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Abstract

FvatfA from the maize pathogen Fusarium verticillioides putatively encodes the Aspergillus nidulans AtfA and
Schizasaccharomyces pombe Atf1 orthologous bZIP-type transcription factor, FvAtfA. In this study, a AFvatfA deletion mutant
was constructed and then genetically complemented with the fully functional Fva#fA gene. Comparing phenotypic features of the
wild-type parental, the deletion mutant and the restored strains shed light on the versatile regulatory functions played by FvAtfA
in (i) the maintenance of vegetative growth on Czapek-Dox and Potato Dextrose agars and invasive growth on unwounded
tomato fruits, (ii) the preservation of conidiospore yield and size, (iii) the orchestration of oxidative (H,0O,, menadione sodium
bisulphite) and cell wall integrity (Congo Red) stress defences and (iv) the regulation of mycotoxin (fumonisins) and pigment
(bikaverin, carotenoid) productions. Expression of selected biosynthetic genes both in the fumonisin (fuml, fum8) and the
carotenoid (carRA, carB) pathways were down-regulated in the AFvatfA strain resulting in defected fumonisin production
and considerably decreased carotenoid yields. The expression of bik/, encoding the polyketide synthase needed in bikaverin
biosynthesis, was not up-regulated by the deletion of Fva#fA meanwhile the AFvatfA strain produced approximately ten times
more bikaverin than the wild-type or the genetically complemented strains. The abolishment of fumonisin production of the
AFvatfA strain may lead to the development of new-type, biology-based mycotoxin control strategies. The novel information
gained on the regulation of pigment production by this fungus can be interesting for experts working on new, Fusarium-based
biomass and pigment production technologies.

Key points

* FvatfA regulates vegetative and invasive growths of F. verticillioides.

* FvatfA also orchestrates oxidative and cell wall integrity stress defenses.

* The AFvatfA mutant was deficient in fumonisin production.

* FvatfA deletion resulted in decreased carotenoid and increased bikaverin yields.

Keywords Vegetative growth - Invasive growth - Conidiogenesis - Oxidative stress - Cell wall integrity stress - Mycotoxin
production - Pigment production
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Introduction

The human bZIP-type activating transcription factor ATF-2,
which binds to the cAMP-responsive promoter sequences,
plays a complex role in the adaptation of various cell types
to environmental stress, stress-induced epigenome changes,
and also in oncogenesis (Vlahopoulos et al. 2008; Seong
et al. 2012; Krifka et al. 2013). ATF-2 activity is positively
regulated by the stress-activated protein kinases p38 and JNK
(Vlahopoulos et al. 2008; Seong et al. 2012; Krifka et al.
2013). Homologs of human ATF-2 can even be found in evo-
lutionarily distant eukaryotes, including fungi. In the fission
yeast, Schizosaccharomyces pombe, the ATF-2 homolog Atfl
is activated by the Styl mitogen-activated protein kinase
(MAPK), an ortholog of the Saccharomyces cerevisiae
Hogl MAPK, in response to a wide spectrum of environmen-
tal stress and is the master regulator of fission yeast’s
Environmental Stress Response (Chen et al. 2003; Gasch
2007). Atfl and its heterodimeric bZIP transcription factor
partner, Pcrl orchestrate osmotic, oxidative, heat shock and
nitrogen deprivation stress responses through binding to pro-
moters of a wide array of stress response genes and also via
modulating chromatin architecture (Sanso et al. 2008, 2011).
Atfl is indispensable in the entry of fission yeast into the
stationary growth phase and also in sexual development
(Takeda et al. 1995; Shiozaki and Russel 1996).

In the saprophytic filamentous fungus model organism,
Aspergillus nidulans, the AtfA transcription factor, a true
ortholog of the fission yeast’s Atfl (Balazs et al. 2010) interacts
with the SakA/HogA MAPK and regulates various stress re-
sponses. Furthermore, it also affects asexual development and
contributes to the maintenance of conidial viability and the
stress tolerance of both conidia and vegetative tissues
(Hagiwara et al. 2008, 2009; Balazs et al. 2010; Lara-Rojas
et al. 2011). AtfA is a key regulator of conidial dormancy and
stress tolerance in various other Aspergillus spp. as well
(Sakamoto et al. 2009; Hagiwara et al. 2014, 2016). AtfA has
a stress-specific impact on the expression of a number of gene
groups with versatile physiological functions, e.g. through the
modulation of stress signal transduction (Emri et al. 2015;
Orosz et al. 2017; Antal et al. 2019). AtfA is a key player in
the regulation of oxidative stress response in menadione-
exposed A. nidulans cultures, when fungal cells combat the
deleterious effects of increasing intracellular superoxide anion
radical concentrations (Pdcsi et al. 2005; Pusztahelyi et al.
2011; Emri et al. 2015; Orosz et al. 2017; Antal et al. 2019).
It is noteworthy that some secondary metabolite gene clusters
were stress inducible (e.g. asperfuranone, terriquinone) or stress
repressible (e.g. austinol) in A. nidulans and the deletion of atfA
made some other clusters stress responsible as well (either stress
repressible or inducible) (Emri et al. 2015; Antal et al. 2019).
Importantly, many primary metabolic pathways (e.g. amino
acid and fatty acid metabolic processes, tricarboxylic acid
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cycle) were also influenced by AtfA under various types of
oxidative stress in A. nidulans (Orosz et al. 2017).

In plant pathogenic fungi, Atfl/AtfA orthologous tran-
scription factors have also been shown to have a role in (i)
the maintenance of vegetative growth (Magnaporthe oryzae
Moatfl (Guo et al. 2010); Fusarium graminearum FgAtfl
(Nguyen et al. 2013; Jiang et al. 2015)), (ii) regulation of
sexual (F. graminearum FgAtfl (Nguyen et al. 2013; Jiang
et al. 2015)) and asexual (Botrytis cinerea BcAtfl (Temme
et al. 2012), F. graminearum FgAtfl (Jiang et al. 2015)) de-
velopments, (iii) environmental (oxidative, osmotic, cell wall
integrity) stress defence(Claviceps purpurea CPTF1 (Nathues
et al. 2004), B. cinerea BcAtfl (Temme et al. 2012),
F. graminearum FgAtfl (Nguyen et al. 2013; Jiang et al.
2015), Fusarium oxysporum Foatfl (Qi et al. 2013)), (iv) vir-
ulence and the modulation of plant defence(C. purpurea
CPTF1 (Nathues et al. 2004), M. oryzae Moatfl (Guo et al.
2010), B. cinerea BcAtfl (Temme et al. 2012),
F. graminearum FgAtfl (Nguyen et al. 2013; Jiang et al.
2015), F. oxysporum Foatfl (Qi et al. 2013)), (v) release of
enzymes like laccases, peroxidases and catalases (C. purpurea
CPTF1 (Nathues et al. 2004), M. oryzae Moatfl (Guo et al.
2010), F. oxysporum Foatfl (Qi et al. 2013)) as well as (vi)
control of primary (B. cinerea BcAtfl (Temme et al. 2012))
and secondary (B. cinerea BcAtfl (Temme et al. 2012),
F. graminearum FgAtfl (Nguyen et al. 2013; Jiang et al.
2015)) metabolism.

The transcriptional regulation of secondary metabolite
gene clusters by Atfl/AtfA orthologs may be either positive
or negative depending on species and culture conditions (Emri
et al. 2015; Antal et al. 2019). Deoxynivalenol production
increased in toxin induction in vitro cultures but decreased
in wheat heads infected with a F. graminearum AFgatf] gene
deletion mutant in comparison with the wild-type parental
strain (Nguyen et al. 2013; Jiang et al. 2015). The AFgatf]
strain also produced less zearalenone in planta, whereas in
artificial cultures, the mutant and the wild-type strain pro-
duced similar amounts of this mycotoxin (Nguyen et al.
2013). Interestingly, the AFgatfl strain also overproduced
the golden yellow pigment, aurofusarin on agar plates
(Nguyen et al. 2013). Expression of selected members of the
deoxynivalenol, zearalenone and aurofusarin gene clusters
paralleled with alterations in mycotoxin and pigment produc-
tions both in in vitro and in vivo studies (Nguyen et al. 2013).
Nevertheless, while deletion of B. cinerea bcatfI resulted in a
significant overproduction of botrydial, botryendial and
botcinin A, potent phytotoxins of the fungus in axenic cul-
tures, no physical interactions could be demonstrated between
BcAtfl and the promoters of selected phytotoxin biosynthetic
genes by yeast one-hybrid analyses (Temme et al. 2012). This
means that both direct and indirect regulatory effects of the
Atf1/AtfA-type transcription factors may have an impact on
secondary metabolite production in plant pathogenic fungi.
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Fusarium verticillioides is a common pathogen of maize
causing seedling blight, stalk and ear rot and produces a group
of harmful polyketide-type mycotoxins called fumonisins
(Picot et al. 2010; Woloshuk and Shim 2013; Blacutt et al.
2018). Because fumonisins interfere with the biosynthesis of
sphingolipids (Liu et al. 2019), there are many organs affected
by them including the liver, kidneys as well as the respiratory
and nervous systems in both humans and animals (Wu et al.
2014; Nair 2017; Kouzi et al. 2018; Ponce-Garcia et al. 2018).
Fumonisins may also cause oesophageal (Kamangar et al.
2009; Kigen et al. 2017) and renal (Miiller et al. 2012; Wu
et al. 2014; Barnett and Cummings 2018) cancers as well as
neural tube defects (Wu et al. 2014; Ponce-Garcia et al. 2018;
Lumsangkul et al. 2019). A deeper understanding of the mo-
lecular regulation of fumonisin biosynthesis in toxigenic
fusaria (Butchko et al. 2012; Lazzaro et al. 2012; Woloshuk
and Shim 2013; Gu et al. 2017; Gil-Sema et al. 2019) may
lead to the development of atoxigenic strains with possible
biocontrol potential or to the utilization of RNA interference
technologies to silence mycotoxin biosynthesis genes (Alberts
et al. 2016).

F. verticillioides also produces various pigments like the
red-coloured secondary metabolite bikaverin (Chelkowski
et al. 1992; Choi et al. 2008; Butchko et al. 2012; Lazzaro
et al. 2012) with antimicrobial (Balan et al. 1970; Son et al.
2008; Deshmukh et al. 2014; Sondergaard et al. 2016; Lebeau
etal. 2019) and anticancer (Fuska etal. 1975; Zhan et al. 2007,
Limén et al. 2010) activities and also light-inducible caroten-
oids (Addm et al. 2011) with potential biotechnological sig-
nificance (Gmoser et al. 2017). Atoxigenic Fusarium strains
are considered possible industrial pigment producers or even
they produce mycoproteins for human consumption fortified
with bioactive carotenoids (Gmoser et al. 2017).

In this paper, we report on the deletion of the FvatfA gene
in F. verticillioides and the effects of this gene deletion on
growth, invasive growth, asexual sporulation, abiotic stress
tolerance as well as fumonisin, carotenoid and bikaverin pro-
duction of this maize pathogen fungus. The potential biocon-
trol and industrial significance of the complete loss of
fumonisin production paralleled with bikaverin overproduc-
tion as observed in the AFvatfA mutant is also discussed.

Materials and methods
Fungal strains, culture media and growth conditions

Conidiospore suspensions of F. verticillioides wild-type
strain, FGSC 7600 its deletion mutant, AFvatfA and two
ectopic-complemented strains generated in this study were
stored in 50% glycerol at — 70 °C. To prepare starter inocula
for growth assays, stress sensitivity studies, RNA isolation
and secondary metabolite analyses, fungi were grown on

Czapek-Dox agar medium (containing 20 g L™" sucrose) for
7 days at 25 °C. Conidiospores were scraped in sterile water
containing 9 g L' NaCl and 100 puL L' TWEEN-80, passed
through two layers of Miracloth (Merck-Millipore) and then
quantified using a haemocytometer. For genomic DNA isola-
tion, fungi were grown in YPG medium (10 g L™" peptone, 3 g
L' yeast extract, 20 g L™" glucose) for 3 days at 28 °C with
shaking at 3.3 Hz (200 rpm) frequency.

Invasive growth on tomato fruits

Invasive growth of the fungi was assessed by placing mycelial
blocks (6 mm in diameter) cut out from 4-day-old fungal
cultures grown on Czapek-Dox agar plates onto surface ster-
ilized tomato fruits (four replicates per strain) and incubated at
room temperature (Di Pietro et al. 2001). Colony diameters
were measured and photographs were taken at 72 and 96 h
post inoculation (hpi). All experiments were repeated three
times.

Multiple sequence alignment and phylogenetic tree
construction

The full sequence of FvAtfA was downloaded from the
National Center for Biotechnology Information (NCBI)
F. verticillioides FGSC 7600 online database. Orthologous
sequences (listed in Supplementary Table S1) from different
organisms were also obtained from NCBI by BLAST homol-
ogy search using the standard blastp algorithm (McGinnis and
Madden 2004). The amino acid sequences were aligned with
the MEGA MUSCLE algorithm (Kumar et al. 2018). Gap
open penalties were set to — 10. The aligned protein sequences
were trimmed with TrimAl. The evolutionary history was
inferred by using the Maximum Likelihood method and JTT
matrix-based model (Jones et al. 1992). The molecular mass
and isoelectric point of the FVAtfA protein was calculated
using the Isoelectric Point Calculator (Kozlowski 2016;
http://isoelectric.org/calculate.php). bZIP domains of the
protein sequences (according to uniprot.org domain analysis
with InterPro annotation) were aligned using the NCBI
Constraint-based Multiple Alignment Tool, and amino acids
with similar properties were visualized with RasMol Amino
Acid Colors (Ray 2005).

Generation of FvatfA disruption mutant and
complemented strains

The deletion construct was generated by the double-joint
PCR method (Yu et al. 2004) to replace the FvatfA ORF
in F. verticillioides strain FGSC 7600. First, 1524 bp 5°-
and 1557 bp 3’-flanking regions of the FvatfA gene were
amplified from F. verticillioides genomic DNA using
Expand Long Polymerase. The primers FvatfAupfwd
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and FvatfAupkimrev were used to amplify the 5’-flanking
region, and primers FvatfAdownkimfwd and
FvatfAdownrev were employed to amplify the 3’-flanking
region. Primers used in this study are listed in Table S2.
Simultaneously, the hygromycin B phosphotransferase-
encoding gene (hph, Escherichia coli) was amplified from
plasmid vectors pBP15 (Sagaram et al. 2007), respective-
ly, using the primers M13F and M13R (Supplementary
Table S2). Subsequently, the three amplicons were mixed
together in a single tube in 1:3:1 (5’-fragment:marker:3’-
fragment) molar ratio and joined by PCR without any
primers. Finally, nested primers FvatfAnestedfwd and
FvatfAnestedrev were used to amplify the 4.1-kb
amplicon carrying the Aph marker fused to the FvatfA
flanking regions. This fused product was used as FvatfA
disruption construct. The polyethylene glycol (PEG)-me-
diated protoplast transformation method was used to
transform the wild-type strain as previously described by
Sagaram et al. (2007). Transformants were regenerated in
8 mL regeneration medium (343 g L' sucrose, 0.2 g L ™!
yeast extract) overnight at 28 °C at 60 rpm. Regenerated
colonies were selected on regeneration agar (343 g L™
sucrose, 0.2 g L' yeast extract, 10 g/L agar) containing
100 pg/mL hygromycin. To confirm genetic homogenei-
ty, all the transformants were regrown from a single co-
nidium on Czapek-Dox agar plates containing 100 pg
mL ™' hygromycin. A 3-mm @ agar plug was taken from
each transformant and placed into glass test tubes with
caps containing 2 mL of YPG medium. Tubes were incu-
bated in a rotary shaker overnight at 28 °C at 200 rpm.
Genomic DNA was isolated from mycelial mat collected
by centrifugation. Emerald PCR was carried out using the
FvatfAupfwd and FvatfAdownrev primers
(Supplementary Table S2). PCR products were digested
with EcoRV and Ndel. Strains carrying the deletion cas-
settes were stored as a glycerol stock at — 70 °C. Southern
blot analysis was also performed to confirm single-copy
integration of the deletion cassette at the homologous re-
combinant site of the FvatfA gene.

The FvatfA deletion strain AFvatfA (AFvatfA :: hph)
was complemented with a wild-type FvatfA gene fused
to the geneticin (G418)-resistance gene (gen, E. coli)
amplified with primers M13F and MI13R from pBS-G;
whereas FvatfA was amplified from genomic DNA with
FvatfAcompkimfwd and FvatfAcomprev (Supplementary
Table S2) using Expand Long Polymerase. These two
amplicons were fused by a single-joint PCR strategy to
generate the complementation construct (Shim et al.
2006; Yu et al. 2004). The joined-PCR product was
amplified with primers M13F and FvatfAcomprev and
used for transformation to complement AFvatfA. After
genomic DNA isolation, Emerald PCR was performed
using MI3F-M13R and FvatfAcompkimfwd-
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FvatfAnestedrev to amplify the geneticin cassette and
the FvatfA gene with UTR regions, respectively. PCR
product of FvatfAcompkimfwd—FvatfAnestedrev was
digested with EcoRI, Xhol and Sspl. Single copy inte-
gration of the complementation cassette was confirmed
by qPCR.

Nucleic acid manipulations and Southern blot assay

Plasmids pBP15 and pBS-G containing the marker genes
were kindly provided by Professor Won-Bo Shim (Texas
A&M University). Plasmid DNA was isolated from E. coli
grown in 2 mL of LB medium for 18 h at 37 °C using the
NucleoSpin Plasmid Kit (Macherey-Nagel). Fungal genomic
DNA was extracted following the protocol of Leslie and
Summerell (2006). All PCR assays were performed in a
Biometra Thermal Cycler (T Professional ThermoCycler)
using Expand Long Polymerase (Roche) or EmeraldAmp
MAX PCR Master Mix (Takara).

In Southern blot assays, genomic DNA digested with Scal
and separated by electrophoresis was transferred onto
Immobilon-NY* membrane (Millipore) and probed with a
DIG-labelled DNA fragment amplified from the genomic
DNA using FvatfAupfwd and FvatfAupkimrev primers
(Supplementary Table S2). Southern analysis was performed
using the DIG DNA Labeling and Detection Kit (Roche).

Copy-number determination

Copy number of FvatfA in the complemented strains was de-
termined by quantitative real-time PCR assay according to
Herrera et al. (2009) with minor modifications, using
FvmnSOD (putatively coding for manganese superoxide dis-
mutase) as a single-copy reference gene. Total DNA was ex-
tracted from lyophilised fungal mycelia. DNA was quantified
using a NanoDrop spectrophotometer (Thermo Fisher
Scientific, Waltham, MA). Five serial 1:2 dilutions (320,
160, 80, 40 and 20 ng 7 uL™") of DNA from the
complemented strains were used to generate standard curves
of Cr (threshold cycle) value against the log DNA concentra-
tion in each well.

qPCRs were performed in triplicates using a
LightCycler 480 (Roche). Quantitative RT-PCR was per-
formed in a total volume of 13 puL, composed of 10 puL
Fast SYBR Green master mix (Applied Biosystems by Life
Technologies), 0.4 uL reverse primer, 0.4 pL forward
primer (the primers are listed in Supplementary Table S2)
and 2.2 uL nuclease-free water in each well of the 96-well
plate. PCR cycles were performed according to the follow-
ing protocol: 1. 95 °C for 2 min; 40% cycles, 95 °C for 5 s,
51 °C for 10 s, 65 °C for 20 s; 95 °C for 15 s, 51 °C for 15
s, 95 °C continuous and 37 °C for 1 s.
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Equation (1) taken from the Eq. (2) for a line was construct-
ed by plotting the standard curve of the log quantity versus its
corresponding Cr value

Cr = m(logquantity) + b (1)

y = mx + b (2)

If the curve demonstrated an 7 value of > 0.980, the stan-
dard curve was then used to determine the sensitivity, primer
efficiencies, the dynamic range as well as the specificity and
reproducibility of each assay. The copy numbers of the FvatfA
gene were determined by the absolute quantitation method, by
which total copies were first calculated using Eq. (3).

FvatfA copies = 10([Cr=b]/m) 5)

The number of FvatfA copies per genome was then deter-
mined by Eq. (4):

FvatfA copies per genome

= (total copies of FvatfA)/(total copies of FvmnSOD)
(4)

Comparison of phenotypes

To determine growth rate, Czapek-Dox agar or PDA plates
were inoculated with conidial suspensions (1 x 10° conidia in
5 puL) of the fungi. Plates were incubated in the dark for 6 days
at 25 °C. Colony diameters were measured, and the results of
triplicated assays were analysed.

Colonies were scraped with sterile distilled water and
filtered through two layers of Miracloth. Microscopic
pictures (x 400) were then taken using Thoma cell
counter. The arc lengths and diameters of 100-100
spores in three biological replicates (300 in total) were
measured using the Imagel] software. Mean values cal-
culated in the replicate experiments were used in further
statistical analysis.

To quantify conidiation, agar cylinders were excised with a
cork borer (8 mm diameter) from Czapek-Dox agar plates,
vortexed in Eppendorf tube with 1 mL sterile water, and co-
nidia were counted with a haemocytometer (Shim et al. 2006).
Microphotographs were taken with an Olympus BX51 micro-
scope equipped with a DP70 digital camera.

Spore viability assay

Spore suspensions (1 x 10> mL™") were incubated at 25, 42
and 45 °C for 60 min or at 4 °C for 7 days; 100 puL suspen-
sions from each tube were plated on Czapek-Dox agar, and
colonies were counted after 2 days of incubation at 25 °C
(Choi and Xu 2010).

Stress sensitivity tests

To estimate stress sensitivities 1 x 10° conidia harvested from
7-day-old cultures were point inoculated on Czapek-Dox agar
plates, supplemented with one of the following stress-
generating agents (Nagygyorgy et al. 2014; Leiter et al.
2016; Orosz et al. 2018): sorbitol (a nonionic osmolyte; 0.1—
2 M), NaCl (an ionic osmolyte; 0.1-1.5 M), KCI (an ionic
osmolyte; 0.1-1.5 M), CdCl, (elicits heavy metal stress;
0.1-0.4 mM), menadione sodium bisulphite (MSB, causes
superoxide stress; 0.2—1.4 mM), diamide (triggers
glutathione-glutathione disulphide redox imbalance; 0.1-1
mM), fert-butyl hydroperoxide (initiates lipid peroxidation;
BOOH, 0.2-0.8 mM), H,O, (causes peroxide stress; 10-50
mM) and Congo Red (generates cell wall integrity stress; 5—
25 uM) at various concentrations as indicated in parentheses.
Colony diameters were measured after 6 days of incubation at
25 °C, and relative growth was calculated as percentage of
growth of the wild-type strain. Growth inhibition recorded
for the mutant was always compared with that of the FGSC
7600 wild-type strain.

Fumonisin analysis

Five milliliters of Myro medium (Han et al. 2014) in 6-well
plates (Corning) were inoculated with 50 pL aliquots of spore
suspensions containing 5 x 10 spores. Cultures were incubat-
ed in the dark at 25 °C for 14 days in static conditions. Culture
supernatants were collected by centrifugation at 3000 x g at 4
°C for 10 min. The pelleted fungal biomass was lyophilized
and weighed.

Fumonisin B; (FB1) and fumonisin B, (FB2) concentra-
tions of the supernatants were measured by capillary electro-
phoresis (7100 CE System, Agilent, Waldbronn, Germany)
coupled to an electrospray mass spectrometer (maXis II
UHR ESI-QTOF MS instrument, Bruker, Karlsruhe,
Germany) operated by OpenLAB CDS Chemstation software
(Agilent). Hyphenation was performed with a CE-ESI Sprayer
interface (G1607B, Agilent). Sheath liquid was transferred
with a 1260 Infinity II isocratic pump (Agilent). CE instru-
ment was operated by OpenLAB CDS Chemstation software.
The following parameters were used for CE-MS analysis,
90 cm x 50 um i.d. fused silica capillary; BGE: 40 mM
HCOONH4/NH;3 (pH = 9.5); SL: iPrOH:water = 1:1 with
0.1% formic acid; sheath liquid flow rate, 10 puL minfl; volt-
age, 20 kV; injection, 50 mbar x 10 s. The MS method was
tuned according to the desired mass range (best sensitivity
between 650 and 800 m/z for fumonisin B1 and B2, complete
scan was between 400 and 1200 m/z). MSS conditions, positive
mode; nebulizer pressure, 0.5 bar; dry gas temperature, 200
°C; dry gas flow rate, 4 L min ' capillary voltage, 4500 V;
end plate offset, 500 V; and spectra rate, 3 Hz. Mass spectra
were recorded by otofControl version 4.1 (build: 3.5, Bruker)
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and processed by Compass DataAnalysis version 4.4 (build:
200.55.2969).

Electropherograms were extracted at the masses of the ex-
amined analytes (722.3950 and 706.4000 + 0.005 m/z, for
FB1 and FB2, respectively). Peaks on the extracted ion elec-
tropherograms were integrated automatically, without further
background correction. The linear calibration curve was plot-
ted based on intensities obtained for standard FB1 and FB2.

Determination of carotenoids

Light is the major regulator of carotenoid biosynthesis, but
low N/C ratio has also a positive effect on carotenogenesis
(Avalos et al. 2017) and, therefore we used DG minimal me-
dium as previously described (Hornero-Mendez et al. 2018).
Fungi were cultured in 100 mL liquid DG minimal medium,
and the cultures were kept in Erlenmeyer flasks thermostati-
cally maintained at 25 °C, illuminated with cool white fluo-
rescent light (80 pmol photons m 2 s~ ') on a rotary shaker
(2.5 Hz shaking frequency). Biomass of the cultures was sep-
arated by filtration of 5 mL culture on Whatman paper No. 5
and used for dry cell mass determination. Mycelia were col-
lected on Miracloth into 15 mL Falcon tubes and then freeze-
dried; 100 mg dried mycelium was disrupted in a BeadBeater
homogenizer (Biospecs) at 66.7 Hz beating frequency, 30 s
with 100 mg quartz sand and 1 mL acetone. The homogenized
samples were centrifuged at 16,000xg for 5 min,repeatedly,
until bleaching of the samples. The collected supernatants
were evaporated in Rotavapor (Biichi) at 40 °C, and the dried
extracts were dissolved in 2 mL petroleum ether, loaded onto
anhydrous Al,Oz column (1 x 1 cm) and eluted by 10 mL
petroleum ether. Absorbance was measured at 450 nm.
Carotenoid content was calculated using a correlation shown
below in Eq. (5):

AX V) xV,x10*
Al%

1 cm

Carotenoids(pg/g) = (5)

X V3 X m

where A is the absorbance; V; is the volume of the eluate;
V, is the total volume of the extract; V3 is the volume of the
aliquot loaded onto the column; A% = 2592 (B-carotene
extinction coefficient in petroleum ether); and m is the mass

of the sample.

Bikaverin measurement

Bikaverin production is stimulated by low N/C ratio in the
medium; the presence of calcium and sucrose also positively
affects the biosynthesis this polyketide pigment (Limoén et al.
2010). For bikaverin measurement we followed the method
described by Bell et al. (2003). Briefly, 100 mL liquid medi-
um (basal medium for toxin production containing 20 g L™
sucrose and 140 mg L' urea as carbon and nitrogen sources,
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respectively, and also supplemented with 500 mg L' CaCOs;,
pH 5.0; Bell et al. (2003)) was inoculated with 1 x 10® conidia
scraped from 7-day-old colonies and grown as shaken culture
(3.33 Hz) for 5, 7 and 9 days at 28 °C. Biomass of the cultures
was separated by filtration of 5 mL culture on Whatman paper
No. 5 and used for dry mass determinations. Bikaverin con-
centration was determined by diluting the supernatants (1 mL)
with 3 mL extraction solvent (acetone + 1 M sulfuric acid
90:10); absorbance of the samples was measured at 500 nm
spectrophotometrically. Calibration curve was prepared in the
range of 0.488—125 ug/mL using purified bikaverin (Sigma)
as standard.

Measurement of gene expression

Expression levels of genes involved in fumonisin, bikaverin
and carotenoid biosynthetic pathways were measured by RT-
PCR. Mycelial samples were collected after incubation for 14
days in Myro medium (for the analysis of fuml, fum8 and
fum21 genes), 3 and 5 days in bikaverin-inducing medium
(for bikl gene analysis) and 4 days of incubation in the dark
in DG medium followed with 2 h illumination (for the analysis
of carRA, carB and carT genes) and stored at — 80 °C. (For
further information on the function of the genes assayed in
gene expression experiments, consult Supplementary
Table S3). After lyophilisation, RNA samples were isolated
with TRI reagent (Invitrogen) (Chomczynski 1993). Real-
time polymerase chain reaction with the Xceed qPCR SG 1-
step Kit (IAB) was carried out using the LightCycler 480
Real-Time PCR System (Roche) according to the manufac-
turer’s recommendations with 500 ng of total RNA per reac-
tion in 40 cycles. The steps for the qRT-PCR reaction were as
follows: (1) reverse transcription, 45 °C for 10 min; (2) PCR
initial activation step, 95 °C for 2 min; (3) DNA denaturation,
95 °C for 5 s; (4) annealing, 51 °C for 10 s; and (4) extension,
65 °C for 30 s and 40 cycles (primer list in this study see
Supplementary Table S2). In each RNA sample, tef]
(FVEG _02381) transcripts were also quantified as reference
gene transcripts (Supplementary Table S2). Relative transcript
levels were calculated by the ‘delta method’ where ACris the
Cr reference gene — Cr gene of interest and Cr stands for the
qRT-PCR cycle numbers corresponding to the crossing
points. For statistical analysis, the mean = SD values were
calculated from three independent experiments. Relative tran-
script levels were examined using the following other refer-
ence genes as well: tub2 (FVEG 04081) and cyp?2
(FVEG_00403) with similar results.

Promoter analysis
The genes listed in Supplementary Table S4 were obtained

with 2 kb 5’-upstream sequence from the NCBI
F. verticillioides online database. Prediction of genes was
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Table 1 FvatfA gene copy-number determination in the complemented F. verticillioides FvatfA ‘C (H7) and (H9) strains

Strains FvatfA (FVEG_02866)* R? FvmnSOD (FVEG_11192)* R? Copy number
FvatfA “C (H7) y=—331x+2674 0.99 y=—2.93x +26.62 0.98 1.00 +0.02
FvatfA ‘C (H9) y=—349% +26.17 0.97 y=—3.32x+2633 0.98 1.00 +0.01

In these gene copy-number determinations, the gene FVEG 11192 putatively encoding the manganese superoxide dismutase of F. verticillioides
(FvMnSOD) was used as a single copy reference gene. The number of FVEG 02866 (FvatfA) per genome was determined by the equation FVEG _
02866 (FvatfA) per genome = (total copies of FVEG _ 02866 (FvatfA)}/{total copies of FVEG 11192 (FvmnSOD)}

# The equations C-= m (log quantity) + b were constructed by plotting the standard curve of log quantity versus its corresponding Cvalue, where y is the

Crvalue, m is the slope, x is the log(quantity) and b is the intercept

carried out using the FGENESH pipeline with generic
Fusarium-specific gene-finding parameters (http://linux1.
softberry.com/berry.phtml?topic=fgenesh&group=
programs&subgroup=gfind) (Solovyev et al. 2006). In this
analysis, transcription start site (TSS), polyadenylation site
(PolA) and the position of translation start (ATG) were also
predicted for each gene. ATF/CREB family transcription fac-
tors can recognize DNA containing the cAMP-responsive el-
ement (CRE) consensus sequence TGACGTCA (Locken
1993; Kvietikova et al. 1995; Sakamoto et al. 2008; Hong
et al. 2013). Standard promoter regions were defined as the
— 1000/+ 50-bp sequences around TSS or between the 5’-end
of the up-stream intergenic region (if this region was < 1000
bp) and + 50 bp down-stream of TSS (Wolf et al. 2016).

Putative transcription factor binding sites were identified in
the promoter regions and also in the 5’-untranslated region
(between the transcription and translation start sequences;
Roze et al. 2011; Hong et al. 2013). ATF/CREB promoter
motifs were searched using the PROMO version 3.0.2 online
tool (Messeguer et al. 2002; Farré et al. 2003) by constructing
specific binding site weight matrices from TRANSFAC 8.3
database (http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/
promoinit.cgi?dirDB=TF_8.3). Maximum matrix
dissimilarity rate in PROMO was set to 15%, and the
factor’s and site’s species were set to ‘all factors’ and ‘all
sites’, respectively.

Statistical analysis

Unless otherwise indicated, all experiments were carried out
with three biological replicates, and mean + SD values are
presented.

Statistical differences between the strains were tested by
one-way ANOVA followed by Tukey post hoc test using
the “ANOVA’ and ‘Tukey HSD’ functions of R project
(http://www.R-project.org/) in the case of the following
features: ‘vegetative growth’, ‘spore production’, ‘spore
viability’, ‘spore size’, ‘secondary metabolite production’
and ‘gene expression’.

The results of the abiotic stress tolerance were analysed by
both one-way ANOVA (followed by Tukey post hoc test)

applied on relative growth data (expressed as percentage of
growth of the wild-type strain in the same experiment) or two-
way ANOVA (also followed by Tukey post hoc test) applied
on absolute growth data (colony diameters) recorded in un-
treated and treated cultures.

Overall differences among strains were analysed by prin-
cipal component analysis (PCA) using the ‘prcomp’ function
of R project. In these calculations, mean values presented in
Supplementary Table S5 were used.

Results
Characterization of the FvatfA gene

A homology search using the NCBI BLASTp algorithm was
carried out based on the A. nidulans AtfA (Locus ID:
AN2911) protein sequence to identify the gene encoding
FvAtfA, the AtfA orthologous protein of F. verticillioides.
The identified FvAtfA protein (encoded by the
FVEG 02866 locus in the F. verticillioides FGSC 7600 ge-
nome; E value 3e—96) has a predicted molecular mass of
41 kDa and an isoelectric point of 8.7. FvAtfA contains a
common bZIP domain typically present in the Homo sapiens
ATF-2, S. pombe Atfl and A. nidulans AtfA orthologous
transcription factors (Supplementary Fig. S1; Supplementary
Table S1). As expected, F. verticillioides FvAtfA shared near-
ly the same position on the phylogenetic tree with
F. oxysporum FoAtfl and F. graminearum FgAtfl
(Supplementary Fig. S1).

Generation of AFvatfA gene deletion mutant and
FvatfA ‘C-complemented strains

To elucidate the physiological functions of FvatfA, we deleted
the gene using the double-joint PCR method of Yu et al.
(2004). The F. verticillioides AFvatfA deletion strain
(AFvatfA::hph) was generated by replacing the FvatfA ORF
with the hygromycin phosphotransferase gene of E. coli as a
selective marker (Supplementary Fig. S2). After transforming
protoplasts with the gene deletion cassette, hygromycin-
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resistant colonies were selected and screened for FvatfA gene
deletion by PCR. Homologous recombination was verified by
Southern analysis to demonstrate the proper deletion of the
FvatfA ORF region and the single-copy integration of the
deletion cassette (Supplementary Fig. S2).
FvatfA-complemented strains were generated by
reintroducing the FvatfA ORF sequence (with its promoter
and terminator regions) together with geneticin phosphotrans-
ferase (gen, from transposon Tn5) as a marker gene into the
AFvatfA strain. From the successfully complemented FvatfA
‘C strains, H7 and H9 were selected for physiological studies.
The copy number of FvatfA was determined both in H7 and
H9 using the qRT-PCR protocol of Herrera et al. (2009); these
experiments confirmed the single-copy integration of FvatfA
(Table 1).

FvatfA deletion leads to subnormal vegetative and
invasive growth

The AFvatfA gene deletion mutant showed a decreased radial
growth on both Czapek-Dox agar — 11.79%) and potato dex-
trose agar (— 22.16%) in comparison with the wild-type
F. verticillioides FGSC 7600 strain, when these media were
inoculated with conidia (1 x 10° spores in 5 pL suspension)
and the cultures were incubated at 25 °C for 6 days (Fig. 1;
Supplementary Table S5).

Invasive growth of the wild-type, its AFvaffA mutant and
the two complemented strains was compared on tomato fruits
(Fig. 2; Supplementary Table S5). The average colony diam-
eter of the wild-type strain was 7.92 and 12.75 mm, at 72 and
96 hpi, respectively, whereas the AFvatfA mutant showed
significantly reduced growth (2.25 and 3.08 mm, at 72 and
96 h, respectively). The percent reduction of invasive growth
of the mutant (— 71.6 and — 75.8% at 72 and 96 hpi, respec-
tively) was much stronger than that observed on artificial me-
dia. To demonstrate this, mycelial blocks from the same col-
onies used for tomato infection were placed on Czapek-Dox
agar and colony diameters were measured at 72 and 96 hpi.
Under these conditions, the growth reduction of the FvatfA
mutant was much less (— 17.3 and — 18.1% at 72 and 96
hpi, respectively) than that recorded on tomato fruits.

It is noteworthy that all slow-growth phenotypes observed
for the AFvatfA strain were successfully complemented by re-
insertion of the fully functional FvatfA gene into the two re-
stored strains, H7 and H9 (Figs. 1 and 2; Supplementary
Table S5).

The AFvatfA mutant produced less and smaller spores
with no influence on spore viability under heat and
cold stress

Conidium production of the fungi was compared on Czapek-
Dox agar plates. Under these conditions, deletion of the

Fig. 1 Comparison of the growth 100
of F. verticillioides FGSC 7600,
parental strain, its AFvatfA
mutant and the AFvatfA ‘C H7-
and H9-complemented strains on
Czapek-Dox agar and Potato
Dextrose agar. Statistical analysis
of the colonial growths (part A)
and one set of representative
photos taken on the colonies (part

A
80 -

60
40 |

20 A

Colony diameter (mm)

B) are presented. All cultures
were grown at 25 °C for 6 days.
Mean colony diameter + SD
values calculated from three in-
dependent experiments are pre-
sented. Different letters indicate
significant differences between
strains (one-way ANOVA
followed by Tukey post hoc test;
adj. p < 0.05). For further details
of the ANOVA, see
Supplementary Table S5

Czapek-Dox
Agar

Potato

Dextrose Agar
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Fig. 2 Invasive growth of fungi
on tomato fruits. Plugs cut out
from fungal cultures grown on
Czapek-Dox agar were placed on
unwounded tomato fruits and
Czapek-Dox agar. Colony diam-
eters were measured after 72 and
96 hours post-infection (hpi).
Significantly reduced invasive
growth was measured for the
AFvatfA mutant in comparison
with its wild-type parental strain,
FGSC 7600 and the two AFvatfA
‘C-complemented strains, H7 and
HO. Vertical bars indicate stan-

Colony diameter {(mm)

HHoa

-
{_ g
=3
h
=3
c
= =
d m72 hpi on tomato
@72 hpi on Czapek-Dox
@96 hpi on tomato
e e 096 hpi on Czapek-Dox
a {- a {
b| |f i i i

dard errors (part A). Significant
differences (adj. p < 0.05) be-
tween strains are marked with
different letters (one-way
ANOVA followed by Tukey post
hoc test; Supplementary

Table S5). A typical set of photos
taken at 96 hpi is presented on
part B

FvatfA "C (H7) 96 h

FvatfA gene resulted in a weakened capability to produce
microconidia. While the FGSC 7600 strain produced 6.21 +
0.29 x 107 spores cm 2, the AFvatfA mutant yielded 3.98 +
0.36 x 107 (i.e. 35.9% less) spores per cm®. Furthermore, the
average arc length of the AFvatfA conidia was approximately
2 pm shorter (8.07 = 0.13 wm) than that of the conidia pro-
duced by the wild-type strain (10.43 + 0.23 pm), but the
average width of conidia produced by the two fungi was near-
ly the same (4.85 + 0.66 vs. 4.94 = 0.18 pum for the wild-type
and mutant strains, respectively) (Fig. 3; Supplementary Fig.
S3; Supplementary Table S5). The arc length phenotype of the
AFvatfA strain was only partially complemented in the FvatfA
‘C H7 and HS strains as indicated by one-way ANOVA (Fig.
3; Supplementary Table S5).

Interestingly, deletion of Fva#fA had no influence on heat
stress (1 h exposures at 42 or 45 °C) or cold stress (7-day
storage at 4 °C) tolerance of the fungus (Supplementary Fig.
S3; Supplementary Table S5).

FGSC 7600 AFvatfA

FGSC 7600 96 h

FvatfA'C
(H9)

FvatfA 'C
(H7)

AFvatfA 96 h

¢

FvatfA 'C (H9) 96 h

Deletion of FvatfA had a negative effect on abiotic
stress tolerance

The Atfl (S. pombe)-AtfA (A. nidulans) orthologous tran-
scription factors orchestrate the environmental stress defence
in a range of fungi (Baldzs et al. 2010; Hagiwara et al. 2008;
Lara-Rojas et al. 2011; Nguyen et al. 2013; Qi et al. 2013;
Rodrigues-Pousada et al. 2010). As expected, the
F. vertillioides AFvatfA mutant possessed increased sensitiv-
ity to oxidative stress-generating agents like H,O,, BOOH
(initiating peroxide stresses) and MSB (causing superoxide
stress) as well as to Congo Red (an elicitor of cell wall integ-
rity stress in sensitive fungi) as calculated by one-way
ANOVA using relative growth data (Fig. 4; Supplementary
Table S5). The per cent decreases in stress tolerance of the
AFvatfA mutant in comparison with the wild-type parental
strain were as follows: 25 mM H,0,, 46.5%; 0.6 mM
BOOH, 12.5%; 0.8 mM MSB, 32.0%; 25 uM Congo Red,
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Fig. 3 Differences in conidium
production and conidium
morphology among the AFvatfA

mutant, its wild-type parental
strain, FGSC 7600 and the two
complemented strains, AFvatfA
‘C H7 and HO. In part A, spore
production of the strains are pre-
sented. Agar plugs were vortexed
in sterile distilled water, and spore
suspensions were counted in
haemocytometer. In part B, arc
lengths and diameters of the
spores counted with ImageJ soft- 0

S (o]
I 1

Spores (x 107/cm?)

N
1
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HH =
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ware are presented. Significant
(adj. p < 0.05) differences be-
tween the marked strains found in
the same experiment are indicated

FGSC 7600

AFvatfA FvatfA'C (H7) FvatfA’C (H9)

by different letters above the col-
umns (one-way ANOVA follow-
ed by Tukey post hoc test;
Supplementary Table S5)

FEkl

FGSC 7600

23.6% (Fig. 4). Two-way ANOVA analysis, which was based
on absolute growth values, also supported the increased sen-
sitivity of the AFvatfA strain towards H,O,-, MSB- and
Congo Red-elicited stresses (Supplementary Table S6), but
the /BOOH-sensitive phenotype of the gene deletion mutant
was not confirmed (p > 5%; Supplementary Table S6).
Surprisingly, AFvatfA and the FGSC 7600 strain showed
equal tolerance to NaCl and KCI exposures (high osmolarity
stress), CdCl, treatments (heavy metal stress) and diamide,
responsible for glutathione/glutathione disulphide redox im-
balances (Supplementary Fig. S4).

AFvatfA is deficient in fumonisin production

F. verticillioides produces a number of mycotoxins including
series B fumonisins (Blacutt et al. 2018) that can be present at
biologically significant levels in maize as well as in a variety
of maize-based human foodstuffs and animal feeds (Logrieco
et al. 2002; Covarelli et al. 2012). In order to determine if
deletion of FvatfA affected the production of fumonisin B1
and fumonisin B2 (FB1, FB2), the wild-type, its AFvatfA
mutant and the two restored strains (H7, H9) complemented
with the wild-type FvatfA were grown in modified Myro me-
dium for 14 days as static cultures. In a preliminary experi-
ment, we determined fumonisin concentrations both in the
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oDiameter

FvatfA'C (H9)
mArc lenght

culture filtrate and the mycelial mat with CE-MS and found
that 80-90% of these metabolites were present in the culture
filtrate (Supplemenatry Table S7). Therefore, in subsequent
experiments we measured FB1 and FB2 only in the culture
filtrate. As shown in Fig. 5, deletion of FvatfA resulted in a
drastic decrease of fumonisin production, i.e. levels of these
metabolites dropped below the detection limits of CE-MS.
Expression levels of two fumonisin biosynthesis genes, fum/
and fum8, encoding a polyketide synthase and an c-oxoamine
synthase, respectively, paralleled with fumonisin production:
transcript levels of these two genes were significantly lower in
the AFvatfA mutant, than in the wild-type and the two
complemented strains. On the other hand, deletion of Fva#fA
caused no change in transcription of fum2 1, another fumonisin
biosynthesis gene encoding a transcription factor with
Zn(11)2Cys6 DNA-binding capability (Fig. 5;
Supplementary Table S5).

Deletion of FvatfA resulted in decreased carotenoid
production

The AFvatfA mutant showed reduced yellow pigmentation in
comparison with the wild-type strain when cultured on CM
under continuous illumination suggesting that carotenoid bio-
synthesis could be influenced by deletion of the FvatfA gene.
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Fig.4 Increased oxidative (H,O,, A 100
fBOOH, MSB) and cell wall
integrity (CR) stress sensitivity of = 80
the AFvatfA strain in comparison = 1 &
with its wild-type parental strain ) =
(FGSC 7600) and the two £ 60 &
AFvatfA ‘C-complemented o
strains (H7, H9). Statistically in- o 40 -
creased stress sensitivities and a =
. @
typical set of photos taken on @ 20 4
stress agar plates after 6 days of 14
incubation at 25 °C (part B) are
presented. The different letters 0- 0mM H ‘ '
shown above the columns indi- 20mM H,O, 06mMBOOH 08mM MSB 25uM CR
cate significant (adj. p < 0.05) m FGSC7600 @ AFvafA O FvatfA'C (H7) = FvatfA'C (H9)
differences between the strains
(one-way ANOVA followed by
Tukey post hoc test;
Supplementary Table S5) B c | 20mM 06mM 08mM 25 uM
ontrol 4o, BOOH MSB CR
FGSC7600
AFvatfA
FvatfA ‘C
(H7)
FvatfA ‘C
(H9)

Fungi were incubated in liquid DG medium under continuous
illumination for 7 days in shaken cultures and then carotenoids
were extracted from mycelial samples and measured spectro-
photometrically. As expected, only trace amounts of caroten-
oids were detected in cultures of the AFvatfA strain, whereas
the wild type and the two restored strains produced normal
amounts of these metabolites (Fig. 6; Supplementary
Table S5). In Fusarium species, carRA (encoding a bifunc-
tional enzyme with phytoene synthase and carotene cyclase
activities), carB (coding for carotene desaturase) and carT
(encoding carotene-cleaving oxygenase) play an important
role in carotenoid biosynthesis (Adam et al. 2011). We com-
pared, therefore expression levels of the carRA, carB and carT
genes in the wild-type, the AFvatfA mutant and the two
complemented strains using qRT-PCR. RNA was isolated
from mycelial samples of cultures grown for 4 days in the
dark and then illuminated for 2 h. The relative expression of
carRA and carB was significantly lower in the AFvatfA mu-
tant than in the wild-type parental strain and the two restored
strains (H7, H9) indicating that down-regulation of these two

genes in the AFvatfA mutant is the cause of decreased carot-
enoid production. On the contrary, deletion of FvazfA had no
effect on carT expression (Fig. 6; Supplementary Table S5).

Bikaverin biosynthesis increased in the AFvatfA
mutant

The AFvatfA mutant showed an intense reddish-purple pig-
mentation on Czapek-Dox agar plates after 7 days of incuba-
tion, a phenotype, not observed in the wild-type strain grown
under similar conditions. As bikaverin is the major red pig-
ment produced by Fusarium species in culture
(Linnemannstons et al. 2002a), we presumed that this metab-
olite is responsible for the deep red colour of the AFvatfA
mutant and, therefore measured bikaverin production of the
fungi involved in this study according to the protocol of Bell
et al. (2003). It is noteworthy that the AFvatfA mutant pro-
duced approximately 10 times more bikaverin than the wild-
type and the restored strains, H7 and H9 after 5 days of incu-
bation, but incubation, extended for 7-9 days resulted in no
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Fig. 5 Defected fumonisin

)
S

production of the AFvatfA strain.
The AFvatfA gene deletion
mutant secreted no fumonisin
when the tested strains were
cultured in Myro medium for 14
days at 25 °C. FB1 and FB2
production was measured by CE-
MS in the culture fluids. In part B,
expression levels of two
fumonisin biosynthesis genes,
fuml and fum$8, as measured by
qRT-PCR are shown.
Significantly reduced gene ex-
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further increase in bikaverin yield (Fig. 7; Supplementary
Table S6). Expression of bik! (formerly pks4), a key polyke-
tide synthase gene, responsible for bikaverin synthesis in
F. verticillioides (Linnemannstons et al. 2002a) showed, how-
ever, no increase (or even a slight down-regulation at 3 days of
incubation) in the AFvaffA mutant in comparison with the
FGSC 7600 control strain, indicating that the cause(s) of over-
production of this metabolite are others than overexpression of
bikl.

In silico promoter analysis

The ATF/CREB bZIP transcription factors are known to
bind to the consensus sequence, TGACGTCA (Locken
1993; Kvietikova et al. 1995; Sakamoto et al. 2008;
Hong et al. 2013) and, therefore, we performed an in
silico promoter analysis to trace the presence of this
motif on sequences of the secondary metabolite genes
subjected to gene expression measurements in this
study. As summarized in Supplementary Table S4, all
genes we found to be down-regulated in the AFvatfA
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mutant, including fuml, fumé8, carRA, carB and bikl
(Figs. 5, 6 and 7), contained at least one putative
ATF/CREB binding site in their promoters between the
5’-end of the intergenic region and + 50 bp down-
stream of TSS (all predicted intergenic regions for the
tested genes were < 1000 bp; Wolf et al. 2016), where-
as the two other genes (fum21, carT), whose expression
was not affected in the AFvatfA mutant (Figs. 5 and 6),
either lacked such sequence (fum2l) or possessed two
(carT) on its putative promoter region (Supplementary
Fig. S6; Supplementary Table S4). Importantly, further
putative ATF/CREB binding motifs were identified in
the 5’-untranslated regions of all tested genes
(Supplementary Fig. S6; Supplementary Table S4).

Overall characterization of the strains

PCA clearly separated the AFva#fA mutant from both the
wild-type parental strain, FGSC 7600 and the two genetically
complemented strains (FvatfA ‘C H7, H9; Supplementary Fig.
S5; Supplementary Table S8). This spectacular separation of
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Fig.6 Decreased carotenoid production of the AFvatfA strain. The bluish
purple colour of AFvatfA mycelia indicated an altered pigment
production of the gene deletion mutant, when it was cultured in DG
liquid medium for 7 days under continuous illumination (part A). In
part B, the significantly decreased carotenoid content (determined
spectrophotometrically) of the AFvatfA strain is presented. In part C, a
significant down-regulation of carRA (bifunctional gene encoding
phytoene synthase and carotene cyclase) and carB (coding for carotene
desaturase) as measured by qRT-PCR is presented. Expression of carT,
encoding the torulene cleavage enzyme, was not influenced by the dele-
tion of FvatfA. The different letters above the columns indicate that the
marked strains are significantly different from the others in the same
experiment (adj. p < 0.05, one-way ANOVA followed by Tukey post
hoc test). For further details, consult Supplementary Table S5

the AFvatfA mutant from the other three strains resulted from
differences in a number of phenotypic features including veg-
etative growth, invasive growth, spore production, abiotic
stress tolerance and secondary metabolite production
(Supplementary Table S8). These findings underline the pleio-
tropic effects of deletion of FvatfA. Interestingly, some levels
of separation also appeared between the wild-type parental
strain, FGSC 7600 and the two complemented strains,
FvatfA ‘C H7 and H9 due to the minor differences found in
their spore morphology and viability (Supplementary Fig. S5;
Supplementary Table S8).
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Fig. 7 Increased bikaverin production by the AFvatfA mutant in shaken
liquid cultures. Visual comparison of the cultures (part A, after 9 days of
incubation) indicated a massive overproduction of this polyketide
pigment by the gene-deletion mutant. This was confirmed by spectropho-
tometric measurement of bikaverin production. Deletion of FvatfA had no
effect on the expression of bikl, encoding the bikaverin polyketide syn-
thase as measured by qRT-PCR (part C). The different letters in the same
experiment above the columns mean that the marked strains differed
significantly (adj. p < 0.05) from each other in pairwise comparisons
(one-way ANOVA followed by Tukey post hoc test). For further details,
see Table S5

Discussion

The AFvatfA gene deletion mutant constructed in this study
greatly differed in its phenotype from the wild type parental
strain shedding light on the versatile physiological functions
played by this bZIP transcription factor in the orchestration of
vegetative and invasive growths, asexual development, envi-
ronmental stress tolerance and secondary metabolite produc-
tion in F. verticillioides (Supplementary Table S5). PC anal-
ysis of the phenotypes also supported the pleiotropic nature of
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FvatfA (Supplementary Fig. S5; Supplementary Table S8)
similarly to other Fva#fA orthologs functionally characterized
thus far (Takeda et al. 1995; Hagiwara et al. 2009, 2016;
Balazs et al. 2010; Guo et al. 2010; Sanso et al. 2011; Lara-
Rojas et al. 2011; Roze et al. 2011; Temme et al. 2012; Hong
et al. 2013; Qi et al. 2013; Nguyen et al. 2013; Jiang et al.
2015; Wee et al. 2017). Important to note that complementa-
tion of the AFvatfA strain with a fully functional FvatfA gene
successfully restored the wild-type phenotypes in strains
FvatfA ‘C H7 and H9 (Supplementary Table S5); PC analysis
placed these strains close to the wild-type parental strain
FGSC 7600 confirming this statement (Supplementary Fig.
S5; Supplementary Table S8). The minor phenotypic differ-
ences observed between the wild type parental strain and the
FvatfA ‘C H7- and H9-complemented strains, (Supplementary
Fig. S5; Supplementary Table S8) are normal and reflect (i)
either variations in the environment of the Fva#fA gene after a
random insertion of the FvatfA complementation cassette into
the genome of the gene deletion strain or (ii) some kinds of
microevolutionary processes working in filamentous fungi
(Ballard et al. 2018, 2019) especially under the selection pres-
sure exerted by protoplasting and transformation.

In details, the AFvatfA strain showed slightly reduced
growth on both Czapek-Dox (— 11.79%) and potato dextrose
(— 22.16%) agars (Fig. 1; Supplementary Table S5) in harmo-
ny with previous observations on the AMoatfl mutant of
M. oryzae (Guo et al. 2010) and the AFgatf] strain of
F. graminearum (Nguyen et al. 2013; Jiang et al. 2015). As
the regulatory effects of AtfA orthologs on cell wall biogene-
sis and primary metabolism have previously been demonstrat-
ed in B. cinerea (Temme et al. 2012) and A. nidulans (Emri
et al. 2015; Orosz et al. 2017) we can assume that deletion of
FvatfA also led to disturbances in basic metabolic and physi-
ological processes, and this was the cause of the observed
growth reduction in F. verticillioides.

The AFvatfA mutant showed greatly reduced colonizing
capability on unwounded tomato fruits in comparison with
the wild-type and the AFvatfA ‘C-complemented strains (—
71.6 and — 75.8%, at 72 and 96 hpi, respectively; Fig. 2;
Supplementary Table S5). This debilitation in invasive growth
suggests that FvAtfA contributes to virulence in
F. verticillioides similarly to previous findings in experiments
with other plant pathogenic fungi (C. purpurea on rye
(Nathues et al. 2004), M. oryzae on rice (Guo et al. 2010),
F. oxysporum on Cavendish banana (Qi et al. 2013),
F. graminearum on wheat, maize Brachypodium distachyon
(Nguyen et al. 2013; Jiang et al. 2015)}.

The elimination of Atf1/AtfA ortholog transcription factors
also disturbed both asexual and sexual reproduction in many
plant pathogenic fungi. The Abcatf1 mutant of B. cinerea was
impaired in conidiation and sclerotium production (Temme
et al. 2012) and the AFgatf1 strains of F. graminearum were
also weakened in conidium yields and their sexual
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reproduction was delayed, too (Nguyen et al. 2013; Jiang
et al. 2015). Similarly to the AFgatfl strains of
F. graminearum, the AFvatfA mutant produced 35.9% less
conidia than the wild-type parental strain and conidia of the
mutant had significantly shorter arc lengths (Fig. 3;
Supplementary Fig. S3). Reduction in the arc length of co-
nidia has been reported previously for the AFoatfl mutant of
F. oxysporum (Qi et al. 2013).

Since the Atfl1/AtfA ortholog transcription factors are typ-
ically centerpieces of the environmental stress defence sys-
tems of fungi furnished with this type of bZIP domain proteins
(Gasch 2007; Chen et al. 2003; Sansé et al. 2008, 2011;
Hagiwara et al. 2008, 2009; Balazs et al. 2010; Lara-Rojas
et al. 2011), the enhanced sensitivity of the AFvaffA mutant
to oxidative (H,O,, MSB) and cell wall integrity (Congo Red)
stress (Fig. 4; Supplementary Table S5) was foreseeable. It is
noteworthy that meanwhile one-way ANOVA analysis of rel-
ative growth data also indicated a /BOOH-sensitive phenotype
of the gene deletion strain two-way ANOVA analysis of col-
ony diameters of /BOOH-exposed cultures did not confirm
this phenotype (Fig. 4; Supplementary Table S6).
Furthermore, the tolerance of the mutant to high-osmolarity
(NaCl, KCl, sorbitol), heavy metal (CdCl,) and glutathione
redox imbalance (diamide) stress was similar to that of the
wild-type and the complemented strains (Supplementary Fig.
S4).

Previous studies with other plant pathogenic fungi revealed
diverse stress sensitivity phenotypes for other Atfl/AtfA
ortholog deficient strains. Increased oxidative stress sensitivi-
ty was observed in atfl/atfA orthologous gene disruption mu-
tants of M. oryzae (H,O,; Guo et al. 2010) and
F. graminearum (H,O,; Jiang et al. 2015), enhanced cell wall
integrity stress sensitivity was demonstrated in similar mu-
tants of B. cinerea (Congo Red, calcofluor white; Temme
et al. 2012) and F. graminearum (Congo Red; Jiang et al.
2015) and decreased high-osmolarity stress tolerance was
found in FvatfA mutants of F. graminearum (NaCl; Nguyen
et al. 2013; Jiang et al. 2015). The orchestration of environ-
mental stress defence by Atfl/AtfA orthologs seems to be
especially useful when fungal pathogens try to attenuate the
response (e.g. oxidative burst) of their host plants (Nathues
etal. 2004; Guo etal. 2010; Qi etal. 2013; Nguyen et al. 2013;
Jiang et al. 2015).

The eclevated oxidative stress (H,O,, BOOH, MSB, di-
amide) sensitivity was not accompanied by high-osmolarity
stress (NaCl) sensitivity in the Aa#fA mutant of A. nidulans
either (Balazs et al. 2010; Emri et al. 2015), although deletion
of atfA elicited global transcriptional changes under NaCl ex-
posure (Emri et al. 2015). The unpredictable occurrence of
some unusual stress sensitivity phenotypes in Atfl/AtfA
ortholog deficient fungal strains can be explained by the com-
plexity, flexibility and robustness of the stress response sys-
tems operating in filamentous fungi (Miskei et al. 2009; Emri
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etal. 2018). The abundance of some important stress-activated
and mitogen-activated protein kinases, response regulators,
transcription factors in the stress response regulatory networks
foreshadows the likely existence of efficient compensatory
mechanisms for the loss of any of these stress response ele-
ments (Miskei et al. 2009). The high-complexity stress re-
sponses orchestrated by Atfl/AtfA orthologs can also be as-
sociated with (i) the impact of these transcription factors on
the expression of other important elements of the stress sig-
naling and stress response regulatory network, (ii) direct,
physical interactions of the Atf1/AtfA orthologs with elements
of this network (e.g. with other bZIP-type transcription fac-
tors) as well as (iii) the interplays and cross-talks between
AtfA-dependent stress responses (Orosz et al. 2017).

While AtfA orthologous transcription factors play a crucial
role in the stress defence of both the developing and the dor-
mant conidia of aspergilli (Hagiwara et al. 2008, 2009, 2014,
2016; Sakamoto et al. 2009; Balézs et al. 2010; Lara-Rojas
et al. 2011), deletion of FvatfA had no influence on heat and
cold stress tolerance of the asexual spores in F. verticillioides
(Supplementary Fig. S3; Supplementary Table S5). This find-
ing indicates that the primary stress response-related function
of FvAtfA is the orchestration of stress defence in the mycelial
tissue of this fungus without safeguarding the survival of asex-
ual spores.

One of the most important observations in this study was
the inability of the AFvatfA mutant to produce fumonisins in
Myro medium (Fig. 5). The abolishment of mycotoxin pro-
duction was coupled to and explained with a significant down-
regulation of two fumonisin biosynthesis genes, fuml
(encoding the fumonisin polyketide synthase) and fum8
(coding for a-oxoaminesynthase) (Fig. 5). Interestingly, no
down-regulation of fum21 was observed in the AFvatfA mu-
tant. This gene codes for a Zn(I1)2Cys6 binuclear cluster
DNA-binding domain containing transcription factor and is
considered a local positive regulator within the fumonisin bio-
synthetic gene cluster (Brown et al. 2007). The results of pro-
moter analysis of the tested genes were in line with changes in
the gene expression levels. The promoters of fuml and fum8
contained a putative CRE sequence meanwhile no such se-
quence was identified in the promoter region of fum21 (be-
tween the 5’-end of the intergenic region and position + 50 bp
down-stream of TSS; Supplementary Fig. S6; Supplementary
Table S4). Further research should aim at demonstrating the
hypothesized physical interactions between FvAtfA and these
putative elements using either gel electrophoresis mobility
shift assay (EMSA) or chromatin immunoprecipitation se-
quencing (ChIP-seq) (Roze et al. 2011; Hong et al. 2013;
Wee et al. 2017). In Aspergillus parasiticus, seven genes in
the aflatoxin biosynthetic gene cluster with CRE in their pro-
moters were under direct AtfB regulation meanwhile other
promoters lacking CRE were not recognised by this bZIP
transcription factor (Roze et al. 2011). It is worth noting that

although the position preferences of bZIP transcription factors
are from — 100 to — 50 bp with respect to TSS (Arabidopsis
thaliana; Yu et al. 2016), the possible recognition of other
down-stream ATF/CREB transcription factor binding sites
by FvAtfA should also be considered in future studies
(Supplementary Fig. S6; Supplementary Table S4;
Roze et al. 2011; Hong et al. 2013).

Although SakA/HogA MAPK physically interacts with
AtfA in A. nidulans (Lara-Rojas et al. 2011) future research
is needed on MAPK(s) functioning up-stream of the Atfl/
AtfA homologs. Interestingly, Kohut et al. (2009) found tem-
porary up-regulation of fim! and fums8 followed by a rapid
onset of fumonisin production in a Fusarium proliferatum
AFphogl gene deletion mutant, under nitrogen starvation.
They explained the early up-regulation of fumonisin biosyn-
thesis genes in the mutant by the increased sensitivity of the
AFphogl strain to N-starvation stress in the absence of func-
tional Hog-1 MAPK pathway. On the other hand, deletion of
Fvmkl encoding for Fus3/Kssl MAPK in F. verticillioides
resulted in decreased expression of fuml and fum8 and re-
duced production of fumonisin (Zhang et al. 2011), similarly
to the AFvatfA mutant as demonstrated in this study (Fig. 5).
It is important to note that both positive and negative cross-
talks exist between Fmk1, Mpkl and Hogl MAPKSs during
stress adaptation as described in F. oxysporum (Segorbe et al.
2017). This means that stress response regulatory transcription
factors like FVAtfA may receive signals from various signal
transduction routes depending on species and environmental
conditions.

Deletion of F. graminearum Fgatfl, a closely related
ortholog of F. verticillioides FvatfA (Supplementary
Table S1; Supplementary Fig. S1), also affected environmen-
tal stress defence and secondary metabolite (deoxynivalenol,
zearalenone) production (Nguyen et al. 2013; Jiang et al.
2015). All these observations are indicative of the inherently
coupled co-regulation of stress defence and secondary metab-
olite production in fusaria.

In A. parasiticus, an aflatoxin producing fungus a com-
plex regulatory network of various transcription factors
(AtfB, SrrA, AP-1 and MsnA, where AtfB and AP-1 are
bZIP-type transcription factors) is likely to coordinate
both oxidative stress response and secondary metabolism
(Roze et al. 2011; Hong et al. 2013). This regulatory
network seems to receive and integrate signals elicited
by the cAMP-protein kinase A (down-regulated by
oxidative stress) and stress-activated protein kinase path-
ways (Hong et al. 2013). Similar regulatory network may
operate in Fusarium spp. as well.

F. verticillioides AFvatfA, debilitated in fumonisin produc-
tion is a disarmed strain and, therefore it may open the way to
the development of new-type biology-based mycotoxin con-
trol strategies including RNAi-mediated gene silencing tech-
nologies (McDonald et al. 2005; Majumdar et al. 2017; Pareek
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and Rajam 2017; Johnson et al. 2018) targeting FvatfA and/or
other regulators of mycotoxin biosynthesis.

Fusarium spp. can also produce a plethora of valuable ca-
rotenoids including (-carotene, lycopene and
neurosporaxantin (Prado-Cabrero et al. 2007, 2009; Avalos
et al. 2012; Gmoser et al. 2017). As shown in Fig. 6, deletion
of FvatfA decreased the carotenoid production of
F. verticillioides considerably, paralleled with the down-
regulation of two carotenoid biosynthesis genes, carRA and
carB (Linnemannstons et al. 2002b; Prado-Cabrero et al.
2007; Avalos et al. 2017), which also contained putative
ATF/CREB binding sites at their promoters (Supplementary
Fig. S6; Supplementary Table S4). Similar down-regulation of
carotenoid biosynthesis was observed by Adam et al. (2011)
in AFvMAT-2-1 knockout mutants of F. verticillioides, indi-
cating a possible interplay between FvAtfA and mating type
genes in the regulation of carotenogenesis. Future studies in
this field are foreseen to focus on the overproduction of AtfA-
type transcription factors in Fusarium species to see whether
this kind of genetic manipulation could result in carotenoid
overproduction strains. The light-induced appearance of an
unusual bluish purple color as detected in AFvatfA cultures
(Fig. 6) may lead to the discovery of an until unknown
Fusarium pigment. Further studies should also aim at shed-
ding light on the insensitivity of the torulene cleavage enzyme
encoding carT gene to FvatfA deletion despite of the putative
CRE sequences present on its promoter (Supplementary Fig.
S6; Supplementary Table S4).

These novel pieces of information on the regulation of
pigment production in F. verticillioides might also be utilized
in Fusarium-based mycoprotein production as the antioxidant
and antihyperlipidemic properties of the fungal biomass cer-
tainly improve the biological value of such products (Thomas
et al. 2017). It is noteworthy that beneficial health, e.g.
antiatherosclerotic effects of fungal carotenoids have been re-
ported in animal models (Setnikar et al. 2005; Kumar et al.
2011).

F. verticillioides also produces a red coloured secondary
metabolite called bikaverin with potent antibacterial
(Deshmukh et al. 2014; Sondergaard et al. 2016; Lebeau
et al. 2019), antiprotozoan (Balan et al. 1970), antioomycete
(Son et al. 2008) and antitumor (Fuska et al. 1975; Zhan et al.
2007; Limon et al. 2010) activities. The nearly tenfold over-
production of bikaverin by the AFvatfA strain in a submerged
liquid culture (Fig. 7) may also attract the attention of indus-
trial experts. In previous studies (Deshmukh and Purohit
2014), siRNA mediated silencing of AmgR, encoding hy-
droxymethyl glutaryl coenzyme A reductase in the carotenoid
and gibberellin biosynthesis pathways in Fusarium sp.
HKFI15, resulted in a 41% increase of the bikaverin yield
paralleled with a significant up-regulation of bik/, the
bikaverin polyketide synthase gene (Wiemann et al. 2009).
The bikl gene also possesses putative ATF/CREB binding
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sites on its promoter (Supplementary Fig. S6;
Supplementary Table S4) and, not surprisingly, the deletion
of FvatfA decreased the expression of bik! at least at 3 days
(but not at 5 days) incubation (Fig. 7). The obvious contradic-
tion between the tremendous increase in bikaverin production
measured in the gene disruption mutant and the down-
regulation (or the absence of up-regulation) of bik/ can only
be explained with the drastic down-regulation of both the
fumonisin and the carotenoid pathways observed in the ab-
sence of FvatfA. Due to disturbances in fumonisin and carot-
enoid biosynthesis, the building blocks needed for these me-
tabolites became redundant and were probably channelled to-
wards the synthesis of other metabolites including bikaverin
(Fig. 7) and a still unidentified bluish purple pigment that
appeared in illuminated cultures (Fig. 6). Furthermore, expres-
sion levels of bik! were basically high in the wild type, as the
medium we used for testing bikaverin production was a
bikaverin inducing one (Bell et al. 2003) allowing not much
further up-regulation of this gene, if any in the AFva#fA mu-
tant. Deletion of atfl/atfA orthologs in B. cinerea (Temme
et al. 2012) and A. nidulans (Emri et al. 2015; Orosz et al.
2017) also had a definite impact on primary and secondary
metabolism, confirming the findings of the present research.

Further studies are needed to elucidate how the Atfl/
AtfA orthologous transcription factors fit into the com-
plex regulatory network coordinating the production of
bikaverin (and also other pigments like aurofusarin) in
fusaria (Wiemann et al. 2009; Studt et al. 2013; Nguyen
et al. 2013; Niehaus et al. 2017). Interplays with elements
of carbon (Choi and Xu 2010; Kohut et al. 2010; Garcia-
Martinez et al. 2012; Studt et al. 2013), nitrogen (Teichert
et al. 2006; Wagner et al. 2010; Pfannmiiller et al. 2017),
pH (Wiemann et al. 2009) and light- responsive (Castrillo
et al. 2013)signalling and regulatory pathways, with con-
stituents of velvet-like (Wiemann et al. 2010) and SAGA
(Rosler et al. 2016) complexes as well as with other de-
velopmental regulators (Niehaus et al. 2017) and gene
products (Choi et al. 2008) are foreseeable since elimina-
tion of these elements have also resulted in bikaverin
overproduction in various Fusarium spp.
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