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Organic matter (OM) decomposition and breakdown of crop residues are directly linked to carbon (C)
sequestration in agricultural soils as a portion of the decomposed C becomes assimilated into stable
microbial biomass. Microbial decomposition of OM may vary with quality of OM, addition of nutrients
and functional types of microbes. While the role of fungi and bacteria in OM decomposition has received
considerable attention, the succession and co-occurrence patterns of these communities during
decomposition remain unexplored. Using 454 pyrosequencing and network analysis of bacterial 16S
rRNA and fungal ITS genes in a time-course microcosm experiment, this study shows a positive effect of
nutrient addition on overall microbial biomass and abundance of bacteria and fungi. Abundance of
different bacterial and fungal groups changed up to 300-folds under straw- and nutrient amended
treatments while the rate of decomposition remained similar, indicating a possible functional redundancy. Moreover, addition of nutrients signiﬁcantly altered the co-occurrence patterns of fungal and
bacterial communities, and these patterns were resource-driven and not phylogeny-driven. Richness,
evenness and diversity decreased and were negatively associated with decomposition rate. Acidobacteria,
Frateuria and Gemmatimonas in bacteria and Chaetomium, Cephalotheca and Fusarium in fungi were found
as the keystone taxa. These taxa showed strong positive associations with decomposition, indicating
their importance in C turnover. Overall, we show that addition of nutrients reduces diversity but favours
the keystone taxa, and thereby increases microbial biomass.
© 2016 Published by Elsevier Ltd.
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1. Introduction
Soils comprise the largest sink of terrestrial C, 2500 Gt at 1 m
depth, and approximately 25% of the soil C has been lost to the
atmosphere due to intensive agricultural production (Lal, 2004).
Enhancing the potential of agricultural soils to sequester C has
signiﬁcant implications for reducing atmospheric CO2 and also for
alleviating soil degradation and nutrient depletion. The pivotal role
of soil microbiota in C sequestration is now well-acknowledged
(Dungait et al., 2012; Schimel and Schaeffer, 2012; Trivedi et al.,
2013; Wieder et al., 2013) with recent studies reporting that ﬁnefraction C, i.e., stable OM, is likely of microbial origin (Liang and
Balser, 2011; Schmidt et al., 2011). The amount of microbially
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derived organic C in soil is determined by this balance of mineralization and assimilation i.e. microbial carbon use efﬁciency
(Allison et al., 2010; Wieder et al., 2013), which may depend on
community structure and composition and/or organic matter
quality (Fontaine et al., 2003; Six et al., 2006).
The quality of straw-stubble is a very relevant issue for stubble
management in agricultural soils as it can affect the rate of its
decomposition (Blagodatskaya and Kuzyakov, 2008; Fontaine et al.,
2003). For example, the energy content of straw-stubble may
change with straw-age (i.e. with time from harvest), which may
determine its breakdown and further incorporation into soils
organic matter. This is particularly important because for soil microorganisms, the ability to breakdown ‘fresh’ organic matter
compared to ‘old’ organic matter may change with functional types
(Fontaine et al., 2003). For example, it has been suggested that
residue decomposition may be initially dominated by r-strategists
(copiotrophs, preferring fresh organic matter and higher nutrient
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content) in response to fresh OM and nutrients whereas K-strategists (oligotrophs, able to feed on degraded organic matter and
lower nutrient content) may dominate the system when nutrients
are used (Fontaine et al., 2003; Six et al., 2006; Trivedi et al., 2013).
Microbial ecosystems are dominated by fungi and bacteria (van der
Heijden et al., 2008) and as such their role in OM dynamics has
received considerable attention (Bardgett and McAlister, 1999;
Bardgett et al., 1996; Mau et al., 2014; Six et al., 2006). The succession of bacteria and fungi has been proposed as a driver of OM
dynamics (Fontaine et al., 2003; Six et al., 2006). Despite this the
speciﬁc role of fungal communities in OM dynamics is particularly
unexplored with poorer representation of fungi in high-throughput
sequencing studies (Trivedi et al., 2013). Recent studies have
demonstrated that addition of non-C nutrients may enhance C
sequestration by increasing microbial biomass (Kirkby et al., 2014,
2013; Richardson et al., 2014), which makes it particularly important to know what this increased biomass comprises and how
nutrient addition may alter fungal and bacterial community
succession.
Microbial populations vary in their substrate preferences and
strategies of nutrient-acquisition (Goldfarb et al., 2011), whereby
some microbes may have higher acquisition ability and thus an
advantage in the community. Based on their nutrient-preference,
microorganisms may arrange in trophic groups and functionally
distinct niches, allowing them to co-exist (Schimel and Schaeffer,
2012). Exploring these microbeemicrobe interactions involved in
OM decomposition can reveal important information, such as exchange of C compounds, competition for nutrients, exchange of
electron acceptors and predation or parasitism (Scow, 1997). This
makes co-occurrence and modular patterns in microbial ecosystems particularly important. Network analysis of co-occurrence, as
measured by correlations between abundances of microbial taxa,
can unravel complex microbial communities and offer meaningful
n et al.,
information beyond sample-level comparison (Barbera
2012; Gilbert et al., 2012). Essentially, microbial network analysis
can reveal how some species occur together in niches and how they
interact with environmental parameters (Fuhrman, 2009). Moreover, it can identify the ‘keystone’ taxa that have the largest inﬂuence in communities (Vick-Majors et al., 2014; Banerjee et al.,
2015). While SOM decomposition is generally perceived as a
“broad process” involving a wide array of microorganisms (Schimel
and Schaeffer, 2012), the relative importance of speciﬁc microbial
groups may vary with environmental conditions, such that some
groups may play a more important functional role than others.
While inclusion of microbial biomass has resulted in more
improved models of soil C storage (Wieder et al., 2013), insight into
microbial drivers, beyond biomass level estimates, remains to be
explored. Identifying these keystone groups may be critical for
predictive understanding of OM decomposition with subsequent
potential for microbial-mediated C sequestration when crop residues are returned to soil.
The aim of this study was to explore the interplay of fungal and
bacterial communities during OM decomposition in an arable soil.
Speciﬁcally, we investigated i) how the abundance, diversity and
co-occurrence of fungal and bacterial communities changed during
OM decomposition both in response to nutrient-addition and straw
of different age; ii) what the key microbial players were involved in
OM decomposition in an arable soil under continuous cropping;
and iii) whether higher decomposition rates were associated with
higher diversity or the abundance of keystone taxa. We hypothesized that addition of nutrients enhances organic matter decomposition and microbial biomass in an arable soil under continuous
cropping.
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2. Materials and methods
2.1. Soil and straw sampling
Soil samples were collected from a long-term experimental site
at Harden, NSW, Australia (148.37E, 34.56S) and is described by
Kirkegaard et al. (1994). The site has an elevation of 490 m with a 3%
slope. The soil at the research site is described as a Red Chromosol
(Isbell, 2002) and the surface texture (0e10 cm) is sandy loam (15%
clay, 10% silt and 75% sand) with a pH of 6.1 and total C of 1.3%. The
site receives equi-seasonal rainfall with a long-term annual mean
of 610 mm and has been cropped annually with wheat (Triticum
aestivum) rotated with canola (Brassica napus) or lupin (Lupinus
angustifolius) since 1990. Approximately, 50 kg of surface (0e15 cm)
soil was collected from ﬁve discrete locations at the site. Soils were
air-dried and homogenized to pass through a 2 mm sieve. Standing
wheaten (T. aestivum) straw was also collected over a time period of
0, 1, 5 and 9 months after harvest in December 2013. The average
monthly rainfall (cumulative) in those months was 49.6 mm,
100.3 mm, 284.5 mm and 502.2 mm, respectively (Bureau of
Metereology, AU Government). The mean maximum temperature
was 29.1  C, 30.4  C, 17.0  C and 17.4  C, respectively (Bureau of
Metereology, AU Government). Straw of differing age was collected
from the ﬁeld as it was hypothesised that this would provide residue with differing potential for decomposition based on extent of
weathering and nutrient composition. The energy content of
different straw samples was analysed using a Parr calorimeter (Parr
Instrument Company, Moline, IL). The internode regions of the
straw stems were oven dried and puck-milled to use in the
microcosm experiments.
2.2. Experimental design
For each age-class of straw, four treatments were set up as i) soil
only, ii) soil þ nutrient, iii) soil þ straw, iv) soil þ straw þ nutrients,
resulting in a total of 16 treatments. Each treatment had three
replicates. Microcosms were prepared with 52 g of dry soil in
120 ml plastic containers (Sarstedt AG and Co., Numbrecht, Germany). In treatments with added straw, 1.03 g of ﬁnely chopped
straw was added at a ﬁeld application rate of 10 tonnes per hectare
(to 7.5 cm soil depth), which is realistic of maximum rates of residue incorporation under ﬁeld conditions in southern Australia
(Kirkby et al., 2013). For treatments with nutrient addition, a solution containing 1.1 N, 0.24 P and 0.17 S was added, which was
equivalent to ﬁeld rates of 11 kg N, 2.4 kg P and 1.7 kg S per hectare.
This nutrient solution was prepared at a rate that was calculated to
match the stoichiometry and C:N:P:S ratio (10,000:833:200:143)
commonly found in stable soil organic carbon (Kirkby et al., 2011).
Nutrient solutions (or water controls) were added as a 2 ml aliquot
to each speciﬁc microcosm. Water was then added to attain a ﬁnal
saturation of 80% ﬁeld capacity. Microcosm were placed separately
in 1 L airtight Mason jars and 5 ml of distilled water was added to
the bottom of the jars to prevent drying during incubation. An open
scintillation vial containing 10 ml of 1 M sodium hydroxide (NaOH)
was also placed in each jar to absorb carbon dioxide (CO2) respired
during each of the incubation periods. Three extra jars containing
NaOH vials only and water were incubated as blanks. The microcosms were incubated in dark at 30  C for 50 days.
Three replicates of soil microcosms for each treatment were
sampled after 0, 4, 7, 14, 28 and 50 days. At each sampling time CO2
vials were changed, microcosms were weighed and soil moisture
was re-adjusted to retain 80% ﬁeld capacity. From each replicate
microcosm, a sub-sample of soil (25 g) was collected at each sampling point for measurement of microbial biomass and microbial
community analyses, which were stored at 4  C and 80  C,
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respectively. After the CO2-trap vials were removed from the jars,
5 ml of 0.05 M barium chloride was added immediately and the
sample transferred to 15 ml centrifuge tubes. Samples were
centrifuged for 5 min at 3000 rpm to sediment insoluble barium
carbonate. A few drops of phenolphthalein were added to 2.25 ml
of the clear NaOH solution and titrated with 0.05 M HCl until the
solution turned pink. The amount of CO2 evolved in each period
was calculated as described in Kirkby et al. (2013). Microbial
biomass was determined as chloroform-labile C on soil samples
using a fumigated-extraction method described in Kirkby et al.
(2013).
2.3. DNA extraction and quantitative PCR
After CO2 evolution and microbial biomass measurements, DNA
was extracted from day 0, day 4 and day 14 soil samples immediately after sampling. DNA was extracted from 0.25 g soil using the
Power soil DNA isolation kit (MoBio, Carlsbad, CA) according to
manufacturer's instructions. Concentrations of puriﬁed DNA were
determined by nanodrop spectrophotometry (NanoDrop, Wilmington, DE). The abundances of bacterial 16S rRNA and fungal
internal transcribed spacer (ITS) genes were determined by quantitative real-time PCR using the Qiagen QuantiTect™ SYBR® Green
PCR Master Mix (Qiagen Inc., Victoria, Australia), a Cavro® Omni
Robot (Tecan Group Ltd., Seestrasse, Switzerland) and an ABI 7900
real-time PCR machine (Applied Biosystems, Foster City, CA). A 180bp fragment of bacterial 16S rRNA gene was ampliﬁed using 338F
(CCT ACG GGA GGC AGC AG) and 518R (ATT CCG CGG CTG GCA)
primers as described by Ovreås et al. (1997). A ~600-bp of the ITS
was ampliﬁed using the primer set ITS1F (CTTGGTCATTT AGAGGAAGTAA) and ITS4 (CAGGAGACTTGTACACGGTCCAG) as reported
by Gardes and Bruns (1993). Details of thermal cycling conditions
and quality assessment are provided in Supplementary Information.
2.4. 454 pyrosequencing
Tag-encoded FLX amplicon pyrosequencing was performed at Mr
DNA Lab (www.mrdnalab.com, MR DNA, Shallowater, TX) using
primers 28F and 519R for bacterial 16S rRNA Dowd et al. (2008) and
ITS1F and ITS4 for fungi. A total of 21 samples, consisting of one
replicate for day 0 samples and three replicates of day 4 and day 14
samples, were selected for pyrosequencing. Pyrosequencing ﬂowgrams were converted to sequence reads and analysed using the
Mothur software package (Schloss et al., 2009). Sequence reads
were depleted of barcodes and primers. Sequences less than
200 bp, sequences with ambiguous base calls, and homopolymer
runs exceeding 6 bp were then removed. Sequences were also
denoised using shhh.ﬂows command, the Mothur implementation
of the PyroNoise. Chimeras were detected and removed using chimera.uchime command in Mothur. For bacterial 16S rRNA, reads
were aligned to the SILVA reference database v102 (Pruesse et al.,
2007) with the mother NAST aligner, and unmatched sequences
were removed. Singletons were removed, operational taxonomic
units (OTUs) were deﬁned by clustering at 97% similarity, and
classiﬁed according to SILVA v102 using the Naïve Bayesian classiﬁer as implemented in Mothur (Wang et al., 2007). Sequences for
fungal ITS region were processed using the method described in
Ferrari et al. (2015). After chimera checking, the sequences were
clustered at 97% sequence similarity for OTUs using USEARCH
(Edgar, 2010). Taxonomic information was assigned to the ITS1
region using the Nilsson fungal pipeline and the ITS extractor script
~ljalg
(Nilsson et al., 2008) against the ITS fungal database UNITE (Ko
et al., 2005). Then a fungal OTU abundance-by-sample matrix was
then obtained with USEARCH and the make_otu_table.py script in
QIIME (Caporaso et al., 2010).

2.5. Statistical analyses
To assess the effect of straw-age and treatments over time, we
performed two-way repeated measures ANOVA on the decomposition rate and microbial biomass with General Linear Model option in
IBM SPSS (version 20.0, Chicago, IL, USA). Since the Mauchly's test of
sphericity (Е) was smaller than 0.75, we selected the GreenhouseGeisser correction. Alpha diversity indices such as richness, Pielou's
evenness and inverse Simpson index were calculated from bacterial
and fungal OTU tables obtained from the pyrosequencing data. Microbial beta diversity patterns across treatments and time were
assessed with principal coordinate analysis (PCoA) using weighted
UniFrac distance matrix (Lozupone and Knight, 2005) of bacteria and
the second order distance matrix of fungi in PRIMER-E v6 (PRIMER-E,
Plymouth,UK). SIMPER analysis (Clarke, 1993) was also conducted to
explore the dissimilarity between bacterial and fungal communities
in treatments, and to identify the most important OTUs contributing
to the observed differences (90%) between treatments.
2.6. Network analysis
To examine co-occurrence patterns in bacterial and fungal
communities, network analysis was conducted on pyrosequencing
data as previously described (Banerjee et al., 2015). Sequence
abundance data for bacteria and fungi were rareﬁed to 1797 and
1685 sequences per sample, respectively, based on the lowest
number of sequences per sample. Network analysis was performed
using the maximal information coefﬁcient (MIC) scores in MINE
software (Reshef et al., 2011). The MIC is a highly useful score that
reveals the strength of linear and non-linear associations among
variables (Reshef et al., 2011). To minimize pairwise comparisons
and manage the false discovery rate (FDR) (Benjamini and
Hochberg, 1995), network analysis was performed on the OTUs
identiﬁed through SIMPER that were contributing to 90% difference
in bacterial and fungal communities between treatments. This
resulted in 880 OTUs in total. While several hundreds of OTUs were
contributing to the 90% difference in bacterial communities between treatments, this number was quite low for fungi communities. Relationships between microbial communities and
treatments and respiration, that were signiﬁcant at a FDR of 5%
were then visualized in Cytoscape version 3.2.0 (Shannon et al.,
2003). From the pairwise comparisons, the top 300 signiﬁcant interactions were selected for the overall and individual networks.
Individual networks were also explored using the top 10,000 signiﬁcant interactions to assess the modularity. To highlight the most
important interactions, only strong positive (r > 0.8), strong negative (r < 0.8) and strong nonlinear (MIC e r2 > 0.8) relationships
were shown in the network diagrams. To assess non-random
pattern in the resultant network, we compared our network
against its randomized version using the Barbasi-Albert model
available in Randomnetworks plugin in Cytoscape v2.6.1. Structural
attributes of the overall network such as clustering coefﬁcient,
average degree, degree distribution and mean shortest path were
signiﬁcantly different than that of a random network with equal
number of nodes and edges. NetworkAnalyzer tool was used to
calculate network topology parameters. OTUs with maximum
betweenness centrality scores were considered as keystone species
(Banerjee et al., 2015; Vick-Majors et al., 2014).
3. Results
3.1. Decomposition and microbial biomass
Decomposition and microbial biomass were signiﬁcantly
(P < 0.001) increased by addition of straw (Fig. 1). Efﬂux of CO2 from
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the soil only treatments showed little response either with or
without addition of nutrients, with a cumulative release of between
75 and 389 mg CO2eC per kg over the entire 50-day incubation
period. In contrast, addition of straw signiﬁcantly increased CO2
efﬂux with an average release of 1909 mg CO2eC per kg of soil
across all ages of straws, which was approximately 35% of the total
amount of C added to the soil as straw. Nonetheless, there was no
signiﬁcant difference in decomposition based on CO2 efﬂux either
with or without nutrient addition (Fig. 1A). This was also consistent
with the SOM content, measured by percentage of C remained in
soils, in response to straw and nutrient addition i.e., both the
soil þ straw and soil þ straw þ nutrient treatments had similar
percentage of SOM over the entire 50-day incubation period
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(Fig. 1B). Addition of straw signiﬁcantly (P < 0.001) enhanced microbial biomass until day-14, with differences being evident as
early as 4-day incubation (Fig. 1C). Unlike CO2 efﬂux, the addition of
nutrients signiﬁcantly (P < 0.05) increased microbial biomass,
which was 100e150 mg C per g soil higher than that of the nonutrient treatments and increased up until 14 days incubation.
Across all treatments, microbial biomass was strongly correlated
(R2 ¼ 0.91; P < 0.001) with cumulative CO2 efﬂux (Supplementary
Fig. S1). However, two way repeated measures ANOVA showed
there was no signiﬁcant (P ¼ 0.436) effect of straw-age with or
without nutrient on decomposition and microbial biomass
(Supplementary Fig. S2). Analysis of the straws indicated no difference in metabolised energy (18.7 ± 0.4 MJ per kilogram of dry
matter), C content (46.0% ± 0.6%), despite varying degrees of
weathering under ﬁeld conditions.
3.2. Abundance and diversity indices
Bacterial and fungal abundance increased signiﬁcantly
(P < 0.05) in response to addition of straw and showed further
increase with added nutrients up to 14-day incubation period
(Fig. 2 A & B). However, this effect was more prominent for the
fungal ITS, which increased several orders of magnitude in
nutrient-added treatments (6.0 log copy per g soil) compared to the
soil only treatment (3.5 log copy per g soil) after 14 days of incubation. Bacterial abundance increased (lower fungi:bacteria ratio)
during the ﬁrst four days in straw and nutrient added treatments
whereas fungal abundance declined initially during the ﬁrst four
days of incubation but then increased (higher fungi:bacteria ratio)
steadily thereafter. Similar to decomposition and microbial
biomass, there was no signiﬁcant effect of straw-age on fungi:bacteria ratio (Supplementary Fig. S3). Fungal and bacterial diversity
indices also displayed contrasting patterns during 4 days of incubation. Bacterial richness, evenness and diversity showed no signiﬁcant change with time across any treatments either with straw
or nutrients (Fig. 2C, E &G) whereas these indices changed significantly (P < 0.05) with time for fungal communities (Fig. 2 D, F & H).
The most signiﬁcant change (P < 0.01) was observed in nutrientadded treatments in which fungal richness, evenness and diversity declined two- to four-fold with time.
3.3. Community structure and composition

Fig. 1. Change in decomposition, residual soil organic matter and microbial biomass
content in response to addition of straw and nutrient over 50 day incubation period.
Microbial respiration is represented by the cumulative amount of CO2 efﬂux as percentage of straw-C added to the treatments.

Both bacterial and fungal communities demonstrated signiﬁcant structuring in response to straw and nutrient addition, as
shown by PCoA analysis (Fig. 3 A & B). In both cases, the communities in nutrient-added treatment formed a separate group away
from the soil only and straw-added treatments, which were positioned relatively closer to each other. A hierarchical clustering was
observed for both communities i.e. they initially formed three
clusters based on the imposed treatments and then within each
cluster, the communities also grouped according to time. Overall,
PCoA analysis explained 64% and 40% variation in bacterial and
fungal communities, respectively. SIMPER analysis revealed that
the bacterial communities were 73%e85% dissimilar between the
soil only, soil þ straw and soil þ straw þ nutrient treatments, with
Frateuria, Streptomyces, Nonomuraea, and unclassiﬁed members of
Xanthomonadaceae and Streptomycetaceae as the most inﬂuential
taxa. On the other hand, the fungal communities were 76%e90%
dissimilar with Chaetomium, Cephalotheca, Alternaria, Fusarium and
Humicola contributing the majority (70%e90%) of this dissimilarity
(Supplementary Table S1). Signiﬁcant (P < 0.05) change in community composition was observed in response to treatments and time
for both communities, particularly for fungi (Fig. 3C & D). Major
bacterial phyla and classes were present in all treatments, however,
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Fig. 2. Abundance, richness, evenness and diversity of bacterial 16S rRNA and fungal ITS in three treatments over 14-day incubation period. Day 4 and 14 samples for each treatment
are represented by the mean values of three replicates. Day 0 samples only had one replicate for each treatment.

addition of nutrient markedly enhanced the abundance of Gammaproteobacteria by more than 10-fold and reduced Firmicutes 6fold with time. Fungal communities displayed highly signiﬁcant
(P < 0.01) changes in relative abundance. For soil only treatment,
the abundance of Alternaria, Aureobasidium and Hypoderma
increased 7e10-fold with time while Chaetomium and Fusarium
decreased 4 to 8- fold. Conversely, for soil þ straw treatments,
Chaetomium and Humicola were predominant genera while the
abundance of Podospora increased 40-fold with time. Interestingly,
nutrient added treatments were only dominated by Chaetomium
and Cephalotheca, however, the latter dominated with 70%

abundance and increased ~300-fold with time.
3.4. Co-occurrence and modularity
The three imposed treatments and time affected co-occurrence
patterns in both bacterial and fungal communities (Fig. 4). For 300
edges, the overall network consisted of 91 nodes with an average
number of neighbours of 6.57 and clustering coefﬁcient of 0.43
(Panel A). This network had a diameter of 8 and characteristic path
length (CPL) of 2.96. The top three clusters of this network had
scores of 13.54, 9.33 and 5.00, respectively (data not shown). For
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Fig. 3. Structure and composition of bacterial and fungal communities in three treatments over 14-day incubation period. Community structure was assessed by beta diversity
patterns using principal coordinate analysis (PCoA) performed on UniFrac distance matrix of bacterial 16S rRNA (Panel A) and second order distance matrix of fungal ITS (Panel B).
Community composition was measured by relative abundance of major phyla and classes for bacterial 16S rRNA (Panel C) and major genera for fungal ITS (Panel D). Day 4 and 14
samples for each treatment are represented by three replicates. Day 0 samples only had one replicate for each treatment.

the top 300 interactions, decomposition was associated with 43
nodes of which 35 were bacterial and 8 were fungal (Panel B).
Individually, the imposed soil treatments also affected modular
structure and co-occurrence patterns of microbial communities.
For example, the soil only network comprised of 49 nodes
compared to soil þ straw and soil þ straw þ nutrient treatments,
which had 72 and 80 nodes, respectively (Panels C,D&E). It should
be noted that while fungal modules were not part of the 300 interactions selected for visualization of these networks, they displayed equally highest MIC scores (0.985). The effect of imposed
treatments was evident when the top 10,000 interactions (with
equally highest MIC score of 0.985) were considered
(Supplementary Fig. S4). Nodes associated with maximum number
of signiﬁcant edges (r > 0.9 or r < 0.9) increased considerably
from the soil only to the soil þ straw þ nutrients treatments.
Consistent with SIMPER, the betweenness centrality scores in
network analysis showed Streptomyces, Bacillus, Gemmatomonas,
Acidobacteria_GP1, Niastella and Frateuria in bacteria and Chaetomium, Alternaria, Cephalotheca, Techispora in fungi as the most
inﬂuential (keystone) members across treatments (Supplementary
Table S2).

bacteria and fungi (Panels B,C & D). However, the associations were
stronger in fungi than bacteria, with higher R2 values observed for
all indices in fungi. Bacterial and fungal diversity indices also
showed signiﬁcant (P < 0.01) negative correlations with SOM
content, as measured by percentage of C remained in soils
(Supplementary Table S3). Furthermore, the bacterial and fungal
keystone taxa were signiﬁcantly (P < 0.05) associated with
decomposition. The abundances of bacterial keystone taxa such as
Acidobacteria_GP1 (R2 ¼ 0.65; P < 0.001), Gemmatomonas
(R2 ¼ 0.53; P < 0.01), Niastella (R2 ¼ 0.28; P < 0.05), Nonomuraea
(R2 ¼ 0.33; P < 0.05) and Frateuria (R2 ¼ 0.47; P < 0.01) showed
signiﬁcant association with cumulative CO2 efﬂux (Panel E). Similarly, key fungal members such as Fusarium (R2 ¼ 0.79; P < 0.001),
Chaetomium (R2 ¼ 0.63; P < 0.01), Cephalotheca (R2 ¼ 0.49; P < 0.01)
and Alternaria (R2 ¼ 0.31; P < 0.05) displayed signiﬁcant association
with CO2 efﬂux (Panel F). The majority of these keystone taxa were
also signiﬁcantly (P < 0.05) correlated with SOM content
(Supplementary Table S3).
4. Discussion
4.1. Nutrients promote microbial biomass and abundance

3.5. Microbial control of decomposition
Microbial abundance and diversity indices were signiﬁcantly
associated with decomposition, with the strongest association
observed for overall abundance (Fig. 5). Cumulative CO2 efﬂux was
associated with an increase in abundance of fungi but with a
concomitant decrease in richness, evenness and diversity of both

Carbon sequestration in agricultural soils depends on the balance of mineralization and assimilation of residue. Since soil C
sequestration is also limited by nutrients (Kirkby et al., 2014), an
understanding of OM decomposition in response to straw-residue
and nutrients is critical. Our results showed that residue provided
an effective energy source to enhance soil microbial activity, with
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Fig. 4. Network analysis showing bacterial and fungal co-occurrence and modular patterns in response to three treatments (A), decomposition (B), and individual treatments (C,D
&E). Top 300 interactions were selected for each network. Black solid lines represent signiﬁcantly strong positive (r > 0.8) linear relationships, red lines represent strong negative
(r < 0.8) linear relationships whereas signiﬁcant non-linear (MIC e r2 > 0.8) relationships are represented by blue wavy lines. Time (T) and three treatments, soil only (S),
soil þ straw (S þ St) and soil þ straw þ nutrient (S þ St þ N), are shown in purple rectangular boxes whereas CO2 efﬂux (D) is shown in green circle. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

decomposition and biomass increasing rapidly while residual SOM
content declining after straw and nutrient addition. However, there
was no signiﬁcant impact of nutrient addition on decomposition
over the 50-day incubation period, which is inconsistent with our
hypothesis. Indeed, no signiﬁcant change in straw decomposition
upon addition of nutrients was also noted in a previous study at
Harden site (Kirkby et al., 2013). The effect of nutrient-addition on
fungal and bacterial abundance is inconclusive with studies often
reporting no impact of nutrients on microbial biomass and fungi:bacteria ratio (Allison et al., 2008; Bardgett and McAlister, 1999).
Instead, our ﬁndings show a signiﬁcantly positive effect of nutrients
on microbial biomass suggesting a possible priming effect, which
supports our hypothesis in this study (Blagodatskaya and Kuzyakov,
2008). Nonetheless, a pertinent question for stubble management
in agricultural soils is whether the quality of straw-stubble declines
with time. Our results show that ageing of straw had no signiﬁcant
effect on straw composition i.e. all four age-classes of residue had
consistently similar energy and C content. As a result, there was no
effect of straw-age on decomposition, microbial biomass or fungi:bacteria ratio. However, it should be noted that the effect of
nutrients on decomposition and microbial biomass was only tested
for one soil type (Red Chromosol) and thus the effect can vary in
other soils with different nutrient levels. Moreover, we used ﬁnely
chopped wheaten straw and incubated under optimal temperature

and moisture conditions to maximize the decomposition potential.
While it is not a common agricultural practice, ﬁnely chopped straw
(1e2 mm long) was applied to promote decomposition in soil.
Coarsely chopped straw with longer pieces may result in uneven
distribution particularly in small microcosms such as the one used
in this study. Finely chopped straw provides a more even distribution and greater potential for incorporation into organic matter
pool by favouring immediate bacterial and fungal activities.
Another major consideration is that the effect of straw and nutrients on decomposition and microbial biomass was only measured
until 50 days. Thus, it is not clear how long this nutrient mediated
enhancement would persist in soil and it is possible that the results
of straw decomposition shown in this study may vary under ﬁeld
conditions. Future studies are needed to investigate the effects of
straw-size and nutrients, and the longevity of these effects on
decomposition and total OM content in soil.
4.2. Change in microbial diversity and community composition
The importance of chemical recalcitrance has been argued in the
last few years and it is now well accepted that persistence of OM is
primarily driven by eco-environmental conditions and microbial
communities (Dungait et al., 2012; Schmidt et al., 2011). Numerous
studies have investigated the role of soil physicochemical
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Fig. 5. Associations between CO2 efﬂux rate and overall microbial biomass and abundances of key bacterial and fungal members.

properties and substrate availability in OM decomposition (Grandy
and Neff, 2008; Sollins et al., 1996; Kirkby et al., 2013, 2014).
However, if ‘biosequestration’or sequestering of C in the microbial
biomass is a mean to enhance stable OM pool (Richardson et al.,
2014), a better understanding of the role of microbial communities in relation to carbon use efﬁciency is critical (Liang and
Balser, 2011). Here, we show that microbial diversity indices and
community composition are signiﬁcantly correlated with OM
decomposition and residual SOM content. Fungal indices were
more responsive to nutrients during decomposition than bacteria.
While bacterial abundance increased slightly, diversity indices did
not show any signiﬁcant change. On the other hand, fungal abundance (gene copy number determined by ampliﬁcation of variable
ITS region) increased 2-fold whereas richness, evenness and diversity declined 2 to 4- folds. This negative impact of nutrients on
fungal richness and diversity was also noted by Allison et al. (2007).
The fact that this response was evident during the ﬁrst four days of
incubation suggests that fungal community characteristics were

more responsive.
Our results showed a signiﬁcant change in microbial community
composition with straw and nutrient addition, while the rate of
decomposition remained unaffected. We speculate that this
apparent dichotomy is due to functional redundancy in microbial
communities (Allison and Martiny, 2008). Soil biotic communities
constitute a highly dynamic system in which different groups can
play the same role under different conditions. In this study, the
abundance of Gammaproteobacteria, Firmicutes in bacteria changed
signiﬁcantly across treatments. This treatment mediated change is
even clearer in fungal communities in which the abundance of
Alternaria, Aureobasidium, Hypoderma, Fusarium, Podospora, Chaetomium, and Cephalotheca changed 4e300 folds, however, they
were only dominant under different treatments. Thus, microbial
biomass and community composition changed signiﬁcantly under
straw- and nutrient amended treatments while maintaining a
similar rate of decomposition, which may indicate a possible
functional redundancy in the communities.
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Although the role of bacterial and fungal communities in
decomposition has been investigated separately in previous studies
(Mau et al., 2014), limited information is available on the succession
in fungal and bacterial communities. Fungal-bacterial community
succession in response to nutrient-addition is particularly important in the light of recent studies that showed C sequestration is
limited by nutrient availability (Kirkby et al., 2014, 2013). Our results show that addition of straw induced signiﬁcant change in the
community structure, and this change was further enhanced by
nutrient-addition. However, the difference of bacterial and fungal
communities was more evident in their composition, which was
70e90% dissimilar between the three treatments. Some interesting
nutritional patterns were also observed in response to straw and
nutrients in the bacterial and fungal communities. For example, soil
only treatments had considerable abundance of Acidobacteria and
fungal genera Alternaria and Fusarium, indicating their oligotrophic
nature (Fierer et al., 2007; Trivedi et al., 2013). On the other hand,
Bacteroidetes and Gammaproteobacteria in bacteria and Chaetomium, Humicola and Caphalotheca in fungi were dominant in
treatments with straw and nutrients, suggesting their copiotrophic
nature (Fierer et al., 2007; Banerjee et al., 2015). A ‘shift’ was
observed in abundance and diversity indices of bacterial and fungal
communities after day-4 and it was more evident in community
structure and composition, indicating a possible interplay of r- and
K- strategists. Nonetheless, our analyses of microbial communities
have certain limitations. Firstly, there was a delay of up to 12 h
during the ﬁrst day of sampling, which might have resulted in the
observed differences in community structure and composition
between day-0 samples of three treatments. Secondly, while the
day-4 and 14 samples for each treatment in community analyses
are represented by three replicates, day-0 samples only had one
replicate for each treatment. Thus, community analyses results
from day-0 samples should be interpreted within these limitations.
4.3. Co-occurrence and modularity during OM decomposition
Members of microbial ecosystems are distributed into trophic
levels or niches based on their nutritional preferences and functional distinctiveness (Blagodatskaya and Kuzyakov, 2008; Mau
et al., 2014). Thus, a better understanding of OM decomposition
and C stability requires insight into the interactions within and
between bacterial and fungal communities. Network analysis can
identify these non-random interactions and provide a holistic view
of microbial ecosystems (Bissett et al., 2013; Fuhrman, 2009). To our
knowledge, this is the ﬁrst study exploring co-occurrence and
modular patterns during OM decomposition. Our results found that
microbial co-occurrence altered signiﬁcantly in response to addition of straw and nutrients. Network topology, diameter, characteristics path-length and number of nodes with signiﬁcant
associations were different between treatments. Interactions in the
soil-only network operated from a large number of microbial
modules and had many negative associations within and between
bacterial and fungal modules. This may indicate a possible
competition for resources and common predators (Blagodatskaya
and Kuzyakov, 2008; Mau et al., 2014; Scow, 1997). However, as
straw and nutrients were added, it may have alleviated the
competition and created many trophic levels or resource cascades.
As a result, the number of negative associations substantially
decreased within and between bacterial and fungal modules.
Moreover, abundance of resources favoured selected groups and
resulted in certain nodes with many interactions, potentially indicating their copiotrophic nutritional patterns. Bacterial and fungal
modules also interacted with each other regardless of their taxonomic classiﬁcation, supporting the concept of resource-driven cooccurrence patterns (Banerjee et al., 2015; Burke et al., 2011).

Although the importance of bacterial nutritional groups has been
suggested (Fierer et al., 2007; Trivedi et al., 2013) and shown in a
recent study (Mau et al., 2014), little is known about these groups
for fungal communities. This lack of understanding is probably due
to poor representation of fungi in next generation sequencing
studies on OM decomposition and C stability (Trivedi et al., 2013).
Our results highlight non-random associations between fungal and
bacterial modules mediated by resources in microbial ecosystems.
However, it should be noted that these co-occurrence patterns are
statistically determined associations among the relative abundances of various OTUs, which can only indicate potential positive,
negative or neutral interactions. Whether these interactions would
occur at microsite scales under ﬁeld conditions is arguable and
requires further targeted study.

4.4. Decomposition mediated by keystone taxa and not diversity
The relationship between productivity and diversity is highly
dynamic and it changes with time i.e. highest diversity can be
observed when productivity is intermediate (Prosser et al., 2007).
To develop a predictive understanding of OM decomposition, it is
critical to know how the underlying microbial communities change
in their richness, evenness and diversity. This study showed that
the overall microbial biomass and abundance of bacteria and fungi
were positively associated with OM decomposition, while richness,
evenness and diversity were negatively associated. This indicates
that as decomposition increases in response to increased substrates, communities become less diverse and the abundance of
certain microbial groups increases. Essentially, OM decomposition
rate was determined by the abundance of those certain taxa and
not the overall diversity. Indeed, network analysis identiﬁed these
keystone taxa in both bacteria and fungi that were strongly associated with the decomposition and thereby the residual SOM
content. The abundances of Acidobacteria, Frateuria and Gemmatimonas in bacteria and Chaetomium, Cephalotheca and Fusarium in
fungi showed the strong positive association with OM decomposition. Frateuria is a common microbial group in agricultural soils
neby
and they are also known for their role in denitriﬁcation (Che
et al., 2000). Similarly, Gemmatimonas is one of the dominant and
most inﬂuential groups in agroecosystems (Banerjee et al., 2015)
and are particularly abundant in soils with high organic matter
content (Li et al., 2012). On the other hand, Acidobacteria are highly
abundant in agricultural soils and have been previously found as a
keystone taxa (Banerjee et al., 2015). More importantly, their
preference for soil organic matter and the ability of Acidobacteria to
decompose organic carbon has been reported in many previous
studies (Cleveland et al., 2007; Rawat et al., 2012; Tveit et al., 2014).
While in fungi, Chaetomium, a member of Ascomycetes, is a wellknown soft-rot fungus that plays a key role in degradation of
many types organic matter such as cellulose, cellobiose and lignin
(Harreither et al., 2011; Walse et al., 2011). While little is known
about Cephalotheca, they belong to Sordariales of Ascomycetes that
are well-known for their decomposability of organic materials
(Harreither et al., 2011). Thus, our results highlight the importance
of these microbial taxa in organic matter decomposition. Bacterial
community composition was recently found to be linked to C stability (Mau et al., 2014). The present study highlighted the importance of community composition, but also extended this notion in
both bacterial and fungal communities to underpin their key
players. The keystone taxa identiﬁed using betweennesss centrality
score of network analysis were also dominant in SIMPER analysis,
which reinforced the importance of these taxa and highlighted the
usefulness of this score.
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5. Conclusions
In this study, we show that the overall biomass, community
composition and co-occurrence patterns of fungi and bacteria
altered signiﬁcantly during decomposition and these patterns were
resource-driven and not phylogeny-driven. The fact that the
abundance of different microbial groups changed up to 300-folds
under straw- and nutrient amended treatments while the rate of
decomposition was similar suggests a high level of functional
redundancy in these communities. Nonetheless, OM decomposition had strong positive association with the abundance of
keystone taxa such as Acidobacteria, Frateuria and Gemmatimonas
in bacteria and Chaetomium, Cephalotheca and Fusarium in fungi.
Thus, richness, evenness and diversity were negatively associated
with decomposition, indicating the presence of a less diverse but
more efﬁcient community that had abundant keystone taxa. Thus,
the current study highlights the importance of targeted research on
key microbial players of OM decomposition to harness their potential for predictive modelling of C stability in a changing global
climate.
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