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Abstract

Aims The aims of the current study were to under-
stand the variation in the abundance, diversity and
structure of the diazotrophic communities in the
rhizosphere soil of these three dominant plant species
around Siding Pb—Zn mine.

Methods Three dominant plant species (Pteris vit-
tata, Miscanthus floridulus and Phragmites australis)
were randomly selected, and rhizosphere soils were
sampled from the rhizosphere of the plants.

Results The nifH gene abundance in the rhizosphere
soil of Pteris vittata was the highest among the three
plant species. Variations in rhizosphere soil diazo-
trophic communities were mainly due to the changes
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in soil nutrient contents through plant—soil system
interactions. Diversity and structure of soil diazo-
trophic communities, including Alphaproteobacteria,
Deltaproteobacteria and Cyanobacteria, were strongly
influenced by soil heavy metals, ammonium nitrogen,
soil moisture and available phosphorus contents. In
addition, soil enzymes, especially urease, protease
and alkaline phosphatase activities, also contributed
to the structure of the diazotrophic communities. Alp-
haproteobacteria and Cyanobacteria play vital roles
in the soil biological nitrogen fixation process. Heavy
metal enrichment in mines provides electron donors
for diazotrophs to support their activities in harsh
environments. Diazotrophs can provide N to support
plant growth in mines to help restore heavy metal-
containing soil by dominant plants.

Conclusions Our results showed the variations in
diazotrophic community compositions in rhizos-
phere soil of three dominant plants and their impact
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on heavy metal accumulation. This study will help to
determine the role and importance of soil properties
and plant species in the soil biological nitrogen fixa-
tion process in highly contaminated mine areas.

Keywords Diazotrophs - Heavy metal - Dominant
plant - NifH gene

Introduction

Nitrogen (N) is an essential element for all living
organisms on Earth and is mainly required for the
synthesis of key cellular components, such as nucleo-
tides, amino acids and proteins (Kuypers et al. 2018).
Over decades, human activities such as agricultural
practices (fertilizer use and legume cultivation) and
fossil fuel burning have had a profound effect on
nitrogen inputs to terrestrial environments (Canfield
et al. 2010; Wang et al. 2019b). Soil microorganisms
play an important role in biogeochemical nitrogen
cycling, which is generally controlled by the balance
between microbiologically driven processes, includ-
ing nitrogen fixation, nitrification and anammox/deni-
trification (Wise et al. 2020). Among nitrogen fixation
methods, biological nitrogen fixation (BNF) is a pro-
cess that converts atmospheric nitrogen into nitrog-
enous compounds that can be taken up and utilized
by plants (Liu et al. 2012). The nifH gene is widely
used as a key gene encoding the subunit protein of
nitrogenase (Wang et al. 2019c¢), and diazotrophs con-
taining the nifH gene have been discovered mainly in
microbial phyla, including Alphaproteobacteria, Fir-
micutes and green sulfur bacteria (Yang et al. 2021,
2022). However, the low nitrogen content is often a
limiting factor to the development of ecosystems in
abandoned mines, while diazotrophs often act as early
and frequent colonizers in this N-limited habitat (Li
et al. 2019b). A number of soil properties are consid-
ered key factors influencing diazotrophic communi-
ties and nitrogen-fixing capacity. For example, Wang
et al. (2020b) indicated that NH4+—N, as the main
product of the NF process, influences the activity of
soil enzymes by affecting diazotrophic community
diversity. Additionally, Wang et al. (2022b) showed
that the soil available P (AP) content is closely related
to nifH gene abundance. Previous study results also
confirmed the decisive influence of soil carbon (C)
and N contents on diazotrophic communities (Coelho
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et al. 2008, 2009). Since the diversity of nifH genes
is critically related to environmental factors in soil
ecosystems, a better understanding of the NF process
dominated by nifH can improve the bioavailability of
nitrogen in mines and facilitate the process of mine
rehabilitation.

Guangxi Province is known as the main area of
nonferrous metals; there are more than 6800 mines
of all kinds in Guangxi Province, the highest number
of mines of any province in China (Xue et al. 2018).
The Siding lead—zinc (Pb—Zn) mine area is located in
Liuzhou, Guangxi Province, China, with a total area
of 13.64 km? (Yin et al. 2008). Previously, field sur-
veys conducted by Yin et al. (2008), Lu et al. (2010)
and Cui et al. (2010) showed that the soil in the Sid-
ing mine area was severely polluted by heavy metals,
such as Pb, Zn and Cd, and these authors also investi-
gated the dominant plants that adapted to heavy metal
(HM)-contaminated environments, such as Phrag-
mites australis (Cav.) Trin. ex Steud (P. australis),
Pteris vittata L. (P. vittata), Taraxacum mongolicum
Hand.-Mazz. (T. mongolicum), Imperata cylindrica
(L.) P. Beauv. (I. cylindrica), Miscanthus floridu-
lus (Lab.) Warb. ex Schum. et Laut. (M. floridulus),
Equisetum ramosissimum Desf. (E. ramosissimum),
Buddleja officinalis Maxim. (B. officinalis) and Ficus
tikoua Bur. (F. tikoua). Among these dominant plants,
several plants exhibited good HM accumulation abili-
ties, such as P. vittata, P. australis, I. cylindrica, and
T. mongolicum. Dennis et al. (2010) and Hou et al.
(2018) noted that terrestrial plants release a series
of substrates through rhizodeposition, and these sub-
strates may lead to interactions between plants and
various soil microorganisms in the rhizosphere. Dur-
ing the BNF process, molecular nitrogen is reduced
to NH,* or other nitrogen-containing compounds by
the action of corresponding biological enzymes and
is thus taken up by plants (Hao et al. 2022). Several
diazotrophs, including Mesorhizobium metallidurans
and Paenibacillus graminis, have been isolated from
plant rhizospheres during phytoremediation in mines
(Sun et al. 2020). Therefore, nitrogen fixation is
considered beneficial for the growth of higher-order
plants, including hyperaccumulators, and can contrib-
ute to the phytoremediation of mine soils.

The different rhizosphere environments might
lead to different effects on the diazotrophic commu-
nity. In particular, nutrient-deficient mine soils with
low organic matter content and limited bioavailable
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inorganic nutrients and diazotrophs that live symbiot-
ically with pioneer plants should have adaptive mech-
anisms to cope with harsh mine conditions (Zhan and
Sun 2012). Additionally, Kim et al. (2022) showed
that plant species play vital roles in the variations in
the diversity and structure of diazotrophic communi-
ties in mines. For instance, Li et al. (2015) showed
that diazotrophic communities in the rhizosphere of
Miscanthus giganteus contributed to plant growth
and nitrogen use efficiency. In summary, there are
differences in the soil NF process in different plant
root environments due to regulation by environmen-
tal factors. Therefore, understanding nitrogen fixation
processes in the rhizosphere soils of pioneer plants in
mines will contribute to the sustainable development
and remediation of mine ecosystems.

Accordingly, three dominant plant species (P. vit-
tata, M. floridulus and P. australis) were selected
from three different areas around the Siding Pb—
Zn mine to further understand the variation in the
diazotrophic community in the rhizosphere soil of
these three dominant plant species. The aims of this
study were to (a) investigate the abundance, diver-
sity, and community composition of the diazotrophs
in the rhizosphere soils of the three plant species; (b)
determine the distribution of the diazotrophic com-
munity under different rhizosphere conditions and
elucidate the main properties that drive these diazo-
trophic communities; and (c) explore the relationship
between nifH gene abundance and HM accumulation
in dominant plant species. Thus, this study will help
to determine the role and importance of rhizosphere
soil properties and plant species in the BNF process
around mine areas and to understand the impact of
diazotrophs on the phytoremediation of heavy metals
in contaminated soils.

Materials and methods
Study site description and sampling

This study was conducted in the Siding lead-zinc
mining area, which is located in Liuzhou, Guangxi
Province, China (109°13’-109°47’E,  24°46’-
25°34’N). This area has a typical subtropical mon-
soon climate with an annual mean precipitation and
annual mean temperature of 1985 mm and 17.8 °C,
respectively. The mining area is approximately 13.64

km? and ceased operations in 2006. There is a river
flowing near the smelter, and the smelting sewage is
discharged into the river through the sewage outlet
(Li et al. 2022). Soil samples were collected on Sep-
tember 15™, 2021.

The soil type in the mine tailing region (MT
region) was mainly a mixture of silt and ore waste
screened out after mining, which was a sandy black
soil with plant species such as M. floridulus, P. aus-
tralis and Equisetum ramosissimum. Additionally,
a highly contaminated region (4 km upstream of the
mine tailing region, LC region) had clay and loess
soil, and the plant species were mainly P. vittata, M.
floridulus and P. australis. Moreover, another highly
contaminated region (2 km downstream of the mine
tailing region, HC region) had a sandy brown soil
with P. vittata L., and M. floridulus as the main plant
species. Four sites were selected in each region for the
collection of plants and rhizosphere soils; these sites
were L-1 to L-4 in the highly contaminated region
in the upstream area (LC region), sites M-1 to M-4
in the MT region and sites H-1 to H-4 in the highly
contaminated region in the downstream area (HC
region). Site information is presented in Table S1.
At each site, three samples of each plant species (P.
vittata, M. floridulus and P. australis) were selected
randomly. To prevent edge effects, we chose plants
with adjacent plants on all four sides. Rhizosphere
soils were taken around three types of plant species.
Rhizosphere soils were sampled from the rhizos-
phere of the plants and adhered to the root crowns.
After collection, each soil sample was divided into
two parts. One portion of the fresh subsample was
stored at 4 °C to determine the soil physicochemical
properties. The other fresh subsamples were stored at
-80 °C for DNA extraction. Plant samples were stored
at -80 °C for further determination.

Soil and plant determination

Soil nitrate-N (NO;~) and ammonium-N (NH,")
were extracted 8.0 g fresh soil with 40 mL potas-
sium chloride (KC1) (2 mol L) (soil mass: solu-
tion=1:5) and determined by a continuous flow
analyzer (Autoanalyzer AA3, Seal, Berlin, Ger-
many) (Che et al. 2018). Fresh soil sample were
air-dried at room temperature for 15 d and passed
through a 2-mm sieve for further determine of
the soil physicochemical properties. Soil total
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phosphorus (TP) was measured using a continu-
ous flow analyzer after extraction with a mixture of
sulfuric acid (H,SO,) and perchloric acid (HCIO,)
(Zhang et al. 2021), and available phosphorus (AP)
was determined using the Olsen method (Olsen
1954). Soil total nitrogen (TN) and total carbon
(TC) were analyzed in air-dried soils using an ele-
mental analyzer (Vario MICRO cube, Elementar
Instruments, Inc., Hanau, Germany). The soil mois-
ture (MC) was determined after the fresh soil sam-
ple dried at 105 °C for 24 h until a constant weight
was reached (Chen and Peng 2020). Soil pH was
determined using a pH meter (A211 Thermo Scien-
tific, USA) in H,O using a 1:2.5 (w/v) soil:solution
ratio (Becerra-Castro et al. 2012). Soil metal (Pb,
Zn, Cd, K, Ca, Na and Mg) concentrations were
measured using the method described by Schlat-
ter et al. (2019), in which the soil was digested
and extracted with a mixture of 3:1:1 (v/v/v) con-
centrated hydrochloric acid (HCl), concentrated
nitric acid (HNO;) and concentrated perchloric acid
(HC10,) and measured using an atomic absorption
spectrophotometer (AAnalyst 800, Perkin Elmer,
MA, USA). Soil protease, urease, invertase, alkaline
phosphatase and catalase activities were analyzed
using the ninhydrin colorimetric method, hypochlo-
rite-alkaline phenol method, 3,5-dinitrosalicylic
acid method, phenyl disodium phosphate colorimet-
ric method and potassium permanganate titration
method, respectively (Ge et al. 2018; Watanabe and
Hayano 1995; Wu et al. 2015; Yang et al. 2007).

Pb, Zn and Cd concentrations in the tissues
(roots, stems and leaves) of P. vittata, M. floridulus
and P. australis were determined using the method
described by Li et al. (2020). Plant tissues were
oven-dried at 105 °C for 30 min and then at 70 °C
for 48 h until a constant weight was reached. And
then, 0.25 g tissue sample were digested by 12 mL
of a mixture of HCI and HCIO, at a ratio of 5:1
(v/v), and then measured using an atomic absorp-
tion spectrophotometer. The translocation value
(TF value) was estimated as the ratio of HM con-
centrations in stems and leaves of the plant to the
HM concentrations in roots (Yu et al. 2020c). The
bioconcentration factor (BCF) was estimated as the
ratio of HM concentrations in plant tissues (roots,
stems and leaves) to the HM concentrations in soil
(Khan et al. 2017).
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Soil DNA extraction, real-time quantitative PCR and
[lumina MiSeq sequencing

Soil genomic DNA was extracted using a Fast®
DNA SPIN Kit (MP Biomedical, Solon, OH, USA)
from 0.5 g of fresh soil previously stored at -80 °C,
following the manufacturer’s instructions. The qual-
ity of the DNA samples was detected by 1% aga-
rose gel electrophoresis. The abundance of nifH was
determined using a quantitative PCR system (Quant
Studio, Thermo Fisher, USA). The nifH gene was
amplified using the primers nifHF (5-AAAGGY
GGWATCGGYAARTCCAC CAC-3") and nifHR
(5'"-TTGTTSGCSGCRTACATSGCCATCAT-3")
(Chen et al. 2019b). Each reaction mixture (20 pL)
contained 0.4 pL of DNA template, 0.6 pL of each
primer (20 pmol L"), 10 pL of SYBR Premix Ex
Taq™ (TaKaRa Bio, China), and 8.4 pL of sterile
H,0. The PCR was started with an initial denatura-
tion at 95 °C for 60 s, followed by 40 cycles (95 °C
for 15 s and 60 °C for 60 s), and finally an extension at
50 °C for 10 min. The PCR mixed product was recov-
ered using an EZNA Gel Extraction Kit (Omega,
USA). After that, the Illumina MiSeq PE300 platform
(Illumina Inc., San Diego, CA, USA) was used to per-
form the microbial community analysis at Major Bio
Biopharma Technology Co., Ltd. in Shanghai, China.
The obtained raw data for nifH were analyzed using
QIIME software (version 1.9.1). The sequences that
failed to translate into nifH genes were removed, and
the remaining sequencing reads were clustered into
operational taxonomic units (OTUs) at 97% nucleo-
tide identity using UPARSE software (version 7.0.1).
The representative OTU sequences to reference nifH
were compared to sequences in the NCBI database
using BLAST to ensure sequence specificity for fur-
ther analysis. All representative nifH sequences of
OTUs with 97% similarity cut off were submitted to
the NCBI archive under BioProject PRINA869511,
PRINA869518 and PRINA869522.

Statistical analyses

One-way ANOVA based on Tukey’s HSD test was
performed to determine the significant differences at
p <0.05 between the nifH gene abundance, a-diversity
indices and HM concentration in plant tissues using
SPSS 19.0 software. The a-diversity indices (includ-
ing the ACE index, Shannon index and Simpson
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index) and f-diversity index (nonmetric multidimen-
sional scaling score (NMDSI1 score)) were calculated
using QIIME software (version 1.9.1). Among the
a-diversity indices, ACE indicates the species rich-
ness (i.e., the number of OTUs), whereas Simpson’s
and Shannon’s indices indicate the diversity (which
considers the number of OTUs and the frequency of
each one). Two-way ANOVA was selected to exam-
ine the interactive effects of soil types and plant spe-
cies on nifH gene abundance using SPSS 19.0 soft-
ware. Multiple linear regression analysis was used to
determine the relationships between diversity indices
(including Shannon, Simpson and ACE index and
NMDST1 score) and soil properties. Significant differ-
ences in a-diversity indices and nifH gene abundance
of diazotroph communities were examined using Stu-
dent’s ¢ test. Principal component analysis (PCA) was
used to reduce the dimension of factors in all sam-
ples, and the main factors were extracted affecting the
characteristics of diazotrophic community. Pearson’s
rank correlation was used to analyze the relationships
between soil properties and the nifH gene abundance
and relative abundance of diazotrophic community
taxa at the class level. Pearson’s rank correlation was
used to analyze the relationships between nifH gene
abundance and HM concentration in plant tissues.

Results
Soil properties and soil enzyme activities

The soil properties and soil enzyme activities of
the sample sites in different sample regions are
presented in Tables S2-S4. A total of twelve con-
taminated sites in the upstream area, mine tailing
area and downstream area with high concentra-
tions of Pb, Zn and Cd around the Siding mine area
were selected. At each site, rhizosphere soil sam-
ples were collected from three types of pioneer
plant species, P. vittata, M. floridulus and P. aus-
tralis. The Pb (average 6377.8+378.7 mg kg™!),
Zn (average 18,315.8+2025.7 mg kg™') and Cd
(average 159.1+12.5 mg kg~!) levels in the HC
soil were significantly higher than those in the LC
and MT soils (Fig. 1 (a)-(c)), and the Cd (average
61.7+8.3 mg kg™!) level in the LC soil was signifi-
cantly lower than those in the MT and HC soils. The
TN, NH,*, TC, TP and AP levels in the LC soil were

significantly higher than those in the MT and HC
soils (Fig. 1 (d)-(i)), and TN, NH,* and TC in the
MT soil were significantly lower than those in the LC
and HC soils. Furthermore, significant differences in
NO;™ levels were detected, with average values of
20.1+5.6 mg kg~! in the LC soil, 35.4+3.2 mg kg™!
in the MT soil and 52.3+7.7 mg kg~ in the HC soil
(Fig. 1 (e)). The variation in the enzyme activities
in the rhizosphere soil is presented in Fig. 1 (I)-(p).
Invertase (average 0.72+0.22 mg glucose g~ d7'),
urease (average 22.7+12.9 mg NH;-N g=! d7™),
protease (average 0.33+0.10 mg NH;-N ¢! d7)
and alkaline phosphatase (average 124.4+41.4 mg
phenol g! d!) activities in the LC soil were sig-
nificantly higher than those in the MT and HC soils
(Fig. 1 (D-(0)). However, catalase activity in the HC
soil was significantly higher than that in the LC and
MT soils, with an average of 9.16 +3.07 mg KMnO,

g~'d”! (Fig. 1 (p)).

Relationship between nifH gene abundance and soil
properties in the plant rhizosphere

Variations in nifH gene abundance in the rhizosphere
soil of P. vittata, M. floridulus and P. australis in the
LC, MT and HC soils are presented in Fig. 2 and Fig-
ure S1. Two-way ANOVA results indicated that soil
type, plant species and the interaction between them
had a significant effect on the variations in nifH gene
abundance (p<0.001). In addition, the F value of
soil type (F=4699.8) was higher than that of plant
species (F'=339.67), indicating that soil type had a
greater impact on rhizosphere soil nifH gene abun-
dance. Except for the nifH gene abundance in the
rhizosphere soil of P. vittata in the LC soil, there
were no significant changes in nifH gene abundance
in the rhizosphere soil of the same plant in the same
sample region (Figure S1). At the same time, sig-
nificant differences in nifH gene abundance were
detected among the sample regions (p <0.001), with
an average of (16.26+2.55)x 10" gene copies g~
dry soil in the LC soil, (1.79+0.74)x 107 gene cop-
ies g7! dry soil in the MT soil and (8.55+2.28) x 10’
gene copies g~! dry soil in the HC soil (Fig. 2 (d)).
However, significant differences in nifH gene abun-
dance were detected among plant species in the LC,
MT and HC soils (p<0.001). The results indicated
that the nifH gene abundance in the rhizosphere soil
of P. vittata was significantly higher than that in
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Fig. 1 Variations of Pb (a), Zn (b), Cd (c), total nitrogen (d),
NO;™-N (e), NH,*-N (f), total carbon (g), total phosphorus
(h), available phosphorus (i), pH value (j), soil moisture (k),
invertase activity (a), urease activity (b), protease activity (c),
alkaline phosphatase (d) and catalase activity (e) in rhizos-
phere soil of Pteris vittata, Miscanthus floridulus and Phrag-

the rhizosphere soil of M. floridulus and P. austra-
lis in the LC, MT and HC soils, with an average of
(19.22+0.79)x 107 gene copies g~! dry soil in the
LC soil, (2.65+0.15)x 107 gene copies g~' dry soil
in the MT soil and (11.47+0.85)x 10 gene copies
g~ ! dry soil in the HC soil (Fig. 2 (a)-(c)).

The results of the PCA of the environmental fac-
tor data for the different ecological areas are shown
in Table S5.The results of PCA revealed that the
first four PCs had eigenvalues greater than unity
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mites australis in highly-contaminated region in upstream area
(LC soil), mine tailing soil (MT soil) and highly-contaminated
region in downstream area (HC soil) in Siding mine area. The
different lowercase letters above the bars in the graph denote
significant differences at p<0.05 between the soil properties
among different sample regions based on Tukey’s HSD test

and cumulatively explained 84.72%. The PCA load-
ings indicated that the PC I was highly correlated
with nifH gene abundance, soil MC, NH4+-N, TC,
Invertase, Protease, Alkaline phosphatase and Cyano-
bacteria, Deltaproteobacteria; PC II was highly corre-
lated with soil NO;™-N, TN. C/N, Catalase, and Alp-
haproteobacteria; PC III was highly correlated with
soil Urease and Betaproteobacteria; PC IV was highly
correlated with soil pH and Proteobacteria. Two-way
ANOVA showed that the effect of soil type on the
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Fig. 2 Abundance of nifH in rhizosphere soil of Pteris vittata,
Miscanthus floridulus and Phragmites australis in a highly
contaminated region in the upstream area (LC soil), mine tail-
ing soil (MT soil) and a highly contaminated region in the
downstream area (HC soil) in the Siding mine area. Student’s ¢

rhizospheric diazotrophic community of the plants in
this study was greater than that of plant type.

The correlations between nifH gene abundance
and soil properties based on Pearson’s rank correla-
tion analysis are presented in Fig. 3 and Figure S2.
Strong and significant positive correlations were
observed between nifH gene abundance and Pb, Zn,
Ca, NH4+-N, TC, TP and AP levels and protease,
urease, invertase and alkaline phosphatase activi-
ties (p<0.001). In addition, strong and significantly
negative correlations were observed between nifH
gene abundance and Cd, Na, Mg and NO;™-N levels
(»<0.001). In particular, TP (R*=0.678, Pearson
correlation=0.823) and TC (R2 =0.698, Pearson cor-
relation=0.836) and exhibited the most positive cor-
relation with nifH gene abundance (Fig. 3 (c) and (e)).

Variations in diazotrophic diversity

After quality filtering, we produced a nifH dataset of
294,964 high-quality sequences (ranging from 11,283
to 21,731 per sample) with 97% similarity. The
a-diversity indices, including the ACE, Shannon and
Simpson indices of the nifH genes, are presented in
Table S7 and Fig. 4. Two-way ANOVA results indi-
cated that soil type, plant species and the interaction
between them had a significant effect on the varia-
tions in the a-diversity indices (p <0.001) (Fig. 4).

test was used to examine the significance of differences among
the nifH gene abundances in different plant species in LC soil
(a), MT soil (b) and HC soil (c), and nifH gene abundance
among different soil types (d). * indicates p <0.05, ** indi-
cates p<0.01 and *** indicates p <0.001

The ACE index for P. vittata displayed a higher value
in the HC soil than in the other soils, the ACE index
for M. floridulus displayed a higher value in the MT
soil, and the ACE index for P. australis displayed a
higher value in the LC soil (Fig. 4 (a)). Generally,
there was a significant difference among the ACE
index values among the different sample regions
(»<0.05 or p<0.01) (Fig. 4 (b)). In addition, the
Shannon index of P. australis displayed higher values
(average 5.89+0.40) in the LC soil than in the other
soils (Fig. 4 (c)); in addition, there was no significant
difference in the Shannon index between the MT and
HC soils (Fig. 4 (d)). The Simpson index of P. vittata
displayed higher values (average 0.238 +0.030) in the
LC soil (Fig. 4 (e)), and there was no significant dif-
ference in the Simpson index between the LC soil and
the other two soils (Fig. 4 (f)).

The multiple linear regression between the
a-diversity indices (including Shannon, Simpson
and ACE indices) and p-diversity index (NMDSI1
score) of diazotrophic communities and the tested
soil properties are presented in Table 1. Soil mois-
ture, TN, NH4+-N, TP and AP levels and invertase
activity were highly correlated with a-diversity
indices (p <0.05, p<0.01 or p<0.001). In addi-
tion, Cd, K, Mg and NO;™-N levels and protease
and alkaline phosphatase activities were highly
correlated with the ACE and Shannon indices
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Fig. 3 Correlation between nifH gene abundance and soil
properties (NH,*-N (a), NO;™-N (b), total phosphorus (c),
available phosphorus (d), total carbon (e), Na (f), protease
activity (g), invertase activity (h) and alkaline phosphatase
activity (i)) in a highly contaminated region in the upstream
area (LC soil), mine tailing soil (MT soil) and a highly con-

(»<0.05, p<0.01 or p<0.001). For the p-diversity
index, the soil moisture content; Pb, Zn, Ca, Na,
NH4+-N, TP and AP levels; and invertase, pro-
tease and alkaline phosphatase activities were
highly correlated with the NMDS1 score (p <0.05,
p<0.01 or p<0.001).
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taminated region in the downstream area (HC soil) in the Sid-
ing mine area. Each point represents an individual sample. The
solid lines indicate the linear regression, and the gray areas
indicate the 95% confidence intervals. The Pearson correlation,
statistical significance (p) and fitting coefficient (R?) are shown
in the graphs

Variations in the diazotrophic community
composition

Variations in the relative abundance of the diazo-
trophic community are presented in Fig. 5. Alphapro-
teobacteria and Deltaproteobacteria were the major
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Fig. 4 o-Diversity ((a)-(b) ACE index, (c¢)-(d) Shannon index
and (e)-(f) Simpson index) of the diazotrophic communities in
rhizosphere soil of Pteris vittata (P. vittata), Miscanthus florid-
ulus (M. floridulus) and Phragmites australis (P. australis) in
a highly contaminated region in the upstream area (LC soil),
mine tailing soil (MT soil) and a highly contaminated region
in the downstream area (HC soil) in the Siding mine area. The

different lowercase letters above the bars in the graph denote
significant differences at p <0.05 between the a-diversity index
in the same plant species among different soil types based on
Tukey’s HSD test. Student’s ¢ test was used to examine the sig-
nificant differences in a-diversity among different soil types.
Two-way ANOVA results are presented in the graph. * indi-
cates p <0.05, ** indicates p <0.01 and *** indicates p <0.001

@ Springer



164 Plant Soil (2023) 489:155-175

Table 1 Multiple linear

. Variables a-diversity indices (F values) NMDSI score
regression between thfe . (F values)
ACE index, Shannon index, ACE Shannon Simpson
Simpson index and NMDS1
score of diazotrophic pH 0.164 0.951 3.161 2.851
communities and the tested Pb 0.161 0.050 0.024 18.032:%*
soil properties Zn 0.190 0.084 0.001 17.849%

Cd 6.015%* 5.555% 0.115 0.354
K 6.452% 7.133* 2.312 0.568
Ca 0.001 0.208 0.642 11.487%%*
Na 3.350 1.984 0.006 17.296%**
Mg 18.185%** 18.3971#** 2.690 8.730
Soil moisture content 16.425%** 20.1271%** 5.166* 145.715%**
Total nitrogen 7.656** 15.054#%* 4.415* 1.990
NO;™-N 6.823* 7.520%% 0.544 1.403
NH,*-N 27.622% %% 28.172%** 5.413* 84.674%**
Total carbon 0.784 0.668 0.784 12.574
Total phosphrous 7.632%* 7.963%* 7.632%% 13.327%**
Available phosphrous 14.355%%* 15.625%%* 14.355%%* 18.743%**
Invertase 18.911%%* 26.239%** 6.595% 67.876%**
Protease 8.499%* 9.431%* 1.088 53.865%**
Urease 0.518 1.835 1.571 2.133
Alkaline phosphatase 14.538%** 11.885%* 0.969 59.645%**
Catalase 0.401 0.398 0.001 2.365
Values with asterisks show the significant correlations, *: p <0.05, **: p <0.01, ***: p <0.001
100 =
o 1 e e
:'é; —__—: I Illll 'I.I
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Fig. 5 Relative abundances of diazotrophic communities in contaminated region in the downstream area (HC soil, H-1 to
rhizosphere soil of Pteris vittata (P. vittata), Miscanthus florid- H-4) in the Siding mine area at the class level. Classes with an
ulus (M. floridulus) and Phragmites australis (P. australis) in a average relative abundance higher than 0.1% are shown sepa-
highly contaminated region in the upstream area (LC soil, L-1 rately, and “Other” represents the sum of the proportions of the
to L-4), mine tailing soil (MT soil, M-1 to M-4) and a highly genera with abundances lower than 0.1%
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classes of Protobacteria. Among them, Alphaproteo-
bacteria existed at all sample sites, accounting for
18.4% to 87.6% in the LC soil, 40.8% to 52.9% in the
MT soil and 42.5% to 68.8% in the HC soil. Deltapro-
teobacteria mainly existed in the rhizosphere soil of
M. floridulus and P. australis in the LC and HC soils,
accounting for 30.9% to 34.5% and 22.6% to 26.6% in
LC soil, respectively. In addition, Betaproteobacteria
mainly existed in the rhizosphere soil of M. floridu-
lus, accounting for 3.73% to 8.39% in the LC soil.
Specifically, the phylum Cyanobacteria existed at all
sample sites in the MT soil, accounting for 10.6% to
29.2%; however, Cyanobacteria also existed in the
rhizosphere soil of P. vittata and P. australis in the
HC soil, accounting for 15.6% to 19.7% and 17.5% to
24.4%, respectively.

Pearson’s rank correlation between soil physico-
chemical properties and soil enzyme activities and
the relative abundance of diazotrophic community
taxa at the class level are presented in Table 2. The
soil Pb, Zn, Cd, Ca, Mg, and NO; -N contents and
catalase activity presented a positive correlation

with Alphaproteobacteria (p<0.05 or p<0.01).
However, the K, TN, NH,*-N and AP levels pre-
sented a negative correlation with Alphaproteo-
bacteria (p <0.05 or p<0.01). In addition, the soil
moisture content; Pb, Zn, TN, NH4+—N, TC, TP,
and AP contents; and invertase, protease, urease
and alkaline phosphatase activities were positively
correlated with Deltaproteobacteria (p <0.05 or
p<0.01) but negatively correlated with Cyano-
bacteria (p <0.05 or p<0.01). However, the Cd,
Na, Mg and NO; -N contents presented a negative
correlation with Deltaproteobacteria (p <0.05 or
p<0.01) but presented a positive correlation with
Cyanobacteria (p <0.05 or p <0.01).

HM accumulation in plants and correlation with nifH
gene abundance and soil properties

The Pb, Zn and Cd concentrations in the tissues of
P. vittata, M. floridulus and P. australis in the LC,
MT and HC soils are presented in Fig. 6. The Pb, Zn
and Cd concentrations in the roots of the plants were

Table 2 Pearson’s rank correlation between soil physicochemical properties and soil enzyme activities and the relative abundance of

diazotrophic community taxa at the class level

Soil properties Alphaproteobacteria p_Proteobacteria p_Cyanobacteria Deltaproteobacteria  Betaproteobacteria ~ Gammapro-  Opitutae
teobacteria
pH 0.073 -0.158 -0.171 0.031 0.300%* 0.076 -0.163
Pb 0.239* -0.070 -0.321% 0.305%* 0.034 -0.335%% 0.130
Zn 0.238* -0.037 -0.320%* 0.314%* 0.030 -0.333*%* 0.069
Cd 0.3447%* -0.381%* 0.410%* -0.374%* -0.350%* -0.048 0.343%*
K -0.207* 0.324%* -0.080 0.019 -0.159 0.265%* -0.221%*
Ca 0.405%%* -0.233* -0.214%* 0.128 -0.740 -0.334%% 0.096
Na 0.043 -0.436%* 0.705%* -0.606** -0.270%* 0.3617%* 0.149
Mg 0.405%* -0.435%* 0.3807%* -0.508* -0.283%* 0.074 0.271%%
Soil moisture -0.152 0.241%* -0.382%* 0.528%* 0.020 -0.170 -0.002
content
Total nitrogen -0.583%* 0.405%* -0.341%* 0.574%* 0.506%* 0.063 -0.174
NO;™-N 0.360%* -0.212% 0.285%%* -0.378%%* -0.396%* -0.080 0.294%*
NH,*-N -0.316%* 0.626%* -0.707%* 0.787%* 0.259%* -0.233* -0.095
Total carbon 0.026 0.106 -0.585%* 0.563%* 0.400%* -0.3327%% -0.047
Total phosphrous -0.182 0.390%* -0.681%* 0.617%* 0.374%* -0.165 -0.288%*
Available phos- -0.298** 0.4097%* -0.664** 0.670%* 0.420%* -0.091 -0.269%*
phrous
Invertase -0.279%* 0.446%* -0.434%* 0.539%* 0.026 -0.061 -0.167
Protease -0.124 0.367+* -0.476%* 0.471%* -0.004 -0.174 -0.049
Urease -0.348%* 0.337%%* -0.464%* 0.717%* 0.679%* -0.246%* -0.163
Alkaline phos- -0.027 0.277%* -0.518%* 0.348%* -0.126 0.016 -0.236*
phatase
Catalase 0.232% -0.050 -0.126 0.127 -0.019 -0.244* 0.077

Values with asterisks show the significant correlations, *: P <0.05, **: P<0.01, ***: P<0.001
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higher than those in the stems and leaves. In addition,
the Pb, Zn and Cd concentrations in the roots of the
plants in the HC soil were higher than those in the
LC and MT soils. The Pb, Zn and Cd concentrations
in the roots of P. vittata, M. floridulus and P. aus-
tralis in the HC soil were 666.5+18.1, 987.2+50.6
and 730.5+17.9 mg kg~! dry weight (DW) for Pb
(Fig. 6 (a)); 2780.1+182.4, 2722.0+119.1 and
1114.4+98.8 mg kg™' DW for Zn (Fig. 6 (b)); and
33.9+2.0, 44.6+2.8 and 26.8+2.9 mg kg~! DW for
Cd, respectively (Fig. 6 (c)). Generally, the TF and
BCEF values of Pb for P. vittata, M. floridulus and P.
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australis in the MT soil were significantly higher than
those in the LC and HC soils (p <0.05) (Table 3). For
P. vittata, the TF values of Pb were higher than 1.0 in
the three types of soil, while the TF values of Pb for
both M. floridulus and P. australis in the LC and MT
soils were higher than 1.0. Moreover, the BCF values
of Cd for P. vittata, M. floridulus and P. australis in
the LC soil were significantly higher than those in the
MT and HC soils (p <0.05) (Table 3).

The correlations between nifH gene abundance
and the Pb, Zn and Cd concentrations in the tissues
of P. vittata, M. floridulus and P. australis in the LC,
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Table 3 TF and BCF factors of Pteris vittata, Miscanthus
Sfloridulus and Phragmites australis in a highly contaminated
region in the upstream area (LC soil), mine tailing soil (MT
soil) and a highly contaminated region in the downstream area
(HC soil) in the Siding mine area

Plant species LC soil MT soil HC soil

Pteris vittata

TF value Pb 1.39+0.15 aB
Zn  1.06+0.04 aA
Cd  0.74+0.08 aA

BCF value Pb  0.24+0.01 aC
Zn  0.12+0.01 aC
Cd  0.37+0.06 bA

Miscanthus floridulus

TF value Pb 1.13+0.05 bB
Zn  0.37+0.02 bA
Cd  0.30+0.04 cC

BCF value Pb  0.25%0.02 aC
Zn  0.12+0.00 aB
Cd  0.43+0.04 aA

1.67+0.20aA  1.10+0.03 aC
0.88+0.06 aB  0.30+0.02 bC
0.73+0.05aA  0.17+0.01 bB
0.68+0.05bA  0.23+0.01 bC
0.20+£0.02aA 0.18+0.02 aB
0.17+£0.02bC  0.25+0.02bB

1.64+0.14aA  0.75+0.04 cC
0.36+0.02cA  0.21+0.01cB
0.41+0.05bA 0.23+0.01aC
0.76 +£0.09 abA 0.28+0.01 aB
0.20+0.01 aA  0.19+0.02 aA
0.19+0.02aC  0.36+0.33 aB
Phragmites australis
TF value Pb 1.47+0.17 aB
Zn  0.27+0.01cC
Cd  0.62+0.06 bA
BCF value Pb  0.22+0.01bB
Zn  0.09+0.01 bB
Cd  0.43+0.05aA

1.68+0.05aA  0.94+0.03 bC
0.57+0.03bA  0.53+0.05 aB
0.34+0.05¢cB  0.21+£0.04 aC
1.06+0.14aA  0.21+0.01cB
0.20+£0.01aA  0.10+£0.01 bB
0.17+0.02 abB  0.19+0.02 cB

Values represented as the means and the SD (n=12) followed
by a different lowercase letter within the same column denote
a significant difference at p <0.05 for TF or BCF value of the
same HM in the same soil types among different plant species
based on Tukey’s HSD test. A different uppercase letter within
the same row denotes a significant difference at p <0.05 for TF
or BCF value of the same HM in the same plant species among
different soil types based on Tukey’s HSD test

MT and HC soils are presented in Fig. 7. For P. vit-
tata, strong and significant positive correlations were
observed between nifH gene abundance and Pb, Zn,
Cd concentrations in the leaves and Cd concentrations
in the stems (p <0.01 or p <0.001) (Fig. 7 (b), (d) and
(f)). In particular, the Zn (R*=0.897, Pearson corre-
lation=0.974) and Cd (R2=O.646, Pearson correla-
tion=0.804) concentrations in the leaves exhibited
the most positive correlation with nifH gene abun-
dance (Fig. 7 (d) and (f)). For M. floridulus, strong
and significant positive correlations were observed
between nifH gene abundance and the Pb, Zn, Cd
concentrations in the stems and the Zn concentra-
tions in the leaves (p <0.01 or p <0.001) (Fig. 7 (h),
() and (1)). In particular, the Cd (R*=0.518, Pearson

correlation=0.719) concentrations in the stems
exhibited the most positive correlation with nifH gene
abundance (Fig. 7 (1)). However, the Pb (R>=0.260,
Pearson correlation=-0.510) concentrations in the
stems exhibited a significant negative correlation
with nifH gene abundance (p <0.01) (Fig. 7 (h)). For
P. australis, a strong and significant positive correla-
tion was observed between nifH gene abundance and
the Zn (R*=0.332, Pearson correlation=0.576) con-
centrations in the roots and the Cd (R*>=0.909, Pear-
son correlation=0.953) concentrations in the stems
(»<0.001) (Fig. 7 (o) and (r)). However, the Pb con-
centrations in the stems (R2 =0.665, Pearson correla-
tion=-0.816) and leaves (R’ =0.733, Pearson correla-
tion=-0.856) and the Zn concentrations in the stems
(R?=0.461, Pearson correlation=-0.679) exhibited a
significant negative correlation with nifH gene abun-
dance (p <0.001) (Fig. 7 (n) and (p)).

Discussion

Soil diazotrophic community structure and composi-
tion can be influenced by many interactions among
physical, chemical, biological and other variables
(Quintela-Sabaris et al. 2019; Shu et al. 2019). Soil
diazotrophic communities are the most important
microorganisms involved in the nitrogen fixation pro-
cess in the soil nitrogen cycle and are an important
source of nitrogen input for the natural ecological res-
toration of abandoned mines. (Zhan and Sun 2011).
Our study provided insight into the interactive effects
of soil properties and dominant plant species (P. vit-
tata, M. floridulus and P. australis) on the rhizosphere
diazotrophic structures and community compositions
in the Siding lead—zinc mining area. The HM-accu-
mulator P. vittata, the HM-tolerant M. floridulus and
the climate-regulating and water-providing P. austra-
lis contributed significantly to restoring the plant sta-
bility of the mine area (Kohda et al. 2022; Weis and
Weis 2004; Wu et al. 2022).

Microbial communities established in the plant
rhizosphere are not random and are influenced by dif-
ferent factors, such as plant species, soil types and
seasonal variations (Hassani et al. 2018). Hence, our
results indicated that nifH gene abundance varied
among the soil types and plant species. Zhao et al.
(2019) indicated that HM contamination can have
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«Fig. 7 Correlation between nifH gene abundance and Pb, Zn
and Cd concentrations in the roots, stems and leaves of Pteris
vittata ((a)-(f)), Miscanthus floridulus ((g)-(1)) and Phragmites
australis ((m)-(r)) in the Siding mine area. Each point repre-
sents an individual sample. The solid lines indicate the linear
regression, and the gray areas indicate the 95% confidence
intervals. The Pearson correlation, statistical significance (p)
and fitting coefficient (R?) are shown in the graphs

two different effects on soil microbes: a decrease
in the diversity and abundance of microbes that do
not adapt to high concentrations or toxicity of HMs
and an increase in the diversity and abundance of
microbes that better adapt to a highly contaminated
environment. In the present study, the concentrations
of Pb, Zn and Cd varied considerably across regions
and were highest in HC soil and influenced nifH gene
abundance to some extent (Figure S2 (a)-(c)). A pre-
vious study pointed out that in metal-rich mine soil,
metal metabolism is also critical for the survival of
diazotrophs in mineral soils, which might be due to
metals serving as electron donors to support micro-
bial activity in mineral soils (Ullah et al. 2015).

Soil properties respond to plant—soil interactions,
and this process can be influenced by soil HMs (Qian
et al. 2022). As presented in Tables S2-S4, the soil
around the Siding mine areas was nutrient deficient
and slightly acidic. In particular, N, P and C are
known to be important components affecting soil
enzyme activity, plant biomass and the microbial
community (Li et al. 2019a; Yu et al. 2020b). We
found that soil AN, TP, AP, TC and MC are important
key factors influencing nifH genes in three different
ecological areas of the Siding mine. In mineral soils
with pioneer plants, diazotrophs growing between the
rhizosphere can provide essential nutrients for plant
growth by solubilizing inorganic phosphorus from
immobile minerals in the soil or fixing atmospheric
nitrogen (Xiao et al. 2019). Our results are consist-
ent with the conclusion that the phenomenon of the
highest nifH gene abundance in rhizosphere soils is
normal in LC soil with high nutrient content. Among
the soil N contents, NH4+-N and NO;™-N are con-
sidered vital and typical indicators of soil nutrient
conditions because they represent the effective N in
soil (Navarro-Noya et al. 2012; Wang et al. 2017).
In addition, soil P is considered the other essential
nutrient for the BNF process and is involved in the
cell physiology of soil microbes, including the capac-
ity of storage, metabolism and cell divisions, which

also affect the abundance and community of soil
diazotrophs (Bent et al. 2016; Samaddar et al. 2019).
Notably, soil P is divided into inorganic P and organic
P, with AP as an important indicator of utilization by
soil microbes (Wu et al. 2017). The soil AP content
and nifH gene abundance in the rhizosphere of the
three species were highest in the LC soil and were
in close positive correlation with each other. High
levels of soil AP can indirectly reduce HM stress by
immobilizing HMs through precipitation, which is
beneficial for the survival of soil microbes (Koméarek
et al. 2013). In addition, soil C also plays a vital role
in regulating soil nutrient cycling and increasing soil
diazotrophic activity (Haiming et al. 2020). In the
present study, soil TC was highly correlated with nifH
gene abundance (Fig. 3 (g)). Decomposition of plant
debris in rhizosphere soil may provide an additional
C source for soil microbes (Maarastawi et al. 2019),
which might explain the highly positive correlation
that existed between TC and nifH gene abundance
in this study. Another possible reason is that there
are differences in TC content in the rhizosphere soil
of pioneer plants in three different ecological zones
(Table S2-S4). Due to the different degree of soil res-
toration, the relationship between the abundance of
diazotrophs genes abundance in rhizosphere soil and
the content of TC in soil also changes. In addition,
the soil MC presented a highly positive correlation
with the diversity and abundance of the diazotrophic
community (Fig. 1 (f) and Table 1). But the Pearson
correlation coefficient between TC and nifH gene
abundance was greater than between soil MC and
nifH gene abundance, so the main factors affecting
nifH gene abundance were soil NH4+—N, AP and TC.
In particular, the soil MC highly altered the NMDS1
scores. Morugan-Coronado et al. (2019) noted that
soil MC had a strong impact on the soil microbial
community, especially soil diazotrophs and denitrifi-
ers, which emphasized the importance of water avail-
ability in drought environments. Therefore, the effect
of soil NH,*-N and MC on the soil diazotrophic com-
munity was mainly reflected in p-diversity, which
suggested that soil NH," and MC were the main rea-
sons for the high similarity among the diazotrophic
communities in the rhizosphere soil in P. vittata, M.
floridulus and P. australis in the Siding mine area.
Soil enzymes are indicators of microbial activi-
ties and ecological function in soil (Zhou et al. 2020).
In the plant rhizosphere, enzymes produced by soil
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microbes and plant roots are higher than those in
bulk soil (Ma et al. 2018). Our study concluded
that the soil enzyme activities among the three soil
types impacted the nifH gene diversity, diversity and
structure of the soil diazotrophic community. These
findings were consistent with those of Wang et al.
(2020c), who pointed out that soil enzymes play
vital roles in the foundation of soil microbial com-
munities. As presented in Table 1, invertase, protease
and alkaline phosphatase activities were highly posi-
tively correlated with the a-diversity and p-diversity
of soil diazotrophs. In particular, soil enzyme activ-
ity provides information about the interactions
between plants and microbes that can reflect the
diversity, composition and function of soil microbes
(Razavi et al. 2016). A previous study indicated that
invertase can be hydrolyzed into glucose and fruc-
tose, and then participate in C, P and N cycling in the
soil environment (Gu et al. 2009). Thus, soil diazo-
trophs can survive well under the harsh conditions
in mine areas by using glucose from the breakdown
of invertase. In rhizosphere microecosystems, phos-
phorus mineralization is catalyzed by phosphatases
produced by plants and microbes; microbes produce
both acidic and alkaline phosphatases, and plants pro-
duce only acidic phosphatases (Chen and Moorhead
2022). Among the enzymes associated with micro-
bially mediated mineralization of soil organophos-
phorus, the activity of alkaline phosphatase plays a
vital role (Wang et al. 2019a). In our study, alkaline
phosphatase presented a highly positive effect on nifH
gene abundance and the diazotrophic community and
simultaneously influenced the NMDS1 score. These
findings were similar to those of Wang et al. (2022a),
who noted that soil alkaline phosphatase activity was
one of the most important factors influencing the
soil diazotrophic community. Moreover, urease and
protease are also considered vital enzymes involved
in the soil N cycle. Protease converts soil organic N
into inorganic nitrogen by mineralization, followed
by ammonification into NH,*-N in the presence of
urease; hence, plants can use NH,*-N to synthesize
amino acids and proteins for growth and development
(Lee et al. 2021; Lin et al. 2021; Xu et al. 2019). This
catalytic effect of urease and protease makes it eas-
ier for plants to extract nutrients from the soil (Saar-
athandra et al. 1984). Thus, in our research, enzyme
activities in the rhizosphere soil of plants played an
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important role in the variation in the diazotrophic
community in the Siding mine area.

The a-diversity of the diazotrophic community in
the rhizosphere also presented the same phenomenon
among the soil types and plant species. Multiple lin-
ear regression analysis, Tukey’s HSD test and Stu-
dent’s t test indicated that soil Cd content altered the
a-diversity of the diazotrophic community (Table 1),
while the diversity and richness also presented dif-
ferent responses to the existence of different plant
species (Fig. 4), which was similar to the results of
Geng et al. (2022). This result might have occurred
because the root secretions of the different plant spe-
cies had various effects on the soil diazotrophic com-
munity (Song et al. 2020). However, the three sample
regions around the Siding mine area contained higher
HM contents, and the high levels of HMs increased
the establishment of tolerant microbial communities,
which might have led to the reduction in microbial
diversity and variations in the microbial communities
(Guo et al. 2017).

In our study, the most dominant diazotrophic com-
munity was Proteobacteria at the phylum level, which
mainly consisted of Alphaproteobacteria, Betapro-
teobacteria and Deltaproteobacteria at the class level
(Fig. 5). A previous study noted that Proteobacteria
in diazotrophs play an important role in metabolism
and nutrient cycling, which are widespread in vari-
ous environments (Chen et al. 2019a). The presence
of diazotrophs in the plant rhizosphere indicated the
potential importance of the NF process for nitrogen
input in the Siding mine area. In addition, during
prolonged HM contamination, soil microbes develop
tolerance to HMs and react positively to them (Chen
et al. 2018). In our study, tolerant bacteria generally
occurred at high abundances in HM-contaminated
environments (Chen et al. 2019a), and Alphaproteo-
bacteria acted as a sensitive bacterial class in soil that
can survive in nitrogen-deficient mine areas, present-
ing an unusual morphology, such as providing an N
source for plants and symbiotic N fixation with plants
(Shi et al. 2021). Cyanobacteria were also found in
the MT and HT soils in the Siding mine area. Previ-
ous studies have indicated that the extracellular poly-
saccharides produced by Cyanobacteria contribute to
their survival and the BNF process in arid and semi-
arid soil (Mager and Thomas 2011; Navarro-Noya
et al. 2012); thus, they might survive under unfavora-
ble drying conditions and low soil moisture content
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environments and contribute to the BNF process in
mine areas.

Pb, Zn and Cd concentrations in the roots, stems
and leaves of P. vittata, M. floridulus and P. aus-
tralis are presented in Fig. 6. Our results indicated
that the HM concentrations in the roots of the three
plant species were higher than those in the stems
and leaves. Diazotrophs indirectly increase plant
growth by inhibiting harmful microorganisms
and pathogens, which is a positive aspect for HM
removal (Ullah et al. 2015). Similarly, Chandra
and Kumar (2017) demonstrated that HMs mainly
accumulated in the roots of plants, which could be
due to the complexation that HMs form with the
sulfhydryl groups in the root, and this scenario
could have resulted in the low HM concentration
in leaves and stems as well as the lower TF val-
ues. Diazotrophs can live freely in the soil or be
combined with nodules, which act as metal buffers
and provide further protection against metal ion
penetration. It is thus a multistage metal biosorp-
tion process, as the roots and nodules adsorb metal
ions in the first stage, followed by metal uptake by
the roots and nodules and finally by the shoots of
plants (Hu et al. 2022; Yang et al. 2020). Among
the soil properties, the Ca and Mg levels were two
of the important factors that influenced HM uptake
by P. vittata, M. floridulus and P. australis in the
Siding mine areas (Figure S3). Soil Ca content can
help to increase the root length of plants, thereby
increasing the surface area for roots to absorb
water and nutrients, as well as HM accumulation
(Rathika et al. 2020). In addition, our previous
study showed that Ca plays a vital role in promot-
ing the growth of plants and alleviating HM stress
(Yu et al. 2020a). Diazotrophs not only improve the
uptake of Ca and Mg in the soil by plants but also
alleviate heavy metal toxicity by reducing ethyl-
ene production (Rajkumar et al. 2012). In addition,
studies have indicated that organic acids, sugars
and amino acids secreted by plant roots contribute
to the growth and metabolism of microorganisms,
in addition to the presence of soil available N (e.g.,
NH,*-N), which could lead to the selective enrich-
ment of beneficial microorganisms to sustain plants
in harsh environments (Olanrewaju et al. 2019;
Yuan et al. 2018).

HMs are taken up by plants and then translocated
to root vesicles and deposited, but the efficiency of

relocation is strictly regulated by membrane pro-
teins; thus, HMs mainly accumulate in the roots
(Shah and Daverey 2020). The TF values of Pb, Zn
and Cd for P. vittata were higher than those for M.
floridulus and P. australis; however, the BCF val-
ues of Pb, Zn and Cd did not present significant
differences among the three plant species. These
three types of plant species cover the entire mine
area, which might play an important role in plant
stability and contribute to the ecological restora-
tion of the mine area to some extent (Bfezinova and
Vymazal 2022; Zeng et al. 2019). In addition, our
results also showed a high correlation between nifH
gene abundance and HM concentrations in plant
tissues (Fig. 7). Specifically, among the three plant
species, the Pb, Zn and Cd concentrations in both
the stems and leaves of P. vittata presented a highly
positive correlation with nifH gene abundance
(Fig. 7 (b), (d) and (f)). This result might imply
that HM contamination can be selective in differ-
ent plant species, which could selectively decrease
or increase nifH gene abundance in the rhizosphere
soil, and this effect might impact HM accumulation
in the aerial parts of plants (Wang et al. 2020a). Our
results were consistent with those of Sarria Carabali
et al. (2020), who showed that Cd accumulation in
Echinocactus platyacanthus was directly propor-
tional to the increase in nifH gene abundance in the
rhizosphere. Research has shown that metal resist-
ance genes in bacteria (including diazotrophs) are
an important strategy for microorganisms to survive
in extreme environments to thrive in the presence
of metal concentrations in mine soils, generating
energy and helping plants cope with heavy metal
stress (Sun et al. 2020). Diazotrophs are very bene-
ficial because they bring metals to a more bioavaila-
ble form by the processes of methylation, chelation,
leaching, and redox reactions and the production
of siderophores as well as promote plant growth
by synthesizing various compounds or stimulating
other metabolic pathways in the soil, such as uptake
of N, P, S and Mg, thereby facilitating the uptake
of heavy metals. Soil microbes assist different reac-
tions as well as metabolic processes occurring in
biogeochemical cycles of nutrients, maintenance
of soil structure, and detoxification of pollutants
(Khan et al. 2010).
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Conclusion

The current study presented the distribution pat-
terns of the abundance, diversity and community
composition of diazotrophs in the Siding mine area.
First, HM concentrations greatly influenced diazo-
trophic community diversity and structure. Two-way
ANOVA indicated that nifH gene abundance, Shan-
non index, Simpson index and ACE index were sig-
nificantly altered by soil type and plant species.
At the same time, the Cd, Pb, Zn, Ca, Mg, TP, AP
and NH,-N levels in the rhizosphere soil were sig-
nificantly different among the plant species. Multi-
ple linear regression and Pearson correlation analy-
sis indicated that among the soil properties, soil TC,
AP and NH,*-N were the key factors that strongly
influenced soil diazotrophic community. In addition,
soil enzymes, especially urease, protease and alka-
line phosphatase activities, also contributed to the
structure of the diazotrophic community. In terms
of diazotrophic community composition, Alphapro-
teobacteria and Cyanobacteria might play vital roles
in the soil BNF process. The HM concentrations in
the roots of P. vittata, M. floridulus and P. australis
were higher than those in their leaves and stems. A
new argument emerging from our study is that HM
concentrations in plant tissues presented a high cor-
relation with nifH gene abundance. Consequently,
our results investigated the variations in diazotrophic
community compositions in the rhizosphere soil of P.
vittata, M. floridulus and P. australis and their impact
on HM accumulation for the first time. This study
will help to determine the role and importance of soil
properties and plant species in the soil BNF process
in highly contaminated mine areas.
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