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Abstract: Rhizosphere microbes in forests are key elements for carbon accumulation in terrestrial
ecosystems. To date, little is known on the rhizomicrobial community changes occurring during soil
carbon accumulation. Using high-throughput DNA sequencing, we identified the phyla composing
the rhizomicrobial communities of Pinus tabuliformis Carr. and Quercus variabilis Blume forests in
North China and their abundance. These results were correlated with the soil organic carbon (SOC)
accumulation driven by tree roots. Rhizomicrobial community composition and abundance and SOC
accumulation varied with tree species, but root presence benefited SOC accumulation significantly.
Different phyla played different roles in root-driven carbon accumulation during the succession of
a recovery forest ecosystem, but Proteobacteria and Basidiomycota were keystones for root-driven
carbon accumulation.
Keywords: microbial community; carbon accumulation; tree roots; plant-oil interactions

1. Introduction
Carbon (C) input from plants into soil is an important flux in the terrestrial C cycle, and it is
crucial not only for C accumulation, but also for the maintenance of soil fertility and ecosystem stability
and function [1,2]. Soil organic carbon (SOC) is thought to derive mostly from the decomposition
of litter [3]. However, recent studies have found that SOC is mainly derived from roots and from
the microbial community around them [4]. Plant-microbe interactions in soil play a central role in
terrestrial ecosystem functions and may control up to half of the total carbon dioxide (CO2 ) released
from terrestrial ecosystems at the global scale [5]. Roots can strongly change the turnover of soil
organic matter and greatly affect soil C accumulation [6]. While mycorrhizae supply nitrogen and
phosphorus to plants, the mycelium transfers a large amount of photosynthetic organic C to the
underground [7]. Additionally, the root-microbial system can transfer organic C directly from the plant
to the soil carbon pool [8], and the biomass and secretions of microbes are also large sources of SOC [9].
Therefore, studies on root-microbial systems are essential for revealing the mechanisms regulating
SOC accumulation.
Forests are the largest C sinks worldwide, accounting for about two-thirds of the total C
accumulation in terrestrial ecosystems [10]. Tree roots have the potential to shift underground
microbial compositions [11–13], and, according to the ecological stoichiometry theory, this change can
affect organic matter decomposition and biogeochemical cycling [6,14,15]. Tree species and microbial
diversity also affect soil C accumulation in forests [11,16,17]. Thus, changes in the physical, chemical,
and biological properties of the soil affected by tree roots have been evaluated in recent studies [17–20].
However, limitations due to the use of traditional techniques hinder an accurate evaluation of soil
microbial taxa, which has greatly delayed our understanding of several core ecosystem processes,
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such as variations in microbial communities, soil C accumulation, ecosystem succession, and ecosystem
functions [20,21]. Identifying and quantifying the relative influence of root-microbial systems in forests
remains a challenge for researchers [22]. Thus, there is still a limited understanding of the relationship
between soil microbial taxa and soil C accumulation in a changing environment, especially in restored
forest ecosystems.
Plant succession is intrinsically linked to the succession of microbes, as these utilize all forms
of plant-derived C and are important drivers of plant community productivity and diversity [23].
Root-associated microbes have evolved close links to living plants, albeit being a highly heterogeneous
group [24]. Roots are colonized by obligate or facultative microbes, but also by many fungi commonly
termed root endophytes, which have a variable and only partially known trophic and functional
relationship with plants [25]. Similar to the aboveground biomass of plants, rhizosphere microbes
in forests also present a succession from the degraded ecosystem to climax community during the
restoration of forest ecosystems [26]. However, microbial succession has received less attention than
the successional dynamics of plants [24].
Afforestation, as a type of ecosystem degradation counter measure, can add terrestrial C sink
capacity and alleviate atmospheric CO2 accumulation [27]. In the last century, the “Grain for Green”
Project conducted nationwide aimed to rehabilitate and recover degraded ecosystems in China.
The conversion of cropland to forest offers opportunities to conserve soil and water and improve
the microclimate, among other benefits [28]. Pinus tabuliformis Carr. and Quercus variabilis Blume are
two primary conifer and broad leave afforestation species due to their capacity to limit soil erosion,
their well-developed root system, and their role in C restoration [29,30]. Although the effects of
afforestation on C restoration have been studied in China, the microbial mechanisms of C accumulation
following afforestation have not been explored [28]. Therefore, a better understanding of the effects of
soil microbial communities on soil C dynamics is fundamental for providing further insight into the
microbial mechanisms of C accumulation following afforestation.
Because root-associated microbes are important for SOC accumulation in forest ecosystems,
disclosing key microbial taxa for SOC accumulation driven by tree roots is not only helpful for a
better understanding of the microbial mechanisms of C accumulation, but it can also improve forest
management, degraded ecosystem restoration, and afforestation. In the present study, we estimated
variations in microbial communities and SOC accumulation driven by tree roots during the succession
from a degraded to climax forest ecosystem using high-throughput DNA sequencing. The current
study aimed to reveal the variations occurring in rhizosphere microbial species in restored forest
ecosystems and which species benefit rhizosphere SOC accumulation. These results might contribute
to future research and the management of forest C accumulation.
2. Materials and Methods
2.1. Experimental Setup and Sampling
This study was conducted at Jiufeng National Forest Park, which is located in Beijing, China
(40◦ 30 3600 N, 116◦ 50 2400 E). Stainless steel boxes (2 × 2 × 10 cm) containing an 800-screen mesh (18 µm)
at the top and bottom, to allow soil gas and water to pass through the box without any fine soil particles,
were filled with homogeneous control soil (CS) with known soil properties, and roots were passed
through the box (Figure S1). The diameters of the selected roots were 2–5 mm. In April 2016, five boxes
were set around the middle portion of P. tabuliformis roots growing on five trees in different locations
(MPR group), and another five boxes were placed around the tips of the same roots (TPR group).
Similarly, five boxes were set around the middle portion of Q. variabilis roots growing on five trees in
different locations (MQR group), and another five boxes were placed around the tips of the same roots
(TQR group). Five boxes were also set in a post-fire planted forest of P. tabuliformis (FPR group) and
five dead P. tabuliformis roots were also placed in boxes (DPR group). Soil samples were also collected
from a natural P. tabuliformis forest (NFS). Among the five replicates in each group, four were chosen
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in the four corners and one was chosen in the middle of the plot (200 × 200 m), respectively. After one
year, in April 2017, the boxes were removed and the soil contained in each box was treated as a sample
in SOC accumulation and molecular analyses.
2.2. Molecular and Bioinformatics Analyses
Genomic DNA was extracted from 0.5 g fresh soil samples using a PowerSoil DNA Isolation Kit
(MoBio Laboratories, Carlsbad, CA, USA), following the manufacturer’s instructions. All extracted
DNA samples were stored at −20 ◦ C until PCR amplifications. To assess bacterial and fungal
community compositions, we amplified the V3–V4 hypervariable region of the bacterial 16S rRNA
gene using the forward primer 338F (50 -ACTCCTACGGGAGGCAGCAG-30 ) and the reverse primer
806R (50 -GGACTACHVGGGTWTCTAAT-30 ), and the fungal internal transcribed spacer (ITS) region
using the forward primer ITS1-F (50 -CTTGGTCATTTAGAGGAAGTAA-30 ) and the reverse primer
ITS2 (50 -TGCGTTCTTCATCGATGC-30 ). These primers (MoBio Laboratories, Carlsbad, CA, USA)
contained a set of eight-nucleotide barcode sequences unique to each sample. Amplifications were
performed following the procedure described by Taş et al. [31]. Amplicons were pooled and purified
using a QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). The purified PCR products were
pooled at equimolar concentrations and paired-end sequenced (2 × 300 bp) on a MiSeq platform
(Illumina, San Diego, CA, USA), according to standard protocols.
The raw data obtained were screened, and sequences were removed from consideration if they
were shorter than 200 bp, had a low quality score (≤20), contained ambiguous bases, or did not exactly
match primer sequences and barcode tags. Unique sequence sets were classified into operational
taxonomic units (OTUs) based on the threshold of 97% identity using UCLUST. Chimeric sequences
were identified and removed using Usearch. The 16S rRNA sequences were compared to the Silva119
16S rRNA database using UCLUST with a confidence threshold of 97%, and each ITS sequence was
compared to sequences within the Unite 7.0 database using UCLUST. The DNA data of five replicates
were merged into one for the analyses in each group.
2.3. Calculations and Statistical Analyses
Briefly, after treating soil samples with acid to remove carbonates, these were weighted and C%
was analyzed in the Flash EA1112 HT Elemental Analyzer (Thermo Fisher Scientific Inc., Waltham,
MA, USA).
According to the experimental design, SOC accumulation (CSSOC ) was calculated as:
CSSOC = CR − CCS ,

(1)

where CR is the SOC of TPR, MPR, TQR, MQR, DPR, or FPR and CCS is the SOC of CS.
The values presented in the figures are means ± standard errors of the means. The unweighted
pair group with the arithmetic mean method was used for the hierarchical clustering of OTUs in each
group. The QIIME (Quantitative insights into microbial ecology) package for hierarchical clustering
with the Bray-Curtis similarity algorithm was used as described by Jiang et al. [32]. Statistical analyses
were performed in SPSS 23.0 (IBM Inc., New York, NY, USA).
3. Results
3.1. Changes in Soil Bacterial and Fungal Community Compositions
High-throughput sequencing and subsequent quality filtering allowed 476,667 bacterial and
496,873 fungal clean reads (tags) to be obtained with the 338F/806R (bacterial 16S rRNA) and
ITS1F/ITS2 (fungal ITS) primer sets, respectively, across all soil samples. The number of bacterial clean
tags found in each soil sample was 77, 617 in TPR, 73,809 in MPR, 73,704 in CS, 73,154 in NFS, 57,130
in DPR, 48,660 in TQR, 37,756 in MQR, and 34,837 in FPR; fungal clean tags reached 111,512 in TPR,
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75,803 in MPR, 68,202 in DPR, 56,802 in MQR, 55,589 in NFS, 49,117 in TQR, 41,797 in CS, and 38,051
in FPR.
Regarding bacterial communities, Cyanobacteria were dominant in CS (45.30%) and DPR
Forests
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Soil bacterial and fungal community similarities are shown in Figures 3 and 4, respectively.
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The abundances of Proteobsacteria, Acidobacteria, and Gemmatimonadetes were positively
The abundances of Proteobsacteria, Acidobacteria, and Gemmatimonadetes were positively
correlated with SOC accumulation in groups comprising P. tabuliformis living roots (TPR and MPR;
correlated with SOC accumulation in groups comprising P. tabuliformis living roots (TPR and MPR;
Table 1), and Proteobacteria, Actinobacteria, Chloroflexi, and Gemmatimonadetes abundances were
Table 1), and Proteobacteria, Actinobacteria, Chloroflexi, and Gemmatimonadetes abundances were
positively correlated with SOC accumulation in groups comprising Q. variabilis living roots (TQR and
positively correlated with SOC accumulation in groups comprising Q. variabilis living roots (TQR and
MQR; Table 1). The abundance of Cyanobacteria was negatively correlated with SOC accumulation
MQR; Table 1). The abundance of Cyanobacteria was negatively correlated with SOC accumulation
in all groups comprising living tree roots (TPR, MPR, TQR, and MQR; Table 1). The abundances of
Verrucomicrobia and Gemmatimonadetes were positively correlated with SOC accumulation in DPR
and Proteobacteria and Acidobacteria abundances were positively correlated with SOC accumulation
in FPR (Table 1).
The abundances of Basidiomycota and Zygomycota were positively correlated with SOC
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in all groups comprising living tree roots (TPR, MPR, TQR, and MQR; Table 1). The abundances of
Verrucomicrobia and Gemmatimonadetes were positively correlated with SOC accumulation in DPR
and Proteobacteria and Acidobacteria abundances were positively correlated with SOC accumulation
in FPR (Table 1).
The abundances of Basidiomycota and Zygomycota were positively correlated with SOC accumulation
in all groups containing living tree roots (TPR, MPR, TQR, and MQR; Table 2), while Ascomycota
abundance was negatively correlated with SOC in these groups. Zygomycota abundance was positively
correlated and Ascomycota abundance negatively correlated with SOC accumulation in FPR (Table 2).
No significant correlation was found between SOC accumulation and fungi abundance in DPR (Table 2).
Table 1. Correlation coefficients between soil organic carbon accumulation and bacterial taxa abundance
in each sample group. Bacterial taxa: Proteobacteria (Prot), Actinobacteria (Acti), Cyanobacteria (Cyan),
Acidobacteria (Acid), Chloroflexi (Chlo), Bacteroidetes (Bact), Gemmatimonadetes (Gemm),
Verrucomicrobia (Verr), Planctomycetes (Plan), Firmicutes (Firm), Nitrospirae (Nitr), and
Saccharibacteria (Sacc).
Prot

Acti

Cyan

Acid

Chlo

Bact

+ **
+ **
+ **
+ **
n
+*

n
n
+ **
+ **
n
n

− **
− **
− **
− **
n
n

+ **
+*
n
n
n
+*

n
n
+*
+ **
n
n

n
n
n
n
n
n

TPR
MPR
MQR
TQR
DPR
FPR

Gemm Verr
+ **
+ **
+*
+*
+*
n

+*
+*
n
n
+*
n

Plan

Firm

Nitr

Sacc

n
n
n
n
n
n

n
n
n
+*
n
−*

n
n
n
+*
n
n

n
n
n
n
n
−*

Significance levels: n: p > 0.05, * p < 0.05, ** p < 0.005. + positive correlation; − negative correlation. CS, control soil;
MPR, middle portion of Pinus tabuliformis roots; TPR, tips of P. tabuliformis roots; MQR, middle portion of
Quercus variabilis roots; tips of Q. variabilis roots; FPR, post-fire planted forest of P. tabuliformis; DPR, dead
P. tabuliformis roots; NFS, natural P. tabuliformis forest.

Table 2. Correlation coefficients between soil organic carbon accumulation and fungi taxa abundance
in each sample group.

TPR
MPR
MQR
TQR
DPR
FPR

Ascomycota

Basidiomycota

Zygomycota

Cercozoa

Other

− **
− **
− **
− **
n
− **

+ **
+ **
+ **
+ **
n
n

+ **
+ **
+ **
+ **
n
+ **

n
n
n
n
n
n

+ **
n
n
n
n
n

Significance levels: n: p > 0.05, ** p < 0.005. + positive correlation; − negative correlation. CS, control soil;
MPR, middle portion of Pinus tabuliformis roots; TPR, tips of P. tabuliformis roots; MQR, middle portion of
Quercus variabilis roots; tips of Q. variabilis roots; FPR, post-fire planted forest of P. tabuliformis; DPR, dead
P. tabuliformis roots; NFS, natural P. tabuliformis forest.

4. Discussion
4.1. Changes in Soil Bacterial and Fungal Communities
In our experimental design, CS and DPR groups represented the degraded ecosystem; TPR, MPR,
TQR, MQR, and FPR represented the primary stage of succession; and NFS represented the climax
microbial community. In degraded ecosystems (CS and DPR), decay processes predominate, and only
some autotrophic or saprophytic microbes can survive [33,34]. Accordingly, Cyanobacteria were the
dominant bacterial phylum (Figure 1).
During primary succession, the composition of microbial communities is greatly changed.
Although Proteobacteria were dominant in TPR, MPR, TQR, and MQR (Figure 1), the proportion
of Actinobacteria in TQR and MQR was larger than in TPR and MPR (Figure 1), revealing that
members of this phylum are more adapted to the rhizosphere of Q. variabilis than to that of
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P. tabuliformis. Bacterial community composition in FPR also changed dramatically post-fire with
increased Actinobacteria, Proteobacteria, and Firmicutes abundance (Figure 1). The adverse soil
environment due to fire [35] increased dissimilarity between microbial community composition in
FPR and TPR, MPR, TQR, and MQR (Figures 3 and 4). There were no significant differences in
fungal communities among groups representing the primary stage of succession (TPR, MPR, TQR,
MQR, and FPR), but the microbial climax community (NFS) differed significantly from other groups
(Figure 4).
Based on our data, and on previous studies, soil bacterial communities seem to recover faster than
fungal communities [20]. After recovery, dominant species within soil microbial communities shift
from fast-growing, pathogenic bacteria to beneficial, slow-growing fungal species, and pathogenic
bacterial populations are eliminated [21,36]; thus, the bacterial community in NFS was similar to that
in FPR (Figure 3). Furthermore, because the composition of the active functional fungal community
changed from fast-growing and pathogenic fungal species to beneficial and slower-growing fungal
species [21], the dominant fungal phylum in our groups shifted from Ascomycota to Basidiomycota
(Figure 2).
4.2. Influence on SOC Accumulation and Microbial Taxa
Soil organic C was lower in CS than in all other groups except FPR (Figure 5) because soil C was
not available for soil microbes due to the presence of pyrogenic organic matter [37]. Thus, tree roots
benefited SOC stocks while burned SOC required a long recovery time. Although bacterial FPR and
NFS communities were similar, C content was much higher in NFS than in FPR (Figures 3 and 5a).
Similarly, SOC was higher in DPR than in CS, but the microbial communities of these groups were
similar (Figures 3 and 4). However, most bacterial and fungal phyla in DPR were not correlated with
SOC accumulation (Tables 1 and 2). Therefore, microbial processes were not the main factors affecting
C accumulation in DPR. The increased SOC in DPR was most likely due to C transfer from dead roots,
not to biochemical processes [38].
During primary succession, Proteobacteria seem beneficial for the C accumulation driven
by tree roots (Table 1). However, while root-driven SOC accumulation of P. tabuliformis was
concentrated at root tips, that of Q. variabilis was concentrated at the middle region of roots (Figure 5).
Therefore, P. tabuliformis seems to concentrate root exudates on root tips, thereby stimulating bacteria
growth in this area of the rhizosphere such that roots can extend to obtain nutrients and water.
On the other hand, Q. variabilis seems to concentrate root exudates in the middle region of roots,
stimulating the growth of rhizomicrobes in this area to obtain nutrients [39]. As so, Q. variabilis uses
most of the length of the root, which may be helpful to adapt to poor, shallow soils. Due to these
different strategies of root-driven C accumulation, the bacterial communities of TPR and MPR differed
from those of TQR and MQR (Figure 3). In addition, Verrucomicrobia benefited the C accumulation
driven by P. tabuliformis roots but not by Q. variabilis roots, while Actinobacteria and Chloroflexi
benefited the C accumulation driven by Q. variabilis roots but not by P. tabuliformis roots (Table 1).
Our results showed that tree roots and some rhizomicrobes benefited SOC accumulation
significantly (Figure 5, Tables 1 and 2). Rhizomicrobes can help roots transfer nutrients through
functional structures, such as biofilm, thereby improving the environment of degraded ecosystems [40,41].
Proteobacteria benefited the C accumulation driven by tree roots during primary succession (Table 1),
and Basidiomycota benefited the C accumulation driven by tree roots in stable forest ecosystems
(Table 2). These observations indicated that these phyla might be used as novel biotechnological tools
to mitigate degradation and C loss in degraded forest ecosystems.
5. Conclusions
In this study, we demonstrated that microbial community composition changed according to
root-associated SOC accumulation along the primary succession of forest ecosystems. Soil organic
C contents were greatly affected by tree roots and rhizomicrobes in the primary stage and climax of
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succession. Tree roots can shift underground microbial compositions and benefit SOC restoration
in degraded ecosystems. Proteobacteria were keystone organisms for root-driven C accumulation
in primary succession and Basidiomycota were the keystone for root-driven C accumulation in
climax communities. This work has therefore enabled a deeper insight into root-associated microbial
communities, increased awareness on root-associated SOC accumulation mechanisms, and contributes
to a better understanding of microbial ecology in forest succession.
Based on our results, we suggest the forest management practices listed below. The establishment
of P. tabuliformis and Q. variabilis plantations in the study area promoted SOC accumulation and the
recovery of soil ecological environment; nevertheless, different species should be used in different
circumstances during afforestation. Forest fire was harmful for both microbial community and SOC
restoration, and, therefore, should be avoided in forest management. Microbial biofilms should be
filtered from the apical region of P. tabuliformis roots or middle region of Q. variabilis roots and applied
to soil to facilitate C accumulation in degraded forests and to improve the abundance of beneficial
rhizomicrobes in afforestation.
In order to achieve the consistency of the study, we only experimented in the site mentioned.
We are not sure whether these results would occur in other locations since the geographic factors were
ignored. For this reason, the microbial phyla cannot be fully correlated with root-associated SOC in
other forests. Whether the phyla were determined by the rhizosphere environment or the locations is
still an important question and needs to be clarified. More replicates and geographic factors should be
taken into account in future studies.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/6/333/s1,
Figure S1: Experimental devices for sampling.
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Kolaříková, Z.; Kohout, P.; Krüger, C.; Janoušková, M.; Mrnka, L.; Rydlová, J. Root-associated fungal
communities along a primary succession on a mine spoil: Distinct ecological guilds assemble differently.
Soil Biol. Biochem. 2017, 113, 143–152. [CrossRef]
Porras-Alfaro, A.; Bayman, P. Hidden fungi, emergent properties: Endophytes and microbiomes. Annu. Rev.
Phytopathol. 2011, 49, 291–315. [CrossRef] [PubMed]
Jia, G.M.; Cao, J.; Wang, C.; Wang, G. Microbial biomass and nutrients in soil at the different stages of
secondary forest succession in Ziwulin, northwest China. For. Ecol. Manag. 2005, 217, 117–125. [CrossRef]
Noormets, A.; Epron, D.; Domec, J.C.; McNulty, S.G.; Fox, T.; Sun, G.; King, J.S. Effects of forest management
on productivity and carbon sequestration: A review and hypothesis. For. Ecol. Manag. 2015, 355, 124–140.
[CrossRef]
Xiang, Y.; Cheng, M.; Huang, Y.; An, S.; Darboux, F. Changes in soil microbial community and its effect on
carbon sequestration following afforestation on the Loess Plateau, China. Int. J. Environ. Res. Public Health
2017, 14, 948. [CrossRef] [PubMed]
Zhao, F.Z.; Han, X.H.; Yang, G.H.; Feng, Y.Z.; Ren, G.X. Soil structure and carbon distribution in subsoil
affectedby vegetation restoration. Plant Soil Environ. 2014, 60, 21–26.

Forests 2018, 9, 333

30.
31.

32.

33.
34.
35.

36.
37.
38.

39.
40.

41.

11 of 11

Liu, Z.; Yu, X.; Jia, G.; Jia, J.; Lou, Y.; Lu, W. Contrasting water sources of evergreen and deciduous tree
species in rocky mountain area of Beijing, China. Catena 2017, 150, 108–115. [CrossRef]
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