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Abstract
Many researchers have paid attention to solving the problem of multiple heavy metals pollution in the
tailings area. However, the studies only stay at the laboratory level, which cannot completely demonstrate
an efficient approach to remediate polluted environment due to iron tailings. This study aimed at
investigating the effects and mechanisms of compound bacterial flora combined with peganum harmala
to remediate the tailings area of Linze County, Zhangye City, Gansu Province due to the accumulation of
numerous heavy metals such as Pb, Cd and Mn. The preliminary experiment was conducted in the
laboratory to obtain data that should be compared with the tailings data. Compared with the control, after
84 days of restoration, parameters of the tailings soil inoculated with the compound bacterial flora were
improved, pH was decreased from 7.74 to 7.18, the electrical conductivity was decreased by 21.15%
~70.49%, and activities of alkaline phosphatase, sucrase and urease were increased by 95.94%~99.64%、
88.42%~98.43%、83.28%~86.95% respectively. The improvement of soil parameters was more evident in
the treatment groups inoculated with compound bacterial flora and Peganum harmala. The results of
high-throughput sequencing at different remediation stages showed that the structure of the soil
microbial community changed after inoculation with compound bacterial flora, but the dominant species
remained unchanged, only their relative abundance changed. At the phylum level, the dominant species in
T (total tailings soil treatment groups) were Proteobacteria, Bacteroidota and Actinobacteriota, while the
dominant species in 3:1 (H: add yellow cinnamon soil treatment groups) were more than Chloroflexi and
Acidobacteriota. According to the analysis of Heatmap, the environmental factors such as pH, WHC, EC,
Pb, Cd and Mn have evinced a significant impact on the bacterial community structure. This study
provides a reference basis for the remediation approach to the soil polluted by different heavy metals.

1 Introduction
The increasing demand for mineral resources has led to large-scale mining, beneficiation and smelting of
mine resources all over the country. The development of mineral resources not only brings economic
benefits, but also causes serious environmental pollution. High concentrations of heavy metals in water
or soil environments, affect human health and safety (Mengbo Liu et al., 2021). Tailings are substances
that can be excavated again after the extraction and beneficiation of ores in the mining industry (Hai-
Hong Gu et al., 2017), but tailings often contain a variety of high concentrations of heavy metals (Hanno
Matthaei et al., 2020; Sha Li et al., 2021). With the circulation of the biological chain, a large number of
tailings are accumulated in the iron ore reservoir of Linze County, Zhangye City, Gansu Province, in which
the contents of Pb, Cd and Mn seriously exceed the local soil background value, and these heavy metals
are very easy to migrate and cause pollution of the surrounding environment and harm to human health.
Studies have shown that long-term exposure to lead and cadmium will cause acute or chronic damage to
the human nervous system, renal insufficiency and respiratory system (Paul B. Tchounwou et al., 2012).
For years, people have been looking for ways to get rid of heavy metal pollution in the environment that
are both safe and long-lasting. The research showed that heavy metal pollution is hard to get rid of
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because it stays in the environment and is toxic to organisms (Siallelli et al., 2011; Fan Du et al., 2018; Liu
et al., 2018).

Many researchers have favored bioremediation technology in the past few years because of its eco-
friendliness and cost-effectiveness. To remediate heavy metal-contaminated soil, bioremediation uses
bacteria and/or plants (Biao Song et al., 2017). Many studies have shown that the combined repair
technology of compound flora and plants can shorten the repair time and improve the repair effect, which
is significantly better than that of inoculating only single strain or compound flora or plants (Hassan
Etesami, 2018; Akhtar et al., 2018; Arora et al., 2016; Utobo, E.B. et al., 2015). After the complex flora is
connected to the soil polluted by heavy metals, it can not only interact with heavy metals, but also
stimulate the adjustment of soil bacterial community structure, promote plant growth and development,
further absorb heavy metals in the soil and repair the soil polluted by heavy metals more effectively.
However, so far, most studies have stayed at the laboratory level, and tailings are large-area open-air
areas. The impact of environmental factors on their remediation technology cannot be solved in
laboratory research, and more practical remediation data cannot be obtained.

Since the relevant personnel of our laboratory has screened out the strains with high tolerance to heavy
metals and the hyperaccumulation plants suitable for the growth of this region (Peganum harmala) in the
preliminary study, the purpose of this test is to (a) construct the best ratio of compound bacterial flora
and apply it to the outdoor site remediation test to evaluate its impact on the parameters of tailings soil;
(b) explore the changes of the microbial diversity and community structure of tailings soil in different
periods after inoculation with compound bacterial flora. In this research period, the experimental data on
tailings remediation in Northwest China will be closer to the level of real-world use of the lab.

2 Materials And Method

2.1 Reagents and metal standard solutions
NaCl, yeast extract, tryptone, and agar used for cell culture were purchased from Sinopharm Chemical
Reagent Co., Ltd and Guangdong Huankai Microbial Technology Co., Ltd, respectively. The following
chemicals were obtained from Tianjin Damao Chemical Reagent Factory: urea, methylbenzene, phenol,
methanol, acetone, citric acid, ammonium sulphate, disodium phenyl phosphate, borax, 4-
aminoantipyrine, K [Fe (CN)], glucose, 3,5-Dinitrosalicylic acid, and potassium sodium tartrate. Cd
(NO3)2·4H2O, Pb (NO3)2, and MnCl2·4H2O used for metal standard solutions were separately dissolved in
sterile water supplied by Sinopharm Chemical Reagent Co., Ltd. All solutions were reserved in the dark at
4°C. The chemical reagents used in this experiment were analytical grade.

2.2 Selection and characterization of metal-tolerant strains
According to the types of excessive heavy metals in the tail mining area, the strains used in this
experiment were based on our previous studies which were C1-h, C4-h, C8-h, P2-h, P3-h, M1-h, M3-h (Lu
Zhang et al., 2022). Cadmium-tolerant strains were C1-h, C4-h, and C8-h; lead-tolerant strains were P2-h
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and P3-h; and manganese-tolerant strains were M1-h and M3-h. Relevant personnel in the laboratory had
identified the seven strains in the previous study. Each strain belongs to the following genus: C1-h
(Klebsiella pneumoniae), C4-h (Bacillus), C8-h (Pseudomonas), M1-h (Bacillus), M3-h (Bacillus pumilus),
P2-h (Klebsiella pneumoniae) and P3-h (Enterobacter Xiangfang). The Agar Diffusion Method (Parisot H
J., 2008) was used to observe whether there was mutual antagonism between them. The growth curve
was determined using a UV-vis Spectrophotometer (UV-4802, Unico, USA) at 600 nm.

2.3 Selection of ratios and action conditions by growing
cells
The strains were cultured in LB liquid medium at 150 rpm and 30℃ for 12 h and harvested. After
centrifugation at 6000 r/min for 5 minutes, the supernatant was discarded, the bacteria were collected,
washed with sterile water for 2 ~ 3 times, and finally resuspended with sterile water and the optical
density (OD) at 600 nm was adjusted to 1.0. The prepared cells with eight different ratios were inoculated
into 100mL of liquid sterile growth medium containing 15 mg/L Cd (II), 2500 mg/L Pb (II) and 1000 mg/L
Mn (II), and an inoculum size of 2% (v/v) was used. Then the removal efficiency of heavy metals at 12 h,
24 h, and 48 h were measured to determine the best ratio. Eight different ratios were determined
according to the growth curve of each strain, which were 1) 1:1:1:1:1:1:1; 2) 2:1:1:1:1:1:1; 3) 1:2:1:1:1:1:1;
4) 1:1:2:1:1:1:1; 5) 1:1:1:2:1:1:1; 6) 1:1:1:1:2:1:1; 7) 1:1:1:1:1:2:1 and 8) 1:1:1:1:1:1:2. The content of
heavy metals in the supernatant was determined by inductively coupled plasma mass spectrometry (ICP-
MS) (Agilent Technologies Co. Ltd., ICP-MS 7900). Set three parallel and the medium without inoculating
cells and only adding metal was used as the blank control.

The prepared cells were inoculated into the medium containing 15 mg/L Cd (II), 2500 mg/L Pb (II) and
1000 mg/L Mn (II) under different conditions in a ratio of 1:1:1:1:1:1:1, including different gradients of
pH, temperature, salt concentration and inoculation amount (Table S1), cultured for 12 h, and the
supernatant was taken after centrifugation to determine the heavy metals, so as to explore the optimal
action conditions of mixed culture. Similarly, set three parallel and the medium in which the prepared cells
were not inoculated but only the metals were added was used as the blank control.

2.4 Outfield site test
The tailings soil was taken from the iron ore reservoir in Pingchuan Town, Linze County, Zhangye City,
Gansu Province, China (100o27’21”E, 38o56’11”N). The soil samples were obtained after screening, and
their main characteristics were as follows: pH 7.73, water holding capacity 6.28%, conductivity 772.449
us/cm, porosity 28.91%, Pb 2194 mg/kg, Cd 11.8 mg/kg, Mn 989 mg/kg (heavy metal content was higher
than in Gansu Province soil (Pb 20.83 mg/kg, Cd 0.13 mg/kg, Mn 624 mg/kg)). Tailings soil samples
were sub packed in each cloth bag (diameter×height: 30cm×25cm), and the soil weight in each cloth bag
was 14 kg. The 7 strains were activated respectively and mix-cultured to form a compound flora. After the
liquid compound bacterial agent was cultured for 24 h, the sterilized bran was added according to the
proportion of 15% (Liqun Sun. 2017), and the moisture content was maintained at 60%~70%. The solid
compound bacterial flora was vibrated and cultured for 24 h at 28℃ to make it mixed evenly to prepare
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the solid compound bacteria group and inoculate it into different groups. According to the previous
research of relevant laboratory personnel (Lu Zhang. 2021), the groups of outfield tests of the improved
site were set as follows: (a) T (CK, total tailings soil, no-inoculated compound flora and no-inoculated
seeds); (b) 3:1 (CK, add yellow cinnamon soil, no-inoculated compound flora and no-inoculated seeds);
(c) T + M (total tailings soil, inoculated compound flora but no-inoculated seeds); (d) T + P (total tailings
soil, no-inoculated compound flora but inoculated seeds); (e) T + M + P (total tailings soil, inoculated
compound flora and inoculated seeds); (f) 3:1 + M (add yellow cinnamon soil, inoculated compound flora
but no-inoculated seeds); (g) 3:1 + P (add yellow cinnamon soil, no-inoculated compound flora but
inoculated seeds); (h) 3:1 + M + P (add yellow cinnamon soil, inoculated compound flora and inoculated
seeds). Each group was set up with three parallels. For the above groups added with yellow cinnamon
soil, the proportion between total tailings soil and yellow cinnamon soil was 3:1. The CM was inoculated
into the corresponding group of cloth bags at 20 g/m2(Hao Xu et al., 2020) and balanced indoors for 2
days. Then choose a wider outfield to place all the cloth bags. The plump and healthy seeds of Peganum
harmala were disinfected, washed repeatedly with sterile water for 4h, and then inoculated in the cloth
bag of the above-mentioned corresponding group (50 seeds/bag). After the plants grow, 20 plants with
similar growth would be left for a follow-up study.

2.5 Analysis of soil properties and metal content
The whole outfield site test cycle was 84 days. Soil samples were taken every two weeks to analyze their
physical and chemical properties, including enzyme activity (sucrase, urease, alkaline phosphatase), soil
temperature, pH, water holding capacity, porosity and electrical conductivity. The activities of urease,
alkaline phosphatase and sucrase were determined according to the methods of R.P. Dick et al., 1996,
Xuedan Li et al., 2019 and Arsalan A. Quresh et al., 2020. The porosity was measured by the bulk density
specific gravity method, and the conductivity was measured by conductivity meter (Shanghai Leici dds-
307, DDs-307A). The determination of the content of heavy metals in soil includes the total concentration
of heavy metals before and after remediation. Pretreatment of soil samples: weighed 0.1g of soil
samples, added 5ml aqua regia, and conducted microwave digestion. After digestion, drove the acid to
viscous state at 140℃, fixed the volume to 25ml, and tested on the machine (ICP-MS).

2.6 Analysis of plant indexes and metals translocation
Plant indexes include plant height, root length, biomass and chlorophyll content (Zhengshu Su et al.,
1989). After drying the plant samples at 85℃, grinded and screened them, determined the content of
heavy metals in the plants, and calculated the enrichment coefficient of heavy metals. Sample
pretreatment method: weighed 0.5 g plant samples, added 5ml nitric acid and 1ml hydrogen peroxide,
placed it overnight for microwave digestion. After digestion, drove the acid to 1 ml at 140℃, fixed the
volume to 25 ml, and tested on the machine (ICP-MS).

Heavy metal enrichment factor = Heavy metal content in plants/Heavy metal content in soil*100%

2.7 Analysis of microbial diversity and community structure
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For the soil samples on the 28th, 42nd, 56th and 84th days of the repair process and the control, another
part of the soil samples need to be taken and stored in the refrigerator at -80℃ for subsequent delivery to
the company (Shanghai Majorbio Bio-pharm Technology Co., Ltd) for high-throughput sequencing. The
obtained data was used to analyze the changes in microbial diversity and community structure during the
restoration process.

2.8 Data analysis
All experiments were performed in triplicate. The experimental data were statistically analyzed in
Microsoft Excel 2010 and SPSS 25.0, using Duncan's multiple comparative analysis method, and
visualized in Origin 2019. Statistical significance was defined as p < 0.05.

3 Results

3.1 Characteristics of the seven strains

3.1.1 Antagonistic experiment
The antagonistic experiment was carried out on 7 strains in pairs (Fig. S1B). If there is an antagonistic
effect between strains, it will affect the effect of the compound bacteria group. It can be seen from the
figure that there was no bacteriostatic circle between the seven selected heavy metal tolerant strains, so
there was no antagonism. Therefore, follow-up experiments can be continued.

3.1.2 Growth characteristics
The growth curves of the 7 strains (Fig. 1A) and the growth curves of microbial compound agents with
different ratios (Fig. 1B) were measured by a spectrophotometer. As shown in figure A, except for M1-h,
the growth trend of the other six heavy metal tolerant strains is basically the same. 2 ~ 6 hours is the
delayed period, 6 ~ 24 hours is the logarithmic growth period (the logarithmic growth period of M1-h is
relatively long, 6 ~ 42 hours), and after 24 hours, it enters the stable period (after M1-h is 42 hours). It can
be seen from Fig. B that the growth trend of the compound flora with different ratios is basically the
same. The growth of the compound flora directly enters the logarithmic period (0 ~ 20 h). Compared with
the single bacterium, the adaptability of the flora is stronger and enters the stable period after 20h, but the
OD value of the compound flora with the ratio of 1:1:2:1:1:1:1 (C1-h: C4-h: C8-h: M1-h: M3-h: P2-h: P3-h)
increases significantly at 32h after entering the stable period, it decreases to synchronization with other
proportions at 52h.

3.2 Construction of compound flora

3.2.1 Determination of optimum ratio
To replicate the environment polluted by heavy metals in tailings, 15 mg/L Cd, 2500 mg/L Pb, and 1000
mg/L Mn were added to LB medium. Compound bacteria were added at the above 8 different ratios,
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cultured at 30 ℃ and 120 r/min, and then the heavy metal removal rates of 12 h, 24 h and 48 h were
measured. The results showed that the removal rate of heavy metals in 12 h was higher than that in 24 h
and 48 h. At 12 h, the removal rate of heavy metals in the compound bacterial agent with a ratio of
1:1:1:1:1:1:1 was higher than that in the other seven ratios (Fig. 2ABC). The removal rates of Mn2+, Cd2+

and Pb2+ were 55.3%, 65.1% and 78.4% respectively. Therefore, the best ratio of compound bacterial
agent is 1:1:1:1:1:1:1, and the removal rate of heavy metals under 12 h is selected in the subsequent
optimization experiment of compound bacterial agent action conditions.

3.3 Evaluation of outfield site test repair effect

3.3.1 Change of tailing soil pH during remediation
The pH of tailings soil at the sampling point is alkaline, the pH of control group t is 7.74, and the pH of
control group 3:1 added with yellow cinnamon soil is 7.24. In addition, compared with the control group,
during the repair process, the pH of different treatment groups gradually decreased and tended to be
neutral (Fig. 3A), especially in the treatment group of 3:1 + M + P. The pH of all treatment groups
decreased from 7.74 to 7.18 (T + M), 7.15 (T + P), and 7.11 (T + M + P) after 84 days, and the pH of all 3:1
treatment groups decreased from 7.24 to 7.08 (3:1 + M), 7.15 (3:1 + P), and 7.02 (3:1 + M + P). The ability
of plant microbial combination technology to improve soil pH is higher than that of a single
microorganism or plant.

3.3.2 Change of tailings soil water holding capacity during
remediation
Compared with the control group, the soil water holding capacity of tailings in different treatment groups
increased (Fig. 3B). Whether inoculated with flora, plants or combined technology, there was little
difference in the change in water holding capacity between them, but in general, the water holding
capacity of all 3:1 treatment groups was higher than that of all T treatment groups.

3.3.3 Changes of porosity and conductivity of tailings soil
during remediation
During the repair process, the porosity of the treatment group and the control group inoculated with only
compound bacteria was measured. The results showed that with the increase of repair time, the porosity
of tailings soil added with compound bacteria increased, and the treatment effect of 3:1 + M was
particularly obvious (Fig. 3C). At 84 days, the porosity of 3:1 + M and T + M were 49.54% and 41.91%
respectively, which increased by 13.69% and 8.53% respectively compared with the control.

In the process of remediation, the changes of soil conductivity in different treatment groups fluctuated,
but on the whole, the soil conductivity increased first and then decreased with the increase of remediation
time (Fig. 3D), and the conductivity of the treatment group inoculated with both compound flora and
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plants fluctuated significantly compared with the treatment group inoculated with only flora or plants,
with an overall decrease of 21.15% ~ 70.49%. Compared with the 0-day control, at 84 days of repair, the
conductivity of 3:1 + M, T + M, 3:1 + P, T + P, 3:1 + M + P and T + M + P were 307 us/cm, 611 us/cm, 284
us/cm, 245 us/cm, 228 us/cm and 265 us/cm respectively. The decrease of conductivity in the control
group is only related to temperature (linear correlation), while the decrease of conductivity in other
treatment groups is related to the temperature changes and available state of heavy metals.

3.3.4 Changes of enzyme activities in tailings soil during
remediation
During the restoration process, tailing soil samples were taken every 14 days to determine the enzyme
activities of alkaline phosphatase, sucrase and urease (Fig. 4ABC). The three enzyme activities of T and
3:1 in the control group were almost unchanged during the sampling process, while the enzyme activities
of all 3:1 treatment groups (3:1 + M, 3:1 + P, 3:1 + M + P) were higher than those of the corresponding T
treatment groups (T + M, T + P, T + M + P). Compared with the initial control, the activities of alkaline
phosphatase, sucrase and urease in the six experimental groups increased significantly on the 14th day.
From 14 to 42 days, the activity of alkaline phosphatase changed little and began to increase gradually
after 42 days. Compared with the control, the alkaline phosphatase activity of all treatment groups at 84
days were 3:1 + M + P (75.6 µg/g) > 3:1 + M (44.6 µg/g) > T + M + P (43.8 µg/g) > 3:1 + P (33.9 µg/g) > T + 
M (33.4 µg/g) > T + P (16 µg/g).

Compared with the control group, the activity of sucrase increased at 14 days, except for the T + P
treatment group. After 42 days, the enzyme activity of all T treatment groups increased slowly, and the
enzyme activity of the corresponding 3:1 treatment group increased rapidly. Although the enzyme activity
of 3:1 + P treatment group fluctuated, at 84 days, the sucrase activity of all treatment groups was 3:1 + M 
+ P (35.6 mg/g) > 3:1 + M (34.6 mg/g) > 3:1 + P (32.2 mg/g) > T + M + P (26.7 mg/g) > T + M (25.5 mg/g) > 
T + P (19.7 mg/g).

Compared with alkaline phosphatase and sucrase, urease activity fluctuated greatly in the repair process.
The enzyme activity of different treatment groups had a trend of “first rising, then falling and then rising
again”, but the repair time points corresponding to their decline and rise were different. Compared with the
control group, the urease activity of all treatment groups showed an upward trend as a whole. At 84 days,
the urease activity of all treatment groups were 3:1 + P (0.39 mg/g) > T + P (0.38 mg/g) > 3:1 + M (0.35
mg/g) > 3:1 + M + P (0.34 mg/g) > T + M + P (0.32 mg/g) > T + M (0.3 mg/g).

3.3.5 Plant index
At the end of the whole restoration process (84 days), the plants of different treatment groups were taken
to measure their plant height, root length, aboveground and underground biomass and the chlorophyll
content of their leaves (Fig. S2). It can be seen from figures A and B that the plant height, root length and
biomass of the treatment group with compound bacterial agent are greater than those of the treatment
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group without compound bacterial agent, and the plant height, root length and biomass of all 3:1
treatment groups (3:1 + P, 3:1 + M + P) are greater than those of all T treatment groups (T + P, T + M + P).

It can be seen from figure C that the chlorophyll content of each treatment group is significantly different.
The plant chlorophyll content of the treatment group with compound flora was higher than that of the
treatment group without compound flora. The chlorophyll content was 3:1 + M + P (1.94 mg/g) > T + M + P
(1.86 mg/g) > 3:1 + P (1.75 mg/g) > T + P (1.61 mg/g).

3.3.6 Removal rate of heavy metals in soil and enrichment
coefficient of heavy metals in plants
The heavy metal content of TCK before remediation and each treatment group’s soil heavy metal content
after remediation were measured to evaluate the heavy metal removal rate of different treatment groups
in the whole remediation process (Table 1 and Fig S3). Among them, 3:1 yellow cinnamon soil is added,
which is equivalent to diluting the heavy metals in the whole tailings soil, so it also has a certain
remediation effect. It can be seen from the figure that the repair effect of all 3:1 treatment groups are
better than that of all T treatment groups, and the repair effect of only inoculating compound flora was
better than that of only inoculating plants, while the microbial plant joint repair effect was the best, and
the removal rates of Pb, Cd and Mn were 54.8%, 57.5% and 25.1% respectively.

The plant heavy metal enrichment coefficients (Table S3) of T + P and T + M + P treatment groups were
measured. From the data in the table, it can be seen that Peganum harmala has the best enrichment
effect on Mn, while the enrichment effect of the treatment group inoculated with both flora and plants are
significant compared with the treatment group inoculated with only plants.

Table 1
Content and removal rate of Pb, Cd and Mn in tailings soil after remediation.

HMs(mg/kg)/Groups Pb Cd Mn Pb removal
rate

Cd removal rate Mn removal
rate

TCK 2194 11.8 989 / / /

HCK 1568 8.87 849 28.53% 24.83% 14.16%

TM 1692 10.6 791 22.88% 10.17% 20.02%

HM 1439 7.44 766 34.41% 36.95% 22.55%

TP 1792 11.0 760 18.32% 6.78% 23.15%

HP 1450 8.12 750 33.91% 31.19% 24.17%

TMP 1662 9.8 748 24.25% 16.95% 24.37%

HMP 993 5.02 742 54.74% 57.46% 24.97%

3.4 Analysis of microbial diversity and community structure
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3.4.1 Diversity of soil microbial community
During the remediation test, samples of different treatment groups were taken for 0 days (control T and
3:1), 28 days, 42 days, 56 days and 84 days respectively to determine the diversity of the soil microbial
community. A total of 2620238 bacterial 16SrRNA gene sequences were obtained from soil samples
collected from all treatment groups. After data processing, 2360069 effective sequences were obtained,
with an average length of 417bp. A total of 5507 OTUs were obtained by cluster analysis at a 97%
similarity level.

The α diversity index of different treatment groups (3:1 treatment group and T treatment group) was used
for statistics (Table 2), including the richness index (Chao index and ACE index) and diversity index
(Shannon index and Simpson index). The ACE index of all T treatment groups was between 368.39 ~ 
633.18, Shannon index was between 0.95 ~ 4.28, and Simpson index was between 0.028 ~ 0.627.
Compared with the control TCK, the richness index and diversity index of the treatment groups with flora
and plants were improved. Compared with all T treatment groups, the bacterial richness index and
diversity index of all 3:1 (H) treatment groups added with yellow cinnamon soil were improved, and their
ACE index was between 2811.34 ~ 3577.25, Shannon index was between 5.74 ~ 6.76, and Simpson index
was between 0.003 ~ 0.013. Similarly, compared with the control HCK, the richness index and diversity
index of the treatment group connected with flora and plants were improved. The Chao index, Shannon
index, Simpson index and ACE index showed that the richness and diversity of the treatment group added
with compound bacterial flora and the treatment group with combined microbial plant repair were
significantly higher than those of the control group (p>0.05), and their richness index and diversity index
were also increasing with the increase in repair time.
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Table 2
The Chao index, Shannon index, Simpson index and ACE index of different treatment groups, H group is
the 3:1 treatment group added with yellow cinnamon soil, and T group is the treatment group of whole

tailings soil.
Group H Chao Shannon Simpson ACE

HCK 2806.68 ± 212.98d 5.74 ± 0.12e 0.013 ± 0.005a 2942.58 ± 438.56bc

HM1 2845.32 ± 71.08d 6.03 ± 0.02d 0.008 ± 0.001b 2811.34 ± 75.34c

HM2 3029.69 ± 45.06bcd 6.21 ± 0.03bcd 0.007 ± 0.001b 3016.42 ± 33.37bc

HM3 2908.67 ± 81.17cd 6.14 ± 0.27cd 0.007 ± 0.002b 2897.05 ± 115.14bc

HM4 3102.09 ± 157.33bc 6.31 ± 0.09bc 0.007 ± 0.001b 3062.57 ± 118.80bc

HMP1 3189.47 ± 38.43b 6.24 ± 0.05bc 0.007 ± 0.0001b 3133.89 ± 47.81bc

HMP2 3177.37 ± 168.47b 6.3 ± 0.07bc 0.006 ± 0.0004b 3170.27 ± 196.29b

HMP3 3238.94 ± 128.07b 6.36 ± 0.05b 0.006 ± 0.0006bc 3216.63 ± 59.18b

HMP4 3571.99 ± 77.31a 6.76 ± 0.02a 0.003 ± 0.0001c 3577.25 ± 53.06a

Group T        

TCK 444.32 0.95 0.627 475.84

TM1 400.84 ± 36.75b 3.85 ± 0.06de 0.055 ± 0.002a 409.75 ± 21.22b

TM2 398.91 ± 19.80b 3.91 ± 0.03cde 0.045 ± 0.005ab 397.73 ± 28.88b

TM3 476.53 ± 54.82ab 4.19 ± 0.04ab 0.034 ± 0.001bc 479.65 ± 44.04ab

TM4 505.65 ± 98.75ab 4.28 ± 0.05a 0.028 ± 0.003c 522.33 ± 137.83ab

TMP1 363.88 ± 39.53b 3.69 ± 0.17e 0.054 ± 0.005a 368.39 ± 38.92b

TMP2 418.17 ± 62.24b 3.97 ± 0.11bcd 0.04 ± 0.005bc 441.94 ± 86.12ab

TMP3 593.48 ± 77.93a 4.06 ± 0.24abcd 0.047 ± 0.016ab 633.18 ± 92.10a

TMP4 616.23 ± 193.4a 4.13 ± 0.16abc 0.039 ± 0.006bc 612.22 ± 213.83a

Data are shown as means ± standard deviations (n = 3). The different lowercase letters in the same
column indicate significant differences (p < 0.05) among samples.

3.4.2 Composition and structure of soil microbial OTUs
The Veen diagram of T treatment group shows that after access to the compound bacterial flora, the
common OTUs of TM and TCK in different repair periods is 55 (Fig. 5A), and the unique OTUs are 170
(TCK), 40 (TM1), 71 (TM2), 97 (TM3) and 106 (TM4) respectively. The common OTUs of TMP and TCK in
different repair periods is 58 (Fig. 5B), and the number of unique OTUs are 155 (TCK), 23 (TMP1), 47
(TMP2), 109 (TMP3) and 228 (TMP4) respectively. The results show that, the number of original unique
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OTUs in tailings soil decreased after the bacteria were connected, and the number of unique OTUs were
slowly restored and increased with the increase of repair time, and the number of unique OTUs in TMP
treatment group was more than that in TM treatment group. The common OTUs of TM and TMP in
different repair periods is 231(Fig. 5C). Common bacterial OTU may be the crystallization of survival in
the tailings' specific environment, and it is the key to repairing heavy metal pollution in the tailings soil.

The Veen diagram of 3:1 treatment group (H) (Fig. 5D) shows that after access to the flora, the number of
common OTUs of HM and HCK in different repair periods is 1772, and the number of unique OTUs are
170 (HCK), 193 (HM1), 169 (HM2), 167 (HM3) and 259 (HM4) respectively. The number of common OTUs
of HMP and HCK in different repair periods is 1726 (Fig. 5E), and the number of unique OTUs are 85
(HCK), 115 (HMP1), 153 (HMP2), 159 (HMP3) and 501 (HMP4) respectively. Compared with the T
treatment group, the 3:1 (H) treatment group had more common bacterial OTUs than the T treatment
group, and the inoculation of compound flora had less impact on the 3:1 control group (HCK), and the
number of endemic species did not suddenly decrease, but decreased slightly. However, with the increase
of repair time, the number of endemic species increased all the time, and the number of endemic species
in the treatment group inoculated with both compound flora and plants increased the most. The number
of common OTUs of HM and HMP in different repair time periods is 1589 (Fig. 5F), which is more than
that of the whole tailings soil after adding compound bacterial flora. It may be due to the dilution effect
of yellow cinnamon soil on the content of heavy metals, so that more bacteria can survive in the
environment of the 3:1 treatment group. The common bacterial OTUs of the two groups are also the key
to repairing the soil polluted by heavy metals.

The number of cores OTUs of HM、HMP、TM and TMP in different repair periods is 124 (Fig. 5G). These
common OTUs belong to Proteobacteria (45.05%), Actinobacteriota (20.74%) and Bacteroidota (18.29%).
These common bacteria are formed after connecting with the composite flora and coexist in the whole
tailings and tailings soil added with yellow cinnamon soil, which may be the dominant flora for repairing
the soil polluted by multiple heavy metals.

3.4.3 Changes of soil microbial community structure
Analysis of Circos diagram (Fig. 6), before adding the compound bacterial flora, the primary microflora in
the whole tailings soil (TCK) were Firmicutes (80%) and Actinobacterita (17%), and the main microflora in
the control group (HCK) added with yellow cinnamon soil were Proteobacteria (41%), Actinobacterita
(31%) and Bacteroidota (11%), at the Phylum level. After adding the compound bacterial flora, whether
plants are planted or not, the prominent flora of all T treatment groups are Proteobacteria, Bacteroidota
and Actinobacterita. In contrast, at the phylum level the prominent flora of all 3:1 (H) treatment groups are
Proteobacteria, Bacteroidota, Actinobacteriota, Chloroflexi and Acidobacteriota, but the relative
abundance of the main flora microorganisms of the two treatment groups changes with the increase of
repair time. It can be seen that the access of compound bacterial flora changes the microbial community
structure in the soil samples of two different treatment groups, and whether the plants are inoculated or
not has little effect on the microbial community structure.
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3.4.4 Effects of environmental factors on microbial
communities
The effects of different environmental factors on the horizontal community composition of soil bacterial
phyla in different treatment groups are analyzed through the correlation heatmap diagram (Fig. 7AB). The
results show that the soil bacterial communities in different treatment groups are affected by water
holding capacity, soil temperature, soil pH and soil conductivity at the same time. Different bacterial
phyla are affected differently by these environmental factors, among which soil temperature has little
effect on most bacterial phyla, and water holding capacity is positively correlated with most bacterial
categories, while soil pH and soil conductivity are negatively correlated with most categories, and the
correlation is significant, especially for soil pH. The results show that the content of heavy metals in the
soil has an impact on the bacterial community. The impact of Mn on the soil bacterial community is not
very significant. It may be because the toxicity of Mn to tailings soil is smaller than that of Pb and Cd. Pb
and Cd are negatively correlated with most bacterial categories, and the correlation is significant.

4 Discussion
Bioremediation of waste tailings is a green and environmentally friendly remediation method with the
concept of sustainable development, which mainly includes microbial remediation, phytoremediation and
microbial plant combined remediation (Zhijia Lu et al., 2018; Bin Xuan et al., 2017). Current studies have
found that some functional groups on the surface of microbial cells can adsorb or precipitate heavy
metals (Ying Wang et al., 2020), and microorganisms can also secrete some secondary metabolites, that
will interact with heavy metals, such as mineralization (C.-H. Kang et al., 2015), dissolution of heavy
metals by organic acids (N. Papassiopi et al., 2014), etc. However, the process of remediation after
adding microorganisms to the soil is very complex, and the growth of microorganisms also has a certain
period of time, so the fate of microorganisms in the later stage is also difficult to solve. Phytoremediation
can remove heavy metals from soil, and plants are easy to collect in the later stage, so they can deal with
heavy metals intensively. However, the efficiency of phytoremediation technology is often limited by the
high concentration of heavy metals, coexistence of multiple heavy metals and low-level nutrition (Benidir
L et al., 2020). Therefore, before planting plants in heavy metal contaminated soil, inoculate
microorganisms to reduce the soil toxicity of tailings, promote plant growth, reduce stress and chelate
heavy metals (Nida Zainab et al., 2020), and give full play to the effect of combined microbial and plant
remediation. In fact, the resistance of soil bacteria to heavy metals and their ability to promote plant
growth make them the first choice for phytoremediation of heavy metal contaminated soil in previous
studies (Tirry et al., 2018). It has been found that the inoculated compound bacterial flora resistant to
heavy metals can affect the mobility and availability of heavy metals in plants through rhizosphere
chelation, acidification and oxidation-reduction reactions, which is conducive to the absorption of heavy
metals by plants, thus directly affecting the remediation effect (Ma et al., 2011), which further illustrates
the important role of microorganisms in heavy metal contaminated soil. Therefore, in this study, a
compound bacterial flora resistant to heavy metals was constructed, and the three bioremediation
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methods were set up in different groups for tailings remediation test, so as to obtain more practical
remediation schemes and reference data according to the characteristics and properties of the collected
soil samples.

Seven strains of Pb, Cd and Mn resistant strains with no antagonistic effect between two were selected in
the test (Fig. S1B). After demonstrating the growth characteristics of strains (Fig. 1. AB), it was built as
the best ratio of compound bacterial agents (Fig. 2. ABC). The antagonistic effect between strains is that
the life activities of one microorganism or its metabolites inhibit or interfere with the life activities of
another microorganism, which will make the constructed complex flora unable to give full play to its
efficacy and repair the tailings soil to the greatest extent. In this study, the antagonistic experiment results
of the seven strains showed that they had no antagonistic effect and could coexist under the same
cultural conditions, so they could be used for the construction of subsequent compound bacterial flora. In
addition, the ratio among the strains will also affect the effectiveness of the compound bacterial flora,
this study also explored the best ratio among the seven strains. It can be seen from the follow-up outdoor
site remediation test results that the appropriate ratio of compound flora indeed played an important role
in the remediation process of iron tailings soil.

The existence and migration of heavy metals in soil are determined by many factors, among which soil
pH and conductivity (EC) play an important role. The change in pH will change the solubility of heavy
metals in soil (Teng Xu et al., 2020; Alicja Kinska et al., 2022). In particular, the bacteria combined plant
technology is adopted in this study, and the change of soil pH will affect the bioavailability of nutrients or
heavy metals absorbed by plants in the rhizosphere (E. Oburger et al., 2020). In the process of
remediation, the pH of the tailings soil changes from alkaline to neutral. At the end of remediation, the pH
of tailings soil of different treatment groups is stable at about 7.1. The neutral environment is conducive
to the survival of microorganisms, and relevant studies have found that an appropriate pH can promote
microbial activity (Myoung-Jin Kim et al., 2004). At the same time, soil pH value is also considered to be
the main driving force behind changes in the bacterial community (Xiaoxu Sun et al., 2020). The
correlation heatmap diagram of environmental factors shown in Fig. 7A. At the phylum level, pH is
negatively correlated with most phyla and positively correlated with a few phyla. Therefore, pH affects the
distribution of the bacterial community in different treatment groups.

Soil conductivity (EC) can indirectly reflect the concentration of metal ions in soil, while in soil polluted by
multiple heavy metals such as tailings, EC can indirectly determine the concentration of heavy metal ions
(Kasemodel et al., 2019). The test results show that although EC fluctuates with the increase of
remediation time, it may be due to the dynamic transformation of different forms of heavy metal ions
during the remediation process, which still shows a downward trend as a whole (Fig. 3D), indicating that
the addition of flora or planting plants will reduce the concentration of heavy metal ions in tailings soil, it
may be due to the adsorption heavy metal ions on the cell surface of the flora and the interaction of the
secondary metabolites produced by the flora with heavy metal ions. Therefore, the overall reduction of EC
also indicates that the combined microbial phytoremediation technology can reduce the content of heavy
metals in the soil and reduce soil toxicity. This guess is also verified by the results of the removal rate of
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heavy metals in the soil at the end of the experiment. The changing trend of soil porosity is just the
opposite to that of electrical conductivity. It is well known that the size of soil porosity depends on soil
quality. During the experimental remediation process, the soil porosity of different treatment groups after
adding flora gradually was increased (Fig. 3C). This indicates that the quality of tailings soil has
improved after adding flora, which is consistent with the previous results of electrical conductivity.

Soil enzyme activity is a good indicator of soil quality improvement, and its change can provide
characteristics and relevant information about microbial community succession (Adewele T. Adetunji et
al., 2017). The test results show that the addition of compound bacterial flora will improve the enzyme
activities of sucrase, urease and alkaline phosphatase in tailings soil (Fig. 4ABC), which is consistent
with the results reported by Souhir Abdelkrim (2020) and others. When the soil inoculated with PGPR was
compared with the soil without inoculation, the activities of β-glucosidase, urease and alkaline
phosphatase increased significantly. In addition, other literatures had also reported the increase of soil
enzyme activity after bacterial inoculation (Upadhyay et al., 2016; Utobo-Tewari, 2015; Wenliang Ju et al.,
2019). The increase of soil enzyme activity is conducive to the growth and development of plant roots.
For example, the increase of urease activity will promote the absorption of nitrogen by plant roots
(Nosheen, A. and Bano, A., 2014), which is very friendly to the microbial plant joint remediation
technology adopted in this experiment, so as to achieve the improvement of soil quality by
microorganisms, and the improvement of soil quality promotes the growth and development of plants, so
as to achieve a mutually beneficial and win-win relationship.

The test results show that, the bacterial Chao index, Shannon index, Simpson index and ACE index, it is
found that the richness index and diversity index of the treatment group added with yellow cinnamon soil
are higher than those of the whole tailings treatment group, which may be due to the dilution of the
content of heavy metals in the whole tailings soil by adding exogenous yellow cinnamon soil, resulting in
the decrease of soil toxicity. At the same time, the richness index and diversity index of the treatment
group with complex flora and plants are higher than those of the control, and with the growth in repair
time, the richness index and diversity index of different treatment groups are also increasing, indicating
that the addition of flora will stimulate the change of local community structure to achieve the effect of
biological enhancement. This result is consistent with the report of RAúl Zornoza (2017) and others.
From the number of cores OTUs in different treatment groups, after access to the flora, the number of
cores OTUs in the 3:1 (H) treatment group in different repair time periods is greater than that in the T
treatment group, which also proves the results of the previous diversity. The number of original unique
OTUs in TCK decreases after being connected to the flora. With the increase of repair time, the number of
unique OTUs is slowly recovering and increasing. This may be due to the high toxicity of the whole
tailings soil, the need for adaptation of the complex flora and the interaction with the original flora in TCK
soil. Compared with the T treatment group, the inoculation of compound bacterial flora had less impact
on the 3:1 control group (HCK), and the number of unique OTU did not suddenly decrease, but decreased
slightly. With the increase of repair time, the number of unique species has increased. This may be
because the addition of cinnamon soil diluted the heavy metal toxicity of the whole tailings soil, and the
adaptation of compound bacterial flora in the soil of the 3:1 (H) treatment group is relatively easy, and
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quickly coexist with other flora in HCK soil. The number of common OTUs of HM, HMP, TM and TMP in
different repair periods is 124. At the phylum level, the bacteria belonging to these common OTUs are
mainly Proteobacteria, Actinobacteriota and Bacteroidota. These common bacteria are formed after
inoculating the compound bacterial flora, which may be the dominant bacterial flora for repairing the soil
polluted by multiple heavy metals under the stimulation of the compound bacterial flora. At the phylum
level, the main phyla in TCK soil are Firmicutes and Actinobacteriota before inoculating the compound
flora, and the main phyla of HCK are Proteobacteria, Actinobacteriota and Bacteroidota. Previous studies
have reported similar findings (Lin-xing Chen et al., 2013; Yuanqing Chaoet al., 2016; Jianwei Xinget al.,
2017; Lur Epelde et al., 2015). These phyla should be the resident phyla in the tailings area. After access
to the compound flora, the main phyla of all T treatment groups in different repair time periods are
Proteobacteria, Bacteroidota and Actinobacteriota, and the main phyla of all 3:1 (H) treatment groups in
different repair time periods are Proteobacteria, Bacteroidota, Actinobacteriota, Chloroflexi and
Acidobacteriota, but the relative abundance of several main phyla changes with the increase of repair
time. These results show that the bacterial community structure in the tailings area has changed after the
compound bacterial flora was inoculated, which is consistent with the research results of Wood (2016) et
al, Cd changes the competitive dynamics in the soil bacterial community, causing changes in the
bacterial community. The change of the soil bacterial community structure shows that it is not only the
inoculated compound bacterial flora. This result has been reported by M Shuaib (2018), which maybe
because the access of compound bacterial flora stimulates the reproduction of some native
microorganisms and forms a unique dominant bacterial flora with the inoculated compound bacterial
flora. Moreover, the bacterial community was significantly affected by environmental factors such as pH,
water holding capacity, EC and heavy metal content. A. Markowicz (2016) and others have studied the
impact of heavy metal variables on the bacterial community, and the results were consistent with this
study.

Therefore, for the tailings soil polluted by multiple heavy metals, the access of compound bacterial flora
may stimulates the reproduction of original species in the tailings soil, and forms a dominant flora with
the access of compound bacterial flora to repair the tailings soil and reduce the toxicity of heavy metals
in the tailings soil, so that plants can grow and develop on the tailings soil, further absorb heavy metals in
the tailings soil, and achieve the dual effect of microbial plant joint remediation.

5 Conclusions
Our results emphasized that the soil physical and chemical properties and plant indexes of the treatment
groups inoculated with the compound bacterial flora were significantly improved with the growth of
remediation time, and the results of soil microbial diversity and community structure analysis showed
that the compound bacterial flora increased the soil microbial diversity of iron tailings and changed the
original community structure of iron tailings. The results showed that the compound bacterial flora we
constructed had good remediation effect on the soil polluted by iron tailings. We removed most of the
existing laboratory level research to the outfield for site remediation test, and obtained some valuable
data, which is a great leap forward for further exploring the remediation of complex polluted environment
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in tailings area. These data will provide a reference for researchers who conduct subsequent outfield
tests. However, we still need to further explore the specific causes and laws of the changes of soil
bacterial community structure after inoculation with compound bacterial flora, so as to master a more
specific remediation scheme of soil polluted by multiple heavy metals.
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Figures

Figure 1
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A: Growth curve of the 7 strains, B: Growth curves of compound microbial agents with different ratios (C1-
h:C4-h:C8-h:M1-h:M3-h:P2-h:P3-h).

Figure 2

The heavy metal removal rates of 8 different ratios of compound bacteria under three periods (A: 12 h, B:
24 h, C: 48 h). 
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Figure 3

A: Changes of pH of tailings soil in different time periods, B: Changes of soil water holding capacity of
tailings in different time periods, C: Changes of porosity in different time periods, D: Changes of soil
conductivity of tailings in different time periods.
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Figure 4

A: Changes of alkaline phosphatase during repair, B: Changes of sucrase during repair, C: Changes of
urease during repair.
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Figure 5

Common OTUs and unique OTUs of different treatment groups in different repair time periods. A: TCK
and TM, B: TCK and TMP, C: TM and TMP, D: HCK and HM, E: HCK and HMP, F: HM and HMP, G: The
common OTUs and unique OTUs of TM, TMP, HM and HMP treatment groups in different repair time
periods, as well as the phylum to which the common OTUs belongs.
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Figure 6

The Circos of soil bacterial community, from bottom to top, the treatment groups are TCK（control）、HCK
(control)、HM1、HM2、HM3、HM4、TM2、TM3、TM4、TM1、HMP1、HMP2、HMP3、HMP4、TMP1、TMP2、TMP3、
TMP4.
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Figure 7

A: At the Phylum level, the effects of environmental factors (soil water holding capacity (WHC), soil
temperature (TEMP), soil pH, soil conductivity (EC)) on bacterial community structure, B: At the Phylum
level, effect of heavy metal content in soil on bacterial community.
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