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1 Abstract

Polyfluoroalkyl substances (PFAS) constitute a widespread contaminant in the natural environment. Their
resistance to degradation as a result of strong C–F bonds makes them largely unresponsive to conventional
wastewater treatment methods. Bio-remediation, which uses organisms to break down contaminants, is
an emerging approach that offers a cost-effective remediation technology with the potential for in situ
treatment. In this study, we tested the potential of cyanobacteria Synechocystis for bio-remediation of
perfluorooctanesulfonic acid (PFOS), which is one of the most common types of PFAS found in the
environment. Our approach used (1) toxicology assays to determine the tolerance of Synechocystis to
PFOS and (2) incubation experiments with 13C-labelled PFOS to assess its bio-accumulation potential.
The toxicology assays revealed that over a period of 7 days, which corresponds to 5 generations, growth
rates were not significantly affected by PFOS up to the maximum tested concentration of 8 mg L−1. The
photosynthetic potential of Synechocystis across the exponential and stationary growth phases, measured
by methods based on variable chlorophyll a fluorescence, was also unaffected within the tested range of
PFOS concentrations. The bio-accumulation potential was tested at a PFOS concentration of 1 mgL−1.
In contrast to the expected increase in δ13C as a result of 13C-PFOS accumulation by the cells, we observed
a small but significant decrease, indicative of no PFOS accumulation. Overall, this study demonstrates
that the growth of Synechocystis on short time scales is not affected by PFOS until concentrations that
by far exceed those found in surface waters. However, further research is needed to determine why the
13C-PFOS based approach was insensitive to resolve the previously reported ability of this cyanobacteria
species to bio-accumulate PFOS.

2 Introduction

Polyfluoroalkyl substances (PFAS) are synthetic aliphatic compounds that contain strong C–F bonds
(Buck et al., 2011). They are manufactured for their favourable amphiphilic properties (possessing both
hydrophilic and hydrophobic properties), high thermal resistance, chemical stability and resistance to
degradation (Buck et al., 2011; Rahman et al., 2014). Common uses of PFAS are firefighting foams, textile
impregnation, electroplating and products with non-stick coatings (Glüge et al., 2020). The continued use
of PFAS since the 1940s has led to widespread contamination of various environments including surface
waters, groundwater, soils and wastewater, and their presence has even been detected in household dust
and agricultural produce (Blake and Fenton, 2020; Shahsavari et al., 2021). PFAS are endocrine disrupting
chemicals (EDCs), and as a result of their persistence they can bioaccumulate and cause harm to humans
and other organisms when present in excess amounts (Ambaye et al., 2022; Del Fiore et al., 2022). For
humans, specific PFAS compounds were shown to have negative effects on thyroid and kidney function as
well as on reproduction and fetal development. Exposure to PFAS can further cause liver disease, kidney
disease, cancer or adverse immune outcomes such as dyslipidemia (abnormal amount of lipids in blood)
(Fenton et al., 2021; Sunderland et al., 2019).

In the Netherlands, a recent report by the Rijksinstituut voor Volksgezondheid en Milieu (RIVM) has
documented that the amount of PFAS ingested through drinking water and food exceeds the health-based
guidance value (Schepens et al., 2023). This excess human exposure to PFAS is the result of widespread
contamination of Dutch soils, groundwaters and surface waters with PFAS. Especially drinking water
produced from Dutch surface waters, as opposed to groundwaters, is found to exceed provisional guideline
values based on the EFSA (2020) at the majority of locations Sadia et al. (2023). Given that 40% of
drinking water in the Netherlands derives from surface waters (Sadia et al., 2023), the implementation of
effective and feasible water treatment methods is imperative.

Several technologies have been developed to remediate PFAS contaminated waters. These include ad-
sorption, ion exchange resins, membrane processes, treatment trains, advanced reduction processes and
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advanced oxidation processes (Yadav et al., 2022). However, these methods are often expensive, impracti-
cal for in situ treatment, and require large amounts of energy (Shahsavari et al., 2021). Bio-remediation,
which uses organisms to break down PFAS, is an emerging approach that offers a cost-effective alternative
to the above list of remediation technologies with the potential for in situ treatment. To date, PFAS
bio-remediation potential has been investigated for various strains of fungi and bacteria as well as plants
(Verma et al., 2021). Research on microbial breakdown of PFAS is largely dominated by studies on soil
bacteria (Zhang et al., 2022).

Phototrophic microorganisms are known to utilize a large variety of organic pollutants and offer other
advantages such as low nutrient requirements for growth. There has been a growing number of publications
on their interaction with PFAS (Hu et al., 2023; Mojiri et al., 2023; Muhammad et al., 2023). Among
these studies, four have thus-far been published on the accumulation potential of cyanobacterial and algal
species. While two of these studies demonstrated only marginal accumulation rates (Hu et al., 2020;
Liao et al., 2024), others identified significant bioaccumulation factors (Mao et al., 2023; Marchetto et al.,
2021), suggesting promising potential for bioremediation. For example, the study by Marchetto et al.
(2021) showed that the cyanobacterial species Synechocystis could remove about 88% of PFOS and 37%
of PFOA (Perfluorooctanoic Acid) from solution during growth at PFOS and PFOA concentrations of up
to 4 mg L−1.

Although these studies demonstrated the potential of cyanobacteria for phyco-remediation of waters con-
taminated with PFAS, the bio-accumulation potential in all studies was only ascertained based on mass
balances of PFAS amounts measured in the culturing medium before and after incubation, PFAS amounts
measured after thorough mixing to quantify adsorbed PFAS, and PFAS in solution after artificially in-
duced cell lysis. These studies thereby did not quantify PFOS accumulation through direct measurements
of intracellular PFAS content.

This study aimed to develop and apply an approach based on stable isotope probing (SIP) to study
accumulation of PFAS by cyanobacteria. The key conceptual idea is that by using 13C-labelled PFOS
as a tracer, PFOS bio-accumulation can sensitively be detected by measuring the 13C/12C isotope ratio
in the cyanobacterial biomass, thereby providing a direct quantification of the bio-accumulation factor.
PFOS is tested because it is one of the most common long-chain PFAS found in the environment (Umar,
2021). To allow for comparison of results with Marchetto et al. (2021), Synechocystis is used as the target
cyanobacterial species, and key parameters of the experimental design (incubation period and PFOS
concentrations) are in line with Marchetto et al. (2021).

3 Methods

In order to encompass all factors relevant in assessing the potential of Synechocystis to accumulate PFOS,
this study was approached in two consecutive experiments. In the 1st experiment, the influence of PFOS on
the photosynthetic potential and growth of Synechocystis was tested using an ecotoxicological approach.
Here, unlabelled PFOS (40 wt% PFOS dissolved in water, sourced from Sigma Aldrich) was used at
varying concentrations to determine suitable conditions for the 2nd experiment. In the 2nd experiment,
the bio-accumulation potential of PFOS was tested through incubating the cyanobacteria with 13C-labelled
PFOS (50 mg L−1 (± 2.5 mgL−1); >99% 13C8, sourced from Wellington Laboratories in Canada). This
13C-labelled PFOS inherently comes in solution with methanol. Because it is known that methanol can
affect the physiological status of Synechocystis (Rigomier et al., 1980), the tolerance of Synechocystis to
methanol was additionally assessed in a toxicological assay. The aim of this assay was to determine which
concentration of 13C-labelled PFOS can be added such that the effect of PFOS can be observed without
damaging the cells by methanol.

Culturing and incubation conditions were kept the same across all experiments. Synechocystis sp. PCC
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6803, sub-strain GT-P, was the wild-type used in experiments, obtained from the laboratory of Prof. Peter
Nixon at Imperial College London. The culturing medium used was BG-11. The cultures were grown and
incubated at a constant temperature of 28 ◦C under continuous light. The light intensity was set to 20–
25 µmol photons m−2 s−1, and the cultures were continuously shaken at a rotational speed of 140 rpm.
These conditions differ on some fronts to those used by (Marchetto et al., 2021), where light intensity was
set to 150 µmol photons m−2 s−1 and a temperature of 30 ◦C was maintained.

3.1 Toxicology assays

Toxicology assays were performed for 7 days in batch cultures containing the BG-11 medium, cyanobac-
terial inoculum, and PFOS at concentrations of 0, 0.5, 1, 4 and 8 mgL−1. 100 mL Erlenmeyer flasks
were used for the incubations with a working volume of 15 mL. Cotton plugs were used to allow for gas
exchange with the atmosphere. The starting culture was diluted to an optical density (OD720) of 0.1, and
each assay was carried out in triplicate. Daily subsampling into Eppendorf tubes was done in a laminar
flow cabinet under sterile conditions.

3.2 Methanol assay

The methanol assay was performed for 7 days considering 3 different treatments: (1) control (no methanol
or PFOS), (2) methanol without PFOS and (3) methanol with PFOS. Methanol concentrations corre-
sponding to the amounts present in 13C-PFOS at concentrations of 1 and 4 mg L−1 were tested (Table
1). Thereby, batch cultures contained the BG-11 medium, cyanobacterial inoculum, and methanol at
concentrations of 0, 16 and 64 mg L−1, in absence and presence of PFOS at corresponding concentrations
of 0, 1 and 4 mg L−1. Experiments were carried out in duplicate. In order to simulate the same conditions
that were planned for the 13C8-PFOS incubations, the starting culture was diluted to an OD720 of 0.05,
and cultures were incubated in 25 mL Erlenmeyer flasks with a working volume of 4 mL. Cotton plugs
were used to allow for gas exchange.

Table 1: PFOS and methanol concentrations [mgL−1] involved in each experiment. For a given 13C-PFOS
concentration in the incubation solution, the corresponding methanol concentration was calculated and
used in the methanol toxicology.

Methanol concentration PFOS concentration
PFOS Toxicology assays 0 0, 0.5, 1, 4, 8
Methanol Toxicology assays 0, 16, 64, 0, 1, 4
13C8-PFOS incubations 0, 16 0, 1

3.3 13C-PFOS incubation experiment

For stable isotope probing, Synechocystis inoculum was incubated with 13C8-PFOS at a concentration
of 1 mg L−1. This concentration was chosen because (1) the methanol assay revealed that 16 mg L−1
methanol did not have a significant effect on Synechocystis growth and photosynthetic potential (Section
4.2), (2) this was the concentration used by Marchetto et al. (2021), allowing for comparison of results,
and (3) this concentration was expected to have a measurable effect based on the accumulation capacity
of Synechocystis derived from Marchetto et al. (2021).

Marchetto et al. (2021) reported that Synechocystis specifically removed – and thereby accumulated –
1.72 ± 0.32 mg(PFOS) g−1(biomass) over 2.44 days in a continuous culturing system. Following the
general assumption that the carbon content of dry bacterial biomass is 50% (Romanova and Sazhin,
2010), this corresponds to 3.44± 0.64 mg(PFOS) g−1(biomass carbon). Given the Synechocystis 13C/12C
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ratio of 0.01088 calculated from our own data, this excess 13C incorporation translates to a δ13C value of
59 h over 2.44 days. Calculations followed formulas outlined in equations 1 and 2:

Rsample =
13Cbiomass +

13 Cadded
12Cbiomass

(1)

δ13Csample =

(
Rsample

Rstandard
− 1

)
× 1000 (2)

where Rsample is the 13C/12C ratio in the sample biomass, Rstandard is the 13C/12C ratio of the VPDB
standard (0.01118), 13Cbiomass represents the moles of original 13C present in the biomass, 12Cbiomass

represents the moles of original 12C present in the biomass, and 13Cadded represents the moles of added
13C from PFOS.

To confirm that the expected enrichment would be observed, the presumed amount of 13C-PFOS accumu-
lated by the cells was injected into a control sample of known cell biomass, and measured as a “positive
analytical control”. This positive analytical control comprised of a tin capsule containing dried control
biomass (natural isotope composition), and another tin capsule containing 10 µL of 13C8-labelled PFOS,
where the methanol was first allowed to evaporate. These were combined into one tin capsule and measured
together as one sample. Using the measured carbon content of the dried control biomass, the expected
δ13C value was calculated according to equations 1 and 2. This was compared against the measured δ13C.

3.3.1 Bulk Biomass

Two sets of 13C-PFOS incubations were set up for bulk biomass analysis. Biomass was collected using two
sampling methods, centrifugation and filtering. One 7 day incubation series was subsampled for biomass
using centrifugation, after 10 min and 7 days. Another 4 day incubation series was subsampled for biomass
using filtration, after 10 min, 2 days and 4 days. The last time point of each incubation series was sampled
using both methods, to enable method comparison. The incubation series were started from different
Synechocystis cultures, and the starting culture of each experiment was used as the respective “control”
for that experiment. Each 13C8-PFOS incubation series was carried out in triplicate. The starting cultures
were diluted to an OD720 of 0.05, and cultures were incubated in 25 mL Erlenmeyer flasks with a working
volume of 4 mL.

For the centrifugation method, samples were centrifuged at 4000 rpm for 15 minutes, after which the
supernatant was poured off. The cells were washed with an equivalent volume of ultrapure water, where
the pellet was homogenized through gently pipetting up and down. The washed cells were re-centrifuged
under the same conditions and the supernatant discarded. It was microscopically confirmed that the cells
were not lysed in these steps. The remaining biomass was transferred to a tin cup and oven-dried at 65 ◦C
for 24 hours. For the filtration method, samples were filtered using single-use syringes and pre-combusted
Whatman GF-F filters (pore size 0.7 µm). Filters were oven-dried at 65 ◦C for an hour, acidified using
150 µL HCl, and oven-dried for additional 4 hours.

3.3.2 Individual cell level

An additional 13C-PFOS incubation was set up for individual cell analysis using nanoSIMS. A single
incubation was subsampled in triplicate for biomass after 10 min, 3 days and 5 days and 7 days. Biomass
was harvested through dropping 50 µL suspended culture onto an Au-coated polycarbonate filter (pore
size 0.2 µm), and allowing filtrate to absorb into underlying filter paper. The filters were moved to clean
filter paper and washed four times with an equivalent volume of ultrapure water.
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3.4 Analytical procedures

During the toxicology assays, cell counts and cell sizes were measured daily using a Beckman Coulter
Multisizer 4 Coulter Counter, operated using a 30 µm aperture set to detect cells within a size range of
1.25–3 µm. Fv/Fm and OD was measured daily using the AquaPen-P AP-P 100, a handheld fluorometer.
Cell count and OD values on day 0 were measured only for the starting culture, and were calculated for
other PFOS concentrations according to the dilution factor as a result of PFOS addition. AquaPen Fv/Fm

samples were dark-adapted for 5 minutes prior to measurements and measured using blue excitation light
(455 nm). Chlorophyll a and carotenoid concentrations were measured for the starting culture and at
the end of the experiment using a Thermo Spectronic UV 5000 UV/VIS spectrophotometer, following the
procedure outlined by Zavřel et al. (2015). At the same time points, the cultures were additionally analysed
using Fast Repetition Rate Fluorometry (FRRF), which exposes samples to light pulses of increasing
intensity through which several response attributes were measured (Table 2). Cultures were dark adapted
for 10 minutes, and 30 µL culture was diluted with 1.97 mL BG-11. LED excitation light was set to 450
and 624 nm in equal shares. The photomultiplier tube gain was set to 330 V.

Table 2: Photosynthetic variables measured by FRRF.

Fv variable fluorescence
Fm maximum fluorescence
Fv/Fm Dark adapted maximum quantum yield of PSII
Fv’/Fm’ Light adapted maximum quantum yield of PSII
NPQ non-photochemical quenching
σ photosystem II functional absorption cross section

For the 13C-PFOS incubation experiment, 13C/12C ratios in the bulk biomass samples were determined
using EA-IRMS. Samples were introduced into a Thermo Scientific Flash IRMS EA IsoLink System coupled
via a Thermo Scientific CONFLO IV universal continuous flow interface to a Thermo Scientific DELTA
V Advantage isotope ratio mass spectrometer. Centrifuged samples containing a range of 26 to 261 µg
C were diluted 50% using helium gas through the continuous flow interface to remain within the voltage
detection limit. Filtered samples were not diluted and contained a range of 26 to 67 µg C. IAEA-CH-7
and nicotinamide were used as laboratory standards between samples, and a graphite-quartz laboratory
standard was used at the start of the run to enable accurate determination of sample carbon content.
The analytical uncertainty was determined as the standard deviation of nicotinamide measurements. All
values are reported as δ13C relative to the VPDB standard, unless otherwise stated.

13C/12C ratios on a single cell level were determined using the NanoSIMS 50L instrument (Cameca)
operated at Utrecht University. NanoSIMS analysis allows visualisation of the spatial distribution of
13C/12C ratios within individual cells (Polerecky et al., 2021). If PFOS were accumulated, nanoSIMS
imaging would therefore enable determination of cell structures incorporating 13C8-PFOS. Using a 16 KeV
Cs+ primary ion beam, the nanoSIMS instrument was set to multi-collection mode to simultaneously
detect negative secondary ions 19F−, 12C−, 13C−, 12C2, 12C13C−, 12C14N− and 31P−, alongside secondary
electron imaging. The mass spectrometer was tuned with sufficient resolution (≳ 6000) to be able to
separate 13C from 12CH peaks and 12C13C from 12C2H peaks on the nominal masses 13 and 25, respectively,
allowing determination of 13C/12C ratios from the ion count ratios in two ways: 13C−/12C− and 0.5 ·
12C13C−/(12C−

2 + 0.5 · 12C13C−). Samples were pre-sputtered prior to analysis (Cs+ implanted) through
rastering a defocused primary ion beam with a high current in absence of a diaphragm until a point
of signal intensity stabilization. Images were processed and analysed using LANS (Look@NanoSIMS)
software run in Matlab (Polerecky et al., 2012). NanoSIMS images were analysed through defining regions
of interest (ROIs) that correspond to cell clusters or cell-free areas on a filter. Cell clusters were defined
based on 12C14N images, where cells were clearly visible in contrast to the filter (Section 4.3.2, Fig. 9a).
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In order to increase the signal to noise ratio in analysing stable isotope ratios, cells were highlighted and
analysed as clusters of between 4 and 15 cells.

3.5 Statistical analysis

All statistical analyses were performed in R Statistical Software version 4.3.2 (R Core Team, 2021). Dif-
ferences between growth rates at varying PFOS concentrations were assessed using linear mixed effects
models (LMM) on log-transformed cell densities within the exponential growth phase, implemented using
the nlme package (Pinheiro et al., 2023). The exponential phase was visually determined to lie between
0—3 days. The model considered time and PFOS concentrations as fixed variables, and the biological
replicate as a random variable. Given that sample variance increased over time, sample contribution to
LME fitting was weighted according to time. The slope of the LMM is representative of the growth rate.
Differences between growth rates at varying PFOS concentrations were assessed through comparing slopes
of individual linear fits for each biological replicate, using a one way ANOVA (analysis of variance).

Differences between growth rates at varying PFOS concentrations were additionally assessed using logistical
growth models, defined according to equation 3, and solved in R using the ode function in the deSolve
package (Soetaert et al., 2010). The carrying capacity (k), growth rate (r) and initial cell count were
fitted to observed data for each biological replicate, using the modCost and modFit functions in the FME
package (Soetaert and Petzoldt, 2010). Growth rates were compared using a one way ANOVA.

dCellcount

dtime
= r × Cellcount×

(
1− Cellcount

k

)
(3)

At single time points, differences between variables at varying PFOS concentrations were assessed through
a one-way ANOVA test. The underlying assumptions of ANOVA were tested prior to its employment,
and the test was only applied where these assumptions had been met. Normality was assessed visually,
through QQ-plots and using the Shapiro-Wilk test, and the equality of variances was tested both visually
and through Levene’s test. These statistical analyses were implemented in R, using the Companion to
Applied Regression package (Fox and Weisberg, 2019). At single time points where differences between
variables at only two PFOS concentrations were compared, T-student tests were applied. All graphics
were produced using the ggplot2 package (Wickham, 2016).

4 Results

4.1 Toxicology assays

Cell counts and OD measurements indicated that the exponential growth phase occurred in the first 3 days,
followed by the stationary phase from day 5 to day 7. Synechocystis growth rates determined using LMM
decreased with increasing PFOS concentration (Fig. 1). For growth rates derived from cell counts, this
effect was significant (p = 0.0039) but small, corresponding to a 6.8% decrease in growth rate for the
highest PFOS concentration (8 mgL−1) compared to the control. For growth rates derived from OD
measurements, the effect was not significant (p = 0.2333). There was a significant difference in initial cell
densities, which was attributed to the dilution of cultures by varying volumes of PFOS.
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Figure 1: Effects of PFOS on growth of Synechocystis in batch cultures. Shown are (a) cell counts, (b)
optical densities and log transformations of these ((c) and (d) respectively) as a function of time measured
in triplicate culturing bottles. Lines represent the fitted linear mixed model for each PFOS concentration
during the exponential growth phase (coefficients shown in Supplementary Tables S1 and S2). Horizontal
jitter between points measured at the same time point was applied to improve visualisation. Cell count
uncertainty, determined as the standard deviation of repeated measurements, was ± 4× 106 cells.

Growth rates determined from the linear fits (of log-transformed cell counts) decreased slightly with
increasing PFOS concentration (Fig. 2). There was a 5.3% decrease in growth rate for the highest PFOS
concentration (8 mg L−1) compared to the control. However, the effect of PFOS was not significant
(p = 0.078). There was additionally no significant effect of PFOS on growth rates determined from
logistic growth models, and no clear trend (Fig. 2). The majority of statistical analyses therefore showed
no significant effect of PFOS on growth rate, and where they were significant, they were very small.
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Figure 2: Effects of PFOS on growth rates of Synechocystis in batch cultures. Shown are growth rates
determined from fitted logistic growth models (red), and from the slope of linearly fitted log-transformed
cell counts in the exponential growth phase (blue). Growth rates were determined separately for each
biological replicate. Shown lines of best-fit have equations (1) 0.772 + 0.0096 × PFOS and (2) 0.727 −
0.00479× PFOS for logistic and linear growth models respectively.

Within the first 4 days of incubation, there was a minor but significant positive trend between cell size
and PFOS concentration (p<0.0001) (Fig. 3a). This trend was absent from day 5 to day 7. There was
a minor but significant (p<2×10−16) increase in cell size from day 5 to day 7, of ∼0.2 µm.

Figure 3: Effects of PFOS on Synechocystis (a) cell size and (b) Fv/Fm (determined using the Aquapen-
P AP-P100 device), for cultures incubated with PFOS at concentrations ranging between 0–8 mg L−1.
Horizontal jitter between points measured at the same time point was applied to improve visualisation.

The AquaPen instrument revealed that the Fv/Fm ratios were between 0.51—0.6 within the first 5 days.
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This decreased to ratios between 0.37—0.44 on the 7th day (Fig. 3b). The FRRF instrument revealed that
the Fv/Fm ratios were between 0.15—0.21 on the 7th day. There was no significant difference between
Fv/Fm ratios in control cells and those incubated in PFOS concentrations of 8 mg L−1 (p = 0.389) on the
7th day. Light adapted F ′

v/F
′
m, which corresponds to the maximum quantum yield of PSII in the light if all

reaction centres are open, was slightly but significantly higher for cells incubated in PFOS concentrations
of 8 mg L−1 compared to control cells (p = 0.0011).

Table 3: Photosynthetic parameters derived from FRRF measurements of Synechocystis cells, measured
for the control and PFOS incubations at a concentration of 8 mg L−1 after 7 days of growth. The photosyn-
thetically active radiation (PAR) light intensity [µmol photons m−2 s−1] is specified for each measurement.

PFOS
PAR 0 PAR 20 PAR 0 PAR 20 PAR 1207
Fv/Fm F ′

v/F
′
m σ NPQ

0 mgL−1

0.167 0.0516 3.640 4.022 0.47
0.164 0.0511 3.635 4.325 0.45
0.164 0.0500 3.607 4.050 0.42

8 mgL−1

0.151 0.0730 3.583 4.317
0.183 0.06551 3.387 3.682 0.40
0.212 0.06941 3.256 4.288 0.45

Additional parameters determined by FRRF on day 7 showed no significant differences between the control
and cells incubated with PFOS at concentrations of 8 mg L−1. These parameters include NPQ – indicative
of the dissipation of energy into heat – at the highest light intensity, and σ – representative of photosystem
II functional absorption cross sections – at the light intensity used throughout incubations (PAR 20 units),
and in dark adapted samples.

Figure 4: Light curves showing Fv/Fm and NPQ for the control cultures [0 mg L−1] and cultures incubated
with PFOS at 8 mg L−1, measured by FRRF. Horizontal jitter between points measured at the same time
point was applied to improve visualisation.
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Chlorophyll a and carotenoid concentrations measured on the 7th day of incubation revealed no statistically
significant difference (p = 0.322 and 0.545, respectively) between cells incubated at the tested PFOS
concentrations between 0–8 mg L−1 (Fig. 5). Chlorophyll a and carotenoid concentrations of the starting
cultures measured on day 0 were 77 and 32 fg cell−1. Thereby, chlorophyll a and carotenoid content
decreased 7-fold from that measured in the starting culture on day 0 to that on day 7 across all PFOS
concentrations.

Figure 5: Chlorophyll a and carotenoid content per cell for Synechocystis incubated for 7 days with PFOS
at concentrations ranging between 0–8 mgL−1. Measurement uncertainty, determined as the standard
deviation of repeated measurements, was ± 0.015 fg cell−1.

4.2 Methanol Toxicology

For cultures incubated with methanol at a concentration of 16 mgL−1 for 7 days, cell counts increased
at a rate similar to the control (Fig. 6). For cultures incubated with methanol at a concentration of
64 mg L−1, cell counts decreased over the measured period of 3 days (Fig. 6). Synechocystis cells formed
clusters when incubated with the higher methanol concentration (64 mg L−1), irrespective of the presence
or absence of PFOS (Supplementary Fig. S1). Cell size decreased for cultures incubated at the higher
methanol concentration (64 mg L−1), suggesting only single cells, and no clusters, were measured. For
cultures incubated with the lower methanol concentration (16 mg L−1) for 7 days, cell size increased at
a similar rate to the control (Fig. 7). Therefore, methanol at a concentration of 64 mg L−1 negatively
affected cell count and cell size of Synechocystis, while methanol at 16 mg L−1 did not have a noticeable
effect.

Fv/Fm ratios for cultures incubated with methanol were variable over the measured time-points across
7 days (Fig. 7). Fv/Fm was lower in samples incubated with methanol within an hour after its addition to
the culture compared to control cultures. On day 3 only cultures incubated with the higher concentration
of methanol (64 mgL−1) yielded comparatively lower values of Fv/Fm, and on day 7 all samples (controls
and methanol incubations) show comparable Fv/Fm values. Therefore, the data did not exhibit any clear
trends that could be interpreted.
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Figure 6: Effect of methanol on growth of Synechocystis in batch cultures. Shown are (a) cell counts and
(b) log cell counts of Synechocystis incubated with methanol at concentrations of 16 and 64 mg L−1, in the
absence (white fill) and presence (grey fill) of PFOS at corresponding concentrations of 1 and 4 mg L−1.
Cell counts on day 7 are missing for incubations with a methanol concentration of 64 mg L−1, as the
cell counter aperture was repetitively blocked. Aperture blockage was likely caused by the formation of
clusters under high methanol concentrations.

Figure 7: Effect of methanol on Synechocystis (a) cell size and (b) Fv/Fm ratios of Synechocystis in batch
cultures. Cultures were incubated with methanol at concentrations of 16 and 64 mgL−1, in the absence
(white fill) and presence (grey fill) of PFOS at corresponding concentrations of 1 and 4 mg L−1. Horizontal
jitter between points measured at the same time point was applied to improve visualisation. Again, cell
counts on day 7 are missing for incubations with a methanol concentration of 64 mgL−1, as the cell counter
aperture was repetitively blocked.

In conclusion, these results show that the effect of methanol is negligible at the lower tested concentration
of 16 mgL−1. This methanol concentration corresponds to that present in 13C-PFOS concentrations of
1 mg L−1, and this treatment was therefore selected for the 13C-PFOS incubations.
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4.3 13C-PFOS incubations

4.3.1 Bulk biomass

Based on PFOS accumulation rates in Synechocystis derived from Marchetto et al. (2021), we expected to
see a δ13C value of 59 h over 2.44 days. Instead, a general decreasing trend was observed in δ13C relative
to the control, for Synechocystis incubated with 13C-PFOS at a concentration of 1 mg L−1 (Fig. 8a). At
the end of the incubations, mean δ13C values of −2.61 ± 0.40 h and −7.44 ± 0.36 h were observed for
incubation series lasting 4 and 7 days respectively (centrifuged samples, Fig. 8a). Prior to the decreasing
trend, a small increase in δ13C was observed after 10 minutes of incubation, of 2.62 ± 0.40 h (7 day
experiment) and 6.10 ± 1.99 h (4 day experiment). The former was sampled using centrifugation and the
latter was sampled using filtration. Incubations sampled using centrifugation yielded consistently lower,
and less variable, δ13C values than the same samples measured using filtration (days 4 and 7, Fig 8a).
Synechocystis incubated with methanol at a concentration of 64 mg L−1 for 3 days yielded a mean δ13C
of −3.58 ± 0.25 h relative to the control.

Figure 8: δ13C of 13C-PFOS-incubated samples, methanol-incubated controls and positive analytical con-
trols. Panel (a) shows the bulk biomass δ13C relative to the respective control of each incubation series,
plotted together with the methanol-incubated control. Aside from day 0 samples which were taken from
separate incubations, the same shape within each experiment indicates the same biological replicate. Panel
(b) shows the measured and expected δ13C of the positive analytical controls. The analytical uncertainty
associated with measurements was ± 0.036 h.

The positive control for the longer incubation series (7 days) showed an enrichment of 70.3–78.2 h relative
to the control biomass (Fig. 8b). Based on mass-balance calculations (as described in Section 3.3), the
expected enrichment for this incubation series was between 79.7–88.1 h. The measured enrichment was
higher than the expected enrichment for the centrifuged samples, possibly due to inaccurate pipetting
(about 10% error). The positive control for the shorter incubation series (4 days) showed an enrichment
of 137.9–153.9 h relative to the control biomass. This corresponded relatively well to the expected
enrichment of 147.5–161.9 h (Fig. 8b).

The controls of each incubation series differed by approximately 6.6 h (Table 4), where the 4 and 7 day
incubation series had mean δ13C values relative to VPDB of −33.2 and −26.6 h, respectively.
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Table 4: Control δ13C [h] values relative to VPDB standard for the 4 and 7 day incubation series.
Methanol controls used the same starting culture as the 4 day incubation, thus also the same control.

4 day incubation 7 day incubation
−32.81 −26.70
−33.55 −26.53
−36.82 −26.54

4.3.2 NanoSIMS

Whilst variability in data across each treatment is on the level of analytical precision of NanoSIMS, to
optimise accuracy and allow for comparison of different treatments, the cell 13C/12C data was corrected
for instrument drift as observed in filter measurements. NanoSIMS images showed that there was a lower
carbon signal in cells relative to the filter (Fig. 9b and c), and not much difference between filters and

(a) 12C14N (b) 12C

(c) 12C2 (d) 19F

Figure 9: Representative examples of secondary ion count images obtained by NanoSIMS from Synechocys-
tis cells placed on a polycarbonate filter. Panel (a) shows outlines of ROIs corresponding to cell clusters
or filter areas.

13



cells with respect to the fluorine ion counts (Fig. 9d). Whilst cells displayed in Fig. 9 were incubated
with 13C8-PFOS for 5 days, these patterns were similar for measured cells collected at all time points,
including those collected after 10 mins and 7 days.

(a) Control (b) Day 0

(c) Day 5 (d) Day 7

Figure 10: Distribution of 13C/12C ratios in the Synechocystiscells after (b) 10 minutes, (c) 5 days and
(d) 7 days of incubation with 1 mg L−1 13C-PFOS.

Similarly to bulk analyses, nanoSIMS analysis revealed a decrease in δ13C relative to the control when
incubated with 13C-PFOS, in the same range as δ13C values observed for bulk biomass analysis. NanoSIMS
samples taken after 10 minutes of incubation had similar δ13C values to the control biomass. Interestingly,
lowest δ13C values were observed on day 5, the only treatment that was statistically significantly different
from the control. Incubations sampled on day 5 had a mean δ13C value of −5.28± 2.34h. δ13C increased
slightly from day 5 to day 7. Day 7 yielded a mean δ13C value of −2.23± 1.98h.

14



Figure 11: δ13C relative to the mean control for nanoSIMS samples taken after 10 minutes, 5 days and
7 days of incubation in a PFOS concentration of 1 mg L−1. Red points are thought to belong to day 0 but
it is unsure whether they have been misidentified. Individual data-points correspond to clusters of cells,
in order to increase the signal to noise ratio.

5 Discussion

5.1 PFOS toxicology

Growth rate is an important variable in bacterial toxicity testing (Bitton and Koopman, 1992) and a key
determinant of cell culture health. We found that the growth rate of Synechocystis was not significantly
affected by PFOS at concentrations of 0.5, 1, 4 and 8 mg L−1 incubated for 7 days, as determined from the
majority of statistical analyses. The only significant effect of PFOS on Synechocystis was observed in LMM
analysis of cell counts, and this effect was deemed to be small. These result align with findings by Marchetto
et al. (2021), who observed no significant effect of PFOS on Synechocystis growth rate determined from
OD. However, experiments by Marchetto et al. (2021) were limited to PFOS concentrations of up to
1 mg L−1 and an incubation time of 4 days, whereas our study explored PFOS concentrations of up to
8 mg L−1 and an incubation time of 7 days.

The lack of significant differences between variables indicative of photosynthetic potential measured in the
control culture and cultures incubated with PFOS at a concentration of 8 mg L−1 after 7 days of incubation,
suggests that the photosynthetic potential of Synechocystis is not significantly affected by the presence of
PFOS in solution. The effects of PFOS on Synechocystis health assessed by Marchetto et al. (2021) were
limited to respirometric tests – measurement of oxygen production and consumption – up to maximum
PFOS concentrations of 4 mgL−1. Our study goes one step further, and determines photosynthetic health
through the use of FRRF, AquaPen fluorometry and essential photosynthetic pigments, up to PFOS
concentrations of 8 mg L−1.

Various aspects of Synechocystis physiological status have an effect on PSII functional cross sections
(Dubinsky, 1992). No significant difference between values of functional cross sections (σ) were found, in-
dicating that the physiology of the cyanobacterial cells remains largely unaltered in the presence of a PFOS
concentration of 8 mg L−1. Non-photochemical quenching (NPQ) is essential in dissipating harmful excess
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excitation energy in photosynthetic membranes of cyanobacteria (Schulze and Caldwell, 2012), thereby
avoiding damage to the PSII reaction center (Ruban, 2016). Comparison of NPQ between incubations
revealed that PFOS (at 8 mg L−1) does not have a significant effect on non-photochemical quenching.

The lack of significant differences between photosynthetic pigment concentrations (both chlorophyll a and
carotenoids) at different PFOS concentrations measured after 7 days of incubation, additionally suggests
that the physiology of the cyanobacterial cells was not significantly affected by the presence of PFOS in
solution at concentrations between 0.5 and 8 mgL−1. Carotenoids have various functions within cyanobac-
teria. They play a role in light harvesting, photoprotection, elimination of oxidative stress and contribute
to the structure of thylakoid membranes (Schagerl and Müller, 2006; Zhu et al., 2010). Their concentration
within cyanobacteria varies considerably under changing growth conditions, and they are key physiolog-
ical and structural indicators, such that lower carotenoid concentrations are frequently associated with
higher cellular stress levels (Zavřel et al., 2015). Chlorophyll a plays a role in light harvesting as well
as in the conversion of energy from absorbed photons to chemical energy. The combined assessment of
chlorophyll a and carotenoid pigment concentrations thereby give useful insights into the physiological
state of cyanobacterial cells (Zavřel et al., 2015), which were in this study determined to be unaffected by
PFOS.

Comparison of Fv/Fm between dark-adapted incubations revealed that PFOS (at 8 mg L−1) does not have
a significant effect on Fv/Fm, which represents the maximum quantum yield of PSII and is therefore an
indicator of the health of the photosynthetic apparatus (Assunção et al., 2022). In light adapted samples
at the incubation light intensity of 20 µmol photons m−2 s−1, higher observed F ′

v/F
′
m in samples incubated

with 8 mg L−1 could be attributed to the higher dilution of these samples at the start of the incubations.
Although the observed effect was small, lower cell densities present in 8 mgL−1 flasks relative to the control
could have resulted in lower nutrient limitation and reduced cell shading. Thereby, 8 mg L−1 incubations
possibly had slightly lower cell stresses compared to the control, which would explain the higher F ′

v/F
′
m

ratios observed in these incubations.

Values of Fv/Fm found in healthy cyanobacterial cultures are usually in the range of 0.5–0.7 (Santabarbara
et al., 2019), and whilst Fv/Fm measured using the AquaPen fluorometer fall into this range in the first
6 days, the 7th day yields lower ratios (0.37–0.44). Fv/Fm ratios measured using FRRF of the control
and 8 mgL−1 samples on the 7th day lie in the range of 0.15–0.21, lower than those measured using the
AquaPen device. The significant decrease in Fv/Fm observed across all PFOS concentrations in days 6–7
of the incubation coincide with an increased cell size, and the transition towards the stationary phase.
These are indications of cellular stress, and could be attributed to two processes. One hypothesis is that
increasing cell density results in self-shading of cells, where the average exposure to light decreases from the
perspective of a single cell (Posten, 2009). Decreased light exposure may result in reduced assimilation of
carbon through photosynthesis, and can be reflected in slower cell growth and decreased Fv/Fm. A second
hypothesis is that the observed behaviour is the direct result of a nutrient limitation, which is frequently
the cause for low Fv/Fm ratios (Sánchez-Zurano et al., 2021; He et al., 2015). Nutrient limitation is
a plausible stressor, given that batch cultures start with a limited un-replenishable nutrient supply which
restricts the duration of the exponential growth phase. Given the additional stresses across all treatments
– either from cell shading or nutrient limitation as an inherent effect of using batch experiments – it is
possible that the observation of additional effects by PFOS was prevented, as these were outweighed by
greater stressors. Thereby, these stresses could have compromised the interpretation of results in days 6—7
of the experiment.

The focus of this study was on determining the effects of PFOS on specific indicators of cellular health,
including growth rate and photosynthetic potential. We found no significant effect of PFOS with concen-
trations of up to 8 mg L−1 on any of the measured indicators. This, however, does not necessarily mean
that there is no adverse effect of PFOS on the cells’ health status. Other indicators, such as viability,
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ATP, oxygen uptake or heat production could be affected by contaminants such as PFOS (Bitton and
Koopman, 1992), but were not measured in this study. Nevertheless, the largely unaltered cellular health
upon exposure to PFOS revealed from the parameters measured in this study, demonstrates Synechocystis
resilience to high concentrations of PFOS (up to 8 mgL−1). This novel finding, in combination with
the suggested PFOS accumulation potential of Synechocystis (Marchetto et al., 2021), provided sufficient
motivation to further investigate the bio-accumulation potential of Synechocystis in this study.

5.2 13C PFOS incubations

Our study aimed to reproduce the accumulation rates reported by Marchetto et al. (2021) through stable
isotope probing, a novel method that would allow direct quantification of the amount of PFAS in the
biomass, as opposed to frequently employed indirect measurements that rely on changes in solution PFAS,
cell lysis, and washing of cells for quantification of adsorbed PFAS (Hu et al., 2020; Liao et al., 2024;
Marchetto et al., 2021; Presentato et al., 2020). Contrary to the expected enrichment of 59 h over 2.44
days (Section 3.3), the experimental data in the present study does not show an enrichment in 13C within
the bulk biomass, which would be indicative of the expected PFOS accumulation. In light of this, our
experiments do not confirm the hypothesis that Synechocystis accumulates PFOS.

The δ13C of the analytical positive control matches the expected enrichment, suggesting that any accu-
mulation of 13C-PFOS by the cells during incubations should be reflected in bulk biomass measurements.
This suggests that the only way in which accumulation did occur but was not measured, is through “es-
cape” of PFOS during sample preparation. Whilst it was microscopically determined that cells were not
lysed during centrifugation, oven drying could have resulted in some volatilisation of PFOS. However, the
volatility of PFOS is low, with a vapor pressure of only 0.0078 kPa at the applied drying temperatures of
65◦C (derived using the Clausius-Clapeyron relationship and data from Bastow et al. (2022)), meaning the
rate of PFOS evaporation would be relatively slow. Additionally, volatilisation would not have affected
any PFOS integrated in the cell membrane, and it was suggested by Marchetto et al. (2021) that 49 % of
the accumulated PFOS was incorporated in the cell membrane after incubation with PFOS concentrations
of 1 mgL13 in batch experiments lasting 4 days. This suggests that even if all PFOS in the cell lysate was
vaporised, 49% of the expected 13C enrichment through 13C-PFOS accumulation should still be measured.
Since this was not measured, this suggests that PFOS was in fact not accumulated, and not incorporated
into the cell membrane.

The PFOS accumulation rate reported by Marchetto et al. (2021) was determined using a continuous flow
experiment. Whilst batch experiments were also employed, PFOS accumulation rates were not determined
for these (Marchetto et al., 2021). Batch experiments, as used in our study, result in nutrient limitation
and variable biomass concentration over time, which could prevent the complete acclimation of the cells.
Changes in cell growth rates may in turn affect the removal rate of PFOS by the cells. Therefore, accumu-
lation rates derived from batch experiments could possibly be lower than those derived from continuous
flow experiments. Marchetto et al. (2021) reported that Synechocystis in batch experiments removed 71%
of PFOS, compared to the 88% removed in continuous cultivation systems. Therefore, the lower accumu-
lation rate in batch experiments would still lead to a significant enrichment if the corresponding amount
of 13C-PFOS was accumulated. Thereby, based on our findings it appears that accumulation of PFOS did
not occur.

In the absence of 13C-PFOS accumulation, the observed variability in δ13C within the cell biomass may
be due to effects of methanol or PFOS on the kinetic fractionation associated with carbon fixation by the
RuBisCO enzyme. The observed ∼7.4 h and ∼2.5 h decrease (7th day) in δ13C relative to the control in
the bulk biomass and nanoSIMS measurements respectively, could be a result of changing environmental
and subsequently physiological conditions in the presence of methanol or PFOS, which has been shown to
produce fractionation variability in the cyanobacterial biomass Garcia et al. (2023).
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The enzymatic fixation of CO2 by RuBisCO accounts for essentially all carbon fixation by photosynthetic
organisms, and in doing so preferentially fixates 12CO2 (Sharkey and Berry, 1985). The intrinsic discrim-
ination against 13C results in the natural depletion of 13C in organic carbon relative to that found in
inorganic carbon of the environment, leading to a mean deviation of around −25 h (Guy et al., 1993;
Kędzior et al., 2022; Roeske and O’Leary, 1984). Cyanobacteria possess a CO2 concentrating mechanism
(CCM) which enhances CO2 concentration in the vicinity of RuBisCO and maximises the ratio between
CO2 and the competitive inhibitor O2 (Huffine et al., 2023). In cyanobacteria there exist several CMM
components. Carboxysomes form distinct cellular compartments containing RuBisCO, with protein shells
that form a CO2 diffusion barrier such that CO2 can accumulate (Espie and Kimber, 2011). Transforma-
tion of HCO−

3 to CO2 within the carboxysome is accelerated by carbonic anhydrase, and uptake of CO2

is facilitated by NDH-14 (Eichner, 2014; Eichner et al., 2015). The overall fractionation during photosyn-
thesis can be altered by factors which affect the local environment of the carboxylation reaction (Sharkey
and Berry, 1985), and cause changes in the carbon isotope ratio within the carboxysome carbon pool.
Leakiness is defined as the ratio of CO2 efflux to gross inorganic carbon uptake. If leakage is low, the in-
tracellular carbon pool is less frequently refreshed, such that RuBisCO is forced to additionally use 13CO2

as a carbon source, and the discrimination of RuBisCO against 13C cannot be fully expressed. Increased
leakage allows the intracellular carbon pool to be refreshed, meaning the isotope ratio of the intracellular
carbon pool becomes similar to the outside carbon pool, which allows RuBisCO fractionation to be more
strongly expressed. Additionally, HCO−

3 is 7.9 h enriched in 13C relative to CO2 (Sharkey and Berry,
1985), such that a relative increase in the use of CO2 as a carbon source would lead to a decrease in the
biomass δ13C.

Studies have shown that the photosynthetic carbon isotope fractionation may vary as a result of envi-
ronmental factors and physiological responses of the cell, including pH, temperature, growth rate, CO2

concentration, light, and nutrient availability (Bidigare et al., 1997; Eek et al., 1999; Eichner et al., 2015;
Hurley et al., 2021; Laws et al., 1995; Roeske and O’Leary, 1984; Wong and Sackett, 1978). Varying
environmental conditions may lead to varying carbon isotope discrimination as a result of changes in the
leakiness of the cells, the species of DIC transported and the rate of DIC transport (Sharkey and Berry,
1985). It is possible that altered cell physiology as a result of 13C-PFOS or methanol in solution increased
the leakage factor, or increased the relative contribution of CO2 as a carbon source for fixation, leading to
a reduction in δ13C in the bulk biomass with increased incubation time.

Amphiphilic properties enable PFOS molecules to partition into cellular membranes, allowing disruption
of membrane properties. Various studies on the impact of PFAS on microbial membranes and functions
show that PFAS partitioning into membranes results in increased fluidity and permeability (Fitzgerald,
2017; Fitzgerald et al., 2018a,b; Naumann et al., 2022). Increased membrane permeability and fluidity
may allow for enhanced diffusion of CO2 into and out of the cell, such that the leakage factor increases
and RuBisCO fractionation can be more strongly expressed. However, the incorporation of 13C-labelled
PFOS in the membrane would in itself cause an increase in δ13C, and if 13C-PFOS was accumulated in
the amounts as suggested by Marchetto et al. (2021), we should see a clear enrichment in 13C which would
outweigh the additional fractionation.

A study by Rigomier et al. (1980) on the effect of methanol on Bacillus subtilis showed that the total
cellular content of phospholipids was reduced by 50% and synthesis of phosphatidylglycerol (lipid with
a function in regulating cell membrane permeability) was strongly inhibited in the presence of methanol.
Increased membrane fluidity during exposure to alcohols has been documented to increase leakage across
the membrane (Huffer et al., 2011). Through the same mechanism, enhanced diffusion of carbon sources
across the membrane would allow RuBisCO fractionation to be more strongly expressed. This hypothesised
mechanism is supported by our data, where the methanol-incubated control exhibited the same behaviour
as 13C-PFOS-incubated samples, with a mean δ13C of −3.58 h after 3 days of incubation. This is thereby
a possible mechanism for the reduction in biomass 13C seen under exposure to the methanol in which
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13C8-PFOS is dissolved.

5.3 Areas for future work

The present study does not find any accumulation of 13C-PFOS through direct measurement of the cellu-
lar biomass 13C/12C ratios. This contradicts findings by Marchetto et al. (2021), who indirectly derived
accumulation of PFOS through measuring cell lysis and incubation solution PFOS concentrations. There-
fore, whether PFOS is accumulated and where it is accumulated within the Synechocystis cell remains
unconfirmed. Further research is required to draw conclusive results about the accumulation potential of
Synechocystis. The study by Marchetto et al. (2021) covered an indirect approach of measuring PFOS
accumulation, whilst this study attempted direct measurement of PFOS in the cyanobacterial biomass.
Additional research should be carried out using multiple methods of PFOS measurement with the aim of
100% recovery. Thereby, a closed 13C-PFOS incubation should be sampled for solution, headspace and
biomass. The PFOS content should be measured within each, and 13C enrichment should be determined
within each carbon pool. Additionally, methods used by Marchetto et al. (2021), UHPLC coupled to
HRMS, should be employed to ascertain PFOS concentrations in solution and lysate and compare results
to those obtained through stable isotope probing from the same incubations. This would allow a direct
comparison of methods and enable us to ascertain where the discrepancy between results in this study
and that by Marchetto et al. (2021) originate from.

Additionally, given the significant effect of methanol on cyanobacteria, future work using 13C-labelled
PFOS should aim to incubate the biomass with 13C-PFOS supplied not as dissolved in methanol but
rather as a salt or a solution in water.

6 Conclusion

In this study, Synechocystis was shown to tolerate PFOS concentrations up to the maximum tested con-
centration of 8 mgL−1. Growth rate and various photosynthetic variables – Fv/Fm, F ′

v/F
′m, σ, NPQ,

chlorophyll a and carotenoid content – indicative of the physiology and photosynthetic health of the cell,
were unaffected by the presence of PFOS during the exponential and stationary phase of the cell cycle.
These findings underscore the resilience of Synechocystis to PFOS-induced stresses, boding well for its
potential use in bio-remediation

However, in contrast to the expected increase in δ13C as a result of 13C-PFOS accumulation, we observed
a small but significant decrease in δ13C in bulk biomass. A small decrease in δ13C was additionally
observed in nanoSIMS data, suggesting that PFOS was not accumulated by the cells. This finding contra-
dicts previously reported results, where bio-accumulation was observed through indirect measurements,
considering PFOS concentrations in solution and cell lysate. Thereby, whether PFOS is accumulated by
Synechocystis remains unconfirmed, and the reason for the discrepancy between these two studies remains
unclear. Further research is required to determine why the 13C-PFOS based approach is insensitive to
resolve the previously reported bio-accumulation potential of this cyanobacteria.
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Supplementary Materials

Table S1: LME coefficients and statistics for cell count data in the exponential growth phase (≤ 3 days)
for cultures incubated with PFOS concentrations of 0–8 mgL−1.

Coefficient Std. Error p-value
Intercept 16.841125 0.000211960 0.000000000
Day 0.726900 0.008216611 0.000000000
PFOS −0.014097 0.000052581 0.000000000
Day:PFOS −0.006218 0.002038290 0.003901785

LME analysis suggests that the log-transformed cell count varies over time and different PFOS concentra-
tions according to the following formula:

log[CellCount] = (16.84− 0.0141 · PFAS) + (0.727− 0.0062 · PFAS) ·Day

Table S2: LME coefficients and statistics for OD data in the exponential growth phase (≤ 3 days) for
cultures incubated with PFOS concentrations of 0–8 mg L−1.

Coefficient Std. Error p-value
Intercept −4.533883 0.000211963 0.0000000
Day 0.758426 0.011687963 0.000000000
PFOS −0.014097 0.000052582 0.000000000
Day:PFOS −0.003505 0.002899427 0.2333078

LME analysis suggests that the log-transformed OD varies over time and different PFOS concentrations
according to the following formula:

log[OD] = (−4.534− 0.0141 · PFAS) + (0.758− 0.0035 · PFAS) ·Day
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Figure S1: Synechocystis cultures incubated with methanol over 7 days at concentrations of 0, 16 and
64 mg L−1, corresponding to methanol concentrations present in 13C-PFOS at concentrations of 0, 1 and
4 mg L−1 respectively. Cells incubated with 64 mg L−1 formed cell clusters.
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