

samples were not sequenced. ChIP-qPCRs with SrbB:GFP were

performed for the genes that showed significant SrbA enrichment

on the promoters. ChIP samples were prepared from cultures

grown under the same conditions used for ChIP-seq. All ChIP

samples were diluted 10-fold for PCR. 2 ml of template was used in

a 20 ml total volume reaction using SYBR green master mix

(BioRad) and 0.4 mM of each primer. Fold enrichment method was

used to calculate the signal of the promoter region for each gene

(http://www.lifetechnologies.com/us/en/home/life-science/epigen

etics-noncoding-rna-research/chromatin-remodeling/chromatin-im

munoprecipitation-chip/chip-analysis.html).

RNA Extraction for Nanostring and RNA-seq
For RNA experiments, 16106 conidia of Aspergillus fumigatus

strain CBS144.89, DsrbA and DsrbB strains were grown in 50 mL

of LGMM in 250 mL shaking baffle flasks for 16 hours at 300

RPM. Samples were transferred to a hypoxia chamber on

platform shaker at 200 RPM for variable hypoxia exposure.

Samples were collected by vacuum filtration, flash frozen in liquid

nitrogen and lyophilized for RNA extraction. Lyophilized tissue

was mixed with 0.2 mL of 0.5 mm glass beads (BioSpec, USA) and

mixed for 30 seconds on Mini-beadbeater-16 (BioSpec, USA).

Ground mycelia were suspended in 1 mL of TriSure (BioLine,

USA), and incubated for 5 minutes. 200 ml of chloroform was

added and mixed well, incubated two minutes. Samples were

centrifuged at maximum speed for 15 minutes at 4uC. Upper layer

was collected and mixed with an equal volume of 80% EtOH, and

pipetted immediately to RNeasy spin column (Qiagen, USA).

Columns were centrifuged one minute, flow through discarded

and washed twice with kit supplied RPE buffer, and column

completely dried after last wash. Filter column was transferred to

RNase free 1.5 mL tube, and 200 uL of RNase free water was

added an incubated for 1 minute, and then centrifuged to obtain

nucleic acid. Samples were analyzed with NanoDrop ND-1000

(Thermo-Fisher).
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RNA Sample Preparation and Illumina Sequencing (RNA-
Seq)

To identify transcriptionally active genes, cDNAs obtained from

the fungal mycelia incubated at stated conditions were sequenced

with the Illumina platform to determine transcript abundance.

Samples were DNased using the RNeasy kit (Qiagen), following

the protocol for DNase Digestion before RNA Cleanup.

Sequencing libraries were generated using the ScriptSeq kit v2

(Epicenter) following manufacturer’s directions. After each prep-

aration step sample quality and quantity was assessed using

Bioanalyzer and the Agilent RNA 6000 Nano Kit (Agilent). All

cDNA libraries were sequenced (4 samples per lane) using the

Illumina HiSeq2000 instrument (www.illumina.com) at the

Oregon Health Sciences University Massively Parallel Sequencing

Shared Resource (http://www.ohsu.edu/xd/research/research-

cores/mpssr/). RNA-seq analysis was performed using the

bowtie-tophat-cufflinks pipeline [85,89,90]. RNA-seq data is

deposited at NCBI SRA under BioProject ID PRJNA240563:

accession numbers SAMN02677488, SAMN02677489,

SAMN02677490.

FunCat and GO Enrichment Analysis
The FungiFun2 2.27 beta web-based server https://elbe.hki-

jena.de/fungifun/fungifun.php was utilized to interrogate the

functional enrichment of FunCat and gene ontologies in the

respective datasets. For RNA-seq analysis, genes whose mRNA

levels changed 4 fold or greater were included in the analysis. The

A1163 genome selection was utilized for all analyses. Settings used

for statistical significance include: significance level 0.05, signifi-

cance test Hypergeometric distribution, and the Benjamini-

Hochberg adjustment method.

cDNA Synthesis and Quantitative Real-Time-PCR
Aspergillus fumigatus strains were cultured in liquid media

(glucose-minimal-media or induction/repression minimal media)

for sixteen hours, then shifted to hypoxia for the indicated times.

Mycelia were harvested via vacuum filtration and lyophilized

overnight prior to homogenization with 0.1 mm glass beads. Total

RNA was extracted using TRisure (Bioline) according to the

manufacturer’s instruction and purified via RNeasy column

protocol (Qiagen). Genomic DNA purification was completed

with Turbo DNAse I (Ambion). A secondary genomic DNA

purification was done with the Qiagen QuantiTect Reverse

Transcription Kit (Qiagen), as well as oligo-DT-primed cDNA

synthesis. qRT-PCR was conducted in technical duplicates except

where noted. The normalized fold expression graphed in each

figure represents the mean and percent error of two-to-three

biological replicates as normalized to the housekeeping gene tefA.

A no-template mRNA control was used to ensure no gDNA

contamination in each analysis.

Murine Model of IPA and In Vivo Analysis of Transcript
Abundance

Virulence study for DsrbB, wild type and reconstitution strains

(20 animals per strain, 2 experiments) was conducted in CD1 mice

(Charles Rivers, USA) using the triamcinolone infection model for

A. fumigatus as previously described [7]. For in vivo RNA

analysis, mouse lungs were harvested on day 2, 3 and 4 post-

infection. Lungs were flash frozen in liquid nitrogen and

lyophilized for 24–48 hours until lung tissue was completely dry.

Tissue was processed in same manner as above for fungal RNA.

Final RNA samples were combined as whole lung, after verifying

fungal RNA was present in each sample by qRT-PCR.

Fungal Burden Assay
For the determination of fungal burden, triamcinolone mouse

model of IPA was utilized as described previously [7]. Briefly, mice

were immunosuppressed with a single sub-cutaneous injection of

steroid triamcinolone (Kenalog 210) (40 mg/kg) on day 21. Mice

were inoculated with 106 conidia of the respective strains in 40 ml

PBS intranasally on day zero. Control mice were infected with

PBS only. Lungs were collected on day +3 and were immediately

frozen in liquid nitrogen. DNA was isolated from lyophilized

lungs, and treated with RNAse overnight. qRT-PCR was done to

determine the amount of fungal DNA in each sample by

comparing with a standard curve of known concentrations as

described previously [7,61]. Data represented are the mean and

standard error of 3–5 mice per group and analyzed by t-tests

between 2 experimental groups.

Ethics Statement
We carried out our animal studies in strict accordance with the

recommendations in the Guide for the Care and Use of Laboratory

Animals of the National Research Council (Council, 1996). The

animal experimental protocol was approved by the Institutional

Animal Care and Use Program (IACUC) at Montana State

University Federal-Wide Assurance Number: A3637-01) and by

the Institutional Animal Care and Use Committee (IACUC) at

Dartmouth College (Federal-Wide Assurance Number: A3259-01).

Nanostring Quantitation of In Vitro and In Vivo RNA
Digital counts for 60 genes (ChIP targets, housekeeping genes

and other genes of interest) were adjusted for binding efficiency

with background subtraction using the included positive and

negative controls from the manufacturer (Nanostring Technolo-

gies, Seattle, WA, USA), as per Nanostring nCounter data analysis

guidelines. Data sets were normalized to facilitate across sample

comparisons using the geometric mean of 20 stably expressed

genes. A subset of 12 of these genes were examined and presented

herein with complete data in Table S5. Boxplots were generated in

R [91].

Growth and Biomass Production Tests
Sequentially diluted spore suspensions in 5 ml sterile water (102–

105 conidia) were dropped on GMM plates and cultured at 37uC
for 3 days in normoxia or hypoxia (1% O2, 5% CO2). In order to

study biomass production, 108 conidia were incubated in 200 mL

liquid GMM at 37uC, 200 rpm for 2 days. Mycelia were

harvested, lyophilized, and weighed. Biomass test was performed

in triplicate.

Susceptibility Test to Voriconazole (VCZ)
Susceptibility of fungal strains to VCZ was tested using either

commercially available E-test strips (Biomerieux, Inc. Durham,

NC) or a semi-quantitative method directly using VCZ (Sigma)

solutions with appropriate concentrations. Five mL of RPMI

media or GMM containing 105 conidia were overlaid onto a

25 mL RPMI/GMM plate. Then, E-test strips were placed on the

plate, or VCZ (Sigma) solutions were added in the center of the

plate. After 2 days incubation at 37uC, clearance of fungal growth

was observed and susceptibility to VCZ was decided.

Analysis of Porphyrins
Porphyrins were extracted from powdered dried mycelia by

homogenization in phosphate buffered saline and the protein

content determined in an aliquot by the Bradford method. The

extract was then mixed with an equal volume of acetone/
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concentrated HCl (97.5/2.5 v/v), centrifuged and the supernatant

analyzed for porphyrins by reversed phase HPLC with fluores-

cence and UV detection [92] using porphyrin standards from

Frontier Scientific (Logan, UT, USA)

Supporting Information

Figure S1 Alignment of basic HLH domains from fungal
SREBPs. Basic Helix-Loop-Helix (bHLH) domains from sterol

regulatory element binding proteins (SREBPs) from S. pombe (Sre1

and Sre2), C. neoformans (Sre1), C. albicans (Cph2), Aspergillus
oryzae (SclR), and A. fumigatus (SrbA and SrbB) were compared

using Gel-Doc software. Black and grey areas represent identical

and similar amino acid residues, respectively. A red arrow

indicates ArgRTyr substitution found in SREBPs differentially

from other bHLH transcription factors. SpSre1/2: S. pombe Sre1

or Sre2, CnSre1: C. neoformans Sre1, CaCph2: C. albicans Cph2,

AfSrbA/B: A. fumigatus SrbA or SrbB, AoSclR: A. oryzae SclR.

(TIF)

Figure S2 Generation of an srbB null mutant. (A). The

srbB coding region was replaced with Aspergillus parasiticus pyrG.

Southern blot analysis was conducted to verify the replacement of

srbB by homologous gene recombination. The restriction enzyme,

ApaI was used to digest genomic DNA of DsrbB and wild type. A

1.1 kb DNA fragment of 59 flank sequence of srbB was amplified

for Southern probe. (B). Wild type and DsrbB showed a 5.3 and

6.4 kb DNA fragment, respectively, which agreed with correct

band sizes estimated by sequence analysis.

(TIF)

Figure S3 Generation of the SrbB:GFP strain and
localization of SrbB:GFP. (A). SrbB tagged with GFP was

expressed in A. fumigatus wild type. Expression of srbB was

examined using qRT-PCR from cultures prepared as ChIP-seq

samples. Compared to wild type, the SrbB:GFP strain shows

similar srbB expression in tested conditions. (B). Localization of

SrbB:GFP in germlings was observed under microscope.

SrbB:GFP is localized to the nucleus (marked as arrow heads).

DIC = Differential interference contrast.

(TIF)

Figure S4 Phenotype of an srbA srbB double null
mutant and a srbA-overexpression strain. (A). Conidia of

each strain were inoculated on GMM and cultured at 37uC for 2

days in normoxia or hypoxia (1% oxygen, 5% carbon dioxide).

DsrbB shows reduced radial growth in hypoxia compared to wild

type, and DsrbADsrbB does not grow in hypoxia similar to DsrbA.

(B). Sensitivity to voriconozole (VCZ) was tested under different

concentrations 0, 0.1, and 0.2 mg/ml. Compared to wild type,

DsrbADsrbB shows increased sensitivity to VCZ, which pheno-

copies DsrbA. (C). srbA was overexpressed in DsrbADsrbB
(expression was verified by qRT-PCR as shown in Figure 8),

and growth of the resulting strain was studied in normoxia and

hypoxia. A thousand conidia were inoculated on GMM and

cultured at 37uC for 3 days. Over-expression of srbA restored

hypoxic growth of DsrbADsrbB.

(TIF)

Table S1 Summary of ChIP-seq next generation se-
quencing data for each respective sample.

(XLSX)

Table S2 Significant peaks and associated genes with
False Discovery Rate of 0.05 from SrbA ChIP-seq
analyses.

(XLSX)

Table S3 Summary of RNA-seq FungiFun2 analyses.
Transcripts with mRNA levels increased or decreased 4 fold or

greater in the srbA null mutant compared to wild-type are

presented.

(XLSX)

Table S4 Summary of processed RNA-seq analyses of
srbA and srbB null mutants compared to wild-type at 30
and 120 minutes post-exposure to hypoxia.

(XLSX)

Table S5 Processed Nanostring nCounter gene expres-
sion data comparing srbA null mutant to wild-type in
vitro under normoxic and hypoxic conditions and
nCounter data for in vivo gene expression in a murine
model of invasive pulmonary aspergillosis.

(XLSX)

Table S6 Summary of FungiFun2 analyses with genes
changed 4 fold or greater in srbB null mutant vs. wild-
type.

(XLSX)
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