[image: image1]Comparing the Ecotoxicological Effects of Perfluorooctanoic Acid (PFOA) and Perfluorohexanoic Acid (PFHxA) on Freshwater Microbial Community

		ORIGINAL RESEARCH
published: 17 May 2022
doi: 10.3389/fenvs.2022.888171


[image: image2]
Comparing the Ecotoxicological Effects of Perfluorooctanoic Acid (PFOA) and Perfluorohexanoic Acid (PFHxA) on Freshwater Microbial Community
Miikka B. Laine*, Jussi S. Vesamäki, Veli-Mikko Puupponen, Marja Tiirola and Sami J. Taipale
Department of Biological and Environmental Science, University of Jyväskylä, Jyväskylä, Finland
Edited by:
Pedro Neves Carvalho, Aarhus University, Denmark
Reviewed by:
Jianfeng Feng, Nankai University, China
Yunqiao Zhou, Institute of Tibetan Plateau Research (CAS), China
* Correspondence: Miikka B. Laine, mibelain@jyu.fi
Specialty section: This article was submitted to Toxicology, Pollution and the Environment, a section of the journal Frontiers in Environmental Science
Received: 02 March 2022
Accepted: 12 April 2022
Published: 17 May 2022
Citation: Laine MB, Vesamäki JS, Puupponen V-M, Tiirola M and Taipale SJ (2022) Comparing the Ecotoxicological Effects of Perfluorooctanoic Acid (PFOA) and Perfluorohexanoic Acid (PFHxA) on Freshwater Microbial Community. Front. Environ. Sci. 10:888171. doi: 10.3389/fenvs.2022.888171

The ubiquitous presence of perfluorinated carboxylic acids (PFCAs) around the globe has attracted increasing attention, due to their persistency, bioaccumulation, and toxicity. Nevertheless, the ecotoxicological effects of the compounds on aquatic microorganisms has remained understudied. Hence, the present study focused on determining, and comparing, the effects of regulated long-chain PFCA, perfluorooctanoic acid (PFOA), and nonregulated short-chain PFCA, perfluorohexanoic acid (PFHxA), on the diversity, structure, microbial growth, and activity of a freshwater microbial community. In the experiment, lake water was incubated for a period of four weeks at three different concentrations of the studied PFCAs: 100 ng/L, 100 μg/L, and 10 mg/L. The results suggested that both compounds at high concentration (10 mg/L) altered the structure of the microbial community, but the diversity was not affected. Both compounds also decreased the microbial biovolume at higher concentrations and the increasing dose added to the significance of the impact, whereas inhibition of net microbial respiration could not be demonstrated. PFOA showed more potent toxicity towards the microbial community as it caused more significant structural changes to the community and significantly inhibited microbial growth even at the low 100 ng/L concentration. This study helps to better understand the ecotoxicity of PFCAs and to assess the environmental risks associated with their use. Additionally, these results can help policy makers to better assess the environmental risks posed by short-chain PFCAs on aquatic ecosystems.
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1 INTRODUCTION
Microorganisms play a crucial part in the biogeochemical processes that sustain freshwater ecosystems (Cotner and Biddanda, 2002; Bissett et al., 2007; Briee et al., 2007), and a diverse microbial community is essential for maintaining the health of a well-functioning freshwater ecosystem (Echavarri-Bravo et al., 2015; Ren et al., 2019). However, anthropogenic emissions from industrial activities or modern lifestyles can adversely affect the ecological status of freshwater, directly by disturbing the microbial activities which are taking care of these vital biogeochemical processes (Gerbersdorf et al., 2011; Londono et al., 2017), or indirectly by causing changes to the composition of the microbial community (Zhang et al., 2019; Paumelle et al., 2021). Thus, how continuous exposure to anthropogenic pollutants affects the diversity, structure, and specific functions of the microbial communities is urgently needed.
One such anthropogenic pollutant is perfluorooctanoic acid (PFOA; C8), a member of persistent organic pollutants (POPs) called per- and polyfluoroalkyl substances (PFASs). PFASs possess unique chemical properties that have led to a wide range of applications for them in industrial and domestic products, e.g., lubricants and dirt-repellent coatings (Buck et al., 2011; Glüge et al., 2020). As a downside, the widespread use and chemical persistence has led to the ubiquitous presence of PFASs in the environment, wildlife, and humans (Abunada et al., 2020). In addition to their persistence (Wang et al., 2014), many of the PFASs are toxic (Henning and Fuchsman, 2021) bioaccumulative (Haukås et al., 2007), water-soluble (3M, 2001; Zhao et al., 2016), and readily transportable in the environment (Reinikainen et al., 2019). Since the toxicity of PFASs is highly related to the length of the carbon backbone (Latala et al., 2009), efforts towards using less-toxic short-chained PFASs have been made by regulations (USEPA, 2016). As a result, long-chained PFASs, such as PFOA, have been replaced with short-chain PFASs, such as perfluorohexanoic acid (PFHxA; C6) (Ritter, 2010; Buck et al., 2011).
PFOA and PFHxA are both members of a sub-group of PFASs called perfluoro carboxylic acids (PFCAs). PFCAs differ greatly from other well-studied organic pollutants (e.g., polychlorinated biphenyl) as they tend to have low octanol/water partition coefficients (logKow) resulting in lower affinity to sediments and soils and higher water solubility (Davis et al., 2007). Consequently, both PFOA and PFHxA are frequently detected from bodies of waters around the globe (Sun et al., 2018; Muir and Miaz, 2021; Sims et al., 2022), where they end up directly from point-sources or indirectly as a wet or dry fall (Knepper et al., 2012). So far, PFOA is generally detected more often, and in higher concentrations, from the surface waters compared to PFHxA (Eschauzier et al., 2012). However, this is likely to change in the future and sites where short-chain PFCAs dominate have already been reported (Zhao et al., 2016). Moreover, the ability of PFHxA to percolate through soils and to reach groundwaters is higher compared PFOA, as the logKow value of the PFHxA is lower than of the PFOA (Jing et al., 2009). Therefore, PFHxA is more mobile in the soils and has more potential to contaminate groundwater aquifers. As the documentation regarding the toxic effects of the short-chain PFCAs is increasing, it seems evident that there is no full certainty as to whether short-chain PFCAs can be considered as a safe long-term alternative for the long-chain PFCAs in terms of environment and human health. In fact, the 2018 ANNEX XV report of the European Chemical Agency (ECHA, 2018) suggested that PFHxA should be considered as a substance of very high concern (SVHC) and added to the list of Article 57 of Regulation No 1907/2006, stating that the level of concern for PFHxA should be equal with PFOA.
Previous toxicological studies concerning PFCAs, have mainly focused on humans (Alexander, 2001; Lau et al., 2007; Rand and Mabury, 2017), rodents (Kato et al., 2014), and aquatic organisms such as microalgae (Rodea-Palomares et al., 2012), invertebrates (Barmentlo et al., 2015), and rotifers (Wang et al., 2014). The few studies focusing on microorganisms have mainly investigated the effects on soil microbes. Thus, very little is known about the overall impacts of these compounds on aquatic microorganisms. A recent study by Zhang et al. (2019) provided the much-needed evidence that PFOA at high concentrations could affect the composition of microbial communities in freshwater ecosystems. However, similar studies on the effects of PFHxA, or any other short-chain PFCA, has not been conducted to date. Therefore, our study aims to determine and compare the ecotoxicological effects of PFOA and PFHxA on a freshwater microbial community during a four-week incubation experiment. The effects on the microbial community will be studied by measuring the following features: 1) structure and diversity via next-generation sequencing (NGS), 2) microbial growth by conducting a flow cytometric (FCM) bacterium count measurement, and 3) microbial activity by measuring cell respiration by taking weekly CO2 measurements during the incubation. For the first time, the effects of a long-chain PFCA on aquatic microbial community will be directly compared to the effects caused by a short-chain PFCA. The hypotheses are that both compounds significantly affect the diversity and structure of the microbial community at high concentrations and inhibit, both, the cellular respiration and microbial growth of the community. Also, it can be assumed that the obtained effects of the PFHxA are milder compared to effects of the PFOA.
2 MATERIALS AND METHODS
2.1 Research Site and Sample Water
The studied water was collected as a compiled sample from the pelagic zone of Enonselkä Basin of Lake Vesijärvi, Central Finland (61°02′42″N, 25°35′10″E), during the summer season (August 2020) and stored at +6°C for 35 days prior to further analysis. Lake Vesijärvi is a well-studied medium-sized (110 km2) urban eutrophic, clear water lake with a total phosphorus content of 27 μg/L and watercolor of 10 mg Pt/L (Taipale et al., 2020). In turn, Enonselkä is the southernmost basin of the lake and has a mean depth of ca 6.8 m and a surface area of ca 26 km2.
The dissolved organic carbon (DOC) content, pH, and calculated specific UV absorbance at 254 nm (SUVA254) for the sample water were 5.1 mg/L, 7.9, and 1.9 (±0.3) L mg C−1m−1, respectively. For the analysis of DOC concentration, 15 ml of the sample water was pre-filtered through a 0.45 µm hydrophilic syringe filter (Biotech), and 80 µL of HCl (2 M) was added. The sample was then analyzed with TOC-L-CSH Total Organic Carbon Analyzer (Shimadzu, Kyoto, Japan). The equipment was calibrated by using standards with carbon concentrations of 0.3 and 30 mg/L. In turn, the SUVA254 parameter was used to describe the aromaticity of the lake water, and it was measured by using UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan). As described by Taipale et al. (2019), the SUVA254 expressed as L mg C−1 m−1 is defined as the UV absorbance at 254 nm measured in inverse meters (m−1) divided by the DOC concentration (mg/L) and multiplied then with 100.
2.2 Sample Preparations and Experimental Set-Up
To start the experiments, the sample water was pre-filtered with 100 µm mesh into two 3 L Erlenmeyer flasks, and the water was stored in the absence of light at room temperature (20 ± 1°C) without shaking for seven days. Both PFOA (95%) and PFHxA (≥97%) were purchased from Sigma Aldrich. In order to study the impact of PFOA and PFHxA enrichment on the bacterial community in Lake Vesijärvi, the sample water was divided into 250 mL Wheaton glass bottles, and both were spiked with either PFOA or PFHxA with final concentrations of 100 ng/L, 100 μg/L, and 10 mg/L (treatments Hx1-3 and O1-3). This wide range of concentrations was chosen due to a wide range of concentrations reported in the literature. Both PFOA and PFHxA are ubiquitously present in water bodies at the low ng/L range (Eschauzier et al., 2012), and higher concentrations at µg/L and mg/L range have been reported on contaminated sites (Moody et al., 2003; Seyoum et al., 2020). Four replicates (A-D) for each treatment were made. Also, four replicates with no added PFOA or PFHxA were prepared to act as controls (cntrlA-D). All 28 samples were incubated for a period of 28 days at room temperature in the absence of light without shaking. The extended incubation period compared to the usual 21 days, was chosen to assure that any possible structural changes in the microbial community caused even by the lowest concentration would be detected. All the samples with their specific sample IDs are shown in Supplementary Table S1.
2.3 16S rRNA Gene Sequencing
A total of 31 samples were prepared for the sequencing using sample IDs given in Supplementary Table S1, three of the samples were taken from the unincubated initial water (startA-C) and 28 sub-samples from the incubated samples (control and PFCA treatments). Samples were prepared by filtering the water through a Supor® membrane syringe filter (0.2 µm/25 mm, Pall Corporation). The filtered sample volume for samples startA-C was 27 mL, for sample cntrlB 20 mL, and for the remaining samples 25 mL.
2.3.1 DNA Extraction, Amplification, and Library Preparation
The extraction of microbial DNA was performed through bead mill homogenization. For this, the filters were placed into pre-filled bead beating tubes with 750 µL of DNA/RNA Shield™ (Zymo Research) and homogenized with Bead Ruptor Elite 24 bead mill homogenizer (Omni International Inc., GA, United States) (v = 5.5 m/s, t = 40 s). Homogenized samples were stored at −80°C to wait for further analysis. Later, the samples were centrifuged at 4°C (5 min; 12,000 rpm) and 300 µL of the supernatant per sample was pipetted to a 96-well plate and the magnetic bead-based DNA/RNA isolation was performed with the chemagicTM 360 Instrument (PerkinElmer Inc., United States) following the instructions of chemagic Viral DNA/RNA Kit. The isolated DNA was stored at −20°C.
The first-round PCR was made by using gene-specific forward primer 515FB (GTGYCAGCMGCCGCGGTAA) and reverse primer 806R (GGACTACHVGGGTWTCTAAT), enabling the partial amplification of the target 16S ribosomal RNA (rRNA) gene. PCR-reactions were prepared on qPCR strips by mixing 2 µL of the template DNA with 23 µL of master mix consisting of 12.5 µL of SybrGreen/Fluorescein qPCR Maxima Master Mix (2x) (Thermo Scientific, Lithuania), 0.5 µL of each primer (10 µM), and 9.5 µL of sterile water, which was also used as a negative control (NTC). Reaction products were vortexed, spun down, and amplified with a qPCR instrument. Second-round PCR was made to add Ion Torrent sequencing adapters to the amplicon and followed the same steps as first-round PCR. 1 µL of the product of first-round PCR was mixed with 24 µL of master mix that consisted of 12.5 µL of the SybrGreen/Fluorescein qPCR Maxima Master Mix (2x), 1 µL of (1 µM) forward fusion primer M13-515FB (TGT​AAA​ACG​ACG​GCC​AGT GTGYCAGCMGCCGCGGTAA), and 1 µL of (10 µM) reverse fusion primer P1-806R (CCT​CTC​TAT​GGG​CAG​TCG​GTG​AT GGACTACHVGGGTWTCTAAT). Additionally, 1 µL of barcoded IonA-M13 fusion primers (10 µM) were added to each PCR reaction so that they all included individual barcodes used for identifying the samples.
All amplifications were performed with CFX96TM qPCR instrument (Bio-Rad, CA, United States). The reaction conditions were 95 °C for 10 min (initial denaturation), followed by 35 cycles for 30 s (denaturation); 50°C, 30 s (annealing); 72°C, 1 min (extension), a 5 min final extension at 72°C, and 4°C maintenance. The SYBR-fluorophore curves of the qPCRs were checked with CFX Maestro software to verify amplifications were successful.
Second-round PCR products were purified with AMPureXP magnetic beads (Beckman Coulter, CA, United States) using manufacturers’ protocol. DNA concentration of the purified products were quantified with Qubit (Qubit Fluorometric Quantification, Thermo Fischer Scientific), using QubitTM 1x dsDNA HS Assay Kit (Life Technologies Co., UT, United States). A library for the sequencing was constructed by pooling 20 ng of DNA from each sample.
2.3.2 Ion Torrent Sequencing and Data Processing
The Ion Torrent sequencing of the library was made in the premises of the Department of Biological and Environmental Sciences of the University of Jyväskylä (Finland). The emulsion PCR was done on the Ion OneTouchTM 2 system following the Ion PGM Hi-Q View OT2 Kit (Life Technologies) according to instructions of the manufacturer (Life Technologies, United States). The resulted ion sphere particles (ISPs) were loaded and sequenced on an Ion 318TM Chip v2 using Hi-Q View Sequencing Kit (Life Technologies) that generated ca. 5.4 million reads with an average read length of 265 bp. For a reason, unknown, samples startB, cntrlB, and Hx1B were unsuccessfully sequenced and had to be discarded from further analysis.
The resulted data was processed in CLC Genomics Workbench 12 software (Qiaqen). The data were trimmed to discard the primers (515FB and 806r) and sequences shorter than 150 bp. Moreover, the sequences were trimmed to have a unified length of 260 bp, and the operational taxonomic unit (OTU) clustering was made based on SILVA 16S v132 99% database with a 99% similarity assumption, allowing the creation of new OTUs with 80% taxonomic similarity.
The effects on the microbial community structure were examined at the phylum, class, and family level. Family level changes were displayed visually by performing a multidimensional scaling (MDS) plot using. Furthermore, OTUs with abundance of <1% across the whole data, were excluded from the MDS plot.
2.4 Biovolume Assessment
A flow cytometric (FCM) bacterial count analysis was performed for the samples taken after the incubation. For this, the samples were prepared by following the InvitrogenTM Bacteria Counting Kit® (Thermo Fischer Scientific, United States) protocol of the manufacturer apart from not adding the microsphere standard suspension.
The samples were analyzed with a Guava® easyCyteTM HT flow cytometer (Luminex®, United States) following the instructions of the manufacturer. The data was processed with the software provided by the manufacturer, and the results (cells/ml) are expressed as the total number of bacterial cells in the sample using formula (1):
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where TBCn is the total bacteria count of sample n, BVn, and BVblank, are the biovolume of sample n and blank (cells/ml), whereas 10 is a correction factor for dilution, and Vn is the total volume (mL) of sample n.
2.5 CO2 Measurements
For the analysis, a 10 mL air sample was taken from each treatment and injected into a helium-washed flat bottomed 12 mL Exetainer® vial (due to a systematic error, the sample volume in the first measurements was 11 mL). During the 28 days incubation, a total of four measurements were taken in seven days intervals. The samples were analyzed with an Agilent 7890B GC greenhouse gas chromatograph (Agilent Technologies, Palo Alto, CA, United States). The configuration of the equipment consisted of two separate channels with stainless steel packed columns (HayeSep Q 80/100, length 8 feet × inner diameter 1/8″) using three detectors: flame-ionization (FID), thermal conductivity (TCD), and micro electron capture (μ-ECD). Low CO2-level samples were converted to CH4 through the methanizer and measured by FID. The temperatures at the column and valve box during the runs were 60 °C.
To get the final CO2-amounts, the results given by the device had to be multiplied by a correction factor (CF) which was calculated by using formula (2):
[image: image]
From the results obtained, the average CO2 amounts for each week were calculated for the treatments, and a graph was formed for each treatment, showing the change in the amount of CO2 over time. The change in CO2 concentration observed during each week of the experiment was reported in both ppm and as percentage.
2.6 Statistical Testing
The statistical differences in the structures of the microbial communities at the family level (including only the families with a combined abundance of >1% across the whole data) were examined with permutational multivariate analysis of variance (PERMANOVA) using the Monte Carlo test. The multidimensional scaling (MDS) plot was created using Bray Curtis resemblance and a Pearson difference of 80% was used for the clustering. The inhibitory effect of the compounds on the growth of microbial biomass was statistically tested by comparing the treatments with the control, and the effect of dose and differences between compounds were examined with post-hoc tests. The statistical comparisons of the CO2 measurement results were made separately for the measurements of each week, possible outliers were discarded, Shapiro-Wilkin was used to check normality, and Levene’s test to check the homogeneity of variances.
The confidence level for all the tests was 95% (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001) and they were made with IBM® SPSS® Statistics (v.26) with the exception that the multidimensional scaling (MDS) and PERMANOVA were performed with PRIMER-E (v.7, Ivybridge, United Kingdom).
3 RESULTS
3.1 The Compounds Impact on Microbial Diversity was not Significant
The operational taxonomic unit (OTU) clustering of the data based on SILVA database resulted in obtaining a total of 53,053 OTUs of which 97.6% were de novo OTUs based on 80% similarity assumption.
Interestingly, all the incubated treatments showed more taxonomic diversity than the unincubated treatment (Start), as the number of OTUs was 21.2–32.4% higher in the incubated treatments (Figure 1). Moreover, against the assumption, statistical comparison of diversity based on the number of OTUs showed no significant differences when comparing the control to PFHxA and PFOA treatments (ANOVA: p > 0.05). However, the results suggested that the PFOA slightly reduced the diversity since the number of OTUs in treatments O1, O2, and O3 were, respectively, 6.4, 1.6, and 4.2% lower than in the control, but the increasing dosage seemed to have no effect. More details about diversity results are represented in the Supplementary Material (Supplementary Table S2).
[image: Figure 1]FIGURE 1 | The mean number of operational taxonomic units (OTUs) in the treatments after an equal amount of 13,232 sequences were analyzed per treatment. Error bars represent the SDs and n = 4, except for treatments Cntrl and Hx1 n = 3 and for Start n = 2.
3.2 Both Compounds Caused Structural Changes on Microbial Community at Family Level
A total of seven phyla with a combined abundance of more than 1% were found in the total data. Gram-negative bacteria dominated, as only one of the major phyla was gram-positive. The most abundant phylum was Proteobacteria, followed by Planctomycetes, Verrucomicrobia, Bacteroidetes, and Actinobacteria, as their combined abundance in the whole dataset was 93.6% (Supplementary Figure S1). Similarly, a total of 11 classes were obtained with an abundance of >1%. Gammaproteobacteria was the most abundant across the data, followed by Alphaproteobacteria, Planctomycetacia, Verrucomicrobiae, and Bacteroidia, which together stood for 79.7% of the bacteria (Supplementary Figure S2).
At family level. a total of 432 families were obtained of which 26 had a combined abundance of more than 1% across the whole data. The bacteria belonging to these 26 most abundantly present families represented 68.0–76.6% of all the bacteria in the treatments. Moreover, in terms of the most abundant families, there were more differences between treatments than at the phylum and class level (Figure 2). For instance, in the control, the relative abundances of the families ranked as Burkholderiaceae > Opitutaceae > Phycisphaeraceae > Pirellulaceae > Gemmatimonadaceae, while in all PFCA treatments Pirellulaceae were more abundant than Phycisphaeraceae and Gemmatimonadaceae was relatively less abundant compared to other families such as Sporichthyaceae and Gemmataceae. However, Burkholderiaceae was the most abundantly present family in all treatments.
[image: Figure 2]FIGURE 2 | The relative mean abundances of the families in the treatments. Others represent the sum of abundance of families with a combined abundance less than 1% across the whole data. Note that the families belonging to same class share the common base color.
As expected, statistical testing revealed that both compounds significantly changed the structure of the microbial community at high concentrations (10 mg/L). When comparing the treatments Hx3 and O3 to control, they had p-values of 0.021 and 0.001 (PERMANOVA, Monte Carlo test), respectively. Moreover, for both compounds, the high concentration altered the microbial community structure most significantly. However, even the 100 ng/L concentration of PFOA significantly changed the microbial community structure, and the observed change was as significant as with the 100 μg/L concentration (PERMANOVA: p = 0.003 for both O1 and O2 compared to control). Surprising results were also obtained when comparing PFHxA treatments, as the microbial community at the highest concentration differed significantly from Hx2 (p = 0.015) but not from Hx1. Moreover, statistical testing showed the more potent toxicity of PFOA since the pair-wise comparison of Hx1 to O1, Hx2 to O2, and Hx3 to O3 had p-values of 0.031, 0.001, and 0.001, respectively.
Multidimensional scaling (MDS) showed excellent clustering of different treatments, as all of the PFOA treatments were clustered together and PFHxA treatments clustered with control (Figure 3). Only sample Hx1C separated from all the other incubated samples, primarily because of its substantially higher abundance of Moraxellaceae (Figure 2). Based on Pearson correlations, the most significant differences on the MDS1-axis were caused by the differences in abundances between families Burkholderiaceae, Sporichthyaceae, Opitutaceae, and Gemmatimonadaceae. Therefore, the most significant change during the incubation that separated the incubated treatments from the Start was the decreased abundance of Burholderiaceae, resulting in higher abundances of Sporichtyaceae, Opitutaceae, and Gemmatimonadaceae. Similarly, in the MDS2-axis, changes in the relative abundances in the families of Gemmataceae, Rhizobiales Incertae Sedis, Beijerinckiaceae, and Betaproteobacteriales most significantly explained changes in microbial communities between the treatments. Consequently, the most significant differences in the microbial communities of PFOA treatments compared to control and PFHxA treatments were their relatively higher quantities of Saprospiraceae, Sporichthyaceae, Rhizobiales Incertae Sedis, and Gemmataceae, which resulted in comparatively lower abundances of TRA3-20 and Beijerinckiarcaeae. Moreover, treatment O3 differed from O1 and O2 due to its higher abundance of Pirellulaceae. Thus, an elevated quantity of Saprospiraceae and Pirellulaceae in aquatic environments may indicate a high concentration of PFOA. Similarly, the significant difference between PFOA treatment Hx3 compared to Hx2, and control was caused mainly by differences in the abundances of Moraxellaceae, uncultured bacterium, Solibacteraceae (Subgroup 3), and Oligoflexaceae. Thus, a high level of Moraxellaceae may be an indicator of PFHxA in freshwater ecosystems.
[image: Figure 3]FIGURE 3 | Multidimensional scaling (MDS) of the microbial community compositions of the treatments showed significant separation of samples as the 2D stress value was <0.1. Treatments are separated by the color and the shading of the same base color separates the dose of the individual PFCA. Moreover, the circles indicate the clustering of samples sharing similar microbial community structures under 80% similarity assumption and lines represent the families which most strongly explained the structural differences in microbial communities between treatments (Pearson correlation threshold value 0.8).
3.3 Both Compounds Inhibited the Microbial Growth
With flow cytometry (FCM), the highest total bacteria count (TBC) was obtained in the control (8.95 × 1010 cells), and the TBCs of the PFCA treatments were 18.1–55.2% lower compared to that (Supplementary Table S3). Compared to control, TBCs showed statistically significant inhibition with treatments Hx2, Hx3, and all PFOA treatments (Tukey’s HSD: p < 0.05, see Figure 4). Moreover, according to hypothesis, there was a negative correlation between the increasing concentration and TBC, with both compounds. Although with PFOA, the effect on TBC showed similar responses with both 100 ng/L and 100 μg/L concentrations (Figure 4).
[image: Figure 4]FIGURE 4 | Flow cytometrically determined biovolumes as total bacteria counts for different treatments after the incubation (n = 4). Error bars represent the SDs and statistical significance deviation from control (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001).
Expectedly, PFOA decreased the number of microbes more effectively than PFHxA. The TBCs for 100 ng/L and 10 mg/L PFOA treatments were 13.0 and 21.6% lower than for PFHxA at same concentrations. Even though, at 100 μg/L the TBC of PFHxA was 6.7% higher than in the corresponding PFOA treatment, the difference was not significant (Tukey’s HSD: p > 0.05). Surprisingly, there was no statistical differences between the compounds, whereas the increasing dose had an expected effect. The observed negative correlation of TBC with the rising PFHxA concentration was statistically significant as 10 mg/L PFHxA treatment had significantly lower (-30.0%) TBC than 100 ng/L PFHxA treatment (Tukey’s HSD: p = 0.047), and PFOA at highest concentration (10 mg/L) showed significantly lower (−37.0 and -37.5%) TBCs than 100 ng/L and 100 μg/L PFOA treatments with p-values of 0.038 and 0.035, respectively (Tukey’s HSD).
3.4 Effects on the Microbial Respiration
The CO2 concentrations growth-curves (Figure 5) indicate that all treatments shared the same type of growth rate during the experiment. Moreover, Figure 5 well illustrates that the significant differences between the CO2 concentrations of the treatments occurred during the first week of incubation and remained approximately the same or leveled off during the experiment. In all treatments, the CO2 concentrations grew fastest during the first two weeks of incubation, after which the concentrations stopped growing or began to decrease.
[image: Figure 5]FIGURE 5 | The CO2 concentrations growth curves are shown as each measuring week mean CO2 ppm-levels for PFHxA and PFOA treatments compared to control (the error bars represent SDs; n = 4). Note that both figures have the same scaling in the y-axis starting from 750 ppm.
As expected, the changes of CO2 ppm-levels in PFCA-treatments with the highest concentration were lower than the change in control at all weeks of the experiment, suggesting that the presence of the compounds have some inhibitory effect with high concentration (Supplementary Table S4). However, the statistical testing showed no significant inhibition during the experiment (Welch’s ANOVA, p > 0.05). Instead, the comparison of mean total CO2 amounts of the treatments showed that all PFHxA treatments and treatment O3 had significantly higher CO2 concentrations than control after the first week of incubation (Tukey’s HSD: p < 0.05). Notably, none of the PFCA treatments showed significantly lower total CO2 concentrations at any incubation stage compared to control.
Surprisingly, the CO2 concentrations in less toxic PFHxA treatments differed more from control than PFOA treatments. The total mean CO2 concentration of 100 ng/L PFHxA treatment was significantly higher than in control for the first two weeks, 100 μg/L treatment until the third week, and 10 mg/L treatment throughout the experiment (Supplementary Table S5). PFHxA seems to have an accelerating effect on microbial cell respiration during the first week, which positively correlates with the concentration of the compound.
The only PFOA treatment with a significantly different CO2 concentration compared to control during the incubation was 10 mg/L treatment after the first week having 12.8% more CO2 (p = 0.000). However, the difference leveled off by the end of the experiment, suggesting that the amount of CO2 had increased faster in control (4th-week p = 1.000). At other concentrations, the effect of PFOA varied. At 100 ng/L treatment, the total mean CO2 concentration was 4.5–8.3% lower than in control throughout the experiment, and at 100 μg/L treatment variably higher or lower at different stages of the experiment (Supplementary Table S4).
When comparing the compounds, the CO2 concentrations of the 100 ng/L and 10 mg/L PFOA treatments were significantly lower compared to the concentrations of PFHxA, at each week of the experiment, while the corresponding difference for 100 μg/L PFCA treatments was significant only for the first two weeks (Table). Moreover, contrary to the assumption, PFOA did not affect the cell respiration of the aquatic microbes more strongly than PFHxA (Welch’s ANOVA: p > 0.05).
Notably, sample Hx3A was discarded from statistical analysis as an outlier. The calculated mean CO2 concentrations and the obtained p-values of the post-hoc test comparing different treatments are summarized in Supplementary Tables S4,S5.
4 DISCUSSION
4.1 PFCAs Impacts on the Diversity and Structure of the Microbial Community
Persistent organic pollutants (POPs) cause concern as they force organisms to adapt to their presence. Very little research has been done on the effects of perfluorinated alkyl acid (PFCAs) on the structure and diversity of freshwater microbial communities. Therefore, in this study, we investigated the structural changes in the microbial community of Lake Vesijärvi (Finland) caused by PFOA and PFHxA. Our results suggested that neither one of the compounds affected the diversity of the community but caused structural changes at high concentration (10 mg/L). However, PFOA showed a more substantial impact as it also affected the structure significantly with lower concentrations of 100 ng/L and 100 μg/L. Although more significant structural changes occurred at the highest concentrations, the significance of the increasing concentration was lower than expected.
Previous studies have suggested that PFOA could affect microbial community structure and diversity in freshwaters (Zhang et al., 2019), sediments (Sun et al., 2016), and soils (Qiao et al., 2018; Cai et al., 2020). However, some of the results of these earlier studies show inconsistencies with the present study. For instance, Zhang et al. (2019) obtained an evident increase of Proteobacteria (12.5–18.6%) that positively correlated with the concentration. In this study, the relative abundance of Proteobacteria was only increased by 1.4 and 3.0% with 100 ng/L and 100 μg/L PFOA concentrations and decreased by 8.9% with 10 mg/L concentration, showing a contrary response. Moreover, Zhang et al. (2019) obtained a significant increment in the relative abundance of Chloroflexi, which did not occur in the present study, whereas our results showed a decreased quantity of Planctomycetes, which did not occur in their results. Furthermore, as their results showed decreased relative abundances of Actinobacteria (26.5–38.8%) and Bacteroidetes (40.5–70.7%) in this study, their relative abundances increased 13.2–66.0 and 14.3–47.1%, respectively. The only similar response at the phylum level was the decreased relative quantity of Verrucomicrobia. However, the obtained decreasement by Zhang et al. (2019) was twofold higher than here. These results are very comparable in terms of doses, as Zhang et al. (2019) used almost similar concentrations (450 ng/L, 130 μg/L, and 5 mg/L) as used here. Some of the differences in the obtained results are most likely due to differences in the original compositions of the microbial communities. For instance, Chloroflexi was not among the most abundantly present phyla in the sampled water of this work and vice versa for Planctomycetes.
This was the first time when the impact of PFHxA on microbial community structure and diversity was assessed. Therefore, the obtained results cannot be similarly compared to earlier findings. However, as expected, the effects of PFHxA on the microbial community structure were milder than those caused by PFOA, and the significant changes were all caused by the high 10 mg/L concentration. In general, exposure to PFHxA increased the relative abundance of Proteobacteria, which led to decreased quantities of Planctomycetes, Verrucomicrobia, Gemmatimonadetes, and Acidobacteria.
The earlier study by Hu et al. (2014) suggested that different taxonomic groups of microorganisms show variating responses to PFOA toxicity. Since the results of our flow cytometric (FCM) biovolume assessment showed inhibition of the growth, it is likely that the structural changes here are the result of other bacterial selection by growth inhibition. Since Proteobacteria and Planctomycetes were the most abundant phyla in the studied water, changes in the relative abundances of families inside these phyla most significantly explained the differences between the microbial communities exposed to PFOA and PFHxA. An elevated abundance of strain Rhizobialez Insertae Sedis, Saprospiraceae, Pirellules, and Gemmataceae might indicate the presence of PFOA in aquatic environments, as they showed low sensitivity towards the toxic compound. In turn, Rhodobacteraceae and Saprospiraceae positively correlated with PFHxA suggesting that the families resist PFHxA contamination. Moreover, Moraxellaceae may express the presence of PFHxA. However, there was a high variance between the treatments and samples regarding the quantity of Moraxellaceae in PFHxA treatments.
The quality of the results and the value of the conclusions drawn from them are undermined because most operational taxonomic units (OTUs) were produced de novo with an assumption of 80% similarity (97.6% of all the OTUs). Moreover, discarding the families showing relative abundance of <1% across the whole data led to discarding rare families with a combined abundance of 23.4–32.0% in the treatments. Consequently, some significant groups abundantly present in some treatment may have gone unnoticed. The low similarity assumption, in turn, increases the probability that closely related bacteria have been incorrectly clustered to represent the same OTUs. This may also explain why the diversity-related changes observed in previous studies were not observed in this experiment. According to Sun et al. (2016) PFOA suppressed the diversity of a microbial community of river sediment when the concentration was higher than 100 ng/L. Similar finding was made by Zhang et al. (2019) who recorded significant reduction of microbial diversity of freshwater microbial community with PFOA at 130 μg/L and 5 mg/L but not with 450 ng/L.
Despite the inconsistencies with the earlier study, our results further confirmed the notion that the PFOA can alter the structure of a freshwater microbial community and that the effects of PFHxA are much milder. Furthermore, there was no significant difference between the changes produced by the highest and lowest concentrations of PFHxA. Besides, examining changes by comparing the abundance ratios of different bacterial species does not necessarily tell the whole truth about the significance of the changes. It would be important to investigate the effects of the structural changes on the microbial processes that maintain the aquatic ecosystem. Therefore, further research should focus on clarifying these issues. However, studies such as these should also be done to improve the overall picture of structural changes. Moreover, we find it important, that future studies would take sub-samples during the incubation period, in order to follow-up and to see the variation of the structural changes in the microbial community. This would also give additional information about the toxic potency of the compounds.
4.2 PFCAs Effects on the Microbial Growth
Previous studies investigating the growth inhibition by PFCAs have focused on acute responses with shorter incubation times and higher concentrations. Also, studies have targeted individual microorganisms, e.g., algal species, instead of the whole microbial community. For instance, Hu et al. (2014) reported that after 8-days exposure to PFOA (10–40 mg/L), the growth of freshwater microalgae C. reinhardtii was significantly inhibited, whereas growth of S. obliquus was only slightly suppressed, indicating variating responses depending on the organisms.
In the present study, microbial growth was examined flow cytometrically (FCM) and our experiment was able to show significant inhibition of microbial growth for both compounds. As expected, the increasing concentration added to the inhibition. However, contrary to assumption, the inhibitory effect of PFOA was not significantly more substantial than PFHxA’s, which raises concerns about the unregulated use of PFHxA. Notably, some inhibitory effects may have been “lost” if there were bacteria in the community whose growth was promoted by the compounds, a phenomenon that cannot be considered entirely impossible. Thus, we conclude that studies targeting the growth of model microorganisms (e.g., E. coli bacteria) would serve better to tell the responses on microbial growth.
4.3 PFCAs Effects on the Microbial Respiration
Microbial respiration is a key process affecting the aquatic life cycle of carbon and information about the effects of toxic chemicals on the process is scarce. Here, we investigated the effects of PFOA and PFHxA on aquatic microbial respiration, which according to our knowledge, have not been previously studied. On the other hand, few studies have focused on the ecotoxicological effects of PFOA on soil microbes, and, for instance, Xu et al. (2021) concluded that PFOA could inhibit soil respiration at high concentrations. Their notion is inconsistent with the observations of the present study as our results suggested that PFHxA and PFOA did not significantly inhibit the microbial respiration of lake microorganisms. Instead, PFHxA showed a significant stimulating effect.
The higher ppm levels observed in the 10 mg/L PFHxA treatment after the first week of incubation might be due to differences in the initial CO2 concentrations in the sample, as the base level was not measured. However, in this case, the results would have shown a lot more variation between the replicates within the same treatment. Consequently, it can be concluded that PFHxA is likely to have an acute accelerating impact on microbial respiration. During the first week the most sensitive bacteria may have died, and CO2 was released as decomposers decomposed the dead bacteria. Same may have happened with PFOA, but the inhibition of microbial degradation has been stronger, which kept the CO2 concentration low. Besides, a study conducted by He et al. (2016), demonstrated that on soils, PFOA inhibited beneficial microbial processes such as dehydrogenase and urase, leaving space to believe that it might also disturb the microbial degradation process on aquatic environments.
The obtained elevated CO2 concentrations with PFHxA exposure could also be a sign of structural changes. Hence, to better understand the effect of the compounds on aquatic microbial respiration, the possible accelerating effect of PFHxA should be investigated, focusing on the first week of the experiment with short measurement intervals, and also, by monitoring the changes in the microbial community throughout the incubation. Moreover, the effect of the compounds on different microorganisms might vary. If for some microbes, the effect of the compounds on respiration is stimulating and for some inhibitory, such responses of a single microorganism cannot be verified by examining changes in the total amount of carbon dioxide throughout the community, as the responses may cancel out each other. Consequently, we suggest the inhibitory effect to be studied for individual microorganisms separately.
5 CONCLUSION
The ecotoxicological effects of PFOA and PFHxA on aquatic microbes have been poorly studied. Here, we have investigated how the presence of the compounds affect the diversity and structure, biovolume, and activity of a freshwater microbial community as a whole. The phylum, class, and family level analysis of the bacterial community showed that both compounds with high concentration altered their structure but did not affect the diversity. However, the observed structural changes differed from earlier findings. The bacterial biovolume was inhibited by the compounds, while inhibition of activity via measuring cell respiration could not be demonstrated. In accordance with the hypothesis, PFOA showed more potent toxicity causing more structural changes to the microbial community than PFHxA.
Future experiments should aim to understand how the microorganisms adapt to the continuous presence of these compounds, and what are the overall impacts of these adaptations towards ecosystems. In general, there should be a shift from studying long-chain PFCA homologues to studying short-chain PFCA homologues, since the short-chain PFCAs concentrations in the environment are likely to exceed long-chain homologues in the future. Although, this study helped to better understand the ecotoxicity of PFCAs on aquatic microbes, the information about their physicochemical properties, toxicity, environmental behavior, and fate is scarce. Therefore, before the overall environmental risk of these compounds can be assessed in a comprehensive and reliable manner, their manufacture and use should be globally more regulated in efforts to minimize emissions to the environment.
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