Received: 17 June 2019 | Revised: 29 August 2019

Accepted: 30 August 2019

DOI: 10.1002/ece3.5735

ORIGINAL RESEARCH

Ecology and Evolution
2 WILEY

Effects of rhizoma peanut cultivars (Arachis glabrata Benth.) on
the soil bacterial diversity and predicted function in nitrogen

fixation

Xiao-Bo Wang!?3

| Chih-Ming Hsu®! | José C.B.DubeuxJr* | Cheryl Mackowiak® |

Ann Blount* | Xing-Guo Han?*® | Hui-Ling Liao®

!North Florida Research and Education
Center, University of Florida, Quincy, FL,
USA

2Erguna Forest-Steppe Ecotone
Research Station, Institute of Applied
Ecology, Chinese Academy of Sciences,
Shenyang, China

3Key Laboratory of Vegetation
Ecology, Ministry of Education, Northeast
Normal University, Changchun, China

“North Florida Research and Education
Center, University of Florida, Marianna, FL,
USA

SInstitute of Botany, Chinese Academy of
Sciences, Beijing, China

Correspondence

Hui-Ling Liao, North Florida Research and
Education Center, University of Florida,
Quincy, FL 32351, USA.

Email: sunny.liao@ufl.edu

Funding information

Agriculture and Food Research Initiative
Competitive Grant, Grant/Award Number:
2019-67013-29107; Chinese Academy

of Sciences, Grant/Award Number: KFJ-
STS-ZDTP-036; National Institute of Food
and Agriculture; National Natural Science
Foundation of China

Abstract

There is a growing awareness of the importance of soil microorganisms in agricultural
management practices. Currently, much less is known about whether different crop
cultivar has an effect on the taxonomic structure and diversity, and specific func-
tions of soil bacterial communities. Here, we examined the changes of the diversity
and composition and enzyme-encoding nitrogenase genes in a long-term field ex-
periment with seven different rhizoma peanut cultivars in southeastern USA, cou-
pling high-throughput 16S rRNA gene sequencing and the sequence-based function
prediction with Tax4Fun. Of the 32 phyla detected (Proteobacteria class), 13 were
dominant: Acidobacteria, Alphaproteobacteria, Actinobacteria, Betaproteobacteria,
Bacteroidetes, Verrucomicrobia, Gammaproteobacteria, Deltaproteobacteria,
Gemmatimonadetes, Firmicutes, Nitrospirae, Chloroflexi, and Planctomycetes (rela-
tive abundance >1%). We found no evidence that the diversity and composition of
bacterial communities were significantly different among different cultivars, but the
abundance of some dominant bacterial groups that have N-fixation potentials (at
broad or fine taxonomic level) and predicted abundances of some enzyme-encoding
nitrogenase genes showed significant across-cultivar differences. The nitrogenase
genes were notably abundant in Florigraze and Latitude soils while remarkably lower
in Arbook and UF_TITO soils when compared with other cultivars, indicating different
nitrogen fixation potentials among different cultivars. The findings also suggest that
the abundance of certain bacterial taxa and the specific function bacteria perform in
ecosystems can have an inherent association. Our study is helpful to understand how
microbiological responses and feedback to different plant genotypes through the

variation in structure and function of their communities in the rhizosphere.
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1 | INTRODUCTION

Rhizosphere microorganisms in cropland systems are critical mem-
bers of the plant microbiome regulating key aspects of plant growth,
nutrient cycling, and soil health. Plant roots can promote or impede
rhizosphere microorganisms' recruitment through the secretion of
root exudates and volatiles (Berendsen, Pieterse, & Bakker, 2012;
Broeckling, Broz, Bergelson, Manter, & Vivanco, 2008; Schmidt,
Ulanova, Wick, Bode, & Garbeva, 2019). For example, recent re-
searches have reported that rhizosphere microbial community as-
sembly and microbial taxa colonization can be largely determined
by root secondary metabolites of host plants (Veach et al., 2019),
including the chemical composition and compounds quality (Gransee
& Wittenmayer, 2000; Lesuffleur, Paynel, Bataille, Deunff, & Cliquet,
2007). Root exudates will thus affect the composition and diversity of
rhizosphere microbial communities (Aira, Gomez-Brandon, Lazcano,
Baath, & Dominguez, 2010; Badri & Vivanco, 2009), but such an ef-
fect may depend greatly upon the plant species and genotype (Rengel
& Marschner, 2005). Different plant genotypes are likely to develop
distinct microbial communities via the interactions between plant
roots and microorganisms, which may also result in the changes of mi-
crobial-driven function in the soil (Philippot, Raaijmakers, Lemanceau,
& Putten, 2013; Turner, James, & Poole, 2013). Leveraging on next
generation amplicon sequencing protocols, we have highlighted the
importance of various biotic, abiotic, and spatial factors in struc-
turing microbial assemblage (Berg & Smalla, 2009; Wang et al,,
2017). However, more direct evidence is needed to understand the
involvement of genomic-basis factors in selecting for soil microbi-
omes. Particularly, the knowledge of cultivar effects (different plant
genotypes) on soil microbial communities remains very limited. In
agricultural ecosystems, growing evidence has emerged that the
composition and diversity of the soil microbial communities differed
among cultivars of crops, including wheat (Germida & Siciliano, 2001;
Siciliano, Theoret, Freitas, Hucl, & Germida, 1998), potato (Manter,
Delgado, Holm, & Stong, 2010; Weinert et al., 2011), sorghum
(Schlemper, Veen, & Kuramae, 2018), and rice (Briones et al., 2002;
Feng et al., 2015). To date, however, few studies were conducted to
evaluate the effects of cultivars in legumes, such as rhizoma peanut
(RP, Arachis glabrata Benth.) on the soil microbial communities.
Rhizoma peanut is a warm-season, perennial legume crop that
is well-adapted to the southern United States (Dubeux et al., 2017
Ortega, Sollenberger, Quesenberry, Cornell, & Jones, 1992), which
makes it a good option for pasture integration (Garay, Sollenberger,
Staples, & Pedreira, 2004; Williams, Hammond, Kunkle, & Spreen,
1991). Rhizoma peanut has a high potential for increasing soil N sup-
ply and improving litter quality in C4 grass pastures (Cathey, Sinclair,
& Mackowiak, 2013). It can be grown in monoculture for hay or in
combination with perennial grasses for grazing systems (Castillo et
al., 2015). Similar to many other legume species, RP largely relies on
its rhizobium symbionts for biological nitrogen fixation (BNF), which
is a primary source of nitrogen (N) in agricultural systems (50-70
Tg N annually, Herridge, Peoples, Boddey, 2008). A recent study has
shown that the potentials of BNF in RP are genotype dependent,
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which is probably attributed to the differences in rhizosphere micro-
bial communities (Dubeux et al., 2017).

Nitrogenase-mediated BNF process has been reported to ben-
efit legume growth by the improvement of the availability of N that
can be directly used by plants (Mus et al., 2016; Welbaum, Sturz,
Dong, & Nowak, 2004). BNF, a key component of the nitrogen
cycle, is particularly important in agricultural ecosystems because
it helps reduce N fertilizer utilization and resulting environmental
issues related to N fertilizer inputs such as ammonia volatilization
and nitrate leaching (Ju et al., 2009). Bacteria are central performer
in BNF process and reveal considerable biodiversity among di-
azotrophic organisms. It is estimated that 15,000 legume species
form symbiotic associations with N-fixing rhizobia bacteria such
as Rhizobia belonging to Alphaproteobacteria (Sprent, 2001). In
addition to Rhizobia, N-fixation ability has been found in other
bacterial phylogenetic groups, including green sulfur bacteria,
Firmibacteria, Actinobacteria, Cyanobacteria, and other subdivi-
sions of the Proteobacteria (Dixon & Kahn, 2004; Welbaum et al.,
2004). Biological nitrogen fixation is an enzymatic reduction pro-
cess, which is generally controlled by the nitrogenase enzyme that
conventionally consists of the iron (Fe) protein and the molybde-
num-iron (MoFe) protein (Zehr & Turner, 2001). The conventional
nitrogenase is encoded by a core of nif genes including nifH, nifK,
nifB, nifZ, nifE, nifN, nifZ, and nifX, which are all required for nitro-
genase synthesis and catalysis (Dos Santos, Fang, Mason, Setubal,
& Dixon, 2012; Mus et al., 2016). To our knowledge, little has been
known for assessing the changes of nitrogenase genes in symbiotic
bacteria associated with different RP cultivars.

The objective of our study is to identity the influences of differ-
ent RP cultivars on the community structure and predicted function
in N fixation of soil bacterial communities. We describe the diver-
sity (16S rRNA genes) for bacteria using next generation amplicon
sequencing. Tax4Fun coupled with metabolic references (Kyoto
Encyclopedia of Genes and Genomes [KEGG]) was performed to
link the phylogenetic and functional diversity of detected bacterial
communities (Asshauer, Wemheuer, Daniel, & Meinicke, 2015).

2 | MATERIALS AND METHODS

2.1 | Experimental site and sampling strategy

The study is located at the North Florida Research and Education
Center (NFREC) in Marianna, FL (30°52’N, 85°11'W). The mean an-
nual precipitation (MAP) during the past 30 years at the experiment
site is 1,360 mm, and mean altitude is 35 m a.s.l. The dominant soil
types are classified as Red Bay fine sandy loam (fine-loamy, kaolinitic
and thermic Rhodic Kandiudults; Soil Survey Staff, 1999). The ex-
periment was established in September 2010 with planting seven RP
cultivars: Latitude, UF Tito, UF Peace, Florigraze, Arbrook, Ecoturf,
and Arblick. These cultivars are well-adapted to the southeastern
states of the USA (Dubeux et al., 2017). Planting material was ob-
tained from the UF/IFAS, NFREC RP germplasm collection. The soil
was disked and harrowed before planting. Treatments consisting of
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FIGURE 1 Bacterial alpha diversity estimated by OTU richness, Shannon index, Inverse Simpson, and Chao 1 in soil cropped with seven
rhizome peanut cultivars. Points represent the samples in each cultivar. The boxplot shows quartile values for each taxon colored by seven

rhizome peanut cultivars. No significant differences were found among different cultivars (One-way ANOVA, p > .05)

TABLE 1 The number of reads and bacterial alpha diversity estimated by OTU richness, Shannon index, Inverse Simpson index, and Chao
1 (mean + SE) using taxon resolution of 97% sequence similarity, respectively in seven different peanut cultivars in Marianna, Florida of USA

Rhizoma peanut

ARBLICK
ARBROOK
ECOTURF
FLORIGRAZE
LATITUDE
UF_PEACE
UF_TITO

Reads

5,715
4,311
5,740
7,204
5,604
5,474
4,564

OTU richness Shannon index Inverse Simpson Chao 1
F=0.762 F=0.712 F=0.998 F=0.503
p=.602 p=.641 p=.433 p =.805

795 + 27° 6.19 +0.08° 280.95 + 28.867 1,696 + 73.40°
733 £ 22° 6.07 £ 0.05° 229.09 + 17.86" 1,540 + 85.75%
760 + 17° 6.13 +0.04° 248.64 + 15.61% 1,564 + 59.68°
784 + 287 6.19 +0.07° 291.58 + 21.67° 1,657 +79.58%
770 + 172 6.17 +0.03? 272.84 £12.29° 1,597 + 60.03°
775 £ 19° 6.15 +0.06° 257.97 + 21.78° 1,618 + 55.15°
747 + 347 6.07 +0.09° 244.36 + 29.15° 1,599 + 95.17°

Note: Bacterial alpha diversity was calculated with the same surveying effort (n = 1,800). Same superscript letters indicate statistical differences at a
p-value of >.05 (ANOVA) among sites by least significant difference (LSD) tests.
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FIGURE 2 Nonmetric multidimentional
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FIGURE 3 Cluster analysis of bacterial communities based on Bray-Curtis distance matrix. Samples were collected in Marianna in April,
2017. LAT, LATITUDE; ARBL, ARBLICK; ARBR, ARBROOK; TITO, UF_TITO; Peace, UF_PEACE; ECO, ECOTURF; and FLO, FLORIGRAZE.
Roman numerals represent the soils which were collected in different replicates. More information was shown in Table S1

seven RP cultivars were allocated in a randomized complete block
design. Each treatment had four replicates. The size of each plot was
2 m x 3 m, with 2 m alley between plots. During the experimental
period, chemical weed control was performed in April 2015. In addi-
tion, in June 2014 and in April 2015, we topdressed 56 and 74 kg/ha
potassium (K), 29 and 10 kg/ha phosphorus (P), respectively, in soil.
More details regarding the experimental management are given by
Dubeux Jr et al. (2017).

Sampling work was carried out in April 2017. To decrease the
random effect of spatial variations in soil microbial communities, we
selected three soil cores (3 cm diameter x 10 cm depth) in each plot
(Table S1). Thus, a total of 84 samples were collected in the experi-
mental site. Each soil sample was placed into a sterile plastic bag and
put in the icebox immediately. All samples were then transported to
the laboratory within 2 hr where they were sieved to 2 mm, thor-

oughly homogenized, and stored at 80°C for DNA extraction.
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2.2 | DNA extraction, PCR
amplification and sequencing

Total genomic DNA was extracted from 0.5 g of well-mixed soil for
each sample using the DNeasy PowerSoil® Kit (QIAGEN) follow-
ing the manufacturer's instructions. The concentration and quality
of DNA were assessed based on the absorbance ratios (A,,./A,q,
and A,,/A,50) by a NanoDropT'VI One (Thermo Scientific). Extracted
DNA samples were preserved at -20°C until use for PCR.

An amplicon survey of the 16S ribosomal RNA (rRNA) genes (prim-
ers 515F/806R targeting the V4 region) was performed to provide a
higher resolution and more in-depth analysis of the taxonomic com-
position and diversity of the bacterial communities (Caporaso et al.,
2012). Amplicon libraries were prepared utilizing a frame-shift tagging
system in the primer sequence (Lundberg, Yourstone, Mieczkowski,
Jones, & Dangl, 2013) to generate high diversity libraries necessary
for MiSeq sequencing. The frame-shift method has been reported
to be able to eliminate the need for Phi X spiking before sequenc-
ing (Lundberg et al., 2013). Three PCR amplification steps were per-
formed with a S1000 Thermal Cycler (Bio-Rad). Reagents and reaction
conditions for three PCR amplification steps were shown in Table S2.
More details of PCR amplification are described by Chen, Liao, Arnold,
Bonito, & Lutzoni (2018). Obtained PCR products were verified on 1%
agarose gels and purified using AMPPure XP beads (Beckman Coulter)
following the manufacturer's instructions. Sequencing was conducted
on an lllumina MiSeq sequencer (v2 250PE) at the Center for Genomic
and Computational Biology, Duke University. The data of raw reads
have been deposited into the NCBI Sequence Read Archive under ac-
cession number SRA063935.

2.3 | Bioinformatics analysis of sequencing data

Raw sequences with an average quality score >30 were obtained

in MiSeq sequencing machine in FASTQ format. The forward and

100 -

80

reverse directions for each sample were generated into separated
files. First, the files corresponding to the forward and reverse di-
rections of each sample were merged into a single file and added
tags for each sequence. The primers of the forward and reverse
directions were then trimmed with up to one mismatch allowed
and starting position <20. Secondly, forward and reverse reads of
same sequence with at least 30 bp overlap and <0.25 mismatches
were combined as single sequence by using FLASH v1.2.5 (Magoc
& Salzberg, 2011). The sequences were then quality trimmed using
Btrim (Kong, 2011) with threshold of QC > 30 over 5 bp window
size. After extracting the FASTA format from trimmed FASTQ for-
mat, we removed the bases after N and trimmed the sequences
based on the length. Only sequences longer than 245 bp and shorter
than 260 bp were kept. Thereafter, sequences were clustered into
operational taxonomic units (OTUs) using the 97% identity thresh-
old with UPARSE (Edgar, 2013) and singleton OTUs (with only one
read) were removed. Final OTUs were generated based on the
clustering results. Taxonomic assignment was carried out with the
Ribosomal Database Project (RDP) classifier against the SILVA SSU
rRNA database (Quast et al., 2013). To correct for sampling effort
(number of analyzed sequences per sample), we used a randomly
selected subset of 1,800 sequences per sample for subsequent
community analysis through the resampled OTU table deposited at
Dryad (https://doi.org/10.5061/dryad.7034412). There were three
samples with very low reads (from the plot Florigraze, Arbrook and
Arblick), and thus, a total of 81 samples were used for analysis. The
abovementioned steps were performed using an in-house pipeline
that was built on the Galaxy platform at the Research Center for
Eco-Environmental Sciences, Chinese Academy of Sciences (http://
mem.rcees.ac.cn:8080/). Functional profiles were predicted based
on the 16S rRNA gene sequencing data using Tax4Fun deposited at
Dryad (https://doi.org/10.5061/dryad.7034412). Tax4Fun is a novel
tool for predicting functional community profiles based upon bacte-

rial 16S sequencing data. Recent studies have shown that Tax4Fun
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FIGURE 4 Relative abundance of the dominant groups at the phylum levels (>1% average relative abundance across all soils) of bacterial

communities in soil cropped with seven rhizome peanut cultivars
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provides a high correlation between functional profiles predicted
by 16S sequencing data and whole metagenome sequence data in
the soil system (Asshauer et al., 2015; Kaiser et al., 2016). We here
mainly focused on the differences of predicted abundances of nitro-
genase genes across cultivars. In order to access the functional di-
versity of BNF across RP cultivars, 13 genes encoding nitrogenases
were selected based on Tax4Fun analysis, including Nif-specific
regulatory protein, nitrogenase (EC:1.18.6.1), NifB, nitrogenase mo-
lybdenum-iron protein alpha chain (EC:1.18.6.1), NifE, NifH, nitroge-
nase molybdenum-iron protein beta chain (EC:1.18.6.1), NifN, NifT,
NifV, nitrogenase-stabilizing/protective protein, NifX, and NifZ.

2.4 | Statistical analysis

All statistical analyses were performed in R version 3.5.0 (R Core
Team, 2018). We used the OTU richness, Shannon index, Inverse
Simpson index, and Chao 1 to estimate alpha diversity of bacterial
communities. A one-way analysis of variance (ANOVA) followed by
least significant difference (LSD) test was performed to detect the
significant differences among different cultivars. Nonmetric mul-
tidimensional scaling (NMDS) ordination was used to assess varia-
tions in bacterial community composition across cultivars. NMDS
analyses were performed using the MetaMDS function based on
dissimilarities calculated using the Bray-Curtis index. A dissimilarity
test of the patterns in composition across sites was performed using
nonparametric multivariate statistical tests and analysis of simi-
larities (ANOSIM, 9,999 permutations; Clarke, 1993). Both NMDS
and ANOSIM were performed with the vegan and ape R package
(Oksanen et al., 2013). Hierarchical cluster analysis of the bacterial
communities based on the Bray-Curtis dissimilarity matrix was con-
ducted with the hclust function in package vegan, and classification
boxes were added using the ordicluster function.

To investigate the differences of the bacterial taxonomic com-
position across different cultivars, we first chose 13 dominant phyla
(class) based on the taxonomic abundance data (relative abundance
>1%) to display the differences among cultivars at the phylum lev-
els. We then chose 20 dominant genera based on the taxonomic
abundance data (average abundance >10 across all soil samples)
and conducted multivariate data analysis with FactoMineR R pack-
age. The methods implemented in the package are conceptually
similar with classical multivariate data analysis like principal com-
ponent analysis (PCA) or correspondence analysis, but the graph-
ical outputs including variables factor map and individuals factor
map can display clearer distribution of the dominant bacterial taxa

across cultivars than using the traditional PCA method.

3.1 | Distribution of bacterial taxa and alpha

Across all soil samples, we obtained a total of 446,107 high-qual-
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FIGURE 6 Predicted abundances of enzyme-encoding genes involved in nitrogen fixation. The color code refers to gene abundance, with

high predicted abundances (red) and low predicted abundances (gray)

5,507). The sequences were then grouped into 8,443 operational
taxonomic units (OTUs) with a 97% sequence similarity thresh-
old. Of these sequences, 99.1% was classified at the phylum level.
All samples were compared at an equivalent sequencing depth
of 1,800 randomly selected 16S rRNA gene amplicons per sam-
ple. The dominant phyla across all samples were Acidobacteria
(22.83%), (14.18%),

Alphaproteobacteria Actinobacteria

(10.57%), Betaproteobacteria (6.93%), Bacteroidetes (6.49%),
Verrucomicrobia  (6.47%), Gammaproteobacteria  (3.60%),
Deltaproteobacteria  (3.54%), Gemmatimonadetes (2.36%),

Firmicutes (2.23%), Nitrospirae (1.84%), Chloroflexi (1.33%),
and Planctomycetes (1.16%) (relative abundance > 1% across all
samples), accounting for more than 69.4% of all sequences ana-
lyzed. Other phyla including Armatimonadetes, Thaumarchaeota,
Chlamydiae, Cyanobacteria, and Euryarchaeota were also present
in all samples with relatively low abundances, and 14 other rare
phyla were identified. At genus level, GP1 was predominant across
all samples. Other abundant genera such as Gp3, Spartobacteria,
Gp4, Gp2, Gemmatimonas, Gaiella, Nitrospira, Gpé, and so on were

also observed in this study.
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The estimated bacterial diversity (i.e., OTU richness, Shannon
index, Inverse Simpsons index, and Chao 1) did not vary considerably
across seven different cultivars (Figure 1). No statistically significant
differences (ANOVA, p > .05) in alpha diversity were found for OTU
richness, Shannon index, Inverse Simpson index, and Chao 1 under dif-
ferent cultivars (Table 1). Soils from Arblick and Florigraze plots had rel-

atively high diversity while soils from Arbrook plots were relatively low.

3.2 | Bacterial beta diversity

We further investigated the variation in bacterial beta diversity
across different RP cultivars. Community composition similarity
across all soil samples was calculated using the Bray-Curtis abun-
dance-based distance index, which was highly correlated with the
incidence-based Jaccard index (Mantel test: R = 0.99 and p = .001).
The variation in community composition across cultivars is deline-
ated on the first two coordinates of the nonmetric multidimensional
scaling ordination. We found no differences in composition among
different RP cultivars (Figure 2). The dissimilarity analysis of commu-
nity composition showed that the bacterial community structures
were not significantly different between different cultivars (analysis
of similarities: R = 0.089 and p = .233).

Hierarchical cluster analysis showed that the bacterial communities
from all soils were clustered into three groups based on Bray-Curtis
distance (Figure 3). Group 1 consisted of 19 samples and 14 of which
(74%) were from Arblick, Arbrook, and Ecoturf. Group 2 consisted of
43 samples and 31 of which (72%) were from Latitude, UF Tito, UF
Peace, Arblick, and Florigraze. Group 3 consisted of 24 samples and 17
of which (71%) were from UF Tito, UF Peace, Florigraze, and Ecoturf.

3.3 | The taxonomic abundance of bacterial
dominant groups

The relative abundances of dominant bacterial phyla (>1% average rel-
ative abundance across all samples) showed some differences across
seven cultivars (Figure 4). Significant among-cultivar differences
were found in Alphaproteobacteria, Actinobacteria, Verrucomicrobia,
and Nitrospirae (ANOVA, p < .05, Table 2). Relative abundance of
Alphaproteobacteria in Florigraze soils was significantly higher than
that in other RP cultivar soils (LSD, p < .05). At a finer taxonomic level,
we also found significant differences among RP cultivars in some bac-
terial genera including Nitrospira, Pseudolabrys, Streptophyta, Bacillus,
and Subdivision3_genera_incertae_sedis (ANOVA, p < .05, Table S3).
Moreover, the distribution of dominant bacterial genera showed dif-
ferences across cultivars (Figure 5; Table S3). Gp4, Gpé, and Gp7 were
dominant in soils from Arblick. Gp1, Gp3, and Subdivision3_genera_in-
certae_sedis were dominant in soils from Arbrook. Sphingomonas,
Bradyrhizobium, and Gaiella were dominant in soils from Florigraze.

3.4 | Functional profiles of bacterial communities

All nigrogenases genes we examined have been shown function-
ally associated with bacteria-driven BNF (Dixon & Kahn, 2004).
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Generally, the nitrogenase genes were more abundant in Florigraze
and Latitude soils while relatively lower in Arbook and UF_TITO
soils when compared with other cultivars (Figure 6 and Table 3). The
relative abundances of genes for nitrogenase Nif-specific regulatory
protein, nitrogene (EC:1.18.6.1), and nitrogen fixation protein NifT
were significantly different among seven rhizoma peanut cultivars
(ANOVA, p < .05). The relative abundances of genes for Nif-specific
regulatory protein and nitrogenase (EC:1.18.6.1) were extremely
high and low, respectively, when associated with cultivars compared
to other genes examined. The predicted abundances of genes en-
coding nitrogenase iron protein (NifH), nitrogenase molybdenum-
cofactor synthesis protein (NifE), nitrogenase molybdenum-iron
protein alpha chain (EC:1.18.6.1), and nitrogen fixation protein (NifB)
were relatively lower in Arbrook soils compared with other genes.
The predicted abundances of genes encoding Nif-specific regulatory
protein were significantly lower in Florigraze soils compared with the
soils grown with Arblick, Arbrook, Ecotorf, and UF Peace (p < .05).

4 | DISCUSSION

In this study, we investigated the changes of soil bacterial com-
munities with seven different RP cultivars in an experimental field
in Florida. We found no significant differences in the taxonomic
diversity and composition of bacterial communities among seven
RP cultivars (Figures 1, 2, Table 1). The results indicate that the soil
with different RP cultivars harbored similar bacterial communities.
This finding is not consistent with previous reports showing a sig-
nificant effect of plant species or cultivar on bacterial community
diversity (Marschner, Yang, Lieberei, & Crowley, 2001; Weinert et
al., 2010). This is probably because bacterial diversity in soils with
rhizoma peanut in our experiment may be primarily determined
by the soil properties (Girvan, Bullimore, Pretty, Osborn, & Ball,
2003; M et al,, 2001). Although different peanut cultivars were
cropped in our field experiment, the soil type, pH, and the condi-
tions of soil moisture and nutrient were similar in the fine-scale
study region. Previous studies have demonstrated that at small or
local scales (centimeters to meters), the diversity of soil microbial
communities are often determined by variation in the soil physico-
chemical parameters (Wang et al., 2015; Wardle, 2002). An alter-
native explanation is that the samples we collected were the mix
of rhizosphere and bulk soils. In general, only the root-associated
bacterial communities are relatively sensitive to different cultivars,
as host plants and their root exudates have been reported greatly
affecting soil bacterial community structures in the previous stud-
ies (Marcel, Bardgett, & van Straalen, 2008; Stephan, Meyer, &
Schmid, 2000). Furthermore, selection of primers used for ampli-
fication of bacterial rRNA gene will affect the outcome of studies
examining bacterial community structure. In this study, we only
concentrated on bacterial rRNA gene for the bacterial community
analysis. However, the relative conservation of the 16S rDNA may
not represent all the variation in bacterial community diversity
such as certain species-level variation (Ranjard et al., 2001).
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TABLE 3 Predicted abundances of enzyme-encoding nitrogenase genes (mean #* SE x 107°) among different rhizoma peanut cultivars in
Marianna, Florida, USA using Tax4Fun

KO number

K02584 K00531 K02585 K02586 K02587 K02588

F=2.70 F=2.96 F=1.51 F=1.30 F=1.21 F=1.31

p=.02 p=.01 p=.18 p=.27 p=.31 p=.26
ARBLICK 85.86 +3.23 bc 0.16 £ 0.01 ac 740 £0.22 ab 9.41+0.36 ab 9.16 £0.50 a 6.29 +£0.24 ab
ARBROOK 83.80 + 3.38 bd 0.15+0.01a 6.83+0.25a 8.77 +0.38 ab 8.69 +0.49 ab 5.86 +0.25a
ECOTURF 82.95+2.73 bd 0.18 £0.02 ac 7.13+0.47 ab 9.02 £ 0.65 ab 8.42 +0.56 ab 6.06 +£0.44 ab
FLORIGRAZE 72.32+4.85a 0.22+0.02b 8.00 + 0.53 bc 10.10 £ 0.72 bc 9.07 £ 0.51 ac 6.81 +0.49 bc
LATITUDE 78.98 + 2.44 abd 0.19 £ 0.01 bc 7.58 £ 0.30 ab 9.51+0.38 ab 8.67 +0.38 ab 6.38 £0.25 ab
UF_PEACE 81.49 + 3.33 bd 0.16 £ 0.01 ac 7.06 £0.21 ab 8.80+0.29 ab 8.22 £ 0.28 ab 5.91+0.19 ad
UF_TITO 76.50 £ 2.51 ad 0.18 £0.01 ac 6.85 +0.26 ad 8.55+0.33 ad 778+0.27 b 5.76 £ 0.22 ad

Note: Different letters indicate statistical differences at a p-value of <.05 (ANOVA) among rhizoma peanut cultivars by least significant difference

(LSD) test.

Although no significant differences in diversity and composition
of bacterial communities were detected among RP cultivars, taxo-
nomic abundance in some bacterial dominant groups, examined by
different taxonomic levels showed significant among-cultivar differ-
ences (Figures 4, 5, Table 2; Table S3). This finding suggests that plant
genotypes may not result in a different selection for the specific taxa
in a community, but could cause the changes of dominance of certain
taxa in that community. Some microorganisms indeed have a partic-
ular affinity for certain plant genotypes, which is in accordance with
previous reports showing the effects of plant genotypes on microor-
ganisms in the rhizosphere (Bressan et al., 2009; Meyer et al., 2010).
Interestingly, significant differences in abundances of dominant bac-
terial genera (Pseudolabrys, Streptophyta, Bacillus, Subdivision3_gen-
era_incertae_sedis, and Nitrospira) among RP cultivars were mainly
observed for microorganisms belonging to Alphaproteobacteria,
Cyanobacteria, Firmicutes, Verrucomicrobia, and Nitrospirae, re-
spectively (Table 2), which were all demonstrated to have the po-
tential ability of N fixation in bacterial communities (Dedysh, Ricke,
& Liesack, 2004; Deluca, Zackrisson, Nilsson, & Sellstedt, 2002;
Kalyuzhnaya et al., 2008; Philippot et al., 2013; Reed, Townsend,
Cleveland, & Nemergut, 2010; Wertz, Kim, Breznak, Schmidt, &
Rodrigues, 2018). Such an among-cultivar difference of taxonomic
abundance of some dominant bacterial groups may suggest a differ-
ence of BNF potentials among RP cultivars. In addition, nine domi-
nant phyla including Proteobacteria, Acidobacteria, Actinobacteria,
Verrucomicrobia, Bacteroidetes, Gemmatimonadetes, Firmicutes,
Nitrospirae, Chloroflexi, and Planctomycetes were detected in
our study. This finding is also in agreement with previous reports
conducted in peanut cropping soils (Sudini, Liles, Arias, Bowen, &
Huettel, 2011).

The availability of N is frequently a major factor affecting
crop productivity in agro-ecosystems. Therefore, understanding
BNF potential bacteria is of tremendous importance to agricul-

tural management practices (Vitousek et al., 2002). In our study,

we investigated the differences of bacterial functioning in BNF
among different RP cultivars, based on predicted abundances of
enzyme-encoding nitrogenase genes using a new bioinformatic
tool Tax4Fun. As expected, the predicted abundances of nitroge-
nase genes showed some differences across RP cultivars (Figure 6,
Table 3). This finding is consistent with our predictions, indicat-
ing the significant differences of abundance in some BNF-related
taxa. This suggests that plant genome may regulate the metabolic
programs that microorganisms use for BNF, or alternatively select
the microorganisms that have different BNF efficiency (Berendsen
et al., 2012). Higher abundance in most examined nitrogenase
genes in Florigraze soils than other cultivars also indicates that
Florigraze may have high potentials in BNF.

In conclusion, this study represents an attempt to assess the
cultivar effect of RP on soil bacterial communities in a field ex-
periment of southeastern USA. We provided direct evidence that
different RP cultivars have no effects on the bacterial taxonomic
diversity and composition, whereas the abundance of some dom-
inant bacterial groups that have N-fixation potentials and the pre-
dicted abundances of some nitrogenase genes showed significant
among-cultivar differences. Such a result suggests that bacterial
specific function such as nitrogen fixation in ecosystems could be
determined by the taxonomic abundance of some dominant groups
in a community despite of the characteristics of their community
composition and diversity.
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K02591 K02592 K02593 K02594 K02595 K02596 K02597
F=1.26 F=2.08 F=2.25 F=1.27 F=211 F=1.28 F=2.09
p=.29 p =.07 p =.05 p=.28 p=.06 p=.27 p=.06
9.87 £0.38 ab 5.59 +0.18 ab 0.71+£0.03 ab 4.67+0.21a 1.09 £ 0.03 ab 2.02 +0.07 ab 1.40+0.04 ab
9.21 £0.40 ab 490+0.21a 0.63+0.03a 4.32+0.21ab 0.95+0.04 a 1.87 £ 0.08 ab 1.24 +0.05a
9.48 £ 0.69 ab 5.51+0.41 ab 0.72 +0.05 ac 426 +0.27 ab 1.07 £ 0.08 ab 1.92+0.13ab 141+0.11ab
10.60 £0.75 a 6.35+0.51 b 0.83+0.07 c 4.69 £0.26 ac 1.22+£0.09 b 2.13+0.13a 1.61+0.13b
9.98 +0.40 ab 6.02 +0.26 bc 0.78 £ 0.03 bc 4,57 +0.21 ab 1.17 £ 0.05 bc 2.04 £ 0.09 ab 1.51 £ 0.06 bc
9.25+0.31 ab 5.56 +0.19 ab 0.72 +£0.02 ac 4.30+0.18 ab 1.09 £ 0.04 ab 1.90 £ 0.06 ab 1.42 +0.05 ab
8.98+0.34b 5.40+0.29 ac 0.71+0.04 ab 404+0.14b 1.06 £ 0.05 ac 1.83+0.07 b 1.39 £ 0.07 ac

CONFLICT OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

H.-L.L., J.C.B.D., C.-M,, and A.-B. designed the experiments, X.-B.W.
and C.-M.H. performed the experiment, X.-B.W. analyzed the data
and wrote the paper with the suggestions of H.-L.L. and X.-G. H.. All

coauthors contributed to manuscript editing.

DATA AVAILABILITY STATEMENT

Sequencing raw data has been deposited into the NCBI Sequence
Read Archive under accession number SRA063935. The OTU table
and predicted functional profiles that were used for taxonomic and
functional analysis are available at Dryad (https://doi.org/10.5061/
dryad.7034412).

ORCID

Xiao-Bo Wang https://orcid.org/0000-0003-2278-2464

REFERENCES

Aira, M., Gomez-Brandon, M., Lazcano, C., Baath, E., & Dominguez,
J. (2010). Plant genotype strongly modifies the structure and
growth of maize rhizosphere microbial communities. Soil Biology
& Biochemistry, 42, 2276-2281. https://doi.org/10.1016/j.s0ilb
i0.2010.08.029

Asshauer, K. P., Wemheuer, B., Daniel, R., & Meinicke, P. (2015). Tax4Fun:
Predicting functional profiles from metagenomic 16S rRNA data.
Bioinformatics, 31, 2882-2884.

Badri, D. V., & Vivanco, J. M. (2009). Regulation and function of root
exudates. Plant Cell and Environment, 32, 666-681. https://doi.
org/10.1111/j.1365-3040.2009.01926.x

Berendsen, R. L., Pieterse, C. M. J., & Bakker, P. (2012). The rhizosphere
microbiome and plant health. Trends in Plant Science, 17, 478-486.
https://doi.org/10.1016/j.tplants.2012.04.001

Berg, G., & Smalla, K. (2009). Plant species and soil type cooperatively
shape the structure and function of microbial communities in
the rhizosphere. FEMS Microbiology Ecology, 68, 1-13. https://doi.
org/10.1111/j.1574-6941.2009.00654.x

Bressan, M., Roncato, M. A., Bellvert, F., Comte, G., Haichar, F. E.,
Achouak, W., & Berge, O. (2009). Exogenous glucosinolate pro-
duced by Arabidopsis thaliana has an impact on microbes in the rhi-
zosphere and plant roots. ISME Journal, 3, 1243-1257. https://doi.
org/10.1038/ismej.2009.68

Briones, A. M., Okabe, S., Umemiya, Y., Ramsing, N. B., Reichardt, W.,
& Okuyama, H. (2002). Influence of different cultivars on popula-
tions of ammonia-oxidizing bacteria in the root environment of rice.
Applied and Environmental Microbiology, 68, 3067-3075. https://doi.
org/10.1128/AEM.68.6.3067-3075.2002

Broeckling, C. D., Broz, A. K., Bergelson, J., Manter, D. K., & Vivanco, J. M.
(2008). Root exudates regulate soil fungal community composition
and diversity. Applied and Environmental Microbiology, 74, 738-744.

Caporaso, J. G., Lauber, C. L., Walters, W. A, Berg-Lyons, D., Huntley, J.,
Fierer, N, ... Knight, R. (2012). Ultra-high-throughput microbial com-
munity analysis on the lllumina HiSeq and MiSeq platforms. ISME
Journal, 6, 1621-1624. https://doi.org/10.1038/ismej.2012.8

Castillo, M. S, Sollenberger, L. E., Mullenix, M. K., Blount, A. R., Williams,
M. J., & Mackowiak, C. L. (2015). Grazing management affects es-
tablishment performance of Rhizoma peanut strip planted into
Bahiagrass Pasture. Crop Science, 55, 2384-2389. https://doi.
org/10.2135/cropsci2015.02.0090

Cathey, S. E., Sinclair, T. R., & Mackowiak, C. L. (2013). Nitrogen limitation
of rhizoma peanut growth. Journal of Plant Nutrition, 36, 311-328.
https://doi.org/10.1080/01904167.2012.739250

Chen, K. H., Liao, H. L., Arnold, A. E., Bonito, G., & Lutzoni, F. (2018).
RNA-based analyses reveal fungal communities structured by a se-
nescence gradient in the moss Dicranum scoparium and the pres-
ence of putative multi-trophic fungi. New Phytol, 218, 1597-1611.

Clarke, K. R. (1993). Non-parametric multivariate analyses of changes
in community structure. Austral Ecology, 18, 117-143. https://doi.
org/10.1111/j.1442-9993.1993.tb00438.x

Dedysh, S. N., Ricke, P., & Liesack, W. (2004). NifH and NifD phylogenies:
An evolutionary basis for understanding nitrogen fixation capabilities


info:x-wiley/peptideatlas/SRA063935
https://doi.org/10.5061/dryad.7034412
https://doi.org/10.5061/dryad.7034412
https://orcid.org/0000-0003-2278-2464
https://orcid.org/0000-0003-2278-2464
https://doi.org/10.1016/j.soilbio.2010.08.029
https://doi.org/10.1016/j.soilbio.2010.08.029
https://doi.org/10.1111/j.1365-3040.2009.01926.x
https://doi.org/10.1111/j.1365-3040.2009.01926.x
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1111/j.1574-6941.2009.00654.x
https://doi.org/10.1111/j.1574-6941.2009.00654.x
https://doi.org/10.1038/ismej.2009.68
https://doi.org/10.1038/ismej.2009.68
https://doi.org/10.1128/AEM.68.6.3067-3075.2002
https://doi.org/10.1128/AEM.68.6.3067-3075.2002
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.2135/cropsci2015.02.0090
https://doi.org/10.2135/cropsci2015.02.0090
https://doi.org/10.1080/01904167.2012.739250
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x

WANG ET AL.

12686 WI LEY—ECOlOgy and Evolution

Open Access,

of methanotrophic bacteria. Microbiology, 150, 1301-1313. https://
doi.org/10.1099/mic.0.26585-0

Deluca, T. H., Zackrisson, O., Nilsson, M. C., & Sellstedt, A. (2002).
Quantifying nitrogen-fixation in feather moss carpets of boreal for-
ests. Nature, 419, 917-920. https://doi.org/10.1038/nature01051

Dixon, R., & Kahn, D. (2004). Genetic regulation of biological nitro-
gen fixation. Nature Review Microbiology, 2, 621-631. https://doi.
org/10.1038/nrmicro954

Dos Santos, P. C., Fang, Z., Mason, S. W., Setubal, J. C., & Dixon, R. (2012).
Distribution of nitrogen fixation and nitrogenase-like sequences
amongst microbial genomes. BMC Genomics, 13, 162. https://doi.
org/10.1186/1471-2164-13-162

Dubeux Jr, J. C. B., Blount, A. R. S., Mackowiak, C., Santos, E. R. S.,
Pereira Neto, J. D., Riveros, U, ... Ruiz-Moreno, M. (2017). Biological
N2 fixation, belowground responses, and forage potential of rhizoma
peanut cultivars. Crop Science, 57, 1027-1038.

Edgar, R. C. (2013). UPARSE: Highly accurate OTU sequences from mi-
crobial amplicon reads. Nature Methods, 10, 996-998. https://doi.
org/10.1038/nmeth.2604

Feng, Y.Z., Yu, Y. J,, Tang, H. Y., Zu, Q. H., Zhu, J. G., & Lin, X. G. (2015).
The contrasting responses of soil microorganisms in two rice culti-
vars to elevated ground-level ozone. Environmental Pollution, 197,
195-202. https://doi.org/10.1016/j.envpol.2014.11.032

Garay, A. H., Sollenberger, L. E., Staples, C. R., & Pedreira, C. G. S.
(2004). ‘Florigraze' and ‘Arbrook’ rhizoma peanut as pasture for
growing Holstein heifers. Crop Science, 44, 1355-1360. https://doi.
org/10.2135/cropsci2004.1355

Germida, J. J., & Siciliano, S. D. (2001). Taxonomic diversity of bacte-
ria associated with the roots of modern, recent and ancient wheat
cultivars. Biology and Fertility of Soils, 33, 410-415. https://doi.
org/10.1007/s003740100343

Girvan, M. S., Bullimore, J., Pretty, J. N., Osborn, A. M., & Ball, A. S.
(2003). Soil type is the primary determinant of the composition of
the total and active bacterial communities in arable soils. Applied and
Environmental Microbiology, 69, 1800-1809. https://doi.org/10.1128/
AEM.69.3.1800-1809.2003

Gransee, A., & Wittenmayer, L. (2000). Qualitative and quantitative anal-
ysis of water-soluble root exudates in relation to plant species and
development. Journal of Plant Nutrition and Soil Science, 163, 381-385.

Herridge, D. F., Peoples, M. B., & Boddey, R. M. (2008). Global inputs
of biological nitrogen fixation in agricultural systems. Plant and Soil,
311, 1-18.

Ju, X. T, Xing, G. X., Chen, X. P, Zhang, S. L., Zhang, L. J., Liu, X. J,, ...
Zhang, F. S. (2009). Reducing environmental risk by improving N
management in intensive Chinese agricultural systems. Proceedings
of the National Academy of Sciences of the United States of America,
106, 3041-3046.

Kaiser, K., Wembheuer, B., Korolkow, V., Wemheuer, F., Nacke, H.,
Schoning, L., ... Daniel, R. (2016). Driving forces of soil bacterial com-
munity structure, diversity, and function in temperate grasslands and
forests. Scientific Reports, 6, 33696. https://doi.org/10.1038/srep3
3696

Kalyuzhnaya, M. G., Lapidus, A., lvanova, N., Copeland, A. C., McHardy,
A. C., Szeto, E., ... Chistoserdova, L. (2008). High-resolution metag-
enomics targets specific functional types in complex microbial
communities. Nature Biotechnology, 26, 1029-1034. https://doi.
org/10.1038/nbt.1488

Kong, Y. (2011). Btrim: A fast, lightweight adapter and quality trimming
program for next-generation sequencing technologies. Genomics, 98,
152-153. https://doi.org/10.1016/j.ygeno.2011.05.009

Lesuffleur, F., Paynel, F., Bataille, M. P., Le Deunff, E., & Cliquet,
J. B. (2007). Root amino acid exudation: measurement of high
efflux rates of glycine and serine from six different plant spe-
cies. Plant and Soil, 294(1-2), 235-246. https://doi.org/10.1007/
s11104-007-9249-x

Lundberg, D. S., Yourstone, S., Mieczkowski, P., Jones, C. D., & Dangl,
J. L. (2013). Practical innovations for high-throughput amplicon se-
quencing. Nature Methods, 10, 999-1002. https://doi.org/10.1007/
s11104-007-9249-x.

Magoc, T., & Salzberg, S. L. (2011). FLASH: Fast length adjustment of
short reads to improve genome assemblies. Bioinformatics, 27, 2957-
2963. https://doi.org/10.1093/bioinformatics/btr507

Manter, D. K., Delgado, J. A., Holm, D. G., & Stong, R. A. (2010).
Pyrosequencing reveals a highly diverse and cultivar-specific bac-
terial endophyte community in potato roots. Microbial Ecology, 60,
157-166. https://doi.org/10.1007/s00248-010-9658-x

Marcel, G. A. H., Bardgett, R. D., & van Straalen, N. M. (2008). The un-
seen majority: Soil microbes as drivers of plant diversity and produc-
tivity in terrestrial ecosystems. Ecology Letters, 11, 296-310. https://
doi.org/10.1111/j.1461-0248.2007.01139.x

Marschner, P, Yang, C. H., Lieberei, R., & Crowley, D. E. (2001). Soil and
plant specific effects on bacterial community composition in the
rhizosphere. Soil Biology & Biochemistry, 33, 1437-1445. https://doi.
org/10.1016/50038-0717(01)00052-9

Meyer, J. B., Lutz, M. P,, Frapolli, M., Pechy-Tarr, M., Rochat, L., Keel, C,, ...
Maurhofer, M. (2010). Interplay between wheat cultivars, biocontrol
pseudomonads, and soil. Applied and Environmental Microbiology, 76,
6196-6204. https://doi.org/10.1128/AEM.00752-10

Mus, F., Crook, M. B., Garcia, K., Garcia Costas, A., Geddes, B. A.,
Kouri, E. D., ... Peters, J. W. (2016). Symbiotic nitrogen fixation
and the challenges to its extension to nonlegumes. Applied and
Environmental Microbiology, 82, 3698-3710. https://doi.org/10.1128/
AEM.01055-16

Oksanen, J. F.,, Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R.,
O'Hara, R. B., & Simpson, G. L. (2013). vegan: Community Ecology
Package. R package, Version 2.0-10 edn.

Ortega, J. A., Sollenberger, L. E., Quesenberry, K. H., Cornell, J. A., &
Jones, C. S. (1992). Productivity and persistence of rhizoma peanut
pastures under different grazing managements. Agronomy Journal,
84, 799-804. https://doi.org/10.2134/agronj1992.0002196200
8400050008x

Philippot, L., Raaijmakers, J. M., Lemanceau, P., & van der Putten, W. H.
(2013). Going back to the roots: The microbial ecology of the rhi-
zosphere. Nature Reviews Microbiology, 11, 789-799. https://doi.
org/10.1038/nrmicro3109

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T, Yarza, P., ...
Glockner, F. O. (2013). The SILVA ribosomal RNA gene database
project: Improved data processing and web-based tools. Nucleic
Acids Research, 41, D590-596. https://doi.org/10.1093/nar/
gks1219

R Core Team (2018). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing. https://
www.R-project.org/

Ranjard, L., Poly, F., Lata, J. C., Mougel, C., Thioulouse, J., & Nazaret,
S. (2001). Characterization of bacterial and fungal soil commu-
nities by automated ribosomal intergenic spacer analysis fin-
gerprints: Biological and methodological variability. Applied and
Environmental Microbiology, 67, 4479-4487. https://doi.org/10.1128/
AEM.67.10.4479-4487.2001

Reed, S. C., Townsend, A. R., Cleveland, C. C., & Nemergut, D. R. (2010).
Microbial community shifts influence patterns in tropical forest ni-
trogen fixation. Oecologia, 164, 521-531. https://doi.org/10.1007/
s00442-010-1649-6

Rengel, Z., & Marschner, P. (2005). Nutrient availability and management
in the rhizosphere: Exploiting genotypic differences. New Phytologist,
168, 305-312. https://doi.org/10.1111/j.1469-8137.2005.01558.x

Schlemper, T. R., van Veen, J. A., & Kuramae, E. E. (2018). Co-variation
of bacterial and fungal communities in different sorghum cultivars
and growth stages is soil dependent. Microbial Ecology, 76, 205-214.
https://doi.org/10.1007/s00248-017-1108-6


https://doi.org/10.1099/mic.0.26585-0
https://doi.org/10.1099/mic.0.26585-0
https://doi.org/10.1038/nature01051
https://doi.org/10.1038/nrmicro954
https://doi.org/10.1038/nrmicro954
https://doi.org/10.1186/1471-2164-13-162
https://doi.org/10.1186/1471-2164-13-162
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1016/j.envpol.2014.11.032
https://doi.org/10.2135/cropsci2004.1355
https://doi.org/10.2135/cropsci2004.1355
https://doi.org/10.1007/s003740100343
https://doi.org/10.1007/s003740100343
https://doi.org/10.1128/AEM.69.3.1800-1809.2003
https://doi.org/10.1128/AEM.69.3.1800-1809.2003
https://doi.org/10.1038/srep33696
https://doi.org/10.1038/srep33696
https://doi.org/10.1038/nbt.1488
https://doi.org/10.1038/nbt.1488
https://doi.org/10.1016/j.ygeno.2011.05.009
https://doi.org/10.1007/s11104-007-9249-x
https://doi.org/10.1007/s11104-007-9249-x
https://doi.org/10.1007/s11104-007-9249-x
https://doi.org/10.1007/s11104-007-9249-x
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1007/s00248-010-9658-x
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1016/S0038-0717(01)00052-9
https://doi.org/10.1016/S0038-0717(01)00052-9
https://doi.org/10.1128/AEM.00752-10
https://doi.org/10.1128/AEM.01055-16
https://doi.org/10.1128/AEM.01055-16
https://doi.org/10.2134/agronj1992.00021962008400050008x
https://doi.org/10.2134/agronj1992.00021962008400050008x
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1128/AEM.67.10.4479-4487.2001
https://doi.org/10.1128/AEM.67.10.4479-4487.2001
https://doi.org/10.1007/s00442-010-1649-6
https://doi.org/10.1007/s00442-010-1649-6
https://doi.org/10.1111/j.1469-8137.2005.01558.x
https://doi.org/10.1007/s00248-017-1108-6

WANG ET AL.

Schmidt, R., Ulanova, D., Wick, L. Y., Bode, H. B., & Garbeva, P. (2019).
Microbe-driven chemical ecology: Past, present and future. ISME
Journal, https://doi.org/10.1038/541396-019-0469-x

Siciliano, S. D., Theoret, C. M., de Freitas, J. R., Hucl, P. J., & Germida, J.
J. (1998). Differences in the microbial communities associated with
the roots of different cultivars of canola and wheat. Canadian Journal
of Microbiology, 44, 844-851. https://doi.org/10.1139/cjm-44-9-844

Soil Survey Staff (1999). Keys to Soil Taxonomy, 8th (ed.). Washington, DC:
USDA-Natural Resources Conservation Service.

Sprent, J. 1. (2001). Nodulation in Legumes. Kew, UK: Royal Bot.

Stephan, A., Meyer, A. H., & Schmid, B. (2000). Plant diver-
sity affects culturable soil bacteria in experimental grass-
land communities. Journal of Ecology, 88, 988-998. https://doi.
org/10.1046/j.1365-2745.2000.00510.x

Sudini, H., Liles, M. R., Arias, C. R., Bowen, K. L., & Huettel, R. N. (2011).
Exploring soil bacterial communities in different peanut-cropping se-
quences using multiple molecular approaches. Phytopathology, 101,
819-827. https://doi.org/10.1094/PHYTO-11-10-0310

Turner, T. R, James, E. K., & Poole, P. S. (2013). The plant microbiome.
Genome Biology, 14, 209. https://doi.org/10.1186/ghb-2013-14-6-209

Veach, A. M., Morris, R., Yip, D. Z., Yang, Z. K., Engle, N. L., Cregger, M.
A., ... Schadt, C. W. (2019). Rhizosphere microbiomes diverge among
Populus trichocarpa plant-host genotypes and chemotypes, but it
depends on soil origin. Microbiome, 7, 76. https://doi.org/10.1186/
s40168-019-0668-8

Vitousek, P. M., Cassman, K., Cleveland, C., Crews, T., Field, C. B., Grimm,
N. B., ... Sprent, J. I. (2002). Towards an ecological understanding of
biological nitrogen fixation. Biogeochemistry, 57, 1-45.

Wang, X. B, Lu, X. T., Yao, J.,, Wang, Z. W,, Deng, Y., Cheng, W. X, ... Han,
X. G. (2017). Habitat-specific patterns and drivers of bacterial beta-
diversity in China's drylands. ISME Journal, 11, 1345-1358.

Wang, X., Van Nostrand, J. D., Deng, Y., Lu, X., Wang, C., Zhou, J., &
Han, X. (2015). Scale-dependent effects of climate and geographic
distance on bacterial diversity patterns across northern China's
grasslands. FEMS Microbiology Ecology, 91, fiv133. https://doi.
org/10.1093/femsec/fiv133

Wardle, D. A. (2002). Communities and ecosystems: Linking the abo-
veground and belowground components. Princeton, NJ: Princeton
University Press.

Weinert, N., Meincke, R., Gottwald, C., Radl, V., Dong, X., Schloter, M.,
... Smalla, K. (2010). Effects of genetically modified potatoes with
increased zeaxanthin content on the abundance and diversity of

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

rhizobacteria with in vitro antagonistic activity do not exceed natural
variability among cultivars. Plant and Soil, 326, 437-452. https://doi.
org/10.1007/s11104-009-0024-z

Weinert, N., Piceno, Y., Ding, G. C., Meincke, R., Heuer, H., Berg,
G., .. Smalla, K. (2011). PhyloChip hybridization uncovered
an enormous bacterial diversity in the rhizosphere of differ-
ent potato cultivars: Many common and few cultivar-depen-
dent taxa. FEMS Microbiology Ecology, 75, 497-506. https://doi.
org/10.1111/j.1574-6941.2010.01025.x

Welbaum, G. E., Sturz, A. V., Dong, Z. M., & Nowak, J. (2004). Managing
soil microorganisms to improve productivity of agro-ecosys-
tems. Critical Reviews in Plant Sciences, 23, 175-193. https://doi.
org/10.1080/07352680490433295

Wertz, J. T., Kim, E., Breznak, J. A., Schmidt, T. M., & Rodrigues, J. L.
M. (2018). Genomic and physiological characterization of the ver-
rucomicrobia isolate Geminisphaera colitermitum gen. nov., sp. nov.,
Reveals Microaerophily and nitrogen fixation genes. Applied and
Environmental Microbiology, 78, e00987-17. https://doi.org/10.1128/
aem.06466-11

Williams, M. J., Hammond, A. C., Kunkle, W. E., & Spreen, T. H. (1991).
Stocker performance on continuously grazed mixed grass-rhizoma
peanut and bahiagrass pastures. Journal of Production Agriculture, 4,
19-24. https://doi.org/10.2134/jpal1991.0019

Zehr, J. P, & Turner, P. J. (2001). Nitrogen fixation: Nitrogenase genes and
gene expression. Methods in Microbiology, 30, 271-286.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Wang X-B, Hsu C-M, Dubeux JCB Jr,,
et al. Effects of rhizoma peanut cultivars (Arachis glabrata
Benth.) on the soil bacterial diversity and predicted function
in nitrogen fixation. Ecol Evol. 2019;9:12676-12687. https://
doi.org/10.1002/ece3.5735



https://doi.org/10.1038/s41396-019-0469-x
https://doi.org/10.1139/cjm-44-9-844
https://doi.org/10.1046/j.1365-2745.2000.00510.x
https://doi.org/10.1046/j.1365-2745.2000.00510.x
https://doi.org/10.1094/PHYTO-11-10-0310
https://doi.org/10.1186/gb-2013-14-6-209
https://doi.org/10.1186/s40168-019-0668-8
https://doi.org/10.1186/s40168-019-0668-8
https://doi.org/10.1093/femsec/fiv133
https://doi.org/10.1093/femsec/fiv133
https://doi.org/10.1007/s11104-009-0024-z
https://doi.org/10.1007/s11104-009-0024-z
https://doi.org/10.1111/j.1574-6941.2010.01025.x
https://doi.org/10.1111/j.1574-6941.2010.01025.x
https://doi.org/10.1080/07352680490433295
https://doi.org/10.1080/07352680490433295
https://doi.org/10.1128/aem.06466-11
https://doi.org/10.1128/aem.06466-11
https://doi.org/10.2134/jpa1991.0019
https://doi.org/10.1002/ece3.5735
https://doi.org/10.1002/ece3.5735

