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Abstract: Despite increasing investigations having studied the changing patterns of soil microbial
communities along forest plantation development age sequences, the underlying phylogenetic
assemblages are seldom studied for microbial community. Here, the soil bacterial taxonomic and
phylogenetic diversity as well as the phylogenetic structure were examined to elucidate the community
diversity and assembly in three typical ages (young, middle and mature) of Cunninghamia lanceolata
plantations, a dominant economic tree species in southern China. Results indicated that the
soil bacterial phylogenetic not taxonomic diversity increased with the increasing in stand age.
The bacterial community composition differed significantly among the young, middle and mature
plantations. Phylogenetic signals showed that bacterial communities were phylogenetically clustered
and structured by environmental filtering in all studied plantations. In mature plantation, the effect
of environmental filtering becomes stronger and bacteria taxa tend to intraspecific interact more
complexly as characterized by co-occurrence network analysis. This suggests that ecological
niche-based environmental filtering could be a dominant assembly process that structured the soil
bacterial community along age sequences of Cunninghamia lanceolata plantations.

Keywords: stand age; soil bacterial community; phylogenetic structure; network analysis;
Cunninghamia lanceolata plantation

1. Introduction

Forest plantations have long been recognized by their contribution to humankind needs, such as
industrial wood and local economy development [1]. The global forest plantations are estimated to
cover 25% of a billion hectare of lands [2]. Reforestation on the natural forests occupies approximately
50% of the total increased plantations by area [2,3]. Due to the gradual replanting activities during
the past several decades, forest plantations often consist a series of stands with different development
ages [3,4]. Differences in vegetation production and canopy density along forest age sequences can
influence the distribution of throughfall, solar radiation and the plant litters, which may subsequently
show impacts on the soil carbon (C) and nutrient cycling as well as soil microbial characteristics [5,6].
Studies have demonstrated that forest age could significantly impact the soil microbial diversity and
community composition [7,8]. For instance, Barber et al. [9] revealed that older lands harbored distinct
bacterial communities from young lands, with greater abundance of Acidobacteria in older plantation.
Another recent investigation reported that the abundances of Proteobacteria and Actinobacteria
enhanced with increase in forest age, while Acidobacteria was largely unchanged [10]. Although the
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changing pattern of soil bacterial community composition among different development stand age
sequences has been reported, few studies have examined the mechanistic resolution and ecological
processes structuring bacterial communities of different plantations.

With the development of community phylogenetics, phylogenetic framework has been used to
infer the mechanisms influencing community assembly [11,12]. Since niches are conserved in phylogeny,
phylogenetic conservatism means that environment could act as a filter on organisms within community,
while phylogenetically over-dispersion means competitive exclusion driving soil microbial community
assembly [12]. These phylogenetic signals were firstly used to study the assemblages of plant
communities [11,13,14], but is lately progressed to examine the microbial community assembly in
a variety of ecosystems [15,16]. One recent investigation of bacterial phylogenetic structures has been
addressed along a long-term sequence of forest and found that the soil bacterial community structures
were greatly shaped by environmental filters [17]. However, the knowledge regarding the response of
soil bacterial community structure across short term age sequences of forests is rarely studied.

Cunninghamia lanceolata plantations are one of the most important commercial timber sources in
China. Its planting area accounts for approximately 21.4% and 6.5% of total plantations in China and the
world, respectively [18]. Since the early 1980s, studies have evaluated plant productivity, soil respiration,
soil C stocks as well as soil microbial properties in different stands of C. lanceolata plantations [19-22].
Here, we investigated the soil bacterial community composition and phylogenetic structure of three
typical development stages (young, middle and mature) of C. lanceolata plantations. We addressed the
following two questions: (1) how do bacterial community composition and phylogenetic structure
respond to changed stand age of C. lanceolata plantations? (2) how the stand age of C. lanceolata
plantations affect the ecological process structuring bacterial communities?

2. Materials and Methods

2.1. Site Description and Soil Sampling

The studied site is located in the Forest Ecosystem and Global Change Research Station of
Fujian Province (26°19’55”N, 117°36’53”E) in Chenda town (Figure S1), Sanming city, Fujian Province,
southeastern China. The mean annual temperature and precipitation of the region is 19.1° and 1750 mm,
respectively. The soil is classified as red soil and Oxisol based on the Chinese and USDA Soil Taxonomy,
respectively. C. lanceolata has been widely planted on former natural forest lands following clear-cutting
and burning at different times.

Three first-generation C. lanceolata stands were selected by surveying geological map
(http://www.ngac.org.cn) to represent different development stages according to the growth properties
of C. lanceolata [23]: a 5-yr stand (Young), an 18-yr stand (Middle) and 40-yr stand (Mature). These stands
are within 1 km from each other and had similar soil texture, parent material, elevation and topography.
The plantations were located on well-drained uplands at slopes varying from 30° to 35°, with a mean
elevation of 200 m above sea level. The average tree heights were 7.5 m, 14.5 m and 27.2 m, and the
average basal diameters were 10.6 m, 15.6 m and 23.1 m in the young, middle and mature C. lanceolata
plantations, respectively. Common understory plants in the stands at the time of this study were
Ilex pubescens, Dicranopteris dichotoma and Melastoma dodecandrumi. Details of the studied plantations
are described in Table S1.

Soils were sampled from five plots (50 m x 50 m) in each of the three stands. In each plot, five
trees of similar size were selected to sample surface soils (0-10 cm). At each selected tree, soils were
taken from 1 m on four different directions of the trunk with soil corer (5 cm in diameter). All collected
soils in each plot were pooled into a single composite sample, and then brought on ice packs to the
laboratory immediately. Each composite soil sample was sieved (2 mm mesh) and stored at 4 °C and
—80 °C for soil properties measurement and molecular analyses, respectively.
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2.2. DNA Extraction, PCR and High-Throughput Sequencing

DNA was extracted from 0.25 g fresh soil per sample with a Power Soil Kit (MO BIO Laboratories,
Carlsbad, CA, USA). The concentration of extracted DNA was measured by NanoDrop ND-2000
(Thermo Scientific, USA).

The target 16S rRNA gene fragment was amplified using the barcoded primers sets 515F/907R [24].
PCR was conducted in 50-pL mixture containing 0.5 pL (20 uM) of each primer, 25 uL (2 U) of Tag DNA
polymerase mix, 1 puL (~ 30 ng) of template DNA and 23 pL sterile deionized water. PCR reactions
were performed with an initial denaturation (94 °C, 5 min), 30 cycles (94 °C, 30 s; 55° C, 30 s; 72 °C,
30 s) and a final extension (72 °C, 7 min). The purified amplification products of all samples were
mixed together based on equimolar concentrations, and then sequenced on an Illumina MiSeq system.
Sequencing data was deposited to the NCBI database (accession number: PRJNA532954).

2.3. Statistical Data Analysis

The 16s rRNA reads were processed and analyzed following default parameters using the QIIME
pipeline [25]. Sequences with length shorter than 200 bp, quality score lower than 25 were discarded.
The remaining high-quality sequences were clustered into operational taxonomic units (OTUs) with
a 97% similarity after de-replication and singleton exclusion with USEARCH. Taxonomic assignment
of different bacterial OTUs was conducted using Silva 132 as the reference files. All sequenced samples
were rarefied to the smallest sequence number (45,298 sequences) to evaluate bacterial communities at
the same level of sampling effort. Phylogenetic diversity (PD) and OTU richness were respectively
conducted using Faith’s index [26] and the rarefied index of richness to compare bacterial diversity
among plantations of different development ages [27]. Nonmetric multidimensional scaling analysis
(NMDS) plots of bacterial community taxonomic and phylogenetic composition were generated with
Bray-Curtis and unweighted Unifrac distances, respectively. Permutational multivariate analysis of
variance (PerMANOVA) was analyzed using vegan package with ‘adonis’ function in R (permutations
= 999) to test the dissimilarity of soil bacterial community composition among different stands.

For the phylogenetic structure of bacterial communities, we calculated the mean pairwise
phylogenetic distance (MPD) to estimate the mean phylogenetic relatedness of OTUs within
a community using picante package with ‘comdist” in R [28]. The nearest relative index (NRI)
(-1 times the output of the standardized effect size (SES) of MPD) was then analyzed with ‘ses.mpd’
function in picante package to characteristic the degree of non-random phylogenetic structure [28,29].
a two-tailed t-test (p < 0.05) was used to determine the significant difference of NRI relative to zero
that expected by null model. NRI values greater than zero, equal to zero or lower than zero mean the
communities were phylogenetic clustered, random or phylogenetic over-dispersed, respectively [12].
Statistical analyses were carried out with SPSS 18.0. Different letters indicated significant differences
(p < 0.05) between samples.

To analyze the linkage of environmental factors (stand age, soil moisture, total carbon (TC),
total nitrogen (TN), available phosphorus (AP), dissolved organic carbon (DOC), pH, NH;*-N,
NO;3™-N) with soil bacterial community composition, mantel tests were conducted with the vegan
package in R. Redundancy analysis (RDA) was conducted to determine the relations between the
environmental factors and the relative abundance of dominant bacterial phyla with CANOCO
5.0. The distance-based linear model (distLM) was used to calculate the predicted importance of
environmental factors to the soil bacterial phylogenetic diversity and community composition based
on a stepwise forward procedure with the Primer-E7 program [30].

To address the responses of the interactions among phylotypes to changes in stand ages,
SparCC correlation was used to study the non-random co-occurrence pattern of phylotypes [31].
The relative abundance of OTUs higher than 0.001% per sample were used for this network analysis.
The p-values were calculated by randomly selections of the data table (9999 permutations). The absolute
coefficient of SparCC correlation higher than 0.90 and p value lower than 0.01 was selected for
downstream network analyses. The interactive network of each treatment was visualized with the
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Gephi platform [32]. To better compare the topological properties of networks, the numbers of edges
and nodes, clustering coefficient, modularity and average degree were calculated.

3. Results

3.1. Distribution and Composition of Soil Bacterial Community

A total of 972,801 (ranging from 45,298 to 85,503) high-quality reads of bacteria were recorded from
all soil samples (Table S2). Based on 97% similarity, the high quality sequences were identified into 4692
OTUs. The majority of bacterial sequences (~93.4%) can be categorized into Acidobacteria (~39.1%),
Proteobacteria (~24.3%), Chloroflexi (~11.6%), Plantctomycetes (~11.2%), Actinobacteria (~3.96%),
Verrucomicrobia (~2.20%) and Bacteroidetes (~1.05%), with Acidobacteria being the dominant phylum
in all samples (Figure S2). All rarefaction curves tended to reach stable plateaus (Figure S3), suggesting
that the analyzed sequences number was adequate to study the bacterial diversity. No change in OTU
richness was recorded among different stands (Figure 1a). Phylogenetic diversity was significantly
higher in mature plantation than that in young plantation (Figure 1b). The soil bacterial taxonomic
and phylogenetic community composition can be separated into different clusters based on stand age
according to the nonmetric multidimensional scaling (NMDS) analyses (Figure 1c,d). The bacterial
community composition significantly differed both taxonomically and phylogenetically among different
plantations based on the PerMANOVA results (Table S3). In general, the relative abundances of
Acidobacteria and Elusimicrobia were highest at the mature plantation (Figure 2a). By contrast,
the mature plantation had lower abundance of Alphaproteobacteria and Betaproteobacteria relative to
the two younger plantations (Figure 2a). At genus level, 10 groups such as Gp2, Gp5 and Gp17 increased
in mature plantation relative to young plantation (Figure 3a). Comparing to middle, five genera
including Gp2 and Gp5 were increased in mature plantation (Figure 3b).

Specifically, stand age explained 40.3% of the variance in the relative abundances of bacterial
phyla (Table S4). The relative abundances of Acidiobacteria, Elusimicrobia and Deltaproteobacteria
positively correlated with stand age and TC, and negatively correlated with AP and TN (Figure 2b).
The distLM also found that stand age was the biggest contributor of changes of the bacterial community
composition (Figure 4a). In contrast, TC showed an important contribution to the changes in soil
bacterial phylogenetic diversity (Figure 4b).
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Figure 1. Operational taxonomic units (OTU) richness (a), phylogenetic diversity (b),

taxonomic composition (c¢) and phylogenetic composition (d) of soil bacterial communities under
different development ages of C. lanceolata plantations. No different uppercase letters above bars
indicate no differences of OTU richness among different development ages of C. lanceolata plantations.
Different lowercase letters above bars indicate significant differences of phylogenetic diversity among
different development ages of C. lanceolata plantations (p < 0.05).
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Figure 2. Relative abundance of the dominant bacterial phyla (a) and redundancy analysis of bacterial
groups with environmental factors (b) under different development ages of C. lanceolata plantations.
Vertical T bars indicate standard deviations (SD). Different letters indicate significant differences among
different development ages of C. lanceolata plantations (p < 0.05). TC, total carbon; TN, total nitrogen;
DOC, dissolved organic carbon; AP, available phosphorus.
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Figure 3. Significant responded bacterial groups at genus level between young and mature (a),

between mature and middle (b) by using t-test analysis at 95% confidence intervals.

Correlation analysis showed that stand age exert the strongest impact on the bacterial community
composition and the relative abundance of taxonomic members (Table 1, Figure 2b). Other factors
such as soil moisture, TC, TN and AP also show significant correlation with bacterial community

composition (Table 1).
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Table 1. Mantel test results for the correlation between bacterial community composition and
environmental variables for bacteria under different development ages of C. lanceolata plantations.

Variable r 14
Stand age 0.635 0.002
Soil moisture 0.519 0.002
TC 0.548 0.001
TN 0.528 0.001
AP 0.287 0.025
DOC 0.070 0.701
NH;*-N 0.081 0.763
NO3;™-N 0.116 0.129
pH 0.043 0.366

TC, total carbon; TN, total nitrogen; DOC, dissolved organic carbon; AP, available phosphorus; Values in bold
indicate significant correlation (p < 0.05).

a b
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Predicator proporation % Predicator proporation %

Figure 4. Relative importance of stand age and environmental factors to bacterial community
composition (a) and phylogenetic diversity (b) determined by distance based linear model analysis
(distLM) under different development ages of C. lanceolata plantations. TC, total carbon; TN,
total nitrogen; DOC, dissolved organic carbon; AP, available phosphorus.

3.2. Network Co-Occurrence of Soil Bacterial Phylotypes

To address the responses of the interactions among phylotypes to changes in stand ages,
non-random co-occurrence network pattern of phylotypes was analyzed (Figure 5). The modularity
index values in different plantations were ranged from 0.511 to 0.712 (Table 2). These values were
higher than the suggested threshold (0.4) in network analysis [33], indicating that all the networks
were modularly structured. Number of nodes was reduced in mature plantation relative to those
in middle and young plantations (Table 2). However, the number of edges (236), average clustering
coefficient (degree of nodes tended to clustered together, 0.282) and average degree (node connectivity
degree, 3.522) were higher in mature plantation relative to the younger plantations, indicating that
bacterial species tended to interact more closely in mature plantation (Table 2).
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Figure 5. Network co-occurrence analysis of bacterial communities of young (a), middle (b) and mature
(c) C. lanceolata plantations. Each node represents a bacterial phylotype (an OTU clustered at 97%) and
is colored at the phylum level. The size of each node is proportional to the number of connections

(that is, degree). An edge stands for statistically strong (Spearman’r > 0.9; positive correlation-red

edges; negative correlation-blue edges) and significant (p < 0.01) correlation. The width of each edge

represents its weight.

Table 2. Topological properties of networks obtained of each age of plantations.

Network Metrics Young Middle Mature
Number of nodes 56 76 67
Number of edges 180 204 236
Average clustering coefficient 0.222 0.259 0.282
Modularity 0.511 0.712 0.579
Average degree 3.214 2.684 3.522

3.3. Phylogenetic Structure of Soil Bacterial Community

The MPD values of mature plantation was lower than the young plantations, indicating that the
phylogenetic relatedness was smaller in mature plantation (Figure 6a). NRI values in all plantations
were greater than zero, indicating that bacterial communities were phylogenetically clustered and
taxonomic groups were more closely related than the expectation by null model (Figure 6b). The highest
NRI occurred in mature plantation. Correlation analyses between soil parameters with MPD, NRI and
phylogenetic diversity found that MPD and NRI increased significantly with TC concentration

(Table S5).
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Figure 6. Phylogenetic clustering of the soil bacterial communities based on the mean pairwise
phylogenetic distance (MPD) (a) and the nearest relative index (NRI) (b) under different development
ages of C. lanceolata plantations. Asterisk (*) in the column indicates that the NRI value is significantly
larger from zero by t-test. Vertical T bars indicate standard deviations (SD). Different uppercase letters
above bars indicate significant differences of MPD among different development ages of C. lanceolata
plantations, and different lowercase letters above bars indicate significant differences of NRI among
different development ages of C. lanceolata plantations (p < 0.05).

4. Discussion

4.1. Changes of Soil Bacterial Community among Different Development Ages of C. lanceolata Plantations

Our sequencing results revealed that the bacterial OTU richness did not differ among young,
middle and mature plantations (Figure 1a), similar to the reported poor relation between soil microbial
richness and stand ages in previous studies [34,35]. However, both the phylogenetic diversity and
community composition were sensitive to the changed stand age (Figure 1b, Table S3). The higher
abundance of Acidobacteria was recorded in mature plantation relative to younger plantations
(Figure 2a), indicating that the soils may become more oligotrophic along with age sequences since high
Acidobacteria often observed in oligotrophic soils [36]. Although Acidobacteria is usually significantly
related to the changes in soil pH [37], there was no significant relation between Acidobacteria and this
environmental parameter, implying that soil pH play little influences on the changes of Acidobacteria
across the age sequences of C. lanceolata plantations.

Highest correlation between stand age and bacterial community composition was recorded
based on multivariate analyses (Table 1, Figure 4). This observation was in accordance with some
studies that have found strong differences in community composition among different stand ages
for bacteria [9,38]. However, stand age is an indirect gradient along which many environmental
properties are changing. In this study, we found that both the bacterial abundances of dominant phyla
and the community composition for bacteria were significantly related with TN, TC, soil moisture
and AP (Table 1, Figure 2b). Recent studies also found a significant relationship between soil pH
and TC and bacterial community structure [9,10]. It is suggested that plants can contribute to soil
C storage through inputs of plant residues, including leaf and root litter, or enhanced input of
photosynthetic C through root exudation [39]. Consistent with the previous related works [40],
we found soil TC increased across the development age sequences. Another study observed that soil
AP was the dominant environmental factor in affecting bacterial community composition along an
age chronosequence of plantations [8]. Vegetation type has also been demonstrated to affect the soil
microbial communities in forest ecosystem [8,41]. Here, vegetation characteristics may potentially
show impacts on the bacterial community composition, however, we did not measure the vegetation
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characteristics and the understory plant community composition, so that we cannot analyze the
relationships between vegetation characteristics and soil bacterial communities, and thus cannot
exclude the possible contribution of vegetation on the shifts in the composition of soil bacterial
community through alteration of soil C, N or AP. Nevertheless, our results suggest that soil C, N and
AP concentrations were the dominant environmental factors shaping the soil bacterial community
composition along age sequences of C. lanceolata plantations in this subtropics.

4.2. Phylogenetic Structure of Soil Bacterial Community Assembly under Different Development Ages of
C. lanceolata Plantations

Phylogenetic matrices showed that the soil bacterial communities in all studied plantations were
phylogenetically clustered (Figure 6), suggesting that all the bacterial taxa with in community was
more closely related than the expectation by chance [12]. This means that environmental filtering
was the main process governing the soil bacterial community assembly [15,16]. Such observation is
in agreement with reports for phylogenetic structures of soil bacterial community in the hardwood
forests and salt marsh along a chronosequence [17,31] as well as those in natural ecosystems [37,42],
suggesting that the soil bacterial community assembly in our forest plantations of different ages might
be similar to natural ecosystems. It has been documented that both abiotic and biotic determinants
may impact the phylogenetic patterns [43,44]. Bacterial groups have different niches and tend to
inhabit different soil conditions, therefore we speculated that the selection of soil bacterial groups with
more close relatedness in our studied forests might be largely affected by multiple soil characteristics,
which shaped the community composition and showed niche forces on the structure [45]. It is
suggested that the relatedness of two species in phylogeny often positively correlated with their
ecological similarity and life history as the species traits are often conservatism in the evolutionary
lineage [46]. Therefore, environmental conditions may be considered as a filter, which may lead to
closely related species apt to coexist. For forest plantation along age sequences, plant growth may select
species that can grow best in the changed microenvironments [47]. Additionally, soil microorganisms
responsible for providing nutrients to the plants; microbial communities are likely to be structured by
plant-microbe interactions [44].

Although environmental filtering was the main process in structuring the soil bacterial
communities, its impact was strongly altered by stand age of C. lanceolata plantation. The filtering
effect was more important at the mature plantation relative to the younger plantations (Figure 6).
This result was also observed in previous studies for microbial communities along stand age
sequences [17,48], suggesting that soil bacterial community structure might closely related with
stand age. Moreover, we found the interactions among taxa were more complex in mature plantation
(Figure 5, Table 2). According to streamlining theory [49], an increase in interactions among organisms
are always concurrent with improved competition of resources. a similar phenomenon was also reported
that the selection effects of environments on bacterial community assembly were more prominent
under low soil nutrient conditions [50]. Furthermore, the abundance of dominant Acidobacteria
increased in mature plantation, which possibly contribute to the more clustered bacterial phylogenetic
structure because of niche conservatism in phylogeny [51].

5. Conclusions

This study revealed that the soil bacterial communities in subtropical Cunninghamia lanceolata
plantations differed with stand age and bacterial phylogenetic diversity significantly increased
with increasing stand age. Soil total carbon, nitrogen and available phosphorus concentrations
were closely related with bacterial community composition and some dominate bacterial taxa.
The bacterial communities in all studied plantations were phylogenetically clustered, suggesting that
the environmental filtering rather than other ecological process dominantly structured the bacterial
community assembly in C. lanceolata plantations. The effect of environmental filtering becomes stronger
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and co-occurrence bacterial phylotypes tend to interact more complexly along with age sequences in
this subtropical C. lanceolata plantations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/5/1864/s1,
Table S1: Description of the sampling sites of C. lanceolata plantations; Table S2: Bacterial sequences and OTUs in
each soil sample at different development age of C. lanceolata plantations; Table S3: Significant test of bacterial
community taxonomic (Bray-Curtis) and phylogenetic (Unifrac) composition between different ages of C. lanceolata
plantations based on PerMANOVA analysis; Table S4: Results of redundancy analysis; Table S5: Pearson
correlations between soil properties and MPD, NRI and phylogenetic diversity; Figure S1: Location of study area
in Chenda Town, Fujian Province, China; Figure S2: Taxonomic composition of soil bacterial communities at
the phylum level under different development age of C. lanceolata plantations. Figure S3: Rarefaction curves of
observed bacterial OTUs among different development age of C. lanceolata plantations.
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