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Abstract

Widespread environmental contamination by perfluoroalkyl and polyfluoroalkyl sub-
stances (PFAS) is raising particular concerns. PFAS are remarkably resistant to microbial
degradation and have a profound impact on the structure and function of microbial com-
munities. In this study, we analyzed the effect of perfluorooctanoic acid (PFOA) on bacterial
quorum sensing, a communication process that in marine Vibrio species regulates biofilm
formation and dissolution, virulence factors, swimming/swarming motility and biolumi-
nescence. A system to continuously monitor bioluminescence during the growth on agar
medium of Vibrio campbellii BB120 and isogenic luxS-, cpsA- and luxM-defective mutants,
unable to synthesize, respectively, the autoinducers Al-2, CAI-1, and HAI-1, was utilized.
By this system, we found that PFOA has dramatic effects on bacterial growth on agar and
light emission kinetics, with specific effects in the different strains depending on the set
of the autoinducers produced. Furthermore, we found that PFOA inhibited swarming
motility in cgsA- and luxM-defective mutants which exhibited a very robust swarming
phenotype in the absence of PFOA due to the lack of CAI-1 or HAI-1 that inhibit motility.
The inhibitory effect on motility could be due to increased adherence of bacterial colonies
to the agar substrate caused by the presence of PFOA. These results, although obtained in
an in vitro system, suggest that PFOA may strongly interfere with bacterial growth kinetics
and quorum sensing-regulated responses.

Keywords: quorum sensing; PFAS; Vibrio; bioluminescence; swarming motility

1. Introduction

Among the myriad of human-made chemical pollutants, perfluoroalkyl and polyfluo-
roalkyl substances (PFAS) raise deep concerns. PFAS comprise a large group of compounds
that have an alkyl chain backbone, typically 4 to 16 carbon atoms in length, and a functional

Appl. Microbiol. 2025, 5, 143

https://doi.org/10.3390 /applmicrobiol5040143


https://doi.org/10.3390/applmicrobiol5040143
https://doi.org/10.3390/applmicrobiol5040143
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applmicrobiol
https://www.mdpi.com
https://orcid.org/0000-0001-9745-4583
https://orcid.org/0009-0005-6703-6010
https://orcid.org/0000-0002-2562-4341
https://orcid.org/0000-0001-7945-3712
https://orcid.org/0000-0002-8193-2795
https://orcid.org/0000-0003-3768-7275
https://doi.org/10.3390/applmicrobiol5040143
https://www.mdpi.com/article/10.3390/applmicrobiol5040143?type=check_update&version=1

Appl. Microbiol. 2025, 5, 143

20f19

moiety (primarily carboxylate, sulfonate, or phosphonate). PFAS were introduced as ideal
surfactants into numerous industrial processes in the second half of the 20th century, with
applications in the manufacturing of hundreds of consumer products and industrial pro-
cesses [1-3]. Among them, perfluorooctanoic acid (PFOA, C8HF1502) and perfluorooctane
sulfonic acid (PFOS, C8HF170S53) are the most well-known representatives.

As environmental contaminants with global distribution and extreme persistence,
PFAS pose a One Health challenge impacting microbial, animal, and human health. Their
chemical stability is due to the strong carbon—fluorine bonds, which are rarely degraded in
natural systems. This has led to widespread environmental and biological accumulation
and, over the past two decades, growing evidence of adverse health and ecological ef-
fects [4-13]. From terrestrial environments, where their production, use, and disposal occur,
PFAS are transported through waterways, runoff and atmospheric deposition into the
ocean, which serves as the primary global sink for PFAS [14,15]. Reported concentrations
in seawater and marine sediments vary greatly depending on the geographic area and
sampling site. Region-specific differences also exist in PFAS profiles [14,15]. On a global
scale, PFOA, followed by PFOS, is the most abundant PFAS in marine waters, with average
concentrations ranging from approximately 0.2 to 2 ng/L in minimally impacted areas, but
with values that can reach almost 100 ng/L in moderately impacted areas, and 20,000 ng/L
in highly impacted estuaries [14,15], such as that of the Xiaoqing River in China [16]. PFOA
is also abundant in marine sediments, with average concentrations ranging from approxi-
mately 0.15 to 0.7 ng/g dry weight (dw), but with values that can exceed 2 ng/g dw [15].
PFOA is also the predominant PFAS in marine phytoplankton and in marine invertebrates,
with a median PFOA /PFOS ratio 50 times higher in invertebrates than in fish [14,15,17].
Notably, PFOA is found to bioaccumulate in marine organisms, including phytoplankton,
such as Chlorella, one of the dominant green algae in the ocean, showing a bioconcentration
factor (BCF) of about 100 with PFOA concentration about 20 mg/L [18]. Bioaccumulation
of PFOA in marine organisms is greatest in animals higher up the food chain, implying that
PFOA concentrations in marine organisms can exceed those found in marine sediments by
100 (for invertebrates) and 1000 (for fish) [17,19].

In response to this evidence, PFAS have been subjected to increasingly stringent
global regulations. In Europe, the production and use of PFOA are now banned under
Regulation (EU) 2019/1021 on persistent organic pollutants, as amended by Regulation
(EU) 2020/784. These regulations stipulate that PFOA and its salts may only be present as
an unintentional trace contaminant (UTC), defined as a residual impurity not intentionally
added and present at concentrations below specific thresholds (<0.025 mg/kg for PFOA
and <1 mg/kg for PFOA-related compounds). While temporary exemptions remain in
place for limited industrial applications (e.g., in firefighting foams), they are scheduled to
expire by December 2025. Similarly, the allowed thresholds for PFOS are being aligned
with those of PFOA. Despite these regulatory efforts, contamination remains widespread:
a recent investigation combining expert-reviewed journalism with scientific validation
mapped over 23,000 confirmed and suspected PFAS contamination sites across Europe [20].

Both PFOA and PFOS are harmful to marine life by damaging cell membranes, causing
oxidative stress, and affecting animal growth and reproduction, but PFOS is generally con-
sidered more toxic and bioaccumulative in the aquatic environment than PFOA, resulting in
greater health effects on organisms and higher concentrations in food chains [21,22]. In fact,
despite having the same number of carbon atoms, PFOS shows greater hydrophobicity than
PFOA due to two important structural differences: (i) it has an additional CF, unit; (ii) it
has a sulfonate group which, being a relatively hard base, adsorbs easily on oxide surfaces,
much more than the carboxylate group in PFOA [23]. In contrast, PFOA is more mobile
than PFOS, and its surface activity can lead to its adsorption at the air-water interface,
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which influences its mobility pattern in aquatic environments and its cycling between
water, sediments, and marine life forms [23]. This makes PFOA particularly interesting for
studying the impact of PFAS on marine ecosystems. Additionally, one study found that
PFOA is more toxic than PFOS to some aquatic organisms, suggesting potential differences
in how they affect different species [24].

PFAS are remarkably resistant to microbial degradation [25] because they contain high-
energy carbon—fluorine bonds that occur very rarely in microbial chemistry and the end
product of biodegradation, fluorine, can be very toxic to microorganisms [26]. As a result,
PFAS profoundly affect also the structure and function of microbial communities [27-33].
In particular, prolonged exposure to PFAS in soils, sediments and vadose regions leads to a
marked reduction in biodiversity and an enrichment of specific bacterial phyla, particularly
Proteobacteria, Acidobacteria and Actinobacteria, which exhibit greater intrinsic resistance
to PFAS than other phyla [27,31,34]. Furthermore, PFAS are potential environmental factors
that promote antimicrobial resistance [35]. These findings have raised particular concerns
since microbial communities are crucial in the balance of biogeochemical cycles, in the
decomposition of pollutants, in chemical transformation, in the food chain.

Among microbial regulatory systems, quorum sensing is a central mechanism that
allows bacteria to coordinate gene expression in response to population density [36]. Quo-
rum sensing governs essential bacterial behaviors such as biofilm formation, virulence,
and motility. In marine Vibrio species—particularly those within the Harveyi clade (which
includes V. campbellii, V. harveyi, and related species)—quorum sensing also controls biolumi-
nescence, a trait that facilitates both environmental adaptation and host interactions [37-39].
These Vibrio species can exist as planktonic organisms, symbionts, or pathogens, depending
on environmental conditions and quorum-regulated gene expression [40—42]. In particu-
lar, V. campbellii integrates three autoinducer signals—HAI-1, CAI-1, and AI-2—through
a well-characterized phosphorelay system that converges on the LuxR master regulator.
This regulatory cascade governs the lux operon, controlling light emission, and plays key
roles in the modulation of collective behaviors such as swarming motility and colony
morphology [43,44].

While the effects of PFAS on microbial diversity and physiology have been increasingly
investigated, their potential to interfere with quorum sensing systems remains poorly
understood. PFAS, such as PFOA, could influence quorum sensing systems through
multiple mechanisms, such as: (i) an increase in bacterial membrane permeability, which
may enhance the diffusion of the autoinducers and/or may amplify the quorum sensing
response, as observed in studies with Aliivibrio fischeri, a marine bacterium harboring
a quorum sensing system based on a single autoinducer, AHL, belonging to the acyl
homoserine lactone family [45]; (ii) a direct interference with quorum sensing pathways,
such as the production or reception of the autoinducers; (iii) an indirect effect of the
expression of quorum sensing-regulated genes caused by altered membrane permeability
and/or the induction of oxidative stress. In principle, it is also possible that, in bacteria with
multiple quorum-sensing systems controlled by different types of autoinducers, PFOA may
have opposing effects, depending on the signaling molecules produced and the mechanisms
of signal reception.

Therefore, in this study, we explored the effects of PFOA on quorum sensing-
dependent traits, including bioluminescence, motility, and colony architecture, using
V. campbellii strain BB120, a bacterium with multiple quorum-sensing systems. V. campbelli
is ubiquitous in marine environments, including marine, estuarine, and coastal waters.
Its hosts include penaeid shrimp, various fish species, and mollusks [46]. To analyze the
specific effects of PFOA on the different autoinducers, in addition to V. campbellii BB120,
we also used isogenic mutants defective in the production of the autoinducers AI-2 (luxS),
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CAI-1 (cqsA), and HAI-1 (luxM). Furthermore, we built an experimental setup to contin-
uously evaluate bioluminescence during bacterial growth on agar plates, because under
these conditions we were able to analyze other quorum sensing-dependent traits, such as
swarming motility, whereas bioluminescence is usually monitored during the growth of
bacteria in broth [44,47,48]. Moreover, growth on solid media, rather than liquid media,
better simulates the conditions in which V. campbellii interacts with its animal hosts, colo-
nizing their surfaces. The concentration of PFOA chosen in this study to best highlight the
effects of PFOA on V. campbellii, i.e., half the minimal inhibitory concentration, is high but
not far from that achievable on marine animals in environments heavily contaminated by
PFOA, given their ability to bioaccumulate this compound.

Our aim is to evaluate whether PFOA affects V. campbellii colony growth and ar-
chitecture, bioluminescence, swarming motility, and virulence gene expression and, if
so, to seek to understand the underlying mechanisms by analyzing the quorum sensing
signaling cascade.

2. Materials and Methods
2.1. Bacterial Strains, Growth Conditions, and RT-gPCR

Harveyi clade Vibrio strain BB120 (wild type) and isogenic derivatives KM387 (AluxS),
JMH603 (cgsA::Cmr) and JAF633 (AluxM linked to Kanr) [37,38] were kindly provided by
prof. Bonnie L. Bassler (Princeton University, USA). Vibrio strain BB120 (also known as
ATCC BAA-1116), which was originally classified as V. harveyi, was then proved to be
V. campbellii by microarray-based comparative genomic hybridization [49]. Vibrio strains
were cultivated in nutrient broth [BD DifcoTM BactoTM, Franklin Lakes, NJ, USA] contain-
ing 3% NaCl [Sigma-Aldrich, St. Louis, MO, USA]. Agar [BD DifcoTM BactoTM, Franklin
Lakes, NJ, USA] was added to this broth at a final concentration of 1.5% to formulate
luminescence agar (LA). When necessary, the following antibiotics were added to maintain
strain selection: chloramphenicol (25 pg/mL), kanamycin (50 pg/mL).

For bioluminescence monitoring strains were pre-cultured in nutrient broth containing
3% NaCl at 24 °C under shaken (250 rpm) up to an optical density (O.D.) of 1.0 at 600 nm.
A total of 10 pL of bacterial suspensions were spotted at the center of standard polystyrene
Petri dishes (diameter 50 mm) containing LA supplemented with PFOA [Sigma-Aldrich]
dissolved in isopropanol [Sigma-Aldrich, St. Louis, MO, USA] (final PFOA concentra-
tion = 0.156 mg/mL; final isopropanol concentration = 0.078% isopropanol) (LA-PFOA), or
control LA (LA-CTL) containing 0.078% isopropanol, and incubated at 24 °C.

Bacterial biomass of colonies growing on LA-PFOA or LA-CTL agar plates was de-
termined by O.D. measurement. To this purpose, the bacteria were collected at different
time intervals and resuspended in 1 mL of Phosphate-buffered saline (PBS). The O.D. of
the bacterial suspensions was measured at a wavelength of 600 nm of the incident light.
The samples were diluted to fall within the linear range of the optical system, and the O.D.
data were corrected by the dilution factor used for the O.D. measurement.

After 120 h of growth, three LA-CTL or LA-PFOA plates containing V. campbellii
BB120 were used to collect bacterial biomass with a sterile loop. The collected cells were
immediately suspended in ice-cold saline (0.9% NaCl). The suspension was vortexed
at maximum speed for 10 s and then returned to ice for 30 s. This vortex—ice cycle was
repeated three times. RNA extraction and other molecular procedures were carried out as
previously reported [35,50]. RT-qPCR was performed using previously described primers
targeting the luxA, luxR, and hfg genes [51].
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2.2. Bioluminescence Monitoring

To perform bacterial luminescence measurements, we prepared two identical ex-
perimental configurations inserted inside the climatic chamber under almost constant
temperature and humidity conditions, as previously described [51]. Absolute darkness was
maintained inside. Each experimental setup contained a very sensitive HamamatsulP28
photomultiplier (PMT), capable of recording the low-intensity light emitted by our samples.
In fact, the gain factor, a characteristic of the photomultiplier, was about 5 x 10°. When
photons strike the cathode, electrons are emitted and then accelerated and multiplied by
the dynodes. As a result, the anode produces approximately 5 x 10° electrons for each
electron generated, allowing for the detection of very weak light signals. The nominal
spectral sensitivity of the photomultiplier ranged from 185 to 650 nm. Its active window,
which we used to collect the light emitted by the samples, was 24 mm high and 8 mm
wide. Furthermore, the bacterial spot was positioned at a distance of 30 mm from the
PMT window, allowing us to collect a large share of the photons emitted in the solid angle
between the sample and the PMT. To better evaluate the performance of the strains by
analyzing colony growth and bioluminescence, we assumed an initial linear emission phase
corresponding to the growth trend. Over time, a secondary phase characterized by reduced
emission (extinction coefficient) was associated with the slowdown of bacterial growth and
subsequent cell death. This behavior was therefore modeled using an exponential function.
The photomultiplier signals were sent to a Pasco Science Workshop 750 Interface CI-7500
workstation [Pasco, Roseville, CA, USA], interfaced to a personal computer used both as a
storage device and to time the measurements. One channel of the workstation was also
used to record the temperature of the climatic chamber during the entire experiment by a
semiconductor sensor.

For each strain, both wild-type and mutant, we performed two types of experiments:
continuous monitoring and parallel measurements. Continuous monitoring experiments
were performed first, with each strain observed until light emission ceased. Subsequently,
light output was measured in parallel experiments, in which multiple colonies were grown
simultaneously and bioluminescence was recorded at defined time intervals.

2.3. Contact Angle Determination

The experimental setup consists of a Redlake Imaging Motion Analyzer [Redlake Imag-
ing Corporation, Morgan Hill, CA, USA], a linear micrometer positioner with integrated tilt
table, a backlit led diffuser, and a module dispenser of low volume droplet. Measurements
were performed by depositing a drop ~2.0 uL of distilled water. Droplet deposition was
recorded from the transient phase to the steady-state configuration, where the static contact
angle was measured. Five measurements of contact angle were performed for each sample
by using “Drop Shape Analysis” plugin of Image] software (1.51 23). Similarly, the contact
angle between V. campbelli colonies and the agar surface was determined after 72 h of
growth. Measurements were performed on 5 different colonies for each strain and each
condition used in this study.

2.4. Statistical Analysis

Statistical comparisons between control and PFOA-treated samples were performed
using a two-sample Student’s t-test (Welch correction for unequal variances) implemented
in Python 3.12.12 (SciPy 1.16.3 library). Boxplots were generated using the Pandas 2.2.2
and Matplotlib 3.10.0 packages.
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3. Results
3.1. Effects of PFOA on the Bioluminescence of Wild Type V. campbellii BB120

We conducted a preliminary experiment to continuously monitor the bioluminescence
produced by Vibrio campbellii BB120 (Figure 1A). We then confirmed the trend in light emis-
sion by repeating the growth experiment three times and measuring the bioluminescence at
fixed time points (Figure 1C). During the continuous monitoring, we found that in LA-CTL
plates, the luminescence of V. campbellii BB120 increased progressively during the first
80 h and more slowly during the subsequent 150 h, reaching a plateau at approximately
230 h (Figure 1A). After this time, the luminescence slowly decreased until it was no longer
detectable after about 600 h. Compared to LA-CTL plates, the luminescence of V. campbellii
BB120 increased much more rapidly in LA-PFOA plates, especially during the first 50 h,
reaching a plateau at approximately 180 h. After this time, the luminescence decreased
more rapidly than in control plates, until it was no longer detectable after about 400 h.
Thus, at later time points (250 to 600 h), bacteria grown on plates containing PFOA emitted
considerably less light than control plates. This pattern of bioluminescence development
during growth on LA-CTL or LA-PFOA was also confirmed in independent experiments, in
which luminescence was measured at fixed time points (Figure 1C). In all experiments, we
observed a more pronounced luminescence during the early stages of growth on LA-PFOA
compared to LA-CTL (Figure 1C).

BB120 (wild type)

— PFOA CAI-1
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18 - CTL
3BO - -
s 30 2 5 10
23 B 2,
1 20 *
0 15 0
1 200 300 400 600 0 100 200 300 400

8
6

2/
0

0 100

- 200 300
h  50h  100h 200h 300h 600h Time [h]
.
mon F
W PFOA /P‘“\
CTL

hfq LuxA LuxR

— Temperature

c D

-CTL

0.D. at600 nm [a.u.]

400

Fold change
O 4 M ®w s OB N ®

Figure 1. Effects of PFOA on colony growth and bioluminescence of V. campbellii BB120 grown
on agarized medium. (A) Ten pL of a bacterial suspension of V. campbellii BB120 (with an O.D. at
600 nm = 1.0) were inoculated in the center of polystyrene Petri dishes containing LA-PFOA agar
plates (red) or control LA-CTL agar plates (blue). Continuous light emission was monitored for 600 h.
(B,C) The light emission monitoring experiment was repeated three times, and the light emission (B)
and colony size (diameter, mm) (C) were measured at fixed time points. (D) Ten pL of a bacterial
suspension of V. campbellii BB120 (with an O.D. at 600 nm = 1.0) were inoculated in the center of
polystyrene Petri dishes containing either LA-PFOA agar plates (red) or control LA-CTL agar plates
(blue), and colonies were collected at different time points for biomass assessment. Two plates were
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analyzed at each time point. (E) During growth, bacterial biomass samples were sampled at 120 h and
used to perform RT-qPCR of three quorum-sensing-related genes: luxR, luxA, and hfg. (F) Colonies of
V. campbellii BB120 grown on LA-PFOA (lower panel) or LA-CTL agar plates (upper panel) at the end
of growth. (* p-value < 0.05).

We then wondered whether the stimulation of bioluminescence in the early growth
phase was due to an effect of PFOA on bacterial growth, as we noticed a slightly larger
colony area on LA-PFOA plates than on LA-CTL plates during the time course of the
experiment (Figures 1B,F and 2A). Therefore, we collected the colonies of the bacteria
grown on LA-PFOA plates than on LA-CTL plates at different times of growth and, after
resuspending them in saline, measured both biomass by spectrophotometric method (O.D.
600 nm) and total protein concentration (Figure 1D). Colony size (diameter) was closely
correlated with colony biomass (Rz(PFO A) > 0.99; RZ(CTL) > 0.98), as demonstrated for Vibrio
campbellii BB120 grown on LA-PFOA (Figure S1A) or LA-CTL (Figure S1B). The results
showed that, indeed, PFOA increased bacterial growth rates during the initial phase of
colony growth up to about 100 h, but after this time growth rates decreased compared with
the control reaching a similar value at the end of the growth (Figure 1F). As a result, the final
biomass of the bacteria grown on the LA-PFOA plates and the LA-CTL plates was similar.
This result indicates that the stimulatory effect of PFOA on bioluminescence in the early
phase of colony growth could be due to a stimulatory effect of PFOA on bacterial growth.

Furthermore, we observed that the bacteria on the PFOA-containing agar plates
formed flatter colonies than those on the control agar plates (Figure 2A,C). Therefore, we
measured the contact angles using a drop of water (Figure 2B) or the bacterial colonies
(Figure 2A,C,D). Indeed, we found that the water droplets on the LA-PFOA plates formed a
smaller contact angle (6 = 8°) than those on the LA-CTL plates (6 = 17°) (Figure 2B) and that
the colonies on the LA-PFOA (Figure 2A) plates formed a smaller contact angle (6 = 22°)
than those on the LA-CTL plates (0 = 38°) (Figure 2C,D). This finding suggests that the
presence of PFOA may increase bacterial adherence to the agar surface, thereby affecting
bacterial access to media components, bacterial motility, biofilm formation, and colony
architecture. As a result, the dynamics of bacterial growth were affected by the presence
of PFOA.

Finally, we investigated whether the luminescence enhancement observed in bacteria
grown on LA-PFOA was due to stimulation of the quorum-sensing regulatory circuit. To
this end, we performed RT-qPCR analysis (Figure 1F) sampling the bacterial biomass at
120 h of growth. RTqPCR revealed that PFOA increased the transcriptional level of [uxR,
the main transcriptional regulator involved in quorum-sensing activation. Similarly, we
detected higher transcriptional levels of luxA, which encodes luciferase, and hfg, which
post-transcriptionally regulates several non-coding RNAs associated with quorum-sensing
regulation (Figure 1F). These data are consistent with the observed increase in colony size
and, consequently, with earlier activation of quorum sensing when the bacteria were grown
on LA-PFOA.
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Figure 2. Effects of PFOA on colony growth pattern and contact angle of V. campbellii BB120 grown
on agarized medium. (A) Colonies of V. campbellii BB120 grown on LA-PFOA or LA-CTL agar plates.
(B,C) Contact angle of distilled water drops (B) or colonies of V. campbellii BB120 (C) on LA-PFOA or
LA-CTL agar plates. Blu lines (B) represent the tangents to the liquid profile at the point of contact
with the surface. (D) Average values of contact angles of colonies of V. campbellii BB120 grown on
LA-PFOA or LA-CTL agar plates (* p-value < 0.05). The blue box represents the interquartile range
(middle 50% of values), the red line is the median, and the gray whiskers indicate the data spread.

3.2. Analysis of Bioluminescence Emission Curves of Wild-Type V. campbellii BB120

In an attempt to simplify this complex scheme, we tried to fit the light emission curves
of bacteria growing on agar plates by representing them as the result of the action of two
components. Indeed, looking at the light emission curves, we can observe that they can
be considered as composed of two factors, both of which are time-dependent: the first
factor represents the light emission associated with colony growth, which we can image
increasing, A(t — 7;); the second factor represents the contribution of the reduction in
the emission (or extinction coefficient), associated with bacterial growth arrest and death
(modulation factor), Bexp(—(t — 7,)/T5). A and B represent the corresponding intensity;
T, represents the delay time; 73 is the time constant, or decay time, and ¢ is the time. The
expression of the total emission is governed by the following expression:

AB(t — 1) x exp(—(t_rr)> 1)

B

In conclusion, the total emission is the theoretical expression of the emission due to
the product of the two factors, the linear and exponential components, as described below.
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The values of the parameters are inserted in Table 1. Simulations are shown in Figure 3.
It can be seen that when bacteria were grown on LA-PFOA agar plates (Figure 3A,C), the
angular coefficient, or slope, of the first factor (linear), was higher (0.17 V/h) than that
measured with bacteria grown on LA-CTL agar plates (0.10 V/h) (Figure 3A,B), indicating a
positive effect of PFOA on induction of bioluminescence. The slope of the first factor, in fact,
reflects the rates of biomass increase in the early stages of colony growth (during the first
50 h) (Figure 1D). However, the second factor (exponential), which regulates light emission
abatement, seems to have a more pronounced effect precisely on bacteria growing on
LA-PFOA, abating light emission substantially after 100 h, compared with those growing
on LA-CTL, in which light emission begins to abate after 130 h.

Table 1. Simulation results of the emission light by Equation (1).

Parameters CTL PFOA
A[V /H] 0.10 0.17
B 1 1
T [h] 33 22
Tg[h] 130 100

—c
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Figure 3. Real and simulated light emission curves of V. campbellii BB120. (A) Comparison of real and
simulated light emission curves. The simulated curves were calculated according to Equation (1) and
are shown as dashed lines. (B,C) Comparison of real and simulated curves (dashed lines) showing
the linear and exponential components derived from Equation (1) for growth in LA-CTL (B) and
LA-PFOA (C). The orange and blue arrows indicate the value scale (y-axis) to which the dashed
curves refer.
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The result of the simulations of bioluminescence curves is consistent with the effect of
PFOA on growth dynamics. As shown, PFOA stimulates the bacterial growth (and, hence,
bioluminescence induction), but also the premature entry into the stationary phase (and,
hence, bioluminescence abatement). However, as bioluminescence is controlled by different
Als whose production is time-regulated during the growth of V. campbellii BB120 [44], we
could exclude that the effect of PFOA on bioluminescence curves could be due to distinct
effects of PFOA on the different Als. Therefore, the next step was to analyze mutants unable
to produce each of the three Als.

3.3. Effects of PFOA on the Bioluminescence of V. campbellii Quorum-Sensing Mutants

To gain more insight about the molecular mechanisms involved in the stimulation
of bioluminescence by PFOA at early growth time points, three derivative mutants of
V. campbellii BB120 were used: KM387 (AluxS), JIMH603 (cgsA::Cm"), and JAF633 (AluxM
linked to Kan"), unable to synthesize Al-2, CAI-1, and HAI-1, respectively. As in the case of
Vibrio campbellii BB120, bioluminescence during growth was first monitored continuously
and then measured at defined time points to confirm the observed patterns.

We observed distinct patterns in the different mutants and a different effect of PFOA:

o V.campbellii KM387 (AluxS; Als produced: CAI-1 and HAI-1) (Figure 4A,C). During the
continuous monitoring, in both LA-CTL and LA-PFOA plates, we observed a similar
pattern consisting of two distinct peaks of light emission. The first peak culminated
after about 20 h and increased more rapidly, reaching a higher plateau in LA-PFOA
plates than in LA-CTL plates (Figure 4A). In contrast, the second peak reached a higher
plateau (at about 230 h) in LA-CTL plates than in LA-PFOA plates (at about 190 h).
In addition, just as in V. campbellii BB120, luminescence decreased more rapidly in
LA-PFOA plates than in LA-CTL plates, but with a different trend in the final part.
The observed patterns were also confirmed in parallel experiments, which showed
that the bioluminescence of Vibrio campbellii KM387 was stimulated by PFOA during
the initial stages of growth (Figure 4C).
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Figure 4. Effects of PFOA on colony growth and bioluminescence of V. campbellii KM387 mutant
grown on agarized medium. (A,B) Ten uL of bacterial suspensions (with an O.D. at 600 nm = 1.0) of
V. campbellii KM387 mutant, defective in AI-2 production, were inoculated in the center of polystyrene
Petri dishes containing LA-PFOA agar plates (red) or control LA-CTL agar plates (blue). Continuous
light emission was monitored for about 500 h. (B,C) The light emission monitoring experiment was
repeated three times, and the light emission (B) and colony size (diameter, mm) (C) were measured
at fixed time points. (D) Colonies of V. campbellii KM387 grown on LA-PFOA agar plates or control
LA-CTL agar plates for 500 h. * p-value < 0.05.
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The first peak of light emission was correlated with growth. Compared to LA-CTL
plates, this peak was higher in the LA-PFOA plates, where PFOA stimulated bacterial
colony size at early time points (Figure 4B,D). In contrast, the second bioluminescence peak
was lower in the LA-PFOA plates than in the LA-CTL plates (Figure 4A), despite the larger
colony size (Figure 4B). This finding suggests an inhibition of PFOA on light emission at
later time points, the possible cause of which is discussed below.

After 72 h of growth, Vibrio campbellii KM387 produced a smaller contact angle on the
LA-CTL surface (Figure 5A) than V. campbellii BB120 (Figure 2C,D); however, this strain
also exhibited a decreased contact angle when grown on LA-PFOA.

A KM387 B JMH603 C JAF633

=] 201  — 18

Control

Figure 5. Effects of PFOA on contact angles measured for each mutant strain on LA-CTL or LC-PFOA.
(A) V. campbellii KM387. (B) V. campbellii ]IMH603. (C) V. campbellii JAF633. * p-value < 0.05. The blue
box represents the interquartile range (middle 50% of values), the red line is the median, and the gray
whiskers indicate the data spread.

o V. campbellii IMH603 (cgsA::Cm"; Als produced: Al-2 and HAI-1) (Figure 6). During
the continuous monitoring of the bioluminescence, we observed an initial peak of light
emission that culminated after about 10 h, without substantial differences between
LA-CTL and LA-PFOA plates. Only in LA-CTL plates, a very regular bell-shaped and
high emission curve started after about 50 h, culminated after 170 h, and ended after
about 300 h of growth. At the peak, the light emission curve with this mutant reached
higher values (>2-fold) than those reached with the wild type strain (Figure 6A). In
contrast, in the LA-PFOA plates, after the initial peak, we observed a slower and more
restrained increase in the light emission curve that culminated at about 275 h and
then decreased just as slowly. The observed patterns were also confirmed in parallel
experiments (Figure 6C).

During the experiments, we noticed that the colonies formed on LA-CTL plates by the
JMH603 mutant showed a marked tendency to spread on the agar surface (Figure 6B,D).
This behavior, which did not allow for modeling the emission curve, as was performed with
V. campbellii BB120 (Figure 3), is caused by swarming motility, a collective movement mode
in which bacteria rapidly migrate and grow across surfaces, forming dynamic patterns of
vortices and jets [52-55]. Therefore, the high-light emission curve that began after about
50 h was produced by the bacteria swarming at the colony margins on LA-CTL plates. In
fact, this late light emission was much more reduced and delayed on LA-PFOA plates,
where bacterial swarming was inhibited (Figure 6B,D). Therefore, as well as in V. campbellii
BB120 and in V. campbellii KM387, the curves of light emission were correlated with growth
dynamics: in LA-CTL plates, the high light emission curve began in conjunction with a net
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increase in colony size at about 50 h due to the bacterial swarming, which did not occur in
LA-PFOA plates (Figure 6B,D).
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Figure 6. Effects of PFOA on colony growth and bioluminescence of V. campbellii JIMH603 mutant
grown on agarized medium. (A) Ten pL of bacterial suspensions (with an O.D. at 600 nm = 1.0)
of V. campbellii JIMH603 mutant, defective in CAI-1 production, were inoculated in the center of
polystyrene Petri dishes containing LA-PFOA agar plates (red) or control LA-CTL agar plates (blue).
Continuous light emission was monitored for about 500 h. (B,C) The light emission monitoring
experiment was repeated three times, and the light emission (B) and colony size (diameter, mm) (C)
were measured at fixed time points. (D) Colonies of V. campbellii JMH603 grown on LA-PFOA agar
plates (right) or control LA-CTL agar plates (left) for 530 h. * p-value < 0.05.

After 72 h of growth, V. campbellii IMH603 produced a contact angle on the LA-CTL
surface (Figure 5B) smaller than that of V. campbellii BB120 (Figure 2C,D) but comparable to
that of V. campbellii KM387 (Figure 5A). This strain also showed a reduced contact angle
when grown on LA-PFOA.

o V. campbellii JAF633 (AluxM linked to Kan'; Als produced: AI-2 and CAI-1) (Figure 7).
This mutant emits light very weakly. During the continuous monitoring of the biolu-
minescence, the bacteria emitted a weak first light wave culminating at about 175 h
in LA CTL plates (Figure 7A). This wave was barely detectable in LA-PFOA plates,
where the bacteria started to increase the light emission at about 400 h (Figure 7A),
in conjunction with an increase in colony size (Figure 7B). Furthermore, a late light
wave appeared in LA-CTL plates at about 600 h in conjunction with a marked increase
in colony size (Figure 7B,D). Thus, also with this mutant, the peaks of light emission
were correlated with growth dynamics, and like JMH603, JAF633 showed a marked
tendency to swarm on LA-CTL plates (Figure 7B,D), and swarming was inhibited on
LA-PFOA plates. Additionally, for this mutant, the observed light emission patterns
were confirmed in parallel experiments (Figure 7C).

After 72 h of growth, V. campbellii JAF633 produced a contact angle on the LA-CTL
surface (Figure 5C) smaller than that of V. campbellii BB120 (Figure 2C,D) and smaller than
those of V. campbellii KM387 (Figure 5A) and V. campbellii JIMH603(Figure 5B). Even for this
strain, the contact angle decreased when grown on LA-PFOA.
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Figure 7. Effects of PFOA on colony growth and bioluminescence of V. campbellii JAF633 mutant
grown on agarized medium. (A) Ten uL of bacterial suspensions (with an O.D. at 600 nm = 1.0) of V.
campbellii JAF633 mutant, defective in HAI-1 production, were inoculated in the center of polystyrene
Petri dishes containing LA-PFOA agar plates (red) or control LA-CTL agar plates (blue). Continuous
light emission * p-value < 0.05.was monitored for about 750 h. (B,C) The light emission monitoring
experiment was repeated three times, and the light emission (B) and colony size (diameter, mm) (C)
were measured at fixed time points. (D) Colonies of V. campbellii JAF633 grown on LA-PFOA agar
plates (right) or control LA-CTL agar plates (left) for 380 h. * p-value < 0.05.

4. Discussion
4.1. PFOA Affects Growth and Light Emission Kinetics of V. campbellii on Agar

In this study we found that the addition of PFOA to agar medium has dramatic effects
on growth on agar and light emission kinetics of V. campbellii BB120 and three Al-defective
isogenic mutants KM387, JMH603 and JAF633, unable to produce, respectively, Al-2, CAI-1,
and HAI-1. In an in vitro system with bacteria growing at 24 °C on agar medium and
bioluminescence continuously monitored, we found that PFOA stimulated the induction of
bioluminescence emitted at early growth time points by wild type V. campbellii BB120 and
KM387 mutant (Al-2-defective) (Figures 1A and 4A).

We initially thought that our results might be consistent with a previous study showing
that PFAS exposure increases the quorum-sensing response of A. fischeri by enhancing the
effect of its AI, AHL, belonging to the acyl homoserine lactone family [45]. In this study, the
authors demonstrate that A. fischeri cultures exposed to PFAS were brighter than control
cultures after receiving the AHL. Additionally, bacteria exposed to PFAS were also more
permeable to a semipermeable membrane dye. This led to the conclusion that the increased
permeability to AHL was, at least in part, the cause of the increased luminescence that can
be initiated prematurely at lower bacterial densities than control conditions [45].

Although it is plausible that a similar mechanism may be involved in the stimulation
of the onset of bioluminescence in V. campbellii BB120 and KM387, because both the strains
are capable of producing HAI-1, an Al of the acyl homoserine lactone family, we did not
observe the same effect with the JMH603 mutant (CAl-defective), which is also capable of
producing HAI-1 (Figure 6A). Furthermore, in the KM387 mutant, we observed a pattern
consisting of two light peaks, possibly determined by the sequential action of HAI-1 and
then CAI-1, consistent with previous results showing that CAI-1 is produced later than
HAI-1 during the growth of V. campbellii [44]. The first light peak was stimulated by PFOA,
the second was inhibited (Figure 4A), suggesting a possible inhibitory effect of PFOA on
CAl-stimulated bioluminescence.
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4.2. PFOA Affects the Growth Dynamics by Increasing Bacterial Adhesion to the Substrate

Complementing these findings, our mechanistic investigations reveal that PFOA
alters substrate properties—reducing the water contact angle and enhancing bacterial
adhesion—which in turn reshapes colony morphology and the local concentration of
autoinducers. This change in physical microenvironment likely accelerates HAI-1-mediated
quorum sensing, while concurrently impeding the later CAI-1 signaling phase due to
premature entry into stationary phase.

In particular, all our results are consistent with an important effect of growth dynamics
on bioluminescence patterns. It is important to note that in our experimental setup for
bioluminescence monitoring, the bacteria were grown on agar plates, whereas biolumines-
cence is usually monitored during the growth of bacteria in broth [44,47,48]. In addition, in
our experiments, the bacteria were grown at 24 °C instead of 30 °C, as is usually the case, to
monitor bioluminescence for a longer period of time. Unlike broth cultures, on agar plates,
the emission of light follows a more complex kinetics, linked to spatiotemporal constraints
determined by the geometry of colonial growth and the different accessibility of bacteria
to nutrients in different regions of the colony. In some regions of the colony, the bacteria
actively proliferate and emit light when a threshold density is reached, while in other
regions, bacterial growth slows or stops, and the bacteria decrease or stop emitting light.
In addition, the system has additional complexity due to the fact that bioluminescence in
bacteria of the V. harveyi clade is not a simple function of bacterial density and growth rate,
but represents the output of one of the most complex quorum-sensing cascades known,
which uses three different Als, with varying levels of integration between them and varying
activation times depending on growth conditions [44,56].

In most of the cases examined, the start and intensity of light emission was correlated
with growth. In the wild type V. campbellii BB120 strain, PFOA stimulates bacterial growth
and, thus, induction of bioluminescence, but also premature entry into the stationary
phase and, thus, abatement of bioluminescence (Figure 1) as modeled (Figure 3). Similar
results were observed with the first peak of light emission of the KM387 mutant (Figure 4).
The effects of PFOA on growth of bacteria on the agar surface may be due to its ability
to increase the adhesion of bacteria to the substrate, as determined by measurements of
the contact angle between a drop of water and the agar surface and the contact angle of
between colonies and the agar surface (Figure 2). This can lead to important changes in the
structural dynamics of colony growth, with flatter colonies and consequences for access to
nutrients and Als signals that regulate communication between bacteria in the colony.

4.3. PFOA Inhibits Swarming Motility

Our observations on swarming mutants (JMH603 and JAF633) further demonstrate
that PFOA’s enhancement of surface adhesion prevents the collective motility required for
swarming, decoupling the typical inverse regulation between motility and luminescence.
By physically anchoring cells, PFOA effectively locks these mutants in a sessile state,
abolishing the late swarming-associated luminescence peak.

In JMH603, the correlation analysis between bioluminescence patterns and growth
dynamics was complicated by the swarming motility of bacteria, which was inhibited by
PFOA. Indeed, the regular bell-shaped and elevated emission curve beginning at about
50 h and culminating at 175 h was associated with a wave of swarming on LA-CTL
agar plates (Figure 6). The same inhibitory effect of PFOA on swarming motility was
observed with the JAF633 mutant, which is able to produce AI-2 and CAI-1, but not HAI-1,
and emitted very little light under our experimental conditions (Figure 6). The robust
swarming phenotype observed in these quorum sensing-defective mutants is consistent
with the evidence that bacterial motility and bioluminescence are oppositely controlled
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by quorum-sensing circuit [43,57]. We do not know the mechanism by which PFOA, at
the concentrations used in the study, completely inhibits swarming in the two mutants,
but it can be hypothesized that the increased adherence of the bacterial colony to the
substrate is involved. Since bacteria moving on the surface face numerous challenges,
including attracting water to the surface, overcoming frictional forces, and reducing surface
tension [55], it is plausible that the presence of PFOA, which increases the adherence of
bacterial colonies to the agar substrate, makes these challenges more difficult, thereby
inhibiting swarming.

4.4. Limitations of the Present Study and General Implications of Quorum Sensing Dysregulation
Caused by PFAS in Marine Environments

Overall, our results, although obtained in an in vitro system and a high concentration
of PFOA, suggest that PFOA can strongly interfere with bacterial adhesion, colony growth,
growth dynamics, swarming motility and quorum sensing-regulated processes including
bioluminescence. In marine Vibrio species., quorum sensing regulates the life cycle of these bac-
teria, which alternates between a planktonic phase and a sessile phase characterized by sym-
biotic colonization of marine animals, which occasionally becomes pathogenic [40-42,58-61].

Bioluminescence plays an important role in mutualistic relationships between lumi-
nous Vibrio spp. and marine animals, which are well described in the squid’s light organ,
where nutrients from the host are supplied to the bacterium A. fischeri (formerly known
as Vibrio fischeri) in exchange for the bacterium’s ability to produce bioluminescence for
a variety of purposes, including intraspecific communication with the host, camouflage
against moonlight, and prey attraction [62,63]. In mutualistic relationships with many
hydrozoans, Vibrio jasicida, a Vibrio species of the Harveyi clade, provides bacterial biolu-
minescence or specialized metabolic capabilities to occupy a nutrient-rich habitat within
their host organism. The hydrozoans provide nutrients to the luminous Vibrio species
within chitinous structures on its surface, and the bacteria degrade the chitinous mate-
rial into forms more usable by the hydrozoans [60,64]. In addition, many hydrozoans
host symbiotic dinoflagellates (zooxanthellae) that support their growth by carbon fixed
photosynthetically, and V. jasicida plays a critical role in establishing /maintaining the sym-
biosis by consuming, through the bioluminescence reaction, excess oxygen produced by
zooxanthellae, preventing the generation of reactive oxygen radicals [65,66].

Bacterial quorum sensing signals are also used for communication between bacteria
and their hosts across the prokaryote-eukaryote boundary [67], and some marine organ-
isms produce quorum sensing blockers to control epibiotic biofilm formation [68-70]. On
the other hand, quorum sensing blockers, including 5-hydroxy-3[(1R)-1-hydroxypropyl]-
4-methylfuran-2(5H)-one (FUR1), (5R)-3,4-dihydroxy-5-[(1S)-1,2-dihydroxyethyl]furan-
2(5H)-one (FUR?2), and triclosan (TRI) have been proposed as anti-biofouling agents, due
to their ability to directly inhibit microbial biofilm formation and indirectly inhibit lar-
val attachment on microbial biofilms [71]. Our results suggest that man-made “forever”
chemicals such as PFAS have a disruptive effect on critical mechanisms underlying these
ecological balances. These integrated insights underscore how PFOA modulates both the
chemical and physical dimensions of bacterial quorum sensing, emphasizing its dual role
as an indirect enhancer of early HAI-1-driven luminescence and a suppressor of later CAI-1
responses, with broad implications for marine microbial ecology.

5. Conclusions

By using a novel system, we monitored bioluminescence and other quorum sensing-
relate traits during the growth of V. campbellii and isogenic quorum sensing-defective
mutants on agar substrate. We demonstrated that PFOA can strongly interfere with
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bacterial adhesion, colony growth, growth dynamics, swarming motility and quorum
sensing-regulated processes including bioluminescence and expression of virulence factors.
These results may have important implications, because the quorum sensing is a critically
important intraspecies and interspecies communication process in the relationships be-
tween bacteria and other organisms in the marine environments. The main limitations of
the present study are represented by the fact that the results were obtained in an in vitro
system and with a single, high concentration of PFOA to more easily detect its biological
effects on the model bacterium used. Furthermore, the molecular mechanisms through
which PFOA interferes with quorum sensing systems should be further investigated, and
the analysis should be extended to PFOS and other more recently used PFAS.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/applmicrobiol5040143/s1, Figure S1: Comparison of biomass and spot size
in Vibrio campbellii BB120. (A) Vibrio campbellii BB120 grown on LA-PFOA. (B) Vibrio campbellii BB120
grown on LA-CTL.
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Abbreviation

AHL Acyl homoserine lactone

Al Autoinducer

Al-2 Autoinducer-2

BCF Bioconcentration factor

CAI-1 Cholera autoinducer-1

dw dry weight

FUR1 5-hydroxy-3[(1R)-1-hydroxypropyl]-4-methylfuran-2(5H)-one
FUR2 (5R)-3,4-dihydroxy-5-[(1S)-1,2-dihydroxyethyl]furan-2(5H)-one
HAI-1 Harveyi autoinducer-1

LA Luminescent Agar

LA-CTL Luminescent Agar-Control
LA-PFOA  Luminescent agar-Perfluorooctanoic acid

PFAS Polyfluoroalkyl substances
PFOA Perfluorooctanoic acid

PFOS Perfluorooctane sulfonic acid
O.D. Optical density

PBS Phosphate-buffered saline
PMT Photomultiplier

rpm revolutions per minute

TRI Triclosan
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