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Abstract. Vegetation plays a key role in water conservation nifH gene diversity was most affected by altitude, while copy
in the southern Qilian Mountains (northwestern China), lo- number was most impacted by soil-available K. These re-
cated in the upper reaches of the Heihe River. Nitrogen-fixingsults suggest that the nitrogen-fixing bacterial communities
bacteria are crucial for the protection of the nitrogen sup-beneattPotentillawere different from those beneaflarex

ply for vegetation in the region. In the present studiyH
gene clone libraries were established to determine differ-

ences between the nitrogen-fixing bacterial communities of

the Potentilla parvifoliashrubland and th€arex alrofusca 1  Introduction

meadow in the southern Qilian Mountains. All of the iden-

tified nitrogen-fixing bacterial clones belonged to the Pro-Biological nitrogen fixation is an important nitrogen input
teobacteria. At the genus leveizospirillumwas only de- in many terrestrial environments, and is fundamental to the
tected in the shrubland soil, whilhiocapsaDerxia, Ectoth- long-term productivity of vegetation, particularly in areas
iorhodospira MesorhizobiumKlebsiellg Ensifer, Methylo- with low nutrient availability, such as alpine ecosystems
cella and Pseudomonaswvere only detected in the meadow (Izquierdo and Nisslein, 2006; Zhang et al., 2006). Nitrogen-
soil. The phylogenetic tree was divided into five lineages: fiXing bacteria are responsible for nearly one-third of the
lineages |, Il and Ill mainly containedifH sequences ob- biologically fixed nitrogen in these ecosystems (lzquierdo
tained from the meadow soils, while lineage IV was mainly @nd Nisslein, 2006). Lynch and Hobbie (1988) found that
composed ofifH sequences obtained from the shrubland variation in the nitrogen-fixing bacterial community struc-
soils. The Shannon-Wiener index of théH genes ranged ture has a greater impact on nitrogen fixation rates than do
from 1.5 to 2.8 and was higher in the meadow soils thansoil characteristics. Nitrogenase is the enzyme responsible
in the shrubland soils. Based on these analyses of diversit{or nitrogen fixation, andifH is the gene that encodes for
and phylogeny, the plant species were hypothesised to influthe iron protein subunit of nitrogenase, which is highly con-
ence N cycling by enhancing the fitness of certain nitrogen-Served among all nitrogen-fixing groups and serves as an
fixing taxa. The number ohifH gene copies and colony- ideal molecular marker for these microorganisms (Deslippe
forming units (CFUs) of the cultured nitrogen-fixing bac- and Egger, 2006). The cloning and sequencing ofrtifie

teria were lower in the meadow soils than in the shrublanddene have provided a large and rapidly expanding database
soils, ranging from 0.4 107 to 6.9x 10’ copies g'* soil and of nifH sequences from a number of diverse environments
0.97x 10P to 12.78x 10° g~ soil, respectively. Redundancy (Zehr et al., 2003), including cold polar soils (Olson et al.,
analysis (RDA) revealed that the diversity and number of1998; Deslippe and Egger, 2006; Zhang et al., 2006), aquatic
the nifH gene copies were primarily correlated with above- habitats (Steward et al., 2004; Moisander et al., 2008; Hamil-

ground biomass in the shrubland soil. In the meadow soil [on et al., 2011) and agricultural soils (Coelho et al., 2009;
Zou et al., 2011). However, the diversity of nitrogen-fixing
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bacteria is still poorly described, and many of these microor-2 Materials and methods
ganisms are yet to be discovered (as reviewed in Gaby and
Buckley, 2011). 2.1 Study site and soil sampling

The nitrogen-fixing bacterial community can be affected . , o ,
by a number of abiotic and biotic factors. Hamelin et Heihe River basin lies between 37' and 4242N

al. (2002) indicated that certain plants mediate favourable?Nd 9642 an2d 10200 E and has a drainage area of
niches for nitrogen-fixing bacteria. Plant-specific differences14-29% 10" km?. The upper reaches of the Heihe River basin
in the nitrogen-fixing bacterial community may be related to @€ located on the north slopes of the Qilian Mountains (Li
plant species, biomass, the chemical composition of litter andt &l 2001). The precipitation in the Qilian Mountains is
root exudates (Shaffer et al., 2000GBmann et al., 2005; concentrated dur_mg_ the summer.and tgnds to decrease from
Hsu and Buckley, 2009; Knelman et al., 2012). Soil physic- east to west while increasing with altitude, frpm approxi-
ochemical factors, such as pH and water content (Zhan anf§iately 200 mm at low altitudes to 600 mm at high altitudes.
Sun, 2011), microbial biomass carbon and microbial biomasd "€ Vegetation types of the region are varied and include —

nitrogen (Hayden et al., 2010), total nitrogen and total potas{T0M low to high altitudes — desert steppe, drying shrubbery

sium (Teng et al., 2009; Hayden et al., 2010), total phosphogrqssland, forest grassland, subalpine shrubbery meadow and
rus and reactive phosphorus (Reed et al., 2010; Zou et al@/Pine cold-and-desert meadow (Wang etal,, 2009).
2011; Romero et al., 2012), electrical conductivity (Hayden N the present study, six sampling sites along an altitude
et al., 2010; Hamilton et al., 2011) and nutrient level (Jasro-9radient of 3086 to 4130 m in one typical valley (Binggou)

tia and Ogram, 2008; Zhan and Sun, 2012), have also beelere selected, and soil sampling was conducted between 10
identified as drivers ofiifH gene diversity and abundance in @1d 11 August 2011. We placed three quadrats within each
many environments. study site, and five soil samples were collected from each

The Heihe River basin is the second-largest inland riverduadrat and pooled, for a total of three samples from each

basin in the arid regions of northwestern China, which con-Site: The samples were cooled on ice until they were deliv-

sists of three major geomorphic units: the southern Qilian€ed 1o the laboratory and further processed. Sample site lo-
Mountains, the middle Hexi Corridor and the northern Alxa C&tions, soil physicochemical properties and vegetation in-

Highland (Wang et al., 2009). The southern Qilian Moun- formation are provided in Table 1.

tains, located in the upper reaches of the Heihe River basi
is hydrologically and ecologically the most important unit,

functioning as the water source for agricultural irrigation gq;i water content pH, organic C and total N were mea-

in the Hexi Corridor and maintaining the ecological viabil- g,req by previously described methods (Liu et al., 2012). The
ity of the northern Alxa Highland (Ma and Frank, 2006). | organic matter was determined by loss on ignition, while

However, a rece_nt g_lobal-scal_e a_malysis of soil nit_rogen bYavailable P and K were measured following MBAC extrac-
Cleveland and Liptzin (2007) indicated that the soils of the iy as described previously (Qian et al., 1994). The salt con-

alpine ecosystems in the Qinghai-Tibetan Plateau (includingent was calculated as the sum of cations and anions.
the Qilian Mountains) were mostly nitrogen-limited. Further-

more, just as in the soils of the boreal forest and arctic tun-2.3 PCR amplification of thenifH gene fragment
dra, 95 % of the nitrogen in this region’s soils is present as
organic nitrogen and nitrogen in senescent leaves, sourca#e performed three DNA extractions per site from the three
that are more difficult for plants to absorb (Xu et al., 2006; composite samples using the PowerSoil DNA Isolation Kit
Courtney and Harrington, 2010; Jiang et al., 2012). There{MoBio Inc., Carlsbad, CA, USA) according to the manu-
fore, the study of the diversity of nitrogen-fixing bacterial facturer’s instructions. The three DNA extractions were then
communities and the factors that impact them are of greapooled for polymerase chain reaction (PCR).
importance in nitrogen-limited regions such as the southern The selected primersnifH-F and nifH-R (5-
Qilian Mountains. AAAGG(CIT)GG(AIT)ATCGG(C/IT)AA(A/IG)TC

We hypothesise that the nitrogen-fixing bacterial commu-CACCAC-3 and B-TTGTT(G/C)GC(G/C)GC(A/G)TACAT-
nities beneath vegetative cover of different plant species andG/C)GCCATCAT-3) were used to amplify 457 bmifH
life forms may be distinctive. In this study, we examined the gene fragments from the soil DNA; these primers targeted
nitrogen-fixing bacterial communities associated whh- a wide range of nitrogen-fixing bacteria, including the Pro-
tentilla parvifolia shrubland andCarex alrofuscameadow, teobacteria (Bsch et al., 2002; Gaby and Buckley, 2012).
which are the dominant vegetation types in the southern Qil-PCR was conducted using a Sure Cycler 8800 (Agilent
ian Mountains. The objectives of the study were (1) to detectTechnologies). The PCR amplification conditions were set
the differences imifH gene diversity and abundance in the exactly as described previously &ch et al., 2002). To
shrubland and meadow soils, and (2) to determine the enviavoid potential sample biases and to obtain enough PCR
ronmental factors that affectifH gene diversity and abun- products for cloning, three replicate amplifications were
dance. conducted for each sample.

¥ Biogeochemical properties of the soil
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Table 1. Sample site locations, soil physicochemical properties, vegetation information and characteristics of the clone libraries.

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
Sample site Latitude 38760N 380351N 380360N 380354N 380148N 380057 N
locations Longitude 100029E 1001556 E 1001257E 1001252E 1001360 E 1001412E
Altitude (m™1) 3086 3205 3377 3602 3802 4130
Soll TOC (g kg’l) 163.85 132.48 105.6 134.06 157.12 16.85
physicochemical TN (gka?) 5.6 9.5 10.1 19 7.9 5.4
properties OM (gkgh) 282.47 228.39 182.05 231.11 270.87 29.26
pH 6.89 6.97 7.71 6.43 6.36 6.61
Soil water content (gkgl)  406.8 518.7 2335 362.2 489.5 337.5
Available P (mg kg1) 8.14 4.26 7.30 3.24 2.08 2.82
Available K (mgkg™1) 82.7 178.2 153.3 108.2 88.0 70.1
Salt (gkg1) 8.93 14.88 9.15 9.12 8.36 5.88
Vegetation Hyegetation 1.940 1.305 1.157 1.847 1.587 2.010
information Aboveground biomass 212.50 362.50 517.50 312.50 135.00 145.00
g(m?)~?
Underground biomass 1734.0 3740.00 1853.0 1037.00 1785.00 51.00
g(0.1n)1
Cover degree % 60 65 92 70 70 15
Dominant plant Potentilla parvifolia  Potentilla parvifolia  Potentilla parvifolia ~ Carex alrofusca  Carex alrofusca  Carex alrofusca
community shrubland shrubland shrubland meadow meadow meadow
Characteristics n 3 1 1 3 1 5
of the clone N 17 20 24 45 76 74
libraries Coverage % 82.35 95 95.83 93.33 98.68 93.24
OTUs 6 6 6 11 11 22
2.4 Cloning and restriction fragment length atives. The alignment was performed using ClustalX (ver-
polymorphism (RFLP) analysis sion 1.8). The phylogenetic distances (distance options ac-

cording to the Jukes—Cantor model) and clustering from the
The PCR products were purified using a TIANquick Midi neighbour-joining method were determined using bootstrap
Purification Kit (Tiangen Biotech Co., Ltd., Beijing) and values based on 1000 replications with Mega (version 4.0)
cloned into the pMD 18-T vector (Takara Biotech Co., Ltd., software (Jukes and Cantor, 1969; Saitou and Nei, 1987; Ku-
Dalian) according to the manufacturer’s protocols. The plas-mar et al., 2001; Zhang et al., 2012). The GenBank accession
mids were transformed into the competé&ntoli DH5« by numbers of thenifH sequences are KC445661-KC445735.
the heat shock method, as described by Huff et al. (1990). Nitrogen-free medium (NFM) was selected as the selec-
All of the white colonies were picked and screened for thetive medium for studying the cultured nitrogen-fixing bacte-
desired gene inserts, which were detected using the specifida, as several previous studies had proved this medium to be
primers M13F/M13R for the pMD 18-T vector. most selective, least susceptible to overgrowth by other bac-
Unique clones were detected using RFLP analysis withteria that were not nitrogen-fixing and most reproducible, al-
two restriction enzymes (Alu | and Hae Ill). Enzyme diges- lowing for the growth of a broad diversity of nitrogen-fixing
tion and gel electrophoresis of the digested products werdacteria (Beauchamp etal., 1991, 2006). The colony-forming

performed as described previously (Zhou et al., 2002). units (CFUs) were determined based on plate counts. Diver-
sity of the cultured nitrogen-fixing bacteria from each sample
2.5 Sequencing and phylogenetic analysis was calculated based on RFLP analysis of 16S rDNA using

the previously described method (Dunbar et al., 1999). 16S

To understand the phylogenetic diversity of the samples, repFDNA sequence analysis was chosen for the identification of
resentativenifH clones of the unique RFLP patterns as de- the isolates (data not shown). We anticipated that we would
termined by cluster analysis were sequenced. A total of 6ind nifH genes from the isolates in our samples. These iso-
nifH clones were sequenced. The nucleotide acid identitiedates were characterised as nitrogen fixers by previous stud-
of the sequenced clones were compared to each other usirigs (Cacciari et al., 1979; Lifshitz et al., 1986; Videira et al.,
ContigExpress software and to the GenBank database using009).
BLAST software in order to obtain the clone from each pat-
tern that was most similar to an existingH sequence inthe 2.6 Quantitative PCR analysis ohifH gene
database. The BLAST analyses were conducted on 12 Jan-
uary 2013. The abundance afifH gene copies in the shrubland and

A phylogenetic tree was constructed based on a comparmeadow soils was determined using Q-PCR with SYBR
ison of thenifH sequences from the samples of the shrub-Green. The primer sequences used to amplify fragments of
land and meadow soils and their closest phylogenetic relthe nifH gene werenifH-F andnifH-R. The standards for
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measuring the quantity of thmefH gene were developed from Redundancy analysis (RDA) was performed to analyse the
a clone with the correct insert. A plasmid DNA preparation characteristics of the nitrogen-fixing bacterial communities
was obtained from the clone using a Qiagen Miniprep kitin combination with the environmental parameters using the
(Qiagen, Germantown, MD, USA). The copy number of the CANOCO program for Windows (version 4.5) (Braak and
target gene in a nanogram of plasmid DNA was determined Smilauer, 1998; Zumsteg et al., 2012); this approach identi-
and a serial dilution was then prepared, ranging frofith0  fies potential or indirect environmental gradients that explain
107 copies. This set of dilutions was used for the standardchanges in community characteristics. Because the charac-
curve. teristics of the nitrogen-fixing bacterial communities exhib-
Q-PCR was conducted in triplicate for both the standardited linear, rather than unimodal, responses to the environ-
and the samples. The fluorescence signal was used to catrental variables, RDA was employed instead of CCA to
culate theCt (cycle threshold) values using the thermocy- analyse the correlations between the characteristics of the
cler software for each machine. The copy number ofifig nitrogen-fixing bacterial communities and the environmental
gene per gram of soil was determined through comparison tdactors.
the standard curve of #6- 1% gene copies in the assay. The  The rooted phylogenetic tree created with Mega (ver-
standard curve of Q-PCR was= —3.205x log(X) +36.78, sion 4.0) was analysed using the Unifrac interface
based on the average of the triplicate data;RRealue of the  (http://bmf.colorado.edu/unifragivhich provides a suite of
curve was 0.996, and the efficiency of Q-PCR was 105.1 %.tools for the comparison of nitrogen-fixing bacterial commu-
Q-PCR ofnifH was performed in a 10 L reaction mixture nities. Unifrac tests the significance of the differences be-
that contained 5L of SYBR Green PCR master mix§2 tween environments in terms of the phylogenetic branch,
(Applied Biosystems, Foster City, CA, US), 0.4 uL of each which is unique to each environment. Tlfetest uses the
primer (10 uM), 3.2 uL of sterile ultrapure water and 1 pL of phylogenetic tree to test whether the two environments are
extracted DNA { 10-25 ng). Amplification was performed significantly different using parsimony. The Unifrac and
using a Stratagene MX3005. The Q-PCR cycling parameters’-test significance values were corrected using the Bon-
were 30s at 95C, 40 cycles of 95C for 5s, 55°C for 30s  ferroni correction for multiple comparisons (Castro et al.,
and 72°C for 30, a dissociation stage of 95 for 30s and  2010). Lineage-specific analysis was performed to determine
55°C for 30s and a final ramp-up to 96. Melting curve  whether the community differences were concentrated within
analysis was employed to confirm the specificity of the Q- particular lineages of the phylogenetic tree by applying@he

PCR technique. test for goodness of fit to all clades (subtrees) within the tree
o at a defined distance (0.0433) from the tree root (Lozupone
2.7 Statistical methods etal., 2006).

ThenifH operational taxonomic unit (OTU) calculation was

based on RFLP patterns. Clones with same RFLP patterd Results

were clustered into one OTU (Jungblut and Neilan, 2010;

Strassert et al., 2012). The coverage of each clone librar.1 Characteristics of nitrogen-fixing bacterial

was calculated using Eq. (1), wherés the number of OTUs communities

containing unique clones arid is the total number of clones ) ] ] o

(Table 1). According to the genotypes of the OTUs and theTh€ colony-forming units (CFUs) and diversity indices

number of clones for each OTU based on the RFLP-clone li{Hcultured Of the nitrogen-fixing bacterial communities are

brary approach, the Shannon-Wiener diversity index of theshown in Fig. 1. The CFUs ranged from 0.97 to 12.78

nifH gene was calculated using Eq. (2), wheréssumber (10°g~* wet soil), while Heutured ranged from 0.2 to 1.4;

of clones of the-th OTU, andp; indicates the proportion of both of these measures were I0\_Ner inthe meadow so_ll thanin

clones of the-th OTU in the total clone library of the sample the shrubland soil along the altitude gradient. The nitrogen-

(Duc et al., 2009). fixing bacterial community in the meadow soil showed a
higher Shannon—-Wiener diversity indeK{s) than that of

Coverage=[1—(n/N)] x 100% (Huang etal., 2011) (1) the shrubland soil, andl; increased from 1.5 to 2.8 with
elevating altitude. Figure 2 shows that the abundance of the
nifH gene (number of copies) was higher in the shrubland

H= —Zpi Inp;(pi =ni/N) (Duc et al., 2009) (2) soil than in the meadow soil and ranged from 0.4 to 6.9
10’ g~ wet soil). A melting curve with a single melting

In order to cluster or separate the samples based on the Cha(ﬁ'eak was detected at 9190@nd no primer dimers or other

actenstlcs of the nitrogen-fixing bacterial cor_nmumﬂes, hier- unspecific PCR products were amplified, indicating that the
archical cluster analyses were performed using the SPSS sta

tistical package (version 16.0, SPSS Inc., Chicago, IL, USA):etSeu I(tF?f a;'ngle amplicon in the Q-PCR analysis was accu-
with the average-linkage-between-groups methods (Huang eta 9-9)

al., 2011; Nonnoi et al., 2012).

Biogeosciences, 10, 5588600 2013 www.biogeosciences.net/10/5589/2013/
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Table 2. Nitrogen-fixing bacterial community composition in the shrubland and meadow soils.

Phylum Genera Relative abundance/% Assignment
Shrubland soil «-Proteobacteria Bradyrhizobium@ 45 Site 1 2 3
a-Proteobacteria Sinorhizobium 10 Site 1
a-Proteobacteria Azospirillumb 1.67 Site 1
B-Proteobacteria Burkholderia 15 Site 1
B-Proteobacteria Dechloromonas 16.67 Site 2
B-Proteobacteria Herbaspirillum 11.67 Site 2
Meadow soil  «-Proteobacteria Bradyrhizobium 49.73 Site 4 5 6
a-Proteobacteria Sinorhizobium 0.53 Site 4
a-Proteobacteria Mesorhizobium 6.42 Site 5
a-Proteobacteria Ensifer 2.14 Site 6
a-Proteobacteria Methylocella 0.53 Site 6
B-Proteobacteria Burkholderia 11.76 Site 4 6
B-Proteobacteria Dechloromonas 1.60 Site 4 6
B-Proteobacteria Herbaspirillum 1.60 Site 4
B-Proteobacteria Derxia 5.34 Site 4
y-Proteobacteria Thiocapsa 2.34 Site 4 5 6
y-Proteobacteria Ectothiorhodospira 8.56 Site 4 6
y-Proteobacteria Klebsiella 8.56 Site 5 6
y-Proteobacteria Pseudomonas 1.07 Site 6

2The black star indicates the predominant genus in shrubland and meadow soils.
b The generic names in bold indicate those genera unique to each soil.
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Fig. 1. CFUs and diversity indices of cultured nitrogen-fixing bac-

teria (* the letters represent confidence levels above 95 %). Fig. 2. Copy numbers and diversity indices of thiH gene { the

letters represent confidence levels above 95 %).

The cluster analysis of the nitrogen-fixing bacterial com- . . _
munities in the shrubland and meadow soil in terms of3-2 Phylogeny of nitrogen-fixing bacteria
their characteristics (CFU$/cuitures NumMber of copies and
Hnit) indicated that the nitrogen-fixing bacterial communi-
ties from each environment clustered together (Fig. 3). In
other words, the nitrogen-fixing bacterial communities de-
rived from the same soil type (shrubland soil or meadow
soil) were more similar to each other than to communities
from the other soil type.

Figure 4 reveals that while many of théH gene sequences
had close similarity to those of identified nitrogen-fixing
bacteria, a number of theifH sequences clustered without
any corresponding diazotroph species identified in GenBank.
Among the identified nitrogen-fixing bacterial clones, those
associated witBradyrhizobiumSinorhizobiumBurkholde-

ria, DechloromonasandHerbaspirillumwere found in both
the shrubland and meadow soils, aBdhdyrhizobiumwas

the dominant genus. Table 2 indicates thatospirillum
was only present in the shrubland soil, whil&iocapsa

www.biogeosciences.net/10/5589/2013/ Biogeosciences, 10, SH8@-2013



X. S. Tai et al.: High diversity of nitrogen-fixing bacteria

5594
Case 0 5 10 15 20 25
Label Num + t t t t t
shrub =so0il (3086m) -W
shrub soil (3205m) _J
shrub soil (3377w

teadaw zo0il
meadow so0il

{3602n]
{3802n] ]

{ Lineage |

100 | QL6-13 KC445726
QL-5-8 KC445710
QL6 KCH5708
W Uncultured bacterium clone AT25007 (AY829662) Arctic tundra
QL-5-5 KCA45707
B Uncultured bacterum clone ATO7S11 (AY829656) Arcic tundra Lineage Il
5] | Uncuitured bacterium clone AT25001 (AY829660) Arcic tuncra
991 M Uncultured bacterium clone ATO7522 (AYB29658) Arctic tundra

QL 42 KCa45693
Ensifer sp. INVU MH40 (3%843759) root nodule
a- Proteobacteria
5 Mesorhizobium sp. SCAULL (EU514546) Astragalus luteolus and Astragalus emestii-associated

meadow so0il (4130m)

bacterium clone OTU2 (HM140727) Antarctic wetted soils
le AT25002 (AY829661) Arctc tundra

0B Uncultured bacterium clone ATO7509 (AY829654) Arctic tundra

@ Uncultured nitrogen-fxing bacterium clone OTU7 (HM140732) Antarctic wefted soils
QU&2 KCaasT15

QLeS KCasTI8

A Unculured bacterium clone Yushu-10 (AY601046) Tibetan Plateau alpine praiie soil

Fig. 3. Hierarchical cluster analysis of the nitrogen-fixing bacterial
communities in the study region. Euclidean distance was selected
as the interval.

Lineage Il

Lineage IV

Table 3. The significance tests of the microbial communities.

Dechioromonas sp. SIUL (AJ563286) soil | B - Proteobacteria
gpseudomanas sp. IPPW-3 (FI687518) pulp and paper wastewater | y - Proteobacteria
QL-2-5 KC445684

Unifrac ~ Ptest  Lineage-specific e —— |
significance analysis rf-ocsarcusm
test {gﬁsxxﬁ
oo
P values*  0.03 <0.01 Lineage I<0.001 e |1t

japonicum clone nifH1-18 (GQ289576) reddish paddy soil | o - Proteobacteria
izobium japonicum clone nifH1:59 (GQ289562) redcish paddy soil | @ - Proteobacteria
lum 1B- i

Bradyrhizobium japonicum clone riH3-7 (GQ289565) reddish paddy soil

Bradyihizobium faponicum clone nifHd-1 (GQ289571) reddish pady sl

clon

Lineage Il: < 0.001
Lineage IIl: 0.02

Lineage IV:< 0.001
Lineage V:< 0.001

Bradyrhizobium japor
nifH2-53 (GQ289581) reddish padidy soil
" japonicum clone nifk4-72 (GQ289574) reddish paddy soil
Japonicum clone nifH2-49 (GQ289580) reddish paddy soil

o L34 GQZESSTY )
Q209577 a- Proteobacteria

o1

* <0.001: highly significant; 0.001-0.01: significant; 0.01-0.05: marginally

significant. . . .
Fig. 4a. Phylogenetic tree based on a comparison ofrifild se-

guences determined from the samples of shrubland soil (18 se-

. . . . . . guences) and meadow soil (44 sequences) and their closest phyloge-
Derxia, EctothiorhodospiraMesorhizobiumKlebsiellg En- netic relatives (30 sequences), which were obtained using BLAST.

sifer, Methyloce_llaand Pseudomo.n.awer'e deteCt_e<_j only in A number of othenifH gene sequences (50) obtained from the Ti-
the meadow soil. All of the identified nitrogen-fixing bacte- petan Plateau, the Antarctic and the Arctic were included to con-
rial clones belonged to the Proteobacteria. The Unifrac sigstruct a robust phylogenetic tree. The alignment was performed
nificance ¢ = 0.03) andP-test significance® = 0.01) val- using ClustalX (version 1.8). Phylogenetic distances (distance op-
ues all indicated that the nitrogen-fixing bacterial communi-tions according to the Jukes—Cantor model) and clustering with
ties were significantly different between the shrubland andthe neighbour-joining method were determined using bootstrap val-
meadow soils (Table 3). The phylogenetic tree was dividedues based on 1000 replications. _Bootstrap_vatué@ are_shown.
into five lineages (lineages 1-V): lineage 1, Il and 1l mainly Clones from this study are designated with the prefix QL, fol-
containednifH sequences obtained from the meadow soil,/9ed by the soil code (1-6) and the clone code. The accession
while lineage IV was mainly composed offH sequences number foII_ows each_clone. _Soll_d cnrcles_, squares, triangles, rhom-
. I buses and inverted triangles indicate thongE gene sequences ob-

Obtam?d from_ th? shrubland soil _(F',g' 4,)' TIﬂEvaIue; of tained from high Arctic dwarf shrubland soil, Arctic tundra, Tibetan
each lineage indicated that the distributions of the lineagesateay alpine prairie soil, Antarctic wetted soil and the Antarc-
between the two environments were different (Table 3). tic microbial mat, respectively. The scale bar indicates nucleotide

substitution per site.

3.3 Correlations between characteristics of the
nitrogen-fixing bacterial communities and
environmental factors tured nitrogen-fixing bacteria were affected by underground

o . biomass. Altitude affected the diversity of théH gene in
The results of the RDA indicated that PC1 explains more thanhe meadow soil, where copy number was primarily cor-

90% of the variance, while PC2 explains less than 10%.rejated with soil-available K. The cultured nitrogen-fixing
Therefore, the first axis accounted for a valuable part ofpacterial diversity was affected by soil water content, while

the variance, while the second axis did not. Undergroundcrys were correlated with aboveground biomass.
biomass had a significant positive correlation with the first

axis and strongly influenced the bacterial communities in

shrubland soil, while available K had a strong influence on4 Discussion

the communities in meadow soil (Fig. 5). In the shrubland

soil, thenifH gene diversity and copy number were primarily The Shannon—Wiener diversity index of thdH gene in
correlated with aboveground biomass. The CFUs of the culthe southern Qilian Mountains was 2.85, which is higher
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Fig. 4b. The subtree displays the phylogeny of lineage I.
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Fig. 4c.The subtree displays the phylogeny of lineage IV.

that of the bacteria in the meadow soils. Hsu and Buckley

(2009) have found that higher levels of vegetation biomass
than that observed in other cold regions across the worldreduce nitrogen-fixing bacterial diversity, and a higher vege-
such as Antarctic soil (Jungblut and Neilan, 2010; Nieder-tation biomass was observed in the shrubland soil than in the
berger et al., 2012), Arctic soil (Deslippe and Egger, 2006;meadow soil (Table 1).
Izquierdo and Nsslein, 2006) and Tibetan Plateau alpine Five major clusters with homology taifH have been
soil (Zhang et al., 2006). The abundance of thi described. Cluster | is composed entirely mfH genes
gene was 10copies g soil (Fig. 2), a value slightly higher from most of the Proteobacteria, all of the Cyanobacte-
than that of previously published results. Niederberger etria and certain FirmicutesPéenibacillu3 and Actinobac-
al. (2012) found that proteobacterid@fH genes ranged from teria Frankia). Cluster Il contains sequences belonging to
10* to 10° copies g soil in Antarctic wetted soil. Coelho certain methanogenic Archaea. Cluster Ill is dominated by
et al. (2009) observed ®0to 10’ copiesg?! soil of nifH nifH sequences from the anaerobic members of the Bacte-
genes in Brazilian farmland soil. The high diversity and ria and Archaea, including spirochetes, methanogens, ace-
abundance of thaifH gene in the southern Qilian Moun- togens, sulfate-reducing bacteria, green sulfur bacteria and
tains suggests that the soil pH in the southern Qilian Moun-clostridia. Clusters IV and V are composed mifH par-
tains is close to 7 (Table 4), which is the optimum for the alogues that are not involved in nitrogen fixation and include
majority of nitrogen-fixing bacteria (Tamm, 1991). Further- genes of various functions (Zehr et al., 2003; Palacios and
more, the primers used in this studyifH-F and nifH-R, Newton, 2005). All of thenifH sequences identified in this
targeted a wide range of nitrogen-fixing bacteria and werestudy belonged to the Proteobacteria and fell into cluster |,
different from those used in other studieso@h et al.,, a result consistent with those of previous studies (Fig. 4).
2002; as reviewed in Gaby and Buckley, 2012). In the south-Gaby and Buckley (2011) concluded that the most dominant
ern Qilian Mountains, the Shannon diversity index of the OTUs of nifH belonged to either the Proteobacteria or the
nitrogen-fixing bacteria in the shrubland soil was lower thanCyanobacteria. Chowdhury et al. (2009) demonstrated that

www.biogeosciences.net/10/5589/2013/ Biogeosciences, 10, SH8@-2013
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Fig. 5. RDA analysis between the nitrogen-fixing bacterial characteristics and environmental factors. The RDA plot was constructed with the
biplots method and joint plots between the species and environmental variables based on the linear model using CanoDraw. The red arrow:
and words represent the environmental factors, while the blue arrows indicate community characteristics.

Table 4. Nitrogen-fixing bacterial communities in different regions of the world.

Biogeosciences, 10, 5588600 2013

Study Average Shannon Dominant phyla Predominant Reference
regions soil pH index genera
Antarctica 8.48 2.60 «a-Proteobacteria, Geobacter Niederberger et al. (2012)
wetted soil B-Proteobacteria,

y-Proteobacteria,

3-Proteobacteria,

Cyanobacteria
Antarctica 9.90 2.11  p-Proteobacteria, Azotobacter Jungblut et al. (2010)
microbial mat y-Proteobacteria,

3-Proteobacteria,

Firmicutes,

Spirochaetes,

Cyanobacteria,

Verrucomicrobia,

Unidentified cluster
Canadian ND 2.04 «a-Proteobacteria, Rhodopseudomonas Deslippe et al. (2006)
High Arctic B-Proteobacteria,
shrubland soil y-Proteobacteria,

Firmicutes,

Unidentified cluster
Arctic 6.70 1.97  «a-Proteobacteria, Rhodopseudomonas lzquierdo et al. (2006)
tundra soil y-Proteobacteria,

§-Proteobacteria,

Cyanobacteria,

Spirochaetae,

Unidentified cluster
Tibetan Plateau 7.43 2.09 «-Proteobacteria, Methylocella Zhang et al. (2006)
alpine prairie B-Proteobacteria,
soil y-Proteobacteria,

3-Proteobacteria,

Unidentified cluster
Qilian 7.04 2.85  «-Proteobacteria, Bradyrhizobium This study
Mountains B-Proteobacteria,

shrubland and
meadow soils

y-Proteobacteria,
Unidentified cluster

www.biogeosciences.net/10/5589/2013/
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Fig. 6. Melting curve of quantitative PCR.

the nifH clone library from the rhizosphere soil and roots nities (Fig. 3), a result consistent with those of previous stud-
of Lasiurus sindicuggrass showed a predominance of Pro- ies (Berg et al., 2002; Deslippe and Egger, 2006; Garbeva
teobacteria. However, the predominant genera in differentet al., 2008). They concluded that the abundance and com-
extreme environments are distinct (Table 4), &redyrhi- position of bacteria functional groups were plant species de-
zobiumis unique to the shrubland and meadow soils of pendent. Similar habitats have similar soils, with similar abi-
the southern Qilian Mountains. Furthermore, at the genustic and biotic contexts, and therefore harbour bacterial com-
level, Azospirillumwas only detected in the shrubland soil, munities that display similar characteristics. A cross-system
while Thiocapsa Derxia, Ectothiorhodospira Mesorhizo-  comparison ofifH gene diversity and microbial community
bium, Klebsiella Ensifer Methylocellaand Pseudomonas structure indicated that the distribution of nitrogen-fixing mi-
were only detected in the meadow soil. One possibility iscroorganisms is non-random and can be predicted on the ba-
that plants may select for different nitrogen-fixing bacterial sis of habitat characteristics (Zehr et al., 2003).
communities (Deslippe and Egger, 2006). The dominance of In the present study, the phylogenetic tree was divided into
native alpine species (e.§otentilla parvifoliaand Carex  five lineages: lineages I, Il and Il mainly containedH se-
alrofuscg may have controlled the soil carbon dynamics quences obtained from the meadow soil, while lineage IV
through changes in root colonisation and exudation, whichwas mainly composed ofifH sequences obtained from the
in turn may have resulted in changes to the nitrogen-fixingshrubland soil. This result suggests tRatentillais highly
bacterial community structure (Bardgett et al., 1998; GrosN proficient and falls into the conservative category, while
et al., 2004). Lineage-specific analysis, the Unifrac signifi- Carexis less N proficient and falls into the extravagant cat-
cance test and the test all indicated that the nitrogen-fixing egory in terms of N cycling (Yuan et al., 2005; Chapman
bacterial communities beneaBotentilla differed from the et al., 2006). As proposed by Chapman et al. (2006), plant
ones beneatBarex(Table 3). These results suggest that plantspecies that fall into the conservative category regulate N
species may influence N cycling by enhancing the fithess otycling more strongly than plant species exhibiting extrav-
certain nitrogen-fixing taxa. agant N management. Our findings may provide evidence
The cluster analysis showed that soils of the same vegetan support of this hypothesis. In the shrubland soil beneath
tion type contained similar nitrogen-fixing bacterial commu- Potentilla, nifH gene diversity and abundance were primar-
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ily correlated with aboveground biomass. Hsu and Buckley foliar herbivory influence soil organisms, Soil Biol. Biochem.,
(2009) found that the nitrogen-fixing bacterial community 30, 1867-1878, dal0.1016/S0038-0717(98)000694998.
structure differed across treatments as a function of vegeBeauchamp, C. J., Kloepper, J. W., Lifshitz, R., Dion, P., and
tation biomass. Lovell et al. (2001) also demonstrated that Antoun, H.. Frequent occurrence of the ability to utilize
differences in the nitrogen-fixing bacterial community are gg?%%”lelég/r;gioggﬁgg? Can. J. Microbiol., 37, 158-164,
clqsely associated Wlth vegetathn blqmass' In.the .meadov}éeauchamp, C. J.,dvesque, G., Brost, D., and Chalifour, F.-P.:
soil beneattCarex thenifH gene diversity was primarily af-

. . . . Isolation of free-living dinitrogen-fixing bacteria and their activ-
fected by altitude, while abundance was primarily affected ity in compost containing de-inking paper sludge, Bioresource

by soil-available K. Zhang et al. (2006) found that altitude Technol., 97, 1002-1011, daD.1016/j.biortech.2005.04.041
was one of the key factors influencing the nitrogen-fixing  200s.

bacterial community in alpine prairie soil. Niederberger et Berg, G., Roskot, N., Steidle, A., Eberl, L., Zock, A., and
al. (2012) demonstrated that temperature, which is closely Smalla, K.: Plant-Dependent Genotypic and Phenotypic Diver-
correlated to altitude, may be a driving factor in the compo- sity of Antagonistic Rhizobacteria Isolated from Different Ver-
sition of the nitrogen-fixing bacterial community in Antarctic  ticillium Host Plants, Appl. Environ. Microb., 68, 3328-3338,
soil. Soil K concentration has also been identified as a driver d0i:10.1128/aem.68.7.3328-3338.20Q202.

of the nifH gene in several environments (Teng et al., 2009;Braak, C. J. . T. and Smilauer, P.: CANOCO Reference Manual
Hayden et al., 2010). and User’s Guide to Canoco for Windows: Software for Canoni-

cal Community Ordination (Version 4), Centre for Biometry, Wa-
geningen, 351 pp., 1998.
Burgmann, H., Meier, S., Bunge, M., Widmer, F., and Zeyer, J.:
Effects of model root exudates on structure and activity of a
. i i i . soil diazotroph community, Environ. Microbiol., 7, 1711-1724,
Our study revealed a high diversity of nitrogen-fixing bac- d0i:10.1111/j.1462-2920.2005.008182005.
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