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ABSTRACT

The arbuscular mycorrhizal fungi (AMF) form a symbiosis with most terrestrial plants on earth
and provide them with soil nutrients and an increased general resilience against environmental
stresses. AMF research, however, due to their soil-borne nature, is commonly hampered by
soil’s lack of transparency, rendering experiments “black-box” studies. To overcome these
issues, this PhD-project set out to fill existing gaps in AMF research, such as morphogenesis

and space navigation at the asymbiotic stage, exploiting novel microfluidic technologies.

The first part of the thesis describes and discusses the development of the AMF-SporeChip,
a microfluidic device designed to trap and germinate AMF spores and confront asymbiotic
hyphae with physical obstacles. After demonstrating the functionality of the final device design,
new insights and observations uncovered are detailed. As such, the highly dynamic space
navigation repertoire of AMF is analysed, revealing the never before described phenomenon
of reversible cytoplasmic retraction. To round off the examination of the fungi’s growth
behaviour, a search was started for the Spitzenkérper in AMF. Therefore, tissue-specific

fluorescent dyes were introduced into the devices but no Spitzenkérper could be detected.

The second part of the thesis concerns itself with a new device, coined the AMF-
AnastomosisChip. This device was specifically developed to isolate and study hyphal fusions,
called anastomoses, in AMF. The final device was successfully tested and characterised
based on loading performance as well as the growth behaviour of the fungi including
anastomosis types and frequency. Furthermore, the establishment of chemical gradients in

the device was first modelled and then demonstrated.

The thesis concludes with a presentation of alternative uses of the AMF-SporeChip, involving
oxygen sensing as well as cultivation of Mucoromycotina fine-root endophytes (MFRE). Finally,
possible future avenues that could be followed with microfluidics-assisted research on AMF

are discussed.
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Chapter 1

CHAPTER 1: INTRODUCTION

1.1 Introduction

The mycorrhiza is one of the most important symbioses on earth. This interaction between
plant roots and fungi forms the foundation for all soil-based ecosystems on the planet.
Colonising ca. 70-80% of all terrestrial plants, the arbuscular mycorrhizal fungi (AMF), soil-
dwelling fungi belonging to the phylum Glomeromycota, form the most abundant group
(Bonfante and Genre, 2010; van der Heijden et al., 2015; Cosme et al., 2018). Within this
mutually beneficial interaction, the plant host obtains soil nutrients, mainly phosphorous and
nitrogen, but also zinc, copper and iron (Smith and Read, 2008a), from the fungus, while the
obligate symbiont fungi receive essential photosynthesis products in return. Due to their
enormous importance, AMF have been subject of many studies within the last decades, with
implications for agriculture (Basu et al., 2018), understanding ecosystem stability (Rillig, 2004)
and co-evolution with plants (Corradi and Bonfante, 2012). Despite these efforts, much still
remains unknown about, for example, the influence of environmental cues on spore
germination, hyphal morphogenesis and space searching as well as hyphopodium formation
in AMF, processes marking the first steps of the fungi’s life cycle. This is mainly due to the
solely soil-borne nature of these fungi, rendering experiments often to be a “black-box”. In
addition, inoculation with AMF spores in the field still often fails (Verbruggen et al., 2013;
Berruti et al., 2016; Prado-Tarango et al., 2021). Furthering the grasp on these aspects would
benefit the overall understanding of the symbiosis establishment, which in turn could help
advance harnessing AMF for biofertilisation and bioremediation. To overcome these issues
and fill existing gaps in AMF knowledge, the development of different experimental platforms
is needed and we set out to employ a new method — microfluidic technology — to AMF
research. The field of microfluidics is relatively new, having been applied to tackle research
questions in both chemistry and biology for a variety of applications, such as synthesis (Sun
et al.,, 2016), analysis (Ohno et al., 2008; Berlanda et al., 2021) as well as cultivation and
screening (Warrick et al., 2008; De Stefano et al., 2022). These systems rely on microchannels
filled with liquid or gas, which can be tailored with unique patterns, allowing for a strong

controllability of the process and the on-chip environment, e.g., by implementing a specific
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physical layout or chemical gradients made possible by the laminar flow profile intrinsic to the
micro dimension. Microfluidic devices are often made from optically transparent materials,
such as the elastomeric polymer poly(dimethylsiloxane) (PDMS), which, as another major
advantage, allows for precise brightfield and fluorescence imaging that is further enhanced by
Z-axis confinement to improve focus. Further to the confinement, the enclosed nature of the
system entails an intrinsic sterility and containment of pathogens or hazardous substances.
Making use of these benefits, we were seeking to gain deeper insight into AMF spore
germination, anastomosis formation as well as hyphal space searching strategies upon

confrontation with physical obstacles.

1.2 Background

1.2.1 Fungi

For a long time, fungi have impressed and puzzled biologists with their enormous diversity
and assigning them to Aristotle’s classic dual classification system of Plantae and Animalia
has proven difficult if not impossible. Only recently (compared to the age of the old system),
when Whittaker (1969) introduced his novel five-kingdom classification system supported by
advances in molecular genetics (Kendrick, 2017), fungi received the status of an independent
kingdom. Fungi possess traits from the other kingdoms, such as a heterotrophic lifestyle like
animals, or cells surrounded by a cell wall and containing vacuoles, as well as co-existing
sexual and asexual reproduction like plants. Furthermore, many fungi form vast hyphal
networks in soil, called mycelium, just like the root networks of plants. These mycelia have
been found to span areas of up to 10 km? (e.g., the mycelia of the Basidiomycete Armillaria
ostoyae (Schmitt and Tatum, 2008)), which beats dimensions of root networks by far, and
signifying up to 50% of soil dry weight (Ingham et al., 1991). In spite of their vast dimensions,
however, fungi count as microorganisms like bacteria. Besides these microscopic dimensions,
especially in yeasts, which are mainly unicellular, fungi share certain metabolic pathways with
bacteria, as for instance the specific isomerisation between homoaconitate and homoisocitrate
(Fazius et al., 2012). Apart from yeasts, the other two main types of fungi are filamentous
moulds and mushrooms with their famous fruiting bodies (Webster and Weber, 2007). Some

fungal species are dimorphic, which means they can switch from one morphology to another
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(i.e., unicellular to filamentous). The opportunistic pathogen Candida albicans, for example, is
capable of morphing from its single-cell yeast form to a filamentous configuration and vice
versa (Kadosh, 2019), which, in fact, is crucial for the infection process (Mayer et al., 2013).
Besides this shape-shifting ability, some fungi show different morphologies depending on
which current stage of their life cycle they are at, i.e., vegetative, asexual, or sexual phase. In
the past, this has led to the same species accidentally being named more than once. To
account for this phenomenon, unprecedented in nature, the terms teleomorph (the sexual
form), anamorph (the asexual form), and holomorph (fungi for which both a sexual and asexual
lifestyle is known) were coined. For some species, a dual nomenclature was kept until 2013,
when, after much disagreement amongst mycologists, the principle of one fungus having one

name (‘one fungus, one name’; (Wingfield et al., 2012)) was implemented.

Mycology, compared to the other fields of study in biology, is still considered a young discipline
and niche. Out of the 2.2-3.8 million fungal species estimated to exist in nature, only around
148,000 have been described so far (Hawksworth and Liicking, 2017) and only in the last 20
years, mycology has dropped its popular image of being the sole study of mushrooms, i.e.,
the macroscopic structures that are found in forests or that can be bought in a supermarket to
eat. Other types and aspects of fungi, e.g., symbionts or pathogens, have been studied in
other fields but not as part of a wider, common research discipline. Fungi are not only
mysterious and intriguing, they also hold an immense and extensive significance in medicine,
biotechnology, agriculture as well as for nature as a whole. Historically, fungi have been
harnessed in food or beverage processing for millennia. Nowadays, backed by extensive
knowledge of fungal metabolic pathways, optimised biotechnological processes use fungi for
the mass production of ethanol by, for example, the yeast Saccharomyces cerevisiae
(estimated 110 billion litres produced annually, (U.S. Department of Energy, 2020)) or citric
acid by the mould Aspergillus niger (Show et al., 2015). In medicine, fungi can be both friend
and foe. The famous antibiotic penicillin (Barrios-Gonzélez et al, 1988) or the
immunosuppressant cyclosporin A (Ramana Murthy et al., 1999), for example, are important
medicaments, produced by fungi. On the other hand, however, certain fungi are the cause of
severe diseases in humans (e.g., Cryptococcus neoformans or Aspergillus fumigatus) as well

as other animals, but also in plants. Fungal infections of crops regularly lead to food shortages
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or financial losses on the order of billion dollars. In the US, for instance, the fungal plant
pathogen Fusarium graminearum causes annual losses in wheat and barley harvest ranging
between 6% and 19% (McMullen et al., 2012). In general, potent antifungal agents are lacking
(Almeida et al., 2019), but here again, fungi can be of assistance. As promising alternatives
for chemical fungicides, mycoparasitic fungi such as Clonostachys rosea and Trichoderma
spp. are being studied as biocontrol agents (M. Butt and G. Copping, 2000; Kéhl et al., 2019).
In nature, as the main decomposer, fungi degrade dead organic matter and return it into the
natural nutrient cycle, thus significantly affecting the availability of many elements. This ability
can be utilised for artificial bioremediation or in biofertilisation (Carvajal-Mufnoz and Carmona-
Garcia, 2012). For the latter, mycorrhizal fungi in particular have been reported to increase
yields in crops considerably (Hamel, 2007) due to their ability to form a symbiosis with the

roots of plants.

1.2.1.1 Mycorrhizal fungi

The unique symbiosis between certain fungi and the roots of higher terrestrial plants was first
termed “mycorrhiza” in 1885 by Albert Bernhard Frank (1885). This mutualism is considered
to be as old as 450 million years (Redecker et al., 2000) and co-evolved along with plants;
indeed, only with the help of mycorrhizal fungi, were plants able to colonise the land (Smith
and Read, 2008b). Mycorrhiza have established in every soil-based ecosystem on Earth and
plants which are non-mycorrhizal are a clear minority (Bonfante and Genre, 2010; van der
Heijden et al., 2015; Cosme et al., 2018). This renders the mycorrhiza the symbiosis with the
most widespread importance in nature, compared to the similar interaction between Rhizobia
and roots of legumes, which, however, is only common to one plant family, Fabaceae (or
Leguminosae) (Peter et al., 1996). The main aspect of the mycorrhizal symbiosis is the nutrient
exchange between plant and fungus, with the fungus providing prospected soil nutrients,
mainly phosphorous and nitrogen, but also zinc, copper and iron, and the plant delivering
photosynthetic carbon in return (Smith and Read, 2008b). Furthermore, the symbiosis
increases the resistance against soil pathogens, heavy metals or drought, reduces nutrient
leaching and improves the environment for the establishment of fresh plant seedlings (van der

Heijden et al., 1998). The formation of the exchange interface can be invasive, with the fungus
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penetrating the cell walls of host root cells, or not, as observed with ectomycorrhizal fungi. In
this mycorrhizal type, fungal hyphae grow around the host root in a dense so-called “mantle”.
From this sheath, several hyphae penetrate into the root, growing between and around
epidermis, cortex and endodermis cells. The depth of this so-called “Hartig net” depends on
the species (Blasius et al., 1986; Smith and Read, 2008b). The ectomycorrhiza is mainly found
in forest ecosystems (predominantly temperate) involving most tree families such as
Pinaceae, Salicaceae, and Tiliaceae, as well as members of other plant families such as
Rosaceae, Leguminaceae and Myrtaceae (Smith and Read, 2008b). In some instances,
ectomycorrhizal colonisation has even been reported in lower plants like liverworts (Edwards
et al., 2000). On the fungal side, many mushrooms of the divisions Basidiomycota and
Ascomycota, including the genera Boletus, Suillus, Russula, Laccaria, Scleroderma and
Pisolithus (Basidiomycetes) or Tuber and Cenococcum (Ascomycetes) form ectomycorrhizae

(Smith and Read, 2008b).

All other types of mycorrhiza are endomycorrhizal, i.e., the fungi penetrate the cell wall and
form the interface for nutrient exchange within the host cell. The three types of endomycorrhiza
are ericoid, orchid and arbuscular mycorrhiza. Ericoid mycorrhizae are found predominantly
in heathland-type ecosystems including common heathlands in the northern hemisphere,
tropical cloud forests, woodlands in the Mediterranean, as well as the dry and sandy plains of
Australia, which all share very low nutrient availability, with, however, an abundance of metals,
low pH, inefficient drainage and high or low temperatures (Cairney and Meharg, 2003). Here,
the ericoid mycorrhizal fungi, which are mainly Ascomycetes of the Leotiomycete class and a
few Basidiomycetes in the Serendipitaceae (Perotto et al., 2018), play a crucial role in
populating these harsh environments by assisting the pioneer plants. These plants are

members of the Ericaceae family, eponymous for this mycorrhiza (Cairney and Meharg, 2003).

The orchid mycorrhiza equally received its name from the plant host, orchids. Here,
intriguingly, the plant is the obligate symbiont, while in the other mycorrhizae, either the fungus
depends on the plant (see 2.1.2. Arbuscular mycorrhizal fungi) or the mutualism is beneficial
but not essential for both partners. During the so-called protocorm stage, orchid seedlings are
only able to develop into a grown plant if colonised by an orchid mycorrhizal fungus (Dearnaley

et al., 2016). Only Basidiomycetes have been reported to associate with orchids, so far,
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including the genera Thanatephorus, Sebacina, Tulasnella, Armillaria and Ceratobasidium
(Rasmussen, 2002). The latter genus contains Rhizoctonia solani, which is featured in several
experiments in this thesis (see 4.2.4. Using fluorescent staining for studying sub-cellular

structures).

The most abundant type of mycorrhiza and thus one of the most important ones, is the
arbuscular mycorrhiza. Because of its significance and central role in this thesis, it will be

discussed in a separate, dedicated section.

Three other types of mycorrhiza, i.e., ectendo-, arbutoid- and monotropoid mycorrhiza have
so far not qualified as separate groups and are rather currently counted as sub-groups of the
ectomycorrhiza (Brundrett, 2004). While they form the typical mantle and Hartig net, ectendo-
and arbutoid mycorrhizal fungi penetrate plant cell walls. While ectendomycorrhizae form with
regular ectomycorrhizal hosts, like pine trees (Yu et al., 2001), both arbutoid and monotropoid
mycorrhizae are found in plants of the Ericaceae family (like the ericoid mycorrhiza), i.e.,
Arbutoideae and Monotropideae, respectively. Interestingly, it has been shown under
controlled experimental conditions that arbutoid mycorrhizal fungi form an arbutoid mycorrhiza
with one plant and a regular ectomycorrhiza with another (Horton et al., 1999). The
monotropoid mycorrhiza is described as parasitic, rather than symbiotic, with the plant host
mycoheterotrophically exploiting the fungus for carbon (Dickie et al., 2013). Recently, a new
group of endophytic fungi has split away from the Glomeromycotina. These so-called
Mucoromycotina fine root endophytes (MFRE), historically described along Glomeromycotina
(AMF), are currently, backed with mounting evidence, emerging as a new and unique group
of mycorrhizal fungi (Prout et al., 2023). These fungi are further discussed in 6.2.2 Proof-of-
concept growth experiments of Mucoromycotina fine-root endophytes (MFRE) in the AMF-

SporeChip.

The arbuscular mycorrhiza

Fungi able to form an arbuscular mycorrhiza are exclusively members of the Glomeromycota
phylum. Unlike other mycorrhizal fungi, which also possess saprotrophic capabilities, AMF are
obligate symbionts, i.e., incapable of completing their life cycle without a suitable host. AMF

can be found in all soil-based ecosystems, with some species being cosmopolitan, i.e.,
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globally distributed, while other species are limited to specific regions (Stlirmer et al., 2018).
It is estimated that about 300-1600 AMF species form a symbiosis with ca. 200,000 plant
species (van der Heijden et al., 2015). Even though arbuscular mycorrhizae are predominantly
formed with grassland or understorey plants, which extends to many important crops, including
onion, carrot, lettuce, cucumber, bean, as well as tomato, some trees like maple (Moutoglis
and Widden, 1996) and poplar (Hooker et al., 1992) are also AMF hosts. The arbuscular
mycorrhiza, as by far the oldest of the mycorrhizal symbioses, developed intricate interaction
mechanisms and highly specialised structures, i.e., the eponymous arbuscules (see Stages
of arbuscular mycorrhiza development). The intracellular architecture varies between two
types according to Gallaud (1905). In the Arum-type, as the “classical” image of the arbuscule
structure, hyphae grow in the intercellular spaces between the root cortical cells and penetrate
single cortex cells to form terminal, intracellular arbuscules (one per cell). The Paris-type
describes a layout of entirely intracellular hyphae, moving from cell to cell. Within the cell, the
hyphae coil irregularly and form small, non-terminal arbuscules (not limited to one per host
cell) (Dickson et al., 2007). Quite often, however, a clear distinction proves difficult and
intermediate forms are adopted. Moreover, the same fungus can display both morphologies
depending on the plant host (Dickson, 2004). While the plant species tends to be the
determining factor, especially the intercellular space availability between the cortex cells
(Brundrett and Kendrick, 1988), co-ocurrence of the Paris and Arum types in the same root
system has been shown (Kubota et al., 2005). Besides the arbuscules, some AMF form
vesicles for lipid storage inside of the host roots and AMF have therefore been called vesicular-
arbuscular mycorrhizal (VAM) fungi until the late 1990s (name change first suggested by Daft
and Nicolson (1974)). However, as only some AMF genera such as Glomus, Entrophospora
and Sclerocystis form vesicles and Gigaspora and Scutellospora do not, the name was
changed to arbuscular mycorrhiza, based on the key and connecting characteristic of the

symbiosis, the arbuscules (Douds and Millner, 1999).

For the experiments detailed in this thesis, Rhizophagus irregularis, Rhizophagus intraradices
and Gigaspora margarita were used. R. irregularis, a species in the Glomus genus, is the best
studied AMF strain, acting as a model organism for most investigations on the symbiosis and

whose genome has been fully sequenced. This species, however, has undergone several
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name changes over the years, from Glomus intraradices, to Glomus irregulare and finally
Rhizophagus irregularis. And yet another name, Rhizoglomus irregulare, as the latest change
has been proposed but so far not adopted in the field (Young, 2015). R. irregularis can be
either homokaryotic (i.e., containing only genetically similar nuclei) or dikaryotic (i.e.,
containing two distinct nuclei genotypes) (Serghi et al., 2021) with spores ranging between 10
and 160 uym in diameter (measured, see 3.2.2.2 Spore germination and hyphal growth
behaviour in the confined environment). Gi. margarita sports very large spores of up to 580 pm
in diameter (average 470 um, measured, see 3.2.2.2 Spore germination and hyphal growth
behaviour in the confined environment) with an equally gigantic genome compared to other
fungi. While the higher fungi, Ascomycetes and Basidiomycetes, possess an average genome
size of 37 Mbp and 46 Mbp, respectively, Mucoromycotina 39 Mbp and R. irregularis 91 Mbp
(Mohanta and Bae, 2015), Gi. margarita genomes have been found to carry as much as
773 Mbp (Venice et al., 2020). Interestingly, like many other fungi, Gi. margarita harbours
highly host-specific and unculturable endobacteria. While the partnership is essential for the
bacteria, the fungus is able to grow in absence of the endosymbiont, however, does benefit
from the bacteria with an overall higher bioenergetic and antioxidant capacity (Bonfante and

Desird, 2017).

Stages of arbuscular mycorrhiza development

While the precise mechanisms, e.g., of host recognition, remain unknown and subject to
intensive research, the main stages of arbuscular mycorrhiza formation and development are
mostly clear. In general, the process can be split into presymbiotic communication, contact
and penetration, outer cortex invasion, arbuscule formation, as well as vesicle and spore

formation (Choi et al., 2018). A schematic of the developmental stages is shown in Figure 1.
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Figure 1: Schematic of the AMF life cycle illustrating the main stages. Presymbiotic communication,

contact and penetration, outer cortex invasion, arbuscule formation, and vesicle & spore formation as

well as sub-stages and involved signalling cues (a-e). Image reproduced from Choi et al. (2018) with
permission from Annual Reviews (Licence Number: 1515015-1).

The arbuscular mycorrhiza commences with the germination of the AMF spores. Germination
happens naturally without specific inducing cues but has been reported to be enhanced by
certain substances, such as strigolactones and flavonoids (Tsai and Phillips, 1991; Buee et
al., 2000). Depending on the AMF strain, the fresh hypha or germ tube can emanate either
directly from the spore wall (e.g., in Gigaspora gigantean, (Gerdemann and Trappe, 1974;
Siqueira et al., 1982) and own observations) or from an old hypha attached to the spore, also
called the subtending hypha, as part of a cicatrisation process (e.g., in R. irregularis,
(Gerdemann and Trappe, 1974) and own observations). Strigolactones, a group of recently
discovered phytohormones, not only promote germination, as mentioned above, but also play
a key role in presymbiotic signalling (Ruyter-Spira et al., 2013). Released by an ATP-binding
cassette transporter (ABC transporter) called Pleiotropic drug resistance 1 (PDR1), a

strigolactone gradient is created, which leads the fungal hyphae towards the host root. Usually,
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this cue is specific to a certain species to exclusively attract the beneficial symbiont. However,
there are few parasitic plants, like Striga spp. or Orobanche spp., which hijack this strategy to
attack the AMF host (Bouwmeester et al., 2007). Further signalling molecules required for AM
symbiosis initiation have been reported, such as N-acetylglucosamine (GIcNAc) with its
respective plasma membrane transporter NOPE 1 (Nadal et al., 2017), and more are likely to
be discovered. Similar to GIcNAc, many other saccharide-based molecules, often associated
with lipids and therefore called mycorrhiza-lipochitooligosaccharides (Myc-LOC), are exuded
by the fungus. These signals prime the epidermal cells of the host plant and make it
susceptible for the symbiotic association, coinciding with a calcium spiking in the root just
before contact (Kosuta et al., 2008). These calcium oscillations vary depending on plant or
nutrient regime for instance (Li et al., 2022). Once the actual contact has been established,
the calcium response in the plant subsides, the fungus nestles against the root wall and
displays isotropic growth resulting in a radial swelling, called the hyphopodium. The formation
of this differentiated fungal body is suspected to be triggered by specific host markers, again
with GlcNAc likely to be involved (Lefebvre, 2017). Another putative role is attributed to cutin
monomers. While cutin itself, is a waxy polyester in the cuticle layer in plants and acts as a
protective and water-repellent substance, its monomers were found to play a key role in

signalling processes linked to host recognition (Murray et al., 2013).

Following this initial fungal-plant interaction, the next step is the generation of a prepenetration
apparatus or penetration peg, which emerges from the hyphopodium and pierces the
epidermal cell wall. The formation of this secondary infection organ is triggered by specific
cues, which are similar but different from those associated with hyphopodium formation.
Moreover, Zhao et al. (2016) were able to demonstrate that knocking-out the VdNoxB or
VdPIs1 gene in Verticillium dahlia prevented penetration pegs from forming, while hyphopodia
generation was unaffected, showing that different molecular mechanisms of cellular
reorganisation for both steps in the infection process are involved. Prior to that, Giovannetti et
al. (1993) proclaimed that for a successful hyphopodium and penetration peg formation both
the right physical surface structure as well as chemical cues are necessary. The exact

mechanisms underlying hyphopodium formation, however, remain unclear.
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On the host side, a profound restructuring and softening of the cell wall is induced to embrace
the fungal penetration peg (Parniske, 2000). The hypha then penetrates cell after cell,
repeating the process again and again, until it finally reaches the cortical cells. For the invasion
of these cells, a penetration peg is formed in an analogous manner, with the only difference
being that it coincides with a division of the nucleus. This way, the fungus prepares for the
arbuscule formation, entailing a high degree of differentiation and transcriptional work (Genre
et al., 2008). This highly complex fungal structure is produced in three steps. Following the
invagination of the cortex cell with the prepenetration apparatus, firstly a single hyphal trunk
grows into the plant cell which secondly starts to branch dichotomously into the cytoplasmic
lumen. During the invasion, the cell wall of the cortical cell is not penetrated; it yields but stays
wrapped around the hypha like a coat. Later in the arbuscule forming process, this plant-
hyphal interface is remodelled into the so-called periarbuscular membrane, which involves
glucanase and cellulose-synthase activity (Balestrini and Bonfante, 2014). Finally, many fine
lateral branches are grown to enlarge the surface area, thus facilitating nutrient exchange
between the symbionts. Further to the enzyme-assisted restructuring of the invaginated cell
wall, the host cell undergoes profound transcriptional reprogramming (Heck et al., 2016) and
actively makes room for the arbuscule by shrinking the main vacuole and compressing cell
organelles into a compact space saving unit (Pumplin and Harrison, 2009). These
sophisticated structures, however, are highly transient and only after a few days, the arbuscule
goes into senescence. Several septa are formed, gradually cutting off the arbuscule from the
rest of the fungus. The final septum forms at the base of the trunk and the branches of the

arbuscule degenerate while the main hypha remains vital (Alexander et al., 1988).

Immediately after successful establishment of the symbiosis, the fungus produces vesicles.
These lobular swellings at the end of hyphal branches, either situated within or in between the
cortex cells, represent storage units for lipids. In a similar manner to the vesicles, the fungus
generates asexual spores which also containing large amounts of lipids (Choi et al., 2018).
Same as most other fungi, AMF spores have been reported to be aerially dispersed

(Chaudhary et al., 2020). From there, the life cycle of the AMF starts anew.
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1.2.2 Microfluidics

As the entire life cycle of AMF happens underground, concealed within the opaque soil,
specific methods need to be applied for investigating these fungi. One such methodology,
especially for phenotypical studies (e.g. of morphology or physiology), is microfluidics. While
first developed for chemical synthesis and analysis (Terry et al., 1979; Manz et al., 1990),
microfluidic (or Lab-on-a-Chip) technology quickly outgrew its origins. The underlying idea was
inspired by the advances in the field of microelectronics, with its switch-like controllability of
processes; not long after, the advantages were recognised in the field of biology as well

(Azizipour et al., 2020).

The field of microfluidics is dedicated to the design of microdevices and study of fluids, either
gas or liquid, in miniature dimensions down to femtolitres, which are tailored to the task at
hand for numerous applications. On the microscale, other effects are predominant than in the
macroworld. Due to the small volumes, gravitational effects and inertial forces (except in
inertial microfluidics) are usually negligible, whereas friction and capillary forces take over.
Linked to that and representing one of the most characteristic aspects of microfluidics is the
laminar and parabolic flow, described by the law of Hagen and Poiseuille (Zhang and Hoshino,
2014). Thus, in many microfluidic systems, mixing is dominated by diffusion. If, for instance,
rapid mixing is required (e.g. during a chemical synthesis), special structures need to be
implemented into the device to artificially create turbulences. The laminar or parabolic flow
itself however can also be exploited for applications where creating and maintaining separate
phases is desired (Stanley et al., 2018), as well as in the field of inertial microfluidics (Di Carlo,
2009; Liu et al., 2021). Besides the common continuous phase set-ups, multi-phase systems
are used to create droplet sequences within the microchannels. This branch of microfluidics,
the so-called droplet-based techniques, offers an unprecedented level of throughput for
screening tasks (Payne et al., 2020) or the ability to manipulate chemical reactions to an
immensely enhanced product specificity (Skelton et al., 2001; Carroll et al., 2008). The intrinsic
short pathlength in microfluidic systems for diffusion, heat transfer as well as photons, allows
for a nearly undelayed “switching on” of reaction or incubation conditions (DeMello, 2006;
Dittrich and Manz, 2006), just as envisioned in the original microelectronic-esque concept of

microfluidics. This highly precise process control along with the enclosed nature of the

28



Chapter 1

systems, further allows for a much safer handling of hazardous processes like, e.g.,
fluorination or the synthesis of hydrogen peroxide (Sun et al., 2016) as well as an intrinsic

sterility and containment of pathogens.

One drawback of this miniaturised approach is the low total output compared to conventional
industrial batch processes, which however, can be compensated by “numbering-up” (Kriel et
al., 2016). Here, an aggregate of multiple identical microdevices is assembled to increase the

overall synthesis output, which in turn circumvents the tedious scale-up process.

Microfluidic devices can be produced from many different materials and often feature a
combination of several. Most commonly, polymers are used for manufacturing devices as the
material is generally cheap and the processes require relatively little effort and machinery.
Thermoplastics, such as poly(methyl methacrylate) (PMMA), polycarbonate (PC), polystyrene
(PS), polyethylene terephthalate (PET), and polyvinylchloride (PVC), can be thermomoulded
or milled into the desired shape, in an industrial setting at very high rate and low cost.
Thermoplastic devices generally feature a good transparency and medium solvent
compatibility, yet, very low gas permeability. In order to combine parts or close channels, the
pieces need to be thermobonded or glued. Elastomers, and especially PDMS, can be easily
bonded to PDMS or glass through a relatively simple plasma activation. PDMS has a good
transparency, is elastic and is highly gas permeable, which made it the most popular material
for biological microfluidics applications. The high porosity of the PDMS matrix, allowing for gas
to permeate, causes on the flip side water evaporation through the material as well as a strong
ad- and absorption of molecules, which makes it widely incompatible with solvents and has to
be considered when working with large biomolecules (Ren et al., 2013). PDMS devices are
usually cast from moulds which can be made by SU-8 silicon phototlithography (McDonald
and Whitesides, 2002) or 3D printed (or directly 3D printed) (Hinton et al., 2016). For the
project of the thesis, PDMS bonded onto a glass bottom, prepared from SU-8 silicon
photolithographed master moulds was chosen for its biocompatibility, gas permeability and
transparency, to provide a suitable growth and microscopy chamber for studying AMF.
Furthermore, the manufacturing method and facilities were established and readily available

in the department and tested regularly for applications with similar fungi and organisms.
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Microfluidic devices for biological and medical applications can further be made from
hydrogels based on agarose, alginate, collagen or hyaluronic acid, for instance. These devices
are especially well-suited for 3D cell cultures in an Organ-on-a-Chip context (Ling et al., 2007;
Cosson and Lutolf, 2014; Nie et al,, 2018). Other popular materials for microfluidics are
inorganic compounds, mainly glass and silicon. These materials are highly thermostable,
compatible with solvents, withstand high pressure and are gas impermeable. Especially glass
has become popular for microscale gas chromatography, capillary electrophoresis and
general chemical reactions. These materials, however, are less common in an every-day lab
setting as the production requires arduous and dangerous methods such as hydrogen fluoride
(HF) etching. As one of the more exotic substrates for microfluidics, ceramics is currently
gaining more and more attention. Ceramic-based microdevices provide similar, highly resilient
properties as glass or silicon, are however easier to manufacture. Especially low temperature
co-fired ceramics (LTCC) tapes can be laser-machined or milled and sintered into the desired
device structure. This methodology has successfully been applied to several sensor set-ups
(Achmann et al., 2008; Bartsch de Torres et al., 2010) or even PCR devices, as ceramics
generally have a good biocompatibility (Bembnowicz et al., 2011). Similarly emerging in recent
years, paper has become a mainstream microdevice material. Here, the intrinsic capillary
effect of the material is exploited and “channels” are created by patterning, e.g., printed or
simply cut (Ma et al., 2019). This cheap method is very useful to produce hand-held assays
for point-of-care diagnostics (Gong and Sinton, 2017). Metals are used for microfluidic
devices, however, mainly as components in combination with other base materials, to
introduce electrodes into the microfluidic setup, for example. For this purpose, the metal can
be implemented via physical vapour deposition (Scott and Ali, 2021), galvanically deposited
(Schrott et al., 2009) or even printed in the form of liquid metals, such as Galinstan

(Khoshmanesh et al., 2017).

The devices featured in this thesis, were all manufactured in house from PDMS cast from self-
made SU-8 silicon master moulds. To close the channels and to improve the microscopy

clarity, the PDMS was plasma bonded to glass (see 2.7 PDMS device manufacturing).

30



Chapter 1

1.2.2.1 Microfluidics for fungi

For biological applications, including fungi, microfluidic high-throughput platforms have proven
their usefulness for studies in genetics (RNA/DNA) (Lee et al., 2019; Wang et al., 2019),
proteomics (Kotz et al, 2010; Balasubramanian et al, 2021) as well as drug screening
(Watterson et al., 2020) and delivery (Zafar Razzacki et al., 2004). Fungal-specific microfluidic
research, however, has focussed mainly on yeast single cell trapping for studying mating
(Moore et al., 2008; Taylor et al., 2009) or stress responses (Hersen et al., 2008; Hao and
O'Shea, 2011), as well as blood-cleansing (Yung et al., 2009; Fuchs et al., 2019) or organ-on-

a-chip devices (Barkal et al., 2017) for studying or treating fungal pathogens.

Space searching of filamentous fungi

For the study of filamentous fungi, microfluidic technology offers optical transparency for
precise brightfield or fluorescence imaging and the ability to mimic aspects of the natural
habitat, including physical shapes and obstacles as well as chemical gradients. Especially for
soil-dwelling organisms like AMF, where events normally occur inside a “black-box” and are
thus hidden by the opacity of soil, this is of the utmost importance. Microdevices, usually made
from PDMS, are patterned with physical obstacles or mazes for the fungi to manoeuvre around
or through. At the forefront of this line of studies, Nicolau, Held and colleagues conducted
numerous experiments with the Ascomycete model-organism Neurospora crassa, as well as
other fungal strains. The fungus was found to respond to the physical challenge by changing
its branching behaviour (e.g., angle and frequency). This was depending on the type of
obstacle they were facing and, interestingly, occurred immediately without any adjustment
period (Held et al., 2009b; Held et al., 2009a; Held et al., 2010; Held et al., 2011a). These
changes included increased hyphal branching levels after passing through bottlenecks,
directed hyphal growth into openings employing the ability to sense and identify these patterns
(i.e., thigmotropism (Brand and Gow, 2009)), so-called ‘hit-and-split’ (i.e., the division of the tip
of a mother hypha into two daughter hyphae) when colliding head-on with an obstacle, as well
as nestling (i.e., hyphae attach to structures and track them)(Held et al., 2011a). The
observations were further examined to determine whether the phenomena are purely

mechanically induced or chemical interactions play a role. Therefore, micrometre-sized PS
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beads with epoxy-functionalized surfaces were introduced into the medium and hyphae were
subjected to different bead densities. From comparing the fungus’ reaction in the bead
environment with their bead-free microfluidic platforms, they inferred the interactions to be not
only mechanically induced but rather dependent upon the chemical property of the surface as
well, hypothesising an electrical attraction between the positively polarized apex of the hypha
(due to a high concentration of calcium ions) and the negatively charged bead surface (Held
etal., 2011b). Animportant part of the fungus’ space navigation strategy is directional memory,
i.e., maintenance of growth direction after encounters with obstacles. In a later study, Held et
al. (2019) found cellular microtubules and the so-called Spitzenkérper, an apical body present
in many filamentous fungi and consisting of an agglomerate of vesicles, to be involved. The
Spitzenkérper acts like a gyroscope, while being stabilised by the microtubule scaffold. In the
apical region of the hyphae, these microtubules show a very strict alignment in growth
direction, while further downstream, in sub-apical regions, this scaffold is rather loosely
organised or lacks organisation altogether. The results obtained in these studies on fungal
space searching were further translated into bioinspired computational algorithms, which
proved to be able to solve problems in a more efficient manner, from which the programming
and design of nanomachines and sensors could immensely benefit (Hanson et al., 2006;

Nicolau et al., 2006; Asenova et al., 2016).

Following these pioneering studies, other groups developed similar devices and devised new
experiments with different fungal species, such as Talaromyces helicus (Baranger et al., 2020)
and Cladosporium macrocarpum (Podwin et al., 2021), uncovering differences between the
fungi, which could be systematically correlated to their lifestyle (including foraging and
exploration strategies) and habitat. One such study, conducted by Fukuda et al. (2021) is
focussed on the behaviour of different fungi when encountering bottlenecks (i.e., spatial
confinements smaller than that of the hyphal diameter) (Figure 2b). They found hyphae of
slower growing fungi, e.g., Aspergillus nidulans or Fusarium oxysporum, to pass the
confinement without difficulty and remain polarized. Faster growing strains, such as Rhizopus
oryzae or N. crassa, in contrast, either depolarize, (i.e., they bulge at the apex and loose
directional growth) or find themselves unable to pass the confinement altogether. Fast growth

along with extensive branching is aided by high turgor pressure and high numbers of vesicles.
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When encountering a bottleneck obstacle, this however leads to complications. An excess of
vesicles is pressured into the hyphal tip and leads to the observed bulging and loss of

directional memory, in some cases this disruption causes growth arrest.
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Figure 2: Examples of microfluidic platforms for space searching studies in filamentous fungi. (a) Device
featuring honeycomb-like grid of channels to analyse exploration strategies in different fungal strains.
Scale bars: 100 um. (b) Microfluidic device for the study of hyphae squeezing through special
confinements. Scale bar: 20 um. (c) “Soil chip” mimicking a soil community, containing different soil
particles, bacteria, microfauna, and filamentous fungi as well as complex microchannel geometries,
either water saturated or filled with air. Scale bars: 20 um. Images in (a), (b) and (c) reproduced with
modifications from Hopke et al. (2021), Fukuda et al. (2021) and Mafla-Endara et al. (2021), respectively,
with permission from the Creative Commons Attribution licence
(www.creativecommons.org/licenses/by/4.0/). Image composition and legend obtained with
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modifications from Richter et al. (2022) , with permission from the Creative Commons Attribution licence
(www.creativecommons.org/licenses/by/4.0/).

A similar but broader approach was pursued by Aleklett et al. (2021). With their Obstacle Chip,
featuring several different structural patterns, they monitored five behavioural traits in seven
different filamentous fungi. Based on their growth velocity, branching behaviour, hyphal shape,
mycelial density and foraging style, the fungi were originally grouped into guerilla (exploratory,
far-reaching but short-lived, not competitive) or phalanx (slow progression as dense mat with
united front, durable) strategists. However, as a result of their experimentation at the cellular
level, they found the classic phalanx/guerilla categorisation to be insufficient, with the fungi’s
lifestyle traits more complexly tailored to their specific niche habitat. In a comparable study,
(Hopke et al., 2021) hosted the “Fungus Olympics”. In this crowdsourced investigation, they
confronted a broad range of filamentous fungi with different obstacle courses and found that,
depending on the individual foraging style, each fungus found its strength in a different

“discipline” (Figure 2a).

With microfluidic devices facilitating the simulation of soil physical properties, while
maintaining microscopy accessibility, these studies have provided a lot of insight into the
lifestyle of soil-dwelling fungi. To bring their system even closer to the natural habitat, Mafla-
Endara et al. (2021) “pburied” the chips in soil and thus introduced real soil particles,
water/media and air, as well as fungi, bacteria, and protists as biotic factors into their device.
Here, they observed closely how the fungi shape their environment through e.g., opening or
obstruction of passages, water dispersal (along with nutrients), relocation or accumulation of
soil particles, and thus connecting or fragmenting microhabitats, as well as through interaction
directly with other soil organisms (Figure 2c). Bacteria, for instance, depend on or at least
profit from fungal hyphae making nutrients accessible, either through the “fungal highway”
(Kohlmeier et al., 2005; Warmink et al., 2011), where bacteria “ride” fungal hyphae to cross
challenging structures, such as air gaps, or through assisting in the decomposition of nutritious
substances. Interestingly, the latter was found to be working vice versa, too, with fungi relying
on bacterial enzyme power for “unlocking” certain nutrients (Jiang et al., 2021). Another
microfluidic device for fungal foraging strategies was presented by Baranger et al. (2021). In

their compartmentalised system, they created a niche containing benzo[a]pyrene (a polycyclic
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aromatic pollutant) and found how the fungus Talaromyces helices actively sought after,
reached, decomposed and took up the hydrophobic substance, which involved the excretion
of biosurfactants. This knowledge could be used to further develop bioremediation strategies

for polluted land.

Besides the optical transparency, biocompatibility and comparably easy device manufacturing
with PDMS, the polymer possesses elastic properties, which can be used for force
measurements on the cellular and hyphal level (Thomson et al., 2015; Sun et al., 2018;

Puerner et al., 2020).

Fungal interactions

Soil fungi engage in a variety of interactions, with abiotic factors as well as biotic partners.
They reach from inter-kingdom down to interspecies as well as self-self interactions and can
be both pathogenic or parasitic as well as beneficial. Here again, microfluidic technology has
proven to be a powerful tool to allow to trigger and gain deeper insight into interactions on the
level of single hyphae between fungi and bacteria (Stanley et al., 2014; Uehling et al., 2019),
fungi and nematodes (Schmieder et al., 2019), fungi and viruses (Ghanem et al., 2019) as

well as fungi and other fungi (Gimeno et al., 2021).

Bacterial-fungal interactions

Making the first fungal interaction device, Stanley et al. (2014) designed the so-called
bacterial-fungal interaction (BFI) device, which allowed for fungal hyphae to grow in and a
subsequent co-inoculation with bacteria through a second inlet (Figure 3a). In their study, they
confronted the fungus Coprinopsis cinerea with the bacterium Bacillus subtilis and found that
when inoculated with the wild-type strain (B. subtilis NCIB 3610) the fungus arrested hyphal
growth, however, seemed unaffected by the laboratory strain B. subtilis 168. The growth arrest
coincided with the collapse of some hyphal compartments and the subsequent formation of
blebs, i.e., exocytotic vesicles still containing the fluorescent marker, that lingered for up to
several hours after the collapse (Figure 3c). Additionally, it was revealed how the bacteria
attached to specific subsets of hyphae, suggesting hyphal differentiation within the mycelium

(Figure 3b). With a second microfluidic device, named the fluid exchange device, hyphae were
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perfused with lipophilic extracts and bacterial supernatant and a similar effect on the hyphae
was observed, attributing the fungicidal activity to these exudates rather than active bacterial
enzymes. Here, microfluidic technology allowed to expose isolated hyphae to bacterial stress
and observe reactions on the single-cell level. The BFI device was further used to study the
endosymbiotic relationship between the fungal plant pathogen Rhizopus microsporus and the
bacterium Burkholderia rhizoxinica, revealing the release of transcription activator-like (TAL)
effector by endobacteria as a crucial part of the symbiosis (Richter et al., 2023). Another
example of mutualism between Burkholderia spp. and fungi was investigated by Uehling et al.
(2019) with results suggesting a complex exudate-based multistage bidirectional
communication. In an attempt to make these microfluidic techniques more accessible, the
group manufactured and distributed vacuum-sealed, ready-to-use microfluidic devices around
the world and received reports about applications on BFls, fungal highways, fungal biofilms,
as well as some experiments involving plant seeds or even neurons (Millet et al., 2019). Other
groups designed similar microfluidic devices to study the antagonism between certain
Verticillia spp. (fungal crop pathogen) and Pseudomonas spp., to gain insights into how the
bacteria inhibit fungal growth and thus plant colonisation as well as the molecular and cellular
processes involved (Harting et al., 2021). For AMF, microfluidic platforms for studying fungal-
bacterial interaction could prove highly beneficial, especially now with mounting evidence for
essential collaboration between, for example, phosphate solubilising bacteria and AMF
(further discussed in 6.3 Concluding remarks and future directions for microfluidic AMF
research). This could help address whether and how these bacteria directly interact with
hyphae, how the bacteria benefit from the interaction or whether the bacteria use the hyphal

network for distribution (&4 la fungal highway) and/or as a niche habitat.

The benefits of microfluidic technology were further employed to examine the distribution of
bacteriophages along fungal hyphae and revealed, for instance, a strong retention of up to
93% of hydrophobic T4 phages on hydrophobic C. cinerea hyphae (Ghanem et al., 2019).
These findings facilitated by microfluidic technology provide important information for

answering environmental as well as medical questions.
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Figure 3: Microfluidic platforms for the study of hyphal interactions. (a) Photography of an inoculated
bacterial-fungal interaction (BFI) device. Highlighted are the inoculum, i.e. agar plug containing fungal
mycelium, the microchannels as well as the bacterial inlet. Scale bar: 5 mm. (b) Time series of
Coprinopsis cinerea hyphae (red) surrounded by Bacillus subtilis (green) inside channels of the BF/
device. Scale bar: 50 um. (c) C. cinerea cell collapsing through the action of B. subtilis and subsequently
losing its cellular contents. Scale bar: 25 um. Images (a)—(c) reproduced with modifications from Stanley
et al. (2014) with permission from Oxford University Press (Licence Number: 5846560852683). (d)
Schematics showing a fungal-nematode interaction device. Scale bar: 500 um. (e) Model of proposed
fungal response upon nematode predation, involving bulk hyphae switching cytoplasmic bulk flow
direction every 2-3 h and thus redistributing nutrients (e.g. 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-
yl)amino]-D-glucose (2-NBDG), green hexagons). The spatial distribution of the C. cinerea defence
response when attacked by the nematode is indicated in red. Images (d) and (e) reproduced with
modifications from Schmieder et al. (2019) with permission from Elsevier (Licence Number:
5846571165932). (f) (Top) Schematics of the fungal—fungal interaction (FFI) device (top). Scale bar:
1 mm. (Bottom) Clonostachys rosea and Fusarium graminearum approaching each other in the
interaction zone of the FFI device. Phase contrast. Scale bar: 250 pm. (g) (Left) Fluorescent time lapse
revealing GFP within the mycelium of C. rosea. Scale bars: 50 pm. (Right) Graph showing an increasing
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and decreasing fluorescence signal within the hyphae in comparison to the control channel. Images (f)
and (g) reproduced with modifications from Gimeno et al. (2021) with permission from the Creative
Commons Attribution license (www.creativecommons.org/licenses/by/4.0/). Image composition and
legend obtained with modifications from Richter et al. (2022), with permission from the Creative
Commons Attribution licence (www.creativecommons.org/licenses/by/4.0/).

Fungal-fungivorous interactions

Soil, like all other ecosystems on the planet, constitutes a complex network of interplay with
interchanging roles of prey or predator. Besides bacteria, fungi also are preyed upon by

fungivores such as protists and microfauna.

With a microfluidic device derived from the BFI device, Schmieder et al. (2019) subjected C.
cinerea to attacks by the nematode Aphelenchus avenae (Figure 3d). In line with earlier
findings concerning bacterial confrontations, hyphae seem to be specialised to certain tasks
and defence responses are only activated at the attack site, in direct contact with the
nematode, which then, however, quickly propagated throughout the mycelium via specialised
“trunk” hyphae (Figure 3e). In an extension to the study, fungal material from the attack site
was extracted for PCR and poly(A)+ RNA sequencing to analyse the transcriptome directly
linked to the defence mechanisms. Thus, 1229 differentially expressed genes were identified
(so far, with conventional plate-based methods, only 37 genes had been discovered).
Interestingly, antibacterial defence genes were found to be involved in the response,
suggesting a tripartite interaction between the fungus, the nematode, as well as its microbiome

(Tayyrov et al., 2019).

Fungal-fungal interactions

To investigate the fungal-fungal interactions (FFls) between the plant pathogen Fusarium
graminearum and biocontrol agent Clonostachys rosea, Gimeno et al. (2021) developed a
new microfluidic platform, termed the fungal-fungal interaction (FFI) device (Figure 3f). It was
observed how C. rosea antagonises the GFP-tagged F. graminearum and forces it to arrest
growth. Further, the single hyphae resolution revealed how not only GFP slowly disappears
from the prey mycelium but later reappears in the predators’ mycelium, indicating an active

uptake of nutritious material from the prey (Figure 3g).
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Microfluidics-assisted research on AMF, is virtually non-existent to date, but offers numerous
possibilities for in-depth studies on these interesting and important organisms, in particular
relating to key aspects of mycorrhiza development. Only recently, Srisom et al. (2020)
developed a device for AMF spore sorting and Hammer et al. (2024) published an extensive
study on extraradical AMF hyphae with a modification of their “soil chip” (further discussed in

4.2.1 Space searching in AMF).

1.3 Research Objective

The aim of this thesis was to develop microfluidic devices for investigating AMF asymbiotic
hyphae and their space navigation behaviour, for the first time. A big step towards this goal
was done by the invention of the root organ culture, which allowed for spore production as
well as studying hyphae on plate with much detail (Mosse and Hepper, 1975; Declerck et al.,
1998; de La Providencia et al., 2007) and later by the introduction of the cellophane sandwich
method, confining spores and hyphae in z direction for better microscopy results (Giovannetti
et al., 2001; Giovannetti et al., 2003). Even confronting hyphae with physical obstacles in the
form of micro threads of different materials (Giovannetti et al., 1993) or combining spores of
different strains for anastomosis studies (Croll et al., 2009) was now possible. Establishing a
microfluidics-based approach for these investigations was expected to provide even more
insight. With microfluidic devices, the z confinement can be tuned precisely to the organisms
used, which, together with the near perfect transparency of the device materials (glass and
PDMS) significantly enhances the microscopy quality. Furthermore, these devices allow for a
high degree of control over spore positioning, the physical environment (i.e., channel shapes
or micro-obstacles) as well as control over introduction of nutrients, chemicals or dyes. This
methodology was therefore anticipated to aid with elucidating the space searching strategies
of AMF, similar to studies performed with other fungi (Held et al., 2011a; Hopke et al., 2021)
(see also 1.2.2.1 Microfluidics for fungi), as well as to systematically isolate and study
anastomosis events with higher throughput. Space navigation is a crucial part of the first stage
of the establishment of the mycorrhiza and thus the survival of the obligate symbionts AMF.
How these fungi manage the challenging task of finding a suitable host with limited resources

is intriguing and important to understanding the symbiosis as a whole. Due to their unique
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lifestyle, hyphal growth and space searching strategies were expected to share similarities but
also widely differ from other fungi. Anastomoses are an important element of a fungus’
exploration strategy, involving nutritional networking (FleiBner et al., 2008) but also genetic
transfer (Friesen et al., 2006); hence, establishing a method for studying anastomoses
between different AMF genotypes in a systematic manner would be highly beneficial.
Additionally, it was shown that the devices were further applicable to studying non-AMF fungi.
In a side project the devices were equipped with an oxygen sensitive foil for monitoring peri-

hyphal oxygen gradients.

An overview of the main research questions this thesis aimed to answer is detailed in Figure
4. All microfluidic devices used for the studies were entirely self-made, from conceptualisation
and photomask design (using the software AutoCAD) to master mould fabrication and PDMS
device-making. In order to address the aforementioned research questions, the devices were
required to accommodate and sufficiently trap spores within the channel and then confront
hyphae with micro-obstacles of different shapes to study the physical aspect of their natural
environment and the fungus’ reaction towards it. Later, the device was further developed and
adapted to inoculate spores of two different strains at the same time in order to examine

anastomosis events in more detail.
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Key questions Objectives Chapter No.

Developing a microfluidic device to
trap AMF spores and confront asymbiotic
hyphae with physical obstacles, allowing for

1. How do asymbiotic a high-resolution and real-time microscopy

hyphae of AMF interact
with physical obstacles
and what are ther space
searching mechanisms?

3,4

Characterise functionability of device with
germination and growth experiments

Perform timelapse studies of
space searching events

Hypothesis: The microfluidic system provides a beneficial platform to reveal similarities and
differences compared to other fungi, as well as novel space navigation mechanisms.

2. Do AMF have Establish dye-supported imaging 4
Spitzenkorper? method for discovering Spitzenkorper

Hypothesis: Fluorescent staining alongside dynamic growth observations in the microfluidic
device can help uncover the Spitzenkorper in AMF.

Develop microfluidic device to encourage,

. isolate and study anastomosis events in AMF
3. Does the anastomosis

phenotype of AMF depend

on the genotype? Demonstrate functionability of device with

device loading characterisation, anastomosis
images and gradient experiments

Hypothesis: The microfluidic system will aid in uncovering strain-specific anastomosis
patterns, which can be linked to the genetic set up.

Implement and test sensor foils in the device for

4. What are alternative examining oxygen gradients in the hyphosphere 6

and future applications

of the AMF-SporeChip?
P P Introduce and grow MFRE in the device

Hypothesis 1: Integrating an oxygen sensor into the device will allow to analyse oxygen
depletion around single hyphae.

Hypothesis 2: The AMF-SporeChip provides a system for studying growth behaviour in other
fungi such as MFRE.

Figure 4: Overview of the research hypotheses and objectives of the thesis.
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1.4 Thesis outline

To tackle the objectives and research questions outlined previously, this thesis has been
organised into 6 chapters. The first chapter sets the scene with an introduction into the thesis,
including general background, methodology used and reasons for this research. The chapter
then delves deeper into the biology of AMF, as well as working principles, advantages and
applications of microfluidic technology. In the course of the literature background research for
the project | produced and published the first review on the topic of Fungi-on-a-Chip (Richter
et al., 2022), summarising and discussing all published works on microfluidic applications

involving fungi, thus far.

In chapter 2, all materials and devices used for this project as well as a thorough description

of the methods employed is detailed.

Chapter 3 describes the development process and technical details of the AMF-SporeChip,
which has been published in Lab on a Chip (Richter et al., 2024).

Chapter 4 focusses on the main application and findings regarding AMF hyphal space
searching (published in Lab on a Chip (Richter et al., 2024)) and further describes steps to

establish a fluorescent staining method for discovering the Spitzenkdrper in AMF.

Chapter 5 details the development of the AMF-AnastomosisChip, which was designed to

systematically study anastomosis events between different strains of AMF at the hyphal level.

Chapter 6 presents further applications of the AMF-SporeChip, including analysis of oxygen
gradients around hyphae by inclusion of an oxygen sensitive foil into the device design, as
well as the study of other mycorrhizal organisms, i.e., Mucoromycotina fine root endophytes
(MFRE). This chapter concludes the thesis with a detailed outlook into future explorations and

possible continuations of the experiments.
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CHAPTER 2: MATERIALS AND METHODS

A substantial part of this thesis was the development of a new method and microfluidic device
for studying AMF spores and asymbiotic hyphae. The development process of these
specialised methods is detailed in separate chapters. In this chapter, all generic methods used
repeatedly throughout the project, i.e., cultivation of the biological material, PDMS device

production and imaging, are described.

2.1 PDMS device manufacturing

2.1.1 Master mould manufacturing

To conduct investigations on various aspects of AMF spore germination and hyphal exploring
and morphogenesis at the level of single cells, PDMS-based, self-manufactured microfluidic
devices were employed. The devices were poured from master moulds made from 100 mm
silicon wafers in a photolithography process with SU-8 as photoresist material. The
development of this protocol is described in 3.2.1.2 Optimisation of the photolithography

protocol.

The device designs (detailed in 3.2.1.1 Device Design and 5.2.1. Device development) were
checked for correct structures using KLayout (Kéfferlein, 2006) and then printed on a mylar®

film to create the photolithography mask by Micro Lithography Services Ltd., UK.

All photolithography steps were done in a semi-clean-room environment, with several dust free
laminar flow hoods. When moving the wafer between hoods, the wafer was put in a closed
wafer box. The sash of the main hood is equipped with a blue light filter, to keep high energy
light from entering and causing unspecific cross-linking of the photoresist. As substrate for the
master mould, a fresh silicon wafer (Diameter: 4"; Orientation: <100>; Dopant: P(Boron);
Resistivity: 0-100 ohm-cmCz; Centre Thickness: 425-550 um; Surface: Single side polished,
Si-Mat Silicon Materials, Germany) was used. The wafer was washed in acetone and
isopropanol, dried with an airgun and subsequently plasma-cleaned for 5 min using a plasma
cleaner (PDC-002-CE, Harrick Plasma, USA), which was briefly dusted off with an air gun

beforehand. The blow drying is started from where the wafer is held by a pair of wafer tweezers.
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Then, the liquid front is slowly blown off the wafer, moving the airgun carefully across the wafer
to ensure that no residues are left behind. For the first layer, the wafer was placed onto the
chuck of the spin coater, centred and vacuum-attached. As an extra measure, the wafer was
briefly dusted off again with the air gun, as the following step is the most crucial, determining
the quality of the layer. Then, avoiding producing bubbles, 5 ml of SU-8 2010 (Kayaku, USA)
were slowly poured onto the wafer, performing spiral movements from the centre of the wafer
outwards. The spin coater was then closed and run at 500 rpm for 10 s and 3700 rpm for 30 s
(Spin Coater WS-650MZ Modular, Laurell, USA). The next step was soft baking at 65 °C for
30 s and 95 °C for 2.5 min ramping up with ~2 °C/min on a hot plate (Hot Plate EMS 1000-3,
Ascon Tecnologic, ltaly). In the meantime, the photomask was attached to a 10x10 cm glass
plate with a thin film of water. For that purpose, a small droplet of water (without air bubbles)
was put onto the centre of the glass. Then, the mask, bending both sides upwards, was
carefully placed onto the water droplet and the held ends slowly lowered onto the glass. Now,
a microscope slide wrapped in clean room tissue is used to streak gently from centre to the
edges to squeeze out excess water and potential air pockets. The mask easily scratches, thus
extra care has to be taken when streaking over it. Once the soft bake programme was finished,
the wafer is lifted up from the hotplate surface with built in metal pins and left there for 5 min,
before transferring onto a clean room tissue to cool down. Before placing the wafer into the
mask aligner (UV KUB-3, Kloé SA, France), the resist has to be fully solidified and must not
be sticky, otherwise the mask would stick to the wafer. Once, the wafer was transferred onto
the vacuum holder of the mask aligner and the glass holding the mask placed on top of it, the
wafer was loosely aligned with the marks on the mask, lowered into direct contact with the
mask and exposed to ultraviolet (UV) light for 7.5 s. The wafer was then transferred back onto
the hot plate and baked at 65 °C for 30s and 95 °C for 3.5 min, ramping up with 2 °C/min,
subsequently cooling down as described above. This should be done immediately after the
UV exposure as this activates the cross linking of the SU-8 and the baking concludes the
reaction. Furthermore, any light from the environment hitting the wafer can cause unspecific
cross-linking, leading to a reduced resolution of the structures. For the second layer, the wafer
was again centred and vacuum-attached to the spin coater chuck and 5 ml of SU-8 2075
(Kayaku, USA) were spun onto the first layer at 500 rpm for 20 s and 2200 rpm for 30 s. The

wafer is then transferred onto the hotplate and soft baked at 65 °C for 5 min and 95 °C for
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15 min, ramping up with 2 °C/min and subsequently cooled down on the raised pins for 5 min.
To better align the first and second layer, the SU-8 2010 was removed from the alignment
marks using acetone and clean room sampling swabs (Berkshire, UK), performing wiping
movements towards the edges to avoid building up of SU-8 walls. Care should be taken to not
splash any acetone onto the wafer as it would dissolve the SU-8 and create holes in the layer.
Before moving the wafer into the mask aligner, it has to be fully dried. The wafer was then
aligned with the mask using the alignment marks and the cameras of the mask aligner. Once
aligned, wafer and mask were brought into hard contact and the wafer exposed to UV for
11.5 s. Then, the wafer was immediately moved to the hotplate and baked at 65 °C for 3.5 min
and 95 °C for 9 min ramping up with 2 °C/min and cooled down on the raised pins for 5 min.
Now, for the development step, the wafer was transferred into a wide, flat beaker, fully
immersed in SU-8 developer (2-(1-methoxy)propyl acetate, 99%, Thermo Scientific, USA) and
agitated for 8 min. The wafer was then rinsed with isopropanol, placed in fresh developer and
agitated again. After 1 min, the wafer was rinsed with isopropanol and dried off with an airgun,
making sure that the liquid front is pushed uniformly off the wafer and no isopropanol remains
in the corners of the structures. If the isopropanol washes off slightly opaque and in white lines,
another 30 s of development should be added. In a final step, the master mould was hard

baked at 150 °C for 2 min on a hot plate to seal cracks and increase durability of the structures.

The same protocol was used to produce the master mould with 5 um channel height, apart
from the following modifications. SU-8 TF 6005 was used for the first layer, which was spun
onto the wafer at 500 rpm for 10 s and 2000 rpm for 30 s. Soft-baking was performed at 110 °C

for 3 min, followed by UV exposure for 5.2 s and a post exposure baking at 110 °C for 2 min.

For the Gigaspora variant of the design, the first layer was prepared according to the above-
described protocol for 10 um channel height. For the second layer, 5 ml of SU-8 2150 were
spun onto the first layer at 500 rpm for 20 s and 1300 rpm for 30 s. Soft baking was performed
at 65°C for 7min and 95 °C for 60 min, ramping up with 2 °C/min and the wafer was
subsequently cooled down on raised pins for 5 min. The wafer was UV exposed for 22.5 s
followed by baking at 65 °C for 5 min and 95 °C for 35 min, ramping up with 2 °C/min, cooling
down on raised pins for 5 min, after. Finally, the master mould was developed for 16 min and

an additional 4 min with fresh SU-8 developer. Hard baking was performed at 150 °C for 5 min.
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Before using a master mould for pouring PDMS, a silanisation step should be performed to
facilitate peeling off the cure PDMS from the mould. For this purpose, the wafer was placed
into a desiccator, leaning against the wall in an angle of approximately 45 °, structures facing
upwards. An open glass vial is filled with 100 pl chlorotrimethylsilane (redistilled 299 %, Sigma
Aldrich, UK) and put into the desiccator. As chlorotrimethylsilane is a highly reactive and
hazardous substance, caution has to be taken and any other chemicals and especially water
kept away when handling. The silanisation needs to be done in a chemical fume cupboard. To
measure the 100 pl chlorotrimethylsilane, a Hamilton syringe (100uL 710N, cemented needle,
22S Gauge, 51mm, Point Style 2; Hamilton, USA) has to be used and immediately after use
rinsed with isopropanol, as any remaining reagent would corrode the metal plunger of the
syringe rapidly, leading to the plunger getting stuck and destroying the syringe. Once wafer
and chlorotrimethylsilane had been placed into the desiccator, the desiccator was closed and
vacuum applied for 1 min. All valves were then closed and the set-up left to react for 1 h. After
this time, no liquid should be remaining in the vial and the silanisation of the master mould is

concluded.

All photolithography steps were performed in the CRUK Microfabrication & Prototyping Facility

of the Department of Bioengineering.

2.1.2 PDMS device manufacturing

To ensure a dust-free environment, all PDMS device manufacturing steps were executed in a
laminar flow hood. Firstly, the silicone elastomer base was mixed with the curing agent in a
ratio of 10:1, usually ca. 40 g was prepared in total per mould. The mixture was then degassed
in a desiccator for about 45 min until no air bubbles remained, subsequently poured onto the
master mould and baked at 70 °C for at least 4 h. After that, the cured PDMS was carefully
peeled off from the mould using a spatula. Then, the devices were cut out and holes for the
inlet(s) and outlet(s) were punched, using a 3 mm precision cutter. During the whole process,
scotch tape was constantly kept and renewed on top of the channel side of the device, in order
to further secure the absence of dust particles. Now, the devices were washed to remove

remaining monomers and to increase sterility. Therefore, the chips were immersed in 0.5 M
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NaOH and sonicated for 5 min. After rinsing with autoclaved MilliQ water, the step was
repeated with 70% ethanol. Finally, the devices were rinsed again, dried with an air gun and
put into the oven at 70 °C for about an hour. Later, the washed and dried devices were bonded
to a glass-bottomed petri dish (J dish = 35mm, & glass = 23.5mm; Fluorodish, World
Precision Instruments, Germany) to close the channels. Therefore, both the device and the
petri dish were put into a plasma oven for 1 min, with the side to be bonded facing up. Directly
afterwards, the device was placed into the petri dish and the edges gently tapped with
tweezers to ensure bonding. Care must be taken to avoid applying excess pressure in the
channel regions. Otherwise, this can result in collapse and undesirable bonding of the
microchannels due to the small channel heights, thus obstructing them. Commonly, the
devices are primed straight after the bonding process. Exploiting the hydrophilicity brought
upon by the plasma treatment, the channels can be easily filled with water or the desired
medium. This effect only lasts for a few minutes and then the device slowly loses the

hydrophilicity.

2.2 AMF cultivation

2.2.1 Root organ and pot cultures

AMF are obligate biotrophs, meaning that they rely on direct feeding by a symbiotic host.
Hence, a first major task was to set up root organ cultures to culture AMF and produce spores
in house, using the procedures detailed in Declerck et al. (1998) and Cranenbrouck et al.
(2005). To culture the three Rhizophagus strains, i.e., Rhizophagus irregularis MUCL 41833,
Rhizophagus irregularis MUCL 43194 and Rhizophagus intraradices MUCL 49410, in vitro,
root organ cultures of Cichorium intybus L. (Ri T-DNA-transformed chicory roots not able to
develop shoots or leaves) were employed as the host. This task comprised of setting up and
maintaining (i) chicory root cultures and (ii) two-compartment cultures. Initial inoculum, i.e.,
roots and spores, was provided by the Glomeromycota in vitro collection (GINCO, Belgium).
Spores of Gigaspora margarita BEG 34 were not cultivated in house. Instead, they were
obtained from GINCO. There, the spores are produced in pot culture in double-autoclaved
(121 °C for 15 min) substrate composed of thin quartz (0.4-0.8 mm), larger quartz (1-2 mm)

and calcinated clay (2/1/2; v/v/v) with Plantago lanceolata. After at least 9 months of cultivation,
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spores were sampled and disinfected as described by Cranenbrouck et al. (2005) Briefly,
spores were disinfected using a filtration apparatus connected to a vacuum outlet. First, they
were cleaned twice in sterile water, then treated with chloramine T 2% solution (with 2 drops
of Tween 20) for 10 min. Spores were then washed again 3 times with sterile water before
treatment with a filtered (using a 0.22 um Acrodisk filter) antibiotic solution composed of
streptomycine sulfate 0.02% and gentamycine sulfate 0.01%, for 10 min. Spores were stored
in sterile water at 4 °C and shipped. After shipping, the Gigaspora spores were used directly

in the experiments.

2.2.2 Media preparation

For the AMF root organ cultures two media based on Modified Strullu-Romand (MSR) medium
are required, i.e., MSR(-) and MSR(+). For the preparation of both media, 0.59 g Modified
Strullu and Romand (MSR, Duchefa Biochemie, the Netherlands; see Table A1 for
composition) powder was dissolved in 11 sterile double distilled water. 10 ml of a 0.15M
calcium nitrate solution were added and the pH was adjusted to 5.5 using 0.1 M NaOH and
HCI. Lastly, 3 g phytagel (Merck, Germany) was added. The difference between MSR(-) and
MSR(+) is that MSR(+) contains an additional 10 g sucrose, which were added to the solution
before adjusting the pH. After autoclaving, the media must be poured immediately or kept at
60 °C to prevent it from solidifying, as unlike agar media for instance, it cannot be melted again
once it solidified. For on-chip experiments, a liquid version of MSR(-) was prepared, consisting
of MSR(-) without phytagel and the pH adjusted to 7 using 0.1 M NaOH and HCI (as the
phytagel was found to change the pH from 5.5 to approximately 7).

2.2.3 Chicory root culture

The chicory roots are grown on round Petri plates (& = 90 mm) containing MSR(+) medium.
To maintain the root culture, subculturing is performed every 1-2 months. For this purpose, in
a sterile Microbiological Safety Cabinet (MSC), the entire root-containing phytagel is detached
from the plate with a scalpel and flipped over into the plate lid. The phytagel is then dissected
with tweezers until the roots are exposed and young and healthy single roots, characterised

by a bright hue of brown and branching nodules, can be selected. These are then placed onto
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new MSR(+) culture plates. The inoculated plates are sealed with cling film and incubated in

the dark at 27 °C.

2.2.3 AMF two-compartment culture

In order to produce spores of AMF and therefore ensure a constant supply of spore material
for experiments, the two-compartment technique, as shown in Figure 5, is used (Declerck et
al., 1998; Cranenbrouck et al., 2005). One compartment of the petri dish is filled with 10-15 ml
MSR(+) (root compartment) and the other with 15-20ml MSR(-) medium (hyphal
compartment). The hyphal compartment is poured first, in a way that the liquid medium is held
by the central wall and a curvature is formed due to surface tension. Once the medium has
solidified, the chicory medium is carefully poured into the second compartment, while tilting
the plate towards the hyphal compartment, to obtain a sigmoidal form and to ensure
connectivity between the two compartments (Figure 5a). Then, a fresh and vital chicory root
is selected from a chicory root plate (see 2.2.3 Chicory root culture) and placed carefully into
the root compartment. The two-compartment dishes are then sealed with cling film and
incubated in the dark at 27 °C for 7 days.

One week later, the root is inoculated with the respective Rhizophagus spores. This is achieved
by cutting a piece of phytagel containing a dense mycelium with a high number of spores from
a hyphal compartment of an at least 3-month-old culture plate (first batch was inoculated with
spores from GINCO), transferring it to an empty petri dish and mashing it up with a scalpel.
This renders the phytagel a gooey, spreadable paste with a loosened up mycelial network,
which is then distributed around the roots with tweezers. The plates are sealed with cling film
and incubated in the dark at 27 °C. After about 1-2 weeks, the spores start to germinate and
associate with the roots. Now, connected to the root network, the fungus gathers new energy
and forms fast runner hyphae. First crossovers to the hyphal compartment can be observed
from 3 weeks after inoculation. Usually, it takes between 3 and 6 months for cultures to be

ready for harvesting.
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Figure 5: Two-compartment co-culture of Rhizophagus irregularis MUCL 41833 and chicory roots. (a)
Side view with the characteristic sigmoidal shape highlighted with a red dotted line. (b) Top view with
the hyphal compartment marked blue and the root compartment marked red. (c) Section of the hyphal
compartment magnified with a stereoscope showing a dense hyphal network with spores after 4 months
inoculation.

Both cultures are quite susceptible to contamination, as they are rich in nutrients contain plant
inoculum naturally colonised by numerous microbes and dual cultures are occasionally kept
for up to 1-2 years. Therefore, extra caution has to be taken. After each plate, the tools
(tweezers and scalpel) are heated to 300 °C in a bead steriliser for ca. 2 min. Afterwards,
plates are tightly wrapped in cling film and stored in plastic boxes. Cling film is faster in the
handling and does not become brittle with time like, e.g., Parafilm. To back up the unlikely case
of a severe mass-contamination, a second, independent set of roots is maintained in a
separate plastic box with an offset of 2 weeks. Each set comprises generally between 30 and

60 plates with chicory roots.
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2.3 Microscopy and image processing

For the imaging of the microfluidic devices, two inverted microscopes (Eclipse Ti-U, Nikon,
Switzerland and Eclipse Ti-2, Nikon, UK) were used. Both microscopes are equipped with air
immersed x10/0.3 NA (numerical aperture) and x20/0.45 NA Plan Fluor objectives (Ti-2:
aditional x40/0.6 NA and oil-immersed x100/1.3 NA objective), motorised stages and camera
heads (Ti-U: Retiga R1 CCD camera (Qimaging, Canada); Ti-2: DS-Qi2 Mono Digital
Microscope Camera (Nikon, UK)). The imaging software NIS-Elements Advanced Research
(Nikon) provided a large image function, which stitches individual images together based on
overlap, for obtaining time point images of entire devices or selected areas as well as time-
lapse images. A temperature-controlled incubator (Okolab, Italy) mounted around the
microscope stage, set to 27 °C, was used for long term microscopy. For fluorescence imaging
the microscopes are equipped with a high-power light emitting diode (LED) light engine
(LedHUB, Omicron-Laserage Laserprodukte GmbH, Germany). Two LEDs were used to excite
AMF strains dyed with Calcofluor White (LED with peak wavelength of ca. 385 nm) and FM4-
64 (LED with peak wavelengths of ca. 505-600 nm), respectively.

The following filters were used: (i) DAPI filter set (AHF Analysentechnik AG, Germany) with
Excitation filter: 377/50 BrightLine HC (352-403 nm), Beamsplitter: 409 nm and Emission filter:
447/60 BrightLine HC (417-477 nm) and (ii) TRITC filter set with Bandpass filter: 495 nm
(Omicron-Laserage Laserprodukte GmbH, Germany), Beamsplitter: 565 nm (AHF
Analysentechnik AG, Germany) and Emission filter: 605/70nm (570-640 nm) (AHF
Analysentechnik AG, Germany). A third LED was used for imaging fluorescein in diffusion
gradient experiments (LED with peak wavelength of ca. 470 nm). The following filters were
used: FITC filter set with Bandpass filter: 465 nm (Omicron-Laserage Laserprodukte GmbH,
Germany), Beamsplitter: 495 nm (AHF Analysentechnik AG, Germany) and Emission filter:
525/50 nm (500-550 nm) (AHF Analysentechnik AG, Germany).

The obtained microscopy images were exported as TIFF files with the microscope software
(NIS elements viewer, version 5.21.00) and processed and analysed using Imaged/Fiji (version
1.54f) (Schindelin et al., 2012),. and timestamps as well as scale bars were added to videos
and images. For measuring hyphal growth, the “segmented line” and “measurement” tool were

used. For hyphal growth behaviour studies, lengths were measured and grouped into 5

51



Chapter 2

intervals; 0.1-0.4 mm, 0.5-1.0 mm, 1.1-2.0 mm, 2.1-3.0 mm and >3 mm, represented as
stacked column diagrams. To account for variation in number of spores per devices, the results
were normalised by dividing the absolute number of counts by the number of germination sites.
Here, sites where a germination within 14 days of inoculation occurred were defined as
germination sites. The number of germination sites was used, instead of number of spores
because spores were sometimes clustered in groups of 2-5 and could possess several cut
ends of hyphal remnants (subtending hyphae), where germination usually occurs from. For
calculation of the germination rates, we counted these hyphal ends as germination sites.
Column diagrams, box charts and histograms for all chapters but CHAPTER 5:
ANASTOMOSIS DEVICE were generated in Origin 2021-24 (OriginLab). Statistical tests
(paired t-test and one-way ANOVA followed by Tukey test) were performed using the same
programme. As p-value cut off for significance, 0.05 was chosen and every comparison
generating p-values below 0.05 was considered significantly different. The significant
differences were indicated as asterisks for p values <0.001 (***), <0.01(**) and <0.05 (*), as
well as NS for no significant difference. For generating graphs shown in CHAPTER 5:
ANASTOMOSIS DEVICE as well as for statistical analysis (paired t-test), RStudio
(v.2024.04.2, Build 764) was used.
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CHAPTER 3: DEVELOPMENT OF THE AMF-SporeChip

3.1 Chapter overview

This chapter details the development of a PDMS-based microfluidic device, which allows for
introduction and subsequent immobilisation of AMF spores for microscopy-assisted
germination and growth studies. The device design also enables the introduction of bespoke
micro-obstacles to confront AMF hyphae with physical challenges to study space navigation
mechanisms in these fungi. The introduction of the Rhizophagus spore material is no trivial
task, as they come with hyphal remnants attached that vary in length and shape, or in small
clusters connected through a common hypha. This inequality of the spore inoculant brings
about differing flow properties and space needs, which have to be taken into consideration
when designing the device. In this chapter, all developmental steps to overcome these
challenges are discussed in detail. The main purpose of the microfluidic device is to study
hyphal behaviour upon encountering physical obstacles. Therefore, once introduced and
positioned within the device, growing hyphae needed to be confronted with a variety of different
physical challenges, i.e., various angles, bottlenecks and dead-ends, offering higher or lower
chances to escape or circumvent the obstacle. The main device was designed to
accommodate spores of Rhizophagus spp., however, a modified device was also developed
to study spores of Gi. margarita, highlighting the versatility of the design. Finally, the device
was tested on technical aspects, i.e., spore loading and trapping performance as well as
challenges posed by the obstacles, and biological aspects, i.e., spore germination and hyphal
growth behaviour in the confined environment. It was hypothesised that the confinement and
limited space availability within the devices would result in less extensive growth compared to
on culture plates, without however, changing the overall growth behaviour of the fungi. The
final device design was termed the AMF-SporeChip and was published in Lab on a Chip
(Richter et al., 2024).
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3.2 Results and Discussion

3.2.1 Device Development

3.2.1.1 Device Design

The designs for the microfluidic device were drawn using AutoCAD 2021-24 (Autodesk). The
first design was based on an older device developed by Dr Claire Stanley (Figure 6a). The
main feature of this device is a channel height transition from 100 um in the inlet region to
10 um in the main channel. This step change in microchannel height allows trapping of
Rhizophagus spores, which were measured to be between 10 and 160 um in diameter (3.2.2.2
Spore germination and hyphal growth behaviour in the confined environment), as well as
growth of asymbiotic hyphae (9 = 2-12 um; measured, see Figure A1) into the next part of the
device. This section with a channel height of 10 um, was named the “investigation zone”, and
confines the hyphae in the z-direction for better imaging. Besides the channel height values,
the general dimensions of the device are 14.0 mm total length and 3 mm diameter in- and

outlets.
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Figure 6: Schematic design of the first prototypes of the AMF-SporeChip highlighting the different parts
of the device and channel heights. (a) Original prototype designed by Dr Claire Stanley. (b)-(f) First
round of changes to the designs involving introduction of different obstacles, i.e. bars (b), open triangles
(c), open squares (d) and closed circles (e), as well as lanes ending in a bottleneck (f). Scale bars:
1 mm.

The first changes made to the device design were removal of the small pillars before and after
the investigation zone as well as implementation of several physical obstacles (Figure 6b-f).

The pillars were designed to stabilise the channel and keep the wider areas from collapsing
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due to unwanted bonding of the PDMS ceiling to the glass substrate; however, they partially
obstructed the influx of spores and prevented an even distribution. As discussed in 3.2.1.3
Spore isolation and introduction into the device, the spore inoculum is a mixture between true
single spores and clusters of several spores still connected through a hypha, which makes
them prone to getting stuck between the micropillars. When care was taken, no unwanted
bonding occurred, and the channels retained their stability and thus the pillars were deemed
dispensable. The addition of an assortment of different physical obstacles within the
investigation zone aimed to challenge asymbiotic AMF hyphae in their space navigation. These
structures can be grouped into single obstacle arrays, encompassing simple bars (Figure 6b),
open triangular (Figure 6c¢), open square (Figure 6d) and closed circular shapes (Figure 6e),
as well as lanes of 4 different lengths ending in a bottleneck (Figure 6f, only one length shown
as an example). The bars, circles and squares are 300 um wide and the triangles 400 um. The
lines connecting some of the outer obstacles with the chamber wall were meant to “collect”
hyphae that track the edges of the microchannel, guiding them back towards the centre to
increase the chances of obstacle confrontation. The lanes are all 100 um wide and end in a
10 um opening (bottleneck). Lengths of the lanes implemented and tested are 2500, 2000,
1500 and 1000 um, respectively.

The loading of the lane devices (Figure 6f) with spores turned out to be problematic, as due to
an enormous backpressure from the narrow bottlenecks, no sufficient flow could be generated
to reliably flush spores into the trapping region. A very small number of hyphae, originating
from spore in either the inlet or the entrance to the device chamber, managed to grow into the
lanes. Generally, exceedingly high flow pressures cause the micro-obstacles to lift up and
detach from the glass, which defeats their purpose and must therefore be avoided. With the
devices containing arrays of single obstacles (Figure 6b-e), introduction of spores worked well.
In terms of the physical challenge imparted by the obstacles, the bottleneck end did not seem
to obstruct growth in any way and hyphae simply grew through the opening without problems
(Figure 7a,b). The single obstacles proved to be more effective, occasionally halted growth
and forced hyphae to withdraw cytoplasm, as mainly seen with the open square design (Figure

7c).

56



Chapter 3

Figure 7: Phase contrast images showing hyphae of Rhizophagus irregularis MUCL 41833 growing in
the AMF-SporeChip prototype. (a) and (b) Hyphae exiting the lane through the bottleneck. (¢) Hypha
grown into the open square obstacle, arresting growth and retracting cytoplasm, involving septa
formation. Arrows indicate exemplary septa. Scale bars: 50 um.

Still, as a conclusion from the observations, several changes in the device design were
envisioned and are shown in Figure 8. Firstly, the total length of the device was shortened to
12.4 mm by reducing the size of the investigation zone (the in- and outlet channels remained
the same). As most hyphae did not manage to grow past the first rows of obstacles, the last
few rows were removed. The smaller device size also allowed us to fit two devices into the
same glass-bottomed petri dish (d = 23 mm), which made the setup more economic but also
benefited the imaging by enabling multi-ROI (region of interest) timelapses in two devices
simultaneously. Additionally, the inlet channel was widened from 540 um to 1540 pm to
facilitate spore introduction and a more even distribution along the entire chamber width. Apart
from the closed circle (Figure 8b), all single obstacles were reduced in size, to bring them
closer to hyphal measurements, and changed in shape. A Pac-Man (Figure 8c), open-box
(Figure 8d) and restricted open-box shape (Figure 8e) was implemented into the main
chamber to confront hyphae with different numbers of contact interfaces and internal angles
(Figure 9). The opening width of the Pac-Man, open-box and restricted open-box obstacle is

90 pm.
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Figure 8: Schematic designs of the AMF-SporeChip highlighting the different parts of the device and
channel heights for the obstacle-type designs. The designs differ in the obstacle shapes, (a) and (e)
restricted open-box, (b) closed circle, (c) Pac-Man, (open-box). Scale bar: 1 mm.

This choice of obstacles granting reduced or increased opportunity for hyphae to “escape”
from the obstacle, aimed to confront AMF hyphae with physical challenges that may be
experienced within a soil environment. With soil being an extremely heterogenous
environment, organic and inorganic particles of different shapes and angles can be found. The
choice of obstacles for the microfluidic platform was aimed to represent a broad range of
encounterable structures in a simplified and thus accessible manner. The interspaced array of

the new and smaller obstacles provided an even inflow of medium and spores, further reducing
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necessary pressure and facilitating a balanced distribution of spores within the device, while

still giving plenty of chances for physical collisions.

67°

N
@

67°

Figure 9: Geometries of the open obstacle-type structures with internal angles and contact interfaces
indicated in red. Pac-Man: internal angle = 90°, number of contact interfaces = 2; open box: internal
angles = 90°, number of contact interfaces = 3; restricted open-box: internal angles = 67°, number of
contact interfaces = 3. Scale bar: 50um.

For the lane designs, the width of the surrounding supporting walls was significantly increased,
from 25 pm to 180 um between the first half of the lane and 270 um between the bottleneck
part. The bottleneck was now not only an opening at the end of the lane but a very narrow
lane itself (10 um width, Figure 10a). The length of the lane measures 1000 um in the first part
and 1200 um in the bottleneck part. This enhanced stability of the structure and precision of
the bonding. In addition to the bottleneck design, a second lane device was introduced,
featuring dead ends (Figure 10c). The former problem with sufficient inflow and thus spore
introduction due to high backpressure from the narrow bottlenecks was hoped to be reduced
by widening the inlet channel of the device. Even though the introduction was slightly improved,
the pressure needed to introduce spores was still tremendously high. Therefore, the lane
designs were slightly amended, entirely opening up to channels of 210 um on both sides of

the lane array (Figure 10b,d), to allow more flow through the device. In a third and last round
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of modifications, the side channels of the dead-end lane design were further widened towards
the outlet (210-450 um), giving them a tapered shape (Figure 10e). These final versions of the
lane designs allowed for a decent flow and introduction of spores into the device, however
slightly biased towards the sides. As some hyphae nevertheless managed to grow into the

lanes and results were obtained, the optimisation of the design was deemed sufficient.

(a) (b) (c) (d) (e)

[ -
N

bottleneck dead-end lane

Figure 10: Schematics showing the development of the lane-type designs of the AMF-SporeChip. (a)
and (b) for the bottleneck design, and (c)-(e) for the dead-end lane design. Scale bars: 1 mm.

Overall, the dead-end lane (Figure 10e) and the restricted open-box designs (Figure 8e)
seemed to present hyphae with the biggest challenge to escape from. However, hyphal
behaviours were found to vary widely, with several hyphae escaping from a restricted open-
box obstacle for example, while others got stuck at the circular shapes. A clear pattern or
obstacle dependence could not be determined. For measuring germination and growth
dynamics, investigating how AMF hyphae respond to collisions with their environment (see

CHAPTER 4: AMF SPACE SEARCHING), all device designs were used equally.

In an attempt to further improve the imaging quality, a device with 5 um channel height (instead
of 10 um) in the investigation zone was manufactured (see 3.2.1.2 Optimisation of the
photolithography protocol for a description of the manufacturing). The desired effect, however,

was not achieved and the lower channel height made the channel more prone to collapsing
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and bonding to the glass bottom. Therefore, the experiments were conducted using the
devices with a 10 um channel height.

Later, an adaption of the final designs was developed in order to accommodate spores of Gi.
margarita. This other species of AMF, belonging to a different order as Rhizophagus,
possesses gigantic spores, as the name suggests, which are visible to the naked eye, of about
500 um in diameter (measured, see 3.2.2.2 Spore germination and hyphal growth behaviour
in the confined environment). Therefore, the inlet channel height (primary trapping region) of
100 um had to be increased, a feature adjustable through the photolithography process (see
3.2.1.2 Optimisation of the photolithography protocol). All other dimensions of the designs

remained unchanged.

3.2.1.2 Optimisation of the photolithography protocol

To realise the channel height transition in the trapping zone of the device, a 2-layer
photolithography process had to be employed. Initially, a protocol based on the SU-8
photoresist datasheet and previous manufacturing session performed by Dr Claire Stanley
was used. However, since the process is highly dependent on the clean room condition and
the device design itself, many problems appeared in the first trials conducted in the new clean
room environment and with the new designs, hence, many optimisation steps had to be

conducted.

In general, thicker layers pose a bigger challenge compared to thinner layers, as the high
viscosity needed to achieve layers of 100 um and above are less forgiving. Any disturbances
in the film, i.e., due to the presence of air bubbles or dust particles, is hardly rectifiable,
whereas the less viscous photoresists used to create layers of 10 um or below are usually able
to “heal” and thus recover once the disturbance is removed. Air bubbles are readily created in
the viscous resist and remain for a long time even in the stock bottle. The baking times similarly
increase immensely with viscosity of the film. Longer baking times mean longer exposure to
environmental conditions in its liquid, “vulnerable” state, thus making it more susceptible to
any dust residues (which can never be 100% excluded) or micro slopes in the setup causing
height gradients in the thickness of the structures. Further, it turned out that the adhesion of

the thick resist to the silicon wafer is reduced. Thus, following the original protocol, the
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photoresist started “contracting” in the soft baking step, creating an immensely uneven surface
with wide craters (Figure 11a). To rectify this problem, an extra washing step for the wafer was
added. Before the plasma treatment, the silicon wafer was washed first in acetone and
subsequently in isopropanol and then thoroughly dried with an air gun. This improved the
adhesion and reduced significantly the number of craters in the resist film, however, a few still
remained. An increase in the plasma treatment time from 5 min to 10 min did not remove the
issue and was therefore kept at 5 min. The critical change in the protocol, removing the crater
problem entirely (Figure 11b,c), lay in the soft baking temperature. Originally, the baking was
started at 35 °C and then ramped up first to 65 °C and then to 95 °C with a rate of 2 °C/min,
to avoid shock cracking of the layer due to too rapid temperature changes. However, the initial
35 °C caused the resist to become more liquid and thus aggregate in patches, due to the
imperfect adhesion to the substrate, before curing. When starting the baking directly at 65 °C
and then ramping up to 95 °C, this effect was excluded and the resist was cured quicker to fix

the layer in its current, confluent state, while still avoiding stress-induced cracks in the film.

Figure 11: Photographs of the hot plate set-up for the lithography process in the clean room. (a) Issues
with the adhesion of the photoresist to the silicon wafer and thus large craters developing during the
soft baking. (b) A smooth and confluent layer of photoresist after optimising the lithography protocol. (c)
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A wafer with a layer of photoresist hovering over the hot plate to cool down after the baking step,
supported by raisable metal pins.

Another problem, which appears especially with very thin and long structures (<10 um width,
>400 um), can be caused by cooling the wafer down too quickly directly from 95 °C to room
temperature. Due to the temperature shock, some structures loose adhesion and stability and
wash or break off during or after the development. Therefore, the wafer was left on the hotplate
and the temperature ramped down to 65° C and then raised on the pins of the hotplate (~4 mm,
Figure 11c). Since this extra step takes up much time (~30 min x 4 for soft baking and post
exposure baking and two layers), the protocol was changed to only leave the wafer raised on
the pins for 5 min, directly after finishing the baking programme at 95 °C, which proved
sufficient for the structure aspects of the AMF-SporeChip. A similar effect of structures easily
breaking off the substrate can be ascribed to an insufficient UV exposure and thus an
incomplete cross-linking of the SU-8. The data sheet recommends an exposure dose of
130 mJ/cm? for a layer thickness of 10 um. The UV mask aligner illuminates with an alleged
UV intensity of 30 mW/cm?, which would translate in an exposure time of 4.3 s, which proved
to be insufficient to produce sturdy structures. Eventually, the time was optimised to 7.5 s,
which represents an increase of ca. 80% compared to the recommendation. Similarly
important is the development step at the end of the procedure. Here again, the recommended
development time was not quite adequate, however was easily rectified by simply exchanging
the developer after the recommended time and developing for another 30-60 s with fresh
developer. A simple test to control whether the development was complete can be done when
washing with isopropanol. When the development had been incomplete, white slime emerges
from around the structures during the washing. Additionally, the structures of incompletely
developed master moulds show poorly resolved, rounded corners when scrutinised under the

microscope.

For spores of Gi. margarita, a height of about 500 um in the inlet channel, i.e., the first height
step, was envisioned. While the protocol for the first layer (10 um) remained the same, for the
second layer a different photoresist, SU-8 2150 (Kayaku, USA), was employed. This resin was
even more viscous than the SU-8 2075, used for the regular AMF-SporeChip variant, and

extreme caution and patience had to be practiced when pouring the resist onto the wafer.
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However, with the experience gathered from working with SU-8 2075, this posed little problem.
Based on the manufacturer's recommendation, a spin speed of 1300 rpm was supposed to
yield a structure height of about 500 um. A different issue arose later from a combination of
multiple factors. As the much thicker layer of photoresist needed more time to cure, a small
unevenness in the hot plate levelling might cause a layer height gradient on the wafer. Any
variation in height then becomes more noticeable the thicker the total SU-8 layer is. Along with
a noticeable deviation from the 500 um reported in the manufacturer’s protocol, which is often
the case as environmental conditions as well as resist freshness play an important role, the
resulting SU-8 layer thickness was spread over a range between 250 um and 450 pm,
averaging at 350 pm = 100 um. An improvement of the result could have been achieved by
reducing the spin speed and levelling the hot plate with more accuracy, e.g., with a digital high
precision levelling device. However, as the priority was lying on the Rhizophagus experiments,
and the structure height gradient actually offered the means to test different inlet channel

heights, it was refrained from attempting further rounds of manufacturing.

Lastly, after developing and drying the master mould, occasionally wide cracks in the larger
structures (e.g., inlets) can be observed (Figure 12a). These can be reduced through hard
baking (Figure 12b). This step further improves the longevity of the master mould. Fulfilling a
similar purpose, the wafer is finally subjected to a silanisation treatment. In this process, the
wafer is placed into an atmosphere of chlorotrimethylsilane, which reacts with nucleophilic
functional groups, such as hydroxyl groups, on the surface of the wafer to create an even,
more hydrophobic layer of methyl-groups on the surface. This reduces the adhesion of the
PDMS to the wafer and thus assists in the peeling off of the cured PDMS slab. This protects
both the PDMS devices as well as the SU-8 structures on the wafer from prematurely breaking.
The silanisation protocol did not require optimisation and is described in full in 2.1.1 Master

mould manufacturing.

The real final heights of the layers of the Rhizophagus AMF-SporeChip variant were measured
using an optical profilometer (Profilm3D, Filmetrics, USA) to be between 10.3 and 11.2 um for
the first layer and between 90.2 and 101.6 um for the second layer. As the second layer was
spun onto the first layer, the total height in the inlet region results in a height between 100.5

and 122.8 um. Because both spore as well as hyphal diameters vary significantly (see 3.2.2.2
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Spore germination and hyphal growth behaviour in the confined environment), these deviations
in channel height were deemed acceptable. For simplification, the channel heights are referred
to as 10 and 100 um, respectively, throughout the thesis.

A photography as well as a stereoscope (SMZ1270, Nikon, UK) image of the final master

mould can be found in Figure 12c and d, respectively. The complete and optimised final

protocol with all adjustments implemented is detailed in 2.1.1 Master mould manufacturing.

Figure 12: Images showing results of the master mould manufacturing. (a) Screenshot of the
profilometer software revealing large cracks on the SU-8 structures. (b) Stereoscope image of an SU-8
structure with reduced cracks after hard baking. (c) Photograph of final master mould. (d) Image of an
immaculate section of a Pac-Man design on the master mould, obtained with the profilometer camera.

3.2.1.3 Spore isolation and introduction into the device

Besides the development of the microfluidic device itself, another essential requirement to set
up the entire method involved devising a robust means for isolating spores from the co-cultures

and introducing them into the devices. Rhizophagus spores, unlike the propagules of many
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Asco- or Basidiomycetes, e.g., conidia of Trichoderma rossicum, are not designed to easily
and fully detach from the mycelium. Rather, germination and formation of new hyphae
generally originate from the tips of hyphae attached to the spores, often referred to as
subtending hyphae. This means that these hyphal remnants are necessary, however,
separating the spores from each other and keeping the subtending hyphae as short as
possible was desirable for the microfluidic experiments. Several approaches were considered
and tested to isolate spores of Rhizophagus from the phytagel as well as the mycelium and

are detailed herein.

Manual spore isolation with tweezers

The first attempt involved removing the spores from the phytagel by dissolving the medium. In
brief, a piece of phytagel containing spores was cut out from the hyphal compartment,
transferred into an empty petri dish and mashed up with a scalpel. Then, citrate buffer pH 6
was added so that the plate was about 50% filled (Recorbet et al., 2020). Using a pipette, the
mixture was stirred cautiously until all the phytagel had dissolved. The solution was then
filtered through a nylon mesh (Hike Cold Brew Coffee, pore size 25 um; Figure 13a) and
subsequently washed 10 times with MilliQ water (simply adding the water onto the filter and
letting it run through) before finally rinsing the spores from the filter into an empty petri dish.
Usually, the spores were entangled in a large clump. Using two pairs of tweezers, it was
possible to divide this into smaller clumps of about 30-100 spores with the naked eye (Figure
13b). For first orientational plate-based experiments on spore germination (not described
herein) this was sufficient. However, in order to enable single spores to be incorporated into
and germinate inside microfluidic channels, another method needed to be developed. Pulling
apart the spores manually and separating them from the hyphae was found to be impossible
with regular tweezers, even under a stereoscope, simply because the tweezers are not fine
and precise enough. Moreover, new approaches were tested to explore the possibility of an
automated (i.e., non-manual), reproducible and less time-consuming spore isolation

technique.

Spore isolation with the sucrose gradient technique
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Various “automated” mechanical means to remove the bulk mycelium and isolate single
spores, without the need of manual one-by-one picking, were tested, beginning with the
sucrose gradient technique. This method is commonly used for spores derived from soil
samples, to remove dirt and debris (Fortin et al., 2002; Xavier and Germida, 2003). For that,
spores still attached to the mycelium were transferred into a 50 ml falcon tube, which was then
filled with 25 ml MilliQ water. Next, 15 ml of 2 M sucrose solution were carefully injected into
the bottom of the tube, so that two separate layers formed. The tube was then centrifuged at
1200 g for 5 minutes. Thus, spores were expected to detach from the mycelium, with the bigger
hyphal debris being pushed down into the sucrose layer by centrifugal force, and the smaller
and lighter spores floating on the sucrose solution and accumulating in the boundary layer.
Unfortunately, the spores remained attached to the mycelium and even turning up the rotation
speed did not have a positive impact. In the same way, both ultra-sonic treatment as well as
vortexing were not able to break up the surprisingly strong connection between the spore and

mycelium.

Spore isolation by deep freezing

For the next attempt, harsher conditions were considered. The idea was to freeze the spores,
thus breaking up the hyphal connections between the spores as the intra-cellular water
expands, while hoping for the more resilient spores to withstand the treatment. Therefore,
spores were removed from the phytagel medium, using the citrate buffer method, as described
above. Then, the mycelial spore clump was placed into MilliQ water and frozen at -80 °C
overnight. After the treatment, the hyphae were clearly affected, showing signs of disruption
(i.e., being surrounded by clouds of debris; Figure 13c). The sample was then sonicated to
completely break up the hyphae, which resulted in mostly single spores with only small remains
of hyphae attached (Figure 13d). The process was not reproducible, however, as upon
repeating the procedure, most of the time the spores did not detach, even after multiple rounds
(up to 5 repetitions) of freezing and sonicating. Furthermore, when the procedure did work and
yield single spores, detached from one another, the spores were found to be critically damaged
in the process. While still maintaining their shape after the treatment, they appeared empty

(Figure 13d) and tests of their ability to germinate turned out to be entirely unsuccessful.
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Figure 13: Images of different spore dissection attempts. (a) Filtering set-up with a nylon mesh to filter
and rinse spore clumps from phytagel and citrate buffer remnants. (b) Stereoscope image of a clump of
spores and hyphae obtained after tweezer dissection and filtering. (c) Stereoscope image of spores
after deep freezing. Note the white clouds of cellular debris around the hyphae and spores, indicating
major damage. (d) Stereoscope image of single spores after deep freezing and sonication. Spores
appear empty. Scale bars: (b) and (d) 500 um; (c) 250 pm.

Manual spore isolation with dissection needles

Based on the results from the non-manual methods and the fact that the spores are
considerably sensitive, it was decided to move back to a manual handling using fine dissection

needles (Figure 14c) and a stereoscope, small enough to fit into a laminar flow hood for (semi)
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sterility, to retrieve spores. For this method, there is no need to dissolve the phytagel with the
citrate buffer first. Chains of spores can easily be cut out with the needles, pulled out of the
phytagel and transferred into a plate filled with liquid MSR(-) medium, as they cling to the
needle. It was possible to dissect the clumps of mycelium into groups of 1-5 spores with short
hyphae still attached (Figure 14a). Although the method is rather fiddly, time-consuming, and
if not done with caution, may result in the spores being crushed (Figure 14b), it yields well-
suited inocula for experiments in the microfluidic devices. Later, the dissection needles were
replaced by tattoo needles (03 tight liner, pre-soldered, sterile, Barber DTS, UK), with much
finer tips (3-pointed) for a more precise dissection (Figure 14d,e). By using the tattoo needles
and performing a combination of careful cutting, twisting and ripping movements, the spore
isolation process was further improved, allowing for an increase in the number of actual single

spores in the mix as well as a decrease in the damage dealt to the spores.

(a) ‘ \\.‘

Figure 14: Images of different needle assisted spore dissection attempts. (a) Stereoscope image of
single spores after manual dissection with dissection needles. The spores appear filled and healthy. (b)
Stereoscope image of a spores crushed by the needle. (c) Photograph of the used dissection needles.
(d) Comparative photograph of the tips of the dissection needles (top left) and tattoo needles. (e)
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Stereoscope image of the tip of the tattoo needle. Note the 3-pointed tip. Scale bars: (a) and (e) 500 pum;
(b) 50 um; (d) 5 mm.

Introduction of spores into the microfluidic devices

In order to inoculate the devices with the spore material, a pipette (Pipetman G, 200 pl, Gilson,
USA) set to 21 pl (to avoid overfilling of the inlets) was used to pick up isolated spores, aiming
for a spore number between 10-15 per device. Then a syringe (Henke-Ject, Luer Lock, 5 ml,
HenkeSassWolf, Germany) equipped with AlteSil High Strength Tubing (Bore: 1.00 mm, Wall:
1.00 mm, total diameter: 3 mm; Altec Extrusions Limited, UK) with a blunt tip syringe needle
(1.28 mm, Shintop, China) and filled with liquid MSR(-) medium was slowly plugged into the
inlet and spores were flushed into the device until all spores were inside of the channel and/or
no more spores were coming from the inlet. The syringe was handled manually, without a
syringe pump, and alternating the pressure in a pulsating manner was found to aid the spore
introduction and dispersal within the device. Spores of Gi. margarita, 1-2 spores per device,
were introduced in the same manner into the Gigaspora variant of the AMF-SporeChip. Figure
15 shows the set-up for the spore loading (a,b) as well as spores trapped in the AMF-

SporeChip after loading (c).

Figure 15: Spore introduction into the devices. (a) Experimental set-up within a semi-sterile laminar
flow hood, involving stereoscope, dissection needles and syringes equipped with tubing. (b) Tubing
inserted into the inlet of an AMF-SporeChip to flush in spores. Here, for demonstrative purposes to
highlight channels, a fluorescein solution was injected. (c) Phase contrast image of a channel section
with trapped spores. Scale bar: (b) 5 mm; (c) 500 pm.
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3.2.2 Device characterisation

3.2.2.1 Spore loading and trapping

For introducing spores into the device, the inoculum was first dissected, to obtain single spores
or small spore clusters, and subsequently flushed into the device as described in 3.2.1.3 Spore

isolation and introduction into the device.

The original device design (Figure 6a) envisaged the spores to be trapped at the height
transition line, representing a clear separation between trapping region and investigation zone.
By modifying the device design and especially by moving the first row of obstacles further
away from the transition line (250 um for the lane devices, 330 um for the circle design and
450 um for all other designs) a secondary trapping region and mechanism was introduced.
The material of the devices, PDMS, is an elastomer and hence flexible, which allows the
microchannels to widen slightly upon applying pressure when pumping in spores into the
devices with the syringe. That way, spores can be pushed into the investigation zone and
trapped there upon removing the applied pressure, as the microchannel reverts back to its
original height. With the original design this was not possible as the first row of obstacle was
nearly directly adjacent to the transition line. The mechanism of the secondary trapping was
speculated and not further validated or characterised, also because the pressure was applied
manually and not measured. Even though it can be assumed that the widening of the channels
is involved, other effects, such as friction or varying hydrodynamic resistance, might play a role
as well. The trait of flexible expansion in PDMS is actively utilised for cell trapping in
microfluidics, mainly with yeast cells (Groisman et al., 2005; Lee et al., 2008; Zhang et al.,

2012).

To characterise the distribution of spores within the different trapping regions, the number of
spores per device and per trapping region was counted and the percentages visualised in box-
plots (Figure 16). Here, for a more precise representation of the observations, the secondary
trapping region was grouped into “2° trapping region — first half” and “2° trapping region —
second half”. A significant difference in the trapping behaviour was found between the
obstacle-type devices and the lane-type devices. Because of the larger contact area between

PDMS and glass bottom and the proximity of the lanes the height transition line, similar to the
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original device design (discussed above), the expandability of the PDMS channels was
reduced and spores were able to enter the investigation zone. Here, ca. 75% of the spores
were trapped at the channel height transition and about 25% spores reached the secondary
trapping region, only in one instance, spores reached the second half. In the obstacle-type
devices, about 35% of the spores remained trapped in the primary trapping region and ca.
50% reached the first half of the secondary trapping region, however, no statistical difference
could be determined. Approximately 15% of the spores were flushed into the second half of
the secondary trapping region. This results in a distribution of spores in all devices combined
of approximately 50% trapped in the primary trapping region, 40% in the first half of the
secondary trapping region (no statistical difference determined) and ca. 10%, of spores in the
second half of the secondary trapping region (Figure 16, note that the number of obstacle and
lane devices is not equal). The individual spore distribution per device is dependent on
numerous factors, such as spore size, size of the spore-cluster, length of hyphal
remnants/subtending hyphae as well as the applied pressure for spore introduction (due to

manual loading) etc.
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Figure 16: Spore trapping performance in the AMF-SporeChip. The box-plots show the percentage of
spores trapped in each of the different trapping regions for lane-type and obstacle-type devices as well
as all design types. Upper and lower whiskers represent the largest observation smaller or equal to the
upper and lower percentile plus 1.5 x interquartile range, respectively. Squares indicate the means and
the line the median. Data points beyond the whisker range (outliers) are plotted as diamonds. Significant
differences according to one-way ANOVA followed by Tukey test are indicated with asterisks for p values
<0.001 (***), <0.01(**) and <0.05 (*), as well as NS for no significant difference. The values in
parentheses indicate the number of sample-points, i.e., the number of microfluidic devices analysed.
The total number of spores analysed was 260 for the lane-type devices and 473 for the obstacle-type
devices. For the secondary trapping region — second half, the medians are 0 for lane-type devices as
well as for “All devices”, hence the number of values above 0 was insufficient to draw a box and were
therefore categorised as outliers. Images and figure legend reproduced with modifications from Richter
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et al. (2024) with permission from the Creative Commons Attribution license
(www.creativecommons.org/licenses/by/4.0/).

The rather serendipitous addition of the secondary trapping region proved to be beneficial for
the experimental setup. Firstly, it helped dispersal of the spores within the device, spacing out
spores to avoid spore clumps obstructing a clear imaging of individual hyphae. Secondly, when
both spore and attached hyphae are trapped in the secondary region, the confinement allows
for a high resolution imaging of the entire organism in the same focal plane, whereas when
trapped at the transition line, often only the hyphae growing from the spore is clearly visible,
while the spore is either out of focus or masked by the transition line. Even though this might
suggest that the primary trapping region is inferior and could be dispensable, this is not the
case. Only with an inlet channel higher than the 10 um of the main chamber, a lifting of the
PDMS is achievable and the introduction of spores into a device of only 10 um would not be

possible (tested with a similar device, not shown).

For the introduction of Gi. margarita spores into the Gigaspora variant of the device, several
combinations of spore diameter and height of the inlet channel were tested. It was possible to
flush most spores into the devices. Only very large spores with diameters of 500 um did not fit
into devices with inlet channels below 300 um (the channel height in the Gigaspora variant
devices varied between 250 um and 450 pm, see 3.2.1.2 Optimisation of the photolithography
protocol). Occasionally, pulsating flow and high pressure (within the limits that the channels
can withstand) had to be applied for spore introduction. As expected, no spores of Gi.
margarita were able to traverse past the primary trapping region and into the investigation zone

(secondary trapping region), which contrasts starkly to spores of Rhizophagus.

3.2.2.2 Spore germination and hyphal growth behaviour in the confined environment

To characterise the biological effect of the confinement of the AMF-SporeChip on germination
and growth on the AMF strains, a series of experiments with (i) R. irregularis MUCL 41833, (ii)
R. irregularis MUCL 43194 and (iii) R. intraradices MUCL 49410 to gather both qualitative and
quantitative data was conducted. Within soil, the fungi regularly encounter confined spaces,
where they might find themselves pressed between firm structures. These initial tests,

however, were mainly conducted to rule out any possible detrimental effects of the microfluidic
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system on the fungi’s growth and general vitality. The results were obtained from studying
about 600 spores with approximately 200 germination sites, in 6 devices per strain and 1
phytagel plate per strain with about 10 germination sites each. Spores were dissected and
introduced into the devices as described in 3.2.1.3 Spore isolation and introduction into the
device. For the on-plate experiment, spores were picked up with a pipette (Pipetman G, 200 pl,
Gilson, USA) and evenly distributed on a glass-bottomed Petri dish (& dish = 50 mm, @ glass
=40 mm; Fluorodish, World Precision Instruments, Germany) containing a thin layer of MSR(-
) (ca. 1-2mm). The plates were then sealed with cling film and incubated at 27 °C. Spore
germination and hyphal growth were imaged and measured alongside the microdevices in the
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Figure 17: Measured spore diameters of the arbuscular mycorrhizal fungi (AMF) strains used in the
project. The largest and smallest diameters of a total of 200 spores per strain (20 spores for Gigaspora
margarita BEG 34) were measured using the “straight line” tool in ImageJ/Fiji and the size distribution
plotted with Origin. For Rhizopagus irregularis MUCL 41833 and Rhizophagus intraradices MUCL 49410
the difference was very small; Rhizopagus irregularis MUCL 43194, however, showed a strong
difference between the largest and smallest diameter, suggesting uneven shapes. Since the total spore
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number for Gi. margarita BEG 34 was very limited, the distribution is quite irregular. For each diameter,
the median value “mu (p)” with a standard deviation “sigma (o)” is given. Significant differences
according to paired t-test are indicated with asterisks for p values <0.001 (***), <0.01(**) and <0.05 (*).

Images and figure legend reproduced with modifications from Richter et al. (2024) with permission from
the Creative Commons Attribution license (www.creativecommons.org/licenses/by/4.0/).

Despite being the same strain or at least closely related, germination behaviour differed
distinctly. This could be explained by their origin, which varies significantly in location, climate,
human influence and seasonality, just to name a few. Furthermore, many organisms adapt a
“lab-strain” behaviour after years in in vitro culture. While R. irregularis MUCL 41833 was
isolated in the Canary Islands in 1999 (Cardenas-Flores et al., 2010), R. irregularis MUCL
43194 was taken from a white ash tree plantation in Canada in 1992 (Chabot et al., 1992) and
R. intraradices MUCL 49410 originated from a citrus plantation in Florida, USA (BCCM, 2024).

Exemplary, qualitative timelapse series images of the germination style of each strain can be
observed in Figure 18 and Movies 1-3. Firstly, the strains were found to vary in spore size and
shape. For R. irregularis MUCL 41833, a diameter on the order of 10-100 um, for R. irregularis
MUCL 43194 20-160 um and for R. intraradices MUCL 49410 20-120 pm was measured
(Figure 17). To show the irregularity in shape, both the smaller and the bigger diameter of a
spore were measured and represented as a histogram. The smaller and bigger diameter of a
spore were measured perpendicular to one another. This resulted in nearly congruent curves
for R. irregularis MUCL 41833 and R. intraradices MUCL 49410 with a smaller diameter of
55 um and a bigger diameter of 58 um as well as a smaller diameter of 73 um and 77 ym,
respectively (Figure 17). This is contrasted by a clear shift between smaller and bigger
diameter of the spores for R. irregularis MUCL 43194, with a mean of 73 um and 90 pm,
respectively. Spores of Gi. margarita BEG 34 came in diameters from 390 um to 580 pm
averaging around 470 um. For all 4 strains, a statistical difference between the means of

smaller and bigger diameter was found.

Visually, this meant a nearly perfect circular shape for R. irregularis MUCL 41833 and R.
intraradices MUCL 49410 (Figure 18a,c), while R. irregularis MUCL 43194 spores were
observed with a variety of elongated shapes in our study (Figure 18b). Secondly, distinct

germination patterns were observed between the different strains. On one hand, R. irregularis
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MUCL 41833 was generally found to germinate with a single hyphal branch, occasionally up
to 4. Subsequent hyphal growth was found to be relatively linear and straight (Figure 18a). As
shown in Figure 18b, R. irregularis MUCL 43194 spores contrast this observation by
germinating typically with more hyphae emerging from the germination site (i.e., with usually
3-8 hyphae) or branching off with several ramifications very shortly after the initial site of
germination. Overall, these hyphae grow in a rather curly and highly branched manner, not
only during and the first hours succeeding germination, but also throughout their exploration.
On plate, after about a month, a highly dense, curly network of hyphae formed around the
spore with occasional runner hyphae growing out, exploring far into the plate, can be found. A
very similar germination style was observed with R. intraradices MUCL 49410, germinating
with 3-6 hyphal branches on average (Figure 18c). Interestingly, in several instances, an active
discharge of phase bright cellular material could be observed to precede germination (Figure

18 and Movie 2).

Figure 18: Germination of 3 Rhizophagus strains in the AMF-SporeChip. The images show the
germination process of (a) Rhizophagus irregularis MUCL 41833, (b) Rhizophagus irregularis MUCL
43194 and (c) Rhizophagus intraradices MUCL 49410 in time series. In (c), remains from the root organ
culture can be spotted. White arrows highlight the germination site. Inset boxes in (b) and (¢) show an
enlarged region of the germination event. Note the discharge of cellular contents in (b) preceding
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germination. Scale bars: 100 um. Images reproduced from Richter et al. (2024) with permission from
the Creative Commons Attribution license (www.creativecommons.org/licenses/by/4.0/).

For the quantitative analysis of germination and growth behaviour and to compare on-chip with
off-chip (on-plate), timepoint images of the three Rhizophagus strains were taken and hyphal
length measured as described in 2.3 Microscopy and image processing. The results,
represented as stacked column charts, can be observed in Figure 19a. For R. irregularis MUCL
41833 on-chip, the column chart shows a constant increase of the orange-coloured bar
segments, representing freshly grown hyphae with a length of 0.1-0.4 mm. Along with a
considerably constant increase in the green segment (0.5-1.0 mm) over the first couple of
days, this corroborates the qualitative findings in the timelapse studies described above (Figure
18), where only one or few germination branches formed, followed by considerably constant
and linear hyphal growth. It further tells that the different germination sites or spores have very
different pre-germination lag phases and fresh germinations appear constantly over the entire
experimental period up to 14 days post inoculation. Few hyphae transition through 0.5-1.0 mm
(blue) into the purple and yellow length category (1.1-3.0 mm) or grow even longer to a length
of 3 mm or more (blue). For R. irregularis MUCL 43194 again the different germination and
growth behaviour is salient. Over the first few days a rapid increase of the orange segments
and total column height can be observed, indicating the emergence of many new hyphae from
germination sites, without much growth beyond 0.4 mm. This surge plateaus on day 4 and an
increased hyphal growth beyond 0.5 mm and occasionally up to more than 3 mm begins,
reaching similar levels as R. irregularis MUCL 41833 towards the end of the experiment.
Interestingly, in both R. irregularis MUCL 41833 R. irregularis MUCL 43194, a sudden rise in
new germinations occurred on day 7 of the experiment. With R. intraradices MUCL 49410, a
constant strong increase in the number of hyphae can be observed. The overall column height
seems to plateau after 7 days, however, the immense number of hyphae after 14 days indicates
that germination was continued, nearly matching a hypothetical extrapolation conducted from
the slope of the first few days. Only few hyphae grew further than 0.4 mm, only one instance
of a hyphal length in the purple segment (1.1-2.0 mm) and none longer than 2 mm was
observed. This result is in line with the timelapse recordings, showing high levels of

germination branches and thus a high total number of hyphae relative to germination sites. For
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a more detailed view on the two aspects represented in the graphs, the development of the
number of hyphae as well as the average hyphal length were extracted for days 2, 5 and 14
and plotted separately in Figure 19b. To account for the uneven number of spores/germination
sites for the different strains, the total number of hyphae was again normalised by dividing by
the number of germination sites. The analysis of the average hyphal length highlights the
strong variability, especially for the two R. irregularis strains and on-plate. This variability was
mostly expected and represent the inherent asymmetry of the growth of these fungi, known to
form both small, branched hyphae as well as long runner hyphae. This also explains why only
few comparisons showed a significant difference. Significant differences were only tested for
between results with 2 common parameters, e.g., same strain and same day but different
experimental platform, same platform and strain but different day or same platform and day
but different strain. The R. intraradices showed hardly any hyphal elongation of their

comparably numerous hyphae.
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Figure 19: Fungal growth assays comparing on-chip and on-plate. (a) The growth behaviour of
Rhizophagus irregularis MUCL 41833, Rhizophagus irregularis MUCL 43194 and Rhizophagus
intraradices MUCL 49410 in the AMF-SporeChip on plates containing MSR(-) medium is represented
as stacked column graphs. The hyphal lengths were measured using Fiji/lmaged, normalised (number
of germination sites was determined, and the absolute value of counts divided by the number of
germination sites) and categorised in 5 length sections (different colours). (b) Focussed analysis of
hyphae number (left Y-axis; circle) and average hyphal length (right Y-axis; square) for day 2, 5 and 14.
Normalised count represents the total number of hyphae divided by the number of germination sites.
Average hyphal length is presented as the mean with confidence interval (95 %). Significant differences
according to one-way ANOVA followed by Tukey test are indicated with asterisks for p values <0.001
(***}, <0.01(**) and <0.05 (*). Significant differences were only tested for between results with 2 common
parameters, e.g., same strain and same day but different experimental platform, same platform and
strain but different day or same platform and day but different strain. Only significant differences are
shown, all other comparisons did not reveal any difference. As germination site, any site with an
occurrence of a germination/fresh hypha within the 14 days of the experiment was counted. In total, 6
devices with 40—60 germination sites per strain and 10-20 germination sites were found per plate.
Images and figure legend reproduced with modifications from Richter et al. (2024) with permission from
the Creative Commons Attribution license (www.creativecommons.org/licenses/by/4.0/).

Besides these interesting observations made possible with the AMF-SporeChip, comparing
the different germination and growth behaviour with the traditional on-plate experiment is of
higher importance, as only generic conclusions can be drawn if the device does not alter the
fungi’s overall development. Even though the on-plate method generally resulted in fewer but
much longer, faster growing hyphae (i.e. larger purple, yellow and blue column segments in
the graphs, Figure 19), with lengths of up to 20 mm, the overall trends observed and described
above particular to the different strains, reflecting the manner of germination and hyphal growth
are very similar and comparable between on-plate and on-chip, especially with the observed
trend of hyphal numbers (Figure 19b, circles), i.e., an almost linear increase for strain MUCL
418383, a steep increase between day 2 and 5 and then flattening out of the curve for strain
MUCL 43194 as well as a firstly flat increase followed by a steep increase between day 5 and
14 for strain MUCL 49410. The much higher growth intensity on-plate could be explained with
the different immediate environment hyphae encounter, i.e., full submersion in culture medium
within the microchannels in contrast to a tripartite environment on plate with a solid phytagel
base, liquid film on top and direct contact with air surrounding the fungi as well as more
available space (confinement is generally suspected to reduce overall growth (Baranger et al.,
2020)). Filamentous fungi are known to be able to sense the confinement and adapt their
growth accordingly due to mechanosensory properties (Kumamoto, 2008). This not only

happens on a mechanical level, i.e., upon direct contact with the wall or the obstacle, but also
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on a chemical level, where the surface functionalisation is recognised by the fungus (Held et
al., 2011b). Comparing the development between day 7 and day 14, only few hyphae
elongating and germination events could be observed on-chip for R. irregularis MUCL 41833
(ratio of normalised count for day 14/7 = 1.082), while on-plate there was further growth and
new germinations (ratio of normalised count for day 14/7 = 1.263). For R. irregularis MUCL
43194, there were hardly any further germination events nor hyphal elongation occurred,
equally on-chip and on-plate (on-chip ratio of normalised count for day 14/7 = 1.017; on-plate
ratio of normalised count for day 14/7 = 1.047). For R. intraradices MUCL 49410, the clear
development towards significantly more fresh germination events observed after 7 days on-
chip, was evenly matched by the on-plate experiments (on-chip ratio of normalised count for
day 14/7 = 1.437; on-plate ratio of normalised count for day 14/7 = 1.549). Unlike on-chip,
some hyphae were found to elongate further after 7 days on-plate, reaching the purple, yellow

and blue length category (>3 mm).

As another important indicator of vitality, the germination rates for the three fungi were
determined and are shown in Figure 20. Here, a different definition of germination rate was
applied (as described in 2.3 Microscopy and image processing), counting any site that a
germination usually is to be expected from (i.e. cut ends of hyphal remnants). These can only
be spotted with enough focus and resolution, which the microfluidic device provides through
confinement. Ungerminated germination sites could not be detected with certainty on-plate,
which highlights an advantage of the AMF-SporeChip. The calculated spore germination rates
were high for all three strains (no statistical differences detected). The means resulted to be
91 % (R. irregularis MUCL 41833), 88 % (R. irregularis MUCL 43194) and 93 % (R.
intraradices MUCL 49410). Overall, this indicates that despite no flow is applied to the devices,
the fungi are supplied with sufficient nutrients through diffusion from the reservoirs in in- and
outlets, as well as no detrimental strain resulting from the spatial confinement and trapping

between PDMS and glass was exerted.
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Figure 20: Germination rates of the three Rhizophagus strains in the AMF-SporeChip. The germination
rates are represented as box-plots. To calculate the germination rates, again germination sites instead
of spores were used (total number in parentheses below the boxes). Here, however, any site where
normally a germination occurs from, i.e., cut ends of subtending hyphae, was counted as a germination
site. The upper and lower whiskers in the box-plot represent the largest observation smaller or equal to
the upper and lower percentile plus 1.5 x interquartile range, respectively. Squares indicate the means
and the line the median. Data points beyond the whisker range (outliers) are plotted as diamonds. No
significant differences between the results according to one-way ANOVA followed by Tukey test were
found. Images and figure legend reproduced with modifications from Richter et al. (2024) with
permission from the Creative Commons Attribution license
(www.creativecommons.org/licenses/by/4.0/).

Along with this series of experiments, a side experiment was conducted, aiming to determine
effects of a plant root exudate medium and to potentially accelerate and enhance spore
germination and hyphal growth. In general, root exudates are commonly collected from
hydroponic cultures, hybrid systems where a soil culture is transferred into a hydroponic culture
for the exudate collection or small exudation traps directly attached to roots (Oburger and
Jones, 2018). These setups always feature entire plants. Specifically for AMF, few attempts of
obtaining root exudate medium directly from a root organ culture have been conducted. Bécard
and Piché (1989), for example, grew carrot roots on agar medium covered with a membrane
for 2 weeks, which later helped cleanly removing the roots from the medium without causing
damage to the roots. Then, a spore of Gi. margarita was placed directly on the agar medium
and germinated, however, no effect on the growth was observed. The composition of the

exudate medium was not tested.
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In order to obtain a simple “root exudate medium” for germination experiments in our
microfluidic devices, roots where cautiously removed from a month-old chicory root culture
(see 2.2.3 Chicory root culture), so that only the phytagel medium remained behind. Care was
taken so that the roots did not rip or harm in any way as damage on the roots might alter the
exudate composition by either releasing other cellular contents or triggering a stress response
in the root potentially leading to altering the signal conveyed by the exudates to “warn off”
mycorrhizal fungi. The latter has never been demonstrated. It has been shown, however, that
the composition of the root exudates is influenced by both biotic and abiotic factors. A
phosphorus deficiency, for instance, triggers an increase in strigolactones exudation in clover
in order to attract AMF (Yoneyama et al., 2007). Similarly, the exudation was shown to change
after successful establishment of the symbiosis (Ma et al., 2022). The phytagel medium without
the roots was then “liquified” by stirring with a magnetic stirrer and used to introduce
Rhizophagus spores (MUCL 41833 and MUCL 43194) into the devices with a syringe as
described in 3.2.1.3 Spore isolation and introduction into the device. Although the exudate
medium was still highly viscous and much resistance was met when flushing in the spores, the
spores were introduced without problems. The devices were then incubated at 27 °C and
monitored daily as described above along with the main germination experiment. The results
are represented as stacked column charts in Figure 21. For a better comparison, the graphs

from the above shown on-chip experiments (Figure 19) were put next to the exudate results.
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Figure 21: Fungal growth assays comparing two different media on-chip. (a) The growth behaviour of
Rhizophagus irregularis MUCL 41833 and Rhizophagus irregularis MUCL 43194 in the AMF-SporeChip
containing either liquid MSR(-) or root exudate medium is represented as stacked column graphs. The
hyphal lengths were measured using Fiji/lmaged, normalised (number of germination sites was
determined, and the absolute value of counts divided by the number of germination sites) and
categorised in 5 length sections (different colours). (b) Focussed analysis of hyphae number (left Y-
axis; circle) and average hyphal length (right Y-axis; square) for day 2, 5 and 14. Normalised count
represents the total number of hyphae divided by the number of germination sites. Average hyphal
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length is presented as the mean with confidence interval (95 %). Significant differences according to
one-way ANOVA followed by Tukey test are indicated with asterisks for p values <0.001 (***), <0.01(**)
and <0.05 (*). Significant differences were only tested for between results with 2 common parameters,
e.g., same strain and same day but different experimental platform, same platform and strain but
different day or same platform and day but different strain. Only one significant difference is shown, all
other comparisons did not reveal any difference. As germination site, any site with an occurrence of a
germination/fresh hypha within the 14 days of the experiment was counted. In total, 6 devices with 40—
60 germination sites per strain were analysed for the experiment. Parts of the images and figure legend
reproduced with modifications from Richter et al. (2024) with permission from the Creative Commons
Attribution license (www.creativecommons.org/licenses/by/4.0/).

The graphs (Figure 21) show a very different trend in the germination and growth behaviour
observed between spores inoculate in the regular liquid MSR(-) medium and the root exudate
medium with two Rhizophagus strains. The graphs representing the exudate medium show a
much flatter increase in hyphal numbers (overall column height) as well as hyphal growth
(green, purple, yellow and blue proportion of the column indicating long hyphae) over the first
few days compared to the fungi inoculated in liquid MSR(-) medium. The column heights then
start to significantly increase after day 5 for R. irregularis MUCL 41833 with some rise in
numbers of long hyphae and after day 3 for R. irregularis MUCL 43194 with no increase in
long hyphae. This tendency of a strong early germination and production of many initially short
hyphae for R. irregularis MUCL 43194 and a relatively consistent increase in both hyphal
number and length for R. irregularis MUCL 41833 correlates with the observations made with
the liquid MSR(-) medium. Intriguingly, the germination and growth surge picking up after 3 or
5 days, respectively, ultimately lead to almost the same column height in the root exudate
medium as with the liquid MSR(-) medium after 14 days. While the total number of hyphae
(total column height) was slightly lower, more than double the amount of very long hyphae,
measuring 2.1 mm or more, was obtained with the exudate medium. Again, for a more detailed
view on the two aspects represented in the graphs, the development of the number of hyphae
as well as the average hyphal length were extracted for days 2, 5 and 14 and plotted separately
in Figure 21b. The graphs emphasise the initial lag-phase observed with the exudate medium
for both strains and for both number of hyphae as well as average hyphal length. The plot
further revealed a considerably higher average hyphal length after 14 days obtained with the
exudate medium compared to regular liquid MSR(-) medium for both strains but especially for

R. irregularis MUCL 43194. To account for the uneven number of spores/germination sites for
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the different strains, the total number of hyphae was again normalised by dividing by the
number of germination sites. The analysis of the average hyphal length highlights the strong
variability of these fungi, observed before (e.g. Figure 19). This lead again to an overall low
statistical difference, with only one comparison showing a significant difference. Significant
differences were only tested for between results with 2 common parameters, e.g., same strain
and same day but different experimental platform, same platform and strain but different day

or same platform and day but different strain.

Even though the hoped for significant improvement in germination and hyphal growth was not
achieved with the root exudate medium, the obtained results indicating some sort of initial lag-
phase followed by a belated but relatively strong growth leading to a similar outcome of the
experiment after 14 days, were quite interesting. Whether this strange behaviour was indeed
caused by root exudates or not is hard to determine. Moreover, it remains unclear whether the
medium obtained from the root organ cultures did contain AMF specific exudates and to which
extent. Moreover, measuring the pH revealed a value of 5 instead of the 7 which the liquid
MSR(-) is adjusted to, as well as a considerably strong variation from culture plate to culture
plate with pH values of 5.4 or 6.3 measured. Similarly, the high viscosity of the exudate medium
could have had an effect on the fungi. This could be tested simply by preparing solid MSR(-)
medium and liquifying it in the same manner as the exudate medium. As this side experiment
was only meant to search for a possible germination and growth improvement, it was refrained

from setting up another experiment to follow up on this.

Introduction of Gi. margarita into the device

Later, experiments were extended beyond Rhizophagus and it was shown that spores of Gi.
margarita are able to germinate inside of the devices. While germination in Rhizophagus was
observed to originate from the hyphal remnants attached to the spore, Gigaspora germinates
from the circular spore body directly, forming germ tubes (as discussed in Stages of arbuscular
mycorrhiza development). Hyphae were found to grow into the investigation zone and
encountered obstacles, like the dead-end lane shown in Figure 22 and Movie 4. The hypha

grew into the lane and when hitting the dead-end it bent and tracked the channel wall back in
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direction of the inlet. The hypha then branched off three times, ca. 350 um, 720 um and
1280 pum downstream from the hyphal tip. All hyphae, i.e., leading hyphae and branches, then
arrested growth and started retracting the cytoplasm in a gradual manner, as described before

with Rhizophagus, forming very noticeable septa.

Figure 22: Gigaspora margarita growing in the AMF-SporeChip. Phase contrast images of (a) a spore
of trapped in the inlet and (b) a time series of hypha growing into dead-end channels. Upon collision
with the wall, the hypha bends and branches off in multiple positions, while gradually retracting
cytoplasm involving septa formation. (c) Enlarged image sections of the dead-end of the microchannel.
Image (a) was taken 2 days before the start of the timelapse series in (b). White arrows indicate
examples of septa. Scale bars: (a) 500 pm, (b) and (c) 100 pm. Image and figure legend reproduced
with modifications from Richter et al. (2024) with permission from the Creative Commons Attribution
license (www.creativecommons.org/licenses/by/4.0/).

As the total number of Gi. margarita spores studied in the device was less than 10, no statistical
analysis or comparison for patterns was possible. The low number of spores available for
experiments was due to the origin of spores. These spores cannot yet be cultured in vitro and

are grown in pot cultures at UC Louvain, Belgium (see 2.2.1 Root organ and pot cultures). As
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the conditions in these cultures are far from sterile, harvested spores had to be disinfected
before shipping. This process could induce germination and, along with the shipping time, this
caused the spores to arrive already germinated. Indeed, it was found that when removing the
hyphae from the spore and inoculating the spore in a device, fresh germination occured from
the spore body. In order to inoculate ungerminated spores, it was tested to ship spores without
prior disinfection steps. As feared, about 90 % of the spores arrived highly contaminated, but
ungerminated, leaving about 3-4 spores for experiments. After, experiments with Gigaspora

were put on hold and the focus placed onto the Rhizophagus spp.
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3.3 Chapter conclusion

In this chapter, the development of the AMF-SporeChip was described and discussed. This
included design of the device to fulfil its requirements for spore inoculation, confronting hyphae
with physical obstacles and high-resolution microscopy, optimising the lithography process for
the device manufacturing as well as characterising the device for its loading performance and
biocompatibility. The design was modified several times to improve loading flow through the
device and efficiency and versatility of the challenge imposed by the obstacles. The lithography
used for manufacturing the master moulds for the devices posed problematic and required
multiple rounds of optimisation until a well-functioning and reliable protocol was established.
These necessary modifications concerned almost every step of the manufacturing protocol,
including UV exposure and development, however major problems had to be tackled in the
wafer pre-treatment and baking, which led to immensely uneven layers. The final device was
eventually inoculated with spores from 3 Rhizophagus strains and germination and hyphal
growth were monitored, showing a high germination rate of about 90 % for all strains.
Furthermore, a qualitative, high-resolution timelapse microscopy revealed distinctive spore
shapes as well as germination and growth patterns, which corroborated quantitative
measurements. A comparison with the on-plate germination assay showed, despite the
expected overall stronger growth on-plate, the same germination and growth patterns as on-
chip for all 3 strains. Later, a modification of the device for studying Gigaspora spp. was
developed and inoculation, germination and growth of the spores successfully shown. The
final AMF-SporeChip fulfilled all requirements for the device and thus paved the way for novel

studies on hyphal space exploration, detailed in Chapter 4.
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CHAPTER 4: AMF SPACE SEARCHING

4.1 Chapter overview

In this chapter, the AMF-SporeChip was utilised to study space searching of asymbiotic hyphae
of AMF. The AMF-SporeChip was specifically tailored and optimised to accommodate and
immobilise Rhizophagus spores, have them germinate and to confront hyphae with physical
obstacles, while allowing for a high-resolution imaging. We hypothesised that the obstacles
implemented in our devices, designed to trigger collision events, would provoke similar
responses in AMF asymbiotic hyphae as reported for AMF extraradical hyphae (Hammer et
al., 2024) as well as for other filamentous fungi (Held et al., 2019; Hopke et al., 2021; Aleklett
et al., 2021). To test this hypothesis, spores of the 3 strains R. irregularis MUCL 41833, R.
irregularis MUCL 43194 and R. intraradices MUCL 49410 were introduced into the AMF-
SporeChip, phase contrast timelapse series taken and several intriguing observations
obtained. Firstly, general space navigation mechanisms in comparison to AMF extraradical
hyphae and a Basidiomycete are described herein. In the course of these experiments, a new
and previously undescribed phenomenon was discovered; as opposed to the common
cytoplasmic retraction in fungal hyphae, a reversibility of this process was found, which
happened both as an incomplete or complete reversal of the process, both in the presence of
an obstacle as well as in open space. To characterise this observation further, a combination
of two fluorescent dyes was introduced to AMF and the system. Later, the staining method was
employed in an attempt to search for and study the Spitzenkérper, an intracellular body found
in the tip of most filamentous fungi, which, however, has so far not been officially discovered
and described for AMF. We hypothesised that AMF have Spitzenkérper, as it is an integral part
of fungal anatomy, differing, however, in their architecture. With a staining approach combined
with dynamic observation of space navigation it was expected to unravel evidence of the
Spitzenkdrper. The chapter concludes with a discussion of anastomoses observed in the AMF-
SporeChip, the results of which have led to the development of a new microfluidic device to
aid systematic studies of these hyphal fusion events, which will be detailed in Chapter 5. The
majority of the results detailed in this chapter have been published in Lab on a Chip (Richter

et al., 2024).
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4.2 Results and Discussion

4.2.1 Space searching in AMF

In their natural habitat, soil fungi, like AMF, encounter many obstacles, such as mineral
particles, roots or other fungi, both dead or alive. Moreover, a seemingly trivial endeavour as
prospecting for nutrients, has to be planned thoroughly in this heterogenous and patchy
environment when available resources are limited. Filamentous fungi have developed several
different strategies and mechanisms to manage these challenges they are confronted with.
The studies discussed herein were mainly inspired by and compared to previous microfluidics-
assisted work done with N. crassa (Held et al., 2009b; Held et al., 2011a; Held et al., 2019).
They confronted the Ascomycete model organism with mazes in microfluidic devices and
characterised the different space manoeuvring strategies. Phenotypes described in their
publications and therefore considered potential observations with AMF as well, were apical
and lateral branching, tracking or nestling, as well as hit-and-split events. Lateral branching,
i.e., formation of a hyphal ramification happening downstream from the tip, as a rather generic
mechanism, was often observed in my studies. Regardless of the current surroundings, i.e.,
when in contact with an obstacle or in open space, hyphae branched off frequently to extend
the fungi’s exploration network. Tracking of obstacle shapes or walls was observed several
times, while nestling, where the fungus comes in contact with a wall and continues growing
alongside this shape clinging and maintaining full contact until the wall ends, as described for
N. crassa (Figure 23b), was only observed once with AMF (Figure 26). Here, tracking mainly
happened when a hypha hit a wall in a flat angle and while attempting to continue its growth
in the same direction, through or past the obstacle, they pushed themselves along the wall,
thus tracking it down until the obstacle ended, the hyphae changed direction or arrested growth

(Figure 23a and Movie 5).
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Figure 23: Comparison of nestling/tracking behaviour in hyphae of Rhizophagus irregularis and
Neurospora crassa. (a) Time series of R. irregularis hypha tracking the wall of a microchannel over 10 h.
(b) Fluorescent confocal image showing nestling of a hypha of N. crassa against a channel wall.
Highlighted are the Spitzenkdrper and the directional memory. Scale bar: (a) 50 pm. Images in (b)
reproduced with modifications from Held et al. (2019) with permission from the Creative Commons
Attribution licence (www.creativecommons.org/licenses/by/4.0/).

When hitting an obstacle head-on, N. crassa was described to respond frequently with a so-
called hit-and-split. Upon impact, the hyphal tip gets compressed against the wall and bulges
out into both directions along the wall before finally forming two new, independent daughter
hyphae from these bulges (Figure 24b). This phenomenon was only observed one single time
in my studies with AMF, in a hypha of R. irregularis MUCL 43194 (Figure 24a and Movie 6),
and one could argue that the second daughter branch formed with a delay, meaning no true

hit-and-split was observed.
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Figure 24: Comparison of hit-and-split behaviour in hyphae of Rhizophagus irregularis and Neurospora
crassa. (a) Time series of R. irregularis hypha hitting an obstacle and branching semi-apically in
response over the course of 21 h. (b) Bright field and fluorescent confocal image showing true hit and
split of a hypha of N. crassa upon impact with a microchannel wall. The Spitzenk&rper (bright red dot at
tip) disappears and reappears in both daughter branches. Scale bars: (a) 50 pm; (b) 10 um (top) and
5 um (bottom). Images in (b) reproduced with modifications from Held et al. (2019) with permission from
the Creative Commons Attribution licence (www.creativecommons.org/licenses/by/4.0/).

Apart from this one hit-and-split event, no true apical branching was observed in these studies

on AMF. Apical branching, which can be observed regularly with N. crassa, both upon collision
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or collision-free, involves a hyphal tip ramifying at the apex into two independent daughter
hyphae. Instead, hyphae of the 3 Rhizophagus strains tested were predominantly found to stop
growing when encountering impassable objects and retract cellular content from the apical
parts of the hypha (e.g. Figure 25 and Figure 26 and Movie 7). This process of cytoplasmic
retraction, which was also observed collision-free, occurs in a stepwise manner, each step
marked by a formation of a septum, in these otherwise non-septate fungi, segregating emptied
hyphal compartments from the rest of the hyphal network, which still contains cytoplasm and
organelles. This phenomenon is very common and has often been described for filamentous
fungi (Martinez-Camacho et al., 2011) as well as AMF (Bago et al., 1998; Kokkoris et al.,
2020). While no cytoplasmic retraction was reported for N. crassa and all the mechanisms
described (Held et al., 2019) point towards an overall strategy of attempting to outmanoeuvre
the obstacles while maintaining growth direction, the observed results for AMF indicate the
opposite, i.e., giving up on certain growth directions if found unfavourable and rather reusing
and redistributing resources to new auspicious hyphae. Unlike N. crassa, which is a fast-
growing saprophyte and thus equipped with virtually unlimited resources when grown on a rich
medium, AMF are obligate symbionts. Requiring a suitable host root to complete their life cycle,
AMF asymbiotic hyphae, feeding off of nutrients stored in the spore and only supplemented
with minerals and vitamins from the medium, are crucially limited on resources. Finding a host
as quickly as possible, while exhausting the least amount of reserves, is paramount for survival
of these organisms. On a cellular level, differences between N. crassa and the Rhizophagus
strains can be observed, too, providing an explanation for the different space navigating
strategies and reactions to physical collisions. The underlying hypothesis for hyphal growth
(Steinberg, 2007; Steinberg et al., 2017), discusses three mechanisms: (i) the vesicle supply
centre (where the Spitzenkdrper regulates tip elongation and directional growth), (ii) steady-
state (wall material, such as chitin is delivered to the apex in non-crystalline form, turgor
extends the tip and crystallisation in the sub apex zone solidifies hypha) and (iii) the amoeboid
model (Steinberg, 2007). It was observed that when a hit-and-split event occurs, both the
Spitzenkérper and the microtubules disappear and only re-appear shortly after the branching
is complete (Held et al., 2019). In this stage, the growth mechanism seems to shift towards an
amoeboid growth style until the hit-and-split branching is complete. In AMF, no Spitzenkdrper

has been reported, yet, suggesting a different mechanism of hyphal elongation. In the
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experiments conducted for this thesis, AMF seemed to mostly maintain a rather rigid and
sturdy hyphal texture. This sturdiness became obvious in the above-described tracking events
(Figure 23) as well as when a hypha collided with a wall head-on but failed to retract its
cytoplasm. In this case, hyphae kept growing as if not noticing the obstruction of its path or
trying to break through and as no forward progress was possible, the hypha pushed itself away

from the obstacle, while bending (Figure 25 and Movie 8 and 9).

Figure 25: Head-on collision of Rhizophagus irregularis hypha with channel wall. Phase contrast time
series over 76 h of a hypha of R. irregularis colliding perpendicularly with a microchannel wall. Note
the cytoplasmic retraction seen after 76 h occurred in reality right after the image was taken after 26 h.
Scale bar: 50 pm.

In a few odd instances, hyphae hit an obstacle or linger in the open space and virtually froze
without bending nor withdrawing cytoplasm from the tip for 10s of hours until eventually

retracting cytoplasm (Movie 10), while normally, growth arrest was followed by retraction within
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a few hours. The retraction of cytoplasm was generally not only observed upon collision with
obstacles but also frequently in open space. As the environment within the devices is expected
to be homogenous regarding oxygen availability, which diffuses through the PDMS (McDonald
and Whitesides, 2002) as well as nutrients, which are constantly replenished diffusively from
the media reservoirs in inlet and outlet, the cytoplasmic retractions in open space are either
caused by confinement within the microchannels of the device or some sort of randomised
trial-and-error exploration strategy. Assuming the latter point to be the case, the AM fungus
would send out hyphae in random directions and if no host root is found (or rather a gradient
of signalling molecules that can then be actively followed to the root) or an impassable obstacle
encountered, all cellular contents are withdrawn from this hypha and redistributed to a new

hypha exploring another avenue.

On several occasions, spore formation in asymbiotic hyphae was observed (Movie 11). This
phenomenon appears rather counterintuitive as spores are commonly formed in extraradical
hyphae as a storage unit (mainly for lipids) and/or for reproductive purposes (see Stages of
mycorrhiza development). As AMF at their asymbiotic stage solely feed off their original spore
(and minerals from the medium or soil) and are hence strongly limited, both reasons seem
implausible. Nevertheless, this has been reported before, vaguely attributing the observation
to either a “survival process” or an aborted sporulation tentative (Dalpé et al., 2005). Moreover,

these spores have never been shown to germinate.

In a paper very recently published in Fungal Ecology, Hammer et al. (2024) present a similar
study using a microfluidic device (called “soil chip”) for extraradical hyphae of R. irregularis.
These hyphae’s task, growing directly from host roots, is to forage for nutrients and expand
the network. An extraradical runner hypha has a diameter of 10-15 um, which is about double
the thickness of asymbiotic hyphae. These runner hyphae are in charge of exploration, while
so-called branched adsorbing structures (BAS) (Bago et al., 1998) are responsible for nutrient
uptake. In their study, the group focussed on slightly different details of the fungi’s exploration
behaviour, e.g. hyphae were forced to grow through tiny channels with different special
orientations and bends, fitting only one hypha at a time. However, certain differences between
asymbiotic and extraradical hyphae manifested in the results. The extraradical runner hyphae

exploring the soil chip, were found to maintain a strong directionality, branching almost only
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when forced to by an impassable obstacle, while the asymbiotic hyphae frequently changed
growth direction and branched, both in open space and when encountering obstacles. As
expected, the extraradical hyphae regularly formed spores, intriguingly even in the narrowest

channels, leading to disfigured spore-esque organs.

Occasionally, towards the end of the experiments, an internal collapse and emptying of the
spore can be witnessed appearing as if the storage vesicles are ejected suddenly in one final
load of nutrients into the attached hyphae (Movie 12). A likely explanation for this is that the
fungus slowly uses up the nutrients in the spore, mainly stored as lipids which also form the
vesicles, to grow new hyphae to a point where the reduction of lipid content in the spore is
threatening the stability and integrity of the vesicles, eventually leading to all of these vesicles

collapsing in a chain reaction.

Moreover, adding to this versatile toolbox of exploration mechanisms and space navigating in
AMF, a rather peculiar and previously undescribed phenomenon was found, which sees the

cytoplasmic retraction process reversed.

4.2.2 Reversible cytoplasmic retraction

When analysing the timelapse images of the Rhizophagus hyphae interacting with the
microenvironment, one observation in particular caught my attention. As shown in Figure 26
and Movie 13, a hypha of R. irregularis MUCL 41833 grew into a restricted open-box obstacle
and hit the deep end corner, representing a dead end. As a result, the hypha halted growth
and bent slightly. As observed and described before, the hypha responded by withdrawing
cytoplasm from the trapped tip, forming a septum ca. 40 um downstream from the hyphal tip
to separate the empty segment from the rest of the vital hypha (that is filled), as if giving up on
this growth direction. Then, however, the septum was breached and cytoplasm was
reintroduced into the emptied segment, all the way up to the hyphal tip. Aimost instantaneously,
a new branch was formed, a few um behind the tip, which then grew in direction of the opposite

corner of the obstacle, tracking the obstacle wall closely.
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Figure 26: Reversible cytoplasmic retraction in the AMF-SporeChip. Phase contrast time series
showing dynamic behaviour of a hypha of Rhizophagus irregularis MUCL 41833 upon impact with a
micro-obstacle over 65 h. Timepoint 0 h marks the spore germination. The hypha enters the restricted
open box obstacle and stops, followed by a series of dynamic, reversible cytoplasmic retraction and
branching events. Yellow arrows highlight the “reversible” cytoplasmic retraction, white arrows indicate
“empty” hyphae after cytoplasmic retraction. Scale bars: 100 um. Image and figure legend reproduced
with modifications from Richter et al. (2024) with permission from the Creative Commons Attribution
license (www.creativecommons.org/licenses/by/4.0/).
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Over the next few hours, the hypha kept following the wall even around the corner until it found
itself facing its growth origin, the spore it germinated from. It stopped growing and retracted
cytoplasm, forming two septa. This time the retraction was not reversed and the fungus formed
a fresh branch well outside of the obstacle which then proceeded to grow past the obstacle
over the following ca. 20 h. Having given up on fighting the obstacle, both hyphal branches
inside the obstacle were being emptied entirely to reuse the resources to grow well around the
obstacle. Similarly, another branch exactly opposite of the new hypha formed outside of the
obstacle emerged but stopped soon after and cytoplasm was retracted. The vital hypha
continued growing past the obstacle, forming a bifurcation after about 57 h after start of the

timelapse series.

In a former study, a similar observation with extraradical mycelium on a root organ system was
mentioned (Lee, 2011). This clear reversibility of the cytoplasmic retraction, however, has not
been proven and described before. The mechanism could further aid these fungi to respond
to the dynamic environment they are living in. Obstacles, which must be overcome, as well as
suitable hosts AMF are attempting to find and associate with, are or can be living organisms
that grow through soil and are hence subject to change. Therefore, the ability to re-explore
avenues that have been explored before without success, can lead to success in a second
attempt. Here, the already existing infrastructure, i.e., hyphal shell, can be easily harnessed
and re-utilised and thus valuable resources and energy saved. While the opening and closing
of septa in septate fungi such as Ascomycetes is a well-studied and common process,
involving a so-called Woronin body functioning as a plug for septa pores that controls selective
permeability through these septa (Bleichrodt et al., 2015), septa opening in non-septate fungi
like AMF, however, has not been thoroughly described to date. In AMF, septation is thought to
be of a primarily defensive nature and not reversible. Lee (2011) suggested a complete
removal of the septa when observing occasional migration of cytoplasm into emptied
compartments of extraradical hyphae of Rhizophagus, however, mainly in a context of newly
forming spores. It can be assumed that septa are broken down entirely, and when

compartmentalisation is needed, newly formed.

Following this unexpected but intriguing finding, image material obtained in the space

searching experiments, was closely re-analysed, in search of more instances of the reversible
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retraction phenomenon. A total of 9 reversible retraction events were discovered (R1-R9), the
majority occurring, other than in the initial finding, in open space (7 instances) rather than upon
collision with an obstacle (2 instances). Reversible cytoplasmic retraction was found in both
R. irregularis strains, i.e., R. irreqularis MUCL 41833 (7 instances) and R. irregularis MUCL
43194 (2 instances) but not in R. intraradices MUCL 49410. Independent of whether the
retraction occurred in open space or with an obstacle, the process varied significantly in all
aspects, be it number of septa formed or breached, the ratio between septa formed and
breached as well as temporal dynamics. Visual representations of the observations can be
found in Figure 27. The maximum number of septa formed in a retraction process was 8, for
the reversal either 1 or 2 septa were breached. In 5 instances, the observed number of septa
formed/breached was the same, i.e., the retraction was reversed completely, in 4 instances,
the number of formed septa was higher than breached septa, meaning that the reversal was
incomplete and the cytoplasm was not pumped back all the way to the hyphal tip (Figure 27a).
The retraction and reversal generally occured in a stepwise manner, septa formation marking
the delimitation. Timings for the retraction steps, i.e., the time needed to fully retract the
cytoplasm over the distance between tip and first septum or between septa, including complete
formation of the septum, were ranging from as fast as 30 min to up to 10 h (Figure 27b). The
reversal process was found to be less variable and ranged from 1 to 3 h per reversal step.
Between retraction and initiating reversal, the fungi paused for at least 30 min. One instance
of a 12 h pause between retraction and reversal was recorded. Generally, the hypha stops
growing and then immediately initiates the cytoplasmic retraction. Occasionally, a lag-phase
can be observed, where the fungus pauses for 1 to 3 h before finally retracting cytoplasm. To
account for the variation in the distance between septa (or hyphal tip to first septum; average:
26.3 = 11.8 um) retraction and reversal rates, respectively, were calculated (Figure 27¢). On
average, the retraction rate was 0.4 £ 0.3 um/min and the reversal rate 0.2 £ 0.1 um/min. No
statistically significant difference was found, also due to the low number of observations,

however, a larger variation in the rate of retraction was observed.
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Figure 27: Quantitative analysis of reversible cytoplasmic retraction in the AMF-SporeChip. (a) Column
graph displaying the number of septa formed and breached during complete and incomplete reversible
cytoplasmic retraction (R). In two instances (marked with asterisks; R5 and R6) the retraction occurred
upon collision with obstacles and in seven instances (R1—4 and R7—-9) occurring in open space. (b) Line
plot highlighting the temporal dynamics of the reversible retraction, including timings for cytoplasmic
retraction, pausing and reversal of the retraction events shown in (a). For R2 and R9, no sufficient
temporally resolved data could be extracted. (c) Box-plots extracting rates from (b) for cytoplasmic
retraction and reversal as well as pause duration between retraction and reversal. Upper and lower
whiskers represent the largest observation smaller or equal to the upper and lower percentile plus 1.5
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x interquartile range, respectively. Squares indicate the means and the line the median. Data points
beyond the whisker range (outliers) are plotted as diamonds. No significant difference between the rate
of retraction and reversal according to one-way ANOVA was found, indicated as NS. The values in
parentheses indicate the number of sample-points, i.e., the number of events analysed. (d) Kymograph
illustrating retraction R6 and R7 and (e) kymograph of retraction R1. Blue arrows indicate septa. All
retraction events were found with Rhizophagus irregularis MUCL 41833, except R3 and R9, which were
found with Rhizophagus irregularis MUCL 43194. Images and figure legend reproduced with
modifications from Richter et al. (2024) with permission from the Creative Commons Attribution license
(www.creativecommons.org/licenses/by/4.0/).

For a more detailed visualisation of the process, kymographs for retraction events R1, R6 and
R7 were constructed (Figure 27d,e), which were the only recordings suitable though
representative of the different behaviours observed (one short retraction, two long retraction
events in open space as well as with obstacle), demonstrating the variability observed between
the reversible retractions studied. Creating a kymograph is only possible if the image series is
completely still and the picture frame does not wander or shake. For R2 and R9, the imaging
was started when the retraction had already happened and was thus missed. R6 and R7 show
a clear asymmetry between retraction and reversal, however, while in R6 the retraction takes
only 1 h and the reversal takes much longer, the contrary is the case for R7, with the reversal
almost lasting 10 h. The kymograph for R1 shows a cascade of 8 retraction steps occurring
first in a rapid succession, slowing down slightly towards the end, although the distance
between the first couple of septa was much larger than the distance between the later forming
ones. Similarly, a rather slow reversal was observed. Together with the fact that the retraction
process was initiated immediately after growth arrest and that a very long overall distance was
covered by the retraction (~250 um), this suggests a very strong pull or negative pressure built

up preceding the cytoplasmic retraction.

4.2.3. Introduction of fluorescent dyes

As all above discussed findings are purely based on phase contrast brightfield imaging, an
additional readout using fluorescent staining was deemed useful to prove the retraction of
cytoplasm and potentially further highlight sub-cellular structures. Therefore, a combination of
the dyes FM4-64 and Calcofluor White M2R (CFW) was envisioned. As one of the Fei Mao
(FM) dyes, FM4-64 associates with cell membranes and membranous organelles. Only this

association with the sample brings out the fluorescence, otherwise, this dye is non-fluorescent
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(Betz et al., 1992; Betz et al., 1996). FM4-64 has been frequently employed in studies on
filamentous fungi (Fischer-Parton et al., 2000; Dijksterhuis and Molenaar, 2013; Gardufo-
Rosales et al., 2022) but never before for AMF. CFW, also known as Fluorescent Brightener
28, on the other hand, is a dye that intercalates into chitin and cellulose and is hence commonly
used to specifically stain cell walls of bacteria (Postma and Altemdiller, 1990), algae (Fiotka et
al., 2020), higher plants (Galbraith, 1981) and insects (Henriques et al., 2020). For fungi, it is
primarily known for staining in a medical diagnosis context (Hageage and Harrington, 1984;
Zhang et al., 2010; Chen et al,, 2021). Besides their complimentary tissue specificity, the
combination of dyes for the experiments described herein was chosen for the good spectral
separation, with CFW and FM4-64 exhibiting emission maxima of 432 nm and 670 nm (wide
spectrum), respectively (Au - Lichius and Au - Zeilinger, 2019). FM4-64 is commonly used for
live staining as it is considered relatively non-toxic; the dye frequently associates and
dissociates in rapid succession, thus forming of localised membrane faults can be avoided
(Wu et al., 2009; Au - Lichius and Au - Zeilinger, 2019). CFW was reported to be more intrusive,
associating with nascent chitin and thus disrupting a normal chitin assembly and cell wall
formation (Herth, 1980). For a first analysis, the dyes were used solely for end-point staining
to reveal the intra-hyphal situation after the proposed cytoplasmic retraction. Hence, any

potential toxic effects could be neglected.

For the end-point staining experiments, CFW (to a final concentration of 0.5 uM) and FM4-64
(to a final concentration of 5 uM) were added to autoclaved liquid MSR(-) medium and sterile
filtered. The dye medium was then carefully flushed into a device containing AMF spores and
mycelium from an experiment detailed in 3.2.2.1 Spore loading and trapping. When replacing
the old medium, care was taken as to not agitate the fungal material inside of the device. The
results are shown in Figure 28. In this example, all hyphae, independent of their age, can be
seen in the phase contrast microscopy image (Figure 28a). Differences in the individual hyphal
brightness can be observed, just as found after cytoplasmic retraction (see 4.2.1 Space
searching in AMF), where a phase-bright colour was considered to mark a “normal”, vital
hypha and phase-dark an emptied hypha, following withdrawal of cellular contents. Imaging
with the DAPI filter (wavelength ~395 nm, used for imaging CFW fluorescence) revealed that

all hyphae that were observable in the phase contrast, were visible in a bright fluorescence,
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too (Figure 28b). Using the TRITC filter set-up of the microscope (wavelength ~544 nm, used
for imaging FM4-64 fluorescence), only certain hyphae are visible (Figure 28c). Here, the
lookup table “spectrum” in Fiji/lmaged had to be used as the overall fluorescence intensity was
very low. As FM4-64 stains the lipid bilayers of membranes and organelles, only vital hyphae
containing all these cellular contents can be made visible, while with CFW, which stains the
cell wall, all hyphae (regardless of their vitality and cellular contents) are detectable. Moreover,
CFW was found to highlight septa in the hyphae, which can also be seen in phase-dark hyphae
in phase contrast images, but less pronounced. As discussed in 4.2.1 Space searching in
AMF, AMF are non-septate fungi and form septa only as a defensive measure, when
withdrawing cellular material from abandoned parts of the hyphal network. These septa can
therefore be taken as an additional indicator for cytoplasmic retraction, which was now proven
with the results obtained from the fluorescence staining experiments. Due to the weak signal
from the FM4-64 staining and a slight autofluorescence observed with the Rhizophagus strains
studied, which overlaps with the FM4-64 spectrum, it cannot be proclaimed with certainty
whether the cell membrane is removed along with the cytoplasmic retraction, decays shortly

after or rather remains behind with the cell wall.

Figure 28: Fluorescent end-point staining of vital and empty hyphae. The images show the same region
of interest of hyphae of Rhizophagus irregularis MUCL 41833 within the AMF-SporeChip, in the (a)
phase contrast, (b) DAPI and (c) TRITC channel. The dyes used are calcofluor white (CFW), staining
chitin in the cell walls and FM4-64, staining lipid bilayers. White arrows indicate two exemplary emptied
hyphae, with pronounced septa as remnants of gradual cytoplasmic retraction. The lookup tables “cyan”
(b) and “spectrum” (c) were applied in ImageJ/Fiji to improve the visibility of the fluorescence intensity.
Scale bars: 100 um and 50 ym in the magnification images. Images and figure legend reproduced with
modifications from Richter et al. (2024) with permission from the Creative Commons Attribution license
(www.creativecommons.org/licenses/by/4.0/).
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4.2.4. Using fluorescent staining for studying sub-cellular structures

Next, the fluorescent dyes, especially FM4-64, were implemented for live-cell imaging of AMF
hyphae. In combination with the microdevices presented herein, it was envisioned to
characterise the dynamic retraction process in further detail on a sub-cellular level and in
particular use the setup in search for the Spitzenkdrper, which has not been described for AMF
to date. Now, the toxicity effects of the dyes, as well as the influence of the excitation
wavelengths of light, on the fungi had to be considered. As strong fluorescence signals are
required to resolve sub-cellular structures, higher dye concentrations are often needed in the
medium to increase the signal-to-noise ratio; however, toxicity increases with rising dye
concentrations. The same holds true for the excitation light intensity and exposure times, with
high levels improving the resolution of the imaging but causing cellular photodamage to the
fungus (Maddison and Manners, 1973; Gao and Garcia-Pichel, 2011). Therefore, an optimal
balance between these opposing effects had to be found. As no Spitzenkérper has been
reported so far for AMF, the method for staining and imaging was first established using fungi
that are well known for their pronounced Spitzenk&rper. The primary choice was the
Ascomycete N. crassa, which is often used for Spitzenkérper studies. Furthermore, a
Basidiomycete and orchid mycorrhizal fungus already growing in the lab, R. solani, was used
for first tests. In R. solani the Spitzenkérper is of a different type compared to N. crassa and

less pronounced and was hence more difficult to visualise but a good test for the method.

As imaging R. solani was merely a pre-experiment and the AMF would likely differ in their
response, dye toxicity and fluorescence intensity were only rudimentarily tested.
Concentrations of the dye FM4-64 tested were 5 uM and 10 uM (e.g., Held et al. (2019) used
8 UM in their experiments). A fungal inoculum was taken from a 2-month-old potato dextrose
agar (PDA) fridge stock culture of R. solani. The AMF-SporeChip was pre-filled with potato
dextrose broth (PDB) containing the required concentration of FM4-64 by pipetting the media
into the device inlet straight after the plasma bonding, utilising the temporary hydrophilicity
inside the channels for a quick and even filling. A 3 mm circular plug was then punched out of
the culture plate and the fungal sheet without the agar transferred into the device, pushing it
gently down all the way into the inlet. Lastly, both inlet and outlet were topped up with dye-

containing medium and the device incubated at 26 °C in the dark. Incubation for 3 days
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resulted in complete overgrowth of the device, i.e., the fungus was densely covering the entire
chamber area, in the negative control (no dye added) as well as with 5 uM FM4-64. A
concentration of 10 uM yielded a significantly slower growth, with the fungus reaching the end
of the investigation zone after 3 days. To test the fluorescence intensity obtained for each
concentration, the devices were imaged using a 20x objective and the TRITC filter setup. With
5 uM, due to its complete overgrowing the device, no active growth front and only a very dense,
mature mycelium could be imaged (Figure 29). A vital, sparser growth front as observed with
10 uM (Figure 29) undoubtedly improves the fluorescence quality, thus introducing a slight
bias towards utilising a concentration of 10 uM FM4-64. As the brightness obtained with the
latter, however, was much more intense compared to 5 uM, and considering that the higher
concentration did only slightly slow down the growth but did not have detrimental effects,

10 uM was deemed dye concentration of choice for the R. solani experiments.

10 pM FM4-64

Figure 29: Comparison of FM4-64 concentration for fluorescent staining of Rhizoctonia solani. Hyphae
were stained with 5 uM or 10 pM FM4-64 and microscoped using the TRITC channel and a 20x
magnification. Scale bars: 100 um.

Inspired by work conducted by Dijksterhuis and Molenaar (2013), a dynamic dye uptake
approach was considered for imaging the Spitzenkérper. In their study, R. solani hyphae were
transferred onto a microscope glass slide and medium containing 3.2 or 6.4 uM FM4-64 was
added. Then, the stained fungus was immediately imaged using a confocal microscope to
monitor uptake of the dye. This revealed a virtually instantaneous staining of the cell
membrane, followed by staining of organelles after about 1 min. The Spitzenk&rper was visible
after approximately 2 min and became increasingly clearer over the following 4-5 min. During

imaging, the hypha elongated, and grew further.
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To reproduce this setup in a microfluidics setting, a different device was utilised. The fluid
exchange device, developed by Dr Claire Stanley (Stanley et al., 2014), features a 10 um wide
fungal inlet channel that feeds into a tapered main chamber, with two fluid delivery channels
opening into the main chamber right next to the fungal inlet (Figure A2). With this device, the
idea was to allow R. solani to grow in PDB through the fungal inlet and then introduce the
media containing the dye via the fluid delivery channels using a syringe pump. Initially, a flow
rate of 120 pl/min was used to introduce the dye. Microscopy was performed 2 days after
inoculation as the fungus generally started growing into the main chamber after this time
period, providing a good number of vital, spaced-out hyphae. Furthermore, hyphae growing
backwards into the fluid delivery channels, which commonly happens after a dense
colonisation of the growth chamber, is widely avoided. When subjected to a dye concentration
of 10 uM FM4-64, introduced with a flow rate of 120 pl/min, the majority of hyphae were
observed to collapse internally, rapidly expel cell material and pull back out of the field of
observation, virtually exploding (Figure 30). This drastic response could have been produced
by the shear stress exerted by the media flow or a sudden change in the composition of the
surrounding liquid. In static growth conditions, where the fungus grows into the new conditions
and has time to adapt, this detrimental reaction was not observed. Osmotic effects, however,

due to the small dye concentrations, can be ruled out.
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Figure 30: Response of Rhizoctonia solani hypha to introduction of 10 uM FM4-64 with a flow rate of
120 pl/min. Time series showing the disintegration of the hypha in the phase contrast channel (left)
and the uptake of the dye in the TRITC channel (right) over 1 min. Scale bar 10 pm.

To mitigate this negative impact, the flow rate was reduced to 20 pl/min and later to 5 pl/min,
which significantly reduced the disruption of the hyphae, but did not eliminate it entirely. As
shown in Figure 31, the liquid exchange and thus introduction of the FM4-64 did work as
envisioned and the periphery, i.e., the cell membrane, of the hypha started to fluoresce,
increased brightness and covered the entire hypha, staining the cellular contents, after 1 min.
This coincided with a less vigorous reaction of the fungus compared to experiments using

higher flow rates. Nevertheless, the hypha still retreated, expelled material at the hyphal tip
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and a complete disarrangement of the hyphal insides was clearly visible. No such effects were

documented by Dijksterhuis and Molenaar (2013).

before

Figure 31: Response of Rhizoctonia solani hypha to introduction of 10 pM FM4-64 with a flow rate of
20 pl/min. (a) Time series showing the disintegration of the hypha in the phase contrast channel (top)
and the uptake of the dye in the TRITC channel (bottom) over 6 min. (b) Phase contrast image of the
hyphal network before and after introduction of the dye. Scale bars: (a) 10 um and (b) 100 pm.

Another (additional) reason causing the hyphal disruption could most likely be photodamage.
This was also observed and analysed in further detail with N. crassa (see below). Many
filamentous fungi, mostly being soil dwellers, are known to be very sensitive towards light,
often cultivated in the dark for that reason. Ultraviolet (UV) light can cause DNA damage,
infrared (IR) can generate focussed heat spots and light excitation of dye molecules in the
tissue can lead to generation of reactive oxygen species (ROS), which stress and damage the

cell (Frigault et al., 2009). For the excitation of the fluorophore, high intensity, focussed laser
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beams are used, which are likely prone to causing disruption of cell integrity. This problem,
however, was impossible to overcome with the dynamic uptake study set-up. In order to image
the entire uptake process, the recording has to start immediately upon arrival of the dye at the
hypha. However, there is no way of knowing when this happens without observing the hypha
via the fluorescence channel throughout the entire duration of the experiment, until a
fluorescence signal is observed in the hypha. In turn, the fungus is exposed to large doses of
excitation light even before the actual imaging had begun. At the hyphal level, the cytoplasm
turns from a homogeneous grey mass containing small regular organelles into a blotchy mix
of phase-dark and phase-bright irregularly shaped objects. Again, an expulsion of cell material
in the area of the apex can be observed. Similarly, at the mycelial level (Figure 31b), the fungus
appears significantly changed after the exposure. Despite the local light exposure focussed
only on one hypha, the entire fungal network in the device had retracted and crumpled up and
the hyphae seem less homogeneous and patchy. This could hint towards either a systemic
reaction of the fungus upon light stress or that indeed an additional damaging effect by shear
stress of the inflowing dye medium was experienced. As the entire cellular integrity was

severely disrupted, no evidence of a Spitzenkdrper was found in these dynamic experiments.

As a consequence, the dynamic set-up was abandoned and future attempts re-focussed on
simple, static staining and imaging, using the AMF-SporeChip again. Now, in a few instances,
stained with 10 yM FM4-64, clear images of hyphae could be obtained and indeed
Spitzenkérper were found. As shown in Figure 32c, the Spitzenkdrper is a faint, half-circular,
hollow-appearing entity, as described by Lépez-Franco and Bracker (1996), rather than a bright
filled circular shape as shown in Dijksterhuis and Molenaar (2013) or seen with N. crassa (Held
et al., 2019). Care had to be taken, as random, intensely bright spots occasionally appeared
all over the hyphae, some misleadingly close to an expected Spitzenkdrper position (Figure
32a,b). Although their exact origin could not be determined, it was considered highly unlikely,
that these bright spots were healthy cell organelles. Much rather, it was random lipid-dye
aggregates formed as a potential stress response or stained debris adhering to the outside of
the hyphae. Moreover, the referenced publications show only selected examples of hypha
containing clear Spitzenkérper, with no appreciation for number or frequency of occurrence of

the Spitzenkdrper in hyphae.
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Figure 32: Fluorescence images of Rhizoctonia solani hyphae. Images showing hyphal tips and
intracellular layout. Hyphae stained statically with 10 uM FM4-64 and microscoped using the TRITC
channel and 100x magnification in (a), 40x in (b) and 150x in (c). Yellow arrows in (a) and (b) highlight
bright spots in hyphae, white arrow in (c) highlights the Spitzenk&rper. Scale bars: 5 um.

Most of the studies concerning Spitzenkdrper found in the literature use confocal microscopy
for imaging, a technique that produces much higher image clarity than simple widefield
fluorescence microscopes for instance. This is achieved by focussing the excitation laser more
on the objects focal plane and excluding light that is not reflecting or radiating directly from the
plane, which in normal microscopy setups is the main source for causing blurriness effects
and reduced contrast (Semwogerere and Weeks, 2005). Therefore, in an attempt to obtain
clearer images of the sub-hyphal composition and the Spitzenkdrper, a confocal microscopy
session was conducted, using a Leica SP8 Confocal Microscope (Leica Microsystems, UK).
The fungus was stained as described above using 10 uM FM4-64 for a static imaging.
Exemplary results obtained using a 40x oil immersion objective (plus automatic zoom) and a

TRITC excitation/emission set-up are shown in Figure 33. The images were taken as a z-stack
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and processed with the integrated “Maximum Intensity Projection” (Max IP) function of the

microscope software.

Figure 33: Confocal fluorescent images of Rhizoctonia solani hyphae. Images showing hyphal tips
and intracellular layout. Hyphae stained statically with 10 uM FM4-64 and microscoped using the
TRITC set-up on a confocal microscope. Yellow arrows in (a) indicate septa. (c) Magnification of

hyphal tip in (b). White dotted line highlights the outline of the Spitzenkdrper. Scale bars 5 um.

The images acquired of stained R. solani hyphae were indeed of improved resolution,
compared to the regular imaging on the Nikon Ti2 inverted microscope. Organelle visibility was

much better and they could be discerned from one another. Similarly, septa were visualised
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with high precision, even revealing a slight constriction in the tubular shape of the hyphae
where the septa are, a detail formerly not resolvable with the standard microscopy. Once more,
some brightly stained accumulations were found both in- and outside of hyphae. In one
instance, a Spitzenkérper was observed, again as a cup-shaped, faint structure in the hyphal
tip (Figure 33b,c). Although these results indicate that using confocal microscopy for the
Spitzenkérper imaging is an option, the clearness of the Spitzenkérper itself was only
marginally improved. Hence, as this is expensive and more laborious than standard
microscopy, the regular inverted microscope was continuedly used as primary resource for the

fluorescent imaging.

Shortly after obtaining these results, | received N. crassa to work with and transferred the
imaging attempts onto N. crassa. Since N. crassa is an immensely fast-growing fungus, the
window for imaging is much smaller. As with R. solani, the timing of the experiment has to be
tuned such that there are plenty of freely growing hyphae with exposed tips in the investigation
zone. Hence, the fungus needs to have grown well into the microfluidic channels, without
however overgrowing and covering the entire channel. A time frame between 12 and 16 h post
inoculation was found to be optimal. Both 5 uM and 10 uM in malt broth were tested. While the
concentration of FM4-64 did not result in any growth differences, 5 uM was not enough to
achieve a sufficiently bright staining to resolve internal hyphal structures. Therefore, malt broth
containing 10 uM FM4-64 was introduced into the devices prior to fungal inoculation. Indeed,

the first results instantly revealed very pronounced Spitzenkdrper in the tips of N. crassa

hyphae (Figure 34).

Figure 34: Fluorescence images of Neurospora crassa hyphae. Images showing hyphal tips and
intracellular layout. Hyphae stained statically with 10 uM FM4-64 and microscoped using the TRITC
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channel and 100x magnification. White arrows in (a) and (b) highlight the very pronounced
Spitzenkdrper. Scale bars: 5 um and 10 um.

In a next step, monitoring hyphal growth and Spitzenkérper dynamics over time and upon
collision with obstacles was attempted. Again, an extremely high photosensitivity was
encountered, which resulted in hyphae arresting their growth and loosing cellular integrity,
including disappearance of the Spitzenkdrper after only a few seconds of exposure. At the
sub-hyphal level, changes of less than a um in z-position can change the focus area and
resolution entirely, even with the vertical confinement in the microfluidic devices. Therefore,
timelapse imaging required the use of either autofocus or z-stack imaging. For both methods,
multiple images of the same x-y-position and timepoint had to be taken, which increases the
exposure dose significantly. Yet again, a balance has to be struck between image quality and
disturbing the fungus, with only a small margin of seconds in this case. Here, using the z-stack
function rather than autofocus and applying the Max IP of the Nikon software on the z-stack
proved to yield the best and clearest images. The Max IP feature merges the different z-level
images together, based on the fluorescence intensity, thus creating an image showing all
aspects of the hypha as if lying perfectly in the same focal plane. Max IP does not always
generate the best picture and commonly over-enhances brightness, resulting in loss of
resolution. Here, however, it worked well. For the first round of imaging, a z-stack acquisition
with 11 scanning steps in the z direction with 0.5 pm intervals was utilised, with images taken

every 5 s (Figure 35).
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Figure 35: Response of Neurospora crassa hypha to light exposure during fluorescence microscopy.
Time series showing the intracellular disruption of the hypha in the phase contrast channel (bottom) and
the disappearance of the Spitzenkdrper in the TRITC channel (top) over 25 s. Z-stack acquisition with
11 scanning steps in the z direction with 0.5 pm intervals followed by maximum intensity projection was
performed, with images taken every 5s and 100x magnification. White arrows indicate the
Spitzenkorper. Scale bar 10 ym.

At the beginning of the experiment, a Spitzenkdrper is clearly visible as a bright spot in the
hyphal tip, which starts to disappear after 15 s and vanished entirely after only 25 s when the
timelapse was terminated (Figure 35). The overall brightness decreases as well, hinting
towards a possible photobleaching effect as a cause for the disappearance of the
Spitzenkérper. Observation of the hypha under phase contrast showed growth arrest after the
exposure, while the forward growth of the hypha before exposure can even be followed in real-
time. Furthermore, cellular organelles seem to move in an organised fashion and cytoplasmic
streaming can be observed before the timelapse imaging, while after exposure, these
organelles vibrate uncoordinatedly on a fixed spot. In a next attempt, the time intervals for the

recording were extended to 20 s (Figure 36) to reduce this phototoxicity effect.
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40 s
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220 s

Figure 36: Response of Neurospora crassa hypha to light exposure during fluorescence microscopy.
Time series showing the intracellular disruption of the hypha in the phase contrast channel (bottom
right) and the disappearance of both Spitzenkérper in the TRITC channel over 220 s. Z-stack acquisition
with 11 scanning steps in the z direction with 0.5 um intervals followed by maximum intensity projection
was performed, with images taken every 20 s and 100x magnification. White arrows indicate the
Spitzenkdrper. Scale bar 10 um.

Still, after only 40 s, the two formerly bright spots in the branches vanish. The acquisition
ended after 220 s, when the hypha stopped growing, the Spitzenkérper disappeared and the
overall fluorescence intensity was significantly reduced. In the fluorescence image, but more
clearly in the phase contrast image, clear signs of cellular disruption in the hypha are visible.
Instead of the grainy, rather homogeneous cellular contents and faint traces of the cytoskeleton
with its microtubules (Figure 36, top), the hyphal insides appear as an aggregate of irregularly
sized, bubble-like shapes (Figure 36, bottom). These observations indicate that
photobleaching does indeed happen, however, the loss of the Spitzenkdrper is not only an
imaging effect but a physiological change of the fungus coinciding with growth arrest and
cellular disruption of the hypha. Next, to further reduce total exposure time, the number of z
steps was reduced from 11 to 5, while keeping the time intervals and intervals between z steps

equal. This extended the imaging time to about 500 s, i.e., until disappearance of the
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Spitzenkérper. Then, the step interval was changed to 1 um with 7 steps per timepoint to cover
a wider z range. This did not recognisably change the maximum possible timelapse duration.
While 5 steps of 0.5 um, as the more precise scanning approach, was expected to generate a
slightly better detail resolution, 7 steps of 1 um, imaging more overall z layers of the sample,
might ensure capturing the entire hypha even when it grows through different focal planes. A

timelapse series captured using the latter setting with time intervals of 20 s are shown in Figure
\ 300s \ 380s \ 480s
e yd g
(b) 0s ¢ 260 s 340 s
k
420 s
K

Figure 37: Response of Neurospora crassa hypha to light exposure during fluorescence microscopy.
(a) Time series showing branching and formation of new Spitzenké&rper, followed by disappearance of
both Spitzenkérper in the TRITC channel over 480 s. (b) Hypha colliding with a channel wall and
performing hit and split and disappearance of the Spitzenk&rper in the TRITC channel over 880 s. The
phase contrast image (bottom right) shows the intracellular disruption of the hypha after the experiment.
All images were acquired with 7 scanning steps in the z direction with 1 um intervals followed by
Maximum Intensity Projection, with images taken every 20 s and 100x magnification. White arrows
indicate the Spitzenkdrper. Scale bars: 10 pm.

37 and Movies 14 and 15.

With the above-described microscopy settings, the hypha can be followed growing over a

distance of 30-40 um until the Spitzenkérper disappears and the fluorescence fades. In Figure
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37b, a head-on collision with a channel wall can be observed. The hypha reacts in a hit-and-
split manner, as discussed in 4.2.1 Space searching in AMF, and forms 2 daughter branches
growing off in opposite directions, which follow the wall closely. Unlike described by Held et al.
(2019), no formation of a second Spitzenkdrper in the left-hand daughter branch could be
observed. The right-hand daughter hypha retained the Spitzenkérper from the original hypha
throughout the entire collision process, until it disappears about 3 min after the impact. As the
timing of the disappearance coincides with that observed in open space (Figure 37a), the loss
of the Spitzenkbrper was accredited to the phototoxicity rather than the collision event.
Moreover, the phase contrast image of the hyphal condition after the fluorescence imaging
shows once more clear signs of intracellular disruption (Figure 37b). To further improve the
fluorescence imaging of the Spitzenkérper in fungal hyphae, as seen in Held et al. (2019), a
confocal microscope could be employed again, as the effective exposure dose is reduced at
a same or better imaging quality because of the higher precision focussing (see above).
Additionally, the number of timepoints can be lowered; as a comparison, the Held group used
time intervals between 45 and 80 s, to further reduce the overall exposure time. However, as
the experiments described in this section were mere preparation for the main studies on AMF,
and sufficient experience and knowledge of the methodology was acquired, the venture to

further improve imaging of R. solani and N. crassa was terminated here.

To finally transfer the methodology onto sub-cellular studies in AMF hyphae, first, a thorough
germination and growth experiment was set up in the AMF-SporeChip. To test the effect of the
dye FM4-64 on R. irregularis, two different concentrations were added to the medium as well
as the timepoint at which the dye was introduced was varied. Spores of R. irregularis MUCL
43194 were introduced into the devices as described in 3.2.1.3 Spore isolation and introduction
into the device using liquid MSR(-) medium. The medium was supplemented with 5 uyM and
10 UM FM4-64, respectively, and directly used to flush the spores into the devices. This way,
the spores were exposed to the dye from the very beginning and throughout the entire
experiment, in an analogous manner to the experiments described above using N. crassa and
R. solani. As an additional condition, the dye was added at a later timepoint. Here, the spores
were introduced into the devices and pre-inoculated in regular liquid MSR(-) medium to

germinate and grow hyphae. Then, after 4 days, the medium was exchanged by gently flushing
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through dye-containing medium, again with 5 uM and 10 uM FM4-64, respectively. This way,
the fungi were allowed to establish themselves in the device, germinating and growing hyphae,
before coming into contact with the dye, ideally granting a window for fluorescent imaging of
fully grown hyphae before a potential toxic effect of the dyes can manifest. The medium
exchange had to be done with care and slowly, as to not disturb or even flush out the spores.
Generally, the spores were found to be well-fixed in position and remained unaffected by a
light flow. To ensure a complete exchange of the medium, any liquid from the in- and outlet
was removed and the new medium pumped in until the outlet was completely re-filled. As the
outlet holds more than 10-fold the volume of the microchannel, this was deemed a good and
easy means to make sure that a complete medium exchange was performed. Due to the dense
nature of their mycelium, this did not work with N. crassa and R. solani and a different device
had to be used. With the AMF inoculum, fluid exchange was no problem as only single spores
occupied the device that yield a small number of hyphae growing sparsely. Moreover, a direct
detrimental effect observed with N. crassa and R. solani of hyphae disintegrating and retracting
cytoplasm immediately during the medium exchange was not visible with the AMF. For a
quantitative analysis of the effect of the dye on germination and growth, the devices were
imaged and hyphae measured every day for 7 days and again on day 14, as described in 2.3
Microscopy and image processing. A graphical representation of the growth behaviour of R.

irregularis in the presence of the dye FM4-64 can be found in Figure 38.
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Figure 38: Fungal growth assays comparing effects of different FM4-64 concentrations on-chip. The
growth behaviour Rhizophagus irregularis MUCL 43194 in the AMF-SporeChip containing 5 uM or
10 uM FM4-64, either added from the start of the experiment or after 4 days, is represented as stacked
column charts. The hyphal lengths were measured using Fiji/lmaged, normalised (number of
germination sites was determined, and the absolute value of counts divided by the number of
germination sites) and categorised in 5 length sections (different colours). As germination site, any site
with an occurrence of a germination/fresh hypha within the 14 days of the experiment was counted. In
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total, 6 devices with 40—-65 germination sites per strain were analysed for the experiment. The dotted
line in the bottom graphs indicates the time point of the medium exchange.

For the spores germinated and grown in the standard liquid MSR(-) medium without any dye
added (Figure 38a), the column chart shows a constant increase in numbers of hyphae, which
flattens after day 4 and 5. Hyphal elongation occurs up to the end of the experiment after 14
days, as seen from the increase in the green, purple, yellow and blue proportions of the
columns. The only hypha reaching a length above 2 mm (blue segment) in the entire
experiment was observed under this growth condition. With both concentrations of FM4-64,
5 uM and 10 uM introduced from the start of the experiment (Figure 38b,c), very little growth
was observed, manifested in a handful of germinations emerging within the first 3 days of the
experiment, however, no further germination beyond day 3 and no further hyphal growth
beyond 0.2 mm length occurred. In the final 2 conditions (Figure 38d,e), with pre-inoculation
in liquid MSR(-) medium for 4 days and subsequent medium exchange to dye-containing
medium the same growth behaviour as in the topmost graph (Figure 38a) was expected for
the first 4 days. In Figure 38d the same trend as in Figure 38a, can be observed with a constant
increase in hyphae within the first 4 days, while in Figure 38e a steeper increase within the
first 2 days and flattening of the trend thereafter was found. Moreover, in Figure 38a a
considerably overall higher germination and stronger growth was observed. This variation
despite equal growth conditions can be accredited to the variability inherent to the spore
material as well as the spore dissection and selection method. The effect of adding the dye
medium, however, becomes clearly apparent from the graphs, as any growth or germination
beyond the addition of the dye (between day 4 and 5) was halted. These results indicate a
strong sensitivity of R. irregularis towards FM4-64 concentrated 5 uM or above, much more
than what was observed with N. crassa and R. solani. Virtually any contact with the dye-
containing media resulted in growth arrest and prevented germination in nearly all cases. As
this becomes very clear from the results, | refrained from producing additional graphs for
statistical analysis (as | did for Figure 19 and Figure 21). While the growth studies shown in
Figure 19 and Figure 21 were meant to compare the effect of different conditions on the growth
behaviour of different strains in detail and a establishing a statistical grasp on these results

was insightful, Figure 38 is only supposed to show how the addition of the dye, regardless of
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time point or concentration makes any growth study impossible, which it sufficiently does
without further statistical analysis. In conclusion, these suggest that a dynamic fluorescent

growth imaging is not feasible and an end-point fluorescent imaging had to be resorted to.

Next, the staining properties of the different FM4-64 concentration with R. irregularis hyphae
was tested. Therefore, hyphae were imaged with a 100x magnification on day 5 of the
experiment, after adding the dyes. No microscopy was possible with devices inoculated with
dye-containing medium from the start as hardly any germination was observed and the few
hyphae that did emerge appeared rather stunted and barely vital. Adding the dye at a later
point, after germination and some initial hyphal growth had been established, at least enabled
some hyphal imaging. Representative microscopy images of R. irregularis hyphae stained with

5 uM and 10 uM FM4-64, respectively, are shown in Figure 39.

5 uM FM4-64 10 uM FM4-64

Figure 39: Comparison of FM4-64 concentration for fluorescent staining of Rhizophagus irregularis
MUCL 43194. Hyphae were stained with 5 uM or 10 pM FM4-64 and microscoped using the TRITC
channel and a 100x magnification. Scale bars: 10 um.

Staining with 5 uM dye revealed the hypha with a certain level of sub-cellular detail (Figure
39a). However, as the general brightness of the fluorescence was comparably low, especially
in the hyphal tip, no higher resolution was achievable. Adding 10 uM dye increased the
brightness considerably. Nonetheless, obtaining high sub-cellular resolution and detail was
foiled by the accumulation of bright clumpy debris alongside the hyphal wall (Figure 39b). This
phenomenon has been observed before with R. solani (Figure 30 and Figure 31). Most likely
the toxic effect of the high dye concentration causes the hyphae to collapse and exude cellular

contents, which stain easily with the dye. In no hypha of R. irregularis imaged a bright structure
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resembling a Spitzenkdrper like in N. crassa (Figure 34, Figure 35, Figure 36 and Figure 37)
nor a semi-circular, faint shape as in R. solani (Figure 32 and Figure 33) was observed.
However, due to the low sub-cellular resolution and apparent toxicity of the dye on R.
irregularis, still no definite statement against the existence of a Spitzenkérper in AMF could be
made. Initially, it was hoped that a dynamic study involving following stained hyphae growing
and interacting with physical obstacles, while monitoring coinciding sub-cellular behaviour,
could shed some light onto the Spitzenkdrper-question. However, this was made impossible

by the nearly complete growth shut down caused by the dye.

As a final attempt, a confocal microscope was used once again. This method did improve the
image quality slightly in the staining experiments with R. solani (see above) and revealed a
Spitzenkérper. Therefore, a small experiment with R. irregularis MUCL 43194 inoculated in
AMF-SporeChips with liquid MSR(-) medium without any dye to germinate and establish
hyphal growth, was set up. As before, medium supplemented with 5 uM FM4-64 was added
on day 4 of the experiment and the confocal imaging was performed the following day. Prior,
a brief scrutiny of the growth performance using phase contrast microscopy revealed that once
again several hyphae arrested growth and retracted cytoplasm after addition of the dye.
Exemplary confocal microscopy results obtained using a 40x oil immersion objective (plus
automatic zoom) and a TRITC excitation/emission set-up are shown in Figure 40. The images

were taken as a z-stack and processed with the integrated Max IP function of the microscope

software.

(a) (b) (c)

Figure 40: Confocal fluorescent images of Rhizophagus irregularis MUCL 43194 spore and hyphae.
Hyphae were stained with 10 pM FM4-64 and microscoped using the TRITC channel and a 100x
magnification. Scale bars: 5 um.
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The images chosen, show a germination with 3 branches (Figure 40a), a spore with several
hyphae curled around (Figure 40b) and a large, single hypha (Figure 40c). As with the inverted
microscope before, the staining with 5 uM FM4-64 reveals most hyphae and spores was
however not sufficient to resolve intracellular details. Moreover, imaging fresh hyphal tips was
entirely impossible and therefore the confocal microscopy was not capable of improving the

imaging with AMF.

Within the scope of this thesis, attempts to elucidate the Spitzenkérper question for AMF was
terminated at this point. The dye FM4-64, commonly used for fluorescent Spitzenkdrper
imaging in fungi was successfully applied to both R. solani and N. crassa, however, failed to
facilitate such studies with the AMF Rhizophagus. In combination with the cell wall dye CFW,
it was possible to show the cytoplasm retraction in static imaging on a hyphal level. Resolving
details down to a sub-cellular level, however, was thwarted by the lower staining capacity and

high toxicity of the FM4-64 with AMF compared to other filamentous fungi.

As a next step, other dyes could be tested. The lipophilic carbocyanine dye CellBrite™, a direct
alternative to FM4-64, stains phospholipids and has been reported as a reliable non-toxic and
stable membrane dye. It is available in 4 different spectral ranges (Lichius, 2022) and has been
successfully used with plant microspores (Corral-Martinez et al., 2020) as well as mammalian
cells (Zhang and Yang, 2019; Bryan et al., 2023), however, never before with fungi. As the
Spitzenkérper mainly consists of macrovesicles, these internalising membrane dyes are
generally a good choice for Spitzenkdrper staining. Besides that, the only other major
component are chitosomes, which contain chitin synthases, essential for cell wall synthesis in
filamentous fungi (Riguelme and Sanchez-Le6n, 2014). These organelles in turn are
microvesicles and no organelle specific dye has been reported, yet (Bartnicki-Garcia, 2006).
To describe the organelles, negative staining (i.e., staining of the sample background to
increase contrast) was performed after previous extraction and isolation of the chitosomes
from the organism (Bracker et al., 1976), which is not applicable to the desired Spitzenkérper

staining.
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4.2.5. Anastomosis formation in the device

When studying the hyphae’s space searching behaviour, another intriguing phenomenon was
observed. Filamentous fungi, including AMF, are well-known to form fusions between hyphae,
so called anastomoses, which help interconnect and expand their mycelial network. This is of
major importance for exchange of nutrients (FleiBner et al., 2008) and genetic material (Friesen
et al., 2006), as well as to heal damages in the hyphal network (de la Providencia et al., 2005)
and thus a crucial part of their exploration and foraging strategy. As discussed before, these
fungi need to find a suitable host as quick as possible with the only available carbon source
being the spore contents, which is only enough to cover distances in the mm and low cm range
(see 3.2.2.2 Spore germination and hyphal growth behaviour in the confined environment).
With this short a reach, it appears that the only reasonable and reliable way to encounter a
suitable root, if not by chance, is to “team up” with other spores to form a large hyphal network
through anastomoses. Intriguingly, certain fungi have been found to form loops with their
hyphae, constituting elaborate traps to capture nematodes for consumption (Haj Hammadeh
et al., 2022). Here, the fungus connects in a “self-self” manner, although anastomoses with
another individuum are also possible (Glass et al., 2000; Novais et al., 2017). With our high-
resolution imaging approach, we managed to monitor both types of connection, between
different individuals of the same strain as well as self-self, which formed in a tip-to-tip or tip-to-
side manner, tracking the events over relatively large, confined areas, yielding real-time videos
of the entire anastomosis process. The images presented herein, show only R. irregularis
MUCL 43194; however, anastomosis events were also observed in R. irregularis MUCL 41833
and R. intraradices MUCL 49410. Figure 41a and Movie 16, show a tip-to-tip anastomosis
formation followed over a period of 100 h. Strikingly, the connection is made between an
approaching hypha and a second hypha which is in the process of germination from an older
hypha, rather than a fully developed hypha. The hypha approaching from the bottom side of
the microscope image targets the germination site, hits it head on and fuses within the first
about 30 h of the timelapse observation. The formation of a continuum becomes clear shortly
after contact and even more so when phase-bright cellular contents are pushed into the newly
attached hypha coming from the direction of the spore, transitioning through the fusion site

(between timepoint 40 h and 80 h). Later, in conclusion of the unification process, multiple new
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branches form, likely using the transferred cellular material. Figure 41b and Movie 17 show an
example of a tip-to-side anastomosis. Here, a hypha approaches from the lower portion of the
microscope image and connects laterally with the other hypha after only 4 h. In an instant, the
hyphae fuse and a cytoplasmic continuum is established. Demonstrating that contact between
hyphae not always leads to anastomosis formation, Figure 41c and Movie 18 show a hypha
approaching and hitting another hypha laterally. Instead of opening the cell wall and merging,
the approaching hypha starts retracting cytoplasm after about 6 h, forming two distinct septa.
Moreover, the cytoplasmic retraction process seems to be disturbed, as the apical segment
retains its cellular contents, while the second segment, between the two septa gets emptied.
This indicates that a specific cross-talk is necessary between the hyphae in order to form a
functional connection and mere contact does not suffice. In the case of insufficient signalling
(or some sort of “anti-anastomosis” signal), hyphae simply cross-over and continue growing or
as seen in Figure 41c, interpret the other hypha as an insurmountable obstacle, arrest growth
and retract cytoplasm (as described in 4.2.1 Space searching in AMF). This observation of
cytoplasmic retraction and septa formation is often used as a marker for unsuccessful

anastomosis in fungi (Giovannetti et al., 1999).
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Figure 41: Anastomosis events in Rhizophagus irregularis MUCL 43194 in the AMF-SporeChip. (a)
Phase contrast time series of tip-to-tip anastomosis forming between an approaching hypha and an
older hypha about to germinate, over 100 h. Then, the formation of a continuum can be clearly observed,
with cellular contents (phase-bright) being transferred from the spore into the newly attached hypha,
followed by branching. (b) Phase contrast time series of tip-to-side anastomosis over 5 h. (¢) Phase
contrast time series of tip-to-side contact without anastomosis formation. Following the contact, the
approaching hypha stops growing and retracts cytoplasm, forming an intermediate empty compartment.
Yellow arrows indicate the contact site, white arrows show the growth direction of the approaching
hypha. Asterisks in (c) highlight septa. Scale bars: (a) and (b) 50 um; (c) 20 um. Images and figure
legend for (a) and (b) reproduced with modifications from Richter et al. (2024) with permission from the
Creative Commons Attribution license (www.creativecommons.org/licenses/by/4.0/).

Clear indications of signalling involved prior to and during anastomosis formation between
hyphae were further observed in Figure 42 and Movie 19. In this highly interesting observation,

two hyphae approach each other from opposing sides at a distance of approximately 200 pm,
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while occasionally arresting growth and readjusting growth direction in a peculiar stop-and-go
manner, and finally anastomosing after about 21 h (Figure 42a,b). A quantitative representation
of this approaching phenomenon can be found in Figure 42c. The hypha on the left-hand side
grows towards the other hypha in 4 main phases, interrupted by growth pauses. From
beginning to end of the data recording, the covered distance as well as the duration of the
growth phase decrease from a rate of about 0.3 um/min for the first two and 0.1 um/min for
the latter two phases. In between, the hypha was found to pause growth, initially for ca. 3 h,
then ca. 4 h and before the final growth phase <2 h. In contrast, the hypha on the right-hand
side of the image barely grows at all and covers a total distance of only about 12 um in the
entire 21 h time period. It becomes evident from the observations how the left-hand side
hypha, despite having an adequate amount of space to explore and avoid the other hypha,
specifically directs its growth towards the hypha on the right-hand side, which would be
impossible without signalling, decision-making and targeted searching prior to the
anastomosis. The underlying mechanisms for these phenomena are widely unknown to date.
For other filamentous fungi, the potential involvement of the signalling protein Soft and
mitogen-activated protein kinases (MAPK), the latter also playing an important role in yeast
mating signals, has been described (Fischer and Glass, 2019). The signalling cross-talk
occurs in anti-phasic oscillations, to separate sending and receiving messages (Wernet et al.,
2023). The stop-and-go growth observed herein might be a symptom of such an intermittent
dialogue, with similar proteins involved. Interestingly, for certain fungi, it has been reported that

specialised hyphae are needed for anastomosis (Read et al., 2009).
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Figure 42: Anastomosis in Rhizophagus irregularis MUCL 43194 in the AMF-SporeChip. Phase
contrast time series of tip-to-tip anastomosis. The left hypha approaches in a “stop-and-go” manner,
while the right hypha hardly grows. Yellow arrows indicate the contact site, white arrows show the growth
direction of the approaching hypha. (b) Focussed image of the time point just before and upon contact.
(c) Graph showing the temporal growth pattern of the two hyphae. Scale bars: (a) 50 um; (b) 25 pm.
Images and figure legend reproduced with modifications from Richter et al. (2024) with permission from
the Creative Commons Attribution license (www.creativecommons.org/licenses/by/4.0/).

To follow up on these findings, larger scale studies were envisioned. To this end, a new device,
specifically tailored to accommodate two strains of Rhizophagus and encourage anastomosis

formation, was developed. This forms the basis of the work detailed in Chapter 5.

The observed overall growth and space navigation behaviour of the AMF is of utmost
peculiarity. Firstly, it has been shown that these fungi germinate reliably without a host or host
exudates present, which sounds counterintuitive. As resources are significantly limited without
a plant partner, it seems reckless to germinate without a host in close vicinity. However, the
observations put this in context. Same as the extension reach of an AMF hypha, the range of

plant signals is relatively short. If spore germination was only possible upon direct contact with
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plant exudates, spores would need to be dispersed very close to the roots of a suitable host
for successful establishment of a symbiosis, which would narrow the window considerably.
Now, as spores are able to germinate without said exudates, germination occurs further away
from the plant. The fungus then sparsely and dynamically starts exploring its surrounding, as
described above, until it finds a root (unlikely in this scenario), or better, the hypha of another
spore with which it can “partner up” through anastomosis, then the next one and so on and so
forth. That way much larger distances can be covered and even the position of close-by plant
could potentially be communicated through the network, thus raising the chances of
encountering a host significantly. As spores can be generally expected to be dispersed in
groups and anastomose frequently, such a scenario is very likely. The apparent randomness
of the exploration in all directions increases the chances of finding a host or spore partner,
trading off farther reach against higher spatial inclusiveness when no directional guidance (i.e.
signal cue) present. Here, the cytoplasmic retraction, both reversible and irreversible, helps to

repurpose and manage the limited resources available.

Even though the microfluidics approach made these intriguing observations possible and
provided insight into AMF growth and space searching behaviour with an unprecedented
clarity, it is not a perfect system and can only represent reality in a simplified manner. The
confinement, enabling the high-resolution images presented, also eliminates the 3™ dimension,
which of course is part of the real-life scenario, from the experimental set up. As the fungi are
expected to navigate their habitat three-dimensionally, the hyphal reach is most likely much
shorter than measured in the experiments, as more space is available to be explored.
Furthermore, due to the spore loading process, all devices were saturated with medium, while
the reality in soil is a patchy (temporally and spatially) mix of liquid- and air-filled pockets. With
some modification of the method, this would be possible to replicate in the device, was

however, not studied within the scope of the thesis.
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4.3 Chapter conclusion

In this chapter, the main applications of the AMF-SporeChip were described and discussed.
Firstly, the device was used to conduct a general examination of space searching behaviour
in response to physical obstacles inside the devices with Rhizophagus. This was the first study
of this kind on asymbiotic hyphae. The fungi displayed a range of strategies and growth
behaviour varied strongly from hypha to hypha. The results were compared to observations
reported for N. crassa, representative for higher filamentous fungi and were found to be
somewhat similar. One observation, however, stood out as curious due to its novelty. Unlike
the established mechanism of cytoplasmic retraction as part of a self-preservation response,
an undescribed reversal of the process was found and analysed in this thesis. Details
concerning speed and completeness of the process, as well as involvement of septa formation
and breaching have been presented in this chapter. Thereafter, in order to prove that a
retraction of the cytoplasm including all cellular contents had taken place, two fluorescent dyes,
Calcofluor white and FM4-64, were utilised. This combination revealed the emptying of hyphae
in static, endpoint microscopy images. Building upon these findings, FM4-64 was further
intended to be used for a search for a Spitzenkdrper in AMF. Therefore, the staining and
imaging method was first established with two filamentous fungi, R. solaniand N. crassa, and
pictures of Spitzenkérper for both fungi were produced. Moreover, dynamic, live imaging was
achieved for N. crassa. Eventually, the method was transferred to Rhizophagus. Here,
however, it was found to be not applicable. Due to toxicity effects and low staining properties
at smaller concentrations, no sufficient sub-cellular resolution was achieved and no sign of a
Spitzenkérper detected. Any further advances on that front had to be ended at this point and
other dyes were suggested. Besides the reversable cytoplasmic retraction, another important
space navigation mechanism observed was anastomoses between hyphae. With the AMF-
SporeChip it was possible to examine these fusion events in much detail and over a
considerably wide area. Anastomosis types observed were both tip-to-tip and tip-to-side as
well as “self-self“ and between hyphae originating from a different individuum (i.e., spore).
Moreover, in one instance a peculiar “stop-and-go” approach prior to anastomosis formation
was observed. Here, one hypha advanced towards the target partner hypha from afar with

occasional stopping and readjustment of growth direction, indicating a signalling taking place.
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These findings showed how effective the microfluidic approach is for detailed observations of
these processes and the last observations further instigated the development of a new
microfluidic device specifically tailored to the isolation and study of anastomosis events in AMF.

The design and application of the anastomosis device are detailed in Chapter 5.
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CHAPTER 5: ANASTOMOSIS DEVICE

5.1 Chapter overview

In this chapter, a new microfluidic device specifically for studying anastomosis events with
AMF was developed. The requirements for the design were to allow for the introduction of
spores of two AMF species at the same time and lanes that guide hyphae towards a central
region where they would encounter each other and anastomose (or not). The device
inoculation and spore immobilisation within the channels was based on the designs developed
for the AMF-SporeChip. Flushing in the spores from opposing sides posed a major challenge,
as the flow from the spore introduction of the second strain could cause the first strain to be
flushed out of the device. A further requirement was to ensure isolation of single spores and
therefore allow physically separation within the channels. In multiple iterative rounds of
development, the interior channel layout, relative channel geometries and channel lengths
were altered and tested. Each developmental round consisted of design conceptualisation,
master mould fabrication, PDMS device manufacturing and spore introduction experiments.
Coinciding with the general device development, the spore inoculation method had to be
amended accordingly and optimised for spore dispersion, separation and, most importantly,
how the flow affected any pre-introduced spores. Additionally, the possibility of multiplexing,
with up to 4 devices combined in one, was trialled. After two initial test rounds of series of
device models to get an idea about which design types were feasible, computational flow
simulation using COMSOL was included in the examination. With this tool it was possible to
fine-tune channel geometries and dimensions before manufacturing of a master mould. In turn,
the AMF-AnastomosisChip was developed, sufficiently fulfiling all requirements, and
anastomosis events were observed. It was hypothesised that the microfluidic device would
allow for a precise positioning of spores in close proximity and thus significantly increase the
anastomosis rate compared to plate-based methods. Later, as an additional feature to the
device, the implementation of diffusion gradients for nutrients or effector substances was

explored, using both COMSOL modelling and fluorescent microscopy on fluorescein gradients.
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5.2 Results and Discussion

5.2.1. Device development

As discussed in the previous chapter, the ability of asymbiotic AMF hyphae to form networks
via anastomoses is of the utmost importance for navigating soil and finding suitable hosts and
thus their survival. A new microfluidic device specifically tailored for isolating and studying
anastomoses was anticipated to allow for a more detailed examination of these fusion events
and, moreover, different strains and species could be confronted with one another to evaluate

whether and to which degree different AMF collaborate with each other.

The device designs were drawn, as before, on AutoCAD and based off the design of the AMF-
SporeChip (see CHAPTER 3: DEVELOPMENT OF THE AMF-SporeChip). Generally, for the
introduction of AMF into the device, spores were pipetted into the inlet and flushed into the
main chamber of the device using a syringe equipped with tubing (as described in 3.2.1.3
Spore isolation and introduction into the device). Spores then became trapped in the primary
trapping region, i.e., loosely along the height transition interface between inlet channel and
investigation zone, or clamped between PDMS and glass bottom in the secondary trapping
region. Now, the new anastomosis device required a second group of spores (of the same or
a different strain) to be introduced into the device, without removing the first spores from the
device in the process. It was hypothesised that only spores firmly trapped in the secondary
trapping region could possibly withstand a strong introduction flow from the opposing side,
while spores loosely immobilised in the primary trapping region would be flushed out.
Therefore, the new device would either need to rely fully on the secondary trapping region or
on a diverted flow for the introduction of the second group of spores trapping was not efficient.
To this end, in the first design round, a broad selection of device layouts, featuring different
relative angles between the in- and outlet channels were made and assessed (Figure 43). Both
lane-type and obstacle-type designs tested. The obstacles were limited to circular pillars (D =
140 pum), which were smaller than those accommodated in the AMF-SporeChip, with the main
function of supporting the channel integrity to prevent collapse. Figure 43a,b show the first
design type, which resembles the AMF-SporeChip but opened to both sides as inlets. Now,

both ends feature an inlet channel of 100 um height, transitioning into the 10 um high
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investigation zone. Here, the device was either equipped with an array of pillars (Figure 43b)
or lanes that are 150 um in width (Figure 43a). In Figure 43c,d, the same designs, both
containing either lanes or pillars, were equipped with two outlets attached on both sides of the
investigation zone in an attempt to guide flow away from the opposite inlet, thus relieving
pressure. To theoretically allow a similar amount of flow through in- and outlet channels, the
outlets were manufactured with a 100 um channel height, as well. As the original, continuous
lanes would obstruct the flow towards the outlets as well as create a bias towards the
outermost lanes, an interruption of 300 um in each of the lanes in the centre was implemented.
For the designs shown in Figure 43e-g, only one outlet was added to the main channel, with
varying relative angles between the inlet channels and the outlet, ranging from 90° (Figure
43e) to 135° (Figure 43g). In theory, the wider this angle, the better the flow gets deviated and
the flow pressure onto the opposite inlet reduced. For the device with an angle of 105° (Figure
43f), the chamber wall connecting both inlets was pulled down slightly into the chamber to
create a nose or invagination that could create a perpendicular stream towards the outlet which

could function as a “blockade” against flow towards the opposite inlet.
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Figure 43: Schematics of the first prototypes of the AMF-AnastomosisChip. In blue, angles of the bent
channels, measured between the outlet and an inlet, are shown. Dark grey indicates the inlet and outlet
channels with channel heights of 100 pm and light grey a channel height of 10 um. Green arrows point
out the inlets, while red arrows highlight outlets.

The devices were manufactured using the protocols described in 2.7 PDMS device
manufacturing. Two Rhizophagus strains, R. irregularis MUCL 41833 and R. irregularis MUCL
43194 were used for the experiments. R. irregularis MUCL 41833 was flushed into the devices
first, with a ratio of approximately 50:50 between the trapping in primary or secondary trapping
region. This ratio is adjustable by varying the applied pressure, with high flow pressure
resulting in more spores in the secondary trapping region and low pressure in spores
positioning themselves along the height transition (primary trapping region). Then, the medium
was pipetted out of the second inlet and the outlet(s), spores of R. irregularis MUCL 43194
transferred into the second inlet and flushed into the device. Spore loading, dispersion and the
amount of spores flushed out were observed and examples of microscoped devices are shown

in Figure 44.
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Figure 44: Spore loading performance of the first prototypes of the AMF-AnastomosisChip. Phase
contrast images showing the spore distribution in a representative selection of devices of the first round
of development after loading. Scale bars: 500 pm.

Spores of R. irregularis MUCL 41833 are smaller and of a less dark shade and can be found
on the right-hand side inlet, while the spores of R. irregularis MUCL 43194 are larger and
darker (left inlet). In general, the results with all designs were overall positive. After introducing
the second strain into the device, spores of the first strain remained in position. This was mainly
the case when spores were firmly trapped in the secondary trapping region. Most loosely
trapped spores of the first strain in the primary trapping region were flushed out in nearly all
designs, which was mainly expected with the basic design without any additional outlets
(Figure 43a,b; Figure 44a) and with only one outlet attached in a 90° angle (Figure 43e). With
two outlets (Figure 43c,d; Figure 44b), the flow towards the opposing inlet was indeed slightly
relieved, allowing even loosely trapped spores to maintain their place. Due to the deviated flow,
however, a slight loading bias towards the sides was introduced. The one-outlet design with
an angle of 105° did not manage to re-direct the flow significantly, leading to the majority of
loosely immobilised spores being flushed out (Figure 43f; Figure 44c) and only spores firmly

trapped underneath the PDMS in the investigation zone remained. The invagination did not
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produce the anticipated effect of a flow blockade, at least not sufficient enough to block flow
from going towards the opposite inlet. With the wider angle of 135° (Figure 43g; Figure 44d),
it was possible to re-direct a portion of the flow towards the outlet, away from the first inlet,
leaving some loosely spores in the channels, suggesting that this layout could be a sensible
base design moving forward, with room for improvement. Overall, utilising the secondary
trapping method was a safe way to load both strains into the device. Furthermore, it was
possible to re-direct flow away from the opposing inlet when using certain angles between the
channels. While the loading worked well, the dispersion and especially separation of the
spores was poor. As a requirement for the anastomosis device was to inoculate single spores

in a physically separated manner from one another, the designs now had to be further modified.

In the second development round for the anastomosis device, solely lane-type designs were
resorted to, as the obstacle-type channel layout was not able to produce sufficient separation
of spores and hyphae. All designs developed in this round can be seen in Figure 45. The main
idea behind the new designs was to create an array of lanes opening into pockets towards the
respective inlet to capture single spores. Those spores would then germinate, forming hyphae
that would grow and be guided by the lane that eventually opens into a central region
(subsequently referred to as “hyphal interaction zone”) where contact with other hyphae of
either the same strain (i.e., from the same device side) or the other strain from the opposite
side of the device. To increase the chances of possible anastomoses by decreasing the
distance between the two strains, the total length of the main interaction chamber was reduced
(for the straight devices from 3000 um to 2250 um). The new designs were either a simple
single channel system with directly opposing inlets and no additional outlets (Figure 45a-d) or
a variation with two non-parallel inlets (with an enclosed angle of 90°) leading into a single
outlet (Figure 45e-j). This Y-shape layout was meant to deviate the flow away from the inlets
and was inspired by the device shown in Figure 43g, which produced the best results for spore
loading in round 1. The width of the outlet was significantly reduced, to either 500 um (Figure
45f,g,h,i) or 300 um (Figure 45e,j). This reduction in size was meant to bring the terminal
openings of the lanes closer together and thus hyphae within signalling range and recognition.
As a smaller outlet size was expected to increase the fluid backpressure and thus have an

adverse effect on the desired flow deviation away from the inlets, two widths were tested in
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order to assess the magnitude of the effect. Similarly, two lane widths were tested with the
wider being 150 um and opening into a 230 um broad half-circular pocket (Figure 45a-c,e,f,i,),
which in theory should allow one large spore to be captured comfortably, however, two or more
smaller spores could also theoretically be trapped in the same pocket. The narrower variation
featured a width of only 100 um, opening into spike-shaped narrow pockets with a maximum
space of 140 uym at the widest point (Figure 45d,g,h), which was expected to fit a single spore
of the majority of the measured spore diameters. For both lane widths, besides the outlet size
(see above), the position of the pockets was varied by extending the lanes all the way up to
height transition or even beyond. While the designs shown in Figure 45a,i,j (lanes directly
adjacent to the transition line) and Figure 45c (lanes end inside the investigation zone with
~140 um to the transition line) were expected to retain the possibility of a more rigid spore
trapping between channel ceiling and bottom, as described above, this would be entirely lost
with the designs shown in Figure 45b,d-g. Here, the lanes extend beyond the transition line
and thus the pocket portions of the lanes possess a channel height of 100 um. This removed
the secondary trapping mechanism entirely, only allowing for a loose capturing of the spores

in the pockets, however, it was expected to improve the spore dispersion.
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Figure 45: Schematics of the second prototypes of the AMF-AnastomosisChip. Dark grey indicates
the inlet and outlet channels with channel heights of 100 um and light grey a channel height of 10 pm.
Green arrows point out the inlets, while red arrows highlight outlets.

The devices were then manufactured, loaded with both Rhizophagus strains, R. irregularis
MUCL 41833 (on the right-hand side inlet) and R. irregularis MUCL 43194 (on the left-hand
side inlet), as described above for development round 1, and assessed on spore loading and
dispersion performance. Here, increased caution was taken in picking only single spores for
the experiments. Exemplary microscopy images of the obtained outcomes are shown in Figure
46 and Figure 47. As expected, the designs without an extra outlet did not produce very
positive results. With the lanes extended into the primary trapping region, and pockets with a

height of 100 um (Figure 45b), the introduction of the first strain was smooth and with a decent
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control over the spore distribution, however, when flushing in the second strain, all initial spores
got expulsed from the channel without exception. In the same way, the device variation with
narrower lanes (Figure 45d), did not hold any spore of the first strain in place, as it proved
virtually impossible for spores to enter the pockets. As formerly discussed, the hyphal
remnants attached to the spores, render the effective diameter of the spores generally larger,
moreover, along with its flow behaviour, unpredictable. A similar outcome was observed using
the design with lanes extending to the height transition line (Figure 45a; Figure 46a). Generally,
spores were not able to enter the pockets, as the rigid design significantly reduced the flexibility
of the PDMS channel ceiling and as a consequence got flushed out of the channel. Only
occasionally, smaller spores managed to enter the pockets and now tightly trapped, were able
to resist the flow and remained in place. When the lanes ended before the transition line and
the pockets were located well within the investigation zone (Figure 45c), high channel
expandability was retained and spores got trapped regularly to withstand flow. This, however,
prohibited achieving good homogeneous spore dispersion (Figure 46b). Spores of strain 2
(left-hand side) were not able to enter the pockets and/or the investigation zone. This is the
result of caution taken with the introduction of strain 2 to prevent expulsion of the first strain.
Even though these spores got trapped considerably tightly, a strong pressure - strong enough

to force strain 2 into the pockets - would lift up the PDMS ceiling and flush out all spores of

strain 1.
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Figure 46: Spore loading performance of the second prototypes of the AMF-AnastomosisChip. Phase
contrast images showing the spore distribution in straight-channel devices of the second round of
development after loading. Scale bars: 500 pum.
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In contrast, the Y-shaped designs were anticipated to allow for an improved spore loading, and
while all showed improved flow profiles with a significant re-direction towards the outlet and
thus reduced fluid pressure towards the opposing inlet, the success was found to be highly
variable and dependent on details. The first observation made and confirming the findings
from the straight devices described above was that the narrower lanes and pockets proved to
be too narrow for most spores. The version with the pockets protruding out of the investigation
zone allowed for the occasional small spore to get captured (Figure 45g; Figure 46; Figure
47a), while for the version with the lanes ending at the transition line (Figure 45h) the pockets
were entirely inaccessible. Good spore loading was achieved with all designs containing wide
lanes and pockets (Figure 45¢,f,i,j), although, again, when the pockets were located inside of
the investigation zone, spores were rarely able to enter and get captured. Figure 47b shows
spores aligning along the height transition line, even positioning themselves in front of the
pockets, however not managing to actually access the pockets. The most promising designs
tested featured wide lanes with pockets protruding beyond the transition line into inlet region
with a channel height of 100 um (Figure 45e,f; Figure 47; Figure 45c¢). Here, spore loading and
equal distribution over the pockets was well controllable and many single spores got and
remained captured in separate pockets, as a considerable portion of the flow was deviated
away from the opposing inlet with spores of the first strain towards the outlet. The last aspect
tested here was the effect of the centre width, i.e., distance between the lane ends. It was
found that the reduced width of 300 um (Figure 45e,j) provoked a higher flow pressure towards
the inlet compared to a width of 500 um (Figure 45f,i; Figure 47c), thus causing more spores
to get flushed out. As 500 um was still deemed a reasonable distance for hyphae to cover and
to initiate contact, this layout was used moving forward. Despite this progress and result, a

considerable amount of flow was still going towards the inlet.
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Figure 47: Spore loading performance of the second prototypes of the AMF-AnastomosisChip. Phase
contrast images showing the spore distribution in Y-shaped devices of the second round of development
after loading. Scale bars: 500 pm.

As it was found that in order to compel with the required single spore dispersion over the
pockets only loose capturing rather than fixed clamping between PDMS and glass bottom was
possible, and thus a small percentage of spores still got flushed out, a further reduction of flow
towards the inlet was needed. Therefore, a third round of further development, based on the
design shown in Figure 45f was performed. In this batch of new device designs, the inlets were

bent down in a way that the inlets were facing each other in parallel, making the former Y-
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shape of the device now resembled a bird in flight. An exemplary assortment of the designs is

shown in Figure 48.

(a) (d)

(b)

Figure 48: Schematics of the third prototypes of the AMF-AnastomosisChip. Dark grey indicates the
inlet and outlet channels with channel heights of 100 um and light grey a channel height of 10 pm. Green
arrows point out the inlets, while red arrows highlight outlets.

Only the lane portion of the device was still bent in a 45° angle, guiding both flow and hyphae
towards the centre and the outlet. This was not only expected to bring about a continued
improvement of the flow profile, furthering the bias towards the outlet rather than the inlet, but
also to equalise the lengths of the lanes to 1000 um. With the former Y-shaped design, the
lanes varied immensely in length, ranging from 1200 pum in the topmost lane to almost 3500 pm
in the bottom lane, thus rendering conditions and changes for encounters highly
inhomogeneous. Moreover, in the entirety of experiments conducted in the course of this
project, only a very small minority of hyphae were observed to travel as far as 3000 um or
further inside of a microfluidic device (see 3.2.2.2 Spore germination and hyphal growth
behaviour in the confined environment). Besides these changes in overall device shape and

relative inlet position, the dimensions of the design were kept the same. As the narrow lane
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version of the device in round 2 was found to be inaccessible for most spores, however,
pockets of the wider lane version were able to comfortably fit two or more spores at the same
time, it was decided to further modify the lanes in an attempt to find a compromise between
both extremes (Figure 45f,g). It was concluded that the main issue with the narrow lane design
were the pocket size and shape. Therefore, the lane widths were reduced from 150 pm to
90 pm and the pocket maximum size from 230 um to 170 um. That way, the actual lane width,
as seen in Figure 48b,c was even smaller than before in the narrow-lane devices (Figure
45d,g,h; 100 um), while the pockets were larger (140 um in the narrow-lane devices). This
changed the number of lanes from 7 in the wide-lane designs to 9 on each side (16 in the
narrow-lane device). Furthermore, the lane widths were equalised in the process. The design
in Figure 48a still featured 7 lanes of the same width as before, with, however, narrower
outermost lanes compared to the rest of the lanes, mainly impacting the flow behaviour in the
device. Figure 48c shows a version of the design with an outlet widening in a tapered manner,
which was expected to increase the flow bias further towards the outlet. In an addition to this
round of development, multiplexing devices were introduced. Therefore, the device designs
were connected to form double-channel (Figure 48d) as well as 4-channel devices. These
devices comprised either of the designs shown in Figure 48a,b and were meant to improve
imaging throughput and capacities. In the most space-economic way, this allowed for multi-
ROI (region of interest) timelapse microscopy and thus significantly increasing the chances of
observing anastomoses in real-time. These larger devices were bonded into FluoroDish glass-
bottomed petri dishes with a glass diameter of 35 mm (50 mm outer diameter). The 4-channel

device was very similar to the double-channel device and is not further discussed herein.

At this point, the possibility of computational modelling of the flow behaviour in the devices
arose. With the help of a colleague (PhD student, Kate Collins), the designs were fed into a
COMSOL model. To facilitate the processing, the device designs had to be simplified.
Therefore, the pockets featuring round shapes were replaced by simple triangles. It was
assumed that the flow profile would not be significantly impacted by the modification. As model
scenario, a flow pulse with an amplitude of 0.2 ml/s from the left-hand inlet was chosen
(representing the second spore loading). As the spore introduction is performed by hand

(described above), this can only be a rough estimate. Additionally, the design shown in Figure
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45f was modelled retroactively, to be able to compare the impact of the changes made in round
3 of the development on the flow profile. The results of the modelling can be found in Figure

49 and Figure 50.

(a) Slice: Velocity magnitude (m/s) Streamline: Velocity field

Figure 49: COMSOL modelling of flow in prototypes of the AMF-AnastomosisChip. Modelled were in
(a) a Y-shape design of the second prototypes and in (c) the single channel designs of the third
prototypes. In the model scenario, a flow of 0.2 ml/s is introduced from the left inlet into the devices.
White lines with arrows represent the velocity field and the colour code indicates the velocity magnitude
in m/s, with dark red equalling 30 m/s and dark blue 0 m/s.

The images represent the flow profile in the form of a heat map as well as with streamlines. A
red colour and a high density of streamlines indicate high flow pressure, whereas blue and

low-density streamlines symbolise low flow pressure. The modelling results suggest that the
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modifications made in round 3 of the development improved the flow profile for the single
devices by guiding the flow towards the outlet rather than the opposite inlet, as indicated by
only 3 streamlines in all round 3 designs (Figure 49b-d) and a few more streamlines observed
with the round 2 device (Figure 49a). Furthermore, the modelling for the round 2 device shows
a very high flow velocity in the upper lanes (red colours). A comparison between the 3

individual designs of round 3 did not show any significant differences.

The flow behaviour in the double-channel device was modelled for each individual channel
(Figure 50). Here, only in the lowest channel, directly opening into the outlet, the flow pressure
in the opposite inlet was low, while high pressure (red colours) was suggested for the upper
channel. This is most likely due to the higher backpressure from the narrow neighbouring
channels while the lowest channel opens into the outlet with 100 um channel height.

Furthermore, the model revealed flow down into the adjacent channel.

Slice: Velocity magnitude (m/s) Streamline: Velocity field
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Figure 50: COMSOL modelling of flow in prototypes of the AMF-AnastomosisChip. Modelled were the
double-channel designs of the third prototypes. In the model scenario, a flow of 0.2 ml/s is introduced
from the top left inlet (left) and bottom left inlet (right) into the devices. White lines with arrows represent
the velocity field and the colour code indicates the velocity magnitude in m/s, with dark red equalling
30 m/s and dark blue 0 m/s.

As most of the modelling, however, provided promising results and suggested an improvement

of the designs, the devices were manufactured and assessed on real-life spore loading and
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dispersion performance. Therefore, the devices were once more loaded with R. irregularis
MUCL 41833 (on the right-hand side inlet) and R. irregularis MUCL 43194 (on the left-hand
side inlet), as described for rounds 1 and 2. Indeed, the modelled prognosis could be
corroborated and the spore loading was improved. With all single channel devices, only few
spores of the first strain were flushed out when introducing the second strain from the left inlet,
resulting in better spore numbers and dispersion (Figure 51). No significant differences were
observed between the design featuring fewer and wider lanes (Figure 51) and the design with
more and narrower lanes (Figure 51b), however, a slightly better separation of the spores can
be achieved. Similarly, the tapered outlet channel did not show an improved flow re-direction
compared to the regular straight outlet channel design. The double-channel device performed
even worse than expected from the modelling. When introducing spores, all spores
immobilised in any of the adjacent channels, on both left and right-hand sides, were flushed

out. As a result, only one pocket array remained filled after finishing loading spores.

@ « - (b) N
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Figure 51: Spore loading performance of the third prototypes of the AMF-AnastomosisChip. Phase
contrast images comparing the spore distribution in (a) the design with fewer and wider lanes and (b)
the design with more and narrower lanes of the third round of development after loading. Scale bars:
500 pum.

Even though a significant improvement of the single channel designs was achieved in this
round, still around 30-50% of the initially loaded spores of the first strain were removed from
the channels when flushing in the second strain. To exploit the full potential of the devices,
first, before once more changing the design, several tests concerning the loading method were

conducted. In the previous experiments, the first strain was flushed in using a syringe equipped
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with tubing, the syringe was unplugged from the inlet, liquid was pipetted out of the second
inlet and outlet, spores of strain 2 were pipetted into the second inlet and flushed into the
device using the syringe again, and no particular attention was paid to details. Besides spores
getting pushed out of the pockets or the device altogether when flushing in the other strain,
spores sometimes drifted out of the pockets and back into the inlet when pulling out the tubing.
Therefore, as a first optimisation of the method, the syringe was left inside of the inlet for about
1 min after loading of the spores was finished to allow for the pressure to equilibrate, before
carefully pulling it out. This improved both the loading of the first strain as well as the second

strain.

Furthermore, the possibility of sealing off the first inlet before introducing the second strain
was explored. Therefore, PDMS plugs, which were punched out from in- and outlets in the
device manufacturing process, were kept and used to close off the inlet after finished
introduction of strain 1. At first, huge air pockets were created when inserting the plug into the
inlet. As air is compressible, other than the aqueous medium, this air bubble acted as a spring
and made the spores bounce around and lose their position in the lane pockets when flushing
in the second strain or pulling out the tubing. Removing the air bubble by sucking from the
opposite side with the syringe proved to be impossible and some air always remained,
continuously re-entering through tiny gaps between inlet wall and the PDMS plug or even
through the PDMS itself. This issue could be eliminated by overfilling inlet 1 with medium
before inserting the PDMS plug, and no air pocket was created. Due to the flexibility of the
PDMS, however, spores were still found to bounce around occasionally when introducing strain

2.

Introducing both strains at the same time through two inputs simultaneously was not feasible
for several reasons. As discussed before, flushing spores into a device was not feasible with
a syringe pump as it would reduce throughput and more importantly control over the spore
introduction and dispersal within the device. Furthermore, often an irregularly pulsating flow
was necessary to introduce spores as they tend to get stuck or tangle up due to their irregular
shapes and hyphal remnants. Now, in order to load both sides of the AMF-AnastomosisChip,
handling two syringes at the same time would be less of a problem but applying the same

pressure with both hands would be impossible. Moreover, with no hand free to hold down the
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device onto the stereoscope stage, the device would need to be fixed to the stage, e.g., with

tape, rendering the method more tedious and time-consuming.

Instead, introducing the spores by sucking from the outlet was tested. Therefore, after
introducing strain 1, liquid was pipetted out of inlet 2, spores of strain 2 were pipetted in, liquid
was pipetted out of the outlet, a syringe was plugged in and a negative pressure was built up
with the syringe. The syringe should be slightly filled with medium and air should be avoided
as it would act as a buffer and reduce the control over the suction. This approach proved to be
highly promising and no spores of the first strain were removed. As a small drawback, the
suction method introduces a bias towards the lower pockets when loading strain 2 (Figure 52),
i.e., the topmost pockets often remained unfilled with spores, which is why strain 1 was
continued to be pushed in rather than sucked in. Often, in order to get all spores into the
pockets, the entire medium has to be sucked through, resulting in air-filled channels (spores
tend to follow the liquid front at the air-liquid interface). Then, the syringe is left plugged in and
fresh medium is pipetted into both inlets. Here, again, the system was left to equilibrate for

about 1 min before unplugging the syringe, in order to avoid spores bouncing out of the

pockets.

Figure 52: Spore loading performance of the third prototypes of the AMF-AnastomosisChip after
optimisation of the loading protocol. Phase contrast images showing the spore distribution in the design
with 9 narrow lanes of the third round of development after improved loading with the suction method.
Scale bars: 500 um.
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This method, involving introduction of strain 1 in the classical pumping manner, followed by
strain 2 introduced by suction, was deemed most effective. For further improvement of the
spore loading and dispersion it was found that by tilting the device towards the top and tapping
it against the surface while sucking helps usher spores into the top pockets, thus reducing the
introduction bias towards the lower pockets. Furthermore, after concluded spore introduction,
pulling out the tubing from the inlet while bending it down over the device edge, thus
segregating the contents of the tip of the tubing from the syringe, keeps spores from bouncing
around and the 1 min waiting time for pressure equilibration is not needed. From then on, the
procedure was established as standard method for spore introduction into the AMF-
AnastomosisChip. In general, the loading performance is furthermore greatly dependent on
the spore material and best results can be achieved with truly single spores with short hyphal
remnants (100-200 um). Larger spore clusters, long hyphal remnants and hyphal debris
interfere strongly with the loading by blocking pockets or acting as flow guides (very long
hyphae) thus causing spores to aggregate instead of dispersing. Unfortunately, this cannot
always be avoided, as some hyphae, be as hyphal remnant or debris, are invisible under the

stereoscope and are only revealed after the final loading under the microscope.

For the final device design, the design shown in Figure 48b was slightly modified. To increase
the chances of interaction between strain 1 and 2, the length of the lanes was reduced from
1000 um to 500 um, thus halving the distance to be covered by the hyphae. Even though
several hyphae managed to reach lengths of 3 mm or more throughout the experiments, the
majority of hyphae did not grow beyond 0.5 mm in the devices (see Figure 19 and Figure 38).
With this final design of the AMF-AnastomosisChip and the improved spore loading technique,
good results for introducing two AMF strains into the channels were achieved. The final design
schematics and a representative microscopy image showing the spore distribution within the

pockets can be found in Figure 53.
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Figure 53: Final design and loading performance of the AMF-AnastomosisChip. (a) Schematics of the
final design with lanes reduced to 500 um length. Dark grey indicates the inlet and outlet channels with
channel heights of 100 um and light grey a channel height of 10 pm. Green arrows point out the inlets,
while red arrows highlight the outlet. (b) Phase contrast image showing the spore distribution in the final
design version. Scale bar: 400 um.

5.2.2 Spore loading and growth performance in the AMF-AnastomosisChip

To examine the behaviour of the fungi within the AMF-AnastomosisChip, 20 devices were
loaded as described in the above section with liquid MSR(-) medium and incubated at 27 °C
(both sides loaded with R. irregularis MUCL 43194). The devices were observed (Eclipse Ti-
U, Nikon, see 2.3 Microscopy and image processing) daily until 13 days post inoculation (dpi),

as well as at 27 and 36 dpi.

Firstly, to characterise the functionality of the microfluidic device, numbers of pockets holding
spores were recorded (n = 18 per device, 9 left (L), 9 right (R), with increasing numeration from
1 to 9 towards the device outlet), represented as “Loaded pockets” per device in Figure 54a,
as well as numbers of spores per respective pocket were counted, represented as “Average
spores per loaded pocket” per device in Figure 54b. All spores sitting inside of the pocket, even
if only slightly, were included. Spores situated outside the pocket, without direct contact to the
other spores but possessing a subtending hypha in the respective pocket, were added as 0.5
towards the count. To reveal any loading bias for the pockets, the total instances of a respective
pocket filled by pocket name (e.g., 1R or 7L) are shown in Figure 54c. A count of 20 would

signify that this pocket had been filled each time in every single device. In Figure 54d, the total
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instances per device side were summed up over all 20 devices, to account for any side-related
loading bias. The maximum achievable count here is 180 (9 pockets per side * 20 devices).
Figure 54e shows the same result but as an average over all devices. Furthermore, the
orientation of the spores within the pocket was analysed, i.e., whether the subtending hypha
was pointing into the pocket and lane or away from it (Figure 54f). The plotted y-values are
derived from the difference between the IN and OUT count, e.g., if out of a total of 3 spores in
a pocket 2 were pointing inwards and one spore outwards, this was recorded as 1, similarly, if
2 spores were pointing inwards and 3 outwards, this was recorded as -1. Again, these results

were plotted as the average over all pockets of a device.
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Figure 54: Quantitative analysis of the spore loading performance in the AMF-AnastomosisChip. The
experiment comprised 20 devices inoculated with spores of Rhizophagus irregularis MUCL 43194,
inoculated over 36 days. Orange dashed lines indicate mean values. (a) Point plot with standard errors,
showing number of loaded pockets per device. Mean = 8.0 £ 2.0 (b) Point plot detailing the average
number of spores per loaded pocket. Mean = 1.9 + 0.5. (c) Column chart representing the total instances
a specific pocket contained spores in all devices. Colours highlight the device side with black for left
and green for right. (d) Column chart summing up the total instances pockets contained spores grouped
by side in all devices, 68 counted left and 92 right. (e) Point plot with error bars showing the average
number of pockets filled by side per device. Left: 3.40 £ 1.23; right: 4.65 £ 1.27. A significant difference
between the results according to paired t-test was found and indicated with asterisks for p values <0.001
(***), <0.01(**) and <0.05 (*). (f) Point plot with error bars indicating the average spore orientation per
device. A y-value of 0 means that the same number of spores in a pocket were facing in- and outwards
of the lane, a positive value that more spores were facing into the lane. Mean = 0.2 + 0.6.
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The results in Figure 54 indicate an overall good loading of the AMF-AnastomosisChip, with
an average of 8 pockets filled per device, i.e., nearly every second pocket was filled. On
average, each of these filled pockets held 1.9 spores. Figure 54c-e reveal a loading bias
towards the right-hand side of the device as well as towards the bottom pockets, closer to the
device outlet. This was behaviour was expected, as mentioned in 5.2.1. Device development.
As the device was designed to guide any flow from the inlets towards the outlet, spores get
preferentially drawn towards the lower pockets/lanes, closer to the outlet. This was countered
by gently knocking the device against the stereoscope stage on the device top side while
flushing in the spores (described in 5.2.1. Device development), otherwise the recorded
loading bias would have been stronger. This can be also seen in Figure 54c, where a clear
tendency towards the lower pockets is shown for the left side, while this trend is less clear and
pronounced on the right side. The bias towards the pockets on the right-hand device side can
be explained by the difference in loading method between left and right. The spores on the
right-hand side are flushed in, while the spores on the left are sucked in. Sucking in the spores
allows for less force to be exerted and spores occasionally get stuck in the device inlet and do
not make it into a pocket. Moreover, by sucking, the bias towards the bottom pockets cannot
be countered as well as with flushing in (as described in 5.2.1. Device development). Ideally,
spores sitting in a pocket, would face into the lane with its subtending hypha (and thus its
germination site), as this would be expected to increase the chance of any emerging hypha
growing down the lane and into the hyphal interaction zone. Even though the subtending hypha
occasionally acts as a “fin” and thus, following the stream, turning the spore towards the lane,
this is in practice not consistent and depends on too many other factors, such as length of the
subtending hypha, spore size and shape, number of spores per pocket or other obstructions
like hyphal debris. Despite this uncertainty, Figure 54f reveals on average a nearly even
distribution between spores facing in- or outwards (mean = 0.2 £ 0.6), which means that at
least no bias away from the lane was created and spores have on average a fair chance to
germinate into the lane. Originally, an even distribution of spores, i.e., every pocket filled with
a single spore, and all spores facing down the lane was aimed and hoped for. While a higher
number of loaded pockets per device as well as “perfect” spore orientation remain desirable
although practically impossible, the irregularity in number of spores per pocket might actually

be advantageous. The results included pockets filled with both only one spore as well as
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multiple. That way, the effect of grouping on germination and growth behaviour could be

studied, which is difficult on plate.

Following the characterisation of the device loading, the growth behaviour of fungi in the AMF-
AnastomosisChip was analysed. Therefore, firstly, the germination rate of the spores was
calculated for each device (Figure 55a). Next, the growth activity was evaluated. Therefore,
any lane with growth, regardless of direction, was counted each day and averaged over all
devices in order to highlight the growth phases of the fungus inside the device. To account for
the discrepancy in number of loaded lanes, the active lane count was normalised by dividing
by the number of loaded lanes for the device. The results are plotted in Figure 55b. In Figure
55c this was further split into hyphae growing down the lane (“Down”) or in opposite direction
away from the lane (“Away”). Occasionally, when the germination site was lying already inside
the lane, and the hypha was growing away from the hyphal interaction zone, this hypha was
counted towards both “Down” and “Away”. While the activity in Figure 55b was recorded in an
ON/OFF manner, i.e., any growth in the pocket/lane was counted as 1 and no growth as 0, for
Figure 55c¢ the exact instances of germinations was considered. Lastly, the number of hyphae

reaching the hyphal interaction zone was recorded and plotted for all 20 devices in Figure 55d.
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Figure 55: Quantitative analysis of the growth performance in the AMF-AnastomosisChip. The
experiment comprised 20 devices inoculated with spores of Rhizophagus irregularis MUCL 43194,
inoculated over 36 days. Orange dashed lines indicate mean values. (a) Point plot showing the
germination rates per device. Mean = 0.63 = 0.16. (b) Point plot representing the growth activity per day,
averaged over all devices. A lane was counted as active if any growth regardless of the direction
occurred. The number of active lanes was normalised by dividing by the number of loaded lanes per
device. (c) Point plot detailing the growth activity considering the direction, i.e. away from the lane (black)
or down the lane (green) towards the hyphal interaction zone, per day averaged over all devices. The
number of active lanes was normalised by dividing by the number of loaded lanes per device. A t-test
did not reveal a significant difference between “Away” and “Down” (p-value: 0.2168). (d) Point plot
showing the number of hyphae that reached the hyphal interaction zone per device. Mean = 2.35 + 1.35.

The germination rate of the spores, as shown in Figure 55a, reveals an average germination
success of 62.6 %, which is lower than in previous experiments (see 3.2.2.2 Spore germination
and hyphal growth behaviour in the confined environment) and varies considerably from device
to device (SD = 15.8%). These mediocre germination rates bleed into the lane activity by day
(Figure 55b), with percentages well below 50 throughout. Moreover, the growth behaviour was
observed to be immensely varied between individual spores, with widely asynchronous growth
phases. While some spores started germinating from day 1, other spores only germinated after
many days, even after 27 days, fresh germinations have been recorded. Similarly, while some

growth was maintained over several days, some hyphae stopped growing the day following
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emergence. Overall, the highest activity was recorded between day 2 and 5, followed by a
continuous slow decrease up to day 13. Interestingly, an intermediate activity drop on day 8
was observed quite consistently for most devices. Surprisingly, an extreme growth spurt was
recorded on day 27. This can most likely be explained by a medium refill after data acquisition
on day 13, was, however, by no means anticipated. Quite consistently, devices which were
topped-up with fresh medium because of medium loss through evaporation during the first 13
days of the experiment to avoid drying out of the device showed this sudden growth spurt,
while devices that weren't filled up did not. Deviation from this could be explained by the
different levels of medium added, i.e., for some devices the entire inlet had to be filled up
(equivalent to ~21 pl per inlet), while other inlets received only a few pl. This was, however, not
annotated and can therefore not be traced back. When looking at the growth activity by
direction (Figure 55c), a similar trend can be observed for both away and down and no overall
significant difference was found. Nevertheless, it seems that during the main growth phase
(day 2-5), more growth occurs directed away from the pocket rather than down the lane. This
could be caused by hyphae preferring to grow in the less confined environment, i.e., the inlet
channels and pockets which have 100 um channel height, compared to the more confined
environment of the lanes and hyphal interaction zone (channel height 10 um) and the effect
becoming more apparent when overall more growth activity is taking place. As a next step, the
number of hyphae reaching the hyphal interaction zone was analysed. Figure 55d shows
numbers ranging from at least 1 to 6 and averaging around 2.35 (SD = 1.35) instances per
device. This number theoretically translates into at least one anastomosis between two distinct
spores for each device possible. Equally positive is the fact that in every device at least one

hypha managed to grow into the hyphal interaction zone.

Next, total number of anastomoses observed during the experiment, along with cross-over
events, non-anastomotic contact between hyphae, as well as approximation to 100 pym,
200 pm and 400 pm followed by growth arrest were recorded and can be found in Table 1. In
total, 23 anastomoses were recorded, regardless of location within the device or anastomosis
type. While some fusion events occurred in the hyphal interaction zone, some hyphae merged
in the lane or pocket. Similarly, both self-self anastomoses between hyphae originating from

the same spore or connections between hyphae from different spores were observed. The
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majority of the recorded anastomoses were tip-to-side and only two instances of tip-to-tip
anastomoses were observed. On 10 occasions, cross-over events were recorded, i.e., a hypha
comes in contact with another hypha but instead of anastomosing, continues growing over the
other hypha. Similarly, contact between hyphae sometimes leads to growth arrest (but no
fusion). This was observed 4 times during the experiment. Furthermore, growth arrest just
before contact establishment between two hyphae was observed multiple times. 5 times both
hyphae got within 100 pm, 3 times within 200 um and 4 times within 400 um tip-to-tip or tip-to-
side distance but then stopped growing. Moreover, these premature growth arrests thwarted
all attempts of acquiring timelapse series of successful anastomoses during the experiment,
as it happened in any timelapse imaging set up overnight. Photosensitivity causing this
phenomenon is a possible but unlikely explanation, as the light exposure time of the hyphae
was relatively low (few seconds every 20 minutes) and no such effect was observed in any of

the previous timelapse experiments with AMF of this project.

Table 1: Summary of total anastomoses and related events counted.

Growth Growth Growth
Contact but  arrest within  arrest within  arrest within
Anastomosis  Gross-over no 100 um 200 pm 400 pm
anastomosis hyphal hyphal hyphal
distance distance distance
23 10 4 5 3 4

An example of an anastomosis event in the interaction zone can be found in Figure 56.
Between day 12 and 13 of the experiment, a hypha grew into the field of view from the top and,
interestingly, crossed over the other hypha without interacting. On day 27, however, it was
found that the hypha then had branched and one of the branches was growing back upwards,
back towards the crossed over hypha. Then it did yet another cross-over but within only a few
um, it turned around again and this time formed an anastomosis. This intriguing observation
suggests that hyphae are not only potentially spatially specialised for anastomosis but also

temporally, with the same hypha becoming susceptible for fusion with other hyphae over time.
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Day 12 Day 13 Day 27

Figure 56: Anastomosis event in the AMF-AnastomosisChip. Phase contrast time series showing two
cross-over events followed by a tip-to-side anastomosis on day 12, 13 and 27 of the experiment.
(Bottom) Magnifications of the cross over and anastomosis on day 13 (blue) and 27 (purple). Scale
bars: 100 um.

Another fascinating observation involved a spore “hijacking” a hyphal fragment to extend its
reach. Figure 57 shows a single spore germinating between day 8 and 9 and then, on day 10,
fusing with a hyphal fragment in the lane on one end (Figure 57, white arrow) and re-emerging
from the other end of the fragment (Figure 57, yellow arrow), further down the lane, with several
strong hyphae. One of these hyphae eventually proceeded to grow through the investigation
zone and formed an anastomosis with another hypha (not shown in figure). Normally, hyphal
fragments without spores are regularly “germinating”, forming hyphae, which, however, never
extend beyond ~100 pm, as nutrients from a spore are missing. The described “hijacking” was
observed several times and is strongly reminiscent of the hyphal healing process (de la

Providencia et al., 2005; de La Providencia et al., 2007).
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Figure 57: Example of anastomosis in the AMF-AnastomosisChip. Phase contrast time series showing
a spore anastomosing with an old hyphal fragment to extend its reach, using the fragment as a bridge
on day 8, 9 and 10 of the experiment. White arrow indicates the upper end of the hyphal fragment and
anastomosis site, yellow arrow indicates the lower end of the hyphal fragment, where fresh hyphae
emerge following successful anastomosis. Scale bars: 100 um.

Overall, the proof-of-concept experiment demonstrated good functionality of the AMF-
AnastomosisChip. It revealed great spore loading performance as well as growth into the
hyphal interaction zone and hyphal contact. A significant improvement of the method could be
achieved with improved spore material (also discussed in 5.2.1. Device development). Truly
single spores with short subtending hyphae (~100um) are most beneficial for a more controlled
device loading, as long and/or branched hyphae tend to get caught on either channel
structures or other spore/spore clusters. Similarly, loose hyphal fragments or debris, derived
from the spore dissection, are highly disruptive for both the loading as well as the imaging
process, as they cover spores and germinated hyphae, making it difficult to track and analyse
growing hyphae. Unfortunately, avoiding introduction of hyphal fragments is very difficult, as
they are not easily spotted or filtered out. A less manual method involving a blender was tested
by our collaborator but needs further optimisation. Here, the spore material is dissected in bulk
using a blender and subsequently filtered with a sucrose-gradient centrifugation. This process
allows for a relatively quick production of a high volume of single spores, however, still leaves
a lot of hyphal debris behind. With some improvement this method could become the protocol
of choice for future experiments. As another important factor of the spore material, the spore
fitness could be better. With an average germination rate of only 60%, less hyphae emerged

from the introduced spores and thus less chances of hyphal interaction were provided.
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The device allows for positioning of single spores in very close proximity, while, however, being
physically separated by channel walls. This precision is impossible in plate-based experiments
with manual spore placing, which, to a considerable degree explains the immense
improvement of anastomosis rate per spores inoculated, compared to previous plate-based

experiments performed by the collaborator (unpublished observation by the collaborator).

5.2.3 Application of the AMF-AnastomosisChip for establishment of diffusion

gradients

In an attempt to explore the possibility of coercing hyphae into growing preferentially down the
lanes and into the device centre (i.e., hyphal interaction zone) using a chemical
gradient/attractant, the diffusion behaviour in the device was studied. Therefore, the diffusion
of the fluorescent molecule fluorescein was first modelled using COMSOL, with the help of a
colleague (PhD student, Kate Collins), and subsequently tested in real life through

fluorescence microscopy.

As parameters, the device geometries including the two different channel heights, 4.25E'°m?/s
as the diffusion coefficient and a supply of fluorescein from the device outlet (bottom channel)
with a concentration of 0.5 mM was fed into the model. The dimensions of in-and outlets were
defined as 3 mm wide (diameter) and 5 mm high and the two inlets, just as the main channels,
were filled with water. The modelled concentration gradients for the time points 1 h, 10 h, 50 h,
100 h, 200 h and 300 h after inoculation are presented in Figure 58. For more conciseness in

the figure, the in- and outlets were cut out.
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Figure 58: COMSOL model of diffusion behaviour in the AMF-AnastomosisChip. The model assumes
filled in- and outlets with a diameter of 3 mm and a height of 5 mm. The outlet at the bottom is filled with
a liquid containing a substance with a diffusion coefficient of 4.25E'° m?/s (fluorescein) and
concentration of 0.5 mM, which diffuses into the device over 300 h. Scale shows the concentration
levels in mM, with dark red equalling 0.5 mM and dark blue 0 mM.

The results show an unexpectedly slow diffusion through the device. A gradient is established
between 1 and 10 h, which radiates out into the lanes. The gradient is maintained over the
next couple of days, remaining almost unchanged, with the overall concentration levels very

slowly rising and dropping in the outlet region (bottom of device).

These findings were sought to be replicated in real life, filling the outlet of the AMF-
AnastomosisChip with a solution of 0.5 mM fluorescein. Therefore, the device was filled with
liquid MSR(-) medium straight after the bonding. Then, the liquid in the outlet was pipetted out
and immediately filled up with a solution of 0.5 mM fluorescein in liquid MSR(-), before
transferring the device onto the microscope (see 2.3 Microscopy and image processing). Here
it was revealed, that even when pipetting in the fluorescent medium with utmost care, a flow
was created that prematurely introduced fluorescence into the channels, thus offsetting the
starting point for the experiment. Therefore, the fluorescein was added to medium containing

15 g/L bacto agar (VWR, UK), autoclaved and poured to solidify. Then, a device is prepared
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as before but instead of the liquid MSR(-) a plug of about 2 mm diameter was punched out
and carefully pushed into the outlet. This way, the liquid “extracts” the fluorescein from the plug
and the dispersal within the channels is solely diffusion dependent. The device is then
immediately placed under the microscope and a timelapse with 1 h intervals using the GFP
filter of the microscope started. Representative microscope images after 1 h, 10 h, 50 h and

100 h are shown in Figure 59.

Figure 59: Real-life diffusion in the AMF-AnastomosisChip. Fluorescence time series showing the
diffusion of fluorescein into the device. An agar plug containing 0.5 mM fluorescein was inserted into
the outlet of an AMF-AnastomosisChip, pre-filled with liquid MSR(-). The fluorescence levels were
recorded using the GFP channel of the microscope over 100 h. For better visibility, the look up table
“greenfireblue” in Imaged/Fiji was applied. The calibration bar shows the relative fluorescence intensity,
with white being the brightest and dark blue the darkest. Scale bar: 200 pm.

At first glance, the microscope images (Figure 59) vary significantly from the diffusion model
(Figure 58). The fluorescence intensity is taken as a proxy for the fluorescein concentration,
with yellow being high and dark blue low intensity. Firstly, it has to be remarked that from 10 h

onwards, the left and right channel with the pockets appear much brighter than the respective
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adjacent lanes. This phenomenon can be explained by the different channel heights in the
device (10 um in the central area and 100 um in in- and outlet channels, see also 5.2.1. Device
development). As the microscopy images show the fluorescence intensity, which besides the
concentration also depends on the thickness of the liquid layer (Cherdantsev et al., 2023), the
100 um areas appear brighter than the 10 um areas. The model, in contrast, presents
concentration values, which are independent of the channel height. Same as predicted, a
gradient is established in the central device area, radiating into the lanes. After only 10 h, very
high brightness levels (yellow) can be seen penetrating far up the hyphal interaction zone (well
into the second half), while this concentration level was not reached in the model. This could,
however, be explained by the microscopy method not being able to resolve the different
brightness levels as well as in the computer model. Then, surprisingly, while maintaining a
gradient throughout, the brightness starts constantly subsiding after 10 h until at 100 h no
yellow can be found outside of the outlet channel anymore, while in the prediction the
concentrations remain mostly unchanged in the device channels. This regress of the
fluorescence intensity could be due to photobleaching (Saylor, 1995), however, as the light
source is not a laser and hence of relatively low intensity, and pictures were taken only once
per hour, this effect should be small. Another likely reason could be explained by evaporation
of water. This evaporation would “dry out” the agar plug in the outlet, which in turn would
“restock” the lost moisture from the medium in the device channels due to the capillary-like
effect of the agar matrix, thus creating a slow suction flow towards the outlet, working against
the diffusion into the device. When repeating the experiment, the same overall behaviour was
observed, only varying in the maximum forward progress of the yellow brightness level before
the retraction. Complete elimination of the drying-out effect is nearly impossible, as measures
such as pipetting liquid on top of the agar plug, adding water around the device and tightly
sealing the device containing petri dish with multiple layers of cling film to maintain high
moisture, had already been in place, without success. Sealing the device directly, through e.g.
a glass cover and or a layer of film or varnish would interfere with the microscopy and
prospectively exclude oxygen, which would be important for future experiments with living

organisms (i.e., the AMF).
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Despite the experimental results deviating from the predicted model, a concentration gradient
is established and maintained for up to 3-5 days, which falls within the main growth period of
the AMF. Even though a “neutral” environment is most desirable for the envisioned
anastomosis experiments confronting different strains with each other, establishing some kind
of (additional) drive towards the hyphal interaction zone of the device could be indeed
interesting. The ability of the fungi to follow gradients of known signalling molecules, such as
flavonoids and strigolactones (see Stages of arbuscular mycorrhiza development), or drivers
of fungal-fungal signalling for, e.g., anastomosis, (as discussed in 4.2.5. Anastomosis

formation in the device) could be explored well with such a device set-up.
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5.3. Chapter conclusion

In this chapter, the development of the AMF-AnastomosisChip was described and discussed.
This encompassed designing of the device to meet its criteria for spore loading and foster and
isolate hyphal contact for anastomosis studies. This involved several iterative rounds of
designing, testing, computer-assisted modelling and repetition of the process. The main
challenge was to introduce spores from opposing sides without flushing the previously loaded
ones out as well as physical separation of single spores in pockets. To accomplish this task,
along with optimising the device design, the spore loading method was improved, too.
Eventually, the functionality of the final design was shown in a large proof-of-concept
experiment, analysing several aspects of the loading performance as well as biological
parameters, such as germination rates and growth activity with brightfield images taken daily.
The experiment further resulted in multiple contact events between hyphae, in several
instances leading to anastomosis formation. As an additional application of the device, the
establishment of directional chemical gradients was demonstrated. This was first modelled
computationally, subsequently tested in real-life with fluorescein and results compared. The
final AMF-AnastomosisChip fulfilled all requirements for the device and thus paves the way for
systematic inter- and intra-species anastomosis studies in AMF, to further examine
collaboration in space searching beyond the strain level and eventually to unravel links

between the anastomosis phenotype and genotype.
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CHAPTER 6: FUTURE DIRECTIONS AND CONCLUSION

6.1 Chapter overview

This chapter is concerned with alternative and future applications of the developed devices.
First, an oxygen-sensing foil was implemented into the AMF-SporeChip to monitor the oxygen
depletion in the hyphosphere in real time. The successful integration of the foil as well as the
many challenges faced with the method are discussed herein. We hypothesised that resolving
oxygen levels around hyphae would reveal varying levels of oxygen depletion based on activity
and vitality. Furthermore, the AMF-SporeChip was used for the cultivation of a different type
of mycorrhizal fungi, the MFRE. In order to test the cultivability of MFRE in microfluidic devices,
two strains of these fungi were inoculated using different methods, media and devices (AMF-
SporeChip and the BFI device). In turn, this preliminary work laid the foundation for a new PhD
project dedicated to these fungi. It was expected that establishing MFRE for studies in
microfluidic devices would allow to study growth behaviour of MFRE in comparison to other
fungi and would reveal a mixed behaviour due to their dual lifestyle between symbiosis and
saprotrophy. The chapter concludes the thesis with a graphical overview of all project aims
and achieved outcomes, as well as a paragraph dedicated to future outlook. Here, additional
ways in which the microfluidics-based methodologies developed in this thesis could further
benefit the field of AMF research are explored, such as examining fungal decision-making in
response to chemical stimuli or biological partners (e.g., plants or bacteria) or their role in the

“wood-wide web” including potential electrical signalling.
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6.2 Results and Discussion

6.2.1 Development of a sensor foil device

In an attempt to add an additional readout parameter to the microfluidic system, the possibility
of integrating a sensor foil into the AMF-SporeChip was explored. In a collaboration with Dr
Lucas Wick from the Helmholtz Centre for Environmental Research in Leipzig, | aimed to
implement pH and oxygen sensor foils (SF-HP5R and SF-RPSu4, respectively; PreSens,
Germany) into microfluidic devices with the intention of resolving the establishment of pH and
oxygen gradients in the hyphosphere of fungi. Especially resolving oxygen levels around single
hyphae could be a good measure for activity, which would be an interesting additional insight
into the space navigation dynamics, and prospectively, the change in activity when facing, for
instance, starvation, plant exudates or whole roots in the vicinity. Furthermore, oxygen
consumption and depletion in the hyphosphere could be compared to other fungi. As studied
by our collaborators, the oxygen depletion creates niches for anaerobic bacteria (Xiong et al.,
2022). With an oxygen-sensor device it could be determined whether AMF are equally able to
create these niches or not, especially now with mounting evidence of AMF collaborating with

soil bacteria (Zhang et al., 2018; Jiang et al., 2021).

The sensor foils translate the chemical signal (i.e., oxygen level or pH) into a fluorescence
output, to be read out by a specific detector (VisiSens TD, PreSens, Germany). The company
does not disclose any further details regarding the working principle of the foil. However, such
optical sensors are generally based on inert micro-beads coated with a layer of a fluorescent
dye that shifts its emission spectrum or is quenched in the presence of oxygen (e.g., the
coordination compound Ru(Ph2phen3)CI2 (Wang et al., 2013)). For pH sensing, indicators
such as bromothymol blue (BTB) can be integrated into a bead-based system (Maruyama et

al., 2008).

As PDMS is generally considered permeable to gases, devising a method for the integration
of the oxygen-sensitive foil was anticipated to be more straightforward and achievable. In order
to make the sensor foil “bondable”, a thin film of PDMS was spin-coated (Ni-Lo 5XL Vacuum
Digital Spin Coater, Ni-Lo Scientific, Canada) onto the foil and cured. According to Ochs et al.

(2014) a PDMS thickness of up to 500 um does not affect the gas permeability. Still, a thinner
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film was expected to yield a more even and stable film as well as a better curing behaviour.
Moreover, with a thinner PDMS layer the oxygen is expected to pass quicker and reach the
sensor foil earlier. On the other hand, a thicker film could give more sturdiness to the foil, thus
possibly improving the later stability of the device. In first trial runs, three different spinning
conditions were tested, first with a dummy foil. For the spin coating process, the foil was taped
onto a microscopy glass slide. The PDMS was prepared in a 1:10 ratio (see 2.1.2 PDMS device
manufacturing), degassed and a droplet of about 500 pl placed into the centre of the foil piece.
The spinning programme was started immediately after. A rather slow spinning speed of
500 rpm for 90 s was used to obtain a film of ca. 100 um (according to Mata et al. (2005)), a
speed of 1000 rpm for 90 s, yielding a thickness of about 55 um (according to Mata et al.
(2005)) and 2500 rpm for 300 s yielding a thickness of about 10 um as reported by Ochs et al.
(2014). The slides were then cured over night at 70 °C. Curing at room temperature to avoid a
negative effect of the heat exposure onto the foil sensitivity was attempted, however, even after
days no solidification was observed. Moreover, a significant reduction of the sensor foil
sensitivity caused by curing at 70 °C was later not observed. Measuring the thicknesses after
the coating was not possible as the profilometer used for the characterisation of the SU-
8/silicon master moulds (see 3.2.1.2 Optimisation of the photolithography protocol) did not
work for the foi/lPDMS composite. Similarly, measuring with callipers did not yield reliable
values, as the PDMS is highly flexible, making the results highly dependent on the pressure
exerted with the callipers during the measurement. The lowest spinning speed (500 rpm) was
not able to spread the rather viscous PDMS over the entire foil, not even with four times the
spinning duration. With 1000 rpm and 2500 rpm the entire foil was covered with an apparently

even layer of PDMS.

The microfluidic devices were then bonded onto the coated foil using the method described in
2.1.2 PDMS device manufacturing and finally cut out and removed from the glass slide. It was
found that bonding the devices onto the coated foil while still attached to the glass slide and
subsequently carefully cutting the foil with the devices off the glass slide and finally into pieces
was the most successful method. Scrutinising the devices under the stereoscope revealed that
the bonding did not work properly for all devices, leaving some only loosely attached to the foil

and some with caved-in and obstructed channels (Figure 60c,d). This was especially observed
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for the foil coated at 1000 rpm, most likely due to an uneven distribution of the PDMS across
the substrate when spinning at lower pace. Furthermore, issues with dust and particles on the
PDMS surface were encountered, which significantly disturbed the bonding process (Figure
60b in comparison to Figure 60a). This problem occurred, because the original set-up of the
spin coating station was not in a dust free environment, e.g., laminar flow hood, but was later
arranged accordingly. Spin-coating at 2500 rpm resulted in good bonding and a relatively even
but very thin and delicate layer. To give the film more stability a spinning speed of 2000 rpm
was tested and finally established as condition of choice for the method. Furthermore, the
spinning duration was reduced from 300 s to 90 s as this time was found to be sufficient for
consistently creating steady film layers on the sensor foil. The thickness of the entire device

was between 4-5 mm.

Figure 60: Spin coating of PDMS onto sensor foil. Photographs showing the surface of the PDMS layer
after spin coating onto the sensor foil with (a) hardly any disturbances and (b) multiple disturbances. (c)
and (d) are showing bonding problems due to surface disturbances on the PDMS layer. Scale bars:
500 pm.

As the sensor foil devices were meant to be tested with both filamentous fungi and AMF, the
device published by Ghanem et al. (2019) for studying phage interactions (see Figure A3 for
device layout), was used next to the AMF-SporeChip. The phage device possesses a fungal
inlet, which consists of a wide opening on one side of the device and a channel leading into
the main chamber of the microdevice. This channel guides the fungus ultimately through a
constriction of 10 um to allow only 1 or few hyphae to enter the observation chamber. For the

inoculation of the phage device, a piece of mycelium is either cut or punched (using a cork

172



Chapter 6

borer) from a culture plate and simply placed fungal side facing down in front of the fungal inlet
of the device. The mycelium is left attached to the piece of agar to provide initial nutrients for
crossing over into the device and keeps it moist. Furthermore, the agar helps establish close
contact with the device wall, forming a kind of bridge for the fungus to cross. To this end, an
overhang of the sensor foil was left in front of the fungal inlet, to hold the fungal inoculum on
the same height as the inlet. To read out the sensor foil, the VisiSens TD sensor is needed,
which was situated in the collaborator’s lab in Leipzig. Therefore, sensor devices (both the
phage device and AMF-SporeChip designs), along with pieces of the sensor foil coated with
PDMS but without a device structure on top for negative controls were manufactured as

described above and taken to Leipzig.

The available sensor had a field of view of 350 x 350 um? and did not possess any means of
automatically obtaining larger images (later, the manufacturer improved the sensor unit to a
wider field of view of 2 x2 mm? first, and very recently to 30 x 25 cm?). Therefore, a
construction was improvised utilising the stage of a microscope (Figure 61a). A mechanical
arm was attached to the microscope stage and the sample attached to the other end of the
arm, thus hovering over the sensor. Then, using the “large image” function of the microscope
software, the sample was moved around the sensor, taking a series of images which was later
manually stitched together to obtain a large image of the entire device or plate. This image can
then be overlayed with a separately taken microscopy image of the sample. In previous
experiments, the collaborator imaged oxygen gradients around mycelia of Coprinopsis cinerea
on agar plates using this method (Figure 61b). Therefore, a piece of the mycelium was cut out
from the agar plate and simply placed onto the sensor foil (with the agar still attached to the
mycelium), with the fungal side in direct contact with the sensor foil. Here, a clear oxygen
depletion (blue) in the centre of the fungal inoculum can be observed, which transitions into
oxygen richer levels towards the growth front (from red to yellow). This was published by Xiong
et al. (2022) and discussed in the context of dispersal of the anaerobic soil bacterium

Clostridium acetobutylicum along hyphae.
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Figure 61: Oxygen measurements with the sensor foil. (a) Experimental set-up involving a microscope
and the VisiSens TD sensor to measure oxygen levels in fungal mycelium. (b) Microscope image of
Coprinopsis cinerea mycelium overlayed with the oxygen measurement on the naked sensor foil. Blue
indicates low and yellow high oxygen levels. Scale bar: 250 um.

Now, the task was to establish whether, using the sensor devices, a similar resolution of
gradients could be achieved on a hyphal level, for flamentous fungi as well as AMF spores

and hyphae.

Before each use, the measurement set-up, i.e., sensor foil and sensor, had to be calibrated.
Therefore, a solution of sodium dithionite (Na>S:0.) was prepared. The sodium dithionite
reacts with oxygen and thus creates “oxygen-free water”. The foil was immersed in the solution
for 3 min and an image was taken, marking calibration point 0 (0% relative oxygen saturation).
In order to set calibration point 100 (100 % relative oxygen saturation), the sensor foil is simply
exposed to ambient air and an image recorded. Furthermore, after calibrating the naked sensor
foil, the oxygen-free water was used to test the effect of the PDMS coating as well as the device
itself. Therefore, the PDMS-coated sensor foil was immersed in the oxygen-free water and it
was found that the time needed to establish 0% oxygen saturation was within 3 min, same as
with the naked sensor foil before. Next, the channels of a sensor device were flushed with
oxygen-free water (using a syringe equipped with tubing) and the change in oxygen saturation

monitored. Interestingly, the recorded change in oxygen saturation was considerably slower
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and took about 4 h to reach a stable level. Moreover, this level was established around 70%
oxygen saturation and never went lower, even after leaving overnight. This indicates that the
PDMS acts as a buffer, constantly supplying the channels with oxygen from the environment,
maintaining a stable oxygen level slightly below the ambient air level, after a lengthy
equilibration period. To further establish the PDMS effect, the experimental conditions were
reversed. The entire device was fully immersed in the oxygen-free water and left immersed
until full oxygen depletion was established. The channels were flushed with a syringe again to
ensure complete filling of the device. Then, the device was taken out of the solution, the
channels flushed with water and the change in oxygen saturation monitored. Again, it required
several hours for the system to revert back to the oxygen-saturated state, on a global level.
Interestingly, when focussing on the inlet of the device, after filling the oxygen-depleted device
with water, initially a blurry orange spot, indicating elevated oxygen levels was observed
(Figure 62). This spot, however, fades away and disappears within 20 min, showing how the
surrounding PDMS buffers even the relatively large volume of oxygen-rich water (compared to
the microchannels; inlet diameter = 1 mm) in only a short time. As the orange spot is barely
visible, the intensity profile across the image, centred over the spot, was measured in
ImageJ/Fiji using the “straight line” tool and the “plot profile” function and plotted underneath
the images. Here the above-described effect becomes more obvious through the flattening of
the curves over time. The image series in Figure 62 suggests both a poor temporal as well as

spatial resolution with the current system.
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Figure 62: Oxygen level measurements in sensor foil device. (Top) Time series of the development of
the oxygen level around a device inlet after filling an oxygen-depleted sensor device with water, acquired
with the VisiSens TD sensor over 20 min. (Bottom) Intensity profile plot acquire with ImageJ/Fiji using
the “straight line” tool, drawn across the centre of the orange spot, and “plot profile” function. Note how
the initially orange spot fades away and the peak in the profile flattens, highlighting the PDMS buffer

effect.

Another issue emerged with the microscopy. As described above, separate microscopy images
can be taken and then overlayed with the oxygen-level images. Imaging through the opaque
sensor foil, however, significantly reduces the quality of the picture, resulting in very poor
resolution in brightfield on the hyphal and spore level (Figure 63a). Fluorescence microscopy
with a dTomato tagged C. cinerea made hyphae at least visible, however, with a strong

background and blur (Figure 63b).
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Figure 63: Problems with visibility through sensor foil. (a) Bright field image of spores in a sensor foil
device. The spores are barely visible due to the effect of the foil. (b) Fluorescence image of dTom
Coprinopsis cinerea in a sensor foil device using the TRITC channel. The clarity of the imaging is also
reduced because of the foil. Scale bars: (a) 100 um; (b) 200 pm.

The images were obtained using an inverted microscope. Flipping the devices so that the
image would have been taken through the PDMS rather than the sensor foil could have worked,
however due to the thickness of the device the channels were outside of the working distance
of the objective lens when the device was inverted. Later, the sensor foil manufacturer supplied

a new, transparent foil, which significantly improved the microscopy issue.

In order to be able to potentially invert the device on the microscope but moreover to examine
the dependency of the PDMS oxygen buffer effect on the PDMS thickness, it was envisioned
to manufacture thinner devices. This was achieved by simply reducing the amount of PDMS
poured into the mould, yielding devices with total thicknesses between 1 and 3 mm, as
opposed to the initial 4-5 mm, which is the standard thickness of my devices. Here, due to the
high viscosity of the PDMS, even distribution across the mould was not always possible. In an
attempt to reduce viscosity and thus improve spreading of the PDMS, different ratios of PDMS
base to curing agent, 20:1 and 40:1 (instead of 10:1), were tested. Both mixtures, however,
failed to cure. To reduce the thickness even further, spin coating had to be applied. Using the
lowest spinning speed the spin coater is capable of (500 rpm), a PDMS layer of about 200 pm
was spun directly onto the master mould. Handling these very thin PDMS slabs got
increasingly difficult and several of the 200 um devices, being themselves more of a foil rather

than solid pieces, simply ripped apart in the process or did not bond properly to the sensor foil.
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Eventually, however, it was possible to assemble a few functioning devices of 200 um

thickness. The devices were then sent to the collaborator for testing with dTom C. cinerea.

Unfortunately, due to issues with the inoculation of some of the thinner devices, no reliable
comparison of the oxygen saturation behaviour in dependence of PDMS thickness could be
performed. Especially with the 200 um devices, no growth into the devices was observed.
Moreover, flushing in fresh medium was impossible as the tiny inlets did not fit the tubing,
which, was necessary as the devices had dried out during the shipping. Although, it was not
possible to test the original idea and correlate PDMS thickness with equilibration speed for
establishment of stable oxygen levels as well as the final oxygen level within the sensor foil

devices, some of the thicker devices (ca. 2 mm) were put to use to test another idea.

In an attempt to block off the PDMS with a gas impermeable (or less permeable at least) layer
to avoid oxygen replenishing continuously within the PDMS and the device channels, three
different methods were devised. Firstly, after an initial inoculation period in which the fungus
was allowed to grow into and establish a mycelium inside of the device, the entire device,
including fungal inoculum at the fungal inlet, was immersed in water. This was supposed to
shut out the gaseous atmospheric oxygen. A dilution effect of the growth medium inside the
device by the added water was expected to be minimal, as due to the small diameter and
capillary action of the inlets, turbulent mixing could be mostly ruled out and only diffusion had
to be considered. As the direct contact interface area between water and medium was reduced
to the opening of the inlets, which is small compared to the volume of medium underneath,
diffusion effects were also deemed as negligible for the experiment. Secondly, a layer of
mycelium on top of the device was tested for its oxygen-blocking properties. Therefore, the
fungus is simply left to grow onto the device, which naturally happens in most of the cases.
Normally, any fungus growing on top of the device is removed for better microscopy, here,
however, a dense layer of mycelium was desired to both passively block off oxygen from the
device as well as actively consume it. Two devices of the same thickness were set up
accordingly, one with a thick mycelial layer on top and one with any fungus wiped off the top
and immersed in water. The development of the oxygen levels inside the devices was recorded
over the course of two days. The results obtained by the collaborator are displayed in Figure

64. The fungal mass inside the channels was similar in both devices, however, no replicates

178



Chapter 6

were possible as the two devices were the last ones in this batch. The region of interest was
a 2 x 2 mm? square at the beginning of the main investigation chamber (where the fungal inlet

enters the chamber).
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Figure 64: Oxygen depletion within the sensor foil device over time. Point plot showing the decrease
in the oxygen levels over 50 h within a sensor foil device inoculated with Coprinopsis cinerea. The
device was either (black) fully submersed in water or (red) covered under a mycelial layer to block

environmental oxygen from replenishing the oxygen levels in the device.

The graph in Figure 64 shows the oxygen depletion within the devices over time. As the starting
point the moment in which the entire channel area was covered in fungus was chosen.
Therefore, the oxygen levels at the beginning of the measurements (t = Oh) were not the same,
with about 80 % in the device with the mycelial cover layer compared to approximately 65 %
in the submerged device. The experiment does not represent a statistically reliable analysis,
however, does give an overall idea about the functionality of the two tested methods. Despite
the absence of replicates, the strong dependence on total fungal biomass, which could not be
controlled in this experiment, and the dynamicity of the mycelial cover layer, which in turn was
also continuously growing during the experiment, a clear difference in the trend of the curves
can be observed. The water submersion produced a much steeper decrease in oxygen
compared to the mycelial cover layer, reaching an oxygen level below 10 % after about 24 h,

in contrast to approximately double the time (48 h) for the mycelial layer. Moreover, it was
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shown that both methods allowed to achieve and measure oxygen depletion caused by a
fungus inside the sensor device. Between the two methods, submerging the device in water
proved to be the more efficient one. During the experiments, however, it became equally clear
that the resolution (both temporally and spatially) remained extremely low. Qualitative, spatially

resolved results of the oxygen level development along with a microscopy image of the

measured area are shown in Figure 65.

Figure 65: Development of oxygen levels around fungal hyphae. (b)-(f) Time series of the development
of the oxygen level in a sensor foil device around hyphae of Coprinopsis cinerea, acquired with the
VisiSens TD sensor over 24 h. Blue indicates low and yellow high oxygen levels (a) Fluorescence
confocal image of the hyphal distribution in the measured field of view at timepoint 24 h. Scale bar:
250 um.

According to the user manual released by the manufacturer, a maximal spatial resolution of
about 25 pm can be achieved. In our devices, however, no fine resolution of that level could
be observed and only a slight gradient with a stronger oxygen depletion (Figure 65, blue/purple
areas) in areas with more fungal density was found. Here the PDMS most likely, as discussed
above, creates a blur effect. But equally on plate no resolution of 25 um was achieved (Figure
61b). Here, a gradient in oxygen level was observed over a distance of a few hundred pm,
however, no gradient around the hyphal tips was discernible. This suggests that a significant
amount of fungal biomass is needed in order to reliably consume a measurable amount of

oxygen. Consequently, as the original idea of growing fungi inside the devices, confined to a
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layer of 10 um height (single or few hyphal layers) and resolving oxygen gradients around
single hyphae or groups of few hyphae, did not work out, we decided to pursue a rather indirect
measurement method to infer the oxygen consumption of a single hypha. Therefore, a
modification of the phage devices was envisioned, featuring stepwise changes in channel
height of the investigation chamber, e.g., starting at 10 um and then gradually going up to
100 um in intervals of 10 um. The fungus would then be supposed to fill the entire chamber
volume with mycelium, thus providing a linear series of 10 different volumes of fungal biomass.
The fungal volume would then be calculated using a confocal laser scanning microscope and
correlated with the results obtained with the oxygen sensor. From this, the oxygen consumption
of individual hyphae or hyphal segments could be inferred. With 10 different step heights,
errors due to patchy fungal growth and uneven filling of the chamber with fungus could be

averaged out; however, this constitutes a major challenge for the device manufacturing.

The SU-8/silicon soft lithography technique used for producing the master moulds for our
devices (see 3.2.1.2 Optimisation of the photolithography protocol) would demand the
preparation of 10 stacked layers, each including all process steps, i.e., spin coating, baking
and UV exposure, as well as requiring precise alignment of every single subsequent layer with
the previous structures. This would render the device manufacturing a very expensive, time
consuming and error-prone procedure. While at least the need for 10 separate expensive
photomasks could be circumvented by using a maskless lithography system (e.g., Smart Print
UV, France), which allows to “UV-print” the desired structures from a digital mask without the
need of a physical, printed photomask, there is no substitute for the other lithography steps
available. Therefore, to first test the overall feasibility of the idea, a device featuring only two
different step heights, 10 um and 80 um, was manufactured. The devices were then shipped
and put to use by inoculation with dTom C. cinerea and immersion in water for the oxygen
measurements. For the measurements of the fungal biomass it was found that the density of
the mycelium in the 80 um chamber was too high to be quantified with the confocal
microscope, however, it was suggested that an interference microscope (available at the
collaborators institute) would be able to precisely measure the fungal biomass even at high
density. Generally, as the microscopes had to image through the sensor foil, very high levels

of laser intensity and exposure had to be used, which resulted in killing the fungi, rendering
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this microscopy as the end point of each experiment. Furthermore, an important concern for
the experiment was that in the course of the measurements, no significant further fungal
growth should be taking place, while the fungus still needs to be vital. As the oxygen sensor
system is not compatible with the microscopy set-up and therefore significant time passes
between the oxygen measurements and determining the fungal biomass with the microscope,
fungal growth would introduce a major systematic error into the results. Unfortunately, at this
point all further proceedings in the project, including the important measurements of oxygen
levels in the 10 um compared to the 80 um chamber compartment, had to be halted until
further notice. Furthermore, even though progress was made with the filamentous fungus C.
cinerea, the system remained unfeasible for AMF. This was mainly due to the lack of
fluorescence and thus visibility in the microscopy images as well as no detectable oxygen
depletion because of the sparse hyphal growth particular to these asymbiotic AMF spore

cultures.

As potential future directions of the project, firstly, follow-up tests with the sensor device with
different step heights were envisioned. Furthermore, another experiment inoculating the fungi
with various media (suggested were 100 % YMG, 10 % YMG and PBS) was devised, in order
to test whether a difference in oxygen consumption could be detected with the sensor devices.
Secondly, the possibility of using single oxygen sensitive beads (rather than immobilised on a
foil) directly introduced into the microfluidic channels could be investigated. Such beads come
in diameters between 5-40 um (similar to or slightly above common widths of hyphae) and
have been reported to be non-toxic and sporting equilibration times of a few minutes with good
reversibility (Acosta et al., 2009). So far, this methodology has been successfully applied to
studies in mammalian cells (Wang et al., 2013; Gehre et al., 2020), but never before with fungi.
With the help of these beads, oxygen levels in the hyphosphere could be resolved, without the
decrease in microscopy imaging quality caused by the sensor foil. That bead-like sensors can
be a very promising methodology, was shown before by our collaborators (Xiong et al., 2021).
Here they used the cyanobacterium Synechocystis sp. PCC6803_peripHIu, immobilised in an
agarose base, as a bioreporter for pH and created a pH map in the hyphosphere of C. cinerea
resolved down to 3 x 3 um?. Implementing a pH sensor into our devices was initially refrained

from, as mentioned above. This was due to the fact that while oxygen is able to easily permeate
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through the PDMS layer on the sensor foil, necessary for bonding, pH levels cannot be sensed
through the PDMS. Therefore, a different microfabrication approach would have had to be
developed. One such work-around would require only coating areas to be bonded in PDMS

while leaving areas that will become channels free from PDMS, which is difficult to achieve.

During the experiments, we eventually managed to minimise the issue with the PDMS
“buffering” the oxygen levels. By immersing the entire device in water, we achieved to establish
measurable oxygen depletion within hours. However, still, a considerably poor spatial and
temporal resolution remained. Finally, to further improve this aspect, a change of the device
material could be theoretically contemplated. Besides oxygen permeability of the material,
other parameters such as diffusivity and solubility play a crucial role (Grist et al., 2022). For
PDMS, all 3 factors are very high, compared to other materials, which effectively translates
into the PDMS device accumulating high amounts of oxygen and gradually releasing it into the
chamber, thus distorting the results obtained for the oxygen saturation. Materials suggested to
lower this adverse effect and aid controlling oxygen levels, were TPX™ (a polymethylpentene
co-polymer) and Mylar® (biaxially-oriented polyethylene terephthalate). Both materials have
been used for microfluidic applications before (Mylar® (Neils et al., 2004; Irawan et al., 2005);
TPX™ (Qiaole et al., 2009; Senstevold et al., 2023)), however, require manufacturing

procedures entirely different to the PDMS method established in our lab.

6.2.2 Proof-of-concept growth experiments of Mucoromycotina fine-root

endophytes (MFRE) in the AMF-SporeChip

As another type of mycorrhizal fungi, Mucoromycotina fine-root endophytes (MFRE) have
recently (within the last 2 decades) emerged on the scene as members of their own separate
sub-phylum, the Mucoromycotina (Orchard et al., 2017). Previously, these fungi have been
classified into the sub-phylum Glomeromycotina, along with AMF, due to them co-infecting the
same plant host (Rimington et al., 2015) and the close resemblance in their infection
mechanism, both being endomycorrhizal fungi and hence forming the nutrient exchange
interface inside of the root cell (epidermal and cortical), which can be “arbuscule-like” in MFRE
(Yamamoto et al., 2019). Despite their similarities, however, both groups of fungi have also

very distinct characteristics. While AMF are known to be obligate symbionts and strictly rely
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on the presence of a suitable plant host, MFRE possess both saprotrophic as well as symbiotic
properties (Field et al., 2015). Moreover, MFRE have been found to colonise roots of non-host
Arabidopsis thaliana (Prout et al., 2023). MFRE feature a dense network of overall very fine
hyphae (<1.5 um; hence the name “fine root endophyte”), whereas AMF grow thicker hyphae
(>3 pum) in a much sparser network (Orchard et al., 2017). AMF produce large spores (10-
160 um in Rhizophagus, measured, see 3.2.2.2 Spore germination and hyphal growth
behaviour in the confined environment, sub-mm in Gigaspora). MFRE on the other hand grow
“fan-like” structures at hyphal ends, as well as swellings, with shapes ranging from amorphous
to circular, closely resembling spores. So far, however, no clear function could be attributed to

these swellings, although a storage function is likely.

Little else is known about the morphology and lifestyle of these MFRE, especially outside of
the plant host. Therefore, due to their close relation to AMF, a follow up project to study MFRE
in an asymbiotic as well as presymbiotic stage, on the hyphal level and real-time, using the
AMF-SporeChip as a base device, was envisioned. In preparation of this venture, first the
culturability of MFRE had to be demonstrated in microfluidic devices. This project was started
in collaboration with Dr Silvia Pressel (Natural History Museum, London), who, along with her
colleagues, recently managed to cultivate an MFRE strain in a monoxenic culture with clover
and showed first evidence of nutritional mutualism of MFRE (Hoysted et al., 2023). Currently,
they maintain cultures of two different MFRE strains in the lab, provisionally named Lyc 7 and
Lyc 2, based on the plant they were isolated from, Lycopodiella inundata (L.), which were both
supposed to be tested in microfluidic devices. For the experiments, six-week-old MFRE
monoxenic cultures were subcultured in Magenta vessels containing 100 ml liquid MSR(+)
medium or liquid Gamborg’s B-5 (GM) basal medium with Minimal Organics (Sigma-Aldrich,
Germany) containing 10 g/L sucrose, set to a pH of 4.5 (subsequently called GM(+)).
Additionally, MFRE cultures were set-up in 90 mm Petri-dishes containing either MSR(+)
medium solidified with 1 g/L phytagel or GM(+) medium with 3 g/L agar (Sigma-Aldrich,
Germany) for a semi-solid substrate as well as 4 g/L phytagel or 12 g/L agar, respectively,
added for a fully solidified substrate. The media were autoclaved at 121 °C for 15 min before
use. The cultures were incubated in the dark at 26 °C for 6 weeks before using in experiments

with the microfluidic devices. Thereafter, the MFRE can be subcultured from axenic plate to
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axenic plate, like filamentous fungi. Other than AMF, which can only be propagated in the form
of spores or along with a plant host as extraradical hyphae, MFRE can be treated like regular
filamentous fungi and pieces of mycelium can be transferred as inoculum for the experiment.
Therefore, besides the AMF-SporeChip, the BFI device (see 1.2.2.1 Microfluidics for fungi and
Figure A4 for device layout) was employed for experiments. The BF/ device features two lateral
openings on the side of the device that function as the fungal inlet. Here, just like with regular
filamentous fungi, a plug punched from a solid agar or phytagel culture plate containing MFRE
mycelium is simply placed fungal-side-down in front of the fungal inlet and expected to grow
into the device. Due to the lack of spore-like propagules, the inoculation of the AMF-SporeChip
had to be slightly adapted and the Gigaspora device variant was used. Taken from a liquid
culture, a small piece of mycelium was dissected from the bulk using tweezers and placed into
the inlet of the device. Then a syringe containing the respective medium, equipped with tubing,
was plugged into the inlet and the piece of mycelium was flushed into the device, becoming

trapped in the spore trapping region (and in parts entering the investigation zone, Figure 66a).

Figure 66: Loading of two different microfluidic devices with a Mucoromycotina fine-root endophyte
(MFRE). (a) Mycelium of the MFRE Lyc 1 obtained from a liquid culture loaded into the AMF-
SporeChip (Gigaspora variant). (b) Phytagel plugs containing mycelium of Lyc 1 (white arrow) placed
in front of the fungal inlets of the BFI device. Scale bar: 200 pm.

Initial brief trials to grow the MFRE inside of the device failed due to unanticipated drying out
as well as lack of vitality of the inoculum. Although the MFRE can be subcultured and
maintained on axenic cultures for months, empirical observations suggest a gradual reduction

of vitality from subculture to subculture and an occasional co-inoculation with a plant host is
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needed in order to restore full vitality in the fungal culture. Therefore, for the next experiment,
fresh inoculum from a monoxenic culture was used to prepare fresh axenic cultures for the
device inoculation. Furthermore, a large variety of combinations of conditions was planned to
be tested in an attempt to obtain a broad idea about the feasibility of potential experimental
set-ups. This included both MFRE strains (Lyc 1 and Lyc 2), both microfluidic devices (AMF-
SporeChip and the BFI device) as well as both media (MSR(+) and GM(+)). For the media, all
three consistencies, i.e., liquid, semi-solid and solid, were used for the pre-inoculation,
meaning that fungal inoculum was taken from all three medium types (times two for the
different base media MSR(+) and GM(+)). For pre-filling the devices only two consistencies,
i.e., liquid and semi-solid, were used. The semi-solid media were kept at 70 °C after the
autoclaving, stirred thoroughly on a hot plate and quickly pipetted into the devices, right after
the bonding (see 2.1.2 PDMS device manufacturing). Generally, agar is a much stronger
solidifying agent than phytagel and therefore the semi-solid GM(+) medium with agar results
in a considerably sturdy texture, while the semi-solid MSR(+) medium with phytagel turned out
to be rather a viscous liquid. As inoculating the AMF-SporeChip requires a syringable medium
in order to flush in the mycelium piece, no semi-solid GM(+) but only semi-solid MSR(+) could
be used with these devices. The idea behind preparing the media with different viscosities was
to test, firstly, whether a change of media, e.g., inoculating mycelium obtained from a solid
culture (phytagel or agar) in a microfluidic device filled with liquid medium, impacts the growth
performance. Secondly, pre-filling devices with semi-solid media was trialled to explore the
possibility of a medium with higher viscosity and hence higher physical resistance in the
microenvironment, just like it is found in the fungus’ natural habitat, soil, playing a role in fungal

development.

Overall, the experiment was very successful and good growth inside the devices was observed
with nearly all tested conditions, after only a few days (3-4 days). Between the two MFRE
strains, Lyc 1 showed a slightly better growth compared to Lyc 2, however, good results were
obtained with both strains. No apparent influence of the pre-filling media viscosity was
observed and both liquid and semi-solid medium produced roughly the same amount of
mycelium. Similarly, a change in medium texture from culture to device, did not have any salient

impact on the fungi. A clear difference, however, was obtained between the two media
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themselves, with overall much stronger growth in devices filled with GM(+) medium and weaker
growth with the MSR(+) medium. The semi-solid pre-cultures were generally quite poorly
developed at the start of the experiments and therefore also results observed inside the
devices were no good. Moreover, Lyc 1 did not grow at all in the semi-solid subcultures and

could hence not even be used in the experiments.

More importantly, both device types worked for the experiment and no impediment or overall
negative influence on the fungal growth could be observed, however, significant differences
between the two devices with regards to handling and performance still have to be considered.
The AMF-SporeChip for instance is notably more difficult to inoculate. As mentioned earlier,
the AMF-SporeChip adapted for Gigaspora was used as it features a channel height of
approximately 350 um and thus offers more room for the MFRE mycelium to be introduced
into. Still, it was found to be considerably challenging to dissect the mycelium into small enough
pieces. As soon as the fungal mass was removed from the liquid, it collapses into a hardly
visible clump, which is hard to dissect with tweezers. Therefore, often several attempts to
obtain a suitable inoculum were needed or very high pressure had to be applied with the
syringe to flush in the bulky pieces (relative to the microdimensions of the device) into the
channel. In contrast, as described above, simply placing a plug carrying mycelium punched
out from the culture and placed in front of the fungal inlet is required to inoculate the BF/ device
(Figure 66b). Once inoculated, however, the fungus is immediately observable in the AMF-
SporeChip and any growth can be traced directly from the initial mycelium. In the BFI device,
on the other hand, the fungus first has to enter the channels to be imageable. This, however,
functions as clear evidence of fungal growth, while in the AMF-SporeChip “before and after”
images have to be taken and compared to prove whether the mycelium is proliferating or not.
Furthermore, the interior design of the AMF-SporeChip offers a much wider and more complex
investigation zone where the hyphae can expand their network more freely while
simultaneously being challenged by the physical obstacles. The BF/ device, contrarily, features
very long, straight narrow channels (110 um wide) without obstacles, that restricts any major
expansions of the mycelium. This led to a wide expansion in a sparse hyphal network of the

MFRE in the AMF-SporeChip (Figure 67a) and hyphae being mainly compressed to a highly
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dense mycelium, including a very dense and compact growth front down the lanes in the BF/

device (Figure 67b).

Figure 67: Growth of Mucoromycotina fine-root endophytes (MFRE) in a microfluidic device. Phase
contrast images of the MFRE Lyc 2 growing in (a) the AMF-SporeChip (Gigaspora variety) and (b) the
BFI device after 7 days. Yellow arrows in (a) highlight fan-like structures and white arrows in (a) and (b)
swellings. Scale bars: 100 pm.

The figure shows results obtained with Lyc 2 grown in liquid GM(+) medium after 7 days in the
two different microfluidic devices. Besides the growth pattern of the hyphal network, the
previously reported hyphal swellings as well as fan-like structures (Hoysted et al., 2023) were
clearly observed. The development of the mycelia in the devices was monitored up to day 32
and in most conditions, hyphal extension, branching and extensive swelling formation was
registered up to the last day of the experiment. Due to a relatively high variability in the
phenotypes regarding network density and number, size, shape and density of swellings
observed, however, no clear distinction between the two strains could be made. Generally, as
mentioned above, this experiment was designed to act as a proof-of-concept initial trial to set
the scene for a new PhD project. Therefore, the analyses performed were qualitative in
manner. To evaluate and compare the different conditions, the number of devices with any
fungal growth, the number of times the fungus managed to grow through the entire device
(from inlet to outlet) after 7 days as well as whether further development occurred after, were

chosen as assessment criteria.

In future studies, a reliable and consistent method for analysing the results needs to be

devised, ideally involving some sort of computational automatic analysis tool. The results of
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this pre-experiment show that MFRE are very-well culturable in the microfluidic devices and
further suggest the use of GM(+) medium for the experiments; however, further examinations
are advisable and should be extended to testing the effect of nutrient availability on the
development of the hyphal network as well as starvation effects, e.g., by inoculating fungus
from a nutrient-rich pre-culture in a nutrient-depleted environment and vice versa. With regards
to the microfluidic system, advantages and disadvantages were found for both device types
tested. Going forwards, a new device should be designed, featuring beneficial aspects from
both devices, like for instance a BFI-type fungal inlet, to be inoculated from mycelial plugs,
leading into a wide main-chamber with or without an array of physical obstacles, as featured
in the AMF-SporeChip. With such microfluidic systems, the growth behaviour of MFRE could
be further analysed in detail and compared to AMF and other fungi. As MFRE form a
mycorrhiza similar to AMF, however, also have saprotrophic properties, their overall behaviour
in soil is expected to be a mix between traits of the other fungi. Moreover, a potential switch
between symbiotic and saprotrophic mode could be tested, by changing nutrient availability
and/or applying symbiotic cues or roots. Prospectively, a device providing a platform for an
encounter between the fungi and a plant root, e.g., building on the dual-flow-RootChip
(Grossmann et al., 2011; Stanley et al., 2018), would be highly desirable to study the fungi’s
interaction with its host, not only for MFRE but also AMF. Even though much has been
uncovered in recent years about the (pre-)symbiotic signalling between AMF and their hosts
(see Stages of arbuscular mycorrhizal development), there is little appreciation for the
dynamics and range of the processes. With a tailored device, it could be studied, for instance,
at which distance approaching AMF hyphae start triggering a calcium spiking response in the

root. For MFRE, this is all widely untrodden ground.

6.3 Concluding remarks and future directions for microfluidic AMF
research

The herein presented project describing and discussing the study of AMF on a microfluidic
platform is one of the first of its kind. Two well-functioning microfluidic devices have been

developed to study the behaviour of asymbiotic AMF spores and hyphae in depth. Moreover,

a foundation was laid for further extensive research in the field. A complete overview of the

189



Chapter 6

research objectives and final outcomes of this thesis can be found in Figure 4 and Figure 68,

respectively.

Outcomes Chapter No.
Developed the AMF-SporeChip, a microfluidic device for trapping AMF 3
spores and confronting asymbiotic hyphae with physical obstacles
Elucidated space searching behaviour including novel reversible 4
cytoplasm retraction
Adapted AMF-SporeChip to allow studying of Gigaspora margarita 3,4
Established fluorescent staining method on-chip, however, 4

without finding a Spitzenkoérper in AMF

Developed the AMF-AnastomosisChip, a microfluidic device for trapping
spores of different AMF strains and isolating anastomosis events

Demonstrated gradient formation in AMF-AnastomosisChip

Equipped AMF-SporeChip with oxygen-sensitive foil to study
oxygen gradients in the hyphosphere

O O O O

Used AMF-SporeChip to examine MFRE growth on the hyphal level

Figure 68: Overview of the research outcomes of the thesis.

Moving on from the asymbiotic to the pre-symbiotic stage of the AMF lifecycle, devices could
be equipped to either simulate a host in proximity or introduce an actual host. One of the main
challenges for designing such a device is the asymmetry in dimensions between plant roots
(usually >100 um wide) and hyphae (<10 um wide), which makes it difficult to confine both
partners in the same focal plane. As discussed for MFRE, a device holding both fungi and
roots, thus providing an opportunity for direct interaction between both partners, could be
highly useful for studying not only pre-symbiotic signalling but also important steps of the
infection process, such as hyphopodium formation. Besides analysing the process of
“successful” infections leading to a mutually beneficial interaction, it would be equally
interesting to shed light on why certain plant species (an approximation of 29%) including the
plant model Arabidopsis thaliana are not able to form a functional symbiosis with AMF.
Moreover, some of these nonhost plants have been found to be colonised by AMF under
certain conditions, however, with underdeveloped, rudimentary phenotypes of the symbiosis,
i.e., arbuscules and vesicles (Cosme et al., 2018). To more specifically focus on the pre-

symbiotic signalling, microfluidic devices can be equipped with chemical gradients (Bernier et
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al., 2024). When supply channels are attached to the main investigation zone, gradients or
niches can be created due to the laminar flow behaviour intrinsic to microfluidic systems. These
set-ups could then be used to study the reaction of the fungus towards gradients of signalling
molecules, such as strigolactones, known to be involved in guiding hyphae towards a suitable

host root (Ruyter-Spira et al., 2013), as well as towards nutrient patches.

Besides hyphae in the asymbiotic or pre-symbiotic stage, AMF further form extraradical
hyphae once the mycorrhiza has been successfully established. These hyphae then radiate
out from the rhizome of the host into the soil, foraging for soil nutrients and forming spores to
herald the beginning of a new potential AMF lifecycle. These hyphae are further involved in
forming so-called “common mycorrhizal networks” (CMN) (Simard et al., 2012). These
networks connect plants underground and transfer nutrients as well as information such as
warning signals to induce defence mechanisms in the plant (Babikova et al., 2013). The
specificity of the conveyed signals as well as the exact nature of the effectors, remains unclear,
and even the involvement of RNA or virus genomes has been suggested, with importance for
agriculture (Wang et al., 2017). As extraradical hyphae are always directly connected to the
plant, introducing them into microfluidic devices is quite challenging and requires the
microfluidic system to be part of a larger, aseptic system including the plant host carrying the
fungus. Such systems have been developed by Dr Claire Stanley (in preparation) and Hammer

et al. (2024).

Another important aspect of AMF lifestyle are interactions with organisms other than the plant
host or each other/themselves (see 4.2.5. Anastomosis formation in the device). Bacterial-
fungal interactions have been found to be immensely important in the context of soil ecology
and are being thoroughly studied in microfluidic devices (Stanley et al., 2014; Clark et al.,
2024). For AMF, a highly intriguing interaction with phosphate solubilising bacteria (PSB) was
recently discovered, which suggests a tripartite interaction going beyond the well-known dual
mycorrhiza (Zhang et al., 2018; Jiang et al., 2021). Here it was presented how AMF are able
to selectively recruit PSB along their hyphae. These bacteria help the fungus prospect for
organic phosphorus in soil, which the fungus alone would not be able to exploit, and in turn
receive hyphal exudates as recompensation. These experiments were enabled by in vitro

cultivation of AMF on whole plants or root organs (used in this project for spore production),
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which provides large amounts of AMF hyphae free from both roots as well as unwanted
bacterial contamination. Microfluidic technology could take these studies even further to a

single-hypha level and provide real-time results on these interactions.

Filamentous fungi are known to contain multiple nuclei within the same hyphal compartment
(Maheshwari, 2005), especially coenocytic fungi like Mucoromycota, i.e., AMF and MFRE.
Often, these nuclei get redistributed between different individua through anastomoses leading
to heterokaryosis, the coexistence of genetically different nuclei within the same hyphal
compartment (Strom and Bushley, 2016; Scott et al., 2019). The underlying rules of these
processes are still widely elusive. Microfluidic devices such as the AMF-AnastomosisChip or
a variation of it could aid in witnessing nuclei circulation and exchange within the mycelial
network and in through anastomoses newly formed networks. This, in turn, are important
pieces of the puzzle in elucidating elementary parts of the biology of fungi in general such as
sexual compatibility (Nieuwenhuis et al., 2013) or self/nonself recognition mechanisms
(Kahmann and Bélker, 1996). Acquiring such knowledge would also have further relevance for
biotechnological applications where suitable fungi could be selected on a nucleus level rather

than the strain level.

Even though the romanticised concept of CMNs or popularly called “wood-wide web”,
awarding mycorrhizal fungi the role of the “central computation unit” in soil-based ecosystems
is controversial (Merckx et al, 2024), it is factual that fungi span immense networks
underground connecting organisms of same and different species as well as kingdoms in
many ecosystems. Understanding about communication within the system is scarce, as
discussed above, and besides chemical signals, electrical currents could be theoretically
involved in connecting and coordinating such a complex network like soil, as precedented in
the central nervous system of vertebrates. Electricity has been shown to be involved in
coordinating cell behaviour in organisms ranging from mammals (Piccolino, 1997) over plants
(Brenner et al., 2006; Canales et al., 2018) down to bacteria (Prindle et al., 2015) and moreover
in communication on an intracolony or interspecies level (Clarke et al., 2013; Beagle and
Lockless, 2015; Prindle et al., 2015). Electrical measurements on fungi have been performed
multiple times before (Olsson and Hansson, 1995; Adamatzky, 2018) and electrical oscillations

were attempted to be deciphered as a fungal language (Adamatzky, 2022), however, mainly
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Chapter 6

on a rather macroscopic level, i.e., mycelium or entire organisms including fruiting bodies.
Integrating electronics into microfluidic devices could take these studies further down to the
hyphal level. This emerging field widely remains untrodden territory, however, Duarte et al.
(2022) have shown the feasibility and potential with their PDMS microfluidic chip containing an
array of nanoelectrodes for dielectrophoretic trapping and subsequent detection and

identification of spores from the phytopathogenic fungus Sclerotinia sclerotiorum.
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APPENDIX

Appendix 1: Composition of the MSR medium

Table A1: Composition of modified Strullu-Romand (MSR) medium (after Fortin et al. (2002)).

Component Concentration [uM]
N(NOy) 3800
N(NH4*) 180

P 30
K 1650
Ca 1520
Mg 3000
S 3013
Cl 870
Na 20
Fe 20
Mn 11
Zn 1
B 30
Mo 0.22
Cu 0.96
Panthotenate Ca 1.88
Biotin 0.004
Pyridoxine 4.38
Thiamine 2.96
Cyanocabalamine 0.29
Nicotinic acid 8.10
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Appendix 2: Measurements of hyphal diameters
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Figure A1: Hyphal diameters of arbuscular mycorrhizal fungi (AMF) strains used in this project. The
diameters of a total of 100 hyphae per strain were measured in random spots on the hypha using the
“straight line” tool in Imaged/Fiji and the size distribution plotted with Origin. For each diameter, the
median value “mu (p)” with a standard deviation “sigma (0)” is given. Images and figure legend
reproduced from Richter et al. (2024) with permission from the Creative Commons Attribution license
(www.creativecommons.org/licenses/by/4.0/).
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Appendix 3: Schematics of secondary devices used in the project
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Figure A2: Schematic representation of the fluid exchange device. The figure shows the channel layout
of the fluid exchange device as presented in Stanley et al. (2014), highlighting in- and outlet as well as
the flow direction. Image reproduced with modifications with permission from Oxford University Press
(Licence Number: 5874681051038). Scale bar: 3 mm.
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Figure A3: Schematic representation of the device used for sensor foil application. The figure shows
the channel layout of the device published Ghanem et al. (2019), highlighting in- and outlet, the
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observation chamber, constriction channel as well as the inoculation. Reprinted with permission from
Ghanem et al. (2019). Copyright 2019 American Chemical Society.

= bacteria
direction of hyphal growth inlet

Figure A4: Schematic representation of the BFI device. The figure shows the channel layout of the BFI
device as presented in Stanley et al. (2014), highlighting the bacteria inlet as well as the flow
direction. Image reproduced with modifications with permission from Oxford University Press
(Licence Number: 5846560852683). Scale bar: 3 mm.
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Abstract

This review highlights new advances in the emerging field of ‘Fungi-on-a-Chip’ microfluidics for single-cell studies on fungi and
discusses several future frontiers, where we envisage microfluidic technology development to be instrumental in aiding our under-
standing of fungal biology. Fungi, with their enormous diversity, bear essential roles both in nature and our everyday lives. They inhabit
a range of ecosystems, such as soil, where they are involved in organic matter degradation and bioremediation processes. More re-
cently, fungi have been recognized as key components of the microbiome in other eukaryotes, such as humans, where they play a
fundamental role not only in human pathogenesis, but also likely as commensals. In the food sector, fungi are used either directly
or as fermenting agents and are often key players in the biotechnological industry, where they are responsible for the production
of both bulk chemicals and antibiotics. Although the macroscopic fruiting bodies are immediately recognizable by most observers,
the structure, function, and interactions of fungi with other microbes at the microscopic scale still remain largely hidden. Herein,
we shed light on new advances in the emerging field of Fungi-on-a-Chip microfluidic technologies for single-cell studies on fungi.
We discuss the development and application of microfluidic tools in the fields of medicine and biotechnology, as well as in-depth
biological studies having significance for ecology and general natural processes. Finally, a future perspective is provided, highlighting
new frontiers in which microfluidic technology can benefit this field.

Keywords: fungal biology, yeast, Fungi-on-a-Chip microfluidic technology, single-cell microscopy, arbuscular mycorrhizal fungi, fun-

gal highways

Introduction

The kingdom Fungi is a most intriguing one. For centuries, my-
cologists have been baffled by the vast diversity of fungi and
struggled to assign them to Aristotle’s dual classification system
of Plantae and Animalia. Only when Whittaker (Whittaker 1969)
proposed the novel five-kingdom classification system in 1969,
and advances in molecular genetics supported the classification
(Kendrick 2017), did fungi obtain their status as an independent
kingdom. Combining traits from each of the other kingdoms while
having unique features, fungi share a heterotrophic lifestyle with
animals, yet possess cells comprised of a cell wall, as well as vac-
uoles, and procreate via sexual and asexual reproduction just like
plants. Moreover, the vast mycelium that many fungi form in the
soil is reminiscent of the root system of plants, but with otherwise
different dimensions. In fact, fungal mycelia have been found to
span areas of up to 10 km?, such as mycelia of the basidiomycete
Armillaria ostoyae (Schmitt and Tatum 2008), and can represent
up to 50% of soil dry weight (Ingham et al. 1991). However, de-
spite these somewhat macroscopic dimensions, fungi are con-
sidered as microorganisms, just like bacteria. Common features
shared with bacteria include unique metabolic pathways, such
as the very specific isomerization between homoaconitate and
homoisocitrate (Fazius et al. 2012), as well as the microscopic
dimensions of most fungi, especially yeasts, which are com-

monly unicellular. Filamentous moulds and mushrooms, how-
ever, are comprised of microscopic features, termed hyphae,
which form extensive mycelia and prominent fruiting bodies on
the macroscale (Webster and Weber 2007). Other species are di-
morphic, meaning they can switch from one morphology to an-
other (i.e. unicellular to filamentous). Candida albicans for instance,
has several forms, including single-cell yeast as well as filamen-
tous forms (Kadosh 2019). Along with this shape-shifting at the
microscopic scale, some fungal species also express different mor-
phologies whether they are in a vegetative, asexual, or sexual
phase. Historically, this has led to the accidental naming of the
same species more than once. This is particularly common in fil-
amentous fungi. For some species, a dual nomenclature was kept,
with different names given for the sexual and asexual stage or
part of the fungus. Unprecedented in nature, this phenomenon
led to the coining of the terms teleomorph (the sexual form),
anamorph (the asexual form), and holomorph (fungi for which
both a sexual and asexual lifestyle is known). However, due to
much disagreement among mycologists and confusion regarding
the dual nomenclature system, it was abandoned as of 1 January
2013 and replaced by the principle of one fungus having one name
(‘one fungus, one name’; Wingfield et al. 2012). Of all the suspected
2.2-3.8 million fungal species in nature, it is estimated that only
about 148 000 have been described so far (Hawksworth and Liick-
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ing 2017). Compared to the other fields of study in biology, mycol-
ogy is a relatively young discipline and still considered a niche.

Until the last decade, mycology has regularly been considered
as the study of mushrooms, i.e. the macroscopic structures that
are found in forests or that we buy in a supermarket to eat. Other
fungi, such as pathogens or symbionts (e.g. mycorrhizal fungi)
have been handled in other fields, but not as integral parts of a
larger and common area of research. As a result of this disper-
sion, their importance as a microbial clade has somewhat been
underrepresented for many years. However, their significance is
far reaching, and the relatively new fungal kingdom includes a
vast number of species that are of the utmost importance for na-
ture as a whole. Hence, not only are fungi fascinating and elu-
sive, they also constitute an enormous significance for nature
and humanity. Fungi act as the main decomposers in natural
recycling processes and are responsible for degrading dead or-
ganic matter. Besides that, fungi are very potent biogeochemical
engines, affecting the availability of numerous elements. This
ability can be exploited artificially for bioremediation or in biofer-
tilization (Carvajal-Mufioz and Carmona-Garcia 2012). In partic-
ular, the symbiotic association between a certain type of fungi
and roots of plants—known as a mycorrhiza—is capable of sig-
nificantly increasing yield in crops (Hamel 2007). Furthermore,
fungal metabolic pathways can be harnessed for the biotechno-
logical production of many important substances. Famous ex-
amples include the mass production of ethanol by the yeast
Saccharomyces cerevisiae, with almost 110 billion litres produced
annually, as estimated by the U.S. Department of Energy (2020), or
the production of citric acid by the mould Aspergillus niger (Show et
al. 2015). Medically relevant examples include the antibiotic peni-
cillin (Barrios-Gonzélez et al. 1988) and the immunosuppressant
cyclosporin A (Ramana Murthy et al. 1999). On the other hand,
however, some fungi are responsible for causing severe diseases in
humans (e.g. Cryptococcus neoformans or Aspergillus fumigatus) and
other animals, but also in plants. The pathogen Fusarium gramin-
earum, for example, is responsible for annual losses in wheat and
barley production ranging between 6% and 19% in the USA, which
translates to a loss on the order of billions of dollars (McMullen et
al. 2012). Due to a lack of effective antifungal agents (Almeida et
al. 2019), promising alternatives to the use of chemical fungicides
are being developed, including biocontrol agents such as the my-
coparasitic fungi Clonostachys rosea and Trichoderma spp. However,
more basic research into their infection mechanisms at the cellu-
lar and intracellular levels is needed to eventually harness their
antifungal potential in a widespread, commercial way.

So-called microfluidic—or ‘Fungi-on-a-Chip’—technologies are
emerging as a new tool to aid such studies in mycology, as well as
high-throughput applications in fungal biotechnology. The field
of microfluidics involves the manipulation of small amounts of
liquids in a controlled manner within artificial micron-sized flu-
idic networks of channels. It was established as a useful tool
for different kinds of studies, including nanoparticle synthesis
(Karnik et al. 2008), general chemical synthesis (Liu and Jiang
2017), and chromatography (Xie et al. 2005). The original concept
stemmed from a need to implement different automated opera-
tions (e.g. sorting capabilities) into chemical processes, in an anal-
ogous manner to that of electrical networks, whilst increasing
experimental throughput concomitantly. Due to the significantly
smaller dimensions of micron-sized fluidic networks, other effects
dominate when compared to the macroworld. Hence, a transition
to miniaturized systems yields new experimental opportunities.
Above all, the flow behaviour within microchannels is mostly lam-
inar, having a parabolic streaming profile described by the law of

Hagen and Poiseuille (Sutera and Skalak 1993). While gravity is
widely negligible, capillary forces and surface tension dominate,
allowing new possibilities to be exploited such as droplet trapping
or inertial microfluidics. Generally, miniaturization enables the
generation of high-throughput experimental systems that pos-
sess enhanced analytical accuracy and sensitivity, which is closely
interlinked with the ability to control processes in an outstand-
ingly precise manner, especially in terms of temperature, illumi-
nation, or flow dynamics. Moreover, this entails a safer handling,
as well as intrinsic sterility, because of the enclosed nature of the
microsystem. While the requirements for chemical or biological
material, both in terms of quantity and cost, are usually signif-
icantly lower than those associated with conventional methods
(e.g. batch processes), it is still possible to achieve high output of
both results or products by following a modular approach and par-
allelization, also called numbering-up (Kriel et al. 2016).

In recent years, microfluidic technologies have been adopted
for applications in the biological sciences and in particular for
studies on whole (living) organisms. This trend is evidenced by
the many advantages that microfluidic platforms offer, such
as the optical transparency of most devices for brightfield and
fluorescence-based imaging as well as the ability to mimic mi-
croenvironments both structurally and with well-defined chem-
ical gradients. Material choice is key for the desired application,
with the elastomeric polymer, poly(dimethylsiloxane) (PDMS) fea-
turing as one of the most prominent materials used in microflu-
idic technology development (Box 1). In combination with high-
throughput and automated approaches, microfluidic technologies
are becoming increasingly recognized by biologists as experimen-
tal platforms that can afford precise analyses on a cellular, subcel-
lular, and even molecular level, in genetics, proteomics, and cellu-
lar assays (Tian and Finehout 2009). The latter is especially well-
represented in the literature, with numerous examples of stud-
ies with bacteria (Cao et al. 2013) and human cells (mainly blood,
sperm, or stem cells; Zhang et al. 2018a). In particular, microflu-
idic technology has been extended to the study of small multicel-
lular organisms, e.g. nematodes (Lockery et al. 2008, Tayyrov et al.
2019), as well as mammalian tissue (Zheng and Jiang 2018), plants
(Stanley et al. 2018), and animals (Funfak et al. 2007). Microfluidic
studies involving fungi, however, are rare. Indeed, the application
of microfluidics to mycology is a very recent development with
the first studies published only in the last 15 years. Indicative of
this, Tian and Finehout’s book ‘Microfluidics for Biological Appli-
cations’ published in 2009 (Tian and Finehout 2009) gives a very
detailed overview about biological investigations using microflu-
idic methods, without, however, a single mention of fungi.

Box 1. Materials used in microfluidic technologies

As the fleld of microfluidics originated from microelectronics,
silicon was one of the first materials to be used in microflu-
idic device development. Although having well-defined mate-
rial characteristics and well-established manufacturing pro-
cesses, silicon was soon replaced by glass. Glass possesses im-
portant properties, such as chemical inertness, mechanical re-
silience, and optical transparency, as well as the opportunity to
etch micron-sized channel architectures. This, coupled with the
overall good biocompatibility of glass, makes it a suitable mate-
rial for the use in microscopy investigations of microorganisms
and biological processes. With similar properties, but generally
much easier, safer, and quicker to fabricate using lithography
methods, polymers have mostly succeeded glass in microflu-
idic technology development. Especially the thermoplastics
such as polycarbonate (PC; Ogoniczyk et al. 2010), poly(methyl
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methacrylate) (PMMA; Hong et al. 2010), cyclic olefin copolymer
(COC; Ochs et al. 2014), as well as polystyrene (PS; Young et al.
2011) are widely used. The microchannel layout is commonly
engraved via hot embossing, precision milling, or laser abla-
tion. Even though all of these materials have their benefits and
applications, the elastomeric polymer poly(dimethylsiloxane)
(PDMS) has emerged as one of the main materials of choice
in microfluidic device fabrication. The majority of the stud-
ies discussed herein feature PDMS as the basis for their mi-
crofluidic devices. PDMS can be cast easily from master moulds
using soft lithography, with little apparative requirements. Be-
sides the uncomplicated device manufacturing, PDMS offers op-
tical transparency, low autofluorescence, gas permeability, ad-
justable tensile strength, and exceptional biocompatibility (Raj
and Chakraborty 2020). The elasticity of PDMS allows to form
valve and pump structures (Nielsen et al. 2020) or to measure
forces exerted by a microorganism, however, this also renders
PDMS devices unsuitable for high-pressure tasks.

Besides these established methods, other materials have
emerged for specialist applications. This includes smart mate-
rials, such as pressure-controlled adhesives (Nielsen et al. 2020)
and certain hydrogels (Kang et al. 2013), the latter of which com-
bines structural with functional properties. Similarly, ceramics
are being used for microfluidic devices, contributing excellent
thermostability and thermal insulation as well as chemical sta-
bility to the system (Vasudev et al. 2012).

Herein, we review the major studies conducted within the
emerging field of Fungi-on-a-Chip microfluidic technology devel-
opment for single-cell studies on fungal biology. First, we highlight
the application of microfluidics for investigations on yeast cells,
the first type of fungi to be featured in microfluidic systems. The
collected publications are mainly dedicated to investigations on
cellular life cycle and ageing, as well as the design of trapping fa-
cilities for single-cell capture. Through these single-cell studies, it
was found that cellular responses and expression levels vary im-
mensely from cell-to-cell, far more than previously expected and
independent from the cell cycle stage. These findings will be im-
portant for improving the effectiveness of biotechnological pro-
cesses and yield new hypotheses related to cell ageing studies,
moving away from investigations at the population level to indi-
viduals. In the second major section, we discuss a range of medical
applications, mainly blood cleansing devices for fungal pathogens,
as well as Lung-on-a-Chip models for fungal disease studies. High-
lights of this section include a microfluidic device that revealed
an altered immune response in bronchiole models when coin-
fected with fungi and bacteria, compared to infection with both
monocultures alone, an insight key to understanding dangerous
diseases like cystic fibrosis. The third section is dedicated to inves-
tigations concerned with filamentous fungi and their interactions
with other organisms within artificial microfluidic devices at the
cellular level, which has formed a significant trend of late, espe-
cially in the emerging field of Soil-on-a-Chip microfluidics (Stan-
ley et al. 2016). Using a microfluidics-based approach, microen-
vironments can be designed to allow environmental cues of a
chemical, physical, and biotic nature to be studied in depth, while
retaining transparency for detailed analyses, e.g. using high reso-
lution microscopy techniques. For instance, the pioneering work
by Held et al. (2009a, 2011a) unravelled the space searching
strategies of the filamentous fungus Neurospora crassa, which is
directed by the Spitzenkdrper, an intracellular body that acts as
a gyroscope for directional memory and manoeuvring coordina-
tion. Lastly, we provide a future perspective detailing a number of
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new frontiers in which microfluidic technology is expected to aid
future research in this field of study, with a focus on arbuscular
mycorrhizal fungi (AMF), nuclei behaviour in filamentous fungi,
multispecies interactions, and electrical measurements for cell-
to-cell communication.

Single-cell studies on yeast

The first type of fungi to be featured in a microfluidics-assisted
investigation were yeasts. Because of their single-cell character,
the transition from microfluidic studies on bacteria and mam-
malian cells was a smooth one, often starting with simply ex-
tending the application of established devices to the yeasts. Wu
et al. (2004) designed the first microelectromechanical systems
(MEMS)-based device involving yeast cells, which allowed single
cells to be aligned in a row and subsequent fluorescence-based
imaging and counting of individual cells. Due to a channel width
of 7 um and sheath flow-assisted focussing, only one cell at a time
was able to pass through the channel network and be admitted
into the image identification unit. Their simple glass-based mi-
crodevice comprised of an inlet for the cells, specifically S. cere-
visiae and prostate cancer cells of the PC3 line, two channels to
generate the sheath flow and three outlets with vacuum suction.
In the study, the general functionality of the device was proven
and further applications such as cell separation were proposed,
marking the starting point of fungal microfluidics. Moreover, the
authors proclaimed that the set up and entailing shear stress, as
well as pressure, did not pose a negative impact on the cells, an
issue debated in later studies.

Imaging microcolonies

Yeasts, especially the model organisms S. cerevisiae and Schizosac-
charomyces pombe, are of the utmost importance to researchers.
These unicellular fungi are eukaryotic entities with close resem-
blance to mammalian cells, making them perfect subjects for de-
tailed studies concerning unravelling the function of every gene
in the genome, as well as investigations on gene expression, intra-
and intercellular signalling and replicative cell ageing (Dolinski
and Botstein 2005, Pardo et al. 2016, Piper 2006). These processes
occur across various microscopic scales, ranging from the micro-
colony level, to the level of single cells, and down to the subcellu-
lar level, for which microfluidic technologies are ideally suited. It
is unsurprising, therefore, that numerous groups have integrated
microfluidic techniques into their studies with yeast. Microfluidic
devices allow cells to be aligned within one focal plane for pre-
cise imaging, as well as providing a means to separate them into
different chambers (i.e. to conduct experiments in parallel) and
afford highly controlled perfusion with effector solutions. The ex-
act device designs can be then tailored to the task at hand. Several
methods for the trapping of yeast cells within microfluidic devices
have been employed to date, since yeasts—unlike many mam-
malian cells—generally do not adhere tightly to surfaces and,
therefore, need to be fixed. Figure 1 highlights the major meth-
ods employed to immobilize yeast cells, which includes in situ
polymerization, affinity binding, passive trapping in microcham-
bers, and pressure-based active trapping. Some of these meth-
ods/techniques used for cell ageing-related studies have been re-
viewed by Chen et al. (2017) and Jo and Qin (2016).

In situ polymerization

A suitable means to accommodate yeast cells within a microflu-
idic channel is to immobilize them within a hydrogel, e.g. alginate
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Figure 1. Schematic illustrating yeast cell immobilization strategies. The illustration shows cross-sections through a microchannel to describe
different methods of immobilizing yeast cells in a microfluidic device. (A) Cells fixed by in situ polymerization of a hydrogel. (B) Yeast cells fixed by
affinity binding using Concanavalin A. (C) Spatial segmentation of cells into microcolonies via passive trapping. (D) Pressure-based trapping of cells
between the channel ceiling and bottom. When flow pressure is high (+p), the channel widens and cells enter into the microchamber. Upon release of
pressure (-p), the channel shrinks to a size comparable to that of the cell diameter, thus immobilizing the cells.

(Vo et al. 2020) or agarose, which is a nontrivial task. The most
used method, termed in situ polymerization (Falconnet et al. 2011),
utilizes a low melting temperature liquid agarose gel, i.e. prepared
and premixed with the cell suspension at 30°C. Once pumped
into the designated chambers, the gel-cell mix is polymerized at
4°C for 3 min and the cells are robustly fixed. The sophisticated
channel design and computer-assisted chemical control allows
128 parallel experiments to be conducted in a single run, whereby
eight different S. cerevisiae genotypes and 16 different conditions
can be probed simultaneously to investigate lineage-dependent
pheromone signalling responses. While the results obtained re-
veal response dynamics on the single-cell level, the data is still
statistically relevant. To demonstrate the potential of their device,
the group conducted experiments of the mitogen-activated pro-
tein kinase (MAPK) involving mating responses towards different
concentrations of the pheromone «-factor in different strains. As
a read-out, they tagged the membrane receptor Ste2 with green
fluorescent protein (GFP). Ste2 is up-regulated in the sexual tip
extension of a yeast cell, called shmoo, and thus correlates with
an enhanced mating activity, triggered by the pheromone gra-
dient. The pheromone response found was highly variable from
cell to cell. As an explanation, they suggested nongenetic inheri-
tance of the behaviour since the yeast colonies were genetically
identical.

The same experimental set up (with slight modifications) was
used in further investigations probing the nongenetic heritabil-
ity aspect of these pheromone response phenomena. The mi-
crofluidic design allowed to precisely track budding and thus cre-
ate lineage maps within the microcolonies; the mother-daughter
correlations in response to the a-factor pheromone differing
from strain to strain could then be measured. Using a sophis-
ticated tripartite fluorescent tagging strategy and targeted cell-
cycle synchronization with hydroxyurea, the authors were able
to reveal cell-to-cell variations in the cellular response, which
would otherwise have been concealed within the colony. More-
over, it was found that the kinase Fus3 not only supresses the
transition from the G1 to the S phase upon pheromone stim-
ulation, but also modulates the cell cycle into the other di-
rection, resulting in growth arrest preferably at the S phase
and generally longer cell cycle phase duration in the Fus3
knockout mutant (fus3A), even without the pheromone stimu-
lus. These findings suggest a stronger influence of cell cycle and
the interplay between signalling pathways onto colony hetero-
geneities than formerly expected (Ricicova et al. 2013). Figure 2(A)
shows a schematic experimental design utilizing hydrogel cell
immobilization.

Affinity binding

Another method employed to immobilize yeast cells within the
vicinity of the microchannel surface involves coating the chan-
nel with biomolecules, such as concanavalin A (Con A) or avidin
(Xie et al. 2012). Con A, a lectin well-known for its application in
affinity chromatography (Hage 1999), can bind specifically to sev-
eral carbohydrate structures. In an analogous manner, Con A can
bind to certain sugars presented on the surface of yeast cells, thus
acting as an immobilizing agent. In comparison to agar, agarose
and other hydrogel immobilization techniques, the use of Con A
is claimed to cause minimal (or no) background fluorescence in
microscopy (Pemberton 2014). Moore et al. (2008) demonstrated
that a very simple chamber design could be employed, when Con
A was used to prevent yeast cells from being flushed out. With
their Y-shaped device design and using a relatively low volumetric
flow rate, they generated a concentration gradient comprised of a-
factor mating pheromone, which, under a laminar flow regime, re-
lies on diffusion only. As a result, the gradient was the least steep
closest to the outlet (Fig. 2B). The yeast cells then responded to the
different concentrations of a-factor within the gradient, exhibit-
ing different development of their mating projections (shmoo; i.e.
involving directional growth strategies and error correction). Ow-
ing to the successful immobilization of single yeast cells, it was
also possible to reveal the subcellular mechanisms underlying
these behaviours.

A similar channel design was employed by Hersen et al. (2008),
equipped with an electrovalve to create effector gradients more
precisely and allow for oscillations of up to a few hertz (Hz). With
this device, the cellular response of S. cerevisiae to environmen-
tal stresses was studied. To investigate the hyperosmolar glyc-
erol (HOG) pathway, which involves MAPKs, a sorbitol solution
was introduced to create osmotic stress. An increase in the os-
motic pressure was followed by translocation of the MAP-Kinase
Hog1 to the nucleus preceded by phosphorylation. If the stimulus
frequency applied was lower than 4.6 x 10 Hz, the cellular re-
sponse was found to follow the input oscillation instantaneously.
Their findings suggested that the factor limiting the processing
speed was the time required for the biochemical cascades to occur
(e.g. phosphorylation) rather than physico-chemical mechanisms,
which occur on much faster time scales (Hersen et al. 2008). The
same device was later used by Hao and O’Shea (2011). In this study
that used various stressors, such as potassium chloride, hydro-
gen peroxide, and high glucose concentrations, a deeper insight
into the different kinetics of transcription factor-dependent cell
responses was gained. It was shown that the transcription factors
Msn2 (a general stress-responsive transcription factor in S. cere-
visiae) and Crz1 (a zinc finger protein) are activated differently by
these stimulants and that these patterns again trigger a specific
promoter, thus encoding the input signal and translating it into
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Figure 2. Examples of applications of microfluidic immobilization of yeast cells by in situ immobilization and affinity binding. (A) Device for studying
pheromone chemotropism in «- and A-yeast cells. Cells are trapped in alginate gel and subjected to asymmetric pheromone conditions. Image
reproduced with modifications from Vo et al. (2020) with permission from AIP Publishing (Licence Number: 5271490260805). (B) Y-device, coated with
concanavalin A (Con A) to help «-cells adhere to the channel. A gradient of a-factor was created, followed with the aid of Dextran-3000-TRITC as a
tracking dye. Cells in five different areas, A-E, were imaged. Image reproduced with modifications from Moore et al. (2008) with permission from the
Creative Commons Attribution license (www.creativecommons.org/licenses/by/4.0/). (C) Example of five-channel device with computer-controlled
3-way valves to subject Con A-immobilized yeast cells to pulsed treatments with the protein kinase A (PKA) inhibitor 1-NM-PP1. A 63X microscope
objective was used to monitor Msn2-mCherry translocation dynamics and gene expression in single cells. Image reproduced with modifications from
Hansen and O’Shea (2013) with permission from John Wiley and Sons (Licence Number: 5271490732299).

an adequate stress response of the cell. More specifically, it was
found that with slow promotors and high frequency input signals
a temporal summation or ‘head-start’ effect can be caused, lead-
ing to a nonlinear relationship, while genes with rapid promotor
kinetics are able to follow the input proportionally. At the molec-
ular level, this can mainly be attributed to promotor structure,
number, and position of binding sites and, thus the binding affin-
ity. The idea of encoding or integration of environmental stresses
into single molecule actuators (i.e. transcription factors) was fur-
ther elaborated in a subsequent study conducted by the group
(Hao et al. 2013). To elucidate the mechanism of the promotor ac-
tivation and intrinsic amplitude thresholds, the group upgraded
their microfluidic device from a single-channel to a five-channel
architecture (Fig. 2C). With the additional throughput, they found
trade-offs between the level of control regarding gene expression
and expression noise. Thus, this work reiterates how different pro-
motors can be seen as modules of signal-processing, with sim-
ple integrators, high-pass filters, and duration filters (Hansen and
O’Shea 2013, Hansen et al. 2015). These collective studies suggest
that the response can be specifically tuned to environmental fac-
tors through evolution of the promoters, for instance, a strategy
that could be similarly applied to biotechnology.

Passive trapping in microchambers

The aforementioned techniques involved fixing yeast cells in gels
(e.g. agarose) or with attachment agents (e.g. Con A) to provide
immobilization. However, these approaches are claimed to affect
the imaging quality of the yeast cells in a negative manner, e.g.
by blurring the image or by introduction of crystals in case of in-
complete polymerization, cells lose attachment after only a few
hours (Ryley and Pereira-Smith 2006, Crane et al. 2014) and the
cells themselves may also potentially be influenced with regard

to their growth and development. Therefore, many groups set out
to develop microfluidic devices to ‘cage’ cells, with microcham-
bers able to hold the cells due to a specific channel design only,
deciding to accept the trade-off between a less robust fixing of the
cells with the added benefit of unaffected imaging and cell devel-
opment. An example of a microfluidic device featuring an array of
microchambers can be found in Fig. 3(A). Cookson et al. (2005) de-
signed a simple, accessible microfluidic device loosely inspired by
Nikola Tesla’s diode loop (Tesla 1920) to trap microcolonies of bud-
ding yeast. Using their channel design, they were able to assemble
the cells in a single focal plane to produce high-resolution images.
Time-lapse fluorescence microscopy was employed to track single
cell cycles as far as 10 divisions in a dynamic manner, gaining sta-
tistical data for predictive modelling (Cookson et al. 2005).
Paliwal et al. (2007) devised a more complex device design,
which utilized small chambers for perfusing microcolonies of S.
cerevisiae cells with effector-media solutions on two sides. After
loading the cells into the device there was no active flow inside
of the cell chambers and the effector gradient reached the cells
by diffusion only, preventing the cells from being flushed out.
Here, and continued by Hao et al. (2008), morphological changes
in yeast cells as a mating response to the pheromone gradients
were investigated, similar to Moore et al. (2008), but more empha-
sis was put on the regulatory pathways involved, including the
signalling components Fus3, Ste5, and Kss1. The ability to subject
cells to different concentration gradients of pheromones more
closely simulates reality, as compared to uniform concentrations
commonly applied in standard, plate-based assays. Thus, the au-
thors revealed the function of Ste5 in the stimulation and control
of Fus3 as the main mechanism for gradient sensing and direc-
tional growth of the mating projection, as part of a complex in-
terplay of all the signalling components. Interestingly, as a result
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Figure 3. Exemplar applications of microfluidic immobilization of yeast cells by compartmentalization into microcolonies and active, pressure-based
trapping. (A) Schematic illustration of a device having eight independently addressable rows each containing 15 microchemostats, highlighting the
high degree of parallelization. Yeast microcolonies (here S. pombe) can be imaged and studied in parallel as well as subjected to different media
conditions. The bright-field image shows three microchambers filled to confluence with yeast cells. Image reproduced with modifications from Nobs
and Maerkl (2014) with permission from the Creative Commons Attribution license (www.creativecommons.org/licenses/by/4.0/). (B) Microfluidic
platform for trapping single yeast cells (here S. cerevisiae) under pressure-based expandable micropads (30 x 15 pm), used to study cell ageing. During
cell loading, the micropads are slightly lifted due to the hydrodynamic pressure created by the flow. Upon release of pressure, the micropads resume
their original height, thus trapping cells. Smaller daughter cells budding off from the mother cells are automatically washed away during dynamic
cultivation with a slow constant flow. Microscope image showing some yeast cells (mother cells) trapped underneath the micropads and some smaller
cells (daughter cells) being flushed out. Image reproduced with modifications from Lee et al. (2012) with permission from National Academy of

Sciences. Scale bars represent 20 um.

of imaging with single-cell resolution, it was further discovered
that a differentiated response occurs upon exposure of the micro-
colony to low pheromone levels, where some cells induce shmoo
formation whereas others actively suppress this expression pro-
gramme. Thus, they are effectively saving energy while waiting for
the signal to become either stronger or subside (Hao et al. 2008,
Paliwal et al. 2007). In an analogous manner, Taylor et al. (2009)
studied pheromone mating responses in S. cerevisiae. Using their
microfluidic device they achieved an immensely high analytical
throughput, allowing them to take over 49 000 images of parallel
experiments in just one run (~12 h). Besides Fus3 and Kss1, they
further extended pheromone response studies onto the signalling
proteins Ptp2 and Msg5.between the different signalling
Denervaud et al. (2013) built a microfluidic device able to ac-
commodate more than 10 000 separate experiments, observing
1152 GFP-expressing yeast strains in one run. This set up allowed
dynamic investigations on changing yeast proteomes to be con-
ducted in response to stressors such as ultraviolet (UV) radia-
tion, methyl methanosulfonate, hydroxyurea, and osmotic stress,
in a pulsed and continuous manner, helping to unravel the full
dynamics of changes, which are often transient. It was eluci-
dated that the P-body components Scdé and Patl are predomi-
nantly involved in the formation of the mRNA processing body
(P-body). Moreover, it was found that four main proteins (Tsal,
Rtt101, Rail, and Nam?7) are involved in nuclear localization of
the ribonucleotide-diphosphate reductase Rnr4. The advantage of
the presented method is that it facilitates the analysis of cellular
signalling and expression mechanisms in combination with real-
time phenotypical changes, a read-out that conventional methods

such as spot assays are lacking. A slightly modified microfluidic
device was later used by Nobs and Maerkl (2014) to study S. pombe.
They followed over 100 000 cell division events in up to 10 gener-
ations under normal conditions as well as heat stress.

Luo et al. (2008) designed a device with triangular- and later
rectangular-shaped (Luo et al. 2009) cell chambers emanating
from the main channel. The yeast cells can, thus be perfused with
medium without being flushed away. As a proof-of-concept, they
observed changing expression levels of the pCUP1 promotor in
response to different Cu®* concentrations. Other possibilities to
isolate the cells in the cell chambers also exist, i.e. by manually
closing the chambers after loading with valves (Park et al. 2013)
or membranes (Charvin et al. 2008).

By implementing silicon oxide instead of PDMS as the mate-
rial of choice in device manufacture, Huang et al. (2009) employed
a roll-up technique to produce microchannels with a perfect
circular cross-section and adjustable dimensions. The multistep
manufacturing process involved forming a multilayered substrate
using spin-coating, chemical vapour deposition, and chemi-
cal etching techniques, which creates an intrinsically strained
Si0/Si0, bilayer system that automatically rolls up upon release.
Interestingly, yeast cells growing within the microchannel were
observed to form a peculiar elongation in proof-of-principle ex-
periments, an adaption to the constriction that was not, however,
lethal to the cells.

Pressure-based active trapping

In contrast, some groups followed a different approach to obtain
arrays of locally fixed cells. They devised a cell trapping method
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based on the flexibility of the elastomeric polymer, PDMS. Upon
subjection to pressure the PDMS channels can be widened, allow-
ing cells to enter, and upon relieving the pressure the PDMS re-
turns back to its prior state, thus trapping cells within the chan-
nel. The schematic trapping principle along with a microscopic
image of yeast cells trapped under elastic micropads is shown in
Fig. 3(B).

Being the first to try this method, Groisman et al. (2005) probed
the dynamics of large numbers of yeast cells at the microcolony
level. Using a microfabricated chemostat, they were able to align
bacteria, as well as yeast cells, in a biofilm-like manner using mi-
crochambers interspaced by hanging channel walls, leaving gaps
of ~0.6 um between the wall and device bottom in the absence
of pressure. These gaps permit exchange of substances, such as
nutrients and waste, yet are impassable, however, to the cells.
When a high gauge pressure (8 psi) is applied, cells can pass
freely between the chambers. Thus, the cells can initially be dis-
tributed equally within the device, after which they can be iso-
lated from one another. With this chemostat, colony growth be-
haviour and gene expression linked to quorum sensing were in-
vestigated; as such, dynamic response experiments were con-
ducted and colonies subjected to temporarily changing exoge-
nous stimuli. By addition of 10 nM of the autoinducer N-3-oxo-
hexanoyl homoserine lactone to an Escherichia coli mutant with
GFP(LVA) (tagged at C-terminal with amino acid sequence RPAAN-
DENYALVA for faster degradation; Andersen et al. 1998) fused to
the luxR gene, which is involved in quorum sensing, a rapid re-
sponse (i.e. < 1 h) with an exponential increase in the fluores-
cence level of about 3-4 orders of magnitude was triggered. Upon
removal of the autoinducer, this was followed by an equally fast
decline in the fluorescence intensity, due to a rapid degradation of
the GFP(LVA). While the main part of the investigations was con-
ducted with bacterial cells, the group emphasized the potential of
this or similar platforms for use with the yeast cells. They further
highlighted the potential applicability of their device design for
other studies, e.g. regarding aspects of gene expression and mu-
tation, but also cell ageing, population dynamics, and sporulation
(Groisman et al. 2005).

Lee et al. (2008) designed a device where whole channels are
expanded and retracted upon the application and removal of ap-
plied pressure, respectively. In doing so, the yeast cells become
trapped and are clamped between the channel ceiling and bot-
tom. This was coupled with a sophisticated microfluidic circuit
including different fluidic resistances, which facilitates a precise
fluid and pressure control. Thus, flow velocity and pressure are
decoupled, allowing key processes (i.e. flushing out nontrapped
cells and nutrition) to be achieved without releasing trapped cells.
This work was mainly concerned with creating an easy-to-use and
easy-to-set-up system for widespread applications in cell biology.
As a proof-of-concept, they monitored the expression of enhanced
GFP (EGFP) from a Fus1 promoter region, which was activated by
pulses of the a-factor pheromone intermitted by a washing step.
The fluorescence signals, and hence cellular response was found
to vary significantly from cell to cell, which was attributed, besides
stochastic noise, to differences in the transcription and transla-
tion apparatuses of each cell. Possible effects deriving from dif-
ferent stages in the cell cycle were ruled out because all cells
were pretreated with 200 mM hydroxyurea, arresting all cells in
the S-phase. Similar set ups were later applied to investigations
on stress response involving the high-osmolarity glycerol (HOG)
pathway and crosstalk between the different signalling compo-
nents (Lee et al. 2020, Uhlendorf et al. 2012).
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Besides these studies, another big area of interest in yeast
research is concerned with cell ageing and replicative lifespan.
Therefore, obtaining isolated mother cells is desirable to study
them in an unobstructed manner. Conventional methods involve
manually removing budding daughter cells with a needle, a time-
consuming and tedious task, which is also stressful for the cells
because of the sheer size of the needle compared to the cell,
making a precise dissection extremely difficult. Using microfluidic
technologies, mother yeast cells can be trapped underneath mi-
cropads or pensile columns, while daughter cells that bud off are
flushed away by a constant flow of medium. As an estimate, the
dissection task that four to five trained people would achieve in
3—4 weeks, can be conducted with one microfluidic device in only
2-3 days (Zhanget al. 2012, Zou et al. 2017). As an additional ben-
efit, nutrient medium is constantly refreshing in the microfluidic
device. Furthermore, no agar, which lowers the resolution for mi-
croscopy, is needed. With such a device, Lee et al. (2012) discovered
age-related morphological changes in cells of S. cerevisiae, with a
so far unseen heterogeneity. By tagging VPH1, encoding a subunit
of the vacuolar ATPase, with GFP, they focussed on the develop-
ment and morphological changes in the vacuole. They found two
cellular shapes at death, an ellipsoidal and a spherical shape. The
shape correlated with the age of death, being 12 budding cycles for
the spherical type and almost double the age for the ellipsoidal
shape. The vacuole shape, herby, is either fragmented, fused, or
tubular, the latter only occurring in ellipsoidal cells. Later, the
group used the same device to investigate whether calorie restric-
tion diets are indeed a reliable method to extend the live span of
organisms (Huberts et al. 2014).

Differing from the other studies, Ohnuki et al. (2009) used
a two-layered device design with a secondary air-filled channel
through which pressure can be applied, trapping yeast cells in the
main channel. Thus, they were able to trap the cells at will and
on demand. Together with the semiautomatic image processing
programme CalMorph (Ohtani et al. 2004), they were able to mon-
itor cell cycle progression in S. cerevisiae. Another approach to trap
yeast microcolonies was conducted by Frey et al. (2015), who man-
ually pressed yeast cells down against PDMS clamping pads by
bonding a glass cover slip onto the PDMS chamber after preload-
ing with the cells using a pipette.

Single-cell trapping
As described previously, a common challenge that most studies
in the field of yeast research are concerned with is the trapping
of single, individual yeast cells in a sustained manner, ensuring
daughter cells that bud off are automatically removed from the
mother cell. To meet this need, a suitable method concerns the
design of physical flow traps; the trap dimensions should be the
size of one mother yeast cell so as to accommodate only one sin-
gle cell. Different shapes were used to design trapping structures
within a microfluidic device. An overview is illustrated in Fig. 4.
Ryley and Pereira-Smith (2006) proposed three different trap-
ping structures, dubbed ‘yeast jails’. A total of two of those, featur-
ing groups of three micropillars per trap, were successfully used
to capture yeast mother cells (Fig. 4A and B), while the third (a
‘horseshoe’-shaped trap) was disregarded on the grounds of less
space efficiency compared to the other designs. One minor draw-
back of these early designs was that in order to effectively remove
the daughter cells, constant reversal of the flow direction was nec-
essary. A constant flow provokes pseudohyphal growth, which in
turn leads to daughter cells remaining attached to the mother
yeast cell.
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Figure 4. Overview of channel features used to trap single yeast cells.
The above schematic depicts a cross-section taken through a
microfluidic channel containing yeast traps, as well as top-down views
of four different trap designs (A)—(D). Electron micrographs of
semicircular (A) and square (B) three-pillar trap designs reproduced with
modifications from Ryley and Pereira-Smith (2006) with permission from
John Wiley and Sons (Licence Number: 5271491246941). (C) Microscopy
image of an oval two-pillar trap design reproduced with modifications
from Crane et al. (2014) with permission from the Creative Commons
Attribution license (www.creativecommons.org/licenses/by/4.0/). (D)
Microscopy image showing a channel-based trap design reproduced
with modifications from Rowat et al. (2009) with permission from
National Academy of Sciences. Scale bars represent 5 pm.

With the two three-pillar systems, the authors then investi-
gated RAS2 and HSP104 expression, genes known to affect sur-
vival rates and life span. It was found that the expression levels
vary significantly from cell to cell, with differences in fluorescence
signals ranging from up to 2-fold for RAS2 and up to 9.6-fold in
the case of HSP104. These findings, impossible to detect with con-
ventional nonmicrofluidic methods, suggest that the expression
of RAS?2 is a key factor in varying life spans in otherwise identical
yeast cells. As for HSP104, which is known to play a major role in
survival strategies against external stressors, it was shown that
the ability to track single cells over time allowed factors influenc-
ing survival, e.g. duration, type of stress or HSP104 basal levels, to
be thoroughly investigated.

As their system was simple and effective, it was later adapted
in similar studies (Ryley and Pereira-Smith 2006). Liu et al. (2015)
used the same three-pillar system to trap cells and implemented
their device in an automated high-throughput platform for inves-
tigations on cellular lifespan and gene expression. It was dubbed
HYAA (High-throughput Yeast Aging Analysis) and later devel-
oped further into the HYAAC (for Cryptococcus) to accommodate
another yeast, C. neoformans (Orner et al. 2019). The virulence and
antifungal resistance of these pathogenic fungi is dependent on
ageing and age-related phenotypes. Studies on their lifecycle as
well as ageing are, therefore, highly needed and important for ef-
fective treatment (see also the ‘Fungi-on-a-Chip technologies for
medical applications’ section).

Crane et al. (2014) developed ‘A Long-term Culturing And TRAp-
ping System’, in short ALCATRAS, which diverged from the com-
plex structures detailed in previous studies and exploited a very
simple, yet efficient, array of cell traps. The two-pillar based sys-
tem, as illustrated in Fig. 4(C), is able to catch flowing yeast
mother cells, where a constant stream of fluid is required to keep
them inside the traps and also flush away budding daughter cells.
This straightforward approach offers a trapping efficiency of al-
most 100% and is easy and inexpensive to use and manufacture.
Furthermore, the design allows for a high density of traps, and

thus raises the level of data acquisition by an order of magni-
tude compared to similar devices. Moreover, the platform enables
fast switching of media, as shown in a glucose limitation experi-
ment. Upon monitoring the transcription factor Msn2p, which is
involved in cellular stress response in S. cerevisiae, it was found
that switching the medium to low glucose levels entailed an im-
mediate relocalization of Msn2p-GFP to the nucleus, thus trigger-
ing the cellular stress response. This was followed by repeatedly
switching between high (2%) and low (0.1%) glucose levels in in-
tervals of a few hours. Interestingly, it was observed that after
each cycle, fewer cells responded with nuclear localization of the
Msn2p-GFP, indicating a learning behaviour. Since the stress was
not persistent and a complete stress response became unneces-
sary, the cells might have reduced their stress response to save
energy. Alternatively, they suggested that this observation could
be caused by cell ageing. In a second experiment, Whi5p, a tran-
scriptional repressor, expressed specifically in the transition from
M to G1 phase, was used to gain new insights into the cell cycle
of yeast cells. A periodic signal, representing cell division times,
was measured, which was found to be strongly dependent on age
and varied from individuum to individuum. These results were
only made possible by the ability to precisely trap and track in-
dividual mother cells, while instantly and automatically remov-
ing budding daughter cells, demonstrating the usefulness of this
type of microfluidic device. A very similar, two-pillar based de-
sign was later used by Jo et al. (2015) and for cell ageing studies
and investigations on age-related disease (Jo et al. 2015, Jo and
Qin 2016, Yu et al. 2020). Another group used similar arrays for
studying the expression and inclusion of the Parkinson’s disease
associated protein, a-synuclein (Fernandes et al. 2014, Rosa et al.
2012).

Differing slightly to the aforementioned studies, Rowat et al.
(2009) developed trapping channels, termed lineage chambers,
instead of single traps, as illustrated in Fig. 4(D). They mainly
trapped single cells at the channel ends following a Poisson dis-
tribution. As a result, all of the daughter cells that budded off
remained within the channel, aligned in single file behind the
mother yeast cell. Thus, using a GFP-tagged heat-shock protein
Hsp12, they showed how such nonessential elements fluctuated
randomly, but synchronized between mothers and daughters,
while on the other hand essential proteins such as RPS8b-GFP ex-
pression is comparably constant throughout the colony and over
time. A similar design, having shorter, dead-end channels, was de-
signed by Fehrmann et al. (2013). They monitored shorter lineages
for tracking mitochondrial dynamics involved in rejuvenation and
cell ageing.

Stratz et al. (2018) designed a multifunctional microdevice,
which combines both single-cell studies and studies on cell cul-
ture level under defined conditions. Their sophisticated two-
valve system facilitates the isolation of cells, featuring a trap-
ping system based on two triangular pillars that point towards
one another. By switching the valves, it is possible to define
two states around the trapped cells, as illustrated in Fig. 5(A).
When the outer valve is closed, the yeast cells remain in contact
with the surrounding medium, allowing for diffusion-controlled
nutrient supply, removal of cell excretes and protection from
shear stress induced by flowing medium. Upon closing the in-
ner valve, the cells are entirely cut off from the surrounding en-
vironment. As a proof-of-concept, the authors investigated in-
tracellular NAD(P)H levels in S. cerevisiae single cells and its de-
pendency on stress factors. Therefore, the enzyme diaphorase
and the substrate resazurin were added to the buffer and the
trapped single cells were lysed. The released NAD(P)H then
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Figure 5. Single-cell trapping of yeast cells using on-chip valve and slipstream techniques. (A) The microfluidic trapping device allows a
valve-controlled two mode operation, a dynamic growth study, as well as end point/time point analysis of lysed cells. Image reproduced with
modifications from Stratz et al. (2018) with permission from John Wiley and Sons (Licence Number: 5271500367493). (B) A microdevice for contactless
trapping utilizing the slipstream effect. Image reproduced with modifications from Duran et al. (2020) with permission from the Creative Commons

Attribution license (www.creativecommons.org/licenses/by/4.0/).

functions to reduce resazurin to the pink-coloured and highly
fluorescent resorufin. Due to the small analysis volume in the
secluded cell chambers, dilution effects are strongly minimized,
which enables very precise measurements of metabolites rang-
ing down to attomoles. It was found that the NAD(P)H levels
in yeast mother cells are mostly unaffected by a stress treat-
ment with hydrogen peroxide, although this varied strongly from
cell to cell. With these precise investigations, it was shown
that this platform is well-suited for further bioanalyte studies
on-chip.

The main aspect concerning each of the previously explained
trapping systems relates to the physical nature of the method.
It was commonly assumed that the mechanical contact with the
traps had no or negligible impact on the cells (Wu et al. 2004).
Duran et al. (2020), however, reinvestigated the matter and found
a pressure dependent deformation of the cells in the range of a
few submicrons, as well as a slight decrease in expression levels
of a representative constitutive gene at the usual pressures ex-
erted on the cells in physical traps. This suggests that trapping
systems that involve physically ‘grabbing’ the cells may have an
impact on the yeast cells, possibly altering outcomes of the in-
vestigations. Hence, the ‘Mother Machine’ device developed by
the group omits any physical wall contact with the individually
trapped yeast cells by exploiting the so-called slipstream effect
(Fig. 5B). This sophisticated, yet simple, design is based on an ar-
ray consisting of groups of three micropillars, which creates a dis-
turbance in the flow, i.e. by inducing a pressure hole behind the
pillars equivalent to the size of a yeast mother cell. While these
are tightly entrapped, budding daughter cells are simply washed
away. Importantly, the exerted pressure on the yeast mother cells
in this wall-free environment is on the order of a few hundred
pascals, as opposed to hundreds of kilopascals in the conven-
tional devices, yet maintains a sufficiently firm grip around the
cells.

Most of the above-described methods are immensely bene-
ficial and impactful, however, tend to be quite elaborate and
technically challenging, often requiring both specific expertise
as well as very specific and often expensive equipment. In or-
der to make these techniques accessible for a broader range
of scientists and institutes, Cabrera et al. (2017) set out to cre-
ate an easy-to-use device, which combines a simple, commer-
cially available microfluidic device with a genetic tool to repress

the formation of daughter cells. Chen et al. (2019) identified
imaging as the most problematic and inaccessible aspect of
these studies. Therefore, they designed simplistic and affordable
hard- and software add-ons for automated microscopy of mi-
crofluidic single-cell study devices, by modifying existing imaging
equipment.

Cell separation techniques

As yeast cultures commonly consist of not just single cells, but
also budded doublets and clusters, trapping of single mother cells
for the described studies is not a trivial task. Hence, automated or
even integrated microfluidic devices to facilitate separation proce-
dures are highly desirable. Cell collection and separation is a com-
mon and important task in many biological applications, e.g. for
the removal of pathogens (see also the ‘Fungi-on-a-Chip technolo-
gles for medical applications’ section), as an experimental prepa-
ration step or to select certain high-performing entities from low-
performing ones. Harnessing the benefits of microfluidics, numer-
ous methods have been developed and applied with fungal spores
(Park et al. 2019, Wang et al. 2020) as well as other nonfungal cell
types, such as cancer cells or bacteria (Lee et al. 2013, Tang et
al. 2019, Xiang et al. 2019, Yan et al. 2017). The yeast-focussed
platform by Liu et al. (2021), which uses the viscoelastic liquid
polyethylene oxide (PEO) as a sheath fluid to separate different
shapes of S. cerevisiae, is another example of such a technique. By
injecting a stream of PEO into the cell suspension and pumping
through a rectangular microchannel, both elastic and inertial lift
forces are exerted onto the yeast cells. This enables a separation
into singlets, budded doublets, and clusters, based on shape and
size. While doublets were still found in all of the outlets, it was
possible to remove all clusters from the singlet fraction, as well
as enrich the proportion of clusters through a different outlet by
a factor of two. In this study, which was purely focussed on devel-
oping a separation device for S. cerevisiae, the effects of channel
dimensions, polymer concentration, and flow rates of both sam-
ple flow and sheath flow on the separation success were analyzed.
By conducting the SYTO 9 and EthD-III cell viability tests, harm-
ful stress on the cells caused by the separation could be ruled out.
The final, optimized microdevice opens new avenues for research
or practical applications in industry or medicine, where only one
or two of the different shape-types of S. cerevisiae is the desired
subject.
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Droplet-based microfluidics for applications in
yeast biotechnology

Another very important trait of the universal model organism and
working horse, S. cerevisiae, as well as other yeasts, is their capa-
bility to be easily recombinantly modified, either for fundamen-
tal research or for biotechnological applications. Already a yeast’s
natural capacity to produce bulk chemicals, like ethanol (Basso et
al. 2011), isopropanol (Nandy and Srivastava 2018), or citric acid
(Cavallo et al. 2017) as well as enzymes (Bussamara et al. 2010,
Zaky et al. 2014) and pharmaceuticals (Walsh 2014) is huge. Fac-
ing the ongoing irreversible global deprivation of fossil resources,
mainly oil and coal, as a source for basic chemicals, the responsi-
bility of the biotechnology industry to provide these resources in
the future will continue to grow. With similar severity, medicine
has been confronted with a constant increase in antibiotic resis-
tance. In the last decades, this process was further accelerated
by industrial livestock farming with its mass use of antibiotics.
Therefore, high through-put screening (HTS) for new yeast strains
producing new substances, with higher yield is essential. Microflu-
idic platforms have proven to be an ideal tool for this, especially
droplet-based methods (Box 2, Fig. 6), where thousands of parallel
reaction vessels can be generated. So far, while being an extremely
young field for yeasts, it has already been successfully applied to
other organisms, such as mammalian cells, bacteria, or whole mi-
crobiota (Balasubramanian et al. 2021, Brouzes et al. 2009, Trivedi
et al. 2010, Tu et al. 2021, Watterson et al. 2020).

Box 2. Droplet-based microfluidics

Droplet-based (or segmented flow-based) microfluidic technolo-
gies form a major subdiscipline within the field of microfluidics
(Griffiths and Tawfik 2003, Tawfik and Griffiths 1998). Typically,
two immiscible fluids are dispensed into a microchannel em-
ploying either the T-junction or flow focussing technique, re-
sulting in the formation of microdroplets contained within the
carrier liquid, as illustrated in Fig. 6(A) and (B). Commonly used
carrier fluids include perfluorinated alkanes, such as perfluo-
romethyldecaline. The secondary phase is usually an aqueous
solution or suspension, which can also be a solidified hydrogel.
Aqueous droplets dispersed in an oil carrier fluid are known as
‘water-in-oil’ microdroplets; conversely, oil droplets dispersed
in an aqueous carrier fluid are known as ‘oil-in-water’ micro-
droplets. If generating ‘water-in-oil’ microdroplets, for example,
a hydrophobic channel material will aid droplet formation. In-
deed, hundreds to thousands of separate reaction or incubation
vessels can be created per second, depending on the degree of
parallelization within the device (Baret 2012). With a static in-
cubation, mixing within the droplet only occurs through diffu-
sion. An improved mixing can be achieved through chaotic ad-
vection, instigated by incorporating meandering microchannels
with narrow loops into the device design. The oscillating shear
stress invokes a turbulent flow within the droplets, leading to
thorough mixing within milliseconds (Bringer et al. 2004).

The carrier liquid, into which the microdroplets are dis-
persed, prevents cross-contamination. It also typically contains
a surfactant that sits at the oil-water interface to stabilize
droplet formation. This is especially important if the droplets
are kept in a loose and random array, without physical inter-
spacing, after initial droplet generation (emulsion-based mi-
crofluidics; Bauer et al. 2010, Bremond and Bibette 2012). Such
amphiphilic additives, however, might intervene with the chem-
ical reaction studied or can be toxic to some organisms, though
biocompatible surfactants are being developed (Baret 2012,
Wagner et al. 2016). The microfluidic droplet ‘toolbox’ allows
various microdroplet unit operations to be performed, including

droplet merging, splitting, and synchronization, as well as tar-
geted injection of material into existing droplets (dosing; Berry
et al. 2019, Koéhler and Cahill 2013, Pekin et al. 2011) and in-
tegrated fluorescence-activated droplet sorting (FADS; Fig. 6C;
Baret et al. 2009). Overall, droplet-based microfluidics afford
significantly increased experimental throughputs and reduced
reagent consumption compared to conventional methods, as
well as automated pipetting robots. Moreover, high throughput
experimentation leads to increased precision of the measure-
ment with more datapoints collected (Miller et al. 2012).

A droplet-based microfluidic approach was employed by
Hosokawa et al. (2015) for screening a metagenomic library for mi-
crobial enzymes. They extracted a fosmid library (Kim et al. 1992)
from a soil microbe population and transfected the F-plasmids
into E. coli and S. cerevisiae. With their microfluidic droplet gener-
ator, they encapsulated the transfected cells plus fluorescein di-
caprylate as a fluorogenic lipolysis reporter into ~100 pl droplets.
The droplets were stabilized with a surfactant and subsequently
solidified with agarose to further improve droplet stability and
thus segregation of the microenvironments. When a lipolytic en-
zyme is expressed within the capsule, the hydrolysis of fluorescein
dicaprylate is catalysed and thus triggers the generation of a flu-
orescence signal. Fluorescent gel microdroplets were then sorted
using fluorescence-activated cell sorting (FACS), isolated on plate
and eventually characterized as well as sequenced. Using this
method, they were able to screen 67 000 clones in 24 h with an
overall reagent consumption of less than 10 ul. As a result, the es-
terase EstT1 was discovered and isolated. Later, the group used the
platform to screen for ligands against G-protein coupled receptors
(GPCRs), which are involved in many pathogenic signalling path-
ways of various diseases, for drug discovery. Resulting from their
screening cycle, they discovered new functional ligands, occasion-
ally with even higher activity than exendin-4 (Ex4), a well-known
ligand. As a future improvement for the screening system, they
proposed running several subsequential cycles to enhance overall
resolution, e.g. by excluding nonspecific yeast cells from droplets
with more than one cell (Yaginuma et al. 2019).

A further addition to the enormous portfolio of applications
for this immensely beneficial high-throughput screening technol-
ogy was made by Wang et al. (2019), with their droplet-based
study on RNA interference processes. The improvement of pro-
tein secretion of an organism with RNA interference is, despite
appearing counterintuitive or even paradoxical at first, a feasi-
ble technique. However, it has been impossible to employ this
method in a targeted and planned manner to date, due to a
deep lack of understanding regarding the intracellular mecha-
nisms taking place at all stages of the process, i.e. synthesis,
post-translational modifications, and secretion of the protein,
involving transcriptional factors, promoters or inhibitors, pro-
tein transporters, and beyond. Therefore, an immensely high-
throughput method is needed to screen randomized libraries for
expression-enhancing RNAi candidates, which in turn would fur-
ther accelerate the elucidation of functional mechanisms under-
lying this phenomenon. The group used a similar set up as fea-
tured in the above discussed studies, with an integrated FADS
for sorting (Fig. 6C). In their proof-of-concept model system, they
used a-amylase expressed in S. cerevisiae, combined with boron-
dipyrromethene-starch as a fluorogenic substrate. Using this set
up, they managed to narrow down the initial 1 million cells to
a sample of 340 cells with potentially enhanced amylase pro-
duction, in only three subsequential cycles, with ~7 h for each
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Figure 6. Droplet-based microfluidic methods. Schematics illustrating droplet generation using (A) flow focussing or (B) T-junction techniques. (C)
Image showing the principle of fluorescence-activated droplet sorting as described in Wang et al. (2019), which was used to sort yeast genotypes with
high amylase activity from a randomized library. Image reproduced with modifications from Wang et al. (2019) with permission from the National

Academy of Sciences.

in-droplet assay cycle. Thus, the number of potential candidates
was reduced to a sensible degree for further, more detailed and
elaborate analyses. As a result, several novel amylases with a
maximal improvement of 2.2-fold were recombined. Furthermore,
it was found that genes associated with various cellular pro-
cesses, such as metabolism, protein modification, or degradation
and cell cycle, are involved in the modification of protein pro-
duction. Moreover, they proved the applicability of their system
to further studies on RNAI protein secretion modifications and
mechanisms.

Another technique that immensely benefits from the droplet-
based microfluidics approach is the so-called isogenic colony se-
quencing (ICO-seq). The problem with using mRNA for sequenc-
ing, is that mRNA concentrations are inherently very low. By en-
capsulating single cells from a randomized library into hydrogel
droplets, the cells grow into isogenic colonies, thus automatically
amplifying the mRNA for subsequent deep screening. Because the
RNA stems from only one initial cell, a direct correlation between
genotype and phenotype can be drawn. Liu et al. (2019) applied
this technique to perform a heterogeneity analysis of a S. cerevisiae
ARO4 mutagenesis library, as well as to analyze the underlying
mechanisms for switching between white and opaque cells in C.
albicans.

Besides these two yeasts, droplet-based microfluidics has also
been employed with Yarrowia lipolytica (Beneyton and Rossignol
2021). This dimorphic yeast has enormous potential for the pro-
duction of heterologous proteins combined with a high secretion
power and has very recently become subject of further microflu-
idic investigation with an interest for biotechnological applica-
tions in the fields of biofuels and bioremediation (Lesage et al.
2021).

Not only yeasts, but fungi in general, due to their role as
decomposers in nature, have an enormous repertoire of exu-
dates and metabolites, including numerous enzymes and small
molecules, useful for biotechnological applications. Thus, extend-
ing microfluidic high-throughput screening onto a wider range of
fungi, in particular filamentous fungi, is highly desirable. So far,
filamentous fungi featured in microfluidic HTS studies have been
Aspergillus nidulans (Beneyton et al. 2016) and Trichoderma reesei (He

et al. 2019), leaving much potential yet for applications in the fu-
ture.

Fungi-on-a-Chip technologies for medical
applications

Another important aspect of many fungi is their pathogenicity.
One of the most common causes of nosocomial disease is the fun-
gus C. albicans. In its yeast form, dimorphic C. albicans becomes
quickly disseminated. Once in the body, however, it switches to its
filamentous form and is, thus, able to penetrate host tissue and
cells. Alongside other Candida species, the opportunistic pathogen
is known for causing candidiasis in immunocompromised pa-
tients, an illness, which once acquired, proves fatal in about 40%-
60% of the cases (Uppuluri et al. 2017). Even though the severity
of this fungal threat has been known for decades, the frequency
of cases is not expected to diminish in the future (Pfaller and Cas-
tanheira 2016). With all of these fungal diseases, the most cru-
cial aspect is the time to diagnosis (and treatment), often a key
factor determining the life or death of the patient. It has been
approximated that antifungal intervention should be started no
later than 6 h after the onset of symptoms for an effective treat-
ment with the highest chances of a full recovery and fewest com-
plications (Fuchs et al. 2019).

Conventional methods for diagnostics are slow and usually
comprise initial blood and plate culture, followed by polymerase
chain reaction (PCR) analyses. Therefore, new and much faster
techniques for detecting, and possibly even removing, blood-
borne pathogens from the patient’s blood need to be developed.
Faster identification of the prevalent pathogen would further pre-
vent inappropriate initial antifungal treatment, which in turn
again harms the patient and facilitates the development of drug-
resistance (Morrell et al. 2005, Zhang et al. 2020). Besides this di-
rect clinical relevance, C. albicans is also a well-known model or-
ganism for studies of fungal biology. Microfluidic technology al-
lows for rapid and precise processing and detection on the mi-
croscale. Furthermore, laminar flow profiles can be exploited to
allow membrane-free dialysis systems to be designed. These at-
tributes are desirable for the development of diagnostic and ther-
apeutic devices for those diseases involving microbes.
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Microfluidic techniques for filtering pathogens
from blood

In an attempt to develop a clinical blood filtration device to tackle
candidiasis, Yung et al. (2009) employed a microfabricated high-
gradient magnetic field concentrator (HGMC) for E. coli (Xia et al.
2006) as a prototype for redevelopment as a microfluidic platform
for C. albicans. The basic idea involved coating superparamagnetic
microbeads with pathogen specific antibodies. The bead suspen-
sion was then pumped parallel to the blood sample through a mi-
crofluidic separation channel, similar to a dialysis machine, but
without the need for a physical membrane (i.e. as the device oper-
ates under a laminar flow regime). At the interface, the magnetic
opsonins then pair with the pathogen and can be extracted from
the blood, as illustrated in Fig. 7(A). By optimizing the channel de-
sign and arrangement, as well as using a tuneable electromag-
net, they were able to optimize the device’s efficiency to achieve
a cleansing rate of 80% in human whole blood using a volumetric
flow rate of 20 ml/h. While both rates would not be sufficient to
treat a patient, therapeutically relevant standards can be achieved
by combining several devices in multiplexed arrays, thus enhanc-
ing the total throughput and final cleansing rate.

To further develop a label free alternative, Hou et al. (2012)
utilized the naturally occurring microcirculatory phenomenon of
blood cell margination, thus avoiding the need for magnetic beads.
In microtubes (e.g. blood vessels), red blood cells tend to migrate
towards the centre of the channel due to their shape and deforma-
bility, while other particles (e.g. white blood cells, platelets, and
bacteria) tend to be pushed towards the channel walls. A sud-
den expansion of the channel then allows bacteria, as well as in-
flammatory cellular components (e.g. platelets and leukocytes),
to be extracted through side outlets, as illustrated in Fig. 7(B). In
a two-stage design, this step is repeated, resulting in a cleans-
ing rate in whole blood of 90% for S. cerevisiae (model organisms
simulating pathogenic fungal cells such as C. albicans) and > 80%
for sepsis-related blood components. Using this filtering princi-
ple, a simple and continuous dialysis setup was manufactured,
which does not require any sample preparation and enables the
return of the filtered blood back to the patient. The only draw-
back is the relatively low throughput of 1 ml/h, compared to
the microbead-based methods, which again could possibly be en-
hanced by numbering-up.

Again, utilizing the magnetic particle principle, Kang et al.
(2014) put emphasis on improving the used opsonin-bead entity.
By engineering a mannose-binding lectin (MBL) complex bound
to the human immunoglobin IgG1 Fc, which functions as a linker
to the superparamagnetic nanobeads, they were able to signifi-
cantly broaden the range of targeted pathogens. As part of the
innate immune system, MBL detects and binds certain carbohy-
drate structures exhibited on the surface of human pathogens, i.e.
fungi, bacteria, viruses, as well as protozoa (Tomaiuolo et al. 2012).
Harnessing this ability is highly beneficial to tackle unspecific sep-
sis without needing to identify the pathogen first, thus saving time
crucial for the survival of the patient. Further, this allows to fight
infections with common nosocomial pathogens, such as MRSA,
which are unresponsive to conventional treatments. In terms of
channel design, the authors mimicked the vascular channel de-
sign of the venous sinusoids of a human spleen, hence the de-
vice's name ‘biospleen’. A total of two microchannels, interspaced
by rectangular slits, allow filtration with different flow velocities
in the channels, even with stop-flow regimes, meaning that one
fluid rests while another one is streaming past it. Another impor-
tant aspect they improved concerns the extraction of the opsonin

particles from the blood sample. Due to the bead diameter of
128 nm, their magnetic moment is relatively small, resulting in
a removal efficiency of only 80%. By adding larger, uncoated 1 um
diameter beads, the local magnetic fields were enhanced, result-
ing in the smaller opsonin beads being dragged along and, there-
fore, enhancing the removal rate to > 99%.

While these devices are very well-suited to the removal of un-
specific pathogens from blood, it is unfit for microscopical detec-
tion and diagnosis of the pathogen. Therefore, the design was re-
fined by Cooper et al. (2014) to incorporate an array of microw-
ells in the channel ceiling, having a diameter of 50 um and a
height of 20 pm, together with a ferromagnetic flux concentrator
between the magnet and the channel to create a uniform mag-
netic gradient along the channel. Thus, they were able to cap-
ture pathogen-bead conjugates in an evenly distributed manner
to facilitate imaging, without the beads obstructing one another.
Using this set-up, approximately 70% of the initially seeded, flu-
orescently labelled C. albicans were detected, both in saline and
whole blood (operated using a volumetric flow rate of 10 ml/h).
That translates to a sensitivity of one fungal cell per ml in less
than 3 h. The ability to concentrate diluted pathogens from blood
samples and subsequently remove them from the channel is pre-
dicted to accelerate culture-based antibiotic susceptibility tests by
a further 24 h, again crucial for a successful treatment of sepsis.

This represents a clear improvement compared to the device
developed by Javanmard et al. (2012), where only 6.7% of the in-
troduced C. albicans could be detected. Their channels are coated
with anti-C. albicans antibodies, where the capturing mechanism
is purely coincidental and relies solely on diffusion. The previously
described set-ups utilize magnetic nanobeads to actively ‘forage’
for the pathogens. A similar microfluidic immunoassay was later
developed by Asghar et al. (2019) to detect C. albicans from whole
and lysed blood. In comparison, they achieved capture efficiencies
of between 60% and 80% in run-times of less than 2 h.

Another attempt to circumvent the use of magnetic beads was
conducted by Fuchs et al. (2019). Since the opsonin beads needed
to be applied with a 1000-fold excess, eliminating these from the
filtration principle would reduce costs significantly. Moreover, they
designed a device, i.e. fully independent from any kind of labelling,
called the Inertial Fungal Focuser (IFF; Fig. 7C). Their separation
method relies on the phenomenon of inertial focussing. Due to
the channel dimensions and parabolic flow profile, a wall force,
directed away from the channel wall, and a shear force, directed
towards the channel wall, are exerted on particles carried within
the streaming fluid. The opposing effects result in an equilibrium
position of the particle, which is strongly dependent on size and
shape of the entity. A third force, called the Dean force, was in-
troduced by incorporating a curved section into the channel de-
sign to improve the equilibration and specificity of the particle
separation. With a recovery rate of 8.4% for different Candida spp.
from lysed blood, they were able to trump the rate achieved by
Javanmard et al. (2012) slightly, although still lagging significantly
behind the aforementioned bead-based principles. Since the in-
ertial flow effects are strongly dependent upon the viscosity of
the liquid, these methods struggle in their handling of full blood
samples, resulting in a relatively low filtration fidelity, even with
lysed blood. Hence, the IFF device is not fit for blood cleansing
tasks, however, it is applicable to concentrate and isolate fungal
pathogens from blood, without the need for elaborate prepara-
tion steps. Thus, enough fungal material can be acquired within
only 125 min using a volumetric flow rate of 24 ml/h to perform
subsequent analyses downstream, such as PCR. Conventional
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Figure 7. Microfluidic devices for blood cleansing tasks. (A) A dialysis-like microfluidic device employed to filter fungal pathogens from blood via
magnetic opsonins beads specific to the targeted pathogen. The particles with the attached pathogen are then extracted from the blood into an
aqueous parallel waste collection stream using a magnet. The illustration is based on Yung et al. (2009). (B) Microdevice used to filter pathogens from
blood relying on margination. As observed in blood vessels, red blood cells tend to migrate to the channel centre resulting in other blood components
such as platelets or microbes being pushed towards the channel walls. Subsequently, they can be removed by a sudden widening of the microchannel.
Image reproduced with modifications from Hou et al. (2012) with permission from AIP Publishing (Licence Number: 5271501114499). (C) A device,
termed the Inertial Fungal Focuser (IFF), used to remove fungal pathogens from blood via inertial focussing. Image reproduced with modifications
from Fuchs et al. (2019) with permission from the Creative Commons Attribution license (www.creativecommons.org/licenses/by/4.0/). Scale bars

represent ca. 100 um.

methods, in contrast, take up to 5 days (plate-based) or 12-48 h
(automated method), respectively. As well as enhancing the de-
tection speed, the IFF significantly decreased the lower concen-
tration limit for detection, with only 1600 cells/ml used in the
experiment.

Besides these methods, another technique applied to sort cells
using microfluidic set ups involves the use of electrodes. Such an
approach was used by Cheng et al. (2007) to remove C. albicans
from mixed cell cultures.

Very recently, many of the hitherto featured microfluidic disci-
plines and techniques were finally integrated into an automated
diagnostics system, which was already launched in the field of
medicine. The ePlex digital microfluidics platform by GenMark
Dx combines on-chip PCR and DNA-hybridization-based prob-
ing with electrowetting (Choi et al. 2012) as the means to con-
trol the sample transportation and processing to detect fungal
pathogens from whole blood samples (GenMark Dx 2021). Zhang
et al. (2020) conducted a large-scale clinical evaluation of the sys-
tem with real-live samples from several clinics as well as con-
trived samples containing clinically relevant fungal pathogens
like Candida spp., Cryptococcus spp., Fusarium spp., as well as
Rhodotorula spp. and compared the sensitivity, specificity, and
overall performance with conventional and established meth-
ods such as bidirectional PCR, peptide nucleic acid fluorescence
in situ hybridization (PNA-FISH), and matrix-assisted laser des-
orption ionization-time of flight mass spectrometry (MALDI-TOF
MS). Strikingly, they found that neither the sensitivity nor speci-
ficity ever fell below 96% for any of the 15 species tested. In
some samples, the automated platform was even able to de-
tect pathogens, which were missed with the standard proce-
dure. The time needed for a single run, which can be con-
ducted with several samples in parallel, is approximately 100 min
and, thus much faster than the above-mentioned conventional
methods.

Microfluidic drug-screening methods

After diagnosis and identification of the pathogen, targeted drug-
treatment needs to be deployed. Here too, microfluidic technolo-
gles can be highly beneficial for the development of antifungal
drugs. With an enormous throughput and significantly reduced
reagent consumption, microfluidic approaches, such as droplet-
based microdroplet technologies (as discussed previously in the
‘Droplet-based microfluidics for applications in yeast biotech-
nology’ section) can also be used for testing the efficiency of
drugs against fungi. In a first proof-of-concept study using this
approach, Zheng et al. (2017) screened four antifungal drugs
(5-fluorocytosine, amphotericin B, terbinafine, and caspofungin)
against C. albicans. Their examination, performed using the mi-
crofluidic device and Alma blue as fluorescent dye, took only 2
h and was found to be in good agreement with the microwell
plate-based result. Using a similar, but microscopy-assisted ap-
proach, Qiang et al. (2019) developed a platform that combined
rapid throughput techniques with precise imaging. Thus, they re-
ported an 18-fold reduction in the time needed to screen drug li-
braries, compared to conventional well-plate methods, with 50 520
drugs screened in only 1 week. Moreover, their analysis technique
was even more precise; as the fungal cells are aligned one after
another in their respective microchannels, the fluorescently la-
belled cells can be counted and checked for vitality directly, while
conventional methods rely on indirect photometric analysis. Ad-
ditionally, the volumina of the tested substances required are 100
times lower using the microfluidic chip, thus saving money and
resources.

Microfluidic approaches for the development of
antifungal strategies

Another way to fight these types of diseases is to prevent infec-
tion altogether. Understanding infection mechanisms and path-
ways aids the development of novel antifungal strategies. Again,
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microfluidic platforms offer a great potential for studies on these
processes mainly taking place on the microscale.

Exemplary to that, Richter et al. (2007) set out to investigate
C. albicans and Pichia pastoris biofilms, a key factor in the spread
of nosocomial fungemia. Therefore, they developed a microfluidic
platform with integrated dielectric microsensors. This set up al-
lows for a contact-less measurement of biofilms and morpholog-
ical changes triggered by external stimuli in real-time. Both the
effects of mechanical shear stress as well as the drug response
against the antifungal agent Amphotericin B was, thus monitored
and revealed significant changes in growth dynamics. The fungi-
cide caused a stress-induced arrest of replication, while on the
other hand repair mechanisms were up-regulated.

Similarly, Reinmets et al. (2019) used microchannels fabricated
from either PDMS (usually hydrophobic) or glass (hydrophilic)
substrates to investigate cell-surface as well as cell-cell adhesion
in yeasts, key elements in biofilm formation (see Fig. 8A). Using
the model organism S. cerevisiae it was found that the adhesive
strength is highly dependent upon the genetic background of the
fungi and differs significantly between strains. Beyond the medi-
cal implications, they further propose that this technology is able
to aid studies in protein engineering, where adhesive forces of en-
gineered yeast cells displaying surface proteins can be translated
into affinity measurements. From a more practical angle, exploita-
tion of this phenomenon also offers the opportunity to develop
novel tools for cell separation based on different adhesive forces.

The dispersion of fungi from established biofilms marks the
next step in the infection pathway. Li et al. (2020) approached this
topic, introducing and utilizing a very new methodology in the
field of microfluidics. Opposed to the traditional closed-channel
microfluidics, the new open-channel designs only feature three
solid enclosing sides, while one side is either open entirely or cov-
ered with a fluid, e.g. oil. This brings several advantages, such as
free physical access to the microchannel, with the oil phase reduc-
ing evaporation and contamination. A schematic of their open-
channel device design is displayed in Fig. 8(B).

Another important aspect of the infection pathway is the ger-
mination of fungal spores. Suppressing this would stop the in-
fection at the very first instance, thus clearing the pathogen be-
fore it has the chance to start any metabolic activity at the ex-
pense of its host, thereby minimizing harm to the patient. A full
understanding of the mechanisms underlying spore germination
would, therefore, significantly benefit antifungal medication. To
precisely study these cellular processes, Barkal et al. (2016) de-
signed a microfluidic device for high resolution germination as-
says with C. neoformans. Amongst others, they were able to demon-
strate that common clinical fungicides do not inhibit spore ger-
mination, showing that in order to intervene at the germination
stage, new methods need to be developed and established (re-
viewed in Bernier et al. (2022)).

Lung-on-a-Chip

Some fungal pathogens target a specific organ rather than causing
systemic infections. Especially for delicate organs like the lung, ex
vivo models are useful to study the processes involved in the dis-
ease. Organ-on-a-Chip microfluidic technologies (Box 3), a subdis-
cipline within the field of microfluidics, have emerged in the last
decades as a platform toreplace animal and cell culture models in
preclinical trials, thus making these trials more reliable and ethi-
cal (Beifsneretal. 2016). Lung-on-a-Chip platforms have been used
to investigate lung-related diseases and injuries over the last 15
years (reviewed in Shrestha et al. (2020) and Bennet et al. (2021)).

With such microfluidic set-ups, it is possible to reconstruct the
3D architecture of the lung on a cellular level as well as simulate
flow conditions and breathing motion (Huh et al. 2007, Huh 2015).
Furthermore, pathogen-tissue interactions can be mimicked and
precisely analyzed (Huh et al. 2010).

Box 3. Organ-on-a-Chip

The emergence of Organ-on-a-Chip technology, which stemmed
from a fusion of the fields of tissue engineering and microflu-
idics, has been anticipated animatedly by the wider commu-
nity of biological and medical scientists. This promising new ap-
proach aims to reconstruct parts of organs or tissues in vitro to
obtain functional model systems, mimicking reality as closely
as possible. Organ-on-a-Chip platforms combine 3D-cell cul-
tures, grown with the aid of scaffolds, with fluid channel net-
works, e.g. simulating vascularization. Important for such a
task is to understand the key physiological aspects, namely the
parenchymal tissue function, tissue barrier properties, and in-
teractions, e.g. endothelial-blood stream, epithelial-lumen, as
well as the interplay with other organs (Zhang et al. 2018b). Or-
gan models are of the utmost significance for drug discovery,
both from an ethical and economical viewpoint, as they reduce
the need for animal tests. From a medical standpoint, it is desir-
able to use human organ models for drug testing since results
obtained with conventional 2D human cell cultures or animal
models have a limited transferability onto the human anatomy
and physiology. So far, this highly interdisciplinary methodology
has been applied to model nearly all existing organs or tissues
of the human body, such as the liver (Yoon No et al. 2015), kidney
(Ashammakhi et al. 2018), and brain (Bang et al. 2019).

Recently, this methodology has been applied to the study of
fungal respiratory diseases, using the human fungal pathogen A.
fumigatus as a model organism (Paolicelli et al. 2019). Barkal et al.
(2017) developed a microfluidic model of the human bronchiole,
including the vascular and airway compartments as well as the
extracellular matrix (Fig. 9). They then studied the inflammatory
response caused by A. fumigatus infection and later a tripartite
interaction, including a volatile contact with Pseudomonas aerugi-
nosa. In the tripartite system, the inflammation-related cytokine
secretion was significantly elevated, compared to both the dual
interactions, however, showed significant variations with regards
to cytokine type. Further, it was possible to monitor leukocyte dis-
tribution in response to the infection. The detection of this com-
plex multikingdom aspect of the infection was only made possible
due to the development of a sophisticated and accessible plat-
form, such as the presented device. Bacteria and fungi were phys-
ically separated, hence communication could only occur through
volatiles diffusing through a collagen—fibrinogen gel matrix, just
like in the real bronchiole. As a future improvement and extension
of their platform, they suggest implementing an appliance to in-
troduce airborne pathogens into the system, to better mimic the
main real-life infection pathway, which would facilitate studies
concerning the early stages of the disease.

Investigations on filamentous fungi at the
cellular level

In fungal infections with C. albicans, for instance, another stage in
the infection cycle concerns the dissemination of the pathogen
within the body. In the case of several Candida spp. this takes
placein the filamentous form, with hyphae searching for suscepti-
ble cells and actively penetrating their membrane. To understand
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various aspects regarding the filamentous form of fungi, microflu-
idic techniques again provide a useful tool, where the possibility
to design precise microstructures using established lithography
techniques can be exploited to mimic naturally occurring habi-
tats, not only for pathogenic fungi, but also soil or other filamen-
tous fungi. This facilitates studies, which would otherwise sim-
ply not be possible. Creating artificial microenvironments to study
fungal behaviour at different scales, from the hyphal to the cel-
lular and even subcellular level should bring insights into biolog-
ical processes and interactions that would otherwise take place
within a ‘black-box’, i.e. within masked soil or organic tissue envi-
ronments. As well as the physical elasticity of materials like PDMS,
which can be exploited for force measurements, microfluidic

device design can be specifically adapted to improve imaging, e.g.
by guiding hyphal growth in a spiral, thus keeping the fungus in
the focus area (Lee et al. 2016). A broad overview concerning mi-
crofabricated formats and their beneficial use for fungal research,
with a focus on hyphal responses to microfabricated structures,
can be found in a short review by Bedekovic and Brand (2021).

Space searching and foraging strategies

Nicolau and colleagues have dedicated intensive research ef-
forts to uncover hyphal behaviours of different filamentous fungi.
Specifically, they created microchips containing different obsta-
cles and maze structures to mimic certain aspects of the fungus’
natural environment at both the cellular (Held et al. 2009a,b,c,
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20103, 2011b) and subcellular level (Held et al. 2010b, 2019). These
pioneering studies in the area have delivered new and important
insights into both fungal life cycles and lifestyle.

When investigating the filamentous model fungus N. crassa,
the authors found significant changes in its hyphal branching
behaviour (e.g. frequency and angle). They observed an imme-
diate onset and a lack of an adjustment period upon navigating
through microfluidic network architectures (Held et al. 2010a). In-
terestingly, the hyphae were found to employ several strategies,
depending on the type of obstacle they encountered. In general,
N. crassa exhibited a directional memory, which was usually up-
held after experiencing mechanically induced reformation events.
Such events included ‘hit and split’ (i.e. the division of a mother
hypha into two daughter hyphae) upon head-on collision with an
obstacle, increased hyphal branching after passing through bot-
tlenecks or active hyphal growth into openings through the abil-
ity to sense and identify these patterns (i.e. thigmotropism; Brand
and Gow 2009, Held et al. 2011a). Occasionally, nestling was ob-
served, meaning that the hyphae attached to the physical struc-
ture and were able to track it. This phenomenon was further
studied by introducing micrometre-sized PS beads with epoxy-
functionalized surfaces into the medium (Held et al. 2011b). By
subjecting hyphae to different densities of the coated beads and
comparing the results to the behaviour of the hyphae observed in
their bead-free microfluidic systems, they found the attraction to
be dependent upon the chemical property of the surface rather

than being purely mechanically induced. They hypothesized an
electrical attraction between the negatively charged bead surface
and the positively polarized apex of the hypha, the latter due to a
high concentration of calcium ions. With the generally less nega-
tively charged and hydrophilic PDMS walls, this was not observed.
This set up has great potential for further exploitation with other
chemical moieties attached to the beads, or a direct functional-
ization of the microdevice channels, opening new avenues for the
creation of more complex microenvironments. The involvement
of cellular microtubules and the Spitzenkdrper, the apical body
present in many filamentous fungi, in hyphal space navigation
and thigmotropism were later studied in more detail. According
to their findings, the Spitzenkdrper acts in a manner analogous to
that of a gyroscope, which is stabilized by the microtubule scaf-
fold; indeed, both structures are understood to be major play-
ers in directional memory. The microtubules are strictly aligned
along the growth axis in the apical region, while less strict and
rather randomly directed and distributed in the subapical regions.
Furthermore, they discovered two distinct mechanisms related
to hyphal space searching, specifically directional memory and
obstacle-induced branching, with the former found to be the most
effective and the latter implemented as a back-up strategy in N.
crassa (Held et al. 2010b, 2019). Additionally, the acquired data on
fungal space searching strategies was used to develop bioinspired
computational algorithms to solve certain problems more effi-
ciently. This could be beneficial for the design and programming of
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nanosensors or nanomachines (Hanson et al. 2006, Nicolau et al.
2006, Asenova et al. 2016).

Inspired by these pioneering studies, several other researchers
followed this path and designed new microfluidic chips for com-
parative studies with other fungi, such as Armillaria mellea (Held et
al. 2009b), Talaromyces helicus (Baranger et al. 2020), and Cladospo-
rium macrocarpum (Podwin et al. 2021), which revealed strong dif-
ferences between species. These observed variations were then
systematically correlated with their habitat, preferred foraging
style, and overall growth behaviour. Fukuda et al. (2021) especially
focussed on the effect of bottleneck-like structures (i.e. spatial
confinements smaller than that of the hyphal diameter) upon hy-
phal growth (Fig. 10A). They found mainly two outcomes, based
on which they grouped different fungal species. While fast grow-
ing fungi, such as Rhizopus oryzae or N. crassa, are forced to stop
by the confinement or depolarize, meaning they bulge at the apex
of the hypha and loose directional growth altogether, the hyphae
of slower growing fungi, e.g. A. nidulans or Fusarium oxysporum,
remain polarized and continue growing undisturbed after exit-
ing the confinement. To explain this phenomenon, a correlation
was drawn between the number of vesicles present in the hyphal
cytoplasm, turgor pressure, and the ability to adapt to confined
growth. A high number of vesicles and high intracellular pressure
aids a fast growth with extensive branching; however, when enter-
ing a confinement, these attributes lead to an excess of vesicles
and pressure, which eventually disrupts the directional memory
(usually sustained by the Spitzenkorper) or results in complete
growth arrest. On the other hand, slow growing fungi are well-
equipped to manoeuvre through confined spaces. Which of these
modes the fungi use, correlates with their overall growth and sur-
vival strategy.

A similar, but broader, categorization of filamentous fungi and
their space searching capability was conducted by Aleklett et al.
(2021), who took additional aspects into account. With their Ob-
stacle Chip, which features a vast array of different parallel ob-
stacle channels, they studied seven filamentous soil fungi based
on their branching behaviour, growth velocity, foraging style, hy-
phal shape, and myecelial density. It was found that the fungi an-
alyzed in their study can be categorized into two main groups:
(i) the guerrilla strategists, developing few and short-lived, but
long-reaching, fast growing hyphae and (ii) the phalanx strate-
gists, forming dense, strong hyphal mats. This interspecies vari-
ation in growth pattern is, from an evolutionary and ecological
standpoint, important for the exploration of all available niches
within a biosphere/ecosystem. Similar findings were obtained by
Hopke et al. (2021) in their crowdsourced study, aptly named
the ‘Fungus Olympics’ (Fig. 10B). Here, some fungi were found to
navigate faster through certain structures, while others trumped
them in other ‘disciplines’, depending on their branching strat-
egy. These studies have demonstrated how microfluidic technolo-
gies can help to unravel and investigate the behavioural pat-
terns that these fungi exhibit in their natural environment, which
are otherwise barely detectable. The most recent study in this
field, conducted by Mafla-Endara et al. (2021), attempted to move
even closer to the natural habitat by introducing abiotic and bi-
otic factors into their microfluidic device. Besides physical ob-
stacles, possessing different sizes and shapes, the Soil Chip con-
tains real soil particles, water, and air, as well as fungi, bacte-
ria, and protists. Thus, they projected the ecosystem soil envi-
ronment, with numerous different niches, onto a small, image-
able microfluidic platform (Fig. 10D). Amongst others, they were
able to observe common events like soil particle relocation or
accumulation, passage opening or obstruction, and thus habitat
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fragmentation, which are all processes that fungal hyphae are
frequently involved in. Furthermore, they observed interactions
between hyphae and other organisms, mainly bacteria. In line
with previous discoveries and the novel concept of ‘fungal high-
ways’ (Kohlmeier et al. 2005, Warmink et al. 2011), it was observed
that bacteria strongly benefit from, or even rely upon, fungal hy-
phae to access and acquire nutrients, either by navigating through
demanding soil structures, e.g. crossing air gaps, or assisting in
the decomposition of organic or inorganic substances. The latter,
however, also works vice versa, with fungi relying on bacterial en-
zyme activity for nutrient uptake (Jiang et al. 2021). Another im-
portant trait of filamentous fungi relates to their ability to trans-
port and disperse water, together with soluble compounds, along
their hyphae, an important aspect not only for bacteria, but the
soil community as a whole (Mafla-Endara et al. 2021). The hyphal
interactions discussed thus far have further been subject to more
focussed studies of specific aspects of this complex ecological in-
terplay. Specifically, compartmentalized microdevices can be used
to investigate how fungi explore niches containing isolated sub-
stances. Baranger et al. (2021) studied how the soil fungus T. heli-
cus forages for spatially isolated benzo|a]pyrene, an example of a
polycyclic aromatic pollutant (Fig. 10C). Interestingly, they discov-
ered that the fungus employed active mechanisms, involving the
excretion of biosurfactants, to reach, decompose, and uptake this
hydrophobic substance. These abilities could be exploited further
as part of a bioremediation strategy, where the fungus would help
to degrade lipophilic environmental toxins.

Hyphal tip force measurements

Hyphal tips can penetrate a range of host tissues, ranging from
plant cells for symbiosis establishment (Parniske 2000), to insect
cuticles (Gabriel 1968) and human cells in infectious disease (Fer-
nandes et al. 2018). Even more impressive, hyphal tips can pene-
trate mineral substrata by digging into mineral grains or at the
interface between grains (Landeweert et al. 2001). Microfluidic
experimental systems enabling hyphal tip force measurements
at the single-cell level are, therefore, evolving, with PDMS be-
ing the material of choice for these types of studies. Not only is
PDMS permeable to gases, widely inert, biocompatible, transpar-
ent, and easily patterned using simple photolithography meth-
ods (Box 1), other exploitable aspects concern its elasticity (see
also the ‘Pressure-based active trapping in single-cell studies on
yeasts’ section) and ability to adjust the tensile strength of the
polymer, simply by changing the ratio of PDMS base and curing
agent. This, therefore, presents the opportunity to conduct tip
force measurements without the need for expensive sensors. Just
by imaging the deformation of a PDMS structure by a hyphal tip in
a microfluidic device, the force can be calculated using the known
Young'’s modulus for a mechanical deflection model (Ghanbari et
al. 2012).

To further investigate infection mechanisms and pathogenic-
ity in C. albicans, Thomson et al. (2015) utilized PDMS soft lithog-
raphy to manufacture microdevices with several obstacles. The
fungal hyphae had to navigate around these structures and were
found to exhibit different behaviours. Furthermore, because of
the known and adjustable tensile strength of PDMS, the force ex-
erted by the hyphal tips could be calculated and analyzed. The
measured forces of around 9 uN fall within the range of tensile
strengths found in common cell walls and membranes. In agree-
ment with studies from other groups, they hypothesized that the
fungus executes two different modes of cell wall and membrane
penetration. Depending on the toughness of the tissue, C. albicans
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Figure 10. Microfluidic platforms for the study of fungal behaviour in artificial microenvironments mimicking aspects of the natural habitat. (A)
Device used to study the behaviour of filamentous fungi upon facing special confinement on a subcellular level. Scale bar represents 20 pm. (B)
Microdevice for studying space searching strategies in different fungal species. Scale bars represent 100 um. (C) Microchip used to investigate
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featuring different channel designs filled with soil particles, soil bacteria, microfauna, and filamentous fungi, as well as being saturated with water or
with air. Scale bars represent 20 pm. Images in (A), (B), and (D) reproduced with modifications from Fukuda et al. (2021), Hopke et al. (2021), and
Mafla-Endara et al. (2021), respectively, with permission from the Creative Commons Attribution licence (www.creativecommons.org/licenses/by/4.0/).

is able to penetrate the barrier with pure mechanical force, while
for others, an additional loosening of the wall with enzymes is
necessary, involving complex cellular and morphological reorga-
nization (Puerner et al. 2020). Alternatively, the fungus is able to
navigate around impenetrable barriers (Thomson et al. 2015).
Similarly, Sun et al. (2018) designed a microdevice with force
sensing pillars to measure protrusive forces exerted by N. crassa
as well as the oomycete Achlya bisexualis (Fig. 11A). Oomycetes
are fungus-like eukaryotes and are comparable to fungi in many
ways, in particular for some species, their filamentous form and
exploratory nature. Furthermore, many strains of the phylum
Oomycota are pathogenic to fungi and plants (Beakes et al. 2012).
Therefore, mycology and oomycete research are closely related.
With their micropillar arrays, they measured protrusive forces
of maximal 11 uN and 7 uN for N. crassa and A. bisexualis,

respectively. When deflected by the pillar, the oomycete hypha
was able to exert a bending force of up to 19 uN (Sun et al. 2018).
Using another platform, they optimized the trapping of single
zoospores of A. bisexualis with a sophisticated valve system to
study forces exerted by germ tubes upon germination. The mea-
sured forces ranged between 0.73 and 1.66 uN, which is slightly
less compared to the forces of adult hyphae (Sun et al. 2020).
Minc et al. (2009) exploited the elastic characteristics of PDMS
for a slightly different application, i.e. to measure forces devel-
oped by growing cells of the fission yeast S. pombe. They trapped
the rod-shaped cells in microwells having a diameter of between
10 and 50 um and calculated the forces from the deformation of
the wells upon stretching and buckling of the cells (Fig. 11B and
C). Interestingly, the calculated forces exerted by the yeast cells
were around 11 pN, which is within the range of the previously
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Figure 11. Microfluidic devices for measuring hyphal and cellular tip force. (A) A channel design containing a dead-end channel with a force sensing
pillar. Upon deflection of the pillar, values for the force exerted by the hyphal tip can be calculated. Image reproduced with modifications from Sun et
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single cells of S. pombe. Upon cell fission and growth, the elastic PDMS wells are deformed and forces exerted can be deduced. (C) Microscopic image of
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modifications from Minc et al. (2009) with permission from Elsevier (Licence Number: 5271520737780).

discussed forces by N. crassa and A. bisexualis. Further, they studied
the underlying intracellular mechanisms of the force generation
and found that mainly turgor pressure was involved, which was
actively regulated with enzymes such as glycerol-3-phosphate de-
hydrogenase. This enzyme catalyses the synthesis of glycerol, the
main component determining turgor pressure. However, they as-
sumed that the growth force is independent of actin cable organi-
zation, which is generally important for polarized cell growth, af-
ter comparing their findings with the behaviour of a mutant strain
lacking actin cables, for3A.

Hyphal interactions

Besides the mechanical aspects influencing filamentous fungal
growth and behaviour, another avenue that the microfluidic ap-
proach allows is the investigation of biotic factors, i.e. inter- or in-
traspecies interactions. By designing special microfluidic devices
with channels, chambers, and perfusion facilities, this provides a
means to precisely trigger and analyze interactions between bac-
teria and fungi (Stanley et al. 2014, Uehling et al. 2019), as well as
fungal-nematode (Schmieder et al. 2019), fungal-virus (Ghanem
et al. 2019), and fungal-fungal (Stockli et al. 2019) interactions.

Bacterial-fungal interactions

The first investigations involving the interaction of fungi with
other microbial species at the single-cell level were dedicated
to the study of bacterial-fungal interactions (BFIs). Stanley et al.
(2014) developed a microfluidic device, termed the BFI device (Fig.
12A), specifically designed to accommodate fungal hyphae and fa-
cilitate coinoculation with bacteria through a separate inlet. The
interaction between the fungus Coprinopsis cinerea and the bac-
terium Bacillus subtilis was investigated in this study, where it was
observed that inoculation with the wild-strain (B. subtilis NCIB
3610) was followed by hyphal growth arrest, while the domesti-
cated B. subtilis 168 laboratory strain did not exhibit this activ-
ity. Using the BFI microfluidic device, it was then possible to gain
a deeper understanding of BFIs in real-time and at the cellular

level. In turn, it was revealed that bacteria attached to specific
subsets of hyphae, regardless of whether they were wild- or lab-
oratory strain, or even dead bacterial cells (Fig. 12B). Additionally,
this suggested the existence of hyphal differentiation within the
mycelium. The hyphal growth arrest was found to coincide with
the collapse of some hyphal compartments and the subsequent
formation of blebs, exocytotic vesicles still containing the fluores-
cent marker for up to several hours after the collapse (Fig. 12C). In
a further experiment using a second microfluidic device, termed
the fluid exchange device, they perfused the hyphae with bacte-
rial supernatant and lipophilic extracts. Since the effect on the
hyphae was analogous to that observed with the bacteria, it was
postulated that the fungicidal activity derived from lipophilic ex-
udates rather than active bacterial enzymes.

To protect themselves against such bacterial attacks, fungi
have developed antibacterial strategies. With microfluidic tech-
nology it is possible to single out hyphae and subject them to
bacterial supernatant and extracts with subsequent precise imag-
ing of the resultant effect, yielding important information for
basic research as well as for practical applications, like pest
control methods (Stockli et al. 2019). Harting et al. (2021) in-
vestigated the antagonistic relationship between certain Verti-
cillia spp., pathogenic fungal species of important crops, and
Pseudomonas spp. With the help of a microfluidic platform, they
analyzed the fungal-bacterial interaction on a cellular level,
granting insight into the cellular and molecular processes in-
volved and how the bacteria inhibit fungal growth and plant
colonization.

Similarly, mutually beneficial interactions can be investigated
in microfluidic devices. The above featured BFI device was further
employed to study the endosymbiosis between the fungal plant
pathogen Rhizopus microsporus and the bacterium Burkholderia rhi-
zoxinica, detailed in a preprint by Richter et al. (2020). Uehling
et al. (2019) investigated the (pre-) symbiotic signalling between
the fungus Mortierella elongata and the bacterial Burkholderia strain
BTO3. Their studies revealed a multistage bidirectional communi-
cation involving exudates. The first stage is marked by exudation
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Figure 12. Microfluidic devices for investigating hyphal interactions. (A) Image of the bacterial-fungal interaction (BFI) device, inoculated with an agar
plug containing fungal mycelium. Scale bar represents 5 mm. (B) Bacillus subtilis (green) attaching to Coprinopsis cinerea hyphae (red), coinoculated in

the BFI device. Scale bar representing 50 um. (C) Time series showing the collapse of a C. cinerea cell and subsequent loss of its cellular contents,
caused by B. subtilis. Scale bar representing 25 pm. Images (A)—(C) reproduced with modifications from Stanley et al. (2014) with permission from
Oxford University Press (Licence Number: 5297210130322). (D) Schematic design of a device for studying fungal-nematode interactions. Scale bar
represents 500 um. (E) Proposed model for fungal response upon nematode predation. Bulk hyphae switch cytoplasmic bulk flow direction every 2-3 h
in order to redistribute nutrients (e.g. 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-ylj)amino]-D-glucose (2-NBDG), green hexagons). Red indicates the
spatial distribution of the C. cinerea defence response upon predation. Images (D) and (E) reproduced with modifications from Schmieder et al. (2019)
with permission from Elsevier (Licence Number: 5297260732132). (F) Schematic design of the fungal-fungal interaction (FFI) device (top). Scale bar
represents 1 mm. (Bottom) Phase contrast image of hyphae of C. rosea and F. graminearum approaching each other in the interaction zone. Scale bar
represents 250 pm. (G) Time series showing the detection of GFP within the mycelium of C. rosea (left). The fluorescence signal within these hyphae
was found to increase and decrease compared to control channel (right). Images (F) and (G) reproduced with modifications from Gimeno et al. (2021)
with permission from the Creative Commons Attribution license (www.creativecommons.org/licenses/by/4.0/).

of organic acids, such as erythronic acid, by the fungus, which
are then recognized and used by the bacteria. The second stage
involves a response signal (yet to be determined) sent out by
the bacteria, which enhances hyphal growth of the fungus. The
specificity of the signals is assumed to increase from stage to
stage, though subsequent stages are so far not fully discovered.
The group further set out to develop an easy-to-use microflu-
idic device in an attempt to democratize the microfluidic tools
available for the bacterial-fungal research field. Their devices
come premade, sterile, and vacuum packaged. Besides the obvious

benefit for protection and conservation of the device during trans-
port, with the help of the vacuum, channels fill automatically with
the desired medium or solution within minutes after opening the
sealing, thus avoiding problems with priming. To test the device’s
performance in the field, the group sent out samples to labs all
over the world. In general, reports came back demonstrating suc-
cessful application of the system to studies on fungal biofilms,
fungal highways, BFIs, as well as a few investigations involving
plant seeds or even neurons (Millet et al. 2019). This highlights the
importance of designing microfluidic platforms that are amenable
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for use by nonexperts, thus encouraging adoption and use of the
technique by mycologists.

Another study demonstrating the flexibility of microfluidic de-
vices was conducted by Ghanem et al. (2019). They investigated
and quantified the retention and distribution of bacteriophages
along fungal hyphae. This aspect of soil ecology has so far re-
ceived little attention, although partly due to the fact that inves-
tigations in this area are far from trivial. The retention of phages
by hyphae was found to be up to 93%, in the case of the hydropho-
bic T4 phage and hydrophobic C. cinerea hyphae. Complemented
with calculated surface interaction energy values, their findings
have significant implications for environmental as well as medi-
cal questions.

Fungal-fungivorous interactions

Besides the world of microbes, soil fungi also regularly encounter
slightly bigger, fungivorous organisms, such as protists and micro-
faunal organisms, which they must defend themselves from. In a
two-part study, using a device based on the BFI device, Schmieder
et al. (2019) investigated the distribution of locally administered
nutrients throughout the hyphal network of C. cinerea as well as
response mechanisms upon attack by the nematode Aphelenchus
avenae (Fig. 12D). The group followed up on and confirmed previ-
ous findings on specialized hyphae and dynamic responses within
the mycelial network. With the aid of a fluorescent glucose ana-
log, 2-NBDG, and high-resolution fluorescence microscopy they
monitored bidirectional transport of cytoplasmic nutrients and
found periodical switching of the direction every 2-3 h in certain
specialized hyphae (trunk hyphae) (Fig. 12E). Further, it was hy-
pothesized that the flow dynamics are mainly controlled by septa,
which can open and close their pores reversibly. While nutrient
distribution is rather global, intending to supply all parts of the
mycelium equally, even if nutrient sources are locally restricted,
defence mechanisms tend to be only activated at the immediate
site of attack. The defence response against the nematode is very
specific to the fungivore, with two effector promotors, cgl2p and
cctx2p, mainly involved. The defence programme was only acti-
vated in areas in direct contact with A. avenae, but was, however,
quickly propagated in the trunk hyphae. In a continuation of the
study, the group focussed further on the genes involved in the de-
fence response, using a slightly modified microfluidic platform.
From a channel opening in the confrontation zone, it was possible
to extract fungal mycelium for downstream analyses (i.e. PCR and
poly(A)+ RNA sequencing), thus directly analyzing the transcrip-
tome linked to the interaction with the nematode. They were able
to identify 1229 differentially expressed genes; until this point,
only 37 genes had been discovered using conventional plate-based
techniques. Their results further show an involvement of antibac-
terial defence genes, suggesting the interaction to be a tripartite
(fungus, nematode, and nematodal microbiome) instead of a bi-
partite one, which is true for many interactions in nature (Tayyrov
et al. 2019).

Fungal-fungal interactions

Very recently, Gimeno et al. (2021) developed a microfluidic plat-
form to investigate antagonistic fungal-fungal interactions (FFI)
between the plant pathogen F. graminearum and biocontrol agent
C. rosea (Fig. 12F). In the course of these investigations, further
and more detailed insights into their antagonistic interaction was
gathered. In particular, a loss of fluorescence in GFP-tagged F.
graminearum was observed to coincide with the detection of GFP
in the mycelial network of the predator, allowing to postulate an
uptake and redistribution of material from the attacked fungus
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to the attacking fungus (Fig. 12G). In the future, the presented
FFI device is anticipated to contribute further to revealing deeper
insights into the mechanistic details of FFIs at the single-hyphal
level, information needed for the development of novel and much
needed strategies to control fungal pathogens in agriculture.

Future perspectives and concluding
remarks

Lastly, we provide a future perspective and concluding remarks
detailing a number of new frontiers in which microfluidic technol-
ogy is expected to aid future research in this field of study, with a
focus on AMF, nuclei behaviour in filamentous fungi, multispecies
interactions, and electrical measurements for cell-to-cell commu-
nication.

AMF

When considering the study of soil microbes and interspecies
interactions with fungi using microfluidic methods, mycorrhizal
fungi, such as the obligate symbiotic AMF, call for inclusion. Form-
ing one of the most important fungal-plant symbioses in nature,
AMF interact with plant roots, providing mineral nutrients and
water in exchange for carbon and lipids. Specifically, a key element
of this mutualistic liaison is the plant’s contribution of photosyn-
thesis products in exchange for soil nutrients, mainly P (up to 90%)
and N,butalso Zn, Cu, and Fe (Smith and Read 2010). Furthermore,
the mycorrhizal association contributes to an improved resilience
against biotic and abiotic stresses in the plant, such as increased
resistance against below and above-ground pathogens, and tol-
erance to trace elements and hydrocarbon pollutants or drought
and salinity, as well as a reduction of nutrient leaching and an
improved environment for the establishment of fresh seedlings
(van der Heijden 2004). During the last decades, therefore, AMF
have been subject to intensive research, with the main drive to-
wards agricultural exploitation of the advantages. Here again, the
soil-borne and obligate nature of these fungi and their symbiosis
renders most studies ‘black-box’ experiments, with microfluidics
representing a promising tool to lift this veil. Indeed, so far only
a single publication has surfaced in this area, which focusses on
AMF spore sorting (Srisom et al. 2020).

Besides giving insight into their hyphal thigmotropism and
space searching strategies, the development of novel microfluidic
technologies could help solve prominent questions that have been
baffling researchers for decades. Much is still unknown about AMF
hyphae morphogenesis and polarized growth of the extraradical
mycelium. AMF develop an intricate network of hyphae that con-
sists of runner hyphae, that ramify into secondary and tertiary
hyphae, for example, and ultimately form the branched absorb-
ing structures involved in the uptake of nutrients (Bago et al.
1998). A mathematical model used to simulate nutrient uptake
was described in Schnepf et al. (2011), which provides a foun-
dation for studies involving single hyphae at the cellular level
within microfluidic systems. AMF hyphae also interconnect in-
dividual plants of the same or different species to form ‘com-
mon mycorrhizal networks’ (CMNs; Simard et al. 2012). CMNs
can transfer nutrients between plants or warning signals in re-
sponse to attacks by fungal pathogens and insect pests, thereby
acting as below-ground interplant defence communication tools
(Babikova et al. 2013). Crucial questions about the specificity of
the signals regarding the species of plants or pests, and the na-
ture of the signal(s) transferred, need to be resolved. In addition,
other molecules, such as small RNAs, and virus genomes might be
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transported through CMNs, with important implications for plant
health and crop protection (Wang et al. 2017). The development
of new microfluidic tools can help to understand the multitude of
functions of hyphae and CMNs, taking the science well beyond the
current state-of-the-art and, thus addressing global challenges
such as food security and ecosystems management. One major
challenge yet to address is the still-to-be-firmly demonstrated
presence of the Spitzenkorper, a structure found at the hyphal tip
that mediates hyphal growth direction and hyphal tip morphol-
ogy by the delivery of secretory vesicles. These apical vesicular
clusters have been suggested in AMF, although not firmly demon-
strated (de la Providencia et al. 2005). These structures are asso-
ciated with actively growing hyphal tips and, thus in the 3D ar-
chitecture of extraradical mycelium, presumably being involved
in the process of anastomosis formation and the hyphal heal-
ing mechanism (HHM), two important mechanisms of hyphal fu-
sions between compatible mycelia evolved by AMF to increase
their chances of survival. Curiously, anastomoses and HHM dif-
fer markedly between species belonging to the Gigasporaceae and
Glomeraceae, two of the globally most predominant AMF fam-
ilies, suggesting divergent strategies for the colonies to explore
and exploit their environments and create large networks (Voets
et al. 2006). Recently, a negative impact of azoxystrobin and fen-
propimorph, two active ingredients widely used in agriculture to
protect crops from fungal diseases, was noticed on the HHM. In
the presence of these compounds, contact and hyphal fusion are
disturbed (Rodriguez-Morelos et al. 2021). One hypothesis is the
possible perturbation of the Spitzenkdrper, or sterol content and
lipid rafts. Microfluidic platforms could thus help in the real-time
observation of anastomoses and HHM (e.g. time series describ-
ing hyphal-hyphal fusion), but also in understanding the mech-
anisms involved in the polarized growth of hyphae and develop-
ment of “Wood Wide Webs’ (Rhodes 2017) and CMNs, how changes
in the environment disturb this essential mechanism involved in
mycelium integrity and functioning, as well as AMF ecology, ge-
netics, and evolution.

Another major avenue that can be approached with microflu-
idic technology development is the exploration of the wide vari-
ety of social interactions, including cooperation (e.g. mutualism,
altruism, selfishness, and spite), that microorganisms have devel-
oped to survive and prosper in nature. In particular, the role of
AMF hyphae in recruiting microbes into their hyphosphere, the
so-called second genome of AMF, has become the center of at-
tention of numerous studies (Zhang et al. 2022). Until the recent
decade, the AMF hyphosphere has been overlooked mainly due
to the difficulty of studying AMF-bacteria interactions on the sur-
face of hyphae in a context free of any microorganisms other than
those targeted (Duan et al. 2022). Fortunately, in vitro cultivation
of AMF on root organs or whole plants has enabled the produc-
tion of root-free compartments containing large amounts of hy-
phae devoid of any undesirable contaminants to study the inter-
action between AMF and phosphate solubilizing bacteria (PSB) or
communities of bacteria growing on the surface of hyphae (Jiang
et al. 2021, Zhang et al. 2018b). Using these systems, it has been
shown that hyphae of AMF can selectively recruit PSB in the hy-
phosphere and reward them with hyphal exudates (Zhang et al.
2018b), which is a tangible sign of mutually beneficial coopera-
tion between both partners, the so-called ‘direct reciprocity’ [‘in-
dividuals will tend to help those who help them’—Roberts (2008)]. Mi-
crofluidic technology could help to explore the intimate relation-
ship/interactions occurring at the hyphal surface using, amongst
others, brightfield and fluorescence microscopy techniques. Inter-
action studies on the hyphal surface can also concern pathogenic

bacteria or even tripartite scenarios involving hyphae/beneficial
bacteria/pathogenic bacteria. For instance, the yet unexplored in-
direct reciprocity [T help you and somebody else helps me or does
not harm me’—Nowak and Sigmund (2005)] in the cooperation be-
tween AMF and bacteria can be explored using microfluidics.

A third important challenge related to the study of AMF re-
gards understanding the reason as to why a restricted number of
plant species (an approximation of 29%) including the plant model
Arabidopsis thaliana are considered nonhost for AMF. Intriguingly,
under some conditions, nonhost plants can become colonized by
AMF and develop rudimentary AM phenotypes (Cosme et al. 2018).
Microfluidic technologies could assist in elucidating the underly-
ing reasons for these incompatibilities, e.g. by exploiting the capa-
bilities of RootChips (Grossmann et al. 2011, Stanley et al. 2018).

Nuclei behaviour in filamentous fungi

One particular trait of filamentous fungi regards the presence of
multiple nuclei within a single cell compartment (Maheshwari
2005). This is particularly true for coenocytic fungi such as Mu-
coromycota, but Dikarya fungi also experience this state, either
after sexual cell fusion or in a parasexual cycle. In addition to this,
many fungi form anastomoses between individual hyphae to re-
organize their network (Chagnon 2014, Croll et al. 2009, Read et
al. 2009), which eventually leads to a redistribution of nuclei be-
tween different parts of a fungal colony, but also between distinct
‘individuals’ (though what exactly a fungal individual may relate
to is debatable, given that fungi are considered modular organ-
isms; Andrews 1995). These peculiarities come with the coexis-
tence of genetically different nuclei in a single cell compartment,
a state called heterokaryosis (Scott et al. 2019, Strom and Bushley
2016). The rules that govern nuclei exchanges, how genetically di-
vergent nuclei coexist and compete in a cell space, and how this
impacts the biology of filamentous fungi are all open questions
within the field. Following nuclei circulation and exchange within
the mycelial network of one fungus or witnessing nuclei exchange
between different networks could be investigated using microflu-
idic technologies. This in turn would open new avenues for the
understanding of fundamental aspects of fungal biology such as
self/nonself recognition mechanisms (Kahmann and Bolker 1996)
or sexual compatibility (Nieuwenhuis et al. 2013). Such knowledge
would also be highly relevant for selecting fungi for biotechnologi-
cal purposes not at the strain level, but rather at the nucleus level.

Multispecies interactions involving fungi

Tailored microfluidic devices have started to reveal the complex-
ity of interactions established by filamentous fungi with other soil
dwellers, as detailed previously. As a result, given the diversity of
organisms in the environment, still a myriad of additional rele-
vantinteractions could be investigated in detail using microfluidic
platforms. Many of these interactions result from the exploratory
behaviour of filamentous fungi (Aleklett and Boddy 2021) and
their ability to construct an ever-changing network of hyphae that
connects soil habitats throughout water unsaturated soil patches.
This has led, for instance, to the observation of bacteria exploiting
this network for their dispersal using the so-called fungal high-
ways (Kohlmeier et al. 2005). Such dispersal paths in soils have
been shown to be important for soil biogeochemical processes
(Martin et al. 2012, Sun et al. 2019), but also for the promotion of
genetic exchange (Berthold et al. 2016) and the encounter of bac-
terial viruses (bacteriophages) with their host populations (You
et al. 2022). Interestingly, fungal highways also promote water re-
distribution in unsaturated systems, leading for instance to the
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germination of dormant bacterial cells (Worrich et al. 2017). How-
ever, so far, none of these processes has been witnessed with the
cell-to-cell resolution that microfluidic technologies can offer. Al-
though the use of fluid-filled devices could be counterintuitive for
investigating interactions that depend on the level of water sat-
uration within an environment, fungal colonization of dry and
nutrient deficient microfluidic devices leads to water redistribu-
tion in the channels, which can be combined with cocultures of
interacting organisms (Gimeno et al. 2021). In this way, the rules
governing the transport of bacteria along fungal highways (direc-
tionality, growth, and motility trade-offs or impact of fungal cell
wall remodelling), the mechanics of displacement (speed, effect
of chemoattractants, or chemorepellents) or even the characteri-
zation of the liquid layer on the surface of fungal hyphae (compo-
sition, thickness, and viscosity) can be investigated. A better un-
derstanding of these processes can contribute to improving the
design of biotechnological approaches in which fungal highways
can be relevant, such as in soil bioremediation (Wick et al. 2007)
or the biocontrol of soil-borne pathogens.

Fungi also participate in beneficial associations with algae or
cyanobacteria, or even both together, to form lichens (Grimm
et al. 2021). As microfluidic technology development allows re-
searchers to design tailored microarchitectures to accommodate
and guide interspecies interactions precisely, artificial reconstruc-
tion of lichens could contribute immensely to further understand-
ing this composite organism. A la Organ-on-a-Chip technologies,
reconstructing lichen architecture within multilayered systems
with controlled perfusion could allow investigations regarding
symbiosis establishment and underlying mechanisms associated
with the partnership. Moreover, the ability to procure these pio-
neering organisms on demand could be used to repopulate de-
stroyed ecosystems.

Electrical measurements in fungi

Furthermore, fungal mycelia are known to span vast networks
in soil, connecting plants, and thus potentially acting as a ‘cen-
tral connecting system’ within soil ecosystems. The communica-
tion mechanisms within the system are still poorly understood,
but the possibility of having electrical currents as a means of
fast information transfer would provide a system akin to a cen-
tral neuronal system that could result in a coordinated behaviour
required in such a complex system as a soil. Electrical currents
have been shown not only to be important for the coordination of
cell behaviour at all biological levels, i.e. from bacteria to humans
(Brenner et al. 2006, Canales et al. 2018, Piccolino 1997, Prindle
et al. 2015), but also for intracolony or interspecies communica-
tion (Beagle and Lockless 2015, Clarke et al. 2013, Prindle et al.
2015). The cell morphology and growth mode of filamentous fungi
provides, in theory, an ideal system for electrical signalling, but
the use of traditional electrophysiological methods for measuring
these signals is extremely challenging (Adamatzky 2022). With in-
tegrated electronics, microfluidic chips are envisaged to be bene-
ficial to further investigate these phenomena at the hyphal level.

While most microfluidic devices are made from mainly PDMS,
other polymers or glass, the versatility of design possibilities goes
far beyond these materials. Some groups set out to integrate met-
als into their polymer-based devices. Singh et al. (2017), for in-
stance, coated microchannels with a thin layer of gold. Thus, they
designed a microfluidic platform to capture bacteria and fungi
efficiently, based on the affinity of gold towards thiol and amine
groups, which are present in the microbes’ cell walls. The applica-
tions of such a device range from immobilization for imaging to
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concentration of target microbes from mixed and real-life sam-
ples for further analyses or diagnostics. The primary property of
metals, however, relates to their electrical conductivity. Duarte et
al. (2022) built an array of nanoelectrodes into a PDMS microflu-
idic device. These electrodes allowed for both dielectrophoretic
trapping, as well as subsequent detection and identification of
spores from the phytopathogenic fungus Sclerotinia sclerotiorum.
The possibility to combine visual, imaging studies with electrical
measurements opens entirely new avenues. With the integration
of microfluidic technologies with electronic components, electro-
physiological measurements on fungi and their partners could be
performed and further insights into the fungi’s role as the ‘brain’
of the soil gained.
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AMF-SporeChip provides new insights into
arbuscular mycorrhizal fungal asymbiotic hyphal
growth dynamics at the cellular levely
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Arbuscular mycorrhizal fungi (AMF) form symbiotic associations with the majority of land plants and deliver
a wide range of soil-based ecosystem services. Due to their conspicuous belowground lifestyle in a dark
environment surrounded by soil particles, much is still to be learned about the influence of environmental
(i.e., physical) cues on spore germination, hyphal morphogenesis and anastomosis/hyphal healing
mechanisms. To fill existing gaps in AMF knowledge, we developed a new microfluidic platform - the AMF-
SporeChip - to visualise the foraging behaviour of germinating Rhizophagus and Gigaspora spores and
confront asymbiotic hyphae with physical obstacles. In combination with timelapse microscopy, the fungi
could be examined at the cellular level and in real-time. The AMF-SporeChip allowed us to acquire movies
with unprecedented visual clarity and therefore identify various exploration strategies of AMF asymbiotic
hyphae. We witnessed tip-to-tip and tip-to-side hyphal anastomosis formation. Anastomosis involved
directed hyphal growth in a “stop-and-go” manner, yielding visual evidence of pre-anastomosis signalling
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and decision-making. Remarkably, we also revealed a so-far undescribed reversible cytoplasmic retraction,
including the formation of up to 8 septa upon retraction, as part of a highly dynamic space navigation,
probably evolved to optimise foraging efficiency. Our findings demonstrated how AMF employ an intricate
mechanism of space searching, involving reversible cytoplasmic retraction, branching and directional

DOI: 10.1039/d31c00859b

rsc.li/loc changes. In turn, the AMF-SporeChip is expected to open many future frontiers for AMF research.

hyphae supplies the host plant with essential nutrients such
as P and N, but also Zn, Cu and Fe,” and receives between 4

Introduction

(cc)

Arbuscular mycorrhizal fungi (AMF) are a group of soil fungi
belonging to the phylum Glomeromycota, forming a
symbiosis with ca. 70-80% of all terrestrial plants. Laying the
foundation for every soil-based ecosystem on earth,' the
fungus colonises root cells (i.e., the intraradical mycelium -
IRM) and vastly extends into the soil (from 82 to 111 m cm™
in prairie and 52 to 81 m cm™ in ungrazed pasture®) to
constitute the extraradical mycelium (ERM). This network of
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and 20% of the total carbon synthesised by plants in
return.®’ Furthermore, this immensely important mutualism
increases the ecosystem's overall resilience and facilitates
plant productivity and plant diversity.® Moreover, AMF are not
host specific and can interconnect different plant species
forming so-called common mycorrhizal networks (CMNs).’
Despite their importance, much is still unknown about the
influence of environmental cues on spore germination, hyphal
morphogenesis, anastomosis/hyphal healing mechanisms in
AMF, for example, with inoculation of crops with AMF spores in
the field often failing.'®™** This is primarily due to the fact that
the study of AMF and other soil-dwellers at the cellular and sub-
cellular level proves to be challenging. The opacity of soil makes
it impossible to observe these organisms in their natural habitat
and in real-time, rendering classic microscopy-based
approaches either black-box experiments (e.g, end-point
microscopy) or very simplified with limited resolution."® The
emergence, in recent decades, of in vitro cultivation techniques
on root organs or whole plants has permitted to increase our
knowledge on, for example, hyphal growth dynamics, three-
dimensional architecture, anastomosis formation and hyphal
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healing mechanisms."*"® However, the lack of vertical
confinement and background of a phytagel medium restricts
the microscopy quality. The membrane methods introduced by
Giovannetti et al'” which involve sandwiching extraradical
mycelium between Millipore or cellophane membranes'”*®
provide a confined two-dimensional system that allows for the
study of cytoplasmic streaming, anastomosis formation as well
as nuclear behaviours at the hyphal level. This two-dimensional
confinement of the mycelium widely eliminated background
hyphae, which hampered former studies, and thus improved
microscopy precision and resolution. For the imaging, pieces
were cut out of the sandwich cultures and results obtained from
time-point microscopy. The method was further employed for
the study of single spores and asymbiotic hyphae™ where
timelapse images of cytoplasmic streaming through freshly
formed anastomoses were acquired.?’ In order to obtain real-
time growth videos of exploring hyphae and live interactions
with the environment or other hyphae, however, a system
confined vertically and limited laterally, having perfect
transparency, the ability to hold nutritious medium and trap
spores was deemed necessary. Moreover, a major aim of this
study was to explore the space-searching behaviour of AMF
asymbiotic hyphae, which requires the presence of physical
obstacles within the experimental platform. Although
Giovannetti et al'’ introduced micro-threads of different
materials and diameters (10 pm to 350 pm) into their
experimental system to act as non-host roots, the ability to
create an array of microstructures having a defined shape and
size is needed, however, to simulate more generic obstacles and
particles found in soil. Therefore, a new microfluidic tool was
developed to study AMF spores and asymbiotic hyphae in a
visual, spatially and temporally resolved manner.

Microfluidic technology development for fungal research
is a considerably young field, especially for studying hyphal
behaviour and dynamics (reviewed in Richter et al.>'). Being
the first to explore this path, Nicolau and colleagues set out
to study hyphal exploration strategies in micro-mazes,
particularly with the filamentous model fungus Neurospora
crassa.>**® In recent years, this was developed further to
accommodate more complex studies on filamentous fungi.
Thomson et al. and Puerner et al.>®*” for instance, utilised
the deformability of poly(dimethylsiloxane) (PDMS) structures
to measure forces exerted by growing hyphae and Couttenier
et al.”® designed a device to study the effect of shear flow on
hyphal bending. Further, microfluidic platforms have been
developed to investigate interactions with other biological
agents, such as bacteria,”>** nematodes,** bacteriophages®*
as well as fungal-fungal interactions.’> However, only two
single studies involving AMF have been published, which
focus on spore sorting and extraradical hyphae.*®

The use of microfluidic technology also allows to design
microenvironments that mimic certain aspects of the natural
habitat. Mafla-Endara et al.,*” for example, created a soil-like
microcosm featuring different geometries, species from
various kingdoms, as well as water, air and soil particles as a
substrate. In the course of that study, they observed how
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fungal hyphae help other organisms populate air-filled
pockets in soil, hypothesising a water film in the mycosphere
to be responsible for the transport. Further, gradients or
niches of chemicals can be implemented for hyphal
chemotaxis studies.® Ranking from highest to lowest in
terms of complexity, field experiments, pot cultures and
in vitro systems are all important experimental platforms for
AMF research. Crucially, however, the microfluidics approach
fills a significant experimental “gap”, providing a system with
a high controllability of the experimental process and precise
imaging, which allows for tailored patterning of the physical,
as well as chemical, environment.

Herein, we introduce a new microfluidic device, termed the
AMF-SporeChip, that was specifically designed to accommodate
spores of Rhizophagus species for the study of spore germination
events and exploration dynamics of asymbiotic hyphae for the
first time. The devices were manufactured in-house using the
elastomeric polymer PDMS, which allows AMF hyphae to be
confined to a single monolayer. Different micro-structures were
included within the device design to mimic natural obstacles in
soil (e.g, mineral particles, roots etc.), enabling hyphal
dynamics to be explored upon confrontation with physical
obstacles. Owing to the material's near-perfect optical
transparency, precise live imaging microscopy could be
performed in real-time. To validate the compatibility of the
device with AMF, we compared the germination and hyphal
growth dynamics of 3 different Rhizophagus strains, both on-
chip and on-plate, as well as demonstrating different
germination behaviours between these strains. The flexibility of
the system was also highlighted by (i) presenting a slightly
modified device that can accommodate another AMF species,
namely Gigaspora margarita, (ii) introducing fluorescent dyes
(FM4-64 and calcofluor white) into the microchannels for
staining hyphae and (iii) demonstrating the suitability of the
AMF-SporeChip for monitoring anastomosis formation in
Rhizophagus. As a key result, we present an interesting and so
far undescribed insight concerning reversible cytoplasmic
retraction within asymbiotic hyphae, which amongst hyphal
branching and directional changes, we consider part of their
space searching strategy.

Experimental
Chicory root and AMF culture

Three AMF strains, ie., Rhizophagus irregularis MUCL 41833,
Rhizophagus  irregularis MUCL 43194 and Rhizophagus
intraradices MUCL 49410, were provided by the Glomeromycota
in vitro collection (GINCO, Belgium). The fungi were maintained
in bi-compartmented Petri plates on Ri T-DNA transformed
roots of chicory (Cichorium intybus L.). The roots were provided
by the Glomeromycota in vitro collection (GINCO, Belgium) and
cultivated on modified Strullu and Romand (MSR) medium,*
stored at 27 °C in the dark in an inverted position and
subcultured monthly. Spores of Gigaspora margarita BEG 34
were produced in pots with Plantago lanceolate as host.*>*° For

This journal is © The Royal Society of Chemistry 2024
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more information and media preparation see the ESI}
(Methods).

Microfluidic device fabrication

The device designs were drawn in AutoCAD 2022 (Autodesk)
and checked for correct structuring using KLayout.*! The design
was then printed to create a Mylar® film photolithography
mask by Micro Lithography Services Ltd., UK. Using these
photomasks, two-layered master moulds were manufactured in
a clean room (detailed in ESIt Methods).

To facilitate removal of the PDMS layer from the master
moulds when casting devices, the wafers were silanised, ie.,
made more hydrophobic. Therefore, the masters were carefully
cleaned with an air gun and placed into a desiccator. In the
centre of the desiccator, a glass vial containing 100 pl
chlorotrimethylsilane (redistilled >99%, Sigma Aldrich, UK;
hazardous substance, consult safety data sheet of supplier) was
placed. Using a vacuum pump, the desiccator was evacuated for
1 min and then closed off. The master moulds were left to react
with the chlorotrimethylsilane for 1 h.

Using the master moulds, microfluidic devices can be
produced on demand. All of the following steps were conducted
in a laminar flow hood. Firstly, PDMS is mixed in a 10:1 ratio
of base to curing agent (Sylgard 184, Dow Corning, USA) and
degassed for ca. 45 min under vacuum in a desiccator. The
master mould was fitted into a frame, the PDMS poured onto it
and cured overnight at 70 °C. The PDMS was then removed
from the mould, cut into slabs consisting of 2 device designs
and holes for the in- and outlets were punched using a cork
borer (@ = 3 mm; Syneo, USA). To remove monomer remnants
and to disinfect, the PDMS slabs were washed in 0.5 M NaOH
and then 70% ethanol, rinsing with sterile water between
washing steps, and dried at 70 °C for 1 h. Next, the PDMS slabs
as well as glass-bottomed Petri dishes (@ dish = 35 mm, @ glass
= 23 mm; Fluorodish, World Precision Instruments, Germany)
were plasma activated using a Zepto plasma cleaner (Diener
Electronic, Germany; vacuum pressure 0.75 mbar, power 50%, 1
min) and bonded together, resulting in each Petri dish holding
2 devices. Exploiting the transient hydrophilicity of PDMS right
after the plasma treatment, devices were filled with liquid
hyphal medium (see ESI} Methods). Before use, devices were re-
sterilised under UV light (254 nm) for 30 min.

Device inoculation

The spore material of R. irregularis MUCL 41833 and MUCL
43194, as well as R. intraradices MUCL 49410 was obtained
directly from the above-described bi-compartmented cultures
(see ESIT Methods, AMF culture). All subsequent steps were
performed in a sterilised laminar flow hood, under a
stereoscope (EZ4 D, Leica, Germany). Using sterilised
dissection needles, spore-bearing hyphae were extracted from
a culture plate that is at least 3 months old and transferred
into a 90 mm Petri dish filled with liquid MSR medium
lacking sucrose, termed MSR(-) (see ESIf Methods). Sterile
tattoo needles (03 tight liner, pre-soldered, Barber DTS, UK)

This journal is © The Royal Society of Chemistry 2024
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were used to cut the mycelium into smaller pieces containing
1-5 spores. Then, 5-6 of these spore pieces were transferred
into each inlet of a device using a pipette (Pipetman G, 200
ul, Gilson, USA) that was set to 21 pl (to avoid overfilling of
the inlets). A syringe (Henke-Ject, Luer Lock, 5 ml,
HenkeSassWolf, Germany) connected to AlteSil High Strength
Tubing (bore: 1.00 mm, wall: 1.00 mm, total diameter: 3 mm;
Altec Extrusions Limited, UK) with a blunt tip syringe needle
(1.28 mm, Shintop, China) and filled with liquid MSR(-)
medium was carefully plugged into the inlet and spores were
manually flushed into the device until all spores were inside
of the channel and/or no more spores were coming from the
inlet.

Spores of Gi. margarita were picked up using a pipette set
to 20 ul and transferred into the inlet of the device. As the
spores are detectable with the naked eye, it is easy to check
visibly that only a single spore is in the pipette tip. The
spores were then flushed into the device using the same
method previously described for spores of Rhizophagus.

For staining experiments with fluorescent dyes, calcofluor
white (to a final concentration of 0.5 uM) and FM4-64 (to a
final concentration of 5 uM) were added to autoclaved liquid
MSR(-) medium, sterile filtered and used to fill the
microchannels as described above.

Image analysis and quantification

Time-lapse images (used to produce growth and germination
videos) as well as time-point large images (used for
measuring growth rates) were obtained with two inverted
microscopes (Eclipse Ti-U and Eclipse Ti-2, Nikon; ESI}
Methods). Microscopy images were processed and analysed
with Image ] (Fiji).*> To measure hyphal growth, the
segmented line and measurement tool were used. The
measured lengths were grouped into 5 intervals; 0.1-0.4 mm,
0.5-1.0 mm, 1.1-2.0 mm, 2.1-3.0 mm and >3 mm, and
represented as stacked column diagrams using Origin 2021
(OriginLab). To account for the variation in number of spores
loaded into the devices, the results were normalised.
Therefore, the number of germination sites (instead of the
number of spores) was determined and the absolute value of
counts divided by the number of germination sites. For the
hyphal growth behaviour, we counted sites where a
germination within 14 days of inoculation occurred as
germination sites. For calculation of the germination rates,
we defined any site where usually a germination occurs from,
i.e.,, cut ends of hyphal remnants, as a germination site.
Germinations were counted at the last day, day 14, of the
experiment. For determining significant differences in the
data points for germination rates and spore distribution
within devices, 1-way ANOVA was performed in Origin 2021
(OriginLab).

Total count of hyphae

Normalised count = T :
Number of germination sites
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Results
Design and operation of the AMF-SporeChip

The AMF-SporeChip was designed to accommodate spores of
different Rhizophagus strains, to enable high resolution dynamic
imaging of spore germination and hyphal morphogenesis
events at the cellular level. A two-dimensional (2D) sketch of the
microchannel architecture is displayed in Fig. 1a, which
features an inlet (@ = 3 mm) connected to a “primary spore
trapping region” (microchannel height = 100 pm) that then
transitions into an “investigation zone” (microchannel height =
10 pm), with a total device length of 12.4 mm. The
“investigation zone” also constitutes a “secondary spore
trapping region”. Fig. 1b and c illustrate an overview of the
AMF-SporeChip, where the change in microchannel height can
be clearly evidenced via the addition of a fluorescein-containing
solution, as well as how tubing is fitted into the device inlet for
the introduction of AMF spores. The step change in
microchannel height results in trapping of the AMF spores
(Fig. 1d), which usually have a diameter on the order of 10-100
pum for R. irregularis MUCL 41833, 20-160 pm for R. irregularis
MUCL 43194 and 20-120 um for R. intraradices MUCL 49410
(measured, Fig. S11), and importantly allows the much smaller,
asymbiotic hyphae (@ = 2-12 pm; measured, Fig. S2t) to access
(i.e., grow into) and be confined within the investigation zone in
the z-direction.

As PDMS is an elastomeric polymer and therefore flexible in
nature, the microchannel widens slightly upon applying positive
pressure when using a syringe to introduce spores into the AMF-
SporeChip.** Hence, some spores can be pushed into the
investigation zone. Upon removing the applied pressure, the
microchannel resumes its original state, thus trapping spores
between top and bottom of the microchannel. Approximately
50% of introduced spores were trapped in the primary spore
trapping region and 40% in the first half of the secondary spore
trapping region, i.e., just after the transition in channel height;
a small number of spores (ca. 10%) got flushed into the second
half of the secondary spore trapping region (Fig. 1f). The
distribution in the individual device depends on many factors,
such as spore size, size of the spore-cluster, length of hyphal
remnants/subtending hyphae, applied pressure for device
loading (due to manual loading) etc. A significant difference in
the trapping behaviour could be observed between the obstacle-
type devices and the lane-type devices (Fig. 1f). Due to the larger
contact area between PDMS and glass bottom near the channel
height transition, the expandability of the PDMS channels was
reduced in the lane-type devices, thus making it more difficult
for spores to enter the investigation zone. For spores of Gi.
margarita (@ = 380-580 um; measured, Fig. S1t), the
microchannel height of the inlet and spore trapping region was
adjusted from 100 pm to ca. 350 pm. The aforementioned
flexibility of the PDMS allows spores bigger than 350 um to be
accommodated within the trapping region of the microdevice,
however not in the investigation zone.

The investigation zone contains an array of obstacles
designed to provoke hyphal collision events (Fig. 1a). One
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advantage of the AMF-SporeChip is that the investigation zone
can be modified in a bespoke manner to accommodate
different types of physical obstacles that vary in their shape
and size (i.e., obstacle-type devices, Fig. 1e), or even possess
lanes containing dead-ends or bottlenecks (i.e., lane-type
devices, Fig. 1e). With our choice of obstacles, we aimed to
confront AMF with a variety of physical challenges that may
be experienced within a soil environment. The obstacle-type
devices varied in form, ranging from shapes that are either
closed (circle) or open (Pac-Man, open-box, restricted open-
box), therefore affording different internal angles and
numbers of contact interfaces and thus offering increased or
reduced chances for hyphae to “escape” from an obstacle
(Fig. S37). As expected, the restricted open-box and the dead-
end lane designs seemed to be the most challenging to
escape from, however, the hyphal behaviours varied widely,
some hyphae managed to escape from a restricted open-box
obstacle, while others failed to circumnavigate the circular
shapes, and a clear pattern or obstacle dependence could not
be determined. For measuring germination and growth
dynamics, we utilised all designs equally to investigate how
AMF hyphal tips react upon physical collision with their
environment. The array of interspaced obstacles provided an
even inflow of medium and spore suspension, allowing for a
balanced distribution of spores within the device, while
giving plenty of opportunity for physical collisions.

Monitoring spore germination and asymbiotic hyphal growth

To demonstrate the functionality of the AMF-SporeChip, a
germination assay was conducted with (i) R. irregularis MUCL
41833, (ii) R irregularis MUCL 43194 and (iii) R intraradices
MUCL 49410. Since visual representation and a detailed
description of spore germination within these species are scarce,
illustrative timelapse images of the germination process have
been provided herein (Fig. 2, Movies S1-S37), acquired from the
examination of a total of 600 spores. When comparing the
different strains, we observed quite distinct differences in
germination and hyphal growth patterns as well as spore shape,
despite being closely related. While R. irregularis MUCL 41833
and R. intraradices MUCL 49410 have a nearly perfect circular
spore shape in our study, R. irregularis MUCL 43194 spores came
in various, elongated shapes (Fig. 2 and S17). Generally, it was
observed that R. irregularis MUCL 41833 germinated with a
single hyphal branch, as observed in Fig. 2a, with occasionally
up to 4 branches emerging from the germination site.
Subsequent hyphal growth was found to be relatively linear and
straight. In contrast, R. irregularis MUCL 43194 spores tended to
branch more frequently at or shortly after the site of
germination (ie., with typically 3-8 hyphae) as illustrated in
Fig. 2b. Moreover, these asymbiotic hyphae possessed a curly
and highly branched morphology. R. intraradices MUCL 49410
behaves similarly to R. irregularis MUCL 43194, with 3-6 hyphal
branches emerging on average at or shortly after the
germination site (Fig. 2c). Another interesting observation
included an active discharge of phase-bright cellular contents

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Design of the AMF-SporeChip. (a) Two-dimensional schematic of the microfluidic device showing the dimensions and structure of the spore
trapping region and investigation zone containing micron-sized obstacles. (b) Real life image of the device filled with 66 mM fluorescein solution to
highlight the channels and the change in channel height. (c) The AMF-SporeChip fitted with tubing at the device inlet for the introduction of spores. The
outer diameter of the Petri dish is 35 mm. (d) Brightfield image of the transition zone (microchannel height step-change) with trapped spores of
Rhizophagus irregularis MUCL 41833. (e) Different geometries of the investigation zone of the AMF-SporeChip, including obstacle-type and lane-type
structures. (f) Box-plots showing the percentage of spores trapped in each of the different trapping regions for lane-type and obstacle-type devices as
well as all design types. Upper and lower whiskers represent the largest observation smaller or equal to the upper and lower percentile plus 1.5 x
interquartile range, respectively. Squares indicate the means and the line the median. Data points beyond the whisker range (outliers) are plotted as
diamonds. Significant differences according to one-way ANOVA are indicated with asterisks for p values <0.001 (***), <0.01(**) and <0.05 (*), as well as
NS for no significant difference. The values in parentheses indicate the number of sample-points, i.e., the number of microfluidic devices analysed. The
total number of spores analysed was 260 for the lane-type devices and 473 for the obstacle-type devices. For the secondary trapping region - second
half, the medians are O for lane-type devices as well as for “All devices”, hence the number of values above 0 was insufficient to draw a box and were
therefore categorised as outliers. Scale bars: (b) 2 mm; (c) 5 mm and (d) 500 um.
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Fig. 2 AMF germination on chip. Time-series illustrating the germination process of (a) Rhizophagus irregularis MUCL 41833, (b) Rhizophagus
irregularis MUCL 43194 and (c) Rhizophagus intraradices MUCL 49410. In (c), debris from the root-organ culture can be observed. White arrows
indicate the germination site, with inset boxes in (b) and (c) illustrating an enlarged region of the germination event. Scale bars: 100 um.

preceding germination (see Fig. 2b and Movie S21).
Occasionally, an internal collapse and emptying of the spore can
be witnessed after a few days, after which the storage vesicles
are ejected suddenly in one final load of cellular contents and
nutrients into the attached hyphae (see Movie S4t). On several
occasions, spore formation in asymbiotic hyphae, as reported by
Dalpé et al.,** was observed (see Movie S57).

For a quantitative analysis of growth dynamics on-chip in
comparison to on-plate, hyphae of all three species were
imaged and measured as described in the Experimental
section. The results are illustrated in Fig. 3. For R.
irregularis MUCL 41833, the on-chip measurements indicated
a constant increase in spore germination. This is illustrated
by the orange-coloured bar segments, which represent freshly
germinated and short hyphae with a length of 0.1-0.4 mm,
as well as a similarly constant growth of hyphae to lengths of
0.5-1.0 mm (green) and few hyphae to lengths of 1.1-3.0 mm
(purple and yellow) and longer (>3 mm, blue). For R
irregularis MUCL 43194, a greater increase in the number of
hyphae was observed over time on-chip, reaching a plateau
after day 4, with few hyphae then growing longer. R.
intraradices MUCL 49410 showed a constant increase in the
number of hyphae over 7 days, similar to R. irregularis MUCL
43194, however with barely any hyphae growing further than
1.0 mm and only a few having lengths between 0.5-1.0 mm.

Growth on-plate generally yielded longer, fast-growing
hyphae, reaching lengths of up to 20 mm, with slightly
smaller total numbers of germination events, compared to
on-chip. The trends illustrated by the stacked column charts
within the first 7 days, which constitutes the main
experimental phase used for all subsequent studies, however,

Lab Chip

are very much comparable and similar between on-chip and
on-plate assay. Between day 7 and day 14, there was little
growth and few germination events observed on-chip for R.
irregularis MUCL 41833 (ratio of normalised count for day 14/
7 = 1.082), while on-plate showed both elongating hyphae
and new germinations (ratio of normalised count for day 14/
7 = 1.263). For R. irregularis MUCL 43194, there were barely
any further germination events observed, both on-chip and
on-plate (on-chip ratio of normalised count for day 14/7 =
1.017; on-plate ratio of normalised count for day 14/7 =
1.047), with no further hyphal growth on-chip but further
elongation on-plate. With R. intraradices MUCL 49410, there
were numerous fresh germination events observed after 7
days, for both on-chip and on-plate experiments (on-chip
ratio of normalised count for day 14/7 = 1.437; on-plate ratio
of normalised count for day 14/7 = 1.549). Few hyphae were
found to elongate further after 7 days on-plate, but not on-
chip. The spore germination rates on-chip were found to be
equally high between the three strains (no statistically
significant differences), with means of 90.9% (R. irregularis
MUCL 41833), 88.3% (R. irregularis MUCL 43194) and 92.5%
(R. intraradices MUCL 49410). Germination rates on-plate
could not be determined with this method. Due to the lack of
confinement and thus focus, ungerminated germination sites
could not be detected with certainty, highlighting the
advantage of the AMF-SporeChip.

To highlight the versatility of the device, we modified the
AMF-SporeChip to accommodate spores of Gi. margarita.
Compared to the model organism Rhizophagus sp., as well as
other AMF, Gi. margarita differs mainly in its macroscopic
spore size. Further, a different anastomosis behaviour has

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Hyphal growth assay on-chip and on-plate. Stacked column charts showing the growth behaviour of Rhizophagus irregularis MUCL 41833,
Rhizophagus irregularis MUCL 43194 and Rhizophagus intraradices MUCL 49410 in the AMF-SporeChip and on MSR(-) culture plates for
comparison. Hyphal lengths were measured using ImageJ, normalised (number of germination sites was determined, and the absolute value of
counts divided by the number of germination sites) and categorised in 5 length sections. For the hyphal growth behaviour, we counted sites where
a germination within 14 days of inoculation occurred as germination sites. 6 devices with 40-60 germination sites in total per strain were used and
10-20 germination sites were found per plate. For calculation of the germination rates, we defined any site where usually a germination occurs
from, i.e., cut ends of hyphal remnants, as a germination site, which are indicated in parentheses below the boxes. Box-plot shows germination
rates for all three AMF strains on-chip. Upper and lower whiskers represent the largest observation smaller or equal to the upper and lower
percentile plus 1.5 x interquartile range, respectively. Squares indicate the means and the line the median. Data points beyond the whisker range
(outliers) are plotted as diamonds. No significant differences between the results according to one-way ANOVA were found.
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been documented.”® By increasing the height of the
microchannel in the spore trapping region from 100 to 350
um, Gi. margarita spores were trapped successfully with
subsequent germination and asymbiotic hyphal growth
observed within the microchannels (Fig. 4). Upon
encountering dead-end channels, the leading hypha bent and
tracked the channel wall back in direction of the inlet, then
branched in three different sites, ca. 350 um, 720 pm and
1280 pm downstream from the hyphal tip. The hyphae then
arrested growth and finally retracted the cytoplasm in a
gradual manner, forming very pronounced septa (see Fig. 4
and Movie S67).

“Stop-and-go” growth strategy prior to anastomosis
formation

A highlight of the AMF-SporeChip involves the ability to observe
fusion of hyphae to form a new cellular continuum, namely
anastomosis. We witnessed both “tip-to-tip” and “tip-to-side”
connections between hyphae originating from distinct spores,
as well as from the same individuum. A representative depiction
of anastomosis events observed within the AMF-SporeChip is
shown in Fig. 5. The timelapse series presented show R.
irregularis MUCL 43194 only; however, anastomosis events were
also observed in R. irregularis MUCL 41833 and R. intraradices
MUCL 49410. In Fig. 5a and b (and Movie S6t), a tip-to-tip
anastomosis event can be observed. The hyphae approach each
other from opposing directions with occasional arrestation of
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growth and readjustment of the growth direction. Fig. 5c
quantifies the growth of both hyphae over a 21 h period. The
left hypha approached the other hypha in 4 main growth
phases. Both duration, as well as distance covered, decreased
from the beginning to the end of data recording, with a growth
rate of ca. 0.3 um min™" for the first two growth phases and 0.1
um min~" for the latter two. The growth phases were interrupted
by arrestation of growth for ca. 3 h, then ca. 4 h and before the
final growth phase <2 h. Meanwhile, the right hypha barely
grows at all, covering a total distance of ca. 12 pum in the 21 h
time period. In spite of having plenty of space to explore, and
thus avoid one other, they specifically target the other hypha,
indicating a clear signalling and searching prior to
anastomosing (Fig. 5¢ and Movie S77).

In Fig. 5d (and Movie S8%), a tip-to-tip anastomosis occurs in
this instance, however, between a germination that is in
progress and a hypha, rather than between two fully developed
hyphae. The hypha approaching from the lower portion of the
microscope image targets the end of an older hypha, which is
just germinating, and fuses with the germination site. Following
fusion, it can be clearly observed how a continuum is formed.
Between timepoint 40 h and 80 h, cellular contents (phase-
bright) are being pushed from the direction of the spore into
the attached hypha. From this material, new branches are
formed, concluding the process of unification. In Fig. 5e (and
Movie S97), a tip-to-side anastomosis can be observed. A hypha
approaches from the bottom left corner of the image and after 4
h attaches laterally to the other hypha. Almost immediately, the

Fig. 4 Gigaspora margarita growing in a microfluidic device. Shown are (a) a spore of Gi. margarita trapped in the inlet and (b) a timelapse series
of a Gi. margarita hypha growing into dead-end channels. When the hypha hits the wall, it bends, branches off in several positions and starts
retracting cytoplasm from trapped tips. White arrows show examples of very pronounced septa formed in the retraction process. (c) Magnifications
of the dead-end of the microchannel. White arrows indicate examples of septa. Image (a) was taken 2 days before the start of the timelapse series

in (b). Scale bars: (@) 500 um, (b and c) 100 um.
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Fig. 5 Anastomosis formation of Rhizophagus irregularis MUCL 43194 in microfluidic device. (a) Two hyphae approaching one other and forming
a tip-to-tip anastomosis. (b) An enlarged image of the moment just before contact and upon contact in (a). (c) Graph highlighting the growth of
both hyphae before fusing, which illustrates the “stop-and-go” growth strategy of the left hypha, with the hypha on the right-hand side barely
growing at all. (d) Another example of a tip-to-tip anastomosis event where, however, the hypha coming from the bottom of the image attaches
to an older hypha, which is just about to germinate. Further, it can be observed how they from a continuum, with cellular contents (phase-bright)
being pushed into the bottom hypha from the direction of the spore, with subsequent branching. (e) A tip-to-side anastomosis. Yellow arrows
indicate the anastomosis site, white arrows indicate the growth direction of anastomosing hyphae. Scale bars: (a), (d) and (e) 50 um; (b) 25 pm.

hyphae fuse and a cytoplasmic continuum is visible in the site
of contact.

Hyphal behaviour upon encountering physical obstacles on
the microscale

Inclusion of an array of obstacles within the investigation zone
of the AMF-SporeChip afforded new insights into AMF spore

This journal is © The Royal Society of Chemistry 2024

hyphal growth dynamics. Specifically, the following was
observed upon collision of R. irregularis MUCL 41833 hyphae
with the restricted open-box obstacle (see Fig. 6 and Movie
S107). A hypha grew into the corner of the obstacle, i.e., a dead-
end, resulting in the hypha bending slightly and arresting
growth. It then retracted the cytoplasm from the trapped tip
and subsequently formed a septum ca. 40 pm downstream from
the hyphal tip. The septa was then breached, and cytoplasm
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Fig. 6 Hyphal collision event in the AMF-SporeChip. Here, a time-series of images illustrates the dynamic behaviour of a Rhizophagus irregularis
MUCL 41833 hypha upon interaction with an obstacle in the microfluidic device. Timepoint 0 h was defined as the point of spore germination. The
hypha grows into the obstacle and becomes trapped, after which a series of dynamic, reversible cytoplasmic retraction and branching events
occur in several positions at varying time points. Yellow arrows indicate the “reversible” cytoplasmic retraction, white arrows indicate “empty”

hyphae following cytoplasmic retraction. Scale bars: 100 pm.

pumped back into the trapped hyphal tip followed by a new
branch emerging shortly behind the tip. This new branch then
grew towards the opposite corner of the obstacle and proceeded
to track the edge of the obstacle for a few hours, with its tip
now pointed towards the spore it originated from. It then
stopped growing and retracted its cytoplasm with at least 2
visible septa formed downstream. A new hyphal branch
emerged from a position outside the obstacle, followed by a
second branch growing from the same branching point but into
the opposite direction a few hours later. Eventually the fungus
stopped growing to the left-hand side (with respect to initial
growth direction) soon after and retracted further cytoplasm
from this and the original, trapped branch and continued
growing towards the righthand side (with respect to initial
growth direction), forming a bifurcation around hour 57 after
the start of the experiment.

Lab Chip

Interestingly, we observed several instances of reversible
cytoplasmic retraction in both R. irregularis strains, not only
with obstacles but also in open space. The number of septa
formed upon retraction and septa breached upon reversal of
the retraction varied (see Fig. 7a and Movie S117), with up to
8 septa formed in a single retraction process and between 1
and 2 septa breached in the reversal phase. When the
number of septa formed was higher than the number of
septa breached, the retraction was not reversed all the way
back to the hyphal tip and was hence incomplete. The
retraction process varies not only in the number of septa
formed/breached but also in the temporal dynamics (see
Fig. 7b and c). Single retraction steps, i.e., distance between
tip and first septum or between septa, were found to be as
fast as 30 min, however, can take up to 10 h. Similarly, some
hyphae were observed to pause for up to 12 h between

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Reversible cytoplasmic retraction in the AMF-SporeChip. (a) Column chart illustrating the number of septa formed and breached in the process of
complete, as well as incomplete, reversible cytoplasmic retraction (R) upon interaction with obstacles (two instances, marked with asterisks; R5 and R6)
as well as in open space (seven instances; R1-4 and R7-9). (b) Line graph showing temporal dynamics of the reversible retraction, highlighting timings for
cytoplasmic retraction, pausing and reversal for the retraction events detailed in (a); for retraction R2 and R9, no sufficient temporally resolved data could
be extracted. (c) Box-plots showing rates extracted from (b) for cytoplasmic retraction and reversal of the retraction as well as duration of pauses
between retraction and reversal. Upper and lower whiskers represent the largest observation smaller or equal to the upper and lower percentile plus 1.5 x
interquartile range, respectively. Squares indicate the means and the line the median. Data points beyond the whisker range (outliers) are plotted as
diamonds. No significant difference between the rate of retraction and reversal according to one-way ANOVA was found, indicated as NS. The values in
parentheses indicate the number of sample-points, i.e., the number of events analysed. (d) Kymograph analysis of retraction R6 and R7 and (e) kymograph
analysis of retraction R1. Blue arrows indicate septa. All retraction events were found with Rhizophagus irregularis MUCL 41833, except R3 and R9, which
were found with Rhizophagus irregularis MUCL 43194.

retraction and reversal, while some reverse the process within ~ (mean = 0.2 = 0.1 um min') were not found to be

minutes. The reversal was slightly less variable, with timings
between 1 and 3 h. Retraction and reversal rates were
calculated using the distance between two septa or tip and
first septum, which was on average 26.3 + 11.8 pm. The
retraction (mean = 0.4 + 0.3 um min"') and reversal rates

This journal is © The Royal Society of Chemistry 2024

significantly different, however, a stronger variation in the
rate of retraction can be observed. The kymographs in
Fig. 7d and e visualise the entire retraction process in further
detail for retractions R1, R6 and R7. It shows a strong
asymmetry between retraction and reversal rate with a much
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faster retraction and a slower reversal in R6, contrasted by a
very slow retraction and relatively fast reversal for R7. In the
kymograph for R1, it can be observed how the first retraction
steps occur within a very short time frame, despite covering
relatively long distances, while the last steps of the retraction
with only little distance to cover take much longer (which is
the case for the reversal in the last septum).

Besides this novel observation, further observations were
made, described before in studies with other fungi, such as
“hit-and-split” (see Movie S127), tracking (e.g., in Fig. 6 and
Movie S101) as well as numerous instances of irreversible
cytoplasmic retraction in both obstacle and open space (e.g.,
in Fig. 6 and Movie S117). Growth arrest in hyphae was often
found to coincide with cytoplasmic retraction within a few
hours. However, in a few cases we found hyphae to freeze for
long periods of time (tens of hours) before finally retracting
their cytoplasm (see Movie S1371) or hitting an obstacle or a
wall but continuing to grow and thus bending and gradually
pushing itself away from the obstacle as if not recognising it
(see Movie S147).

To further highlight certain sub-cellular structures and
characterise the nature of the hyphae observed in the
cytoplasmic retraction, we employed two different fluorescent
dyes, namely calcofluor white (CFW) and FM4-64 for end
point staining. In Fig. 8a, all hyphae are visible in the phase
contrast microscopy image, regardless of their developmental
stage, however with differences observable, ie., “normal”
phase-bright hyphae and “empty” phase-dark hyphae, the
latter of which is akin to what is observed after cytoplasmic
retraction. Staining with the chitin specific dye, calcofluor
white, reveals all hyphae observed in the phase contrast
image (Fig. 8b). In Fig. 8c only some hyphae are visible; here,
the dye FM4-64 is employed, which stains lipid bilayers, i.e.,
membranes and organelles. Thus, only viable hyphae that
contain all cellular contents remain detectable. Cytoplasmic
retraction is followed by sequential formation of septa, which
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separate the cytoplasm-filled portion of a hypha from the
empty portion. These septa are visible in phase-dark hyphae
in the phase contrast image and are particularly pronounced
in the CFW staining.

Discussion

The AMF-SporeChip provides high-resolution dynamic
imaging of AMF in defined environments

Here, we present the first microfluidic device of its kind,
namely the AMF-SporeChip, designed to accommodate AMF
spores for studying germination and the dynamic behaviour
of asymbiotic hyphal growth at the cellular level. The device
was specifically designed to trap spores of Rhizophagus and
later adapted for Gi. margarita. The trapping relied on two
main aspects, the first being simply a difference in channel
height, which kept about 50% of Rhizophagus spores out of
the investigation zone, while allowing the much smaller
hyphae to grow in. Secondly, the high flexibility of PDMS
allowed ca. 40% of the Rhizophagus spore population to be
trapped in the first half of the secondary trapping region.
This trait of PDMS is actively utilised for cell trapping in
microfluidics, mainly with yeast cells,**™*® but has also been
used to measure force exerted by fungallike Oomycete
hyphal tips.*” Here, the two trapping mechanisms facilitate a
reliable introduction of spores into and even distribution
within the devices. The application of microfluidic
technologies for the study of yeast has received plenty of
attention in the last two decades,> yet for other types of
fungi, this technique is still very new. Indeed, its utility has
been demonstrated only in a handful of studies,***®*° which
focussed mainly on examining the space-searching behaviour
of filamentous fungi or interactions between fungi and other
microorganisms,****> but has never before considered AMF
spore germination or asymbiotic hyphal growth.

Fig. 8 Differential staining of vital and empty hyphae. The images displayed refer to the same region of interest within the AMF-SporeChip and
represent: (a) phase contrast, (b) DAPI and (c) TRITC channels. The fluorescent dyes used in this study include calcofluor white (CFW), which stains
chitin in the cell walls and FM4-64, staining lipid bilayers. White arrows indicate two exemplary hyphae which were emptied, with pronounced
septa as artefacts of gradual retraction of cytoplasm. The images were edited using ImageJ/Fiji. The lookup tables “cyan” (b) and “spectrum” (c)
were applied to improve the visibility of fluorescence intensity. Scale bar: 100 um, 50 um in zoomed-in images.
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Importantly, our devices featured obstacles within the
investigation zone to mimic (micro) structures (i.e., soil
microaggregates) in their natural habitat by blocking their
growth path and provoking physical collisions. The various
designs provided hyphae with differing opportunities to
interact with or escape from an obstacle; the “restricted
open-box” or the “dead-end lane” designs forced hyphae to
arrest growth or change direction entirely, for instance. For
AMF asymbiotic hyphae, this behaviour has never been
studied before. Investigating how the fungal mycelium adapts
to the physical conditions in soil is important for
understanding a fungus' lifestyle and eventually utilising this
knowledge for potential applications in agriculture and
horticulture/restoration as well as for the preservation of
natural ecosystems.

Microfluidics-assisted imaging yields detailed visuals of
spore germination in real-time

Germination of AMF spores has been described in the
literature,” however, high-resolution visual material is
scarcely available. To demonstrate the strength of the
microfluidic approach and as proof-of-concept, we captured
high resolution timelapse videos of spores of the three
Rhizophagus strains studied, as well as with Gi. margarita.

Interestingly, distinct germination and branching patterns
were observed between R. irregularis MUCL 41833 and MUCL
43194 (despite being two strains of the same species, and
besides differences in shape and size), which suggest
different exploration strategies. While R. irregularis MUCL
41833 germinated with 1-4 rather straight hyphae from the
germination site, R. irregularis MUCL 43194 germinated with
between 3-8 curly hyphae, which readily branched again
shortly after the germination. Measuring hyphal elongation
every 24 h for a week further revealed that R. irregularis
MUCL 41833 has a growth pattern which is relatively
balanced between new germination and hyphal elongation,
whereas R. irregularis MUCL 43194 tended to germinate a lot
more over the first 3 days and then resulted in elongation of
some of these hyphae, corroborating the visually observed
growth behaviour in both strains. It appears this strain first
establishes a base around the spore and then starts exploring
with single runner hyphae, while R. irregularis MUCL 41833
does not hesitate and starts exploring straight away with
runner hyphae shooting randomly from the spore. The
physiological stage (i.e., spore age) was not taken into
consideration. For both strains, hyphal elongation proceeded
after day 7 but rarely were any new germinations observed. R.
intraradices MUCL 49410 behaves in a similar manner to R.
irregularis MUCL 43194, with typically 3-6 curly and branched
hyphae emerging from one germination site, which, however,
barely ever extended beyond 1 mm. Fresh germination events
on the other hand continued to occur numerously even
beyond day 7 until the end of the experiment.

For all three strains studied, the on-plate results followed
closely the findings from the on-chip experiments, with the
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exception of increased hyphal elongation on-plate. This
difference in growth is a pre-described observation, which
occurs in microfluidic devices and could be explained by two
observations: (i) the microchannels are saturated with culture
medium, ie., the fungi are submersed in liquid, while on-plate
they grow in an environment that has a solid phytagel base,
with a liquid film on top as well as direct contact with air; (ii)
the hyphae are physically confined inside microchannels, which
has been suspected to influence hyphal growth.” Filamentous
fungi are known to possess mechanosensory properties™
allowing them to sense the confinement and adapt their growth
accordingly. This sensing happens both on a mechanical level,
upon direct contact with the wall or the obstacle, as well as
chemical level, where the fungus recognises the surface
functionalisation.”® Overall, we can conclude from our results,
however, that the germination and growth behaviour in the
Rhizophagus strains is very much comparable between on-chip
and on-plate and hence our microdevices are suitable to study
these fungi. Further, the devices were modified to accommodate
the much bigger spores of Gi margarita and
demonstrated that they, too, can germinate in the microdevice,
illustrating the flexibility of our platform.

it was

Anastomosis formation involves directed growth with
readjustments in a “stop-and-go” manner

Another phenomenon implicating hyphal space searching
strategies is anastomosis formation. Filamentous fungi are
able to connect their hyphae with another individuum of the
same strain or in a “self-self” manner (i.e., hyphae from the
same individuum).>>*® Even interspecies anastomoses have
been reported.”” Fungi anastomose to interconnect and
expand their mycelial network for exploring and foraging, to
exchange nutrients®® and genetic material,>® to heal damages
in the hyphal network' or even to form traps to capture
nematodes.®® Here, anastomoses were observed between
different individuals of the same strain as well as self-self,
and formed in a tip-to-tip or tip-to-side manner. Our high-
resolution imaging approach, which affords a relatively large
confined observation area, provided real-time videos of the
entire anastomosis process in asymbiotic hyphae. This
allowed us to image hyphal approach from a wide angle
through to complete fusion, extending experimental
opportunities detailed by de la Providencia et al.'®> and Voets
et al.® for intraradical hyphae. As such, the AMF-SporeChip
revealed how two hyphae hesitantly approached one other
from opposing directions in a stop-and-go manner,
occasionally halting to readjust growth direction. It is clear
that these hyphae actively target each other since there is
plenty of space for avoidance, which suggests an underlying
signalling and decision-making that leads to tropism for one
other. This was further corroborated by the occasional
observation of hyphal contact that did not lead to successful
anastomosis, indicated by cytoplasmic retraction and
septation as earlier described by Giovannetti et al®® In
certain filamentous fungi, it has been reported that there are
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even specialised hyphae for fusion.®*®* Large scale follow-up
studies are now needed to explore this further.

Dynamic hyphal reactions involving reversible cytoplasmic
retraction in obstacle-containing environments

The obstacles featured in our devices were designed to trigger
collision events, which we hypothesised would provoke a
response in AMF asymbiotic hyphae akin to that described for
AMF extraradical hyphae® as well as for other filamentous
fungi.>**>°® Expected phenotypes involved apical and lateral
branching, tracking or nestling, as well as hit-and-split events.®”
Several instances of lateral branching were observed, occasional
tracking of obstacle shapes, as well as one case of hit-and-split,
though no true apical branching was found. Both irreversible
and reversible cytoplasmic retraction were found with obstacles
as well as in open space. Furthermore, collisions with obstacles
did not always result in cytoplasmic retraction, at least not
immediately, and instead hyphal growth ensued and resulted in
hyphae gradually pushing themselves away from an obstacle as
if they did not recognise, or tried to force their way through, the
obstacle. Occasionally, hyphae froze mid-growth and remain
unchanged for days without cytoplasmic retraction, highlighting
a high overall versatility and breadth of their growth
mechanisms.

As a new finding in this study, we identified a reversible
cytoplasmic retraction, which involved withdrawal of cytoplasm,
septa formation, breaching of septa and reintroduction of
cytoplasm into previously emptied hyphae. Generally, it was
observed that hyphae try to grow around an obstacle upon
encountering it, tracking its edge to “escape” the obstacle. If the
obstacle proves to be impassable, such as in dead-end corners,
the fungus responds by branching off into another direction. As
AMF are obligate symbionts (i.e., do not possess saprotrophic
capabilities) and their sole focus is to find a suitable host as fast
as possible,’® hyphae and spores have to be highly economical
with their resources in the explorative asymbiotic state.
Therefore, when the original growth path is blocked or appears
unfavourable, they retract cytoplasm containing all cellular
contents from the hyphal tip in order to redistribute it to
another branch of the hyphal network; this retraction is a
common observation in filamentous fungi in general,®® as well
as in AMF,”%”" usually as a defence mechanism to keep the
mycelial network from global compromisation.”” The novelty
of our finding, however, is that this process can be reversible in
R. irregularis MUCL 41833 and MUCL 43194. The septa, which
are formed to segregate empty compartments within a hypha
from those that are filled, can be breached and cellular contents
reintroduced into the emptied segments. Opening and closing
of septa in septate fungi is a well-studied and common process.
In Ascomycetes, for example, a so-called Woronin body
functions as a plug for septa pores allowing for a controlled,
selective permeability through these septa.”? In non-septate
fungi like AMF, where septation is of a primarily defensive
nature, septal opening and closing has not been thoroughly
described to date. Lee’* proposed the removal of septa to
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control the expansion of cytoplasmic contents into new hyphal
area in Rhizophagus. It can be assumed that septa are broken
down entirely, as well as being newly formed, when
compartmentalisation is needed. The observed reversible
cytoplasmic retraction with septation, together with branching,
makes hyphal exploration a highly dynamic process.

The repopulation of emptied hyphae might be an attempt to
re-explore avenues to adapt to a changing environment, again
with minimised resource requirements. Which signal or
stimulus induces the retraction/repopulation here is unknown.
Interestingly, we found that the number of formed septa was
not always matched with the same number of septa breached,
i.e., the reversal of the retraction did not always occur all the
way back to the hyphal tip, meaning the retraction can be
reversed completely (i.e., number of septa formed = number of
septa breached) or incompletely (i.e., number of septa formed >
number of septa breached). The temporal dynamics of the
retraction process were found to be most variable, with timings
for retraction, reversal and pauses between retraction and
reversal events fluctuating within a range of hours. No
significant difference could be found for the retraction and
reversal rates, which, however, does not mean retraction and
reversal rates within a particular retraction event are always
symmetrical. Furthermore, there was found to be less variation
in reversal rates cf retraction rates. To consolidate these
observations and also to explore the influence of obstacles on
the frequency, rates as well as symmetry of the retraction
process, future focussed studies need to be conducted to obtain
a higher sample size by, for example, implementing higher
obstacle or spore densities in the devices as well as attempting
to increase microscopy throughput for parallelised timelapse
imaging. New preliminary insights into the dynamic behaviour
of AMF at the cellular level, including identification of a
reversible cytoplasmic retraction, were made possible using our
high-resolution, real-time microfluidic approach.

To further characterise the reversible retraction of
cytoplasm observed during hyphal space searching, we
introduced the fluorescent dyes FM4-64">77 and
calcofluor white”®®° into the AMF-SporeChip to stain hyphae.
Both dyes stained the fungal hyphae successfully and
confirmed the identity of emptied hyphae. As expected, the
chitin-specific calcofluor white stained every hypha, while the
lipid bilayer-specific FM4-64 only stained certain hyphae,
which usually appeared phase-dark under phase contrast,
corroborating the finding that hyphae were emptied of their
cytoplasmic content. In these empty hyphal “shells”, only a
very faint signal at 544 nm was visible; however, due to a
slight autofluorescence of the studied strains it cannot be
known with certainty whether the cell membrane remains
behind after retraction of the cytoplasm, or rather is removed
completely or decays shortly after the event. Implementation
of fluorescent dyes such as these, especially FM4-64, for live-
cell imaging of AMF hyphae in combination with our
microdevices will help to characterise the dynamic retraction
process in further detail, as well as aid examination of AMF
hyphae for a potential Spitzenkorper.

This journal is © The Royal Society of Chemistry 2024
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Conclusions

We have presented the first microfluidic device for studying
AMF germination, asymbiotic hyphal development,
anastomosis formation and space searching at the cellular
level, which has provided new insights into AMF hyphal
growth dynamics and revealed an intricate mechanism of
space searching involving reversible cytoplasmic retraction,
branching and directional changes. In the future, it is
envisaged that the AMF-SporeChip could be modified easily to
investigate several new frontiers in AMF research. One
example includes modifying the design to accommodate two
different strains of AMF simultaneously for the study of
anastomosis phenotypes in a systematic manner. Further,
our device could equally be used as a suitable platform to
gain a deeper understanding of septa, as well as whether
asymbiotic AMF hyphae possess a Spitzenkorper. To study
metabolites involved in signalling, microfluidics could offer
the opportunity to collect the fluidic volume for downstream
metabolomics analyses, following visual examinations of
these events. Our design is not only limited to AMF, as other
fungal spores can be introduced into the AMF-SporeChip in a
Moreover, gradients of chemicals or
nutrients can be implemented for studying foraging and

similar manner.

signalling in soil exploration. The further development of our
device could be also utilised for experiments on AMF
interactions with bacteria, e.g,, phosphate solubilising
bacteria, which have been reported to be important for
phosphate uptake in AMF,*' suggesting a tripartite symbiosis
between plant, fungus and bacteria. To study the AMF
symbiosis with their host roots in more detail, a device built
from a combination of the AMF-SporeChip and the RootChip®
could be of assistance.
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