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Abstract 

The extensive mining of bastnasite  (CeFCO3) has caused pollution of lanthanum (La), cerium (Ce), and fuorine (F) 
in the surrounding farmland soil, severely threatening the safety of the soil ecosystem. However, the interaction 
effects of various chemical fractions of La, Ce, and F on the composition of microbial communities are unclear. In our 
study, high-throughput sequencing was performed based on the pot experiments of four types of combined pollu-
tion soils, i.e., La + Ce (LC), Ce + F (CF), La + F (LF), and La + Ce + F (LCF), and the pollution concentration ranges of these 
three elements of 20–240, 40–450, and 150–900 mg  kg–1, respectively. The improved Tessier method was used 
to investigate the interaction effects of chemical fractions of these elements on the variations in the soil microbial 
compositions. The result showed the residual form of La (La_RES) displayed restraint on Abditibacteriota, leading to its 
undetected level in the highest concentration of LC-polluted soils, whereas promoted relative abundance of microbes 
(Planctomycetota, Elusimicrobiota, Gemmatimonadota, and Rozellomycota) by more than 80%; the exchangeable 
and organic-bound forms of Ce and F as well as the iron-manganese-bound and residual forms of F were identified 
as the stress factors for the sensitive bacteria (e.g., WS4, Elusimicrobiota, RCP2-54, and Monoblepharomycota) in CF-
polluted soils; in LF-polluted soils, the water-soluble form of La showed the most toxic effect on RCP2-54, Nitrospirota, 
and FCPU426, leading to decreased relative abundance by more than 80%; while La_RES and iron-manganese-bound 
form of F were identified as the stress factors for the relative abundance of Nitrospirota, Elusimicrobiota, and GAL15, 
showing decline of more than 80% in LCF-polluted soils. Our study revealed both inhibition and promotion effects 
of the element interaction on the growth of microbial communities, providing a certain experimental evidence 
to support further exploration of the treatment of environmental pollution caused by these elements.
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Introduction
Bastnasite  (CeFCO3) is one of the rare earth minerals 
with the widest distribution worldwide [1]. Both lantha-
num (La) and cerium (Ce) together account for 70–90% 
of the total rare earth elements [2]. As the rapid grow-
ing of demand for rare earth elements in various fields, 
the mining and smelting of these elements have caused 
a series of severe ecological issues in the soil environ-
ments [3]. In particular, the pollution of the farmland 
around the mining area caused by these elements could 
lead to changes in the physical and chemical properties of 
the soil [4, 5] and decrease in soil fertility [6], ultimately 
affecting the growth and development of crops [7, 8] and 
threatening human health via food chains [9]. Studies 
have shown that the high La and Ce contents in bastna-
site mine areas have sustained inhibitory effects on soil 
microbial abundance and function [6, 10]. Fluorine (F) 
in low concentrations would be essential trace nutrient 
for soil microbes [11], while the concentration of F over 
1000  mg   kg–1 could cause significant changes in micro-
bial structure [5]. To date, studies have investigated the 
effects of single element of rare earth ionic mine (e.g., 
La and Ce) on microbial community [5, 12], whereas the 
effects of the combined contamination of F with either 
La or Ce in bastnasite on soil microbial community have 
not been explored. Therefore, it is urgent to study the 
response of soil bacterial and fungal communities to the 
interaction of La, Ce, and F in combined pollution soils. 
This is important for further development of effective 
strategies to treat the farmland contaminated by these 
elements.

Microorganisms have shown various responses to the 
stress of different combined pollution elements [13, 14]. 
The significant variations in relative abundance of micro-
bial communities, including the complete disappear-
ance and newly appeared microbes, are considered the 
appropriate biological indicators for soil pollution evalu-
ation [15]. To evaluate the response of microbiome to the 
pollution caused by La, Ce, or F, individually, only a few 
studies have reported the sensitive or tolerant microbial 
communities to the total contents of these three ele-
ments [16–18]. For example, the relative abundance of 
Cyanobacteria was reduced under the pollution of either 
La or Ce [19, 20], while the resistant ability was revealed 
in Actinobacteria under long-term exposure to excessive 
La or Ce [12, 20]. Excess F can cause significant reduc-
tion of bacteria and fungi in the microbial communities 
[18]. Furthermore, studies have explored the effect of co-
contamination of either La, Ce, or F, individually, with 
another pollutant, especially a heavy metal, on the struc-
ture and diversity of soil microorganisms [5, 6, 21]. For 
example, the synergistic toxicity of high concentrations 
of La and lead (Pb) significantly increased the relative 

abundance of Proteobacteria from 19.45 to 29.73%, while 
the relative abundance of Thaumarchaeota was decreased 
from 2.76 to 1.53% [21]. However, few studies have 
assessed the collaborative effects of La and Ce and the 
synergistic toxic effect of total La and Ce contents on 
plant metabolism [22]. To date, the effects of combined 
pollution of two or three elements on microbial commu-
nities are still unclear.

Recent studies indicated that the toxicity of La, Ce, or F 
depends on the different chemical fractions or bioavaila-
bility of these elements [3, 23]. For example, the different 
forms of La exhibit distinct toxic effects on the growth 
of broad beans under hydroponic conditions [24]. Simi-
larly, the toxic effect of ionic La on Daphnia similis was 
enhanced compared with the chelated form of La [25]. 
Therefore, it is necessary to explore the effects of various 
forms of these elements on the soil bacterial and fungal 
communities.

Up to now, studies have mainly focused on the varia-
tions of the relatively dominant microbial taxa in the 
soil community co-contaminated by either La, Ce, or F, 
individually, with another pollutant [5, 6, 21]. Few stud-
ies have focused on the disappearance or new appearance 
of microbes with low relative abundance in polluted soils. 
Although the dominant microbes are important in shap-
ing the community composition and are involved in soil 
biogeochemical cycles and nutrient transformation [26], 
the disappearance or appearance of microbes with low 
abundances also play important roles in the soil ecologi-
cal processes, e.g., the soil biogeochemical cycle [27, 28]. 
Therefore, the disappearance or appearance of microbes 
as well as the significant changes in their relative abun-
dances should also be taken into consideration during 
the exploration of the roles of microbiota in shaping the 
microbial community composition. To date, there is still 
a lack of research on the response of microbes with dif-
ferent relative abundances to the interaction of different 
chemical fractions of La, Ce, and F. In particular, there is 
no study on the responses of sensitive or tolerant micro-
bial communities to the interaction of different chemical 
fractions of the rare earth elements as well as the ecologi-
cal processes or functions affected. This is probably due 
to the technical challenges posed by the complex com-
bined treatments of multiple elements, such as heavy 
workload, control of the experimental conditions, and 
the accurate determination of various chemical fractions 
of the elements [29]. At present, the high-throughput 
sequencing technology [30] is considered one of the effi-
cient methods to study the different responses of micro-
organisms to contaminated soils, showing enhanced 
detection of disappearance, appearance, sensitivity, or 
tolerance of microorganisms under the interaction of 
various chemical fractions of the rare earth elements.
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In our study, we hypothesize that the various interac-
tions of different chemical fractions of La, Ce, and F in 
the combined pollution soils have significant effects on 
the sensitive and tolerant of bacterial and fungal com-
munities. Based on the pot experiments of four different 
combined pollution soils of two or three elements, i.e., 
La + Ce (LC), Ce + F (CF), La + F (LF), and La + Ce + F 
(LCF), high-throughput sequencing was performed 
on the soil samples with the goals to: (1) investigate the 
interaction effects of various chemical fractions of these 
three elements on microbial community composition; 
(2) identify the sensitive and tolerant microbes under 
these interaction effects; and (3) detect the key correla-
tion factors (i.e., the different chemical fractions of these 
elements) responsible for the sensitive and tolerant 
microbes.

Materials and methods
Soil sample collection and pot experiment
We investigated the pollution level within 5  km of the 
farmland soil in the mining area, Mianning County 
(Sichuan, China) through pre-experiment. A total of 15 
sampling sites were set up by using the mesh sampling 
method, with 3 farmland soil samples collected at each 
site (collection depth 0–20  cm below the surface of the 
ground) and brought back to the laboratory in aseptic 
bags to test the contents of La, Ce, and F. The concen-
trations of La, Ce, and F ranged from 100 to 400, 200 to 
800, and 600 to 2000  mg  kg –1, respectively. Based on 
the pollution levels of these elements obtained in our 
pre-experiments, we designed the low (samples labelled 
with 1 and 2 in Table  1), middle (samples labelled with 
3 in Table 1), and high (samples labelled with 4 and 5 in 
Table  1) concentrations of soil pot experiments. There-
fore, the farmland soil was collected about 15  km away 
from the bastnaesite mine area in Mianning County 
(Sichuan, China) and used as control (CK), containing 
the total contents of La, Ce, and F at 55.89, 177.24, and 
540.73 mg  kg–1, respectively. It was noted that these con-
centrations were less than those detected in the areas 
close to the mine zones.

Based on the actual polluted concentration of three 
elements, four different combined pollution treatments 
were performed, i.e., La + Ce (LC), Ce + F (CF), La + F 
(LF), and La + Ce + F (LCF), as well as CK. Each pollu-
tion treatment pot was filled with 10 kg control soil and 
treated with La, Ce, and F (in the above four combina-
tions) provided by dissolved  LaCl3·7H2O,  CeCl3·7H2O, 
and NaF, all of analytical grades, respectively (Table  1). 
The soils were mixed with rare earth elements homog-
enized before filling the pots, then all pots of control and 
experimental groups were cultivated at room tempera-
ture with 70% field water holding capacity in soil, with 

three biological replicates performed for each control 
and experimental treatment. In 6 month, 10 g aged soil 
samples were collected and stored at – 80  °C for high-
throughput sequencing analysis of soil microorganisms. 
Then, 100  g aged soil samples were collected and air-
dried for the determination of soil chemical properties.

High‑throughput sequencing analysis of soil 
microorganisms
The high-throughput sequencing technology, also 
known as "Next-generation" sequencing technology, 
is considered one of the efficient methods to study 
the different responses of microorganisms to con-
taminated soils. We applied this technology to analyze 
the response of soil microbial communities to differ-
ent composite contaminants (i.e., La, Ce, and F). Soil 
microbial DNA was extracted from all experimental 
and control groups using a soil DNA kit (Omega Bio-
tek Inc., USA). The quality of the acquired DNA was 
examined on 1% agarose gels [28]. The primer pair 
338F/806R was used to amplify the V3-V4 hypervari-
able regions of bacterial 16S rRNA genes using ther-
mocycler PCR system. The internal transcribed spacer 

Table 1 Pollutant levels of lanthanum (La), cerium (Ce), 
and fluorine (F) added in the combined pollution soil pot 
experiments. CK, control; LC, La + Ce contaminated soil; CF, Ce + F 
contaminated soil; LF, La + F contaminated soil; LCF, La + Ce + F 
contaminated soil

Group La (mg  kg–1) Ce (mg kg –1) F (mg kg –1)

CK 0 0 0

LC1 20 40 0

LC2 40 80 0

LC3 80 150 0

LC4 160 300 0

LC5 240 450 0

CF1 0 40 150

CF2 0 80 300

CF3 0 150 450

CF4 0 300 700

CF5 0 450 900

LF1 20 0 150

LF2 40 0 300

LF3 80 0 450

LF4 160 0 700

LF5 240 0 900

LCF1 20 40 150

LCF2 40 80 300

LCF3 80 150 450

LCF4 160 300 700

LCF5 240 450 900
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region primers ITS1F and ITS2R were used to amplify 
fungal DNA. The PCR reactions were conducted using 
the following program: 3 min of denaturation at 95 °C, 
27 and 37 cycles of 30 s at 95 °C for bacteria and fungi, 
respectively, then 30 s for annealing at 55  °C,followed 
by 45  s for elongation at 72  °C, and a final extension 
at 72  °C for 10 min. These PCR products were exam-
ined and extracted using a 2% agarose gel, further 
purified using the AxyPrep DNA Gel Extraction Kit 
(Axygen Biosciences, USA), and quantified using 
QuantiFluor™-ST (Promega, USA) according to the 
manufacturer’s protocols [31]. PCR-amplified prod-
ucts were purified and sent to Shanghai Majorbio 
Bio-Pharm Technology Co., Ltd. (Shanghai, China) for 
sequencing using Illumina MiSeq platform. The raw 
sequences have been deposited in the Sequence Read 
Archive of NCBI database (https:// www. ncbi. nlm. nih. 
gov/ biopr oject/ PRJNA 11196 61).

Bioinformatics analysis of the high-throughput 
sequencing data was performed using QIIME1.9.1 
[32]. All raw sequences were demultiplexed and fil-
tered by QIIME. After filtering the low-quality reads, 
based on the overlap between PE reads, pairs of reads 
were merged into a sequence with a minimum overlap 
length of 10 bp. The maximum mismatch ratio allowed 
by the overlap area of the merging sequence was 0.2, 
and the non-conforming sequence was screened. The 
samples were distinguished based on the barcode 
and primer at both ends of the first sequence, and 
the sequence direction was adjusted. The mismatch 
number of barcode allowed was 0 and the maximum 
mismatch number of primer was set to 2. These steps 
were completed using software fastp and FLASH [33].
Then a total of 1,923,174 bacterial and 2,155,119 fun-
gal sequences were acquired. respectively, and further 
grouped into operational taxonomic units (OTUs) 
using the USEARCH 7-uparse algorithm based on the 
similarity of 97% [32]. Then, these sequences were 
clustered into different operational taxonomic units 
(OTUs) using UPARSE. The OTUs were assigned 
to different taxonomic ranks of bacteria and fungi at 
a 70% confidence threshold using ribosomal data-
base project (RDP) classifier algorithm based on 16S 
rRNA database (SILVA v.138) and ITS fungi database 
(Unite8.0). Under the combined pollution of differ-
ent chemical fractions of La, Ce, and F, compared with 
control samples, microbial taxa at phyla level with the 
relative abundance reduced over 80%, including the 
undetected, were defined as sensitive microbes, while 
the taxa with relative abundance increased over 80%, 
including the newly detected taxa, were recognized as 
tolerant microbes.

Determination of soil chemical properties and content 
of pollutant elements
Standard laboratory methods were used to analyze the 
soil chemical properties, including pH level and contents 
of organic matter (OM) [34], total nitrogen (TN) [35], 
total phosphorus (TP) [36], total potassium (TK) [37], 
hydrolyzable nitrogen (AN) [38], available phosphorus 
(AP) [39], and available potassium (AK) [40].

The total La and Ce contents in the soil were 
determined using a three-acid digestion method 
 (HNO3:HCl:HClO4 = 1:2:2) [12]. All six forms of La and 
Ce were extracted using an improved Tessier method 
[41, 42]. Specifically, (a) water-soluble (WS) form, nor-
mal temperature water extraction; (b) exchangeable 
(EX) form, 1  mol  L–1  MgCl2 extraction; (c) carbonate-
bound (CAR) form, 1  mol  L–1  CH3COONa extraction; 
(d) iron-manganese-bound (FeMn) form, 0.25  mol  L–1 
 NH2OH:HCl extraction; (e) organic-bound (ORG) form, 
first 0.02  mol  L–1  HNO3 and 30%  H2O2 mixed extrac-
tion, and then 3.2 mol  L–1  NH4Ac and 20%  HNO3 extrac-
tion; and (f ) residual (RES) form, the three-acid digestion 
method  (HNO3:HCl:HClO4 = 1:2:2). The different forms 
of La and Ce were measured using inductively coupled 
plasma optical emission spectrometry (ICP-OES).

The total content of F was determined using the NaOH 
fusion-fluoride ion selective electrode method (GBT 
22104–2008, China). The five forms of F in the soil 
were extracted using the continuous grading immersion 
method. Specifically, (a) WS form, hot water at 70  °C 
for extraction; (b) EX form, 1  mol  L–1  MgCl2 extrac-
tion, shaken at 25 °C for 1 h; (c) FeMn form, 0.04 mol  L–1 
 NH2OH:HCl extraction, shaken at 60 °C for 1 h; (d) ORG 
form, first 0.04 mol  L–1  HNO3 and 30%  H2O2 extraction 
at 85 °C for 2 h, and then added with  H2O2 and continu-
ous heating at 85 °C for 3 h; after cooling, 25 ml  NH4Ac 
was added and shaken at 25  °C for 0.5  h; and (e) RES 
form, the NaOH fusion-fluoride ion selective electrode 
method (GBT 22104–2008, China).

Statistical analysis
The variance and mean differences of the data were ana-
lyzed by non-parametric ordination-based analysis and 
the Fisher’s least significant difference test using SPSS 
19.0 (SPSS Inc., USA). OriginPro 9.0 (OriginLab, North-
ampton, MA, USA) was used to plot the contaminant 
element components, microbial community composition 
and relative abundance change. Redundancy analysis was 
performed using R 4.0.1 software of the vagen package 
to identify the main correlation factors (i.e., the differ-
ent chemical fractions of La, Ce, and F) for tolerant and 
sensitive microbes at phylum level in different combined 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1119661
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1119661
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pollution soils, and we used the step model to detect the 
lowest AIC value. In this step, the model will automati-
cally screen out the optimal environmental factors in 
RDA for solving the collinearity. An envfit analysis (envfit 
function used with 999 permutations) used the ‘vegan’ 
package to clarify significant factors explaining bacte-
rial composition variation, and the RAD statistics were 
provided in the supplementary materials (Table S1). The 
response of the microbes to interaction of various chemi-
cal fractions of La, Ce, and F was calculated using the 
equation [42]: relative abundance change = [(Xp – Xc)/
Xc] × 100% where Xp and Xc represented the relative 
abundances of the microbes in polluted and unpolluted 
soils, respectively.

Results
Chemical properties of contents of La, Ce, and F
Compared with the CK group, the change in the soil OM, 
TN, TP, and TK contents were < 2% in the pot experi-
ments. Among other soil properties, the most significant 
variations were detected in soil pH level in treatment 
groups (Fig. S1a). The pH of the CK group was 5.15, while 
the LC-polluted soils were acidic, with a pH range of 
3.28–3.47. The pH values of CF-, LF-, and LCF-polluted 
soils were increased as the pollutant concentrations 
were increased, ranging from 3.86 to 5.61. However, the 
pH levels in CF- and LF-polluted treatments were lower 
than those in the CK group, with the highest increase by 
12.26% observed in LC- and LCF-polluted soils. In the 
four treatment groups, the AN contents were increased 
as the pollutant concentrations were increased (Fig. S1b), 
while the AP contents were decreased in all four groups 
of contaminated soils (Fig. S1c). Compared to the CK 
group, the AK contents were increased in LC- and LF-
contaminated soils but decreased in CF- and LCF-con-
taminated soils (Fig. S1d).

In the four types of combined contamination soils, 
the contents of most fractions of La, Ce, and F were 
increased as the pollution concentration was increased 
except for La_RES of LC- and LF-polluted soils (Fig. 1a, 
c). In LC-polluted soils, both La_EX and Ce_EX contents 
showed the highest increases of about 65 and 98 times, 
respectively (Fig. 1a). In CF-contaminated soils, the high-
est increases were observed in the contents of Ce_CAR 
and F_WS by over 72 and 22 times, respectively (Fig. 1b). 
The highest contents were observed in both La_CAR and 
F_WS of the LF-polluted soils (Fig. 1c). In the LCF-con-
taminated soils, the highest increases were detected in 
the contents of La_CAR, Ce_EX, and F_WS, by over 40, 
50, and 27 times, respectively (Fig. 1d). In conclusion, F_
WS showed the highest growth rate with the increase of 
F pollution concentration in all the combined contamina-
tion soils containing F (i.e., CF-, LF-, and LCF-polluted 

soils), while the contents of unstable exchange state and 
moderately stable carbonate binding state La and Ce 
showed the highest growth rates in LC-, CF-, and LF-pol-
luted soils, respectively. Notably, the content of La_RES 
declined with the increase of pollution concentration in 
both LC and LF treatments.

Variations in the composition of microbial communities
Different contamination soils were revealed with varied 
effects on the composition of microbial communities. 
There were a total of 28 bacterial and 15 fungal taxa at the 
phylum level detected in the unamended CK soil, while 
in the four groups of polluted soils, a total of 31 bacte-
rial taxa at phylum level, including three newly detected 
taxa (MBNT15 in LF5-polluted soil, Fibrobacterota in 
CF5-polluted soil, and Fusobacteriota in LF2- and LF5-
polluted soils), were identified (Fig.  2a); no new fungal 
taxa were detected at the phylum level in the four groups 
of pollution soils compared to the unamended CK soil 
(Fig. 2b). Compared with the CK soil, three bacterial taxa 
at the phylum level, including Abditibacteriota, WS4, 
and FCPU426, were undetected in the LC-, CF-, and 
LF-polluted soils (Fig. 2a), while three fungal phyla (i.e., 
Blastocladiomycota, Kickxellomycota, and Calcarispo-
riellomycota) were undetected in the LC-contaminated 
soil, and Blastocladiomycota disappeared in LF- and 
LCF-polluted soils (Fig. 2b).

Correlation factors of sensitive microbial community
The results showed that the relative abundances of nine 
bacterial taxa at the phylum level, including Planctomy-
cetota, RCP2-54, Nitrospirota, Elusimicrobiota, Depend-
entiae, GAL15, Abditibacteriota, WS4 and FCPU426, 
and five fungal taxa at the phylum level, containing Blas-
tocladiomycota, Kickxellomycota, Calcarisporiellomy-
cota, Mortierellomycota and Zoopagomycota, were all 
decreased by more than 80% as the contents of the vari-
ous combinations of La, Ce, and F were increased (Fig. 3).

Among these taxa, Abditibacteriota was undetected 
in LC-polluted soils, while La_RES was negatively cor-
related with Abditibacteriota (Fig.  4a). WS4 was unde-
tected in CF-polluted soils, Ce_EX, Ce_ORG, F_EX, 
F_FeMn, F_ORG, and F_RES were negatively correlated 
with WS4 (p < 0.05; Fig.  4c). La_WS showed negative 
correlation with the disappearance of FCPU426 in LF-
polluted soils (p < 0.05; Fig.  4e). Three fungal phyla, i.e., 
Blastocladiomycota, Kickxellomycota, and Calcarispori-
ellomycota, all were undetected in LC-polluted soils, and 
most forms of La and Ce, except for La_RES, were nega-
tively correlated with these three phyla (p < 0.05; Fig. 4b). 
In addition, Blastocladiomycota were also undetected 
in LF- and LCF-polluted soils, with La_RES, and F_RES 
identified as the correlation factors in LF-polluted soils, 
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and La_WS, La_EX, Ce_WS, and F_WS identified as the 
correlation factors in LCF-polluted soils (p < 0.05; Fig. 4f, 
h).

Compared with the CK soil, the relative abundance of 
Nitrospirota were decreased by 100, 95.39, 89.24, and 
96.00% in the four groups of combined pollution soils, 
respectively (Fig. 3a, c, e, and g). Nitrospirota was unde-
tected in LC-polluted soils with high content of pollut-
ants, and the most of the chemical fractions of La and 
Ce except for La_RES were negatively correlated with 
this phylum (p < 0.05; Fig.  4a). The relative abundances 
of Elusimicrobiota was decreased by 91.13, 83.26, and 
90.59% in LC-, CF-, and LCF-polluted soils, respectively 
(Fig. 3a, c, and g), while it had significantly negative cor-
relation with La_RES in LC-polluted soils, and Ce_EX, 
Ce_ORG, F_EX, F_FeMn, F_ORG, and F_RES in CF-
polluted soils, respectively (p < 0.05; Fig. 4a, c). Moreover, 
La_RES and F_FeMn showed negative correlation with 

the microbial phyla in LCF-polluted soils (Fig.  4g). The 
relative abundance of Planctomycetota was decreased by 
82.72% (Fig. 3a) and was correlated with the contents of 
La_ORG, Ce_WS, and Ce_ EX (p < 0.05; Fig.  4a), while 
the relative abundance of Dependentiae was decreased by 
86.98% (Fig. 3a) and was negatively correlation with most 
chemical fractions of La and Ce except for La_RES in LC-
polluted soils (p < 0.05, Fig.  4a). The relative abundance 
of RCP2-54 was decreased by 81.39% (Fig.  3e) and was 
negatively correlated with La_WS in LF-polluted soils 
(p < 0.05; Fig. 4e).

Among the fungal phyla, the relative abundances of 
Mortierellomycota and Zoopagomycota were decreased 
by more than 80% in LC- and LCF-polluted soils, while 
Monoblepharomycota was undetected in the higher con-
centrations of four groups of combined pollution soils 
(Fig. 3b, d, f, and h). The relative abundance of Zoopago-
mycota was negatively correlation with La_RES, while 

Fig. 1 Contents of different chemical fractions of lanthanum (La), cerium (Ce), and fluorine (F) in combined pollution soils of (a) La + Ce (LC), 
(b) Ce + F (CF), (c) La + F (LF), and (d) La + Ce + F (LCF). WS, water-soluble form; EX, exchangeable form; CAR carbonate-bound form; FeMn, 
iron-manganese-bound form; ORG, organic-bound form; RES, residual form; CK, control group; LC, interaction treatments of La-Ce; CF, interaction 
treatments of Ce-F; LF, interaction treatments of La-F; LCF, interaction treatments of La-Ce-F; the numbers within each bar indicated the percentage 
of change of each chemical fraction of La, Ce or F
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Mortierellomycota was negatively correlation with most 
forms of La and Ce, except for La_RES, in LC-polluted 
soils (p < 0.05, Fig. 4b, h). In the LCF-polluted soils, Mor-
tierellomycota was negatively correlation with La_WS, 
La_EX, Ce_WS, and F_WS, whereas Zoopagomycota was 
negatively correlation with all of chemical fractions of La, 
Ce and F, except for La_WS, La_EX, Ce_WS, F_WS, and 
Ce_RES (p < 0.05, Fig. 4b, h).

Correlation factors of tolerant microbial community
A total of six bacterial phyla, including Gemmatimonad-
ota, Bacteroidota, Patescibacteria, Myxococcota, Arma-
timonadota, and Abditibacteriota, and four fungal phyla, 
i.e., Chytridiomycota, Glomeromycota, Rozellomycota, 
and Basidiobolomycota, were revealed with increased 
relative abundances exceeding 80% as the pollutant con-
centrations were increased in the four groups of polluted 
treatments of soils (Fig. 3).

Specifically, compared with the CK soil, Fibrobacte-
rota were newly detected in CF-polluted soils, and all 

forms of Ce and F showed positive correlation with the 
relative abundance of this phylum (p < 0.05; Fig.  5c). 
Additionally, both MBNT15 and Fusobacteriota were 
detected in LF-polluted soils, with the former was posi-
tively correlation with all chemical fractions of La and 
F, the latter was only positively correlation with La_EX, 
F_WS, F_EX, F_FeMn, and F_ORG (p < 0.05; Fig.  5e). 
Most chemical fractions of La and Ce except for La_
RES showed positive correlation with Bacteroidota in 
LC-polluted soils, while all forms of La, Ce, and F were 
correlation with this phylum in other three groups of 
polluted soils (p < 0.05; Fig.  5). The relative abundance 
of Chytridiomycota was increased by 275–2871% in the 
four groups of polluted soils (Fig.  3). In addition, the 
relative abundance of Rozellomycota was increased by 
408% and 829% in LC- and LF-polluted soils, respec-
tively, and the relative abundances of Glomeromycota 
and Basidiobolomycota were increased by 257% and 
414%, respectively, in the LF-polluted soils (Fig.  3b 
and f ). These results revealed the tolerance of both 

Fig. 2 Soil bacterial (a) and fungal (b) community composition at phylum level. CK, control group; LC, interaction treatments of La-Ce; CF, 
interaction treatments of Ce-F; LF, interaction treatments of La-F; LCF, interaction treatments of La-Ce-F

(See figure on next page.)
Fig. 3 Bacterial (a, c, e, and g) and fungal (b, d, f, and h) taxa at the phylum level with relative abundance either increase or decrease 
more than 80% in different combined pollution soils of La + Ce (LC), Ce + F (CF), La + F (LF), and La + Ce + F (LCF), respectively. LC, interaction 
treatments of La-Ce; CF, interaction treatments of Ce-F; LF, interaction treatments of La-F; LCF, interaction treatments of La-Ce-F. Bacterial 
taxa: B7, Planctomycetota; B8, Gemmatimonadota; B9, Patescibacteria; B10, Cyanobacteria; B11, Myxococcota; B12, Bacteroidota; B13, 
unclassified-k-norank-d-bacteria; B15, Desulfobacterota; B16, Armatimonadota; B17, Verrucomicrobiota; B18, Sumerlaeota; B19, RCP2-54; B20, 
Nitrospirota; B21, Elusimicrobiota; B22, Dependentiae; B23, Halanaerobiaeota; B24, Deinococcota; B25, GAL15; B26, WS4; B27, Abditibacteriota; 
B28, FCPU426. Fungal taxa: G3, Mortierellomycota; G4, unclassified_k fungi; G5, Chytridiomycota; G6, Mucoromycota; G7, Olpidiomycota; G8, 
Glomeromycota; G9, Zoopagomycota; G10, Rozellomycota; G11, Basidiobolomycota; G12, Blastocladiomycota; G13, Kickxellomycota; G14, 
Calcarisporiellomycota; G15, Monoblepharomycota
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Glomeromycota and Basidiobolomycota to the interac-
tion effect of most chemical fractions of La, Ce, and F, 
except for La_RES (p < 0.05; Fig. 5).

Discussion
The response of microorganisms to pollutant stress is 
closely reflected in the variations of the taxonomic com-
position and relative abundance of the microbial com-
munities [13]. Based on the different responsive modes 
of the microbes to pollutant stress, e.g., the undetected 
or remarkable decrease in relative abundance as well as 
newly detected or substantial increase in relative abun-
dance, the microbial taxa are categorized as either sen-
sitive or tolerant groups [27, 43, 44]. In our study, these 
three groups of microbes were identified in the combined 
pollution soils to evaluate the effects of the interactions 
of different chemical fractions of La, Ce, and F on the soil 
taxonomic compositions of the microbial communities.

Sensitive microbial community
The taxonomic composition change of microbial com-
munity can be used as one of the biological indicators of 
soil pollution [10]. In particular, the undetected or signif-
icant decrease in the relative abundances of the microbes 
are involved in the ecological functions in soils [26].

Undetected microbes
The highest level of stress effects of pollutant on soil 
microbial communities is represented by the undetected 
of certain microbes [45]. Our results were consistent with 
those previously reported, showing the high levels of bio-
availability and toxicity in the active forms of WS and EX 
[46]. It was noteworthy that our results indicated that, 
not only the active forms of La, Ce, and F, but also the 
relatively stable chemical fractions of FeMn, ORG, and 
RES of La, Ce, and F showed high stress effects on the 
disappearance of the microbial taxa.

A previous study showed that in polluted soils, the 
disappearance of some microbiome may affect the eco-
logical functions of soil environment [26]. For exam-
ple, Blastocladiomycota influenced the degradation of 
organic matters, such as wood fibers, in soil [47]. In our 
study this phylum were undetected in LC-, LF- and LCF-
polluted soils, and may be influence the function of the 
degradation of organic matter in these polluted soils. 

Studies have shown that as the dominant genus of phy-
lum Abditibacteriota (Table  S1), Abditibacterium could 
inhabit extreme environments, due to its antibiotic and 
toxin-resistant properties [48]. Our results showed that 
Abditibacterium was undetected in LC-polluted soils, 
indicating that the La_RES toxicity was stronger than 
those in the other three groups of contaminated soils.

Microbes with significantly reduced relative abundances
The change of microbial relative abundances in contami-
nated soils is also an important indicator of the level of 
soil pollution because these alterations are the observ-
able factors in response to the persistent inhibition of 
pollutants [15, 49]. Although the relative abundance of 
Nitrospirota declined in all four combined pollution 
soils, it was undetected in the highest concentration of 
LC treatment. This was probably due to the synergistic 
effects of the combined pollution of La and Ce enhanced 
the toxicity of the different chemical fractions, ultimately 
inhibiting the growth and metabolism of Nitrospirota 
[44]. While the toxicity levels of the other three types of 
polluted soils were lower than that of LC-polluted soil, 
possibly because F could combine with La and Ce to 
form relatively stable precipitates [50], thus reducing the 
toxicity levels of these two rare earth elements. In addi-
tion, in the CF-, LF-, and LCF-contaminated soils, the 
abundance of this bacterial phylum was decreased in the 
order of LCF > CF > LF; this was probably because that 
F promoted the formation of relatively stable carbon-
ate binding states of La and Ce in LF- and CF-polluted 
soils (Fig. 1b, c); in LCF-polluted soil, the highest growth 
rate was observed in the carbonate binding states of La, 
while the growth of exchange states of Ce was the highest 
in LCF (Fig.  1d). Studies have shown that when La and 
Ce coexist with F, F was more likely to bind with La [51], 
thus this could be the cause for the higher toxicity level 
of LCF than that of CF and LF. Nitrospira was the domi-
nant genus in Nitrospirota, and the decline in the rela-
tive abundance of Nitrospira (Table S1) could weaken the 
nitrification function of soils, as previously reported [52], 
ultimately the nitrification function of LC contaminated 
soil, among other soil properties, was most affected by 
this combined contamination.

Fig. 4 Redundancy analysis of the sensitive bacterial and fungal taxa at the phylum level in combined pollution soils of La + Ce (a, b), Ce + F (c, 
d), La + F (e, f), and La + Ce + F (g, h), respectively. LC, interaction treatments of La-Ce; CF, interaction treatments of Ce-F; LF, interaction treatments 
of La-F; LCF, interaction treatments of La-Ce-F. Bacterial taxa: B7, Planctomycetota; B15, Desulfobacterota; B19, RCP2-54; B20, Nitrospirota; 
B21, Elusimicrobiota; B22, Dependentiae; B23, Halanaerobiaeota; B25, GAL15; B26, WS4; B27, Abditibacteriota; B28, FCPU426. Fungal taxa: G3, 
Mortierellomycota; G6, Mucoromycota; G9, Zoopagomycota; G12, Blastocladiomycota; G13, Kickxellomycota; G14, Calcarisporiellomycota; G15, 
Monoblepharomycota

(See figure on next page.)
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Previous studies identified GAL15 as the dominant 
bacterial taxon at the phylum level in the ionic rare earth 
mining soil [3, 53]. Our study showed that compared 
with the CK group, the relative abundance of GAL15 was 
decreased as the increase of the pollutant concentrations 
of four treatment groups, while the complete disappear-
ance was revealed in treatments of high concentrations 
of pollutants (Fig.  3). This was probably because that 
the experimental soils contained the high content of F 
(540.73 mg kg –1), which caused enhanced stress effect on 
GAL15 and decreased relative abundance or even com-
plete disappearance of GAL15, suggesting the sensitive 
property of GAL15 to F. Moreover, studies showed that 
GAL15 were involved in the inhibition of glycan biosyn-
thesis and metabolism [53], indicating that the decrease 
in the relative abundance of GAL15 would enhance the 
glycan biosynthesis and metabolism of the microbial 
community.

Our studies showed that both active and stable forms of 
La, Ce, and F played important roles in the variations of 
the taxonomic composition in the microbial communi-
ties. These results were consistent with those previously 
reported, showing that the active or unstable forms of the 
elements were the key drivers of variations in soil taxo-
nomic composition of microbial community due to their 
higher bioavailability [45, 54], while the stable forms of 
heavy metal elements, such as FeMn, ORG, and RES, are 
harmful to certain groups of microbes [55]. Interestingly, 
Elusimicrobiota were sensitive to the RES form of both 
La and F, probably due to the metabolites of this microbe 
that could promote dissociation of the stable fractions 
from soils [55], thus increasing the availability or toxicity 
of the RES form of both La and F. We note that further 
studies are needed to clarify the effects of these chemical 
fractions on the relative abundance of Elusimicrobiota. 
In the present study, the decrease in the relative abun-
dances of Planctomycetota, Dependentiae, and RCP2-54 
were significantly correlated with the chemical fractions, 
especially the available forms of La or Ce, due to their 
inhibitory effect on the cell growth [22], as previously 
reported. Additionally, Gemmataceae and Babeliaceae 
were the most dominant families of phyla Planctomyce-
tota and Dependentiae, respectively (Table  S1), playing 
the key roles in the metabolism of organic compounds, 
such as hydrolyzation of various carbohydrates in soils, 

as previously reported [54, 56]. These results indicated 
that the available forms of La or Ce significantly reduced 
the relative abundances of Planctomycetota and Depend-
entiae, and these two phyla showed the ecological func-
tions, i.e., decomposing organic compounds in soil [56, 
57]. Therefore, the reduced relative abundances of these 
two phyla may further affect their ecological functions of 
decomposing of organic compounds in soil.

Studies have shown that the fungal communities are 
sensitive to perturbations or changes in soil ecologi-
cal system [58]. In our study, the relative abundances of 
Mortierellomycota and Zoopagomycota were decreased 
by more than 80% in LC- and LCF-polluted soils. It 
was noteworthy that the relative abundance of Zoop-
agomycota was negatively influenced by La_RES, prob-
ably because that La_RES was more easily bound to the 
functional groups of cell membranes in Zoopagomycota 
to cause disruption of cell membranes [59], resulting 
in a decrease in the relative abundance of this phylum. 
Moreover, Mortierella and Syncephalis were the domi-
nant genera of Mortierellomycota and Zoopagomycota, 
respectively (Table  S1). These results were in accord-
ance with those previously reported, showing that the 
decreased relative abundances of these two genera could 
affect the mineralization of soil organic carbon, such as 
the decomposition of humic acid [59, 60].

In general, various microbes show multiple respon-
sive modes to the interaction effects of different forms 
of elements in the combined pollution soils, including 
inhibition, insusceptibility, and promotion effects. These 
interaction effects would change the microbial commu-
nity composition via stressing the sensitive taxa or pro-
moting the resistant microbial taxa. Additionally, our 
study showed that the RES forms of the three elements 
may have restrained the growth of certain microbes.

Tolerant microbial community
Although the pollutants at high concentrations have 
shown significant inhibitory effect on soil microor-
ganisms, some newly detected or tolerant microbes 
could be adaptive in the polluted environment via vari-
ous regulatory mechanisms, such as adsorption of the 
metal element by cell wall, efflux by metal transporting 
ATPases, or intracellular bioaccumulation of the metal 
elements [61, 62]. In our study, the correlation factors 

(See figure on next page.)
Fig. 5 Redundancy analysis of the tolerant bacterial and fungal taxa at the phylum level in combined pollution soils of La + Ce (a, b), Ce + F (c, 
d), La + F (e, f), and La + Ce + F (g, h), respectively. LC, interaction treatments of La-Ce; CF, interaction treatments of Ce-F; LF, interaction treatments 
of La-F; LCF, interaction treatments of La-Ce-F. Bacterial taxa: B8, Gemmatimonadota; B9, Patescibacteria; B11, Myxococcota; B12, Bacteroidota; 
B16, Armatimonadota; B22, Dependentiae; B23, Halanaerobiaeota; B27, Abditibacteriota; B28, FCPU426; B29, MBNT15; B30, Fibrobacterota; B31, 
Fusobacteriota. Fungal taxa: G4, unclassified_k fungi; G5, Chytridiomycota; G8, Glomeromycota; G10, Rozellomycota; G11, Basidiobolomycota
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responsible for the newly detected microbes or the signif-
icant increase in the relative abundance of microbes were 
investigated to further explore the interaction effects of 
the different chemical fractions of La, Ce, and F on the 
microbial community compositions in the combined pol-
lution soils.

Newly detected microbes
Some researchers suggested that the microbes newly 
detected in contaminated soils may be tolerant to pol-
lutants [12], which was attributed to the changes of soil 
properties [11]. In our study, Fibrobacterota were newly 
detected in CF-polluted treatments (Fig.  2a). Previous 
studies showed that Fibrobacterota produced polysaccha-
rides to adsorb metal ions [63], suggesting the adsorption 
of all chemical fractions of Ce and F by polysaccharides 
generated by Fibrobacterota, ultimately preventing the 
elements from entering cells and making these microbes 
adapt to CF-polluted treatments and become tolerant 
bacteria. Our study showed that Fusobacteriota were 
detected in LF-polluted treatments; these results were 
consistent with those previously reported, showing the 
promotion effects of La and F on organisms in a certain 
concentration range [5, 64]. Therefore, it was speculated 
that the concentrations of various chemical fractions of 
La and F were in the tolerance range of the phylum Fuso-
bacteriota, making this phylum the tolerant microbes 
in LF-polluted soils. It was noted that Fusobacteriota, 
a group of core intestinal bacteria [65], were newly 
detected with extremely low relative abundance (ranging 
from 0.003 to 0.007%) only in LF-polluted soils. Pan et al. 
[55] showed that the rare microbes play important roles 
in maintaining the community diversity and correlating 
multiple ecological functions. Further investigations are 
necessary to verify the functions of these newly detected 
microbes in this study.

Microbes with significantly increased relative abundances
Studies have shown that the microbes with significantly 
increased relative abundances are revealed with strong 
tolerance to pollutant stress [66]. In our study, the rela-
tive abundance of Gemmatimonadota was increased by 
79.24, 451.36, 516.06 and 530.89% in four combined pol-
lution soils, respectively (Fig.  3), suggesting the strong 
tolerance of this phylum in these pollution soils. Previ-
ous studies indicated that Gemmatimonadota were the 
key microbial hosts for heavy metal resistance genes and 
antibiotic resistance genes [67]. These studies suggested 
that the phylum Gemmatimonadota contained La, Ce, 
and F tolerant bacterial taxa. Our results showed that 
Gemmatimonas was the predominant microorganism of 
the phylum Gemmatimonadota (Table S1), while studies 
showed this genus was involved in the mineralization of 

organic matters [68]. Therefore, the significant increase 
of the relative abundance of Gemmatimonas could pro-
mote the mineralization of organic matters in the four 
groups of contaminated soils and enhance the soil car-
bon emissions. Studies have shown that some microbes 
can produce extracellular polymeric substances to pre-
vent metal ions in contaminated soils from entering 
the microbial cells [61]. Our results showed that as the 
dominant genus of Bacteroidota, Mucilaginibacter could 
produce and secrete extracellular polymeric substances 
into the surrounding environments to absorb copper 
(Cu) and zinc (Zn), as previously reported [68]. There-
fore, the tolerant property of Bacteroidota was probably 
due to Mucilaginibacter, which was the dominant genus 
of this phylum, producing the extracellular polymeric 
substances to absorb the various chemical fractions of 
these three elements. These results were consistent with 
those previously reported, showing that F was an anion 
that could be absorbed by the extracellular polymeric 
substance of Mucilaginibacter and the extracellular poly-
meric substances produced by this genus could exchange 
anions through electrostatic interactions [53], ultimately 
promoting the resistance of this bacterial taxon in the 
four groups of polluted soils.

Despite the weak mobility of the stable forms of La and 
Ce in the soils [64], our study revealed different effects of 
these forms on various microbes. For example, La_RES 
and Ce_RES were the key drivers of the increase in the 
relative abundances of Myxococcota and Armatimon-
adota in LCF-polluted soil (Fig.  5g), with Haliangium 
and Chthonomonas identified as their dominant genera, 
respectively (Table S1). Studies have shown that Halian-
gium could enrich phosphorus [69] and Chthonomonas 
could produce phospholipids [70], suggesting that these 
two genera could absorb or bind both La_RES and Ce_
RES to ultimately promote the bacterial cell proliferation.

The taxonomic composition of fungal community is 
generally stable or tolerant to pollutants due to the strong 
fungal adsorption, filtration, and retention of pollutants 
[71]. In our study, Chytridiomycota, Glomeromycota, 
Rozellomycota, and Basidiobolomycota were identified as 
the tolerant fungal phyla in four groups of polluted soils, 
respectively (Fig.  3). Specifically, the relative abundance 
of Chytridiomycota was increased by 275–2871% in the 
four groups of polluted soils (Fig. 3). Our results revealed 
the tolerance of this phylum to the interaction effect of 
most chemical fractions of La, Ce, and F, probably due 
to its capability of synthesizing secondary metabolites, 
involvement in enzymatic activities, and regulation of 
metal induced protein synthesis [61], thus producing 
complexes with the different chemical fractions of La, 
Ce, and F, ultimately promoting fungal cell prolifera-
tion. These results were consistent with those previously 
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reported, showing that these three tolerant fungal phyla 
could adsorb pollutants through cell walls to protect 
fungi from pollutant stress and develop resistance to pol-
lutants [72].

In conclusion, Several limitations of this study were 
noted. We only studied the effects of the chemical frac-
tions of La, Ce, and F pollution elements on microbi-
omes and the possible effects of microorganisms on the 
corresponding functions of soil ecology. Although we 
discussed some relatively dominant bacterial and fungal 
genera, further explorations are necessary to identify the 
sensitive microbes at the species level. Moreover, it is still 
necessary to further evaluate the effects of Cl element 
introduced by  LaCl3·7H2O and  CeCl3·7H2O of analyti-
cal grades on soil microorganism composition. In sum-
mary, the in-depth investigations in these areas would 
strengthen and verify the findings revealed in our study 
and provide a strong experimental foundation to support 
the ecological restoration of La, Ce, and F contaminated 
soil.

Conclusions
Our study revealed the sensitive and tolerant microbes 
with multiple responsive modes to the various interac-
tions of different chemical fractions of La, Ce, and F in 
farmland soils. La_RES was the key correlation fac-
tor responsible for the disappearance or the significant 
increase in the relative abundance of microbes in LC-pol-
luted soils; Ce_EX and four chemical fractions of F (i.e., 
F_EX, F_FeMn, F_ORG, and F_RES) in CF-polluted soils 
were identified as the stress factors for the disappearance 
or the decrease in the relative abundances of microbes. 
Furthermore, La_WS showed the most toxic effect on 
bacterial taxa at the phylum level, while all chemical 
fractions of La and F caused the novel appearance of 
microbes in LF-polluted soils. Both La_RES and F_FeMn 
were detected as the stress factors in LCF-polluted soils. 
Our study further indicated the LC polluted soil had the 
most toxicity than other three soils on sensitive microbes 
for La and Ce had the synergistic effects to enhance the 
toxicity of their chemical fractions. The undetected and 
newly detected microbes as well as the microbes with sig-
nificant changes in the relative abundance would affect 
the mineralization of soil organic matters or the nitrogen 
transformation. Therefore, interaction groups of vari-
ous chemical fractions of La, Ce, and F would inhibit or 
enhance the growth of different microbial communities. 
In future studies, it is necessary to explore the interac-
tions of various chemical fractions of La, Ce, and F on the 
ecological functions of sensitive and tolerant microbes at 
genus level of microbial communities, in order to provide 
a certain theoretical basis for the ecological restoration of 
La, Ce, and F contaminated soil.
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