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ABSTRACT

Despite occupying physically and chemically heterogeneous natural environments, the
growth dynamics of filamentous fungi is typically studied on the surface of homogeneous
laboratory media. Fungal exploration and exploitation of complex natural environments
requires optimal survival and growth strategies at the colony, hyphal, and intra hyphallevel,
with hyphal space-searching strategies playing a central role. We describe a new methodol-
ogy for the characterisation and analysis of hyphal space-searching strategies, which uses
purposefully designed three-dimensional microfluidics structures mimicking some of the
characteristics of natural environments of the fungi. We also demonstrate this new method-
ology by running a comparative examination of two Neurospora crassa strains, i.e., the wild
type of N. crassa — a commonly used model organism for the study of filamentous fungi —
and the N. crassa ro-1 mutant strain — which is deficient in hyphal and mycelial growth. Con-
tinuous live imaging showed that both strains responded actively to the geometrically
confined microstructured environments without any detectable temporal delay or spatial
adjustment. While both strains navigated the test structures exhibiting similar geometry-
induced space-searching mechanisms, they presented fundamentally different growth pat-
terns that could not be observed on geometrically unconfined, flat agar surfaces.

© 2011 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction

fungi have developed efficient strategies to optimise their
growth. While at the macro-, colony-scale, filamentous fungi

Filamentous fungi form a group of microorganisms that have
a significant ecological and economical impact as decom-
posers of biomass and as pathogens of plants, animals, and
humans (Evans & Hedger 2001). The habitats colonised by
fungi comprise a wide range of microstructured environments
that are also chemically and physically heterogeneous. The
exploration and exploitation of these environments requires
the fungus to respond efficiently to stimuli that are spatially
distributed at the macro and microscale, as well as variable
in time. In order to conduct these phenotypic responses,
both at the colony and individual hypha level, filamentous
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can relocate large fractions of mycelial matter (Fricker et al.
2008), at the level of individual hyphae, fungal growth dynam-
ics is driven by a variety of sensing mechanisms manifested at
the extending apex (Kumamoto 2008). This specific location
provides a means to gain dynamic information about the
physical (e.g., available space, distribution of light) and chem-
ical (e.g., distribution of nutrients, toxins) properties of the en-
vironment. Despite this microscale dependent behaviour,
fungal growth has been studied primarily in and on homoge-
neous media (Fricker et al. 2008; Kasuga & Glass 2008; Gougouli
& Koutsoumanis 2010) that bear little or no resemblance to
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their natural habitats. The experimental and computational
studies that were conducted on heterogeneous media by
Boddy et al. investigated the mycelial foraging and relocation
of biomass upon a temporal change in the environment
(Boddy 1999; Boswell et al. 2007; Fricker et al. 2008; Boddy
et al. 2009). These studies observed and simulated the large-
scale spatial and temporal development of the whole myce-
lium on a centimetre scale but not the individual hyphae or
their apical compartments in particular.

Taking advantage of the well-established fabrication
methods of semiconductor technology (Duffy et al. 1998;
Menz et al. 2001), artificial structures in the micrometre range
resembling the spatial properties of the habitat of filamentous
fungi can be routinely fabricated. For instance, pores with di-
ameters in the low micrometre range, filled with a nutrient
medium, resemble the body of plant cells within the cell walls;
complex and/or periodic channel networks mimic the apo-
plast in between the primary cell walls of plants whereas
thin membranes mimic a resistance that needs to be over-
come by appressoria (Bechinger et al. 1999; Apoga et al. 2004).
Aside of the geometrical resemblance to the natural microen-
vironment, the microstructures probing the fungal behaviour
should be fabricated from a material that also has a reasonable
level of similarity with respect to its mechanical and physio-
chemical characteristics. Fortunately, one of the most popular
materials used for the mass fabrication of artificial microcon-
fined structures, the silicon-based polymer Poly(DiMethylSi-
loxane) (PDMS), provides this opportunity. Compared with
conventional microfabrication materials, such as silicon and
glass, which are expensive to process and only present a lim-
ited biocompatibility, microfluidic devices made of polymers
in general, and PDMS in particular, are cheaper, their fabrica-
tion is simpler and does not require clean room facilities.
PDMS fabrication via soft lithography commonly involves
rapid replica moulding from a negative relief master made
of silicon (Duffy et al. 1998; McDonald et al. 2000), or a hard neg-
ative tone photoresist like SU-8 (Ghantasala et al. 1999;
Ghantasala et al. 2001) or Hydrogen SilsesQuioxane (HSQ)
(van Delft et al. 2010). Additionally, cured PDMS has the advan-
tage of being transparent down to 280 nm, thus allowing a va-
riety of detection methods at a wide range of wavelengths
(Lotters et al. 1997; Duffy et al. 1998; McDonald et al. 2000;
Merkel et al. 2000; Lee et al. 2003; Sia & Whitesides 2003). The
cured polymer is biologically and chemically inert, non-toxic
and oxygen and carbon dioxide permeable. Furthermore, it
seals readily and reversibly with other silicon-based materials
and its surface chemistry can be modified easily. Due to its
biocompatibility, PDMS has been used extensively in biologi-
cal research projects. These include sensor (Park & Shuler
2003) and tissue engineering (Folch & Toner 1998; Desai
2000; Jiang et al. 2005), manipulation of cell shape (Singhvi
et al. 1994a, 1994b; Chen et al. 1998; Kane et al. 1999; Leclerc
et al. 2003), function and migration (Jiang et al. 2005; Hanson
et al. 2006), examination of individual cell and population-
level bacterial behaviour (Binz et al. 2010; Park et al. 200343,
2003b), diagnostic cell arrays (Ziauddin & Sabatini 2001;
Griscom et al. 2002), and biocomputation (Hanson et al. 2006).

The growth of filamentous fungiis uniquely characterised by
the formation of radially expanding, circular colonies. The
mechanisms underlying this growth pattern are the highly

polarised hyphal extension at the apex (Molin et al. 1992;
Riquelme et al. 1998; Momany 2002; Harris & Momany 2004), pe-
riodic hyphal branching (Katz et al. 1972; Watters et al. 2000a,
2000b; Riquelme & Bartnicki-Garcia 2004), and negative auto-
tropism (Trinci 1974; Robinson & Bolton 1984). Despite increas-
ing efforts to identify the specific biological mechanisms and
organelles responsible for the polarisation of hyphal growth
and the regular branching pattern, these mechanisms still re-
quire considerable examination. The efforts to investigate the
biological fundamentals of hyphal growth include light micros-
copy (Brunswick 1924; Girbardt 1969; Freitag et al. 2004; Fricker
et al. 2008; Uchida et al. 2008), electron microscopy (Girbardt
1969; Grove & Bracker 1970; Riquelme et al. 2002), chemical
(Riquelme et al. 1998), genetic (Emerson 1963; Riquelme et al.
2002; Seiler & Plamann 2003; Verdin et al. 2009), and theoretical
(Bartnicki-Garcia et al. 1989; Riquelme et al. 1998; Klumpp &
Lipowsky 2003; Darrah et al. 2006; Hanson et al. 2006; Nicolau
et al. 2006; Sugden et al. 2007) approaches.

To this end, we propose a new experimental methodology
based on the observation of fungal growth in artificial structures
mimicking some of the characteristics of their natural environ-
ment. Several groups have investigated the influence of micro-
scale topographies on fungal growth and found that
filamentous fungi exhibit thigmotropism, i.e., direct hyphal
growth in response to contact stimuli (Hoch et al. 1987; Brand
et al. 2008; Held et al. 2009c). We have previously shown that
growth of fillamentous fungi in microfluidic channel networks
triggers a significantly altered behaviour compared with that
in open flatenvironments, leading to a considerable morpholog-
ical alteration (Hanson et al. 2006; Held et al. 2008; Held et al.
2009a, 2009b; Held et al. 2010). These studies suggest that pur-
posefully designed microfluidic structures can provide a new
methodology to study the biological fundamentals promoting
fungal growth in general and apical extension in particular.
The present study compares the growth dynamics of the Neuros-
pora crassa wild type and a N. crassa ro-1 mutant (lacking the
heavy chain of dynein) on agar and within microfluidic test
structures. Neurospora crassa was chosen for this study because
it has been the subject of extensive research over several de-
cades (Ryan et al. 1943; Trinci & Collinge 1973; Vaughn & Davis
1981; Riquelme et al. 1998; Watters et al. 2000a; Momany et al.
2002; Silverman-Gavrila & Lew 2003; Riquelme & Bartnicki-
Garcia 2004; Wrightetal. 2007; Kasuga & Glass 2008) and a variety
of mutants is readily available (Beadle & Tatum 1945; Emerson
1963; Riquelme et al. 2002; Seiler & Plamann 2003). The N. crassa
wild type exhibits the characteristic growth patterns of filamen-
tous fungi. The ro-1 mutant is viable and able to develop large
colony radii. It exhibits a fundamentally different growth pat-
tern characterised by the lack of maintenance of growth in fixed
directions and significantly increased branching. Therefore,
this mutant strain provided a significant counterpoint to the be-
haviour of the wild type.

Materials and methods
Growth and maintenance of cultures

The Neurospora crassa wild type strain used in this study was
obtained from the culture collection of the School of Biological
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Sciences (University of Liverpool, Liverpool, UK). The N. crassa
ro-1 mutant strain (FGSC #110) was obtained from the Fungal
Genetics Stock Center (School of Biological Sciences, Univer-
sity of Missouri, Kansas City, MO, USA). The ro-1 mutant strain
exhibits a highly irregular hyphal morphology resulting in hy-
phae that are curled, have reduced apical extension rates and
altered Spitzenkorper organisation and behaviour (Garnjobst
& Tatum 1967). Both strains were maintained on 1 % malt ex-
tract agar (Merck) at 4 °C. Prior to each experiment, the fungal
strains were sub-cultured onto malt extract agar plates and
incubated at room temperature for 24 h.

Microfabrication

The microfluidic networks, designed to allow only two hyphae
per channel, were fabricated using the transparent, biocom-
patible polymer PDMS (Sylgard 184, Dow Corning) following
the flow chart represented in Fig 1A. A positive relief silicon
master (provided by Prof. Lee, University of California, Irvine,
CA, USA) was fabricated using standard photolithography
techniques and subsequent deep reactive ion etching
(Hanson et al. 2006). HexaMethylDiSilazane (HMDS) was evap-
orated on this positive relief master to render its surface hy-
drophobic, then the negative relief PDMS stamp was
fabricated by casting a mixture of degassed PDMS pre-poly-
mer and its curing agent (10:1 by weight) according to well-
established protocols (Sia & Whitesides 2003). The PDMS was
cured at 65 °C for at least 8 h to ensure full cross-linking of
the polymer. After removal from the silicon master both the
PDMS surface and the surface of a flat glass base layer

(microscope slide) were rendered hydrophilic by deep UV/
ozone exposure using a UVO cleaner. The exposure caused
the formation of silanol groups on both surfaces. Bringing
these surfaces into contact resulted in the formation of cova-
lent bonds under water condensation so that the microfluidic
structures were sealed irreversibly to the microscope slide.
We used three different types of microfluidic structures, all
with a channel depth of 10 um. The largest channels had a con-
stant width of 1000 pm and the medium channels had a con-
stant width of 100 pm. The smallest and most complex
microfluidic test structures (Fig 1B and C) had a total edge
length of 100 um. The channel and feature sizes within the
networks had dimensions similar to the hyphal diameter (av-
erage: 7 um). The ‘small maze’ structure consisted of a variety
of features with sizes ranging from 5 pm to 25 um, comprising
diverse, complex, and non-periodic shapes. In contrast, the
diamond structure consisted of a square pattern of 16
10 um x 10 um wide pillars positioned at regular intervals.
The entrance and exit were positioned at two opposite cor-
ners, which resulted in two different kinds of solution paths,
including a periodic path through the pillars and a rather
straight path around the pillar pattern.

Experimental setup

The microfluidic networks were designed to present lateral
openings for the introduction of growth medium and fungal
hyphae into the enclosed areas. The microstructures were
filled with sterile distilled water by immersion of the structure
and subsequent evacuation of the setup in a desiccator.

Silicon wafer

I-

Photoresist
deposition

HMDS coating,
PDMS casting

‘-

Exposure

‘-

Development Seal with a base
layer and fill with
A growth medium

Fig 1 — (A) Flow chart of the fabrication process of microstructured Si wafers and subsequent PDMS moulds. (B) A three-
dimensional representation of the ‘small maze’ structure and (C) A three-dimensional representation of the ‘diamond’

structure used.
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Fungal inoculation was achieved by placing an agar plug from
the peripheral growth zone of a colony next to the lateral
opening of the PDMS structure. This assembly was then
enclosed in a Petri dish to retain the moisture but also to allow
the exchange of oxygen and carbon dioxide.

Imaging and data analysis

Live cell imaging of hyphal growth on agar and inside the
microfluidic structures was performed on a Brunel inverted
microscope (SPI-98) equipped with a digital camera (Moticam
2300 3 MP) and with an inverted Zeiss Axio Observer Z1 equip-
ped with a photomultiplier. The images were typically
recorded as time series at regular intervals (usually one frame
per 15—305s). For frame-by-frame tracking and calculation of
the hyphal kinetics, RETRAC 2.10.0.5 (shareware by Nick
Carter) was employed and Statistica 7.1 (Statsoft Inc., OK,
USA) was used for statistical analysis. The statistical analysis
of the images comprised the measuring of the apical exten-
sion velocity, branching angle (angle between the parent and
the daughter hypha at the branching point), and the branch-
ing distance (distance between two subsequent branching
points along a parent hypha). The measurement of these pa-
rameters was performed on growing hyphae in the colony
margin, excluding leading hyphae. The statistical analysis in-
cluded the mean and standard deviation values of these
parameters.

Biomass distributions were determined as the occupancy
of the channels by Neurospora crassa hyphae averaged over
a number of different experiments i. In order to systematise
this parameter, the 100 um x 100 um structures (edge length)
were divided into a raster of ‘pixels’ width dimensions of
5 pm x 5 pm (with n the total number of pixels that represent
channels, i.e., that can be occupied by fungal hyphae). For
each structure and strain we counted how often a pixel had
been occupied, summed up over the total number of experi-
ments ( p;). These counts were then normalised with the max-
imum count ( Pmax) in each respective microfluidic structure
and the total counts per pixel were replaced with a scale factor
(sf;) determined as sf; = pi/pmax that ranges from 0 to 1. The
scale factor can be used as a measure of the average occu-
pancy of the fungal strains in the microfluidic structures. In
order to do that, the average scale factor sf of each structure
was calculated as sf = 31", sfi/n.

Results and discussion
Growth dynamics on agar plates

The growth dynamics of both Neurospora crassa strains grown
on malt extract agar plates differed significantly from each
other. The two strains also exhibited a considerable modifica-
tion in the morphology of the individual hyphae and the colo-
nies as a whole. Generally, the N. crassa wild type exhibited
the typical growth observed in most filamentous fungi,
whereas the ro-1 mutant exhibited curled hyphae and a higher
hyphal density within the colony (Fig 2A and B).

Measurable growth parameters

The growth dynamics of the Neurospora crassa wild type was
characterised by the typical apical extension of filamentous
fungi with an average apical extension velocity of 12.5 pm min—*
(Table 1). This apical extension velocity was measured for grow-
ing hyphae that were not leading hyphae. The probability of
aleading hypha entering the microfluidic channels was negligi-
ble and therefore their contribution to the average growth pa-
rameters on agar was excluded from the statistical analysis.
The general apical extension velocity averaged overall cell types
combined with a fixed growth direction of individual hyphae
resulted in a colony extension of 4—5 cm over 24 hours. Branch-
ing was exclusively lateral and occurred regularly at an average
interval of 219 ym and with a mean branching angle of 45° be-
tween the parent and the daughter hyphae (Fig 2C). These
growth parameters of the wild type, which lie within the ranges
given in the literature, resulted in an efficient exploration (ho-
mogeneous distribution of hyphae) and therefore exploitation
of the homogeneous agar surface. While the apical extension
velocity of the ro-1 mutant was only slightly lower
(8.1 pm min~") compared with that of the wild type strain, the
curled hyphal morphology resulted in a considerably reduced
colony extension. This divergence in behaviour also manifested
in the branching angle that was approximately double than that
of the wild type (94.4°) — combined with a partially dichoto-
mously branching pattern — and a branching distance that
was reduced by a factor of 6.5 to 34.3 um. Of these three param-
eters, the mutation of the ro-1 strain appeared to mainly affect
the branching distance. Overall, the combination of these
parameters resulted in a moderate rate of colony extension of

normalised frequency (%)

li.c.ll Ll

0 20 40 60 80 100120 140 160

branching angle (%)
mwildtype Bro-1

9]

Fig 2 — Overview of the fungal growth patterns observed on the surface of malt extract agar. Images A and B show light
microscopy images growth of the Neurospora crassa wild type (A) and ro-1 mutant (B) respectively. The wild type exhibits the
typical fungal growth with polarised extension and periodic branching whereas the ro-1 mutant exhibits curled hyphae.
Image (C) represents the distributions of the branching angles measured for N. crassa wild type and ro-1 on the agar surface.



Probing N. crassa with microfluidics 497

Table 1 — Overview of the growth parameters of the N. crassa wild type and ro-1 mutant strain on agar and within two
microfluidics test structures. The exit versus entrance rate is the ratio of the number of hyphae exiting the structures versus

the total number of hyphae that entered the structure initially. For the diamond structure the values are larger than one
because of the branching of hyphae inside the structure, which enabled several hyphae to find the exit from the same
structure. The brackets enclose the numbers of data points for every parameter.

Parameter N. crassa wild type N. crassa ro-1
Agar Diamond Small maze Agar Diamond Small maze
Branching angle (°) 45.0 +16.0 (125) 912454 (63) 933+15.4(84) 9444194 (329)  88.8+12.9(45)  89.4+9.0 (53)

Branching distance (um)
Apical extension velocity
(nm/min)

Exit versus entrance rate =
Average scale factor =

219.1+ 126.4 (107)
12.5 +10.2 (1884)

43.1+40.1 (67)
1.8+ 0.9 (2350)

23.5+15.0 (77)
0.8+0.5 (2215)

34.3426.2 (221)
8.1+3.8 (2751)

50.8 & 38.4 (46)
2.1+1.2 (1185)

17.7 +£9.0 (51)
1.2+0.7 (2308)

1.23 (185)
0.32 (65)

0.90 (80) =
0.42 (169) =

1.35 (20)
0.36 (65)

0.73 (11)
0.49 (169)

approximately 1.5cm over 24h and a significantly higher
hyphal density of the colony of the ro-1 mutant compared
with that of the wild type strain.

Polarity of growth

The hyphae of the Neurospora crassa wild type maintained
fixed growth directions with the polarisation axes determined
at the respective branching points (Fig 2A). Even though the
strain was not spatially confined in this setup, it exhibited
a non-uniform distribution along the vertical axis in the
agar, i.e., it appeared to be drawn to the surface of the agar
medium. The growth dynamics of the N. crassa ro-1 mutant
was dominated by a steady apical extension, although the
lack of maintenance of the polarisation axis of individual
hyphae ultimately resulted in curled hyphae (Fig 2B). In con-
trast to the wild type, the ro-1 mutant seemed less attracted
to the surface of the agar medium.

Growth dynamics in 1000 um channels

In contrast to agar substrates, the 1000 pm wide channels con-
fined the fungi in the vertical dimension. As well as the spatial
limitation, the experimental setup circumvented a non-uni-
form distribution of oxygen and nutrients in the z-direction.
Time-lapse imaging of both Neurospora crassa strains grown
in 1000 pm wide and 10 um deep channels showed that the hy-
phae responded strongly to the geometrical properties of their
environment. Overall, the alterations of the growth dynamics
promoted the continued extension of hyphae through the
confined areas and away from the colony centre. The wild
type maintained its lateral, periodic branching pattern albeit
with a reduced average branching distance of 163 um and an
increased average branching angle of 65.4°. When a hypha of
the wild type grew in close contact with a wall, it usually
branched on the hyphal side facing away from the wall, thus
resulting in the branches growing away from the obstacle
(Fig 3A). In case of the ro-1 mutant, the partially dichotomous
branching pattern observed on agar became exclusively lat-
eral (Fig 3B) in the 1000 pm wide channels. When a hypha
grew along or in close proximity to a wall, branches were
formed predominantly towards the wall, a behaviour opposite
to the one observed for the wild type. This branching pattern
usually resulted in the growing daughter hyphae pushing the
parent hypha away from the wall, into the open channel. The

wild type branching pattern away from the wall could result in
the biological benefit of directing the growth away from the
obstacle and thus an increased probability of finding new nu-
trient sources. On the other hand, the ‘handedness’ of the
branching of the mutant strain towards the wall had no ap-
parent biological benefit. These observations suggest that
the trigger for the space-searching mechanism directing the
branches away from the wall was affected by the mutation.
Furthermore, they support the hypothesis that the mutation
has the most impact on branching in general. In contrast to
the wild type, it appeared that the ro-1 mutant exhibited a par-
ticular affinity to the confining walls of the 1000 ym wide
channels. Once established, the hyphae maintained wall con-
tact for long periods, thus preventing it from exploring the
bulk of the 1000 um wide channel. This altered behaviour pre-
sented a stark contrast to the random directional changes of
growing hyphae observed on agar, which resulted in the
curled morphology and overall a thorough exploration of the
agar substrate in the three spatial dimensions. Generally,
this behaviour expressed by the N. crassa ro-1 mutant, trig-
gered by the confinement, was more pronounced than the
change in growth dynamics of the wild type. Therefore, it
appeared that the ro-1 mutant responded more severely to
confinement than the wild type.

Growth dynamics in 100 um channels

The 100 pm channels confined the fungi more significantly and
caused an equally intense response by both Neurospora crassa
strains as those observed in the 1000 um wide channels. The
N. crassa wild type navigated the channels in a manner that
was much more biologically efficient than the mutant, because
it branched significantly less, thus allocating less biomass per
invaded area. Fig 3C represents a set of four successive dia-
mond structures inside a 100 um wide channel. In all cases,
the hyphae grew into a fixed direction and in three out of four
cases, the 100 um connection channels between the individual
structures were navigated without forming lateral branches.
The growth dynamics of the ro-1 mutant was similar to that
observed in the larger channels. Hyphae initially tended to
gradually align or attach to the closest wall available and
then followed it over long distances. Subsequently, the branch-
ing increased significantly towards the respective confining
wall the hyphae had aligned or attached to. In conjunction
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with the increased branching, the parent hyphae were pushed
away from the wall they initially aligned to into the channel. Fig
3D represents a set of five successive diamond structures nav-
igated by the mutant strain (Movie 3 in the Supplementary
Data). The snapshot represents the end of the process, where
the parent hypha had been pushed into the middle of the chan-
nel by a large number of daughter hyphae that occupied a sig-
nificant portion of the 100 pm wide channels.

Supplementary videos related to this article can be found
at doi:10.1016/j.funbio.2011.02.003.

Growth dynamics in microfluidic channel structures

In contrast to the previous channels, the microfluidic struc-
tures provided a tight confinement in the three spatial di-
mensions. Both Neurospora crassa strains navigated the two
microfluidic test structures successfully, i.e., one or more hy-
phae reached the exit, and in similar times of approximately
4.5 h for the small maze structure. Compared with the signif-
icantly divergent values of the growth parameters, i.e,
branching angle, branching distance, and the apical exten-
sion velocity for the two strains as measured on agar, the
values reached similar values for both strains in the respec-
tive confined environments. The response of both strains
did not require a temporal or spatial adjustment period, but
occurred rather instantaneously upon entering the microflui-
dic structures. This lead us to the conclusion that the fungus
relied on both wall contact-based and wall contact-indepen-
dent space-searching mechanisms (Movies 1—4, Supplemen-
tary Data, for movies of the wild type and the ro-1 mutant in
the small maze and diamond structures respectively). In par-
ticular, in the case of the N. crassa wild type, the exhibited
growth behaviour comprised a complementary combination
of structure-dependent measurable parameters and struc-
ture-independent, general growth patterns.

Measurable growth parameters

The measurable growth parameters of both strains in the var-
ious environments tested are summarised in Table 1. The exit
versus entrance rates for both strains in both structures were
established by rating the total number of hyphae exiting the
structures versus the total number of hyphae that entered
the structures initially. For the small maze, the exit versus
entrance rates were 0.90 for the wild type and 0.73 for the
ro-1 mutant. In the diamond structure, an increased number
of hyphae, formed by branching and exiting the structure
was responsible for exit versus entrance rates larger than
one (1.23 for the wild type, 1.35 for the ro-1 mutant).

The three measured growth parameters, i.e., apical exten-
sion velocity, branching angle, and branching distance,
appeared to be strongly dependent on the specific layout of
the test structures used. The growth parameter that was
most affected by microconfinement was the apical extension
velocity. Comparing the velocities of both strains on agar,
that of the ro-1 mutant was approximately two-thirds of that
of the wild type. Within the microfluidics structures, the mu-
tant extended at slightly faster rates in both test structures
(Table 1). However, the trend in the data was similar for
both species. In contrast, the trends for the branching angle

and the branching distance were significantly different.
Thus, it appears that the mutation had the least impact on
the apical extension velocity. The branching angle and
branching distance parameters underwent a larger change
for the wild type compared with the ro-1 mutant. As the design
of the structures imposed changes of directions at approxi-
mately 90° angles, the branching angle for the wild type in-
creased two-fold during microconfinement (Fig 4A and C).
However, because of the periodicity of the obstacles in the di-
amond structure, the branching angle for the wild type had
a significantly smaller standard deviation than for the com-
plex small maze structure, thus demonstrating the precise
adaptability of the fungus to the invaded microenvironment.
In contrast, the ro-1 mutant maintained similar values of the
branching angle of around 90° on agar, in the small maze
(Fig 4C) and in the diamond structure (Fig 4D). The average
branching distance of the wild type on agar exceeded the
edge length of the structures by a factor of two. Inside the
microfluidic test structures, this value decreased to 43.1 um
in the diamond and 23.5 pm in the small maze structure, re-
spectively, which represents a nine-fold decrease. This in-
creased Dbranching resulted in significant hyphal
ramification, which was specific for individual structure de-
signs. Branches were typically directed towards channel
openings and branching towards solid walls or obstacles
appeared suppressed. In contrast, the branching distance of
the ro-1 mutant varied within a few tens of micrometres on
agar and in microconfinement. Branching was not exclusively
directed towards channel openings and branching suppres-
sion during wall contact was not as evident as for the wild
type thus providing further evidence that the mutation had
the largest impact on the branching.

The observed similarity of the measurable growth parame-
ters of both strains inside the microfluidic test structures was
unexpected.

General growth patterns

The observation of both strains within the microfluidic test
structures showed that neither formed conidia throughout
the duration of the experiment. The absence of conidia inside
the microfluidic structures could have stemmed from the in-
ability of the fungi to form aerial hyphae, which are a prereg-
uisite for the formation of spores. Furthermore, hyphal fusion
events were absent even though hyphae frequently encoun-
tered each other. These encounters were principally resolved
by the hyphae continuing growth in the determined direc-
tions, crossing over, and superposing each other (Fig 4C and
D). Once a channel crossing was filled with hyphae, any
approaching hypha ceased growth upon encountering the
blocked partition. Due to the confinement in the microfluidics
channels, the growing hyphae experienced frequent wall col-
lisions, to which both examined Neurospora crassa strains
exhibited a number of different behavioural traits as dis-
cussed below. These behavioural patterns have not previously
been observed on agar and therefore it is reasonable to
hypothesise that they are triggered by the microconfinement.
Most of these responses were independent of the design of the
microfluidic channel layouts, in contrast to the measurable
growth parameters that varied considerably for the respective
structures.
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Fig 4 — Comparison of the N. crassa strains in the tested microfluidic structures: (A) — wild type in small maze, (B) — ro-1 in
small maze, (C) — wild type in diamond, (D) — ro-1 in diamond. The structures were entered by the strains from the left. The
black arrows in (C) and (D) indicate channel sections where two hyphae share the available space by superposing each other
without fusing. Please also see Movies 1—4 in the Supplementary Data for movies of each species solving a small maze and

a diamond structure.

Biomass distribution in the microfluidic channel structures. Bio-
mass distributions were determined as the occupancy of the
channels by Neurospora crassa hyphae averaged over a number
of different experiments i, e.g., 80 experiments for the wild
type in the small maze. A graphical representation of these
normalised distributions, showing a colour coded density
map according to the calculated scale factors sf; is depicted
in Fig 5. The normalised biomass distributions of the two
N. crassa strains for the diamond structure were very similar,
with the majority of hyphae concentrating on the outer paths
surrounding the pattern of 16 pillars. In the small maze, the
biomass distributions seemed to differ to a larger extent.
The ro-1 mutant appeared to invest more biomass on filling
the volume of the maze, whereas for the wild type, the bio-
mass appeared to be concentrated along the shortest path
through the maze.

Additional to the biomass distribution in the structures, we
used the scale factor as a measure to quantify the average oc-
cupancy of the structures. The average scale factors sf of the
N. crassa ro-1 mutant in the microfluidic test structures were

10 % larger than those of the wild type, i.e., it invested more
biomass in the navigation process. The fact that the growing
hyphae are supported with nutrients transported from the
colony centre, located on the agar plug adjacent to the micro-
fluidic channels, makes the formation of biomass energeti-
cally more expensive. Considering this, the result suggests
that the ro-1 mutant invests more resources in navigating
the structures and is therefore less biologically efficient in
navigating the artificial microconfinement.

Directional memory. One of the two most prominent growth
patterns exhibited by the wild type is ‘directional memory’
(Hanson et al. 2006) which is the return of hyphae to their ini-
tial growth directions after temporary diversion by a physical
obstacle. On agar, the hyphae extended by following fixed
polarisation axes determined at the respective branching
points. The maintenance of these polarisation axes appeared
to be the basis of the directional memory observed in micro-
confinement. After a collision with an obstacle, the hyphae
of the wild type adapted their extension closely to the obstacle
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Fig 5 — Overview over the biomass distributions of the N. crassa wild type and the ro-1 mutant inside the small maze and the
diamond structure. The distributions were determined as the occupancy of the channels with N. crassa hyphae averaged
over a number of different experiments, (A): n = 80; (B): n = 185; (C): n = 20, (D): n = 11. The distributions were normalised to

the area with the highest density of hyphae.

in the direction closest to that of their directional memory un-
til they could re-establish the original trajectory, usually
maintaining close wall contact. The hyphal polarisation axis
usually returned to the initial direction within a maximum de-
flection of +20°. It appeared that the directional memory
established at the branching point did not decay with increas-
ing hyphal length or the duration of exposure to the microcon-
fined geometry (Fig 6A and Fig 3C). Directional memory was
a dominant characteristic of the wild type growth, but not al-
ways beneficial for navigation through the microfluidic struc-
tures. In particular for the small maze, which required a 180°
turn by the hypha, directional memory would lead the initial
parent hypha into a dead end (Movie 1, Supplementary
Data), only following the solution path for a limited distance.

However, apical splitting induced by the geometry (see below)
resulted in a continued extension along the shortest path and
therefore in a high biomass density along the shortest solu-
tion path through the maze (Fig 5A).

The Neurospora crassa ro-1 mutant did not exhibit direc-
tional memory. As this strain lacked the maintenance of
a fixed hyphal growth direction on agar, this observation con-
firms the hypothesis that the directional memory is based on
the initial establishment of a polarisation axis for fungal hy-
phae. However, the mutant strain also progressed through
the confinement away from the colony centre.

Hit and split. The second of the most prominent observed
growth characteristics was collision-induced apical splitting
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Fig 6 — General growth parameters: all images show the N. crassa wild type and all hyphae initially entered the field of view
from the left. (A) Directional memory, (B) hit and split — apical split after a head-on collision with an obstacle, (C) increased
branching after bottlenecks, (D) nestling and corner turns. (C) Comprises a set of parallel channels with varying widths. The
widths range from 2 um at the bottom to 10 um at the top with an increment of 1 pm. In figure (D), the hypha initially entered
the 100 pm wide intermediate channel exiting the previous diamond structure in the middle of the left-hand wall. Following
its polarisation axis, it hit the top right corner, turning it successfully. The asterisk in (D) indicates a branch that emanated
from a parent hypha directly into a channel opening while the hypha followed the wall geometry towards the bottom right
corner where it turns. Growth was continued along the bottom wall, followed by two more corner turns, eventually leading

back to the initial collision point in the top right corner.

of the wild type hyphae (Fig 6B). When a hypha collided with
an obstacle at a steep angle (>55°), it normally bulged uni-
formly and then split into two daughter branches that grew si-
multaneously around the obstacle in opposite directions from
the collision point. Usually, the daughter branches emanated
from the branching point with a similar velocity independent
of the collision angle of the parent hypha with the obstacle.

Handedness. The wild type branched preferentially into chan-
nel openings and away from an obstacle while branching was
suppressed at the hypha-PDMS interface during close contact
with the geometry. This indicates that the wild type used an
efficient sensing mechanism to identify the channel openings
in order to trigger a branch (asterisk in Fig 6D). Thus, we sug-
gest that branching and the direction of the branches were de-
termined by the geometry, ultimately resulting in the
structure-dependent branching angles and distances.

The handedness of the branching pattern in N. crassa ro-1
that was observed in the 1000 um and 100 um wide channels
appeared to be significantly reduced in the microfluidic test
structures (Movies 3 and 4, Supplementary Data) and
resulted in a branching pattern that was less suppressed by
direct wall contact, as compared with the wild type. It
appeared that branches were formed rather randomly with

a rate similar to the one on agar medium and thus it appears
that the sensing mechanism determining channel openings
in the wild type was affected by the mutation.

Increased branching after bottlenecks. Close confinement
within channels of smaller width than the average hyphal di-
ameter, triggered branching in the wild type upon exiting the
confinement. Fig 6C represents an image of two hyphae
grown through a 2 ym and 8 um wide channel respectively.
These channels had a length of 100 ym and in this case,
both were narrower than the initial hyphal diameter prior
to penetration. At the end of both channels, the hyphae
branched immediately upon exiting suggesting that these
branches were triggered by the geometry of these locations.
One possible explanation could be that although a branching
trigger was building up while the hypha was within the con-
finement, the close wall contact suppressed it thus ‘overwrit-
ing’ any trigger for branching. Once the geometrical
confinement had ended, the signal ceased and a branch
was formed. This observed behaviour could rest on the
same response mechanism as the directed branching into
channel openings exhibited by the wild type. Importantly,
the ro-1 mutant did not show increased branching after
bottlenecks.
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Nestling. Growing the Neurospora crassa wild type on raised
surface patterns demonstrated that the strain exhibited a par-
ticular affinity for sharp edges (Held et al. 2009¢c). In the
microfluidic structures, this behaviour seemed to translate
into a close contact between the hypha and the constraining
geometry, in case the initial growth direction was obstructed
(Fig 6A and D). Hyphae did not deflect from the walls or ‘nose’
along the walls (like the hyphae of Pycnoporus cinnabarinus
(Hanson et al. 2006)) but adapted their polarisation axes to
one parallel to the confining wall (when the collision angle
was smaller than 55°, otherwise an apical split was triggered).
This indicated a very flexible hyphal apex capable of ‘mould-
ing’ to the micron-sized geometrical features. During the
growth following the geometry, the hyphal apex was dis-
torted from a parabolic shape and was skewed towards the
confining wall (Fig 6C). However, once the initial growth di-
rection became available again, the hyphae readily detached
from the geometry, resuming their respective directional
memories.

As has been demonstrated in the 1000 um and the 100 pm
wide channels, the ro-1 mutant expressed a tendency to attach
to the closest vertical confining walls of the PDMS channels and
to follow them for long periods. This behaviour was distinctly
different compared to that of the wild type. The wild type only
attached to the wall once the initial growth direction was
obstructed by the geometry. The ro-1 mutant, which lacks direc-
tional memory, attached to the geometryregardless. When a hy-
pha entered the small maze structure, it usually attached to the
right-hand side of the channel and followed it closely. Thus, it
was partly guided along the shortest path through the maze.
This growth pattern resulted in an overall biomass distribution
(Fig 5C) with a high density of biomass along a path close to the
solution path — overlaid by increased branching.

Corner turns. Both Neurospora crassa strains were very effec-
tive in turning corners. Fig 6D represents a hypha of the wild
type following the geometry over directional changes of
more than 360°. The hypha grew along the four outer walls
of the intermediate 100 um wide channel. It did not turn in
the position marked by the asterisk but a branch was triggered
that continued growth through the row of diamond struc-
tures. The hyphal response to a corner collision was similar
to the one observed during head-on collisions with obstacles.
The hyphal apex bulged uniformly upon collision, but as there
was only one available growth direction that was not
obstructed by the geometry or the hypha itself, it could only
expand into this direction. Eventually, a branch was formed
continuing growth into this direction indicating a change in
the polarisation axis of the hypha. For the ro-1 mutant, the hy-
phal response was not as evident and often involved frequent
branching. The hyphal apex would bulge as observed for the
wild type, but it appeared that the determination of a new
polarisation axis was less directed occasionally resulting in
the formation of several branches at the collision point with
a variety of polarisation axes.

Table 2 summarises the general growth patterns of both
strains: exposed to the same microfluidic structures, the
wild type and the ro-1 mutant responded fundamentally dif-
ferent. Considering the similarity of the measurable growth
parameters (Table 1), this difference is indeed remarkable.

Table 2 — Summary of the general growth patterns of the

N. crassa wild type and the ro-1 mutant observed on agar
and within microfluidic test structures.

Feature N. crassa N. crassa

wild type ro-1
On agar
Drawn to agar surface Yes No
Formation of aerial Yes Yes Conidia
hyphae followed form in dense
by sporulation clumps
In microfluidics
Directional memory Yes No
Collision-induced apical Yes No
splitting (Hit and Split)
Increased branching after Yes No
bottlenecks
Nestling Yes No
Handedness No Yes
Branching away Yes (additionally No
from confinement branching

into channel
openings)

Biological implications of the observed behaviour

Both Neurospora crassa strains were able to solve artificial
microfluidic networks. The response of the N. crassa wild
type to three-dimensionally enclosed channels surpassed
the response observed on open, patterned surfaces (Held
et al. 2009c). Combining the findings in this study with previ-
ous results for another species (Hanson et al. 2006), we suggest
that filamentous fungi generally respond actively and rapidly
to geometrical confinements on the microscale, hence making
fungal thigmotropism an important parameter that should be
considered in the study of their growth dynamics.

Considering the particular flexibility of the apex of the N.
crassa wild type and its adaptability to the geometrical features,
we infer that these characteristics could be biologically benefi-
cialin its natural environment, which consists of burned plant
matter after fires. This material is usually very brittle and vul-
nerable to natural influences like wind and rain. The ability
of N. crassa to attach closely to the material might result in an
overall stabilisation of the natural nutrient source, which is
beneficial for the formation and support of fruit bodies.

The behaviour of both N. crassa strains appeared to vary sig-
nificantly with the channel width, i.e., the narrower the chan-
nels, the more significant the response and the alteration in
measurable growth parameters. These response mechanisms
seemed to fall into two categories: wall contact-based and
wall contact-independent sensing mechanisms. Both strains
navigated the microfluidics structures with similar measur-
able growth parameters and found the respective exits; how-
ever, the two strains applied fundamentally independent sets
of structure-independent growth patterns. The mutation of
the ro-1 strain resulted in branching angles and branching dis-
tances on agar that resembled those parameters in the micro-
fluidic structures, i.e., navigating the structure did not require
a significant adaptation of these parameters. There are two
possible implications from these observed growth dynamics:
(i) the space-searching algorithms of N. crassa are very robust



504

M. Held et al.

and changes to them by this particular mutation appear to be
negligible; or (ii) the mutant strain accidentally exhibited opti-
mal growth patterns to solve these types of structures and
might not be able to navigate different geometries. The growth
dynamics in the 1000 ym and 100 um wide channels could be
an indication for the latter case, but are not conclusive.

Conclusions

We presented a methodology for the study of the dynamic be-
haviour of filamentous fungi based on the use of purposefully
designed microfluidic test structures and the potential value
of this methodology for obtaininginsightinto the biological ba-
sics of fungal growth. The application of PDMS-based channels
and channel networks with dimensions similar to the size of
the fungal cell diameter instead of homogeneous media
resulted in geometry-specific and geometry-independent thig-
motropic responses of the hyphal growth behaviour, thus re-
vealing distinct, so far unreported space-searching strategies.
The observed behaviour was strongly dependent on the degree
as well as the complexity of confinement. It appeared that the
possible sensing mechanisms did not exclusively rely on wall
contact and resulted in an instantaneous growth response.
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