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The diversity and structure of
diazotrophic communities in the
rhizosphere of coastal saline
plants is mainly affected by soil
physicochemical factors but not
host plant species
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Jieshan Cheng2,3, Xiangyu Wang1* and Hongxia Zhang1,2,3*

1Shandong Institute of Sericulture, Shandong Academy of Agricultural Sciences, Yantai, China,
2The Engineering Research Institute of Agriculture and Forestry, Ludong University, Yantai, China,
3Key Laboratory of Molecular Module-Based Breeding of High Yield and Abiotic Resistant Plants in
Universities of Shandong (Ludong University), Ludong University, Yantai, China
The diversity and community structure of rhizospheric microbes are largely

affected by soil physicochemical properties and plant species. In this work, high

throughput sequencing and quantitative real-time PCR targeting nifH gene were

used to assess the abundance and diversity of diazotrophic community in the

coastal saline soils of Yellow River Delta (YRD). We demonstrated that the copy

number of nifH gene encoding the Fe protein subunit of the nitrogenase in the

nitrogen fixation process was significantly affected by soil physiochemical

factors, and the abundance of diazotrophs in the rhizospheric soil samples

collected from different locations was positively related with soil

physicochemical properties. Soil salinity (P=0.003) and moisture (P=0.003)

were significantly co-varied with the OTU-based community composition of

diazotrophs. Taxonomic analysis showed that most diazotrophs belonged to the

Alphaproteobacteria, Gammaproteobacteria and Deltaproteobacteria. Linear

discriminant analysis (LDA) effect size (LEfSe) and canonical correspondence

analysis (CCA) showed that diazotrophic community structure significantly varied

with soil salinity, moisture, pH and total nitrogen, carbon, sulphur and nitrite

(NO2
–N) content. Our findings provide direct evidence toward the understanding

of different effects of soil physicochemical properties and host plant traits such as

halophytes types, life span and cotyledon type, on the community composition

of diazotrophic populations in the rhizosphere of plants grown in coastal

saline soils.
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Introduction

Nitrogen (N) is one of the essential primarymacronutrients for

plant growth and production (Li et al., 2018). Through the

reduction of atmospheric N2 to biologically available ammonium,

about 70% of total N is fixed (Galloway et al., 2004; Lin et al., 2016).

An efficient way to introduce N2 into the biosphere is N fixation,

since plants cannot directly utilize gaseous N2. In the rhizosphere of

plants, a wide variety of diazotrophs, including free living bacteria,

sulfate reducing bacteria and symbiotic diazotrophs, usually

dominated by Proteobacteria, Cyanobacteria and Firmicutes,

inhabited (Wang et al., 2016; Zhang et al., 2021). These

diazotrophs shared the same operon in which the nifH gene

encoding the Fe protein subunit of the nitrogenase in the

nitrogen fixation process has been widely used for phylogenetic

analyses (Ininbergs et al., 2011; Ospina-Betancourth et al., 2020;

Dong et al., 2022). Plant diversity could affect the composition and

function of microbial community, which in return, increased soil N

supply to plants (Zak et al., 2003). Due to the high genetic diversity,

rhizospheric diazotrophs could play multiple roles in plant growth

and development (Vejan et al., 2016; Oliveira et al., 2017).

Generally, diazotrophs provided readily available N sources to

host plants, and in return, host plants supplied carbon sources to

diazotrophs through photosynthesis (Gupta et al., 2006; Liu

et al., 2019).

The diversity and composition of microbial communities in

the rhizosphere of plants were affected by soil properties

(Garbeva et al., 2008; Tkacz et al., 2015; Jiang et al., 2017; Li

et al., 2021). In some studies, a greater impact of host plant

species on microbial assemblage composition, than of abiotic

parameters, has been observed, since the selection of microbial

communities in rhizospheric soils was dependent on the root

morphology, root exudation and nutrient competition of plants

(Rodrigo et al., 2006; Ladygina and Hedlund, 2010). In some

studies, diazotrophic abundance and community composition

were found to be mainly affected by soil characteristics, such pH,

inorganic N and carbon/nitrogen (C/N) ratio, especially salinity

and water content (Moisander et al., 2007; Collavino et al., 2014;

Levy-Booth et al., 2014; Wang et al., 2017; Che et al., 2018; Lin

et al., 2018). The effects of plants on microbial community in

plant rhizosphere were species specific, and a synergistic

relationship between plant species and environmental

conditions existed (Morina et al., 2018). In addition,

diazotroph assemblages were also strongly influenced by

seasons, abiotic environmental parameters and host plants

(Debra et al., 2011; Lin et al., 2017).

One of the major causes for soil salinization in the coastal

region was the intrusion of seawater into coastal aquifers

(Omuto et al., 2020). With the increase of distance from the

vertical coastline, soil salinity and moisture of coastal wetlands

changed significantly (Xian et al., 2019). In coastal sediments,

higher rate of sediment N-fixation, which could be a significant
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N source, has been detected (Mortazavi et al., 2012; Bhavya et al.,

2016). In coastal seagrass beds, microbial N-fixing provided 50%

of the N requirements (Whiting et al., 1986). The biological N

fixation (BNF) rates in coastal region can be affected by many

biotic and abiotic factors, such as diazotroph diversity, soil C:N

ratio and soil P level (Dang et al., 2013; Huang et al., 2016).

Microbially-mediated N-dynamics were particular important to

the biogeochemical functions in coastal marine wetlands

(Affourtit et al., 2001; Moisander et al., 2007; Moseman-

Valtierra et al., 2009). Nitrogen-fixing bacteria constituted a

key functional group of microorganisms relevant to the

functions of wetland ecosystems (Moseman et al., 2009).

Meanwhile, human activity also generated a great amount of

nitrogen, causing numerous ecological and environmental

problems, such as eutrophication, in coastal region (Newell

et al., 2016; Huang et al., 2021; Lin and Lin, 2022). Salinization

could affect the transformation and uptake of N, and ultimately

restrain the growth and decrease the production of plants

(Midgley, 2012). To adapt to the salt stress condition,

halophyte plants could shape specific rhizospheric

microbiomes and increase the microbial diversities (Wang

et al., 2010; Anburaj et al., 2012; Qiu et al., 2022). The growth

of halophyte plants is usually limited by the availability of N,

which is supplemented by the introduction of ‘new’ N in the

ecosystems through plant associated diazotrophs (Debra et al.,

2011; Rejmánková et al., 2018; Zhang et al., 2020; Qiu et al.,

2022). The rate of microbial N fixation is correlated to plant

photosynthetic activity, and the structure of diazotroph

assemblage is significantly influenced by the variety of carbon

sources associated with plant species. According to the

mechanisms of salt tolerance, halophytes are divided into

secretohalophyte, pseudohalophyte and euhalophyte.

Dicotyledonous plants have more developed root system than

monocotyledonous plants, and annual halophyte plants have

developed a set of mechanisms safer than those of perennial

halophyte plants, including seed dormancy when subjected to

high salt stress, fast germination after rehydration,

polymorphism in morphology and germination, and persistent

seed bank and plastic resource allocation (Cao et al., 2021).

Since the 1980s, the coastal zone of Laizhou Bay-Yellow River

Estuary, which cover an area of 2,870 km2, has become one of the

most serious seawater intruded regions in China (Guo and Gong,

2014). In this area, coastal saline soils show a gradient of salinity

and water content from land to sea, accompanied with an

apparent species succession of native plants. Although some

studies on the characterization and evolution of vegetation in

this area have been carried out for saline soil bioremediation,

limited work has been done on the microbial community

structure in the rhizosphere of plants grown in this area (Zhang

et al., 2006; Ravit et al., 2007; Cao et al., 2015; Jing et al., 2018). In

this study, we investigated the physicochemical factors, as well as

the diversity and composition of rhizospheric N-fixing microbes
frontiersin.org
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in the coastal wetland. We demonstrate that the key driving

factors affecting diazotrophic community structure in the coastal

saline soil are physicochemical factors but not host plant traits.
Materials and methods

Research site and sample collection

The research areawas located at the coastal zone of LaizhouBay

- Yellow River Estuary in China, with an average annual rainfall of

415.9 -842 mm and a mean annual temperature of 12.3°C-12.9°C

(Figure 1A). Four sampling sites, Changyi (CY) and Shouguang

(SG), which possess silt and low or non-saline soils, and Dongying

(DY) and Binzhou (BZ), which possess rigid and high salinity soils,

were chosen in this study (Figure 1B). For sample collection, surface

soil was removed from each individual plant in a given plot, and

plant roots together with rhizospheric soil were carefully excavated.

Rhizospheric soil was obtained by shaking plants vigorously to

separate the soil that not tightly adhered to the roots. Soils

remaining attached to the roots after this were considered as

rhizospheric soils (Jing et al., 2018). Finally, a total number of 18

samples corresponding to 8 different plant species, including

Chenopodium L., Phragmites australis, Tamarix austromongolica

Nakai, Tamarix austromongolica Nakai, Suaeda salsa, Limonium

sinens, Imperata sp., and Typha sp., were collected (Figure 1C;

Table 1). Host plants weremorphologically identified and classified

based their salt tolerance (6 halophytic and 2 non-halophytic), life

style (3 annual and 5 perennial) and cotyledon number (5

dicotyledon and 3 monocotyledon), according to the Subject

Database of Chinese Plant (http://www.plant.csdb.cn/) and Plant

Collection Database (http://www.plantpic.csdb.cn/), as described

previously (Zhang et al., 2006).
Rhizospheric soil analyses

Soil sampleswithdifferentsoil salinityandmoisturewerecollected

inApril, 2021. Ineachsamplingarea,fivereplicationblocks (10×10m)

wereestablished,andtherhizospheric soilsof themostabundantplant

species (4–5) available in the blocks were sampled. Fresh soil pH and

salinitywere determinedwith a soil toCaCl2 (0.01mol L-1) ratio of 1:5

(w:v). Soil moisture was measured gravimetrically as described

previously (Gardner, 1986). Total carbon (TC), total sulphur (TS)

and total N (TN) were determined using the Thermo Scientific™

FlashSmart™Elemental Analyzers. Concentrations of nitrate (NO3
--

N), nitrite (NO2
--N) and ammonium (NH4

+-N) in the soils were

extractedwithKCl solution (2molL-1) anddeterminedwith the auto-

analyzer(Seal,Germany)(Mulvaney,1996).Soil typeswasclassifiedas

non-saline (Sal<1.2‰), slight saline (1.2‰–2.4‰), moderate saline

(2.4‰–4.8‰), strong saline (4.8‰–9.6‰) and severe saline

(Sal>9.6‰) as described previously (Richards, 1954). Soil moisture
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was divided into low moisture (<8%), medium moisture (8%–12%)

and high moisture (>12%).
DNA isolation and quantitative real-time
PCR analysis

Total soil DNA was isolated using the FastDNA® SPIN Kit

for Soil (MP Biomedicals, Solon, OH, USA) following the

manufacturer ’s protocol . DNA concentrations were

determined with spectrophotometer Nanodrop 2000c

(Thermo-Fisher, USA). To quantify the abundance of nifH

gene in the rhizospheric soils, quantitative real-time PCR

( qPCR ) wa s p e r f o rm ed w i t h t h e f o rw a r d ( 5 ’ -

TGCGAYCCSAARGCBGACTC-3 ’ ) and reverse (5 ’-

ATSGCCATCATYTCRCCGG A-3’) primers (Poly et al.,

2001). For each reaction, a total volume of 20 mL TB Green™

Premix Ex Taq™ II (TaKaRa, Japan) supplemented with 0.8 mL
of each primer and 1mL of soil DNA template was generated.

Thermal cycling conditions was as follows: pre-incubation at 50°

C for 2 min, pre-denaturation at 95°C for 10min, then reaction

for 40 cycles consisting of denaturation at 94°C for 30 s,

annealing at 60°C for 30 s and extension at 72°C for 60 s,

followed by melting curve analysis at 65-95°C (0.5°C per

reading). The reactions were carried out in an BioRAD CFX96

fast real-time PCR system (Applied Biosystems, USA). Standard

curves for the genes were obtained using serial dilutions of

linearized plasmids (pTZ57R/T, Fermentas, USA) containing

the target gene amplified from environmental clones (R2 = 0.99

for all standard curves).
High-throughput sequencing and
bioinformatic analysis

For high-throughput sequencing analysis, the forward and

reverse primers (5’-TGYGAYCCNAARGCNGA-3’ and 5’-

ADNGCCATCATYTCNCC-3’) were used to amplify the nifH

gene with the barcode. All PCR reactions were carried out in

30mL reactions with 15mL of Phusion®High-Fidelity PCR

Master Mix (New England Biolabs), 0.2mM of forward and

reverse primers, and about 10 ng template DNA. Thermal

cycling consisting of initial denaturation at 98°C for 1 min,

followed by 30 cycles of denaturation at 98°C for 10 s, annealing

at 50°C for 30s, and elongation at 72°C for 60s, was performed as

described previously (Gaby and Buckley, 2012). PCR products

was purified with GeneJET Gel Extraction Kit (Thermo

Scientific) and sequenced on the Illumina MiSeq PE250

platform at Biozeron Company (Shanghai, China).

Sequence analysis were performed with UPARSE software

package using the UPARSE-OTU and UPARSE-OTUref

algorithms. In-house Perl scripts were used to analyze alpha
frontiersin.org
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(within samples) and beta (among samples) diversity. Sequences

with ≥97% similarity were assigned to the same operational

taxonomic units (OTUs). A representative sequence for each

OTU was picked and classified using the Ribosomal Database

Project (RDP) classifier. Alpha diversity indexes (Chao 1,

Shannon, Simpson) were calculated using the R software. Beta

diversity was calculated based on Bray-Curtis dissimilarities and

visualized using non-metric multidimensional scaling (NMDS)

in PRIMER v.6 (Primer-E, UK). To confirm the difference in the

abundance of individual taxonomy between the two groups,

Metastats 2.0 was used. LEfSe was taken for the quantitative

analysis of biomarkers in different groups. This method was

designed to analyze data in which the number of species is much

higher than the number of samples, and to provide biological

class explanation to establish statistical significance, biological

consistency and effect-size estimation of predicted biomarkers.

To identify the differences of microbial communities between
Frontiers in Marine Science 04
the two groups, ANOSIM were performed based on the Bray-

Curtis dissimilarity distance matrices (Laurent et al., 2013).
Statistical analysis

The normality of all variables was tested using Shapiro-Wilk

analysis. One-way analysis of variance (ANOVA) (for normally

distributed variables) and non-parametric Kruskal-Wallis test (for

the variables showing non-normal distribution) were performed to

identify the differences between environmental factors, alpha

diversity estimators, and soil salinity and moisture levels.

Spearman’s correlations between diazotrophs abundance, alpha

diversity and environmental factors were performed using SPSS

v.11.5 (SPSS, Chicago, IL, United States). Following detrended

correspondence analysis determining the length of the

environmental gradient, canonical correspondence analysis
B

C

A

FIGURE 1

Images showing the locations and plants of sampling sites. (A, B) Geographic maps showing the sampling positions at the south coastal plain of
the Laizhou Bay and the mouth of the Yellow River in China. (C) Phenotypes of representative plants for ryhizospheric soil samplings.
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(CCA) was performed to establish which environmental

parameters played an important role in the variation of

diazotrophic compositions using Canoco 5.0.
Results

Different soil properties are observed in
coastal saline lands

To assess the diversity and community composition of

diazotrophic microbes in the rhizospheres of plants grown in the

coastal saline area, rhizospheric soil samples from four sites,

Changyi (CY), Shouguang (SG), Dongying (DY) and Binzhou

(BZ), located at the coastal zone of Laizhou Bay-Yellow River

Estuary in China, were collected (Figures 1A, B). In this sampling

area, plant community is dominated by halophyte plants such as

Suaeda salsa, Phragmites australis, Tamarix austromongolica

Nakai, Chenopodium L., Artemisia fauriei, Limonium sinense,

and some non-halophyte plants such as Imperata sp. and Typha

sp. (Figure 1C; Table 1). Accompanied with the gradient of salinity

and water moisture from land to sea, the host plant community

showed obvious species succession. Since halophytes can survive in

saline soils with low nutrient loads and water holding capacity, we

first compared the property of the soil samples collected from

different saline sites. Generally, all rhizospheric soil samples were

slightly alkaline, with pH values ranged from 7.18 to 7.77, and their

salinity and water content varied greatly, ranged from 0.5‰ to

15.14‰ and 1.10‰ to 13.38%, respectively (Table 1). Soils from

DY and BZ sampling sites showed strong and severe salinity

(5.38‰~15.14‰), and medium and high moisture (8.96%

~13.38%), whereas soils from CY and SG sampling sites showed

low saline (0.50‰~0.99‰) and moisture (1.1%~4.13%). The

fertility of each sampling site was poor and the content of

inorganic N was low, ranged from 2.78 to 14.05 mg·kg-1, with

NO3
–N as the dominant inorganic N ranged from 2.25 to 9.18

mg·kg-1 (Table 1). The highest salinity and moisture, with a

percentage of 15.14% and 13.38%, was detected in the soil

samples collected from DY-01 and DY-02, respectively. Whereas

the lowest salinity and moisture, with a percentage of 0.50% and

1.10%, was detected in the soil samples collected from SG-03 and

SG-01, respectively. The highest TN and TC, with a percentage of

0.069% and 2.007%, respectively, was detected in the soil samples

collected from BZ-03. Whereas the lowest TN (0.016%) and TC

(0.635%) was detected in the soil samples collected from SG03 and

CY02, respectively (Table 1).
nifH gene abundance is significantly
affected by soil physiochemical factors

To assess the abundance of diazotrophic microbes in the

rhizosphere of plants grown in the coastal saline area, we
Frontiers in Marine Science 05
examined the copy numbers of nifH gene in the collected soil

samples. The copy numbers of nifH gene variedwidely, ranged from

1.99×106 to 3.80×108 copies g-1 dry soil across all the collected

samples, with the highest nifH gene copy number detected in the

rhizospheric soil samples of Tamarix austromongolica Nakai

collected in Binzhou area (Figure 2). Further ANOVA and

Kruskal-Wallis analyses revealed that the copy numbers of nifH

gene were significantly affected by soil salinity and moisture, not

plant traits (Table 2). A highernifH gene copy numberwas observed

in soil samples with high salinity and moisture than in soil samples

with non-saline and low moisture. Spearman’s correlation analysis

exhibited that the copy numbers of nifH gene were significantly

related to pH value, soil salinity, moisture, and the levels of TN, TC,

TS (total sulphur), NH4
+-N and NO3

–N (Table 3).
Different diazotrophic community
structures are observed

To further understand the richness and diversity of

diazotrophic communities in the rhizosphere of plants grown in

the selected coastal saline area, we carried out high-throughput

sequencing analysis. A total number of 812554 raw reads were

obtained from 18 samples. At a cut-off of 97% sequence similarity,

5007 OTUs representing 10 phyla were obtained. We analyzed the

diversity (Shannon and Simpson) and richness (Chao1) indices

with two-way ANOVA and Kruskal-Wallis tests, and found that

Shannon, Simpson and Chao1 indices were remarkably influenced

by soil salinity and moisture, whereas alpha-diversities were not

significantly affected by plant traits such as halophyte type, life span

and cotyledon type (Table 2). Overall, the most abundant phylum

was Proteobacteria (mean ± SE, 85.0%± 13.1%; n = 18), followed by

Cyanobacteria (6.71% ± 11.3%), unclassified phylum (5.86% ±

3.61%) andFirmicutes (1.21%±1.96%). Twophyla,Chloroflexi and

Fibrobacteres, appeared to be the minor components (<1%) across

all the soil samples (Figure S1). At genus level, Bradyrhizobiumwas

found to be the most abundant genus (16.1%), followed by

Halorhodospira (8.36%), Desulfovibrio (6.81%) and Azospirillum

(5.98%), in the soil samples (Figure 3A).
The diversity of diazotrophs is affected
by soil salinity and moisture

Based on the OTUs from the 16S rRNA gene sequences, we

further generated non-metric multidimensional scaling (NMDS)

ordination plot of diazotrophic community dissimilarities. We

observed that diazotrophic communities in all the soil samples

were clearly divided into two groups based on their soil salinity

and moisture levels (Figure 3B). Further ANOSIM test also

demonstrated that the diversity of diazotrophic community

was significantly affected by soil salinity and soil moisture, but

not by plant traits (Table 4). A higher diversity of diazotrophic
frontiersin.org
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TABLE 1 Characteristics of host plants and rhizospheric soils.

Sample Scientific name Halophytes Life Cotyledon pH Salinity Moisture TN(%) TC(%) TS(%) NH4
+-N

(mg/kg)
NO2

–N
(mg/kg)

NO3
–N

(mg/kg)

.841 ±
0.11

0.004 ±
0.00

0.86 ± 0.04 0.024 ± 0.01 3.12 ± 0.22

.635 ±
0.00

0.003 ±
0.00

0.22 ± 0.12 0.021 ± 0.01 2.53 ± 0.13

.754 ±
0.01

0.008 ±
0.00

1.44 ± 0.35 0.14 ± 0.06 3.61 ± 0.61

0.79 ±
0.02

0.003 ±
0.00

0.97 ± 0.36 0.089 ± 0.04 3.38 ± 0.09

.186 ±
0.02

0.008 ±
0.00

0.81 ± 0.10 0.034 ± 0.01 6.83 ± 0.51

.998 ±
0.06

0.005 ±
0.00

– 0.01 ± 0.00 2.44 ± 0.04

.998 ±
0.02

0.003 ±
0.00

0.31 ± 0.00 0.031 ± 0.00 2.25 ± 0.35

.058 ±
0.15

0.004 ±
0.00

3.09 ± 0.39 0.042 ± 0.01 5.41 ± 0.20

0.98 ±
0.00

0.004 ±
0.00

1.08 ± 0.00 0.015 ± 0.00 2.66 ± 0.18

.522 ±
0.22

0.083 ±
0.01

1.77 ± 0.75 0.031 ± 0.03 9.18 ± 1.03

.543 ±
0.03

0.047 ±
0.01

5.88 ± 0.52 0.034 ± 0.02 8.13 ± 0.25

.652 ±
0.05

0.047 ±
0.00

2.27 ± 1.11 0.017 ± 0.00 6.04 ± 0.34

1.55 ±
0.35

0.046 ±
0.01

1.23 ± 0.36 0.02 ± 0.00 3.2 ± 0.16

.606 ±
0.40

0.039 ±
0.00

4.51 ± 0.18 0.022 ± 0.00 3.31 ± 0.31

.557 ±
0.04

0.079 ±
0.01

0.79 ± 0.27 0.021 ± 0.01 3.75 ± 0.07

.498 ±
0.19

0.086 ±
0.02

– 0.015 ± 0.01 2.52 ± 0.02

(Continued)
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ID type span type value (‰) (%)

CY-01 Chenopodium L. Secretohalophyte Annual Dicotyledon 7.34 ±
0.19

0.53 ± 0.00 2.99 ± 0.08 0.055 ±
0.00

0

CY-02 Phragmites australis Pseudohalophyte Perennial Monocotyledon 7.18 ±
0.20

0.58 ± 0.00 4.13 ± 0.12 0.031 ±
0.00

0

CY-03 Tamarix
austromongolica Nakai

Secretohalophyte Perennial Dicotyledon 7.28 ±
0.19

0.63 ± 0.00 3.65 ± 0.31 0.044 ±
0.01

0

CY-04 Artemisia fauriei Pseudohalophyte Perennial Dicotyledon 7.18 ±
0.19

0.51 ± 0.12 2.75 ± 0.10 0.044 ±
0.00

SG-01 Suaeda salsa Euhalophyte Annual Dicotyledon 7.61 ±
0.13

0.99 ± 0.00 1.1 ± 0.03 0.032 ±
0.03

1

SG-02 Phragmites australis Pseudohalophyte Perennial Monocotyledon 7.22 ±
0.13

0.67 ± 0.00 1.88 ± 0.02 0.018 ±
0.00

0

SG-03 Tamarix
austromongolica Nakai

Secretohalophyte Perennial Dicotyledon 7.29 ±
0.13

0.50 ± 0.00 2.32 ± 0.05 0.016 ±
0.00

0

SG-04 Artemisia fauriei Pseudohalophyte Perennial Dicotyledon 7.38 ±
0.13

0.71 ± 0.01 2.75 ± 0.02 0.021 ±
0.01

1

SG-05 Chenopodium L. Secretohalophyte Annual Dicotyledon 7.41 ±
0.13

0.66 ± 0.00 2.22 ± 0.02 0.018 ±
0.00

DY-01 Suaeda salsa Euhalophyte Annual Dicotyledon 7.55 ±
0.17

15.14 ±
0.02

11.47 ±
0.39

0.05 ±
0.01

1

DY-02 Phragmites australis Pseudohalophyte Perennial Monocotyledon 7.52 ±
0.18

11.22 ±
0.02

13.38 ±
0.45

0.05 ±
0.01

1

DY-03 Tamarix
austromongolica Nakai

Secretohalophyte Perennial Dicotyledon 7.70 ±
0.18

10.40 ±
0.02

12.62 ±
0.03

0.05 ±
0.00

1

DY-04 Limonium sinense Secretohalophyte Annual Dicotyledon 7.73 ±
0.16

11.78 ±
0.03

12.07 ±
0.25

0.042 ±
0.00

DY-05 Imperata sp. Non-halophyte Perennial Monocotyledon 7.59 ±
0.15

8.47 ± 0.02 12.48 ±
0.06

0.046 ±
0.00

1

BZ-01 Suaeda salsa Euhalophyte Annual Dicotyledon 7.77 ±
0.19

7.88 ± 0.03 11.33 ±
0.26

0.042 ±
0.01

1

BZ-02 Phragmites australis Pseudohalophyte Perennial Monocotyledon 7.58 ±
0.18

5.38 ± 0.03 10.3 ± 0.56 0.042 ±
0.00

1
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community was observed in the soil samples with strong saline

and high moisture, whereas no significant difference was

observed in the overall diazotrophic composition among the

soil samples collected from the rhizosphere of plants with

different traits (Table 4).

We also performedVenndiagramanalysis and a total number

of 495 sharedOTUs among the soil samples with different salinity

and moisture levels were identified (Figures 4A, B). Samples

collected at high salinity site showed the highest numbers of

unique OTUs. Among the samples collected from the

rhizospheric soils of different plant species, the highest number

of unique OTUs (732) was observed in the rhizospheric soil

samples of Secretohalophyte (Figure 4C). Higher numbers of

unique OTUs were also observed in the rhizospheric soil

samples of perennial and dicotyledonous plants than in those of

annual and monocotyledonous plants, with a number of 4359

versus 2895, and 3970 versus 3555, respectively (Figures 4D, E).

We further compared the unique OTUs in the soil samples

collected from the rhizosphere of the same plant species grown

at different sites. Higher numbers of unique OTUs were observed

in the rhizospheric soil samples of Suaeda salsa, Phragmites

australis and Tamarix austromongolica Nakai at high salinity

and moisture sites in Binhzou and Dongying (Figures 4F-H).
Differentiated taxa are identified in the
diazotrophic community

To verify the potential discriminating species in the relative

abundance between different groups, we carried out Linear

discriminant analysis (LDA) effect size (LEfSe) analysis. A total

number of 92 and 87 potential diazotrophic biomarkers

distinguishing soil salinity and moisture levels were identified

(Figures 5A, B). Among them, Cyanobacteria, Spirochaetes and

Euryarchaeotawas respectively found to be the main biomarker for

the diazotrophic community in the samples collected at non-saline

and low soil moisture, strong saline andmedium soil moisture, and

severe saline and high soil moisture sites (Figures 5A, B).

In the samples collected from the rhizospheric soils of

euhalophyte plants, the abundance of Ectothiorhodospira was

found to be significantly different (Figure 5C). Dechloromonas,

Desmonostoc, Rhodobacter, Methylosinus, Erwiniaceae and

Pantoea were specifically identified in the samples collected

from the rhizospheric soils of monocotyledonous plants

(Figure 5D). In addition, four potential diazotrophic

biomarkers distinguishing the rhizospheric soil samples of

annual and perennial plants were identified (Figure 5E). In the

samples collected from the rhizospheric soils of annual plants,

the biomarkers were mostly clustered in Cyanobacteria and

Gammaproteobacteria , including Synechococcale and

Marichromatium, whereas in those of perennial plants, the

biomarkers were mostly clustered in Gammaproteobacteria,

including Pseudomonas and Methylococcus (Figure 5E).
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FIGURE 2

Quantification of nifH gene in the rhizospheric soil samples collected at different locations. Four sampling locations, Changyi (CY) and
Shouguang (SG) with silt and low or non-saline soils, and Dongying (DY) and Binzhou (BZ) with rigid and high salinity soils, were selected. CY01,
CY02, CY03, CHY04, SG01, SG02, SG03, SG04, SG05, DY01, DY02, DY03, DY04, DY05, BZ01, BZ02, BZ03 and BZ04 represent the soil samples
respectively collected from the four locations. Values were means and standard deviations of three biological replicates (n=3). Lowercase letters
denote significant differences of nifH gene copy numbers (Student’s t-test, P<0.05).
TABLE 2 Comparison of the abundance and diversity of nitrogen-fixing bacteria from the rhizosphere of different plant species.

lg nifH gene copies Richness (chao 1) Shannon index Simpson index

Types of halophytes

Secretohalophyte 7.06 ± 0.24b 808.33 ± 256.49 4.55 ± 0.45 0.052 ± 0.024

Pseudohalophyte 6.96 ± 0.20b 746.63 ± 254.62 4.33 ± 0.47 0.054 ± 0.019

Euhalophyte 7.26 ± 0.25b 1094.25 ± 382.76 5.27 ± 0.31 0.013 ± 0.003

Non-halophyte 8.18 ± 0.13a 1657.54 ± 348.39 5.86 ± 0.41 0.010 ± 0.0057

P Value 0.043 0.361 0.30 0.503

Monocotyledon/Dicotyledon

Monocotyledon 7.50 ± 0.21 1202.59 ± 269.24 5.19 ± 0.39 0.026 ± 0.14

Dicotyledon 7.03 ± 0.16 793.36 ± 154.18 4.52 ± 0.33 0.493 ± 0.16

P Value 0.079 0.221 0.235 0.364

Life span

Annual 7.05 ± 0.23 838.50 ± 228.79 4.89 ± 0.32 0.027 ± 0.012

Perennial 7.25 ± 0.16 975.41 ± 206.51 4.67 ± 0.36 0.049 ± 0.016

P Value 0.47 0.689 0.703 0.370

Saline grade

Non-saline 6.28 ± 0.065b 350.19 ± 33.04c 3.71 ± 0.24b 0.073 ± 0.02a

Strong saline 8.07 ± 0.031a 1724.14 ± 147.41a 5.81 ± 0.17a 0.01 ± 0.002b

Severely saline 7.99 ± 0.075a 929.77 ± 154.19b 5.58 ± 0.10a 0.01 ± 0.001b

P Value <0.001 0.001 <0.001 0.002

Soil moisture grade

Low moisture 6.28 ± 0.07c 350.19 ± 33.04b 3.80 ± 0.24b 0.07 ± 0.018a

Medium moisture 7.91 ± 0.070a 1337.53 ± 166.82a 5.78 ± 0.19a 0.0086 ± 0.0014b

High moisture 8.12 ± 0.045b 1724.14 ± 166.82a 5.60 ± 0.93a 0.0113 ± 0.0015b

P Value <0.001 0.002 <0.001 0.001

One-way ANOVA and Kruskal-Wallis test was performed. Lowercase letters and the values highlighted in bold indicate significant difference (P<0.05).
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Diazotrophic community is closely
correlated with environmental
parameters

To dissect the relationships between diazotrophic communities

and environmental parameters, we performed canonical

correlation analysis (CCA). A remarkable correlation between

diazotrophic communities and environmental parameters was

observed. As shown in the CCA results, a percentage of 28.5%

and 24.2% variation in the diazotrophic community was

respectively described in the two CCA canonical axes, suggesting

a remarkable correlation between diazotrophic communities and

environmental parameters (Figure 6). The major environmental

parameters closely correlated with diazotrophic community were

soil salinity (P=0.002), soil moisture (P=0.002), TC (P=0.002), TN

(P=0.008), TS (P=0.002) and pH value (P=0.002).
Discussion

The growth and health of plants are largely affected by soil

physiochemical properties and microbial community structure

(Marasco et al., 2018; Jing et al., 2018; Wang et al., 2020). And

plant invasion and N enrichment can considerably affect BNF

(Xu et al., 2012; Huang et al., 2016). To date, a number of studies

based on the diversity and abundance of diazotrophic

community in the soils of different habitats, such as paddy

field, forest and desert, have been carried out (Wang et al.,

2016; Meng et al., 2019; Wang et al., 2021).However, the

knowledge about the diazotrophic community structures in

the rhizosphere of plants grown in coastal saline soil is limited.

In this work, we assess the diversity and community

composition of diazotrophic microbes in the rhizosphere of

plants grown at the coastal zone of Laizhou Bay-Yellow River

estuary in China (Figures 1A, B). Similar to that of other coastal

lands in the north part of China, the host plant community is

mainly composed of various halophytes in this area, and the soil

physiochemical properties are obviously varied at different

sampling locations (Figure 1C; Table 1).

Previously it was found that the abundance of nifH gene was

also significantly related to the BNF rates of in the temperate

coastal region of the northwestern North Pacific (Shiozaki et al.,

2015). Consistent with the soil physiochemical properties, we

found that nifH gene copy numbers in the collected soil samples

varied widely, with the highest nifH gene copy number observed
Frontiers in Marine Science 09
in the rhizospheric soils of plants grown in high salinity and

medium moister area (Figure 2; Table 2). To further understand

the correlation between the nifH gene copy numbers and soil

physiochemical properties, we performed Spearman ’s

correlation analysis. The results demonstrated that, in addition

to soil salinity and moister, the copy numbers of nifH gene were

also closely related to the value of soil pH, and the levels of TN,

TC, TS, NH4
+-N and NO3

--N (Table 3).

Due to its strong persistence across various soil environments,

Bradyrhizobium has been shown to be the dominant diazotroph in

soil system (Pereira et al., 2013; Piromyou et al., 2015).

Bradyrhizobium was generally detected in the rhizosphere of

plants forming root nodules with legumes for N fixation or

plants participating in N fixation under non-symbiotic condition

(Davis et al., 2011; Meng et al., 2019;Wang et al., 2020; Wang et al.,

2021). Halorhodospira was also dominantly identified in the

rhizospheric soils of coastal salt tolerant plants due to its strong

salinity resistance (Imhoff andTruper, 1997).Azospirillumhas been

found to be associated with a variety of crops, and performed an

important role in the non-symbiotic N fixation (Steenhoudt and

Vanderleyden, 2000;Di Salvo et al., 2018). Our results expanded the

distribution range of Bradyrhizobium and Azospirillum to the

rhizosphere of coastal halophyte plants. In addition, Alpha- and

Gammaproteobacteria have been identified as the dominant N

fixers in coastal saline soil ecosystem (Yousuf et al., 2014). Similarly,

a total number of 10 phyla, with Bradyrhizobium, Desulfovibrio,

Halorhodospira and Azospirillum were the dominant diazotrophic

groups at genus level, were identified in the collected rhizospheric

soil samples (Figures 3A, B).

The growth and photosynthetic activity of plants driven by

the energy from the sulfide oxidation in root tissues was

stimulated by rhizodeposition (Mendelssohn and Morris, 2000;

Rolando et al., 2022). In our study, some sulfate reducing

bacteria, such as Desulfovibrio, Desulfomicrobium and

Desulfobacter, were observed in the diazotrophic community

(Figure 3A). This is consistent with previous reports that plant

rhizodeposition stimulated N fixation by root-associated sulfate

reducers in marsh and hypersaline soda lake environments, and

Desulfovibrio, Desulfobulbus and Desulfatitalea coupled sulfate

or sulfur respiration to N fixation (Gandy and Yoch, 1988;

Tourova et al., 2014; Thajudeen et al., 2017; Rolando et al., 2022).

A percentage of 17% energy produced in sulfate reduction was

provided to the nitrogen fixation process (Nielsen et al., 2001).

Thioalkalispira, the typical haloalkaliphilic sulfur-oxidizing

bacteria (SOB), could remove the toxic sulphides from the
TABLE 3 Spearman’s correlation between the physiochemical factors and community structure of nitrogen-fixing bacteria.

Physiochemical factor pH Salinity Moister TN TC TS NH4
+-N NO2

--N NO3
--N

lg nifH gene copies 0.50* 0.80** 0.82** 0.51** 0.80** 0.81** 0.67** 0.07 0.55*

Shannon index 0.66** 0.76** 0.62** 0.36 0.87** 0.84** 0.39 -0.27 0.41

*P<0.05, ** P<0.01.
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root zone of plants, and couple S oxidation with C and N fixation

(Barbieri et al., 2010; Petersen et al., 2016; Thajudeen et al.,

2017). In all the collected rhizospheric soil samples,

Thioalkalispira, were found to be the core diazotrophs
Frontiers in Marine Science 10
(Figure 3A). Similar results were also observed in the coastal

sediments of Bohai Bay, China (Wang et al., 2015). Furthermore,

in the rhizosphere of each coastal host species grown under

different salinity and moisture conditions, a high proportion of
B

A

FIGURE 3

Diazotrophic community structure assays. (A) Diazotrophic genera in different soil samples collected from the four locations. Dominant
diazotrophic genera with high relative abundance (>1%) were shown. (B) Non-metric multidimensional scaling analysis (nNMDS). The
diazotrophic community dissimilarities based on OTUs from the nifH gene sequences were shown. All the samples were clearly divided into two
groups based on soil salinity and moisture levels.
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unclassified taxa (5.86%) was observed, suggesting that a

substantially high and novel diversity of diazotrophic taxa

existed in the coastal ecosystem (Figures 3A, B). This is

possibly attributed to the special soil physicochemical and

plant community property of the coastal ecosystem. Indeed, a

total number of 495 shared OTUs among the soil samples with

different salinity levels were identified, as indicated by the Venn

diagram analysis (Figures 4A-H).

Under stress condition, specific root related microbial

community could be formed in the rhizosphere of a certain

plant. And in return, this microbiota may help to improve plant

resistance to the corresponding stress (Bai et al., 2022).

Ectothiorhodospira species were found in all kinds of aquatic

environments, especially in the stagnant littoral, estuarine and

highly saline area (Trüper & Imhoff, 1981). They were also found

in the rhizospheric soils of plants grown on Ebinur Lake

Wetlands, but not in the paddy fields (Davis et al., 2011;

Wang et al., 2020; Zhang et al., 2021). In coastal alkaline soil,

Ectothiorhodospira attached to anoxygenic purple sulfur bacteria

and played a role in the process of N fixation (Tourova et al.,

2014; Zhou et al., 2021). We observed that the community

structure of diazotrophic microbes in the tested rhizospheric

soil samples were significantly affected by the types of

halophytes, and as indicated by the high throughput

sequencing analysis, Ectothiorhodospira was significantly
Frontiers in Marine Science 11
different in the diazotrophic microbial community of

halophyte rhizosphere (Table 2; Figures 5A-C). No significant

difference was found in the diazotrophic abundance and

diversity between monocotyledon and dicotyledon, or

perennial and annual plant rhizosphere (Table 2; Figures 5D, E).

When either NO3
--N or NH4

+-N as N source was insufficient,

N fixation occurred (Zhivotchenko et al., 1995). In the

rhizosphere of annual halophytes, Synechococcales and

Marichromatium might play an important role in N fixation,

especiall in coastal saline soils (Rigonato et al., 2013).We observed

that, for the community structure of diazotrophic microbes, more

diazotrophic genus, such as Dechloromonas, Desmonostoc,

Rhodobacter, Methylosinus, Erwiniaceae and Pantoea, were

found in the rhizospheric soils of monocotyledonous plants,

and the biomarkers were mostly clustered in Synechococcale and

Marichromatium in the rhizospheric soils of annual plants

(Figures 5D, E). These results may be largely explained by the

adventitious root systems of monocotyledonous plants, the main

organs for the absorption of nutrient and water, and for the

recruiting of specific N-fixing microbes in the rhizosphere.

Previous study has showed that low salinity promoted, whereas

high salinity inhibited, the growth of soil N-fixing bacteria (Hou

et al., 2018). In addition to the salinity, soil electrical conductivity

(EC) also functioned as the main factor driving the variation of

microbial community composition (Wang et al., 2020). In our study,
TABLE 4 Taxonomic analysis of the diazotrophic community structures.

Group pairs R P value

Annual vs. perennial -0.052 0.639

Monocotyledon vs. dicotyledon -0.108 0.936

Types of halophytes -0.019 0.504

Euhalophyte vs. pseudohalophyte 0.099 0.20

Euhalophyte vs. secretohalophyte -0.044 0.49

Euhalophyte vs. non-halophyte -0.333 0.90

Pseudohalophyte vs. secretohalophyte 0.058 0.22

Pseudohalophyte vs. non-halophyte 0.01 0.43

Secretohalophyte vs. non-halophyte -0.286 1.00

Salinity 0.469 0.003

Strong saline vs. severely saline 0.231 0.11

Strong saline vs. non-saline 0.643 0.001

Severely saline vs. non-saline 0.72 0.001

Soil moisture 0.47 0.003

Medium moisture vs. high moisture 0.275 0.08

Medium moisture vs. low moisture 0.664 0.001

High moisture vs. low moisture 0.704 0.002

The community structure of diazotrophs based plant life span (annual and perennial), cotyledons number (monocotyledon and dicotyledon), halophyte type, salinity and soil moisture
was assessed using ANOSIM test. The values highlighted in bold are statistically significant (P<0.05).
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FIGURE 4

Venn diagrams showing the numbers of shared and unique diazotrophic OTUs among the soil samples. (A) Different salinity levels. (B) Different
soil moistures. (C) Different plant types based on salt resistance. (D) Different plant types based on life span. (E) Different plant types based on
cotyledon number. (F-H) Soil samples respectively collected from the rhizosphere of Tamarix austromongolica Nakai, Suaeda salsa and
Phragmites australis grown at different sampling locations. CY02, CY03, SG01, SG02, SG03, DY01, DY02, DY03, BZ01, BZ02 and BZ03 represent
the soil samples respectively collected from Changyi (CY), Shouguang (SG), Dongying (DY) and Binzhou (BZ).
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FIGURE 5

Phylogenetic dendrograms showing the biomarkers of diazotrophic microbes in the rhizospheric soil samples collected from Changyi (CY),
Shouguang (SG), Dongying (DY) and Binzhou (BZ). (A) Different salinity levels. (B) Different soil moistures. (C) Different plant types based on salt
resistance. (D) Different plant types based on cotyledon number. (E) Different plant types based on life span. The diazotrophic taxonomic levels
from phylum to genus were exhibited with the circles from inside to outside. Diazotrophic abundance with no significant difference among
individual soil samples was marked with yellow dots. The biomarkers were classified with different colors and shown on the right.
FIGURE 6

Canonical correspondence analysis (CCA) based on diazotrophic microbes and environmental parameters in different plant host habitats at
Changyi (CY), Shouguang (SG), Dongying (DY) and Binzhou (BZ).
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an influence of soil salinity and moisture on the abundance and

community composition of diazotrophic microbes was observed

(Table 2; Figure 3B). In coastal saline soils, the influence of soil

salinity and moisture on diazotrophic community could be

explained by several reasons (Herbert et al., 2015; Rolando et al.,

2022). First, salinization increased NH4
+ release through ion

substitution, which subsequently inhibited N fixation, leading to

decreased nifH copies under severely saline environment. Second,

seawater infiltration increased soil SO4
2- content, which affected the

coupling of chemolithotrophic S oxidation with N fixation, a sulfate

reduction process by diazotrophic microorganisms. Third, salinity

changed the stability of microbial extracellular enzymes, and affected

the mineralization and decomposition of macromolecular organic

matter. And fourth, the increase of ionic strength reduced the

adsorption of organic matters, and affected the availability of

organic substrates for the growth of heterotrophs

including diazotrophs.

In conclusion, using high throughput sequencing and

quantitative real-time PCR targeting nifH genes, we investigated

the diazotrophic abundance and community composition in the

coastal saline soils of Laizhou Bay-Yellow River estuary. A strong

correlation between diazotrophic abundance and soil

physicochemical factors was observed. The physicochemical

factors were significantly co-varied with the OTU based

community composition of diazotrophs. Our findings

demonstrate that in coastal saline soils, the community

structure of diazotrophic microbes in the rhizosphere of plants

grown in coastal saline soil is mainly affected by soil

physicochemical factors but not by the host plant traits.
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