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Abstract

Cropping systems have fertilized soils for decades with undetermined consequences for the productivity and functioning of
terrestrial ecosystems. One of the critical unknowns is the role of soil biodiversity in controlling crop production after
decades of fertilization. This knowledge gap limits our capacity to assess how changes in soil biodiversity could alter crop
production and soil health in changing environments. Here, we used multitrophic ecological networks to investigate the
importance of soil biodiversity, in particular, the biodiversity of key-stone taxa in controlling soil functioning and wheat
production in a 35-year field fertilization experiment. We found strong and positive associations between soil functional
genes, crop production and the biodiversity of key-stone phylotypes; soils supporting a larger number of key-stone
nematode, bacteria and fungi phylotypes yielded the highest wheat production. These key-stone phylotypes were also
positively associated with plant growth (phototrophic bacteria, nitrogen fixers) and multiple functional genes related to
nutrient cycling. The retrieved information on the genomes clustered with key-stone bacterial phylotypes indicated that the
key-stone taxa had higher gene copies of oxidoreductases (participating most biogeochemical cycles of ecosystems and
linking to microbial energetics) and 71 essential functional genes associated with carbon, nitrogen, phosphorus, and sulfur
cycling. Altogether, our work highlights the fundamental role of the biodiversity of key-stone phylotypes in maintaining soil
functioning and crop production after several decades of fertilization, and provides a list of key-stone phylotypes linking to
crop production and soil nutrient cycling, which could give science-based guidance for sustainable food production.

Introduction

A growing body of experimental and observational litera-
ture is providing evidence that soil biodiversity plays
essential roles in regulating multiple ecosystem services,

These authors contributed equally: Kunkun Fan, Manuel Delgado-
Baquerizo

Supplementary information The online version of this article (https://
doi.org/10.1038/s41396-020-00796-8) contains supplementary
material, which is available to authorized users.

>< Yong-guan Zhu
ygzhu@iue.ac.cn

>< Haiyan Chu
hychu@issas.ac.cn

State Key Laboratory of Soil and Sustainable Agriculture, Institute
of Soil Science, Chinese Academy of Sciences, 71 East Beijing
Road, Nanjing 210008, China

University of Chinese Academy of Sciences, Beijing 100049,
China

SPRINGER NATURE

including nutrients cycling, organic matter decomposition,
plant productivity, and pathogen control in natural terrestrial
ecosystems [1, 2]. The contribution of soil biodiversity
to crop production and soil health is much less clear,
especially after decades of nutrient fertilization. In the
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agricultural ecosystem, fertilizers are widely used to pro-
mote crop production, potentially reducing the importance
of soil biodiversity for maintaining crop production. Over
the last decades, fertilizations have vastly increased to keep
track with human’s growing demand for food [3]. We also
know that fertilization can alter the diversity and composi-
tion of soil organisms [4], which might break the positive
associations between soil biodiversity and plant production
in long-term fertilized croplands. These effects also vary
across different types of fertilizations [5]. Advancing our
knowledge on the role and importance of soil biodiversity
for controlling soil processes and plant productivity in
croplands is integral to understand if changes in soil bio-
diversity with on-going global change can alter crop pro-
duction limiting our capacity to feed a continuously
growing human population.

Soil food-webs support a wide range of multitrophic
communities with contrasting life styles, including pre-
dators, preys, probiotics, or pathogens [6]. These taxa
thrive in the bulk soil, but critically important, also in the
rhizosphere interface wherein soil, plant and microbes
support a hotspot of biological activity [7]. These multi-
trophic communities includes bacteria, fungi, and soil
invertebrates such as nematodes, which are essential
bioindicators of soil processes in agroecosystem [8]. Eco-
logical network provides critical information on the
potential associations among thousands of soil organisms,
and can be used to identify soil key-stone phylotypes
associated with the highest levels of soil functioning and
crop production [9, 10]. The importance of the biodiversity
of soil key-stone phylotypes within specific ecological
clusters has been recently highlighted as a major driver for
ecosystem functioning in natural ecosystems across global
biomes [1, 10]. To put it simple, in natural ecosystems,
soils having a larger number of these fundamental taxa,
also have higher nutrient availability, higher plant pro-
ductivity, organic matter decomposition and pathogen
control. Despite these recent discoveries, very little is
known yet about how the biodiversity of key-stone phy-
lotypes contributes to maintaining soil processes and crop
production in agricultural ecosystems. This is especially
important after decades of fertilization—a situation that is
being faced by a large percentage of the terrestrial eco-
systems across the globe. Surprisingly, we are still lacking
a list of microbial key-stone phylotypes highly associated
with the functioning and productivity of agroecosystems.
Similarly, we are lacking information on the important
functional genes associated with these soil phylotypes and
their association with plant productivity. Learning more
about the key-stone phylotypes supporting plant production
is essential to maintain high crop production in a more
managed world.

To advance our knowledge on the importance of the
biodiversity of key-stone phylotypes for supporting crop
production, here, we used multitrophic ecological networks
to investigate the contributions of soil key-stone taxa to
support soil functions and crop production in a 35-year-long
fertilization experiment. Our work was based on wheat
(Triticum asdtivum L.), which is one of the most commer-
cially important cereal crop globally, and accounts for about
a quarter of total food production in China [11]. We
hypothesized that soil biodiversity, and especially the bio-
diversity of key-stone taxa is still a fundamental driver of
plant and soil functioning after 4 decades of fertilization,
and therefore, worth to be conserved. The reason is that soil
biodiversity, not only plays a fundamental role in delivering
available nutrients such as nitrogen (N) and phosphorus (P),
but also in controlling organic matter decomposition,
pathogen control, and the release of micro-nutrients and
plant growth hormones.

Materials and methods
Experimental design and sample collection

The fertilization experiment was established in 1982 with
typical wheat—soybean crop rotations, in Mengcheng
County (33°13'N, 116°35’E, 42m elevation), Anhui
Province, China. The soil type is the lime concretion black
soil, annual precipitation is 872 mm and annual mean
temperature is 14.8 °C. There are five treatments with four
replicates (each plot area is 70 m?) in a completely ran-
domized design (Supplementary Fig. S1): (1) Control:
plots with no fertilizer added; (2) NPK: plots with che-
mical fertilizers comprising urea (180 kg N/ha/year),
superphosphate (90kg P,Os/ha/year) and potassium
chloride (86 kg K,O/ha/year); (3) NPK+WS: plots with
NPK chemical fertilizers plus wheat straw (about 7500 kg/
hm?); (4) NPK+PM: plots with NPK chemical fertilizers
plus pig manure (about 15,000 kg/hm?); (5) NPK+CM:
NPK chemical fertilizers plus cow manure (about 30,000
kg/hmz). All the organic fertilizers and chemical fertilizers
were annually added and fully mixed with soil before
wheat planting. The wheat yield of recent 4 years (from
2014 to 2017) in this experiment was collected in Sup-
plementary Table S1(a). Long-term NPK chemical ferti-
lization increased the wheat yield by c. 10-fold when
compared with the long-term unfertilized field (Control)
(Supplementary Table S1). Consequently, wheat yield
data in Control were detected as outliers in all analyses
aiming to identify the association between microbial taxa
and crop yield (Supplementary Fig. S2). Given that this is
the main focus of our paper, we only used crop yield data
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(n=32) of the NPK, NPK+WS, NPK+PM, and NPK +
CM treatments in two soil compartments (bulk and rhi-
zosphere soils) for further analyses.

During wheat filling stage (20th of the April, 2017), we
randomly exacted 30—40 wheat individuals in each replicate
filed, and gently shook off the loosely adhered soil, then
collected rhizosphere soil (RS) by brushing the soils, which
was tightly associated with wheat roots. Meanwhile, the
topsoil (0—15cm deep) was collected as bulk soil (BS)
using an auger corer (~20 cm away from the plants). Then
soils were passed through 2 mm meshes to remove the
impurities (roots, stones etc.) before half of the samples
were stored at —40 °C and 4 °C, prior to subsequent DNA
extraction and physicochemical analysis.

Soil physicochemical analysis

Soil pH, moisture, total carbon (TC), total nitrogen (TN),
total phosphorus (TP), total potassium (TK), dissolved
organic carbon (DOC), nitrate (NO;3 -N), ammonium
(NH,"-N), dissolved organic nitrogen (DON), available
phosphorus (AP) and available potassium (AK) were
determined according to the methods described in Fan et al.
[12]. Treatment effects and compartment variations (BS
versus RS) of physicochemical properties were described in
the Supplementary Table S2 and Table S3.

DNA extraction and high-throughput sequencing

Soil microbial DNA was extracted from 0.5 g of fresh soil
collected from the long-term fertilized field by using the
Fast DNA SPIN Kit (MP Biomedicals, Santa Ana, CA)
following manufacturer’s instructions. Bacterial 16S rRNA
genes targeting primer pairs were 515F (5‘GTGCCA
GCMGCCGCGGTAA-3)/907R  (5'-CCGTCAATTCCTT
TGAGTTT-3’) [13]; the fungal ITS1-targeting primer pairs
were ITSIF (5-CTTGGTCATTTAGAGGAAGTAA-3")/
2043R (5-GCTGCGTTCTTCATCGATGC-3') [14]; and
primer pairs AMV4.5NF (5-AAGCTCGTAGTTGAATT
TCG-3')/AMDGR (5-CCCAACTATCCCTATTAATCA
T-3') were used to amplify soil 18S rRNA gene fragments
for the arbuscular mycorrhizal fungi (AMF) region [15].
Power Soil DNA kit (MO BIO Laboratories, Carlsbad, CA,
USA, 10 g) was used to extract the total DNA from 10g
fresh soil for amplifying the Nematode 18S genes using the
paired primers NF-1 (GGTGGTGCATGGCCGTTCTT
AGTT)/18Sr2b (TACAAAGGGCAGGGACGTAAT) [16].
The sequences of bacteria and fungi have been submitted to
the NCBI Sequence Read Archive (SRA) with accession
number SRP126794 (https://www.ncbi.nlm.nih.gov/sra/
SRP126794); the sequences of AMF have been submitted
to the NCBI with accession number SRP218272 (https://
trace.ncbi.nlm.nih.gov/Traces/sra/?study=SRP218272); the
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sequences of nematode have been submitted to the NCBI
with accession number SRP218273 (https://trace.ncbi.nlm.
nih.gov/Traces/sra/?study=SRP218273).

Sequence analysis

Quantitative Insight into Microbial Ecology (QIIME-1.9.1)
pipeline (http://qiime.sourceforge.net/) were used to ana-
lyze the sequence data [17]. The high-quality sequences
were acquired after removing the low-quality sequences
(average quality score <25 and sequence length <200 bp or
did not match the primer and barcode) and discarding the
chimeric sequences. UCLUST was used to cluster the
remaining high-quality sequences (bacteria: 1,320,400;
fungi: 1,160,021; AMF: 620,620; nematode: 200,057) into
operational taxonomic units (OTUs) at 97% similarity [18]
by running pick_open_reference_otus.py work flow (http://
qiime.org/scripts/pick_open_reference_otus.html), and
then all singleton OTUs were deleted. The green genes 16S
13_8 database (http://greengenes.Ibl.gov/) was used to
assign the taxonomic identity of each phylotype of bacteria
[19]; fungal taxonomic identity was determined using the
UNITE database [20]; sequences of AMF were blasted
against the MaarjAM Glomeromycota database [21]; the
Silva_132 database was used to assign the taxonomic
identity of phylotypes for nematode [22]. Finally, we got
36,773 OTUs for the bacteria, 1715 OTUs for the fungi,
685 OTUs for the AMF, and 938 OTUs for the nematode
(Supplementary Tables S4, S5, S6, S7, S8, and S9).
The functional structures of fungal community in each
treatment were further analyzed, the functional traits of
fungal phylotypes were obtained from the online appli-
cation FUNGuild (http://www.stbates.org/guilds/app.php)
and literature [23, 24]. Of note, in order to reach the high
accuracy, we kept the confidence ranking of “Highly
Probable” and “Probable”, and only focused on the guilds
of potential plant pathogen, given their relevance to plant
health and potential risks of the agricultural ecosystems
(Supplementary Fig. S3 and Supplementary Table S10).

High-throughput qPCR

Seventy-one functional genes [e.g., carbon (C), nitrogen
(N), phosphorus (P), and sulfur (S) cycling] were analyzed
by high-throughput qPCR on a Wafergen Smart Chip Real-
Time qPCR platform as described by Wang et al. [25].
There were 90 DNA samples in total, and each DNA
sample was amplified by PCR in triplicate at a threshold
cycle of 31 as the detection limit. The same gene was
regarded as only a single unique functional gene when
targeted by multiple primer sets [26]. The relative abun-
dances (gene copies normalized to the 16S rRNA gene) of
functional genes for each sample were calculated as
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described by Pfaffl [27] (Supplementary Tables S1land
S12).

Ecological clusters construction

“WGCNA” R package was used to construct the co-
occurrence network based on the spearman correlation
matrix [28]. We focused on microbial phylotypes (the
operational taxonomic units or OTUs) that accounted for
more than 80% of the relative abundance for bacteria, fungi,
AMF, and nematode community, respectively. The bacter-
ial, fungal, AMF, and nematode OTUs were merged into an
abundance table, which includes 1452 bacterial OTUs, 383
fungal OTUs, 169 AMF OTUs, and 303 nematode OTUs
(Supplementary Table S13). Then all pairwise spearman
correlations between OTUs were calculated, and P-values
were adjusted by Benjamini and Hochberg false discovery
rate (FDR) test [29], then the adjusted P-values had a 0.001
cutoff. We focused on the microbial taxa that only presented
high correlations with each other, which indicated that they
are strongly co-occurring within communities, and therefore
are more likely to interact with each other within soil food-
webs [30]. Ecological clusters represent important ecolo-
gical units that provide the opportunity to identify the
highly connected and identifiable taxa [31, 32]. An inter-
active platform “Gephi” (default parameters set) was used to
identify the modules (ecological clusters) of soil taxa
strongly interacting with each other. We calculated the
relative abundance of each module by averaging the stan-
dardized relative abundances (z-score) of the phylotypes
within each ecological cluster (Supplementary Fig. S4 and
Supplementary Appendix S1). Dominant phylotypes were
chosen from the ecological clusters with relative abundance
>0.05, and strong spearman’s r > 0.8, significant P <0.001
(Supplementary Appendix S1).

Bacterial whole-genomes downloading and
annotation

We used BLAST to compare the representative sequences
of chosen dominant bacterial OTUs (with >97% identity
across the sequenced region of the 16S rRNA gene) to the
500 publicly available finished genomes (from rhizo-
sphere; soil; and rhizoplane samples) in JGI-IMG website
(https://img.jgi.doe.gov/). There were 47 genomes (Sup-
plementary Table S14) with ssu rRNA 16S marker genes
could be aligned and built in a phylogenetic tree, within
which, 14, 19, 14 genomes could be clustered with the
dominant OTUs from Module #0-2, respectively. These
47 whole genomes were downloaded from ftp://ftp.ncbi.
nlm.nih.gov/genomes/genbank/bacteria/, “Prokka” pipe-
line was used for gene prediction and annotation (Sup-
plementary Table S15).

Statistical analysis

ANOVA and Pairwise #-tests were used to compare the
significant differences between fertilization treatments in
the soil variables, the relative abundance of dominant soil
microbial taxa, alpha diversity, the abundance of functional
genes, the normalized gene copy numbers, and the relative
abundance of ecological clusters, which were implemented
in IBM SPSS 21 (Chicago, IL: Amos Development Cor-
poration). Non-metric multidimensional scaling (NMDS)
analysis and permutational multivariate analysis (ADONIS)
were calculated in “vegan” R package. We calculated all
pairwise spearman correlations between biodiversity, soil
functional potentials [normalized abundance of 71 func-
tional genes associated with C, N, P, S cycling (z-score)]
and crop yield (Supplementary Table S16). The relation-
ships between soil functional potentials, ecological clusters,
and crop yield were then tested by linear regressions (Fig. 1
and Supplementary Figs. S5, S6, S7, S8, S9, and S10). The
effects of the biodiversity of key-stone phylotypes (e.g.,
Chloroflexi, Nitrospirae, Mesorhizobium) and the abun-
dance of functional genes [e.g., chiA (C degradation), amoB
(N cycling), phoD (P cycling)] on crop yield in the long-
term different fertilizations were also tested by linear
regressions.

Structural equation modeling

The structural equation modeling (SEM) was used to
evaluate the direct and indirect effects of prominent factors:
fertilization treatments, edaphic variables (soil pH, TN, TP,
and TC), rhizosphere effect, the diversity of total bacteria,
fungi, AMF, nematode, the biodiversity of key-stone eco-
logical cluster, and soil functional potentials on the crop
production. Five fertilization treatments (Control; NPK;
NPK+WS; NPK+PM; NPK+CM) were categorical vari-
ables with two levels: 1 (a particular treatment) and 0
(remaining considered treatments); the rhizosphere was
categorical variables with two levels: 1 (rhizosphere soil
samples) and O (bulk soil samples). As a few of variables
were not normally distributed, bootstrapping was combined
to test the probability that a path coefficient differs from
zero. The standardized total effects (STEs) were calculated
to aid interpretation of the SEM, for the effects of fertili-
zation treatments, edaphic variables, rhizosphere effect, the
diversity of total bacteria, fungi, AMF, nematode, the bio-
diversity of key-stone bacteria, fungi, AMF, nematode, and
soil functional potentials on the crop production (Supple-
mentary Fig. S11). SEM offers the ability to investigate the
complex relationships among the biodiversity of different
key-stone phylotypes, soil functional potentials, and crop
yield in the long-term fertilization experiment. The biodi-
versity of key-stone bacteria, fungi, AMF, and Nematode
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Fig. 1 Ecological clusters based on multitrophic networks. a Net-
work diagram with nodes colored according to each of the four main
ecological clusters (Modules #0-3); b Operational taxonomic unit
(OTU) number properties of the dominant phylotypes in the main
ecological clusters; ¢ The regression relationships between the soil

was included as a composite variable in the SEM model,
which together determined functional potentials and crop
production. These composite variables did not alter the
underlying SEM model, instead, they collapsed the effects
of multiple conceptually related variables into a single
composite effect, which could aid the interpretation of
model results [1]. All the SEM analyses were conducted in
IBM SPSS Amos 21 (Chicago, IL: Amos Development
Corporation).

Results

Microbial communities and functional genes in
long-term different fertilizations

Non-metric multidimensional scaling (NMDS) analysis
(Supplementary Fig. S12) showed that the communities of
bacteria, fungi, AMF, and nematode were significantly dif-
ferent among different fertilization regimes, which was
confirmed by the permutational multivariate analysis
(ADONIS) (Supplementary Table S17). The variations in
bacteria, fungi, AMF, and nematode communities among
different fertilization regimes were more significant than
those between bulk soil and rhizosphere soil (Supplementary
Table S18). For the bacterial community, the long-term
application of NPK chemical fertilizers decreased the relative
abundance of Actinobacteria, Bacteroidetes, Chlorofiexi,
Deltaproteobacteria, and the addition of organic matters

SPRINGER NATURE

C — 20
[3
S 2 g
2 1.5 {R"=0.25; P = 0.004 i =
N .
» 1.0 =
© L]
2 05 £ = %
8 ! A ° 4,
° a a
o 0.0 ® a N
K] LB Control
c a A ‘m Control
S -05 . o't & = NPK  ABs
- NPk
g o 4 A NPK+WS: o 15
S -1.0 a = NPK+PM
i oo . e
= a NPK+CM
S -
a 1.5

== Bacteria

mmm Nematode

380 400 420 440 460 480 500 520 540 560
Soil Biodiversity in Module #0

D 8000
R2= 0.46; P < 0.001 .
7500
5 e
£ I
£ 7000 ° » &
£ L]
g L ]
= 6500 ° o
% | 9
7 600019 @ a4
s o i = NPK
& m NPK+WS A BS
5500 & i = NPK+PM Q RS
m NPK+CM

5000
380 400 420 440 460 480 500 520 540 560
Soil Biodiversity in Module #0

biodiversity of key-stone ecological cluster (Module #0) and soil
functional potentials; d The regression relationships between the soil
biodiversity of Module #0 and wheat crop yield. Crop yield data (n =
32) of NPK, NPK+WS, NPK+PM, and NPK+CM treatments in two
soil compartments [bulk soil (BS) and rhizosphere soil (RS)] was used.

(especially cow manure) increased their relative abundance.
For the fungal community, the long-term application of
chemical fertilizers decreased the relative abundance of
Sordariomycetes, and the addition of pig manure increased
the relative abundance of Pezizomycetes (Supplementary
Table S4). Dothideomycetes was highly enriched in the rhi-
zosphere soil in all the treatments (Supplementary Table S5).
For the AMF community, the long-term fertilization
increased the relative abundance of Claroideoglomeraceae,
while decreased the relative abundance of Glomeraceae,
particularly in the rhizosphere soil (Supplementary
Table S4). For the nematode community, long-term fertili-
zation increased the relative abundance of the dominant
genera Caenorhabditis, while decreased most of the other
genus belonging to Bacterivores, Fungivores, Herbivores,
Omnivores-Predators (Supplementary Table S6). In addition,
long-term application of chemical fertilizers decreased the
diversity of bacteria and fungi, and the addition of cow
manure increased their diversity. Meanwhile, the long-term
application of different fertilizers decreased the diversity of
AMF and nematodes (Supplementary Table S8).

For the functional genes, the long-term application of
chemical fertilizers decreased the abundance of cdh and chiA
genes associated with C degradation, and the abundance of
nifH gene associated with N fixation. The abundance of
most functional genes associated with C, N, P, and S cycling
increased with the combination of NPK chemical fertilizers
and cow manure (Supplementary Table S11). Meanwhile,
multiple functional genes associated with the C (acsA, acsB,
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acsE, mct, rbcl), N (e.g., ureC, hao, nifH, nosZl, nosZ2), P
(phnk, phoD, phoX, ppx), S (yedZ, dsrA) cycles were enri-
ched in the rhizosphere soil (Supplementary Table S12 and
Supplementary Fig. S13). Soil functional potentials
increased with the application of different fertilizers, parti-
cularly in the NPK+CM treatment (Supplementary
Fig. S14), and the dissimilarity of the abundance of func-
tional genes between rhizosphere and bulk soils was highly
increased by the combined applications of NPK+-organic
matter (Supplementary Fig. S15). The soil functional
potentials were significantly associated with the wheat crop
production in both bulk and rhizosphere soils (Supplemen-
tary Figs. S5 and S6).

Key-stone ecological cluster linking to soil functions
and crop production

We used ecological networks to identify clusters of micro-
bial taxa highly correlated with each other, and therefore,
potentially sharing environmental preferences and functional
potentials. We detected four main ecological clusters
(Module #0-3) divided from the multitrophic network
(Fig. 1a, b). Over these modules, we found that the richness
of phylotypes of bacteria, fungi, AMF, and nematode
belonging to Module #0 was significantly and positively
correlated with the abundance of soil functional genes, and
more importantly, with the levels of crop production after
four decades of fertilization (Fig. lc and Supplementary
Fig. S7). In other words, we found higher plant production
and higher abundance of plant-growth promoting microbial
functional genes in soils with more phylotypes belonging to
Module #0. Given the functional importance of this module,
we refer to Module#0 as the key-stone ecological cluster
hereafter. The key-stone ecological cluster was dominated
by bacteria (e.g., Acidobacteria; Alphaproteobacteria: Phe-
nylobacterium, Bradyrhizobium; Betaproteobacteria: Bur-
kholderia and Janthinobacterium; Chloroflexi) and fungi
(Sordariomycetes: Lecythophora), and contained many
plant-growth promoting phylotypes. A complete list with
soil taxa within this module can be found in Supplementary
Tables S13 and S19. In particular, there were many positive
correlations (density = 0.32) among these key-stone phylo-
types (Fig. 2a), and their relative abundance was highly and
positively correlated with the abundance of multiple func-
tional genes (Fig. 2b).

Further phylogenetic analysis showed that most of the
key-stone phylotypes (dominant phylotypes in Module #0)
tend to be phylogenetically clustered within specific bac-
terial phyla (e.g., Candidatus Solibacter and Candidatus
Koribacter from phylum Acidobacteria and Rhodoplanes,
Bradyrhizobium, and Rhizobium from phylum Alphapro-
teobacteria) when compared with those dominant taxa in

other ecological clusters (Fig. 3a). We further obtained
whole genomic information for available phylotypes in our
ecological network and found that the normalized per-
genome gene copy numbers of 71 functional genes asso-
ciated with C, N, P, and S cycling were significantly higher
in the genomes clustered within Module #0 than the gen-
omes clustered within Module #1 or Module #2 (Fig. 3b).
We also found that the normalized per-genome gene copy
numbers of oxidoreductases, which participate in most
biogeochemical cycles of ecosystems and link to microbial
energetics [33] were higher in genomes clustered within
Module #0 than those clustered within Module #1 or
Module #2 (Fig. 3b).

Unlike what we found for the key-stone ecological
cluster, dominant phylotypes from Module #1 included
more potential plant pathogens (Fig. 2a and Supplementary
Fig. S3 and Supplementary Table S10), and there were
more negative correlations within Module #1 when com-
pared with other modules (Fig. 2a). The relative abundance
of dominant phylotypes within Module #1 also presented
less significant direct correlations with the abundance of
functional genes (Fig. 2b). The sequence numbers of
potential plant pathogens Acremonium significantly
increased in the long-term NPK chemical fertilizations, but
decreased in the NPK+PM and NPK+CM treatments;
while the sequence numbers of pathogen-tolerance Flavi-
solibacter and pathogen-suppressing Pseudomonas sig-
nificantly increased in the NPK+PM and NPK+CM
treatments (Supplementary Table S20). In addition, most of
the dominant phylotypes from Module #2 were attributed to
the bacteria and AMF, within which, AMF taxa tended to
be correlated with Betaproteobacteria (Burkholderia,
Methylibium), Actinobacteria (Streptomyces, Amycola-
topsis, and Frankia) (Fig. 2a and Supplementary
Table S19); and these dominant taxa in Module #2 also
presented less direct correlations with the abundance of
functional genes (Fig. 2b). The associations between other
modules and crop production and functional potential can
be found in Supplementary Figs. S8, S9, and S10.

Ecological relationships between biodiversity of
key-stone phylotypes, functional genes, and crop
production

SEM analysis provided further statistical evidence that the
diversity of key-stone phylotypes is essential to maintain
plant production and the soil functional potentials. We
found multiple direct and indirect associations between
fertilizations, rhizosphere, soil properties, biodiversity
(bacteria, fungi, AMF, nematode), soil functional potentials,
and crop production (Fig. 4). SEM of biodiversity with total
phylotypes, which explained 75% variations in wheat yield,
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Fig. 2 Dominant phylotypes
(relative abundance > 0.05)
from Module #0-2,
respectively. a A connection
stands for a strong (spearman’s
r>0.8) and significant (P <
0.001) correlation. The co-
occurrence network is colored
by phylum, class, or genus. The
size of each node is proportional
to the relative abundance of each
phylotype, and the thickness of
each connection between two
nodes (that is, edge) is
proportional to the value of
Spearman’s correlation
coefficients. A blue edge
indicates a positive correlation
between two individual nodes,
while a red edge indicates a
negative correlation. The
numbers inside the colored
nodes are as follows: red1: the
dominant bacterivores
Caenorhabditis, red2:
bacterivores Pratylenchus, red3:
bacterivores Panagrolaimus;
yellow1: fungivores
Pristionchus, yellow?2:
fungivores Aphelenchoides,
yellow3: fungivores
Aphelenchus; greenl: omnivores
Aporcelaimellus, green2:
omnivores Achromadora,
green3: omnivores Ottolenchus.
b Spearman correlations
between the abundance of
functional genes and the relative
abundance of dominant
phylotypes from Module #0-2
(z-score).
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showed that the diversity of bacteria was positively asso-
ciated with crop production, while the diversity of fungi and
AMF was negatively correlated with crop production
(Supplementary Fig. S11A). SEM of the biodiversity of
key-stone phylotypes, which explained 79% variations in
crop production, showed that the diversity of key-stone
bacteria, fungi, and AMF was directly and positively
associated with wheat yield (Fig. 4 and Supplementary
Fig. S11B). In particular, the diversity of key-stone nema-
tode was indirectly associated with the crop production by
positively correlating soil functional potentials (Fig. 4).
We further selected a handful of examples to illustrate
the link between genetic function, key-stone taxa, crop
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yield and imposed treatments (Fig. 5). Specifically, we
found that the abundance of chiA gene (endochitinase;
bifunctional chitinase/lysozyme) was significantly core-
lated with the biodiversity of key-stone Chloroflexi in
Module #0; the abundance of amoB gene significantly
linked to the biodiversity of key-stone Nitrosospira in
Module #0; and the abundance of phoD gene was sig-
nificantly associated with the biodiversity of key-stone
Mesorhizobium in Module #0 (Fig. 5). The biodiversity of
these key-stone phylotypes (e.g., Chloroflexi, Nitrospirae,
Mesorhizobium) and the abundance of functional genes
(e.g., chiA, amoB, phoD) were significantly associated with
crop production (Fig. 5).
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Fig. 3 Phylogenetic properties and per-genome gene copies of
dominant phylotypes from different ecological clusters. a Phylo-
genetic tree of dominant OTUs from Module #0-2 and 47 whole
genomes (with >97% identity across the sequenced region of the 16S
rRNA gene) downloading from JGI-IMG websites (https://img.jgi.doe.
gov/). Black bar: relative abundance of each OTU. Square ([(J) on the
tree: ssu rRNA 16S marker genes of the whole genomes. Cyan (1):
Module #0; Magenta (M ): Module #1; Green (W ): Module #2. b The
normalized per-genome gene copy numbers of 71 genes associated
with carbon, nitrogen, phosphorus, sulfur cycling, and oxidoreductases
genes. The normalized gene copy numbers are shown as the percen-
tage (%) of genes per genome. Diamond symbol in each box plot
represents the mean value.

Discussion

Our work used multitrophic ecological networks to identify
a list of soil key-stone phylotypes, and the biodiversity of
key-stone phylotypes largely determines soil functions and
crop production after almost four decades of different fer-
tilization. Moreover, the retrieved information on the gen-
omes clustered with key-stone bacterial phylotypes,
provided evidence that these key-stone taxa had higher

normalized per-genome gene copy numbers of oxidor-
eductases and 71 functional genes associated with C, N, P,
and S cycling. These findings highlighted the importance of
biodiversity of key-stone phylotypes within multitrophic
communities in maintaining soil functioning and wheat
production, providing the possibility to improve crop pro-
duction by regulating microbial key-stone taxa in the
agroecosystem. Moreover, this knowledge is important
because it opens the door to isolate and apply these
microbial communities aiming to improve crop production
to feed a continue growing human population worldwide.
The biodiversity of key-stone phylotypes (e.g., Chloro-
flexi, Nitrospirae, Mesorhizobium) was positively asso-
ciated with the abundance of functional genes (e.g., chiA,
amoB, phoD) (Fig. 5). Chloroflexi have been found to be
positively correlated with genes for amino sugars, sugar
alcohols and simple carbohydrate metabolic pathways [34];
Nitrosospira belonged to one ammonia-oxidizing bacterial
group harboring amoA and amoB genes [35]; and Mesor-
hizobium was found to be the main phylotypes containing
phoD gene [36]. The solid relationships between the bio-
diversity of these key-stone phylotypes (e.g., Chlorofiexi,
Nitrospirae, Mesorhizobium) and the abundance of func-
tional genes (e.g., chiA, amoB, phoD) indicated that the
increase in functional gene abundance probably resulted
from the increase in biodiversity of specific key-stone
phylotypes. We further found that the biodiversity of mul-
titrophic key-stone phylotypes could indirectly and directly
affect crop production (Fig. 4). For example, the biodi-
versity of key-stone nematodes could indirectly affect crop
production by regulating soil functional potentials through
the entrance of new resources via litter decomposition into
the soil food-webs [37]. The biodiversity of key-stone
bacteria, fungi, and AMF could directly affect the crop
production. The key-stone ecological cluster (Module #0)
contained the least potential plant pathogens (Supplemen-
tary Fig. S13), and most of the key-stone phylotypes could
be attributed to the multiple plant growth promoting
microbes. For instance, the key-stone taxa Rhodoplanes and
Chloroflexi belongs to phototrophic bacteria, which could
participate in degrading plant compounds via pathways for
the degradation of starch, pyrogallol, cellulose, and long-
chain sugars [38]; Rhizobium, Bradyrhizobium and Bur-
kholderia are N fixers [39], which are closely associated
with N cycling; and Janthinobacterium are well-known for
their antifungal effects [40]. Meanwhile, the normalized
per-genome gene copy numbers of functional genes asso-
ciated with C, N, P and S cycling were higher in genomes
clustered with key-stone bacterial phylotypes, suggesting a
higher nutrient cycling potential of these key-stone taxa. As
redox-based characterization could participate in most bio-
geochemical cycles, and linking to the microbial energetics
of ecosystems [33], the higher normalized per-genome gene
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Fig. 4 Structural equation modeling (SEM) describing the biotic
and abiotic factors in affecting the crop production. The direct and
indirect effects of different fertilizations, rhizosphere effects, edaphic
variables [soil pH, total carbon (TC), total nitrogen (TN), total phos-
phorous (TP)], diversity of total bacteria, fungi, AMF, nematode,
biodiversity of key-stone ecological cluster, and soil functional
potentials [normalized abundance of 71 functional genes associated
with carbon, nitrogen, phosphorus, and sulfur cycling (z-score)] on
crop production. Arrow width is proportional to the strength of the
relationship. Solid line: positive correlation; dashed line: negative

copy numbers of oxidoreductases for the key-stone phylo-
types, suggesting their relatively comprehensive higher
functional strategies. NPK+cow manure fertilization treat-
ment matched with the highest diversity of the key-stone
phylotypes, suggesting that these key-stone microbial taxa
can be promoted via adequate agricultural management
practices.

Unlike the Module #0 (key-stone phylotypes), Module
#1 included multiple potential fungal pathogens such as
Acremonium (fungal endophytes which could infect the
plants) [41], pathogen-tolerance Flavisolibacter (which
could survive with indigenous pathogen) [42], and
pathogen-suppressing Pseudomonas [43]. The diversity of
Module #1 was directly and negatively associated with crop
production. As with the diversity of Module #1, the total
fungal diversity was directly and negatively associated with
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correlation. Numbers above/below the arrow lines are indicative of the
correlations. The proportion of explained variance (R%) appears
alongside wheat production in the model. 5%, Chi-square; df, degrees of
freedom; P, probability level; RMSEA, root-mean squared error of
approximation are the goodness-of-fit statistics for each model. Sig-
nificance levels of each predictor are *P <0.05, **P <0.01. Control:
non-fertilization; NPK: applications of nitrogen (N), phosphorous (P),
and potassium (K); NPK+WS: NPK with wheat straw; NPK+PM:
NPK with pig manure; NPK+CM: NPK with cow manure.

wheat production (Fig. 4), which probably resulted from the
effect of potential fungal pathogens [44]. The decreasing
potential pathogens Acremonium and increasing pathogen-
suppressing Pseudomonas in the NPK+CM treatment
indicated that certain long-term fertilization practices could
suppress the pathogens by motivating more beneficial and
tolerating microorganisms. In addition, Module #2 included
many bacteria-AMF correlations, within which, most AMF
taxa tended to be correlated with bacterial phylotypes of
Betaproteobacteria (Burkholderia, Methylibium) [45] and
Actinobacteria (Streptomyces, Amycolatopsis, and Frankia)
[46], which could segment and form aerial hyphae. It has
been found that Burkholderia and Methylibium could be
associated with mycorrhizal roots [47, 48]; Streptomyces
and Amycolatopsis could also form aerial hyphae and
may also segment, and Frankia is the only N-fixing
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Fig. 5 Ecological relationships between biodiversity of key-stone
phylotypes, functional genes, and crop production. Selected
examples for the links between biodiversity of key-stone phylotypes
(e.g., Chloroflexi, Nitrospirae, Mesorhizobium in Module #0) and the

actinobacterium, which has the ability to enter into sym-
biotic associations with diverse plants. It is indicated that
the bacterial communities living associated with extra-
radical hyphae or spores, and plant roots could positively
affect the beneficial activity of AMF [47]. The decreasing
diversity and abundance of these AMF and bacterial phy-
lotypes under long-term different fertilization indicated that
the enriched nutrients in the soil decreased the effectivity of
AMF and their associated microorganisms.

For the functional genes, the abundance of nifH gene
decreased with the long-term application of NPK chemical
fertilizers, while increased with the addition of organic
matter, particularly in the NPK+CM treatment. In a pre-
vious study [12], we found that the long-term application of
NPK chemical fertilizers could suppress N fixation and the
associated diazotrophic communities, while the addition of
organic fertilizers (e.g., cow manure) could alleviate the
suppression of chemical fertilizers on the abundance or
diversity of N fixers and the associated genes. In addition,
we identified a list of C fixation genes (e.g., acsA, acsB,
acsE, mct, and rbcl) contributing to the accumulation of soil
organic matter [26], multiple N cycling genes (e.g., nifH,

Biodiversity of Key-stone Mesorhizobium
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abundance of functional genes (e.g., chiA, amoB, phoD) on crop yield
in the long-term different fertilizations. Data (n=32) of NPK,
NPK+WS, NPK+PM, and NPK+CM treatments in two soil com-
partments [bulk soil (BS) and rhizosphere soil (RS)] was used.

ureC, hao, nosZl1, and nosZ2) regulating pivotal processes
of N fixation or nitrification denitrification [49], and P
cycling genes (e.g., phoD and phoX) participating in the
process of organic phosphate mineralization [50], which
were highly enriched in the rhizosphere soil, particularly in
the NPK+CM treatment, suggesting that the improvement
of soil fertility (e.g., soil organic matter) could provide a
more suitable environment for microbial growth and
activity, which could contribute to the availability of
nutrient cycling [51] and further increase crop production
[52, 53].

Conclusions

This study provides solid evidence that the biodiversity of
key-stone phylotypes is essential for supporting plant pro-
duction and soil functions after almost 4 decades of che-
mical and organic fertilizations—a scenario which affects
agroecosystems from across the globe. In particular, the
diversity of key-stone phylotypes could contribute to the
crop yield by positively regulating multiple microbial
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functional genes [C (acsA, acsB, acsE, mct, rbcl), N (ureC,
hao, nifH, nosZl, nosZ2), P (phnk, phoD, phoX, ppx), S
(vedz, dsrA) cycles] associated with plant growth and
nutrient cycling. In addition, the combined application of
chemical fertilizers and organic manure (e.g., cow manure)
could suppress the pathogens and activate more beneficial
and tolerant microorganisms, and the enriched nutrients
decrease the effectivity of AMF and their associations with
specific bacteria. These findings highlighted the importance
of biodiversity of key-stone phylotypes in maintaining soil
functional potentials and crop production, suggesting the
possibility to improve crop production by mediating soil
microbial key-stone taxa in intensified agricultural
ecosystems.
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