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Abstract

Arbuscular mycorrhizal (AM) fungi not only play a crucial role in acquiring nutrients for plants but also serve as a habitat
for soil microbes. Recent studies observed that AM fungal hyphae are colonized by specific bacterial communities. How-
ever, so far it has not been explored whether fungal hyphae and mycorrhizal networks also harbor specific communities
of protists, a key group of microbes in the soil microbiome. Here, we characterized protist communities in soil in a com-
partment with plant roots and on hyphae collected from hyphal compartments without plant roots. We detected specific
protist communities on fungal hyphae. Fourteen protistan amplicon sequences variants (ASVs) were significantly associ-
ated with fungal hyphae, half of which belonged to the Cercozoa group. This research, for the first-time detected specific
protist ASVs directly associated with abundant AM fungus hyphae, highlighting the complexity of the hyphal food web.
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Introduction

Arbuscular mycorrhizal (AM) fungi colonize plant roots
and form extensive hyphal networks in the surrounding soil,
facilitating the uptake of water and nutrients by the plant
(Smith and Read 2010; Martin and van der Heijden 2024). In
return, the plants translocate up to 5-20% of their photosyn-
thetic production through the AM fungal hyphae, enriching
the surrounding soil with carbon (Jakobsen and Rosendahl
1990; Wang et al. 2022; Hawkins et al. 2023). The interface
between AM fungi hyphae and soil is not solely a conduit
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for chemical exchange but also provides a habitat for a
diverse range of soil microbes, including bacteria, archaea
and fungi (Zhang et al. 2018, 2024; Emmett et al. 2021;
Nuccio et al. 2022). Moreover, recent studies have provided
evidence that specific ‘mycorrhiza helper bacteria’ colonize
AM fungal hyphae, thereby affecting both the development
of mycorrhizal associations and nutrient cycling in the soil
(Zhang et al. 2024). Nevertheless, the interactions of AM
hyphae with other key groups of soil organisms including
protists are still poorly understood.

Protists are abundant in soils, with densities ranging from
10* to 10® per gram (Adl and Coleman 2005). Protists can
have various lifestyles, including phototrophy, heterotrophy,
mutualism, and parasitism. Phototrophic protists (known
as algae) contribute significant amounts of organic carbon
to soil (Schmidt et al. 2016), while heterotrophic protists
(known as protozoa) consume bacteria and release nitrogen
into the soil because of their higher C: N than their prey
(Sherr et al. 1983). Furthermore, the nitrogen released by
heterotrophic protists into the soil is generally in a form that
is readily accessible to plants and leads to enhanced plant
growth (Bonkowski 2004; Gao et al. 2019a, b).

De Gruyter et al., (De Gruyter et al. 2022) identified dif-
ferences in the protist community between pots with and
without AM fungi. Moreover, a recent study demonstrated
that protists can enhance the utilization of organic nitrogen
by AM fungi (Rozmos et al. 2021). However, it is poorly
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understood whether protists are associated with AM hyphae
in soil, and it is unknown whether AM hyphae harbor spe-
cific communities of protists.

Here, we conducted a study using compartmentalized
microcosms in a greenhouse study to investigate if AM
fungi host specific protist communities. We collected root
and soil samples from a plant-colonized compartment and
extraradical hyphal samples from another compartment
from which plant roots were excluded. We then analyzed
the hyphal and soil protist communities using 18 S rRNA
gene amplicon sequencing. Our findings provide direct evi-
dence of specialized protist taxa accompanying mycorrhizal
fungal hyphae.

Materials and methods
Soil collection

The soil used in this study was derived from the Farm-
ing System and Tillage experiment (FAST) site (Wittwer
et al. 2017, 2021). The FAST site was established in 2009
near Ziirich (latitude 47°26' N, longitude 8°31' E). In April
2019, soil was collected with the top 2 cm layer of vegeta-
tion removed, followed by the excavation of a 20 cm depth
of soil from the FAST field. The soil was passed through a
2 mm sieve and stored at 4 °C before use.

Description of microcosms and plant growth
conditions

Microcosms were constructed using frames of
20x10%x 19 cm (LXWxH) that were divided in 5 equal
compartments (Fig. 1a). The compartments were separated
from each other by 30 pm nylon filters that allowed hyphae
to pass through but not roots. Compartment 1 (COMP1) was
separated by a 1 pm filter that also blocked hyphae. The
middle compartment (COMP3) was filled with 1200 g of a
mixture of 30% non-autoclaved FAST field soil, 4% auto-
claved Oil-Dri (Damolin GmbH, Oberhausen, Germany),
and 66% autoclaved sand. This compartment acted as soil
inoculum. The outer compartments (COMP1, COMP2,
COMP4, and COMPS, respectively) were each filled with
1200 g of the sterilized outer substrate (8% autoclaved
FAST field soil, 6% autoclaved Oil-Dri and 86% autoclaved
sand). The outer compartments contained a higher fraction
of sand to facilitate hyphal collection. COMP2 and COMP4
served as buffer zones to reduce the rhizosphere effect on the
neighboring outermost compartments. COMP1 was used as
ano-AMF control. COMPS is the hyphal compartment from
which we picked the hyphal samples. We hypothesized that
the microbiome in COMP3 was influenced by both roots and
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hyphae, COMP2 and COMP4 were influenced by root exu-
dates and hyphae, COMP5 was influenced by hyphae alone,
and COMP1 was not influenced by either roots or hyphae.
The microbiomes of COMP3 and COMPS5 were compared
to reveal the impact of hyphae on protists while excluding
the effect of plant roots on the hyphal microbiome. All auto-
claved substrates used in this study were heated to 121°C
for 45 min, twice, with a 24 h interval. Fourteen replicate
microcosms were set up.

Prunella vulgaris (henceforth Prunella), a plant from
the Lamiaceae family, was planted in COMP3. A common
plant species in European grasslands, Prunella thrives in the
grassland strips of the FAST trial. Chosen as a model spe-
cies for its size and substantial colonization by AM fungi,
Prunella benefits from the association with AM fungi (Van
Der Heijden et al. 1998; Streitwolf-Engel et al. 2001; Zhang
et al. 2024). Prunella seeds were vapor-phase sterilized by
exposure to chlorine gas for 4 h. To this end, chlorine gas
was generated by adding 3.2 ml 37% HCl to 100 ml Bleach
(Hijman Schoonmaakartikelen BV, Amsterdam, NL). Seed
sterilization reduces the variation in the seed microbiome
among different seeds. The seeds were sown on half-strength
Murashige and Skoog basal agar-solidified medium (Sigma
Aldrich, St. Louis, MO, USA). The plates with seeds were
subsequently incubated in a climate chamber (Sanyo MLR-
352 H; Panasonic, Osaka, Japan) under controlled condi-
tions (light 24 °C 16 h, dark 16 °C 8 h). Seven two-week-old
seedlings with roots of approximately ~0.5 cm in length that
were free of visible contamination were transplanted to each
microcosm. Pre-germination of the seeds ensures similar
seed size when planting them in the microcosms. The plants
in the microcosms were allowed to grow in the greenhouse
(Reckenholze, Agroscope, Ziirich, CH) with a 16 h photope-
riod at 24 °C alternated with 8 h of darkness at 16 °C. Plants
were watered with 120 ml H,0O 2-3 times per week.

Sampling of fungal hyphae from soil substrate

To sample fungal hyphae, we modified a wet sieving pro-
tocol typically used to collect mycorrhizal fungus spores
(Pacioni 1992). Briefly, 500 pm, 250 pm, and 36 pm sieves
were surface sterilized to minimize contamination by
microbes attached to the sieves. The sieves were submersed
in 0.5% sodium hypochlorite for 20 min, then submersed
in 70% Ethanol for 10 min (Wagg et al. 2014). The sieves
were stacked together with the largest filter size on top and
the smallest filter size at the bottom. The sieves separate the
different sizes of particles making hyphae under microscopy
more visible versus non-sieved substrate. So, this sieving
method facilitates hyphae extraction from the substrate.
Twenty-five grams of soil substrate from COMP5 was
placed on the top sieve. The small particles were washed,
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Fig. 1 Different protist communities between hyphae and soil. a Sche-
matic representation of 5-compartment microcosm layout. COMP3
is filled with 30% unsterilized field soil, whereas COMP1,2,4 and 5
are filled with sterilized soil substrate. Roots are contained in COMP3
by 30 um meshes (white dashed lines), whereas extraradical fungal
hyphae can grow in COMP3, COMP4, and COMPS, but are restricted
from COMPI1 by a 1 um filter (green dashed line). b PCoA of pro-

and soil aggregates were broken with sterilized water. The
leftovers on all sieves were washed into Petri dishes. Then,
approximately 0.1 ml hyphae were picked from the samples
in the Petri dishes using a set of flame-sterilized tweezers
under a binocular microscope. The hyphal clumps from
different sieves were pooled and analyzed together. We
concentrated the hyphae in a single 1.5 ml tube filled with
0.2 ml 30% glycerin per compartment. This was then con-
sidered a hyphal sample. The hyphal samples were stored at
-80°C until DNA extraction.

tist communities in soil (COMP3) and hyphal samples (COMPY). ¢
Heatmap of the log2-transformed relative abundance values of protist
taxa in soil and hyphal samples. The ASVs presented in the heatmap
are significantly (p <0.05) associated with hyphal samples determined
by indicspecies. The vertical color bars of the heatmap indicate pro-
tist groups or phyla. The horizontal color bars of the heatmap indicate
sample types and replicates

Soil, root, and hyphal microbiome profiling

The soil and root samples from COMP3 and concentrated
hyphae samples from COMPS5 were characterized by con-
ducting 18 S amplicon sequencing. DNA extraction from
soil, root, and hyphal samples was performed using DNeasy
PowerLyzer PowerSoil Kit (Qiagen, Hilden, Germany).
The root and soil samples were homogenized in PowerBead
solution for 10 min at 30 m/s twice by Tissuelyser II. The
hyphal samples were homogenized in PowerBead solution
for 2 min at 30 m/s 4 times by Tissuelyser II. The rest of
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DNA extraction steps of the aforementioned samples fol-
lowed the manufacturer’s instructions. Extracted DNA was
quantified using a Qubit dsDNA BR Assay Kit and Qubit
Flex Fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA).

DNA was amplified using a two-step PCR protocol. In
the initial step, protistan 18 S rRNA genes targeting the V4
region were amplified with the primer set V4_1f (CCAG-
CASCYGCGGTAATWCC) and TAReukREV3 (ACTTTC-
GTTCTTGATYRA) (Xiong et al. 2020). The microbial
communities were amplified in 24 pl reaction volumes con-
taining 7.5 ng DNA template, 12 pl KAPA HiFi HotStart
ReadyMix (F. Hoffmann-La Roche AG, Basel, Switzer-
land), 0.8 pl 10 uM (protistan) forward and reverse primers
and the remaining volume was supplemented by MilliQ-
purified water. PCR was conducted by following the cycling
conditions of 95 °C for 5 min, followed by 25 cycles of 95
°C for 30 s, 55 °C for 30°s, 72 °C for 45 s, and a final exten-
sion at 72 °C for 10 min. The resulting PCR products were
purified using AMPure XP beads (Beckman Coulter, High
Wycombe, UK) according to the manufacturer’s instruc-
tions. The purified PCR products were then used as template
DNA in the second PCR. The second PCR was performed
in a similar way as above but using primers from the Illu-
mina Nextera Index Kit v2 which contain an error-tolerant
6-mer barcode to allow multiplexed library sequencing. The
second-step PCR was conducted by following the cycling
conditions of 95 °C for 3 min, followed by 10 cycles of
95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and a final
extension at 72 °C for 5 min. The resulting PCR products
were cleaned again using AMPure XP beads. The cleaned
PCR products were quantified using a Qubit dsDNA BR
Assay Kit and Qubit Flex Fluorometer. Equal amounts of
PCR product (2 pl 4 nM) were pooled and sequenced on
an [llumina MiSeq Sequencer (Illumina, San Diego, USA)
using a paired end 300 bp V3 kit at the Utrecht Sequencing
Facility (www.useq.nl).

Utilizing ITS amplicon sequencing, we characterized
the fungal communities present in soil, root, and hyphal
samples. In brief, the fungal ITS2 region was amplified in a
24 pl reaction volume containing 7.5 ng of DNA template,
12 pl of KAPA HiFi HotStart ReadyMix, and 2.5 pl of 2
uM primers (5.8SFun and ITS4Fun) (Taylor et al. 2016;
Gao et al. 2019a, b). The remaining volume was supple-
mented with MilliQ-purified water. The PCR products were
then purified using AMPure XP beads. Subsequently, the
purified PCR products were amplified using primers from
the Illumina Nextera Index Kit v2. Once again, the PCR
products were purified with AMPure XP beads. Finally, the
purified PCR products were quantified, normalized, pooled,
and sequenced. Detailed documentation can be found in the
work of Zhang et al. 2024.
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Sequence reads were processed in the Qiime2 environment
(version 2019.07, https://qiime2.org/) (Bolyen et al. 2019).
We used the Demux plugin to assess paired-end sequence
quality. The imported primer sequences were removed using
Cutadapt (Martin 2011). The paired-end sequences were
dereplicated and chimeras were filtered using the Dada2
denoise-paired script (Callahan et al. 2016), which resulted
in the identification of amplicon sequence variants (ASVs)
and a count table thereof. For ITS sequences, the nonfungal
sequences were removed using ITSx (Bengtsson-Palme et
al. 2013). 18 S and ITS ASVs were taxonomically annotated
employing a pre-trained naive Bayes classifier (Werner et
al. 2012) against the PR2 databases (v4.12) (Guillou et al.
2012) and UNITE (v8) database (Kdljalg et al. 2013). From
this taxonomic annotation, on average 99.13% of the 18 S
ASVs in all root samples were plant ASVs and the root sam-
ples were not considered for further analysis. After denois-
ing and filtering of Rhodophyta, Streptophyta, Metazoa,
Fungi, and Embryophyceae sequences (Xiong et al. 2020;
Singer et al. 2021), 347,684 18 S sequences remained from
the soil and hyphal samples, and these data was rarefied to a
sequence depth of 970 per sample for further analysis (Fig.
S1). The fourteen ASVs that were significantly associated
with hyphae were blasted against NCBI (https://www.ncbi.
nlm.nih.gov/) to confirm their protistan identity.

Statistics

All statistical analyses were conducted in R version 4.0.2
(R Core Team 2020). The protist ASV table, the protist tax-
onomy table and the protist phylogenetic tree generated by
Qiime2 were imported to R with Qiime2R (Bisanz 2018).
Bray-Curtis distances were calculated and visualized in
principal coordinate analysis (PCoA) using the Phyloseq
package (McMurdie and Holmes 2013). Soil and hyphal
protist communities were compared using pairwise permu-
tational analysis of variance (PERMANOVA) performed
with the Adonis function in the Vegan package, with 9,999
permutations (Oksanen et al. 2013). Indicspecies was used
for correlation-based indicator species analysis (Caceres
and Legendre 2009). The visualization of microbial tax-
onomy and differentially abundant ASVs between sample
types used ggplot2 (Wickham 2011) and the Complex Heat-
map package (Gu et al. 2016). The sequence abundance was
normalized relative to the total number of reads per sample.
The comparison of relative abundance between hyphae and
soil was determined using the Wilcox test.
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Results and discussion

The protist communities differed between soil and hyphal
samples (Fig. 1b). Sample type (hyphal or soil sample)
accounted for a significant 30.9% of observed variation
between treatments (PERMANOVA, R?=0.309, F=9.883,
p<0.001). Further investigation was undertaken to identify
the specific protist phyla contributing to this difference.

Ochrophyta, often represented by phototrophic algae and
belonging to Stramenopiles, were significantly enriched in
hyphal samples (RA: 12.5%) compared to soil samples (RA,
3.7%; Fig. S3). Pseudofungi, Apicomplexa, Conosa, Meso-
mycetozoa, and Chrompodellids exhibited higher abun-
dance in soil samples than in hyphal samples (Fig. S3). It
is unresolved what are the specific mechanisms explaining
why particular protists are more or less abundant on fungal
hyphae. This is linked to the ecological niche of individual
protists, their most-important food source (e.g., specific car-
bon sources or bacteria), the presence or absence of other
microbes (competitors, facilitators etc.) and their abiotic
niche (including soil texture and water availability).

Subsequently, we investigated the differences of protist
ASVs between hyphal and soil samples using Indicspe-
cies. A total of 14 ASVs were significantly more abundant
on fungal hyphae compared to soil (Fig. 1c, Table S1). Of
these 14 hyphal ASVs, 7 were classified as Cercozoa, the
protists phylum that generally is most common in soils
and mostly bacterivorous (Dumack et al. 2022). Cercozoa
were previously also shown to be enriched in rhizospheres
(Sapp et al. 2018). Several studies suggest that Cercozoa
species have a specific preference for predation on bacteria
(Gliicksman et al. 2010; Amacker et al. 2022). The bacterial
community assembled on fungal hyphae, compared with
that of the soil (Zhang et al. 2024), may consequently har-
bor specific bacterivorous cercozoans that feed on bacteria
particularly associated with mycorrhizal fungi. However, it
remains uncertain whether these Cercozoa exclusively feed
on bacteria attached to hyphae or interact directly or indi-
rectly with fungal hyphae.

Other ASVs that are significantly more abundant on
hyphae comprised 2 Ochrophyta ASVs, 2 Chlorophyta
ASVs, 2 Choanoflagellida ASVs, and 1 Lobosa ASV
(Fig. 1c, Table S1). Only 6 of the 14 hyphal ASVs were
identified at the genus level, including Brachysira, Massis-
teria, Vermamoeba, Choanoflagellida, and Bracteacoccus.
The remaining eight ASVs were classified with an unclear
genus designation (Table S1).

The two hyphae enriched Ochrophyta ASVs (ASV_{d9f,
ASV_3fab) were identified among all ASVs. Intriguingly,
when comparing ASVs only in Ochrophyta between hyphal
and soil samples using the Wilcox test, these two ASVs also
emerged as the most differentially abundant hyphal ASVs

(Fig. S4). ASV_fd9f and AS 3fab exhibit RA of 1.1% and
0.5% in hyphal samples, respectively. Conversely, the RA of
these ASVs in soil samples is nearly negligible, approaching
zero. This suggests that these two ASVs are the predomi-
nant taxa that differentiated Ochrophyta between hyphal
and soil samples. To test the preference of these two ASVs
for AM fungal hyphae, further studies need to isolate them
and experimentally test their function.

Overall, we observed that 7 protist groups together
comprised 99.3% of the protist relative abundance (RA)
in hyphal samples. These top-seven most-abundant groups
were Rhizaria (RA, 41.3%), Alveolata (RA, 21.3%), Stra-
menopiles (RA, 15.6%), Archaeplastida (RA, 11%), Amoe-
bozoa (RA, 6.6%), Hacrobia (RA, 2.5%), and Opisthokonta
(RA, 1.3%; Fig. 2). The abundances of these broad taxo-
nomic groups did not differ significantly between soil and
hyphal samples (Fig. S5). From those 7 taxonomic groups,
80 ASVs were detected in both soil and hyphal samples
(Fig. S6a). These shared ASVs were abundant in our system
with a RA of 64.7% in the hyphal samples and 31.9% in
the soil samples (Fig. S6b). This implies that, the majority
of the hyphal protist communities are derived from the soil
samples.

Using internally transcribed spacer (ITS) amplicon
sequencing, we found that the hyphal compartment was
colonized by both AM fungi and other non-AM fungi. The
relative abundance of Glomeromycota fungal phylum (AM
fungi) was 51% while the remaining sequences primarily
consisted of Chytridiomycota, Ascomycota, and Basidiomy-
cota. Furthermore, within the Glomeromycota phylum, two
AM fungal species, Rhizophagus irregularis (RA: 36%) and
Septoglomus viscosum (RA: 14%), were most abundant.
Detailed data can be found in Zhang et al. 2024. Further stud-
ies, thus need to test whether the observed hyphae-special-
ized protist communities are specific for AM fungi or fungi
in general. Note that the soil substrate from the hyphal com-
partment (COMPS) contained 20% more sand and nearly
80% less soil than the substrate in the plant compartment
(COMP3). This was done to facilitate hyphal extraction and
to reduce the amount of organic material attached to the fun-
gal hyphae. The varying ratios of soil and sand contribute
to differences in substrate texture and nutrient availability.
Consequently, disparities in protist communities between
hyphae and soil could potentially be because of differences
in sand/soil content or differences in the ability of protists to
disperse and move through the soil (Zhao et al. 2019). Thus,
further studies should verify the observations made here.
Moreover, prior to plant growth and mycorrhiza develop-
ment, the soil substrate in COMPS5 was autoclaved to dimin-
ish non-AMF fungi, thereby enhancing the likelihood of
sampling mycorrhizal fungi originating from COMP3. This
may also contribute to the subsequent differences in protist
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communities between hyphae and soil. This aspect warrants
future experiments to validate the conclusions drawn in this
study. In addition to collecting hyphae, roots, and soil from
different compartments, future studies should also collect
hyphae from the compartments with roots to assess whether
microbial communities associated with hyphae differ
between ‘hyphae-only’ compartments and those associated
with root compartments. Alternatively, future studies could
collect microbial communities from soil samples taken from
the hyphal compartment to avoid any potential bias arising
from differences in soil composition.

By extracting protist DNA attached to and surrounding
fungal hyphae, our work shows, for the first time, that pro-
tists directly colonize fungal hyphae. Furthermore, our work
highlights that protist communities developed on fungal
hyphae differ from the original protist community in field
soil. Further work now needs to test whether protists play
a role in the functioning of the plant-AM fungi symbiosis
and whether protists may use fungal networks and mycelia
as hyphal highways to spread through the soil. These find-
ings highlight the intricate nature of the food web associ-
ated with AM hyphae and elucidate a significant connection
between AM fungi and their associated microbes.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00572-
024-01167-3.
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