
OPEN

ORIGINAL ARTICLE

Nematode grazing promotes bacterial community
dynamics in soil at the aggregate level
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Nematode predation has important roles in determining bacterial community composition and
dynamics, but the extent of the effects remains largely rudimentary, particularly in natural
environment settings. Here, we investigated the complex microbial–microfaunal interactions in the
rhizosphere of maize grown in red soils, which were derived from four long-term fertilization regimes.
Root-free rhizosphere soil samples were separated into three aggregate fractions whereby the
abundance and community composition were examined for nematode and total bacterial commu-
nities. A functional group of alkaline phosphomonoesterase (ALP) producing bacteria was included
to test the hypothesis that nematode grazing may significantly affect specific bacteria-mediated
ecological functions, that is, organic phosphate cycling in soil. Results of correlation analysis,
structural equation modeling and interaction networks combined with laboratory microcosm
experiments consistently indicated that bacterivorous nematodes enhanced bacterial diversity, and
the abundance of bacterivores was positively correlated with bacterial biomass, including ALP-
producing bacterial abundance. Significantly, such effects were more pronounced in large
macroaggregates than in microaggregates. There was a positive correlation between the most
dominant bacterivores Protorhabditis and the ALP-producing keystone 'species' Mesorhizobium.
Taken together, these findings implicate important roles of nematodes in stimulating bacterial
dynamics in a spatially dependent manner.
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Introduction

Resource competition and predation are the two
major driving forces underlying the dynamic
changes of species composition in the biological
community (Chesson and Kuang, 2008). For micro-
organisms inhabiting soil, the importance of resource
competition has been well documented, particularly
with the improved accessibility of next-generation
sequencing and stable isotope techniques (Bulgarelli
et al., 2013). Although the importance of predation
by microfauna has long been recognized, the poten-
tial effects of predation remain poorly defined. Few
studies have addressed the complex microbial–
microfaunal interactions in open-field environments
(Neher, 2010). For example, nematodes can stimu-
late microbial activity, resulting in either an increase

or a decrease of microbial biomass in microcosm
experiments (Trap et al., 2016). The grazing-induced
influences on microbial abundance vary according to
pore structure and distribution of the accessible
resources such as soil organic matter and plant roots
(Rønn et al., 2012).

Soils have a complex hierarchical structure
including pore distribution and aggregates. Soil
aggregates provide spatially heterogeneous habitats
for microorganisms, which vary in nutrient avail-
ability, water potential and oxygen concentration as
well as predation pressure (Ranjard, Richaume,
2001; Jiang et al., 2013). Aggregate fractions are
assembled by organic matter and mineral particles
(Tisdall and Oades, 1982). Macroaggregates normally
contain more labile substrates predominantly
derived from plant residues (Bronick and Lal,
2005), and harbor higher amounts of fungal biomass
than microaggregates (MAs, Rillig and Mummey,
2006). In contrast, MAs are characterized by the
highest concentration of stable organic carbon, and
more importantly, they provide a protective micro-
environment for microbial growth (Six et al., 2000).
The relative small pore sizes make MAs inaccessible
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to large-sized bacterial-feeding nematodes (typically
30–90 μm in diameter; Quénéhervé and Chotte,
1996). Thus, it is crucial to understand the pre-
dator–prey interactions at the aggregate level (Ettema
and Wardle, 2002).

Of particular significance is the rhizosphere soil as
it functions as the critical interface for resource
exchange between plants and soil. Compared with
bulk soil, the rhizosphere contains a large amount of
small organic compounds excreted from the roots of
living plants, supporting high levels of microbial
activity. Microorganisms are integral to the cycling of
nutritional elements such as nitrogen and phos-
phorus (van der Heijden et al., 2008), and bacterial-
feeding nematodes predation releases nutrients
sequestered in bacterial biomass in the rhizosphere
niche (Bonkowski et al., 2009). However, nematodes
normally have special food preferences, and bacteria
were not equally susceptible to predation by nema-
todes. Selective grazing by nematodes can alter the
bacterial community composition (Djigal et al.,
2004). This leads to an important but unexplored
hypothesis that nematode grazing affects total bac-
terial community and specific functional groups
such as phosphorus (P) cycling in different manners.

Microbial–microfaunal interactions via the micro-
bial loop determine the rate of P cycling in the
rhizosphere (Bonkowski, 2004). However, the spe-
cific effects of nematode grazing on phosphate
solubilizing microbial community remain poorly
understood. Phosphorus is one of the most limiting
nutrients in agricultural soils (Tabatabai, 1994).
Predominant enzymes involved in organic P miner-
alization are alkaline phosphomonoesterases (ALPs,
EC 3.1.3.1) and acid phosphomonoesterases (ACPs,
EC 3.1.3.2) (Nannipieri et al., 2011; Chang et al.,
2015). ALPs are mostly of bacterial origin, whereas
ACPs are mainly excreted by plant roots and fungi in
the rhizosphere (Tabatabai, 1994; Spohn and
Kuzyakov, 2013). Significantly, ALP-producing bac-
terial community can be quantitatively analyzed
using phoD gene as a molecular marker (Sakurai
et al., 2008). The phoD gene abundance is positively
correlated with ALP activity as revealed by field
studies with bulk soil (Tan et al., 2013; Fraser et al.,
2015a, b).

Here, we investigated the reciprocal interactions
between nematodes and bacteria in rhizosphere soil
at the aggregate level, with an additional specific
focus on ALP-producing bacteria. To this end, we
performed a 13-year field experiment with red soils
(Acrisol) under four fertilization regimes. Soil sam-
ples were taken from the rhizosphere of maize, and
then separated into three aggregate size fractions for
physiochemical and microbiological analyses. The
nematode assemblages were quantitatively assessed
under microscope, whereas the abundance and
composition of bacterial community were examined
using phospholipid fatty acid analysis and Illumina
sequencing of 16S rRNA gene, respectively. Next, the
abundance and composition of ALP-producing

bacterial community were estimated using quantita-
tive polymerase chain reaction (PCR) and Illumina
sequencing of phoD gene. We observed significantly
positive influences of nematodes on bacterial abun-
dance and activity, which were subsequently con-
firmed via pot experiments under well-controlled
laboratory conditions. Our findings provided
insights into the microbial–microfaunal interactions
in the rhizosphere at the soil aggregate level.

Materials and methods
Site description and design
The long-term fertilization experiment was con-
ducted at the National Agro-Ecosystem Observation
and Research Station in a subtropical humid mon-
soon climate region China (Yingtan, 28°15′N, 116°
55′E) with an annual average temperature 17.6 °C
and precipitation 1795mm. The soil is an acid loamy
clay-derived Quaternary red clay (Udic Ferralsols in
the Chinese Soil Taxonomy and Ferric Acrisols in
the FAO classification system).

Twelve concrete lysimeters, 2m wide× 2m
long× 1.5m deep, were used in the manure experi-
ment since 2002. Four pig manure rates were
compared in a completely randomized design with
three replicates: (1) no manure (M0); (2) low manure
with 150 kg N ha− 1 y− 1 (M1); (3) high manure with
600 kg N ha− 1 y−1 (M2); and (4) high manure with
600 kg N ha− 1 y−1 and lime (M3; Ca(OH)2 applied
once every 3 years at 3000 kg ha− 1). The pig manure
contained an average total carbon of 386.5 g kg− 1,
total nitrogen of 36.2 g kg− 1 and total phosphorus of
21.6 g kg− 1 on a dry matter basis. The monoculture
maize (Zea mays L.), cultivar No.11 from Denghai,
was planted annually in April and harvested in July
from 2002 to 2014. There were no tillage and
management measures with the exception of manual
weeding.

Soil sampling and aggregate fractionation
Soil sampling was conducted in late July 2014 after
13 years of fertilization. Rhizosphere soils were
collected from each plot at a depth of 0− 15 cm,
and then were placed on ice and immediately
transported to the laboratory. After shaking off the
loosely adhering soil, the tightly adhering rhizo-
sphere soil was collected with a brush, passed
through a 4mm sieve. Next, 100 g root-free soil was
manually fractionated through a series of two sieves
(2000 μm and 250 μm) into three aggregate sizes:
large macroaggregates (42000 μm; LMA), small
macroaggregates (250–2000 μm; SMA) and MA
(o250 μm; Jiang et al., 2014). Each aggregate fraction
was homogenized for chemical and biological ana-
lyses. Standard methods were used to characterize
soil chemical properties and phosphomonoesterase
activities (Supplementary Appendix).
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Characterization of total bacteria and ALP-producing
bacteria
A modified method of phospholipid fatty acids
(PLFAs) analysis was used to measure soil bacterial
biomass, which is expressed as nanomoles of PLFA
per gram of dry soil (Frostegård and Bååth, 1996).
DNA was extracted from 0.5 g fresh soil using the
Ultraclean Soil DNA Isolation Kit (Mo Bio Labora-
tories, Inc., Carlsbad, CA, USA) following the
manufacturer’s instructions. Real-time quantitative
PCR analysis of phoD gene was performed with
primers ALPS-F730 and ALPS-R1101 (Sakurai et al.,
2008). For high-throughput sequencing at the Illu-
mina MiSeq platform, the V3–V4 region of 16S rRNA
gene and phoD gene were amplified separately using
primers 338 F/806 R and ALPS-F730/ALPS-R1101,
respectively. Raw sequences were quality screened
and trimmed, including quality trimming, de-multi-
plexing, taxonomic assignments, chimera detection,
and screening for frame shifts. Thereafter, the 16S
rDNA and phoD sequences were subjected to a
similarity search against the Ribosomal Database
Project database and the GenBank non-redundant
nucleotide database, respectively. Finally, the
sequence reads from each sample were clustered to
operational taxonomic units (OTUs) at 97% similar-
ity. Alpha diversity metrics and community related-
ness were calculated at the same sequencing depth.
The 16S rDNA and phoD sequences are available at
the NCBI Sequence Read Archive under accession
number SRP090422 and SRP044878, respectively
(see details in Supplementary Appendix).

Nematode faunal composition
Nematodes were extracted using a modified Baer-
mann funnel method (Barker, 1985), and visually
examined with an inverted compound microscope.
At least 100 nematodes were identified to the genus
level for each sample. Nematodes were divided into
four trophic groups: bacterivores (Ba), fungivores
(Fu), plant parasites (Pp) and omnivores-predators,
characterized by known feeding habitats or stoma
and esophageal morphology (Yeates et al., 1993).
The guilds were characterized on the colonizer-
persister (c−p) scale (1− 5) as previously described
(Bongers and Bongers, 1998).

Microcosm experiment
Rhizosphere soils were sterilized by acute gamma
irradiation at 40 kGy doses (Buchan et al., 2012).
Bacterial suspensions of fresh soils were prepared by
passing through 1 μm pore-size Millipore filters
(Millipore, Bedford, MA, USA) whereby nematodes
and other small eukaryotes were eliminated. The
dominant bacterivorous nematode, Protorhabditis
spp., isolated from the experimental site was
cultivated in nematode growth medium at 28 °C by
feeding on Escherichia coli. Before use, nematodes

were washed five times with sterile distilled water to
minimize the effects of E. coli.

To set up the microcosms, 50, 150, 500 and 600
individuals were introduced into 100 g soil per pot
for soils obtained from the M0, M1, M2 and M3
treatments, respectively. Nematode-free control was
set up in triplicate to ensure no nematode contam-
ination. Microcosms were incubated in the dark at
28 °C, with soil moisture being maintained at 25%
(w/w). Soils were destructively sampled in 0, 3, 7, 14
and 21 days after inoculation, and then separated
into three aggregate fractions for analysis of nema-
todes, ALP-producing bacteria, ALP and ACP
activities.

Statistical analyses
The statistical procedures, including Pearson’s cor-
relation analysis, were conducted by SPSS statistical
software (SPSS Inc., Chicago, IL, USA). The aggre-
gated boosted trees analysis was carried out to
evaluate the effects of different factors on ALP-
producing bacterial abundance and activity (De'Ath,
2007). The canonical analysis of principal coordi-
nates was performed to assess the influence of
different experimental factors on beta diversity
(Anderson and Willis, 2003). Driving factors for
nematodes and ALP-producing bacterial community
composition were quantitatively evaluated using the
permutational multivariate analysis of variance
(ANOVA; Anderson, 2001). Structural equation
modeling was used to understand how soil chemical
properties altered nematodes and bacterial commu-
nity in three aggregate fractions (Byrne, 2010).
Interaction networks were constructed by calculating
the pairwise Spearman’s rank correlations (see the
details in Supplementary Appendix).

Results

Soil physiochemical properties at the aggregate level
Rhizosphere soils from the four fertilization treat-
ments were separated into three aggregate fractions:
LMA (42mm), SMA (0.25–2mm) and MAs
(o0.25mm). Results of two-way ANOVA revealed
significant differences in soil physiochemical prop-
erties among treatments (F(3,32) = 64.59–1222.85,
Po0.001) and aggregate fractions (F(2,33) = 3.73–
21.15, Po0.05). High levels of manure treatments
(M2 and M3) contained higher proportions of LMA
fractions compared with low manure treatment (M1)
and the control (M0; Supplementary Figure 1a). Soil
pH was significantly elevated by high manure
application (Supplementary Figure 1b). The MA
fraction tended to have higher nutritional substrates
than the LMA and SMA fractions in terms of soil
organic carbon (Supplementary Figure 1c), total
nitrogen (Supplementary Figure 1d) and phosphate
contents (Supplementary Figures 2a and b). The
similar trend was found for soil enzymatic activities
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of ACP and ALP, respectively (Supplementary
Figures 2c and d). Both ACP and ALP activities
showed significant correlations with total phosphate
(r=0.637 and r=0.953, respectively) and available
phosphate (r=0.607 and r=0.958, respectively) at
the level of Po0.001.

Characterizing the bacterial community in soil
aggregates
Soil aggregate samples were subjected to PLFA
analysis for bacterial biomass, and Illumina sequen-
cing of 16S rRNA gene for the diversity and
composition of bacterial community. The results
indicated significant differences in fertilization treat-
ments and aggregate fractions (Figure 1, Po0.05).
Higher manure application resulted in higher bacter-
ial biomass and diversity, showing a general trend of
M3≈M24M14M0 (Figures 1a–c). The MA fraction
possessed the highest bacterial biomass and diversity
than the LMA fraction, with the SMA as the
intermediates (Figures 1a–c).

The bacterial communities were dominated by
Chloroflexi (19.6%), Actinobacteria (19.0%), Alpha-
proteobacteria (11.3%), Firmicutes (10.3%), Acido-
bacteria (8.3%), Deltaproteobacteria (6.7%) and
Gammaproteobacteria (5.1%; Figure 2a). In addition,
Betaproteobacteria, Bacteroidetes, Cyanobacteria,
Gemmatimonadetes, Planctomycetes and Verrucomi-
crobiawere present at lower abundances, accounting

for 14.7% of all sequences (Figure 2a). Bray-Curtis
distances derived from a canonical analysis of
principal coordinates were used to compare bacterial
community composition between three aggregate
fractions. Bacterial community composition in the
MA fraction was well separated from those of
the LMA and SMA fractions, mainly because of
the higher abundance of Chloroflexi and Cyanobac-
teria but the lower abundance of Alphaproteo-
bacteria, Gammaproteobacteria and Actinobacteria
(Figure 3a). Finally, permutational multivariate
ANOVA of bacterial community composition
showed that 75.5% of variations could be explained
by fertilization (59.3%) and aggregate fractions
(14.2%; Supplementary Table 1).

Characterizing the ALP-producing bacterial community
in soil aggregates
The abundance of ALP-producing bacteria was
expressed as the phoD gene copy number per gram
of dry soil as estimated by quantitative PCR analysis
(Figure 1d). It followed a similar trend as total
bacterial biomass, with relatively higher abundance
under manure treatments (M3≈M24M14M0). There
were significantly more ALP-producing bacteria in
the MA fraction compared with the LMA and SMA
fractions under M2 and M3 treatments. There was a
significant positive correlation between ALP-
producing bacterial abundance and ALP activity

Figure 1 Fertilization and aggregate fractions alter rhizosphere bacterial biomass and diversity. The biomass (a), diversity (b) and
richness (c) of total bacterial community were examined together with the abundance (d), diversity (e) and richness (f) of the ALP-
producing bacteria in the rhizosphere. Calculation of diversity and richness is based on OTU tables rarified to the same sequencing depth.
Error bars represent standard errors of three replicates. Bars with the different letter (shown above each) are significantly different
(Po0.05) by Tukey’s HSD test. ALP, alkaline phosphomonoesterase. M0, no manure; M1, low manure; M2, high manure; M3, high manure
plus lime. HSD, honest significant difference; LMA, large macroaggregate; MA, microaggregate; SMA, small macroaggregate.
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(r=0.965, Po0.001; Supplementary Figure 3). Both
were most significantly influenced by soil pH, as
indicted by aggregated boosted tree analysis
(Supplementary Figure 4).

The diversity and composition of ALP-producing
bacterial community were examined using Illumina
sequencing of the phoD gene. Similar trends of the
Shannon index and Chao1 richness were found for
total bacteria and the specific functional group of

ALP-producing bacteria: M3≈M24M14M0 for the
effects of manure addition, and MA4SMA4LMA
for variations among soil aggregates (Figure 1). The
ALP-producing bacterial community was dominated
by Alphaproteobacteria (45.4%), Actinobacteria
(8.5%), Betaproteobacteria (7.5%) and Gammapro-
teobacteria (5.0%; Figure 2b). The ALP-producing
bacterial communities from the three aggregate
fractions were well separated by PCoA1 alone

Figure 2 Taxonomic compositions of bacterial community and bacterivores assemblages. The abundances of total bacterial (a) and ALP-
producing bacterial (b) communities are based on the proportional frequencies of 16S rRNA- and phoD-like sequences. The abundance of
bacterivores (c) is calculated in bacterivorous guilds. ALP, alkaline phosphomonoesterase. M0, no manure; M1, low manure; M2, high
manure; M3, high manure plus lime. LMA, large macroaggregate; MA, microaggregate; SMA, small macroaggregate.

Figure 3 Aggregate fractions alter the bacterial community composition. The dominant OTU (relative abundance40.1%) scores in
(a) total bacterial and (b) ALP-producing bacterial community by principal coordinate analysis, which are constrained by aggregate
fractions and based on Bray-Curtis distances among all the samples. The arrows point to the centroid of the constrained factor. Circle sizes
correspond to the abundance of total bacterial and ALP-producing bacterial OTUs, and colors are assigned to different phyla/classes. ALP,
alkaline phosphomonoesterase. M0, no manure; M1, low manure; M2, high manure; M3, high manure plus lime. LMA, large
macroaggregate; MA, microaggregate; SMA, small macroaggregate.
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(78.8%, Figure 3b). There were significant differ-
ences among soil aggregates in regards to the
abundance of ALP-producing Alphaproteobacteria
(P=0.033) and Gammaproteobacteria (P=0.001;
Supplementary Figure 5). The permutational multi-
variate ANOVA showed that the variations of ALP-
producing bacterial community structure under
fertilization treatments (61.5%) were much bigger
than those among aggregate fractions (9.7%;
Supplementary Table 1). This has been further
demonstrated by hierarchical clustering analysis of
dominant OTUs based on their co-occurrence
(Supplementary Figure 6).

Investigating the nematode assemblages in soil
aggregates
A total of 26 nematode genera were identified
including nine bacterivores, five fungivores, four
plant parasites and eight omnivores-predators
(Supplementary Table 2). On average, bacterivores
(46.6%) and plant parasites (30.5%) were the two
most abundant trophic groups. The five dominant
genera of nematodes were Protorhabditis, Cephalo-
bus, Eucephalobus, Pratylenchus and Mesodorylai-
mus, cumulatively representing over 70% of all
nematodes identified (Supplementary Table 2). The
average number of total nematodes increased with
increasing aggregate size, such that the LMA fraction
had a significantly higher number than the SMA and
MA fractions (Supplementary Table 2, Po0.05). The
bacterivores, plant parasites and omnivores-preda-
tors, particularly the dominant genus within each
guild (Protorhabditis, Pratylenchus and Mesodory-
laimus, respectively), appeared to exhibit a general
trend of LMA4SMA4MA, which was similar to that
of the number of nematodes in total (Figure 2c,
Supplementary Table 2). The permutational multi-
variate ANOVA showed that the nematode commu-
nity structure was influenced by fertilization
treatments (56.7%) and aggregate fractions (11.0%),
which collectively explained 67.7% of the total
variations (Supplementary Table 1).

Ecological interactions between nematodes and
bacteria in soil aggregates
The abundance of bacterivorous nematodes were
positively correlated with the two different measures
of bacterial abundance, that is, total bacterial
biomass (r=0.798, Po0.001) and ALP-producing
bacterial abundance (r=0.783, Po0.001), and ALP
activity (r=0.843, Po0.001), rather than ACP activ-
ity (r=0.318, P=0.059; Supplementary Figure 3,
Supplementary Table 3). Intriguingly, the obtained
data revealed positive correlations between bacter-
ivore abundance and bacterial diversity: total bacter-
ial diversity (r=0.655, Po0.001) and richness
(r=0.430, Po0.001), as well as ALP-producing
bacterial diversity (r=0.675, Po0.001) and richness
(r=0.715, Po0.001; Supplementary Table 3).

Furthermore, the community composition of total
bacteria and ALP-producing bacteria were signifi-
cantly affected by nematodes (21.0 and 22.3%), with
the largest contribution from bacterivores (12.9 and
13.5%) (Supplementary Table 4).

The structural equation model was used to assess
the effects of soil properties and nematodes on the
bacterial community in the three aggregate fractions.
Soil organic carbon produced the strongest effects on
total bacterial biomass and community composition,
while total bacterial diversity was primarily deter-
mined by soil pH (Figure 4). More importantly,
bacterivores had positive effects on bacterial diver-
sity (path coefficient: 0.35, P=0.017) and community
composition (path coefficient: 0.48, P=0.003) in the
LMA fraction (Figure 4c). For ALP-producing bac-
teria, soil pH was one of the most important causal
factors determining ALP-producing bacterial abun-
dance and ALP activity (Figures 4d− f). Bacterivores
exerted more prominent contribution to ALP-
producing bacterial abundance in the LMA fraction
(path coefficient: 0.57, Po0.001) than in the SMA
(path coefficient: 0.29, P=0.026) and MA (path
coefficient: 0.32, P=0.022) fractions. Similar to total
bacteria, the ALP-producing bacterial community
composition was positively affected by bacterivores
in the LMA fractions (path coefficient: 0.44,
Po0.001; Figure 4f).

Interaction network between nematodes and bacterial
community
We sought to determine the co-occurrence patterns
of nematodes and bacteria using network analysis
based on strong and significant correlations. The
calculated modularity index was larger than 0.4
(Table 1), indicating a typical module structure
(Newman, 2006). Overall, aggregate fractions showed
a remarkable effect on association networks of
nematodes and bacteria, as well as ALP-producing
bacteria. For total bacteria and ALP-producing
bacteria, the values of average path length, average
clustering coefficient (avgCC) and modularity in
these empirical networks were higher than those of
their respective identically sized Erdös–Réyni ran-
dom networks (Table 1). Furthermore, average
connectivity (avgK) and modularity was greater in
the LMA than in the SMA and MA networks,
whereas average path length followed the
opposite trend.

The co-occurrence patterns between bacterivores
and ALP-producing bacteria were further compared
across three aggregate fractions. Notably, there were
more positive than negative correlations in all net-
works, regardless of aggregate fractions (Table 1).
Bacterivores were more closely (for example, more
abundant nodes) correlated with ALP-producing
bacteria in the LMA than in the SMA and MA
fractions (Figure 5, Table 1). In particular, the
dominant bacterivores Protorhabditis (degree = 15)
showed stronger positive correlations with ALP-
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producing bacteria in the LMA network (Figure 5).
Topologically, the individual nodes played different
roles in the networks according to two properties: the
within-module degree Z and among-module degree

P. The genus Mesorhizobium (class Alphaproteobac-
teria) was categorized as the module hub for all three
networks (Figure 5, Table 2). Notably, bacterivores
Protorhabditis showed strong positive correlations

Figure 4 The effects of soil properties and nematodes on bacterial community as estimated using the structural equation model. For total
bacteria, (a) microaggregates, χ2 = 7.969, GIF=0.977, P=0.527, AIC=37.692, RMSEA=0.001; (b) small macroaggregates, χ2 = 4.341,
GIF=0.956, P=0.332, AIC=48.701, RMSEA=0.003; and (c) large macroaggregates, χ2 = 5.058, GIF=0.951, P=0.561, AIC=59.408,
RMSEA=0.008. For ALP-producing bacteria, (d) microaggregates, χ2 = 5.949, GIF=0.957, P=0.486, AIC= 57.496, RMSEAo0.001; (e) small
macroaggregates, χ2 = 4.219, GIF =0.958, P=0.183, AIC=50.190, RMSEA=0.007; and (f) large macroaggregates, χ2 = 4.115, GIF=0.961,
P=0.245, AIC=69.151, RMSEAo0.001. The first principal coordinates (PCoA1 explained 59.7 and 78.8% of the variations, see
Figure 3) are used to represent the composition of total bacterial and ALP-bacterial community. The width of black arrows indicates the
strength of significant standardized path coefficients (Po0.05). ALP, alkaline phosphomonoesterase; SOC, soil organic carbon; TN, total
nitrogen.
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with module hubs OTU2517 (r=0.861, P=0.006),
OTU1444 (r=0.822, P=0.009) and OTU1352
(r=0.958, Po0.001), and explained more than one-
fourth of variations in the abundance of three
module hubs (Supplementary Table 5).

Verifying the nematodes–bacteria interactions by soil
microcosm experiments
Having found positive effects of nematode grazing on
ALP-producing bacterial abundance and activity in
open-field environments, we proceeded to demon-
strate this in the microcosm under well-controlled
laboratory conditions. We applied the natural micro-
bial community with and without bacterivorous
nematodes to pre-sterilized soils. Dynamic changes
of bacterivores, ALP-producing bacteria and ALP
activity were monitored over a period of 21 days.
Parallel to our expectation, there were remarkable
increases in nematodes, ALP-producing bacteria
abundance and ALP activity over time (Po0.001),
particularly under M2 and M3 treatments. Specifi-
cally, the abundance of Protorhabditis was approxi-
mately 25% higher in the LMA fraction than that in
the MA fraction (Figure 6). Protorhabditis produced
significant effects on ALP-producing bacterial abun-
dance and ALP activity under M2 and M3 treatments
compared to under M0 and M1 treatments
(Supplementary Figure 7). After 14 days’ incubation,
ALP-producing bacterial abundance and ALP activ-
ity were elevated by 23.1 and 12.3% with bacter-
ivores addition under the M2 treatment, and
increased by 30.3 and 14.1% under the M3 treat-
ment, respectively (Figure 6). Significantly, the
effects of Protorhabditis grazing were two to three
times larger in the LMA fraction relative to the MA
fraction under M2 and M3 treatments (Figure 6).

Discussion

Predator–prey interactions are building blocks of
food webs, whose stability requires a negative feed-
back loop. Specifically, an increase of predator
abundance causes declines in prey populations,
which in turn prevents further increase of the
predator population (Djigal et al., 2004). However,
a great number of theoretical and empirical studies
show that predators can also produce positive effects
on their prey, and vice versa (Ingham et al., 1985;
Brown et al., 2004; Fu et al., 2005). The underlying
mechanisms include enhanced nutrient mineraliza-
tion (Diehl et al., 2000), disposal to new niches for
colonization (Ingham et al., 1985), as well as the
emergence of novel physical and behavioral prey
refuges (Cressman and Garay, 2009). The net influ-
ence between predator and prey is dependent on a
combination of both positive and negative effects,
and it is likely subject to temporal and spatial
dynamic changes. Significantly, when the preda-
tor–prey interactions are extended from simple pairs
to community levels, such as the bacterivores–
bacteria relationships in soil, it remains possible
that the two communities may display no ecological
correlations, likely owing to the effects of species
compensation. In heterogeneous soil environments,
the complex bacterivores–bacteria interaction net-
works form the basis of the heterotrophic eukaryotic
food web, ensuring energy flows through the
bacterial energy channel to higher trophic levels
(Bonkowski et al., 2009). It is thus important to
understand the ecological relationships between the
bacterial community and their predatory bacteri-
vores in various soils.

Here, we found that bacterivores significantly
enhanced bacterial abundance in the maize

Table 1 Topological properties of co-occurring bacterivores–bacteria networks obtained in three aggregate fractions and their respective
identically sized Erdös–Réyni random networks

Network metrics Total bacterial communtiy ALP-producing bacterial community

MA SMA LMA MA SMA LMA

Empirical networks
Number of nodesa 186 (6) 190 (6) 198 (9) 67 (5) 75 (5) 74 (9)
Number of edges 2320 2769 3287 271 339 371
Number of positive correlationsb 1269 (74) 1542 (81) 1798 (126) 183 (17) 251 (19) 263 (35)
Number of negative correlationsb 1051 (45) 1227 (38) 1489 (48) 88 (17) 88 (13) 108 (8)
Average connectivity (avgK) 24.95 29.15 33.20 8.09 9.04 10.03
Average clustering coefficient (avgCC) 0.555 0.588 0.599 0.571 0.625 0.598
Average path length (APL) 3.43 2.75 2.53 3.19 3.80 2.91
Network diameter 14 8 9 7 11 6
Graph density 0.135 0.154 0.172 0.123 0.122 0.137
Modularity (M) 0.460 0.489 0.527 0.485 0.505 0.518

Random networks
APL± s.d. 2.12±0.10 2.01±0.11 1.94±0.08 2.17±0.14 2.21±0.08 2.21± 0.09
avgCC± s.d. 0.067±0.004 0.076±0.007 0.090±0.006 0.057±0.001 0.065±0.011 0.064± 0.003
M±s.d. 0.15±0.01 0.14±0.02 0.12±0.01 0.31±0.02 0.25±0.03 0.24± 0.02

Abbreviations: ALP, alkaline phosphomonoesterase; LMA, large macroaggregate; MA, microaggregate; SMA, small macroaggregate.
aNumber of bacterivorous nematodes is in parentheses.
bNumber of correlations between bacterivores and bacteria is in parentheses.
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rhizosphere across four fertilization treatments and
three aggregate fractions. This result was initially
surprising, as a recent meta-analysis revealed that
bacterivores caused a 16 and 17% reduction in soil
microbial biomass and bacterial abundance, respec-
tively (Trap et al., 2016). However, our findings were
consistent with previous results from microcosm
studies, showing that moderate grazing of micro-
bivores on microflora could stimulate microbial
growth (Fu et al., 2005). A plausible explanation is
that certain bacterivores feed on senescent bacterial
cells, and consequently stimulate nutrient cycling
(Ingham et al., 1985). In addition, many bacteria
reside at the body surfaces or in the digestive
systems of nematodes (Neher, 2010). The movement
of nematodes can help disperse bacteria to new
niches for colonization in heterogeneous soil
environments.

With regard to the effects of bacterivores on
bacterial community, we observed positive correla-
tions between bacterivores abundance and bacterial
diversity in terms of both Shannon index and Chao1
richness. Moreover, bacterivores caused significant
changes in bacterial community composition. These
data clearly indicated that nematode predation had
significant roles in driving dynamic changes of the
bacterial community. Bacterivorous nematodes
could potentially promote bacterial diversification
by generating new ecological opportunities through
the evolution of novel predator-resistant strategies or
in the form of access to predator-free space (Nosil
and Crespi, 2006; Meyer and Kassen, 2007). More
importantly, bacterial strains were not equally
susceptible to predation. They used different physi-
cal and chemical means against nematodes preda-
tion, such as bacterial cell shape, filamentation,

Figure 5 Interaction networks between bacterivorous nematodes and ALP-producing bacterial communities. A connection stands for a
strong (Spearman’s ρ40.8) and significant (Po0.01) correlation for the MA (a), SMA (b) and LMA (c) fractions. The co-occurring networks
are colored by phylum/class. For each panel, the size of each node is proportional to the number of connections (that is, degree), 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 interaction between two individual nodes, while a red edge indicates a negative interaction. The numbers inside
the nodes are as follows: (1) the dominant bacterivores Protorhabditis, (2) the module hub OTU2517, (3) the module hub OTU1444 and
(4) the module hub OTU1352. ALP, alkaline phosphomonoesterase; LMA, large macroaggregate; MA, microaggregate; SMA, small
macroaggregate.
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biofilms as well as the production of pigments,
polysaccharides and toxins (Jousset et al., 2009;
Jousset, 2011; Bjørnlund et al., 2012). In addition,
bacterivores possessed selective feeding traits, which
were largely determined by physical constraints of
their feeding apparatus and specific detection of
chemical cues produced by taxonomically different
bacteria (Bonkowski et al., 2009). Clearly, selective
predation was fundamentally important for bacter-
ivores to maximize their own fitness and elicit the
influences on bacterial community dynamics.

Bulk soils are a resource-limited environment
when compared with rhizosphere. Bacterivores–
bacteria interactions were previously examined in
bulk soils obtained from the same experimental sites
(Jiang et al., 2013, 2014). The average total number of
nematodes and total bacterial biomass in bulk soils
were about half of those found in rhizosphere soils.
Interestingly, nematodes and bacteria displayed the
similar relationships in the rhizosphere and bulk
soils, that is, positive correlations between bacter-
ivores abundance and bacterial biomass as well as
bacterial diversity. The data thus suggest that
resource constraints may not be the major factor to
determine the bacterivores–bacteria community
interactions in soils.

In this work, our understanding on the ecological
interactions between bacteria and bacterivorous
nematodes has been extended to a specific func-
tional group of ALP-producing bacteria. Our results
revealed that bacterivores enhanced ALP-producing
bacterial abundance and ALP activity, but produced
no significant effects on ACP activity. This finding
makes sense as soil ACPs were mostly derived from
plant and fungi (Tabatabai, 1994). Selective preda-
tion likely accounted for the significant effects of
nematodes on determining ALP-producing bacterial
community composition. For example, bacterivores
abundance was positively correlated with Gamma-
proteobacteria (r=0.878, Po0.001) and Betaproteo-
bacteria (r=−0.812, Po0.001), rather than
Actinobacteria (r=0.014, P=0.936). The data sup-
port the previous notion that bacterial-feeding
nematodes prefer to feed on Gram-negative bacteria
(for example, Pseudomonas, a typical rhizosphere
colonizer) over Gram-positive bacteria, likely
because their thinner cell walls are easier to be
digested (Salinas et al., 2007).

We examined the interaction networks between
bacteria and bacterivorous nematodes, and identified
Mesorhizobium as the keystone species for ALP
activity across three aggregate fractions. These key-
stone species served as gatekeepers in the ecological
functions of the bacterial community, with important
contributions to biogeochemical cycling (Lynch and
Neufeld, 2015). It was different from the ammonia-
oxidizing bacterial and archaeal community, which
occupied two different keystone species (a module
hub and a connector) in three aggregate fractions
(Montoya et al., 2006; Jiang et al., 2015). This result
suggested that the ALP-producing bacterialT
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community was more susceptible to nematode
predation than the ammonia oxidizers. Manure
applications promoted the formation of the LMA
fraction, the intra-aggregate pore spaces of which
were more suitable for bacterivorous nematode
survival. Higher density of bacterivores population
comprised the vast and complex networks of the
nematodes–bacteria associations. The stronger posi-
tive effect of bacterivores on Mesorhizobium in the
LMA probably grew more predominant contribution
to ALP-producing bacterial abundance and ALP
activity. Thus, the LMA network could be consid-
ered as a better-organized soil food wed with more
functional interrelated bacterivorous nematodes and
bacteria.

In conclusion, the data presented here showed that
nematode predation promotes bacterial community
dynamics in red soil, and the extent of the effects
varied greatly at the level of soil aggregates.
Specifically, the abundance of bacterivores was
positively correlated with bacterial biomass and the
levels of bacterial diversity. Moreover, nematode
predation produced significant influences on species
compositions of the bacterial community. In regards
to the specific functional groups of ALP-producing
bacteria, they displayed the similar effects as the
total bacterial community. There was no sufficient
evidence to suggest that ALP-producing bacteria
were disproportionally affected (or specifically tar-
geted) by nematodes. Interaction network analysis
revealed significant effects of nematode on the
keystone species of the bacterial community. More
specifically, there was a positive correlation between
the most dominant nematode Protorhabditis and the
ALP-producing keystone 'species' Mesorhizobium.
This may explain the findings that nematode grazing
stimulated ALP activity. Finally, a systematic and
comprehensive understanding of nematodes–bac-
teria interactions has been achieved at the level of

soil aggregate. In general, microaggregates contain
higher levels of bacterial abundance and diversity
but less amount of bacterivorous nematodes com-
pared with large macroaggregates. Conversely, nema-
tode predation occurred more actively in large
macroaggregates than in microaggregates. Together,
nematode predation has an important role in
determining the composition and dynamics of
bacterial community in a spatially dependent
manner.
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