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We detail two microfluidic platforms that enable the dynamic interactions between filamentous fungi and bacteria

to be monitored at the single cell level and in real-time.

Fungal-Bacterial Interaction device

_——~*
B
Abstract

Interactions between fungi and prokaryotes are abundant in many ecological systems. A wide variety of
biomolecules regulate such interactions and many of them have found medicinal or biotechnological applications.

However, studying a fungal-bacterial system at a cellular level is technically challenging. New microfluidic devices
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provided a platform for microscopic studies and for long-term, time-lapse experiments. Application of these novel
tools revealed insights into in the dynamic interactions between the basidiomycete Coprinopsis cinerea and Bacillus
subtilis. Direct contact was mediated by polar attachment of bacteria to only a subset of fungal hyphae suggesting a
differential competence of fungal hyphae and thus differentiation of hyphae within a mycelium. The fungicidal

activity of Bacillus subtilis was monitored at a cellular level and showed a novel mode of action on fungal hyphae.

Keywords: Bacterial-fungal interaction (BFI) / microfluidics / antifungal mode of action / single cell microscopy

Insight, innovation, integration

The integration of microfluidic platforms with a growing filamentous mycelium and bacteria opens a great potential
for interaction analysis. Currently, no method exists that enables the dynamic interactions between filamentous
fungi and bacteria to be monitored at the single cell level and in real-time. The confinement provided by the
bacterial-fungal interaction device enables the spatiotemporal fingerprints of bacterial-fungal associations to be
assessed. In contrast, our exchange device enables the fluidic environment surrounding hyphae to be manipulated.
Together, these devices provide a novel means to assess and dissect these complex relationships at the single cell
level and have revealed novel insights into the interaction of B. subtilis with C. cinerea, such as bacteria-induced

blebbing of hyphal cells and dynamic polar attachment.
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Introduction
Bacteria and fungi often share the same habitat and their interactions can have major implications on the biology of

the partners involved and on the respective environment.!> These microorganisms are found closely associated in
environmental samples with bacteria attaching to fungal hyphae.® Dung of herbivorous animals, as an example, is a

nutrient-rich environment where bacteria and fungi interact and compete for resources.” Fungi and bacteria share a
lifestyle of nutrition by absorption and thus antagonistic strategies have evolved in both clades due to this trophic
competition.® From such strategies, important applications in the medical and agricultural sciences have emerged;
for example, antibacterial secondary metabolites and peptides from fungi are used as antibiotics®*** and different
bacterial species are studied as biological control agents in agriculture against plant pathogenic fungi.’>> Due to
technical limitations, dynamic bacterial-fungal interactions at the single cell level are not well studied. As such, there
is a need for the development of new technological platforms to interrogate and quantify these complex and
dynamic interactions, presenting opportunities to gain insights into the phenotypic heterogeneities and spatial

organisations of mixed microbial communities, for example.

Traditional approaches for exploring interactions between fungi and bacteria are based on confrontation assays,
where axenic fungal and bacterial inocula are introduced onto solid or into liquid media, incubated together for a
period of time and the growth of the interacting species measured.'> * These assays monitor bacterial-fungal
interactions (BFls) at the macroscopic level, e.g. by growth inhibitions. However, such measurements yield limited
information at the cellular level, since specific interactions between hyphae and bacteria and their spatial
organisation cannot easily be monitored. Assays using multi well-plates!* provide one approach for obtaining
information at the microscopic level. However, high-resolution imaging, hyphal tracking and media exchange are
challenging in such a setup. Conventional microscopic imaging, where hyphae are grown on microscopy slides
coated with agar,'” for example, are also subject to similar drawbacks, particularly in the sense that it is difficult to
monitor dynamic interactions in real time due to a lack of confinement. Currently, there are few tools that allow the
control of environmental conditions in a precise and dynamic manner and at the same time, the monitoring of

interactions at a microscopic level.

Microfluidics describes the use of engineered systems, possessing micron-scale features, to control, manipulate and
analyse pL-pL fluid volumes.*® Originally developed for use in the chemical sciences, microfluidic devices have been

shown to provide for enhanced analytical performance,’® high-throughput experimentation?® and controlled
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generation of chemical gradients,?® for example. In recent years, the use of microfluidic systems in the
microbiological sciences has grown apace, owing to the ease in manipulating microorganisms on a single cell basis
and the ability to control microenvironments in a rapid and precise manner.?2 Importantly, the use of
microfabrication techniques for the rapid and inexpensive production of microfluidic devices allows bespoke
systems to be designed for the problem at hand, unlocking new experimental opportunities for microbiologists. The
polymer, poly(dimethylsiloxane) (PDMS), is an ideal substrate material for use in biological applications, having
desirable physical and chemical properties.?® Importantly, this elastomeric polymer is permeable to gases, enabling

experiments to be conducted in an aerobic environment, and allows optical detection from 240 — 1100 nm.?*

Methods currently available for processing live microorganisms-on-a-chip are most frequented by technologies that
explore bacterial microenvironments. As summarised by Wessel et al.,?> the main advantages afforded by these
studies include the ability to confine cells, where the influence of spatial structure on the behaviour of bacterial cells
can be examined,? and detect small-molecules, leading to a better understanding of the composition and variation
in the microenvironment.?’ As a result, light has been shed on a variety of topics including bacterial chemotaxis,?®
phenotypic heterogeneity in populations of bacteria?® and quorum sensing.3® Studies utilising filamentous fungi in
microfluidic devices have emerged only very recently, with a clear focus on probing the growth dynamics of
filamentous fungi using microfabricated structures.3® Microfluidic technologies entertaining mixed microbial
populations, such as the microfluidic droplet platform described by Park et al.3? for detecting symbiotic relationships
in communities comprised of multiple populations of bacteria, are rare and, at present, no method exists that
enables dynamic interactions between bacteria and filamentous fungi to be monitored using microfluidic platforms
at the cellular level and quantified in real-time. Further, it is not possible to exchange media surrounding hyphae and
monitor their response in a controlled manner using conventional methods; such a feat would add a significant new

dimension to the mycological toolbox.

To address the aforementioned needs, we present a novel microfluidic platform that enabled bacterial-fungal
interactions to be probed and fluid exchange to be performed in a controlled and rapid manner. The first
microfluidic device allows confrontations between the bacteria and fungi in a confined environment. A key feature
of this device, when compared to macroscale systems, is the confinement of submerged hyphae (defined by the
height of the microchannel) to a single layer. In turn, this allows the same hyphae or hyphal compartment to be

monitored over extended periods of time using high-resolution optical microscopy. Furthermore, bacteria can freely
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move within the system and physical interactions between bacteria and hyphae can be studied with high spatial and
temporal resolution. The second device enables complete exchange of the medium surrounding hyphae in less than
4 minutes, where the amount of compound required for such experiments is low. Thanks to the fast fluidic
exchange, we are able to determine the time required for hyphae to respond to a stimulus. To demonstrate the
efficacy of our approach, both microfluidic platforms are used to study the interaction of the coprophilous
basidiomycete, Coprinopsis cinerea (C. cinerea), with the soil dwelling bacterium Bacillus subtilis (B. subtilis). C.
cinerea hyphae secret antibacterial peptides that are active against gram-positive bacteria such as B. subtilis,?* whilst
B. subtilis exhibit antifungal activity,3* providing an interesting BFI. Our new analytical technology provides novel and

surprising insights into the fungal lifestyle and the “mode of action” of BFIs at a cellular level.

Results and discussion

Device structure

The two devices detailed herein were fabricated using a structured PDMS top layer, containing micron-sized features
and a glass-bottomed petri dish as the bottom layer. Upon sealing the two layers together, following oxygen plasma
treatment, microchannels were filled immediately with the medium of choice. C. cinerea was grown on YMG for
three days at 28°C and a fungal inoculum, taken from the peripheral growth zone, was placed next to the opening of
the microchannels, as illustrated in Figure 1a. The entire device was incubated in a dark, humid environment for 18
hours, under constant temperature (28°C), during which time hyphae grow and enter the microchannels. An agar
plug containing the fungal mycelium was used to introduce hyphae into the device; however, it is important to note

that the device design can easily be adapted to allow incorporation and germination of individual fungal spores.

The first device design, which we term the bacterial-fungal interaction (BFI) device, is detailed in Figure 1 and
provides an environment whereby bacteria can interact with hyphae of C. cinerea. Device operation is detailed fully
in Supplementary Method 1. The key components of this device include: i) 28 microchannels arranged in parallel,
where hyphae are confined in the z-direction, ii) a constriction point, which limits and controls the number of
hyphae entering each microchannel and iii) an inlet, where bacteria are introduced into the system. Each hyphal
observation channel is 110 um in width, nearly 7 mm in length and 10 um in depth, with a constriction width of 20
pm. A channel depth of 10 um was chosen, primarily to confine C. cinerea hyphae (which have a diameter of

approximately 7 um) but also to provide sufficient room for bacteria to interact with the hyphae. The bacterium, B.
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subtilis, has a length on the order of 1 um and can therefore navigate around the hyphae within a microchannel. The
long, narrow microchannels permit long-term time-lapse imaging to be conducted, allowing hyphal growth to be
monitored for up to 24 h. Figure 1e shows a leading hypha growing in a microchannel at an average rate of 4.2 + 1.0
pm/min; we determined a branch growth rate of 2.1 £ 0.2 um/min. Further, clamp cell and septa formation were
observed (see Supplementary Movie 1 and 2). As the microchannel dimensions act to confine the length of a single
hypha, as well as subsequent branching events, the volume directly surrounding each hypha is limited. Hence, an
environment, whereby bacteria can be confined in the vicinity of each hypha, is afforded and dynamic interactions
between bacteria and hyphae may be monitored. To introduce bacteria and to allow interaction with hyphae, 10 pL
of a bacterial suspension (containing bacteria in CCMM with an optical density at 600 nm of 1) was pipetted into the
device inlet. As B. subtilis is a motile bacterium, it is able to explore its environment and interact with the fungal
hyphae independently, as illustrated in Supplementary Movie 3. Moreover, as this is a closed system, the spatial
distribution of the bacteria relative to the hyphae and their dynamic interactions could be monitored in real time,

without dilution.

The ability to access and manipulate the fluid surrounding the hyphae is a desirable function. As this cannot be
achieved in a direct way using the BFI device, a second device was designed for this specific purpose and is termed
the fluid exchange device. Figure 2a-c illustrate a three-dimensional representation of the device design and the

mask design respectively (operation is described in Supplementary Method 1).

The fluid exchange device acts to passively pump fluid into the main observation channel and possesses a
constriction channel, a tapered observation channel, an inlet and an outlet. The constriction channel was designed
to be 10 um in both width and height, with a length of 400 um, thus limiting the number of hyphae entering the
observation channel. More importantly, the hyphae are exploited as a means to block the constriction junction,
providing a region of high fluidic resistance, which diverts the flow to the outlet via a tapered observation channel.
This channel creates a zone of lower fluidic resistance in the direction of the outlet. As such, there is minimal
interaction of the substance of interest with the rest of the mycelium. It was found that the ideal location of the
delivery channels (which transfer material from the inlet to the main observation channel) is situated at the
beginning of the tapered observation channel. When a hypha first passes through the constriction channel and
enters into the tapered channel, it grows in a polarised manner towards the outlet. Hyphal tips are often observed

tracking the edge of the microchannel (see Supplementary Movie 4) and branching events occur at angles between
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70 and 75 degrees® relative to the main hyphal body (in the direction of the tip). Accordingly, the placement of the
delivery channels at the beginning of the tapered observation channel opposes the natural polarised growth of

hyphae, minimizing any blockage of channels due to fungal growth.

To demonstrate operation, C. cinerea minimal medium (CCMM) was exchanged with an aqueous, fluorescein-
containing solution. It was found that fluid exchange occurs in less than 4 minutes (Figure 2d and Supplementary
Figure S1) and 100 % exchange of the fluid achieved when washing steps were incorporated into the exchange
process (see Supplementary Method 2 and Figure S2). Figure 2e illustrates complete removal of a fluorescein
solution from the main observation channel, when exchanged with CCMM. Importantly, control experiments, where
CCMM was exchanged with CCMM, do not result in an arrest of hyphal growth. To summarize, the advantages
associated with the fluid exchange device include the ability to exchange or collect media directly surrounding
hyphae and the ability to introduce both, motile and non-motile, bacteria accordingly. The fluid exchange device
opens up new avenues, where hyphae can be interrogated with specific biochemical agents and the response
monitored in real time. In addition, live/dead assays can be conducted and the chemical and biological species

expressed by the fungus in the presence of different bacteria (and vice versa) can be analysed directly.

Interaction between C. cinerea and B. subtilis in the BFI device

We applied the microfluidic device to monitor the interaction of C. cinerea with B. subtilis. Different Bacillus species
produce biologically active lipopeptides from the surfactin, iturin and fengycin families,3* with many of these
lipopeptides showing antifungal properties. The confrontation of C. cinerea strain AmutBmut with two different
strains of B. subtilis, the laboratory strain, B. subtilis 168, and the wild-strain, B. subtilis NCIB 3610,3¢ was initially
performed on a CCMM agar plate as a classical confrontation assay (Figure 3a). Growth inhibition of C. cinerea was
observed only in the presence of B. subtilis NCIB 3610, as indicated by clear exclusion zones. Previous studies have
demonstrated that this B. subtilis strain produces antifungal agents that inhibit the growth of different plant
pathogenic oomycetes and ascomycetes,?” whereas the laboratory strain, B. subtilis 168, does not produce any of
the antifungal lipopeptides.3® The confrontation assay defined the growth inhibitory action of B. subtilis NCIB 3610 at
a macroscopic level and without direct contact, but revealed little information regarding the mode of interaction
between the two organisms. Accordingly, we used the BFI device to monitor the physical interaction of bacteria with
hyphae over time. Upon addition of the two B. subtilis strains into the microfluidic system, attachment of bacteria to

the hyphae in an end-on manner was observed (Figure 3b and c), suggesting that the bacterial binding site was
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exposed at the bacterial cell pole. To visualize the attachment pattern, C. cinerea strain AmutBmut pMA412,
expressing the cytoplasmic fluorescent dTomato protein under the control of the constitutive Agaricus bisporus
gpdll promoter,3 and B. subtilis pMF37, expressing the green-fluorescent protein under the control of the
constitutive hyper spac promoter integrated into the amyE locus,*® were introduced into the BFI device.
Interestingly, bacteria attached only to certain hyphae (Figure 4) and no attachment to the newly formed surface of
growing hyphae was detected: a zone extending from the growing hyphal tip was free of attaching bacteria. This
attachment pattern was identical for both bacterial strains, suggesting that some hyphae were competent for
bacterial attachment while others were not. However, the binding site on the competent hyphae is unknown.
Bacteria killed using ultraviolet illuminations (see Supplementary Method 3) and introduced subsequently to C.
cinerea hyphae also attached to the hyphae in the same way. We concluded that hyphal differentiation and
competence for attachment was present prior to hyphae and bacteria coming into contact. Our results provided
direct evidence for functional differentiation of living hyphae within the mycelium. This differentiation has also been
proposed recently by Wosten and co-workers, where differential transcriptional and translational activity*! and RNA
composition in an Aspergillus niger mycelium was reported.*? Differential attachment has also been described for
the interaction between Pseudomonas aeruginosa and Candida albicans hyphae, but only for single hyphae and not

within the same mycelium.*® Toljander et al. showed that bacterial attachment differed for living and dead hyphae.**

Furthermore, bacterial attachment to hyphae and the local concentration of free bacteria was found to change over
time, as illustrated in Figure 4. Bacterial attachment to hyphae decreased after a high local concentration of free
bacteria resided in the vicinity (see Figure 4). Supplementary movies 5 and 6 demonstrate regions containing a high
local concentration of B. subtilis NCIB 3610 in close proximity to hyphae. Interestingly, these bacterial associations
moved along the microchannels in clusters, suggesting a coordinated behaviour of the bacteria. Attachment of
bacteria to hyphal cells has been described before**-#” with some bacteria initially attaching in an end-on manner to
the hyphae.*® *° However, the dynamics of the attachment could not be determined with the methods previously

used. Using our BFI device it was observed that the attachment and local bacterial concentration change over time.

We used the same experimental platform to study the long-term growth characteristics of C. cinerea leading hyphae
in the presence and absence of the two B. subtilis strains. C. cinerea hyphae were allowed to grow into the BFI
device until they reached the observation channels thereby plugging the constriction. Such plugging did not prevent

fungal growth in the observation channel. Subsequently, bacteria were introduced into the microchannels via the
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inlet and a time-lapse (30 minute time interval) over the whole length of seven microchannels conducted. Using the
same setup, a control experiment was performed in the absence of bacteria. The growth rate of the leading hyphae
in the control experiment was 6.2 + 1.4 um/min and 5.0 + 1.5 um/min in the presence of the laboratory strain, B.
subtilis 168 (Figure 5a). Upon introduction of the wild-strain, B. subtilis NCIB 3610, into the BFI device, the growth
rate of the leading hyphae was initially comparable, having a growth rate of 5.3 + 1.2 um/min during the first five
hours of the experiment. After this time, however, leading hyphae stopped growing (Figure 5a) with a change of the
morphology of some fungal apical cells, becoming transparent and thinner in nature (Figure 5b, arrows). A clear
difference in morphology between affected hyphal cells and adjacent cells was observed. Interestingly, branches
growing from hyphal cells distal to affected cells continued to propagate, indicating the functionality of the adjoining
cells. Importantly, the morphological changes described were not observed for the experiments involving B. subtilis

strain 168.

To visualize the cellular response of hyphae interacting with B. subtilis more precisely, the fluorescent C. cinerea
strain AmutBmut pMA412 was introduced into the BFI device and co-inoculated with bacteria using the same
experimental approach as described above. Figure 6a details a series of images taken over a period of 8 hours and
20 minutes and illustrates the morphological change that was described above of several cells. These cells resemble
collapsed hyphal compartments, with a loss of dTomato fluorescence. Simultaneously, we observed blebs containing
fluorescent dTomato emerging from these hyphal compartments (Figure 6a, b and Supplementary Movie 7), most
likely the cause for the loss of cellular content in these cells. Some of the blebs were stable for up to several hours.
The confined location of extracellular dTomato fluorescence suggests that these blebs consisted of membranes
encompassing the cytoplasmic content. This process takes place mainly in apical cells and, interestingly, did not
show any correlation with the attachment of bacteria to the hyphae. Figure 6b exemplifies a collapsed hyphal
compartment; two adjoining cells were still intact five hours after addition of the B. subtilis wild-strain, however, one
of these hyphal compartments had collapsed within the next 30 minutes. The distal cell remained intact, indicating
that the dolipore was closed. These experiments demonstrated that B. subtilis NCIB 3610 was capable of arresting
growth of the leading hyphae by inducing collapse of some of the hyphal compartments. Interestingly, bacterial
attachment did not correlate with the collapse of hyphal compartments. Contrarily, attachment of P. aeruginosa to
C. albicans hyphae leads to the establishment of biofilms and is important for the subsequent contact mediated

killing of hyphae.*>%°
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Effect of B. subtilis cell-free supernatant on C. cinerea hyphae

To elucidate if the direct interaction of bacteria with hyphae was required for the fungicidal effect observed, B.
subtilis cell-free supernatant (see Supplementary Method 4) was tested on C. cinerea pMA412 hyphae. The two B.
subtilis strains were sub-cultured in CCMM for 20 hours in the absence of C. cinerea. Bacteria were removed by
centrifugation and sterile-filtered supernatant was added to C. cinerea hyphae using the fluid exchange device. After
exchange of CCMM with the B. subtilis NCIB 3610 conditioned medium, hyphal apical cells collapsed in a fashion
comparable to that observed in the presence of bacteria — that is, with the occurrence of blebs (Figure 6a and b and
Supplementary Movie 8). Moreover, it was apparent that the shape of the hyphal tip changed first, a few minutes
after application of the conditioned medium. Blebbing was observed only for some apical cells, but all hyphae
stopped growing after addition of the conditioned medium from B. subtilis NCIB 3610. As expected, this did not
occur when the medium surrounding the hyphae was exchanged with B. subtilis 168 conditioned medium

(Supplementary Figure S3).

It is well known that some Bacillus lipopeptides harbour antifungal effects, especially lipopeptides from the iturin
and fengycin family which are active against filamentous fungi.'® 14 3953 Both B. subtilis strains contain non-ribosomal
peptide synthase (NRPS) gene clusters to produce the lipopeptides surfactin and fengycin. Due to a mutation in sfp,
whose gene product is required for the activation of both NRPSs, B. subtilis 168 does not produce these
lipopeptides.>* >> Therefore, we assessed whether lipopeptides were responsible for the blebbing phenotype. Taking
advantage of the fact that lipopeptides are n-butanol extractable and thermostable,* 5° we extracted components
from conditioned medium with n-butanol, evaporated it to dryness and resuspended the dried film in CCMM. The
morphological changes of C. cinerea hyphae, upon addition of this solution, were monitored in the exchanging
device. Additionally, we heat treated the conditioned medium for 15 min at 100°C. Both treatments did not abolish
the formation of blebs nor the collapse of apical cells (see Supplementary Table S1). To exclude any effect due to
remaining n-butanol, the medium was exchanged with CCMM containing 1 % (v/v) n-butanol. No growth stop or
collapse of apical cells was observed. These experiments suggest that growth arrest and the formation of blebs were
both elucidated by n-butanol extractable activities and not by enzymes produced by the bacteria. Importantly, this
activity affected cell wall properties and not plasma membrane permeability, because cytoplasm-containing blebs
were observed. A similar observation was also reported for the Bacillus amyloliquefaciens action on Fusarium
oxysporum hyphae.>® These experiments also demonstrate different modes of experimentation that become

possible using the fluid exchange device.

10
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Experimental

Strains and cultivation conditions

Fungal and bacterial strains used in this study are summarised in Supplementary Table S2. Escherichia coli DH5a was
used for cloning and maintenance of plasmids. Preparation of transformation competent cells was carried out as
described by Inoue et al.>” E. coli DH5a. containing pMF37 and pRS426 plasmids and its derivatives was selected on
Luria-Bertani (LB) medium containing 100 pg/mL ampicillin (see Supplementary Materials). Saccharomyces
cerevisiae laboratory strain W303a (MATa ade2-1 leu2-3,112 his3 ura3-1 can1-100 trp1-1) was used for homologous
recombination of plasmids and was maintained on Yeast extract-Peptone-Dextrose (YPD) medium (see
Supplementary Materials) at 30°C and transformants were selected on synthetic complete dextrose without uracil
(SD Ura-) agar plates.>® The laboratory strain, B. subtilis 168, and the wild-strain, B. subtilis NCIB 3610, were
maintained on LB medium, the B. subtilis strains containing inserted pMF37 plasmids on LB medium with 100 pg/mL
spectinomycin. E. coli and B. subtilis strains were grown aerobically at 37°C if not otherwise stated. C. cinerea strain
AmutBmut*> was cultivated on solid yeast-malt extract-glucose (YMG) medium (see Supplementary Materials) at

28°Cin a dark and humid environment.

Plasmids

Plasmids and primer used in this study are listed in Supplementary Table S3 and S4, respectively. Cloning by
homologous recombination was carried out in S. cerevisiae W303a as described previously.>® Construction of plasmid
pMA412 is described in Supplementary Method 5. Plasmids were transformed into C. cinerea strain AmutBmut by
protoplasting of the mononucleate asexual spores (oidia) as described previously.®® Plasmid pMF37 was integrated
into the amyE locus on the chromosome by homologous recombination. The plasmid was introduced into B. subtilis

cells by natural competence.®!

Confrontation assay on agar plates

An agar plug with C. cinerea grown on YMG medium was inoculated in the centre of a C. cinerea minimal medium
(CCMM, see Supplementary Materials) agar plate. Bacteria, taken from an overnight culture, were diluted with LB
using a 1:25 ratio and sub-cultured aerobically for 3 h at 37°C. Bacteria were washed once with a 0.9 % w/v sodium

chloride solution and resuspended in CCMM to an optical density at 600 nm (ODego) of 2. Three times 5 ulL of the

11
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bacteria suspension was placed at a distance of 3.5 cm from the centre of the agar plate. The plates were incubated

for 5 days at 28°C in a humid and dark environment.

Device preparation

Devices were designed in AutoCAD Mechanical 2011 (Autodesk) and used to create mylar film photolithography
masks (Micro Lithography Services Ltd., UK). Each master mold was manufactured using conventional
photolithography techniques® (see Supplementary Method 6 for full details). Before use with PDMS, the masters

were silanised under vacuum for 2 hours with 50 pL chlorotrimethylsilane (Fluka, Germany) per master.

50 g of PDMS was prepared (per master) using a 10:1 ratio of base to curing agent (Sylgard 184, Dow Corning, USA).
The base and curing agent were mixed together thoroughly, degassed for 1 hour under vacuum and poured on top
of the master. This mixture was then cured in an oven at 70°C for >2 hours. The cured PDMS was removed from the
master and diced to size. Holes were punched into the PDMS at specific locations, using a 3.02 mm diameter

precision cutter (Syneo, USA), to form the channel inlets and outlets.

Each PDMS slab was then bonded to a glass-bottomed Petri dish (dish diameter: 35 mm; glass diameter: 23 mm;
glass thickness: 0.17 mm; World Precision Instruments, Inc., Germany) to close the microchannels. First, the PDMS
slabs (after removal of scotch tape) and Petri dishes were washed and dried (see Supplementary Method 7). Bonding
of PDMS to the glass-bottomed Petri dishes was achieved by activating the surfaces using a glow discharge unit
(EMITECH K1000X, Quorum Technologies, UK) under the following conditions: polarity, negative; cycle vacuum
point, 1x10* mbar; plasma current, 25 mA; coating time, 1 min). Proceeding activation, the hydrophilic surfaces were
brought into conformal contact with one another to form a bond and 100 pL of CCMM used to fill the microchannels
of each device (via capillary action). An additional 100 puL of CCMM was introduced into the glass-bottomed Petri
dish to maintain a humid environment upon closing the Petri dish. Devices were freshly prepared for each

experiment in a sterile hood and used immediately. Device operation is described in Supplementary Method 1.

Inoculation of devices with fungus
Prior to inoculation of the microfluidic devices C. cinerea was sub-cultured at 28°C in a dark, aerated, humid box for
3 days. Specifically, a section of the fungal mycelium is cut from the YMG agar plate. A section is taken from the

peripheral growth zone and this inoculum is placed next to the device opening, such that the mycelium is in contact
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with the glass substrate and the growth direction of the hyphal tips is orientated towards the microchannel(s). Care
was taken to control the size of the agar plug inoculum to ensure consistency between experiments. The Petri dish
was incubated in a dark and humid environment for a period of 18 hours at 28°C to allow the hyphae to grow into

the microchannels.

Live-cell imaging of hyphae

A widefield fluorescence microscope, based on a Nikon Ti-U inverted microscope, was used to acquire long-term
time-lapse experiments and is equipped with a Prior ProScan Ill motorised stage (Prior Scientific, UK) and CoolSNAP
HQ2 camera (Photometrics, Germany). Phase contrast microscopy was performed to capture brightfield images,
using either x10 / 0.30 NA (numerical aperture) Plan Fluor or x20 / 0.45 NA S Plan Fluor objective lenses (Nikon,

Switzerland) and an exposure time of 100 ms.

Conventional epifluorescence microscopy was also performed to image hyphae from the C. cinerea AmutBmut dTom
strain and the fluorescein-containing solution. A Nikon Intensilight C-HGFI mercury lamp (Nikon, Switzerland) was
used as the source of excitation and an exposure time of 100 ms was implemented. The following filter sets were

used: TRITC and FITC HC BrightLine Basic Filtersets (AHF Analysentechnik, Germany).

Micromanager (Version 1.4.12) was used to coordinate long-term time-lapse imaging experiments. Auto-focus
software (Simple Auto Focus, Micromanager) was implemented to correct for drift in the z-direction, induced over
the long-term, multi-position time-lapse experiments. All long-term time-lapse experiments were performed in a
dark room, where the temperature was maintained at 20°C. The Petri dish was sealed with Parafilm to prevent
evaporation and remained in the dark throughout the duration of the time-lapse (other than during image

acquisition) to minimise the onset of fungal developmental processes.

Image montages were generated using custom software and analysed using Fiji.®®* To measure the growth difference

between the time points and the cell length of the leading hyphae in each microchannel the free hand tool and

measuring tool of Fiji were used.
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Conclusions

Investigations on bacterial-fungal interactions using our microfluidic platforms provided several significant
advantages. They enabled fungal hyphae to be cultured in microchannels, where hyphae were constricted by the
channel height and were thus easily imaged. Such platforms are compatible with high-resolution microscopies
(phase contrast, differential interference contrast (DIC), confocal, spinning disk confocal) and therefore allow live-
cell imaging and long-term, time-lapse microscopy to be conducted with ease. Using the BFI device, we monitored
the dynamic interactions of bacteria with hyphae in real-time and with single cell resolution. The presence of several
parallel microchannels enabled many growing C. cinerea hyphae to be assayed per experiment and their response,
upon the introduction to bacteria, to be monitored over a period of up to 24 hours (the device architecture can
easily be tuned to suit the growth rate of any filamentous fungus of interest). Conversely, the response of bacteria to
hyphae was also elucidated. It is anticipated that the coupling of automated image processing algorithms with these
platforms will increase the functionality of this tool, providing further opportunities to quantify the unique
interactions between filamentous fungi and bacteria. We were able to subject hyphae to a variety of stimuli, in a

rapid and controlled manner and to monitor hyphal reaction in real-time using the fluid exchange device.

We took advantage of the simplicity of the fluidic network and introduced the bacteria into the BFI device by simple
pipetting. Their interaction with fungal hyphae was monitored in real-time, while the fluid exchange device utilised
small differences in hydrostatic pressure to drive the flow and therefore enabled an exchange of the media
surrounding hyphae. We note that these microfluidic platforms are simple to integrate within the microbiology

laboratory and can be adopted for widespread use.

As a proof of principle we used these platforms to probe the interaction of C. cinerea with B. subtilis. B. subtilis is
well known for its antagonizing effects on fungi,®* however our new approach provides novel insights of this
interaction at the cellular level and in real-time. We observe that hyphae stop growing with the formation of
extracellular, cytoplasm-filled blebs after contact with the wild-strain B. subtilis NCIB 3610, but continue to grow in
the presence of the lab strain B. subtilis 168. Growth arrest was induced by a secreted signal because addition of
conditioned medium using the fluid exchange device resulted in the same fungal phenotype. Furthermore, both B.

subtilis strains displayed a direct cellular contact with fungal hyphae that changed over time.
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The design and application of microfluidic platforms has allowed us to monitor bacterial-fungal interactions at a
cellular level and we observed hyphal differentiation of a mycelium and bacteria-induced blebbing of hyphal cells.
Studying BFls using these microfluidic platforms can provide us with an understanding of how microorganisms use
their antagonistic strategies in competing environments, as well as allowing the production of antimicrobial
substances in time and space to be located and quantified. Moreover, the technique enables the study of dynamic
processes, such as quorum sensing of bacterial cells in BFls, using promoter-reporter fusions. In combination with
genetic and biochemical tools, microfluidic platforms provide an optimal experimental set-up to characterise the

interaction of fungi with bacteria at a cellular level.

Further, it is envisaged that this technology will not only impact research involving bacterial-fungal interactions, but
that it will also be implemented as means to study other fungal antagonists and mutualists such as nematodes,

plants and other fungi.
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Figure legends

Figure 1 | Design and operation of the bacterial-fungal interaction (BFI) device. (a) Photograph illustrating the
experimental setup. A PDMS top layer, containing microchannels embossed into its surface, is bonded to a glass
petri dish and the channels filled with aqueous medium. A fungal inoculum is placed next to the opening of the
microchannels. Following incubation, the device can be co-inoculated with bacteria at the ‘bacterial inlet’. Scale bar,
5 mm. (b) Three-dimensional representation of the PDMS top layer containing the microchannels. The entrance to
the microchannels can be observed and the growth direction of the hyphae is highlighted. (c) Two-dimensional
representation of the BFI device illustrating its key features: constrictions for limiting the number of hyphae entering
into the device and hyphal observation channels for monitoring bacteria-fungi interactions for up to 24 h. Scale bar,
3 mm. (d) Enlarged region of the design, depicted by the red box. Scale bar, 100 um. (e) An example of C. cinerea
hyphae growing in the microchannels. A branching event and clamp cell formation can be observed (see

Supplementary Movie 1). Scale bar, 50 um.

Figure 2 | Design and operation of the fluid exchange device. (a) Three-dimensional and (b) two-dimensional
representations of the fluid exchange device highlighting its key features. Scale bar, 3 mm. (c) An enlarged region of
the design, specifically depicted by the red box in (b). A tapered observation channel and narrow constriction
channel were used to manipulate the direction of fluid flow towards the outlet, providing regions of low and high
resistance respectively. Fluid delivery channels were located at the entrance of the tapered observation channel to
minimise blockages by growing hyphae. Scale bar, 100 um. (d) Time-lapse of C. cinerea minimal medium (CCMM)
exchange with a fluorescein solution using the fluid exchange device (brightfield and fluorescence channels merged).
Full (100 %) exchange took place within 3-4 minutes (see Supplementary Figure S1 and S2 for control experiments).

Scale bar, 50 um. (e) Before and after removal of the fluorescein solution with CCMM. Scale bar, 50 um.

Figure 3 | Interaction of C. cinerea with two different B. subtilis strains. (a) Confrontation assay on CCMM agar
plates illustrating the different response of C. cinerea growth alone (top) and in presence of B. subtilis 168 (Bs 168,
middle) and B. subtilis NCIB 3610 (Bs NCIB 3610, bottom). A growth inhibition zone was only observed upon co-
inoculation with B. subtilis NCIB 3610. Scale bar, 20 mm. (b) and (c) represent exemplar data that were gained at the

micro level using the BFI device. The physical interaction between the C. cinerea hyphae and B. subtilis cells was
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observed. The polar attachment of bacteria to the hyphae and attachment of bacteria to certain hyphae was the

same for both B. subtilis strains. Scale bars in (b) and (c), 25 and 10 um respectively.

Figure 4 | Attachment pattern of B. subtilis to C. cinerea hyphae. B. subtilis NCIB 3610 pMF37, expressing green
fluorescent protein constitutively, and C. cinerea pMA412, expressing dTomato constitutively, were co-inoculated

into the BFI device and attachment was monitored over time. Scale bar, 50 um.

Figure 5 | Long-term observation of C. cinerea hyphal growth in absence and presence of the two B. subtilis
strains. (a) The growth rate of the leading hyphae was measured in the BFI device over a 10 hour time period in
three independent experiments. Error bars represent standard deviations from three independent experiments. The
B. subtilis NCIB 3610 strain had a negative effect on the growth rate of the leading hyphae that was apparent 5 hours
after co-inoculation. (b) Bright field images representing three different time points at the same site for each
condition tested. Upon addition of B. subtilis NCIB 3610 some hyphae showed a thin morphology (depicted by

arrows), whereas this was not observed after the addition of B. subtilis 168. Scale bars, 25 pm.

Figure 6 | C. cinerea hyphae morphology change in presence of B. subtilis. (a) A co-inoculation time-lapse
experiment was conducted with a C. cinerea strain that expresses dTomato under the control of a constitutive
promoter using the BFI device. The arrows highlight cells that have lost their cellular contents due to the presence of
B. subtilis NCIB 3610. Timestamps indicate the time after inoculation of the device with bacteria. Scale bar, 25 pm.
See also Supplementary Movie 7. (b) Depiction of a hypha that was intact at the 5 hour time point. One cell
collapsed within the next 30 min. Blebs containing cellular content were located next to this hyphal cell. Scale bar,

25 pum. Time format, hh:mm.

Figure 7 | Effect of bacteria-cell free conditioned medium on C. cinerea hyphae. (a) Addition of cell-free
conditioned medium from B. subtilis NCIB 3610 to C. cinerea hyphae expressing dTomato constitutively. After
exchange of CCMM with the conditioned medium the form of the tip changed within a few minutes. This was
followed by formation of blebs after eight minutes (see Supplementary Movie 8). Scale bar, 50 um. (b) Enlarged view
of the tip depicted in (a). After eight minutes the formation of blebs occurred. Scale bar, 25 um. (c) Uniform growths
of C. cinerea hyphae in the exchange device is depicted before the addition of surfactin in the first column. Scale bar,

100 pum. Brightfield and fluorescence channels merged for all images.
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