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A B S T R A C T   

Perfluorooctanoic acid (PFOA) is ubiquitous in aquatic environment, posing serious threats to human health, 
while the potential of anaerobic ammonium oxidation (anammox) process in treating PFOA-containing waste-
water and the response mechanism of anammox consortia to PFOA remain unknown. In this study, the 
comprehensive effects of PFOA on anammox granules and their interaction mechanism were investigated based 
on molecular simulation and metabolomic analysis. The environmental concentrations (≤2.0 mg/L) of PFOA had 
no impact on the anammox process performance. However, microbial consortia structure and functional gene 
abundances changed under the exposure of PFOA. By contrast, Prokaryotes were more sensitive to PFOA than 
eukaryotes. In addition, PFOA regulated microbial metabolic pathways, including amino acid metabolism and 
nucleotide metabolism, by changing the cell energy allocation strategy. Molecular docking simulation suggested 
that the effects of PFOA on key proteins in anammox bacteria were significantly different. These findings provide 
insights into the interaction between anammox consortia and PFOA, and further promote the implementation of 
anammox process to treat fluorine-containing wastewater.   

1. Introduction 

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) are carbon-
–fluorine (C-F) bonds-based synthetic organic compounds (CnF2n+1) [1], 
which have been widely used in coatings, shampoos, electroplating, 
firefighting substances, foams, lubricants and pesticides [2]. Among 
them, perfluorooctanoic acid (PFOA) is one of the most abundant PFASs 
in the environment, and its adverse effects have attracted global atten-
tion. Due to its stability, persistence and bioaccumulation ability, PFOA 
was listed as a persistent organic contaminant in the Stockholm 
Convention [1]. These abilities are mainly attributed to the high bond 
energy of carbon–fluorine (C-F) bonds [3]. Till now, large amounts of 
residual PFOA were discharged into wastewater treatment plants 
(WWTPs) [4]. As previously reported, PFOA concentration varied from 
0.09 to 0.92 mg L-1 in Chinese WWTPs [2]. The acute predicted no-effect 
concentration (PNEC) and the chronic PNEC values of PFOA were 2.43 

and 0.0067 mg L-1 for primary producers, invertebrates and vertebrates, 
respectively [5]. The detection of PFOA in aquatic animals and surface 
water suggested that PFOA could be enriched through the food chain 
and finally entered human body [6]. High concentrations of PFOA pose a 
great threat to human health, such as reducing thyroid cell activity and 
function or even triggering thyroid cancer [7]. 

Due to the structural stability, PFOA removal mainly depended on 
adsorption rather than biodegradation in aerobic granular sludge [2]. 
The high cost and secondary pollution caused by absorbents, however, 
are urgent problems. The anaerobic ammonium oxidation (anammox) 
process is a high processing efficiency and energy-saving biological 
wastewater treatment process [8]. The anammox process had several 
advantages compared with traditional wastewater treatment technolo-
gies, including high efficiency, low energy consumption and excess 
sludge generation [9]. Moreover, anammox process has been proved to 
be a promising nitrogen removal technology in organic wastewater 
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treatment, such as 3 mg L-1 spiramycin, 50 mg L-1 streptomycin, and 300 
mg L-1 phenol [10,11]. Whether anammox process could treat fluorine- 
containing organic wastewater has not been evaluated, and the response 
of anammox consortia remains unknown. According to the previous 
study, the presence of PFOA increased the formation of reactive oxygen 
species (ROS), which further interfered the cell metabolism [1]. In 
addition, microorganisms tended to secrete more extracellular poly-
meric substance (EPS) to protect cells against PFOA toxicity [4]. Based 
on nontargeted metabolomics analysis, PFOA interfered with amino 
acid, energy and purine metabolism, and further the efficiency of pro-
tein synthesis and cell activity of animals, plants and humans [12]. 
However, the effects of PFOA on anammox consortia and their inter-
action mechanism have not yet been fully elucidated. 

In this study, the fate and effect of PFOA on anammox process were 
systematically evaluated through a 137-d continuous flow experiment. 
The shift in microbial consortia, especially functional prokaryotes and 
eukaryotes, were monitored by using high-throughput sequencing. Af-
terward, changes in intracellular and extracellular functional genes 
levels were further quantified. Finally, the influencing mechanisms of 
PFOA on anammox granule sludge (AnGS) were deciphered based on 
molecular docking and metabolomic analysis. These findings fill the gap 
in our knowledge of PFOA-AnGS interactions and promote the adhibi-
tion of anammox process in fluorine-containing wastewater treatment. 

2. Material and methods 

2.1. Experimental setup and operation 

AnGS from upflow anaerobic sludge blanket (UASB) reactor which 
has been running stably for more than two years was selected as seed 
sludge. The seed sludge is dark red, and which is a mixture of flocculent 
sludge and granular sludge. The parent reactors had been stably oper-
ated for long term, with the NRR of 7.20 ± 0.16 kg N m− 3 d-1. Three 
UASB reactors (R0, R1 and R2) with an effective volume of 1.5 L were 
inoculated with AnGS and operated at 35 ± 1 ◦C. The initial VSS of three 
reactors were 183.0 g L− 1. The synthetic wastewater was prepared base 
on the previous experience [13]. The hydraulic retention time (HRT) of 
reactors were 0.88 h, and the influent pH was stable at 8.02 ± 0.25. In 
initial phase (day 1–22), three reactors were fed with the low-strength 
synthetic wastewater (140 mg L− 1 NH4

+-N and 140 mg L− 1 NO2
–-N) 

under mesophilic conditions (35 ± 1 ◦C). As a typical PFAS, commercial 
PFOA was purchased from Energy Chemical (Shanghai, China) and 
added to R1 (0.2–2 mg L− 1) and R2 (2 mg L− 1), with the aim to study the 
response of anammox process to different exposure strategies of grad-
ually increasing concentration and directly high concentration of PFOA. 
All reactors were operated for 137 days (Table 1), during which the 
concentrations of NH4

+-N, NO2
–-N and NO3

–-N were monitored using 
standard methods in influent and effluent [14]. RS (consumption of NO2

–- 
N/NH4

+-N) and RP (production of NO3
–-N/NH4

+-N) were further calcu-
lated. The influent and effluent concentrations of PFOA and degradation 
product in anammox rectors were determined using an ultra- 
performance liquid chromatography-tandem mass spectrometry 
(UPLC-MS/MS) system with a C18 column (2.1 mm, 100 mm, 1.7 m; 
Waters, USA). The detailed procedures of PFOA determination were 
given in Taxt-S1. 

2.2. Batch experiment and operational monitoring 

The half-maximal inhibitory concentration (IC50) of PFOA in the 
anammox process were determined by batch experiments. The mass 
spectrometry data of PFOA were acquired using a Q Exactive Mass 
Spectrometer (Thermo Fisher Scientific, USA). The extended noncom-
petitive inhibition model was fitted by the minimum squares error 
method, and the IC50 of PFOA was calculated. Volatile suspended solid 
(VSS) and suspended solid (SS) were determined based on standard 
methods [14]. Batch experiments were performed to determine the 
specific anammox rate (SAA), the content and composition of EPS were 
also quantified according to Taxt-S2. The morphological structure of 
AnGS was observed by scanning electron microscope (SEM, Zeiss, Ger-
many). The lyophilized EPS was mixed with KBr and analyzed by FTIR 
spectroscopy (Thermo Fisher, USA). The composition of EPS was 
analyzed by fluorescence spectrophotometer (Hitachi, Japan) [15]. 

2.3. Quantification of functional genes in intracellular DNA (iDNA) and 
extracellular DNA (eDNA) 

The iDNA of sludge samples was extracted in duplicates by Power 
Soil DNA Kits (MoBio Laboratories, USA) following the manufacturer’s 
instructions. The eDNA was extracted from AnGS according to the 
modified CTAB method, [16] and the details were described in Taxt-S3. 
The three functional genes (hzsA, hdh and nirS) absolute abundances in 
iDNA and eDNA were detected and quantified by quantitative poly-
merase chain reaction (qPCR) with a BiosystemsTM QuantStudioTM 3 
instrument (Thermo Fisher Scientific, USA). The primers, appealing 
temperatures and detailed procedures were shown in Table S1 and Taxt- 
S4. 

2.4. Prokaryotes and eukaryotes consortia analysis 

The 16S rRNA genes were amplified with the primers 341F/805R 
targeting the V3-V4 region. Eukaryotic composition was analyzed using 
a primer set for the V9 region of 18S rRNA genes (ITS1F/ITS2R) and 
Illumina MiSeq 2 × 50 bp paired-end sequencing runs across two lanes. 
The original sequencing data have been deposited in the NCBI Sequence 
Read Archive (SRA) database under BioProject PRJNA760253 (SRR 
18708709–16). 

2.5. Metabolomic analysis 

Triplicate biomass samples were collected from three reactors in four 
phases for metabolite detection by UPLC-MS/MS (Thermo Fisher Sci-
entific, USA). After washing three times with PBS buffer solution, 400 µL 
of 80 % (v/v) cold methanol with 0.02 mg mL− 1 L-2-chlor-
ophenylalanine was added to the samples. The mixture was treated with 
a frozen tissue grinder for 6 min. Subsequently, the treated samples were 
extracted via low-temperature ultrasound for 30 min, and immediately 
maintained in the frozen state at − 20 ◦C for 30 min. Afterward, the 
pellets were centrifuged at 13,000 × g and 4 ◦C for 15 min. Finally, the 
supernatants were further analyzed by UPLC-MS/MS. The secondary MS 
matching score was obtained to identify metabolites, and the MS mass 
error was<10 mg L− 1. The detailed analysis was given in Taxt-S5. The 
original sequencing data have been deposited in the MetaboLights 
(https://www.ebi.ac.uk/metabolights/) database under MTBLS5105. 

2.6. Molecular docking simulation and Statistical analysis 

Molecular docking was simulated through the Autodock (v4.2.6), 
Autodock Tools (v1.5.6) and ChemDraw (v14.0) as described in Taxt-S6. 
The structures of typical anammox related proteins (PDB ID: 4N4J, 6EU6 
and 5C2V) were downloaded from the Protein Data Bank (https://www. 
rcsb.org/). Statistical Package for the SPSS (v26.0) was performed to a t 
test, and p < 0.05 indicates statistical significance. Statistical correlation 

Table 1 
Experimental conditions of different phases in this study.  

Phase Time (d) Concentration of PFOA (mg L− 1) 

R0 R1 R2 

I 0–22 0 0 0 
II 23–70 0 0.2 2 
III 71–119 0 2 2 
IV 120–137 0 0 0  
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analysis was implemented using R (v4.0.2) with the Psych package. The 
co-occurrence network analysis and visualization were performed using 
R and Gephi (v0.9.1) to reveal correlations between functional genes 
and prokaryotes. Principal component analysis (PCA) and mental anal-
ysis were performed using SPSS (v26.0). 

3. Results 

3.1. Anammox process performance and granular property 

PFOA had no significant effect on the nitrogen removal performance 
of AnGS (Fig. 1 and S1). The nitrogen removal efficiencies (NREs) of 
three reactors were 94.14 ± 2.41 %, 93.66 ± 2.69 % and 93.20 ± 2.93 
% during the whole experimental period, respectively. Meanwhile, their 
fluctuation ranges of stoichiometric ratios (RS and RP) were 1.17 ± 0.17 
and 0.18 ± 0.04, which were close to the theoretical values of 1.32 and 
0.26, respectively [17]. These results manifested that the anammox 
process was the main nitrogen removal pathway in three reactors, and 
nitrogen removal performance was less affected by PFOA. In terms of the 
PFOA fate, the majority of PFOA was detained in the aqueous phase of 
anammox system. With the influent concentration of PFOA increasing 
from 0.2 to 2.0 mg L− 1, the PFOA removal efficiency significantly 
decreased in R1. Simultaneously, PFOA removal efficiency significantly 
decreased in R2 in Phase III. Notably, effluent PFOA concentration at the 

last of Phase III was higher than that of influent in both reactors, 
probably because the accumulated or adsorbed PFOA was partly 
released from AnGS after adsorption saturation. In addition, no PFOA 
degradation products were found in the influent and effluent samples of 
R1 and R2 in the second and third phases (Fig. S2) [18]. 

In Phase I, the SAA of R1 and R2 were slightly lower than that of R0. 
The SAA of R1 and R2 in Phase III significantly increased by 48.98 and 
100.36 %, respectively. Environmental concentrations of PFOA did not 
inhibit the AnGS activity or performance of anammox system in the long 
term. In general, the SAA of R1 in four phases showed a gradually 
increasing trend, while R2 showed a trend of first increase and then 
decrease; thus, the former exposure strategy enabled AnGS to adapt to 
the PFOA stress [19]. In order to explore the tolerance of AnGS to PFOA, 
toxicity test was performed. The results suggested that SAA gradually 
decreased from 132.72 ± 0.17 to 52.78 ± 0.60 mg N g− 1 VSS d-1 with 
the PFOA concentration increasing from 0 to 1500 mg L− 1 (Fig. S3). The 
IC50 of PFOA was calculated to be 871.61 mg L− 1, verifying that the 
above low concentrations of PFOA could not inhibit the anammox ni-
trogen removal performance. Whereas, it could significantly affect the 
stability of other systems. For example, in anaerobic digestion sludge 
system, the addition of 170 mg kg− 1 PFOA reduced the acetic acid 
production by 84.90 ± 0.90 % [1]. In addition, 1.0 mg L− 1 PFOA could 
inhibit the anaerobic phosphate release, nitrate reduction, aerobic 
phosphate uptake, and nitrite reduction processes in the aerobic 

Fig. 1. Nitrogen removal performance of R0 (a), R1 (b) and R2 (c), including nitrogen loading rate (NLR), nitrogen removal rate (NRR), nitrogen removal efficiency 
(NRE), and variations in RS and RP. Changes in the SAA (d), protein and polysaccharide contents of extracellular polymeric substance (EPS, e), and the influent and 
effluent concentrations of PFOA during the experimental period (f). 
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granular sludge system [2]. In contrast, the anammox system exhibited a 
better performance and robustness in treating PFOA-containing 
wastewater. 

Although the EPS content fluctuated during the operational period, 
the trends of proteins (PN) and polysaccharides (PS) were similar 
(Fig. 1e). In Phase II, the addition of PFOA led to a significant decrease in 
the EPS contents of R1 and R2. Particularly, the PN contents in R1 and R2 
decreased by 24.91 % and 13.77 %, respectively. Subsequently, they 
significantly (p < 0.01) increased in Phase III. PS contents in R1 and R2 
also significantly increased by 30.27 % and 202.12 %, respectively. In 
this phase, the PN/PS ratios of R1 and R2 were lower than that of the 
initial, reflecting the poorer hydrophobicity of granular sludge in both 
reactors [11]. The structure and surface morphology of AnGS were 
observed by SEM (Fig. S4). In Phase I, the humps on the granular surface 
were microorganisms, which slowed a typical ‘cauliflower’ appearance 
[20]. In Phase II, small aggregates covered the entire surface of bacteria 
in R1 and R2, due to the addition of PFOA promoting EPS secretion. 
However, the granular sludge still showed an obvious ‘cauliflower’ 
structure. In Phase III, the granular sludge in R1 and R2 was fully covered 
by thick layer of aggregates, leading to the disappear of its ‘cauliflower’ 
structure. The result was consistent with the variations in EPS content. 

The three-dimensional excitation emission matrix (3D-EEM) fluo-
rescence spectra analysis revealed the component changes of EPS 
(Fig. 2). In Phase I, two main fluorescence components were identified in 
R1 and R2 at the excitation/emission wavelengths (Ex/Em) of 250–300/ 
280–300, 200–250/280–335, corresponding to humus and tyrosine, 
respectively [21]. Tryptophan (200–255/335–380) was detected in R1 
and R2 in Phase II [21]. In addition, the fluorescence intensities of 
humus and tyrosine in R1 and R2 enhanced, indicating that the contents 
of these two substances increased. FTIR analysis of groups in AnGS EPS 
was carried out in the region of 400–4000 cm− 1. Two main peaks were 
detected to be carboxylic groups (peak A) and hydrocarbon-like com-
pounds (peak B) [22]. In R1, the peak at 1611 cm− 1 changed to 1609 
cm− 1 by adding 0.2 mg/L PFOA, indicating that the structural trans-
formations of the amide I. The transformation of EPS group structure 
might affect the adsorption site of PFOA on EPS, which had been dis-
cussed later. 

3.2. Microbial consortia evolution 

Maintaining the microbial function is crucial for the stability of 
anammox process. Eukaryotes and prokaryotes are crucial for biological 

wastewater treatment because of their pollutant-degradation ability 
[23,24]. Sequencing results suggested that the dominant phyla in the 
anammox system were Chloroflexi, Planctomycetes and Proteobacteria 
(Fig. S5). The abundance of Chloroflexi in R1 and R2 significantly 
increased in Phase II and then decreased in Phase III. Afterward, it 
recovered to the initial levels, suggesting that Chloroflexi could adapt to 
the long-term stress of PFOA. The response of Planctomycetes in R1 and 
R2 was similar, which significantly decreased in Phase II and then 
increased in Phase III. Specifically, the abundance of Candidatus Kue-
nenia, belonging to Planctomycetes, decreased in Phase II and increased 
in Phase III (Fig. 3). Furthermore, abundance of Limnobacter in R2, a 
thiosulfate-oxidizing bacterium, increased from 5.90 % to 6.82 % in 
Phase III. As mentioned above, PFOA caused more EPS secretion, which 
might promote the proliferation of heterotrophic microorganisms like 
Limnobacter. The co-occurrence network analysis of the prokaryotic 
consortia showed that PFOA changed the microbial network structure. 
In Phase II, the modularity index increased significantly, indicating that 
the prokaryotic consortia tended to stability and diversity under PFOA 
stress (Fig. 4a). 

Eukaryotes consortia of three reactors were dominated by Ascomy-
cota and Basidiomycota, while changes in their abundances were 
different (Fig. S5). Both Ascomycota and Basidiomycota played key roles 
in the removal of various refractory organic pollutants [23], and their 
relationships with prokaryotes would be discussed later. The abundance 
of Ascomycota in R1 showed a significant decreasing trend in the first 
three phases, while its abundance in R2 continually increased. The 
relative abundance of Basidiomycota significantly increased in R1 and 
R2 in Phase III to 50.35 % and 49.42 %, respectively. As the functional 
genus in Basidiomycota, the relative abundance of Rhodotorula in R1 and 
R2 significantly increased to 15.88 % and 13.40 % in Phase III, respec-
tively (Fig. 3). In summary, the addition of PFOA promoted the prolif-
eration of Rhodotorula. According to the correlation analysis, 
Rhodotorula and Candidatus Kuenenia showed significant negative cor-
relation. Prokaryotes and eukaryotes occupy different ecological niches 
in the system (Fig. S5d). The modularity index of the eukaryotic con-
sortia decreased first and then increased, and recovered to the initial 
level in Phase IV (Fig. 4b). In summary, prokaryotes were more sensitive 
to PFOA than eukaryotes. 

3.3. PFOA reduced functional gene abundances 

The hzsA, hdh and nirS regulated the synthesis of hydrazine synthase, 

Fig. 2. Three-dimensional excitation emission matrix fluorescence spectroscopy (3D-EEM) analysis of the EPS extracted from R0-Phase I (a), R1-Phase I (b), R2-Phase 
I (c), R0-Phase II (e), R1-Phase II (f) and R2-Phase II (g). FTIR analysis on the functional groups in EPS in Phase I (d) and II (h). 
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hydrazine dehydrogenase and nitrite reductase, and their absolute 
abundance decreased in the Phase II and III, indicating that the synthesis 
of three enzymes was affected by PFOA (Fig. 4c–h). It was noted that the 
abundances of hzsA and nirS showed increasing trends in R1 and R2 at 
the end of Phase IV, implying that they could recover from the PFOA 
stress. The rebound of nirS abundance in R2 might be due to the corre-
spondingly increasing abundance of Proteobacteria. Many nirS-carrying 
denitrifying bacteria belong to Proteobacteria [25]. Variations in the 
abundances of hzsA, hdh and nirS in eDNA were similar to those in iDNA. 
The abundances of hzsA and hdh in R1 and R2 first decreased in Phase II, 
and then increased in Phase III. However, the abundances of nirS in R1 
and R2 had different variations. In general, combined with their nitrogen 
removal performances, microorganisms maintained the process stability 
by regulating the abundance of functional genes in response to the PFOA 
interference. 

3.4. Metabolomic analysis 

To elucidate the metabolic changes in the anammox consortia, 12 
samples from R0, R1 and R2 in four phases were analyzed via metab-
olomics. ANOVA results demonstrated that contents of more than 320 
metabolites changed after the addition of PFOA. In Phase I-II, microor-
ganisms in R1 and R2 preference for the utilization of amino acid me-
tabolites changed significantly. The abundances of metabolites related 
to glutamic acid and glycine metabolism increased significantly (p <
0.01), while those of serine and threonine metabolism decreased 
significantly (p < 0.01). (Fig. 5 and S6). The abundances of xanthine 
related to nucleotide metabolism decreased significantly, indicating that 
this metabolic process was inhibited. According to the allocation prin-
ciple in 1966, increasing the energy allocation of one link in life must 
cause a reduction of the energy allocation of other links as cost [26]. 
PCA showed that PFOA caused a separation of samples at Phase II and 

then overlapped at Phase IV, indicating that the metabolic activity of 
anammox consortia could return to the equilibrium after the PFOA 
interference (Fig. S7). The anammox system probably adapted to the 
high concentrations of PFOA, due to the long-term domestication. In the 
whole experimental period, four metabolite pathways had impact values 
higher than the cutoff value of 0.3, including arginine biosynthesis, 
arginine-proline metabolism, alanine-aspartate-glutamate metabolism 
and pyrimidine metabolism (Fig. 5d and S8). The metabolites in these 
four pathways had been previously detected in AnAOB [27]. 

4. Discussion 

4.1. Interactions between EPS and PFOA 

Based on the anammox granular morphology, PFOA was probably 
adsorbed by the granules, which might block channels for mass transfer. 
To further verify the potential interaction between PFOA and anammox 
granules, specific analyses on the EPS content and molecular docking 
simulation were performed (Fig. 6). EPS is the first barrier to prevent 
from the invasion of various pollutants, and beneficial for the aggrega-
tion and immobilization of granular sludge [28]. Regulation of EPS 
secretion is a common strategy for microorganisms to tolerate envi-
ronmental stress [29]. The PN content in EPS of R1 and R2 increased with 
PFOA concentration increasing from 0 to 2.0 mg L− 1 (Fig. 1), implying 
that it was extremely important for maintaining the structural stability 
and activity of AnGS. PFOA could stimulate microorganisms to produce 
EPS (mainly PN) in anaerobic digestion of sewage sludge system [1]. The 
increase in PN content enhanced the hydrophobicity of EPS, which 
further improved the adsorption of PFOA on EPS. Previous studies 
demonstrated that PFOA adsorbed by dissolved organic matter and 
carbonaceous nanomaterials through van der Waals force and hydrogen 
bond [30,31]. The results of 3D-EEM showed that the contents of humus, 

Fig. 3. Microbial community analysis of prokaryotes (a) and eukaryotes (d). Alphabet numbers represent different genus in (a) and (d). In (a), A: SBR1031; B: 
Candidatus Kuenenia; C: A4b; D: Limnobacter; E: Denitratisoma; F: SM1A02; G: o_JG36-GS-52; H: Subgroup 10; I: Caldilineaceae; J: Other. In (d), A: unclassified_k__Fungi; 
B: Aspergillus; C: Exophiala; D: Rhinocladiella; E: Ganoderma; F: unclassified_p__Rozellomycota; G: Rhodotorula; H: Sporothrix; I: Apiotrichum; J: Other. Correlation analysis 
between genes and microorganisms, including prokaryotes (b) and eukaryotes (e). Principal component analysis (PCA) of prokaryotes (c) and eukaryotes (f). 
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tyrosine and tryptophan in EPS increased after the addition of PFOA 
(Fig. 2). The abundant –OH and –COOH in EPS provided more binding 
sites for PFOA via hydrogen bonds [32]. The FTIR results also verified 
that PFOA changed the structure of EPS; thus, extracellular proteins 
played a key role in the combination with PFOA [33]. In this study, the 
binding area and interaction forces of PFOA and intracellular protein 
were analyzed through molecular docking simulation. Only 15 protein 
structures of Candidatus Kuenenia can be obtained in the protein data-
base (PDB). Hydroxylamine oxidoreductase (ID: 4N4J), sensor Amt 
protein (ID: 6EU6) and hydrazine synthase (ID: 5C2V) were selected as 
representative receptors (Fig. 6). The active binding sites of PFOA for 
4N4J, 6EU6 and 5C2V are listed in Table S2. The affinities of PFOA with 
three proteins were different, and the binding energies were − 8.3, − 8.0 
and − 7.5 kcal mol− 1, respectively. PFOA had the strongest affinity with 
4N4J, which might determine the activity of 4N4J and 4N4J-mediated 
effects [34]. The binding sites were consistent with the previous 

study, reporting that hydrophilic oxygen-containing functional groups 
of PFOA could form hydrogen bonds with –OH and –COOH [30]. 
However, different amino acids have different isoelectric points. The 
change of amino acids was mainly determined by the pH of solution 
[35,36]. Therefore, molecular docking simulation only provided a po-
tential binding site between the extracellular proteins and PFOA. 

4.2. Correlations among prokaryotes, eukaryotes and functional genes 

Microbial consortia structure and the activity of functional pro-
karyotes or eukaryotes were extremely related to the anammox process 
performance. Microbial consortia analysis showed that adding PFOA 
significantly affected the anammox consortia (Fig. 3). Three reactors 
shared abundant eukaryotes during the four phases, confirming that 
prokaryotes might be more sensitive to PFOA than eukaryotes. Among 
them, Basidiomycota and Ascomycota were positively correlated with 

Fig. 4. Microbial co-occurrence networks. The co-occurrence network of prokaryotic and eukaryotic communities at different phases (a-b). The relative abundance of 
functional genes of hzsA (c), hdh (d) and nirS (e) in prokaryotic communities in different phases, hzsA (f), hdh (g) and nirS (h) in eukaryotic communities. 
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Planctomycetes, highlighting the close relationships between pro-
karyotes and eukaryotes in the anammox system. As filamentous bac-
teria, Basidiomycota and Ascomycota can establish attachment network 
for bacteria, which is conducive to the growth and reproduction of 
bacteria [37]. These two kinds of bacteria could also secrete a large 
number of PS and build the network structure of EPS to maintain the 
consortia stability [37]. Prokaryotes and eukaryotes exhibited a similar 
response to the PFOA stress, and their interactions were also conducive 
to the ecosystem stability [38,39]. The co-occurrence network analysis 
exhibited that prokaryotes and eukaryotes had complex interactions. As 
a typical Ascomycota, the close relationships between Fusicolla and 
Candidatus Kuenenia further proved that Ascomycota and Candidatus 

Kuenenia might play a role together in the anammox system (Fig. S9). 
The variations in microbial consortia of R0, R1 and R2 were further 
analyzed and visualized in Venn diagram (Fig. S10). In Phase III, the 
prokaryotic and eukaryotic members shared by R1 and R2 decreased, 
implying the different PFOA exposure strategies changed the microbial 
consortia structure. Furthermore, the microorganisms with increasing 
abundance might partially compensate for the nitrogen removal during 
population succession, such as Limnobacter. However, the Simpson 
values of R1 and R2 at Phase IV were higher than that of R0 regarding 
both prokaryotes and eukaryotes consortia (Table S3 and S4). Combined 
with the toxicity test and the variations in gene abundance, PFOA did 
not exceed the tolerant threshold of prokaryotes and eukaryotes 

Fig. 5. Statistical analysis of metabolites extracted from the four phases. Heatmap showing the relative abundances of metabolites in R0, R1 and R2, determined by 
untargeted metabolomic analysis during Phases I-IV (a). KEGG pathway classification of the anammox system (b). PCA plot of anammox community metabolites in 
the three reactors (c). The impact and significance of metabolic pathways for the discrimination between R-stepwise and R-low metabolomics profiles were analyzed 
by MetaboAnalyst, and the map was generated using the reference map produced by KEGG (d). Differential metabolite abundance of R0 and R1/R2 in the Phase III (e 
and f). 
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consortia; thus, they could recover to the initial state. 
Microbial community structure shift and interspecific gene transfer 

were the common strategies for both prokaryotes and eukaryotes to 
adapt to the environmental stress [38,40]. Prokaryotes and eukaryotes 
could establish the resistance through horizontal gene transfer, so as to 
tolerate exogenous interferences [41]. The abundances of functional 

genes and microorganisms greatly determine the anammox process 
performance [13]. Adding PFOA reduced the abundance of hdh during 
the whole period (Fig. 4), and further affected the corresponding 
enzymatic and metabolic activity of AnAOB. In addition, hzsA, hdh and 
nirS in iDNA were positively correlated with SBR1031, while those in 
eDNA were positively correlated with Candidatus Kuenenia (Fig. 3c). 

Fig. 6. Molecular docking simulation of interactions between extracellular proteins and PFOA, including hydroxylamine oxidoreductase (a), transmembrane Amt 
domain (b), and hydrazine synthase (c). 
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Both bacteria contributed mainly to the nitrogen removal performance 
of anammox system [42]. 

4.3. Microbial metabolic response mechanism 

The metabolomic analysis showed that PFOA affected the contents of 
various metabolites and metabolic pathways associated with AnAOB. 
Amino acid metabolism, nucleotide metabolism and membrane trans-
port are the three main metabolic pathways detected in anammox sys-
tem (Fig. 5b). Compared with those in R0, the contents of most 
metabolites in the arginine and proline metabolism pathway of R1 and 
R2 significantly changed in Phase II (Fig. 7a). And L-glutamate is a direct 
ammoniation product of glutamate dehydrogenase that plays an 
important role in many biosynthetic pathways [43], the variation con-
firming that two PFOA exposure strategies led to their metabolic 
discrepancy. In addition, the contents of L-proline in R1 significantly 
increased. PN contents in R1 and R2 in Phase III were also obviously 
higher than that in Phase II, suggesting the changes in microbial pref-
erences for protein synthesis. In conclusion, the bacterial preference for 
amino acid utilization would change, manifesting that more active 
metabolism of cheap amino acids under strength [44]. Purine and py-
rimidine metabolism could provide necessary energy and cofactors for 
cell survival and proliferation [45]. In purine metabolism, the meta-
bolism in R1 significantly increased in Phase II, while the metabolites in 
pyrimidine metabolism had no significant change. These results 
demonstrated that the effect of PFOA on purine metabolism was more 
significant than that on pyrimidine metabolism. It had been reported 

that PFOA could inhibit the activity of purine metabolism in human cells 
[46]. Arginine and proline metabolism, pyrimidine metabolism and 
purine metabolism were previously detected in AnAOB [27]. Therefore, 
their upregulations might explain why nitrogen removal performance 
and SAA were not reduced by PFOA. The anammox consortia maintains 
the stability of the system by redistributing energy for biophysiological 
activities. Mental tests showed that hzsA, hdh and nirS significantly 
relevance with most metabolites in purine and pyrimidine metabolism 
except for inosine, guanosine and uridine (Fig. S11). Purines and pyri-
dines are the building blocks of DNA, and the genes (hzsA, hdh and nirS) 
that encode functional proteins are present in DNA. As mentioned 
above, with the increase of PFOA concentration, the abundance of hzsA, 
hdh and nirS decreased, indicating that PFOA affected the abundance of 
microorganisms and further affected the metabolic activities of 
microorganisms. 

4.4. The hazards of emerging PFAS 

Due to the limited use of PFOA, perfluorooctane sulfonates (PFOS) 
and their precursors, more short-chain perfluoroalkylcarboxylic acids 
(PFCAs), perfluoroalkanesulfonic acids (PFSAs) and alternative chem-
icals have emerged in industrial production, such as hexa-
fluoropropylene oxide dimer acid (GenX), 6:2 chlorinated 
polyfluorinated ether sulfonate (6:2Cl-PFESA), perfluorooctyl phos-
phonate (PFOPA), etc. [47–49]. The concentration level of GenX ranged 
from μg L− 1 to ng L− 1 in rivers of the United States and the Netherlands, 
which were even higher than that of PFOA [50,51]. GenX concentrations 

Fig. 7. The relative abundance of metabolites in three key metabolomic pathways (a). Yellow is the relative abundance of metabolites in R1, blue is the relative 
abundance of metabolites in R2. 
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in serum and liver of mice were also significantly higher than that of 
PFOA. GenX could affect fetal birth weight, protein folding, andliver 
function [52–55]. The 6:2 Cl-PFESA is a short-chain substitute for PFOS, 
and its highest concentration in human serum could reach 5.04 μg mL− 1 

[56]. In a recent study, 6:2 Cl-PFESA showed severer hepatotoxicity 
than PFOS [57]. It is possible that the biotransformation and even 
removal of 6:2 Cl-PFESA was achieved in anammox system [58]. 
Compared with other emerging PFAS, 6:2 Cl-PFESA could be completely 
reduced and dechlorinated by anaerobic microorganisms. Environ-
mental impact and corresponding control strategy of these emerging 
PFAS need further lucubration. 

5. Conclusion 

The effects of environmental-concentration PFOA on anammox sys-
tem were comprehensively evaluated by process monitoring, high- 
throughput sequencing and metabonomic analysis. The nitrogen 
removal performance and granular sludge activity of the anammox 
system were not significantly affected by the PFOA exposure, mani-
festing that anammox process had a potentiality to treat the PFOA- 
containing wastewater. EPS functions as a protector for AnGS to 
tolerate environmental variations. Among them, extracellular proteins 
play a key role in maintaining the anammox consortia resistance to 
PFOA. In addition, PFOA also changed the functional gene expression 
and metabolic pathway of anammox consortia, especially prokaryotes. 
Moreover, PFOA changed the preference for amino acid utilization and 
energy allocation strategies of microorganisms, making them more 
adaptable to environmental stresses. PFOA could also affect the activity 
of anammox intracellular proteins, such as 4N4J. The response of pro-
karyotes to PFOA indicated that they were better indicators than NRE for 
evaluating the anammox process performance. In addition, the anam-
mox granules could tolerate higher concentrations of PFOA than aerobic 
granular sludge and anaerobic digestion sludge. In summary, anammox 
systems had more advantages and potential in treating wastewater 
PFOA-containing than other conventional biological wastewater treat-
ment systems. 
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