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11  Abstract
12 The underlying intracellular mechanisms involved in the fungal growth received considerable
13  attention, but the experimental and theoretical work did not take into account the modulation
14  of these processes by constraining microenvironments similar to many natural fungal habitats.
15 To fill this gap in the scientific knowledge, we used time-lapse live-cell imaging of
16  Neurospora crassa growth in custom-built confining microfluidics environments. We show
17  that the position and dynamics of the Spitzenkorper-microtubules system in constraining
18 environments differs markedly from that associated with unconstrained growth. First, when
19  hyphae encounter an obstacle at shallow angles, the Spitzenkdrper moves from its central
20  position in the apical dome off-axis towards a contact with the obstacle, thus functioning as a
21  compass preserving the ‘directional memory’ of the initial growth. The trajectory of
22  Spitzenkdrper is also followed by microtubules, resulting in a ‘cutting corners’ pattern of the
23 cytoskeleton in constrained geometries. Second, when an obstacle blocks a hypha at near-
24  normal incidence, the Spitzenkorper-microtubule system temporarily disintegrates, followed
25 Dby the formation of two equivalent systems in the proto-hyphae — the basis of obstacle-
26  induced branching. Third, a hypha, passing a lateral opening along a wall, continues to grow
27  largely unperturbed while a lateral proto-hypha gradually branches into the opening, which
28  starts forming its own Spitzenkorper-microtubule system. These observations suggest that the
29  Spitzenkorper-microtubules system conserves the directional memory of the hyphae when
30 they navigate around obstacles, but in the absence of the Spitzenkorper-microtubule system
31  during constrainment-induced apical splitting and lateral branching, the probable driving force
32  of obstacle-induced branching is the isotropic turgor pressure.
33 Keywords
34  Fungal growth, microtubules, Spitzenkorper, live-cell imaging, microfluidics, green
35  fluorescent protein (GFP)
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37 Introduction

38 Filamentous fungi dwell in many and various geometrically-heterogeneous habitats, such as
39  animal, human or plant tissue,'” decaying wood, soil, and leaf litter.** The ecological
40  ubiquity of filamentous fungi is, to a large extent, the consequence of their efficient search for
41  space available for growth, often in mechanically-constraining geometries. Furthermore,
42  because hyphae can grow for relatively long distances (millimetres) through media without, or
43  with low level of nutrients, fungal space searching strategies need to be efficient even in the
44  absence of chemotactic cues.

45  Extensive studies described several fundamental behavioural traits of fungal growth,
46  including the directional growth of hyphae,™ regular branching,'®'? and negative
47 autotropism”’”. These studies have overwhelmingly been performed on flat surfaces, usually
48 made of agar, although the natural habitats of filamentous fungi typically present three-
49  dimensional, constraining geometries. Opportunely, microfluidics devices, which have been
50 interfaced with individual bacteria'>'® mammalian,'”'® and plant cells,””*° and recently
51  fungi,”'** can be designed to mimic micron-sized, naturally-constraining habitats.
52  Furthermore, the material of choice for the fabrication of microfluidics devices,
53  Poly(dimethyldisiloxane), PDMS,” is transparent, allowing the visualisation by microscopy
54  techniques,'*** and it is also permeable for Os, thus allowing in vitro studies in more realistic
55  conditions.

56  Capitalising on the use of microfluidics technology, our previous studies,”’ demonstrated,
57  first for Pycnoporus cinnabarinus,® and later for Neurospora crassa,*® the very different
58  behavioural traits of fungal growth in constraining geometries, e.g., up to ten times lower
59  apical extension rates and distances between branches, compared with those on flat surfaces.
60 The translation of the fungal space searching process into a mathematical formalism®=>*
61 revealed that this strategy is analogous to a ‘master program’ with two ‘slave subroutines’:
62  directional memory, whereby individual hyphae return to their initial growth direction after
63 passing an obstacle forcing them to deviate from their course; and obstacle-induced
64 branching, whereby branching occurs univoquelly when the hyphae encounter a solid
65 obstacle blocking their growth. ‘Running’ this natural program resulted in a significantly
66  more exhaustive exploration of the available space for growth than its alternatives,” i.c.,
67  turning off either directional memory, or obstacle-induced branching, or both ‘subroutines’. It
68 was also shown that the fungal space searching program can find exits in confining mazes
69  quicker than some artificial space searching mathematical algorithms.”” However, given their
70  Dbehavioural focus, these studies could not offer explanations regarding the underlying ‘hard
71  wired’ intracellular mechanisms responsible for the fungal efficient strategy for space

72  searching in constraining geometries.

73 Studies regarding the intracellular mechanisms responsible for fungal growth, which used
74  advanced fluorescence microscopy and were performed exclusively on non-constraining
75  surfaces, revealed several essential processes.”~**! First, the positioning of the Spitzenkorper
76  (a dynamic organelle complex) at the hyphal apex correlates with the direction of apical
77  growth and the overall cell polarisation.32'37 Second, cytoskeleton dynamics (involving
78  microtubules, actin, and protein molecular motors) mediate the directional, long distance
79  transport of secretory vesicles from the body of the fungus towards the hyphal apex, carrying
80  material for building the hyphal cell wall. While microtubule dynamics have been extensively
81  studied,”®* the understanding of the role of actin filaments is less developed and more
82 recent.” " Third, the dynamic process of construction of hyphal walls results in an increase in
83 stiffness from the apical to the basal regions.’®*"****2 Finally, the gradients of ion
84  concentration along the hypha and between the hyphal cytoplasm and the outside environment
85  produce considerable turgor pressure, which provides a distributed internal driving force for
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86  fungal growth that is manifested primarily at the hyphal tip, and which allows the penetration
87  through soft obstacles.”°

88  Although the understanding of the growth-relevant intracellular processes, in particular the
89 roles of Spitzenkorper, microtubules, and turgor pressure, is advanced and comprehensive, the
90 large differences between the behavioural traits of fungal growth in non-constraining versus
91 constraining environments suggest that the present knowledge requires an important upgrade.
92  To elucidate the constrainment-specific intracellular process in fungi, in particular their role in
93  directional memory and obstacle-induced branching, the present work used time-lapse laser
94  scanning confocal microscopy to image the dynamics of growth of Neurospora crassa, in
95  particular the dynamics of fluorescently labelled Spitzenkdrper and microtubules, in confining
96  microfluidics networks. The resulting insight into confined fungal growth is potentially
97 relevant to various environmental, industrial, and medical applications, including fungal
98  pathogenicity in animals and plants.

99

100 Results
101  Fungal growth on flat agar surfacesand in closed, non-constraining PSM S geometries

102 The experiments were performed in closed PDMS microfluidics structures comprising
103  separate chambers for testing the responses of the intracellular mechanisms to confinement
104 and constraining conditions (a description of the microfluidics experimental structures is
105 presented in Figure 1, in the Methods section, and in Supplementary Figure SI 01;
106  representative images of fungal growth in confining/constraining geometries are presented in
107  Supplementary Figure SI 02). Because the vast majority of studies report on fungal growth
108  experiments performed on agar, the first step in our study was to establish that the ‘internal’
109 control in our experiments, i.e., closed, but non-constraining, 100 x 100 x 10um PDMS-made
110  chambers, provides comparable growth conditions with those on agar. The three-way
111  comparison of fungal growth, i.e., on agar, in closed/non-constraining conditions, and
112  exposed to various level of constrainment, respectively, demonstrated that the conditions
113  associated with the ‘external’ control on agar, and °‘internal’ control in microfluidics
114  chambers, are similar. Supplementary Information presents a detailed discussion.
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115 Figure 1. a) Schematic experimental setup for live-cell imaging of fungal growth in microfluidics
116  structures on an inverted confocal microscope (not to scale). b) Micrograph images of the PDMS
117  microfluidics structures constraining fungal growth. Left: chamber probing non-constraining growth
118  (middle); diamond structure for probing lateral branching in constraining environments (top and
119  bottom). Middle: channels for probing lateral branching following various constraining levels. Right:
120  overall image of the entry to the chip, probing the response to collisions at shallow, and near-
121  orthogonal angles, as well as corner responses.
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122  Indeed, hyphal growth behaviour in PDMS non-constraining environments, including
123  intracellular processes, is similar with that observed during ‘external’ control experiments on
124  agar (Supplementary Figure SI 02). First, the cross-sectional apical profiles of Neurospora
125  crassa hyphae are parabolic and symmetrical (Figure 2a for internal control; Supplementary
126  Figure SI 04 for external control on agar). Second, the Spitzenkorper is centred at the hyphal
127  apex (Supplementary Movie SI 01, and Supplementary Figure SI 05), with small periodic
128  oscillations perpendicular to the growth direction (Supplementary Movie SI 02). Third, the
129  longitudinal distribution of microtubule orientations is predominantly parallel to the
130 longitudinal hyphal axis (Figure 2a for internal control; Supplementary Figures SI 04 and SI
131 06 for external control). For instance, in the apical regions, most microtubules (53%) deviate
132 by less than 10° from the polarisation axis, and 84% deviate by less than 20°, with an overall
133  mean deviation angle of 11.7° + 9.5° (n = 453 microtubules measured in 20 hyphae, Figure 2b
134  and Supplementary Movie SI 03). By contrast, in subapical compartments the angular
135  deviations of microtubules are larger, i.e., 21% microtubules presenting a deviation of less
136  than 10°, and 46% less than 20°, with an overall mean deviation angle of 26.8 + 20.1° (n =
137 852 microtubules measured in 20 hyphae; Figure 2b and Supplementary Movie SI 04). Thus,
138  the further away from the hyphal apex the microtubules are, the lower their alignment with
139  the hyphal axis, as also reflected in the broadening of the distribution of microtubule
140  deviations from the hyphal axis (Figure 2b for internal control; Supplementary Figure SI 04
141 and SI 06 for external control). A two-tailed test comparing the apical and subapical
142  distributions of the alignment angles shows that the curves are non-identical (p < 0.0001).
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143  Figure 2. Spatial distribution of microtubules in Neurospora crassa GFP in non-confined
144  environments. a) Single-plane fluorescence image of the GFP-tagged microtubules within a branched
145  hypha. The microtubule alignment is predominantly longitudinal in the apical compartment (right) and
146  less ordered in the subapical region (left). The colours represent the relative spatial density of
147  microtubules (indicative colour map on the right). The asterisks indicate mitotic spindles, and the solid
148  white arrowhead at the tip indicates the Spitzenkdrper void. b) Histogram of microtubule deviations
149  from the hyphal polarisation axis in the apical and subapical compartments (n = 852 microtubules
150 measured in 20 hyphae). Longitudinal orientation is more pronounced in the apical region, where the
151  microtubules also appear longer. ¢) Representative profiles of the microtubule density, calculated as
152  fluorescence pixel intensities, along the vertical lines drawn across the hypha in a). The hyphal
153  diameter, approximately 7 pm, was normalised to offset small variations at different sections through
154  the apical compartment.
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155  The lateral distribution of microtubules shows that while they populate the entire width of the
156  fungal hypha, i.e., occupying both cortical and central cytoplasmic regions, the filament
157  density is higher in the cortical region (Figure 2c¢ for internal control; Supplementary Figure
158 SI 07 for external control; Supplementary Table SI 02 and Supplementary Figure SI 08
159  present a statistical comparison between the two controls). The microtubules extend into the
160 apical dome, displaying a characteristic microtubule-depleted zone in the distal central region
161  that co-localises with the Spitzenkdrper (Supplementary Movie SI 04). Long term imaging,
162  e.g., between 5 to 10 min, showed that microtubules occasionally traverse the Spitzenkorper
163  and frequently terminate at the apical cell wall. The estimated microtubule polymerisation rate
164 is26.4+8.6 ums’' (n=412 from 98 microtubules).

165 Finally, the lateral branching behaviour is also very similar on agar and in closed/non-
166  constraining PDMS chambers, i.e., branching at approximately 45° with movement of
167  microtubules into the daughter hypha (Supplementary Figures SI 09, SI 10 and
168  Supplementary Movie SI 05), and central position and sizes of the Spitzenkorper
169  (Supplementary Figures SI 10, SI 11 and SI 12). Additionally, experiments in non-
170  constraining PDMS chambers enforced the growth of both parental and daughter branches on
171  the same optical plane.

172
173  Collision with obstacles at shallow angles

174  We then investigated how imposing geometrical constraints can affect hyphal growth. The
175  geometry of the test structures (Figure 1b) presents a high density of various obstacles, such
176  as corners, channels, entries and exits from large chambers, thus providing opportunities for
177 Neurospora crassa hyphae to encounter various physical constrainments (also described
178  before™?%). At shallow angles of approach, i.c., lower than 35° relative to the surface, the
179  hyphae follows the contour of the obstacle, a process denominated as ‘nestling’. Nestling
180 dynamics in Neurospora crassa hyphae (Figure 3, and Supplementary Movie SI 06) presents
181  in three stages:

182 (i) Prior to nestling, i.e., prior to encounter with the wall. As in non-constraining
183  geometries, the hyphal profile is initially symmetrical and parabolic, with the Spitzenkorper
184  centrally located at the hyphal apex, and the microtubules are symmetrically distributed. The
185  consistency of the hyphal morphology prior to wall contact suggests the absence of any
186 anticipatory, e.g., chemotaxis, sensing mechanism.

187 (ii))  Nestling. Hyphal morphology changes significantly when encountering a wall. First,
188  hyphal growth follows the constrained path imposed by the obstacle, i.e., along the wall, in
189  the direction of least deviation (Figure 3a, Supplementary Figure SI 13, top). Second, the
190 longitudinal hyphal cross-section lose its parabolic symmetry, and becomes considerably
191  skewed toward the wall. The hypha thus continues to progress in close contact with the wall,
192  maintaining this skewed tip profile. Third, the Spitzenkdrper markedly shifts away from its
193  previously central apical location, towards the wall. This displacement persisted over longer
194  distances, e.g., more than several hyphal diameters (Figure 3b, Supplementary Figure SI 13,
195  bottom). Fourth, microtubules tend to gather near the inner edge of the hyphal bend (white
196 arrow in Figure 3a) and towards the wall at the tip (Figure 3a, Supplementary Figure SI 14).
197  (iii) Return to non-constrained growth. Upon reaching the end of the wall, the hyphae
198  quickly recovers their original growth directions, within a distance approximately equivalent
199  with the hyphal diameter. Additionally, the apex resume its symmetrical parabolic profile, and
200 the Spitzenkorper simultaneously returns to a central position (Figure 3c; Supplementary
201  Figure SI 15; Supplementary Movie SI 06 presents the complete time series) while the
202  microtubules recover their symmetrical distribution.

203 (iv)  Within the spatial range of observation, spanning several chambers, each with a length
204  of 100 pum, the accuracy in the recovery of the growth direction does not diminish over time,
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205 i.e., after successive bends through the device, or with the increase in distance from the initial
206  branching point of the respective hypha (Supplementary Figure SI 16). Skewing of the apex
207  during nestling is also constant over time.

Figure 3.  Fluorescence
images of the Spitzenkdrper
(labelled  with  FM4-64,
pseudo-coloured red) and
microtubules (genetically
tagged with GFP, pseudo-
coloured green) in somatic
Neurospora crassa hyphae
nestling to a wall. a) Apical
hyphal region growing along
a PDMS wall (dashed line).
The parabolic apex profile is
skewed towards the wall. The
Spitzenkorper (asterisk) is
displaced from its usual
central position at the apex as
growth is obstructed by the
wall. Microtubules follow the
shortest path towards the
Spitzenkorper (white arrow)
and are displaced from the
central median of the hypha.
b)  Trajectory of  the
Spitzenkorper, along the wall,
displaced from the hyphal
central axis, during nestling.
The image overlays 5
snapshots taken over 4 min.
The white and black arrows
indicate the beginning, and
the end, respectively, of the
Spitzenkorper trajectory. c)
Upon reaching the end of the
wall, the hypha recovers its
symmetrical parabolic profile
and the Spitzenkorper
gradually returns to the apex
centre. The image represents
an overlay of 6 images taken
247  over 7.5 minutes, with the white, and the black arrows 1ndlcat1ng the beginning and the end,
248  respectively, of the Spitzenkdrper trajectory. The images in b) and c) are from the same hypha at
249  different times, as indicated in the inset of the c) image. The complete sequence of images can be
250  viewed in Supplementary Movie SI 05.

251  The microtubule preferential distribution towards the wall opposing the direction of growth,
252  which resulted in specific ‘cutting corners’ patterns, is also present when Neurospora crassa
253  navigates channels that do not excessively constrain them, i.e., channel widths of 5 um for a
254  hypha diameter of 5-7 um (Supplementary Movies SI 07, and SI 08).

255
256
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257 Branchinginduced by frontal collisions

258  Frontal encounters with a wall, defined as forming an angle greater than 35° relative to the
259  obstacle surface, causes the splitting of the apices of Neurospora crassa hyphae
260  (Supplementary Figure SI 17). Detailed and repeated imaging of this ‘hit & split’ process (n =
261 44 encounter events) put in evidence a process sequence with five stages (Figure 4, organised
262  along stage number; also Supplementary Movie SI 09):

263 (i) Polarised approach, prior to encounter (Stage 1, ‘Approach’ in Figure 4al, b1, cl).
264  The hypha approaches the wall, similar to the preliminary stage for nestling. The microtubules
265  are orientated longitudinally, terminating at the apical cell region (Supplementary Figure SI
266 18, left panel).

267 (i)  Fromthe moment of encounter until branching (Stages 2-4, ‘Collision’ in Figure 4a2-
268 4, b2-4,c2-4).

269 In Stage 2 (Figure 4a2, b2, and c2), the obstacle blocks the extension of the apical cell
270  in the growth direction. Apart from a slight wall deformation (due to PDMS elasticity),
271 growth essentially continues orthogonally to the polarisation axis, resulting in lateral bulging
272 in the apical region. Simultaneously, the microtubules depolymerise, with the filament ends
273  receding rapidly from the apex (Figure 4c2, Supplementary Figure SI 18, second left panel).
274 The average distance of filament end recession reached 7.3 + 3.7 um from the obstacle, at 25
275  + 13 s after the collision. The Spitzenkorper does not retract longitudinally from the apical
276  dome, but shrinks gradually (Figure 4a2).

277 In Stage 3 (Figure 4a3, b3, and c3), the hyphal profile continues to develop into two
278  bulges. The total dissolution of the Spitzenkdrper occurs towards the end of this phase, i.e., 70
279  + 40 s after the initiation of the encounter (Figure 4a3). The microtubules resume their
280  extension towards the apex, and 80 + 36 s after collision, the microtubule population is fully
281  recovered (Figure 4c3, Supplementary Figure SI 18, third left panel).

282 In Stage 4, just before branching is initiated, i.e., during the period when the hypha
283  does not have a Spitzenkorper, the uniform apical extension continues laterally, following the
284  constraining geometry, and the microtubules again extend to the extreme apical cell walls.
285  The flexibility of the microtubules enabled their extension from the parent hypha into the
286  nascent bulges, which ultimately resulted in extension perpendicular to the initial growth
287  direction (Figure 4c4, Supplementary Figure SI 18, right panel).

288 (ii)  Branching. In Stage 5, approximately two minutes after the orthogonal encounter with
289  the wall, the uniform extension pattern changes to a bidirectional, polarised pattern, with the
290  bulges reaching 2.3 + 1.3 um. The size of the buds immediately before forming new branches
291  correlate moderately (r = 0.65, p < 0.05) with the initial diameter of the parental hypha. This
292  change in polarisation pattern coincides with the nucleation of two smaller ‘daughter’
293  Spitzenkdrper, one for each new growth direction (Figure 4a5). Additionally, independent
294  microtubule populations develop within each branch to conclude the branching process
295  (Figure 4c5).

296  Further evidence of the intracellular processes during the hit & split is provided in
297  Supplementary Figure SI 19 for the Spitzenkorper trajectory; and in Supplementary Figure SI
298 20 for both the Spitzenkdrper and the microtubules. Supplementary Figure SI 21 presents the
299  history of the Spitzenkdrper following the collision with an obstacle splitting the hypha in two
300  branches.

301  Importantly, the disappearance of the Spitzenkorper also occurs when the hypha, pressed, then
302  penetrated a PDMS wall (Supplementary Movie SI 10).

303
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304  Figure 4. Stages during frontal obstacle-induced hit & split branching following collision with a
305 PDMS wall (white dashed lines). Columns a and c represent the fluorescence images of the
306  distributions of the Spitzenkorper (red) and microtubule (green), respectively, and column b represents
307  the differential interference contrast image of a hypha. The hypha deforms the elastic PDMS slightly
308  from its original position (b3, b4). During the approach (al, a2), the Spitzenkorper is located at apex
309 centre and the microtubules are organised longitudinally (c1, c2). Following the encounter, the
310  Spitzenkorper shrinks (a2) and ultimately disappears (a3), and the microtubules temporarily recede
311  from the apex region (c3, c4). Concomitantly, the apex grows uniformly (b3, b4). Finally, two new
312  Spitzenkorper form in the daughter branches (a5) and the microtubules resume their extension towards
313  both apices (c5).

314
315 Lateral branching from tightly constraining channels

316  Neurospora crassa branches with increasing frequency after prolonged bilateral constrain.
317 Loose constrainment within channels with a width smaller than the hyphal diameter and
318  without any side opening prevents branching over the entire channel length, but branching
319  occurs almost immediately upon cessation of the confinement, e.g., at a channel opening
320 (Supplementary Movie SI 11). However, if lateral openings are presented while a hypha
321  passes through a narrow channel (Figure 5, Supplementary Figure SI 22, and Supplementary
322 Movie SI 12), the intracellular processes responsible for directional memory and
323  confinement-induced branching occur concomitantly.

324  The growth and lateral branching proceeds in three stages (n = 20 hyphae):

325 (i) Entry and apical growth in the channel (‘Approach’ in Figure 4al, b1, cl). Directional
326 memory manifests upon entering the confining channel (Figure 5al and bl), with the hypha
327 extending along its initial growth direction, without turning into lateral channels. The
328  microtubules are orientated longitudinally within the hypha (Figure 5c1).

Page 8 of 24


https://doi.org/10.1101/391797
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/391797; this version posted August 14, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

329 (ii) Formation of a proto-branch (‘Lateral opening’ in Figure 5a2-4, b2-4 and c2-4).
330  When the apex encountered an intersection, the subapical hyphal regions gradually extend
331 into the lateral opening. This orthogonal extension, aided by the plasticity of the cell wall,
332 produces a bulge into the lateral space (Figure 5a2, b2, c2). Whereas the longitudinal
333  microtubule orientation is initially preserved (showing no extension into the bulge, even after
334  the hyphal apex had passed the lateral opening), at some point polarisation sets in (Figure
335 5c3), followed by an extension from the parent hypha into the developing branch (Figure
336  5c4). Approximately halfway through this process, this emerging branch forms its own
337  Spitzenkorper (Supplementary Figure SI 23).

338 (iii) Development of a stand-alone orthogonal branch (Figure 5a5, b5, c5). Subsequent
339  development is characterised by the formation of an independent population of microtubules
340 and an independent daughter hypha (Figure 5c5). Interestingly, features associated with
341  directional memory appear early, e.g., the ‘cutting of corners’ pattern (Figure 5c¢5). This
342  process occurs within only a few minutes from the initial crossing by the parental apex.
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343  Figure 5. Stages of hyphal branching into a lateral channel (white dashed lines). Columns a and ¢
344  represent the Spitzenkorper (red) and microtubule (green) distributions, respectively, and column b
345  represents the differential interference contrast imaga of a hypha. The parent branch always preserves
346  its Spitzenkorper. The Spitzenkorper is positioned closer to the wall, thus enabling directional
347  memory. The formations of the Spitzenkérper and microtubule population in the daughter hypha are
348  approximately simultaneous. While the cell wall senses the lateral gap, the formation of the daughter
349  hyphae is delayed by the formation of the Spitzenkdrper and microtubule population. The parent
350 hypha in c) passes the intersection while the daughter branch forms orthogonally (c1-c2).
351  Microtubules are initially distributed longitudinally in the parent hypha and do not extend into the
352  Dbulge. Between frames (c3) and (c4), the microtubules start to extend from the parent hypha into the
353  bulge, indicating the formation of the daughter hypha. The development of this branch is completed by
354  the formation of an independent microtubule population (c5).
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355 The directional memory in tightly-constraining environments manifests in the ‘cutting
356  corners’ pattern for the microtubules in Neurospora crassa (Figure 6). Also, following the
357  growth of a hypha towards a tight corner, the directional memory opposes a U-turn change in
358  direction of growth, and instead, an orthogonal branch emerges near the apex of the parent
359  hypha (Supplementary Movie SI 13).

Figure 6. Spatial distribution of
microtubules in  Neurospora
crassa GFP in confined
environments. a) Single-plane
fluorescence image of the GFP-
tagged  microtubules. The
microtubule alignment largely
follows the initial direction of
growth at the entry in confining
channels. The colours represent
the relative spatial density of
microtubules (indicative colour
map on the right). b) Profile plot
representing the microtubule
densities, calculated as
fluorescence pixel intensities,
along the vertical lines drawn
across the hyphal cross-section
in a).
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Additional evidence of the
intracellular processes during
the lateral branching in, or
immediately after, tightly-
constraining environments is
provided in the
Supplementary  Information
section: Supplementary
388  Figure SI 22 presents the evolution of the microtubules during lateral branching in
389  constraining environments, Supplementary Figure SI 23 presents the history of the
390  Spitzenkorper in the same geometry; and Supplementary Figure SI 24 presents the evolution
391  of the Spitzenkdrper immediately after an exit from a tightly-constraining channel.

normalized distance

392
393 Discussion

394  The intracellular mechanisms involved in fungal hyphal extension and branching have been
395 comprehensively described in the literature, and they are still the subject of elaborate studies.
396 However, the studies describing these intracellular processes have been so far invariably
397 Dbased on experiments performed on non-constraining artificial materials, almost always on
398  flat agar surfaces. While this methodological choice is justified by the experimental
399  difficulties associated with advanced microscopy, e.g., transparency of the substrate on which
400 hyphal growth occurs, this experimental framework is dissimilar with many natural habitats of
401  filamentous fungi, which comprise constraining geometries, and which are expected to
402 interfere with the mechanisms of fungal growth.
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403  Our previous studies, which used the visualization of the growth of filamentous fungi
404  Pycnoporus cinnabarinus”, and later Neurospora crassa™?’ in PDMS microfluidics
405  structures, identified two behavioural traits, i.e., directional memory, and obstacle-induced
406  branching, which distinguish the growth in confined spaces from that on flat surfaces, and
407  which were proven to be efficient space-searching strategies.”>*

408 To this end, the present study aims to describe the differences, and the similarities between
409 the intracellular mechanisms for hyphal extension and branching in non-constraining, and in
410 geometrically constraining environments, respectively. The PDMS microfluidics structures
411  used in this study enforce different levels of geometrical constraining of the hyphal growth:
412 (i) virtually no mechanical constrainment, in closed, but non-constraining chambers; (ii)
413  collision with a wall at shallow angles, leading to nestling; (iii) collision with a wall at near
414  orthogonal angles, leading to ‘hit & split’ branching; and (iv) tight-lateral constrainment by
415 narrow channels presenting either end-of-the-channel openings, or lateral ones.

416
417 Intracelular mechanisms of fungal growth in non-constraining environments

418 We observed that the hyphal behaviour of Neurospora crassa in closed/non-constraining
419  environments is similar to that observed during our growth experiments on agar, which
420  correlate well with the reports in the literature. First, in our experiments the hyphae of
421  Neurospora crassa present parabolic and symmetrical cross-sectional apical profiles (Figure
422 2a, Supplementary Figure SI 04), as also previously demonstrated and comprehensively
423 described mathematically.”” Second, the central location of the Spitzenkorper at the hyphal
424 apex (Supplementary Movie SI 01, Supplementary Figure SI 05) was described early in
425  classical studies.” Also, the observed oscillations orthogonal to the growth direction
426  (Supplementary Movie SI 02) are consistent with previously reported results.® Third, the
427  general orientation of the microtubule parallel to the longitudinal hyphal axis (Figure 2a,
428  Supplementary Figure SI 06, SI 07, SI 08, and Supplementary Table SI 02), and their
429  accumulation towards the apical region, correlate well with those observed previously.”****!
430  Forth, the microtubule polymerisation rate (26.4 + 8.6 pm s) is consistent with previously
431  reported results obtained for hyphal growth on agar.”®

432  To conclude, a high degree of similarity exists between the growth behaviour and related
433  intracellular processes, for our experiments in closed/non-constraining chambers, and on agar,
434  and for results reported in the literature. Consequently, the experiments in large microfluidics
435  chambers are valid benchmark controls for the further assessment of the constrainment on
436  fungal growth.

437
438 Intracelular mechanismsresponsiblefor directional memory during nestling

439 In general, the extension of hyphae over a flat surface follows a direction determined at the
440  initial branching point, usually at an angle of approximately 45° from the parent hypha
441  (Supplementary Figure SI 09). In contrast, in constraining geometries the hyphae are
442  obligated to grow in the direction imposed by obstacles, or if space is available, to branch. We
443  previously showed”*?® that once the obstacle was overtaken, the hyphae recovered their initial
444  growth direction to within approximately 20°. This ‘directional memory’ persisted even over
445  distances longer than ten times the hyphal diameter, regardless of the number of encountered
446  collisions. Interestingly, the directional memory was demonstrated in both Pycnoporus
447  cinnabarinus™ and Neurospora crassa,”® but not in the cytoskeleton-defective Neurospora
448  crassa ro-1 mutant.® This observation suggests that the dynamics of cytoskeleton play a
449  central role in the maintenance of directional memory in constraining geometries.
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450  Our results in non-constraining environments, i.e., on agar, or in 100 x 100 x 10 pum PDMS-
451 made chambers, confirm earlier observations that hyphal growth follows the positions taken
452 by the Spitzenkorper.® However, while this observation remains valid when hyphae overtake
453  obstacles during nestling, it also requires important qualifications. Indeed, when a hypha
454  encounters a barrier at shallow angle of contact, thus overtaking the obstacle via sliding, the
455  Spitzenkorper operates like a compass pointing in the direction the hypha had before the
456  encounter (Figure 3, Supplementary Movie SI 05, and Supplementary Figure SI 13). One
457  possible explanation for this, until now unreported, process is that the pressure applied to the
458  hyphal wall due to the mechanical contact with the obstacle results in an internal signal,
459  which triggers the consolidation of the hyphal wall in the zone of contact. This process would
460 require the positioning of the Spitzenkdrper off-axis and pressing on the contact point
461  between the hyphal wall and the obstacle (as confirmed in additional experiments, e.g.,
462  Supplementary Figure SI 24). Furthermore, the off-axis position of the Spitzenkorper
463 translates into a skewed architecture of the microtubule cytoskeleton, which present a
464  characteristic pattern of ‘cutting corners’ (Figure 3a), in particular when the directional
465 memory manifests in hyphae overtaking corners in a meandered channel (Supplementary
466  Figures SI 25, SI 26, SI 27 and SI 28; and Supplementary Movie SI 14). This effect is even
467 more remarkable considering that the microtubules must pass initially and/or eventually
468  through narrow septa, which are centrally located on the median line of the hypha®"®
469  (Supplementary Figures SI 29, SI 30; and Supplementary Movie SI 15). The synergy between
470 the compass-like function of the Spitzenkdrper, subsequently enforced by the preferential
471  positioning of the microtubules along a line approximating the initial direction of hyphal
472  growth, appears to constitute the underlying intracellular mechanism for directional memory,
473  which was observed for distances at least one magnitude longer than hyphal diameters (the
474  hyphal trajectories in the Supplementary Movie SI 07 and Movie SI 08 are longer than 100
475  um; and the distances in the Supplementary Figure SI 15 are several hundreds of pm).

476  More detailed experiments regarding the role of F-actin structures, i.e., actin rings, patches,
477  and cables,46 which are more difficult to visualise than mi<:rotubules,46’47 would reveal their
478  potential role in directional memory. However, because actin cables are co-localised near the
479  Spitzenkdrper and behind actin rings, it is expected that the role of actin is limited, at least in
480 the long-range aspect of directional memory.

481
482  Intracellular mechanismsresponsiblefor obstacle-induced branching during hit & split

483  Our previous experiments with Neurospora crassa®® showed that the constrainment effects
484  affecting fungal growth in various microfluidics structures results in shortening the distance
485  between hyphal branching points by a factor between 5 and 10 (the growth rate also decreases
486  ten-fold). We also observed® that the branching of Neurospora crassa when colliding with an
487  obstacle at near-orthogonal angles occurred at the apex of the hypha, immediately following
488 the contact between the hyphae and the constraining structure. This hit & split branching
489  behaviour contrasts the one presented by Pycnoporus cinnabarinus®™, which branches at a
490  considerable distance behind the hyphal apex.

491  The observed Spitzenkdrper dynamics in hit & split branching presents similarities with the
492  processes during apical branching of Neurospora crassa on agar, which was studied in detail,
493 using phase contrast video-enhanced light microscopy,” and confocal fluorescence
494  microscopy.®’ For instance, both the disappearance of the parent Spitzenkorper, after a
495  microtubule contraction from the apex region and the nucleation of the two daughter
496  Spitzenkorper centres were also observed in the apical branching of Neurospora crassa on
497  agar®. More specifically, in internally-triggered apical branching on agar® the Spitzenkdrper
498 retracts 12 s after cytoplasmic contraction from the apex which precedes the branching, and
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499  disappears after another 47 s. Later, 45 seconds after the start of isotropic, uniform, albeit
500 slower growth of the parental and daughter hyphae, one Spitzenkorper nucleates, followed by
501 a second one approximately 7 seconds later, leading eventually to the establishment of two
502 new branches. By comparison, in our observations of hit & split branching (Figure 4,
503  Supplementary Figure SI 17, SI 18), the Spitzenkorper is missing for an average time of 50
504  seconds (n = 44). Moreover, the observed decrease in Spitzenkorper size, its subsequent
505  disappearance, and the assembly of two new daughter Spitzenkdrper centres away from the
506  parent Spitzenkorper position, form a typical sequence of events that also occurs naturally in
507  apically branching fungi, e.g., Sclerotinia sclerotiorum®

508 The dynamics of the Spitzenkorper in hit & split branching also presents significant
509 differences when compared with that manifested during branching in non-constraining
510 environments, both observed in our experiments on agar, and presented in the literature®.
511  First, on homogeneous agar substrates the branching of Neurospora crassa hyphae occurs
512  predominantly laterally, not apically.”> However, we observed that apical branching is the
513 prevalent process in hit & split branching. Second, the apical extension stalls during the
514 absence of a Spitzenkdrper in Sclerotinia sclerotiorum® and is notably reduced in
515  Neurospora crassa branching apically on agar.’ In contrast, this delay is not observed in our
516  experiments with Neurospora crassa colliding near-orthogonally with a wall. We attribute
517  this difference in the extension rates between during hit & split branching, and apical
518 branching in non-constraining environments, respectively, to different trigger mechanisms.
519  For example, an apical split can occur on agar few minutes after receiving an intracellular
520 signal, whereas the immediate response of Neurospora crassa following a frontal collision
521  with an obstacle, as observed in the present study, can be the result of a cascade of very
522 localised, mechanical contact-induced processes.

523  The behaviour of the microtubules in apical and lateral branching on agar is similar,*’ but it is
524  markedly different during the hit & split response. In the apical or lateral branching on agar,
525  the microtubule population is relatively constant throughout the branching process, whereas a
526  hit & split response appears to trigger microtubule dissolution (Supplementary Figure SI 20,
527  SI 31). No microtubules are observed to be associated with the cell wall, or to break by
528  bending. The microtubules disintegrate, which created a gap of a few micrometres between
529  the microtubule end points and the bulging cell wall. Furthermore, when a hypha encounters a
530  corner (Supplementary Movie SI 10), branching occurs faster, producing only one branch on
531 the side of the parent hypha, as allowed by the confining geometry. In this instance, the
532  resulting budding branch does not display an initially discernible microtubule population,
533  suggesting that the association of microtubules with the apical cell wall is not a prerequisite
534  for selecting a branching site, as observed for the lateral branching in non-constraining
535  environments,* but which could be alternatively explained by cell-wall deformation driven
536 by isotropic turgor pressure.

537  The present study also found that the extension rates of mature hyphae depends on the
538  microtubule dynamics, as also reported before.*® However, in contrast to the ‘internal
539  disruption’ of the microtubule dynamics by mutations,”® in the present study the dynamics is
540  disrupted externally by enabling encounters with the constraining geometry. The filaments
541  respond collectively via an asymmetrical distribution or population breakdown, thereby
542  disrupting the supply of vesicles to the Spitzenkorper within the apex. This asymmetry is
543  maintained over a long period during nestling (Supplementary Figure SI 32), but is short-lived
544  for obstacle-induced breakdown dissolution (Supplementary Figure SI 31). The initiation of
545  the recruitment sites for the morphological machinery in bilateral constrainment and frontal
546  collision occurs in the absence of clear involvement of microtubules, and instead primarily
547  through cell-wall deformation. By elimination, turgor pressure is the most likely cause of the
548  branching that follows hyphal collision with obstacles at near-orthogonal angles.
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549  Similarly to nestling, the role of actin in the hit & split branching remains to be established by
550 further experimentation. However, as it was shown, for two yeast species,” and for
551  Neurospora crassa, that actin is not present at the tip of invasive hyphae, i.c., those pressing
552  against agar, i.e., in conditions similar to our experiments (Supplementary Movie SI 08 and SI
553  09). Consequently, it is expected that the contribution of actin is minimal to hit & split
554  branching.

555

556  Overlap of intracellular mechanisms of directional memory and obstacle-induced
557  branching during lateral branching

558  Neurospora crassa predominantly branches laterally in non-constraining conditions, e.g., on
559  flat agar surfaces, as observed in this study, and reported comprehensively in the literature, as
560 well as in large PDMS chambers. Lateral branching also occurs in tightly-constraining
561  microfluidics channels, but this process presents both similarities and differences when
562  compared with the lateral branching on non-constraining conditions.

563 At the beginning of lateral branching in non-constraining geometries, cortical microtubules
564  are associated with the cell wall at the location of the developing lateral branch. Upon further
565  extension, the microtubules gather and bent considerably. The severed ends then migrate into
566  the branch and resume polymerisation. These observations correlate well with those reported
567 regarding the intracellular processes during lateral branching on flat agar surfaces.*
568 Importantly within the present context, in tightly-constraining channels, the original
569  Spitzenkdrper remains intact in the parental hypha during lateral branching, and a new
570  Spitzenkorper is created independently within the ‘daughter branch’, which is also observed
571 in lateral branching in non-constraining conditions.®’

572  The most evident difference between the lateral branching in tightly-constrained geometries
573 and that on flat surfaces is that the branching place and frequency is dictated by the
574  availability of lateral space, rather than triggered by an internal clock, as it appears to be the
575  case for non-constraining conditions. Moreover, there is a close temporal correlation between
576  the presence of a constraining geometry and the lateral branching in a tightly-constraining
577  channel. Also, the growth direction of the lateral branch is enforced by the axis of the
578 available space for branching, e.g., orthogonal in Figure 6 (also Supplementary Figure SI 22,
579  SI 23) rather than the usual approximately 45° in non-constraining conditions. These
580 observations suggest a critical role of the isotropic turgor pressure in initiating the lateral
581  branching events. Additional evidence suggesting the role of turgor pressure in lateral
582  branching in our study is that Neurospora crassa branches commonly and almost immediately
583 after an exit from a bottleneck (Supplementary Movie SI 11),”° but not Pycnoporus
584  cinnabarinus® with a mechanically-strong hyphal wall needed for the penetration of wood
585 litter.

586  Finally, our findings regarding branching in constraining environments differ from those of a
587  previous study”® involving the same genetically tagged Neurospora crassa strain, but with
588 lateral branching occurring on non-constraining flat agar surfaces. In our study, no cortical
589  microtubules are observed bending or being shattered. Cell-wall deformation preceds
590 microtubule extension from the parent hypha into the nascent bud, making it appear as the
591  dominant element in the chain of events leading to branch formation. The bulging of the cell
592  wall into an intersection of channels also precedes the formation of a daughter Spitzenkdrper
593  (Supporting Figure SI 23), suggesting that Spitzenkorper nucleation occurs after the initiation
594  of branching.

595 The lateral branching in tightly-constrained channels presents the concomitant play of
596  directional memory driving the growth of the parental hypha, which is modulated by the
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597  Spitzenkorper-microtubules system, and of obstacle-induced branching driving the growth of
598 the daughter hypha, whose initiation appears to be the result of the turgor pressure
599  overcoming the mechanical strength of the hyphal wall in locations where the back support of
600 the constraining wall ceases due to a lateral opening.

601
602 Intracellular mechanisms of directional memory and obstacle-induced branching

603  The use of time-lapse confocal fluorescence microscopy applied to the observation of growth
604  of Neurospora crassa in various constraining microfluidics environments put in evidence
605  substantial differences in the intracellular processes involved in the fungal search for available
606  space for hyphal growth, compared with those manifested in non-constraining conditions.
607  These differences are summarised in Table 1.

608  The present study shows that the intracellular processes involved in the growth of Neurospora
609 crassa in constraining geometries are triggered by the presence of, and modulated by the type
610  of obstacles encountered by hyphae. Of the two important behavioural traits of Neurospora
611  crassa growth in constraining environments’, directional memory appears to be the result of
612  the Spitzenkorper functioning as a compass preserving the initial direction of growth, and
613  pressing against opposing obstacles encountered at a shallow angle of attack, then returning to
614  the initial direction when the blocking obstacle is overtaken and the contact with the hypha
615 ceases. This compass-like dynamic memory is further stabilised by the structuring of the
616  microtubules in the wake of the trajectory of the Spitzenkorper, resulting in the characteristic
617  ‘cutting corners’ feature of the microtubule cytoskeleton in meandering channels. Directional
618 memory, evidenced as a behavioural trait in few fungal species,zs’26 could provide biological
619  benefits for the filamentous fungi growing and foraging in geometrically heterogeneous
620 environments. Indeed, stochastic simulations showed that supressing directional memory in
621  Pycnoporus cinnabarinus™ increases the probability of hyphae being trapped in a network.
622  Furthermore, the Neurospora crassa ro-1 mutant, which did not display directional memory,
623 presented a considerably more even distribution of the hyphal mass in networks, and
624  consequently a considerably lower capacity for exiting from complex geometries than the
625  wild-type Neurospora crassa.”

626  In contrast with the intracellular processes involved in directional memory, the Spitzenkorper-
627  microtubules system does not appear to determine the direction of obstacle-induced
628  branching. Indeed, in the hit & split events, at the critical point of apical splitting, both the
629  Spitzenkdrper and the microtubules are absent. Furthermore, in lateral branching events
630 triggered by the availability of lateral free space, during or after tight geometrical
631  constrainment, and although the Spitzenkorper-microtubules system is present in the early
632 stages of formation of the daughter branch, directional memory is unable to dictate its
633  direction of growth. Arguably, the only driving force of the extension of the resulting hyphae,
634  and thus of the obstacle-induced branching, is the isotropic turgor pressure. The presence of
635  obstacle-induced branching in the same species exhibiting directional memory™™’ suggests
636 that this behavioural trait also brings biological benefits. Indeed, stochastic simulations™
637  demonstrated that obstacle-induced branching leads to a higher capacity of evading complex
638  networks, but with a lesser relative benefit than directional memory. Consequently, it appears
639 that Neurospora crassa has evolved ‘hard wired’ intracellular processes responsible for
640  directional memory and obstacle-induced branching, respectively, with the former being the
641 main driver for the negotiation of complex networks, and the latter a fall-back mechanism
642  when directional memory is turned-off during near-orthogonal collisions, or when it cannot
643  operate due to the tight constraining in tight geometries.

644
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645 Table 1. Comparison of intracellular processes involved in the growth of Neurospora crassa
646  in open and constraining environments. Present study*. CNC = “confined, but non-constraining”.

Growth Hypha Spitzenkor per Microtubules
Non-constraining geometries [various references, *]
Single Profile: parabolic, laterally- Location and dynamics: Orientation: parallel to the
hypha symmetrical central, at the hyphal apex; | hyphal axis
permanently present Distribution: axially
symmetrical
Dynamics: population
Source: agar®* and CNC* | relatively constant
Source: agar’**and CNC* Source: agar’”*""* and
CNC*
Lateral Occurrence: statistically-regular | Location and dynamics: Orientation: parallel to
branchin | Angle: approx. 45° central, at the hyphal hyphal axes
g Profiles: parabolic for both apices; permanently Distribution: axially
parental and daughter hyphae present in parental hypha, | symmetrical
Apical extension: reduced during | early appearance in the Dynamics: population
branching daughter hypha relatively constant
Source: agar® and CNC* Source: agar” and CNC* | Source: agar® and CNC*
Apical Occurrence: statistically-regular, | Location and dynamics: Orientation: parallel to
branchin | but rare retracts from the apex, hyphal axes
g Angle: V-shaped, approx. 45° disappears, then two Distribution: axially
Profiles: initial round-up for the | Spitzenkorper centres symmetrical
twin hyphae emerge at the centres of Dynamics: population
Apical extension: reduced during | hyphal apices relatively constant
branching
Source: agar® Source: agar® Source: agar*™®’
Constraining geometries[*]
Nestling | Occurrence: triggered by contact | Location and dynamics: Orientation: aligned off-
at shallow angles off-axis location, pressing axis,
Angle: change of direction as against the obstacle, return | Distribution: axially
dictated by the wall to central position after asymmetrical, ‘cutting
Profiles: skewed off-axis, passing the obstacle corners’
towards the wall Dynamics: population
Apical extension: unchanged relatively constant
Hit & Occurrence: triggered by near- Location and dynamics: Orientation: random
split orthogonal collisions disappears during splitting | close to the splitting
Angle: T-shaped branching, at of parental hypha; then two | Distribution:
~180° Spitzenkdrper centres form | random close to the
Profiles: triangular, then centrally at the apex of twin | splitting
progressively parabolic branches Dynamics: substantial
Apical extension: constant dissolution, then
during splitting formation in twin hyphae
Branch- | Occurrence: triggered by Location and dynamics: Orientation: parallel to
ing availability of free space for parental Spitzenkorper the hyphal axes
in/after branching progresses unchanged, the | Distribution: axially
tightly- Angle: dictated by the geometry | daughter hypha forms its symmetrical
constrain | Profiles: parabolic for parental own Spitzenkorper early Dynamics: populations
-ing hyphal circular, then and centrally relatively constant
channels | increasingly parabolic for
daughter hypha
Apical extension: constant
during branching

647
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648  Aside of the interest in the fundamentals of intracellular mechanisms involved in fungal
649  growth, this study could have further impact in several directions, not exhaustively mentioned
650 below.

651 e From a methodological perspective, purposefully-designed, optically transparent
652 PDMS microfluidics structures, in conjunction with advanced microscopy imaging, can be
653 used in fundamental microbiology studies by triggering, with temporal and spatial precision,
654  biomolecular events which are modulated by the cellular interaction with the solid
655  environment. This experimental methodology can be used for the further exploration of other
656 elements controlling the fungal growth in confined spaces, in particular the role of actin
657  structures, not covered in the present study.

658 e PDMS-made microfluidic devices can be designed to mimic fungal environments,
659  with experiments revealing insight relevant to various environmental, industrial, and medical
660  applications, including fungal pathogenicity in animals and plants. For instance, the PDMS
661  mechanical strength can be adjusted to allow the estimation of the forces applied by fungi in
662  various environmental conditions, via the measurement of resultant deformations, as already
663  demonstrated for yeast.”® Alternatively, the design of the PDMS structures could mimic the
664  structure of the walls of the plant or animal tissue to allow the study of fungal invasion.

665 e The confinement imposed on the growth of filamentous fungi can be used for various
666  approaches of biologically-driven computation. For instance, it was shown?’ that the
667  genetically-engineered, cytoskeleton defective mutant of Neurospora crassa, which produces
668  short branches preferentially at 90°, can solve orthogonal mazes better than the wild type
669  Neurospora crassa, which is biologically ‘programmed’ to branch at 45°. Furthermore, as the
670  space searching natural algorithms used by fungi have been demonstrated as being more
671 efficient than some artificial ones™, it is possible to use fungi, either wild type, or better
672  genetically-engineered, to solve very complex physical networks encoding combinatorial
673  mathematical problems, as proposed before,” and recently demonstrated.” Alternatively, the
674  nuclear dynamics in Neurospora crassa’' could be ‘streamlined’ in networks mimicking real

675 complex transportation webs, thus allowing the exploration of traffic optimisation, " a
676  conceptual framework demonstrated for Physarum polycephalum.”
677

678 Conclusions

679  The study of the intracellular processes in somatic hyphae of Neurospora crassa that respond
680 actively to geometrical constraints imposed by a PDMS-based microfluidic structure revealed
681 how the Spitzenkorper-microtubules system is responsible for the directional memory in
682  navigating confining networks when hyphae encounter obstacles at shallow angles of contact.
683  This study also revealed that the Spitzenkorper-microtubules system is not modulating the
684  obstacle-induced hyphae collide near-orthogonally with obstacles blocking their growth,
685  suggesting that turgor pressure is the remaining candidate for the driving force. Finally, when
686  free space becomes available laterally from tightly-constraining channels, Spitzenkdrper-
687  microtubules system-controlled directional memory cannot operate, also leaving turgor
688  pressure as the last possible driving force for hyphal lateral branching. The present results can
689 impact on further fundamental studies regarding the intracellular processes driving the fungal
690 growth in confined environments, and on various environmental, industrial, and medical
691 applications, as diverse as fungal pathogenicity in plants, animals and humans, to
692  biologically-driven computation.

693

694 Methods
695 Microfabrication and experimental setup
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696  The microfluidic network is illustrated in Figure 1 and Supplementary Figure SI O1. Its
697  dimensions, i.e., height of 10 um, and channel widths ranging from 2 to 100 pm were
698  designed to present various level of constrainment to fungal growth, from tight-constraining
699 in channels with widths smaller than the hyphal diameter, i.e., 5-7 um, to confined, but non-
700  constraining chambers, with dimensions of 100 x 100 x 10 pm. The artificial environments
701  were fabricated using a two-component polymer, poly(dimethyldisiloxane) (PDMS, Sylgard
702 184, Dow Corning) using a well-established procedure.”® Benefits of using PDMS include
703 low fabrication costs, non-toxicity, good biocompatibility, chemical inertness, and optical
704  transparency for wavelengths as low as 280 nm.”>” Briefly, the fabrication involved the
705 moulding of a degassed PDMS mixture of the pre-polymer and curing agent (10:1, w/w) onto
706 a microstructured silicon wafer, at 65°C for a duration in excess of 8 hours. After
707  hydrophilisation via exposure to UV/ozone, the PDMS stamps were irreversibly fixed onto a
708  microscope cover slip. Lateral openings in the structure allowed the introduction of the
709  growth medium, fungal hyphae, and fluorescent dyes. Fungal inoculation was achieved by
710 placing an agar plug, extracted from a zone with young hyphae, e.g., the peripheral growth
711  zone of a colony, upside down next to a lateral channel opening. The device was then attached
712 to a microscope slide marked with spacers for accurate positioning on a microscope stage.
713  Hyphal confinement within channels ensured that the hyphae remained within the working
714  distance of the microscope objective while enabling sufficient gas exchange over long periods
715  of time, thus avoiding the need for perfusion with oxygenated nutrient broth, as required in
716 agar.éo’63

717  The microfluidic network design allowed the investigation of fungal behaviour in the
718  following scenarios (Supplementary Figure SI 33, from top to bottom): (a) virtually no
719  mechanical confinement, wherein hyphae with a diameter of 5-7 pm grow in the 10 pum gap
720  between the glass coverslip and the PDMS ‘ceiling’), similar to agar; (b) parallel 1D
721  confinement, wherein hyphae progress along a wall in the observation plane; (c) 2D
722  confinement, wherein hyphae grow while being constrained between two walls that are
723  perpendicular to the observation plane; and (d) orthogonal or angled 1D confinement,
724  wherein hyphae encounter a wall at near-normal incidence. In many instances, the hyphae
725  encounter the wall at a shallower angle (e.g., 45° or less, relative to the surface), which results
726  in a parallel 1D confinement. Additionally, in the case of 2D confinement, the channels can
727  be given various widths and shapes (e.g., straight, zig-zagged, or bent at various angles).

728
729  Fungal species, growth media, staining

730 The Neurospora crassa rid (RIP4) mat a his-3+::Pccg-1-Bml+sgfp+ mutant strain
731  (henceforth “Neurospora crassa GFP”’; FGSC #9519) was obtained from the Fungal Genetics
732 Stock Center (School of Biological Sciences, University of Missouri, Kansas City, MO,
733 USA). The Neurospora crassa GFP mutant was constructed®' to express intrinsically GFP-
734 labelled microtubules while maintaining a growth pattern similar to that of the wild type. The
735  strain was cultured on 1% w/v malt extract agar (Merck), which was also used for medium
736  filling the microfluidics structures. Prior to each experiment, the fungal strains were sub-
737  cultured on fresh malt extract agar plates and incubated at room temperature (21°C + 2°C).

738  The FM4-64 dye (Invitrogen Ltd. (Paisley, UK) was used as a marker for Spitzenkorper®. A
739  20-ul droplet of an 8 uM FM4-64 solution was applied onto a microscope coverslip before
740  placing an agar slab, excised from the margin of the growing colony, upside-down onto the
741  droplet. To avoid an overlay of the dynamics of the dye loading and of the Spitzenkdrper,
742  imaging was performed at least one hour after loading the hyphae with the dye.

743
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744  Time-lapse microscopy and image analysis

745  Live-cell imaging of hyphal growth was performed with an inverted laser-scanning
746  microscope (Zeiss Axio Observer Z1 with LSM 5 Exciter RGB, Carl Zeiss, Géttingen,
747  Germany) with photomultiplier detectors. Samples were excited with 488 nm and 543 nm
748  lasers, and the emitted light was passed through a bandpass filter (505-530 nm) and a 650 nm
749  long-pass filter. To reduce photobleaching and phototoxic effects, the laser intensity and laser
750  scanning time were kept to a minimum (0.7 - 2.4 % laser energy, 0.75- to 23-second frame
751  scans). Fluorescence and bright-field time-lapse images were captured simultaneously and
752  analysed using image processing software (Zen 2008, Carl Zeiss, Géttingen, Germany). Fiji®'
753  was used for image overlay and quantitative image analysis. RETRAC 2.10.0.5 (freeware
754  from Dr. Nick Carter, University of Warwick, UK) was used for frame-by-frame tracking and
755  calculating cytoskeletal and hyphal kinetics.

756
757  Growth experimentson agar and microfluidics structures

758  Control measurements for fungal growth in non-constraining environments were performed
759  on 1% w/v malt extract media using somatic hyphae at the edges of the colony. The leading
760  hyphae, i.e., wide hyphae showing rapid cytoplasmic flow,* rarely entered the microfluidic
761  structures and were therefore omitted. For the somatic hyphae, ’subapical compartments’
762  were characterised by an increased nuclear density approximately 60 um from the extreme
763  apex. Hyphal growth rates were established by tracking the position of the extreme hyphal
764  apices in subsequent frames. To measure the cytoskeletal alignment within hyphae, tangents
765  were fitted manually to microtubules, and the respective local hyphal longitudinal (i.e.,
766  polarisation) axes and intersection angles were measured. To measure the rates of microtubule
767  polymerisation within the apical compartment, the positions of individual filament ends were
768  tracked frame-by-frame.

769  The parameters of the obstacle-induced apical hit & split included the time elapsed from the
770  impact to the establishment of the daughter hyphae and the maximum size of the formed
771  bulges immediately before the re-establishment of polarised growth. The hyphal diameter was
772  measured at the time of collision with the obstacle. The maximum bulge size was measured
773 by overlaying the frame of collision with the frame in which the growth pattern of the
774  daughter bulges changed to polarised extension and determining the difference in the apical
775  cell wall location on both sides of the hypha.

776
777  Statistical analysis

778  Statistica 7.1 (Statsoft Inc., OK, USA) and GraphPad Prism 6.01 (GraphPad Software Inc.,
779  CA, USA) were used for statistical analysis and correlation tests. Statistical analyses included
780  calculating the mean and standard deviation values of parameters measured, i.e., position,
781  alignment with the hyphal axis, polymerisation rate for microtubules, times before
782  reappearance of the Spitzenkdrper, and hyphal bulge dimensions, over the total number n data
783  points. Statistical analyses included all accumulated data from at least 20 separate
784  experiments (unless otherwise stated). GraphPad prism was used to perform a Mann-Whitney
785  test comparing the apical and subapical distributions of the microtubule polymerisation rates
786  and the microtubule alignments to the polarisation axis respectively.
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Table 1. Intracellular processes in the-@ptcaleegion ikvsived in the growth of Neurospora
crassa in open and constraining environments ([*] indicates results from the present study)

Growth Hypha Spitzenkorper Microtubules
Non-constraining geometries [various references, *]
Single Profile: parabolic, laterally- | Location and dynamics: | Orientation: parallel to
hypha symmetrical central, at the hyphal the hyphal axis
apex; permanently Distribution: axially
present symmetrical

Dynamics: population
relatively constant

Source: agar’”***and Source: agar®®* and Source: agar®**'* and
CNC* CNC* CNC*
Lateral Occurrence: statistically- Location and dynamics: | Orientation: parallel to
branching | regular central, at the hyphal hyphal axes
Angle: approx. 45° apices; permanently Distribution: axially
Profiles: parabolic for both | present in parental symmetrical
parental and daughter hypha, early appearance | Dynamics: population
hyphae in the daughter hypha relatively constant

Apical extension: reduced
during branching

Source: agar®® and CNC* | Source: agar® and Source: agar®® and
CNC* CNC*
Apical Occurrence: statistically- Location and dynamics: | Orientation: parallel to
branching | regular, but rare retracts from the apex, hyphal axes
Angle: V-shaped, approx. disappears, then two Distribution: axially
45° Spitzenkdrper centres symmetrical
Profiles: initial round-up for | emerge at the centres of | Dynamics: population
the twin hyphae hyphal apices relatively constant

Apical extension: reduced
during branching

Source: agar® Source: agar® Source: agar*®®
Constraining geometries [*]

Nestling | Occurrence: triggered by Location and dynamics: | Orientation: aligned
contact at shallow angles off-axis location, off-axis,
Angle: change of direction | pressing against the Distribution: axially
as dictated by the wall obstacle, return to central | asymmetrical, ‘cutting
Profiles: skewed off-axis, position after passing the | corners’
towards the wall obstacle Dynamics: population
Apical extension: relatively constant
unchanged

Hit & split | Occurrence: triggered by Location and dynamics: | Orientation: random
near-orthogonal collisions disappears during close to the splitting
Angle: T-shaped branching, | splitting of parental Distribution:
at ~180° hypha; then two random close to the
Profiles: triangular, then Spitzenkdrper centres splitting
progressively parabolic form centrally at the apex | Dynamics: substantial
Apical extension: constant | of twin branches dissolution, then
during splitting formation in twin
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