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Summary

Interaction between microbes affects the growth,
metabolism and differentiation of members of the
microbial community. While direct and indirect com-
petition, like antagonism and nutrient consumption
have a negative effect on the interacting members of
the population, microbes have also evolved in nature
not only to fight, but in some cases to adapt to or
support each other, while increasing the fitness of the
community. The presence of bacteria and fungi in soil
results in various interactions including mutualism.
Bacilli attach to the plant root and form complex com-
munities in the rhizosphere. Bacillus subtilis, when
grown in the presence of Aspergillus niger, interacts
similarly with the fungus, by attaching and growing
on the hyphae. Based on data obtained in a dual
transcriptome experiment, we suggest that both fungi

and bacteria alter their metabolism during this
interaction. Interestingly, the transcription of genes
related to the antifungal and putative antibacterial
defence mechanism of B. subtilis and A. niger,
respectively, are decreased upon attachment of bac-
teria to the mycelia. Analysis of the culture superna-
tant suggests that surfactin production by B. subtilis
was reduced when the bacterium was co-cultivated
with the fungus. Our experiments provide new
insights into the interaction between a bacterium and
a fungus.

Introduction

In the environment, microorganisms occur in complex
communities and interact with each other and with other
higher organisms (plants and animals). Bacterial–fungal
interactions (BFI) have an important impact on the micro-
bial fitness in the soil (Nazir et al., 2010). Fungi and bac-
teria often harbour properties in interdependent consortia
that differ from those of their single components (Tarkka
et al., 2009). BFI might be achieved via antibiosis, signal-
ling molecules, modulation of physiochemical environ-
ment, chemotaxis, cooperative metabolism, protein
secretion or even gene transfer (Frey-Klett et al., 2011).
BFIs via molecular communication can be achieved
without the physical interaction of the partners, but
there are increasing number of reports on direct BFIs.
The physical interactions can range from complex
polymicrobial communities to highly specific associations.
These interactions can also include endosymbiotic rela-
tionships [e.g. symbiosis between Geosiphon pyriformis
and Nostoc puntiforme (Kluge, 2002), between Rhizopus
and Burkholderia sp. (Partida-Martinez and Hertweck,
2005)] and in several cases bacterial cells actually attach
to the fungal hyphae. Both Pseudomonas aeruginosa and
Staphylococcus aureus can colonize the hyphal forms of
Candida albicans (Hogan and Kolter, 2002; Peters et al.,
2010). Pseudomonas aeruginosa can produce antifungal
compounds, like phenazines (Gibson et al., 2009) and
inhibits C. albicans biofilm formation (Holcombe et al.,
2010; Morales et al., 2010), while S. aureus uses its
fungal partner to enter the epithelial tissues during
mucosal infection (Peters et al., 2012). Studying BFI inter-
action has also helped to discover otherwise silent sec-
ondary metabolite gene clusters coding for antimicrobial
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compounds (Scherlach et al., 2013). For example, the
soil-derived bacterium, Streptomyces rapamycinicus,
induces cryptic pathways for production of orsellinic
acid and meroterpenoids in Aspergillus nidulans and
Aspergillus fumigatus respectively (Nützmann et al.,
2011; König et al., 2013). Activation of a histone
acetyltransferase complex in the fungus, from an
unknown bacterial signal, has been shown to play an
important role in this bacteria-induced natural product for-
mation from A. nidulans (Nützmann et al., 2011; 2013).

Another example of BFI shows that in the dispersal of
the non-motile fungus, A. fumigatus is facilitated by the
swarming bacterium Paenibacillus vortex (Ingham et al.,
2011). Complex bacterial–fungal biofilms have also been
reported in other contexts, such as mycorrhizal root
systems (Nurmiaho-Lassila et al., 1997) and rice wine
production (Kawarai et al., 2007). Immunocapturing
methods have identified that Bacillus cereus was associ-
ated with arbuscular mycorrhizal hyphae and in vitro
studies showed the attachment of B. cereus, isolated from
the same soil, to the mycorrhizal hyphae of Glomus dussii
(Arturson and Jansson, 2003).

The filamentous fungus Aspergillus niger and the
Gram-positive bacterium Bacillus subtilis have long been
established as industrial microorganisms for the produc-
tion of enzymes and secondary metabolites. Aspergillus
niger is capable of high secretion of proteins such as
glucoamylase or xylanases (Kwon et al., 2012) and
organic acids such as citric, gluconic and oxalic acid
(Papagianni, 2007). Bacillus subtilis is a major workhorse
for protein production because of its high growth rate

leading to short fermentation cycles and its ability to
secrete proteins in extracellular medium (Westers
et al., 2004; Antelmann et al., 2006). Both A. niger and
B. subtilis have been extensively studied and used as
model organisms in various molecular biology studies.
While both organisms can be isolated from soil samples,
it is not known whether they interact in the environment.
Here, we have examined whether direct interaction is
possible under laboratory conditions between A. niger
and B. subtilis. Bacillus subtilis NCIB3610 (3610) swarms
on semisolid surfaces (Kearns and Losick, 2003) and
forms robust biofilms both under laboratory conditions
(Branda et al., 2001; Mhatre et al., 2014) and in the
rhizosphere (Chen et al., 2012; 2013; Beauregard et al.,
2013). We examined the transcriptional responses of the
interacting partners, A. niger and B. subtilis, during
attachment. We found that in addition to metabolism,
genes putatively related to antibacterial and antifungal
molecule productions were downregulated in A. niger and
B. subtilis respectively. Reduced production of the antifun-
gal compound surfactin by B. subtilis suggests an active
adaptation to the partner organism or alternatively,
surfactin production is inhibited by A. niger.

Results

Co-cultivation of A. niger and B. subtilis on agar medium

Aspergillus niger and B. subtilis 3610 were grown
together on agar plate as described in Experimental pro-
cedures. After 6 days of incubation, a clear mixed popu-
lation was observed (Fig. 1A). Aspergillus niger mycelium

Fig. 1. Co-cultivation of A. niger and B. subtilis on agar plates.
A. Front side of the agar plate with A. niger sporulating colony.
B. Reverse side of the agar plate with visible B. subtilis branches along the A. niger mycelium. Scale bars for A and B indicate 7 mm.
C and D. Higher magnification on the B. subtilis branches. Scale bar for c and d, respectively, indicate 2.5 mm and 1.5 mm.
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had colonized the surface, forming aerial hyphae with
conidiophores and had also invaded the solid agar
medium. The mycelium growing into the agar medium
was coated by B. subtilis cells and visible as white
branches (Fig. 1B and C). No bacterial growth could be
identified on the rest of the agar plate. Bacillus subtilis
was able to colonize the surface in the absence of fungi-
forming complex colonies, similar to what was reported
previously (Branda et al., 2001). Some parts of the myce-
lium were not colonized by the bacteria (Fig. 1B). To
check the viability of both microorganisms, a cross section
of the mycelium including the bacterial patch was
restreaked on a fresh agar plate where both microorgan-
isms grew well. Conidiophores were also picked from the
aerial structures and inoculated on a fresh agar plate, but
no B. subtilis colonies were detected suggesting that the
bacteria only colonized the submerged parts of the fungal
colony in the agar medium.

Co-cultivation of the two microorganisms in
liquid-shaken cultures

To get a deeper insight into the interaction between
A. niger and B. subtilis observed on the agar medium, the
two microorganisms were mixed in liquid-shaken cultures.
Due to growth rate differences, A. niger was pregrown for
12 h before B. subtilis 3610 was added to the medium.
The time-course of bacterial attachment was followed
using microscopy (Fig. 2). During the first 2 h, B. subtilis
single cells had physical contact with the A. niger myce-
lium and started to attach preferentially to the protruding
hyphae. Remarkably, not all protruding hyphae were tar-
geted. After 2 h, B. subtilis aggregated in a thin cell layer
along some hyphae while other hyphae were still free of
bacteria. After 4 h, the thin layer of bacterial cells became
thicker. Many planktonic cells were still visible and actively
moving around in the supernatant, some of these cells
were joining the aggregated cells. Between 8 and 24 h,
large patches of B. subtilis were observed; the cells had
changed into roundish shapes, and slightly fewer bacteria
were observed in the planktonic population (Movie S1).
Interestingly, when the laboratory strain B. subtilis 168
was co-inoculated with A. niger, no bacterial interaction
was observed, suggesting that the interaction is strain
specific (Fig. S1). Bacillus subtilis 168 is not able to
produce surfactin and is swarming deficient, while 3610
has these properties (Kearns and Losick, 2003). Also,
when B. subtilis 3610 was co-inoculated with Aspergillus
oryzae, the growth of B. subtilis was inhibited both in
liquid culture and on agar plates and consistently no
attachment was observed (Fig. S2).

To check the strength of bacterial attachment to the
hyphae, mycelium containing the attached bacteria after
4 h of co-cultivation was washed with fresh medium and

Fig. 2. Time-course of the B. subtilis attachment to the A. niger
hyphae. Photographs (A) to (H) were taken 2 h, 4 h, 8 h and 24 h
after co-inoculations respectively. The left panel in (A) is a confocal
image of B. subtilis expressing green fluorescent protein and
A. niger expressing red fluorescent protein, while panel (B) shows a
bright field image. Left panels (C) to (H) show the confocal images
of GFP-labelled B. subtilis, while the right panels show the
corresponding bright field images. Scale bars indicate 10 μm.
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was visualized using scanning electron microscopy
(Fig. 3). Layers of B. subtilis cell were clearly visible on
the washed A. niger mycelium suggesting a strong inter-
action between the bacterium and the fungi.

Aspergillus niger mycelium was incubated at 95°C for
10 min to kill the cells. When the bacterial cells were then
added to the culture, B. subtilis showed no attachment;
instead, the cells remained planktonic in the liquid phase
of the medium (Fig. S3). In terms of stability of the
co-culture, after 1 week, a thin layer of B. subtilis was
observed at the interface between the air–liquid medium
(i.e. pellicle formation) and A. niger colonies grew on top
of this layer (Fig. 4).

Transcriptional response of A. niger to the attachment
of B. subtilis

For the examination of the transcriptional response of
A. niger to the presence of B. subtilis cells, A. niger
samples were taken in the presence or absence of bac-
terial cells. Based on the time-course of the attachment of
B. subtilis to A. niger hyphae, samples were taken after
4 h of co-incubation (see Experimental procedures) to be
at the earliest stage of the interaction and to have enough
bacterial material for a simultaneous study of both inter-
acting partners. When bacterial cells were present, up to
5.4% (786 genes) of the A. niger genome showed a
significantly altered expression. Among these genes,
53% were downregulated and 47% were upregulated
(Table S1). Quantitative reverse transcription polymerase
chain reaction of selected genes proved the validity of the
transcriptome data (Table S2).

The differentially expressed genes were organized
based on their function (Table S1) according to Functional
Catalogue (FunCat; Ruepp et al., 2004), go-term
Aspergillus Genome Database (Arnaud et al., 2010) and
BioMet Toolbox analyses (Andersen et al., 2008). The two
most represented groups included genes involved in
detoxification/secondary metabolite production (15%) and
genes related to carbon metabolism (10%); in both cases,
more than two thirds of the genes were downregulated.
Genes involved in transcription, fatty acids metabolism
and protein fate account for 5–10% of the differentially
regulated genes, while genes involved in protein synthe-
sis, cell fate, amino acids metabolism and protein trans-
port constituted around 4–5% of genes. Genes involved
in fungal cell wall turnover, energy production, aromatic
and nucleotide metabolism, mitochondrion, heat shock
proteins and putative regulators were below 4%. Finally,
25% of the genes with altered expression are coding for
hypothetical proteins with unknown function. Interestingly,
various genes related to the fungal defence mecha-
nisms such as antibiotic [cephalosporin C biosynthesis
protein, several non-ribosomal protein synthesis (NRPS),
polyketide synthesis (PKS)] or stress responses (epoxide
hydrolases) were downregulated (Fig. 5).

While most of the genes involved in carbon meta-
bolism are downregulated (68%), some genes of the

Fig. 3. Scanning electron microscopy images of the B. subtilis cells
on the A. niger hyphae at 4 h after co-inoculation. The arrows point
either A. niger hyphae (A.n) or B. subtilis (B.s).
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pentose catabolic pathway (PCP) and the pentose phos-
phate pathway were upregulated (95% confidence
level): xylitol dehydrogenase (EC 1.1.1.9) that oxidizes
the xylitol into D-xylulose, D-xylulose 5-phosphate/D-
fructose 6-phosphate phosphoketolase (EC 4.1.2.9) that
catalyzes the conversion of D-fructose 6-phosphate
to D-xylulose 5-phosphate, and ribulose-5-phosphate-
epimerase (EC 5.1.3.1) and transketolase (EC 2.2.1.1)
both of which generate D-xylulose-5-phosphate. More-
over, a uridine diPhosphate-glucose 4-epimerase (EC
5.1.3.2) involved in the Leloir pathway and a mannose
6-phosphate isomerase (EC 5.3.1.8) both converging to
D-fructose 6-phosphate were also upregulated in the
presence of B. subtilis together with two alcohol
dehydrogenases [nicotinamide adenine dinucleotide
phosphate (NADPH/NADP+)].

Half of the genes involved in cell wall biosynthesis and
remodelling were upregulated, including genes that are
responsible for chitin synthesis and others that code for
surface proteins. Notably, the gene coding for FluG, was
highly upregulated. In A. nidulans, FluG is involved in
conidiophore formation and germination (Lee and Adams,
1994; Breakspear and Momany, 2007); however, the
exact molecular function of FluG in A. niger remains
unclear. Ninety-seven and 70% of the A. niger differen-
tially expressed genes involved in protein and nucleotide
synthesis respectively, showed higher expression when
interacting with B. subtilis than alone. Among the previ-
ously studied genes related to protein fate, 39% of the
differentially expressed genes are proteases and these
proteases are downregulated in the presence of
B. subtilis. Most of the differentially expressed genes

Fig. 4. Co-cultivation of A. niger and
B. subtilis in liquid medium after 1week.
A. This photograph was taken with a Nikon
digital camera D5100.
B and C. These photographs were taken with
a Nikon stereomicroscope SMZ1000.

Fig. 5. Groups of genes differently expressed in A. niger in the presence versus absence of B. subtilis 4 h after co-inoculation. The vertical
axis represents the number of up- and downregulated genes. Particular groups of interest are highlighted with colours and the number of
genes involved.
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involved in amino acids metabolism (85%) were
downregulated as well as genes involved in nitrogen
metabolism, such as the AmdS-regulon and the gene
coding for the nitrate assimilation regulatory protein NirA
(Daboussi et al., 1991). In A. nidulans, the enzymes
involved in nitrate assimilation are under the control of two
positive regulators, NirA and AreA (Narendja et al., 2002).
NirA and AreA act synergistically to mediate nitrate/nitrite
induction and nitrogen metabolite derepression respec-
tively (Schinko et al., 2013). In this study, the expression
of areA was not affected by the presence of B. subtilis.
The expression of nirA and areA genes were confirmed
by reverse transcription quantitative polymerase chain
reaction (RT-qPCR) experiments (Table S2). To assay the
growth differences suggested by the altered expression of
metabolic genes, ergosterol levels in A. niger were deter-
mined in the presence and absence of B. subtilis. Slightly
more ergosterol was measured when A. niger was grown
in the presence of B. subtilis, although the differences
were not significant (paired t-test, P = 0.12, n = 6;
Table S3).

Genes involved in detoxification and genes coding
NRPS and PKS are the second biggest group of genes
differentially expressed between the B. subtilis-coated
A. niger and free A. niger. Seventy-four per cent of these
genes are downregulated during the BFI. Filamentous
fungi contain a number of metabolic pathway clusters
that are also necessary for the biosynthesis of primary or
secondary metabolites (Keller and Hohn, 1997). Second-
ary metabolite gene clusters are relatively small in size,
often containing less than 15 genes arranged adjacent
to one another on the chromosome. The exact functions
of these clusters are not all described yet. In this study,
a cluster comprising of six genes including a putative
synthase, two hydroxylases, transporter and regulator
was identified. This gene cluster is downregulated in the
presence of B. subtilis. Moreover, this cluster of genes
is co-upregulated on different substrates (Fig. S4). The
predicted function given for the key ‘backbone’ enzyme
by the Secondary Metabolite Unique Region finder
(SMURF) (Khaldi et al., 2010) is a demethylallyl trypto-
phan synthase (DMATS), which is involved in ergot alka-
loid biosynthesis. Ergot alkaloids are toxins and
important pharmaceuticals (Metzger et al., 2009). Inter-
estingly, another predicted function for one of the
synthases of this cluster was found as a NRPS (Inglis
et al., 2013). This type of cross-chemistry has been
described in A. nidulans (Andersen et al., 2013).
However, further experiments are required to prove the
presence of secondary metabolites connected to this
gene cluster. From the 26% of the genes with increased
expression in this functional category, no genes coding
for antibiotics or clearly targeting B. subtilis presence
were identified.

Transcriptome profiling of B. subtilis attached to the
mycelia of A. niger

When B. subtilis and A. niger are grown together, part
of the B. subtilis population attaches to the mycelia of
A. niger while the other part of cells remains in the
medium fraction. To identify the first transcriptional
responses of B. subtilis during this direct interaction with
A. niger, the two B. subtilis populations were separated.
Bacillus subtilis that attaches to the mycelia was filtered
from the medium (see Experimental procedures) and
therefore separated from the cells in the planktonic phase.
Mild RNA extraction from the mixed samples facilitated
the enrichment of bacterial RNA over the fungal RNA
(Fig. S5). The transcriptome of the two populations of
B. subtilis was compared. In total, the expression of 279
genes was significantly changed (logFC > 1 or < −1,
adjusted P value ≤ 1.0 × 10−3), around 7% of the genes on
the B. subtilis genome (Table S4). The differential expres-
sion of selected genes was validated by RT-qPCR experi-
ments (Table S5). The functional categories of genes with
significant up- and downregulated transcription are pre-
sented in Fig. 6. The genes that have increased expres-
sion in the mycelia attached fraction of B. subtilis belong
to late sporulation (spore coat) and germination genes
and are related to anaerobic metabolism. Interestingly,
early sporulation genes (e.g. spoII and spoIII genes)
were not significantly altered. The late sporulation and
germination genes identified in our comparison belong
to the GerE, GerR and SpoVT regulons. These regulators
increase the expression of late sporulation genes directly
and indirectly (Eichenberger et al., 2004; Cangiano et al.,
2010; Ramirez-Peralta et al., 2012), and therefore affect
the germination protein level. Luria–Bertani medium does
not support high sporulation of B. subtilis (i.e. in the
absence of A. niger) (Vishnoi et al., 2013). However,
spores of B. subtilis were observed on the hyphae after
prolonged incubation that might explain the higher tran-
script level of spore coat-specific genes in the attached
population of cells (Fig. S6). No significant difference in
spore content could be detected in the 2 days of grown
B. subtilis cultures in the presence or absence of A. niger
(1.2 ± 0.53% and 1.69 ± 0.98% sporulation efficiency of
B. subtilis grown in the presence and absence of A. niger
respectively). In cells that interact with the mycelium, the
narGHIJ, narK-fnr, arfM genes that are regulated by the
transcription factor FNR were upregulated. The nar
operon is coding for enzymes involved in nitrate respira-
tion in B. subtilis (Nakano et al., 1997). Also other genes
related to anaerobic metabolism, ldh-lctP, hemN and
cydABCD genes, were enhanced in the interacting cells.
These results might indicate a decreased oxygen level
next to the interacting cells and changes of B. subtilis
metabolism from aerobic respiration to anaerobic
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fermentation. In line with this, genes coding for enzymes
of the TCA cycle and aerobic respiration are down-
regulated in cells attached to the mycelium. Additionally,
the expression of motility and autolysis genes was also
reduced, suggesting a shift from planktonic to sessile
growth style. Indeed, we observed motile cells in the
supernatant of the medium that attaches to the mycelium
and attenuates motility (see Supplementary Movie S1).
Furthermore, we observed decreased expression of
various stress response-related genes in B. subtilis in the
attached cells. In particular, genes that belong to the
CtsR and SigW regulons were downregulated. CtsR and
SigW modulate the expression of genes related to protein
control and cell wall stress/antibiotic production respec-
tively (Derré et al., 1999; Helmann, 2006). Also, members
of the YwrH regulon that are related to cell surface main-
tenance were downregulated. Finally, expression of the
srfA operon was downregulated (−1.04- to −1.36-fold) in
cells that are attached to the hyphae (Table S4). The srfA
operon encodes a non-ribosomal surfactin synthetase
complex (Nakano et al., 1991). Surfactin is not only a
powerful biosurfactant (Grangemard et al., 2001) and a
paracrine-signalling molecule (López et al., 2009b), but
also functions as an antibiotic (Singh and Cameotra,

2004). Surfactin produced by B. subtilis isolates was pre-
viously reported to also inhibit various Aspergillus species
(Mohammadipour et al., 2009; Velho et al., 2011). Analy-
sis of the secreted metabolite profiles of the B. subtilis–
A.niger co-culture and B. subtilis mono-culture showed
that the amount of surfactin was lower in the presence of
A. niger compared with the pure B. subtilis culture (Fig. 7).
No significant difference could be identified in the bacte-
rial cell counts of the cultures used (1.04 ± 0.07·109 and
1.27 ± 0.24·109 colony-forming unit·(cfu) ml−1 in the pres-
ence and absence of A. niger respectively). To further
verify that this was indeed surfactin, a srfAA mutant strain
of B. subtilis, which is known to lack surfactin production
(López et al., 2009a), was analyzed and compared with
the 3610 strain. The peak corresponding to surfactin was
absent in the supernatant of mutant strain (Fig. S7). In
summary, our transcriptome analysis suggests that in
addition to metabolism, surfactin production is altered
in B. subtilis.

Discussion

When A. niger is grown on agar plates together with
vegetative cells of the soil bacterium B. subtilis, the two

Fig. 6. Groups of genes differently expressed in B. subtilis in the cells attached versus non-attached to the fungal hyphae 4 h after
co-inoculation. The vertical axis represents the number of up- and downregulated genes. Particular groups of interest are highlighted
with colours.
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microorganisms interact. The agar penetrating mycelium
of A. niger is covered with B. subtilis cells while the aerial
hyphae were not colonized by the bacteria. As observed
both in solid medium and in liquid medium, B. subtilis
attaches to and grows on particular parts of the A. niger
hyphae, but not all hyphae are equally colonized by the
bacterial cells. The specificity of the observed BFI was
controlled in different experiments. While the undomesti-
cated B. subtilis 3610 strain attached to the mycelia, the
domesticated 168 strain did not show interaction. Also,
heat treatment of the fungal mycelium prevented the inter-
action of B. subtilis with A. niger. While this kills the fungal
cells, it does not change the chitin in the fungal cell wall,
suggesting that the examined BFI is not due to chitin
attachment as previously described for the co-biofilm
between Salmonella enterica and A. niger (Brandl et al.,
2011), and it is not activated by a heat stable compound
or protein. Whether this means that the attachment is
dependent on living A. niger mycelium or on specific cell
wall components affected by the heat treatment is not
clear at this point. During the attachment of B. subtilis
cells to A. niger, a difference among various parts of the
hypha can be observed, the hypha are targeted at specific
regions while other parts are not covered. Although
Paenibacillus polymyxa polar attachment to Fusarium
oxysporium hyphae has been shown, no preference for
hyphal tips, branch initials or phialides was observed in
our experiments (Dijksterhuis et al., 1999). Hyphal differ-
entiation has been described for the exploring hyphae of
A. niger where the protein production showed alteration
among distinct hyphae, including high and low protein
producer parts (Vinck et al., 2005). Moreover, B. subtilis

also attaches to the mycelia that were washed several
times with phosphate buffer before the addition of the
bacteria, suggesting that cell wall bound molecules or
anchored and not soluble small peptides might play a role
in the observed BFI with B. subtilis. The attachment of
B. subtilis to A. niger hyphae is notably fast as within 4 h
in shaken conditions, clusters of non-motile bacteria were
observed. The co-culture was stable in a longer time
frame as both microorganisms were able to grow together
after a week of co-cultivation.

Transcriptional or proteomic characterizations of BFIs
generally concern only either the bacteria or the fungi
(Schrey et al., 2005; Deveau et al., 2007; Maligoy et al.,
2008; Schroeckh et al., 2009; Holcombe et al., 2010;
Moretti et al., 2010). Previous studies on dual trans-
criptome of BFI were restricted to indirect interaction of
bacteria and fungi via chemical communication (Mela
et al., 2011). Separating the bacterial cells that interact
with the fungal hyphae from those that stay in the medium
helped us to determine the transcriptional differences
between cells in the same culture that commit to distinct
phenotypic traits (i.e. attachment to hyphae versus plank-
tonic growth).

During the examined BFI, the metabolism of A. niger is
actively involved in nucleotide synthesis, transcription and
protein synthesis. Among the genes involved in carbon
metabolism, the pentose phosphate and PCPs are
upregulated, leading to the production of NADPH. Fur-
thermore, genes involved in NADPH conversion are
also upregulated. NADPH functions as a reductant in
various anabolic pathways, such as nucleic acid synthe-
sis. Moreover, genes involved in chitin and ergosterol

Fig. 7. High-performance liquid chromatography and liquid chromatography–mass spectrometry analysis of media supernatants.
A. HPLC-UV chromatogram profiles of the culture supernatants shown for A. niger alone (red), B. subtilis 3610 coincubated with A. niger
(yellow) and B. subtilis 3610 alone (blue).
B. Mass spectrometric analysis, extracted ion chromatogram (EIC) m/z 1034.8 [M–H]− profile for surfactin.
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synthesis were upregulated and slightly more ergosterol
has been measured when A. niger was grown in the pres-
ence of B. subtilis, although the differences were not sig-
nificant (Table S3). Chitin and ergosterol are the two main
components in fungal cell walls and are used as markers
for living fungal biomass determination (Ekblad et al.,
1998). These data suggest that A. niger growth might be
slightly enhanced, but not repressed by the presence of
B. subtilis.

Similar to the fungal host, microarray analysis showed
altered expression of B. subtilis metabolic genes. The
shift from aerobic to anaerobic metabolism might be
explained by the attachment of bacterial cells to the
hyphae and/or growth of the bacteria in a compact com-
munity (biofilm). The fungal cells might consume the
oxygen locally resulting in even lower oxygen availability.
In contrast, when B. subtilis cells were located in the
supernatant of the aerated culture, sufficient oxygen was
available. When the bacterial cells colonized the hyphae,
motility was reduced as expected during attachment.
Similarly, genes related to bacterial stress response are
downregulated during the attachment. These transcrip-
tional changes suggest that B. subtilis interaction with
A. niger is not only a surface attachment, but colonization
of the hyphae is an active process in which the bacte-
rium rewires metabolism, differentiation (i.e. motile to
sessile form), antimicrobial production and general stress
response. A similar transition from motile to sessile form is
observed during biofilm formation of B. subtilis (Vlamakis
et al., 2013). Microarray analysis of B. subtilis biofilm for-
mation has so far mainly focused on various mutants or
use of an air–liquid interface biofilms (so called pellicle)
(Ren et al., 2004). However, during pellicle formation,
anaerobic genes are repressed compared with the cells
in the medium fraction in contrast to our results. Also,
the expression of genes related to biofilm formation of
B. subtilis was not significantly altered in our experimental
setup.

The majority of previous molecular biology studies on
BFI revealed how one microorganism affects the growth
and development of the other microorganism by produc-
ing various metabolites or small peptides that possess
microbe-inhibiting activity. In specific cases, such a BFI
can awake the production of secondary metabolites. Soil-
dwelling actinomycetes induce the production of second-
ary metabolites in A. nidulans that are not produced under
laboratory conditions (Schroeckh et al., 2009; Nützmann
et al., 2011; Scherlach et al., 2013). In contrast, our
transcriptome profiling of A. niger and B. subtilis suggests
that the production of antimicrobial compounds was not
increased, but rather reduced at least in B. subtilis. Mutual
interactions are not unprecedented among microbes [e.g.
Lactobacillus–Streptococcus interaction (Sieuwerts et al.,
2010)], but mutual interactions of bacteria and fungi are

less described. It will be interesting to examine the
secreted protein profiles of A. niger and B. subtilis during
the BFI under enzyme-producing conditions (e.g. agricul-
tural by-products induce the plant cell wall-degrading
enzymes production by A. niger) and examine how the
interaction alters the biotechnological potential of both
organisms (e.g. enzyme production properties, growth or
secondary metabolites). Also, our experiments suggest
that in the environment, these two microorganisms might
affect each other without producing inhibitory molecules.
The respective number of fungal and bacterial cells
depending on the environmental pressure may play
an important role in the equilibrium between the two
microorganisms. The co-occurrence and attachment of
B. cereus on arbuscular mycorrhizal hyphae was previ-
ously reported presenting an environmentally relevant
example of a Bacillus–fungi interaction (Arturson and
Jansson, 2003). Our report presents a laboratory example
of a Bacillus–Aspergillus interaction that justifies further
investigation under environmental conditions.

Experimental procedures

Strains and culture conditions

Bacterial cultures. Bacillus subtilis NCIB3610 (3610)
(Branda et al., 2001), DS908 [3610 harbouring a Phag-gfp
construct (Kearns and Losick, 2005)], DL107 [3610
srfAA::MLS (López et al., 2009a)] strains were cultivated in
rich TY medium (1% Bacto tryptone, 0.5% Bacto yeast, 0.5%
NaCl and 0.1 mM of MnCl2) at 30°C and 15 g l−1 agar was
added in case of solid medium. For each co-cultivation,
B. subtilis inoculum was picked from plates with newly grown
culture. The final concentration of bacteria in the co-cultures
was 5 106 cfu ml−1.

Fungal cultures. Aspergillus niger CB-A119.1 and FP102
[harbouring PgpdA-gfp and PgpdA-dtomato constructs
respectively (de Bekker et al., 2011, and this study)] were
inoculated at 104 spores ml−1 and cultivated in TY medium at
30°C, 250 r.p.m. for 15 h.

Co-cultivations on plates. Bacillus subtilis of 0.2 μl
(1.5·109 cfu ml−1) added to 2 μl of A. niger (2·106 spores ml−1)
was inoculated at 30°C in the centre of TY agar plates and
incubated for 8 days.

Co-cultivation in liquid culture. Aspergillus niger was pre-
cultured overnight (15 h) in liquid TY medium, and B. subtilis
was subsequently added to the pre-cultures at a final con-
centration of 5·106 cfu ml−1. The shaken co-cultivations were
incubated at 30°C, 150 r.p.m. for 2–40 h before samples
were taken for analysis. Samples for microarray analysis
were taken at 4 h.

Fungal RNA isolation, quality control, microarray
analysis and RT-qPCR experiments

Mycelium from three A. niger cultures in absence and
in presence of B. subtilis was pooled on Miracloth and
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immediately frozen in liquid nitrogen. Total RNA for micro-
array analyses was isolated from frozen-grinded mycelium
by Trizol extraction according to the manufacturer’s instruc-
tions. RNA quantity and quality were determined on a
Nanodrop spectrophotometer, and integrity was tested on
an Agilent 2100 Bioanalyser. The co-cultures and control
experiments were done in triplicate resulting in six samples
(three free A. niger and three A. niger in presence of
B. subtilis).

dsmM_ANIGERa_coll511030F GeneChip® containing
14 554 probesets was used to measure gene expressions
in A.niger. Fragmented and labelled DNA was hybridized
to the chips, washed, stained and scanned. The dsmM_
ANIGERa_coll511030F library and platform information is
deposited at Gene Expression Omnibus under number
GPL6758. Probe synthesis and fragmentation were per-
formed at ServiceXS (Leiden, The Netherlands) according to
the GeneChip Expression Analysis Technical Manual
(Affymetrix 2002. GeneChip Expression Analysis Technical
Manual. Affymetrix, Santa Clara, CA). DSM (Delft, The Neth-
erlands) proprietary A. niger gene chips were hybridized,
washed, stained and scanned as described in the GeneChip
Expression Analysis Technical Manual. Microarray data was
analyzed using the Bioconductor Affy tool package (http://
www.bioconductor.org) and CyberT (Kayala and Baldi, 2012)
with parameters described as in Gruben and colleagues
(2012). Gene expression variation with P value < 0.05 and
fold change ≦ 1.5 were considered significant (Table S1).
Secondary metabolite biosynthesis genes were predicted by
SMURF (Khaldi et al., 2010) and antiSMASH (Medema
et al., 2011). Protein functional categories were classified
by FunCat (Ruepp et al., 2004). Putative regulators were
predicted by the Pfam and Superfamily domains described
by Shelest (2008). Microarray data have been deposited in
the Gene Expression Omnibus database (Accession No.
GSE46187). Quantitative PCR experiment for A. niger has
been performed as following. Primer pairs were designed
using the software Primer express 3.0 (Applied Biosystems,
Warrington, UK). The primers were tested to determine the
optimal primers concentrations and efficiency. All primers
had between 98% and 107% efficiency. The sequences of
the primers and optimal primer concentration are listed in
Table S7A. A total of 4 μg of RNA was treated with DNase
using a NucleoSpin RNA II kit (Macherey-Nagel, Germany)
and 2.5 μg of RNA converted into cDNA (ThermoScript™
RT–PCR system, Invitrogen, Carlsbad, USA) according to
the instructions of the manufacturer. The amount of target
cDNA was normalized to the level of gpd cDNA. To confirm
the absence of genomic DNA contamination, a reaction
without the reverse transcriptase was performed for each
sample. cDNA of 25 ng was assayed in triplicate in a final
volume of 20 μl of qPCR reaction containing optimized
concentration of each primer and 10 μl of ABI Fast SYBR
Master Mix (Applied Biosystems, Foster City, USA). Reac-
tions were carried out in a ABI 7500 fast real-time PCR
system (Applied Biosystems, Foster City, USA), with the
following cycling conditions: 95°C 20 s, followed by 40
cycles of 95°C 3 s and 60°C 30 s. The dissociation curve
was generated to verify that a single product was amplified.
Standard curves for each gene were prepared using
genomic DNA.

Bacterial RNA isolation, transcriptome and
RT-qPCR experiments

Bacillus subtilis was grown in the presence of A. niger for 4 h
as described above. The mycelium and the attached bacteria
were separated from the non-attached B. subtilis cells via
filtration through Miracloth. The mycelia and attached bacte-
ria were briefly rinsed with TY medium, dried and the sample
was frozen in liquid nitrogen. Bacterial cells in the flow-
through medium fraction were harvested by centrifugation at
10 397g for 1 min. RNA was isolated by resuspending the cell
pellet in 400 μl of TE (10 mM of Tris·HCl, 1 mM of EDTA, pH
8.0). Subsequently, 400 μl of lysozyme solution (15 mg ml−1)
and 5 μl of RiboLock (Thermo Scientific) was added followed
by incubation at 37°C for 30 min. The RNA extraction was
performed with the Macaloid/Roche method as described
before (van Hijum et al., 2005; Kovács and Kuipers, 2011)
with the following modifications. The bead beater treatment
was omitted to reduce lysis of fungal cells and RiboLock was
supplied. The replacement of bead beating with the lysozyme
treatment as described above facilitates the enrichment of
bacterial RNA versus fungal RNA (Fig. S5). The concentra-
tion of the extracted RNA was measured using NanoDrop
(Thermo Scientific) and quality was analyzed using an Agilent
2100 Bioanalyzer (Fig. S5). RNA of 5 μg was used for cDNA
synthesis as described earlier (Kovács and Kuipers, 2011).
Dylight-635 and Dylight-535 of 0.6 μg each (Thermo Scien-
tific) labelled cDNA was mixed and hybridized for 17 h at
60°C to 8 × 15 K Agilent slide according to the general pro-
tocol provided by the manufacturer. The microarray slides
contain specific oligonucleotides for 4171 open reading
frames of B. subtilis 168 and were prepared according at
Agilent Technologies. Slides were washed for 10 min in wash
solution I (6 × SSC with 0.005% Triton X-102) and for 5 min in
wash solution II (0.1 × SSC with 0.005% Triton X-102) pre-
cooled to 4°C. Slides were air dried and scanned in GenePix
4200AL (Axon Instruments, CA, USA) microarray scanner.
Fluorescent signals were quantified using GENEPIX PRO soft-
ware and further processed and normalized using standard
routines included in the Limm aR package (Linear Models for
Microarrays Data) (Smyth 2004). Genes with an adjusted P
value of lower than 10−3 (logFC > 1 or < −1) were considered
significantly affected (Table S4). To assess cross hybridiza-
tion of A. niger-related cDNA on the microarray slides,
labelled A. niger cDNA was hybridized against B. subtilis
cDNA, including a dye swap. Spots resulting in high signal
from the A. niger cDNA was omitted from the analysis
(Table S6). Microarray data has been deposited in the Gene
Expression Omnibus database (Accession No. GSE46682).

qPCR experiments for B. subtilis have been performed
as described before (Mironczuk et al., 2011), except that
cDNA from the RNA samples was obtained identically to
the microarray experiments above. Briefly, RNA samples
obtained as described above for the microarray experiments
were treated with RNase-free DNase I (Thermo Fisher Sci-
entific, St. Leon-Rot, Germany) for 60 min at 37°C in DNaseI
buffer (10 mM of Tris • HCl (pH 7.5), 2.5 mM of MgCl2,
0.1 mM of CaCl2). Samples were purified with the Roche
RNA isolation Kit. Quantification of cDNA was performed
on an iQ5 Real-Time PCR System (BioRad, Hercules, CA)
using Bio-Rad iQ supermix. The primers used are listed in
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Table S7B. Reverse transcriptions were performed in duplo
on each RNA samples, and PCR reactions were performed in
triplo for each cDNA sample. The amount of target cDNA was
normalized to the level of girB cDNA using the RELATIVE

EXPRESSION SOFTWARE TOOL (Pfaffl et al., 2002).
The correlation between the microarray data and the

RT-qPCR experiments is presented in Tables S2, S5 and
Fig. S8.

Alkaline ergosterol extraction

Twelve independent cultures were inoculated in 20 ml of
TY medium with 104 spores ml−1 of A. niger and incubated at
30°C, 250 r.p.m. for 15 h. Bacillus subtilis was subsequently
added to six of the pre-cultures at a final concentration of
5·106 cfu ml−1. The six mono-cultures of A. niger and the six
co-cultures of A. niger and B. subtilis were incubated at 30°C,
150 r.p.m. for 6 h. The 20 ml of three Erlenmeyers were
pooled; the mycelium was harvested through a Miracloth filter
and rinsed with ACES buffer. The pellet was stored at −20°C.
This protocol was repeated three times independently, which
makes the final number of samples to 12 (6 mono-cultures
and 6 co-cultures). The alkaline ergosterol extraction was
performed the following day as described by van Leeuwen
and colleagues (2008).

Microscopy

Green fluorescent protein (GFP) and dTomato fluorescence
was monitored with an Axioskop 2 plus microscope (Zeiss,
Germany) equipped with a HBO 100 W mercury lamp and a
Photometrics Cool SNAP camera (1392 × 1024 pixels) using
standard FITC and tetramethylrhodamine filters respectively.
Confocal laser scanning microscopy was performed using an
inverted Zeiss LSM5 system equipped with a PLAN-Neofluar
20×/0.50 objective lens. The GFP protein was excited with
the 488 nm laser line and fluorescence was detected at 500–
550 nm bandpass. The dTomato protein was excited with the
543 nm laser line and fluorescence was detected with a long
pass LP560 emission filter. Bright field images were made
using the transmission channel. Laser intensity was kept to a
minimum to reduce photobleaching and phototoxic effects.
Images were captured as z-series of optical sections. The
data sets were displayed as maximum intensity projections
(1024 × 1024 pixels) using ZEISS software.

Co-cultivated bacteria and fungi (4 h) were used for
cryoSEM. Fungal pellets were brought on a polycarbonate
filter (0.5 μm, Profiltra, Almere, The Netherlands) on a
moisted Whatman paper filter round. Excess fluid was taken
up through the polycarbonate filter by pressing it gently
against the paper filter with a tweezer. Then a small square
part of the filter was excised with a surgical blade and quickly
placed in a small copper cup for electron microscopy. The
piece of filter was glued to the copper cup with Tissue Tek
(KP-Cryoblock, Klinipath, Duiven, The Netherlands). This
method allows the submersed fungal hyphae to be very well
visible after freezing. A Petri-dish lid was put on the copper
cup to keep the sample moist. The sample was snap-frozen
in nitrogen slush. Samples were examined in a JEOL 5600LV
scanning electron microscope (JEOL, Tokyo, Japan)
equipped with an Oxford CT1500 Cryostation for cryo-

electron microscopy (cryoSEM). Electron micrographs were
acquired after sputter-coating by means of a gold target for
three times during 30 s. Micrographs were taken at 5 kV in
(PHOTO mode) and processed in Adobe Photoshop for size
modifications.

High-performance liquid chromatography analysis of
culture supernatant

The supernatants of the fungal and bacterial cultures were
extracted with equal volumes of ethyl acetate, dried with
sodium sulfate and concentrated to dryness with a rotary
evaporator. The extracts were then re-dissolved in 1 ml of
methanol and filtered with a 0.2 μm of polytetrafluoroethylene
filter (Carl-Roth, Karlsruhe, Germany). 20 μl were then
injected onto an Agilent 1100 series LC/MSD Trap LC-MS
system with an electrospray ion source using an Agilent
XDB-C8 5 μm, 4.6 × 150 mm column. The gradient was of
methanol/0.1% (v/v) formic acid (H2O) 10/90 in 15 min to
90/10, then 90/10 to 100/0 in 0.5 min and 100% methanol for
5.5 min with a flow rate of 1 ml min−1.

Acknowledgements

We are grateful to Noël N.M.E. van Peij from DSM Biotech-
nology Center, Delft, The Netherlands for kindly providing the
A. niger microarrays. We are grateful to Iris Chardon and
Wietse de Boer (NIOO-KNAW, Wageningen, The Nether-
lands) for performing the alkaline ergosterol measurement.
We thank Marc-Henri Lebrun (CNRS, France) for helpful
discussions. We thank R.V. Leito and F. Kindt from the image
department of University of Utrecht and Kasper Luijsterburg
(CBS-KNAW) for valuable help and T. Oorsouw for technical
assistance. We thank A. de Jong (University of Groningen)
for his expert assistance with the bacterial DNA microarray
technology and analyses.

The current project was carried out within the research
programme of the Kluyver Centre for Genomics of Industrial
Fermentation, which is part of The Netherlands Genomics
Initiative/NWO. I.B was supported by the KC 2.2.27. A.T.K.
was supported by a Marie Curie Career Integration Grant
and a Start-up fund from JSMC (Jena School for Microbial
Communication).

References

Andersen, M.R., Nielsen, M.L., and Nielsen, J. (2008)
Metabolic model integration of the bibliome, genome,
metabolome and reactome of Aspergillus niger. Mol
Systems Biol 4: 178.

Andersen, M.R., Nielsen, J.B., Klitgaard, A., Petersen, L.M.,
Zachariasen, M., Hansen, T.J., et al. (2013) Accurate pre-
diction of secondary metabolite gene clusters in filamen-
tous fungi. Proc Natl Acad Sci USA 110: E99–E107.

Antelmann, H., Van Dijl, J.M., Bron, S., and Hecker, M. (2006)
Proteomic survey through secretome of Bacillus subtilis.
Methods Biochem Anal 49: 179–208.

Arnaud, M.B., Chibucos, M.C., Costanzo, M.C., Crabtree, J.,
Inglis, D.O., Lotia, A., et al. (2010) The Aspergillus
Genome Database, a curated comparative genomics

Interaction of Aspergillus niger and Bacillus subtilis 2109

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 17, 2099–2113



resource for gene, protein and sequence information for
the Aspergillus research community. Nucleic Acids Res 38:
D420–D427.

Arturson, V., and Jansson, J.K. (2003) Use of bromode-
oxyuridine immunocapture to identify active bacteria asso-
ciated with arbuscular mycorrhizal hyphae. Appl Environ
Microbiol 69: 6208–6215.

Beauregard, P.B., Chai, Y., Vlamakis, H., Losick, R., and
Kolter, R. (2013) Bacillus subtilis biofilm induction by
plant polysaccharides. Proc Natl Acad Sci USA 110:
E1621–E1630.

de Bekker, C., Bruning, O., Jonger, M.J., Breit, T.M., and
Wösten, H.A. (2011) Single cell transcriptomics of
neighboring hyphae of Aspergillus niger. Genome Biol 12:
R71.

Branda, S.S., Gonzalez-Pastor, J.E., Ben-Yehuda, S., Losick,
R., and Kolter, R. (2001) Fruiting body formation by Bacil-
lus subtilis. Proc Natl Acad Sci USA 98: 11621–11626.

Brandl, M.T., Carter, M.Q., Parker, C.T., Chapman, M.R.,
Huynh, S., and Zhou, Y. (2011) Salmonella biofilm forma-
tion on Aspergillus niger involves cellulose-chitin interac-
tions. PLoS ONE 6: e25553.

Breakspear, A., and Momany, M. (2007) Aspergillus nidulans
conidiation genes dewA, fluG, and stuA are differentially
regulated in early vegetative growth. Eukaryot Cell 6:
1697–1700.

Cangiano, G., Mazzone, A., Baccigalupi, L., Isticato, R.,
Eichenberger, P., De Felice, M., and Ricca, E. (2010) Direct
and indirect control of late sporulation genes by GerR of
Bacillus subtilis. J Bacteriol 192: 3406–3413.

Chen, Y., Chao, S., Chai, Y., Clardy, J., Kolter, R., Guo, J.H.,
and Losick, R. (2012) A Bacillus subtilis sensor kinase
involved in triggering biofilm formation on the roots of
tomato plants. Mol Microbiol 85: 418–430.

Chen, Y., Yan, F., Chai, Y., Liu, H., Kolter, R., Losick, R., and
Guo, J.H. (2013) Biocontrol of tomato wilt disease by Bacil-
lus subtilis isolates from natural environments depends on
conserved genes mediating biofilm formation. Environ
Microbiol 15: 848–864.

Daboussi, M.J., Langin, T., Deschamps, F., Brygoo, Y.,
Scazzocchio, C., and Burger, G. (1991) Heterologous
expression of the Aspergillus nidulans regulatory gene nirA
in Fusarium oxysporum. Gene 109: 155–160.

Derré, I., Rapoport, G., and Msadek, T. (1999) CtsR, a novel
regulator of stress and heat shock response, controls
clp and molecular chaperone gene expression in gram-
positive bacteria. Mol Microbiol 31: 117–131.

Deveau, A., Palin, B., Delaruelle, C., Peter, M., Kohler, A.,
Pierrat, J.C., et al. (2007) The mycorrhiza helper
Pseudomonas fluorescens BBc6R8 has a specific priming
effect on the growth, morphology and gene expression of
the ectomycorrhizal fungus Laccaria bicolor S238N. New
Phytol 175: 743–755.

Dijksterhuis, J., Sanders, M., Gorris, L.G.M., and Smid, E.J.
(1999) Antibiosis plays a role in the context of direct
interaction during antagonism of Paenibacillus polymyxa
towards Fusarium oxysporum. J Appl Microbiol 86: 13–21.

Eichenberger, P., Fujita, M., Jensen, S.T., Conlon, E.M.,
Rudner, D.Z., Wang, S.T., et al. (2004) The program of
gene transcription for a single differentiating cell type
during sporulation in Bacillus subtilis. PLoS Biol 2: e328.

Ekblad, A.L.F., Wallander, H., and Nasholm, T. (1998) Chitin
and ergosterol combined to measure total and living
fungal biomass in ectomycorrhizas. New Phytol 138: 143–
149.

Frey-Klett, P., Burlinson, P., Deveau, A., Barret, M., Tarkaa,
M., and Sarniguet, A. (2011) Bacterial-fungal interactions:
hyphens between agricultural, clinical, environmental, and
food microbiologists. Microbiol Mol Biol Rev 75: 583–609.

Gibson, J., Sood, A., and Hogan, D.A. (2009) Pseudomonas
aeruginosa-Candida albicans interactions: localization and
fungal toxicity of a phenazine derivative. Appl Environ
Microbiol 75: 504–513.

Grangemard, I., Wallach, J., Maget-Dana, R., and Peypoux,
F. (2001) Lichenysin: a more efficient cation chelator than
surfactin. Appl Biochem Biotechnol 90: 199–210.

Gruben, B.S., Zhou, M., and de Vries, R.P. (2012) GalX
regulates the D-galactose oxido-reductive pathway in
Aspergillus niger. FEBS Lett 586: 3980–3985.

Helmann, J.D. (2006) Deciphering a complex genetic regu-
latory network: the Bacillus subtilis sigmaW protein and
intrinsic resistance to antimicrobial compounds. Sci Prog
89: 243–266.

van Hijum, S.A., de Jong, A., Baerends, R.J., Karsens, H.A.,
Kramer, N.E., Larsen, R., et al. (2005) A generally applica-
ble validation scheme for the assessment of factors
involved in reproducibility and quality of DNA-microarray
data. BMC Genomics 6: 77.

Hogan, D.A., and Kolter, R. (2002) Pseudomonas-Candida
interactions: an ecological role for virulence factors.
Science 296: 2229–2232.

Holcombe, L.J., McAlester, G., Munro, C.A., Enjalbert, B.,
Brown, A.J., Gow, N.A., et al. (2010) Pseudomonas
aeruginosa secreted factors impair biofilm development in
Candida albicans. Microbiology 156: 1476–1486.

Ingham, C.J., Kalisman, O., Finkelshtein, A., and Ben-Jacob,
E. (2011) Mutually facilitated dispersal between the non-
motile fungus Aspergillus fumigatus and the swarming
bacterium Paenibacillus vortex. Proc Natl Acad Sci USA
108: 19731–19736.

Inglis, D.O., Binkley, J., Skrzypek, M.S., Arnaud, M.B.,
Cerqueira, G.C., Shah, P., et al. (2013) Comprehensive
annotation of secondary metabolite biosynthetic genes and
gene clusters of Aspergillus nidulans, A. fumigatus,
A. niger and A. oryzae. BMC Microbiol 13: 91.

Kawarai, T., Furukawa, S., Ogihara, H., and Yamasaki, M.
(2007) Mixed-species biofilm formation by lactic acid
bacteria and rice wine yeasts. Appl Environ Microbiol 73:
4673–4676.

Kayala, M.A., and Baldi, P. (2012) Cyber-T web server: dif-
ferential analysis of high-throughput data. Nucleic Acids
Res 40: W553–W559.

Kearns, D.B., and Losick, R. (2003) Swarming motility in
undomesticated Bacillus subtilis. Mol Microbiol 49: 581–
590.

Kearns, D.B., and Losick, R. (2005) Cell population hetero-
geneity during growth of Bacillus subtilis. Genes Dev 19:
3083–3094.

Keller, N.P., and Hohn, T.M. (1997) Metabolic pathway gene
clusters in filamentous fungi. Fungal Genet Biol 21: 17–29.

Khaldi, N., Seifuddin, F.T., Turner, G., Haft, D., Nierman,
W.C., Wolfe, K.H., and Fedorova, N.D. (2010) SMURF:

2110 I. Benoit et al.

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 17, 2099–2113



genomic mapping of fungal secondary metabolite clusters.
Fungal Genet Biol 47: 736–741.

Kluge, M. (2002) A fungus eats a cyanobacterium: the story
of the Geosiphon pyriformis endocyanosis. Biol Environ
102: 11–14.

Kovács, Á.T., and Kuipers, O.P. (2011) Rok regulates yuaB
expression during architecturally complex colony develop-
ment of Bacillus subtilis 168. J Bacteriol 193: 998–1002.

König, C.C., Scherlach, K., Schroeckh, V., Horn, F.,
Nietzsche, S., Brakhage, A.A., and Hertweck, C. (2013)
Bacterium induces cryptic meroterpenoid pathway in the
pathogenic fungus Aspergillus fumigatus. Chembiochem
14: 938–942.

Kwon, M.J., Jørgensen, T.R., Nitsche, B.M., Arentshorst, M.,
Park, J., Ram, A.F., and Meyer, V. (2012) The trans-
criptomic fingerprint of glucoamylase overexpression in
Aspergillus niger. BMC Genomics 13: 701.

Lee, B.N., and Adams, T.H. (1994) The Aspergillus nidulans
fluG gene is required for production of an extracellular
developmental signal and is related to prokaryotic
glutamine synthetase I. Genes Dev 8: 641–651.

van Leeuwen, M.R., Smant, W., de Boer, W., and
Dijksterhuis, J. (2008) Filipin is a reliable in situ marker of
ergosterol in the plasma membrane of germinating conidia
(spores) of Penicillium discolor and stains intensively at the
site of germ tube formation. J Microbiol Methods 74:
64–73.

López, D., Fischbach, M.A., Chu, F., Losick, R., and Kolter, R.
(2009a) Structurally diverse natural products that cause
potassium leakage trigger multicellularity in Bacillus
subtilis. Proc Natl Acad Sci USA 106: 280–285.

López, D., Vlamakis, H., Losick, R., and Kolter, R. (2009b)
Paracrine signaling in a bacterium. Genes Dev 23: 1631–
1638.

Maligoy, M., Mercade, M., Cocaign-Bousquet, M., and
Loubiere, P. (2008) Transcriptome analysis of Lactococcus
lactis in coculture with Saccharomyces cerevisiae. Appl
Environ Microbiol 74: 485–494.

Medema, M.H., Blin, K., Cimermancic, P., de Jager, V.,
Zakrzewski, P., Fischbach, M.A., et al. (2011) antiSMASH:
rapid identification, annotation and analysis of secondary
metabolite biosynthesis gene clusters in bacterial and
fungal genome sequences. Nucleic Acids Res 39: W339–
W346.

Mela, F., Fritsche, K., de Boer, W., van Veen, J.A., de Graaff,
L.H., van den Berg, M., and Leveau, J.H.J. (2011) Dual
transcriptional profiling of a bacterial/fungal confrontation:
Collimonas fungivorans versus Aspergillus niger. ISME J
5: 1494–1504.

Metzger, U., Schallb, C., Zocherb, G., Unsold, I., Stecc, E.,
Lic, S.M., et al. (2009) The structure of dimethylallyl tryp-
tophan synthase reveals a common architecture of aro-
matic prenyltransferases in fungi and bacteria. Proc Natl
Acad Sci USA 106: 14309–14314.

Mhatre, E., Monterrosa, R.G., and Kovács, Á.T. (2014) From
environmental signals to regulators: modulation of biofilm
development in Gram-positive bacteria. J Basic Microbiol
54: 616–632.

Mironczuk, A.M., Manu, A., Kuipers, O.P., and Kovács, Á.T.
(2011) Distinct roles of ComK1 and ComK2 in gene regu-
lation in Bacillus cereus. PLoS ONE 6: e21859.

Mohammadipour, M., Mousivand, M., Salehi Jouzani, G., and
Abbasalizadeh, S. (2009) Molecular and biochemical char-
acterization of Iranian surfactin-producing Bacillus subtilis
isolates and evaluation of their biocontrol potential against
Aspergillus flavus and Colletotrichum gloeosporioides. Can
J Microbiol 55: 395–404.

Morales, D.K., Jacobs, N.J., Rajamani, S., Krishnamurthy,
M., Cubillos-Ruiz, J.R., and Hogan, D.A. (2010) Antifugal
mechanisms by which a novel Pseudomonas aeruginosa
phenazine toxin kills Candida albicans in biofilms. Mol
Microbiol 78: 1379–1392.

Moretti, M., Grunau, A., Minerdi, D., Gehrig, P., Roschitzki, B.,
Eberl, L., et al. (2010) A proteomics approach to study
synergistic and antagonistic interactions of the fungal-
bacterial consortium Fusarium oxysporum wild-type MSA
35. Proteomics 10: 3292–3320.

Nakano, M.M., Magnuson, R., Myers, A., Curry, J.,
Grossman, A.D., and Zuber, P. (1991) srfA is an operon
required for surfactin production, competence develop-
ment, and efficient sporulation in Bacillus subtilis. J
Bacteriol 173: 1770–1778.

Nakano, M.M., Dailly, Y.P., Zuber, P., and Clark, D.P. (1997)
Characterization of anaerobic fermentative growth of Bacil-
lus subtilis: identification of fermentation end products and
genes required for growth. J Bacteriol 179: 6749–6755.

Narendja, F., Goller, S.P., Wolschek, M., and Strauss, J.
(2002) Nitrate and the GATA factor AreA are necessary for
in vivo binding of NirA, the pathway-specific transcriptional
activator of Aspergillus nidulans. Mol Microbiol 44: 573–
583.

Nazir, R., Warmink, J.A., Boersma, H., and van Elsas, J.D.
(2010) Mechanisms that promote bacterial fittness in
fungal-affected soil microhabitats. FEMS Microbiol Ecol
71: 169–185.

Nurmiaho-Lassila, E.L., Timonen, S., Haahtela, K., and Sen,
R. (1997) Bacterial colonization patterns of intact Pinus
sylvestris mycorrhizospheres in dry pine forest soil: an
electron microscopy study. Can J Microbiol 43: 1017–
1035.

Nützmann, H.W., Reyes-Dominguez, Y., Scherlach, K.,
Schroeckh, V., Horn, F., Gacek, A., et al. (2011) Bacteria-
induced natural product formation in the fungus Aspergillus
nidulans requires Saga/Ada-mediated histone acetylation.
Proc Natl Acad Sci USA 108: 14282–14287.

Nützmann, H.W., Fischer, J., Scherlach, K., Hertweck, C.,
and Brakhage, A.A. (2013) Distinct amino acids of histone
H3 control secondary metabolism in Aspergillus nidulans.
Appl Environ Microbiol 79: 6102–6109.

Papagianni, M. (2007) Advances in citric acid fermentation by
Aspergillus niger: biochemical aspects, membrane trans-
port and modeling. Biotechnol Adv 25: 244–263.

Partida-Martinez, L.P., and Hertweck, C. (2005) Pathogenic
fungus harbours endosymbiotic bacteria for toxin produc-
tion. Nature 437: 884–888.

Peters, B.M., Jabra-Rizk, M.A., Scheper, M.A., Leid, J.G.,
Costerton, J.W., and Shirtliff, M.E. (2010) Microbial inter-
actions and differential protein expression in Staphylococ-
cus aureus-Candida albicans dual-species biofilms. FEMS
Immunol Med Microbiol 59: 493–503.

Peters, B.M., Ovchinnikova, E.S., Krom, B.P., Schlecht, L.M.,
Zhou, H., Hoyer, L.L., et al. (2012) Staphylococcus aureus

Interaction of Aspergillus niger and Bacillus subtilis 2111

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 17, 2099–2113



adherence to Candida albicans hyphae is mediated by
the hyphal adhesin Als3p. Microbiology 158: 2975–
2986.

Pfaffl, M.W., Horgan, G.W., and Dempfle, L. (2002) Relative
expression software tool (REST) for group-wise compari-
son and statistical analysis of relative expression results in
real-time PCR. Nucleic Acids Res 30: e36.

Ramirez-Peralta, A., Stewart, K.A., Thomas, S.K., Setlow, B.,
Chen, Z., Li, Y.Q., and Setlow, P. (2012) Effects of the
SpoVT regulatory protein on the germination and germina-
tion protein levels of spores of Bacillus subtilis. J Bacteriol
194: 3417–3425.

Ren, D., Bedzyk, L.A., Setlow, P., Thomas, S.M., Ye, R.W.,
and Wood, T.K. (2004) Gene expression in Bacillus subtilis
surface biofilms with and without sporulation and the
importance of yveR for biofilm maintenance. Biotechnol
Bioeng 86: 344–364.

Ruepp, A., Zollner, A., Maier, D., Albermann, K., Hani, J.,
Mokrejs, M., et al. (2004) The FunCat, a functional anno-
tation scheme for systematic classification of proteins
from whole genomes. Nucleic Acids Res 32: 5539–
5545.

Scherlach, K., Graupner, K., and Hertwek, C. (2013)
Molecular bacteria-fungi interactions: effect on environ-
ment, food and medicine. Annu Rev Microbiol 67: 375–
397.

Schinko, T., Gallmetzer, A., Amillis, S., and Strauss, J. (2013)
Pseudo-constitutivity of nitrate-responsive genes in nitrate
reductase mutants. Fung Genet Biol 54: 34–41.

Schrey, S.D., Schellhammer, M., Ecke, M., Hampp, R., and
Tarkka, M.T. (2005) Mycorrhiza helper bacterium
Streptomyces AcH 505 induces differential gene expres-
sion in the ectomycorrhizal fungus Amanita muscaria. New
Phytologist 168: 205–216.

Schroeckh, V., Scherlach, K., Nützmann, H.W., Shelest, E.,
Schmidt-Heck, W., Schuemann, J., et al. (2009) Intimate
bacterial–fungal interaction triggers biosynthesis of arche-
typal polyketides in Aspergillus nidulans. Proc Natl Acad
Sci USA 106: 14558–14563.

Shelest, E. (2008) Transcription factors in fungi. FEMS
Microbiol Lett 286: 145–151.

Sieuwerts, S., Molenaar, D., van Hijum, S.A., Beerthuyzen,
M., Stevens, M.J., Janssen, P.W., et al. (2010) Mixed-
culture transcriptome analysis reveals the molecular basis
of mixed-culture growth in Streptococcus thermophilus
and Lactobacillus bulgaricus. Appl Environ Microbiol 76:
7775–7784.

Singh, P., and Cameotra, S.S. (2004) Potential applications of
microbial surfactants in biomedical sciences. Trends
Biotechnol 22: 142–146.

Smyth, G.K. (2004) Linear models and empirical bayes
methods for assessing differential expression in microarray
experiments. Stat Appl Genet Mol Biol 3: 1544–6115.

Tarkka, M.T., Sarniguet, A., and Frey-Klett, P. (2009)
Inter-kingdom encounters: recent advances in molecular
bacterium-fungus interactions. Curr Genet 55: 233–
243.

Velho, R.V., Medina, L.F., Segalin, J., and Brandelli, A. (2011)
Production of lipopeptides among Bacillus strains showing
growth inhibition of phytopathogenic fungi. Folia Microbiol
56: 297–303.

Vinck, A., Terlou, M., Pestman, W.R., Martens, E.P., Ram,
A.F., van den Hondel, C.A., and Wösten, H.A.B. (2005)
Hyphal differentiation in the exploring mycelium of
Aspergillus niger. Mol Microbiol 58: 693–699.

Vishnoi, M., Narula, J., Devi, S.N., Dao, H.A., Igoshin, O.A.,
and Fujita, M. (2013) Triggering sporulation in Bacillus
subtilis with artificial two-component systems reveals
the importance of proper Spo0A activation dynamics. Mol
Microbiol 90: 181–194.

Vlamakis, H., Chai, Y., Beauregard, P., Losick, R., and Kolter,
R. (2013) Sticking together: building a biofilm the Bacillus
subtilis way. Nat Rev Microbiol 11: 157–168.

Westers, L., Westers, H., and Quax, W.J. (2004) Bacillus
subtilis as cell factory for pharmaceutical proteins: a
biotechnological approach to optimize the host organism.
Biochim Biophys Acta 1694: 299–310.

Supporting information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1. Co-culture of B. subtilis 168 with A. niger in shaken
liquid culture.
Fig. S2. Co-culture of B. subtilis 3610 with A. oryzae in
shaken liquid culture.
Fig. S3. Co-cultivation of B. subtilis 3610 with heat-treated
hyphae of A. niger in shaken liquid culture.
Fig. S4. Identification of a gene cluster based on gene
syntheny. The up (+) and downregulation (−) of indicated
genes on various substrates show co-regulation of the gene
cluster. Microarrays of A. niger grown on different substrates
were performed using the same experimental protocol as
described in this study. This figure demonstrates that the
transcription of these genes is upregulated in A. niger when
grown on various different raw plant biomass while it is
downregulated in the presence of B. subtilis (see main text).
Fig. S5. Examination of the extracted RNA using Agilent
Bioanalyzer. Gel-like format (A) and the electropherogram (B)
of the samples are shown. Marker ladder (L), RNA extracted
from the B. subtilis only sample (1), mixed B. subtilis and
A. niger sample (2), and only A. niger (3) are shown. The
prokaryotic (16S and 23S) and eukaryotic (18S and
28S) ribosomal RNA peaks are indicated above the
electropherogram.
Fig. S6. Bright field image of B. subtilis spores attached on
the hypha of A. niger. Scale bar indicates 10 μm.
Fig. S7. HPLC-UV analysis at 210 nm showing surfactin in
the B. subtillis 3610 strain (grey) and the absence in the
B. subtillis srfAA mutant (purple).
Fig. S8. Comparison of microarray and RT-qPCR results of
validated genes for A. niger (A) and B. subtilis (B). The values
obtained in the RT-qPCR experiment are presented on the
x-axis, while the microarray data on the y-axis.
Table S1. List of all differentially expressed A. niger genes
in the presence versus in the absence of B. subtilis.
Table S2. RT-qPCR validation of the A. niger microarray
experiments.
Table S3. Alkaline ergosterol measurement.
Table S4. List of significantly up or downregulated
B. subtilis genes (logFC > 1 or < −1, P value < 10−3) in the

2112 I. Benoit et al.

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 17, 2099–2113



A. niger interacting population of cells compared with the
non-attached population of cells.
Table S5. RT-qPCR validation of the B. subtilis microarray
experiments.
Table S6. Bacillus subtilis genes omitted from the
microarray analysis due to cross hybridization of A. niger
cDNA on the Agilent microarray slides.
Table S7. Oligonucleotides used for the RT-qPCR valida-
tion designed for A. niger (A) and B. subtilis (B).

Movie S1. Bacillus subtilis attachment to A. niger hypha.
The first caption shows a group of B. subtilis cells already
attached to the fungal hyphae and a motile-free cell. The
second caption shows polar attachment of the bacteria to
the fungal hyphae. The third caption shows attached and
non-motile bacterial cells.
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