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The amendment of crop residues produced under elevated CO2 (eCO2) may alter
soil microbial community structure and their functions on residue decomposition and
carbon (C) cycling in soil. The key to understanding this process is to elucidate
the structure of prokaryotic communities that metabolize crop residues derived from
eCO2. A soil incubation experiment was conducted to explore the response of soil
microbial community to the amendment of 13C-labeled soybean residues produced
under ambient CO2 (aCO2) and eCO2. The residues were applied to a Mollisol,
followed by 13C-DNA stable isotope probing (SIP) and Illumina sequencing on soil
prokaryotic community over time. The structure of residue-metabolizing community
differed in response to the amendment of eCO2- and aCO2-derived residues after
28 days of incubation. In particular, genera Actinomadura, Nocardia, Non-omuraea,
and Shimazuella were the dominant members of the residue-metabolizing bacteria,
which contributed to this difference. The relative abundances of genera Actinomadura,
Nocardia and Shimazuella were 118–144%, 71–113%, and 2–4-fold higher in the
Mollisol amended with aCO2-derived than eCO2-derived residue. In contrast, the relative
abundance of Non-omuraea was 87–90% greater in the eCO2-residue treatment.
However, during the incubation period, there was no difference between the two
residue treatments in the community structure as a whole without SIP. These results
implied that a pioneering prokaryotic community metabolized the residue initially prior
to the entire community. Those bacteria genera being inhibited with the amendment of
the eCO2-derived residue, compared to aCO2-derived residue, were likely preferential
to metabolize recalcitrant C, which might be associated with changes of chemical
composition of the residue under eCO2.

Keywords: black soil, carbon cycle, crop residue, isopycnic centrifugation, Miseq sequencing

Frontiers in Microbiology | www.frontiersin.org 1 September 2019 | Volume 10 | Article 2184

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2019.02184
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2019.02184
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2019.02184&domain=pdf&date_stamp=2019-09-24
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02184/full
http://loop.frontiersin.org/people/436961/overview
http://loop.frontiersin.org/people/350746/overview
http://loop.frontiersin.org/people/37248/overview
http://loop.frontiersin.org/people/624551/overview
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02184 September 20, 2019 Time: 17:22 # 2

Wang et al. Elevated CO2 Alters Prokaryotic Community

INTRODUCTION

Atmospheric CO2 concentration has rapidly risen after the
Industrial Revolution and currently exceeds 400 ppm1. It is
predicted to continuously increase in the coming decades
(Nowak et al., 2004). Elevated CO2 (eCO2) may affect plant
biomass production (Ainsworth and Long, 2005; Ma et al., 2009),
and residue chemical quality (Gifford et al., 2000). A number
of studies reported that eCO2 increased lignin concentration
and the carbon (C)-to-nitrogen (N) ratio (C/N ratio) in plants
(Torbert et al., 2000; Norby et al., 2001; Sayer et al., 2011).
A free-air CO2-enrichment (FACE) study showed that eCO2
(600 ppm) increased the C/N ratio in wheat and rice grown in
Typic Haplustept (Viswanath et al., 2010). Cotrufo and Ineson
(2000) also found that eCO2 increased C/N and lignin/N ratios
by 59 and 37%, respectively, in beech twigs (Fagus sylvatica).

The eCO2-induced change in residue chemistry may
considerably impact sequestration of soil organic C (SOC) in
natural and agricultural ecosystems (van Groenigen et al., 2014;
Wang et al., 2017). Williams et al. (2000) found that the eCO2
increased C accumulation in the physically protected SOC in
a native prairie in Kansas. Moreover, Ma et al. (2009) reported
inputs of wheat straw grown under eCO2 increased the SOC
in a fluvo-aquic soil. However, understanding the contribution
of eCO2-derived residue to SOC needs to reveal the microbial
community structure and function that control both the SOC
decomposition and stability (Sulman et al., 2014).

The decomposability of eCO2-derived plant residue would
greatly depend on the responses of soil microbes. This is because
the decomposition of plant residue in soil is primarily driven by
microorganisms (Radajewski et al., 2000), and residue properties
strongly influence the metabolisms and structure of the microbial
community (Rui et al., 2009; Semenov et al., 2012; Pascault
et al., 2013). In a 200 days incubation study, the amendment
of the eCO2-derived wheat shoot into a Mollisol enriched the
genera Bryobacter, Candidatus Solibacter, and Gemmatimonas
compared to the amendment of the residue derived from ambient
CO2 (aCO2), while suppressed Actinomadura, Streptomyces,
and Arthrobacter (Wang et al., 2017). This change in the
microbial community structure was associated with the residue
contribution to soil C sequestration. However, to our knowledge,
the information on the specific prokaryotic community involved
in the decomposition of eCO2-derived soybean residue is limited.
Considering that soybean is a major crop grown across the world
and has lower C/N ratios in its residue than non-legume crops
(Lian et al., 2017), an investigation is crucial to gain the insight of
the residue-C sequestration in soil under climate change.

Previous molecular approaches such as phospholipid fatty
acid (PLFA) analysis (Drenovsky et al., 2004; Baumann et al.,
2009), DNA cloning and denaturing gradient gel electrophoresis
(DGGE) (Lee et al., 2012; Fan et al., 2014) were commonly
deployed to describe the dynamics of genetic structure and
taxonomic composition of prokaryotic populations in the
residue-amended soils in agricultural systems. However, these
traditional approaches cannot directly probe the soil microbes

1https://climate.nasa.gov

which assimilate plant-residue C. Stable isotope probing (SIP)
technology can be used to address this issue (Radajewski
et al., 2000). Pascault et al. (2013) recently found that
Firmicutes dominantly metabolized wheat residue in soil,
while Proteobacteria were the major phylum metabolizing
alfalfa residue.

This study used the SIP technique to compare the changes in
the structure and diversity of prokaryotic communities that were
involved in the decomposition of soybean residues produced
under aCO2 and eCO2 environments. We hypothesized that the
prokaryotic community assimilating the soybean residues would
considerably differ because the chemistry of residual sources
was changed when the plants were cultivated under different
CO2 concentrations.

MATERIALS AND METHODS

Residue and Soil Preparation
The soil used in this experiment was collected from top 10 cm
tillage layer of a cropping paddock in Hailun (126.4◦E, 47.3◦N),
Heilongjiang Province in northeast China. The soil type is
Mollisols or Phaeozem (FAO-UNESCO, 1974). The soil was
air-dried and sieved through a 2 mm mesh. The visible straw
in the soil was manually removed. The air-dried soil was pre-
incubated at 40% of field water capacity for 14 days at 25◦C
(Butterly et al., 2016).

The 13C-labeled soybean shoot residues used in this study
were produced under aCO2 (390 ppm, aCO2-derived shoot) or
eCO2 (550 ppm, eCO2-derived shoot). This eCO2 concentration
is predicted to be reached by the middle of this century (de
Graaff et al., 2006; Ainsworth et al., 2008). The soybean cultivar
was Suinong 14, which is widely cultivated in northeast China.
Seven uniform-sized seeds were sown in each pot containing
3 kg soil, and seedlings were thinned to two per pot 7 days after
germination. Plants were grown in open-top chambers (OTC),
supplying CO2 to designated levels. The OTC construction and
the CO2 regulation were described in Li et al. (2017). The 13CO2
labeling was applied from the third node stage (V3) to the initial
flowering stage (R1). Plants were labeled for 8 h daily in air-tight
clear chambers with respective CO2 concentrations. The labeling
time covered most of the plant photosynthetic period during the
day. H2SO4 (9 M) was injected into Na2

13CO3 (≥99.8 atom%,
Sigma-Aldrich, St Louis, MO, United States) every 90 min to
maintain the CO2 concentration at either 390 ppm or 550 ppm
in chambers. The frequency of this injection was determined by
setting up non-labeling controls under the same condition except
for using Na2

12CO3 instead of Na2
13CO3 and measuring the

decrease rate of the 12CO2 concentration for each CO2 treatment
(Yu et al., 2017). Once the labeling event finished each day, plants
were put back to OTCs for the rest of the day. After labeling
for 25 days, plants were then harvested. Shoots including leaves
and stems were oven-dried at 70◦C for 72 h, and ground to 0.1–
1 mm. The C and N concentrations of shoots were determined
using an EL III Elemental Analyzer (Hanau, Germany). An acid-
detergent method was used to determine the concentrations of
lignin and cellulose in shoots (Goering and van Soest, 1970).
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The 13C enrichment of the shoot residue was measured using
an isotope ratio mass spectrometer (Deltaplus, Finnigan MAT
GmbH, Bremen, Germany).

Experimental Setup
This experiment consisted of two residue treatments and three
sampling times in a randomized complete block design. The
two residues were the shoots of soybean that were produced
under aCO2 and eCO2, respectively, as described above. There
were three replicates for each sampling time. Thus, each
residue treatment had total nine microcosms. On Days 7,
14, and 28 of the incubation, three microcosms from each
treatment were randomly sampled as three replicates. Each
microcosm comprised three compartments with residues in the
central compartment and soil in the two side compartments
(Supplementary Figure S1). This three-compartment design was
to ensure that residues was surrounded by the soil on each
side. Each compartment was made of a 1 mm-thick PVC frame
with a hole of 3.2 cm in diameter in the middle, and this
hole was covered with a 53 µm nylon mesh, which allowed
microorganisms to move freely across the compartments. The
shoot residue (0.3 g) was loaded into the central compartment
and 1.0 g of soil was put into each side compartment. Then,
the three frames were tightly clamped together to ensure
residues firmly contacting soil. The clamped PVC frames were
buried with 70 g of soil. With the design of the 1 mm-thick
of each compartment, the influence of soil microbes on the
decomposition of the amended residue was likely more uniform
compared to the previous litter-bag technique (Viswanath et al.,
2010). Soil moisture was maintained at 80% of field capacity
(28% w/w) by watering the soil to the target weight every second
day throughout the incubation period. The microcosms were
incubated at 25◦C in dark. At each sampling time, the soils
and residues in microcosm compartments were collected in
autoclaved Eppendorf tubes and immediately frozen in liquid
nitrogen and then stored in−80◦C before the DNA extraction.

Soil DNA Extraction and Isopycnic
Centrifugation
Soil DNA in each compartment of the microcosm was extracted
from frozen samples (0.5 g) using the FastDNA Spin Kit for
Soil (MP Biomedicals; Solon, OH, United States) combined with
FastPrep-24 instrument (MP Biomedicals). The quality of DNA
was determined by a NanoDrop 2000 Spectrophotometer (Bio-
Rad Laboratories Inc., Hercules, CA, United States) and the
integrity was checked by 1% (wt/vol) gel electrophorosis.

As the responses of microbial activity to crop residue
amendment usually stabilize within 30 days (Nguyen et al.,
2016), the samples collected at Days 7 and 28 were chosen for
isopycnic centrifugation. DNA in the central compartment of the
microcosm was extracted for three times, and the three DNA
extracts were pooled to yield sufficient DNA for the separation
of 13C-DNA. DNA extracts from the pre-incubated soil were
referred to the non-labeled control and were ultra-centrifuged
with the 13C-DNA in pair (Sul et al., 2009). Briefly, 5,000 ng
DNA of each sample was loaded with cesium trifluoroacetate

(CsTFA, Sigma, United States) and gradient buffer (0.1 M Tris
HCl, 0.1 M KCl, 1 mM EDTA, pH = 8.0) to reach a buoyant
density of 1.70 g mL−1. The mixed solution was transferred
to 5 mL ultracentrifuge tubes, and subsequently centrifuged
using a Beckman coulter Optima L-XP ultracentrifugation on
a VTi 65.2 rotor (Beckman Coulter) at 179,000 g for 40 h at
20◦C. Then, the gradients were fractionated into 14 fractions
by displacement with distilled water using a syringe pump (NE-
1000) at a flow rate of 780 µL min−1. The buoyant density of
each fraction was measured with a digital refractometer (AR200
Digital Handheld Refractometer, United States). DNA in each
fraction was precipitated with 100% ice ethanol and sodium
acetate, washed with 70% ethanol, and dissolved in autoclaved
Milli-Q water for further analysis.

Separation of 13C- and 12C-DNA With
Gradient Fractionation
The prokaryotic amplifier 515F (5′-GTGCCAGGMGCCG
GGGTAA-3′)/907R (5′-CCGTCAATTCCTTTRAGTTT-3′) was
used in a PCR to check the success of gradient fractionation from
1 to 14 (Supplementary Figure S2). The PCR program started
with the initial denaturation at 95◦C for 3 min, followed by 28
cycles of denaturation at 95◦C for 30 s, annealing at 55◦C for 30 s,
and extension at 72◦C for 45 s, with a final extension at 72◦C for
10 min (Han et al., 2014). The DNA concentrations in Fractions
6, 7, 11, and 12 for all samples were indicated in Supplementary
Table S1. Fractions 6 and 7 corresponded to heavy 13C-DNA
fractions, and Fractions 8–14 as light 12C-DNA fractions. For the
purpose of sequencing the substrate-metabolizing community,
only Fractions 6 and 7 were analyzed.

Illumina MiSeq Sequencing
The DNA (DNA without SIP) extracted from the soils sampled
at Days 7, 14, and 28 (the entire community), and the 13C-
DNA fractions at Days 7 and 28 (the community metabolizing
residue) were subjected to Illumina Miseq sequencing. The V4-
V5 regions of the 16S rRNA genes were amplified using the
primer sets 515F and 907R. The amplification of each sample
was performed twice, and the two PCR products were combined.
An AxyPrepDNA purification kit (AXYGEN, Inc.) was used to
purify PCR products. The purified amplicons (around 400 bp
length fragments) were sent to Biozeron (Shanghai, China)
for paired-end sequencing on an Illumina MiSeq platform
(Caporaso et al., 2011, 2012).

Analysis of Illumina Miseq Sequencing
Data
Illumina MiSeq sequencing raw data were processed by the
QIIME software package (Version 1.8.0) (Caporaso et al., 2010).
For quality control, the reads were trimmed by discarding
sequences of length shorter than 380 bp and quality scores
lower than 20. In total, 667,192–1,338,771 high quality and
chimera-free reads with an average length of 397 bp in each read
were obtained throughout soil DNA samples and the 13C-DNA
fractions, respectively. The random selection on the minimum
reads was performed across all the samples. The operational
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taxonomic units (OTUs) were defined at 97% similarity level on
sequences using Usearch (version 7.12). The taxonomic identity
of the phylotypes was assessed by the Ribosomal Database Project
(RDP) Classifier (Version 2.23) at a confidence threshold of 70%.
All the sequences were uploaded onto the GenBank Sequence
Read Archive (SRP141616 for DNA sequencing without SIP,
SRP142322 for DNA sequencing of 13C-DNA fractions).

Statistical Analysis
The statistical comparisons between the aCO2- and eCO2-
derived residues were performed for C and N concentrations,
C:N ratio and 13C abundances using Paired Student’s t-test at the
0.05 significance level (SPSS 20.0 for Windows).

The significance in α diversity of prokaryotic community
and relative abundance at the genus level over time between
the residue treatments was tested using the two-way ANOVA
(GenStat, version 13.0, VSN International, Hemel Hemspstead,
United Kingdom) and Duncan’s multiple range test at a
0.05 significance level (SPSS 20.0 for Windows). The data
of the relative abundances of genera in 13C-DNA fractions
were log-transformed to follow a normal distribution before
variation analysis. Changes over time in prokaryotic community
structure in response to residue amendments were analyzed
using the principal co-ordinates analysis (PCoA) based on
Bray-Curtis distance. The effect of residue amendment on
prokaryotic community structure in 13C-DNA fractions
over time were analyzed using PCoA based on Unweighted-
Unifrac distance. The permutational multivariate ANOVA
(PERMANOVA) was performed to assess the significance

2http://drive5.com/uparse/
3http://sourceforge.net/projects/rdp-classifier/

of difference in the microbial community structure between
treatments. It was achieved by running the adonis function
with the “vegan” package in the R version 3.3.1 for
Windows (R Development Core Team, 2010; ADONIS,
Oksanen et al., 2014).

RESULTS

Chemical Properties of Residue
There was no significant difference in C or N concentration
between the aCO2- and eCO2-derived residues (Table 1). The
C/N ratio did not differ between the two treatments with an
average of 12.7. Similarly, eCO2 did not significantly affect the
concentration of cellulose in shoots. However, eCO2 decreased
the concentration of lignin with a marginal significance. The 13C
enrichment in the eCO2-derived residue was significantly higher
than that in the aCO2-derived residue.

α Diversity of Soil Prokaryotic
Community in Response to Residue
Amendments
The estimated diversity (as indicated by Shannon index) and
richness (as indicated by Ace and Chao1 indices) of the entire
prokaryotic community were 22 and 21% higher in the soil
amended with eCO2-derived residue, compared to that with the
aCO2-derived residue at Day 14, respectively (Table 2). There was
no significant difference in the diversity or richness of the entire
prokaryotic community between the two residue treatments
at Days 7 and 28.

TABLE 1 | Chemical properties of residues of soybean that were labeled with 13CO2 and exposed to aCO2 (390 ppm) or eCO2 (550 ppm) for 54 days.

Treatments C (g kg−1) N (g kg−1) C/N ratio Cellulose (g kg−1) Lignin (g kg−1) δ13C abundance (h) Atom 13C%

aCO2-derived residue 425 ± 2 35 ± 2 12.3 ± 0.6 299 ± 3 168 ± 12 24935 ± 464 22.5 ± 0.3

eCO2-derived residue 427 ± 1 33 ± 2 13.0 ± 1.0 292 ± 3 133 ± 3 40638 ± 1137 31.7 ± 0.6

Significance level (p) 0.843 0.794 0.275 0.300 0.053 <0.001 <0.001

Data are mean ± standard error of three replicates.

TABLE 2 | Effects of residue type (aCO2- or eCO2-derived residues) and incubation time (Days) on α diversity indices (at 97% sequence similarity) of the whole soil
prokaryotic community.

Days Residue Shannon Simpson Ace Chao1 Coverage

7 aCO2-derived 1.91 ± 0.05 d 0.40 ± 0.01 a 190 ± 6 bc 191 ± 3 bc 0.997

eCO2-derived 1.95 ± 0.27 cd 0.42 ± 0.07 a 202 ± 11 abc 203 ± 14 abc 0.997

14 aCO2-derived 2.21 ± 0.04 bcd 0.20 ± 0.01 b 185 ± 11 c 186 ± 10 c 0.997

eCO2-derived 2.70 ± 0.08 a 0.14 ± 0.01 b 226 ± 4 a 225 ± 4 a 0.997

28 aCO2-derived 2.36 ± 0.04 abc 0.19 ± 0 b 211 ± 4 ab 214 ± 10 abc 0.997

eCO2-derived 2.45 ± 0.11 ab 0.19 ± 0.01 b 217 ± 7 a 218 ± 3 ab 0.997

Significance level (p)

Time 0.003 <0.001 0.120 0.129 –

Residue 0.074 0.640 0.010 0.019 –

Time × Residue 0.202 0.454 0.100 0.142 –

The different letters within a column represent significant differences among the treatments (p < 0.05). Data were means ± standard error of three replicates.
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Prokaryotic Community Structure in
Response to Residue Amendments
The Bray-Curtis PCoA indicate that the entire prokaryotic
community structure greatly changed over the incubation time
(p < 0.05) (Table 3), but there was no significant difference in
prokaryotic community structure at each sampling time point
between the two residue treatments (Figure 1 and Table 3).

Phyla including Acidobacteria (54.1–75.4%), Proteobacteria
(7.0–35.1%), and Firmicutes (5.0–20.0%) were the dominant
compositions of the soil prokaryotic community after
amendment of soybean residues (Figure 2). The relative
abundances of bacterial phyla, such as Actinobacteria,
Proteobacteria, Firmicutes, and Verrucomicrobia significantly
changed over the incubation period, but did not differ between
the residue treatments (Figure 2).

For the genus level classification, we found that
relative abundances of genera Streptomyces, Bacillus, and
Paenibacillus decreased over time (p < 0.01), while that
of Xanthomonadaceae_unclassified increased from Days 7
to 14 (p < 0.01) (Supplementary Table S2). The relative
abundances of Bryobacter, Microbispora, Steroidobacter,
Bradyrhizobium, and Acetobacteraceae_unclassified were
higher, and that of Rhizobiales_unclassified was lower
(p < 0.05) in the treatment of the eCO2-derived residue,
compared with the aCO2-derived residue. However,
their overall relative abundances were less than 0.5%
(Supplementary Table S2).

Prokaryotic Community Metabolizing
Residue-C
The residue-metabolizing community structure was significantly
(p = 0.001) different from the whole community (Supplementary
Figure S2). The community structure of bacteria that
metabolized residue greatly differed between the residue
treatments 28 days after amendment (Figure 3 and Table 4).
Genera Streptomyces belonging to phylum Actinobacteria, and
Bacillus and Terribacillus belonging to phylum Firmicutes
predominantly incorporated both residues (Table 5). The
amendment of eCO2-derived residue led to lower relative
abundances of Actinomadura, Nocardia, and Shimazuella,
compared with the amendment of aCO2-derived residue.
In contrast, the relative abundance of Non-omuraea
was 87–90% higher in the treatment of eCO2-derived
residue (Table 5).

There were no difference in the relative abundance of bacteria
that incorporated residue-13C between the aCO2- and eCO2-
derived residue amendments at Day 7 (Figure 3 and Table 4).

DISCUSSION

The entire structure of soil prokaryotic community as indicated
by Bray-Curtis PCoA profile did not differ between the two
residue treatments during 28 days incubation (Figure 1 and
Table 3). This result was in accordance with our previous findings
that compared with aCO2-derived residue, the amendment of

TABLE 3 | Statistical summary for effects of residue type (aCO2- and
eCO2-derived residues) and incubation time on the whole prokaryotic community
structure tested by permutational multivariate analysis of variance (PERMANOVA)
based on the Bray-Curtis distance metrics.

Factors SS MS F-value Significance level (p)

Over time for
aCO2-derived
residue

0.951 0.475 57.568 0.004

Over time for
eCO2-derived
residue

1.000 0.500 37.646 0.011

Residue effect at
Day 7

0.016 0.016 1.225 0.400

Residue effect at
Day 14

0.042 0.042 3.692 0.100

Residue effect at
Day 28

0.009 0.009 1.244 0.400

The significance was assessed by F-tests from 999 permutations of the OTU data.
Day 7, Days 14 and 28 represent 7, 14, and 28 days of incubation. SS and MS
represent mean sum of squares and mean squares, respectively.

eCO2-derived wheat residue did not significantly affect the
entire prokaryotic community structure in the first 60 days of
incubation (Wang et al., 2017).

However, the structure of bacteria community that
utilized soybean residue was assumed to change over time
(Supplementary Figure S3), indicating that residues specific
select the soil community. In this study, two key time points,
i.e., Days 7 and 28 were selected for SIP because the prokaryotic
activity strongly respond to residue amendments during the
early period of decomposition, especially the first 4 weeks
(Bastian et al., 2009; Lian et al., 2017). Moreover, Bernard et al.
(2007) indicated that using density gradient centrifugation,
effective separation of labeled from non-labeled DNA could be
achieved 7 days after amendment of a 13C-labeled wheat residue
into a Calcarosol.

By Day 28, the composition of the bacteria assimilating
the residues differed between the residues produced under
different CO2 levels (Figure 2, Table 4, and Supplementary
Table S2). Genera Actinomadura, Non-omuraea, Nocardia, and
Shimazuella in the residue-metabolizing community were the key
members that dominantly contributed to the difference (Table 5).
Although genera Nocardia and Shimazuella were dominant
residue-C consumers (Table 5), they were not detectable in the
whole prokaryotic community (Supplementary Table S2). This
observation implied that residues specifically selected residue-
C consumers from the whole prokaryotic community reservoirs
of the soil over time, and these consumers performed heir
function on the residue-C turnover (Lian et al., 2017). This
view was supported by significant difference between residue-
metabolizing community and the whole community of soil
(Supplementary Figure S2), and Blagodatskaya et al. (2010)
showing that genus Actinomadura became a key member that
was involved in the C turnover of Brassica napus residue, but
this genus originally accounted for a very small proportion
in the whole prokaryotic community in soil. Furthermore,
the residue-C incorporating genus Actinomadura was almost
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with aCO2- (circles) or eCO2-derived (triangles) soybean residues after 7, 14, and 28 days of incubation. Data were means ± standard error of three replicates.
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twofold higher with the amendment of aCO2-derived residue
than eCO2-derived residue (Table 5) while its relative abundance
in the whole prokaryotic community had no difference
between the two residue treatments (Supplementary Table
S2). This suggests that residues derived from different CO2
environments distinctively shape the community of bacteria that
metabolize residue-C much earlier than their effects on the
entire community.

In particular, the lower relative abundances of Actinomadura,
Nocardia, and Shimazuella in the eCO2-derived than the
aCO2-derived residue treatment (Table 5) may be attributed
to the residue chemistry. Although the residues derived
from aCO2 and eCO2 conditions did not differ in most
chemical properties, the eCO2-derived residue had marginally
lower lignin level (p = 0.053) (Table 1). Therefore, it is
plausible that the compositional changes in the prokaryotic
community was attributed to the difference in lignin
concentration and other unmeasured chemical properties.
While Nocardia was able to utilize complex organic compounds
(such as cellulose and trehalose) (Fang et al., 2017). The
higher relative abundance of genus Nocardia in the aCO2-
derived residue treatment soils suggested that this type of
Actinobacteria might facilitate the decomposition of the
complex compounds from the residual source. Meanwhile,
genus Shimazuella can produce some metabolites such as
hydroxyl and carbonyl (Boonsnongcheep et al., 2016), and
some species affiliated to this genus are capable of degrading
casein and starch (Park et al., 2007). Thus, the greater relative
abundance of Shimazuella may favor starch degradation in

the aCO2-derived residue, as the starch concentration in
soybean shoot is usually higher under aCO2 compared to eCO2
(Bertrand et al., 2011).

In contrast, the relative abundance of the residue-metabolizing
Non-omuraea was much higher in the eCO2-derived than
the aCO2-derived residue. Genus Non-omuraea is classified
as a slow-growing actinomycete taxon (Wang et al., 2011;
Li et al., 2012), which differed from other members belong
to phylum Actinobacteria. It is possible that Non-omuraea
did not use the residue-C directly (by using the necromass
from bacteria that assimilated plant residues) or it slowly
degraded the residue-C for its own assimilation. The literature
showed that Non-omuraea may degrade starch and guanine,
and utilize sugars and amino acids as nitrogen source (Jose
and Jebakumar, 2014). Moreover, this genus can produce

TABLE 4 | Statistical summary for the effect of residue type (aCO2- and
eCO2-derived residues) on the community structure of residue-metabolizing
bacteria at 7 and 28 days of incubation.

Factors SS MS F-value Significance
level (p)

Residue effect at Day 7 0.021 0.021 0.421 0.565

Residue effect at Day 28 0.336 0.336 7.857 0.015

The data were tested by permutational multivariate analysis of variance
(PERMANOVA) based on the Unweighted-Unifrac distance metrics. The
significance was assessed by F-tests from 999 permutations of the OTU data.
Days 7 and 28 represent 7 and 28 days of incubation. SS and MS mean sum of
squares and mean squares, respectively.
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antibiotics, which may kill other bacteria and produce secondary
sources for its use (Sungthong and Nakaew, 2015). The
various functions of Non-omuraea may be associated with
residue properties that primarily affect its decomposition
rate. However, it is unknown what sort of decomposable
components in the eCO2-derived residue can be assessed
by Non-omuraea.

Genera Streptomyces and Bacillus in the residue-metabolizing
community were most abundant at the initial stage of incubation,
indicating that these genera were potentially primary C
sequesters consuming easily-decomposable C components.
This is consistent with the findings of Semenov et al. (2012)
and Eichorst et al. (2011) that Streptomyces and Bacillus
were widely distributed in the 13C-DNA fractions of DNA in
soils amended with 13C-labeled residues of soybean, maize
and tomato. However, unlike Actinomadura, Nocardia, and
Non-omuraea, genera Streptomyces and Bacillus showed
similar responses to the amendment of the residues derived
from aCO2 and eCO2 (Table 5). The species of Streptomyces
were able to utilize various organic compounds, such as
cellulose and lignin (Ulrich et al., 2008; Xu and Yang,
2010; España et al., 2011). Genus Bacillus is known as a
proteolytic bacterium and is likely to be an important protease
producer in soils (Watanabe and Hayano, 1994; Sakurai
et al., 2007). The consistent enrichment of these genera
over time may be associated with (i) the limited chemical
variation between the residues derived from aCO2 and eCO2
treatments; (ii) the rapid turnover of their biomass, including the
biosynthesis in microbes, microbial residue formation, and their
reutilization. Indeed, the microbial products typically comprised
exopolysaccharides, lipids, glycoproteins and peptidoglycan
murein (Kögel-Knabner, 2017). The relative importance
of these products in regulation of the residue-assimilating
prokaryotic community needs to be explored by analyzing
13C-labeled microbial products and their correlations with the
potential consumers.

CONCLUSION

The amendments of eCO2-derived soybean residue triggered
the different response in prokaryotic community structure
compared with aCO2, though major chemical characteristics of
residues were not statistically different between the two CO2
treatments. Genera in phyla Actinobacteria and Firmicutes were
the major members that assimilate soybean residue. Residue-
assimilating genus Non-omuraea was enriched in the amendment
of eCO2-derived residue, while genera Actinomadura, Nocardia,
and Shimazuella showed the opposite after 28 days of
incubation. The residue source did not affect the whole
community structure of bacteria during the period of incubation.
The community of C-metabolizing bacteria responded earlier
to residue amendments than the whole soil prokaryotic
community. It is worthy to further identify original plant
residue-C compounds and their biosynthesized products in
microbes linking with microbial community composition in
the future study.
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