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Running title: Rare taxa play a key role in crop mycobiomes

Originality-Significance Statement

Highly diverse microbes inhabit every plant compartment, including rhizosphere, root, stem, leaf,
etc., and act as a secondary genome of the plant. The plant-associated fungal communities
(mycobiomes) play a crucial role in nutrient acquisition, plant health, host fithess and plant
productivity. Here we examined the community assembly of mycobiomes in different
compartments (across soil, root and leaf) of three crops under different fertilization practices at
two contrasting sites. Our results demonstrate that rare fungal taxa play a central role in sustaining
the stability of crop mycobiomes network and ecosystem functions, and that crop mycobiomes are
shaped predominantly by host selection rather than by environmental factors. This study provides
a holistic understanding on the ecological processes that underpin the assembly of plant
mycobiomes along the soil-plant continuum and advances our knowledge on the plant-microbes
interactions, which have important implications for future manipulation of crop microbiome for

sustainable agriculture.
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Summary

Plants harbor highly diverse mycobiomes which sustain essential functions for host health
and productivity. However, ecological processes that govern the plant-mycobiome assembly,
interactions and their impact on ecosystem functions remain poorly known. Here we characterized
the ecological role and community assembly of both abundant and rare fungal taxa along the
soil-plant continuums (rhizosphere, phyllosphere and endosphere) in the maize-wheat/barley
rotation system under different fertilization practices at two contrasting sites. Our results indicate
that mycobiome assembly is shaped predominantly by compartment niche and host species rather
than by environmental factors. Moreover, crop-associated fungal communities are dominated by
few abundant taxa (mainly belonging to Sordariomycetes and Dothideomycetes), while the
majority of diversity within mycobiomes are represented by rare taxa. For plant compartments, the
abundant sub-community is mainly determined by stochastic processes. In contrast, the rare
sub-community is more sensitive to host selection and mainly governed by deterministic processes.
Further, our results demonstrate that rare taxa play an important role in fungal co-occurrence
network and ecosystem functioning like crop yield and soil enzyme activities. These results
significantly advance our understanding of crop mycobiome assembly and highlight the key role

of rare taxa in sustaining the stability of crop mycobiomes and ecosystem functions.

Keywords: fungal community, plant-microbe interactions, community assembly, abundant taxa,
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Introduction

Plants harbor highly diverse microbiomes and co-evolve with them since their origin in
terrestrial ecosystems (Bulgarelli et al., 2013; Muller et al., 2016). The plant-associated fungal
communities (mycobiomes) play a crucial role in plant productivity, nutrient acquisition, tolerance
of biotic and abiotic stresses, and plant-soil feedbacks (Lau & Lennon, 2011; Hacquard et al.,
2015; Vandenkoornhuyse et al., 2015; Martin et al., 2017). Understanding the mechanisms that
underpin the host microbiome assembly is critical for the development of future sustainable
agriculture tools. Significant efforts have therefore been made to identify the drivers and
mechanisms of microbiome assembly but mainly focused on bacteria and rhizosphere
samples (Bulgarelli et al., 2015; Edwards et al., 2015). In addition, most studies on fungal
community focused on mycorrhizal fungi, while there is growing evidence that other fungal taxa
also play significant roles in plant fitness (Almario et al., 2017; Mommer et al., 2018; Morcillo et
al., 2020). For example, it was reported that nonmycorrhizal taxa like Helotiales is able to promote
plant growth and P uptake under P-limited conditions (Almario et al., 2017). Despite the
importance, we have little knowledge on the ecological processes that govern the plant
mycobiome assembly, particularly for epiphytic and endophytic fungi of leaves and roots (Vorholt,

2012; Vandenkoornhuyse et al., 2015; Singh et al., 2020). Uncovering how the plant host shapes
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fungal communities and how these complex fungal communities respond to different agronomic
managements are the first step to develop effective tools to increase plant productivity in a
sustainable way.

The eco-evolutionary theory suggests that microbial communities in most habitats normally
show a skewed species abundance distribution, in which a few of species (i.e. abundant taxa)
dominate the community while a large number of species (i.e. rare taxa) exist with very low
abundance and are often ignored (Pedros-Alio, 2012; Lynch & Neufeld, 2015). The increasing
evidence indicates that rare taxa play important roles in driving ecosystem functions and have a
different response to environmental changes from abundant taxa (Jiao et al., 2017; Jousset et al.,
2017; Ziegler et al., 2018). For example, studies on coral-algal assemblages suggested that the rare
taxa play a key role in co-occurrence network and may greatly contribute to the stability of the
host-symbiont community by replacing dominant ones under environmental stress (Boulotte et al.,
2016; Ziegler et al., 2018). Moreover, it has been widely accepted that microbiome assembly
under various conditions can be explained by niche theory or neutral theory, of which niche theory
considers that biotic and abiotic factors determine microbial communities (i.e. deterministic
processes). In contrast, neutral theory regards that microbial communities are mainly shaped by
random changes, including random birth, death, and dispersal events (i.e. stochastic
processes) (Zhou et al., 2014). Whereas, some recent studies suggested that the two processes

have different effects on rare and abundant sub-communities (Liu et al., 2015; Jiao et al., 2017;
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Gao et al., 2020). For instance, a recent work on agricultural soils reported that rare
sub-community is dominated by deterministic processes while abundant sub-community is
influenced largely by stochastic processes (Jiao & Lu, 2020). Therefore, removing rare taxa from a
dataset may neglect those rare but keystone species and may hinder our understanding of the
microbiome assembly, plant-microbiome interactions and host fitness (Mouillot et al., 2013;
Jousset et al., 2017; Toju et al., 2018).

The plant performance depends on the complex and dynamic interactions among host plant,
microbiome and environment, with multiple relationships including “microbes-plant”,
“plant-microbes”, and “plant-microbes-environment” (Muller et al., 2016; Foster et al., 2017
Martin et al., 2017). Among these, the “microbes to plant” relationships have been widely
investigated, and provided strong evidences that fungal communities not only affect the plant
nutrient acquisition and productivity, but also influence the distribution and population dynamics
of plant community (Lau & Lennon, 2011; Almario et al., 2017; Semchenko et al., 2018). More
recently, some studies explored “host to microbes” relationship and suggested the critical role of
host in shaping plant mycobiomes (Hamonts et al., 2017; Cregger et al., 2018; Pent et al., 2018;
Gao et al., 2020). For example, studies on mycobiomes in roots and aboveground compartments
of sorghum (Gao et al., 2020) and sugarcane (Hamonts et al., 2017) have suggested that different
plant compartments (e.g. root, stem and leaf) harbor distinct fungal communities, and that host

genotype (i.e. different cultivars) has a significant effect on root fungal communities but not on
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leaf fungal communities (Gao et al., 2020). A work on fungal communities in leaves of mangrove
showed that plant species has a greater effect on endophytic fungi than on epiphytic fungi (Yao et
al., 2019). However, we know little about the interactions among plant, microbes and environment.
Particularly, a systematic understanding of how host and environmental factors shape the assembly
and co-occurrence patterns of plant mycobiomes, and how abundant and rare taxa respond to these
factors is still scarce.

Multiple practices such as straw retention (Sun et al., 2015), application of nitrification
inhibitor (Wu et al., 2018), biochar amendment (Edwards et al., 2018), and transplantation of
beneficial microbes (Van der Heijden et al., 1998; Christian et al., 2019) have been employed to
improve soil fertility and reduce the use of chemical N fertilization. However, there are large
knowledge gaps on how these practices influence the assemblies and functions of mycobiomes
along the soil-plant continuum, and how abundant and rare sub-communities respond to these
fertilization practices. Here, the fungal communities were investigated across 468 samples
collected from bulk soil, rhizosphere and 4 plant compartment niches (rhizoplane, root endosphere,
phylloplane and leaf endosphere) in the maize-wheat/barley rotation system under different
fertilization practices (e.g. Control without N fertilization, Local habit fertilization and 20% N
reduction treatments etc.) at two geographically distinct and contrasting sites (e.g. with different
soil types and pH). Our aims were to (1) identify the relative contribution of host and

environmental factors in shaping crop mycobiomes along the soil-plant continuum, and assessed
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how deterministic and stochastic processes act on abundant and rare sub-communities; (2) explore
the species traits, ecological functions, and co-occurrence patterns of abundant and rare fungal
taxa. We hypothesized that (1) crop mycobiomes are greatly shaped by host selection (i.e.
compartment niche and host species) rather than by environmental factors, and rare taxa may be
more sensitive to host selection and mainly governed by deterministic processes; (2) rare taxa may
play a central role in maintaining the stability of crop mycobiomes and ecosystem functions as

they represent the majority of microbial diversity and are functionally redundant.

Results
Taxonomic composition and functional guilds of mycobiomes along the soil-plant continuum
Our results showed that fungal communities along the soil-plant continuum were dominated
by few abundant taxa with wide niche breadth, with the remaining rare taxa highly specific in
different habitats (Fig. 1). Among the total 7,699 zero-radius operational taxonomic units
(ZOTUs), 1.8% of ZOTUs (142) were classified as abundant taxa (ZOTUs with a relative
abundances >1% within a sample and >0.1% across all sample) and accounted for 77.0% of total
sequences. In contrast, 70.1% of ZOTUs (5397) were classified as rare taxa (ZOTUs with a
relative abundance <0.01% within a sample and <0.001% across all samples) but just accounted
for 1.5% of total sequences (Fig. 1a, Table S1). Phylogenetic relationships within abundant taxa

were much closer than those within rare taxa, corresponding to a lower phylogenetic diversity
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within abundant taxa (Fig. 1a, c). Coincidently, rare taxa had significantly higher community
dissimilarity than abundant taxa, while abundant taxa had greater values of Levin’s niche breadth
index (40.2 = 29.8) than rare taxa (11.0 £ 9.8) (Fig. 1c). Furthermore, the relative abundance of
individual ZOTU was positively related with its Levin’s niche breadth index (Spearman R? = 0.37,
P < 0.001, Fig. 1c). Fungal community composition and functional guilds differed between
abundant and rare taxa, and among different compartment niches (Fig. S1a, b). Both abundant and
rare sub-communities were dominated by phylum Ascomycota, with Sordariomycetes and
Dothideomycetes classes accounting for more than 50% of total sequences (Fig. 1a-b, Fig. S1a).
Remarkably, the class Glomeromycetes (Arbuscular mycorrhiza fungi, AMF) was exclusively
present in rare sub-community (Fig. la-b, Fig. S1a). Fungal functional guilds prediction further
suggested a relatively higher proportion of group “Saprotroph” and “Symbiotroph” in rare
sub-community than in abundant sub-community (Fig. 1b). For different compartment niches, the
class Dothideomycetes (29.0%) and Sordariomycetes (43.7%) were the most abundant classes in
plant niches (leaves and roots) and soils (bulk and rhizosphere), respectively (Fig. S1a). Strikingly,
the class Pucciniomycetes (35.3%) in leaf endosphere and the class Glomeromycetes (AM fungi,
0.4%) in root endosphere were significantly more abundant than any other compartment niches (p
< 0.001; Fig. Sla, Fig. S2). Coincidently, leaf endosphere possessed more abundant “Plant
Pathogen” functional group and root endosphere possessed more “Arbuscular Mycorrhizal” group

than any other compartment niches (p < 0.001) (Fig. S3). Pucciniomycetes and the functional
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group “Plant Pathogen” were more abundant in site QJ than in site XC (Fig. S1a, b), regardless of
crop species. In terms of crop species, maize possessed the highest number of specific ZOTU (Fig.
S4a-c), and more abundant Glomeromycetes and “Arbuscular Mycorrhizal” group were found in
maize root than in wheat and barley roots (Fig. S1a, b). LEfSe further identified some members
within Pucciniaceae as important biomarker taxa for wheat and barley (Fig. S4d).
The drivers and potential ecological functions of abundant and rare sub-communities

NMDS ordinations and nested PERMANOVA analysis of the full dataset suggested that
mycobiome assembly was mainly explained by compartment niche (R? = 38.4%, p < 0.001) and
crop species (R? = 10.5%, p < 0.001), rather than by site (R? = 0.9%, p < 0.001) and fertilization
practice (R> = 0.9%, p = 0.015) (Fig. 2a, Table S2). Importantly, fertilization practice had
significant influence on abundant sub-community (R? = 0.9%, p < 0.001) but did not on rare
sub-community (R> = 1.0%, p = 0.116) (Table S2). Within each compartment niche, soil
mycobiomes were primarily shaped by site (explained ~60% variation in whole community, p <
0.001), and phylloplane and rhizoplane mycobiomes were co-influenced by both host species
(~49%, p < 0.001) and site (~25%, p < 0.001) (Fig. S5a-c). By contrast, root and leaf endosphere
mycobiomes were shaped primarily by host species (~33%, p < 0.001) rather than by site (~4%, p
< 0.001) regardless of the whole, abundant or rare communities (Fig. S5a-c). Moreover, root and
leaf endosphere fungal communities had the greater beta-diversity than any other compartment

niches (Fig. 2b). In addition, fungal Shannon index gradually decreased from soils (~6.2 in bulk
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soil and rhizosphere) to epiphytes (~4.7 in rhizoplane and phylloplane) and to endophytes (~3.2 in
root and leaf endosphere) (Fig. 2b). Strikingly, site QJ (acidic red soil) had greater Shannon index
than site XC (fluvo-aquic soil) in each compartment niche except for root and leaf endosphere (Fig.
S6). All these results indicated that crop hosts had the strongest selection effect on endosphere
fungal communities.

Mantel test further suggested that pH and NO3-N were the strongest environmental variables
influencing fungal communities in the rhizosphere and bulk soils (Fig. 3a; Table S3). Rare
sub-community had stronger correlations with soils nitrogenase activity, o-glucosidase, and
B-xylosidase, while abundant sub-community had stronger correlations with soils potential
nitrification rate, denitrifying enzyme activity, and B-D-cellobiosidase (Fig. 3a; Table S3). We
further performed Random Forest modelling analysis to identify the most important predictors
(with higher value of Increase in MSE) for crop yield. The results showed that the community
composition and functional guilds of rare taxa played a stronger role in predicting crop yield than
abundant taxa did (Fig. 3b), highlighting the importance of rare taxa for crop host. Moreover, the
fungal communities in rhizoplane, phylloplane and rhizosphere had more important roles in
predicting crop yield than other compartments.

Rare taxa are more sensitive to host selection but more stable to environmental perturbation

Null model analyses showed that the influence of determinism (i.e. pNTI = 2 or fNTI <

-2) and stochasticity (i.e. -2 < BNTI < 2) on mycobiome assembly varied between soil and plant
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compartment niche, with mycobiomes (including whole, abundant and rare communities) in
rhizosphere and bulk soils dominated by deterministic processes (~65% of samples were
dominated by deterministic processes) (Fig. 4a). As for 4 plant compartment niches, abundant
sub-community was dominated by stochastic processes (~69%), while rare sub-community was
mainly determined by deterministic processes (~58%) (Fig. 4a).

Source-tracking analysis was further conducted to identify the potential sources of fungal
communities in each host compartment and assess the effect of host selection on abundant and rare
taxa. Our results showed that crop-associated fungal communities were derived primarily from
bulk soils and gradually enriched and filtered by different compartment niches (Fig. 4b). As for the
whole and abundant communities, rhizosphere mycobiomes were derived primarily from bulk
soils and were the main source of rhizoplane. Successively, rhizoplane served as the main source
not only for root endophytes but also for plant above-ground compartments (Fig. 4b, Fig. S7a-c).
Moreover, we found higher unknown source in maize leaf epiphytes (~46%), compared to wheat
(~8%) and barley (~5%) (Fig. S7a-c). The rare sub-community displayed similar source patterns
as the whole and abundant communities, but had higher unknown sources for each compartment
niche. Similar source patterns were observed for each crop species (Fig. 4b, Fig. S7a-c). The
differential abundance analysis for each individual compartment niche versus bulk soil further
indicated that the enriched and depleted ZOTUs were mainly grouped to rare taxa (Fig. S8a-b).

The depleted index (DI) value was found to be gradually increased from rhizosphere (0.54) to

12
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epiphytes (1.39-1.69) and to endophytes (3.16-4.9) (Fig. S8a). Among 46 ZOTUs significantly
enriched and overlapped in 4 plant compartment niches, and 21 ZOTUs were affiliated within
Dothideomycetes (Fig. S8b). By contrast, 734 ZOTUs were significantly depleted in 4 plant
compartment niches, and ~41% of them belonged to Sordariomycetes (304 ZOTUs) (Fig. S8b).
The Venn plot also showed that the majority of specific ZOTUs for different compartment niches
and crops belonged to rare taxa (Fig. S4a-c). Within each plant compartment niche, the core
ZOTUs (present in at least 80% of samples) were mainly grouped to abundant taxa, then to
moderate taxa, but not to any rare taxa (Table S4). Notably, we found that ZOTU1 (identified as
Alternaria) and ZOTU2 (Epicoccum) were the most abundant core ZOTUs in each plant
compartment niche. Furthermore, the lowest ZOTU number, retrieved sequences number, and
diversity index of rare sub-community were recorded in leaf endosphere (Table S1 and S4). All
these results indicated that rare taxa were more sensitive to host selection mediated by both
compartment niche and host species than abundant taxa.

Functional guilds prediction suggested that rare taxa were more stable than abundant taxa
under different fertilization practices (Table S5). Nested PERMANOVA analysis based on full
dataset showed that fertilization practice had a significant influence on fungal functional guilds in
abundant sub-community (R = 1.5%, p < 0.001) but did not on rare sub-community (R? = 0.7%, p
= 0.580) (Table S5). To exclude the bias from different crop species, we repeated analysis only on

maize samples and found similar pattern as the analysis based on full dataset (Table S2, Table S5).
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The results based on maize dataset further demonstrated that fertilization practice had significant
influence on the relative abundance of functional group “Plant Pathogen” in abundant
sub-community, but did not on group “Arbuscular Mycorrhizal” in rare sub-community (Fig. S9,
Fig. S10). N treatment (local N fertilization regime) significantly increased the relative abundance
of group “Plant Pathogen” in rhizoplane in site XC, compared to 20% N reduction treatment
(80%N) (p = 0.009). N and 80%NI (80%N treatment plus nitrification inhibitor) treatments
significantly increased the relative abundance of “Plant Pathogen” in leaf endosphere in site QJ,
compared with 80%N (p = 0.002) (Fig. S9).
Rare taxa play a key role in fungal co-occurrence network

We further performed network analysis to disentangle the ecological role and co-occurrence
patterns of abundant and rare taxa along the soil-plant continuum, and showed that rare taxa
played an important role in fungal co-occurrence network (Fig. 5a-d). The network was composed
of 2013 edges and 345 nodes which included 8.12% abundant ZOTUs, 20.58% rare ZOTUs, and
71.30% moderate ZOTUs, and were mainly represented by Dothideomycetes (31.59%) and
Sordariomycetes (29.57%) (Fig. 5a, ). Intriguingly, rare ZOTUs had significantly higher values of
the degree and closeness centrality than both abundant and moderate ZOTUs in the network (Fig.
5d). We further defined “Hub species” as ZOTU with high values of degree (> 50) and closeness
centrality (> 0.6) in the network. Thus 14 hub species composing of 11 rare ZOTUs and 3

moderate ZOTUs were identified, and these hub species were mainly affiliating within
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Dothideomycetes (Fig. 5¢, d). Among these hub species, top three ZOTUs with the highest degree
and closeness centrality values belonged to rare taxa and classified into Periconia,
Paraconiothyrium, and Coniella, respectively.

Moreover, the network modules constituted of different taxa and exhibited distinct
distribution patterns along the soil-plant continuum. The fungal network was clearly grouped into
6 major ecological clusters (modules), of which module #1 and module #2 together comprised
more than 50% of the whole network node (Fig. 5b). The module #1, #3, and #5 were mainly
composed of abundant and moderate ZOTUs, and primarily represented by Sordariomycetes. By
contrast, the module #2, #4, and #6 were mainly composed of rare and moderate ZOTUs, and
primarily represented by Dothideomycetes (Fig. 5b, ¢). Additionally, we found that the distribution
patterns of these modules differed between soil and plant compartment niches. The relative
abundance of module #2, #4, and #6 were more abundant in phylloplane, leaf endosphere, and root
endosphere than in rhizosphere and bulk soils (p < 0.001), while the module #1 was much higher
in soils than in plant compartment niches (p < 0.001) (Fig. 5e). Functional guilds prediction on
different modules further suggested that “Dung Saprotroph” (26.2%) was the top abundant
functional group in module #1, #3, #5, while “Plant Pathogen” (20.4%) topped in module #2, #4,

#6.
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Discussion
Dominant host selection in shaping crop fungal communities

Uncovering the mechanisms of plant microbiome assembly and host-microbe-environment
interactions is a central goal for understanding fundamental ecological processes and harnessing
the plant microbiomes to maximize agriculture production (Singh & Trivedi, 2017). In this study, a
scenario survey on fungal communities along the soil-plant continuum in field-grown crops
suggests that mycobiome assembly is shaped largely by host selection (i.e. compartment niche and
crop species) at the plant level, rather than by site and fertilization practice. This finding is
supported by previous studies showing that plant leaf, root and rhizosphere niches are colonized
by distinct fungal communities (Yu et al., 2018; Gao et al., 2020). In terms of a specific niche, soil
mycobiomes varied largely between two sites, with site-dependent variables like soil pH and
nutrients as the driving factors, which were consistent with numerous studies in various soil
ecosystems (Shi et al., 2018; Jiao et al., 2020). In contrast, phylloplane and rhizoplane
mycobiomes were influenced by both host species and sites, and root and leaf endosphere
mycobiomes were shaped primarily by host species. Similarly, some previous studies also showed
that fungal communities in a specific compartment niche like phyllosphere, rhizosphere and root
are mainly affected by host genetics, and co-influenced by soil characteristics, climate and
geographic origin (Sapkota et al., 2015; Yu et al., 2018; Koyama et al., 2019; Yao et al., 2019). We

further found that fungal Shannon index decreased while community dissimilarity and depleted
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index (DI) increased from soils to epiphytes and to endophytes. Collectively, these findings
suggest that host selection plays a predominant role in shaping crop mycobiomes, with the
strongest host selection effect on crop endophytes. Similar observations were also recorded in
microbial communities of Arabidopsis roots (Duran et al., 2018) and bacterial microbiome in our
previous study (Xiong et al., 2020). This could be the consequence of intensive selection pressures
caused by host immune system in endophytic niches (Guttman et al., 2014; Hacquard et al., 2015).
Our study further advances the discipline by providing systematic and empirical evidence for the
theoretical host selection and niche occupation theory for mycobiome assemblies across
rhizosphere, phyllosphere and endosphere in the maize-wheat/barley rotation system under
different environmental conditions.

The source-tracking analysis reveals that rhizosphere mycobiomes are primarily derived from
bulk soils, and gradually filtered and enriched by rhizoplane and other plant compartments,
indicating that soil habitats are the major sources for crop microbial selection. We found higher
unknown source in maize leaf epiphytes compared to wheat/barley, which may be the
consequence of the difference in plant functional traits (e.g. leaf area) and season-dependent
factors (e.g. precipitation) between maize and wheat/barley (Vandenkoornhuyse et al., 2015;
Muller et al., 2016). Moreover, abundant taxa were highly widespread while rare taxa were
habitat-specific and more sensitive to host selection than abundant taxa. Further, we found that the

deterministic processes (i.e. niche theory) dominated over the stochastic processes (i.e. neutral
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theory) in rare sub-community while it was on reverse for the abundant sub-community in 4 plant
compartment niches, further confirming the pronounced host selection effect on rare taxa. These
results were consistent with a previous study on bacterioplankton showing that rare taxa in lakes
and reservoirs across large geographic distance were influenced primarily by local environmental
variables (i.e. deterministic processes) (Liu et al., 2015). Nevertheless, it was also found that the
stochastic processes played a more important role for rare taxa in a reservoir after cyanobacterial
blooming and oil-contaminated soils (Jiao et al., 2017; Xue et al., 2018). This inconsistency could
be explained as that the relative effects of deterministic and stochastic processes on rare
sub-community are dependent on geographic scales and strength of environmental
gradients (Hanson et al., 2012; Morrison-Whittle & Goddard, 2015). Together these results
support the eco-evolutionary theory that abundant taxa have the capability of utilizing a broad
range of resources and overcome biotic and abiotic stress, and thus are able to adapt to different
hosts and habitats through active growth and high competitive ability. By contrast, rare taxa have
narrow niche breadth, less competitive ability and low growth rate, thereby their distributions are
restricted by the host selection and driven largely by deterministic processes (Liu et al., 2015;
Lynch & Neufeld, 2015; Jousset et al., 2017).
The important ecological role of rare taxa

Disentangling the ecological role and co-occurrence network of abundant and rare taxa along

the soil-plant continuum could broaden our understanding on species coexistence
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mechanisms (Agler et al., 2016; van der Heijden & Hartmann, 2016). In the present study, we
provide field evidence showing that mycobiomes across soil, rhizosphere, phyllosphere and
endosphere are dominated by few abundant taxa, while the diversity is dominantly represented by
highly diverse rare taxa. Previous studies on soil and freshwater ecosystems have reported similar
observations for abundant and rare taxa (Jiao et al., 2017; Xue et al., 2018; Egidi et al., 2019),
indicating such distribution is common across different habitats. Furthermore, we found that most
hub species of fungal co-occurrence network belonged to rare taxa. The hub species have been
proposed as “ecosystem engineers” owing to their critical role in the community assembly (Agler
et al., 2016; van der Heijden & Hartmann, 2016; Banerjee et al., 2018). Along with a similar
finding in eukaryotic plankton (Xue et al., 2018), our results suggest that rare taxa play a key role
in maintaining the stability of crop fungal network.

We showed that fungal network module #1 was more abundant in soils than in plant
compartment niches, and mainly composed of abundant and moderate ZOTUs affiliating within
Sordariomycetes. By contrast, module #2, #4, and #6 were more abundant in plant compartment
niches than in soils, and mainly composed of rare and moderate ZOTUs affiliating within
Dothideomycetes. Sordariomycetes is one of the largest classes of Ascomycota and widely
distributed in soil, freshwater and marine habitats (Maharachchikumbura et al., 2016; Egidi et al.,
2019), while Dothideomycetes was supposed to be composed of a highly diverse range of fungi,

including epiphytes, endophytes, and important plant pathogens (Hyde et al., 2013). These
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together our results suggest that the clustering modules in fungal network compose of different
taxa and exhibit different ecological functions, while each network module may be composed of
diverse microbial groups with similar habitats adaptation and similar ecological
functions (Delgado-Baquerizo et al., 2018). Our findings on the equivalent contribution of rare
taxa in plant-associated ecological modules further support that rare taxa play an essential role in
plant mycobiomes.

Further, our results suggest that the community composition and functional guilds of rare taxa
are more stable than abundant taxa under different fertilization practices. These observations
support the hypothesis that rare taxa may contribute to the resilience of the microbial community
as a seed bank, and also to the sustaining of microbiome function under stress as they are
supposed to be highly resistant to stress and functionally overlapped (Jousset et al., 2017; Ziegler
et al., 2018). In contrast, environmental disturbances may have stronger effects on abundant taxa,
as they may keep the large population size and perform the main functions through active
growth (Pedros-Alio, 2012; Xue et al., 2018). Similarly, previous works have shown that rare
symbionts may play an important role in host resilience due to its high function
redundancy (Mouillot et al., 2013; Ziegler et al., 2018). Moreover, we found that rare taxa
accounted for greater contributions to soil C and N cycling functions (soil enzymes) and crop yield
prediction than abundant taxa did, and that the class Glomeromycetes was exclusively present in

rare sub-community. Similarly, previous works have indicated that soil rare taxa play a more
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important role in driving soil multifunctionality than abundant taxa (Chen et al., 2020), and soil
rare microbes could contribute to plant protection and productivity (Hol et al., 2010; Hol et al.,
2015). Our findings corroborated these observations further suggested that rare taxa are greatly
associated with microbiome stability, ecosystem functioning and plant performance (Van der
Heijden et al., 1998; Van Der Heijden et al., 2015).
Changes in composition and functional guilds of mycobiomes under different management
conditions

Fungal communities along the soil-plant continuums were dominated by Ascomycota which
is also a dominant soil fungal group globally (Egidi et al., 2019). Fungal community composition
at the class level largely varied among different compartment niches, with Dothideomycetes and
Sordariomycetes significantly enriched in plant compartment niches and soils, respectively.
Dothideomycetes comprise a highly diverse range of fungi such as endophytes, epiphytes,
fungicolous and plant pathogens (Hyde et al., 2013), which well explained enrichment of
Dothideomycetes in plant compartment niches in our study. Intriguingly, we found that ZOTU1
(Alternaria) and ZOTU2 (Epicoccum) (both belonging to Dothideomycetes) were the most
abundant core ZOTUs in all 4 plant compartment niches. Alternaria is well known as a
wind-dispersed fungal genus, which comprises some important plant pathogens species (Egidi et
al., 2019). In contrast, previous study has shown that Epicoccum are important endophytic fungi,

which is associated with production of secondary metabolites, and that some species like E.
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nigrum could be able to promote plant growth and resist the brown rot pathogen as biocontrol
agent (Larena et al., 2005; Lima et al., 2012).

We further showed that the class Pucciniomycetes was significantly more abundant in leaf
endosphere than in other compartment niches, and that the relative abundance of both
Pucciniomycetes and group “Plant Pathogen” were much higher in site QJ than in site XC.
Pucciniomycetes are well-known plant parasite fungi (Henk & Vilgalys, 2007). QJ site is located
in southwest China with a subtropical monsoon climate (1,008 mm annual mean precipitation,
amp) and characterized with acidic red soil (with pH at about 5.0), while XC site was located in
north China characterized with a temperate monsoonal climate (704 mm amp) and alkaline soils
with pH at about 7.5. The relatively wet weather and low soil pH is known to favor the growth of
Pucciniomycetes fungi (Alexander, 1980). Moreover, we found significant changes in “Plant
Pathogen” group but did not in “Arbuscular Mycorrhizal” group under different fertilization
practices. High chemical N fertilizer dosage (N treatment) increased the relative abundance of
potential plant pathogen in leaf endosphere and rhizoplane, consistent with previous
studies (Huber & Watson, 1974; Dordas, 2008). These results, therefore, suggest that excessive
chemical N fertilizer input may increase the risk of plant diseases, highlighting the importance of
sustainable fertilization practice.

Furthermore, we found that all members within the class Glomeromycetes (AMF) belonging

to rare taxa and were significantly more abundant in root endosphere than in other compartment
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niches, and in maize roots than in wheat/barley roots. AMF form mutualistic associations with
roots of the majority of terrestrial plant species and contributes significantly to plant nutrient
uptake and global phosphate cycling (Van der Heijden et al., 1998; Parniske, 2008). Our findings
further confirm that AM fungi associations are mainly based on root endosphere niche and maize
species are better colonized by AMF compared to wheat/barley species (Fuchs & Haselwandter,
2004; Parniske, 2008). In contrast, some members within Pucciniaceae were identified as
important biomarker taxa for barley and wheat. All these results support that crop host and
specialized fungal taxa mutually select each other and co-evolve in long-term scale (Guttman et al.,

2014).

Conclusions

In this study, we provide a holistic understanding on the ecological processes that underpin
the assembly of plant mycobiomes, and demonstrate that rare taxa play a central role in the crop
fungal network and ecosystem functioning. Our results provide strong field evidences showing
that mycobiome assembly along the soil-plant continuum is shaped largely by host selection (i.e.
compartment niche and crop species) rather than by environmental factors. Within each plant
compartment niche, mycobiomes are mainly driven by crop species, with the strongest host effect
on endophytes. Moreover, rare fungal taxa are habitat-specific and represent the highly diverse

fungal seed bank (e.g. AMF), whereas abundant taxa are widespread and dominate mycobiomes.
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Fungal rare taxa are more greatly affected by host selection but not by environmental perturbation
(e.g. field fertilization practice), and are primarily determined by the deterministic processes in
plant compartment niches, in comparison to abundant taxa. These findings hint us that future
microbial ecology studies may need to differentiate rare and abundant sub-communities.
Furthermore, we demonstrate that rare taxa play a central role in fungal co-occurrence
network and are greatly associated with crop yield and soil C, N cycling function like soils
a-glucosidase and nitrogenase activity. We also provide new evidence of gradual filtration of
fungal communities from bulk soils to different plant compartment niches, with more abundant
Sordariomycetes in soils and more Dothideomycetes in plants. These results significantly advance
our fundamental understanding on ecological processes of soil-plant mycobiome assembly and
highlight the ecological importance of rare taxa, which can be harnessed in the future for

sustainable agriculture production.

Materials and methods
Experimental treatments and sampling

Two crop field trials were located in Xuchang, Henan province (XC, 34°08'20.4"N,
113°48'34.9"E, northern China) with a neutral pH at about 7.5, and Qujing, Yunnan province (QJ,
25°09'40.8"N, 104°01'51.5"E, southwest China) with low pH at about 5.0. Soils at XC and QJ

were classified as calcaric cambisols and chromic cambisols according to the FAO soil
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classification system (IUSS Working Group WRB, 2007). The two study sites are about 1800 km
far away, and had totally different climate, soil parent material conditions and farming
habits (Xiong et al., 2020). Both field trials were established in spring 2016 and included seven
fertilization treatments: (1) Control (zero N); (2) N (local farmers’ N rate at 200 kg ha* season?);
(3) 80%N (20% N reduction on the basis of N treatment); (4) 80%NS (80%N treatment plus straw
covering at a rate of 3000 kg ha? season™); (5) 80%NI (80%N treatment plus nitrification
inhibitor chlorinated pyridine at a rate of 735 g ha'); (6) 80%NKIle (80%N treatment plus foliar
spraying of an asymbiotic nitrogen-fixing bacteria Klebsiella variicola W12 at a rate of 500 L ha,
1 x 102 CFU/ml); (7) 80%NSB (80%NS treatment plus biochar addition at a rate of 30,000 kg
ha™ every two years). Each fertilization treatment had three replicate plots (about 30 m?), and all
plots were randomly arranged in field and managed according to local habits. The crop varieties
planted were the same as those used by local farmers, with maize cultivar Zhengdan 958 and
wheat cultivar Qiule 2122 sowed in XC, and maize cultivar Shidan 8 and barley cultivar V43 in
QJ.

Sampling was performed at grain filling stage of wheat or barley in April 2017 (the first 6
treatments), and tasseling stages of maize in August 2017 (all 7 treatments) for both sites. For each
replicate plot, about 5 individual maize and 20-30 individual wheat/barley were sampled for
leaves and roots samples. For each individual plant, 1-2 leaves and roots at equivalent position

were collected and totally 50-100 g leaf and 10-20 g root (fresh weight) samples were obtained for
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each plot. Rhizosphere soil was defined as the soil particles tightly attached to roots, and was
collected by shaking the roots strongly. The bulk soils were collected at ~20 cm away from axial
roots with a depth of 0-15 cm, and five subsamples from the same plants used for rhizosphere soil
collection in each plot were mixed as a biological replicate. All samples for molecular works were
transported to the laboratory on dry ice and stored at -80 °C until further processing. The crop
yield was measured based on the field harvest according to previous study (Zhang et al., 2016).
Soil physicochemical parameters (including pH, NH4*-N, NO3-N, dissolved organic carbon, and
dissolved organic nitrogen) and enzyme activities related with C, N, and P cycling (e.g.
nitrogenase activity and phosphatase) were measured according to standard protocols (Tabatabai,
1994; Marx et al., 2001; Zhao et al., 2019). More detailed descriptions on field management and
the methods for soil properties measurement are available in Supplementary Information (Method
S1).
DNA extraction and fungal community amplicon sequencing

For epiphytic DNA extraction, 10-15 g of healthy leaves or 3-5 g roots were put in sterile
bottle or polystyrene tubes containing release buffer and microbial cells were collected according
to our previous study (Xiong et al., 2020), and subjected to DNA extraction using the PowerSoil
DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA). Endophytic microbial DNA was
extracted from the same leaves and roots used for epiphytic DNA after further surface

sterilization (Ruiz-Perez et al., 2016; Xiong et al., 2020). The rhizosphere and bulk soil DNA were
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extracted from 0.4 g soil using the PowerSoil DNA Isolation Kit. Totally, 468 DNA samples
covering 6 compartment niches were obtained (wheat/barley: n = 6 treatments x3 replicates x 2
sites x 6 compartments = 216; maize: n = 7 treatments x3 replicates x 2 sites x 6 compartments
= 252), and subjected to fungal 1TS2 region amplification using primers fITS7 (lhrmark et al.,
2012) and ITS4 (White et al., 1990). The PCR products were cleaned using the QIAquick gel
extraction kit (Qiagen, USA) and samples were combined in equimolar concentrations into one
library. Libraries were sequenced on the Illumina MiSeq platform with a Paired-End protocol.
More detailed descriptions on DNA extraction and fungal ITS2 region amplification are available
in Supplementary Information (Method S1).
Sequence processing

Amplicon data were analysed using a combination of the USEARCH v10 (Edgar, 2010) and
QIIME v1.91 (Caporaso et al., 2010) software. Briefly, primer sequences and low-quality reads
ends with a quality score (Q) below 30 were trimmed. Raw forward and reverse reads for each
sample were merged to a single sequence, and the paired reads were trimmed to 200 bp and then
quality-filtered (maximum expected error 0.5) in USEARCH. All qualified biological reads (called
zero-radius OTUs, or ZOTUs) were picked at 100% sequence similarity using unoise3
command (Edgar, 2016) with default parameters in USEARCH. Taxonomy was assigned using
BLAST algorithm with the UNITE database (v7.0) in QIIME. Fungal ZOTUs assigned to plant or

protist were removed, and ZOTUs represented by less than 2 sequences were removed to avoid
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possible biases. A total of 22,598,848 high quality sequences from 468 samples were obtained
with a mean of 48,288 + 18,895 reads per sample, and these reads were sorted into 7,699
zero-radius operational taxonomic units (ZOTUs). The ZOTU table was rarefied to 4720 reads for
alpha diversity estimates among different compartment niches, and MetagenomeSeq’s cumulative
sum scaling (CSS) was used as a normalization method for beta-diversity analyses. Both
alpha-diversity and beta-diversity of fungal community were calculated in QIIME.

We defined abundant or rare ZOTUs following previously suggested rules that combined
local and regional relative abundances of microbial taxa (Liu et al., 2015). Briefly, abundant
ZOTUs were defined as the ZOTUs with local relative abundances >1% within a sample and
regional relative abundances >0.1% across all samples, whereas rare ZOTUs were defined as the
ZOTUs with local relative abundances <0.01% within a sample and regional relative abundances
<0.001% across all samples. Those ZOTUs neither belonging to abundant taxa nor rare taxa were
defined as moderate ZOTUSs.

Statistical analysis

To explore the species trait and ecological adaptation of abundant and rare fungal taxa, we
calculated Levin’s niche breadth index separately for the abundant and rare taxa using “spaa” R
package (Zhang, 2004). We further explored the relationship between niche breadth and relative
abundance of different fungal taxa by correlation analysis and quadratic regression analyses. The

phylogenetic tree was constructed using FastTree (based on the Maximum Likelihood method) in
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QIIME, and annotated and visualized in iTOL software (Letunic & Bork, 2019). The fungal
functional guilds were predicted using the program FUNGuild (Nguyen et al., 2016). Linear
discriminant analysis (LEfSe) was applied (Wilcoxon p-value: 0.05, LDA > 2;
http://huttenhower.sph.harvard.edu/galaxy/) to identify the biomarker of each compartment niche
and crop. Weighted UniFrac distances between samples were calculated and visualized using
non-metric multi-dimensional scaling (NMDS) ordinations to assess fungal beta-diversity. The
significance of different factors on fungal community and functional guilds was tested with
PERMANOVA or nested PERMANOVA (crop species nested within fertilization treatment) using
the “adonis” function of the “vegan” package (Oksanen et al., 2007). The correlations between
fungal communities (based on Bray-Curtis community dissimilarity), soil physicochemical
characteristics, and soil enzyme activities in rhizosphere and bulk soil were assessed by Mantel
tests. Random forest modeling using the “randomForest” R package (Liaw & Wiener, 2002) were
conducted to identify the most important predictor of crop yield (Xiong et al., 2020). The
significance of the model and each predictor was assessed using the “A3” and “rfPermute” R
package, respectively (Fortmannroe, 2015; Delgado-Baquerizo et al., 2016).

To determine the potential contribution of deterministic and stochastic processes on
microbiome assembly, we calculated the beta Nearest Taxon Index (BNTI) values using null model
(999 randomizations) (Stegen et al., 2013) in R, and |BNTI| > 2 and |BNTI| < 2 represent dominant

deterministic processes and stochastic processes in shaping microbial community (Zhou et al.,
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2014; Jiao et al., 2020), respectively. SourceTracker (v1.0) based on Bayesian approach was used
to estimate the sources of the fungal communities in each plant compartment niche (Knights et al.,
2011). Differentially abundance analysis was performed using EdgeR’s generalized linear model
(GLM) approach (Robinson et al., 2010). The “Depleted index” (DI) and “Dissimilarity index”
(DSI) were defined to assess fungal selection processes from bulk soil to other compartment
niches. The network based on Spearman correlation scores were calculated using the CoNet (Faust
et al., 2012) in Cytoscape v3.5 (Shannon et al., 2003), and only robust (Spearman’s r > 0.8 or r <
-0.8) and statistically significant (p < 0.01) correlations were kept. The "benjaminihochberg"
multiple testing correction (p < 0.05) was performed before network construction. The ZOTUs
with low frequency (present in < 20 samples) were removed from network analysis to avoid
possible biases, as a large number of zeros values can introduce spurious correlations (Xue et al.,
2018). Finally, a total of 3808 ZOTUs were used for the network analyses. The network was
visualized in Gephi (Bastian et al., 2009) and Cytoscape. The topology characteristics (e.g. degree,
betweenness centrality, and closeness centrality) of the network were calculated using Network
Analyzer plugin in Cytoscape. Network modular analysis was conducted in Gephi with default
parameters, and the relative abundance of each module was computed by averaging the
standardized relative abundances (z-score) of the taxa that belong to each
module (Delgado-Baquerizo et al., 2018). Fungal ZOTU with high degree (> 50) and closeness

centrality values (> 0.6) were identified as “hub species” in co-occurrence networks according to

30

This article is protected by copyright. All rights reserved.



previous studies (Agler et al., 2016; van der Heijden & Hartmann, 2016).

All statistical analyses were carried out in R (http://www.r-project.org). Nonparametric

statistical tests have been run to evaluate the community attributes (e.g. the significance of
difference in taxonomic composition, alpha-diversity, and functional group) observed among 6
different compartment niches (Kruskal-Wallis test or Wilcoxon test, p <0.05). For multiple
comparison tests, a false discovery rate (FDR) has been applied. More information on the
definition of DSI and DI, and the methods of Random forest modeling analysis and source
tracking analysis are detailed in our previous study (Xiong et al., 2020) and the Supplementary

Material (Method S1).
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Figures legends

Fig. 1 Phylogenetic tree, taxonomic composition, and functional guilds of crop-associated
mycobiomes. (a) Phylogenetic distribution of 142 abundant taxa and 5397 rare taxa. (b) Pie plot
showing the community compositions and functional guilds of abundant and rare sub-communities.
(c) The difference of phylogenetic diversity, beta diversity, and niche breadth between abundant and
rare sub-communities. Different letters above the boxes indicate a significant difference determined
by nonparametric Kruskal-Wallis test. Abundant, abundant fungal sub-community; Rare, rare

fungal sub-community; Moderate, moderate fungal sub-community.

Fig. 2 Distribution patterns of crop-associated mycobiomes. (&) NMDS ordinations showing the
beta-diversity of all, abundant, and rare fungal communities based on the full dataset. “N”
represents the effect of compartment niche, “C” represents the effect of crop species. The
significance of different factors on community dissimilarity was tested with nested PERMANOVA
based on weighted UniFrac distances. (b) Alpha and beta diversity of fungal communities in
different compartment niches. Different letters above the boxes indicate a significant difference
determined by nonparametric Kruskal-Wallis test. All, whole fungal community; Abundant,

abundant fungal sub-community; Rare, rare fungal sub-community.

Fig. 3 Potential ecological functions of crop-associated mycobiomes. (a) The correlations between
fungal communities, soil physicochemical characteristics, and soil enzyme activities in rhizosphere
and bulk soil. Different fungal communities (all, abundant, and rare) were related to each
environmental factor and enzyme activity by Mantel tests. Edge width corresponds to the Mantel’s r
statistic for the corresponding distance correlations, and edge color denotes the statistical
significance based on 999 permutations. The proportion of the pie indicates correlation strength,

with higher proportion representing higher correlation strength. Factors marked in green and red
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represent greater correlations with abundant sub-community and rare sub-community, respectively.
(b) The contribution of community composition and functional guilds of different sub-communities
in predicting crop yield based on random forest modeling analyses. * P < 0.05, ** P < 0.001. MSE,
mean square error. All, whole fungal community; Abundant, abundant fungal sub-community; Rare,

rare fungal sub-community.

Fig. 4 Deterministic patterns and potential sources of crop-associated mycobiomes. (a) Effects of
deterministic (|BNTI| = 2) and stochastic (|BNTI| < 2) processes in shaping crop-associated
fungal communities in different compartment niches. The percentage above and below the violin
plot represents the relative contribution of the deterministic processes and stochastic processes,
respectively. “Deter” and “Stoch” represents the average percentage of the deterministic processes
and stochastic processes in 4 plant compartment niches, respectively. (b) The Source Model of
Plant Microbiome (SMPM) model showing that crop-associated mycobiomes were derived
primarily from bulk soil and gradually enriched by different plant compartment niches. “U”
represents the unknown source, and the thickness of lines was equivalent to the source
contribution. All, whole fungal community; Abundant, abundant fungal sub-community; Rare, rare

fungal sub-community.

Fig. 5 Rare taxa play a key role in fungal co-occurrence network. (a-c) The network was established
by calculating correlations among abundant, rare, and moderate ZOTUSs. The nodes of the network
are coloured according to (a) different sub-communities, (b) ecological clusters (modules), and (c)
fungal classes. The sizes of the nodes are according to the degree of connection. The edges color
represents positive (green) and negative (red) correlations. (d) Comparison of node-level
topological features (degree and closeness centrality) among different sub-communities. (e)

Comparison of relative abundance (z-score, mean + SEM) of each module among different
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compartment niches. Different letters indicate a significant difference determined by nonparametric

Kruskal-Wallis test.
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Supplementary information

Supplementary figures legends

Fig. S1 Taxonomic composition and functional guilds of crop-associated mycobiomes. (a) Relative
abundance of different fungal classes in six compartment niches (n = 468). Classes accounting for <
1% of the total reads are grouped into “Other”. (b) Relative abundance of different functional guilds
in six compartment niches (n = 468). “XC” represents site “Xuchang, Henan province”, “QJ”
represents site “Qujing, Yunnan Province”. All, whole fungal community; Abundant, abundant

fungal sub-community; Rare, rare fungal sub-community.

Fig. S2 Relative abundance of dominant classes in different compartment niches. Different letters

above the boxes indicate a significant difference determined by nonparametric Kruskal-Wallis test.

Fig. S3 Relative abundance of fungal functional guilds in different compartment niches. Different
letters above the bar plots (mean + SEM) indicate a significant difference determined by

nonparametric Kruskal-Wallis test.

Fig. S4 Shared and specific fungal taxa among different compartment niches and crops. (a-c) Venn
diagrams showing the common and exclusive fungal ZOTUs for different compartment niches and
crops. All, whole fungal community; Abundant, abundant fungal sub-community; Rare, rare
fungal sub-community. (d) The biomarker taxa associated with the different crops identified by

LEfSe analyses (only considering leaf and root compartments).

Fig. S5 Host dominates over environment in shaping crop fungal communities. NMDS ordinations
showing the beta-diversity of (a) whole fungal community, (b) abundant fungal sub-community, and

(c) rare fungal sub-community in different compartment niches. The significance of different factors
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on community dissimilarity was tested with nested PERMANOVA (based on weighted UniFrac
distances). “XC” represents site “Xuchang, Henan province”, “QJ” represents site “Qujing, Yunnan
Province”. “C” represents the variation in fungal communities explained by crop species; “S”

represents the variation in fungal communities explained by site. All, whole fungal community;

Abundant, abundant fungal sub-community; Rare, rare fungal sub-community.

Fig. S6 Alpha diversity of crop-associated mycobiomes. Boxplot illustrating fungal Shannon index
varies between two sites. “endo” represents endosphere. “XC” represents site “Xuchang, Henan
province”, “QJ” represents site “Qujing, Yunnan Province”. The significance was determined by

nonparametric Kruskal-Wallis test. ns P > 0.05, *** P < 0.001, **** P < 0.0001.

Fig. S7 Potential sources of fungal community in each crop. The Source Model of Plant
Microbiome (SMPM) model based on fungal source-tracking analysis showing the potential
sources of fungal communities in (a) maize, (b) wheat, and (c) barley. “U” represents the unknown
source, and the thickness of lines are equivalent to the source contribution. All, whole fungal

community; Abundant, abundant fungal sub-community; Rare, rare fungal sub-community.

Fig. S8 Enrichment processes of crop-associated mycobiomes. (a) MA plot illustrating the
enrichment and depletion patterns of the crop-associated mycobiomes in each compartment niche
compared with bulk soil. Each point represents a single ZOTU (RA > 0.1%). Each red point
represents an individual enriched ZOTU, and green point represents an individual depleted ZOTU.
The position along the y-axis represents the abundance fold change compared with bulk soil, and
x-axis reports average ZOTU abundance (as count per million, CPM). “All” represents the
numbers of the total ZOTUs (RA > 0.1%) in each compartment niche. “A” represents abundant

taxa, and “R” represents rare taxa. “DI” represents Depleted index and “DSI” represents
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Dissimilarity index. (b) Venn diagrams showing the shared and specific fungal ZOTUs in different
compartment niches within the significant enriched ZOTUs and depleted ZOTUs. For those
enriched and depleted ZOTUs commonly present in 4 plant compartment niches, only the top 3

taxonomy were shown.

Fig. S9 Relative abundance of group “Plant Pathogen” under different fertilization practices
within each compartment niche. Different small letters above the bar plots (mean + SEM) indicate
a significant difference determined by nonparametric Kruskal-Wallis test, and different capital
letters above the bar plots indicate a significant difference based on t test. “endo” represents
endosphere. “XC” represents site “Xuchang, Henan province”, “QJ” represents site “Qujing,

Yunnan Province”. All, whole fungal community; Abundant, abundant fungal sub-community;

Rare, rare fungal sub-community.

Fig. S10 Relative abundance of group “Arbuscular Mycorrhizal” under different fertilization
practices within each compartment niche. Different letters above the bar plots (mean £ SEM)
indicate a significant difference determined by nonparametric Kruskal-Wallis test. “endo”
represents endosphere. “XC” represents site “Xuchang, Henan province”, “QJ” represents site

“Qujing, Yunnan Province”. All, whole fungal community; Abundant, abundant fungal

sub-community; Rare, rare fungal sub-community.
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Supplementary tables legends
Table S1 The number of ZOTU and sequences of all, abundant, and rare communities in different

compartment niches

Table S2 Effects of compartment niche, crop species, site, and fertilization practice on the fungal

communities

Table S3 Spearman’s correlations between fungal communities, soil physicochemical

characteristics, and soil enzyme activities based on Mantel tests

Table S4 Core taxa of fungal community in different compartment niches

Table S5 Effects of compartment niche, crop species, site, and fertilization practice on the

functional guilds of fungal communities
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