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Abstract
Organisms that form symbiotic networks rely on resource trade with a partner to gain access 
to key nutrients. An open question is whether the nutritional needs of that partner will affect 
the formation of the symbiotic network. We studied the symbiotic network of arbuscular 
mycorrhizal fungi, and tested if the host plant was able to influence the foraging behavior 
of the fungal partner. We used an in-vitro root organ culture and exposed the host roots 
to different nutrient environments. We then tested the hypothesis that extraradical hyphae 
of arbuscular mycorrhizal fungi exhibit a growth bias towards phosphorous baits, and that 
this bias would be greater when host roots were growing under more phosphorus limiting 
(1% P) conditions. We also tested whether there was bias in spore production, and whether 
spores were more likely to germinate near phosphorus baits. We found some support for these 
hypotheses in spore formation, namely (i) a bias towards spores formed on the phosphorus 
side under control conditions (ii) twice as many spores formed in the 1% P treatment 
compared to control treatment, but with a bias towards nitrogen baits (iii) higher germination 
rates of spores growing next to phosphorus compared to nitrogen baits. However, we saw no 
clear bias in growth of the extraradical hyphae, only a bait x treatment interaction, with more 
hyphal growth on the nitrogen side when host roots were grown under 1% P conditions. More 
generally, we document high variation of fungal growth at the replicate level, and suggest 
this may mask trends in foraging preferences. We introduce a new automated imaging tool 
that may help us overcome obstacles associated with high replicate variation in the future. 
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Introduction
Network forming organisms create complex architectures with their bodies. These 
architectures are shaped by diverse selection pressures, including resilience against damage, 
the need to create an efficient transport system, and traits that allow for strategic exploration 
of both consistent and patchy nutrient environments (Bebber et al. 2007; Weitz et al. 
2007). To build their structures, free-living networks face key tradeoffs between foraging 
(i.e. the uptake and transport of resources) and the energetic costs for the construction and 
maintenance of these body plans (Heaton et al. 2015; Papadopoulos et al. 2018; Bebber et al. 
2007; Fricker et al. 2017). 

In contrast to free-living networks, symbiotic networks - defined by forming a symbiosis 
with another organism - rely on both forging and trade of resources for their survival and 
reproduction. This requires that the symbiotic network forms a structure to collect resources, 
some of which are traded for other resources from the host partner. This means that, compared 
to free-living networks, symbiotic networks are potentially shaped by different selection 
pressures because they must optimize their network architecture for both resource foraging 
and resource exchange with a host.

Arbuscular mycorrhizal fungi of the Glomeromycotina, a subphylum of the Mucoromycota, 
form symbiotic associations with the roots of ~80% of all plant species (Parniske 2008; 
Spatafora et al. 2016; Brundrett & Tedersoo 2018). Arbuscular mycorrhizal fungi form 
extensive underground networks, foraging for nutrients and connecting roots of different plant 
species (Song et al. 2010; Barto et al. 2012; Babikova et al. 2014). These networks, which 
can extend for hundreds of meters, are critical for movement of nutrients across ecosystems 
(Rillig 2004; Hodge & Storer 2014). Arbuscular mycorrhizal fungi are obligate biotrophs, 
which means that they rely on the host plant for specific nutrients (fats and sugars) to be 
able to form their underground networks and reproduce (Keymer et al. 2017; Luginbuehl et 
al. 2017). The fungi exchange soil bound nutrients with the plant for photosynthetic carbon. 
They penetrate inside plant root cells, and form arbuscules where the nutrient exchange 
occurs (Kameoka et al. 2019). In contrast to the fungus, the plant is not obligatory dependent 
on the symbiosis. Host plants can survive and reproduce without the fungal partner by taking 
up nutrients directly from the soil. In high nutrient conditions, plants have been shown to 
decrease the carbon allocation to fungi (Olsson 2002), and in extreme cases, even repress 
fungal colonization (Breuillin et al. 2010; Balzergue et al. 2011, 2013; Carbonnel & Gutjahr 
2014).

While it is known that fungi can provide different nutrients, such as nitrogen and phosphorus, 
to the host, we do not understand if they selectively forage for specific resources. Because 
arbuscular mycorrhizal fungi are obligatory dependent on their hosts, a major open question 
is whether plants can manipulate the foraging behavior of the symbiotic fungi, stimulating 
them to collect those nutrients that most limit the host’s own growth. Because of difficulties 
in studying symbiotic networks, only a few studies have attempted to quantify foraging 
behavior mycorrhizal fungi (Gavito & Olsson 2008a, b; Bukovská et al. 2016). A multiple 
choice experiment showed that arbuscular mycorrhizal fungi fungi grew more in certain 
nutrient rich patches, but this work relied on copy number to quantify hyphal abundances 
because studying the physical architecture of the fungal network is difficult in opaque soils 
(Bukovská et al. 2016). A second challenge is separating resource access of the host and the 
fungus. In empirical studies, both roots and fungi tend to be grown in the same compartment 



CHAPTER 8

132

root 
compartment

host root

nutrient
bait

fungal 
network

fungal
compartment

plastic 
barrier

cellophane sheet
fungal 

compartment
root 

compartment

fungal 
compartment

root 
compartment

E
spores

P N

A

P

N

10 mm

C

D

B

10 mm

B

Figure 1. Experimental design. (A) Schematic drawing of the experimental design. We grew a host roots (Daucus 
carota) inocculated with the arbuscular mycorrhizal fungus Rhizophagus irregularuis strain A5 in a Petri dish 
divided into two seperate compartments by a plastic barrier. The host root was restricted to the root compartment. 
The extraradical fungal hyphae could cross over the plastic barrier to the fungal compartment. We added two nutrient 
baits in the fungal compartment, and we spiked them with either phosporus or nitrogen. (B) Image of a Petri dish 
of the first and second experiment. (C) Side view a Petri dish in the first experiment. The fungal compartment was 
covered with a cellophane sheet preventing the extraradical fungal hyphae to grow inside the MSR medium of the 
fungal compartment. (D) Side view of a Petri dish in the second experiment. The extraradical fungal hyphae crossed 
the plastic barrier into the fungal compartment and were allowed to grown in the MSR medium. (E) Schemetic 
drawing of the P-N setup in the third experiment. We placed two nutrient baits in a standard Petri dish (white circles), 
spiked the baits with phopshorus or nitrogen and placed the spores around the nutrient baits.

making it difficult to manipulate conditions for the host, independently of the fungus. This 
means there have been no direct tests asking if fungal foraging behavior is linked to the 
nutritional status of the host. 

We addressed these challenges by using in-vitro root organ cultures, which allow for 
visualization of the extraradical fungal network and manipulation of resources to root and 
fungi independently (Bago et al. 2000, 2003; Fortin et al. 2002; Bücking & Shachar-Hill 
2005; Olsson et al. 2006; Hammer et al. 2011). Our aim was to examine how the nutritional 
needs of the host root influences the foraging behavior of the fungal network. We grew 
in-vitro hosts root (Daucus carota) on in a Petri dish divided into two compartments by 
a plastic barrier. The colonized host root was confined to the root compartment, but the 
extraradical hyphal network crossed over the plastic barrier into a fungus only compartment. 
The fungal compartment contained no nutrients except for two ‘nutrient baits’ of nitrogen 
and phosphorus (Figure 1A&B). We tested the hypothesis that the extraradical hyphae of 
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arbuscular mycorrhizal fungi would grow more towards a phosphorus source, and that this 
bias would be higher when the host was experiencing low phosphorus conditions.

We performed three separate experiments. In the first experiment, we grew an in-vitro root 
under control conditions, meaning the host did not experience a nutrient deficiency. We then 
imaged the fungal network in the fungal compartment as it grew across a cellophane sheet 
on which a phosphorus bait and a nitrogen bait were placed. This allowed us to visually 
quantify the amount of spores, and easily harvest the network to measure abundance via 
qPCR (Figure 1C). In the second experiment, we grew the host root in either control or low 
(99% reduction) phosphorus conditions (Figure 1D). We again determined whether there 
was a basis in extraradical fungal growth and sporulation on the side with the nitrogen or 
phosphorus bait. Finally, in the third experiment, we tested whether there was a basis in spore 
germination rates when spores were exposed to either nitrogen or phosphorus baits (Figure 
1E). 

Materials and Methods
First and second experiment
Growing conditions
We used in-vitro root organ cultures to study the formation and sporulation of the extraradical 
fungal network. We grew Ri T-DNA transformed carrot (Daucus carota) roots inoculated 
with an arbuscular mycorrhizal fungus (Rhizophagus irregularis strain A5, Sanders Lab) in 
Petri dishes that were physically divided by a plastic barrier into two separate compartments 
(Figure 1A&B). We placed a young branching carrot root of approximately two cm in the 
root compartment. We inoculated the root with the arbuscular mycorrhizal fungus by placing 
an agar plug of 1 by 1 cm2 on top of the root organ culture (Engelmoer et al. 2014). This 
plug contained hyphae, roots, and ~700 spores. After inoculation, Petri dishes were kept in 
an incubator in the dark at 25 °C. We monitored the dishes twice a week and scored when the 
extraradical fungal hyphae crossed the barrier to the fungal compartment. Roots growing into 
the fungal compartment were placed back into the root compartment using sterile forceps.

We modified the media for the root and fungal compartments depending on the experiment. 
In the first experiment, we studied the foraging patterns of the network in the absence of 
root manipulations. We filled the root compartment with 25 mL Modified Strullu-Romand 
(MSR) medium (Fortin et al. 2002; Kiers et al. 2011; Engelmoer et al. 2014), and the 
fungal compartment with 25 mL of an adjusted MSR medium containing no phosphorus nor 
nitrogen. We added a layer of cellophane to the fungal compartment to restrict its growth 
to a 2D plane (Figure 1C). When we observed that the first hyphae had crossed the plastic 
barrier into the fungal compartment (31 - 82 days post inoculation), we noted this date as 
the crossing time, and then added one ‘phosphorus bait’ and one ‘nitrogen bait’ to the fungal 
compartment. 

We constructed a synthetic form of naturally occurring phosphorus apatite (Whiteside et al. 
2019) by dissolving 11.9919 g NaCl, 1.96577 g NaHCO3, 0.447 g KCl, 0.4574 g MgCl2.6H2O, 
0.261 g K2HPO4, 0.4162 g CaCl2, 0.1065 g Na2SO4 and 999 nM C6H8O7 in one liter nanopure 
H2O (Tang et al. 2010; Kawashita et al. 2012). To conjugate the apatite, we used two separate 
reactions: For the first reaction we placed the solution for 24 hours in the dark at 37 °C, after 
which we put the solution on a shaker (100 oscillations per minute) at room temperature for 
48 hours. For the second reaction we placed the solutions back at 37 °C for another 60 hours. 
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To eliminate all non-bound particles, we washed the solution twice by refreshing 80% of the 
supernatant with nanopure H2O. After the washing, we brought the solution a concentration 
of 2796 nmol P mL-1. 

To create nitrogen crystals, we dissolved 0.3454 g CaCO3, 11.9919 g NaCl, NaHCO3, 0.447 
g KCl, 0.450 g KNO3, 0.4574 g MgCl2.6H2O, 0.4162 g CaCl2, 0.1065 g Na2SO4, 0.588 g 
NH4SO2 and 3996 nM C6H8O7 in one liter nanopure H2O. To conjugate the crystals, we used 
the same reactions and washing steps as described above. After the crystals were formed we 
brought the solution a concentration of 207852 nmol N mL-1. We stored the solutions at 4 °C 
and autoclaved them before use. 

We randomized phosphorus and nitrogen side and placed the baits at the outermost side of the 
dish at an angle of approximately 45° respective from the center of the Petri dishes (Figure 
1A&B). To create the baits, we autoclaved 6 mm diameter paper disks spiked with 50 µL 
of nutrient solution, wetting the paper disk, containing either phosphorus apatite or nitrogen 
crystals. The amount of phosphorus in 50 µL phosphorus apatite solution was equal to the 
amount of phosphorus in the media of the root compartment under control conditions (0.140 
µmol P). The amount of nitrogen in 50 µL nitrogen crystal solution was equal to the amount 
of nitrogen in the root compartment under control conditions (10.379 µmol N).

We then counted the number of spores by imaging the fungal compartment four weeks after 
the baits were added. We used an automatic motorized Nikon eclipse ti-E microscope, with 
Hamamatsu Orca-Flash, 4x objective, taking pictures of 3.6 mm x 40.9 mm, resulting in 275 
images per compartment. We harvested each Petri dish four weeks after bait addition.

In the second experiment, we determined if decreasing nutrient availability for the host root 
affected foraging patterns of the fungi for the phosphorus and nitrogen baits. We filled the 
root compartment with either standard MSR medium, or a 1% P MRS medium, in which 
phosphorus in the MSR medium was reduced to 1% of the control phosphorus level. As 
in experiment one, we filled the fungal compartment with 25 mL adjusted MSR with no 
phosphorus or nitrogen. However, we did not add cellophane, and instead allowed the 
network to grow in 3D (Figure 1D). We added the nutrient baits spiked with phosphorus 
apatite or nitrogen crystals to all Petri dishes when we observed the first hyphae crossing into 
the fungal compartment (~42 days). We monitored the Petri dishes twice a week and noted 
the date when the fungal hyphae crossed the barrier to the fungal compartment as the crossing 
time. To count the spores, we imaged the fungal compartment using a 1.0x magnification 
Leica Wild M8 preparation microscope, taking 50 images per compartment (9 mm x 9 mm) 
with an Olympus SC180 camera. Rather than four weeks after bait addition (as in the first 
experiment), we harvested all Petri dishes seven weeks after bait addition.

Harvest
To harvest cultures, we removed roots with tweezers and placed them in paper bags to be 
dried at 50 °C for a minimum of 48 hours. We placed the remaining MSR medium from the 
root compartment, containing extraradical hyphae, in 50 mL centrifuge tubes (Greiner). With 
a scalpel, we divided the MSR medium of the fungal compartment into two equal halves, 
the phosphorus side with the phosphorus bait and the nitrogen side with the nitrogen bait. 
We recorded the wet weight of each half and placed the halves separately in two 50 mL 
centrifuge tubes. We froze all MSR media for at least 24 hours at -80 °C to stop all metabolic 
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reactions. We extracted the extraradical hyphae by dissolving the MSR medium, adding 25 
mL 10 mM citric acid solution, and placing the tubes for two hours in a water bath of 65 °C. 
We vacuum filtered the dissolved MSR over a 45 µm, 47 mm, Whatman cellulose nitrate 
membrane filter (Engelmoer et al. 2014). To collect the extraradical hyphae, we used a small 
spatula to scrape the hyphae from the filter and placed them in 1.5 mL Eppendorf tubes. We 
freeze dried all hyphal for 24 hours. We recorded dry weight of roots and hyphae with an 
analytical balance (Sartiorus and Mettler Toledo). We subsampled approximately 20 mg of 
the roots for DNA extraction to determine intraradical root colonization.

DNA extraction and real time PCR
To determine intraradical hyphal colonization in the roots and extraradical hyphal abundance, 
we extracted fungal DNA from the root subsamples and from the dried, weighed extraradical 
hyphal samples. We extracted the fungal DNA using a DNeasy plant mini kit (Qiagen). We 
followed the manufactures protocol, with the exception that we added 10 µL of an Internal 
Standard to the samples before the lysis step to quantify the extraction efficiency. As an 
Internal Standard, we used a plasmid of the cassava mosaic virus (Engelmoer & Kiers 2014; 
Engelmoer et al. 2014).

After we extracted DNA from the roots and the extraradical hyphal samples, we quantified 
hyphal abundance via copy numbers using a TaqMan probe-based qPCR. We diluted the 
DNA samples from the roots 100 times to reduce the amount of PCR inhibiting proteins. We 
prepared DNA samples for qPCR analysis by adding 10 µL of the Bio-Rad iTaq universal 
SYBR Green Supermix, 0.32 µL forward primer, 0.32 µL reverse primer, 0.080 µL probe 
and 5.28 µL nanopure water to each DNA sample of 4 µL, creating a 20 µL reaction volume 
(Kiers et al. 2011). We loaded the prepared DNA samples into white 96-well PCR plates 
(Bio-Rad) and placed the samples in a CFX96 LightCycler (Bio-Rad). For each sample 
we measured the presence of R. irregularis and internal standard using two separate qPCR 
rounds. For the internal standard, we used the following cycle: denaturation at 95 °C for 5 
seconds, annealing at 50 °C for 30 seconds and amplification at 72 °C for one second, and for 
the R. irregularis: denaturation at 95 °C for 5 seconds, and at 50 °C for 30 seconds, replicated 
39 times. We exported resulting Cq values at a baseline threshold of 500 relative fluorescent 
units and translated the Cq values to log copy numbers in R software V.3.3.1 (R core team 
2018) with the calibration curves as described in Engelmoer et al. (2014). 

From the acquired images, we manually counted the amount of spores in each image, with 
use of the Cell-Counter plugin in Fiji/ImageJ (Schindelin et al. 2012). We summed the spores 
from the images acquired from either the phosphorus-side of the fungal compartment or the 
nitrogen-side of the fungal compartment. 

Third experiment
In the third experiment, we quantified fungal spore germination near nitrogen and phosphorus 
baits. We used two different setups, a bait control to test if the presence of a bait affected the 
germination and a phosphorus and nitrogen (P-N) setup to test if there was a germination bias 
toward phosphorus or nitrogen bait. We filled 30 standard 90 mm diameter Petri dishes with 
adjusted MSR medium, with no additional phosphorus or nitrogen. We used 10 replicates 
for the bait control setup, placing one paper disk on the medium per replicate. We used 20 
replicates for the P-N setup, in which we added two paper disks per Petri dish. These were 
spiked with either 50 µL phosphorus apatite or nitrogen crystals as used in other experiments. 
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We purified spores from mature root-organ culture medium and added 50 µL of spore solution 
(~20 spores) around each bait (Figure 1E). We counted the exact number of the spores per 
Petri dish, and then made weekly counts to determine how many spores had germinated.

Statistical analysis
We analyzed all data in the R software V3.6.1. (R core team 2018) and tested the normality 
of the residuals with a Shapiro Wilk Normality test. In the first experiment, we transformed 
the extraradical fungal abundance in the fungal compartment by taking the logarithm and the 
number of spores in the fungal compartment by taking the square root, because the residuals 
were not normally distributed. We compared the extraradical fungal abundance and the 
number of spores in the fungal compartment at the nitrogen side and phosphorus side with a 
paired t-test. We tested whether the proportion of spores per nutrient bait was equal to 50% 
with a one sampled Students t-test. Because the large variation in time between inoculation 
and hyphal crossing to the fungal compartment (crossing time), we tested if the effect of 
crossing time by adding crossing time as a random factor to a linear model. We analyzed 
the data with a linear mixed model of the R package lmer (Bates et al. 2001), checked the 
residuals with a QQ plot and produced type II Anova tables with the R package lmerTest, with 
the Kenward-Roger's method to compute denominator degrees of freedom and F statistics 
(Kuznetsova et al. 2017). We compared the models with Akaike’s An Information Criterion. 
We tested the correlation between crossing time and the number of spores in the fungal 
compartment with a Pearson’s product-moment correlation test.

In the second experiment, we analyzed the root weight and the logarithm of the total 
extraradical fungal abundance (sum of copy numbers in root and fungal compartment per 
Petri dish) with a Welch Two Sample t-test. The residuals of the intraradical fungal abundance 
were not normally distributed, so we transformed the data by taking the logarithm, and 
analyzed the data with a Welch Two Sample t-test. We removed the Petri dishes which did 
not colonize the fungal compartment from further analysis. We then analyzed the extraradical 
fungal abundance and the number of spores in the fungal compartment. We transformed the 
extraradical fungal abundance in the fungal compartment by taking the square root to correct 
for non-normality of the residuals and analyzed the data with a linear mixed model of the R 
package lmer. To correct for the paired design of the two nutrient baits within one Petri dish 
and the variation in crossing time (time between bait addition and hyphal crossing to the fungal 
compartment), we added Petri dish and crossing time as random variables. As independent 
variables we used treatment, nutrient bait and the interaction between. Next, we analyzed the 
effect of the treatment on the total number of spores in the fungal compartment and the effect 
of the treatment, nutrient bait and the interaction between treatment and nutrient bait on the 
distribution of spores in the fungal compartment. We used a generalized linear mixed model 
with a Poisson distribution of the R package lmer. In both analyses, we added crossing time 
as a random variable. To analyze the distribution of spores, we added Petri dish as a random 
variable to correct for the paired design of the two baits. We checked the residuals with a 
QQ plot and produced type II Anova tables with the R package lmerTest, with the Kenward-
Roger's method to compute denominator degrees of freedom and F statistics.

In the third experiment, we transform the proportion of germinated spores to correct for non-
normality of the residuals (log(p)-log(100-p), p=proportion). We analyzed the proportion with 
a linear mixed model of package lmer. We analyzed the effect of the independent variables 
bait type and time (weeks after spore addition) and corrected for the paired design by adding 
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Petri dish as a random effect. We produced type II Anova tables as in the second experiment.

Results
First experiment
We determined whether there was a quantitative bias in the growth of the fungal network 
when the root and the fungi were grown under control conditions. We found an average dry 
root mass of 79.34 mg (SE=4 mg, n=32), with an average intraradical (colonization within 
root) fungal abundance of 1.542.108 copy numbers (SE=1.71.107, n=32). We measured total 
extraradical fungal abundance, as the sum of both compartments, and found an average of 
3.87 mg (SE=0.3, n=32) or 1.521.108 copy numbers (SE=1.42.107, n=32). We found no 
significant difference in the extraradical fungal abundance at the phosphorus or nitrogen side 
of the fungal compartment (Figure 2A). Including ‘crossing time’ as a random factor into a 
linear model improved the model fitness, but there was still no significant bias towards the 
phosphorus or nitrogen side (Table 1). However, we found a significant correlation between 
the extraradical fungal abundance in the fungal compartment and the crossing time. The later 
the hyphae crossed to the fungal compartment, the more extraradical hyphae were produced 
after 4 weeks of growth (Figure S1A). 
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Figure 2. Boxplots representing the extraradical fungal abundance and number of spores in the fungal 
compartment per side (first experiment). (A) We found no significant difference in extraradical fungal abundance 
in the fungal compartment towards the phosphorus or nitrogen nutrient baits (Paired t-test, t=-0.347, df=31, 
p=0.731). n=32. (B) We found significantly more spores at the phosphorus side of the fungal compartment (paired 
t-test, t=-2.464, df=31, p=0.019). We found that on average 57% of the spores were produced at the phosphorus side, 
which was significantly more than half (red dotted line, one sample t-test, t=3.060, df=31, p=0.005). n=32. Top and 
bottom of the box indicate the first and third quartile, and the whiskers indicate the minimum and maximum values. 
The * indicates a significant difference between the means (p<0.05).

Table 1. Analysis of variance on the extraradical fungal abundance (experiment 1). Akaike An 
Information criterion scores (AIC), degrees of freedom (Df), residuals (res), F-values and p-values are given. 
The best fitting model is indicated with the lowest AIC score (in bold).

AIC Df res F-value p-value

Model 1: bait type 77.488 31 1 0.121 0.731

Model 2: bait type + (1| crossing time) 68.862 31 1 0.121 0.731
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Figure 3. Boxplots representing the fungal abundance (second experiment). (A) We found significantly higher 
intraradical fungal abundance in the 1% P treatment per mg of root, and a non-significant trend per total root (Welch 
Two Sample t-test, per mg of root: t=-2.089, df= 29.758, p=0.045 and per root: t = -1.895, df=27.865 p=0.069). 
ncontrol=18, n1%P=16. (B) We found a significant effect of compartment and treatment by compartment interaction 
(lmer: compartment: F1,20.781=0.864, p=0.363; treatment: F1,22.611=0.188, p=0.669; interaction: F1,22.482=5.321, 
p=0.031). We found higher extraradical fungal abundances at the nitrogen-side in the 1% P treatment. ncontrol,N=8, 
ncontrol,P=5, n1%P,N=14, n1%P,N=8. Top and bottom of the box indicate the first and third quartile, and the whiskers 
indicate the minimum and maximum values. The * indicates a significant difference between the means (p<0.05).

We found an average of 620 (SE=106, n=32) spores produced in the fungal compartment per 
Petri dish. The amount of spores was higher on the phosphorus side of the fungal compartment 
(Figure 2B). We found that on average 57.8 % (SE=3, n=32) of the spores were produced at 
the phosphorus side, which was significantly more than half (Figure 2B). We also found a 
statistically significant correlation between the amount of spores in the fungal compartment 
and the crossing time. Following the trend of the extraradical fungal abundance, the later the 
hyphae crossed to the fungal compartment, the more spores were produced after 4 weeks of 
growth (Figure S1B). 

Second experiment
In the second experiment, the host roots were grown in either 1% P (i.e. a 99% reduction) or 
under control conditions. First, we found no significant difference in root biomass between 
nutrient treatments (Welch Two Sample t-test: t=1.075, df=32.26, p=0.290). We then 
determined the intraradical fungal abundance, and found a significantly higher intraradical 
fungal abundance in the roots of the 1% P treatment per mg of root, but not per total root 
(Figure 3A). We found no significant differences in the total extraradical fungal abundance 
per Petri dish (sum of the root and fungal compartments) between the two treatments (Welsh 
two sample t-test: t=-0.188, df=1.052, p-value=0.881). 

We then looked for a bias in growth, asking if the fungal network was more abundant on the 
phosphorus side when the host grew on a 1% P treatment. We found that the extraradical 
fungal abundance in the fungal compartment was not significantly affected by the phosphorus 
treatment of the host root, by the nutrient bait. However, fungal abundance was significantly 
affected by the interaction between treatment and nutrient bait. Specifically, we found a 
higher extraradical fungal abundance at the nitrogen-side in the 1% P treatment (Figure 3B).



FORAGING STRATEGIES OF ARBUSCULAR MYCORRHIZAL FUNGI 

139

We then analyzed the total number of spores produced in the fungal compartment. We found 
a significant effect of the treatment on the total number of spores in the fungal compartment 
(Figure 4A), on average almost twice as many spores were produced in the 1% P treatment. 
When we looked at the distribution of spores in the fungal compartment, we found no 
significant effect of the treatment, but we found a significant effect of the nutrient bait, and 
the interaction between treatment and nutrient bait (Figure 4B). Specifically, we found more 
spores at the nitrogen side in the 1% P treatment.
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Figure 4. Boxplots representing the distribution of spores in fungal compartment (second experiment). (A) 
We found that the total number of spores in the fungal compartment was significantly affected by the phosphorus 
treatment of the host root, with a higher number of spores in the 1% P treatment (glmer: treatment: χ2=469.22, 
p<0.0001). ncontrol=15, n1%P=18. (B) We found that the total number of spores was significantly affected by the nutrient 
bait and the interaction between treatment and the nutrient bait, with higher numbers under 1% on the N side (glmer: 
treatment: χ2 =0.403, p=0.526; nutrient bait: χ2=1238.863, p<0.0001; treatment X bait: χ2=1287.5042, p<0.0001). 
ncontrol,N=15, ncontrol,P=15, n1%P,N=18, n1%P,N=18. Top and bottom of the box indicate the first and third quartile, and the 
whiskers indicate the minimum and maximum values.
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We found higher germination rates at the phosphorus baits (lmer: time: F4,171=114.518, p<0.0001, bait type: 
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Third experiment
Lastly, we determined germination rate of spores near phosphorus or nitrogen baits. We first 
confirmed that the presence of a bait did not significantly influence the percentage of spores 
germinated (lmer: time: F4,79.067=80.066, p<0.0001, bait presence: F1,79.079=0.221, p<0.640, 
interaction: F4,79.087=0.654, p=0.626). We then tested whether baits were more likely to 
germinate at phosphorus or nitrogen baits. We found a significant effect of bait type, time 
and the interaction of bait type x time. Specifically, we found more spores germinated at 
the phosphorus baits, but that this response was time dependent (Figure 5). After 5 weeks, 
63.05% (SE=4%) of spores were germinated near phosphorus baits, while only 41.31% 
(SE=4%) of the spores germinated near nitrogen baits.

Discussion
We tested the hypothesis that extraradical hyphae of arbuscular mycorrhizal fungi exhibit a 
growth bias towards phosphorous baits, and that this bias would be greater when host roots 
were growing under more phosphorus limiting (1% P) conditions. We also tested whether 
there was bias in spore production, and whether spores were more likely to germinate near 
phosphorus baits. We found some support for these hypotheses, namely i) a bias towards 
spores formed on the phosphorus side in experiment one (Figure 2B); ii) twice as many 
spores formed in the 1% P treatment compared to control treatment in experiment two, but 
with a bias towards the nitrogen side (Figure 4A), and iii) higher germination rates of spores 
growing next to phosphorus compared to nitrogen baits in experiment three (Figure 5). 
However, we saw no clear bias in growth of the extraradical hyphae towards the phosphorus 
side. The only significant trend was a bait x treatment interaction in experiment two (Figure 
3B), suggesting more hyphal growth on the nitrogen side when host roots were grown under 
1% P conditions. We also observed large variation of fungal growth at the replicate level, 
potentially masking trends in foraging preferences.

In our first experiment, we grew a fungal network in which roots were maintained under 
control conditions. The fungal network extended into a fungal compartment and grew on top 
of a cellophane barrier, forced into a 2D shape. This allowed us to accurately count spores. 
While we had expected to document a bias in growth towards phosphorus baits, we found 
no significant difference in extraradical fungal abundance (Figure 2A). This is in contrast to 
work in soil systems, whereby fungal abundance was found to be higher in nutrient rich soil 
patches compared to patches without nutrients (Gavito & Olsson 2003), and work showing 
higher fungal abundances in both soil patches rich in phosphorus and soil patches rich in 
organic matter (Shrestha Vaidya et al. 2008). Our lack of bias towards the phosphorus bait 
could be explained by the large variation we saw in our Petri dishes, linked to the variation 
in crossing time in our replicates (between 31 and 82 days). This variation in crossing time 
had a strong effect on both the extraradical fungal abundance, and the amount of spores in the 
fungal compartment (Figure S1). The longer the crossing time, the more extraradical hyphae 
were produced. This is because fungi that were confined to the root compartment for longer, 
likely used up more nutrients. As nutrient availability decreases, fungi are known to allocate 
more energy to growth and reproduction (Bago et al. 2004). Second, the time scale of the 
experiment could have been too short. In cord-forming basidiomycetes, the fungus is known 
to explore the space in many directions before allocating more biomass developing a strong 
physical connection to a bait (Fukasawa et al. 2019). 

While we did not observe a growth bias towards the phosphorus bait, we did see that 
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proportionally more spores were produced near the phosphorous bait (Figure 2B). This result 
is opposite to the findings of other studies which found lower sporulation in phosphorus rich 
patches (Olsson et al. 2014), and higher sporulation in organic rich patches, like manure 
(Gryndler et al. 2003; Quilliam et al. 2010). Arbuscular mycorrhizal fungi are more likely 
to invest in nutrient uptake than reproduction when their hyphae encounter a phosphorus 
rich patch, explaining the results of the previous studies. However, specific nutrients in the 
environment can strongly affect the sporulation: the application of NO3- can significantly 
increase sporulation, while the application of NH4+ can repress sporulation (Bago et al. 2004), 
indicating that the inhibition or promotion of sporulation is complex and cannot explained by 
the presence of N or P alone. 

In our second experiment, we manipulated the nutrient conditions for the host root, reducing 
phosphorus in the root compartment to 1% of the control or growing under control conditions. 
Most strikingly, we found that the root weight was not influenced by the phosphorus treatment, 
suggesting that we did not impose a great enough phosphorus limitation to be truly limited for 
the host plants. However, we found that roots of the 1% P treatment had significantly higher 
intraradical colonization per mg of host roots, and the same trend, nearly significant, per total 
root (Figure 3A). Past work has demonstrated increased colonization rates in phosphorus-
starved roots is induced by increased plant signaling molecules (Bouwmeester et al. 2007; 
Gu et al. 2011; Nouri et al. 2014). Such plant signaling molecules have likewise been linked 
to increase hyphal branching (Akiyama et al. 2005; López-Ráez et al. 2008), and increase 
extraradical growth (Liu et al. 2000; Tong et al. 2013). 

We also found that the extraradical fungal growth in the fungal compartment was significantly 
affected by the interaction between the phosphorus treatment of the root and the nutrient 
baits. In the 1% P treatment, we found more (28x higher) extraradical fungal growth at 
the nitrogen side (Figure 3B). Previous studies found that fungi are able to directionally 
grow towards nutrient sources (Gavito & Olsson 2003). Both phosphorus and nitrogen 
are important minerals in the symbiosis, and previous work has shown how arbuscular 
mycorrhiza are able to take up and transfer substantial amounts of phosphorus and nitrogen 
to their host plant (Smith & Read 2008; Leigh et al. 2009; Thirkell et al. 2016). While it is 
often assumed that arbuscular mycorrhizae will show a bias towards growing in/toward high 
phosphorus patches, there is a lack of strong empirical evidence for this. Instead, there are 
studies showing increased extraradical fungal growth in organically rich patches (Ravnskov 
& Jakobsen 1995; Hodge et al. 2001), toward nitrogen rich patches, and this is perhaps 
regulated by the nitrogen requirements of the arbuscular mycorrhizal fungus itself, and not of 
the host (Bukovská et al. 2016). 

We also found that sporulation was influenced by the nutrient conditions of the root, with 
spore production being more than doubled under low phosphorus conditions for the root 
(Figure 4A). Spore production has been shown to depend on the nutrient status of the host 
and the fungal species, with most fungal species showing the highest sporulation when 
phosphorus levels are low (Douds & Schenck 1990; Olsson et al. 2014). Spore distribution 
showed a bias toward the nitrogen side, with a significant effect of the bait type, and an 
interaction between bait type and root treatment (Figure 4B). This is likely linked to the 
higher extraradical hyphal abundance on the nitrogen side. 

Lastly, we looked at effects of nutrient baits on spore germination, and found increased 
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Figure 6. Imaging device for imaging in-vitro arbuscular mycorrhizal fungi growing in Petri dishes. (A) 
Lateral view of the imaging device. (B) The plate holder design. Up to 40 plates can be fixed within the imaging 
device. (C) Image matrix of the fungal compartment.

germination rates near phosphorus baits, suggesting that phosphorus is a key trigger in the 
life cycle of arbuscular mycorrhizal fungi, even in the absence of a host root. Past work has 
shown the importance of both nitrogen (Gryndler et al. 2003; Bago et al. 2004; Gachomo et 
al. 2009) and phosphorus (De Miranda & Harris 1994) in spore formation and germination. 
We found that spores tended to remain dormant when close to a nitrogen bait. While the 
concentrations in our study are much lower (2.9 mg/L N and 0.086 mg/L P), these results 
support past work showing that increasing the concentrations of nitrogen from 5 to 50 mg/ 
mL can repress rates of germination, while increasing the phosphorus concentration from 2 
to 20 mg/L can increase the germination rate (Bressan 2001). 
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Future imaging approaches
A major aim of our experiments was to quantify the morphological architecture of the 
extraradical network of arbuscular mycorrhizal fungus. Due to large variation between the 
replicates and the difficulties in extracting the fungal network from images, we were limited 
to quantifying extraradical growth using copy numbers and spore production. To address 
these limitations, we are repeating the work using an automatic imaging device in which 
the formation of in-vitro fungal networks can be followed over time (Figure 6A). We have 
designed an incubator device that can hold up to 40 Petri dishes simultaneously (Figure 
6B). When the first hyphae cross to the fungal compartment, the camera will automatically 
take images every 4 hours. These 20 x 29 images have an overlap of 10%, resulting in a 
total of 580 images per fungal compartment (Figure 6C). The camera has a resolution of 
4096 x 3000 px2, and a 4x magnification. During imaging, the Petri dishes are illuminated 
with red light. The device is setup in a dark chamber at 25 °C, keeping the conditions of the 
experiments the same. Our first pilot experiment shows promising results: a clear hyphal 
growing pattern which can be extracted and analyzed over time. The fungal hyphae show 
different growth patterns depending on the nutrient bait, with more hyphal branches near 
the nitrogen bait (Figure 7). More generally, our aim is to stimulate work into symbiotic 
networks and understand how selection differs when organisms must trade resources to gain 
access to key nutrients. This will increase our understanding of the selection pressures which 
have shape symbiotic network forming organisms.
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