
 Open access  Journal Article  DOI:10.1007/S00248-015-0659-7

The Diversity and Co-occurrence Patterns of N2-Fixing Communities in a CO2-
Enriched Grassland Ecosystem — Source link 

Qichao Tu, Qichao Tu, Xishu Zhou, Xishu Zhou ...+9 more authors

Institutions: University of Oklahoma, Zhejiang University, Central South University, University of Minnesota ...+3 more
institutions

Published on: 01 Apr 2016 - Microbial Ecology (springer)

Topics: Diazotroph, Acidobacteria, Mesorhizobium and Nitrogen fixation

Related papers:

 QIIME allows analysis of high-throughput community sequencing data.

 
nifH pyrosequencing reveals the potential for location-specific soil chemistry to influence N2 -fixing community
dynamics.

 Nitrogenase gene diversity and microbial community structure: a cross-system comparison.

 
Ecological Patterns of nifH Genes in Four Terrestrial Climatic Zones Explored with Targeted Metagenomics Using
FrameBot, a New Informatics Tool

 Global patterns of terrestrial biological nitrogen (N2) fixation in natural ecosystems

Share this paper:    

View more about this paper here: https://typeset.io/papers/the-diversity-and-co-occurrence-patterns-of-n2-fixing-
4xfu1z0brv

https://typeset.io/
https://www.doi.org/10.1007/S00248-015-0659-7
https://typeset.io/papers/the-diversity-and-co-occurrence-patterns-of-n2-fixing-4xfu1z0brv
https://typeset.io/authors/qichao-tu-2tqoyh17vg
https://typeset.io/authors/qichao-tu-2tqoyh17vg
https://typeset.io/authors/xishu-zhou-3evpokg4wg
https://typeset.io/authors/xishu-zhou-3evpokg4wg
https://typeset.io/institutions/university-of-oklahoma-1osft1o6
https://typeset.io/institutions/zhejiang-university-206kr3t7
https://typeset.io/institutions/central-south-university-2xe9plts
https://typeset.io/institutions/university-of-minnesota-2bv8nbl3
https://typeset.io/journals/microbial-ecology-ufrsor6y
https://typeset.io/topics/diazotroph-27ne382t
https://typeset.io/topics/acidobacteria-14i4g3xc
https://typeset.io/topics/mesorhizobium-3axo0oqi
https://typeset.io/topics/nitrogen-fixation-js6a1wrq
https://typeset.io/papers/qiime-allows-analysis-of-high-throughput-community-2ob4mkjrat
https://typeset.io/papers/nifh-pyrosequencing-reveals-the-potential-for-location-w5vy5p10i5
https://typeset.io/papers/nitrogenase-gene-diversity-and-microbial-community-structure-ly5eie5khp
https://typeset.io/papers/ecological-patterns-of-nifh-genes-in-four-terrestrial-459li1kpss
https://typeset.io/papers/global-patterns-of-terrestrial-biological-nitrogen-n2-4j06hwerc7
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/the-diversity-and-co-occurrence-patterns-of-n2-fixing-4xfu1z0brv
https://twitter.com/intent/tweet?text=The%20Diversity%20and%20Co-occurrence%20Patterns%20of%20N2-Fixing%20Communities%20in%20a%20CO2-Enriched%20Grassland%20Ecosystem&url=https://typeset.io/papers/the-diversity-and-co-occurrence-patterns-of-n2-fixing-4xfu1z0brv
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/the-diversity-and-co-occurrence-patterns-of-n2-fixing-4xfu1z0brv
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/the-diversity-and-co-occurrence-patterns-of-n2-fixing-4xfu1z0brv
https://typeset.io/papers/the-diversity-and-co-occurrence-patterns-of-n2-fixing-4xfu1z0brv


ENVIRONMENTAL MICROBIOLOGY

The Diversity and Co-occurrence Patterns of N2-Fixing
Communities in a CO2-Enriched Grassland Ecosystem

Qichao Tu1,2
& Xishu Zhou2,3

& Zhili He3 & Kai Xue3 & Liyou Wu3
&

Peter Reich4,5
& Sarah Hobbie4 & Jizhong Zhou2,6,7

Received: 8 February 2015 /Accepted: 3 August 2015 /Published online: 18 August 2015
# Springer Science+Business Media New York 2015

Abstract Diazotrophs are the major organismal group re-

sponsible for atmospheric nitrogen (N2) fixation in natural

ecosystems. The extensive diversity and structure of N2-fixing

communities in grassland ecosystems and their responses to

increasing atmospheric CO2 remain to be further explored.

Through pyrosequencing of nifH gene amplicons and extrac-

tion of nifH genes from shotgun metagenomes, coupled with

co-occurrence ecological network analysis approaches, we

comprehensively analyzed the diazotrophic community in a

grassland ecosystem exposed to elevated CO2 (eCO2) for

12 years. Long-term eCO2 increased the abundance of nifH

genes but did not change the overall nifH diversity and

diazotrophic community structure. Taxonomic and phylogenet-

ic analysis of amplified nifH sequences suggested a high diver-

sity of nifH genes in the soil ecosystem, the majority belonging

to nifH clusters I and II. Co-occurrence ecological network

analysis identified different co-occurrence patterns for different

groups of diazotrophs, such as Azospirillum/Actinobacteria,

Mesorhizobium/Conexibacter, and Bradyrhizobium/

Acidobacteria. This indicated a potential attraction of non-N2-

fixers by diazotrophs in the soil ecosystem. Interestingly, more

complex co-occurrence patterns were found for free-living

diazotrophs than commonly known symbiotic diazotrophs,

which is consistent with the physical isolation nature of sym-

biotic diazotrophs from the environment by root nodules. The

study provides novel insights into our understanding of the

microbial ecology of soil diazotrophs in natural ecosystems.

Keywords nifH . Soil diazotrophs . Community structure .

Co-occurrence patterns . Elevated CO2

Introduction

Biological nitrogen fixation (BNF), the reduction of atmo-

spheric N2 to biologically available ammonium, is the major

pathway that atmospheric N2 enters the Earth’s biosphere,

contributing approximately 128 Tg nitrogen (N) per year in

natural terrestrial ecosystems [1]. BNF is catalyzed by diverse

but limited groups of nitrogenase-containing bacteria and ar-

chaea known as diazotrophs. Among the nitrogenase subunits,

the nitrogenase reductase subunit, encoded by nifH, has the

most reference sequences available and has become a prom-

ising marker for analyzing N2 fixation of microbial commu-

nities in various environments [2, 3]. Although phylogenetic
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analysis of taxonomically identified nitrogenase genes provid-

ed evidences of an ancient horizontal gene transfer between

archaea and bacteria, recent events of horizontal gene transfer

were not observed [4].

During the past decades, the nifH gene family has been

widely analyzed to study diazotrophic microbial communities

in various environments, especially in marine and soil ecosys-

tems [5–13], resulting in novel insights into the diversity and

structure of N2-fixing communities. For example, even though

Trichodesmium has been found as the major N2-fixing

cyanobacteria in marine ecosystems [6], a recent study sug-

gested that the contributions of other N2 fixers are far more

significant than previously estimated [14], indicating the im-

portant roles of less dominant N2 fixers. In soil, N2 fixation is

dominated by symbiotic bacteria that form root–nodule sym-

biotic relationships with plants [15]. Similar to that in ocean, it

is believed that both symbiotic and free-living diazotrophs

contribute significantly to the terrestrial N budget [15]. Al-

though many previous studies focused on the relationship be-

tween symbiotic diazotrophs and plants, the diversity and

community structure of diazotrophic communities were re-

cently analyzed by several studies [7, 8, 11–13, 16]. It has also

been pointed out that the N2 fixation rates in soil were signif-

icantly affected by diazotrophic community structure [11].

However, the extensive diversity and complex community

structure in soil ecosystems remain to be further explored.

Natural ecosystems under increased atmospheric CO2 con-

centration are subjected to progressive N limitation [17–20]

due to the stimulated plant growth rate and limited biological-

ly available N in soil. Such progressive N limitation not only

constrains the sustainability of ecosystem responses to elevat-

ed CO2 (eCO2) [18, 19] but may also suppress the microbial

decomposition rate in soil [17]. As biologically available N

mainly comes from the microbial decomposition of biomass

and BNF, the stimulated plant growth and suppressed micro-

bial decomposition should have proposed higher demand for

BNF in soil. Thus, it is of crucial interest for ecologists to

understand how the belowground diazotrophic microbial

community responds to eCO2. A recent study of N2-fixing

bacteria communities in forest ecosystems suggested that N

fertilization has a stronger effect on the diazotrophic commu-

nity than eCO2. However, the responses of diazotrophic com-

munity diversity and structure in the grassland ecosystem, one

of Earth’s largest ecosystems, are still not clear yet, although a

previous GeoChip survey suggested increased nifH abun-

dance in this same BioCON experimental site [21, 22].

Similar to that in macroecosystems, interactive relation-

ships should be considered when analyzing the community

structure of microorganisms. Using ecological network ap-

proaches, co-occurrence ecological networks of microbial

communities can be constructed and analyzed [23–27]. By

implementing co-occurrence ecological network approaches,

co-occurrence patterns can be identified for diazotrophic

microorganisms, providing novel insights into how microor-

ganisms potentially interact with diazotrophs. Since symbiotic

diazotrophs can enter plant roots, forming nodules that phys-

ically isolate them from the environment, they are less likely

to form complex relationships with free-living microorgan-

isms, and co-occurrence networks may provide information

to potentially identify free-living diazotrophs from symbiotic

diazotrophs.

In this study, by coupling sequencing nifH amplicons with

the extraction of shotgun metagenome sequencing data and co-

occurrence ecological network analysis, we aimed to reveal the

responses of soil diazotrophs to eCO2 and to determine the

diversity and structure of soil diazotrophs, as well as their co-

occurrence patterns in the BioCON grassland ecosystem [28].

The following hypotheses were tested: (1) Increased plant

growth would enhance the demand for biologically available

N in soil, which may lead to increased nifH gene abundance as

well as changed diazotrophic community diversity and struc-

ture; and (2) Free-living rather than symbiotic diazotrophs

would form more complex co-occurrence ecological networks

and that different co-occurrence patterns would be observed for

different diazotrophs. Our results indicated that long-term eCO2

significantly increased nifH gene abundance but did not change

the overall nifH community structure. Ecological network anal-

ysis identified several types of co-occurrence patterns for soil

diazotrophs, such as Azospirillum/Actinobacteria,

Mesorhizobium/Conexibacter, and Bradyrhizobium/

Acidobacteria, indicating a potential attraction of non-N2-fixers

by soil diazotrophs. The study provided valuable insights into

our understanding of microbial ecology of diazotrophs in soil.

Materials and Methods

Site Description and Sample Collection

The study was conducted within the BioCON (Biodiversity,

CO2, and Nitrogen) experimental site located at the Cedar

Creek Ecosystem Science Reserve in Minnesota, USA

(45.4086° N, 93.2008° W). The long-term experiment was

started in 1997 on a secondary successional grassland on a

sandy outwash soil after removing the previous vegetation

[28]. The main BioCON field experiment has 296 (of a total

of 371) evenly distributed plots (2×2 m) in six 20-m-diameter

FACE (free air CO2 enrichment) rings, three with ambient

CO2 (aCO2) concentrations, and three with CO2 concentra-

tions elevated by 180 μmol/mol [29]. In this study, 24 plots

(12 from aCO2, 12 from eCO2, all with 16 species and without

additional N supply) were used.

Bulk soil samples were taken in July 2009 under ambient

and eCO2 conditions for microbial community analysis, and

each sample was composited from five soil cores at a depth of

0–15 cm. All samples were immediately transported to the
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laboratory, frozen, and stored at −80 °C for DNA extraction,

PCR amplification, and 454 pyrosequencing.

The aboveground and belowground (0–20 cm) biomass

were measured as previously described (Reich et al. 2001;

Reich et al. 2006). Net N mineralization rates were measured

concurrently in each plot for 1-month in situ incubations with

a semi-open core at 0–20-cm depth during midsummer of

each year (Reich et al. 2001; Reich et al. 2006). Net N miner-

alization rates were determined by the difference between the

final and initial NH4
+
–N+NO3

−
–N pool sizes determined

with 1 M KCl extractions. Net NH4
+ change was determined

by the difference between the final and initial NH4
+
–N pool

sizes. Net NO3
− change was determined by the difference

between the final and initial NO3
−-N pool sizes.

DNA Extraction, Purification, and Quantification

Soil DNAwas extracted by freeze-grinding mechanical SDS-

based lysis as described previously [30] and was purified

using a lowmelting agarose gel followed by phenol extraction

for all 24 soil samples collected. DNA quality was assessed by

the ratios of 260/280 and 260/230 nm using a NanoDrop ND-

1000 Spectrophotometer (NanoDrop Technologies Inc., Wil-

mington, DE, USA), and final soil DNA concentrations were

quantified with PicoGreen [31] using a FLUOstar Optima

(BMG Labtech, Jena, Germany).

PCR Amplification and 454 Pyrosequencing

A total of 23 samples instead of 24 were subjected to 454 py-

rosequencing due to insufficient remaining DNA and soil for

one of the samples. Amplification was performed using the nifH

PolF/PolR primers (PoLF: TGCGAYCCSAARGCBGACTC

and PolR: ATSGCCATCATYTCRCCGGA), whose products

are expected to be approximately 362 bp [32]. A unique 8-

mer barcode was added for each sample at the 5′-end of the

forward primer. The barcode primers were synthesized by

Invitrogen (Carlsbad, CA, USA) and used for the generation

of PCR amplicons. Quadruplicate 20-μl PCR reactions were

performed as follows: 4 μl Promega GoTaq buffer, 1 U DNA

polymerase, 1.5 μl Roche 25 mM MgCl2, 1 μl Invitrogen

10 mM dNTP mix, 1 μl of each primer (10 μM), 0.2 μl New

England BioLabs BSA (non-acetylated, 10 mg/ml), 10 ng tem-

plate, and 9.8 μl H2O. Cycling conditions were an initial dena-

turation of 94 °C for 3 min, 30 cycles of 94 °C for 1 min, 62 °C

for 40 s, 72 °C for 1 min, and a final extension at 72 °C for

10 min. PCR products were gel-purified using the Qiagen Gel

Purification Kit following band excision. Products were further

purified using the Qiagen PCR purification kit. After adapter

ligation, amplicons were sequenced on a FLX 454 system (454

Life Sciences, Branford, CT, USA) by Macrogen (Seoul, South

Korea) using Lib-L kits and processed using the shotgun

protocol.

Data Analysis

Raw pyrosequencing reads were extracted from the sff file

using the sffinfo tool from Roche 454. Two files, a fasta file

containing the sequence and a qual file containing the quality

information, were generated and then converted into a fastq

file using the python script Bfaqual2fastq2.py^ that comes

with the UPARSE pipeline [33]. Quality filtering, chimera

removal, and OTU clustering were carried out using the

UPARSE pipeline [33], which is a recently developed ap-

proach that identifies highly accurate OTUs from amplicon

sequencing data. Only the reads with perfectly matched

barcodes and maximum of two primer mismatches were kept

for further analysis. Barcodes and primers were deleted from

reads. The remaining reads were then truncated to 300 bp, and

reads with expected errors >0.5 were discarded. The program

FrameBot [12] was used to correct potential frame shifts

caused by sequencing errors, and only reads whose translated

proteins got mapped to reference nifH protein sequences with

>30 % identity were kept. The reads were then dereplicated,

sorted, and clustered into candidate OTUs with an identity

cutoff of 0.94, which is the average nucleotide identity being

used for microbial species definition in post-genomic era [34].

Chimeric OTUs were then identified and removed using

uchime by searching against the nifH reference sequences

maintained and curated by Zehr et al. (http://pmc.ucsc.edu/

~wwwzehr/research/database/) [2]. Finally, qualified reads

were mapped to representative OTU sequences for relative

abundance calculation.

Taxonomic assignment for nifH OTUs was carried out by

searching representative OTU sequences against reference

nifH sequences with known taxonomic information. A mini-

mum global identity cutoff of 80 % was used to filter

searching results. A lowest common ancestor algorithm sim-

ilar as described in MEGAN [35] was applied for taxonomic

assignment based on the best hits with highest global identity.

Taxonomic information at genus level or higher was assigned.

For phylogenetic analysis, representative OTU sequences

were aligned by the MUSCLE program [36]. The alignment

was visually inspected, and no manual curation was needed

based on the inspection. Phylogenetic tree was built by

FASTTREE [37]. Significance tests for different taxonomic

groups and OTUs were performed by response ratio analysis

[38] at 95% confidence interval level. UniFrac PCoA analysis

was done by the FastUniFrac pipeline [39]. Species richness,

evenness, and diversity indices were calculated by the Mothur

package [40], with rarefaction analysis of 1000 bootstrap ran-

dom sampling iterations and 0.1 % incremental resampling

efforts.

Two additional datasets including one 16S amplicon se-

quencing and one shotgun metagenome dataset from the same

24 soil DNAwere also used in this study. The 16S amplicon

sequencing data were used for network construction, and the
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shotgun metagenome data set was used for nifH gene abun-

dance comparison purposes. The 16S amplicon data were

processed in the same way as the nifH amplicon data, except

that 97 % identity cutoff was used. The shotgun metagenome

dataset was sequenced by Los Alamos National Lab with

standard 454 sequencing protocols and was annotated against

eggNOG database [41] for gene abundance profiles. All

metagenome data used in this study were deposited in the

NCBI database and can be found under accession number

SRP034704.

Co-occurrence Ecological Network Construction

In order to identify co-occurrence relationships between

diazotrophs and other microbial species, a 16S rRNA gene

amplicon dataset from the same DNAwas also included. Rel-

ative abundance profiles were generated for both nifH (ran-

dom subsampling of 1200 reads) and 16S rRNA (random

subsampling of 18,000 reads) OTUs. Co-occurrence ecologi-

cal networks were constructed and analyzed using the online

MENA pipeline, which implements random matrix theory

(RMT) for threshold identification [42]. The RMT approach

identifies the threshold by determining a transition point of

nearest-neighbor spacing distribution of eigenvalues from

Gaussian to Poisson distribution, which are two universal ex-

treme distributions [27]. The RMT-based approach is a reli-

able and robust tool for network construction and has been

successfully applied to construct various networks, including

gene regulatory networks [43–47], functional molecular eco-

logical networks [27], and phylogenetic molecular ecological

networks [25]. To construct highly confident co-occurrence

ecological networks, only OTUs presented in at least ten sam-

ples were used for calculating Pearson correlation. A Pearson

correlation coefficient cutoff of 0.81 was determined for net-

work construction. Ecological networks were then visualized

by Cytoscape [48].

Results

Effects of eCO2 on Plant Biomass and Soil N

The plant biomass (aboveground and root) and soil N levels

(NO3
− and NH4

+) were collected and analyzed. Long-term

eCO2 significantly increased plant biomass and ammonium

concentration in soil, but not nitrate concentration (Fig. 1).

Consistent with previous observations [21, 28], significantly

increased plant biomass was found for both aboveground (P=

0.01) and root (P=0.06) biomass (Fig. 1a). Such increased

aboveground plant biomass and root biomass would have im-

posed higher demand for biologically available N (NO3
− and

NH4
+) in soil. To analyze the changes of nitrate and ammoni-

um availability in soil, NO3
− and NH4

+ concentrations were

then measured using a semi-open core, 1-month in situ incu-

bation approach. No significant differences were observed for

Fig. 1 Effects of long-term eCO2 on plant biomass (a), soil NO3
− and

NH4
+ (b), and nifH gene abundance (c). Both aboveground and root

biomass were averaged from 5 years at the time of sampling, i.e.,

2005–2009. Soil NO3
− and NH4

+ concentrations were then measured

using a semi-open core, 1-month in situ incubation approach. The

abundance of nifH genes was obtained from a shotgun metagenome

datasets, by extracting sequences mapped to nifH genes. Statistical

testing was performed by Student’s t test. ino3 and fno3: initial and

final NO3
− concentration; inh4 and fnh4: initial and final NH4

+

concentration
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initial NO3
− and NH4

+ amount between aCO2 and eCO2 sam-

ples. After 1-month in situ incubation, the NO3
− amount in the

soil increased from 0.53 to 3.08 mg/kg soil (Fig. 1b). Similar-

ly, no significant differences were obtained for the final NO3
−

amount between aCO2 and eCO2 samples, suggesting similar

nitrate availability under aCO2 and eCO2. Interestingly, the

NH4
+ amount in aCO2 samples decreased significantly after

incubation, while the amount in eCO2 samples remained al-

most unchanged at ∼4.3 mg/kg soil, resulting in significantly

higher final NH4
+ amount in eCO2 samples (Fig. 1b). This

suggested that microbial communities under eCO2 harbored

a higher ammonium production rate, which might be caused

by increased N2 fixation and/or organic decomposition.

eCO2 Effects on nifH Gene Abundance

The abundance of nifH genes was assessed by extracting nifH

sequences from a shotgun metagenome dataset targeting all 24

samples, which was annotated by searching against eggNOG

database [41]. Comparisons were performed by randomly

selecting 350,000 reads per sample from the shotgun

metagenome. Seven out of 12 aCO2 samples were detected

with nifH sequences. The number for eCO2 samples was ten.

A total of 27 nifH sequences were identified. After normali-

zation, an average of 0.92 and 2.2 sequences per sample was

found for aCO2 and eCO2 samples, respectively. With 80 %

identity as cutoff, 48 % of these sequences were assigned to

Bradyrhizobium species, 26 % to Rhodopseudomonas spe-

cies, 15 % to Clostridium species, and 11 % to Anabaena,

Roseilexus, and Roseobacter species. Although detected with

low sequence numbers, the nifH genes were twice more abun-

dant in eCO2 samples than those in aCO2 samples (Fig. 1c),

with significant Student’s t test p-value of 0.04. Together with

our previous evidence from GeoChip results [21, 22], this

suggested that eCO2 had an increased abundance of nifH

genes in soil.

Amplicon Sequencing Summary

Using 454 pyrosequencing, a total of 102,679 raw reads

targeting nifH gene amplicons were obtained for 23 samples

with an average length of 338 bp. Four samples (two aCO2 –

SOI and SOJ and two eCO2 –SOM and SON) were excluded

from further data analysis for their having<500 reads. After

quality trimming, frameshift correction, and chimera removal,

73,161 reads were clustered into 749 nifH OTUs at 94 %

identity cutoff, of which 624 (a total of 73,036 reads with

42,725 from aCO2 samples and 30,436 from eCO2 samples)

were non-singleton OTUs. The number of sequences in each

sample ranged from 1184 to 7579 (3851 on average), resulting

in 80 to 287 OTUs per sample. A random re-sampling effort of

1200 reads per sample was made for further statistical

analysis.

No Significant Changes of eCO2 Effects on Overall

nifH-Community Diversity and Structure

To analyze the nifH-community diversity in the grassland soil

ecosystem and their responses to eCO2, the OTU richness

(Chao1), evenness, taxonomic, and phylogenetic diversity in-

dices were calculated (Fig. 2). A total of 633 and 616 OTUs

were identified for aCO2 and eCO2 samples with the current

sequencing effort, respectively. No significant differences be-

tween aCO2 and eCO2 samples were observed for the OTU

richness as the 95 % confidence intervals were overlapped

with any number of randomly sampled sequences (Fig. 2a).

Similarly, no significant differences were observed for the

evenness of the overall nifH community between aCO2 and

eCO2 sites (Fig. 2b), resulting in insignificant changes of the

taxonomic diversity (Fig. 2c). Consistently, the phylogenetic

diversity, which considers the phylogenetic relationship

among OTUs, did not significantly change in response to

eCO2 (Fig. 2d). All these results suggested that the diversity

of nifH-community was not significantly affected by long-

term eCO2 in the grassland ecosystem.

Long-term eCO2 did not significantly alter the overall nifH-

community structure in the grassland soil ecosystem either

(Fig. S1). The overall community structural differences

among all samples were assessed by both UniFrac PCoA

and non-metric multidimensional scaling (NMDS) analyses

using Bray–Curtis distance. A separation trend of eCO2 sam-

ples from aCO2 samples could be observed by both unweight-

ed UniFrac PCoA (Fig. S1A) and NMDS analysis (Fig. S1B).

Further dissimilarity analysis that accounts for OTU abun-

dance also suggested that the overall community structure

between aCO2 and eCO2 samples was not significantly differ-

ent (ADONIS: F=0.062, P=0.329; ANOSIM: R=0.035, P=

0.249; MRPP: δ=0.531, P=0.252).

The Taxonomic and Phylogenetic Composition of nifH

Genes

Unlike 16S rRNA genes, reference sequences for nifH genes

from cultivated microbial strains/species are still very limited,

making it difficult to classify nifH sequences into their taxo-

nomic groups, especially at the species/strain level. We first

tried a strict manner to only assign taxonomic information to

OTUs having a minimum of 94 % sequence identity with

references in the nifH database [2]. As a result, only 49 OTUs

could be assigned to known taxonomic groups, among which

six were assigned at 100 % identity. Even at 90 % sequence

identity cutoff, this number only increased to 119, indicating a

large diversified genetic pool of nifH gene variants in the soil

microbial community. The taxonomic information for nifH

OTUs was hence assigned as the lowest common ancestor

of the best hits at a cutoff of 80 %minimum sequence identity

with reference sequences. Genus or higher taxonomic

608 Q. Tu et al.



information was then assigned to 478 nifH OTUs as their

nearest taxonomic matches.

T h e n i f H c o mm u n i t y w a s d om i n a t e d b y

Alphaproteobacteria as viewed by both OTU number and rel-

ative abundance, followed by Betaproteobacteria,

Actinobacteria, Delta-/Gamma-proteobacteria, and Bacilli

(Fig. 3a). At the genus level, a total of 134 OTUs were

assigned to Bradyrhizobium and accounted for 56.1 % of the

total sequences in the community. Other abundant genera de-

tected with >1 % relative abundance were Mesorhizobium

(nine OTUs, 12.7 % relative abundance), Azospirillum (20

OTUs, 4.8 % relative abundance), Azohydromonas (four

OTUs, 3.3 % relative abundance), Frankia (two OTUs,

1.9 % relative abundance), Methylocystis (12 OTUs, 1.45 %

relative abundance), and Sideroxydans (18 OTUs, 1.4 %

relative abundance). The most dominant OTU (OTU_1)

belonged to Bradyrhizobium and accounted for 35.3 %

of the nifH-containing community, followed by OTU_5

(Mesorhizobium, 8.34 % relative abundance), OTU_2

(Bradyrhizobium, 5.36 % relative abundance), and

OTU_7 (Azohydromonas, 3.2 % relative abundance). No

significant changes of relative abundance were observed

for the majority of OTUs, although 34 OTUs did signifi-

cantly change their abundances at eCO2, which accounted

for 13.15 % of the total captured sequences. Among these,

18 were enriched in eCO2 samples, and 16 were enriched

in aCO2 samples. All significantly changed OTUs were

found with>0.1 % relative abundance in aCO2 or eCO2

samples (Fig. S2). Among these, five were found with

>1 % relative abundances and were assigned to

Bradyrhizobium (OTU_450), Mesorhizobium (OTU_711),

Azospirillum (OTU_13), Sideroxydans (OTU_30), and

Frankia (OTU_206) (Fig. S2). Notably, OTU_206 detect-

ed in 18 samples, which was also the only Frankia OTU

found in more than three samples, increased significantly

(p<0.05) under eCO2 (3.6 % relative abundance in eCO2

vs. 0.5 % in aCO2).

Phylogenetic clade assignment of nifH OTUs was

performed at a lower cutoff (30 % sequence identity),

and the clade information of best BLAST hits aligned

by each OTU was selected. The nifH community was

dominated by sequences belonging to group I and group

II NifH clades, which encode Mo-dependent nitrogenase

[2, 3, 16], and accounted for 93.1 and 6.76 % of the

total captured sequences and 78.54 and 21.13 % total

OTUs, respectively. Only two OTUs accounting for

0.14 % of total sequences were found to be group III

Mo-independent nitrogenase (Fig. 3b). No significant

changes of relative abundances for any nifH groups

were observed between aCO2 and eCO2.

Fig. 2 The diversity of nifH genes in the grassland ecosystem under

ambient CO2 and elevated CO2 conditions: a Chao1 richness; b

Shannon evenness; c Shannon diversity; d phylogenetic diversity. Black

line represents the averaged value for each diversity index. Turquoise and

light-pink regions represent 95 % confidence intervals
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Co-occurrence Ecological Networks of nifH Assemblages

To explore the co-occurrence patterns of nifH-containing mi-

croorganisms with other microbial groups, co-occurrence eco-

logical network was constructed using 16S rRNA and nifH

OTU profiles obtained from the experimental site. By using

the random matrix theory approach, a Pearson correlation co-

efficient cutoff of 0.81 was determined for network construc-

tion. The first neighbor nodes connected with nifHOTUswere

extracted for further analysis, with the purpose to identify nifH

OTU-mediated co-occurrence patterns. As a result, 50 of the

84 nifHOTUs that present in≥10 samples were detected in the

co-occurrence network. A total of 24 nifH-containingmodules

were identified. Six modules were found with more than five

nodes, covering 154 nodes and 242 links in total, of which 29

nodes were nifH OTUs (Fig. S3).

Azospirillum Module

The most complex module (module I, Fig. S3) was centered

by two OTUs (nifH_643 and nifH_31) belonging to

Azospirillum. Extraction of their first neighbor nodes showed

that these two Azospirillum OTUs were mainly connected by

17 Actinobacteria OTUs and 12 Proteobacteria OTUs, the

latter of which included four nifH OTUs (Fig. 4a). Two

Acidobacteria OTUs, two Chloroflexi OTUs, one Bacilli,

one Sphingobacteria, and two unclassified nifH OTUs were

also linked with the above AzospirillumOTUs. Among the 17

Actinobacteria OTUs connected with Azospirillum OTUs,

nine were derived from Solirubrobacterales, six from

Actinomycetales, and two from Acidimicrobiales. The con-

nected Proteobacteria 16S rRNAOTUswere mainly dominat-

ed by four Polyangiaceae OTUs, followed by two

Rhizobiales, one Syntrophobacteraceae, and one

Oxalobacteraceae OTUs. These results suggested a high co-

occurrence frequency of Azospirillum species with

Actinobacteria species, especially those derived from

Solirubrobacterales (Solirubrobacter and Conexibacter) and

Actinomycetales.

Mesorhizobium Module

Module II was centered by a nifHOTU (nifH_325) belonging

to Mesorhizobium (Fig. 4b). A total of seven Actinobacteria,

two Acidobacter ia , two Spartobacter ia , and one

Alphaproteobacteria OTUs were connected with the

Mesorhizobium OTU. Notably, five of the Actinobacteria

OTUs were assigned to Conexibacter, suggesting a high prob-

ability of co-occurrence relationship between Mesorhizobium

and Conexibacter.

Bradyrhizobium Modules

Two modules were centered by Bradyrhizobium (modules III,

Fig. S3). In both modules, Bradyrhizobium nifH OTUs were

connected by a high number of Acidobacteria species belong-

ing to multiple subgroups, such as Gp3, Gp4, Gp7, and Gp17

(Fig. 4c). Specifically, the nifH_372 OTU was connected with

three Acidobacteria Gp4 species and one Granulicella spe-

cies. Also, the nifH_450 OTU was connected with one

Acidobacteria Gp3, two Gp4, one Gp7, and one Gp17 spe-

cies. In addition, the nifH_450 OTU was connected with four

Alphaproteobacteria 16S rRNA OTUs. These results sug-

gested a high probability of co-occurrence patterns between

Bradyrhizobium and Acidobacteria species.

Modules IV and V—Module IV was a relatively simple

module centered by two Burkholderiales nifH OTUs, which

were connected with two Acidobacteria, three Proteobacteria,

Fig. 3 Taxonomic (a) and phylogenetic (b) composition of nifH genes at both OTU and sequence level. Taxonomic groups were summarized at class

level
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and one Actinobacteria species (Fig. S3). In contrast, module

V was a relatively complex module centered by one

Bradyrhizobium, oneDesulfovibrio, and one unclassified nifH

OTU (Fig. S3). The Bradyrhizobium OTU was connected

with multiple 16S rRNA OTUs, without preferred co-

occurrence patterns. However, the Desulfovibrio and unclas-

sified nifH OTUs were connected with a high portion of

Actinobacteria and Acidobacteria species.

Discussion

Understanding the diversity, composition, and structure of N2-

fixing communities and their interactions with other groups is

essential for reliably assessing and predicting N dynamics in

ecosystems. In this study, we used next-generation sequencing

and co-occurrence ecological network approaches to analyze

N2-fixing communities from grassland soils subjected to 12-

year eCO2 exposure. Our results showed that long-term eCO2

increased the abundance of nifH genes but did not change the

overall nifH diversity and structure of N2-fixing communities.

Co-occurrence ecological networks were observed with other

microbial groups as well as within nifH-containing microor-

ganisms. The study provides novel insights into our under-

standing of the microbial ecology of N2-fixing communities

in grassland ecosystems.

The first question is how soil nifH assemblages respond to

long-term eCO2 in this grassland ecosystem. As expected,

long-term eCO2 stimulated the plant growth rate, resulting in

increased aboveground and belowground plant biomass,

which is consistent with our previous observations [21, 28,

49], as well as many other similar studies [50–52]. According

to the increased plant biomass, it was expected that at least

15 %more biologically available N was required under eCO2,

which should be originated from N fixation because of iden-

tical initial soil conditions in the field and unchanged soil

carbon and N in later years [21]. Meta-analysis indicated that

such increased plant growth rate as a result of eCO2 imposed a

higher demand for biologically available N in soil in the form

of increased NH4
+. Since NH4

+ in natural ecosystems mainly

originates from microbial fixation of atmospheric N2 and de-

composition of soil biomass, it is expected that key functional

genes involved in microbial N2 fixation would be changed.

The eCO2 effect on nifH gene abundance was analyzed by

shotgun metagenome sequencing approach in this study and

GeoChip technology in our previous studies [21, 22]. A total

of 27 and 147 nifH genes were detected in this and previous

studies, respectively. In both studies, increased nifH gene

abundance as a result of eCO2 was observed. Such increased

nifH abundance should be most obvious in the first few years

of eCO2 treatment but still be expected in later years to sustain

stimulated plant growth under eCO2, in which N limitation

was observed in the ecosystem [19]. Strikingly, the overall

nifH community structure and diversity did not change signif-

icantly in response to eCO2. Although it is possible that the

polF/R primer set may miss some taxa in PCR amplification,

this may also suggest that long-term eCO2 increased the over-

all nifH gene abundance, but not necessarily changed the nifH

diversity or community structure. Although such results

contradicted our hypothesis that the imposed demand for more

N by increased plant growth in response to eCO2 would

change the nifH diversity and community structure in the soil

Fig. 4 Co-occurrence modules centered by nifHOTUs: a Azospirillummodule; bMesorhizobiummodule; c Bradyrhizobiummodule. nifHOTUs were

represented by diamond shape. 16S OTUs were represented by circular shape. Different colors refer to different phyla
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ecosystem, the observation was consistent with several recent

studies [7, 53]. For example, Berthrong et al. found relatively

small effects of CO2 treatment on N-fixing bacterial commu-

nity in the four long-term eCO2 experimental sites they inves-

tigated, and no consistent differences were observed for nifH

diversity between aCO2 and eCO2 soils [7]. Notably, although

only two OTUs were found for the genus Frankia, they were

about eightfold more abundant than in aCO2, which is also

consistent with a previous study that the activity of Frankia

species increased with infertile soil in response to eCO2 [54].

Taking all our current and previous observations together, the

long-term treatment of eCO2 in this grassland ecosystem has

increased the overall abundance of nifH gene family, but not

necessarily changed the diazotrophic community diversity

and structure.

Another objective of this study is to determine the diversity

of nifH community in the grassland ecosystem. Notably, al-

though the PolF/PolR primer sets we used in this study were

of relatively low coverage (∼25 %) among all available nifH

primers [55], they were still selected for their higher specific-

ity with much fewer bands after PCR amplification, even

though a high diversity of nifH community was observed,

with OTUs from six major phyla (ten classes), among which

Proteobacteria (Alpha- and Beta-) are the most dominant

groups, which is generally consistent with several previous

studies in soil [7, 8]. Although found with high diversity,

271 OTUs were still not classified to any taxonomic groups

at 80 % identity cutoff, suggesting a highly diverse genetic

pool for nifH genes. Contrasting with the studies of Berthrong

et al. and Collavino et al. with nifH communities in forest [7]

and pampas [8] soil ecosystems, low amounts of

Deltaproteobacteria and cluster III/IV nifH genes were found

in this study. Since the same PolF/PolR primer [32] was used

for PCR amplification of the nifH genes, such differences

might be due to the different plant composition in these eco-

systems, which may favor distinct subsets of diazotroph com-

munities [56]. Notably, Bradyrhizobium species, widely

known as N2-fixing bacteria forming symbiotic relationships

with legume species through nodules [57], are obviously the

most abundant and dominant nifH-containing microor-

ganisms in this soil ecosystem at both sequence and

OTU levels, suggesting that they play major roles in

N fixation in the grassland soil. More interestingly, the

most abundant OTU, OTU_1, is 100 % identical with

nifH sequences from three Bradyrhizobium strains iso-

lated from plant root nodules of Centrosema virginianu,

Centrosema virginianum, and Lupinus perennis collected

in New York and North Carolina [58], of which

L. perennis is also planted in this BioCON experimental

site [28]. This suggested potential existence of some

Bradyrhizobium species associated with specific plants

in different locations, although different geographical

distance and soil properties these locations may inhabit.

The third interesting question we would like to address is

how nifH-containing microorganisms interact with other mi-

croorganisms, i.e., who are the members included in the N

fixation niche? Since the majority of soil microorganisms

are still uncultivable [59], such co-occurrence relationships

between microbial species can hardly be directly observed

by currently available experimental procedure. In this study,

we took advantage of amplicon sequencing of 16S rRNA

genes and nifH genes, as well as random matrix theory-

based co-occurrence ecological network approach, to predict

potential neighbors that co-occur with these nifH-containing

microbial species. Such a rational design provided us oppor-

tunities to identify potential microbial interactions not only

among nifH-containing microorganisms but also between oth-

er microbial species and nifH assemblages. Although such

approaches to identify nifH co-occurrence networks have not

been previously performed, similar methods have been used

to identify bacteria–diatom relationships [60] and bacteria–

archaea–protist relationships [24]. As a result, several interest-

ing messages have been brought to our attention. First, only a

few OTUs belonging to Bradyrhizobium were included in the

constructed co-occurrence ecological network, although

Bradyrhizobium OTUs were most abundant at both OTU

and sequence level. This is because most Bradyrhizobium

species enter plant roots and form symbiotic relationships with

plants in the form of root nodules [57]; these species are phys-

ically isolated from other free-living soil microorganisms,

resulting in few co-occurrence patterns with other microbial

species. Second, the taxonomic information of co-occurring

16S rRNA OTUs with nifH OTUs is distinctly different from

these diazotrophs, which is contradictory to a previous obser-

vation based on a global co-existing network using whole-

genome sequencing data that co-existing microorganisms are

phylogenetically closely related and co-existing genomes tend

to be more similar regarding pathway content and genome

size [61]. This is possibly because the N2-fixing ability of

diazotrophs to produce NH4
+ attracted more microbial species

without such abilities, rather than other diazotrophs, which is

also indirectly evidenced by a previous study that many bac-

teria prefer ammonia as N source [62].

Several co-occurrence modules centered by nifH OTUs

were identified. Among them, the module centered by

Azospirillum OTUs was the most complex one. Since

Azospirillum species are usually isolated from the rhizosphere

of various plant species and are free-living N-fixing bacteria

closely associated with grasses [63–66], the complex module

formed by Azospirillum OTUs confirmed our hypothesis that

free-living diazotrophs tend to form more complex networks

than symbiotic ones. Co-occurrence patterns were identified

between diazotrophs and other microbial species, such as

Azospirillum/Actinobacteria, Azospirillum/Proteobacteria,

Mesorhizobium/Conexibacter, and Bradyrhizobium/

Acidobacteria, indicating different co-occurrence patterns for
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different diazotrophs. Such co-occurrence patterns indicated a

potential attraction of Actinobacteria and Acidobacteria by

ammonium produced by potentially free-living diazotrophs.

However, the exact underlyingmechanism can hardly be iden-

tified with current approaches and knowledge.

In conclusion, this study comprehensively analyzed the

diversity, structure, and co-occurrence patterns of N2-fixing

microbial communities in a CO2-enriched grassland ecosys-

tem. Our results provided several valuable insights into the

microbial ecology of N2-fixing microorganisms and their re-

sponses to long-term eCO2. First, this study was conducted in

a grassland ecosystem subjected to >12 years of eCO2 treat-

ment using multiple complementary approaches. Together

with our previous GeoChip-based surveys [21, 22], we pro-

vided reliable evidence that long-term eCO2 affects microbial

communities by increasing the abundance of nifH-containing

microorganisms. Second, the diversity and community struc-

ture identified in this contributed to our better understanding

of the soil diazotrophs. In addition, co-occurrence network

analysis provided informative clues about how N2-fixing mi-

croorganisms may interact with other species in the environ-

ment. Such information may also help to identify free-living

N2-fixers from symbiotic ones in a predictive manner. How-

ever, more experimental approaches are needed for accurate

and reliable identification of species–species interactions.
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