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Soil aggregate fractions serve as functional units of a soil ecosystem, providing ecologically diverse microhabitats
for microbial communities. Manure application has been previously reported to alter the abundance, diversity
and structure of soil microbial communities. However, how manure application changes functional microbial
groups and microbiome complexity in various soil aggregate fractions remains largely unclear. Here, we
investigated the impact of 18-year pig manure application on microbial communities and their network
complexity in soil aggregate fractions from an acidic Ultisol. Manure application significantly enhanced soil
bacterial diversity rather than fungal diversity. Both manure application and aggregation had a significant
impact on the bacterial and fungal community structure. Manure application reduced the relative abundance of
Chloroflexi, AD3 and Basidiomycota phyla across all aggregate fractions, and enriched Proteobacteria and
Ascomycota phyla in macroaggregates. As for functional microbial groups, the relative abundances of diazo
trophs and bacterial nitrifiers were enhanced while bacterial denitrifiers were inhibited under manure appli
cation. Manure application increased the relative abundance of saprotrophic fungi while suppressed plant
pathogens and parasites. Microbial network complexity, especially the number of positive links, increased with
increasing application rates of manure. In contrast, the complexity of microbial networks declined with
increasing aggregate sizes. Acidobacteria and Chloroflexi phyla comprised the majority of the potential keystone
taxa in the low-rate and high-rate manure amended treatments, respectively. The importance of Chloroflexi
phylum in microbial networks was promoted by manure application, despite of their reduced abundance.
Together, these findings advance our understanding of the impacts of manure application on microbiome di
versity, complexity and functional groups in soil aggregate fractions, with implications for managing agricultural
ecosystem functioning in Ultisols.

1. Introduction
Ultisol covers 8% of the Earth’s ice-free land area and is generally
characterized by low fertility, low soil pH and high nutrient leaching
(Lal, 2004; Uwah and Iwo, 2011; Ye et al., 2019b). In order to improve
soil fertility and crop yields, organic fertilizations are recommended
agricultural management practices in these regions (Huang et al., 2010;
Xu et al., 2020). Microbial communities play an irreplaceable role in soil
ecological processes and ecosystem functioning, including organic

matter turnover, biogeochemical nutrient cycling, plant growth pro
motion, soil-borne disease suppression, and soil aggregation (Delga
do-Baquerizo et al., 2016; Fierer, 2017; Schimel et al., 2007; van der
Heijden et al., 2008). Therefore, it is essential to explore how microbial
communities respond to organic fertilization and how microbial com
munities can be harnessed through targeted organic fertilizers for sus
tainable agriculture.
Organic fertilization has been shown to increase or decrease bacte
rial diversity and alter microbial community structure in arable soils
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(ca. 180 kg N ha− 1 yr− 1 equivalent); medium-rate manure (M18),
receiving 18 Mg ha–1 of composted manure (ca. 360 kg N ha− 1 yr− 1
equivalent); and high-rate manure (M27), receiving 27 Mg ha–1 of
composted pig manure (ca. 540 kg N ha− 1 yr− 1 equivalent). Pig manure
was collected from local farmers and had been stockpiled for 3 months
before application. The pig manure contained 157.2 g kg− 1 organic
carbon, 20.1 g kg− 1 total nitrogen, 12.1 g kg− 1 total phosphorous and
7.9 g kg− 1 total potassium.
Soils were sampled from a depth of 0–20 cm (tillage layer) in
October 2019. Ten intact soil cores were taken at random from each plot,
composited, and thoroughly mixed to form two composite samples.
Samples were immediately placed on ice and brought to the laboratory.
After carefully removing visible organic debris and stones, fresh soils
were passed through an 8 mm sieve by gently breaking up along natural
break-points. One part was immediately used for soil aggregate frac
tionation, while another part was air-dried for the determination of soil
variables.

(Huang et al., 2010; Xun et al., 2016; Ye et al., 2019a). In general,
long-term organic fertilization can stimulate the growth of copiotrophic
taxa, including Proteobacteria, Bacteroidetes and Actinobacteria phyla,
and suppress that of oligotrophic bacteria, such as Acidobacteria and
Chloroflexi phyla (Francioli et al., 2016; Xun et al., 2016). For fungi,
Wang et al. (2018) showed that long-term organic fertilization reduced
the relative abundance of pathogenic fungi and increased that of sap
rotrophic fungi in paddy soils across eight plant growth stages.
In addition to microbial diversity and community composition, mi
crobial network complexity is also an important predictor of ecosystem
functioning (Wagg et al., 2019). A few studies showed that microbial
network complexity can better explain soil ecological functioning than
the overall microbial diversity (Fernández-González et al., 2020; Karimi
et al., 2017; Ma et al., 2016). In addition, numerous studies have utilized
microbial networks to statistically identify potential keystone taxa
(Banerjee et al., 2018; Chen et al., 2019; Wan et al., 2020; Zheng et al.,
2018), and linked them to soil organic matter dynamics and nutrient
cycling processes (Banerjee et al., 2016b; Lin et al., 2019). Previous
studies have shown that compared with chemical fertilizer only treat
ment, organic amendments could increase microbial network
complexity (Ling et al., 2016; Liu et al., 2020). However, compared with
no-fertilizer treatment, the effect of long-term organic fertilization on
microbial network complexity and potential keystone taxa remains
largely unknown, especially in Ultisols.
Organic fertilization can facilitate the soil aggregation by increasing
organic matter, which acts as the binding agent for soil particles (Elliott,
1986; Zhou et al., 2013), with subsequent consequences for microbial
communities (Lin et al., 2019). It is well known that soil organic matter
content and characteristic, nutrient availability, oxygen diffusion ca
pacity and microbial community structure vary across different aggre
gate fractions (Chenu et al., 2000; Ebrahimi and Or, 2016; Zheng et al.,
2018). In general, macroaggregates contain higher nutrient contents,
relatively more labile carbon and thereby support copiotrophic micro
organisms, whereas microaggregates accumulate more recalcitrant
carbon and favor oligotrophic microbes (Trivedi et al., 2015, 2017).
Although microbial community composition in soil aggregates have
been well studied (Dai et al., 2019; Li et al., 2019; Luo et al., 2018), our
knowledge of the microbial functional guilds, microbiome complexity
and potential keystone taxa in different soil aggregate fractions remains
rudimentary, despite a few recent studies (Lin et al., 2019; Zheng et al.,
2018).
Our previous study has demonstrated that pig manure was more
effective than other studied organic materials in increasing soil nutrients
and aggregation, and changing microbial community structure (Lin
et al., 2019). The present study builds upon these preliminary findings to
explore how long-term pig manure application influences microbial
functional guilds, network complexity, and potential keystone taxa in
various soil aggregates from a long-term field experiment with different
levels of manure application. We hypothesized that pig manure appli
cation increased microbial network complexity, and altered microbial
functional guilds in soil aggregate fractions, due to the promotion of
substrate and nutrient status in soils.

2.2. Soil properties analysis and aggregate fractionation
The methods for determination of soil physicochemical properties,
including soil pH(H2O), soil organic carbon (SOC), dissolved organic
−
carbon (DOC), total nitrogen (TN), ammonium (NH+
4 ), nitrate (NO3 ),
available phosphorus (AP) and available potassium (AK) have been
described in detail by Lin et al. (2018). Soil aggregate fractionation was
conducted following the previously described methods (Elliott, 1986;
Lin et al., 2019). Four sizes of water-stable soil aggregates were
collected: >2000 μm, 250–2000 μm, 53–250 μm, and <53 μm. After wet
sieving, an aliquot of each fraction was freeze-dried immediately for
molecular analysis. Soil mass recovery rates were evaluated and ranged
from 97.9% to 99.9%.
Soil mean weight diameter (μm) was calculated as follows (Kemper
and Rosenau, 1986):
n
∑

Soil mean weight diameter =

xi Wi
i=1

where xi represents the mean diameter of each size of aggregate; and Wi
represents the weight percentage of size i of the aggregates.
2.3. Soil DNA extraction
Soil DNA extraction was conducted from 0.5 g freeze-dried aggregate
soils using the MoBio PowerSoil™ DNA Isolation Kits (Mo Bio Labora
tories, Carlsbad, CA, USA) following the manufacturer’s protocols.
NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington,
USA) was used to evaluate the quality and quantity of extracted DNA
samples, which were further stored at − 80 ◦ C.
2.4. High throughput sequencing and sequencing data processing
We amplified the V4-V5 region of bacterial 16S rRNA gene using the
primer pair 515 F/907R. For fungi, the ITS1 region was amplified using
primers ITS1F/ITS2R. The forward primer contained a barcode unique
to each sample for PCR amplification. These PCR products were purified
using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, USA).
Furthermore, NEXTFLEX Rapid DNA-Seq Kit (Bioo Scientific, USA) was
used to generate the sequencing libraries according to the manufac
turer’s instructions. Finally, high-throughput sequencing was conducted
on an Illumina MiSeq platform (2 × 300 bp paired ends) by Majorbio
Bio-Pharm Technology Co., Ltd. (Shanghai, China). Bacterial and fungal
sequences obtained from this research were deposited in the DNA Data
Bank of Japan (DDBJ) database with the accession numbers DRA009959
and DRA009960, respectively.
We used FLASH1.2.7 (Magoč and Salzberg, 2011) to assemble raw
paired-end reads, and performed quality filtering of reads using the

2. Materials and methods
2.1. Study site description and soil sampling
The study site is located at the Yingtan National Agroecosystem Field
Experiment Station (28◦ 15′ 20′′ N, 116◦ 55′ 30′′ E). This area is charac
terized by a typical subtropical monsoon climate, with an annual
average rainfall of 1795 mm and temperature of 17.6 ◦ C. The soil is
derived from quaternary red clay and classified as a Typic Plinthudult
(Ultisol). The long-term field experiment was established in 2002 with a
cropping system of summer peanut followed by winter fallow, including
four treatments with three replicate plots: control without manure (CK);
low-rate manure (M9), receiving 9 Mg ha–1 of composted pig manure
2
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Table 1
Soil physicochemical properties following long-term application of pig manure.
Treatment

pH
(1:5)

SOC
(g kg− 1)

DOC
(mg kg− 1)

TN
(g kg− 1)

NH+
4
(mg kg− 1)

NO−3
(mg kg− 1)

AP
(mg kg− 1)

AK
(mg kg− 1)

CK
M9
M18
M27

4.95 ± 0.06b
4.80 ± 0.02a
4.79 ± 0.01a
4.90 ± 0.03ab

5.68
6.61
6.73
7.67

5.74 ± 0.71a
8.22 ± 0.74ab
10.42 ± 1.27b
13.99 ± 0.41c

0.66 ±
0.81 ±
0.81 ±
0.90 ±

7.52 ± 0.09a
8.31 ± 0.42ab
9.41 ± 0.73b
9.62 ± 0.30b

5.95 ± 0.17a
8.85 ± 0.84b
11.17 ± 0.67c
11.80 ± 0.83c

6.39 ± 0.97a
28.53 ± 5.49ab
49.75 ± 4.36b
104.95 ± 14.53c

76.70 ± 12.43a
87.53 ± 3.36a
129.27 ± 3.08b
150.15 ± 11.71b

± 0.33a
± 0.42ab
± 0.25bc
± 0.12c

0.02a
0.07ab
0.05b
0.04b

Values within the same column followed by different letters indicate significant differences at p < 0.05.
CK, no manure; M9, low-rate manure with 9 Mg ha− 1 y− 1; M18, medium-rate manure with 18 Mg ha− 1 y− 1; M27, high-rate manure with 27 Mg ha−
organic carbon; DOC, dissolved organic carbon; TN, total nitrogen; AP, available phosphorus; AK, available potassium.

Quantitative Insights Into Microbial Ecology (QIIME) pipeline (Capor
aso et al., 2010). Low-quality sequences with ambiguous nucleotides,
improper primers and barcodes, and an average quality score <20 were
excluded from further analysis. The remaining sequences were clustered
into operational taxonomic units (OTUs) at 97 % similarity using the
UPARSE algorithm (Edgar, 2013). A representative sequence was picked
from each OTU using the most abundant sequence. Chimeric sequences
were identified and discarded during clustering. The taxonomy of bac
terial and fungal sequences was analyzed using the Greengenes database
and UNITE fungal ITS reference database, respectively. In order to
minimize the read-count variation effects from various samples, all
samples were rarefied to 25959 and 29750 sequences for bacteria and
fungi, respectively, based on the sample with the least sequences. The
bacterial and fungal functional guilds were predicted based on the OTU
table using FAPROTAX (Louca et al., 2016) and FUNGuild (Nguyen
et al., 2016), respectively. Among all bacterial functional groups, only
the relative abundances of groups that associated with nitrogen cycling
and chemoheterotrophy were higher than 1% and significantly influ
enced by manure applications. Thus, three main nitrogen cycling func
tional groups were selected as representatives of bacterial functional
groups. For fungal functional guilds, the OTUs were classified into
saprotroph, plant pathogen, parasite and others. The FUNGuild program
often assigns multiple functional guilds for a single OTU (e.g., sapro
troph–plant pathogen), and such OTU was calculated in both functional
groups.

1

y− 1; SOC, soil

2.5. Microbial network analysis
Network analysis was performed to reveal the microbial cooccurrence links in all control and manure amended treatments across
all aggregate sizes. The co-occurrence links within and between bacte
rial and fungal OTUs were evaluated using the maximal information
coefficient (MIC) scores in the MINE statistics (Reshef et al., 2011). In
order to minimize pairwise comparisons, only OTUs with average rela
tive abundances higher than 0.05 % (including 410 bacterial and 162
fungal OTUs) were included in network analysis. Four
fertilization-specific and four aggregate-specific networks were con
structed. However, the interactions of manure and aggregate sizes on
microbial network complexity were not evaluated, because the repli
cates were not sufficient and there was no significant interaction of the
two factors on microbial communities. To highlight the most important
interactions, only the interactions with MIC > 0.8, in addition to strong
positive (r >0.8), strong negative (r <− 0.8) or strong nonlinear (MIC −
r2 >0.8) relationships were used for network construction and visualized
in Cytoscape v.3.6.1 (Shannon et al., 2003).
Network topology parameters were calculated using the NetworkA
nalyzer and CentiScaPe tools in Cytoscape. We collectively identified the
potential keystone taxa by OTUs with degree >15, closeness centrality
>0.28, and betweenness centrality <0.18 (Banerjee et al., 2019).
2.6. Statistical analysis
Analysis of variance (ANOVA) based on the least significant differ
ences (LSD) test were performed using SPSS Statistics software (IBM,

Fig. 1. Soil mean weight diameter and mass proportion of aggregates following long-term applications of different rates of pig manure. Dashed lines represent the
soil mean weight diameter. Vertical bars denote the standard errors of means (n = 3). Uppercase letters and lowercase letters indicate significant differences for soil
mean weight diameter and mass proportion of aggregates, respectively, among the treatments at p < 0.05.
3
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Fig. 2. Nonmetric multidimensional scaling (NMDS) analysis and permutational multivariate analysis of variance (PERMANOVA) of bacterial and fungal com
munities with OTUs classified at 97 % sequence similarity. Different colors represent different treatments, and different symbols indicate different aggregate size
classes. The letters M and A denote manure and aggregate sizes, respectively. Asterisks denote significant differences at p < 0.001 (***) probability levels.

USA). The monoMDS function was used to perform non-metric multi
dimensional scaling (NMDS) analysis in the vegan package (Oksanen
et al., 2007) on the R platform (Version 3.4.1). Furthermore, permuta
tional multivariate analysis of variance (PERMANOVA) analysis was
conducted using the adonis function in the vegan package to assess the
separate and quantitative effects of manure and aggregate size on bac
terial and fungal community structure.

(44.65 %) and medium-rate (44.16 %) manure treatments. The SOC
content in >2000 μm and 250–2000 μm aggregates was significantly
higher than that in 53–250 μm and <53 μm aggregates (Fig. S1). Manure
application mainly increased SOC content in >2000 μm and 250–2000
μm aggregates.
3.2. Effects of manure application on microbial community structure and
functional guilds in soil aggregate fractions

3. Results

Manure application strongly changed bacterial and fungal commu
nity structure with distinctive patterns observed along the NMDS axis 1
(Fig. 2). PERMANOVA analysis confirmed that manure exerted a sig
nificant impact on bacterial and fungal community structure (p < 0.001,
Fig. 2), and this influence increased with increasing application rates
(Table S1). Manure also significantly increased the alpha diversity of
bacteria (p < 0.05), but not fungi (Fig. S2). Aggregate sizes exerted a
significant effect on bacterial and fungal community structure (p <
0.001), explaining 25 % and 13 % of variation in bacterial and fungal
community structure, respectively. However, compared with bacterial
communities, fungal communities were less affected by soil aggregate
sizes (Fig. 2).
Chloroflexi was the most dominant bacterial phylum in all aggregate
sizes of CK, accounting for 29.75–38.95 % of total bacterial sequences
(Fig. 3). However, manure application reduced its relative abundance
across all aggregate fractions. Similarly, manure application reduced the
relative abundance of AD3 phylum, regardless of aggregate sizes.

3.1. Soil physicochemical properties following different application rates
of manure
The highest pH value (4.95) was recorded in the CK treatment, and
was significantly decreased by the application of low-rate (M9) and
medium-rate (M18) manure (Table 1). In contrast, concentrations of
−
SOC, DOC, TN, NH+
4 , NO3 , AP and AK were significantly increased by
the application of pig manure, with the most pronounced increase
observed in the high-rate (M27) manure treatment (Table 1).
The mean weight diameter of aggregates increased from 874 μm in
CK to 939-1118 μm in manure amended treatments, and the value
increased with increasing application rates (Fig. 1). The mass proportion
of large macroaggregates (>2000 μm) was 6.69 % in M27, which was
two-fold higher than that in CK. Conversely, the application of high-rate
manure reduced the mass proportion of microaggregates (53–250 μm)
from 47.60 % in CK to 40.81 %, which was lower than those in low-rate
4
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plant pathogens and parasites. However, no significant difference was
found for the relative abundance of saprotrophs, plant pathogens and
parasites between different levels of manure amended treatments.
Aggregate sizes also had a significant impact on fungal functional guilds,
with the higher relative abundance of saprotrophs found in <250 μm
aggregates than in >250 μm aggregates (Fig. 5). Conversely, the oppo
site distribution pattern was found for plant pathogens. The relative
abundance of parasites was lowest in 250–2000 μm aggregates, and no
significant difference was found for the other sizes of aggregates.
3.3. Characteristics of microbial networks in various treatments and soil
aggregate fractions
To better understand the role of manure application and aggregation
in community assembly, the co-occurrence network of bacterial and
fungal OTUs in various treatments and aggregate fractions were con
structed separately. The structure and topology of constructed networks
exhibited remarkable differences (Fig. 6). The network of CK consisted
of 339 nodes and 568 edges, while the M27 network consisted of 304
nodes and 903 edges (Table 2). The number of edges, average number of
neighbors and average connectivity of networks increased with
increasing application rates of manure, while the characteristic path
length showed the opposite trend. The positive links of networks also
increased with increasing manure application rates, and mainly
occurred within bacteria (Table S3). Soil aggregation had a substantial
effect on microbial network complexity, with clustering coefficient,
average number of neighbors and average connectivity of networks
increasing with decreasing aggregate sizes. Moreover, both positive and
negative microbial links within or between bacteria and fungi increased
with decreasing aggregate sizes.
Chloroflexi phylum accounted for over 20 % of the network nodes
(Fig. 7). In the CK, M9, and M18 networks, Acidobacteria phylum had a
higher value of average degree (number of neighbours of a node) than
the other phyla. However, the highest average degree was observed for
Chloroflexi phylum in M27 network. For aggregate-specific networks,
Actinobacteria phylum in <53 μm and 53–250 μm aggregates while
Chloroflexi phylum in >2000 μm aggregates had the highest value of
average degree. The M27 network harbored 37 potential keystone taxa,
which were higher than 20 in the M18, 11 in the M9 and none in the CK
networks (Table S4). Thermogemmatisporales order in Chloroflexi
phylum accounted for the majority of potential keystone taxa in the M27
networks, although their relative abundances were decreased by manure
application (Fig. S4). In contrast, most of potential keystone taxa were
affiliated with Acidobacteria phylum in the M9 network, whereas both
Chloroflexi and Acidobacteria phyla were important potential keystone
taxa in M18 network. Therefore, manure application increased micro
bial network complexity and altered potential keystone taxa in soil
aggregate fractions.

Fig. 3. Relative abundance of major phyla for (A) bacterial and (B) fungal
communities in aggregate size classes depending on applications of different
rates of pig manure.

Conversely, the relative abundance of Proteobacteria phylum increased
from 11.18 to 13.90% in CK to 15.17–20.86 % in high-rate manure
treatments. The relative abundances of Acidobacteria and AD3 phyla
were higher in <250 μm aggregates than in >250 μm aggregates, while
Proteobacteria, Cyanobacteria and Firmicutes phyla showed the oppo
site trends.
Ascomycota phylum accounted for 81.26–95.67 % of the fungal se
quences, with the lowest and highest value observed in CK and M27,
respectively. Sordariales was the dominant order of Ascomycota
phylum, and manure application increased its relative abundance,
compared to CK (Fig. S3). Conversely, the highest relative abundance of
Basidiomycota phylum was found in CK. Moreover, the relative abun
dance of Glomeromycota phylum was higher in the larger sizes of
aggregate whereas Zygomycota phylum showed the opposite trend.
Two-way ANOVA analysis showed that there was no manure ×
aggregate sizes interactions on selected bacterial and fungal functional
guilds (Table S2), although the main effects of manure and aggregate
sizes were significant. For potential bacterial functional guilds, high-rate
manure application significantly increased the relative abundance of
diazotrophs and nitrifiers (sum of ammonia-oxidizing bacteria and
nitrite-oxidizing bacteria) from 1.02 % and 0.76 % in CK to 1.70 % and
1.07 %, respectively (Fig. 4). In contrast, the relative abundance of de
nitrifiers (sum of distinct denitrifying groups) was reduced by mediumrate or high-rate manure application. The relative abundance of diazo
trophs increased with increasing aggregate sizes, while that of nitrifiers
showed the opposite trend (Fig. 5). In contrast, the relative abundance of
denitrifies was higher in 53–250 μm and 250–2000 μm aggregates than
in <53 μm and >2000 μm aggregates. As for fungal functional guilds,
saprotrophs dominated in studied soils and accounted for 47.95 % of the
total reads. Pig manure application significantly increased the relative
abundance of saprotrophs to 55.18–56.76 % (Fig. 4). Conversely, pig
manure application significantly reduced the relative abundance of

4. Discussion
4.1. Effect of manure application and aggregation on microbial
community structure and composition
Manure application and soil aggregation induced significant changes
in bacterial and fungal community structure in tested Ultisols. Resource
availability was frequently suggested to play a key role in mediating
microbial community structure (Briar et al., 2011; Tian et al., 2019).
Compared with CK, manure application increased the substrate and
nutrient content, and caused changes in soil aggregation, which pro
vided spatially and physico-chemically heterogeneous niches for mi
crobial colonization (Trivedi et al., 2015; Wilpiszeski et al., 2019; Zheng
et al., 2018). Thus, it is not surprising that application of manure and soil
aggregation significantly altered microbial communities in tested soils
(Li et al., 2019; Lin et al., 2019). However, it is likely that fungi are more
resistant to environmental stress, and have a broader profile of nutrient
5
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Fig. 4. Microbial functional guilds that were significantly affected by long-term pig manure applications. The boundaries of the boxes indicate the first and third
quartiles, and the lines and squares within the boxes represent the median and average, respectively. The whiskers mark the 10th and 90th percentiles, and the
outliers are shown as dots. Different letters represent significant differences among treatments (p < 0.05).

utilization than bacteria (de Vries et al., 2018), and thus less influenced
by soil aggregate sizes.
Manure application reduced the relative abundance of Chloroflexi
and AD3 phyla in all aggregate sizes (Fig. 3). Chloroflexi phylum was
reported to be oligotrophic bacteria, which thrive in environments with
limited carbon or nutrient availability (Dai et al., 2019; Xu et al., 2020;
Xun et al., 2016). Likewise, AD3 phylum was regarded as slow-growing
heterotrophs and was particularly abundant in environments with low
organic carbon concentrations (Brewer et al., 2019). Manure applica
tion, especially in high rates, promoted more copiotrophic soil envi
ronments through increasing carbon and nutrients levels (Table 1), and
consequently had a deleterious effect on Chloroflexi and AD3 phyla (Dai
et al., 2019; Tas et al., 2014; Xu et al., 2019). In contrast, application of
pig manure facilitated the growth of Proteobacteria phylum, particu
larly in macroaggregates. Many members of Proteobacteria phylum
were recognized as copiotrophic bacteria that prefer labile carbon and
flourish in nutrient-rich conditions (Fierer et al., 2007; Francioli et al.,
2016; Xun et al., 2016). Macroaggregates generally harbor higher SOC
contents than microaggregates (Fig. S1), and thus support the relatively
higher abundance of Proteobacteria phylum (Davinic et al., 2012;
Trivedi et al., 2015).
Ascomycota and Basidiomycota phyla comprise a large proportion of

fungal decomposers in soils (Ma et al., 2013; Ye et al., 2020), and
members from the Basidiomycota phylum are generally abundant in
forest soils with high lignin content (Blackwood et al., 2007). In
contrast, Ascomycota phylum is overwhelmingly dominant in agricul
tural soils (Bei et al., 2018; Ye et al., 2020). It has been reported that
organic amendments stimulated the growth of Ascomycota phylum and
suppressed that of Basidiomycota phylum in arable soils (Liu et al.,
2020; Xu et al., 2020; Ye et al., 2020), which aligns with our findings in
tested soils. Moreover, the relative abundance of Glomeromycota
phylum increased with increasing aggregate sizes (Fig. 3). Glomer
omycota phylum, majority of which are arbuscular mycorrhizal fungi
(AMF) (Stürmer et al., 2018), play a key role in soil aggregation due to
their ability to enmesh and entangle particles in soils (Morris et al.,
2019; Wilson et al., 2009). Glomeromycota phylum can also assist plants
in taking up soil nutrients and are sensitive to soil available nitrogen or
phosphorus contents (Li et al., 2020).
Manure application changed bacterial functional guilds by promot
ing the relative abundance of diazotrophs and nitrifiers, while
decreasing that of denitrifiers. Diazotrophs are often carbon and phos
phorus limited, and a recent meta-analysis study has shown that organic
fertilizer application could increase the abundance of diazotrophs by
providing available carbon and phosphorus (Ouyang et al., 2018).
6
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Fig. 5. Microbial functional guilds that were influenced by aggregate sizes. The boundaries of the boxes indicate the first and third quartiles, and the lines and
squares within the boxes represent the median and average, respectively. The whiskers mark the 10th and 90th percentiles, and the outliers are shown as dots.
Different letters represent significant differences among various aggregate fractions (p < 0.05).

Moreover, diazotrophs are intimately associated with plant roots, while
the influence of plant roots on microbes decreases with decreasing
aggregate sizes (Zheng et al., 2018), resulting in the increment of
diazotrophs with increasing aggregate sizes. Increasing NH+
4 content
(Table 1) might be an important factor for enhancing bacterial nitrifiers
abundance under manure application. In contrast, macroaggregates are
generally more anaerobic than microaggregates (Ebrahimi and Or,
2016; Ye et al., 2019a), and thus suppress the growth of nitrifiers which
are generally aerobic. Furthermore, the addition of organic carbon,
especially recalcitrant carbon in acidic soils favored fungal denitrifiers
(Chen et al., 2015; Xu et al., 2017), which might compete with bacterial
denitrifiers for nitrite (NO−2 ), and then suppressed the growth of bacte
rial denitrifiers.
Manure application significantly increased the relative abundance of
saprotrophs. Saprotrophic fungi have been recognized as critical de
composers of soil organic substances (Che et al., 2019; Nguyen et al.,
2016). The enhanced abundance of saprotrophs under manure appli
cation suggests promotion of soil fungi with the ability to mineralize
organic substances, with implications for carbon and nutrient cycling.
However, the decreased relative abundance of saprotrophs with
increasing aggregate size might be due to their strong capacity to

degrade recalcitrant substances, which were usually higher in micro
aggregates than in macroaggregates (Lin et al., 2019). Pathotrophic
fungi (including plant pathogens and parasites) attack host cells for
nutrients, and are expected to have deleterious effects on plants or other
organisms (Flory and Clay, 2013). Manure application may release allele
chemicals or stimulate beneficial microorganisms to suppress the
growth of plant pathogens and parasites (Bailey and Lazarovits, 2003),
thus decreasing the risk of plant diseases.
4.2. Effect of manure application and aggregation on microbial cooccurrence networks
Co-occurrence networks could provide insight into species that share
similar ecological niches or have non-random biotic associations (Frei
lich et al., 2018). Pig manure application increased the complexity of
microbial networks, and the average connectivity and number of
neighbors increased with the increasing application rates (Table 2). This
finding is in consistence with our hypothesis. It has been demonstrated
that long-term organic amendments support more complex microbial
networks (Ling et al., 2016; Liu et al., 2020), and possible explanations
may include: (1) the amendment of pig manures creates similar
7
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Fig. 6. Co-occurrence networks of bacteria and fungi at the OTU level for the soil samples across all treatments and aggregate sizes. Each circle point represents an
independent bacterial OTU while fungal OTU is indicated as diamond point, and node size is proportional to the relative abundance.
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Table 2
Key topological features of microbial networks in the soils across all treatments and aggregate sizes.
Manure effects
Number of nodes
Bacterial
Fungal
Number of edges
Positive
Negative
Non-linear
Clustering coefficient
Average number of neighbors
Average connectivity
Characteristic path length
Network diameter

Aggregation effects

CK

M9

M18

M27

<53 μm

53–250 μm

250–2000 μm

>2000 μm

339
262
77
568
319
27
222
0.14
3.35
7.57
5.49
14

309
242
67
641
451
36
154
0.20
4.15
9.91
4.72
16

316
246
70
662
488
6
168
0.17
4.19
11.25
4.63
12

304
259
45
973
823
56
94
0.24
6.40
17.98
4.49
15

310
237
73
1211
738
320
153
0.25
7.81
23.67
4.16
13

274
217
57
769
521
132
116
0.19
5.61
14.65
3.71
11

324
246
78
884
468
73
343
0.18
5.46
13.02
3.98
11

280
219
61
615
393
16
206
0.15
4.39
12.85
4.44
13

Fig. 7. Proportion of nodes of dominant bacterial and fungal phyla (A, B) and their average degrees (C, D) in the networks of specific soils across treatments and
aggregate sizes.

ecological niches by providing diverse resources, and thereby promotes
facilitative associations within the community; (2) pig manures
comprise a certain proportion of recalcitrant organic matters, which
require microbial cooperation to be degraded. Pig manure is usually
more recalcitrant than plant residues (Ye et al., 2019a), and its appli
cation significantly increases organic form of soil nutrients (Table 1).
Therefore it is reasonable that depolymerization of recalcitrant re
sources would require facilitation among microbial guilds, resulting in a
complex microbial network. Previous studies have also shown that the
higher complexity of co-occurrence networks might indicate a more
intensive cooperation of microbial communities, which may contribute

to better cope with environmental stresses (Ling et al., 2016), to sup
press soil borne pathogens (Fernández-González et al., 2020), and to
benefit plants or ecosystem functioning (Liu et al., 2020; Tao et al.,
2018; Wagg et al., 2019). However, more direct evidences of such im
plications are needed in future research efforts.
Owing to the spatial and physiochemical heterogeneity of soil ag
gregates, different sized aggregates may harbor distinct microbial
communities (Davinic et al., 2012), and support different microbial
networks (Lin et al., 2020; Zheng et al., 2018). We found that the
complexity, and the number of positive associations within microbial
networks declined with increasing aggregate sizes. A possible
9
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explanation is that the living spaces provided by microaggregates are
limited, and their secluded microhabitats may only allow the resident
microbes to co-occur and interact with each other. In contrast, macro
aggregates could provide more heterogeneous habitats for microbes,
and reduce their mutualistic or antagonistic interactions. Another
explanation is the fact that microaggregates with restricted water films
and smaller particle sizes support specialist microbes that can thrive
under such conditions. Specialist groups typically have similar
ecophysiological niches for their survival (Lennon et al., 2012; Sriswasdi
et al., 2017), which may have resulted in a higher number of associa
tions in this study. It is also likely that the natural formation and
breaking down of macroaggregates is adverse to the connections within
microbial communities, while microaggregates are suggested to be sta
ble for decades or centuries (Upton et al., 2019). Moreover, it is well
known that microaggregates are characterized by higher recalcitrant
carbon content than macroaggregates (Trivedi et al., 2015, 2017), which
require the cooperative activities of microbes to be mineralized (Lin
et al., 2019). The increased complexity of microbial networks in smaller
aggregates may indicate greater resilience against environmental per
turbations (Trivedi et al., 2015), however, further studies are needed to
corroborate such patterns.
Network analysis can also statistically identify potential keystone
taxa, which are highly connected taxa and have a substantial influence
in microbial community composition and functioning (Banerjee et al.,
2019; Herren and McMahon, 2018). Pig manure application increased
the numbers of potential keystone taxa, though the numbers of nodes
were similar. The majority of potential keystone taxa shifted from
Acidobacteria phylum in the low-rate manure treatment toward Chlor
oflexi phylum in the high-rate manure treatment. Acidobacteria phylum
have been identified as keystone taxa in previous studies (Banerjee et al.,
2016a, b; Rawat et al., 2012), with the ability to decompose organic
carbon, which might explain their key role in microbial networks under
low-rate manure treatment. However, the relative abundance of Chlor
oflexi phylum was reduced, while its importance in microbial networks
was promoted by high-rate manure application. This discrepancy in
dicates that potential keystone taxa are not necessarily the enriched taxa
in certain treatments, but they confer greater connectivity to the com
munity and are essential in maintaining microbial community structure
and function (Herren and McMahon, 2018; Xue et al., 2018). However,
how Chloroflexi phylum develops strong interactions with other mem
bers and are irreplaceable in microbial networks of high-rate manure
amended treatment in Ultisols, is worth the efforts of further studies.
These results suggested that manure application enhanced microbial
network complexity and altered potential keystone taxa, which might
have implications for soil ecological processes.
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