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Asymbiotic nitrogen-fixing (ANF) bacteria contribute a substantial amount of nitrogen in
ecosystems, especially in those with low symbiotic nitrogen fixation (SNF) capability.
Degradation of alpine grassland is widespread on the Tibetan Plateau and sown
grassland has become one of the main strategies for grassland restoration. However, the
diversity and community structure of ANF bacteria in different grassland types remain
unknown. The aim of this study was to fill this gap. Soil samples were obtained from
39 grassland plots selected from three counties in the eastern Tibetan Plateau. The
plots were classified as natural grassland (NG), sown grassland (SG), lightly degraded
grassland (LDG), and severely degraded grassland (SDG). ANF microbial communities of
the four grassland types were compared at the level of community and species diversity
by 16S rRNA high-throughput sequencing technology. The phylum Proteobacteria
accounted for >72% of the ANF bacteria. The community structures of soil ANF
bacteria differed significantly (o < 0.01) among grassland types. We concluded that:
(1) planting gramineous forage could possibly mitigate the decrease in diversity of sail
ANF bacteria caused by grassland degradation; and (2) the diversity of soil ANF bacteria
in alpine grassland of the Tibetan Plateau is closely related to grassland degradation
and restoration.

Keywords: asymbiotic nitrogen-fixing bacteria, alpine grassland, Tibetan Plateau, diversity, community structure

INTRODUCTION

Biological nitrogen fixation, a process in which some prokaryotic microorganisms reduce
atmospheric nitrogen molecules to ammonia through the catalytic action of nitrogenase (Dart
and Wani, 1982; Cleveland et al., 1999), is the main natural input form of nitrogen in ecosystems
(Barron et al., 2009; Reed et al., 2011; Zheng et al., 2018). Approximately 120 million tons per
year of active nitrogen are converted from inert N, by biological nitrogen fixation (Galloway
and Cowling, 2002). Microbial nitrogen fixation in soil compensates for the nitrogen loss from
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soil to the atmosphere (Kennedy and Islam, 2001), and plays an
important role in improving soil fertility and enhancing the soil
nitrogen cycle (Reed et al.,, 2007; Gupta et al., 2014).

Based on the interaction between microorganisms and plants,
biological nitrogen-fixation can be divided into symbiotic
nitrogen fixation (SNF), free-living nitrogen fixation and
associative nitrogen fixation. The latter two are collectively
referred to as asymbiotic nitrogen fixation (ANF) (Bottomley and
Myrold, 2015). Symbiotic nitrogen-fixing bacteria fix nitrogen
effectively only when they are symbiotic with plants and generally
have high host specificity. In contrast, ANF bacteria do not
require symbiosis with plants. Taylor et al. (2019) reported that
with an increase in forest age, the main biological nitrogen
fixation input is transformed gradually from symbiotic to
ANF. Studies indicated that there are many factors affecting
the community structure of nitrogen-fixing bacteria, including
altitude and soil organic carbon, pH, and total nitrogen content
(Limmer and Drake, 1996; Pérez et al., 2004; Zhang et al., 2006;
Wang et al., 2017; Zheng et al., 2018; Bomfim et al., 2019).

Mainly nitrogenase genes (nifH) are associated with nitrogen
fixation (Poly et al., 2001; Zehr et al., 2003; Wakelin et al., 2010).
Zhang et al. (2005) amplified the nifH genes of alpine meadow
soil microorganisms in the Three-Rivers Headwater Region by
PCR to examine the structural characteristics and diversity of
microbial communities. They concluded that nifH sequences
of soil microorganisms in alpine meadow are highly diverse,
and that nitrogen-fixing microbial communities are substantially
different among plots.

The Tibetan Plateau is the highest and youngest plateau in
the world, and is one of the regions with the lowest disturbance
by human activities, not only in China but in the whole
world (Zhang et al., 2006). However, under the impact of
climate change, overgrazing by livestock and human activities,
degradation of the alpine grassland has become widespread on
the Tibetan Plateau (Cao et al., 2019; Miehe et al., 2019; Li
et al., 2020). In efforts to restore degraded grassland, fencing and
sown grassland (SG) are used widely (Zhen et al., 2018; Chen
etal., 2021). Biological nitrogen fixation is an important nitrogen
source for plant growth in alpine grassland ecosystem (Wang
etal., 2017). Microthermal and anoxic environmental conditions
limit the SNF to a great extent; nevertheless, soil nitrogen content
is still at a high level on the Tibetan Plateau (Ma et al., 2020).
We reasoned that ANF plays an important role in nitrogen
input to the alpine grassland ecosystem. Soil nitrogen content
has been reported to be related to grassland degradation and
restoration, but little is known about ANF during these processes.
To fill this gap, we examined: 1) the community structure of
ANF microorganisms in the process of grassland degradation;
and 2) the community structure and diversity of ANF bacteria
in sown grassland.

MATERIALS AND METHODS
Study Site Description

In total, 39 samples sites were selected in three counties: Maqu
County (33°41'15"N~33°52/58"N, 101°43/14”"E~102°12/44"E),

Gannan Autonomous Prefecture, Gansu Province and
Maqgin and Gande counties (34°00'48"N~34°28'21"N,
99°48'52"E~100°32'45"E), Guoluo Autonomous Prefecture,
Qinghai Province, located on the eastern Tibetan Plateau
(Figure 1 and Table 1). The three counties are situated in the
headwater area of Yellow river. Altitude ranges between 3,300
and 4,800 m, average annual temperature ranges between —3.8
and 3.5°C and annual precipitation ranges between 421 and
612 mm at these sites. Kobresia meadow is the main vegetation
type. Due to the cold and dry climate, the area is characterized
by low soil temperature, low plant metabolism, mainly single
vegetation types and relatively poor biological yield (Zhang et al.,
2005; Zhen et al., 2018). The grasslands are being used mainly for
raising livestock and are being degraded by overgrazing.

Soil Sampling and Preservation

In August, 2014, we collected soil samples at 39 random sites,
including 14 in Maqu County and 25 in Magin and Gande
counties (Figure 1). By asking local people about land use and
by a vegetation survey (Table 1), the sites were classified into four
types of grasslands: natural grassland (NG; n = 9), sown grassland
with gramineous pastures (SG; n = 15), lightly degraded grassland
(LDG; n = 7), and severely degraded grassland (SDG; n = 8)
(Table 2). The 3-point square sampling method was employed to
collect bulk soil samples of 0-10 cm in depth. The 39 soil samples
were each mixed thoroughly, placed into aseptic self-sealing bags
and kept in styrofoam boxes with ice packs to maintain the soil
microbes alive. The boxes were brought back to the laboratory
and stored at —80°C for later analyses.

DNA Extraction, PCR Amplification and
Hiseq Sequencing

Total genomic DNA of soil microorganisms was extracted
by TIANamp Stool DNA Kit (TTANGEN, China) following
instructions with the kits. The V3 + V4 region of the
16S rRNA gene was amplified with a universal primer
341F-805R  (341F:5'-CCTACGGGNGGCWGCAG-3',805R:5'-
GACTACHVGGGTATCTAATCC-3"). The EXtaq enzyme of
TaKaRa was used to ensure the amplification efficiency and
accuracy. Hiseq was applied to sequence the purified PCR
products with a sequencing strategy of PE250 and the sequencing
was completed by Annoroad Gene Technology (Beijing) Co., Ltd.

Sequence Processing and Statistical
Analyses

Sequence data were filtered by removing low-quality bases, Ns,
joint contamination sequences and other processes to obtain
Clean Reads, that is, the trusted target sequences for subsequent
analysis. The corresponding Readl and Read2 of double-end
sequencing, obtained from 5 and 3’ terminals, respectively,
were spliced with the sequence splicing method PEAR. Then,
the spliced sequences were analyzed by QIIME version 1.8.0
(Caporaso et al., 2010; Vasileiadis et al., 2012).

A cumulative curve was drawn to measure and predict
the increase of species richness in the community with the
increase in sample size, to assess whether the sample size
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FIGURE 1 | Distribution of the sample sites. NG (red), natural grassland; SG (blue), sown grassland; LDG (green), lightly degraded grassland; SDG (yellow), severely
degraded grassland.

was sufficient for analyses and to estimate community richness
(Figure 2). OriginPro 2021 was employed to draw the Venn
diagram of operational taxonomic units (OTUs) distribution.
Software R (version 4.1.0) analyzed the relative abundance
and alpha diversity of ANF microorganism species in different
grassland types (Johnsen et al., 2001), including Shannon,
Simpson, Chaol and Ace. In addition, cluster analysis and
non-metric multidimensional scaling analysis (NMDS) were
performed on soil ANF microbial species. Then the diversity
and community structures of ANF bacteria in different grassland
types were analyzed.

RESULTS

A total of 392,684 bacterial sequences and 46,474 actinomycetes
sequences were compared to a reference database in all soil
samples, which were clustered to 68,215 and 9,179 OTUs,
respectively. Known ANF microorganisms were identified from
the sequencing results, and the data were analyzed.

Composition of Asymbiotic

Nitrogen-Fixing Microbial Communities

After screening, all the ANF bacteria contained six phyla, 13
classes and 43 genera (Table 3). Proteobacteria was the dominant
phylum, with an abundance of 72.1%. At the level of class,
Alphaproteobacteria and Gammaproteobacteria were dominant,
with abundances of 56.9 and 9.48%, respectively, whereas the
abundance of Actinobacteria was only 0.03% (Table 3). At

the genera level, Ochrobactrum and Sphingomonas were most
abundant, followed by Opitutus and Pseudomonas (Table 3 and
Figure 3). The ANF bacteria species richness of NG and SG were
the highest of the grassland types (Figure 3). The Venn diagram
(Figure 4) displayed that SG had the most OTUs species of ANF
bacteria (299), while LDG had the least (198) of the four grassland
types. There were 109 OTUs species shared by the four grassland
types, while 51 and 23 OTUs species were endemic to NG and
SG, respectively.

Alpha Diversity Index of Asymbiotic
Nitrogen-Fixing Bacteria

Alpha diversity index reflects the richness, evenness and diversity
of the biological community in numerical form. Chaol ranged
between 107 and 131 and Ace index ranged between 118 and 132
in all grasslands (Table 4). SDG had the highest values in both
indices, while LDG had the lowest Chaol (107 £ 21.1) and SG
had the lowest Ace (118 &£ 27.9). Shannon index ranged between
4.31 and 5.02 and Simpson index ranged between 0.83 and
0.93 in the four grassland types. SDG had the highest Shannon
index (5.02 % 0.75), followed by SG (4.90 £ 0.84), while NG
had the lowest Simpson index (0.83 £ 0.16), followed by SG
(0.90 + 0.10). Therefore, we speculate that SG may alleviate
the decrease of Alpha diversity of asymbiotic nitrogen-fixing
microorganisms during grassland degradation. This is based only
on rank, however, we are aware that the sampling methods, the
processes of DNA extraction, and the sequencing of DNA may
have high variability.
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TABLE 1 | Information of sample sites.

TABLE 2 | Information of grassland types.

Sample Site Sample site situation Vegetation
biomass
(9/m2)

M-1 Natural grassland -

M-2 Natural grassland 117.6

M-3 Lightly degraded grassland 114.3

M-4 Lightly degraded grassland mainly consists of 41.0
Potentilla chinensis

M-5 Lightly degraded grassland mainly consists of 124.9
Ligularia virgaurea

M-6 Natural grassland 117.3

M-7 Sown grassland with Elymus nutans and Poa 105.6
crymophila Keng

M-8 Natural grassland -

M-9 Natural grassland 137.9

M-10 Severely degraded grassland 119.6

M-11 Severely degraded grassland 69.6

M-12 Sown grassland with Elymus nutans, as the 385.6
restoration of sample M-11

M-13 Natural grassland compared with sample 47.9
M-14

M-14 Lightly degraded grassland accompanied by 31.0
soil desertification

G-1 Severely degraded grassland 68.6

G-2 Natural grassland 24.7

G-3 Sown grassland with Elymus nutans 35.0
established for 10 years

G-4 Sown grassland with Elymus nutans 45.0
established for 5 years

G-5 Sown grassland with Avena sativaand L 337.9
established for 3 years

G-6 Sown grassland with Elymus nutans 102.9
established for 3 years

G-7 Severely degraded grassland mainly consists 179.6
of Ligularia virgaurea and Morina kokonorica

G-8 Sown grassland with Elymus nutans 319.6
established for 2 years

G-9 Severely degraded grassland after tillage 222.9
mainly consists of Aconitum szechenyianum

G-10 Sown grassland with Poa crymophila Keng 85.9
established for 6 years

G-11 Severely degraded grassland 102.9

G-12 Sown grassland with Elymus nutans 87.9
established for 14 years

G-13 Natural grassland 164.6

G-14 Sown grassland with Elymus nutans 176.3
established for 10 years

G-15 Severely degraded grassland 132.9

G-16 Sown grassland with Elymus nutans 96.3

G-17 Lightly degraded grassland 116.3

G-18 Natural grassland 197.9

G-19 Sown grassland with Poa crymophila Keng 99.6
established for 2 years

G-20 Sown grassland with Festuca sinensis 102.9

G-21 Severely degraded grassland 67.3

G-22 Lightly degraded grassland mainly consists of 107.9
Potentilla chinensis

G-23 Sown grassland with Elymus nutans 54.6

G-24 Sown grassland with Elymus nutans 236.3
established for 2 years

G-25 Lightly degraded grassland 89.6

Grassland Number Dominant Cover (%)
type (sites) plant
natural grassland 9 Plants of Cyperaceae represented >94
(NG) by Carex moorcroftii and Carex

alatauensis.
sown grassland 15 Plants of Gramineae represented 40-100
(SG) by Elymus nutans and Poa

crymophila Keng.
lightly degraded 7 Miscellaneous grasses appeared 0-90
grassland (LDG) on the meadow, the dominant plant

is still Carex moorcroftii.
severely degraded 8 Ligularia virgaurea, Aconitum <60 (Parts
grassland (SDG) szechenyianum, Saussurea up to 75)

Jjaponica and other miscellaneous
grasses.

o
8 -
<
o
o -
™
N
E o
8 -
o
o
9 —
O -
T T T T T
0 10 20 30 40
Sites
FIGURE 2 | Operational taxonomic units (OTUs) accumulation curve of
asymbiotic nitrogen-fixing microorganisms at 39 sampling sites.

The Similarities of Asymbiotic
Nitrogen-Fixing Bacteria Communities in

the Four Grasslands

Based on alpha diversity, the cluster analysis of ANF bacteria
(Figure 5) displayed that, except for LDG, Sphingomonas
accounted for a large proportion of all grassland bacteria.
Ochrobactrum was common in NG and LDG, whereas
Pseudomonas and Flavobacterium, while not as widely
distributed as those of the dominant bacteria, were most
abundant in SG and SDG (Figures 3, 5). The distribution of
Opitutus in alpine grassland was most uniform (Figure 5).
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TABLE 3 | Composition and abundance of asymbiotic nitrogen-fixing microbial communities.

Genus level Class level Phylum level
Genus Abundance (%) Class Abundance (%) Phylum Abundance (%)
Ochrobactrum 26.6 Alphaproteobacteria 56.9 Proteobacteria 721
Sphingomonas 22.0
Novosphingobium 2.06
Caulobacter 1.86
Agrobacterium 1.74
Sphingobium 1.68
Rhodobacter 0.52
Phyllobacterium 0.28
Brevundimonas 0.06
Beijerinckia 0.05
Zymomonas 0.04
Azospirillum 0.02
Ensifer 0.01
Pseudomonas 7.32 Gammaproteobacteria 9.48
Lysobacter 1.66
Acinetobacter 0.35
Xanthomonas 0.13
Stenotrophomonas 0.02
Geobacter 3.65 Deltaproteobacteria 3.91
Desuilfovibrio 0.16
Myxococcus 0.10
Variovorax 1.72 Betaproteobacteria 1.86
Burkholderia 0.12
Thiobacillus 0.02
Opitutus 8.98 Opitutae 8.98 Verrucomicrobia 8.98
Flavobacterium 6.34 Flavobacteriia 6.66 Bacteroidetes 8.58
Chryseobacterium 0.31
Pedobacter 1.88 Sphingobacteriia 1.92
Sphingobacterium 0.04
Phormidium 4.60 Oscillatoriophycideae 4.63 Cyanobacteria 6.70
Oscillatoria 0.038
Nostoc 1.16 Nostocophycideae 1.25
Gloeotrichia 0.06
Aphanizomenon 0.03
Leptolyngbya 0.55 Synechococcophycideae 0.82
Pseudanabaena 0.16
Synechococcus 0.12
Bacillus 1.88 Bacilli 2.58 Firmicutes 3.61
Paenibacillus 0.46
Staphylococcus 0.14
Lysinibacillus 0.10
Clostridium 1.03 Clostridia 1.03
Nocardia 0.038 Actinobacteria 0.03 Actinobacteria 0.08
Figure 6 is a scatter plot on NMDS based OTUs to analyze DISCUSSION

the soil ANF microbial community. Most points representing
SG and SDG were close to each other and some points of
LDG approached SDG. The points of LDG were scattered far
apart, while those of NG were most concentrated. The ANF
bacteria communities in SG and SDG were similar to each
other (Figure 6). The community structures differed significantly
among the four grassland types (p < 0.01) (Figures 5, 6).

The input of biological nitrogen is the main driving
force of soil nutrient enrichment in the alpine grassland
ecosystem of the Tibetan Plateau (Keuter et al., 2014; Wang
et al, 2017); consequently, microbial nitrogen fixation
processes in soil are crucial for maintaining nitrogen
balance (Lannetta et al., 2016; Landriscini et al., 2019). In
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the present study, the ANF microorganisms were mainly
bacteria ~and actinomycetes.  Alphaproteobacteria and
Gammaproteobacteria were the dominant classes, which
was consistent with the results of previous studies (Zhan and
Sun, 2012; Fernandez-Méndez et al., 2016); whereas the genera
Sphingomonas, Ochrobactrum, Opitutus and Pseudomonas were
the most widely distributed.

It was reported that, except for extremely degraded grassland,
soil nitrogen content in the grassland of the Tibetan Plateau is
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FIGURE 4 | Quantitative analysis of operational taxonomic units (OTUs)
species in different grassland types. NG (blue), natural grassland; SG (red),
sown grassland; LDG (purple), lightly degraded grassland; SDG (green),
severely degraded grassland.

at a high level (Ma et al., 2020). With increasing degradation
of the grasslands, there are alterations in the ANF microbial
community in the soil, which also affects the development of
the surrounding environment (Saravanan et al., 2008). In the
present study, the diversity of the ANF bacteria community
decreased with grassland degradation, but increased with the
sowing of gramineous pastures. In addition, miscellaneous
grasses increased the number of OTU species (Figure 4). In
agreement with these results, Valko et al. (2020) reported that the
planting of gramineous grasses was beneficial to the growth of
perennials. This could have occurred by effectively changing the
community structure of soil microorganisms (Zhu et al., 2020)
and by promoting various species of rhizosphere ANF microbial
populations (Minamisawa et al., 2004; Miyamoto et al., 2004;
Zhang et al., 2008). The dominant bacteria genera in the present
study existed mainly in the soil of NG and SG, indicating that the
restoration with sown gramineous grasses had a positive effect.
In addition, the ANF microbial communities in SG and SDG had
high similarity, which suggests that many bacteria in the sown
grassland were still present from the time before restoration.

TABLE 4 | Alpha diversity of asymbiotic nitrogen-fixing microbial communities in
different grassland types.

Grassland type Shannon index Simpson index Chao1index Ace index

NG 4.31 +£1.02 0.83+0.16 117 £38.7 123 £33.7
SG 4.90 &+ 0.84 0.90 +£0.10 111 +£27.0 118 +27.9
LDG 4.62 +0.49 0.90 &+ 0.07 107 £211 120+ 17.0
SDG 5.02+0.75 0.93 & 0.06 131 £31.9 132+£294

NG, natural grassland; SG, sown grassland; LDG, lightly degraded grassland; SDG,
severely degraded grassland.
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FIGURE 6 | Non-metric multidimensional scale (NMDS) analysis of soil asymbiotic nitrogen-fixing microorganisms in 39 study sites. Group refers to different types of
grassland, NG (green dots and dotted lines), natural grassland; SG (purple), sown grassland; LDG (red), lightly degraded grassland; SDG (blue), severely degraded
grassland.

Frontiers in Ecology and Evolution | www.frontiersin.org 7 August 2021 | Volume 9 | Article 702848


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Lietal

Asymbiotic Nitrogen-Fixing Microorganisms

Asymbiotic nitrogen fixation contributes a large proportion
of the nitrogen input (Wang et al.,, 2017). In the present study,
Proteobacteria was identified as the dominant ANF phylum in
all grasslands, which was consistent with the findings of Zhang
et al. (2006). In addition to Proteobacteria, it has been reported
that Cyanobacteria and some Firmicutes are widespread ANF
bacteria in farmland ecosystems where land use of arable soil
could affect the communities of ANF bacteria and nitrogen
fixation efficiency (Wolinska et al., 2017). However, the addition
of nitrogen in agricultural systems inhibited biological nitrogen
fixation (Orr et al,, 2011; Fan et al., 2019). These changes
could occur over small scales, as was noted by Li et al. (2019)
who examined free-living nitrogen fixation in three kinds of
karst shrubs in southwest China and reported large differences
in nitrogen fixation efficiency among them. In conclusion, SG
increased species richness, evenness and stability of ANF bacteria
community in degraded grassland, but not to the level of non-
degraded NG.

There are some limitations to our study. First of all, the
V3 + V4 region of the 16S rRNA gene was sequenced and
the microbial species were identified by sequence alignment
with basic database. The later data selection was based on the
NCBI nitrogenase-related gene bank and the recently identified
microbial genera. The phylogenetic analysis of the nitrogenase
gene could not be done without sequence alignment. Secondly,
we lacked experimental data for measuring nitrogenase activity or
nitrogen fixation efficiency to determine whether sown grassland
can change nitrogen fixation during grassland degradation.
In addition, the result of redundancy analysis (RDA) showed
that the above-ground biomass was insuflicient to explain the
difference in the structure of asymbiotic nitrogen-fixing bacteria
community in the soil. No correlation was found between
succession stages of the sown grassland and the alpha diversity
of the asymbiotic nitrogen-fixing bacteria community in the soil
due to the lack of effective repetition.

The ANF microorganisms play an important role in restoring
degraded grassland in the Tibetan Plateau alpine ecosystem.
Planting gramineous grass is beneficial as it increases the
diversity of ANF microorganisms in soil, accelerates nitrogen
fixation, and thus improves the low nitrogen content in degraded
grassland. Future research should focus on the development of
bacterial strains with high-efficiency of nitrogen fixation, which
can promote nitrogen input into alpine grassland ecosystems,
thereby, reducing fertilizer application and facilitating the
restoration of degraded grassland.

CONCLUSION

The main ANF microorganisms in the Tibetan Plateau alpine
grassland were bacteria and actinomycetes, among which the
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