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• Cyanobacterial crust reduced the bioavail-
ability of As in micro-scale soil layer.

• Cyanobacteria alter biotic and abiotic syn-
ergism to immobilize As.

• Non-EDTA-exchangeable As was immo-
bilized on cyanobacterial crust.

• High abundance of aioA and arsM in min-
ing soil with cyanobacteria inoculation

• Cyanobacteria inoculation improved the
fertility of mining soil.
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Biocrust was widely used for the immobilization and removal of arsenic (As) in drainage systems of ricefields andmin-
ing areas. In this study, the role of an indigenous cyanobacteria (Leptolyngbya sp. XZMQ) was explored in the bioreme-
diation of As-contaminated farmland and tailing soil. After 80 d of inoculation with cyanobacteria, total As (As(T))
accumulated in the cyanobacterial crust of farmland and tailing soil was 279.89mg kg−1 and 269.57mg kg−1, respec-
tively, and non-EDTA exchangeable fraction was the major fraction of it. The As(T) in farmland and tailing soil of
micro-environment decreased by 10.76% and 12.73%, respectively. Meanwhile, the available As (As(a)) decreased
by 21.25% and 27.65%, respectively. The XRD results showed that hematite and SiO2 existed in cyanobacterial
crust of farmland and tailing soil. FTIR spectra indicated that the adsorption of As in cyanobacterial crust wasmediated
by\\OH and\\CO. After inoculation of Leptolyngbya sp. XZMQ, in subcrust soil, As biotransformation gene aioAwas
the most abundant, followed by arsM. The dominant phyla of soil biota were Proteobacteria, Cyanobacteria,
Actinobacteria, and Bacteroiota, which could play critical roles in shaping aioA and arsM harboring microbe commu-
nities in soil. Redundancy analysis (RDA) showed that soil organic carbon (OC), pH, and chlorophyll a (Chl a) were
the most important environmental factors in altering soil bacterial communities. Correlation analysis showed the
Leptolyngbya had a positive correlation with Chl a, effective nitrogen (N(a)), electrical conductivity (EC), OC, pH in
the soil, respectively, while it had a significant negative correlation with As(a), As(III) and As(T). These results empha-
sized on the significance of cyanobacteria in the behavior of As in mine soils and offered a promising strategy for bio-
remediation of As-contaminated soil in the mining area.
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1. Introduction

Arsenic (As) as a high toxic carcinogen distributing extensively in the
crust could potentially degrade soil quality. Increased mining and smelting
activities have contributed to high As accumulation in soil (Francesconi
et al., 2002). Low nutrient elements and high heavy metal content in the
soil around mine tailings limit the capacity to restore ecosystem biodiver-
sity. In addition, As and heavy metals in mining soil can directly raise the
health concerns in surrounding population through rainwater infiltration
and surface runoff. Over the past few decades, soil remediation technolo-
gies, including biological, chemical and physical remediation methods, for
tailing areas have gained increasing attention (Sun et al., 2018). Bioremedi-
ation (e.g., phytoremediation and microbial remediation) is an economical,
environment-friendly, and sustainable approach for ecosystem reclama-
tion (Megharaj and Naidu, 2017). Phytoremediation potential is limited
due to infertile soil and multiple metal pollutants in the mine tailings,
while microbes can grow in a variety of environments and effectively
improve soil properties, stabilize and degrade pollutants (Jin et al., 2018).
Therefore, microbial remediation can be used for the restoration of mine
areas.

Biological soil crusts (BSCs), composed of bacteria, algae, fungi, moss
and soil particles (Chamizo et al., 2012), can influence soil characteristics,
nutrients and hydrological processes. BSCs is one novel microbial remedia-
tion method. As ecosystem engineers in arid and semi-arid region (Rossi
et al., 2017), BSCs primarily contain cyanobacteria that are essential inmain-
taining soil stability and fixing carbon and nitrogen. Some of these can also
affect metal bioavailability in soil (Naveed et al., 2018). Cyanobacteria as
photoautotrophic organisms are the earliest pioneer colonizers and capable
of surviving in soils with extreme drought, pH, salinity, heat, cold
(Mccutcheon et al., 2020), and heavy metal stress (Cabala et al., 2011).
They can colonize rapidly and spread widely on soil substrates to form
BSCs and further affect the physicochemical characteristics of the surface
soil (Chamizo et al., 2012). Different from environmental factors,
cyanobacteria, as the main participant of BSCs, may regulate the structure
and function of BSCs. Therefore, they may participate in pollution remedia-
tion. Cyanobacteria can secrete extracellular polymers (EPS), which can
react with Cd(II), Pb(II), and Cr(VI) via its functional groups to reduce the
bioavailability of heavy metals (Cui et al., 2021). Cyanobacteria can com-
bine heavy metals with metallothioneins (MTs) and phytochelatins (PCs)
by intracellular absorption to reduce the toxicity of heavy metals (Turner
and Robinson, 1995). In addition, filamentous cyanobacteria are able to
entangle soil particles (Fattahi et al., 2020), which may prevent the further
decomposition and release of mineral particles containing pollutants. Fila-
mentous cyanobacteria can penetrate intominerals (Hu et al., 2003),making
it difficult to release pollutants accumulated by algae, thus playing a role in
the immobilization and storage of pollutants by minerals. In addition,
cyanobacteria can fix nitrogen from the atmosphere and convert it into
bioavailable forms through the action of nitrogenase (Qiu et al., 2022).
Cyanobacteria are continuously decomposed by microorganisms such as
secretions and residues to form humus (Yao et al., 2022), which may
effectively promote the accumulation of soil organic matter and soil
nutrients. Cyanobacteria are capable of stimulating the growth of other mi-
croorganisms (Acea et al., 2003). In addition, cyanobacteria can oxidize,
reduce, enrich, and methylate As (Hussain et al., 2021), hence, reducing
As toxicity up to a certain extent. Some cyanobacteria have high As bioaccu-
mulation potential, which can be used as a tool for As bioremediation (Mitra
et al., 2017). Algae can detoxify As by both extracellular enzymes and intra-
cellular metabolism. As(V) crosses the plasma membrane via phosphate
transporters, while As(III) enters algal cells through hexose infiltration and
AQP (aquaglyceroporins) channels. As(V) is reduced to As(III) by arsC in
algal cells, and then transformed into organic form of methyl As by arsM
(Qin et al., 2009). Besides, As(III) can be oxidized to As(V) through extracel-
lular carbonic anhydrase and extracellular phosphatase (Qin et al., 2009).
Therefore, algae can reduce As toxicity in the environment through As
metabolism. Although increasing attention has been paid on cyanobacteria,
as a necessary tool for ecological restoration of degraded soils (Rocha et al.,
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2020), its application in soil restoration in As-contaminated mining areas
still needs to be explored. The application of the cyanobacteria to construct
the As contaminated soil bio-crust may stabilize As and improve soil fertility
for plant growth.

Accordingly, this study aims to: (i) investigate themobility and transfor-
mation of As in different substrates soil (mine tailing and farmland) in
the presence of cyanobacterial crust, (ii) analyze the changes of crust
biomass and physicochemical properties in different textured soils after
cyanobacteria inoculation, and (iii) explore the effects of cyanobacteria in-
oculation on microbial community composition and As metabolism gene
abundance in different matrix tailing soil for explaining the As bioremedia-
tion potential of Leptolyngbya sp. XZMQ. This work provides meaningful
insights into the role of cyanobacteria in biogeochemical cycle and biore-
mediation of As especially in mining areas.

2. Materials and methods

2.1. Cyanobacteria culturing

The cyanobacteria strain, Leptolyngbya sp. XZMQ (Fig. S1) used in
this study, was isolated from BSCs of Shimen realgar mine, China.
Leptolyngbya sp. XZMQ was cultivated to obtain enough biomass in
BG11 medium with constant sterile air at 26 °C under light: dark cycles
(14: 10 h) at 4000 Lx. After the culture was filtered, cyanobacteria was
washed twice with distilled water, and then resuspended in distilled
water to obtain the inoculating concentration. The biomass was deter-
mined by dry weight after filtering and keeping in an oven at 80 °C for
24 h (Lam and Lee, 2012).

2.2. Experimental mesocosms

The experimental soil was collected from the 0–10 cm depth in farm-
land (29°40′7′′N, 111°3′13′′E) and tailing (29°38′11′′N, 111°2′26′′E) soil
around the Shimen realgar mine, in Hunan Province. The physicochemical
characteristics of the farmland and tailing soil in Table S1. The soil was nat-
urally dried at room temperature and ground through a 2 mm sieve. The
soil was divided into sterilized soil and non-sterilized soil. The sterilized
soil was sterilized twice at 120 °C for an hour each time (Li et al., 2011).
All cylindrical plexiglass microcosms (Ф150 mm, height 100 mm)
contained 1.00 kg homogenized soil. The soil bulk density was 1.03
g·cm−3 and deionized water was added with 70% water holding capacity
at constant temperature incubator aging 30 d backup. Treatments were
set up as follows: (i) the non-sterilized control group consists of farmland
soil (CK-N) and tailing soil (CK-Z) that represented the blank group,
(ii) the non-sterilized treatment group consists of farmland soil (N) and tail-
ing soil (Z) with cyanobacteria, (iii) the sterilized control group consists of
sterilized farmland soil and tailing soil, named S-CK-N and S-CK-Z, respec-
tively and (iv) the sterilized treatment group consists of sterilized farmland
soil (S-N) and tailing soil (S-Z) with cyanobacteria. These treatments are
summarized in Table S2. Each treatment was arranged in a completely ran-
domorder of eachmicrocosm, experimentwas conducted in triplicates, as a
whole, 24 experimental units were established, with 8 treatment groups.
The inoculum was uniformly inoculated on the top of soil substrates with
80 g wet weight m−2 (about 6 g dry weight m−2). Briefly, the algal cells
collected by centrifugation were re-suspended in sterile water after
cleaning with sterile water twice, and then the same volume of algal sus-
pension were uniformly inoculated on the surface soil. After inoculation,
all miniatures were incubated at 25 ± 1 °C for 80 d in a dark:light cycle
of 10 h:14 h in the greenhouse. The equivalent amount of sterile deionized
water was used in the control soil groups. The amount and frequency of
water added to the soil was based on the average annual rainfall (1450
mm) of the study site while considering the duration of the experiments
for 80 d (Du et al., 2013). The soil moisture was maintained by using a pre-
cise balance toweight andwas supplementedwithwater every 3 d. In order
to maintain the cyanobacterial growth, 3 mL of BG-11 medium was added
to the inoculation groups, weekly.



Fig. 1. SEM images of morphological characteristics and composition of
cyanobacterial crust. (a, b) cyanobacteria and clay particles in cyanobacterial
crust; (c) EPS and mineral particles in cyanobacterial crust; (d) the entanglement
of filamentous cyanobacteria on soil mineral particles in cyanobacterial crust.
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2.3. Characterization and analysis of cyanobacterial crust

The crust biomass of Leptolyngbya sp. XZMQ, which was expressed by
measuring the content of chlorophyll a (Chl a) (Rao et al., 2009). The Chl
a of cyanobacterial crust was calculated based according to a previously de-
fined method of Castle et al. (2011), using double ethanol extraction tech-
nique measuring absorbance at 665 nm by a UV–vis spectrophotometer
(UV-1800PC, Shanghai Mapada Instruments Co., Ltd., China). Morpholog-
ical features of cyanobacterial crust were observed by a scanning electron
microscope (SEM, SU8010, Hitachi, Japan), after 80 d of cultivation. For
this purpose, cyanobacterial crust was obtained per unit area, dehydrated
using an alcohol gradient, freeze-dried for 48 h, and then tested with gold
spraying. In addition, after the cyanobacterial crust was powdered, the
crystal structures and compositions of cyanobacterial crust were analyzed
by X-ray diffraction (XRD) (Bruker D8 Advance, Germany), which scanned
between 5° and 90° 2θ at a step rate of 2.5° 2θ min−1. The composition of
functional groups in cyanobacterial crust was determined by FT-IR
spectrometer (Nicolet iS50, Thermo Fisher Scientific, USA) at room temper-
ature. The infrared spectra were recorded over the wavenumber ranging
from 400 to 4000 cm−1. X-ray photoelectron spectroscopy (XPS)
(ESCALAB 250, Thermo Fisher Scientific) was used to analyze the elemen-
tal composition of cyanobacterial crust. The CasaXPS software was used to
deconvolve XPS spectra using C 1s at a binding energy of 284.8 eV, as the
energy standard for charge correction (version 2.3.13).

2.4. Sample analysis

For soil As speciation, 1 M ortho-phosphoric acid (H3PO4) and 0.5 M
ascorbic acid (C6H8O6) were used as extractants according to the previous
study (Giral et al., 2010). The sequential extraction method was used to
extract different combined forms of As in soils, and ammonium dihydrogen
phosphate (NH4H2PO4, 0.05 M) was used to extract bioavailable As (As(a))
in soils (Wenzel et al., 2001; Khan et al., 2010). To determine the total As
(As(T)) in soils and cyanobacterial crust, 0.1 g of soil and cyanobacterial
crust samples were processed under microwave digestion with HNO3,
HCL, and HF mixtures (volume ratio = 6:3:1). Hydride generation atomic
fluorescence spectrometer (HG-AFS; AFS-830, Beijing Jitian Instrument
Co., Ltd., China) was used to determine the concentrations of As(III), As
(V), and As(T).

To acquire thefine earth fraction, soil sampleswere air-dried and sieved
to 2mm. Aliquots of these sampleswere taken andmashed in an agatemor-
tar to obtain the 0.5 mm particle size necessary for the determination of or-
ganic C (OC). Electrical conductivity (EC) and pH were measured by an
electrical conductivity meter and pH meter in a 1:5 soil-water suspension
(Zhan and Sun, 2012). The H2SO4-K2Cr2O7 oxidation method (Hu et al.,
2015) was used tomeasureOC. The soil effective nitrogen (N(a))was deter-
mined according to the method described by Gao et al. (2014).

2.5. DNA extraction and Illumina Miseq sequencing

At the end of the incubation, DNA was extracted from soil samples
(0.5 g fresh weight) using the DNeasy PowerSoil Pro Kit for Soil (M.P. Bio-
medicals, USA) according to themanufacturer's instructions. After checking
the quality and concentrations of extracted DNA by agarose gel electropho-
resis, DNA amplification was performed by polymerase chain reaction
(PCR). The universal primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the
V3–V4 region of the 16 S rRNA gene (Xu et al., 2016). After that, the ob-
tained products were prepared for high-throughput sequencing via an
Illumina MiSeq platform (Illumina, San Diego, CA, USA) at Majorbio Bio-
Pharm Technology Co., Ltd. (Shanghai, China).

2.6. Real-time PCR detection of 16S rDNA and As metabolism genes

Asmetabolism genes in soil mainly includedAs(III) oxidase gene (aioA),
As(V) detoxification reductase gene (arsC), As(V) respiratory reductase
3

gene (arrA), and As(III) methyltransferase gene (arsM). In order to further
obtain the abundance of As metabolism genes, aioA, arrA, arsC, and arsM,
16S rRNA gene amplification was performed by PCR using primers aioA-
F2/aioA-R2, AS1F/AS1R, amlt-42F/amlt-376R, arsMF1/arsMR2 and
1369F/1492R, respectively (Table S3). The standard curve was generated
for each gene for the absolute quantification of aioA, arrA, arsC, and arsM
gene and 16S rDNA gene (details of the procedures provided in supplemen-
tary material). The amplification efficiency was ranged from 90.04% to
93.88% (Table S4), and the standard curves' correlation coefficients (R2)
were >0.99.

2.7. Statistical analyzes

The data of As content between different treatments were processed
by SPSS version 20.0 (SPSS, Inc., Chicago, IL, United States), and statis-
tical analysis was performed using Independent-Samples T Test. A one-
way analysis of variation (ANOVA) were used to assess the significant
difference among different stages of treatment. P < 0.05 was considered
statistically significant. The redundancy analysis (RDA) was performed
to explore the relationships between bacterial community structure and
soil environmental parameters using R with the vegan package.
Pearson's correlation analysis by SPSS version 20.0 was also performed
to determine the links between the bacterial community and soil envi-
ronmental parameters. All data were presented as the mean ± standard
error (n = 3).

3. Results

3.1. Characteristics and composition of cyanobacterial crust

According to SEM, the filamentous cyanobacteria were the main organ-
isms in the crust (Fig. 1a), tangled with clay particles and mineral particles
(Fig. 1b and d). Therefore, it was identified as cyanobacterial crust. The
SEM images revealed that the morphology of cyanobacterial crust was un-
even, rough and porous. In addition, a large number of EPSwas found in the
cyanobacterial crust (Fig. 1c). The cyanobacterial crust contained a range of
mineral particles, including quartz, illite, albite, hematite and chlorite
(Fig. S2). SiO2 was found to be the dominant crystalline mineral in the
cyanobacterial crust followed by illite, pyrite, chlorite and albite. Hematite
existed in the cyanobacterial crust (12.69–14.69wt%), as a prominent min-
eral (Table S5). Moreover, XPS results indicated that the Fe 2p spectra was
divided into two peaks at binding energies of 709.88 eV and 711.55 eV
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(Figs. S3–S4), which represented the Fe2O3 and FeOOH (Biesinger et al.,
2011). Accordingly, the percentages of Fe2O3 and FeOOH in the
cyanobacterial crust of farmland soil were 39.91% and 60.09%, respec-
tively. Likewise, for the cyanobacterial crust of tailing soil, the percentages
of Fe2O3 and FeOOHwere 41.32% and 58.68%, respectively. These results
indicated that iron oxides and FeOOH existed in the cyanobacterial crust,
which could coprecipitate with As by the cyanobacterial crust. In addition,
Fig. S5 showed the FTIR spectra of cyanobacterial crust of farmland soil and
tailing soil. These results also suggested that functional groups such as
\\OH and\\CO participated in the adsorption of As by cyanobacterial
crust.

3.2. Growth of cyanobacteria in crust and soil

The Chl a content was calculated to assess the algal biomass during the
80 d of culture andwas shown in Fig. 2. The Chl a content of cyanobacterial
crust showed an increasing trend before 60 d of cultivation, and the highest
content of cyanobacterial crust in farmland and tailing soilwere 533.28 and
525.40 μg g−1, after 80 d of cultivation, respectively (Fig. 2a, f). In addition,
compared with tailing soil, the cyanobacterial crust of farmland soil grew
faster in the first 40 d. Nevertheless, the tailing soil grew faster from 40
to 60 d and its growth was reduced after 60 d. The content of Chl a showed
a gradual decrease with the increase of soil depth. After 80 d of culture, the
Chl a content in 0–0.5 cm, 0.5–1.5 cm, 1.5–3.5 cm and 3.5–5.5 cm depth of
farmland soil were 2.33, 1.85, 1.07, 0.85 μg g−1, respectively (Fig. 2b–e).
However, the content in tailing soil ranged between 5.32 and 2.90 μg g−1

(Fig. 2g–j). In addition, the Chl a content in soil under cyanobacterial
crust was significantly lower than that of cyanobacterial crust, and the
changes trend of Chl a was consistent.

3.3. Effects of cyanobacterial crust on physicochemical properties of soil with
different substrates

3.3.1. Effects of cyanobacterial crust on As fractions and species in soil
The content of As(T) and bound As in the groups of S-CK-N and S-N at

different depths are shown in Fig. 3. After 80 d of inoculation, compared
with the S-CK-N, the As(T) decreased most obviously in the S-N at
0–0.5 cm soil depth under cyanobacterial crust (P < 0.05) (Fig. 3a). The
content of amorphous iron aluminum oxide bound As (F3) in 0–0.5 cm
soil layer was decreased by 11.39% in the S-N. Moreover, the contents of
non-specifically bound As (F1) and specifically bound As (F2) also de-
creased by 72.16% and 25.40%, respectively. However, the binding of
the crystalline iron/aluminum oxides and residual As did not significantly
change over the experiment. Besides, under the cyanobacterial crust, the
changes of total and bound As in 0.5–1.5 cm, 1.5–3.5 cm, and 3.5–5.5 cm
soil layer were not obvious (P > 0.5) (Fig. 3b–d).

Similarly, Fig. 3e–h shows the changes in the binding forms of As in the
groups of S-CK-Z and S-Z at different depths. The main binding forms of As
in the S-Z group at 0–0.5 cm soil depth was amorphous iron aluminum
oxide bound As, which decreased by 9.36%, compared with the group of
S-CK-Z (Fig. 3e). Furthermore, the contents of non-specifically bound As
(F1) and specifically bound As (F2) also decreased by 56.40% and
22.83%, respectively. These results indicated that As in soil under
cyanobacterial crust changed from amorphous bound As to bioavailable
and adsorbed As. Nevertheless, there was no significant change in As
(T) (P > 0.5) in the 0.5–5.5 cm soil layer under the crust, indicating that
cyanobacteria had limited effect on As in deep soil (Fig. 3f–h).

Fig. 4 shows the amounts of As(a), As(V) and As(III) in farmland soil
and tailing soil under cyanobacterial crust after 80 d of incubation at
0–0.5 cm depth. Cyanobacteria inoculation exhibited the obvious effect
on reducing the As(a) in the soil, which decreased significantly (P <
0.05) by 21.25% compared to in the S-CK-N. Furthermore, the As(a) in
the S-Z decreased by 27.65% after 80 d compared to the S-CK-Z. These
results indicated that cyanobacteria inoculation to the As-contaminated
soil significantly reduced As(a) in soil at 0–0.5 cm depth under the
cyanobacterial crust.
5

3.3.2. Effects of cyanobacterial crust for organic C, available N, pH, and EC in
the soil

The inoculation of Leptolyngbya sp. XZMQ significantly affected the
changes of OC, N(a), pH and EC in soil layers 0–0.5 cm (Fig. 5). For farm-
land soil, the OC and N(a) contents could reach up to 30.09 g kg−1 and
268.25 mg kg−1, after 80 d of culture, respectively (Fig. 5a, c). Neverthe-
less, for tailing soil, the contents of OC and N(a) were 43.64 g kg−1 and
253.25 mg kg−1 (Fig. 5b, d). The OC and N(a) contents were increased
with incubation time in sub-crust soil, while they were stable in deeper
soil layers. It indicated that with the cyanobacterial crust developed, the
contents of carbon and nitrogen in soil under the cyanobacterial crust
were higher than in deeper soil layers. Fig. 5e, f shows changes in pH of
the treatments and controls in each soil layer during the experiment. The
pH of farmland soil increased 0.84 in 0–0.5 cm soil layer, and tailing soil
increased 1.08. Likewise, the EC values of farmland soil and tailing soil in-
creased 0.98, 0.55, respectively, but the values in deeper layers were not
significantly changed (p > 0.05) (Fig. 5g, h). These results showed that
cyanobacterial crust could regulate soil physicochemical properties, but
their depth of action was limited.

3.4. As distribution and speciation in cyanobacterial crust

The distribution of As in cyanobacterial crust involves EPS-bound,
sorbed and non-EDTA-exchangeable fraction, reflecting various biotic and
abiotic As immobilization mechanisms. As shown in Fig. 6, the sorbed frac-
tion, EPS-bound fraction, and non-EDTA exchangeable fraction in the
cyanobacterial crust of farmland soil, accounted for 13.65%, 25.13%, and
61.22% for As after 40 d, respectively. Moreover, in the cyanobacterial
crust of tailing soil, the EPS-bound fraction was 7.59%. Remarkably,
80.86% of As was found in the non-EDTA-exchangeable fraction in the
cyanobacterial crust, while 11.55% of As was found in the sorbed fraction.
After 80 d of culture, the highest content of As was found to be as high as
279.89 mg kg−1 and 269.57 mg kg−1 in the cyanobacterial crust of farm-
land soil and tailing soil, respectively. SEM morphology image and EDS
spectrum of cyanobacterial crust are shown in Fig. 7 and Fig. S6. EDS anal-
ysis results showed that the main elements on cyanobacterial crust surface
were non-metallic elements (e.g., Si, C, O, S), followed by the metal(loid)s
(e.g., Al, Fe, Ca, Mn, As). In the cyanobacterial crust of S-N, the weight per-
centages of Al, Fe, Ca, Mn and As are 2.09, 1.48, 0.28, 0.30 and 0.64, re-
spectively (Fig. S6a). However, in the cyanobacterial crust of S-Z, the
weight percentages are 1.76, 1.32, 0.10, 0.08 and 0.86, respectively
(Fig. S6b). The color of C and O was deep and concentrated, which repre-
sented the high EPS or cyanobacteria in the region. In addition,
cyanobacteria pass through the soil gap and form soil aggregates with soil
particles and mineral particles. Through SEM-EDS, it can be clearly seen
that the distribution of As on the surface of cyanobacterial crust is attached
with Al, Si, Fe, Ca and Mn elements. These results indicated that non-
biological co-precipitation and adsorption participated in immobilization
of As.

3.5. Effects of cyanobacterial inoculation in different soil substrates bacterial
richness and diversity

At the phylum level, in the N group was mainly composed of
Proteobacteria with an average relative abundance of 35.72%, followed
by Cyanobacteria (32.10%) and Actinobacteria (17.33%). Similarly,
Proteobacteria, Cyanobacteria, and Actinobacteria were the main prokary-
otic communities in the Z group, having an average relative abundance of
29.00%, 34.01% and 12.16%, respectively (Fig. 8a). However, the aver-
age abundance of cyanobacteria in CK-N and CK-Z groups were just
14.82% and 11.63%, respectively. At the class level, the Cyanobacteria
(20.10%), Alphaproteobacteria (22.07%), Actinobacteria (15.63%),
Gammaproteobacteria (10.20%) and Bacteroides (4.06%) were the
highly abundant in N treatment (Fig. 8b). The tailing soil's biota
contained Cyanobacteriia (34.01%), Alphaproteobacteria (20.00%),
Actinobacteria (10.04%) and Gammaproteobacteria (8.99%). Among
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Fig. 4. Content of As(III), As(V), As(a) in soil after inoculation of Leptolyngbya sp.
XZMQ 80 d at 0–0.5 cm depth in farmland soil and tailing soil. Different letters
indicate significant differences between treatments. The results with P < 0.05
were considered significant.
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these genera, Leptolyngbya (20.75%),Micromonospora (10.14%), Chloro-
plast (8.03%), Actinophytocola (4.95%), Nordella (4.77%), Microcoleus
(4.33%), and Steroidobacter (4.07%) were the dominant in N treatment,
whereas Leptolyngbya (17.50%), Chloroplast (14.58%), Actinophytocola
(7.08%), Tumebacillus (6.42%), Nordella (4.66%), Microcoleus (3.26%),
and Niastella (2.98%) relatively dominated in the Z treatment
(Fig. 8c). After inoculation with cyanobacteria, the average abundance
of Leptolyngbya in the N and Z groups increased by 12.85% and 8.48%,
respectively, compared with their control groups. However, the relative
average abundances of Micromonospora and Tumebacillus decreased
slightly by 2% and 3%, respectively.

3.6. Effects of cyanobacterial inoculation on the abundance and diversity of As
metabolism genes in different soil substrates

After cyanobacteria inoculation, aioA and arsM were the main As me-
tabolism genes in N and Z treatments (Fig. 9). In the N treatment, the aver-
age relative abundance of aioA and arsM were 2.99 × 10−3 and 5.73 ×
10−4, respectively. Secondly, the average relative abundance of arsC was
6.7 × 10−7, and the minimum arrA was 2.83 × 10−7. Similar trends
were also observed in Z treatment. The average relative abundances of
aioA, arsM, arsC and arrA were 7.08 × 10−3, 1.43 × 10−3, 1.29 ×
10−6, 2.25 × 10−6, respectively. In addition, the results also revealed
that the average relative abundance of As metabolism genes in the Z treat-
ment was higher than that in the N treatment.

3.7. Effects of cyanobacterial inoculation on the relationships of soil
physicochemical characteristics and microbial communities

RDA ordination diagram of bacterial community and soil parameters
are shown in Fig. 10. Our results showed that OC, Chl a and pH, were the
most essential factors regulating the soil bacterial community composition.
Axis 1 and 2 could explain 74.1% and 3.8%, 78.8% and 4.1%, 70.1% and
6.4% of the total variation of bacterial phylum, class and genus, respec-
tively. As indicated by the RDA analysis of relative abundance at genus
level, the As(a) (r2 = 0.9132, p = 0.001), As(III) (r2 = 0.8693, p =
0.001), OC (r2 = 0.9529, p = 0.001), pH (r2 = 0.9115, p = 0.001), N
(a) (r2 = 0.9498, p = 0.001), EC (r2 = 0.9578, p = 0.001), Chl a (r2 =
0.9829, p = 0.002) and As(T) (r2 = 0.9214, p = 0.002) significantly cor-
related with the composition of the bacterial communities (Fig. 10c). Pear-
son correlation analysis revealed that Leptolyngbya, Luteimonas, and
Chloroplast had a significantly positive correlation with Chl a, OC, N(a),
7

and EC (P < 0.05), while they were significantly negatively correlated
with As(a), As(III), and As(T) (P < 0.01) (Table S6(c)).

4. Discussion

4.1. Characterization of cyanobacterial crust

Characteristics of biological soil crust are vulnerable to be influenced by
the environmental conditions and components (Ngosong et al., 2020). In
this study, the characteristic of cyanobacterial crust was uneven and had
gaps, which couldmake it to have a larger specific surface area and provide
convenience for capturing soluble As in soil. Because high specific surface
area of cyanobacterial crust had the potential to provide more adsorption
sites for As. Similar benefits of biocrust have also been observed in the
care of mine drainage, as porous surface of the biocrust can act as habitat
for microorganisms such as oxygen-producing cyanobacteria and diatoms
that may bio-accumulate metal(loid) (Wang et al., 2021). Thus, it can ad-
sorb soluble As and has a positive role in reducing soluble As in soil once
formed this characteristic cyanobacterial crust on the topsoil. Additionally,
the most obvious characteristic of cyanobacterial crust is the presence of a
large number of filamentous cyanobacteria (Fig. 1), which can have the
ability to oxidize As(III) and accumulate As to reduce the toxicity and con-
tent of As in soil (Mao et al., 2022; Zhu et al., 2020). Moreover, another
characteristic is the presence of EPS in cyanobacterial crust (Fig. 1c),
which can not only adsorb metal ions through complexation and electro-
static interactions but also adsorb As (Naveed et al., 2019). Furthermore,
some As-tolerant bacteria (e.g., Proteobacteria and Bacteroidetes) have
been found in soil under cyanobacterial crust, which are involved in the
transformation and accumulation of As by cyanobacterial crust (Yan
et al., 2021).

However, the cyanobacterial crust not only included the presence of or-
ganisms but also other non-biological forms. Among of them, soil clay par-
ticles andmineral particleswerewrapped or adsorbed in the network of the
cyanobacterial crust (Fig. S2 and Table S5), which might increase the
roughness of cyanobacterial crust surface and provide more adsorption
sites (Cheng et al., 2022). In addition, metal oxides, hydroxides, and clay
minerals can adsorb various As species (Xie and Cheng, 2021), and their
presence in cyanobacterial crust facilitates the adsorption of more As,
thereby reducing the content of As in the environment. As a whole,
cyanobacterial crust has all the attributes that are required to support As
bioremediation.

4.2. Influence of cyanobacterial crust on physical and chemical properties of soil

Soil cyanobacteria as an important part of soil microorganisms and
could induce the rapid formation of biological crust and directly or indi-
rectly affect the changes in soil physical and chemical properties
(Kheirfam and Roohi, 2020; Nisha et al., 2007).

In our study, a large number of cyanobacteria survived in the soil under
the cyanobacterial crust (Fig. 2). These cyanobacteria could fill the gaps be-
tween soil particles and produce EPS (Issa et al., 2009), which contributed
to soil aggregation, increasing soil stability (Tiwari et al., 2019), and further
preventing As from being released into the environment. Inoculation of
cyanobacteria slightly increased the pH of the soil microenvironment
(Fig. 5e, f), which was conducive to the conversion of As(III) to As(V) in
the soil, thereby reducing the toxicity of As (Zhou et al., 2018). On the con-
trary, Kheirfam and Roohi (2020) found that soil pH decreased after inocu-
lation with cyanobacteria. This might be due to the fact that the inoculated
cyanobacteria could secrete more small molecular organic acids and there
were a large number of acid-producing bacteria in the soil. Although high
pH was not beneficial for the adsorption of As in soil (Goh and Lim,
2004), it increased the adsorption of some co-existing metal cations in
soil, and the co-precipitation effect of metal ions on As might be much
higher than that of pH.

Furthermore, due to As pollution, soil microbial activity was inhibited
and soil fertility decreased (Das et al., 2013). The remediation of As-



Fig. 5.Changes of Organic C, available N, pH, andEC in the soil at different depths of inoculationwith andwithout Leptolyngbya sp. XZMQ (a, c, e, g is farmland soil; b, d, f, h is
tailing soil).
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Fig. 6. Distribution of As in cyanobacterial crust of (a) S-N, and (b) S-Z. Different letters indicate significant differences at the 0.05 level in As content between the 40th and
80th days.
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contaminated soil in mining area not only needs to reduce the As content
and toxicity, but also needs to improve soil fertility. We found that after
80 days of culture, cyanobacterial crust significantly increased the fertility
of two different types of As-contaminated soil. Two reasons may account
for it as follows: on the one hand, with the growth of cyanobacterial
crust, cyanobacteria were able to secrete more EPS to increase the content
of OC in soil (Renuka et al., 2018). On the other hand, cyanobacteria could
use sunlight to absorb carbon dioxide from the atmosphere and convert it
into oxygen and hydrocarbons, thereby increasing soil OC content (Rossi
et al., 2015). Muñoz-Rojas et al. (2018) also found that inoculation of
cyanobacteria enhanced carbon sequestration in dryland soil matrix,
thereby increasing soil fertility, which further strengthened our view.

Moreover, cyanobacterial crust also improved soil fertility by increasing
soil N(a) content to enhance the remediation of As contaminated soil.
Because CnfR (cyanobacterial nitrogen fixation regulator) of Leptolyngbya
boryana could regulate nitrogenase activity for nitrogen fixation under
microaerobic conditions, which was different from cyanobacteria
Fig. 7. SEM-based mapping of elements (Si, C, O, S, Al, As, F

9

(e.g., Nostoc and Anabaena) using heterocysts for nitrogen fixation
(Tsujimoto et al., 2014). In addition, we found that the abundance of
Luteimonas increased in the soil after inoculation of cyanobacteria
(Fig. 8c), and Luteimonas as a key genus in nitrogen transformation, can
affect the content of nitrogen in soil (Sun et al., 2019). Generally,
cyanobacterial crust enhanced the content of OC and N(a) in soil, and
there was a significant positive correlation between OC and N(a) (P <
0.05) (Table S6c). Hence, increased OC and N(a) under the cyanobacterial
crust further increased soil fertility.

4.3. Influence of cyanobacterial crust on soil microbial structure, fertility and As
bioremediation

The biocrust can influence the composition and diversity of soil micro-
organisms (Miralles et al., 2020), and some of microorganisms might affect
the content and toxicity of As in soil through their own functions. This is
also correlated with the increased soil organic carbon and fertility as
e, Mn, Ca) in cyanobacterial crust of (a) S-N, and (b) S-Z.



Fig. 8. Changes in the composition and relative abundances of bacterial phyla (a), classes (b), and genera (c) in different treatment groups.
Note: (a) Relative abundances of top 10 phyla. (b) Relative abundances of top 10 classes. (c) Relative abundances of top 20 genera. CK-N: farmland soil; N: farmland soil
inoculated with cyanobacteria; CK-Z: tailing soil; Z: tailing soil inoculated with cyanobacteria.

Fig. 9. The relative abundances of As metabolism genes in the treatment groups of (a) N and (b) Z.
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mentioned in Section 4.2. According to our results, Proteobacteria,
Cyanobacteria, Actinobacteria, and Bacteroidetes were the main bacterial
phyla in the mining area of the soil (Fig. 8a), which have been identified
to involve in the As methylation process and have the ability to volatilize
As (Zhai et al., 2017; Dong et al., 2020). After inoculation of cyanobacteria,
Fig. 10. RDA ordination diagram of bacterial community and soil environmental variab
Note: (a), (b), (c) were based on the relative abundance at phylum (relative abundances o
parameters), genera (relative abundances of top 20 genera) level and soil environmenta
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we also found that Leptolyngbya and Luteimonas had a significant negative
correlation with As(a), As(T), and As(III) in soil (Table S6(c)), which
might be due to their ability of As oxidation and methylation to reduce As
toxicity and content in soil (Zhu et al., 2020; Mu et al., 2016). Similarly,
these bacteria also could reduce the toxicity of heavy metals in soil and
les.
f top 10 phyla), classes (relative abundances of top 10 classes and soil environmental
l parameters.
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remove heavy metals by using EPS and intracellular enzymes (Gongi et al.,
2022; Wang et al., 2020). Notably, under cyanobacterial crust, the abun-
dance of Cyanobacteria and Chloroflexi in the soil increased, while the
Proteobacteria and Bacteroides, which are responsible for As methylation
(Guo et al., 2021), decreased after cyanobacteria inoculation (Fig. 8a), so,
Cyanobacteria and Chloroflexi played a more critical role in As-
contaminated soil remediation under through oxidization of As(III) (Zhu
et al., 2020; Summers et al., 2013). Interestingly, we also found higher
aioA and arsM in the soil under the cyanobacterial crust (Fig. 9), further in-
dicating that these microorganisms were involved in the process of As(III)
oxidation and methylation, which was regarded as an effective method
for As detoxification and removal (Kruger et al., 2013).

Additionally, we found that the inoculation of cyanobacteria could stim-
ulate the activity of some microorganisms, thereby increasing soil fertility
(Fig. 5a–d). As mentioned in Section 4.2, biocrusts affected the physical
and chemical properties of soil, thus affecting the changes of microbial
community structure (Miralles et al., 2020). In turn, changes in microbial
structure and function also affect soil properties. After inoculation with
cyanobacteria, the abundance of Steroidobacter, Luteimonas and Niastella
in the soil under cyanobacterial crust increased (Fig. 8c). The Steroidobacter
could participate in the utilization of carbon in the rhizosphere of maize
(Jeewani et al., 2020), which meant that the bacteria might also promote
the growth of cyanobacterial crust to strengthen the remediation of As-
contaminated soil. Furthermore, Luteimonas was identified to be involved
in the nitrogen cycle to produce N(a), which could not only be absorbed
by other microorganisms to maintain their normal growth, but also im-
prove the fertility of As-contaminated soil (Sun et al., 2019). Meanwhile,
Niastella can perform N2-generating denitrification (Nishizawa et al.,
2014). Although these processes adversely affect soil nitrogen fixation,
the abundance of these bacteria (<3%) is much lower than that of
Leptolyngbya, so their effects may be lower. Similarly our results found
that N(a) was strongly and positively correlated with the abundance of
Leptolyngbya, Chloroplast and Luteimonas, while negatively correlated with
the abundance of Tumebacillus (Table S6c). This might indicate that the
presence of Tumebacillus was not conducive to the accumulation of N
(a) in soil. Previous study has shown that the Tumebacillus has strong the
root colonization ability and nitrogen metabolism's ability (Li et al.,
2022), and can use N(a) in soil for growth and enrichment. Therefore, the
decreased Tumebacillus abundance was beneficial to reduce the consump-
tion of N(a) and improve the soil fertility of microenvironment. Further-
more, some soil microorganisms have the ability to oxidize and methylate
As, so they can be used as tools for the remediation of As-contaminated soil.

Besides, soil physicochemical properties also can regulate the toxic
effects of As (Singh et al., 2022); thereby affecting the role of microorgan-
isms. High pH may promote microbial growth by enhancing metal
complexation to reduce the bioavailability of heavy metals (Xiao et al.,
2019). Therefore, metal ions might also reduce the bioavailability of As
by co-precipitation to reduce toxic effects. This study found that soil pH
was significantly positively correlatedwith the abundance ofNordella, indi-
cating thatNordella had the effect of regulating soil pH,whichmight reduce
the toxic effects of metal ions and As in soil. Ma et al. (2020) observed that
Nordella showed strong positive correlations with pH in the soil of Sb mine.
Hence, the inoculation of indigenous cyanobacteria on As-contaminated
mining soils formed cyanobacterial crust on the soil surface, which regu-
lated the soil microbial structure,maintained soil pH, inspired the functions
of As oxidation and methylation microorganisms, and increased the abun-
dance of nitrogen metabolism functional bacteria.

4.4. As accumulation in cyanobacterial crust

The soil around the abandoned Shimen Realgar Mine contained high
levels of soluble As, which has a high risk of emigration (Chen et al.,
2020). However, our study found that the total As accumulated in
cyanobacterial crust of farmland soil and tailing soil was as high as
279.89 mg kg−1 and 269.57 mg kg−1, respectively (Fig. 6). BSCs can pre-
vent Asmigration and reduceAs content in soil by accumulating As in biotic
11
and abiotic parts, including EPS-bounding, sorption, and non-EDTA-
exchangeable parts, thereby enhancing the remediation of As-
contaminated soil. The peaks shift at 1637 cm−1 and 3440 cm−1 indicated
the presence of\\CO (Nuhoglu and Malkoc, 2009) and\\OH (Lian et al.,
2019) functional groups in cyanobacterial crust (Fig. S5), which were
mainly present in EPS produced by algae, showed that EPS could have
bounded As and enhanced the adsorption of As in the cyanobacterial
crust (Tuzen et al., 2009). Our findings were further supported by Zhu
et al. (2018) who found these functional groups could effectively partici-
pate in the biosorption of As by periphytic biofilm to remove As fromwaste-
water. In addition, EPS might indirectly adsorb As by adsorbing other
soluble metal ions (e.g., iron, aluminum, manganese, and calcium) from
the soil, because these metal ions had a strong affinity for As (Cheng
et al., 2009).

Another mechanism of cyanobacterial crust remediation of soil As pol-
lution was that the cyanobacterial crust could immobilize As in the form
of non-EDTA-exchangeable, reducing the content of soluble As in soil and
making the binding form of As in soil more stable. Our study found that
non-EDTA-exchangeable fraction was the main part of As enrichment in
cyanobacterial crust (Fig. 6), indicating that more As was easily absorbed
inside the cyanobacterial cell or adsorbed in the inorganic solid phases. Be-
cause previous studies have shown that once As entered cells, it could bind
to phytochelatins (PCs) and store them in vacuoles, or bind to glutathione
to reduce As toxicity (Pawlik-Skowrońska et al., 2004). The existence of
FeOOH and Fe2O3 in the cyanobacterial crust could have co-precipitate
with As (Figs. S3–S4), and tended to have good stability, i.e., not easily
re-released into the environment (Muedi et al., 2021). Moreover, high mo-
bility and higher bioavailability make As seem to more easily
bioaccumulate in the liquid phase. In the soil environment, cyanobacterial
crust tended to accumulate As by adsorbing more colloidal substances and
mineral particles (Yan et al., 2021). Consequently, it was very beneficial to
reduce As in soil and prevent the migration of soluble As. In addition,
cyanobacteria, as an oxygen-producing microorganism, might have in-
duced the formation of iron minerals, e.g., pyrite (Wang et al., 2021). Fila-
mentous cyanobacteria (Leptolyngbya) have sheath to absorb iron ions from
wastewater and soil to form iron membranes (Zada et al., 2021; Mao et al.,
2022), so these iron membranes can be involved in As adsorption by
Leptolyngbya sp. XZMQ. Hence, iron mineral and EPS of cyanobacterial
crust played a key role in the As bioremediation from tailing and farmland
soil.

4.5. Mechanism of soil As bioremediation by indigenous cyanobacteria
Leptolyngbya sp. XZMQ

There was a higher As content in farmland soil and tailing soil around
the mining area (Table S1). In both soils, Leptolyngbya sp. XZMQ was able
to form cyanobacterial crust (Fig. 1), which increased soil organic matter
by EPS production that absorbed As through functional groups
(e.g., \\CO and\\OH) and reduced As stress from the soil (Fig. S5),
hence, soil stability, organic content and microbial diversity were im-
proved. This enhanced microbial diversity that not only promoted further
As bioremediation but also supported the growth of Leptolyngbya sp.
XZMQ in symbiotic association. Some key microbial communities in soil
are; Leptolyngbya (biosorbed and bio-accumulated As) (Mao et al., 2022),
Chloroplast, Luteimonas (regulated nitrogen) (Sun et al., 2019),
Steroidobacter (improved soil OC) (Jeewani et al., 2020), Niastella (regu-
lated soil pH) (Ma et al., 2020), Chloroflexi (oxidized As(III) to As(V))
(Summers et al., 2013), Proteobacteria, Cyanobacteria, Actinobacteria,
and Bacteroidetes (caused As methylation) (Guo et al., 2021; Zhai et al.,
2017; Dong et al., 2020). During its growth, Leptolyngbya sp. XZMQ used
sunlight and CO2 to form hydrocarbons (Rossi et al., 2015), which in-
creased soil pH and supported the oxidation of As(III) to As(V) (Fig. 5e–f
and Fig. 4), which was precipitated by other cations effects (Fig. 7). More-
over, After 80 d of inoculation, cyanobacterial crust induced by
Leptolyngbya sp. XZMQ could accumulate 279.89 mg kg−1 and 269.57 mg
kg−1 of As, from farmland and tailing soil, respectively (Fig. 6). So, As
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bio-remediation took place by EPS binding, methylation, oxidation, precip-
itation and bioaccumulation by Leptolyngbya sp. XZMQ and as an additional
effect soil fertility was also improved through increased microbial activity,
soil organic and nitrogen content.

Leptolyngbya sp. XZMQ is proposed to effectively colonize the soil sur-
face by screening indigenous cyanobacteria in As-contaminated soil of
Shimen mining area, and improve its status through cyanobacteria
metabolism, so as to achieve ecological restoration of As-contaminated
soil inmining area. This can not only effectively prevent secondary pollution
caused by soil erosion, but also improve soil fertility and reduce As pollu-
tion. It is a cost effective solution to As pollution in soil ecosystem of Shimen
mining area. Inoculation of indigenous cyanobacteria to form biological
crusts on the surface of As-contaminated soil is more suitable and environ-
mentally friendly because most As can be converted into less toxic organic
forms. In addition, it can also promote soil fertility, provide suitable environ-
mental conditions for soil microorganisms and higher plants, and promote
soil ecological restoration in tailing areas. However, there are concerns
about As release from As-enriched cyanobacterial crust after their death.
Using cyanobacteria, functional microorganisms and hyperaccumulation
plants to improve the efficiency of remediation of As-contaminated soil is
our future work.

5. Conclusions

In this study, the native cyanobacteria (Leptolyngbya sp. XZMQ) was
used to construct cyanobacterial crust on As-contaminated soil of the
Shimen mining area. After 80 d of cultivation, the accumulation of As by
cyanobacterial crust of farmland soil and mine soil reached up to
279.89 mg kg−1 and 269.57 mg kg−1, respectively. Non-EDTA exchange-
able fraction is the major fraction of As(T) accumulated in cyanobacterial
crust. The functional groups (e.g.,\\OH,\\CO) are involved by adsorption
of As in the cyanobacterial crust. Furthermore, iron oxides and clay parti-
cles exist in cyanobacterial crust. These results indicated cyanobacteria al-
tered biotic and abiotic synergism to immobilize As. Moreover, the
inoculation of Leptolyngbya sp. XZMQ significantly reduced the content of
As(T) and As(a) in 0–0.5 cm soil depth, while increased the soil pH, OC,
N(a) and EC. The changes of these characteristics are the behavior of As tox-
icity reduction and soil fertility improvement in the mining area. Besides,
As metabolism genes, including aioA, arrA, arsC, and arsM are identified
in the soil, and the abundance of aioA and arsM is higher in the soil. In
particular, the Alphaproteobacteria and Cyanobacteria classes may have
aioA and arsM gene, which suggests the participation of these microbes in
As detoxification. Overall, the findings strongly demonstrates that
cyanobacterial crust constructed by the inoculation of indigenous
cyanobacteria on As-contaminated soil in mining areas can not only reduce
As toxicity, but also improve soil fertility. Hence, Leptolyngbya sp. XZMQ in-
oculation is a promising method for bioremediation of soil in the As mining
area. These results are helpful to the development of BSCs based tailings
bioremediation technology.
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