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A B S T R A C T

Despite the ecological importance of arbuscular mycorrhizal (AM) fungi, it is unclear to what extent these 
symbionts can act autonomously from plant hosts, especially in their ability to control internal nutrient flows. We 
studied flows in AM fungal networks grown without plant hosts by providing myristic acid as a carbon source.

Using a custom-built imaging platform, we tracked network formation of two Rhizophagus irregularis strains 
with and without myristic acid. We collected 5000 cytoplasmic flow videos in hyphae, and fluorescently tagged 
lipids to measure their speeds. We measured ~25,000 flow trajectories and calculated flow speeds by kymograph 
analysis.

In the presence of myristic acid but lacking a host root, AM fungi produced networks 10-times longer, covered 
up to 4 times more area, and showed a 50% increase in mean flow speed. Flow speeds varied drastically over 
time and space, with rare bursts of fast flows between 10 and 30 μm/s. Flows of fluorescently tagged lipids 
averaged 3 μm/s and were unaffected by myristic acid. Even one year after application, we could detect cyto
plasmic flows in asymbiotic fungal hyphae close to parental spores when grown with myristic acid.

Our findings suggest that cytoplasmic flows can be decoupled from hosts and challenge our current under
standing of AM fungal autonomy.

1. Introduction

Arbuscular mycorrhizal (AM) fungi are important and ubiquitous 
symbionts of ~70% of all plant species, found across most of Earth's 
terrestrial ecosystems (Brundrett and Tedersoo, 2018). These AM fungi 
form underground hyphal networks that colonize the roots of their host 
plants. AM fungi draw down an estimated 4 Gt CO2 into soils every year 
(Hawkins et al., 2023) and provide many other important functions, 
including nutrient uptake and water acquisition (Kakouridis et al., 2022;
Stock et al., 2021;Kuyper et al., 2021), soil aggregation (Gómez-Leyva 
et al., 2023;Řezáčová et al., 2021), and plant health benefits (Gashgari 
et al., 2020;Tang et al., 2023).

The AM fungal symbiosis relies on nutrient exchange partnerships: 
fungi provide nutrients such as phosphorus (P) and nitrogen (N) and 
receive carbon from the plant which they use to grow their networks 
(Kuyper et al., 2021;Stock et al., 2021). AM fungi are considered obli
gate biotrophs because they lack intrinsic fatty acid synthesis (Trépanier 
et al., 2005;Wewer et al., 2014) and depend on host roots for carbon, 
specifically sugars and lipids (Bago et al., 2000;Jiang et al., 2017;
Luginbuehl et al., 2017;Schubert et al., 2003). AM fungi can actively 
move nutrients through their open-pipe (aseptate) hyphal networks, so 
that they can rapidly move nutrients to plants and carbon to their own 
fungal tips (Cargill et al., 2025). Cytoplasmic flow velocities in 
pre-symbiotic germlings have been subject to investigation for decades 
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(Giovannetti et al., 1999, 2000). Recent quantitative research has 
confirmed that within the thin hyphae of symbiotic network, cytoplasm 
can stream in two directions simultaneously (Oyarte Galvez et al., 
2025). The bidirectionality is necessary because the carbon in the hy
phae must be transported long range from the host root toward the 
hyphal tips. This allows the network to build a colonization front in 
search of new roots and nutrients. Simultaneously, nutrients such as P 
and N foraged from the soil, are moved through the fungal network 
toward the host root (Oyarte Galvez et al., 2025).

Previous research has focused on how hosts influence the nutrient 
exchange patterns of AM fungi. For example, the resource transfer from 
a fungus to the host is highly variable and can depend on factors 
including host species (Torrecillas et al., 2012;Šmilauer et al., 2019), 
host light availability (Knegt et al., 2016), host root architecture and 
even host age (Šmilauer et al., 2021). However, it is unclear to what 
extent AM fungi can act autonomously from their host plants, especially 
regarding the degree to which they control the speed and direction of 
their nutrient flows. There are two contrasting hypotheses concerning 
fungal autonomy, which represent extreme ends of a possible contin
uum. First, since in AM fungal carbon comes exclusively from plants, 
host roots could play a major role in regulating hyphal flow dynamics. 
This possibility is supported by the observation that flows in AM fungi 
are positively correlated to the host plant's transpiration (Kikuchi et al., 
2016). An alternative possibility is that although the host may control 
the exact amount of carbon, it is the fungus that controls the regulation 
of flows. Past work has explored flows generated in fungal networks 
(Hammer et al., 2024; Whiteside et al., 2019), but whether attachment 
to the host is required for those flow dynamics remains unknown. An 
ideal experiment to resolve these hypotheses would decouple the 
plant-fungal symbiosis so that nutrient flows within AM fungal networks 
can be quantified in the absence of a plant host.

We addressed this challenge by using a recently discovered method 
(Sugiura et al., 2020) for growing AM fungi without a host by providing 
myristic acid as a fatty acid carbon source. Intracellularly, myristic acid 
is involved in lipid modification of proteins such as N-myristoylation for 
membrane anchoring (Sonnenburg and Gordon, 2013) and can provide 
energy through ATP generation by oxidation (Kohlmeier, 2015). Myr
istic acid has also been reported as a compound in plant root exudates (S. 
Li et al., 2017; Pomilio et al., 2000; Xing et al., 2024) and as a bacterial 
product (Hildebrandt et al., 2006; M. Saito et al., 2018). Past in vitro and 
greenhouse work has shown that exogenous myristic acid and its salts 
increase root colonization by AM fungi (Chen et al., 2025; Liu et al., 
2023; Xing et al., 2024). Myristic acid allows AM fungi to grow asym
biotically and produce infective daughter spores by providing energy in 
form of ATP and carbon (Sugiura et al., 2020; Tanaka et al., 2022). Our 
aim was to quantify cytoplasmic spatiotemporal flow behavior inside 
AM fungal asymbiotic networks by using myristic acid as an external 
carbon and energy source (Sugiura et al., 2020). We did this by germi
nating spore clusters of two Rhizophagus irregularis strains in the pres
ence and absence of exogenous myristic acid.

We first tracked the hyphal growth across replicates using a custom- 
built imaging robot (Oyarte Galvez et al., 2025). We identified specific 
regions of interest across the network topology of developing hyphae (e. 
g., near parent spores, far from and near hyphal branching points, and 
next to hyphal tips) and used brightfield microscopy to record cyto
plasmic flows over a period of six weeks. To test how carbon moves 
through non-symbiotic networks, we labeled neutral lipids with a 
carbon-specific florescent tag and recorded lipid dynamics using fluo
rescence microscopy. We extracted flow velocities using kymograph 
analysis (Mangeol et al., 2016). To examine longevity of asymbiotic 
networks, we recorded these measurements in selected plates after one 
year of asymbiotic growth.

Using these datasets, we asked the following questions (Q1) Is the 
bidirectionality of cytoplasmic flows conserved in the absence of a host 
and (Q2) how does the exogenous carbon source affect the flow speed of 
the cytoplasm, including lipids specifically (Q3) Does the application of 

myristic acid as external carbon source positively affect the growth and 
flows of different AM fungi strains equally?

2. Materials and methods

2.1. Media

We used MSR medium with 0.3% (w/v) Phytagel™ with and without 
0.5 mM myristic acid as a substrate for AM fungal network growth as 
described in the Supplemental Methods.

2.2. Fungal material

We used spore clusters of R. irregularis strains A5 (DAOM 664344) 
and C2 (DAOM 664346) that we isolated as described in the Supple
mental Methods. We placed the clusters in the center of each plate 
(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 as described in the 
Supplemental Methods. After overnight incubation at 25 ◦C in the dark, 
we recorded videos in brightfield first, followed by imaging in the 
fluorescence channel.

2.3. Image acquisition and data extraction

2.3.1. Network growth experiment
We imaged all plates for 2 months (57 days) every 2-4 h on a 

customized platform in an enclosed, dark, and temperature-controlled 
environment described in detail in (Oyarte Galvez et al., 2025) and in 
brief in the Supplemental Methods. We obtained network total hyphal 
length (mm) and network area (mm2) following the method described in 
(Oyarte Galvez et al., 2025). 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/mm2) by 
dividing network length by area. We manually counted newly formed 
spores in the region approximately 10 × 10 mm around the parent 
spores using the multi-point tool in FIJI – ImageJ v. 2.1.0/1.53c 
(Schindelin et al., 2012) (Suppl. Fig. 2, Suppl. Table 2).

2.3.2. Cytoplasmic flow experiment
For an overview of the location and number of initial spores on our 

customized platform, we imaged all plates at the start of the experiment. 
At each recording date (days within weeks 2, 3, 4, 5, and 6), we created a 
map of the network image, extracted architecture characteristics, and 
identified regions of interest for video imaging (e.g., near parent spores, 
far from and near hyphal branching points, and next to hyphal tips). We 
recorded videos of cytoplasmic streaming on a second customized 
platform described in (Oyarte Galvez et al., 2025) and in the Supple
mental Methods. We generated and selected kymographs and extracted 
the cytoplasm flow speeds as described in the Supplemental Methods 
and shown Supplemental Fig. 1.

We determined the distance of each video location from the location 
of the parent spores in a straight line by using the recorded coordinates 
of each video (Suppl. Fig. 2a). Videos with missing coordinates due to 
recording malfunction were excluded from this part of the analysis.

2.4. Statistical analyses

We analyzed the data using GLM and linear-mixed-effects models as 
described in detail in the Supplemental Methods and Supplemental 
Table 3. All statistical analyses were performed using R statistical soft
ware (v4.2.2) (R Core Team, 2022) with the packages lme4 (version 
1.1-37) for linear mixed-effects models (Bates et al., 2015) and emmeans 
(version 1.8.4-1) for contrasts (Lenth et al., 2023).
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3. Results

3.1. Effect of external carbon source myristic acid on asymbiotic network 
growth and spore production

By measuring length and area of the networks every 2-4 h for 2 
months, we could quantify how asymbiotic AM fungal networks devel
oped with and without the addition of myristic acid (Fig. 1). We found 
that the addition of myristic acid as an external carbon and energy 
source led to hyphal networks that were larger, denser, and produced 
more spores.

We observed that myristic acid addition had a significant effect on 
maximum network length (F = 142.3, p < 0.001) with this positive ef
fect not significantly differing between the two strains (interaction 
F = 0.2, p = 0.66). In the absence of myristic acid (control, 0 mM 
myristic acid), there was very little growth in both A5 and C2 strains. In 
comparison, networks demonstrated substantial growth when 0.5 mM 

myristic acid was added as external carbon source (Fig. 2A). Similarly, 
myristic acid had a significant effect on the network area (F = 86.1, 
p < 0.001) but this positive effect did not differ between the two strains 
(interaction F = 1.6, p = 0.23). Density (mm/mm2) was also signifi
cantly affected by treatment (F = 20.4, p = 0.0006) and this positive 
effect did not differ between the two strains (interaction F = 2.1, 
p = 0.18). We found that strain and treatment, but not their interaction, 
had a significant effect on the number of newly produced spores (strain: 
F = 23.33, p = 0.0002, treatment: F = 58.58, p < 0.0001, strain:treat
ment: F = 3.94, p = 0.07).

In terms of total length, we found A5 and C2 grew 10-fold longer 
hyphae in myristic acid conditions than in control conditions (Fig. 2A). 
Germinating C2 spores produced longer networks in myristic acid con
ditions (mean ± standard deviation, 1276 ± 548 mm) than in control 
conditions (98.9 ± 47.1 mm, p < 0.0001). Likewise, the network length 
of germinating A5 spores in myristic acid conditions (865 ± 381 mm) 
was significantly larger than in the controls (50.4 ± 14.7 mm, 

Fig. 1. Hyphal growth over time of R. irregularis strains A5 and C2 in the presence (0.5 mM, purple) and absence (0 mM, orange) external myristic acid at the start of 
the experiment (week 1) and then two and eight weeks later of four example replicates. In control conditions (0 mM myristic acid, orange), both strains germinate 
and grow hyphae. When myristic acid is present as exogenous carbon source (0.5 mM, purple), both strains germinate and grow more complex networks. In week 9, 
myristic acid crystals (dark spots in the media with 0.5 mM myristic acid; absent in the control conditions) are still visible by eye. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.)
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p < 0.0001, Table 1). In myristic acid conditions, A5 covered a larger 
area (1131 ± 174 mm2) than in control conditions (287 ± 148 mm2, 
p < 0.001, Fig. 2C). Similarly, C2 covered a larger area in myristic acid 
conditions (1096 ± 183 mm2) than in control conditions 
(431 ± 198 mm2, p < 0.001, Fig. 2C).

In the myristic acid treatment, we found that both strains reached a 
maximum network area of approximately 1000 mm2 in week 4, after 
which the area plateaued. This growth plateau was reached despite 
crystallized myristic acid still clearly visible in the media (Fig. 1). Strain 
C2 formed denser networks in myristic acid conditions 
(1.19 ± 0.52 mm/mm2) than in control conditions (0.29 ± 0.23 mm/ 
mm2, p = 0.006). Strain A5 showed a similar trend of denser networks in 
myristic acid (0.75 ± 0.24 mm/mm2) than in control conditions 

(0.27 ± 0.25 mm/mm2), however, this difference was not significant 
(p = 0.13). C2 networks produced 36-fold more new spores in myristic 
acid conditions (135 ± 40.6) compared to control conditions (6.2 ± 6.2, 
p < 0.001, Fig. 2D–Table 1). In contrast, strain A5 produced a small 
number of spores in myristic acid conditions (6.8 ± 2.3) compared to no 
spores in control conditions (0 ± 0, p = 0.003, Fig. 2D).

Our data were robust to standardization. To account for variation of 
the initial parent spore numbers, we standardized the network length 
and area per parent spore. The observed significant effect of treatment 
was consistent for both maximum network length (F = 108.3, p < 0.001, 
Fig. 2B–Table 1), and network area (F = 38.8, p < 0.001, Table 1).

3.2. Effect of external carbon on intracellular flows in time

We recorded cytoplasmic flow speeds (Suppl. Video 1) at different 
locations in hyphal networks twice per week to cover a growth period 
over 2 months. Bidirectional flows were observed in all networks 
regardless of the strain and treatment.

As hypothesized, we found that the addition of myristic acid led to 
faster cytoplasmic flow speeds. However, against our expectations, these 
fast flows occurred mainly early in the experiment and their frequency 
decreased over time. The factors strain, treatment, timepoint, and the 
interaction between treatment and timepoint had a significant effect on 
the flow velocity (strain: χ2 = 7.09, p = 0.0078; treatment: χ2 = 4.99, 
p = 0.025; timepoint: χ2 = 22.97, p = 0.00013; treatment:timepoint: 
χ2 = 21.85, p = 0.00021). Pairwise comparisons showed that by the 
second week cytoplasmic flows were significantly faster in the presence 
of myristic acid compared to the controls for both strains (Tukey 
p < 0.05) (Fig. 3A). In terms of flow speeds, this translated to an 
approximately 50% increase in speeds for A5 from 1.57 μm/s in control 
[95% Confidence Interval: 1.33-1.84] to 2.34 μm/s in myristic acid 

Fig. 2. Network and spore development of R. irregularis strains A5 and C2 in control (orange) and 0.5 mM myristic acid (purple) conditions. A) Development of 
hyphal length of strains A5 and C2 over 9 weeks. The shaded region indicates the range of standard deviation. Significance level p < 0.05 determined by Tukey test. 
B) Final length of hyphae in week 9. The length is normalized by the initial number of parent spores. Significance level p < 0.05 determined by Tukey test. C) 
Development of network area over 9 weeks. The shaded region indicates the range of standard deviation. Significance level p < 0.05 determined by Tukey test. D) 
Formation of new spores over 9 weeks. The shaded region indicates the range of standard deviation. Labels indicate statistical difference at p < 0.05 determined by 
Tukey test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1 
Summary of measured variables of the network experiment for strain A5 and C2 
in control (0 mM) and myristic acid (0.5 mM) conditions. Length, area, and 
density values represent the mean ± standard deviation of the maximum 
recorded measurement. New spores represent the mean ± standard deviation 
counted number of new spores in week 9.

A5 C2

0 mM 0.5 mM 0 mM 0.5 mM

Total length (mm) 50.4 ± 14.7 865 ± 381 98.9 ± 47.1 1276 ± 548
Length/parent 

spore (mm)
4.03 ± 1.18 58.9 ± 24.3 7.01 ± 3.77 90.8 ± 36.4

Network area 
(mm2)

287 ± 148 1131 ± 174 431 ± 198 1096 ± 183

Area/parent spore 
(mm2)

20.0 ± 7.64 77.9 ± 19.5 32.8 ± 21.7 78.0 ± 8.77

Network density 
(mm/mm2)

0.27 ± 0.25 0.75 ± 0.24 0.29 ± 0.23 1.19 ± 0.52

New spores 0 ± 0 6.8 ± 2.3 3.75 ± 4.5 135.3 ± 40.6
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conditions [CI: 2.03-2.70]. In C2, speeds increased by 50% from 
1.83 μm/s [CI: 1.58-2.12] in control to 2.74 μm/s [CI: 2.39-3.13] in 
myristic acid conditions (Table 2). In terms of change over time, from 
week 2 to week 6, cytoplasmic flow speeds in the myristic acid treatment 
decreased for both strains (Tukey, p < 0.05). In week 6, they did not 
differ from the control treatment anymore (Tukey, p > 0.05) – estimated 
mean velocities were 1.40 μm/s [CI: 1.21-1.62] for A5 and 1.64 μm/s 
[CI: 1.43-1.89] for C2.

We expected an overall increase in flow speed with myristic acid 
addition, but instead observed an increase in frequency of relatively 
infrequent fast flow events. We therefore quantified these speed bursts. 
We found flow speeds >5 μm/s occurred 669 times, >10 μm/s occurred 
116 times, >15 μm/s occurred 32 times, and >30 μm/s only one time 
(6.9%, 1.2%, 0.5%, and 0.01% of all observations, respectively). Of the 
669 observations >5 μm/s, 55% (370 observations) occurred in week 2 
and mostly originated from A5 and C2 in myristic acid conditions (179 
and 175 observations, respectively). We observed flows >10 μm/s and 
>15 μm/s in A5 only in the myristic acid conditions in week 2 (37 and 12 
times, respectively). The fastest flow measured in this experiment 
occurred in strain A5 in the myristic acid conditions in week 2. In strain 
C2, we observed flows >10 and > 15 μm/s in the myristic acid as well as 
in the control conditions. In myristic acid conditions, however, flows 
>10 and > 15 μm/s occurred more often (70 and 16 times) than in 
control conditions (9 and 4 times).

We hypothesized that an increased availability of myristic acid 
would likewise result in an increased flow speed of lipids more generally 
within the hyphae. We therefore tested whether the external application 
of the myristic acid affected the observed mean flow velocity of neutral 
lipids (i.e., triacylglycerol, a storage lipid that can package various fatty 
acids including myristic acid) in the strain C2 across time. However, we 
observed that neither treatment nor the timepoint had an effect on the 
flow speeds of neutral lipids (all p > 0.05, Fig. 3B,Table 2, Suppl. Video 

2). The mean flow speed was 3.1 μm/s in control and 3.3 μm/s in 
myristic acid conditions, suggesting that flow speeds of lipids do not 
increase regardless of increased carbon availability. To confirm that this 
finding was not an artifact of the smaller sample size of the fluorescence 
dataset, we randomly subsampled (without replacement) from the 
brightfield sample pool to match the sample size of the smaller fluo
rescence sample pool and repeated the statistical analyses. This was 
repeated 100 times. The overall pattern of significance for these reduced 
brightfield datasets stayed comparable to the whole data set (data not 
shown), indicating that the null effect in the fluorescence dataset rela
tive to the brightfield dataset was not merely a consequence of a smaller 
sample size in the former.

3.3. Effect of external carbon on intracellular flows in space

Given that hyphal growth tended to be denser and more inter
connected around parental spores, we asked whether flow speeds were 
different near spores. We tested the hypothesis that flow speeds would 
be faster closer to the spore, asking whether strain identity, treatment, 
time and/or distance to the network origin affected the mean flow ve
locity. We found that treatment, distance, and the interaction between 
strain and distance, treatment and distance, and strain, treatment and 
distance had a significant effect on the flow speed (treatment: χ2 = 10.7, 
p = 0.001; distance: χ2 = 382.7, p < 0.0001; strain:distance: χ2 = 18.5, 
p < 0.0001; treatment:distance: χ2 = 12.9, p = 0.0003; strain:treatment: 
distance: χ2 = 4.4, p = 0.04). We found that fast flows (i.e., maximum 
flow speeds) occurred more often in closer proximity to the point of 
origin of the network and estimated flow speeds decreased with 
increasing distance from the parent spores (Fig. 3C). Namely, for every 
additional 5 mm distance from the spore, the mean flow speed decreased 
by an estimated 2.7 % ( ± SE: 1.1 – 4.2 %).

3.4. Network longevity

Lastly, to determine whether activity of asymbiotic cultures could be 
maintained for longer periods of time when supplied with myristic acid, 
we grew 32 networks for 13 to 15 months and screened for cytoplasmic 
flows. We found cytoplasmic movement in all observed plates regardless 
of strain and treatment, however, not all these flows were bidirectional 
(Suppl. Video 3). We hypothesized that unidirectional flows could 
potentially result from external forces such as air pressure acting on the 
cytoplasm. We assume that only bidirectional flows would represent 
cytoplasmic activity. Therefore, we screened the networks for clear 
bidirectional cytoplasmic flows (Suppl. Video 4). We found that 69% of 
the networks showed bidirectional, active cytoplasmic flows close to the 
parent spores regardless of the strain and treatment. In control condi
tions, 57% of A5 and 67% of C2 plates still showed cytoplasmic activity. 
In myristic acid conditions, 50% of A5 and 100% of C2 plates were still 
active around the parent spores. In contrast, outer hyphae had formed 
septa and were inactive (Suppl. Video 5).

4. Discussion

We used myristic acid as an external carbon and energy source to 
examine the growth and nutrient flow in AM fungal hyphae that are not 
connected to a host plant. Our new imaging platform allowed us to 
document both hyphal growth and cytoplasmic flows. We found that 
bidirectional flows are an inherent fungal trait not driven by the host 

Fig. 3. Cytoplasm flow speeds of R. irregularis strains A5 and C2 in control (orange) and 0.5 mM myristic acid (purple) conditions. A) Brightfield imaging: violin plot 
of change in flow speed dynamics of A5 and C2 over 6 weeks. Each colored point within the violins represents one flow observation. Different letters indicate 
statistical significance at p < 0.05 according to Tukey post hoc test. B) Fluorescence imaging: change in flow speed dynamics of neutral lipids in strain C2 over 5 
weeks. Each colored point within the violins represents one flow observation. Neutral lipids were stained with Nile red prior to imaging. Different letters indicate 
statistical significance at p < 0.05 according to Tukey post hoc test. C) Flow speed as a function over distance from the parent spores. Each colored point represents 
one flow observation. Blue lines show the predicted change in flow speed by the linear mixed-effects model. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)

Table 2 
Summary of model outputs of the cytoplasm flow experiment for strain A5 and 
C2 in control (0 mM) and myristic acid (0.5 mM) conditions. All values represent 
the model outputs and are the mean speed and mean speed range between the 
replicates.

week A5 C2 C2 (Nile red)

0 mM 0.5 mM 0 mM 0.5 mM 0 mM 0.5 mM

2 1.57 
[1.33 - 
1.84] 
μm/s

2.34 
[2.03 - 
2.70] 
μm/s

1.83 
[1.58 - 
2.12] 
μm/s

2.74 
[2.39 – 
3.13] 
μm/s

NA 2.03 
[0.69 - 
5.97] 
μm/s

3 1.58 
[1.35 - 
1.84] 
μm/s

1.93 
[1.69 - 
2.21] 
μm/s

1.84 
[1.57 - 
2.16] 
μm/s

2.26 
[2.00 - 
2.56] 
μm/s

2.28 
[1.31 - 
3.98] 
μm/s

3.06 
[1.64 - 
5.72] 
μm/s

4 1.41 
[1.19 - 
1.68] 
μm/s

1.70 
[1.48 - 
1.94] 
μm/s

1.65 
[1.41 - 
1.93] 
μm/s

1.99 
[1.76 – 
2.25] 
μm/s

2.30 
[1.39 - 
3.80] 
μm/s

2.26 
[1.36 - 
3.74] 
μm/s

5 1.72 
[1.48 - 
1.99] 
μm/s

1.50 
[1.31 - 
1.72] 
μm/s

2.01 
[1.75 - 
2.29] 
μm/s

1.76 [155 
– 1.98] 
μm/s

1.92 
[1.07 - 
3.47] 
μm/s

2.35 
[1.25 - 
4.42] 
μm/s

6 1.49 
[1.25 - 
1.77] 
μm/s

1.40 
[1.21 - 
1.62] 
μm/s

1.74 
[1.47 - 
2.07] 
μm/s

1.64 
[1.43 – 
1.89] 
μm/s

NA NA

M. Klein et al.                                                                                                                                                                                                                                   Fungal Biology 130 (2026) 101775 

6 



and that hyphal networks can remain active for over one year without 
host plant interactions. Furthermore, we observed an increase of fast 
cytoplasmic flow speeds in the presence of myristic acid, but these 
decreased over time. We found cytoplasmic flow speeds were fastest 
close to the parent spore and decreased with increasing distance. We 
found no effect of myristic acid on the flow speed of neutral lipids. 
Lastly, we found that hyphal networks grew larger, denser, and pro
duced more daughter spores when myristic acid was supplied as an 
external carbon source.

4.1. Bidirectional flows are present even without host plant interaction

We found that bidirectional cytoplasm flows occur in AM hyphae 
even when they are not connected to a host, despite the lack of resource 
trade and a clear source-sink direction (Bago et al., 2002; Oyarte Galvez 
et al., 2025). The way in which this bidirectionality is maintained re
mains an open question. One possibility is that built-up, regulated dif
ferences in turgor drive the flow in one direction. Bidirectionality could 
then be achieved by active transport of cellular components in the 
opposite direction by for example molecular motors (Egan et al., 2012). 
Studies in the filamentous, septate fungus Neurospora crassa and the 
aseptate oomycete Achlya bisexualis have shown that differences in 
turgor create a pressure gradient in the cytoplasm that facilitates mass 
flow (Abadeh and Lew, 2013; Lew, 2005; Muralidhar et al., 2016). In 
N. crassa, mass flow is unidirectional at around 2 μm/s (Abadeh and 
Lew, 2013) and A. bisexualis displays bidirectional cytoplasmic flow at a 
range between 1.6 and 2 μm/s (Muralidhar et al., 2016). As is the case 
for AM fungi, the identity and exact details of the physiological mech
anisms that maintain these bidirectional flows remains an open ques
tion. It has been suggested that the tubular vacuole system in AM fungal 
hyphae that is associated with cytoplasmic flows (Cargill et al., 2025; K. 
Saito et al., 2004; Uetake et al., 2002) may play a key role in the 
bidirectionality of flows. Tubular vacuoles have been suggested as 
means of intracellular long-distance transportation (Cole et al., 1998). In 
germ tubes and extraradical symbiotic hyphae of Gigaspora margarita, 
bidirectional flows have been reported to occur simultaneously to 
tubular vacuoles (Uetake et al., 2002). Furthermore, lipid bodies and 
acidic vesicles have been shown to move bidirectionally alongside this 
tubular vacuole system of germ tubes (K. Saito et al., 2004). From a 
functional point of view, the ability to generate bidirectional flows 
beyond the germination stage may well be essential even for AM fungi 
growing asymbiotically. Simultaneously to moving carbon and other 
cellular building blocks to growing tips, they need to be able to move 
cellular components through their networks, such as nuclei and mito
chondria, as well as allocate resources such as lipids to spores for 
reproduction (Bago et al., 2002; Giovannetti et al., 2000).

4.2. Cytoplasmic activity up to one year after germination

We were surprised that our networks still showed cytoplasmic ac
tivity after one year in the absence of a host regardless of the presence or 
absence of myristic acid. Previously, fungi-only mediated processes 
could only be studied in the germination stage roughly up to 35 days 
post germination (Giovannetti et al., 2000, 2010; Kokkoris et al., 2019). 
By adding myristic acid to the culturing media, the time frame for 
fungi-only experiments could potentially be extended beyond this mark. 
Specifically, we found that in 32 surveyed plates, 69% still had cyto
plasmic activity concentrated around the parent spores. Strikingly, in 
the myristic acid conditions only 50% of A5 plates were still active, 
whereas 100% of C2 plates were still active suggesting that myristic acid 
could be affecting fitness dynamics. Our findings align with past work 
that has shown that germinated spores retract their cytoplasm and retain 
detectable metabolic activity close to the parent spore for up to six 
months if they do not intercept a host (Logi et al., 1998). The time frame 
of this present study doubles the previously reported record, although it 
remains to be investigated whether the spores are still infective at this 

stage.
The question of ecological importance of these findings remains 

unanswered. Myristate is a compound in root exudates (S. Li et al., 2017; 
Pomilio et al., 2000; Xing et al., 2024) and bacterial byproduct 
(Hildebrandt et al., 2006) in soil environments. From our understand
ing, there are no studies yet investigating exact mechanisms of AM 
fungal uptake of myristate (Rillig et al., 2020). For example, future 
approaches could focus on whether myristate in the soil can be utilized 
by AM fungi to survive extreme situations where a host is abruptly ab
sent (e.g., due to drought).

4.3. Fast flows occur early and slow down over time

Cytoplasmic flow speeds in AM fungal germlings have been investi
gated and quantified for decades (Giovannetti et al., 1999, 2000). We 
recently reported the first systematic quantification of cytoplasmic flow 
speeds across time and space by measuring over 100,000 flow trajec
tories in symbiotic AM fungal networks connected to plant roots (Oyarte 
Galvez et al., 2025). Yet whether and how the behavior of cytoplasmic 
flows would differ in asymbiotically growing networks with access to a 
suitable carbon source remained an open question. We hypothesized 
that similar flow dynamics would be found across symbiotic and 
asymbiotic networks growing on myristic acid for two reasons: first, 
myristic acid provides a carbon source for the generation of ATP which 
could be powering membrane-bound ion pumps and thus potentially 
driving flows through creating an osmotic gradient. Second, due to 
increased complexity (i.e., longer, larger, and more interconnected 
networks) that are formed in the presence of myristic acid, we expected 
faster flow speeds to occur more frequently than in hyphae in control 
conditions lacking myristic acid.

We found that asymbiotic flows in the presence of myristic acid 
averaged speeds of 2.5 μm/s, with faster flows above 5 μm/s as rare 
events (~1% of all recorded flows) (Fig. 3A). Our data agree with pre
vious findings of cytoplasmic flows in AM fungi occurring in a similar 
range from 2.5 μm/s up to 5 μm/s in hyphae of germlings (Giovannetti 
et al., 2000; Hammer et al., 2024; Uetake et al., 2002) and 1.8 μm/s in 
hyphal fusion bridges between germlings (Giovannetti et al., 1999). 
Average cytoplasmic flow velocity in symbiotic networks increases over 
time to around 5 μm/s, with occasional bursts of high speeds of 50 up to 
120 μm/s (Oyarte Galvez et al., 2025). The events of fast flow bursts in 
this present study did not reach these reported speeds. The fast flows 
were present only in the first few weeks. After week 3, speeds remained 
very slow, on average 1.5 μm/s which is a similar velocity as reported for 
hyphal fusion bridges between germlings (Giovannetti et al., 1999). This 
may be an indication that the fungus relies on other essential nutrients 
other than carbon that were not sufficiently provided in the media.

We further found that flow speeds were fastest closest to the spores 
and decreased toward hyphal tips. In symbiotic networks, a similar 
pattern was observed: flow speed increases linearly with distance from 
the hyphal tip. For every 10 mm from the hyphal tip, speed increased by 
2-fold, with fastest speeds near the roots (Oyarte Galvez et al., 2025). 
Previous work has found flows towards the hyphal tip to be faster than 
towards the root (Hammer et al., 2024; Oyarte Galvez et al., 2025). This 
was hypothesized to reflect spatiotemporal transport requirements and 
nutrient demands of the fungal network. It must be emphasized that 
interpretation of the data in our study requires caution as the experi
mental setup prevents the distinction between flows towards the hyphal 
tips and flows towards parental spores. This caution must be extended to 
the interpretation of the spatial component of the recorded flows in the 
aging network. Due to the increased branching of the network and dif
ficulty in reliable segmentation, the distance between the video co
ordinates and the network origin (i.e., the parent spore cluster) was 
determined by a straight line. Therefore, the distance is a proxy rather 
than the true hyphal length between these points (Suppl. Fig. 2a). 
However, if future methodology were applied to differentiate the flow 
directions and measure true distance from the parental spore, this would 
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provide insight into whether our asymbiotic AM fungi performs simi
larly to germ tubes and symbiotic AM fungi.

4.4. Flow speed of neutral lipids is unaffected by external myristic acid

We found that flow speeds of neutral lipids remained unaffected and 
averaged at around 3 μm/s (Fig. 3B). This flow speed is similar to re
ported lipid movement in extraradical symbiotic hyphae (Bago et al., 
2002). By tagging the carbon with Nile red, we tested how speeds of 
transported carbon changed over time. If lipid transport was driven by 
mechanical or osmotic pressure gradients along the hyphae, we ex
pected that an increased carbon availability within the network might 
result in increased speeds of neutral lipids flows. That flow speeds of 
neutral lipids were unaffected suggests that the lipid transport might be 
linked to cytoskeletal features (Cargill et al., 2025). Previous studies 
have closely associated the intracellular transport of lipids to the tubular 
vacuole system (K. Saito et al., 2004), but another possible mode of 
transport may be for example molecular motors that operate at limited 
speeds (C.-B. Li and Toyabe, 2020). However, more research is required 
to investigate this matter.

4.5. AM fungi maintain a robust growth strategy

Our data confirm that AM fungi can construct complex networks in 
the absence of a host when myristic acid is present. Previous work had 
established that myristic acid or myristate can be used as both carbon 
and energy source by the fungus to support hyphal growth and repro
duction (i.e., spore formation) (Sugiura et al., 2020; Tanaka et al., 
2022). With our imaging platform, we could precisely follow the con
struction of these networks for nine weeks (Figs. 1 and 2).

First, we confirmed previous findings that myristic acid functions as 
an effective external carbon source by showing that myristic acid net
works grow on average ~10-fold longer and 3-times denser compared to 
controls that lacked a carbon source. This agrees with recent research 
that found that the saturation density of AM fungal networks is under 
fungal control, specifically that network density (mm/mm2) does not 
change regardless of whether a host root is present if myristic acid is 
supplied (Oyarte Galvez et al., 2025). Our work therefore provides 
additional evidence for the hypothesis that given a certain amount of 
carbon, AM fungi employ a specific and autonomous growth strategy 
(Bisot et al., 2026).

The network growth in our experiments was much slower than the 
reported growth of symbiotic AM fungi (Oyarte Galvez et al., 2025). In 
symbiotic growth conditions, R. irregularis strains A5 grew roughly 2000 
times longer and C2 grew 30 times longer by day 5 than in our asym
biotic experiments (Suppl. Fig. 3). However, due to differences in 
experimental setup (i.e., plate size and shape) and time frame, these 
experiments cannot be directly compared and these differences in 
growth must be interpreted with caution. For example, imaging in the 
asymbiotic experiments started as soon as spores germinated. Whereas 
imaging in symbiotic plates began roughly four weeks delayed since 
fungi first had to germinate, colonize roots, and cross over into a 
fungal-only arena.

However, we did find that the total area explored by the fungus 
reached a plateau in both our fungal strains in asymbiotic conditions 
(Fig. 2C). While there was still crystallized myristic acid in the medium 
visible by eye, it is hard to rule out whether growth stopped due to 
carbon limitation. One explanation for this plateau is that fungal growth 
was limited by essential nutrients other than carbon (e.g., amino acids or 
peptones as organic nitrogen sources). In previous myristic acid and 
myristate studies, the media included organic nitrogen (Sugiura et al., 
2020; Tanaka et al., 2022). To keep conditions similar to our previous 
experiments quantifying speeds across symbiotic networks (Oyarte 
Galvez et al., 2025), the media in the present study contained only 
contained inorganic nitrogen.

5. Conclusions

Our experiments demonstrate that AM fungi grown on myristic acid 
as a carbon source still display bidirectional cytoplasmic flows even 
when they are not connected to a host plant. This challenges our un
derstanding of AM fungal autonomy, by suggesting that cytoplasmic 
flows can be decoupled from host roots. Our results pose three further 
questions. First, what is the abundance of alternate carbon sources such 
as myristic acid and myristate in soil environments? Second, do these 
alternate carbon sources make a significant contribution to fungal 
network survival in nature? Third, what are the mechanisms that enable 
these bidirectional flows? Answers to these questions will advance our 
knowledge of AM fungal physiology which is important for expanding 
our comprehension of AM fungi in the ecological context.
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