Northern Illinois University

Huskie Commons
Graduate Research Theses & Dissertations

Graduate Research & Artistry

2018

The rtfA gene regulates plant and animal pathogenesis and the
synthesis of numerous secondary metabolites in Aspergillus
flavus
Jessica M. Lohmar

Follow this and additional works at: https://huskiecommons.lib.niu.edu/allgraduate-thesesdissertations

Recommended Citation
Lohmar, Jessica M., "The rtfA gene regulates plant and animal pathogenesis and the synthesis of
numerous secondary metabolites in Aspergillus flavus" (2018). Graduate Research Theses &
Dissertations. 6273.
https://huskiecommons.lib.niu.edu/allgraduate-thesesdissertations/6273

This Dissertation/Thesis is brought to you for free and open access by the Graduate Research & Artistry at Huskie
Commons. It has been accepted for inclusion in Graduate Research Theses & Dissertations by an authorized
administrator of Huskie Commons. For more information, please contact jschumacher@niu.edu.

ABSTRACT

THE rtfA GENE REGULATES PLANT AND ANIMAL PATHOGENESIS AND THE
SYNTHESIS OF NUMEROUS SECONDARY METABOLITES IN
ASPERGILLUS flavus

Jessica M. Lohmar, PhD
Department of Biological Sciences
Northern Illinois University, 2018
Ana M. Calvo, Director

Aspergillus flavus is a fungal opportunistic plant and human pathogen and producer of
deadly mycotoxins including aflatoxin B1 (AFB1). In an effort to discover new genetic targets
against A. flavus infections, in this study we examined the possible role of the rtfA gene in
pathogenicity of this fungus. rtfA encodes a putative RNA-Pol II transcription elongation factor,
previously characterized in Saccharomycese cerevisiae, Aspergillus nidulans, and Aspergillus
fumigatus, where it was shown to regulate several important cellular processes, including
morphogenesis, secondary metabolism. In addition, an initial study in A. flavus indicated that
rtfA also influences development and production of AFB1; however, its effect on virulence is
unknown. The current study revealed that the rtfA gene is indispensable for normal pathogenicity
in plants, when using peanut seed as an infection model, and in animals, as shown in the Galleria
mellonella infection model. Interestingly, rtfA positively regulates several processes known to be
necessary for successful fungal invasion and colonization of host tissue, such as adhesion to
surfaces, protease and lipase activity, proper cell wall composition and integrity, and resistance
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to oxidative stress. In addition, metabolomics analysis revealed that A. flavus rtfA effects the
production of several secondary metabolites present in different biosynthetic pathways of, such
as those corresponding to AFB1, aflatrem, paxilline, leporins, aflavinines, ditryptophenaline, and
aspirochlorine, supporting that rtfA is a global regulator of secondary metabolism. Heterologous
complementation of an A. flavus deletion rtfA strain with rtfA homologs from A. nidulans or S.
cerevisiae did fully rescue wild-type phenotype, indicating that these rtfA homologs are
functionally conserved between these three species.
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INTRODUCTION
The genus Aspergillus is known to contain numerous species of medical, industrial, and
agricultural importance. Some of these species are opportunistic pathogens and many produce a
variety of secondary metabolites, among them beneficial compounds such as antibiotics,
cholesterolemia-reducing drugs and anti-tumoral compounds. Other Aspergillus secondary
metabolites present detrimental properties, such as mycotoxins. Aspergillus flavus is widely
known as an opportunistic fungal pathogen of economically important oil seed crops,
contaminating them with mycotoxins, such as the polyketide-derived compounds known as
aflatoxins (AFs) (Figure 1). Among them, aflatoxin B1 (AFB1) is the most mutagenic and
carcinogenic natural compound known [Bhatnager et al. 2002; Cary et al. 2000; Sweeny and
Dobson 1999; Trail et al. 1995]. AFB1 has been shown to primarily target the liver, and chronic
low levels of AFB1 exposure have been shown to cause immunosuppression and hepatocellular
carcinoma, among other illnesses [Hsieh 1988; Turner et al. 2003]. Acute AFB1 exposure can
lead to aflatoxicosis, which can be lethal [Probust et al. 2007].
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Figure 1. Aflatoxin Biosynthesis Pathway. Described in Yu et al. [2004].
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To date, A. flavus genome has been shown to contain 56 secondary metabolite gene
clusters involved in the production of a wide variety of secondary metabolites, including AFs
[Georgianna et al. 2010; Khaldi et al. 2010; Terabayashi et al. 2010]. In addition to AFs, A.
flavus can also produce an indole tetramic acid known as cyclopiazonic acid (CPA) and an
indole diterpene known as aflatrem (Figure 2). CPA is an inhibitor of calcium-dependent
ATPase that leads to altered levels of Ca2+ in the sarcoplasmic reticulum, and aflatrem is widely
known to cause neurological disorders due to its tremorgenic properties [Riley and Goeger 1992;
Valdes et al. 1985; Yao et al. 1988]. Paxilline is another mycotoxin produced by A. flavus that
has been shown to have tremorgenic properties [Steyn and Vleggaar 1985] (Figure 2).
Interestingly, A. flavus is also a producer of beneficial compounds, such as leporins, aflavinines,
ditryptophenaline, and aspirochlorine. Leporin B is from a group of secondary metabolites
collectively known as “leporins” and has been shown to reduce hypoglycemia [Zhang et al.
2003]. Aflavinines are sclerotial metabolites with anti-insectan properties, which could be used
to protect plants from insects [Gloer et al. 1988]. In addition, ditryptophenaline is analgesic and
anti-inflammatory, and aspirochlorine exhibits antifungal and antibacterial properties [Kishimoto
et al. 2016; Monti et al. 1999].
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Figure 2. Aflatrem and Paxilline biosynthetic pathway. Described in He et al., [2018]. Biotechnol
Advances
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In developed countries, strict legislation has been set to control the maximum amount of
total AFs present in food commodities to protect public health [Wu and Guvlu 2012; Wu 2015].
In the USA, estimated losses to the corn industry alone due to AF contamination ranges between
$52.1 million to $1.68 billion [Mitchell et al. 2016]. In developing countries lacking this
legislation, human and animal consumption of AF-contaminated crops often leads to illness and
in some cases death. In developing countries, greater than 40 % of the burden of disease is due to
aflatoxin exposure on immunity and nutrition [Williams et al. 2004].

In addition to infecting important crops, A. flavus has also been known to cause a deadly
lung infection known as invasive aspergillosis (IA). Although A. flavus is the second leading
cause of IA, after Aspergillus fumigatus, infections caused by A. flavus are 100-fold more
virulent than that of A. fumigatus [Hedayati et al. 2007; Kamai et al. 2002; Mosquera et al.
2001]. A. flavus laboratory animal infections showed fungal biomass accumulating in the liver,
lungs, kidneys and brain [Ford and Friedman 1967; Kaliamurthy et al. 2003]. The 4-6 μm
diameter A. flavus conidia can be deposited in the upper respiratory tract, resulting in upper
respiratory infections [Chakrabarti et al. 1998; Hedayati et al. 2007; Hussain et al. 1995; Iwen et
al. 1997; Kennedy et al. 1997; Panda et al. 1998]. In addition to respiratory infections, A. flavus
has also been shown to be a causative agent of other types of human infections, including fungal
keratitis, accounting for 80 % of cases [Hedayati et al. 2007; Khairallah et al. 1992].
Different factors could contribute to the success of A. flavus as an opportunistic pathogen,
for example, those affecting invasion and colonization of the host plant or animal tissue,
including adhesion to surfaces which is necessary for biofilm formation, extracellular hydrolytic
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activity, cell wall structure, and resistance to oxidative stress. Biofilm production helps the
invading micro-organism to evade the host immune responses [Roilides et al. 2015]. In addition,
A. flavus is known to produce a wide variety of extracellular hydrolytic enzymes such as
proteases, lipases, and amylases. These hydrolytic enzymes contribute to break down plant or
human tissue, resulting in colonization of the host [Dolezal et al. 2013; Mellon et al. 2007].
Proper cell wall composition is relevant to protect fungal cells from environmental insults [Latge
2007]. During invasion and colonization of host tissue, fungi experience a wide variety of
different stressors, including oxidative stress, a condition that fungal cells are able to endure
[Selvig and Alspaugh, 2011].

Due to the devastating impacts of A. flavus pathogenesis on agriculture and health, it is
imperative to develop new methodologies to reduce these negative effects, including strategies
that target key regulators of fungal virulence. One of these possible targets is the gene known as
rtfA. This gene was first characterized in Saccharomyces cerevisiae, where its gene product was
shown to be a RNA-Pol II transcription elongation factor involved in ubiquitination of histone
H2B and di-methylation and tri-methylation of histone H3, TATA site selection by TATA box
binding proteins (TBP), interactions with active open reading frames (ORFs), proper
attachment of components from RNA-pol II, and binding chromatin remodeling proteins such
as the ATP-dependent protein Chd1 [Briggs et al. 2002; Jaehning 2010; Mueller and Jaehning
2002; Ng et al. 2003; Stolinski et al. 1997; Sun and Allis 2002; Warner et al. 2007]. Homologs
of rtfA have been found in Aspergillus species. In Aspergillus nidulans, A. fumigatus, and also in
A. flavus, rtfA regulates development and production of some secondary metabolites, specifically
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AF production in the latter [Lohmar et al. 2016; Meyers et al. 2017; Ramamoorthy et al. 2013].
In A. fumigatus, rtfA is also involved in virulence [Meyers et al. 2017]; however, whether the
rtfA homolog in A. flavus is relevant in infection of either plants or animals has not been
investigated and has become the focus of my dissertation research. In my study, I assessed
possible functional conservation between S. cerevisiae, A. nidulans, and A. flavus rtfA homologs;
2.) examined the role of the rtfA gene in A. flavus virulence using two model systems, peanut
seed for plant infection and Galleria mellonella as IA infection model in animals; 3.)
characterized the role of rtfA on cellular processes that are known to be essential for successful
invasion, colonization, and survival of A. flavus; and 4.) investigated the effect of rtfA on the A.
flavus metabolome.
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2. MATERIALS AND METHODS
2.1 Bioinformatic Analysis
Gene and corresponding deduced amino acid sequence for A. flavus RtfA
(XP_002377748.1) was obtained from NCBI (http://www.ncbi.nlm.nih.gov/). Blastp search tool
was used to identify putative homologs in other eukaryotic species. The accession numbers
corresponding to all sequences used in this study are listed in Table 1. MAFFT sequence
alignment (http://www.ebi.ac.uk/Tools/msa/mafft/) was used with all sequences. This was
followed by shading of the alignment using BOXSHADE Server (http://www.ch.embnet.org/
software/BOX_form.html).
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Table 1: rtfA putative homologs and amino acid sequence accession numbers utilized in the
bioinformatic analysis
Emboss Needle-Pairwise Sequence Alignment
(global alignment)
Length
% Identity
% Similarity

Species

Accession Number

Aspergillus flavus

XP_002377748.1

628

100.0

100.0

Aspergillus nidulans

XP_662174.1

600

70.4

82.1

Saccharomyces
cerevisiae

NP_011270.1

558

25.0

44.0

Arabidopsis thaliana

NP_176299.1

643

21.3

37.7

Homo sapiens

NP_055953.3

670

20.8

37.9

Xenopus tropicalis

NP_001005068. 1

590

19.5

37.4

Danio rerio

NP_001077046.1

681

21.5

36.7

Drosophila
melanogaster

NP_611665.1

775

19.5

33.9

Caenorhabditis
elegans

NP_505473

613

20.1

36.1

2.2 Strains and Culture Conditions
The A. flavus L morphotype strains utilized in this study, unless specified differently,
were CA14 pyrG-1 (pyrG+, niaD-, ∆ku70) control strain, deletion rtfA strain (tJML1.1), and rtfA
complementation strain (tJML2.1) [Lohmar et al. 2016] (Table 2). All strains were grown on
YGT medium ( Per 1 L: 20 g Glucose, 5 g Yeast Extract, 1 mL of Trace Elements [Hill and
Kafer, 2001], 15 g agar) unless specified differently. Fungal strains were maintained in 30 %
glycerol stocks at -80 °C.
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Table 2: Strains used in this study
Strain name

Pertinent genotype

Source

A. flavus CA14

pyrG-, niaD-, Δku70

SRRC collection
#1709

CA14 pyrG-1

pyrG+, niaD-, Δku70

Cary et al. 2015

tJML1.1

ΔrtfA, pyrG+, niaD-, Δku70

Lohmar et al. 2016

tJML2.1

ΔrtfA, pyrG+, niaD-, Δku70, rtfAA. fla +

Lohmar et al. 2016

tJML4.1

ΔrtfA, pyrG+, niaD-, Δku70, rtfAA.nid +

This study

tJML5.2

ΔrtfA, pyrG+, niaD-, ptrA+, Δku70, rtfAS. cer+

This study

2.3 Heterologous Complementation of rtfA
Complementation of the A. flavus ΔrtfA Strain with the A. nidulans rtfA Gene.
In order to generate the heterologous complementation strain with A. nidulans rtfA, a
3.545 kb A. nidulans rtfA fragment was PCR amplified with primers 744 and 1902 (Table 3)
using pSM3-rtfAcom [Ramamoorthy et al. 2012] as template. The PCR product was then
digested with KpnI and ligated to the pPTR1 (Clontech, Mountain View, CA ) vector previously
digested with the same enzyme. pPTRI contains the Aspergillus oryzae pyrithiamine resistance
gene (ptrA) as selection marker for fungal transformation. The resulting recombinant vector,
pJML1.1, was transformed in the A. flavus ΔrtfA strain. Transformants were confirmed by
diagnostic PCR with primers 744 and 1902 (Table 3). The selected transformant was
denominated tJML4.1.
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Table 3: Primers used in this study
Primer name

Sequence (5’ – 3’)

744: rtfA-Com2

AAAAAATGGTACCTTAGGCAGTGGGTATGATGTTGG

1902: rtfA A. nid kpnI F

AAAAAAGGTACCTCGCAAGCATATCCTTCAACT

1949: A. fla rtfA 5’UTR F P1

CATCCCGAATGGTACCCCTTGC

1950: A. fla rtfA 5’UTR R P2

AGGTGGCTGAGTCAGTCGGAAAG

1951: A. fla rtfA 3’UTR F P3

CGCATTGCTACATGCCGAAGTTCAC

1952: A. fla rtfA 3’UTR R P4

AAAAAGGTACCTGGGCCTGATGAACCAGTTGCATA

1953: S. cer rtf1 A. flav link F
P5

CTTTCCGACTGACTCAGCCACCTATGTCTGATTTAGATGAGGATTT
ATTAGCCTTG

1954: S. cer rtf1 A. flav link R
P6

GTGAACTTCGGCATGTAGCAATGCGCTAAAACTTAAGGTCAAATTGAT
ATCCAATTCACC

1955: S. cer A. fla rtfA nest P7

AAAAAGGTACCAGAGCCAATCTCCGTCTCCACAG

1956: S. cer A. fla rtfA nest P8

AAAAAGGTACCCGTTTCTGAGCAACAAGGGCAAGG

Complementation of the A. flavus ΔrtfA Strain with the S. cerevisiae rtf1 Gene
In order to generate the heterologous complementation strain with S. cerevisiae rtf1, a
fusion PCR product containing the coding sequence of rtf1 from S. cerevisiae and the 5’UTR and
3’UTR of A. flavus rtfA was generated as described in Szewczyk et al. [2006]. Briefly, the 3’
UTR and 5’ UTR of A. flavus rtfA were PCR amplified from CA14 genomic DNA using primers
1949 and 1950 and primers 1951 and 1952 (Table 3) respectively. The resulting 1.368 kb and
1.537 kb PCR products were fused to a 1.677 kb fragment corresponding to the rtf1 S. cerevisiae,
previously PCR amplified from genomic DNA of the S. cerevisiae Y2H Gold strain (Clontech,
Mountain View, CA) using primers 1953 and 1954. Primers 1955 and 1956 were used to fuse the
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three fragments, resulting in 4.049 kb PCR product. This fusion cassette was then digested with
KpnI and ligated to pPTR1 previously digested with the same enzyme, generating pJML1.2. The
plasmid was then transformed in the A. flavus ΔrtfA strain. Transformants were confirmed with
diagnostic PCR using primers 1953 and 1954 (Table 3). The selected transformant was
denominated tJML5.2.
Assessment of Vegetative Colony Growth.
The A. flavus wild type, ΔrtfA, A. nidulans rtfA heterologous complementation strain
(ΔrtfA::An rtfA), and the S. cerevisiae rtf1 heterologous complementation strain (ΔrtfA::Sc rtf1)
were point inoculated on YGT medium and incubated at 30°C in the dark for three days. Then
cultures were photographed with a Sony Cybershot DSC-W120 camera (Sony, New York, NY,
USA). Vegetative colony growth was evaluated as colony diameter (mm). This experiment was
carried out in triplicate.
Asexual Development Analysis
The A. flavus wild-type, ΔrtfA, ΔrtfA::An rtfA, and ΔrtfA::Sc rtf1 strains were point
inoculated on YGT medium. Conidiation was assessed at 3 and 11 days of incubation.
Approximately 7 mm cores were taken 1 cm away from center of colony. Samples were
homogenized in water, and conidia were quantified with a hemocytometer (Hausser Scientific,
Horsham, PA) and a Nikon Eclipse E-400 bright-field microscope (Nikon Inc., Melville, NY,
USA).
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An additional experiment was also carried out to observe conidiophore vesicles. Briefly,
the A. flavus strains were top-agar inoculated on YGT medium and allowed to incubate at 30 °C
under dark conditions for three days. Micrographs were acquired using a Nikon E-600 brightfield microscope (Nikon Inc., Melville, NY, USA) attached to a Nikon DXM 1200 digital
camera (Nikon Inc., Melville, NY, USA).
Sclerotial Production Assay
In order to determine if heterologous complementation of rtfA restored wild-type
sclerotial levels, the A. flavus wild-type, ΔrtfA, ΔrtfA::An rtfA, and ΔrtfA::Sc rtf1 strains were
point-inoculated on Wickerham agar medium (2 g yeast extract, 3 g peptone, 5 g corn steep
solids, 2 g dextrose, 30 g sucrose, 2 g NaNO3, 1 g K2HPO4·3H2O, 0.5 g MgSO4·7H2O, 0.2 g
KCl, 0.1 g FeSO4·7H2O, 15 g agar per liter [pH 5.5] [Chang et al. 2012]). The cultures were
incubated for 7 and 20 days at 30 °C in the dark. Cultures were photographed with a Sony
Cybershot DSC-W120 camera (Sony, New York, NY, USA) before and after ethanol wash,
performed to improve visualization of sclerotia. Micrographs were taken with a Leica MZ75
dissecting microscope attached to a Leica DC50LP camera (Leica Microsystems Inc., Buffalo
Grove, IL, USA).
Aflatoxin B1 Production
In order to assess whether heterologous complementation restores wild-type levels of
AFB1 production, the A. flavus wild-type, ΔrtfA, ΔrtfA::An rtfA, and ΔrtfA::Sc rtf1 strains were
point inoculated on YGT medium and incubated for seven days in the dark at 30 °C. Three 16
mm diameter cores were taken approximately 1 cm from the center of the colony. AFB1 was
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extracted using 5 mL of chloroform. Extracts were allowed to evaporate and re-suspended in 250
uL of chloroform. Samples were separated using thin-layer chromatography (TLC) on a silica
pre-coated Polygram Sil G/UV254 TLC plate (Macherey-Nagel, Bethlehem, PA, USA) and
chloroform:acetone (85:15, v/v) as solvent system. The TLC plate was allowed to air dry prior to
being sprayed with a 12.5 % AlCl3 ethanol solution. The TLC plate was then baked at 80 °C for
10 min and photographed under UV light (375 nm). Aflatoxin standard was purchased from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). Densitometry of AF bands in the TLC
plates were carried out using Gelquant.NET software. This experiment included two replicates.
2.4 Pathogenicity Studies
Seed Infection Assay
Peanut seed inoculations
The NC94022 Virginia peanut line, kindly provided to us by Dr. Baozhu Guo (U.S.
Department of Agriculture, Tifton, Georgia), was utilized in this experiment. The peanut
infection experiments were carried out following the procedures described in Zhuang et al.
[2016] with minor modifications. Briefly, all seeds were shelled, embryos removed, and weighed
out to approximately 0.25 g- 0.35 g per cotyledon. Each cotyledon was surface sterilized
submerging them in a 10 % Clorox bleach solution for 1 min and rinsed in sterile ddH2O twice to
remove the bleach solution. Ten viable cotyledons were then dried and placed in each Petri dish.
The cotyledons were inoculated on the adaxial surface with 50 µL of conidial suspension (105
spores). Cultures were incubated for five days at 30 C in the light.
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Conidial quantifications of infected seeds
Groups of four cotyledons infected with each strain were placed in 1.7 mL Eppendorf
tubes containing 1 mL of ddH2O. The tubes were vortexed for 1 minute. Spores were quantified
with a hemocytometer (Hausser Scientific, Horsham, PA) and a Nikon Eclipse E-400 bright-field
microscope (Nikon Inc., Melville, NY, USA). The experiment was carried out in triplicate.
AFB1 analysis of infected seeds
Extraction of AFB1 was carried out using the methods described in Zhuang et al. [2016]
with minor modifications. Briefly, groups of two infected peanut cotyledons from each fungal
strain were ground in liquid nitrogen and then added to 12.5 mL of sterile ddH2O in a 50 mL
beaker containing 6.25 mL of acetone. The tubes were placed on a rotary platform for 1 h. Each
sample was then filtered through Whatman paper and collected in another 50 mL Falcon tube.
Then, 17.25 mL of methylene chloride was added to each tube. The tubes were inverted three
times and centrifuged at 3250 x g for 5 minutes to separate the organic layers. The bottom
organic layer was filtered through granulated sodium sulfate to absorb excess water. Filtrates
were evaporated overnight and solubilized in 2 mL of methylene chloride. Samples were then
transferred to another Falcon tube, evaporated, solubilized in 300 µL of acetone, and transferred
into 1.7 mL Eppendorf tubes. The extracts were again allowed to evaporate in the Eppendorf
tubes and solubilized in 100 μL of acetone. Twenty-five microliters of each extract was separated
by TLC as described above.

16

Quantification of ergosterol in infected seeds
After incubation at 30 °C in the light for five days, two peanut cotyledons were ground in
liquid nitrogen and extracted with 4 mL solution of chloroform: methanol (2:1, v/v) overnight at
room temperature. Extracts were filtered through sterile miracloth (Calbiochem, San Diego, CA,
USA) into 50 mL beakers. The extracts were allowed to evaporate and then solubilized in 3 mL
of the extraction mixture. One milliliter of each sample was filtered through a 0.2 micron filter
and placed into a 1 mL vial for HPLC analysis. Twenty-five microliters of each sample was
injected into a Waters 1525 HPLC system (Waters, Milford, MA, USA) equipped with a binary
pump and a Waters 717 autosampler (Waters, Milford, MA, USA). HPLC separation occurred at
50 °C on a Phenomenex C18 4.6 x 25 mm, 5-micron analytical column equipped with a column
guard. With a Waters 2487 Dual λ Absorbance Detector (Waters, Milford, MA, USA), UV
detection occurred at 282 nm. Samples were quantified using 100 % HPLC-grade methanol at a
flow rate of 1.0 mL/min. The peaks of samples were then compared to a standard curve of
HPLC-grade ergosterol standard (Sigma-Aldrich, St. Louis, MO, USA) to determine the
concentration of ergosterol in each sample.
Galleria mellonella Infection Model
Ten microliters of spore suspension of the wild-type, ∆rtfA, and ∆rtfA-com strains in a 1
x PBS buffer at a concentration of 1.0 x 104 spores/mL were used to inoculate the G. mellonella
larvae, using a technique previously described [Meyers et al. 2017] with minor modifications.
Briefly, larvae that were healthy and lacking in grey/black markings were selected for the
procedure. Approximately 30 larvae were infected with each strain. Thirty larvae infected with
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10 μL of a 1 x PBS buffer without spores and 10 non-injected larvae served as controls for the
experiment. Survival rates were monitored 24 h post-infection. A pairwise comparison statistical
analysis was carried out using SPSS software.
2.5 Adhesion Study
The possible role of rtfA in the ability of A. flavus to adhere to surfaces was assessed as
previously described [Meyers et al. 2017]. One hundred and thirty microliters of spore
suspensions (approximately 7.7 x 104) from each A. flavus strains were added into the wells of a
sterile 96-well polystyrene plate, using 32 replicates per strain. The cultures were grown for 24,
48 and 72 h at 30 °C in the dark. After incubation, the supernatant and the fungal mycelial mat at
the surface were removed. The mycelium adhered to the 96-well wall was washed three times
with ddH2O. Then 130 μL of an aqueous 0.01 % crystal violet solution was added into each well
and kept in the wells for 20 minutes. Each well was then washed with 130 μL of ddH2O and
allowed to dry. To de-stain the samples, 130 μL of a 30 % acetic acid solution was added to each
well and after 1 min the plates were photographed with a Sony Cybershot DSC-W120 camera
(Sony, New York, NY, USA) and adhesion capacity was estimated by absorbance at 560 nm
using an Epoch spectrophotometer (Biotek, Winooski, VT, USA).
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2.6 Enzymatic Assays
Protease Activity
To assess whether rtfA plays a role in regulating protease activity in A. flavus, first the
strains (106 spores/mL) were inoculated into 500 mL of liquid PMS broth (per 1 L: 50 g Peptone,
3 g (NH4)2SO4, 10 g K2HPO4, 2 g MgSO4 ∙ 7 H2O, 1 mL of Trace Elements, pH 5.2) and
incubated at 37°C at 250 rpm for 16 h. Then approximately 1 g of mycelium was filtered through
miracloth (Calbiochem, San Diego, CA, USA) and washed with water before being shifted into
25 mL of liquid 0.01% GMM containing 8 mg/mL of Bovine Serum Albumin (BSA) and
allowed to incubate at 250 rpm at 30 °C to induce protease activity. Fungal supernatants were
collected after 24, 48, and 72 h of incubation and filtered through 0.2 μm low-protein-binding
filters. Protease activity was measured by an azocasein assay [Reichard et al. 1997] with some
minor modifications as described in Duran et al. [2014]. Absorbance was read at 436 nm using
an Epoch spectrophotometer (Biotek, Winooski, VT, USA).
Lipase Activity
To test a possible role of rtfA in lipase activity, a method utilized by Amaike et al. [2013]
was used. Briefly, 100 μL of water containing 105 spores for each strain were spread on
Tributyrin agar plates (per Liter: 3 g Yeast Extract, 5 g Peptone, 10 mL Tributyrin, 10 g Agar,
pH 7.5). Six replicates per strain were used. The inoculated cultures were incubated at 30° C in
the dark. Zones of degradation were measured after 72, 96, and 120 h of incubation.
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Amylase Assay
To determine if rtfA is necessary for normal amylase activity in A. flavus, a procedure
previous used by Duran et al. [2014] was utilized with minor modifications. Briefly, the wildtype, ∆rtfA, and ∆rtfA-com strains (106 spores/mL) were inoculated in a 1 L flask containing 500
mL of liquid PMS broth. The cultures were incubated at 37 °C for 24 h at 250 rpm. After
incubation, mycelium was washed three times with sterile ddH20 before approximately 1 g of
mycelia was shifted into a 125 mL flask containing 25 mL of an amylase-inducing medium
(GMM, with 1 % starch as the carbon source instead of glucose). The cultures were incubated at
30 ˚C at 250 rpm. Amylase activity was examined after 24, 48, and 72 h of incubation in the
inducing medium. One hundred microliters of fungal supernatant was mixed with 100 μL of a
0.5% maltoheptose solution and incubated at 40 ˚C for 18 h. The reaction was stopped by heating
the mixture at 100 ˚C for 5 minutes. Approximately 5 μL of the degradation products were
loaded onto a silica pre-coated Polygram Sil G/UV254 TLC plate (Macherey-Nagel, Bethlehem,
PA, USA) and compared to 5 μL of glucose, maltose and maltotriose standards (Sigma-Aldrich,
St. Louis, MO, USA) (1 mg/mL). The TLC plate was then developed in an isopropanol:water:
ammonium:hydroxide (70:30:10, v/v) solvent system, sprayed with 30 % sulfuric acid and dried
before being charred at 100˚C for 5 minutes. The plates were then photographed with a Sony
Cybershot DSC-W120 camera (Sony, New York, NY, USA).
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2.7 Cell Wall Analysis
Determination of Cell Wall Integrity Defects
To analyze whether the absence of rtfA results in weakness of the A. flavus cell wall, the
strains were point inoculated onto YGT medium containing 0.1% sodium dodecyl sulfate (SDS),
a cell wall disrupting compound. Cultures were incubated at 30 °C in the dark for 72 h with two
replicates per strain. Colony diameters were measured in mm.
Analysis of Cell Wall Composition
Sample preparation
Cell wall analysis was performed to evaluate whether rtfA affects the biosynthesis of cell
wall components, specifically mannoprotein, glucan, and chitin, using methods previously
described (Feng et al. 2017). Briefly, the A. flavus strains (106 spores/ mL) were inoculated into
50 mL of liquid YGT medium and incubated at 37 °C for 42 h at 250 rpm in a rotary shaker.
Mycelium was harvested using miracloth (Calbiochem, San Diego, CA, USA) and washed three
times with sterile ddH2O. The mycelium was then frozen in liquid nitrogen and stored at -20 °C.
Prior to the analysis, 100 mg of pulverized mycelia were treated with 1 mL of a cell wall buffer
(2% SDS in 50 mM Tris-HCl buffer supplemented with 100 mM Na-EDTA, 40 mM βMercaptoethanol and 1 mM PMSF) and boiled for 15 min to remove any unbound cell wall
proteins and water soluble sugars. After boiling, the buffer was removed, and the mycelia were
washed three times with sterile water. The samples were then lypholized overnight.
Approximately 12 mg of lypholized mycelium for each strain was used for the analysis, with five
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replicates per strain. The samples were treated with 3 % NaOH at 75 °C for 1 h and then
centrifuged at 15,000 g for 15 min. The supernatant was collected and used to quantify
mannoprotein and soluble glucans present. The pellet was further digested with 96 % formic acid
for 4 h at 100 °C. After digestion, the formic acid was evaporated, and the residue re-suspended
in 1 mL of sterile water, and chitin and insoluble glucan were quantified.
Mannoprotein content
Mannoprotein content was assessed by the BCA method described by de Groot et al.
[2008]. Briefly, 10 μL of each sample was mixed with 200 μL of BCA Protein Assay Reagent A
(Fisher Scientific, Waltham, MA, USA), after which 1:50 of the total volume of BCA Protein
Assay Reagent B (Fisher Scientific, Waltham, MA, USA) was added to the mixture. The
mixtures were incubated at 37 °C for 30 min and absorbance was measured at 560 nm using an
Epoch spectrophotometer (Biotek, Winooski, VT, USA) and compared to a standard curve to
determine concentration. This experiment was carried out with five replicates used per strain.
Glucan content
Glucan content was assessed by utilizing the phenol-sulphuric acid method described by
Dubois et al. [1956]. Approximately, 200 uL of supernatant (to measure soluble glucan) and 200
uL (to measure insoluble glucan) of the residue solubilized in 1 mL of sterile water were added
to 100 μL of a fresh aqueous 5 % phenol solution. Then 500 μL of concentrated sulphuric acid
was added to each sample and mixed well immediately. The color development was allowed to
proceed at room temperature for approximately 30 min. Glucan content was assessed by
measuring glucose levels at an absorbance of 490 nm using an Epoch spectrophotometer (Biotek,
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Winooski, VT, USA) and compared to a standard curve to determine concentration. This
experiment was carried out with five replicates used per strain.
Chitin content
Chitin concentrations were measured by the method described by Lee et al. [2005]. After
digestion with formic acid, evaporation, and re-suspension in 1 mL of water, 100 μL of the
sample was mixed with 100 μL of solution A (1.5M Na2CO3 in 4% (w/v) acetylacetone). The
reaction was allowed to incubate at 100 °C for approximately 20 min. After cooling at room
temperature, 700 uL of 95% EtOH and 100 uL of solution B(1.6 g p-dimethylaminobenzldehyde)
in 30 mL of concentrated HCl and 30 mL 95% EtOH) was added to each sample and allowed to
incubate at room temperature for 1 h. Chitin content was determined by measuring N-acetyl-Dglucosamine levels at an absorbance of 520 nm using an Epoch spectrophotometer (Biotek,
Winooski, VT, USA) and compared to a standard curve to determine concentration. This
experiment was carried out with five replicates used per strain.
2.8 Oxidative Stress Sensitivity Assessment
To evaluate whether rtfA is important in the resistance to oxidative stress in A. flavus, we
used the method described by Baidya et al. [2014]. Briefly, the strains were point inoculated on 3
mL of YGT solid medium supplemented with various concentrations of menadione, a compound
used to induce reactive oxygen species (ROS) [Criddle et al. 2006]. The menadione
concentrations applied in this assay were 0, 0.1, 0.2, and 0.4 mM. Cultures were incubated for 72
h at 30 °C in the dark before being photographed with a with a Sony Cybershot DSC-W120
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(Sony, New York, NY, USA) camera. The experiment was repeated three times with similar
results.
2.9 Metabolomics Analysis
Collection and Extraction of Metabolomics Extracts
The A. flavus wild-type, ΔrtfA, and ΔrtfA-com strains were inoculated in 25 mL of liquid
YGT medium at concentration of 106 spores per plate. Stationary liquid cultures were incubated
for five days at 30°C in the dark. Culture supernatants were collected and A. flavus secondary
metabolites were extracted with chloroform using a 1:1 ratio. The chloroform layer was collected
and allowed to evaporate overnight in a 50 mL beaker.
Liquid Chromatography Coupled with Mass Spectrometry (LC-MS)
Sample analysis was performed using HPLC coupled to an LTQ Orbitrap XL highresolution mass spectrometer (Thermo Fisher Scientific, Les Ulis, France). Extracts were
solubilized in 500 µl of water/ acetonitrile (v/v) and 10 μL of this solution was injected into a
reversed-phase (150 mm × 2.0 mm) 5 μm Luna C18 column (Phenomenex, Torrance, CA, U.S.A.)
operated at a flow rate of 0.2 mL/min. A gradient program was performed with 0.05% formic acid
(phase A) and 100% acetonitrile (phase B) with the following elution gradient: 0 min 20% B, 30
min 50% B, from 35 to 45 min 90% B, from 50 to 60 20% B. HRMS acquisitions were achieved
with electrospray ionization (ESI) in the positive and negative modes as follows: spray voltage
+5.5 kV, capillary temperature 350 °C, sheath gas (N2) flow rate 30 au (arbitrary units), and
auxiliary gas (N2) flow rate 10 au in the positive mode; and spray voltage −3.7 kV, capillary
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temperature 350 °C, sheath gas (N2) flow rate 30 au, and auxiliary gas (N2) flow rate 10 au in the
negative mode. Full MS spectra were acquired at a resolution of 60 000 with a range of mass-tocharge ratio (m/z) set to 100−800 whilst the MS/MS spectra were acquired in low resolution. The
identity of fungal products was confirmed by comparison either with HPLC-MS2 analysis of a
standard compound or on the base of results obtained in Carvajal-Campos et al. [2017].
2.10 Statistical Analysis
Statistical analysis was carried out for all quantitative data in this study. ANOVA
(analysis of variance) in conjunction with Tukey’s post hoc test was carried out using the
statistical software program R version x64 3.3.0.
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3. RESULTS
3.1 RtfA Presents Low Conservation with Putative Homologs Beyond Filamentous Fungi

rtfA homologs have been found present in the genomes of several eukaryotic species,
including fungi. These homologs contain a conserved plus3 domain. This domain contains three
positively charged amino acids, specifically two arginine residues and a serine residue, that give
rise to the name for this domain [de Jong et al. 2008]. Studies in humans have shown that the
plus3 domain can bind to single-stranded DNA in addition to RNA polymerase II [de Jong et al.
2008]. Previous bioinformatic analyses revealed that in Aspergillus spp., as well as in other
Ascomycetes, putative rtfA homologs could also be present [Ramamoorthy et al. 2012]. In this
study, BlastP analysis indicated a high conservation of A. flavus RtfA with that of A. nidulans
(70.4 % identity 82.1 % similarity) and of A. fumigatus (75.2 % identity 85.6 % similarity).
However, the conservation with S. cerevisiae Rtf1 is low (25% identity and 44 % similarity).
Previously Warner et al. [2007] compared S. cerevisiae Rtf1 amino acid sequence to homologs
in Schizosaccharomyces pombe, Homo sapiens and Caenorhabditis elegans and also found low
levels of conservation between these sequences. To examine the conservation of A. flavus RtfA
with those of higher eukaryotic species, we performed a BlastP and box shade analysis. Our
results revealed that the A. flavus RtfA amino acid sequence also showed low conservation (19.5
% - 21.5 %) with putative homologs in higher eukaryotic species (Figure 3).
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Figure 3. The A. flavus RtfA amino acid sequence presents low conservation with respect
to putative homologs in higher eukaryotes. The deduced amino acid sequence corresponding
to L morphotype NRRL 3357 A. flavus RtfA (XP_002377748.1). Since CA14 genetic
background was used in this study, the rtfA nucleotide sequence was verified by DNA
sequencing, compared to the NREL 3357 rtfA sequence, and modified accordingly. Plus3
domain present in A. flavus amino acid sequence indicated by black box. See Table 1 for
accession numbers for amino acid sequences in other eukaryotic organisms and obtained from
NCBI.
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3.2 Heterologous Complementation of ΔrtfA with Homologs in the Model Fungi, A.
nidulans and S. cerevisiae, Rescues Wild-Type Phenotype
To determine whether rtfA putative homologs from S. cerevisiae and A. nidulans are
functionally conserved we generated heterologous complementation strains using rtf1 and rtfA
corresponding wild-type alleles and transformed them in the A. flavus rtfA deletion strain.
Transformants were confirmed using diagnostic PCR (Figure 4A and 4B). The A. nidulans rtfA
and S. cerevisiae rtf1 heterologous complementation were assessed with respect to their
vegetative colony growth, asexual development, and sclerotial and AFB1 production, cellular
processes previously described to be influenced by rtfA in A. flavus [Lohmar et al. 2016]. Colony
diameters of the heterologously complemented strains were larger than that of the ΔrtfA strain,
indicating fungal growth recovery by the homologous genes (Figure 5A). In addition, the A.
nidulans rtfA and S. cerevisiae rtf1 heterologous complementation strains did not present
statistically significantly different conidiation levels from the wild-type strain at the early time
point but was statistically significantly different from the ΔrtfA strain (Figure 5A). However, at
a later time point the A. nidulans rtfA heterologous complementation conidial production was
similar to those in the wild type and statistically significantly lower than that of the A. flavus
ΔrtfA strain (Figure 5B). Conidiophore vesicle development, previously described to be
affected by rtfA [Lohmar et al., 2016], was also evaluated. Both, the A. nidulans rtfA and S.
cerevisiae rtf1 heterologous complementation strains exhibited conidiophore vesicle diameters
similar in size to the wild-type, and larger than those in the ΔrtfA strain (Figure 5C). With
respect to sclerotial development, complementation with A. nidulans rtfA or S. cerevisiae rtf1
strains restored wild-type sclerotial production at both time points assayed (Figure 5D).
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Figure 4. Confirmation of rtfA heterologous complementation strains. (A) Linear
representation of A. nidulans heterologous complementation vector pJML1.1. Confirmation of
integration of A. nidulans rtfA gene into the genome of the A. flavus ΔrtfA strain was carried out
by diagnostic PCR using primers 1902 and 744 and obtaining the expected 3.545 kb product. (B)
Linear representation of S. cerevisiae heterologous complementation vector pJML1.2.
Confirmation of integration of S. cerevisiae rtf1 gene into the genome of the A. flavus ΔrtfA
strain was carried out by diagnostic PCR using primers 1953 and 1954 and obtaining the
expected 1.577 kb product.
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Figure 5. The function of rtfA homologs of A. flavus, A. nidulans, and S. cerevisiae is
partially conserved. (A) Photographs of point-inoculated cultures of wild-type (WT), ΔrtfA,
ΔrtfA::An rtfA, and ΔrtfA::Sc rtf1 strains after three days of incubation at 30°C in the dark. On
the right, measurement of vegetative growth as colony diameter and conidial quantification. (B)
Photographs and conidial quantifications of the A. flavus cultures after 11 days of incubation at
30°C in the dark. (C) Micrographs of the A. flavus conidiophores after three days of incubation at
30°C in the dark. (D) Analysis of sclerotial production in the A. flavus strains after 7 and 20 days
of incubation on Wickerham medium at 30 °C in the dark. (E) TLC analysis of AFB1 levels and
corresponding densitometry after seven days of incubation at 30 °C in the dark. AFB1 indicated
by arrow in TLC image. Error bars represent standard error. Columns with different letters
represent values that are statistically different (p < 0.050).

30

31

AFB1 production was also analyzed in these strains. The strain complemented with A.
nidulans rtfA showed toxin levels similar to those in wild type, (Figure 5E), while the S.
cerevisiae rtf1 heterologous complementation strain presented statistically significantly higher
levels of AFB1 than the wild type.
3.3 rtfA is indispensable for A. flavus pathogenesis on live plant and animal tissue
Previously, rtfA was extensively characterized in the opportunistic pathogen A.
fumigatus, where it was found to affect virulence [Meyers et al. 2017]. Based on this and on the
high conservation observed in the RtfA deduced amino sequence in both fungi, we hypothesized
that rtfA could also regulate virulence in A. flavus. For this reason, pathogenicity of A. flavus in
both plant seeds and animals were assessed in the presence or absence of rtfA.
To determine whether rtfA plays a role in plant pathogenesis in A. flavus, viable peanut
cotyledons were infected with the WT, ΔrtfA, and ΔrtfA-com strains. Cultures were
photographed at three and five days of incubation (Figure 6A and 6B). Our study revealed a
complete abolishment of AFB1 production in viable seeds infected with the ΔrtfA strain (Figure
6C). In this experiment, levels of a fungal-specific sterol known as ergosterol were used as an
indicator of fungal burden present in the infected plant tissue (Figure 6D). Seeds infected with
the ΔrtfA strain contained significantly less ergosterol than seeds infected with the control
strains. In addition, absence of rtfA resulted in a statistically significant decrease in conidial
production (Figure 6A, 6B and 6E).
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Figure 6. rtfA is required for normal pathogenicity in Aspergillus flavus infection of peanut
seeds. Aspergillus flavus wild-type (WT), deletion rtfA (∆rtfA) and rtfA complementation (∆rtfAcom) strains were inoculated on the sterilized adaxial cotyledon surfaces of NC94022 peanut
seeds and incubated for 72 h (A) and 120 h (B). (C) TLC analysis of aflatoxin B1 content in the
infected seeds after five days of incubation. (D) HPLC quantification of fungal ergosterol content
in the infected seeds. (E) Quantification of conidial production. Error bars represent standard
error. Columns with different letters represent values that are statistically different (p < 0.050).
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Since A. flavus is also an opportunistic human and animal pathogen, we evaluated the
role of rtfA in a well-known animal infection model organism used for invasive aspergillosis
studies, G. mellonella. Thirty G. mellonella larvae were infected per fungal strain, and survival
rates were monitored for 48 h after an initial 24 h post-infection period. The results of this
analysis revealed a statistically significant decrease in mortality rates in the larvae infected with
the ΔrtfA mutant strain in comparison to those infected with the wild-type and ΔrtfA-com strains
(Figure 7).
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Figure 7. rtfA is necessary for normal virulence in the animal model Galleria mellonella.
The A. flavus strains were used to infect G. mellonella larvae. Thirty replicates were used per
strain. Thirty animals were also used as controls, injecting them with PBS buffer only. An
additional control with ten non-injected animals was used. The animals were maintained at 30 °C
in the dark for 24 h. After that, survival rates were monitored every 4 h. Data representation was
carried out using SPSS statistical software.
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3.4 Absence of rtfA Affects the Ability of A. flavus to Adhere to Surfaces
Biofilm formation is produced by many pathogenic micro-organisms, including fungi.
Species of fungi from the genus Aspergillus, including A. flavus, have been shown to be capable
of producing biofilms [Ramage et al. 2011]. In addition, 65 % of fungal infections in human is
biofilm associated [Ramage et al. 2011]. One factor necessary for successful biofilm formation is
the ability of the micro-organism to adhere to surfaces [Flemming and Wingender, 2010].
Previously, A. fumigatus rtfA was shown to influence the ability of this fungus to adhere to
surfaces in the absence of rtfA, causing a delay [Meyers et al. 2017]. In the current study,
adhesion of wild-type, ΔrtfA and ΔrtfA-com strains was tested at 24 h, 48 h, and 72 h. The results
showed a statistically significant decrease and delay in the ability of the A. flavus ΔrtfA strain to
adhere to surfaces with respect to the controls (Figure 8).
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Figure 8. rtfA is necessary for A. flavus normal adhesion to surfaces. Adherence was
assessed by absorbance readings after at 560 nm after two days (A), three days (B), and four
days (C). Error bars represent standard error. Columns with different letters represent values that
are statistically different (p < 0.050).
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3.5 Enzymatic Activity in A. flavus is Positively Regulated By rtfA
Aspergillus flavus uses several cellular processes to successfully invade and colonize the
host, including hydrolytic activity [Dolezal et al. 2013; Mellon et al. 2007]. Here, we
determined whether rtfA affects protease, lipase, and amylase activities in A. flavus. A
statistically significant decrease in protease production was observed in absence of rtfA after 24
h, 48 h, and 72 h of incubation (Figure 9A). Lipase activity was also reduced in the ΔrtfA A.
flavus strain compared to the isogenic control strains (Figure 9B). In the case of amylase
activity, no differences were observed among the strains tested (Figure 9C).

38

Figure 9. Protease and lipase activity in A. flavus are rtfA-dependent (A) Protease activity
from GMM + BSA liquid shaking cultures after 24, 48 and 72 h of incubation, measured using
an azocasein-based assay. (B) Lipase activity assessed in A. flavus cultures using Tributyrin
medium. Zones of degradation were measured after three, four, and five days of incubation. (C)
Analysis of amylase activity induced in PBS medium containing starch. Enzyme activity was
assessed using maltoheptose as substrate and observing degradation products by TLC analysis
after 3, 4, and 5 days of incubation. Error bars represent standard error. Columns with different
letters represent values that are statistically different (p < 0.050).

39

3.6 rtfA is Necessary for Normal Cell Wall Composition and Integrity in A. flavus
The cell wall of fungi is an important component of fungal cells that provides structural
integrity. Most importantly, the cell wall in fungi acts as a barrier to hostile environments, a
storage container for enzymes and dangerous compounds, and a structure that is useful in
penetration of live or dead substrates [Latge 2007]. SDS is a common compound used to test
fungal cell integrity [de Groot et al. 2001; Fujiwara et al. 2000]. Interestingly, when the A. flavus
strains were grown on YGT medium containing 0.01 % SDS, a statistically significant increase
in the sensitivity to this compound was observed in the ΔrtfA mutant when compared to the
isogenic control strains as measured by percent reduction of growth compared to the growth of
each strain on YGT medium not supplemented with SDS (Figure 10).
It is possible that this sensitivity to SDS could be due to defects in cell wall composition
in the absence of rtfA. To test this hypothesis, mannoprotein, chitin, and glucan content in
soluble and insoluble alkali were measured in the wild-type, ΔrtfA and ΔrtfA-com strains. Our
results revealed no differences in mannoprotein levels. However, a statistically significant
decrease of chitin levels was observed. In addition, an increase of glucan in the alkali-soluble
fraction accompanied with a decrease of the same in the alkali-insoluble fraction was detected in
the ΔrtfA strain in comparison to those levels in the control strains (Table 4).

40

Figure 10. rtfA influences cell wall integrity in A. flavus. The A. flavus strains were point
inoculated on YGT and YGT medium containing 0.01% SDS. Cultures were incubated at 30 °C
in the dark for 72 h. Colony diameter was measured after incubation. The experiment was carried
out in duplicate. Data is represented as percentage of reduction in growth of strains on YGT
medium versus YGT medium containing 0.01 % SDS. Error bars represent standard error.
Columns with different letters represent values that are statistically different (p < 0.050).
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Table 4: Composition of cell wall (μg/mg ± standard error)
Alkali-Soluble
Alkali-Insoluble
Mannoprotein
Glucan
Glucan
Chitin
WT
5.18 ± 0.07 A
2.03 ± 0.08 A
2.5 ± 0.2 A
4.4 ± 0.4 A
ΔrtfA
5.0 ± 0.2 A
2.74 ± 0.07 B
2.05 ± 0.07 B
3.1 ± 0.3 B
ΔrtfA-com 5.02 ± 0.09 A
2.10 ± 0.06 A
2.5 ± 0.1 A
3.6 ± 0.3 AB

3.7 rtfA is Indispensable for Regulating Sensitivity to Oxidative Stress
Fungi are robust organisms that survive when exposed to a wide variety of environmental
biotic or abiotic stresses. In this study, we specifically examined whether rtfA is necessary for
resistance to oxidative stress using menadione. The A. flavus strains were exposed to various
concentrations of this compound. After 72 h of incubation, no growth was observed in the
deletion rtfA strain culture in the presence of 0.4 mM menadione, yet the control strains were
able to form colonies (Figure 11).
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Figure 11. rtfA affects oxidative stress resistance in A. flavus. Two milliliters of YGT agar
medium containing different concentrations of menadione were placed into a 24-well plate.
Strains were point inoculated and allowed to grow for 72 h at 30 °C in the dark.
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3.8 rtfA Regulates the Production of Numerous Secondary Metabolites in A. flavus
Aspergillus flavus has the capability to produce a wide variety of bioactive compounds
with detrimental or beneficial effects on health. Using LC-MS, we elucidated the rtfA-dependent
metabolome in A. flavus. Specifically, our analysis revealed that the production of norosolonic
acid, versicolorin B, versicolorin A, intermediates in the AF biosynthetic pathway, as well as the
final product AFB1, were positively regulated by rtfA (Figure 12A). Only O-methylsterigmatocystin was unaffected by absence of rtfA (see Figure 11A). In addition, the rtfA mutant was
unable to produce paspaline, paspalinine, hydroxyaflatrem, and alpha-aflatrem from the aflatrem
biosynthetic pathway under conditions that allowed the production of these compounds in the
controls. Paxilline was also completely abolished in the absence of rtfA (Figure 12B and 12C).
In addition, production of a leporin B precursor and leporin B was absent in the ΔrtfA strain, but
they were detected in the controls (Figure 12D). Decreased levels of aspirochlorine were
observed in the ΔrtfA strain compared to those levels in the wild-type and ΔrtfA-com strains
(Figure 12E). Furthermore, a number of compounds believed to be intermediates or end
products of the aflavinine biosynthetic pathway, including 20-hydroxyaflavinine, an unknown
aflavinine compound, and an aflavinine-related compound, were absent in the ΔrtfA strain
(Figure 12F). Interestingly, significantly elevated levels of ditryptophenaline and decreased
levels of aspirochlorine were observed in the ΔrtfA strain compared to those levels in the wildtype and ΔrtfA-com strains (Figure 12G). Our study also revealed that the production of the
compounds present in the cyclopiazonic acid (CPA) pathway, specifically 2-oxo-CPA and final
product CPA, were unaffected in the absence of rtfA (Figure 13B).
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Figure 12. rtfA regulates secondary metabolite production in A. flavus. A. flavus wild-type
(WT), ΔrtfA, and ΔrtfA-com strains were grown in YGT medium for five days at 30°C in the
dark. Compounds in the culture supernatants were analyzed by LC-MS. Quantification of
metabolites in the biosynthetic pathway of Aflatoxin B1 (A) and of aflatrem (B), paxilline
analysis (C). Analysis of metabolites in the biosynthesis pathway of leporins (D) and of
aspirochlorine (E). Analysis of metabolites in the biosynthesis pathway of aflavinines (F) and
ditryptophenaline (G). Error bars represent standard error. Columns with different letters
represent values that are statistically different (p < 0.050).

45

Figure 13. rtfA does not affect the production of O-methylsterigmatocystin and metabolites
of the CPA biosynthetic pathway. A. flavus wild type (WT), ΔrtfA, and ΔrtfA-com strains were
grown in YGT medium for 5 days at 30°C in the dark. Compounds in the culture supernatants
were analyzed by LC-MS. (A) Analysis of O-methylsterigmatocystin. (B) Analysis of
metabolites in the CPA pathway. Error bars represent standard error. Columns with different
letters represent values that are statistically different (p < 0.050).
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4. DISCUSSION
Aspergillus flavus is an agriculturally and medically relevant opportunistic pathogen. For
this reason, it is imperative to identify potential genetic targets that could be used in novel
strategies to reduce A. flavus survival, dissemination, production of toxic compounds and
virulence. Among these novel genes is rtfA, a putative RNA-Pol II transcription elongation factor
rtfA. Putative homologs of RtfA, containing a plus3 domain, have been found in non-fungal
eukaryotes [de Jong et al. 2008; Oh et al. 2004; Tenney et al. 2006]; however, based on our
study, the conservation between those and A. flavus RtfA is limited. These differences could
reflect a significant evolutionary rewiring of this epigenetic factor. The conservation is also
moderate compared to Rtf1 in yeast model S. cerevisiae [Ramamoorthy et al. 2012]; however, it
is highly conserved among other Aspergillus spp., including A. nidulans and A. fumigatus. Some
distinct rtfA-dependent effects were observed in different Aspergillus spp., though. For example,
reduction of vegetative growth was observed in the A. nidulans, A. fumigatus and A. flavus ΔrtfA
mutant, yet this decrease was minor in A. flavus [Lohmar et al. 2016; Meyers et al. 2017;
Ramamoorthy et al. 2012]. Also, absence of rtfA affected conidiation in the three Aspergillus
spp., but differently. In A. nidulans, deletion of rtfA resulted in a reduction of conidiation while
in A. fumigatus it causes hyperconidiation [Meyers et al. 2017; Ramamoorthy et al. 2012], and in
A. flavus loss of rtfA function results in an initial delay in the onset of conidiation followed by
hyperconidiation over time [Lohmar et al. 2016]. The rtfA homologs also present commonalities
in the regulation of cleistothecia and sclerotia formation in A. nidulans and A. flavus
respectively; in both cases, lack of rtfA resulted in impaired production of these structures

47

[Lohmar et al. 2016; Ramamoorthy et al. 2012]. In addition, rtfA has been shown to be a positive
regulator of the production of several secondary metabolites in A. nidulans, including
sterigmatocystin [Rammamorthy et al. 2012], and in A. flavus, rtfA is necessary for the synthesis
of AFB1 [Lohmar et al. 2016], suggesting a common regulatory mechanism, whereas in A.
fumigatus rtfA negatively controls secondary metabolism [Meyers et al. 2017].
The mechanism of action was previously characterized in depth in S. cerevisiae, where it
was shown to be a component of the Paf1 complex [Briggs et al. 2002; Jaehning 2010; Ng et
al. 2003; Stolinski et al. 1997; Sun and Allis 2002; Warner et al. 2007]. In yeast, Rtf1 regulates
chromatin remodeling by several mechanisms. For example, Rtf1 is controls monoubiquitylation of histone H2B at lysine 123, required for the methylation of histones H3K4 and
H3K79 [Briggs et al. 2002; Ng et al. 2003; Sun and Allis 2002; Warner et al. 2007]. In spite of
the difference between the amino acid sequences of Rtf1 and A. fumigatus RtfA,
complementation of the A. fumigatus ΔrtfA strain with rtf1 recovered wild-type phenotype,
suggesting similar mechanisms for both homologs. As mentioned above, RtfA homologs present
a plus3 domain that was shown to bind to RNA polymerase II as well as to single-stranded DNA
from yeast to humans [de Jong et al. 2008]. To elucidate possible functional conservation of A.
flavus RtfA with those from other organisms, we heterologously complemented the A. flavus
ΔrtfA with putative homologs from two model fungi, A. nidulans and S. cerevisiae. Both
heterologous complementations rescued many traits of the wild-type phenotype, regarding
growth, conidiation, sclerotial production and ABF1 production, suggesting that these homologs
are functionally conserved.
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Importantly, in this study we examined whether rtfA is relevant in A. flavus pathogenesis
using a plant and an animal model. Seeds infected with the deletion strain showed a reduction in
conidial production with respect to those infected with the wild-type strain, lack of AFB1, and
low ergosterol levels comparted to the control, indicating that rtfA is relevant for A. flavus
pathogenicity during plant infection and mycotoxin contamination of seeds. A reduction in
virulence in the absence of rtfA was also observed when the G. mellonella animal infection
model was used, indicating that rtfA is indispensable for A. flavus virulence. Similarly, rtfA is
also relevant in A. fumigatus animal infections [Meyers et al. 2017]. It is possible that rtfA
homologs could also play an important role during infection in other pathogenic fungi.
In order to gain further insight into the role of A. flavus rtfA in pathogenicity, we assessed
several factors postulated to be involved in successful invasion and colonization of host tissue. It
was found that absence of rtfA causes a delay and reduction in the ability of the fungus to adhere
to surfaces. This is in agreement with previous observations in A. fumigatus [Meyers et al.,
2017], although the delay was not as pronounced as in A. flavus. Attachment of the fungus to
surfaces at an early stage of the infection process is a necessary step for the production of biofilm
and subsequent evasion of the host immune/defense system response [Flemming and Wingender,
2010]. It is likely that the delay and reduction in adherence in the ΔrtfA strains could contribute
to the observed decrease in virulence in both A. flavus and A. fumigatus rtfA mutants.
In addition, our results revealed that rtfA positively regulates hydrolytic activity in A.
flavus. Specifically, absence of rtfA resulted in a decrease in protease and lipase activity.
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Extracellular enzymes such as proteases and lipases are relevant to degrade host tissue, allowing
the fungus to thrive inside the host [Dolezal et al. 2013; Mellon et al. 2007]. It is possible this
decrease in enzymatic activity could prevent the rtfA mutant from successfully colonizing the
host, as suggested by the reduction in ergosterol levels observed in infected seeds. The reduction
in lipase activity is particularly relevant in the case of A. flavus colonization of oil-rich seed
crops.
Previously, rtfA was shown to be important for fungal growth when A. flavus was
exposed to light and high temperature [Lohmar et al. 2016]. It is possible that this higher
sensitivity to elevated temperatures could be caused by defects in the wall [Damveld et al. 2008].
In the present study, we showed that the absence of rtfA also results in greater sensitivity to SDS.
This further supports the possibility of rtfA-dependent defects in the cell wall. Indeed, although
mannoprotein levels were not affected by rtfA, a statistically significant decrease in chitin was
observed in the strain lacking rtfA compared to the wild type, indicating that rtfA positively
influences the synthesis of this polymer in A. flavus. It has been shown that chitin has specific
immunological effects, for example, in activating specific types of immune cells such as
peritoneal/alveolar macrophages and natural killer cells in mammals [Mack et al. 2015], that
could be decreased in the absence of rtfA. The ratio of glucan present in the alkali-soluble and insoluble fractions was disrupted in the A. flavus rtfA mutant. Like chitin, it has been shown that
fungal β-glucan levels inside of a host can lead to the activation of an immune response [Brown
and Gordon 2003]. It is possible that the decrease in chitin together with changes in the glucan
ratio could have weakened the integrity of the cell wall. Therefore, it is possible that these
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changes in cell wall composition could contribute to the reduction in virulence in the A. flavus
rtfA mutant.
Host immune cells such as macrophages and neutrophils produce reactive oxygen species
(ROS) which in turn can have deleterious effects on fungal cells [Dagenais and Keller 2009].
Our findings revealed elevated sensitivity of the A. flavus rtfA mutant to oxidative stress in the
presence of menadione. This result is consistent with the effect of ROS on the A. fumigatus rtfA
mutant [Meyers et al. 2017], indicating that rtfA is necessary for resistance to oxidative stress
response in these two Aspergillus species.
Substrates colonized by A. flavus become contaminated with detrimental secondary
metabolites. Previously, we reported that rtfA regulates the synthesis of AFB1 in this fungus
[Lohmar et al. 2016], and the production of other unknown metabolites also appears to be
affected. In other Aspergillus spp., rtfA also affected the biosynthesis of other secondary
metabolites [Meyers et al. 2017; Ramamoorthy et al. 2012]. Specifically, in A. nidulans the
production of sterigmatocystin and penicillin biosynthesis was positively regulated by rtfA
[Ramamoorthy et al. 2012], wherease the production of tryptoquivaline F, pseurotin A,
fumiquinazoline C, festuclavine, and fumigaclavines A, B and C were negatively regulated by
rtfA in A. fumigatus. In the current study we analyzed the rtfA-dependent metabolome and found
that not only the synthesis of AFB1 but also that of aflatrem, paxilline, leporins, aspirochlorine,
aflavinines, and ditryptophenaline biosynthesis pathways is controlled by rtfA. Collectively, the
results from this and previous studies indicates that rtfA is a global regulator of secondary
metabolite production in Aspergillus species.
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In conclusion, this study provides insight into the role of rtfA in A. flavus pathogenesis
and factors necessary for normal fungal invasion and colonization of the host, including
adhesion, hydrolytic activity, cell wall composition and oxidative stress resistance. Furthermore,
we showed rtfA has a broad regulatory scope on the metabolome of A. flavus, including potent
mycotoxins. This, together with rtfA strong effect on the morphogenesis of this fungus makes
rtfA or its gene product RtfA potential novel targets that could be used to design strategies to
reduce virulence and mycotoxin contamination. The fact that rtfA homologs present a partial
functional conservation with that of A. flavus suggests that such strategy could be implemented
against other fungal pathogens.
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