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Supplemental Methods

2.1. Media

We used MSR (modified Strullu-Romand) medium with 0.3% (w/v) Phytagel™ as a substrate
for AM fungal network growth. For the myristic acid treatment, we supplied the medium with
0.5 mM myristic acid (Sigma-Aldrich; stock concentration 100 mM in ethanol). For the
control treatment (0 mM myristic acid), we added an equal volume of ethanol. After
autoclaving, we poured 15 ml medium in small petri dishes (60mm). We placed a circular
piece of sterile porous cellophane (Hoefer™ TE73, 50 mm) on the surface of the solidified
medium. Using porous cellophane is an established technique for achieving high-resolution

imaging by promoting fungal growth on the surface while allowing access to water and

nutrients (Hitchcock et al., 1996; Olsson et al., 2014; Ritz et al., 1996).

2.2. Fungal material

We used spores of R. irregularis strains AS (DAOM 664344) and C2 (DAOM 664346)
harvested from in vitro cultures associated with Ri T-DNA transformed carrot roots. We
separated the spores from the medium by adding an equal volume of 10mM sodium citrate
and incubating at room temperature to dissolve the gel (Doner & Bécard, 1991). In sterile
conditions, we isolated spore clusters under a dissection microscope, washed the spores in

sterile dH,O and stored them at 4 °C until use.

We placed the clusters in the center of each plate. Due to variations in cluster sizes, the spore
numbers per plate varied. For the two separate experiments, we prepared plates with an average
parent spore number of 15.5 (7-27) and 17.6 (12-36) for A5 in control and myristic acid, and
15.3 (11-30) and 14.6 (8-22) for C2 in control and myristic acid conditions, respectively (Suppl.
Table 1). All plates were sealed with parafilm and incubated lid facing upwards in the dark at
25 °C.

To track carbon flows in the cytoplasmic streams, we stained a subset of plates of each strain
and treatment with Nile red (stock concentration 10 mg/ml in DMSO). Nile red is a
fluorescent dye that allows selective vital staining of intracellular neutral lipid droplets
(Greenspan et al., 1985). We transferred 20-50 pl (dilution 1:10 with dH>O) on top of the
cellophane depending on network size and spread the solution evenly over the whole area

without breaking the network by carefully tilting the plate. After overnight incubation at 25



°C in the dark, we recorded videos in brightfield first, followed by imaging in the

fluorescence channel.

2.3.1. Network growth experiment

We imaged all plates for 2 months (57 days) every 2-4 hours on a customized platform in an
enclosed, dark, and temperature-controlled environment described in detail in (Oyarte Galvez
et al., 2025). To briefly summarize, we coupled a 2x objective lens (Thorlabs TL2X-SAP - 2X
0.1 NA Super Apochromatic) through a tube lens (f=200 mm) to a 12MP CMOS camera (Basler
acA4112-30um) with a pixel size of 1.725 um. The camera, tube lens, and objective were
mounted on a Thorlabs KMTS25E/M motorized stage for focusing. This was then mounted on
an X-Y motorized linear stage with stepper motors (NEMA23L IP65 Servotronix) driven by a
customized motor controller. With this platform, we acquired 99 image tiles (5 x 7 mm? each)

with a 20% overlap.

We obtained network total hyphal length following a method developed by and described in
more detail in (Oyarte Galvez et al., 2025). In brief, we removed the image background through
a rolling ball algorithm and highlighted long and thin structures using the bowler hat algorithm
(Sazak et al., 2019). To preserve the connectivity of the hyphal network, we used anisotropic
smoothing (Long et al., 2020). Next, we used a hysteresis threshold to obtain a segmentation
mask that followed the shape of the hyphae of the network. We transformed this mask into a
skeleton first and then into a graph. We obtained total hyphal length (mm) from this graph by
summing the lengths of all its edges (data not shown here). We determined the network area
(mm?) by computing the network’s convex hull, the minimal convex polygon whose area spans
the complete network graph. To account for differences in numbers of spores between plates,
we standardized network length and area by the number of parent spores. We calculated
network density (mm/mm?) by dividing network length by area. We manually counted newly
formed spores in the region approximately 10 x 10 mm around the parent spores using the

multi-point tool in FIJI — ImageJ v. 2.1.0/1.53¢ (Schindelin et al., 2012) (Suppl. Table 2).

2.3.2. Cytoplasmic flow experiment
2.3.2.1. Video recording
The optical system of this platform is identical to the one above, except for the objective lens

(100X 0.8 NA Nikon CFI60 TU Plan Epi ELWD). For flow imaging, we mounted the plates



on a customized X-Y motorized linear stage with stepper motors driven by an Arduino Uno
Rev3 micro-controller. This allowed us to accurately position the plates at specific, recorded
coordinates of the hyphal network. At each selected region of interest, we recorded high-
resolution (100x magnification) videos at 5-25 fps for 30 seconds in brightfield. To improve
video quality, we imaged the plates without a lid and recorded at least one video at every
selected position. When we observed irregular cytoplasmic streams (i.e., large variation in
observed speeds and/or fluctuation of the main flow direction), we recorded multiple videos.
As number of hyphae and network complexity differed between treatments and time points,

the number of videos ranged from 7 to 70 videos per plate.

2.3.2.2. Kymograph generation

Kymographs visualize one-dimensional motion within a static image. They are constructed
by stacking lines of pixels representing the intensity profile along a chosen direction in space
(x-axis of the graph) acquired at successive times (y-axis of the graph). Analysis of the
resulting intensity patterns (i.e., the orientation and slope of lines in the graph) allows
extraction of direction and speed of particle movement within the video. For each video, we
first generated a segmented image with each pixel value set to 1 (i.e., “hypha”) or 0. We
computed the mean and standard deviation of each pixel intensity over the first 300 frames.
We blurred the mean and standard deviation maps by a 20x20 kernel using the function
cv2.blur from OpenCV (Bradski, 2000). We then divided the standard deviation map by the
mean intensity map to obtain coefficient of variation (CV) maps. We expected pixels of a
hypha to have higher coefficient of variation due to cytoplasmic movement. We blurred the
image again by a 20x20 kernel to maximize the connectivity of the graph obtained at later
steps. We then computed the binned distribution of intensity of the CV map over 40 bins
ranging from min to max value and took the derivative of the resulting histogram. We used
the abscise of the minimum of the derivative (corresponding to a sudden drop in the
distribution) as a threshold to separate the pixels in the CV map belonging to hyphae from the
background. We thinned out the result to a 1-pixel wide skeleton using the skeletonize

function of the skimage.morphology package of Python (van der Walt et al., 2014).

We transformed the pixel skeletons to a graph format with nodes (i.e., all junctions and tips)
and edges (i.e., connections between) by using a custom algorithm based on pixel
neighboring relations. Pixels with zero to four neighbors were considered nodes. Pixels in a

consecutive sequence connecting two nodes with no additional nodes in between were



considered edges. We then used each edge pixel sequence to generate perpendicular lines
(240 pixels in 50x magnification without binning, 17 um) symmetrically along the edge at a
1-pixel distance from each other. We averaged the pixel value in each line to a mean intensity
value at the specific length position on the hypha. All mean intensity values together form the

first horizontal line in the kymograph. We repeated this process for all frames of the video.

We removed all false positive kymographs (i.e., scratches in the cellophane) and cases in
which kymographs were generated from non-connected, overlapping hyphae. In total, we
removed approximately 12,000 kymographs from the brightfield data and 1,500 from the
fluorescence data (Suppl. Figure 1a). We reduced the number to 13,228 generated
kymographs in a total of 4971 videos. For brightfield videos, this deletion of false positives
did not generate a strong imbalance between numbers of observations per strain and
treatment both in total numbers as well as proportional to the initial number of kymographs
before quality control. A5 was excluded from fluorescence imaging analysis, since the strict

quality control strongly reduced the number of observations especially in control conditions.

2.3.2.3. Flow speed extraction

To extract flow speeds in both directions, we used a custom algorithm. Since within each
hypha, particles move in both directions simultaneously, it was important to separate crossing
particle tracks. Therefore, we put each kymograph through a Fourier directional filter as
described in reference (Mangeol et al., 2016). We calculated the speeds by extracting the
local orientation of the image gradient at each pixel from the kymographs using structure-
tensor analysis (Bernd Jdhne, 1993). This returned the most likely image orientation and a
measure of gradient strength along this orientation. We repeated this multiple times using a
range of window sizes. We used the window size with the highest confidence for each pixel
to maximize the number of extracted speeds and to capture the speeds of differently sized
particles. Based on the extracted orientations within these windows, we created a speed field,
where every pixel was assigned the speed for the particle measured at that timepoint in space.
We extracted the mean flow velocity for each position over time in a video (data not shown).
Due to the variation in orientation of hyphae relative to the plate, we analyzed all flows in

terms of absolute velocity without reference to direction.

2.4. Statistical analyses

2.4.1. Network growth experiment



To examine whether final hyphal length, convex hull network area, and spore production
after 2 months were mediated by strain identity (A5, C2) and/or treatment (control, myristic
acid), we used separate GLM models with strain, treatment, and their interaction as fixed
factors. To account for variation in spore numbers per plate, we normalized the maximum
network length and network area of each plate by the number of initial parent spores and fit
the model again. For all models, pairwise comparisons between strain and treatment

combinations were performed with Tukey adjustments.

2.4.2. Cytoplasmic flow experiment

We first tested whether flow speeds extracted from brightfield imaging differed according to
strain identity (A5, C2), treatment (control, myristic acid), or timepoint (week 2, 3, 4, 5, 6).
We used linear mixed-effects models with strain identity, treatment, timepoint and their
interactions as fixed effects. We included plate ID and timepoint nested within plate ID as
random effects. For all models, pairwise comparisons among all combinations of strain,
treatment and timepoint were performed using Tukey adjustments. We then examined how
flow speeds in strain C2 extracted from fluorescence imaging were related to treatment and
timepoint as described for brightfield imaging. For both flow speed data types, we performed
additional analyses to determine the robustness of results to choices of image quality filtering.
To reduce the noise, we selected a coverage threshold value of 0.2 and a minimum flow speed
of 1 pm/s as our standard filtering parameters. This reduced our data set from 20,238 to 9,624
observations for brightfield and 1616 to 622 observations for fluorescence. To determine the
sensitivity of our conclusions to this choice of filtering parameters, we carried out all
statistical analyses on data subsets with a range of different coverage threshold values (no
coverage threshold/0, 0.1, 0.2, 0.3, 0.4, 0.5) and minimum flow speed (no minimum flow
speed/0, 0.5, 1, 2, 3,4, 5, 6 um/s) (Suppl. Table 3). This resulted in data subsets of varying
sizes (Suppl. Figure 2) of fewer observations with increasing filter parameter values (Suppl.

Figure 1b, c).

We next examined whether flow speeds extracted from brightfield imaging were related to
strain, treatment, timepoint, and distance from the parent spore (continuous scale, in mm).
Due to a temporary recording malfunction, not all videos had associated coordinates,
resulting in a smaller subset for this part of the analysis (8019 observations). We used linear

mixed-effects models with strain identity, treatment, timepoint, distance from parent spore



and their interactions as fixed effects. We included plate ID and timepoint nested within plate

ID as random effects.

All statistical analyses were performed using R statistical software (v4.2.2) (R Core Team,
2022) with the packages Ime4 (version 1.1-37) for linear mixed-eftfects models (Bates et al.,
2015) and emmeans (version 1.8.4-1) for contrasts (Lenth et al., 2023).

Supplemental Tables

Suppl. Table 1 Plate information summary of the experiments. a) Network growth
experiment: plate information summarized by strain, myristic acid treatment, and replicate
number. The number of initial parent spores and maximum network length (in mm) were
used to standardize the network length (mm/spore) for each replicate. The number of newly
formed daughter spores is the final count of newly formed spores, and the time-resolved
spore count is documented in Suppl. Table 2. The unique ID of each replicate can be used to
identify the corresponding replicate. b) Cytoplasmic flow experiment: plate information
summarized by strain, myristic acid treatment, and replicate number. The replicates have been
imaged at different ages measured in days and weeks (after germination). Not all plates could
be imaged equal number of times due to contamination and time constrictions. ¢) Longevity:
number of replicates that were screened for bidirectional cytoplasmic flows after one year
summarized per strain per myristic acid treatment. These plates were not used previously for
either of the two main experiments.

The unique ID of each replicate can be used to identify the corresponding network length and

cytoplasmic flow data over time the full data tables available upon request.

a)
Strain | Myristic # Replicate | unique # Parent | max. network # daughter
acid ID spores network length spores
length (mm/spore)
(mm)
A5 0 mM 1 NET]I 14 91.56 6.54 0
2 NET2 13 106.12 8.16 0
3 NET3 12 120.02 10 0
4 NET4 11 112.55 10.23 0
0.5 mM 1 NETS5 15 906.78 60.45 7
2 NET6 15 1019.96 67.99 5
3 NET7 16 582.98 36.44 4




4 NET8 12 1312.92 109.41 9
5 NET9 16 1975.45 123.47 9
C2 0 mM 1 NET10 11 116.68 10.61 0
2 NETI11 15 153.66 10.24 0
3 NETI12 11 151.08 13.73 0
4 NETI13 23 155.75 6.77 5
5 NET14 14 150.41 10.74 10
0.5 mM 1 NETIS 13 1500.88 115.45 93
2 NETI16 15 2056.13 137.08 174
3 NET17 14 914.28 65.31 139
4 NETI18 18 2740.32 152.24 na
b)
Strain | Myristic # Replicate | unique ID #Parent imaged on imaged
acid Spores weeks on days
AS 0 mM 1 FLOWI 14 3 18
2 FLOW2 14 5,6 32,36, 39
3 FLOW3 11 2,3,5 11, 15,29
4 FLOW4 17 2,3,4 11,15, 18,23
5 FLOWS 19 2,3 11,15
6 FLOW6 17 3,4,5,6 18, 23, 29, 32, 36,
7 FLOW7 21 3,4,5,6 31';, 23,32, 36, 39
0.5 mM 1 FLOWS 20 3 18
2 FLOW9 13 2,3,4,5,6 8,11, 14, 18,23, 28,
32,36
FLOWI10 19 6 42
4 FLOWI1 17 3,4,5,6 18, 23, 28, 32, 36,
5 FLOWI12 12 2,3 3,911, 14, 18
6 FLOWI3 15 5,6 32, 36, 39, 42
7 FLOW14 17 2,3 8, 11,14,15
8 FLOWI15 21 4,5 23,29
C2 0 mM 1 FLOWI16 13 4 23
2 FLOW17 11 4,5,6 23, 28, 31, 36, 39
3 FLOWI18 11 4,5,6 23, 28, 31, 36
4 FLOWI9 20 2,4 8, 14,23,28
5 FLOW20 13 2 14
6 FLOW21 13 2 8,14
7 FLOW22 14 2 8
8 FLOW23 20 5 29, 34
9 FLOW24 11 5 29, 34
10 FLOW25 14 4,5 22,25,29, 34
11 FLOW26 17 2,3,4 11, 18,22




12 FLOW27 13 3 15, 18, 21
0.5 mM 1 FLOW28 12 4 23
2 FLOW29 16 4,5,6 22,25, 28, 31, 36,
3 FLOW30 14 4,5,6 ;g, 25, 28, 31, 36,
4 FLOW31 11 4,5,6 ;g, 25,28,31,36
5 FLOW32 13 2,3 8,10, 14,17
6 FLOW33 10 2,3 8,10, 14,17
7 FLOW34 10 2,3 8,10, 14, 17
8 FLOW35 8 2,3,4 11,18, 22
9 FLOW36 18 3 18, 21
10 FLOW37 20 4,5 22,25,29,32
11 FLOW38 12 5 29, 32
12 FLOW39 16 5 29, 32
¢)
Strain | Myristic total # Age # of plates with clear bidirectional
acid replicates flows
AS 0 mM 7 15 months 4
0.5 mM 8 15 months 4
C2 0 mM 9 13 months 6
0.5 mM 8 13 months 8




Suppl. Table 2 Newly formed daughter spores. Time-resolved appearance of newly formed spores from day 1 until day 57 after germination
for each replicate of the Network growth experiment. Each cell states the total number of spores at that day. More plate information on the

replicates can be found in Suppl. Table 1 via the unique ID.

A5 C2
0 mM 0.5 mM 0 mM 0.5 mM
unique | NET1 | NET2 | NET3 | NET4 | NET5 | NET6 | NET7 | NET8 | NET9 | NET10 | NET11 | NET12 | NET13 | NET14 | NET15 | NET16 | NET17
g)ay 1 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Day2 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Day3 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Day4 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Day5 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Day6 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Day7 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Day8 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Day9 |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Day10 | 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0
Day11 | 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0
Day12 | 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0
Day13 | 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0
Day14 | 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0
Day15 | 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0
Day16 | 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0
Day17 | 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0
Day18 | 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0
Day19 | 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0
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Suppl. Table 3 Statistics summary. The models described in the Supplemental Methods
were fitted on all flow speed and coverage filtering cut-off combinations shown in this table.
We did this with data from videos captured in the brightfield and fluorescence channel. We
tested combinations of different minimum cytoplasmic flow speeds ranging up to minimum 6
um/s, and a set of coverage cut-off thresholds ranging from 0 to 0.5. For cells containing
“sign.”, the model and subsequent pairwise comparisons of these parameter combinations
were significant at p < 0.05. For cells containing “ns”, the model of these parameter
combinations was not significant and no subsequent pairwise comparisons were performed.
For cells containing “sign./ns”, the model of these parameter combination was significant at p
< 0.05, but subsequent pairwise comparison was not. We chose > 1 um/s minimum flow

speed and a coverage cut-off at 0.2 as our “standard” for this publication.

coverage filtering cut-off
min. flow |, 0.1 0.2 0.3 0.4 0.5
speed
any sign. sign. sign. sign. sign. sign.
> 0.5 um/s sign. sign. sign. sign. sign. sign.
= | > 1 um/s sign. sign. sign. sign. sign. sign.
€ 2 S , : : : , —
£ pum/s sign. sign. sign. sign. sign. sign./ns
'_;;.' >3 um/s sign./ns sign./ns sign./ns sign./ns sign./ns sign./ns
>4 um/s sign./ns sign./ns sign./ns sign./ns sign./ns sign./ns
> 5 um/s sign./ns sign./ns sign./ns sign./ns ns ns
> 6 um/s sign./ns sign./ns sign./ns sign./ns ns ns
any ns ns ns ns ns ns
> 0.5 um/s ns ns ns ns ns ns
2 > 1 pm/s ns ns ns ns ns ns
5]
2 | >2um/s ns ns ns ns ns ns
§ >3 um/s ns sign./ns ns ns ns ns
= 1>4 um/s ns sign./ns sign./ns sign. sign. sign./ns
> 5 pum/s ns sign./ns sign. sign. sign./ns sign./ns
> 6 pm/s ns ns sign./ns sign./ns sign./ns ns
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Suppl. Video 1 Example video of bidirectional cytoplasmic flows in network of C2 in the 0

mM myristic acid (control) condition.

Suppl. Video 2 Example video of fluorescently labeled neutral lipid flows in network of C2

in the 0.5 mM myristic acid condition.

Suppl. Video 3 Example video of unidirectional cytoplasmic flow in one year old network of

C2 in the 0 mM myristic acid (control) condition.

Suppl. Video 4 Example video of bidirectional cytoplasmic flow in one year old network of

C2 in the 0.5 mM myristic acid condition.

Suppl. Video 5 Example video of slow cytoplasmic flow and septated inactive hyphae in one

year old network of AS in the 0 mM myristic acid (control) condition
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