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Abstract

The microbial diversity and the monthly fluctuations in Medicago sativa field soil in response to hydrogen gas were investi-
gated. [llumina high-throughput sequencing was used to analyze the bacteria in raw and hydrogen-treated rhizosphere soil.
Among the 18 soil samples, the abundance change of the predominant phyla Proteobacteria and Actinobacteria showed
opposite trends. The diversity index analysis of the nine leguminous soil samples showed the highest diversity of the microbial
community in July. In the other nine soil samples treated with hydrogen, the microbial diversity decreased and the diversity
of soil microorganisms in September was higher than that in July, but not significantly so. The heat map analysis revealed
that the microbial community composition of the soil samples was different before and after the hydrogen treatment. After
the soil samples were treated with hydrogen, the dominant genera were Nocardioide, Pseudomonas, Janibacter, Microbacte-
rium, Microvirga, Streptomyces, and Phenylobacterium in May; Bradyrhizobium, Haliangium, Sphingomonas, Blastocatella,
Lysobacter, and Sphingopyxis in July; and Aeromicrobium, Pseudonocardia, Lentzea, and Skermanella in September. This
study indicates that time and hydrogen gas have significant effects on the diversity of microbes in M. sativa rhizospheric soil.

Introduction

Agriculture is of considerable economic significance for
China. Inorganic fertilizers are used to obtain high yields,
which cause serious damage to soil and health. It is gen-
erally thought that soil microorganisms play an important
role in soil ecosystems, biogeochemical cycles, and ecologi-
cal processes such as decomposition and mineralization of
organic matters, absorption of mineral nutrients, and nitro-
gen cycling [11, 17, 27]. To assess the magnitude of changes
in the bacterial community, it is necessary to understand the
bacterial diversity and monthly changes in agricultural soil
[3, 10].

Leguminous plants produce hydrogen gas as a by-prod-
uct during the process of nitrogen fixation [23]. It has been
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estimated that 240,000 L of hydrogen gas were produced per
hectare of legumes over the growing season [7]. For some
legumes, hydrogen gas is assimilated because of the uptake
hydrogenase (Hup); as a result, no hydrogen gas is released
to the rhizosphere. However, for the other legumes, the
uptake hydrogenase is absent; nevertheless, no hydrogen gas
can be detected [34]. The previous work on this phenomenon
has indicated that hydrogen gas is absorbed by soil microbes
called hydrogen-oxidizing bacteria [15]. Dong proposed the
“theory of hydrogen fertilizer”, that is, the hydrogen released
from the process of nitrogen fixation can promote the growth
of plants by changing the specific soil microbial populations
in the rhizosphere [7]. Many studies have also highlighted
that the soil microbial diversity after the hydrogen gas treat-
ment is important to the protection of the ecosystem and the
promotion of plant growth [7, 14, 34].

Soil microbes are featured by multiple varieties and
large quantities, but a large number of non-culture microbes
become the biggest obstacle for the traditional microbial
ecological research. The new approaches to the study of
microbial communities are advanced molecular technologies
[16]. He [14] reported that the populations of Proteobacte-
ria, particularly p- and y-Proteobacteria, were stimulated
in soil samples by a hydrogen treatment system using three


http://crossmark.crossref.org/dialog/?doi=10.1007/s00284-018-1569-y&domain=pdf

Insight into Bacterial Community Diversity and Monthly Fluctuations of Medicago sativa. .. 1627

methods. The result was similar to those of a study in which
the populations of - and 8-Proteobacteria were induced
[34]. Bloem and his coworkers [2] found that microbial bio-
mass in winter wheat fields showed peak levels in spring
and autumn, which could indicate an increase in bacterial
growth and activity. Smit et al. [29] demonstrated that the
bacterial community in July differs from that in the other
months using both cultivation-based and molecule-based
methods. Considerable progress has been made in this field
with respect to soil microbial diversity and monthly fluctua-
tions; however, the experiments on the soil microbial diver-
sity of leguminous plants in different months are rare.

In this study, Illumina high-throughput sequencing was
used to investigate the microbial communities of the raw and
hydrogen-treated rhizosphere soil of Medicago sativa col-
lected separately in May, July, and September 2016 on the
basis of the PCR of the bacterial 16S rDNA gene.

Materials and Methods
Soil Samples and DNA

The experiment sites were located in Tongchuan (Shaanxi,
NW China). M. sativa rhizospheric soil samples were col-
lected separately in May, July, and September 2016. The
S-shaped sampling method was used to collect the rhizos-
phere soil samples. All of the rhizosphere soil samples were
pooled together, mixed well, and then divided into three sets;
the sets were kept in plastic bags at — 20 °C for future analy-
sis. Half of each set of the three samples were treated with
the hydrogen treatment equipment according to the method
described by Dong et al. [6]. The classification of samples
is presented in Table 1.

Further, 0.25 g of soil was filtered through a 2-mm-pore
sieve and then used for DNA extraction with the PowerSoil®
DNA Isolation Kit (Mo Bio Laboratories Inc., Carlsbad, CA,
USA). The concentration and purity were measured on 1.8%
agarose gels (Biowest agarose, Spain).

High-Throughput Sequencing

The bacterial 16S rDNA gene was amplified with a set of
primers targeting the V3 + V4 region. The primers were
338F (5'-ACTCCTACGGGAGGCAGCA-3") and 806R (5'-
GGACTACHVGGGTWTCTAAT-3') [33]. All the PCR
reactions were carried out in a reaction system (50 pL)
containing 0.2 puL of Q5 high-fidelity DNA polymerase
(New England BioLabs), 10 pL of the buffer, and 10 uL
of a high GC Enhancer. PCR amplification was conducted
according to the following protocols: initial denaturation
at 95 °C for 5 min, followed by 15 cycles. Each cycle
involved denaturation at 95 °C for 1 min, annealing at
50 °C for 1 min, and extension at 72 °C for 1 min, with a
final elongation step at 72 °C for 7 min. The purified PCR
products were quantified with Nanodrop 2000 Illumina
high-throughput sequencing conducted at Biomarker Tech-
nologies (Beijing, China).

Bioinformatic Analyses

The sequencing analysis was performed using Trimmo-
matic for sequence filtering. The Uchime algorithm [9] in
the Mothur [26] software was used to remove the chimeric
sequence to obtain a high-quality Tags sequence. The OTU
was clustered by 97% similarity using the UCLUST algo-
rithm [32] in the QIIME software and annotated according
to the taxonomy databases of Silva (http://www.arb-silva
.de/) (bacteria) and UNITE (http://unite.ut.ee/) (Fungi).
On the basis of the abundance of each sample species in
the OTU list, four common biodiversity indices were cal-
culated using the Summary single command in the appli-
cation software Mothur. The Bate diversity analysis was
performed using the QIIME software to compare the dif-
ferences in the diversity of species for various species.

Table 1 Classification of soil

Soil no. Time Soil type Soil no. Time Soil type
samples

al May, 2016 Rhizosphere soil Al May, 2016 Hydrogen-treated soil
a2 May, 2016 Rhizosphere soil A2 May, 2016 Hydrogen-treated soil
a3 May, 2016 Rhizosphere soil A3 May, 2016 Hydrogen-treated soil
bl July, 2016 Rhizosphere soil Bl July, 2016 Hydrogen-treated soil
b2 July, 2016 Rhizosphere soil B2 July, 2016 Hydrogen-treated soil
b3 July, 2016 Rhizosphere soil B3 July, 2016 Hydrogen-treated soil
dl Sept., 2016 Rhizosphere soil D1 Sept., 2016 Hydrogen-treated soil
d2 Sept., 2016 Rhizosphere soil D2 Sept., 2016 Hydrogen-treated soil
d3 Sept., 2016 Rhizosphere soil D3 Sept., 2016 Hydrogen-treated soil
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Results
Microbial Diversity Index

Shannon and Simpson indices were used to estimate the
diversity of microorganisms in the samples. The higher
the Shannon index was, the higher was the diversity of
the community; in contrast, the larger the Simpson index
was, the lower was the diversity of the community [13].
The coverage of each sample was greater than 99%, which
indicated that the information of microbial species was
fully reflected (Table 2).

For the rhizosphere soil samples, the Shannon index
of the “b” group was the largest, and the Simpson index
was the smallest. The Shannon index of the “a” group
was lower, and the Simpson index was higher. The results
indicated that the diversity was the highest in July and the
lowest in May.

Changes in the Shannon and Simpson indices proved
that the microbial diversity of soil samples treated with

hydrogen decreased. The diversity of soil microorganisms
in September was slightly higher than that in July.

Analysis of Community Structure

Ten phyla and undeclared groups were obtained from the
18 soil samples: Proteobacteria, Actinobacteria, Gemmati-
monadetes, Acidobacteria, Chloroflexi, Bacteroidetes, Ver-
rucomicrobia, Nitrospirae, Candidate-division TM7, and
Cyanobacteria. The dominant phyla in the 18 soil samples
were Actinobacteria and Proteobacteria. The abundance
of Actinobacteria in the soil samples of leguminous plants
decreased; the change trend of Proteobacteria was opposite
to that of Actinobacteria; the abundance of Nitrospirae was
the highest in July. The abundance trends of Actinobacteria
and Proteobacteria in the soil samples treated with hydrogen
gas were similar to those of the soil samples of legumes, and
the abundance of Nitrospirae was the highest in July.
Compared with that of the soil samples of leguminous
plants, the abundance of Actinobacteria increased by 29.5%
in May and 20.3% in September and decreased by 14.6% in
July; the abundance of Proteobacteria increased by 14.1% in

Table 2 Analysis of the

. TR Sample ID Simpson Shannon  Coverage Sample ID Simpson ~ Shannon  Coverage
microbial diversity index of the
soil samples al 0.0088 6.0288 0.9906 Al 0.0163 5.4499 0.991
a2 0.0087 6.0456 0.9909 A2 0.0158 5.4736 0.991
a3 0.0101 6.0311 0.9916 A3 0.0141 5.5351 0.9907
bl 0.0034 6.4766 0.9933 B1 0.0065 6.0996 0.9904
b2 0.0037 6.4436 0.9931 B2 0.0073 6.0347 0.9908
b3 0.0038 6.4264 0.9922 B3 0.0058 6.1220 0.9905
dl 0.0046 6.3441 0.9932 D1 0.0062 6.1665 0.9936
d2 0.0045 6.3544 0.9941 D2 0.0063 6.1665 0.9934
d3 0.0045 6.3676 0.9936 D3 0.0069 6.1194 0.9914
Fig. 1 Relative abundances of 100% 1= = = : EEEEEE = g
microbial phyla in different soil N Oth
samples 90%-| ers
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8 70%- Candidate_division_TM7
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S 60% ¥ Nitrospirae
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May, 42.0% in July, and 9.8% in September, which implied
that hydrogen gas had an enrichment effect on these micro-
organisms (Fig. 1).

The changes in the bacterial diversity and the abundance
of different soil samples are shown in the heat map (Fig. 2).
The color gradient from blue to red indicates the relative
abundance from low to high. Repeated groups of this experi-
ment were clustered. From the degree of the color distri-
bution, we inferred that the dominant genera had changed
significantly after the hydrogen treatment. The genera that
appeared in May were Nocardioide, Pseudomonas, Jani-
bacter, Microbacterium, Microvirga, Streptomyces, and
Phenylobacterium; in July, the genera that emerged were
Bradyrhizobium, Haliangium, Sphingomonas, Blastocatella,

Lysobacter, and Sphingopyxis; with Aeromicrobium,
Pseudonocardia, Lentzea, and Skermanella presented in
September.

Principal Component Analysis

In Fig. 3, the horizontal axis represents the first principal
component (PC1), the vertical axis represents the second
principal component (PC2), and the percentages represent
the contribution of the principal component to the sample
difference. The more similar the composition of the samples
was, the closer was the distance between the samples in the
PCA plots (Fig. 3). The figure shows that the contribution
rates of PC1 and PC2 were 53.55% and 21.06%, respectively,
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Fig. 3 Principal component
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which indicated that these two principal components were
the major factors for explaining the structural differences in
the microbial community structure. In the direction of PC1,
the soil samples in May and the soil samples in July and Sep-
tember were significantly distributed in two regions, which
indicated that time had a significant effect on the changes in
the structure of the samples at the level of PC1. In the case
of PC2, the raw soil samples could be clearly distinguished
from the samples treated with hydrogen, which showed
that the hydrogen gas influenced the microbial community
structure changes at the PC2 level, particularly in May. This
might be attributed to the fact that the hydrogen concentra-
tion was low (0.553 ppmv) in May and the soil microor-
ganisms underwent significant changes after the hydrogen
treatment.

Discussion

Soil microbes are of considerable significance in the pro-
cess of energy flow and material cycling in ecosystems [31].
At present, one of the most extensive methods of studying
microbial diversity is to amplify and sequence part of the
16S rDNA gene. V3-V4 is the most accurate variable region
to recognize the genera. In this study, the temporal dynam-
ics of the soil microbial diversity in legumes was analyzed
by Illumina high-throughput sequencing. The time of soil

@ Springer
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samples collection in this survey was limited, but the sample
collections were still representative. Therefore, the results of
this study reflect to a certain extent the response of M. sativa
soil samples to hydrogen.

Among the 18 soil samples, the predominant phyla were
Proteobacteria and Actinobacteria, with the Proteobac-
teria as the most abundant bacterial group. Although the
Actinobacteria dominated before, they were inhibited after
the soil was treated with hydrogen, which was in agreement
with many studies [14, 34]; these studies revealed that the
populations of a- and -Proteobacteria were stimulated by
hydrogen exposure, but the populations of Actinobacteria
were suppressed.

The bacterial diversity in the soil samples of different
months was assessed using the microbial diversity index.
The data suggested that the bacterial diversity in July was
the highest. Studies have shown that natural and human fac-
tors [18, 19, 28] affect the composition and diversity of the
soil microbial community. Excessive moisture in the soil
causes an anaerobic environment, soil cooling, and nutri-
ent loss, followed by crop rot, breathing difficulties, and
negative nodulation effects. In the case of less soil mois-
ture, the extension of plant roots is blocked, which reduces
the chances of M. sativa nodule infection [20]. In July, the
temperature and rainfall in Tongchuan were appropriate,
which led to an increase in the number of M. sativa nod-
ules. This resulted in the release of a considerable amount
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of hydrogen during nitrogen fixation and the emission of
hydrogen gas obviously increased the number of hydrogen-
oxidizing bacteria. The fine roots of legumes played a very
important role in the underground ecology process. They
were particularly sensitive to environmental factors and had
a relatively short life [21]. Leguminous plant fine roots peak
in the middle of July and then begin to die. The death of M.
sativa fine roots may increase the number of microorganisms
that can decompose fine roots. From July to September, the
bacterial diversity decreases. The bacterial diversity in the
rhizosphere changes during the growing stage of the crop.
This change may be associated with the decrease in the root
exudates. The competition among the microbial popula-
tions for root nutrition causes the disappearance of some
populations [22, 25]. This in turn destroys the balance of the
rhizosphere microbial populations and causes a decline of
the rhizosphere microbial diversity. The microbial diversity
of soil samples treated with hydrogen decreases; this is dif-
ferent from the result obtained by Zou [34]. The type of soil
may be responsible for these different results; the soil sam-
ples used by Zou were from non-planted legumes, and the
soil samples used in this study were from the soils with M.
sativa. Studies have shown that soil samples after hydrogen
treatment can promote the growth of some microorganisms
and inhibit other populations of microorganisms [14, 34].
This result is consistent with the results obtained from the
heat map, which shows that the microbial community com-
position of soil samples was different before and after the
hydrogen treatment. Although the microbial diversity of soil
samples treated with hydrogen in September was higher than
that in July, the difference was not significant. In the raw soil
of September, the hydrogen-oxidizing bacteria may be sup-
pressed because of the decrease in hydrogen. This might be
attributed to the fact that the expression of some genes using
hydrogen is not active. When the raw soil in September was
treated with hydrogen coming from the hydrogen treatment
equipment, the suppressed hydrogen-oxidizing bacteria may
start growing again after being stimulated by the presence
of hydrogen. Zou [34] found that the level of expression of
some genes in the hydrogen-treated soil samples is higher
than that in the air-treated soil samples and the small subu-
nit gene copy number of HoxK NiFe hydrogenase, the key
enzyme in the hydrogen oxidation in soil, increases signifi-
cantly after the hydrogen treatment.

Monthly changes in the microbial community diversity
were also visualized by high-throughput sequencing. For
the soil samples collected in May, July, and September, the
most dominant bacterial species were Actinobacteria and
Proteobacteria, which was similar to the data reported by
He and other researchers [14, 34]. It is well known that soil
microorganisms including Streptomyces sp.PCB7 [5], Strep-
tomyces avermitilis [4], and Mycobacterium smegmatis [12]
consume the atmospheric tropospheric trace hydrogen 0.553

ppmv [24] through high affinity [NiFe]-hydrogenase, which
indicates that hydrogen peroxide is a common feature of
Actinobacteria. In May, the hydrogen concentration is low
(0.553 ppmv) in the rhizosphere because of the absence of
root nodules. This might be the reason why the abundance
of Actinobacteria was larger than that in July and September.
After May, the abundance of Actinobacteria began to show
a downward trend; the abundance change of Proteobacteria
was opposite. Aerobic soil bacteria scavenging the hydrogen
diffused from nitrogen-fixing nodules showed high &, (app)
(>800 nM) [21]. For example, Paracoccus denitrificans
with an enzyme having a K, of 1.1 uM may absorb rela-
tively high concentrations of hydrogen gas mainly using the
first type of membrane-bound [NiFe]-hydrogenase [1]. At
the same time, Actinobacteria were unable to use hydrogen
because of the high hydrogen threshold concentration. The
trend of Actinobacteria and Proteobacteria appears to cou-
ple the oxidation of hydrogen to maintain the trace concen-
trations of atmospheric hydrogen. Whether there is a con-
nection between the two phyla remains to be studied further.

In the cycle and transformation of ecosystem nutrients,
nitrogen is one of the most active factors in the soil-plant
system [8]. Nitrification is a key process in soil nitrogen
conversion and plays an important role in nitrogen cycling.
Nitrifier plays an irreplaceable role in the growth and devel-
opment of plants and is the hub of rhizosphere micro-envi-
ronment and soil material circulation and transformation.
The change in the concentration of the Nitrifier and the eco-
logical distribution of the populations affect the soil nutrient
cycling, the concentration of the greenhouse gas N,O, and
the function of the ecosystem directly or indirectly. Many
studies have shown that soil temperature and moisture have
a significant effect on nitrification [30]. In July, the mutual
effects of rainfall and temperature promote the nitrifica-
tion in the soil, which leads to the highest abundance of
Nitrospirae.

In summary, the microbial diversity of M. sativa rhizos-
pheric soil in July and September was higher than that of
May, irrespective of the of hydrogen treatment. The structure
of the soil samples changed significantly after the hydrogen
treatment. This provided an appropriate amount of time for
the isolation of bacteria for future research on hydrogen-
oxidizing bacteria in the rhizosphere soil of M. sativa.
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