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Abstract

As two major forest types in the subtropics, broadleaved evergreen and broadleaved

deciduous forests have long interested ecologists. However, little is known about their

belowground ecosystems despite their ecological importance in driving biogeochemical

cycling. Here, we used Illumina MiSeq sequencing targeting 16S rRNA gene and a

microarray named GeoChip targeting functional genes to analyse microbial communi-

ties in broadleaved evergreen and deciduous forest soils of Shennongjia Mountain of

Central China, a region known as ‘The Oriental Botanic Garden’ for its extraordinarily

rich biodiversity. We observed higher plant diversity and relatively richer nutrients in

the broadleaved evergreen forest than the deciduous forest. In odds to our expectation

that plant communities shaped soil microbial communities, we found that soil organic

matter quantity and quality, but not plant community parameters, were the best pre-

dictors of microbial communities. Actinobacteria, a copiotrophic phylum, was more

abundant in the broadleaved evergreen forest, while Verrucomicrobia, an oligotrophic

phylum, was more abundant in the broadleaved deciduous forest. The density of the

correlation network of microbial OTUs was higher in the broadleaved deciduous forest

but its modularity was smaller, reflecting lower resistance to environment changes. In

addition, keystone OTUs of the broadleaved deciduous forest were mainly olig-

otrophic. Microbial functional genes associated with recalcitrant carbon degradation

were also more abundant in the broadleaved deciduous forests, resulting in low accu-

mulation of organic matters. Collectively, these findings revealed the important role of

soil organic matter in shaping microbial taxonomic and functional traits.
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Introduction

The broadleaved forests, with the highest detectable

vegetation density (Shabanov et al. 2005), are among

primary vegetation types of terrestrial environments.

The broadleaved evergreen forest and broadleaved
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deciduous forests are major vegetation types in the sub-

tropical climate zone (Kira 1991). Therefore, there have

been a number of studies to compare plant distribution

patterns, physiological characteristics, photosynthetic

activity and nutrient dynamics between evergreen and

deciduous plants (Williams-Linera 1997, 2000; Villar

et al. 2006; Kr€ober et al. 2014). Evergreen plants appear

to have an adaptive advantage in nutrient-poor habitats,

owing to a higher nutrient-use efficiency than decidu-

ous plants because of their longer leaf-lifespan (Givnish

2002). As a consequence, evergreen forests were known

to accumulate more organic matter and have longer res-

idence times of organic matter in the forest floor than

deciduous forests in similar climatic zones (Vogt et al.

1986). The root mass and turnover were also higher in

evergreen forests than deciduous forests.

To date, the majority of studies exploring the differ-

ences between evergreen and deciduous forests are

plant-centric, for example plant survival, productivity

and nutrient dynamics. Little attention has been paid to

belowground microbial community, which plays an

important role in driving biogeochemical processes

(Falkowski et al. 2008). It was shown that soil respira-

tion rate during the growing season was higher in the

evergreen forest than that of the deciduous forest

(Hibbard et al. 2005). It was also shown that different

forest types were selected for different microbial com-

munity composition and activities (Li et al. 2014). To

date, there are few in-depth, comprehensive investiga-

tions of the whole microbial community composition,

despite several studies focusing on a subset of the

microbial community (Yang et al. 2014a) or overall com-

position using coarse-resolution techniques such as

PLFA or 16S rRNA gene RFLP technologies (Hackl et al.

2005; Yang et al. 2014a). Furthermore, no effort has been

made to analyse microbial interaction, which might

play an important role in dictating the flow of energy,

material and information within a habitat (Montoya

et al. 2006; Zhou et al. 2010, 2011).

Here, we used 16S rRNA gene-based sequencing to

examine soil microbial community composition of natu-

ral broadleaved forests, and GeoChip 4.0 to examine

their functional potentials. We also constructed

microbial correlation network to conceptually examine

microbial interactions with a random matrix theory

(RMT)-based algorithm (Zhou et al. 2011; Deng et al.

2012). We postulate that soil microbial communities

have been well adapted to the environments in natural

forests. Given that plant community should have a

strong effect on soil microbial community, we postulate

that plant composition is a key mechanism in shaping

microbial community. To test them, we collected soil

samples from two adjacent, typical natural broadleaved

evergreen forest and broadleaved deciduous forest in

the Shennongjia national natural reserve (SNNR), which

is located in the north-west of Hubei province, China.

SNNR is one of the most biodiverse areas in China

(Zhao et al. 2005) and a member of UNESCO’s World

Network of Biosphere Reserves.

Methods and materials

Site and sampling

The sampling site is located at Shennongjia National

Nature Reserve (SNNR, 110°350–110°540 E, 31°400–31°490

N) in the Shennongjia Mountains within the north-west

Hubei province in Central China. This area is character-

ized by subtropical monsoon, with annual average air

temperature of 7.2 °C and annual average precipitation

of 1500 mm (Ma et al. 2008). The dominant species in

the broadleaved deciduous forest is Quercus aliena var.

acutiserrata of the Fagaceae family, and the dominant

species in the broadleaved evergreen forest is Machilus

calcieola of the Lauraceae family.

Soil samples were collected in August 2011. To guaran-

tee the representativeness of soil samples in each forest

type, a strip sampling method was used. Specifically,

eight plots of typical vegetation in each forest with a size

of 20 9 20 m were selected, with an interval of at least

20 m in between. At each plot, ten topsoil cores of 1.5 cm

diameter were taken at the depth of 0–10 cm, mixed com-

pletely and sieved with 2-mm mesh to remove visible

stones and roots. Soils were kept on ice during trans-

portation to laboratory, divided into two subsamples and

stored at either �80 °C for DNA extraction or 4 °C for

soil parameter measurements.

Soil and vegetation parameters measurements

In situ soil temperature was measured with a Hobo

Temperature instrument at the depths of 5, 10 and

15 cm. The other soil geochemical parameters were

measured with soil samples in the laboratory as previ-

ously described (Ding et al. 2015), which included soil

moisture, soil pH, total soil organic carbon (SOC), total

nitrogen, alkaline hydrolysis nitrogen, ammonium,

nitrate, total phosphorus, rapidly available phospho-

rous, total sulphur, total potassium, dissolved organic

carbon (DOC), labile organic carbon (LOC), d13C, d15N,

soil microbial biomass carbon and nitrogen. For plant

communities, the trees (>5 cm diameter at breast

height), shrubs (>1 cm diameter at breast height) and

herbs were surveyed at each plot. The information

about plant species, the number and canopy of each

plant, the diameter of breast height and the height of

each tree and shrub was collected. The Shannon–Wea-

ver index (H’) was used to calculate the plant diversity.

© 2015 John Wiley & Sons Ltd

5176 J . DING ET AL.



DNA extraction, purification and quantification

DNA was extracted from 5 g well mixed, wet-weighted

soil by freeze-grinding mechanical lysis as previously

introduced (Zhou et al. 1996). Then, DNA was purified

twice using 0.5% low melting point agarose gel before

phenol–chloroform–butanol extraction. DNA quality

was assessed by a Nanodrop (NanoDrop Technologies

Inc., Wilmington, DE, USA), according to the ratios of

260/280 nm and 260/230 nm.

Illumina sequencing and data processing

Two rounds of PCRs with a common primer pair tar-

geting v4 region were performed before sequencing

(Ding et al. 2015). The 2 9 250 bp paired-end sequenc-

ing of PCR amplicons targeting V4 hypervariable

regions of the 16S rRNA gene was performed on a

MiSeq platform (Illumina, San Diego, CA, USA) at the

Institute for Environmental Genomics, University of

Oklahoma. Raw sequences were separated to samples

via sample-specific barcodes and with permission of up

to one mismatch. UCLUST was used to classify the

operational taxonomic units (OTUs) at the 97% similar-

ity level (Edgar 2010), and singletons were removed.

The taxonomic assignment was conducted by RDP clas-

sifier (Wang et al. 2007) with minimal 50% confidence

estimates. Random resampling was performed with

19 000 sequences per sample.

The Shannon–Weaver index was used to evaluate

microbial diversity, and Simpson’s evenness was used to

evaluate microbial community evenness. Detrended cor-

respondence analysis (DCA) was used to explore changes

in overall microbial community composition. Partial

Mantel tests based on the Bray–Curtis distances were

performed to correlate microbial communities with envi-

ronmental parameters. Principal components analysis

(PCA) was used to collapse soil geochemical parameters

into vectors. After examining scree plots, we retained the

first principal component (PC1 of soil geochemical

parameters), which explained 57.90% of the variation in

soil geochemical parameters. Pearson correlation analy-

ses were used to correlate the PC1 of soil geochemical

parameters and microbial parameters. All of the analyses

were conducted by functions in the VEGAN package

(v.1.15-1) in R (v.3.0.1) (Oksanen et al. 2007).

Network construction

The correlation network based on random matrix theory

was constructed from OTUs as previously described

(Zhou et al. 2011; Deng et al. 2012). OTUs detected in

less than six of eight replicates were removed to ensure

reliable correlation networks. To explore the linkages

between microbial community and environmental

parameters, OTUs and environmental parameters

detected in less than twelve of sixteen samples were

removed to ensure reliable correlations. Based on the

random matrix theory algorithm, transition of the near-

est-neighbour spacing distribution of eigenvalues from

GOE to Poisson distributions can serve as a threshold

to remove random noise embedded in high-throughput

sequencing data. A threshold of 0.92 was identified in

our correlation networks.

Various indices were used to descript overall topolog-

ical properties of different networks, including the aver-

age degree, average path distance, modularity, average

clustering coefficient, geodesic efficiency, harmonic geo-

desic distance, density, transitivity and connectedness

(Table S1, Supporting information). The CYTOSCAPE 2.8.3

software was used to visualize the network graphs

(Cline et al. 2007). Each network was separated into

modules to characterize the modularity property. Each

network was separated into modules to characterize the

modularity property. Based on the within-module con-

nectivity (Zi, an index indicating how well a node con-

nects to other nodes within the same module) and

among-module connectivity (Pi, an index indicating

how well a node connects to different modules), the

topological roles of different nodes were divided into

four subcategories according to a previously described

classification (Olesen et al. 2006): (i) network hubs are

defined as nodes with Zi > 2.5 and Pi > 0.62; (ii) mod-

ule hubs are defined as nodes with Zi > 2.5 and

Pi ≤ 0.62; (iii) connectors are defined as nodes with

Zi ≤ 2.5 and Pi > 0.62; and (iv) peripheral nodes are

defined as nodes with Zi ≤ 2.5 and Pi ≤ 0.62.

GeoChip hybridization and data processing

Purified DNA was labelled with Cy3 dye and hybri-

dized with GEOCHIP 4.0 as previously described (Yang

et al. 2014b). After washing away unbound DNA, a

NimbleGen MS 200 Microarray Scanner (Roche, Basel,

Switzerland) was used to scan GeoChip microarrays

with a 100% laser power and 100% photomultiplier

tube. Poor-quality spots (signal-to-noise ratio of <2.0)
were discarded without statistical analyses.

Signal intensities were processed using the analysis

pipeline as previously described (Zhao et al. 2014; Yue

et al. 2015). Then, preprocessed data were analysed by

the following steps: (i) discarding genes detected in no

more than two of eight samples from the same forest

type; (ii) normalizing the signal intensity of each gene

by dividing the signal intensity by the total intensity of

each sample followed by multiplying by a constant; and

(iii) doing natural logarithmic transformation. Partial

Mantel tests were performed to correlate microbial
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functional composition with environmental parameters

by functions in the VEGAN package based on the Bray–
Curtis distances between communities (v.1.15-1) in R

(v.3.0.1) (Oksanen et al. 2007).

Results

Plant and soil geochemical parameters

The plant a-diversity, calculated by the Shannon–Wea-

ver index, was 42.27% higher (P = 0.009) in the broad-

leaved evergreen forest than in the broadleaved

deciduous forest. A number of soil geochemical param-

eters, including soil labile organic carbon, total nitrogen,

alkaline hydrolysis nitrogen, rapid available phospho-

rus, total phosphorus, total sulphur, pH and tempera-

ture, were significantly (P < 0.050) higher by 386.51%,

113.18%, 45.88%, 95.25%, 420.10%, 170.07%, 22.30%,

21.57%, respectively, in the broadleaved evergreen for-

est, suggestive of a nutrient-rich environment. In con-

trast, total potassium, NHþ
4 -N and moisture were

significantly lower in the broadleaved evergreen forest

by 52.57%, 37.76%, 25.78%, respectively (Table 1). In

addition, compositional dissimilarity (calculated by

Bray–Curtis dissimilarity) of environmental parameters

of broadleaved evergreen forest (0.249) was higher than

Table 1 Summary of environmental parameters with two-tailed t-tests and their relationships with microbial communities by partial

Mantel tests

Broadleaved

evergreen forest

Broadleaved

deciduous forest

T-test

(P value)

Partial Mantel test: rM (P)

With OTUs

With

functional

genes

Microbial parameters

Microbial diversity 8.14 � 0.27 7.72 � 0.15 0.004 — —
Microbial evenness 0.10 � 0.05 0.04 � 0.02 0.004

Soil microbial biomass carbon (mg/kg) 815.42 � 255.67 703.17 � 69.95 0.262

Soil microbial biomass nitrogen (mg/kg) 144.97 � 73.51 85.48 � 11.91 0.048

Plant parameters

Plant diversity 3.13 � 0.29 2.20 � 0.75 0.009 �0.058 (0.646) 0.143 (0.152)

Soil biogeochemical parameters

Soil organic carbon (mg/kg) 52 579.92 � 28 875.78 30 544.79 � 4083.96 0.058 0.327 (0.024) �0.008 (0.484)

Labile organic carbon (mg/kg) 7965.32 � 4197.63 1637.22 � 660.18 0.002 0.356 (0.020) 0.003 (0.459)

Dissolved organic carbon (mg/kg) 248.63 � 155.46 135.47 � 39.51 0.071 �0.199 (0.934) 0.561 (0.001)

Total nitrogen (mg/kg) 4143.75 � 1795.61 1943.75 � 367.65 0.008 0.425 (0.004) �0.084 (0.697)

Alkaline hydrolysis nitrogen (mg/kg) 286.19 � 95.92 196.18 � 43.27 0.040 0.160 (0.130) 0.010 (0.424)

NHþ
4 -N (mg/kg) 11.95 � 2.30 19.20 � 4.70 0.004 0.153 (0.154) �0.062 (0.613)

NO�
3 -N (mg/kg) 9.02 � 5.42 6.47 � 7.26 0.438 0.168 (0.112) �0.158 (0.847)

d13C (&) �26.97 � 0.14 �26.34 � 0.30 0.001 0.224 (0.098) 0.137 (0.183)

d15N (&) 1.27 � 0.57 3.07 � 0.79 0.001 0.270 (0.076) 0.229 (0.135)

Rapidly available phosphorus (mg/kg) 6.17 � 2.85 3.16 � 0.36 0.015 0.159 (0.174) 0.262 (0.938)

Total phosphorus (mg/kg) 1201.43 � 1151.89 231.00 � 41.93 0.040 0.014 (0.375) 0.064 (0.291)

Total sulphur (mg/kg) 587.52 � 314.71 217.54 � 179.08 0.017 0.072 (0.259) �0.080 (0.688)

Total potassium (mg/kg) 1789.17 � 769.04 3772.32 � 684.37 0.001 0.015 (0.375) 0.064 (0.291)

pH 6.58 � 0.91 5.38 � 0.52 0.009 0.666 (0.001) �0.237 (0.975)

Moisture (%) 37.46 � 6.52 50.47 � 2.93 0.001 �0.067 (0.656) �0.157 (0.827)

Soil temperature at the depth

of 5 cm (°C)
20.23 � 0.51 16.70 � 0.40 0.001 �0.136 (0.889) 0.037 (0.423)

Soil temperature at the depth

of 10 cm (°C)
19.82 � 0.52 16.31 � 0.44 0.001 �0.106 (0.837) 0.035 (0.432)

Soil temperature at the depth

of 15 cm (°C)
19.60 � 0.52 16.06 � 0.47 0.001 �0.101 (0.823) 0.036 (0.402)

Altitude (m) 1030.88 � 19.50 1778.25 � 41.92 0.001 �0.154 (0.908) 0.121 (0.174)

P-value of t-test has been corrected by multiple testing with 5% FDR (false discovery rate). The partial Mantel statistic rM estimates

the correlation between each environmental parameter with microbial communities at the taxonomic or functional gene level, while

controlling for the effect of other environmental parameters. P-values were calculated using the distribution of the partial Mantel test

statistics estimated from 9999 permutations. Bold P-values denote significance at the P < 0.050 level.
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that of broadleaved deciduous forest (0.082), suggestive

of a more heterogeneous environment that might be

attributed to relatively richer nutrients.

Soil microbial biomass and overall community
composition

Soil microbial biomass carbon and nitrogen representing

microbial biomass were higher by 15.96% and 69.60%,

respectively, in the broadleaved evergreen forest than the

broadleaved deciduous forest (Table 1). A total of

572 206 good-quality sequences targeting the 16S rRNA

gene were obtained from 16 soil samples by Illumina

MiSeq sequencing, ranging from 19 126 to 80 166 reads

per sample. A total of 55 666 OTUs were then generated

after resampling with 19 000 sequences per sample. The

OTU richness was marginally significantly higher

(P = 0.063) in the broadleaved evergreen forest (8208)

than that in the broadleaved deciduous forest (7466).

Accordingly, significantly (P = 0.001) higher microbial a-
diversity (5.44%) and evenness (150.00%) were detected

in the broadleaved evergreen forest. Detrended corre-

spondence analysis (DCA) showed that soil samples of

the broadleaved evergreen forest were clearly separated

from those of the broadleaved deciduous forest (Fig. S1,

Supporting information), which was further verified by

nonparametric multivariate statistical tests of dissimilar-

ity (adonis, anosim and MRPP, P < 0.010).

A total of 48 812 functional genes were detected by

GeoChip, which were classified into 15 gene categories.

In sharp contrast to the finding of fewer OTUs in the

broadleaved deciduous forest, significantly (P = 0.011)

more functional genes (40 960) were detected in the

broadleaved deciduous forest than that (36 391) of the

broadleaved evergreen forest, suggesting that functional

genes were more heterogeneous in the broadleaved

deciduous forest despite lower taxonomic diversity.

The linkage between environmental parameters and
microbial community

Partial Mantel tests were used to identify environmental

parameters linking to soil microbial community compo-

sitions. At the taxonomic level, microbial community

was significantly correlated with parameters related to

soil organic carbon quantity and quality, such as soil

organic carbon, labile organic carbon, total nitrogen and

pH (P < 0.050) (Table 1). At the functional gene level,

microbial community was significantly correlated with

dissolved organic carbon (P = 0.001). In contrast, plant

parameters showed no significant correlation with

microbial community.

To calculate the independent contribution of these

environmental parameters to microbial community varia-

tions, environmental parameters were partitioned into

three groups (soil geochemical parameters, plant parame-

ters and climatic parameters). The results of partial Man-

tel tests showed that soil geochemical parameters were

significantly correlated with both microbial taxonomic

and functional gene compositions (P < 0.010) (Table 2).

In addition, Pearson correlation analyses between the

principal component (PC) of soil geochemical parameters

and microbial parameters showed that PC1 of soil geo-

chemical parameters, accounting for 57.90% of total vari-

ations, was positively correlated with microbial

taxonomic diversity (r = 0.736, P = 0.001), soil microbial

biomass carbon (smbc) (r = 0.702, P = 0.002) and soil

microbial biomass nitrogen (smbn) (r = 0.879, P = 0.001),

verifying close linkages between soil geochemical param-

eters and microbial parameters (Fig. 1).

Table 2 The relationships of microbial communities to different groups of environmental parameters revealed by partial Mantel tests

In association with: controlling

for: microbial communities

Soil* Plant† Climate‡

Plant Climate Soil Climate Soil Plant

rM (P) rM (P) rM (P) rM (P) rM (P) rM (P)

OTUs 0.623 (0.001) 0.581 (0.001) 0.227 (0.095) 0.155 (0.182) 0.318 (0.004) 0.382 (0.003)

Functional genes 0.419 (0.007) 0.423 (0.006) �0.154 (0.801) �0.127 (0.726) �0.111 (0.864) 0.029 (0.358)

The partial Mantel statistic rM estimates the correlation between environmental parameters with microbial communities at the taxo-

nomic or functional gene level, while controlling for the effect of other environmental parameters. P-values were calculated using the

distribution of the partial Mantel test statistics estimated from 9999 permutations. Bold P-values denote significance at the P < 0.050

level.

*Soil parameters include dissolved organic carbon, alkaline hydrolysis nitrogen, d13C, d15N, soil pH, total phosphorus, which were

selected by the BIO-ENV procedure.
†Plant parameter is the plant community composition comprised of the cover-abundance value (the product of mean cover-abun-

dance and frequency) of each species at every site.
‡Climate parameters include soil temperature and moisture.
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Microbial communities at the taxonomic level

All the detected OTUs were classified into 24 bacterial

phyla. The abundant phyla accounting for more than

1% of the total communities were Proteobacteria

(40.97%), Acidobacteria (17.13%), Verrucomicrobia

(13.22%), Actinobacteria (10.22%), Planctomycetes (4.75%),

Bacteroidetes (3.18%) and Firmicutes (2.14%). Among

them, the relative abundance of Verrucomicrobia, an olig-

otrophic phylum (Barnard et al. 2013), was 83.27%

higher (P = 0.006) in the broadleaved deciduous forest

(Fig. 2), which was relatively poorer in organic carbon

contents (Table 1). In contrast, the relative abundance of

Actinobacteria, a copiotrophic phylum, was 35.37%

higher (P = 0.084) in the broadleaved evergreen forest.

The relative abundance of a-, b-, r- and d-Proteobacteria,
Acidobacteria, Planctomycetes, Bacteroidetes and Firmicutes

were similar between these two forests.

We compared the relative abundance of the unique

OTUs defined as OTUs detected only in one forest. The

relative abundance of unique Verrucomicrobia was

83.45% higher (P = 0.001) in the broadleaved deciduous

forest, while the relative abundance of unique Actinobac-

teria was 128.20% higher (P = 0.030) in the broadleaved

evergreen forest (Fig. S2).

Correlation network analysis of microbial communities

To explore possible interactions within microbial com-

munities, we used a random matrix theory-based

method (Zhou et al. 2011) to construct correlation net-

works from OTU data (See Method and Materials for

details). The network of the broadleaved evergreen for-

est contained 683 nodes and the network of the broad-

leaved deciduous forest contained 745 nodes (Table S1).

Both networks showed general features of biological

networks, such as small world, scale free and modular-

ity. The average degree in the network of the broad-

leaved deciduous forest, a key topological property to

describe how well a node is connected with its neigh-

bours, was about twice higher than that of the broad-

leaved evergreen forest, suggestive of more intensive

microbial coupling. On the contrary, modularity, as a

measurement of system resistance (Scheffer et al. 2012),

was lower in the network of the broadleaved deciduous

forest than that of the broadleaved evergreen forest

(Table S1). The top 10 OTUs with the highest connectiv-

ity in broadleaved evergreen forest samples were

assigned into three modules with relative fewer interac-

tions (Fig. 3). In contrast, the top 10 OTUs in broad-

leaved deciduous forest samples were within one

module and had more interactions. The top 10 OTUs of

these two forests were both abundant, the relative

abundance of which were almost 5 times higher than
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the average relative abundance of all the involved

OTUs in the network.

Hubs and connectors are key nodes in structuring

networks. A total of 16 hubs and 3 connectors were

detected in the network of the broadleaved evergreen

forest. The detected hubs were composed of seven Pro-

teobacteria, six Acidobacteria, two Verrucomicrobia and one

Actinobacteria. The three connectors were composed of

two Proteobacteria and one Bacteroidates. In the network

of the broadleaved deciduous forest, the 18 hubs were

composed of seven Verrucomicrobia, four Acidobacteria,

three Proteobacteria, two Actinobacteria and two unclassi-

fied OTUs (Fig. 4).

To explore the linkages between environmental

parameters and microbial correlation networks, we trea-

ted environmental parameters as nodes and integrated

them into the correlation networks. Among all of the

environmental parameters, soil organic carbon, pH and

rapid available phosphorus were hubs with the highest

connectivity (Table S2).

Microbial communities at the functional gene level

Among all of the 15 detected gene categories, only

genes associated with carbon cycle showed a significant

(P = 0.022) difference between these two forests, with

more carbon cycle genes in the broadleaved deciduous

forest. Among them, genes associated with carbon fixa-

tion or starch degradation were similar between these

two forests, while genes associated with more recalci-

trant carbon degradation, including polygalacturonase for

pectin degradation, xylanase for hemicellulose degrada-

tion, cellobiase for cellulose degradation and endochitinase

for chitin degradation, were significantly (P < 0.050)

higher in the broadleaved deciduous forest (Fig. 5).

Discussion

The relationship between aboveground and below-

ground communities is important in understanding and

Module hubs Network hubs

Peripherals

Connectors

Among-module connec vity (Pi)
0.0 0.2 0.4 0.6 0.8

W
ith

in
-m

od
ul

e 
co

nn
ec

vi
ty

 (Z
i)

0.0

2.0

4.0

6.0

-2.0

8.0
Acidobacteria
Ac nobacteria
Proteobacteria
Verrucomicrobia
Others

Fig. 4 The Z–P plot showing node categories according to

within-module connectivity (Zi) and among-module connectiv-

ity (Pi). Each symbol represents an OTU in the broadleaved

evergreen forest (grey) and the broadleaved deciduous forest

(black). Different shapes of the symbol indicate different phyla.
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Fig. 3 Network interactions of key OTUs (the top ten OTUs with the highest connectivity) in (A) the broadleaved evergreen forest

and (B) the broadleaved deciduous forest. Each node represents an OTU, and colours of the nodes indicate different phyla. The

OTUs were separated into different modules, shown as circles, by the greedy modularity optimization method.
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predicting ecosystem dynamics (Mitchell et al. 2010,

2012). Changes in the aboveground community can

affect the belowground community through changes of

soil pH, litter quantity, litter quality and other nutrient

factors (Zak et al. 2003; H€ogberg et al. 2007). Conversely,

the belowground community can affect the above-

ground community by driving a variety of soil biogeo-

chemical processes (Wardle et al. 2004). Based on

previous study showing that aboveground community

was a major factor in shaping the belowground

community (Spehn et al. 2000; Kowalchuk et al. 2002;

Zak et al. 2003; Lamb et al. 2011), we expected that plant

parameters were correlated with soil microbial commu-

nity compositions. However, our study suggested that

soil organic matter quantity and quality were the best

predictors of microbial community in broadleaved for-

ests, which supported the concept that soil geochemical

parameters served as a bridge to link the aboveground

community with the belowground community (Rasche

et al. 2010). The aboveground community affects the

belowground community by releasing a large propor-

tion of accumulated carbon and nitrogen in the form of

rhizodeposits and exudates and provides organic matter

(Wardle 2002; Eisenhauer et al. 2010), which provides

important nutrient sources for soil micro-organisms

(Buckley & Schmidt 2002; Rasche et al. 2010).

Previous studies focusing on the comparison between

evergreen and deciduous forests have indicated that

evergreen forests had an adaptive advantage in nutri-

ent-poor habitats, and would accumulate more organic

matter in the forest floor than deciduous forests located

in similar climatic zones (Vogt et al. 1986; Aerts 1995).

The greater organic matter inputs occurred in the

broadleaved evergreen forest to soil might explain

the higher microbial taxonomic diversity detected in the

broadleaved evergreen forest (Zhou et al. 2002). As dif-

ferent natural forest types selected for distinct soil

microbial communities (Hackl et al. 2005; Li et al. 2014),

we found that the broadleaved evergreen forest soil

contained more Actinobacteria (Fig. 2), known as copi-

otrophic bacteria preferentially living in abundant

resources (Ramirez et al. 2012). In contrast, broadleaved

deciduous forest soil contained more Verrucomicrobia,

known as oligotrophic bacteria preferentially surviving

in conditions with low nutrient availability (Barnard

et al. 2013). In addition, the network analysis showed

that more copiotrophic hubs were detected in the

broadleaved evergreen forest, while more oligotrophic

hubs were detected in the broadleaved deciduous forest

(Fig. 4). Although general classification of oligotrophic

and copiotrophic taxa was clearly oversimplifications of

large variations in ecological attributes and microbial

lifestyles, our results detected community-level copi-

otroph–oligotroph shifts and were consistent with the

finding that soil organic matter quantity and quality

could be used to predict community shift.

Correlation network analyses could provide impor-

tant details of community assembly rules and represent

mathematical interaction among different populations

that regulate ecological processes (Fuhrman 2009). The

higher average degree and shorter path length of the

broadleaved deciduous forest network (Table S1)

unveiled a possibility that microbial interaction was

more intensive. Network theory suggests that tightly

connected communities should be more susceptible to

disturbance (Montoya et al. 2006; Saavedra et al. 2011);

hence, the shorter path length in broadleaved decidu-

ous forest network could increase the response rate of

perturbations, as previously suggested (Barabasi & Olt-

vai 2004). The more susceptible community structure of

Fig. 5 The per cent change of the relative

abundance of carbon degradation genes

between two broadleaved forests, calcu-

lated as the mean value of replicates in

the broadleaved deciduous forest divided

by the mean value of replicates in the

broadleaved evergreen forest minus one.

The asterisk (**) denotes significance at

the P < 0.050 level.
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broadleaved deciduous forest was also reflected in the

lower evenness (Table 1) of microbial community,

which showed positive correlation with community sta-

bility in a previous work (Mikkelson et al. 2011). In

addition, as modularity could serve as an indicator of

system resistance by compartmentalizing social–ecologi-
cal systems (Satti et al. 2003; Carpenter et al. 2012),

lower modularity of the broadleaved deciduous forest

network (Table S1) was suggestive of lower system

resistance to changes, which might be explained by

habitat-filtering processes in the broadleaved deciduous

forest rendering the community much more homoge-

neous (Cornwell et al. 2006).

A recent study showed that taxonomical diversity

was well aligned with functional diversity in US tall-

grass prairie soils, which was ascribed to low degree of

functional redundancy as changes in taxonomic traits

were associated with those in functional traits (Fierer

et al. 2013). In contrast, such linkage was absent at our

study sites. Functional redundancy is considered as a

fundamental property of microbial communities, which

plays an essential role in microbial responses to envi-

ronmental perturbation (Comte et al. 2013). However,

the assessment of functional redundancy is complicated,

as it can be assessed at the community or individual

level, and potentially involves many different niche

dimensions (Loreau 2004). Furthermore, functional

redundancy of a certain populations under one set of

environment might disappear under different environ-

ments (Allison & Martiny 2008). To date, neither func-

tional redundancy is well defined, nor experimentation

to address it is widely accepted.

The quantity and quality of available carbon and nitro-

gen are important in regulating soil microbial functional

processes (H€ogberg et al. 2007). The lower decomposition

rates from poorer quality foliage input in litter fall and

higher fine root mass addition were the possible explana-

tions for the greater quantity of organic matter accumula-

tion in evergreen forests (Vogt et al. 1986). Consistently,

our GeoChip analysis showed that genes involved in

recalcitrant carbon degradation were less abundant in

the broadleaved evergreen forest (Fig. 5). This result also

explained a previous observation that carbon utilization

in the broadleaved deciduous forest was shifted to recal-

citrant carbon substrate, as a response to lower level of

labile organic carbon (Møller et al. 1999). The shift might

be ascribed to the survival pressure, as microbes require

sufficient quantities of nutrients to maintain their lives

(Bray & Gorham 1964). The consistency between the

abundance of carbon degradation genes and organic car-

bon contents in soil suggested that abundance of carbon

degradation genes could serve as an indicator of soil

environment, which was in line with several recent stud-

ies (Morales et al. 2010; Liu et al. 2015).

In conclusion, here we report a survey of soil micro-

bial communities in natural broadleaved forests. We

found numerous evidences to link microbial community

composition with soil organic matter quantity and qual-

ity, suggesting that microbial taxonomic and functional

traits could be predicted by soil organic matter data.

This study represents a step forward in elucidating

association between different forest types and microbial

communities, and suggests that microbial community is

sensitive to potential dynamics of the natural forest

ecosystems.
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