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Abstract: One of the main concerns in industrialized countries is represented by per- and poly-
fluoroalkyl substances (PFAS), persistent contaminants hardly to be dealt with by conventional
wastewater treatment processes. Phyco-remediation was proposed as a green alternative method
to treat wastewater. Synechocystis sp. PCC6803 is a unicellular photosynthetic organism candidate
for bioremediation approaches based on synthetic biology, as it is able to survive in a wide range
of polluted waters. In this work, we assessed the possibility of applying Synechocystis in PFAS-
enriched waters, which was never reported in the previous literature. Respirometry was applied to
evaluate short-term toxicity of perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS),
which did not affect growth up to 0.5 and 4 mg L−1, respectively. Continuous and batch systems
were used to assess the long-term effects, and no toxicity was highlighted for both compounds at
quite high concentration (1 mg L−1). A partial removal was observed for PFOS and PFOA, (88%
and 37%, with removal rates of about 0.15 and 0.36 mg L−1 d−1, respectively). Measurements
in fractionated biomass suggested a role for Synechocystis in the sequestration of PFAS: PFOS is
mainly internalized in the cell, while PFOA is somehow transformed by still unknown pathways.
A preliminary bioinformatic search gave hints on transporters and enzymes possibly involved
in such sequestration/transformation processes, opening the route to metabolic engineering in
the perspective application of this cyanobacterium as a new phyco-remediation tool, based on
synthetic biology.

Keywords: PFAS; PFOS; PFOA; cyanobacteria; bioremediation

1. Introduction

Per- and poly-fluoroalkyl substances (PFAS) are man-made organic compounds shar-
ing a hydrophilic head group and a hydrophobic alkyl chain of variable length (from 4 to
16 C) partially (poly-fluorinated) or completely fluorinated (per-fluorinated) [1]. PFAS can
be classified according to their carbon chain length (Cn); those with 7 (C7 or C6 in the
case of sulfonate ones) or more perfluorinated carbons are referred to as “long-chain” and
shorter ones are referred to as “short-chain” [2].

A number of useful characteristics, such as amphiphilic nature, ability to reduce
liquids surface tension, high thermal stability, low chemical reactivity, absence of smell
and color, high availability, and low cost [3,4], make PFAS ideal for several industrial
applications and products, such as firefighting foams, non-stick materials for cookware, or
stain high-temperature lubricants, among others [1,5]. All these chemical properties also
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make them non-biodegradable, widespread, and persistent in the environment, subject to
bioaccumulation and biomagnification in the environment [3].

As a fraction <5% is lost in the atmosphere [5], PFAS contaminate the soil, the aquatic
environment, and drinking water at concentrations ranging from pg L−1 to µg L−1, and
up to g L−1 in areas close to industrial sites [6]. The high degree of PFAS biomagnification
along the food chain caused the contamination of the environment and the inhabiting
fauna, generating chronic direct and indirect exposure. In Veneto, a north-eastern region
of Italy, PFAS are accounted for a contamination case-study, since they present at high
concentrations both in surface and groundwater (up to µg L−1) and in drinking water, with
consequent human health impairment due to the significant exposure of the population
living in this region [7,8].

Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS), are the most
known C8 congeners of the two main sub-classes of PFAS, i.e., carboxylic and sulphonic
acids. PFOA and PFOS result to have the criteria for persistence, biomagnification and long
duration of transnational transport to be included in the definition of Persistent Organic
Pollutants (POPs), according to the Stockholm Convention [5], and PFOA is classified
as Substances of Very High Concern [9]. This compound is also toxic for reproduction
(Cat. 1B), has carcinogenic potential (Cat. 2 of the European Chemicals Risk Assessment
Committee Agency), and it has a residence time of 3.8 years in human blood and breast-
milk [10]. These compounds are well absorbed orally, poorly eliminated and distributed in
a tissue-dependent manner, due to their high binding affinity to serum albumin and fatty
acid-binding proteins, mainly in serum, kidney and liver [11,12]. In humans, detectable
levels of PFOS and PFOA have been reported in blood [8], in the umbilical cord, and in
many organs [13,14], where levels may vary due to various factors [3].

Several epidemiological studies proved the correlation between PFAS exposure and
health effects because these compounds can cause countless different diseases affecting
all important human organs and compartments [15]. They can cause immunotoxicity
altering immune and thyroid function [16], hepatotoxicity with multiple liver disease, and
neurotoxicity [16,17]. Moreover, the exposure leads to defects in embryonic development
and infant mortality with damages to the reproduction system [14,16] and to other adverse
effects as lipid and insulin dysregulation and cancer [15].

PFAS removal from the environment relies on different techniques: adsorption by
granular activated carbon filters [18] and ion exchange resins are used for the temporary
remediation actions to pollution [1,16], as well as membranes for filtration or separation,
such as Reverse Osmosis and Nanofiltration. Incineration and sonolysis were also proposed
to destroy or transform these compounds [1,16]. Lab-scale experiments about electrochem-
ical, sonochemical, advanced oxidation processes, and plasma are potentially effective
approaches for both long-chain and some short-chain PFAS [19].

Cheap, energetically competitive, and effective techniques for PFAS removal from the
wastewater are not available yet, as available techniques are associated with exceedingly
high energy, capital, and operational costs [19].

New approaches should be proposed accordingly, where groundbreaking multidis-
ciplinary solutions might be complementary with the current efforts to limit the envi-
ronmental impact of PFAS pollution. Bioremediation seems to be an environmentally
friendly approach to PFAS removal, requiring less harsh conditions than other remedia-
tion techniques [20], and potentially reducing operational costs [21], and it is suitable for
both polluted water and soil. Even though some organisms, such as bacteria, fungi, and
plants, showed to be able to remove PFAS, it is still not clear the possibility of applying
bioremediation for such compounds [22]. Synthetic biology also offers a new methodol-
ogy/contribution to deal with emerging pollutants [23]. Bioreactors, providing a confined
and controlled environment, are the best choice when dealing with genetically engineered
microorganisms [24], since in situ bioaugmentation strategies suffer from severe ecological
and regulatory concerns [25].
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Among organisms suitable for bioremediation purposes, cyanobacteria combine two
relevant features, as they: (i) can survive in a wide range of habitats and (ii) represent
convenient and attractive platforms for carbon-neutral production processes [26]. These
photosynthetic prokaryotes exploit CO2 relying only on water, light, and some micronutri-
ents and can be applied also for remediation of industrial pollutants [27]. This is particularly
interesting in the case of wastewater poor in biodegradable COD (chemical oxygen de-
mand), as carbon can be easily obtained from CO2. As it may occur in conventional
wastewater treatment plants, the C:N ratio, is not a constraint. Among other species, model
cyanobacterium Synechocystis PCC 6803 (Synechocystis hereafter) is a promising candidate,
with a fully sequenced genome allowing to perform comparative analyses and to follow
up plastic adaptations and genome variation by NGS resequencing. The availability of
the complete genome (inferred proteome) sequences makes this organism suitable for
prediction-driven design and selection via in silico screens.

In this work, Synechocystis was evaluated for its possible use in PFAS phyco-remediation,
and, to our knowledge, this is the first report of the cultivation of such a species for PFAS
bioremediation. The growth capabilities of Synechocystis were assessed in the presence of
PFOA or PFOS at different concentrations in a controlled system under both short-term
and long-term exposure. Even though this species was already cultivated in wastewater
media, confirming its resistance to several effluent streams [28], in this work, a controlled
environment with synthetic water was applied, to avoid possible interference by variable
surrounding media and environmental conditions. Respirometric tests were carried out
to assess the survival capabilities of Synechocystis to PFAS contamination in the case of
short-term exposure. Long-term effects at high concentrations of these compounds were
then evaluated in continuous and batch reactors, and the removal capabilities in Synechocys-
tis ascertained. A preliminary search for putative enzymes was also carried out to assess
potential degradation pathways and identify possible metabolites.

2. Materials and Methods
2.1. Organism, Growth Medium, and Equipment

The strain used for all the experiments is Synechocystis sp. PCC 6803 from the Pasteur
Culture Collection (PCC, Paris, France) of Cyanobacteria. BG11 [29] was used as growth
medium and modified in some cases as reported in Section 2.3. The species was maintained
in Petri dishes with 1% Agar BG11, while liquid preinocula were cultivated in 100 mL
Erlenmeyer flasks at 30 ◦C and at 50 µmol photons m−2 s−1 of light intensity, provided by
white LED lamps. Preinocula were then used for both batch and continuous experiments.

PFOA and PFOS potassium salt (Sigma Aldrich, St. Louis, MO, USA, purity 96% and
>98%, respectively) were added at 1 mg L−1 concentration. This high concentration was
chosen based on the process proposed in Section 3.

In batch and continuous experiments, light was provided at 150 µmol photons m−2 s−1,
by a CF GROW LED lamp, model CXB3590-X1 of CREE LED with 380–780 nm spectrum.
Light intensity was measured by a Delta OHM photoradiometer (Delta Ohm, Padova, Italy,
HD 2102.1).

Daily pH measurement was performed using a HI 9124 pH meter (Hanna instruments,
Woonsocket, RI USA), on a 3 mL sample. Magnetic stirring and continuous bubbling of air
with 5% CO2 (v/v) were applied to ensure mixing and non-limiting carbon supply in both
batch and continuous experiments. pH control was made thanks to the buffer capacity of
the CO2-bicarbonate system.

Batch and continuous experiments were carried out to understand the possible toxic
effect of PFAS on algal growth.

Batch experiments were carried out in Quickfit ® Drechsel bottles of 250 mL (working
volume 170 mL, Sigma-Aldrich, St. Louis, MO, USA) and 5 cm diameter with insufflation
spout. The experiments started from OD750 = 0.4 and were carried out in duplicates at a
constant temperature of 30 ◦C, under continuous light (150 µmol photons m−2 s−1).
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Continuous experiments were carried out in polycarbonate reactors of volume VR = 350 mL
(5 cm of thickness), with an inlet for nutrients: fresh medium was continuously provided
through a Sci-Q 400 peristaltic pump (Watson Marlow, Clinton, MA, USA) at a constant vol-
umetric flow rate, Q (mL d−1), from a sterilized, external, stirred glass bottle. An overflow
tube was placed on the opposite side of the fresh medium inlet, ensuring the same volu-
metric flow rate, thus keeping constant the culture volume. It is possible to approximate
the system to a continuously stirred tank reactor (CSTR), as proven by tracer experiments
(not shown). An internal septum in the reactor prevents a short cut-off flow of incoming
nutrients and outlet biomass. Reactors were kept at a constant temperature of 30 ◦C,
under continuous light of about 150 µmol photons m−2 s−1. After a transient period, the
continuous system reached a steady state. Cell concentration, dry weight and nutrients
consumption were measured, as described in Section 2.2, for at least 5–6 days after the
steady state was reached. The reactor was operated continuously at set hydraulic residence
time (HRT) of 2.44 days, calculated as (Equation (1)):

HRT =
VR
Q

. (1)

At steady state, volumetric biomass productivity can be calculated as the ratio between
the outlet biomass concentration Cx on the residence time (Equation (2)):

Px =
Cx

HRT
. (2)

The areal biomass productivity can be calculated as (Equation (3)):

PA =
Cx

HRT
·W, (3)

where W is the reactor depth in meters.

2.2. Respirometric Tests

The respirometric protocol proposed in this work is an adaptation of a previous
protocol [30], which also describes the respirometric apparatus, and it was applied to
ascertain possible short term toxic effects.

To ensure non-limiting nutrients conditions, in each respirometric test, the biomass
inoculum was resuspended in fresh BG11 medium. The medium pH was buffered at 7.5
with sodium carbonate (at a concentration corresponding to 0.2 mg L−1 of carbon), and
the value was checked during the test. To avoid carbon limitation and lower the dissolved
oxygen concentration to about 6 mg L−1, pure CO2 was bubbled in the device before each
respirometric run. The duration of the light: dark cycles was chosen as sufficient to obtain
enough Dissolved Oxygen (DO) measurements (one acquisition every 15 s) to retrieve the
values of Oxygen Production and Consumption Rates (OPR and OCR, respectively). Once
measured the OCR and OPR in a PFAS-free medium, each compound was separately added
at increasing concentrations up to 1 mg L−1 of PFOA and PFOS, and the effects of oxygen
variation were registered. For each compound, the tests were carried out in double/triple
biological replicate, by repeating the entire protocol starting from different inocula.

A second (batch cultivation) and third (continuous cultivation) series of experiments
was carried out to assess the effect of higher concentrations of PFOA and PFOS (1 mg L−1),
in BG11, added separately.

2.3. Analytical Measurements

Cyanobacterial growth was measured daily as optical density at 750 nm, by double-
beam spectrophotometer UV-Visible UV 500 (Spectronic Unicam, Mamhilad, UK) in both
batches and continuous experiments.
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Dry weight (DW) was measured gravimetrically on biomass filtered with 0.2 µm
nitrocellulose filters (Whatman®, Sigma-Aldrich, St. Louis, MO, USA), previously placed
for 15 min at 105 ◦C to eliminate humidity. The filter with the sample was then placed at
100 ◦C for 2 h and finally weighed (Atilon Acculab Sartorius Group®, Göttingen, Germany).
DW was measured at the beginning and the end of batch experiments, while, in CSTR,
samples were measured daily at steady-state.

Nitrate (NO3) and ammonia (NH4) and orthophosphate concentrations were deter-
mined on filtered samples using Hydrocheck Spectratest kits by Reasol® (Milano, Italy) to
verify the possible nutrient limitation.

PFAS were measured by high-resolution mass spectrometry in flow injection analysis
mode (FIA-HRMS) considering inlet or initial water samples (Ci,e ), where the subscript i
refers to the component, and e to the initial or inlet concentration, and the liquid fraction
of filtered culture samples (Ci,ext) at the end of batch experiments, and in the outlet, at
steady-state, in a continuous system.

To preliminarily understand the destination of PFAS compound in Synechocystis
biomass, the culture sampled at the end of batch experiments and in the outlet of the
steady-state continuous system were completely disrupted, and PFAS were measured in
the mixture

(
Ci,lys

)
.

%Ri is the fraction of compound removed from the medium and not found any longer
in the supernatant, calculated as (Equation (4)):

%Ri = 100 ∗ Ci,e − Ci,ext

Ci,e
. (4)

The fraction %Ci,bio is calculated as (Equation (5)):

%Ci,bio = 100 ∗
Ci,lys − Ci,ext

Ci,e
(5)

and corresponds to the fraction of PFAS which was internalized by the biomass but released
after cell disruption.

The fraction which is not detectable anymore in the sample (%Di), i.e., neither found
in the supernatant nor in the lysate, can be calculated as (Equation (6)):

%Di = 100 ∗
Ci,e − Ci,lys

Ci,e
. (6)

The removal rate ri and the areal removal rate rAi were based on the %Ri, calculated
as (Equations (7) and (8)):

ri =
Ci,e − Ci,ext

HRT
, (7)

rAi = ri ∗ W. (8)

Samples were homogenized by a SHM1 Homogenizer (Stuart Equipment, Stone, UK),
centrifuged at 12,000× g for 10 min, and diluted 1:10 with acetonitrile spiked with the in-
ternal standard (perfluorononanoic acid, 1 mg L−1). The FIA-HRMS system was equipped
with an Ultimate 3000 UHPLC chromatograph coupled with a qExactive hybrid quadrupole-
Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). FIA was
carried out at 0.1 mL min−1 flow rate, using water/acetonitrile 1:1 as eluent. The MS
conditions were set as follows: electrospray (ESI) ionization in negative mode, resolution
35,000, AGC target 1 × 106; max injection time 200 ms, scan range 100–500 Da. The capillary
voltage was 2.8 kV, capillary temperature was 280 ◦C, and auxiliary gas was nitrogen at
40 a.u. Calibration was performed with a standard solution from Thermo Fisher Scien-
tific (Pierce™ ESI Negative Ion Calibration Solution; Waltham, MA, USA). MS data were
analyzed with Xcalibur 4.0 software (Thermo Fisher Scientific, Waltham, MA, USA).
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Analytes were determined by the integration of the pseudo-chromatographic peak
related to the EIC chromatogram (extracted ion chromatogram) obtained by selecting the
exact mass relative to the deprotonated ion [M-H]- of the analyte of interest, with a mass
accuracy < 5 ppm (Figure 1). Detection limit was 1 µg L−1 for both PFOA and PFOS. Blank
samples were always processed in the same batch of analysis, as cross contaminations of
PFAS are a known unwelcomed drawback. The precision of the method, evaluated from
the reproducibility of the IS area between analysis, was good and showed relative standard
deviations (RSD%) < 20%. The combined effect of method recovery and matrix interference,
evaluated by comparing the area of the IS in samples and in water solutions spiked at the
same concentration, was higher than 90%.
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Figure 1. Representative chromatogram obtained from the analysis of a sample with 1 mg L−1

of PFOA by FIA-HRMS. (A) Extracted ion chromatogram (EIC) for the internal standard (perfluo-
rononanoic acid, m/z 462.9632). (B) EIC for PFOA (m/z 412.9664). (C) Mass spectrum of PFOA and
PFNA. Mass accuracy < 5 ppm.

To measure the PFAS internalized in the biomass, cell lysis was carried out by disrup-
tion using Beadbeater: aliquots of cell culture were mixed with Glass beads (150–212 mm,
Sigma G1145-100G, Sigma-Aldrich, St. Louis, MO, USA) in 2 mL vials and 3 cycles of 30 s
were applied, with ice incubation between each cycle.

The possible presence of PFAS bond to the cell debris was further ascertained: lysates
from the previous method were centrifuged (12,000× g, 10 min), and pellets were treated
with 1 mL of a methanol:chloroform 2:1 solution, sonicated for 10 min, and centrifuged
(12,000× g, 10 min). The supernatant was dried under nitrogen flow and reconstituted
with 1 mL of acetonitrile spiked with IS and analyzed by FIA-HRMS.
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The suspect analysis aimed at identifying potential PFOA and PFOS metabolites was
performed by UHPLC coupled to HRMS. Chromatographic separation was achieved by a
Kinetex EVO C18 column 100 mm × 2.1 mm, 2.6 µm (Phenomenex, Castel Maggiore, Italy)
at flow rate 0.25 mL/min and temperature 20 ◦C. The elution was performed in a gradient
mode (0–6 min 0% B, 6–15 min 0% B to 100% B, 15–20 min 100% B, equilibration time
10 min), using water as eluent A and acetonitrile as eluent B, both 5 mM NH4OH. Some
MS parameters were accordingly modified: AGC target 3 × 106, scan range 50–750 Da.
The capillary voltage was 2.9 kV, the capillary temperature was 320 ◦C, auxiliary gas, and
sheath gas was nitrogen at 40 and 20 a.u., respectively. In UHPLC-HRMS analysis the limit
of detection was 100 ng L−1 for both PFOA and PFOS.

In silico prediction of possible PFOA and PFOS metabolites was performed by Bio-
transformation Mass Defects software (Agilent Technologies, Palo Alto, CA, USA).

2.4. Statistical Analysis

ANOVA test (Analysis of Variance), followed by post-hoc Siegel-Tukey test, was
carried out to ascertain statistically significant differences in respirometric tests and for
PFAS removal. Non-significantly different data were grouped by the same letters in the
graphs. T-student test was applied on biomass concentration as steady-state in the case of
PFOA and PFOS addition, compared to the control.

2.5. Bioinformatics

The screening of Synechocystis spp inferred proteomes was performed using BLASTp
with default settings, except for the Organism field, restricted to Synechocystis. As query
sequences, only proteins with experimentally demonstrated function were used. The recip-
rocal blast hit approach was used to exclude false orthologues.

3. Results and Discussion

PFAS are persistent pollutants for which effective techniques for rapid detection and
effective control are still missing [31], despite the ascertained hazards to the environment
and human health. Integrated, multidisciplinary research is, therefore, urgently required to
develop new approaches for bioremediation, and this work aims at evaluating the potential
of Synechocystis in remediation of wastewaters with a wide range of PFAS load.

In wastewater treatment, microalgae can mediate degradation of organic contaminants
either directly (via native pathways) or indirectly (via recombinantly expressed enzymes).
This prompted many laboratories to develop new tools for algal cultivation, “omics”
analyses, and synthetic biology [32]. For the design and the construction of an efficient
synthetic microbial scavenger, three initial steps were underlined, consisting of (i) the
essential choice of the chassis organism, (ii) the verification of its tolerance to the specific
toxic compound/s, and (iii) the selection of the enzyme toolbox and/or the metabolic
pathway to be eventually engineered [33].

In this framework, the cyanobacterium Synechocystis is a model organism [26], able to
survive in complex and polluted wastewater [28]. To further confirm its possible usefulness
as a scavenger for phyco-remediation, the toxic effects on this microorganism of PFOA and
PFOS with short- and long-term experiments were ascertained, based on respirometry and
batch and continuous cultivation.

3.1. Assessment of Short-Term Toxicity of PFOS and PFOA at Low and High Concentrations on
Synechocystis sps PCC6803

Respirometric tests were carried out with Synechocystis in the presence of PFOA
and PFOS, separately, at increasing concentrations. Similar respirometry techniques are
conventionally used in the environmental field to assess toxicity, also in photosynthetic
organisms [34]. Two ranges of concentrations were tested: low (up to 46 µg L−1) and high
(in the order of mg L−1), to cover the ones usually found in wastewaters from various
countries [35], and be even much larger than those occurred in extremely contaminated
waters of the Veneto region (up to 50 µg L−1 in industrial wastewaters and to 2–3 µg L−1
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in superficial water bodies; data from ARPAV report [36]), as a representative example of a
recent contamination by PFAS.

These analyses allowed to observe in a short time (3–6 h) the rates of oxygen produc-
tion (OPR) and consumption (OCR) as a function of the increasing concentrations of each
compound. The results of each cycle were compared with a control cycle in the absence of
PFAS. No significant OPR/OCR variation with respect to the control (up to 46 µg L−1, data
not shown) suggests Synechocystis is not affected by the presence of such compounds at
low concentration.

Other experiments demonstrated the absence of short-time toxic effects, even under
high concentrations of each compound (Figure 2). Conversely, increased OPR/OCR values
were observed, along with increasing concentration of the compound. A significant increase
in both photosynthesis and respiration was obtained at concentrations > 0.5 mg L−1 PFOA,
while the analysis was extended up to 4 mg L−1 PFOS, since no effect was registered with
the same concentrations (Figure 2). The increase in respiration is of special interest in
axenic microalgal cultures, as it was reported to be related to the mixotrophic metabolism
in Synechocystis [28].
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In summary, basing on respirometric tests [34], concentrations of the compounds up
to >0.5 mg L−1 for PFOA and up to 4 mg L−1 for PFOS did not reveal any short-term
toxic effects. On the contrary, an unexpected increase in oxygen evolution was observed,
possibly suggesting a change in the metabolic equilibrium between respiration and the
photosynthetic processes, a result that certainly deserves further investigations to dissect
the mechanisms involved and clarify whether such compounds are actually metabolized
and/or up taken by this algal species.

3.2. Mid- and Long-Term Effect of PFAS Exposure on Synechocystis Growth

Since neither toxicity nor inhibition effect were observed in short-term, the possible ef-
fects of PFOA and PFOS on biomass in both mid- and long-term exposure were investigated.
Two sets of experiments were carried out at PFAS concentrations of 1 mg L−1, similar to
values observed in the undergrounds water nearby the industrial polluted site [37]. Growth
rate and contaminant consumption were measured in two different growth conditions.

3.2.1. Effect of PFOA and PFOS in Batch Experiments

The first set of growth experiments was based on batch curves, to confirm the absence
of toxicity by the PFAS supplied. No significant differences between the control and
the batches with 1 mg L−1 of PFOA or PFOS (Figure 3) in terms of optical density were
ascertained. For each compound, a control without the contaminant was carried out
simultaneously, to account for the biological variability of the pre-inoculum, a typical
drawback of batch experiments.
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In samples taken on the first and last day of exposure, removal of PFOA and PFOS from
the external medium grew up to 28% and 71%, respectively (%Ri, Figure 3B,D). To shed
light on such Synechocystis mediated removal of these two compounds, biomass samples
were homogenized, to release the cytosolic materials and compare the concentration of
the compounds (i) in the lysate, Ci,lys, with that measured in the external medium, Ci,ext.
No difference in concentration between CPFOA,lys and CPFOA,ext was observed (Figure 3B),
confirming that PFOA removed from medium (%DPFOA was 28%) was not present inside
the cells. On the other hand, CPFOS,lys was found to be higher than CPFOS,ext (Figure 3D),
suggesting that cell lysis provokes the release of a fraction of PFOS (%CPFOS,bio = 32%).
Synechocystis cells are, thus, capable of removing both PFOA and PFOS from the external
medium, either by uptake into the cytosol or entrapment it in the membrane systems [36];
then, PFOS is partially accumulated inside the cell, while PFOA is not found in the lysates,
eventually having been transformed.

It should be stressed that batch systems are not the best growth system, as (i) main
variables (nutrients, light and biomass concentration) change over time, and (ii) batch
growth is strongly influenced by the acclimation of pre-inocula, which, in turn, may affect
the removal rate of the compounds by the cells, particularly related to the composition
of the membranes and the regulation of possible transporters. Indeed, it was previously
shown that batch experiments do not allow a complete acclimation of the cells [38], also
affecting the mass balances calculation.

3.2.2. Experiments in a Continuous Reactor

To overcome aforementioned variability, while possibly highlighting limitations due
to acclimation phenomena, three photobioreactors were operated under continuous con-
ditions at a residence time of 2.44 days. One reactor was fed by BG11 as a control, while
the other media contained, respectively, a constant concentration of PFOA (1 mg L−1)
and PFOS (1 mg L−1). Continuous systems allow overcoming the variability related to
the pre-inoculum, as the cells are cultured under stable environmental conditions and
continuously fed, ensuring their acclimation [39].

All the reactors easily reached the steady-state after 12–15 days, with constant biomass
concentration, confirming that Synechocystis is not affected by a long-term presence of PFAS
in the medium. Interestingly, an even increased biomass was observed in the presence
of PFOS: a concentration of 0.51 ± 0.02 g L−1 was obtained at steady-state, with respect
to the 0.41 ± 0.02 g L−1 of the control and a 0.40 ± 0.03 g L−1 in the case of PFOA
addition (Table 1).

Table 1. Summary of data obtained in the continuous system of the control, compared to those fed by PFOA and PFOS.
Data with asterisks * are significantly different with respect to the control, according to T-student test.

Control PFOA PFOS

Biomass concentration
(

gx L−1 ) 0.41 ± 0.02 0.40 ± 0.03 0.51 ± 0.02 *
OD [-] 1.44 ± 0.1 1.36 ± 0.04 1.81 ± 0.06 *

PFAS specifically removed
(
mgig−1

x
)

– 0.925 ± 0.41 1.72 ± 0.32
Biomass productivity

(
mgx L−1d−1 ) 170 ± 8.3 160 ± 8.9 210 ± 8.23 *

Areal biomass productivity
(

gxm−2d−1 ) 8.5 ± 0.4 8.0 ± 0.38 10.5 ± 0.41 *
PFAS removal rate

(
mgi L−1d−1 ) – 0.15 ± 0.06 0.36 ± 0.07

Areal PFAS removal rate
(
mgim−2d−1 ) – 7.5 ± 3 18.1 ± 3.52

A PFOS and PFOA removal was confirmed in the continuous system, for both
Ci,lys and Ci,ext (Figure 4). In the case of PFOA (Figure 4A), a 37% reduction (%RPFOA) in
final concentration was measured, and only a very small fraction of the compound was
detected in the lysate (%CPFOS,bio = 3.6%), confirming that PFOA is effectively removed
from the external medium and cannot be found in the cellular cytosol. Synechocystis was
able to remove around 88% of the PFOS (Figure 4B) present in the medium (%RPFOS), but
roughly half of it was then found in the soluble lysate (%CPFOS,bio = 51%). Consequently,
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a fraction of the PFOS initially present was not detected (%DPFOS = 49%), eventually
entrapped by the membranes in the pellet.Life 2021, 11, x FOR PEER REVIEW 12 of 19 
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and PFOS (B). Inlet refers to the concentration provided, outlet is the concentration in the external
medium in the overflow, and lysate is the concentration of culture disrupted by bead beater. Error
bars represent standard deviation of replicates, while letters refer to statistically significant difference.
Data sharing the same letter were grouped according to Tukey’s test.

To ascertain this possibility, pellet samples were treated by a more exhaustive extrac-
tion, using a methanol/chloroform solution (Section 2.3) before proceeding to the analysis.
FIA-HRMS measurements showed that PFOS partially adhered to the membrane fraction,
while PFOA was not detected in the extracted samples. Due to the matrix effect in the
analytical determination of water-soluble PFAS and the fraction attached to membranes, it
is not possible to quantitatively compare the amount of compounds recovered by solvent
extraction. Nevertheless, this suggests PFOS might interact with the membrane structures,
in agreement with other reports on increased membrane permeability in the presence of
PFOS [40,41].

In summary, even though Synechocystis was effective in the removal of both com-
pounds from the medium, this appeared to occur via different mechanisms: PFOS was
partially internalized as present in the cytosol and partially adsorbed by the membrane,
while PFOA was possibly actively metabolized. Comparing the results of biosorption
(i.e., including both absorption and adsorption processes by biological organisms) with
those obtained in the batch system, it is confirmed that acclimation has occurred under
continuous cultivation, increasing the removal rate. Accordingly, it appears reasonable to
conclude the active role of Synechocystis in PFAS removal.

Growth experiments performed both in batch and in continuous reactors in the pres-
ence of up to 1 mg L−1 of one compound at a time, resulted in higher biomass concen-



Life 2021, 11, 1300 12 of 18

trations than those measured in the respective control reactors, together with the partial
removal of PFAS from the external medium.

Limiting our analysis to the latter observation, some preliminary considerations were
made: from the mass balance point of view, in batch reactors, a maximum of 28% for
PFOA and 71% for PFOS were removed from the external medium, corresponding to a
removal rate of about 0.07 and 0.18 mg L−1 d−1, respectively. In continuous cultivation,
higher removal efficiency was observed, up to 37% for PFOA and 88% for PFOS, with a
removal rate of 0.15 and 0.36 mg L−1 d−1. These results highlight the different efficiency
in removing PFAS relatively to the cultivation system used: in a continuous system, after
setting the operating conditions, a process of acclimation of the organism is firstly observed,
and after some time the steady-state is achieved [38]. Continuously grown cells are more
acclimated than those grown in the batch system, where cells are subjected to changing
conditions, both in terms of medium composition (as substrates are consumed and products
released) and of light captured by the photosynthetic complexes (which is reduced as cell
density increases).

To our knowledge, the effect of PFAS on Synechocystis has not been assessed yet,
even though toxicity data are available for other photosynthetic microorganisms as fresh-
water microalgae, such as Selenastrum capricornutum [42], Chlamydomonas reinhardtii and
Scenedesmus obliquus [43], and Anabaena [44]. Recent papers focused on understanding the
possible role of PFAS in cellular toxicity for microalgae belonging to the Chlorella genus:
Niu et al., [45] observed a toxic effect on Chlorella sp., as well as a reduction of catalases and
oxidases. Li et al. [46] also observed downregulation of the genes involved in the photosyn-
thetic metabolism in Chlorella pyrenoidosa, as a response to PFOA exposure. This means that
even evolutionarily close species can suffer different toxicity effects for the same compound
due to species-specific physiological differences. Evidence from this work suggest this
cyanobacterium as a good chassis for further adaptation and/or manipulation procedures
aimed at producing a good scavenger organism for PFOA and PFAS.

From an engineering perspective, the possibility of using Synechocystis for bioreme-
diation is interesting, even though some considerations should be made: as the range of
PFAS concentration in wastewater is extremely wide, removing very low concentrations
of contaminants may result in not feasible reactor volumes and residence times. A first
step aimed at concentrating the compound is reasonable, to reduce the volumes of water to
be treated. This is easily obtainable by using adsorption or filtration units [47], followed
by a desorption/counter filtration unit, which may allow recovering a more concentrated
stream, treatable in a biological reactor [48]. Another approach presented in the literature
suggests the possibility of a biological regeneration of the spent adsorbent [48], which
is not proved to be applicable for photosynthetic organisms. Preliminary calculations,
anyway, suggest that the application of cyanobacteria is promising as, from our results,
an extrapolated areal removal rate of about 7 and 18 mg m−2 d−1 for PFOA and PFOS
removal, respectively, were calculated. These data, even if preliminary, are an interesting
starting point, when compared to the removal rate of common phytodepuration plants
(1.4 g of PFAS per hectare per year [49]). Certainly, this is just a preliminary and potential
calculation, laying the fundamentals for future research and feasibility assessment. On the
other hand, Synechocystis proved to be able to grow and survive in the presence of high
concentration of PFAS, posing promising perspectives.

3.3. Search for Synechocystis Proteins Possibly Involved in PFASs Transport and Metabolism

To better evaluate the possibility of active transport of PFAS in Synechosystis, a bioin-
formatic approach was applied. At least so far, only animal (human and rat) transporters
have been investigated for the capability to carry PFAS, but some clues also exist for
bacteria [41,50]. PFOS entrance into eukaryotic cells has been imputed mostly to fatty
acids-binding liver proteins, organic anions transporters (OATPs) and Na+/taurocholate
co-transporting polypeptides (NTCPs); NTCPs and OSTα/β activity from humans and
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NTCPs and OATPs activity from Rattus norvegicus have been characterized [51]. Aquapor-
ins have been recently suggested as a possible gateway for PFAS in plants [52].

The overall activity of animal, plant or bacterial protein toward PFAS has yet to be
clarified. In addition to transporters, some enzymes have to be considered, which are
known to degrade PFAS to some extent: e.g., Armoracia rusticana peroxidase [53] and
Pleurotus ostreatus laccase [54] are known to be active as fluoroacetate dehalogenases [55].

A preliminary bioinformatic analysis (see Section 2.5) was performed to highlight
the presence of orthologues for these proteins in the Synechocystis genus. Proteins noted
as bile acid: sodium symporters, ABCs associated proteins, fatty acid CoA ligases and
aquaporins are present in various compartments in the Synechocystis cell, potentially
acting as a gateway for PFOS. Further enzymes, similar to laccases and fluoroacetate
dehalogenases, were retrieved, offering a clue about the possible transport and degradation
players. Retrieved candidates are summarized in Table 2, a complete version of which
(including all accession numbers) is presented in the Supplement to this article.

Table 2. Candidate Synechocystis proteins possibly involved in PFASs transport and/or metabolism. A complete version
of this table, reporting all accession numbers, is included in the Supplementary Material file. * Found in Synechocystis
PCC 6803.

Name Biochemical Function Sequence(s) Similarity (%)

Na+-taurocholate
cotransporting

polypeptide (NTCP)
Bile acid: sodium symporter 8 27–29% to Human NTCP, NTCP2, NTCP4

and NTCP7.

ATP binding cassette
transporter C family

member (ABCC)

ATP-binding cassette domain-containing protein 40 23–42% to Arabidopsis thaliana ABCC2
ABC transporter ATP-binding protein 44 23–36% to A. thaliana ABCC2

peptidase domain-containing ABC transporter 5 23–27% to A. thaliana ABCC2
type I secretion system permease/ATPase 2 25–28% to A. thaliana ABCC2

ABC transporter * 3 27–29% to A. thaliana ABCC2
TOBE-like domain-containing protein 2 30–34% to A. thaliana ABCC2
Multidrug resistance ABC transporter

ATP-binding and permease protein 1 36% to A. thaliana ABCC2

cyclic nucleotide-regulated ABC
bacteriocin/antibiotic exporter protein 1 26% to A. thaliana ABCC2

ATP-binding protein of ABC transporter 1 31% to A. thaliana ABCC2

Aquaporin (aqp) Aquaporin 8 37–100% to Synechocystis sp. PCC 6803 aqpZ

Laccase Multicopper oxidase domain-containing protein 1 24% to Pleurotus ostreatus laccase POX1

Fluoroacetate dehalogenase Alpha/beta hydrolase 19 25–39% to Burkholderia sp. Fac-dex
Alpha/beta fold hydrolase 53 22–40% to Burkholderia sp. Fac-dex

Since their presence has been assessed mostly at a genus level, and not specifically
for Synechocystis PCC 6803, further investigation is needed to better determine candidate
identities and numbers in the model cellular system used in this work.

3.4. Search for Possible PFAS Metabolites

As both PFOA and PFOS partially showed a decrease of concentration from the
medium, a survey on possible metabolites was performed by using HRMS features on
samples exhibiting the largest removal rates. The high selectivity and sensitivity ensured
by the HRMS system allow highlighting signals that can be ascribed to structural modi-
fications of the original PFOA and PFOS molecules, such as decarbonylation, reductive
defluorination, and trifluoromethyl loss, as ions as modified species are still ionizable
under ESI conditions. Possible modifications were simulated by an in-silico approach by
Biotransformation Mass Defects software, which suggests loss or addition of atoms as
reported in Table 3. The presence of the related [M-H]− ions was searched for by extracting
the accurate mass values with a maximum tolerance of 5 ppm. Results showed that, in
the experimental conditions used, no relevant signals were evidenced for the selected
modifications. The survey was also extended to shorter-chain PFOA and PFOS congeners,
as suggested by Huang et al. [56], but, also, in this case, no signals were detected. It has to
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point out that the loss of the functional groups, i.e., sulfonic or carboxylic ones for PFOS
and PFOA, respectively, does not allow forming species that can be efficiently ionized
by the ESI-MS system in the negative ion mode [53,56,57]. Other experiments have to be
specifically planned to identify possible degradation products, also with complementary
detection systems.

Table 3. List of possible PFOA and PFOS metabolites predicted by Biotransformation Mass Defects software (Agilent
Technologies, Palo Alto, CA, USA), with their relative HRMS signals, and candidate enzyme activities likely to mediate the
modification.

Modification Atom Loss Result Formula [M-H]- Candidate Enzyme

PFOA C8 H F15 O2 412.9664
Decarboxylation -C-O2 C7 H F15 not detectable is ESI condition Laccase

2× Reductive Defluorination +H2-F2 C8 H3 F13 O2 376.9853 Fluoroacetate dehalogenase
Trifluoromethyl Loss -C-F3+H C7 H2 F12 O2 344.979

Decarbonylation -C-O C7 H F15 O 384.9715 Laccase
Reductive Defluorination +H-F C8 H2 F14 O2 394.9758 Fluoroacetate dehalogenase
Oxidative Defluorination -F+H+O C8 H2 F14 O3 410.9708 Fluoroacetate dehalogenase

PFOS C8 H F17 O3 S 498.9302
2× Reductive Defluorination +H2-F2 C8 H3 F15 O3 S 462.9491 Fluoroacetate dehalogenase

Decarbonylation -C-O C7 H F17 O2 S 470.9353 Laccase
Trifluoromethyl Loss -C-F3+H C7 H2 F14 O3 S 430.9428 Laccase

Reductive Defluorination +H-F C8 H2 F16 O3 S 480.9396 Fluoroacetate dehalogenase
Oxidative Defluorination -F+H+O C8 H2 F16 O4 S 496.9346 Fluoroacetate dehalogenase

Considerations of the different structures of PFOA and PFOS, together with the data
from the chemical analysis, can suggest a rationale for the different fates observed with
these compounds in Synechocystis cultures.

The amphiphilic properties of PFOS significantly increase the permeability of microal-
gal membranes [40], and this might be truthfully extrapolated to Synechocystis. Membrane
transporters identified in the genome-inferred proteome (Table 2) may also have a role in
the internalization of the compound into the cell. Since, after cell lysis, the molecule can
be detected also in the methanol/chloroform treated insoluble fraction, it is possible to
hypothesize a trapping or storage process due to the chemical affinity with the lipid bilayer
of the wide membrane system. As for PFOA, instead, lack of detection in any cellular
fraction suggests its transformation by one (or more) unknown enzyme(s). No metabolites
were identified by the suspect HRMS analysis, implying that modifications that occurred
were different from the hypothesized ones. In this context, a deeper untargeted analysis
is required, also based on other ionization techniques complementary to ESI, to cover a
wider range of potential metabolites with different chemical properties.

The most likely potential candidate enzymes for PFOA biotransformation were found
to be laccases and dehalogenases. The former class of enzymes, together with peroxidases,
are currently under the magnifying lens of researchers investigating biocatalysis as a tool
to relieve recalcitrant pollutants, PFAS included, from contaminated waters [58]. In this
field, protein engineering is increasingly exploited to obtain enzymes endowed with
high operative stability, as well as a wide substrate assortment. Indeed, putative laccase
enzymes, probably involved in decarboxylation and decarbonylation of PFOA and PFOS,
were found in the inferred proteome of Synechocystis (Table 3). Even though fluoroacetate
dehalogenases characterized so far can only mediate defluorination of PFAS having at least
one hydrogen atom at the alpha carbon of the molecule [55], the defluorination ability of
Synechocystis dehalogenases is yet unknown; in addition, these enzymes might be unable to
mediate a direct defluorination of PFOA and PFOS, while being able instead to defluorinate
intermediate products from laccases activity. The hypothesis that Synechocystis cells might
be capable by themselves of phyto-remediating wastewater from PFOA and PFOS remains
to be verified.
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4. Conclusions

PFAS are a class of molecules raising increasing concerns from an environmental
perspective. In this work, a possible bioremediation approach was proposed. Synechocystis
was grown in PFAS enriched media, showing, for the first time, its capability of surviving in
such conditions and suggesting an active role of this species in the removal of perfluorinated
compounds: growth was not inhibited by PFOA and PFOS in a range concentration of
mg L−1, much higher than those occurring in contaminated waters. A removal up to 37
and 88% for PFOA and PFOS, respectively, was observed, suggesting that this species is
able to import the two compounds. Some of the transporters preliminary identified by
bioinformatic search might sustain such import, which was never reported in the previous
literature. A fraction of the compounds removed from the medium is retained in the cytosol,
partly attached to the membrane, but a net portion was not detected in the suspension.
Although no relevant signals of predicted metabolites were currently found, the evidenced
degradation rate suggests planning other specific experiments. These results open a
possible new approach for phyco-remediation of PFAS, showing that a bioremediation
approach is promising to reduce the pollution by perfluorinated compounds.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/life11121300/s1, Table S1. Candidate Synechocystis proteins possibly involved in PFASs
transport and/or metabolism. * Found in Synechocystis sp. PCC 6803.
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Nomenclature

VR Volume of the reactor [mL]
Ci,e Concentration of compound found in inlet or initial water samples [mg L−1]

Ci,ext
Concentration of compound found in the filtrated sample at the end of batch experiment
or in the outlet [mg L−1]

Ci,lys
Concentration of compound found
in the lysate sample at the end of batch experiment or in the outlet [mg L−1]

Cx Biomass concentration [g L−1]
HRT Hydraulic Residence Time [d]
PA Areal biomass productivity [g m−2 d−1]
Px Volumetric biomass productivity [g L−1 d−1]
Q volumetric flow rate [mL−1 d−1]
rAi Areal removal rate [mg L−1 m2 d−1]
ri Removal rate [mg L−1 d−1]
W Depth of reactor [m2]
%Ci,bio Fraction of compound internalized by the biomass but released after cell disruption [a.u.]
%Di Fraction of compound not detectable in the sample [a.u]
%Ri Fraction of compound removed from the medium, but not found in the supernatant [a.u.]

https://www.mdpi.com/article/10.3390/life11121300/s1
https://www.mdpi.com/article/10.3390/life11121300/s1
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Abbreviations

CSTR Continuously Stirred Tank Reactor
DO Dissolved Oxygen
DW Dry Weight
ESI Electrospray Ionization
OPR Oxygen Production Rate
OCR Oxygen Consumption Rate
PFAS Per- and poly-FluoroAlkyl Substances
PFOA Perfluorooctanoic acid
PFOS Perfluorooctane sulfonate
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