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A tripartite bacterial-fungal-plant symbiosis 
in the mycorrhiza-shaped microbiome drives 
plant growth and mycorrhization
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Abstract 

Background Plant microbiomes play crucial roles in nutrient cycling and plant growth, and are shaped by a complex 
interplay between plants, microbes, and the environment. The role of bacteria as mediators of the 400‑million‑year‑
old partnership between the majority of land plants and, arbuscular mycorrhizal (AM) fungi is still poorly understood. 
Here, we test whether AM hyphae‑associated bacteria influence the success of the AM symbiosis.

Results Using partitioned microcosms containing field soil, we discovered that AM hyphae and roots selectively 
assemble their own microbiome from the surrounding soil. In two independent experiments, we identified several 
bacterial genera, including Devosia, that are consistently enriched on AM hyphae. Subsequently, we isolated 144 
pure bacterial isolates from a mycorrhiza‑rich sample of extraradical hyphae and isolated Devosia sp. ZB163 as root 
and hyphal colonizer. We show that this AM‑associated bacterium synergistically acts with mycorrhiza on the plant 
root to strongly promote plant growth, nitrogen uptake, and mycorrhization.

Conclusions Our results highlight that AM fungi do not function in  isolation and that the plant‑mycorrhiza symbiont 
can recruit beneficial bacteria that support the symbiosis.

Keywords Arbuscular mycorrhiza fungi, Plant microbiome, Organic farming, Mycorrhization, Nitrogen uptake, Plant 
growth

Background
The evolution of the mycorrhizal symbiosis is thought 
to have been an essential step that enabled the 
development of land plants 400 million years ago [1]. 
Arbuscular mycorrhizal (AM) fungi live in symbiosis 
with 80% of terrestrial plants [2] and help plants to access 
distant water and nutrient sources [3–9], facilitating 
plant adaptation to environmental change [10]. AM 
extraradical hyphae extend from plant roots and enlarge 
the host plant’s area of nutrient uptake. Plants, however, 
simultaneously interact with many microbes in addition 
to AM fungi, especially on the roots where the plant 
microbiome is dense and diverse [11, 12].

Also non-mycorrhizal members of the plant 
microbiome can strongly affect plant growth [11]. Some 
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detrimental microbes invade the plant and cause disease. 
Others promote plant growth, either directly, e.g., by 
providing nutrients, or indirectly by protecting the plants 
from pathogens and other detrimental microbes [13]. 
Plants, therefore, foster and shape a microbiome to their 
benefit by exuding a mixture of microbe stimulatory 
and inhibitory compounds [14, 15]. As a result, the 
rhizosphere, the zone of soil surrounding roots that 
is influenced by these exudates, typically constitutes a 
dense microbial community that is distinct from that of 
the surrounding bulk soil and is selectively assembled by 
the plant [11].

Similar to plants, AM fungi have been shown to interact 
with their surrounding microbes [16]. For instance, 
the soluble exudates of the AM fungus Rhizophagus 
irregularis can have either antagonistic or stimulatory 
effects on individual fungal and bacterial isolates [17]. 
Interestingly, there is even a symbiotic footprint of the 
plant microbiome as plants hosting AM fungi harbor 
a different microbiome compared to non-mycorrhizal 
plants [18]. It has therefore been argued that AM hyphae 
extend the rhizosphere with a hyphosphere in which they 
similarly selectively assemble a microbiome [19].

Interactions between AM fungi and the microbes 
have primarily been studied by in  vitro experiments, 
and have, e.g., revealed that bacteria can have different 
affinity for mycorrhizal hyphae [20, 21]. In recent years, 
some in  situ experiments have been also conducted 
where soil with AM hyphae was compared to soil from 
which AM fungi were restricted. Through amplicon 
sequencing, these studies have shown that the bacterial 
community in soil with AM hyphae differed significantly 
from that of the bulk soil [22, 23]. A high throughput 
stable isotope probing research found that specific 
bacterial phyla attached to AM hyphae assimilated the 
most AM fungi-derived carbon [24]. Moreover, a recent 
study revealed that mycorrhiza-mediated recruitment 
of complete denitrifying Pseudomonas bacteria reduces 
 N2O emissions from soil [25]. These findings suggest that 
the interactions between bacteria and AM fungi play a 
crucial role in shaping the hyphosphere microbiome.

The interactions between AM fungi and bacteria do 
not only have an impact on the bacterial community but 
also greatly influence the performance of the AM fungi. 
The functioning of the mycorrhizal symbiosis depends on 
microbial communities in soil and some soils have been 
characterized as mycorrhiza suppressive soils due to 
inhibitory effects of specific microbes [26]. Nonetheless, 
mycorrhiza helper bacteria of diverse taxonomy were 
found to promote germination of AM fungal spores, AM 
fungi establishment and subsequent colonization of plant 
roots [12, 27–29]. Moreover, phosphate-solubilizing 
bacteria have been shown to mineralize organic 

phosphorus (P) so that inorganic P can subsequently be 
absorbed by the AM mycelium [8, 30]. These findings 
suggest that specific components of the soil microbiome 
might benefit AM fungi and promote their growth and 
functioning.

Excessive fertilizer and pesticide use in conventional 
agriculture cause pollution and biodiversity loss [31, 
32], while organic farming avoids these practices 
[33] and promotes soil biodiversity, with mycorrhizal 
fungal species identified as keystone taxa [34, 35]. 
Although organic farming typically results in lower 
crop yields than conventional practices, understanding 
the soil microbiome and key players like AM fungi and 
its associated microbiome can improve sustainable 
agricultural practices and close this yield gap.

We therefore investigated the role of AM fungi in 
shaping soil microbiomes. In a first set of experiments, we 
grew plants in compartmentalized microcosms using soil 
from a long-term field experiment with conventionally 
and organically managed agricultural plots. We sampled 
root, hyphae, and soil from distinct compartments of 
the microcosms, and isolated hyphae-adhering bacteria. 
Using ITS and 16S amplicon sequencing, we identified 
and isolated specific bacterial genera that are consistently 
enriched in hyphal samples. In a next set of experiments, 
we tested the effect of the AM fungi-associated 
bacterial isolates on plant performance. We discovered 
that Devosia sp., an AM fungi-associated bacterium, 
stimulated AM fungi colonization but also directly 
promoted plant growth by enhancing plant nitrogen (N) 
uptake.

Results
Experiment I: AM fungi‑associated microbes 
on extraradical hyphae in a sterilized soil substrate
To understand the role of mycorrhizal hyphae in shap-
ing the soil microbiome, we started by growing Prunella 
vulgaris (henceforth: Prunella) plants from a long-term 
farming system and tillage (FAST) experiment at Reck-
enholz (Switzerland) that had either been managed with 
organic or conventional cultivation practices since the 
summer of 2009. Prunella is a common grassland plant 
in Switzerland, grows at the FAST trial location, and is 
regularly used as a model plant that strongly associates 
with, and responds to AM symbionts [31–36]. The plants 
were grown in the middle compartment of a 5-compart-
ment microcosm (Fig.  1A). This middle compartment 
(COMP3) contained either organic or conventional soil 
(OS or CS) substrate, whereas the other compartments 
were filled with soil substrate to promote colonization 
of these compartments by extraradical AM hyphae. The 
compartments were separated by a 30-μm nylon filter 
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that restrained the growth of roots inside the COMP3 
but allowed extraradical hyphae to pass through and exit 
COMP3 into the compartments 4 and 5 (COMP4 and 
COMP5; Fig. 1A).

We cultivated the plants for 3 months, after which we 
found that extraradical hyphae had reached COMP5. 
We isolated DNA from these samples and subse-
quently analyzed the composition of fungal and bacte-
rial communities by sequencing ITS and 16S amplicons, 
respectively.

Soil, roots and hyphal samples represent distinct microbial 
communities
Principal coordinate analysis (PCoA) of the fungal 
communities showed a clear separation of soil samples 
from root samples and hyphal samples (Fig. 1B). Sample 
type explained a significant proportion (42.9%) of the 
variation within the fungal community, as determined 
by permutational multivariate analysis of variance 

(PERMANOVA;  R2 = 0.429, F = 12.416, p < 0.001) and 
each of the sample types was significantly distinct from 
the two other sample types (Table S1). This shows that 
there is a significant rhizosphere effect shaping the fungal 
community on the root and that the hyphal samples 
consist of a fungal community that is slightly different 
from the root samples. In the 16S amplicon data, we 
observed a clear separation of bacterial communities 
between all sample types in the PCoA plot (Fig.  1C). 
Almost half (49.6%) of the variation is explained by 
sample type (PERMANOVA;  R2 = 0.496, F = 18.751, 
p < 0.001) and a pairwise PERMANOVA test shows that 
all sample types (root, soil and hyphal) are significantly 
different from each other (Table S1). This shows that 
the hyphae picked from COMP5 harbor a bacterial 
community distinct from those in the root and soil 
samples. We hypothesized that the hyphal samples 
include the microbes that live around and attached to the 
mycorrhizal fungi, whereas the root samples additionally 

Fig. 1 AM fungi‑rich hyphal samples host a bacterial microbiome that is distinct from root and soil samples. A Schematic representation 
of 5‑compartment microcosm in Experiment I. Compartment (COMP3) is filled with 30% of either organic (OS) or conventional (CS) soil, whereas 
COMP1, 2, 4, and 5 are filled with sterilized substrate. Roots are contained in COMP3 by filter mesh with 30‑µm pores (white dashed lines), whereas 
extraradical AM hyphae are restricted from entering COMP1 by filter mesh with 1‑µm pores (green dashed line). B PCoA of fungal communities 
using Bray–Curtis distances in root, soil and hyphal samples of plants growing in either CS (open symbols) or OS (closed symbols). C PCoA 
of bacterial communities in root, soil and hyphal samples of plants growing in either CS or OS. Colors in (B) and (C) indicate different sample 
types. Shapes depict the compartments of microcosm. D Relative abundance of fungal phyla in root and soil samples from COMP3 and hyphal 
samples from COMP5. Colors represent the distinct phyla as indicated in the legend. Phyla with relative abundance below 1% were aggregated 
and categorized as low abundant. E Relative abundance of Glomeromycota spp. in root, soil and hyphal samples in Experiment I. Colors represent 
the distinct AM fungal species as indicated in the legend
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include those microbes that are promoted by the roots 
themselves.

Glomeromycota abundantly present in hyphal and root 
samples
Glomeromycota, the fungal phylum to which all AM fungi 
belong, were detected at 71% average relative abundance 
(RA) of the root fungal community, while on average 
51% of the fungal reads in the hyphal samples of COMP 
5 were annotated as Glomeromycota. Glomeromycota is 
thus the dominant fungal phylum in both the root and 
hyphal samples. In soil samples from COMP3, which 
were dominated by plant roots, however, this phylum was 
below 1% in 12 out of 14 samples (Fig. 1D). This shows 
that even in the FAST soil close to Prunella roots, AM 
fungi are lowly abundant, but that over the course of 
the experiment, AM fungi had colonized Prunella roots 
and had become very abundant on the roots. Moreover, 
AM hyphae had grown and extended from the roots in 
COMP3 to COMP5, where we were able to collect these 
hyphae using a modified wet sieving protocol. Within 
the Glomeromycota, we found sequences belonging 
to two prevalent AM species. Rhizophagus irregularis 
(average RA: 42% in root and 36% in hyphal samples, 
respectively) and Septoglomus viscosum (average RA: 25% 
in root and 14% in hyphal samples, respectively) were 
the most abundant species in the fungal community. 
In addition to Glomeromycota, Chytridiomycota also 
take up a considerable percentage of the reads in some 
of our hyphal and soil samples but were hardly detected 
on the roots. Hyphae of Glomeromycota cannot easily 
be distinguished from those of various other fungi, and 
consequently, a part of the collected hyphal samples 
belonged to non-mycorrhizal fungal species.

Effects of field management practices on soil microbiome 
negated on hyphae and roots
Previous work demonstrated that the soil microbiome 
is affected by soil management practices [35, 36]. The 
long-term FAST experiment contains plots that have 
been managed using either conventional or organic 
cultivation practices for over a decade. We filled 
microcosms with either FAST OS or CS soil to study the 
influence of management practices on the rhizosphere 
and hyphosphere microbiome composition. At the end 
of 3  months of Prunella cultivation in the greenhouse, 
the soil in COMP3 was still significantly influenced 
by preceding management practices of the FAST 
experiment. This is evidenced by a significant difference 
in the fungal and bacterial communities’ composition 
between OS and CS samples collected from the field 
(Fig. S1A, S1C; Table S2). We found that 4 fungal genera 
and 5 classes of bacteria were more abundant in OS, 

while 6 fungal genera and 2 bacterial classes were more 
abundant in CS (Fig. S1B, S1D). Remarkably, we did 
not find significant effects of soil management on the 
microbiome composition in the root or hyphal samples 
of our Experiment I (Table S2). This suggests that the 
signature of soil management type on soil microbiome 
disappears while root and hyphae selectively assemble 
their microbiomes, even though the distinction of 
microbial communities between OS and CS can still be 
observed in the soil in between roots in COMP3 (Fig. S2). 
Moreover, the microbial difference between OS and CS 
soil affected neither mycorrhizal colonization nor plant 
performance (Fig. S3).

Experiment II: extraradical hyphae‑associated microbes 
in non‑sterilized soil substrate
In the experiment described above, we found that fun-
gal hyphae from COMP5 harbor a microbial commu-
nity that is distinct from the soil microbiome in COMP1 
and the root microbiome in COMP3, the later contain-
ing the Prunella roots. However, these hyphae were 
collected from the sterilized soil substrate of COMP5 
that was distinct from the soil substrate in COMP3. 
We followed up on this experiment by planting 2-week-
old Prunella seedlings in the middle compartment 
(COMP3) of 5-compartment microcosms, but now 
we filled all compartments with the same non-steri-
lized OS substrate. Again, the roots were restrained to 
COMP3 by filters with 30-µm pore size that did allow 
extraradical growth of fungal hyphae to COMP4 and 5. 
Differently from Experiment I, we used in Experiment 
II filters with 1-µm pore size to prevent the growth of 
hyphae not only into COMP1 but also into COMP2 
(Fig.  2A). We thus hoped to create compartments in 
each microcosm where the soil microbiome was shaped 
by the combination of root, hyphae, and their combined 
exudates (COMP3), by plant-associated hyphae alone 
(COMP5), or by neither roots nor hyphae (COMP1). 
We hypothesized that in addition to root COMP3, only 
buffer COMP2 and 4 would be affected by root exu-
dates, of which COMP4 would additionally be shaped 
by the plant-associated hyphae that pass through them. 
After 3  months of Prunella cultivation, we sample soil 
from each of the compartments and in addition root 
samples from COMP3 and COMP5 hyphal samples. As 
we were unable to pick hyphae from unplanted micro-
cosms, we were unable to obtain hyphal samples from 
unplanted microcosms, and we have to assume that 
most picked hyphae in the microcosms with Prunella 
plants belong to plant-associated fungi.

In contrast to our expectations, we did not find a strong 
influence of plant growth on the soil microbiome. The 
soil fungal and bacterial communities of the 5 distinct 
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compartments in the microcosms with plants were not 
significantly different from each other (PERMANOVA; 
Fungi,  R2 = 0.077, F = 1.052, p = 0.257; Bacteria,  R2 = 0.087, 
F = 1.095, p = 0.101), whereas all soil samples group 
together and away from the root and hyphal samples in 
PCoA (Fig.  2B, C). Nonetheless, both the bacterial and 
fungal communities in the root-containing COMP3 (Fig. 
S2) differed significantly from COMP3 soil communities 
of unplanted microcosms (Table S3). Moreover, 
the fungal community of COMP4 and the bacterial 
community in COMP2 were significantly affected by the 
presence of Prunella roots in the adjacent COMP3 and 
differed significantly from the same compartments in the 
unplanted microcosms (Table S3). This shows that roots 

do affect the soil microbial community of COMP3 and 
that root exudates can, to a lesser extent, also reach and 
affect the microbial communities of the adjacent COMP2 
and 4. The roots however do not affect the outer COMP1 
and 5. We were able to isolate hyphae from COMP5, and 
these hyphal samples are enriched with Glomeromycota. 
These hyphal samples also contain bacterial communities 
that are distinct from the surrounding soil (Fig.  2C), in 
line with observations made in Experiment I (Fig.  1C). 
Sample type (root, hyphal, or soil) explained 40.8% of the 
variation in fungal communities and 18% of the bacterial 
communities over all compartments, while the presence 
of Prunella roots explained only 2% of the difference 
between unplanted and planted microcosms for fungal 

Fig. 2 Mycorrhiza‑rich hyphal samples host a bacterial microbiome that is distinct from their surrounding soil. A Schematic representation 
of the 5‑compartment microcosm in Experiment II. All compartments were filled with 30% non‑sterilized organic soil (OS), mixed with Oil‑Dri 
and sand. Roots are contained in COMP3 by 30‑µm filters (white dashed lines), whereas extraradical AM hyphae are restricted from COMP1 and 2 
by 1‑µm filters (green dashed line). B PCoA of fungal communities using Bray–Curtis distances in root, soil and hyphal samples of plants growing 
in OS. C PCoA of bacterial communities in root, soil, and hyphal samples of plants growing in OS. Colors in (B) and (C) indicate different sample 
types. Shapes in (B) and (C) depict different compartments. D Relative abundance of fungal phyla in root (COMP3), soil (COMP1 to 5) and hyphal 
samples (COMP5) in Experiment II. Colors represent the distinct phyla. Phyla with relative abundance below 1% were aggregated and categorized 
as lowly abundant. E Relative abundance of Glomeromycota spp. in root, soil and hyphal samples in Experiment II. Colors represents the distinct AM 
fungal species
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communities and 1.7% of the difference for bacterial 
communities (Table S3).

Glomeromycota again dominated the fungal 
community of both root and hyphal samples (RA of 
61% and 40%, respectively; Fig.  2D). In addition to 
Rhizophagus irregularis and Septoglomus viscosum (the 
Glomeromycota spp. that were found abundantly in our 
Experiment I), we found Funneliformis mosseae to be also 
abundantly present in the root and hyphal samples of our 
Experiment II (Fig. 2E). Here, we found that the hyphal 
samples consisted of fungal and bacterial communities 
that were significantly different from the soil microbial 
communities in COMP5, which reflects the original 
soil from which these microbes were initially acquired 
(Fig. 2B, C, Table S4).

Bacteria on hyphae derive from soil and root
We subsequently focused on the bacterial communi-
ties to better understand the hyphal microbiome assem-
bly. In both Experiments I and II, we observed that the 
bacterial community occurring on hyphae is different 
from those on soil and root samples. In Experiment I, 
we detected a total of 5139 bacterial amplicon sequence 
variants (ASVs), of which 289 ASVs occurred in root, soil 
as well as hyphal samples (Fig.  3A). These shared ASVs 

account for 33.1% of RA in hyphal samples, and 35.1% 
of RA in root samples, but make up only 10% of RA in 
soil samples. Root and soil samples uniquely share each 
an additional 241 and 186 bacterial ASVs with the hyphal 
samples, respectively. The 241 ASVs shared between 
roots and hyphae account for 28.6% of RA in hyphal sam-
ples, whereas they represent only 5.6% of RA in root sam-
ples. Similarly, the 186 ASVs uniquely shared between 
soil and hyphae represent 11.2% of RA in the hyphal sam-
ples, but only 2.2% of RA in soil samples.

In total, more than 70% of RA in hyphal samples are 
taken up by the shared ASVs from either soil, roots 
or both (Fig.  3B). This suggests that most bacteria on 
hyphae, that were isolated from the sterilized substrate 
in COMP5 in Experiment I, originated from the root and 
soil in COMP3, and likely traveled over, within, or with 
the hyphae into COMP5. Proteobacteria was the most 
abundant phylum on hyphal samples of the ASVs that 
were shared with soil or root samples (Fig. 3C).

In Experiment II, however, all compartments were 
filled with the same non-sterilized soil substrate. Here, 
515 out of a total of 3684 bacterial ASVs were found to 
be shared by root, hyphal, and soil samples  (Fig.  3D). 
These ASVs account on average for 64.2% of RA in hyphal 
samples and 67.1% of RA in soil samples, but only 35.3% 

Fig. 3 The abundance of hyphal ASVs shared with root and soil samples. A Venn diagram of unique and shared bacterial ASVs in root, hyphal, 
and soil samples of Experiment I. Number of ASVs are indicated for each compartment. Colors indicate bacterial ASVs shared between hyphae 
and soil (orange), root (gray), or both (purple). B Sankey plot of hyphal samples shared ASVs’ RA in each sample type. Colors depict the hyphal 
ASVs that are either shared with soil (orange), root (gray), or both soil and root (purple). C Bar plot of phylum‑level abundance of ASVs shared 
between soil, root, and hyphal samples. Vertical color bars on the left indicate the hyphal phyla either shared with soil, root or both soil and root. 
Colors of the stack bars depict the bacterial phyla. Phyla with relative abundance below 0.1% were aggregated and categorized as lowly abundant. 
D Venn diagram of unique and shared ASVs in root, hyphal, and soil samples of experiment II. E Sankey plot of hyphal samples shared ASVs’ RA 
in each sample types. F Bar plot of phylum‑level abundance of ASV shared between soil, root, and hyphal samples. Only ASVs present in > 3 samples 
are considered here



Page 7 of 22Zhang et al. Microbiome           (2024) 12:13  

of RA in root samples. Proteobacteria (19.5% in hyphal 
samples), Actinobacteria (19.1% in hyphal samples), and 
Planctomycetes (8.0% in hyphal samples) were the most 
abundant phyla among the ASV that were shared between 
all sample types (Fig.  3F). The hyphal samples uniquely 
shared 934 ASVs with soil samples, accounting for 26.4% 
of RA, while representing 20.7% of RA in soil samples. In 
total, the ASVs that together represented more than 90% 
of the reads in hyphal samples are also detected in soil 
samples (Fig. 3E). In contrast, the hyphal samples uniquely 
share only 102 ASVs with the root samples. That account 
for only 2.7% of RA in hyphal samples, while representing 
11.1% of RA in root samples. Thus, in the more natural 
situation of experiment II, the microbial community on 
hyphae is more similar to that of the surrounding soil, 
and only a small minority has likely traveled from the root 
compartment. In both cases, however, the hyphal samples 
constitute a microbial community that is distinct from the 
community observed in the soil and roots.

Specific bacterial taxa are consistently enriched on hyphal 
samples
We then examined which bacterial taxa were consist-
ently enriched in the hyphal samples to identify bacteria 
that strongly associate with the AM hyphae. We identi-
fied 81 bacterial genera that occurred in the hyphal sam-
ples of both experiments (Fig.  4A). These consistently 
present bacterial genera are more abundant in hyphal 
samples then soil samples, and comprise a large part of 
the bacterial microbiome in the hyphae of both experi-
ments (Fig.  4B). These consistently present bacterial 
genera together increase from 19.9% and 16.2% in soil to 
42.9% and 27.6% in the hyphal samples of Experiments I 
and II, respectively. Of those 81 genera, 13 genera were 
significantly more abundant in hyphal samples than 
in soil samples in both experiments (Fig.  4C), of which 
Haliangium, Massillia, Pseudomonas, genus SWB02, 
and Devosia were the most abundant. In contrast, these 
13 consistently enriched bacterial genera comprise only 
1.5% and 0.3% of RA in the soil samples of Experiments 
I and II, but represented 24.6% and 5.8% of RA in the 
hyphal samples of both experiments, respectively. These 
genera are thus consistently and specifically enriched in 
mycorrhiza-rich hyphal samples. Interestingly, in both 
experiments, Haliangium is by far the most abundant 
bacterial genus on the hyphae, taking up 6.4% and 3% of 
RA in Experiments I and II, respectively.

These results encourage us to analyze further our data 
at a higher taxonomic resolution. We used Indicspecies 
[37] to calculate the point-biserial correlation coefficient 
of an ASV that is positively associated with hyphal, root, 
or soil samples. Only six bacterial ASVs were positively 

associated with the hyphal samples of both experiments 
(Fig.  4D). These ASVs are all Proteobacteria and belong 
to the genera Pseudomonas, Devosia, Sulfurifustis, Cellvi-
brio, and uncultured Myxococcales.

In summary, certain bacterial genera appear to be 
consistently enriched in our hyphal samples, comprising 
a considerable portion of the bacterial abundance. 
The genus of Halangium represents the most strongly 
enriched genus and dominated the hyphal samples of 
our two independent experiments. Moreover, the genus 
Pseudomonas, Devosia, and Sulfurifustis stand out as 
they are not only consistently enriched on hyphal samples 
of both experiments, but each also comprises a specific 
ASV that is consistently associated with AM hyphae.

Isolation of hyphosphere bacteria
To functionally characterize hyphae-associated bacteria, 
we isolated bacteria from mycorrhiza-rich hyphal 
samples collected from COMP5 in microcosms with 
Prunella plants of Experiment I. We either placed single 
hyphal strands on an agar-solidified growth medium 
and streaked individual bacterial colonies that appeared 
alongside these hyphae (Fig. S5). Alternatively, we 
washed hyphal samples in sterile 0.9% saline water and 
isolated bacteria through dilution plating.

In total, we isolated 144 bacteria and determined the 
taxonomy of the isolates by sequencing the 16S rRNA 
gene (Additional file  1). The 144 isolates belong to 3 
bacterial phyla and mainly represent Actinobacteria 
(72.7%), Proteobacteria (17.5%), and Firmicutes (9.8%). 
Of the 13 bacterial genera that were consistently enriched 
in hyphal samples, we isolated representatives of the 
genus Pseudomonas and Devosia only. Remarkably, the 
most abundant bacterial genus in the hyphal samples, 
Haliangium, was not represented, indicating that the 
Haliangium bacteria on the hyphae were not able to grow 
on the media used for isolation.

We further examined our isolate collection by match-
ing the 16S rRNA gene of the bacterial isolates to the 
ASVs enriched in sequencing data of hyphal samples of 
the above-described Experiments I and II. We isolated 
three Devosia spp. from our mycorrhiza-rich hyphal 
samples. These isolates have identical 16S sequences 
and share 99.5% nucleotide identity with Devosia ASV 
aaa0, which was consistently enriched on hyphal sam-
ples in both Experiments I and II. Interestingly, how-
ever, the isolates share 100% nucleotide identity with 
Devosia ASV e5d2, an ASV that was consistently sig-
nificantly enriched on roots of Prunella plants, but not 
in the hyphal samples (Fig. 5A).

The 16S sequence of the single Pseudomonas sp. 
ZB042 did neither match very well with the consistently 
enriched Pseudomonas ASV 5518 (95% NI) nor any other 
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Fig. 4 Specific bacterial genera and ASVs are consistently enriched on hyphae in both experiments. A Venn diagram showing the occurrence 
of bacterial genera on hyphal and soil samples across 2 experiments. Genera with relative abundance below 0.1% were aggregated and categorized 
as lowly abundant that are not present here. B Relative abundance of bacterial genera that are consistently occurring on hyphal samples (outline 
of bars) and of genera that are consistently significantly enriched in hyphal samples (filled with purple color) of Experiments I and II compared 
to the abundance of these same genera in soil samples (filled with orange color). C Relative abundance of genera that are consistently significantly 
enriched in hyphal samples across the two experiments (Wilcox‑test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: p > 0.05). ANPR*: Allorhizob
ium‑Neorhizobium‑Pararhizobium‑Rhizobium. D Bar plots showing the mean relative abundance of six bacterial ASVs that are consistently enriched 
in hyphal compared to soil samples in both Experiments I and II. Significance levels for the ASVs exhibiting positive correlations with hyphal 
samples, as determined by Indicspecies, are denoted by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Bacterial ASVs are labeled 
with a unique 4‑letter ASV identifier and the lowest available taxonomic annotation. Colors indicate sample types; shapes of symbols indicate 
the microcosms of samples from which they are derived
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ASV in the data set with more than 99% NI. We there-
fore expanded our search to identify ASVs with a shared 
NI of more than 99% with an ASV that was significantly 
enriched in hyphal samples of experiment I.

In this way, we ultimately selected 5 hyphosphere 
bacteria (HB) from our collection of isolates that 
respectively represent Devosia ASV e5d2, Bosea ASV 
A066, Sphingopyxis ASV 07a7, Achromobacter ASV 
63b4, and Microbacterium ASV 86c0 (Fig. 5A). These HB 
were subsequently used to examine their influence on 
the AM symbiosis. In addition, we selected 2 bacterial 
isolates that matched with ASVs that were enriched 

in soil compared to hyphal samples, and here we also 
included the Pseudomonas sp. ZB042. These soil bacteria 
(SB) were incorporated as control bacteria that were not 
associated with AM fungi.

Devosia sp. ZB163 promotes plant growth in organic soil
We tested whether the selected bacterial isolates affected 
the symbiosis between P. vulgaris plants and AM fungi. 
To this end, we inoculated a soil-sand mixture with each 
of the 5 HB or the 3 SB at an initial density of 3 ×  107 
CFU/g. In addition, two treatments, either combining the 
5 HBs or the 3 SBs as two separate synthetic communities 

Fig. 5 Devosia sp. ZB163 is isolated from fungal hyphae but thrives on the root and promotes plant growth. A Relative abundance of the selected 
ASVs in the root, hyphal, and soil samples in Experiment I. Sample types were indicated by color. Each selected ASVs ID was labeled together 
with a selected corresponding bacterial isolate with matching sequence. The significance levels, as determined by Indicspecies, for the ASVs 
exhibiting positive correlations with hyphal (ASV aaa0, A066,0,7a7, 63b4 and 86c0) root (e5d2), or soil (c1d8 and 254f ) samples are denoted 
by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). B Shoot dry weight of 9‑week‑old Prunella plants (C) AM fungi colonization percentage 
comparison between bacterial treatments. Significant differences of (B) and (C) are indicated with letters (ANOVA and Tukey’s Honest HSD test)
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(HB/SB SynCom), were applied to the soil-sand mixture 
with a cumulative initial abundance of 3 ×  107 CFU/g. 
Finally, we transplanted 2-week-old Prunella plants to the 
inoculated pots. After 9 weeks of growth in a greenhouse, 
we harvested the shoots of these plants and found that 
only plants inoculated with either Devosia sp. ZB163 
(hereafter: Devosia) or the HB SynCom had significantly 
higher shoot dry weight than control plants (Fig.  5B). 
This indicates that Devosia can promote plant growth. 
All control and treatment plants in this experiment were 
colonized by AM fungi and the mycorrhization at the end 
of the experiment was not significantly affected by the 
distinct bacterial treatments in this experiment (Fig. 5C).

Devosia sp. ZB163 promotes plant growth 
and mycorrhization
To explore whether plant growth promotion by Devosia 
sp. ZB163 relies on the presence of AM fungi, we 
depleted the indigenous microbiome by autoclaving 
the soil-sand mixture and again inoculated Devosia 
at an initial density of 3 ×  107 CFU/g soil prior to 
transplantation of Prunella seedlings (hereafter: Devosia 
treatment). Subsequently, 100 monoxenic R. irregularis 
spores were injected near the seedling’s roots (hereafter: 
AM treatment). To ensure nutrient-poor conditions 
and stimulate AM fungi colonization, the plants in this 
experiment were not provided with nutrients in addition 
to what was present in the soil-sand mixture.

After 8  weeks of growth under controlled conditions 
in a climate chamber, plants inoculated with Devosia 
had a significantly higher shoot and root weight (Fig. 6A, 

Fig. 6 Devosia promotes plant growth, mycorrhization, and N accumulation. Boxplots show A shoot dry weight, B root dry weight, C percentage 
of each root system colonized by AM fungi, D shoot N accumulation, and E shoot P accumulation of 8‑week‑old Prunella plants cultivated 
in autoclaved soil (Control) or inoculated with Devosia sp. ZB163 (Devosia), R. irregularis (AM), or both symbionts. In the 6th, 7th and 8th week, plants 
were watered with modified Hoagland solution without N and P. Significant differences are indicated with letters (ANOVA and Tukey’s Honest HSD 
test). F Photographs of the Prunella plants immediately before harvest. Red circles indicate plants that were later found to be colonized by AM fungi
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B), indicating that, even without AM fungi, Devosia sp. 
ZB163 can promote plant growth. Four out of the eleven 
plants that were inoculated with AM fungi were bigger 
than control plants and the leaves of these plants were 
more bright green (Fig. 6F). These four plants were the 
only plants in which mycorrhiza had colonized the roots 
and, likely as a result of the mycorrhiza incidence, the 
average weight of roots and shoots was not affected by 
the AM treatment. However, plants that had been inocu-
lated with the combination of AM and Devosia did have 
significantly higher shoot and root weights compared to 
the controls without AM and Devosia. Remarkably, 10 
out of 11 plants that had received the combination of 
Devosia and AM were bright green and were colonized 
by mycorrhiza. This suggests that Devosia sp. ZB163 not 
only promoted plant growth directly but also improved 
AM establishment in this experiment. As Devosia nep-
tuniae has previously been reported to fix N [38] and 

AM fungi are known to provide plants with both N and 
P [39], we measured leaf N and P content. We found 
that the leaves of all plants that were colonized by AM 
fungi contained more P (Fig.  6E), while the plants that 
were inoculated with Devosia had higher N content 
(Fig.  6D). This suggests that Devosia and AM promote 
plant growth by stimulating the uptake of respectively 
N and P in a complementary manner. We hypothesized 
that this did not result in even higher plant growth in the 
combination treatment as other mineral components of 
the nutrient-poor soil/sand mixture also constrained the 
growth of plants in these experiments.

Devosia sp. ZB163 and AM fungi synergistically promote 
plant growth
We subsequently repeated this experiment but now pro-
vided the plants with a modified Hoagland solution that 
included most micronutrients but was deficient in N and 

Fig. 7 Devosia sp. ZB163 and AM fungi can synergistically promote plant growth and plant N and P accumulation. Boxplots show A shoot 
dry weight, B root dry weight, C percentage of each root system colonized by AM fungi, D shoot N accumulation, or E shoot P accumulation 
of 8‑week‑old Prunella plants cultivated in autoclaved soil (Control) or inoculated with Devosia sp. ZB163 (Devosia), R. irregularis (AM), 
or both symbionts. Plants were regularly watered with modified Hoagland solution deficient in a source of N and P. Significance differences are 
indicated with letters (ANOVA and Tukey’s Honest HSD test). F Photographs of the Prunella plants immediately before harvest. Two AM‑treated 
plants died shortly after transplantation and were not considered in panels (A–E)
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P (Table S5). Again, Devosia promoted plant growth, 
but in this experiment also AM led to a significantly 
higher dry weight of both shoots and roots (Fig. 7A, B). 
In this experiment, AM fungi established successfully 
in the roots of all plants to which they were inoculated, 
but the mycorrhizal colonization was higher on plants 
that were also inoculated with Devosia (Fig.  7C). Nota-
bly, this combination treatment of AM and Devosia 
resulted in the significantly highest plant shoot weight 
among all treatments, showing that AM fungi and the 
Devosia ZB163 can synergistically promote plant growth 
(Fig.  7A). In line with this, we found that accumulation 
of N was significantly increased in plants inoculated with 
Devosia (Fig.  7D). Moreover, although accumulation of 
P increased in plant inoculated with AM only, the plants 
inoculated with both AM and Devosia accumulated sig-
nificantly more N and P (Fig. 7E).

We subsequently quantified the absolute abundance 
of Devosia by sequencing 16S rRNA gene amplicons of 
DNA isolated from the roots of plants used in this exper-
iment and spiked with a known amount of 14ng DNA 
[40]. We detected low amounts of Devosia on the roots of 
plants that were not inoculated with Devosia, indicating 

that some level of cross contamination occurred in our 
experiment (Fig. 8A). Nonetheless, the numbers of Devo-
sia were significantly higher on roots that were inocu-
lated with Devosia.

We subsequently analyzed the correlation between 
absolute Devosia abundance and several parameters. 
We observed that, independent of AM presence, Devo-
sia abundance positively correlates with plant N accu-
mulation (Fig.  8B), but also with shoot and root dry 
weight (Fig.  8C, D). This, together with the observed 
causal effects, shows that Devosia sp. ZB163 can directly 
stimulate plant growth and N uptake. Moreover, the 
absolute abundance of Devosia significantly correlates 
with the percentage of AM fungi colonization (Fig. 8E), 
suggesting further that Devosia indeed accelerates the 
colonization of plant roots by AM fungi. In line with 
this, we observed that Devosia abundance correlates 
significantly with increased P accumulation, but only 
in presence of AM (Fig. 8F), and that the percentage of 
root length colonized by AM hyphae correlates with P 
accumulation (Fig. S6). Together, these data show that 
Devosia can stimulate plant growth directly, likely by 

Fig. 8 Abundance of Devosia sp. ZB163 significantly correlates with plant weight, mycorrhization, and N and P accumulation. A Boxplot 
of the absolute abundance of Devosia DNA on roots of plants in sterilized soil inoculated with a mock solution (Control), Devosia sp. ZB163 (Devosia), 
R. irregularis (AM), or both symbionts. Letters indicate significant differences as determined by ANOVA with Tukey’s HSD test. B–E Scatter plots 
of the correlation between the absolute abundance of Devosia DNA and B total plant N accumulation, C shoot dry weight, D root dry weight, E 
hyphal colonization, and F total plant P accumulation. Correlations and probabilities thereof are determined using linear regression
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increasing N uptake, but also indirectly by promoting 
AM fungi colonization and corresponding P uptake.

Devosia sp. ZB163 lacks genes required for atmospheric N 
fixation
The genome of Devosia sp. ZB163 was subsequently 
sequenced using the Illumina Novoseq platform 
(Génome Québec, Canada) resulting in a sequenced 
genome of approximately 4.6  Mb that was predicted 
to have 4486 coding sequences (CDSs) and a GC 
content of 65.7%. As we found that Devosia sp. ZB163 
promotes plant N uptake, we subsequently performed a 
reciprocal BLASTp to search for orthologues of known 
N-related genes (Table S6). We first explored the Devosia 
genome for genes that are required for atmospheric N 
fixation. The nifADHK gene cluster typically encodes 
the molybdenum nitrogenase complex that is most 
commonly found in diazotrophs (Dixon and Kahn, 2004). 
However, we found orthologues of neither nifA, nifD, nifH 
nor nifK in the genome of ZB163 using translated amino 
acid sequence of these genes from Devosia neptuniae, 
Sinorhizobium meliloti, Bradyrhizobium japonicum, and 
Klebsiella pneumoniae [38, 41–43]. Next, we blasted 
the Devosia sp. ZB163 genome to a nifH database that 
contains 34,420 nifH sequences, but again did not find 
a hit for nifH in the genome of ZB163. Finally, also the 
gene clusters vnfHDGK and anfHDGK encoding the less 
common nitrogenase complexes were not detected in the 
Devosia sp. ZB163 genome [44]. This strongly suggests 
that unlike other Devosia isolates, Devosia sp. ZB163 is 
not able to fixate atmospheric N.

However, bacteria can also increase the amount of N 
that is available to plants through the mineralization 
of organic N. The ammonification process in the soil 
mineralizes organic N to ammonia and the organic soil 
used in this study was previously reported to slowly-
release urea [45]. Urea, as an organic N source, is 
subsequently catalyzed by urease to ammonia that can be 
subsequently supplied to plants. Using protein sequence 
from Devosia rhizoryzae, Devosia oryziradicis [46], we 
detected the presence of the gene clusters UreDFG and 
UrtABCDE that are required to catalyze the hydrolysis 
of urea, forming ammonia and carbon dioxide. Besides 
ammonia, plants can also take up nitrate. Nitrification 
bacteria catalyze ammonium to nitrate with amoA 
gene. Again, we did not detect any amoA orthologs in 
the Devosia genome using the translated amino acid 
sequences of these genes from Nitrosomonas europaea 
[47].

Discussion
Plant root microbiomes are known to play important 
roles in plant growth and plant health [11]. Here, we 
investigated whether AM fungi, that are part of the 
plant root microbiome, are themselves also similarly 
able to interact with microbes. AM fungi do not 
only transfer mineral nutrients to the host plants, 
but also relocate 5–20% of photosynthates from the 
plant to the surrounding environment [48, 49]. As 
such, the AM hyphae provide space and nutrients for 
microbes to grow on and have been shown that the 
AM hyphosphere microbiome is different from the 
bulk soil [22, 23]. While some studies assessed bacterial 
communities associating with AM hyphae, so far, no 
studied isolated bacteria from AM hyphae and test the 
impact on plant growth and mycorrhization. To resolve 
this gap of knowledge, we conducted experiments 
in compartmentalized microcosms, and we sampled 
hyphae that grew from a compartment with plant roots 
into the outer compartment of the microcosms, from 
which roots were restricted. These hyphal samples 
were strongly enriched in Glomeromycota, the division 
of the obligate biotrophic fungi that form arbuscular 
mycorrhiza. Moreover, we were unable to isolate these 
hyphae from the same compartment of unplanted 
microcosms, which demonstrates that a large part of 
these hyphae is likely formed by extraradical hyphae of 
obligate fungal biotrophs that extend from the prunella 
roots in these microcosms. Nonetheless, although most 
bacterial isolates were likely isolated from AM fungi, 
it is possible that some were isolated from other fungi 
(e.g., Chitriodiomycota were also common in some 
microcosms).

We found that the bacterial communities in our hyphal 
samples are distinct from the surrounding soil. Although 
a select set of microbes appear to have traveled from 
the root compartment to the hyphal compartment, the 
majority of the microbes on hyphae are shared with 
the surrounding soil but changed in abundance on the 
hyphae. AM hyphae thus selectively assemble a bacterial 
hyphosphere microbiome and this confirms other studies 
[22, 24, 25, 50]. In our first two experiments, Haliangium 
is the most abundant bacterial genus in our hyphal 
samples. Representatives of this genus have previously 
been isolated from soil samples and, as bacterivore 
Haliangium spp. have been found to prey on bacterial 
species, it has been hypothesized that Haliangium spp. 
shape the soil microbiome through bacterivory [51–54]. 
The abundance of Halangium spp. on AM-fungi-rich 
hyphae suggests they are important for AM fungi and 
hyphosphere communities. Unfortunately, we were 
unable to isolate Halangium spp. from AM-fungi-rich 
hyphae in this study using the conventional growth 
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media, perhaps because these Halangium spp. are 
bacterivores that obtain energy and nutrients entirely 
from the consumption of bacteria. It will be interesting to 
explore their role in the AM hyphosphere in the future.

In addition to Haliangium, also the genera 
Pseudomonas and Devosia were consistently enriched 
in the hyphal samples of our experiments. Previously, 
Pseudomonas strains have been identified as mycorrhiza 
helper bacteria that promote the colonization of both 
ectomycorrhizae and arbuscular mycorrhizae in multiple 
studies [25, 27, 55, 56]. A recent study even suggested 
that the recruitment of Pseudomonas strains reduces 
 N2O emissions from soil [25]. Our results suggest that the 
beneficial effect of Pseudomonas bacteria on AM fungi is 
reciprocated by the AM fungi, who can also specifically 
promote the growth Pseudomonas spp.

Devosia spp. have not previously been found in 
association with AM fungi, but we found this genus 
to be consistently enriched in mycorrhiza-rich hyphal 
samples. We were able to isolate Devosia sp. ZB163 from 
the mycorrhiza-rich hyphal sample, but the 16S rRNA 
gene sequence Devosia sp. ZB163 was a perfect match 
to a Devosia ASV that was especially abundant in root 
samples. Although this might suggests that Devosia sp. 
ZB163 operates largely on the roots of Prunella plants, 
Devosia sp. ZB163 is nonetheless also present on hyphal 
samples. As fungal hyphae are recognized as highways 
of bacterial movement [57], it will be interesting to 
investigate the role of mycorrhizal hyphae in transport of 
this bacterium to new hosts. Fungus-mediated transport 
of Devosia sp. ZB163 would benefit this bacterium, 
the fungus that transports it, as well as their mutual 
host plant. On prunella roots, Devosia sp. ZB163 can 
stimulate plant growth directly, but it also enhances the 
mycorrhizal colonization process and thus functions as a 
mycorrhization helper bacterium [27].

Devosia sp. ZB163 also promotes the uptake of N by 
the plant as evidenced by the increased amount of total 
N in Prunella plants that were inoculated with the isolate. 
To have insight into the mechanism by which Devosia sp. 
ZB163 promotes N uptake by Prunella, we sequenced 
the genome of Devosia sp. ZB163 and searched for 
genes involved in N conversion. Whereas our analysis 
suggests Devosia sp. ZB163 is not involved in N fixation 
or nitrification, we did identify gene clusters that are 
putatively used for the decomposition of urea, which is a 
critical process for ammonification in soil [58] and which 
could improve plant N availability [59].

Although AM fungi require considerable amounts of 
N for their own development, they can still contribute 
to the N uptake by the host plant [60]. AM fungi take 
up inorganic N outside the roots, mostly as ammonium 

[61, 62], incorporate it as glutamine, translocate the 
N from the extraradical to the intraradical mycelium 
as arginine, and once inside the root cells, convert 
the arginine into urea, from where the N is finally 
transferred as ammonium to the host [5]. Hence, urea 
is an important precursor of ammonium [61], and 
it is tempting to speculate Devosia sp. ZB163 also 
operates as an endosymbiont, as observed for other 
AM-associated bacteria [63], and facilitates transfer 
of inorganic N to the host plant inside the intraradical 
hyphae by converting urea into ammonium. Consistent 
with this, our co-inoculation with Devosia sp. 
ZB163 and AM fungi in Prunella plants increased 
mycorrhization, suggesting a bacterial ability to 
enhance AM fungi growth, and also led to the highest 
accumulation of N in the host plant. Future research 
should attempt to characterize whether Devosia sp. 
ZB163 can operate as an endosymbiont of AM fungi.

Alternatively, Devosia sp. ZB163 might induce a 
response in the plant that enhances N uptake. For 
example, an Achromobacter sp. in the root of oilseed 
was found to stimulate the uptake rate of nitrate by 
stimulating the plant’s ionic transport system while 
simultaneously promoting the formation and length of 
root hairs [64]. It will be intriguing to find out whether 
Devosia sp. ZB163 similarly promotes the formation of an 
extensive root system in Prunella plants, as extensive root 
branching likely also affects the rate of mycorrhization 
[27]. In line with this hypothesis, we did see a significant 
correlation between root dry weight and the abundance 
of Devosia sp. ZB163 on the roots in our experiments.

Devosia sp. ZB163 by itself did not affect plant P 
content, but in the presence of the mycorrhiza, the 
abundance of Devosia sp. ZB163 was significantly 
correlated with increased P accumulation. This shows 
that, although Devosia sp. ZB163 does not itself 
provide P to the plant, it can indirectly provide extra P 
by stimulating mycorrhization and/or the mycorrhizal 
functioning. In line with this, we found that the combined 
treatment of AM fungi and Devosia sp. ZB163 can lead to 
more growth promotion than either microbe alone.

Conclusions
Overall, our study reveals that the microbiome 
of AM-fungi-rich hyphal samples is distinct from 
the surrounding soil and that specific bacteria are 
selected on fungal hyphae. We found that Halangium, 
Pseudomonas, and Devosia were consistently enriched 
in our hyphal samples. Devosia sp. ZB163 acts as a 
mycorrhization helper bacterium, promoting the 
mycorrhization of Prunella plants and indirectly 
providing extra P to the plant. The combination of 
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AM fungi and Devosia sp. ZB163 results in more 
growth promotion than either microbe alone. These 
results provide new insights into the importance of 
the AM fungal microbiome and highlight the potential 
of beneficial bacteria such as Devosia for improving 
plant growth, nutrition, and health. Further studies are 
needed to explore the role of these bacteria in the AM 
fungal hyphosphere. Mycorrhizae are a long-standing 
promise for sustainable agriculture and their successful 
application could reduce the requirements of crop 
fertilizers. Our study suggests that the performance 
of mycorrhiza and crops in the agricultural field might 
benefit considerably from the application of mycorrhiza 
helper bacteria, such as Devosia sp. ZB163.

Methods
Soil collection
The organic soil (OS) and conventional soil (CS) used 
in this study were derived from the Farming System 
and Tillage experiment (FAST) site [35]. The FAST site 
was established in 2009 near Zürich (latitude 47°26′ N, 
longitude 8°31′ E) and the plots in this field have since 
undergone either conventional or organic management. 
The soil was collected in April 2019 and March 2020 
for Experiments I and II respectively. The top layer of 
vegetation (2 cm) was removed, and a 20 cm depth of soil 
was excavated from the field. The soil was passed through 
a 2 mm sieve and stored at 4 ℃ before use.

Description of microcosms and plant growth conditions
Experiment I
Microcosms were constructed of 20 × 10 × 19  cm 
(L × W × H) that were divided into 5 equal compartments 
(Fig.  1A). The compartments were separated from each 
other by 30-μm nylon filters that allows hyphae to pass 
through but not roots. COMP1 and COMP2 were 
separated by a 1-μm filter that also blocked hyphae. The 
middle compartment (COMP3) was filled with 1200 g of 
a mixture of 30% non-autoclaved soil (either OS or CS), 
4% autoclaved Oil-Dri (Damolin GmbH, Oberhausen, 
Germany), and 66% autoclaved sand. This compartment 
acted as soil inoculum. The outer compartments (COMP1, 
COMP2, COMP4, and COMP5, respectively) were 
each filled with 1200g of sterilized outer substrate (8% 
autoclaved soil (either OS or CS), 6% autoclaved Oil-
Dri and 86% autoclaved sand). All autoclaved substrates 
used in this study were heated to 121 ℃ for 45 min twice. 
Seven replicate microcosms were set up for OS and CS, 
respectively.

Prunella vulgaris (henceforth 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). 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-352H; Panasonic, Osaka, Japan) 
under controlled conditions (light 24  ℃, 16  h; dark 
16  ℃, 8  h). Seven 2-week-old seedlings with roots of 
approximately ~ 0.5  cm length were transplanted to the 
middle compartment of the microcosms. The plants in 
the microcosms were allowed to grow in the greenhouse 
(Reckenholze, Agroscope, Zürich, CH) with a 16  h 
photoperiod at 24 ℃ alternated with 8  h of darkness at 
16 ℃. Plants were watered with 120 ml  H2O 2–3 times per 
week.

Experiment II
To investigate the effect of an actively growing AM 
mycelium on the indigenous soil microbiome, we 
filled each of the compartments of the microcosm 
described above with 750  g of a mixture of 30% non-
autoclaved OS, 4% autoclaved Oil-Dri (Damolin 
GmbH, Oberhausen, Germany) and 66% autoclaved 
sand. In this experiment, COMP1 and COMP2, and 
COMP2 and COMP3 were separated by 1-μm nylon 
filters to generate two AM-fungi-free compartments. 
COMP3 and COMP4, and COMP4 and COMP5 
were separated by 30-μm nylon filters to create 2 
compartments that could be colonized by extraradical 
AM hyphae (Fig. 3A). We set up 11 biological replicates 
with Prunella plants in the center compartment 
(as described above) and 5 biological replicates of 
unplanted control. The plant growth conditions were 
similar to those described above for Experiment I, but 
the experiment was executed in a greenhouse at the 
botanical gardens of Utrecht University.

Harvest and mycorrhizal root colonization analysis
In both experiments, the shoots of 3-month-old 
plants were cut at the soil surface, dried at 70 ℃ for 
48  h, and weighed. The microcosm soil was sampled 
by deconstructing the microcosm compartment 
by compartment, homogenizing the soil of each 
compartment, and collecting approximately 500  mg 
of soil in 2-ml tubes. For sampling of AM hyphae, 
30  g of soil substrate was collected from COMP5 and 
stored in a 50-ml tube at − 20  ℃. The plant roots in 
COMP3 were collected by carefully removing soil 
from the roots and rinsing them under the running 
tap. For each microcosm, a 1-cm-long fragment of the 
rinsed root was cut weighed and stored in 50% ethanol 
for mycorrhizal root colonization analysis. Another 
1-cm-long fragment of roots was cut, weighed, and 
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stored at − 80  ℃ for root microbiome analysis. The 
rest of the roots were weighed, dried at 70 ℃ for 48 h 
and weighed again. From this root, water content was 
determined and the total root dry weight was calculated 
based on the combined fresh weight of all three root 
samples.

To check the mycorrhizal colonization of the 
roots, the root fragments stored in 50% ethanol were 
cleared in 10% KOH and stained with 5% ink-vinegar 
following a protocol described by Vierheilig et al. [65]. 
The percentage of total mycorrhiza colonization and 
frequency of hyphae, arbuscules, and vesicles were 
scored following the magnified intersections method 
by checking 100 intersections per sample at the 
microscope using a 200 × magnification [66].

Sampling of fungal hyphae from soil substrate
To sample fungal hyphae, we modified a wet sieving 
protocol typically used to collect mycorrhiza spores 
[67]. The schematic graph of the fungal hyphae 
extraction procedure is shown in Fig. S7. Briefly, 
500  μm, 250  μm, and 36  μm sieves were surface 
sterilized to minimize irrelevant environmental 
microbes present in a hyphal sample by submersing in 
0.5% sodium hypochlorite for 20 min, then submersed 
in 70% Ethanol for 10  min [68]. The sieves were 
stacked together with the biggest filter size on top 
and the smallest filter size at the bottom. Then, 25  g 
of soil substrate from COMP5 was placed on the top 
sieve. The small particles were washed down, and soil 
aggregates were broken down with sterilized water. The 
leftovers on all sieves were washed off into Petri dishes. 
Then, approximately 0.1  mg hyphae were picked from 
the samples in the Petri dishes using a set of flame-
sterilized tweezers under a binocular microscope. 
We concentrated the hyphae in a single 1.5-ml tube 
filled with 0.2  ml 30% glycerin per compartment. This 
was then considered a hyphal sample (Fig. S7, S8). 
The hyphal samples were stored at -80℃ until DNA 
extraction.

Soil, root and hyphal microbiome profiling
For Experiment I, the soil and root samples from COMP3 
and concentrated hyphae samples from COMP5 were 
characterized by conducting 16S and ITS amplicon 
sequencing. For Experiment II, the soil samples (both 
planted and unplanted soil) from COMP1, 2, 3, 4, and 
5, root samples from COMP3, and concentrated hyphae 
samples from COMP5 were characterized by conducting 
16S and ITS amplicon sequencing. DNA extraction from 
soil, root, and hyphal samples was performed using the 
DNeasy PowerLyzer PowerSoil Kit (Qiagen, Hilden, 
Germany). The root and soil samples were homogenized 

in the kit’s PowerBead solution for 10  min at 30  m/s 
twice using a Tissuelyser II. The hyphal samples were 
homogenized in PowerBead solution for 2 min at 30 m/s 
4 times with the Tissuelyser II. The rest of the DNA 
extraction steps followed the manufacturer’s instructions. 
Extracted DNA was quantified using Qubit dsDNA BR 
Assay Kit and Qubit Flex Fluorometer (Thermo Fisher 
Scientific, Waltham, MA, USA).

DNA was amplified following a two-step PCR 
protocol. In the first step, we amplified bacterial 16S 
rRNA gene V3-V4 region (341F and 806R) [69], fungal 
ITS2 (5.8SFun and ITS4Fun) [70, 71] using primers 
described in Table S7. The microbial communities were 
amplified in 24  µl reaction volume containing 7.5  ng 
DNA template, 12 µl KAPA HiFi HotStart ReadyMix (F. 
Hoffmann-La Roche AG, Basel, Switzerland), 2.5 µl 2 µM 
(bacterial and fungal) forward and reverse primers, and 
the rest volume were supplemented by MilliQ-purified 
water. The resulting PCR products were purified using 
AMPure XP beads (Beckman Coulter, High Wycombe, 
UK) according to the manufacturer’s instructions. The 
purified PCR products were then used as template DNA 
in the second PCR. The second PCR was performed 
similarly to the aforementioned but using primers from 
the Illumina Nextera Index Kit v2 that contain an error-
tolerant 6-mer barcode to allow multiplexed library 
sequencing. The resulting PCR products were then 
cleaned-up again using AMPure XP beads. The two-
step PCR were processed on a thermocycler (Hybaid, 
Ashford, UK) with cycling conditions as described in 
Table S8. The cleaned-up PCR products were quantified 
using Qubit dsDNA BR Assay Kit and Qubit Flex 
Fluorometer. Equal amounts of PCR product (2 µl 4 nM) 
were pooled and sequenced on an Illumina MiSeq 
Sequencer (Illumina, San Diego, USA) using a paired-
end 300bp V3 kit at Utrecht Sequencing Facility (www. 
useq. nl).

Isolation of hyphae‑adhering bacteria
In Experiment I, we sampled hyphae from microcosms 
with Prunella vulgaris (henceforth Prunella) plants. 
Here, we used two strategies to isolate AM-associated 
bacteria from those hyphal samples. The first strategy 
was to place hyphae on agar plates directly and let 
the bacteria attached to the hyphae grow. Briefly, 
concentrated hyphal samples stored in − 80  ℃ were 
thawed at room temperature. In a sterile laminar flow 
cabinet, the hyphae were gently rinsed in a sterile 3.5% 
 Na4P2O7 solution to disaggregate small soil particles 
[20], then rinsed twice with sterile 0.9% saline water in 
a 2-ml tube, and subsequently transferred to a sterile 
petri-dish with sterile saline water. From there, single 
hyphal strands were picked from the saline water onto 

http://www.useq.nl
http://www.useq.nl
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an agar plate using sterile tweezers. A maximum of 
eight hyphae were placed evenly distributed on a single 
agar plate (Fig. S5 A, B, C, D).

The second strategy was to suspend hypha-adhering 
bacteria in solutions and culture serial diluted solutions 
on agar plates. Briefly, the hyphae were concentrated, 
gently rinsed by a sterile 3.5%  Na4P2O7 solution and 
saline water as described above. Rinsed hyphal samples 
were transferred to 900  µl sterile 0.9% saline water, 
followed by rigorous shaking for 40s at 5.5  m/s in a 
Tissuelyser II (Qiagen, Hilden, Germany). Serial dilutions 
of these samples were then plated on agar-solidified 
culture media (Fig. S5 E, F). In both of the above 
strategies, seven distinct agar-solidified media were 
used to culture hyphae-adhering bacteria (Table S9). 
Single bacterial colonies were picked after 3–21  days of 
incubation at 28 ℃ and streaked on ISP2 agar medium 
(Yeast extract, 4 g/l; Malt extract, 10 g/l; Dextrose, 4 g/l; 
Agar, 20  g/l; pH = 7.2). After 3–7  days of incubation at 
28 ℃, isolates were examined for purity, and overnight 
cultures of single colonies in medium at 28 ℃ were stored 
in 25% glycerol at − 80 ℃ for future use.

Characterization of bacterial isolates and mapping to ASVs
To characterize the bacterial isolates, we used a pipette 
tip to transfer a single colony growing on ISP2 medium 
to 50  µl of sterile water. The bacterial suspension was 
then incubated at 95  ℃ for 15  min and immediately 
cooled on ice. Subsequently, the bacterial lysate was 
centrifuged at 10,000 × g for 1 min to remove cell debris. 
Two microliters of supernatant were taken as DNA 
template to amplify the 16S rRNA gene using 2.5 µl 27F 
and 2.5 µl 1492R primers [72], complemented with 1 µl 
dNTP, 1  µl Dreamtap polymerase (Thermo Scientific), 
5 µl 10 × Dreamtap buffer (Thermo Scientific), and 36 µl 
 H2O. The PCR reaction was processed on a thermocycler 
(Hybaid, Ashford, UK) with the cycling conditions in 
Table S10. PCR products were sequenced at Macrogen 
Europe (Amsterdam, the Netherlands). The 16S rRNA 
sequence were processed with MEGA 10.2.0 [73] and 
submitted to EzBioCloud 16S database [74] for taxonomy 
identification. We then mapped the 16S rRNA sequence 
of the isolates hyphosphere and bulk soil bacterial ASVs 
using VSEARCH [75] at 99% sequence similarity.

Screening of mycorrhiza‑associated bacteria for impact 
on plant growth
Prunella seeds were vapor-phase sterilized by exposure 
to chlorine gas for 4  h. The seeds were sown on agar-
solidified half-strength Murashige and Skoog basal 
medium (Sigma-Aldrich, St. Louis, MO, USA), with 
maximally 10 seeds per square Petri Dish (120 × 120 mm, 
Greiner). Seeds were allowed to germinate and develop 

in a climate chamber under controlled conditions 
(short-day: 10  h light/14  h dark, 22  °C). Two-week-old 
seedlings with roots of approximately ~ 0.5 cm in length 
that were free of visible contaminations were used in our 
experiment.

River sand was autoclaved twice at 121 ℃ for 45  min 
and mixed thoroughly with OS in a ratio of 4:1 (w/w). 
Devosia sp. ZB163 (HB1), Bosea sp. ZB026(HB2), 
Sphingopyxis sp. ZB004 (HB3), Achromobacter sp. ZB019 
(HB4), and Microbacterium ZB113 (HB5), Arthobacter 
sp. ZB074 (SB1), Streptomyces sp. ZB117 (SB2), and 
Pseudomonas sp. ZB042 (SB3) were streaked on ISP2 
media and incubated at 28  ℃ for 3  days. A single 
bacterial colony was then suspended with a loop in 50 µl 
10 mM  MgSO4, spread over a Petri-dish with ISP2 agar-
solidified medium, and incubated at 28 ℃ overnight until 
the bacterial growth covered the full plate. Subsequently, 
10  ml of 10  mM  MgSO4 was added to the plates and 
the bacteria were suspended with a sterile spatula. 
The suspension was then collected in a 15-ml Greiner 
tube followed by a double round of centrifugation and 
resuspension of the pellet in 10  ml 10  mM  MgSO4. 
Finally, the suspensions of bacterial isolates were mixed 
through the sand/soil mixture to a final density of 3 ×  107 
CFU/g of soil. Moreover, we inoculated a SynCom of 
5 HB and a SynCom of 3 SB, both inoculated at a total 
density of 3 ×  107 CFU/g of soil. Soil for the control 
treatments received an equal amount of sterile 10mM 
 MgSO4. For each treatment, we filled 11 replicate 60-ml 
pots, resulting in a total of 110 pots (10 treatments × 11 
replicates). One P. vulgaris seedling was sown in each pot 
and plants were grown in a greenhouse for 9 weeks with 
16 h light/8 h dark at 22 °C. Each pot received 10 to 15 ml 
of water three times a week. For the last 3  weeks, each 
plant was supplied with 15  ml of ½ strength Hoagland 
(Table S5) solution once a week.

Shoots were cut at the soil surface, lyophilized, and 
weighted. Plant roots were removed from the soil and 
rinsed in sterile water. A 1-cm-long fragment of rinsed 
root was cut, weighted, and stored in 50% ethanol for 
mycorrhizal root colonization analysis. The colonization 
of mycorrhizae on plant roots was evaluated using the 
method outlined previously.

Propagation of AM fungi for pot experiments studying 
the impact of hyphal associated bacteria on plant growth
We cultured Ri T-DNA-transformed carrot root organs 
on one side of a two-compartment petri dish at 26 °C for 
2  weeks and then inoculated the organs with spores of 
Rhizophagus irregularis MUCL43194 [76]. The root com-
partments were filled with modified Strullu and Romand 
(MSR; Duchefa Biochemie, NL) medium supplemented 
with 1% sucrose and the hyphal compartment were 
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filled with MSR medium (Table S11). R. irregularis then 
was left to colonize the root organs for 3  months dur-
ing which R. irregularis mycelium colonized the hyphal 
compartment of the Petri-dish and formed spores. R. 
irregularis spores were harvested by chopping the agar-
solidified medium of the hyphal compartment into small 
pieces using a sterile scalpel and subsequently dissolv-
ing the medium in a sterile citrate buffer (Citric acid, 
0.3456 g/L; Sodium citrate, 2.4108 g/L). Thousands of R. 
irregularis spores in citrate buffer were then transferred 
to sterile 1.5-ml Eppendorf tubes in 500-µl aliquots and 
stored at 4 °C.

Impact of Devosia sp. ZB163 and AM fungi on plant growth
Organic soil-sand mixture was autoclaved twice to 
remove the indigenous microbiota and was inoculated 
with Devosia sp. ZB163 in 10  mM  MgSO4 at a density 
of 3 ×  107 CFU/g of soil (Devosia treatment) or an equal 
volume of 10  mM  MgSO4 as mock control. Two-week-
old Prunella seedlings were transplanted into 60-ml pots 
filled with both soil treatments. Half of the pots received 
100 R. irregularis spores immediately prior to seedling 
transplantation (AM treatment). Eleven replicate pots 
were prepared for each of the 4 treatments (Control, 
Devosia, AM, and Devosia & AM) resulting in a total 
of 44 pots. Plants were allowed to grow under climate-
controlled conditions at a light intensity of 200 µE/m2/s 
with a 16 h photoperiod for 8 weeks at 22  °C. Each pot 
received 10 to 15  ml of water three times a week. To 
determine the effect of N and P availability on plant 
growth, we conducted a complementary experiment 
with the same four treatments and 20 biological repli-

cates, resulting in a total of 80 pots. Moreover, the plants 
were watered when appropriate, and for the experiment 
shown in Fig. 7, plants were supplied with 5 ml modified 
Hoagland solution without N or P (Table S5) once per 
week from week 6 onwards. Following the 8th week of 
cultivation, shoot weight, root weight, and mycorrhiza-
tion were assessed as described above.

N and P accumulation in plant leaves
Lyophilized Prunella leaves were first ground to powder. 
To determine P content, approximately 50  mg of pow-
dered leaves were digested in 1ml HCl/HNO3 mixture 
(4:1, v/v) in a closed Teflon cylinder for 6 h at 140 ℃. The 
P concentrations were determined colorimetrically using 

a Shimadzu UV-1601PC spectrophotometer [77]. The N 
concentrations were determined by dry combustion of a 
3–4 mg sample with a Flash EA1112 elemental analyzer 
(Thermo Scientific, Rodano, Italy).

Absolute quantification of Devosia sp. ZB163 on plant 
roots
To quantify the absolute abundance of Devosia sp. ZB163 
on plant roots, we spiked root samples with 14ng DNA 
of Salinibacter ruber, an extremely halophilic bacterium 
that exists in hypersaline environments [40], but does not 
occur in our soil samples. Subsequently, the DNA of the 
root samples was extracted using the DNeasy PowerLyzer 
PowerSoil Kit (QIAGEN, Hilden, Germany) following the 
manufacturer’s instructions. The 16S rRNA gene V3-V4 
region was amplified following a two-step PCR using 
the primers 341F and 806R [69] and barcoding primers 
[78]. The amplified DNA was cleaned-up, quantified, 
normalized, pooled, and subsequently sequenced on 
the Novaseq 6000 SP platform (2 × 250 bp) by Genome 
Quebec (Montreal, Canada). The raw sequencing data 
were demultiplexed, trimmed, dereplicated, and filtered 
for chimeras by DADA2 [79] in the QIIME2 environment 
(version 2019.07, https:// qiime2. org/) [80]. Amplicon 
sequence variants (ASVs) were generated and annotated 
against the SILVA reference database (v132) [81]. ASVs 
assigned to mitochondria and chloroplast were removed. 
Since ASVs that are present in only a few samples may 
represent PCR or sequencing errors, we removed the 
ASVs that were present in ≤ 4 samples. Filtered ASV 
counts were constructed into an ASV table. The absolute 
abundance amount of detected Devosia sp. ZB163 DNA 
using the following formula.

Devosia genome sequencing
Devosia sp. ZB163 was cultured on ISP2 medium 
for 7  days at 28  ℃. DNA was extracted from a loop 
of bacterial cells using the MagAttract Microbial 
DNA Kit (QIAGEN, Hilden, Germany) following the 
manufacturer’s instructions. The extracted DNA was 
amplified following the Hackflex protocol [82] followed 
by DNA purification using the AMPure XP clean-up 
(Beckman Coulter, High Wycombe, UK). The purified 
DNA was sequenced with Novaseq 6000 SP platform 
(2 × 250 bp) by Genome Quebec (Montreal, Canada). 
The raw sequencing data were trimmed with Cutadapt. 
Quality checked and assembly was performed using the 
A5-miseq pipeline [83].

Estimated Devosia DNA ng = Salinibacter DNA (ng)×
Devosia relative abundance

Salinibacter relative abundance

https://qiime2.org/
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Genome analysis
Devosia sp. ZB163’s genome was annotated using prokka 
[84] and RAST [85]. Mining for orthologs of genes in 
the genomes of Devosia was performed using reciprocal 
BLASTp analysis. Genes were considered orthologs when 
the e-value was smaller than  10−5. Moreover, the whole 
Devosia genome was blasted against a nifH database [86] 
formatted for the dada2 pipeline [87].

Bioinformatics
Sequence reads were processed in the Qiime2 environment 
(version 2019.07, https:// qiime2. org/) [80]. We used the 
Demux plugin to assess paired-end sequence quality. The 
imported primer sequences were removed using Cutadapt 
[88]. The paired-end sequences were dereplicated and 
chimeras were filtered using the Dada2 denoise-paired 
script [79], which resulted in the identification of ASVs and 
a count table thereof. Fungal ITS2 sequences were further 
processed by filtering nonfungal sequences using ITSx 
[89]. 16S and ITS2 ASVs were taxonomically annotated 
employing a pre-trained naive Bayes classifier [90] against 
the SILVA (v132) [81] and UNITE (v8) [91] database, 
respectively. From this taxonomic annotation, 16S ASVs 
assigned as mitochondria and chloroplast were removed.

Statistical analysis
All statistical analyses were conducted in R version 4.0.2 
[92]. All bioinformatic files generated by Qiime2 were 
imported to R with Qiime2R [93]. Bray–Curtis distances 
were calculated by and visualized in principal coordinate 
analysis (PCoA) using the Phyloseq package [94]. Pairwise 
permutational analysis of variance (PERMANOVA) 
was performed using Adonis function in the Vegan 
package with 9999 permutations [95]. The visualization 
of microbial taxonomy and differentially abundant ASVs 
between sample types used ggplot2 [96] and Complex 
Heatmap package [97]. ASVs that are positively associated 
with hyphosphere, or soil microbiome were identified 
by R package indicspecies [37] and considered robustly 
enriched if their abundance was significantly higher 
in hyphal samples than both roots and soil samples as 
determined by one-way analysis of variance (ANOVA). The 
effect of microbial treatments on plant weight, AM fungi 
colonization rate, and plant nutrient uptake was assessed 
by one-way ANOVA and followed by the Tukey HSD test. 
Absolute abundance of Devosia sp. ZB163 was assessed 
for variation among treatments by ANOVA and followed 
by a Tukey HSD test. The correlation between Devosia sp. 
ZB163 absolute abundance and plant weight, AM fungi 
colonization, and plant nutrient uptake were assessed by 
simple linear regression.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40168‑ 023‑ 01726‑4.

Additional file 1. Overview of the 144 bacteria isolated from hyphal 
samples. This file contains Unique ID, taxonomy, FASTA sequence of the 
hyphal bacterial isolates. Fig. S1. Effects of field management practices 
on soil microbial communities in Experiment I. Fig. S2. Photo of root 
colonization in COMP3 of a representative mesocosm at the end of Experi‑
ment II. Fig. S3. Effects of field management practices on soil microbial 
communities in Experiment I. Fig. S4. Bacterial ASVs with significantly 
different abundance between hyphal and soil samples in Experiments I (A) 
and II (B). Fig. S5. Isolation of AM‑associated microbes using two strate‑
gies. Fig. S6. Pearson’s correlation between AM fungi root colonization 
(%) and plant P accumulation. Fig. S7. Schematic representation of the 
wet sieving protocol used to sample hyphae from COMP 5 as described 
in the Methods section. Fig. S8. Stereo microspore images of AM hyphae. 
Table S1. Effect of sample type on fungal and bacterial communities of 
experiment I. Table S2. Effect of preceding soil management practices in 
the FAST experiment on microbial communities of root, hyphal and soils 
samples at the end of experiment I. Table S3. Effect of the presence of 
plant on soil microbial communities. Table S4. Effect of sample type on 
fungal and bacterial communities of experiment II. Table S5. Hoagland 
solution ingredients. Table S6. Overview of microbial genes involved in N 
metabolism for which orthologs were putatively found in the genome of 
Devosia sp. ZB163. Table S7. Primers used for amplification of microbial 
ITS and 16S. Table S8. Two step PCR cycling conditions for amplifying ITS, 
16S. Table S9. AM‑associated bacteria isolation media. Table S10. PCR 
cycling conditions for amplifying 16S. Table S11. Modified Strullu and 
Romand (MSR) medium supplemented with 1% sucrose.

Acknowledgements
We thank Utrecht Sequencing Facility for providing sequencing service and 
data. We are grateful to Dr. Claire E. Stanley from Imperial College London, 
for providing suggestions on hyphal bacteria isolation. We thank Richard 
van Logtestijn and Rob Broekman from Vrije Universiteit Amsterdam for 
determining the N and P concentrations on Prunella leaves. We also thank Gijs 
Selten from Universiteit Utrecht for assembling the Devosia genome.

Authors’ contributions
M.G.A.v.d.H. initiated the research. C.Z., R.L.B., and M.G.A.v.d.H. conceived 
and designed the experiments. C.Z., B.K.D., and T.B.N. collected the samples 
and performed the greenhouse experiments. C.Z., B.K.D., T.B.N., and J.S. 
isolated DNA from the collected samples and prepared the DNA libraries. 
C.Z. and A.H. isolated bacteria from fungal hyphae. C.Z. and T.B.N. identified 
the bacteria taxa. M.R.C. cultured the monoxenic mycorrhiza spores and 
provided suggestions for mycorrhiza inoculation. C.Z. analyzed the data. C.Z., 
M.G.A.v.d.H., M.C., and R.L.B. wrote the manuscript.

Funding
This work was supported by China Scholarship Council (CSC201707720021), 
The Swiss National Science Foundation (grant 310030–188799), and by 
the Dutch Council (NWO) through the Gravitation program MiCRop (grant 
no. 908 024.004.014), and XL program and by the Dutch Research Council 
“Unwiring beneficial functions and regulatory networks in the plant 
endosphere” (grant no. OCE NW.GROOT.2019.063). M.C. was supported by 
the European Commission’s grant H2020‑MSCA‑IF‑2018 “SYMBIO‑INC” (GA 
838525).

Availability of data and materials
The raw sequencing data of Devosia genome are deposited at the National 
Center for Biotechnology Information, GenBank database (https:// www. ncbi. 
nlm. nih. gov/ genba nk/) by the accession PRJNA931835. The raw sequencing 
data of the amplicon reads are deposited at the European Nucleotide Archive 
(http:// www. ebi. ac. uk/ ena) by the study PRJEB59555.

https://qiime2.org/
https://doi.org/10.1186/s40168-023-01726-4
https://doi.org/10.1186/s40168-023-01726-4
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://www.ebi.ac.uk/ena


Page 20 of 22Zhang et al. Microbiome           (2024) 12:13 

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 19 July 2023   Accepted: 18 November 2023

References
 1. Strullu‑Derrien C, Selosse MA, Kenrick P, Martin FM. The origin and evolu‑

tion of mycorrhizal symbioses: from palaeomycology to phylogenomics. 
New Phytol. 2018;220:1012–30.

 2. Brundrett M. Diversity and classification of mycorrhizal associations. Biol 
Rev. 2004;79:473–95.

 3. Chowdhury S, Lange M, Malik AA, Goodall T, Huang J, Griffiths RI, Gleixner 
G. Plants with arbuscular mycorrhizal fungi efficiently acquire Nitrogen 
from substrate additions by shaping the decomposer community com‑
position and their net plant carbon demand. Plant Soil. 2022;475:473–90.

 4. Drigo B, Pijl AS, Duyts H, Kielak AM, Gamper HA, Houtekamer MJ, 
Boschker HTS, Bodelier PLE, Whiteley AS, Veen JAv, Kowalchuk GA. 
Shifting carbon flow from roots into associated microbial communi‑
ties in response to elevated atmospheric  CO2. Proc Natl Acad Sci USA. 
2010;107:10938–42.

 5. Govindarajulu M, Pfeffer PE, Jin H, Abubaker J, Douds DD, Allen JW, 
Bücking H, Lammers PJ, Shachar‑Hill Y. Nitrogen transfer in the arbuscular 
mycorrhizal symbiosis. Nature. 2005;435:819–23.

 6. Nuccio EE, Hodge A, Pett‑Ridge J, Herman DJ, Weber PK, Firestone MK. 
An arbuscular mycorrhizal fungus significantly modifies the soil bacterial 
community and nitrogen cycling during litter decomposition. Environ 
Microbiol. 2013;15:1870–81.

 7. Pfeffer PE, Douds DD Jr, Bécard G, Shachar‑Hill Y. Carbon uptake and the 
metabolism and transport of lipids in an arbuscular mycorrhiza. Plant 
Physiol. 1999;120:587–98.

 8. Zhang L, Xu M, Liu Y, Zhang F, Hodge A, Feng G. Carbon and phosphorus 
exchange may enable cooperation between an arbuscular mycor‑
rhizal fungus and a phosphate‑solubilizing bacterium. New Phytol. 
2016;210:1022–32.

 9. van der Heijden MGA, Martin FM, Selosse MA, Sanders IR. Mycorrhizal 
ecology and evolution: the past, the present, and the future. New Phytol. 
2015;205:1406–23.

 10. Cosme M. Mycorrhizas drive the evolution of plant adaptation to 
drought. Commun Biol. 2023;6:346.

 11. Berendsen RL, Pieterse CMJ, Bakker PAHM. The rhizosphere microbiome 
and plant health. Trends Plant Sci. 2012;17:478–86.

 12. Zhang L, Zhou J, George TS, Limpens E, Feng G. Arbuscular mycorrhizal 
fungi conducting the hyphosphere bacterial orchestra. Trends plant sci. 
2021;27(4):402–11.

 13. Pieterse CMJ, de Jonge R, Berendsen RL. The soil‑borne supremacy. 
Trends Plant Sci. 2016;21:171–3.

 14. Sasse J, Martinoia E, Northen T. Feed your friends: do plant exudates 
shape the root microbiome? Trends Plant Sci. 2018;23:25–41.

 15. Cosme M, Fernández I, Declerck S, van der Heijden MGA, Pieterse CMJ. A 
coumarin exudation pathway mitigates arbuscular mycorrhizal incom‑
patibility in Arabidopsis thaliana. Plant Mol Biol. 2021;106:319–34.

 16. Toljander JF, Lindahl BD, Paul LR, Elfstrand M, Finlay RD. Influence of 
arbuscular mycorrhizal mycelial exudates on soil bacterial growth and 
community structure. FEMS Microbiol Ecol. 2007;61:295–304.

 17. Filion M, St‑Arnaud M, Fortin J. Direct interaction between the arbuscular 
mycorrhizal fungus Glomus intraradices and different rhizosphere micro‑
organisms. New Phytol. 1999;141:525–33.

 18. Hartman K, Schmid MW, Bodenhausen N, Bender SF, Valzano‑Held AY, 
Schlaeppi K, van der Heijden MGA. A symbiotic footprint in the plant root 
microbiome. Environ Microbiome. 2023;18(1):65.

 19. Linderman R. Mycorrhizal interactions in the rhizosphere. In The 
Rhizosphere and Plant Growth: Papers presented at a Symposium held 
May 8–11, 1989, at the Beltsville Agricultural Research Center (BARC). 
Maryland: Springer; 1991. p. 343–8.

 20. Scheublin TR, Sanders IR, Keel C, Van Der Meer JR. Characterisation of 
microbial communities colonising the hyphal surfaces of arbuscular 
mycorrhizal fungi. ISME J. 2010;4:752–63.

 21. Toljander JF, Artursson V, Paul LR, Jansson JK, Finlay RD. Attachment of dif‑
ferent soil bacteria to arbuscular mycorrhizal fungal extraradical hyphae 
is determined by hyphal vitality and fungal species. FEMS Microbiol Lett. 
2006;254:34–40.

 22. Emmett BD, Lévesque‑Tremblay V, Harrison MJ. Conserved and reproduc‑
ible bacterial communities associate with extraradical hyphae of arbuscu‑
lar mycorrhizal fungi. ISME J. 2021;15:2276–88.

 23. Zhang L, Shi N, Fan J, Wang F, George TS, Feng G. Arbuscular mycor‑
rhizal fungi stimulate organic phosphate mobilization associated with 
changing bacterial community structure under field conditions. Environ 
Microbiol. 2018;20:2639–51.

 24. Nuccio EE, Blazewicz SJ, Lafler M, Campbell AN, Kakouridis A, Kimbrel JA, 
Wollard J, Vyshenska D, Riley R, Tomatsu A. HT‑SIP: a semi‑automated sta‑
ble isotope probing pipeline identifies cross‑kingdom interactions in the 
hyphosphere of arbuscular mycorrhizal fungi. Microbiome. 2022;10:1–20.

 25. Li X, Zhao R, Li D, Wang G, Bei S, Ju X, An R, Li L, Kuyper TW, Christie P, 
et al. Mycorrhiza‑mediated recruitment of complete denitrifying Pseu‑
domonas reduces N2O emissions from soil. Microbiome. 2023;11:45.

 26. Svenningsen NB, Watts‑Williams SJ, Joner EJ, Battini F, Efthymiou A, Cruz‑
Paredes C, Nybroe O, Jakobsen I. Suppression of the activity of arbuscular 
mycorrhizal fungi by the soil microbiota. ISME J. 2018;12:1296–307.

 27. Frey‑Klett P, Garbaye J, Tarkka M. The mycorrhiza helper bacteria revisited. 
New Phytol. 2007;176:22–36.

 28. Roesti D, Ineichen K, Braissant O, Redecker D, Wiemken A, Aragno M. 
Bacteria associated with spores of the arbuscular mycorrhizal fungi 
Glomus geosporum and Glomus constrictum. Appl Environ Microbiol. 
2005;71:6673–9.

 29. Xavier LJC, Germida JJ. Bacteria associated with Glomus clarum spores 
influence mycorrhizal activity. Soil Biol Biochem. 2003;35:471–8.

 30. Toro M, Azcon R, Barea J. Improvement of arbuscular mycorrhiza develop‑
ment by inoculation of soil with phosphate‑solubilizing rhizobacteria to 
improve rock phosphate bioavailability ((sup32)P) and nutrient cycling. 
Appl Environ Microbiol. 1997;63:4408–12.

 31. Geiger F, Bengtsson J, Berendse F, Weisser WW, Emmerson M, Morales MB, 
Ceryngier P, Liira J, Tscharntke T, Winqvist C. Persistent negative effects of 
pesticides on biodiversity and biological control potential on European 
farmland. Basic Appl Ecol. 2010;11:97–105.

 32. Thiele‑Bruhn S, Bloem J, de Vries FT, Kalbitz K, Wagg C. Linking soil biodi‑
versity and agricultural soil management. Current Opinion in Environ‑
mental Sustainability. 2012;4:523–8.

 33. Hole DG, Perkins AJ, Wilson JD, Alexander IH, Grice PV, Evans AD. Does 
organic farming benefit biodiversity? Biol Cons. 2005;122:113–30.

 34. Banerjee S, Walder F, Büchi L, Meyer M, Held AY, Gattinger A, Keller T, 
Charles R, van der Heijden MGA. Agricultural intensification reduces 
microbial network complexity and the abundance of keystone taxa in 
roots. ISME J. 2019;13:1722–36.

 35. Wittwer RA, Franz Bender S, Hartman K, Hydbom S, Lima RAA, Loaiza V, 
Nemecek T, Oehl F, Axel Olsson P, Petchey O, et al. Organic and conserva‑
tion agriculture promote ecosystem multifunctionality. Science Advance. 
2021;7:6995.

 36. Hartman K, van der Heijden MGA, Wittwer RA, Banerjee S, Walser JC, 
Schlaeppi K. Cropping practices manipulate abundance patterns of root 
and soil microbiome members paving the way to smart farming. Microbi‑
ome. 2018;6:14.

 37. Cáceres MD, Legendre P. Associations between species and groups of 
sites: indices and statistical inference. Ecology. 2009;90:3566–74.

 38. Rivas R, Velázquez E, Willems A, Vizcaíno N, Subba‑Rao NS, Mateos PF, 
Gillis M, Dazzo FB, Martínez‑Molina E. A new species of Devosia that forms 
a unique nitrogen‑fixing root‑nodule symbiosis with the aquatic legume 
Neptunia natans (Lf ) Druce. Appl Environ Microbiol. 2002;68:5217–22.



Page 21 of 22Zhang et al. Microbiome           (2024) 12:13  

 39. George E, Marschner H, Jakobsen I. Role of arbuscular mycorrhizal fungi 
in uptake of phosphorus and nitrogen from soil. Crit Rev Biotechnol. 
1995;15:257–70.

 40. Stämmler F, Gläsner J, Hiergeist A, Holler E, Weber D, Oefner PJ, Gessner A, 
Spang R. Adjusting microbiome profiles for differences in microbial load 
by spike‑in bacteria. Microbiome. 2016;4:28.

 41. Masterson RV, Prakash RK, Atherly AG. Conservation of symbiotic nitrogen 
fixation gene sequences in Rhizobium japonicum and Bradyrhizobium 
japonicum. J Bacteriol. 1985;163:21–6.

 42. Roberts GP, MacNeil T, MacNeil D, Brill WJ. Regulation and characterization 
of protein products coded by the nif (nitrogen fixation) genes of Klebsiella 
pneumoniae. J Bacteriol. 1978;136:267–79.

 43. Schlüter J‑P, Reinkensmeier J, Daschkey S, Evguenieva‑Hackenberg E, 
Janssen S, Jänicke S, Becker JD, Giegerich R, Becker A. A genome‑wide 
survey of sRNAs in the symbiotic nitrogen‑fixing alpha‑proteobacterium 
Sinorhizobium meliloti. BMC Genomics. 2010;11:1–35.

 44. Dos Santos PC, Fang Z, Mason SW, Setubal JC, Dixon R. Distribution of 
nitrogen fixation and nitrogenase‑like sequences amongst microbial 
genomes. BMC Genomics. 2012;13:1–12.

 45. Lin F, Wu Y, Ding Z, Zhou Z, Lin X, Majrashi A, Eissa MA, Ali EF. Effect of two 
urea forms and organic fertilizer derived from expired milk products on 
dynamic of  NH3 emissions and growth of Williams Banana. Agronomy. 
2021;11:1113–1113.

 46. Chhetri G, Kim I, Kang M, Kim J, So Y, Seo T. Devosia rhizoryzae sp. nov., 
and Devosia oryziradicis sp. nov., novel plant growth promoting mem‑
bers of the genus Devosia, isolated from the rhizosphere of rice plants. J 
Microbiol. 2022;60:1–10.

 47. Amoo AE, Babalola OO. Ammonia‑oxidizing microorganisms: key players 
in the promotion of plant growth. J Soil Sci Plant Nutr. 2017;17:935–47.

 48. Jakobsen I, Rosendahl L. Carbon flow into soil and external hyphae from 
roots of mycorrhizal cucumber plants. New Phytol. 1990;115:77–83.

 49. Pearson JN, Jakobsenf I. Symbiotic exchange of carbon and phosphorus 
between cucumber and three arbuscular mycorrhizal fungi. New PhytoL. 
1993;124:481–8.

 50. Wang L, Zhang L, George TS, Feng G. A core microbiome in the hypho‑
sphere of arbuscular mycorrhizal fungi has functional significance in 
organic phosphorus mineralization. New Phytol. 2023;238:859–73.

 51. Petters S, Groß V, Söllinger A, Pichler M, Reinhard A, Bengtsson MM, 
Urich T. The soil microbial food web revisited: predatory myxobacteria as 
keystone taxa? ISME J. 2021;15:2665–75.

 52. Lévesque V, Rochette P, Hogue R, Jeanne T, Ziadi N, Chantigny MH, Dorais 
M, Antoun H. Greenhouse gas emissions and soil bacterial community as 
affected by biochar amendments after periodic mineral fertilizer applica‑
tions. Biol Fertil Soils. 2020;56:907–25.

 53. Uddin M, Chen J, Qiao X, Tian R, Arafat Y, Yang X. Bacterial community 
variations in paddy soils induced by application of veterinary antibiotics 
in plant‑soil systems. Ecotoxicol Environ Saf. 2019;167:44–53.

 54. Qiu M, Zhang R, Xue C, Zhang S, Li S, Zhang N, Shen Q. Application of 
bio‑organic fertilizer can control Fusarium wilt of cucumber plants by 
regulating microbial community of rhizosphere soil. Biol Fertil Soils. 
2012;48:807–16.

 55. Vosátka M, Gryndler M. Treatment with culture fractions from Pseu-
domonas putida modifies the development of Glomus fistulosum mycor‑
rhiza and the response of potato and maize plants to inoculation. Appl 
Soil Ecol. 1999;11:245–51.

 56. Cosme M, Wurst S. Interactions between arbuscular mycorrhizal fungi, 
rhizobacteria, soil phosphorus and plant cytokinin deficiency change 
the root morphology, yield and quality of tobacco. Soil Biol Biochem. 
2013;57:436–43.

 57. Kohlmeier S, Smits THM, Ford RM, Keel C, Harms H, Wick LY. Taking the 
fungal highway: mobilization of pollutant‑degrading bacteria by fungi. 
Environ Sci Technol. 2005;39:4640–6.

 58. Liou JSC, Madsen EL. Microbial ecological processes: aerobic/anaerobic. 
Encyclopedia Ecol. 2008;1:2348–57.

 59. Leghari SJ, Wahocho NA, Laghari GM, HafeezLaghari A, MustafaBhab‑
han G, HussainTalpur K, Bhutto TA, Wahocho SA, Lashari AA. Role of 
nitrogen for plant growth and development: a review. Adv Environ Biol. 
2016;10:209–19.

 60. Smith SE, Read DJ. Mycorrhizal symbiosis. Cambridge: Academic press; 2010.

 61. Smith SE, Smith FA. Roles of arbuscular mycorrhizas in plant nutrition 
and growth: new paradigms from cellular to ecosystem scales. Annu Rev 
Plant Biol. 2011;62:227–50.

 62. López‑Pedrosa A, González‑Guerrero M, Valderas A, Azcón‑Aguilar C, 
Ferrol N. GintAMT1 encodes a functional high‑affinity ammonium 
transporter that is expressed in the extraradical mycelium of Glomus 
intraradices. Fungal Genet Biol. 2006;43:102–10.

 63. Desiro A, Salvioli A, Ngonkeu EL, Mondo SJ, Epis S, Faccio A, Kaech A, 
Pawlowska TE, Bonfante P. Detection of a novel intracellular microbiome 
hosted in arbuscular mycorrhizal fungi. ISME J. 2014;8:257–70.

 64. Bertrand H, Plassard C, Pinochet X, Touraine B, Normand P, Cleyet‑Marel 
JC. Stimulation of the ionic transport system in Brassica napus by a plant 
growth‑promoting rhizobacterium (Achromobacter sp.). Can J Microbiol. 
2000;46:229–36.

 65. Vierheilig H, Coughlan AP, Wyss U, Piché Y. Ink and vinegar, a simple stain‑
ing technique for arbuscular‑mycorrhizal fungi. Appl Environ Microbiol. 
1998;64:5004–7.

 66. McGonigle TP, Miller MH, Evans DG, Fairchild GL, Swan JA. A new method 
which gives an objective measure of colonization of roots by vesicular—
arbuscular mycorrhizal fungi. New Phytol. 1990;115:495–501.

 67. Pacioni G. 16 Wet‑sieving and decanting techniques for the extraction of 
spores of vesicular‑arbuscular fungi. Methods Microbiol. 1992;24:317–22.

 68. Wagg C, Bender SF, Widmer F, Van Der Heijden MGA. Soil biodiversity and 
soil community composition determine ecosystem multifunctionality. 
Proc Natl Acad Sci USA. 2014;111:5266–70.

 69. Herlemann DPR, Labrenz M, Jürgens K, Bertilsson S, Waniek JJ, Andersson 
AF. Transitions in bacterial communities along the 2000 km salinity gradi‑
ent of the Baltic Sea. ISME J. 2011;5:1571–9.

 70. Gao C, Montoya L, Xu L, Madera M, Hollingsworth J, Purdom E, Hut‑
macher RB, Dahlberg JA, Coleman‑Derr D, Lemaux PG. Strong succession 
in arbuscular mycorrhizal fungal communities. ISME J. 2019;13:214–26.

 71. Taylor DL, Walters WA, Lennon NJ, Bochicchio J, Krohn A, Caporaso JG, 
Pennanen T. Accurate estimation of fungal diversity and abundance 
through improved lineage‑specific primers optimized for Illumina ampli‑
con sequencing. Appl Environ Microbiol. 2016;82:7217–26.

 72. Frank JA, Reich CI, Sharma S, Weisbaum JS, Wilson BA, Olsen GJ. Critical 
evaluation of two primers commonly used for amplification of bacterial 
16S rRNA genes. Appl Environ Microbiol. 2008;74:2461–70.

 73. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular evo‑
lutionary genetics analysis across computing platforms. Mol Biol Evol. 
2018;35:1547.

 74. Yoon S‑H, Ha S‑M, Kwon S, Lim J, Kim Y, Seo H, Chun J. Introducing EzBio‑
Cloud: a taxonomically united database of 16S rRNA gene sequences and 
whole‑genome assemblies. Int J Syst Evol Microbiol. 2017;67:1613.

 75. Rognes T, Flouri T, Nichols B, Quince C, Mahé F. VSEARCH: A versatile open 
source tool for metagenomics. PeerJ. 2016;2016:e2584–e2584.

 76. Fortin JA, Bécard G, Declerck S, Dalpé Y, St‑Arnaud M, Coughlan AP, Piché 
Y. Arbuscular mycorrhiza on root‑organ cultures. Can J Bot. 2002;80:1–20.

 77. Murphy J, Riley JP. A modified single solution method for the determina‑
tion of phosphate in natural waters. Anal Chim Acta. 1962;27:31–6.

 78. Baym M, Kryazhimskiy S, Lieberman TD, Chung H, Desai MM, Kishony 
R. Inexpensive multiplexed library preparation for megabase‑sized 
genomes. PLoS ONE. 2015;10:e0128036.

 79. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
DADA2: High‑resolution sample inference from Illumina amplicon data. 
Nat Methods. 2016;13:581–3.

 80. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al‑Ghalith GA, 
Alexander H, Alm EJ, Arumugam M, Asnicar F. Reproducible, interactive, 
scalable and extensible microbiome data science using QIIME 2. Nat 
Biotechnol. 2019;37:852–7.

 81. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glöck‑
ner FO. The SILVA ribosomal RNA gene database project: improved data 
processing and web‑based tools. Nucleic Acids Res. 2013;41:D590–6.

 82. Gaio D, Anantanawat K, To J, Liu M, Monahan L, Darling AE. Hackflex: Low‑
cost, high‑throughput, Illumina Nextera Flex library construction. Microb 
Genom. 2022;8:000744.

 83. Coil D, Jospin G, Darling AE. A5‑miseq: An updated pipeline to assemble 
microbial genomes from Illumina MiSeq data. Bioinformatics. 2015;31:587–9.

 84. Prokka ST. Rapid prokaryotic genome annotation. Bioinformatics. 
2014;30:2068–9.



Page 22 of 22Zhang et al. Microbiome           (2024) 12:13 

 85. Aziz RK, Bartels D, Best A, DeJongh M, Disz T, Edwards RA, Formsma K, 
Gerdes S, Glass EM, Kubal M, et al. The RAST Server: Rapid annotations 
using subsystems technology. BMC Genomics. 2008;9:75.

 86. Heller P, Tripp HJ, Turk‑Kubo K, Zehr JP. ARBitrator: a software pipeline 
for on‑demand retrieval of auto‑curated nifH sequences from GenBank. 
Bioinformatics. 2014;30:2883–90.

 87. Moynihan MA. nifHdada2 GitHub repository. Zenodo. 2020. https:// doi. 
org/ 10. 5281/ zenodo. 39583 70.

 88. Martin M. Cutadapt removes adapter sequences from high‑throughput 
sequencing reads. EMBnet journal. 2011;17:10–2.

 89. Bengtsson‑Palme J, Ryberg M, Hartmann M, Branco S, Wang Z, Godhe A, 
De Wit P, Sánchez‑García M, Ebersberger I, de Sousa F. Improved software 
detection and extraction of ITS1 and ITS 2 from ribosomal ITS sequences 
of fungi and other eukaryotes for analysis of environmental sequencing 
data. Methods Ecol Evol. 2013;4:914–9.

 90. Werner JJ, Koren O, Hugenholtz P, Desantis TZ, Walters WA, Caporaso JG, 
Angenent LT, Knight R, Ley RE. Impact of training sets on classification of 
high‑throughput bacterial 16s rRNA gene surveys. ISME J. 2012;6:94–103 
Nature Publishing Group;

 91. Kõljalg U, Nilsson RH, Abarenkov K, Tedersoo L, Taylor AFS, Bahram M, 
Bates ST, Bruns TD, Bengtsson‑Palme J, Callaghan TM, et al. Towards a 
unified paradigm for sequence‑based identification of fungi. Mol Ecol. 
2013;22:5271–7.

 92. R Core Team. R: A language and environment for statistical computing. 
Vienna: R Foundation for Statistical Computing. 2018. Retrieved from 
https:// www.R‑ proje ct. or.

 93. Bisanz JE. qiime2R: Importing QIIME2 artifacts and associated data into R 
sessions. Version. 2018;099:13.

 94. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS ONE. 
2013;8:e61217.

 95. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR. O’hara RB, 
Simpson GL, Solymos P, Stevens MHH, Wagner H. Community ecology 
package R package version. 2013;2:321–6.

 96. Wickham, H, Winston C. "Package ‘ggplot2’." Create elegant data visualisa‑
tions using the grammar of graphics. Version 2.1. 2016. p. 1–189.

 97. Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correla‑
tions in multidimensional genomic data. Bioinformatics. 2016;32:2847–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.5281/zenodo.3958370
https://doi.org/10.5281/zenodo.3958370
https://www.R-project.or

	A tripartite bacterial-fungal-plant symbiosis in the mycorrhiza-shaped microbiome drives plant growth and mycorrhization
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Experiment I: AM fungi-associated microbes on extraradical hyphae in a sterilized soil substrate
	Soil, roots and hyphal samples represent distinct microbial communities
	Glomeromycota abundantly present in hyphal and root samples
	Effects of field management practices on soil microbiome negated on hyphae and roots

	Experiment II: extraradical hyphae-associated microbes in non-sterilized soil substrate
	Bacteria on hyphae derive from soil and root
	Specific bacterial taxa are consistently enriched on hyphal samples
	Isolation of hyphosphere bacteria
	Devosia sp. ZB163 promotes plant growth in organic soil
	Devosia sp. ZB163 promotes plant growth and mycorrhization
	Devosia sp. ZB163 and AM fungi synergistically promote plant growth
	Devosia sp. ZB163 lacks genes required for atmospheric N fixation

	Discussion
	Conclusions
	Methods
	Soil collection
	Description of microcosms and plant growth conditions
	Experiment I
	Experiment II

	Harvest and mycorrhizal root colonization analysis
	Sampling of fungal hyphae from soil substrate
	Soil, root and hyphal microbiome profiling
	Isolation of hyphae-adhering bacteria
	Characterization of bacterial isolates and mapping to ASVs
	Screening of mycorrhiza-associated bacteria for impact on plant growth
	Propagation of AM fungi for pot experiments studying the impact of hyphal associated bacteria on plant growth
	Impact of Devosia sp. ZB163 and AM fungi on plant growth
	N and P accumulation in plant leaves
	Absolute quantification of Devosia sp. ZB163 on plant roots
	Devosia genome sequencing
	Genome analysis
	Bioinformatics
	Statistical analysis

	Acknowledgements
	References


