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• Both PFASs affected the properties and 
microbial communities of the bulk soils. 

• Different types and levels of PFAS 
resulted in different root exudates. 

• Root exudates and PFAS together influ
enced the rhizosphere microbial 
community. 

• F-53B leads to greater rhizosphere de
fense system response. 

• The response of the rhizosphere defense 
system is plant-specific.  
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A B S T R A C T   

Chlorinated polyfluoroalkyl ether sulfonate (F-53B) and perfluorooctanesulfonate (PFOS) are used and emitted 
as fog inhibitors in the chromium plating industry, and they are widely detected worldwide. To study the effects 
of F-53B and PFOS on the rhizosphere defense system, they were added at two levels (0.1 and 50 mg L− 1) to the 
soil where different plants (Lythrum salicaria and Phragmites communis) were grown. In bulk soils, high con
centrations of F-53B/PFOS resulted in significant increases in soil pH, NH4

+-N, and NO3
- -N (the effect of PFOS on 

NO3
- -N was not significant). Moreover, the extent of the effects of PFOS and F-53B on the physicochemical 

properties of bulk soils were different (e.g., PFOS caused an increase of NH4
+-N by 8.94%− 45.97% compared to 

1.63%− 25.20% for F-53B). Root exudates and PFASs together influenced the physicochemical properties of 
rhizosphere soils (e.g., TOC increased significantly in contaminated rhizosphere soils but did not change in non- 
bulk soils). Under the influence of F-53B/PFOS, the root exudates regulated by plants were changed and 
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weakened the effect of F-53B/PFOS on microbial community of rhizosphere soil. The rhizosphere defense sys
tems of different plants have both similarities and differences in response to different substances and 
concentrations.   

1. Introduction 

Perfluorooctanesulfonate (PFOS) has been commonly used in the 
manufacture of paper, textile and leather for nearly half a century (Qian 
et al., 2019). PFOS is considered a major health hazard due to its 
chemical stability, bioaccumulation properties, and toxicity to living 
organisms (Abdel-Gawad et al., 2016; Briels et al., 2018; Huang et al., 
2015). The major manufacturer 3 M voluntarily phased out PFOS in 
2000, which started a series of measures to restrict the production and 
use of the compound (Briels et al., 2018; Mao et al., 2018). In May 2009, 
PFOS and its salts were listed in Annex B of the Stockholm Convention 
on Persistent Organic Pollutants by the Fourth Meeting of the Parties 
(Stokke and Thommessen, 2013). However, due to the lack of readily 
available alternatives, the electroplating industry is one of the 
Convention exemptions for the production and use of PFOS (Stokke and 
Thommessen, 2013). 

In China, a country with a well-developed electroplating industry, 
the chlorinated polyfluoroalkyl ether sulfonate (6: 2 Cl-PFESA, trade 
name F-53B) has started to be used as a fluorinated alternative for PFOS 
(Wang et al., 2013). Due to its low production cost and reduction in the 
use of PFOS, the demand for F-53B is seen to increase for the Chinese 
mist suppressant market (Ruan et al., 2015). Both PFOS and F-53B enter 
surrounding environments during production, use, and disposal, and 
have been detected in a variety of environmental media, including air, 
soil, aquatic systems and biological samples (Qian et al., 2019). The 
presence and potential hazards of F-53B in the environment have been 
overlooked for decades (Briels et al., 2018; Wang et al., 2013). Like 
PFOS, F-53B is environmentally persistent, indicating that F-53B can 
potentially be distributed and continuously accumulated globally (Briels 
et al., 2018; Gomis et al., 2015). And similar to PFOS (Nakayama et al., 
2005), the concentration of F-53B in natural waters is up to mg L− 1 level 
(Ti et al., 2018). Many existing studies have highlighted the develop
mental toxicity, immunotoxicity, genotoxicity and neurotoxicity of 
PFOS in individuals (Briels et al., 2018; Qian et al., 2019). However, 
there are relatively few studies on the environmental impact of F-53B. 
As the substitute of PFOS, F-53B differs from PFOS in terms of molecular 
structure and molecular energy (Fig. S1), which can lead to different 
physical and chemical properties. For instance, Deng et al. (2018) found 
that F-53B is more bioaccumulative than PFOS. Therefore, it can be 
inferred that the environmental effects of F-53B and PFOS are different. 

The root-soil-microbe interaction mediated by root exudates con
stitutes an essential part of the defense strategy of plants in soil (Baetz 
and Martinoia, 2014; Doornbos et al., 2012; Hu et al., 2018; Siqueira 
et al., 1991). The rhizosphere defense system provides services for plants 
to adapt to pollution stress or nutrient deficiency (Baetz and Martinoia, 
2014; Carvalhais et al., 2011; Hu et al., 2018; Huang et al., 2016). To the 
best of our knowledge, no study has yet compared the effects of F-53B 
and PFOS on the rhizosphere defense system in the soil. Riparian plants 
are often used in riparian ecological restoration and sewage treatment 
plants for advanced treatment (Hale et al., 2018; Soda et al., 2012), and 
are the type of plants having the most exposure to PFOS and F-53B (Gao 
et al., 2017; Lechner and Knapp, 2011; Qian et al., 2017). Evaluating the 
responses of riparian plant rhizosphere defense system to these two per- 
and polyfluoroalkyl substances (PFAS) can serve as a pilot study for 
comparing the environmental and ecological impacts of F-53B and 
PFOS. 

In this study, an indoor microenvironmental study was conducted to 
characterize the root exudates and rhizosphere microbial communities 
of two typical riparian plants under the influence of different concen
trations of F-53B and PFOS, in order to explore the differences in plant 

rhizosphere defense systems in response to F-53B and PFOS stresses. 

2. Methods 

2.1. Materials and reagents 

F – 53B and PFOS were purchased from Shanghai Synica and Sigma- 
Aldrich Co., with purity of > 98%. Two dominant riparian plants in 
Taihu Lake Basin, eastern China, the perennial herb Lythrum salicaria 
(Ls, dicotyledonous) and the reed Phragmites communis (Pc, mono
cotyledonous), were selected in the study (Lu et al., 2020a). To avoid 
atypically high absorption rates which may be seen in young plants 
(Qian et al., 2019), healthy, homogeneous, lab-grown plants aged 3 
months were used for the exposure experiment. After 7 days of filter 
paper germination, the plants were transferred to a half-strength 
Hoagland’s solution (Qian et al., 2019) in an artificial climate cham
ber for two and a half months, and then transferred to the prepared soil 
in the experimental climate chamber for a further half month prior to 
rhizobox planting. The soil (pH 7.1) was obtained from the riparian of 
the Wangyu River in the Taihu Lake Basin of Wuxi City, Jiangsu Prov
ince, China (31◦27’00"N, 120◦29’02"E). According to FAO/WRB soil 
classification, the soil is Gleysol. And the soil consisted of 11.9% sand, 
42.2% silt and 45.9% clay, with an organic matter content of 2.13%, and 
a total organic carbon of 14.57 g kg− 1, total nitrogen of 2.78 g kg− 1, 
available nitrogen of 486.74 mg kg− 1, total phosphorus of 0.35 g kg− 1, 
available phosphorus of 4.35 mg kg− 1, total potassium of 1.63 g kg− 1, 
available potassium of 98.71 mg kg− 1, cation exchange capacity of 
18.36 meq 100 g− 1 and electric conductivity of 0.42 dS m− 1. PFOS and 
F-53B were not detected in the collected soils (Detection limit: 0.49 ng 
g− 1 dry weight and 1.12 ng g− 1 dry weight, respectively). The soil was 
dried, ground and sieved (2 mm), then sterilized by autoclaving at 
121 ◦C for 45 min over three consecutive days (Pan and Chu, 2016). 

2.2. Experimental design 

Plants were grown in rhizoboxes (interior: 3 cm × 30 cm × 40 cm, 
Fig. S2) with 3.5 ± 0.1 kg soils. There are 3 watering holes near the base 
of each rhizobox (Fig S2). A riparian microenvironment is created by 
hose-connecting the watering holes of the rhizobox and a plastic bucket 
(interior: 12 cm × 20 cm × 44 cm) filled with polyfluoroalkyl substance 
solution. The hoses took on the role of solution inflow and outflow from 
the rhizobox. The height of the solution in the plastic bucket was 
maintained at 25 cm. Forty-five riparian microenvironmental devices 
were randomly selected to subject to five treatments: (i) control: 
distilled water in the plastic bucket; (ii) low PFOS contamination: 
distilled water with 0.1 mg L− 1 PFOS (low PFOS); (iii) high PFOS 
contamination: distilled water with 50 mg L− 1 PFOS (high PFOS); (iv) 
low F-53B contamination: distilled water with 0.1 mg L− 1 F-53B (low F- 
53B); and (v) high F-53B contamination: distilled water with 50 mg L− 1 

F-53B (high F-53B). The low concentration (0.1 mg L− 1) treatment 
group was used to simulate the concentration of contaminants in the 
current natural water, while the high concentration (50 mg L− 1) treat
ment group was used to simulate emergency events such as high accu
mulation of contaminants or contaminant spills. Six of the nine 
rhizoboxes under each treatment were randomly assigned for 
P. communis and L. salicaria, with 3 for each species. Each rhizobox was 
planted with one plant seedling. The remaining 3 rhizoboxes of each 
treatment without plant were for the bulk soil sampling. At the begin
ning of the experiment, 100 ml of half-strength Hoagland’s solution was 
administered to each rhizoboxes. In addition, 100 ml of half-strength 
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Hoagland’s solution was added from above the rhizoboxes (directly into 
the soil) every 7 days after the start of the experiment to feed the plants 
(Barbour and DeJong, 1977). Experimental climate chamber (aralab 
fitoclima 5000 PLH, Riode Mouro, Portugal) temperature ranged from 
16 ◦C to 24 ◦C and the air humidity ranged from 80% to 64%. The light 
(cool white fluorescent lamps, Osram, Germany) intensity at plant level 
was reached up to 750 μmol m− 2 s− 1 at 12:00 (Table S1). The experi
ment lasted for a total of 100 days. 

2.3. Sampling 

All microenvironmental devices were sampled (i.e., three replicate 
samples for both soil and root exudates). To aseptically collect the 
rhizosphere soil, the entire plant was removed from the soil and gently 
shaken to remove the soil not tightly attached to the root. A pull vi
bration method was first employed to separate the rhizosphere soil 
particles which spontaneously detached from the roots. Then, the plants 
were placed in beakers containing 2 L of physiological solution (9 g L− 1 

NaCl) to obtain the rhizosphere interface, which is the soil closely 
adhering to the root rhizoplane (Mapelli et al., 2018). The water-soil 
mixture was vortexed for 5 min and centrifuged at 4000 rpm for 5 
min. The supernatant was discarded, and the remaining soil fraction was 
mixed with the rhizosphere soil previously detached from roots as the 
rhizosphere soil (Mapelli et al., 2018). Both bulk and rhizosphere soil 
samples were stored at − 80 ◦C for molecular analysis. 

2.4. Root exudate collection and analysis 

After soil sampling, the plant roots were carefully and repeatedly 
washed with deionized water. These plants were then inserted into test 
tubes filled with sterile glass beads (providing soil-like mechanical 
resistance and porosity) (Tückmantel et al., 2017). Then, 60 ml of 
distilled water was added to the test tube and the root exudate was 
allowed to secrete for 8 h (Wang et al., 2019). After that, the trap so
lutions containing exudate collected in each test tube were filtered 
through a sterile syringe filter (0.45 µm) to remove plant root residues. 
The trap solution was freeze-dried and weighed. The dried powder was 
then fully dissolved in 80% methanol solution according to the method 
described by Zhu et al. (2016). The root exudates were derivatized by 
adding methoxamine hydrochloride / pyridine and MSTFA (+1% 
TMCS) according to the method described by Sana et al. (2010). GC-MS 
analysis of root exudates was performed using a Model 7890 gas chro
matograph system (Agilent, Santa Clara, CA) coupled with a Pegasus HT 
time-of-flight mass spectrometer (Leco, St. Joseph,MI). Data files were 
subjected to data baseline filtering, baseline calibration, peak alignment, 
deconvolution analysis, peak identification, and peak area integration 
using LECO’s Chroma TOF 4.3 3x software and Leco- fiehn Rtx5 data
bases. A total of 256 peaks were detected, in which 178 named metab
olites were identified. All detected substances were grouped according 
to acids, carbohydrates, lipids, alcohols, amines and other metabolites 
(substances that were not identified were also classified as other me
tabolites). The acids were further subdivided: firstly, 
low-molecular-weight organic acids were filtered and classified as 
organic acids, and the remaining substances were classified as fatty 
acids, amino acids, and other acids. 

2.5. DNA extraction and Illumina sequencing 

According to the manufacturer instructions, extractions were carried 
out on 500 mg of soil (wet weight) using the E.Z.N.A.® soil DNA Kit 
(Omega Bio-tek, Norcross, GA, U.S.). DNA was extracted from three 
technical replicates per sample to minimize the DNA extraction bias. The 
final DNA concentration and purification were determined by NanoDrop 
2000 UV–vis spectrophotometer (Thermo Scientific, Wilmington, USA), 
and DNA quality was checked by 1% agarose gel electrophoresis. The 
V3-V4 hypervariable regions of the bacteria 16 S rRNA gene were 

amplified with primers 338 F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 
806 R (5′-GGACTACHVGGGTWTCTAAT-3′) by thermocycler PCR sys
tem (GeneAmp 9700, ABI, USA). The PCR reactions were conducted 
using the following program: 3 min of denaturation at 95 ◦C, 27 cycles of 
30 s at 95 ◦C, 30 s for annealing at 55 ◦C, and 45 s for elongation at 72 ◦C, 
and a final extension at 72 ◦C for 10 min. PCR reactions were performed 
in triplicate 20 μL mixture containing 4 μL of 5 × FastPfu Buffer, 2 μL of 
2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Poly
merase and 10 ng of template DNA. The resulted PCR products were 
extracted from a 2% agarose gel and further purified using the AxyPrep 
DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and 
quantified using QuantiFluor ™ -ST (Promega, USA) according to the 
manufacturer protocol. Illumina MiSeq high-throughput sequencing was 
performed at Majorbio Biotech Co., Ltd. Purified amplicons were pooled 
in equimolar and paired-end sequenced on an Illumina MiSeq platform 
(Illumina, San Diego, USA) according to the standard protocols by 
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw 
sequences were analyzed using the QIIME2 framework (Bolyen et al., 
2019, p. 2). Filtered high-quality reads were analyzed using DEBLUR 
software to produce amplified sequence variants (ASVs). The taxonomic 
assignment of ASVs was performed with the classifier in the QIIME2 
framework (February 2020). 

2.6. Statistical analyses 

The means ± standard deviations of three replicates were calculated. 
Significant differences of mean were detected by one-way analysis of 
variance with Duncan’s multiple range test. 

For root exudates, compound-specific concentrations (μg plant− 1) 
were calculated using the dry weight of the trap solution multiplied by 
the relative peak height. Principal component analysis (PCA) and partial 
least squares discriminant analysis (PLS-DA) of root exudates were 
performed using R software (v 4.2.0, R Core Team and the R Foundation 
for Statistical Computing, Vienna, Austria). 

For soil microorganisms, the alpha diversity of the samples was ob
tained using the QIIME2 framework calculations. A principal coordinate 
analysis (PCoA) was performed using R software to determine β di
versity. Co-occurrence networks of microbial communities with 
different pollution conditions were constructed. Correlations with ρ >
0.8 and P values < 0.05 were considered statistically significant and 
robust. A checkerboard score (C-score) model was used as a measure of 
species separation and its variance (Cvar-score) as a measure of species 
separation and aggregation in the microbial community (Niederdorfer 
et al., 2021). Co-occurrence network and C-score analysis of the samples 
were performed using Python and R scripts (https://github.com/Richi 
eJu520). To clarify the functional content of the communities in the 
samples, predictions were made using the PICRUSt2 tool based on 16 S 
rRNA gene sequencing data (Douglas et al., 2020a). 

The relationships between plant species, PFOS and F-53B concen
trations, soil physicochemical properties, root secretion characteristics 
and soil microbial communities were analyzed using the partial least 
squares pathway model (PLS-PM) of R software. 

3. Results and discussion 

3.1. Soil physicochemical properties 

Soil total organic carbon (TOC), pH, ammonium (NH4
+-N), and ni

trate (NO3
- -N) were all affected by both PFOS and F-53B exposure 

(Table 1). The pH of soils with no plant (bulk soil), or planted with Ls or 
Pc all tended to increase with PFOS or F-53B concentration. The dif
ferences in pH of rhizosphere soil of the same plant species were not 
significant among the treatment groups. The addition of both PFAS did 
not cause significant (p > 0.05) changes in the TOC content of the bulk 
soils. However, the addition of both PFASs led to an increase in TOC 
content in both Ls and Pc soils (significantly higher than the respective 
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controls except for Ls soils in the high F-53B group and Pc soils in the low 
PFOS group), while F-53B resulted in a greater magnitude of TOC con
tent change. This may be because plants release more exudates for de
fense against PFASs (in fact, the dry weight of root exudates increased 
with increasing PFOS/F-53B treatment concentration, Fig. S5), which 
leads to the increase of TOC in rhizosphere soil. The NO3

- -N content in 
the three soils showed different trends with increasing PFOS concen
trations (bulk soils: significantly decreasing and then significantly 
increasing, Ls soils: no significant change, and Pc soils: decreasing). The 
NO3

- -N content in bulk soils increased with increasing F-53B concen
tration, while the trend of NO3

- -N content in both rhizosphere soils with 
increasing F-53B concentration was similar to that of PFOS. The NH4

+-N 
content in both bulk soils increased with significantly increasing PFOS 
or F-53B concentrations. It could be found that PFOS (increased by 
8.94–45.97%) had a more significant effect on NH4

+-N content in both 
soils compared to F-53B (increased by 1.63–25.20%) in bulk soils. In Ls 
soils, high PFOS or F-53B concentrations caused a significant (p < 0.05) 
increase in NH4

+-N content. In contrast, neither of the two PFAS addi
tions caused significant changes in NH4

+-N in Pc soils. In experiments on 
activated sludge, PFOS has been shown to alter the microbial commu
nity structure and affect the performance of activated sludge in both 
acute and long-term exposures (Lu et al., 2022; Sheng et al., 2021). The 
differences in the bulk soil properties likely result from both the direct 
effects of PFAS and the indirect effects mediated by PFAS-affected mi
crobial communities. Moreover, it can be found that there are differ
ences between properties of bulk soils exposed to PFOS and F-53B. Some 
of the available literature suggests that the bioconcentration and toxicity 

of these two PFASs are different (Liu et al., 2018; Tu et al., 2019). The 
varied trends of soil properties with increasing PFAS concentration be
tween rhizosphere and bulk soil indicate that the effects of PFAS on soil 
are also related to the presence or absence of plants. We previously 
investigated the effects of PFOS on N cycling rates and N-related func
tional gene expression in soils and found that plants actively limit the 
steps of N cycling in rhizosphere soils leading to the accumulation of 
NH4

+-N and the reduction of NO3
- -N (Lu et al., 2020a). This was 

corroborated in the present study and a similar phenomenon was 
observed in the F-53B experimental group, suggesting that plants might 
also down-regulate the rate of N cycling in their rhizosphere soils during 
the defense against F-53B. Previous literature has shown that the uptake 
kinetics of PFAS by plants are influenced by soil properties such as pH 
(W. L. Wang et al., 2020; W. Wang et al., 2020; Zhao et al., 2013). Our 
previous study found that trace amounts of PFAS did not have entirely 
adverse effects on certain plants (Qian et al., 2019). Therefore, we 
speculate that plants may have different physiological responses to 
various doses of PFAS. That is, plants modify PFAS uptake kinetics by 
altering root exudation through feedback regulation to adjust soil 
physicochemical properties directly or indirectly by affecting rhizo
sphere microorganisms. 

3.2. Root exudate metabolomics 

Studies have found that plants release 11–40% of the net product of 
photosynthesis to the rhizosphere (Huang et al., 2019; Morgan et al., 
2005; Walker et al., 2003). Root exudates of plants play a crucial role in 
regulating plant-environment interactions (Lakshmanan et al., 2014; 
Singh et al., 2004). The PFASs have been reported to cause oxidative 
stress in plants resulting in phytotoxicity (Li et al., 2022; Qian et al., 
2019; Qu et al., 2010). Therefore, it is desirable to know whether 
exposure to different levels of PFOS and F-35B has altered the root 
metabolite profile. A total of 178 root exudates were identified by 
GC-MS analysis followed by classification according to their chemical 
properties (i.e., acids, carbohydrates, lipids, alcohols, amines and other 
metabolites, Fig. 1a). The composition of Ls root exudate was more 
susceptible to the exposure of PFASs compared to that of Pc. The acids 
proportion in the root exudate of both plants was elevated with exposure 
to the PFASs. The percentage of acids in the root exudates of Ls and Pc 
under the influence of high PFOS and Pc under the influence of high 
F-53B was significantly (p < 0.05) higher than that of the respective 
controls (Fig. S4). In contrast, the percentage of carbohydrates in the 
root exudate of Ls significantly increased under the influence of high 
PFAS concentrations while Pc decreased (significant under high F-53B 
treatment). The results of fresh weight measurements on plants (Fig. S3) 
showed that the application of PFOS or F-53B negatively affected plant 
growth. The fresh weight of both plants in the high concentration group 
was significantly lower than that of the control group. Carbohydrates 
accumulate under stress (P. Liu et al., 2020; W. Liu et al., 2020), and in 
this study, plants were subjected to PFOS or F-53B stress with growth 
inhibition, leading to a decrease in carbon demand, which resulted in 
carbohydrate accumulation. This may be one of the reasons for the in
crease in carbohydrate share of Ls root exudates. Some carbohydrates in 
root exudates occur primarily passively by diffusion (Bertin et al., 2003), 
while both PFOS and F-53B have been shown to interact positively with 
biofilms (Liu et al., 2018). This is one of the reasons for the increase in 
carbohydrates in metabolites. In addition, some carbohydrates play an 
active role in root penetration and defense processes (as lubricants) 
(Galloway et al., 2020) as well as in the activity and metabolism of 
rhizosphere microorganisms (Meier et al., 2017; Wu et al., 2017). Car
bohydrates are the main product of photosynthesis in plants; therefore, 
the weakening of carbohydrate metabolism may be related to the 
disruption of plant photosynthetic pigments by PFASs (Li et al., 2021). In 
addition, differences in the carbon investment strategies of plants to the 
root system in different environments may also be responsible (Zhang 
et al., 2017). The results imply that Ls and Pc adopted different 

Table 1 
Chemical propertiesa of bulk and rhizosphere soils under different per
fluorooctanesulfonate (PFOS) and chlorinated polyfluoroalkyl ether sulfonate 
(F-53B) concentrations.   

Control Low F- 
53B 

Low PFOS High F- 
53B 

High 
PFOS 

pH      
Bulk soil 7.06 ±

0.02bA 
7.08 ±
0.02bA 

7.08 ±
0.01bA 

7.15 ±
0.02abA 

7.16 ±
0.01 aA 

Ls rhizosphere 
soil 

6.93 ±
0.02aB 

6.93 ±
0.01aB 

6.95 ±
0.02aB 

6.98 ±
0.01aB 

7.01 ±
0.02aB 

Pc rhizosphere 
soil 

7.00 ±
0.02aAB 

6.98 ±
0.03aAB 

7.01 ±
0.02aAB 

7.06 ±
0.03aAB 

7.07 ±
0.02aAB 

TOC (g kg− 1 

dw)      
Bulk soil 15.23 ±

0.78aC 
15.02 ±
0.64aC 

15.11 ±
0.57aC 

15.24 ±
0.10aB 

15.33 ±
0.19aB 

Ls rhizosphere 
soil 

25.36 ±
0.61bA 

29.53 ±
0.78 aA 

28.29 ±
0.11 aA 

26.83 ±
0.43abA 

27.36 ±
0.15 aA 

Pc rhizosphere 
soil 

22.79 ±
0.38bB 

25.09 ±
0.57aB 

24.66 ±
0.80abB 

26.19 ±
0.50 aA 

25.84 ±
0.84 aA 

NO3
- -N (g kg− 1 

dw)      
Bulk soil 0.67 ±

0.03bA 
0.76 ±
0.03abA 

0.42 ±
0.01cA 

0.83 ±
0.03 aA 

0.72 ±
0.02abA 

Ls rhizosphere 
soil 

0.10 ±
0.02aB 

0.11 ±
0.01aB 

0.12 ±
0.02aB 

0.10 ±
0.03aB 

0.09 ±
0.02aB 

Pc rhizosphere 
soil 

0.16 ±
0.01aB 

0.14 ±
0.01abB 

0.13 ±
0.02abB 

0.08 ±
0.01bB 

0.07 ±
0.02bB 

NH4
+-N (g 

kg− 1 dw)      
Bulk soil 1.23 ±

0.02eA 
1.25 ±
0.02dA 

1.34 ±
0.02cA 

1.54 ±
0.02bA 

1.82 ±
0.01 aA 

Ls rhizosphere 
soil 

0.21 ±
0.01bB 

0.19 ±
0.02bB 

0.23 ±
0.02bB 

0.35 ±
0.02aB 

0.38 ±
0.01aB 

Pc rhizosphere 
soil 

0.23 ±
0.02aB 

0.21 ±
0.02aB 

0.19 ±
0.02aB 

0.27 ±
0.02aB 

0.27 ±
0.02aC  

a Results are presented as means ± standard deviations (n = 3); different 
lowercase letters indicate statistically significant (p < 0.05) differences between 
treatments (control, low F-53B, low PFOS, high F-53B and high PFOS) in the 
same soil; different uppercase letters indicate statistically significant (p < 0.05) 
differences between soils (bulk soil, Ls and Pc rhizosphere soil) under the same 
treatment. Ls: Lythrum salicaria; Pc: Phragmites communis; dw: dry weight. 
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Fig. 1. Effects of different concentrations of perfluorooctanesulfonate (PFOS) and chlorinated polyfluoroalkyl ether sulfonate (F-53B) on root metabolites of two 
study plants. The classification and percentage of known (a) metabolites and (b) acids in each sample. (c) Score scatter plot of PCA model for identified differential 
metabolites. LS: Lythrum salicaria; PC: Phragmites communis; CON: no addition; L: low concentration; H: high concentration; P: PFOS; F: F-53B. 
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strategies to respond to the same environmental stress, mirroring pre
vious studies that reported different responses and sensitivity of 
monocotyledonous and dicotyledonous to certain abiotic stresses (Cor
rales et al., 2008; Huang et al., 2011). The high concentration of PFOS 
led to a significant (p < 0.05) increase in the percentage of lipids in the 
metabolites of Ls root exudates, while the changes in the percentage of 
lipids were insignificant in any of the other experimental groups. 
Disruption of plant cell membranes by external stress results in an in
crease in lipids in metabolites (Lucini et al., 2019). In addition, some 
lipids act as signaling and defense substances in plants (Suar
ez-Fernandez et al., 2020), and the increase in the percentage of lipids 
implies the initiation of plant defense mechanisms. Wen et al. (2016) 
reported that the content of lipids was negatively correlated with the 
accumulation of PFOS, suggesting that plants tend to reduce the accu
mulation of pollutants by increasing lipids. The percentage of lipids in 
root exudates did not change significantly under the influence of F-53B, 
implying that plants did not adopt the same defense strategy in response 
to F-53B as they did in response to PFOS. Neither PFOS nor F-53B 
resulted in significant changes in the percentage of alcohols in the root 
exudates of the two plants. The relative abundance of amines in the root 
exudates of both plants was significantly (p < 0.05) increased only in the 
high F-53B treatment group. According to Jones et al. (2003), amines in 
root exudates are used for microbial growth, and the increase in amines 
would lead to an increase in NH4

+-N in the rhizosphere soil (Table 1). 
Wang et al. (2021) suggested that the increase in amines in plant root 
exudates under stress may be related to the massive degradation of 
proteins in plants during stress resistance. 

Many acids play an essential role in growth regulation and defense 
processes in plants (Badri and Vivanco, 2009; Bertin et al., 2003). In our 
study, the proportion (not significant, Fig. 1b and S6) and amount 
(significant, p < 0.05, Fig. S7) of fatty acid in the root metabolites 
increased due to exposure to high concentrations of PFOS and F-53B. 
Fatty acids play a role in plant growth regulation (Bertin et al., 2003) 
and are often used as indicators of root membrane damage (Rico et al., 
2013; Wang et al., 2019). An increase in fatty acid metabolism protects 
plants from reactive oxygen species (Wang et al., 2019). Bertin et al. 
(2003) suggested that root secretion of amino acids occurs mainly 
passively by diffusion and might be enhanced under stress. However, in 
our study, the amino acids secreted by plants exposed to PFOS and F-53B 
were lower than the control group (Fig. 1b, S6 and S7). A recent study 
showed that PFOS led to a decrease in the amino acids content of the 
leaves (Guo et al., 2020). Amino acids are essential components of 
proteins, metabolite precursors and signaling molecules and play an 
important role in plant stress tolerance by regulating intracellular pH, 
stomatal conductance and detoxifying reactive oxygen species (Fotiadis 
et al., 2013; P. Liu et al., 2020; W. Liu et al., 2020). Several phytotox
icological experiments have observed increased soluble proteins in plant 
roots affected by PFASs (Li et al., 2022). Zhang et al. (2012) suggested 
that the affected biosynthesis of substances such as proteins leads to a 
decrease in free amino acids. This may be one of the reasons for the 
significant decrease in amino acids after exposure to PFOS/F-53B. 
Organic acids released from plant cells positively correlate with plant 
stress tolerance to biotic and abiotic stresses (Upchurch, 2008). In the 
present study, the organic acids in the root metabolites of Ls were 
upregulated generally with the increasing concentration of PFOS/F-53B 
(Fig. S7). However, exposure to low concentrations of both PFASs 
resulted in a decrease in the content of organic acids in the Pc root 
system but an increase observed under high stress (Fig. S7). Studies have 
suggested that organic acid from roots release can operate by a variety of 
mechanisms in response to many well-defined environmental stresses 
(Jones, 1998; Panchal et al., 2021). This suggests that these two types of 
plants are different in their tolerance to stress or that these two types of 
plants have different stress tolerance strategies. Surprisingly, of the 
organic acid, the abundance of citric acid in the root exudates of both 
plants decreased significantly (p < 0.05) and then increased signifi
cantly (p < 0.05) with increasing PFOS concentration, while it showed a 

significant (p < 0.05) up-regulation and then significant (p < 0.05) 
down-regulation trend with increasing F-53B concentration. Changes in 
citric acid content were possibly a metabolic shift in the tricarboxylic 
acid cycle (Badri and Vivanco, 2009) or may have accelerated the up
take of certain elements by the plant (Zhao et al., 2016). Studies have 
shown that root-released acids (e.g. malic and citric acids) attract certain 
specific strains (de Weert et al., 2002), and in this study both PFAS 
resulted in significant (p < 0.05) up-regulation of malic acid. 

The PCA of the metabolomics data produced two principal compo
nents (PCs) which explained more than 50% of the total variance (PC1 
and PC2 explained 31.3% and 21.3%, respectively). The score plots 
(Fig. 2c) of PC1 and PC2 showed that the root exudate of Ls changed 
more significantly under the influence of both PFASs, while the change 
in root exudate of Pc was not as evident in all treatments except the high 
concentration of F-53B. To visualize the general differences, the iden
tified metabolites were normalized and analyzed by partial least squares 
discriminant analysis (PLS-DA). Both plant species and treatment types 
showed a clear separation (Fig. S8). 

3.3. Structure and function pattern of microorganisms 

The Shannon index was used to assess the microbial diversity in the 
rhizosphere soil and bulk soil after exposure to PFOS and F-53B. In bulk 
soils, soil microbial community Shannon index was significantly 
(p < 0.05) reduced by low concentrations of F-53B and further reduced 
substantially with increasing F-53B concentrations (Fig. 2a). Previous 
studies have shown that some PFASs cause a reduction in microbial 
diversity in sediments or activated sludge (Lu et al., 2022; Qiao et al., 
2018; Sun et al., 2016). In contrast to F-53B, the addition of low con
centrations of PFOS in the bulk soil resulted in a significant increase in 
the mean value of the Shannon index and with increasing PFOS con
centration the mean value of the Shannon index decreased. The degree 
of variation in the alpha diversity index of microbial communities in 
plant rhizosphere soils was significantly smaller than in bulk soils due to 
the action of plants (Fig. 2a). A number of studies have found that root 
exudates play a role in stabilizing or directing the structure of the soil 
microbial community during stress (Li et al., 2019; Liao et al., 2021; 
Louvel et al., 2011). The trend of the Shannon index of microbial 
communities in the rhizosphere soil of the two studied plants under the 
influence of PFOS followed that of the bulk soil, i.e., it increased first and 
then decreased. Similar to bulk soils, low concentrations of F-53B led to 
a reduction in the alpha diversity index of microbial communities in 
rhizosphere soils. However, the alpha diversity index did not decrease 
further with increasing F-53B concentrations. Studies of plant-microbe 
interactions have shown that plants are able to shape their rhizo
sphere microbial communities according to the environment (patho
gens, nutrient deficiencies, pollutant stress, etc.) they are exposed to 
(Berendsen et al., 2012). Differences in the alpha-diversity of microbial 
communities in bulk and rhizosphere soils imply the recruitment of 
microorganisms by plants; whereas differences in the alpha-diversity of 
microbial communities in rhizosphere soils due to PFOS and F-53B 
imply differences in the recruitment of microorganisms by plants in 
different environments (i.e., different responses of rhizosphere defense 
systems). Multivariate ordination PCoA of community beta-diversity 
indicates changes within the community (Fig. 2b). The PCoA1 
(36.76%) and PCoA2 (27.64%) described a total of 64.40% variation in 
microbial community composition. The PCoA plots of ASVs-based 
samples showed that the samples containing varying quantities and 
types of PFAS were dispersed and independently distributed along the 
PCoA2 axis. And the PCoA1 axis mainly distinguished the Ls rhizosphere 
soil samples affected by low PFOS concentrations from other samples. 
The alpha diversity analysis (Fig. 2a) showed that microbial diversity in 
the rhizosphere soil of Ls affected by low concentration of PFOS was not 
significantly different from that in the control, and in high concentration 
of PFOS and F-53B groups. These results indicated that the microbial 
community structure in the rhizosphere of Ls varied greatly under the 
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Fig. 2. The shift of microbial community diversity, structure and composition in soils in each group according to the 16 S rRNA data. (a) The Shannon alpha diversity 
estimators for the samples; lowercase letters indicate significant (n = 3, p < 0.05) differences between treatments from the same soil; uppercase letters indicate 
significant (n = 3, p < 0.05) differences between soils of the same treatment. (b) Principal coordinates analysis (PCoA) plot of soil microbiomes based on weighted 
UniFrac distance, % variance explained is shown in parentheses. (c) The chord diagram shows the taxonomic composition of microbial at phylum and class. 
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influence of low concentrations of PFOS. Previous studies have found 
that nitrogen cycling capacity and nitrogen functional gene abundance 
in Ls rhizosphere are highly affected by PFOS (Lu et al., 2020b). The 
results of the present study imply that this is related to changes in mi
crobial community structure. Interestingly, the Ls root exudates samples 
affected by low PFOS in the PCA analysis (Fig. 1c) displayed a clear 
separation from the other samples as well. And permutational multi
variate analysis of variance (PERMANOVA) analysis (Table S2) showed 
that the root exudates of the low PFOS group were significantly different 
from the control, high PFOS and high F-53B groups. This further sug
gests that root exudates guide changes in the structure of the rhizosphere 
microbial community. 

A total of 29 phyla were identified by the amplicons, and their 
abundance varied among samples. Fig. 2c shows the classes with > 1% 
abundance and the phylum they belong to. Phylum level analysis 
showed that Proteobacteria was generally the most dominant phylum, 
irrespective of the treatments. With the exposure to F-53B, Proteobac
teria increased by 21.90–30.05% in the bulk soil compared to the con
trol; while only in the high PFOS environment Proteobacteria decreased 
slightly by 7.78% compared to the control. Regulated by Ls root exu
dates, the percentage of Proteobacteria increased significantly under low 
F-53B, decreased significantly under low PFOS, and returned to the 
control level under high F53-B/PFOS. In Pc rhizosphere soils, both types 
of PFAS tested resulted in a significant increase and then a significant 
decrease in Proteobacteria percentage with exposure concentration. 
Proteobacteria, one of the largest bacterial phyla among prokaryotes 
(Gupta, 2000), are ubiquitous in the soil environment and closely 
associated with nutrient cycles such as nitrogen (Kong et al., 2013). 
Researchers have found that some Gram-negative bacteria with thin cell 
walls and complex ingredients in Proteobacteria can respond rapidly to 
stress and then tolerate contamination (L. W. Wang et al., 2020; L. Wang 
et al., 2020). Moreover, the proportion of Pseudomonas (belonging to 
Proteobacteria) in the rhizosphere of both plant species increased 
significantly at high PFAS concentrations. Kim et al. (2012) found that 
some Pseudomonas strains can efficiently remove the -CF2- group, which 
hints at plant microbial recruitment strategies. At the phylum level, the 
abundance of Acidobacteria, Chloroflexi, Actinobacteria, and Firmicutes 
was successively after Proteobacteria in each sample, in total accounting 
for 75.70–87.31% of the whole community (including Proteobacteria), in 
line with the previous studies on the investigation of soil microbial 
communities by PFASs (Bao et al., 2018; Cai et al., 2020; Qiao et al., 
2018). The relative abundance of Proteobacteria as a copiotrophic taxon 
usually increases in high trophic environments, while the relative 
abundance of oligotrophic taxa (mainly Acidobacteria) shows the 
opposite pattern (Fierer et al., 2012), which is consistent with the 
relative abundance behavior of both phyla of bacteria in the present 
study. It is worth noting that in a study examining the interaction be
tween PFASs and simplified bacterial membranes modeled on phos
pholipid Langmuir monomolecular membranes, Gram-positive bacteria 
were found to be more resistant to these substances due to their cell 
membrane structure (Wójcik et al., 2018). The Actinobacteria, a phylum 
of mostly Gram-positive bacteria, did not show an increase in abundance 
and percentage in bulk soils under the influence of high concentrations 
of PFOS or F-53B. The same was true for the variation in the abundance 
of Actinobacteria in Pc rhizosphere soils. However, the abundance of 
Actinobacteria in the rhizosphere soil of Ls was significantly increased, 
especially the abundance of Actinobacteria in the low PFOS group was 
4.08 times higher than that in the control group. This clearly indicates 
that the effect of PFASs on the soil microbial community is 
plant-specific. 

Networks were constructed from the strong and significant correla
tion of Spearman’s rank coefficients, which led to further analysis to 
explore the community co-occurrence patterns. The networks for each 
treatment differed substantially in the number of nodes (ASVs), number 
of edges (connections), modularity (the degree to which species in
teractions are organized into modules or subnetworks), and clustering 

coefficients (the degree to which nodes are clustered together) (Fig. 3). 
In terms of the topological properties of each network, the low PFOS 
treatment group network has the highest number of nodes and edges, 
while the high PFOS and high F-53B treatment group networks account 
for a relatively low number of nodes and edges. And the modularity of 
the high F-53B and low F-53B treatment group networks were the lowest 
(0.203) and the highest (0.631), respectively. In a network, a module is a 
set of highly self-connected ASVs, but is much less connected to ASVs 
outside the group (Sun et al., 2021). In the control group, the effect of 
soil (bulk soil, Pc soil or Ls soil) on soil communities was evident in the 
soil network with multiple discrete modules containing ASVs specific to 
particular soils. And as PFASs were added, these discrete modules were 
gradually connected to other modules. This demonstrated that the 
changes in soil environment caused by the addition of PFASs influenced 
the co-occurrence trend of different species. Based on the symbiotic 
network study results, the null model was applied to infer the ecological 
species interactions in different environments in the microbial com
munity. It can be found that the networks with high concentrations of 
PFASs had higher C-score standardized effect size (SES) value, while the 
networks with low concentrations of PFASs had lower C-score SES 
values. This demonstrated that high concentrations of PFASs increased 
the degree of species segregation. According to the Cvar-score SES values, 
the high concentration of PFOS creates the greatest degree of species 
segregation and aggregation (Fayle et al., 2013). Furthermore, the re
sults suggest that positive and negative interactions between organisms 
play important roles in the species segregation of soil microbial com
munities, with greater contribution of positive interactions in the high 
PFAS group (Cvar-score SES: positive> negative, data not shown), but 
greater contribution of negative interactions in the low and no PFAS 
groups (Cvar-score SES: negative> positive, data not shown) (Hu et al., 
2017). 

To explore the effects of PFOS and F-53B on soil microbial functions, 
PICRUSt2 was employed to predict functional abundances based on 16 S 
rRNA gene sequencing data (Douglas et al., 2020b, 2020a). We followed 
the functional set enrichment analysis described in P. W. Liu et al. 
(2020); P. Liu et al. (2020) and found significantly (false discovery rate 
q-value < 0.05) enriched community functions of all soil samples 
(Fig. 4a). Linear discriminant analysis (LDA) score threshold greater 
than 2.0 was then set for linear discriminant analysis effect size (LEfSe) 
analysis to detect feature abundance of soils subjected to different PFOS 
or F-53B levels (Fisher, 1936)(Fig. 4b). As shown in Fig. 4b and Table S3, 
there were also significant differences in the functions of the microbial 
communities between the groups. The bulk soils affected by high con
centrations of F-53B had the maximum number of significantly different 
feature functions among all experimental samples. These differential 
metabolic pathways were focused on metabolism (many pathways 
related to substance synthesis) and human diseases (many pathways 
related to drug resistance). The second highest number of significantly 
different pathways in Ls soil affected by low concentrations of PFOS was 
38. The scores of ko01230 (biosynthesis of amino acids) and ko02010 
(membrane transport) ranked first and second, respectively. These 
pathways are essential for organism growth (Li et al., 2020), illustrating 
the high microbial recruitment of Ls under the impact of PFOS at low 
concentrations. Furthermore, according to the predicted results, except 
for Ls rhizosphere soils affected by high PFOS concentrations, the mi
crobial communities in all rhizosphere soil samples had functional 
pathways with significant differences in abundance between groups. 
This suggests that the type and concentration of PFASs, as well as the 
plant species, together influence the function of soil microbial. 

3.4. Response strategies of rhizosphere defense system 

The question of how PFOS and F-53B impacted the plant rhizosphere 
defense system, through direct and indirect effects on root exudate 
secretion and rhizosphere soil microorganisms, was explored by PLS-PM 
(Fig. 5). It is clear that the plant rhizosphere defense system responded 
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Fig. 3. Co-occurrence patterns of perfluorooctanesulfonate (PFOS) and chlorinated polyfluoroalkyl ether sulfonate (F-53B) concentration-sensitive ASVs. Co- 
occurrence networks visualizing significant correlations between ASVs in (a) low concentration PFOS soils, (b) high concentration PFOS soils, (c) low concentra
tion F-53B soils, (d) high concentration F-53B soils and (e) uncontaminated soils. OTUs are colored by their association with the different treatment groups. 
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Fig. 4. Prediction of microbial community function in soils. (a) Enrichment analysis of predictive KEGG metabolic modules for microorganisms in all samples. The 
dashed line indicates that the false discovery rate (FDR) q-value= 0.05. (b) The number of significantly enriched metabolic pathways in each sample was analyzed by 
linear discriminant analysis (LDA) effect size (LEfSe). LS: Lythrum salicaria; PC: Phragmites communis; CON: no addition; L: low concentration; H: high concentration; 
P: perfluorooctanesulfonate (PFOS); F: chlorinated polyfluoroalkyl ether sulfonate (F-53B). 
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differently to PFOS and F-53B. The plant species and the concentration 
of PFOS/F-53B together influenced the fraction and composition of root 
exudates. Many studies have shown that monocots and dicots exhibit 
different physiological responses when subjected to abiotic stresses and 
attribute the cause mainly to differences in cell membrane and structure 
(Corrales et al., 2008; Piršelová et al., 2011). In addition, recent studies 
have found that monocots and dicots differ in their defense-gene 
expression when subjected to stresses (Tolba et al., 2021). This implies 
that different plants have different defense strategies under the same 
stress scenario, which was confirmed by our study. In other aspects, 
different plants also adopt different survival strategies; for example, 
some plants with rapid belowground resource acquisition strategies are 
expected to build long and thin roots with minimal biomass investment 
but high metabolic rate, and plants with slow growth strategies are ex
pected to have longer lifespan and longer return on investment by 
building thicker and denser roots (Bergmann et al., 2020). Moreover, the 
microbial community in the rhizosphere soil was influenced by a com
bination of PFOS/F53B, plant root exudates, and soil physicochemical 
properties. It is interesting to note that the rhizosphere defense system 
appears to be less responsive to F-53B compared to PFOS. In particular, 
for soil microorganisms, the ratio of the path coefficient of concentration 
to microbial community and the path coefficient of root exudates to 
microbial community was 1.438 in PFOS-contaminated soils, whereas in 
F-53B-contaminated soils, the value was only 0.186. A toxicological 
study on algae reported that F-53B was more destructive to cells 
compared to PFOS (Liu et al., 2018). It can be inferred that F-53B may 
have a greater impact on the community structure. This was demon
strated in our experiments (Fig. 2a), where the addition of high con
centrations of F-53B in the bulk soil led to greater changes in soil alpha 
diversity. However, in rhizosphere soils, the small changes in the com
munity structure alpha diversity (Fig. 2a) of microorganisms affected by 
F-53B were mainly dominated by root exudates (Fig. 5b). In rhizosphere 
soils, the effect of F-53B was mainly in the root exudates, where the ratio 
of its concentration to the path coefficient of plant species reached 
1.171, while PFOS was only 0.763. Furthermore, we found that the ef
fects of PFOS and F-53B on the soil microbial community (either directly 
or indirectly) were opposite. This is sufficient to suggest that the envi
ronmental impact of F-53B is different from that of PFOS and that it 
should be treated independently rather than just as a substitute with 
similar properties to PFOS. 

4. Conclusions 

This study showed that the addition of PFOS and F-53B led to 
changes in the fraction and content of plant root exudates. High con
centration of F-53B resulted in a significant increase in the percentage of 
carbohydrates and amines in Ls root exudates, and led to a significant 
increase in the percentage of acids and amines but a significant decrease 
in the percentage of carbohydrates in Pc root exudates. High PFOS 
concentrations significantly increased the percentage of acids, carbo
hydrates and lipids in the root exudates of Ls and the percentage of acids 
in the root exudates of Pc. In addition, PFOS and F-53B led to changes in 
soil physicochemical properties and microbial communities in the bulk 
soil and both test plant rhizosphere soils. The α-diversity of microbial 
communities in bulk soils decreased with increasing F-53B concentra
tion and showed a trend of increasing and then decreasing with 
increasing PFOS concentration. The plants affected by PFOS/F-53B 
reduced the effect of hazardous substances on the α-diversity of micro
bial communities in rhizosphere soils to some extent. Besides, the 
complex regulatory mechanisms of plants lead to different response 
strategies of rhizosphere defense systems in different plant species, 
which deserve further investigation. These findings provide insights 
involving bioremediation and other hazardous substance management 
approaches. 

Environmental implication 

Perfluorooctanesulphonicacid (PFOS) and its substitutes Chlorinated 
polyvinyl fluoride ether sulfonates (trade name F-53B) are widely found 
in the environment and have been shown to have potentially biotoxic 
effects. However, there are no relevant studies on the response of plant 
rhizosphere defense systems to F-53B or PFOS. This work explored the 
potential environmental hazards of these two substances and the 
response strategies of plant rhizosphere defense systems from the per
spectives of plant root metabolites and microbial community structure. 
The results are of great use to environmental agencies and regulatory 
bodies. 
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