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Summary

e The mycorrhizal pathway is an important phosphorus (P) uptake pathway for more than
two-thirds of land plants. The arbuscular mycorrhizal (AM) fungi-associated hyphosphere
microbiome has been considered as the second genome of mycorrhizal P uptake pathway and
functionality in mobilizing soil organic P (Po). However, whether there is a core microbiome in
the hyphosphere and how this is implicated in mining soil Po are less understood.

e \We established on-site field trials located in humid, semiarid, and arid zones and a micro-
cosm experiment in a glasshouse with specific AM fungi and varying soil types to answer the
above questions.

e The hyphosphere microbiome of AM fungi enhanced soil phosphatase activity and pro-
moted Po mineralization in all sites. Although the assemblage of hyphosphere microbiomes
identified in three climate zones was mediated by environmental factors, we detected a core
set in three sites and the subsequent microcosm experiment. The core members were co-
enriched in the hyphosphere and dominated by Alphaproteobacteria, Actinobacteria, and
Gammaproteobacteria. Moreover, these core bacterial members aggregate into stable guilds
that contributed to phosphatase activity.

¢ The core hyphosphere microbiome is taxonomically conserved and provides functions, with
respect to the mineralization of Po, that AM fungi lack.

Introduction

Fungi are ubiquitous in terrestrial ecosystems and colonize the
roots of the majority of plant species (Mommer ez al., 2018).
They produce a massive hyphal network in the soil, known as a
mycelium (Duran ez al., 2018). The surface of hyphae in soil is
‘hot spots’ for bacterial activity and is where a range of compli-
cated fungal-bacterial interactions occur (de Boer ez al, 2005).
Fungal exudates are the major or exclusive source of carbon (C)
for their associated bacteria, and the bacteria can mobilize and
supply a portion of nutrients to the fungi (de Boer ez al, 2005;
de Menezes ez al., 2017). Fungi—bacteria interactions constitute a
complex network and are significant drivers of diverse ecosystem
functions (Deveau et al., 2018). Therefore, selecting a proper
research model is essential to reveal the mechanisms of this cross-
kingdom interaction.

Arbuscular mycorrhizal (AM) fungi are ubiquitous in nature
and agriculture ecosystems and play vital roles in plant growth by
improving nutrient acquisition and enhancing tolerance of biotic
and abiotic stress (Zhang ez al, 2019; Genre et al, 2020).

*These authors contributed equally to this work.
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Arbuscular mycorrhizal fungi have been widely recognized as
model organisms for ecological research because of their wide-
spread occurrence, key ecosystem service provision, and special
interactions with plant and soil microbes (Johnson & Omland,
2004; Duplessis ez al., 2011; Kiers ez al., 2011). It is noteworthy
that AM fungal extraradical hyphae recruit distinct bacteria (i.e.
hyphosphere microbiome) in their hyphosphere by releasing C,
in return bacteria provide enhanced nutrient mobilization and
turnover (L. Zhang ez al., 2022). Arbuscular mycorrhizal fungi
are largely devoid of enzymes to release nutrients from soil
organic forms, which implies a reliance on bacteria for the release
of essential mineral nutrients from complex organic forms might
be a compensation (Tisserant ez al, 2013; Sun ez al, 2019).
Interestingly, in microcosm and in vitro culture conditions where
AM fungal species were manipulated, fructose secreted by hyphae
was suggested to serve as a signal or energy source to increase the
phosphatase activity released by bacteria (Zhang ez al., 2018a,b).
While under field conditions, diverse AM fungi have been shown
to colonize crop roots simultaneously, and the extraradical
hyphae recruit complex and specific bacterial communities,
which create an impressively complex interaction network (Agno-
lucci er al., 2015; Iffis er al, 2016). Considering this complex
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network of multiple interacting AM fungi and bacteria, recent
research has often focused solely on hyphosphere bacterial com-
munity composition, with little consideration for their potential
interactions yet (Zhang ez al., 2018b).

Deciphering the AM fungal-bacterial interactions in the field
is a daunting task given the complex networks, and the depen-
dence of those interactions on environmental conditions. It has
been suggested that AM fungal taxa may recruit different hypho-
sphere bacteria through variation in the composition of their exu-
dates (Zhou et al., 2020). Host plant quality and species can
affect the AM fungal communities via preferentially allocating C
to higher quality partners, which may lead to variation in the
hyphosphere bacterial communities (Engelmoer & Kiers, 2015;
Knegt et al., 2016). Varying environmental factors also play a
role, with soil properties such as pH and nutrient forms, and
their spatial heterogeneity influencing the AM fungal-bacterial
associations (Singh ez al., 2008; Wang ez al., 2019; Emmett ez 4/,
2021). In this context, identifying a core hyphosphere micro-
biome may assist in the detailed understanding of these arcane
(many AM fungi interacting with many bacteria) interactions. In
a mesocosm experiment under glasshouse conditions, Emmett
et al. (2021) detected a core component in the hyphosphere,
which were conserved and reproducible across AM fungal species
and soil types. Therefore, similar to gut and plant microbiome,
we suggest that core hyphosphere microbiomes are prevalent
components across complex AM fungal consortia and multiple
environmental factors, especially if they are tightly linked to AM
fungal functions (Neu ez 4/, 2021). However, this has yet to be
explicitly tested in an agricultural setting.

To date, one-to-one (one AM fungal species to one bacterial
species) experiments have provided us with detailed information
about specific AM fungal-microorganism interactions, but they
oversimplify complex AM fungal-bacterial systems (Salvioli
et al., 2016; Vannini et al., 2016; Zhang ez al., 2018a). Moving
forward, we extended the scope of the AM fungal-bacterial inter-
actions to the many to many systems (many bacteria colonizing
the hyphae of many AM fungi) through investigation of the com-
plex AM fungal communities and hyphosphere bacterial commu-
nities 7 situ in the field. Here, we aim to assess co-occurrence
patterns of complex interactions between AM fungi and hypho-
sphere bacteria, and the potential role of their interactions on soil
nutrient cycling across three experimental sites, corresponding to
contrasting soil types and climate zones in China. We hypothe-
sized that: (1) Hyphosphere bacterial communities vary across
climate zones/soil types and AM fungal communities; and (2)
Hyphosphere bacterial communities contain a core microbiome
associated with greater phosphatase activity and organic phospho-
rus (Po) mineralization.

Materials and Methods

Experiment 1: Field experiment

To characterize the hyphosphere bacterial communities and
assess complicated AM fungal-bacterial interactions in the field,
we selected three long-term soil fertility experiments at Hunan
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(HN, 11°52'E, 26°45'N), Shaanxi (SX, 108°00'E, 34°17'N),
and Xinjiang (X]J, 87°46'E, 43°95'N) Provinces (Supporting
Information Fig. Sla), which represented wet, semiarid, and arid
environmental conditions, respectively. These three experimental
sites belonged to The National Long-term Monitoring Network
of Soil Fertility and Fertilizer Effects, which was founded in
1990. These experimental sites covered three typical soil types
found in China (Table S1). In 2018, the crop plant was maize at
the HN and SX sites, and cotton at the XJ site.

We made two types of AM fungal hyphae in-growth tubes out
of polyvinyl chloride (PVC) tubes (12 cm in diameter, 5 cm in
length), which were sealed with 30 pm nylon mesh (permitting
AM fungal hyphae but not roots to grow into) or 0.45 pm poly
tetra fluoro ethylene membrane (excluding AM fungal hyphae
and roots to grow into) on the two ends, respectively (Fig. S1b,
¢). They also included buffer zones, which consisted of a circular
PVC plate (12 cm in diameter, 1 cm in width) with many holes
(1 cm in diameter) and the 30 or 0.45 pm mesh glued on both
sides, which can exclude the interference of roots via the air gap
(Fig. S1c). We imbedded the sterilized membranes with 0.45 pm
pores (10 cm in diameter, Poly tetra fluoro ethylene, Shang-
haixinya) in each in-growth tube to collect the hyphae (Methods
S1; Fig. Slc). The principle is that the AM fungal hyphae enter
the tube, and after encountering the membrane, the hyphae can
be enriched near the membrane, which is convenient for collec-
tion. All in-growth tubes were buried to a depth of either 20 or
30 cm in soil 15 cm away from a plant at the beginning of sowing
in 2018 (Fig. S1b). Each location had eight repeats of two types
of in-growth tubes, and each repeat included two technical repli-
cates. At harvest, two technical replicates were mixed into one
sample for subsequent analysis. The in-growth tubes were filled
with the soil, which was collected in advance from each site

described above (Table S1).

Experiment 2: The microcosm experiment

This experiment was conducted to verify results found from
Experiment 1 under controlled conditions. Four soil types were
used in Experiment 2. Three soil types were collected from the
same sites selected in Experiment 1. In addition, to study the key
mechanisms involved in AM fungal-bacterial interactions in high
P conditions, we selected a black soil (Olsen inorganic P (Olsen-
Pi): 48 mg_1 kg) collected from Jilin Province (DB, 43°54'E,
125°18'N; Table S1). The microcosm units were separated by a
30-pm mesh into root compartments (length x width X height:
5% 10 x 15cm) and hyphal compartments (5 x 10 x 15 cm;
Fig. S1d). Similarly, we put the sterilized membranes with 0.45-
pm pores in each hyphal compartment to collect the hyphae
(Fig. S1d). The effect of plant species on the hyphosphere micro-
biome was negligible in Experiment 1, so we selected one species,
maize (Zhengdan 958), as the host plant. We targeted specific
AM fungal species to simplify the AM fungal-bacterial interac-
tion network. Therefore, the AM fungal strain Rhizophagus
intraradices EY108 (R. intraradices) was selected as an inoculant,
which was purchased from the International Collection of (Vesic-
ular) Arbuscular Mycorrhizal Fungi (West Virginia University,
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Morgantown, WV, USA). Rhizophagus intraradices, formerly
named Glomus intraradices, corresponded to Glomus sp. in Exper-
iment 1, which belonged to high abundance taxa. At planting,
part of the soil (600 g) was carefully added to the root compart-
ment, and then 60 g AM fungal inoculum, propagated on maize
roots consisting of spores, mycelium, fine root segments, and soil
and zeolite, was placed on the top of soil. Three pregerminated
seeds were sown, and the remaining 250 g soil was added to the
root compartment. The control treatments received the same
amount of sterilized inoculum with 10 ml filtered washings of
this inoculum. The filter was used to remove AM fungal propag-
ules but maintain similar starting bacterial communities (Meth-
ods S1).

The microcosm experiment contained the following treat-
ments: four soil types, including acidic red soil, loessial soil, gray
desert soil, and black soil, with or without AM fungal inocula.
Each treatment had six replicates; thus, there were 48 microcosms
in total. Further details of the experimental setup are given in the
Supporting Information.

Harvest and sample preparation

In Experiment 1, all in-growth tubes in each location were exca-
vated, and the crop plant roots were collected at maturity, that is,
90 d after being buried. The membranes in the in-growth tubes
were removed and stored at —80°C for collecting the hyphae.
Soil samples were removed from the tubes and mixed well: Part
of the soil was immediately frozen at —80°C ahead of DNA
extraction. The other part of the soil was stored at —20°C to
determine the phosphatase activity, —4°C to determine soil
moisture content and air-dried to determine hyphal length den-
sity (HLD) and soil chemical properties. In Experiment 2, the
plants were harvested 70 d after planting. All membranes in the
hyphal compartments were removed from soil and stored at
—80°C for collecting the hyphae. The process for soil samples in
hyphal compartments was maintained as in Experiment 1.

Determination of mycorrhizal colonization, HLD, soil
phosphatase activity, and P contents

Mycorrhizal colonization of roots was measured using the trypan
blue staining method, and M% was quantified (Trouvelot ez al,
1986). Extraradical hyphae were extracted from two portions of 5 g
air-dried soil using the membrane filter technique (Staddon ez al,
1999). Hyphal length was assessed using the gridline intercept
method at X200 magnification and then converted to HLD (m g71
DW soil). Determination of alkaline phosphatase (ALP) and acid
phosphatase (ACP) in the soil was performed using p-nitrophenyl
phosphate (Tabatabai & Bremner, 1969). The Olsen organic P
(Olsen-Po) in the NaHCO; was determined using the potassium
persulfate oxidation method (Schoenau & Huang, 1991).

DNA extraction, PCR, and sequencing

The hyphae accumulated on the surface of membranes (Fig. Sle)
were manually collected using a stereoscope. Arbuscular

© 2022 The Authors
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mycorrhizal fungal hyphae can be selected based on their differ-
ent morphology from other fungi, as they are colorless and trans-
parent, and have no septum. The collected hyphae were washed
five times in washing buffers (0.01 M phosphate buffer saline,
pH =7) to remove the adhered soil. In Experiment 1, 10 mg of
fresh hyphae (collected from the membrane of each in-growth
tube that allowed AM fungi to grow into) was used for the extrac-
tion of DNA of AM fungi and their associated hyphosphere bac-
teria. The bulk soil (soil from in-growth tubes in which AM
fungi were excluded) bacterial DNA was also extracted from
0.5g of the collected soil. In Experiment 2, 10 mg of fresh
hyphae was collected from each hyphal compartment for the
extraction of DNA of hyphosphere bacteria. The DNA of bacte-
ria in the bulk soil was extracted from 0.5 g of soil from each
hyphal compartment under the noninoculation treatments.
DNA extraction was performed using the FastDNA SPIN Kit for
Soil (MP Biomedicals, Santa Ana, CA, USA).

To validate that the most of hyphae belong to AM fungi, we
measured gene copy number of both the AM fungi and all fungi
in our collected hyphal samples, and calculated the ratio of gene
copy number of AM fungi vs all fungi to indicate the abundance
of AM fungi against all fungi (Methods S1). The results showed
that the abundance was > 90%, and consistent with the results of
positive control (pure AM fungal hyphal samples collected from
AM fungal inoculum) (Fig. S2). Therefore, we believed that the
vast majority of the hyphae we collected were AM fungal hyphae.

To identify the AM fungal taxa in Experiment 1, an ¢ 334 bp
region of 185 rRNA gene was amplified with a two-step PCR
(Yang ez al., 2018). To identify the bacterial taxa in both experi-
ments, the V3-V4 regions of the bacterial 16S rRNA gene were
amplified with primer pairs 338F and 806R (Sakurai ez 4/, 2008).

Three pools of PCR products were prepared for sequencing:
The first pool contained 18S rRNA gene amplicons from Experi-
ment 1, the second contained 16S rRNA gene amplicons from
Experiment 1, and the third contained 16S rRNA gene ampli-
cons from Experiment 2. These pools were sent for sequencing to
the Allwegene Tech. (Beijing, China) used an Illumina Miseq
PE300 (San Diego, CA, USA) pyrosequencing platform. The
details of bioinformatic processing were summarized in the Sup-
porting Information.

Statistical analysis

Alpha and beta diversity All analyses were conducted using the
R software (v.4.1.2), unless otherwise stated. Rarefaction curves
were drawn for each individual sample to ensure sufficient
sequencing depth (Fig. S3). Arbuscular mycorrhizal fungal and
bacterial beta-diversities were assessed by computing the Bray—
Curtis matrices and then visualized using principal coordinate
analyses (PCoAs). The significance of experimental sites on
microbial community structures was tested with PERMANOVA
using the VEGAN package (Dixon, 2003). The fundamental func-
tion of co-inertia analysis (ColA) is to match two datasets and
project their variables in the same space to visualize their co-
variations. The ColA was performed with the ADE4 package to
display the relationships between AM fungal communities and
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hyphosphere bacterial communities (Iffis ¢t /., 2016). A variance
partitioning analysis was performed by the varpart function in VE-
GAN package, to explore the relative contribution of AM fungal
community structure, crops (maize and cotton), and environ-
mental factors (soil pH, soil organic matter, water content, P
content, etc.) on the shifts in hyphosphere bacterial communities.
Significance levels according to Monte Carlo permutation tests
were carried out with 1000 permutations.

Identification of hyphosphere-specific enriched OTUs and
experimental site-sensitive or insensitive OTUs For both exper-
iments, we employed complementary approaches to determine
which operational taxonomic units (OTUs) were responsible for
the observed effects (Hartman ez 4/, 2018). To determine the selec-
tion effect by AM fungi, we tested for differential bacterial OTUs
abundance between hyphosphere and bulk soil communities at
each site using likelihood ratio tests (adjusted P<0.05) in the
EDGER package, respectively, and then visualized using Manhattan
plots (Robinson ¢t al, 2010). We identified the overlap of OTUs
enriched in the hyphosphere among three experimental sites as
hyphosphere-specific enriched OTUs (AOTUs).

Additionally, in Experiment 1, we tested for differential OTUs
abundance among different experimental sites using likelihood
ratio tests with the EDGER package, and indicator species analysis
with the indicspecies package, respectively (De Caceres ez al.,
2010). Operational taxonomic units whose abundances were
determined to be differing between one or more of the experi-
mental sites at an adjusted 2<0.05 were considered to be experi-
mental site responsive. Finally, we delimited OTUs that were
calculated by both methods as experimental site-sensitive or -
insensitive OTUs (ssOTUs or non-ssOTUs). In Experiment 2,
the soil type-sensitive OTUs and soil type-insensitive OTUs (also
abbreviated ssOTUs and non-ssOTUs) were also calculated in the
same method above.

Co-occurrence networks For all networks, Spearman correla-
tion scores were calculated, and only robust (Spearman’s »>0.8)
and statistically significant (£<0.01) correlations were kept.
These networks were visualized with the Fruchterman—Reingold
layout with 10° permutations in IGrapH. For the in-depth assess-
ment of microbial communities, we performed Spearman rank
correlations between all pairs of bacteria (in Experiments 1 and
2) and all pairs of AM fungal OTUs (only in Experiment 1), sep-
arately.

We also constructed a meta-network to visualize correlations
between hyphosphere bacteria and AM fungi in Experiment 1.
For this, the TMM (‘trimmed means of M’ method with the
package EDGER) and normalized CPM (relative abundance counts
per million) counts of bacteria and AM fungi were combined,
and used to perform Spearman rank correlations between all pairs
of hyphosphere bacterial and AM fungal OTUs. To explore com-
munity structure within this hyphosphere meta-network, we
identified the substructures of nodes with a greater density of
edges within groups as network modules. For this, we utilized the
greedy optimization of modularity algorithm as implemented in
IGrarH (Clauset ez al., 2004).
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Results

AM fungal-hyphosphere bacterial interactions promote Po
mineralization in the field

The large degree of mycorrhizal colonization (11.43-26.67%) con-
firmed that plant roots were successfully colonized by AM fungi,
and large HLD (5.31-9.86 m gf1 soil) in the AM fungi-permitted
tubes confirmed that a large number of extraradical hyphae
extended into the in-growth tubes (Fig. S4). Phosphorus contents
and phosphatase activities in the in-growth tubes that excluded
AM fungi were subtracted from those that permitted AM fungi to
derive the effects of AM fungal-hyphosphere bacterial association
on the soil Po utilization. Two types of in-growth tubes were bur-
ied in the field and were spatially paired, and this allowed subtrac-
tion to be calculated between these pairs. At each site, the Olsen-Pi
and Olsen-Po were reduced when AM fungi were allowed to grow
into the tubes (Wilcoxon rank sum test, P<0.05; Fig. 1a,b). Cor-
respondingly, both ALP and ACP activities were significantly
enhanced in the tubes into which AM fungi were permitted
(Fig. 1c,d). Furthermore, both ALP and ACP activities differed
across the three sites based on Olsen-Pi, and ACP activities were
significanty negatively correlated with soil pH (Fig. S5).

Hyphosphere microbiome diversity varied across
experimental sites

In total, 230 OTUs of AM fungi were detected in hyphal samples
across the three experimental sites, of which only 28 OTUs were
shared among all sites, but these shared OTUs accounted for
19.0% of the average relative abundance. The most abundant
AM fungal taxa were members of the Paraglomus, Ambispora, and
Glomus (Fig. 2a). The Kruskal-Wallis tests performed on AM
fungal genera revealed that experimental sites significantly
affected the relative abundance of Archaeospora (P<0.05;
Fig. 2a). Principal coordinate analysis of AM fungal OTUs
matrices, based on weighted Bray—Curtis distances, revealed a
trend toward significance in the separation of AM fungal com-
munities among the three sites (2= 0.09; Fig. 2b).

A total of 26 188 sequences were retrieved from the 16S rRNA
gene dataset for the hyphal and bulk soil samples and were
assigned to 9780 bacterial OTUs. The species richness and diver-
sity of bacteria decreased sharply from the bulk soil to the hypho-
sphere (Wilcoxon rank sum test, £<0.001; Fig. S6). At high
taxonomic ranks, hyphosphere bacterial communities were differ-
entiated from each other and from the bulk soil, with communi-
ties being dominated by Actinobacteria (average 33.3% relative
abundance of hyphosphere bacterial communities), and
Alphaproteobacteria (18.2%; Fig. 2¢).

A PCoA revealed a clear separation of bacterial communities
clustering between the hyphosphere and bulk soil along the first
coordinate axis, indicating strong influence of AM fungi on bac-
terial communities (Fig. 2d). For hyphosphere bacterial commu-
nities, PCoA combined with PERMANOVA analysis showed
that the structure of bacterial communities was significantly
affected by experimental sites (B = 41%, P<0.001).
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Fig. 2 Effects of experimental sites on hyphosphere bacterial communities. Histogram diagram showing the relative abundances of major genera of
arbuscular mycorrhizal (AM) fungi contained in the hyphal samples (a), and major classes of bacteria in the hyphosphere and bulk soil (c) across three
experimental sites. Principal coordinate analysis based on Bray—Curtis dissimilarity matrix of AM fungi (b) and bacteria (d). The contribution of explanatory
variables on microbial community structures are listed. The significance of experimental factors on microbial community structures was tested with
PERMANOVA. HS, hyphosphere; BS, bulk soil in the in-growth tubes which AM fungi were excluded from; XJ, Xinjiang; SX, Shaanxi; HN, Hunan.
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Hyphosphere bacterial community in the HN site formed a dis-
tinct group along the second coordinate axis, indicating that
experimental sites were also a large source of variation in the

hyphosphere microbiome (Fig. 2d).

Identifying ssOTUs and non-ssOTUs

To further clarify microbial variation among experimental sites,
we calculated ssOTUs and non-ssOTUs of AM fungi and bacteria
based on whether it was more abundant at a specific site than any
other site, and we summarized the analysis with a bipartite net-
work (Fig. S7a,b). In the hyphosphere, a larger number of sO-
TUs were shared between the SX and XJ sites, while a smaller
number of ssOTUs were shared between the HN and SX or X]J
sites (Fig. S7b). These patterns were similar to the effects in the
B-diversity analyses, with the close clustering of the SX and X]J
samples in the ordination.

As an approximation for ‘effect size’ of experimental sites on bac-
terial communities, we observed that 2684 bacterial ssOTU:s in the
bulk soil accounted for 83.8% of the total soil community OTUs.
Similarly, we identified 910 ssOTUs for the hyphosphere bacteria,
corresponding to an effect size of 42.6%. The smaller ‘effect size’ of
experimental sites, that is, the larger amount of non-ssOTUs, indi-
cated that the hyphosphere microbiome encompassed an unmiss-
able constant core portion when examined across multiple hosts
and environments. We only found one fungal ss<OTUs, indicating
that fungal locational variation was more quantitative than bacteria.
These non-ssOTUs comprised a taxonomically broad set of bacteria
and did not target specific microbial lineages (Fig. S7¢).

AM fungal communities induced variation in hyphosphere
bacterial communities

We noted that compositional differences in hyphosphere bacte-
rial communities were evident across different sites due to a com-
bination of environmental factors and AM fungal communities.
Therefore, we used a ColA approach to study the relationships
between AM fungal and bacterial communities. The ColA
revealed a marked synergistic co-variation between AM fungal
and hyphosphere bacterial communides (RV = 0.29, P<0.05;
Fig. 3a), with the first and second axes of the ColA explaining
77.50% and 16.00% of the total projected inertia. Arrow lengths
indicated the degree of concordance between AM fungal and
hyphosphere bacterial communities for each sample, and the best
agreements were observed in the shortest lengths. The arrow
lengths did not show an obvious pattern of variation across three
sites, indicating that experimental sites were not determinant of
the concordance between AM fungal and hyphosphere bacterial
communities (Fig. 3a). Further support for the robust association
between AM fungal and hyphosphere bacterial community was
provided by a variance partitioning analysis, which revealed that
AM fungal communities explained a total contribution of 19%
of the variability in hyphosphere bacterial communities, greater
than environmental factors and plant species (Fig. 3b). The Man-
tel test also indicated the significant correlations between these
two groups (Mantel statistic & 0.32, P<0.001).
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Preferential associations between AM fungal and hyphosphere
bacterial genera were also calculated (Fig. 3¢,d). Those AM fun-
gal genera pointing in the same direction as that of the hypho-
sphere bacterial genera are positively correlated, whereas those
pointing in the opposite direction are negatively correlated. These
relations were supported by the spearman correlations test across
all experimental sites (Fig. 4a). For example, Paraglomus was sig-
nificantly positively correlated with Nocardioides (Fig. 4a). Also
calculated was the AM fungal-bacterial associations at each site,

which were most complex at the HN site (Fig. 4b—d).

Identifying hsOTUs

We analyzed the enrichment of hyphosphere bacterial OTUs com-
pared with the bulk soil and visualized them by Manhattan plots
(Fig. 5a). At each site, likelihood ratio tests revealed a distinction of
OTUs between the hyphosphere and bulk soil: At the HN site,
676 OTUs were significantly enriched in the hyphosphere account-
ing for 54.2% of the cumulative abundance of total OTUs; at the
SX site, 420 OTUs were significantly enriched in the hyphosphere
accounting for 53.2%; at the XJ site, 531 OTUs were enriched in
the hyphosphere accounting for 58.0% (Fig. 5a).

To further explore the bacterial taxa closely related to AM
fungi, we detected a notable overlap of OTUs enriched in the
hyphosphere across the three experimental sites: only 82 AsOTUs
(Fig. 5b). These 82 hsOTUs only accounted for 0.3% of all bac-
terial OTUs detected in the samples, but accounted for 30.2%,
21.1%, and 21.0% of the relative abundance for the HN, SX,
and XJ sites, respectively. Furthermore, we noted that up to 60%
of AsOTUs also belonged to non-ssOTUs, suggesting that their
abundance was relatively stable (Fig. S8).

These hsOTUs comprised a taxonomically definite set of bac-
teria. At the class level, most AOTUs belonged to Alphapro-
teobacteria, Actinobacteria, and Gammaproteobacteria. While at
the order level, most /sOTUs belonged to Rhizobiales and Myx-
ococcales (Fig. 5¢). Furthermore, we found that many members
in AsOTUs, especially those belonging to non-ssOTUs, were pos-
itively correlated with phosphatase activities (Fig. S8).

hsOTUs in the microbial co-occurrence network

Consistent with the a-diversity analyses, the bulk soil bacterial
network comprised a greater number of significantly co-
occurring nodes and greater connectivity than that of hypho-
sphere networks (Fig. S9). Meanwhile, the sOTUs were also
mapped into each network, and they agglomerated in line with
different experimental sites (Fig. S9). The ssOTUs in the bulk
soil network were up to 94%, but it dropped to 55% in the
hyphosphere, suggesting the strong influence of AM fungi on the
hyphosphere microbiome.

We focused mainly on the distribution patterns of ssOTUs
and AsOTUs in meta co-occurrence patterns of AM fungal and
hyphosphere bacterial communities (Fig. 6a). The abundance
patterns of interkingdom microbial associations also responded
to different experimental sites. Modules are substructures of
nodes with a higher density of edges within groups than between

© 2022 The Authors
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Fig. 3 Co-inertia analysis (ColA) showing the relationship between arbuscular mycorrhizal (AM) fungal and hyphosphere bacterial communities
(RV=0.29, P=0.02). (a) Projection of both AM fungal genera and hyphosphere bacterial genera onto the co-inertia plane. The base of each arrow (closed
circles) represents AM fungal community, while the tip represents bacterial community. The letters in the squares and their colors indicate different experi-
mental sites, and the numbers after the letters represent different repetitions. (b) Variance partitioning of hyphosphere bacterial communities by AM fungal
communities, environmental factors and crops. Significance levels according to Monte Carlo permutation tests were carried out with 1000 permutations.
(c) Projection of AM fungal genera onto co-inertia plane. (d) Projection of hyphosphere bacterial genera onto co-inertia plane. Abbreviations shown in (d)
indicate: Fibro, Fibrobacteraceae; Halia, Haliangium; Krib, Kribbella; Leche, Lechevalieria; Lyso, Lysobacter; Nocardia, Nocardia; Nocardio, Nocardioides;

Ochro, Ochrobactrum; Stre, Streptomyces.

them, which reflected strongly correlated OTUs in the co-
occurrence network. We noted in the hyphosphere meta co-
occurrence network that two modules (modules 2 and 3) con-
tained relatively high proportions of ssOTUs (Fig. 6a,b). The
type of sensitivity of these module members to the specific experi-
mental site and their distribution in the network partially
reflected the drivers of community dissimilarity in the PCoA
ordinations. In detail, the effect of the HN site in the hypho-
sphere communities was apparent with a discrete module (mod-
ule 3) in the hyphosphere network, containing ssOTUs specific
to the HN site. Module 3 was separated from module 2, which
primarily contained $sOTUs specific to the SX and XJ sites
(Fig. 6a,b).

The majority of /sOTUs, including most members belonging
to non-ssOTUs (gray pentagram), were concentrated in module
4 (Fig. 6a,b), which contained a relatively small proportion of
ssOTUs (Fig. 6b). These characteristics indicated that module 4,
as the experimental sites nonsensitive and hyphosphere-specific
enriched guild, might have a more intense association with AM
fungi. Furthermore, we measured the copy numbers of general
bacteria to reflect the absolute abundance of hyphosphere

© 2022 The Authors
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bacteria across the three sites. The results showed that there was
no significant difference in the hyphosphere bacterial abundance
among different sites (Fig. S10). Based on this, the trend of rela-
tive and absolute abundance of modules could be consistent. A
strong and significant positive association between the relative
abundance of module 4 and ALP or ACP activity was found,
hinting that module 4 played a considerable part in the mineral-
ization of Po (Fig. 6¢).

The microcosm experiment testing the core hsOTUs taxa

After the characterization of the hyphosphere bacterial communi-
ties in situ in the field, we sought to control perturbation of envi-
ronmental parameters, and targeted the specific AM fungal species,
to obtain further evidence of the stability of AOTUs taxonomic
composition, and their links to the Po mobilization. Therefore, we
performed a compartmented microcosm experiment by inoculat-
ing with R. intraradices and using typical soil types corresponding
to Experiment 1. Similar scenarios of Po mobilization appeared:
Compared with the noninoculation treatment, both ACP and
ALP activities were significantly increased, and the Po content was
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while the red lines indicate significantly negative correlations (P <0.05). HN, Hunan; SX, Shaanxi; XJ, Xinjiang.

significantly decreased in hyphal compartments in the inoculation
treatment (Figs S11, S12). The most abundant taxa in the hypho-
sphere were members of the Betaproteobacteriales, Pseudomon-
adales, and Rhizobiales (Fig. S13a). Analysis of diversity revealed
that hyphosphere showed a distinct bacterial community com-
pared with the bulk soil (Figs 7a, S13b).

Next, we sought to assess whether the observed bacterial taxa
closely related to AM fungi in the field could be extended to this

New Phytologist (2023) 238: 859-873
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microcosm experiment. We also identified ss<OTUs and AOTUs
as described above. We observed that 68 AsOTUs only accounted
for 0.5% of all bacterial OTUs detected in the samples, but the
aggregated relative abundance of these /sOTUs ranged from
16% to 29% in their respective communities (Fig. S13c). At a
high taxonomic rank, AOTUs exhibited an extremely similar tax-
onomic composition between the field and microcosm, albeit
with differing counts (Fig. 7b). For example, at the class level, we

© 2022 The Authors
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observed that /sOTUs were dominated by Alphaproteobacteria,
Actinobacteria, and Gammaproteobacteria in both experiments
(Fig. 7b). The major difference of AsOTUs taxa between two
experiments was given by the members with smaller counts.

Finally, we mapped ssOTUs and AsOTUs in the hyphosphere
bacterial co-occurrence network. These ssOTUs agglomerated
according to soil types, with most /5OTUs belonging to non-ssO-
TUs (gray pentagram) concentrated in independent modules
(module 15 and module 30), which were clearly separated from
ssOTUs (Fig. 7¢,d). Both module 30 in Experiment 2 and mod-
ule 4 in Experiment 1 were dominated by Actinobacteria,
Alphaproteobacteria, and Gammaproteobacteria (Fig. S14). We
also observed a strong and significant positive association between
the relative abundance of module 30 and ALP or ACP activity
(Fig. 7¢). Taken together, these results further indicate that major
members of ASOTUs were conserved at a high taxonomic rank
and contributed to the soil Po mineralization.

Discussion

Extensive fungal diversity exists in a single plant root (Van-
denkoornhuyse ¢z al, 2002; Powell & Rillig, 2018), while the
extraradical hyphae of co-colonizing fungi are colonized by complex
bacterial communities (de Boer ez 2, 2005; Zhou et al, 2020).
Although such fungal-bacterial interactions are crucial to many
biogeochemical processes, for example, soil C, N, and P turnover
and cycling (Hodge & Fitter, 2010; Cheng er al, 2012; Zhang
et al, 2018b; Rozmos er al, 2022), how the cross-kingdom

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

consortia affect important ecological functioning and whether there
is a universal group of functional bacteria is less well-understood. In
the present study, we performed field sampling across three climate
zones, and further validated our findings with a controlled micro-
cosm experiment. Our results showed that although AM fungi har-
bored distinct bacterial communities in each soil type, some
bacterial members were consistently enriched in the hyphosphere,
and gathered into an independent module in the fungal-bacterial
interaction network. Moreover, their abundance was significantly
related to phosphatase activity, which suggested that the AM fun-
gal-bacterial consortia shared a functionally relevant core micro-
biome across broad environments.

Which factors drive the formation of hyphosphere
microbiome?

Understanding the drivers of hyphosphere bacterial assemblages
under field conditions is a crucial step toward developing man-
agement strategies to obtain a bacterial community structure
favoring AM fungal functioning. To date, scattered studies have
shown that hyphosphere microbiomes may vary with biotic and
abiotic factors, such as AM fungal species and soil P forms (Wang
et al., 2016; Zhou et al., 2020; Emmett ez al., 2021). But these
studies are usually conducted in controlled conditions such as
glasshouses where abiotic conditions were manipulated, and
mainly focused on the hyphae-associated bacteria of specific AM
fungal species. There is still a substantial gap between studies per-
formed in laboratory conditions and the ‘i sin reality
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that impedes our ability to extrapolate generic principles of
fungal-bacterial interactions at the community scale (Deveau
etal, 2018).

The present study was set up in three field sites, which covered
humid, semiarid, and arid climate zones and contrasting soil
types, to explore the effect of environmental variation, plant spe-
cies, and AM fungal community identity on hyphosphere micro-
biome #n situ. First, our results found that different plants (..
maize and cotton) had little influence on the hyphosphere bacte-
rial community (Fig. 3d), which was consistent with previous
studies (Zhang er al, 2018b). Lipids are transferred from the
plant host to AM fungi as a major carbon source (Jiang er 4l.,
2017; Luginbuehl ez 4/, 2017). Although AM fungi receive all of
the required C from plants, there is no evidence that the forms of
C varied with plant species. It can be speculated that the influ-
ence of plant species on the hyphosphere microbiome is subtle,
far less than that of AM fungal species itself. Second, although
both AM fungal and hyphosphere bacterial communities were
affected by experimental sites, we identified a significant correla-
tion between AM fungal community and hyphosphere bacterial
community composition (Figs 2, 3). This implied that AM fun-
gal species with different morphological, physiological, and
genetic characteristics coexisted in the community and co-
orchestrated the distinct hyphosphere microbiome through

New Phytologist (2023) 238: 859-873
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variation in the composition of exudates to cope with the envi-
ronment factors (Zhou ez al., 2020; L. Zhang et al., 2022).

Does the hyphosphere of AM fungi harbor a core
microbiome?

A core microbiome is defined as a suite of potentially crucial
microbes shared within a host microhabitat (Hernandez-Agreda
et al., 2017; Shade & Stopnisek, 2019). This concept was first
applied to understand the bacterial communities that are associ-
ated with humans, followed by plants including roots and leaves
(Shade & Handelsman, 2012; Vandenkoornhuyse ez /., 2015).
The hyphosphere microbiome encompasses bacteria inhabiting
the hyphal surface, and it represents the close association between
AM fungi and bacteria. The hyphosphere bacterial communities
are largely different from those in the bulk soil (Scheublin ez 4/,
2010; Nuccio e al, 2013; Zhang er al, 2018b). However,
research has yet to determine the stability of the vast majority of
hyphosphere bacterial associations of AM fungi, and the identity
and functional contribution of the core microbiome in the
hyphosphere is missing.

A variety of study-specific approaches have been used to define
the core microbiome in the recent literature: abundance-defined
cores informed by ranked abundance curves; detection-defined cores

© 2022 The Authors
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works. (e) Spearman correlations between ALP or ACP activity and the relative abundance (as counts per million, CPM) of the module 15 and 30. HN, SX,
XJ, and DB indicate acidic red soil, loessial soil, gray desert soil, and black soil, respectively.

informed by Venn diagram; comparison-cores by enrichment in  constitute a core hyphosphere microbiome shared among AM fun-
particular conditions; network-cores by microbial network analysis ~ gal consortia. The core definition in this study incorporated aspects
(Shade & Handelsman, 2012; Banerjee ez al, 2018; Shade & Stop- of detection, abundance, and the network analysis and can provide
nisek, 2019). Here, although the hyphosphere microbiome encom-  ecological insights into prioritize members that are selected by the
passed largely variable portions when examined across different ~ AM fungi or adapted to the specific environment.

climate zones, we identified and emphasized /OTUs in the field At a high taxonomic rank (class or order), the core hypho-
experiment, which were enriched in the hyphosphere and shared by ~ sphere microbiome exhibited a similar taxonomic composition
AM fungal consortia across multiple environmental factors and between field and microcosm experiments (Fig. 6b). This implies
plant species. A striking-specific distribution pattern of these AO-  that, similar to rhizosphere microbiomes, broad selection of AM
TUs in the meta-co-occurrence network was observed: They gath-  fungi for particular phylogenetic bacteria is consistent across the
ered into an independent and experimental site nonsensitive  changed environment. The core hyphosphere microbiome com-
module. Furthermore, in the microcosm experiment within which ~ prised of both well-known AM fungi-associated taxa and poorly
abiotic factors and AM fungi were manipulated, we can still detect ~ characterized and as yet uncultured taxa, and mainly involved
similar results as the field experiment regarding the stable taxonomic ~ Rhizobiales, Betaproteobacteriales, Myxococcales, and Pseu-
composition of /#SOTUs and their distinct distribution in the net- domonadales (Figs 5¢, 6b). Similarly, Emmett ez a/. (2021) found
work. It is possible, therefore, that these /iSOTUs may collectively ~ repeated enrichment for some bacterial members in the
© 2022 The Authors New Phytologist (2023) 238: 859-873
New Phytologist © 2022 New Phytologist Foundation. www.newphytologist.com
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hyphosphere across experiments and divergent soils under glass-
house conditions. Despite being in a completely different tested
environments, most of these members also were observed in core
hyphosphere microbiome in our study including Myxococcales,
Betaproteobacteriales, Fibrobacterales, Cytophagales, and Chlo-
roflexales, implying that these core taxa may be globally impor-
tant hyphosphere bacteria. We cross-referenced the hyphosphere
core taxa with those known root-associated cores of maize and
cotton observed in previous studies (Table S2; Walters er al,
2018; K. Zhang er al, 2022). Several core taxa were shared,
including Betaproteobacteriales, Pseudomonadales, and Rhizo-
biales. This overlap provided clues about ‘generalist members
which may function in both the hyphosphere and rhizosphere.

It was hypothesized that the core microbiome composition
would tend to be simpler as the hierarchical ecological level
increases, and changed occurring through temporal and spatial vari-
ation at the given level (Vandenkoornhuyse er 4/, 2015). In future
studies, the hyphosphere core microbiome needs to be verified for
consistency by more experiments across time and space, and we pre-
dict that the hyphosphere core microbiome could be considerably
more restricted than the list provided in the present study.

What is the function of the hyphosphere core microbiome?

Interactions between soil fungi and bacteria are crucial to the
functioning of ecosystems: They are major players in driving soil
nutrient biogeochemical cycles, and contribute to both the health
and the diseases of plants (Deveau ez al., 2018). Given the com-
plexity of AM fungal-bacterial interactions and the dependence
of those interactions on environmental conditions, the core
microbiome provides a good point of entry to link fungal-bacte-
rial co-occurrence patterns to soil ecosystem functions. This
study, corroborating prior studies, has revealed that AM fungal—
bacterial interactions strengthened phosphatase activity and stim-
ulated Po mineralization (Zhang ez al., 2018b, 2020). Consider-
ing the inability of AM fungi to release phosphatases from their
hyphae, the utilization of Po by AM fungi apparently relies on
the recruitment of hyphosphere bacteria (Tisserant et al., 2013;
Zhang et al., 2016). Therefore, we speculate that the functions of
the hyphosphere core microbiome may be potentially important
for the AM fungal P nutrient acquisition process.

Co-occurrence networks are an especially powerful tool to
assess the complexity of potential AM fungal-bacterial interac-
tions (Faust & Raes, 2012). Network patterns of the core micro-
biome provide community-wide status of the specialization and
stability of AM fungal-hyphosphere bacterial interactions in the
face of perturbations. In the AM fungal-bacterial interaction net-
works under in situ and glasshouse conditions, we observed that
the members of hyphosphere core microbiome mainly grouped
in the distinct guild, whose abundance was strongly and signifi-
cantly positively associated with phosphatase activity (Figs 6, 7).
Furthermore, a sizable subset in core microbiome members,
including Rhizobiales, Sphingomonomonas, and Xanthomon-
adales, were positively associated with the phosphatase activity,
implying that these members may promote the utilization of Po.
This result supported our speculation on function of the core
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microbiome on Po mobilization, to a certain extent. However,
inference of ecological function from OTU data must be inter-
preted cautiously. Hypotheses about functions of hyphosphere
core microbiome need to be tested using (meta-) genome, (meta-
) transcriptome sequencing, or synthetic communities with iso-
lated strains to experimentally test how core microbiome affect
AM fungi and even plant performance (Langille ez al., 2013; Bai
et al., 2015).

Conclusions

Taken together, we detected a core set of hyphosphere micro-
biome shared among AM fungal consortia and identified mem-
bers of the core microbiome dominated by Alphaproteobacteria,
Actinobacteria, and Gammaproteobacteria. This conserved core
hyphosphere microbiome may potentially provide critical func-
tions to the AM fungi by promoting Po utilization. Deploying
core microbiomes are promising targets for optimizing beneficial
bacterial functioning at the hyphosphere scale, thereby increasing
plant nutrient uptake (Toju ez al., 2018). Our results have deep-
ened our understanding of AM fungal-hyphosphere bacterial
interactions at the community level and have important implica-
tions for comprehensive understanding the implication of fun-
gal-bacterial interactions for biogeochemical processes.
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Fig. S1 Details of the experimental sites and experimental sys-
tem.

Fig. S2 Ratio of arbuscular mycorrhizal fungal to total fungal
DNA copy number in hyphal samples across three sites.

Fig. 83 Rarefaction curve of operational taxonomic units for
individual sample across the different datasets.

Fig. S4 Mycorrhizal colonization of host plants and hyphal
length density in the in-growth tubes at each site.

Fig. S5 Correlation matrix (Spearman) of phosphatase activities
and soil properties in the tubes across the three sites.

Fig. S6 Box plot showing Shannon—Wiener diversity indices and
observed species indices for three communities (arbuscular myc-
orrhizal fungi, hyphosphere, and bulk soil bacteria).

Fig. S7 Bipartite networks display experimental site-sensitive
operational taxonomic units in bulk soil and hyphosphere bacte-
rial communities.

Fig. S8 Hyphosphere-specific enriched operational taxonomic
units are largely conserved at the class levels across three experi-
mental sites.

Fig. 89 Co-occurrence networks visualizing the significant pair-
wise correlations (r>0.8; P<0.01) between operational taxo-
nomic unit pairs for bacteria in the hyphosphere, bacteria in the
bulk soil, and arbuscular mycorrhizal fungi.

Fig. $10 16S rRNA gene copy number of the hyphosphere bacte-

ria across three sites.

Fig. S11 Mycorrhizal colonization of host plants and hyphal
length density in the hyphal compartments under each soil type
in Experiment 2.

Fig. S12 Difference of phosphorus contents and phosphatase
activities in the hyphal compartment inoculated or not inocu-
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Fig. S13 Profiling of hyphosphere bacterial communities in
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© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.

85U8017 SUOWILLOD BATea10 3|edldde aup Aq pausenob ae sejoie YO ‘85N JO Sa|nJ oy A%eid18ul U0 A8]IA UO (SUOTPUOD-PUB-SWLBI WD A8 | IM A eIq1U1|UO//SANL) SUORIPUOD PUe SWLB | 8L 885 *[€202/0T/LT] Uo Ariqi]auluO A(IM BiLio}ieD JO AiseAIuN AQ 2v98T ydu/TTTT 0T/I0pA0d Ao i Areiqieutjuo yduy/sdny Wwoiy pepeojumoa ‘g ‘€202 ‘LET869YT



New
Phytologist

Fig. S14 Qualitative taxonomic composition of module 4 (M4)
in Experiment 1 and module 30 (M30) in Experiment 2 is
reported as proportional operational taxonomic units numbers
per class.

Methods S1 Details of the experimental setup.

Table S1 Physicochemical properties of the soil used in Experi-
ments 1 and 2.

See also the Commentary on this article by Johnson & Marin, 238: 461-463.
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